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ABSTRACT

Several Schistosoma species cause Schistosomiasis, an endemic disease in 78 countries that is
ranked second amongst the parasitic diseases in terms of its socioeconomic impact and human
health importance. The drug recommended for treatment by the WHO is praziquantel (PZQ),
but there are concerns associated with PZQ, such as the lack of information about its exact
mechanism of action, its high price, its effectiveness — which is limited to the parasite’s adult
form — and reports of resistance. The parasites lack the de novo purine pathway, rendering them
dependent on the purine salvage pathway or host purine bases for nucleotide synthesis. Thus,
the Schistosoma purine salvage pathway is an attractive target for the development of necessary
and selective new drugs. In this study, the purine nucleotide phosphorylase I (PNP2), a new
isoform of PNP1, was submitted to a high-throughput fragment-based hit discovery using a
crystallographic screening strategy. PNP2 was crystallized and crystals were soaked with 827
fragments, a subset of the Maybridge 1000 library. X-ray diffraction data was collected and
structures were solved. Out of 827-screened fragments we have obtained a total of 19 fragments
that show binding to PNP2. 14 of these fragments bind to the active site of PNP2, while five

were observed in three other sites. Here we present the first fragment screening against PNP2.
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INTRODUCTION

Schistosoma mansoni is a parasitic trematode that causes the common intravascular infection
schistosomiasis (1). Amongst the parasitic diseases, schistosomiasis ranks second in terms of
social and economic impact, and public health importance (2). According to the WHO,
schistosomiasis has been reported in 78 countries. In 2013 more than 40 million people were
treated for schistosomiasis, 261 million required preventive treatment, and nearly 700 million
are at risk of infection (1,3). This burden of infection makes schistosomiasis a major health
problem, particularly in developing countries.

The Schistosoma genome project was established in 1992 to improve the understanding of
Schistosoma biology, with a focus on the characterization of new genes, the discovery and
development of new drug targets and vaccines, and the determination of mechanisms of drug
resistance and antigenic variation that enable evasion of the host's immune system (4). The S.
mansoni 363 megabases (MB) nuclear genome was published in 2009, and a new 364.5 MB
version was made available in 2012. This genomic information revealed a total of 10,852 genes
encoding over 11,000 proteins, 45 % of which remain without known or predicted function (5—
7). The breakthrough in the availability of genomic data allows new opportunities for
innovation in the control of schistosomiasis. These data offer a new pipeline for the
identification of novel drug targets and vaccine candidates through a system-wide perspective
(6,8,9).

Schistosoma lacks the capacity for de novo synthesis of purine nucleosides, and is dependent
exclusively on the salvage pathway for their purine requirements(10—12). Accordingly, S.
mansoni acquire purine nucleosides from the host via a purine salvage pathway; this brings
attention to the enzymes of the S. mansoni salvage pathway as potential drug targets for novel
chemotherapy. In the past, the use of purine and purine nucleoside analogues have been

successfully exploited as drug targets against several other parasites (13—15). It has been shown
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that  inhibition of a  salvage pathway enzyme,  Hypoxanthine—guanine
phosphoribosyltransferase (HGPRTase), via siRNA decreased the viability of Schistosoma
(16). Therefore, the Schistosoma purine salvage pathway is a suitable target for the
development of novel compounds for the combatting of schistosomiasis.

Purine nucleoside phosphorylase 1 (PNP1) is a member of the purine salvage pathway of S.
mansoni, and we reported its crystal structure in 2003 (10,17). PNP1 is involved in the
conversion of the purine salvage pathway intermediate inosine to hypoxanthine (10). PNP1
catalyses the cleavage of the glycosidic bond in purine ribo- and deoxyribonucleosides, in the
presence of inorganic phosphate as a second substrate generating a purine base and ribose-1-
phosphate. PNP1 also has been sudied for discovery of inhibitors (17—19).

Purine nucleoside phosphorylase 2 (PNP2) (PDB ID 5CXQ) is a new isoform of PNP, which
was identified in the S. mansoni genome-wide Open Reading Frame search. The new isoform,
which presents a high degree of conservation to PNP1, has three substitutions in the active site,
making its catalytic site very different from the PNP1 (20). PNP2 is highly expressed in the
cercariae, where PNP1 has its lowest expression level(6,7), which makes it a suitable drug
target.

In the past fifteen years fragment-based drug design has been established as an effective
alternative to high throughput screening for the identification of hit compounds in drug
discovery. Fragment based screening and optimization have attained reliable success in
numerous drug discovery project with one approved drug in the market and several other
compounds in clinical trials(21,22). This approach allows the study of the interactions of very
simple molecules (fragments) with protein targets, providing useful information for drug
design. Structural methods allow us to rapidly and effectively explore the complementarity
between a protein active site and drug-like molecules via the use of fragments (23). Recent

advancements in the synchrotron facilities with collection of greater amounts of high-quality
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diffraction data, and automation in the data analysis has increased the utility of fragment
screening (23,24).

