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Summary
Schistosomiasis represents the second most deadly human parasitic disease behind
malaria. Through its digenetic life cycle, the helminth Schistosoma mansoni shows a
phenotypic plasticity heavily influenced by both biotic and abiotic stresses. Hence, the
analysis of schistosome adaptation in response to different environmental stimuli may
highlight key targets for anti-schistosomal drug development. Epigenetic pathways
(mainly DNA methylation and histone acetylation) have been recently identified as
crucial components in parasite developmental progression. Due to the limited
knowledge about the specific contribution of the histone methylation, the
characterisation and validation of histone methyltransferases/demethylases as suitable
drug targets was undertaken. Interrogation of the parasite genome led to the
identification of 27 histone methyltransferases (SmHMTs) and 14 histone
demethylases (SmHDMs), including six novel members previously unknown in the
literature. The presence of these epigenetic enzymes within the two other humaninfective schistosome species (Schistosoma haematobium and Schistosoma
japonicum) suggests that a pan-Schistosoma anthelmintic could be developed. The
application of homology modelling first and in silico virtual screening second led to
the identification of new compounds targeting distinct SmHMT (Smp_138030,
Smp_307060 and Smp_016750) and SmHDM members (Smp_150560 and
Smp_160810). Exploration of the chemical space of the most promising compound
family (GPV3, targeting Smp_138030) and subsequent medicinal chemistry
optimisation of the lead compound (GPV56; selectivity index = 23) led to the creation
and testing of 21 analogues, some with more potent and selective anti-schistosomal
activities (e.g. compound 6.8, selectivity index = 29K). Selective RNAi-based
experiments broadly replicated the compound-mediated anti-schistosomal
phenotypes. While recombinant expression of many of these epigenetic enzymes was
attempted in three different systems, variable levels of expression in both soluble and
insoluble fractions prohibited the further progression of target-based validation
experiments. Collectively, this multidisciplinary project demonstrated that the
schistosome histone methylation machinery represents a viable target for schistosome
drug discovery.
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CHAPTER 1

1

1 Introduction
1.1 Are we all genes?
“Why Your DNA Isn’t Your Destiny”
Front page title of Time Magazine in 2010 (Cloud, 2010).

The fascinating world of biology has been characterised by revolutionary findings
starting from the theories of Charles Darwin (1809-1882) and Gregor Mendel (18221884); the ideas and principles of these seminal scientists led to the renaming of the
19th century as the era of evolution and genetics. In the following century, the
elucidation of the DNA structure by James Dewey Watson (1928) and Francis Harry
Compton Crick (1916-2004) provided a missing link in the functional understanding
of how genetic and evolution interact (1953). During the 20th century, the central
dogma of biology (term coined by the same Francis Crick) seemed to explain
exhaustively the flow of genetic information within a biological system. The
phenotypic output of every living organism depends on the genetic information
contained in the DNA molecule which is first ‘read’ when transcribed in a messenger
RNA (mRNA) molecule and then ‘decoded’ with the translation of the mRNA in a
peptide sequence which folds into a functional protein. At that time, based on the
statement that DNA contains instructions which can be inheritably transmitted, it was
assumed that genetically identical individuals exhibited the same phenotypes unless
spontaneous mutations led to phenotypic variation. Dr Lars Olov Bygren, author of
the above-mentioned Time Magazine article, studied the effects of feast and famine on
children growing up in Norrbotten, Sweden, in the 19th century (Bygren et al., 2018).
He discovered that dietary and lifestyle conditions affected the genetic expression of
not only the individuals, but also their children and grandchildren. Very interestingly,
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the famine suffered by pregnant women affected the following generations differently
in a time dependent manner (early vs late months of the pregnancy). These results
couldn’t be fully explained by genetics and implied also that evolutionary changes
don’t always occur over many generations and through millions of years of natural
selection as Darwin first postulated, but genetic imprints can sometimes pass along
new traits in a single generation. Similar conclusions were drawn by independent
investigations of the feast implications documented in the Dutch Hunger Winter
(1944-1945) (Heijmans et al., 2008). Another exception in our understanding of
genetics can be found in monozygotic (MZ) twins where individuals sharing the same
genetic code differ in their susceptibility to diseases. For example, in the case of
schizophrenia, half of MZ twin pairs do not both share the disease, which is contrary
to what is expected due to their genetic identity (Cardno and Gottesman, 2000). A
further example of where genetics fails to fully explain phenotypic diversity can be
found within honeybees, Apis mellifera. Here, the differentiation of worker or queen
honeybees from genetically identical larva is facilitated by individuals being fed with
different diets (He et al., 2017). Similar controversies can also be observed with the
metamorphosis of a caterpillar into a butterfly and pluripotent stem cell differentiation
where two different life stages (for the first example) and all derived cell types (second
example) show different final phenotypes despite having the same genes (Wu and Sun,
2006; Xiang et al., 2010). These examples raise a puzzling question that could be
answered by the addition of epigenetics, which helps to explain phenotypic variations
in genetically identical organisms. The term epigenetics (from ‘epi’ standing for above
and ‘genetic’ for genome) was coined by Conrad Waddington in the 1940’s before
presenting, a few years later, the metaphorical epigenetic landscape (Noble, 2015)
which exemplifies concepts of cellular development. From the original definition of
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epigenetics as integration of the concepts of epigenesis (Aristotelian-age term about
the study of embryological growth and differentiation) and genetics, this concept has
evolved over the years and currently defines ‘molecular factors and processes around
DNA that regulate genome activity independent of DNA sequence and are mitotically
stable’ (Deans and Maggert, 2015).

1.2 Epigenetic mechanisms
Epigenetics defines a higher level of gene expression regulation beyond the coding
sequence. In fact, genes are differently expressed (spatially and temporally) based on
the chromatin architecture changes which regulate the accessibility of the
transcriptional machinery to the DNA molecule, yet without mutations to the
underlining nucleotide sequence. This gene regulation control is based on two main
epigenetic processes including DNA methylation and post-translational modifications
of histone and non-histone proteins (Figure 1.1) (Cholewa-Waclaw et al., 2016; Kim
et al., 2008).

Figure 1.1. Chromatine structure and epigenetic mechanisms. Chromosomal DNA is
packaged around histone cores to form nucleosomes. Two main epigenetic mechanisms are
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depicted in this figure: Histone modifications - histone tails can be chemically modified by
addition of chemical groups (e.g. methyl or acetyl group) on specific amino acid residues of
their N-terminal tails; DNA methylation - chromosomal DNA can be methylated on the
cytosine ring within CpG dinucleotides concentrated in regions called CpG islands. Me:
methyl group, Ac: acetyl group, HMT: Histone methyltransferase, HAT: Histone acetyl
transferase, DNMT: DNA methyltransferase. Please refer to text for more details.

The DNA molecule is intimately associated with histone proteins, H2A, H2B, H3 and
H4, which fold together into compact, ball-like shape, structure called the histone
octamer (containing two copies of each histone). About one hundred and forty-seven
base-pairs of double-stranded DNA (dsDNA) turn around this protein core (less than
two times), defining the nucleosome which is the fundamental subunit of DNA
packaging in chromatin. The first epigenetic process mentioned above occurs by the
addition of a methyl (CH3) group to the 5-carbon position of the cytosine ring in a CpG
dinucleotide context - in other words, when the nucleobase cytosine (C) is linked by a
phosphate bond to the nucleobase guanine (G) (Jin et al., 2011). DNA methylation,
which is usually associated with gene expression repression, is catalysed by the DNA
methyltransferases (DNMTs) (Moore et al., 2013). The second epigenetic process
involves the chemical modifications of exposed amino acids contained within the Nterminal tails of histone proteins protruding from the octameric core (Mersfelder and
Parthun, 2006). The most common post-translational epigenetic marks (in rank order
for abundance) are acetylation, methylation, phosphorylation, sumoylation,
ubiquitination and citrullination; each of these modifications occurs on specific amino
acid residues within the histone protein and is mediated by histone modifying enzymes
(HMEs). Addition of post-translational marks are catalysed by epigenetic ‘writers’,
which attract other proteins called ‘readers’ and collectively these epigenetic proteins
regulate biological processes including DNA replication, DNA repair and transcription
(Figure 1.2). While the epigenetic marks are stable, they can be removed by another
group of epigenetic enzymes, called ‘erasers’ (Figure 1.2). As the targets of these
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epigenetic marks are histones rather than DNA, epigenetic control of gene expression
derives from the HMEs’ activities on DNA packaging within the nucleosome
(Bannister and Kouzarides, 2011). In fact, the DNA can be tightly condensed around
the histone octamer with the histone tails associating with each other through chemical
interactions, thus, inhibiting/attracting the binding of transcription factors or other
DNA binding proteins. This condensed state of chromatin is called heterochromatin,
which is not accessible to the transcriptional machinery leading to silent genomic
regions (Figure 1.2A). Specific post-translational modifications of histone tails
(Figure 1.2B) can alter the interactions between adjacent nucleosomes and the
arrangement of the double stranded DNA wrapped around them. These epigenetic
marks are responsible for chromatin remodelling (Figure 1.2C), thus, resulting in a
loosely packed and transcriptionally accessible state of chromatic called euchromatin
(active genomic regions, Figure 1.2D).

Figure 1.2. Effect of epigenetic enzymes on DNA packaging. Schematic representations of
heterochromatin and euchromatin models to show how epigenetic modifications affect the
“off” and “on” states of a gene (shown in red). Histone acetylation is used as an example and
usually leads to gene expression activation. Panel A - The condensed structure in the
heterochromatin state prevents transcription (“Gene off” in the picture) of the gene of interest
(shown in red). Panel A to B - The epigenetic ‘writers’ catalyse the introduction of an
epigenetic modification (e.g. Ac standing for Acetyl group, Panel B), which causes a
rearrangement of chromatin structure (Panel B to C). After this, other enzymes called readers
(Panel C) can interact now with the loose chromatin structure (known as euchromatin)
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promoting gene expression (“Gene on” in the picture, Panel D). The reversibility of these
modifications is assured by a third class of epigenetic enzymes (known as erasers), which can
remove the epigenetic marks from the histone tails (Panel B to A). The scheme is recreated
from a previous publication (Verdin and Ott, 2014).

HMEs involved in acetylation are called Histone Acetyltransferases (HATs) and
catalyse the addition of an acetyl group, derived from the cofactor Acetyl-Coenzyme
A, on specific lysine residues of histone tails. The Histone Deacetylases (HDACs)
catalyse the reverse reaction (Turner, 2000). Histone methylation is catalysed instead
by enzymes that transfer a methyl group from the cofactor S-adenosyl-methionine
(SAM) to the side chains of specific amino acids on the histone tails (Di Lorenzo and
Bedford, 2011). These histone methylation writers can be grouped into two classes
according to the specific substrate residue. Enzymes that target the amino groups of
lysine side chains are called Protein Lysine Methyltransferases (PKMTs, Figure
1.3A), whereas enzymes that target the guanidino group of arginine are called Protein
Arginine Methyltransferases (PRMTs, Figure 1.3B). Lysine targets can be mono-, dior tri-methylated whereas three different products of arginine methylation have been
found in mammals. In fact, the guanidino group can be methylated on the terminal
nitrogen atom resulting in the mono-methylated arginine residue (MMA), but two
methyl groups can also be introduced on the side chain of arginine. If the two methyl
groups are respectively placed on each of the terminal nitrogen atoms, then this is
referred to as a symmetric dimethyl arginine (SDMA, Figure 1.3B). In contrast, if the
two methyl groups are placed on the same terminal nitrogen atom, then this is referred
to as an asymmetric dimethyl arginine (ADMA, Figure 1.3B, (Bedford, 2007)).
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Figure 1.3. Reversible histone methylation pathway. Schematic representation of a
nucleosome unit is reported and the side chain of a lysine (Panel A) or an arginine (Panel B)
residues is highlighted on the N-terminal tail of the H3 histone protein. Panel A - Mechanism
of protein methylation on lysine residues is shown. The lysine amino group can be mono-, dior tri-methylated by a Protein Lysine Methyltransferase (PKMT). Panel B - Schematic
representation of arginine histone methylation catalysed by a Protein Arginine
Methyltransferase (PRMT). Monomethylation (MMA) is catalysed on one of the terminal
guanidino-nitrogen atoms of an arginine, but a second reaction can introduce another methyl
group producing a symmetric dimethylarginine (SDMA). In the case of methyl group addition
to the same guanidino nitrogen atom, this produces asymmetric dimethylarginine (ADMA).
Both lysine and arginine methylation can be reversed by Histone Demethylase enzymes
(HDM). PKMT: Protein Lysine Methyltransferase; PRMT: Protein Arginine
Methyltransferase; HDM: Histone Demethylase; me: methyl group.

Histone methylation influences the basicity, the hydrophobicity and the steric bulk of
histone proteins, which ultimately affects chromatin structure. In fact, the guanidino
group of arginine has five potential hydrogen-bond donors, which can interact with
hydrogen-bond acceptors among the phosphates or the DNA bases (facilitating
protein-DNA complexes) or with amino acids amongst other proteins (facilitating
protein-protein interactions). Methylation of the guanidino group reduces the number
of potential hydrogen-bond donors and introduces a steric bulk blocking the binding
of transcription factors. These changes in histone methylation can induce both gene
repression and activation depending on the site and the degree of methylation.
Protein methylation used to be considered a permanent modification because of the
low turnover of the methyl group and the fact that protein demethylases had not yet
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been discovered. However, this experimental hypothesis did not match with the idea
of epigenetic changes being reversible modifications. The first example of a Histone
Demethylase (HDM, Figure 1.3), known as Lysine-Specific histone Demethylase 1A
or LSD1, was discovered confirming the reversibility of this epigenetic modification
(Shi et al., 2004). So far, two different classes of histone erasers (Histone
Demethylases, HDMs) have been identified for demethylating lysine residues; these
are called the lysine specific demethylases (LSDs) and the Jumonji C (JmjC) domaincontaining demethylases (JMJDs) (Ng et al., 2009). The LSDs catalyse a FADdependent demethylation reaction whereas JMJDs use a α-ketoglutarate-dependent
oxidation reaction (Maiques-Diaz and Cp Somervaille, 2016). Another family of
enzymes, named Protein Arginine Deiminases (PADs), has arginine demethylation
activity, but they are non-canonical histone demethylases since their activity results in
a citrulline residue rather than the unmodified arginine (Bicker and Thompson, 2013).

1.3 Epigenetics is relevant to medicine
The main challenge of contemporary pharmaceutical research is the identification of
new targets/biological pathways whose modulation could contribute to the
development of novel drug treatments for diverse diseases. Increased studies of
epigenetics and epigenetic processes have suggested that many of the proteins
involved could be viewed as potential drug targets. In fact, the identification and
linkage of abnormal epigenetic marks to several human diseases has led to the creation
of pharmaco-epigenetics, a new field aiming to develop drugs that interfere with
epigenetic control of gene expression (Liu et al., 2018).
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Together with pharmaco-epigenetics, epigenome-wide association studies (EWAS,
(Murphy and Mill, 2014)) have revealed alterations of specific epigenetic signatures
in specific physiological conditions and numerous diseases. In 2014, association
between DNA methylation and both body-mass index and pain sensitivity was
revealed by population-based EWAS (Bell et al., 2014; Dick et al., 2014). The
epigenetic disorders-human disease correlation is well established in cancer (Biswas
and Rao, 2017), rheumatoid arthritis (Liu et al., 2013c), multiple sclerosis (Huynh et
al., 2014) and rare developmental syndromes (e.g. Beckwith–Wiedemann syndrome,
(Smith et al., 2002)). Furthermore, epigenetic alterations seem to be important in the
aetiology of many common diseases including autism, asthma, chronic obstructive
pulmonary disease, depression and major psychosis (Handel et al., 2010).
Recent studies also suggest that epigenetic alterations (mainly DNA methylation plus
histone acetylation and methylation) correlate with the long-term molecular memory
of drug consumption, further highlighting epigenetic targets for the treatment of
diseases such as drug addiction (Nielsen et al., 2012; Sakharkar et al., 2012).
Epigenetic changes are also responsible for acquired drug resistance in human cancer
(Rebucci and Michiels, 2013) and infectious diseases (for example fluconazole- and
blasticidin-induced resistant Candida albicans and Plasmodium falciparum strains,
respectively) (Mai et al., 2007; Sharma et al., 2013).
Therefore, epi-drugs (drugs that inhibit or activate disease-associated epigenetic
proteins for ameliorating, curing or preventing disease) have now been explored as
chemotherapies for several distinct disease states (Heerboth et al., 2014). For example,
as proof of concept, HDAC inhibitors have been shown to counteract the negative
epigenetic effects of acute ethanol exposure (Sakharkar et al., 2012) and drug addiction
(Sun et al., 2012).
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However, most research into epi-drug development has focused on cancer since
aberrant epigenetic processes are well known for this disease. Currently, eight epidrugs have received FDA approval (Figure 1.4) which are mainly targeting DNA
methylation (DNMT inhibitors), histone acetylation (HDAC inhibitors) and
phosphorylation (with the Janus-associated Kinase 1/2 inhibitors) (He and Zhang,
2010; Prachayasittikul et al., 2017). Many other epi-drugs are currently under
commercial development (Kelly et al., 2010) and a plethora of papers about smallmolecules developed for specific epigenetic targets has been published over the past
few decades (Copeland et al., 2013).

Figure 1.4. Current FDA approved epigenetic drugs. Since 2004, eight epi-drugs have
received Food and Drug Administration (FDA) approval for the treatment of some human
diseases. For each approved drug, the class of epigenetic enzymes they are developed for and
the application is reported. DNMTi: DNA Methyltransferase inhibitor; HDACi: Histone
Deacetylase inhibitor; JAK1/2i: Janus-associated Kinase 1/2 inhibitor; MDS myelodysplastic
syndrome; CTCL cutaneous T cell lymphoma.
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1.4 Epigenetic targets for infectious diseases
For many parasites, a complex lifecycle is well documented and includes a wide range
of morphologically heterogeneous phenotypes (e.g. asexual or sexually differentiated,
replicative or transmission stages). This suggests a precise transcriptional regulation
of parasite genes across the life cycle, turning on or off each gene in response to
environmental inputs. Therefore, growing evidence supports that epigenetic
mechanisms are key regulators in the plasticity of parasite growth (Volz et al., 2012).
To date, epigenetic processes involved in the regulation of parasite phenotypic
diversity have been shown for P. falciparum, Trypanosoma brucei, Toxoplasma gondii
and C. albicans (Bougdour et al., 2009; Croken et al., 2012; Hakimi and Deitsch, 2007;
Mishra et al., 2011). Expression of virulence factors is also controlled by epigenetic
processes in several microbial pathogens (Salmonella enterica and Entamoeba
histolytica) as well as species within the genus Plasmodium (Chookajorn et al., 2007).
Conversely, the role of epigenetic processes in modulating host-pathogen interactions
has been minimally explored (Poulin and Thomas, 2008). However, both the parasite
response to selective constraints imposed by the host and the drastic changes of the
parasitized host which can be passed on to offspring are undoubtedly shaped by
epigenetic pathways (Gómez-Díaz et al., 2012; Rando and Verstrepen, 2007).
Moreover, after the success of targeting epigenetic processes for cancer
chemotherapies, an analogous approach for the control of parasitic diseases, sharing
similarities with cancer, is justified. Similar to cancer, parasites have an intense
metabolic activity and a high growth rate. Moreover, like tumours, parasites render
themselves invisible to the immune system (e.g. through genetic variation in the case
of malaria parasite (Templeton, 2009)) and, upon infection of the mammalian host, the
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oxidative metabolism of the parasite (as reported for malaria (Vaidya and Mather,
2009)) switches to lactate fermentation as the main source of energy (Koppenol et al.,
2011). These observations suggest that targeting epigenetic pathways of the parasite
could represent a promising strategy for arresting development or virulence of the
pathogen.
However, in this context, research is still young with experimental evidence supporting
the potential of epi-drugs to treat parasitic diseases mostly found in protozoan
exemplars (Plasmodium and Toxoplasma) of the Apicomplexa. In both cases, the
histone acetylation pathway was shown to be targetable by histone deacetylase
inhibitors (HDACi) in both parasites with potent activity against different life cycle
stages (Bougdour et al., 2009; Hansen et al., 2014). In the case of P. falciparum, it was
possible to further develop HDACi that are selectively more effective on the parasite
(Wheatley et al., 2010). Recent studies also showed the potential application of
HDACi as anti-parasitic drugs against the major kinetoplastid parasites such as T.
brucei (Wang et al., 2010b) and Leishmania species (Mai et al., 2004). Additionally,
the antimalarial activity of a known G9a histone methyltransferase inhibitor (BIX01294) confirmed the promising role of the histone methylation machinery in
Plasmodium (Malmquist et al., 2012b). In the past few decades, further intensive
research has revealed the contribution of epigenetic mechanisms to many aspects of
the developmental biology of the Platyhelminthes, including the etiologic agent of
Schistosomiasis, the blood fluke Schistosoma mansoni (Geyer and Hoffmann, 2012).
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1.5 Schistosomiasis
Schistosomiasis is a parasitic infection caused by a trematode parasite belonging to the
genus Schistosoma. This disease is also commonly known as Bilharzia, a name derived
from the German physician Theodore Bilharz (1825-1862) who first described these
trematodes in the urogenital blood vessels of Egyptian corpses (Coon, 2005). The
estimated disability-adjusted life years (DALYs) lost for Schistosomiasis is 25-28
million and it ranks second only to malaria in terms of public and economic health
importance attributable to a human parasitic disease in endemic countries (King,
2010). This disease is one of the most common neglected tropical diseases (NTDs),
which affects the poorest people in the world. This disease is widely spread in tropical
and subtropical countries throughout Africa, South America, Asia and the Caribbean.
It is commonly found among local communities living in very poor hygienic
conditions without provision to safe drinking water. Despite infection being most
commonly found in regions of sub-Saharan Africa, Schistosomiasis has also been
recorded in Europe such as in Portugal where the last case of Schistosoma
haematobium transmission was identified in 1967 (Boissier et al.). Furthermore, in
2014, a new European case of Schistosomiasis infection was identified in Corsica
(France, (Berry et al., 2014)). Here, French native-born people of three different
families started to suffer from gross haematuria and urine examinations showed S.
haematobium eggs in six of these eleven people. As these families never left Corsica,
these six infected people were likely exposed to a population of S. haematobium
(derived from Western Africa) due to bathing in a natural swimming area of the Cavu
River. In fact, this chronic infection is directly linked to exposure to infected water so
people (regardless of developing or developed country endemicity) that have daily
contact with water (like people involved in agriculture and fishing) containing
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schistosome parasites are at highest risk of infection. The highest prevalence of
infection is amongst young children (up until adolescence), which subsequently
decreases in adulthood because of age-acquired immunity to infection (Dunne and
Cooke, 2005).
The genus Schistosoma includes 19 species that maintain differing geographical
distributions, cause different types of pathology and negatively affect either the
urogenital or the hepato-intestinal organs of infected hosts. Among these species, the
most important ones, in terms of human infections, are S. mansoni, S. haematobium
and S. japonicum (Coon, 2005).

1.5.1 Life cycle
The Schistosoma life cycle is extremely complex but can be split into two stages in
relation to the asexual and sexual development of the parasite (representative species,
S. mansoni, Figure 1.5, (Nelwan, 2019)). The human Schistosoma parasite needs
freshwater snails as an intermediate host and a human body (or another suitable
mammal) as its definitive host. The eggs of this blood fluke are released by infected
definitive hosts into a freshwater environment, which then hatch to release free-living
parasites (miracidia). Miracidia are covered by cilia so they can swim in the water
using ciliary movement. They have only few hours (6-12 hours) to find and infect a
suitable intermediate snail host before energetic stores are depleted. The snails of the
genera Biomphalaria, Bulinus and Oncomelania are infected by S. mansoni, S.
haematobium and S. japonicum respectively. Miracidia penetrate the soft tissues of the
snails, losing their cilia plates in the process and transform into sporocysts. The first
generation of mother sporocyst reproduces asexually into daughter sporocyts. These
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daughter sporocyts subsequently move from the site of the infection (generally the
head foot) to the hepatic and digestive glands where they produce fork-tailed cercaria.
While intra-molluscan developmental time can be affected by environmental
conditions, usually after approximately 4-5 weeks, cercariae leave the intermediate
host in response to light. This form of the parasite can survive within an aquatic
environment up to 48 hours during which it needs to locate and penetrate the skin of
the definitive host. Mechanical and biochemical processes involving tail movement
and release of epidermis/dermis-degrading proteolytic enzymes control penetration
through the host’s skin. Because of this mechanical process, the cercariae lose their
tail and turn into maturing larvae (schistosomula) which migrate through the epidermis
and dermis to reach the blood or lymphatic vessels. Leaving the dermis, the
schistosomula firstly reach the lung (5-7 days after the infection) then they move
through the left side of the heart and migrate to the hepatoportal circulation (after two
weeks). Developing adult worms migrate via the portal circulation into the mesenteric
veins and subsequently settle in various sites. For example, S. mansoni often reside in
the superior mesenteric veins localized around the large intestine, whereas parasites of
the species S. japonicum can be found in the blood vessels surrounding the small
intestine. On the other hand, S. haematobium blood flukes can migrate through the
venous plexus of bladder leading to the urogenital infection.
After 5-7 weeks, the juvenile parasites develop into sexually mature adult worms with
specific phenotypic features. The male has a ventral longitudinal groove called the
gynecophoric canal inside its body and is generally stouter, but smaller than the
female. The female appears darker because they are more dependent on haematophagy
(red blood cell feeding) than males (Lawrence, 1973); the dark substance is
haemozoin, a non-toxic substance produced from the bioprocessing of toxic haem
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during haematophagy (Truscott et al., 2013). When sexual maturity is reached, the
females are often found embraced in the gynecophoric groove of male worms resulting
in constant copulation. After pairing, the reproductive traits of females are induced
suggesting that there is a male-induced sexual maturation of the female (Ribeiro-Paes
and Rodrigues, 1997). In fact, only the mated females produce hundreds to thousands
of eggs daily for the rest of their life. The eggs of the three main species of Schistosoma
have some distinctive features too: S. mansoni has oval eggs with a sharp lateral spine,
S. haematobium produces eggs with terminal spine, in S. japonicum there are round
eggs with a rudimentary lateral spine. The eggs can be released from the body of the
definitive host with either faeces or urine. Once they reach fresh water and in specific
conditions of temperature and light, free-swimming miracidia hatch out of the egg and
continue the cycle.

Figure 1.5. Parasitic life cycle of S. mansoni. The schematic representation of the complex
life cycle of the parasite shows the morphologically distinct stages in relation to the different
host (a freshwater snail and humans as intermediate and definite host, respectively). Following
penetration through the human skin, the parasite migrates in the human body from the dermis
(A - blue circle) to the lung (B) and then, passing through the heart (C) and the portal
circulation (D), they reach the liver (E) where the fully matured worm (green circle) start
producing eggs (orange circle). The figure is completely hand drawn by me.
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1.5.2 Disease
The infection of S. mansoni and S. japonicum can be diagnosed through quantitative
detection of eggs in the human excreta using the Kato-Katz technique (Lamberton et
al., 2014). However, application of this diagnosis tool is influenced by intra-specimen
and diurnal variation egg excretion which shows also a high degree of day-to-day
variability (Doehring et al., 1984; Polman et al., 1998). Immuno-serological (EnzymeLinked Immunosorbent Assay (ELISA)-based) tests have also been developed to
detect host antibodies against soluble egg antigen (SEA) even though active or
previous infections can’t be discriminated (McManus et al., 2018). To try and
disentangle active vs previous infections, other biomolecules have been identified for
diagnostic use. For example, circulating anodic (CAA) and cathodic (CCA) antigens
(van Lieshout et al., 2000) as well as antigenic proteins found in tegumental
membranes (Simpson, 1992) have been evaluated as biomarkers for this purpose. More
recently, parasite-specific microRNAs (miRNAs) have also being investigated as more
sensitive and specific diagnostic biomarkers of schistosome infection (Hoy et al.,
2014).
The pathogenesis of this neglected disease is mainly due to immune responses
characterised by hypersensitivity reactions and granulomatosis. The penetration of
cercariae causes a rash or transient dermatitis at the site of penetration even though
this phase sometimes could be asymptomatic. Some allergic manifestations in nonendemic infected individuals (i.e. travellers) are very common when eggs are first
produced; this acute phase is often known as Katayama fever. Chronic manifestations
of this disease and its morbidity are primarily related to the deposition of eggs rather
than the worms. Some of the eggs that are produced by parasites living in blood vessels
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are swept away with the circulation and become trapped in tissues such as intestine,
liver or bladder (depending on the schistosome species). While eggs release enzymatic
secretions that help their migration from the blood vessels to intestinal or bladder
lumen, they also induce immunopathogenic responses in the tissues where they
become trapped. This results in granulomatous inflammation and fibrosis.
Schistosomiasis causes anaemia, stunted growth, hypertension and often impaired
learning ability among children (Colley et al., 2014). The main effect of the urogenital
infection caused by S. haematobium is haematuria, but more specific genital
complications can be found among infected women (known as female genital
schistosomiasis - FGS, (Poggensee et al., 2000)). The main symptoms of the intestinal
infection are abdominal pain, diarrhoea and traces of blood in stool. Both fibrosis and
organ enlargement are detected in the advanced stages of this infection.

1.6 Epigenetics in Schistosomes
Similarly to other parasites described in Section 1.4, S. mansoni requires a fine
regulation of gene expression throughout its digenetic life cycle (Section 1.5.1). A
complex developmental reprogramming is necessary for survival within two different
hosts, morphological transformation of surface membranes, differential transcription
of genes, switching from asexual to sexual maturation, evasion of the host’s immune
response and adaptation to haematophagy within the definitive host.
Thereafter, epigenetic regulation of schistosome developmental biology was expanded
with the identification of a functional DNA methylation machinery (SmDnmt2,
Smp_334230) and a methyl-CpG-binding domain (MBD) containing protein
(Smp_138180, (Geyer et al., 2018)). RNA interference (RNAi) mediated knockdown
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experiments revealed a regulatory function for cytosine methylation in schistosome
oviposition (Geyer et al., 2011).
Several studies revealed the presence of core histones (the building blocks of the
chromatin structure) within a few species of the phylum Platyhelminthes (Espinoza et
al., 2007; Kappus et al., 1993) including S. mansoni (Anderson et al., 2012; Berriman
et al., 2009). In fact, in silico analysis performed by Anderson et al. identified five
histone families (H1, H2A, H2B, H3 and H4) including 29 genes encoding the S.
mansoni histone complement as well as a conserved histone mRNA processing
machinery similar to other eukaryotes (Anderson et al., 2012). Moreover, these
parasite histone isoforms share a high degree of conservation to the human
homologues (100% identity with the human H4, 79-99% with the human H3 and 6292% with the human H2A and H2B (Anderson et al., 2012)).
The elucidation of the schistosome genome led to the identification of HMEs in S.
mansoni, mainly focusing on histone acetylation and methylation (Cabezas-Cruz et al.,
2014b; Oger et al., 2008b; Raymond et al., 2012). While three S. mansoni proteins
(SmGCN5, SmCBP1 and 2) were the first S. mansoni HATs (SmHATs) to be
characterised (Bertin et al., 2006; Maciel et al., 2004), a further analysis of the
schistosome genome led to the identification of an additional 6 members (Raymond et
al., 2012). To date, three different HDAC families (11 members in total) are known in
S. mansoni and they have been named in line with their human protein homologues
including class I (including SmHDAC1, 3 and 8), class II (SmHDAC4, 5 and 6) and
the sirtuin family (Lancelot et al., 2013a; Oger et al., 2008a; Raymond et al., 2012).
Afterwards, 24 HMTs and 11 HDMs were proposed as members of the schistosome
histone methylation machinery (Raymond et al., 2012).
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Subsequent investigations have shed light on the effect of histone acetylation on
chromatin regions containing specific parasite genes such as Smp14, an eggshell
protein involved in the reproductive system of mature female worms and egg
formation (Carneiro et al., 2014b) and the rhodopsin gene (SmRho (Cosseau et al.,
2009)) which appears to be involved in the schistosome photoreception processes
(Hoffmann et al., 2001).
As detailed in Section 1.3, epigenetic processes have been associated with human drug
dependency and addiction. Therefore, it is reasonable to speculate that schistosome
drug insensitivity/sensitivity may also be affected by epigenetics. For example, in
2014, Roquis et al. (2014) highlighted distinctive chromatin structural changes
between hycanthone and oxamniquine induced-resistant and sensitive worms. A
Chromatin immunoprecipitation followed by sequencing (ChIP-Seq) experiment
revealed epigenetic variation mostly associated with transport and catabolism
pathways, which might be involved in the elimination of the two drugs. Specifically,
differential methylation profiles of lysine 27 of histone 3 (H3K27me3) were identified
in the gene body (exon 21) of SmMRP1 (Multidrug Resistance Associated Protein 1,
Smp_171740), which is involved in the elimination and metabolism of xenobiotics as
well as toxic compounds. Enrichment of this epigenetic marker (H3K27me3), which
is generally associated with heterochromatin and gene repression, was found in the
hycanthone sensitive worms. By contrast, it was speculated that the lower presence of
this marker in the resistant worms would lead to an increased level of gene expression
of SmMRP1 suggesting that an (epi)mutation is the underlying mechanism of the
observed drug resistance.
Another example demonstrating the importance of epigenetic processes to schistosome
biology was recently published (Roquis et al., 2015a). Here, modifications of histone
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H3 (both methylation and acetylation) were found to be essential in keeping the
transcriptional state of cercariae in a poised position (i.e. ready for expressing once
inside a mammalian host) when compared to schistosomula and adult worms.
Moreover, comparison of another epitope (H3K27me3) between the cercariae and the
adult stage suggested that this epigenetic modification may be involved in schistosome
sex determination and sexual differentiation (Picard et al., 2016). Finally, a role for
H3K9 methylation and acetylation on the S. mansoni mucin gene promoter
(SmPoMuc) appears critical to parasite adaptation and success in differentially
compatible snail strains (Fneich et al., 2016).

1.7 Schistosomiasis chemotherapy
Schistosomiasis is commonly related to poor living and sanitation conditions. Because
of this, the first approach for disease control might include the improvement of
sanitation and health education, the access to safe water supplies and the provision of
suitable healthcare facilities (Nelwan, 2019). Vaccination also represents a logical
control strategy, especially in areas where this infection is endemic. However, no
vaccine has been discovered so far despite intensive activity in this field (Siddiqui et
al., 2011). While these collective approaches can be useful for preventing infection,
other approaches need to be simultaneously developed (Figure 1.6). One alternative
approach to control schistosomiasis includes elimination of the intermediate snail host.
Before the 1970s, molluscicides were used for schistosomiasis control and one of
them, niclosamide, is still currently used (King and Bertsch, 2015). Another approach
has been adopted using natural predators or competing living organisms like fishes or
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prawns (Sokolow et al., 2015). Unfortunately, this approach is difficult to scale up and
may have far reaching ecological disadvantages.
Therefore, the first-line approach for the control of this neglected tropical disease has
been focused on the identification of compounds targeting the intra-mammalian stages
of the parasite (e.g. schistosomula, juvenile and adult worms).

Figure 1.6. Strategies for controlling Schistosomiasis. Different approaches are available
for the prevention and the control of this neglected tropical disease (for simplicity, only the S.
mansoni life cycle is shown). Focusing on the intermediate host, the use of both molluscicides
and biological vectors could control the infection of the intermediate snail. Sanitation
improvement and supply of clean water could prevent human infection and block transmission.
Another important strategy is drug treatment of infected people mainly focusing on the intramammalian stages of the parasite. Praziquantel (PZQ, chemical structure shown in the graph)
is currently the only drug approved for treating Schistosomiasis caused by all human-infective
schistosome species.

Since the first application of tartar emetic followed by other antimonials against
schistosomiasis (Christopherson, 1918), drug discovery for the treatment of this
disease has been steady and has seen the clinical use of different synthetic and natural
compounds (Allegretti et al., 2012) until the discovery of PZQ in the 1970s (Cioli et
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al., 1995). As summarised in Table 1.1, different drugs or compounds have been tested
in humans for their anti-schistosomal activity (Thétiot-Laurent et al., 2013). However,
limitations such as complicated administration route (in case of emetine (Blanc and
Nosny, 1968)), massive concentrations needed and side effects (e.g. lucanthonederived cardiac side effects (Kikuth and GÖNnert, 1948)), carcinogenic and
mutagenic-induced effect induced by nitrofuran (Werbel, 1970)), many of these
compounds were discontinued as leading schistosomal treatments.
In the early 1970s, a series of pyrazino isoquinoline compounds were synthesised by
Merck (Germany) as potential tranquillizers, but then, at the laboratories at Bayer
(Germany), the anthelmintic activity of these chemicals was explored during in vitro
screening. The most effective compound among these derivatives, EMBAY 8440 or
praziquantel (PZQ), was initially used as a broad spectrum anti-cestode and antitrematode (Thomas and Gönnert, 1977), but then the attention was mainly focused on
its anti-schistosomal activity (Cioli and Pica-Mattoccia, 2003). Clinical evidence
establishes PZQ as the drug of choice in the treatment for schistosomiasis due to its
efficacy on different clinical forms of infections such as hepatosplenic and cerebral
schistosomiasis (Frohberg, 1984), the well tolerability by patients of all ages (Bassily
et al., 1986), low toxicity and absence of severe side effects or mutagenic risks (Cioli
et al., 1995). In addition, it was the first anthelmintic to fulfil the requirements of the
WHO such as availability of safe, effective and good-quality drugs, keeping the costs
of both drug and dosage formulation affordable and cost-effective.
After the development of PZQ (Table 1.1), no significant progress was made in this
field except for the identification of few interesting compounds such as: the broad
spectrum anthelmintic amoscanate (Striebel, 1979), the dithiolethione derivative
oltripaz (Barreau et al., 1977), the benzodiazepine Ro 11-3128 (Baard et al., 1980) and
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the artemisinin derivatives (Saeed et al., 2016). These compounds induced interesting
phenotypes including tegumental damage to adult worms in vivo (e.g. amoscanate
(Voge and Bueding, 1980)) and musculature paralysis at low concentration after
treatment (e.g. benzodiazepine derivatives (Pax et al., 1978)). In 1980s, the main antimalarial compounds, the artemisinin derivatives artemether and artesunate, were
explored for the control of Schistosomiasis (Liu et al., 2012). In fact, their activity on
heme metabolism was successfully translated to S. mansoni which is a hematophagous
parasite, ingesting and catabolising haemoglobin from the host’s red blood cells. These
compounds are more active against the juvenile (3-4 wks-old) stage of the parasite,
therefore, they could be synergistically used in combination with PZQ which is
ineffective against this stage. Despite their promising anti-schistosomal activity,
overuse of these compounds for this other therapeutic application would have
compromised their effectiveness as the front line antimalarial potentially contributing
to the spread of artesunate-resistant Plasmodium strains (Adenowo et al., 2015), which
have discouraged the further development of these compounds as anti-schistosomals.
However, synthetic artemisinin analogues are currently under investigation and
preliminary studies show a good profile of activity against both juvenile and adult
worms (Keiser et al., 2012). Subsequently, the antiparasitic activity of the
immunosuppressant agent cyclosporine A was discovered by serendipity in the attempt
to reduce granuloma formation in a murine model of schistosomiasis (Bout et al.,
1986). A series of acridine derivatives was subsequently identified as potential antischistosomal compounds which showed activity against all stages of the parasite and
was successfully tested on different primates (Horacio Pereira et al., 1995; Marcos
Zech Coelho and Horácio Pereira, 1991).
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Table 1.1. Drugs and compounds with schistosomicidal activity tested in humans (or
other primates).

This table summarises the main drugs/compounds tested in human (or primates) for their antischistosomal activity in the pre-PZQ and the post-PZQ era (1975). For each entry, the first
accounting reference year, the name of the drug/compound, previous medical applications (if
known), the spectrum of action among the schistosome species and the target (if explored) are
indicated. MOA: Mechanism of action.

PZQ is responsible for cure rates of 60-90% with a single oral dose. The dose of PZQ
administered to humans is 40 mg/kg in cases of infection with S. mansoni and S.
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haematobium or 60 mg/kg with S. japonicum. Due to the higher efficacy of PZQ
against adult worms rather than the juvenile stages of the parasite, a second dose is
administered at least eight weeks after the first to allow young parasites to develop into
adult worms. The high efficacy and all the data about short-term or delayed effects
reveal PZQ as the safest drug among all known anthelminthics. Another advantage of
PZQ is the operational convenience since its oral administration does not require
medical assistance and can be easily dosed in relation to people’s weight and, more
recently, a newly optimised height-dependant dose pole has been introduced aiming to
reduce drug waste and facilitate inclusion of preschool-aged children (SousaFigueiredo et al., 2012). Nowadays, the improvements in the manufactory processes
have largely reduced also the drug production cost.
Despite these many advantages, PZQ has several limitations including a currently
unknown mechanism of action (Vale et al., 2017a). The most accredited hypothesis
supports the influence of PZQ on calcium influx since the early effects of its
administration are calcium influx, increase of cellular ion permeability and consequent
muscular contraction (Cupit and Cunningham, 2015). A common consensus among
research groups seems to support the β subunit of Voltage-Operated Ca2+ Channels
(VOCC) as most likely molecular target for PZQ. In S. mansoni, three subunits of the
VOCC channels have been identified: two β subunits and one α subunit. Amongst the
two β subunits, one lacks two serine residues important for protein kinase C - mediated
phosphorylation and, therefore, is defined as a “variant” subunit. This contrasts with
the other subunit, which contains these serine residues and, therefore, is defined as a
“conventional” subunit due to its homology with the mammalian counterpart. The pore
forming α subunit plays a key role in channel control of calcium influx (Caffrey, 2007;
Cioli et al., 2014; Cupit and Cunningham, 2015). Some experimental evidence (in
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mammals as well as in a few members of the phylum Platyhelminthes such as Taenia
solium and Dugesia japonica) supports the variant β subunit playing a role in PZQ
sensitivity (Cupit and Cunningham, 2015). Additional evidence relies on the partial
inhibition of the schistosomicidal activity of PZQ by some classical calcium channel
inhibitors (nicardipine and nifedipine). However, this proposed mechanism of action
(MOA) does not fully explain the low PZQ susceptibility of juvenile worms since the
β subunits are indifferently expressed across the life cycle (Liang et al., 2001). Because
of this, alternative MOA hypotheses have been put forward suggesting that PZQ could
bind to actin or myosin light chain (explaining the muscle contraction in PZQ treated
worms) or PZQ could inhibit either phosphoinositide turnover or nucleoside uptake
(Jeziorski and Greenberg, 2006). However, further investigations are currently missing
to support and validate these hypotheses. Only recently, Chan et al. (2017) has
proposed that the anti-schistosomal eutomer-(R)-PZQ functions as a partial agonist of
the human serotoninergic 5HT2B receptor which could suggest that the efficacy of this
drug might depend on the modulation of the same biological pathway in the parasite
(Chan et al., 2017).
Another drawback of PZQ relies on its racemic composition. Only one of the two
stereoisomers has anthelmintic activity (R); the second one (S) is responsible for most
of the side effects and the bitter taste (Caffrey, 2007). For this reason, a selective
enantiomeric production of PZQ is being sought resulting, hopefully, in an
improvement of the drug. In addition, the large size of the tablet represents a
disadvantage for the administration of this drug especially for children, because of a
severe risk of choking. For this reason, some efforts are focused on developing a PZQ
formulation that is more suitable for younger children including infants. This
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formulation will be smaller and formulated as orodispersible tablets (or liquid) with an
improved taste.
In summary, PZQ is the leading anti-schistosomal drug because it’s safe, effective,
relatively cheap and because of its ease of distribution. It’s regularly used in mass drug
administration (MDA) programs for people at high risk of infection. However, PZQ
treated people are not protected from reinfection and MDA with PZQ has to be
regularly repeated, increasing the risk of selection for PZQ insensitive parasite strains
(Cioli et al., 2014). Despite the unresolved MOA for PZQ, the SAR of this molecule
has been recently explored resulting in the preparation of PZQ analogues generally
with decreased activity; nonetheless, they could have important implications for
further drug development (Liu et al., 2012; Ronketti et al., 2007; Sadhu et al., 2012).

1.7.1 Current drug discovery research
The risk of developing PZQ-insensitive or resistant strains of Schistosoma has focused
significant research activity around the identification and characterisation of
alternative drug or combinatorial therapies (Cupit and Cunningham, 2015).
Combinational chemotherapy is a very common drug strategy in different fields and,
therefore, the combination of praziquantel with either oxamniquine or artemisinin
derivatives has been suggested for anti-schistosomal drug treatment (Utzinger et al.,
2003). In fact, combining chemotherapeutic agents reduces the risk of resistance
development and the dose of drug needed as well as exerting synergic effects targeting
different developmental stages of the parasite. In this regard, PZQ-artemether
combination is quite promising due to the different lifecycle stages being targeted by
each compound (PZQ for adult worms and artemether for juveniles). Despite the
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benefits of this dual therapy, the discovery of new drugs is still required for long-term
control ambitions. In this direction, two additional drug discovery strategies have been
applied in pursuit of novel chemotherapeutic agents: firstly, drug repositioning (known
also as ‘label extension’) to ‘re-purpose’ existing approved drugs for new applications
and ‘piggyback’ approach which utilises already known compounds as starting point
of drug development for other diseases or applications (Table 1.2). These two
strategies are cheaper and faster than the classical therapeutic development process
since they build upon the data of previous investigations. Regardless of the used
strategy, the main goal of anti-schistosomal drug discovery is the identification of an
anti-schistosomal drug with a high specificity for the parasite in order to minimise any
side effects related to reactivity with human proteins or off-target effects. A bioavailable drug is also desirable so it can be administered by the oral route and be used
in future MDA programmes.
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Table 1.2. Drug and compounds investigated for their anti-schistosomal activity.

This table summarises the main drugs/compounds showing interesting anti-schistosomal
activity. For each entry, the first accounting reference year, the approach led to the
identification of the compound, the name of the drug/compound, previous medical
applications and the target/MOA are indicated. MOA: Mechanism of action.

In the post-PZQ era, one encouraging approach for the development of novel antiparasitic agents was derived from the study of small-molecule inhibitors of cysteine
proteases (CPs); these CPs seem to be critical component of parasite metabolism,
reproduction and protein turnover. For example, the CP inhibitors peptidyl
fluoromethyl ketones and peptidyl methyl ketones both decreased worm and egg
burdens in mice infected with S. mansoni (Wasilewski et al., 1996). Thereafter,
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solubility and bioavailability optimisation led to the identification of a promising antischistosomal CP inhibitor K11777 (Abdulla et al., 2007).
In the early 2000s, several research groups simultaneously began investigating how S.
mansoni maintained its cellular redox balance. In most eukaryotes, two enzymes (the
thioredoxin reductase (TrxR) and glutathione reductase (GR)) are involved in two
parallel pathways responsible for reactive oxygen species detoxification (Andrade and
Reed, 2015). Interestingly, in S. mansoni, thioredoxin-glutathione reductase (TGR) is
the only component of this antioxidant pathway responsible for thiol redox
homeostasis in this parasite. The gold complex Auranofin, previously approved by the
FDA for the treatment of rheumatoid arthritis and known to be a mammalian TrxR
inhibitor, showed a potent inhibition (in the low nanomolar range) on recombinant S.
mansoni TGR and revealed a promising anti-schistosomal activity in vitro and in vivo
(Kuntz et al., 2007). Furthermore, RNA silencing experiments confirmed that
schistosome TGR is a key target for treatment of schistosomiasis. In order to explore
TGR as a drug target, a miniaturized redox cascade was set up to assess the inhibition
of TGR/Prx activity through a quantitative high throughput screen of compound
libraries. This approach led to the identification of oxadiazole 2-oxides as new lead
compounds for schistosomiasis chemotherapy targeting the S. mansoni redox pathway
(Sayed et al., 2008; Simeonov et al., 2008). Following crystallographic studies, the
anti-parasitic activity of Auranofin was found to originate from the gold molecule that
readily dissociates and inhibits the enzyme (Angelucci et al., 2009; Saccoccia et al.,
2012). However, this compound hasn’t been progressed as an anti-schistosomal
because of the broad anti-parasite spectrum (since in vitro and/or in vivo efficacy has
been demonstrated for trichomoniasis, filariasis, Cryptosporidium infections and
Toxoplasma gondii and Trypanosoma brucei infections) which could lead to drug
32

resistance development (Roder and Thomson, 2015). Moreover, while this compound
is safe and well tolerated for short-term therapy, a large number of side effects in longterm therapy of patients with rheumatoid arthritis have been reported (Capparelli et al.,
2016; Hart et al., 1997).
The anti-schistosomal activities of HDAC inhibitors like valproic acid (VPA) and
trichostatin (TSA) are representative of the ‘piggyback’ strategy in drug discovery
(Dissous and Grevelding, 2011). In fact, VPA and TSA caused mortality of both
schistosomula and adult worm (Coon, 2005; Dubois et al., 2009) as well as blocked
the transformation of miracidia to sporocysts (Azzi et al., 2009).
Compounds like mefloquine (antimalarial) and miltefosine (anti-Leishmania) both
showed anti-schistosomal activity in vitro (Van Nassauw et al., 2008) and reduced
parasite burden in S. mansoni infected mice (Eissa et al., 2011). Other noteworthy antischistosomal compounds include protein kinase (PK) inhibitors as summarised by
Dissous and Grevelding (Dissous and Grevelding, 2011). For example, a drug
repositioning study has recently demonstrated that PK inhibitors (e.g. Imatinib and
other cancer drugs currently in development) led to potent in vitro anti-schistosomal
activity (Katz et al., 2013), which was lost in vivo likely due as a result of interaction
with α-1-acid glycoprotein and serum albumin. Further to these, amongst an anticancer
drug collection, two kinase inhibitors (Trametinib and Vandetanib) showed activity
against 72 hours cultured schistosomula (EC50 4.6 µM and 0.9 µM, respectively), adult
worms (4.1 µM and 9.5 µM respectively) and reduced the worm burden by 63.6 and
48.1% respectively, after a single oral dose of 400 mg/kg body weight (Cowan and
Keiser, 2015). Compounds such as Lovostatin and Simvastatin, originally developed
as lipid-lowering medications aiming to target the enzyme 3-hydroxyl-3methylglutaryl coenzyme A reductase (HMGR), have been shown to induce apoptosis
33

in schistosomula and adult worms as well as to inhibit egg production (Rojo-Arreola
et al., 2014). These findings revealed that this enzyme, which in humans is responsible
for converting 3-hydroxyl-3-methylglutaryl coenzyme A (HMG-CoA) to mevalonate
preventing the development of cholesterol, could be a useful drug target (SmHMGR)
in the development of new statin-based anti-schistosomals. More recently, biarylalkyl
carboxylic acids (BACAs) were explored for their in vitro effects on adult S. mansoni
in addition to their primary application as alternative candidates to treat diabetes
mellitus (Blohm et al., 2016).

1.7.2 De novo drug discovery
Another common strategy used in drug discovery is the de novo design of drugs using
either a ligand- or target-based molecular modelling approach. Despite the cost and
the length of the process (often years), this approach could contribute to the
identification of novel chemicals which represent high profitability and commercial
value for pharmaceutical companies.
Many of the targets and biological pathways mentioned above with the ‘piggyback’ or
the drug re-positioning approach (Section 1.7.1) were subsequently explored with
computational chemistry tools like structure-based (SBDD) and ligand-based (LBDD)
drug design (Ferreira et al., 2015; Mafud et al., 2016). The complementary use of
different drug discovery approaches could prove beneficial to anti-schistosomal drug
development.
For example, 3-oxoacyl-ACP reductase (AOR) was investigated as a potential drug
target as it is a key enzyme in fatty acid synthesis. S. japonicum AOR was explored by
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homology modelling first and then molecular docking for the identification of
candidate inhibitors of this enzyme (Liu et al., 2013a). The complementary approaches
of virtual screening and experimental validation allowed for the identification of a
moderate anti-schistosomal candidate (EC50 = 59.0 µM). Another example of applying
synergistic approaches for drug discovery is found in the identification of new TGR
inhibitors. Here, after the structure of S. mansoni TGR was solved (Angelucci et al.,
2008), a small collection of compounds capable of binding to a regulatory site of the
cofactor binding pocket was identified through fragment-based discovery approach;
some of these compounds showed interesting schistosomicidal activity (both
schistosomula and adult worms) during in vitro assays (Silvestri et al., 2018). De novo
drug discovery campaigns have proven to be successful in identifying modulators of
other schistosome targets such as aldolase reductase (AR) (Liu et al., 2013b), purine
nucleoside phosphorylase (PNP) (Pereira et al., 2003; Postigo et al., 2010) and orotate
phosphoribosyltransferase as well as orotidylate decarboxylase (el Kouni and N.M.
Naguib, 1990; El Kouni, 2017; Saudi et al., 2009).

1.8 Epigenetic drug targets for Schistosomiasis
Due to the growing realisation that epigenetic mechanisms are important in
schistosome development and reproduction (Section 1.6) (Liu, 2016), the components
involved are being explored as next generation drug targets for schistosomiasis (Pierce
et al., 2011). In fact, adult worms treated with the DNA methyltransferase inhibitor, 5aza-2′-deoxycytidine (known as 5-AzaC or Azacitidine) confirmed the impact of
DNA methylation on oviposition and ovarian morphology (Geyer et al., 2011).
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Compared to this epigenetic process, the schistosome HMEs have been explored more
intensively and provided a promising venue to control this tropical disease (Marek et
al., 2015). Schistosome acetylation has been intensively explored using HDACi
(blocking deacetylation) rather than HATi (blocking acetylation) because HATs
generally lack an obvious druggable site and few selective HATi are currently
available. This approach is justified as several studies have demonstrated HDACi
activity on major human parasitic disease such as trypanosomaisis, toxoplasmosis,
malaria and leishmaniasis (Andrews et al., 2000; Arrowsmith et al., 2012a). The antischistosomal activity of three HDACi (trichostatin A - TSA, suberoylanilide
hydroxamic acid - SAHA and valproic acid - VPA) has been explored on
schistosomula and adult worms (Dubois et al., 2009). Except for SAHA, these
compounds induced concentration-dependent mortality in schistosomes, particularly
TSA. They also blocked miracidia-sporocyst transformation (Azzi et al., 2009), which
confirmed that HDAC functions are critical throughout the schistosome life cycle.
Similar effects have been observed using inhibitors of the class III HDAC (NAD+dependent deacetylases known as the sirtuins), such as salermide (Lancelot et al.,
2013b).
These results collectively revealed that HDACs are novel targets for anti-schistosomal
drug discovery (Dubois et al., 2009; Oger et al., 2008a). As a direct consequence of
these promising results, computational approaches were used for the identification of
specific inhibitors of schistosome HDAC8 (SmHDAC8); this led to the identification
of hydroxamate derivatives with IC50 activities (in HDAC inhibition assays) in the low
micromolar range (Kannan et al., 2014). The scaffold of these chemicals was then
explored resulting in the synthesis of a series of 3-amidobenzohydroxamate
derivatives, among which some showed inhibitory activity in the nanomolar range on
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recombinant SmHDAC8 (Heimburg et al., 2016). The most active compound was then
tested on parasites in culture showing an EC50 of 16.1 µM on schistosomula and
causing 90% adult male and female separation and 80% egg production reduction after
5 days treatment with 20 µM of the compound. A focused library screening approach
was subsequently applied on the same schistosome target and identified, along with
the known HDAC inhibitor suberoylanilide hydroxamic acid (SAHA, Vorinostat), a
mercaptoacetamide with an inhibitory activity on recombinant SmHDAC8 in the
micromolar range (Chakrabarti et al., 2015; Marek et al., 2013; Stolfa et al., 2014).
Despite the intense work on schistosome HDACs, proteins involved in histone
methylation, phosphorylation and other post-translational modifications remain poorly
described in this parasite. Data related to the dynamic regulation of histone
methylation along the life cycle is so far very limited and no published data are
available about the effect that compounds targeting histone methyltransferases or
demethylases have on schistosome biology, lifecycle progression or viability.
However, our research group recently screened a collection of chemical probes for
epigenetic targets generously provided by the Structural Genomics Consortium (SGC).
These data revealed interesting anti-schistosomal activity (on both schistosomula and
adult worms) for some epi-drugs previously developed for human protein
methyltransferases and demethylases (data not yet published). Additionally, we
recently reported the ability of drugs targeting H. sapiens G9a/GLP (A366) and EZH2
(GSK343) H3K27 methyltransferases to block miracidium to sporocyst transition
(Roquis et al., 2018).
Based on these data, we wanted to further explore protein methylation and
demethylation as epigenetic processes suitable for schistosome drug development.
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1.9 Aim of the project
Acknowledging that epigenetic pathways play an important role in regulating parasite
phenotypes, controlling development and responding to environmental stresses,
chemical inhibition of the key protein/enzyme components clearly defines a promising
control strategy. Hence, attention was focused on protein methylation as it is the
second most common post-translation epigenetic modification and has not been
extensively studied in schistosomes. This work represents the logical progression of
the collective efforts in targeting epigenetic players in S. mansoni (after DNA
methylation and histone acetylation). It’s also noteworthy that this particular posttranslational modification, being associated with both gene activation and repression,
might represent a more interesting target than acetylation, which is usually associated
only with transcription activation (Verdone et al., 2005).
This thesis aims to provide the first characterisation of the S. mansoni protein
methylation machinery with the identification of all of its components (S. mansoni
Histone Methyltransferases and Demethylases, SmHMTs and SmHDMs). Due to the
increasing application of molecular modelling approaches in the discovery of novel
anti-schistosomal agents (Ferreira et al., 2015; Mafud et al., 2016), application of
computational tools for the identification of novel compounds as potential SmHMT
and SmHDM inhibitors was also conducted.
This project aims to address these topics by completing four objectives:
- Molecularly characterise the S. mansoni protein methylation machinery
components (SmHMTs and SmHDMs). The primary aim of Chapter 3 is to identify
the schistosome HMT and HDM homologues, analyse their gene expression profiles
and perform intra- and inter-schistosome species phylogenetic analyses. Secondly,
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three-dimensional structures of these proteins are predicted with a homology model
approach to investigate folding and speculate about enzymatic activity.
- Identify potential anti-schistosomal compounds using in silico virtual screening.
The primary aim of Chapter 4 is to identify potential inhibitors of selected epigenetic
schistosome targets. The anti-schistosomula activity of these compounds is evaluated
using in vitro anti-schistosomula assays (single concentration or titrations) on the larva
stage of the parasite. Prioritised compounds are subsequently tested on adult worms
and their cytotoxicity is determined on a representative human cell line. For the most
interesting compounds, the activity on miracidia and juvenile schistosomes as well as
the anti-Fasciola newly excysted juvenile (NEJ; a related trematode) activity are also
explored.
- Optimise the anti-schistosomal activity of GPV56. In Chapter 5, the design,
synthesis and biological evaluation of GPV56 (the most potent anti-schistosomal
compound identified in Chapter 4) structural analogues is described. Additionally, the
antimicrobial activity of these compounds is also investigated on selected bacteria
species.
- Recombinant expression of selected SmHMTs and SmHDMs. The primary aim
of Chapter 6 is to express recombinant proteins corresponding to selected SmHMT
or SmHDM targets (full-length or truncated proteins). Different protein tags for
affinity purification, heterologous cell systems (bacteria, insect cells and human cells)
and protein expression conditions (induction/auto-induction) are explored.
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CHAPTER 2
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2 General methodology
2.1 Common buffers and solutions
▪

HLSB/LSLB growth media

4 g High Salt (HS)/Low Salt (LS) Luria-Bertani (LB) medium (individual component
concentration: 10 g/l tryptone, 5 g/l yeast extract and 5 g/l or 0.5 g/l NaCl for HSLB
or LSLB, respectively (51208, Millipore/L3397, Sigma- Aldrich)
200 ml distilled water (dH2O)
The cultures were autoclaved at 121°C for 15 min to eliminate any bacteria or fungal
deposits and, once cooled, antibiotic (Ampicillin 50 µg/ml for HSLB and Zeocin 25
µl/ml for LSLB) was added. The growth media was kept at 4°C until use.
▪

HLSB/LSLB agar plates

4 g HS/LS LB medium
2 g agarose powder (A9539, Sigma-Aldrich)
200 ml dH2O
The cultures were autoclaved and, once cooled, antibiotic was added as mentioned
before. The plates were poured, allowed to set and stored at 4°C until use.
▪

1X Phosphate Buffer Saline (PBS)

137 mM sodium chloride (NaCl, S7653, Sigma-Aldrich)
2.7 mM potassium chloride (KCl, P9333, Sigma-Aldrich)
10 mM sodium hydrogen phosphate (Na2HPO4, S7907, Sigma-Aldrich)
2 mM monopotassium phosphate (KH2PO4, 1551139, Sigma-Aldrich)
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8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g KH2PO4 were dissolved in 800 ml
dH2O. The solution was adjusted to pH 7.4 and diluted up to 1 l with dH2O.

2.1.1 Parasite culture and life cycle maintenance
▪

10X Lepple water (artificial river water for snail housekeeping)

5.56 g calcium chloride (CaCl2, 793639, Sigma-Aldrich)
12.28 g magnesium sulfate heptahydrate (MgSO4·7H2O, 230391, Sigma-Aldrich)
0.43 g potassium sulfate (K2SO4, RES0797P, Sigma-Aldrich)
4.2 g sodium bicarbonate (NaHCO3, 792519, Sigma-Aldrich)
Each chemical was consecutively dissolved in 2 l dH2O. The volume was then adjusted
up to 10 l. The solution was diluted to 1X concentration with dH2O prior use.
▪

2X Saline solution

17 g NaCl (S7653, Sigma-Aldrich)
1 l dH2O
▪

Percoll gradient (for schistosomula purification)

24 ml Percoll (17089101, GE Healthcare, Life Science)
15 ml red phenol Dulbecco’s Modified Eagle Medium (DMEM, D5671, SigmaAldrich)
▪

Full Basch Media (for schistosomula cultivation)

2 ml 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solution
(H0887, Sigma-Aldrich)
10 ml Schneider’s insect media (Sigma-Aldrich, 50146)
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10 ml Medium 169 (M169, see composition below)
2 ml Antibiotic/Antimycotic solution (100X) containing Penicillin (10,000 U/mL),
Streptomycin (10 mg) and Amphotericin B (25 g) (5140-122, Fisher Scientific)
5 ml heat inactivated Fetal Bovine Serum (FBS, 11543407, Fisher Scientific)
Up to 100 ml with Basal Medium Eagle media (BME, B1522, Sigma-Aldrich)
▪

M169 stock (50 ml)

0.5 g glucose powder (G7021, Sigma-Aldrich,)
0.5 g lactalbumin hydrolysate powder (61300, Sigma-Aldrich)
46.25 ml dH2O
250 µl 1 mM hypoxanthine water solution (H9636, Sigma-Aldrich)
500 µl 1 mM serotonin water solution (H9523, Sigma-Aldrich,)
500 µl 1 mM hydrocortisone water solution (H0888, Sigma-Aldrich)
500 µl 0.2 mM 3,3',5-triiodo-l-thyronine sodium water solution (T6397, SigmaAldrich)
2.5 ml Minimum Essential Medium vitamins (MEM, 100X, M6895, Sigma-Aldrich)
45.75 ml dH2O
M169 solution was mixed thoroughly then filter sterilised using a syringe and 0.22 µm
acrodisc filter (1902520, Fisher Scientific). Aliquots were stored at -20°C until use.
▪

Wash Basch Media (for mechanical transformation of schistosomula)

Same composition of Full Basch Media except for replacement of heat inactivated FBS
with 5 ml BME media.
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▪ 70% IMS solution
700 ml Industrial Methylated Spirits (IMS)
300 ml dH2O

▪ Lugol’s Iodine
5 g iodine (I2, 207772, Sigma-Aldrich)
10 g potassium iodide (KI, 60399, Sigma-Aldrich)
500 ml dH2O
▪

Heparin

5 ml 1X PBS
Heparin 50,000 units (Heparin sodium salt from porcine intestinal mucosa, H3149
50K, Sigma-Aldrich)
The solution was then filter sterilised using a 1 ml syringe equipped with a 0.45 µm
acrodisc filter and stored at 4°C until use.
▪

Sodium pentobarbital with heparin (for mouse euthanasia)

0.1 ml pentobarbital sodium solution (10 mg/ml, PENSODS100, JM Loveridge)
10 µl heparin (10,000 units per ml of PBS)
▪

Perfusion media (for mouse perfusion)

475 ml DMEM (clear or containing phenol red)
25 ml Fetal Calf Serum (FCS, 10500064, GibcoTM, Thermo-Fisher)
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Perfusion media was pre-warmed, without heparin, at 37°C in a water bath at least 30
min prior to use.
500 µl heparin solution (10,000 units per ml of PBS) was added to warm media prior
to use.
▪

Adult worm culture media (for adult worm and juvenile cultivations and drug
screen)

337 µl L-glutamine (200 mM stock, 25030081, Invitrogen)
750 µl Penicillin-Streptomycin (Penicillin 10,000 units, Streptomycin 10 mg - P4333,
Sigma-Aldrich)
3.75 ml FCS (10500064, GibcoTM, Thermo-Fisher)
1 ml 1 M HEPES solution (H0887, Sigma-Aldrich)
Up to 45 ml with DMEM (clear or phenol red)
Culture media was pre-warmed at 37°C for at least 30 min prior to use.
▪

0.25% w/v adult worm anaesthetic

0.025 g ethyl 3-aminobenzoate methanesulfonate (Tricaine, E10521, Sigma Aldrich)
10 ml DMEM
Solution was pre-warmed at 37°C for 30 min prior to use.
▪

10% v/v Formalin (egg fixative)

10 ml formaldehyde (36% v/v in H2O, F8775, Sigma-Aldrich)
26 ml 1X PBS
▪

Chernin's balanced salt solution (CBSS, for miracidia drug screen)
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0.45 g MgSO4·7H2O (230391, Sigma-Aldrich)
0.07 g disodium hydrogen phosphate (Na2HPO4, NIST2186II, Sigma-Aldrich)
0.15 g potassium chloride (KCl, P9333, Sigma-Aldrich)
0.05 g sodium bicarbonate (NaHCO3, 792519, Sigma-Aldrich)
2.8 g sodium chloride (NaCl, S7653, Sigma-Aldrich)
0.4 g calcium chloride (CaCl2, 793639, Sigma-Aldrich)
1 l dH2O
The solution was autoclaved prior addition of glucose (G7021, Sigma-Aldrich) and
trehalose (1 mg/ml each, PHR1344, Sigma-Aldrich). The solution was mixed
thoroughly then filter sterilised using a syringe and 0.22 µm acrodisc filter (1902520,
Fisher Scientific).

2.1.2 Mammalian cell culture media
All cell culture media components were filter sterilised using a syringe with a 0.45 µm
acrodisc filter before use and small aliquots were stored at 4°C.
▪

HepG2 media

86 ml BME (B1522, Sigma-Aldrich)
10 ml FBS (11543407, Fisher Scientific)
1 ml MEM Non-essential Amino Acid Solution (100X, M7145, Sigma-Aldrich)
1 ml L-glutamine (200 mM stock, 25030081, Invitrogen)
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1 ml Antibiotic/Antimycotic Solution (100X, Penicillin (100 units/ml), Streptomycin
(0.1 mg/ml) and Amphotericin B (0.25 µg/ml), A5955, Sigma-Aldrich)
▪

Cryopreservation solution

90% v/v FBS (11543407, Fisher Scientific)
10% v/v DMSO (W387520, Sigma-Aldrich)
▪

MTT reagent (12 mM)

250 mg 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, M2128,
Sigma-Aldrich)
50.3 ml 1X PBS
The solution was filter sterilised using a syringe fitted with a 0.45 µm acrodisc filter
and then aliquots were stored in the dark at -20°C until use.
Upon use, aliquots were defrosted and kept at 4°C in the dark. Aliquots were discarded
after 2 weeks of storage at 4°C or if they showed signs of a brown precipitant.

2.1.3 Solutions and buffers for protein analysis
▪

4X LSD loading buffer

NuPAGE™ LDS (Lithium dodecyl sulphate) Sample Buffer (4X, NP0007,
ThermoFischer)
5% v/v β-mercaptoethanol (1610710, BioRad)
▪

Running gel buffer
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45.41 g tris(hydroxymethyl)aminomethane (final concentration 1.5 M Tris Base,
T4661, Sigma-Aldrich)
10 ml 10% w/v sodium dodecyl sulfate (SDS) solution (prepared with 20 ml H2O and
2 g SDS - L3771, Sigma-Aldrich)
200 ml dH2O
The buffer was adjusted to pH 8.5 in a final volume of 250 ml with dH2O and kept
refrigerated at 4°C.
▪

Stacking gel buffer

6.05 g tris(hydroxymethyl)aminomethane (final concentration 0.5 M Tris Base,
T4661, Sigma-Aldrich)
4 ml 10% w/v SDS solution (0.4% w/v SDS final concentration)
The buffer was adjusted to pH 6.8 in a final volume of 100 ml with dH2O and kept
refrigerated at 4°C.
▪

Gel fixing solution

50% v/v methanol (322415, Sigma-Aldrich)
5% v/v acetic acid (A6283, Sigma-Aldrich)
45% v/v dH2O
▪

Gel storage solution

1% v/v acetic acid in dH2O
▪

Colloidal Coomassie Blue Dye stock solution

0.1% w/v Coomassie Brilliant Blue G250 (20279, Thermo Scientific)
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2% w/v ortho-phosphoric acid (H3PO4, P5811, Sigma-Aldrich)
10% w/v ammonium sulphate ((NH4)2SO4, A4418, Sigma-Aldrich)
Prepared at least 24 hrs prior to use.

2.1.4 Solutions for microscopic techniques to assess compound
damage
▪

0.6 mM MgCl2 solution

2.86 mg magnesium chloride (MgCl2, M8266, Sigma-Aldrich)
50 ml dH2O
▪

Scanning electron microscopy (SEM) fixative

50 ml 0.2 M sodium cacodylate water solution (C₂H₆AsO₂Na·3H₂O, 103256, Merck)
10 ml 25% w/v glutaraldehyde (G5882, Sigma-Aldrich)
40 ml Ultra high pure water (UPH2O)
▪

1% v/v osmium tetroxide water solution

2% v/v osmium tetroxide water solution (AGR1021, Agar Scientific, Stansted, UK) in
UPH2O.
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2.1.5 Solutions and buffers for whole-mount in situ hybridization
(WISH) experiments
2.1.5.1 Composition

of solutions used for RNA

polymerase

production
Growth media
(1L)

10X M9 Salts

5X Ni-NTA Lysis
Buffer

1X Ni-NTA Lysis
Buffer**

10 g tryptone
(T7293, Millipore)

68 g Na2HPO4
(NIST2186II*)

50 ml Tris-HCl (1 M,
pH 8.0,
10812846001*)
20 ml 5 M NaCl

40 ml 5X NiNTA Lysis Buffer

5.5 g NaCl
(S7653*)

30 g KH2PO4
(NIST200B*)

900 ml dH2O

10 g NH4Cl
(A9434*)

50 ml glycerol
(G9012*)

Autoclaved and
then added
100 ml 10X M9
Salts
1 ml 0.1 M CaCl2

5 g NaCl
(S7653*)
900 ml dH2O

Diluted up to 200 ml
with dH2O
Autoclaved

71 μl
βmercaptoethanol
(M6250*)
200 μl imidazole
(1 M, pH 8.0,
68268*)
Diluted up to 200
ml with dH2O

Filter sterilised

8 ml 25% v/v
glycerol
0.8 ml 50 mg/ml
Ampicillin
*All the chemicals were purchased from Sigma-Aldrich. **The solution was prepared fresh
prior to use.

Ni-NTA Wash Buffer*
40 ml 5X Ni-NTA Lysis
Buffer
71 μl β-mercaptoethanol
25 ml imidazole (1 M, pH
8.0)
Diluted up to 200 ml with
dH2O

Ni-NTA Elution Buffer*
40 ml 5X Ni-NTA Lysis
Buffer
71 μl β-mercaptoethanol
100 ml imidazole (1 M,
pH 8.0)
Diluted up to 200 ml with
dH2O
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RNAP Storage Buffer*
100 ml 0.2 M KH2PO4
(pH 7.5)
10 ml 5 M NaCl
500 ml glycerol
20 ml 0.5 M DTT
(D0632*)
0.4 ml 0.25 M EDTA (pH
8.0, E6758*)
2g NaN3 (S2002*)
Diluted up to 1 l with
dH2O

Ni-NTA: Nickel-nitrilotriacetic acid; EDTA: Ethylenediaminetetraacetic acid; DTT:
Dithiothreitol. *All the chemicals were purchased from Sigma-Aldrich. **The solution was
prepared fresh prior to use.

2.1.5.2 Solution compositions for riboprobe synthesis
10X TXN buffer DEPC H20
0.3 M HEPES pH
7.5
(83264*)

1 ml diethyl
pyrocarbonate
(DEPC,
D5758*)
Diluted up to
1000 ml with
dH2O

1 M potassium
glutamate
(G1501*)
0.15 M
magnesium acetate
(63052*)
2.5 mM EDTA
(E6758*)
10 mM
DTT (D0632*)

Autoclave

20X SSC
3 M NaCl
(S7653*)

Hybe solution
50% v/v de-ionized
formamide (S4117*)

0.3 M sodium
citrate
(1613859*)

10% w/v dextran
sulfate (from 50%
w/v in H2O, S4030,
Millipore)
5X SSC

DEPC H2O

pH 7.0
Autoclave

0.5% v/v Tween20 (from 10% w/v
in H2O,
11332465001*)
Store at -20°C

1 mg/ml yeast RNA
(10109223001*)
1% v/v Tween-20
(from 10% w/v in
H2O, 11332465001*)
Store at -20°C

TXN buffer: thioredoxin buffer; SSC: saline-sodium citrate. *All the chemicals were
purchased from Sigma-Aldrich.

2.1.5.3 Solutions compositions for in-situ hybridization
PBSTx
1X PBS

0.3% v/v
Triton X-100
(X100*)

Bleaching
solution**
9 ml DEPC H2O
500 μl de-ionized
formamide (S4117*)
250 μl 20X SSC

Pre-Hybe solution

Wash Hybe

50% v/v de-ionized
formamide
(S4117*)
5X SSC

25% v/v de-ionized
formamide
(S4117*)
3.5X SSC

1 mg/ml yeast
RNA

0.5% v/v Tween-20
(from 10% w/v in
H2O, P1379*)
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400 μl 30% w/w
H2O2
(10687022, Fischer)

1% v/v Tween-20
(from 10% w/v in
H2O, P1379*)
Bring to volume
with DEPC H2O
Store at -20°C

0.05% v/v Triton
X-100 (X100*)
Store at -20°C

*All the chemicals were purchased from Sigma-Aldrich. **Components were added exactly
in this order to avoid explosions.

TNT buffer
100 mM Tris
Buffer pH 7.5
(21685*)
150 mM NaCl
(S7653*)
0.1% v/v
Tween-20
(from 10% w/v
in H2O,
P1379*)

Colorimetric
Developing
solution**
4.5 μl NBT
(11383213001,
Roche)
3.5 μl BCIP (BCIPPRO, Roche)
1 ml AP Buffer

Colorimetric
Block solution
7.5% v/v horse
serum
(H1138*)
Bring to volume
with TNT Buffer
Store at -20°C

AP Buffer
100 mM Tris
Buffer pH 9.5
(21685*)
100 mM NaCl
(S7653*)
50 mM MgCl2
(M8266*)

0.1% v/v Tween20 (from 10% w/v
in H2O, P1379*)
Diluted to volume
with 10% w/v
polyvinylalcohol
solution (PVA,
P8136*)
Store at 4°C
NBT: nitro blue tetrazolium; BCIP: 5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine salt.
*All the chemicals were purchased from Sigma-Aldrich. **The solution was prepared fresh
prior to use.

2.1.6 Solutions and buffer for Fasciola hepatica Newly Excysted
Juveniles (NEJs)
▪

Pepsin solution (5 ml)

1% w/v pepsin from porcine gastric mucosa (≥ 250 units/mg solid, P7000, SigmaAldrich)
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0.4% v/v 1 M HCl
5 ml dH2O
▪

Dithionate solution

0.035 g sodium dithionite (Na2S2O4, 10274490, Fisher Scientific, UK)
0.1 g sodium bicarbonate (NaHCO3, 10489910, Acros Organics, USA)
0.08 g sodium chloride (NaCl, 10428420, Acros Organics, USA)
1% v/v 1 M HCl
5 ml dH2O
▪

DMEM media

1% v/v Antibiotic/Antimycotic Solution (100X, A5955, Sigma-Aldrich)
5 ml DMEM (D5671, Sigma-Aldrich)
▪

Sodium tauroglycocholate solution

0.02 g sodium tauroglycocholate (10224450, Fisher Scientific)
5 ml Dulbecco’s Modified Eagle Medium (DMEM, D5671, Sigma-Aldrich)
▪

NEJ culture media

1% v/v Foetal Calf Serum (FCS, GibcoTM, 10500064, Thermo-Fisher)
1% v/v Antibiotic/Antimycotic Solution (100X, A5955, Sigma-Aldrich)
Up to 100 ml with Roswell Park Memorial Institute media (RPMI 1640 media, R0883,
GibcoTM, Sigma-Aldrich)
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2.2 S. mansoni lifecycle maintenance
The NMRI (National Medical Research Institute) Puerto Rican strain (PR-1) of S.
mansoni was used to maintain the life cycle. The vertebrate-specific aspect of the life
cycle was cultivated through outbred MF-1 (Harlan, UK) Mus musculus strains; the
invertebrate aspect of the life cycle was maintained through two Biomphalaria
glabrata strains - the NMRI albino and pigmented outbred strains (Geyer et al., 2017).
All animal procedures were performed in accordance with the UK home Office (HO)
guidelines (Scientific Procedures Act, 1986; PPL 40/3700) adhering to the European
Union Animals Directive 2010/63/EU and approved by Aberystwyth University’s
ethical review panel.

2.2.1 Snail infection with S. mansoni miracidia
Eggs were obtained by homogenisation of infected mouse livers in 2X saline solution
(Section 2.1.1) using a Waring blender. The homogenates were passed through a 0.45
µm filter to retain egg material and the resulting filtered solution was collected in a
volumetric flack. Eggs were hatched by incubation with 1X Lepple water (Section
2.1.1) for 1 hr. Thereafter, miracidia were purified and concentrated after exposition
of the flask to intense light, the miracidia would naturally swim towards the light. This
process was sped up by wrapping the lower half of the volumetric flask with foil to
protect from the light and then the area of neck left exposed to light was progressively
reduced over a total period of 20 min.
After this incubation, the hatched miracidia were collected from the top of flask with
a Pasteur pipette. The miracidia were enumerated by observation under a dissecting
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microscope (Leica zoom 2000) and 12 miracidia were used to infect each snail in 300
ml of 1X Lepple water. Snails were incubated with miracidia overnight in the dark
before the snails were returned to normal ambient lighting. Infected snails were then
placed in pre-patent tanks under a 12 hrs light cycle (12 hrs on, 12 hrs off) in a room
at 26°C. Infected, prepatent B. glabrata snails were kept in this manner for 5 wks and
then placed in the dark with the intention of synchronous shedding cercariae from the
snails starting at 6 wks post infection.

2.2.2 Shedding of S. mansoni cercariae and mouse infection
Prior to collection, B. glabrata snails were moved into complete darkness for at least
48 hrs before shedding parasites. S. mansoni infected snails were collected in small
tanks filled up with a small volume of Lepple water. Shedding of S. mansoni cercariae
was obtained under intensified lighting conditions. After 1 hr of incubation at 26°C,
the suspensions of cercariae in Lepple water were pooled in a falcon tube and 3
different aliquots of 50 µl were counted using Lugol’s Iodine (Section 2.1.1). The
mean of the three counts was used to estimate the total number of cercariae and
consequently the density of the stock sample. Mice were constrained in a perspex tube
and their tail exposed to an appropriate volume of Lepple water containing about 180
cercariae. The percutaneous infection was carried out for 45 min before mice were
returned to a fresh cage (4 or 6 mice per cage). The infected mice were fed with
rodents’ diet and water ad libitium and housed in a room (temperature 26°C and
humidity ~70%) with 12 hrs light cycle (12 hrs on, 12 hrs off) for 7 weeks prior to
perfusion (Section 2.2.4). Infected animals showing sign of severe illness were
euthanised via Schedule 1 HO method.
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2.2.3 Mechanically-transformed schistosomula
Cercariae shed from infected snails (Section 2.2.2) were collected in falcon tubes and
incubated on ice for at least 1 hr prior to transformation. Cercariae were pelleted by
centrifugation (ThermoScientific, Heraeus Megafuge 16R) for 2 min at 400 x g and
4°C (centrifuge brake: acceleration and deceleration 5) and the supernatant was
removed with a serological pipette without disturbing the pellet. In the case of multiple
falcon tubes, the different pellets were combined into a single tube with a Pasteur
pipette to a maximum volume of 8 ml topped up with fresh Wash Basch media
(Section 2.1.1), if required. Leaving the tube on ice, cercariae were repeatedly passed
through a 10 ml serological pipette for at least 10 min, until no clumps of cercariae
were present in the solution. After that, a 50 µl aliquot was observed under the
dissecting microscope to check the transformation rate. In case cercariae were still
being present, the mechanical transformation was carried out an additional 5 times. If
cercariae were still observed, cercariae were vortexed (Scientific industries, Vortex
Genie 2.0) twice for 45 sec with a minute incubation on ice in between. As an
additional or alternative transformation method, cercariae were repeatedly passed
through a 10 ml syringe equipped with a 23G needle. Initially, the cercariae solution
was syringed five times; a 20 µl sample was then checked for the presence of
transformed schistosomula. If cercariae were still present, then the solution was
syringed a further five times and rechecked.
Once all cercariae were transformed, the suspended schistosomula were gently and
slowly loaded on top of a percoll gradient (40 ml) with a Pasteur pipette (usually
150,000 cercariae for each percoll). The percoll gradient was previously prepared in a
50 ml falcon tubes as described in Section 2.1.1, incubated on ice prior to use and
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gently inverted before the schistosomula were loaded. Some fresh Wash Bash was
used to wash the falcon tube containing the transformed schistosomula aiming to
reduce the amount of parasite left behind and to top up the percoll gradient to 45 ml.
Each percoll gradient was then moved slowly into a benchtop clinical centrifuge
(Heraeus™ Megafuge™ 16 Centrifuge Series, Thermo Scientific™) and centrifuged
at 500 x g (centrifuge brake: acceleration and deceleration 5) for 10 min at 4°C. After
this, a pellet of schistosomula should be at the bottom of the falcon tube and the tails
floating in the percoll gradient. If a pellet was not present, the percoll gradient was
centrifuged at higher speed (600 x g for 3 min at 4°C, centrifuge brake: acceleration
and deceleration 9). Without disturbing the pellet, the percoll gradient was then
carefully removed with a Pasteur pipette and transferred to a fresh falcon tube. The
parasite material (in the pellet) was washed 3 times with Wash Basch media by
centrifuging at 400 x g for 3 min (centrifuge brake: acceleration 5 and deceleration 9),
removing the supernatant and adding fresh media each time. At the final wash step,
the supernatant was removed with a serological pipette and then the pellet was resuspended in 10 ml of Full Basch media (Section 2.1.1). Three aliquots of 20 µl were
counted under the microscope. The schistosomula were diluted with Full Basch media
at a desired density (45-55 cercariae per 20 µl), then transferred to a cell culture flask
(T25 or T75) and incubated until use. Cercariae not used for mouse infection or
mechanical transformation were incubated on ice for 45 min and then centrifugated at
500 x g (centrifuge brake: acceleration and deceleration 9) at 4°C for 5 min. The
supernatant was removed leaving behind the parasite pellet, which was stored at -80°C
(Section 2.3.1).
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2.2.4 Recovery of adult worms
S. mansoni infected mice were sacrificed 3 wks or 7 wks post-infection to obtain
juvenile and mature adult worms respectively. Mice were euthanised by intraperitoneal
injection of a lethal dose of sodium phenobarbital (100 µl/10 g body weight)
containing 100 U/ml heparin solution (in 1X PBS, Section 2.1.1). Death was
confirmed when the ocular reflex was lost (~ 4 min). After that, the abdomen and rib
cage were opened to allow the hepatic portal vein to be severed and the vasculature
was perfused. Via cardiac puncture, pre-warmed (37°C) perfusion media was injected
into the left ventricle of the heart. Perfusion media perfused the entire vasculature and
exited from the severed hepatic portal vein flushing out the adult parasites. These
parasites were collected in an inverted conical flask and allowed to settle. The infected
livers were removed and collected to perform the snail infection (Section 2.2.2).
Following perfusion, worms were washed once by sedimentation with perfusion media
and washed a further three times in pre-warmed adult worm media (Section 2.1.1).
After washing, worms were then transferred with 5-10 ml of media into a petri dish
and incubated in a humidified environment containing 5% CO2 at 37°C for at least one
hour. Before downstream manipulation, any macro residual host material (e.g. mouse
hair, blood clots) was removed using a clean paintbrush. Adult worms were either
distributed in culture media for later use such as RNAi experiments (Section 2.4), drug
screens (Section 2.7.4), RNA extraction (Section 2.3.1), histone extraction (Section
2.5.1) or whole in-situ hybridization (Section 2.9). For male and female separation,
the parasites were incubated in culture media containing 0.25% w/v of tricaine as
anaesthetic (ethyl 3-aminobenzoate methanesulfonate, E10521, Sigma Aldrich) for 15
min.
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2.3 General methods of molecular cloning
2.3.1 Total RNA extraction and DNase treatment
Total RNA was extracted from different stages of the life cycle (miracidia, cercariae,
schistosomula, 5 and 7 wks male and female worms) following the procedure
previously reported in literature involving the use of both TRIZOL Reagent
(Invitrogen) and a Zymo-Spin™ Column (Direct-zol™ RNA Kit, ZymoResearch)
(Fitzpatrick et al., 2009; Hoffmann and Fitzpatrick, 2004). According to the
manufacturer’s instructions, a sufficient volume of TRIZOL was added to the parasite
material and an equal volume of molecular ethanol was added prior to the lysis of the
parasite material. The parasite material was lysed on ice with a cleaned homogeniser
(washed with 50 ml dH2O, 50 ml 100% EtOH and 7 ml TRIZOL between each parasite
sample) to avoid contaminations. An Ultra Turrax T8 homogeniser (on power setting
8) was used for two 50-sec cycles with an intermediate 1 min incubation on ice to not
overheat the sample. During the cycle the homogeniser was kept below the surface of
TRIZOL to avoid foaming of solution. This method was used for all the parasite
material except for adult worms. In this case, a Tissue LyserIT machine was used to
vigorously disrupt the parasite material twice for 3 min at 50 oscillations/second with
1 min incubation on in ice in between.
After complete homogenisation/disruption of sample material, the sample was
incubated on ice for 5 min. The lysed parasite samples were loaded on a Zymo-Spin™
Column and RNA extraction was performed following the manufacturer’s
instructions. The RNA sample was eluted with 30 µl DNase/RNase free water loaded
directly to the column. After extraction, the RNA concentration of the sample was
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determined using a NanoDrop 1000 UV-Vis spectrophotometer. All the samples were
used immediately or stored at -80°C for long-term storage.

2.3.2 cDNA generation
Two methods were used for cDNA generation using total RNA extracted from parasite
material. Regarding the first method, prior to cDNA synthesis, 1 µg total RNA
dissolved in 10 µl water was denatured at 70°C for 5 min on a PCR machine, followed
by cooling at 4°C for 5 min. To this sample, a mixture of 5 µl 5X First Strand Buffer,
2.5 µl 2.5 mM deoxynucleotides (dNTPs), 2 µl Dithiothreitol (DTT, 0.1 M), 2 µl
Random Hexamers (50 µM), 0.5 µl RNaseOUT™ Recombinant Ribonuclease
Inhibitor (5000 U, 40 U/µl, 10154652, Invitrogen), 0.5 µl SuperScriptTM III Reverse
Transcriptase (200 U/µl, 10368252, Invitrogen) and 2.5 µl nuclease free water was
added. A negative control was prepared as described above with the substitution of
SuperScriptTM III Reverse Transcriptase with an equivalent volume of water aiming to
detect residual gDNA contamination. The cDNA generation was conducted on a PCR
machine where an incubation of the reaction mixture at 42°C for 1 hr was followed by
5 min at 90°C and then the sample was cooled at 4°C for 5 min. The samples were
then diluted in 175 µl water and stored at -20°C. The second method for cDNA
generation required the use of the SensiFASTTM cDNA Synthesis Kit (BIO-65053,
Bioline) which provided a rapid method for first strand cDNA synthesis. Following
manufacturer’s instructions, a cDNA reaction volume of 20 µl was prepared with 4 µl
5X TransAmp Buffer, 1 µl Reverse transcriptase (both included in the kit), 1 µl of total
RNA (volume depending on the concentration) and DNase/RNase free water. The
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reaction was then incubated on a thermal cycler with the parameters reported in Table
2.1.
Table 2.1. cDNA synthesis reaction conditions.
Step
Primer annealing
Reverse
transcription
Inactivation

Temperature (°C)
25

Time
10 min

42

15 min

85
4

5 min
Hold

Once the reaction was completed, the reaction was diluted with 80 µl of water and the
cDNA sample was stored at -20°C. The cDNA generation was confirmed by a PCR
reaction performed with the cDNA sample and a set of primers designed to amplify a
house-keeping cDNA known as S. mansoni α-tubulin (Smp_090120, SmAT1; primer
sequence reported in Appendix 2.1). α-tubulin cDNA was used as an internal standard
and sample control since this gene did not show variability in transcript abundance
across the S. mansoni life cycle (Fitzpatrick et al., 2005; Kozera and Rapacz, 2013;
Webster et al., 1992). The PCR was performed using Biomix (Bioline) in a final
reaction volume of 25 µl as described in Section 2.4.3. As negative control a reaction
was prepared with the substitution of the cDNA sample with water. A small aliquot of
the reaction mixture was analysed by DNA gel electrophoresis (Section 2.3.6) in order
to check whether the desired amplicon (158 bp in length) was produced.

