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Abstract

Metallo-3-lactamases (MBL) cause resistance of Gram-negative bacteria to 3-lactam
antibiotics and are of serious concern because they can inactivate the last-resort carbapenems
and because MBL inhibitors of clinical value are still lacking. We have previously identified
the original binding mode of a 4-amino-1,2 4-triazole-3-thione compound, IITA, within the di-
zinc active site of the L1 MBL. Here, we present the crystallographic structure of a complex
of L1 with the corresponding non-amino compound IIIB. Unexpectedly, IIIB showed a
similar but reverse binding mode compared to IITA. These 3D structures suggested that the
triazole-thione scaffold was suitable to bind to the catalytic site of di-zinc metallo-enzymes.
Based on these results, we synthesized 54 analogues of IIIA or IIIB. Nineteen showed IC,,
values in the uM range towards at least one of five representative MBLs (L1, VIM-4, VIM-2,
NDM-1, IMP-1). Five of these exhibited a significant inhibition of at least four enzymes,
including NDM-1, VIM-2 and IMP-1. Active compounds mainly featured either halogen or
bulky bicyclic aryl substituents. Finally, some compounds were also tested on several
microbial di-nuclear Zn-dependent hydrolases belonging to the MBL fold superfamily (i.e.
endonucleases and glyoxalase II) to explore their activity toward structurally similar but
functionally distinct enzymes. While the bacterial tRNases were not inhibited, the best ICy,'s

towards plasmodial glyoxalase II were in the 10 pM range.

Introduction

Emergence and spread of antibiotic-resistant bacteria have become an urgent threat to
human health due to the emergence of pan-drug resistant Gram-negative pathogens.!"! In
developed countries, the highest proportion of multidrug resistant bacteria is found in
hospitals. Indeed, about 70% of bacteria now causing hospital-acquired infections are
resistant to at least one of the commonly used drugs. This leads to prolonged illness and
increased mortality.

The most worrying resistance concerns the 3-lactam antibiotics, the most widely used
class of antibacterial agents that includes penicillins, cephalosporins, carbapenems and
monobactams.”’ Among them, carbapenems have the broadest spectrum of activity and
represent last resort drugs to treat life-threatening nosocomial infections. These drugs can be
inactivated via hydrolysis of their P-lactam ring by bacterial enzymes called -lactamases.
These enzymes are grouped into four molecular classes. Classes A, C, and D act via a serine-

based mechanism, whereas class B enzymes, called metallo-f3-lactamases (MBLs), require
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one or two Zn atom(s) for B-lactam hydrolysis. While combination therapies (treatment with a
[-lactamase inhibitor such as clavulanic acid or tazobactam to prevent inactivation of f3-
lactam antibiotics) are useful to deal with bacteria producing active site serine 3-lactamases,
MBL inhibitors are not currently available for clinical applications. This is of particular
concern because (1) MBLs can degrade all classes of [(3-lactams (except monobactams),
including carbapenems, which are stable towards the large majority of serine-P-lactamases;
(2) MBLs are produced by important Gram-negative pathogens (Klebsiella pneumoniae,
Pseudomonas aeruginosa, Aeromonas, Enterobacteriaceae, Acinetobacter, Serratia
marcescens, etc...); (3) many MBL genes are also present in environmental species
constituting reservoirs of P-lactam resistance genes. MBLs are now regarded as a major

therapeutic challenge.””!

MBLs are classified into three subclasses, B1, B2, and B3, based on subtle but
significant variations in their active site architectures.”**" Subclass B1 includes the most
clinically-relevant acquired MBLs (e.g., IMP-, VIM- and NDM-types). Subclass B2 is
represented by CphA and includes enzymes produced by different species of Aeromonas,
while subclass B3 contains L1, GOB-1, FEZ-1 and other mostly resident enzymes, except
AIM-1 and SMB-1 apparently encoded by mobile genetic elements. Subclasses B1 and B3
enzymes have a broad substrate profile and generally exhibit maximum activity as di-zinc
species, whereas subclass B2 MBLs are mono-zinc enzymes and narrow-spectrum
carbapenemases, with poor or no activity towards penicillins and cephalosporins.

This large structural and functional heterogeneity makes the design of potentially
clinically-useful and broad-spectrum MBL inhibitors very challenging.For rviev!0-13l
Furthermore, the usual approach to inhibit metallo-enzymes is to develop compounds
possessing a zinc-coordinating group (e.g., thiol group). This approach can only have a
clinical application when the inhibitor is highly MBL specific (i.e. does not inhibit human

metallo-enzymes). To date, several chemical families have been reported to inhibit MBLs.

[14] [15-27] dl-

They include biphenyltetrazoles, ™ various thiol- or thioester-containing compounds,

[28-31] [32-34]

or poly-carboxylate compounds, hydroxamates,”  arylsulfonyl-containing

421 and

compounds,”*” trifluoromethyl alcohol and ketones,*" tricyclic natural compounds

cyclic boronates.'””! Approaches to covalent MBL inhibitors have also been considered.!****!
Nevertheless, among all these series, only a limited number of compounds are active

(K, values between 10° and 10® M) on several MBLs from the three sub-classes, or even on

several of the most clinically relevant enzymes, and small and simple molecules with a zinc
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coordinating thiol appear among the most promising in terms of affinity.”'*' However, their
flexibility and the strong Zn-coordinating properties of the thiol group might compromise

their development as highly selective MBL inhibitors.

