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Abstract

Fragment screening is a powerful drug discovery approach particularly useful for enzymes
difficult to inhibit selectively such as the thiol/selenol-dependent thioredoxin reductases (TrxRs),
which are essential and druggable in several infectious diseases. Several known inhibitors are
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reactive electrophiles targeting the selenocysteine-containing C-terminus and thus often suffering
from off-target reactivity /n vivo. The lack of structural information on the interaction modalities
of the C-terminus-targeting inhibitors, due to the high mobility of this domain, and the lack of
alternative druggable sites prevents the development of selective inhibitors for TrxRs. In this work,
fragments selected from actives identified in a large screen carried out against Thioredoxin
Glutathione Reductase from Schistosoma mansoni (SmTGR), were probed by X-ray
crystallography. SmTGR is one of the most promising drug targets for schistosomiasis, a
devastating, neglected disease. Utilizing a multi-crystal method to analyze electron density maps,
structural analysis, and functional studies, three binding sites were characterized in SmTGR: two
sites are close to or partially superposable with the NADPH binding site, while the third one is
found between two symmetry related SmTGR subunits of the crystal lattice. Surprisingly, one
compound bound to this latter site stabilizes, through allosteric effects mediated by the so-called
guiding bar residues, the crucial redox active C-terminus of SmTGR, making it finally visible at
high resolution. These results further promote fragments as small molecule probes for
investigating functional aspects of the target protein, exemplified by the allosteric effect on the C-
terminus, and providing fundamental chemical information exploitable in drug discovery.
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The Fragment-Based Drug Discovery (FBDD) approach is a powerful approach used in
target-based drug discovery.! Inhibitors for strategic therapeutic targets have been developed
using this approach, resulting in the identification of 4 newly approved drugs with about 45
additional molecules currently in clinical trials (http://practicalfragments.blogspot.com/
search/label/clinical%?20candidate). Fragments are low molecular weight soluble compounds
(<300 Da) characterized by low binding affinities to the target (in uM-mM range) and by
simple chemical architectures. An advantage of using chemical fragments as a starting point
for drug discovery over larger compounds resides in their ability to explore the chemical
space of the target surface more efficiently. FBDD, when coupled to structural studies, is an
attractive and promising approach for developing drugs against targets difficult to inhibit in a
selective manner,2 due to its unique capacity to identify novel druggable hotspots.3-5 In this
context, X-ray crystallography is the technique of choice for FBDD; it can detect
compounds even with low binding affinities and, at the same time, provides strategic
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information required to drive the improvement of inhibitor efficiency. Moreover, such
chemical probing of the target may reveal insights into structural features, protein dynamics
and function not easily obtained through other experimental approaches.*

Homodimeric flavoenzymes, such as glutathione reductase (GR) and thioredoxin reductase
(TrxR), are essential for maintaining cellular redox homeostasis and regulating DNA
synthesis, cell growth, and apoptosis.5~7 Members of the TrxR subfamily are crucial targets
for anti-cancer and anti-inflammatory therapeutics in humans®-2 and for the development of
therapeutic strategies against pathogenic microorganisms.1%-11 Mammalian TrxRs are
selenocysteine (Sec, U)-containing enzymes exerting their function via the reduction of the
small protein thioredoxin (Trx).12 The presence of Sec provides enzyme resistance to
oxidative stress and an extremely high nucleophilic reactivity at physiological pH, mostly
due to its low pK, = 5.6.13-14 Among enzymes of the TrxR subfamily, thioredoxin
glutathione reductase (TGR) is unusual being a fusion of a glutaredoxin (Grx) domain at the
N-terminus of the TrxR homodimer (Figure 1).15-16 The presence of a Grx domain confers
to the modular assembly the unique ability to reduce both oxidized Trx and glutathione
disulfide. This peculiarity has a significant biological relevance as in parasitic
platyhelminths, such as Schistosoma spp. where authentic TrxR and GR are absent, TGR is
the only enzyme able to provide electrons to both the Trx and glutathione (GSH) pathways.
17 SmTGR is essential for the survival of all the schistosome species and it has been
validated as a promising target for schistosomiasis chemotherapy,11: 18 a neglected disease
afflicting more than 200 million people in the tropical and sub-tropical areas.19 Currently,
schistosomiasis therapy relies on a single drug, praziquantel. The use of monotherapy for
treatment facilitates the selection of praziquantel-resistant schistosome strains,2? making the
development of alternative therapeutic strategies urgently needed. In addition, all parasitic
flatworms rely on TGR and are the causative agents of important human and veterinary
diseases.1’

The catalytic cycle of SmMTGR starts when reduced nicotinamide adenine dinucleotide
phosphate (NADPH) binds to the protein at the re-face of the flavin adenine dinucleotide
(FAD) cofactor, transferring electrons to it. FAD, in turn, reduces the disulfide bond C154/
C159 at its si-face allowing the passage of the reducing equivalents to the oxidized and
highly mobile Sec-containing C-terminus, which belongs to the other subunit of the obligate
homodimer. This latter redox center, containing residues C596 and U597 can i) transfer
electrons to oxidized Trx, following the usual path found in TrxRs and ii) reduce the Grx
domain of the symmetrical subunit where binding and reduction of glutathione disulfide
occurs, unique to TGR proteins (Figure 1).2122 It has been shown in human TrxR (hTrxR)
that the movements of its flexible C-terminus, which adopts different conformations during
catalysis, are orchestrated by the so-called “guiding bar” residues (W407, N418 and N419 in
hTrxR) that contribute stabilization of the catalytically-competent conformers of this redox
center,23-24

