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A B S T R A C T   

In Gram-negative bacteria, the major mechanism of resistance to β-lactam antibiotics is the production of one or 
several β-lactamases (BLs), including the highly worrying carbapenemases. Whereas inhibitors of these enzymes 
were recently marketed, they only target serine-carbapenemases (e.g. KPC-type), and no clinically useful in
hibitor is available yet to neutralize the class of metallo-β-lactamases (MBLs). We are developing compounds 
based on the 1,2,4-triazole-3-thione scaffold, which binds to the di-zinc catalytic site of MBLs in an original 
fashion, and we previously reported its promising potential to yield broad-spectrum inhibitors. However, up to 
now only moderate antibiotic potentiation could be observed in microbiological assays and further exploration 
was needed to improve outer membrane penetration. Here, we synthesized and characterized a series of com
pounds possessing a diversely functionalized alkyl chain at the 4-position of the heterocycle. We found that the 
presence of a carboxylic group at the extremity of an alkyl chain yielded potent inhibitors of VIM-type enzymes 
with Ki values in the μM to sub-μM range, and that this alkyl chain had to be longer or equal to a propyl chain. 
This result confirmed the importance of a carboxylic function on the 4-substituent of 1,2,4-triazole-3-thione 
heterocycle. As observed in previous series, active compounds also preferentially contained phenyl, 2-hy
droxy-5-methoxyphenyl, naphth-2-yl or m-biphenyl at position 5. However, none efficiently inhibited NDM-1 
or IMP-1. Microbiological study on VIM-2-producing E. coli strains and on VIM-1/VIM-4-producing multidrug- 
resistant K. pneumoniae clinical isolates gave promising results, suggesting that the 1,2,4-triazole-3-thione 
scaffold worth continuing exploration to further improve penetration. Finally, docking experiments were per
formed to study the binding mode of alkanoic analogues in the active site of VIM-2.   

1. Introduction 

The development and spread of bacteria resistant to antibiotics have 
become a very serious threat to public health [1]. Because bacterial 

resistance reached alarming levels, academics, pharmaceutical in
dustries and governments are urgently implementing a global response 
to resolve this crisis. In this context, WHO has recently established a 
“global priority list of antibiotic-resistant bacteria” to fight [2]. The first 
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and critical priority concerns multi- to extremely-drug resistant Gram- 
negative opportunistic pathogens (i.e. Acinetobacter baumannii, Pseudo
monas aeruginosa and Enterobacteriaceae like Klebsiella pneumoniae and 
Escherichia coli), which are resistant to carbapenems, considered last 
resort antibiotics in the hospital, and to late-generation cephalosporins. 
These drugs belong to the family of β-lactam antibiotics, the most widely 
used group of antibacterial agents. 

The most relevant resistance mechanism to β-lactam antibiotics is the 
production of enzymes called β-lactamases, which inactivate them via 
hydrolysis of their β-lactam ring [3–6]. β-Lactamases are divided into 
classes A, B, C, and D [7], according to their primary and tertiary 
structures, and their catalytic mechanism. Classes A, C and D are serine 
hydrolases, which show a heterogeneous substrate profile, mainly con
cerning penicillins and cephalosporins. But few of them (e.g. the class A 
KPC- and the class D OXA-48-type enzymes) also inactivate carbape
nems. By contrast, class B enzymes, called metallo-β-lactamases (MBLs) 
because they use one or two Zn atom(s) for catalysis, are all efficient 
carbapenemases, often characterized by a broad substrate profile, 
including penicillins and cephalosporins. MBLs are subdivided into 
subclasses B1, B2, and B3, based on structural features [8]. Among these, 
the most clinically relevant enzymes are di-zinc MBLs belonging to 
subclass B1 (e.g. VIM-, NDM-, and IMP-types). MBLs are produced by 
those Gram-negative bacteria belonging to the WHO first priority list, 
which are responsible of life-threatening nosocomial infections. In 
addition, although initially spreading in the hospital setting, MBL- 
producing isolates are now increasingly causing community-acquired 
infections [9]. Due to the global dissemination of MBL-producing iso
lates, these enzymes are major therapeutic targets [10]. 

Inhibiting β-lactamases to protect β-lactam drugs is a well-known 
approach and several β-lactamase inhibitors are currently marketed (e. 
g. clavulanate, tazobactam, avibactam, vaborbactam) [11]. However, 
they only target some serine-β-lactamases (SBLs) [12]. Two MBL in
hibitors are under clinical development (phase III trials for tani
borbactam, phase I for QPX7728) [13–16], and only few other 
compounds are promising [17–19]. In fact, one major difficulty is the 
existence of numerous MBLs showing subtle differences in their active 
sites and the discovery of a broad-spectrum inhibitor is a true challenge 
[12,20,21]. In addition, most inhibitors typically possess a zinc- 
coordinating group, therefore presenting a potential risk to inhibit 
important human metallo-enzymes [22]. 

Among numerous reported families of MBL inhibitors, the largest one 
possesses a thiol group [e.g. [23–25]], which was also largely used to 
inhibit human metallo-peptidases (e.g. captopril). The consequence is a 
high risk for insufficient selectivity. Another important family contains 
compounds with at least two carboxylate groups, another well-known Zn- 
ligand, such as succinate [26] or dipicolinate [27] analogues, or as 
aspergillomarasmine [28], whose inhibition mechanism at least partially 
involves zinc removal [29]. Insufficient selectivity is also a potential 
limitation for these compounds [30]. Another Zn-chelating MBL inhibi
tor, Zn148, was also recently reported [31]. Finally, bicyclic boronates, 
such as taniborbactam and QPX7728, are currently the most promising 
candidates [14,15,32,33], being inhibitors of both MBLs and SBLs. 

In this context, we are developing MBL inhibitors using the 1,2,4-tri
azole-3-thione scaffold as an original and promising ligand for the di- 
zinc active sites of these enzymes [34,35]. Otto Dideberg’s group pre
viously identified the binding mode of the 4-amino-5-subtituted 
analogue IIIA (Fig. 1) in the di-zinc subclass B3 MBL L1 [36]. The 
compound simultaneously bound to the two Zn ions through two atoms 
of its heterocyclic moiety (N2 for Zn1 and S3 for Zn2). A similar binding 
was more recently established for the di-zinc subclass B1 MBLs VIM-2 
[37,38] and NDM-1 [39]. It is also noticeable that several other 
studies, including random in silico and experimental screenings, iden
tified this heterocycle as a potential scaffold for the inhibition of IMP-1 
[40], VIM-2 [37] and NDM-1 [41]. Compared to other zinc-binding 
groups, the specific behaviour of the 1,2,4-triazole-3-thione moiety 
should favour selectivity toward human metallo-enzymes, which are 
mainly mono-zinc. 