PNP-based drug design is an apposite target as it has been explored for other diseases (25), and
there are no reports of a high throughput fragment screening for S. mansoni. The reproducibility
of PNP2 crystals is highly consistent and this makes it a tempting target for fragment screening.
Here, we report an extensive crystal optimization and dimethyl sulfoxide (DMSO) tolerance
test for PNP2 crystals, and a subsequent fragment-based screening of 827 compounds (a subset
of the Maybridge fragment library). This resulted in 19 new PNP2 crystal structures with
bound fragments. The majority of the fragments were observed in the active site, including a
fragment that explores a previously unidentified pocket closer to a6- and a8-helices.
Furthermore, fragments were observed in three other binding sites. Our findings reveal a great
deal of atomic-resolution structural information regarding the interaction of fragments with
PNP2, and a validated methodology to improve crystal quality for fragment screening

campaigns.

MATERIAL AND METHODS

Protein Expression and Purification

The PNP2 gene (Smp_ 179110) was identified in the S. mansoni genome (5). The PNP2 open
reading frame (ORF) gene was synthesized with codon optimization by GenScript and cloned
into pOPINS3C (26) using the In-Fusion method (Clontech, Mountain View, CA, United
States). Recombinant pOPINS3C-PNP2 vector was transformed into Escherichia coli (E. Coli)
OmniMaxlII cells, positive transformants were selected using the chromogenic substrate X-gal
and by colony PCR. Positive white colonies were harvested and cultured in Power Prime
Broth™ medium (Molecular Dimensions, UK) supplemented with 50 ug/mL carbenicilin and

30 pg/mL chloramphenicol in a shaker at 37 °C and 220 rpm. The plasmid mini-preps were
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performed on the Bio-Robot 8000, according to the manufacturer’s protocols. The purified
recombinant plasmid (pOPINS3C-PNP2) was transformed in E. coli Lemo21 (DE3). A single
colony of transformed cells was cultured overnight in 50 mL power prime broth media
supplemented with 50 pg/mL carbenicillin and 35 pg/mL chloramphenicol at 37 °C and 220
rpm. 25 mL of the overnight cultured cells were added to 1 L of sterile power prime broth
media supplemented with 50 pg/mL carbenicillin and 35 pg/mL chloramphenicol and
incubated in a shaker at 37 °C and 220 rpm to an ODsoo of 0.6. The cells were transferred to
room temperature for 30 min, induced with a final concentration of 1 mM IPTG and incubated
overnight at 20 °C and 220 rpm. Cells were harvested by centrifugation at 5000 g for 15 min
at 4 °C and re-suspended in lysis buffer (50 mM NaH2PO4 pH 7.5, 300 mM NacCl, 10 mM
imidazole). Cells were disrupted with a constant cell disruption system under pressure at 25
KPSI (CONSTANT SYSTEMS Ltd, UK) and centrifuged at 34,000 g for 20 min at 4 °C. The
supernatant was collected and applied to a 5 mL Ni Sepharose column (GE) previously
equilibrated with 6 column volumes of lysis buffer. The column was washed with 6 column
volumes of lysis buffer and the protein was eluted in a gradient purification length of 6-column
volume with elution buffer (50 mM NaH2PO4 pH 7.5, 300 mM NaCl, 500 mM imidazole). The
purified protein was mixed with human rhinovirus (HRV) 3C protease to cleave the his-tag.
Cleavage was performed in 14 kDa dialysis membrane in dialysis buffer (50 mM NaH2PO4 pH
7.5, 300 mM NaCl, 22 mM imidazole, I mM tris(2-carboxyethyl)phosphine (TCEP)) with
continuous stirring overnight at 4 °C. Cleaved protein was re-applied to a Ni Sepharose column
(GE) equilibrated with 6 column volumes of the same overnight dialysis buffer. The column
flow through was collected which contains his-tag free protein by observing the UVaso
chromatogram. The HRV 3C protease has a His-tag and was also bound to the affinity column
and separated from the purified protein. The purified protein was concentrated and injected on

a Superdex 75 16/600 GL (GE) column previously equilibrated with 2 column volumes of
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purification buffer (20 mM NaH>PO4 pH 7.5, 300 mM NacCl, 5 % glycerol, 5 mM f-
mercaptoethanol). Fractions from all the purification steps and overnight cleavage were
visualized on Novex Pre-Cast SDS PAGE gels (Life Technologies).