In a previous crystallographic study,'*®’ we obtained the structure of the L1 MBL (a di-
zinc subclass B3 enzyme from Stenotrophomonas maltophilia) in complex with a published
inhibitor (XIIL,""' Scheme 1). Unexpectedly, the enzyme active site contained a fragment
(named IITA, Scheme 1) derived from the hydrolysis of the hydrazone-like bond of XIII. The
same structure (PDB code, 2HBY) was obtained after soaking an L1 crystal in a solution of
synthetic IITA. Additionally, the distinctive feature of the complex L1-IIIA was the as yet
unreported double coordination of the two Zn ions by two atoms of the 1,2 4-triazole-3-thione
moiety (namely N* for Znl and S’ for Zn2, Figure 1). It is noteworthy that a similar binding

mode was recently demonstrated for a small triazole-thione compound in complex with VIM-
2.1

Scheme 1.

Triazole-thiones are commonly reported as synthetic intermediates, and in biological
evaluations. While they have been mainly screened for antibacterial, antifungal, anti-

inflammatory, and anti-proliferative activity *’!

only a few studies describe their use as
metallo-enzyme inhibitors such as the di-copper dopamine-B-hydroxylase,”* the TNF-o
converting enzyme,” ADAMTS-5 " and urease.””’ A few triazole-thione analogues with no
amino group at position 4 were reported to be modest inhibitors of the IMP-1 MBL ®*** or
shown inactive against the CcrA, ImiS and L1 MBLs at 50 uM.'”" Other triazole-thione
compounds with an alkylated sulphur have also been published more recently,”** and the
structure of the complex formed by one of these compounds with VIM-2 showed that the two
zinc atoms were coordinated by the nitrogen atoms at positions 1 and 2 of the heterocycle.*”’
Following our findings, we investigated the potential of the triazole-thione heterocycle
as a scaffold for MBL inhibition. This study describes the synthesis and evaluation of
compound IITA and analogues as inhibitors of MBL enzymes representative of the three

subclasses.

Results and Discussion

This article is protected by copyright. All rights reserved.
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Binding mode of 1,2 4-triazole-3-thione to di-zinc enzymes: the case of the MBL L1

The 3D crystallographic structures of several important MBLs have been obtained
alone, and in complex with an inhibitor, providing critical information on the binding mode of
various inhibitors (IMP-1;% VIM-2;" VIM-4; NDM-1;"" CphA;¥ L1“%!). As mentioned,
compound IITA (1a) simultaneously coordinates the two Zn ions of the L1 active site through
two atoms of the 1,2 4-triazole-3-thione moiety: N* for Znl and S° for Zn2."Y Moreover, an
interaction is formed between the 4-amino group and Asp120, one of the Zn2 ligands (Figure
1), the phenyl ring making a weak CH-m interaction with a methyl group of Ile162. To
explore the role of the amino group at position 4 of the heterocycle, we have synthesized I1IB
(1b, see Table 1), which differed from IIIA by the absence of this amino group. The 3D
structure of L1 in complex with IIIB was obtained after soaking native L1 crystals in a
solution of the inhibitor, as previously described (See Table S1 in Supplementary
Information).*” The structure (PDB code, SDPX) showed that IIIB was also able to
coordinate the two Zn ions but, surprisingly, with a pattern different from that of IITA. Indeed,
the 1,2 ,4-triazole-3-thione heterocycle was interacting with the Zn atoms through N* for Zn1
and S’ for Zn2 (Figure 1). ITIIA could not adopt a similar binding mode due to the presence of
an amino substituent on the N* atom of the triazole ring. The different orientation of the
triazole ring resulted in binding of the aromatic group in an opposite area to the enzyme active
site, leading to the formation of a strongly stabilizing m-stacking interaction with His118
(Figures 2 and 3). According to the 2Fo-Fc electron density map (Figure 2), the o-toluoyl
moiety could adopt two different orientations, which resulted from an 180° rotation of the
phenyl ring around the C-C bond between the two cycles. In the case of the slightly major
orientation shown in Figure 3, the methyl group of compound IIIB (1b) was located in a
hydrophobic pocket constituted by Pro227 and Phel56. The superimposition of the two
complex structures with that of the free L1 showed that side-chain rearrangements occurred in
the active site to adapt to the phenyl group of the two compounds. This adaptation could be
explained by the high rigidity of the compounds, and by the constraint associated with the
simultaneous double coordination (Figure 4). In particular, the side-chain of Tyr33 was
completely retracted in the case of IIIA " while that of Phel156 was more or less shifted by
IIIB at the opposite side of the binding site depending on its methyl orientation. This variable
motion of the Phe156 side-chain was supported by its poor electron density (Figure 2) and a

B-factor higher than average (Figure S1) in SDPX.pdb structure. The marked movement of
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the Tyr33 side-chain required for IIIA binding is probably more demanding than Phel56
shifting and might explain why IIIB did not bind as IIIA. Finally, a striking feature shared by
the two structures was the increase in the Zn-Zn distance from 3.5 to 4.6 A. Such a movement
has already been observed, although to a lesser extent, during the hydrolysis of nitrocefin by
L1.7

IITA and IIIB showed modest activities toward L1, IITA displaying slightly lower
affinity than IIIB (K, = 108 + 9 and 35 + 2 uM, respectively), indicating that the 4-amino

group was here less favourable for L1 inhibition.

Figure 1.

Figure 2.

Figure 3.

Figure 4A and 4B.

Based on these results that showed the high interest of the triazole-thione nucleus as a ligand

for di-Zn MBLs, we started the synthesis of IIIA and IIIB analogues.

