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Abstract

A virtual screening campaign is presented that led to small molecule inhibitors of thioredoxin
reductase of Mycobacterium tuberculosis (MtTrxR) which target the protein-protein interaction
site for the substrate thioredoxin (Trx). M¢TrxR is a promising drug target, because it dominates
the Trx-dependent hydroperoxide metabolism and the reduction of ribonucleotides, thus
facilitating survival and proliferation of M. tuberculosis. Moreover, M¢TrxR sufficiently differs
from its human homologs to suggest the possibility of selective inhibition, if the M¢TrxR-Trx
interaction site is targeted. To this end, high-throughput docking of 6.5 million virtual
compounds to the thioredoxin binding site of MfTrxR combined with constraints as filtering
steps was applied. 170 high-scoring compounds yielded 18 compounds that inhibited M¢TrxR
with ICsp values up to the low micromolar range thus revealing that the protein-protein
interaction site of M¢TrxR is indeed druggable. Most importantly, selectivity towards M¢TrxR in

comparison to human TrxR (HsTrxR) is also demonstrated.
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Introduction
Tuberculosis, thought to be largely defeated during the last century, still accounted for 1.7

million fatalities in 2009 (www.who.int/tb/), the vast majority of which occurred in the

developing world. Current first-line treatment is based on only four different drugs, which by
now are more than 40 years old. A lack of novel drugs and the mandatory treatment duration of
at least 6 months inevitably led to strains with drug and multi-drug resistance. With the
development and increasing spread of extensive drug resistance M. tuberculosis strains, which
often can no longer be treated by any of the available drugs'?, tuberculosis is re-emerging as a
global threat’ that demands the search for new drugs with modes of action distinct from those of
known ones to minimize the risk of cross-resistance”.

To this end, the mycobacterial thioredoxin reductase (M¢TrxR), here chosen as so far
unexploited drug target’, appeared to offer unique chances but was equally a challenge. In M.
tuberculosis, MtTrxR reduces the two typical thioredoxins B and C (M¢TrxB and M¢TrxC) at the
expense of NADPH. The functions of the pleiotropic thioredoxins comprise, inter alia, 1) the
peroxiredoxin-mediated reduction of hydroperoxides and peroxynitrite considered to be pivotal
for the pathogen’s survival in macrophages®'’; and ii) likely, as in other species, the synthesis of
deoxyribonucleotides indispensable for DNA synthesis and, thus, for proliferation.'"'?
Expectedly, MtTrxR was genetically validated as an essential gene/protein by transposon
analysis."> Moreover, in other bacteria such as S. aureus'* or N. gonorrhoeae', TrxR was also
shown to be essential for growth. Thus, TrxR inhibitors should compromise multiple pathways in
M. tuberculosis and, after elucidation of TrxR structures of several species, MfTrxR has become

a most promising target for structure-based drug design'®"®.
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The primary challenge inherent to this approach is how to inhibit M¢TrxR selectively. The
human and other mammalian hosts of M. tuberculosis contain 3 homologous thioredoxin
reductases that fuel similar and equally important metabolic pathways'' and therefore must not
be simultaneously inhibited. Fortunately, all human thioredoxin reductases (HsTrxR1-3) differ
from the bacterial ones in one important aspect; their catalytic cycle involves a minimum of 3
redox centres: 1) the NADPH binding site with the flavin cofactor, ii) the associated central
dithiol-disulfide relay, and iii) a flexible arm with a terminal cysteine-selenocysteine-glycine
(CUG) motif"®, which transfers the reduction equivalents from the central dithiol-disulfide relay

to the CxxC motif of Trx*"??

. In contrast, in the low molecular mass TrxRs of bacteria including
Mi(TrxR, the first two redox centres are conserved, whereas the selenocysteine-containing arm is
missing and the substrate Trx has to interact directly with the central dithiol-disulfide relay,
which in mammalian TrxRs is inaccessible by Trx.** Therefore, the TrxR-Trx interaction site in
the enzyme of M. tuberculosis differs and can be considered unique enough for selective
targeting.

However, this encouraging perspective implies another, a technical challenge: the M¢Trxs bind
to M¢TrxR at a protein-protein interaction site which is considered not to be easily druggable.
Accordingly, commercial libraries generally show a low hit-rate regarding protein-protein
interaction inhibition.”* In order to increase the chance of detecting low-molecular weight
inhibitors, a target-focused library was created using an exhaustive in-silico screening campaign
that screened a huge chemical space of 6.5 million molecules. The initial screening step here
applied, a novel high-throughput docking approach that was complemented with constraints, a

priori biased the selection towards compounds with high affinity to the Trx binding site of

M(TrxR. By means of unbiased re-docking, several filtering steps, scoring, and final consensus
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scoring, the huge number of compounds was reduced to 170 candidates for real testing of
inhibitory activity. Of those, 18 were proved to inhibit M¢TrxR, revealing the efficiency of the
in-silico screening strategy and the druggability of a protein-protein interaction phase if a large
chemical space is explored. Moreover, the inhibitors indeed appear to interact with the Trx

binding site typical of the bacterial TrxR, since they do not affect HsTrxR.