Crystallization Screening

The purified protein was concentrated to 4.6 mg/mL in purificatication buffer (20 mM
NaH2PO4 pH 7.5, 300 mM NaCl, 5 % glycerol, 5 mM B-mercaptoethanol). Crystallization
experiments were setup in Greiner Crystal-Quick sitting drop plates (Hampton Research) with
a Cartesian robot (Digilab Microsystem, England) using the crystallization kits SALT-RX,
INDEX HT, PEG/Ion from Hampton Research and PACT premier, Morpheus, JCSG-Plus from
Molecular Dimensions. The sitting drop volume setup was 100 nL of protein with 100 nL of
reservoir solution. Plates were incubated at 20 °C and crystals appeared in all the screens in
different conditions after 2 days. Crystals were selected from each kit on the basis of size,
mounted and stored in liquid nitrogen for data collection. X-ray diffraction data were collected
at beamline [04-1 of the Diamond Light Source (DLS) (UK) and autoprocessed. The diffraction
resolution values were obtained via the autoprocessing pipeline at DLS (27-29), which
employed the PNP2 structure (PDB ID 5CXQ) as a template in the molecular replacement
procedures.

DMSO tolerance test

Crystals were reproduced in 3 well crystallization Swissci plates using a Cartesian robot for
INDEX HT condition G7 (0.2 M C2H7NOz, 0.1 M BIS-TRIS pH 6.5, 25% w/v PEG 3,350) and
SALT-RX condition F6 (2.5 M (NH4)2SO4, 0.1 M Tris pH 8.5), each from a different space
group. Crystals from both space groups were soaked for 1 and 4 hours with 5 %, 10 %, 20 %
and 40 % DMSO dispensed using an echo-acoustic liquid dispenser (Labcyte 550, USA) at

room temperature. Control crystals were not submitted to the soaking procedure. Crystals from
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all the concentrations were mounted and stored in liquid nitrogen. X-ray diffraction data was
collected and the resolution values were obtained via the autoprocessing pipeline at DLS.
Crystallization optimization

Manual optimization was performed by varying protein and PEG concentration for INDEX HT
condition G7 (0.2 M C2H7NOz, 0.1 M BIS-TRIS pH 6.5, 25 % w/v PEG 3,350). Optimization
was performed in Swissci plates. The protein to reservoir solution volume was varied 1:1, 1:2
and 2:1 as mentioned above in different PEG 3350 concentration (18 %, 20 %, 22 %, 25 %,

27 % and 30 %).

Fragment library screening and data analysis

The purified protein was subjected to the fragment screening procedure (Figure 1). Crystals
were reproduced in Swissci plates in a 1:1 protein to reservoir solution concentration as
mentioned previously. The protein concentration employed was 4.6 mg/mL and the
crystallization condition contained 0.2 M C2H7NO3, 0.1 M Bis-Tris pH 6.5, 30 % w/v PEG
3350. Crystals were soaked using a total of 827 fragments derived from Maybridge fragment
library and an ECHO liquid handler operated with TeXRank (30). The selected Maybridge
fragments met the criteria of purity, molecular weight, removal of any inappropriate
functionality, drug likeness and reproducibility. These fragments were also screened for its
Soaking was performed in 30 % DMSO and 60 mM fragments in the final volume of the
crystals drop and incubated for one hour at room temperature. Following incubation, soaked
crystals were mounted and stored in liquid nitrogen. X-ray diffraction data was collected at
beamline 104-1 of DLS and autoprocessed. Dimple and REFMAC were used for initial
structure refinement (31) and AceDRG for generation of ligand coordinates and restraints (32).

PanDDA was utilized for hit identification on the dimple-processed maps (33); Coot was then
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used for fragment fitting and subsequent model (re-)building (34). Subsequent refinements
were performed with PHENIX (35) and analyzed with coot. The final models were submitted

to Protein Data Bank (PDB) and assigned with the codes listed in Table 3.

Figure 1. Flow chart for the optimized high-throughput fragment screening methodology

adopted for PNP2 (Lab Xchem, 104-1, DLS, UK).

RESULTS

Crystal Selection

The protein PNP2 has crystallized in 33 different conditions out of 6 crystallization kits (Table
1). The extensive range of crystallization conditions provided a broad range of options of
crystal optimization for fragment screening. 9 different conditions were selected for data
collection based on the size of the crystals (0.50 um on average), and X-rays diffraction data
was collected (Table 1). The resolution of the collected diffraction data was in the range of
1.34 A t0 2.51 A. The crystals belonged to two space groups, 6 conditions were assigned to the

space group P 21 3 and 3 conditions were indexed as F4; 3 2.

Table 1. Crystallization conditions and collected X-rays diffraction resolution.