Synthesis

Two series of compounds, analogues of IIIA (1a) and of its 4-desamino derivative
IIIB (1b) (Table 1) were prepared as described in Scheme 2. IITA analogues were synthesized
from the corresponding carboxylic acids (R-COOH) in one step (R = alkyl, Beyer’s method,
Scheme 2A), and in four steps (R = aryl, Scheme 2B)."” IIIB analogues were prepared in
three steps (Scheme 2C) by reaction of the acyl chloride with thiosemicarbazide followed by

cyclization under basic conditions.
Scheme 2.
Most of the synthesized 1,2 4-triazole-3-thione derivatives were substituted at position

5 by a (hetero)aromatic moiety, either directly linked to the heterocycle (1a, 1b, 5-22) or
separated by one (23a-31) or two methylene bridge(s) (32a-44) and/or oxygen (45, 46).
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Starting from di-carboxylic precursors we prepared six molecules containing two 1,24-
triazole-3-thione moieties (29-31, 41a, 41b, 44). Finally, four compounds (2a, 2b, 3, 4)
displayed an alkyl substituent (CH,, CF;, cyclohexyl) at position 5.

Evaluation of the inhibition of purified MBLs

1,2 4-Triazole-3-thiones were first tested at a 100 uM concentration for their potential
inhibition of five representative MBLs, namely L1, VIM-4, VIM-2, NDM-1 and IMP-1.
Enzyme assays were performed in 96-well microtiter plates using nitrocefin as the substrate.
Its hydrolysis was monitored by following the absorbance variation at 480 nm at 30 °C. IC,,’s
were then determined for the best compounds (inhibition at 100 uM > 70%) by fitting raw
absorbance data with the four parameters Hill equation describing a sigmoidal dose—response.

The inhibitory potencies are listed in Table 1.

Table 1.

In this single-concentration screening assay, the two parent analogues IIIA (compound
1a) and IIIB (compound 1b) appeared either inactive or as weak inhibitors (inhibition <60%
at 100 uM). In addition to 1a and 1b, few other compounds allowed comparing the activity of
IITA (4-amino) and IIIB (4-H) analogues displaying the same 5-substituent (14a and 14b, 17a
and 17b, 23a and 23b, 32a and 32b, 34a and 34b, 41a and 41b). Overall, the enzymes did not
show any specific preference for a particular series.

Analogues with small alkyl substituents at position 5 (compounds 2a and 2b with a
methyl group and compound 3 with a trifluoromethyl group), which were prepared to assess
the contribution of the 1,2.4-triazole-3-thione to the binding, were also poorly active. These
results demonstrated that, while essential for targeting the Zn-containing active sites, the
heterocyclic scaffold had very low affinity by itself. Compound 4 with a larger alkyl
substituent (cyclohexyl) did not show significant activity either.

Compounds possessing an aryl substituent at position 5 could be divided in three
series according to the distance between the triazole-thione ring and the substituent. Overall,
aryl compounds having ICy,’s in the 1-50 uM range toward at least one MBL were obtained
in the three series.

In the case of the series with an aromatic group directly linked to the triazole, poor

inhibition was measured for compound § (phenyl), the close analogue of IIIA, and for more
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hydrophilic analogues. Indeed, compounds 6 and 7 possessing a phenyl substituted by one or
two hydroxyl groups, respectively, were only moderate inhibitors, with the exception of 6,
which inhibited VIM-4 with an ICy, of 44 uM. Furthermore, changing the phenyl ring to the
more hydrophilic pyridine (20, 21) or pyrazine (22) was not favourable at all.

More interesting results were obtained when the aromatic ring was substituted with
either halogens or with a second either fused or separated cyclic moiety. Indeed, with the
exception of compound 10 (2-bromophenyl), all analogues bearing a halogen in position 3 or
4 of the phenyl ring (8, 9, 11-13) inhibited IMP-1 in the uM range (IC,, of 1.7 uM for 11 to
25 uM for 13). Some of them (9, 11, 13 with CI, Br and CF; in meta position, respectively)
were also active toward NDM-1 (ICy,’s between 10 and 30 uM). Interestingly, the inhibition
potency on IMP-1 and NDM-1 seemed to be correlated to the size of the halogen atom, the 3-
bromo-phenyl analogue 11 being more favourable than the 3-chloro- and 3-fluoro- derivatives
(9, 12). Furthermore, bicyclic analogues of IIIA (14a and 15, 1- and 2-naphthyl, respectively;
16, indole; 17a, p-benzyloxyphenyl; 18 and 19, o- and m-biphenyl, respectively) and I1IB
(17b, p-benzyloxyphenyl; but not 14b, 1-naphthyl) also significantly inhibited IMP-1 (ICs, of
14 uM for 16 to 75 uM for 18). Interestingly, compounds 16 (indole), 17a and 17b (p-
benzyloxyphenyl) and 19 (m-biphenyl) showed wide activity spectra as they significantly
inhibited at least three out of the five tested MBLs. In particular, compounds 16, 17b and 19
inhibited the three most clinically relevant MBLs, i.e. NDM-1, VIM-2 and IMP-1, with IC,;’s
below or close to 50 uM.

Similar trends were observed when a CH, group was introduced between the aromatic ring
and the 1,2 4-triazole-3-thione scaffold. Indeed, the simple arylmethyl compounds displaying
a benzyl (23a, 23b) or a thienylmethyl (25) group, as well as a more hydrophilic o-
carboxybenzyl substituent (24) showed either no or moderate activity toward all enzymes.
Again, replacing the phenyl group by a bulkier and hydrophobic bicyclic moiety like a
5,6,7,8-tetrahydronaphthylmethyl (26) or a naphthylmethyl (27), increased the inhibitory
potency as well as the activity spectrum. However, compound 28 with an indolylmethyl group
was either an inactive or only a moderate inhibitor of the tested MBLs, indicating that
separation of the indole group from the triazole cycle by one CH, and/or the substituted
position (comparing with 16), was detrimental for the recognition by all enzyme active sites.