Results
Structural comparison of EcTrxR and MtTrxR.

The bacterial TrxR is built up from two domains: an NADPH-binding domain and an FAD-
binding domain. There is also ample evidence for substantial conformational change; the
NADPH domain rotates approximately 67° during catalysis, which complicates the identification
of substrate interaction sites.”> Most of the available X-ray structures (see experimental section)
disclose the Fo conformation (FAD and disulphide side-by-side for flavin Oxidation; Figure 1 a
and b), in which typically the central redox centre is present as a buried disulphide between
Cys135 and Cys138 to be reduced by the FADH, cofactor. Pdb 1f6m is the only X-ray structure
that shows the Fr conformation (FAD and NADPH side-by-side for flavin Reduction; Figure 1 c
and d). > Here the active site cysteines are reduced and surface-exposed for the reduction of Trx,
while the oxidized flavin is in an optimum position for reduction by NADPH.*> Moreover, this
structure represents a dead-end intermediate of the catalytic cycle, revealing the binding mode of
Trx to a mutated EcTrxR (EcTrxRC1358S). In this mutant, TrxR Cys 138 can still react with the
exposed cysteine of Trx (Cys32), but the downstream catalysis via thiol disulphide exchange is

no longer feasible, and Trx is arrested in its typical binding mode.
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The most prominent interactions are seen between a Trx loop (Tyr70-Ile75) and a
complementary cleft on the EcTrxR surface, between Phel41 and Phel42 of the TrxR and a
hydrophobic pocket on EcTrx, a hydrogen bond between the Arg73 side chain of Trx and the
TrxR backbone carbonyl group of Ala237, and a hydrogen bond between the Asp139 side chain
of EcTrxR and the backbone amide of the Trx Ile75 (Figure 2 a and b). The importance of Arg73
in EcTrx has been validated by a loss of activity due to its mutation to Gly and Asp.”® This
presumed Trx binding site is very similar in the Fo and Fr conformation, but in the Fgr

conformation Trx access is blocked by the rotating FAD domain.

Creating a model for the Fr form of MtTrxR.

The overlay of EcTrxR* and M¢TrxR?’ reveals high structural similarity in the Trx binding
clefts (Figure 2 b/e). In fact, an almost identical binding mode of Trx to TrxR in M. tuberculosis
can be expected, which is characterized by hydrogen bonding to the corresponding residues
Thr242 and Asp149. Therefore, the backbone carbonyl group of Thr242 and the carboxylate of
Asp149, separated by a hydrophobic binding cleft (Figure 2¢), were chosen as primary target
points for putative inhibitors. Unfortunately, this binding cleft and Asp149 are not completely
accessible in the only M¢TrxR structure available, an Fo conformation in which the FAD domain
partially blocks the Trx binding region. However, comparison of the Fr and Fq structures of
EcTrxR and M(TrxR reveals that the FAD domain simply rotates away while binding Trx,
without otherwise affecting the Trx binding site. This allows creating a model of M¢TrxR that
mimicked its Fr form by just removing the FAD domain (see Figure 2c¢ and d). Additional
flexibility was introduced by allowing different conformers for Asp149 during docking, since

Asp 149 can adapt for optimal hydrogen bonding during ligand binding.
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From a virtual library to active compounds

The initial high-throughput docking of 6,433,706 compounds of a virtual library of
purchasable compounds yielded 151,768 structures that might bind to M¢TrxR via the hydrogen
bonds suggested to be mandatory by the M¢TrxR model outlined above (see Figure 3). All other
compounds were either physically unable to fulfil the constraints (e.g. only one H-bond donor),
or the existing hydrogen bonds were too weak to pass the constraint filter with a minimum H-
bond geometry value of 0.8. This still unrealistically high number of possibly active compounds
was then further reduced to less than 10% via unrestrained re-docking with exhaustive settings in
order to obtain reliable docking poses and then filtered again using rescoring with the same
hydrogen bonding constraints as in the first filter step. Depending on the scoring function,
different numbers of virtual hits remained: 7,334 by Goldscore, 9,931 by ASPscore, and 12,684
by Chemscore (Figure 3 b).