2.3.3 Oligonucleotides design
All oligonucleotides used for open reading frame (ORF) cloning, qRT-PCR gene
expression analysis and whole-mount in situ hybridization (WISH) oligonucleotide
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primers were designed using the tool available on Sigma-Aldrich website. The
selection of the oligonucleotides was based on the parameters described below:
Primer Size (bp): minimum 18, optimal 20, maximum 27.
Primer Tm (°C): minimum 57, optimal 60, maximum 63 (65-66 for the qRT-PCR
oligonucleotides).
Primer GC (%): high GC content, minimum 20, maximum 80.
Other features: no more than 3 identical consecutive bases, G/C as initial/final
nucleotide and low probability of primer dimer.
Product sizes: variable.
For qRT-PCR and WISH experiments, primers additionally had to produce products
between 150-200 bp in the first case and 500-600 bp in the second case (towards the
three prime untranslated region (3'-UTR) region).
The SmAT1 oligonucloetide sequences (SmAT1 Forward and Reverse, Appendix 2.1)
were taken from a previous publication (Fitzpatrick et al., 2005).
Oligonucleotides were ordered from Sigma-Aldrich (UK) with the following
specifications:
Synthesis Scale: 0.025 µmole.
Purification method: desalt.
Format: dry.
Stock primer solutions of 100 µM in nuclease-free water were prepared and aliquots
were kept at -20°C.
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2.3.4 Standard PCR reaction
All standard PCR were performed in a total volume of 25 µl, unless otherwise
specified, in order to amplify cDNA generated as described in Section 2.3.2. During
the progress of this project, different polymerases were used such as BioMix (Bioline,
for standard PCR) and PCRBIO Hifi and PCRBio Ultra (PCRBIOSYSTEM,
respectively for high fidelity PCR reactions and for long range and ‘difficult’ PCR).
Each reaction consisted of forward and reverse primers, enzymes, cDNA and water in
different quantities according the polymerase used (details reported in Table 2.2).
Table 2.2. Components of PCR reactions.
PCRBIO HiFi
Polymerase
5.0 µl 5X PCRBIO
Reaction buffer
1.0 µl FW Primer (10 µM)
1.0 µl RV Primer (10 µM)
2.0 µl Template (cDNA)
0.25 µl PCRBIO Hifi
Polymerase (2U/µl)
Bring to 25 µl with dH2O

BioMix
12.5 µl BioMix buffer
1.0 µl FW Primer (10 µM)
1.0 µl RV Primer (10 µM)
2.0 µl Template (cDNA)
Bring to 25 µl with dH2O

PCRBIO Ultra Mix
5.0 µl 5X PCRBIO Ultra
Buffer
1.0 µl FW Primer (10 µM)
1.0 µl RV Primer (10 µM)
2.0 µl Template (cDNA)
0.25 µl PCRBIO Ultra
polymerase (2U/µl)
Bring to 25 µl with dH2O

FW: Forward; RV: reverse.

The PCR reaction was performed using different cycling conditions according to the
polymerase used as reported in Table 2.3.
Table 2.3. PCR reaction conditions.
BioMix
Step

PCRBIO Ultra
Mix
Temp
Time
(°C)
95
1 min

Temp
(°C)
95

2 min

95

30 sec

95

15 sec

95

15 sec

Annealing
Extension

72

30 sec
1 min

-

15 sec
45 sec

-

Final
extension

72

5 min

15 sec
1 min
20 sec
5 min

Predenaturation
Denaturation

Time

PCRBIO HiFi
Polymerase
Temp
Time
(°C)
95
1 min

Cycles
1

35

5 min

4

Hold
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All PCR reactions were performed on a Veriti Thermal Cycler (Applied Biosystems).
The annealing temperatures were determined based on the primer pair used for the
reactions and, to determine the optimum annealing temperature of each primer set, a
gradient PCR was performed to test the optimum annealing temperature for each set
of primers.

2.3.5 Agarose gel electrophoresis
A small aliquot (10 µl) of the PCR reaction prepared as described above (Section
2.3.4) was analysed to assure that the desired amplicon was produced by DNA gel
electrophoresis using an agarose (A9539, Sigma-Aldrich) gel prepared with 1X Trisacetate-EDTA buffer (TAE buffer). Depending on the average sizes of the fragments,
100 ml 0.7/0.8% w/v agarose gels (for larger fragments, > 1kb), 1% w/v agarose gels
(fragments of 500-1,000 bp) and 1.5% w/v agarose gels (for small fragments, < 500
bp) were used. 6 µl of 10,000X SYBER Safe (S33102, Invitrogen) was added to the
100 ml gel before the solution was poured into a gel cast to set. DNA samples mixed
with DNA Gel Loading Dye (2 µl, R0611, Invitrogen) were loaded on the gel that was
consequently run in 1X TAE buffer at 100 V for 35-45 min.

2.3.6 Purification of PCR product
Prior to downstream cloning, purification of the PCR product was performed with one
of two available methodologies. In case of the detection of a specific and strong
amplicon, a PCR Clean-up Kit (28104, QIAGEN) was employed to remove the
polymerase, the oligonucleotides primers, the primer dimer and any remaining salts
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from the remaining 15 µl of PCR reaction, following the manufacturer’s instructions.
In case the PCR reaction produced a non-specific product, the desired band was cut
out under UV illumination with a clean razor and DNA was extracted from the gel
using QIAquick Gel Extraction Kit (28115, QIAGEN) following the manufacturer’s
instructions.

2.3.7 Cloning procedures
According to the polymerase enzyme used for the PCR reaction, the PCR products
could have a poly(A)-tail (in case of BioMix and PCRBIO Ultra) or could be a bluntended (when PCRBIO Hifi was used). Therefore, different methodologies for the
cloning of the amplicon in the selected vector (pGEM-T Easy for the T/A cloning and
Zero Blunt vector for the blunt PCR product) were followed.
Purified PCR products (Section 2.3.6) carrying poly(A)-tails were cloned into pGEMT Easy vector (A1360, Promega) according to the manufacturer’s instructions. The
pCR-Zero Blunt II-Topo vector (K280002, Invitrogen) was used for the ligation of the
blunt-end PCR product following the manufacturer’s instructions.

2.3.7.1 Transformation of chemically competent E. coli
For each transformation reaction, an aliquot of 50 µl of Alpha-Select Bronze E. coli
cells (BIO-85025, Bioline) were used according to the manufacturer’s instructions.
When the pGEM-T Easy was used for cloning, 50 and 100 µl of the transformed cells
were spread onto a pre-warmed high salt LB with Ampicillin (50 µg/ml, 11593027,
Thermo Fisher Scientific). In case of ligation in pCR-Zero Blunt II-Topo vector, pre65

warmed low salt LB with Zeocin (final concentration 25µl/ml, R25001, Thermo Fisher
Scientific) plates were used. After the overnight incubation, single colonies were
picked and inoculated in a 5 ml HSLB/LSLB culture containing the appropriate
antibiotic. Cultures were incubated in a shaking incubator at 37°C, 200 rpm overnight.

2.3.7.2 Colony PCR
Colony PCR was used to screen for plasmid inserts directly from E. coli colonies in
addition or as alternative method to the plasmid digestion (Section 2.3.7.4). Individual
colonies were dissolved in a small aliquot of water (40 µl) and mixed well to assure
the complete cell lysis and high yields. A small amount (2 µl) of the dissolved colony
was used as template for a PCR reaction as described in Section 2.3.4. The PCR
product was analysed by DNA gel electrophoresis and the identification of an
amplicon of the desired size confirmed the insertion of the PCR product in the vector.
The colony containing the amplicon was then used for the inoculation of a larger
culture of HSLB/LSLB as described in the previous section.

2.3.7.3 Purification of plasmid DNA
Plasmid DNA was isolated from E. coli cells using the QIAprep Spin Miniprep Kit
(27104, QIAGEN). A total of 1.4 ml of liquid culture (prepared as described in Section
2.3.7.1) was centrifuged at 20,000 x g for 3 min. The supernatant was carefully
removed, and the cell pellet was retained for plasmid purification. This last step was
carried out following the protocol supplied with the kit and the plasmid DNA was then
eluted with 30 µl of distilled water.
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2.3.7.4 Plasmid digest
The digestion of the isolated plasmid (either pGEM-T Easy or pCR-Zero Blunt IITopo vector) was performed with Fast Digest endonuclease as restriction enzyme. The
plasmid digest reaction was prepared with 5 µl of isolated plasmid (equivalent to 2 µg
of plasmid), 2 µl 1X EcoRI Buffer/10X Fast Digest Buffer, 1 µl EcoRI enzyme (10
U/µl)/Fast Digest enzyme and 12 µl nuclease free water. After 30 min of incubation at
37°C, the restricted plasmid was analysed on DNA gel electrophoresis.

2.3.8 DNA sequencing
Gel-purified PCR products and purified plasmid DNA were sequenced by capillary
array sequencing on an ABI 3100 DNA analyser (IBERS Aberystwyth University).
The sequencing samples were prepared with the addition of gene-specific
oligonucleotide primers (in case of PCR products) or standard T7 and M13 (if plasmid
DNA) which were used for DNA templates during sequence reactions. Sequence
results were analysed using FinchTV v1.4.0 (Geospiza, Inc.; Seattle, USA; publically
available) removing nonessential sequences (such as the backbone of the plasmid or
the oligonucleotide primers). Thereafter, the trimmed sequence were aligned using
MUSCLE v3.8 (Multiple Sequence Comparison by Log Expectation) using the default
parameters (Edgar, 2004).
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2.4 RNAi experiments
Gene suppression of specific gene target in the intra-mammalian life stages of S.
mansoni was carried out using RNA interference (RNAi). Synthetic short interfering
RNAs (siRNAs) were used to trigger the degradation of homologous mRNA
transcripts. siRNA duplexes were designed using Sigma siRNA design tool (available
at https://www.sigmaaldrich.com/pc/ui/bi-tube-manual-entry?product=duplex). The
first 600 bp region of the coding sequence of the gene of interest toward the 5’-UTR
region was used as sequence input in this tool. The provided siRNA duplexes were
examined using the nucleotide BLAST service in Wormbase parasite. Sequences
displaying homology (especially for identical stretches of 10 nucleotides or more) with
other Schistosoma genes were avoided in order to decrease the risk of off-targeting.
The selected primers were subsequently obtained from Sigma as dry powder, HPLC
grade and with [dT] [dT] overhangs. Silencer Firefly Luciferase was used as negative
control in that experiment since it was a non-targeting siRNA having no significant
homology to any gene products encoded by the S. mansoni genome assembly v7.0.
The sequence of the siRNA duplex for SmTarget knockdown and Silencer Firefly
Luciferase siRNA duplex are reported in Table 2.4.
Table 2.4. Small interfering RNA (siRNA) oligonucleotide sequences used in this study.
Target
Smp_138030
Smp_150560
Smp_000700
Luciferase

Small interfering RNA (siRNA) sequence
CGUUUGGUCCCAUCGGACA[dT][dT]
UGUCCGAUGGGACCAAACG[dT][dT]
GACGUCUGGUCGAGGGUGA[dT][dT]
UCACCCUCGACCAGACGUC[dT][dT]
GGUAAUCGGUCAUGUGUAU[dT][dT]
AUACACAUGACCGAUUACC[dT][dT]
CUUACGCUGAGUACUUCGA[dT][dT]
UCGAAGUACUCAGCGUAAG[dT][dT]
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Male and female worms were recovered from the perfusion of 7 wks infected mice and
washed with culture media (without FCS) to remove host contamination as described
in Section 2.2.4. Five worm pairs were transferred to a 1.5 ml eppendorf containing
100 µl of culture media (without FCS). From there, the parasites were transferred into
4 mm electroporation cuvettes (Sigma-Aldrich) using a 3 ml sterile Pasteur pipette.
The media was then replaced with 100 µl of fresh culture media (without FCS). 5 µl
of siRNAs (reconstituted with nuclease-free water to a final concentration of 1 µg/µl)
was added to each cuvette. Each experiment consisted of two treatments which were
carried out in duplicate: the negative control (Silencer Firefly Luciferase) and the
siSmTarget. The parasites were electroporated by a single pulse at 125 V for 20 msec
using ECM-830 Square Wave Porator (BTX). After electroporation, 400 µl of full
worm medium (supplemented DMEM containing FCS, Section 2.1.1) was added and
the worms of each cuvette were transferred into individual wells of a 48-well plate.
Full medium was added up to 1 ml in each well of the plate and the worms were
incubated at 37°C in a humidified atmosphere of 5% CO2. A 70% media exchange was
carried out every other day without disturbing the eggs. Examination under light
microscope allowed the observation of any evident phenotypic differences. Impact of
the SmTarget knockdown on worm movement was assessed using the WHO-TDR
scoring system (Section 2.7.5.1) as well as movement recordings using
WormassayGP2 (Section 2.7.5.2) daily up to 7 days. Eggs were collected and
enumerated (as described in Section 2.7.5) 7 days post electroporation to assess if the
SmTarget knockdown impaired egg production.
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2.4.1 Assessing knockdown using quantitative Reverse TranscriptionPCR (qRT-PCR)
2.4.1.1 Primer design
Using sequences derived from laboratory cloning, qRT-PCR primers were designed
around a constant region (showing no evidence of alternative splicing from available
RNA-seq data (Protasio et al., 2012)) of the target under analysis as already described
in Section 2.3.3. The primer sequence is reported in Table 2.5.
Table 2.5. Quantitative Reverse Transcription PCR (qRT-PCR) oligonucleotide
sequences used in this study.
Target

Primer sequence

Smp_138030

FW: 5’-GTCTACCGGGTGTTCGACG-3’
RV: 5’-TCCAAATCCCGTGCAGC-3’
FW: 5’-GCCACAGGCGCTGATTATG-3’
RV: 5’-AGCGGCTTCAGTAGACCAC-3’
FW: 5’-CTTCGAACCAGCAAATCAGA-3’
RV: 5’-GACACCAATCCACAAACTGG -3’

Smp_150560

α-Tubulin
Smp_090120
(SmAT1)
FW: Forward; RV: Reverse. *(Fitzpatrick et al., 2005).

Tm
(°C)
65

Size
(bp)
208

66

225

95

66

158

99*

Efficiency
%
94

2.4.1.2 Confirmation of on-target annealing
RNA was extracted from mixed sex 7 wks adult worms (Section 2.3.1) and cDNA was
synthesised (Section 2.3.2) to then run a PCR with a gradient of annealing
temperatures (58-66°C) for each set of primers aiming to verify their optimum
annealing temperature. The PCR reaction was performed as described in Section 2.3.4
using Biomix (Bioline) following the standard protocol (Table 2.2). This premixed,
non-proofreading Taq DNA polymerase enzyme was used since the resulting PCR
product would have been sequenced for low-level confirmation only (specific
amplification of the target in question). If specific and abundant amplification of a
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PCR product of the expected size was observed for the annealing temperature of 60°C
(observed by gel electrophoresis), the amplicon of each of the set of primers was
ligated into the pGEM-T Easy (Section 2.3.7.1). The ligated vector was then
transformed into α-select E. coli cells, expanded, and processed for the plasmid
purification (Section 2.3.7.4). The resulting purified plasmid was sequenced in-house
to ensure on-target annealing.

2.4.1.3 Setting up a qRT-PCR reaction
Quantitative Reverse Transcription (qRT-PCR) reactions were prepared under
controlled conditions and all equipment needed was sterilised to avoid contamination.
The reaction mixture (12.5 µl total volume) consisted of 5 µl SensiFAST SYBR HiROX mix (BIO-92005, Bioline), 0.25 µl each forward and reverse primer (10 mM
stock solution) and 4 µl template DNA. Each reaction was prepared in triplicate as
well as a negative control where the template was replaced by water. The reactions
were prepared on a 96-well MicroAmp PCR plate and conducted in a StepOnePlus
Real-Time thermal cycler (Applied Biosystems). The comparative threshold Cycle
(Ct) mode and Fast protocol was used with the following parameters: 95°C for 20 sec,
35 cycles of: 95°C for 3 sec, 60°C for 30 sec. To determine amplification of a single
specific product and to identify any non-specific products or primer dimer, a melt
curve of the PCR products was conducted consisting of 95°C for 15 sec, 60°C for 60
sec increased to 95°C in 0.3°C increments (Ririe et al., 1997).
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2.4.1.4 Amplification efficiency
Primer efficiency (or amplification efficiency) was determined using the plasmid
constructs as template DNA of the qRT-PCR reaction. The plasmid was first linearized
using specific restriction enzymes. In our case, NotI (10 U/µl, 200 U, R6431, Promega)
was selected to digest 1.5 µl of plasmid construct since it did not cut within our
schistosome sequences of interest. The restriction digestion was prepared in a 20 µl
reaction containing the plasmid, the digestion buffer (2 µl), the enzyme (0.5 µl) and
water. After 2 hrs incubation at 37°C, the successful digestion of the plasmid was
verified by agarose gel and the digested plasmid was then purified using QIAquick
Gel Extraction Kit (QIAGEN) following the manufacturer’s instructions. The
linearized plasmid was diluted to 5 ng/µl and four serial 10-fold dilutions were made
(50-5-0.5-0.05 pg/µl). A qRT-PCR reaction was prepared for each dilution condition
in triplicate for each set primer and a negative control was prepared without construct
(replaced by water). All expression data were analysed using the StepOne Software
v2.1 (Applied Biosystems). All samples were compared using the Threshold Cycle
Method where the fluorescence threshold value was selected within the exponential
phase of the amplification curve for each primer set. The Ct value was defined as the
cycle at which the fluorescent signal was higher than the above defined threshold. The
Ct value for each template dilution was averaged across the three technical replicates
and plotted against the logarithmic dilution factor. A linear regression was constructed
from the generated data and the slope value of the straight line of best fit of the
Ct/log(dilution factor) plot was derived from the plot. The amplification efficiency
(Efficiency%) was then calculated using the following equation:

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦% = 10
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1
−𝑠𝑙𝑜𝑝𝑒

−1

Acceptable Ct/log(dilution factor) plots were defined according the R2 value of the
trendline (ideal R2 = 0.99) demonstrating a good fit of the data to the regression line.

2.4.1.5 Assessment of mRNA abundance following RNAi
A siRNA experiment was set up as described in Section 2.4 and effectiveness of gene
knockdown was subsequently assessed by qRT-PCR as described below.
Following a total culture period of 48 hrs post electroporation, siRNA treated worms
(both gene of interest and Luciferase control) were removed from the cultures, sexseparated (if necessary) and placed in 1 ml of TRIzol® Reagent (15596026,
Invitrogen) to perform the RNA extraction either immediately or after storage at 80°C.
RNA extraction (Section 2.3.1) was performed following the manufacturer’s
instructions of Direct-zol™ RNA MiniPrep kit (R2050, Zymo Research). The samples
concentration was determined, and cDNA was synthesised using SensiFAST cDNA
Synthesis Kit (BIO-65053, Bioline, Section 2.3.2).
cDNA of siRNA treated worms was used as template for gene expression analysis by
qRT-PCR described in Section 2.4.1.3. The qRT-PCR was prepared for each treatment
(target and Luciferase reference) and performed in technical triplicates including a
negative control (containing dH2O instead of cDNA as template).
For the quantification of knockdown efficiency, the data analysis was performed using
the relative expression method (2-ΔΔCt method, (Livak and Schmittgen, 2001)). The
data were analysed as the fold change in gene expression normalized to an endogenous
reference gene (α-tubulin) and relative to the siRNA-calibrator (Luciferase for which
no change in gene expression were expected) using the following equations:
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∆𝐶𝑡 (𝑠𝑎𝑚𝑝𝑙𝑒) = 𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − 𝐶𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒
∆𝐶𝑡 (𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟) = 𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − 𝐶𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒
∆∆𝐶𝑡 (𝑠𝑎𝑚𝑝𝑙𝑒) = ∆𝐶𝑡 (𝑠𝑎𝑚𝑝𝑙𝑒) − ∆𝐶𝑡 (𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟)
%𝐾𝐷 = 100% − [(2−∆∆𝐶𝑡 ) ∗ 100]
where sample was defined as the gene-specific-siRNA, the calibrator as the
nonsilencing-siRNA (Luciferase), Ct was the average value of the three technical
triplicates and%KD was the level of knockdown of the target gene which was
expressed as percent difference. This method assumed a PCR amplification efficiency
of 100% across all samples and the value 2 was 1 plus a PCR amplification efficiency
of 1 (100%). However, in order to have a more accurate relative quantification, an
improvement of the commonly used 2-ΔΔCT method included the individual efficiency
for

each

set

of

primers

(Rao

%𝐾𝐷 = 100% − [(

et

al.,

2013)

according

the

formula:

1. 𝑥𝑥 −∆𝐶𝑡(𝑠𝑎𝑚𝑝𝑙𝑒)
) ∗ 100]
1.99−∆𝐶𝑡(𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟)

where 1.99 was the 99% efficiency of the SmAT1 primers (Fitzpatrick et al., 2005)
and 1.xx was the percentage efficiency of the set of primers designed for the target
gene (Table 2.5).
Eggs were collected and enumerated (as described in Section 2.7.4) 48 hrs and 7 days
post electroporation to assess if the SmTarget knockdown impaired egg production.
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2.5 General methods for protein analysis
2.5.1 Histone extraction
Worms were maintained under normal laboratory conditions (5% CO2 at 37°C) for 72
hrs. After that, they were separated by gender and transferred to fresh microcentrifuge
tubes (with Snap Cap, 2 ml Capacity, Round Bottom). Total histone extraction from
these worms was performed using EpiQuikTM Total Histone Extraction Kit (OP-0006,
Epigentek) following the manufacturer’s instructions.
In brief, 200 µl 1X Pre-Lysis Buffer (included in the kit) was added to the parasites
and the samples were homogenised using a TissueLyser (Quiagen) with two cycles of
3 min each at 50 oscillation/second with 1 min incubation on ice in between. The
samples of disaggregated tissue were transferred to a 2 ml vial and centrifuged at
17,000 x g for 1 minute at 4°C. The supernatant was removed and the tissue pellet was
re-suspended in 50 µl Lysis buffer and incubated for 30 min on ice. The disaggregate
tissue was centrifuged at 17,000 x g for 5 min at 4°C. The supernatant (containing
acid-soluble proteins) was collected into a PCR tubes containing a mixture of BalanceDTT buffer (Dithiothreitol solution and Balance buffer at a 1:500 ratio). For 50 µl of
histone extract, 15 µl Balance-DTT buffer were prepared for long-term storage of the
histone extract.

2.5.2 Quantification of protein by Bradford assay
The Bradford assay was performed on the histone extracts using a standard, nonprotein binding 96-well plate. Dilutions of Bovine Serum Albumin (BSA) were
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prepared using the same buffer used for the other samples ranging from 0.1 mg/ml to
1.0 mg/ml. To ensure adequate mixing and similar equilibrium times, 5 µl of standards,
samples and blank (only buffer without protein sample) were loaded in triplicate onto
a 96-well plate prior to 250 µl Bradford reagent (Biorad) was added in each well. After
an incubation at room temperature of 5-45 min, the absorbance was read at 595 nm
using a Polastar Omega plate reader (BMG Labtech). The absorbance values of the
samples and standards were adjusted by the average value of the blank. Additionally,
the average absorbance of each concentration of the standard was used to define a
standard curve to allow the determination of the protein concentration of the other
samples.

2.5.3 ELISA-based assay of histone extracts
2.5.3.1 EpiQuikTM Global Histone H3-K4 Methylation Assay Kit
The global histone H3-K4 methylation was measured using the EpiQuikTM Global
Histone H3-K4 Methylation Assay Kit (P-3017-96) following the manufacturer’s
instructions. The number of strips required for the experiment were left in the plate
frame provided; the unused strips instead were placed back in the bag, properly sealed
and stored at 4°C. The protein concentration of the histone extracts was adjusted with
the histone buffer GD4 (provided with the kit) and 10 µl of the protein solution
containing 2 µg of histone proteins were loaded into the central area of each well
according the layout desired. For the blank, 10 µl of GD4 (without histone proteins)
was added to a strip well. For the positive control, 7 dilution points (2-5-10-15-20-2530 ng/µl) were prepared diluting the Methylated H3-K4 Control (provided by the kit
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at 60 ng/µl) with GD4 and 5 µl of the diluted Methylated H3-K4 Control solution was
added to the wells.
The solution was spread out over the bottom of the strip well by pipetting the solution
up and down several times. The plate was then incubated at 37°C (with no humidity)
for 90 min to evaporate the solution and dry the wells. After that, 150 µl of the blocking
buffer GD5 was added to the dried wells and incubated at 37°C for 45 min. After this
incubation, the blocking buffer was aspirated and the wells were washed for 5 min
three times with 150 µl of the wash buffer GD3, previously diluted with nuclease free
water at a 1:10 ratio. The capture antibody GD7 (100 µg/ml) was then diluted at a
1:100 ratio with the antibody buffer GD6. The diluted GD7 (10 µg/ml) was added to
the strip wells (50 µl for each well) and the plate containing the strips was incubated
at room temperature for 60 min on an orbital shaker (100 rpm). The solution was
subsequently aspirated from each well and four washes with 150 µl of the diluted wash
buffer GD3 were performed as previously described. After the last wash step, 50 µl of
the detection antibody GD8 (previously diluted with the antibody buffer GD6 at a
1:1,000 ratio to 0.4 µg/ml) was added to the wells. The wells were incubated at room
temperature for 30 min. At the end of the period of incubation, the solution was
removed from each well and five washes were performed with 150 µl of diluted wash
buffer GD3 for each well.
At this point, 100 µl of the developing solution GD9 was added to each well and the
plate was incubated at room temperature for 10 min away from light, monitoring the
colour development in the sample and control wells. After that, 50 µl of the stop
solution GD10 was added to the wells to stop the colorimetric reaction. The solution
was then transferred in a 96-well plate and the absorbance (OD) at 450 nm was read
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on a microplate reader. The percentage of H3-K4 methylation was calculated
according the following equation:
𝑀𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛% =

𝑂𝐷 (𝑠𝑎𝑚𝑝𝑙𝑒−𝑏𝑙𝑎𝑛𝑘)
𝑂𝐷(𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑏𝑙𝑎𝑛𝑘)

𝑥 100%

where the untreated control was the DMSO or the Luciferase controls in the drug
screen and the siRNA experiments respectively. The mean of the adjusted control
values (DMSO for the drug screen and Luciferase for the RNA interference) was set
at 100% dimethylation and the standard deviation (SD) was calculated from the
normalised values.

2.6 General methods for protein analysis
2.6.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)
After quantification of protein concentration (Section 2.5.2), each protein sample was
mixed with supplemented loading buffer (Section 2.1.3) to a final concentration of 1X.
The samples were heated at 95°C for 10 min and allowed to cool down at room
temperature before use. SDS-PAGE gels (2 x 7 cm) were cast in-house. For each gel,
the resolving gel was prepared mixing 2.5 ml running gel buffer, 37.5 µl ammonium
persulphate solution (10% w/v), 10 µl Temed (17919, ThermoFisccher), 3.34 ml water
and the appropriate amount (4.21 ml) of acrylamide (30% w/w, 1610154, BioRad) to
prepare a 12.5% gel. The mixture was allowed to set between two glass plates
(BioRad) with a layer of water-saturated butanol on the top to prevent the gel from
drying. Once set, the layer of water-saturated butanol was removed, and the top of the
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resolution gel was washed with water before pouring the stacking gel. The stacking
gel was prepared with 1.5 ml water, 625 µl stacking gel buffer (Section 2.6.1), 12.5 µl
ammonium persulphate (10% w/v), 3.75 µl Temed and 375 µl acrylamide. The gel was
poured on the top of the running gel and a comb (BioRad) was added to form the
loading wells before the gel was set. Once fully set, gels were immersed in a MiniProtean Tetra Cell (Biorad) containing TGS buffer (TRIS-glycine-SDS buffer, M148,
VWR Life Science).

Protein concentration was determined by Bradford assay

(Section 2.5.2) and protein samples were mixed with 4X SDS loading buffer,
containing NuPAGE LDS (Lithium dodecyl sulphate) sample buffer and 5% v/v βmercaptoethanol. The samples were heated up to 95°C for 5 min and then allowed to
cool before use. The protein samples and 5 µl of molecular weight markers (e.g. Novex
Sharp pre-stained protein standard, LC5800, ThermoFisher) were loaded and the gels
were electrophoresed at 200 V for 45-60 min. When the dye front reached the bottom
of the gels, the current was stopped and the gels were removed from the tank; the
stacking gel was trimmed off and the resolving gel was consequently processed by
Coomassie staining (Section 2.6.3).

2.6.2 Colloidal Coomassie blue staining
SDS-PAGE gels were fixed in fixing solution (enough to cover the gel) and then
washed twice with water. After that, the gels were visualised using Colloidal
Coomassie blue staining. In particular, a dye working solution was prepared from the
stock solution (Section 2.1.3 for composition) by mixing 75 ml of the stock solution
with 25 ml of methanol and used to stain gels overnight with gently rocking. The day
after, the staining solution was removed, and the gel was washed with 1% v/v acetic
79

acid in water. The gel was washed repeatedly until the background of the gel was clear
and the gel was visualised under white light using a BIOSpectrum Multi Imaging Unit
(UVP).

2.7 Anthelmintic drug screens
2.7.1 Compound preparation and storage
All compounds were purchased as dry powder. Upon delivery, each compound was
dissolved in DMSO, at a stock concentration of 10 mM and subsequently a working
concentration of 1.6 mM (or lower) was prepared. Both stock and working solutions
were stored at -20°C prior to use. Positive controls for S. mansoni screens included
praziquantel (P4668, Sigma-Aldrich, UK) and auranofin (A6733, Sigma-Aldrich, UK)
which were also diluted in DMSO as described above. A positive control for F.
hepatica screens included triclabendazole (Sigma-Aldrich, UK) which was diluted in
DMSO to a working concentration of 10 mM.

2.7.2 Miracidia drug screen
At 7 wks post infection, mice were culled (Section 2.2.4) and liver eggs were obtained;
these eggs were exposed to light to induce miracidia hatching in 1X Lepple water.
Following the hatching of miracidia, parasites were incubated on ice for 15 min and
then centrifuged at 700 x g for 5 min at 4°C. The miracidia pellet was then resuspended in 5 ml CBSS (Section 2.1.1) followed by repeated incubation on ice and
centrifugation. After that, the supernatant was carefully removed with a serological
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pipette and the pellet was resuspended with CBSS supplemented with 500 µl of
Penicillin-Streptomycin

(containing

10,000

units

penicillin

and

10

mg

streptomycin/ml, P4333, Sigma-Aldrich). The miracidia were enumerated and
additional CBSS was added if needed to adjust the density of the miracidia suspension.
Each well of a 24-well culture plate were loaded with 250 µl of CBSS and the relevant
volume of drug solution (1 mM stock solution in DMSO) was added to each well to
give the final concentration of drug for the screen (usually a titration at 50, 10, 5, 2 and
0.5 µM was performed, unless differently stated). 250 µl of miracidia solution,
containing 20-50 miracidia, was added to each well. Due to evidence that the
transformation process begins as soon as the miracidia are in CBSS (Chernin, 1963),
the preparation of miracidia in CBSS was performed quickly with the compound
dilution prepared beforehand. This approach allowed for a better opportunity to
evaluate the effect of the compounds either before the transformation process began
or at very early stages of transformation.
Each treatment was set up in duplicates and parasites cultured in CBSS with 1%
DMSO were set up as negative controls. Miracidia were incubated for 48 hrs at 26°C.
After 48 hrs, the parasites were observed under an Olympus inverted light microscope
and evaluated for morphological and behavioural changes differing from carrier
control cultures (DMSO control). Dead, fully transformed and partially transformed
miracidia were enumerated in the DMSO control and the drug cultures as previously
described in literature (Azzi et al., 2009; Roquis et al., 2018; Taft et al., 2010).
Miracidia were considered to be fully transformed if the transformation process was
completed, the sporocyst surface was fully formed, no cilia plates remained attached
and normal movement was detectable. A miracidium was scored as partially
transformed if the parasite was no longer swimming, assumed a rounded morphology
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and ciliated plates were continuously shed and appeared attached to the surface of the
parasite. Dead parasites were identified if they did not show any sign of movement,
extensive degradation was present at the surface and no flame-cell activity was
evident.

2.7.3 72 hrs schistosomula drug screen
Schistosomula drug screen was performed using an in-house facility, Roboworm,
which allowed for a standard and automatic assessment of larva motility and
morphology changes by Bayesian analysis (Paveley et al., 2012). High-throughput
screening (HTS) of selected compounds on schistosomula required four main steps:
preparation of the drug plate, distribution of the parasite in the drug plate, incubation,
acquisition of images from the plate and interpretation of the data.
All steps were carried out with adequate personal safety protection and most of the
liquid and parasite handling was performed with the use of the platform Roboworm
(Figure 2.1 for layout of the facility).
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Figure 2.1. Diagram of Roboworm platform. This depiction shows how each hardware
element is connected for the automatic and standard use of the in-house High-throughput
screening (HTS) platform. The hardware component of the platform consists of an incubator
(Cytomat 2), a Biomek NXP liquid handling platform consisting of nine automated labware
positioners (ALPs - P1-9) and a tip loader (TL1), a plate and tip storage hotel (Cytomat 1),
two conveyor belts with barcode readers (BCR1 and 2), linking the liquid handling platform
to the rest of the facility, and a Robotic arm (BRT) providing a connection to the High-content
imaging microscope (ImageXpress Micro XL). Two computer stations were used to control
the platform of which one was mainly used for the liquid handling methods (2) and the other
one (not shown in the figure) for the processing of the data.

- Preparation of 384 drug screening plate
A 384 Perkin Elmer black walled plate (6007460, Greiner bio-one) was prepared by
automatic dispensation of 20 µl Full Basch media with a WellMate (Thermo Scientific,
UK) previously flushed with ethanol first, then with water, then with Wash Basch
media and then finally with Full Basch media.
Meanwhile, all compounds were dissolved in DMSO at a working concentration of 1.6
mM and loaded in a 96 well V-bottomed plate (master drug plate, 651161, Greiner
bio-one). This working concentration allowed a schistosomula screen at 10 µM but, in
case of titration screen to perform, further dilutions from the stock solution of 10 mM
were prepared.
Prior to the addition of schistosomula, 0.5 µl of each compound was transferred from
the prepared 96 well V-bottomed plate (placed in P5, P6, P8, P9, Figure 2.1), into the
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384 well plate using sterile P20 µl tips (located in P4, Figure 2.1). A standard layout
of controls was included in every plate with the last two columns reserved for controls:
the compound solvent DMSO and the anti-schistosome compound (auranofin). 0.5 µl
DMSO (0.625%) was loaded in the 16 wells of column 23 and auranofin (0.5 µl in
each well to a final concentration of 10 µM) was loaded in the 16 wells of column 24.
This step was performed using a wet stamp technique with the liquid handling
capability of Roboworm which was written in Biomek Software (v3.3). Particularly
the wet stamp protocol was prepared using the Biomek NXP liquid handling platform
in consultation with Beckman Coulter.
During compound transfer into the 384 well plate, a resuspension, blow out and a tip
touch protocol was performed. The resuspension protocol ensured accurate transfer of
compound into the well containing 20 µl of Full Basch media. The second step allowed
the dispensation of the entire amount of drug solution and the final one reduced the
amount of compound residue left being left on the exterior of each tip. A video on the
drug plate preparation using Roboworm is reported in Appendix 2.3.
- Distribution of the parasite in the drug plate and incubation
Transformed schistosomula (120 parasites/60 µl) in fresh Full Basch media (prepared
as described in Section 2.2.3) were distributed in 384 Perkin Elmer black walled plates
already containing the drug using the WellMate liquid handling robot. Once all
schistosomula were transferred, the plate was incubated at 37°C in a humidified
atmosphere containing 5% CO2 for 72 hrs in the incubator element of Roboworm
platform (Cytomat 2, Figure 2.1).
- Acquisition of images from the plate
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After 3 days of incubation, the plate was taken out of the incubator by one of the
robotic arms present on Roboworm. During this process, the barcode (placed on the
plate as unique identification) was recorded by the bar code reader (BCR2). The plate
was then placed back in the liquid handling area of the platform. The schistosomula
culture was re-suspended with a liquid handling protocol like the one used for the wet
stamp. In brief, aliquots of 40 µl of each parasite culture were aspirated and dispensed
at a speed of 500 µl/sec for about three times with 0.5 mm as distance between the end
tip and the bottom of the well. This was performed within each corner and centre of
every well to ensure disaggregation and uniform distribution of the parasite that
otherwise may be clumped together and at the edge of the well after 3 days of
incubation. The liquid handling method of parasite resuspension was accessed via
SAMI Workstation EX Editor (v4.0). The resuspension was performed by an
automated labware positioner (ALP) P5 using 250 µl resuspension tips derived from
Tip Loader 1 (TL1, Figure 2.1).
The plate was incubated for 10 min to allow the disappearance of bubbles in the media
that could negatively affect the screen (especially for phenotype images acquisition)
and to leave the parasite to settle after the resuspension step. The drug plate was then
taken out and moved to the microscope via a conveyor belt and a second robotic arm.
Bright-field images of the drug plate were taken by a high content imaging microscope
(ImageXpress Micro XL) controlled with Meta Xpress software (Molecular Devices,
UK). Standard settings for recording schistosomula motility and phenotype at 72 hrs
were adapted from previous publications (Paveley et al., 2012). The motility images
were the first to be acquired by the microscope. The motility was captured from five
successive images taken at six second intervals. During motility imaging, the lid was
left on the 384-well plate and a 4x Plan Fluor Nikon Objective was used.
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After that, the plate was transported from the ImageXpress Micro XL microscope to
the NXP (ALP P5) using the robotic arm. The lid was then removed to ALP P8 and the
plate was again transported back to the microscope for phenotype imaging. A 10x Plan
Fluor Nikon objective was used for the phenotype imaging of schistosomula. Four
adjacent images were taken and tiled together to maximise larval numbers for
phenotype analysis. All specific motility and phenotype imaging settings were created
and saved as .hts files and used for each drug screen.
After the acquisitions of the data, the plate was covered again with the lid and returned
in the incubator (Cytomat 2). At this stage, all the phenotype and motility imaging
were acquired, made accessible to PipelinePilot (PP) and ready to be analysed.
- Interpretation of the data
A standardised plate layout (as an .xls file and named with the corresponding plate
barcode number) was uploaded into Web Port (Graphical User Interface (GUI) for
Pipeline Pilot - PP - protocols). Following this, the PP protocol ANALYSIS SERVICE
AUTO v2.1/v4.1 was used to assess images taken of the schistosomula within the plate
and score them for motility and phenotype according to image analyses models built
by Paveley et al., (2012). The phenotyping protocol consisted in the analysis of
different images descriptors (such as pixel intensity, morphological and texture
properties) in the segmented larva images (Paveley et al., 2012). The motility protocol
instead evaluated the cumulative change in area occupied by individual larvae between
time frames as directly related to the larval motility. This value was also divided by
the average size of the larva to consider the differences in parasite size. The final
motility score of individual wells was derived from the average cumulative change in
area across all segmented larvae. The same pipeline allowed an automaticallygenerated and interactive manual assessment of images and analysis score on a per
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plate basis. After analysis, the results were saved and downloaded as a standardised
excel spreadsheet through PP. The excel results file contained several pieces of data,
which included the barcode of the plate, the position of each well of the plate, the
identification of the compounds, the phenotype and motility scores and the Z’ value.
The phenotype and motility scores were used to evaluate whether a compound
displayed anti-schistosomula activity; here, -0.15 and -0.35 defined threshold antischistosomula values for phenotype and motility scores respectively.
The Z’ value was another parameter to consider for the evaluation and validation of
the drug screen. Z’ values are based on the reproducible separation of both positive
and negative control wells in a HTS (Zhang et al., 1999). Automatic Z’ calculations
for each plate analysed was conducted by PP and included in the excel results file. In
case of evident outlines in the control wells, the Z’ value was manually calculated
based on what is described by Zhang et al. (1999) taking out the outlier values. An
excellent drug screen was defined with a Z’ score above 0.5, an acceptable drug screen
had a Z factor score between 0.2 and 0.5. Plates with a Z’ value below this last value
were considered failed and the screen was repeated.

2.7.4 Juveniles drug screen
Juvenile 3 wks old worms were obtained by the perfusion of mice infected three weeks
earlier with 4,000 cercaria. The perfusion was performed as previously described for
the collection of adult worms in Section 2.2.4. The perfusion media (see composition
in Section 2.1.1) containing juvenile worms was transferred in a falcon tube and
centrifuged at 300 x g for 2 min at 4°C. The pellet of parasite material was gently
transferred to a fresh falcon tube, re-suspended in fresh clear DMEM and centrifuged
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again in order to wash them and remove any host contamination. This step was
repeated three times. After the final wash, the pellet was gently transferred to another
falcon tube and suspended in fresh worm culture media. Juveniles were enumerated
and diluted with media, if needed. Once at the correct density, the worm suspension
was transferred in a reservoir prior to dispensing 180 µl of parasite suspension
containing between 25-30 parasites to each well of a clear 96 well plate with a
multichannel pipette. Compounds were added to each treatment well at a concentration
range of 20 - 1.25 µM from a 10 mM stock. Drug screen controls included 1.25%
DMSO (negative control), 10 µM PZQ (positive control) and media only. Once the
drug was added to the worm culture, fresh media was dispensed in each well using a
multi-channel pipette to obtain a final volume of 200 µl. Treated juvenile worms were
incubated for 72 hrs in a humidified environment at 5% CO2, 37°C. Worms were
scored at 24, 48 and 72 hrs post-treatment but, unless stated, only the final score (at 72
hrs) was reported. For the scoring, an adapted version of the WHO-TDR scoring
system (Ramirez et al., 2007) was used to quantify the effect of the drug on the viability
and motility of the parasite. This scoring system (0-4) identified change in worm
movement and was defined according to the following: 0= dead, 1= movement of the
suckers only and slight contraction of the body, 2= movement at the anterior and
posterior regions only, 3= full body movement but sluggish and 4= normal movement.
Dose response curves to calculate EC50 values of the compounds tested were generated
in GraphPad Prism 7.02 based on the average score for each concentration point.
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2.7.5 Adult worm drug screen
Mice (MF-1 mice, Harlan, UK), infected 7 weeks previously with 180 cercariae, were
euthanised with an intraperitoneal injection of phenobarbital/heparin solution (Section
2.1.1). Adult worms were recovered by perfusion of the portal system (Section 2.2.4)
with perfusion media (Section 2.1.1). Following perfusion, worms were washed by
sedimentation with perfusion media and washed a further three times in pre-warmed
adult worm media (Section 2.1.1). After washing, worms were then transferred with
5-10 ml of media into a petri dish and incubated in a humidified environment
containing 5% CO2 at 37°C for at least one hr. Before downstream manipulation, all
macro residual host material (e.g. hair, blood clots) was removed using a clean
paintbrush.
For compound screening, three worm pairs (or one pair in case of high-throughput
drug screen) were placed in 1 ml of adult worm media in a 48 well tissue culture plate.
After that, the plate was observed under the microscope to insure all wells contained
three (or one) worm pairs before addition of compound.
Adult worms were treated with compounds previously identified as hits on 72 hrs
cultured schistosomula. Worms were dosed with an adequate volume of 10 mM stock
solution of each compound (in DMSO) to have a concentration range of 50 - 6.25 µM.
If needed, a titration at concentrations lower than 6.25 µM was also conducted. As
controls, adult worm pairs co-cultivated in DMSO (0.5%) and praziquantel (10 µM in
0.5% DMSO) were included in this assay as respectively negative and positive
controls. Treated adult worms were incubated for 72 hrs in a humidified environment
at 5% CO2, 37°C. At 24, 48 and 72 hrs post-treatment, the worms were observed under
the microscope to quantify the effect of each test compound on morphological
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changes, reduced or absent movement, egg production, egg phenotype or other gross
morphological defects (e.g. curling, shrinkage, relaxation, tegument disruption and
worm disintegration).
Regarding the quantification of drug treatment on adult worms (e.g. increased activity,
paralysis or sluggishness), two different approaches were used over the course of this
project and they are described in more detail below in Section 2.7.5.1 and 2.7.5.2.
Where egg deposition was noticed, eggs were removed and counted using a Sedgewick
rafter slide. Eggs were then immediately transferred to a 1 ml microfuge tube and
centrifuged at 200 x g for 2 min. With the eggs loosely pelleted at the bottom of the
microfuge tube, the remaining media was carefully removed, and the egg pellet was
fixed in formalin (10% v/v formaldehyde, Section 2.1.1).

2.7.5.1 WHO scoring function
Adult worms were scored using the standardized microscopic WHO-TDR scoring
system previously described by Ramirez et al. (2007). This scoring system (0-4)
identifies changes in worm movement and is defined according to the following
scoring matrix: 0= no movement, 1= no movement with visible gut peristalsis, 2=
minimal movement (occasional movement from anterior or posterior end of the worm),
3= slow continuous movement and 4= normal movement.

2.7.5.2 WormassayGP2
Although the WHO scoring matrix was routinely used in our research group, another
digital image processing-based system was developed with my contribution for the
assessment of parasite motility after drug treatment or functional genomics (e.g.
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siRNA experiments). This allowed for an objective way to quantify the motility of
parasite as a complementary and/or replacing method to the WHO method described
above.
The equipment was composed of two parts, specifically hardware and software.
Regarding the former, it was inspired by the digital macroscopic imaging apparatus
previously described in the literature (Marcellino et al., 2012) and built by Mr Colin
Armstrong at Aberystwyth University using relatively inexpensive materials. A
wooden box of 33 x 30.5 x 77 cm was built in polywood with some metal parts, blackpainted to minimize reflections and light-tight to shield the ambient light. The
macroscopic apparatus was composed of two mobile features such a hinged lid on the
top and a lateral door to ensure easy access to the apparatus. The dark-painted box
consisted of two parts as shown in Figure 2.2.

Figure 2.2. WormassayGP2 set up: hardware component. The figure shows the different
hardware components of the new computer application for whole-plate motion-based
screening (Wormassay). The three main components of this apparatus consist of a blackpainted box with two main parts which are reported in the close-up views. Panel A - Close-up
view of the upper part of the box to allow access to tissue culture plates through a hinged lid.
Panel B - Inside the blackbox, there is a camera facing the plate in the lower part of the box
accessible by a lateral door. Panel C - The camcorder output is captured from its HDMI socket
and converted into USB (UVC device class) with an external device shown in the red box.
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The upper part hosted a glass surface which was easily accessed from the top lid of the
apparatus. The tissue culture plates containing the parasites to screen were positioned
on this glass within a square frame of 125.3 x 85.5 mm. The plate was illuminated by
white led stripes mounted parallel with the plate walls at 3 cm distance from the plate
(Figure 2.2A). The height of the lid was approximately 16 cm from the focus plane of
the plate to provide a dark backdrop during the recording. This last feature and the
LED’s uniform light provided the maximum contrast for the images resulting in an
optimal signal to noise level.
A Canon Legria HFR86 camcorder was located in the lower part of the box easily
reached from the side door (Figure 2.2B). Note that the camcorder faces upwards so
that wells are framed from the bottom. The camera was orientated in a straight vertical
line and pointed to the centre of the above glass square frame where the tissue culture
plate was positioned. The camera was fixed to a vertical support placed in the box to
limit user interaction and to minimise also variabilities for consecutive analyses. A 14
cm distance between the camcorder lens and the plate was chosen with a trial and error
approach allowing to fit all wells with a good picture quality in the field view of the
camera. The box was placed on a thick layer of absorbing-vibrations material (e.g.
foam) to minimize the vibrations present in the surrounding area of the recording
station.
The camera provided Full HD (High Definition) quality videos at 1080p (pixels) and
60 fps (frame per second) which could be stored to the SD card as well as captured
with an external device from the HDMI (High-Definition Multimedia Interface)
output. The camcorder output was captured from its HDMI socket and converted into
USB (UVC device class) for post-processing. This step was required to make the
digital output from the camcorder as an input available for real time analysis. The
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conversion was performed with a DIGITNOW Capture Card (Imillet HDMI Video
Capture dongle with USB3.0/2.0 Dongle 1080P 60FPS Drive-Free Capture Card Box
for Windows Linux Os X System, Figure 2.2C) which preserved both image quality
(1018p) and frame rate (60 fps) while retaining the compatibility with all major
operating systems (Windows/Mac/Linux) using a high-speed USB 3 connection.
Image processing was performed using an iMac with 16GB of RAM and CPU Intel i7
which was linked to the Capture Card with an USB cable.
Regarding the software tools, the available Wormassay computer program (Marcellino
et al., 2012; Storey et al., 2014) was used as the image processing software. The source
code was available for public application, implementation and redistribution under the
terms of the GNU Public Licence (Wormassay version 1.4.3 downloaded from
http://code.google.com/p/wormassay/).
The source code was customised for the specific task of measuring Schistosoma
motility at Aberystwyth University. For the quantification of parasite movement, the
program WormassayGP2 was developed in house and made available to all users. It
was a fork based on the original code WormAssay, which was modified and
implemented in XCode thanks to the technical support of Dr Giampaolo Pagliuca.
A first modification was introduced to adapt the original source code, which was
written for camcorders connected via FireWire, to support UVC devices featuring a
1080p (1080 x 1920 pixels) resolution under MacOS High Sierra.
Using the available source code, data acquisition automatically begun when a plate
appeared in the field of view of the camera and the output generated upon removal of
the same plate. Doing so, the analysis was influenced by inadvertent plate motion by
the operator due to plate loading step. The following modification improved the
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software's ergonomics by providing the user with the possibility to start/stop the
recording manually in order to allow some incubation time from when the plate was
loaded and the start of the analysis.
The software was based on the open-source OpenCV library which provided
mathematical algorithms for digital image processing and it was written in C/C++. The
graphical interface was coded in Objective-C instead using Apple's Cocoa framework
(Canny, 1986) and allowed, with a user-friendly software, either a real time or remote
analysis. In both cases, a typical campaign included few common steps: the plate
loaded in the black box, the start of the analysis, the well finding, the analysis
algorithms and the output file.
Once a tissue culture plate was placed in the dark box and the camera, the LED lights
and software were switched, Wormassay’s data acquisition started with the start/stop
command. Once the analysis started, the software was quite versatile in the application
to different type of plates (6-, 24- and 48-well plates) as well as on a single well as
shown in Figure 2.3.
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Figure 2.3. Microtiter plate images and application real-time preview. Video frames of 6, 24- and 48- well plates can be recorded using Wormassay. Here, we report the software’s
real-time preview user interface for the three different well plates (the 6- and 24-well plate
with cultured worms in only well A1, the 48-well plate was nearly full: A1 to D8 and E1 to
F3). The wells are detected (green circles) when the program is ready to begin recording data.
The blue outline in each well indicates the worm or other well artefact the software recognises.
The red colour, instead, indicates worm movement (if present). This movement is detected
real time and the mean movement units (measured with the selected analysis algorithm) is
measured and shown in blue in each well (the number is rounded to the nearest integer). In
case of simultaneous analysis of multiple wells (6-, 24- and 48- well plates), canonical well
labels determined by the well finding algorithm are drawn in teal on the left side of the well
by the application in the preview image in the graphical interface.

When more than one well was placed on the plate, the software automatically
recognised the distinct wells and analysed them independently. This was achieved by
applying first a Canny edge detector (Canny, 1986) to extract the main features of the
image as a whole and, secondly, the Hough transformation (Hough, 1962) to identify
distinct circles. The exact number of wells was evaluated by analysing the alignment
of such circles (Marcellino et al., 2012). 48-well plates were successfully employed
for this work.
Focusing on the mathematical methods for motility assessment, two were extensively
employed. The first was the Lucas–Kanade method (D. Lucas and Kanade, 1981)
which is based on the idea of optical flow. It assumed the motion of image pixels at
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two successive instants was small and approximately constant. These assumptions lead
to a system of mathematical equations which provided an estimation of pixels'
displacement using least squares principle. The Lucas–Kanade algorithm provided a
very accurate evaluation of motion and it was chosen as default technique for this
work. The second method was called Consensus Luminance (Marcellino et al., 2012)
and it exploits a group of 5 random images for each second of recording to detect
motion. Images were compared by calculating the difference of red, blue and green
values for each pixel. The difference was then interpreted as luminance and pixels
were considered "on" if their intensity was above a given threshold. If the majority of
images presented the same pixels as "on", a displacement for such pixel was assumed.
The ratio of moving pixels over the total was then reported as an arbitrary measure of
motility. Although the Consensus Luminance algorithm allowed for detection of very
small displacement, its measure was easily affected by noise as found during the
experiments and fine tuning of threshold values was required for an accurate motility
assessment. For this reason, this analysis algorithm was not routinely used for the
worm motility assay.
At the end of the analysis, the worm movement of the plate was quantified and stored
as .csv files. The mean optical flow movement stored in the file generated by
Wormassay was manipulated to assess drug effects on adult worms. A video on
WormassayGP2 in action is reported in Appendix 2.3.

2.7.6 Newly excysted juveniles (NEJs) drug screen
F. hepatica (Italian strain) metacercariae were obtained from Ridgeway Research,
Gloucestershire, UK and stored at 4°C. Newly excysted juveniles (NEJs) from
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metacercariae were produced based on an optimisation introduced to the excystment
method published by Dixon et al. and Wilson et al (Dixon, 1966; Wilson et al., 1998).
Metacercariae were gently removed from cellophane sheets with a fine brush and
collected in a 15 ml falcon tube containing distilled water. The solution was
centrifuged at 2,000 rpm for 5 min and the supernatant removed. This step was
repeated twice and after that the metacercariae were suspended in water and incubated
overnight at 37°C in a water bath. The metacercariae pellet separated by centrifugation
was then incubated in a pepsin solution (Section 2.1.6) for 1 hr at 37°C. After pepsin
treatment, the cysts were washed with distilled water and vortexed from 15 to 20 min.
After that, the water was removed by centrifugation as before and the pellet was
suspended with dithionate solution (Section 2.1.6). This solution was left to incubate
for 2 hrs at 37°C. Thereafter, the parasites were first washed with distilled water and
then with DMEM supplemented with antibiotics/antimycotics (Section 2.1.6),
separating the parasite from the solution each time by centrifugation at 1,200 rpm for
5 min. Parasite excystment was then facilitated by incubation of the cysts in 5 ml of
sodium tauroglycocholate solution (Section 2.1.6) for 1 hr at 37°C. As a final step in
the excystment process, sodium tauroglycocholate solution was removed and the
newly excysted juveniles were incubated overnight at 37°C in DMEM before setting
up a drug screen. After final overnight incubation, NEJs were distributed into a 24 well
tissue culture plate at a density of 25 parasites per well containing 1 ml of pre-warmed
NEJs culture media (Section 2.1.6). Compounds were added to respective wells and
NEJ/compound co-cultures were incubated at 37 °C in an atmosphere containing 5%
CO2 for 72 hrs at a final concentration of 10 μM. The effect of the drug on the parasite
phenotype and motility was independently scored using the scoring matrix as
described previously (Edwards et al., 2015). The drug screen also included NEJs
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cultured in 0.1% DMSO as negative control and parasite treated with Triclabendazole
(10 μM in 0.1% DMSO) as positive control. NEJs viability was measured using a
phenotype matrix comprising of both movement and phenotype metrics (Table 2.6)
(Edwards et al., 2015).
Table 2.6. Scoring matrix for F. hepatica NEJs.
Movement

Score

Phenotype

Score

Good/normal

1

Good/normal

1

Moderate

2

Rounded

2

Low

3

Dark/granular
cytoplasm

3

Very little

4

Ruffled tegument

4

None

5

Deeply blebbed
tegument

5

Dissolved appearance

6

2.7.7 MTT assay on HepG2 cells
Human Caucasian Hepatocyte Carcinoma (HepG2) cells (85011430, Sigma Aldrich)
were used to assess the toxicity of selected compounds described in this thesis. This
cell line was handled under sterile conditions and treated with solutions pre-warmed
to 37°C during cell maintenance and preparation for cell cytotoxicity screens. All
incubation steps required were also carried out at 37°C in a humidified atmosphere
containing 5% CO2.
Stocks of HepG2 cells in the appropriate amount of cryopreservation solution (Section
2.1.2), to give a cell density of 1 x 106 cells/ml, were retrieved from liquid nitrogen
and defrosted gently at 37°C until only a small piece of ice remained. Cells were then
immediately transferred to a 15 ml falcon and additional pre-warmed media was added
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(~5 ml). Cells were then centrifuged at 1,200 rpm for 2 min at room temperature to
form a pellet. The remaining supernatant was carefully poured off and the cell pellet
was re-suspended in 1 ml of pre-warmed media. A 10 µl sample of re-suspended cells
was added to 10 µl of Trypan Blue and assessed for viability. Here, 10 µl of sample
was inserted into a dual chamber counting slide and cells were counted using the
BIORAD TC-10 Automated cell counter. The automated cell counter provided the
number of cells, the number of viable cells and an image of the cells counted.
The cell suspension was diluted with 10 ml of fresh media and then transferred to a
T75 cell culture flask. Cells were briefly checked at a 4x magnification for good
distribution (no clumping) and incubated as mentioned above to allow them to attach
to the flask and achieve a uniform cell growth.
HepG2 cells were passaged at 70-80% confluency. Cells were initially washed with
1X PBS twice, with an incubation step of 2 min each step. Following incubation, 1X
PBS was aspirated off and 3 ml of Trypsin EDTA was added. The flask was then
incubated for a further 5 min with gentle agitation being applied every 2 min. After
incubation, detachment of cells was assessed; if required, the flask was tapped to
encourage cell detachment. If detachment was still not sufficient, cells were incubated
for a further 2 min. Cells were trypsinised for a maximum period of 14 min; following
this, the action of Trypsin EDTA was stopped by the addition of an equivalent volume
of HepG2 cell media.
Following trypsinisation, cells were centrifuged at 1,200 rpm for 2 min at room
temperature. The media supernatant was then removed, and the remaining pellet was
re-suspended in 1 ml of media. Cells were then re-suspended further using a 23G gauge
needle to disrupt remaining cell clumps. HepG2 cells exhibiting high viability (> 80%)
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and no clumping after being counted were used for a cytotoxicity assay. Based on the
cell count, an appropriate volume of cell suspension equivalent to 20,000 cells was
dispensed using a multichannel pipette into a 96 well black, clear bottom falcon plate,
aiming to prepare a plate with 20,000 cells/50 µl in each well. Following seeding,
plates were gently agitated by hand to insure even cell distribution across each well;
this was checked using a stage microscope (Olympus, CK2) and then incubated for 24
hrs. In each MTT plate, some wells containing just fresh media (no cells) were also
included and used as blank. Prior to addition of compound, plates were checked under
the microscope to ensure seeding was successful (e.g. equal distribution and density
of cells across the wells) and to monitor any anomalies such as cells not attached to
the bottom of the plate or bacterial contamination.
HepG2 plates seeded for cytotoxicity screens were treated with compounds for 24 hrs
post-seeding. Each compound was used to dose the cells at different concentration
points: 200, 100, 75, 50, 20, 10 and 1 µM, each of them in triplicate. Each compound
solution was prepared in HepG2 culture media at double the concentration required
for the cytotoxicity assay (200 - 2 µM for 100 - 1 µM final concentration). 50 µl the
compound solution was added to the corresponding well of the plate according to a
predefined layout. Media and DMSO negative controls (in triplicate as well) were
prepared by addition of 50 µl of fresh media without compound and DMSO (1.25%
v/v) respectively. A positive control (1% v/v Triton X-100, X100, Sigma-Aldrich) was
also included in each screen with. After addition of compounds, each plate was then
incubated for a further 20 hrs before application of MTT reagent (prepared as
described in Section 2.1.2) for assessment of compound cytotoxicity using the MTT
assay.
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The handling of MTT was always performed under low light conditions under a
laminar flow hood. Following incubation with test compounds for 20 hrs, 10 µl (10%
final volume) of 12 mM MTT reagent was added to each well. The plate was then
further incubated for 4 hrs. After incubation, each plate was blotted dry under the
laminar flow to remove the MTT treated culture media. A 100 µl DMSO: isopropanol
(1:1) solution was then added to each well and the plate was then subsequently
incubated for 10 min at 37°C. Following incubation, each plate was shaken again and
then absorbance measured at 570 nm. The absorbance reading was corrected based on
the average value of the wells used as blank (no cells, to remove any background
absorbance). Dose response curves were generated in GraphPad Prism 7.02 based on
the average absorbance of the three replicates for each concentration point. These data
were then used to calculate CC50 (50% cytotoxic concentration such as the
concentration that reduced the cell viability by 50% when compared to untreated
controls) values of the compounds tested.

2.8 Microscopic techniques to assess compound damage
Following 72 hrs of drug treatment (Section 2.7.5) or 7 days post-siRNA
electroporation (Section 2.4), the cultured S. mansoni adult worms were collected,
separated by gender and relaxed with tricaine anesthetic solution (Section 2.1.1 for
composition). The samples were incubated by gently rocking for 15 min or until
parasites relaxed and separated. The parasites were then killed by incubation in a
solution of 0.6 mM magnesium chloride (MgCl2) for 1 min. After that, adult
schistosome worms were briefly washed with pre-warmed PBS (1X) and then fixed
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using appropriate solutions for analysis by Scanning Electron Microscopy (SEM). The
composition of SEM fixative solution was reported in Section 2.1.4.

2.8.1 Scanning Electron Microscopy (SEM)
After fixation, adult schistosomes were stored at 4°C until further downstream sample
processing. Worms were then transferred to a 10 ml glass vial with a polyethylene cap
to carry out the preparation of adult worms for SEM analysis. All solutions used during
this process were made up in the IBERS Advanced Microscopy and Bioimaging Suite
with the help and supervision of Mr Alan Cookson. Roughly, 3 ml of each solution
was used for each step in the process and the samples were gently agitated on a rotator
during wash steps. The procedure required the following steps:
- washing step (twice) with 0.1 M sodium cacodylate for 30 min each;
- fixing step with 1% v/v osmium tetroxide water solution (previously stored at -20°C
and pre-warmed at room temperature) for 2 hrs;
- washing step with 0.1 M sodium cacodylate for 30 min;
- dehydrating step with aqueous alcohol series (30, 50, 70, 95 and 100% EtOH in
UPH2O) for at least 30 min in each solution. At the final step, the samples were left in
100% EtOH overnight;
- drying samples with hexamethyldililazane critical drying point agent (AGR1228,
Agar Scientific, Stansted, UK) for at least 3 hrs.
Following this final step, the organic solvent was removed with a Pasteur pipette and
the samples were dried overnight. Samples were then placed onto self-adhesive
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conductive carbon tabs on aluminium specimen stubs (both Agar Scientific, Stansted,
UK) and were then coated with gold by Mr Alan Cookson using a Polaron E5000 SEM
Coating Unit. Coated worms were then stored in a desiccation jar until imaging using
a Hitachi S-4700 FESEM microscope using the Ultra High-Resolution mode and an
accelerating voltage of 5.0 kV at a working distance of 5.0 mm.

2.9 WISH
2.9.1 Ligation into pJC53.2 plasmid
A 500-600 bp fragment of the HME coding sequences within Smp_138030 and
Smp_150560 was amplified by PCR as described in Section 2.3.4 using primers
reported in Table 2.7.
Table 2.7. Primer sequences.
Target

Primer sequence

Smp_138030
Smp_150560

Tm (°C)

FW: 5’-GTCTACCGGGTGTTCGACG-3’
RV: 5’-CTAGTTCATCCATTTCCGACAA-3’
FW: 5’-ATTTCTGGTCTAATTGCAGCA-3’
RV: 5’-CAAATCATCTTGATCCCAATG-3’

65.6
62.7
61.2
61.7

Size
(bp)
569
822

The PCR parameters used were listed in Table 2.8 and the PCR products were checked
on a 1% w/v DNA agarose gel.
Table 2.8. Conditions of 3-step cycle PCR reactions.
Step
Pre-denaturation
Denaturation
Annealing
Extension
Final extension

Temperature (°C)
95
95
60-65 (based on Tm
primers)
72
72
4

Time
2 min
30 sec
30 sec

Cycles
1
39

1 min
5 min

1
Hold

The successfully amplified regions of the selected targets were ligated into pJC53.2
gifted by James Collins from UT Southwestern (Figure 2.4). This ligation required 4
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µl of the purified amplicon and 150 ng of the pJC53.2 plasmid. This plasmid (1 µg)
was previously digested with 1 µl Eam1105I (10 U/µl, 1000 U, ER0241,
ThermoFisher) and 2 µl of 10X FastDigest Buffer (B64, ThermoFisher) with an
incubation of 1 hr at 37°C to leave T overhangs for the T/A ligation. Analysed by DNA
agarose gel, the digest should have two bands: 1600 bp (pJC53.2 insert ccdB and
CamR) and 3200 bp (T-tailed vector). The digested plasmid was used for the following
ligation reaction without further purification. Ligation occurred when 10 µl of 2X
Ligation Buffer and 1 µl of T4 DNA ligase (M1801, Promega) were added to the
mixture of amplicon and plasmid and after an incubation of 1 hr at room temperature.

Figure 2.4. pJC53.2 vector and the restriction sites used for SmHME amplicon ligations.
A graphical representation of pJC53.2 shows the main features of the vector focusing on the
digestion sites for the restriction enzyme (Eam1105I - the sequence recognized by the enzyme
was also reported). The subsequent ligation allows the insertion of the target of interest in the
digested plasmid carrying the T overhangs for the T/A ligation.

The HMEs/pJC53.2 vectors were then transformed into chemically competent E. coli
(α-select bronze) and the transformants were grown on HSLB agar plates (with
Ampicillin 100 µg/ml) after an overnight incubation at 37°C (Section 2.3.7).
Successful ligation of the HME target of interest was confirmed by colony PCR using
the primers reported in Table 2.7 and BioMix PCR reaction Mix (Section 2.3.4) using
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the PCR parameters listed in Table 2.8. The clones of interest were identified by the
presence of bands 25 bp larger than was observed in the original PCR. The colonies
containing the desired insert were expanded with an overnight incubation at 37°C in 3
ml of HSLB supplemented with Ampicillin (100 µg/ml). The HMEs/pJC53.2 vectors
were purified by MiniPrep kit (QIAGEN) and analysed by the in-house sequencing
facility to ensure the correct ligation and to determine the orientation of the amplicon
in relation to the 5’- T3 and 3’- SP6 polymerase sites.

2.9.2 Recombinant expression of SP6, T7 and T3 RNA Polymerase
(RNAP)
RNAP/plasmid constructs were gifted by James Collins from UT Southwestern and
the expression was performed following his optimised conditions. α-select E. coli cells
were transformed with these constructs and loaded on HSLB agar plates supplemented
with the appropriate antibiotic (Ampicillin, 100 µg/ml final concentration). Single
colonies of these transformants were grown in 5 ml of supplemented HSLB overnight
at 37°C. The resulting culture was then used to inoculate 1 l fresh growth media
(Section 2.1) and the growth was continued at 37°C until the OD600 reached 0.5-0.6
value (monitored using Nanodrop 2000, ThermoFisher Scientific). Protein expression
was induced by 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) addition and
allowed to continue for 3 hrs at the same temperature. Cells were pelleted at 1,700 x g
and the resulting cell pellets was used for the protein purification. The pelleted cells
were re-suspended in 25 ml 1X Ni-NTA Lysis Buffer (Section 2.1.5.1) supplemented
with 1 ml of Lysozyme (final concentration 1 mg/ml, 90082, ThermoFisher) and 2.5
tablets of cOmplete™ EDTA-free Protease Inhibitor Cocktail (04693132001, Roche)
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and incubated at 4°C for 20 min. Cells were lysed in a Cell Disruption System
(Constant Systems) under 3,000 kPsi following a centrifugation at 18,000 x g for 5
min of the lysate. Meanwhile, 1 ml of TALON Metal Affinity Resin (2 ml of 50%
slurry) was added to 45 ml of 1X Lysis Buffer (Section 2.1.5.1) was mixed with and,
after equilibrium, the resin was isolated by centrifugation at 800 x g for 2 min. The
equilibrated resin was added to the cell lysate and incubated overnight (at 4°C with
gentle rocking). The resin isolated by centrifugation was washed with 30 ml 1X Lysis
Buffer, decanted again and then washed with the Wash Buffer (45 ml, Section 2.1.5.1).
The resin isolated by centrifugation was re-suspended with a small volume of Wash
Buffer (10 ml) and loaded onto a column (5 ml Polypropylene Columns, QIAGEN).
The flow through was discarded and 20 ml Elution Buffer (Section 2.1.5.1) was added
and collected in fractions of 5 ml each. The A280 of each fraction was measured and an
SDS-PAGE gel was used to ensure the presence of a single product. The fractions
containing the clean proteins were combined and dialyzed in 8,000 MWCO dialysis
tubing (Fischer Scientific) against RNAP Storage Buffer (2.1.5.1) with 3 changes of
100 fraction volumes each. A 1:5 aliquot was prepared, and the protein concentration
was assessed by Bradford assay. RNAP aliquots could be stored at -20°C.

2.9.3 Riboprobe synthesis
2.9.3.1 Initial PCR amplification of vector inserts sequence
The 5’-SP6-HMEs-T3-3’ region was amplified by PCR using high-melt T7 primers
with an annealing temperature of 55°C to increase annealing specificity. The PCR
amplification was conducted using Biomix (Bioline). The PCR parameters used were
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listed in Table 2.9 and the resulting amplicon was visualised by DNA agarose gel
electrophoresis (1% w/v) to confirm the predicted size.
Table 2.9. Conditions of 3-step cycle PCR reactions.
Step
Pre-denaturation
Denaturation
Annealing
Extension
Final extension

Temperature (°C)
95
95
55
72
72
4

Time
2 min
30 sec
30 sec
1 min
2 min

Cycles
1
39
1
Hold

2.9.3.2 In-vitro transcription of antisense ribo- and the sense control
probes
Prior to in-vitro transcription, 10X transcription buffer (TXN buffer) was prepared as
described in Section 2.1.5.2. For the transcription reaction, 2 µl of the 5’-SP6-HMEsT3-3’ amplicon was mixed with 2 µl of TXN buffer and 3 µl of T3 or SP6 polymerase
to generate both antisense riboprobe and the sense control probe (Figure 2.5).

Figure 2.5. Schematic representation of the HME/pJ53.2 vector structure. The graph
represents a magnification of the amplicon (of the selected target) inserted in the pJ53.2
plasmid with some important features of the vector (such as the T7, T3 and SP6 promoters)
highlighted. In case of the amplicon being ligated in the vector with the orientation shown in
this figure, the PCR products using T3 and SP6 polymerases are respectively the antisense
riboprobe and the sense control probe labelled with DIG-11-UTP. In case of inverse
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orientation of the amplicon in the vector, the PCR reaction using T3 and SP6 polymerases
produces the sense control probe and the antisense riboprobe respectively.

To this reaction volume, 10 mM of each rNTP (ATP, CTP, and GTP, 0.4 µl each,
E6000, Promega), 0.4 µl 10 mM Digoxigenin-labelled Uracil triphosphate (DIG-11UTP, 11 209 256 910, Roche) for the downstream detection of the probe and 0.6 µl of
RNaseOUT™ Recombinant Ribonuclease Inhibitor (5000 U, 40 U/µl, 10154652,
Invitrogen) to inhibit RNase activity and to prevent RNA degradation and 10.4 µl
DEPC H2O (Section 2.1.5.2) was added. The reaction was incubated for 4 hrs at 37°C
and, after that, an incubation of 15 min at the same temperature with 1.0 µl of DNase
I (D5025, Sigma-Aldrich) was performed aiming to remove any DNA contamination
in the sample.

2.9.3.3 Lithium Chloride/ethanol precipitation
To the reaction mixture resulting from the in-vitro transcription, 5 µl of 4 M lithium
chloride (LiCl in DEPC H2O) and 50 µl of cold absolute ethanol (EtOH, pre-chilled to
-20°C) was added and incubated overnight (about 16 hrs) at -20°C to allow the
precipitation of the riboprobe. This probe was then isolated by centrifugation at 17,000
x g for 10 min at 4°C. The pellet was separated by decantation and dried in a speedvac system; after that, the pellet was re-suspended in 20 µl DEPC H2O, the
concentration was determined by Nanodrop and the purity was confirmed by DNA
agarose gel electrophoresis (1% w/v). This probe was stored at -20°C after a 1:1
dilution with Hybe solution (Section 2.1.5.2), thus halving the measured
concentration.

108

2.9.4 In-situ hybridization
2.9.4.1 Preparation of the parasites
7 wks S. mansoni adult worms were collected as described previously (Section 2.2.4),
separated by gender and relaxed with 0.25% v/v solution of tricaine anesthetic in
DMEM supplemented with 5% v/v FBS. The samples were incubated with gentle
rocking for 15 min or until parasites relaxed and separated. The parasites were then
killed by incubation in a solution of 0.6 M magnesium chloride (MgCl2) for 1 min.
They were then incubated in 2-3 ml 4% v/v formaldehyde in PBSTx (Section 2.1.5.3)
for 4 hrs at room temperature. After that, the parasites were rinsed with PBSTx (2 ml)
before dehydration with 50% methanol in PBSTx (for 5-10 min) and then 100%
methanol to allow long-term storage at -20°C.

2.9.4.2 Bleaching and permeabilization
Prior to in-situ staining, the parasites, previously stored in 100% methanol, were
rehydrated first with 50% methanol in PBSTx for 5-10 min and then with only PBSTx.
The bleaching solution was prepared as described in Section 2.1.5.3. Bleaching of the
parasite material was achieved by incubating the parasites with this solution for 1-1.5
hrs at room temperature under a bright light. Two washes in PBSTx removed any
traces of bleaching solution and then, the parasites were permeabilised in 10 µg/ml of
Proteinase K (20 mg/ml, AM2548, Invitrogen) in PBSTx for 1 hr at room temperature.
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2.9.4.3 Hybridisation
The permeabilised parasites were post-fixed in 4% v/v formaldehyde in PBSTx for 10
min at room temperature. After that, they were washed with a mixture 1:1 PBSTx: PreHybe for 10 min at room temperature. Before the hybridisation, the parasites were
moved into plastic, mesh-bottom baskets (Intavis Bioanalytical Instruments) to
facilitate the movements of the samples in the following steps of the process.
Subsequently, each basket was placed in individual wells of a 48 well plate already
containing 500 µl of Pre-Hybe buffer (Section 2.1.5.3, enough to cover the worms)
and incubated for 2 hrs at 52°C in an incubator with a gentle orbital agitation.
Meanwhile, a Hybe solution/riboprobe mixture (one for each antisense riboprobe and
sense control probe) was prepared with 500-1,000 ng/ml in Hybe buffer, heated at
72°C for 5 min and allowed to cool at 52°C using a heat block. After a 2 hrs incubation,
the Pre-Hybe solution was replaced with the Hybe solution/riboprobe mixture and the
samples were incubated overnight at 52°C. The unbound probe was removed by a
serious of wash steps (each of them twice for 30 min at 52°C with gentle agitation)
with the following preheated (52°C) solutions: Wash Hybe (Section 2.1.5.3), 20X SSC
with 0.1% v/v Triton X-100, 2X SSC with 0.1% v/v Triton X-100. Two final steps of
10 min each were then performed at room temperature using TNT buffer (Section
2.1.5.1).

2.9.4.4 Colorimetric detection
In the final step of HME transcript localization, non-specific riboprobe binding was
blocked by use of the Colorimetric Block solution (Section 2.1.5.3) for 2 hrs at room
temperature. After that, an Alkaline-Phosphatase conjugated anti-DIG antibody (Anti-
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DG-POD, 1:1000 in colorimetric Block solution, 11093274910, Roche) was added
and incubated overnight at 4°C. The unbound antibody was removed with washes
increasing in duration (firstly 5 min, then 10 and 20 min - the last one for six times)
using TNT buffer. To each sample, a Development solution made of 4.5 µl/ml Nitro
Blue Tetrazolium (NBT, 11383213001, Roche) and 3.5 µl/ml 5-bromo-4-chloro-3indolyl-phosphate-4-toluidine (BCIP, 11383221001, Roche) in AP buffer (Section
2.1.5.3) was added. The colour development was monitored during the 1-2 hrs
incubation (or even longer depending on the abundance of the selected transcript) at
room temperature away from light (Figure 2.6). When the desired signal to noise ratio
was achieved, the development buffer can be removed to stop the reaction.

Figure 2.6. Schematic representation of the process of detection and colour development
during the in-situ hybridization. As reported in Figure 2.5, the antisense riboprobe (alkaline
phosphatase DIG-11-UTP labelled) produced by the T3 PCR reaction recognizes the target
mRNA in the parasite. The localization of the target transcript is carried out by addition of two
substrates of alkaline phosphatase (BNT and BCIP) that leads to the formation of a BCIP dimer
and an insoluble NBT diformazan. This last end-product appears blue to purple in colour and
allows the visualisation of the transcript in the worms.
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The parasites were then washed with PBSTx and dehydrated by incubation with 100%
ethanol for 10-20 min. The samples were also incubated in 80% v/v glycerol in 1X
PBS at 4°C overnight before proceeding with slide mounting. The worms were
mounted on microscope slides using paintbrushes to transfer worms from the plate to
the slides. Nail varnish was used to seal the cover slip on top of slide and a second nail
varnish layer was added after 1 hr once set. The slides mounted with the parasites
treated with either the antisense riboprobe or the sense control probe were imaged
using a standard light microscopy (Leica LMD6000 Laser Microdissection
Microscope).

2.10 Homology modelling
The amino acid sequences for the proteins to be modelled (each SmHMTs and
SmHDMs) were obtained from Uniprot (The UniProt, 2008) and then used as baits for
protein

BLAST

(BLASTp)

searches

in

NCBI

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). With the standard protein-protein BLAST
program, UniProtKB and the non-redundant sequence database (GenBank, Refseq,
SwissProt) were searched to obtain homologous sequences, while PDB was used for
obtaining crystal structures suitable as template for homology modelling (see
Appendix 3.6). In case a suitable human homologous was not found, the best murine
homologue was used instead (e.g. Smp_025550). In fact, the standard BLASTp search
identified the Uniprot entry with the highest percentage of similarity over the fulllength amino acid sequence. If multiple PDB entries related to the same Uniprotidentified protein were available, the crystal covering the most part of the amino acid
sequence of the protein was selected; if only fragments of the protein were available,
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the PDB entry related of the catalytic domain was chosen as template for the homology
modelling. Careful analyses of the crystal structures available was conducted to select
only the entries containing all the catalytic important ligands including the substrate
(histone or non-histone proteins) and the enzymatic cofactors (SAM for the PKMTs,
DOT1L and PRMTs, FAD for LSD family and Fe2+ and 2-oxoglutarate for JMJDs).
Literature evidence supported that enzymatic proteins like these epigenetic targets
could undergo morphological changes before becoming enzymatically active (Kim et
al., 2017). The protein can exhibit induced fit effects upon binding of a ligand, in which
the protein conformation changes significantly. Usually, four different states of the
protein can be identified: apo-state (just the protein), the substrate-bound state,
intermediate state and the product-bound state. A detailed study of the enzymatic
mechanism of action of each family of human HMTs/HDMs allowed the appropriate
selection of the substrate-bound state for each template. Furthermore, some epigenetic
enzymes became enzymatically active only after oligomerization (e.g. PRMT1 is
active only as a dimer, (Zhou et al., 2015)), hence the selection of the PDB entry
including the biological assembly rather than the monomer, in case both of them were
available. In addition, high or medium resolution structures (ranging from 1.2 to 2.5
Å) were preferred as templates for the homology modelling.
Multiple sequence alignments were generated between the protein of interest and
homologous sequences with MUSCLE v3.8 (Multiple Sequence Comparison by Log
Expectation) using the default parameters (Edgar, 2004). The alignments were then
manually inspected and edited in Jalview v2.9 (Waterhouse et al., 2009) to remove
gaps and maximize sequence similarity over the amino acid sequences.
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The homology models of the target SmHMTs/HDMs were produced with
MOE2014.09 (Gentleman et al., 2004; Release, 2014). The coordinates of the selected
crystal structure were obtained from PBD and loaded in MOE workspace. MOEHomology (developed by Chemical Computing Group, Inc.) combines the methods of
segment-matching procedure and the approach to the modelling of insertion/deletion
regions (Dolan et al., 2012). According to the modelling method by segment matching,
most hexamers (defined as oligopeptides of six amino acids) present in a protein can
be clustered into 100 structural classes (Unger et al., 1989). Based on this, a subset of
atomic positions derived from the target-template alignment can be used as guide to
find matching segments in a representative database of all known protein structures to
construct the 3D model.
Water molecules, non-catalytic ions, metals or glycerol were removed. The amino acid
sequences of the schistosome proteins were downloaded as a fasta file and visualised
in MOE2014.09. The sequence alignment generated by MOE was adjusted based on
the alignment previously prepared in Jalview v2.9. In fact, this type of alignment was
optimised for detection of optimal alignments rather than remote relationships. Using
the PDB coordinates as a template, an induced fit homology modelling was performed
considering the presence of substrate, cofactors, metals or molecules of water essential
for the catalytic activity of the proteins.
Ten models were generated for each target protein using a knowledge-based loop
searching method and sidechain rotamer selection method after which a Cartesian
average model was created and then submitted to a user-controlled energy
minimization (in our case AMBER94 force field was used). Any missing loops in the
proteins were constructed using MOE Structure Preparation Tool and the final
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structure was subjected to energy minimization to remove any steric clashes that could
have arisen during the model construction.
The final conformation was then visually inspected to ensure a reasonable loop
conformation (defined as absence of breaks or knots within the loops). The
stereochemical quality of each model was then assessed by RAMPAGE
(Ramachandran Plot Analysis) (Lovell et al., 2003), ProSA-web (Protein Structure
Analysis) (Wiederstein and Sippl, 2007) and Verify-3D (Bowie et al., 1991).
RAMPAGE provides a plot of the torsional angles - phi (φ, x-axis) and psi (ψ, y-axis)
- of the residues (amino acids) contained in a peptide. Plotting the torsional angles in
this way shows graphically which combination of angles are possible and can give
insight into the structure of peptides highlighting regions of the proteins which appear
to have unusual geometry and provides an overall assessment of the structure. For a
good stereochemical quality of a protein model, the residues located in the core (most
favoured regions) and allowed regions should be over 90% where the core and allowed
regions correspond to 10° x 10° pixels having more than 100 and 8 residues in them,
respectively. ProSA is an established tool to assess the overall model quality based on
the deviation of the total energy of the structure with respect to an energy distribution
derived from random conformations. The resulting Z-scores outside a range
characteristic for native proteins indicates erroneous structures. The three-dimensional
(3D) profile of a protein structure using Verify-3D is a table computed from the atomic
coordinates of the structure that can be used to score the compatibility of the 3D
structure model with any amino acid sequence. The desired value is above 80%
residues having a 3D-1D profile higher and/or equal to 0.2.
If the energy minimization converged to acceptable potential energy values, the
resulting model obtained by homology modelling was used of the docking studies.
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Otherwise, the homology modelling was repeated until the quality of the final model
deemed to be of acceptable quality to be further explored with the downstream steps
of this project. The final homology model was employed to analyse the overall folding
of the proteins, the bonding networks, motifs and conserved key functional or
structural residues. Furthermore, all the models were superimposed on the known
crystal structures of the templates and visually examined and evaluated for the
identification of extra loops, specific-parasite features, etc.
In some cases, to increase the confidence of the 3D model, the modelling of some
selected targets were constructed through available modelling servers such as ITASSER (Iterative Threading ASSEmbly Refinement) (Yang and Zhang, 2015),
Robetta (Kim et al., 2004) or SWISS-MODEL (Schwede et al., 2003). I-Tasser uses
LOMETS (Wu and Zhang, 2007), which is a multiple-threading program, to identify
structural templates from PDB (Berman et al., 2000) and constructs models based on
iterative template fragment assembly simulations. Robetta uses a fully automated
implementation of the Rosetta software package for protein structure prediction. For
each target, 10K models (referred to as “decoys”) were generated. The top 1,000
decoys in terms of lowest energy were clustered using an RMSD (Root-Mean-Square
Deviation of atomic positions) of 5 Å between decoys. The energies of representative
decoys from each cluster were obtained and the representative decoy having the lowest
overall energy was taken as the “correct” solution.
SWISS-MODEL is a fully automated comparative protein modelling server based on
a modelling method by rigid-body assembly. The assembly of the model starts from a
small number of rigid bodies obtained from the aligned regions. A framework is built
from the coordinates of these aligned regions and the assembly involves fitting the
rigid bodies in the framework and rebuild any non-conserved parts such as loops and
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side chains. Both Sitemap in the Schrödinger suite and Site finder in MOE were used
to calculate cavities and amino acids lining the cavities of the known ligand- and
substrate-binding cavities, but also the identification of additional binding pockets.

2.11 Docking
Docking simulations were performed using the Glide docking software within Maestro
v10.1 (Release, 2014). To initiate docking in this software suite, selection of
compounds and preparation of targets were necessary. Firstly, a library of
commercially available compounds was downloaded from Specs (www.specs.net,
natural compounds and fragment-based library) in a format that was Glide-compatible
(sdf format). In case of docking simulations of the newly synthesised compounds
(presented in Chapter 5), the small molecules were prepared using the Builder tool in
MOE2014.09 and energy minimised with MMFF94X force field. These compounds
were then processed by Maestro’s LigPrep tool to include all the partial charges, the
appropriate protonation state at the defined pH, the proper tautomeric states, the bond
lengths and angles.
Thereafter, preparation and localization of the target binding site followed. The 3D
model of each protein used for the docking simulations was processed with the
Schrödinger Protein Preparation Wizard tool using the OPLS_2005 force field to
assign partial charges, bond orders, cap residues, add hydrogen atoms, fill in missing
loops as well as side chains and to minimize the protein structure relieving any steric
clashes. The docking site was identified over the substrate binding pocket of each
homology model and a 12 Å docking grid (inner-box 10 Å and outer-box 22 Å) was
computationally built using, as a centroid, the structure of the histone protein or any
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other protein substrate that was co-crystallised in the structural homologous template
and used for the induced-fit homology modelling of the SmHMTs/SmHDMs.
Docking simulations for virtual screening of all the compounds were performed next
to predict their binding affinity (known as scoring or ranking) as well as the ligand
orientation (known as molecular docking or docking pose). During these docking
simulations, each compound within the library was virtually docked into the target
binding site with a docking program. This program uses different algorithms (e.g.
scoring functions) that predict the binding modes of a compound within the interaction
cavity of a macromolecular receptor and how well the molecules bind in a specific
docking pose giving an estimation of the free energy of binding between receptors and
small molecules. These scoring functions ranked the compounds according to the
energy of binding expressed as a numeric value (in kcal/mol); the lower the value
(more negative), the higher the affinity of binding of the molecule to the protein.
In the first instance, the standard precision function (SP) of Glide was used for the
preliminary experiment and then the results were refined using the more accurate extra
precision (XP) function. In all cases, default parameters were selected and ten output
poses (conformations) per input ligand were included in the solutions. From the
solutions (conformations) ranked according to the Glide XP scoring function, distinct
compounds corresponding to the top 10% of the solutions were identified and retained
for the docking with the human template. The compounds with a more favourable
docking score (SP and/or XP score) for the parasite protein compared to the human
template were considered hits and the top 100 were selected for further processing.
The docking results (Glide XP) of the 100 selected compounds were saved in a single
.mol2 file and the docking poses were visually inspected for their binding mode in
MOE.
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A visual inspection step followed to post-process compounds that resulted from a
docking exercise before selecting the compound set for the experimental phase of drug
screen. The docking poses of each of the 100 selected compounds were evaluated
according to the ability of each compound to occupy the target pocket, the number of
interactions between the compound and the target protein, the selection of different
chemical scaffolds and the potential chemical instability or toxicity (i.e. presence of a
nitro group) of the compounds. The post-processing step removed compounds with
unrealistic poses, intra-ligand steric clashes, twisted amides and imperfect hydrogenbonding network. Subsequently, hierarchical clustering was performed to identify
group of small molecules with similar structures/physicochemical properties. From
this iterative approach, a subset of several compounds (named as GPVx, where x is a
numeric value) encompassing maximal chemical diversity were selected, purchased
from different chemical companies (Specs and Sigma-Aldrich) and then tested in vitro
on the parasite.
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3 Histone methylation machinery in S. mansoni
3.1 Introduction
The main topic of this project is the investigation of protein (histone or non-histone)
methylation in the blood fluke S. mansoni with the aim of identifying histone
modifying enzyme (HME) inhibitors that can be progressed as new drugs for treating
schistosomiasis.
An essential initial step was a detailed investigation of this epigenetic pathway in S.
mansoni. The conservation of N-terminal tails on schistosome nucleosomal histones
H3 and H4 resulted in the evidence that histone modifications found in mammalian
histones, especially humans, were found also in this parasite (Cabezas-Cruz et al.,
2014b). In fact as discussed in Chapter 1, preliminary studies on S. mansoni histone
acetylation have demonstrated the importance of this epigenetic modification in the
parasite lifecycle (Carneiro et al., 2014a; Dubois et al., 2009). Because of this, the
HMEs involved in this pathway, the histone acetylases (HATs) and histone
deacetylases (HDACs), have been suggested to be potential therapeutic targets for the
treatment of schistosomiasis (Azzi et al., 2009).
As methylation is the second most abundant post-translational modification of histone
proteins, the enzymes responsible for modulating this activity have attracted interest
from a drug discovery perspective (Cabezas-Cruz et al., 2014b; Raymond et al., 2012).
As mentioned in Chapter 1, the histone methylation pathway includes two classes of
HMEs, the histone methyltransferases (HMTs) and the histone demethylases (HDMs).
HMTs catalyse the addition of a methyl group on the N-terminal tails of histone
proteins and the HDMs reverse this process.
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This chapter aims to identify and characterise the components of the S. mansoni
histone methylation machinery and, therefore, the main goals are:
•

Identifying the core components of the histone methylation machinery
focusing particularly on the S. mansoni HMT (SmHMT) and HDM (SmHDM)
protein families;

•

Characterising the SmHMT and SmHDM protein families with a focus on
identifying their catalytic domain and their additional domain characteristics;

•

Inspecting significant sequence patterns and structural features of each
SmHMT and SmHDM subfamily;

•

Examining SmHMT and SmHDM transcriptional profiles across the S.
mansoni lifecycle;

•

Identifying SmHMT and SmHDM homologues in other schistosome species
(S. haematobium, S. japonicum) and comparing them to those found in other
species such as Homo sapiens.

•

Predicting the likely protein folding topology using homology modelling.
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3.2 Methods
3.2.1 Bioinformatics approaches for identifying the SmHMTs and
SmHDMs
The identification of homologous HMTs and HDMs within the S. mansoni genome
was performed using two methodologies as described in Figure 3.1.