In the phenylethyl series, extension of the chain by a second CH, group was mainly beneficial
to IMP-1 inhibition. Whereas the simple phenylethyl analogue of IIIA (32a) was poorly

active, its I1IB counterpart 32b was the best in this series, exhibiting an IC,, against IMP-1 in
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the uM range (5.4 uM). A similar activity against IMP-1 was measured for compound 33
(IC, = 8.1 uM), the unsaturated analogue of 32b. Compound 39 with a 4-
(trifluoromethyl)phenethyl moiety was poorly active against all enzymes. Bicycle-containing
analogues were also significant inhibitors of IMP-1, albeit at a lower level: 34a (but not 34b)
with a benzodioxole, 40 with an (1H-indol-3-yl)ethyl and 42 with a branched 2,2-
diphenylethylene exhibited IC,,’s in the uM range. Compounds 34a and 40 also inhibited
NDM-1 with an IC,, below 50 uM and moderately VIM-2 and VIM-4. As observed in other
series, a more polar chain like 4,3)-(di)hydroxyphenethyl (35 and 36), 34.5-
trimethoxyphenethyl (37), 4-(3-carboxy-propion-1-yl)phenethyl (38) and 2-amino-2-phenyl-
ethyl (43), was detrimental for inhibition of all enzymes.

In a closely related series (CH,-CH, replaced by O-CH,), the two aryloxymethyl analogues 45
and 46 showed opposite behaviours. Whereas the naphthyloxy-containing compound 46 was
found to be poorly active on all enzymes, the phenyloxy derivative 45 showed moderate
inhibitory potencies toward VIM-4, VIM-2, NDM-1 and IMP-1. This is a surprising result as
the closest analogue of 45, compound 32a, was poorly active, and the presence of a bulky
aromatic substituent was found favourable in other series. This result suggested that the
oxygen atom replacing the CH, group in 32a significantly changed the conformation and/or
contributed to hydrogen bonding with MBL active site residues.

Finally, compounds with a double triazole-thione head, and belonging to the benzyl
and phenylethyl series (29-31, 41a, 41b and 44) were inactive or only moderate inhibitors of
all tested MBLs. These results were not that surprising since most of the active compounds in
the present study possessed bulky and hydrophobic moieties at position 5 of the triazole-
thione heterocycle, and the second triazole-thione moiety could be considered as a polar
substituent.

Some compounds were tested against the B2 enzyme CphA (4,7-9, 13, 14a, 14b, 17a,
17b, 20-22, 24-26, 28-31, 33-46). Most of them showed less than 50% inhibition at 100 uM.
Only 26, 28 and 37 significantly inhibited CphA with 1C, values of 25, 30 and 33 uM,
respectively, indicating that triazole-thione compounds could also inhibit this mono-zinc
MBL.

Overall, compounds with either large aromatic or halogenated aromatic substituents
and no hydrophilic group were the most potent inhibitors found in this study. These results
were reflected by in silico parameters calculated for all analogues (Table S3). Indeed,

compounds with the largest Polar Surface Area (PSA =200 A%) were found inactive, with the
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exception of compounds 16, 34a and 40, whereas a LogP > 1.2 was calculated for all
compounds showing a significant activity toward at least one MBL. This was not unexpected
since MBL inhibitors generally feature a hydrophobic moiety, which binds in a predominantly
hydrophobic pocket of the MBL binding sites. Moreover, the majority of the significant
inhibitory potencies were obtained against IMP-1 with nineteen compounds (8, 9, 11-14a, 15-
17b, 19, 26, 27, 32b-34a, 40, 42, 45) showing 1C,’s below 30 uM and ten (11, 15-17b, 19,
26, 32b, 33, 42) below 10 uM (compounds 11, 16, 32b, 33 showed ligand efficiencies (LE) =
0.5, see Table S4 in Supporting Information). A summary of SAR for IMP-1 is presented in
Figure 5. Among these compounds, some showed wider spectra of activity toward NDM-1 (9,
11,13, 14a,16,17b, 19, 26, 34a, 40, 45) and VIM-2/VIM-4/L1 (16,17a,17b, 19, 26, 27, 45).
It is noteworthy that none of the halogenated compounds significantly inhibited VIM-2. These
different behaviours between the B1 enzymes IMP-1, NDM-1 and VIM-2 probably reflect the
variability in the structure of the loops involved in inhibitor binding.”*' In this context, it is
not surprising that VIM-2 and VIM-4 here shared a very close inhibition profile. Finally,
compounds 16 (indolyl), 17b (benzyloxyphenyl), 19 (m-biphenyl), 26 (5,6,7.8-
tetrahydronaphthylmethyl) and 27 (naphthylmethyl) were the most interesting MBL inhibitors

reported in this study.

Figure 5.

Evaluation of triazole-thione analogues as inhibitors of other di-zinc enzymes of the
MBL superfamily

MBLs belong to the so-called MBL superfamily, which contains numerous other
binuclear Zn-dependent hydrolases with similar protein folds but exhibiting different
biological functions, such as glyoxalase II, several nucleases, the quorum-quenching N-acyl-
L-homoserine lactone hydrolase, or the bacterial desuccinylase DapE.”"*! We evaluated the
potential inhibitory effect of some of the triazole-thione compounds on three of these
enzymes: glyoxalase II from Plasmodium falciparum (Table 2), and the
exo/endoribonucleases tRNase Z from Escherichia coli and RNase J1 from Bacillus subtilis.
In the case of the ribonucleases, none of the tested compounds (1a, 1b, 2a, 2b, 3, 5§, 23a, 23b,
32a, 32b) showed inhibitory activity against RNase J1 at 100 uM or against tRNase Z at 1
mM, with the exception of the IITA analogue 2a, which had a K, of 0.2 mM against tRNase Z.

Since this compound possesses a methyl group, the smallest substituent in the series, these
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results suggested that a bigger substituent at this position could not be accommodated by the
enzyme. The corresponding non-amino compound 2b was inactive. Therefore, the 1,24-
triazole-3-thione scaffold did not appear to be suitable for the inhibition of di-zinc

ribonucleases.