To date, most of the inhibitors identified for TrxR subfamily members are reactive

electrophilic species,2>-27 primarily targeting the Sec-containing C-terminus and thus often
suffering from off-target activity when they are tested /n vivo due to the high abundance of
free thiols.® Development of novel avenues for optimization of these inhibitors is hindered,
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in part, by the intrinsic mobility of the C-terminus, making visualization of the inhibitor
interactions challenging, and by the lack of druggable secondary binding sites that can be
targeted by reversible, nonreactive molecules.2>-27 To overcome these barriers, we
conducted an X-ray crystallographic study with low molecular weight fragments originally
identified as hits in a quantitative high throughput screen (qHTS) against SMTGR (Pubchem
BioAssay: AID 485364). To increase the hit rate, we utilized a recently developed multi-
crystal method (Pan-Dataset Density Analysis: PanDDa) that makes the resulting electron
density maps easier and more automatic to explore.28 The findings presented in this work
can contribute to development of novel schistosomicidal agents and open new avenues for
targeting TrxR subfamily in other infectious pathogens responsible for numerous important
and neglected diseases.

RESULTS AND DISCUSSION

Forty-nine active and commercially available fragments selected from the qHTS have been
tested against SmTGR by X-ray crystallography in both soaking and co-crystallization
experiments (Table S1), considering that these two methods may generate different
outcomes.2%-30 |n general, hit rates in a fragment X-ray screening strongly depend on the
solubility of the compounds in the crystallization conditions and on the nature of the targets,
due to the different accessibility of the solvent channels inside a preformed crystal lattice
when soaking is carried out,3! resulting in few molecules bound to some proteins and many
to others.32 Six crystal structures of SMTGR in complex with compounds reported in Table
1 have been solved at resolutions ranging from 1.45 to 2.7 A (Table S2), yielding a fairly
good hit rate (~ 10%), and identifying three secondary binding sites, namely Site 1, Site 2,
and Site 3 (Figure 1). Stereo images of the compounds in their relative protein environments
are reported in Figure S1, while their omit electron density maps are reported in Figure S2.
Ligand placement into the X-ray derived electron density has been validated considering the
ratio of the B-factor of the ligand (Bjiganq) Versus the B-factor of the surrounding residues
(atoms within 4 A,; Bsurroundings). the estimated occupancy from PanDDA analysis (see
below and Table S3 legend) and the real space correlation coefficients (RSCCs), the latter
being indicative of the similarity between the calculated and the X-ray-derived electron
densities (Table S3). These measures fall into genuine intervals (e.g., Bjigand/Bsurroundings< 2;
RSCC > 0.85; see the legend of Table S3), indicating that the structures of SMTGR in
complex with compounds 1-5 can provide suitable platforms for future drug-design efforts.
The SmTGR-U597C mutant was employed for structural studies, while functional
characterization was carried out using the Sec-containing forms of the enzyme.

Site 1 partially overlaps with the NADPH binding site

Applying PanDDa for the identification of ligand binding and structural events, binding of
compound 1 [3-(3-methoxyquinoxalin-2-yl)propanoic acid] and 2 (2-methylindole-3-acetic
acid) in a subpocket (Site 1) of the NADPH binding site in SMTGR was detected (Figure 2).
PanDDa, recently introduced in macromolecular crystallography, makes the electron density
inspection from hundreds of crystals (e.g., in a fragment screen) less time-consuming,
automatic, and capable of detecting structural events characterized by weak and noisy
signals, for example the presence of a ligand at low occupancy inside the crystal.28 Co-
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crystallization of SmMTGR with 1 and soaking of SmTGR crystals with 2 for 72 h gave very
weak and uninterpretable electron densities in the NADPH binding site (Panels A of Figure
S3 and Figure S4). The use of PanDDa facilitated identification of ligand binding events in
these sites (Panels B of Figure S3 and Figure S4). After placing the ligands as indicated and
structure refinement, the RSCC values of 0.87 and 0.88 for 1 and 2, respectively, indicate
that the ligands are bound as identified by PanDDa (Figure 2). To further test the validity of
PanDDa prediction, we performed additional soaking experiments with 1, at twice of the
concentration used in the co-crystallization experiment, and with 2, at longer incubation
times, obtaining in both cases clearer electron density signals without any data averaging
(Figure 2 and panels C and D of Figure S3 and S4).

Compounds 1 and 2 superpose with the phosphate in position 2” of NADPH (Figure 2,
Panels A and D) making similar interactions with the surrounding residues. The carboxylate
of 1 makes an H-bond with the side chain of S318, and electrostatic interactions with
positive nitrogen atoms of the side chains of R317 and R322. A cation-r interaction
between the positive nitrogen of R322 and the aromatic ring of 1 is also present (Figure 2,
Panel B and Figure S1). The interacting amino acids are conserved in hTrxR but not in
human GR, where S318 is replaced by H219 and the main chain has an amino acidic
insertion in the loop contacting the 2’-phosphate of NADPH.33 Steady-state Kinetic
experiments performed at saturating concentrations of 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB) and varying NADPH confirmed competition between 2 and the reducing substrate
(Figure 2, Panel D), supporting the information obtained by X-ray crystallography.
Unfortunately, it was not possible to increase concentration of 2 above 3 mM, due to sample
precipitation, to determine the inhibition constants. However, the data show both an increase
of Ky and a slight decrease of Vimax (~ 10%) upon increasing the concentration of 2 from 0
to 3 mM. The decrease of Vax Can be explained by a mixed type of inhibition, where
NADPH and 2 simultaneously bind. This can be possible, because 2 occupies a small
portion of the NADPH binding site and NADPH may undergo conformational changes upon
binding exposing its 2’phosphate to solvent, allowing access to Site 1 by 2. Otherwise, the
decrease in Vmax €an be also explained by a concomitant precipitation of SmTGR with 2, as
we detected some visible aggregation when we incubated SmTGR, at micromolar
concentrations, with the compounds during co-crystallization trials. Steady-state
experiments of TGR in presence of 1 were also carried out, but, again, it was not possible to
further increase the concentration of 1 above 3 mM; in these conditions only a decrease of
the Vmax Was detected, likely due to protein aggregation induced by this compound (results
not shown).

