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ABSTRACT

Metallo-B-lactamases (MBLs) contribute to the resistance of Gram-negative bacteria to
carbapenems, last resort antibiotics at hospital, and MBL inhibitors are urgently needed to
preserve these important antibacterial drugs. Here we describe a series of 1,2,4-triazole-3-
thione-based inhibitors displaying an o-amino acid substituent, which amine was mono- or
disubstituted by (hetero)aryl groups. Compounds disubstituted by certain nitrogen-containing
heterocycles showed submicromolar activities against VIM-type enzymes and strong NDM-1
inhibition (K; = 10-30 nM). Equilibrium dialysis, native mass spectrometry, ITC and X-ray
crystallography showed that the compounds inhibited both VIM-2 and NDM-1 at least partially
by stripping the catalytic zinc ions. These inhibitors also displayed a very potent synergistic
activity with meropenem (16- to 1000-fold MIC reduction) against VIM-type- and NDM-1-
producing ultraresistant clinical isolates, including Enterobacterales and Pseudomonas
aeruginosa. Furthermore, selected compounds exhibited no or moderate toxicity toward HeLa
cells, favourable ADME properties, and no or modest inhibition of several mammalian

metalloenzymes.



INTRODUCTION

The WHO, among others, has relentlessly and alarmingly raised awareness of the risks
associated with antimicrobial resistance (AMR). Indeed, growing bacterial resistance might
represent one of the most worrying threats to Public Health worldwide.! In the absence of
concerted international response and transdisciplinary efforts, deaths by infectious diseases
may become a relevant cause of morbidity and mortality in industrialized countries by 2050.%3
Moreover, AMR significantly more broadly impacts modern medicine overall by limiting our
capacity to successfully treat hospital-acquired infections caused by resistant bacteria following
common surgical interventions.* A list of resistant bacteria for which new antibiotics are
urgently needed was published by WHO, the critical priority concerning carbapenem-resistant
Gram-negative opportunistic pathogens.’” It includes Enterobacterales such as K. pneumoniae
and E. coli, frequently causing respiratory and urinary tract infections.® p-Lactam antibiotics
(penicillins, cephalosporins, carbapenems, monobactams) sharing a four-membered B-lactam
ring remain an invaluable therapeutic resource.” The major mechanism of B-lactam resistance
is the production of one or more B-lactamases, enzymes able to hydrolyze the amide bond of
the B-lactam ring. Among B-lactams, carbapenems represent an important last-resort class of
antibacterials, being introduced to contrast the diffusion of MDR bacteria, commonly producing
ESBLs. Unfortunately, the more recent mobilization and spread of carbapenem-hydrolyzing 3-

lactamases, or carbapenemases, significantly endanger the clinical efficacy of carbapenems.

B-Lactamases belong to four distinct molecular classes according to Ambler classification (A,
B, C and D),'%!! reflecting their significant structural and functional heterogeneity. Classes A,
C, and D belong to the serine hydrolase family, whose catalytic mechanism involves the
formation of a tetrahedral transition-state intermediate resulting from the catalytic serine
residue addition on the B-lactam carbonyl.!? Several covalent inhibitors were developed, such
as clavulanic acid or, recently, avibactam or vaborbactam, which are active against serine-
carbapenemases (e.g., KPC-type, OXA-48), and are currently used in combination with [-
lactam antibiotics to counteract bacterial resistance.!*!'> By contrast, class B B-lactamases,
called Metallo-B-Lactamases (MBLs), first identified in 1966, are characterized by the presence
of one or two zinc ions in the active site acting as Lewis acids that both increase the
electrophilicity of the B-lactam ring and allow the deprotonation of a water molecule to yield
the hydroxide nucleophile.!® These enzymes, which are able to inactivate a broad-spectrum of
B-lactams including carbapenems are produced by those Gram-negative bacteria identified as

critical priorities by the WHO.” They are now recognized as one of the most worrying threats



in the context of AMR. Class B B-lactamases are further subdivided into three different
subclasses, B1, B2 and B3, based on the nature and position of zinc-binding residues, zinc
requirement and hydrolytic profile. Nowaday, the most clinically-relevant MBLs belong to the
B1 subfamily, now counting over 700 unique variants, and include the subtypes IMP, VIM and
NDM.!" Initially identified in 2008, NDM-1 rapidly spread worldwide thanks to horizontal gene
transfer, to become presently the most common MBL in several countries.'®!* Over forty NDM
variants were reported, whose evolution implied the selection of variants showing improved
activity in zinc-depleted conditions encountered in vivo.??2 To fight the bacterial resistance
mediated by MBL production, it is crucial to develop potent and selective inhibitors able to

restore the susceptibility of Gram-negative pathogens to carbapenems.?

Today, no MBL inhibitor received FDA approval, and only a few compounds are in preclinical
or clinical stages.!*!> The discovery of cyclic boronate derivatives as serine-p-lactamase
inhibitors (e.g., vaborbactam) culminated with the discovery and development of pan-spectrum
inhibitors active on both SBL and MBL enzymes.?*?> Examples of two bicyclic boronate
compounds are taniborbactam (formerly VNRX-5133)*¢27 and QPX7728% (Figure 1).
Microbiological evaluations showed the ability of taniborbactam to restore the susceptibility of
several multidrug-resistant strains to cefepime and this compound has recently completed a
phase 3 clinical trial.?” QPX7728 shows a similar dual profile of B-lactamase inhibition with
some improvement on critical enzymes such as OXA and NDM types, and it recently entered
phase 1 clinical trials. To the best of our knowledge, only one selective MBL inhibitor
completed preclinical evaluations, ANT2681%° (Figure 1). This compound was shown to restore
meropenem susceptibility of clinical isolates producing different epidemiologically relevant
NDM-type variants. Considering the significance of infections by MBL-producing
ultraresistant bacteria and the paucity of drugs active on such strains, it remains of primary
importance to develop selective broad-spectrum inhibitor of MBLs to offer new and innovative
therapeutic solutions able to keep pace with the development of resistance in nosocomial

opportunistic pathogens.
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Figure 1. Structures of most advanced MBL inhibitors.



In this context, we are developing 1,2,4-triazole-3-thione-based MBL inhibitors. The potential
of such compounds to inhibit MBLs was first highlighted by an in silico study looking for
inhibitors of L1, a subclass B3 MBL?® and the description of their original L1 binding mode
showing an original double interaction with the two active site zincs.’! These promising data
were further reinforced by several other random in silico and experimental studies showing that
these compounds could also inhibit B1 subclass MBLs (i.e., IMP-1,*? VIM-23? and NDM-134)
with the same binding mode.3!**33-38 The heterocyclic scaffold therefore appears well adapted
to the MBL di-zinc active sites and may offer a chance to spare human metallo-enzymes in

contrast to inhibitors containing zinc binding groups such as thiols or multiple carboxylates.

We already reported several series of 1,2,4-triazole-3-thione inhibitors varying by their
substituents at positions 4 and 5 of the heterocycle.?>37? In particular, we developed a series
of Schiff base analogues possessing an amine group at position 4 diversely substituted by aryl
aldehydes.*> Some of these compounds were broad-spectrum MBL inhibitors active against
VIM-type enzymes (i.e., VIM-1/2/4), NDM-1 and IMP-1. Unfortunately, they did not show
sufficient potentiation of meropenem against MBL-producing MDR clinical isolates. This was
most likely due to their inefficiency to diffuse through the outer membrane and/or to their
susceptibility to hydrolysis. To solve these limitations, we developed several series in which
the 4-position of the heterocycle was diversely alkylated.’’%4! The replacement of the
hydrazone-like bond by a stable CH>-CH» segment led to compounds potently inhibiting VIM-

3841 or to a lesser

type enzymes with K; values in the micromolar to submicrolar range, but no
extent inhibiting NDM-1 and/or IMP-1.37? In particular, compounds from both series were
able to restore the susceptibility of VIM-1/4-producing K. pneumoniae clinical strains to
meropenem, with an MIC reduction of up to 16-fold. However, none showed synergistic

activity on a VIM-2-producing P. aeruginosa and a NDM-1-producing E. coli strains.

Among these series, compounds with an alkanoic chain (e.g., IMV6100, Figure 2A) showed
micromolar inhibitory potency against VIM-1, VIM-2 and VIM-4 and modest activity in
microbiological assays.*! In this series, we observed that, whereas the addition of a free amine
group at the a-position of the carboxylic function abolished inhibition of VIM-type enzymes,
its substitution by bulky substituents as Boc (i.e., IMV6290, Figure 2B) or phenylurea (i.e.,
IMV6961, Figure 2C) restored their activity. We further studied the substitution of this amine
group and chose to introduce one or two aryl or heteroaryl moieties via reductive amination

(Figure 2D). We found that the presence of two nitrogen-containing heteroaryl groups not only



allowed strong inhibition of both VIM-type and NDM-1 enzymes, but also high meropenem
potentializing activities on various MDR clinical isolates. The inhibition mode of these
compounds was investigated by equilibrium dialysis, native mass spectrometry, isothermal

calorimetry and X-ray crystallography.
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Figure 2. Structure of compounds based on the 1,2,4-triazole-3-thione scaffold and their inhibitory potency toward
selected MBLs:*' (A) 4-alkanoic analogue JMV6100; (B) Boc-protected ornithine analogue JMV6290; (C)
ornithine urea analogue JMV6961; (D) general structure of synthesized compounds.

RESULTS AND DISCUSSION

1. Chemistry. The intermediate 1,2,4-triazole-3-thiones were prepared from the hydrazides R!-
C(O)NHNH: and the corresponding a-Boc-protected diamine compounds according to Deprez-
Poulain et al.** and as described in Gavara et al.*' The hydrazides R'-C(O)NHNH; were first
obtained in two steps from the corresponding carboxylic derivatives. The commercially-
available  a-Boc-protected  diamine  compounds  were  treated with  DPT
(dipyridylthionocarbonate) to yield the intermediate isothiocyanates, which were directly
reacted with hydrazides to form the thiosemicarbazide derivatives. Basic treatment induced
cyclization toward the expected 1,2,4-triazole-3-thione compounds. Finally, the Boc protecting
group was removed in acidic conditions in the presence of anisole (Scheme 1). The deprotected
amine was substituted by reductive amination using diverse (hetero)aryl-carbaldehyde
compounds. Homo-disubstituted analogues were generally obtained by treatment with
NaBH;3CN in ethanol. However, this reaction was found more or less efficient and some

carbaldehydes gave mixtures of unsubstituted and monosubstituted compounds with low



amounts of expected analogues. In this case, the monosubstituted compounds could be isolated
and purified for testing or treated again with the same aldehyde in the presence of NaBH3CN
in a mixture of 2% AcOH in DMF to yield the homodisubstituted analogues. The
heterodisubstituted analogues were obtained from the monosubstituted ones following the same
pathway. To obtain the monosubstituted analogues only, the reductive amination step was
performed in the presence of NaBH4. All compounds were purified by reverse-phase HPLC
and isolated with > 95% purity.

(COzH), (COzH),
(COZH),, R < R ﬂﬁ
a,b,c N NH d N -R2
n —_— fi 2 —
H.N"  HN-Boc N\Nks HCl \/%S R?
n=1-4 H H 3, 6, 8-12,14,
m=0,1 23-30, 41-45
e f
COQH Q COzH
N
}ﬁ
2 4,5,7, H N
13, 15-22 31-40 H

Scheme 1. Synthesis of 1,2,4-triazole-3-thione derivatives. Reagents and conditions: (a) i, DPT, Na:COs;, DMF,
sealed tube, 55 °C, 3h; ii, R"-CONHNH:, DMF, 55 °C, 3h; (b) aqueous KOH or NaHCOs3, 100 °C, 3h; (c) conc.
HCl/dioxane (1:2), anisole (3 equiv.), 45 °C, 1h ; (d) R*-CHO (5 equiv.), TEA (2 equiv.), NaBH3;CN (5 equiv.),
EtOH, rt; (e) R*-CHO (2-5 equiv.), anhydrous DMF, NaBHy, rt, 15h; (f) R*-CHO or R>-CHO (3 equiv.),
NaBH;CN (3 equiv.), DMF/AcOH (98:2) rt,15h. R? = R?-CH>-, R* = R*-CH>-.

2. Evaluation of inhibitory potency toward purified MBLs. The inhibitory activity of the
compounds was evaluated using a panel of five representative acquired subclass B1 MBLs:

VIM-1, VIM-2, VIM-4, NDM-1, and IMP-1.

2.1. First series (Table 1). According to the hypothesis that the presence of a bulky substituent
on the amine of IMV6290 (i.e., Boc group, Figure 2B) was favorable to VIM-type MBL
inhibition, we prepared a first series of compounds, which were mono- or homodisubstituted
via reductive amination yielding a secondary or tertiary amine, respectively (compounds 2-14,
Table 1). We also checked the importance of the carboxylic group by synthesizing the
decarboxylated analogue of JIMV6290, 1, which was found to maintain potent activity against

VIM-1 and VIM-4 but not VIM-2.



Table 1. Inhibitory activity of 1,2,4-triazole-3-thione analogues 1-14 against various MBLs.?

(COH),_
N ” N-R*
N. \/QS R3
N
H
Structure Ki (uM) or (% inhibition at 100 pM)
Cpd R R? VIM-1 | VIM-2 | VIM-4 | NDM-1 | IMP-1
IMV Boc H 308+ | 20+ | 15+ | (35%) | NI
1 Boc H 0.75+ | (53%) | 3.1+ | (42%) | NI
(m = 0) 0.08 0.2
2 Bzl H ND NI NI NI NI
3 Bzl Bzl (38%) | (63%) | (64%) | (32%) | NI
4 H 108+ | (36%) | NI NI NI
. 1.5
5 OH 81+ | (57%) | 42+ | (37%) | (32%)
OH
“ﬁj H 0.5 0.2
6 OMte OMte 20+ | 076+ | 036+ | (43%) | NI
OMe OMe
“ﬁj “ﬁj 0.1 | 006 | 0.04
7 /\[N (53%) | NI NI | 35%) | NI
\
N H
H
8 N | N | 015+ | 041+ | 020+ | 0.030+ | (40%)
/ v / D] oo | oo | oo | 0.004
H H
9d N N | 017+ | 019+ | 011+ 0014+ | 7.4+
D) [ L[> | 009 | 004 | 001 | 0003 | 02
N N
H H
10¢ /\[N /\[N 085+ | 1.5+ | 090+ | 92+ | (34%)
\ \
_ 1 2 . 1.4
(m = 0) N> N> 0.15 0 0.06
H H
11¢ N N | 088+ | 1.5+ | 0.56+ |0.040+| 424+
(m=1) / N> [ N> 0.09 | 01 | 006 | 0003 | 03
H H




122 | -« NG| N | 039+ | 021+ | 023+ | 0.040+| 62+
(n=2) [ N\> [ N\> 0.04 | 003 | 003 | 0004 | 08
H H
13 | = N 1.8+ | 39%) | NI | 40+ | (44%)
(n=4) / N> q 0.2 0.4
H
14 | NO| N | 0040+ | 097+ | 047+ | 036+ | 5.0+
(n=4) / N\> / N\> 0.003 | 009 | 003 | 003 | 06
H H

2All compounds have COzH (m = 1), L stereochemistry, n = 3, excepted “No CO2H (m = 0), D stereochemistry,
°n # 3. Kinetics were monitored at 30 °C by following the absorbance variation observed upon substrate hydrolysis.
PRef. 41. Ki values were determined when inhibition > 70%. Assays were performed in triplicate. NI: no inhibition
(< 30% inhibition at 100 uM). ND: not determined.

The mono-benzyl 2 was inactive, while adding a second benzyl group yielded compound 3 with
higher but still moderate inhibitory potency. Compared to 2, the monosubstituted 4 (1-p-toluyl-
ethyl) and § (1,2-dihydroxy-phen-3-ylmethyl) were also found more potent on VIM-1 and/or
VIM-4. However, the close disubstituted compound 6 (1,2-dimethoxy-phen-3-ylmethyl) was a
potent inhibitor of both VIM-type enzymes. These first results confirmed the interest to explore
this position.

We then introduced an heteroaryl group (i.e., imidazole) and whereas the monosubstituted 7
was only a poor inhibitor, the presence of a second imidazole led to a remarkable improvement
in inhibitory activity. Indeed, compound 8 (JMV7061%) was a submicromolar inhibitor of both
VIM-type MBLs and showed an exceptional inhibitory potency against NDM-1 (X value of 30
nM). Therefore, we further explored this compound configuration by modifying its
stereochemistry (9), removing the carboxylic group (10), varying the alkyl length between the
triazole ring and the amino acid moiety (11, 12, 14 with n = 1, 2 and 4, respectively). Overall,
all compounds exhibited similar inhibitory potencies against VIM-type enzymes with a
maximum of six-fold difference compared to compound 8 (in the case of 11 against VIM-1, K;
values of 0.88 uM vs 0.15 uM). The activity against NDM-1 was also generally kept with two
notable exceptions. In contrast to VIM-type enzymes, the absence of the a-carboxylic group
(i.e., compound 10) led to a 450-fold decrease in NDM-1 inhibition. Also, adding a methylene
group (n= 4, compound 14) led to a more moderate 18-fold decrease. It is interesting to note
that the mono-imidazole analogue 13 (n = 4) showed a similar restricted spectrum as 7 (n = 3)
but with higher potencies against VIM-1 and NDM-1 (K values in the micromolar range). It is

remarkable that the D isomer 9 behaved very similarly as compound 8 but also inhibited IMP-



1, as compounds 11, 12 and 14, with K; value in the micromolar range. This result suggested

significantly different structural requirements for IMP-1 inhibition than for other tested MBLs.

2.2. No-Monosubstituted and homo-disubstituted analogues (Tables 2 and 3). As the

imidazole group gave very interesting results, we wondered if introducing other nitrogen-

containing heteroaryl groups would yield similarly or even more potent inhibitors. We therefore

prepared two series of monosubstituted (15-22, Table 2) and homo-disubstituted (23-30, Table

3) analogues, derived from compounds 7 and 8, respectively.

Table 2. Inhibitory activity of monosubstituted 1,2,4-triazole-3-thione analogues 15-22 with

R3 = H against various MBLs.