The use of a normalization function®®, which was applied on each docking pose, led to a
broader and more balanced distribution of the molecular masses of the top-ranking compounds
(data not shown) in comparison to the original scoring, because scoring functions alone tend to
prefer compounds with high molecular mass, while small molecules are underrepresented.
Finally, consensus scoring was applied as another approach which is especially used, in cases
where no data is available as to which scoring function performs best. As observed before

(www.ccdc.cam.ac.uk/products/life_sciences/gold/case_studies/ optimum_gold/), scoring by

Goldscore complies least with the results of Chemscore and ASPscore. Therefore, two different
combinations of the available scoring functions were used to rank the compounds based on a

. 29,30
consensus scoring by rank.””
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The 200 top-ranked compounds for the different consensus scoring strategies were chosen as
candidates for testing. Finally, 170 compounds were selected depending on scoring rank and ease
of availability and subjected to a primary screen for inhibition of M¢TrxR. Out of these 170
compounds, 18 exhibited inhibition of M¢TrxR. Table 1 shows the structures of representative
compounds that inhibited M¢TrxR by at least 25% at a concentration of 45 pM (Compounds 1-7
obtained from virtual screening each represent a distinct scaffold). As is evident from Table 2,
the concentration dependence of M¢TrxR inhibition does not always follow expected rules, most
likely due to limited inhibitor solubility with increasing concentrations. Accordingly, ICsy values
could only be roughly extrapolated from inhibition observed at low inhibitor concentrations.
However, compound 1 (OK_TrxR_119) with an ICs, value of 12.5 uM already reaches a specific
activity that appears promising enough for an optimization project of this 4-aminoquinoline
scaffold.

The cluster of four compounds that share a 4-(piperidin-1-yl)aniline scaffold (see Table 1: 2,8-
10 and Table 3) and is represented by 2 (OK TrxR 221) was selected for preliminary
optimization. Unrestrained re-docking of all these compounds revealed binding to the pre-
selected Trx binding site of M¢TrxR, taking advantage of hydrogen bonding to Thr242 and
Aspl49 and a reasonable fit to the hydrophobic pocket in between (see Figure 4). The
4-(piperidin-1-yl)aniline scaffold was therefore used for synthesis of derivatives based on
structure-based design and the assumed binding mode. The scaffold by itself (8) already showed
an ICsp of 33.4 uM and two of the derivates (9 and 10) reached ICs, values of 15.3 and 15.8 uM,
respectively (Table 4). The replacement of 4-(piperidin-1-yl)aniline by 4-(piperidin-
I-yl)benzylamine in all three compounds (8-10) leads to a complete loss of activity (data not

shown). This indicates that the aniline substructure containing a hydrogen-bond donor and an
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aromatic ring as a hydrophobic group and capable of a n- stacking interaction is essential which

supports the assumed binding mode.

Selectivity of the TrxR inhibitors

The virtual screening was designed to exploit the differences in Trx binding between M¢TrxR
and its human orthologues” in order to identify inhibitors that selectively target the
mycobacterial enzyme. It was therefore attempted to investigate the identified inhibitors of
M¢TrxR for inhibitory activity on one of its human congeners, the TrxR1 isolated from human
placenta (‘HsTrxR’) in two different test systems, using either a mutant version of the
physiological substrate human Trx1(TrxC73S; ‘HsTrx’) or the artificial acceptor substrate
DTNB. As high test compound concentrations were required, the evaluation of selectivity proved
to be an experimental challenge irrespective of the test systems. The aromatic nature of all test
compounds in some cases precluded reliable measurements at 100 uM with the HsTrx-based test
at a wave length of 344 nm. But also the DTNB-based system with its more convenient read out
at 412 nm was sometimes disturbed by test compound concentrations near the solubility limit.
Apparent ‘enzyme activations’ (negative inhibition values in Tables 2 and 4) likely reflect little
else than time-dependent changes in dispersity of system components which add an increment to
the absorbance change. Table 2 and 4 list the results for HsTrxR inhibition, as experimentally
obtained with the more reliable DTNB assay, whereby the apparent enzyme activations are rated
as ‘no inhibition’. With these precautions, it can safely be stated that only three of the M¢TrxR
inhibitors (1, 3 and 9) marginally interfere with HsTrxR when tested at the maximum possible

concentration.

ACS Paragon Plus Environment 10



Page 11 of 40

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Due to the same limitations, only lower limits for selectivity indices (SI) can be estimated.
The values listed in Table 2 and 4 are based on the assumption that, presuming a typical
concentration response of a reversible inhibitor, an extrapolated ICsy for HsTrxR does not exceed
200 or 300 uM, if a compound inhibits the enzyme by <30 or <10%, respectively, or less at 100
uM. With these premises, all inhibitors here presented can clearly be rated as selective for

MiTrxR.

Discussion and Conclusion
The common goal of in silico screening campaigns is to reduce a huge number of available

compounds (e.g. the ZINC library (http://zinc.docking.org/) contains over 14 million purchasable

compounds) to a target-focused subset that can be tested for activity with reasonable efforts.’’
This is commonly achieved by pharmacophore filtering, which preselects the hypothetical
candidates for drug-like compounds that might bind to the target molecule.’’ In the present
investigation, however, we faced the challenge preselecting compounds from the virtual library
that bind to the target MfTrxR in a specific way that minimizes the chance of binding to the
homologous human proteins. Moreover, the pre-determined binding site was a protein-protein
interaction site which is not considered to be likely druggable. Under these premises, a
combination of high-throughput docking and the use of strong constraints deemed superior to
conventional pharmacophore searches. While the latter hardly discriminate between weak and
strong hydrogen bonding interactions, the docking software GOLD* allows to identify strong
hydrogen bonding interactions, in particular by choosing a high minimum H-bond geometry
weight as a constraint (here 0.8 on a scale between 0 and 1). Thereby, only very strong hydrogen

bonding interactions were considered.

