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trans-Sialidase from Trypanosoma cruzi (TcTS) has emerged as a potential drug target for treatment of
Chagas disease. Here, we report the results of virtual screening for the discovery of novel TcTS inhibitors,
which targeted both the sialic acid and sialic acid acceptor sites of this enzyme. A library prepared from
the Evotec database of commercially available compounds was screened using the molecular docking
program GOLD, following the application of drug-likeness filters. Twenty-three compounds selected from
the top-scoring ligands were purchased and assayed using a fluorimetric assay. Novel inhibitor scaffolds,
with ICsq values in the submillimolar range were discovered. The 3-benzothiazol-2-yl-4-phenyl-but-3-
enoic acid scaffold was studied in more detail, and TcTS inhibition was confirmed by an alternative sialic
acid transfer assay. Attempts to obtain crystal structures of these compounds with TcTS proved unsuc-
cessful but provided evidence of ligand binding at the active site.

© 2008 Elsevier Ltd. All rights reserved.

The protozoan parasite Trypanosoma cruzi is the causative
agent of Chagas disease, also known as American trypanosomia-
sis, transmitted to humans by haematophagous bugs and also di-
rectly by transfusion of infected blood. Chagas disease is widely
distributed in Central and South America with 7.7 million per-
sons currently infected and is estimated to cause 12,500 deaths
annually, according to the World Health Organization.! The only
established drugs for the acute phase of infection are nifurtimox
and benznidazole, and there are no drugs capable of effectively
treating the disease in the chronic stage. There has been consid-
erable interest in developing novel approaches and targets for
anti-T. cruzi drug design.>> One of the targets discussed as a pos-
sible entry to novel therapeutics against Chagas disease is trans-
sialidase (TcTS).*"® This enzyme plays a key role in the ability of

Abbreviations: TcTS, trans-sialidase; DANA, 2-deoxy-2,3-didehydro-p-N-acetyl-
neuraminic acid; 4-Methylumbelliferyl-oi-p-N-acetylneuraminic acid, MuNANA;
TIA, trans-sialidase inhibition assay.
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the parasite to evade the host immune response, mainly by
transferring sialic acid residues from host glycoconjugates to
the parasite surface.”®

The mechanism of action of TcTS has been clarified both by
kinetic and structural analysis, which provided evidence for a
bisubstrate ping pong mechanism, with acid/base catalysis and for-
mation of a covalently bound TcTS-sialosyl intermediate, via
Tyr342.91° The active site of TcTS exhibits some conserved features
of microbial sialidases, including the presence of an arginine triad
(Arg35, 245 and 314) that interacts with the negatively charged
carboxylate group of sialic acid. The main difference from other sia-
lidases is the presence of a second site, defined by two key residues
(Tyr119 and Trp312), which accommodates the lactosyl moiety of
donor and acceptor substrates, and is crucial for the trans-sialidase
activity (in contrast with strictly hydrolytic sialidases).!°

Despite the reported importance of TcTS for the pathogenesis of
Chagas disease and its emergence as a potential drug target, inhi-
bition of this enzyme has proved challenging, with no known
strong, specific chemical inhibitors of TcTS.? The structures of rep-
resentative TcTS inhibitor classes previously described in the liter-
ature are shown in Figure 1, with the respective inhibition
constants. TcTS inhibitors can be grouped in two broad categories,
namely sialic acid mimetics, which essentially target the sialic acid
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Figure 1. Structure and inhibition data for representative known TcTS inhibitors. See text for details on compounds 2 and 8.

binding site (compounds 1-6, Fig. 1) or sialic acid donor or accep-
tor substrate analogues (7-9).°

2-Deoxy-2,3-didehydro-p-N-acetylneuraminic acid (DANA, 1,
Fig. 1) is a potent transition state analogue inhibitor of the homol-
ogous enzyme Influenza neuraminidase but an extremely weak
inhibitor of TcTS.!! DANA analogues 3, 5 and 6 exhibited improved,
but still weak TcTS inhibition,'>'3 similar to the observed potency
of pyridoxal phosphate 4.'* 2,3-Difluorosialic acid analogues such
as 2 are mechanism-based TcTS inhibitors, which form a covalent
bond with the hydroxyl group of Tyr342, but only at high concen-
trations (millimolar range).'”

The most potent TcTS inhibitor known, resulting from modifica-
tions in the GM3 ganglioside (8) and with ICsq values in the 10-
100 uM range,'® fills in both sialic acid acceptor and donor sites.
This result, together with the disappointing performance of sialic
acid mimetics, shows the importance of the sialic acid acceptor site
for TcTS inhibition. However, compounds such as lactitol (9) and its
derivatives, which target this site only and are alternative sialic
acid acceptors (by inhibiting the transfer of sialic acid to native
acceptor substrates) were also disappointingly weak.!”!® There-
fore, it appears that the best strategy to inhibit TcTS would involve
compounds that occupy both sialic acid and sialic acid acceptor
binding sites. Efforts have been made in this direction by Streicher
and coworkers'® who synthesized 7 and several analogues, which
however were only low millimolar TcTS inhibitors.