Figure 3.1. Two bioinformatics approaches used for the identification of SmHMTs and
SmHDMs. This schematic representation summarises the two bioinformatics methodologies
used for the identification of S. mansoni HMTs and HDMs based on the parasite assembly
genome v7.0 (August 2018): a protein similarity-based approach and a catalytic domain-based
search. A different range of bioinformatics tools and databases were used such as protein
databases (Pfam, Interpro, PROSITE and SMART), genomic databases (Wormbase Parasite,
SchistoDB and UniProt) and others (MEGA, Jalview, FinchTV and MUSCLE).

The first methodology focused on sequence similarity between HMTs/HDMs from H.
sapiens and S. mansoni. Here, representative examples of H. sapiens HMTs/HDMs
were downloaded from Uniprot (The UniProt, 2008) and their protein sequences used
as queries for protein BLAST (BLASTp) searches against the predicted protein
database

derived

from

the

S.

mansoni

genome

hosted

in

NCBI

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and Wormbase-Parasite (Howe et al., 2015)
using default settings. This BLASTp search was initially performed on the S. mansoni
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genome v5.2 (November 2015) and then repeated on the S. mansoni genome v7.0
(August 2018).
The human HMT/HDM sequences (and their Uniprot access numbers) used were as
follows: Histone-lysine N-methyltransferase EZH2 (Q15910), Histone-lysine Nmethyltransferase 2A (known as MLL1, Q03164), Histone-lysine N-methyltransferase
SETD2 (Q9BYW2), Histone-lysine N-methyltransferase SUV39H2 (Q9H5I1), Nlysine methyltransferase SMYD2 (Q9NRG4), PRDM1 (O75626), Histone-lysine Nmethyltransferase, H3 lysine-79 specific (known as DOT1L, Q8TEK3), Protein
arginine N-methyltransferase 1 (Q63009), Histone-arginine methyltransferase
CARM1 (Q86X55), Lysine-specific histone demethylase 1A (O60341), Lysinespecific demethylase 4A (known as Jmjd2, O75164), JmjC domain-containing protein
5 (Q8N371) and Bifunctional arginine demethylase and lysyl-hydroxylase JMJD6
(Q6NYC1). For the BLASTp searches, both full-length and catalytic domain peptide
sequences were used as queries against the S. mansoni genome (v7.0). S. mansoni
sequences were recognized as HMTs or HDMs only if they demonstrated high
sequence similarity (an E value of 1e-5 or lower) to human HMTs/HDMs and were
observed (by visual inspection of the BLASTp pairwise alignments) to contain
conservation over the catalytic domain as defined by InterPro (Finn et al., 2016), Pfam
(Punta et al., 2011), PROSITE (Hofmann et al., 1999) or SMART (Schultz et al.,
1998).
To improve the robustness of our searches, a second methodology was applied based
on the retention of conserved catalytic domain residues responsible for HMT and
HDM enzymatic activity. Here, HMT and HDM domain identifiers were selected
within Interpro, Pfam, PROSITE and SMART (see Table 3.1). Each signature was
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used as the query in Wormbase-Parasite BioMart to identify all putative S. mansoni
proteins containing the aforementioned catalytic domains.
Table 3.1. HMT and HDM domain identifiers found in protein databases.
HMT/HDM
Subfamily

Catalytic domain

PKMT

SET_dom

DOT1L

DOT_dom

PRMT

Arg_MeTrfase

PRMT5

Interpro

Pfam

PROSITE

SMART

IPR001214 PF00856

PS50280

SM00317

IPR025789 PF08123

PS51569

IPR025799

PS51678

Arg_MeTrfase_PRMT5 IPR007857 PF05185

PRMT7

MeTrfase_PRMT7

IPR014644

CARM1

HistoneArg_MeTrfase_N

IPR020989 PF11531

LSD

Amino_oxidase

IPR002937 PF01593

JmjC_dom

PF02373
IPR003347 PF13621

JMJD

PS51184

SM00558

PS51183

SM00545

PF08007
JmjN_dom

IPR003349 PF02375

3.2.2 Multiple sequence alignment
Multiple sequence alignments (MSAs) of the amino acid or nucleic acid sequences
were performed with MUSCLE v3.8 (Multiple Sequence Comparison by Log
Expectation) using the default parameters (Edgar, 2004) and selecting ClustalW as
layout format (Thompson et al., 1994). The alignments were then analysed in Jalview
v2.9 (Waterhouse et al., 2009) and visually inspected to check for ambiguities and
sequences not aligning correctly. The MSA of the catalytic domain of each protein
family (PKMT, PRMT, LSD and JMJD) was also used to produce a profile Hidden
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Markov Model (profile HMM) using Skylign (http://skylign.org/). Here, the MSA
(alignment in a fasta file) was used as input of the analysis. Skylign read the estimated
per-position distributions from the HMM file and used them to compute stack heights
and gap values using the following default settings: alignment processing based on the
maximum-likelihood estimate for each column, stack height was defined as the
information content (aka relative entropy, mainly based on the number of entries for
each alignment) of the position and letters divided that height according to their
estimated probability (Wheeler et al., 2014).

3.2.3 SmHMT and SmHDM domain classification
The domain classification approach first focused on identifying catalytic domains
within SmHMTs and SmHDMs. These catalytic domains were defined as follows:
SET, Su(var)3-9, Enhancer-of-zeste and Trithorax domain for the PKMTs; DOT1 core
region, Disruptor of the telomeric silencing 1 for DOT1L; PRMT core region, Protein
Arginine (R) Methyltransferase core domain for PRMTs; AOL, Amine Oxidase-like
domain for LSDs; JMJC, Jumonji C domain and JMJN, Jumonji N domain for the
JMJDs. Interpro, Pfam, PROSITE and SMART domain identifiers for each catalytic
domain are summarised in Table 3.1.
The amino acid positions of S. mansoni HMT and HDM catalytic domain having
InterPro, Pfam, PROSITE and SMART identifiers were extracted from each protein
database. In case of disagreement between two or more databases, the most inclusive
amino acid positions were used for the initial analysis. The sequence of these domains
was extracted and a MSA for each SmHMT and SmHDM subfamily was performed.
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The alignments were then analysed in Jalview v2.9 (Waterhouse et al., 2009) and
visually inspected to check for the presence and the conservation of the main
conserved motifs within each SmHMT and SmHDM subfamily member. The start and
end position of these domains were confirmed, or modified if needed, according to the
multiple sequence alignments.
The architecture of these proteins was then populated with other N-terminal and/or Cterminal domains known from the literature to be associated with the aforementioned
catalytic domains (Table 3.2).
Table 3.2. Domain identifiers of other N-terminal and/or C-terminal domains
associated to HMTs and HDMs found in protein databases.
HMT/HDM
Subfamily

Domain

PKMT

Pre-SET_dom

PKMT

Post-SET_dom

PKMT

Interpro

Pfam

PROSITE

SMART

IPR007728 PF05033

PS50867

SM00468

IPR003616

PS50868

SM00508

FYrich_N

IPR003888 PF05964

PS51542

SM00541

PKMT

FYrich_C

IPR003889 PF05965 PS51543

LSD

SWIRM

IPR007526 PF04433

PS50934

JMJD

JmjN

IPR003349 PF02375

PS51183

SM00545

JMJD

ARID_dom

IPR001606 PF01388

PS51011

SM00501

SM00542

Their position on the peptide sequence was extracted from Wormbase-Parasite. These
targets were further inspected with Pfam (available at https://pfam.xfam.org/) aiming
to identify/confirm specific domains within the SmHMT and SmHDM sequences.
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Graphical representation of these domains within the SmHMTs and SmHDMs was
prepared using Illustrator for Biological Sequences tool (IBS version 1.0, (Roquis et
al., 2015c)).

3.2.4 Finding homologues in a sequence database
The amino acid sequence of each SmHMT and SmHDM catalytic domain was used to
perform a BLASTp search in order to identify homologous sequences in the other
predominant human-infecting schistosome species (S. haematonium and S.
japonicum).
The most closely related S. haematobium and S. japonicum homologous sequences for
the SmHMTs/SmHDMs were firstly identified by BLASTp interrogation of
WormBase-Parasite. For the BLASTp searches, the full-length protein sequences of
each SmHMT and SmHDM were used as queries against the S. haematobium and S.
japonicum predicted protein datasets. S. haematobium and S. japonicum sequences
were recognized as the most closely related HMT and HDM homologues respectively
(Sh/SjHMTs and Sh/SjHDMs) only if they demonstrated high sequence similarity (an
E value of 1e-5 or lower).
Only the top S. haematobium or S. japonicum hit (as defined by E values score) was
included (Appendix 3.1 and Appendix 3.2 for respectively SmHMTs and SmHDMs).
In order to increase the confidence of this homology-based search, another BLASTp
interrogation of WormBase-Parasite was then performed using the protein sequences
of only the catalytic domain of each SmHMT and SmHDM as queries against the S.
haematobium and S. japonicum predicted protein datasets. Only the top S.
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haematobium or S. japonicum hit was also included in this case (Appendix 3.1 and
Appendix 3.2 for respectively SmHMTs and SmHDMs).

3.2.5 Phylogenetic analyses
MSA of the catalytic domain amino acid sequences within the identified SmHMTs and
SmHDMs as well as HMTs and HDMs from other species (S. haematobium, S.
japonicum and H. sapiens) were performed with MUSCLE v3.8 (Multiple Sequence
Comparison by Log Expectation) using the default parameters (Edgar, 2004) and
selecting FASTA as the output format. The MSA was visualised in Jalview and
manually inspected to check for ambiguities and sequences not aligning correctly.
The multiple sequence alignments were interrogated to determine regions of
conservation using GBLOCKs 0.91 set to identify smaller block sizes with less strict
flanking positions (Castresana, 2000). For the HMT phylogenetic analysis, four
regions covering a total of 50 amino acids were chosen by the GBLOCKS software
from the alignment of 27 sequences. The HDM analysis used, instead, three regions
containing a total of 39 amino acids (14 sequences) selected by the GBLOCKs
software.
For the phylogenetic analysis across the three schistosome species, GBLOCKS
software identified 3 blocks with 18 positions (80 sequences in total) for the HMTs
and 41 positions (42 sequences) for the HDMs. The human PKMT/PRMT/LSD/JMJD
representatives (and their Uniprot access numbers) used for the analysis are reported
in Appendix 3.3.
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For the phylogenetic analysis between the human and the schistosome HMTs and
HDMs, the multiple sequence alignments of each protein subfamily were interrogated
to determine regions of conservation using GBLOCKs:
•

For the PKMTs, 3 blocks containing 35 selected positions and 48 sequences;

•

For the PRMTs/DOT1L, 6 blocks containing 159 selected positions and 18
sequences;

•

For the LSDs, 5 blocks containing 284 selected positions and 6 sequences;

•

For the JMJDs, 3 blocks containing 39 selected positions and 26 sequences.

The blocks of sequence alignment identified by GBLOCKs were concatenated and
used to build the phylogenetic trees. These trees were constructed by MEGA7 using
the Maximum Likelihood method based on the JTT matrix-based model with default
settings (Kumar et al., 2016). A total of 500 bootstrap replications were run to estimate
the confidence of each node. A cut-off value of 30 was applied to the confidence level
of each node of the phylogenetic trees. The graphical outputs of the final phylogram
were obtained using the open course programme Tree Of Life v1.0 (Ciccarelli et al.,
2006).

3.2.6 Smhmt and Smhdm transcriptional profile analysis
Data from the 37,632 element S. mansoni long-oligonucleotide DNA microarray
studies of Fitzpatrick et al. (Fitzpatrick et al., 2009) were interrogated to find the
expression profile of the 27 Smhmts and 14 Smhdms across 14 different lifecycle stages
(egg, miracidia, mother sporocycst, daughter sporocycst, cercaria, 3 hrs and 24 hrs
schistosomula, 3 and 6 days schistosomula, 3-5-7 wks worms, 7 wks worms male and
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female). The ORF (Open Reading Frame) of each target was used as query in the
IBERS internal BLAST server to define the 50-mer probes mapping their sequences.
The raw data provided by that database contained Log2 normalised gene expression
values for each Smhmt or Smhdm expressed in each of the 14 lifecycle stages. To
visualise the data, Log2 normalised gene expression data were subjected to
hierarchical agglomerative clustering (Euclidean distance and complete linkage) using
the R statistical programming language and the Bioconductor package gplots
(Gentleman et al., 2004). The analysed data were then illustrated as a heat map. Raw
and normalised fluorescent intensity values are available via Array Express under the
experimental

accession

number

E-MEXP-2094.

Oligonucleotide

probes

corresponding to each Smhmt and Smhdm as well as their corresponding Log2
expression values are found in Appendix 3.4 and Appendix 3.5.
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3.3 Results
3.3.1 Identification and genomic localisation of SmHMTs and
SmHDMs
Two bioinformatics approaches were used to identify all SmHMTs and SmHDMs
encoded by the parasite’s genome (Table 3.3). The first approach was based on
sequence similarity between human and the parasite proteins due to the evidence that
these enzymes are evolutionarily conserved, particularly their catalytic domains
(Cabezas-Cruz et al., 2014b). This approach led to the identification of 17 proteins in
total (including 12 HMTs and 5 HDMs). However, to improve the robustness of our
search, a second methodology was applied based on the retention of conserved
catalytic domain residues responsible for HMT and HDM enzymatic activity. Here,
HMT and HDM domain identifiers were selected within Interpro, Pfam, PROSITE
and SMART (see Table 3.1) and used to identify all putative S. mansoni proteins
containing the aforementioned catalytic domains as described in Section 3.2.1. The
use of Interpro provided confirmation of most of the 17 proteins identified with the
first approach and expanded the pool to a total of 37 proteins. Moreover, the use of the
other databases (Pfam, PROSITE and SMART) identified two additional proteins
(Smp_055310 and Smp_149380 as SmHMTs).
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Table 3.3. Summary of the SmHMTs and SmHDMs identified using two bioinformatics
approaches.

The table summarises the gene IDs, the number of isoforms, the transcript length (in bp) of
each SmHMT (Panel A) and SmHDM (Panel B) divided into subclasses. A colour code is
used to highlight which approach (between the BLASTp and the Domain search-based
approach) confirmed their identity as HMTs or HDMs.

This bioinformatics investigation of the parasite genome v5.2 was conducted for the
first time in November 2015, which resulted in the identification of 4 newly identified
HMTs and HDMs. Particularly, 2 new SmHMTs (Smp_149380 and Smp_131300 133

updated to Smp_016750 in genome assembly v7.0) and two SmHDMs (Smp_128500
and Smp_180990 updated respectively to Smp_342360 and Smp_241580 in genome
assembly v7.0) were identified. The new genome assembly (August 2018) led to the
identification of an additional SmHMT (Smp_148360) and a SmHDM (Smp_333400)
for a total of 3 newly identified SmHMTs and 3 SmHDMs.
Focusing on the final analysis (August 2018), a total of 27 HMTs and 14 HDMs were
identified in the S. mansoni genome. As mentioned in Chapter 1 (Figure 3.2A), the
HMT enzymes catalyse the introduction of a methyl group on lysine (in case of
PKMTs or DOT1L) or arginine (for the PRMTs) on the N-terminal histone tails
(Figure 3.2B). The HDMs (including the LSD and JMJD families) instead take off the
methyl group from the histone proteins (Figure 3.2A and B).
During this work the putative schistosome HMTs/HDMs previously identified
(Cabezas-Cruz et al., 2014a; Cosseau et al., 2017; Raymond et al., 2012) were
confirmed and an additional six new HMTs/HDMs were identified. These novel
members were identified among the HMTs (three newly identified PKMTs:
Smp_149380, Smp_148360 and Smp_016750) and the HMDs (three novel JMJDs:
Smp_241500, Smp_342360 and Smp_333400) that were previously unknown in
literature (highlighted in red in Figure 3.2C).
The HMTs were grouped into 21 Protein Lysine Methyl Transferases (PKMTs), 1 PR
domain containing methyltransferase (PRDM), 1 DOT1 Like Histone Lysine
Methyltransferase (DOT1L) and 5 Protein Arginine Methyl Transferases (PRMTs).
The HDMs were grouped into 3 Lysine Specific Demethylases (LSDs) and 11 Jumonji
domain-containing proteins (JMJDs).
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Our sequence similarity searches also identified a PRDM-containing PKMT
(Smp_016750). The PRDM family is related to SET domain-containing PKMTs, but
with some noticeable differences (reviewed in (Hohenauer and Moore, 2012)). While
the catalytic domain of this protein family has 20-30% sequence similarity to the SET
domain, PRDM members also contain a variety of different amino acid motifs that
differentiate them from other PKMTs (Hohenauer and Moore, 2012). Previously, it
was suggested that S. mansoni contains 6 PRDMs (Vervoort et al., 2016). However,
only one of these proteins (Smp_016750) fit the criteria used in this study (a divergent
SET domain along with other motifs including F/Y/IGP/V and ExNL) (Hohenauer and
Moore, 2012). Whether this protein is a catalytically active PKMT is currently
unknown.

Figure 3.2. Re-description of Schistosoma mansoni histone methyltransferases (HMTs)
and histone demethylases (HDMs). Panel A - Schematic mode of action representations for
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HMT and HDM epigenetic enzymes on nucleosome histones. HMTs add a methyl group (Me)
onto the N-terminal tails of histone proteins, whereas HDMs remove this chemical
modification. Panel B - Representation of the characteristic domains found within the HMT
(PKMT, DOT1L, PRMT) and HDM (LSD, JMJD) families. PKMT - Protein Lysine
Methyltransferase, DOT1L - Disruptor of telomeric silencing 1-like, PRMT - Protein Arginine
Methyltransferase, LSD - Lysine Specific Demethylase, JMJD - Jumonji domain-containing
protein, SET - Su(var)3-9, Enhancer-of-zeste and Trithorax, AOL - amine oxidase-like, JmjN
- Jumonji N terminal, JmjC - Jumonji C terminal. Panel C - Phylogenetic tree of S. mansoni
HMTs and HDMs inferred from Maximum Likelihood analysis using MEGA as described in
Section 3.2.5 is presented. The analysis involved 27 SmHMTs and 14 SmHDMs. Bootstrap
Thresholds Bootstrap support values on the nodes range from 30 to 50 (highlighted with a
green circle), between 50 and 70 (highlighted with a red square) and between 70 and 100
(highlighted with a yellow star). New HMTs and HDMs are highlighted in red boxes. A colour
code is used for each family of histone modifying enzymes: light blue for PKMT - Protein
Lysine Methyltransferases, dark blue for PRDM - PR Domain containing Methyltransferase,
dark orange for DOT1L - Disruptor of telomeric silencing 1-like, light orange for PRMT Protein Arginine Methyltransferases, purple for LSD - Lysine Specific Demethylases, green
for JMJD - Jumonji domain-containing proteins. The phylogenetic tree was constructed with
MEGA5 and the layout was modified with iTOL: Interactive Tree of Life (freely available on
https://itol.embl.de/upload.cgi).

Confirmation of the predicted open reading frame (ORF) was conducted only on the 4
newly identified SmHMTs and SmHDMs based on the schistosome genome assembly
v5.2. A set of forward and reverse primers were designed to amplify the full-length
sequence of each target predicted by genome prediction (reverse and forward sequence
reported in Appendix 2.1). The ORFs of these targets were amplified using cDNA
extracted from 7 wks adult worms (mixed sex) using standard PCR amplification; the
purified desired amplicons were cloned in pGEM-T-Easy or Zero-Blunt vector (as
described in Chapter 2, Section 2.3). The purified recombinant plasmids were
sequenced (data not shown) and, except for few cases of synonymous mutations, the
results confirmed the predicted genome sequence.
The chromosomal location of all 27 SmHMTs and 14 SmHDMs was identified on the
S. mansoni chromosome assembly available on Wormbase parasite (assembly v7.0,
(Berriman et al., 2009)). The SmHMTs were widely distributed across all seven
autosomes and the ZW allosome pair (Figure 3.3A). The largest number of SmHMTs
(six) was located on chromosome 4; in contrast, the SmHDMs were only found on
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autosomes 1-5 (none were found on chromosomes 6 and 7) and the ZW autosome pair
(Figure 3.3B). The three putative SmLSDs were placed on chromosome 3, 5 and ZW.
The SmJMJDs were distributed across all chromosomes (except 6 and 7) with
chromosome 1 containing the most members.
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Figure 3.3. Map viewer showing the chromosomal distribution of the SmHMT/SmHDM
gene families. The chromosomal locations of each SmHMT (Panel A) and SmHDM (Panel
B) is based on the physical position of each corresponding gene model (based on genome
assembly v7.0). The scale on the left is in megabases (Mb). The chromosome numbers are
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shown at the bottom of each bar (1 to 7 for the seven autosomal schistosome chromosome plus
the ZW sex-determination pairs). Green, red and blue outlined boxes represent the DOT1L,
PRMT and LSD protein families respectively. The location and chromosome information were
obtained from Wormbase parasite and the figure was produced using the publicly available
Phenogram tool (http://visualization.ritchielab.org/phenograms/plot).

3.3.2 Comparative sequence analysis
The SmHMTs and SmHDMs define two protein families involved in regulating
histone methylation. Each family can be further divided into subfamilies according to
the specific amino acid target of methylation (lysine or arginine) and the extent of
methylation (mono-, di- and tri-methylation) as described in Chapter 1. These
subdivisions are defined by the presence of four distinctive catalytic domains: the SET
domain for PKMTs, the core region for the PRMTs, the DOT1 core region for DOT1L,
the amino-oxidase like (AOL) domain for the LSDs and the JMJC domain for the
JMJDs. A MSA of the catalytic domain of each subfamily was performed for the
inspection of significant sequence patterns and structural features participating in
active site biochemistry, ligand binding or protein folding. Each alignment was
investigated based on the same catalytic domains present in the homologous human
HMT/HDM proteins.

3.3.2.1 PKMT
The Protein Lysine Methyltransferase (PKMT) subfamily is characterised by the
presence of the catalytic sequence known as the SET domain, which is approximately
130 amino acids long. The identification of the SET domain in S. mansoni revealed an
average length (125 aa), which is similar to that described for H. sapiens. However, 6
SmPKMTs contained a much longer SET domain (average length of 300 aa). The
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MSA of the SmPKMT’s SET domain revealed the presence of a long insertion in these
six SmHMTs (Smp_150850, Smp_000700, Smp_124950, Smp_121610, Smp_149380
and Smp_148360) resulting in several gaps in the sequence alignment.
Despite this, visual inspection of the sequence alignment revealed pronounced
similarities amongst the SET-domain containing members (Figure 3.4). The
alignment highlighted the presence of the four most conserved motifs (Motif I, II, III
and IV) of the SET catalytic domain (Dillon et al., 2005). Motif I and II were found
within the SET-N domain, whereas Motif III and IV were found within the SET-C
domain. These two non-contiguous domains were linked by a third domain (SET-I),
which defined a variable insert region (Marmorstein, 2003). The SET-specific feature
Motif I (or GxG motif where x represents any amino acid, usually bulky hydrophobic
residues), involved in cofactor binding, was relatively well conserved amongst the
SmPKMTs with the only exception being Smp_342100. However, while not known
to be functionally relevant, some schistosome proteins contain only one of the two
conserved glycine residues (Smp_246410, Smp_210660, Smp_062530, Smp_140390,
Smp_000700, Smp_149380), as shown in Figure 3.4. Motif III, containing the
RFINHSCxPN sequence, responsible of the substrate recognition as well as in the
formation of the pseudoknot structure (Jacobs et al., 2002), was very well conserved
region amongst the schistosome proteins.
In contrast, Motif II (involved in the catalytic activity of these proteins) was more
variable amongst the schistosome sequences. In fact, as shown by comparison to the
cross-species HMM logo of SET domain derived from Pfam database (above the
sequence alignment in Figure 3.4), this 15 amino acid-motif contained only two highly
conserved residues and three moderately conserved residues. Regarding the other
residues, no patterns of chemically similar amino acids were present in the schistosome
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MSA. By contrast, the catalytic important tyrosine appeared to be invariant across the
aligned sequences or substituted by another similar amino acid with hydrophobic side
chain (such as phenyalanine in Smp_000700 and Smp_148360 or valine/leucine for
Smp_210660 and Smp_062530). Motif IV, together with Motif III, define the wellcharacterised pseudoknot structure of the SET domain-containing proteins which is
involved in both cofactor and substrate binding. Its conserved consensus sequence
(GEELxxDY, as shown in the cross-species derived Pfam HMM logo) appeared
conserved amongst the SmPKMTs. Importantly, most of the SmPKMTs possessed all
known functionally conserved SET-domain residues for methyltransferase activity
including tyrosine (Y, the catalytic site), asparagine (N) and tyrosine (Y) residues (both
involved in the loop formation) within Motif II, III and IV respectively (indicated by
an asterisk in Figure 3.4A and summarised in Figure 3.4B, (Jacobs et al., 2002)). The
MSA of SmPKMT SET domains also highlighted the F/Y switch (in Motif IV) in
Smp_078900, Smp_160700 and Smp_027300, which was demonstrated to be
responsible for controlling the product specificity of human PKMTs (Collins et al.,
2005).
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Figure 3.4. SmPKMTs contain the four most conserved motifs of SET domain. Panel A
- Alignment of all identified SmPKMTs is performed using the multiple sequence alignment
algorithm MUSCLE. The alignment is visualised in Jalview and the residues are coloured
according to their physicochemical properties (using the Zappo scheme (Attwood et al.,
2016)). Gaps and long insertions are removed and the multiple sequence alignment is trimmed
to focus on the four conserved motifs and other invariant residues. The four most conserved
motifs are defined by black boxes. Above each box the consensus sequence of each motif
derived from the analysis of the HMM logo provided by Pfam for the SET domain is reported
as a reference. This HMM logo is obtained from a multispecies genome sequence alignment
and therefore is highly representative of the SET domain across species. A coloured code is
used to define the degree of conservation of the specific amino acid at the specific position of
the consensus sequence: red if the residue was highly conserved, blue for residues moderately
conserved and black for residues with the lowest level of conservation. Consensus sequence:
Motif I, GxG with x is a bulky hydrophobic residue (i.e. W/L/Y); Motif II, EYx 1Gx2x3I(x)7R
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with x1 and x3 is a bulky hydrophobic residue (i.e. P/L/V) and x2 is a charged amino acid (E);
Motif III, RFINHSCxPN with R or other charged amino acid (i.e. D/H), FI as bulky
hydrophobic residues, SC as polar amino acids; Motif IV, GEELxxDY with G as bulky
hydrophobic residues, E can be substituted by Q and the second x position represent usually
the F/Y switch. The functionally important tyrosine (Y), asparagine (N) and tyrosine (Y)
residues within Motif II, III and IV respectively, are indicated by an asterisk in the upper line,
above the consensus reference. Panel B - Table summarising the presence of the 4 conserved
motifs and the three crucial residues for each SmPKMTs is reported. The presence of the motif
in each Smp is confirmed if at least half of the most conserved residues (both red and blue
residues) are present in the amino acid sequence under investigation. The presence of the
functionally important residues is indicated by an asterisk.

Analysis of SmPKMT alignment showed some degree of variability, therefore, a more
detailed analysis on each protein was performed to assess the presence of each motif
and the known functionally important residues. The MSA was used to define an HMM
logo for the schistosome proteins and the comparison with the cross-species HMM
logo provided by Pfam for the SET domain (used as reference) was summarised in
Table 3.4.
Table 3.4. Sequence HMM logos for each motif of SET domain.

Sequence HMM logos for each SET domain motif derived from the SmPKMTs is produced
using Skylign (see Section 3.2.2). The motifs are displayed by stacks of letters at each position
in a XY graph where the X- and Y-axis represented the width of motif and the information
content (aka relative entropy) of that position in the motif in bits respectively. The letters
(representing amino acids) divide the stack height according to their estimated probability at
a given position. A specific colour is arbitrarily assigned to each residue to increase legibility.
The height of the stack of letters for each position corresponds to the conservation at that
position and the height of each letter within a stack depends on the frequency of that letter at
that position.
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3.3.2.2 PRMT
The SmPRMT family was characterised by the presence of a catalytic domain, named
the core region, which contains between 294 and 343 aa (comparable to the average
length of the core region found in human PRMTs, which is 310 aa) (Fuhrmann et al.,
2015). Alignment of the 5 putative SmPRMTs revealed significant similarity over this
catalytic domain (Figure 3.5). Here, the six conserved sequence motifs (I, post I, II
and III) and the double E and THW loops specific for PRMT family members were
also found amongst the five SmPRMTs (Zhang et al., 2000). An additional two
conserved motifs are the VRT motif (upstream the Motif I) which is known as a
PRMT-specific motif and the YFY motif usually found in Type 1 PRMTs (catalysing
arginine asymmetric dimethylation) (Cheng et al., 2005).

Figure 3.5. SmPRMTs contain the eight most conserved motifs of the core region. Panel
A - Alignment of all the SmPRMTs is performed using the multiple sequence alignment
algorithm MUSCLE. The alignment is visualised in Jalview as described in the figure legend
of Figure 3.4. The eight most conserved motifs are defined by black boxes. Above each box
the consensus sequence of each motif derived from the analysis of the HMM logo provided by
Pfam for the PRMT core region is reported as reference. A coloured code is used similarly to
Figure 3.4. The functionally important glutamic acids (E, twice) and the histidine (H) residues
within Double E and THW loops respectively, are indicated by an asterisk in the upper line,
above the consensus reference. Panel B - The table summarises the presence of the 8
conserved motifs and the three crucial residues for each SmPRMTs. The presence of the motif
in each Smp is confirmed similarly to that described in Figure 3.4. *only in PRMTs type I
(Bedford, 2007); **this mutation reduces the activity (Zhang and Cheng, 2003); ***FSW
motif in PRMT5 instead of THW (Antonysamy et al., 2012).
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Comparison of the MSA of Figure 3.5A with the consensus sequence (derived from
the Pfam cross-species HMM logo) for the PRMT core region indicated a high
sequence conservation of the most PRMT-specific motifs among these family of
schistosome proteins. Particularly, the retention of the YFY motif in 3 of the 5
SmPRMTs (Smp_070340, 029240, 337860) suggested that these family members are
type I PRMTs (similarly to the human PRMT1, 2, 3, 4, 6 and 8 (Jahan and Davie,
2015)). Therefore, they could catalyse the formation of monomethylated as well as
asymmetrically dimethylated arginine residues (Bedford, 2007).
Smp_025550 and Smp_171150 presented a deviation away from the conserved YFY
motif suggesting that they can’t be classified as type I PRMTs. Whether they are S.
mansoni type II (catalysing the formation of monomethylated and symmetrically
dimethylated arginine - PRMT5, 7, 9 or FBX11), type III (catalysing only the
formation of monomethylated arginine - PRMT7) or type IV (catalysing the
monometylation of the internal guanidine nitrogen rather the external as the others)
PRMTs is currently unknown (Bedford, 2007). As this classification system does not
include PRMT10 and PRMT 11 (also known in human as FBX010 (Teyssier et al.,
2010)), further analyses are required to confirm what class these remaining two
SmPRMTs (Smp_025550 and Smp_171150) belong.
As shown in Figure 3.5B, the alignment of the PRMT core region also reveals the
presence of all three main functional residues (the two conserved glutamic acids and
the histidine residue within Double E and THW loops respectively) in 60% of the
family members (Smp_070340, Smp_029240 and Smp_337860). In fact, the first two
conserved residues are present in all the identified SmPRMTs except for Smp_171150
in which one of these residues is replaced by a chemically similar amino acid (aspartic
acid) that associates with reduced activity (Zhang and Cheng, 2003). More variability
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was observed for the third invariant residue especially for Smp_171150 and
Smp_025550. In fact, Smp_171150 presents a serine residue in place of the conserved
histidine. Similar variation was observed previously in other type II PRMT5s found in
other species (human and others, (Antonysamy et al., 2012)), which led to the
replacement of the PRMT-specific motif THW with the FSW Motif. This observation
is informative for the identification of Smp_171150 as putative SmPRMT5. This
evidence, along with the presence of the above mentioned YFY motif, provided
confidence that Smp_171150 is a putative SmPRMT5 homologue. This conclusion is
also confirmed by a Pfam search, which identified the PRMT5 domain (PF05185) in
Smp_171150 (data not shown). Smp_025550, instead, contains neither the THW not
the FSW motif or other sequence specific features that could have helped in the
unambiguous identification of this SmPRMT. In this direction, excluding the Type I
PRMTs because of the absence of the YFY motif and PRMT5, a full-length amino
acid sequence comparison between Smp_025550 and human representatives of the
remaining PRMTs (PRMT7, 10 and 11; Uniprot accession numbers: Q9NVM4,
Q6P2P2 and Q9UK96, respectively) revealed a higher pairwise similarity between
Smp_025550 and HsPRMT7 (data not shown). Further analysis of Smp_025550
confirmed the presence of duplicated catalytic domains: the first one (identified by
PRMT domain identifiers of Table 3.1) in the N-terminal region (which was used for
the protein alignment of Figure 3.5) and another towards the C - terminal region).
These duplicated domains are found at both the N- (25-402 aa) and C-termini (403755 aa) and have been found in human PRMT7 (Figure 3.6, (Esse et al., 2012)). While
the C-terminal domain does not bind the cofactor AdoMet, they are both required for
the overall activity of the full-length enzyme (Miranda et al., 2004). During the
preparation of the MSA of Figure 3.6, it was evident that the PRMT core region

146

initially identified in Wormbase parasite (17-361 aa) needed to be elongated to the
sixth PRMT motif, which was missing in the alignment of Figure 3.5. From the
alignment of Figure 3.6 we noticed that, although sharing conserved motifs I and post
I with the other PRMTs, Smp_025550 appears more distantly related at the motifs II
and III. Furthermore, as in all known PKMT7 sequences, the threonine of the THW
loop in the N-terminus domain was substituted by an aspartic acid (D) in Smp_025550
(Figure 3.6) (Fisk et al., 2009; Miranda et al., 2004). Moreover, the N-terminal
catalytic domain was more conserved than the second domain, which instead lacked
the second glutamic acid residue in the Double E loop as well as the PRMT7 specific
variation of the THW loop (DHW).
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Figure 3.6. Smp_025550 is a putative schistosome PRMT7 containing two catalytic
domains within the core region. At the top, a diagram of Smp_025550 is provided to indicate
the position of the two methyltransferase domains (length in amino acid is provided and the
different motifs are displayed as black boxes). The MUSCLE-generated alignment is restricted
to the two catalytic domains of Smp_025550 and HsPRMT7. The signature Motifs I, post I,
II, double E, III and THW loop are highlighted with blue labelled boxes and the position of
the functional residues (the two glutamic acids in the double E loop and the aspartic acid
replacing the threonine of the THW loop in the N-terminus domain) are indicated with a blue
arrow below the alignment. The conservation of the residues throughout the alignment is
shown by symbols: ‘*’ (asterisk) - conserved residues; ‘:’ (colon) - residues with strongly
similar properties; ‘.’ (period) - residues with weakly similar properties; no symbol - no
conservation of properties. Gaps are introduced to optimise the alignments and they were
shown by ‘-’.
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The MSA shown in Figure 3.5 was analysed to obtain an HMM logo for each
conserved motif within the SmPRMTs (Table 3.5). Comparison of the results of this
analysis with the multispecies HMM logo extracted from Pfam website for the PRMT
core region identified the most highly conserved regions; these are concentrated in the
N-terminal half of the protein and included Motifs I, post I, II and the double E loop
involved in substrate binding (Zhang et al., 2000).
Table 3.5. Sequence HMM logos for each motif of PRMT-associated domain.

Sequence HMM logos for each motif of core region of the SmPRMTs are calculated and
displayed similarly to Table 3.4.

3.3.2.3 DOT1L
The bioinformatics analysis identified Smp_165000 as the only putative homologue
of the mammalian Histone H3 lysine-79 specific methyltransferase or Dot1-like
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protein (DOT1L, in contrast to Dot1 in lower eukaryotes) (Kim et al., 2014). Despite
its proven lysine methyltransferase activity in human and yeast (Feng et al., 2002;
Leeuwen et al., 2002), DOT1L proteins don’t contain a classical SET domain. Instead,
a core region (of around 300 amino acids) containing a characteristic SAM binding
motifs related to the protein arginine methyltransferases is found (Dlakic, 2001).
A comparison of SmDOT1L with published DOT1L family members from several
species (Homo sapiens - Q8TEK3; Danio rerio - F1Q4W7; Saccharomyces cerevisiae
- Q04089; Drosophila melanogaster - Q8INR6; Mus musculus - Q67995;
Caenorhabditis elegans - Q6AW06) revealed a pronounced sequence similarity at the
amino acid level (Figure 3.7).
The comparison of SmDOT1L with different DOT1L sequences revealed that the
highest degree of similarity was with M. musculus DOT1 (62.12%), followed by D.
rerio (55.56%), H. sapiens (53.31%) and D. melanogaster (49.84%). In contrast,
SmDOT1L showed lower sequence similarity with C. elegans (28.08%) and S.
cerevisiae (23.58%) homologues.
Analysis of the alignment of the DOT1 core region revealed the presence of conserved
sequence motifs (X, I, II, III, IV, VI and VIII) within the core region (Figure 3.7).
Motifs I, II, III are known to be involve in substrate binding with the most conserved
residues interacting with the SAM cofactor (D and G of motif I, E of motif II and F of
motif III). Motifs IV, VIII and X are instead involved in target lysine binding and,
therefore, active site formation (F of Motif IV, W of Motif VIII and G of Motif X) as
well as catalysis of the enzymatic reaction (transfer of methyl group from the cofactor
and the substrate, specifically N of Motif IV). The other conserved residues are mainly
involved in intramolecular interactions (either hydrophobic or non-hydrophobic),
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which increase the protein stability (among them S of Motif I, N of Motif IV and S
and T of Motif VIII resulted the most conserved invariant residues).

Figure 3.7. SmDOT1L shares high sequence similarity to DOT1L homologues in other
organisms. Representative DOT1L proteins from other organisms are compared to
SmDOT1L to analyse sequence similarity over the core region of this specific histone
methyltransferase. Panel A - a schematic representation of DOT1L homologue in Homo
sapiens - Q8TEK3, Danio rerio - F1Q4W7, Saccharomyces cerevisiae - Q04089, Drosophila
melanogaster - Q8INR6, Mus musculus - Q67995, Caenorhabditis elegans - Q6AW06 and
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Schistosoma mansoni – Smp_165000) is illustrated. The full-length protein (shown as a blue
rectangular) and the position of the core domain (shown as a purple rectangle) are provided
for each protein. The motifs are shown as black boxes and the consensus sequence of each of
them is reported below Panel A. Panel B - a multiple sequence alignment of the collected
sequences, using MUSCLE, is illustrated. Black boxes represent the seven most conserved
motifs: the most conserved residues are highlighted in red, while the residues with lower levels
of conservation are highlighted in blue.

3.3.2.4 LSD
The bioinformatics investigation of the S. mansoni genome led to the identification of
three putative members of the Lysine-Specific Demethylases (LSDs). The catalytic
region of this protein family is defined as an amino oxidase-like (AOL, about 300
amino acids long) domain. The MSA of the AOL domain of the three schistosome
proteins was analysed for the identification of conserved residues found in other AOLdomain containing proteins (Figure 3.8). As shown in the MSA, the three putative
SmLSDs shared the order of the four characteristic motifs; two (Motif I and II) were
contained in the N-terminal region of the AOL domain and are responsible for cofactor
binding (FAD), while the last two (Motif III and IV) were found in the C-terminal
region of the AOL domain and are involved in substrate binding. Analysis of this
alignment revealed that the first two conserved LSD-specific motifs (Motif I and II)
were well conserved in Smp_150560 and Smp_160810 but not in Smp_162940;
conversely Motif III and IV appeared conserved across all the members of this family.
The functionally and structurally important residues found in enzymatically active
LSD enzymes are well conserved across the three SmLSDs (highlighted with a red star
in Figure 3.8, (Karasulu et al., 2013)). Most interestingly, the invariant lysine residue
(K, acting as an active-site base in the enzymatic catalysis) is conserved in all the
flavin-dependent amine oxidases identified in S. mansoni. Another important motif is
the aromatic cage consisting of a pair of aromatic residues, which contribute to active
site hydrophobicity shielding from the influx of external solvents. In the SmLSD1,
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similarly to other LSD1 members (Forneris et al., 2009), there is a conserved tyrosine
(Y) whereas the second aromatic residues is replaced by threonine of Motif IV
(Forneris et al., 2009). Regarding the fourth conserved residues (W), mainly mediating
the proton transfer required by the LSD catalytic activity, we observed that only
Smp_150560 retained this amino acid; however, the other two putative SmLSDs had
a W to Y substitution.

Figure 3.8. SmLSDs contain the four most conserved motifs within AOL domain. Panel
A - Alignment of all SmLSDs is performed using MUSCLE. The alignment is visualised in
Jalview as described in Figure 3.4. The four most conserved motifs are defined by black
boxes. Above each box the consensus sequence of each motif derived from the analysis of the
HMM logo provided by Pfam for the AOL domain is reported as reference. A coloured code
is used similarly to Figure 3.4. The functionally important lysine (K), tryptophan (W), tyrosine
(Y) and threonine (T) residues are indicated by an asterisk below the MSA. Panel B - The
table summarises the presence of the four conserved motifs and the four crucial residues for
each SmLSDs. The presence of the motif in each Smp is confirmed similarly to that described
in Figure 3.4.

A Hidden Markov model logo was generated from the multiple sequence alignment of
the three putative SmLSDs (Table 3.6). The comparison of the resulting HMM logo
to the HMM logo of the AOL domain (available in Pfam) allowed for a graphically
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and intuitively understandable way to show the sequence conservation at the amino
acid level amongst this protein family. By observing the sequence logos, we noticed
that the most important residues are conserved across the species but the SmLSDs
appear to have specific sequence patterns for each of the four motifs.
Table 3.6. Sequence HMM logos for the AOL domain specific motifs.

Sequence HMM logos for each motif of AOL domain of the SmLSDs are calculated and
displayed similarly to Table 3.4.

3.3.2.5 JMJD
The JMJD family is the second histone demethylase class analysed in this chapter.
These enzymes contain a Jumonj C (JmjC, Japanese for “cruciform” (Anand and
Marmorstein, 2008; Takeuchi et al., 1995)) domain, which catalyses lysine
demethylation thorough oxidation that requires iron Fe(II) and α-ketoglutarate (αKG)
as enzymatic cofactors (Klose et al., 2006; Tsukada et al., 2005). Based on previous
studies, the JmjC domain shows some sequence conservation even though specific
motifs haven’t been investigated in detail, conversely to the PKMT and PRMT
families. In fact, histone demethylases have only recently been identified with both
LSD and JMJD enzymes being discovered and characterised within the last 10 years
(Shi et al., 2004; Tsukada et al., 2005).
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This being said, sequence alignment of the SmJMJD JmjC domains was analysed in
light of JMJD comparisons derived from other species (Klose et al., 2006; Tsukada et
al., 2005). The visual inspection of SmJMJD JmjC alignment identified discrete
regions of sequence similarity (Figure 3.9), which are named for convenience as Motif
I, II and III.
Amongst these, five conserved residues have been identified as crucial for the binding
of each enzymatic cofactor. In particular, three amino acids interacting with the iron
cofactor binding in the catalytic site were found in Motif I and III (highlighted with a
red star in the MSA of Figure 3.9). Among these three residues, two invariant histidine
residues belong respectively to Motif I and Motif III and define a structural motif
called the facial triad (Hojfeldt et al., 2013; Markolovic et al., 2016). The third
conserved residue of the so-called facial triad is present in Motif I (adjacent to the first
mentioned histidine). This residue is usually a glutamic or aspartic acid and similar
variation can be observed amongst the SmJMJDs (Figure 3.9). While a
glutamic/aspartic substitution does not affect enzymatic activity, Smp_333400
contains an isoleucine residue that likely will abrogate activity (Klose et al., 2006).
Within the JmjC domain, an additional two conserved residues are found within Motif
I as well as in an intermediate region between Motif I and II; both are suggested to be
involved in the αKG-binding (shown with a blue oval in Figure 3.9). However, in
these positions, the level of amino-acid conservation is quite variable and different
amino-acids substitutions are present in these two positions. Nevertheless, only the
phenylalanine/threonine/tyrosine (F/T/Y) variation for the first position and the lysine
(K) for the second one are commonly associated with enzyme activity. Considering
this, many of these enzymes (e.g. Smp_161400, Smp_315890 and Smp_034000)
might not be functional and require further experimental confirmation.
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Figure 3.9. SmJMJDs contain the conserved residues required for Fe(II) and αKG
binding. Panel A - Alignment of all the SmJMJDs is performed using MUSCLE. The
alignment is then visualised in Jalview as described in Figure 3.4. The three most discrete
regions of sequence conservation are identified in the MSA (defined by black boxes) and
named as Motifs I, II and III. Above each box, the consensus sequence of each motif derived
from the analysis of the HMM logo provided by Pfam for the JMJC domain is reported as a
reference (the upper line contains the most common amino acid variations for some selected
positions). A coloured code is used similarly to Figure 3.4. The functionally important
residues involved in Fe(II)- and α-ketoglutarate-binding are highlighted below the MSA with
a red star and a blue oval respectively. Panel B - The table summarises the presence of the
three conserved motifs and the five crucial residues for each SmJMJDs. The presence of the
motif in each Smp is confirmed similarly to that described in Figure 3.4.

A Hidden Markov model logo was generated from the multiple sequence alignment of
the SmJMJD protein family and compared to a multispecies-derived HMM logo
reference (available in Pfam) for the JmJC domain (Table 3.7) as previously described
for the other SmHMTs and SmHDMs. The resulting HMM logo sequences revealed
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high conservation amongst the two Fe(II)-binding histidine residues. Furthermore,
some specific-parasite features can be identified, such as a preferred threonine in the
F/T/Y (phenylalanine/threonine/tyrosine) variation involved in the αKG-binding and
the Fe(II)-binding aspartic residue found more conserved than the glutamic analogue.
It also was noteworthy that Motif III of the SmJMJDs contained the same highly
conserved residues included in the Pfam HMM logo. However, regarding the
remaining postions of Motif III, we can observe prevalence of specific residues
(highlighted by the bigger letter size of the HMM logo) in positions where other
species presents a generic amino acid. This highlights the presence of parasite-specific
amino acid patterns in the third motif of the JmjC domain.
Table 3.7. Sequence HMM logos for the JmjC domain specific motifs.

Sequence HMM logos for each motif of JmjC domain of the SmJMJDs are calculated and
displayed similarly to Table 3.4.

3.3.3 Additional domain classification
After the detailed analysis of catalytic regions found within the identified SmHMTs
and SmHDMs, characterisation of additional domains found for each parasite protein
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was next conducted. In fact, the identification of these additional domains provided
more confidence in the classification of distinct SmHMT and SmHDM subfamilies
and clades.
These other structural or functional domains were identified using different
bioinformatics tools as described in Section 3.2.4. Briefly, protein domain predictions
were performed using different Interpro, SMART, Pfam and Prosite identifiers (Table
3.2) of non-catalytic regions found present in other epigenetic enzymes (mainly using
human epigenetic enzymes as a reference). This method led to the full characterisation
of the domain architecture of all SmHMTs and SmHDMs (Figure 3.10).
The PKMTs are very heterogeneous in domain architecture which, along with
substrate specificity, defines distinctive subgroups within this protein family. Firstly,
the core SET domain is usually flanked by a pre-SET and post-SET domain (Qian and
Zhou, 2006b). While not extremely conserved, these domains seem to help maintain
structural stability (pre-SET, (Wilson et al., 2002)) or interactions with the core SET
domain (post-SET, (Zhang et al., 2002)). In total, three SmPKMTs (Smp_027300,
150850 and 043580) contain the mentioned pre-SET domain and nine SmPKMTs
(Smp_070170, 138030, 167000, 027300, 210650, 140390, 000700, 342100 and
121610) contain the mentioned post-SET domain (as shown in Figure 3.10).We also
observed, in three SmPKMTs (Smp_000700, Smp_124950 and Smp_121610), the
presence of the MYND domain splitting the SET catalytic region. The MYND domain
is a putative zinc-finger domain, mainly involved in proline-rich protein interactions,
and defines a distinctive class of PKMT called the SMYD proteins (Leinhart and
Brown, 2011; Sirinupong et al., 2011). Four putative SmPKMTs (Smp_070170,
138030, 144180 and 140390) also contained the FY-rich N/C-terminal (FYRN and
FYRC) sequence motifs, which are particularly common in histone H3K4
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methyltransferases, particularly in a family of proteins that include the human mixed
lineage leukemia (MLL) PKMT (Gu and Lee, 2013). Other SET-associated domains
including (not exhaustive) the Plant HomeoDomain zinc finger domain (PHD),
Associated With SET domain (AWS), Chromo - CHRromatin Organization MOdifier
domain (CHROMO) were identified in the SmPKMTs as depicted in Figure 3.10A.
Regarding the SmPRMTs, all members contained the conserved catalytic core
preceded by an N-variable region (known as pre-core, Figure 3.10A). As described in
the literature, additional domains can be found in the pre-core region and this helps to
define specific PRMT clades (Esse et al., 2012). Amongst the identified SmPRMTs,
only Smp_337860 contained a zinc finger domain in the pre-core region; this
architecture is similar to human PRMT3. The only SmPRMT that contained a postcore region after the core region was Smp_070340, which is similar in architecture to
H. sapiens CARM1/PRMT4 (Yue et al., 2007).
As previously described (Section 3.3.2.3), SmDOT1L (Smp_165000) contains a core
region responsible for H3-K79 methyltransferase activity and this is located at the Nterminus.
The three putative SmLSDs (Smp_150560, Smp_160810 and Smp_162940) contained
a few other specific domains in addition to the AOL catalytic domain (Figure 3.10B).
Amongst these, a SWIRM domain (named after the proteins SWI3p, Rsc8p and Moira
in which it was first recognized (Cairns et al., 1996; Peterson et al., 1994; Wang et al.,
1996)) was observed at the N-termini of all SmLSDs. This globular domain is
predicted to mediate protein-protein interactions in chromatin-protein complexes,
particularly for its contribution to the binding of the H3 tail (Aravind and Iyer, 2002).
This domain also contributes to the structural integrity of the LSD1 catalytic site
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through its interactions with the AOL domain (see Section 3.3.7.4). One particular
SmLSD, Smp_150560, contained an additional domain (Tower domain) whose
interaction with a corepressor (coREST where REST stands for Repressor Element 1Silencing Transcription) may enable nucleosome demethylation as described for H.
sapiens LSD1 (Lee et al., 2005; Pilotto et al., 2015; Yang et al., 2006). As this domain
was not additionally found in the other two SmLSDs, Smp_150560 is likely a LSD1
homologue whereas Smp_160810 and Smp_162940 are likely LSD2 homologues. In
support of this hypothesis, Smp_160810 and Smp_162940 contained two individual
zinc finger domains including a C4H2C2-type zinc finger (Zf- C4H2C2) joined to a
CW-type zinc finger (CW domain, named after its conserved cysteine and tryptophan
residues (Perry and Zhao, 2003)) in their N-termini (Figure 3.10B). This architecture
feature is well characterised in other LSD2 proteins (Burg et al., 2015).
Six SmJMJDs (Smp_161400, 213920, 316180, 315890, 342360 and 241580)
contained only the conserved JmjC catalytic domain as shown in Figure 3.10B. The
N terminal Jumonji domain (JmjN) was only found in three schistosome proteins
(Smp_132170, 156290 and 019170); the latter two also contained the AT-rich
interactive domain (ARID), which provides confidence in classifying them as
members of the JARID family (Lu et al., 2008). Other domains commonly found in
JMJD HDMs, as reported in the literature (Johansson et al., 2014; Klose et al., 2006),
were also variably found in the SmJMJDs; these included the zinc-finger-like domains
(Zf-C2H2, Zf-C5HC2), the plant homebox domain (PHD) and the tetratricopeptide
repeat domain (TPR, Figure 3.10B).

160

Figure 3.10. Protein domain architecture of S. mansoni HMTs and HDMs. Modular
organisation of the 27 HMTs (Panel A) and 14 HDMs (Panel B) found in S. mansoni are
generated from primary amino acid sequences using InterPro, Pfam, PROSITE and SMART.
SET - Su(var)3-9, Enhancer-of-zeste and Trithorax domain; CXC - 65-residue cys-rich
domain; FYRN - FY-rich domain N-terminal; FYRC - FY-rich domain C-terminal; Post-SET
- post Su(var)3-9, Enhancer-of-zeste and Trithorax domain; PHD zinc finger - Plant
HomeoDomain zinc finger; AWS - Associated With SET; Chromo - CHRromatin
Organization MOdifier domain; Pre-SET - pre Su(var)3-9, Enhancer-of-zeste and Trithorax
domain; PWWP - Pro-Trp-Trp-Pro domain; CTD - carboxy-terminal domain; Tudor - Tudor
domain; MYND - MYeloid, Nervy and DEAF-1 domain; TPR - tetratrico peptide repeat
region; DOT1 - Disruptor of the telomeric silencing 1; PRMT core - Protein Arginine
Methyltransferase core domain; Zf-C4H2C2 - C4H2C2-type zinc finger; Zf-CW – CW-type
zinc finger; SWIRM - SWIRM domain (named after the proteins Swi3p, Rsc8p, and Moira, in
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which it was first recognized); AOL - Amine Oxidase-like domain; JMJC - Jumonji C domain;
C5HC2 - C5HC2-like zinc finger; ARID - AT rich interaction domain. Newly identified HMTs
and HDMs are highlighted in red boxes.

3.3.4 Gene expression of HMTs and HDMs
As there has been no comparative gene expression profiling for all SmHMTs or
SmHDMs, transcript abundances of these epigenetic products were inferred from
historical DNA microarray data (Fitzpatrick et al., 2009) (Figure 3.11). When
compared to the only previous study examining gene expression for a single SmHMT
family member (SmPRMT1, Smp_029240), our results are broadly in agreement for
similarly profiled lifecycle stages (adult female and male parasites; female > male)
(Mansure et al., 2005). However, our more extensive lifecycle analysis (Figure 3.11A
and B) suggests that wide modulation of these family’s gene expression occurs
throughout schistosome development. Noticeably, all members (except the SET
domain containing PKMTs Smp_144180, Smp_160700 and Smp_342100) seem to be
expressed in low abundance in the daughter sporocyst lifecycle stage. Maximal
abundance of any SmHMT or SmHDM was found in the sexually-mature adult
lifecycle stage (5 wks old); here, the three SET domain containing PKMTs
Smp_000700, Smp_078900 and Smp_210650 as well as the two JmjC containing
JMJDs Smp_156290 and Smp_019170 and the AOL-containing LSD Smp_150560
are all found in higher abundance when compared to other lifecycle stages. In addition
to spatial expression differences and transient variations in SmHMT and SmHDM
activities, these longitudinal gene expression results are likely contributing to the
previously reported developmental changes in schistosome histone methylation states
and are required (together with other post-translational histone modification) for
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normal developmental progression in S. mansoni (Roquis et al., 2015b; Roquis et al.,
2018).

Figure 3.11. S. mansoni hmts and hdms are differentially expressed throughout
development. DNA microarray analysis and heat map representation of (Panel A) hmt and
(Panel B) hdm transcript abundance across 14 schistosome lifecycle stages. The expression
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level for each hmt or hdm is calculated as the ratio of individual Log2 expression values
(obtained from (Fitzpatrick et al., 2009)) to the median hmt or hdm Log2 expression value
(red = up-regulated; yellow = down-regulated). Hierarchical clustering (Euclidean distance
and complete linkage) of HMT and HDM Smp IDs (rows) is indicated on both panels.

3.3.5 Conservation of histone methylation machinery across the genus
Schistosoma and other organisms
3.3.5.1 Homologues in other schistosome species
The most closely related S. haematobium and S. japonicum homologous sequences for
these 27 SmHMTs and 14 SmHDMs were also identified by BLASTp interrogation of
WormBase-Parasite as described in Section 3.2.4. S. haematobium and S. japonicum
sequences were recognized as the most closely related HMT and HDM homologues
respectively (Sh/SjHMTs and Sh/SjHDMs) only if they demonstrated high sequence
similarity (an E value of 1e-5 or lower). Only the top S. haematobium or S. japonicum
hit (as defined by score) was included (Appendix 3.1 and Appendix 3.2). The catalytic
domains within the identified HMTs and HDMs in the three main schistosome species
(S. mansoni, S. haematobium and S. japonicum) were used to construct a phylogenetic
tree for each of the protein families, which confirmed our BLASTp results (Figure
3.12). The phylogenetic analysis confirmed that 20 of the 27 SmHMTs have a close
homologue in the other two schistosome species and 7 SmHMTs have a homologue at
least in one of the other two species. Among the HDMs, 8 SmHDMs have both a S.
haematobium and S. japonicum homologue whereas 4 SmHDMs only have a
homologue in one of the other two schistosome species. The remaining two
(Smp_333400 and Smp_132170) instead don’t appear to have a close homologue in
the other two human infecting schistosome species.
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Figure 3.12. Schematic phylogeny of the HMTs and HDMs within the Schistosoma genus.
Phylogenetic tree of S. mansoni HMTs (Panel A) and HDMs (Panel B) and the closest S.
haematobium or S. japonicum homologue is inferred from Maximum Likelihood analysis
using MEGA as described in Section 3.2.5. Bootstrap support values on the nodes range from
30-50 (highlighted with a circle), between 50 and 70 (highlighted with a square) and between
70 and 100 (highlighted with a star). Bootstrap support values below 30 are omitted. The
phylogenetic tree is constructed with MEGA5 and the layout is modified with iTOL:
Interactive Tree of Life (freely available on https://itol.embl.de/upload.cgi). Smp xxxxxx, Sjp
xxxxxxx and MS3 xxxxx (with x representing any number) indicate respectively S. mansoni,
S. japonicum and S. haematobium proteins.

3.3.5.2 Homologues in Homo sapiens
To investigate the phylogenetic relationship between the SmHMTs/SmHDMs and
their corresponding human homologues, the MSA of the characteristic domain of each
enzyme family (PKMTs, PRMTs, DOT1L, LSDs and JMJDs) was used to construct
phylograms (Figures 3.13-3.16), as described in Section 3.2.5.
Phylogenetic analyses using the full-length amino acid sequences of each HMT or
HDM gave very similar results to those based only on catalytic domains (data not
shown). However, the longer average length of the schistosome proteins compared to
the human homologues resulted in larger gaps in the alignment due to insertions of
loops that decreased the bootstrap values during phylogenetic analyses. Since most
insertions were usually found outside the catalytic domain, the catalytic domain
sequence, rather than the overall protein, was analysed.
The consensus SmPKMT tree (Figure 3.13A) revealed an overall clade organization
similar to what is observed in other species like D. melanogaster and H. sapiens (the
latter used as reference in Figure 3.13B, (Boriack-Sjodin and Swinger, 2016; Mis et
al., 2006; Richon et al., 2011)). Based on this consensus tree, we observed that some
schistosome proteins strongly cluster (bootstrap value of 40 or above) with the human
homologue, but there were also some proteins evolutionary distinct from the human
counterparts (bootstrap value below 40).
166

Overall, the schistosome and human PKMTs cluster in seven distinctive groups
(highlighted with differently coloured dashed box in Figure 3.13A) named for
similarity to the human phylogenetic analysis reported in literature (Figure 3.13B).
Each clade contains at least a representative SmPKMT like the PRDM subtype
containing Smp_016750 and the EZH group with Smp_078900. Among the larger
groups, we can observe the SMYD group including four proteins (Smp_070170,
Smp_138030, Smp_144180 and Smp_140390, confirmed also by the presence of the
MYND domain as described in Section 3.3.3). The MLL group instead includes four
other different schistosome proteins (Smp_144180, Smp_140390, Smp_138030 and
Smp_070170), which also appear to contain MLL-specific domains (Section 3.3.3).
Additionally, the SUV39, the ASH and the SETD groups represent more
heterogeneous groups of proteins (Figure 3.13A). In comparison to the HsPKMT
phylogenetic tree, S. mansoni appears to contain all the main subfamilies of PKMTrelated proteins with interesting cases of family size reduction rather than expansion.
For example, Smp_078900 was the only schistosome representative of the EZH group
(compared to the human EZH1 and EZH2, (Lui et al., 2016)). Even more interesting
was the identification of Smp_016750 as the only SmPRDM in contrast to the 17 genes
encoding for PRDM proteins in the human genome (Di Zazzo et al., 2013).
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Figure 3.13. Relationship between S. mansoni and H. sapiens PKMTs. Panel A - The
phylogeny outlined in the tree is derived from multiple sequence alignment of the SET domain
of 21 SmPKMTs and 26 representative HsPKMTs (name and Uniprot access number reported
in Appendix 3.3). The consensus tree is constructed in MEGA using the Maximum Likelihood
method. An unrooted dendogram represents the bootstrap analysis of the Hs and SmPRMT
family accomplished using 500 iterations. The taxa name (sequence name) is reported at the
tip of each branch and the bootstrap value (supportive value) is indicated for each node. The
branch length is proportional to the distance calculated between the various PKMT family
members with the scale reported as reference at the bottom of the dendrogram. The internal
clusters of PKMTs are highlighted with dashed boxes using the same colour code of the small
coloured circles indicating the same clades in the human PKMTs family tree reported in Panel
B as comparison. The tree was an adaptation of the figure reported in the article
“Chemogenetic Analysis of Human Protein Methyltransferases” of Richon et al. (2011).

Comparison of the second major HMT family, the PRMTs, was next conducted and
revealed consistent relatedness between the catalytic domain of the SmPRMTs and
HsPRMTs (Figure 3.14). As mentioned in Chapter 1 and in Section 3.3.2.2 of the
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current chapter, three types of PRMTs can be identified based on the extent of arginine
methylation. This phylogenetic analysis highlights the presence of three main clades
including Type I PRMTs (PRMT1, 2, 3, 4, 6 and 8), Type II PRMTs (PRMT5, 7) and
Type III PRMTs (PRMT7, (Figure 3.14A). In agreement with previous literature on
human PRMTs (Figure 3.14B), most of the SmPRMTs clustered together in a single
branch of the family tree (Type I PRMT in the blue box in Figure 3.14A). In this
direction, this consensus tree supports the identification of Smp_029240, Smp_337860
and Smp_070340 as Type I PRMTs (additionally supported by the identification of
Type I specific motifs as described in Section 3.3.2.1). PRMT5 and 7 fell into two
distinct sub-branches, but maintained a degree of structural relatedness to the first main
cluster (Arrowsmith et al., 2012b; Wu et al., 2010). As proposed in Section 3.3.2.2,
the presence of the PRMT5-specific FSW motif in instead of THW loop of
Smp_171150 and the duplication of the PRMT core region of Smp_025550 provided
preliminary evidence of the identity of these two proteins as SmPRMT5 and
SmPRMT7, respectively. As shown in Figure 3.14A, the phylogenetic analysis
provides further evidence that Smp_171150 and Smp_025550 are likely homologues
of H. sapiens PRMT5 (Type II) and PRMT7 (Type III) respectively. Although
experimental data haven’t supported the enzymatic activity of PRMT10 and 11 yet,
they were incorporated in this analysis and they represented distinctive branches in
this protein family tree, generally in agreement with previous evidence (Richon et al.,
2011).
Although DOT1L is functionally related to PKMTs with the well demonstrated H3K79
methyltransferase activity (Wu et al., 2010), different features such as the absence of
SET domain and its strict substrate specificity for nucleosomes (Min et al., 2003)
differentiate DOT1L from the PKMT family. For this reason, the putative schistosome
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DOT1L (SmDOT1L, Smp_165000) was not included in the PKMT phylogenetic
analysis as previously also performed for H. sapiens (Brown and Müller, 2015; Richon
et al., 2011). Conversely, H. sapiens DOT1L and SmDOT1L were included in the
bootstrap analysis of the PRMT analysis due to their structural similarity to the protein
arginine methyltransferases family. As result of this, these two proteins were contained
in an outlier group, clearly distinct from the PRMTs (Figure 3.14).

Figure 3.14. Relationship between S. mansoni and H. sapiens PRMTs. Panel A - The
conserved amino acids positions in the 5 SmPRMTs, 1 SmDOT1L, 11 HsPRMTs and 1
HsDTO1L (name and Uniprot access number reported in Appendix 3.3) are selected as
described in Section 3.2.5. The unrooted dendogram represents the consensus tree construct
as described in Figure 3.13. Subtypes of PRMT mentioned in the section are also reported in
the picture: Type I in green, Type II in brown and Type III in blue. The internal clusters were
highlighted with a dashed box (a dashed line for PRMT9 and 11) using the same colour code
in the human PRMTs family tree reported in Panel B as comparison. The tree is an adaptation
of the figure reported in the article “Chemogenetic Analysis of Human Protein
Methyltransferases” of Richon et al. (2011). Multiple members of the METTL and NOP2/Sun
domain family (NSUN) protein groups, both of which have previously been described to be
RNA methyltransferases, are reported in the tree of Panel B but they are not object of this
discussion.

As previously discussed, there are two classes of histone demethylases: the smaller
group of Lysine-Specific Demethylases (LSDs, KDM1) and the larger group of
Jumonji-type histone demethylases (JMJDs, KDM2-9). Based on the different
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catalytic demethylation reactions and structural organization, the LSDs and JMJDs
were analysed separately (Figure 3.15 and Figure 3.16). In humans, two different
LSD isoforms have been identified; these are known as LSD1 (or KDM1A) and LSD2
(or KDM1B). Both enzymes are members of a larger family of flavine adenine
dinucleotide (FAD) dependent amine oxidases which oxidise a range of biogenic
amine containing substrates such as neurotransmitters, for example, dopamine by
MAOA or MAOB enzymes, or polyamines by other members (Figure 3.15B).
However, within this large FAD family, only KDM1A and KDM1B are epigenetic
regulators having demonstrated activity towards methylated lysine residues in histone
3 (highlighted in light green in Figure 3.15B, (Nowak et al., 2016)). The consensus
tree obtained for the phylogenetic analysis of H. sapiens LSD1/2 and the three putative
SmLSDs confirmed Smp_150560 as closely related to HsLSD1. The other two
proteins (Smp_160810 and Smp_162940) clustered together in a clade not closely
related to either HsLSD1 or HsLSD2 suggesting that these SmLSD homologues could
define a distinctive subclass of flavine adenine dinucleotide (FAD) dependent amine
oxidases, similarly to the other human amino-oxidases.

Figure 3.15. Relationship between S. mansoni and H. sapiens LSDs. Panel A - The
conserved amino acid positions in the 3 SmLSDs and the 3 HsLSDs are selected as described
in Section 3.2.5. The consensus tree is constructed similarly to Figure 3.13. The internal
clusters were highlighted with box using the same colour code in the human LSDs family tree
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reported in Panel B as comparison. The latter tree is an adaptation of the figure reported in the
article “Advances and challenges in understanding histone demethylase biology” of Nowak et
al. (Nowak et al., 2016). This tree represents the enzyme family of flavine adenine
dinucleotide (FAD) dependent amine oxidases of which KDM1A and KDM1B represents only
a small clade (all the other members are not object of this discussion).

Based on the JmjC domain sequence of the 11 schistosome proteins identified after
bioinformatics analysis, a phylogenetic tree was constructed to investigate the
relatedness of the JMJD family within H. sapiens and S. mansoni (Figure 3.16). Here,
the 11 putative SmJMJDs clustered with the main human JMJD representatives in nine
different clades with good supportive values (Figure 3.16A), similar to what has been
observed in previous studies (Figure 3.16B) (Cloos et al., 2008; Cui et al., 2008;
Hojfeldt et al., 2013; Johansson et al., 2014; Lu et al., 2008).

Figure 3.16. JMJC domain-containing demethylase family tree diagrams. Panel A - The
phylogenetic relationships between 11 SmJMJDs and 14 representative HsJMJDs (name and
Uniprot access number reported in Appendix 3.3) is shown in an unrooted consensus tree. The
consensus tree is prepared as described for Figure 3.13. The internal clusters are highlighted
with dashed box using the same colour code in the human JMJDs family tree reported in Panel
B as comparison. The tree is an adaptation of the figure reported in the article “Crystal
Structure and Functional Analysis of JMJD5 Indicate an Alternate Specificity and Function”
of Paul A. Del Rizzo et al. (2012) (Del Rizzo et al., 2012).
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By merging information obtained from both the phylogenetic and domain architecture
analyses (Section 3.3.2.5), we classified the SmJMJDs into six groups (Figure 3.16A).
By comparison with H. sapiens JMJD protein family (shown as reference in Figure
3.16B), S. mansoni contains all the main types of JmjC domain-containing
demethylases with at least one parasite representative for each clade.
The KDM4-JMJD2 group contains Smp_132170 sharing the same domain architecture
as its human counterpart, including the JmjN, JmjC and PHD domain (Section 3.3.3).
Smp_156290 and Smp_019170 both cluster in the KDM5-JARID group which,
compared to the previous group, contains an extra ARID domain. The KDM6-JMJD3
group contains only one protein (Smp_034000); similarly, Smp_161400 is the only
schistosome representative of the KDM3/JMJD1 group, which contains the JmjC
domain at the C-terminus. Smp_315890 appears in the human KDM2/7 clade but
contains features quite different from the homologous human proteins based on its
branch position. Similarly to what is observed in humans (Mantri et al., 2010), S.
mansoni contains only one protein in the JMJD6 group (Smp_316180). Further
investigations of this enzyme might reveal a histone arginine demethylase activity,
which is an exclusive activity found for human JMJD6 (Chang et al., 2007).
Smp_213920, Smp_241580 and Smp_342360 are related respectively to the JMJD4,
5 and 7 clades. Smp_333400 groups with other JmjC-containing proteins named, based
on previous literature data, as hydroxylases (Johansson et al., 2014).
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3.3.6 Construction and assessment of SmHMT and SmHDM
homology models
The X-ray crystal structures of SmHMTs/SmHDMs are not currently available in
PDB, but 3D representations of these proteins were determined by homology
modelling approaches using the solved structures of the closest human homologue
(Chapter 2, Section 2.10). The availability of SmHMT/SmHDM models represents
an essential tool for the docking and structure-based design of novel anti-schistosomal
molecules.
Briefly, the homology modelling method used in this project consisted of four steps:
finding known structures related to the target sequence to be modelled (the templates),
aligning the sequence (the target) to the templates, building a 3D model and, finally,
assessing the model (Figure 3.17).
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Figure 3.17. Schematic representation of the comparative modelling method. Graphical
representation of the frame work of homology modelling presents the four main steps: (1)
finding known structures related to the target sequence to be modelled (the templates), (2)
aligning the sequence (the target) to the templates, (3) building a 3D model and, finally, (4)
assessing the model (an example is reported in Appendix 3.7).

To determine the most suitable template for each SmHMT/SmHDM, the amino acid
sequence of each schistosomal protein was individually compared against the other
human epigenetic enzymes using BLASTp. In case that no human homologous were
found (e.g. Smp_025550), the best murine homologue was taken in consideration. The
list of the crystal structure of the closest structural homologous of each
SmHMT/SmHDM are listed in Appendix 3.6 (including the PDB entry, the
percentage of sequence identity and query coverage, the E value and a short description
of the template). Overall, sequence similarity between the SmHMTs/SmHDMs and
the homologous human proteins ranged from 30% to 60%. The lowest value represents
a critical level in homology modelling as sequence similarity below this level can
result in errors (Leach, 2001). However, this overall low sequence identity is
compensated by high sequence similarity over the catalytic domain where
conservation over the main motifs are likely critical in maintaining enzymatic activity.
The presence of SmHMT/SmHDM insertions and deletions (contributing to the overall
low sequence similarity to human homologues) are more likely to occur in the external
regions and not the catalytic sites.

3.3.7 Structural analysis of representative SmHMTs/SmHDMs
Here, a representative example for each SmHDM/SmHDM family is reported to show
the overall folding of the proteins and the conserved catalytic domain including the
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substrate (histone or non-histone protein) and the corresponding cofactor, depending
on the family analysed. Through the narrative of this section terminology like catalytic
domain and active site will be used. The catalytic domain defines the part of the protein
chain which contains the region where the catalysed chemical reaction takes place.
The 3D structure of the catalytic domain forms the active site which is the region of
the enzyme where substrate molecules bind and undergo a chemical reaction. The
active site consists of residues that form temporary bonds with the substrate (substrate
binding site) and residues that catalyse a reaction on that substrate (catalytic site).

3.3.7.1 Representative model of SmPKMT: Smp_138030
A representative SmPKMT (Smp_138030) homology model was constructed using
the catalytic domain (SET domain) of the human template MLL3 (PDB ID: 5F6K,
58% sequence similarity) containing a substrate peptide (histone H3 residues 2-7, (Li
et al., 2016b)) and S-adenosyl homocysteine (SAH), the demethylated metabolite of
the cofactor SAM (Figure 3.18). While the HsMLL3 structure does not include the
full-length protein, we were able to analyse the main features of Smp_138030’s
catalytic domain using this approach (Figure 3.18A).
Smp_138030’s SET domain (defined by SET-N, SET-I and SET-C, Figure 3.18A)
contains a series of β stands, which fold into three discrete sheets around a unique
knot-like structure (Figure 3.18B). In this structure, the SET domain C-terminus
threads through a loop region, which is formed by a hydrogen bond between two
segments of the protein chain (Dillon et al., 2005). The homology model of this PKMT
helps us to visualise the position of the four conserved motifs within the SET domain
(Section 3.3.2.1). First of all, Motif I defines the cofactor binding pocket and most of
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the conserved residues of this motif are mainly associated with cofactor binding of this
enzyme. The conserved arginine (R) of Motif II instead is involved in the formation of
a salt bridge (also show in the MSA of Figure 3.4) with a conserved glutamic acid in
the SET-C region (Figure 3.18C). Two of the SET-specific motifs (Motif III and IV)
are located on the above-mentioned loop region and the C-terminus, respectively
(Figure 3.18C).

Figure 3.18. Overall structure of the SET domain within Smp_138030. Panel A Schematic representation of the domain architecture of Smp_138030 is reported with
indication of the positions of the different domains and additionally a focus of the SET domain
contained in the homology model is provided. Panel B - Ribbon drawing of the structure of
the SET domain of Smp_138030 constructed using the homology modelling approach shows
the different structural elements (SET-N, SET-I and SET-C) highlighted in different colours
(same colour code used for Panel A). Panel C - Schematic representation of the domain
architecture of Smp_138030 with indication of the positions of the different motifs (back
regions on the protein represented as green ribbon). The N- and C-termini of the protein are
labelled as ‘N’ and ‘C’, respectively. S-adenosyl homocysteine (SAH) is shown as spheres
and sticks (grey for carbons, red for oxygen, blue for nitrogen); the histone protein is
represented by yellow ribbon (the methylated lysine is shown as grey stick). In Panel C, the
two residues (the conserved arginine of Motif II and a conserved glutamic acid in the SET-C
region) responsible of the salt bridge are shown in stick mode. All the hydrogens are removed
from all the residues and chemical structures for clarity. Images of Panel A, B and C are
created using IBS 1.0 and MOE2014.09 respectively.
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This SmPKMT contains two distinct binding sites within its SET domain: one for the
substrate (histone protein, H3) and one for the demethylated cofactor (SAH). These
two pockets are located on opposite faces of the SET domain and are connected by a
deep channel running through the SET domain core. This architecture allows the side
chain of the substrate lysine 4 of histone 3 (H3K4) to be close to the cofactor, which
facilitates the transfer of a methyl group (Figure 3.19). The cofactor adopts a U-shaped
conformation in the opposite side of the lysine channel with the sulfur atom positioned
in front of the receiving lysine.

Figure 3.19. Structural features of Smp_138030. On the left-hand side, a surface rendition
of Smp_138030 is presented (coloured in green; the secondary structure of the protein is
represented as green ribbons) showing the substrate binding pocket containing the histone
protein H3 (yellow ribbon). A ~90°-rotated view is shown on the right-hand side with a closeup view (in the blue dashed box) of the substrate binding pocket (SAH is shown as ball-andstick, coloured by atom type: grey for carbons, red for oxygen, blue for nitrogen).
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Analysis of the Smp_138030 model revealed that conserved Motif I (with its GxG
sequence) and Motif III (with the RFINHSCxPN sequence) are involved in cofactor
binding with the glycine and leucine residues (G1635 and L1636, Motif I) and the
asparagine and the histidine (N1701 and H1702, Motif III) engaged in hydrogen-bonds
with the cofactor (Figure 3.20A). As previously demonstrated (Jacobs et al., 2002),
while the lysine is buried in the active site channel, the three conserved tyrosine
residues (Tyr1653 from Motif II and both Tyr1737 and Tyr1739 from Motif IV) form the
wall of the channel in the binding pocket (Figure 3.20B and C). Although not fully
understood, the first and third tyrosine residues might be involved in the catalytic
mechanism of these proteins (Qian and Zhou, 2006b). In contrast, the second tyrosine
residue determines the product specificity (mono-, di-, tri-methylated lysine) of the
SET domain-containing protein either by steric (different size of the channel) or
chemical (due to hydrogen bonds interactions with the lysine) factors (Zhang and
Bruice, 2007).
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Figure 3.20. Conserved residues involved in substrate and cofactor binding pockets.
Panel A - Conserved Motif I (with its GxG sequence) and Motif III (with the RFINHSCxPN
sequence) are involved in the cofactor binding pocket using glycine and leucine residues (G1635
and L1636) of Motif I as well as asparagine and histidine (N1701 and H1702) of Motif II. Panel B
- Three conserved tyrosine residues (Y1653, Y1737 and Y1739, the last two from Motif IV) form
the wall of the binding pocket channel. Panel C - the surface of the substrate binding pocket
is shown (grey) with the conserved tyrosine residues (Y1737 and Y1739 in red) confirming that
these residues define the wall of the active site of the protein. All residues of interest are shown
as sticks (dark green). The cofactor SAH is represented as ball-and-stick (coloured by atom
type: grey for carbons, red for oxygen, blue for nitrogen); the histone protein is shown as
yellow ribbon with the side chain of the lysine shown in dark yellow as stick.

3.3.7.2 Homology model of SmDOT1L: Smp_165000
The homology model of the core region of Smp_165000 was constructed using the
crystal structure of the human DOT1L (PDB: 3QOW, 32% sequence similarity) as a
template (Figure 3.21A). The resulting model showed two distinctive regions, an Nterminal region and a C-terminal region. The C-terminus is responsible for the catalytic
activity, connected to the first region by a loop (‘loop L-EF’ as shown in Figure 3.21B)
as previously described for human DOT1L (Min et al., 2003). The N-terminus contains
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two pairs of short β-sheets (β1 and β2), an α-helical domain and some hairpins
connecting the different secondary structures. In more detail, the N-terminal α-helical
domain of this protein folds in three helices (α1, 2 and 3) which, together with a
hairpin, mimic a classic up-and-down four helix bundle where the hairpin replaces the
fourth helix (Figure 3.21B) (Hecht et al., 1990). The C-terminus folds in an open α/β
structure comprising a seven-stranded β sheet. This protein folding is very similar to
the classical structural scaffold of S-adenosyl-l-methionine (AdoMet) dependent
methyltransferases (MTases). Based on some variant structural features and the
substrate of methylation, five different classes of these AdoMet MTases have been
reported in the literature including also the PRMTs (Class I, (Schubert et al., 2003)).
Due to this structural homology, DOT1L belongs to this same class even though it’s
functionally a protein lysine methyltransferase (as also mentioned in Section 3.3.5.2).
This region consists of a seven-stranded β-sheet where the cofactor (SAM) and the
substrate (whether histone or non-histone protein) binds. Although the conserved
DOT1L motifs are scattered along the full length of the core domain (see alignment in
Figure 3.7), the resulting model showed that these motifs are clustered spatially near
the protein active site (as shown in the zoom in view of Figure 3.21B).
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Figure 3.21. Schematic representation of the predicted structure of SmDOT1L. Panel A
- Schematic representation of the domain architecture of Smp_165000 is reported with
indication of the position of the DOT1L core region and additionally a focus of the two regions
of this domain covered by the homology model is provided. Panel B - The homology model
of the DOT1L core region of the only S. mansoni DOT1L homologue is presented here in
complex with the enzymatic cofactor (SAM). As shown, two regions were identified: the Nterminal helical domain (in green) and the C-terminal core region responsible of the catalytic
activity (in orange). Same colour code has been used for Panel A and Panel B. These two
regions adopted two specific secondary structures (surrounded by a black dot box): a fourhelix bundle for the N-terminal helical domain and a seven-stranded β-sheet for the C-terminal
core domain. In the box below, a close-up view of the catalytic domain is illustrated and the
positions of all the conserved motifs (X, I, II, III, IV, VI and VIII) are shown with arrows
pointing to the motifs (black ribbons). The N- and C-termini of the protein are labelled as ‘N’
and ‘C’, respectively. The cofactor SAM is shown as a ball-and-stick model (coloured by atom
type: grey for carbons, red for oxygen, blue for nitrogen); the histone protein is omitted in this
overall structure for clarity. For the same reason, all the hydrogens are removed. Images of
Panel A and B are created using IBS 1.0 and MOE2014.09 respectively.

The protein presents two binding pockets: the cofactor and the substrate binding
pockets. The cofactor binds in a pocket formed between the loop L-EF and the Cterminal portion of the open α/β structure. While the SAM adenine group is located
towards the outside region of the pocket, the methionyl group is inserted deep into the
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pocket (Figure 3.22A). Further analyses of the SAM cofactor binding pocket indicated
that the wide entrance narrows towards the centre of SmDOT1L to form a channel
connecting the substrate and cofactor binding pockets (Figure 3.22B). The cofactor
methyl group (yellow sphere in the top close-up view of Figure 3.22C) is lined up in
the channel where the methyl transfer reaction occurs. Although not observed in the
presented model, the substrate protein is positioned on the opposite site of the channel
(blue highlighted area in Figure 3.22C) so that the lysine residue to be methylated is
close to the methyl group of SAM on the other side of the channel.

Figure 3.22. Structural features of Smp_165000. A surface representation of Smp_165000
(coloured based of the ribbon representation of the two different structural regions as shown
in Figure 3.21 and the loop L-EF in red). A close-up view of the binding pockets of the Cterminus region is reported in a black dot box from different views derived from the rotation
around the vertical blue axis (labelled as rotation axis). Panel A - The cofactor binding pocket
is shown with the SAM cofactor represented as a ball-and-stick model similarly to Figure
3.21. Panel B - The view shows the channel connecting the cofactor and the substrate binding
pockets. Panel C - The substrate binding pocket is highlighted in blue and it’s located on the
other end of the channel, opposite side of the cofactor binding pocket.
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In SmDOT1L, the highly conserved Motif I forms the pocket surface surrounding the
sugar, the adenine group and the methionyl moieties of the cofactors. Particularly, the
aspartate (Asp163) and the glycine (Gly165) of the conserved DLGSGVG sequence
interact with the methionyl group. The adenine ring interacts with the backbone of the
phenylalanine of Motif IV (Phe225) and carboxylate-ribose interactions are found
between glutamate of Motif II (Glu188) and the ribose hydroxyl groups (Figure 3.23).
These findings are in general agreement with the literature (Qian and Zhou, 2006a).

Figure 3.23. Cofactor binding pocket of Smp_165000 (SmDOT1L). Panel A - The
homology model of the only SmDOT1L homologue (Smp_165000) is presented here in
complex with the enzymatic cofactor (SAM). Panel B - Close-up view of the cofactor binding
pocket (highlighted with a black box in Panel A) showing the three-dimensional interaction
diagrams of SAM with Smp_165000 and the position of the conserved residues involved in
the cofactor binding. All residues are represented in a stick mode and labelled according to
their position in the full-length amino acid sequence with indication of the specific motif they
belong to. Panel C - 2D ligand interaction diagram show the ligand interactions with the
proteins. Blue arrows are pointing to the four main conserved residues. Interaction diagrams
are obtained by using ligand interaction analysis feature of MOE and a key legend for the
different type of interaction was reported underneath.
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Due to absence of a substrate in the Smp_165000 structure, the substrate binding
pocket couldn’t be analysed in detail as was done above for the PKMT protein family.
However, we sought to localize the conserved residues of the DOT1L motifs
associated with, according to the literature, the substrate binding pocket of the
SmDOT1L homology model. The aim was to provide evidence that these conserved
residues were found close to the lysine channel where the side chain of the lysine
(lysine 79 on histone H3 - H3K79, specific DOT1L substrate (Feng et al., 2002))
should line up prior to methylation. As we demonstrated in Figure 3.24, three
conserved residues of Motif X (Tyr140, Gly141 and Glu142), the phenyl alanine of Motif
IV (Phe255) and the tryptophan of Motif VIII (Trp308) were found in proximity to the
lysine channel, on the opposite site of the SAM binding pocket. Collectively, these
residues defined the substrate binding pocket with the tryptophan of Motif VIII
(Trp308) defining the substrate binding loop, as described in Yu et al. (2012). Similarly
to yeast Dot1p structure (Leeuwen et al., 2002), upstream Motif X, there is a conserved
tyrosine (Tyr119) which is found in the activation loop of the substrate pocket (Figure
3.24 (Yu et al., 2012)). The spatial organization of these residues in this pocket were
consistent with the binding of the substrate for an in-line methyl transfer from the
cofactor to the lysine nucleophilic group.
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Figure 3.24. 3D surface representation of the SmDOT1 protein. The surface of the protein
is coloured in grey and the areas corresponding to the conserved residues involved in the
substrate binding pocket are rendered in red to illustrate their relative position to the protein
surface. The position of the conserved residues is highlighted around the substrate binding
pocket. Each residue is labelled according their position in the full-length amino acid sequence
of Smp_165000.

3.3.7.3 Representative model of SmPRMT: Smp_070340
Smp_070340 was chosen as a representative SmPRMT for homology modelling
(Figure 3.25) as it is most similar to human CARM1/PRMT4 based on the combined
evidence derived from both domain architecture (Section 3.3.3) and phylogenetic
analyses (Section 3.3.5.2). Homology modelling of the catalytic domain (core region
of about 338 aa) of this protein was performed as described in Chapter 2 (Section
2.10) using the crystallographic structure of human CARM1 (PDB ID: 5DWQ, 54%
sequence similarity as reported in Appendix 3.6) in complex with a SAM-cofactor
analogue (sinefungin) and the methylated H3 peptide (methylated arginine in position
17) as a template.
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The overall structure of the core region of Smp_070340 model shared the same
features of other well characterised PRMTs and included a defined N-terminal region,
a α/β Rossmann fold, a dimerization arm and a β barrel (Figure 3.25A) (TrofferCharlier et al., 2007). The N-terminal region and the α/β Rossmann fold defined the
cofactor binding region whereas the β barrel is unique for the PRMT family (Zhang et
al., 2000) and included the active site of this protein family. The three-helix
dimerization arm (shown in cyan in Figure 3.25B) inserted between two strands of the
barrel structure defined the region of dimerization (Schapira and Ferreira de Freitas,
2014), which was reported to be essential for functionally active PRMTs (Zhang and
Cheng, 2003; Zhang et al., 2000) even though the function of a PRMT homodimer is
still not clear (Zhang et al., 2000). The core region of Smp_070340 contains the most
conserved motifs of the PRMT core region highlighted in the MSA of Section 3.3.2.2
(Figure 3.25C). The VRT and YFY Motifs are located in the α-helices towards the Nterminus of the core region. Motif I, post I and Motif II instead are located in the
Rossmann fold whereas the remaining motif (Motif III) and the double E and THW
loops are found in β barrel region (Figure 3.25C).
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Figure 3.25. Structural overview of Smp_070340. Panel A - Schematic representation of
the domain architecture of Smp_070340 is reported with indication of the positions of the core
region and additionally a focus of the four regions of this domain covered by the homology
model is provided. Panel B - This SmPRMT model contains the conserved N-terminal helices
(containing α-X and α-Y helices, in pink), the Rossmann fold (in green), the dimerization arm
(in cyan) and the β barrel (in orange). The overall structure is composed of the substrate
binding domain (composed by N-terminal helices and the Rossmann fold), the β barrel region
which contains the active site and the dimerization arm. Panel C - The conserved motifs
(Motifs I, post I, II and III, VRT Motif and YFY motif, the double E and THW loops) of the
PRMTs are present in the core region of Smp_070340 and the positions of these motifs are
shown with arrows. The cofactor analogue sinefungin is shown as spheres (grey for carbons,
red for oxygen, blue for nitrogen); the histone protein is represented by a purple ribbon (the
methylated arginine is shown as a grey stick). All the hydrogens are removed for clarity.
Images of Panel A, B and C are created using IBS 1.0 and MOE2014.09 respectively.

The N-terminal region of Smp_070340 contained the α-X and α-Y helices observed in
other Type I enzymes PRMTs, which presenting presents the conserved residues
(Y129, F130 and Y133) of YFY motif (Section 3.3.2.2) (Cheng et al., 2005). These
residues likely are involved in cofactor binding and stabilization in its pocket as
supported by the polar and hydrophobic interactions found between these residues and
the cofactor (Figure 3.26A). As shown in Figure 3.26A, once the cofactor binds to
the pocket, these helices fold onto the bound cofactor which becomes buried in the
core of the Rossmann fold. A hairpin loop in the Rossmann fold carries the essential
residues for the catalytic activity of the PRMT such as the two glutamic acids (E238
and 247, (Sun et al., 2011)). Named after them, the Double E loop interacts with the
basic guanidine group of the arginine substrate because of their negatively charged
residues in lateral chain (Figure 3.26B) and stabilizes the substrate in the pocket.
The C-terminal part of Smp_070340 has a barrell-like structure (Figure 3.25) formed
by two of the three twisted antiparallel β sheets packed together (Zhang et al., 2000).
A loop connecting two strands of those β sheets contains the conserved THW loop
with the conserved tyrosine (T463), histidine (H464) and tryptophan (W465) residues
(Figure 3.26C). The Double E and THW loops together form the active site of
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Smp_070340 (Figure 3.26D). In more detail, this active site is situated in the pocket
along a groove which connected the substrate and cofactor binding pockets. When the
substrate binds, the side chain of the arginine accommodates its guanidine group in
this channel prior to the methylation reaction (Figure 3.26E) (Yue et al., 2007).
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Figure 3.26. Conserved residues involved in substrate and cofactor binding pockets of
the homology model of Smp_070340. Panel A - The two conserved tyrosine residues and the
phenylalanine of the YFY Motif are shown interacting with the cofactor analogue (sinefungin).
Panel B - The interactions of the invariant glutamic acids (E) of the Double E loop with the
substrate are shown in the substrate binding pocket. Panel C - The side chain of the arginine
residue of the histone substrate is stabilized in a groove (the substrate binding pocket) by the
conserved residues of THW loop. Panel D - The active site of Smp_070340 is defined by the
two abovementioned loops (Double E loop and THW loop). Panel E - The active site is shown
in relation to the overall structure of Smp_070340. This site appears to be located in the groove
at the interface of the substrate and cofactor binding domains. Panel F - The protein surface
is created in MOE around this region to help visualise the volume of active site found between
the substrate and the cofactor binding pockets. These two pockets are connected by a channel
where the arginine lateral chain is located prior to the methylation reaction. The conserved
residues (E238, E247 of the Double E loop and H464 of the THW loop) help to define the wall
of this channel. The cofactor is shown as sticks and ball (grey for carbons, red for oxygen, blue
for nitrogen); the histone protein is represented by purple ribbon (the methylated arginine was
shown as dark purple stick). In each panel, blue dash lines represent hydrogens bonds, lateral
chain of the residues involved in the interactions are shown (the same coloured code – but with
a darker tone - of the secondary elements they were located on) and labelled according to their
position in the full length amino acid sequence of Smp_070340. Some secondary structures
and hydrogens are hidden in the panels for visual clarification purposes. Images are created
with MOE2014.09.