11
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Despite the comparatively high computational power required for docking, the novel strategy
proved to be technically feasible. The fast settings applied in the initial docking run (see
Experimental Section) generated preliminary binding poses within ~13 sec per compound on an
AMD Opteron 250 processor with 2.4 GHz, and the computational power of the latest processors
should manage this task even faster. Depending on the scoring function applied, the huge number
of compounds of the starting database could be reduced to 0.11% and 0.20%, respectively, which
already corresponds to numbers that can be subjected to real screening. Thus, the high-
throughput docking approach can, in principle, be used as an alternative to pharmacophore
filtering. As shown here, the number of candidates can be further reduced by means of consensus
scoring and normalization functions to an extent that allows highly economic testing in terms of
manpower and costs. Most importantly, a hit rate >10% compares very favourably to those
obtained for other protein-protein interfaces.”

It can only be speculated which of the individual screening and scoring steps had the highest
impact on this extraordinary number of hits, since activity testing was only performed with the
final compound selection. Likely, however, the initial high-throughput docking already led to
substantial enrichment of active compounds, since the improvement of compound selections by
means of scoring and consensus scoring in the downstream part of the in silico campaign is a
commonly accepted and applied approach.”’ The active compounds identified in this manner
were not yet rated as efficacious enough to justify an in-depth characterization of their biological
activity. However, with ICsy values in the low micromolar range, the more active ones can be
considered promising enough to be used for a hit-to-lead optimization project'® and,
interestingly, the promising hits have a comparatively low MW and could be considered as

fragments to be further modified. Our results, thus, indicate that the hits target a very important

12

ACS Paragon Plus Environment



Page 13 of 40

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

part of the interaction, a “hot spot”. Moreover, the hit validation of the compounds belonging to
the scaffold cluster 2 as well as the predicted binding modes (see Figure 4) suggests that this
compound class indeed targets the binding cleft where Arg 73 of M¢Trx binds™. The selectivity
for M¢TrxR, which is equally for the observed for the remaining inhibitors, justifies the
conclusion that the virtual screening strategy was successful in pre-selecting the chemical space
for compounds that target the Trx binding cleft which is unique to the bacterial TrxRs.

In short, high-throughput docking using constraints is shown to be a useful alternative for
pharmacophore filtering to handle million of compounds in a virtual screening. This approach
appears to be particularly helpful if the biomedical goal demands the exploitation of difficult
targets such as protein-protein interaction sites. The feasibility of this novel approach is
exemplified by an in silico campaign yielding the very first inhibitors of M¢TrxR that specifically
target the protein-protein interaction of thioredoxins with the bacterial subfamily of thioredoxin
reductases, here specifically M¢TrxR, which is distinct from the Trx interaction site of higher
organisms’ TrxRs. Simultaneously, a novel route is offered to meet the challenges of re-

emerging tuberculosis.

Experimental Section

Target structure of MtTrxR

Creating a target model for the Fr form of M¢TrxR was made feasible by comparing X-ray
structures of EcTrxR (Fp form: pdb 1tde and 1tdf 3. Fg form: Pdb 1f6m®), H. pylori (Fo form :
pdb 2q0k and 2q0134) and MfTrxR (Fo form: pdb 2a87°7). The FAD domain was removed from
the Fo X-ray structure of M¢TrxR yielding a preliminary A1-123, A251-335 MtTrxR structural

model in which the NADPH domain (Alal124-His250) comprising the selected Trx binding cleft

13
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to be targeted exactly corresponded to pdb 2a87. The model of the truncated M¢TrxR was
protonated using Protonate 3D from the program MOE® and used as target structure

representing the Fr form of MfTrxR.

Virtual screening workflow

The M¢TrxR model, created as described above, was used for all docking runs. The Trx
binding site was defined to include all atoms within 15 A of one of the aromatic hydrogen atoms
(HZ) of Phel53. The side chain of Aspl149 was set flexible with six rotamers (see Table 5).
Docking was performed by means of the docking software GOLD?, and Goldscore was used as
scoring function.