After Dideberg’s study [36], we launched an extensive exploration of 
the 1,2,4-triazole-3-thione scaffold. We first reported a series of IIIA- 
based analogues (Fig. 1), diversely substituted at position 5 and 
substituted or not at position 4 by a NH2 group [42]. Activities were 
generally modest, but few compounds displayed micromolar and broad- 
spectrum inhibition against a panel of representative MBLs, including 
VIM-2, NDM-1 and IMP-1. However, no compound showed activity in 
microbiological assays. This structure–activity relationship study yiel
ded valuable information about the most favourable substituents at 
position 5. These results were confirmed with a series of Schiff base 
analogues diversely substituted at positions 4 and 5 (Fig. 1) [38]. In 
addition, the presence of an aryl substituent at position 4 linked to the 
heterocycle by a hydrazone-like bond led to the discovery of more 
potent compounds with a broad spectrum of inhibition. In particular, 
several favourable aryl groups including an o-benzoic group were 
identified. Another series of molecules possessing a hydrazine-like bond 
(i.e. corresponding to the reduced form of Schiff base analogues, Fig. 1) 
yielded similar inhibitory activities although of lower impact [43]. 
However, again, only limited antibiotic potentiation was obtained in 
microbiological assays. These results were mainly explained by a poor 
bacteria outer membrane penetration. To try to solve this issue, we 
continued to explore other types of substituents at position 4 of the 
triazole ring and undertook the synthesis of analogues where the 
hydrazone- or hydrazine-like function was replaced by alkyl linkers. 

We herein report on a new series of 1,2,4-triazole-3-thione com
pounds where the position 4 was substituted by diversely functionalized 
alkyl chains (Fig. 1). The main results were the restriction of the inhi
bition spectrum to VIM-type enzymes compared to previous series of 
analogues but with compounds showing promising activity in microbi
ological assays, including against MBL-producing clinical isolates. 

2. Results and discussion 

2.1. Synthesis 

All compounds were prepared according to [44]. The hydrazide 
precursor of substituent at position 5 was first obtained in two steps from 

Fig. 1. Structure of compound IIIA [36,42], JMV4690, a representative Schiff base analogue [38], the reduced analogues [43] and synthesized 4-alkyl analogues (R1 

= (hereto)aryl-(CH2)n- with n = 0–2; R2 
= alkyl functionalized or not). 
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the corresponding carboxylic acid. Then, the alkylamines R2-NH2, either 
commercially available or prepared as described in Supporting Infor
mation, were treated with DPT (dipyridylthionocarbonate) to yield the 
intermediate isothiocyanates, which were directly reacted with hydra
zides to form the thiosemicarbazide derivatives. Their basic treatment 
yielded the expected 1,2,4-triazole-3-thione compounds. Specific syn
thetic steps carried out for the preparation of several compounds are 
presented in Scheme 2. The hydroxamate 4 was prepared by coupling 3 
to O-trityl-hydroxylamine, followed by trityl removal in acidic condi
tions. Compound 8 was obtained from the Boc-protected precursor and 
was reacted with: (i) benzoyl chloride and p-tosyl-chloride to yield 
compounds 9 and 12, respectively; (ii) DPT as described in Scheme 1, 
followed by condensation with benzhydrazide and hot basic treatment 
to give the di-triazole-thione compound 15; (iii) phthalic anhydride in 
refluxing pyridine to yield the phthalimide 10, which was opened in 
basic conditions to afford 11. Compound 38 was obtained from 39 
through Boc removal (the same was performed for 36 from 37) and was 
condensed to phenylisocyanate to yield the urea 40. 

2.2. Evaluation of inhibitory potency toward purified MBLs 

Compounds were tested against five representative MBLs, the sub
class B1 enzymes VIM-2, VIM-4, NDM-1 and IMP-1, and the subclass B3 
L1. Few compounds were also tested against VIM-1. Initially, testing was 
performed at one concentration (100 or 200 μM) and Ki values were 
measured for compounds showing significant inhibition (typically >
75%). As all compounds evaluated against L1 were no or low inhibitors 
(<50% inhibition at 100 μM) of this enzyme, we chose to not include 
these results in the Tables. 

The results obtained for a first series of 19 compounds are presented 
in Table 1. In this series, all compounds possessed a phenyl ring at po
sition 5 and differed by the alkyl substituent at position 4, itself possibly 
carrying additional substituents. Two compounds (1 and 2) contained a 
non-functionalized saturated alkyl chain, while others displayed diverse 
functional groups such as carboxyl (3), hydroxamate (4), alcohol (5, 6), 
sulfonic (7), amine (8, 14), amide (9–11, 16), sulphonamide (12), urea 
(13), azide (17), sulfonyl (18) and unsaturated alkyl chain (19). In 
particular, compounds 9–14 were derivatives of the amine 8. Finally, 
compound 15 can be considered as a dimeric 5-phenyl-1,2,4-triazole-3- 
thione where the two monomers were linked by an ethylene group at 
their 4-position. Overall, most compounds showed poor or no inhibition 
towards any MBL tested. In particular, NDM-1 and IMP-1 were not 
significantly inhibited by any compound with the exception of com
pound 1, which showed a Ki of around 30 μM against IMP-1. To note, a 
close analogue of the NDM-1-inactive compound 19 differing by the 
presence of a 2-hydroxyphenyl ring at position 5 has been previously 
reported in the literature as a potent NDM-1 inhibitor [41]. In our hands, 
however, this compound was also found inactive against NDM-1 (<20% 
inhibition at 100 μM), supporting the fact that the allyl group was not 
more favourable to NDM-1 inhibition than other substituents placed at 
position 4 in this series. 

Overall, five compounds displayed Ki values in the micromolar to 
submicromolar range against both VIM-2 and VIM-4. Compounds 1 and 2 
had a non-functionalized linear butyl and hexyl chain, respectively, while 
compounds 3, 5 and 16 contained a butanoic, a butanol or a pyrrolidinone 
moiety, respectively. Few other compounds showed more modest activ
ities (Ki values in the 10–40 μM range) against VIM-2 and/or VIM-4 (i.e. 4, 
6, 10, 11, 13, 14, 15, 17–19) with often a preference for VIM-4. Finally, in 
this first series, four compounds, 3, 5, 6 and 19, were tested against VIM-1 
and showed modest to good inhibitory potencies (Ki’s, 39.8 ± 6.7 μM, 1.69 
± 0.12 μM, 6.15 ± 0.33 μM, 4.25 ± 0.32 μM, respectively). 