DMSO tolerance test

The fragments in the Maybridge library are provided dissolved in DMSO. Crystals were soaked
in 4 different concentrations of DMSO for two time intervals to check the effect of DMSO on
the integrity of the crystals. We selected two different space groups, which were P 2; 3 for
INDEX HT condition G7, and F 4; 3 2 for SALT-RX condition F6 with resolutions of 1.34 A

and 2.18 A, respectively (Table 1). Conditions leading to different space groups with highest
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resolution were selected to evaluate the DMSO effect on each type of crystal lattice. Crystals
were reproduced in Swiss-Cl plates for both conditions, soaked with increasing concentration
of DMSO, and incubated either for 1 hour or 4 hours at room temperature. Two repeats were
performed for each concentration of DMSO and each time interval (Table 2). Controls were
kept with no DMSO to check diffraction consistency, evaluated basically by resolution limit.
The diffraction pattern for the condition G7 with space group P 2; 3 has shown tolerance to all
the concentrations of the DMSO irrespective of the time interval (Table 2). Crystals had started
to disassemble and started to become more rounded than the original cubic shape at the 4-hour
interval but the diffraction resolution was not affected. In fact, the diffraction resolution was
more dependent on the size of the crystals irrespective of the DMSO concentration and time
interval, as shown in Table 2 where 40 % DMSO with 100 um diffracted with 1.65 A, while
15 um gave 3.95 A diffraction (Table 2). In contrast, for condition F6 with space group F 4: 3
2 the crystals did not show any tolerance to DMSO even at the lowest 5 % DMSO concentration
(Table 2) and were dissolved in all the DMSO concentrations in both time intervals. Therefore,

no diffraction data available for DMSO soaked crystals with space group F 413 2.

Table 2. Diffraction resolution for crystals in space group P 21 3 soaked in different DMSO

concentrations and time intervals showing changes with respect to their crystal size.

Crystal size optimization

In the DMSO tolerance test, we have observed that P 2; 3 space group crystals endured DMSO
at all the concentrations tested. It was also observed that the diffraction resolution of the DMSO
soaked crystals was size dependent. We have manually optimized PEG 3350 concentration for
INDEX HT condition G7 (0.2 M C2H7NO2, 0.1 M Bis-Tris pH 6.5, 25 % w/v PEG 3350) along

with the concentration of protein in the crystallization drop. Crystals with size ranging from 50
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um - 120 um were obtained in 30 % PEG 3350 concentration. Protein concentration did not
affect the crystal size. Crystals were only obtained in crystallization drops with a protein-to-
reservoir ratio of 1:1, while precipitation was observed in 1:2 and 2:1 ratios. The highest—
resolution diffraction data was collected from crystals produced in PEG 3350 30 %
concentration, which consistently produced larger crystals (50 pm - 105 um) (Table 3). The

resolution of the diffraction data was improved, in the range of 1.50 A —2.50 A.

Table 3. Effects of different PEG 3350 concentrations on the crystals size.

Fragment library soaking and hit detection

It was observed that larger crystals generally diffracted to higher resolution. In the fragment-
soaking condition containing 30 % DMSO and 60 mM of the fragment, soaking was performed
using 827 fragments; diffraction data was subsequently collected from the resulting crystals
and autoprocessed, with a resolution range of 1.60 —2.50 A. Fragment hits were identified with
PanDDA using the default settings and visually analyzed in COOT [33,34]. A total of 19

fragments were identified bound to PNP2 (Table 4).

Table 4. PDB IDs, chemical names and structures of each fragment observed bound to PNP2.
The number of DMSO molecules built and resolution of each structure are also listed.
Fragment binding sites

Of the 19 observed binders, a total of 14 fragments were found in the active site, and the other

five fragments were observed in three additional sites (Figure 2).
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Figure 2: Three-dimensional structure of PNP2 with observed fragments binding sites. Red
circles represent fragment binding sites of PNP2 along with PDB ID’s in which fragments were

observed. The active site had the maximum number of 14 fragments bound.

Three of the five non-active site binders were observed in one site, located between the helices
a5 and a9, corresponding to the PDB IDs 6B3L, 6B71 and 6BI1. Met275 adopts a rotamer
that exposes a predominantly hydrophobic pocket delimited by Ile179, Phel85, Leu272,
Met275 and Trp276. Only two polar residues are nearby this site, Asn183 and Glu279, and of
these Asn183 was observed to hydrogen bond the amine nitrogen of a fragment (PDB ID 6B3L)
(Figure 3). The overall architecture of the site is conserved in PNP1, with the exception of
Met275 (Ser275 in PNP1) and Glu279 (Lys 279 in PNP1). Additionally, Ile179 is mutated to
Vall79 in PNP1, but this change does not impact the region where the fragments were observed

to bind in this site.

Figure 3. Fragment found in PDB ID 6B3L was observed at the surface of the first site of
PNP2. The hydrophobic pocket that accommodates the fragment 5 is formed by residues
Phel85, Leu272 and Met275, while a single hydrogen bond is observed between the amine of

fragment (blue sphere) and the side-chain oxygen (red sphere) of Asnl183.