Site 2 is a reservoir of reactive species and an anchoring site exploitable in future
compound development

Two different fragments have been found in a solvent-exposed pocket (Site 2; Figure 3 and
Figure S1) adjacent to the NADPH binding site. Compounds 3 (4-aminopiazthiole) and 4
(indole-3-carbinol) enter the crystal in soaking experiments and make similar interactions
with residues of Site 2 though displaying different apparent ICgq (Table 1). However, both
compounds inhibit the enzyme in a NADPH-dependent manner, and the inhibition appears
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to be irreversible even upon extensive dilution of the inhibited protein, with the measured
ICsq representing in these cases, a kinetic property rather than an equilibrium parameter.34

Compound 3 makes several hydrophobic interactions with residues in Site 2 (V316, L320,
F343) and several H-bonds. The nitrogen of its thiadiazole ring contacts the side chain of
E330, while its amino group interacts with D334 and E330 side chains. A cation-r
interaction between its aromatic ring and the positive nitrogen of K345 is also present
(Figure 3, Panel B and Figure S1). Its apparent ICsg, around 500 uM (% of inhibition at 500
UM =51.4 + 4.1), was not possible to determine accurately given that 3 induces protein
precipitation at 1 mM, as assessed by SDS page of the collected precipitate (result not
shown). However, considering that the inhibition is strongly dependent on the NADPH
incubation time (Figure S5) and irreversible, it is likely that the inhibition mechanism is
independent of its binding to Site 2. In general, 1,2,5-chalcogenadiazoles, including 3, can
behave as Lewis acids, taking part in various charge transfer processes, are redox active and
can undergo polymerization.35-3¢ Therefore, it is possible that these species covalently
modify the nucleophilic centers of SMTGR enzymes, once the enzyme has been reduced by
NADPH. Moreover, the N-chalcogen bond of 3 resembles that found in ebselen
(characterized by a Se-N bond), a well-known selenol/thiol reacting compound and inhibitor
of the high molecular weight TrxR subfamily.3” To completely rule out any functional role
of Site 2 in the mechanism of inhibition of 3, a double mutant of the enzyme (SmTGR-
E330A/D334A), where two key residues interacting with 3 have been changed to alanine
(see above and Figure 3), was incubated with different concentrations of the inhibitor and its
activity tested, measuring an indistinguishable percentage of inhibition at 500 uM (48.1
6.2) from that of the wild type enzyme, indicating that the inhibition is not related to the
binding of the compound to Site 2.

Compound 4 is in clinical trials for the prevention of several classes of solid tumors (e.g.,
NCT00033345, NCT00100958, NCT00607932, NCT00988845). Compound 4 makes two
H-bonds, one between the nitrogen of its indole ring and the side chain of E330 and the
other between its OH group and the side chain of E337 (Figure 3, Panel C and Figure S1),
and several hydrophobic interactions with residues at the bottom of the pocket. The apparent
ICgq value of 4 for DTNB is 284 = 12 pM. Its inhibition is, as compound 3, dependent on
the NADPH incubation time (Figure S5) and irreversible; indeed, it is known that compound
4 and its analogs are not stable in buffered aqueous solutions forming several electrophilic
reactive species, such as imine methide,38-39 which can covalently modify the nucleophilic
centers of the reduced SmTGR enzyme. To support this, E337, an interacting residue of 4
(see Figure 3), was mutated to alanine (E337A). Compound 4 displays 1Csq for the mutant
enzyme [ICs (E337A) = 283 + 15 uM] almost identical to that of the wild type enzyme,
demonstrating also in this case the absence of a role for Site 2 in its inhibition mechanism.

Compounds 3 and 4 exert their inhibition mechanism through formation of reactive species.
Site 2 has been described previously by us, characterizing its involvement in the
transformation of suicide inhibitors, i.e., 2-naphtholmethylamino compounds, into covalent
modifiers of the Sec-containing C-terminus of SMTGR (PDB IDs: 6RTJ, 6RTM, 6RTO).3°
Considering that the mobile C-terminus can interact with compounds tethered here,39 Site 2
can be seen as a druggable hotspot functioning as a reservoir for precursors of covalent
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modifiers of the C-terminal redox center. With the finding of two new fragments bound in
this site, its surface is more finely mapped from a chemical point of view and the
information gathered will be useful in the design of more selective suicide inhibitors (See
Figure S6 and Conclusion). In addition, this site could be used in a fragment linking drug
design strategy exploiting its proximity to Site 1 (Figure 4). The identification of Site 1 fills
the gap between Site 2 and a regulatory site adjacent to the FAD, called the “doorstop”
pocket. Compounds bound here interfere with the conformational changes associated with
NADPH entry.#0 Thus, a large druggable surface area extending from the re-face of the FAD
encompassing the doorstop pocket, Sitel, and Site 2 has been identified and chemically
mapped (Figure 4). This surface is located far from the reactive electrophilic sites of the
enzyme and represents a possible alternative site to target members of the TrxR subfamily
with non-covalent inhibitors.