According to these first results and as the presence of a carboxylic 
group on the substituent at position 4 has already been highlighted in 
previous series [38,43], we kept it in a second group of 20 compounds 
bearing various alkanoic moieties and a phenyl ring at the 5-position 
(Table 2, compound 3 was added for comparison). We varied the 
length of the alkanoic chain (20, 22, 23, 26, 27), introduced an amide 
bond (21), heteroatoms (O for 24, S for 25), aromatic rings (28–31), 
cyclohexyl moieties (32–34), or an amine group, protected (36, 38, 39) 
or not (35, 37). As in the case of the first series, all compounds were 
inactive or only moderately active against NDM-1 and IMP-1: the best 
compounds against NDM-1 displayed longer alkanoic chains (i.e. hex
anoic for 26 andoctanoic for 27) and showed Ki values in the 15–20 μM 
range. In this series, VIM-2 and VIM-4 inhibition could be retained or 
slightly improved. For these enzymes, the alkyl length was important as 
compounds with an alkanoic chain shorter than butanoic (acetic 20, 
propionic 22) were poorly or not active, whereas those with longer ones 
(pentanoic 23, hexanoic 26 and octanoic 27) showed similar or higher 
(i.e. submicromolar range) inhibitory potencies compared to compound 
3. Compound 27 displayed the best Ki values (0.33 and 0.49 μM, 
respectively) against VIM-2 and VIM-4 in this series. In addition, 
although compound 23 was moderately active against VIM-1 as com
pound 3, compounds 26 and 27 with a longer alkanoic chain were 
micromolar inhibitors of this enzyme. Introducing a sulfur but not an 
oxygen in the alkyl chain of compound 23 was favourable for both VIM- 
type enzymes. Indeed, whereas the ether analogue 24 was moderately or 
not active against VIM-2 and VIM-4, respectively, the thioether 25 dis
played micromolar to submicromolar Ki values against the same en
zymes. In addition, this compound was also a micromolar inhibitor of 
VIM-1 and moderately inhibited NDM-1, indicating that the sulfur 
atom significantly improved MBL inhibition. 

Branching a phenyl ring at the β position of the butanoic chain of 3 
yielded compounds 28 and 29, which were slightly better inhibitors of 
VIM-1, VIM-2 and VIM-4 compared to 3. Constraining the alkanoic 
chain with a cyclohexyl moiety as in 32–34 was well tolerated for VIM-2 
and VIM-4 inhibition. However, compared to the closest analogues 3 
and 26, no improvement was observed, with the exception of 34 which 
was a better VIM-1 inhibitor. 

As a carboxylate group could be unfavourable for external mem
brane penetration, the adjunction of a protonated or protonatable ni
trogen atom in a molecule is a frequent mean to counteract the effect of a 
negative charge, leading to a zwitterionic form expected to more 
favourably penetrate through porins [45]. Unfortunately, replacing the 
phenyl ring of compound 28 by a pyridine (i.e. 30 and 31) was detri
mental. Also, introducing an amine group at the α position of the 
butanoic chain (i.e. 35) abolished VIM-2 inhibition, and the addition of a 
Boc group was not favourable either (i.e. 36). The same was true for the 
α-amino analogue of compound 23 (i.e. 37). However, in contrast, its 
Boc-protected derivative 38 showed similar activities to 23 against VIM- 
2 and VIM-4 with Ki values in the low micromolar range, suggesting that 
the presence of a hydrophobic and bulky group was suitable at this 
position. This was confirmed when attaching a phenyl ring to the amine 
via a urea link. Although less potent, the corresponding compound 39 
significantly inhibited VIM-type enzymes. 

Overall, the presence of a hydrophobic linear or constrained alkyl 
chain at position 4 was favourable to inhibition of VIM-type enzymes as 
compounds 3, 23, 25, 26, 27 and 32–34 were potent inhibitors of these 

Scheme 1. Synthesis of 4-alkyl-1,2,4-triazole-3-thione derivatives. Reagents 
and conditions: (a) EtOH, H2SO4, reflux, 5 h; (b) EtOH, hydrazine hydrate, 100 ◦C, 
sealed tube; (c) DPT, DMF, sealed tube, 55 ◦C, 3 h; (d) R1-CONHNH2, DMF, 55 ◦C, 
3 h; (e) aqueous KOH or NaHCO3, 100 ◦C, 3 h. 
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MBLs with Ki values in the micromolar range, and even submicromolar 
in the case of compounds 25–27. Branching a phenyl ring (28, 29) or a 
blocked amine group (38, 39) was also compatible with inhibition of the 
same enzymes. 

To try to get more insight in the structure–activity relationships in 
this series, we selected some compounds and calculated the theoretical 
pKa values of their carboxylic group using the pKa module of Marvin
Sketch software (see Table S1). We also calculated the ligand efficiencies 
(LE, Table S1) toward VIM-2 as a representative VIM-type enzyme. 
However, no clear correlation could be drawn between pKa values and 
the inhibitory potencies, even for compounds having a carboxylic group 
at the same distance from the triazole ring (i.e. . 21, 23–25, 37–39). As 
stated above, other features like the alkyl chain length or the presence of 
hydrophobic and/or bulky moieties are determining. 

Based on these results, we prepared a third series of 28 compounds 
possessing either a butanoic or a pentanoic chain at position 4 and a 

variable substituent at position 5 (Table 3). Parent compounds 3 (4- 
butanoic) and 23 (4-pentanoic) were included for comparison. 

Most substituents here introduced at position 5 were explored in 
preceding series [38,42,43]. It included o-toluyl (40, 41), halogenated 
phenyls (42–44), methoxy-phenyls (45–47), heteroaryls (48–54, 
57–59, 62, 66), biaryls (55–61, 63, 65, 66), phenethyl (64) and 
cyclohexyl (67). Some of these were previously shown favourable to 
broad-spectrum inhibition, as halogenated aryls, 2-hydroxy-5-methoxy- 
phenyl, naphthyls, m/p-biphenyls and p-benzyloxyphenyl. 

Unfortunately, as compounds 3 and 23, all compounds were inactive 
or only moderately active (Ki of around 100 μM for compound 60 
against NDM-1) against NDM-1 and IMP-1. Several compounds (40–47, 
50–53, 55–58, 60, 61) significantly inhibited VIM-2 and/or VIM-4 with 
Ki values in the micromolar to submicromolar range. All 5-substituents 
of these compounds were aryl or heteroaryl groups directly attached to 
the triazole ring. Finally, when the comparison was possible (3/23, 40/ 

Scheme 2. Specific steps for the synthesis of compounds 3, 4, 8–12, 15, 38–40. Reagents and conditions: (a) O-trityl-hydroxylamine, T3P, DIEA, DMF; (b) TFA, DCM, 
triisopropylsilane; (c) 15% conc. HCl in dioxane, anisole; (d) Cl-R, DIEA, DMF; (e) DPT, DMF, sealed tube, 55 ◦C, 3 h; (f) benzhydrazide, DMF, 55 ◦C, 3 h; (g) aqueous KOH, 
EtOH, 100 ◦C, 3 h; (h) phthalic anhydride, pyridine, reflux; (i) KOH (10 equiv.), EtOH, water, rt; (j) 15% conc. HCl in dioxane, anisole; (k) phenylisocyanate, DIEA, 
EtOH, dioxane. 
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41, 46/47, 55/56), no significant difference could be observed between 
butanoic and pentanoic compounds. Overall, compound 60 displayed 
the best activities against VIM-1, VIM-2 and VIM-4 in this series with Ki 
values of 5.50, 0.35 and 0.27 μM, respectively, confirming the interest of 
a m-biphenyl at position 5 [38,42,43]. 