In order to find novel, alternative and simpler inhibitor scaffolds
for TcTS, we used virtual screening methods to search libraries of
commercially available screening compounds, using both sialic
acid and sialic acid acceptor sites as targets for docking. The Evotec
in-house supplier database, containing ~2.5 million unique struc-
tures from over 40 suppliers of chemical compounds was used to
build a virtual screening library. Application of drug-likeness filters
to remove compounds that fail Lipinski’s rules?® and substructure
filters to remove undesirable functional groups (reactive groups,
possible fluorescent moieties, known toxicophores), identified 1.5
million drug-like molecules. Three sets of molecules were selected
from the drug-like set to form our library for virtual screening:
175,000 molecules with carboxylate or carboxylate isostere func-
tionalities, a randomly selected set of 80,000 molecules, and a di-
verse set of 50,000 molecules. The diverse set was identified
using Evotec’s proprietary ‘hole-filling’ software, which uses a par-
allel implementation of a maximum-dissimilarity algorithm.?! This
software ensured that the diverse set of 50,000 compounds not

only avoided areas of chemical space occupied by the other two
sets, but was also diverse within itself.

The 305,000-member virtual screening library was docked into
the active site of TcTS (PDB code 1MS3%2) using the GOLD molecu-
lar docking program.?? This particular structure was selected be-
cause the side chain of Tyr119 is oriented in such a way that it
can form stacking interactions with the acceptor substrate. Input
conformations for docking were generated using Corina.?* Ligand
protonation states were generated using pK, prediction software
from ACD-Labs.?®> An in-house SVL script within MOE?® was used
to process the results and generate a protonation state appropriate
to the calculated pK, values at pH 7.0. Here, the sulfonamide amide
group is assigned its deprotonated form; the associated experi-
mental pK, of around 5-7.5 reflects this weak acidity.?” Docking
calculations with GOLD were performed using default parameters
for three times speed-up in conjunction with the GoldScore scoring
function and an active site region defined by a sphere of radius
10 A that was centred so that both sialic acid and sialic acid accep-
tor sites could be explored. Each molecule was docked 10 times
and the top-ranked pose was retained for further analysis. A
post-docking filtering strategy that used a combination of rescor-
ing, protein-ligand interaction filters, and energy minimisation
was adopted to short-list a practical number of molecules for vi-
sual inspection.

Rescoring of the docked poses was performed using CScore?®
but due to the lack of potent TcTS inhibitor molecules, it was not
known which of the scoring functions might be expected to give
enrichment for this target. However, a pilot study performed at
Evotec using a neuraminidase crystal structure (PDB code 1F8B)
had shown previously that PMFScore and a normalised sum of
the FScore and GScore scoring functions were able to give enrich-
ment for a set of known active compounds for this related target
(Brewer, M. L.; Mortenson, P. N.; Charlton, M. H., unpublished
work), and on this basis these same two functions were deemed
suitable for the selection of molecules in the present TcTS virtual
screen.

Our second selection strategy involved the application of filters
to identify docked molecules that were capable of forming key
interactions with residues in the TcTS active site. Specifically,
hydrogen bonding interactions with Arg314, Arg245, Arg53,
Asp96, Asp59 and hydrophobic interaction with Tyr312 and
Tyr119 were considered (Fig. 2). These interaction filters were cho-
sen on the basis of interactions that are commonly observed in
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Figure 2. Key interactions observed in crystal structures of TcTS, used to develop
interaction filters.

co-crystal structures of TcTS and were applied to the docked mol-
ecules here using Unity.?°

Finally, the top ranked 5000 molecules according to both PMF
and the normalised sum of FScore and GScore functions were com-
bined with 5509 molecules that formed at least two of the key pro-
tein-ligand interactions to form a set of 14,945 unique molecules.
This set was further profiled using an energy minimisation proce-
dure that was implemented using a custom SVL script within
MOE.?® Briefly, each of the 14,945 docked molecules was energy
minimised within the TcTS binding pocket (Einteraction), and also
within a continuum solvent model (Ejigand), using the MOE imple-
mentation of the Amber94 force-field.?° A binding energy was then
associated with each compound as follows: Eping = Einteraction —
Eligand-

The final numbers of molecules selected for inspection by the
various strategies outlined above is summarised as follows: PMF-
Score (300), normalised sum of FScore and GScore (300), AEping
(300), three key interactions (155) and two key interactions
(900). Combining the five selections resulted in a set of 1819 un-
ique compounds that was organised into 690 distinct clusters
using a spectral clustering algorithm?! to assess the level and rep-
resentation of different chemotypes within the final set of virtual
screening hit compounds. The post-docking filtering strategy was
specifically designed to short-list compounds according to diverse
criteria. However, it is perhaps surprising how little overlap was
found between the chosen sets, particularly the sets that were
identified with scoring functions. This may be partially attributed
to the fact that each individual set only corresponds to a relatively
small fraction of the entire docking virtual screening library that
was used in the study.