Site 3 and C-terminus stabilization due to allosteric effects of compound 5 propagated
through crystal contacts

Site 3 is generated by crystallographic contacts between two SmTGR subunits related by
crystallographic screw axis of the C2 space group (Figure 5). This interface creates a
shallow pocket responsible for binding of 5 (4-hydroxy-7-methyl-1,8-naphthyridine-3-
carboxylic acid), which can enter this site both in soaking and in co-crystallization
experiments. Contacts between a ligand and atoms belonging to different, neighboring
asymmetric units are occasionally observed in protein X-ray structures.2% 41 Compound 5
binds to a narrow gap between subunits of the crystal lattice, identified in Figure 5 as “c”
and “d”; it makes hydrophobic interactions with L369(c) and L355(c), one H-bond with the
carboxylic oxygen of the side chain of E383(c) (with the N11 atom of the naphthyridine
ring), a salt bridge between the negative oxygen of the carboxylic group of the compound
and the positive nitrogen of the K353(c) side chain, and a cation-m interaction between the
positive nitrogen of K105(d) of the symmetric molecule and the r electrons of the aromatic
ring of 5 (Figure 5, Panel E and Figure S1).

Surprisingly, in the structures of SmMTGR complexed with 5, the elusive C-terminus
containing a fundamental active center of the enzyme can be completely built (Figure 5,
Panel D). To date, we have solved about 400 structures of different SMTGR variants (wild
type, U597C mutant, and a C-terminal truncated form lacking the last two residues) in the
C2space group, but the last six residues have never been visible in the crystals. The
structure of the protein in complex with 5 clearly shows the entire C-terminus, with
cysteines in the reduced state, exposed to the solvent, and interacting with amino acids of the
same and partner subunit belonging to the physiological dimer. The nitrogen atom of
V593(a) of the main chain interacts with the oxygen atom of the side chain of N518(a),
while the terminal carboxylate of G598(a) is sandwiched between the two positively charged
amino acids R450(b) and K124(b) (Figure 5, panel B and C; Figure 6). The presence of two
positively charged residues interacting with the C-terminus possibly reflects the necessity to
stabilize the negative charges present on the carboxylate and on Sec in order to maintain the
redox center in a reduced state. C597 and C596 are in trans position with respect to the main
chain. This conformation is maintained in SmTGR by a H-bond between C597 and S595
that bends the C-terminus in a turn-like conformation (Figure 6).
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Of the numerous structures of TrxRs present in the protein data bank, four, solved at
medium-low resolution, show the entire C-terminus: the wild type TrxR from rat (rTrxR),
the U498C mutant of hTrxR, the U498C/C497S double mutant of hTrxR in complex with
hTrx23-24.42 and the U597C mutant of SMTGR solved in a less-frequent space group for
this enzyme.2! In the structures of TrxRs, in which the reduced C-terminus has been
detected, the last six residues are characterized by high B-factors (~100 A2) and ambiguous
electron density;24 42 this fact is also reflected by ensemble of conformations of C-terminus
observed in the six subunits present in the asymmetric unit of the crystal lattice of rTrxR and
hTrxR (PDB IDs: 3EAN and 2J3N, respectively). The exception is represented by the
structure of the hTrxR-Trx complex in which the C-terminus has low B-factors and a clearer
electron density. However, here, the C-terminus is stabilized by a mixed disulfide with Trx
artificially induced by site-directed mutagenesis of hTrxR and hTrx.23 The conformation
most similar to that found in SMTGR is the one seen of the C-terminus of subunit F of the
rTrxR crystal structure (Figure 6, panel A; the RMSD calculated on the C-alpha of the last
six residues is 2.3 A). In both these structures, this redox active center is about 13 A distant
from C159 of the FAD redox center, in an intermediate position between the FAD redox
center and the position it adopts when it interacts with Trx, as seen in the structure of the
hTrxR-Trx complex (Figure 6, Panel C). Conformations like this and that found in hTrxR-
U498C (PDB ID: 2j3n; Figure 6, panel B), are designated as a “waiting” position?4 because
the reduced C-terminus can access Trx by adopting a conformation more solvent exposed
(Figure 6). The “guiding bar” is an important feature of TrxRs and three residues W407,
N418 and N419 are known to orchestrate movements of the C-terminus.2® Amongst the
three residues, N419 has been recognized as the most important in stabilizing the C-
terminus, as demonstrated by site directed mutagenesis of hTrxR.23 The putative guiding bar
residues in SmTGR, K506, D517 and N518, are partially conserved, with K506 and D517
interacting by a salt-bridge possibly replacing the pi-amide interaction between W407 and
N418 in TrxRs.