2.3. Isothermal calorimetry experiments (ITC) 

To validate the binding mode of compounds to VIM-2, isothermal 
titration calorimetry was performed with compound 3. The thermody
namic parameters of binding are given in Table 4 and are also depicted 
in Fig. 2A for a more visual inspection. An ITC thermogram is shown in 
Fig. 2B. 

The experiment showed a stoichiometric relationship between VIM 
and 2 and the inhibitor, which clearly indicated a 1:1 association. 
Compound 3 binding was enthalpy-driven (the enthalpic term is the 
major contributor to ΔG◦

b and therefore to affinity). The favorable 
enthalpy contribution is an indication of specific interactions between 
binding partners and reflects ligand specificity and selectivity. Com
pound 3 also displayed a favorable entropic contribution, which is 
regarded as resulting from the release of organized water molecules at 
the surface of individual partners to the bulk solvents. Overall, this 
suggests that favorable enthalpic interactions, mainly electrostatic, 
occurring in the complex were replacing pre-existing bonds established 
with the solvent water [46,47]. Accordingly, the net enthalpic effect is 
reduced due to desolvation and, as a result, the affinity remained 
moderate. The Kd value was in the same range as the Ki value. 

2.4. In vitro antibacterial synergistic activity and cytotoxicity 

The ability of selected compounds to potentiate the activity of 
β-lactam antibiotics was first evaluated using a disk diffusion assay 
performed on isogenic MBL-producing laboratory Escherichia coli 
strains, obtained by transforming strain AS19 (a chemically mutagen
ized strain with enhanced permeability) or LZ2310 (a triple knock-out 
mutant of K12 in which genes encoding components of the major 
efflux pumps NorE, MdfA and AcrA were inactivated) with a derivative 
of the pLB-II plasmid in which the blaVIM-2 gene was cloned [48]. The 
latter strain was used to limit the potential efflux of the compounds, 
which would prevent sufficient accumulation in the periplasm. Com
pounds were tested according to their inhibition profile (Table 5). 

In this assay, the two potent VIM-2 inhibitors 3 and 23 significantly 
potentiated the activity of cefoxitin on the VIM-2-producing LZ2310 
strain (Table 5, Figure S1). Indeed, they restored susceptibility to the 
antibiotic (being above the EUCAST resistance breakpoint, 18 mm), as a 
diameter of the growth inhibition zone of 19–20 mm was measured. 
However, a more limited effect was observed when these compounds 
were tested on the AS19 strain, potentially indicating the role of efflux 
pumps in preventing a significant accumulation of the compounds in the 
periplasm. Nonetheless, compound 23 also provided some detectable 
potentiation of cefoxitin on VIM-2-producing AS19 strain. Both com
pounds 3 and 23 possess a phenyl ring at position 5 and only differ by 
one CH2 in the alkyl chain at position 4, which could explain their 

Table 1 
Inhibitory activity of 4-alkyl-1,2,4-triazole-3-thiones 1–19 with R1 = phenyl 

against various MBLs.

Cpd Structure Ki (μM) or (% inhibition at 100 μM) 

R2 VIM-2 VIM-4 NDM- 
1 

IMP-1 

1 2.43 ±
0.21 

1.20 ±
0.13 

NI 31.8 ±
3.9 

2 4.94 ±
0.19 

0.31 ±
0.03 

NI NI 

3 7.23 ±
0.68 

1.47 ±
0.20 

NI NI 

4 16.1 ±
2.4 

10.6 ±
1.6 

NI NI 

5 6.17 ±
0.55 

3.86 ±
0.19 

NI NI 

6 40.2 ±
13.8 

11.4 ±
1.7 

NI NI 

7 NI -a NI NI 

8 NI NI NI NI 

9 NI NI NI NI 

10 11.4 ±
1.2 

NI NI NI 

11 18.4 ±
3.6 

12.3 ±
1.1 

NI NI 

12 NI NI (35%) NI 

13 17.9 ±
6.1 

10.4 ±
1.2 

NI NI 

14 13.7 ±
2.9 

7.8 ± 1.3 NI NI 

15 11.7 ±
1.4 

4.1 ± 0.6 NI NI 

16 5.32 ±
0.76 

2.60 ±
0.18 

NI NI 

17 27.7 ±
5.4 

NI NI (31%)  

Table 1 (continued ) 

Cpd Structure Ki (μM) or (% inhibition at 100 μM) 

R2 VIM-2 VIM-4 NDM- 
1 

IMP-1 

18 13.4 ±
2.2 

5.70 ±
0.58 

NI NI 

19 17.8 ±
4.4 

8.8 ± 0.8 NI (45%) 

NI: No Inhibition (<30% or < 50% inhibition at 100 or 200 µM, respectively). 
aNot determined. All kinetic assays were performed in triplicate. 
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Table 2 

Inhibitory activity of 4-alkyl-1,2,4-triazole-3-thiones 3, 20–39 with R1 = phenyl and R2 containing a carboxylic function against various MBLs.

Cpd Structure Ki (μM) or (% inhibition at a100 or b200 μM) 

R2 VIM-1 VIM-2 VIM-4 NDM-1 IMP-1 

3 39.8 ± 6.7 7.23 ± 0.68 1.47 ± 0.20 NI NI 

20 -c 44.3 ± 0.2 (40%)a NI NI 

21 NI 9.54 ± 1.21 6.79 ± 0.60 NI NI 

22 – NI (30%)a NI NI 

23 13.9 ± 1.1 2.81 ± 0.58 1.13 ± 0.12 NI (60%)b 

24 – 14.3 ± 2.0 NI NI NI 

25 2.36 ± 0.14 0.81 ± 0.04 0.71 ± 0.06 (40%)a NI 

26 5.05 ± 0.26 0.72 ± 0.10 1.36 ± 0.10 19.7 ± 0.2 NI 

27 1.27 ± 0.08 0.33 ± 0.02 0.49 ± 0.02 15.7 ± 1.8 (40%)a 

28 18.5 ± 1.3 0.80 ± 0.04 1.04 ± 0.26 NI NI 

29 24.3 ± 2.1 1.32 ± 0.17 0.42 ± 0.02 NI NI 

30 – NI NI NI NI 

31 NI NI NI NI NI 

32 – 8.06 ± 0.94 6.54 ± 0.25 NI NI 

33 – 6.54 ± 0.64 3.08 ± 0.23 NI NI 

34 2.82 ± 0.34 2.87 ± 0.22 0.85 ± 0.08 NI NI 

35 – NI – NI NI 

36 – NI – NI NI 

(continued on next page) 
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similar in vitro activity. 
Other compounds, despite being similarly potent VIM-2 inhibitors (i. 

e. compounds 16, 32, 40, 46 and 55), did not show any antibiotic 
potentiation, indicating that they might not be able to efficiently cross 
the outer membrane and accumulate in the periplasm at biologically 
relevant concentrations. In particular, compounds 40, 46 and 55 are 
analogues of compound 3 differing by their substituent at position 5 
(respectively, o-toluyl, 2-hydroxy-5-methoxy-phenyl and 2-naphthyl). A 
similar influence of this substituent was already observed in the Schiff 
base series (Fig. 1), as only the analogue with an unsubstituted phenyl 
ring at position 5 was found active in the same assay [38]. 