3.3.7.4 Representative model of SmLSD1: Smp_150560
The homology model of the full length Smp_150560 was prepared based on the human
LSD1 template (PDB ID: 2V1D, 41% sequence similarity) containing the histone H3
peptide (residues 1-16 of the N-terminal tail) where the lysine at position 4 of histone
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3 (K4H3) was replaced with a methionine residue (pLys4Met where p stands for
peptide, (Forneris et al., 2007)) (Figure 3.27). Similar to what has been reported for
HsLSD1 (Chen et al., 2006; Forneris et al., 2009; Fraaije et al., 1998; Stavropoulos et
al., 2006; Zhang et al., 2013), the SmLSD1 model contains three characteristic HDM
features: an N-terminal SWIRM domain, the tower domain and the C-terminal aminooxidase like domain (Figure 3.27A). The SWIRM domain (about 150 aa in length,
(Aravind and Iyer, 2002)) consists of four distinct α helices, which folds in a globular
structure in the shape of a tetra-helical bundle (shown on SmLSD1 in orange in Figure
3.27A and B).
The spatial localisation of SmLSD1’s catalytic AOL domain (folded similarly to
flavoenzymes, (Fraaije and Mattevi, 2000)) overlaps with the N-terminal SWIRM
domain (Figure 3.27B). From this structure, a third domain (the tower domain) splits
the AOL domain in two regions and protrudes outside the catalytic domain. This region
folds into a tower-like structure consisting of a pair of long helices (TαA and TαB)
that adopt a classical antiparallel coiled-coil conformation. These two secondary
structures pack together in a left-handed super-helix. This domain extends away from
the core of the protein and it appears to be involved, particularly with the tower-AOL
connector region (Figure 3.27B), in protein-protein interactions with other histonemodification complexes (Stavropoulos et al., 2006). Therefore, this domain is not part
of the catalytic chamber except for the Tower base region (shown in the close-up view
of Figure 3.27B) formed by one tower helix (TαA) and a parallel helix of the substratebinding lobe (Aα) stabilized by interaction with another helix which packed
perpendicularly to both helices (shown as grey ribbon in Figure 3.27).
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Figure 3.27. Structure of putative SmLSD1 (Smp_150560). Panel A - Schematic
representation of the domain architecture of Smp_150560 with indication of the positions of
the different domains. Panel B - Ribbon diagram of the homology model of full length
Smp_150560 is presented here: on the left-hand side a front view of the model is shown to
highlight the substrate-binding pocket where the histone protein is bound; on the right-hand
side of the panel a 180°-rotated view of the 3D structure of Smp_150560 is shown to identify
the cofactor-binding site. The following coloured code is used for the domain architecture of
Smp_150560: unstructured N-terminal region in black in Panel A and grey in Panel B,
SWIRM domain in orange, AOL domain in green and Tower domain in blue. The cofactor
FAD is shown as spheres (grey for carbons, red for oxygen, blue for nitrogen); the histone
protein is represented as yellow ribbon; the methionine is shown as yellow stick. Images of
Panel A and B are created using IBS 1.0 and MOE2014.09 respectively.

The analysis of the surface model of Smp_150560 defines two lobes in its core region:
the cofactor and substrate binding pockets (Figure 3.28A). In the first region, the
cofactor FAD is found with its tricyclic isoalloxazine ring (responsible for the
enzymatic reaction) located deep down in the pocket. This pocket is connected via a
narrow channel to the opposite side of the catalytic domain where the substrate-binding
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is located. The lysine chain of the histone substrate is allocated in the abovementioned
channel with its methylated amino group towards the aromatic ring of the enzymatic
cofactor. The substrate-binding site appears larger than the other FAD-dependent
amine oxidases suggesting that into this site a longer region of the histone tail can be
allocated, rather than just the substrate lysine. Furthermore, the different regions and
invaginations of this site would contribute to the specific recognition of the side chains
of the histone tail residues adjacent to the substrate lysine (Yang et al., 2007). The
active site of the enzyme is formed at the interface between the FAD and substrate
binding pockets.
The SWIRM domain and the amino-like oxidase domain of the protein are bound
through a long hydrophobic interface where the conserved FGI motif (Phe281, Gly282
and Ile283, highlighted in red in Figure 3.28B) plays an import role in the network of
van der Waals interactions holding the two domains together. The interaction between
these two domains not only contributes to macromolecule stability, but also forms a
conserved cleft probably involved in additional histone tail-binding site.

Figure 3.28. 3D surface representation of the SmLSD1 protein. Panel A - Front view of
the surface of the protein is presented here coloured by amino acid chain (similarly to Figure
3.27) with a close-up view of the substrate binding pocket. Panel B - 90°-rotated view of 3D
surface of SmLSD1 is provided showing the cofactor binding pocket and the conserved
residues FGI motif (rendered in red) between the SWIRM (in orange) and the amino-like
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oxidase (in green) domains. Cofactor and substrate are represented as described in the key
legend of Figure 3.27.

To spatially localise the invariant residues identified in the sequence alignment of the
three putative SmLSDs (Section 3.3.2.4), a more detailed analysis of the homology
model followed (Figure 3.29). Different amine oxidase enzymes contain a conserved
motif in the active site better known as aromatic cage (Fraaije and Mattevi, 2000;
Karasulu et al., 2013). This motif is composed of a pair of aromatic amino acids
shielding the active site from the influx of external solvent molecules and increasing
the hydrophobicity of the active site. As identified in human LSD1, Smp_150560
contains this aromatic cage with a conserved tyrosine (Tyr1053, the conserved Y
highlighted in the sequence alignment of Section 3.3.2.4) and a threonine (Thr1121, T
in the same alignment) in replacement of the other aromatic residue (Figure 3.29A).
The conserved tyrosine in this sandwich-like aromatic cage likely has a steric role in
the binding and alignment of the substrate to the FAD tricyclic ring, especially for its
close proximity to the side chain of the substrate due to its close proximity to the
substrate side chain (Figure 3.29A). However, it has been hypothesized that this
residue in the human LSD1 has a catalytic implication in the demethylation reaction
even though experimental data haven’t confirmed this yet. The invariant lysine
(Lys889) is involved in the catalysis, the steric positioning of the flavin ring (Henderson
Pozzi and Fitzpatrick, 2010) as well as in the proton transfer acting as active-site base
(Gaweska et al., 2009; Henderson Pozzi and Fitzpatrick, 2010). In fact, the initial step
of the demethylation reaction catalysed by LSD is a proton transfer from the
methylated lysine substrate (which is in its protonated form) and this invariant lysine
(further discussed in Section 3.4.2). It has been reported in HsLSD1 that this proton
shuttle requires an extended water-bridge motif that involves three water molecules
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between the substrate and the tyrosine (highlighted with blue arrows in Figure 3.29B)
(Karasulu et al., 2013). The last conserved tryptophan residue (Trp923) is involved in
this water-bridge motif through hydrogen-bonding. In the homology model of
Smp_150560, the conserved lysine and tryptophan residues pack very close around the
active site (Figure 3.29A). This arrangement supports their participation in proton
transfer, similarly to what was experimentally observed in human LSD1 (Figure
3.29B).

Figure 3.29. Comparison of the active side of SmLSD1 and HsLSD1. Panel A - 3D
structure of the active site of Smp_150560 shows the LSD1-specific aromatic cage (blue
dashed box) containing the conserved tyrosine (Tyr1053) and threonine (Thr1121) residues as
well as the invariant lysine (Lys889) and tryptophan (Trp923) residues (probably involved in
catalysis). Panel B - The 3D structure of the active site of HsLSD1 is reported for comparison
showning the corresponding conserved residues underlined in red and the three water
molecules highlighted with blue arrows. This figure is adapted from the journal article of
Karasulu et al. (Karasulu et al., 2013).

3.3.7.5 Representative model of SmJMJD: Smp_132170
The homology model of Smp_132170 (covering the first 360 aa, Figure 3.30A) was
prepared based on the human JMJD2 template (PDB ID: 2P5B, 47% sequence
similarity) containing the histone H3 peptide with a trimethylated lysine residue. The
resulting structure reveals the presence of the N-terminal JmjN domain (whose
function is still unclear) folded in two short helices (α1 and α2) and a longer helix (α3)
sandwiched between two β-strands (β1 and β2, in green in Figure 3.30B). The JmjC
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domain of Smp_132170 folds into 8 sheets defining an enzymatically active pocket
where the cofactors (iron - Fe(II) - and α-ketoglutarate – αKG) bind. Furthermore,
Smp_132170’s JmjC domain adopts the characteristic cupin-like fold (from the Latin
word cupa meaning “small barrel”) of all 2-oxoglutarate- and Fe(II)-dependent
dioxygenases (Clissold and Ponting, 2001; Ozer and Bruick, 2007). This domain is
also known as a jellyroll-like domain or swiss roll fold due to its super-secondary
structure (Figure 3.30B) (Anand and Marmorstein, 2007). In fact, as can be observed
from the predicted 3D structure of Smp_132170 (Figure 3.30B), 8 sheets of this
jellyroll-like domain are arranged in two four-stranded antiparallel β-sheets to form a
β-sandwich structure which provides a rigid scaffold for the cofactors to bind.
The C-terminal region of the JmjC domain, following the mentioned jellyroll-like
domain, is very rich in helices lacking specific super-secondary structures. Being the
jellyroll-like domain mainly involved in cofactor binding and in the catalytic cycle of
the macromolecule, this second region of the JmjC domain participates in the substrate
binding surface (Figure 3.30B).
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Figure 3.30. Structural overview of Smp_132170. Panel A - Schematic representation of
the domain architecture of Smp_132170 is reported with indication of the positions of the
different domains with an additional focus on the N-terminus containing the JMJN and JMJC
domains covered by the homology model. Panel B - The 3D structure of the predicted model
of Smp_132170 is presented from two different perspectives: on the left-hand side, the protein
with the substrate binding pocket facing the reader and the other on the right 180°-rotated view
around the vertical axis of the same protein. The model contains the conserved N-terminal
JmjN domain (in green) and the C-terminal JmjC domain (in pink, same coloured code used
for Panel A). The overall structure of N-terminal JmjN domain is a helix-rich domain with
two short helices (α1 and α2) and a longer helix (α3) sandwiched between two β-strands (β1
and β2). The catalytic domain (highlighted by the dashed blue box on the right-hand side
picture) assumes the cupin-like structure (or jelly-roll domain) mentioned in the text. A
magnification of this jelly-roll domain is reported as well (in the black dash-dot box) formed
by two parallel sheets of four β-strands sandwiching the active site. All the β-strands are
numbered based on the secondary element of this catalytic domain. The cofactor αketoglutarate (αKG) is shown as spheres (grey for carbons, red for oxygen, blue for nitrogen)
and sticks; the histone protein is represented by yellow ribbon; the methylated lysine is shown
as dark yellow. Images of Panel A and B are created using IBS 1.0 and MOE2014.09
respectively.
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Following the analysis of Smp_132170’s overall structure, attention was turned to the
active site of this HDM to examine interactions of the two cofactors and the substrate
(Figure 3.31). Here, five functionally critical residues (highlighted in the MSA of
Figure 3.9) were found within the cupin-like scaffold of the catalytic domain in close
proximity to the methylated lysine of the substrate. In more detail, all five residues
were found in the correct orientation: His202 (H202), Glu204 (E204) and His290 (H290)
chelated the cofactor iron and Phe199 (F199) and Lys220 (K220) in proximity of the
active site. The ketoglutarate cofactor coordinates the iron via one of its 1-carboxylate
oxygens, whereas the 5-carboxylate group is bound to the basic residues of the Lys220
(K220) side chain. Furthermore, the 2-oxo group of this cofactor interacts with the
aromatic ring of Phe199 (F199). Regarding the residues involved in iron binding, only
the strong interactions with the glutamic carboxylic acid of Glu204 (E204) and the
nitrogen of the imidazole side chain of His290 (H290, Figure 3.31) were confirmed.
While the residues defining the cofactor binding pocket are well conserved for this
family, considerable variability exists in the substrate binding pocket among the
different subfamily of JMJDs. For Smp_132170, which is closely related to the human
JMJD2 (as shown in the phylogenetic tree of Figure 3.26) used as the homology
modelling template, the histone substrate binds in the pocket in a classical U-shaped
folding with the tri-methylated lysine projecting in the active site and positioned
proximal to the cofactors. Some interactions between the lysine substrate and the
glutamic acid Glu204 (E204) are necessary to hold in place the bound substrate in the
active site for the demethylation reaction (Figure 3.31) (Johansson et al., 2014).
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Figure 3.31. Localisation of the most conserved JMJC-associated residues in the active
site of Smp_132170. The active site of Smp_131270 highlights the five conserved residues
associated to the JmjC domain (F199, H202, E204 of Motif I, K220 found between Motif I
and II and H290 in Motif III) which coordinate the two cofactors (iron - Fe(II) - and αketoglutarate - αKG) and contribute to the catalytic mechanism of demethylation in these
proteins. The cofactor α-ketoglutarate is shown as sticks and balls (grey for carbons, red for
oxygen, blue for nitrogen); the histone protein is represented by yellow ribbon (the methylated
lysine is shown as dark yellow stick). Blue and green dashes lines represent hydrogens bonds
and arene-cation interactions, respectively. Amino acid lateral chains involved in interactions
are shown as sticks and labelled according to their position in the full-length amino acid
sequence of Smp_132170. Some secondary structures in the panels are hidden for visual
clarification purposes. Images are created with MOE2014.09.

3.3.7.6 Parasite specific features
The homology model (along with the multiple sequence alignment described in
Section 3.3.2) of the identified schistosome proteins (SmHMTs and SmHDMs)
revealed a high degree of conservation especially over the catalytic domain. As
previously mentioned (Section 3.3.2), sequence conservation between human and
SmHMT/SmHDM homologues over the catalytic domains was high across the
different subfamilies (e.g. the PKMT Smp_138030, Figure 3.32A).
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However, due to the more extended average length of the parasite protein compared to
the human homologues, we also observed few minor insertions and loops (few amino
acids long) in regions surrounding or outside the catalytic domain of the schistosome
proteins which were absent in the human template. We also observed, as already
mentioned in the MSA of Section 3.3.2, portions of the catalytic domain with low
sequence similarity resulting in different tertiary structures (Figure 3.32A). More
interestingly, parasite-specific tertiary features were observed in the schistosome
proteins in four specific cases. Of particular interest, two SmPRMTs (Smp_070340
and Smp_211290) and two SmJMJDs (Smp_156290 and Smp_019170) contained
evidence for the presence of large sequence insertions (respectively 80, 105, 176 and
215 aa), which resulted in an extra loop in the protein structure (e.g. Smp_070340
reported as representative example in Figure 3.32B). It’s noteworthy that the human
templates used for the two SmJMJDs (as well as any other PDB entry related to the
same human protein) are missing the regions corresponding to where these insertions
were found; therefore, the tertiary structure of this additional region in Smp_156290
and Smp_019170 is obviously uncertain due to the structures used not containing these
additional features. Conversely, the crystallographic structures of the human PRMTs
used for the modelling of Smp_070340 and Smp_211290 represent a continuous
protein fragment which does not contain this insertion. For this reason, we can confirm
with confidence the presence of these parasite-specific features.
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Figure 3.32. Conservation of the SmHMTs/SmHDMs over the catalytic domain does not
exclude the possibility to identify parasite specific features. Panel A - The homology model
of Smp_138030 (SmPKMT, shown as blue ribbon) is here presented as example of the high
conservation between the schistosome and human (HsMLL3, shown as blue ribbon) proteins
over the catalytic domain as clearly seen in the superposition of the parasite and human protein
(Smp vs Hs). However, some small insertions or low sequence similarity can be found in this
protein around the catalytic domain as shown in the dashed black box. Panel B - Model-tostructure superposition of Smp_070340 model (shown in blue) and the HsCARM1 structure
(PDB ID: 5DWQ, shown green) shows a high conservation over the catalytic domain (both
cofactor and substrate binding pockets). However, the homology model of Smp_070340 is
here reported as example of the other three SmpHMEs (Smp_211290, Smp_156290 and
Smp_019170) which reveal the presence of a larger loop that folds to form an additional
parasite-specific binding pocket (highlighted by green circle). Histone proteins are shown as
ribbon (yellow for Panel A, pink for Smp_070340 and brown for HsPRMT4 for Panel B) and
the SAM cofactor is presented in a stick mode. Images are created with MOE2014.09.

The external loops of these four schistosome protein were confirmed by the use of
other homology modelling tools (Chapter 2, Section 2.10) and were identified as
putative new binding pockets using Sitemap in the Schrödinger suite. To increase
confidence that these parasite-specific features are real, PCR reactions were performed
using cDNA prepared from 7 wks adult worm RNA as a template and primers specific
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for each of these schistosome gene products, over the insertion gene (Chapter 2,
Section 2.3). The subsequent cloning of the resulting PCR products was conducted as
described in the common methodology of Chapter 2 and the sequenced plasmid
verified the predicted genomic sequence (data not shown). Therefore, these insertions
are transcribed components of the four schistosome HMEs.
As shown in Figure 3.33, these putative binding sites identified in the four
schistosome proteins displayed two different topologies: a channel or a cleft across the
protein (Smp_156290 and Smp_070340) or an additional internal pocket
(Smp_019170 and Smp_211290). Focusing on Smp_070340 (a SmPRMT), this
insertion is present in a region of the protein outside the catalytic domain. The
predicted homology model revealed the folding of this insertion as an external loop in
the β-barrel structure of this PRMT located on the opposite side of the protein’s
dimerization arm (see Figure 3.25, Section 3.3.7.3). This observation supports the
idea that this loop would not impair the head-to-tail dimerization reported to be
important for the catalytic activity of the PRMTs (Schapira and Ferreira de Freitas,
2014).
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Figure 3.33. Identification of putative additional binding pockets in four SmHMEs. 3D
surface representation of the four schistosome proteins containing these putative parasitespecific insertions is presented in these two panels. These four proteins are grouped according
to the epigenetic subgroup they belong to and the different structural topology of the putative
pockets (either a channel shaped or an internal pocket). Electrostatic potentials of the protein
surface are computed using MOE and coloured by atom type. The additional pocket is
identified by the software (highlighted by the red circles) and depicted as clusters of grey
spheres, where there is a likelihood of a hydrophilic contact, the marked points are coloured
red.
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3.4 Discussion
3.4.1 SmHMTs/HDMs characterisation
The detailed bioinformatics investigation of the S. mansoni genome identified 27
SmHMTs and 14 SmHDMs: 20 Protein Lysine Methyl Transferases (PKMTs), 1 PR
domain containing methyltransferase (PRDM), 1 DOT1 Like Histone Lysine
Methyltransferase (DOT1L), 5 Protein Arginine Methyl Transferases (PRMTs), 3
Lysine Specific Demethylases (LSDs) and 11 Jumonji domain-containing proteins
(JMJDs). These results provide extensive support (sequence- and structure-based) to
previous studies characterising the S. mansoni protein methylation machinery
(Cabezas-Cruz et al., 2014b; Marek et al., 2015). However, the novel finding of this
investigation is the prediction of six new members among the SmHMT and SmHDM
families which were previously unknown. In fact, three SmPKMTs (Smp_149380,
Smp_148360 and Smp_016750) and three SmJMJDs (Smp_241580, Smp_342360 and
Smp_333400) were identified as new members of S. mansoni methylation machinery.
Comparable to other species, the SmPKMT (21) and SmJMJD (11) families contain
the largest number of members (Fan et al., 2018; Gu et al., 2016; Zhou and Ma, 2008).
In fact, 51 and 38 SET domain HMTs are currently known in H. sapiens and C. elegans
respectively (Andersen and Horvitz, 2007; Campagna-Slater et al., 2011). Similarly,
the JMJD family can include from 4 genes (e.g. Schizosaccharomyces pombe) to 26
genes in H. sapiens (Zhou and Ma, 2008).
Fewer schistosome proteins were predicted to be PRMT (5) and LSD (3) members,
which is also consistent with the literature where 8 PRMT genes were found in Oryza
sativa and H. sapiens and other eukaryotes unicellular eukaryotes, including yeasts,
amoebae and protozoa (Ahmad et al., 2011; Bachand, 2007). Regarding the LSD
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subfamily, a general range of 1 (e.g. D. melanogaster), 2 (e.g. H. sapiens), 3 (e.g. C.
elegans) and 4 (e.g. Arabidopsis thaliana) genes have been extensively studied (Gu et
al., 2016; Maiques-Diaz and Cp Somervaille, 2016; Zhou and Ma, 2008). Among the
the three identified SmLSDs, Smp_150560 is considered with confidence a putative
LSD1 homolgue whereas it’s still uncertain if the remaining two proteins are LSD2
homologues or simply two AOL and SWIRM domain-containing proteins.
Finally, only one DOT1L (Smp_165000) was identified in S. mansoni, which is similar
in number to those found in Saccharomyces cerevisiae, D. melanogaster and H.
sapiens; this enzyme is the only HMT that mediates H3K79 methylation (Feng et al.,
2002; Shanower et al., 2005; van Leeuwen et al., 2002). In Trypanosoma brucei 2
homologous DOT1 proteins have been identified (Janzen et al., 2006) whereas C.
elegans contains 5 putative methyltransferases (Cecere et al., 2013). By contrast, there
is no evidence of this epigenetic target in S. pombe (Nishida, 2009) or Arabidopsis
thaliana (Zhang et al., 2007). It’s noteworthy to mention that the core region
responsible of the H3K79 methyltransferase activity in SmDOT1 is located at the N
terminus similarly to H. sapiens and C. elegans homologues; the only exception to this
role so far is the localization of the core region in the C terminus in yeast (as shown in
Figure 3.7).
Similarly to DOT1L, only one PRDM homologue (Smp_016750) was identified in S.
mansoni. The number of PRDM genes varies from species to species ranging from 2
to 19 in metazoans. For example, only 2 or 3 PRDM genes were identified in
nematodes like C. elegans and insects like D. melanogaster. By contrast, other
metazoan species can present quite a wide range of members ranging from 15 PRDM
proteins in Fugu rubripes to 16 PRDM in Gallus gallus and 17 PRDM in H. sapiens
(Fumasoni et al., 2007).
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Analysis of S. haematobium and S. japonicum allowed us to identify a similar
distribution among these epigenetic targets. In fact, 27 HMTs (including 22 PKMTs
and 5 PRMTs) and 26 HMTs (with 21 PKMTs and 5 PRMTs) were found in S.
haematobium and S. japonicum respectively. In fact, in S. japonicum Sjp_0076680
represents the closest homologue of both Smp_138030 and Smp_070170. Regarding
the HDMs, 11 HDMs (including 3 LSDs and 8 JMJDs) were identified in both
schistosome species.
The comparison of the total number of SmHMTs and SmHDMs to other species
(representing the major clades of terrestrial plants and animals) leads us to conclude
that the three major human-infective schistosome species (S. mansoni, S. japonicum
and S. haematobium) contain a similar number of HMTs/HDMs found in other
metazoan species. In fact, previous studies proved that some protein genes originated
in simple metazoans, expanded in vertebrates and further duplicated in primates. In
this direction, it’s reasonable that schistosomes (belonging to the Platyhelminthes
Phylum) contain a number of HMTs/HDMs higher than simple metazoans but less
numerous to the corresponding homologues in more complex primates (e.g. H.
sapiens). This is the case for the PKMTs, the PRMTs and the JMJDs. However, both
S. mansoni and H. sapiens contain a single DOT1L protein compared to the 5 putative
methyltransferases identified in C. elegans. More interesting is the case of PRDM
clade where we can observe a contraction of this family since only one PRDM
(Smp_016750, Sjp_0049900 and MS3_05165) was identified with confidence in S.
mansoni, S. japonicum and S. haematobium compared to the 17 human genes. The
identification of only one PRDM in the schistosome species actually disagrees with a
previous theory of PRDM gene expansion in vertebrates (Fumasoni et al., 2007).
However, as part of the only study describing PRDM in S. mansoni, Vervoort et al.
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(2016) reported the presence of 6 members (including the one reported in this chapter);
despite this, they did not provide a detailed methodology which supported their
findings (Vervoort et al., 2016). Moreover, the other 5 putative PRDMs don’t contain
the conserved features of the PR domain (a divergent SET domain along with other
motifs including F/Y/IGP/V and ExNL) (Hohenauer and Moore, 2012)); therefore they
were not included in the results of this analysis. The discrepancy in the total number
of schistosome PRDM might be explained by the lack of detailed characterisation of
this class of PKMT which limited the efficacy of an identification method based on
sequence similarity and amino acid motif conservation. Moreover, we can speculate
that a sequence divergence from the canonical PRDM happened in the schistosome
species and further investigation would certainly help to shed light on this case.
The systematic analysis of the SmHMTs/HDMs revealed a consistent sequence and
structural relatedness of the active site domains between the schistosome and human
members of each protein subfamily. This result suggests that the identified enzymes
are as critical for parasite epigenetic processes as they are to humans. However, the
analysis of Hidden Markov model logos generated from the multiple sequence
alignment of each subfamily identified some more specific parasite-related amino acid
patterns in addition to the subfamily-specific motifs present also in other species.
Nevertheless, some schistosome proteins show less sequence similarity (as described
in Section 3.3.2) resulting in differences in the final folding of the protein. Moreover,
as shown in Section 3.3.7.6, small-medium insertions identified in a few schistosome
proteins resulted in extra loops or additional pockets that define parasite-specific
features that could be interesting from a drug discovery point of view.
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3.4.2 SmHMT/SmHDM homology modelling
Despite the progress in de novo prediction of tertiary protein structure (Kim et al.,
2004; Yang and Zhang, 2015), comparative modelling is considered far more accurate
(Vyas et al., 2012). For this reason, comparative homology modelling (using the
closest human homologue except for the murine template used for Smp_025550) was
employed to study the tertiary structures involved in functional aspects of
representative SmHMTs and SmHDMs. Homology modelling approaches have been
successfully undertaken for the prediction of tertiary models of other schistosome
proteins such as asparaginyl endopeptidase (Sm32, (Lorenzo et al., 2019)),
phosphoenolpyruvate carboxykinase (PEPCK, (Swargiary et al., 2012), Histone
Deacetylase 8 (HDAC8, (Kannan et al., 2014)) and thioredoxin glutathione reductase
(SmTGR, (Sharma et al., 2009)). The sequence identity between target and these
schistosome proteins included 40% for HDAC8, 41% for Sm32, 57% for PEPCK and
60% for SmTGR (H. sapiens HDCA8, PDB ID: 1T64 for the first; Mus musculus AE,
PDB ID: 4NOK for the second; Rattus norvegicus PEPCK, PDB ID: 2QF2 for the
third and Rat Thioredoxin Reductase, PDB ID: 1H6V for the last example). When the
crystal structure of SmHDCA8 and SmTGR were published (PDB ID: 4BZ5 and
2V6O), the superposition of the crystal structure with the corresponding homology
models showed that the generated model was in good agreement with the crystal
structure (Kannan et al., 2014; Sharma et al., 2009). These findings confirmed the
successful application of this approach to schistosome proteins with either a medium
(e.g. HDCA8) or high (e.g. SmTGR) sequence identity homology. The percent identity
found for the majority of the SmHMTs/SmHDMs (60%) falls this range (see
Appendix 3.6) and provides evidence that homology modelling could predict the
structures of these proteins with a high degree of confidence.
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The structural characterisation of the four different SmHMT and SmHDM families
(PKMTs, PRMTs, LSDs and JMJDs) demonstrated that the catalytic domain
architecture is highly conserved compared to the human template. This part of the
project also confirmed the structural and/or functional roles for the conserved residues
previously identified in other homologous epigenetic enzymes. The analysis of the
active site of the predicted models allowed us to integrate our knowledge of the MSA
(Section 3.3.2) in the context of the enzymatic mechanism of these proteins. Based on
the kinetic studies of human HMTs and HDMs, this study aimed to speculate about
the mechanism of the methylation/demethylation enzymatic reaction of these proteins
and confirm the conserved residues’ role in this reaction. Conversely, this study also
provided evidence of how low sequence conservation or lack of invariant/conserved
residues identified in some schistosome proteins (as discussed in Section 3.3.2) might
translate to differences in potential enzymatic function. Both aspects of this analysis
will be discussed individually for each protein family as follows below.
Starting with the PKMTs, these enzymes catalyse the methylation reaction in four
main steps: 1) substrate and cofactor binding to the protein, 2) proton dissociation from
the methylated lysine substrate (which binds in its protonated state) through a water
channel, 3) methyl transfer from the cofactor SAM to the substrate and then 4) release
of S-Adenosyl-L-homocysteine (SAH) and methylated lysine (5) (Del Rizzo et al.,
2010; Zhang and Bruice, 2008). In Figure 3.34, a simplified version of the enzymatic
mechanism of SET-domain containing methyltransferases (PKMTs) highlights the
role of the main motifs and the conserved residues of the SET domain. As shown in
Figure 3.34, the conserved tyrosine of Motif II is involved in the catalysis. Therefore,
the replacement of this residue with another amino acid (e.g. Smp_210660, 062530,
000700 and 148360) might result in a non-functional enzyme. The F/Y switch of Motif
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IV has been identified as key role for the product specificity of the enzymes. Hence,
we can assume that Smp_070170 and Smp_078900 are functional enzymes
(containing the conserved lysine of Motif II) and they can catalyse respectively monoor di-methylation (Smp_070170, containing Y) and di- or tri-methylation
(Smp_078900, containing F) (Collins et al., 2005). The conserved GxG and RFINHSC
of Motif I and III are mainly involved in cofactor binding.

Figure 3.34. Lysine methylation mechanism catalysed by the PKMTs. Mechanism of
lysine methylation of a generic peptide substrate (in purple) catalysed by SET-domain
containing methyltransferases consists of 4 steps: 1) cofactor binding, 2) proton transfer
through a water channel, 3) methylation of the substrate, 4) dissociation of the demethylated
cofactor (SAH, in red) and 5) release of the methylated lysine. The consensus sequences of
the four motifs (Motif I, II, III and IV) of the SET domain are shown with the side chain of
the most conserved residues (each of them with different colours) highlighting interactions
with either the SAM cofactor (in red) or the substrate (in purple). This is an original figure
created by me using ChemDraw.

Moving on, the tertiary structures of all SmPRMTs adopt an arrangement similar to
human homologues and support their mechanism of action as arginine
methyltransferases. As illustrated in Figure 3.35, the PRMTs have a bi-substrate
mechanism of action with the guanidine group of an arginine-containing peptide
substrate orientated (via a hydrogen-bond network with the glutamic acid residues) in
proximity to the cofactor SAM leading to the substitution reaction (1) (van Haren et
al., 2015). Subsequently, the demethylated cofactor is released as SAH (2). In
agreement with their positions in the active site described in Section 3.3.7.3, the
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double E loop (with the two glutamic acids) and THW loops (with the conserved
histidine) are involved in the deprotonation of the methyl-accepting nitrogen of the
arginine substrate (3) before its release from the active site of the enzyme (4) (Zhang
and Cheng, 2003). As described in Section 3.3.2.2, all the identified SmPRMTs
contain the conserved residues of the Double E loop but only four SmPRMTs
(Smp_070340, 029240, 171150 and 337860) contain the conserved H of the THW
loop necessary for the catalytic activity. However, the last SmPRMT (Smp_025550)
contains a PRMT5-specific variation (FSW) suggesting it will be equally functionally
active.

Figure 3.35. Proposed PRMT bi-substrate mechanism of histone methylation. Mechanism
of arginine methylation of a generic peptide substrate (in blue) catalysed by PRMT family
members consists of 4 steps: 1) methylation reaction between the cofactor SAM (in red) and
the substrate, 2) release of the demethylate cofactor SAH (in red), 3) deprotonation of the
substrate and then 4) the substrate release from the active site. The chemical interactions of
the conserved residues of the PRMT core region motifs (the two glutamic acid E and the
histidine H of respectively the double E and THW loops, highlighted with different colours)
with the cofactor SAM and the substrate are shown. This is an original figure created by me
using ChemDraw.

Our predicted structure presented a detailed insight into the overall folding of
Smp_165000 and it revealed a folding very similar to other SAM-dependent
methyltransferase and particularly other homologues of DOT1 (Min et al., 2003).
However, a schematic representation of SmDOT1L’s mechanism of action is not
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presented as this has not been fully explored in other systems; evidence suggests that
it is very similar to the PRMT bi-substrate mechanism (Cheng et al., 2005).
The homology model of Smp_150560 (SmLSD1) revealed a tertiary structure very
similar to what has been observed in other characterised LSD1s from other species
(Chen et al., 2006). Particularly, the identification of a spacious and open substrate
binding site (as discussed in Section 3.3.7.4) confirmed that enzymatic substrate
discrimination relies not on structural or steric requirements, but mainly on the
chemical mechanism of FAD-depended demethylation based on a two-electron
oxidation pathway. In fact, in HsLSD has been demonstrated that, although the
substrate-binding pocket is big enough to allocate mono-, di- and tri-methylated lysine
substrates, the proposed pathway for the chemical reaction would be chemically
possible only for the first two states of lysine methylation (Bannister and Kouzarides,
2005). Hence, HsLSD can only demethylate mono- and di-methylated lysine residues.
Briefly, the reaction requires a two-electron oxidation process from the mono- or dimethylated amino group of the lysine and the FAD cofactor (Shi et al., 2004). Prior to
the reaction, there is a deprotonation of the invariant lysine (K, 1 in Figure 3.36) in
order to accommodate the protonate state of the substrate lysine. This generates a
proton shuttle supported by a water-bridge which includes the conserved tryptophan
(W). Thereafter, the cleavage of the methyl group bond induces oxidation of the lysine
amine group and reduction of the cofactor which is subsequently re-oxidised by
molecular oxygen (2 in Figure 3.36). Following the oxidation of the iminium cation
intermediate (3), the resulting carbinolamine intermediate (4) spontaneously
rearranges to yield formaldehyde and the demethylated lysine (5, Figure 3.36). In case
of tri-methylated lysine, the second step would not be possible since the two electrons
would be involved in the binding of the third methyl group. Therefore, a chemical
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basis rather than a sterically-dependent mechanism discriminates the tri-methylated
lysine residues as LSD substrates. These residues, instead, can be demethylated by the
second family of histone demethylases (JMJD).
Based on this proposed mechanism, we confirm the importance of the invariant lysine
found across all three SmLSDs (Section 3.3.2.4) suggesting that all of them will be
functionally active. In fact, the two conserved residues (Y and T) of the aromatic cage
are conserved; the third residue defining this case is usually a tryptophan which it is
present only in Smp_150560. In the other two SmLSDs, the tryptophan is replaced by
another aromatic residues (tyrosine) which however should not affect the function of
this third residue of fortifying the water-bridge motif through H-bonds (Karasulu et
al., 2013).

Figure 3.36. Lysine demethylation mechanism catalysed by the LSDs. Mechanism of
demethylation of lysine residues of a generic peptide substrate (in blue) catalysed by LSD1
proteins using the cofactor FAD (in red) is presented here. The 5 main steps are: 1) the
invariant lysine is involved in the deprotonation of the substrate lysine prior to the
demethylation reaction, 2) demethylation reaction and FAD re-oxidation, 3) oxidation of the
iminium cation intermediate, 4) rearrangement of the carbinolamine intermediate and 5)
release of the formaldehyde and the demethylated lysine. The role of the motifs and the
conserved residues of the AOL in the cofactor FAD and substrate binding (Motif I, II, III and
IV) as well as the proton shuttle (the conserved K and W) are shown. Each residue is
highlighted with different colours. This is an original figure created by me using ChemDraw.
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The JMJD class of histone demethylases operates via Fe(II) and 2-oxoglutaratedependent deoxygenation. As part of a bigger family of dioxygenase enzymes, these
proteins catalyse the demethylation of lysine/arginine through a radical mechanism
(Anand and Marmorstein, 2008). In Figure 3.37, we report a simplified version of the
putative chemical mechanism of JMJD inferred by the information available for the
human JMJDs. Motif I is involved in the binding of both αKG and iron cofactors. The
invariant histidine of Motif III is also involved in the iron binding (1 in Figure 3.37).
The invariant histidine residues (Motif I and III) and the D/E residue (Motif I) define
the most conserved feature among the JMJDs such as the facial triad (Hojfeldt et al.,
2013) which is required for enzymatic activity. The two cofactors react with dioxygen
(omitted in this simplified mechanism) to a highly reactive intermediate which will
react with the methylated lysine (2 in Figure 3.37). This new intermediate will break
down to release the demethylated lysine, the removed methyl group is instead
converted and released in formaldehyde. Regarding the cofactors, αKG is transformed
into succinate and the iron is reduced to Fe(II) (3 in Figure 3.37). The figure below
outlines the reciprocal position of the most conserved critical residues and their
functions within the well-detailed catalytic reaction. Based on this proposed
mechanism, we can conclude that all SmJMJDs, containing the conserved residues
defining the facial triad, could be functionally active. The only exception is
Smp_333400, which is missing one (the D/E residue of Motif I) of the three invariant
residues. Additionally, as mentioned in Section 3.3.5.2, Smp_333400 was identified
as part of a subclade of SmJMJD known as hydroxylases, identified also in other
species (Johansson, 2014). This group of αKG dependent oxygenases comprises a
functionally diverse group of enzymes whose activity hasn’t been fully characterised,
but they can hydroxylate amino acids. This class of enzymes also have, beside the
215

JmjC core domain, additional domains and lack chromatin-binding domains which
suggest potential functions other than histone modification.

Figure 3.37. Catalytic mechanism of JMJD proteins. Mechanism of demethylation of lysine
residues of a generic peptide substrate (in orange) catalysed by JMJD proteins using the
cofactor αKG (in red) and Fe(II) (in cyan) is presented here. The main steps of the proposed
catalytic mechanism of JMJDs are: 1) the Fe(II) binding to the enzyme, 2) the binding of the
cofactor αKG to the enzymes and 3) the release of the demethylated lysine, the methyl group
converted in formaldehyde, the αKG cofactor transformed in succinate and the reduction to
Fe(II). The chemical interactions of the conserved residues of the JMJD specific motifs (F/T,
H and D/E of Motif I and the invariant H of Motif III, highlighted with different colours) with
the cofactors and substrate are shown. This is an original figure created by me using
ChemDraw.
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3.5 Conclusions
This chapter describes the utilisation of bioinformatics techniques to identify and
characterise two protein families in S. mansoni: HMTs and HDMs. While the
systematic analysis of HMT- and HDM-related enzymes has previously been reported
in H. sapiens (Richon et al., 2011), C. elegans (Andersen and Horvitz, 2007), D.
melanogaster (Mis et al., 2006), P. falciparum (Cui et al., 2008), A. thaliana and O.
sativa (Lu et al., 2008; Zhou and Ma, 2008), this study represents a more
comprehensive structural characterisation of the HMT and HDM schistosome
homologues (Padalino et al., 2018) compared to previous published data. The presence
of conserved HMT/HDM subfamily-specific residues within catalytic domains
implied that the identified SmHMTs and SmHDMs are genuine members of these
enzyme families. Furthermore, six new members were additionally identified during
this analysis. All the identified components of S. mansoni histone methylation
machinery also appeared to be expressed throughout the lifecycle (with a higher
expression profile in the intra-mammalian stages of the lifecycle) confirming the
important role of epigenetic enzymes in the parasite cycle (Cosseau et al., 2017;
Roquis et al., 2018).
Sequence comparisons allowed the definition of the diagnostic sequence patterns and
conserved residues of each of the four main subfamilies (PKMT, PRMT, LSD and
JMJD). A detailed investigation of the overall domain architecture and the tertiary
structure of these proteins was also performed with the aid of homology modelling.
The phylogenetic approach employed demonstrated variable sequence similarity
between the schistosome and human proteins across the different subfamilies.
Additionally, the phylogenetic analysis between the three main Schistosoma species

217

provided the first evidence of the common presence of these epigenetic enzymes
(except for S. japonicum with fewer PKMTs than S. mansoni and S. haematobium)
suggesting that these proteins could be potential drug targets for the development of
novel compounds for the treatment of the main species responsible of human
schistosomiasis.
The multiple sequence alignment, along with the phylogenetic analysis and the
homology modelling, confirmed that these enzymes are evolutionarily conserved,
particularly their catalytic domains. A high degree of conservation between the
schistosome and human sequences and their similarity over the catalytic domain
strongly suggested that most of the identified SmHMTs and SmHDMs are functionally
active histone methyltransferases/demethylases. However, a lack of some of the most
conserved residues identified in a few SmHMEs might reflect differences in terms of
potential functions. This would be more informative about the presence or absence of
enzymatic activity in these epigenetic enzymes which, at this point, is only based on
assumptions related to the amino acid sequence but hasn’t been addressed via
enzymatic assays. The better knowledge of these proteins could also be an additional
selection criterion to prioritize the most interesting and enzymatically active drug
target to progress for the identification of anti-schistosomal compounds.
Moreover, we identified parasite-specific pockets in four schistosome proteins
(Smp_070340, Smp_211290, Smp_156290 and Smp_019170) that could represent
promising starting points for the development of parasite-selective inhibitors. In fact,
these putative binding sites could be explored by in silico virtual screening which
could lead to the identification of small chemicals as potential allosteric modulators of
the enzymatic activity of these proteins. However, this matter needs further
investigation and, prior to undertake this strategy, we decided to include these four
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proteins in the protein expression screen (described in Chapter 6) performed in
collaboration with Prof Ray Owens from Oxford Protein Production Facility-UK
(OPPF-UK) aiming to have also a final structural confirmation of the presence of these
additional binding pockets.
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CHAPTER 4
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4 Identification of anti-schistosomal HME inhibitors using
in silico approaches
4.1 Introduction
Schistosomiasis is currently controlled by one chemotherapeutic agent, praziquantel
(PZQ), as described in Chapter 1. With an unknown mechanism of action which
severely limits the development of PZQ analogues, an increasing fear that this monochemotherapeutic control strategy will lead to PZQ-resistance in endemic populations
and a low efficacy against juvenile worms, the development of new PZQ-replacement
or combinatorial anthelmintics is urgently needed. In this regard, the S. mansoni
histone methylation machinery (whose components were explored in Chapter 3) was
investigated to identify new anti-schistosomal targets. The rationale for this approach
originates from studies indicating that the schistosome histone methylation machinery
is essential for parasite development (Cabezas-Cruz et al., 2014b; Cosseau et al., 2017;
Roquis et al., 2015a; Roquis et al., 2018). In addition to histone methylation, other
epigenetic processes (e.g. DNA methylation and histone acetylation) were also
previously explored to understand their biological contributions to schistosome
development, but also to assess if they could be targeted from a drug discovery point
of view (Geyer et al., 2017; Oger et al., 2008a). With this objective in mind, two main
approaches were employed: the reposition of existing epi-drugs for schistosomiasis
(Dubois et al., 2009) and the identification of novel chemicals using in silico methods
(Kannan et al., 2014).
During this project, we explored the druggability of the histone methylation machinery
using both approaches. However, in this thesis, the main focus is on the identification
of novel anti-schistosomal chemicals as potential modulators of this epigenetic
pathway. To progress the identification of small-drug molecules capable of binding
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and inhibiting the activity of these S. mansoni HMEs, an in silico virtual screening
approach was applied. In theory, this approach could have been applied on the
predicted homology model of all identified SmHMTs and SmHDMs (Chapter 3).
However, due to time limitations, only a few schistosome proteins were selected for
in silico virtual screening: Smp_138030, Smp_307060, Smp_016750, Smp_150560
and Smp_160810. Smp_138030 was chosen due to its similarity to an essential gene
product in C. elegans and its inclusion as a TDR drug target in schistosomes (Andersen
and Horvitz, 2007). Furthermore, it has been reported that dysregulation of MLL
(closest human homologue of this schistosome protein) is associated with severe
human diseases such as Mixed Lineage Leukemia - MLL (Albert and Helin, 2010),
suggesting that Smp_138030 could be an interesting therapeutic target for treating
schistosomiasis. Smp_307060 (a member of the SUV39 group of the SET domain)
was selected since epigenome alterations of the corresponding human homologue were
observed in different cancers (Albert and Helin, 2010). Therefore, similar to the
rationale proposed for Smp_138030, Smp_307060 could also be promising from a
drug discovery point of view. Being the only PRDM identified in S. mansoni, we
hypothesized that Smp_016750 would also be an interesting drug target due to lack of
enzymatic redundancy. Smp_150560 is the only LSD1 present in the S. mansoni
genome and is of interest as a drug target due to the importance and role of H. sapiens
lysine specific demethylase 1 (HsLSD1) in essential biological processes (reviewed in
(Ismail et al., 2018; Maiques-Diaz and Cp Somervaille, 2016)). We also included one
of the putative SmLSD2 homologues (Smp_160810) as deletion of this gene (lsd2,
SPAC23E2.02 in https://www.pombase.org/) was lethal for S. pombe (Kim et al.,
2010).
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This chapter aims to identify anti-schistosomal HME inhibitors using in silico
approaches and will, therefore, centre on these main goals:
•

Applying Computer Assisted Drug Design (CADD) techniques on the selected
targets in S. mansoni;

•

Identifying potential anti-schistosomal compounds selected based on the
binding affinity for the schistosome target through the consensus scoring of
CADD techniques;

•

In vitro screening of all selected compounds (schistosomula screen at 50 and
10 µM, dose-response titration on schistosomula of the 10 µM hit compounds
as well as miracidia, juvenile and adult worm screens);

•

Performing cytotoxicity assays of the most active compounds on human liver
cancer cell lines (HepG2 cells);

•

Exploring the chemical space of the most active hit compounds to investigate
structure-activity relationships (SARs);

•

Evaluating the anthelmintic activity of the most active compounds on a related
platyhelminth (Fasciola hepatica newly excysted juveniles - NEJs);

•

Analysing the morphological changes in S. mansoni after in vitro exposure of
selected compounds;

•

Exploring the putative targets of the most active compounds using functional
genomic techniques (siRNA) and in situ hybridization (WISH).

223

4.2 Results
4.2.1 Structure-based virtual screening for the identification of new
anti-schistosomal drugs
The structure-based virtual screening (SBVS) framework, described in detail in
Chapter 2, included four main steps for each target: (1) target and library preprocessing, (2) docking, (3) scoring and (4) post-processing of top-scoring hits (Figure
4.1). In brief, a library of commercially available compounds (4,352 in total) was
downloaded from Specs (www.specs.net, including both natural compounds and
fragment-based library). Docking simulations were performed on the substrate binding
pocket of each selected schistosome target to evaluate the binding affinity of each
Specs’ compound to the pocket of interest. Firstly, the in silico molecular docking was
performed in Glide using the standard precision function (SP; all 4,532 compounds)
and then, the results were refined using the more accurate extra precision (XP)
function. The resulting conformations (or poses) of the compounds were ranked
according to the Glide XP scoring function with the top 500 distinct compounds
identified and retained for a similar docking (both SP and XP) to the corresponding
human homologue of the selected targets.
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Figure 4.1. Structure-based virtual screening workflow for selection of compounds to be
used in whole organism schistosome assays. Two parallel strategies involving target
selection/preparation and compound library selection/preparation initiate the process (1).
Using outputs of this approach, 4,532 compounds are subjected to a virtual screening pipeline
(Glide) that quantifies each compound’s ability to bind to the selected SmHME’s substrate
binding pocket (2). Using standard precision (SP) and extra precision (XP) modes, the filtering
of the 4,532 compounds to 500 was achieved. The 500 putative SmHME inhibitors are then
subjected to a virtual screening with the closest human homologue using the SP function and
then the solutions are refined using the extra precision (XP) function. Ranked analyses
(according to Glide XP scores, 3) of the top 100 compounds potentially binding more
selectively to SmHME when compared to human homologue follow and, after visual
inspection (4), there is a selection of GPVx (where x is a numeric value) with optimal
anthelmintic characteristics. These compounds are subsequently purchased and screened for
anthelmintic activity.

The compounds with a more favourable docking score (SP and/or XP score) for the
parasite protein compared to the human template were selected for each of the 4
selected targets (see Appendix 4.1). A subset of compounds (named as GPVx, where
x is a numeric value, except for the putative LSD1 inhibitors named as L1-10)
encompassing maximal chemical diversity was selected. In summary, eight
compounds were selected specifically for Smp_138030, four for Smp_307060, eight
for Smp_016750, eleven for Smp_150560 and eight for Smp_160810. Interestingly,
two of the selected compounds (GPV17 and GPV26) were top-ranked for the docking
score

(SP

and/or

XP

score)

for
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two

different

parasite

proteins

(Smp_160810/Smp_016750 for GPV17 and Smp_307060/Smp_016750 for GPV21).
All the selected compounds (40 in total) were purchased from different chemical
companies (Specs and Sigma-Aldrich) and then tested in vitro on the parasite.
The results of the in vitro screens of these 40 compounds will be discussed as three
independent case studies according to the main schistosome target for which these
compounds were identified. Overall, a common work-flow was followed for each case
study including primary 10 µM and 50 µM schistosomula screens of all compounds.
Only the compounds showing activity at 10 µM (‘hits’) were secondarily titrated to
ascertain at which point they lose anti-schistosomula activity. Following these
schistosomula screens, hits were subsequently titrated against adult male and female
worm pairs as well as HepG2 human cells.
Despite this common work-flow, compounds identified in each case study were next
subjected to diverse and sometimes, non-overlapping follow-on tests (including
juvenile worm and miracidia screens as well as F. hepatica NEJ assays). The decisions
as to what follow-on screens to perform were based on the different level of activity
reported for the compounds, their structural diversity and their commercial
availability.

4.2.2 Case study 1: potential inhibitors of Smp_150560 (SmLSD1)
The in silico molecular docking of 4,532 compounds to the SmLSD1 target pocket
resulted in the identification of seven compounds (L1-L7) that had a potential to
interfere with the demethylase activity of this schistosome HDM (see Appendix 4.1).
While we could commercially obtain compounds L1-L6, compound L7 was
unavailable. Therefore, prior to conducting whole organism anthelmintic screening,
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we identified and purchased three L7 analogues (L8, L9 and L10; Appendix 4.1).
These analogues are previously characterised anthracyclines (L8 - daunorubicin
hydrochloride, L9 - doxorubicin hydrochloride, L10 - pirarubicin) with known
antineoplastic activity (Minotti et al., 2004). All 10 compounds displayed a higher
predicted affinity for the target pocket found in SmLSD1 compared to HsLSD1 (PDB
entry 2V1D, see Appendix 4.1). Results of this specific case study were previously
published in the special issue of International Journal for Parasitology: Drugs and Drug
Resistance (Padalino et al., 2018).

4.2.2.1 Biological evaluation of anti-schistosomal activity: 72 hours
schistosomula drug screens
The L1-L10 compounds were initially screened against 72 hours cultured
schistosomula at 10 and 50 µM concentration as described in Section 2.7.2, Chapter
2. For each concentration, each compound was screened at least three times and, in
each screen, the effect of the compound on schistosomula phenotype and motility was
assessed twice (technical replicates). In total, six drug screens were performed using
Roboworm (as described in Section 2.7.4, Chapter 2) and the Z’ calculated for both
phenotype and motility obtained for each screen is reported in Table 4.1. All Z’ values
were within accepted ranges as previously described by (Zhang et al., 1999).
Table 4.1. Z’ values for both phenotype and motility of the 6 screens.
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Upon screening of the nine available compounds (L1-L6; L8-10) against
schistosomula on the Roboworm platform (n = 2 wells per compound/120
schistosomula per well; at 50 µM single point concentration, Figure 4.2A), four
compounds (L1-3-8-10) were identified as active (hit rate 44%); however, compounds
L2 and L9 were found to be borderline suggesting only a marginal effect at this high
concentration. When the same collection of compounds was screened at 10 µM, only
compounds L8 and L10 affected both parasite phenotype and motility metrics (hit rate
22%, Figure 4.2B); these two compounds were, thus, considered hits when compared
to negative (DMSO) and positive (Auranofin (Kuntz et al., 2007)) controls.
Representative images of schistosomula treated with compounds L1, L3, L8 and L10
(at both 10 µM and 50 µM) revealed the phenotypes induced after 72 hrs co-culture
(Figure 4.3).
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Figure 4.2. In vitro schistosomula screen of putative SmLSD1 inhibitors. Mechanicallytransformed schistosomula (n = 120) were incubated with the putative SmLSD1 inhibitors L1
- L6 and L8 - L10 (10 µM - Panel A - and 50 µM - Panel B - in 0.625% DMSO; each of them
in duplicate) for 72 hrs at 37°C in a humidified atmosphere containing 5% CO2. At 72 hrs, the
effect that each compound had on parasite phenotype and motility was assessed by the high
throughput platform Roboworm. The scatter plot shows the results of the anti-schistosomal
activity of the selected compounds in terms of phenotype (on the x axis) and motility score
(on the y axis). Here the effect for both technical replicates of each compound is shown using
a different colour code (as shown in the key legend on the right of each graph). The graph
shows the results of the anti-schistosomal activity of the selected compounds compared to
DMSO (0.625%) and Auranofin (10 µM in 0.625% DMSO), respective negative and positive
controls (average of 24 different replicate wells/control). Compounds with activity on both
schistosomula phenotype and motility are shown within the ‘Hit Zone’ (delineated by the
dotted red lines in the graph) defining - 0.15 and - 0.35 as threshold anti-schistosomula values
for phenotype and motility scores respectively. Z´ score the drug screen chosen as
representative (barcode 0237) is reported in Table 4.1.

Figure 4.3. Visual representations of schistosomula phenotypes induced by L1, L3, L8
and L10. These three compounds were tested on schistosomula at 10 and 50 µM. Each image
represents a cropped sample of the schistosomula obtained from hit wells of screen 0302. The
brightness of the image has been modified slightly (+ 20%) from the original image to make
the differences in phenotype more apparent. Images of schistosomula treated with controls
(Auranofin, DMSO) or left in media alone are included for reference.

From this primary screen, L10 appeared to be more potent than L8 against in vitro
cultivated schistosomula (i.e. data points for L10 are closer to the origin in Figure
4.2). A subsequent dose response titration of both L10 and L8 confirmed this
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observation; EC50 values for both schistosomula motility and phenotype metrics were
lower for L10 when compared to L8 (Figure 4.4).

Figure 4.4. Dose response titrations of L8 and L10 against schistosomula. The two hit
compounds were screened against mechanically-transformed schistosomula at 10 µM and
lower concentrations (5, 2.5, 1.25 and 0.625 µM). Three independent dose response titrations
were performed and each compound concentration was evaluated in duplicate. Each
concentration point defines the average mean of the three biological replicates (each of them
with two technical replicates). Dose response curves for S. mansoni schistosomula phenotype
and motility here presented are prepared using GraphPad Prism (mean +/- SD of mean is
indicated for each compound concentration). Estimated EC50s calculated from these dose
response curves are summarised in the table. Z´ score for the screen 0237 is 0.415 for motility
and 0.581 for phenotype (as reported in Table 4.1).

4.2.2.2 Biological evaluation of anti-schistosomal activity: juvenile
and adult worm drug screens
The spectrum of activity of these two compounds (L10 and L8) was further explored
on two other important S. mansoni life cycle stages (juvenile and adult worms). Firstly,
juvenile (3 wks old) schistosomes were co-cultivated with the two compounds for 72
hrs (Figure 4.5). After that, the effect of L8 and L10 on the parasite was assessed as
described in Chapter 2 (Section 2.7.3). A similar anthelmintic trend (L10 - EC50 2.28
µM > L8 - EC50 3.91 µM) was also observed for juvenile worms (Figure 4.5A and B,
respectively). At the highest concentration tested (20 and 15 µM), both compounds
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were lethal to the parasite (i.e. no movement) with some tegumental damages and
granularity throughout the entire body noted (as evident by the darker aspect of the
treated parasite compared to the control, Figure 4.5C). At the lower concentrations
tested (10, 5 and 2.5 µM), both reduced motility as well as reduced transparency
compared to the DMSO control were noted, especially for compound L10. The latter
is still moderately effective on the parasite at 1.25 µM.

Figure 4.5. Compounds L10 and L8 affect juvenile worm motility. Juvenile S. mansoni
worms (3 wks post infection; n = 10 - 25) were cultured in different concentrations of L8
(Panel A) or L10 (Panel B) (20, 15, 10, 5, 2.5 and 1.25 µM in 1.25% DMSO) and motility
scored (0 = dead, 4 = normal movement) at 72 hrs. Average scores/treatment are indicated on
top of the stacked histograms with percentages of worms displaying the phenotype scored
represented by different colour combinations. Control parasites (n = 10 - 25) included those
co-cultivated in the presence of 1.25% DMSO and PZQ (10 µM in 1.25% DMSO). Estimated
EC50s calculated from these dose response titrations are summarised in the table. In Panel C,
visual representations of juvenile phenotypes induced by different concentrations of L10 (15
µM, 5 µM and 1.25 µM are chosen as representative concentrations). The phenotype recorded
varies in severity and is reflected in the phenotype score given in Panel B. Images of control
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compounds DMSO and PZQ treated juvenile worms are included for reference. The images
were taken by a camera (Euromex, Euromex HD Ultra, VC.3036, HDMI, 6 MP) connected to
an inverted microscope (OLYMPUS CK2, with a 10X phase contrast objective). The
brightness of the images has been modified slightly (+20%) from the original image to make
the differences in phenotype more apparent.

The effect of both L10 and L8 on adult male and female schistosome pairs (7 wks old)
was next explored (Figure 4.6). Consistent with the schistosomula and juvenile worm
screens, L10 displayed greater activity than L8 on adult worm motility (Figure 4.6A
and B; L10 EC50 = 14.18 µM, L8 EC50 > 50 µM). Decreased potency of L8 against
adult worms was consistent with the results obtained for schistosomula and juveniles.
While egg production was also affected by co-cultivation with both compounds, L10
again demonstrated a more striking effect in inhibiting this critical process involved in
host immunopathology and lifecycle transmission (Figure 4.6C).

Figure 4.6. Compounds L10 and L8 affect adult worm motility and egg production. Adult
schistosome pairs (7 wks old, 3 pairs/well) were co-cultivated with L10 and L8 (two-fold
titrations between 50 - 6.25 µM) for 72 hrs at 37°C in a humidified atmosphere containing 5%
CO2. Panel A and B - The effect of respectively L8 and L10 on schistosome motility was
assessed after 72 hrs drug treatment using the WHO scoring matrix. Panel C - Effect of L8
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and L10 on egg production was quantified. Worm movement and egg count was assessed as
described in general methodology Chapter 2. The stacked bars represent the percentages of
worms displaying the phenotype scored and are represented by different colour/textural
combinations; the average motility score (6 worms for each of the three independent
experiments) is indicated above each bar. Control parasites (n = 6) included those co-cultivated
in the presence of 1.25% DMSO and PZQ (10 µM in 1.25% DMSO). *, **, ***, ****
represent p < 0.05, p < 0.01, p < 0.001, p < 0.0001, respectively. Estimated EC50s calculated
from these dose response titrations are summarised in the table.

As previously indicated, L10 was consistently more potent (compared to L8) in
affecting schistosome phenotype or motility, regardless of lifecycle stage examined.
Thereafter, SEM analysis of adult male schistosomes co-cultivated in a sub-EC50
concentration of these compounds (50 µM for L8 and 12.5 µM for L10) was performed
to assess if they also affected surface worm morphology (Figure 4.7). Observation at
low magnification in L8 and L10-treated worms (Figure 4.7A and B) did not show
any macroscopic damages compared to the control worms (Figure 4.7C). A more
detailed observation (at higher magnification) highlighted that incubation of adult
males in the presence of L8 (Figure 4.7D-E) and L10 (Figure 4.7F-G) led to the
disruption and surface erosion of tegumental membranes, when compared to DMSO
treated control males (Figure 4.7H-I). This type of surface damage has been seen
before and is consistent with stress and an inability to maintain molecular control of
this protective barrier (Edwards et al., 2015). Specifically, treatment with both
compounds (Figure 4.7E and G) induced the disappearance of tubercular spines
compared to those observed on the tegument of control worms (Figure 4.7I). L8
treatment also induced tegumental breaches (encircled zone in Figure 4.7E), whereas
L10 treatment mainly led to erosion of the tegument and the appearance of subtegumental vesicles (Figure 4.7F and G). Additionally, extensive blistering and
surface blebbing occurred with L8 treatment (50 µM, arrows in Figure 4.7D and E),
which was most prominent in the mid-body compared to the hind-body and fore-body
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(Figure 4.7D). By comparison, the tegumental surface of control schistosomes
appeared as expected with the presence of spinous tubercules and the absence of
noticeable morphological defects (Figure 4.7H-I).

Figure 4.7. L8 and L10 induce surface damages on S. mansoni adult males. Tegumental
damage is observed in worms treated with 50 µM of L8 (A, D and E) and 12.5 µM of L10 (B,
F and G) compared to control worms (C, H and I). Low magnification (70-80x) for A, B, C,
respectively; medium magnification (300-700x) for D, F, H, respectively; high magnification
(1,000-1,500x) for E, G, I, respectively. Gynecophoral canal (gc), oral and ventral sucker (os
and vs), tubercles (tu), spines (sp). Red arrows and circles indicate the alterations. Dashed
black boxes in A, B and C are magnified in the subsequent panels.

4.2.2.3 Biological evaluation of anti-schistosomal activity: miracidia
drug screens
Although these drug screens were mainly focused on the intra-mammalian parasitic
stages, we were also interested in compounds that altered S. mansoni phenotypes in
intra-molluscan larval stages (Taft et al., 2010). Hence, screening of free-swimming
miracidia was performed to identify phenotype-altering drugs affecting the normal in
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vitro transformation process of miracidia into sporocyst (Figure 4.8). In this part of
the project, miracidia were only incubated with L10 (which showed the most potent
activity) for 48 hrs and subsequently scored for morphological and behavioural
changes differing from controls. Upon L10 titration, a significant inhibition in
miracidial to sporocyst transformation was found for parasites treated with 50 - 5 µM
compound (Figure 4.8A). In fact, no movement or flame cell activity (related to
parasite death) was observed at either 50 µM or 10 µM concentrations. This motility
and flame cell defects were also associated with structural abnormalities including
partially detached plates (red arrows in Figure 4.8B).

Figure 4.8. Compound L10 affects miracidia to sporocyst transformation. Panel A - The
effect of compound L10 (50, 10, 5, 2 and 0.5 µM) on miracidia transformation is registered in
terms of% fully transformed sporocysts enumerated after 48 hrs. Each treatment was set up in
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triplicate and parasites were cultured in CBSS with 1% DMSO at a controlled temperature of
26°C (in the dark). Panel B - The phenotype recorded varies in severity and is reflected in the
phenotype score given for each concentration point. Tegumental/epidermal surface shows
signs of degeneration at 50 and 10 µM. At 2 µM, the transforming miracidia are shedding
epidermal plates which can still be observed attached to the parasite surface (red arrows).
Sporocyst tegument is fully-formed and no ciliated plates remain attached at the lower
concentration tested (similar to DMSO controls). A Kruskal-Wallis ANOVA followed by
Dunn’s multiple comparisons test is performed to compare each concentration mean to DMSO
mean. *, **, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p < 0.0001, respectively.

4.2.2.4 Cytotoxic activity on HepG2 cell cultures
L8 and L10 were also tested against the human HepG2 cell line to ascertain their
cellular cytotoxicity. Each compound was tested on the selected cell line as described
in Chapter 2 (Section 2.7.6). Here, both compounds showed some degree of
cytotoxicity against the HepG2 cell line (CC50 values included in table of Figure 4.9).

Figure 4.9. Dose response titration of L8 and L10 on HepG2 cells. Cells were co-cultivated
with L8 and L10 according to Section 2.7.6 (Chapter 2) and subjected to MTT assays. At the
top, dose response titration curve of the two compounds against HepG2 cells is shown and,
below, a table reporting the calculated CC50 values. Each titration was performed in triplicates
in two independent assays. All absorbance readings are adjusted for background absorbance
and the curve dose-response is calculated based on the absorbance reading values which
represented a mean of two independent data sets. The absorbance values of the positive
(DMSO, 1.25% v/v; x = -1) and negative control (Triton X-100, 1% v/v final concentration,
final value on x-axis) are included. Standard error of the mean is included in the graph.
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Indeed, a degree of cytotoxicity was observed for L10 and L8 using a surrogate human
HepG2 human cell line; however, there was a window of selectivity (e.g. selectivity
index of 1.5 to 14) between the anthelmintic activity and the general cytotoxicity of
these two compounds (Table 4.2).
Table 4.2. L8 and L10 anti-schistosomal activity and cytotoxicity summary.
Compound

L8

L10

EC50 on schistosomula
phenotype
EC50 on schistosomula motility

4.19 µM

2.49 µM

5.86 µM

1.46 µM

3.91 µM

2.28 µM

EC50 on adult worms

> 50 µM

14.18 µM

CC50 on HepG2 cells

17.79 µM

21.05 µM

4.25/3.04

8.45/14.42

4.55

9.23

< 0.36

1.48

EC50 on juveniles

SI
CC50/ EC50 Schistosomula
(phenotype/motility)
SI
CC50/ EC50 juveniles
SI
CC50/ EC50 Adult worms

4.2.2.5 RNAi of smlsd1 in adult schistosomes
We undertook a functional genomics approach of SmLSD1 inhibition to see if aspects
of L10-associated adult worm phenotypes could be recapitulated and to investigate the
biological role of SmLSD1 in S. mansoni (Figure 4.10). In this direction, RNAimediated post-transcriptional gene silencing was employed, and qRT-PCR was then
performed to assess the effectiveness of SmLSD1 knockdown (see Section 2.4,
Chapter 2). RNAi of adult (7 wks old) worm pairs, using siSmlsd1 (sequence reported
in Section 2.4, Chapter 2), led to a significant reduction (56%, p = 0.001) in transcript
abundance after 48 hrs when compared to worm pairs treated with siLuc (Figure
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4.10A). At this time-point, egg production was also significantly inhibited (~50%
reduced) in siSmlsd1 treated worms (Figure 4.10B). While smlsd1 transcript reduction
(56%) and egg production inhibition (50%) at 48 hrs is only correlated, the magnitude
by which both processes were affected suggested a role for SmLSD1. After 7 days,
siSmlsd1 treated worms recovered slightly, but were still producing far less eggs than
their siLuc counterparts (Figure 4.10C). While this could reflect a sustained egg
production defect carrying over from 48 hrs, these results equally support a delay in
normal egg production (compare the difference in eggs produced at the two time-points
between the two siRNA treatments).

Figure 4.10. RNAi-mediated knockdown of Smlsd1 affects the in vitro production of
schistosome eggs. Panel A - Seven-weeks old adult male and female schistosomes were
electroporated with 5 µg siRNA duplexes targeting luciferase (siLuc) or smlsd1 (siSmlsd1).
Following 48 hrs, total RNA was harvested and subjected to qRT-PCR. Percent knockdown
(KD) and statistical significance (Student’s t test, two tailed, unequal variance) is indicated.
All siRNA and qRT-PCR DNA sequences are included Chapter 2. Egg production at 48 hrs
(Panel B) and 168 hrs (Panel C) after introduction of siRNAs was investigated. Statistical
significance is indicated (Student’s t test, two tailed, unequal variance). * represents p < 0.05,
** represents p < 0.01 and *** represents p < 0.001.
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4.2.3 Case study 2: potential inhibitors of Smp_016750 (SmPRDM)
Similar to Smp_150560, the structure-based virtual screening of a commercially
available library of small chemicals was applied to the only PRDM identified in S.
mansoni (Smp_016750). This approach led to the identification of nine chemicals
(GPV14, 16, 18, 22-24, 28, 29 and 31, see Appendix 4.1) with a greater affinity to the
substrate binding pocket of SmPRDM compared to the closest human PRDM
homologue. While an additional two compounds (GPV17 and GPV26, Appendix 4.1)
were predicted to bind to this target, they also were predicted to interact with two other
SmHMT/SmHDM targets (Smp_160810 for GPV17 and Smp_307060 for GPV26);
however, these compounds will be discussed in the current case study alongside the
nine aforementioned chemicals. These eleven compounds were purchased to perform
in vitro screens on S. mansoni aiming to assess their predicted anthelmintic activity.

4.2.3.1 Biological evaluation of anti-schistosomal activity: 72 hours
schistosomula drug screens
The eleven selected compounds were initially screened on the larva stage of the
parasite at two concentrations (10 and 50 µM; each concentration screened twice/assay
- technical replicates; each assay repeated three times - biological replicates across
four different drug screens) as described in Section 2.7.2, Chapter 2. For each screen,
calculated Z’ values for both phenotype and motility were within accepted ranges as
described by (Zhang et al., 1999) as summarised in Table 4.3.
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Table 4.3. Z’ values for both phenotype and motility of the 4 screens.
Bar code
Motility
Phenotype

0302
0.118
0.382

0329
0.439
0.246

0380
0.492
0.349

0409
0.333
0.414

At 50 µM, only four of the eleven compounds were active (both phenotype and
motility measures) on 72 hrs schistosomula (hit rate of 44%; Figure 4.11A). However,
only one compound (GPV31, hit rate ~10%) retained its activity on the larva stage at
10 µM concentration (Figure 4.11B).

Figure 4.11. Effect of GPV compounds targeting Smp_016750 on 72 hours cultured
schistosomula at 50 and 10 µM. Mechanically-transformed schistosomula (n = 120) were
incubated with the selected 11 compounds (50 µM - Panel A - and 10 µM - Panel B - in
0.625% DMSO; each of them in duplicate) for 72 hrs at 37°C in a humidified atmosphere
containing 5% CO2. One of the three independently performed screens is shown here as a
representative of the preliminary larva screen (barcode 0302, Z´ scores are reported in Table
4.3). The screen and the interpretation of the data is conducted similarly to that described in
Figure 4.2. Compounds with activity on both schistosomula phenotype and motility are shown
within the ‘Hit Zone’ (delineated by the dotted red lines in the graph).

To further assess the potency of the only hit compound at 10 µM, a dose-response
titration (10 - 0.313 µM) was conducted in three independent screens (Table 4.4). This
compound demonstrated EC50s of 3.44 and 3.12 µM for phenotype and motility,
respectively (Figure 4.12).
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Table 4.4. Z’ values for both phenotype and motility of the 3 screens.
Bar code
Motility
Phenotype

0359
0.452
0.341

0418
0.265
0.245

0420
0.523
0.193

Figure 4.12. Dose response titrations of compound GPV31 against schistosomula. This
compound was screened against mechanically-transformed schistosomula at 10 µM and lower
concentrations (5, 2.5, 1.25 and 0.625 µM). Three independent dose response titrations were
performed, and each compound concentration was evaluated in duplicate. Here, data derived
from screen 0418 is presented as a representative example. Z´ scores for these three repeat
titrations are reported in Table 4.3. Dose response curves for S. mansoni schistosomula
phenotype and motility here presented are prepared similarly to Figure 4.4. At the bottom,
visual representations of schistosomula phenotypes induced by GPV31 are reported. Images
are placed in order of concentration tested which also correspond to the phenotype score
severity (most severe on the left to least severe on the right).

Compound GPV31 was further investigated on the adult stage of the parasite (7 wks
worms, Figure 4.13). The adult worm drug screen was performed as described in
Chapter 2 (Section 2.7.4) and showed complete parasite death only at the highest
concentration tested (50 µM); reduction of worm movement was also observed a 25
µM together with a significant inhibition of egg production. At the lower
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concentrations tested, worms started recovering in terms of movement and fecundity
(Figure 4.13A and B).

Figure 4.13. Dose response titration of compound GPV31 on adult worms. Panel A - A
dose response titration (50 - 6.25 µM) of compound GPV31 was performed to assess its
potency on S. mansoni adult worms. The titration was performed in duplicate in two
independent screens. Worm movement was recorded with WormassayGP2. The bar chart
shows the average worm movements recorded by WomassayGP2.0 of the two independent
screens (each of them with two technical replicates). Compound-inhibited worm movement is
compared to controls (0.625% DMSO and PZQ 10 µM). Panel B - After 72 hrs, eggs were
collected and enumerated (see Section 2.7.4 of Chapter 2 for egg collection and enumeration).
For each concentration tested, the mean of the egg count and the standard error across the two
biological and technical replicates are represented on scatter plot. A Kruskal-Wallis ANOVA
followed by Dunn’s multiple comparisons test was performed to compare each population
mean to DMSO mean value. *, **, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p
< 0.0001, respectively.

4.2.3.2 Anti-schistosomal activity of GPV31 analogues
Following these preliminary results, GPV31 was the only putative anti-SmPRDM
compound (amongst the 11 studied) that demonstrated moderate activity on
schistosomula (EC50 of 3.44 and 3.12 µM for phenotype and motility, respectively,
Figure 4.12) and limited activity on adult worms.
Thereafter, we decided to further explore the chemical space of this compound in the
attempt to identify more potent anti-schistosomals. This led to the identification and
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purchasing of five structural analogues (GPV71-75, Appendix 4.2) for in vitro testing
on larva and adult schistosomes.
Following the same work-flow as described above for other compounds, these five
GPV31-structural analogues were first tested on schistosomula at 50 and 10 µM in
two separate Roboworm screens (barcode 0418 and 0420, Z’ values in Table 4.4). We
concluded that all the compounds (except GPV71) were active at both concentrations
(Figure 4.14A and B).

Figure 4.14. Effect of GPV71-75 on 72 hours cultured schistosomula at 50 and 10 µM.
Mechanically-transformed schistosomula (n = 120) were incubated with the selected
compounds (50 µM - Panel A - and 10 µM - Panel B - in 0.625% DMSO; each of them in
duplicate) for 72 hrs at 37°C in a humidified atmosphere containing 5% CO2. One of the two
independent performed screens is shown here as a representative of the preliminary larva
screen (barcode 0418, Z´ scores are reported in Table 4.4). The screen and the interpretation
of the data is conducted similarly to that described in Figure 4.2. Compounds with activity on
both schistosomula phenotype and motility are shown within the ‘Hit Zone’ (delineated by the
dotted red lines in the graph).

These four compounds (GPV72-75) were subsequently titrated to ascertain at which
point they lose anti-schistosomula activity (Figure 4.15A and B for phenotype and
motility, respectively). While GPV72 showed an overall activity comparable to
GPV31 (EC50 2.47 and 3.31 µM for phenotype and motility respectively), GPV73 was
the least active (EC50 5.60 and 5.56 µM for phenotype and motility respectively).
Interestingly, both GPV74 and GPV75 demonstrated greater activity than GPV31,
with an EC50 value for both phenotype and motility below 3 µM.
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Figure 4.15. Dose response titrations of compound GPV31 and structural analogues
against schistosomula. These compounds were screened against mechanically-transformed
schistosomula at 10 µM and lower concentrations (5, 2.5, 1.25 and 0.625 µM). Panel A Dose-response curves of each compound based on phenotype score. Panel B - Dose-response
curves of each compound based on motility score. Two independent dose response titrations
(barcode 0418 and 0420) were performed and each compound concentration was evaluated in
duplicate. Here, data derived from screen 0418 is illustrated as a representative example. Z´
scores for the two repeat titrations are reported in Table 4.4. Dose response curves for S.
mansoni schistosomula phenotype and motility here presented are prepared similarly to Figure
4.4. At the bottom, a table summarising the calculated EC50 values (for phenotype on the left
and motility on the right) for each compound is also illustrated.

The same activity profile was identified among the GPV31 structural analogues when
these compounds were tested on the adult stage of the parasite (7 wks worms, Figure
4.16A). Firstly, as expected, GPV71 wasn’t active on adult worms, even at the highest
concentration tested (50 µM). Similarly, the poor activity of GPV73 on schistosomula
was also translated to adults with only 50 µM demonstrating an effect. However,
similar to their activities on schistosomula, compounds GPV74 and GPV75 were
strongly active against adult schistosomes. Egg production defects after 72 hrs cocultivation with GPV31 and analogues were also broadly aligned to the worm motility
results (Figure 4.16B).
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Figure 4.16. Dose response titration of compounds GPV31 and GPV71-75 on adult
worms. Panel A - A dose response titration (50-6.25 µM) of compound GPV31 and GPV7175 analogues was performed to assess their potency on S. mansoni adult worms. Panel B After 72 hrs, eggs were collected and enumerated (see Section 2.7.4 of Chapter 2 for egg
collection and enumeration) to assess the drug-induced effect on egg production. Each titration
was performed in duplicate in two independent screens. The screen and the interpretation of
the data is conducted similarly to that described in Figure 4.13.

4.2.4 Case study 3: potential inhibitors of two representative
SmHMTs

(Smp_138030

and

Smp_307060)

and

a

SmLSD2

(Smp_160810)
As mentioned in Section 4.2.1, 40 compounds were selected through an in silico
virtual screening approach for initiating in vitro screens of schistosomes. In this
section, the biological results of the final 20 compounds (see Appendix 4.1), directed
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against three targets (Smp_138030, Smp_307060 and Smp_160810), is presented as
case study 3.

4.2.4.1 First generation of GPV compounds: 72 hours schistosomula
drug screens
These 20 compounds (defined here as first generation of GPV compounds for case
study 3) were initially screened on schistosomula at 50 and 10 µM, similarly to that
described for the other two case studies. The calculated Z’ values for both phenotype
and motility of all the drug screen related to this family of compounds were
summarised in Table 4.5.
Table 4.5. Z’ values for both phenotype and motility of the 5 screens.
Bar code
Motility
Phenotype

0255
0.356
0.498

0301
0.674
0.260

0302
0.118
0.382

0380
0.492
0.349

0409
0.333
0.414

These schistosomula screens identified four compounds (GPV3-7-12-21) with activity
at 50 µM (hit rate of 20%) with two of them (GPV3 and GPV12) severely affecting
the larva parasite similar to the positive control (Auranofin, Figure 4.17A). At 10 µM,
only GPV3 and GPV7 (hit rate 10%) induced parasite death (Figure 4.17B).
Interestingly, both compounds were predicted to bind the same target (Smp_138030,
Appendix 4.1).
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Figure 4.17. The first generation of GPV compounds has differential activity against 72
hours cultured schistosomula at 50 and 10 µM. Mechanically-transformed schistosomula
(n = 120) were incubated with the selected 20 compounds (50 µM - Panel A - and 10 µM Panel B - in 0.625% DMSO; each of them in duplicate) for 72 hrs at 37°C in a humidified
atmosphere containing 5% CO2. One of the three independent performed screens is shown
here as a representative of the preliminary larva screen (barcode 0255, Z´ scores are reported
in Table 4.5). The screen and the interpretation of the data is conducted similarly to that
described in Figure 4.2. Compounds with activity on both schistosomula phenotype and
motility are shown within the ‘Hit Zone’ (delineated by the dotted red lines in the graph).

As shown in Figure 4.18, GPV3 treated parasites (50 µM or 10 µM) presented an
elongated shape similar to the Auranofin-induced phenotype. Similar morphological
features were observed with GPV12 but only at 50 µM. In contrast, phenotypes of
both GPV7 and GPV21 treated schistosomula (GPV7 more active than GPV21)
induced parasite swelling in all individuals and compression of the posterior end of
some individuals (as shown in Figure 4.18).
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Figure 4.18. Visual representations of schistosomula phenotypes induced by GPV3-7-1221. These four compounds were tested on schistosomula at 50 and 10 µM. Each image
represents a cropped sample of the schistosomula obtained from hit wells of screen 0255. The
brightness of the image has been modified slightly (+ 20%) from the original image to make
the differences in phenotype more apparent. Images of control parasites - Auranofin, DMSO
and media treated schistosomula - are included for reference.

Another important finding of these preliminary screens identified GPV3 as being more
potent than GPV7 on schistosomula. In fact, as shown in Figure 4.17B, data points
for GPV3 are closer to the origin in the graph. A secondary titration on both these two
hit compounds, across four screens (Z’ values listed in Table 4.6), was subsequently
performed to quantify their potency on the larva stage of the parasite (Figure 4.19).
Table 4.6. Z’ values for both phenotype and motility of the 4 screens.
Bar code
Motility
Phenotype

0260
0.273
0.421

0276
0.674
0.171
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0302
0.118
0.382

0329
0.439
0.246

The EC50 values calculated for these two compounds confirmed GPV3 as the most
potent compound of the first family of GPV compounds (comparison of Panels A and
B, Figure 4.19). Phenotypes of GPV3 and GPV7 schistosomula support this
contention (Figure 4.19C).

Figure 4.19. Dose response titrations of compound GPV3 and GPV7 against
schistosomula. These compounds were screened against mechanically-transformed
schistosomula at 10 µM and lower concentrations (5, 2.5, 1.25 and 0.625 µM). Panel A Dose-response curve of GPV3 on schistosomula with the calculated EC50 based on phenotype
(P) and motility (M). Panel B - Dose-response curve of GPV7 on schistosomula with the
calculated EC50 based on phenotype (P) and motility (M). Three independent dose response
titrations were performed, and each compound concentration was evaluated in duplicate. Z´
scores for these three repeat titrations are reported in Table 4.6. Dose response curves for S.
mansoni schistosomula phenotype and motility here presented are prepared similarly to Figure
4.4. In each panel the blue and green lines defines respectively the phenotype and motility of
the compound in question. In light grey, the titration of the other compound is left for an easy
comparison between the two compounds. At the bottom, visual representations of
schistosomula phenotypes induced by GPV3 and GPV7 is reported. Images are placed in order
of concentration tested, which also correspond to the phenotype score severity (most severe
on the left, to least severe on the right).
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4.2.4.2 Adult worm drug screens of GPV3 and GPV7
The anti-schistosomal activities of GPV3 and GPV7 were next explored on adult
worms (Figure 4.20). At 50 and 25 µM, both compounds were lethal, however, worm
recovery began at 12.5 µM and continued at 6.25 µM (Figure 4.20A). In terms of egg
production, both GPV3 and GPV7 were equally effective up until 6.25 µM (Figure
4.20B).

Figure 4.20. Dose response titration of compound GPV3 and GPV7 on adult worms.
Panel A - A dose response titration (50 - 6.25 µM) of compounds GPV3 and GPV7 was
performed to assess their potency on S. mansoni adult worms. Panel B - After 72 hrs, eggs
were collected and enumerated (see Section 2.7.4 of Chapter 2 for egg collection and
enumeration) to assess the drug-induced effect on egg production. Each titration was
performed in duplicate in two independent screens. The screen and the interpretation of the
data is conducted similarly to that described in Figure 4.13.

Scanning electron microscopy was used to evaluate the morphological changes
induced by in vitro treatment of the parasite with sub-lethal concentrations (12.5 µM)
of GPV3 (Figure 4.21A, B and C) and GPV7 (Figure 4.21D, E and B) compared to
the control (Figure 4.21G, H and I). Both compounds induced partial loss of tubercles
and spines as well as tegumental erosion (asterisks in Panel B-E-F) and ulcerations
(arrow in Panel C).
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Figure 4.21. SEM images of the mid-body of adult male worms treated with sub-lethal
concentration of GPV3 and GPV7. Tegumental damages are observed in worms treated with
sub-lethal concentration (12.5 µM) of GPV3 (A, B and C) and GPV7 (D, E and F) compare
to control worms (G, H and I). Low magnification 40-80x for A, D and G, respectively;
medium magnification 200-805x for B, C, E and H respectively; high magnification 1,5003,000x for F and I, respectively. Gynecophoral canal (gc), oral and ventral sucker (os and vs),
tubercles (tu). Red arrows and asterisks indicate the alterations. Dashed boxes represent areas
magnified in subsequent panels.

At this stage of the project, four interesting anti-schistosomal compounds (GPV3-712-21) containing distinctive chemical scaffolds (Figure 4.22A) and likely targeting
respectively the SmHMTs Smp_138030 (GPV3, GPV7 and GPV12) and
Smp_307060 (GPV21) were identified. Comparative docking (as described in Section
4.2.1) of each compound (or ligand) with the putative schistosome target and the
corresponding host target (HsMLL3 - PDB: 5F6K and the HsWHSC1L1 - PDB: 4YZ8,
respectively) revealed a higher binding affinity towards the parasite target (Figure
4.22B).
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Figure 4.22. Insights on compounds GPV3-7-12-21. Panel A - Chemical structures of
compounds GPV3-7-12-21 identified using molecular docking as potential SmHMT
inhibitors. Panel B - Docking results (SP - standard precision - and XP - extra precision) of
human and pathogen schistosome proteins with the four selected compounds are summarised
in the table. In detail, GPV3, GPV7 and GPV12 are docked to the schistosome Smp_138030
and the closest human homologue (MLL3, PDB ID: 5F6K). Compound GPV21, instead, is
docked to the schistosome Smp_307060 and the human WHSC1L1 (PDB ID: 4YZ8).

As the two most potent compounds (GPV3 and GPV7) were predicted to target the
same SmHMT (Smp_138030), exploration of the Specs library for GPV3 and GPV7
structural analogues and a comparative docking study was subsequently performed
(similarly to what described in Section 4.2.1). This led to the identification and
selection of two families of compounds (second generation of GPV3 and GPV7
analogues, see Appendix 4.3) with preferential docking to the substrate binding site
of Smp_138030 compared to its closest human homologue MLL3 (PDB ID:5F6K).
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These new compounds are referred to as the second generation of GPV compounds
and are described in the following section.

4.2.4.3 Second

generation

of

GPV

compounds:

72

hours

schistosomula drug screens
The second generation of GPV compounds encompassed 12 compounds including 3
structural analogues of GPV3 and 9 structural analogues of GPV7. These compounds
were initially tested on the larva stage at 50 and 10 µM (Table 4.7). The biological
results of these two compound sets are discussed separately due to their chemical
diversity.
Table 4.7. Z’ values for both phenotype and motility of the 3 screens.
Bar code
Motility
Phenotype

0304
0.291
0.316

0307
0.572
0.419

0329
0.439
0.246

Starting with the first family (GPV3 structural analogues), only two (GPV33 and
GPV38, Figure 4.23A) were active at 50 µM; however, only GPV38 retained its
activity at lower concentration (10 µM, Figure 4.23B).

Figure 4.23. Effect of GPV3 analogues on 72 hours cultured schistosomula at 50 and 10
µM. Mechanically-transformed schistosomula (n = 120) were incubated with the selected
compounds (50 µM - Panel A - and 10 µM - Panel B - in 0.625% DMSO; each of them in
duplicate) for 72 hrs at 37°C in a humidified atmosphere containing 5% CO2. One of the three
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independent performed screens is shown here as a representative of the preliminary larva
screen (barcode 0329, Z´ scores are reported in Table 4.6). The screen and the interpretation
of the data is conducted similarly to that described in Figure 4.2. Compounds with activity on
both schistosomula phenotype and motility are shown within the ‘Hit Zone’ (delineated by the
dotted red lines in the graph).

Regarding the GPV7 analogues, six out of nine tested compounds were hits on the
larva stage of the parasite at both 50 and 10 µM (Figure 4.24A and B), except for
GPV42, which was only active at 50 µM.

Figure 4.24. Effect of the GPV7 analogues on 72 hours cultured schistosomula at 50 and
10 µM. Mechanically-transformed schistosomula (n = 120) were incubated with the selected
compounds (50 µM - Panel A - and 10 µM - Panel B - in 0.625% DMSO; each of them in
duplicate) for 72 hrs at 37°C in a humidified atmosphere containing 5% CO2. One of the three
independent performed screens is shown here as a representative of the preliminary larva
screen (barcode 0329, Z´ scores are reported in Table 4.6). The screen and the interpretation
of the data is conducted similarly to that described in Figure 4.2. Compounds with activity on
both schistosomula phenotype and motility are shown within the ‘Hit Zone’ (delineated by the
dotted red lines in the graph).

All GPV3 and GPV7 analogue hits at 10 µM were tested at lower concentrations to
assess their anthelmintic potencies (Figure 4.25A and B respectively; phenotype is
presented for simplicity, but motility showed the same trend; data not shown). As
shown in the table contained within Figure 4.25, among 12 compounds, three
compounds were activity only at concentration higher than 50 µM (GPV34, GPV37
and GPV39). Only two compounds (GPV33 and GPV42) had an EC50 higher than 10
µM. However, seven compounds with an interesting anti-schistosomal activity were
identified (hit rate of 58.3%). All these compounds showed improved activities when
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compared to the first generation compounds GPV3 and GPV7. However, the two most
potent compounds were GPV38 (EC50 = 1.62 µM) and GPV43 (EC50 = 1.09 µM).

Figure 4.25. Dose response titrations of the third generation of GPV compounds against
schistosomula. All second generation GPV compounds active at 10 µM against mechanicallytransformed schistosomula were further titrated (10, 5, 2.5, 1.25 and 0.625 µM). Panel A Dose response titration of the GPV3 analogues belonging to the second generation of
compounds. Panel B - Dose response titration of the GPV7 analogues belonging to the second
generation of compounds. Dose response curves for S. mansoni schistosomula phenotype here
presented are prepared similarly to Figure 4.4. Dose response curves for S. mansoni
schistosomula phenotype Z´ scores for the two repeat titrations is reported in Table 4.6
(barcode 0380 and 0409). Underneath each panel, a table summarising the calculated EC 50
values (related to phenotypic score - first column - and motility score - second column - on
schistosomula) for each compound. Average mean value is calculated based on these two
values.