The C-terminus seen in the highly defined electron density of SmTGR is likely due to
compound 5 playing the role of a “sticky wedge” that can stiffen not only the intermolecular
motions between dimers and single subunits but also the intramolecular motions within the
subunits (Figure 6, panel A). PanDDa analysis indicates that two protein portions (L346-
1352 and V370-E383), partially overlapping with the surface binding of 5, are in a slightly
different conformation with respect to the same residues found in a subset of apo forms [5
structures out of the 25 structures in apo form used for PanDDa analysis, see Methods;
RMSD (L346-1352) = 1.1 A; RMSD (V370-E383) = 1.2 A], suggesting flexibility of this
region. The amino acids, interacting with 5, belong to a f-sheet made of 3-p-strands (residue
ranges: 347-356, 367-374, 377-383); two of them are connected by a loop (374-
YTDG-377) that form two H-bonds with the guiding bar residues of an adjacent subunit
[D376(c)-D517(a) = 2.9 A; T375(c)-N518(a) = 2.9 A] (Figure 6, panel C). Comparison of
B-factors, a measure of protein disorder inside a crystal, indicates that binding of 5 induces
stabilization of (i) the residues contacting the compounds, (ii) the YTDG loop, and (iii) the
guiding bar of an adjacent subunit. We used normalized B-factors, instead of simpler
averaged B-factors, given that they are particularly useful to highlight small structural
changes and are independent of the structural refinement protocols (see Table S4).43 Such
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comparison has been carried out between a published SmTGR structure in apo form (PDB
ID: 2X8G),%! and SMTGR in complex with 5, where both the YTDG loop and the guiding
bar maintain the same conformation and contacts. To understand the role of 5 as sticky
wedge, considering that B-factors can only provide a rough estimate of the fluctuations,*
we carried out molecular dynamics simulations of a subset of TGR subunits shown in Figure
5 panel A (a dimer and two subunits) with and without 5. The complex was solvated with
water and 0.1 M solution of NaCl to mimic the natural crystallization conditions and
subjected to minimization, heating to 300 K, and equilibration followed by a 200 ns MD
production step. For reproducibility, the simulations were repeated three times using
somewhat different initial coordinates. In all the MD trajectories, the TGR subunits
remained associated with only a minimal deviation from its original X-ray location, with
RMSD values ranging from 4.3 A to 4.7 A, depending on the simulation run. On the other
hand, 5 failed to maintain a stable complex with TGR. Instead, 5 traversed between the TGR
subunits a-d while forming intermittent complexes with the hydrophobic portions of the
subunits and maintaining its overall location between a-d subunits in proximity to its
location found in the X-ray structure. These findings suggest that 5 can maintain stable
binding to Site 3 only in crystal lattice.

We propose that the stabilization of the C-terminus is induced by subtle allosteric effects,
here detected by a B-factor analysis, similar to those described by Nussinov and
collaborators,*>~46 triggered by the binding of 5 to Site 3 and propagated by the
crystallographic interfaces through the interaction between the YTDG loop of one subunit
and guiding bar residues of another (Figure 6). Therefore, stabilization of the guiding bar
can be sufficient to stabilize the C-terminus, making it visible in the electron density maps.
This view is in agreement with previous studies carried out on hTrxR in which
destabilization of the guiding bar by mutagenesis makes the protein more active in reducing
Trx likely due to a more mobile C-terminus.23 We further theorize that the crystallographic
contact within subunits involving the guiding bar residues mimics the initial contact of the
oxidized Trx to its binding surface on TGRs (or TrxRs), resulting in stabilization of the C-
terminus in a catalytically-competent position.

CONCLUSIONS

Our X-ray crystallography study with 49 low molecular weight fragments identified five
compounds (1-5) bound to SmTGR at three binding sites on the protein surface, Sites 1-3.
Compounds bound to Site 1 are competitive with NADPH, occupying a small portion of the
reductant binding site, while compounds bound to Site 2 exert their inhibition effect through
an irreversible mechanism. Site 2 has been previously characterized by us for its ability to
catalytically transform suicide inhibitors (2-naphtholmethylamino compounds) into reactive
electrophilic species (quinone methides).3? Thus, Site 2 is a reservoir of covalent modifiers
of the C-terminal redox center of the enzyme. In principle, an increased specificity of the
precursors for this site coupled with a slower generation of the reactive species could
saturate the protein reactive nucleophiles in a more selective manner. Moreover, Sites 1 and
2 encompass a region, that extends from the re-face of the FAD cofactor in close proximity
to the previously identified allosteric site, the “doorstop pocket”. The new fragments
combined with our previous work3%-40 chemically and structurally probe a large druggable
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surface extending from the re-face of the FAD that can potentially be used in fragment
linking drug design strategies (Figure 4). This large area is distant from the nucleophilic
centers of SMTGR and has not previously been considered as druggable in other
pharmaceutically relevant TrxRs, thus providing alternative therapeutic approaches for this
enzyme family.

The third site, Site 3, is located in a shallow pocket between two symmetry related SmMTGR
subunits of the crystal lattice. The SmTGR structure in complex with 5 is the first to be
solved at high resolution where the C-terminal peptide is not biased by covalent bond with
any partner and that displays the clearest electron density of the entire C-terminal tail.
Compound 5 was found to serve as a “sticky wedge”, inducing stabilization of the C-
terminus via intra- and intermolecular interactions with the YTDG loop and the guiding bar
residues. To the best of our knowledge, this is the first example of an allosteric effect
induced by a small molecule bound within crystallographic symmetry-related subunits and
mediated by crystal contacts. We believe that this information provides a strategy to identify
inhibitors targeting the C-terminus and will facilitate future drug discovery approaches.

The fragment-based X-ray crystallography approach described herein characterizes both
unique ligand binding sites and the detailed structure of the catalytically important C-
terminus of SMTGR. These findings open new avenues for development of novel
therapeutics against Schistosoma spp. and other infectious agents for which related proteins
are essential.

METHODS

Materials and reagents —NADPH was purchased from Sigma and Cayman Chemicals.
Polyethylene glycol 3350 (PEG 3350), bis(2-
hydroxyethyl)aminotris(hydroxymethyl)methane (bis-Tris) were purchased from Molecular
Dimension. EDTA was from Euroclone. All other reagents were purchased from Sigma-
Aldrich.