For the initial high-throughput docking of 6,433,706 structures, a maximum of ten different
poses were created with genetic algorithm settings set to automatic and 10% search efficiency.
The docking run for a single compound was stopped if three poses were within an RMSD (root
mean square deviation) of 1.5 A (early termination option) or if it was physically impossible to
fulfil the constraints (part of the constraint option). A protein H-bond constraint was set for
Aspl149 (either one or the other oxygen of the side chain) and Thr242 (oxygen of the backbone
carbonyl-group). A minimum H-bond geometry value of 0.8 representing good H-bond geometry
(“perfect geometry” would be a value of 1) and strong hydrogen bonding was empirically
identified. A penalty value (here 50) was added to the final score if a constraint did not fulfil this
minimum H-bond geometry. Poses not passing this hydrogen bonding constraint could be easily
identified, since this penalty value was added to the docking output. Docking time per compound

averaged around 13s.

14
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For the re-docking step, docking settings were changed to computationally more expensive
ones. Fifteen docking poses were created using genetic algorithm settings set to automatic and
100% search efficiency. The protein H-bond constraints and the early termination option were
not used during re-docking. The rest of the settings were identical to the initial high-throughput
docking run. Docking time was ~270 s per compound. In order to identify the poses forming the
mandatory hydrogen bonds to Thr242 and Aspl139, all poses were re-scored by the scoring
functions Goldscore®®, Chemscore’”® and ASPscore® combined with the protein H-bond
constraints already used in the first docking run. During rescoring, the docking poses were
minimized to the nearest local minimum of the respective scoring function. In-house python
scripts were used to parse the output files for the constraint penalties and to extract the
compounds for the next step.

The final ranking for compound selection was based on a normalization and consensus scoring
strategy. A normalizing function described by Carta et al.”® was applied to yield a broader
distribution of the molecular weight within the top-ranked compounds. For final consensus
scoring, two different combinations of scoring functions were applied. One consensus scoring is
based on all three scoring functions (see above), and the other is based on the combination of
Chemscore and ASPscore. The final ranking was based on a “rank-by-rank” strategy », where
the averages of rank numbers were used. After removing duplicates, the 200 top-ranked

compounds from both strategies were selected as candidates for testing.

Virtual library of purchasable compounds
The underlying virtual library consists of combined libraries from various commercial vendors

(Akos Consulting & Solutions GmbH, Basel, Switzerland; Asinex Ltd., Moscow, Russia;

15
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ChemBridge Corporation, San Diego, CA, USA; Chemical Diversity Labs Inc., San Diego, CA,
USA; Enamine Ltd., Kiev, Ukraine; InterBioScreen, Moscow, Russia; LifeChemicals Inc.,
Burlington, ON, Canada; Maybridge, Cambridge, UK; Otava, Kiev, Ukraine; Specs, Delft,
Netherlands; TimTec Corp., Newark, NJ, USA; Vitas-M Laboratory Ltd., Moscow, Russia) and

collectively contained 6,433,706 virtual compounds.

Screening of potential inhibitors against MtTrxR

M{TrxR activity was determined essentially as described in Jiger ef al. (2004)°. The inhibitory
effect of each compound on M¢TrxR was measured in triplicates. Obvious outliers from the
triplicates were removed. If the standard deviation of the two remaining inhibition values
exceeded 25%, the measurement was repeated.

The activity of M¢TrxR was obtained by measuring initial velocities monitoring the NADPH
oxidation at 340 nm at 25 °C. 10 pM TrxR was incubated with 10 uM M¢TrxB, 5 uM M(TPx,
225 uM NADPH, 0.06 - 45 uM compound, 73 uM ¢-butylhydroperoxide (added after the pre-
incubation step) in a total volume of 100 ul 50 mM HEPES pH 7.4, 1 mM EDTA for 10 min at
25 °C and started by adding hydroperoxide. No compound was present in the positive controls.
No MiTrxR was present in the negative controls. A Tecan Freedom EVO®™ liquid handling
platform was used for pipetting, NADPH consumption at 340 nm was measured with a
TecanGENios Pro microplate reader after adding #-butylhydroperoxide. The enzymes M¢TrxR,
M(TrxB, and M{TPx from M. tuberculosis were produced by heterologous expression in E.coli as
described9. NADPH, HEPES and EDTA were obtained from Carl Roth (Karlsruhe, Germany), ¢-

butylhydroperoxide from Sigma-Aldrich (St. Louis, MO).

16
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If not otherwise stated, ICsy values were calculated using the four-parameter equation model
205 and the option "unlock" from the XLfit add-in (IDBS, Guildford, United Kingdom) in Excel
(Microsoft Corporation, Redmond, WA). All values are mean values from at least three
independent assays. If atypical concentration dependence at high inhibitor concentrations was
observed, estimates of IC50 values were obtained by graphically extrapolating from inhibition
data at low inhibitor concentrations assuming regular concentration responses of reversible

inhibitors (Hill-coefficient = 1).

Inhibition studies with HsTrxR

NADPH and 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) were obtained from Sigma-Aldrich.
Human placenta thioredoxin reductase 1 (‘HsTrxR’) and the recombinant human thioredoxin
mutant Cys73—Ser (‘HsTrx’), which does not form dimers and is stable in enzymatic assays,
were produced as described previously.**!