The second site is also observed between the helices a5 and a9, but closer to the C-terminal of
PNP2, and is formed by Pro285, Leul71, Leul75, Lys178 and Arg283 (PDB ID 6B7I). A salt
bridge is observed between an acid group of the fragment and Arg283, while Lys178 adopts a
different rotamer in relation to the other structures in order to hydrogen bond the acid group
and a hydroxyl of the fragment (Figure 4). Although this site is shallow, good complementarity

and the satisfaction of the hydrogen bonding potential in both the protein and the fragment
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suggest that the affinity for this interaction is moderate. Several residues differ between PNP2
and PNP1 in this region, namely Q174K, K178Q and R283K, indicating that this fragment

binding would likely not be conserved for PNPI.

Figure 4. Fragment in PDB ID 6B71 was observed in the second site of PNP2. The acidic group
of the fragment forms salt bridges with both Lys178 and Arg283. The side chains of non-polar

interacting residues are depicted as spheres, while Lys178 and Arg283 are shown as sticks.

The third site is formed by the 15-residue long loop connecting the B-strands 2 and B3, and is
delimited by Ile53, Lys60, Thr61 and Thr62 (PDB ID 6B56). These residues adopt slightly
different positions when compared to the other PNP2 crystal structures discussed here. This
region is very different in PNP2 and PNP1, as the loop comprising residues 60 to 62 adopts a
different conformation in the crystal structures of each enzyme. A series of polar contacts is
observed involving the acid group of the fragment, which hydrogen bonds both the side chain
hydroxyl and the main chain nitrogen atom of Thr61, and also interacts with Lys60 and two
tightly bound water molecules (Figure 5). Lys60 also interacts with an aromatic nitrogen atom

of the fragment.

Figure 5. Fragment observed in PDB ID 6B56 is bound to the third site of PNP2. The acid
group of the fragment hydrogen bonds both the side chain and main chain of Thr61, and is also
close to the amine nitrogen of the side chain of Lys60. The side chains of the residues
interacting with the fragment are labeled and represented as spheres, while water molecules are

depicted as smaller red spheres.

The active site of PNP2 has been described in the literature (20).
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Nitrogenous bases occupy a well-defined pocket, closer to helices a6 and a8, and are observed
hydrogen bonding to residues Glu203, Asn245 and Ser247. Pentose sugar moieties are closer
to the helix a9, and their carbon 3 hydroxyl group interacts with Tyr90, while the hydroxyl
group of the carbon 5 is observed to hydrogen-bond Tyr202 and His259.

In the structures presented here, 14 fragments were observed bound to the active site, a buried
pocket delimited by the main chain of Leull8, Alal19 and Gly120, and the side chains of
Tyr202, Glu203, Met221, Ala244, Asn245 and Ser247. The interactions of the fragments in
this site is coherent with the pattern observed in the previously obtained co-crystals with
adenine, cytidine, hypoxanthine, cytosine and tubercidin bound (20). For example, all
fragments in this site position a ring moiety in the same region occupied by adenine and most
of them are hydrogen bonded to Glu203 (Figure 6). The 12 smallest fragments are positioned
in the same place where nitrogenous bases like adenine and cytosine are bound, with minimal
perturbation observed in the residues in this site. Most of these fragments are only involved in
polar contacts with the residues Glu203, Asn245 and Ser247, and some of them also interact
with a water molecule. Five fragments are observed to hydrogen bond to Asn197, an interaction
not observed for nitrogenous bases. When compared to PNP1, all residues in this region are

conserved, with the exception of L118A and A244T.

Figure 6. PNP2 active site bound to adenine and three representative fragments.

(A) Adenine (PDB ID 5TBS). (B) Fragment in PDB ID 6BJ7 (C) Fragment in PDB ID 6AXA.
(D) Fragment in PDB ID 6BI9. These planar fragments observed in the active site lie in the
same plane as adenine. Several fragments interact with both Asn245 and Glu203, mimicking

the interaction of adenine (B). Other fragments interact with Asn197 (C and D).
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Interestingly, only one fragment, PDB ID 6BJ6, occupies the sugar-binding site, and is
observed to hydrogen bond to Ser35, Asnl17, and the carboxyl oxygen of Leul18, in addition
to two water molecules (Figure 7). In comparison to the other structures presented here, Ser35
and His259 are slightly displaced, and Asn117 adopts a different rotamer. The binding of the
sulfinyl oxygen atom of fragment 18 to Asn117 and to the main chain of Leul18 causes a small

perturbation in the B-strand 5.

Figure 7. Fragment observed in PDB IF 6BJ6 bound in the active site of PNP2. The fragment
shows hydrogen bonds to residues Ser35 and Asnl17. The side chains of residues Met221,
His259 and Val262 delimit this pocket, and all labeled residues are conserved between PNP1

and PNP2.