We also tested the ability of some compounds to increase the mer
openem susceptibility of MBL-producing multidrug-resistant clinical 
isolates using a broth microdilution method. As the most potent in
hibitors of the present series are mainly targeting VIM-type enzymes, we 
chose two K. pneumoniae isolates producing VIM-1 and VIM-4. Com
pounds were tested at a fixed concentration of 32 μg/ml and a low 
micromolar or submicromolar VIM inhibitory activity was necessary to 
observe a significant reduction of meropenem MIC on K. pneumoniae 
bacteria (Table 6). In the case of VIM-1-producing bacteria, although not 
all inhibitory potencies have been determined, several among the most 
potent VIM-1 inhibitors (i.e. 5, 6, 19, 25, 27 and 60) decreased the 
antibiotic MIC by eight-fold. Less potent inhibitors (i.e. 3, 23 and 29) 
also showed lower potentiating activity. When tested with a VIM-4- 
producing strain, several compounds showed a 4- to 16-fold potentia
tion of meropenem. In particular, compound 60, which was the best 
VIM-4 inhibitor in this series, also displayed the highest potentiation 
effect (16-fold) with this isolate. To note, several compounds with 
similar VIM-4 inhibitory potencies in the low micromolar to sub
micromolar range (i.e. 1, 3, 23, 25–27, 29, 34, 38, 47, 51, 56, 60) 
showed different levels of MIC reduction (from zero-fold for 47 and two- 
fold for 23 to eight-fold for 3, 26 and 34). These results indicate that 
subtle structural changes could have significant effects on outer mem
brane penetration and rate of accumulation in the periplasm. None of 
the tested compounds showed intrinsic antibacterial activity when 
tested alone (MIC > 128 μg/mL). 

These compounds were also evaluated with an NDM-1-producing 
E. coli clinical isolate but none showed any detectable meropenem 
potentiation (not shown), as expected in consideration of their very low 
inhibitory activity on this enzyme. 

Encouraged by these data, we evaluated whether conditions liable to 
increase the compound concentration in the bacterial periplasm could 
further increase their synergistic activity. In particular, compound 60 
was tested in the presence of the dipeptide Phe-Arg-β-naphthylamide 
(PAβN, 25 and 100 μg/mL), a known efflux pump inhibitor [49]. 

Unfortunately, this combination did not further decrease the MIC of 
meropenem toward the VIM-1-producing clinical isolate (not shown). 
Nonetheless, the addition of a subinhibitory concentration (0.12 μg/ml) 
of colistin to the medium did dramatically improve the potentiation 
activity of 47 (by itself very limited), among the best VIM-4 inhibitors 
(meropenem MIC, 16 and 2 μg/ml in the absence and presence of the 
inhibitor, respectively; VIM-4-producing K. pneumoniae VA-416/02). 
Furthermore, a similar result was obtained with compound NAB741, a 
polymyxin derivative without direct antibacterial activity but retaining 
the outer membrane permeabilizing effect [50,51]. When tested in the 
presence of 4 μg/ml NAB741, meropenem MIC was decreased to 4 μg/ml 
in the presence of the inhibitor. These data overall indicate that the in 
vitro synergistic activity of potent inhibitors are strongly dependent on 
their ability to rapidly cross the outer membrane barrier and rely on 
subtle chemical changes in the inhibitor structure. 

Furthermore, a preliminary assessment of compound cytotoxicity 
was carried out using a membrane integrity assay on HeLa cells. Strik
ingly, no cytotoxic effect could be observed at the highest tested con
centration (IC50 values > 500 μM) with compounds 26, 27 and 60, 
selected on the basis of their significant synergistic activity with mer
openem on MBL-producing clinical isolates. 

Overall, we demonstrated that 1,2,4-triazole-3-thione-based com
pounds could restore the susceptibility of MBL-producing clinical iso
lates to a carbapenem, while they do not induce cell lysis of mammalian 
cells in a cytotoxicity assay, supporting the interest for further medicinal 
chemistry efforts to improve their membrane permeation properties. 

2.5. Modelling study 

We investigated the putative binding mode of several compounds in 
the VIM-2 active site with docking experiments. Three compounds 
containing a butanoic chain at position 4 and a variable substituent at 
position 5 (3, 5-phenyl; 46, 5-(2-hydroxy-5-methoxy-phenyl); 60, 5-(m- 
biphenyl)) and a 3 analogue with a hexanoic chain (26) were studied. 

The docking experiments were performed with a VIM-2 model 
generated from 6YRP available in the Protein data Bank [38] using 
AutoDock 4.2. 6YRP is the crystallographic structure of the complex 
between VIM and 2 and the Schiff base analogue JMV4690 (Ki = 0.7 μM, 
Figure 1, R1 = 2-hydroxy-5-methoxy-phenyl), which mainly differs from 
the studied compounds by possessing a rigid hydrazone-like bond and a 
2-benzoic acid at position 4 of the triazole ring. (Figure S2). This 
structure showed the expected double coordination of the active site 
zinc ions by two atoms of the triazole-thione moiety, and a H-bond 
network involving the two carboxylate oxygens, the main chain NH of 
Asn233 and two structural waters (named 5 and 177). In addition, the 

Table 2 (continued ) 

Cpd Structure Ki (μM) or (% inhibition at a100 or b200 μM) 

R2 VIM-1 VIM-2 VIM-4 NDM-1 IMP-1 

37 – NI NI NI NI 

38 – 1.95 ± 0.11 1.51 ± 0.08 NI NI 

39 (57%)a 6.93 ± 1.08 4.14 ± 0.39 (30%)a NI 

NI: No Inhibition (<30% or < 50% inhibition at 100 or 200 µM, respectively). a% inhibition at 100 μM; b% inhibition at 200 μM; cNot determined. All kinetic assays 
were performed in triplicate. 
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Table 3 

Inhibitory activity of 4-alkyl-1,2,4-triazole-3-thiones 3, 23, 40–67 with R2 
= butanoic (n = 1) or pentanoic (n = 2).