CO,H
/\/~<N— 2
N
\N S
H
Structure Ki (uM) or (% inhibition at 100 pM)
Cpd R? VIM-1 VIM-2 VIM-4 NDM-1 IMP-1
7 * N (53%) NI NI (35%) NI
[ D
N
H
15 * N (51%) NI NI NI NI
[ D
N
H
16 . N/ 95+1.5 (47%) NI (38%) NI
/T />
N
17 /\(\> 50+03 NI (32%) NI NI
|
N
H
18 * / N, NI (44%) NI 2.0+£0.2 (34%)
—
19 W (48%) (47%) NI NI NI
/ —

10




20 N ND NI NI NI NI
NH
21 N (55%) NI (43%) NI (47%)
LD
S
22 s (60%) (58%) | 3.4+0.2 NI NI
/ N/>

NI: no inhibition (< 30% inhibition at 100 uM). ND: not determined. Kinetics were monitored at 30 °C by
following the absorbance variation observed upon substrate hydrolysis. Ki values were determined when inhibition
> 70%. Assays were performed in triplicate.

Overall, in the case of the monosubstituted analogues, which contained either methylated
imidazole (15, 16), pyrrole (17), pyridine (18, 19), indole (20), or thiazole (21, 22), most
compounds were poor inhibitor of any tested MBL, as expected from results obtained with 7.
A few exceptions were compounds 17 (mono-pyrrol-3-yl), 18 (mono-pyridin-2-yl), and 22
(mono-thiazol-5-yl), which inhibited VIM-1, NDM-1 and VIM-4, respectively, with a K; value

close to 2 uM. Interestingly, the isomer of 18, 19 (mono-pyridin-3-yl), was inactive.

In the case of the homo-disubstituted compounds (Table 3), results showed that it was possible
to replace the two imidazoles of 8 without losing global activity. Rather expectedly, it is the
case of compounds 23 and 24 (isomer of 8), which contained two 5-methylated imidazoles
branched as in 8 (i.e., at position 4) or two imidazoles branched at position 2, respectively.
These compounds showed similarly potent inhibitory potencies against VIM-type MBLs and
NDM-1. Moving one nitrogen of the imidazole ring (i.e., pyrazole ring in compound 25) led to
a decrease in inhibitory potency against VIM-type enzymes with the exception of VIM-4. In
contrast, compound 25 did not inhibit NDM-1, indicating a clear difference between VIM-type
enzymes and NDM-1 in this series. Such difference was also observed when comparing
compounds 26 and 27, which possess pyrid-2-yl and pyrid-3-yl groups, respectively. Whereas
26 and 27 were similarly good to potent inhibitors of VIM-type MBLs as compound 8, a
difference was observed in the case of NDM-1. Indeed, 26 was a potent NDM-1 inhibitor
despite a K; value 20-fold higher than that of 8, but 27 was significantly less potent. Compound
28 with pyrazin-2-yl groups behaved as the close pyridine analogue 26 except that 28 was about
30-times less potent than 26 against NDM-1. This unexpected result might come from pKa

difference between the two heterocycles (vide infra).
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Table 3. Inhibitory activity of homo-disubstituted 1,2,4-triazole-3-thione analogues 23-30 with

R? = R? against various MBLs.

CO,H
/\/~<N— 2
N
\N S
H
Structure Ki (uM) or (% inhibition at 100 pM)
Cpd R? = R3 VIM-1 | VIM=2 | VIM-4 | NDM-1 | IMP-1
8 N 0.15+ | 041+ | 020+ | 0.030+ | (40%)
/ N\> 0.01 0.02 0.01 0.004
H
23 N 031+ | 022+ 035+ | 0.023+ | (57%)
/ N\> 0.03 0.01 0.04 0.004
H
24 NN 0.69+ | 090+ | 066+ | 0020+ | (61%)
N 0.08 0.09 0.05 0.004
25 . 37403 | 25401 | 029+ NI NI
[ N 0.01
N
H
26 N 17402 | 096+ | 076+ | 057+ NI
/ 0.12 0.05 0.08
—
27 y 26+01 | 042+ | 052+ (67%) NI
/ 0.03 0.02
—
28 N 25403 | 12401 | 063+ |17.9+L1| (51%)
| /j 0.04
N
29 N 24402 | 25401 | 20402 | 6507 | (48%)
[ D
S
30 S 030+ | 0.10+ | 014+ |280+23| NI
/ N/> 0.02 0.01 0.01

NI: no inhibition (< 30% inhibition at 100 uM). Kinetics were monitored at 30 °C by following the absorbance
variation observed upon substrate hydrolysis. Ki values were determined when inhibition > 70%. Assays were
performed in triplicate.
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The two thiazole-containing compounds 29 and 30 showed a different behaviour toward VIM-
type MBLs and NDM-1. Indeed, while 29 (thiazol-4-yl) was a moderate to good inhibitor of
VIM-type enzymes and NDM-1, 30 (thiazol-5-yl) potently inhibited both VIM-type enzymes
with K values in the low submicromolar range, but was less efficient against NDM-1. Finally,

all compounds were modest or not inhibitors of IMP-1.

Overall, VIM-type enzymes were quite tolerant to heterocycle replacement as K; values were
in the micromolar to submicromolar range for all compounds. By contrast, NDM-1 was more
sensitive to these modifications. The results suggested that the position of one nitrogen relative
to the branching carbon of the heterocycle was important. When comparing the three imidazole
analogues 8, 23 and 24 with the pyrazole 25, and the pyrid-2-yl analogue 26 with the pyrid-3-
yl 27, potent NDM-1 inhibition was observed for compounds where a cyclic nitrogen was at
the ortho position of the methylene link. By contrast, although this feature was shared by the
pyrazine and thiazole moieties in 28 and 29, respectively, these compounds were less potent
NDM-1 inhibitors (K; values, 18 and 6.5 uM, respectively). This discrepancy could be due to
the different physicochemical properties of the heterocycles. For instance, the pKa values of the
non-protonated nitrogen (corresponding to deprotonation of conjugate acid) of unsubstituted
imidazole, pyridine, thiazole and pyrazine were 6.9, 5.2, 2.5, and 0.6, respectively.*> Therefore,
a nitrogen at the ortho position and its basic character seem to be important for NDM-1
inhibition.

In this series of homo-disubstituted analogues, 8 remained the most interesting compound,
being characterized by a potent and broad-spectrum inhibition of both VIM-type MBLs and
NDM-1. Although less potent toward NDM-1, the structurally different dipyrid-2-yl analogue

26 also showed promising properties.

2.3. No.-Hetero-disubstituted analogues (Table 4). We further explored the substitution of the
a-amine group by preparing a series of hetero-disubstituted analogues. One heterocycle was
the imidazol-4-yl group for all compounds, while the second was variable and chosen among
those used in the preceding series (Table 4). Overall, when the comparison was possible, the
inhibition behaviour of the hetero-disubstituted analogues was similar to that of the
corresponding homo-disubstituted compounds containing the variable heterocycle, with a few

exceptions.
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Table 4. Inhibitory activity of hetero-disubstituted 1,2,4-triazole-3-thione analogues 31-40 with
R? = (1H-imidazol-4-yl)methyl against various MBLs.

CO,H

/\/;<N

N R3 N
N\N\/QS / J
H N
H
Structure Ki (uM) or (% inhibition at 100 pM)
Cpd R3 VIM-1 | VIM=2 | VIM-4 | NDM-1 | IMP-1
8 N 0.15+ | 041+ | 020+ | 0.030+ | (40%)
/ N> 0.01 0.02 0.01 0.004
H
31 . N 038+ | 035+ | 042+ | 0038+ | 45406
I N\> 0.05 0.03 0.04 0.004
H
32 N 44405 | 32405 | 38406 | (66%) (50%)
/T />
N
33 i 045+ | 33+01 | 035+ | 27+05 | (49%
/YNH (49%)
N/ 0.04 0.02
34 /\F 46404 | (53%) | 20+02 | (37%) (34%)
N
\
H
35 /\© 41402 | 21402 | 1.0£0.1 | (60%) (45%)
36 N 095+ | 064+ | 056+ | 038 NI
[ 0.11 0.08 0.08 0.05
37 y 52405 | 1.8402 | 17402 |348+79| NI
/ —
38 N 33+02 | 24+02 | 19402 | 089+ (43%)
| /j 0.11
N
39 N 0.82+ | 035+ | 035+ | 0030+ | (59%)
[ S\ 0.06 0.07 0.03 0.002
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40 s 2501 | 1.1+0.1 | 077+ |13.1+2.0| (39%)
/N/> 0.05

NI: no inhibition (< 30% inhibition at 100 uM). ND: not determined. Kinetics were monitored at 30 °C by
following the absorbance variation observed upon substrate hydrolysis. Ki values were determined when inhibition
> 70%. Assays were performed in triplicate.

As expected, the analogues 31 (5-methyl-imidazol-4-yl) and 33 (imidazol-2-yl) showed similar
activities against both VIM-type enzymes as compound 8 and their corresponding
homodisubstituted analogues 23 and 24 (Table 3). Curiously, although 31 and 23 comparably
inhibited NDM-1 as expected, a significant drop in potency was observed for 33 when
compared to 24 (K; value increased >130-fold). This case is an exception to the rule previously
proposed for potent NDM-1 inhibition. Combining the imidazol-4-yl heterocycle with its N-
methylated derivative, 1-methyl-imidazol-5-yl (for which no homo-disubstituted analogue
could be synthesized) in compound 32 led to a decrease in potency. However, while its K values
against VIM-type MBLs were 8§ to 30-fold higher than for 8, the decrease in potency was much
more pronounced against NDM-1. Compound 34 behaved as its dipyrazol-4-yl analogue 25
with moderate to good inhibitory potencies against VIM-type enzymes and low activity against
NDM-1. Interestingly, although the dibenzyl analogue 3 was poorly active against all tested
enzymes, the corresponding heterodisubstituted compound 35 displayed K; values in the
micromolar range against both VIM-type enzymes (5 to 28-fold higher than for 8), indicating
that two nitrogen-containing heterocycles are not strictly required to inhibit these enzymes.
However, again, NDM-1 inhibition was moderate. Compared to 35, combining a pyridyl group
led to higher or similar activities if the nitrogen was at position ortho (36) or meta (37),
respectively. Indeed, compound 37 (pyrid-2-yl) exhibited K; values in the submicromolar range
against both VIM-type enzymes and NDM-1 and therefore very close to those of the
corresponding dipyrid-2-yl analogue 26. Then, while 37 (pyrid-3-yl) was only slightly less
potent against VIM-type MBLs compared to 36 (3 to 5-fold), a close to 100-fold decrease in
potency was observed in the case of NDM-1. The pyrazin-2-yl analogue 38 was similarly potent
as the corresponding dipyrazin-2-yl 28 against VIM-type enzymes, but was about 20-fold more
potent against NDM-1, suggesting a favourable effect of the imidazole ring. Finally, the two
thiazole compounds 39 (thiazol-4-yl) and 40 (thiazol-5-yl) showed reverse behaviours
compared to their respective homo-dithiazolyl analogues 29 and 30. In addition, while 39
displayed K; values in the submicromolar range against both VIM-type enzymes, it was also a
highly potent NDM-1 inhibitor with a K; value of 30 nM as compound 8. Interestingly, 40 was

more than 400-fold less potent against this enzyme.
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Overall, as observed in the homo-disubstituted series, most hetero-disubstituted analogues
showed micromolar to submicromolar inhibitory potencies against VIM-type enzymes. It is in
particular the case of compound 35, which contains a simple phenyl ring combined to the
imidazol-4-yl group. As the dibenzyl 3 and the mono-imidazol-4-yl 7 were poor inhibitors,
these results indicated that a single imidazole was determining for activity but only if combined
to another aromatic ring. Obviously, that this aromatic ring contains a nitrogen further improves
VIM inhibition. The structural requirements for NDM-1 inhibition were even more evident in
this series. Indeed, only compounds possessing two heterocycles with an unsubstituted nitrogen
at the ortho position of the branching carbon potently inhibited NDM-1. It is the case of
analogues 31, 36, 38, and 39, while 33 was an exception to this rule. In particular, 36 was 100
times more potent than 37. More strikingly, combination of the imidazol-4-yl with a thiazol-4-
yl ring in compound 39 led to very potent NDM-1 inhibition, while the thiazol-5-yl isomer was
only moderately active. Finally, the N-methylation of one of the two imidazol-4-yl groups of
compound 8 (i.e., 32) led to a very large decrease in potency, strongly supporting that the two

ortho-nitrogens should be unsubstituted to inhibit NDM-1.

2.4. No-Diimidazole analogues modified at position 5 (Table 5). Finally, we developed a
series based on compound 8 where the phenyl ring at position 5 of the triazole ring was replaced

35383941 we explored many different R! groups.

by various groups (Table 5). In previous series,
While we found that the 5-substituent was less impacting the inhibitory potencies than the 4-
substituent, probably because the first points to a wider and more solvent-exposed cavity than
the second,*®-° we identified a few favourable groups common to all series. For instance, the
replacement of the phenyl ring by a biaryl (e.g., m-biphenyl as in 41, naphthyl as in 42 and 44)
generally led to increased potencies. In the present series, compounds 41, 42, and 44 showed
quite similar activities as 8, although slight improvements could be observed in particular for
compound 41. It is noteworthy that 41 contains a m-biphenyl substituent, which was previously
shown as the most favourable for inhibiting VIM-type enzymes. Interestingly, compound 42
with a naphth-2-yl group inhibited IMP-1 with K; value in the micromolar range, making it the
best broad-spectrum inhibitor in the full series of 1,2,4-triazole-3-thione-based analogues.
Finally, with a K; value in the low nanomolar range, compound 45 is the best NDM-1 inhibitor
presented in this study. Overall, changing the 5-phenyl substituent toward more hydrophobic

groups had little but favourable influence on inhibitory potencies as observed in previous series.
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Table 5. Inhibitory activity of 1,2,4-triazole-3-thione analogues 41-45 with variable R!, and R?

= R® = (1H-imidazol-4-yl)methyl, against various MBLs.

CO,H

R1/I<N

S
°N S S »
H N N
\_NH H
Cpd Structure Ki (uM) or (% inhibition at 100 pM)
R! VIM-1 | VIM-2 | VIM-4 | NDM-1 | IMP-1
8 0.15+ | 041< | 020+ | 0.030% | (40%)
0.01 0.02 0.01 0.004
41 O 0.13+ | 009+ | 007 | 0013+ | (69%)
O 0.01 0.01 0.01 0.002
42 C 052+ | 011+ | 034+ | 0030+ | 47405
O 0.06 0.02 0.04 0.004
43 0.12+ | 041+ | 012+ | 009+ | (54%)
. 0.02 0.02 0.01 0.01
44 O 008+ | 027+ | 019+ | 003+ |11.2+009
Q 0.01 0.02 0.01 0.01
45 028+ | 0.11= | 009+ | 0.0035+ | (48%)
0.02 0.01 0.01 0.0006

NI: no inhibition (< 30% inhibition at 100 uM). ND: not determined. Kinetics were monitored at 30 °C by
following the absorbance variation observed upon substrate hydrolysis. Ki values were determined when inhibition
> 70%. Assays were performed in triplicate.

In an effort to explain the structural requirements here defined for highly potent NDM-1

inhibition, it is noteworthy that a motif combining a carboxylate, a tertiary a-amine and two

nitrogen-containing heterocycles in close positions may behave as a tripodal tetradentate ligand

able to establish metal complexes with metallic ions such as Zn** as shown for HemiGly, a

derivative of N,N-(diimidazol-4-ylmethyl)glycine (Figure 3A).*® A similar configuration based

on (aminomethylene)phosphonate (i.e., CO>H replaced by PO3Hb») substituted by two imidazol-
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4-ylmethyl (AMP-(Im),) or two pyridin-2-ylmethyl (AMP-(Py).) groups led to two highly
stable Zn?** complexes, the former being the most stable (Figure 3B).*” In these complexes, the
zinc ion is coordinated by the two heterocycle nitrogens, which are at the ortho position of the
branching carbon as required for complex formation. The dipyrid-2-ylmethyl derivative AMP-
(Py)2 as well as the corresponding compound 26 of the present study are of course analogues
of dipicolylamine (DPAm) and N-acetic/acetamide derivatives, which were shown to inactivate
NDM-1 by sequestering the metals of the enzymes.**->! Therefore, compound 8 and other potent
NDM-1 inhibitors in this series were suspected to inhibit NDM-1 by stripping its zinc cations.
In the case of VIM-type enzymes, the inhibition mode appeared different as these MBLs did

not display such restricted structural requirements as NDM-1.

Further studies were conducted to better characterize NDM-1 and VIM-type MBL inhibition

by compound 8 and its analogues.

N
A CO.H 5 (f \ PO,
HN 2
) g HN N\> AMP-(Im),
N\ N \
N NH
X NS ™>N">PO.H
HemiGly N\ NH E)/\ 82
H@ AMP-(Py),
N__

Figure 3. Structures of (A) HemiGly* and (B) (aminomethylene)phosphonate (AMP) derivatives*’ studied as
tripodal tetradentate ligands for divalent cations.

3. Equilibrium dialysis and native state electrospray ionization mass spectrometry (native

MS).

We evaluated the mechanism of inhibition of this series of compounds by studying the effect
of compounds 8, 26, 27 and 30 on the metal content of VIM-2 and NDM-1 using equilibrium
dialysis and by native MS. In these experiments, the compounds were incubated with the

enzymes for 1h followed by overnight dialysis and analysis.
3.1. Zinc content of VIM-2 and NDM-1.

The effect of compounds on the metal content of the MBLs was assessed using equilibrium
dialysis followed by metal analysis with atomic absorption spectroscopy.’>>* The inhibitors
investigated fall into two groups (Figure 4). Group 1 contained compounds 27 and 30. These

inhibitors tended to act on VIM-2 and NDM-1 similarly by not removing Zn" from the MBLs.
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These data suggest that compounds 27 and 30 form a ternary complex with the enzymes and
act as purely competitive inhibitors. The group 2 inhibitors included 8 and 26. These
compounds resulted in less Zn'! bound to both MBL enzymes, the effect being less pronounced
for 26 compared to 8 in the case of NDM-1 (1.09 equiv. Zn'" vs 0.61 at 48 uM compound).
These data suggest that the group 2 compounds exhibit a metal stripping mechanism of
inhibition with VIM-2 and NDM-1, at least at concentrations above 5 uM in the case of VIM-
2.