A representative panel of triazole-thione compounds (1a-5, 7, 14a, 17a, 23a-23b, 25,
26, 28, 29, 32a-36, 38a, 38b, 40, 41b, 43-45) was tested on glyoxalase II from Plasmodium
falciparum (Table 2). Few of them showed modest inhibition with IC,’s in the 10-60 uM
range, the best inhibitor being compound 1a (IITA). When comparison was possible, the 4-

amino derivatives were generally more potent than their non-amino counterparts (1a/lb,

2a/2b, 23a/23b, 32a/32b, 34a/34Db).

Table 2.

Conclusion

Overall this study confirms the potential of the 1,2,4-triazole-3-thione moiety (2,4-
dihydro-3H-1,2 4-triazole-3-thione) as a metal ligand, well adapted to target the di-zinc active
sites of metallo-B-lactamases. 54 analogues of compounds IITA (1a) and IIIB (1b) differing
on their side chain at position 5 of the heterocycle were prepared. We first demonstrated that
L1, VIM-4, VIM-2, NDM-1 and IMP-1 did not show any specific preference for one of the
4H-1,2 A-triazole-3-thione or 4-amino-1,2 4-triazole-3-thione series. By exploring the pattern
at position 5, we identified several inhibitors with an ICs, in the micromolar range toward at
least one MBL (either L1, VIM-4, VIM-2, NDM-1 or IMP-1). Of high interest, several
compounds significantly inhibited the three most clinically-relevant MBLs, i.e. NDM-1, IMP-
1 and VIM-2. In particular, the inhibitor 16 showed IC,,s below 50 uM toward these three
enzymes as well as against VIM-4 and L1 (Table 1). This indicated that broad-spectrum
inhibitors could be obtained from this series. In addition, a few compounds showed
significant inhibitory activity toward the B2 enzyme CphA, suggesting that the heterocycle-
thione could also target mono-zinc MBLs.

Screening some compounds against other enzymes of the MBL superfamily showed
that triazole-thione analogues were non-functional for ribonucleases, which do not accept
substituents larger than a methyl group at the 5-position. Higher activity was observed against

the Plasmodium glyoxalase I1. The size of the triazole-thione moiety, the constraint associated
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to the double coordination, and the moderate affinity for metals resulting in a very low
potency for the small analogues 2a-3 might offer a greater probability of sparing human
metallo-enzymes. Based on these results, further developments toward more potent triazole-

thione analogues are in progress.

Experimental section
1) Chemistry
General Methods

NMR. 'H NMR and “C NMR spectra were recorded on a 300 or 400 MHz instrument
in DMSO-d6 solutions unless otherwise indicated. Splitting patterns in '"H NMR spectra were
designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad.
Reverse phase HPLC. Samples were prepared in an acetonitrile/water (50/50 v/v) mixture.
Compounds insoluble in this mixture were solubilized in DMSO. RP HPLC analyses were
performed on a Chromolith SpeedRod C18 column (0.46 x 5 cm) by means of a linear
gradient (0-100%) of 0.1% TFA/acetonitrile in 0.1% aqueous TFA over 5 min, and at a flow
rate of 3 mL/min. LC-MS. The LC/MS system consisted of a Waters Alliance 2690 HPLC,
coupled to a Waters-Micromass ZQ spectrometer (electrospray ionization mode, ESI+). All
analyses were carried out using a RP C18 monolithic Onyx Phenomenex 2.5 x 0.46 cm
column. The flow rate was set to 3 mL/min with eluent A (water/0.1% formic acid) and a
gradient of 0% —100% of eluent B (acetonitrile/0.1% formic acid) over 3 min was then used.
Positive ion electrospray mass spectra were acquired at a solvent flow rate of 100-500
uL/min. Nitrogen was used as both the nebulizing and drying gas. The data were obtained in a
scan mode in 0.1s intervals; 10 scans were summed up to get the final spectrum. TLC. Thin-
layer chromatography was performed on aluminium-backed sheets of silica gel F,5, (0.2 mm),
which were visualised under 254 nm light, and by spraying with a 2% EtOH solution of
ninhydrin followed by heating, or by charring with an aqueous solution of ammonium
sulphate and sulfuric acid (200 g (NH,),SO, and 40 mL concentrated sulfuric acid in 1 L of
water). Purification. Column chromatographies were performed using Merck silica gel 60 of

particle size 40-63 um.

(i) General procedures for the preparation of 4-amino-5-substituted-triazole-3-thiones
- Route A (R # aryl)
The carboxylic acid compound and thiocarbohydrazide (1 or 2 equiv.) were ground up and

mixed together in a mortar, then heated between 140 and 160 °C until fusion occurred. After
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cooling down, a dilute aqueous solution of Na,CO, was added and the mixture was heated at
70 °C for 30 min. Generally, a precipitate appeared upon cooling, which was collected by
filtration and washed with water. Otherwise, water was evaporated. Compounds were either
purified by crystallization in ethanol or on a silica gel column.
- Route B (R = aryl)

It has to be noted that hydrazine and carbon disulphide used during this procedure have to be
handled with caution.

The carboxylic compound was first converted into its ethyl ester by refluxing in absolute
ethanol in the presence of a few drops of H,SO,. The ester was then treated overnight with
hydrazine hydrate (2 to 4 equiv.) without solvent at 120 °C. Evaporation of excess hydrazine
gave the corresponding hydrazide compound. The hydrazide, solubilised in absolute ethanol,
was treated with CS, (5 equiv.) in the presence of KOH (1.7 equiv.) at 85 °C for 3 h. Water
was added and pH was adjusted to 2-3 with 1N HCI. The formed precipitate was collected by
filtration and washed with water, yielding the 1,3 ,4-oxadiazol-thione, which was used without
further purification. Finally, the preceding compound was treated with hydrazine hydrate (10
equiv.) in absolute ethanol at 100 °C overnight in a sealed tube. After evaporation of excess

hydrazine, the residue was purified on a silica gel column to yield the final compound.