One of the hits of our fragment screening reveals several novel structural features: fragment 1
(PDB ID 6AWE) explores a previously unidentified cavity, adjacent to the nitrogenous base
pocket, formed in the vicinity of helices a6 and a8. In PNP2, the residues between 11248 and
Asn253 form the helix a8, but in all deposited PNP1 structures these residues do not adopt a
helical conformation. Several residues in this region are not conserved between PNP1 and
PNP2, among these 11257 (Pro257 in PNP1), which appears to have a prominent role in the
binding of fragment 1, as it closes the pocket together with the conserved Tyr202. The
conserved active site residues Tyr202 and Glu203 in the loop preceding helix a6, together with
Asnl197, delimit one side of the pocket, while the other side is formed by Asn245, Ser247,
Asp250, Val255 and Ile257. Fragment 1 presents only one polar contact in this region, a
hydrogen bond between its pyridine nitrogen and the side chain of Asn245. On its other
extremity the nitrile group of fragment 1 acts as a strong hydrogen bond acceptor by interacting

with Asn197 (Figure 8). Another favorable hydrogen bond is observed between the side chain
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of Glu203 and the secondary amine of fragment 1, which is a good hydrogen bond donor since
it is linked to a benzene ring substituted with two electron withdrawing groups, a fluorine atom
and the nitrile group. The analysis of the interactions of this fragment provides useful insights
into the development of new inhibitors, as it is well buried into the nitrogenous-base binding
site, but at the same time performs an additional interaction with Asn197 and places eight atoms,
including a six-membered aromatic ring, in a previously uncharacterized pocket. Since this
pocket is not conserved between PNP1 and PNP2, its exploration appears to be very promising

for the development of potent and selective inhibitors for PNP2.

Figure 8. Fragment in PDB ID 6 AWE in the active site of PNP2. Fragment sits over -strands
B5 and B8 in a way similar to adenine, but positions a pyridine in a previously uncharacterized
pocket, where its nitrogen hydrogen bonds the side chain of Asn245. Fragment also interacts

with two key residues, its nitrile group hydrogen bonds Asn197 and its secondary amine group

is bound to Glu203. Asp250 and Ile257 also delimit this pocket.

DISCUSSION

Schistosoma mansoni is a common parasitic infection in the tropical and subtropical region; it
is a chronic and advanced disease that causes abdominal pain, diarrhoea, blood in stools, liver
cirrhosis, portal hypertension and premature death (36). Praziquantel and oxamniquine are the
only drugs used to treat schistosomiasis in Africa and America. Coelho et al have reported a
natural strain of S. mansoni partially resistant to oxamniquine (Mansi, Pfizer)(37). Praziquantel,
a pyrazinosioquinoline derivative with low toxicity, has proved to be effective against S.
mansoni and other species of the genus Schistosoma that parasitize humans. The exact
mechanism of the praziquantel is still not elucidated (38). Praziquantel is a WHO-approved

drug, but a major limitation to schistosomiasis control has been the limited availability of
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praziquantel. According to 2013 reports, only 13.1 % of people requiring treatment were
reached (3). Therefore, there is an emerging need for more effective drugs for schistosomiasis.
There are no reports of a structure-based fragment screening for S. mansoni, and this approach
is effective in the identification of hits which can be developed into lead compounds. Here we
report the first high-throughput fragment screening process for S. mansoni. The fragment
screening strategy that we describe is the robust technology available at Diamond Light Source,
UK, which demands a conveniently short amount of time (typically less than 30 days) to screen
a large library of fragments against a protein (Figure 2). The methodology employs several
critical processing techniques that facilitate the otherwise prohibitive experimental and
analytical workload. The most important of these is the use of the ECHO liquid handler,
targeted with TeXRank, to perform the soaking procedure; this greatly simplifies sample
handling, reducing the time required to perform the experiment, but also increasing the
accuracy of the soaking. The autoprocessing pipeline for data collection and structure solution
at DLS 104-1, including the identification of fragment hits with PanDDA(33), is another
backbone of the fragment-screening methodology. The processing time of data collection and
analysis is reduced to days rather than months; in our case, we were able to identify structure-
bound fragments for all 827 crystallographic datasets in two days.

The screening process is dependent on the tolerance of the protein crystals to DMSQO, as all the
fragments are dissolved in DMSO. Our crystals showed tolerance to all the different
concentrations of DMSO that were tested. Moreover, we observed that the resolution of
diffraction was dependent on the crystal size: small crystals have low diffraction resolution
compared to larger crystals. Accordingly, larger crystals were obtained by using a higher
concentration of PEG 3350, which facilitated the screening process. Thus, in our experience,
high DMSO tolerance and large crystals were instrumental to the success of fragment screening

using the high-throughput screening pipeline at 104-1, DLS.