Protein expression and purification

SMTGR wildtype (WT), SmTGR-U597C, SmTGR-E337A and SmTGR-E330A/
D334A mutants—SmTGR WT protein was expressed in BL21 (DE3) Escherichia coli
cells co-transformed with pSUABC and purified as previously described.!! The SmTGR-
U597C mutant was prepared as described as a fusion with the SUMO protein.22 The SUMO
fusion technology is a successful strategy for the purification of recombinant proteins in
heterologous systems that facilitates production of elevated amounts of protein.#’ His-tag-
SUMO-SmTGR Sec597Cys fusion protein was expressed in BL21 (DE3) £. co/iinduced
with 1 mM isopropyl-p-D-thiogalactoside at O.D.=0.6. After 3 h of induction at 37°C, the
cell pellet was recovered and frozen at —20°C. For the purification, the cell pellet was
sonicated in 50 mM potassium phosphate pH 7.4, 500 mM NaCl, 30 mM imidazole, 100 uM
FAD, 1 mM phenylmethylsulfonyl fluoride and 20 pg/mL lysozyme as lysis buffer. The
extract was clarified (15 min. at 20k rpm), passed through 0.4 pm syringe filter and then
applied to a nickel-affinity column (His-Trap Chelating, GE Healthcare) equilibrated with 20
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mM tris(hydroxymethyl)aminomethane (Tris) pH 8, 350 mM NaCl, 20 mM imidazole and
1mM B-mercaptoethanol. The fusion protein was eluted with 400 mM imidazole in binding
buffer. The His-tag-SUMO component of the fusion protein was removed by addition of
Ulp1, the SUMO protease,*® to the protein stock at a ratio 1:1000 (Ulp1:fusion protein) in
50 mM Tris pH 7.5, 100 mM NaCl, 1 mM 1,4-dithiothreitol (DTT) and 10% glycerol as
reaction buffer at 4°C for 20 h. Ulp1 was expressed in BL21 (DE3) with a His-tag and
purified as reported.4® Then, the reaction mix was applied to a second nickel-affinity column
to remove Ulpl and the uncut fusion protein. The SmTGR-U597C was collected and used
for the structural studies. The SmMTGR-E337A mutant was generated using NEBase Changer
and the Q5 Site-Directed Mutagenesis Kit and expressed and purified following the same
procedure used for the WT protein.11 40 The SmTGR-E330A/D334A mutant was prepared
as reported previously.3 Protein concentrations were determined by FAD absorption at 463
nm (e463 = 11.3 MM~ cm™1).

Fragment selection.

We selected almost 1000 fragments from the qHTS bioassay (AID 485364)%0 characterized
by an inhibition activity against SMTGR and a molecular weight <350 Da. These hits were
screened also against human GR and any hits that showed activity at 57 pM were eliminated.
The subset of compounds used in this study were chosen based on their commercial
availability. All the compounds were re-tested in the DTNB assay against SmMTGR to
confirm the initial activity found in the gHTS. Soluble, active hits (see Table S1) were then
used in both co-crystallization and soaking experiments.

Functional studies

Steady state characterization of the SmMTGR WT in complex with compounds 1
and 2.—All the functional assays were carried out using 40 nM of enzyme. Steady state
experiments were carried out in 50 mM sodium phosphate (pH 7.4), 250 mM NaCl, 10 mM
EDTA, 0.05% Tween and 3 mM DTNB varying NADPH concentrations from 10 pM to 2
mM. Both compounds were tested at concentrations ranging from 0 to 5 mM and were
incubated with the protein for 15 min at room temperature before the assay in presence of
100 pM NADPH. The reaction was monitored by DTNB reduction at 412 nm (e412nm =13.6
mM~1.cm™1). All assays were carried out in triplicate.

IC59 measurements —SmMTGR WT (40 nM), SmTGR-E337A (40 nM) or SmTGR-
E330A/D334A (40nM) were incubated with 100 uM NADPH and different concentrations
of the compounds (or DMSO as control) at room temperature for 15 min in 100 mM
potassium phosphate (pH 7.4) and 10 mM EDTA. Then the DTNB assay was performed
adding a second aliquot of 100 uM NADPH and 3 mM DTNB. The reaction was monitored
by recording the absorbance increase at 412 nm. The assay was performed on Thermo
Multiskan Spectrum plate reader. All assays were done in triplicate.

Irreversibility of inhibition —SmTGR WT (500 nM) was incubated with 100 uM
NADPH and 50 uM inhibitors for 30 minutes. After incubation samples were desalted using
7.0 kDa-cutoff spin Zeba desalting column (Thermo Scientific) and the DTNB assay was
carried out.
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Time-dependent inactivation —SmTGR WT (40 nM) was incubated at room
temperature with 250 and 500 uM of 3 and with 200 and 500 uM of 4 in presence of
NADPH (100 pM) in 50 mM sodium phosphate pH 7.4, 10 mM EDTA plus 100 mM NaCl.
The residual enzyme activities were reported as percentage of the controls, in which the
compounds were replaced by DMSO. Reactions were monitored, taking aliquots at different
time intervals, by the addition of fresh NADPH (100 pM) and DTNB (3 mM) in disposable
plastic cuvettes. Reduction of DTNB was followed for 120 s by absorbance increase at 412
nm. The data presented in Figure S5 are the average of 3 or 6 independent measurements.
Data analysis was carried out using KaleidaGraph (Synergy Software).

Structural studies

Co-crystallization and soaking experiments —All the structural studies were
performed with the SMTGR-U597C mutant. Crystals were obtained as previously reported.
40 For co-crystallization experiments, the protein was equilibrated in 20 mM Tris pH 7.4 and
50 mM NaCl at a concentration of 4.5 mg/mL and the ligand in DMSO was added to 25 mM
followed by incubation for 15 min at room temperature. The ligand-protein solution was
mixed with equal amounts of a solution containing 20% PEG3350, 0.2 M KI, 100 mM
BisTris 7.0, 2% glycerol (v/v), and 5 mM DTT for the crystallization reaction using the
sitting drop method, resulting in a ligand final concentration of 12.5 mM. For soaking
experiments, preformed crystals were placed in contact with a solution of 20% PEG3350,
0.2 M KI, 100 mM BisTris 7.0 containing each compound at 25 mM. Crystals were picked
at different soaking times and flash frozen in liquid nitrogen, adding 35% (v/v) PEG3350 as
cryoprotectant.