Both DTNB (5,5'-dithio-bis-2-nitrobenzoic acid; Sigma-Aldrich, St Louis, MO) and Trx (as
physiological substrate) reduction assays were used to determine the effects of the selected
compounds on HsTrxR activity.***' All assays were conducted in 100 mM potassium phosphate,
2 mM EDTA, pH 7.4 in a total assay volume of 500 ul. HsTrxR (final concentration 2.8 nM) and
200 uM NADPH (Sigma-Aldrich, St Louis, MO) were added to the buffer before the inhibitors
(up to 100 uM final concentration) were added and the reaction was started with either DTNB (3
mM) or with HsTrx (20 uM). The change in absorbance was monitored at 412 nm (for DTNB; ¢

= 13,600 M—1cm—1) or at 340 nM (for the NADPH-dependent hTrx assay; € = 6.22 M—1lcm—1)

using a HITACHI U-2001 spectrophotometer. All enzyme activity assays and kinetic studies

17
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were carried out in at least three independent experiments at 25 C. Control assays (100%

activity) were conducted in the absence of inhibitors.

Purchased compounds

Commercially available compounds were purchased from following suppliers. 1 was ordered
as 4-[(6-methoxy-2-methylquinolin-4-yl)amino]phenol from InterBioscreen, Moscow, Russia. 2
was ordered as N-[4-(4-{[2-(methylthio)ethyl]amino}-1-piperidinyl)phenyl]-5-
phenylpentanamide from ChemBridge Corporation, San Diego, CA, USA. 3 was ordered as 3-
(1H-indol-2-yl)-N-(1H-indol-3-ylmethyl)alanine from Vitas-M Laboratory Ltd., Moscow,
Russia. 4 was ordered as N'-{(E)-[2-hydroxy-3-(prop-2-en-1-yl)phenyl]methylidene}-3-(3-
methyl-5-0x0-4,5-dihydro-1H-pyrazol-4-yl)propane-hydrazide from Otava, Kiev, Ukraine. 5 was
ordered as N-phenyl-3-{1-[(3-phenyl-1H-pyrazol-4-yl)methyl]-4-piperidinyl} propanamide from
ChemBridge Corporation, San Diego, CA, USA. 6 was ordered as 3-(2-amino-1,3-thiazol-4-yl)-
7-hydroxy-2H-chromen-2-one from InterBioscreen, Moscow, Russia. 7 was ordered as 4-[5-
amino-3-oxo-4-(4-phenyl-1,3-thiazol-2-yl)-2,3-dihydro-1H-pyrrol-1-1]benzenesulfonamide from
InterBioscreen, Moscow, Russia. 8 was ordered as N-[4-(4-{[2-(3-pyridinyloxy)ethyl]amino}-1-
piperidinyl)phenyl]-2-pyrazinecarboxamide from ChemBridge Corporation, San Diego, CA,
USA. 9 was ordered as 2-phenoxy-N-[4-(4-{[3-(1H-pyrazol-1-yl)benzyl]amino}-1-
piperidinyl)phenyl]acetamide from ChemBridge Corporation, San Diego, CA, USA. 10 was
ordered as N-[4-[4-(2-pyridin-3-yloxyethylamino)piperidin-1-yl]phenyl]pyrazine-2-carboxamide
from ChemBridge Corporation, San Diego, CA, USA. According to the suppliers’ information,

the compounds were 92-98% pure.

18
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Chemical synthesis

Solvents and chemical reagents were purchased from chemical suppliers and used without any
further purification. Dry solvents were generally purchased in sure seal bottles stored over
molecular sieves. Unless otherwise stated, all reactions were carried out under dry nitrogen
atmosphere. Progress of the reactions was monitored by thin layer chromatography (TLC)
(Merck silica gel 60Fs4 plates). After elution, a TLC plate was visualized under UV illumination
at 254 nm for UV-active materials. Standard staining reagents were used for visualization. Flash
column chromatography was carried out using silica gel finer than 230-400 mesh. 'H NMR
spectra were recorded on a Brucker 600 or 400 MHz spectrometer in appropriate solvent using
tetramethylsilane (TMS) as internal standard. BC NMR spectra were recorded on a 150 MHz
spectrometer. The chemical shifts are shown in 6 ppm.

Qualitative and quantitative purity of the all isolated compounds was established by means of
'H NMR and ">C NMR spectroscopic analysis; also, analytical HPLC/MS (Agilent 1200 Series
HPLC equipped with C-18 column, coupled with a Sedex-85, LT-ELSD detector) was used to
demonstrate the purity of the compounds. All compounds synthesized were at least 95% pure

according to HPLC/MS chromatography.