(ii) General procedure for the preparation of non-amino 5-substituted-triazole-3-thiones
To a solution of the corresponding carboxylic acid in toluene (5 mL per gram), 10 equivalents
of thionyl chloride were added and the mixture was refluxed for 5 h. After removal of the
solvent under vacuum, the residue was taken up in toluene (20 mL per gram) and the solution
was added to a suspension of 1 equivalent of thiosemicarbazide in pyridine (20 mL per gram)
cooled in an ice/salt bath. The mixture was stirred at -5 °C for 1 h and at RT overnight. After
filtration, the solvent was evaporated, and a 2 N aqueous NaOH solution (50 mL per gram)
was added. The mixture was refluxed for 4 h and acidified to pH 2 with concentrated aqueous
HCI. The formed precipitate was then recovered by filtration, washed with 0.1 N HCI and

purified by chromatography on a silica gel column.

Physical data and spectral information for all compounds are provided in the Supporting

Information.

2) Enzymology

13
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a) Metallo-B-Lactamase inhibition assay

The 1,2 4-triazole-3-thione compounds were screened for inhibition against six representative
metallo-B-lactamases, namely the acquired IMP-1, VIM-2 and VIM-4 and NDM-1, CphA
from Aeromonas hydrophila and L1 from Stenotrophomonas maltophilia. Purified
preparations of these enzymes were already available and were used in enzyme assays.
Buffers were prepared with Milli-Q water and ZnlI residual concentrations were below 0.4

uM.

IMP-1, VIM-2, VIM-4, NDM-1, L1

Stock solutions: for NDM-1, VIM-2, VIM-4, IMP-1 and L1 assays, nitrocefin was solubilized
at 10 mM in DMSO then diluted at 128 uM, 400 uM, 480uM, 720 uM and 64 uM
respectively in 50 mM HEPES buffer solution pH 7.0 containing 50 uM ZnSO,. The 1,2 4-
triazole-3-thiones were solubilized at 10 mM in DMSO then diluted at 133 uM in the same
buffer. NDM-1, VIM-2, VIM-4, IMP-1 and L1 enzymes were diluted at 80, 0.8, 0.8, 48 and
48 nM respectively in 50 mM HEPES buffer solution pH 7.0 containing 50 uM ZnSO, and 20
ug/mL BSA.

Enzyme inhibition assays were performed in non-sterile acrylic 96-well microtiter plates with
UV transparent flat bottom (Corning) in a reaction volume of 200 pL. Final DMSO
concentration in the assay did not exceed 1%. The enzymes (25 ul stock solution) were mixed
with 1,2 4-triazole-3-thiones (150 ul) so that the final concentration of compound reached 100
uM. Pre-incubation was performed at 30°C for 30 min then the reaction was initiated by
addition of nitrocefin solution (25 ul). Nitrocefin final concentration was 16, 50, 60, 90 and 8
uM for NDM-1, VIM-2, VIM-4, IMP-1 and L1, respectively, corresponding to 3 to 4 times
the K, (measured K, values were 4.4 + 0.5 uM, 16.5 £ 0.8 uM, 189 + 04 uM, 31 £ 10 uM
and 2.0 + 0.3 uM for NDM-1, VIM-2, VIM-4, IMP-1 and L1, respectively). NDM-1, VIM-2,
VIM-4, IMP-1 and L1 final concentrations were 10, 0.1, 0.1, 0.6 and 0.6 nM, respectively.
Nitrocefin hydrolysis was monitored at 30°C by following the absorbance variation at 480 nm
using a Victor 3V microplate reader. Initial velocities were obtained from plots of absorbance
versus time, using data points from the linear portion of the hydrolysis curve. Inhibition
percentages were calculated from the ratio of initial velocities with and without inhibitor.

IC,, values were determined for compounds exhibiting >70% inhibition at 100 uM. Final

concentrations of 1,2 4-triazole-3-thiones were adjusted to 0-200 yM by 1:2 serial dilutions of
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the stock solutions. IC,,’s were determined by fitting raw absorbance data with the four Hill
equation parameters describing a sigmoidal dose-response curve using Microsoft Office

Excel 2016. The assays were performed in triplicates; Errors were less than 5%.

The quality of these enzyme assays was determined by calculating their Z” factors'™ with the

following equation:

= wa

where o is the standard deviation and p is the mean initial velocity for positive (p) and
negative (n) controls. Z’ factors for NDM-1, VIM-2, VIM-4, IMP-1 and L1 inhibition tests
were found to be 0.70,0.70,0.79,0.62 and 0.74, respectively.