) o 8
E = 26
=
3 -
S 27
= 30
N
D
= 0.5-
>
0.0 T T T T T T T 1
0 6 12 18 24 30 36 42 48
B Concentration (uM)
2.5
o 8
é 2.0 . s = 26
s —~
S 15 7
‘E 30
~ 1.0 -
= e
Z 0.5 i
0.0 T T T T T T T 1

0 6 12 18 24 30 36 42 48
Concentration (uM)

Figure 4. Equilibrium dialysis study with VIM-2 (A) and NDM-1 (B) in the presence of compounds 8, 26, 27 and
30. The metal content of VIM-2 (3 uM) and NDM-1 (3 pM) was measured after overnight dialysis with various
inhibitor concentrations ranging from 0 to 48 uM. The buffer used was 50 mM HEPES, pH 7.5. It is important to
note that the starting Zn" content of VIM-2 of 1.6 equivalents is due to the extensive dialyses conducted prior
analysis as previously reported.>*** Each data point is an average of three samples during the analysis process.

3.2. Native MS.

Native MS allows probing the mechanism of inhibition at low enzyme/inhibitor concentrations.
The experiments were performed using 10 uM VIM-2 or NDM-1 and 5 equivalents of inhibitor.
Before studying the inhibitors, native VIM-2 and NDM-1 were analyzed to ensure proper metal
content (Table 6). The native MS of 10 uM VIM-2 showed dominant +8 and +9 peaks at 3,247
and 2,886 m/z, corresponding to the mass of VIM-2 with 2 equiv. Zn'" bound (native VIM-2,
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25,972 Da) (Figure S1A). The native MS of 10 pM NDM-1 revealed dominant +9 and +10
peaks at 2,821 and 2,539 m/z, respectively, corresponding to the mass of NDM-1 with 2 equiv.
Zn" bound (native NDM-1 25,385 Da) (Figure S1B).

The mechanism of inhibition for the same four inhibitors were studied with recombinant VIM-
2 (with the exception of compound 30) and NDM-1. The expected masses of VIM-2 and NDM-
1 with each of the tested inhibitors are shown in Table 6. Overall, the results obtained using
native MS confirmed the equilibrium dialysis experiments and placed the tested compounds

into the same two groups.

Table 6. Summary of the ESI-MS experimental results for VIM-2 (10 uM) and NDM-1 (10
puM) in the presence of compounds 8, 26, 27, and 30 (50 uM in all samples).

Sample Cpd MW | Actual peak(s)* | Protein MW" Suspected species®
(g/mol) (charge) (Da)
VIM-2 NA 3,247 (8+) 25,972 VIM-2
2,886 (9+)
VIM-2 + 8 452 3,295 (8+) 26,359 VIM-2 with 1 eq Zn"
+1eq8
VIM-2 + 26 474 3,231 (8+) 25,842 apo-VIM-2
3,711 (7+) 25,972 VIM-2
VIM-2 + 27 474
3,779 (7+) 26,446 VIM-2 + 1 eq 27
NDM-1 NA 2,821 (9+) 25,385 NDM-1
2,539 (10+)
NDM-1 +8 452 3,158 (8+) 25,255 apo-NDM-1
3,174 (8+) 25,385 NDM-1
NDM-1 + 26 474
3,233 (8+) 25,859 NDM-1 + 1 ¢eq 26
3,627 (7+ 25,385 NDM-1
NDM-1 + 27 474
3,697 (7+) 25,859 NDM-1 + 1 eq 27
3,174 (8+) 25,385 NDM-1
NDM-1 + 30 486
3,236 (8+) 25,871 NDM-1 + 1 ¢q 30

“Main multi-charged species observed in mass spectra. "MW values calculated from mass spectrum deconvolution.
°VIM-2 and NDM-1: native enzymes containing 2 eq Zn'; apo-VIM-2 and apo-NDM-1 are enzymes without Zn'.
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The native MS of VIM-2 and compound 8 showed the dominant +8 peak at 3,295 m/z,
corresponding to the mass of one Zn'"! bound VIM-2 + 1 equiv. of compound 8 (26,359 Da)
(Figure 5A). Combined, the equilibrium dialysis and native MS data suggest a mixed
mechanism of VIM-2 inhibition as compound 8 strips 1 equiv. of Zn'! from VIM-2 prior to
binding to the mono-Zn" form of VIM-2. Alternatively, this result could mean that compound
8 only coordinates one Zn' in the active site of VIM-2. This result was partially contradicted
by the resolution of the crystallographic structure of the complex VIM-2/8 (see below). The
native MS of NDM-1 with compound 8 showed the dominant +8 peak at 3,158 m/z, which
corresponds to the mass of NDM-1 with no bound Zn" (25,255 Da) (Figure S2B). This result

confirms the metal stripping mechanism of NDM-1 inhibition by 8.

A
o 1]:0 3174.1819

8+ | Mono-Zn!' VIM-2 8+ | NDM-1
+1leq8
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e E
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2821.3637
s ) 3233.0909 |
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[ T —- - s e ! 0
3100 3200 3300 3400 3500 3600 2000 2500 3000 3500 40000
m/z m/z

Figure 5. Native mass spectra of 10 pM VIM-2 (A) and 10 uM NDM-1 (B) with compounds 8 and 26,
respectively. The protein samples were diluted using 100 mM ammonium acetate, pH 7.5, and incubated with 50
puM of the compound for 5 min prior to analysis. The dominant +8 peak, at 3,295 m/z (A), corresponds to mono-
Zn" VIM-2 + 1 eq of compound 8. The dominant +8 peak, at 3,174 m/z (B), corresponds to native NDM-1 (2 Zn"
bound). The non-dominant +8 peak, at 3,233 m/z, corresponds to native NDM-1 + 1 eq of compound 26.

The native MS of VIM-2 and compound 26 showed a dominant +8 peak at 3,231 m/z,
corresponding to the mass of VIM-2 with no bound Zn" (25,842 Da) (Figure S3A). In

agreement with the equilibrium dialysis data, the native MS suggests compound 26 exhibits a

21



metal stripping mechanism of inhibition with VIM-2. The native MS of NDM-1 and compound
26 showed the dominant +8 peak at 3,174 m/z, which corresponds to the mass of native NDM-
1 (25,835 Da). The non-dominant +8 peak at 3,233 m/z corresponds to the mass of native NDM-
1 with 1 equiv. of compound 26 (25,859 Da) (Figure 5B). Both native MS and equilibrium
dialysis data suggest a mixed mechanism of NDM-1 inhibition by compound 26.

The native MS of VIM-2 with compound 27 revealed a dominant +7 peak at 3,711 m/z, which
corresponds to the mass of native VIM-2 (25,972 Da). The non-dominant +7 peak at 3,781 m/z
corresponds to the mass of native VIM-2 with 1 equiv. of compound 27 (26,446 Da) (Figure
S4A). The native MS of NDM-1 and compound 27 showed the dominant +7 peak at 3,627 m/z,
which corresponds to the mass of native NDM-1 (25,385 Da). The non-dominant +7 peak at
3,697 m/z corresponds to the mass of native NDM-1 binding 1 equiv. of compound 27 (25,859
Da) (Figure S4B). In agreement with the equilibrium dialysis data, the native MS suggests that
compound 27 forms a ternary complex with both VIM-2 and NDM-1.

Finally, when studied with compound 30, the native MS of NDM-1 showed a non-dominant +8
peak at 3,174 m/z corresponding to native NDM-1 (25,385 Da). The dominant +8 peak at 3,236
m/z corresponds to the mass of native NDM-1 with 1 equiv. of compound 30 (25,871 Da)
(Figure S5). The native MS and equilibrium dialysis data show that compound 30 forms a
ternary complex with NDM-1.

Overall, these results are consistent with the inhibition data reported for compounds 8, 26, 27,
and 30. Only compounds 8 and 26, which possess heterocycles (imidazo-4-yl and pyridin-2-yl,
respectively) with a nitrogen at the ortho position of the methylene link, are able to diminish
the zinc content of both VIM-2 and NDM-1, while it should be noted that this phenomenon is
observed after a significant time of incubation of the enzyme in the presence of the inhibitor. It
suggests that these compounds at least partially inhibited one or both MBLs by zinc stripping.
Compound 8 partially removed Zn! from VIM-2, while forming a ternary complex with the
enzyme. But it fully inhibited NDM-1 by zinc stripping. Compound 26 showed a reverse
behavior as it fully removed Zn"! from VIM-2, while it showed a mixed inhibition mode against
NDM-1. The lower capacity of 26 to decrease the zinc content of NDM-1 compared to 8 may
explain its about 20-fold lower inhibitory potency (0.57 vs 0.03 uM K; values). In contrast,
compounds 27 and 30, which do not possess heterocycles with a nitrogen at the ortho position
of the methylene link, do not decrease the MBL zinc content as expected. These moderate
NDM-1 inhibitors form ternary complexes with tested MBLs. It confirms that potent NDM-1

inhibition in this series at least relates to zinc stripping.
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4. Isothermal calorimetry experiments (ITC)

To further explore the binding mode to VIM-2 and NDM-1, ITC experiments were performed

with compounds 8 and 26.

4.1. Interaction of compounds with zinc. First, we measured the affinity of 8 and 26 for Zn'..
An equilibrium between free and Zn'"-bound compounds was well characterized by ITC, with
Kq values of about 10 nM and a stoichiometry of 1 (Figure S6). These K4 values were at the
resolution limit of ITC and the resulting uncertainty prevented calculating AG°. The enthalpic
AH° values were about 5 and 6 kcal/mol for compounds 8 and 26, respectively, suggesting that

26 would perform more favourable interactions with the zinc ion.
Accordingly, all titrations with enzymes were performed without ZnSOy4 in the same buffer.

4.2. Interaction of compounds with VIM-2. In the case of VIM-2 in the presence of
compound 8, an equilibrium was detected by ITC as shown by the sigmoidal shape of the

corresponding Wiseman graph presented in Figure 6A (bottom).

The thermodynamic parameters of binding of 8 with VIM-2 are given in Table 7, and the
experiment showed a stoichiometric relationship between VIM-2 and 8, which clearly indicated
a 1:1 association. However, the linear decrease of the injection amplitudes seen in the ITC
thermogram (Figure 6A, top) suggested the existence of a concomitant event, which could be
the chelation of one equiv. Zn'! as suggested by native MS experiments. Accordingly, calculated

values should be regarded as apparent values.

In the case of VIM-2 in the presence of compound 26, no equilibrium was detected by ITC as
shown by the almost linear Wiseman graph presented in Figure 6B (bottom). According to
results obtained with the native MS study, the ITC experiment would reflect zinc chelation. The
biphasic form of the chart may correspond to the chelation of the two zinc ions with distinct

affinities. No quantification was possible in this case.

Table 7. Apparent thermodynamic parameters of compound 8 binding to VIM-2 at 25 °C
without Zn'.

Cpd n K. M) Kq AG®° AH° TAS°
(uM) | (kcal/mol) | (kcal/mol) | (kcal/mol)
8 1.01+0.02 | 1.4+0.310° 0.7 -8.4 -9.8+£0.3 -1.4
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Figure 6. Isothermal titration calorimetry of VIM-2 by compounds 8 (A) and 26 (B) at 25 °C. Upper panel:
exothermic microcalorimetric trace of compound injections into VIM-2 solution (19.0 pM). Lower panel:
Wiseman plot of heat releases versus molar ratio of injectant/protein in the cell and nonlinear fit of the binding
isotherm for n equivalent binding sites. The binding enthalpy corresponds to the amplitude of the transition curve,
K. is derived from the slope of the transition and the stoichiometry n is determined at the transition midpoint.
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4.3. Interaction of compounds with NDM-1. In the case of NDM-1, no equilibrium was
detected with both compounds. The Wiseman graph showed a biphasic curve for compound 8
(Figure S7A, bottom), also suggesting distinct affinities for Zn', while it was not sigmoidal for
compound 26 (Figure S7B, bottom). These results suggested that 8 chelated both enzyme zinc
ions as found in the native MS study, while it was less clear for 26. In both cases, no

quantification was possible.

Overall, results obtained with ITC for compounds 8 and 26 reflected those obtained with native

MS experiments, with the exception of 26 interaction with NDM-1.

5. Crystallography

5.1. Crystal structure of the complex between VIM-2 and compound 8. The structure of

VIM-2 in complex with compound 8 was obtained at 1.98 A resolution (Figure 7, PDB code
8A4M, Table S1).

H|s116 A
P rg228
His196
Asn233

Figure 7. Active-site view of VIM-2 (coral cartoon and carbon atoms; residues in sticks) in complex with 8 (in
sticks, green carbons) (PDB code 8 A4M). In the A panel, hydrogen and coordination bonds are represented as tan
and black dashed lines, respectively, whereas in the B panel, the inhibitor is surrounded by the omit map (petrol
mesh) contoured at the 3-c level. In all figures, Zn ions and water molecules are displayed as grey and red spheres
(arbitrary radius), respectively. Oxygen atoms are colored red, nitrogen blue and sulfur yellow.

In contrast to the native MS experiments, the crystal structure showed the presence of both zinc
ions in the VIM-2 active site. This discrepancy very probably comes from different
experimental conditions. For instance, enzymes and compounds are pre-incubated lh in the

native MS study. It is also the case in the equilibrium dialysis experiment.
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The structure provided a clear view of the main interactions entailed by the inhibitor within the
enzyme catalytic cavity. The triazole-thione core of the compound coordinates both zinc ions
(Figure 7A), displacing the catalytic hydroxide anion. The Zn1 ion populates the 3H-site where
it is coordinated by the nitrogen 2 of 8 and the three histidine residues His116, His118, and
His196. The second zinc ion, Zn2, occupies the DCH-site where it is coordinated by the thione
of 8 and the residues Asp120, Cys221, and His263. This binding mode is peculiar of triazole-
thione inhibitors, indeed it was formerly observed in the complexes of compounds sharing this
Zn-binding motif with L1,3° VIM-2,333337:38 and NDM-1.3¢ The thione group of 8 entails water-
mediated interactions with the inhibitor carboxylate moiety (intramolecular interaction) and
with the Cys221 backbone carbonyl and the Arg228 guanidinium group (Figure 7A). The 5-
phenyl moiety of 8 is within van der Waals contact to the Trp87 indole and forms a T-shaped
interaction with Phe62. The carboxylate of 8 is H-bonded to the Asn233 backbone nitrogen,
and the two imidazole rings form water-mediated interactions with the Arg228 guanidinium
and the Glu225 carboxylate moieties (Figure 7A). The occupancy of both zinc ions and of the
inhibitor 8 inside the VIM-2 catalytic cavity has been estimated to 80%.

We formerly investigated other triazole-thione compounds, reporting the characterization of the
structural complexes of VIM-2 with the inhibitors IMV4690 (PDB code 6YRP??), 8 (numbering
in reference 37, PDB code 7O0VF, named here 8b for clarity), and 28 (numbering in reference
38, PDB code 7PP0, named here 28b for clarity). All compounds have a common, variably
substituted 5-phenyl moiety on the triazole-thione core, sharing the same orientation in their

respective complexes (Figure 8), whereas different substituents are present in position 4.

At variance with 8 that has an alkanoic a-amine chain homodisubstituted with two imidazole
rings, compounds 8b has a p-fluoro-phenyl moiety connected to the triazole-thione core by a
thioether-containing 4-atom linker. On the other hand, both compounds IMV4690 and 28b have
in this position an o-benzoic moiety connected through a 2-atom linker (N=CH for JIMV4690,
(CH2): for 28b). A comparison among these complexes shows that the 4-substituted phenyl
moiety of compound 8b is accommodated in the active site pocket lined by Tyr67, Arg228, and
His263, matching the position of one imidazole ring of 8 (Figure 8 A). The latter compound has
a second imidazole, pointing towards the active site wall formed by Gly232, Asn233, and
Arg228 (Figure 8A). The shorter linker presents in compounds JMV4690 and 28b allows the
positioning of the benzoic ring stacked to His263 (Figure 8B and 8C).
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Figure 8. Active site view of the superimposition between the structures of VIM-2 in complex with 8 (VIM-2
light coral cartoon, carbons and waters; 8 in sticks, coral carbons) and (A) 8b (PDB code 70VF;*” VIM-2 light
green cartoon and carbons; 8b in sticks, dark green carbons and black fluorine); (B) IMV4690 (PDB code 6 YRP;*
VIM-2 light cyan cartoon, carbons and waters; JMV4690 in sticks, cyan carbons); (C) 28b (PDB code 7PP0;®
VIM-2 light gold cartoon and carbons; 28b in sticks, gold carbons).
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It is noteworthy that the carboxylate group of compounds 8, IMV4690 and 28b establish a H-
bond with the Asn233 backbone NH (Figure 8B and 8C). It was previously hypothesized that
this residue would stabilize either a substrate or an inhibitor in VIM-2 active site.>> However,
it is not clear if Asn233 similarly interacts with the C-3/C-4 carboxylate of B-lactams as no
structure of complex with intact substrates is available. Only structures with hydrolyzed -
lactams were published but comparison has to be analyzed with caution as it might not exactly
reflect the binding contribution of the substrate. The structural information available on VIM-
2 in complex with hydrolyzed B-lactam antibiotics is limited. Only three structures have been
recently released and they delivered distinct information on the role of Asn233 in the binding
of hydrolyzed B-lactam antibiotics. The first two ones display VIM-2 in complex with two
forms of the hydrolyzed faropenem, a penem (PDB codes 7A60 and 7A5Z) and the carboxylic
group establishes an H-bond with Asn233 similar to compound 8 (Figure S8A).% In the third
structure showing VIM-2 in complex with hydrolyzed biapenem, a carbapenem (PDB code
6Y6J, Figure S8B), the carboxylate group of the hydrolyzed substrate makes an H-bond with
Arg228, not with Asn233.%7 In this complex, the Asn233 side-chain adopts a different
orientation because of a different arrangement of the Gly232-Asn233 segment, and the

backbone NH of the residue is here not available for interaction with the biapenem carboxylate.

5.2. Crystal structure of NDM-1 in the presence of compounds 8 and 26.
5.2.1. Compound 8.

The incubation of NDM-1 crystals with compound 8 as well as any other trial to trap a complex
describing their interaction invariably produced apo crystals, as a consequence of zinc stripping
from both metal binding sites of the two molecules present in the a.s.u.. Indeed, anomalous
maps showed a signal for zinc ions higher than 20 sigma in the case of NDM-1 in complex with
26 (see below and Figure S9A), while no Zn" signal was detectable in the structure of NDM-1
treated with 8 (1.58 A resolution; Figure S9B). Moreover, incubation of NDM-1 with
compound 8 resulted in shifting or even disordering of highly conserved residues defining the
zinc coordination site (Figure S9C). Despite a generally high structural homology (r.m.s.d. over
backbone Ca. of 0.5 A), active site loops in our apo structure are slightly to markedly rearranged
even in comparison to previously solved apo NDM-1 (PDB 3RKJ>®), as shown in Figure S8D.
In particular, the loop 120-127 (including His122 and Asp124 involved in Zn" coordination)
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shows a very high flexibility, loses its helical pattern, and moves toward the solvent in the apo
structure obtained from treatment with compound 8. This result is in agreement with native MS

experiments.