The final stage of our selection process involved a visual inspec-
tion of the 1819 molecules in terms of both two-dimensional
chemical structure and docked conformation in the TcTS active
site. This resulted in a selection of 23 structurally diverse com-
pounds that had at least one negatively charged functional group
(carboxylate or sulfonamide) interacting with the arginine triad
and, in most cases, a hydrophobic group placed between the side
chains of Tyr119 and Trp312, filling the sialic acid acceptor binding
site. This can clearly be observed in the docked conformation of
compound 10 (Fig. 3) where the respective carboxylate group
interacts well with the arginine triad, and the amide function
hydrogen bonds with Arg245 and Asp59, thus providing additional
stabilization of the triad. The thiophene ring is seen in the sialic
acid acceptor binding site, and the benzene ring is positioned in
the sialic acid site. The latter does not fill this site, thus introduc-
tion of functional groups could provide further interactions with
key amino acid residues (e.g., Asp96, GIn195).

Tyr119
Trp314 -

Ar9245§\3

Arg314

Arg35

Figure 3. Docked pose of 10 showing interactions with key residues in the active
site of TcTS and stacking interactions with Tyr119/Trp312.

Selected compounds were purchased from Maybridge (Trevillet,
Cornwall, UK), Enamine (Kiev, Ukraine), InterBioScreen (Moscow,
Russia) and ChemDiv (Moscow, Russia). TcTS inhibition was pri-
marily assessed using a continuous 96-well plate fluorimetric as-
say with recombinant TcTS and 4-methylumbelliferyl sialoside
(MuNANA) as substrate, which measures sialic acid hydrolysis, as
previously reported.>? A 1 mM concentration of each compound,
or the highest concentration permitted by its solubility, was ini-
tially screened in triplicate. Results obtained for the 21 compounds
successfully tested (two compounds were not tested due to solu-
bility issues) are shown in Table 1. Ten compounds were tested
at concentrations below 1 mM, due to low aqueous solubility. Five
compounds inhibited over 50% of the TcTS activity in the initial
screening, and ICsg values between 0.15 and 0.27 mM were deter-
mined for four of these (10, 15, 17 and 27) using the MuNANA fluo-
rimetric assay (results shown in Table 1). Analysis of the structural
features of these compounds shows that all are likely to be nega-
tively charged in the protein active site at neutral pH, and none
contains a positively charged group.

Considering the results obtained for the first set of selected
compounds, we searched for analogues of the four best inhibitors
in the MDL® Available Chemicals Directory (ACD database, MDL
Information Systems Inc.). Several compounds containing the 3-
benzothiazol-2-yl-4-phenyl-but-3-enoic acid scaffold of 17 but dif-
ferent phenyl ring substitution pattern were available. Seven of
these were purchased to evaluate structure-activity relationship
of this moiety (32-38). Similarly, 39, an analogue of compound
10 was purchased. TcTS inhibition results are shown in Table 2
and were essentially identical for all the analogues, with measured
ICso’s between 0.12 and 0.31 mM (analogues of 17) or 0.29 for
compound 39. Selected compounds were also evaluated using an
alternative assay, namely the trans-sialidase inhibition assay
(TIA), which measures trans-sialidase activity using sialyllactose
as sialic acid donor and '“C-radioactively labeled lactose as accep-
tor.”17 Results from the TIA assay were similar to the observed
with MuNANA, which further confirmed the inhibition of TcTS by
compound 17 and its analogues.

The docked conformations obtained for compound 17 and its
analogues (32-38) showed very similar results and confirmed the
apparently good fitting of this structural family to the active site
of TcTS. In all cases, the carboxylate group was positioned in close
interaction with the arginine triad and the benzothiazole ring
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Table 1
TcTS inhibition by purchased compounds selected from the virtual screening
Structure MuNANA assay TIA assay
Screening
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Table 1 (continued)
Structure MuNANA assay TIA assay
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Table 2
TcTS inhibition by analogue compounds to 10 and 17
Structure MuNANA assay TIA assay
e) (0]
O
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stacked between Tyr119 and Trp312 (Fig. 4A). However, a closer
look at the phenyl ring of these compounds, positioned inside
the sialic acid binding site, shows that no specific interactions were
made in this region, except for compound 37 where the hydroxyl
group appears hydrogen-bonded to Asp96. Comparison between
the crystallographic conformation of sialyllactose (crystal structure
1S01'°) and the docked conformations of 17 and 35 (Fig. 4B) clearly
shows that the phenyl rings in these structures are only partially
occupying the sialic acid site, mainly in the region occupied by
the glycerol chain of the latter. The similarity between these com-
pounds could explain the relatively flat structure-activity relation-
ship data obtained. Therefore, more significant structural
modifications, for instance, by introducing more polar substituents
in the phenyl ring or replacing it by a heterocyclic system could
lead to activity improvements.