4.2.4.4 Adult worm screens of the most active second generation GPV
compounds
Only second generation GPV compounds demonstrating anti-schistosomula activity
at 10 µM were subsequently screened against adult worms. However, for this part of
the project, compounds were only tested at 12.5 µM as this represented a concentration
in which GPV3 and GPV7 treated worms started recovering (Figure 4.20). This
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approach allowed us to identify more potent GPV3 and GPV7 analogues (against
adults) as well as to reduce the number of parasites (and mice) used.
Regarding the GPV3 analogues, GPV38 was the only compound to be screened on
adult worms (Figure 4.26). At 12.5 µM, the effect of this compound was greater than
GPV3. Therefore, a titration of GPV38 (6.25, 3.125 and 0.625 µM) was performed
and, only at low micromolar concentrations, the worms began to recover (Figure
4.26A and B).

Figure 4.26. Dose response titration of compound GPV38 (second generation GPV3
analogue) on adult worms. GPV38 is the only GPV3 analogue identified as a hit at 10 µM
on schistosomula and was initially screened on adult worms at 12.5 µM (sub-lethal
concentration for GPV3, here reported as reference). A dose response titration (12.5 - 0.625
µM) of compound GPV38 was subsequently performed. Each titration was performed in
duplicate in two independent screens. The effect on schistosome motility was quantified as
described in general methodology Chapter 2 using both WHO score function (Panel A) and
WormassayGP2 (Panel B). In Panel A, the average motility score of each compound (at
different concentrations) is shown in comparison to the controls (0.625% DMSO and 10 µM
PZQ in 0.625% DMSO). In Panel B, the bar chart shows the average worm movements
recorded by WomassayGP2 of the two independent screens (each of them with two technical
replicates). A Kruskal-Wallis ANOVA followed by Dunn’s multiple comparisons test was
performed to compare each population mean to DMSO mean value. *, **, ***, **** represent
p < 0.0208, p < 0.0055, p < 0.0003, p < 0.0001, respectively.

A similar approach was undertaken for screening the second generation GPV7
structural analogues against adults (Figure 4.27A and B). Here, six compounds were
initially tested at 12.5 µM and compared to adults treated with 12.5 µM GPV7. This
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comparative approach identified four compounds (GPV35, GPV40, GPV43 and
GPV44) as more potent than the hit compound (Figure 4.27).

Figure 4.27. Effect of the first generation of GPV7 analogues on adult worms. Six
compounds (GPV35, GPV36, GPV40, GPV41, GPV43 and GPV44) were tested on adult
worms at 12.5 µM (sublethal concentration for GPV7, here reported as reference) to assess
their potency on S. mansoni adult worms. Each screen was performed in duplicate in two
independent screens. The effect on schistosome motility was quantified as described in general
methodology Chapter 2 using both WHO score function (Panel A) and WormassayGP2
(Panel B) similarly to Figure 4.26.

Overall, all second generation GPV compounds tested on adult worms also
demonstrated a severe effect on fecundity (Figure 4.28). Additionally, we also
observed some abnormal eggs (smaller size compared to the control eggs, spherical
rather than oval and lacking of the lateral spine (Geyer et al., 2011)) after treatment
with GPV7, GPV36, GPV38, GPV41 and GPV44.

Figure 4.28. Selected second generation of GPV analogues effect the worm fecundity.
After 72 hrs of drug treatment with GPV38 (GPV3 analogue of second generation, Panel A)
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and six GPV7 analogues (Panel B), eggs were enumerated (see Section 2.7.4 of Chapter 2
for egg collection and enumeration). The hit compounds GPV3 and GPV7 are included in the
screen as reference. The egg count for each concentration tested is reported in the scatter chart.
For each concentration tested, the mean of the egg count and the standard error across the two
biological replicates with two technical replicates each are represented on the graph.

4.2.4.5 Activity on NEJs
At this stage of the project, the anthelmintic activity of some of the most potent
compounds on another flatworm species (F. hepatica) was explored. Due to parasite
material limitation, only GPV3 and GPV7 (first generation) as well as GPV38 (second
generation GPV3 analogue) were tested. These three compounds were tested (at 10
µM) on F. hepatica newly excysted juveniles (NEJs) using a numerical scoring matrix
to quantify both phenotype and motility, as described in Section 2.7.5, Chapter 2
(Figure 4.29). Separate wells containing NEJs co-cultivated with triclabendazole
(10 μM in 0.1% DMSO, the drug of choice for the treatment of F. hepatica infection)
and both DMSO (0.1% DMSO) and RPMI (media control) were included as controls.
All compounds tested significantly affected both NEJ phenotype and motility;
moreover, the three GPV compounds were as potent as the positive control
triclabendazole (TCBZ, 10 μM). Among the three compounds tested, GPV3 induced
the most severe phenotype since this compound caused not only increased granularity
in the parasite, similarly to the other two compounds tested, but also total disruption
of the parasite surface as shown in the Figure 4.29.
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Figure 4.29. Activity against Fasciola hepatica newly excysted juveniles (NEJs) of three
selected GPV compounds. F. hepatica NEJs (25 per well) were incubated with the three
compounds at a concentration of 10 μM (in 0.1% DMSO) and cultured for 72 hrs at 37 °C in
an atmosphere containing 5% CO2. Control wells (25 NEJs per well) included those containing
0.1% DMSO and RMPI (as negative controls) or 10 μM Triclabendazole (TCBZ, 0.1%
DMSO, as positive control). After 72 hrs, all NEJs were scored for phenotype and motility
metrics as described in general methodology Chapter 2. For each treatment, an average of
both phenotype and motility score is calculated based on the individual parasite scores (across
two independent replicates). SD is reported on the bar chart. Visual representations of NEJ
phenotypes cultured in RPMI (media control), induced by Triclabendazole (positive control)
or treated with DMSO (negative control) are reported above the bar chart. NEJ phenotypes
induced by each of the three compounds are shown underneath the graph.

4.2.4.6 Third generation of GPV compounds: 72 hours schistosomula
drug screen
Due to the success of GPV3 and GPV7 first and second generation anthelmintics,
further explorations of related chemical scaffolds led to the identification and selection
of a third generation of GPV compounds (Appendix 4.4). Here, all remaining GPV3
and GPV7 analogues within the Specs library were selected for the in vitro
schistosome screens. As a result, twenty-five compounds were purchased including
seventeen GPV3 analogues and eight GPV7 analogues. The GPV3 analogues were

259

initially screened on schistosomula at 50 µM and fourteen active compounds were
identified (Figure 4.30A), only eight of these retained activity at 10 µM in the
secondary screen (Figure 4.30B). The calculated Z’ values for both phenotype and
motility of the five performed screens were within accepted ranges as described by
(Zhang et al., 1999) as summarised in Table 4.8.

Figure 4.30. Effect of the GPV3 analogues on 72 hours cultured schistosomula at 50 and
10 µM. Mechanically-transformed schistosomula (n = 120) were incubated with the selected
compounds (50 µM - Panel A - and 10 µM - Panel B - in 0.625% DMSO; each of them in
duplicate) for 72 hrs at 37°C in a humidified atmosphere containing 5% CO2. One of the three
independent performed screens is shown here as a representative of the preliminary larva
screen (barcode 0360, Z´ scores are reported in Table 4.8). The screen and the interpretation
of the data is conducted similarly to that described in Figure 4.2. Compounds with activity on
both schistosomula phenotype and motility are shown within the ‘Hit Zone’ (delineated by the
dotted red lines in the graph).

Table 4.8. Z’ values for both phenotype and motility of the three screens.
Bar code
Motility
Phenotype

0357
0.517
0.517

0358
0.425
0.380

0360
0.431
0.461

0380
0.492
0.349

0409
0.333
0.414

The GPV7 analogues were screened on schistosomula and, out of the eight compounds
studied, five chemicals (GPV54, GPV59, GPV68, GPV69 and GPV70, Figure
4.31A) were active at the highest concentration; only three of them (GPV59, GPV69
and GPV70) were still hits on schistosomula at 10 µM (Figure 4.31B).
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Figure 4.31. Effect of the GPV7 analogues on 72 hours cultured schistosomula at 50 and
10 µM. Mechanically-transformed schistosomula (n = 120) were incubated with the selected
compounds (50 µM - Panel A - and 10 µM - Panel B - in 0.625% DMSO; each of them in
duplicate) for 72 hrs at 37°C in a humidified atmosphere containing 5% CO2. One of the three
independent performed screens is shown here as a representative of the preliminary larva
screen (barcode 0358, Z´ scores are reported in Table 4.8). The screen and the interpretation
of the data is conducted similarly to that described in Figure 4.2. Compounds with activity on
both schistosomula phenotype and motility are shown within the ‘Hit Zone’ (delineated by the
dotted red lines in the graph).

This third generation of GPV compounds resulted in the identification of eleven
compounds (eight GPV3 analogues and three GPV7 analogues) active on the larva
stage of the parasite at 10 µM. Titrations of these compounds identified compounds
more potent than the parent compounds GPV3 and GPV7 (Figure 4.32A and B;
phenotype is presented for simplistically, but motility showed the same trend; data not
shown). In fact, all new GPV7 analogues had an EC50 value below 5 µM. Regarding
the third generation of GPV3 analogues, three compounds were less active than the
parent compound (GPV51, GPV52 and GPV60); however, four compounds had
improved activity (EC50 below 3 µM). The most interesting finding was the
identification of GPV56 as the most potent compound of the GPV family (EC50 = 0.40
µM, Figure 4.32). In conclusion, all schistosomula screens led to the identification of
GPV3 and GPV7 as parent compounds with pronounced anthelmintic activity. Further
selection of second and third generation GPV3 and GPV7 analogues led to the
identification of compounds with increased anthelmintic potency (summarised in the
tables of Figure 4.32).
261

Figure 4.32. Dose response titrations of the third generation of GPV compounds against
schistosomula. All third generation GPV compounds active at 10 µM against mechanicallytransformed schistosomula were further titrated (10, 5, 2.5, 1.25 and 0.625 µM). Panel A Dose response titration of the GPV3 analogues belonging to the third generation of
compounds. Panel B - Dose response titration of the GPV7 analogues belonging to the third
generation of compounds. Dose response curves for S. mansoni schistosomula phenotype here
presented are prepared similarly to Figure 4.4. Dose response curves for S. mansoni
schistosomula phenotype. Z´ scores for the two repeat titrations is reported in Table 4.8
(barcode 0380 and 0409). Underneath each panel, a table summarising the calculated EC 50
values (related to phenotypic score - first column - and motility score - second column - on
schistosomula) for each compound. Average mean value is calculated based on these two
values.

4.2.4.7 Adult worm screens of the most active third generation GPV
compounds
All third generation GPV3/GPV7 analogues active against schistosomula at 10 µM
were subsequently screened against adult worms at 12.5 µM (rationale provided in
Section 4.2.4.4) (Figure 4.33). Here, almost all of the analogues were more active
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than the corresponding parents (GPV3 for Panel A and GPV7 for Panel C, Figure
4.33). The only exception to this finding was GPV51, which demonstrated less
potency than GPV3 at this concentration. These increases in anti-schistosomal activity
(above that for GPV3 and GPV7) were also reflected in the total inhibition of egg
production (Figure 4.33B and D). Additionally, we also observed some abnormal eggs
(smaller size compared to the control eggs, spherical rather than oval and lacking of
the lateral spine (Geyer et al., 2011)) after treatment with GPV51.

Figure 4.33. Effect of the third generation of GPV3 and GPV7 analogues on adult worm
motility and egg production. Seven GPV3 analogues (Panel A) and three GPV7 analogues
(Panel C) were tested on adult worms at 12.5 µM (sublethal concentration for both GPV3 and
GPV7, here reported as reference) to assess their potency on S. mansoni adult worms. The
effect on schistosome motility (Panel A and C) was quantified with WormassayGP2 as
described in general methodology Chapter 2. Panel B and D - After 72 hrs of drug treatment,
eggs were collected and enumerated (see Section 2.7.4 of Chapter 2 for egg collection and
enumeration). Each screen was performed in duplicates in two independent screens. The
screen and the interpretation of the data is conducted similarly to that described in Figure 4.13.
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These compounds were subsequently screened at a lower concentration (6.25 µM)
aiming to discriminate the most potent compound of these third-generation exemplars
(Figure 4.34). This screen confirmed strong anthelmintic activities (motility and
oviposition) for all compounds except for GPV51, GPV67 and GPV59. At the
concentration tested, we observed some abnormal eggs after treatment of GPV51 and
GPV67.

Figure 4.34. Effect of the third generation of GPV3 and GPV7 analogues on adult worm
motility and egg production at 6.25 µM. Eight GPV3 analogues (Panel A) and three GPV7
analogues (Panel C) were tested on adult worms at 6.25 µM to assess their potency on S.
mansoni adult worms. The effect on schistosome motility (Panel A and C) was quantified
with WormassayGP2 as described in general methodology Chapter 2. The average motility
score of each compound (at different concentration point) is shown in comparison to the
controls (0.625% DMSO and 10 µM PZQ in 0.625% DMSO). Panel B and D - After 72 hrs
of drug treatment, eggs were collected and enumerated (see Section 2.7.4 of Chapter 2 for
egg collection and enumeration). Each screen was performed in duplicates in two independent
screens. The screen and the interpretation of the data is conducted similarly to that described
in Figure 4.13.
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4.2.5 Cytotoxic activity of GPV compounds on HepG2 cells
Overt cytotoxic activity was next explored on human HepG2 cells by prioritising those
GPV compounds that showed the most potent anti-schistosomal activities (EC50 on
schistosomula below 10 µM) in case study 2 (GPV31 and its structural analogies,
Section 4.2.3) and case study 3 (compounds GPV3 and GPV7 and their structural
analogues, both second and third generation, Section 4.2.4). Each compound was
tested in a dose response titration (200 to 0.01 µM) (see Section 2.7.6, Chapter 2 for
methodology) with the average CC50 of each compound reported in Table 4.9.
Compounds GPV59 and GPV71 were not toxic to this cell line, except for
concentrations above 100 µM. In contrast, compounds GPV56, GPV63, GPV67,
GPV69 and GPV70 showed the highest toxicity (CC50 below 10 µM). All the other
compounds showed a range of moderate (10 µM < CC50 < 20 µM) to low (20 µM <
CC50 < 60 µM) cytotoxicity on the selected cell line.
Table 4.9. Cytotoxic activity in HepG2 cell cultures of all the most potent GPV
compounds.

Compound

CC50 (µM)

GPV3
GPV7
GPV31
GPV35
GPV36
GPV38
GPV40
GPV41
GPV43
GPV44
GPV45
GPV51
GPV52
GPV53
GPV56

13.75
13.00
41.52
14.88
28.34
15.58
10.98
17.86
23.86
54.18
12.59
18.73
17.84
19.40
9.36
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GPV59
GPV60
GPV63
GPV67
GPV69
GPV70
GPV71
GPV72
GPV73
GPV74
GPV75

>100
41.78
5.12
4.97
6.73
3.31
>100
68.95
70.21
36.58
62.80

All the compounds identified as hits at 10 µM were tested against the human HepG2 cell line.
Each compound was titrated in three different experiments at the concentration range spanning
from 200 µM to 0.01 µM (three technical replicates each). The CC50 values of each compounds
are calculated as averages based on three replicates. All the data are analysed using GraphPad
Prism.

When the cellular cytotoxicity was compared to EC50 values derived from
schistosomula screens, a selectivity index (SI) was calculated (Table 4.10). The
analysis of these values identified compounds with an improved anti-schistosomal
activity/host safety ratio when compared to the hit compounds GPV3 and GPV7 (SI
= 3.12 and 2.43 respectively). In fact, among the GPV3 analogues, GPV38, GPV45,
GPV53, GPV56 and GPV60 had selectivity index (SI) above 10. Regarding the GPV7
analogues, GPV36, GPV43, GPV44 and GPV59 also demonstrated greater selectivity
to the schistosome than the surrogate human cell line. Finally, GPV72, GPV74 and
GPV75 also demonstrated improved selectivity indices over the parent GPV31
compound.
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Table 4.10. Selectivity indices (SI) calculated for the most potent GPV compounds.

2nd

EC50
(µM)

CC50
(µM)

SI

EC50
(µM)

CC50
(µM)

SI

#

Larva

HepG2
cells

Larva

#

Larva

HepG2
cells

Larva

GPV3

4.41

13.75

3.12

GPV7

5.34

13.00

2.43

GPV33

> 10

N.D.

N.D.

GPV35

4.12

14.88

3.61

GPV34

> 50

N.D.

N.D.

GPV36

3.50

28.34

8.10

GPV38

1.42

15.58

10.97

GPV37

> 50

N.D.

N.D.

GPV39

> 50

N.D.

N.D.

2nd

3rd

GPV45

1.62

12.59

7.77

GPV40

4.49

10.98

2.45

GPV46

> 10

N.D.

N.D.

GPV41

4.76

17.86

3.75

GPV47

> 50

N.D.

N.D.

GPV42

> 10

N.D.

N.D.

GPV48

> 10

N.D.

N.D.

GPV43

1.44

23.86

16.57

GPV49

> 50

N.D.

N.D.

GPV44

3.00

54.18

18.06

GPV50

> 50

N.D.

N.D.

GPV51

5.39

18.73

3.47

GPV54

> 10

N.D.

N.D.

GPV52

5.47

17.84

3.26

GPV57

> 50

N.D.

N.D.

GPV53

1.25

19.4

15.52

GPV58

> 50

N.D.

N.D.

GPV56

0.40

9.36

23.00

GPV59

4.20

>100

>23.81

GPV60

4.55

41.78

9.18

GPV61

> 50

N.D.

N.D.

GPV62

> 10

N.D.

N.D.

GPV68

> 10

93.55

N.D.

GPV63

1.33

5.121

3.85

GPV69

2.92

6.73

2.30

GPV64

> 10

N.D.

N.D.

GPV70

1.69

3.31

1.96

GPV65

> 10

N.D.

N.D.

GPV66

> 10

N.D.

N.D.

GPV67

2.66

4.97

1.87

GPV31

3.28

41.52

12.66

GPV71

> 50

> 100

N.D.

GPV72

2.89

68.95

23.86

GPV73

5.58

70.21

12.58

GPV74

2.41

36.58

15.18

GPV75

2.15

62.8

29.21

3rd

Schistosomula EC50 (average of both phenotype and motility metrics) values of the new
compounds are calculated based on three dose response titrations (10 - 0.313 µM). Where no
effect is seen on schistosomula at the tested concentrations (50 - 10 µM), the EC50 is said to be
more than 50 µM. The EC50 is said to be more than 10 µM if the compound is defined as a hit
at 50 µM but not at 10 µM. The CC50 values are calculated based on three dose response
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titrations (200 - 0.01µM) using a HepG2 cell line. All the data are analysed using GraphPad
Prism. The selectivity index (SI Larva) of the compounds on schistosomula is calculated as
CC50/ EC50 ratio. N.D.: not determined.

4.2.6 Further exploration of GPV56 as lead compound
Among the GPV compounds described in this chapter, a particular interest was
focused on GPV56 as it was the most active against schistosomula (EC50 = 0.40 µM,
Figure 4.35) and also had a relatively high selectivity index on somula (24.0, Table
4.10).

Figure 4.35. Dose response titrations of GPV56 against schistosomula. The compound was
screened against mechanically-transformed schistosomula at 10 µM and lower concentrations
(from 5 µM to 0.019 µM as shown in the figure). Three independent dose response titrations
were performed, and each compound concentration was evaluated in duplicate. Dose response
curves for S. mansoni schistosomula phenotype (in blue) and motility (in green) are prepared
using GraphPad Prism (mean average for each concentration is shown with the SD removed
for clarity). Visual representations of schistosomula phenotypes induced by GPV56 are placed
in order of concentration tested, which also corresponded to the phenotype score severity (most
severe on the top left, to least severe on the bottom right). Images of Auranofin- and DMSOtreated schistosomula are reported as positive and negative control respectively.
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Due to its strong anti-schistosomula activity, GPV56 was further explored on other
lifecycle stages including miracidia-sporocyst transformation, juvenile and adult
worms. Firstly, the compound’s activity was tested on 7 wks old worms and
demonstrated a reduction in both worm movement (Figure 4.36A) and egg production
even down to high nanomolar concentrations (Figure 4.36B).

Figure 4.36. GPV56 affects adult worm motility and egg production. Adult schistosome
pairs (7 wks old, 1 pair/well) were co-cultivated with GPV56 (titration between 50 - 0.0095
µM) for 72 hrs at 37°C in a humidified atmosphere containing 5% CO2. The effect on
schistosome motility (Panel A) is quantified with WormassayGP2 as described in general
methodology Chapter 2. The average motility score of each compound (at different
concentration point) is shown in comparison to the controls (0.625% DMSO and 10 µM PZQ
in 0.625% DMSO). Panel B - After 72 hrs of drug treatment, eggs were collected and
enumerated (see Section 2.7.4 of Chapter 2 for egg collection and enumeration). Each screen
was performed in duplicates in two independent screens. The screen and the interpretation of
the data is conducted similarly to that described in Figure 4.13.

Secondly, GPV56 was tested on juvenile worms (Figure 4.37). In fact, this compound
induced death at a range of concentrations between 20 - 1.25 µM (Figure 4.37A); at
the lower concentrations tested, however, there were still severe structure alterations
and increased granularity as can be observed when compared to the control (Figure
4.37B).
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Figure 4.37. Compound GPV56 affects juvenile worm motility. Panel A - Juvenile S.
mansoni worms (3 weeks post infection; n = 10 - 25) were cultured in different concentrations
of GPV56 (20, 15, 10, 5, 2.5, 1.25, 0.625, 0.313 and 0.156 µM in 1.25% DMSO) and motility
scored (0 = dead, 4 = normal movement) at 72 hrs. Average scores/treatment are indicated on
top of the stacked histograms with percentages of worms displaying the phenotype scored
represented by different colour combinations. Control parasites (n = 10 - 25) include those cocultivated in the presence of 1.25% DMSO and PZQ (10 µM in 1.25% DMSO). Panel B Visual representations of juvenile phenotypes induced by different concentrations of GPV56.
The phenotype recorded varies in severity and is reflected in the phenotype score given in
Panel A. Images of control worms are included for reference. The images were taken by a
camera (Euromex, Euromex HD Ultra, VC.3036, HDMI, 6 MP) connected to an inverted
microscope (OLYMPUS CK2, with a 10x phase contrast objective). The brightness of the
images has also been modified slightly (+20%) from the original image to make the differences
in phenotype more apparent. Red arrows are pointing out the head region (representative
region of the parasite body) to point out, by comparison with the negative control, the increased
granularity after GPV56 treatment.

Finally, GPV56 demonstrated a concentration-dependent inhibition to miracidial
transformation (Figure 4.38). GPV56, at 50 and 10 µM, was lethal to miracidia; at 5
µM, GPV56 inhibited miracidia-sporocyst transformation by 50%. Miracidial
transformation inhibition declined to about 20% when the compound was tested at 2
and 0.5 µM.
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Figure 4.38. Dose-response titration of compound GPV56 on miracidia to sporocyst
transformation. Panel A - The phenotype recorded varies in severity and is reflected in the
phenotype score given for each concentration. Tegument/epidermal surface shows signs of
degeneration at 50 µM and 10 µM. At 5 µM and 2 µM, the transforming miracidia are shedding
epidermal plates which can still be observed on the parasite surface (red arrows). The sporocyst
tegument is fully-formed and no ciliated plates remain attached to the parasite surface at the
lower concentrations tested (0.5 µM). The red asterisk highlights the plates which are found
in the culture media. Panel B - The effect of compound GPV56 (50, 10, 5, 2 and 0.5 µM) on
miracidia transformation is registered in terms of% fully transformed sporocysts enumerated
after 48 hrs. Each treatment was set up in triplicate and parasites were cultured in CBSS with
1% DMSO at a controlled temperature of 26°C (in the dark). A Kruskal-Wallis ANOVA
followed by Dunn’s multiple comparisons test was performed to compare each concentration
mean to DMSO mean. *, **, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p <
0.0001, respectively.

4.2.7 RNAi-mediated

knockdown

of

GPV56

putative

target:

Smp_138030
To assess if adult worms deficient in the target of GPV56 demonstrate similar
phenotypes (movement and egg production defects) as GPV56-treated worms, RNAi271

mediated post-transcriptional gene silencing of Smp_138030 was employed (similar
to studies on SmLSD1, Section 4.2.2.5) (Figure 4.39). Here, qRT-PCR assessment of
smp_138030 transcript abundance in siSmp_138030 treated worms revealed a
moderate decrease (60%) when compared to siLuc treated worms at 48 hrs postelectroporation (Figure 4.39A). Despite some signs of distress immediately after
electroporation of siRNAs, all worms recovered and appeared robust up until 7 days
post-treatment. Examination using light microscopy showed no specific phenotypic
differences between the luciferase control and the target RNAi worms; no death was
observed, all parasites retained gut peristalsis (as indicated by haemozoin movement)
and maintained adherence to the tissue culture wells. However, movement was
significantly affected in siSmp_138030 treated worms at this time-point when
compared to siLuc controls (as described in Section 2.7.4.2, Chapter 2) (Figure
4.39B). Daily measurements of worm movement were next assessed starting at 24 hrs
post electroporation and continuing until day 7 (Figure 4.39C). By doing so, we
observed a significant difference in worm movement between the control and the
treated worms starting at day three and continuing up until day seven. In addition to
this motility defect, smp_138030 knockdown also led to anti-fecundity effects (Figure
4.39D and E). In fact, as early as 48 hrs post treatment, egg production was
significantly inhibited (~60% reduced) in siSmp_138030 treated worms (Figure
4.39D). At day seven post siRNA treatment, this egg production defect continued
(Figure 4.39E).
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Figure 4.39. RNAi-mediated knockdown of smp_138030 affects worm movement and the
in vitro production of schistosome eggs. Panel A - Seven-week old adult male and female
schistosomes were electroporated with 5 µg siRNA duplexes targeting luciferase (siLuc) or
smp_138030 (siSmp_138030). Following 48 hrs, total RNA was harvested and subjected to
qRT-PCR. Percent knockdown (KD) and statistical significance (Student’s t test, two tailed,
unequal variance) is indicated. All siRNA and qRT-PCR DNA sequences are included in
Chapter 2, Section 2.7.4.2. Panel B - Five worm pairs for each treatment (siLuc and
siSmp_138030) were cultivated for 7 days post treatment in an atmosphere of 5% CO2 with a
70% media exchange performed every 24 hrs. Quantification of worm movement was
performed using WormassayGP2 on the 7th day. Panel C - Daily worm movement of siRNA
treated worms. Panel D and E - Egg production at 48 and 168 hrs after introduction of siRNAs.
Statistical significance is indicated (Student’s t test, two tailed, unequal variance). * represents
p < 0.05, ** represents p < 0.01 and *** represents p < 0.001.

To assess whether a 60% smp_130830 knockdown resulted in a histone methylation
defect in adult schistosomes, methylation of histone H3K4 using the EpiQuikTM
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Global H3-K4 Methylation Assay Kit (P-3017, EpiGentek) was assessed (Figure
4.40). In fact, as described in Chapter 3 (Section 3.3.5), Smp_138030 contained a
high degree of sequence similarity (68%) to the human histone methyltransferase MLL
which catalyses the methylation of histone H3 at lysine 4 (H3-K4). Hence, according
to our hypothesis, H3-K4 should be the most affected nuclear epitope in siSmp_130830
treated worms. The assay was performed using histone extracts derived from worms,
which were electroporated with either the negative control (siLuc) or the target siRNAs
(siSmp_130830) cultured for 7 days post treatment (Section 2.5.1, Chapter 2). An
ELISA-based assay was performed on the adult worm (both male and female) histone
protein extracts and the results revealed that the Smp_138030 knockdown resulted in
a reduction (9%) histone H3K4 methylation (Figure 4.40).

Figure 4.40. RNAi-mediated knockdown of smp_138030 contains less H3K4 methylation.
Following RNAi-induced Smp_138030 knockdown, total histone extracts from RNAi targeted
worms (siSmp_138030) and control worms (siLuc) were analysed for H3K4 methylation as
described in Chapter 2. A slight decrease in H3K4 methylation is found in siSmp_138030
treated worms.
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4.2.8 Spatial localization of Smp_138030 in adult worms
The temporal analysis of the gene expression of all the identified SmHMTs and
SmHDMs was analysed in Chapter 3 (Section 3.3.4) using data taken from previous
S. mansoni DNA microarray data (Fitzpatrick et al., 2009). These data highlighted
increased abundance of Smp_138030 in the early developmental life cycle stages of
the medically important blood fluke (such as cercariae and schistosomula) and
decreased abundance in adult worms. Thereafter, we decided to further investigate the
spatial localisation of this target to investigate whether cell or tissue specificity was
detectable in adults by whole-mount in situ hybridisation (WISH, (Cogswell et al.,
2011)). As described in Chapter 2 (Section 2.9), an antisense RNA probe covering a
569 bp fragment of Smp_138030 was produced. A positive control consisted of adult
worms probed with an antisense DIG-labelled probe recognizing S. mansoni histone
H2B. Transcription of this protein, defined as the main building block in nucleosome
structure, is restricted to proliferative cells of the testes and ovaries as well as somatic
neoblasts of 7 wks old adult worms (Collins et al., 2016; J Collins et al., 2013). This
positive control was set up during each experimental WISH localization and a
representative picture is reported in Figure 4.41A and B. A negative control was
additionally set up alongside each WISH localization experiment using a sense
smp_138030 RNA probe. As shown in Figure 4.42A, no signal was observed in
worms incubated with this sense probe.
Firstly, supporting the DNA microarray results (Chapter 3), we confirmed a low to
moderate abundance of smp_130830 in adults (Figure 4.42, Panel B-E). The
transcript appeared to have a relatively dispersed localization across the entire worm,
with a distinctive prevalence in both anterior (the head) and posterior (the tail)
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segments. At the head region, the transcript appeared slightly more abundant on the
ventral side of the worm (Figure 4.42D and C) rather than the dorsal area (Figure
4.42B and E). Localisation of smp_138030 transcript is mainly observed around the
ventral sucker compared to the oral sucker. The site of highest smp_130830 abundance
is found in structures that transit between the two suckers, bisecting the oesophagus.
This evidence suggests localization to the nervous system of the parasite (Figure
4.42C and E), specifically to the schistosome cephalic ganglia and the nerve chords.
Finally, no stain is localised to the testes, the oesophageal gland and the intestine.
However, the transcript was broadly distributed throughout the parenchyma (Figure
4.42B and C).

Figure 4.41. Overall localization of the H2B transcript (positive control) in adult male
schistosomes. An antisense DIG-labelled H2B probe is included as positive control in each
iteration of the WISH Smp_138030 transcript localization to ensure correct technical
execution. Panel A - H2B mRNA is localised to the somatic neoblasts (visualised as multiple
dark purple staining spots). Panel B - Localisation of this target is also found in the testes (~7
testes, just posterior to the head, as shown in the bashed box) of 7 wks adult males.
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Figure 4.42. Overall localization of the smp_138030 transcript in adult male
schistosomes. Smp_138030 is localised in 7 wks old male worms by WISH. Panel A - Two
control worms treated with sense riboprobe which showed no staining. Panel B, C, D and E Pictures of adult male worms treated with antisense riboprobe which show smp_138030
localisation across the entire body of the worm with a slight increase in both tail and head
regions (as shown in the black dashed boxes containing high magnification view of some areas
of the analysed worms). Worms were imaged using a standard light microscopy (Leica
LMD6000 Laser Microdissection Microscope, part of Bio-imaging Equipment of IBERS
Department).

277

4.3 Discussion
4.3.1 In silico virtual screening for SmHMT/SmHDM inhibitors
Structure-based virtual screening (SBVS) is widely used by multiple academic and
industrial groups in drug discovery. It is becoming an essential tool in assisting fast
and cost-efficient lead discovery (Lionta et al., 2014). While high-throughput
screening (HTS) of large chemical libraries against a therapeutically-relevant target is
still performed in drug discovery projects, the high cost of this process is often
prohibitive. Therefore, SBVS often is used in replacement during early aspects of drug
discovery and leverages both computational and experimental methods. As discussed
in Chapter 1, successful applications of this approach for the discovery of novel antischistosomal agents include the identification of purine nucleoside phosphorylase-,
tyrosine kinase-, 3-Oxoacyl-ACP reductase- and histone deacetylase- inhibitors
(Ferreira et al., 2015; Kannan et al., 2014; Mafud et al., 2016).
We applied this approach to S. mansoni histone modifying enzymes (SmHMEs) based
on their similarity to known proteins associated with human diseases (Section 4.2.1).
In these cases, in silico virtual screening focused on the identification of chemicals
that could bind to the substrate binding pocket of these SmHMEs rather than the
cofactor binding site. This approach was previously shown to be more favourable in
terms of selectivity, since cofactors essential to HME function (e.g. SAM used as
cofactor by PKMTs and PRMTs) are also essential to the function of proteins involved
in other biological pathways (Kozbial and Mushegian, 2005). Therefore, having to
bind identical cofactors, the cofactor-binding site in functionally distinct proteins will
likely be more highly conserved than the substrate binding site. By focusing on
compounds that bind to the substrate binding pocket, selectivity could be enhanced
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(between related HMEs and amongst S. mansoni and H. sapiens homologues).
Furthermore, the substrate-binding pocket is usually less structurally restricted
compared to the cofactor binding pocket (Copeland et al., 2009). Therefore, a larger
site within a target protein (e.g. the SmHMEs studied in this chapter) can be used for
more effective in silico virtual screening of putative inhibitors.

4.3.2 Anthelmintic activity of GPV compounds
In all case studies presented in this chapter, the compounds identified by in silico
virtual screening were screened on schistosomula at 10 and 50 µM. The 10 µM
concentration usually defines a cut-off value for the selection of hit compounds for
further exploration in other lifecycle stages. The rationale behind an additional 50 µM
screen is to prevent the loss of chemical information for exploring SAR and/or
medicinal chemical optimisation. Therefore, compounds active in the range between
10 and 50 µM were taken into account to explore the SAR of structural analogues
throughout this chapter and the following one (Chapter 5).
The results of the in vitro screening of the 40 selected compounds initially led to the
identification of two anti-schistosomal compounds (L8-L10) in the first case study,
only one compound (GPV31) in the second case study and two compounds (GPV3
and GPV7) in the third case study. At 10 µM single concentration assays, the hit rate
was ~10-20%, which increased to 36-40% when the compounds were screened at
higher concentrations (50 µM). Considering the time frame required for SBVS and the
subsequent biological screens, these results were indeed quite promising since typical
hit rates range between 0.01% and 0.14% for traditional high-throughput screens
(HTS) and 1% and 40% for virtual screens (Zhu et al., 2013). In addition to this high
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hit rate, the SBVS studies identified novel anti-schistosomal scaffolds whereas typical
HTS campaigns typically lead to identifying re-positioned activity of known active
scaffolds as previously shown by the Shoichet group (Babaoglu et al., 2008).
These preliminary results were further expanded to explore the chemical space of the
different scaffolds showing activity only at 10 µM (GPV31 analogues and GPV3/7
analogues). For this second phase of the project, hit rates at 10 µM were much higher
(80% for the GPV31 case study and ~50% for the GPV3/7 case study) (Figure 4.43).
However, these results may be biased by the very different number of structural
analogues experimentally tested in the two case studies (4/5 GPV31 analogues were
hits whereas 9/20 and 9/17 for GPV3 and GPV7 analogues were hits at 10 µM).
Regarding the 50 µM hits, despite no improvements in case study 2, the hit rate of case
study 3 had increased to 76% (Figure 4.43).

Figure 4.43. Summary of hit rates during the process of hit-lead exploration for each of
the three case studies. An in silico virtual screening approach was used to select potential
anti-schistosomal compounds for three different case studies. The compounds were firstly
screened at 10 and 50 µM and then structural analogues of the 10 µM hit compounds were
purchased for follow-on in vitro screening (only for case study 1 and 2). The hit rates are
determined by dividing the number of initial hits by the number of experimentally tested
compounds.
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This approach of hit-lead compound exploration led to the identification of novel
chemicals with an improved anti-schistosomal activity. It is worth noting the
application of this approach in the third case study where, starting with the
identification of two hit compounds (GPV3 and GPV7), the exploration of a second
and third generation of chemicals led to the identification of the most active lead
compound in this PhD research project (GPV56, Figure 4.44).

Figure 4.44. Workflow of the hit-lead compound exploration leading to the identification
of GPV56. The schematic picture shows a representation of the workflow applied to case study
3, which included four main steps: target identification (Smp_138030), identification of eight
chemicals using in silico virtual screening (Appendix 4.1), identification of two hit
compounds (GPV3 and GPV7) at 10 µM, exploration of their structural analogues through
second and third generation of compounds (Appendix 4.2-3) and identification of the lead
compound (GPV56).

As described in Section 4.2.4.5, three compounds (GPV3, GPV7 and GPV38)
showed dual anthelmintic activity on NEJs and schistosomula (Figure 4.28). Although
fascioliasis is mainly a livestock parasitic disease (cattle and sheep), human infections
are also possible, with a recent estimate indicating that ∼50 million people are
currently infected worldwide (Nyindo and Lukambagire, 2015). Additionally,
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considering that both fascioliasis and schistosomiasis are often found co-endemic, the
identification of compounds effective on both of these parasites could suggest a
promising starting point for further investigations. In particular, the activity of these
compounds should be tested at lower concentrations. Additionally, the other GPV
compounds (e.g. third generation) should also be screened on this parasite since the
observed higher anti-schistosomal activity could also translate into increased activity
on NEJs and other F. hepatica lifecycle stages too. This work is currently being
performed.
Overall, the comparison of the anti-schistosomal activity of the compounds presented
in this chapter highlights a correlated activity profile on the larva and adult stages of
the parasite. In other words, usually the most active compounds on schistosomula
present the strongest activity on 7 wks old adult worms. However, GPV43 (the most
potent compound among the second generation of GPV7 analogues on schistosomula
EC50 = 1.44 µM, Figure 4.25, Section 4.2.4.3) represents an exception to this
statement. In fact, this compound was not as active against adult worms and it was also
less potent than GPV44 (Figure 4.27, Section 4.2.4.4). The differences in
anthelmintic activity of GPV43 and GPV44 may be associated with structural
differences of these chemicals which affects membrane permeability in these two
parasite stages. In other words, the differences in structure of these two compounds
can affect their lipophilicity, which is important for the ability to cross the schistosome
surface membranes (Sotillo et al., 2015). Different studies have analysed the
morphological changes that occur in the outer membrane of S. mansoni during
development from the free-living cercariae (with a trilaminate outer membrane) to
adult worms (with a heptalaminate membrane) (Braschi et al., 2006; McLaren et al.,
1978; Wilson and Coulson, 2009). Changes of tegumental composition are proven to
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be important for signal transduction, immune evasion and host-parasite interactions
(Jones et al., 2004) but they also affect the degree of compound penetration across the
life cycle. This might explain the different profile of activity of GPV43 and GPV44.
In fact, the lowest lipophilicity of GPV44 clogP = 2.73 (compared to GPV43 clogP =
3.56) could be more favourable for the compound penetration in the fluctuating surface
membranes of the schistosomula (compared to more established adult surface
membranes), resulting in the stronger anti-schistosomal activity of GPV44 compared
to GPV43.
In vitro drug screens on adult worms identified several compounds with an interesting
anthelmintic activity. Microscopic analysis documented damage to the tegumental
surface membranes caused by the exposure to the newly identified chemicals (Figure
4.7 and Figure 4.21). As the tegument plays a critical role in the host-parasite
interface, alterations to this structure could impair the ability of the worm to hold
position within the mammalian host’s blood vessels (Evans and Miller, 1987).

4.3.3 Structure-activity relationship (SAR) studies on the antischistosomal properties of the GPV compounds
The investigation of structural analogues of the most interesting GPV compounds
identified by SBVS facilitated structure-activity relationship (SAR) studies aiming to
define correlation between the chemical structure of these compounds and
schistosomula (or wider anti-schistosomal) activity. While the SAR data of GPV31,
GPV3 and GPV7 analogues will be described in detail, due to the larger collection of
GPV3/GPV7 structural analogues tested, more extensive analyses of the central
scaffold of these last two hit compounds will be prioritised.
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The anti-schistosomula EC50 values of GPV31 and its five analogues (GPV71GPV75) prompted us to investigate the SAR around the tetralonic core to provide an
explanation underlying these compounds’ differential activities (Figure 4.45).
Amongst the compounds tested, different substituents in position 2 of the α-tetralone
were explored. When the secondary amine of GPV31 was included in a morpholine
ring (GPV72), the activity does not change significantly. However, the activity
dropped with the introduction of a highly substituted tertiary amine (GPV71, which
was not even active at 50 µM). We also noted that the introduction of a long linear
substitution of the amino group increased activity (GPV75, the most active compound
of the GPV31 analogues). The substitution of the secondary amino group with a
quaternary group in GPV74 (along with a methoxy-group in position 6 of the central
core) did not significantly affect anti-schistosomal activity. The biological data related
to GPV73 also revealed a negative effect of a bromine introduction in position 7 of
GPV31, which greatly decreased in vitro activity (the least potent among the GPV31
analogues with an EC50 lower than 10 µM, Figure 4.45).
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Figure 4.45. SAR study of GPV31 and its analogues on schistosomula. Panel A - Doseresponse curves of GPV31 and its analogues (GPV71 wasn’t identified as a hit at 10 µM,
therefore the titration of this compound was not performed) on 72 hrs cultured schistosomula
are reported here. Dose response curves for S. mansoni schistosomula phenotype and motility
are presented similarly to Figure 4.4. Panel B - Chemical structures of the compounds are
analysed with a focus on the tetralone core and the enumeration of the core in question is
reported. The effect of different chemical groups (corresponding to highlighted regions) on
the activity on the parasite is investigated in the SAR. Each compound corresponds to a solid
circle with the colour pairing with the corresponding response curves of Panel A. EC50 values
(derived from Table 4.10) are also reported for activity comparison.

The GPV7 analogues share the same 1,3,5-triazine (also called s-triazine) core linked
to a piperazine ring (Figure 4.46) which interestingly was present also in the
antibilharzial drug Bilharcid (el-Raziky et al, 1976). The screening of these
compounds led to the definition of some preliminary SAR. Firstly, the presence of at
least an aromatic ring linked to the triazine core generally increases the potency of the
compounds (GPV7 vs GPV54 and GPV37 vs GPV68, Figure 4.46). Compounds with
a substitution of the piperazine ring (GPV39-61-58-57) showed activity only at high

285

concentration, with the exception being GPV59 (EC50 = 4.20 µM). It is also worth
documenting that different aromatic ring substitutions, directly linked to the piperazine
core, significantly affect anti-schistosomula activity (GPV42 vs GPV68 vs GPV43).

Figure 4.46. SAR study of GPV7 analogues on schistosomula. Chemical structures of some
GPV7 structural analogues are reported here to analyse the effect of different structural
features on the activity on the parasite. Each line is used to discuss the correlation between the
activity and specific structural feature (corresponding to differently coloured regions). EC50
values (derived from Table 4.10) are also reported for activity comparison. Greater- and
lower-than signs are used to correlate the compounds in terms of potency.
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Once the importance of an aromatic ring linked to the 6-(piperazin-1-yl)-1,3,5-triazine
was confirmed, the correlation between anti-schistosomal activity and different ring
substitutions in C2 position was investigated (Figure 4.47). In summary, aliphatic
rings containing heteroatoms (e.g. morpholine in GPV43 and piperazine in GPV70)
are usually more active than the cyclohexyl ring (GPV69). However, a substitution of
the 6-(piperazin-1-yl)-1,3,5-triazine with a second aromatic ring (GPV35) also
improved the activity of the parent compound GPV7, but extension of the N-linker
(GPV40) and the ortho-methyl substitution of the ring (GPV41) reduced the activity.

Figure 4.47. SAR study of GPV7 analogues on schistosomula. Panel A - Dose-response
curves of GPV7 and some analogues on 72 hrs cultured schistosomula are reported here. Dose
response curves for S. mansoni schistosomula phenotype and motility are presented similarly
to Figure 4.4. Panel B - Chemical structures of the compounds are analysed to investigate the
effect of different chemical groups (corresponding to highlighted regions) on the antischistosomula activity (the enumeration of the central core of all these compounds is reported
on GPV70). Each compound corresponds to a solid circle with the colour pairing with the
corresponding response curves of Panel A. EC50 values (derived from Table 4.10) are also
reported for activity comparison. Greater- and lower-than signs are used to correlate the
compounds in terms of potency.

Among the 20 GPV3 analogues, three distinctive structural features were analysed:
(1) the central scaffold (organosulfur compounds containing two - GPV3 - or one
sulfur atom - GPV34-49-50 - otherwise a quinoxaline core with two nitrogen atoms 287

remaining GPV3 analogues); (2) the different substitutions of the aromatic rings (this
series included only symmetric substitution on the amine groups in position 2 and 3 of
the quinoxaline); (3) the different substitution at the 7 position of the central scaffold
(Figure 4.48).

Figure 4.48. Structural scaffold of GPV3 analogues. The general scaffold of the GPV3
analogues is reported at the top of the figure with the enumeration of the central core. Structural
analysis of the 20 GPV3 analogues identifies four main compound subgroups: (from left to
right) compounds with two sulfur atoms (GPV3 only), a sulfur atom and a nitrogen (GPV3449-50) or two nitrogen atoms (all the remaining compounds, with different groups in the C7
position). R indicates any substituents on N-aromatic ring (depicted in turquois), R1 any groups
on the C7 position of the central scaffold (depicted in green).

Interestingly, all of the compounds with both heteroatoms (nitrogen and sulfur) on the
central scaffold are not active on the parasite (GPV49-GPV50, Figure 4.49). The
introduction of the quinoxaline scaffold induces a consistent increase in activity (e.g.
GPV53 vs GPV50 and GPV51 vs GPV49, Figure 4.49). We also identified another
general trend of activity decrease when the nitro group in C7 position is removed
(GPV49 vs GPV52) or replaced by other groups like the methoxy group (GPV45 vs
GPV48, Figure 4.49).
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Figure 4.49. Additional SAR study of GPV3 analogues on schistosomula. Chemical
structures of some GPV3 structural analogues are reported here to analyse the effect of
different structural features (corresponding to differently coloured regions) on the activity on
the parasite. EC50 values (derived from Table 4.10) are also reported for activity comparison.
Greater- and lower-than signs are used to correlate the compounds in terms of potency.

The effect of different substituents and different patterns of substitution on the two
aromatic rings linked to the central scaffold was next investigated (Figure 4.50). This
analysis shows that functionalization in the meta position (position 3 of the aromatic
ring, Figure 4.50) alone (GPV38 vs GPV45) or together with a second group in para
position (position 4 of the aromatic ring, Figure 4.50, such as GPV60 vs GPV66)
results in moderate to good anti-schistosomula activity. However, when a group is
introduced in the ortho position (position 2, GPV47), the activity decreases.
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Figure 4.50. SAR study of GPV3 analogues on schistosomula. Panel A - Chemical
structures of the compounds are analysed. The effect of different chemical groups
(corresponding to highlighted regions) on the anti-schistosomal activity is investigated in the
SAR. Each compound corresponds to a solid circle with the colour pairing with the
corresponding response curves of Panel B. Panel B - Dose-response curves of GPV3 and
some analogues on 72 hours cultured schistosomula are reported here. Dose response curves
for S. mansoni schistosomula phenotype and motility are presented similarly to Figure 4.4.
EC50 values (derived from Table 4.10) are also reported for activity comparison. Greater- and
lower-than signs are used to correlate the compounds in terms of potency.

In conclusion, the preliminary SAR studies of these compounds demonstrate that the
quinoxaline core (preferably with a nitro group in position C7) and a meta/para
substitution of the two N-aromatic rings as being essential for anti-schistosomal
activity (Figure 4.51).

Figure 4.51. Summary of the SAR studies performed on the GPV3 analogues. A total of
20 GPV3 structural analogues are analysed to generate this map and they summarise the more
detailed SAR studies presented in Figure 4.49 and Figure 4.50. All biological results
regarding the anti-schistosomal activity (EC50 values) are derived from Table 4.10.

In conclusion, preliminary SAR studies of three different chemical scaffolds (the αtetralone in case study 2, the 6-(piperazin-1-yl)-1,3,5-triazine and the quinoxaline
scaffold in case study 3) were here described related to their anti-schistosomal activity.
In the literature, we could only find evidence of anti-malarial activity of quinoxaline
containing compounds (Kher et al., 2015). A more detailed search led to the
identification of a compound structurally related to GPV56, which was previously
identified by Ingram-Sieber et al. (2014) during an anti-schistosomula screen of the
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Medicines for Malaria Venture (MMV) malaria box containing 200 diverse drug-like
and 200 probe-like compounds (Ingram-Sieber et al., 2014). However, we believe that
the GPV3 analogues (and GPV56) presented in this chapter contain sufficient
structural differences from the published compound (absence of the nitro group in C7
position and mono-chloro substitution on each aromatic ring).
Moreover, compounds related to the triazine linker (although included in quite
different chemicals) showed a moderate killing activity on S. japonicum (Yao et al.,
2016) and they have been used for the synthesis of hybrid compounds as potential
antimalarial agents (Kumar et al., 2014; Manohar et al., 2010; Njogu et al., 2017).
However, these compounds are quite different from the ones presented in this chapter.

4.3.4 RNAi induced silencing of SmHMTs and SmHDMs
After the identification and characterisation of histone methylation and demethylation
machinery components in S. mansoni (Chapter 3) and the identification of some
potential SmHMT and SmHDM inhibitors (Section 4.2.1), we additionally wanted to
explore the functional role of some of these targets in the parasite. Moreover, we
wanted to use RNAi to see if we could recapitulate some of the compound-induced
effects.
Hence, a functional genomic approach was undertaken aiming to assess the in vitro
effects of RNAi-mediated post-transcriptional gene silencing of these targets (firstly
Smlsd1 and then Smp_138030). As S. mansoni has a functional RNA interference
pathway (Boyle et al., 2003; Skelly et al., 2003), applications of this functional
genomics technology have been reported for numerous targets (e.g. cathepsin B,
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glucose transporter, thioredoxin glutathione reductase, methyl-CpG-binding domain
containing protein, etc.) and different life stages of the parasite (e.g. miracidia,
schistosomula and adult worms) (de Moraes Mourão et al., 2009; Geyer et al., 2018;
Guidi et al., 2015; Rinaldi et al., 2009; Stefanić et al., 2010; Suttiprapa et al., 2012).
While the epigenetic proteins methyl-CpG-binding domain protein (SmMBD2/3), the
chromobox protein (SmCBX) and Histone Deacetylase 8 (SmHDAC8) (Geyer et al.,
2018; Geyer et al., 2011; Marek et al., 2013) have been interrogated by RNAi, no
evidence can be found of RNAi-mediated knockdown of schistosome histone
methyltransferase or demethylases. Therefore, these experiments represent the first
attempt to knockdown a schistosome HMT (Smp_130830 or MLL homologue) or
HDM (SmLSD1).
A 56% and 60% transcript knockdown of SmLSD1 and Smp_138030 respectively were
quantified by qRT-PCR (Figure 4.39 and Figure 4.10). Although siRNA-mediated
knockdown of the schistosome LSD1 and MLL homologues did not result in any
obvious phenotypic changes (coiled worms or severe tegumental alterations visible
under the microscope), we could observe a moderate-severe effect on worm fecundity
in both cases that could be related to either an inhibition or a delay in egg production.
Perhaps

a

more

significant

difference

in

egg

production

(between

siSmlsd1/siSmp_138030 vs siLuc treated worm pairs) would be observed if a greater
knockdown in Smlsd1/Sm138030 was achieved, allowing for these two scenarios to be
resolved. Nevertheless, these functional genomics results of both targets support the
egg production defects mediated by the putative inhibitors (L1-10 and the GPV
compounds) and validate the molecular targeting of this S. mansoni HDM/HDM for
future follow-on investigations.
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Moreover, the knockdown of Smp_130830 resulted in a significant reduction of worm
movement over the 7 days post-electroporation (Figure 4.39), which wasn’t observed
with our second target (SmLSD1). RNAi-mediated silencing has successfully been
used to knockdown the expression of MLL methyltransferase (homologous of
Smp_138030) in other invertebrates; for instance, set-16 (MLL homologue in C.
elegans) was confirmed as an essential gene for the viability since null mutations of
this gene caused larval lethality (Andersen and Horvitz, 2007). Furthermore, gene
knockdown experiments suggested LSD1 involvement during development and
throughout adulthood in D. melanogaster (Eliazer et al., 2011) as well as in the
development of germline stem cells in C. elegans (Käser-Pébernard et al., 2014).
Similar to our in vitro studies, RNAi-mediated knockdown of Histone Deacetylase 8
(SmHDAC8) in adult worms showed no significant damage to tegumental integrity
and did not increase mortality seven days post dsRNA (Marek et al., 2013). However,
RNAi of SmHDAC8 in schistosomula and injection into a murine host led to a
decrease in their capacity to mature into egg-laying adults. This suggests that
SmHDAC8 might be essential for infection of the definitive host and plays a
significant role in parasite homeostasis rather than for the parasite viability in vitro.
Likewise, this might be the case for our SmLSD1 and Smp_130830 targets and
warrants further investigation in an experimental model of murine schistosomiasis.
Based on bioinformatics characterisation, we proposed that Smp_138030 is a
functional histone lysine methyltransferase (Section 3.3.2, Chapter 3) and
phylogenetic analysis identified this target as a MLL-like protein. The human MLL
family includes five protein members, which are involved in mono-, di-, and
trimethylation of H3K4 (Kim, 2015). However, the catalytic specificity of each human
MLL homologue is currently unclear (Lee et al., 2013). Based on the structural and
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functional characterisation of this target (Chapter 3) suggesting that Smp_138030 was
highly likely to function as lysine methyltransferase (with a currently unknown
catalytic specificity), an antibody-based assay (the EpiQuik™ Global Histone H3-K4
Methylation Assay Kit, Epigentek) was used for measuring global histone H3-K4
methylation in siSmp_130830 treated worms. This assay was previously used to detect
H3-K4 methylation in a variety of mammalian cells including fresh and frozen tissues,
cultured adherent and suspension cells (Ding et al., 2018; Li et al., 2017), but no
references of the use of this kit for parasites have been reported so far. However, our
research group has successfully demonstrated the use of other Epigentek kits with S.
mansoni nuclear extracts confirming the potential of a wide applicability of these
analyses (Geyer et al., 2011).
Unfortunately, only a slight demethylation effect (9% decrease in global H3K4
methylation) was observed in siSmp_130830 treated worms compared to siLuc
controls (Figure 4.40). However, a functional redundancy in the histone code needs
to be taken into account since the same epitope (e.g. the methylation of a specific
amino acid residue) can be introduced by several components of the histone
methylation machinery in the parasite. In fact, very rarely we find a one-to-one
correlation between the specific histone methyltransferase/demethylase and the related
epitope. In our case, the epitope H3K4 also seems to be methylated by other families
of histone lysine methyltransferases (SMYD3, SETD7/9 and ASH1L, only to mention
few of them (Hyun et al., 2017; Li et al., 2016a)). Thus, it can be concluded that
methylation activity in siSmp_138030 treated worms (60% knockdown) can be
compensated by other components of the schistosome methylation machinery. These
other components could be part of the same S. mansoni MLL family including
Smp_070170 and Smp_144180 or be part of the schistosome SMYD or SETD families
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(as described in Chapter 3). Therefore, siRNA-mediated silencing of the other two
members of the MLL family in adult worms (as performed here) or in the
schistosomula stage (where these targets are highly expressed, Section 3.3.4, Chapter
3) could be an alternative for future investigations.
Nevertheless, we supported the compound inhibition studies and we have
demonstrated that these two histone-modifying enzymes are interesting therapeutic
targets by RNA interference. However, we cannot rule out the possibility that the antiparasitic effect of the Lx and GPVx compounds, at least in part, may have been due
to the inhibition of other SmHMTs/SmHDMs or completely different targets within
the parasite.
We are also aware, as mentioned in Chapter 1, that Smp_138030, similarly to other
epigenetic targets, can methylate non-histone proteins. These proteins can have a
cytoplasmic localization and they can be the main targets of this putative schistosome
PKMT, rather than the histone proteins. Therefore, a more detailed investigation of the
drug- and siRNA-mediated changes in the epitope (e.g. H3K4) on both nuclear and
cytoplasm fraction derived from parasite material could be very informative in this
regard.

4.3.5 WISH
In situ hybridization was utilised to collect more information about the spatial
localization of the smp_138030 transcript. Despite a low transcript abundance in the
adult parasite (Figure 3.11), the localization of smp_138030 appears broadly
distributed throughout the worm. At the level and sensitivity of these WISH results,
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smp_138030 was not observed in the testes nor in the very anterior head region.
Smp_138030 also wasn’t detected in the esophageal gland or in the intestine when
compared to WISH of MEGs 4.1 and 14 (Li et al., 2013) as well as cathepsinB
(Protasio et al., 2017). In addition, no similarities were found when compared to the
distinctive tissue expression patterns of SmVAL13 and SmVAL7, which are found in
the anterior and posterior oesophageal glands, respectively (Fernandes et al., 2017).
Smp_138030 localization appears concentrated around the nervous system of the
parasite, in proximity to the cephalic ganglia and the nerve chords as previously
published for the miRNA sma-miR-124 (Protasio et al., 2017). This evidence may
suggest a role for this protein in the neurons and, therefore, worm movement.
Supporting this contention, we observed a significant reduction in worm movement
following smp_138030 knockdown (Figure 4.39). However, to confirm this
hypothesis, further investigation could be done using a co-localization approach with
a mix of probes targeting well-characterised genes associated with the nervous system
of the parasite such as the prohormone convertase 2 (pc2), that is expressed in a large
number of cells in the schistosome nervous system (Collins et al., 2010). This would
also determine if this target is broadly expressed in all the cephalic ganglia or in a
specific subtype of cells.
In addition to the anterior neurons, a diffuse pattern of smp_138030 localisation was
found throughout the parenchyma of the middle body and posterior region of the
parasite. However, the localisation appears to be quite superficial, mainly in the
tegumental cells which defines the schistosome syncytial epidermis or muscle fibres,
but further investigation would shed light on this matter.
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4.4 Conclusions
After

identifying

and

functionally/structurally

characterising

S.

mansoni

histone/protein methylation machinery components (Chapter 3), an in silico virtual
screening approach was applied to identify novel chemicals as putative inhibitors of
some selected schistosome targets in this chapter (Evans and Miller, 1987).
This study demonstrated a moderate anti-schistosomal activity of previously
characterised anthracyclines (L8 - daunorubicin hydrochloride and L10 - pirarubicin).
These analogues have a known antineoplastic activity (Minotti et al., 2004) but these
new findings revealed the potentiality of re-positioning these compounds for the
control of schistosomiasis (“label extension” approach) (Nwaka and Hudson, 2006).
Additionally, the application of SBVS led to the identification of novel scaffolds with
promising anti-schistosomal activity against different stages of the life cycle
(miracidia, schistosomula, juvenile and adult worms). Preliminary SAR studies of
three different chemical scaffolds (the α-tetralone of case study 2, the 6-(piperazin-1yl)-1,3,5-triazine and the quinoxaline scaffold of case study 3), which have not
previously been associated with schistosomal activity, led to the identification of a
potent and selective anti-schistosomal lead, GPV56. Worm motility and egg
production defects were similarly observed in worms treated with GPV56 as well
siRNAs directed against the most likely GPV56 target, Smp_130830 (SmMLL).
These results suggest that further medicinal chemistry studies around the structure of
GPV56 could result in the selection of more potent anti-schistosomal compounds.
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CHAPTER 5
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5 Design, synthesis and biological evaluation of new GPV56
structural analogues
5.1 Introduction
Anthelmintic screening of the commercially available structural analogues of GPV3
and GPV7 (hit compounds) led to the identification of the lead compound GPV56, as
described in Chapter 4. This compound (Figure 5.1) showed the strongest antischistosomal activity against both larva (schistosomula) and adult (3 and 7 wks worms)
stages of the parasite. This compound showed an EC50 = 0.40 µM and EC50 = 0.05 µM
for larva and adult stages of the parasite, respectively. Although this compound
additionally showed some toxicity on HepG2 cells (CC50 = 9.36 µM), the calculated
selectivity index (SI) was 23 and 188 for larva and adult stages of the parasite,
respectively.

Figure 5.1. Chemical structure of the lead compound GPV56. The in vitro screens
of the GPV compounds revealed GPV56 as the most potent compound against both
larva (schistsosomula) and adult (3 and 7 wks worms) stages of the parasite.

These interesting findings encouraged further chemical and biological investigations
of GPV56 using medicinal chemistry approaches. The main aims of this chapter,
therefore, are:
•

Lead optimisation to design and synthesise new analogues of GPV56, aiming
to increase its potency and/or reduce its toxicity. This part of the project was
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supported by a collaboration with Professor Andrea Brancale at the School of
Pharmacy in Cardiff University.
•

Validation of the anti-schistosomal activity of in-house synthesised GPV56
compared to the commercially available chemical.

•

Identification of in vitro anti-schistosomal activity of newly synthesised
compounds on schistosomula, adult worms and miracidia.

•

Determination of the cytotoxicity on HepG2 cell line and selectivity index of
newly synthesised compounds.

•

Determination of the antibacterial activity of newly synthesised molecules.

•

Evaluation of the SAR of this new set of chemicals (both anti-schistosomal and
antibacterial activity).

•

Investigation of the drug-like properties of these molecules.

•

Molecular docking studies to predict the putative binding mode of these
compounds.
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5.2 Methods
5.2.1 Chemistry experimental methods
5.2.1.1 General Experimental Details
REAGENTS, SOLVENTS AND OTHER GENERAL INFORMATION
The following solvents were purchased as anhydrous: N, N-dimethylsulfoxide
(DMSO) and acetonitrile (CH3CN). Other solvents used in this chapter included
dichloromethane (DCM), ethyl acetate (EtOAc) and n-hexane.
All solvents and reagents were used as supplied from Sigma-Aldrich, Fluorochem or
other commercial sources without further purification or treatment. The only exception
was compound 2,3-Dichloro-6-nitroquinoxaline (compound 6.0, product code 49489
- Fluorochem) that also contained compound 6.0a (6-nitroquinoxaline-2,3-diol). From
NMR analysis (described below), this Fluorochem product contained a mixture of
compounds 6.0 and 6.0a in a 3:1 ratio.

Compound 6.0. Chemical Formula: C8H3Cl2N3O2
Molecular Weight: 244.03
Compound 6.0a. Chemical Formula: C8H5N3O4
Molecular Weight: 207.15

Therefore, a preliminary purification of this chemical was required in order to, first of
all, obtain pure fraction of compound 6.0 before carrying on with the synthetic strategy
and then to prepare a pure fraction of both compounds for downstream biological
screens. For purification, this chemical (500 mg) was dissolved in dichloromethane
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(DCM, 200 ml) and washed four times with sodium hydroxide (NaOH 1N, 20 ml for
each wash) until no traces of compound 6.0a were detected using Thin Layer
Chromatography (TLC). The organic phase was washed once with brine (15 ml), dried
over anhydrous Na2SO4, filtered and reduced to dryness to give the pure compound
6.0 (350 mg). The basic solution (derived from the extraction) was acidified with 6N
hydrochloric acid until pH 5. The aqueous solution was then extracted four times with
ethyl acetate (EtOAc, 15ml). The combined organic phases were washed with brine,
dried over anhydrous Na2SO4, filtered and reduced to dryness to give the pure
compound 6.0a (125 mg). The structures of these compounds were confirmed by NMR
and the spectra agreed with the data reported in public spectra databases (e.g.
Scifinder). All glassware was dried in an oven at 130°C for 2 hrs and allowed to cool
down to room temperature before use. Reactions under MWI conditions (Microwave
Irradiation) were performed in a CEM Discover microwave system in closed vessel
mode.
THIN LAYER CHROMATOGRAPHY
All reactions were monitored by Thin Layer Chromatography (TLC) on commercially
available Merck Kieselgel 60 F254 plates (105554, Merck). TLC was performed with
n-hexane/EtOAc as the mobile phase; different proportions of the mobile phase
constituents were used depending on the specific analogue being synthesised
(described in Chapter 8). Separated components were visualised using ultraviolet
light (245 and 366 nm).
FLASH COLUMN CHROMATOGRAPHY (CC)
Flash column chromatography was performed on an Interchim PuriFlash 430 using
high performance silica gel particle size 50-micron cartridges. Samples were applied
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onto silica gel as a concentrated solution in DCM (replaced by EtOAc if the sample
was not soluble in DCM). The sample was purified with different proportions of nhexane/EtOAc depending on the specific analogue being synthesised (described in
Chapter 8). The fractions containing the desired product were analysed by TLC then
combined together and the solvent removed under vacuum.
NMR SPECTROSCOPY
1

H and 13C were recorded on a Brucker Avance 500 spectrometer (500 and 126 MHz

respectively) at 25°C. Spectra were calibrated to the residual signal of the deuterated
solvent used (Deuterated DMSO - DMSO-d6 - was used for all the compounds shown
in this chapter). MestReNova (v6.0.2-5475) NMR processing software was used for
the assignment of peaks and calculation of coupling constants. Chemical shifts δ were
given in parts per million (ppm) and rounded to two decimal places. The following
abbreviations were used in the NMR signals assignment: s for singlet, br s for broad
singlet, d for doublet, t for triplet, q for quartet, m for multiplet. Coupling constants (J)
were measured in Hertz (Hz) and rounded to one decimal place.
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)
Ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) analysis
was used for purity/mass determination of the tested compounds using a Waters UPLC
system with both Diode Array detection and Electrospray (ESI)+ MS detection. The
stationary phase was a Waters Acquity UPLC BEH C18 1.7 um 2.1 × 50 mm column.
The mobile phase was H2O containing 0.1% v/v Formic acid (A) and CH3CN
containing 0.1% v/v Formic acid (B). The column temperature was 40 °C, the sample
diluent was acetonitrile and the sample concentration was 1 µg/ml. Injection volume
of the sample was 2 µl under a flow rate of 0.5 ml/min. The method used included a
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run time of 3 min, compromising an isocratic elution at 90% A (0.1 min), followed by
a 1.4 min gradient from 10% to 100% of B, followed by 1.4 min isocratic elution at
100% of B, followed by 0.1 min gradient to initial conditions. Galaxie
Chromatography Data System was used for analysis of data. All compounds tested in
the biological assays were >95% pure. Purity of intermediates was >90%, unless
otherwise stated.

5.2.1.2 Experimental procedures for the synthesis of GPV56
analogues
Described below are the standard procedures followed in the synthesis of N-(CH2)n
aromatic analogues and N-acyl derivatives of GPV56.
Standard procedure 1a: Preparation of N-(CH2)n aromatic analogues of GPV56 (n =
0, 1, 2)
To a stirring solution of mixture of purified 2,3-dichloroquinoxaline (compound 6.0,
1 equivalent - 1 eq.) in anhydrous DMSO under a nitrogen atmosphere, the appropriate
aniline or phenyl-alkyl amine (5 eq.) was added. The reaction mixture was left stirring
at 130°C for 30 min. The reaction was monitored by TLC with n-hexane/ EtOAc (7:3).
After completion of the reaction, the mixture was diluted with EtOAc and poured into
ice water. The aqueous phase was extracted with EtOAc three times, the combined
organic phase was then washed with 6N hydrochloric acid (4 times) and once with
brine solution. The organic phase was then dried over anhydrous Na2SO4, filtered and
reduced to dryness to give a crude product. The crude product was purified by flash
chromatography (Biotage Isolera One) and eluted with different proportions of nhexane/ EtOAc depending on the specific analogue being synthesised.
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Standard procedure 1b: Preparation of N-acyl derivatives of GPV56
To a solution of compound 6.14 (1 eq., see Chapter 8) dissolved in anhydrous DCM,
anhydrous pyridine (3.6 eq.) was added under nitrogen. The appropriate acyl derivate
(1.1 eq.) was added dropwise to the above solution cooled to 0°C in an ice-bath under
nitrogen atmosphere. The resulting mixture was stirred at room temperature for 1 hr.
After completion, the reaction mixture was diluted with DCM and quenched with
saturated aqueous sodium bicarbonate (NaHCO3). The organic phase was washed first
with saturated aqueous NaHCO3 (three times) and brine (once). The organic layer was
then dried over anhydrous Na2SO4, filtered and reduced to dryness to give a crude
product. The crude product was purified by flash chromatography (Biotage Isolera
One) eluting with n-hexane/ EtOAc in different proportions depending on the specific
analogue being synthesised.
The detailed description of the synthesis, purification and structural characterisation
of compounds 6.1 - 6.20 is reported in the experimental section (Chapter 8).

5.2.2 Cheminformatics
Forge™ (available from Cresset technology) was used for understanding structureactivity relationship (SAR) and exploring structural properties of the studied
compounds. This computational chemistry suite gives the user control and insight into
any biological activity data.
Firstly, the Simplified Molecular Input Line Entry System (SMILES) code of each
newly synthesised compound was used as input of the software prior any downstream
analyses. Secondly, the Activity Miner component within Forge was then used to
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highlight key activity changes in the structures of the studied GPV56 analogues using
a phylogenetic representation of similarities/differences or using an Activity view
layout.
In this case, all compounds were analysed for structural similarity according to a
chosen similarity metric (here, ECFP4 - Extended-Connectivity Fingerprints 4 - was
used). The final output showed the focus compound (compound chosen as reference)
surrounded by its nearest neighbours according to the chosen similarity. The height
and the colour of each wedge corresponded to the degree of similarity between the
focus compound (shown in the middle) and each compound of the dataset (e.g. a
smaller wedge and the colour green reflected very similar compounds compared to
longer red wedge, which indicated very different compounds).
The Activity view was used to correlate the biological activity of these compounds
(EC50 values on schistosomula) to their chemical structure. The output of Activity view
showed the focus compound (compound chosen as reference) surrounded by its nearest
neighbours according to the chosen similarity metric (similarly to what described
above). The height of each wedge corresponded to the degree of similarity between
the focus compound and the compound in question (e.g. a smaller wedge reflects very
similar compounds). The colour of the wedge reflected the diversity in activity
compared to the focus compound (e.g. red meant the activity was decreasing, green
meant the activity was increasing between the pair, the other shadings in between were
related to how steep the activity cliff was).
Regarding the lipophilicity of these compounds, different algorithms could be used to
predict the descriptor for lipophilicity. This descriptor was represented by the partition
coefficient between n-octanol and water (Log Po/w) and different models were
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available to estimate the cLog Po/w (calculated Log Po/w) for a set of chemicals. For
our purpose, we used six different predictive models to compare the different values
and select the most accurate models and also to generate a consensus estimation taking
in account all the different results.
The first model used was an on-line cLogP predictor known as ALOGPS 2.1 (Tetko
and Tanchuk, 2002) (available on http://www.vcclab.org/lab/alogps/). ALOGPs was
developed with 12908 molecules from the PHYSPROP database using 75 E-state
indices. 64 neural networks were trained using 50% of molecules selected by chance
from the whole set. The cLogP prediction accuracy was root mean squared error rms
= 0.35 and standard mean error s = 0.26. In parallel, SwissADME web tool (available
on http://www.swissadme.ch) (Daina et al., 2017) was used as second method. This
tool was chosen because it simultaneously provided the predicted cLogP from five
different predictive models: XLOGP3 (Cheng et al., 2007), WLOGP (Wildman and
Crippen, 1999), MLOGP (Moriguchi et al., 1992), iLOGP (Daina et al., 2017) and
SILICOS-IT

(http://silicos-it.be.s3-website-eu-west-

1.amazonaws.com/software/filter-it/1.0.2/filter-it.html). Each of the models differed
for the method used and the descriptors implemented in the method. A consensus
cLogP was also provided and it represented the arithmetic mean of the values predicted
by the five proposed methods.
SwissADME web tool (available on http://www.swissadme.ch) (Daina et al., 2017)
was also used to investigate if the compounds presented in this chapter followed the
Lipinski Rule of five (Lipinski et al., 2001).
Forge was used to calculate and visually represent other features like the Sim score
(final score combining the Field Score and the Shape score), again the clogP (
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calculated applying the rules of Wildman and Crippen (Wildman and Crippen, 1999)),
the Topological Polar Surface Area (TPSA that should be correlated to drug transport
properties (Ertl et al., 2000)), the flexibility (counting the fully rotatable and partially
rotatable bonds separately) and finally the molecular weight (MW). The radial plot
was used to represent these descriptors. This method was based on the idea that
molecular properties that were 'perfect' should be displayed at the centre of the radial
plot. Thus, a molecule with perfect or near-perfect properties should have a radial plot
with a small encapsulated area. Conversely, poor properties would be plotted at the
edge of the radial plot such that a molecule with sub-ideal properties would have a
radial plot with a large enclosed area.

5.2.3 In vitro determination of antibacterial activity
A fresh subculture of three species of bacteria (Escherichia coli - E. coli - ATCC
25922; Staphylococcus aureus - S. aureus - ATCC 29213; Mycobacterium smegmatis
- M. smegmatis mc215 - ATCC 700084) was prepared weekly by streaking onto a fresh
agar plate and incubating the plate at 37°C for 24 hrs. The agar plates were prepared
with high salt Luria-Bertani medium (HSLB, 4 g), agarose (2 g) and water (200 ml)
for the first two strains. M. smegmatis mc215 required supplementation with 0.2% v/v
glycerol and 0.05% v/v Tween-80. Bacteria cells were then maintained on agar plates
and stored at 4°C until needed.
Prior to use, a single colony of each bacterium was removed from the agar plate using
a sterile loop and inoculated in fresh broth. Luria-Bertani (LB) medium was used for
the three strains; M. smegmatis mc215 required supplementation with 0.2% (v/v)
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glycerol and 0.05% (v/v) Tween-80. Cultures were incubated for 24 hrs (E. coli and S.
aureus) or 48 hrs (M. smegmatis) at 37 °C with aeration at 200 rpm.
After incubation, the culture growth turbidity, indicated by the Optical Density (OD),
was measured at a wavelength of 660 nm (OD660), using a spectrophotometer
(BioTek Synergy 4) to reach an OD between 0.8 and 1.0. In case of low ODs, the
cultures were left to incubate further; if the OD was higher, then a dilution was
required. Once the optimal OD reading was reached, each bacterial culture was diluted
with broth to approximately 1.0 × 105 CFU/ml (CFU defined as colony forming units).
The minimum inhibitory concentration (MIC90) was determined using the broth
microdilution method, in a 96-well plate format in fresh LB medium (Wiegand et al.,
2008). All procedures were carried out in a biosafety level (BSL) 2 cabinet. A stock
solution of each compound was prepared in a mixture of methanol: water (1:1) at an
initial concentration of 2.5 mg/ml. However, in case of solubility problems in this
mixture, stock solutions were prepared in 100% methanol at 2.5 mg/ml final
concentration. Antibacterial screening required two stages: a primary screen at two
concentrations (250 and 125 µg/ml or 125.00 and 62.50 µg/ml according to whether
the mixture of methanol: water (1:1) or 100% methanol was used for the preparation
of the stock solution) and a secondary screen comprised of a titration (125.00, 62.50,
31.25, 15.63, 7.81, 3.91 µg/ml or even lower concentrations if needed). The secondary
screen was performed only for the compounds able to inhibit the visible grow of
bacteria in the primary screen. In both screens, all the compounds were tested in
triplicate and both screens were carried out in duplicates for each individual species.
For the primary screen (Figure 5.2), 190 µl of fresh medium (LB medium for E. coli
and S. aureus and LB medium supplemented with glycerol and Tween-80 for M.
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smegmatis mc215 - as mentioned above) was dispensed into each well of a 96-well flat
bottom micro-titre plate. An additional 160 µl (or 180 µl if 100% methanol was used
for the preparation of the stock solution) of fresh medium was added to row A, C and
F. 40 µl of the stock solution of the compounds (or 20 µl if 100% methanol was used
for the preparation of the stock solution) were added to three consecutive wells of row
A, C and F. The broth of row A, C and F was thoroughly mixed using a multi-channel
pipette by removing and reinjecting a volume of 100 μl for a few times. After that, 200
µl of sample were transferred from row A, C and F in the corresponding following row
(row B, D and F respectively). From row B, D and E, 200 μl of the contents were
removed and discarded in order to have a final assay volume of 200µl in each well.
After that, the drug plate (layout shown in Figure 5.2) was ready for the bacteria
inoculation in order to test the antibacterial activity of each compound at 125.00 (row
A, C and E) and 62.50 µg/ml (row B, D and F, as shown in Figure 5.2 using a coloured
code). A control and a blank were included in the primary drug screen in the last two
rows (G and H) of the 96-well flat bottom micro-titre plate. First, a compound free
medium (growth control), including only 190 µl of LB medium and 10 µl of inoculum,
was used as a positive control (row G). Then, a compound and culture free, pure uninoculated LB medium was used as a blank for sterility check and adjusting the
spectrophotometer (row H).

Figure 5.2. Preparation of the drug plate for primary screen. Illustration of the process of
preparation of the 96-well plate for the initial screen of the compounds using the broth
microdilution method for each selected strain of bacteria.
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Regarding the secondary drug screen, all compounds active in the primary screen were
tested at six different concentrations (125.00, 62.50, 31.25, 15.63, 7.81, 3.91 µg/ml).
The drug plate was prepared according the layout shown in Figure 5.3. The same
volume of fresh medium was dispensed into each well of a 96-well flat bottom microtiter plate as described for the primary screen. Conversely to the primary screen, an
additional 160 µl (or 180 µl if 100% methanol was used for the preparation of the stock
solution) of fresh medium was added in the drug plate of the secondary screen only to
row A. 40 µl (or 20 µl if 100% methanol was used for the preparation of the stock
solution) of each compound to be tested were added to three consecutive wells (three
technical replicates) of row A according the desired layout. The contents of the wells
were thoroughly mixed and then 200 μl was transferred from each well in row A to the
corresponding well in row B, using a multi-channel pipette. This process was repeated
from B to C, C to D etc. until row F. A control and a blank were included also in the
drug plate of the secondary full titration drug screen similarly to what described for
the primary drug screen.

Figure 5.3. Preparation of the drug plate for secondary dose response titrations.
Illustration of the process of preparation of the 96-well plate for the full titration screen of the
compounds using the broth microdilution method for each selected strain of bacteria.

Once the 96-well plate was prepared (either for the primary screening or for the
secondary dose response titration), 10 µl of inoculum (with a bacterial concentration
of 5.0 × 105 CFU/ml) was dispensed in each well of the plate except for the last row
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(row H, for the blank control). After inoculation, the micro-titer plate was covered,
using lids supplied by the manufacturer and it was read immediately using a calibrated
spectrophotometer (Hidex plate spectrophotometer) at 660 nm wavelength. After
obtaining the initial OD (or absorbance, Abs), the micro-titer plate was incubated at
37 °C with aeration at 110 rpm for 24 hrs (in case of E. coli and S. aureus) and 48 hrs
(for M. smegmatis mc215). After incubation, the absorbance of the plate was read and
the plate was discarded immediately after the screening. In case of M.
smegmatis mc215, a longer incubation (48 hrs) and a resuspension of the bacterial
culture prior the final OD reading was required.
The initial and final readings of the control and test well were compared according the
formula here reported:

%𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = [1 −

𝐹𝑖𝑛𝑎𝑙 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒
] 𝑥 100
𝐹𝑖𝑛𝑎𝑙 𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙

The results of these antibacterial drug screens define the MIC as the lowest
concentration of compound that inhibits 90% of visible growth of the organism used.

5.2.4 Evaluation of in vitro Absorption, Distribution, Metabolism and
Excretion (ADME) properties
5.2.4.1 Plasma protein binding assay
Equilibrium dialysis method was used to assess the plasma protein binding of five
selected compounds. Each compound was dissolved in DMSO to a final concentration
of 10 mM. Solutions of each test compound (2 µM concentration) were prepared in
100% species-specific plasma (in this case mouse plasma) to a 0.5% final
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concentration of DMSO. For each compound, each experiment was conducted in
triplicate.
Prior to experiment, calibration standards of each compound were prepared in both
plasma (protein-containing solution) and buffer (protein-free solution) for a total of
two sets of calibration standards of 7 points each. Calibration standard curves were
prepared using Cyprotex generic LC-MS/MS conditions (unless adjustments were
needed for the selected compounds) and used for quantification of the sample
concentration.
The experiment was performed using a Rapid Equilibrium Dialysis (RED) device
consisting of compartments separated by a semi-permeable membrane: on one side the
plasma solution and on the other buffer (pH 7.4). The system was allowed to reach
equilibrium at 37°C. After equilibration, samples were taken from both sides of the
membrane and the compound concentration was measured by LC-MS/MS (Figure
5.4).

Figure 5.4. Schematic diagram of the plasma protein binding assay. The plasma protein
binding assay is based on equilibrium dialysis between two different compartments
(containing respectively the plasma solution and the buffer assay) separated by a semi-
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permeable membrane. The test compound was added to the plasma solution and, after
incubation, the concentration of test compound in both compartments was measured.

The compounds were tested in triplicate and warfarin was included in the assay as
control compound. The purpose of the internal standard was to monitor LC-MS/MS
performance and correct for minor variation in response throughout the sample run.
The response of the test compound was based on the peak area ratio (peak area of test
compound / peak area of the control compound).
The extent of binding was reported as a fraction unbound (fu) value which was
calculated as detailed below:

𝑓𝑢 = 1 − (

𝑃𝐶 − 𝑃𝐹
)
𝑃𝐶

with PC defined as compound concentration in protein-containing compartment and
PF as compound concentration in protein-free compartment.
Along with the fu value, the percent recovery was returned for each compound. This
value was defined as:

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =

𝑃𝐹𝐹 + 𝑃𝐶𝐹
𝑋 100
𝑃𝐹𝐼 + 𝑃𝐶𝐼

where PFF, PCF, PFI and PCI were respectively defined as buffer compartment
concentration after dialysis, plasma compartment concentration after dialysis, initial
concentration in buffer and initial concentration in plasma. In theory, the percent
recovery should be 100%. If the recovery deviated from 100%, it could indicate
binding to the dialysis equipment or solubility issues of the test compound.
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5.2.4.2 Microsomal metabolic stability
Metabolic stability assay was performed with liver microsomes purchased from
commercial suppliers and stored at -80°C prior to use. These liver subcellular fractions
were pooled from multiple donors to minimise the effect of inter-individual variability
and they were fully characterised using probe substrates to ensure activity was
maintained between batches. A range of different species and strains were available
for this assay so mouse liver microsomes were selected to assess the metabolic stability
of the five selected compounds.
Each test compound was dissolved in DMSO to a final concentration of 10 mM and
each compound was tested at 1 µM (final DMSO concentration of 0.25%).
Microsomes (final protein concentration 0.5 mg/ml), 0.1 M phosphate buffer (pH 7.4)
and the test compound were incubated at 37°C prior to addition of the co-factor
dihydronicotinamide-adenine dinucleotide phosphate (NADPH, final concentration 1
mM) to initiate the reaction. For each test compound, a control incubation was
included where 0.1 M phosphate buffer (pH 7.4) was added instead of NADPH (the
minus cofactor control). Two control compounds were included depending on the
species of microsomes selected for the assay. In case of metabolic stability in mouse,
diazepam and diphenhydramine were included in the assay. Another control
(containing all reaction components with the exception of the test compound) was
included as blank. This control identified any potential interfering component which
could affect the analysis.
All incubations were performed singularly for each test compound. The enzymatic
reaction was monitored over a 45-minute time period with samples taken at different
time points (0, 5, 15, 30 and 45 min) observing the disappearance of test compound
over this time frame. The minus cofactor control was incubated for 45 min only. The
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reaction was terminated by the addition of acetonitrile in a 1:3 ratio. The termination
plates were centrifuged at 3,000 rpm for 20 min at 4°C to precipitate the protein.
Following protein precipitation, the supernatants from each time point of each test
compound (plus the minus cofactor control and the two control compounds) were
analysed using Cyprotex LC-MS/MS conditions including an internal standard.
The fraction of remaining compound (% of compound concentration at 0 min) was
plotted against time and the gradient of the line was determined. From this, the
elimination rate constant (k), the half-life (t1/2) and the intrinsic clearance (CLint) were
calculated using the equations below:
𝑘 = (−𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡)

𝑡1 =
2

𝐶𝐿𝑖𝑛𝑡 =

0.693
𝑘
𝑉𝑥 0.693
𝑡 1/2

with V defined as the ratio between the incubation volume (µl) and the amount of
microsomal protein (mg). The compound remaining (% of compound concentration at
0 min), the number of time points (n), the intrinsic clearance (CLint), the standard error
(SE CLint) and the half-life (t1/2) were returned along with any relevant comments.
Classification bands of intrinsic clearance have been calculate for different animal
species using a rearrangement of the “well-stirred” model (Liu and Pang, 2006; Pang
and Rowland, 1977) detailed in the following equation:

𝐶𝐿𝑖𝑛𝑡 =

𝐸 𝑥 𝑄𝐻
𝑓𝑢 𝑥 (1 − 𝐸)
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where E represented the extraction ratio (E = 0.3 in case of non-restrictive model, E =
0.7 in case of restrictive), QH represented the liver blood flow of a mouse (ml/min/kg)
and fu was the fraction unbound plamsa (assumed at 1). Based on the physiological
factors of a mouse (QH and fu), a prediction of the total liver clearance was obtained
for mouse with CLint < 8.80 µl/min/mg and CLint > 48.00 µl/min/mg for low and high
clearance, respectively.

5.2.4.3 Semi-thermodynamic solubility
Each compound was dissolved in DMSO to a final concentration of 10 mM. The test
compound was added to a 96-well plate in quadruplicate and it was diluted in PBS
buffer to give a maximum concentration of 100 µM. PBS buffer pH 7 was used since
the selected compounds did not have any ionisable groups so it wasn’t necessary to
assess the dependency on pH of the aqueous solubility of these compounds. The
solution was incubated in agitation at room temperature overnight. After incubation,
the solutions were centrifuged for 30 min at 3,000 rpm at room temperature. The
supernatant was removed and centrifuged again under the same conditions. An aliquot
of the resulting supernatant was diluted in 50% methanol in water (containing internal
standard) prior to analysis by LC-MS/MS using Cyprotex generic analytic conditions.
A standard curve for each compound was produced by diluting the 10 mM DMSO
stock solution with buffer to prepare different concentration points in the range of 1
mM to 0.1 mM. These solutions were diluted in 50% methanol in water (containing
internal standard) similarly to what was done with the samples following incubation.
These were then analysed by LC-MS/MS and a linear or quadratic fit was derived in
order to calculate the test compound solubility values. Control compounds were
included in this assay (nicardipine and warfarin) and their solubility was determined
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in quadruplicate likewise each test compound. Four solubility values for each test
compound (plus the two controls) were reported along with the mean, the standard
deviation (SD) and any relevant comments.

5.2.4.4 Caco-2 permeability (Bi-directional)
Human intestinal epithelium cells (Caco-2 cells, derived from human colon
carcinoma) were used for this assay. Cells (with a passage number between 40 and 60)
were seeded onto Millipore Multiscreen Transwell plate at 1 x 105 cells/cm2. These
cells were grown as a monolayer and differentiate on a semi-permeable membrane.
Thus, separating the apical compartment from the basolateral compartment which
corresponded to the intestinal lumen side and the serosal side respectively was
possible. The cells were then cultured for 20 days in DMEM at 37°C in an atmosphere
of 5% CO2 with a relative humidity of 95% and the media was replaced every two or
three days. Before performing the assay, the monolayers were prepared by rinsing both
apical (A) and basolateral (B) surfaces twice with pre-warmed Hanks Balanced Salt
Solution (HBSS, pH 7.4). This step was then followed by an incubation of 40 min of
both apical and basolateral compartments with HBSS. Each test compound was
dissolved in DMSO at a stock concentration of 10 mM, this solution was then diluted
with the assay buffer to a final concentration of 10 µM (test compound dosing solution,
1% v/v final DMSO concentration). The permeability assay was run in duplicate for
each test compound along with compounds of known permeability as internal controls.
These compounds were atenolol (human absorbance 50%), propranolol (human
absorbance 90%) and talinolol (a known P-glycoprotein substrate). Talinolol was
screened as a control compound to confirm that the cells were expressing functional
efflux proteins.
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When the apical to basolateral (A-B) permeability was determined, HBSS was
removed from the apical compartment and replaced with the test compound dosing
solution (Figure 5.5). The apical compartment was then placed into a companion plate
containing fresh HBSS buffer with 1% v/v DMSO. For the basolateral-apical (B-A)
permeability, HBSS was removed from the basolateral compartment and replaced with
the test compound dosing solution. The apical compartment was then placed into a
companion plate containing fresh HBSS buffer with 1% v/v DMSO. An incubation of
120 min followed to allow the two set of compartments to reach the equilibrium. After
that, each compartment (apical or basolateral) and the corresponding companion plate
were separated and a sample of each of them was diluted prior the LS-MS/MS analysis.
Prior the quantification, a 7-point calibration curve of each compound was prepared
with appropriate dilution of the samples with the assay buffer.

Figure 5.5. Schematic diagram of the apparatus used for the Caco-2 permeability assay.
Caco-2 cells were grown on a semi-permeable membrane and the permeability of the test
compound was assessed in both apical-basolateral direction (A-B) and basolateral-apical
direction (B-A).