X-ray data collections, structure refinement and analysis —X-ray data were
collected both at Elettra (XRD1 and XRD2 beamlines - Trieste, Italy)®! and at ESRF
(MASSIF-3 and ID23-1 beamlines - Grenoble, France) synchrotrons on Pilatus and Eiger
4M hybrid-pixel area detectors (Dectris, CH) at 100 K and a wavelength of 1.00 A. As
reported in Table S2, all the crystals belong to the C2 space group with very similar unit
cells dimensions and with one subunit of the physiological dimer, except the structure of
SMTGR with compound 1 entered in soaking, whose crystal belongs to the P212121 space
group, with one physiological dimer in the asymmetric unit. The diffraction data were
processed with XDS°2 and reduced with CCP4.53 Structures were solved by the molecular
replacement method (Phaser)®* using the structure of oxidized SMTGR (pdb code: 2V60)16
as a search model. Model building and refinement were performed using COOT,>> PHENIX/
Refine and Refmac.56-57 Waters have been automatically and manually added with COQOT.
All the reported structures have been refined using automatic weighting and with isotropic
B-factors, except for the structure of SmMTGR in complex with 5, which was refined with
anisotropic B-factors. Ligands were fitted into the electron density only when the
convergence of the refinement procedures has been obtained. RSCC values have been
calculated by the PDB validation tool.>8 RMSD have been calculated with the program
Superpose of the CCP4 suite.>® Coordinates and structure factors for data sets with bound
fragments have been deposited in the PDB, with the following PDB IDs: 6ZST and 7NPX
(SMTGR in complex with 1), 6ZP3 (SMTGR in complex with 2), 6ZLP (SmTGR in
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complex with 3), 6ZLB (SmTGR in complex with 4), 7B02(SmTGR in complex with 5);
refinement statistics are reported in Table S2.

Multi dataset crystallographic analysis (PanDDa) —25 data collections of the apo
form of SmMTGR were collected from a pool of crystals grown under identical conditions
with resolution in the range 1.7-3.0 A. Apo dataset have been used to define protein ground
state, /.e., a background to highlight ligand binding events, as implemented in PanDDa
electron density analysis algorithm (Version 0.2.12).28 Default settings have been used for
PanDDA .analyse with adjustment on the minimum number of datasets averaged to generate
the mean map of the ground state crystal per shell. Dataset with resolution worse than 3 A
have been excluded. Event maps generated by subtracting the estimated unbound fraction of
the crystal identified fragment hits that were manually analyzed using PanDDA.inspect
interface embedded in COOT.?® Ligands have been fitted in PanDDa event maps and then
the corresponding model was exported and refined in Refmac.>’

Molecular dynamics—The X-ray coordinates were those of the structure shown in Figure
5. All the structure preparation steps were performed in Molecular Operating Environment
(MOE).®0 The proteins were subjected to the “structure preparation” procedure. Hydrogen
atoms were added using the Protonate 3D algorithm. SmTGR protein was solvated in a
periodic box with water and 0.1 M NaCl using MOE “Solvate” module. The water box was
extended at least 10 A from the protein. The “Molecular Dynamics” module in MOE was
used to prepare the resulting structure for MD simulations using NAMD software, version
2.14, Linux-x86_64-multicore-CUDA (http://www.ks.uiuc.edu/Research/namd/).81 Three
different conformation of the solvated protein-buffer complex were generated by either
proceeding to NAMD calculations directly or minimizing the energy of the solvated protein-
buffer system with periodic boundary conditions (PBC) enabled and utilizing
AMBER14:EHT forcefield in MOE®2-63 until the RMS gradient reached 0.1 or 0.01
kcal/mol/A .61 Each prepared in this way complex was minimized in NAMD, heated to 300
K for 5000-10,000 ps, equilibrated for 10,000 ps in the NVT ensemble at 1 atm and 300 K.
The non-bonded interactions were switched at 8 A and zero smoothly at 10 A (cutoff10 A,
switchdist8 A, nonbondedScaling 1, pairlistdist 11.5 A, limitdist 0.5 A). The temperature
was maintained using of Langevin dynamics with a damping coefficient of 5.0 ps~L. In PBC,
the wrapAll parameter for used to calculate all the coordinates around periodic boundaries.
Electrostatic interactions in PBC were treated using the Particle Mesh Ewald (PME) method
and PMEGridSpacing set at 1.0 A. Covalent bonds with hydrogen atoms were kept rigid
using ShakeH with the following parameters rigidbonds - all, rigidtolerance — 1076 A, and
water molecules were kept rigid using Settle algorithm. The time step size for integration of
each step of the simulation was 2 fs. All the other parameters were unchanged from the
default settings in NAMD. The final production run was obtained from the last 200 ns of the
simulation. The MD trajectories were analyzed in VMD, version 1.9.4a43.54 The RMSD of
the protein was analyzed using RMSD Trajectory Tool in VMD. Before analysis, the
snapshots were aligned to the first snapshot using the “backbone” option (atoms C, CA, and
N).
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SMTGR homodimer