To gain insight on the type of inhibition exhibited by compound
17 we used the MuNANA fluorimetric assay in a discontinuous
mode (described elsewhere).!? The Lineweaver-Burk and Dixon
plots of the data (Fig. 5) were compatible with both non-competi-
tive and mixed inhibition models. Data fitting of the experimental
data for compound 17 to the equations for these models by non-

linear least squares regression analysis using GRAFIT>® afforded
K; values of 0.71 and 0.72 mM for the mixed inhibition model
and 0.72 mM for the non-competitive model. This result shows
the difficulty in distinguishing the two models in this case, as
non-competitive inhibition is in fact a special case of mixed inhibi-
tion, occurring when the two K; values are equal.>* Similar behav-
iour has been observed for compound 5 (Fig. 1) which exhibited an
inhibition potency in the same range as compound 17.!2 The bind-
ing of 17 in locations distant from the catalytic site, despite having
been discovered in a virtual screening directed to the active site,
could be due to the relatively high concentrations necessary to
achieve inhibition. We believe that structure-based improvement
of 17 should lead to more potent TcTS inhibitors which should
therefore exhibit increased specificity for the active site.

To evaluate and confirm the binding mode of compound 17 and
its analogues 34, 36 and 38 in complex to TcTS, we attempted to ob-
tain co-crystal structures of TcTS, using conditions that had been
successful for weaker TcTS inhibitors such as DANA.'%?2 These in-
cluded soaking crystals of free TcTS with a solution of the compound
in test, and also co-crystallization attempts of TcTS with compound
concentrations up to 5 mM. In the particular case of compound 17,
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Carboxylate

Sialic acid

Figure 4. (A) Docked conformation of 17 and analogue structures (32-38) showing
interactions with the arginine triad and the stacking interaction with Tyr119 and
Trp312. (B) Docked structures of 17 (purple) and 35 (green) superimposed with the
crystallographic conformation of sialyllactose (coloured by atom type, 1S0I'°).
Hydrogen atoms are not shown.

co-crystallization attempts were unsuccessful, and soaking experi-
ments generally resulted in dissolution of TcTS crystals, suggesting
that this compound might be causing conformational changes that
alter the crystal contacts. Lower concentrations of the inhibitor were
used, diminishing crystal damage and allowing for X-ray diffraction
data to be collected. The structure was solved at 1.7 A, and after par-
tial refinement (Rcryse 20.6%/Riree 24.4%) evidence of the compound in
the active site is observed (electron density features as well as the
inhibitor-triggered Tyr119 displacement??). Unfortunately, the den-
sity was not clear enough to build an atomic model, most probably
due to low occupancy. Extra peaks in difference Fourier maps were
observed in a few sites distant from the reaction centre, in
agreement with supplementary non-competitive inhibitor binding
sites.

In summary, we performed an in silico screening experiment for
the discovery of novel TcTS inhibitors, targeting both the sialic acid
and sialic acid acceptor sites. Several filtering tools were employed
to provide Lipinski rule-compliant compounds, remove undesir-
able functional groups and select compounds that could more
likely inhibit TcTS. Evaluation of 23 purchased compounds using
a fluorimetric assay resulted in the discovery of novel inhibitor
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Figure 5. Graphical determination of the type of inhibition for compound 17. (A)
Lineweaver-Burk plot; (B) Dixon plot. Points are experimental; lines are by linear
least squares regression analysis.

scaffolds, with ICsq values in the submillimolar range. Inhibition
was confirmed for the most promising compound (17) and several
of its analogues, by an alternative sialic acid transfer assay. Analy-
sis of kinetic data from the MuNANA fluorimetric assay showed
that 17 is most likely a non-competitive or mixed inhibitor. At-
tempts to obtain crystal structures of this compound with TcTS
proved unsuccessful. Data gathered so far indicate that compound
17 seems to bind both in the active site and in other locations, dis-
tant from the active site. Further studies, namely of novel ana-
logues of 17 specifically designed to improve interactions with
the active site, would be necessary to confirm these assumptions,
as more potent compounds that bind the active site would require
lower concentrations for full inhibition, and reduce the likelihood
of binding in alternative sites. More generally, the overall success
of the approach presented in this article suggests that further vir-
tual screening of the active site would be an efficient way to iden-
tify additional novel hit compounds which inhibit TcTS.
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