A fluorescent integrity marker lucifer yellow was included in the dosing solution of
each test compound to check the integrity of the monolayer. If the lucifer yellow
permeability was high (above a pre-defined threshold value - Papp of 1 × 10-6 cm/s),
the monolayer had been damaged, and the assay needed to be repeated. If this occurred
again, then cytotoxicity on the Caco-2 cells or inherent fluorescent of the test
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compound was assumed. The successful formation of the monolayer could be assured
also with the transepithelial electrical resistance (TEER) measurement to check the
tight-junction formation between cells. Only wells with TEER values of at least 0.5 ×
103 ohm were used in experiments.
For the quantification of this assay, C0 was defined as the initial concentration of test
compound and it was determined from the dosing solution. The mean percentage
recovery was calculated from the amount of test compound (in terms of number of
moles - nmol) in both apical and basolateral compartment before and after the
experiment, according to the equation:

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =

𝑇𝑜𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 𝑑𝑜𝑛𝑜𝑟 𝑎𝑛𝑑 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑠𝑠𝑎𝑦 (𝑛𝑚𝑜𝑙)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 (𝑛𝑚𝑜𝑙)

This value was indicative of issues that could interfere with the assay. In fact, if the
recovery is very low, this might indicate problems with poor solubility, binding of the
compound to the plate, metabolism by the Caco-2 cells or accumulation of the
compound in the cell monolayer.
The permeability coefficient (Papp) of each compound was calculated using the
following equation:

𝑃𝑎𝑝𝑝 =

𝑑𝑄/𝑑𝑡
𝐶0 𝑥 𝐴

with dQ/dt representing the rate of permeation of the test drug across the cells, C0 being
the concentration value of the dosing solution at time zero obtained from LC-MS/MS
analysis and A representing the area of the cell monolayer.
The efflux ratio (ER) was calculated from mean Papp data of A-B and B-A according
the formula below:
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𝐸𝑅 =

𝑃𝑎𝑝𝑝(𝐵−𝐴)
𝑃𝑎𝑝𝑝(𝐴−𝐵)

Two values of Papp, the mean value of Papp, the standard deviation of the mean of Papp,
the mean percentage recovery and the efflux ration for each test compound (plus the
three controls) were reported along with any relevant comments. When a compound
had an efflux ratio of greater than 2, it suggested that the compound might be subject
to active efflux.
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5.3 Results
5.3.1 Design of new structural analogues of GPV56
During this stage of drug discovery project, the lead compound GPV56 was resynthesised and screened against the parasite aiming to reproduce the same activity
shown by the commercially available compound. In addition to this, three different
medicinal chemistry approaches were applied to design new structural analogues of
GPV56 (Figure 5.6). The first approach (Figure 5.6, turquois) focused on the
synthesis of new structural analogues of the aryl moiety in order to collect additional
SAR data. The second approach (Figure 5.6, grey) aimed to investigate the influence
of the N-linker on the anti-schistosomal activity of these collection of chemicals. The
third approach (Figure 5.6, red) was focused on the chemical modification of the nitro
group in C7 position of the central scaffold aiming to decrease the toxicity profile of
these compounds.

Figure 5.6. Summary of the strategies for the design of new analogues. The design of new
structural analogues of the lead compound GPV56 focuses on four main strategies as depicted
here in colour: yellow - re-synthesis of GPV56, turquois - exploring SAR, grey - modifying
the N-linker and red - reducing toxicity.
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5.3.1.1 Modifications around the N-aromatic ring
The biological results of anthelmintic GPV drug screening (GPV3 followed by the
first and second generation of GPV3 structural analogues, see Chapter 4) highlighted
preliminary SARs regarding the aryl moiety of these compounds. However, other Naromatic structural analogues were synthesised for the evaluation of different aromatic
ring substitutions (Figure 5.7, blue boxes) that were not previously investigated.

Figure 5.7. N-aromatic analogues of GPV56. The first class of structural analogues of
GPV56 was designed around the aryl moiety (highlighted with a blue box) of the lead
compound structure.

To begin these investigations, compound 6.1 (same chemical structure of the lead
compound GPV56) was synthesised as an internal control followed by the synthesis
of compounds 6.2 and 6.3 for the evaluation of the meta- and para-chlorophenyl
substituents (Figure 5.8) to evaluate the effect of halogen number and position on the
aromatic ring.

Figure 5.8. Compound 6.1 and closest structural analogues. The lead compound was resynthesised and used as an internal control; compounds 6.2 and 6.3 were designed to evaluate
the effect of halogen number and position on the aromatic ring.
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Other N-aromatic structural analogues (compounds 6.4-6.11, Figure 5.9) were
prepared for the evaluation of other phenyl substituents that were previously
investigated in the preliminary SAR studies of the GPV compounds (see Chapter 4).

Figure 5.9. Other N-aromatic structural analogues of GPV56. The compounds 6.4 - 6.11
were designed as other N-aromatic structural analogues of GPV56 to collect additional
information about the SAR of these compounds.

5.3.1.2 Modifications of the N-linker
All GPV compounds (GPV3 and then both first and second generation of GPV3
structural analogues - structures shown in Chapter 4) contain an N-linker between the
central quinoxalin scaffold and the two aromatic rings. Therefore, the second approach
of lead optimisation aimed to design some structural analogues of GPV56 with
chemically different linkers (Figure 5.10).

Figure 5.10. N-linker of GPV56. The second class of structural analogues of GPV56 was
designed around the N-linker (highlighted with a green box) of the lead compound structure.

Starting from GPV45 (less potent than GPV56 but still showing good activity, see
Chapter 4), we decided to synthesise two structural analogues (compounds 6.11 and
6.12) differing in the length of the mentioned N-linker to investigate this feature on the
324

anti-schistosomal activity (Figure 5.11). In this way, we would have three homologous
compounds (no substituents on the aromatic ring and different only for the number - n
- of CH2 units of N-linker) to be compared in terms of anti-schistosomal activity.

Figure 5.11. N-linker of GPV56: design of structural analogues. Two compounds were
designed to investigate the influence of the length of the N-linker on the activity of the
compounds.

Following this direction, we also wanted to investigate how the potency of this
compound was affected when the N-linker was removed or replaced with another
linker such as the O- or the S-linker (Figure 5.12).

Figure 5.12. N-linker of GPV56: design of other structural analogues. Other modifications
to the N-linker were created around the chemical structure of the lead compound GPV56. The
structure represents a generic compound containing variations on the linker (indicated as X),
different substituents on the aromatic ring (indicated as R1) and in the C7 position of the
quinoxalin core (indicated as R2). Other structural analogues were designed having a
replacement of the nitrogen (N) with the oxygen (O) or a sulfur (S) or total removal of the
linker.

However, due to the different reactivity of the reagents, the synthesis of these
compounds would have required a different synthetic pathway compared to the
standard procedure (see Standard procedure 1a, Section 5.2.1.2) and some time for
the optimisation of the reaction conditions was also likely required. Therefore, we
325

decided to purchase compounds structurally related to the GPV series but containing
different linkers (Figure 5.13) to first perform anti-schistosomal biological screens.
Aiming for a comparative analysis of the in vitro anthelmintic activity, a homologous
series of structural analogues was selected, which shared the same chemical scaffold
(quinoxaline core and some R1 and R2 substituents as shown in Figure 5.13) but
differing in the chemistry of the linker. Unfortunately, a close homologue of the lead
compound GPV56 or GPV45 (used as reference regarding the different length of Nlinker in Figure 5.11) was not found so different analogues were selected to cover a
range of structural diversity (in both R1 and R2 substituents, Figure 5.13).

Figure 5.13. N-linker of GPV56: commercially available analogues. Compounds GPV7679 were purchased for the in vitro screens to evaluate their anti-schistosomal activity. The
structure of these compounds differed for linker (highlighted with the green box) and the
substituents on the aromatic ring (indicated as R1) and in the C7 position of the quinoxalin
core (indicated as R2). The linker between the quinoxalin scaffold and the aromatic rings was
removed in two compounds (GPV76-78). An oxygen-based linker (O-linker) and a sulfurebased linker (S-linker) was respectively present in compound GPV77 and GPV79.

5.3.1.3 Modifications around the C7 position of the quinoxaline
central core
Modifications to the nitro group on the C7 position of GPV56’s quinoxalin scaffold
were also investigated in order to limit host toxicity and collect additional SAR details.
As shown in Chapter 4, GPV56 was moderately cytotoxic (CC50 = 9.36 µM) to
HepG2 cells, but, due to its potency against schistosomes (EC50 = 0.40 µM), this lead
compound demonstrated promising selectivity characteristics (SI around 23).
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Therefore, the lead optimisation strategy undertaken here focused on creating a
GPV56 analogue with an improved selectivity index.
A well-known concept in medicinal chemistry states that nitro-compounds are
associated with cytotoxicity (Moreno and Docampo, 1985). For this reason, a common
medicinal chemistry approach was to reduce the nitro group into a corresponding
amine; this modification could reduce the toxicity of the parental compound. Applying
this rationale, the amine derivative of GPV56 was synthesised (Figure 5.14) to
investigate how this modification affected anthelmintic activity and HepG2
cytotoxicity.

Figure 5.14. Nitro-amine conversion. Compound 6.14 was designed to evaluate if the
NO2→NH2 modification (nitro-amine conversion) affected anti-schistosomal activity and
HepG2 cytotoxicity.

Chemical manipulation of the nitro group at the C7 position of the quinoxaline ring of
GPV56 allowed a good starting point for further functionalization of this position such
as the introduction of cyclic amines (first strategy) and different acyl derivates (second
strategy, Figure 5.15).
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Figure 5.15. Chemical manipulation of the nitro group at the C7 position of the
quinoxaline ring of GPV56. Summary of the different strategies applied to the C7 position
of the quinoxaline ring of the lead compound starting from the amino group (highlighted with
the purple circle) of compound 6.14. Two strategies are implemented: introduction of cyclic
amines (1st strategy) and addition of different acyl derivate (NH-CO-R, with R for any alkyl
or aromatic residues).

This functionalization of the amine group at C7 position allowed to design and
synthesise two series of structural analogues to be tested. Doing so, new chemicals
were synthesised and a biological evaluation was carried out to investigate their antischistosomal activity as well as to collect more information about the SARs around
this other region of the parental molecule (GPV56).
The first strategy applied to the C7 position of the quinoxaline core required an intracyclization of the amine in C7 with the appropriate dihaloalkane derivative. The
stability of the cyclic amine, eventual torsional strains, bounds twisting and steric
hindrance of different sized cyclic amines with the quinoxanil core were taken in
account to prioritize the synthesis of only compound 6.15 (Figure 5.16) containing a
five-membered ring.
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Figure 5.16. Chemical structure of compound 6.15. Compound 6.15 was synthesised as
only cyclic amine derivative of compound 6.14.

Regarding the second strategy of C7 functionalisation, we designed structural
analogues with different N-acyl groups ranging from linear lateral chains (also
different length chain was considered, compounds 6.16 and 6.17) to bulky alkylic rings
(compound 6.18), heterocycles (compound 6.19) and aromatic rings (compound 6.18,
Figure 5.17).

Figure 5.17. N-acyl derivatives of GPV56. Summary of the structures of the new acyl
derivatives designed from the lead compound GPV56. All the compounds have the same
scaffold of compound 6.14 except for N-acyl groups (labelled as R in the structure). This
substituent could be a linear lateral chain (also different length chain was considered,
compounds 6.16 and 6.17), a bulky alkylic ring (compound 6.18), heterocycles (compound
6.19) and aromatic rings (compound 6.18).
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5.3.2 Synthesis of new structural analogues of GPV56
Synthesis of compound 6.1 starting from 2,3-dichloroquinoxaline (compound 6.0) was
already reported in the literature (Jonathan, 2002; Kher et al., 2015). However, the
choice of the synthetic procedure adopted for the synthesis of compound 6.1 and the
other aromatic analogues preferred the synthetic scheme with the shorter reaction time
(30 min compared to the 72 hrs) reported by Kher et al. (2015). A series of 2,3bis(phenylamino) quinoxalines was prepared from the reaction of compound 6.0 and
different substituted anilines (compounds 6.1 - 6.11) or phenyl-alkyl amines (6.12 and
6.13). The replacement of alcoholic solvents with DMSO allowed heating the reaction
mixture at a higher temperature and obtaining compounds 6.1 - 6.13 in a shorter time
compared to other synthetic ruotes used in other literature procedures for producing
the quinoxaline core (Scheme 5.1).

Reagents and conditions: (i) anhydrous DMSO, 130°C, 30 min.
Scheme 5.1. Synthesis of N-(CH2)n aromatic analogues of GPV56 (n = 0, 1, 2).
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The yields of the reactions reported in Scheme 5.1 show that the derivatives 6.1 - 6.13
were obtained in different amounts reflecting the different reactivity of the anilines
and phenyl-alkyl amines used in the reaction. The reduction of the nitro group of
compound 6.1 required optimisation since some of the classical procedures of nitro
group reduction weren’t successful for this compound (Kher et al., 2015). Catalytic
hydrogenation using palladium on carbon is commonly used for the reduction of nitroaryl compounds (Scheme 5.2, (Entwistle et al., 1977)). However, we couldn’t isolate
the desired product using these conditions. Other attempts to reduce the nitro group
were performed using different conditions and solvents. Among those, the use of zinc
in acid conditions (acetic acid, AcOH) was attempted (Orlandi et al., 2018). In this
case, compound 6.1 was not fully soluble in the reaction solvent used so a mixture of
acetic acid in THF was considered next. However, degradation of compound 6.1 was
observed in these conditions indicating that, under these conditions, these approaches
were not suitable for the synthesis of compound 6.14.

Reagents and conditions: (i) H2, cat.Pd/C, MeOH, rt, 2h; (ii) Zn, AcOH, 0°C → rt, 2 h.
Scheme 5.2. Attempts to reduce the nitro group of compound 6.1.

Following this unsuccessful result, we decided to optimise the classical catalytic
hydrogenation (catalytic hydrogenation using palladium on carbon (Entwistle et al.,
1977)) on compound 6.1 using different conditions. The influence of different solvents
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(EtOH, THF, mixture of THF and other solvents and EtOAc (Kulkarni et al., 2012))
was investigated to assess reaction success. Under these conditions, the 7-nitrosubstituted quinoxaline 6.1 was transformed into amino derivative 6.14 as described
in Scheme 5.3.

Reagents and conditions: (i) H2, cat. Pd/C, AcOEt, rt, 2h.
Scheme 5.3. Synthesis of the amine derivative 6.14.

Microwave-assistance was applied to the synthesis of compound 6.15 (Scheme 5.4).
Irradiation of the reaction mixture containing the compound 6.14 and dibromobutane
in acetonitrile at 150°C for a short time of 15 min allowed for complete consumption
of the starting material (compound 6.14).

Reagents and conditions: (i) Br(CH2)2Br, K2CO3, CH3CN, MWI (300 W), 150°C, 15 min.
Scheme 5.4. Synthesis of compound 6.15.
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The synthesis of N-acyl derivatives of compound 6.1 was carried out following a
procedure previously described in the literature (Wang et al., 2010a). Functionalization
of the amine group contained within compound 6.14 was performed with the
appropriate acyl derivate and an excess of anhydrous pyridine in DCM generating the
derivatives 6.16 - 6.20 in 40-95% yield (Scheme 5.5).

Reagents and conditions: (i) RCOCl, anhydrous Pyr, anhydrous DCM, 0°C → rt, 1 h.
Scheme 5.5. Preparation of N-acyl derivatives of GPV56.

5.3.3 Biological evaluation of anti-schistosomul activity: 72 hours
schistosomula drug screens
All newly synthesised compounds (compound 6.0 and 6.0a, the N-(CH2)n aromatic
analogues of GPV56 - compounds 6.1, 6.1a, 6.2 - 6.13, compounds 6.14 - 6.15 and
the N-acyl derivatives of GPV56 - compounds 6.16 - 6.20) were initially screened
against 72 hrs cultured schistosomula at 10 and 50 µM concentration as described in
Section 2.7.3, Chapter 2.
For each concentration, all compounds were screened at least three times and in each
screen the effect of the compound on schistosomula phenotype and motility was
assessed twice (technical replicates). In total, seven drug screens were performed using
Roboworm (as described in Section 2.7.3, Chapter 2) and the Z’ calculated for both
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phenotype and motility obtained for each screen is reported in Table 5.1. All Z’ values
were within accepted ranges as described by Zhang et al. (1999) and Sui and Wu
(2007).
Table 5.1. Z’ values for both phenotype and motility of the 7 screens.

Motility
Phenotype

0447
0.201
0.401

0464
0.399
0.375

0465
0.302
0.454

Bar code
0466
0.391
0.544

0467
0.324
0.496

0497
0.389
0.583

0498
0.312
0.446

Twenty-three compounds in total were screened (21 newly synthesised compounds
and the initial compounds 6.0 and 6.0a) with eighteen demonstrating activity at 50
µM; this corresponded to a hit rate of 85.71% (Figure 5.18).

Figure 5.18. Effect of compounds 6.0 - 6.20 on 72 hours cultured schistosomula at 50 µM.
The effect of each compound at 50 µM concentration on 72 hours cultured schistosomula was
assessed using the PP analysis pipeline after a Roboworm screen. Each compound was
screened in duplicate at least in three independent screens. Positive (Auranofin, Aur) and
negative (DMSO) controls were included in each screen. Here the effect on the phenotype and
the motility of the parasite (phenotype – on the left - and motility – on the right - score) for
each compound is shown as an average score from the different biological (at least three
screens) and technical replicates (two replicates for each drug screen). The hit boundary for
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both motility (- 0.35) and phenotype (- 0.15) was shown in yellow (dotted line). All compounds
showing a score lower than both of these reference values are considered hits (highlighted with
*). Error bars are included to represent the standard error for the average score of the different
screens.

At the tested concentration (50 µM), 18 compounds affected both the phenotype and
the motility of the parasite (highlighted with asterisks in Figure 5.18, 78.26% hit rate).
However, an additional 2 compounds (6.1a and 6.15) had a severe effect on the
motility of the parasite, but not on its phenotype. Motility scores for four compounds
(6.0, 6.3, 6.5 and 6.15) were comparable to the positive controls (Aur treated
schistosomula), although phenotype scores were not as severe. At a lower
concentration (10 µM), only 16 (69.56% hit rate) of these compounds were classified
as hits (Figure 5.19).

Figure 5.19. Effect of compounds 6.0 - 6.20 on 72 hours cultured schistosomula at 10 µM.
The effect of each compound at 10 µM concentration on 72 hours cultured schistsomula was
assessed using the PP analysis pipeline after Roboworm screen. The screen and the
interpretation of the data is conducted similarly to that described in Figure 5.18.
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At this concentration, these 16 compounds showed severe effects on both phenotype
and motility. Motility scores for twelve compounds (6.2, 6.5, 6.7-6.14, 6.16 and 6.19)
were comparable to the positive controls (Aur treated schistosomula).
As mentioned in Section 5.2.1.2, some chemicals (GPV76 - 79) were purchased from
a company (Specs, The Netherlands) to assess how a different linker between the
quinoxaline core and the aromatic ring affected anti-schistosomal activity. As
described above, these four compounds were screened at 10 and 50 µM against
schistosomula and their effect on the parasite phenotype and motility was assessed
with Roboworm (like described in Section 2.7.3, Chapter 2). Unfortunately, none of
these compounds was active at 10 µM (Figure 5.20A). When these compounds were
tested at a higher concentration (50 µM, Figure 5.20B), two compounds (GPV76 and
77) showed some anti-schistosomula activity. Compound GPV78 showed borderline
anti-schistosomula effects and compound GPV79 demonstrated no relevant activity
(Figure 5.20B).
Although these compounds were commercially available and not newly synthesised as
the rest of the other compounds presented in this chapter, their biological data were
explored here since they logically complemented the results about the two synthesised
compounds with modifications on the N-linker (6.12 and 6.13) to have a complete
overview of the SAR around the N-linker of these molecules.
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Figure 5.20. Effect of commercially available compounds GPV76 - 79 on 72 hours
cultured schistosomula at 10 µM and 50 µM. The effect of each compound at 10 (Panel A)
and 50 µM (Panel B) concentration on 72 hours cultured schistsomula was assessed using the
PP analysis pipeline after Roboworm screen. Each compound was screened at 10 and 50 µM
in duplicate in three and two independent screens respectively. The Z’ calculated for the
screens at 10 µM (bar code 0464-0467-0498) and at 50 µM (bar codes 0465 and 0466) were
calculated and reported in Table 5.1. The screen and the interpretation of the data is conducted
similarly to that described in Figure 5.18.

To further assess the potency of the 16 hits found to be active at 10 µM (see Figure
5.19), a dose-response titration (10 - 0.313 µM) was conducted (Table 5.2). Eight
compounds showed high potency during these titrations, still being recorded as hits at
concentrations at 0.625 µM (Table 5.2). Among the remaining 8, compound 6.14 was
only active at 5 µM and not further titratable whereas compound 6.17 was a borderline
hit between 5 and 2.5 µM. Four compounds were active at 2.5 µM (compounds 6.5,
6.12, 6.16 and 6.19) and two compounds were still recorded as a hit at 1.25 µM
(compounds 6.3 and 6.13).
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Table 5.2. Dose response titration of anti-schistosomula hits.
Compound
6.1
6.2
6.3
6.5
6.6
6.7

6.8

6.9

6.10

6.11

6.12
6.13
6.14

6.16

6.17

6.19

Barcode

10 µM

5 µM

2.5 µM

0447
0466
0447
0465
0466
0447
0466
0447
0466
0447
0466
0447
0465
0466
0447
0465
0466
0447
0465
0466
0464
0465
0467
0498
0464
0465
0467
0498
0447
0466
0464
0465
0467
0447
0466
0464
0465
0467
0498
0464
0465
0464
0465
0467
0498
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1.25 µM

0.625 µM

0.313 µM

A titration (10 - 0.313 µM) of each compound was performed to assess the potency of the
compounds showing anthelmintic activity in the preliminary screens at 10 µM. Each titration
was performed at least twice in two independent screens. The barcode of each screen was
reported and the calculated Z’ for each screen was reported in Table 5.1. The colour grey
showed the concentrations in which each compound was still recorded as an antischistosomula hit.

Table 5.3. Schistosomula phenotype and motility EC50 values.

EC50 (µM)
Compound

Phenotype

Motility

6.0
6.0a
6.1
6.1a
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19
6.20
PZQ
AUR

>10
>50
0.42
>50
0.40
1.22
>10
2.14
0.54
0.37
0.88
0.38
0.42
0.57
3.19
2.20
3.51
>50
2.60
1.02
>50
2.54
>50
1.11
0.38

>10
>50
0.54
>10
0.53
1.30
>10
1.40
0.54
0.43
0.47
0.57
0.53
0.65
2.64
1.47
3.25
>10
2.09
1.80
>50
1.33
>50
0.84
0.44

Schistosomula EC50 values of the new compounds, Praziquantel (PZQ) and Auranofin (AUR)
were calculated based on three replicates of titrations covering the range 10 - 0.313 µM. Where
no effect was seen on schistosomula at the tested concentrations (50 - 10 µM), the EC50 was
said to be more than 50 µM. The EC50 was said to be more than 10 µM if the compound was
defined hit at 50 µM but not at 10 µM. All the data were analysed using GraphPad Prism as
described in the general methodology Chapter 2.
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Finally, from the dose response titrations, the EC50 values of schistosomula phenotype
and motility were calculated for each compound (Table 5.3). An EC50 higher than 50
µM was assigned (without calculation) to compounds inactive at either 10 or 50 µM.
An EC50 higher than 10 µM was assigned to compounds identified as hits only at 50
µM but not at 10 µM. However, in this case a titration between 50 and 10 µM was not
performed.

5.3.4 Biological evaluation of anti-schistosomal activity: adult worm
drug screens
All compounds identified as hits in the schistosomula screen at 10 µM were further
investigated on the adult stage of the parasite (7 wks worms). The adult worm drug
screens were performed as described in the methodology of Chapter 2 (Section 2.7.5).
In the first instance, compound 6.1 was screened on adult worms (Figure 5.21) to
identify if similar levels of activity to GPV56 (lead compound, same chemical
structure but from commercial source) could be observed (Chapter 4). This screen
confirmed that compound 6.1 was as potent as the lead compound GPV56 with an
EC50 value in the low nanomolar range (EC50 = 0.069 µM).
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Figure 5.21. Dose response titration of compound 6.1 on adult worms. A titration (5 0.0095 µM) of compound 6.1 was performed to assess its potency on S. mansoni adult worms.
Each titration was performed in duplicates in two independent screens. Worm movement was
recorded with WormassayGP2. The values were exported in Excel for organization and
manipulated in GraphPad Prism. The mean of the worm movement was calculated for each
concentration point and the curve dose-response was calculated using the worm movement
values of DMSO and PZQ (10 µM) treated worms as negative (100% worm movement) and
positive control (0% movement) respectively. Standard error of the mean was included in the
graph.

The effect of compound 6.1 on adults was also directly compared to the gold standard
anti-schistosomal drug praziquantel (PZQ). Here, a dose-response titration of both
PZQ and compound 6.1 (from 3.125 µM to 0.0095 µM) was performed on adult worms
with both compounds inducing a severe effect on worm movement as shown in Figure
5.22. However, compound 6.1 was even more potent than PZQ at lower concentrations
(compare 0.156 µM to 0.019 µM, Figure 5.22A). At the lowest concentration tested
(0.0095 µM), the efficacy of our compound was comparable to PZQ. Regarding the
effect on schistosome egg production, a complete lack of oviposition can be observed
for female worms cultured with both compound 6.1 and PZQ from 10 µM until 0.156
µM (Figure 5.22B). At 0.076 and 0.038 µM, PZQ appears more potent on parasite
fecundity compared to compound 6.1.

Figure 5.22. Dose response titration of compound 6.1 vs PZQ on adult worms. Panel A A dose response titration (3.125 - 0.0095 µM) of compound 6.1 and PZQ was performed to
assess their potency on S. mansoni adult worms. Each titration was performed in duplicates in
two independent screens. Worm movement was recorded with WormassayGP2. The bar chart
showed the average worm movements recorded by WomassayGP2 of the two independent
screens (each of them with two technical replicates). The average of each compound was
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shown in comparison to the standard control of the drug screens (0.625% DMSO and PZQ 10
µM). Panel B - After 72 hours of drug treatment, eggs were enumerated (see Section 2.7.5 for
egg collection and enumeration). The egg count for each concentration tested of both
compound 6.1 and PZQ was reported in the scatter chart. For each concentration tested, the
mean of the egg count and the standard error across the two biological and technical replicates
are represented on the graph. A Kruskal-Wallis ANOVA followed by Dunn’s multiple
comparisons test was performed to compare each population mean to DMSO mean value. *,
**, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p < 0.0001, respectively.

After these assays, adult worm screens were conducted for all other newly synthesised
compounds identified as hits at 10 µM against schistosomula. However, in contrast to
compound 6.1, we did not perform a full dose-response titration (from 50 to 6.25 µM)
of all compounds as this would have required the sacrifice of many infected mice to
obtain sufficient quantities of adult worms. Furthermore, as the main aim of the
biological evaluation of these new compounds was to identify those with greater
activity to GPV56 (lead compound), a more focused strategy was justifiable.
Here, single-concentration of new compounds were directly compared to the same
concentration of compound 6.1 (the re-synthesised version of commercially obtained
GPV56). The standard positive (PZQ 10 µM) and negative (0.625% DMSO) controls
for adult worm screens were also included. We also decided to include PZQ, diluted
to the specific concentration assessed in each drug screen, to compare its activity to
the other tested compounds.
Selected concentrations of new compounds to be tested (15 compounds in total) were
selected from schistosomula EC50 values. This analysis identified two groups of
compounds; the first group included 6 compounds (6.5, 6.12, 6.13, 6.14, 6.16 and 6.19)
demonstrating EC50 values on schistosomula in the range of 1.5 - 4 µM (average of
both phenotype and motility EC50 values on schistosomula, Table 5.3). These antischistosomula EC50 values were higher than those obtained for compound 6.1 (EC50 =
0.40 µM), therefore, we hypothesised that this group of compounds would be less
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active on adult worms in vitro. Hence, 3.125 µM final concentration was selected for
the initial comparative screen of these compounds versus compound 6.1 (Figure 5.23).

Figure 5.23. Single-concentration comparative compound screen on S. mansoni adult
worms. Panel A - Six compounds were tested on adult worms at 3.125 µM to compare their
effect on worm movement to the same concentration of lead compound 6.1 and praziquantel.
Praziquantel (10 µM, positive control) and DSMO (0.625%, negative control) were also
included in the screen. Panel B - Magnification of the bar chart is reported in the dotted blue
box showing the average worm movement for each compound in comparison to the lead
compound and the standard control (PZQ 10 µM as well as 3.125 µM). DMSO was removed
to allow a clear visualisation of the activity of the tested compounds compared to PZQ. Each
screen was performed in duplicates in two independent screens. Worm movement was
recorded with WormassayGP2. The bar chart showed the average and the standard deviation
of the worm movements recorded by WomassayGP2 of the two independent screens (each of
them with technical replicates). The average of each compound was shown in comparison to
the lead compound and the standard control of the drug screens. A Kruskal-Wallis ANOVA
followed by Dunn’s multiple comparisons test was performed to compare each population
mean to DMSO mean value. *, **, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p
< 0.0001, respectively.

At this concentration, the worms were severely affected by all 6 compounds so two
additional single-concentration drug screens (1.56 and 0.625 µM) were performed
with the same set of compounds. In the 0.625 µM screen (Figure 5.24A and B),
compounds 6.14 and 6.16 were losing their ability to affect adult worm motility.
Worms treated with compounds 6.5, 6.12, 6.13 and 6.19 were severely affected but
less than the same concentration of PZQ and our reference compound 6.1. At this
concentration, compounds 6.12 and 6.19 affected parasite movement but not egg
production (Table 5.4). From this group of compounds, only compounds 6.5 and 6.13
showed a good activity profile in terms of reduced worm movement and egg
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production. Therefore, these two compounds, plus 6.1, were also comparatively
screened at 0.315 µM and 0.156 µM (Figure 5.24C and D). However, at these
concentrations, there was no anti-schistosomal improvement over compound 6.1 and,
as a result, this first group of six compounds was not further explored.

Figure 5.24. Single-concentration comparative compound screen on S. mansoni adult
worms. Panel A - Seven compounds were tested on adult worms at 0.625 µM to compare
their effect on worm movement to the same concentration of lead compound 6.1 and
praziquantel. Praziquantel 10 µM (positive control) and DSMO (0.625%, negative control)
were also included in the screen. Panel B - Magnification of the bar chart was reported in the
dotted blue box showing the average worm movement for each compound in comparison to
the lead compound and the standard control of the drug screens (PZQ) except for the DMSO
control. The most active compounds at 0.625 µM were then screened at 0.315 and 0.156 µM
(Panel C and D respectively). Each screen was performed in duplicates in two independent
screens. Worm movement was recorded with WormassayGP2. The bar chart showed the
average of the worm movements recorded by WomassayGP2 of the two independent screens
(each of them with technical replicates) and the corresponding standard deviation. A KruskalWallis ANOVA followed by Dunn’s multiple comparisons test was performed to compare
each population mean to DMSO mean value. *, **, ***, **** represent p < 0.0208, p < 0.0055,
p < 0.0003, p < 0.0001, respectively.
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Table 5.4. Anti-fecundity activity of compound 6.1 and some of its derivatives.

Each compound was screened on S. mansoni adult worms and the effect of each compound on
egg production (after 72 hrs of drug treatment) was recorded at each concentration tested (10
- 0.625 µM). The colour yellow indicates the concentration of drug that no longer affected egg
production.

The second group of compounds included nine (6.2, 6.3, 6.6, 6.7, 6.8, 6.9, 6.10, 6.11
and 6.17) demonstrating anti-schistosomula EC50s below 1.5 µM (Table 5.3). Hence,
we believed that this group would demonstrate equal or greater activity on adult worms
when compared to compound 6.1. Therefore, screens were performed (each of them
in duplicate) to assess activity of each compound at four different drug concentrations
(0.156, 0.076, 0.038 and 0.019 µM) compared to the same concentration of the lead
compound 6.1 and PZQ. The standard positive (10 µM PZQ) and negative (0.625%
DMSO) controls for adult worm screens were also included (Figure 5.25). All
compounds demonstrated activity on adult worms at both 0.156 and 0.076 µM except
for compound 6.17, which was not taken further. The remaining 8 compounds (plus
compound 6.1) severely affected adult worm motility at 0.038 µM. When these
compounds were screened at 0.019 µM, compound 6.11 was less active than PZQ
tested at the same concentration and at 10 µM.
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Figure 5.25. Single-concentration comparative compound screen on S. mansoni adult
worms. Nine compounds were tested on adult worms at 0.156 µM (Panel A) and 0.076 µM
(Panel B) to compare their effect on worm movement to the same concentration of lead
compound 6.1 and praziquantel. Eight of the most active compounds were here screened at
0.038 µM (Panel C) and 0.019 µM (Panel D). Praziquantel 10 µM (positive control) and
DSMO (0.625%, negative control) were also included in the screen. Each screen was
performed in duplicates in two independent screens. Worm movement was recorded with
WormassayGP2. The bar chart showed the average of the worm movements recorded by
WomassayGP2 of the two independent screens (each of them with technical replicates). The
average of each compound (along with the standard deviation) was shown in comparison to
the lead compound and the standard control of the drug screens. A Kruskal-Wallis ANOVA
followed by Dunn’s multiple comparisons test was performed to compare each population
mean to DMSO mean. *, **, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p <
0.0001, respectively.

After these four screens, 7 of the 9 synthesised compounds (6.2, 6.3, 6.6, 6.7, 6.8, 6.9
and 6.10) showed better anti-schistosomal activity when compared to the same
concentration of PZQ. A subsequent screen at 0.0095 µM (Figure 5.26) showed that
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four of these chemicals (6.7, 6.8, 6.9 and 6.10) were even more potent than the lead
compound 6.1.

Figure 5.26. Single-concentration comparative compound screen on S. mansoni adult
worms. Seven compounds were tested on adult worms at 0.0095 µM to compare their effect
on worm movement to the same concentration of lead compound 6.1 and praziquantel.
Praziquantel 10 µM (positive control) and DSMO (0.625%, negative control) were also
included in the screen. Each screen was performed in duplicates in two independent screens.
Worm movement was recorded with WormassayGP2. The bar chart shows the average of the
worm movements recorded by WomassayGP2 of the two independent screens (each of them
with technical replicates). The average of each compound (along with the standard deviation)
was shown in comparison to the lead compound and the standard control of the drug screens.
A Kruskal-Wallis ANOVA followed by Dunn’s multiple comparisons test was performed to
compare each population mean to DMSO mean. *, **, ***, **** represent p < 0.0208, p <
0.0055, p < 0.0003, p < 0.0001, respectively.

As a full adult worm dose response titration was not performed for all synthesised
compounds due to reasons stated above, we can only provide this data for compounds
6.1, 6.3, 6.5, 6.6, 6.7, 6.8, 6.9, 6.11, 6.13, 6.16 and 6.17 (Figure 5.27). Compounds
6.16 and 6.17 were the least potent of all compounds tested followed by compound 6.5
and 6.13. In contrast, six compounds (6.3, 6.6, 6.7, 6.8, 6.9 and 6.11) demonstrated
greater potency than the lead compound with one compound (6.8) exhibiting
picomolar activity.
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Figure 5.27. Dose-response titrations on adult worms. Panel A - A titration (5 - 0.0095
µM) of compounds 6.1, 6.3, 6.5, 6.6, 6.7, 6.8, 6.9, 6.11, 6.13, 6.16 and 6.17 was performed to
assess their potency on S. mansoni adult worms. Each titration was performed in duplicates in
two independent screens. Worm movement was recorded with WormassayGP2. Worm
movement values for praziquantel (10 µM, positive control) and DSMO (0.625%, negative
control) were included in the calculation of these dose-response titrations. Average of the
worm movement at each concentration point was used in GraphPad Prism to obtain a doseresponse curve for each compound; Panel B - Table summarising the EC50 values of the
selected compounds.

The anthelmintic activity of these compounds was also assessed in terms of egg
production. While most compounds inhibited in vitro oviposition at quite low
concentrations (low nanomolar range, Table 5.4), some were not as effective
(compound 6.16) whereas others were even more effective (compounds 6.7 and 6.8).
Compounds 6.7 and 6.8 were even more potent than PZQ in affecting this important
aspect of schistosome lifecycle maintenance and pathology development (Figure
5.28).

Table 5.5. Anti-fecundity activity of compound 6.1 and its derivatives.
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Concentration (µM)
Entry

10 3.125 1.563 0.625 0.315 0.156 0.076 0.038 0.019 0.0095 0.0048 0.0024
µM µM µM µM µM µM µM µM µM µM
µM
µM

DMSO
PZQ
6.1
6.2
6.3
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.16
6.17
6.19
Each compound was screened on S. mansoni adult worms and the effect of each compound on
egg production (after 72 hrs of drug treatment) was recorded at each concentration tested (10
- 0.0024 µM). The colour yellow indicates the concentration of drug that no longer affected
egg production.

Figure 5.28. Worm fecundity recorded at 0.156, 0.038 and 0.0095 µM. Each compound
was screened on S. mansoni adult worms and the effect of each compound on the egg
production was recorded at each concentration tested. Here, the egg count was reported at three
different concentrations (0.156, 0.038 and 0.0095 µM) for praziquantel, compound 6.1 and the
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most potent compounds. The DMSO egg count was included as negative control. These data
were related to two independent drug screens with two technical replicates for each compound
tested. Error bars for egg counts represented the standard error across the two biological and
technical replicates.

5.3.5 Biological evaluation of anti-schistosomal activity: miracidia
drug screen
After examining the newly synthesised compounds activity against the two main
stages of parasite found within the mammalian host (schistosomula and adult worm),
we next investigated their potential in blocking miracidia to sporocyst transition. As
this transition is critical for intra-molluscan development processes, compounds
demonstrating activity here could support an important role in HMT function during
asexual schistosome stages. The drug screen was performed as described in the
Section 2.7.2 of the general methodology chapter and is based on medium-throughput
small-molecule screens of in vitro transformation of miracidia to primary sporocyst
(Taft et al., 2010).
As described in Section 4.2.6 (Chapter 4), GPV56 had a severe effect on miracidia
to sporocyst transition. At the highest concentrations tested (50 and 10 µM), most of
the parasites treated with GPV56 were ruptured, the transformation stage was
unidentifiable, and no sign of movement was recorded. At lower concentrations (5, 2
and 0.5 µM), the miracidia to sporocyst transformation efficiency was significantly
reduced in comparison to the DMSO controls. Reassuringly, a similar dose-dependent
effect on miracidial transformation was observed with compound 6.1 (same scaffold
of GPV56, Figure 5.29).

350

Figure 5.29. Dose-response titration of compound 6.1 on miracidia to sporocyst
transformation. The effect of compound 6.1 (50, 10, 5, 2 and 0.5 µM) on miracidia
transformation was registered in terms of% fully transformed sporocysts enumerated after 48
hrs. Each treatment was set up in triplicate and parasites were cultured in CBSS with 1%
DMSO at a controlled temperature of 26°C (in the dark). A Kruskal-Wallis ANOVA followed
by Dunn’s multiple comparisons test was performed to compare each population mean to
DMSO mean. *, **, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p < 0.0001,
respectively.

Following on from these initial results, 16 compounds (the lead compound and 15 new
compounds) were subsequently screened to assess their activity on miracidial
transformation (Figure 5.30). The first drug screen was performed at 5 µM as this
concentration was not lethal to miracidia cultured in the presence of the lead compound
6.1. At this concentration, 11 compounds were lethal and, therefore, were more active
than the lead compound. A second screen at 2 µM was then performed with these 11
compounds in comparison to the same concentration of compound 6.1. Here, 9
compounds killed the parasite and completely inhibited transformation. However, only
4 compounds were lethal for miracidia at the lowest concentration tested (0.5 µM). In
conclusion, these three screens led to the identification of compounds with an
increased potency on miracidia transformation when compared to the lead compound.
Four compounds also caused parasite death at the lowest concentration tested.
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Figure 5.30. Structural analogues of compound 6.1 block the miracidia to primary
sporocyst transformation. A drug screen was performed to assess the effect of 15 compounds
at 5 µM to block the miracidial transformation compared to the lead compound and DMSO
(negative control). All the compounds lethal at 5 µM were then screened at 2 µM. Another
screen at 0.5 µM was performed to assess the activity of the most potent compounds of the 2
µM screen. Each treatment was set up in triplicate and parasites were cultured in CBSS with
1% DMSO at a controlled temperature of 26°C (in the dark). A Kruskal-Wallis ANOVA
followed by Dunn’s multiple comparisons test was performed to compare each population
mean to DMSO mean. *, **, ***, **** represent p < 0.0208, p < 0.0055, p < 0.0003, p <
0.0001, respectively.

5.3.6 Cytotoxic activity on HepG2 cell cultures
The cytostatic activity of these compounds was next explored on human HepG2 cells
by prioritising those which showed the most potent anti-schistosomal activity (EC50
on schistosomula below 10 µM, Table 5.3). Each compound was tested in a dose
response titration (200 to 0.01 µM) (see Section 2.7.7, Chapter 2 for methodology)
with the average CC50 of each compound reported in Table 5.6. All values were
compared to that derived from a dose response titration of compound 6.1 (CC50 = 9.36
µM, Table 4.9, Chapter 4)
As shown, most compounds induced some degree of cytotoxicity against the HepG2
cell line. Compounds 6.9, 6.11 and 6.13 were found to be the most toxic among these
family of compounds having the lowest CC50 values (5.85, 5.64 and 4.40 µM
respectively). Eight compounds (6.1, 6.1a, 6.2, 6.3, 6.6, 6.7, 6.10, 6.12, 6.16 and 6.19)
showed an intermediate CC50 between 6 and 20 µM. In contrast, compounds 6.5, 6.8,
6.14 and 6.17 showed low toxicity.
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Table 5.6. Cytostatic activity in HepG2 cell cultures of compound 6.1 and its
derivatives.

Compound

CC50 (µM)

6.1
6.2
6.3
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.16
6.17
6.19

9.40
13.05
6.76
22.04
7.75
10.07
106.07
5.85
15.55
5.64
11.67
4.40
25.11
8.60
64.75
14.84

All the compounds identified as hits at 10 µM were tested against the human HepG2 cell line.
Each compound was titrated in three different experiments at the concentration range spanning
from 200 µM to 0.01 µM (three technical replicates each). The CC50 values of each compounds
were calculated as average based on three replicates. All the data were analysed using
GraphPad Prism.

When compared to EC50 values derived from schistosomula and adult schistosome
screens, a selectivity index (SI) for some of the newly synthesised compounds was
subsequently calculated (Table 5.7). The analysis of these values highlighted that the
lead optimisation of GPV56 or compound 6.1 led to the identification of novel
compounds with a much improved anti-schistosomal activity/host safety ratio (e.g.
compound 6.8).
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Table 5.7. Selectivity indices (SI) calculate for the newly synthesised compounds.

Schistosomula EC50 (Phenotype and Motility) values of the new compounds were calculated
based on three replicates of titrations covering the range 10 - 0.313 µM. Where no effect was
seen on schistosomula at the tested concentrations (50 - 10 µM), the EC50 was said to be more
than 50 µM. Instead the EC50 was said to be more than 10 µM if the compound was defined
hit at 50 µM but not at 10 µM. An average of schistosomula EC50 (Phenotype and Motility)
values was provided. Adult worm EC50 values of the new compounds were calculated based
on three replicates of titrations covering the range 5 - 0.0095 µM. Each titration was performed
in duplicates in two independent screens. Worm movement was recorded with
WormassayGP2. Praziquantel 10 µM (positive control) and DSMO (0.625%, negative control)
were also included in the screen. The CC50 calculated was again based on three replicates,
using a HepG2 cell line. All the data were analysed using GraphPad Prism. The selectivity
index of the compounds was calculated based on both schistosomula (SI Schistosomula) and
adult worms EC50 (SI Adult). aN.D.: not determined; - where the arithmetic average was not
calculated.

5.3.7 Biological evaluation of antibacterial activity
The newly synthesised compounds showed structural similarity with other compounds
previously published in the literature as antimicrobial agents (Khan et al., 2008). This
evidence encouraged us to next investigate the antibacterial activity of these chemicals.
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Among the different in vitro techniques available to identify the minimum inhibitory
concentration of compounds that block bacterial growth, the broth microdilution
method was used as described in Section 5.2.3.
Three different species of pathogenic bacteria (E. coli, S. aureus and M. smegmatis
mc215) were used for the in vitro determination of the MIC90 of the newly synthesised
compounds. Each species was representative of the three broad categories of bacteria:
Gram-positive bacterium, Gram-negative bacterium and mycobacterium.
Based on the amount of compound available, only 13 (amongst the 21 newly
synthesised) compounds were selected for antimicrobial screening (compounds 6.16.4, 6.6, 6.9-6.13 and 6.15-6.20). Compounds 6.0 and 6.0a were also included in the
screen to collect more information on the SAR of these compounds. Some compounds
were not soluble in the methanol:water (1:1) mixture required for the preparation of
the stock solution. Therefore, all compounds were dissolved in 100% methanol and
the maximum concentration tested was 125 µg/ml (to control for content of alcohol
below 10% v/v). However, three of the selected compounds (6.1, 6.2 and 6.4) were not
soluble in methanol, therefore, they couldn’t be screened.
A primary screen was performed for all the compounds at two concentrations (125.00
and 62.50 µg/ml). All compounds showing inhibition of bacterial growth at 62.50
µg/ml were further tested in the secondary screen. From this preliminary screening,
among the total 13 tested, only 2, 10, 4 compounds (respectively for E. coli, S. aureus
and M. smegmatis) were selected for the secondary dose response titrations (Section
5.2.3).

355

The minimum concentration of compound tested showing less growth than 10% of the
control was recorded as the MIC90 of the compound tested. The MIC of each
compound related to the three bacteria strains are summarised in Table 5.8.
Table 5.8. MICs (µg/ml) of new synthesised compounds for E. coli (Gram-negative
bacterium), S. aureus (Gram-positive bacterium) and M. smegmatis mc215
(mycobacterium).
E. coli

S. aureus

*M. smegmatis mc215

ATCC 25922

ATCC 29213

ATCC 700084

6.0

62.5

< 3.91**

1.95

6.0a

> 125

125

> 125

6.3

> 125

< 3.91**

> 125

6.6

62.5

1.95

62.5

6.9

> 125

7.81

> 125

6.10

> 125

0.98

31.25

6.11

> 125

62.5

> 125

6.12

> 125

> 125

> 125

6.13

> 125

> 125

31.25

6.15

> 125

15.63

> 125

6.16

> 125

62.5

> 125

6.17

> 125

62.5

> 125

6.18

> 125

> 125

125

6.19

> 125

31.25

> 125

6.20

> 125

> 125

125

Compound

*Incubation period of 48 hours. **Further titration could be done to define exactly the MIC of
this compound.

Of the three bacteria species tested, E. coli showed the strongest antimicrobial
resistance to the compounds. A few compounds (6.6, 6.10 and 6.13) demonstrated
antimicrobial activity on M. smegmatis mc215 with compound 6.0 amongst the most
active (MIC90 1.95 µg/ml). S. aureus showed the most antimicrobial susceptibility to
these compounds. Only 5 compounds (6.0a, 6.12, 6.13, 6.18 and 6.20) were not
effective on this bacterium, with the last four compounds failing to inhibit growth even
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at a concentration of 125 µg/ml. Of the tested compounds, compounds 6.6 and 6.10
exhibited the strongest antimicrobial effect on S. aureus giving the lowest MIC90 (1.95
and 0.95 µg/ml respectively). Compounds 6.0 and 6.3 require further titration screens
to fully investigate their antimicrobial efficacy (and define their MIC).

5.3.8 Analysis of the structural diversity of the newly synthesised
compounds
The anti-schistosomal activity of the most active compounds on the larva stage of the
parasite was investigated in more detail focusing on their degree of structural similarity
and their in vitro activity. These compounds show a variable level of similarity when
compared to the starting material 6.0 as represented in Figure 5.31. In this graph, the
compound of interest was compared with its close neighbours, viewing structural
similarities and differences. In particular, structural differences are highlighted in the
view, making it easy to visualise the three main changes introduced on the 7-nitro
quinoxaline scaffold: 1) different aryl moiety in position 2 and 3 of the scaffold
(compounds 6.1-6.11), 2) different linker between the central scaffold and the aromatic
ring (compounds 6.12-6.13) and 3) functionalization of the C7 position of the
quinoxaline core (compounds 6.14-6.20). Among this panel of compounds, there is a
different range of structural similarities that reflects the different in vitro activity.
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Figure 5.31. Analysis of the structural diversity among the newly synthesised
compounds. All the compounds of our dataset were analysed for structural similarity
according a chosen similarity metric (ECFP4 - Extended-Connectivity Fingerprints 4 was used
in the software Activity Miner). In this view the height and the colour of each wedge
corresponded to degree of similarity between the focus compound (compound 6.0 in the
middle of the graph) and each compound of the dataset (e.g. a smaller wedge and the colour
green reflected very similar compounds compared to longer red wedge).

Despite the structural similarity of these compounds to the lead compound, different
degrees of activity were registered against the larva stage of the parasite (Section
5.3.3) as represented by the activity view shown in Figure 5.32. This activity view
presents a central molecule (in our case the lead compound 6.1), with all the similar
molecules to the focus compound displayed in a wheel around it. Each compound was
compared in pair with the lead compound based on both structural similarity and
activity. In particular, the size of the segment of each wheel represented the distance
(in terms of structure) between the two molecules and the segment was coloured by
the disparity (in terms of structure) between the pair. The colour red was an indication
of the activity decreasing whereas green indicated that the activity was increasing
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between the pair. In the activity view, focusing on the segment of each wheel, we
identified two main class of compounds: the more closely related to the lead compound
(including the structural analogues around the N-aromatic ring - included in the green
dotted circle of Figure 5.32A) and a second group mainly including the structural
analogues around the C7 position of the quinoxaline core (included in the dotted blue
line of the same panel). In both groups, the general trend of activity compared to the
lead compound changed confirming that modification over both regions could affect
the in vitro activity of these compounds. The cluster view (Figure 5.32B) provided
insight into the chemical diversity of our dataset where we could visualise activities
across clusters to identify homogenous subsets. In this cluster view, we observed that
all the compounds had a degree of similarity higher than 0.45. A set of compounds
with a similarity higher than 0.68 clustered together (within red dotted box) and these
had the highest activity on schistosomula. However, among this homogenous subset,
two important outliers could be identified (compounds 6.1a and 6.15). This confirmed
that the two aromatic rings were essential for the activity (3-mono-substituted
derivative 6.1a less active than 2, 3-bi-substituted compound 6.1) and few
modifications of the nitro group were allowed (compound 6.15 compared to 6.1). In
fact, all the other compounds with the functionalization on the C7 position had a lower
activity compared to the lead compound, except for compounds 6.17 and 6.19, which
both demonstrated moderate activity.
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Figure 5.32. Detailed SAR of the structural analogues and the lead compound 6.1. Panel
A - This graph represented a focused view of the SAR of the newly synthesised compounds
when compared to the lead compound 6.1. In this representation, the focus compound (6.1)
was compared to the other surrounding compounds in terms of structural similarity and
biological activity. In this view, the height of each wedge corresponded to the degree of
similarity between the focus compound and each of the new compounds (e.g. a smaller wedge
reflected very similar compounds). The colour of the wedge reflects the diversity in activity
of each compound when compared to compound 6.1 (e.g. red represents a decrease in activity,
green means the activity is increasing between the pair with the other shadings representing
activity between red and green). The name and the EC50 value (average of both Phenotype and
Motility EC50 on schistosomula) for each chemical are included. Panel B - A cluster view
where the compounds have been clustered using the chosen similarity method (ECFRP4 - the
grey bar above the cluster shows the range of similarity). The range of activity of each
compound was also shown with a coloured code (from the highest activity in green and the
lowest activity in blue).

5.3.9 Exploring the physiochemical properties and the drug-likeness
of the newly synthesised GPV56 analogues
Once compound 6.1 and its derivatives were screened on S. mansoni, human cell lines
and bacteria, we aimed to explore more these compounds in relation to
physicochemical properties, pharmacokinetics and drug-likeness. In fact, a potent
molecule can be effective as a drug only if it can be absorbed and the concentration
that can be detected in the specific compartment of our body is sufficient to show its
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potency. We decided to explore our newly synthesised compounds focusing on some
of the pharmacokinetic and physicochemical parameters of a drug candidate such as
the lipophilicity, the drug-likeness and other physicochemical descriptors. The
lipophilicity of these compounds was explored using six different predictive models
to calculate the partition coefficient between n-octanol and water (Log Po/w) for each
compound (Praziquantel and Auranofin were also included for comparison). The
predicted values derived from each of the six predictors were summarised in Table
5.9. From this table, focusing on each individual model, we noticed some discrepancies
about the calculated LogP. However, if the five models available in SWISS tool were
taken together (consensus value), the values of the consensus LogP were comparable
to the LogP predicted by ALOGPS 2.1.
Table 5.9. Predicted LogP values using six different publicly available models.
Comp

ALOGP
S 2.1

iLOGP

XLOGP3

WLOGP

MLOGP

Silicos

Consensus

-IT

*

6.1

6.65

3.19

7.3

7.64

5.53

3.76

5.48

6.1a

4.71

2.22

4.15

4.29

2.33

1.24

2.85

6.2

5.88

2.73

6.04

6.33

4.57

2.47

4.43

6.3

5.9

2.96

6.04

6.33

4.57

2.47

4.48

6.4

5.22

3.39

6.25

6.26

3.65

3.28

4.56

6.5

4.85

2.79

4.99

6.14

4.35

2.03

4.06

6.6

6.09

3.09

6.76

10.49

5.41

4.22

5.99

6.7

6.13

2.96

6.76

10.49

5.41

4.22

5.97

6.8

6.09

3.32

6.76

10.49

5.41

4.22

6.04

6.9

5.79

2.95

6.56

9.37

4.67

3.35

5.38

6.10

5.83

2.97

6.56

9.37

4.67

3.35

5.38

6.11

6.16

3.45

6.5

9.38

3.5

3.52

5.27

6.12

4.81

3.07

4.66

4.08

3.5

1.96

3.45

6.13

5.31

3.41

5.58

4.47

3.93

2.75

4.03

6.14

6.62

3.31

6.79

7.32

5.12

5.2

5.55

6.15

7.33

4.37

8.08

7.95

5.93

6.2

6.51

6.16

5.83

3.38

6.66

7.11

5.26

5.35

5.55
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6.17

7.08

4.48

8.02

8.67

5.65

6.79

6.72

6.18

7.49

4.49

8.73

9.06

6.03

6.71

7.01

6.19

6.78

3.84

7.7

8.39

4.68

6

6.12

6.20

7.53

4.42

9.19

10.96

6.83

7.71

7.82

PZQ

2.42

3.01

2.67

1.45

2.4

2.47

2.40

AUR

0.65

0.00

2.06

2.14

1.14

0.26

1.12

*Arithmetic mean of the values predicted by the five proposed methods.

We explored the correlation between the estimated values of LogP (cLogP) and the
potency of each compound (EC50 on schistosomula). As we can see in Figure 5.33, all
the most active compounds had a cLogP included in the range of 4.5 and 7. In
particular, two different groups were identified: the group of less active compounds
had a wider range of cLogP values (blue circle) whereas the second group included the
most active compounds (pEC50 > 6.0 µM, in green) having a cLogP around 6.

Figure 5.33. Scatter plot of cLogP vs pEC50. The cLogP of all the compounds identified as
hits during the screen on schistosomula at 10 µM (consensus value reported in Table 5.9) were
compared to their EC50 values on schistosomula (derived from Table 5.3). Praziquantel (PZQ)
and auranofin (Aur) were included as reference.

The following step investigated the potential of these chemicals to exhibit drug-like
characteristics (drug-likeness). The drug-likeness is defined as the high probability of
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a compound to be an oral drug and the Rule of five of Lipinski (Lipinski et al., 2001)
define the pharmacokinetic and physicochemical ranges that makes an orally active
compound. This rule predicts a good absorption and penetration for compounds with
less than 5 hydrogen bond donors and 10 hydrogen bond acceptors, the molecular
weight (MW) not greater than 500 and the calculated Log P (cLogP) not greater than
5 (or MlogP > 4.15). The 21 newly synthetized compounds were analysed to see if
they respected the limits of the 5 Lipinski’s descriptors. This resulted in the
identification of only four compounds for which the Lipinski rule is observed. Nine
compounds (including the lead compound 6.1) had one violation and eight compounds
with two violations of the Rule of five of Lipinski (Table 5.10). To the Rule of five of
Lipinski, another parameter was added by Veber (Veber et al., 2002) regarding the
number of rotatable bonds being less than 10 to promote the absorption and
bioavailability of oral drugs. Regarding this, none of the selected compounds had a
violation to this additional parameter.
Table 5.10. Pharmacokinetic properties important for good oral bioavailability for
compound 6.1 and derivatives.
Compounds

NROTB

HBA

HBD

cLogP

MW

Rule

<10

<10

<5

≤5

<500

Lipinski’s
violations
≤1

6.1

5

4

2

5.48

495.15

1

6.1a

3

5

2

2.85

351.14

0

6.2

5

4

2

4.43

426.26

1

6.3

5

4

2

4.48

426.26

1

6.4

5

4

2

4.56

413.47

0

6.5

5

6

2

4.06

393.35

1

6.6

7

12

2

5.99

529.34

2

6.7

7

12

2

5.97

529.34

2

6.8

7

12

2

6.04

529.34

2

6.9

7

10

2

5.38

493.36

1

6.10

7

10

2

5.38

493.36

1
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6.11

9

12

2

5.27

553.41

1

6.12

7

4

2

3.45

385.42

0

6.13

9

4

2

4.03

413.47

0

6.14

4

2

3

5.55

465.16

1

6.15

5

2

2

6.51

519.25

2

6.16

6

3

3

5.55

493.17

1

6.17

9

3

3
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549.28

2
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7

3

3
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575.32

2
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7

4

3

6.12

559.23
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6.20

8

6

3

7.82

637.27

2

PZQ

2

2

0

2.4

312.41

0

AUR

12

9

0

1.12

678.48

1

NROTB: Number of rotatable bonds; HBA: Hydrogen bond acceptors (O plus N atoms);
HBD: Hydrogen bond acceptors (OH plus NH count); cLogP: calculated partition coefficient
between n-octanol and water; MW: Molecule weight.

Other physiochemical descriptors of these compounds were analysed for the selection
of the best drug candidate for an in vivo trial in addition to their in vitro activity. These
descriptors were the Sim score (final score combining the Field Score and the Shape
score), the calculated logP (in this case calculated applying the rules of Wildman and
Crippen (Wildman and Crippen, 1999)), the Topological Polar Surface Area (TPSA
that should be correlated to drug transport properties (Ertl et al., 2000)), the flexibility
(counting the fully rotatable and partially rotatable bonds separately) and finally the
molecular weight (MW). A report of these descriptors for all dataset of compounds
was reported in Figure 5.34.
Overall, most of the compounds have a poor structural flexibility except for
compounds 6.12 and 6.13 with the longer N-linker between the aromatic rings and the
quinoxaline core. The same compounds also showed the lowest calculated logP
compared to the other chemicals. The Topological Polar Surface Area (TPSA) seemed
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to be relatively constant among the compounds except for compound 6.11 whereas no
differences were observed for the Sim.

Figure 5.34. Radial plot of some physiochemical descriptors for the newly synthesised
analogues of compound 6.1. Four descriptors were taken into account: Sim score (optimal
range 0.65-0.85), calculated logP (optimal range 3-5), Topological Polar Surface Area
(optimal range 20-120), flexibility (optimal range 4-6) and finally molecular weight (MW,
optimal range 350-500). Compounds 6.2-3, compounds 6.6-7-8 and compounds 6.9-10
showed the same radial plots and therefore same physiochemical descriptors because of their
structural isomerism. Conversely, compounds 6.4-5, compounds 6.15-16 and compounds
6.19-20 were structurally different reflecting in a different value for each descriptor. However,
the small difference would have been difficult to recognize visually so only one radial plot is
reported for each group showing the overall trend of the descriptors.

5.3.10 In vitro ADME of selected GPV56 analogues
Five GPV56 compounds (compounds 6.2, 6.8, 6.10 and 6.17) were selected for further
explorations to collect more information about the ADME of these compounds prior
to selecting individuals for in vivo efficacy studies in an animal model of
schistosomiasis. The in vitro ADME screening services were provided by Cyprotex as
part of an awarded Translational Support Fund supported by the Life Science Research
Network Wales (LSRNW).
365

There were several reasons supporting the selection of these compounds among the
other chemicals described in this chapter: the anti-schistosomal potency, their
cytotoxicity profile (collectively represented by the selectivity index SI, Table 5.6)
and then the available amount of compound. As a result, the five compounds with the
highest selectivity index (SI values summarised in Table 5.6) were selected for these
assays. The tests selected were plasma protein binding, metabolic stability, semi
thermodynamic solubility and Caco2 Permeability.
Firstly, a preliminary optimisation of the generic LC-MS/MS conditions used by
Cyprotex was conducted on each compound. The tests were then run independently by
different laboratory teams within Cyprotex. The four selected assays were run without
a sequential approach, so the results of each test were here presented in the same
consecutive order they were communicated to us.
First of all, the plasma protein binding and the metabolic stability assays were
performed for each test compound using mouse-specific conditions rather than human
ones. The plasma protein binding assay was performed for the five selected
compounds (6.2, 6.8, 6.10, 6.11 and 6.17) along with warfarin as internal control as
described in Section 5.2.4.1. However, fu value could be calculated for only compound
6.11 and compared to the internal control (Figure 5.35). This led to the conclusion that
the other compounds were highly bound in the plasma and the concentration of the
compound in the buffer was below the limit of detection.
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Figure 5.35. Cyprotex plasma protein binding assay. The graph illustrates the fraction of
compound unbound by incubation in 100% mouse plasma (fu value was not calculated for
compounds 6.2, 6.8, 6.10 and 6.17 since the test compound was not detectable in the buffer
samples). The error bars represent the standard deviation of three separate experiments. The
experiment for compound 6.11 was also performed three times but the test compound was not
detected in 2 out of three replicates, therefore, a standard error was not provided.

In vitro intrinsic clearance of the five selected compounds was next determined using
liver microsomes, which contained membrane bound drug metabolising enzymes. In
particular, mouse-derived microsomes were used to enable an understanding of
mouse-specific drug metabolism of the selected compounds. The assay was performed
as described in Section 5.2.4.2 and Figure 5.36 showed the data generated by
Cyprotex.
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Figure 5.36. Mouse metabolic stability of five selected GPV56 analogues. The timedependent disappearance of the five test compounds (6.2, 6.8, 6.10, 6.11 and 6.17) is
illustrated. Compounds were tested at a concentration of 1 μM. Each compound was incubated
with mouse liver miscrosomes at 37°C for 45 min. The metabolic stability of each compound
was assessed based on the relative concentration of the remaining test compound at 5, 15, 30,
and 45 min compared to the initial concentration of test compound at 0 min.

From these results, the intrinsic clearance (CLint) and the half-life (t1/2) were calculated
for each test compound and the two controls (diazepam and diphenhydramine). A
range of CLint values were observed as shown in Figure 5.37.

Figure 5.37. Intrinsic clearance (CLint) and half-life (t1/2) of the five selected GPV56
analogues. Intrinsic clearance data for 5 compounds (compounds 6.2, 6.8, 6.10, 6.11 and 6.17)
were obtained using Cyprotex's Microsomal Stability assay. Diazepam and diphenhydramine
were included in this assay as controls. The bar chart represented the CLint values of each test
compound and the controls. Error bars represented the standard error from quadruplicate
incubations within each run of the assay. The calculated values of CLint (with the corresponding
standard error) and half-life (t1/2) were summarised in the table on the right hand-side table.

Thermodynamic (or equilibrium) solubility assay was used to subsequently investigate
the solubility of the test compounds as a saturated solution in equilibrium. The results
of each replicate of this assay were quite variable (high standard deviation in Figure
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5.38), although generally in agreement and the control compounds (nicardipine and
warfarin) were within normal limits.

Figure 5.38. Semi-thermodynamic solubility of five GPV56 analogues. Mean solubility
data for 5 compounds (6.2, 6.8, 6.10, 6.11 and 6.17) was generated in Cyprotex's semithermodynamic solubility assay at pH 7 using PBS as buffer. The experiment was conducted
at room temperature and after overnight incubation the samples were processed and analysed
using LC-MS/MS. The experiments were conducted in quadruplicate, so the error bars of the
bar chart represent the standard deviation of 4 separate experiments. However, for compounds
6.8, 6.10 and 6.11, only 3 replicates were considered since one of them was excluded. A value
of 100 µM was assigned to the solubility of warfarin to be included in the bar chart. The
numeric values of the mean solubility and the standard deviation of each compound were
reported in the table on the right-hand side of the bar chart.

The final in vitro ADME assay performed was the Caco-2 permeability (Bidirectional) test aiming to investigate if the selected compounds underwent active
efflux. This assay aimed to measure the apparent permeability (Papp) in bi-directions
(both apical to basal (A-B) and basolateral to apical (B-A)) across Caco-2 cells.
This assay was run for the five selected GPV56 analogues and three internal controls.
Unfortunately, the results of this assay were partial since all the compounds were
undetectable in the receiver compartments in one or both directions (A-B and/or B-A).
For clarification, all data were reported in Table 5.11.
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Table 5.11. Caco-2 permeability assay results for the five selected GPV56 analogues.

The table summarises the results of the Caco-2 permeability assay performed by Cyprotex.
The two values of Papp, the mean value of Papp, the standard deviation of the mean of Papp, the
mean percentage recovery and the efflux ration for each test compound and the three controls
compounds (atenolol, propranolol and talinolol) were reported along with any relevant
comments.

The values of the control compounds were within the expected values, however, three
compounds (6.8, 6.11 and 6.17) were not detected in the receiver compartment on both
directions: apical-basolateral (A-B) and basolateral-apical (B-A). For compounds 6.2
and 6.10, the test compound was detected in the receiver compartment of either the
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basolateral-apical (B-A) or apical-basolateral (A-B) for only one replicate. Therefore,
the accuracy of these results was questionable, and the efflux ratio couldn’t be
calculated.

5.3.11 Docking study of GPV56 structural analogues
As mentioned in Chapter 4, GPV56 and the other GPV analogues were identified
through an in silico virtual screening approach based on the homology model structure
of Smp_138030 focusing in particular on the peptide binding pocket (Figure 5.39).

Figure 5.39. Homology model of Smp_138030. The 3D model of the catalytic domain of
Smp_138030 was obtained by homology modelling approach as described in Chapter 2. Here
the surface structure of this target was presented with the histone protein (shown in green with
the methylated Lys shown as green stick) located in the substrate-binding pocket (highlighted
with the blue circle) and the cofactor SAM in the cofactor-binding pocket (highlighted with
the green circle).

The putative mechanism of action of these compounds consisted of binding to the
peptide binding pocket of the enzyme, and, therefore, inhibition of the natural substrate
histone. This would lead to a substrate-competitive inhibition of the enzymatic activity
of this S. mansoni PKMT (Figure 5.40).
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Figure 5.40. Molecular docking study results: hypothetical mechanism of action of the
GPV compounds. The surface structure of Smp_138030 was presented with the histone
protein (shown in green with the methylated Lys as green stick) located in the substratebinding pocket (highlighted with the blue circle). The binding mode of compound 6.1 (as
representative of this family of compounds) was superimposed on the histone protein in the
substrate-binding pocket to provide support to the putative mechanism of action of these
compounds (Panel A). In Panel B, the surface structure of Smp_138030 was hidden to provide
a better view of the natural substrate (histone protein) and the putative binding mode of the
substrate-competitive inhibitor (compound 6.1, shown in brown stick).

A modelling study of compound 6.1 and the newly synthesised structural analogues
(compounds 6.1a - 6.20) in the substrate-binding pocket of Smp_138030 was
performed assuming this putative mechanism of action of these compounds. All these
compounds were evaluated for their ability to fit and bind in the substrate-binding
pocket of this enzyme, to investigate their binding mode and to evaluate if there was a
correlation between their binding score and their in vitro activity on the larva stage of
the parasite.
A docking study was performed for all the compounds described in this chapter as
already described in Chapter 2 with a virtual grid built around the histone-binding
pocket (Figure 5.41-5.43). All the selected compounds bind well to the substratebinding pocket and two common binding modes inside this pocket were observed.
In the first mode, some compounds bound to the pocket orientating one of the aromatic
rings in the lysine channel. This ring pointed out to the SAM cofactor located in the
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cofactor-binding pocket situated on the opposite side of the aforementioned channel,
where the substrate bound. The central scaffold instead was located in the outer side
of the pocket with the nitro group interacting with the left or right region of the pocket
(named as cavity 1 and cavity 2, respectively). This binding mode reflected the
orientation of the histone protein positioned in the enzymatic pocket with the lysine
facing the cofactor. This model provides more confidence in the suggested mechanism
of action of these compounds as substrate-competitive inhibitors of Smp_138030.
Compound 6.1 and its monosubstitued derivative 6.1a showed this binding mode as
presented in Figure 5.41 with the 7-nitro-quinoxaline core positioned in cavity 2 of
the substrate-binding pocket.

Figure 5.41. First hypothetical binding mode of compound 6.1 and its monosubstituted
derivative 6.1a. Compound 6.1 (in cyan) and its monosubstituted derivative 6.1a (in yellow)
was docked in the substrate-binding pocket of Smp_138030. The most stable binding mode
obtained from Glide docking of these two compounds presented one of the aromatic rings
pointing towards the lysine channel (shown in violet). The 7-nitro-quinoxaline core located in
cavity 2 (shown in light orange) and the other aromatic ring in the cavity 1 (shown in green)
of the substrate-binding pocket. Hydrogen atoms of the chemical structures and the structure
surface of Smp_138030 were omitted for clarity. The chemical structure of compound 6.1 was
reported to highlight the different portions of the molecule in relation to the different regions
of the target.
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Compounds 6.3 and 6.8 (Figure 5.42A) showed a similar binding mode to compound
6.1. Other compounds had a similar orientation of the lead compound 6.1, but the
central quinoxaline scaffold was instead placed in cavity 1 of the substrate-binding
pocket (e.g. compounds 6.5 and 6.11, Figure 5.42B).

Figure 5.42. Two different orientations of the quinoxaline scaffold were identified in the
predicted binding mode of the new synthesised compounds. Compound 6.3 (in purple),
compound 6.8 (in blue) in Panel A and compound 6.5 (in green) and compound 6.11 (in blue)
in Panel B were docked in the substrate-binding pocket of Smp_138030. The most stable
binding mode obtained from Glide docking of these four compounds presented one of the
aromatic rings pointing towards the lysine channel (shown in violet). The 7-nitro-quinoxaline
core and the other aromatic ring had an opposite orientation between Panel A and Panel B (as
shown by the red arrows). In the first panel, the quinoxaline core was located in cavity 2
(shown in light orange) and the other aromatic ring in the cavity 1 (shown in green) of the
substrate-binding pocket similarly to the lead compound 6.1. In the second panel the
orientation of these two regions of the molecules appeared inverted. Hydrogen atoms of the
chemical structures and the structure surface of Smp_138030 were omitted for clarity.

As mentioned before, two common binding modes were observed in the docking study
of these compounds in the catalytic pocket of Smp_138030. For most of the
compounds analysed (compounds 6.1, 6.1a, 6.3, 6.7, 6.12, 6.13, 6.16 and 6.19), the
most stable conformation was binding to the substrate pocket. However, a second
mode differing to the first was found. In this second mode, the quinoxaline core was
located in the inner part of the substrate pocket with the nitro group on the C7 position
orientated inside the lysine channel and pointing to the cofactor SAM (Figure 5.43).
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The two aromatic rings were placed in the outer side of the substrate pocket pointing
symmetrically in two opposite directions (cavity 1 and 2).

Figure 5.43. Second hypothetical binding mode of the new synthesised compounds. The
docking study showed another possible binding mode for some of the newly synthesised
compounds. Here the binding mode of three compounds (6.6 shown in cyan, 6.8 in green and
6.10 in brown) was reported as exemplary of this second hypothetical binding mode. The
quinoxaline core of these compounds was placed inside the lysine channel (highlighted in
purple) with the nitro group point at the cofactor SAM. Each aromatic ring was allocated in
the outer part of the target pocket and binds one of the two cavities (cavity 1 in green and
cavity 2 in light orange). Hydrogen atoms of the chemical structures and the structure surface
of Smp_138030 were omitted for clarity. The chemical structure of compound 6.6 was
reported to highlight the different portions of the molecule in relation to the different regions
of the target.

As a final note, assuming this mechanism of action for compound 6.1 and the other
analogues, their ability to fit and bind in the substrate-binding pocket of this enzyme
was investigated to assess if there was a correlation between their binding score and
their in vitro activity on the larva stage of the parasite (average of Phenotype and
Motility EC50 on schistosomula, Figure 5.44). Interestingly, the most active
compounds (compounds 6.1, 6.2 and 6.7 - 11) were clusterred together due to a similar
docking score reported by the docking study of these compounds with the putative
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target. The other compounds had a better profile of docking score (more negative
values of docking score), however, this did not translate to an improvement of activity.

Figure 5.44. Scatter plot of anti-schistosomal activity against docking score over the most
active structural analogues of the lead compound GPV56. The in vitro activity of
compound 6.1 and its structural analogues (expressed as pEC50 of the averaged of both
Phenotype and Motility on schistosomula) vs the corresponding binding free energy (docking
score, Kcal/mol) is shown in this scatter plot. Only the structural analogues of compound 6.1
showing activity below 10 µM are included. The docking of these compounds was performed
in Glide using the standard precision function (SP) and the results were refined using the more
accurate extra precision (XP) function as described in Chapter 2. Only the docking score of
the XP function was used for this graph.

5.3.12 Quantification of H3K4 methylation
Assuming that the GPV56 analogues inhibited the PKMT Smp_138030, the level of
methylation of the histone proteins modified by this enzyme should change with the
parasite treated with these compounds. In particular, Smp_138030 was
phylogenetically similar to the human histone methyltransferase MLL (see Section
3.3.5.2, Chapter 3) which catalyses the methylation of histone H3 at lysine 4 (H3K4). Hence, according to our hypothesis, methylation of H3-K4 should be affected in
parasites treated with these compounds.
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To further investigate the putative mechanism of action of these compounds, we
decided to measure the global methylation of histone H3K4 using the EpiQuikTM
Global H3-K4 Methylation Assay Kit (P-3017, EpiGentek). This assay was performed
on the histone extracts of adult worms treated with the sublethal concentration of the
two most potent compounds (6.7 and 6.8) and the lead compound 6.1.
From the EC50 values based on adult worm screens (Section 5.3.4) and a further dose
response titration (Figure 5.45) on adult worms, the sublethal concentration for the
lead compound 6.1 and the other two compounds (6.7 and 6.8) was selected aiming to
analyse the histone extract derived from adult worms severely affected by the drug in
worm movement and egg production, but still alive after 72 hrs treatment. From the
results reported in Figure 5.45, the sublethal concentration selected for the lead
compound 6.1 was 0.076 µM and 0.0024 µM for the other two compounds.

Figure 5.45. Dose response titration of compounds 6.1, 6.7 and 6.8 on adult worms. A
dose response titration (5 - 0.0024 µM) of compounds 6.1, 6.7 and 6.8 was performed to assess
their potency on S. mansoni adult worms. Each titration was performed in duplicates in two
independent screens. Worm movement was recorded with WormassayGP2. The bar chart
shows the average worm movements recorded by WomassayGP2 of the two independent
screens (each of them with two technical replicates). The average of each compound is shown
in comparison to the standard control of the drug screens (0.625% DMSO and PZQ 10 µM).
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The total histone extract was obtained from 7 wks adult worms treated for 72 hrs with
the sublethal concentration of each compound compared to the DMSO treated worms
(included as negative control). A total of 22 worm pairs were used for the three
independent replicates performed for each treatment (four in total including the three
compounds and the DMSO control). A gender-specific histone extraction for each
treatment was performed using the EpiQuik Total Histone Extraction HT Kit (OP0007, EpiGentek) as described in the common methodology Chapter 2 (Section
2.5.1).
The quantification of the global H3-K4 methylation was performed on the total histone
extracts using EpiQuikTM Global H3-K4 Methylation Assay Kit following the
manufacturer’s instructions described in Chapter 2 (Section 2.5.3.1). At the end of
the assay, the final absorbance reading (measured in a microplate reader at 450 nm and
blank corrected) were used to calculate the percentage of H3-K4 methylation of each
of the three drug treatments in comparison to the negative control DMSO (assumed
100% methylation). The analysis of these data highlighted a reduction of H3-K4
methylation in the drug treated parasite compared to the DMSO control. As shown in
Figure 5.46, the sublethal concentration of compounds 6.1, 6.7 and 6.8 caused a
reduction of H3-K4 methylation of respectively 15.3, 10.5 and 13.5% for female
worms and 9.4, 11.3 and 12.8% in male worms.
Our data showed that the global histone H3-K4 methylation was significantly
decreased in the worms treated with the sublethal concentration of the three
compounds, when compared with the control (p < 0.0163 for compounds 6.1 and 6.7,
and p < 0.0076 for compound 6.8) as shown in Figure 5.46. However, there was no
significant difference in the global histone H3K4 methylation between the three groups
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of treatment (compounds 6.1, 6.7 and 6.8) and the same was observed between male
and female worms in each group.

Figure 5.46. Effect of drug treatment (sublethal concentration of compounds 6.1, 6.7 and
6.8) on the parasite epitope (global demethylation of H3-K4). Drug treatment of adult
worms determined a significantly decrease of% of global H3-K4 demethylation compared to
the negative control (DMSO). However, there was no statistically significant difference
between the gender (male and female adult worms) across the three treatments. A KruskalWallis ANOVA followed by Dunn’s multiple comparisons test was performed to compare
each population mean (average of three different biological replicates) to the DMSO control.
* and ** represent p < 0.0163 and p < 0.0076 respectively.

379

5.4 Discussion
5.4.1 Anti-schistosomal and antibacterial activity of the novel
structural analogues of GPV56
The lead optimisation process involving the synthesis of new structural analogues of
GPV56 dramatically improved upon both the cytotoxicity profile and anthelmintic
activity (see Section 5.3.6). In fact, some of the new compounds were almost as active
as the lead compound on schistosomula, but more interestingly they were very active
against the adult stage of the parasite.
The lead compound GPV56 (re- synthesised as compound 6.1) showed some toxicity
on HepG2 cells (CC50 = 9.40 µM, Table 5.5). However, the strong activity showed on
schistosomula was suggesting a good drug candidate with a promising SI around 15
(Table 5.6). When the newly synthesised compounds were tested for cellular toxicity
against the same cell lines, some compounds were less toxic than the lead compound
(Table 5.5) and with an improved SI (Table 5.6). These findings allowed the selection
of some new compounds to perform additional studies aiming to collect more
information before starting an in vivo trial. A better profile of activity compared to the
lead compound was observed also when the newly synthesised compounds were
screened against the molluscan stage of miracidium to assess their ability to inhibit the
miracidia-sporocyst transition.
During the transition between a free-living miracidium to the first parasitic larva stage
of S. mansoni, a complete morphological remodelling of the parasite takes place. These
natural changes can be inhibited or delayed by chemical inhibitors that could be very
interesting from a drug discovery point of view due to their effect on a very early stage
of the parasite’s lifecycle. These results (Figure 5.29 and 5.30) provide evidence that
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these compounds were not only effective on the intramammalian stages of S. mansoni
life cycle (schistosomula and adult worms), but also on the free-swimming larval stage
of the parasite (miracidia). The profile of gene expression derived from the analysis of
DNA microarray data (see Chaper 3) showed that Smp_138030 (the putative target
of these compounds) also appeared to be moderately-highly expressed in these three
life cycle stages.
As mentioned previously, some literature provided insights on the antibacterial activity
of compounds similar to the GPV56 analogues; therefore, the antimicrobial properties
of these compounds were also explored in order to identify compounds with a dual
therapeutic indication (anthelmintic and antibacterial) and highlight specific
antibacterial structural features. As result of this biological investigation, these
compounds showed low or no activity at all on E. coli (Gram-negative bacterium);
however, interesting biological activity was observed on the other two categories of
bacteria. The low activity of these compounds on E. coli compared to S. aureus (Grampositive bacterium) could suggest that the outer lipopolysaccharide membrane of the
gram-negative species provides barrier properties to the uptake of these compounds in
the organism (Ebbensgaard et al., 2018; Mamelli et al., 2009).
The antimicrobial properties (especially against S. aureus) of some of these
compounds appeared very interesting, prompting a thorough investigation of SAR. In
fact, four compounds (6.0, 6.3, 6.6 and 6.10) showed a MIC90 lower than 3.91 µg/ml
with compounds 6.6 and 6.10 being the most active. These findings have encouraged
a future investigation of the activity of these compounds on methicillin-resistant S.
aureus (MRSA) strains.
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5.4.2 Structure-activity relationship (SAR) studies on the antischistosomal and antibacterial properties of these compounds
The data collected from the anti-schistosomal (both larva and adult stage) and
antibacterial screens of the new GPV56 structural analogues allowed for preliminary
structural-activity relationships (SAR) to be developed. For this SAR study, the results
of the miracidia screens weren’t included since a full titration of the GPV56 analogues
was not performed on miracidia and, therefore, we don’t have an EC50 value to
compare these compounds.
These SAR studies were focused on 4 different elements of the common chemical
structure of these structural analogues: the central quinoxaline core, the linker between
the central scaffold and the aromatic rings, the different substituents of the aromatic
rings and the functionalization of the position 7 of the central scaffold (Figure 5.47).

Figure 5.47. Structure-activity relationship (SAR) studies of GPV56 structural
analogues. The strategy of lead optimisation on GPV56 and the screening of the resulting
compounds allowed to collect some SARs data for four different structural elements: the
central quinoxaline core (green circle), the linker between the central scaffold and the aromatic
rings (arrows), the different substituents of the aromatic rings (highlighted in cyan) and the
functionalization of position 7 of the central scaffold (highlighted in purple).

-Central quinoxaline core
The results of screening compounds 6.0, 6.0a, 6.1 and 6.1a on schistosomula
confirmed that the central scaffold of GPV56 structural analogues was not responsible
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for their anti-parasitic activities (Table 5.12). In fact, compound 6.0 or its dihydroxy
derivative 6.0a had poor to moderate activity against schistosomula. This conclusion
was also confirmed by the quite poor activity shown by the mono-substituted
derivative 6.1a compared the lead compound 6.1.
Table 5.12. Anti-schistosomal activity of compounds 6.0-6.1a on larva and adult worm S.
mansoni. (R1: residue in C-1, R2: residue in C-2)

Anti-schistosomal activity EC50a (µM)
Schistosomula
Adult
Cps

R1

R2

6.0

Cl

Cl

>10

>10

N.D.b

6.0a

OH

OH

>50

>50

N.D.b

0.42

0.54

0.069

>50

>10

N.D.b

6.1

6.1a

OH

Phenotype

Motility

Motility

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; b N.D.: not determined.

However, antibacterial screens highlighted that the central scaffold of GPV56
analogues was responsible for some activity, particularly against S. aureus (compound
6.0, Table 5.13). The hydroxy derivative 6.0a, in contrast, had poor activity against S.
aureus and was totally ineffective on Gram-negative bacteria and mycobacteria.
Unfortunately, these results couldn’t be compared to the lead compound (compound
6.1 or the monosubstituted 6.1a) since the antibacterial screen was not performed for
these compounds due to their solubility issues. However, we’d like to find alternative
methods to prepare the lead compound (compound 6.1) overcoming the observed
solubility issues and be able to quantify its antibacterial activity.
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Obviously, these findings were very interesting and defined quite a distinct feature for
the antibacterial SAR of these compounds compared to the anti-schistosomal SAR. In
fact, if the identification of compounds with a good anthelmintic and antibacterial
could be useful for the development of a potential drug with a dual therapeutic
indication, its application to control/prevent Schistosomiasis could lead to the increase
of bacterial resistance in the endemic areas of this neglected tropical disease. Hence,
the identification of distinct SAR features will be useful for differential development
of either a class of antimicrobial or anti-schistosomal compounds.
Table 5.13. Anti-schistosomal and antibacterial activity of compounds 6.0-6.1a. (R1:
residue in C-1, R2: residue in C-2)

Anti-schistosomal
activity EC50a (µM)

Antibacterial activity
MICb (µg/ml)

Cps

R1

R2

Schistosomulac

E. coli

S.
aureus

M.
smegmatis

6.0

Cl

Cl

>10

62.50

<3.91b

1.95

6.0a

OH

OH

>50

>125

125

>125

0.48

N.D.d

N.D.d

N.D.d

>10

N.D.d

N.D.d

N.D.d

6.1

6.1a

OH

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; bMIC90, Minimum Inhibitory Concentration required to inhibit the growth
of bacterium of 90%; cAverage of both phenotype and motility EC50 values on schistosomula;
d
N.D.: not determined.

-Linker between the central quinoxaline core and the aromatic rings
As mentioned above, the anthelmintic contribution of the linker between the central
core and the aromatic rings was an additional subject of the medicinal chemistry
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investigations. In particular, the composition (N-, O- or S- linker), the length (N-methyl
or ethyl linker) or absence of the linker was assessed (Table 5.14). While some of
these linker modifications were created as part of this chapter (compounds 6.12 and
6.13), others were obtained from commercial sources and screened in this chapter
(GPV76-79) or in Chapter 4 (GPV45). However, all the biological data related to
these compounds were collectively discussed here to have a better understanding of
the overall SAR study around this structural feature of these family of compounds.
Table 5.14. Effect of the linker on the anti-schistosomal activity. (R1: residue in C-7; R2:
residue of aromatic ring; X: heteroatom (O, N or S; n = 1, 2, ...)

Anti-schistosomal activity EC50a (µM)
Schistosomula
Adult
Cps

n

X

R1

R2

Phenotype

Motility

Motility

GPV45

-

NH

NO2

-

3.19

2.64

N.D.b

6.12

1

NH

NO2

-

3.19

2.64

N.D.b

6.13

2

NH

NO2

-

2.20

1.47

0.20

GPV76

-

-

H

-

>10

>10

N.D.b

GPV77

-

O

H

m-CF3

>10

>10

N.D.b

GPV78

-

-

NO2

p-F

>10

>10

N.D.b

GPV79

-

S

H

p-CH3

>50

>50

N.D.b

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; b N.D.: not determined.

From the drug screens, we can conclude that the N-linker of GPV56 and analogues
was essential for the anti-schistosomal activity of these compounds. In fact, the
replacement of the N linker with either an O- or S- linker caused a loss of activity
(GPV45 vs GPV77 and GPV79). Also, the total removal of the linker additionally led
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to a decrease in anti-schistosomal activity confirming the importance of this linker
(GPV76 and GPV78). However, the length of N-linker seemed to be quite flexible
since the N-methyl derivative (compounds 6.12) and N-ethyl derivative (compounds
6.13) of GPV45 showed similar activity to the parental compound GPV45.
The analysis of HepG2 cellular toxicity added some additional information regarding
the N-linker (Table 5.15). In fact, from these preliminary studies, the N-linker length
seemed to affect the cytotoxicity of the compounds. For example, compound GPV45
displayed moderate toxicity (CC50 = 12.59 µM). The introduction of the N-methyl
linker (compound 6.12, CC50 = 11.67 µM) slightly increased the toxicity and this trend
continued for the N-ethyl linker (compound 6.13, CC50 = 4.40 µM). To conclude, this
region of the molecules could be more critical for the host toxicity of these compounds
than for their antihelmintic properties.
Regarding the antibacterial properties, activity was not dependent on the length of the
N-linker (compound 6.12-6.13). Unfortunately, the antibacterial activity of the other
compounds was not explored since they were not hits on schistosomula (compounds
GPV76 - 79). Therefore, conversely to the anti-schistosomal activity, a detailed SAR
around the effect of the different linker on the antibacterial activity of these compounds
couldn’t be described. However, as follow-up of this project, these compounds could
be definitely screened on bacteria to investigate their antibacterial activity and collect
other interesting data for the development of selective antimicrobial compounds.
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Table 5.15. Effect of the linker on the anti-schistosomal, cytostatic and antibacterial
activity. (R1: residue in C-7; R2: residue of aromatic ring; X: heteroatom (O, N or S); n = 1, 2,
...)

Antischistosomal
activity EC50a
(µM)

Cytotoxic
activity
CC50c (µM)

Antibacterial activity
MICd (µg/ml)

Cps

n

X

R1

R2

Somula b

HepG2
cells

E. coli

S.
M.
aureus smegmatis

GPV45

-

NH

NO2

-

2.91

12.59e

N.D.f

N.D.f

N.D.f

6.12

1

NH

NO2

-

2.92

11.67

>125

>125

>125

6.13

2

NH

NO2

-

1.84

4.40

>125

>125

31.25

f

f

N.D.

f

N.D.f

GPV76

-

-

H

-

>10

N.D.

N.D.

GPV77

-

O

H

m-CF3

>10

N.D.f

N.D.f

N.D.f

N.D.f

GPV78

-

-

NO2

p-F

>10

N.D.f

N.D.f

N.D.f

N.D.f

GPV79

-

S

H

p-CH3

>50

N.D.f

N.D.f

N.D.f

N.D.f

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; b Average of both phenotype and motility EC50 values on schistosomula;
c
50% Inhibitory concentration, or compound concentration required to inhibit cell proliferation
by 50%; d MIC90, Minimum Inhibitory Concentration required to inhibit the growth of
bacterium of 90%; e Value derived from Chapter 4 ; f N.D.: not determined.

-Substituents on the aromatic ring
A detailed SAR around this part of the molecule was more carefully defined since ten
of the newly synthesised chemicals were structural analogues of the N-aromatic ring
(Table 5.16). Firstly, we described how the para (compound 6.2) and meta (compound
6.3) chlorine substituent compared to the 3,4-dichloro aromatic ring of the lead
compound 6.1 changed the anthelmintic activity. In fact, we deduced that the dichloro
substitution of GPV56 analogues was not essential for the activity as one of the two
synthesised mono-chloro-substituted compounds (6.2) showed the same potency as the
lead compound (6.1). Moreover, there is a consistent difference in activity between the
387

two structural isomers (compounds 6.2 and 6.3) with a preference for the para
substitution (compound 6.2), which has an EC50 comparable to the lead compound.
As mentioned in the preliminary SAR studies on the GPV family of compounds
(Chapter 4), the meta and para substitution was preferred to the ortho position. The
results described in this chapter further supported this statement. In fact, compound
GPV38 (with only one methyl in meta position, see Figure 4.50, Chapter 4) had a
good profile of activity (EC50 = 1.62 µM). The introduction of another methyl group
in the ortho position of the aromatic ring resulted in a dimethyl derivative (compound
6.4) showing a lower activity on the schistosomula (EC50 > 10 µM, Table 5.3).
The substitution of the aromatic ring with a trifluoromethyl group led to compounds
6.9 and 6.10 showing increased anti-schistosomal activity (especially against the adult
stage). Conversely to what was found for compounds 6.2 and 6.3, the para and meta
position of the trifluoromethyl group did not significantly affect the anti-schistosomal
properties of compounds 6.9 and 6.10. The positive contribution of this trifluoromethyl
substituent was verified by the increased anthelmintic potency found for compounds
6.6, 6.7 and 6.8. In fact, the poor activity of compound 6.5 (p-fluoro derivative) was
improved by the introduction of the trifluoromethyl group (compounds 6.6 - 6.8). Antischistososmal activity was also shown for compound 6.11 where the trifluoromethyl
group was combined with a methoxy group.
The EC50 for adult worms was provided only for some of these compounds due to a
more focused strategy applied for the screens of this chapter. As mentioned before, we
performed a single-concentration screen of the new compounds for a direct
comparison to the same concentration of compound 6.1 aiming to keep under control
the sacrifice of many infected mice to obtain parasite material. However, these partial
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results demonstrate that the fluorine derivative (compound 6.5), per se, did not
improve anti-schistosomal activity compared to the lead compound (6.1). It was the
specific addition of a trifluoromethyl group that dramatically increased the antischistosomal activity (compounds 6.9 and 6.11 compared to 6.1). This conclusion
agreed with other data supporting the increase in biological activity of compounds
when a trifluoromethyl group was introduced onto the scaffold of compounds (Boyd
et al., 1995; Limban and Chifiriuc, 2011; Palos et al., 2018).
Table 5.16. Anti-schistosomal activity of the N-aromatic analogues of 6.1. (R1: residue of
aromatic ring)

Anti-schistosomal activity EC50a (µM)
Schistosomula
Adult
Cps

R1

Phenotype

Motility

Motility

6.1

3,4-diCl

0.42

0.54

0.069

6.2

p-C

0.40

0.53

N.D.b

6.3

m-Cl

1.22

1.30

0.012

6.4

3,4-diCH3

>10

>10

N.D.b

6.5

p-F

2.14

1.40

0.18

6.6

3-CF3, 4-F

0.54

0.54

0.011

6.7

3-F, 5-CF3

0.37

0.43

0.006

6.8

2-F, 5-CF3

0.88

0.47

0.0006

6.9

m-CF3

0.38

0.57

0.003

6.10

p-CF3

0.42

0.53

N.D.b

6.11

3-CF3, 4-OCH3

0.57

0.65

0.085

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; b N.D.: not determined.