5.2.2. Compound 26.

The structure of NDM-1 in complex with compound 26 has been determined at 1.5 A resolution.
Two monomers of NDM-1 (chain A visible from residue Glu40 to Arg270, chain B clearly
defined from residue Glu40 to Met67 and from Gly71 to Arg270) are present in the asymmetric
unit (a.s.u.), but 26 is clearly detectable only in the active site pocket of chain A (Figure 9A),

as revealed by omit maps at 3-c shown in Figure 9B.

A

Figure 9. (A) NDM-1 (blue cartoon and carbon atoms; residues in sticks) in complex with compound 26 (in sticks,
yellow carbons, PDB code 8A76), with detailed view of the interactions with NDM-1 residues (A, zoomed inset).
(B) Omit map contoured at the 3-c level. (C) Superposition of 26 (in sticks, yellow carbons) and the triazole-
thione-based inhibitor OP31 (in sticks, fuchsia carbons) from PDB 6TGD. Zn ions and water molecules are

displayed as grey and red spheres (arbitrary radius), respectively. In all figures, oxygen atoms are colored red,
nitrogen blue and sulfur yellow.
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Crystallographic occupancy of 26 as well as Zn atoms has been refined to 80% in both A and
B chains. The 5-phenyl-1,2,4-triazole-3-thione core of compound 26 is clearly resolved in the
electron density map and its position perfectly superposes to that of an analogous ligand
coordinating the catalytic metal ions through a common motif (Figure 9C), as shown in a
previously solved structure (PDB 6TGD?*). In both cases, the thione group and one of the
triazole nitrogen atoms coordinate the two zinc cations in the NDM-1 active site while the

phenyl group interacts by n-stacking with the sidechain of Trp93 (Figure 9A).

Conversely, the electron density becomes less clearly defined moving along the aliphatic
portion connecting the triazole-3-thione core to the carboxylic moiety and the two 2-

methylpyridine branches.

The carboxylic moiety of compound 26 is partially stabilized by a salt bridge with Lys211
sidechain and a hydrogen bond with Asn220 backbone nitrogen. This interaction is analogous
to that of the carboxylate group of compound 8 with the VIM-2 Asn233 backbone nitrogen.
Several hydrophobic interactions can occur between 26 aliphatic scaffold and the side chains
of Leu65, Met67, Phe70, Val73 and Trp93. The pyridine substituents point toward the solvent
and are not involved in specific interactions stabilizing a peculiar state. Since they can
experience multiple conformations within NDM-1 active site, the corresponding electron
density is poorly defined for this portion of the ligand. As observed in other NDM-1 structures,
the loop between residues Asp66 and Gly71 (Loop L3) is slightly less defined than the rest of
the protein, especially in the case of Asp66 and Phe70 sidechains.

6. In vitro antibacterial synergistic activity.

Considering the high inhibitory potency of numerous compounds towards VIM-type and NDM-
1 enzymes, the potential synergistic activity of 32 compounds was tested using a broth
microdilution method on several MBL-producing multidrug-resistant clinical isolates. Tested
at a fixed concentration of 32 pg/ml, many compounds were able to reduce the minimum
inhibitory concentration (MIC) of meropenem toward VIM-1- or VIM-4-producing K.
pneumoniae bacteria, VIM-2-producing P. aeruginosa, and NDM-1-producing E. coli clinical
isolates, although the results were not totally correlated with the inhibitory potencies against
the corresponding MBLs (Table 8). Compounds 3, 6 and 7 were similarly unable to
significantly reduce meropenem MICs against both isolates. While it was expected for 3 and 7

because of their low activity against all enzymes, 6 displayed submicromolar to micromolar
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inhibitory potencies against VIM-1 and VIM-4 enzymes. Its inactivity might be the result of
poor bacteria wall penetration. By contrast, compound 8, which similarly inhibited VIM-4 (10-
fold more potent on VIM-1 than 6), fully restored the susceptibility of K. pneumoniae isolates
to meropenem (about 250- and 500-fold reduction of MIC for VIM-1- and VIM-4-producing
bacteria, i.e., 8 and 9 dilutions, respectively). Remarkably, 8 was also highly potent on the
NDM-1-producing E. coli clinical isolate (1000-fold reduction of meropenem MIC), and
showed a significant potentiation (16-fold) of meropenem activity on a VIM-2-producing P.
aeruginosa clinical isolate, with a resulting MIC below the EUCAST resistance breakpoint.
Close analogues, which displayed comparable inhibitory potencies, showed similar potentiation
activities. It is the case of the D isomer 9 and all compounds differing by the alkyl length (11,
12, 14) or the substituent at position 5 of the triazole (41-45). However, compound 10, which
inhibited both VIM-type enzymes in the low micromolar to submicromolar range, was inactive
in this microbiological assay, suggesting that the a-carboxylic group of 8 was essential to reach
sufficient concentration in the bacteria periplasm.

In the case of the homo- (R? = R?) 23 and 25-30, and hetero-disubstituted (R? = imidazol-4-yl
(4Im), R3# imidazol-4-yl) 31-40 compounds, their potentiation activity against VIM-producing
clinical isolates was highly dependent on the structure of R%/R? substituents. Indeed, while the
homo-disubstituted 23 (di-5-methylimidazol-4-yl) and 26 (dipyrid-2-yl) and their
corresponding heterodisubstituted 31 and 36 behaved as 8 as expected (also the case of 33 and
the slightly less potent 39), the low micromolar to submicromolar VIM inhibitors 25 and 27-30
and the heterodisubstituted 37, 38 and 40 were moderately (up to 16-fold MIC reduction on
VIM-producing K. pneumoniae isolates) or not active (on VIM-2-producing P. aeruginosa
isolates). The heterodisubstituted 32 and 35 were also poorly active on VIM-producing K.
pneumoniae isolates despite they were micromolar VIM inhibitors. In contrast, the results
correlated well with the corresponding inhibitory potencies in the case of the NDM-1-producing
isolate, excepted for compounds 23, 38 and 39, which were unexpectedly moderately active
(respectively 32-, 8- and 16-fold MIC decrease) despite inhibitory potencies similar to 8 or 26.
In these two series, compounds 26, 31, 33 and 36 were as active as 8.

Overall, the results suggested that the potentiation activity of the compounds exhibited a
structure dependence similar to that highlighted for NDM-1 inhibition, i.e., the importance of a
carboxylate group and of two heterocycles possessing an unsubstituted nitrogen at position
adjacent to the branching atom. Indeed, only compounds 23 (di-5-methyl-4Im), 26, di-pyrid-2-
yl), 31 (4Im/5-methyl-4Im), 33 (4Im/2Im) and 36 (4Im/pyrid-2-yl) showed similar activities as
8 and di-4Im analogues (with the exception of 23 in the case of the NDM-1-producing bacteria).
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Exceptions to this rule were the homo-disubstituted 28 (di-pyrazinyl), 29 (di-thiazol-4-yl), and
the corresponding heterodisubstituted 38 (4Im/pyrazinyl) and 39 (4Im/thiazol-4-yl). As

suggested for NDM-1 inhibition, this different behaviour might be due to significantly

divergent physico-chemical properties between imidazole or pyridine and other heterocycles

(i.e. pyrazine and thiazole), possibly associated to differences in zinc chelation strength.

It generally appeared that the structural features favourable to high synergistic activity are the

same as for potent NDM-1 inhibition, which relate, at least in part, to the compound capacity

to bind metal ions.

Table 8. Antibacterial synergistic activity of compounds on VIM-1, VIM-2, VIM-4-and NDM-
1 producing clinical isolates with meropenem determined by the broth microdilution method.

Cpd Meropenem MIC? (ug/mL)
(32 pg/mL) K. pneumoniae | K. pneumoniae P. aeruginosa E. coli
7023 VA-416/02 VA-182/00 SI-004
(blaviva™) (blaviv-™) (blavim2™) (blanpm-1%)

None 16 16 128 64
3 2 4 128 64
6 2 4 128 64
7 2 4 128 64
8 0.03 0.03 8 0.06
9 0.03 0.03 8 0.06
10 4 1 128 32
11 0.03 0.03 16 0.06
12 0.06 0.03 8 0.06
14 0.03 0.03 16 0.06
23 0.03 0.03 16 2
25 2 1 128 64
26 0.06 0.03 16 0.06
27 4 1 128 64
28 4 2 128 32
29 1 1 128 32
30 1 1 128 32
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31 0.06 0.03 8 0.06
32 2 4 128 32
33 0.06 0.06 8 0.06
35 2 2 128 32
36 0.06 0.03 8 0.06
37 4 1 128 64
38 4 1 128 8

39 0.12 0.06 16 4

40 1 2 128 32
41 0.03 0.03 8 0.06
42 0.03 0.03 8 0.06
43 0.03 0.03 8 0.06
44 0.03 0.06 8 0.06
45 0.06 0.12 8 0.06

*Minimal Inhibitory Concentration. ND, Not Determined.

Furthermore, as compound 8 was identified as a very interesting inhibitor, its synergistic
activity was also evaluated on VIM-1-producing clinical P. aeruginosa isolate (ARS243 strain)
and a VIM-4-producing environmental P. aeruginosa strain (FAPL-B64) collected in an urban
river.” In the presence of compound 8 at 32 pug/mL, the MIC of meropenem decreased from
128 to 8 ug/mL toward both VIM-producing isolates, therefore showing similar efficiency as
observed with the VIM-2 producing P. aeruginosa clinical isolate (Table 8). Overall, these data
support the ability of such compounds (8 and close analogues showing synergistic activity) to
readily accumulate in the periplasm of Gram-negative bacteria, including that of bacteria known
to have a particularly selective outer membrane (e. g. P. aeruginosa), representing a major

progress when compared to previously published series of triazole-thione inhibitors.?”#!

Finally, and to further establish true synergism between compound 8 and meropenem, a
chequerboard analysis was carried out with the NDM-1-, VIM-1-, and VIM-4-producing
Enterobacterales strains (Table 9). Using cation-adjusted Mueller-Hinton broth as the culture
medium, a striking difference in the activity of the combination emerged between strains
producing either NDM-1 or VIM-type enzymes. With the former, the synergistic activity of 8
was only observed at concentrations >16 pg/mL, but completely vanished at lower

concentrations. By contrast, the MIC of meropenem varied in a dose-dependent fashion with
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the concentration of 8 with both VIM-1- and VIM-4-producing strains, allowing to compute an
average FICI of 0.34 in both cases, reflecting true synergism rather than an additive effect.
Interestingly, meropenem MIC values corresponding to susceptible phenotypes were measured
with these strains at concentrations as low as 4 pg/mL (for comparison, vaborbactam is tested

at a fixed concentration of 8 ug/mL).

Table 9. Chequerboard analysis showing the drug-drug interaction between compound 8 and
meropenem.

[8] Meropenem MIC? (ug/mL)
(ng/mL) K. pneumoniae | K. pneumoniae E. coli
7023 VA-416/02 SI1-004
(blayinv-1Y) (blayiv-4™) (blaxpm-1")
0 16 16 64
32 0.03 0.03 0.03
16 0.06 0.06 0.06
8 1 1 32
4 2 2 32
2 4 4 64
1 8 8 64
0.5 16 16 64

*Experiments were performed in duplicate.

Although it is tempting to correlate the different behaviour of the combination on NDM-1-
producing strain with its peculiar mechanism of inhibition (in which the zinc stripping effect
and subsequent formation of the inactive apo-enzyme seems more important than with the VIM-
type enzymes), we cannot exclude the impact of other strain-related factors, such as increased
efflux or permeability-related resistance mechanisms, in that peculiar isolate. Microbiological
testing on a larger set of MBL-producing isolates is needed to better understand these aspects,
i. e. to identify the best partner antibiotic and potential cross-resistance mechanisms, to
determine the optimal concentration of the inhibitor and to compare its activity with that of
comparators (e. g. taniborbactam, ANT2681). Nonetheless, this is the first demonstration that

meropenem resistance could be reversed in vitro with extensively-drug resistance MBL-
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producing K. pneumoniae isolates by 1,2,4-triazole-3-thione inhibitors at clinically useful

concentrations.

7. Cytotoxicity assays on mammalian cells.

The potential cytotoxic activity of five compounds was evaluated using a membrane integrity
assay (CytoTox 96®, Non-Radioactive Cytotoxicity Assay, Promega). They were tested for
their ability to induce the lysis of HeLa cells at concentrations up to 250 uM (Table 10).

Table 10. Cytotoxic activity against HeLa cells.

Cpd HeLa cells ICso (uM)
8 > 250
12 > 250
23 141 + 25
31 105 £ 35
36 175+18

Half of the tested compounds (8, 12) showed ICso values > 250 uM, indicating that they do not
induce cell lysis. Others displayed moderate toxicity with ICso values >100 uM (i.e., 23, 31,
36). Interestingly, the less toxic compounds 8 and 12 are diimidazole analogues, while the more
toxic 23 and 31 are very close in structure and contained at least one 5-methylimidazole.

A further evaluation of their potential cytotoxicity was performed using the RealTime-Glo MT

Viability Assay, which substantially confirmed these results.

8. Study of ADME and selectivity profiles in vitro.

Five compounds were evaluated for their ADME and selectivity profiles toward human
metallo-enzymes. All were potent inhibitors of VIM-type enzymes and NDM-1 and showed
similar activities in microbiological assays, but displayed significant structural differences,
which may influence their bioavailability and selectivity. Compounds 12 (one methylene less
in the alkyl chain), 26 (di-pyrid-2-yl), 31 (4Im/5Me4Im) and 42 (naphth-2-yl at position 5) have

been compared to the reference analogue 8.
8.1. ADME profile.

Data are presented in Table 11.
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Table 11. ADME profile in vitro.

Cpd | Solubility | LogD" | Plasma® Microsomes* Plasma proteins
a 31 1 L)) €
(uLM) tiz (h) t12 (min) Clint binding (%)
pl/min/mg
8 > 200 -2.117 >6 > 40 Stable 67.6
+0.107
12 > 200 -2.201 >6 > 40 10.6 55.0
+0.030 (91.2%)
26 > 200 0.243 + >6 > 40 16.5 68.7
0.003 (80.5%)
31 > 200 -1.925 >6 > 40 5.5 62.3
+0.029 (98.1%)
42 > 200 -0.823 >6 > 40 Stable 95.2
+0.012

aSolubility was evaluated in 10 mM phosphate buffer saline (PBS), pH 7.4; ®LogD was measured by mixing in 10
mM PBS pH 7.4/ n-octanol (1:1); “Stability in plasma was evaluated at 37 °C using mouse plasma, mix gender,
with enalapril as control (ti2 = 1h03); Microsomal stability was evaluated at 37 °C using mouse microsomes, mix
gender, with propranolol as control (31% remaining after 40 min), remaining intact compound after 40 min is
indicated between parentheses; “Binding to plasma proteins was evaluated using mouse plasma, mix gender, with
diclofenac as control (> 95% binding).

Both compounds were highly soluble in aqueous buffer. They also showed LogD values around
-2, excepted, as expected, the more hydrophobic 26 and 42. They were all fully stable in mouse
plasma for at least six hours. Compounds 8, 31 and 42 were also fully or almost fully stable in
the presence of mouse microsomes for at least 40 min, while 12 and more particularly 26 with
two pyridyl groups showed slightly lower stability. Finally, binding to proteins of mouse plasma
was measured to about 55-70% for all compounds excepted 42, which bound to plasma proteins
more strongly (95%) probably because of its naphthyl group. Overall, these data were very

favourable.

8.2. Selectivity profile.

The same compounds were tested against four mammalian metallo-enzymes to evaluate their
selectivity and therefore possible off-target effect related to their metal-binding properties
(Table 12). These enzymes were metallopeptidases from the M1 and M 16 families (human IDE,
(Insulin Degrading Enzyme), porcine APN (Aminopeptidase N), mouse ERAAP (Endoplasmic
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Reticulum Aminopeptidase associated with antigen Processing)) or hydrolases (human HDAC6

(Histone DeAcetylase 6)).

Table 12. Selectivity profile toward mammalian metalloenzymes.

Cpd ICso [CI 95%]* (uM) or (% inhibition at 100 uM)

IDE) APNe ERAAP! | HDACG6®

8 20[16-25] | 30 [20-40] (51%) NIf

12 17 [12-20] | 27[10-79] (51%) NI

26 41 [32-63] (30%) (13%) NI

31 35 [31-40] (58%) (42%) NI

42 9.1[7.9- | 16[13-20] (63%) NI
10.0]

9[Cso values are reported with their 95% confidence intervals in brackets (one experiment in duplicate); °IDE,
Insulin Degrading Enzyme, the enzymatic assay was performed with ATTO 655-Cys-Lys-Leu-Val-Phe-Phe-Ala-
Glu-Asp-Trp as a substrate and BDM44768 as a control inhibitor (65% inhibition at 0.4 pM); °APN,
Aminopeptidase N, the enzymatic assay was performed with H-Leu-AMC as a substrate and bestatin as a control
inhibitor (48.6% inhibition at 3.0 uM); ‘ERAAP, Endoplasmic Reticulum Aminopeptidase associated with
Antigen Processing, the enzymatic assay was performed with H-Leu-AMC as a substrate and a not disclosed in-
house inhibitor as a control (55.7% inhibition at 4.0 uM); “(HDACS6, Histone DeAcetylase 6, the enzymatic assay
was performed using the kit HDAC6 Fluorimetric Assay from Enzo Life Sciences with Fluor de Lys® as a
substrate and panobinostat as a control inhibitor (96.3% inhibition at 5.0 uM); NI, No Inhibition (<10% at 100
uM).

All compounds were poor or not inhibitors of ERAAP and HDAC6, respectively. Significant
inhibitory activity was measured against IDE and APN. Compound 42 (5-naphth-2-yl) dispayed
ICso values of 9.1 and 16 uM against IDE and APN, respectively, being the less selective in the
series. Most compounds displayed at least 2-log selectivities on MBLs in comparison to

enzymes in the selectivity panel.