Preparation of 4-(piperidin-1-yl)aniline (11). EtOH (64 ml) was added to 4-(piperidin-1-
yDnitrobenzene (5.21 g, 25.26 mmol) taken into a 250 ml two-necked, round bottom flask
equipped with water condenser and stirred at room temperature to generate a homogeneous

solution. Water (44 ml), Fe) powder (10.72 g, 191.94 mmol), and finally AcOH (8.60 ml) were

19
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successively added to the reaction. The reaction mixture was heated to reflux under dry nitrogen
atmosphere, brought to room temperature after two hours, then diluted with EtOAc (50 ml) and
vigorously stirred. The resulting suspension was filtered using a short bed of Celite-R545 over
sand. Combined extracts were separated from water. Organic portions were collected and dried
over anhydrous MgSQOy, filtered, and concentrated. A short flash chromatographic purification on
silica gel using CH,Cl,/MeOH, (9:1) eluent system, yielded the desired product 11 (4.22 g, 95%

isolated yield). The spectral data of the compound compiled reported literature values.

General experimental procedure for the preparation of 4-(Piperidin-1-yl)aniline scaffold
compounds. 4-(piperidin-1-yl)aniline (11; Figure 5) was added to a 1,2-dichloroethane (DCE) (4
ml/mmol) solution of the aldehyde (1 eq) at room temperature, and finally Na(OAc);BH (1.30
eq) was added. The reaction was performed at room temperature under nitrogen atmosphere.
After completion, saturated aqueous NaHCO; was added and the reaction mixture was diluted
with EtOAc and vigorously stirred. Layers were separated and the aqueous phase was extracted
with EtOAc. Combined organic portions were dried over anhydrous MgSO,, filtered and
concentrated in vacuo. Flash chromatographic purification on silica gel using CH>Cl,/MeOH,

(15:1 to 4:1) eluent system yielded the desired product.

N-(1,3-benzothiazol-2-ylmethyl)-4-(piperidin-1-yl)aniline (12). Following the general
experimental protocol 10 was prepared in 50% isolated yield. R= 0.24 (CH,Cl,/MeOH 15:1); 'H
NMR (400 MHz, DMSO-de): 6 = 1.44- 1.51 (m, 2H), 1.54-1.61 (m, 4H), 2.97-3.04 (dd, J =5.27,
5.69 Hz, 4H), 4.86 (d, J =5.69 Hz, 2H), 6.32 (t, J=5.48, 6.54 Hz, 1H), 6.83 (d, /=9.07 Hz, 2H),

7.35-7.42 (m, 3H), 7.48 (dd, J = 6.97, 7.42 Hz, 1H), 7.90 (d, J = 8.44 Hz, 1H), 8.07 (d, 7.80 Hz,

20
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1H); °C NMR (150 MHz, DMSO-dg): 6 = 23.92, 24.01, 25.51, 50.37, 61.43, 116.44, 120.34,
120.36, 122.44, 124.89, 126.21, 131.28, 134.35, 148.07, 153.22, 167.86, 175.84. HPLC/MS:

C19H21N3S, [M+H]" requires 324.15; found 324.20.

©CoO~NOUTA,WNPE

15 N-(2-chloro-6-fluorobenzyl)-4-(piperidin-1-yl)aniline  (13).  Following the  general
18 experimental protocol 13 was prepared in 55% isolated yield. R;= 0.56 (CH,Cl,/MeOH 9:1); 'H
20 NMR (400 MHz, DMSO-dg): & = 1.36 — 1.48 (m, 2H), 1.51 - 1.62 (m, 4H), 2.75 — 2.90 (m, 4H),
22 4.17 — 4.29 (m, 2H), 5.22 — 5.36 (m, 1H), 6.53 — 6.64 (d, J = 7.40 Hz, 2H), 6.68 — 6.78 (d, J =
5 7.90 Hz, 2H), 7.16 — 7.22 (m, 1H), 7.27 — 7.37 (m, 3H); >C NMR (150 MHz, DMSO-dy): J =
27 23.95, 25.84, 52.04, 54.01, 113.17, 114.51, 114.54, 118.73, 118.79, 125.66, 130.06, 130.13,
29 135.04, 142.36, 143.97, 160.62, 162.26. HPLC/MS: C;sHCIFN,, [M+H]" requires 319.13;

32 found 319.15.
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13 Abbreviations used:

15 DTNB: 5,5'-dithio-bis-2-nitrobenzoic acid

18 HEPES: 2-(4-(2-Hydroxyethyl)- 1-piperazinyl)-ethansulfonsiure
20 Hs: Homo sapiens

Mt: Mycobacterium tuberculosis

25 TPx: Thioredoxin Peroxidase

27 TrxR: Thioredoxin Reductase

Trx: Thioredoxin
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Tables
Table 1: Structures of M¢TrxR inhibitors obtained from virtual screening (compounds 1-10)
and preliminary optimization (compounds 11-13). Numbers in brackets indicate number of

compounds with similar scaffold
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Table 2: Inhibition of M¢TrxR and HsTrxR by representative compounds obtained from virtual

screening in enzyme assays.