Cytotoxic analysis of the N-aromatic derivatives helped to further define the SAR of
these compounds (Table 5.17). In this regard, the para substitutions were less toxic to
HepG2 cells when compared to the meta substitutions. Two examples can be provided
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to support this statement: the para-chloro derivative 6.2 was less toxic than the metachloro 6.3 and the para-trifluoromethyl derivative 6.10 was less toxic compared to the
meta isomer (compound 6.9). Therefore, our data suggested that the para substitutions
of the parent compound 6.1 contributed to a better toxicity profile as well as increased
anti-schistosomal activity (compound 6.2 > compound 6.3). A high-moderate toxicity
is shown by compounds with the meta-trifluoromethyl alone (compounds 6.6) or in
combination with other substituents (compounds 6.7, 6.9 and 6.11) except for
compound 6.8 which shows toxicity only at concentrations above 100 µM. Despite the
poor anti-schistosomal activity of the para-fluorine derivative 6.5, this compound had
a low-moderate toxicity (CC50 = 22.04 µM).

Table 5.17. Anti-schistosomal activity and cytotoxicity profile of the N-aromatic
analogues of 6.1. (R1: residue of aromatic ring)

Anti-schistosomal activity
EC50a (µM)

Cytotoxic activity
CC50b (µM)

Cps

R1

Schistosomulac

HepG2 cells

6.1

3,4-diCl

0.48

9.40

6.2

p-C

0.47

13.05

6.3

m-Cl

1.26

6.76

6.4

3,4-diCH3

>10

N.D.d

6.5

p-F

1.77

22.04

6.6

3-CF3, 4-F

0.54

7.75

6.7

3-F, 5-CF3

0.40

10.07

6.8

2-F, 5-CF3

0.68

106.07

6.9

m-CF3

0.48

5.85

6.10

p-CF3

0.48

15.55

6.11

3-CF3, 4-OCH3

0.61

5.64

390

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; b50% Inhibitory concentration, or compound concentration required to
inhibit cell proliferation by 50%; cAverage of both phenotype and motility EC50 values on
schistosomula; d N.D.: not determined.

The N-aromatic derivatives showed antimicrobial activity primarily against Grampositive bacteria with compounds 6.3, 6.6 and 6.10 being particularly potent (Table
5.18). As not all compounds were screened for antibacterial activity, few SARs could
be defined. Regarding the effect of para or meta substitution, also in this case, the
para-trifluoromethyl (compound 6.8) resulted in an increase of activity on S. aureus
and M. smegmatis when compared to the meta isomer (compound 6.9). The
introduction of a fluorine (compound 6.6) lead to an overall increase of antibacterial
activity when compared to the parental compound (the meta-trifluoromethyl derivative
6.9) as previously shown (Limban and Chifiriuc, 2011). Conversely to what was
observed for the anti-schistosomal activity, however, the combination of a methoxy
substituent (compound 6.11) with the trifluoromethyl group caused a decrease of
activity compared to compound 6.9.

391

Table 5.18. Anti-schistosomal and antibacterial activity of the N-aromatic analogues of
compound 6.1. (R1: residue of aromatic ring)

Anti-schistosomal
activity EC50a (µM)

Antibacterial activity
MICb (µg/ml)

Cps

R1

Somulac

E. coli

6.1

3,4-diCl

0.48

N.D.d

N.D.d

N.D.d

6.2

p-C

0.47

N.D.d

N.D.d

N.D.d

6.3

m-Cl

1.26

>125

<3.91e

>125

d

S. aureus M. smegmatis

d

N.D.d

6.4

3,4-diCH3

>10

N.D.

N.D.

6.5

p-F

1.77

N.D.d

N.D.d

N.D.d

6.6

3-CF3, 4-F

0.54

62.50

1.95

62.50

d

d

N.D.d

6.7

3-F, 5-CF3

0.40

N.D.

N.D.

6.8

2-F, 5-CF3

0.68

N.D.d

N.D.d

N.D.d

6.9

m-CF3

0.48

>125

7.81

>125

6.10

p-CF3

0.48

>125

0.98

31.25

6.11

3-CF3, 4-OCH3

0.61

>125

62.50

>125

a

50% Effective concentration, or compound concentration required to inhibit parasite movement by
50%; b MIC90, Minimum Inhibitory Concentration required to inhibit the growth of bacterium of 90%;
c
Average of both phenotype and motility EC50 values on schistosomula; d N.D.: not determined; e
Further titration needed.

-Modification of the C-7 position of the quinoxaline core
One of the main goals of the medicinal chemistry optimisation of the GPV56 scaffold
was to modify the nitro group on C-7 position of the quinoxaline scaffold. In fact, this
functional group was presumably responsible for the moderate toxicity observed for
the lead compound (CC50 = 9.40 µM) as previously reported in literature (Avendaño
and Menéndez, 2008).
Several targets and modes of action of the nitro-containing compounds have been
described including the reduction of the nitro group. Among these, it leads to the
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generation of reactive radicals or metabolites which could interact with DNA leading
to a subsequent inhibition of nucleic acid and protein synthesis (Bitsch et al., 2016).
The approach adopted was the transformation of the nitro group into differently
functionalized amino group (Table 5.19). Firstly, the reduction of the nitro group
(compound 6.1) to an amino derivative (compound 6.14) led to a decrease in antischistosomal activity of about 10-fold. Low anti-schistosomal activity was also
identified for compound 6.15 when the amino group was included in a cyclic ring.
Among the acyl derivatives of 6.1, the introduction of a long alkyl chain (compound
6.17) did not substantially decrease parasite activity (against both larva and adult
worm). However, a short alkyl chain did decrease activity (compound 6.16).
Compound 6.18 demonstrated the greatest loss in potency and this was associated with
its cycloalkane ring. The incorporation of additional aromatic rings in the alkyl chain
(compounds 6.19 and 6.20) had an effect on anti-schistosomal activity with compound
6.19 (with a heteroaromatic ring) maintaining moderate potency, but compound 6.20
(meta-trifluoromethyl aromatic ring) losing potency.
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Table 5.19. Anti-schistosomal activity of the C-7 derivatives of compound 6.1. (R1: residue
on C-7 position of quinoxaline core)

Anti-schistosomal activity EC50a (µM)
Schistosomula
Adult
Cps

R1

Phenotype

Motility

Motility

6.1

NO2

0.42

0.54

0.069

6.14

NH2

3.51

3.25

N.D.b

6.15

>50

>10

N.D.b

6.16

2.60

2.09

0.70

6.17

1.02

1.80

0.32

6.18

>50

>50

N.D.b

6.19

2.54

1.33

N.D.b

6.20

>50

>50

N.D.b

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; b N.D.: not determined.

As far as toxicity profile of these compounds (Table 5.20), the nitro-amino conversion
(compound 6.14) led to a decrease of in HepG2 cells toxicity (CC50 = 25.11 µM)
alongside its 10-fold decrease in anti-schistosomal activity compared to the lead
compound 6.1. This improvement of cytotoxicity with the nitro-amine conversion was
in agreement with other literature data on nitro-containing compounds (Orlandi et al.,
2018).
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Amongst the other acyl derivatives, compound 6.17 displayed the lowest toxicity
(CC50 = 64.75 µM). In contrast to what was observed in the schistosomal assays, a
shorter alkyl chain (compound 6.16) caused a substantial increase in HepG2 toxicity
when compared to a longer alkyl chain (compound 6.17). Compound 6.19 showed a
moderate cytotoxicity on HepG2 cells (CC50 = 14.84 µM).
Table 5.20. Anti-schistosomal and cytostatic activity of the C-7 derivatives of 6.1. (R1:
residue on C-7 position of quinoxaline core)

Anti-schistosomal
activity EC50a (µM)

Cytotoxic activity
CC50b (µM)

Cps

R1

Schistosomulac

HepG2 cells

6.1

3,4-diCl

0.48

9.40

6.14

NH2

3.38

25.11

6.15

>10

N.D.d

6.16

2.35

8.60

6.17

1.41

64.75

6.18

>50

N.D.d

6.19

1.94

14.84

6.20

>50

N.D.d

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; b50% Inhibitory concentration, or compound concentration required to
inhibit cell proliferation by 50%; cAverage of both phenotype and motility EC50 values on
schistosomula; d N.D.: not determined.
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Finally, the antibacterial activity of the C-7 derivatives of 6.1 was explored to collect
some preliminary information about the SAR of this subfamily of compounds (Table
5.20). Overall, they showed low activity on the selected bacterial strains suggesting
that the nitro group on the C-7 position might be essential for the antibacterial activity
similarly to what has been previously reported (El-Hossary et al., 2018; Matos et al.,
2013). This supposition was also supported by the results obtained with the Grampositive bacterium co-cultured with N-aromatic analogues containing the nitro group
which were very active against S. aureus (Table 5.17). Here, only three compounds
showed a moderate antibacterial activity (compounds 6.16, 6.17 and 6.19 having a
MIC90 of 62.5 µg/ml for the first two compounds and 31.25 µg/ml for the third one).
Compounds 6.18 and 6.20 were, instead, antibacterial agents only at concentrations
higher than 125 µM. The most active compound against S. aureus was compound 6.15
(MIC90 = 15.63 µg/ml) that was not a potent hit on schistosomula. This last finding
suggests that the nitro group does not offer much versatility for the antibacterial
activity of this family of compounds.
All the tested C7 derivatives did not show any activity either on mycobacterium or
Gram-negative bacterium supporting the idea that the outer lipopolysaccharide
membrane of the Gram-negative species provided barrier properties to the uptake of
these compounds in the organism (Table 5.20). On the other hand, some of the Naromatic analogues containing the nitro group showed a good profile of activity against
these bacterial species (Table 5.17) suggesting that the nitro group could influence
features like charge and lipophilicity that can affect the antibacterial properties of these
compounds (Ebejer et al., 2016).
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Table 5.21. Anti-schistosomal and antimicrobial activity of the C-7 derivatives of
compound 6.1. (R1: residue on C-7 position of quinoxaline core)

Anti-schistosomal
activity EC50a (µM)

Antibacterial activity
MICb (µg/ml)
E. coli S. aureus M. smegmatis

Cps

R1

Somulac

6.1

3,4-diCl

0.48

N.D.d

N.D.d

N.D.d

6.14

NH2

3.38

N.D.d

N.D.d

N.D.d

6.15

>10

>125

15.63

>125

6.16

2.35

>125

62.50

>125

6.17

1.41

>125

62.5

>125

6.18

>50

>125

>125

125

6.19

1.94

>125

31.25

>125

6.20

>50

>125

>125

125

a

50% Effective concentration, or compound concentration required to inhibit parasite
movement by 50%; bMIC90, Minimum Inhibitory Concentration required to inhibit the growth
of bacterium of 90%; cAverage of both phenotype and motility EC50 values on schistosomula;
d
N.D.: not determined.

In summary, Figure 5.48 highlights the main findings of these SAR investigations and
indicates the essential structural elements responsible for the anti-schistosomal and/or
antibacterial activity of the GPV56 analogues. These SAR studies were extremely
important to confirm some aspects already identified for the GPV compounds (defined
in Section 4.3.3 of Chapter 4). Furthermore, they represent a good starting point for
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the design and synthesis of other compounds with a wider range of substituents aiming
to create a more exhaustive SAR picture.

Figure 5.48. Summary of the SAR studies performed on different regions of the
synthesised derivatives. A total of 21 similarly structured compounds were analysed to
generate this map. All the biological results regarding their anti-schistosomal (both larva and
adult worms), cytotoxicity and antibacterial activity were included in the Tables 5.8-5.18.

5.4.3 Predicted physiochemical properties of the newly synthesised
GPV56 analogues
Some physiochemical properties of the compounds presented in this chapter were
investigated using a chemoinformatic approach. First of all, the lipophilicity of these
compounds was investigated according to the cLogP value that could be indicative of
the potential in vivo absorption of drugs across the gut wall. The Lipinski’s rule
(Lipinski et al., 2001) suggested a value of cLogP lower than 5 and, particularly, in a
range between 2 and 3 for a drug administered orally. In our case, only compound 6.1a
(Table 5.9) would satisfy this condition. This result suggested that these compounds
might not have a good oral absorption when administered in vivo. However, a more
flexible criteria defined the optimal value of cLogP in the range of -0.7 and 6.0 (Doak
et al., 2014) and in this case most of the compounds analysed had a cLogP in this
range. Two compounds (6.18 and 6.20) have a cLogP around 7 (Table 5.9) explaining
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their inactivity on schistosomula and adults. Except for compound 6.1a and 6.12, most
of the compounds present high lipophilicity (cLogP above 4) which will likely reduce
aqueous solubility and contribute to excessive volumes of distribution and increased
metabolic liability. Lipinski's rule of 5 predicts whether the solubility and permeability
of a compound could facilitate oral absorption. According to these rules, about 90% of
oral compounds pass three of four of the following rules: MW ≤ 500 Da, calculated
LogP (cLogP) ≤ 5 and ≥ 0, hydrogen bond acceptors (HBAs) ≤ 10, and hydrogen bond
donors (HBD) ≤ 5 (Doak et al., 2014).
After lipophilicity, the three other descriptors of the Lipinski’s rule (such as number
of hydrogen bond donors, number of hydrogen bond acceptors and the molecular
weight) were analysed for the 21 newly synthesised compounds. The analysis of these
parameters identified 13 compounds with one or no violation. Each of them could
represent good drug candidates for the development of a medicine suitable for oral
administration that would be the optimal administration route of a medicine for a
chronic disease like Schistosomiasis. Among the other compounds not falling within
these guidelines (mainly because of cLogP > 5 and MW > 500), we can mention
compounds 6.7 and 6.8 which resulted the most potent GPV56 newly synthesised
analogues. However, a common approach used in literature could explore the
physicochemical properties to guide the design of new compounds with improved
profile regarding the Lipinski’s rule (Lazerwith et al., 2011). Nevertheless, many
existing orally bioavailable drugs (49%) contain exceptions suggesting that this rule
could lead to losing good drug candidates in the early drug development stages
(Walters, 2012; Zhang and Wilkinson, 2007). Hence, opportunities beyond the rule of
5 (bRo5) are now currently explored analysing currently available orally administered
drugs and clinical candidates which could push the original Lipinski’s rule boundaries
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to MW ≤ 700, 0 ≤ cLogP ≤ 7.5, HBD ≤ 5 and NROTB ≤ 20 (Doak et al., 2014). No
clear and agreed definition of bRo5 chemical space currently exists, but they could be
used to re-analyse the compounds synthesised in this chapter. A further assessment of
the permeability of these compounds was provided as part of the extensive ADME
tests performed by Cyprotex and will be discussed below.

5.4.4 Discussion of ADME properties
Drug discovery and development is very time- and resource-consuming with a rate of
success very low because many molecules fail in clinical trials because of their poor
pharmacokinetic (PK) properties (Wang and Urban, 2004). For this reason, most drug
research tries to obtain predicted pharmacokinetic properties and an estimation of the
ADME with in silico methods to guide the selection of the best candidate to move
forward into advanced preclinical and clinical trials.
While waiting for PK studies to be performed, five GPV56 analogues (compounds
6.2, 6.8, 6.10, 6.11 and 6.17) were selected for five in vitro ADME assays to be
conducted by Cyprotex. Among the assays selected and based on availability, mousespecific conditions rather than human ones were used to evaluate the plasma protein
binding and the metabolic stability of each test compound to collect information prior
to in vivo efficacy trial.
Equilibrium dialysis, in which compound was allowed to equilibrate between a
protein-containing compartment and a protein-free compartment, is the most widely
accepted method for assessing plasma protein binding due to the reliability of the
results and the robustness of the procedure (Trainor, 2007). The standard curves of
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both buffer and plasma for this assay were prepared separately, the peaks of each
compound were detected without issue and they were linear suggesting that the results
of the assay were not affected by the solubility of the compounds either in the plasma
or the buffer. In case of solubility issues, higher peak areas would have been detected
on the MS/MS in the plasma than buffer. Here instead, higher peaks areas were noted
in the MS/MS of the buffer than the plasma suggesting plasma instability of the
compounds. The results collected for these five compounds suggested a high degree
of plasma protein binding (Figure 5.36). This will affect the distribution of the
compounds in the body limiting the amount of free compound available to access sites
of action in the cell, metabolism and elimination may be slower. However, it has been
reported that PZQ is also highly bound by protein (∼80% exclusively to albumin)
(Dinora et al., 2005; Vale et al., 2017b), but it still represents the gold standard for the
treatment of Schistosomaisis. We should additionally mention that these compounds
showed a good anti-schistosomal activity in vitro on both larva and adult stages of the
parasite cultured with a media supplemented with 10% FBS (Chapter 2 for culture
media composition).
The metabolic stability assay was an important assay to understand how liver
metabolism affects compound stability. In fact, the liver is responsible for drug
metabolism of about 70% of prescribed compounds (Park, 2001; Wienkers and Heath,
2005). There are two different types of metabolism: Phase I and Phase II metabolism.
Liver microsomes can be used to study both types according to the specific enzyme
co-factor used (NADPH for Phase I and UDPGA for Phase II) and appropriate
incubation conditions. For this project, we focused only on Phase I detoxification.
The use of microsomes allows for high throughput screens to be rapidly and
inexpensively processed compared to assays using whole cell models. According to
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the intrinsic clearance values (CLint) recorded as outputs of microsomal screens,
compounds can be categorised into low, medium or high clearance. In case of high
clearance, the compound is likely rapidly cleared in vivo resulting in a short duration
of action that could influence the efficacy of the compound when tested in animals or
humans. When the assay was performed, the minus cofactor control was checked for
each test compound to reveal any chemical instability or non-NADPH dependent
enzymatic degradation (between 96 and 99% remaining compound for compounds 6.2
and 6.8, between 81 and 89% for compounds 6.10 and 6.11). For compound 6.17, this
control fell below 75% of the 0 min suggesting some degree of chemical instability or
non-cofactor dependent degradation. Some interfering peaks were observed on the
MS/MS chromatograms possibly related to test compound such as a breakdown of the
compound or a product of the compound generated in the assay. Although not very
common, these interfering peaks have been previously observed in this assay by
Cyprotex for other compounds. These peaks were included in the calculation even
though, from analysis of the LC-MS/MS, they did not look to have an effect on the
final result of the assay.
The CLint values of the selected GPV56 analogues were compared to CLint values
obtained from mouse predictions since these ADME assays were performed as a
precursor of potential in vivo efficacy trials in the murine model of schistosomiasis.
Mouse-specific values were derived using a modified equation of the “well-stirred”
model, commonly used to predict hepatic drug clearance (Pang and Rowland, 1977).
The “well-stirred” model assumes the liver as a well-stirred compartment with
concentration of drug in the liver in equilibrium with that in the emergent blood. A
second model (the “parallel tube”) regards the liver as a series of parallel tubes with
enzymes distributed evenly around the tubes and the concentration of drug declining
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along the length of the tube. Both models are examined under steady-state
considerations in the absence of diffusional limitations (cell membranes don’t limit the
movement of drug molecules). Determination of in vitro CLint can help to identify
whether the primary route of clearance is metabolism or whether the drug is eliminated
unchanged. Comparing the mouse-specific CLint values detailed in Section 5.2.4.2,
these compounds demonstrated low to medium microsomal clearance since all the
calculated CLint values of the five compounds were below 48.00 µl/min/mg (reference
value for high clearance drugs). Compound 6.10 showed the lowest clearance value
(0.134 µl/min/mg) whereas compound 6.17 exhibited the highest clearance value
(37.40 µl/min/mg). Compounds 6.2, 6.8 and 6.11 had CLint values of respectively 9.18,
16.00 and 10.8 µl/min/mg. The low estimated clearance of compound 6.10 is an
indication of a slow metabolized compound resulting in a prolongated half-live which
is a favourable feature for a potential drug candidate for further pre-clinical research
in animal models. Moreover, these data would help in dosing calculations for clinical
trials as already proven in literature (Naritomi et al., 2001). The remaining compounds
could be ranked as suitable for in vivo testing after the first choice 6.10. In light of the
high CLint values for PZQ (>1000 μl/min/mg, at a concentration of 1 μM in mouse
liver microsomes, Merck internal data (Abla et al., 2017)) we can conclude that these
compounds have a very favourable profile of metabolic stability. However, these CLint
values should be corrected for protein binding, which could change the rank order of
the compounds. Nevertheless, as mentioned at the beginning of this section, the plasma
protein binding was calculated only for compound 6.11 and not the other compounds
suggesting high protein binding.
Poor solubility can limit the absorption of compounds from the gastrointestinal tract
which reduces oral bioavailability of the compounds. Problems of solubility need to
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be taken into account also for the interpretation of the results of other in vitro assays
that could be inaccurate or misleading if the test compound is not soluble in the
conditions used for the assay. According to Cytoprex guidelines, a compound which
has a solubility value of less than 1 µM is defined as highly insoluble. If the solubility
is between 1 and 100 µM, then the compound is partially soluble; finally, when the
solubility is greater than 100 µM, the compound can be defined as soluble. The
analysis of the semi-thermodynamic solubility assay reveal that all the compounds
were partially soluble (Figure 5.39). Among them, compound 6.10 was the most
soluble (solubility of 32.80 µM) followed by compounds 6.17 and 6.2. Compounds
6.8 and 6.11 showed the lowest solubility in the assay; however, the mean value was
still higher than 1 µM which defines a highly insoluble compound. Recalling the first
two tests, the plasma protein binding and the metabolic stability assays were conducted
at 2 and 1 µM respectively, therefore, none of the tested compounds had solubility
problems under the conditions used. Moreover, the results of the semi-thermodynamic
solubility assay support a low solubility of these compounds as reflected by the cLogP
values summarised in Table 5.9 and Table 5.10.
Although good solubility (> 1 µM) of the compound is advisable, poor solubility does
not necessary preclude the development of an otherwise promising compound.
Collecting this type of information at an early stage in drug discovery is very important
to save time and money in the long process of drug development. Preliminary
solubility assays can highlight scaffold features of the compound requiring
optimisation using different approaches which may decrease lipophilicity (LogP),
reduce molecular weight, introduce hydrogen bond donors and acceptors, design a
prodrug or add a functional polar group. However, also the careful selection of the
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formulation can deal with the solubility issues; for example, the introduction of
surfactants or the preparation of salt form of the compound could be considered.
The final ADME experiment performed was a Caco-2 permeability assay to predict
the intestinal permeability of the test compounds in an in vitro model of human
intestinal epithelium (Table 5.11). The results of these assay could be informative on
whether the compound gets absorbed across the gut during oral administration in case
these compounds will progress as drug candidates in clinic trails with infected people.
The Caco-2 permeability screen was considered to be more representative of human
absorption in vivo compared to the Parallel Artificial Membrane Permeability Assay
(PAMPA) (Teksin et al., 2010). PAMPA solely provides a measure of passive
diffusion whereas the Caco-2 model provides a better prediction of human absorption
for compounds which displayed active uptake or efflux or passed through the
membrane via the paracellular route.
While the five GPV56 analogues were tested, they were not detectable in the receiver
compartments of one or both directions of the assay. It appeared that stability and/or
solubility issues could be responsible of these results. Regarding the solubility issues,
the results of the semi-thermodynamic solubility assay supported the solubility as the
main problem for this assay for compounds 6.8 and 6.17. In fact, these compounds had
a mean solubility below 10 µM (Section 5.2.3.3), which was the concentration used to
perform the Caco-2 assay. However, stability or un-specific binding issues could have
been the main reasons for these negative results of the other compounds.
In conclusion, the results of these in vitro ADME assays were summarised as follows:
•

Plasma protein binding was determined only for compound 6.11;

405

•

Regarding the metabolic microsomal stability, the five compounds were ranked
from the highly cleared to the less cleared as follows: 6.10, 6.2, 6.11, 6.8 and
6.17;

•

The compounds could be listed according their solubility (starting form the
most soluble) as follows: 6.10, 6.17, 6.2, 6.8 and 6.11;

•

Caco-2 permeability assay produced questionable results.

Overall these results highlighted compounds 6.2, 6.10 and 6.11 as the best candidates
for efficacy studies to assess their activity in vivo.

5.4.5 Putative binding mode of the GPV56 analogues
The docking studying was performed firstly to speculate on the binding mode of these
compounds and secondly to detect compound orientation differences that could
explain the variabilities in activity observed among the compound collection.
An application of this can be seen when we investigate the binding mode of the
compounds 6.12 and 6.13. As shown in Figure 5.49B, the binding mode of compounds
6.12 and 6.13 was very similar to what was observed for the lead compound
(compound 6.1 and its derivative 6.1a, Figure 5.49A) regardless of the different length
of the linker between the quinoxaline core and the aromatic ring. This could explain
the reason we did not observe significant differences in terms of activity compared to
the lead compound when different lengths of linker were introduced (the N-methyl for
compound 6.12 or the N-ethyl linker for compound 6.13). However, a longer linker
can confer to the molecule more flexibility (as described in Figure 5.49) for the
binding into the pocket of interest.
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Figure 5.49. First hypothetical binding mode of the new synthesised compounds:
different N-linker. Compound 6.12 (in green), compound 6.13 (in brown) in Panel B were
docked in the substrate-binding pocket of Smp_138030. The most stable binding mode
obtained from Glide docking of these two compounds appeared very similar to what observed
for the lead compound 6.1 (in cyan) and its derivative 6.1a (in yellow, Panel A) with one of
the aromatic rings pointing towards the lysine channel (shown in violet), the other aromatic
ring and the quinoxaline scaffold placed respectively in cavity 1 (shown in green) and 2 (in
orange).

The lead compound 6.1 and its structural analogues are structurally similar to other
histone methyltransferase quinoline-like inhibitors supporting our speculation on the
putative mechanism of action of these compounds (Srimongkolpithak et al., 2014;
Vedadi et al., 2011; Ye and Hui, 2015; Zang et al., 2017). In fact, the quinoline moiety
has been widely explored for the development of lysine methyltransferase and
demethylase inhibitors (Srimongkolpithak et al., 2014; Vedadi et al., 2011). Structural
similarity between published epigenetic inhibitors (especially inhibitors of G9a
Histone Methyltransferase) and the GPV collection of compounds could be clearly
observed focusing on the heterocyclic central scaffold of each class of compounds
(quinoline in the former (Srimongkolpithak et al., 2014), quinoxaline in the latter).
Due to this structural similarity, a similar medicinal chemistry strategy was applied to
design new target-based library of small molecules. In fact, these G9a inhibitors bind
to the enzymatic pocket with an orientation similar to that described in Figure 5.41
with a portion of the molecule located in the lysine channel (Zang et al., 2017). Several
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derivatives in this position of these G9a inhibitors were synthesised and they showed
a similar pattern of binding with a portion of the molecule that resulted to be a lysine
mimetic since it was replacing the natural substrate (the lysine of the histone protein)
in the channel connecting the substrate- and the cofactor-binding pockets.
The functionalization of the nitro group on the C7 position was initially supported by
the common medicinal chemistry approaches aiming to reduce the toxicity of the lead
compound GPV56 (Section 5.3.1.3). However, in consideration of the structural
analogy and supposing a similar binding mode for our compounds with the known G9a
inhibitors mentioned before, we also speculated that the functionalization of the nitro
group would have increased the interaction of the compounds in this lysine channel
resulting in an improvement of their activity.
This hypothesis was confirmed when the binding mode of compounds 6.15, 6.16 and
6.18 was analysed in this study. In fact, as shown in Figure 5.50, the quinoxaline core
of these three compounds was placed in proximity of the lysine channel and the acyl
derivatives extended toward the cofactor in the lysine channel. The results from the
molecular docking studies provided another evidence of our hypothetical binding
mode of the GPV56 analogues where the substituent in C7 position introduces a
lysine-mimetic substituent able to bind the lysine channel of the putative HMT target.
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Figure 5.50. Molecular docking study results: hypothetical binding mode of the C7-Nfunctionalized derivatives of compound 6.1. Compound 6.15 (in blue), compound 6.16 (in
purple) and compound 6.18 (in green) were docked in the substrate-binding pocket of
Smp_138030. The most stable binding mode obtained from Glide docking of these three
compounds showed the quinoxaline scaffold in the lysine channel (shown in violet) with either
the pyrrolidine ring (compound 6.15) and the N-acyl derivative (compound 6.16 and 6.18)
pointing towards the cofactor. The chemical structure of compound 6.16 was reported to
highlight the different regions of the molecule related to the different regions of the target.

In conclusion, these molecular docking studies provided supporting evidence of the
binding mode for these compounds in the substrate-binding pocket of Smp_138030.
The same study also allowed us to establish some binding characteristics such as the
identification of two main preferred docking poses within the same pocket. However,
only crystallographic studies of the protein co-complexed with the compounds could
confirm the exact binding orientation. Attempts at expression of Smp_138030 (along
with other schistosome epigenetic proteins) as a precursor to crystallographic
structural elucidation is the subject of Chapter 6.
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5.4.6 Effect of three selected compounds on the parasite histone
methylation
To assess the effect of the lead compound 6.1 and the two most potent analogues
described in this chapter (compounds 6.7 and 6.8) on the schistosome epigenome, the
level of histone H3-K4 methylation in drug treated parasites was analysed. Among the
methods available for measuring this epitope such as western blot (Vazquez et al.,
2018) and chromatin immunoprecipitation (ChIP (Peach et al., 2012)), the colorimetric
EpiGentek assay was selected as a quick and efficient technique for quantifying the
activity of the selected compounds on histone modifications. This assay had already
been used in the literature for detecting histone methylation in mammalian cells and it
is simple, reliable and suitable to both small and large-scale applications (Ding et al.,
2018; Yang et al., 2015). Its use in detecting histone methylation in parasite material
has not previously been reported. However, other similar ELISA-based assays from
EpiGentek were successfully used on parasite material (Geyer et al., 2017) confirming
the wide range of applicability of this type of assay.
Our data showed that the global histone H3-K4 methylation was significantly
decreased in the histone extract of worms treated with the sub-lethal concentrations of
each of the three selected compounds, compared with the control (Figure 5.47). This
result was in line with the hypothetical mechanism of action of these compounds
shown in Section 5.3.11. While the global histone H3K4 methylation in the drug
treated parasites was significantly lower than that of the control, there was no
significant difference in the global histone H3K4 methylation between male and
female histone extracts of the three groups, suggesting that the dysregulation of histone
methylation caused by these compounds was not gender specific.

410

Recently, histone modifications had drawn much attention for their ability to affect
chromatin structure and regulate gene expression (Dong and Weng, 2013) and these
findings suggested that alteration of the parasite epitope with drug treatment could
severely affect the survival of the parasite by altering transcription. Follow-on
experiments to assess transcription differences amongst drug-treated and control
parasites would be necessary to test this hypothesis.
These findings also provided additional confidence to the suggested mechanism of
action for these compounds in the parasite, however we can’t exclude other off-target
effects in the parasite treated with these chemicals. These off-targets effects can
include inhibition of other homologous PKMTs in the parasite or interaction of these
compounds with a completely different target (protein/enzyme or similar) in the
parasite that is not correlated to epigenetic pathways. Regarding the first hypothesis,
many histone modifying enzymes have overlapping substrate specificities. In fact, not
only does the MLL methyltransferase catalyse the methylation of the histone H3 at
lysine 4 (K4), but this can also be performed by SET1, SET7/9, Ash1, ALL-1, TrX
and SMYD3 HMTs (Hyun et al., 2017). Therefore, the decrease in H3K4 methylation
measured in the treated parasites can be related to the interaction of these compounds
with other methyltransferases (such as Smp_070170 and Smp_144180; described in
Section 3.1.1.2, Chapter 3) in addition to Smp_138030. Nevertheless, the decrease of
worm movement and the defect in egg production in siSmp_138030 treated
schistosomes (Figure 4.39, Chapter 4), similarly to the results of the drug treated
worms (Figure 5.23-5.26, Table 5.2 and Table 5.4) support these inhibition studies
and provides compelling evidence for the role of this gene product in schistosome
histone methylation. However, only a slight demethylation effect (9% decrease in
global H3K4 methylation) was observed in siSmp_130830 treated worms compared to
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siLuc controls (Figure 4.40, Chapter 4) that could be reasonably explained by the
functional redundancy in the schistosome MLL clade (Section 3.1.1.2, Chapter 3).
Hence, other studies could be considered to confirm the mechanism of action of these
compounds as well as the GPV analogues of compound GPV3 described in Chapter
4. These studies could include transcript knockdown (using siRNAs) of the other two
MLL schistosome homologues (Smp_070170 and Smp_144180) or multiple transcript
knockdowns of two or all three targets. In addition to that, a functional knock-out of
the gene encoding for one or all of the schistosome MLL-like proteins could be
performed using CRISPR/Cas9 based genome editing technique, which was recently
proven to be a promising tool for functional genomics in schistosomes (Ittiprasert et
al., 2018). Another approach could consist in MLL-like protein expression,
crystallographic studies and enzymatic inhibition assays with the GPV compounds to
assess their ability to interact with the protein and inhibit histone methylation.
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5.5 Conclusions
The lead optimisation of GPV56 (the most potent compound among the GPV family
described in Chapter 4 with a SI of 23 and 188 on larva and adult stage of the parasite
respectively) was undertaken in collaboration with the School of Pharmacy in Cardiff
University aiming to either reduce the toxicity or increase the anti-schistosomal
activity of this compound.
Different strategies were adopted to design new compounds based on the chemical
structure of GPV56 and, in total, 21 compounds were newly synthesised. The in-house
synthesised lead compound (compound 6.1) confirmed the in vitro profile of the
commercially available GPV56. While the new compounds did not improve upon the
lead compound’s anti-schistosomal potency, substantial improvements in adult worm
activity and cytotoxicity were observed. Therefore, the lead optimisation of GPV56
led to the creation of analogues with an improved activity and safety profile. Some of
the compounds also were more potent than the lead compound in inhibiting the
miracidia-sporocyst transformation.
Antibacterial screens were carried out for some of the newly synthesised compounds
against three categories of bacteria (Gram-negative and Gram-positive bacteria and
mycobacteria). These screens identified compounds with promising activity mainly
towards Gram-positive exemplar species and may be useful in the development of new
antibiotics for MRSA.
The potential of these compounds as drug candidates was explored firstly using
cheminformatics tools and then, for five of them, with ADME in vitro assays. The
collection of all this information led to the selection of three compounds (6.2, 6.10 and
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6.11) as good potential drug candidates to progress with other studies such as in vivo
efficacy trials in the murine model of schistosomiasis.
Additionally, the molecular docking studies applied in this chapter allowed us to
speculate the binding mode of these compound in the enzymatic pocket of the putative
target, the PKMT Smp_138030, and to evaluate if there was a correlation between
their affinity to the target and their in vitro activity on the larva stage of the parasite.
We also obtained some preliminary confirmations of the mechanism of action of these
compounds in the parasite looking at the global level of histone H3K4 methylation.
We can conclude that, starting from the lead identification of GPV56, development of
new anti-schistosomal compounds with a medicinal chemistry optimisation of GPV56
was successful. This resulted in the identification of GPV56 analogues with an
improved activity and safety profile on S. mansoni and some GPV56 analogues also
showing potent antibacterial activity. Preliminary in vitro ADME assays were
performed on a selection of GPV56 analogues allowing the identification of the best
drug candidates for in vivo trials.
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CHAPTER 6
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6 Recombinant protein expression of Schistosoma mansoni
epigenetic targets
6.1 Introduction
As mentioned in Chapter 1, the main topic of this project is the investigation of a
specific epigenetic pathway in the blood fluke S. mansoni for the identification of
alternative drug treatments for schistosomiasis. The pathway of interest is histone
methylation involving two classes of histone modifying enzymes (HMEs). The first
class includes the Histone Methyltransferases (HMTs) that introduce the epigenetic
modification (a methyl group) on the N-tails of histone proteins. The reverse process
of taking off the chemical modification is instead catalysed by the second family of
epigenetic enzymes known as Histone Demethylases (HDMs).
The identification and structural characterisation of all HMTs and HDMs in S. mansoni
was performed as described in detail in Chapter 3. A homology modelling approach
was then used to predict the three-dimensional structure of some of these SmHMTs
and SmHDMs based on the crystallographic structure of the closest human template
(Chapter 3). This investigation was useful to explore the overall folding of these
proteins and investigate their structural similarity to the human template aiming to
identify parasite-specific features that could be informative from a drug discovery
point of view. In fact, long insertions identified in some targets (Smp_070340, 171150,
156290 and 090710, 2 PRMTs and 2 JMJDs respectively) resulted in the identification
of additional pockets in the parasite target, but not in the human homologue, using the
homology modelling approach. Sequencing confirmation of these extra loops was
obtained as well as cross validation of these additional pockets through use of other
homology modelling sources (Chapter 3). Additionally, the homology models of
three selected targets (Smp_307060, Smp_150560 and Smp_138030) were used as the
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starting point for an in silico structure-based virtual screening in order to identify
chemicals (from the Specs library) with anti-schistosomal activity, as shown in
Chapter 4. Based on these preliminary data and the identification of GPV56 as the
most potent anti-schistosomal compound, other compounds were synthetized and
screened on different stages of the life cycle of S. mansoni to further explore this lead
compound (Chapter 5).
The expression of these proteins and elucidation of their three-dimensional structures
can provide critical information for the progression of these novel schistosomal
proteins (the epigenetic enzymes SmHMTs and SmHDMs) as alternative drug targets.
Firstly, this information would facilitate more insights on the three-dimensional
structure of these proteins to validate the results of the homology modelling approach
and eventually confirm the additional pocket (s) identified (for some targets) in the
homology model. Secondly, enzymatic studies of the purified protein could reveal the
extent by which the identified compounds (using the in silico virtual screening
approach) inhibited the schistosome targets (particularly Smp_138030, putative target
of the GPV compounds).
Currently, a limited number of S. mansoni proteins have been structurally solved and
deposited in PDB (Berman et al., 2000). These proteins include Purine Nucleoside
Phosphorylase (PDB ID: 6BFV), S-methyl-5’-thioadenosine phosphorylase (PDB ID:
5F78),

Sulfotransferase/Oxamniquine

resistance

protein

(PDB

ID:

6B4X),

Thioredoxin glutathione reductase (PDB ID: 6FMU) and arginase (PDB ID: 4Q3P).
The only example of a S. mansoni epigenetic enzyme to be structurally solved is a
histone deacetylase. However, no data are currently available regarding schistosome
histone methylation readers and erasers. Crystallographic structures of HMTs and
HMDs have been instead reported for other organisms such as H. sapiens (Couture et
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al., 2007; Hirano et al., 2018), M. musculus (Cheng et al., 2014; Halby et al., 2018),
Arabidopsis thaliana (Li et al., 2018; Yang et al., 2018), S. cerevisiae (Chang et al.,
2011; Qu et al., 2018), S. pombe (Iglesias et al., 2018) and other minor species, but no
records were found for species belonging to the phylum Platyhelminthes.
Therefore, we undertook protein express trials for selected SmHMTs and SmHDMs in
collaboration with Professor Ray Owens, Dr Joanne Netthleship and Dr Maud
Dumoux from Oxford Protein Production Facility (OPPF, Harwell campus, Didcot,
Oxford) (Romanello et al., 2017; Torini et al., 2018). Towards this aim, we performed
recombinant expression of schistosome epigenetic targets in E. coli, Spodoptera
frugiperda Sf9 and H. sapiens HEK293T cells. In the OPPF, E. coli was usually
selected for the initial trial since it represents the expression system of choice by many
laboratories (Bird, 2011). In fact, features like well-known physiology, ease of genetic
manipulation with advanced tools and rapid growth represent only few of the
advantages provided by E. coli as expression system. This system is commonly used
for structural analysis due to low cost, simple culture conditions and scale-up
applicability. However, the OPPF, as many other groups, introduced baculovirus
infected-insect cells (Hu et al., 2015) and mammalian cells (Aricescu and Owens,
2013) as alternative protein expression systems in their pipeline. These two host
organisms are particularly advantageous for the expression of eukaryotic proteins due
to the existence of eukaryotic chaperones and post-translational modification
pathways. In fact, in E. coli, the lack of these features sometimes results in poor levels
of protein expression, especially for eukaryotic proteins caused by mis-folding and
aggregation into inclusion bodies (Nettleship et al., 2010). The baculovirus system can
be used in static or suspension culture and offers a protein processing similar to the
mammalian system. However, this requires more demanding culture conditions
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compared to prokaryotic systems. The mammalian system also requires demanding
culture conditions, but they can produce proteins either transiently or by stable
expression and this system contains the highest-level of protein processing.
Therefore, the main aims of this chapter are:
•

High-throughput protein expression of recombinant SmHMTs and SmHDMs
carried out at the OPPF;

•

Determination of effects of different fusion tags (N-His, N-His-SUMO, NHis-GST) and different protein expression conditions on the level of protein
expression;

•

Expression of soluble recombinant proteins in E. coli, Sf9 insect cells and
HEK293T mammalian cells;

•

Codon optimisation for the expression of recombinant proteins.
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6.2 Methodology
6.2.1 Preparation of expression vectors
Prior to the expression of these epigenetic targets as recombinant proteins in E. coli,
Sf9 and HEK293T cells, a preliminary step was performed to prepare the DNA
constructs in the most suitable expression vectors (Figure 6.1).

Figure 6.1. Schematic representation of the OPPF pipeline for the preparation of the
expression vectors. The process of preparation of the expression vectors requires in total 5
days and includes different steps, each of them described briefly in the scheme: High
Throughput (HTP) PCR reaction, amplicons purification, ligation of the amplicon in the
expression vector, transformation in competent E. coli cells, colony picking, plasmid
purification and construct verification via colony PCR. Please refer to methodology Sections
6.2.1.1 - 6.2.1.14 for a more detailed description of these steps.

6.2.1.1 Primer design and reconstitution
At the OPPF, the Oxford Protein Target Information Collection (OPTIC) was the main
bioinformatics database for storing up-to-date annotations of the OPPF targets (in this
case S. mansoni HMT and HDM cDNA targets) and to assist in PCR primer design.
The PCR primers used in this part of the project had a specific peculiarity since their
sequence overlapped with both vector (about 18-20 bp) and insert (between 20 and 28
bp) as illustrated in Figure 6.2. This overlap was required for the In-Fusion cloning
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(see Section 6.2.1.8) and was facilitated by OPTIC software; all S. mansoni HMT and
HDM PCR primers included the generic forward primer sequence (Opti3CInffwd, 20
bp, 5’-aagttctgtttcagggcccg-3’) and reverse primer sequence (Infusion 3’ site, 18 bp
3’-atggtctagaaagcttta-5’).

Figure 6.2. Design of In-Fusion PCR Primers. PCR primer design for an In-Fusion reaction
with pOPIN vectors. Between 18 and 20 bp of vector sequence (respectively on the reverse
and forward direction) are followed by around 20-28 bp of overlap with the insert sequence
(S. mansoni HMT and HDM cDNA targtes).

The sequences overlapping the backbone of the vector were conserved in most of the
pOPIN vectors allowing for the cloning of the same S. mansoni cDNA target in more
than one expression vector. In this case (as described in Section 6.2.1.7), the three
vectors used for individual S. mansoni HMT and HDM cloning (pOPINF, pOPINS3C
and pOPINJ) had these conserved regions (Table 6.1). The specific sequence
homologous to the cut vector allows the orientated ligation of the PCR product in a
vector previously prepared with restriction enzymes (Section 6.2.1.8). Moreover, the
Infusion 3’site in the reverse primers contained an in-frame stop codon (3'INSERTSEQUENCEatggtctagaaagcttta-5').
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Table 6.1. pOPIN Quick-FusionTM based vectors.
Vector

Forward primer

Reverse primer

pOPINF

AAGTTCTGTTTCAGGG …ATGGTCTAGAAAGCTTTA
CCCG…

pOPINS3C

AAGTTCTGTTTCAGGG …ATGGTCTAGAAAGCTTTA
CCCG…

pOPINJ

AAGTTCTGTTTCAGGG …ATGGTCTAGAAAGCTTTA
CCCG…

The conserved regions of the backbone of the three vectors are shown in the table (underlined
sequence) and the stop codon on the reverse primer is shown in red.

PCR primers to amplify S. mansoni HMT and HDM cDNA targets were designed
following a step-by-step protocol as described below for Smp_070340 (Figure 6.3).
The selected targets were firstly annotated on the OPTIC server using a specific
identification code (OPTICXXXXX, where XXXXX refers to a unique identification
number within the OPTIC database). Each record was used to define one or more
constructs (Panel A).
The start and stop of each construct were then defined in either the amino acid or
nucleotide panel. Since all the OPPF vectors contain an initiating Methionine, the
intrinsic Smp-specific initiating codon was removed (i.e. the translation start was on
the fourth nucleotide or the second amino acid, Panel B). The automatic output was
modified for each primer (in purple below) in order to have a melting temperature Tm (4+2), calculated according the Wallace–Ikatura rule (von Ahsen et al., 2001),
based on the equation 2*(number of A's and T's) + 4*(number of G's and C's) - of
approximately 60°C (red arrow in the picture of Panel C).
The required vector was selected from the pOPIN suite sorted by specifying the
expression system, location or tag location. Firstly, all three expression systems (E.
coli, Sf9 insect cells and H. sapiens HEK293T cells) were used due to the versatility
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of the three selected OPPF vectors. Any cellular location was selected to include both
protein with cytosolic localization and secreted proteins. The N-term was selected and
the specific OPPF vectors (pOPINF, pOPINS3C and pOPINJ) were selected from the
drop-down menu (Panel D). In the final step, a panel with a summary of all the
information was reviewed before confirming primer sequences to be ordered for each
Smp (Panel E).

Figure 6.3. Step-by-step protocol to design S. mansoni HMT and HDM PCR primer
pairs. The primers are designed in the bioinformatics database OPPF Target Information
Collection (OPTIC). The protocol requires different steps: annotation of the construct in the
database (Panel A), identification of the start and stop of each construct (Panel B), setting up
the melting temperature (Tm) of the primers (Panel C), selection of the vector (Panel D) and
final summary (Panel E).

The forward and reverse PCR primer pairs for each S. mansoni construct were prepared
as described in Figure 6.3. A table of all the PCR primers is provided in Appendices
6.1 and 6.2. All designed primers, purchased from Integrated DNA Technologies (IDT,
UK), were received as lyophilised pellets and resuspended in nuclease free water to
obtain a final concentration of 100 µM. Master plates (96-well microtiter) of forward
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and reverse primers for each Smp target were subsequently prepared (each well
containing of 10 µM/primer).

6.2.1.2 Setting up HTP PCR reactions
To enable simultaneous creation of all recombinant constructs, HTP PCR was
performed using Phusion Flash Master Mix (F-548L, Thermoscientific). Here, in 96well microtiter PCR plates, a 50 µl PCR reaction was prepared in parallel for each
construct as described below in Table 6.2. The template plasmids used for this PCR
were in-house vectors (pGEM-T Easy or Zero Blunt vectors) where the full-length
amplicon of each selected SmHMT and SmHDM cDNA was ligated as described in
Section 2.3.7 (Chapter 2). In case of very long targets (e.g. Smp_156290 with a total
length of the coding sequence of 7,107 bp), the amplification of the full length was not
successful, so they were amplified as two overlapping regions and the two amplicons
were ligated in the in-house vectors as described in the general methodology Chapter
2.
Table 6.2. Reagents for PCR reaction using Phusion Flash Master Mix.
Volume (µl)

Components

Number of reactions

1

2 X Phusion Flash Master Mix

25

Sterile Water

17

Forward primers (10 μM)

3

Reverse primer (10 μM)

3

Template plasmid*
20ng/µl)
Total Volume

(~10-

2
50

*The template plasmids used for this PCR were in-house vectors (pGEM-T Easy or Zero Blunt
vectors) where the full-length amplicon of each selected SmHMT and SmHDM cDNA was
ligated as described in Section 2.3.7, Chapter 2.

A master mix with the common components was prepared on ice according to the total
number of reactions required. After mixing thoroughly, 42 µl of the solution were
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dispensed in a new PCR plate. After that, 3 µl of forward and reverse primers and 2 µl
of template were added in this order in each well.
The plates were sealed with a clear adhesive film and loaded into a Veriti PCR machine
(ABI) and the PCR reaction conducted as described in Table 6.3.
Table 6.3. Conditions of 3-step cycle PCR reactions using Phusion Flash Master Mix.
Step
Pre-denaturation
Denaturation
Annealing
Extension
Final extension

Temperature (°C)
98
98
60
72
72
4

Time
10 sec
1 sec
5 sec
2 min
2 min

Cycles
1
35
1
Hold

6.2.1.3 Secondary PCR reactions
In case of unsuccessful primary PCR amplification of SmHMT and SmHDM
amplicons during HTP PCR, two strategies were subsequently adopted as a secondary
attempt. The first strategy consisted of performing the PCR reaction using Phusion
Flash Master Mix (F-548L, Thermoscientific) as described before (Table 6.3), but
with a lower annealing temperature (Table 6.4).

Table 6.4. Conditions of 3-step cycle PCR reactions using Phusion Flash Master Mix
(F-548L, Thermoscientific).
Step
Pre-denaturation
Denaturation
Annealing
Extension
Final extension

Temperature (°C)
98
98
55 (instead of 60)
72
72
4

Time
10 sec
1 sec
5 sec
2 min
2 min

Cycles
1
35
1
Hold

Alternatively, KOD Xtreme™ Hot Start DNA Polymerase (Novagen 71975-3) was
used in place of Phusion Flash Master Mix (F-548L, Thermoscientific). Individual
PCR reactions (50 µl final volume) were prepared as indicated in Table 6.5.
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Table 6.5. List of reagents for PCR reaction using KOD Xtreme DNA polymerase.
Number of reactions: 1

Components

Volume (µl)

KOD Hot Start Buffer (2X)

25

dNTP mix (2 mM)

10

KOD Hot Start (1 U/µl)

1

Sterile Water

6

Reverse primer (10 μM)

3

Forward primer (10 μM)

3

Template plasmid*
ng/µl)
Total Volume

(~10-20

2
50

*The template plasmids used for this PCR were in-house vectors (pGEM-T Easy or Zero Blunt
vectors) where the full-length amplicon of each selected SmHMT and SmHDM cDNA was
ligated as described in Section 2.3.7, Chapter 2.

The plate containing the PCR reactions was sealed with a clear adhesive film and
loaded into a Veriti PCR machine (ABI) to perform the thermal cycling using the
parameters described in Table 6.6.

Table 6.6. Conditions of 3-step cycle PCR reactions using KOD Xtreme™ Hot Start
DNA Polymerase (Novagen 71975-3).
Step
Pre-denaturation
Denaturation
Annealing
Extension
Final extension

Temperature (°C)
94
98
60
68
68
4

Time
2 min
10 sec
30 sec
2 min
2 min

Cycles
1
35
1
Hold

6.2.1.4 Analysis of PCR products
After HTP PCR and any necessary secondary PCRs, DNA agarose gel electrophoresis
(1.6% w/v agarose in 1X TBE (Tris-borate-EDTA containing 0.089 M tris, 0.089 M
boric acid and 0.002 M EDTA) containing SYBR™ Safe DNA Gel Stain
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(Thermofisher, S33102, final concentration 0.5 μg/ml) was used to analyse amplicon
sizes in comparison to Hyperladder™ 1kb (BioLine BIO-33025/BIO-33026) markers.
Agarose gels were electrophoresed in a horizontal tank containing 1X TBE for 30 min
at 100 V or until the Bromophenol Blue neared the loading wells of the next row. After
electrophoresis, the gels were visualised by UV transillumination using a Biorad UV
detector system. The PCR products of each reaction were compared to the expected
size (in bp) of each construct to verify the success of each individual PCR reaction.

6.2.1.5 PCR product purification by Ampure XP magnetic beads
In case the PCR products were of the correct size and of good quality (absence of
multiple bands and not smeared products), DNA was purified from the remaining HTP
PCR or secondary PCR reactions using the AMPure magnetic-bead based purification
procedure.
However, before purification, a Dpnl treatment was advised before carrying on with
the purification step (Table 6.7) in order to remove the original template plasmid and
avoid contamination issues of downstream cloning. DpnI cuts at the recognition
sequence GATC only when the A is methylated, hence, this enzyme cuts only the
template plasmid that was propagated in a methylation-competent strain of E. coli.
Table 6.7. List of reagents for Dpnl treatment.

Dpnl
Components

NEB buffer
Total volume

Concentration

Volume (µl)

20000 U/ml

0.25 (5 units)

1X

4.75
5
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A Dpnl master mix was made up and 5 µl was added with a repeat pipettor to each
well containing the PCR reaction of interest. The incubation of the plate at 37°C for
60 min was recommended prior to running the AMPure purification procedure.
AMPure purification of PCR products was carried out following the manufacturer’s
instructions (Agencourt® AMPure®XP, Beckma A63882). The results of the
purification were checked by agarose gel electrophoresis as described in Section
6.2.1.4.

6.2.1.6 Codon optimisation of Smp_138030
The sequence of the catalytic domain of Smp_138030 (SET domain, native sequence
of 369 bp long, reported in Appendix 6.3) was analysed looking at the distribution of
codon usage frequency (Codon Adaptation Index, CAI), average GC content and the
codon frequency distribution (CFD) using the GenScript Rare Codon Analysis Tool
(available on https://www.genscript.com/tools/rare-codon-analysis). The final aim of
this analysis was to investigate if this sequence would have required a codon
optimisation prior to the small-scale expression screen in E. coli.
Regarding the distribution of codon usage frequency, the nucleotide sequence of this
construct was analysed to calculate the ratio of the usage of each codon to that of the
most abundant codon for the same amino acid in E. coli. This value is defined as
relative adaptiveness (w) of each codon (shown in Figure 6.4) and the geometric mean
of these relative adaptiveness values is defined as CAI.
The CAI value of this sequence was of 0.63 compared to a reference value of 0.8-1.0.
A CAI value of 1.0 was considered ideal for a good expression in the desired
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expression organism (E. coli in our case). The lower value of CAI for this construct
could translate in the higher chance of poor expression in E. coli.
The GC content of this construct was 38.87% and it was within the ideal range of 30
and 70% for a good expression in the selected expression organism.
The sequence was also analysed for codon frequency distribution (CFD). Panel C of
Figure 6.4 shows the percentage distribution of codons in computed codon quality
groups. The value 100 corresponded to the codon with the highest usage frequency for
a given amino acid in E. coli and any codons with values lower that 30 could hamper
the expression efficiency. In this case, the percentage of low frequency codons based
on E. coli was 17%. This suggested that the expression of this target was negatively
affected using rare codons that can reduce the efficiency of translation.

Figure 6.4. Rare codon analysis of Smp_138030’s catalytic domain. The coding sequence
of the catalytic domain of Smp_138030 (369 bp) is analysed looking at the distribution of
codon usage frequency (Codon Adaptation Index, CAI, Panel A), average GC content (Panel
B) and the codon frequency distribution (CFD, Panel C). The codon adaptation index, the GC
content and the codon frequency distribution are calculated for this construct along its
nucleotide sequence (number of nucleotides as X-axes of Panel A and B) and peptide sequence
(number of amino acids as X-axes of Panel C). The Y-axes represents the relative adaptiveness
(w) of each codon in Panel A and the percentage of GC content and codons in Panel B and C
respectively.
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Both CAI and CFD value of Smp_138030’s catalytic domain was below the ideal
range suggesting that there was a different codon usage between the schistosome and
the selected host organism (E. coli in our case). Therefore, codon optimisation was
performed using Integrated DNA Technology (IDT) Codon Optimisation Tool on the
coding sequence of this domain by choosing only codons preferentially used in E. coli.
Upon delivery, the new construct was reconstituted with nuclease-free water and used
for the Quick-Fusion ligation in the selected pOPIN vectors (Section 6.2.1.9). This
new construct was only used in the secondary protein expression screening described
in Section 6.3.8.

6.2.1.7 Selection of the pOPIN vectors
All amplicons successfully produced and purified were ligated into three vectors
selected from the OPPF vector suite. The selected cloning vectors are listed below in
Table 6.8 and each vector carries β-lactamase (Ampicillin resistance marker) gene for
positive selection of colonies.
Table 6.8. List of cloning vectors selected for the Quick-fusion reaction.
Vector
pOPINF

Product
HIS6-3C-POI
N-terminal Histag with 3C
protease site

Expression system
Cloning purpose
Escherichia
coli/ Generating expression clones
Spodoptera
with N-His tag
Frugiperda
(Sf9)
Insect
cells/
HEK293T
Mammalian cells

pOPINS3C

HIS6-SUMO-3CPOI
N-terminal HisSUMO tag with
3C protease site

Escherichia
coli/ Generating expression clones
Spodoptera
with N- His-SUMO tag
Frugiperda
(Sf9)
Insect
cells/
HEK293T
Mammalian cells

pOPINJ

HIS6-GST-3CPOI
N-terminal HisGST tag with 3C
protease site

Escherichia
coli/ Generating expression clones
Spodoptera
with N-His-GST tag.
Frugiperda
(Sf9)
Insect
cells/
HEK293T
Mammalian cells

430

HIS6: 6XHIS or hexa histidine tag; POI: Protein of Interest; His: Histidine; 3C: 3’ carboxy;
SUMO: Small Ubiquitin-like Modifier; GST: Glutathione-S-Transferase.

The pOPIN vectors allow for the parallel screening of protein expression in multiple
hosts (E. coli, Sf9 insect cells and HEK293T cells). In more detail, as shown in Figure
6.5, these vectors include the presence of a T7 polymerase promoter with lacO
operator, which allows for the inducible expression in E. coli strains containing the
DE3 prophage. For protein expression in eukaryotic cells, the cytomegalovirus (CMV)
early enhancer element, chicken β-actin promoter and the rabbit β-globin poly A site
sequences are essential. Regarding insect cells, the p10 promoter, the lef2/ORF 603
and the ORF 1629 baculoviral recombination sites allow the insertion into the
baculovirus shuttle vector and the transfection of Sf9 insect cells.

Figure 6.5. Schematic representation of the structural features allowing for the parallel
use of the pOPIN vectors in three different expression systems. A linear representation of
the promoters, ORFs and operators of the pOPIN vectors suite is depicted. These features
allow for the parallel expression in E. coli (with T7 polymerase promoter with lacO operator),
in eukaryotic cells (with the cytomegalovirus - CMV, early enhancer element, chicken β-actin
promoter and the rabbit β-globin poly A site sequence) and insect cells (with the p10 promoter,
the lef2/ORF 603 and the ORF 1629 baculoviral recombination sites). This figure was adapted
from “High throughput construction and small scale expression screening of multi-tag vectors
in Escherichia coli, Bird 2011” (Bird, 2011).
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6.2.1.8 Preparation of vectors
The pOPIN vectors were prepared for ligation by digestion with KpnI (Biolabs,
R0142L) and HindIII (Biolabs, R01045) to generate ends complementary to the PCR
product insert (Figure 6.6).

Figure 6.6. pOPIN vector and the restriction sites used for SmHMT and SmHDM
amplicon ligations. A graphical representation of pOPINF (shown as representative of the
pOPIN vectors suite) shows the digestion sites for the two restriction enzymes (KpnI and
HindIII).

The vector digestion reaction was prepared according to the details shown in Table
6.9. The reaction was then incubated at 37°C for 3 hrs.
Table 6.9. List of components for the digestion reaction of pOPIN vectors.
Volume (µl)

Components

Circular vector

30 (equivalent to 20-30
µg of DNA)

NEB buffer 2.1

10

KpnI (10000 U/ml)

5

HindIII (2000 U/ml)

5

Nuclease free water

50

The digested vector was then purified with Macherey-Nagel NucleoSpin Gel and PCR
Clean-Up Kits and the concentration of the samples (eluted in nuclease free water or
elution buffer - EB, 10 mM Tris·Cl, pH 8.5) was determined using a NanoDrop UV432

Vis spectrophotometer. The Infusion ligation of the SmHMT or SmHDM PCR
products destroys the KpnI site of the vector and reconstitutes the Rhinovirus 3C
protease site.

6.2.1.9 Quick-Fusion reaction ligation
The purified amplicons (from the AMPure purification procedure described in Section
6.2.1.5) were cloned in the prepared expression vectors (Section 6.2.1.8) using a
ligation-independent method based on the unique properties of Quick-FusionTM
enzyme (B2261, Biotool) (Berrow et al., 2007). The ligation-independent reactions
were prepared as described in Table 6.10.
Table 6.10. List of reagents for quick-fusion ligation reaction.

Linearised vector
a) pOPINF
b) pOPINS3C
c) pOPINJ
PCR product
Components

Quick-Fusion Buffer

Concentration

Volume (µl)

50 ng/µl
100 ng/µl
100 ng/ µl

1
0.5
0.5
1

5X

1

Quick-Fusion enzyme

0.5

Nuclease free water
a) pOPINF
b) pOPINS3C
c) pOPINJ
Total volume

1.5
2.0
2.0
5

Ligation-independent reactions (in 96-well microtiter plates) were incubated at 37°C
for 30 min in a VERITI PCR machine. After that, 20 µl of TE buffer was added to
each well to stop the reaction.
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6.2.1.10 HTP transformation into cloning-grade E. coli
For transformation, aliquots (20 μl/tube) of competent cells (StellarTM Competent
Cells, Clontech) were thawed on ice and 2 µl of the diluted Quick-Fusion reactions
(Section 6.2.1.9) were added; the cell/quick-fusion reactions were subsequently
incubated for 30 min on ice. After incubation, the cells were heat-shocked for 30 sec
in a 42°C water bath and immediately transferred to ice for 2 min. Then, 300 μl of
Super Optimal broth medium (SOC) or Power Broth (PB) with no antibiotic was added
to the cells. The use of nutritionally rich bacterial culture media such as SOC or PB
allowed the cells to recover without shaking and this consequently enabled a
concentrated aliquot of cells to be pipetted from the bottom of the tube for plating. The
cells were then transferred in a 37°C static incubator and incubated for 1 hr to allow
the bacteria to recover from the heat shock and to express the antibiotic resistance gene
present on the plasmid DNA.
Whilst incubating, Luria broth (LB) Agar plates containing the appropriate antibiotic
(in a 24-well plate format with 1 ml in each well) and other selectable markers were
prepared as described in Table 6.11.
Table 6.11. List of components for LB Agar plates.

Concentration

Volume

50 mg/ml

50 μl
(1:1000)

X-Gal

20% w/v in
DMF

50 μl
(1:1000)

IPTG

1M

50 μl
(1:1000)

Carbenicillin
(Cb)
Components

Warm LB agar

Up to 50 ml

X-Gal:
5-bromo-4-chloro-3-indolyl-β-D-galactoside;
IPTG:
thiogalactopyranoside; LB: Luria broth; DMF: Dimethylformamide.
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Isopropyl

β-D-1-

For positive selection, the transformed cells were plated onto the prepared LB agar
plates. Two replicates for each experiment were prepared to allow plating of 2 dilutions
of cells per reaction. Immediately prior to plating, 20 μl of PB or LB were added to
each well of one set of plates used for the lowest dilution. Using the Matrix IMPACT
pipettors, 5 μl and 25 μl of transformed cells were added to the LB Agar plates.
The plates were shaken vigorously by hand in an orbital motion, allowed to dry for at
least 10-15 min at room temperature, inverted and then incubated overnight at 37°C.

6.2.1.11 Colony picking and HTP culture
Two or three 96-well deep-well blocks (BD Falcon 353966) were prepared by addition
of 1.2 ml of PB supplemented with the appropriate antibiotic (Carbenicillin-Cb 50
mg/ml, 1:1000, e.g. 50 μl of Cb up to 50 ml with PB). Using 10 μl tips, individual
white colonies (transformants) were picked from the 24-well agar plates and were
transferred into individual wells of the deep-well plate. Three colonies were picked for
each construct and the deep-well plates were subsequently sealed with gas-permeable
adhesive covers (ABgene AB-0718). The filled plates were shaken at 200-225 rpm at
37°C overnight (O/N) in a floor standing Vertiga incubator.

6.2.1.12 HTP mini plasmid preparation using wizard SV96
purification plates
After O/N incubation, the gas-permeable seal on each plate was replaced with a solid
seal (ABGene AB-0558) and the cells were harvested by centrifugation at 6000 x g for
30 min (Beckman Avanti centrifuges with the Beckman JS5.3 rotor). The media was
decanted without disturbing the pellet and then the plate was rested upside down on
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absorbent tissue to remove residual media. Plasmid mini-preps were performed either
with the Bio-Robot 8000 (using Wizard® SV 96 Plasmid DNA Purification System
from Promega, A2250) in case of high numbers of liquid cultures or following manual
mini-prep (QIAprep Spin Miniprep Kit, Quiagen, 27106). The plasmids were stored
at -20°C until use.

6.2.1.13 Recombinant construct verification by PCR screening
To confirm the successful creation of recombinant pOPIN constructs containing S.
mansoni HMTs and HDMs, an HTP PCR reaction was performed. A master mix with
the common components was prepared as described in the table below (Table 6.12).
Table 6.12. List of reagents for the master mix for construct verification.

Phusion Flash

Number of (25 μl)
Reactions

1

Concentration

Volume (µl)

2X

12.5

Sterile Water
Components

9.35
100 μM

pOPIN forward
primer
Total Volume

0.15
22.0

The pOPIN Forward primer was used because it annealed to the T7 forward priming
sequence common to all the pOPIN vectors (5’-GAC CGA AAT TAA TAC GAC
TCA CTA TAG GG-3’). To 22 µl of the master mix, 1.5 μl of diluted (10 μM) reverse
primers were transferred (in columns) to the appropriate wells of the PCR plate. After
that, 1.5 μl of recombinant plasmids were added to the appropriate wells of the PCR
plate. The plate was sealed with a clear adhesive film and loaded into the Veriti thermal
cycler (the PCR parameters used are listed in Table 6.13).
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Table 6.13. Conditions of 3-step cycle PCR reactions.
Step
Pre-denaturation
Denaturation
Annealing
Extension
Final extension

Temperature (°C)
98
98
60
72
72
4

Time
10 sec
1 sec
5 sec
2 min
2 min

Cycles
1
30
1
Hold

The amplicons were analysed by DNA agarose gel electrophoresis as described
previously (Section 6.2.1.4). The use of the pOPIN Forward primer led to an increase
in PCR sizes (compared with the original gene-specific forward primers) and this
increment (see Table 6.14 below) was taken in account in the analysis of the results.
Table 6.14. Increase in PCR size related to the expression vector used.
pOPIN Vectors
pOPINF
pOPINJ
pOPINS3C

Approximate increase in
PCR size (bp)
225
890
400

6.2.1.14 DNA sequencing
Di-deoxy, chain-terminating DNA sequencing was performed by Source Bioscience
sequencing that runs the DNA sequencing facility at the Department of Biochemistry,
University of Oxford. Here, 10 µl of 100 ng/µl DNA plasmids was used for one
reaction. The oligos required for sequencing were dependent on the OPPF vectors;
here, T7 and pTriexDown oligos were suitable for all recombinant plasmids.
Name

Sequence

T7

5’-GAC CGA AAT TAA TAC GAC TCA CTA TAG GG-3’

pTriexDown

5’-TCA CAA ATA CCA CTG AGA TCG A-3’
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6.2.2 Small scale protein expression (1): E. coli strains
6.2.2.1 E. coli expression strain transformations
All the recombinant plasmids containing S. mansoni HMTs and HDMs successfully
prepared and sequence verified (Section 6.1.1.14) were used to transform two different
E. coli strains (E. coli Lemo21-DE3 and Rosetta2-DE3, Table 6.15) suitable for
protein expression (Figure 6.7). A recombinant plasmid encoding for enhanced Green
Fluorescent Protein (eGFP) was also included as the positive control.

Figure 6.7. Schematic representation of the OPPF pipeline for setting up a small-scale
expression screening in E. coli. The process to attempt a first small scale expression screening
in E. coli requires in total 2 days and includes different steps, each of them described briefly
in the scheme: transformation in competent E. coli cells (two selected strains), plating of
transformed cells on agar plates, colony picking and setting up a HTP culture.
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Table 6.15. Bacteria strains.
Organism

Strains
Lemo21-DE3

Description
Strains contain a chromosomal copy of T7
lysozyme which is under the influence of an Lrhamnose-inducible promoter. When strains are
grown without L-rhamnose they perform the
same as a pLysS containing strain.
Suitable for tunable T7 expression of
challenging proteins by optional addition of Lrhamnose.

E. coli
Rosetta2-DE3

These strains supply tRNAs for AGG, AGA,
AUA, CUA, CCC, GGA codons on a compatible
chloramphenicol-resistant plasmid.
Suitable for the expression of eukaryotic proteins
that contain codons rarely used in E. coli

DE3 indicates that the strain carries a chromosomal copy of the T7 RNA polymerase under
the control of the IPTG-inducible promoter, lacUV5.

For transformation, aliquots (20 μl/tube) of these E. coli strains were thawed on ice
and 3 µl of recombinant plasmids were added. The tubes were subsequently incubated
on ice for 30 min. After incubation, the cells were heat-shocked for 30 sec in a 42°C
water bath and then immediately transferred on ice for 2 min. Then, 300 μl of PB were
added to the cells and incubated for 1 hr at 37°C. Whilst incubating, LB Agar plates
containing the appropriate antibiotic (Carbenicillin-Cb 50 mg/ml, 1:1000 and
Chloramphenicol-Cm 50 mg/ml, 1:1000 for Lemo21-D3; Carbenicillin-Cb 50 mg/ml,
1:1000 only for Rosetta2-DE3) were prepared in a 24-well plate format with 1 ml in
each well. In case of Lemo21-DE3 strain, media was supplemented with
chloramphenicol to allow for LysS plasmids to be retained.
After 1 hr of incubation, 30 μl of cells/well were transferred from the transformation
reactions into the LB Agar plates. The plates were shaken vigorously by hand until
they were dry, then the plates were inverted and incubated O/N at 37°C.
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6.2.2.2 Setting up a small-scale expression screening in E. coli
After O/N incubation, individual colonies (transformants) were picked and transferred
into 96-well deep blocks (BD Falcon 353966 or ABgene AB-0932) containing 0.7 ml
of PB supplemented with the appropriate antibiotic per well (Carbenicillin and
Chloramphenicol 50 mg/ml for Lemo21-DE3, Carbenicillin only 50 mg/ml for
Rosetta2-DE3). The plates were subsequently sealed with gas-permeable adhesive
covers (ABgene AB-0718) and left in the incubator at 600 rpm (Vertiga) at 37°C
overnight. Cells were then processed for recombinant protein expression by IPTG
induction (Section 6.2.2.3) or autoinduction (Section 6.2.2.4).

6.2.2.3 IPTG induction
After O/N incubation, a total of 150 μl (for Lemo21-DE3) or 250 μl (for Rosetta2DE3) were transferred into a 24-well deep block previously prepared with 3 ml of fresh
PB containing the appropriate antibiotics (Carbenicillin and Chloramphenicol for
Lemo21-DE3, Carbenicillin only for Rosetta2-DE3).
The plates were shaken at 600 rpm at 37°C for 3-5 hrs (the average OD at 595 nm was
normally 0.5 at this timepoint), then cooled down to room temperature before the
addition of IPTG (stock solution of 1 M in H2O) to a final concentration of 1.0 mM (3
μl to each well). The plates were subsequently incubated overnight (about 18 hrs) at
600 rpm (Vertiga) at 20°C to allow the expression of recombinant proteins.

6.2.2.4 Overnight ExpressionTM instant TB medium autoinduction
After O/N incubation, a total of 150 μl (Lemo21-DE3) or 250 μl (Rosetta2-DE3) were
transferred into a 24-well deep block previously prepared with 3 ml of autoinduction
medium containing the appropriate antibiotics (Carbenicillin and Chloramphenicol for
Lemo21-DE3, Carbenicillin only for Rosetta2-DE3).
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Autoinduction medium was prepared by dissolving 30 g of Overnight ExpressTM
Instant TB medium (Novagen, 71491-3) in 1 l of distilled and sterile water with the
addition of 10 ml of glycerol (Bidistilled glycerol 99.5%, AnalaR NORMAPUR,5681-5). The filled plates were sealed with gas-permeable adhesive covers (ABgene AB0718) and shaken at 600 rpm at 37°C for 3-5 hrs (the average OD at 595 nm was
normally ~0.5 at this timepoint). Afterwards, the temperature was lowered to 25°C and
the plates were incubated at 600 rpm for a further 20-24 hrs.

6.2.2.5 HTP expression screen plate reformatting and harvesting
Regardless of the induction method used, 1.0 ml of all cultures was transferred from
each well of the 24-well deep block into a 96-well deep-well block. This step was done
in duplicate allowing a backup replicate if needed later in the process. The cells were
harvested by centrifugation at 6000 x g for 10 min at 8°C.
The supernatant was decanted from the cell pellets by inverting the plates and allowing
them to dry for few min on paper towel to remove residual media. The plates were
sealed with aluminium sealing foils (Corning® 96 Well Microplate) and stored in the
freezer at -80°C for long storage or for at least 20 min to mediate lysis of the cells.

6.2.2.6 Ni2+-NTA purification of His-tagged proteins from the soluble
fraction.
Screening for induced proteins in the soluble fraction of lysed cells was performed on
the Qiagen BioRobot 8000 using an optimised version of the standard protocol
prepared for the robotic platform in use by the OPPF. The first step of the protocol
(described in Figure 6.8) was the resuspension of the defrosted cell pellets in 210 μl
of Lysis buffer (NPI-10-Tween, composition reported in Table 6.16) supplemented
with 1 mg/ml of Lysozyme (Sigma L-6876) and 400 kU/ml of DNAse Type I (Sigma
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DN-25). After an incubation of 30 min to allow the action of Lysozyme and DNAse,
the lysate was cleared by centrifuging the deep-well block at 6000 x g for 15 min at
4°C. 20 μl of the Ni2+-NTA magnetic bead suspension was dispensed by the robot in
a flat-bottomed microtitre plate (MTP). Soluble lysates were transferred to each well
of the plate containing the Ni2+-NTA magnetic beads, and this suspension was
vortexed at 6000 rpm using an adapter for MTPs. The pellet left behind from this step
consisted of the insoluble fraction of the lysates and was purified as described in
Section 6.2.2.7 to assess the presence of any recombinant proteins. The 96-well
microplate was placed on a 96-well magnet for 1 min to allow the separation of the
supernatant from the beads binding the proteins. A wash step was performed twice
adding 200 μl of Wash Buffer (NPI-20, composition reported in Table 6.16) to each
well on the plate. The plate was then removed from the magnet and placed on a
microplate shaker for 5 min. The microplate was placed on the magnet and, after 1 min
of incubation (to allow a good separation of the beads from the buffer), the buffer was
removed. Finally, elution of recombinant proteins was performed by adding 50 μl of
Elution Buffer (NPI-250, composition reported in Table 6.16) to each well of the
MTP. The plate was vortexed for 1 min and then placed on the 96-well magnet. The
supernatant was transferred to a fresh 96 well plate for analysis by SDS-PAGE.
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Figure 6.8. Schematic representation of Ni-NTA Superflow 96 BioRobot Procedure for
producing and isolating recombinant proteins from the soluble fraction. The protocol of
purification of soluble His-tagged proteins was performed using Ni2+-NTA Superflow 96
BioRobot Kit on a robotic platform. The main steps of the process include centrifugation of
cultures, lysis, separation of clear lysate, bind to beads, washes and elution.
Table 6.16. Composition of buffers used for the Ni-NTA Superflow 96 BioRobot
purification of all the induced recombinant proteins in the soluble fraction.
Buffer NPI-10-Tween*

Buffer NPI-20-Tween*

Buffer NPI-250-Tween*

50 mM NaH2PO4

50 mM NaH2PO4

50 mM NaH2PO4

300 mM NaCl

300 mM NaCl

300 mM NaCl

10 mM imidazole

20 mM imidazole

250 mM imidazole

1% v/v Tween 20

0.05% v/v Tween 20

0.05% v/v Tween 20

*All the buffers were adjusted at pH= 8.0 using NaOH, filtered and stored at 4°C prior use.

6.2.2.7 Ni2+-NTA purification of His-tagged proteins from the
insoluble fraction
The plate containing the pellets (after processing using Ni2+-NTA capture of soluble
recombinant proteins described in Section 6.2.2.6) was kept at room temperature for
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30 min to defrost. The recombinant proteins remaining in the insoluble fraction were
purified using Ni2+-NTA Superflow 96 BioRobot Kit (QIAgen, 969261) following the
manufacturer’s instruction. The protocol used is summarised in Figure 6.9 and Table
6.17 contains details about the components of the buffers required during the
purification.

Figure 6.9. Schematic representation of Ni-NTA Superflow 96 BioRobot Procedure for
isolating proteins from the insoluble fraction. The protocol of purification of His-Tagged
proteins from the insoluble fraction was performed manually using Ni2+-NTA Superflow 96
BioRobot Kit on a vacuum manifold. The main steps of the process are: solubilisation of
pellets, centrifugation, preparation of the plate, filtration of the solubilised pellets, washes and
elution.
Table 6.17. Composition of buffers used for the Ni2+-NTA Superflow 96 BioRobot
Procedure for isolating proteins from the insoluble fraction.
Components

Buffer A

50 mM Tris pH= 8.5
300 mM NaCl
8 M urea
30 mM imidazole

Buffer B

50 mM Tris pH= 8.5
8 M urea
300 mM imidazole
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6.2.2.8 SDS-PAGE analysis of purified recombinant proteins
Purified soluble and insoluble recombinant proteins were analysed by SDS-PAGE
using NuPAGETM 10% Bis-Tris Midi Protein Gels (Invitrogen, WG1203BOX). 10 μl
of each protein sample was mixed with 10 μl of 2X SDS-PAGE loading buffer (100
mM Tris pH 6.8, 4% w/v SDS, 0.2% w/v Bromophenol blue and 20% v/v Glycerol).
Afterwards, the samples were boiled for 3 min at 99°C and 10 μl/well assessed by
SDS-PAGE. 5 μl of low range molecular weight marker (M3913, Sigma) and wide
range molecular weight marker (S8445, Sigma) were additionally electrophoresed in
each gel respectively. The gels were run in 1X MES (NuPAGE™ MES SDS Running
Buffer, ThermoFisher, NP0002) buffer at 200 V until the loading dye marker reached
the bottom of the gel. The gel was removed from the gel apparatus, rinsed once with
distilled water to remove any residual running buffer and immersed in Coomassie Blue
(InstantBlueTM, Expedeon, ISB1L) for 30-60 min with gentle agitation.
After staining, the gels were then washed in double-distilled water (ddH2O) for up to
24 hrs or until the background blue staining had dissipated. Once de-staining was
complete, the gels were scanned into a computer and the recombinant expression was
assessed.

6.2.2.9 Western blot protocol
Gels containing recombinant proteins were electro-transferred onto nitrocellulose
membranes using iBlot 2 Dry Blotting system (Invitrogen) following the
manufacturer’s instructions. The membranes were blocked with 5% w/v milk powder
in PBST (1X Phosphate Buffered Saline with 0.2% w/v Tween 20) for 30 min and
subsequently washed with PBST.
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After blocking, the membranes were incubated for 2 hrs at room temperature with
primary antibody (His Tag Antibody Monoclonal Mouse IgG1, R&D MAB050)
diluted in PBST (dilution 1:1000), washed 3 times with PBST for 5 min/wash and
incubated with secondary antibody (Anti-Mouse IgG (whole molecule)-Peroxidase
antibody produced in rabbit (Sigma A9044, dilution 1:5000).
After secondary Ab incubation, the membranes were washed 3 times with PBST for 5
min/wash and recombinant protein detection was facilitated by chemiluminescence
method (using ECL Prime Western Blotting Detection, GE Healthcare, RPN2232)
following the manufacturer’s instructions.

6.2.3 Small scale protein expression (2): Sf9 insect cells
6.2.3.1 Recombinant bacmid DNA generation
Small scale insect cell expression screens were prepared for a selection of recombinant
pOPIN constructs containing S. mansoni HMTs and HDMs (prepared as described in
Section 6.1.1.8). A recombinant plasmid encoding for enhanced Green Fluorescent
Protein (eGFP) was also included as the positive control. The transfection mix was
prepared as listed in the Table 6.18 and incubated at room temperature (RT) for 30
min.
Table 6.18. List of components of the transfection mix.
Volume
Sf900II media
Linearised Bacmid

50 µl
2.5 µl (250 ng)

Components
Vector

100-500 ng

FugeneHD
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1.5 µl

6.2.3.2 Transfection of the recombinant bacmid DNA
A 24-well plate was prepared with 500 µl of Sf9 cells at a density of 5 x 105 cells/ml
in Sf900II Serum Free media (Invitrogen) supplemented with 1% v/v of PenicillinStreptomycin (10000 U/mL, 15140122, Invitrogen). The plate was incubated at RT for
about 30 min to allow the cells to attach to the bottom of the plate.
After that, the transfection solution was added slowly (to avoid disruption of the
monolayer) to the appropriate well of the 24-well plate. The plate was incubated for 67 days at 27°C to allow the production of the initial virus. After this period of time, the
green fluorescent marker of the eGFP construct was visualised under fluorescence
microscopy to confirm successful transfection. In addition to monitoring of eGFP
expression, each recombinant bacmid also contained a dsRed gene expressing a red
fluorescent protein. This red fluorescent marker was used to track the successful
transfection of all SmHMT and SmHDM constructs (see Figure 6.10).
In case of successful transfection, the supernatant from the transfected cells containing
virus was transferred to a 96-well storage block (strips of 8), sealed with plastic lids
and stored at 4°C in the dark. This viral supernatant was defined as P0 virus stock and
the 24-well plate was discarded.

6.2.3.3 Viral amplification
A fresh 24-well plate containing 500 µl of Sf9 cells at a density of 1 x 106 cells/ml in
Sf900II medium in each well was prepared. The plate was incubated at room
temperature for about 30 min to allow the cells to attach to the bottom of the plate.
Afterwards, 5 µl of P0 virus stock (prepared as described in Section 6.2.3.2) was used
to infect Sf9 cells. The plate was incubated for 6-7 days at 27°C to allow to produce
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the virus. After 7 days, the green fluorescent marker of the eGFP construct and the red
fluorescent marker of SmHMT and SmHDM bacmids were monitored under the
fluorescence microscopy to confirm that the amplification had worked for eGPF and
the recombinant bacmid constructs respectively, Figure 6.10).

Figure 6.10. Time course for the expression of fluorescent proteins. Sf9 cells were
transfected with the selected recombinant SmHMT and SmHDM bacmid constructs and a
recombinant plasmid encoding for enhanced Green Fluorescent Protein (eGFP) as positive
control. Each recombinant SmHMT and SmHDM bacmid construct carries a red fluorescent
marker gene (DsRed), whereas the recombinant plasmid eGFP is only carrying a green
fluorescent marker. The green and red fluorescent markers were observed under fluorescent
microscopy to track the successful transfection and amplification of each of the recombinant
SmHMT and SmHDM bacmid constructs and the eGFP respectively. Images were taken at 7
days post-transfection - before collecting the viral supernatant (P0 virus stock) - and at 7 days
post-amplification - before collecting the viral supernatant (P1 virus stock).

The supernatant from the cells containing virus was then transferred to a 96-well
storage block (strips of 8), sealed with plastic lids and stored at 4°C in the dark. This
viral supernatant was defined as P1 virus stock and the 24-well plate was discarded.
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6.2.3.4 Expression testing
A set of two fresh 24 deep well plates (with round bottoms) was prepared by
transferring 500 µl of Sf9 cells at a density of 1 x 106 cells/ml in Sf900II medium in
each well. Each set of plates was infected respectively with 3 µl and 30 µl of P1
(prepared as described in Section 6.2.3.3) virus stock respectively and incubated for 3
days at 27°C at 250 rpm.
On the third day, 1 ml of cell suspension was transferred from each well into a 96-well
Ni2+-NTA deep-well block. The cells were harvested for 15 min at 6000 x g and the
supernatant was removed without disturbing the pellets. The cells were frozen at -80°C
for at least 30 min before running the Ni2+-NTA Expression screen protocol on the
Qiagen BioRobot 8000. The protocol followed is described in Section 6.2.2.6; the only
difference involved using Lysis buffer (NPI-10-Tween, composition reported in Table
6.16) supplemented with 25 µl/ml of Protease inhibitor cocktail (Sigma, P8849)
instead of Lysozyme. The purified soluble recombinant proteins were analysed by
SDS-PAGE using NuPAGETM 10% Bis-Tris Midi Protein Gels (Invitrogen,
WG1203BOX) as described in Section 6.2.2.8.

6.2.4 Small scale protein expression (3): HEK293T mammalian cells
6.2.4.1 Cell maintenance
The HEK293T cell line was cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with non-essential amino acids (1% v/v final concentration), Lglutamine (200 mM, 1% v/v final concentration) and Fetal Calf Serum (FCS, 10%
v/v). Fresh HEK293T Culture Medium was added to the cells every 3 days or as
required by the growth rate of the cells. HEK293T cells were typically passaged when
80% confluency was reached; here a ratio of 1:10 to 1:20 dilution of cells to medium
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was used for general maintenance. The cells were incubated at 37°C in a humidified
atmosphere containing 5% CO2.

6.2.4.2 Preparation of 24-well transient expression screen
Small-scale mammalian expression screen was prepared for a selection of recombinant
pOPIN constructs containing S. mansoni HMTs and HDMs (prepared as described in
6.2.1.9) and the positive control eGFP.
A 24-well plate was prepared with 1 ml of cells (at 1.5-2 x 105 cells/ml) in each well.
An O/N incubation at 37°C in a 5% CO2/ 95% air environment was followed to allow
the cells to attach to the bottom of the plate. After the O/N incubation, the media of
the cells was replaced with 2 ml of fresh DMEM supplemented with 2% of FCS.
In a 96-well PCR plate, 2 µl of 1.33 mg/ml GeneJuice (GeneJuice® Transfection
Reagent, Novagen) was mixed with 60 µl of serum-free DMEM for each selected
recombinant plasmid. After that, each selected miniprepped-plasmid DNA (~1 µg,
from the plasmid DNA purification using Wizard SV96 purification kit described in
Section 6.2.1.12) was added to the mixture and then it was incubated for 10 min at
room temperature. Afterwards, the DNA/GeneJuice cocktail was added to the cells
and they were incubated at 37°C in a 5% CO2/ 95% air environment for 3 days.

6.2.4.3 Analysis of the soluble recombinant proteins (for intracellular
proteins)
The supernatant was removed, and the plate was frozen at -80°C for at least 30 min.
The defrosted pellets (after 10 min at RT) were resuspended in 250 µl of Lysis Buffer
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(50 mM Hepes, 150 mM NaCl, 3 mM of Dithiothreitol (DTT), 0.1% of 3-[(3Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)) supplemented
with 400 kU/ml of DNAse Type I (Sigma DN-25) and 25 μl/ml protease inhibitor
cocktail (Sigma, P8849). The lysate was cleared by centrifuging the deep-well block
at 6000 x g for 30 min. An aliquot (about 20 µl) of the soluble lysates was analysed by
SDS-PAGE gel and Western blot (described in Section 6.2.2.8 and 6.2.2.9
respectively).
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6.3 Results
6.3.1 Selection of targets for the recombinant protein expression
The initial attempt to express epigenetic enzymes as recombinant proteins included the
selection of 12 different targets including 4 PKMTs, 3 PRMTs, 1 LSD, 3 JMJDs and
a DNMT (Table 6.19). The latter was identified as schistosome DNA
methyltransferase (DNMT2), which was not a target of this project, but was taken on
board in this protein expression trail in the OPPF because of ongoing activities within
the Hoffmann laboratory.
These specific epigenetic targets were selected for multiple reasons. Firstly, we wanted
to explore the newly identified Smps (Smp_149380, 016750 and 241518 derived from
the first bioinformatic characterisation of SmHMTs and SmHDMs based on the
genome assembly v5.2, see Chapter 3) from a protein expression point of view aiming
to provide additional information about these targets previously unknown in literature.
As mentioned in Chapter 3, two additional proteins - Smp_148360 (PKMT) and
Smp_333400 (JMJD) - were identified when the new genome assembly (v7.0) became
available (August 2018). However, they were identified after this initial protein
expression trial began, therefore, they were not included in this chapter.
Five Smps (Smp_337860, 070340, 156290 and 019170, 2 PRMTs and 2 JMJDs
respectively) were selected because, when compared to their human templates, they
showed the presence of an insertion that was visualised as an extra loop in the
homology model (Chapter 3). If this loop (already confirmed by molecular cloning)
is confirmed from a structural point of view, it would suggest a parasite-distinctive
feature. The PRMT Smp_029240 was also selected because it was previously
described in the literature, however, no attempts were made to express this target as a
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recombinant target (Mansure et al., 2005). The recombinant expression of the last three
targets (the PKMTs Smp_138030, 307060 and the LSD1 150560) was attempted to
obtain the purified proteins for further experiments with the chemicals identified for
each of them with the in silico virtual screening (Chapter 4).
Table 6.19. Putative Schistosoma mansoni proteins that regulate histone methylation.