120z Jequisydag 6z uo Jasn N Aq ypd L ¥00-1.202-0a/289026/1#001202M08/2¥01L"0L/10p/ipd-ajone/fwayoolq/woo ssaidpuepod;/:dpy wouy papeojumoq



1¥001.202r09/2701°01/610°10p//:SdRY Je S|qe|IeA. S| UOISIOA-0}ep-0}-dn JSOL 8y | "UOISISA SIy} d0e|dai [im ‘paysiignd Usym ‘Jey} pioday JO UOISIBA By} 8sn 0} pabeinoous aie noA -jduosnuely pejdecdy Ue S| SiyL “[euInop [eviwayoolg

As aresult, we report 19 novel fragments for PNP2 as binding hits that may be developed into
drug leads against S. mansoni. We have identified not only fragments that bind in the
competitive site of the protein (14 fragments) but also three additional non-competitive sites (5
fragments) at the surface of PNP2. In the active site of PNP2, we have discovered a binding
pocket that was previously not described (6AWE) for PNP2. In addition to engaging the
adenine site, fragment 1 positions its pyridine group in this novel site, indicating that this non-
conserved pocket might be occupied by relatively large groups. Such new information may be
valuable for designing more selective and effective inhibitors for the protein. Two fragments
observed in the protein (AWE and 6BIF) are poised fragments, which can be utilized for
straightforward expansion through synthesis and target the active site. Amongst the observed
fragments in the active site, only fragment 18 (6BJ6) occupies the binding site of sugar moiety
and phosphate as observed for cytidine (STBT). Thus, fragments 1 and 18 are amongst the most
important fragments that can block the whole active site. These fragments bring rich structural
information that can be explored for further drug design. It remains to be studied if the non-
competitive sites that were identified via this screening present any effect on the trimerization
of PNPs and its activity.

Now identified, these fragment hits can be utilized in a follow up chemical synthesis to design
new potentially-active leads against S. mansoni. Additionally, the wealth of structural data
presented here can be put to use in similarity searches for already available and potentially
inexpensive compounds that can be readily tested in further crystallization assays. The new
drug target PNP2, which is an intermediate in the S. mansoni purine salvage pathway, is an
appealing target as it can be inhibited in both genders and at all the stages of the parasite’s life-
cycle. Schistosoma infection is not only restricted to snails and humans but also other animals
(39). Our screened fragments may also be utilized in identifying molecules for drug

repurposing against Schistosoma in humans and animals.
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Data Availability Statement

The atomic coordinates and related experimental data have been deposited at the Protein Data
Bank (PDB) and released with the following IDs: 6B56, 6B7I, 6B3L, 6B71, 6BI1, 6AWE,
6AXA, 6B2L, 6B37, 6B4Q, 6B4T, 6B6K, 6BB7, 6BFV, 6BHB, 6BI9, 6BIF, 6BJ6, 6BJ7. For
direct access to the files use: www.rcsb.org/structure/ID. For example, for structure 6B56, the

link is https://www.rcsb.org/structure/6B56.
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Production, purification and crystallization of target protein
5 days

<

Data collection and analysis for screening condition
3 days

G

Crystallization in SWISS-CI plates and DMSO soak test
4 days

.

Crystal soaking using Maybridge fragment library, crystal mounting
and freezing
4 days

%

Data collection, refinement, hit detection and analysis
15 days

Figure 1. Flow chart for the optimized high-throughput fragment screening methodology

adopted for PNP2 (Lab Xchem, 104-1, DLS, UK).
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Figure 2: Three-dimensional structure of PNP2 with observed fragments binding sites. Red
circles represent fragment binding sites of PNP2 along with PDB ID’s in which fragments were

observed. The active site had the maximum number of 14 fragments bound.
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Figure 3. Fragment found in PDB ID 6B3L was observed at the surface of the first site of
PNP2. The hydrophobic pocket that accommodates the fragment 5 is formed by residues
Phel85, Leu272 and Met275, while a single hydrogen bond is observed between the amine of

fragment (blue sphere) and the side-chain oxygen (red sphere) of Asn183.
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Figure 4. Fragment in PDB ID 6B71 was observed in the second site of PNP2. The acidic group
of the fragment forms salt bridges with both Lys178 and Arg283. The side chains of non-polar

interacting residues are depicted as spheres, while Lys178 and Arg283 are shown as sticks.
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Figure 5. Fragment observed in PDB ID 6B56 is bound to the third site of PNP2. The acid
group of the fragment hydrogen bonds both the side chain and main chain of Thr61, and is also
close to the amine nitrogen of the side chain of Lys60. The side chains of the residues
interacting with the fragment are labeled and represented as spheres, while water molecules are

depicted as smaller red spheres.
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Figure 6. PNP2 active site bound to adenine and three representative fragments.