Compound no

mean M¢TrxR inhibition (%) at

45uM  15pM

5.0 uM

1.67 uM

ICs
(uM)

mean
HsTrxR inhibition
(%) at 100 uM "

SI***

68.0 51.6

36.0

25.6

12.5

31.6

>8

28.0 33.7

29.7

27.0

~100%**

0(-13.6)

31.0 43.3

31.7

26.7

~30%*

10.4

26.0 31.7

31.0

31.7

nc

0 (-23.5)

29.8 343

38.0

29.7

~15%%

0(-2.1)

36.4 19.7

17.3

10.6

~100*

0 (-22.4)

25.0 12.8

9.9

8.4

~200%*

0 (-2.6)

> 2

*extrapolated from values below 50% inhibition; **extrapolated from inhibition at low

concentrations only; * not calculated due to lacking concentration dependence; ‘negative values

describe apparent activation likely due to test disturbances at extreme compound concentration;

***estimated selectivity index based on the assumption that 10% inhibition of HsTrxR or less at

100 uM of inhibitor reflects an ICsy of >300 uM.
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Table 3: Inhibition of M¢TrxR of compounds belonging to scaffold cluster of 2.

Compound no mean M¢TrxR inhibition (%) at
45uM  15pM 5.0 uM  1.67 uM

8 24,0 17,5 14,7 12,3

9 22,1 18,2 16,9 11,2

10 N.A. 16.3 12.0 5.0

Table 4: Inhibition of M¢TrxR and HsTrxR by synthesized compounds based on the 4-(piperidin-

1-yl)aniline scaffold of 2.

Compound no mean M¢TrxR inhibition (%) at ICso mean SpH**
45uM  15uM 5.0 uM  1.67 uM (LM) HsTrxR inhibition
(%) at 100 uM "
11 55.0 35.7 17.0 9.5 334 0(-14.4) > 10
12 67.0 44.4 39.7 24.0 15.8 17.1 > 10
13 58.7 51.7 41.7 30.0 15.3 4.6 > 10

"negative values describe apparent activation likely due to test disturbances at extreme

compound concentration; ***estimated selectivity index based on the assumption that 10%

inhibition of HsTrxR or less at 100 uM of inhibitor reflects an ICsy of >300 uM.
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Table 5: Asp149 rotamers used for docking

Rotamer|Chil | Deltal | Chi2 | Delta2

©CoO~NOUTA,WNPE
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23 (1-5: GOLD rotamer library, 6: taken from X-ray structure)
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Figure 2
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Figure Legends

Figure 1: Comparison of TrxR Fq (a and b, M¢TrxR; pdb 2a87°") and Fg (c and d, EcTrxR; pdb
1f6m*) conformations: a) cartoon representation of M¢TrxR with NADP" and FAD bound, and
Cysl45 and Cys148 marked (red arrows), b) surface representation of M¢TrxR (light gray:
NADPH domain; light blue: FAD domain, yellow circle: Trx binding cleft) showing the
expected Trx binding cleft, ¢) cartoon representation of EcTrxR with AADP" and FAD bound,
and Ser135 and Cys138 marked (red arrows), d) surface representation of EcTrxR (colours as

before) showing the Trx binding cleft.

Figure 2: Essential features of the TrxR-Trx interaction site of bacterial TrxRs. a) X-ray structure
(1f6ém®) showing Trx interacting with EcTrxR (light grey: NADPH domain, light blue: FAD
domain, green: Thioredoxin). b) Close-up showing the Trx loop (Tyr70-75) interacting with the
binding cleft (magenta surface) and hydrogen bonds (yellow line) to EcTrxR ). ¢) M¢TrxR X-ray
structure (light grey: NADPH domain, light blue: FAD domain). d) Truncated M¢fTrxR NADPH
domain used during docking. e) Close-up showing the binding cleft (green surface) and the

hydrogen acceptors (yellow arrows) addressed during docking.

Figure 3: Virtual screening strategy. a) Generic virtual screening workflow using high-
throughput docking and constraints applicable for virtual libraries with millions of compounds.
b) Number of compounds that passed the filtering steps from the virtual compound library to

active compounds on M¢TrxR.
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Figure 4: Best docking poses of compounds belonging to the scaffold cluster of 2 (blue: 2, grey:
8, yellow: 9, magenta: 10). The poses are lying within the hydrophobic thioredoxin binding cleft

(green surface) near the active site cysteines showing hydrogen bonding interaction with Asp149

©CoO~NOUTA,WNPE

and Thr242.

16 Figure 5: Preparation of 4-(Piperidin-1-yl)aniline scaffolds. (Reagents & Conditions: a.
18 Fe(s)/AcOH, EtOH, reflux, 2 h, 95%.; b. Na(OAc)3BH, DCE, RT, 50%.; c¢. Na(OAC)3BH,

DCE, RT, 55%.),
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