CONCLUSION.

In previously published 1,2,4-triazole-3-thione-based series, we identified potent MBL
inhibitors with either broad spectrum (i.e. VIM-type enzymes, NDM-1 and IMP-1)33:37:4042 op
narrower spectrum (i.e. VIM-type MBLs) of inhibition.*®*! The most potent analogues
generally showed submicromolar inhibitory potencies against VIM-type enzymes, and for a
few of them micromolar activity against NDM-1 and IMP-1. Despite their high inhibitory

potencies, one limitation was often their ability to restore the susceptibility of multi-resistant
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MBL-producing clinical isolates to meropenem. Indeed, compounds of the “hydrazone” series
were devoid of synergistic activity despite potent inhibitory potencies.®> Some activity could
be obtained in the presence of a sub-toxic concentration of colistin indicating that their
inactivity may originate from poor outer membrane penetration. But replacing the hydrolysis
susceptible N=CH link by a CH>-CH> segment and further exploring various substituents at
position 4 of the triazole ring allowed the identification of several compounds able to decrease
the MIC of meropenem toward MBL-producing clinical isolates up to 16-fold, although limited

to VIM-producing Enterobacterales. 37384142

Compared to these previous series, the present one displayed two major improvements. First,
while most potent compounds inhibited VIM-type enzymes with K; values in the same
submicromolar range as compounds of previous series, a strong increase in inhibitory potency
against NDM-1 (K values of 10-40 nM, about 100-fold more potent than best compounds in
previous series) was observed. In particular, it is noteworthy that the close analogue JMV6290
(Table 1) only poorly inhibited this enzyme. Second, the synergistic activity of the most potent
compounds was much significantly improved and was for the first time observed on Gram-
negative non-fermenters (i.e. P. aeruginosa). The MIC of meropenem was decreased in the
presence of compound 8 and few others by 266-, 533- and 1066-fold toward VIM-1- and VIM-
4-producing K. pneumoniae (compared to up to 16-fold only with the best compounds of the
previous series) and NDM-1-producing E. coli (no synergistic activity in the previous series),
respectively. In addition, compound 8 and others also decreased the MIC of meropenem below
the resistance breakpoint (according to EUCAST) toward a VIM-2-producing XDR P.
aeruginosa clinical isolate (no activity in previous series). This result was confirmed for 8 with
VIM-1- and VIM-4-producing P. aeruginosa. Although the decrease was more modest (16-
fold), this result was quite encouraging because the outer membrane of Pseudomonas bacteria

is known to be more impervious to drugs.

Both improvements (i.e., high NDM-1 inhibitory potency and potent activity in microbiological
assays) were generally dependent on the presence at the 4-position of the triazole heterocycle
of a zinc-chelating moiety formed by an o-amino acid residue Na-disubstituted by two
heteroaryl groups bearing a nitrogen adjacent to the branching link, providing that they are
imidazole and/or pyridine heterocycles but not the more acidic pyrazine and thiazole groups.
According to structure-activity relationships, such structural property did not seem to have
much influence on VIM-type enzyme inhibition compared to NDM-1. However, it is crucial

for full synergistic activity on both VIM- and NDM-1-producing clinical isolates. For instance,
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compounds 27 (di-pyridin-3-yl) and 30 (di-thiazol-5-yl), which do not obey this rule are only
active on VIM-producing K. pneumoniae isolates reducing meropenem MIC by up to 16-fold,
despite similar VIM inhibitory potencies as compound 8. Therefore, they behave similarly to

the best compounds of the previous series.

Experiments including equilibrium dialysis, native MS and ITC showed that tested compounds
inhibited both VIM-2 and NDM-1 at least partially by zinc stripping. This mixed mode of
inhibition was confirmed by X-ray crystallography as compound 8 was found to interact in
VIM-2 active site in the same manner as in previously reported complexes involving 1,2,4-

triazole-3-thione inhibitors,33-*7-3

while it was not able to form a stable complex with NDM-1
but completely removed its zinc ions. In contrast, compound 26 could form a ternary complex
with NDM-1. Finally, IMP-1 activity was not as disturbed by such motif. The reason might be
a lower accessibility of its zinc ions and/or a higher affinity for these metals.®® However, some
of the best compounds identified in the present series also inhibited IMP-1 with K; values in the

low micromolar range.

The potent and broad-spectrum MBL inhibition by compound 8 and analogues, their
remarkable synergistic activity and their favourable properties in terms of ADME, toxicity and
selectivity profiles, make these compounds highly promising. Furthermore, their spectrum of
MBL inhibition is somewhat broader than that of ANT2681,%° which is prevalently active on
NDM-1-producing Enterobacterales in combination with meropenem, and the synergistic
activity of our best compounds, when tested in combination with meropenem, seems at least
comparable to that of cefepime-taniborbactam.?’” However, a large-scale microbiological study,
currently underway, is required to better position our compounds in the competitive landscape
(besides identifying the best partner antibiotic, optimal inhibitor concentration and potential
resistance mechanisms). They are also currently further investigated to evaluate their potency
toward other VIM and NDM variants, other acquired MBLs (e. g. SIM-1, SPM-1) and their in
vivo activity.

Overall, this article highlights the validity of this new class whose optimization led to potent
MBL inhibitors, which are shown to reverse carbapenem resistance on XDR MBL-producing

Enterobacterales clinical isolates at clinically achievable concentrations.

EXPERIMENTAL SECTION

General Procedures. NMR. 'H NMR and *C NMR spectra were recorded at room

temperature on a 300, 400 or 500 MHz instrument in [Ds]DMSO solutions (unless otherwise
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indicated). Chemical shifts are reported in parts per million (ppm) relative to residual solvent
signals (DMSO: 2.50 ppm for 'H and 39.52 for 1*C). Splitting patterns in 'H NMR spectra were
designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. IR
spectra were collected on a Perkin Elmer Spectrum One apparatus. 7LC. Thin-layer
chromatographies were performed on aluminium-backed sheets of silica gel Fas4 (0.2 mm),
which were visualized under 254 nm light, and by spraying with a 2% ninhydrin solution in
ethanol followed by heating, or by charring with an aqueous solution of ammonium sulphate
and sulfuric acid (200 g (NH4)>SO4 and 40 mL concentrated sulfuric acid in 1 L of water).
Analytical reverse phase HPLC. Samples were prepared in an acetonitrile/water (50/50 v/v)
mixture. 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 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 added up to get the final spectrum. HR-MS were
registered on a JEOL JMS-SX-102A mass spectrometer. Purification. (i) Column
chromatography was performed using Merck silica gel 60 of particle size 40-63 mm. (ii)
Reverse phase preparative HPLC purification of final compounds was performed on a Waters
Delta Pak C18 column (40 x 100 mm, 15 pum, 100 angstrom) by means of a linear gradient of
eluent B in A at a 1%/min rate (flow rate: 28 mL/min). Eluent A: water, 0.1% TFA; eluent B:
acetonitrile, 0.1% TFA.

All final compounds (excepted 1) were obtained as TFA salts after freeze-drying. All are >
95% pure as determined by RP-HPLC.

ADME and selectivity profiles were established as described in the Supplementary Information

part.

General procedure for the preparation of 1,2,4-triazole-3- thiones. The 1,2,4-triazole-3-
thione heterocycle was built according to Deprez-Poulain et al.** and as described*' from
various hydrazides R!-CONHNH: and amines (Boc-Orn-OH (n = 3), Boc-D-Orn-OH, Boc-
Lys-OH (n = 4), Boc-Dab-OH (n = 2), Boc-Dap-OH (n = 1), N-Boc-1,4-diaminobutane).
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Thiosemicarbazide intermediates. The amine compound (0.5 mmol, 1 equiv.), NaxCO3 (1
mmol, 2 equiv., added if hydrochloride salt) and DPT (117 mg, 0.5 mmol, 1 equiv.) were
solubilized in anhydrous DMF (5 mL). The mixture was stirred at 55 °C for 1.5 h. The hydrazide
R!-CONHNHj; (0.55 mmol, 1.1 equiv.) was then added and the mixture was again heated at 55
°C for 1.5 h. After cooling to room temperature, AcOEt and water were added and the organic
phase was washed 5-fold with water, dried over MgSQs, filtered and concentrated under

vacuum. The product was used in the next without purification.

Cyclization. The thiosemicarbazide intermediates were solubilized in a mixture of water and
ethanol (2:3, 1 mL/20 mg) and Na,COs3 (4 equiv.) was added. The reaction was refluxed for 2-
4h. The mixture was then neutralized with a saturated aqueous KHSOj4 solution and the aqueous
phase was extracted twice with AcOEt. The organic phases were mixed and dried over MgSOs,
filtered and evaporated under vacuum. The residues were purified by gel column

chromatography (AcOEt/Hexane).

General procedure for Boc removal. The Boc protecting group was removed by treatment
with a mixture dioxane/conc. HCI (2:1, 10 mL/100 mg) in the presence of anisole (3 equiv.).
The reaction was stirred at 45 °C for 1 h. The solvents were then evaporated to yield the

hydrochloride salts of the deprotected amine compounds as powders.
General procedures for reductive amination.

Synthesis of homodisubstituted compounds. Protocol A. To a solution of the hydrochloride salt
of a deprotected amine compound (1 equiv.) in absolute ethanol (1 mL/ 30 mg) were added
triethylamine (2 equiv.) and an aldehyde (5 equiv.). The reaction mixture was stirred for 10 min
under inert atmosphere and NaBH3CN (5 equiv.) was added portionwise. The mixture was
further stirred until reaction completion and evaporated. The residue was purified by
preparative RP-HPLC to yield the homodisubstituted compound as a TFA salt. According to
the aldehyde compound, completion was not attained and a significant amount of
monosubstituted compound was recovered during purification. This monosubstituted analogue
could be further submitted to protocol C (see below) to give either homodi- or

heterodisubstituted analogues.

Synthesis of monosubstituted compounds. Protocol B. The hydrochloride salt of an amine
compound (1 equiv.) was solubilized in anhydrous DMF and a few 4 A molecular sieves were
added. The mixture was cooled to 0 °C and an aldehyde (2-5 equiv.) was added. The reaction

was stirred at 0 °C for 15 min and at rt for 3 h. The mixture was again cooled to 0 °C and NaBH4
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(3 equiv.) was added portionwise. After one night at rt, water was added and the reaction
mixture was evaporated to yield the expected monosubstituted analogue, which was purified

by preparative RP-HPLC or directly use in protocol C.

Synthesis of homo- and heterodisubstituted compounds from the corresponding
monosubstituted ones. Protocol C. A monosubstituted analogue (1 equiv.) was dissolved in a
mixture of anhydrous DMF/AcOH (98:2, 1 mL/30 mg) and an aldehyde (3 equiv.) was added.
The reaction was stirred at rt for 15 min and NaBH3CN (3 equiv.) was added portionwise. After
stirring at rt overnight, the mixture was evaporated and the residue was purified by preparative

RP-HPLC.

tert-Butyl N-[4-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)butyl]-
carbamate (1). Purified on silica gel column (Hex/EtOAc, 9:1 to 1:1). Colourless oil, 216 mg
(72%); UPLC-MS fr: 3.01 min; m/z (ES+) 349.3 (M+H"); 'H NMR (600 MHz, DMSO-dp):
13.96 (s, 1H), 7.67-7.55 (m, 5H), 6.73 (t, J = 5.6 Hz, 1H), 4.05-4.01 (m, 2H), 2.78-2.75 (m,
2H), 1.52-1.47 (m, 2H), 1.34 (s, 9H), 1.23-1.19 (m, 2H); *C NMR (151 MHz, DMSO-db):
167.1, 155.5, 151.2, 130.8, 129.1, 128.6, 126.2, 77.4, 43.5, 28.3, 26.5, 25.2; HRMS (ESI+)
calcd for C17H25N40-S (M+H)" 349.1698, found 349.1705.

(25)-2-(Benzylamino)-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-
yl)pentanoic acid (2). Purification by RP-HPLC (0.1% TFA in water/MeCN, 100:0 to 70:30
in 30 min). White powder, 25 mg (17%); UPLC-MS #: 1.92 min; m/z (ES+) 383.3 (M+H"); 'H
NMR (600 MHz, DMSO-ds): 13.98 (s, 1H), 9.19 (bs, 1H), 7.67-7.55 (m, 5H), 7.41-7.38 (m,
5H), 4.10-4.08 (m, 2H), 4.02-4.00 (m, 2H), 3.65 (bs, 1H), 1.75-1.58 (m, 4H); *C NMR (151
MHz, DMSO-ds): 170.6, 167.2, 151.1, 130.8, 129.7, 129.1, 128.7, 128.6, 126.0, 58.8, 49.6,
43.2,26.5, 23.8; HRMS (ESI+) caled for C20H23N402S (M+H)" 383.1542, found 383.1537.

(2S5)-2-(Dibenzylamino)-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-
ylD)pentanoic acid (3). Purification by RP-HPLC (0.1% TFA in water/MeCN, 100:0 to 70:30
in 30 min). White powder, 30 mg (29%); UPLC-MS #x: 3.15 min; m/z (ES+) 473.4 (M+H"); 'H
NMR (500 MHz, DMSO-de): 13.97 (s, 1H), 12.35 (bs, 1H), 7.61-7.49 (m, 5H), 7.31-7.24 (m,
10H), 4.03-3.90 (m, 2H), 3.74-3.60 (m, 4H), 3.01 (s, 1H), 1.69-1.42 (m, 4H); '3C NMR (126
MHz, DMSO-ds): 172.9, 167.2, 151.2, 138.5, 130.8, 129.1, 129.0, 128.6, 128.4, 127.4, 126.2
(2C), 60.2, 54.1 (2C), 43.4, 25.4, 25.0, HRMS (ESI+) caled for Cz7H29N40.S (M+H)*
473.2011, found 473.20009.

(25)-2-{[2-(p-Toluyl)eth-2-yl]Jamino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-
1,2,4-triazol-4-yl)pentanoic acid (4). Purification by RP-HPLC (0.1% TFA in water/MeCN,
90:10 to 60:40 in 30 min). Diastereomeric mixture. White powder, 65 mg (26%), LC-MS tr:
2.17 and 2.19 min; m/z (ES+) 411.1 (M+H"); '"H NMR (500 MHz, DMSO-dc): 14.04, 14.02
(2s, 1H), 9.16 (bs, 1H), 7.67-7.52 (m, 5H), 7.33-7.25 (m, 2H), 7.24-7.18 (m, 3H), 4.30-4.20 (m,
1H), 4.11-3.99 (m, 2H), 3.55-3.51 (m, 0.5H), 3.27-3.22 (m, 0.5H), 2.30 (s, 3H), 1.74-1.38 (m,
7H); 3C NMR (126 MHz, DMSO-ds): 169.9 and 169.7, 167.3, 151.2 and 151.1, 138.8 and
138.7, 133.5 and 133.3, 130.9, 129.7 and 129.5, 129.2, 128.62 and 128.60, 127.9 and 127.8,
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126.04 and 126.01, 56.8 and 56.7, 56.5 and 56.1, 43.0, 26.63 and 26.60, 23.61 and 23.56, 20.8,
19.2 and 19.0; HRMS (ESI+) calcd for C22H27N40,S (M+H)" 411.1855, found 411.1859.

(2S)-2-{[(2,3-Dihydroxyphenyl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (5). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 63 mg (44%); LC-MS #r: 0.90 min;
m/z (ES+) 415.0 (M+H"); 'H NMR (400 MHz, DMSO-ds): 13.97 (s, 1H), 9.52, (s, 1H), 7.67-
7.56 (m, 5H), 6.80 (dd, J= 1.4, 7.7 Hz, 2H), 6.69 (dd, J = 1.4, 7.7 Hz, 2H), 6.66-6.62 (m, 1H),
4.08-4.04 (m, 2H), 4.01-3.94 (m, 2H), 3.62-3.60 (m, 1H), 1.76-1.55 (m, 4H); *C NMR (101
MHz, DMSO-ds): 170.1, 167.2, 151.1, 145.3, 144.5, 130.8, 129.1, 128.6, 126.0, 121.2, 119.2,
118.9, 116.0, 58.6, 45.1, 43.2, 26.5, 23.9; HRMS (ESI+) calcd for C20H23N404S (M+H)"
415.1440, found 415.1447.

(2S)-2-{Bis[(2,3-dimethoxyphenyl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (6). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 70:30 to 40:60 in 30 min). White powder, 54 mg (17%); UPLC-MS tr: 2.81 min;
m/z (ES+) 593.3 (M+H"); 'TH NMR (600 MHz, DMSO-ds): 13.90 (s, 1H), 12.36 (bs, 1H), 7.59-
7.56 (m, 3H), 7.49 (t, J= 7.6 Hz, 2H), 6.98 (t, J = 7.9 Hz, 2H), 6.92-6.89 (m, 4H), 4.04-3.94
(m, 2H), 3.77 (s, 6H), 3.61 (s, 6H), 2.61 (dt, J = 3.7, 1.9 Hz, 2H), 2.52-2.51 (m, 1H), 2.38 (dt,
J=13.7, 1.8 Hz, 2H), 1.63-1.45 (m, 4H); 3C NMR (126 MHz, DMSO-ds): 167.2, 152.3, 151.2,
147.2, 130.8, 129.1, 128.5, 126.1, 123.9, 121.8, 61.0, 60.1, 55.7, 48.4, 43.4, 25.3 (2C); HRMS
(ESI+) caled for C31H37N406S (M+H)" 593.2428, found 593.2436.

(2S)-2-{[(1H-Imidazol-4-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-
1H-1,2,4-triazol-4-yl)pentanoic acid (7). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 230 mg (30%); UPLC-MS #: 1.20
min; m/z (ES+) 373.2 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.03 (s, 1H), 11.39 (bs, 1H),
8.68 (s, 1H), 7.6-7.54 (m, 6H), 4.17-4.06 (m, 4H), 3.85-3.84 (m, 1H), 1.70-1.52 (m, 4H); '*C
NMR (126 MHz, DMSO-dg): 173.4, 167.3, 151.2, 135.5, 130.9, 129.2, 128.6, 127.9, 126.2,
119.5, 58.1, 43.2, 40.6, 26.4, 23.6; HRMS (ESI+) caled for Ci17H21N6O2S (M+H)* 373.1447,
found 373.1452.