The table summarises the list of Smp proteins identified as HMTs and HDMs (genome
assembly v7.0). The specific class of HMTs/HDMs and the size (length in number of amino
acids - aa) was listed for each Smp. The Smps selected for the protein expression are
highlighted in green.
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6.3.2 Selection of constructs of interest for the selected targets
For each selected target, different constructs were designed to either express the fulllength ORF or a specific region. The rationale behind this approach was based on the
absence of information about recombinant protein expression of other S. mansoni
HMTs or HDMs to use as a reference. Therefore, we designed different constructs to
produce recombinant proteins of divergent sizes. Reported here, as an example,
Smp_070340 (Figure 6.11) encoded a protein of 737 amino acids (genome assembly
v7.0). For this PRMT, 5 different constructs were designed in addition to the construct
covering the full length (construct A01). Some constructs were designed over the
catalytic domain of the protein (covering the full length - B01 - or part of it - D01 and
E01) and two other constructs were designed to generate both N-terminal and Cterminal fragments (constructs C01 and F01).

Figure 6.11. Schematic representation of the different constructs designed for
Smp_070340. Here the schematic representation of the PRMT Smp_070340 is provided as
example for the other targets for the protein expression project in OPPF. Different constructs
were designed for this PRMT: construct A01 - full length of the protein; construct B01 - full
length of the catalytic domain of the PRMT; construct C01 - from the N-termini until the first
part of the catalytic domain; construct D01 - covering the first part of the catalytic domain;
construct E01 - covering the second half of the catalytic domain; construct F01 - from the
second half of the catalytic domain until the C termini. The length (number of amino acids) of
each construct are listed.

The same approach was applied to all other selected targets with a total of 30
distinctive constructs for 12 different targets as shown in Table 6.20.
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Table 6.20. List of targets and related constructs selected for the protein expression
screen.

30 constructs were designed for the 12 selected SmHMTs and SmHDMs. The OPTIC ID, the
start and stop amino acid of each construct, the estimated length of the construct and the
estimated size of the protein are listed for each construct. Two websites were used to predict
the protein size of the 30 selected constructs. http://www.encorbio.com/protocols/ProtMW.htm and http://web.expasy.org/protparam/.

6.3.3 Results of sub-cloning to expression vectors
The nucleotide sequences of the coding regions of each construct of the 12 selected
targets were amplified from the in-house vectors (pGEM-T Easy or Zero Blunt vector,
as described in Chapter 2). The primers used for each construct were designed as
already described in Section 6.2.1.1 in the Optic server containing all the annotated
targets and constructs. A primary HTP PCR reaction was performed (30 reactions in
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total) as described in Section 6.2.1.2 with a success rate of 75%. A secondary PCR
reaction was performed to amplify the remaining constructs using the protocols
described in Section 6.2.1.3. In conclusion, all the selected constructs were
successfully amplified except for one construct (D04) which showed minor nonspecific amplicons (red arrow in Figure 6.12). All the correctly amplified PCR
fragments were purified using AMPure XP Magnetic beads (Section 6.2.1.5) and the
successful purification was confirmed as shown in Figure 6.12.

Figure 6.12. Gel electrophoresis of PCR purified products following amplification of 30
constructs. HTP PCR reaction was performed using gene-specific primers to amplify the 30
different constructs (designed for the 12 different targets listed in the Table 6.20). Two DNA
methyltransferase (DNMT2 isoform and indel, E03 and F03) were included in this project
although they are not histone methyltransferases or demethylases and they will not be part of
this discussion. The full-length cDNAs of the 12 targets inserted in the in-house vectors were
used as a template in the amplifications. The PCR products were run on a gel (1.6% TBE
agarose gel) and 1 kb DNA ladder molecular marker (NEB) was used for size estimation. The
red arrow indicates the amplicon of the correct size for the construct D04.
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These purified PCR fragments were subsequently ligated into the appropriate
expression vector (pOPINF and pOPINS3C for this preliminary attempt of protein
expression, previously digested by restriction enzymes, Section 6.2.1.8) using the
InFusion cloning method previously described in Section 6.2.1.9). The resulting
constructs were used to transform competent E. coli cells (StellarTM Competent Cells,
Clontech), as described in Section 6.2.1.10, and grown on agar plates containing XGal for blue/white colony screening. A number of colonies (three colonies for each
construct in both vectors) were selected to set up a liquid inoculation with an overnight
incubation (Section 6.2.1.11). The plasmids of the clones were purified prior a
sequence confirmation (Section 6.2.1.14). In fact, a PCR reaction using a combination
of vector-specific primer sequence (pOPIN Forward primer) and construct-specific
primer (reverse primer) was carried out to check for the presence of each gene insert
in both vectors (pOPINF and pOPINFS3C, Figure 6.13). All the constructs were
successfully ligated in the two vectors and they were used for setting up the protein
expression in E. coli.
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Figure 6.13. Gel electrophoresis of PCR screening for construct verification. PCR
screening of purified plasmids was performed to confirm the presence of the SmHMT or
SmHDM cDNA sequence in each vector. The PCR products were amplified using a
combination of a vector-specific primer sequence (pOPIN Forward primer for both pOPINF
and pOPINFS3C) and a cDNA-specific primer (reverse primer). The PCR products were run
on a gel (0.8% TBE agarose gel) and 1kb DNA ladder molecular marker (NEB) was used for
size estimation. Here an image of the agarose gel showing the PCR products obtained from
the purified plasmids of one of the three clones tested (three clones for each vector were
selected) with the PCR screening. All PCR products appeared to have the expected size cDNA
insert confirming the successful insertion of the different SmHMTs and SmHDM cDNAs in
both pOPINF and pOPINFS3C.

6.3.4 Small-scale expression screening in E. coli
Once the sequence of the recombinant vectors was confirmed, a small-scale expression
trial was performed using E. coli as the first system chosen for this project. These
SmHMT- and SmHDM- containing vectors (60 in total; 30 in pOPINF and 30 in
pOPINFS3C) were used to transform two E. coli bacteria strains, Rosetta (DE3) and
Lemo21-DE3 (Section 6.2.2.1, Table 6.15 for more details). A recombinant plasmid
encoding for enhanced Green Fluorescent Protein (eGFP) was also included as the
positive control.
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Initial expression for these 30 constructs was conducted on a small scale (3 ml cultures)
in order to assess the level of induction and solubility of each target (or portion of
target) when expressed as a recombinant protein in E. coli (Section 6.2.2.2).
Recombinant proteins were expressed in both E. coli strains using two different
approaches: IPTG induction (Section 6.2.2.3) and autoinduction (Section 6.2.2.4).
Following expression of protein (both IPTG and autoinduction), bacterial cells were
harvested and lysed using methods described in Section 6.2.2.5. For each culture,
samples of soluble and insoluble extracts were taken for the downstream analysis (see
Section 6.2.2.6 and 6.2.2.7). Equal amounts of protein (10 μg) of soluble and insoluble
fractions were separated and analysed by SDS-PAGE gel electrophoresis and protein
bands detected following Coomassie blue staining (as described in Section 6.2.2.8) or
Western Blot (as described in Section 6.2.2.9). The expected molecular sizes of the
different fusion proteins are detailed in the Table 6.20. However, no soluble
expression was observed for our constructs regardless of the type of protein induction
or the bacteria strains used (Figure 6.14 and Figure 6.15).
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Figure 6.14. SDS-PAGE analysis of recombinant SmHMT/HDM expression in two E.
coli strains (Lemo21-DE3 and Rosetta (DE3)) following induction of protein expression
with IPTG. Total protein was extracted from E. coli following IPTG induction of
SmHMT/SmHDM expression. Protein samples in the total lysate of cells extracted following
IPTG induction were subsequently centrifuged to yield a soluble fraction. A comparison
between the soluble fraction obtained from Lemo21-DE3 (Panel A1 - showing the N-Histagged proteins and Panel A2 - showing the N-His-SUMO-tagged proteins) and Rosetta (DE3)
(Panel B1 - showing the His-tagged proteins and Panel B2 - showing the SUMO-tagged
proteins) is reported. The expected sizes of the different construct are listed in Table 6.20. The
recombinant plasmid encoding for enhanced Green Fluorescent Protein (eGFP, included as the
positive control) resulted in the expression of a soluble protein visualised as a band at around
27 kDa in the last row if each gel. Note that N-His-tag and N-His-SUMO-tag increased the
expected mass of each recombinant protein by 1 kDa and 12 kDa respectively. Molecular
markers are present in the first and last lanes of each gel and on the blot. 10 μg of protein was
loaded into each lane and proteins were detected with Coomassie blue. To maintain the same
layout of Table 6.20, some of the gels have been stitched together and this is denoted with by
the white line.
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Figure 6.15. SDS-PAGE analysis of recombinant SmHMT/HDM expression in two E.
coli strains (Lemo21-DE3 and Rosetta (DE3)) following induction of protein expression
with autoinduction medium. Total protein was extracted from E. coli following
autoinduction of SmHMT/SmHDM expression. Protein samples in the total lysate of cells
extracted following autoinduction were subsequently centrifuged to yield a soluble fraction.
A comparison between the soluble fraction obtained from Lemo21-DE3 (Panel A1 - showing
the N-His-tagged proteins and Panel A2 - showing the N-SUMO-tagged proteins) and Rosetta
(DE3) (Panel B1 - showing the His-tagged proteins and Panel B2 - showing the N-HisSUMO-tagged proteins) is reported. The expected sizes of the different construct are listed in
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Table 6.20. Note that N-His-tag and N-His-SUMO-tag increase the expected mass of each
recombinant protein by 1 kDa and 12 kDa respectively. Molecular markers are present in the
first and last lanes of each gel and on the blot. 10 μg of protein was loaded into each lane and
proteins were detected with Coomassie blue. To maintain the same layout of Table 6.20, some
of the gels have been stitched together and this is denoted by the white line.

It is worth noting that the autoinduction conditions (Figure 6.15) resulted in a higher
level of background protein expression compared to the background observed in the
soluble fraction purified after the IPTG induction (Figure 6.14). This data suggested
that the autoinduction conditions were more favourable for the type of targets selected
even though no significant level of expression was detected in the soluble fraction.
Therefore, the insoluble fraction of the autoinduced samples (rather than the IPGT
induction) was analysed for the presence of recombinant proteins. This insoluble
fraction showed variable levels of protein expression for some SmHMT and SmHDM
constructs (Figure 6.16). Moreover, the level of protein expression in the insoluble
fraction was higher in the Lemo21-DE3 strain compared to the Rosetta (DE3) (Panel
A1 and A2 compared to Panel B1 and B2, Figure 6.16).
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Figure 6.16 SDS-PAGE analysis of recombinant SmHMT/HDM expression in two E. coli
strains (Lemo21-DE3 and Rosetta (DE3)). Total protein was extracted from E. coli
following autoinduction of SmHMT/SmHDM expression. Protein samples in the total lysate
of cells extracted following autoinduction were subsequently centrifuged to yield a soluble
fraction. The recombinant proteins remaining in the insoluble fraction (of both bacteria strains)
were purified and separated by SDS-PAGE and protein bands detected following Coomassie
blue staining. The insoluble fraction derived from Lemo21-DE3 is shown in Panel A1 (all the
constructs in the pOPINF vector - N-His-tag protein) and Panel A2 (all the constructs in the
pOPINFS3C vector - N-His-SUMO-tag protein). The expected sizes of the different construct
are listed in Table 6.20. Note that N-His- tag and N-His-SUMO-tag increased the expected
mass of each recombinant protein by 1 kDa and 12 kDa respectively. Molecular markers are
present in the first and last lanes of each gel. 10 μg of protein was loaded into each lane and
proteins were detected with Coomassie blue. To maintain the same layout of Table 6.20, some
of the gels have been stitched together and this is denoted by a white line.
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6.3.5 Small-scale expression screening in Sf9 insect cells
A sub-selection of recombinant pOPINF constructs containing S. mansoni HMTs and
HDMs (Table 6.21) previously created (see Section 6.2.1.12) were used to create
recombinant baculovirus particles for protein expression in Sf9 insect cells as
described in Section 6.2.3. A recombinant plasmid encoding for enhanced Green
Fluorescent Protein (eGFP) was also included as the positive control.
Table 6.21. List of targets and related constructs selected for the protein expression
screen in insect cells.
Well
A01
B01
C01
D01
E01
F01
G01
H01
A02
B02
C02
D02
E02
F02
G02
H02
A03
B03
C03
D03
E03
F03
G03
H03

OPTIC

15475
15475
15475
15475
15475
15476
15476
15476
15476
15478
15478
15478
15477
15477
15479
15480
15512
15513
15478
15521
15522
15523
15524
-

Gene name

Smp_070340
Smp_070340
Smp_070340
Smp_070340
Smp_070340
Smp_337860
Smp_337860
Smp_337860
Smp_337860
Smp_156290
Smp_156290
Smp_156290
Smp_019170
Smp_019170
Dnmt2 isoform (HM991456)
Dnmt2 indel (HM991457)
Smp_307060
Smp_150560
Smp_156290
Smp_138030
Smp_016750
Smp_241580
Smp_149380
eGFP

aa_N
2
106
2
106
377
2
193
2
345
40
2
1379
12
2
2
2
1
346
2
2
2
2
25
-

aa_C
737
548
377
377
737
512
512
345
512
590
691
2369
797
840
368
360
845
1031
1210
1560
169
396
493
-

Protein size
(kDa)
81.75
60.88
42.72
31.04
39.04
58.71
36.32
39.6
19.25
62.94
79.1
112.46
89.08
95.71
42.46
41.52
94.94
74.37
137.76
173.68
19.49
45.88
53.94
27.00

Eighteen of the original 29 constructs were selected for the protein expression trial in insect
cells. The OPTIC ID, the start and stop amino acid of each construct and the estimated size of
the protein are listed for each construct.

After viral amplification of baculovirus particles (P1 virus stock) containing SmHMT
and SmHDM expression constructs, new cultures of Sf9 cells were transfected with
either 3 μl or 30 μl of recombinant P1 baculovirus and proteins harvested 72 hrs postinfection (Section 6.2.3.4).
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In this case, only the soluble recombinant fraction was purified and analysed by SDSPAGE; protein bands were detected following Coomassie blue staining (as described
in Section 6.2.2.8) or Western Blot analysis (as described in Section 6.2.2.9). The
expression of the SmHMT and SmHDM targets was not detected in the soluble
fraction obtained from the insect cells infected with the lowest volume of recombinant
P1 baculovirus (Figure 6.17A). When the highest volume of recombinant P1
baculovirus was used (30 µl), low level expression of one of the constructs was
detected by Coomassie blue staining and Western Blot analysis (Figure 6.17B and C).
However, the mass of this protein was smaller than expected (H01 for the PRMT target
Smp_337860). In fact, this N-His-tag fused protein should have a calculated molecular
mass of 39.6 kDa, not the 29 kDa protein detected for this SmHMT expressed in insect
cells.

Figure 6.17. SDS-PAGE analyses of selected SmHMTs and SmHDMs expressed in Sf9
cells. A Small-scale expression trial was conducted to determine the optimal conditions for the
production of selected S. mansoni HMTs and HDMs (shown in Table 6.21) in Sf9 cells (3 µl
P1 virus stock - Panel A; 30 µl P1 virus stock - Panel B). The recombinant proteins in the
soluble fraction were purified and separated by SDS-PAGE and protein bands detected by
Coomassie blue staining. Western blotting analysis was performed on the soluble fraction
extracted from Sf9 cells infected with 30 µl P1 stock virus (Panel C). The recombinant plasmid
encoding for enhanced Green Fluorescent Protein (eGFP, included as the positive control)
results in the expression of a soluble protein visualised as a band at around 27 kDa in the last
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row if each gel and the last lane of the blot. The red arrow highlights the recombinantly
expressed, but truncated, Smp_337860. Molecular markers are present in the first and last
lanes of each gel and on the blot. 10 μg of protein was loaded into each lane. The expected
sizes of the different construct are listed in Table 6.21.

6.3.6 Small scale expression screening in mammalian cells
The same sub-selection of recombinant pOPINF constructs containing SmHMTs and
SmHDMs used for the small-scale expression trials in Sf9 insect cells was next
transfected into human embryonic kidney cells (HEK293T cells). Protein expression
was only tested in the soluble fraction as similarly performed for the insect cell trials.
After 3 days (see Section 6.2.4.3), the cells were lysed and soluble protein expression
was assessed by western blot detection of (His)6-tagged proteins. Immunoreactive
bands were not found to be present in any of the soluble fractions of transfected
HEK293T cells (data not shown; experiment performed by OPPF team).

6.3.7 Primary protein expression screening summary
A selection of pOPIN vectors (pOPINF for N-His-tag and pOPINS3C for N-HisSUMO-tag proteins) were prepared for the 30 SmHMT and SmHDM constructs. Both
sets of pOPIN vectors were tested in E. coli strains (Lemo21-DE3 and Rosetta (DE3))
for protein expression using IPTG induction and autoinduction conditions. While
Lemo21-DE3 and autoinduction were found to be the best E. coli conditions for the
expression of SmHMT and SmHDM proteins, detectable levels of schistosome
proteins were only found in the insoluble fraction. A small set of SmHMT and
SmHDM proteins were also trialled for recombinant expression in both Sf9 insect cells
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and HEK293T cells; unfortunately, no soluble protein expression was detected in these
eukaryotic systems (Table 6.22).
Table 6.22. Summary of SmHMT and SmHDM recombinant protein expression.

The main findings of the small-scale expression trials of the 30 constructs covering distinctive
region of 11 selected SmHMTs and SmHDMs are summarised in this table (the schistosome
DNMT2 is also included in this list). Three expression systems were used: E. coli
(autoinduction and Lemo21-DE3 were the most favourable conditions), Sf9 insect cells and
HEK293T mammalian cells. Indication about initial and terminal amino acid and about the
fusion tag used is provided. / no protein expression was detected; Y = some level of protein
expression was found; * = only the soluble fraction was analysed to investigate the expression
of N-His-tag fused proteins only; NS = the construct was not selected for the expression screen.

6.3.8 Secondary protein expression screening
A second attempt to recombinantly express a small subset of SmHMEs (Smp_138030,
Smp_156290 and Smp_029240) was prioritised due to three distinctive reasons:
Smp_138030 was identified as the likely target of GPV compounds (Chapter 4 and
5) so a recombinant protein could benefit the drug discovery part of the project;
Smp_156290 was the most likely homologue of human KDM5A, a protein that has
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already been expressed and crystallized; Smp_029240 was the closest human PRMT1
homologue and this schistosome protein has been explored in detail by other research
groups (Rosado Fantappié et al., 2001)
Therefore, twelve new constructs were designed for Smp_138030 focusing on the
catalytic domain only (SET domain) or the SET domain in combination with other
PKMT domains (see Figure 6.18A). Eight new constructs were also designed for
Smp_156290 over the catalytic domain (JMJC, Figure 6.18B) according to specific
secondary structure elements identified by Prof Ray Owens at OPPF using Phyre2 web
portal (Kelley et al., 2015). For Smp_029240, only one construct including the fulllength protein was created (Figure 6.18C). Overall, each construct was designed to
contain only short stretches of the Smps’ coding sequence since the primary
recombinant expression studies (Section 6.3.4) suggested that proteins less than 35
kDa could be readily expressed in (at least) the bacterial system. All the constructs are
listed in Appendix 6.2.

Figure 6.18. Schematic representation of the domain architecture of Smp_138030,
Smp_156290 and Smp_029240. Panel A - Smp_138030 was identified in S. mansoni as a
putative PKMT, sub-family of the HMTs. This sub-family of proteins contains a catalytic
domain known as SET domain, often associated with a zing finger domain (zf), a FY-rich
domain N-terminal (FYRN), a FY-rich domain C-terminal (FYRC) and a Post SET domain.
Panel B - Smp_156290 was identified as JMJD and contains two domains (JMJN and JMJC).
Panel C - Smp_029240 was identified as schistosome homologue of the human PRMT1
containing the core region domain. The domain architecture of these three targets shows the
different domains (start and end amino acid) based on the genome assembly v7.0.
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For creation of these expression constructs, the pOPINJ vector was selected alongside
the already chosen pOPINF and pOPINS3C vectors (Section 6.2.1.7). This vector
allowed for the co-expression of an N-His-terminal Glutathione S-transferase (GST)
tag to each SmHMT or SmHDM protein (12 constructs for Smp_138030, 8 constructs
for Smp_156290 and 1 construct for Smp_029240, Table 6.23).
In parallel with the modifications described above, we investigated if the limiting step
in achieving soluble protein expression of the S. mansoni targets was the use of the
heterologous E. coli, Sf9 insect cells and HEK293T systems. Being evolutionarily and
biologically different, these host cells have a different codon usage to S. mansoni that
could affect protein expression of the SmHMT and SmHDM transgenes. Therefore, E.
coli codon optimisation of one target (Smp_138030) was attempted alongside the Nterminal GST fusion protein trials. This SmHMT was selected because it represents
the target of the in silico virtual screening experiments described in Chapter 3. We
focused the codon optimisation over the catalytic domain of this protein (SET domain,
Figure 6.17) using the GenScript Rare Codon Analysis tool as described in Section
6.2.1.6. Expression constructs of this codon optimised construct (Smp_138030 OPT)
were created with the three selected pOPIN vectors (pOPINF, pOPINS3C and pOPINJ
vectors, Table 6.23). In addition to these specific SmHMTs and SmHDMs, a small
selection of additional SmHMEs, previously examined in the primary expression trials
(Section 6.3.4, Table 6.20) were selected for pOPINJ cloning and N-terminal GST
modifications and they are listed in Table 6.23 (table on the left side).
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Table 6.23. List of SmHMT and SmHDM targets selected for secondary protein
expression trials.

22 new constructs were designed for Smp_138030, Smp_156290 and Smp_029240 and ligated
in three pOPIN vectors (pOPINF, pOPINS3C and pOPINJ, table on the left-hand side). A
small sub-selection of the constructs used for the first part of the project was selected pOPINJ
cloning and N-terminal GST modifications (table on the left-hand side). The target, the OPTIC
ID, the start, the stop amino acid and the length (in bp) of each construct and the vector/s
selected for the ligation were listed in the table.

6.3.8.1 PCR amplification of new constructs and sub-cloning in
expression vectors
A primary HTP PCR reaction was performed only for the newly designed constructs
(21 reactions in total) as described in Section 6.2.1.2 to amplify the constructs. All the
correctly amplified PCR fragments were purified using AMPure XP Magnetic beads
(Section 6.2.1.5) and the successful purification was confirmed as shown in Figure
6.19.
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Figure 6.19. Gel electrophoresis of PCR purified products following amplification of the
new 21 constructs. HTP PCR reaction was performed using gene-specific primers to amplify
the 21 different constructs (designed for Smp_138030, Smp_156290 and Smp_029240, see
Table 6.23 for the size of each amplicon). The PCR products were run on an agarose gel (1.6%
TBE agarose gel) and 1 kbp ladder molecular marker was used for size estimation. Estimated
length of each construct is listed in Table 6.23.

These purified PCR fragments for the newly designed constructs (for Smp_138030,
Smp_156290 and Smp_029240) were subsequently inserted into the appropriate
expression vector (pOPINF, pOPINS3C and pOPINJ, as summarised in Table 6.23,
left-hand side table). The small selection of amplicons used for the first part of the
project (Section 6.3.2) was only ligated with pOPINJ for this second attempt (Table
6.23, right-hand side table). In contrast with what described in Section 6.3.3, the rate
of successful ligation was quite low (30%) and only 26 plasmids (among the three
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different pOPIN vectors) were successfully isolated, purified and confirmed by PCR.
These 26 constructs (Table 6.24) were used to set up a small-scale expression screen
using the two expression systems (E. coli and Sf9 insect cells).
Table 6.24. List of new pOPIN vectors.

Twenty-six plasmid vectors (12 pOPINF, 8 pOPINS3C and 6 pOPINF) were successfully
isolated and purified. The target, the start and stop amino acid of each construct and the
estimated size of the protein are listed for each construct. Note that N-His-GST-tag, N-HisSUMO-tag and N-His- tag increase the expected protein mass by 26 kDa, 12 kDa and 1 kDa
respectively.

6.3.9 Secondary E. coli and Sf9 insect cells protein expression
screening
The first attempt to induce protein expression of these SmpHMTs and SmpHDMs
identified Lemo21-DE3 E. coli bacteria strain and the autoinduction method as the best
conditions for achieving protein expression. Therefore, we only used these conditions
to test these new constructs in a small-scale expression screen as described in Section
6.2.2.
Unfortunately, expression of these new constructs failed to yield any soluble protein,
regardless of vector or tag used (Figure 6.20A). However, a good level of protein
expression was again found localised within insoluble inclusion bodies (Figure
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6.20B). Interestingly, the recombinant protein derived from the codon optimised
construct of the SET domain of Smp_138030 (lane C04) had the highest level of
protein expression when compared to other targets. Among the different type of
protein tags, the addition of an N-fusion protein such as GST (pOPINJ vector) did not
induce any improvement compared to the N-His- and N-His-SUMO-tags.

Figure 6.20. SDS-PAGE analysis of recombinant expression of vector constructs
designed for selected SmHMT/HDM in E. coli strain (Lemo21-DE3). Total protein was
extracted from E. coli following autoinduction of protein expression. Protein samples in the
total lysate of cells extracted following autoinduction of protein expression were subsequently
centrifuged to yield a soluble fraction. The recombinant proteins remaining in the insoluble
fraction were also purified. The two fractions (soluble - Panel A - and insoluble - Panel B)
were separated by SDS-PAGE gel electrophoresis and protein bands detected following
Coomassie blue staining. Red arrows highlight the bands of the expected size, the green arrow
shows the enhanced Green Fluorescent Protein (eGFP) included as positive control. The
constructs in the pOPIN vectors are shown in this order: pOPINJ (for N-His-GST-tag protein),
pOPINS3C (for N-His-SUMO-tag protein) and pOPINF (for N-His-tag protein as listed in
Table 6.24). Note that N-His-GST-tag, N-His-SUMO-tag and N-His-tag determine an
increase of the protein expected size of 26 kDa, 12 kDa and 1 kDa respectively. Molecular
markers are present in the first and last lanes of each gel. 10 μg of protein was loaded into each
lane. Some of the gels have been stitched together to maintain the same layout of the Table
6.24.
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A small scale expression trial with the pOPINF and pOPINJ constructs was also
performed in the baculovirus expression system using Sf9 cells. This trial identified
soluble expression of at least one of our targets (lane D04, Figure 6.21). In fact, the
best soluble expression of the N-terminal (His)6-tagged SmPRMT (Smp_029240) was
present in cells infected with either 3 (Figure 6.21, Panel A) or 30 μl (Figure 6.21,
Panel B) of recombinant P1 virus. For this target, the addition of the N-His-tag (lane
D04 Figure 6.21) resulted in soluble protein expression of this target. Instead, no
expression was observed for the N-fusion protein with glutathione S-transferase (GST,
using pOPINJ, lane C01 Figure 6.21). We also did not observe any significant
differences in the soluble fraction derived by the transfection of insect cells with two
different volumes of recombinant P1 baculovirus (3 and 30 μl respectively in Panel A
and Panel B of Figure 6.21).

Figure 6.21 SDS-PAGE analyses of insect Sf9 cell expression screens. A small-scale
expression screen was conducted to determine the optimal conditions for the production of a
sub-selection of recombinant pOPINF and pOPINJ constructs containing S. mansoni HMTs
and HDMs (shown in Table 6.24) in Sf9 cells. These insect cells were infected with
recombinant baculovirus containing the selected S. mansoni HMTs and HDMs coding
sequence (3 µl - Panel A - and 30 µl - Panel B - of recombinant P1 baculovirus). The
recombinant proteins in the soluble fraction were purified and separated by SDS-PAGE gel
electrophoresis and protein bands detected following Coomassie blue staining. A red arrow
highlights the relevant band, and the green band highlights eGPF (positive control). Molecular
markers are present in the first and last lanes of each gel. 10 μg of protein was loaded into each
lane. The expected sizes of the different construct are listed in Table 6.24.
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6.4 Discussion
Analysis of the data generated by the expression screens in the three different host
organisms revealed that E. coli and Sf9 insect cells were the most convenient host
organisms for the protein expression for the selected targets. These observations were
in agreement with previous literature of protein expression of this class of epigenetic
enzymes. In fact, most structures of HMTs (Qu et al., 2018; Wu et al., 2010) and
HDMs (Jones et al., 2018; Yang et al., 2006; Yang et al., 2010) reported in PDB used
bacterial or baculovirus host for protein expression.
Regarding the expression screens using E. coli, two different strains (Lemo21-DE3
and Rosetta2-DE3) and two different induction conditions (IPTG and autoinduction)
were tested in our preliminary protein expression trial. Although, expression of the
recombinant proteins of interest were found localised within insoluble inclusion
bodies, the analysis of the levels of protein expression in the insoluble fraction
confirmed Lemo21-DE3 strain and the autoinduction method to be the best conditions
for our targets. In the insoluble fraction, some variability was observed among the
different constructs and the three fusion tags tested. Firstly, most of the proteins found
in the insoluble fraction had an estimated size below 35 kDa and usually small
constructs gave better results compared to the full-length constructs designed for some
targets (as described in Section 6.3.4). This final observation confirmed that the rate
of successful protein expression was dependent on the size of the designed constructs.
In fact, we noted that 9 out of 10 proteins with an estimated molecular mass less than
35 kDa were easily expressed compared to larger proteins (e.g. 81 kDa or above)
(Figure 6.16); the only exception was construct G01 (PRMT target Smp_337860) with
an estimated molecular mass of 58.71 kDa.
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This evidence prompted the expression of smaller regions (within the catalytic
domain) of SmHMEs as described in Section 6.3.2. This approach has worked well
for other protein targets, including epigenetic enzymes, and resulted in material
suitable for crystallographic studies (Min et al., 2002). Nevertheless, one full-length
target (Smp_029240, Section 6.3.9) was successfully expressed due to its reduced size
compared to other targets.
For the primary protein expression screening using Sf9 insect cells, the expression of
one target (Smp_337860) was detected in the soluble fraction (H01 in Figure 6.17,
Section 6.3.5). However, the different mass of this protein compared to the expected
one suggested a case of truncated N-His-tag fused protein. In fact, a good level of
expressed protein with the expected size was found in the insoluble fraction of the E.
coli bacteria screen (A02 in Figure 6.16). This finding confirmed that the protein
detected in the soluble fraction of Sf9 insect cells was likely an artefact. Therefore, it
was decided not to pursue the scale-up and purification of this truncated, soluble NHis-tag fused protein.
These expression screens were also influenced by the different fusion tags. In fact,
both N-His- and N-His-SUMO-tag resulted the most promising fusion tags which led
to different level of protein expression of our targets in the insoluble fraction.
However, under the test conditions, we did not observe any substantial tag-dependent
effect on the level of protein expression among these two (Figure 6.16). Conversely,
the addition of an N-fusion protein such as GST (pOPINJ vector) did not offer any
improvement compared to the N-His- and N-His-SUMO-tags (Section 6.3.9). Instead,
we expected that the introduction of a protein tag derived from S. japonicum would
have increased the protein solubility of these closely related schistosome targets as
reported previously for other S. mansoni proteins (Tudyka and Skerra, 1997).
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To investigate the effect of different codon usage in bacteria (compared to those used
in S. mansoni), Rosetta-DE3 strain E. coli and codon optimisation strategies were
implemented. In fact, this second approach has been widely used for designing
synthetic genes to improve their protein expression in host organisms different from
the native ones. Briefly considering the central dogma of biology, DNA is transcribed
into mRNA that is translated into protein with a complex machinery. This process
requires a mediator (tRNA) that reads complementary mRNA sequences in triplets
(codon) via a triplet anticodon and adds the specific amino acid on the nascent peptide.
However, codons can have mutations, but they can still be recognized by the same
tRNA and no mutations are introduced in the protein (synonymous mutations). The
frequency of these mutations is spread differently across different organisms and they
define the well-known concept of codon usage (Zhou et al., 2016). Codon usage is a
key determining factor for efficient protein expression because some codons can be
translated more efficiently than others creating an effect known as codon bias (Plotkin
and Kudla, 2011). Furthermore, a synonymous mutation in a codon with a limited
availability of corresponding tRNA anticodons could result in lower protein
expression due to ribosome stalling.
The evolutionary diversity between the blood fluke S. mansoni and the expression
system E. coli likely affected the results of this protein expression trial. To ascertain if
codon optimisation could improve expression of soluble schistosome proteins, we
applied this strategy only to the construct encoding the SET domain of Smp_138030
(Section 6.2.1.6). In fact, this SmHMT was the putative target of the GPV compounds
(Chapter 4) as well as other structural analogues (Chapter 5) that showed promising
anthelmintic activity. Therefore, we decided to further explore the recombinant protein
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expression of this specific SmHMT (Smp_138030) using codon optimisation in
collaboration with OPPF.
The codon optimised SET domain of Smp_138030 resulted in an increased level of
protein expression in the insoluble fraction of E. coli compared to the recombinant
protein encoded by the native sequence (Figure 6.20). This result confirmed that the
different codon usage indeed was an important factor to influence level of protein
expression of these targets. However, other schistosome proteins have been expressed
in E. coli without codon optimisation (Hai et al., 2014; Marek et al., 2018; Romanello
et al., 2017). This evidence suggests that other optimisation strategies could be
explored (other E. coli cell types, different induction conditions, etc.) to induce the
expression of this target along with the others in the soluble fraction of E. coli.
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6.5 Conclusions
In this chapter attempts to produce recombinant schistosome HMT/HDM proteins
were discussed. Three different expression systems (E. coli, Sf9 insect cells and
HEK293T mammalian cells) were used in collaboration with the OPPF for expression
of full length or smaller regions of selected SmHMTs and SmHDMs. Three different
expression vectors were selected among the OPPF vector suite and included pOPINF,
pOPINS3C and pOPINJ to induce the expression of N-His-, N-His-SUMO- and NHis-GST-tagged proteins.
The investigation of recombinant expression of these epigenetic targets is still in its
infancy, but provides interesting preliminary data. To date, this is the only study that
has investigated the recombinant expression of this specific class of enzymes in S.
mansoni. However, the results presented in this chapter provide evidence that further
optimisation is needed to induce soluble expression of recombinant HMT/HDM
proteins providing a valuable recourse for futher structure determination and
functional assays.
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CHAPTER 7

480

7 Final discussion
7.1 Conclusions
In a scenario where Schistosomiasis remains a major cause of morbidity and mortality
within developing countries, praziquantel as the only currently licensed drug to treat
this NTD remains vulnerable to sustainable use in MDA programmes. Therefore, there
is an urgent need to identify novel drugs as an alternative or combinatorial treatment
for this disease.
The work conducted in this PhD research represents a contribution to schistosome drug
discovery and predominantly led to two important discoveries. Firstly, the full
structural description and partial functional characterisation of enzymes involved in S.
mansoni protein methylation was achieved. Secondly, the identification and medicinal
chemistry optimisation of new compounds with potent in vitro anti-schistosomal
activity, in some cases comparable to praziquantel, was described. Additional findings
were the antimicrobial and anti-liver fluke activities of selected compounds as well as
the recombinant expression of prioritised S. mansoni protein methylation machinery
components.
Epigenetics, the discipline investigated in this PhD project, is attracting increasing
interest in terms of the discovery of epi-drugs to treat a number of diverse diseases
including diabetes, cancer, neurological conditions and autoimmune disorders (Abi
Khalil, 2014; Albert and Helin, 2010). Most epi-drugs are being developed to inhibit
or modulate the two major epigenetic processes involved in gene expression control,
DNA methylation and histone post-translational modifications. Due to the link
between aberrant epigenetic modifications and the development of some pathologies,
the enzymes that effect these modifications define privileged targets for
chemotherapeutic intervention.
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The main epigenetic proteins actively studied in this regard are the DNA
methyltransferases (DNMTs) and the histone modifying enzymes (HMEs). Among the
latter class, the histone deacetylases (HDACs) have been, by far, the most studied
(Chakrabarti et al., 2015), whereas research around the histone methyltransferases
(HMTs) and histone demethylases (HDMs) is relatively recent (Choi and Lee, 2013).
The role of epigenetics in regulating diverse aspects of the schistosome life cycle has
been increasingly studied over the last several decades. Firstly, both DNA methylation
and histone acetylation were investigated for their roles in controlling parasite motility,
fecundity and developmental progression (Azzi et al., 2009; Dubois et al., 2009; Geyer
et al., 2011). Moreover, dose dependent mortality of schistosomula and adults
observed after HDACi treatment confirmed that HMEs represent interesting
therapeutic targets for progressing anti-schistosomal drug development (Dubois et al.,
2009).
Similar to human studies, research focused around protein methylation components in
schistosomes is currently still young with only a few investigations to date suggesting
that the histone methylation changes are required for life cycle progression (Cosseau
et al., 2017; Roquis et al., 2015a; Roquis et al., 2018) and consequently schistosome
HMEs represent new drug targets (Cabezas-Cruz et al., 2014b; Raymond et al., 2012).
Importantly, until the work described in this PhD research was conducted, no work has
previously been published about the use of HMT or HDM inhibitors in the potential
control of parasitic (metazoan) infections. Furthermore, few data have been collected
on targeting Plasmodium epigenetic regulation with known human histone
methyltransferases inhibitors (Kåhrström, 2012; Malmquist et al., 2012a).
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In this context, the work described herein represents the first evidence documenting a
critical role for the S. mansoni histone methylation machinery. The approaches
undertaken during this project can be summarised as follows:
•

Bioinformatics-based interrogation of the S. mansoni genome led to the
identification of all SmHMTs and SmHDMs involved in histone methylation
followed by validation of predicted sequences by PCR and molecular cloning.
Structural and functional characterisation followed by application of homology
modelling (Chapter 3).

•

In silico virtual screening of selected SmHMTs and SmHDMs identified
potential inhibitors with more favourable binding properties to the parasite than
the corresponding closest human homologue. This approach allowed to
address, in an early stage of the drug discovery, the parasite-host selectivity
challenge (Chapter 4).

•

Phenotypic screening of the identified compounds on diverse parasite lifecycle
stages quantified their anti-schistosomal activity. In some cases, depending on
parasite availability and degree of compound activity, effect of selected
compounds was also explored on another flatworm species (F. hepatica) as
well as representative Gram-positive (Staphylococcus aureus), Gram-negative
(Escherichia coli) and mycobacterial (Mycobacterium smegmatis) species.
Exploration of the chemical space of the most potent compounds followed by
the application of schistosome phenotypic screens led to the identification of a
potent lead compound, GPV56 (Chapter 4).

•

Validation of selected targets by RNAi (using siRNAs) to compare functionalgenomics generated phenotypes with compound induced phenotypes (Chapter
4).
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•

Medicinal chemistry optimisation to increase the anti-schistosomal activity
and/or improve the selectivity profile of the lead compound GPV56. The newly
synthesised compounds were investigated by phenotypic screening of
schistosome lifecycle stages and HepG2 cells (Chapter 5).

•

Recombinant protein expression of selected SmHMTs/SmHDMs in three
different systems (bacteria, insect cells and human cells) to initiate future
enzymatic and structural studies (Chapter 6).

Building upon a previous description of 23 SmHMTs and 11 SmHDMs (Raymond et
al., 2012), the putative number of S. mansoni HMTs was increased to 27 and HDMs
to 14 in this PhD research; this more extensive analysis included six new members (3
novel SmHMTs and 3 novel SmHMTs) (Padalino et al., 2018). To the best of the
author’s knowledge, this represents the first detailed analysis of primary-, secondaryand tertiary structures of each SmHMT and SmHDM subfamily. Furthermore, these
analyses identified amino acid conservation, particularly over the catalytic domain, of
these parasite proteins with their human homologues. This supported the case for
repositioning of compounds developed for human disease but, it also highlighted the
challenge of developing selective schistosome inhibitors. Nevertheless, this process
led to the identification of parasite-specific pockets in four schistosome proteins
(Smp_070340, Smp_211290, Smp_156290 and Smp_019170) that could represent a
promising starting point for the development of parasite-selective inhibitors. Another
novel finding of these sequence analyses was the presence of homologous epigenetic
enzymes in both S. haematobium and S. japonicum, suggesting the potential for
developing a pan-schistosome drug capable of treating the three main species
responsible for human schistosomiasis.
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The successful application of homology modelling and in silico virtual screening
followed the sequence analyses aspects of this PhD research and led to the
identification of promising compounds targeting schistosome HMTs and HDMs.
While this approach has previously been used for other schistosome epigenetic targets
(restricted to SmHDAC8, (Kannan et al., 2014)), these analyses represented the first
application of CADD to these two epigenetic enzyme families in schistosomes. It was
also argued that this approach resulted in a more favourable hit rate than what would
be expected from a traditional high-throughput screening campaign. In fact, three
novel scaffolds (the tetralonic core, the 1,3,5-triazine core and the quinoxaline core)
with promising in vitro anti-schistosomal activity were identified during this PhD
research. Further exploration around the chemical space of these compounds led to the
identification of the lead compound GPV56 with the most promising antischistosomal profile (EC50 = 0.40 µM and EC50 = 0.05 µM for larva and adult stages
of the parasite and calculated selectivity index (SI) of 23 and 188 for larva and adult
stages of the parasite, respectively). This lead compound underwent extensive
medicinal chemistry optimisation, which resulted in the creation of more
potent/selective compounds representing valid pre-clinical candidates.
To date, this work also represents the first functional genomics-led approach (using
RNAi) to investigate the biological role and function of representative SmHMT and
SmHDM members. Moreover, it was attempted the recombinant expression of
selected SmHMT or SmHDM targets (full-length or truncated proteins), which
enabled the investigation of different protein tags for affinity purification,
heterologous cell systems (bacteria, insect cells and human cells) and protein
expression conditions (induction/auto-induction). As a result of these studies, the
bacterial and insect cell systems were more appropriated than the mammalian system,
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even though soluble recombinant protein expression wasn’t achieved except for one
target (the schistosome homologue PRMT1, Smp_029240). Overall, this
multidisciplinary project has proven that the schistosome histone methylation
machinery represents a rich repository of drug targets for schistosomiasis.

7.2 Future work
Amongst the current short-term objectives, some of the most promising GPV56
structural analogues have been selected for pharmacokinetics (PK) studies at WuXi
AppTec. These data will be informative for the selection of the most promising
compound for in vivo efficacy studies in an animal model of Schistosomiasis.
We would like to expand further the biological profile of these compounds against
other parasites such as F. hepatica (work on NEJs is currently on going but will expand
to both immature/adult flukes) and P. falciparum (in collaboration with Markus Lee at
the Wellcome Trust Sanger Institute). Moreover, we are interested in continuing the
anti-bacterial investigations of the newly synthesised compounds and we are currently
examining their activity on Methicillin-resistant Staphylococcus aureus (MRSA) as
well as other bacterial strains.
Amongst longer-term objectives, we will initiate detailed investigations into the
mechanism of action of these GPV56 analogues and the validation of the target
redundancy hypotesis. Therefore, functional genomics approaches are currently being
applied to investigate the biological role of other MLL members (SmMLL1b Smp_070170 and SmMLL1c - Smp_14418), which are clustered within the same clade
containing the putative GPV56 target (SmMLL1a; Smp_138030). Based on the low
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reduction in H3K4 demethylation in siSmp_138030 treated worms (Chapter 4) or
GPV56 treated worms (Chapter 5), we will also explore lysine methylation of nonhistone proteins contained within both nuclear and cytoplasm compartments of
SmMLL1a, b or c manipulated parasites.
Alongside these objectives, new medicinal chemistry strategies could explore other
structural features around the central GPV56 scaffold including the asymmetric
substitution of the quinoxaline core as well as other modification on the C7 position.
Both approaches could increase the potency of these compounds or improve the
selectivity profile as well as increase their solubility. In turn, these optimisations could
affect the ADME features of these compounds and consequently lead to a route of
administration (oral) that favours pre-clinical development prospects.
Regarding the protein expression of these targets, the future work will involve two
main directions. In fact, the most exciting achievement was the soluble expression of
Smp_029240 (the only schistosome PRMT1). Therefore, firstly the soluble expression
of Smp_029240 could be scaled up using the predetermined optimal growth conditions
(N-His-tag protein expressed in Sf9 insect cells transfected with 3 or 30 µl of
baculovirus particles). This should facilitate the production of large amounts of soluble
recombinant protein for more extensive functional and structural investigations.
PRMT1 in other organisms plays an important role in regulation of gene expression
and, therefore, is a promising target for further investigations (Wang et al., 2001). In
S. mansoni, Smp_029240 plays an important role in nuclear receptor-mediated
chromatin remodelling and RNA editing and transport (Mansure et al., 2005).
Therefore, a follow-up project in this direction could result in the first crystallographic
study of an epigenetic enzyme involved in the S. mansoni histone methylation
pathway.
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Secondly, other protein expression conditions will be explored to enhance the soluble
expression of our targets in either E. coli or Sf9 insect cells (Francis and Page, 2010).
In fact, future experiments will aim to express these recombinant proteins in E. coli at
lower temperature (e.g. 12°C compared to 20 and 25°C that was used here) (Fakruddin
et al., 2013; Luan et al., 2016). Other strategies could also include the co-expression
of these recombinant targets with chaperones (Origami effect) (Rosano and Ceccarelli,
2014) along with the screening of more fusion tags to induce target secretion (Ghrayeb
et al., 1984). The effect on target protein expression with cofactors could be very
important. In fact, as mentioned in Section 6.3.1, both SmHMTs and SmHDMs require
cofactors (SAM for the SmHMTs or FAD for the LSD subfamily of SmHDMs) to be
enzymatically functional. Therefore, the addition of these cofactors could stabilize the
folding of the proteins, hence increasing the level of soluble proteins expressed in the
host organism.
An alternative method could be the recovering of recombinant protein from inclusion
bodies through a process known as protein refolding. This technique has been
commonly used to refold proteins (otherwise found only in the insoluble fraction) into
an active form through refolding methods (Zhang et al., 2018). In most cases, refolding
allows the recovery of the target protein with high purity and enzymatically
functionality for downstream analyses. Different techniques of protein refolding from
inclusion bodies are currently available and applications of this approach to other
Schistosoma proteins have successful illustrated that this could be a good approach to
pursue for SmHMTs and SmHDMs (Zhang et al., 2018).
Additionally, we believe that other proteins involved in higher order S. mansoni
histone methylation machinery interactions (e.g. COREST interacting with LSD1)
could be targeted in new in silico virtual screening/phenotypic screening campaigns.
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Furthermore, studies targeting the protein-protein interaction domains important for
either the dimerization (e.g. PRMT1 active as homodimer only) or higher order
complex formation could also be initiated.
Another long-term, future objective is exploring the biological function of other
SmHMTs and SmHDMs during parasite development and survival. Schistosome
subclades containing only one HMT or HDM member (no homologue redundancy)
would be most attractive in this regard. For example, as described in Chapter 3
(Section 3.3.5.2), S. mansoni only contains one homologue of human EZH
(Smp_078900), DOT1L (Smp_165000) and JMJD3 or JMJD6 (Smp_034000 or
Smp_316180); therefore, these may be sensitive targets for future drug discovery
investigations.
The results produced in this work and in the further follow-up investigations
mentioned above will elucidate the biological role of the histone methylation
machinery in parasite life cycle progression and will enable the identification of other
potent anti-schistosomal compounds targeting the enzymes involved in this epigenetic
pathway.
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CHAPTER 8
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8 Experimental chapter
8.1 Experimental section and spectra data
Synthesis of N2, N3-bis(3,4-dichlorophenyl)-6-nitroquinoxaline-2,3diamine (compound 6.1)

Compound 6.1. Chemical Formula: C20H11Cl4N5O2
Molecular Weight: 495.14
Prepared according to Standard Procedure 1a, compound 6.1 was prepared from 2,3dichloroquinoxaline 6.0 (0.50 g, 2.00 mmol) and 3,4-dichloroaniline (1.62 g, 10 mmol)
in DMSO (25 ml) for 30 min at 130°C. After completion of the reaction, the mixture
was diluted with EtOAc (20 ml) and poured into ice water. The aqueous phase was
extracted with EtOAc (3×10 ml), the combined organic phase was then washed with
6N hydrochloric acid (4×10 ml) and once with brine (15ml). The combined organic
phase was dried over anhydrous Na2SO4, filtered and evaporated. The crude product
was purified by automated flash column chromatography eluting with nhexane:EtOAc 100:0 v/v increasing to 70:30 v/v in 10 column volumes (CV). The
final product 6.1 was obtained in 36% yield as a red powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.52 (s, 2H, 2 x NH), 8.34 – 8.18 (m, 3H, 3 x ArH),

8.11 (d, J = 8.9 Hz, 1H, ArH), 7.87 (m, 2H, 2 x ArH), 7.65 (dd, J = 8.8, 6.9 Hz, 3H, 3
x ArH).
13

C NMR (126 MHz, DMSO) δ 139.65 (ArC), 130.95 (ArC), 130.57 (3 x ArCH),

124.98 (ArC), 124.50 (ArC), 122.26 (ArCH), 121.66 (ArCH), 121.13 (ArCH), 120.82
(ArCH), 120.61 (ArCH), 119.87 (ArCH).
UPLC-MS: tR 2.526 min.
MS (ESI) + m/z calculated 496.14 [M+H]+, observed 494.00 - 496.08 - 498.02 [M+H]+.
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Note: Data agrees with previously published papers (Jonathan, 2002; Kher et al.,
2015).

Synthesis of 3-((3,4-dichlorophenyl)amino)-7-nitroquinoxalin-2-ol
(compound 6.1a)

Compound 6.1a. Chemical Formula: C14H8Cl2N4O3
Molecular Weight: 351.14
Compound 6.1a was isolated as a side-product of the synthesis of compound 6.1 and
obtained as a yellow powder (0.015 g, 14% yield).
1

H NMR (500 MHz, DMSO-d6) δ 12.95 (s, 1H, OH), 10.05 (s, 1H, NH), 8.53 (d, J =

2.5 Hz, 1H, ArH), 8.25 (dd, J = 9.1, 2.6 Hz, 2H, 2 x ArH), 8.11 (dd, J = 8.9, 2.6 Hz,
1H, ArH), 7.60 (d, J = 8.9 Hz, 1H, ArH), 7.34 (d, J = 8.9 Hz, 1H, ArH).
13

C NMR (126 MHz, DMSO) δ 151.51 (ArC), 148.32 (ArC), 142.93 (ArC), 139.27

(ArC), 134.35 (ArC), 131.54 (ArC), 130.75 (ArC), 130.37 (ArCH), 124.51 (ArC),
121.41 (ArCH), 120.53 (ArCH), 120.34 (ArCH), 120.18 (ArCH), 115.75 (ArCH).
UPLC-MS: tR 2.404 min.
MS (ESI) + m/z calculated 352.14 [M+H]+, observed 349.03 - 351.00 [M+H]+.

Synthesis

of

N2,

N3-bis(4-chlorophenyl)-6-nitroquinoxaline-2,3-

diamine (compound 6.2)
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Compound 6.2. Chemical Formula: C20H13Cl2N5O2
Molecular Weight: 426.26
Prepared according to Standard Procedure 1a, compound 6.2 was derived from 2,3dichloroquinoxaline 6.0 (0.17 g, 0.70 mmol) and 4-chloroaniline (0.45 g, 3.52 mmol)
in DMSO (9 ml) for 30 min at 130°C. The work-up of the reaction was performed
similarly to compound 6.1. The crude product was purified by automated flash column
chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to 70:30 v/v in 10
CV. The final product 6.2 was obtained at 41% yield as a brown powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.57 (s, 1H, NH), 9.41 (s, 1H, NH), 8.34 – 8.27 (m,

1H, ArH), 8.10 (dd, J = 7.9, 4.2 Hz, 1H, ArH), 7.95 (ddd, J = 13.9, 8.7, 1.9 Hz, 4H,
ArH), 7.64 (dd, J = 9.4, 4.1 Hz, 1H, ArH), 7.48 (ddd, J = 8.9, 4.0, 1.4 Hz, 4H, ArH).
13

C NMR (126 MHz, DMSO) δ 144.39 (ArC), 143.41(ArC), 142.70 (ArC), 141.40

(ArC), 138.87 (ArC), 138.54 (ArC), 135.59 (ArC), 129.06 (4 x ArCH), 127.89
(ArCCl), 127.36 (ArCCl), 126.50 (ArCH), 123.49 (2 x ArCH), 122.96 (2 x ArCH),
121.12 (ArCH), 119.84 (ArCH).
UPLC-MS: tR 2.763 min.
MS (ESI) + m/z calculated 427.26 [M+H]+, observed 426.18 - 428.19 [M+H]+.

Synthesis

of

N2,

N3-bis(3-chlorophenyl)-6-nitroquinoxaline-2,3-

diamine (compound 6.3)

Compound 6.3. Chemical Formula: C20H13Cl2N5O2
Molecular Weight: 426.26
Prepared according to Standard Procedure 1a, compound 6.3 was synthesised from
2,3-dichloroquinoxaline 6.0 (0.09 g, 0.38 mmol) and 3-chloroaniline (0.24 g, 1.90
mmol) in DMSO (5 ml) for 30 min at 130°C. The work-up of the reaction was
performed similarly to compound 6.1. The crude product was purified by automated
flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to
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70:30 v/v in 14 CV. The final product 6.3 was obtained at 40% yield as a yellow
powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.57 (s, 1H, NH), 9.42 (s, 1H, NH), 8.31 (d, J = 2.7

Hz, 1H, ArH), 8.17 – 8.03 (m, 3H, 3 x ArH), 7.86 (dd, J = 23.1, 8.2 Hz, 2H, 2 x ArH),
7.68 (d, J = 8.8 Hz, 1H, ArH), 7.46 (td, J = 8.1, 2.5 Hz, 2H, 2 x ArH), 7.20 (dd, J =
11.9, 8.5 Hz, 2H, 2 x ArH).
13

C NMR (126 MHz, DMSO) δ 144.04 (ArC), 142.92 (ArC), 142.20 (ArC), 140.96

(ArC), 140.82 (ArC), 140.69 (ArC),135.04 (ArCCl), 132.98 (ArCCl), 130.41 (3 x
ArCH), 126.22 (ArCH), 123.31 (ArCH), 122.88 (ArCH), 120.74 (ArCH), 120.64
(ArCH), 120.09 (ArCH), 119.64 (ArCH), 119.13 (ArCH).
UPLC-MS: tR 2.785 min.
MS (ESI) + m/z calculated 427.26 [M+H]+, observed 426.20 - 428.18 [M+H]+.

Synthesis of N2, N3-bis(2,3-dimethylphenyl)-6-nitroquinoxaline-2,3diamine (compound 6.4)

Compound 6.4. Chemical Formula: C24H23N5O2
Molecular Weight: 413.48
Prepared according to Standard Procedure 1a, compound 6.4 was generated from
2,3-dichloroquinoxaline 6.0 (0.08 g, 0.31 mmol) and 2,3-dimethylaniline (0.19 g, 1.55
mmol) in DMSO (4 ml) for 30 min at 130°C. The work-up of the reaction was
performed similarly to compound 6.1. The crude product was purified by automated
flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to
70:30 v/v in 10 CV. The final product 6.4 was obtained at 60% yield as a yellow
powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.17 (s, 1H, NH), 8.94 (s, 1H, NH), 8.03 (d, J = 2.6

Hz, 1H, ArH), 7.98 – 7.84 (m, 1H, ArH), 7.41 (d, J = 9.0 Hz, 1H, ArH), 7.29 (s, 2H, 2
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x ArH), 7.18 (dt, J = 12.0, 8.1 Hz, 4H, 4 x ArH), 2.33 (s, 6H, 2 x CH3), 2.13 (s, 6H, 2
x CH3).
13

C NMR (126 MHz, DMSO) δ 144.54 (ArC), 143.80 (ArC), 143.08 (ArC), 141.79

(ArC), 137.42 (ArC), 136.79 (ArC), 136.54 (ArC), 135.61 (ArC), 132.80 (ArC),
132.68 (ArC), 127.80 (ArCH), 127.54 (ArCH), 125.64(ArCH), 125.59 (ArCH),
125.53 (ArCH), 124.71 (ArCH), 124.48 (ArCH), 120.12 (ArCH), 118.47 (ArCH),
20.23 (2 x ArCH3), 14.56 (2 x ArCH3).
UPLC-MS: tR 2.760 min.
MS (ESI) + m/z calculated 414.48 [M+H]+, observed 414.37 [M+H]+.

Synthesis

of

N2,

N3-bis(4-fluorophenyl)-6-nitroquinoxaline-2,3-

diamine (compound 6.5)

Compound 6.5. Chemical Formula: C20H13F2N5O2
Molecular Weight: 393.35
Compound 6.5 was prepared according to Standard Procedure 1a from 2,3dichloroquinoxaline 6.0 (0.10 g, 0.41 mmol) and 4-fluoroaniline (0.23 g, 2.05 mmol)
in DMSO (5 ml) for 30 min at 130°C. The work-up of the reaction was performed
similarly to compound 6.1. The crude product was purified by automated flash column
chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to 70:30 v/v in 10
CV. The final product 6.5 was obtained at 10% yield as an orange powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.56 (s, 1H, NH), 9.39 (s, 1H, NH), 8.29 (d, J = 2.6

Hz, 1H, ArH), 8.19 (dd, J = 9.1, 5.0 Hz, 1H, ArH), 8.10 (d, J = 8.9 Hz, 1H, ArH), 7.94
(dd, J = 16.4, 10.6 Hz, 3H, 3 x ArH), 7.67 – 7.60 (m, 1H, ArH), 7.29 (td, J = 8.6, 4.3
Hz, 4H, 4 x ArH).
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13

C NMR (126 MHz, DMSO) δ 176.35 (2 x ArC), 143.88 (ArC), 143.35 (ArC), 142.61

(ArC), 141.32 (ArC), 135.84 (ArC), 135.83 (ArC), 135.37 (ArC), 126.11 (ArCH),
123.86 (ArCH), 123.79 (ArCH), 123.26 (ArCH), 123.20 (ArCH), 120.69 (ArCH),
119.43 (ArCH), 115.71 (ArCH), 115.67 (ArCH), 115.53 (ArCH), 115.49 (ArCH).
UPLC-MS: tR 2.557 min.
MS (ESI) + m/z calculated 394.35 [M+H]+, observed 394.24 [M+H]+.

Synthesis

of

N2,

N3-bis(4-fluoro-3-(trifluoromethyl)phenyl)-6-

nitroquinoxaline-2,3-diamine (compound 6.6)

Compound 6.6. Chemical Formula: C22H11F8N5O2
Molecular Weight: 529.35
According to Standard Procedure 1a, compound 6.6 was prepared from 2,3dichloroquinoxaline 6.0 (0.12 g, 0.49 mmol) and 4-fluoro-3-(trifluoromethyl) aniline
(0.44 g, 2.46 mmol) in DMSO (6 ml) for 30 min at 130°C. The work-up of the reaction
was performed similarly to compound 6.1. The crude product was purified by
automated flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v
increasing to 70:30 v/v in 10 CV. The final product 6.6 was obtained at 60% yield as
a red powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.61 (s, 2H, 2 x NH), 8.32 (br s, 2H, 2 x ArH), 8.23

(d, J = 13.8 Hz, 3H, 3 x ArH), 8.10 (br s, 1H, ArH), 7.57 (ddd, J = 17.4, 11.5, 7.0 Hz,
3H, 3 x ArH).
13

C NMR (126 MHz, DMSO) δ 174.16 (ArC), 144.17 (ArC), 142.96 (ArC), 142.25

(ArC), 140.72 (ArC), 136.27 (ArC), 135.96 (ArC), 135.04 (ArC), 127.22 (ArCH),
126.74 (ArCH), 126.26 (ArCH), 124.73 (ArC), 123.71 (ArC), 120.74 (ArCH), 119.81
(ArCH), 119.18 (ArCH), 118.62 (ArCH), 117.80 (ArCH), 117.63 (ArCH).
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UPLC-MS: tR 2.801 min.
MS (ESI) + m/z calculated 530.35 [M+H]+, observed 530.08 [M+H]+.

Synthesis

of

N2,

N3-bis(3-fluoro-5-(trifluoromethyl)phenyl)-6-

nitroquinoxaline-2,3-diamine (compound 6.7)

Compound 6.7. Chemical Formula: C22H11F8N5O2
Molecular Weight: 529.35
Prepared according to Standard Procedure 1a, compound 6.7 was synthesised from
2,3-dichloroquinoxaline 6.0 (0.09 g, 0.36 mmol) and 3-fluoro-5-(trifluoromethyl)
aniline (0.32 g, 1.8 mmol) in DMSO (5 ml) for 30 min at 130°C. The work-up of the
reaction was performed similarly to compound 6.1. The crude product was purified by
automated flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v
increasing to 70:30 v/v in 15 CV. The final product 6.7 was obtained at 10% yield as
an orange powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.71 (br s, 2H, 2 x NH), 8.34 – 8.18 (m, 3H, 3 x

ArH), 8.10 (d, J = 8.9 Hz, 1H, ArH), 7.92 (d, J = 31.7 Hz, 2H, 2 x ArH), 7.65 (d, J =
9.0 Hz, 1H, ArH), 7.33 (dd, J = 24.4, 8.3 Hz, 2H, 2 x ArH).
13

C NMR (126 MHz, DMSO) δ 163.17 (ArC), 161.24 (ArC), 147.21 (ArC), 144.53

(ArC), 142.61 (ArC), 141.94 (ArC), 140.41 (ArC), 134.88 (ArC), 131.00 (ArC),
126.63 (ArCH), 124.55 (ArC), 122.38 (ArC), 121.11 (ArCH), 120.20 (ArCH), 113.19
(ArCH), 112.71 (ArCH), 111.02 (ArCH), 110.82 (ArCH), 110.58 (ArCH), 110.36
(ArCH).
UPLC-MS: tR 2.882 min.
MS (ESI) + m/z calculated 530.35 [M+H]+, observed 529.98 [M]+.
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Synthesis

of

N2,

N3-bis(2-fluoro-5-(trifluoromethyl)phenyl)-6-

nitroquinoxaline-2,3-diamine (compound 6.8)

Compound 6.8. Chemical Formula: C22H11F8N5O2
Molecular Weight: 529.35
According to Standard Procedure 1a, compound 6.8 was prepared from 2,3dichloroquinoxaline 6.0 (0.16 g, 0.66 mmol) and 2-fluoro-5-(trifluoromethyl) aniline
(0.59 g, 3.3 mmol) in DMSO (5 ml) for 30 min at 130°C. The work-up of the reaction
was performed similarly to compound 6.1. The crude product was purified by
automated flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v
increasing to 70:30 v/v in 12 CV. The final product 6.8 was obtained at 10% yield as
a yellow powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.63 (br s, 2H, 2 x NH), 7.67 – 7.48 (m, 4H, 4 x

ArH), 7.26 (dd, J = 11.6, 8.3 Hz, 1H, ArH), 7.12 (dd, J = 20.4, 10.5 Hz, 1H, ArH),
6.93 – 6.86 (m, 1H, ArH), 6.74 – 6.67 (m, 1H, ArH), 6.63 (dd, J = 8.2, 1.8 Hz, 1H,
ArH).
13

C NMR (126 MHz, DMSO) δ 157.91 (ArC), 153.77 (ArC), 143.90 (ArC), 135.84

(ArC), 132.90 (ArCH), 131.10 (ArCH), 128.72 (ArCH), 125.29 (ArC), 124.53
(ArCH), 122.03 (ArCH), 118.78 (ArC), 115.49 (ArCH), 115.33 (ArCH), 115.19
(ArCH), 115.03 (ArCH), 114.93 (ArC), 111.95 (ArC).
UPLC-MS: tR 2.378 min.
MS (ESI) + m/z calculated 530.35 [M+H]+, observed 530.05 [M+H]+.
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Synthesis of 6-nitro-N2, N3-bis(3-(trifluoromethyl)phenyl)quinoxaline
-2,3-diamine (compound 6.9)

Compound 6.9. Chemical Formula: C22H13F6N5O2
Molecular Weight: 493.37
Compound 6.9 was prepared according to Standard Procedure 1a from 2,3dichloroquinoxaline 6.0 (0.15 g, 0.61 mmol) and 3-(trifluoromethyl) aniline (0.49 g,
3.1 mmol) in DMSO (8 ml) for 30 min at 130°C. The work-up of the reaction was
performed similarly to compound 6.1. The crude product was purified by automated
flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to
70:30 v/v in 12 CV. The final product 6.9 was obtained at 30% yield as a yellow
powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.74 (s, 1H, NH), 9.60 (s, 1H, NH), 8.36 – 8.21 (m,

5H, 5 x ArH), 8.15 (dd, J = 9.0, 2.7 Hz, 1H, ArH), 7.73 – 7.62 (m, 3H, 3 x ArH), 7.49
(dd, J = 12.8, 7.9 Hz, 2H, 2 x ArH).
13

C NMR (126 MHz, DMSO) δ 144.16 (ArC), 142.99 (ArC), 142.27 (ArC), 140.77

(ArC), 140.29 (ArC), 140.02 (ArC), 135.04 (ArC), 130.01 (ArCH), 129.97 (ArCH),
129.53 (ArC), 126.26 (ArCH), 125.32 (ArC), 124.64 (ArCH), 124.18(ArCH), 120.76
(ArCH), 119.86 (ArCH), 119.79 (ArCH), 119.42 (ArCH), 117.28 (ArCH), 116.75
(ArCH).
UPLC-MS: tR 2.344 min.
MS (ESI) + m/z calculated 494.37 [M+H]+, observed 494.15 [M+H]+.
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Synthesis of 6-nitro-N2, N3-bis(4-(trifluoromethyl)phenyl)quinoxaline
-2,3-diamine (compound 6.10)

Compound 6.10. Chemical Formula: C22H13F6N5O2
Molecular Weight: 493.37
Prepared according to Standard Procedure 1a, compound 6.10 was synthesised from
2,3-dichloroquinoxaline 6.0 (0.20 g, 0.85 mmol) and 4-(trifluoromethyl) aniline (0.69
g, 4.25 mmol) in DMSO (10 ml) for 30 min at 130°C. The work-up of the reaction was
performed similarly to compound 6.1. The crude product was purified by automated
flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to
80:20 v/v in 12 CV. The final product 6.10 was obtained at 50% yield as a yellow
powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.74 (s, 1H, NH), 9.61 (s, 1H, NH), 8.34 (s, 1H,

ArH), 8.18 – 8.07 (m, 5H, 5 x ArH), 7.77 (d, J = 8.3 Hz, 4H, 4 x ArH), 7.68 (d, J = 8.9
Hz, 1H, ArH).
13

C NMR (126 MHz, DMSO) δ 144.22 (ArC), 143.16 (ArC), 142.87 (ArC), 142.79

(ArC), 142.07 (ArC), 140.67 (ArC), 135.03 (ArC), 125.90 (5 x ArCH), 123.06
(ArCF3), 122.81 (ArCF3), 120.94 (3 x ArCH), 120.42 (2 x ArCH), 119.78 (ArCH).
UPLC-MS: tR 2.357 min.
MS (ESI) + m/z calculated 494.37 [M+H]+, observed 494.13 [M+H]+.
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Synthesis of N2, N3-bis(4-methoxy-3-(trifluoromethyl)phenyl)-6nitroquinoxaline-2,3-diamine (compound 6.11)

Compound 6.11. Chemical Formula: C24H17F6N5O4
Molecular Weight: 553.42
According to Standard Procedure 1a, compound 6.11 was prepared from 2,3dichloroquinoxaline 6.0 (0.16 g, 0.61 mmol) and 4-methoxy-3-(trifluoromethyl)
aniline (0.58 g, 3.05 mmol) in DMSO (8 ml) for 30 min at 130°C. The work-up of the
reaction was performed similarly to compound 6.1. The crude product was purified by
automated flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v
increasing to 50:50 v/v in 10 CV. The final product 6.11 was obtained at 88% yield as
an orange powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.50 (s, 1H, NH), 9.34 (s, 1H, NH), 8.28 – 8.03 (m,

6H, 6 x ArH), 7.55 (d, J = 8.8 Hz, 1H, ArH), 7.35 (d, J = 9.1 Hz, 2H, 2 x ArH), 3.92
(s, 3H, CH3), 3.91 (s, 3H, CH3).
13

C NMR (126 MHz, DMSO) δ 153.16 (ArC-OCH3), 152.86 (ArC-OCH3), 143.68

(ArC), 142.99 (ArC), 142.31 (ArC), 141.01 (ArC), 135.07 (ArC), 132.16 (ArC),
131.83 (ArC), 126.92 (ArCH), 126.53 (ArCH), 125.80 (ArCH), 124.70 (ArCF3),
122.57 (ArCF3), 120.35 (ArCH), 119.96 (ArCH), 119.44 (ArCH), 119.29 (ArCH),
116.73 (ArC), 116.50 (ArC), 113.37 (ArCH), 113.36 (ArCH), 56.28 (2 x CH3).
UPLC-MS: tR 2.273 min.
MS (ESI) + m/z calculated 554.42 [M+H]+, observed 554.13 [M+H]+.
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Synthesis

of

N2,

N3-dibenzyl-6-nitroquinoxaline-2,3-diamine

(compound 6.12)

Compound 6.12. Chemical Formula: C22H19N5O2
Molecular Weight: 385.43
Prepared according to Standard Procedure 1a, compound 6.12 was synthesised from
2,3-dichloroquinoxaline 6.0 (0.13 g, 0.51 mmol) and phenylmethanamine (0.27 g, 2.5
mmol) in DMSO (6 ml) for 30 min at 130°C. The work-up of the reaction was
performed similarly to compound 6.1. The crude product was purified by automated
flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to
70:30 v/v in 10 CV. The final product 6.12 was obtained at 65% yield as an orange
powder.
1

H NMR (500 MHz, DMSO-d6) δ 8.16 (d, J = 2.6 Hz, 1H, ArH), 8.09 (t, J = 5.2 Hz,

1H, NH), 7.97 (dd, J = 8.9, 2.7 Hz, 1H, ArH), 7.85 (t, J = 5.2 Hz, 1H, NH), 7.51 (d, J
= 8.9 Hz, 1H, ArH), 7.46 – 7.39 (m, 4H, ArH), 7.36 (t, J = 7.6 Hz, 4H, ArH), 7.30 –
7.25 (m, 2H, ArH), 4.76 (d, J = 5.2 Hz, 2H, CH2), 4.73 (d, J = 5.1 Hz, 2H, CH2).
13

C NMR (126 MHz, DMSO) δ 145.08 (ArC), 144.39 (ArC), 142.59 (ArC), 141.92

(ArC), 138.68 (ArC), 138.42 (ArC), 135.58 (ArC), 128.43 (2 x ArCH), 128.40 (2 x
ArCH), 128.13 (2 x ArCH), 128.12 (2 x ArCH), 127.20 (ArCH), 127.13 (ArCH),
125.04 (ArCH), 119.77 (ArCH), 118.01 (ArCH), 44.50 (2 x CH2).
UPLC-MS: tR 2.186 min.
MS (ESI) + m/z calculated 386.43 [M+H]+, observed 386.32 [M+H]+.
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Synthesis of 6-nitro- N2, N3- diphenethylquinoxaline-2,3-diamine
(compound 6.13)

Compound 6.13. Chemical Formula: C24H23N5O2
Molecular Weight: 413.48
According to Standard Procedure 1a, compound 6.13 was prepared from 2,3dichloroquinoxaline 6.0 (0.12 g, 0.49 mmol) and 2-phenylethan-1-amine (0.30 g, 2.5
mmol) in DMSO (6 ml) for 30 min at 130°C. The work-up of the reaction was
performed similarly to compound 6.1. The crude product was purified by automated
flash column chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to
70:30 v/v in 10 CV. The final product 6.13 was obtained at 75% yield as an orange
powder.
1

H NMR (500 MHz, DMSO-d6) δ 8.18 (d, J = 2.7 Hz, 1H, ArH), 7.97 (dd, J = 8.9, 2.7

Hz, 1H, ArH), 7.67 (t, J = 5.2 Hz, 1H, NH), 7.52 (d, J = 8.9 Hz, 1H, ArH), 7.43 (t, J =
5.1 Hz, 1H, NH), 7.34 – 7.26 (m, 8H, 8 x ArH), 7.25 – 7.18 (m, 2H, 2x ArH), 3.73 (td,
J = 12.6, 6.6 Hz, 4H, 2 x CH2-N), 2.97 (dd, J = 8.1, 6.6 Hz, 4H, 2 x CH2).
13

C NMR (126 MHz, DMSO) δ 145.18 (ArC), 144.48 (ArC), 142.48 (ArC), 141.96

(ArC), 139.58 (ArC), 139.46 (ArC), 135.58 (ArC), 128.74(2 x ArCH), 128.73 (2 x
ArCH), 128.39 (2 x ArCH), 128.38 (2 x ArCH), 126.20 (ArCH), 126.16 (ArCH),
125.04 (ArCH), 119.83 (ArCH), 117.87 (ArCH), 42.61 (CH2), 42.57 (CH2), 34.20
(CH2), 34.15 (CH2).
UPLC-MS: tR 2.271 min.
MS (ESI) + m/z calculated 414.48 [M+H]+, observed 414.35 [M+H]+.
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Synthesis of N2, N3-bis(3,4-dichlorophenyl)quinoxaline-2,3,6-triamine
(compound 6.14)

Compound 6.14. Chemical Formula: C20H13Cl4N5
Molecular Weight: 465.16
A mixture of compound 6.1 (0.24 g, 0.48 mmol) and 10% Pd/C (0.25 g) was stirred
under hydrogen atmosphere at room temperature in EtOAc (24 ml) for 8 hours. After
completion of the reaction, it was filtered through Celite. The filtrate was dried over
anhydrous Na2SO4, filtered and reduced to dryness to give a crude product. The crude
was purified by automated flash column chromatography eluting with nhexane:EtOAc 100:0 v/v increasing to 50:50 v/v in 15 CV. The final product 6.14 was
obtained at 50% yield as a yellow powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.06 (s, 1H, NH), 8.88 (s, 1H, NH), 8.36 (d, J = 2.5

Hz, 1H, ArH), 8.14 (d, J = 2.6 Hz, 1H, ArH), 7.78 (dd, J = 8.9, 2.6 Hz, 1H, ArH), 7.70
(dd, J = 8.9, 2.6 Hz, 1H, ArH), 7.61 (d, J = 8.8 Hz, 1H, ArH), 7.56 (d, J = 8.8 Hz, 1H,
ArH), 7.34 (d, J = 8.7 Hz, 1H, ArH), 6.83 (dd, J = 8.8, 2.5 Hz, 1H, ArH), 6.72 (d, J =
2.4 Hz, 1H, ArH), 5.42 (s, 2H, NH2).
13

C NMR (126 MHz, DMSO) δ 147.98 (ArC), 141.44 (ArC), 140.98(ArC) , 140.83

(ArC), 137.91(ArC), 137.21 (ArC), 130.76 (ArC), 130.37 ( 2 x ArCH), 128.38 (ArC),
126.31 (ArCH), 122.97 (ArC), 122.12 (ArC), 120.63 (ArCH), 119.83 (ArCH), 119.74
(ArCH), 118.98 (ArCH), 116.86 (ArCH), 105.85 (ArCH).
UPLC-MS: tR 2.66 min.
MS (ESI) + m/z calculated 466.16 [M+H]+, observed 464.07-466.04-468.05 [M+H]+.

504
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of

N2,

N3-bis(3,4-dichlorophenyl)-6-(pyrrolidin-1-

yl)quinoxaline-2,3-diamine (compound 6.15)

Compound 6.15. Chemical Formula: C24H19Cl4N5
Molecular Weight: 519.25
Compound 6.15 was prepared adding dibromobutane (0.03 g, 0.14 mmol, 2.2 eq.) to a
mixture of compound 6.14 (0.03 g, 0.06 mmol, 1 eq.), anhydrous K2CO3 (0.01 g, 0.07
mmol, 1.1 eq.) in CH3CN (2ml). The reaction mixture was irradiated at 150°C for 15
min. After complete reaction, the mixture was filtered with EtOAc (20ml). The results
organic phase was washed with saturated aqueous NaHCO3 (3×5ml) and brine (10ml).
The organic layer then dried over anhydrous Na2SO4, filtered and reduced to dryness
to give a crude product. The crude was purified by automated flash column
chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to 80:20 v/v in 10
CV. The final product 6.15 was obtained at 28% yield as a brown powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.12 (s, 1H, NH), 8.97 (s, 1H, NH), 8.27 (d, J = 2.6

Hz, 1H, ArH), 8.19 (d, J = 2.5 Hz, 1H, ArH), 7.94 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 7.78
(dd, J = 8.9, 2.5 Hz, 1H, ArH), 7.67 (d, J = 8.8 Hz, 1H, ArH), 7.62 (d, J = 8.8 Hz, 1H,
ArH), 7.51 (d, J = 8.9 Hz, 1H, ArH), 6.93 (dd, J = 9.0, 2.6 Hz, 1H, ArH), 6.61 (d, J =
2.6 Hz, 1H, ArH), 3.35 (t, J = 6.6 Hz, 4H, 2 x CH2), 2.04 – 1.96 (m, 4H, 2 x CH2).
13

C NMR (126 MHz, DMSO) δ 145.75 (ArC), 141.34 (ArC), 141.20 (ArC), 140.63

(ArC), 138.11 (ArC), 136.89 (ArC), 131.13 (ArC), 131.04 (ArC), 130.72 (ArCH),
130.58 (ArCH), 128.61(ArC), 126.51 (ArCH), 124.09 (ArC), 122.91 (ArC), 121.69
(ArCH), 120.62 (ArCH), 120.43 (ArCH), 119.49 (ArCH), 114.87 (ArCH), 105.12
(ArCH), 48.97 (2 x CH2), 25.01 (2 x CH2).
UPLC-MS: tR 2.707 min.
MS (ESI) + m/z calculated 520.25 [M+H]+, observed 515.95-518.05-591.13 [M+H]+.
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of

N-(2,3-bis((3,4-dichlorophenyl)amino)quinoxalin-6-

yl)acetamide (compound 6.16)

Compound 6.16. Chemical Formula: C22H15Cl4N5O
Molecular Weight: 507.20
According to Standard Procedure 1b, compound 6.16 was prepared adding dropwise
acetyl chloride (0.01 g, 0.13 mmol) to a solution of anhydrous DCM (4 ml) containing
compound 6.14 (0.06 g, 0.12 mmol) and anhydrous pyridine (0.03 g, 0.43 mmol) under
a nitrogen atmosphere. The resulting mixture was stirred at room temperature for 1
hour. After completion, the reaction was diluted with DCM (10ml) and quenched with
saturated aqueous NaHCO3 (15ml). The organic phase was washed with saturated
aqueous NaHCO3 (3×10ml) and brine (15ml) respectively. The organic layer then
dried over anhydrous Na2SO4, filtered and reduced to dryness to give a crude product.
The crude product was purified by automated flash column chromatography eluting
with n-hexane:EtOAc 100:0 v/v increasing to 50:50 v/v in 10 CV. The final product
6.16 was obtained at 52% yield as a pale-yellow powder.
1

H NMR (500 MHz, DMSO-d6) δ 10.11 (s, 1H, NH-C=O), 9.23 (s, 1H, NH), 9.15 (s,

1H, NH), 8.31 (d, J = 2.5 Hz, 1H, ArH), 8.24 (d, J = 2.6 Hz, 1H, ArH), 8.00 (d, J =
2.1 Hz, 1H, ArH), 7.81 (ddd, J = 9.3, 6.9, 2.5 Hz, 2H, 2 x ArH), 7.63 (dd, J = 18.7, 8.8
Hz, 2H, 2 x ArH), 7.58 – 7.50 (m, 2H, 2 x ArH), 2.09 (s, 3H, CH3).
13

C NMR (126 MHz, DMSO) δ 168.38 (C=O), 141.15 (ArC), 140.64 (ArC), 140.43

(ArC), 139.82 (ArC), 137.46 (ArC), 136.30 (ArC), 132.18 (ArC), 130.79 (2 x ArC),
130.47 (ArCH), 130.43 (ArCH), 125.78 (ArCH), 123.52 (ArC), 123.20 (ArC), 121.04
(ArCH), 120.78 (ArCH), 120.05 (ArCH), 119.81 (ArCH), 118.78 (ArCH), 113.96
(ArCH), 24.12 (CH3).
UPLC-MS: tR 2.195 min.
MS (ESI) + m/z calculated 508.20 [M+H]+, observed 506.10-508.02-510.04 [M+H]+.
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of

N-(2,3-bis((3,4-dichlorophenyl)amino)quinoxalin-6-

yl)hexanamide (compound 6.17)

Compound 6.17. Chemical Formula: C26H23Cl4N5O
Molecular Weight: 563.30
Compound 6.17 was synthesised according to Standard Procedure 1b by addition
dropwise of hexanoyl chloride (0.02 g, 0.12 mmol) to a solution of anhydrous DCM
(5 ml) containing compound 6.14 (0.05 g, 0.11 mmol) and anhydrous pyridine (0.03
g, 0.39 mmol) under a nitrogen atmosphere. The resulting mixture was stirred at room
temperature for 1 hour. The work-up of the reaction was performed similarly to
compound 6.16. The crude product was purified by automated flash column
chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to 70:30 v/v in 10
CV. The final product 6.17 was obtained at 66% yield as a brown powder.
1

H NMR (500 MHz, DMSO-d6) δ 10.04 (s, 1H, NH-C=O), 9.24 (s, 1H, NH), 9.17 (s,

1H¸ NH), 8.33 (d, J = 2.6 Hz, 1H, ArH), 8.25 (d, J = 2.5 Hz, 1H, ArH), 8.05 (d, J =
2.2 Hz, 1H, ArH), 7.82 (ddd, J = 13.8, 8.9, 2.5 Hz, 2H, 2 x ArH), 7.63 (dd, J = 18.7,
8.8 Hz, 2H, 2 x ArH), 7.59 – 7.51 (m, 2H, 2 x ArH), 2.34 (t, J = 7.4 Hz, 2H, CH2),
1.62 (p, J = 7.4 Hz, 2H, CH2), 1.36 – 1.28 (m, 4H, 2 x CH2), 0.91 – 0.86 (m, 3H, CH3).
13

C NMR (126 MHz, DMSO) δ 171.39 (C=O), 141.06 (ArC), 140.64 (ArC), 140.44

(ArC), 139.73 (ArC), 137.48 (ArC), 136.28 (ArC), 132.13 (ArC), 130.80 (ArC),
130.43 (ArCH), 130.39 (ArCH), 125.73 (ArCH), 123.50 (ArC), 123.20 (ArC), 120.98
(ArCH), 120.76 (ArCH), 119.99 (ArCH), 119.78 (ArCH), 118.84 (ArCH), 114.01
(ArCH), 36.49 (CH2), 30.95 (CH2), 24.84 (CH2), 21.96 (CH2), 13.90 (CH3).
UPLC-MS: tR 2.429 min.
MS (ESI) + m/z calculated 564.30 [M+H]+, observed 562.04-564.08-566.01 [M+H]+.
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of

N-(2,3-bis((3,4-dichlorophenyl)amino)quinoxalin-6-

yl)cyclohexanecarboxamide (compound 6.18)

Compound 6.18. Chemical Formula: C27H23Cl4N5O
Molecular Weight: 575.32
Compound 6.18 was prepared similarly to compound 6.17 by addition dropwise of
cyclohexanecarbonyl chloride (0.02 g, 0.5 mmol) to a solution of anhydrous DCM (4
ml) containing compound 6.14 (0.06 g, 0.12 mmol) and anhydrous pyridine (0.03 g,
0.43 mmol) under a nitrogen atmosphere. The resulting mixture was stirred at room
temperature for 1 hour. The work-up of the reaction was performed similarly to
compound 6.16. The crude product was purified by automated flash column
chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to 70:30 v/v in 10
CV. The final product 6.18 was obtained at 55% yield as a pale-yellow powder.
1

H NMR (500 MHz, DMSO-d6) δ 9.98 (s, 1H, NH-C=O), 9.21 (s, 1H, NH), 9.14 (s,

1H, NH), 8.33 (d, J = 2.6 Hz, 1H, ArH), 8.24 (d, J = 2.6 Hz, 1H, ArH), 8.06 (d, J =
2.3 Hz, 1H, ArH), 7.81 (ddd, J = 13.5, 8.8, 2.6 Hz, 2H, 2 x ArH), 7.67 – 7.50 (m, 4H,
4 x ArH), 2.36 (tt, J = 11.8, 3.6 Hz, 1H, CH), 1.87 – 1.71 (m, 5H, 2 x CH2 and CH),
1.44 (qd, J = 12.3, 3.2 Hz, 2H, CH2), 1.37 – 1.26 (m, 3H, CH2 and CH).
13

C NMR (126 MHz, DMSO) δ 174.40 (C=O), 141.05 (ArC), 140.64 (ArC), 140.44

(ArC), 139.73 (ArC), 137.61 (ArC), 136.26 (ArC), 132.08 (ArC), 130.78 (ArC),
130.43 (ArCH), 130.40 (ArCH), 125.68 (ArCH), 123.46 (ArC), 123.16 (ArC), 120.94
(ArCH), 120.75 (ArCH), 119.97 (ArCH), 119.77 (ArCH), 118.92 (ArCH), 114.05
(ArCH), 44.96 (CH), 29.17 (CH2), 28.66 (CH2), 25.43 (CH2), 25.26 (CH2), 24.92
(CH2).
UPLC-MS: tR 2.463 min.
MS (ESI) + m/z calculated 576.32 [M+H]+, observed 574.02-576.09-578.03 [M+H]+.
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of

N-(2,3-bis((3,4-dichlorophenyl)amino)quinoxalin-6-

yl)furan-2-carboxamide (compound 6.19)

Compound 6.19. Chemical Formula: C25H15Cl4N5O2
Molecular Weight: 559.23
According to Standard Procedure 1b, compound 6.19 was prepared adding dropwise
furan-2-carbonyl chloride (0. 02 g, 0.14 mmol) to a solution of anhydrous DCM (4 ml)
containing compound 6.14 (0.06 g, 0.13 mmol) and anhydrous pyridine (0.04 g, 0.47
mmol) under a nitrogen atmosphere. The resulting mixture was stirred at room
temperature for 1 hour. The work-up of the reaction was performed similarly to
compound 6.16. The crude product was purified by automated flash column
chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to 70:30 v/v in 10
CV. The final product 6.19 was obtained at 55% yield as a yellow powder.
1

H NMR (500 MHz, DMSO-d6) δ 10.35 (s, 1H, NH-C=O), 9.26 (s, 1H, NH), 9.20 (s,

1H, NH), 8.35 (d, J = 2.5 Hz, 1H, ArH), 8.26 (d, J = 2.5 Hz, 1H, ArH), 8.14 (d, J =
2.3 Hz, 1H, ArH), 7.96 (dd, J = 1.8, 0.8 Hz, 1H, ArH), 7.83 (dt, J = 8.9, 2.0 Hz, 3H, 3
x ArH), 7.69 – 7.55 (m, 3H, 3 x ArH), 7.39 (dd, J = 3.5, 0.9 Hz, 1H, ArH), 6.72 (dd, J
= 3.5, 1.7 Hz, 1H, ArH).
13

C NMR (126 MHz, DMSO) δ 156.61 (C=O), 147.88 (ArC), 146.23 (ArCH), 141.57

(ArC), 140.97 (ArC), 140.80 (ArC), 140.45 (ArC), 137.07 (ArC), 136.55 (ArC),
133.03 (ArC), 131.20 (ArC), 130.85(ArCH), 130.83 (ArCH), 126.07 (ArCH), 123.95
(ArC), 123.70 (ArC), 121.45 (ArCH), 121.26(ArCH), 120.47 (ArCH), 120.28 (ArCH),
120.18(ArCH), 115.79(ArCH), 115.20 (ArCH), 112.59 (ArCH).
UPLC-MS: tR 2.297 min.
MS (ESI) + m/z calculated 560.23 [M+H]+, observed 557.99-559.93-561.85 [M+H]+.
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Synthesis of N-(2,3-bis((3,4-dichlorophenyl)amino)quinoxalin-6-yl)3-(trifluoromethyl)benzamide (compound 6.20)

Compound 6.20. Chemical Formula: C28H16Cl4F3N5O
Molecular Weight: 637.27
Compound 6.20 was synthesised according to Standard Procedure 1b by addition
dropwise of 3-(trifluoromethyl)benzoyl chloride (0.03 g, 0.14 mmol) to a solution of
anhydrous DCM (4ml) containing compound 6.14 (0.06 g, 0.13 mmol) and anhydrous
pyridine (0.04 g, 0.47 mmol) under a nitrogen atmosphere. The resulting mixture was
stirred at room temperature for 1 hour. The work-up of the reaction was performed
similarly to compound 6.16. The crude product was purified by automated flash
column chromatography eluting with n-hexane:EtOAc 100:0 v/v increasing to 50:50
v/v in 10 CV. The final product 6.20 was obtained at 80% yield as a yellow powder.
1

H NMR (500 MHz, DMSO-d6) δ 10.62 (s, 1H, NH-C=O), 9.28 (s, 1H, NH), 9.22 (s,

1H, NH), 8.36 (d, J = 2.6 Hz, 2H, 2 x ArH), 8.31 (d, J = 7.9 Hz, 1H, ArH), 8.28 (d, J
= 2.5 Hz, 1H, ArH), 8.23 (d, J = 7.8 Hz, 1H, ArH), 8.17 (d, J = 2.4 Hz, 1H, ArH), 7.98
(d, J = 7.8 Hz, 1H, ArH), 7.88 – 7.81 (m, 3H, 3 x ArH), 7.67 – 7.60 (m, 3H, 3 x ArH).
13

C NMR (126 MHz, DMSO) δ 163.96 (C=O), 141.16 (ArC), 140.54 (ArC), 140.39

(ArC), 140.13 (ArC), 136.89 (ArC), 136.12 (ArC), 135.70 (ArC), 133.23 (ArCH),
132.79 (ArC), 131.88 (ArCH), 130.80 (ArC), 130.42 (ArCH), 130.10 (ArCH), 129.76
(ArCH), 125.70 (ArCH), 124.29 (ArCH), 123.57 (ArC), 123.34 (ArC), 121.03
(ArCH), 120.90 (ArCH), 120.06 (ArCH), 119.91 (ArCH), 119.84 (ArCH), 115.65
(ArCH).
UPLC-MS: tR 2.444 min.
MS (ESI) + m/z calculated 638.27 [M+H]+, observed 636.12-638.07-640.09 [M+H]+.
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