Cpd Structure Ki (μM) or (% inhibition at a100 or b200 μM) 

R1 n VIM-1 VIM-2 VIM-4 NDM-1 IMP-1 

3 1 39.8 ± 6.7 7.23 ± 0.68 1.47 ± 0.20 NI NI 
23 2 13.9 ± 1.1 2.81 ± 0.58 1.13 ± 0.12 NI (60%)b 

40 1 -c 10.3 ± 1.1 3.13 ± 0.20 NI NI 
41 2 – 3.07 ± 0.32 3.17 ± 0.22 NI NI 

42 1 NI 6.58 ± 0.48 2.10 ± 0.18 NI NI 

43 1 – 8.80 ± 2.04 4.62 ± 0.32 NI NI 

44 1 – 6.39 ± 0.72 4.11 ± 0.45 NI NI 

45 1 – 3.01 ± 0.19 1.70 ± 0.11 NI NI 

46 1 NI 4.20 ± 0.41 1.13 ± 0.15 NI NI 
47 2 – 1.47 ± 0.14 1.31 ± 0.07 NI NI 

48 1 – NI NI NI (65%)b 

49 1 – NI NI NI NI 

50 1 – 8.89 ± 0.58 4.84 ± 0.29 NI NI 

51 1 – 6.58 ± 0.90 2.08 ± 0.09 NI NI 

52 1 – 9.27 ± 1.53 4.41 ± 0.39 NI NI 

53 1 – 14.0 ± 2.2 9.09 ± 1.90 NI NI 

54 1 – NI NI NI NI 

55 1 NI 5.56 ± 0.42 0.91 ± 0.08 NI NI 
56 2 – 2.99 ± 0.32 1.56 ± 0.12 NI (60%)b 

57 1 – 2.98 ± 0.29 1.91 ± 0.18 (50%)b NI 

58 1 30.8 ± 3.1 4.62 ± 0.32 0.31 ± 0.03 NI NI 

(continued on next page) 
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methoxy group of its 2-hydroxy-5-methoxy-phenyl moiety at position 5 
interacted with the indole NH of Trp87. π stacking interactions were also 
observed between the 5- and 4-aromatic rings and Trp87 and His263, 
respectively. 

First, all studied compounds could be modelled to create similar 
interactions with the two zinc ions. The triazole nitrogen and sulphur are 
well positioned to complete the coordination tetrahedron of each zinc. 
Both compounds possess a carboxylic group at the end of a flexible alkyl 
chain and no aryl group at the 4-position. Therefore, such compounds 
lost the advantage of interacting with the His263 side-chain. However, 
the carboxylic group of compounds with a butanoic substituent (3, 46, 
60) was found to interact as the same group of JMV4690 within the 
Asn233 pocket (Fig. 3A, B, C). In addition, the Arg228 side-chain 
seemed to be close enough to complete this interaction network. This 
is in contrast with the carboxylate group of JMV4690, which was shown 
to not interact with this basic residue, likely due to the higher rigidity of 
its carboxylate-bearing cyclic moiety. The docking of compound 26 

provided an interaction similar to that of JMV4690, although the longer 
alkanoic chain compared to 3 (i.e. hexanoic) did not longer allow the 
interaction of the carboxylic group within the Asn233 pocket, but 
ideally placed it to interact with the Arg228 side-chain (Fig. 3D). 

Concerning the variable substituent at position 5, the 2-hydroxy-5- 
methoxy-phenyl moiety of 46 was positioned in a reverse way 
compared to the same substituent in JMV4690. In this case, the hydroxyl 
group would establish a H-bond with the side chain of Asp119 (Fig. 3B). 
The flexibility of the Asp119 side-chain during the docking experiment 
and the absence of solvent might explain this result as such experiment 
promotes electrostatic interaction. In the case of compound 60, the m- 
biphenyl group did not seem to establish particular interactions that 
could explain its 10-fold higher inhibitory potency compared to the 5- 
phenyl analogue. An indirect effect could be an increase rigidity 
because of the bulkier substituent. The hydrophobicity of the biphenyl 
substituent could displace solvent molecules from the active site, thus 
contributing a favourable entropic stabilization energy. 

The Table S2 presents the mean free energies of best clusters and 
estimated Ki values for all four compounds, which were globally 
consistent with experimental ones. 

3. Conclusion 

By introducing a diversely functionalized alkyl chain at position 4 of 
5-substituted 1,2,4-triazole-3-thione derivatives, we found that simple 

Table 3 (continued ) 

Cpd Structure Ki (μM) or (% inhibition at a100 or b200 μM) 

R1 n VIM-1 VIM-2 VIM-4 NDM-1 IMP-1 

59 1 NI 18.2 ± 2.8 13.3 ± 4.2 NI NI 

60 1 5.50 ± 0.67 0.35 ± 0.14 0.27 ± 0.13 99.8 ± 1.6 NI 

61 1 NI 3.29 ± 0.18 1.26 ± 0.09 NI NI 

62 1 – NI NI NI NI 

63 1 NI NI NI NI NI 

64 1 – NI NI NI NI 

65 1 – NI NI NI NI 

66 1 NI NI NI NI NI 

67 1 – NI – NI NI 

NI: No Inhibition (<30% or < 50% inhibition at 100 or 200 µM, respectively).a% inhibition at 100 μM; b% inhibition at 200 μM; cNot determined. All kinetic assays 
were performed in triplicate. 

Table 4 
Thermodynamic parameters of compound 3 binding to VIM-2 at 25 ◦C.  

Cpd n Ka (M− 1) Kd 

(μM) 
ΔG◦

b 

(kcal/ 
mol) 

ΔН◦
b 

(kcal/ 
mol) 

TΔS◦
b 

(kcal/mol) 

3 1.00 ±
0.01 

(6.4 ±
0.1) 105 

1.568 − 7.9 − 7.0 ±
0.2 

0.9  
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linear alkyl (1, 2), alkanol (5) or alkanoic chains (3, 23, 25–27) were the 
most favourable for MBL inhibition. In fact, higher potencies were 
generally measured for compounds with a carboxylic group at the ex
tremity of a linear alkyl chain, the alkyl chain being longer or equal to 

Fig. 2. (A) VIM-2 binding energetics of compound 3. Data are from Table 4. (B) Isothermal titration calorimetry of VIM-2 by compound 3 at 25 ◦C. Upper panel: 
exothermic microcalorimetric trace of compound injections into VIM-2 solution (18.7 µM). 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, Ka is derived from the slope of the transition and the stoichiometry n is determined at the transition midpoint. 