CphA

Compounds were prepared as 10 mM solutions in DMSO before dilution with 15 mM
Cacodylate pH 6.5 buffer for CphA. The enzyme was used at a final concentration of 0.8 nM.
The enzyme and the inhibitor (100 M) were pre-incubated for 30 min in a volume of 495 uL.
at 21°C. Then, 5 uL of 10 mM imipenem were added and the hydrolysis of imipenem was
monitored by following the absorbance variation at 300 nm, using an UvikonXL
spectrophotometer connected to a computer via an RS232 serial interface. Experiments were
performed at 30 °C and initial rate conditions were used to study the inhibition with
imipenem. The activity was tested by measuring the initial rates in three samples without
inhibitor, which allowed determining the percentage of residual -lactamase activity in the
presence of inhibitors. When the residual activity in the presence of 100 #M inhibitor was <
30%, the initial rate conditions were used to study the inhibition in the presence of increasing
concentrations of compounds (from 1 to 100 yM) and to determine the IC, values. The

assays were performed in triplicate; Errors were less than 5%.

b) Test of RNase J1 ribonuclease activity

B. subtilis RNase J1 was pre-incubated with inhibitors for 10 min on ice in 10 uL reaction
buffer (20 mM Tris-HCI pH 8.0, 8 mM MgCl,, 100 mM NH,CI, 0.1 mM DTT). The reaction
was started by adding 10 uL. quenched RNA (ACUAGA-FAM-CAUACA-TAMRA) in the
same buffer. The enzyme was assayed at 0.3 uM and inhibitors were tested at 10, 20, and 100

uM final concentration. Release of FAM (fluorescein amidite) fluorescence (520 nm)
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following cleavage between FAM and TAMRA (tetramethylrhodamine) moieties was assayed

at 30 °C in a Rotor Gene RT-PCR apparatus as described.”!

¢) Kinetic measurements with E. coli tRNase Z

The E. coli tRNase Z was purified as previously described.”” Phosphodiesterase activity was
measured using bis(p-nitrophenyl)phosphate (bpNPP) as a substrate.’”® Reactions were
performed in 20 mM Tris HCI pH 7.4 100 mM NacCl at 22 °C. After a 15 min incubation of
tRNase Z with the inhibitor, reactions were initiated by adding bpNPP and monitored by
measuring the release of p-nitrophenol (pNP) at 405 nm for 2 min. Catalytic activities were
expressed in uwmol of pNP generated per minute per active subunit at 22 °C. All
measurements were performed in triplicates and experiments repeated with at least two

independent enzyme preparations.

d) Test of Plasmodium falciparum cytosolic glyoxalase II (PfcGloll) activity

The recombinant enzyme was produced in E. coli and purified as described.”” For measuring
GIolI activity, the decrease in absorbance resulting from S-D-lactoylglutathione (g,,,, = 3.1
mM"'.cm™) hydrolysis was measured at 25 °C in 100 mM 4-morpholinopropane sulfonate
(MOPS) buffer, pH 7.2 in a total volume of 0.5 mL. S-D-lactoylglutathione was obtained
from Sigma. Inhibitors were dissolved in DMSO and added to the enzyme assay mixture
before the reaction was started with enzyme (5-25 nM PfcGloll). For each assay background
absorbances induced by the inhibitors were taken into account. All experiments were carried

out in duplicates. Results are provided as mean values that differed by less than 15%.
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Legends to Schemes and Figures.

I [47]

Scheme 1. Hydrolysis of compound XII into compound IIIA "' and 2-carboxy-

benzaldehyde in equilibrium with the cyclic lactol.

Scheme 2. Synthesis of 1,2 4-triazole-3-thione derivatives. A. 4-amino derivatives with R #
Aryl. B. 4-amino derivatives with R = Aryl (Ar). C. 4-H derivatives. Reagents and
conditions: (a) neat, 160 °C; (b) hydrazine hydrate, neat, 120 °C, sealed tube; (c) CS,, KOH,
EtOH, reflux; (d) hydrazine hydrate, EtOH, 100 °C, sealed tube; (e) SOCL,, toluene, reflux;
(f) pyridine, toluene, RT; (g) aqueous NaOH, reflux.

Figure 1."" Binding mode of the 1,2 4-triazole-3-thione moiety of compounds IIIA (1a) and
IIIB (1b) in the di-zinc active site of L1. The structure of the complex L1/IIIA, 2HB9.pdb was

reported in reference [46].

Figure 2."" Electron density map for the structure of compound IIIB (1b) binding in L1
active site (SDPX.pdb). In blue, 2Fo-Fc map at 1.2 sigma contour level; in green and red, Fo-

Fc map at 3.5 sigma contour level.

Figure 3.”"™ Compound IIIB (1b) in the L1 active site from SDPX.pdb. The image shows the

interactions established with the two Zn ions and the m-stacking with His118.

Figure 4."" Superimposition of the 3-D structures of free L1 (green side-chains for Tyr33
and Phel56, from 2FM6.pdb“") and L1 complexed to (A) IIIA (blue side-chains, from
2HBO9.pdb"*"") and (B) IIIB (purple side-chains, from 5DPX.pdb). The carbon atoms of the

inhibitors are shown in orange. The Zn ions are depicted in magenta.

Figure 5. Summary of SAR of 1,2 4-triazole-3-thione derivatives for IMP-1 inhibition. These
SAR are valid for all enzymes excepted that VIM-2, VIM-4 and L1 are not or only poorly

inhibited by halogenated analogues.
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Table 1. Inhibitory activity of 1,2 4-triazole-3-thiones against various MBLs.