(2S)-2-{Bis[(1H-imidazol-4-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (8, JMV7061). Purification by RP-HPLC
(0.1% TFA in water/MeCN, 100:0 to 70:30 in 30 min). White powder, 260 mg (21%); UPLC-
MS tr: 1.32 min; m/z (ES+) 453.3 (M+H"); '"H NMR (500 MHz, DMSO-ds): 13.98 (s, 1H),
12.08 (s, 1H), 9.00 (s, 2H), 7.62-7.46 (m, 7H), 4.05-3.93 (m, 2H), 3.79 (s, 4H) 3.17-3.14 (m,
1H), 1.68-1.48 (m, 4H); 'H NMR (500 MHz, D>0): 8.45 (s, 2H), 7.46-7.36 (m, 5H), 7.14 (s,
2H), 4.04-3.89 (m, 2H), 3.71 (s, 4H), 3.08-3.06 (m, 1H), 1.57-1.34 (m, 4H); 3C NMR (126
MHz, DMSO-ds): 173.4, 167.2, 151.2, 134.5, 131.0, 130.1, 129.1, 128.5, 126.2, 117.5, 61.3,
44.7, 43.3, 26.0, 24.7, HRMS (ESI+) calcd for C1H2sNsO.S (M+H)" 453.1821, found
453.1821.

(2R)-2-{Bis|(1H-imidazol-4-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (9). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 68 mg (28%); UPLC-MS tr: 1.33 min;
m/z (ES+) 453.1 (M+H"); '"H NMR (500 MHz, DMSO-ds): 13.98 (s, 1H), 13.00 (bs, 1H), 9.01

43



(s, 2H), 7.62-7.60 (m, 2H), 7.56-7.46 (m, SH), 4.05-3.90 (m, 2H), 4.09-4.06 (m, 2H), 3.79 (s,
4H), 3.15 (t, J= 7.2, 14.5 Hz, 1H), 1.64-1.47 (m, 4H); '3C NMR (126 MHz, DMSO-ds): 173 4,
167.2, 151.2, 134.5, 131.0, 130.8, 129.1, 128.5, 126.2, 117.5, 61.2, 44.6, 43.3, 26.0, 24.7;
HRMS (ESI+) caled for C21H25N3O,2S (M+H)* 453.1821, found 453.1820.

4-(4-{Bis[(1H-imidazol-4-yl)methyl]amino}butyl)-5-phenyl-4,5-dihydro-1H-1,2,4-

triazole-3-thione (10). Purification by RP-HPLC (0.1% TFA in water/MeCN, 95:5 to 65:35 in
30 min). White powder, 204 mg (59%); UPLC-MS fr: 1.36 min; m/z (ES+) 409.3 (M+H"); 'H
NMR (600 MHz, DMSO-ds): 14.32 (bs, 2H), 13.93 (s, 1H), 8.97 (s, 2H), 7.65-7.52 (m, 7H),
4.01-3.98 (m, 2H), 3.69 (s, 4H), 2.38-2.34 (m, 2H), 1.50-1.45 (m, 2H), 1.39-1.32 (m, 2H); 1*C
NMR (151 MHz, DMSO-ds): 167.1, 151.1, 134.7, 130.7, 129.4, 129.0, 128.5, 126.2, 118.0,
51.5, 46.6, 43.2, 25.1, 22.6; HRMS (ESI+) calcd for C20H2sNsS (M+H)* 409.1923, found
409.1923.

(2S)-2-{Bis[(1H-imidazol-4-yl)methyl]amino}-3-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)propanoic acid (11). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 37 mg (31%); UPLC-MS tr: 1.12 min;
m/z (ES+) 425.2 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.24 (bs, 2H), 13.98 (s, 1H), 13.25
(bs, 1H), 9.01 (s, 2H), 7.58-7.44 (m, 5H), 7.39 (s, 2H), 4.55-4.44 (m, 2H), 3.86-3.83 (m, 1H),
3.74 (s, 4H); >*C NMR (126 MHz, DMSO-ds): 171.1, 167.1, 151.3, 134.5, 130.6, 130.0, 128.8,
128.4,125.8,117.8, 57.5, 44.7, 42.7, HRMS (ESI+) calcd for Ci9H21N3O,S (M+H)" 425.1489,
found 425.1511.

(2S)-2-{Bis[(1H-imidazol-4-yl)methyl]amino}-4-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)butanoic acid (12). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 59 mg (26%); UPLC-MS ¢r: 1.15 min;
m/z (ES+) 439.3 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.41 (bs, 2H), 14.02 (s, 1H), 13.00
(bs, 1H), 9.06 (s, 2H), 7.64-7.62 (m, 2H), 7.56-7.43 (m, 5H), 4.16 (dt, J = 8.0, 15.7 Hz, 1H),
3.95 (dt, J = 8.0, 15.7 Hz, 1H), 3.88-3.81 (m, 4H), 3.38 (t,J/ = 7.6 Hz, 1H), 2.11 (dd, J = 7.7,
15.9 Hz, 2H); 3C NMR (126 MHz, DMSO-ds): 172.7, 166.9, 151.4, 134.4, 130.9, 130.7, 128.9,
128.8, 125.9, 117.5, 59.9, 44.6, 42.3, 27.7; HRMS (ESI+) calcd for C20H23NsO2S (M+H)"
439.1665, found 439.1665.

(2S)-2-{[(1H-Imidazol-4-yl)methyl]amino}-6-(3-phenyl-5-sulfanylidene-4,5-dihydro-
1H-1,2,4-triazol-4-yl)hexanoic acid (13). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 31 mg (21%); UPLC-MS #r: 1.32 min;
m/z (ES+) 387.3 (M+H"); 'H NMR (600 MHz, DMSO-ds): 13.94 (s, 1H), 13.05 (bs, 1H), 8.28
(s, 1H), 7.67-7.55 (m, 5H), 7.39 (s, 1H), 4.09-3.99 (m, 4H), 3.73-3.71 (m, 1H), 1.72-1.67 (m,
2H), 1.56-1.52 (m, 2H), 1.30-1.15 (m, 2H); *C NMR (151 MHz, DMSO-dc): 170.9, 167.0,
151.1,135.6,130.8, 129.1, 128.6, 126.1, 118.2, 58.1, 43.4, 41.4, 28.8, 27.2, 21.4; HRMS (ESI+)
calcd for CigH23N602S (M+H)" 387.1603, found 387.1609.

(2S)-2-{Bis[(1H-imidazol-4-yl)methyl]amino}-6-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)hexanoic acid (14). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 25 mg (14%); UPLC-MS tr: 1.45 min;
m/z (ES+) 467.3 (M+H"); '"H NMR (600 MHz, DMSO-ds): 14.24 (bs, 2H), 13.91 (s, 1H), 12.57
(bs, 1H), 8.98 (s, 2H), 7.64-7.51 (m, 7H), 4.01-3.98 (m, 2H), 3.88-3.79 (m, 4H), 3.09 (t,J = 7.6
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Hz, 1H), 1.58-1.44 (m, 4H), 1.25-1.06 (m, 2H); 3C NMR (151 MHz, DMSO-ds): 173.5, 167.0,
151.1,134.4,131.2,130.0, 129.0, 128.5, 126.2, 117.3, 61.8, 44.8, 43.3, 28.5, 27.2,22.7; HRMS
(ESI+) caled for C22H27N302S (M+H)™ 467.1978, found 467.1980.

(2S)-2-{[(5-Methyl-1H-imidazol-4-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (15). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 100:0 to 70:30 in 30 min). White powder, 9 mg (3%); UPLC-MS t#r: 1.22 min;
m/z (ES+) 387.0 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.02 (s, 1H), 13.69 (bs, 1H), 8.54
(s, 1H), 7.67-7.55 (m, 5H), 4.09-3.99 (m, 4H), 3.69 (bs, 1H), 2.20 (s, 3H), 1.71-1.52 (m, 4H);
BC NMR (126 MHz, DMSO-ds): 171.2, 167.2, 151.2, 134.0 (2C), 130.9, 129.2, 128.6, 126.1,
123.5, 58.1, 43.2, 27.5, 26.8, 23.8, 9.0, HRMS (ESI+) calcd for CigH23N6O>S (M+H)*
387.1598, found 387.1587.

(2S)-2-{[(1-Methyl-1H-imidazol-5-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (16). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 95:5 to 65:35 in 30 min). White powder, 13 mg (22%); UPLC-MS #r: 1.24 min;
m/z (ES+) 387.1 (M+H"); '"H NMR (500 MHz, DMSO-d): 14.01 (s, 1H), 8.87 (s, 1H), 7.67-
7.54 (m, 5H), 7.49 (s, 1H), 4.09-3.87 (m, 4H), 3.77 (s, 3H), 3.29-3.26 (m, 1H), 1.68-1.45 (m,
4H); 3C NMR (126 MHz, DMSO-ds): 167.2, 151.2, 136.8 (2C), 130.9, 129.2, 128.6, 126.1,
118.3, 116.0, 63.1, 58.8, 43.3, 33.1, 27.9, 24.1; HRMS (ESI+) calcd for CisH23N60,>S (M+H)*
387.1598, found 387.1611.

(25)- 5-(3-Phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)-2-{[(1H-pyrrol-3-
y)methyl]amino}pentanoic acid (17). White powder, 29 mg (12%); UPLC-MS #r: 1.58 min;
m/z (ES+) 372.2 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.03 (s, 1H), 10.96 (bs, 1H), 7.67-
7.57 (m, 5H), 6.82 (s, 1H), 6.77-6.75 (m, 1H), 6.10-6.09 (m, 1H), 4.07-4.05 (m, 2H), 3.93-3.86
(m, 2H), 3.62 (s, 1H), 1.72-1.51 (m, 4H); *C NMR (126 MHz, DMSO-d): 169.8, 167.2, 151.2,
130.9, 129.2, 128.7, 126.0, 119.2, 118.8, 112.1, 108.8, 57.3, 43.2, 42.5, 26.0, 23.7; HRMS
(ESI+) caled for CisH22Ns02S (M+H)"™ 372.1494, found 372.1503.

(25)-  5-(3-Phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)-2-{[(pyridin-2-
yl)methyl]amino}pentanoic acid (18). Purification by RP-HPLC (0.1% TFA in water/MeCN,
95:5 to 65:35 in 30 min). White powder, 20 mg (25%); UPLC-MS fr: 1.65 min; m/z (ES+)
384.3 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.03 (s, 1H), 9.45 (bs, 1H), 8.62-8.61 (m,
1H), 7.89-7.88 (m, 1H), 7.68-7.55 (m, 5H), 7.48-7.43 (m, 2H), 4.33-4.27 (m, 2H), 4.13-4.11
(m, 2H), 4.01-3.98 (m, 1H), 1.82-1.58 (m, 4H); 3C NMR (126 MHz, DMSO-ds): 169.9, 167.3,
151.7,151.2, 149.0, 137.5,130.9, 129.2, 128.7, 126.1, 123.9, 123.5, 58.4, 49.1, 43.1, 25.8, 25.0;
HRMS (ESI+) caled for Ci9H22Ns50,.S (M+H)* 384.1494, found 384.1491.

(25)-  5-(3-Phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)-2-{[(pyridin-3-
yl)methyl]amino}pentanoic acid (19). Purification by RP-HPLC (0.1% TFA in water/MeCN,
95:5 to 65:35 in 30 min). White powder, 48 mg (16%); UPLC-MS #&: 1.36 min; m/z (ES+)
384.2 (M+H"); 'TH NMR (500 MHz, DMSO-dc): 14.05 (s, 1H), 9.48 (bs, 1H), 8.68-8.67 (m,
2H), 8.00-7.98 (m, 1H), 7.70-7.57 (m, 6H), 4.22-4.11 (m, 4H), 4.03-4.01 (m, 1H), 1.83-1.56
(m, 4H); 3C NMR (126 MHz, DMSO-ds): 169.9, 167.3, 151.2, 150.2, 149.1, 139.5, 130.9,
129.2, 128.7, 128.1, 126.0, 124.1, 58.6, 46.8, 43.1, 26.0, 23.6; HRMS (ESI+) calcd for
C19H22N502S (M+H)" 384.1494, found 384.1501.
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(2S)-2-{[(1H-Indol-3-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-
1,2,4-triazol-4-yl)pentanoic acid (20). Purification by RP-HPLC (0.1% TFA in water/MeCN,
100:0 to 70:30 in 30 min). White powder, 21.6 mg (9%); UPLC/MS tr: 1.96 min; m/z (ES+)
422.2 (M+H"); '"H NMR (500 MHz, DMSO-ds): 14.03 (s, 1H), 12. 12 (bs, 1H), 9.45 (bs, 1H),
8.62-8.61 (m, 1H), 7.89-7.88 (m, 1H), 7.68-7.55 (m, 5H), 7.48-7.43 (m, 2H), 4.33-4.27 (m,
2H), 4.13-4.11 (m, 2H), 4.01-3.98 (m, 1H), 1.82-1.58 (m, 4H); '*C NMR (126 MHz, DMSO-
des): 169.9, 167.2, 151.2, 135.9, 130.9, 129.2, 128.6, 127.4, 126.7, 126.0, 121.7, 119.2, 118.6,
111.8, 104.7, 58.1, 43.2, 40.9, 26.3, 23.9; HRMS (ESI+) calcd for C2H24Ns0,S (M+H)"
422.1651, found 422.1645.

(2S)-5-(3-Phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)-2-{| (1,3-thiazol-4-
yl)methyl]amino}pentanoic acid (21). Purification by RP-HPLC (0.1% TFA in water/MeCN,
90:10 to 60:40 in 30 min). White powder, 40 mg (15%); UPLC-MS tr: 1.58 min; m/z (ES+)
390.0 (M+H"); '"H NMR (500 MHz, DMSO-dp): 14.04 (s, 1H), 9.54 (bs, 1H), 9.19 (s, 1H), 7.84
(s, 1H), 7.67-7.55 (m, 5H), 4.27 (s, 2H), 4.09-4.07 (m, 2H), 3.93-3.91 (m, 1H), 1.73-1.51 (m,
4H); 3C NMR (126 MHz, DMSO-ds): 169.9, 167.3, 155.6, 151.3, 147.3, 131.0, 129.3, 128.7,
126.1, 121.1, 58.1, 44.4, 43.2, 26.0, 23.7; HRMS (ESI+) calcd for C17H20N50,S, (M+H)"
390.1053, found 390.1054.

(2S)-5-(3-Phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)-2-{| (1,3-thiazol-5-
y)methyl]amino}pentanoic acid (22). Purification by RP-HPLC (0.1% TFA in water/MeCN,
95:5 to 65:35 in 30 min). White powder, 6 mg (12%); UPLC-MS #r: 1.49 min; m/z (ES+) 389.9
(M+H"); '"H NMR (500 MHz, DMSO-ds): 14.03 (s, 1H), 9.50 (bs, 1H), 9.16 (s, 1H), 7.93 (s,
1H), 7.67-7.56 (m, 5H), 4.38 (s, 2H), 4.09-4.08 (m, 2H), 3.86 (bs, 1H), 1.70-1.50 (m, 4H); 13C
NMR (126 MHz, DMSO-dg): 170.3, 167.3, 156.8, 151.2, 145.7, 136.0, 131.0, 129.2, 128.7,
126.1, 58.2, 43.1, 40.9, 26.2, 23.7; HRMS (ESI+) calcd for C17H20Ns50,S2 (M+H)™ 390.1053,
found 390.1047.

(2S)-2-{Bis[(5-methyl-1H-imidazol-4-yl)methyl|]amino}-5-(3-phenyl-5-sulfanylidene-
4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (23). Purification by RP-HPLC (0.1% TFA
in water/MeCN, 100:0 to 70:30 in 30 min). White powder, 165 mg (59%); UPLC-MS #: 1.39
min; m/z (ES+) 481.2 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.24 (bs, 2H), 13.97 (s, 1H),
8.90 (s, 2H), 7.63-7.50 (m, 5H), 4.00-3.87 (m, 2H), 3.70-3.62 (m, 4H), 3.06-3.03 (m, 1H), 2.14
(s, 6H), 1.54-1.37 (m, 4H); *C NMR (126 MHz, DMSO-ds): 173.1, 167.2, 151.2, 133.0, 130.9,
129.1, 128.6, 126.9, 126.2, 125.3, 60.8, 43.5, 43.0, 25.4, 24.7, 8.8; HRMS (ESI+) calcd for
C23H29NgO>S (M+H)" 481.2129, found 481.2130.

(2S)-2-{Bis[(1H-imidazol-2-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (24). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 95:5 to 65:35 in 30 min). White powder, 39 mg (16%); UPLC-MS #r: 1.32 min;
m/z (ES+) 453.2 (M+H"); '"H NMR (500 MHz, DMSO-ds): 14.20 (bs, 2H), 13.98 (s, 1H), 13.07
(bs, 1H), 7.64-7.48 (m, 9H), 4.17 (s, 4H), 3.99-3.94 (m, 2H), 3.25-3.22 (m, 1H), 1.64-1.50 (m,
2H); *C NMR (126 MHz, DMSO-ds): 173.3, 167.1, 151.2, 144.9, 130.8, 129.1, 128.5, 126.1,
125.9, 119.5, 63.0, 46.4, 43.3, 26.4, 25.0; HRMS (ESI+) calcd for C21H25sNgO>S (M+H)"
453.1816, found 453.1821.
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(25)-2-{Bis[(1H-pyrazol-4-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-
1H-1,2,4-triazol-4-yl)pentanoic acid (25). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 95:5 to 65:35 in 30 min). White powder, 192 mg (51%); UPLC-MS #&: 1.61 min;
m/z (ES+) 453.1 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.02 (s, 1H), 13.02 (bs, 1H), 9.88
(bs, 2H), 7.70-7.66 (m, 6H), 7.62-7.55 (m, 3H), 4.27-4.11 (m, 4H), 4.09-4.06 (m, 2H), 3.64-
3.62 (m, 1H), 1.91-1.86 (m, 2H), 1.83-1.56 (m, 2H); 3C NMR (126 MHz, DMSO-ds): 169.7,
167.1,151.2,135.2 (2C), 130.9, 129.2, 128.7, 126.1, 108.1, 61.0, 45.1, 43.3, 24.9, 23.4; HRMS
(ESI+) caled for C21H2sNsO2S (M+H)*" 453.1816, found 453.1816.