(A) Adenine (PDB ID 5TBS). (B) Fragment in PDB ID 6BJ7 (C) Fragment in PDB ID 6AXA.
(D) Fragment in PDB ID 6BI9. These planar fragments observed in the active site lie in the
same plane as adenine. Several fragments interact with both Asn245 and Glu203, mimicking

the interaction of adenine (B). Other fragments interact with Asn197 (C and D).
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Figure 7. Fragment observed in PDB IF 6BJ6 bound in the active site of PNP2. The fragment
shows hydrogen bonds to residues Ser35 and Asnl17. The side chains of residues Met221,
His259 and Val262 delimit this pocket, and all labeled residues are conserved between PNP1

and PNP2.
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Asp250 AW
P | =/ Met221
lle257 >

Figure 8. Fragment in PDB ID 6 AWE in the active site of PNP2. Fragment 1 sits over B-strands
B5 and B8 in a way similar to adenine, but positions a pyridine in a previously uncharacterized
pocket, where its nitrogen hydrogen bonds the side chain of Asn245. Fragment 1 also interacts

with two key residues, its nitrile group hydrogen bonds Asn197 and its secondary amine group

is bound to Glu203. Asp250 and Ile257 also delimit this pocket.
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Table 1. Crystallization conditions and collected X-rays diffraction resolution.

H3, H8, H10

Crystallization | Crystallization conditions Crystals Space Diffraction
kits diffracted groups resolution
(A)
SALT-RX E6, F5, F6 F6 F4,32 2.18
E6 F4,32 2.39
INDEX HT De6, D11, F9, F11, G6, G7, G7 P23 1.34
G10
F11 P23 2.13
Cs F4,32 2.26
PEG/Ion A4, A5, BS5, B11, B12, Cé, B12 P23 2.01
Cl1
Cl1 P23 2.12
PACT premier B3, C3,D3 C3 P23 2.15
Morpheus Al, B1,Dl1, El - - -
JCSG-Plus A8, B7, B9, C1, C3, D4, H10 P23 2.51
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Table 2. Diffraction resolution for crystals in space group P 2; 3 soaked in different DMSO

concentrations and time intervals showing changes with respect to their crystal size.

DMSO Soaking time Crystals size Diffraction
concentration (nm) resolution (A)
0 (h)
(%)
1 30 2.84
Control
1 25 2.59
4 120 1.80
Control
4 25 2.90
1 25 2.28
5
1 50 2.28
4 30 2.9
5
4 - No diffraction
1 50 1.91
10
1 60 1.69
10 4 - No diffraction
4 100 2.17
20 1 30 4.05
1 50 2.07
20 4 50 2.02
4 80 2.11
40 1 50 4.07
1 100 1.65
40 4 60 1.94
4 15 3.95
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Table 3. Effects of different PEG 3350 concentrations on the crystals size.

Crystals Crystal size

PEG 3350

(nm)

concentration
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Table 4. PDB IDs, chemical names and structures of each fragment observed bound to PNP2.

The number of DM SO molecules built and resolution of each structure are also listed.

List of screened fragments found in the structures

PDB . # of Resolution
ID’s Chemical Name Structures DMSO (A)
2-fluoro-6-(2-pyridin-2- M
6AWE ylethylamino)benzonitril  F. N P 8 1.65
e
\/\@
HO
(3S)-5-fluoro-3-hydroxy- F
6AXA 1,3-dihydroindol-2-one (0] 8 1.59
HN
NH
6B2L Piperidin-2-imine HN 7 1.56
6B37 1,3-benzothiazol-2-ol HO—{D 6 1.50
¢p3L  23-dihydro-1H-inden-2- HZN—O@ 6 152
amine
OH
6B4Q Pyridin-4-ol N 6 1.60
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6B4T

6B56

6B6K

6B71

6B71

6BB7

4-methylpyridin-2-ol

S-butylpyridine-2-
carboxylic acid

6-methyl-2,3-
dihydropyridazin-3-one

3-(4-chlorophenyl)-
S5H,6H-imidazo[2,1-
b][1,3]thiazole

(2S)-2-(3,5-
difluorophenyl)-2-
hydroxyacetic acid

3-methyl-1,2-
dihydropyridin-2-one

cl

1.51

1.42

1.46

1.52

1.54

1.44
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6BFV

6BHB

6BI1

6BI9

6BIF

6BJ6

5-fluoro-1,2- h

dihydropyrimidin-2-one N

Hﬁ
2-aminopyrimidin-5-ol |

H,C
1,2,5-trimethyl-1H- 3 .
pyrrole-3-carboxylic acid
H;C
1-(4-amino-2-
hydroxyphenyl)ethan-1-
one

HO__O
2-1[(S)-
benzenesulfinyl|methyl} S

benzoic acid I

o

(2R)-2-amino-3- NH,
(benzyloxy)propan-1-ol ©\/0 \)\/0 H
cHy
H3
/
OH
o
0]
OH
NH,

1.92

2.00

1.42

1.59

1.60

1.73
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