Figure 1. Three-dimensional structure and catalytic cycle of SmTGR.
A. The electron flow within the active sites of SmTGR starting from NADPH and ending

either with oxidized Trx or oxidized Grx domain is depicted. B. The subunits of the SMTGR
homodimer are shown in green and grey cartoons together with the position of the main
redox centers of the enzyme. The NADPH binding site extends from the re-face of the FAD,
while C154/C159 and the C-terminus are found at the s/-face of the co-factor. Localization
of the three secondary sites described in this work with respect to the position of the FAD
cofactor and of NADPH binding site is displayed in one subunit. The three secondary sites
are shown by their solvent exposed surfaces in the magnification on the right.
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Figure 2. Site 1 and steady-state competition experiments.
A, surface representation of Site 1 in SmTGR. In B and C, the 2Fo-Fc electron density

contoured at 1 o for 1 (in deep teal sticks in B) and for 2 (orange sticks in C). FAD and
Y296, known to delimit the NADPH binding site, are shown in yellow and grey sticks,
respectively. The interactions between 1 or 2 and their surrounding residues are indicated as
dashed lines. D, the superposition of SMTGR structure in complex with 2 (PDB:6ZP3) and
SMTGR in complex with NADPH (in magenta sticks; PDB 1D: 2X99) shows that the two
molecules would clash if they bind simultaneously; the resulting competitive effect of 2
versus NADPH in steady state experiments is shown on the right of the panel [Ky, = 35.8 +
2.0 uM for the control; Ky =59.4 £ 5.3 uM at 3 mM of 2; the error bars correspond to the
standard errors].
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Figure 3. Site 2.
Solvent exposed surface of Site 2 in SmMTGR and its proximity to Site 1 are shown (A). The

2Fo-Fc electron density contoured at 1 o of 3 (in green sticks) and 4 (in gold sticks) are
reported in B and C, respectively. FAD is shown as yellow sticks and H-bonds are indicated
as dashed lines.

ACS Infect Dis. Author manuscript; available in PMC 2021 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fata et al. Page 22

A

Figure 4. Sites 1 and 2 with the door stop pocket create an extended druggable surface.
A. The re-face and si-face of the FAD are indicated. All the nucleophilic redox centers of the

enzyme localize at the s/-face of the cofactor, while the NADPH binding site is at the re-
face. B. Druggable sites identified by X-ray fragment screening in SmTGR extend from the
re-face side of the FAD and are close to each other. Distances between the closest atom of

the ligands found in the three adjacent secondary sites are reported. The “doorstop pocket”,
identified in a previous report,%0 is highlighted by a green surface. Site 1 and Site 2 are
shown by cyan and orange surfaces, respectively.
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Figure5. Site 3 and C-terminus stabilization.
A. A subset of SMTGR subunits, “a” (in magenta), “b” (in deep green), “c” (in dark grey)

and “d” (in light grey) as visualized in the crystal lattice of SMTGR in complex with 5in
Site 3, are shown as solvent-exposed surface. Subunits “a” and “b” belong to a physiological
SMTGR dimer, while “c” and “d” belong to different physiological dimers. Compound 5 fits
between subunits “c” and “d” as a sticky wedge. B. The relative position of 5, with respect to
the YTDG loop of subunit “c”, to the guiding bar and to the C-terminus of subunit “a” is
depicted. C. The YTDG loop of subunit “c”, the guiding bar residues (D517 and N518) and
the last 6 residues of the C-terminus (V593-G598) of subunit “a” are shown in sticks. Dotted
lines represent H-bonds between the YTDG loop and the guiding bar and between the
guiding bar and the C-terminus (see main text). D. The 2Fo-Fc electron density of the C-
terminus of subunit “a” is shown together with the R450 and K124 of subunit “b” (in sticks)
that sandwiched the G597 carboxylate. E. The 2Fo-Fc electron density of 5 (here in yellow
sticks) and its contacting residues (in grey sticks) belonging to “c” and “d” subunits are
shown.
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Figure 6. Stereo images of superpositions between different TrxR structureswith a visible C-
terminus and SmTGR-U597C in complex with 5.

SMTGR is displayed in each panel in grey cartoon and sticks. A, the conformation of
subunit “f” of the “e/f” physiological dimer in the crystal structure of the wild type rat TrxR
(orange cartoon and sticks; PDB 1D: 3EAN; 2.75 A resolution), in which the electron
density of the terminal tail is more continuous and less ambiguous than in other subunits of
the asymmetric unit. The C-terminus of SmMTGR does not present the 3 cis-peptides within
the last 6 residues, as found in rTrxR; its terminal carboxylate is held between R450 and
K124, while in rTrxR the carboxylate seems not to be stabilized by any interaction, being in
this structure the R351 side chain turned away and K29 close to U498. B, the conformation
of hTrxR-U498C as found in subunit “d” of the “c/d” physiological dimer (in cyan carton
and sticks; PDB 1D: 2J3N; 2.8 A resolution), the best defined in terms of electron density.24
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The C-terminal carboxylate of hTrxR is stabilized by a salt-bridge with K29. C, the
conformation of the C-terminus of subunit “a” of the “a/b” physiological dimer in the crystal
structure of the hTrxR(U498C/C497S)-Trx complex (hTrxR in green carton and sticks, hTrx
in red cartoon; PDB ID: 3QFA; 2.2 A resolution. The conformation of the C-terminus found
in the crystal structure of in hTrxR-Trx complex is less similar to SMTGR, being more
distant from the FAD redox center and more exposed to the solvent due to the disulfide
bridge with Trx. However, it conserves the trans position of the two reduced cysteines with
respect to the main chain. The interaction between N518 (in SmMTGR) or N419 (in TrxRs)
and the main chains of the C-termini of the same subunit is conserved in all the structures.
Polar interactions are displayed as dotted lines.
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Table 1.

Fragments found in the crystal structure of SmMTGR (shown as dominant ionization state at pH = 7.4; pKy
calculations have been carried out at http://chemicalize.com)
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