(2S)-2-{Bis[(pyridin-2-yl)methyl|]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-
1,2,4-triazol-4-yl)pentanoic acid (26). Purification by RP-HPLC (0.1% TFA in water/MeCN,
95:5 to 65:35 in 30 min). White powder, 63 mg (64%); UPLC-MS fr: 1.83 min; m/z (ES+)
475.3 (M+H"); 'H NMR (600 MHz, DMSO-ds): 13.89 (s, 1H), 8.74-8.73 (m, 2H), 8.07-8.06
(m, 2H), 7.63-7.47 (m, 9H), 5.15 (bs, 1H), 4.17-4.11 (m, 4H), 3.95-3.88 (m, 2H), 3.32-3.30 (m,
1H), 1.63-1.43 (m, 4H); *C NMR (151 MHz, DMSO-ds): 173.6, 167.1, 157.2, 151.1, 145.1,
141.3, 130.7, 129.0, 128.5, 126.1, 124.5, 123.9, 63.7, 55.1, 43.2, 26.3, 24.9; HRMS (ESI+)
caled for CosHa7N6O2S (M+H)* 475.1916, found 475.1913.

(2S)-2-{Bis[(pyridin-3-yl)methyl|]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-
1,2,4-triazol-4-yl)pentanoic acid (27). Purification by RP-HPLC (0.1% TFA in water/MeCN,
95:5 to 65:35 in 30 min). White powder, 53 mg (14%); UPLC-MS fr: 1.55 min; m/z (ES+)
475.3 (M+H"); 'H NMR (500 MHz, DMSO-ds): 13.97 (s, 1H), 12.82 (bs, 1H), 8.62-8.60 (m,
4H), 8.07-8.06 (m, 2H), 7.66-7.48 (m, 7H), 4.06-3.94 (m, 2H), 3.87-3.76 (m, 4H), 3.17-3.14
(m, 1H), 1.74-1.51 (m, 4H); >*C NMR (126 MHz, DMSO-ds): 173.3,167.1,151.2, 145.2, 144.2,
137.3, 130.8, 129.1, 128.6, 126.8, 126.2, 125.3, 61.9, 51.8, 43.4, 25.9, 24.8; HRMS (ESI+)
caled for CosHa7N6O2S (M+H)* 475.1916, found 475.1920.

(2S)-2-{Bis[(pyrazin-2-yl)methyl|]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-1H-
1,2,4-triazol-4-yl)pentanoic acid (28). Purification by RP-HPLC (0.1% TFA in water/MeCN,
80:20 to 50:50 in 30 min). White powder, 29 mg (25%); UPLC-MS #&: 1.16 min; m/z (ES+)
477.2 (M+H"); 'H NMR (500 MHz, DMSO-ds): 13.94 (s, 1H), 12.60 (bs, 1H), 8.50-8.42 (m,
6H), 7.62-7.46 (m, 9H), 4.07-3.97 (m, 2H), 3.96-3.87 (m, 4H), 3.29-3.26 (m, 1H), 1.81-1.53
(m, 4H); 13C NMR (126 MHz, DMSO-ds): 173.7, 167.2, 154.7, 151.2, 144.8, 143.8, 143.1,
130.8, 129.1, 128.5, 126.2, 63.1, 55.0, 43.4, 26.2, 24.9; HRMS (ESI+) calcd for C23H24NgO>S
(M+H)* 477.1821, found 477.1822.

(2S)-2-{Bis[(1,3-thiazol-4-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-
1H-1,2,4-triazol-4-yl)pentanoic acid (29). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 90:10 to 60:40 in 30 min). White powder, 68 mg (26%); UPLC-MS tr: 2.16 min;
m/z (ES+) 487.1 (M+H"); '"H NMR (500 MHz, DMSO-ds): 13.96 (s, 1H), 9.05 (s, 2H), 7.61-
7.49 (m, 7H), 4.10-3.89 (m, 6H), 3.37 (bs, 1H), 1.69-1.58 (m, 4H); *C NMR (126 MHz,
DMSO-ds): 172.8, 167.1, 154.5, 153.1, 151.3, 130.8, 129.1, 128.6, 126.2, 118.1, 61.9, 50.3,
43.4,25.7,24.9; HRMS (ESI+) calcd for C21H23N602S3 (M+H)" 487.1039, found 487.1041.

(2S)-2-{Bis[(1,3-thiazol-5-yl)methyl]amino}-5-(3-phenyl-5-sulfanylidene-4,5-dihydro-
1H-1,2,4-triazol-4-yl)pentanoic acid (30). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 95:5 to 65:35 in 30 min). White powder, 82 mg (73%); UPLC-MS #r: 2.31 min;
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m/z (ES+) 487.0 (M+H"); 'H NMR (500 MHz, DMSO-ds): 13.96 (s, 1H), 12.58 (bs, 1H), 9.02
(s, 2H), 7.74 (s, 2H), 7.64-7.51 (m, SH), 4.06-4.00 (m, 2H), 3.97 (d, J = 15.1 Hz, 2H), 3.83 97
(d, J = 15.0 Hz, 2H), 3.07 (t, J = 7.4 Hz, 1H), 1.71-1.61 (m, 1H), 1.52 (dd, J = 15.3, 7.6 Hz,
2H), 1.47-1.35 (m, 1H); 3C NMR (126 MHz, DMSO-ds): 173.3, 167.2, 154.7, 151.2, 141.3,
138.4, 130.9, 129.2, 128.2, 126.2, 60.6, 46.1, 43.3, 26.0, 25.2; HRMS (ESI+) caled for
Ca1H23N60,S3 (M+H)" 487.1039, found 487.1030.

(2S)-2-{[(1H-Imidazol-4-yl)methyl][(5-methyl-1H-imidazol-4-yl)methyl]amino}-5-(3-
phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (31). Purification
by RP-HPLC (0.1% TFA in water/MeCN, 100:0 to 70:30 in 30 min). White powder, 109 mg
(97%); UPLC-MS tr: 1.34 min; m/z (ES+) 467.2 (M+H"); '"H NMR (500 MHz, DMSO-ds):
14.34 (bs, 2H), 13.97 (s, 1H), 12.87 (bs, 1H), 9.00 (s, 1H), 8.93 (s, 1H), 7.63-7.48 (m, 6H),
4.00-3.91 (m, 2H), 3.81-3.67 (m, 4H), 3.11-3.08 (m, 1H), 2.13 (s, 3H), 1.61-1.41 (m, 4H); 13C
NMR (126 MHz, DMSO-ds): 173.3, 167.2, 151.2, 134.3, 133.1, 131.3, 130.8, 129.1, 128.5,
127.2, 126.2, 125.0, 117.1, 60.9, 44.2, 44.0, 43.1, 25.7, 24.7, 8.7; HRMS (ESI+) calcd for
C20H27NgO2S (M+H)" 467.1972, found 467.1992.

(2S)-2-{[(1H-Imidazol-4-yl)methyl][(3-methyl-imidazol-4-yl)methyl]amino}-5-(3-
phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (32). Purification
by RP-HPLC (0.1% TFA in water/MeCN, 100:0 to 70:30 in 30 min). White powder, 48 mg
(82%); UPLC-MS t#r: 1.35 min; m/z (ES+) 467.2 (M+H"); 'H NMR (500 MHz, DMSO-ds):
14.49 (bs, 1H), 13.99 (s, 1H), 12.91 (bs, 1H), 8.99 (s, 2H), 7.64-7.48 (m, 7H), 4.02-3.80 (m,
2H), 3.77-3.72 (m, 4H), 3.67 (s, 3H), 3.21-3.18 (m, 1H), 1.69-1.58 (m, 4H); 3C NMR (126
MHz, DMSO-ds): 173.1, 167.1, 151.2, 136.4, 134.6, 131.2, 130.8, 130.5, 129.1, 128.6, 126.2,
119.1, 118.0, 61.7, 44.5, 43.8, 43.3, 33.3, 25.8, 24.9; HRMS (ESI+) calcd for C22H27NgO2S
(M+H)* 467.1972, found 467.1969.

(2S)-2-{[(1H-Imidazol-2-yl)methyl][(1H-imidazol-4-yl)methyl|]amino}-5-(3-phenyl-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (33). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 91:9 to 61:39 in 30 min). White powder, 59 mg (58%);
UPLC-MS #r: 1.83 min; m/z (ES+) 453.2 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.27 (bs,
2H), 13.97 (s, 1H), 8.99 (s, 1H), 7.62-7.47 (m, 8H), 4.15-4.07 (m, 2H), 4.04-3.93 (m, 2H), 3.89-
3.81 (m, 2H), 3.22-3.19 (m, 1H), 1.68-1.53 (m, 4H); 3C NMR (126 MHz, DMSO-ds): 173.3,
167.1, 151.2, 145.3, 134.6, 130.8, 130.5, 129.1, 128.5, 126.2, 119.3), 117.6, 62.2, 45.7, 45.5,
43.3,26.2, 24.8; HRMS (ESI+) calcd for C21H25sNgO2S (M+H) " 453.1816, found 453.1828.

(2S5)-2-{[(1H-Imidazol-4-yl)methyl] [ (1 H-pyrazol-4-yl)methyl]amino}-5-(3-phenyl-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (34). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 95:5 to 65:35 in 30 min). White powder, 57 mg (52%);
UPLC-MS #r: 1.54 min; m/z (ES+) 453.1 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.22 (bs,
1H), 13.98 (s, 1H), 9.05 (s, 1H), 7.64-7.50 (m, 8H), 4.06-3.95 (m, 2H), 3.85-3.77 (m, 2H), 3.65-
3.57 (m, 2H), 3.20-3.18 (m, 1H), 1.74-1.49 (m, 4H); 3C NMR (126 MHz, DMSO-ds): 173.6,
167.1, 151.3, 134.3, 133.6, 131.9, 130.8, 129.1, 128.6, 126.2, 117.2 (2C), 116.7, 60.7, 44.7,
44.1, 43.5, 26.0, 24.8; HRMS (ESI+) calcd for C1H2sNsO.S (M+H)" 453.1816, found
453.1801.
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(2S)-2-{Benzyl|(1H-imidazol-4-yl)methyl|]amino}-5-(3-phenyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (35). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 90:10 to 60:40 in 30 min). White powder, 26 mg (34%); UPLC-MS tr: 2.16 min;
m/z (ES+) 463.0 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.13 (bs, 1H), 13.97 (s, 1H), 12.70
(bs, 1H), 8.97 (s, 1H), 7.61-7.21 (m, 10H), 4.02-3.92 (m, 2H), 7.78-3.70 (m, 4H), 3.08-3.06 (m,
1H), 1.74-1.46 (m, 4H); *C NMR (126 MHz, DMSO-ds): 173.4, 167.1, 151.3, 138.7, 134.3,
131.5, 130.8, 129.1, 128.6, 128.5, 128.3, 127.1, 126.2, 117.4, 61.2, 54.6, 44.6, 43.4, 26.1, 24.9;
HRMS (ESI+) calced for C24H27N602S (M+H)" 463.1911, found 463.1888.

(25)-2-{[(1H-Imidazol-4-yl)methyl] [(pyridin-2-yl)methyl]amino}-5-(3-phenyl-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (36). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 95:5 to 65:35 in 30 min). White powder, 44 mg (58%);
UPLC-MS tr: 1.49 min; m/z (ES+) 464.4 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.07 (bs,
1H), 13.96 (s, 1H), 8.97 (s, 1H), 8.51-8.50 (m, 1H), 7.83 (s, 1H), 7.62-7.45 (m, 7H), 7.36 (s,
1H), 4.02-3.80 (m, 6H), 3.21-3.19 (m, 1H), 1.71-1.52 (m, 4H); 3C NMR (126 MHz, DMSO-
ds): 173.6, 167.1, 158.2, 158.0, 151.1, 134.3, 131.2, 130.8, 129.1, 128.5), 126.2, 123.2, 122.9,
117.5, 62.3, 55.3, 45.4, 43.4, 26.3, 24.9; HRMS (ESI+) calcd for C23H26N70,S (M+H)*
464.1869, found 464.1870.

(25)-2-{[(1H-Imidazol-4-yl)methyl] [(pyridin-3-yl)methyl]amino}-5-(3-phenyl-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (37). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 95:5 to 65:35 in 30 min). White powder, 24 mg (24%);
UPLC-MS #r: 1.45 min; m/z (ES+) 464.4 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.33 (bs,
1H), 13.98 (s, 1H), 12.84 (bs, 1H), 8.97 (s, 1H), 8.63-8.62 (m, 2H), 7.63-7.60 (m, 1H), 7.56-
7.46 (m, 7H), 4.04-3.94 (m, 2H), 3.87-3.72 (m, 4H), 3.17-3.14 (m, 1H), 1.74-1.51 (m, 4H); 3C
NMR (126 MHz, DMSO-ds): 173.3, 167.1, 151.2, 145.7, 144.8, 140.4, 134.4, 131.0, 130.8,
129.1, 128.5,126.8, 126.2, 124.1, 117.7, 61.7, 51.8, 44.9, 43.4, 26.1, 24.8; HRMS (ESI+) calcd
for C23H26N702S (1\/[+H)+ 464.1869, found 464.1870.

(25)-2-{[(1H-Imidazol-4-yl)methyl][(pyrazin-2-yl)methyl]amino}-5-(3-phenyl-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (38). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 90:10 to 60:40 in 30 min). White powder, 27 mg (32%);
UPLC-MS #z: 1.71 min; m/z (ES+) 465.3 (M+H"); '"H NMR (600 MHz, DMSO-ds): 14.09 (bs,
1H), 13.92 (s, 1H), 12.69 (bs, 1H), 8.93 (s, 1H), 8.60 (s, 1H), 8.47 (s, 2H), 7.63-7.47(m, 5H),
7.44 (s, 1H), 4.04-3.79 (m, 6H), 3.24-3.22 (m, 1H), 1.75-1.52 (m, 4H); 3C NMR (151 MHz,
DMSO-ds): 173.4, 167.1, 154.5, 151.1, 144.5, 143.6, 143.1, 134.3, 131.1, 130.7, 129.0, 128.5,
126.1, 117.6, 62.5, 54.4, 45.8, 43.4, 26.2, 24.8; HRMS (ESI+) calcd for C22H24N30,S (M+H)*
465.1816, found 465.1809.

(2S)-2-{[(1H-Imidazol-4-yl)methyl][(1,3-thiazol-4-yl)methyl]amino}-5-(3-phenyl-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (39). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 90:10 to 60:40 in 30 min). White powder, 33 mg (36%);
UPLC-MS #r: 1.83 min; m/z (ES+) 470.2 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.07 (bs,
1H), 13.96 (s, 1H), 12.64 (bs, 1H), 9.00-8.98 (m, 2H), 7.62-7.54 (m, 3H), 7.49-7.45 (m, 4H),
4.03-3.90 (m, 4H), 3.84 (s, 2H), 3.20 (t, J = 7.1, 14.3 Hz, 1H), 1.73-1.48 (m, 4H); *C NMR
(126 MHz, DMSO-ds): 173.7, 167.1, 155.00, 154.0, 151.2, 134.3, 131.7, 130.8, 129.1, 128.6,
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126.2, 117.2, 116.4, 61.8, 50.4, 45.0, 43.4, 26.2, 24.9; HRMS (ESI+) caled for C21HasN70,S,
(M+H)" 470.1427, found 470.1442.

(2S)-2-{[(1H-Imidazol-4-yl)methyl][(1,3-thiazol-5-yl)methyl]amino}-5-(3-phenyl-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (40). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 90:10 to 60:40 in 30 min). White powder, 20 mg (17%);
UPLC-MS tr: 1.77 min; m/z (ES+) 470.1 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.13 (bs,
1H), 13.97 (s, 1H), 12.75 (bs, 1H), 8.98-8.96 (m, 2H), 7.71 (s, 1H), 7.71-7.50 (m, 5H), 7.40 (s,
1H), 4.07-3.88 (m, 4H), 3.78 (s, 2H), 3.19 (t, J = 7.2, 14.3 Hz, 1H), 1.72-1.49 (m, 4H); *C
NMR (126 MHz, DMSO-ds): 173.5, 167.1, 154.3, 151.3, 141.6, 137.9, 134.3, 131.2, 130.8,
129.1, 128.6, 126.2, 117.4, 61.9, 46.5, 44.8, 43.4, 26.2, 25.0; HRMS (ESI+) calcd for
C21H24N702S2 (M+H)* 470.1427, found 470.1438.

(2S)- 5-(3-{[1,1’-Biphenyl]-3-yl}--5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)-2-
{bis[(1H-imidazol-4-yl)methyl]amino}pentanoic acid (41). Purification by RP-HPLC (0.1%
TFA in water/MeCN, 95:5 to 55:45 in 35 min). White powder, 41 mg (55%); UPLC-MS tr:
1.88 min; m/z (ES+) 529.2 (M+H"); '"H NMR (500 MHz, DMSO-ds): 14.30 (bs, 2H), 14.04 (s,
1H), 12.84 (bs, 1H), 9.00 (s, 2H), 7.95-7.87 (m, 2H), 7.72-7.41 (m, 9H), 4.07-4.01 (m, 2H),
3.79 (s, 4H), 3.25-3.22 (m, 1H), 1.78-1.51 (m, 4H); '*C NMR (126 MHz, DMSO-ds): 173.4,
167.2,151.1,141.0, 139.0, 134.4, 131.0, 129.7, 129.1, 129.0, 128.1, 127.5, 126.9, 126.7, 117.5,
61.3, 44.6, 43.4, 26.0, 24.8; HRMS (ESI+) calcd for C27H29NgO,S (M+H)* 529.2129, found
529.2115.

(2S)-2-{Bis[(1H-imidazol-4-yl)methyl]amino}-5-[3-(naphthalen-2-yl)-5-sulfanylidene-
4,5-dihydro-1H-1,2,4-triazol-4-yl|pentanoic acid (42). Purification by RP-HPLC (0.1% TFA
in water/MeCN, 90:10 to 60:40 in 30 min). White powder, 94 mg (26%); UPLC-MS tr: 1.68
min; m/z (ES+) 503.2 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.39 (bs, 2H), 14.06 (s, 1H),
12.86 (bs, 1H), 8.97 (s, 2H), 8.26 (s, 1H), 8.03-7.97 (m, 3H), 7.74-7.60 (m, 3H), 7.49 (s, 2H),
4.17-4.06 (m, 2H), 3.75 (s, 4H), 3.22-3.19 (m, 1H), 1.74-1.50 (m, 4H); *C NMR (126 MHz,
DMSO-ds): 173.4, 167.3, 151.1, 134.4, 133.4, 132.4, 130.9, 128.8, 128.5, 128.4, 127.9, 127.8,
127.2, 125.0, 123.5, 117.5, 61.3, 44.5, 43.4, 26.1, 24.8; HRMS (ESI+) caled for C2sH27Ng02S
(M+H)* 503.1972, found 503.1967.