Table 5 
In vitro synergistic activity of selected VIM-2 inhibitors measured by disk 
diffusion assay.a  

Cpdsb Ki (μM) on VIM-2 Inhibition zone diameter (mm)c 

AS19 LZ2310 

None – 16 14 
EDTA – 26 30 
DMSO – 17 14 
3 7.23 ± 0.68 ND 20 
16 5.32 ± 0.76 17 14 
23 2.81 ± 0.58 19 19 
32 8.06 ± 0.94 17 15 
40 10.3 ± 1.1 17 14 
46 4.20 ± 0.41 17 16 
55 5.56 ± 0.42 16 14  

a VIM-2-producing E. coli strains were obtained by transforming the pLB-II 
plasmid carrying the cloned MBL gene in strains AS19 and LZ2310 (triple 
knock-out mutant of efflux pumps).  

b A variable volume of the compound dissolved in DMSO was added to a 
cefoxitin disk (30 μg) in order to obtain a final inhibitor quantity of 40 μg. DMSO 
was used as a control and did not affect the diameter of the growth inhibition 
zone. 220 µg EDTA restored full susceptibility to the antibiotic.  

c EUCAST resistance breakpoint of cefoxitin = 18 mm.  

Table 6 
Antibacterial synergistic activity of compounds on VIM-1-and VIM-4-producing 
K. pneumoniae clinical isolates with meropenem (MEM) determined by the broth 
microdilution method.  

Cpd 
(32 μg/mL) 

MEM MICa (μg/mL) and Ki (μM) values of selected inhibitors 

K. pneumoniae 7023 
(blaVIM-1

+ ) 
K. pneumoniae VA-416/02 
(blaVIM-4

+ ) 

MEM MIC Ki (VIM-1)b MEM MIC Ki (VIM-4)b 

None 16 – 16 – 
1 16 ND 4 1.20 ± 0.13 
3 4 39.8 ± 6.7 2 1.47 ± 0.14 
4 4 ND 4 10.6 ± 1.6 
5 2 1.69 ± 0.12 4 3.86 ± 0.19 
6 2 6.15 ± 0.33 8 11.4 ± 1.7 
13 8 ND 4 10.4 ± 1.2 
19 2 4.25 ± 0.32 4 8.75 ± 0.83 
23 8 13.9 ± 1.1 8 1.13 ± 0.12 
25 2 2.36 ± 0.14 4 0.71 ± 0.06 
26 4 5.05 ± 0.26 2 1.36 ± 0.10 
27 2 1.27 ± 0.08 4 0.49 ± 0.02 
29 8 24.3 ± 2.01 4 0.42 ± 0.02 
33 4 ND 4 3.08 ± 0.23 
34 4 ND 2 0.85 ± 0.08 
38 8 ND 4 1.51 ± 0.08 
47 4 ND 16 1.31 ± 0.7 
51 4 ND 4 2.08 ± 0.09 
56 8 ND 4 1.56 ± 0.12 
60 2 5.50 ± 0.67 1 0.27 ± 0.13  

a MEM, meropenem.  

b From Tables 1–3.  
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propyl. A branched substituent like a phenyl ring (28, 29) or a protected 
amino group (38), and a constrained alkyl chain (32–34) were also 
tolerated but without change in potency. VIM-1, VIM-2 and VIM-4 were 
the only MBLs significantly inhibited among all tested, with Ki values in 
the submicromolar to micromolar range. By contrast, NDM-1 and IMP-1 
were not or only modestly inhibited by this series of compounds, high
lighting a substantial structural heterogeneity between the active sites of 
these subclass B1 MBLs. As already observed in previous series of 1,2,4- 
triazole-3-thione compounds, the 4-position is a determining factor for 
selectivity [38]. Keeping a butanoic or a pentanoic chain at position 4, 
the study of substitution at position 5 yielded several aryl moieties that 
were reported favourable in previous series [38,43], i.e. 2-hydroxy-4- 
methoxy-phenyl (46, 47), naphthyl (55, 56), m-biphenyl (60) and 
benzyloxyphenyl (61). Only the m-biphenyl substituent achieved higher 
VIM-2 and VIM-4 inhibition with Ki values in the submicromolar range 
compared to compound 3, as was observed for the corresponding 
hydrazone-like [38] and hydrazine-like [43] compounds with an o- 
benzoic group at the 4-position. The modelling study suggested that all 
docked compounds could interact with the two zinc ions in the VIM-2 
active-site as JMV4690 does in the crystallographic structure 6YRP. In 
addition, the carboxylic group of both compounds with a butanoic chain 
at position 4, would interact within the Asn233 pocket as the same group 
of JMV4690. Increasing the alkanoic chain length to hexanoic would 
prevent that interaction but favour ionic interaction with Arg228, 
therefore allowing to keep similar binding affinity. 

Microbiological assays identified two compounds able to potentiate 
the activity of a β-lactam antibiotic when tested on two VIM-2-producing 
laboratory strains. More importantly, several compound were found to 
significantly potentiate the activity of meropenem when tested on two 
multidrug-resistant VIM-producing K. pneumoniae clinical isolates. 
Compared to previous series [38,43], these inhibitors showed a higher 

ability to accumulate in the periplasm at significant concentrations and 
our data provided some understanding of the structural requirements 
modulating this aspect. 

Despite the compounds displayed a narrower spectrum of MBL in
hibition compared to previous series, promising results were obtained in 
microbiological and cytotoxicity assays, supporting the interest to 
continue developing this series of 1,2,4-triazole-3-thione-based com
pounds. Further modification at position 4 of the heterocycle is ongoing 
to obtain compounds possessing an extended inhibitory spectrum and 
being able to potentiate the antibiotic susceptibility of MBL-producing 
clinical isolates. This work will be reported soon. 

4. Experimental 

4.1. Chemistry 

Hydrazides R1-CO-NHNH2 and non commercial amines R2-NH2 were 
prepared as described in Supporting Information. Physico-chemical 
properties of final compounds are also presented in Supporting Infor
mation. The purity of final compounds was determined to be ≥ 95% by 
1H NMR and reverse phase HPLC. 

4.1.1. General procedure for the preparation of 4-alkyl-1,2,4-triazole-3- 
thiones diversely substituted at positions 4 and 5. 

Triazole-thione compounds were prepared following the synthetic 
pathway reported by Deprez-Poulain et al. (2007) [44]. 