Fﬁz
R._N_s
X 7
N—NH
Cod Structure IC;, (uM) or (% inhibition at 100 pM)?
P
R! R? L1 VIM-4 VIM-2 NDM-1 IMP-1
la NH, (24%) NI NI (20%) NI
(IITA)
1b H (23%) NI NI (18%) (57%)
(I1IB)
2a CH.- NH, NI NI NI (11%) NI
2b CH.- H NI NI (36%) (21%) (45%)
3 CF-- NH, NI NI NI NI NI
4 O/ NH, NI NI NI (47%) NI
%
5 ©/ NH, NI NI (13%) NI (48%)
3k
6 Oi NH, (14%) 44.0+0.6 (13%) (57%) (41%)
OH
HO *
7 \©i NH, 45%) (29%) NI (37%) (=10%)
OH
£
8 /©/ NH, (31%) (33%) (16%) (36%) 131
Cl
Cl *
9 \©/ NH, (27%) (31%) (27%) 24+1 18+4
*
10 @[ NH, (29%) NI NI (56%) NI
Br
Br ®
11 \©/ NH, NI (53%) (53%) 13+1 1.7£0.2
F k
12 \©/ NH, NI (12%) (14%) (18%) 13+3
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FsC *
13 \©/ NH, (20%) (38%) (40%) 2942 25+0.3
14a * NH, (60%) 1012 (38%) 361 231
14b * H NI (45%) NI (41%) (43%)
15 NH, (11%) NI NI (16%) 8.1+0.2
16 D NH, 32+1 192 141 3443 1.4£0.1
N
H
*
17a /©/ NH, (43%) 142 171 (52%) | 72+03
©/\O
17b /©/ H 97+13 25+1 496 111 1.840.2
©/\O
*
18 NH, | 53%05 605 631 10411 75+18
19 * NH, (16%) 442 511 131 5603
*
20 | S NH, NI NI NI NI NI
_N
£
21 S NH, NI NI NI NI NI
N~
sk
22 Nl N NH, NI NI NI NI NI
L_r
*
23a NH, (45%) (14%) NI (53%) NI
*
23b H (18%) NI NI (24%) (66%)
LS
24 NH, (31%) NI NI NI NI
COLH
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£
25 a NH, (63%) NI (11%) (15%) (31%)
S
3k
26 NH, (23%) 461 492 121 5002
A
27 NH, 3342 31+2 36+1 54+16 11=1
28 Qjﬁ * NH, NI (14%) NI (27%) (60%)
N
H
HN-N ®
29 ;<N‘ NH, (62%) | (28%) NI (41%) (33%)
HN-N
30 ‘ + | NH, (25%) NI NI (27%) NI
31 \ NH, NI NI NI NI (23%)
\ %
N
NH,
32a ©/V NH, NI @3%) | Q1% | 14%) | @45%)
32b ©/\/ H NI NI NI (34%) 54409
\ ES
33 ©/V H NI (12%) NI (27%) 8.0+0.8
sk
3da D/V NH, NI (44%) (41%) 4443 2745
ES
34b :©/\/ H NI NI NI (44%) (53%)
35 /©/\/ H NI NI NI NI (42%)
sk
36 :©/\/ NH, NI NI NI NI NI
sk
37 I;/V NH, NI NI NI NI NI
OMe
38b «/O/V H NI NI NI NI NI
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39 /©/\/ NH, (26%) NI NI (15%) (33%)
FsC
%
40 Qj/\/ NH, NI (65%) (64%) 262 14+0.1
|
N
H
41a 37/\/©N NH, (63%) (33%) (13%) NI (56%)
S |

HN-N
41b HY\/Q/V H (45%) NI NI (30%) NI
S:( I
HN-N
42 NH, NI (53%) (45%) NI 5.1+0.7
sk
NH,
43 % NH, (13%) NI NI (20%) NI
S
44 »—NH NH, (25%) NI NI (15%) NI
H,N-N N

O :
45 ©/ ~ NH, (55%) 467 39+1 4243 2543
O\/
46 NH, (32%) (10%) (20%) ND (26%)

NI: no inhibition (< 10% inhibition at 100 uM). ND: not determined. “Assays performed in

triplicates using nitrocefin as substrate after 30 min pre-incubation of the compounds
with the enzymes. Kinetic monitored at 30°C by following the absorbance variation at

480 nm. IC,,’s were determined when inhibition at 100 uM > 70%.
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Table 2. Inhibitory activities of 1,24-triazole-3-thiones against glyoxalase II from

Plasmodium falciparum.

R2
|
RN _s
X 7
N—NH
Cpd Structure IC,, Cpd Structure IC,,
R! R? (uM) R! R? (uM)
3k sk
la NH, 10 1b H 22
IIIA I11B
2a CH.- NH, | >60 2b CH.- H >60
(14%)* (8%)
%
3 CF,- NH, 60 4 NH, | >40
(10%)
5 NH, 22 7 NH, | >40
(0%)
OH
14a O . NH, | >40 | 17a NH, 20
O (33%) ©/\ 0
* x
23a NH, 60 23b H >40
(2%)
£ %
25 7 NH, | >20 | 26 NH, | 60
S (0%)
) HN-N
28 ¥ NH, >40 29 | s \ NH, | >20
\ 0%) N 0%)
N HoN
H
£ sk
32a NH, 30 32b H >40
(22%)
\ &
33 H >20
(0%)
% £
34a <O NH, 19 34b <O H >20
0 o (25%)
35 H >60 36 NH, >20
(23%) (0%)
HO HO
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40 NH, | >40 | 41b HY\/QN H >30
(11%) s=( ] (0%)
43 NH, | >40 | 44 S—NH NH, | >20
(0%) NN (30%)

o)
45 ~ NH, | >20
(23%)

‘Percentage inhibition at the highest tested concentration. Due to the high absorbance of the

38a /\/©/\/ NH, >20 38b /\/©/\/ H 60
HO,C (25%) HO,C
*
\
N
H
NH,

%
*

compounds at 240 nm, only limited concentrations could be tested in the enzymatic assay. For
example, > 60 (40%) means that the highest concentration tested was 60 uM; at this

concentration the enzyme was inhibited by 40%. Therefore, IC,, > 60 uM.
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Figure 4A and 4B.
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A series of 54 1,2 4-triazole-3-thione compounds was synthesized and evaluated on a panel
of metallo-f3-lactamases involved in bacterial resistance. Some of them displayed ICs, in the
uM range toward IMP-1, NDM-1 and VIM-2. Structural requirements for activity are
discussed. The crystallographic structure of the complex L1/IIIB is reported and highlighted
the original binding mode of this series. Finally, the activity on other metallo-enzymes

belonging to the MBL fold superfamily was also evaluated.
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