(25)-5-(3-Benzyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl)-2-{bis[ (1 H-
imidazol-4-yl)methyl]amino}pentanoic acid (43). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 90:10 to 60:40 in 30 min). White powder, 100 mg (29%); UPLC-MS #: 0.88
min; m/z (ES+) 467.3 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.42 (bs, 2H), 13.64 (s, 1H),
12.93 (bs, 1H), 9.06 (s, 2H), 7.60 (s, 2H), 7.32-7.18 (m, 5H), 4.08 (s, 2H), 3.91-3.76 (m, 6H),
3.11-3.08 (m, 1H), 1.65-1.18 (m, 4H); *C NMR (126 MHz, DMSO-ds): 171.7, 164.9, 149.5,
133.4,132.7,129.3,127.0, 125.3, 115.9, 59.8, 43.0, 41.1, 29.1, 24.5, 22.9; HRMS (ESI+) calcd
for C»H27Ng02S (M+H)" 467.1972, found 467.1975.

(2S)-2-{Bis[(1 H-imidazol-4-yl)methyl]amino}-5-{|3-[(naphthalen-2-yl)methyl]-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-yl}pentanoic acid (44). Purification by RP-
HPLC (0.1% TFA in water/MeCN, 90:10 to 60:40 in 30 min). White powder, 120 mg (64%);
UPLC-MS #: 1.00 min; m/z (ES+) 517.2 (M+H"); 'TH NMR (500 MHz, DMSO-ds): 14.34 (bs,
2H), 13.65 (s, 1H), 12.83 (bs, 1H), 9.02 (s, 2H), 7.87-7.83 (m, 2H), 7.78 (s, 1H), 7.54 (s, 2H),
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7.49-7.47 (m, 2H), 7.37-7.35 (m, 1H), 4.24 (s, 2H), 3.86-3.76 (m, 6H), 3.07-3.04 (m, 1H), 1.67-
1.28 (m, 4H); 13C NMR (126 MHz, DMSO-d): 173.4,166.7,151.2,134.4, 132.9, 132.6, 132.0,
131.0, 128.3, 127.5,127.3, 127.0, 126.4, 126.0, 117.5, 61.5, 44.6,42.9, 31.0, 26.1, 24.7, HRMS
(ESI+) caled for C26H2oNsO2S (M+H)™ 517.2129, found 517.2139.

(2S)-2-{Bis[(1H-imidazol-4-yl)methyl]amino}-5-(3-cyclohexyl-5-sulfanylidene-4,5-
dihydro-1H-1,2,4-triazol-4-yl)pentanoic acid (45). Purification by RP-HPLC (0.1% TFA in
water/MeCN, 95:5 to 65:35 in 30 min). White powder, 37 mg (46%); UPLC-MS #r: 1.56 min;
m/z (ES+) 459.2 (M+H"); 'H NMR (500 MHz, DMSO-ds): 14.32 (bs, 2H), 13.54 (s, 1H), 9.04
(s, 2H), 7.60 (s, 2H), 3.95-3.80 (m, 6H), 3.32-3.29 (m, 1H), 2.64-2.60 (m, 1H), 1.78-1.22 (m,
14H); 3C NMR (126 MHz, DMSO-ds): 173.0, 165.9, 156.0, 134.5, 131.2, 117.5, 61.7, 44.8,
42.4, 33.9, 30.9, 26.3, 25.4, 25.3, 25.2; HRMS (ESI+) calcd for C21H31NgO>S (M+H)*
459.2285, found 459.2283.

Metallo-B-Lactamase inhibition assays. The inhibition potency of the compounds toward
VIM-type enzymes, NDM-1 and IMP-1 has been assessed with a reporter substrate method and
specifically by measuring the rate of hydrolysis of the reporter substrate (such as 150 pM
imipenem, 150 pM meropenem, 120 uM cefotaxime or 100 uM nitrocefin) at 30 °C in 50 mM
HEPES buffer (pH 7.5) in the absence and presence of several concentrations of the inhibitor
(final concentration, 0.5-1,000 pM).

The reaction rate was measured as the variation of absorbance observed upon substrate
hydrolysis in a UV-Vis spectrophotometer or microplate reader at a wavelength of 300 nm
(imipenem, meropenem), 260 nm (cefotaxime), or 482 nm (nitrocefin) and in the presence of a
purified MBL enzyme (such as VIM-1, VIM-2, VIM-4, NDM-1, and IMP-1, at a final
concentration ranging from 1-70 nM).

The inhibition constants (K;) were determined on the basis of a model of competitive inhibition
by analysing the dependence of the ratio vo/vi (vo, hydrolysis velocity in the absence of inhibitor;
vi, hydrolysis velocity in the presence of inhibitor) as a function of [I] as already described.¢!
The slope of the plot of vo/vi vs [1], which corresponds to KmS/( Km® + [S])K; (Where Kn® is the
Km value of the reporter substrate and [S] its concentration in the reaction mixture) and allowed
the calculation of the K; value. Alternatively, a Dixon plot analysis was carried out by measuring
the initial hydrolysis rates in the presence of variable concentrations of inhibitor and substrate.
This allowed K; values to be determined and supported the hypothesis that the various
compounds behaved as competitive inhibitors of the various tested enzymes. The assays were

performed in triplicate.

Microbiological assays. The minimum inhibitory concentrations (MICs) of meropenem
(MEM) were determined in triplicate using cation-supplemented Mueller-Hinton broth and a

bacterial inoculum of 5 x 10* CFU/well, as recommended by the CLSL% in both the absence
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and presence of a fixed concentration (32 pg/ml) of an inhibitor. MDR VIM-1- or VIM-4-
producing K. pneumoniae, VIM-2-producing P. aeruginosa and NDM-1-producing E. coli
clinical isolates present in our collection (respectively, 7023, VA-416/02, VA-182/00, and SI-
004) were used. Compound 8 activity was also evaluated on additional strains from the
MicrobiH,Omme Collection in Montpellier: the clinical VIM-1-producing P. aeruginosa
ARS243 and the environmental VIM-4-producing P. aeruginosa FAPLB64 isolated from an
urban river (Font d’Aurelle) in Montpellier (France). The chequerboard analysis and the
determination of the average Fractional Inhibitory Concentration (FIC) index were carried out

and interpreted as previouslydescribed.®3-64

Cell toxicity: membrane integrity assay. The potential cytotoxic activity of compounds
was evaluated using the commercially available integrity assay (CytoTox 96® non-radioactive
cytotoxicity assay, Promega). The compounds were tested for their ability to induce the lysis
of HeLa cells by measuring the release of lactate dehydrogenase (LDH) after incubating the
HeLa cell cultures (20,000 cells/well) for 24h (37 °C, 5% CO2) in DMEM (Dulbecco’s
Modified Eagle Medium) supplemented with 10% fetal bovine serum, 4.5 mg/mL glucose and
2 mM L-glutamine in the absence and presence of varying concentrations of the compounds
(up to 250 uM). Further controls included samples containing the medium only or in which cell
lysis was induced by the addition of 9% Triton X-100 (maximum LDH release control). The
percentage of cytotoxicity was computed as 100 x (sample LDH release)/(maximum LDH
release). The variation of the percentage of cytotoxicity allowed to compute an ICso value

(compound concentration inducing 50% cytoxicity).

Equilibrium dialysis and native state electrospray ionization mass spectrometry. These
studies have been performed on compounds 8, 26, 27 and 30 following published procedures.>
Recombinant VIM-2 and NDM-1 used in these experiments were prepared as described in the

Supplementary Information part.

Metal analyses and equilibrium dialysis. Previously published procedures were used for the
metal analyses and equilibrium dialysis experiments.>® In brief, The Zn! content of purified
VIM-2 and NDM-1 was determined using an atomic absorption spectrometer (AA,
PerkinElmer PinAAcle 500). The emission wavelength was set to 213.86 nm.® The VIM-2 and
NDM-1 samples were diluted to 3 uM with 50 mM HEPES, pH 7.5 and dialyzed overnight
against 50 mM HEPES, pH 7.5, containing 2 mM Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP) and 6 uM ZnCl,. A calibration curve was generated using serial dilutions

of the FisherBrand zinc metal standard.
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VIM-2 and NDM-1 (final concentration 3 uM), in 5 mL of 50 mM HEPES, pH 7.5,
were mixed with the compound of interest at concentrations from 0 to 48 pM. The samples
were incubated on ice for 1 h and then dialyzed separately versus 500 mL of 50 mM HEPES,
pH 7.5, at 4 °C overnight (dialysis tubing MWCO 12,000-14,000, Fisherbrand). The Zn(II)

content in the mixtures was determined using AA as described above.

Native state electrospray ionization mass spectrometry (native MS). NanoESI-MS analysis was
used to confirm the mechanism of inhibition of selected inhibitors following a previously
published procedure.>® TCEP (final concentration 2 mM) and 2 equivalents ZnCl, (from a 0.1
M ZnCl; stock) were added to purified VIM-2 and NDM-1 (150 uM). The samples were
incubated for 1 h and dialyzed overnight against 100 mM ammonium acetate, pH 7.5. To
analyze samples, a nano-electrospray ionization (n-ESI) probe (Thermo Fisher Scientific, San
Jose, CA, USA) with positive mode protein detection was used on a Thermo Scientific LTQ
Orbitrap XL™ hybrid ion trap-orbitrap mass spectrometer. The following were the major
parameters used: capillary temperature, 180 °C; sheath gas, 0; auxiliary gas, 0; sweep gas, 0;
spray voltage, 1.1-1.9 kV; tube-lens, 150 V; capillary voltage, 35 V; full scan ranging 1,000-
4,000 (m/z); and resolution set to 30,000. The automated gain control was set as follows: full
scan, 3 x 10%; selected ion monitoring (SIM), 1 x 10% and MS", 1 x 10*. The zoom for the ion
trap was set as follows: full scan, 3 x 10%; SIM, 1 x 10°; and MS", 1 x 10° for Fourier-transform.
The nESI source was equipped with an offline unit (Cat# ES260), which was constructed based
on previously published work.>? To construct the source, a platinum wire (0.25 mm diameter)
was inserted into the center of the offline unit. The glass capillaries (inner tip diameter 0.8 mm,
outer tip diameter 1.5 mm) were produced in-house using a micropipette puller (model P-87
Flaming/Brown Micropipette Puller, Sutter Instrument Inc., USA) (inner tip diameter after
pulling ~1 pm). Using an infusion syringe (Thermo Scientific, USA), a 5 pL sample was loaded
into the pulled glass capillary. The platinum wire was then inserted into the center of the
capillary and the capillary position was adjusted to approximately 3 mm away from the MS

inlet.

Isothermal calorimetry (ITC) of compound binding to VIM-2 and NDM-1. ITC
titrations were performed as previously described*! on a MicroCal ITC200 (GE-Malvern)
equipped with a 200 uLL Hastelloy sample cell and an automated 40 pL glass syringe rotating
at 1000 rpm. VIM-2 and NDM-1 in 10 mM HEPES-NaOH, 0.15 M NaCl, pH 7.5 were diluted
to the desired concentration with the same buffer and were brought to DMSO concentration

identical to that of the injected compound. The tested compounds were solubilized in DMSO
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at 20 mM concentration and were diluted to 200 uM with the enzyme buffer, resulting in a final

DMSO concentration of 1%.

In a standard experiment, VIM-2 or NDM-1 (19 uM) was titrated by one initiating injection
(0.5 uL) followed by 19 injections (2 pnL) of compound 8 or 26 (200 uM) at an interval of 150
s. Dilution heat of compound injections into buffer, at the corresponding DMSO concentration,
were subtracted from raw data. The data so obtained were fitted via the non-linear least squares
minimization method to determine binding stoichiometry (), association constant (Ka), and
change in enthalpy of binding (4H) using ORIGIN 7 software v.7 (OriginLab). In the fitting
procedure, the compound concentration was lowered in order to provide n around 1 and to take
compound solubility into account under ITC conditions. The Gibbs free energy of binding,
AG®, was calculated from Ka (4G = -RT In K,) and the entropic term, TAS®, was derived
from the Gibbs-Helmbholtz equation using the experimental AH® value (AG® = AH® - TAS®).

X-Ray crystallography with VIM-2. VIM-2 B-lactamase was expressed and purified
following established protocols.®!%¢ Crystals of the enzyme were obtained using the sitting drop
vapour diffusion method®” at room temperature as described elsewhere.%!:°668 The complex with
compound 8 was obtained by the soaking technique,®’” by adding 1 uL of compound solution (5
mM, solubilized in a 1:9 molar ratio DMSO/PEG400 mixture), in the crystallization drop.
Crystals were flash-frozen in liquid nitrogen after 15 min exposure. Diffraction data were
collected at 100 K using synchrotron radiation at the Diamond Light Source (DLS, Oxfordshire,
UK) beamline 104, equipped with a Eiger2 XE 16M detector. Reflections were integrated using
XDS® and scaled with Scala™ from the CCP4 suite.”! The structure was solved by the
molecular replacement technique as implemented in MOLREP’? and the structure of VIM-2
(PDB code 70VF?7) was used as search model (excluding non-protein atoms and solvent
molecules). The model was refined using REFMAC573 from the CCP4 suite. The molecular
graphic software Coot’* was used for visual inspection and manual rebuilding of missing atoms
in the protein model. The inspection of the Fourier difference map clearly evidenced the
presence of 8 inside the catalytic cavity of the enzyme that was modelled accordingly. The
occupancy of zinc ions and exogenous ligands (inhibitor and acetate anions) was adjusted and
refined to values resulting in atomic displacement parameters close to those of neighbouring
protein atoms in fully occupied sites. The final model was manually inspected and validated
with Coot and Procheck.” Structural figures were generated using the molecular graphic
software CCP4mg.’ Data collection, processing and model refinement statistics are

summarized in Table S1 of the Supporting Information. Final coordinates and structure factors
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for the VIM-2/8 complex were deposited in the Protein Data Bank (https://www.rcsb.org/)
under the code 8A4M.

X-Ray crystallography with NDM-1.

NDM-1 production, purification and crystallization in complex with inhibitors. NDM-1 protein
without signal peptide (28—270, UniProtKB C7C422) was recombinantly produced and purified
as previously described.”” For crystallization purposes, a final size exclusion chromatography
purification step has been introduced (Superdex 75 26/60, Cytiva, in 20 mM HEPES, 100 mM
NaCl, pH 7.0).

Purified NDM-1 was concentrated to 60 mg/mL and submitted to sitting-drop isothermal vapor
diffusion crystallization at 293 K. 1.2 pL drops were incubated by mixing an equal volume of
protein and precipitant buffer (0.1 M HEPES, 0.1 M Mops, pH 7.5, 0.03 M MgCl,-6H>0, 0.03
M CaCl»-2H;0, 12.5% v/v MPD, 12.5% PEG 1000, 12.5% w/v PEG 3350) and optimized by

microseeding.

NDM-1 crystals were soaked for 24-72 hours in 5 mM solutions of inhibitors 8 (JMV7061) and
26 (JMV7475), dissolved in 0.1 M HEPES, 0.1 M Mops, pH 7.5, 0.05 M NacCl, 5% v/v DMSO,
12.5% v/v MPD, 12.5% PEG 1000, 12.5% w/v PEG 3350. Crystals were cryo-protected adding
20% v/v Ethylene Glycol to the precipitant solution before freezing in liquid nitrogen.

Structure building and refinement. X-ray diffraction data were collected at the ESRF (European
Synchrotron Radiation Facility, Grenoble, France) and analyzed by the available automated
processing pipelines for space group determination and reflections indexing. Data reduction
was performed by Aimless (CCP4i2 interface’®). Molecular replacement was carried out by
Molrep, using PDB 6TGD as a template. Initial model has been adjusted both by manual and
automated structure refinement, the latter carried out either by Refmac5 or Refine software
(CCP4i2 and Phenix interface’>’®). The presence of metal ions has been verified by anomalous
maps. Two strong peaks in the catalytic pocket at values higher than 20 sigma were evidenced
in the maps of the complex between NDM-1 and 26, confirming the presence of the two
catalytic and highly conserved Zn atoms in both chains of the asymmetric unit (a.s.u.). Satellite
weaker peaks were observed in correspondence to side sites, previously characterized as
calcium sites”’ and most likely due to crystallization conditions. On the contrary, no significant
peaks were identified in the maps of NDM-1 crystals treated with 8, as a consequence of metal

stripping by the compound.
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Compound 26 was detected by difference maps and its stereochemical description was built by
AceDRG.” No ligand was detectable in the maps of NDM-1 complexes incubated with

compound 8, in agreement with the metal chelating activity of the latter.
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ADME, Absorption, Distribution, Metabolism, excretion; AMR, antimicrobial resistance; Boc,
tert-Butyloxycarbonyl; CFU, colony-forming unit; CLSI, Clinical and Laboratory Standards
Institute; DMF, dimethylformamide; DMSO, dimethylsulfoxide; DPT, di(2-pyridyl)
thionocarbonate; ESBL, extended-spectrum [-lactamase; HEPES, 4-(2-Hydroxyethyl)-1-
piperazine-ethanesulfonic acid; HeLa, tumoral cells from Henrietta Lacks; /m, imidazole; IMP,
imipenemase; I/7C, IsoThermal Calorimetry; KPC, Klebsiella pneumoniae Carbapenemase;
LC-MS, liquid chromatography coupled to mass spectrometry; LDH, Lactate DeHydrogenase;
MBL, metallo-pB-lactamase; MDR, multidrug resistant; MEM, Meropenem; MIC, Minimum
Inhibitory Concentration; Mops, 4-Morpholinopropane sulfonate; NDM, New Delhi Metallo-
B-lactamase; OXA, oxacillinase; PDB, Protein Data Bank; Pyr, pyridine; RP-HPLC, reverse

phase High Presure Liquid Chromatography; SBL, serine-B-lactamase; TCEP, Tris (2-
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carboxyethyl) phosphine; TFA, trifluoroacetic acid; VIM, Verona Integron-borne Metallo-p3-
lactamase; WHO, World Health Organization; XDR, extremely drug resistant.
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