4.1.1.1. 4.1.1.1. Thiosemicarbazide intermediates. To a solution of the 
amine R2-NH2 (1 mmol, 1 equiv.) in anhydrous DMF (4 mL) (in the case 
of hydrochloride salt, 1.5 equiv. of Na2CO3 (159 mg) was added) was 
added DPT (244 mg, 1.05 mmol, 1.05 equiv.). After stirring at 55 ◦C in a 

Fig. 3. Binding mode of compounds 3 (A), 46 (B), 60 (C) and 26 (D) in VIM-2 studied by molecular modeling. Compounds (orange) were superimposed with 
JMV4690 (light blue) for comparison. VIM-2 side chains that were let flexible are in green. All four compounds interact with the two zinc ions as determined for 
JMV4690, while their 5-aryl substituent could present different orientations. The images were produced using UCSF Chimera [52]. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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sealed tube for 1 h30, the hydrazide R1-CONHNH2 (1.1 mmol, 1.1 
equiv.) was added and the mixture was again heated at 55 ◦C for 1 h30. 
After cooling to room temperatur, the solution was diluted in EtOAc and 
the organic phase was extracted five times with water, dried over MgSO4 
and concentrated in vacuum. If necessary, the product was purified by 
gel column chromatography (EtOAc/Hexane). 

4.1.1.2. 4.1.1.2. Cyclization. The thiosemicarbazide intermediates were 
solubilized in a mixture of water and ethanol (2:3) and KOH (3 equiv., 3 
mmol) was added. After refluxing for 2 h, the mixture was neutralized 
with saturated aqueous KHSO4 and extracted twice with DCM. The 
organic phases were mixed, dried over MgSO4, filtered and evaporated 
under vacuum. The residues were purified by gel column chromatog
raphy (EtOAc/Hexane) or by reverse phase HPLC. 

4.1.2. Specific synthetic procedures for compounds 4, 8–12, 15, 35, 37, 
39 

4.1.2.1 Compound 4. A mixture of the carboxylic acid 3 (1 equiv., 0.5 
mmol, 135 mg), O-trityl-hydroxylamine (1.2 equiv., 0.6 mmol, 165 mg), 
T3P (1.1 equiv, 0.55 mmol, 175 mg) and DIEA (3 equiv., 1.5 mmol, 0.26 
mL) in DMF (4 mL) was stirred at room temperature for 4 h. The solution 
was then diluted in EtOAc (20 mL) and washed with water (4x30 mL). 
The organic layer was dried over MgSO4, filtered and evaporated. The 
crude product was purified on silica gel column (EtOAc/Hex) to give the 
corresponding trityl-protected compound. 

A mixture of the trityl-protected intermediate (1 equiv., 0.34 mmol, 
177 mg), TFA (10 equiv, 0.25 mL) and triisopropylsilane (11.5 equiv, 
0.8 mL) in dichloromethane (8 mL) was stirred at room temperature for 
10 min. The residue obtained upon evaporation was purified on silica gel 
column (DCM/MeOH) to give the corresponding hydroxamic acid 4. 

4.1.2.1. Compounds 8, 35 and 37. A mixture of Boc-protected com
pound (1 equiv., 1 mmol, compounds 36 for 35 and 38 for 37) in 
dioxane (4 mL) and hydrochloric acid 37% (2 mL) was stirred at 40 ◦C 
for 1 h and then evaporated. The resulting products were obtained in 
sufficient purity. 

4.1.2.2. Compounds 9 and 12. A mixture of the 1,2,4-triazole-3-thione 
compound 8 (1 equiv., 0.2 mmol, 51 mg) and benzoyl chloride (com
pound 9) or p-tosyl chloride (compound 12) (1.1 equiv., 0.22 mmol) in 
DMF was stirred at room temperature for 1 h. The solution was then 
diluted in EtOAc (10 mL) and washed with water (5x20 mL). The 
organic layer was dried over MgSO4, filtered and evaporated. The crude 
products were purified on silica gel column (EtOAc/Hex) to yield the 
corresponding acylated compounds 9 and 12. 

4.1.2.3. Compounds 10 and 11. A mixture of the 1,2,4-triazole-3-thione 
compound 8 (1 equiv., 1 mmol, 257 mg) and phthalic anhydride (1.5 
equiv., 1.5 mmol, 222 mg) in pyridine (2 mL) was refluxed for 1 h. The 
solution was then diluted in EtOAc (20 mL) and washed with water 
(4x30 mL). The organic layer was dried over MgSO4, filtered and 
evaporated to give a crude powder. The resulting phthalimide 10 was 
purified by recrystallization from a mixture of EtOAc-Hexane. 

A solution of the phthalimide 10 (1 equiv., 0.2 mmol, 70 mg) in a 
mixture of EtOH-H2O (2–1/6 mL) was added to a solution of KOH (112 
mg, 10 equiv., 2 mmol) and the reaction was stirred at room temperature 
for 1 h. The mixture was acidified by an 1 N aqueous solution of KHSO4 
(5 mL) and extracted by EtOAc (3x10 mL). The combined organic layers 
were dried over MgSO4, filtered and evaporated to give a crude powder. 
Recrystallisation from EtOAc led to the pure compound 11. 

4.1.2.4. Compound 15. This compound was obtained from compound 8 
and benzohydrazide by following the general synthetic procedure for 1,2,4- 
triazole-3-thiones.. 4.1.2.6. Compound 39. A solution of the amino acid 
compound 37 (1 equiv., 0.2 mmol, 58 mg) and phenyl isocyanate (0.9 

equiv., 0.18 mmol., 19 µL) in a mixture of dioxane (4 mL), AcOEt (4 mL) 
and triethylamine (1 mL) was stirred at room temperature for 2 h. The 
solution was diluted in water (10 mL) and washed with EtOAc (15 mL). 
The aqueous layer was lyophilized and the crude product was purified 
by preparative reverse phase HPLC to give the corresponding urea 
compound 39. 

4.2. Biology 

4.2.1. Metallo-β-Lactamase inhibition assays 

4.2.1.1. VIM-type enzymes, NDM-1 and IMP-1. The inhibition potency 
of the compounds has been assessed as previously reported [38,43]. 
Briefly, the rate of hydrolysis of a reporter substrate, either 150 μM 
imipenem or meropenem (λ, 300 nm), 120 μM cefotaxime (λ, 260 nm) or 
100 μM nitrocefin (λ, 482 nm), by a purified MBL enzyme (VIM-1, VIM- 
2, VIM-4, NDM-1, and IMP-1; enzyme concentration in the assay ranged 
1–70 nM) was measured at 30 ◦C in 50 mM HEPES buffer (pH 7.5) in the 
absence and presence of several concentrations of the inhibitor (0.5 µM 
–1 mM). 

The inhibition constants (Ki) were determined on the basis of a model 
of competitive inhibition by analysing the dependence of the ratio v0/vi 
(v0, hydrolysis velocity in the absence of inhibitor; vi, hydrolysis velocity 
in the presence of inhibitor) as a function of [I] as already described 
[53]. The assays were performed in triplicate. 

4.2.1.2. L1. Inhibition assay was performed as previously described 
[38,43]. Briefly, L1 (0.2–0.8 nM) was tested in 25 mM HEPES pH 7.5 
with 50 μM ZnCl2. The enzyme and the inhibitor (100 µM) were pre- 
incubated for 30 min at 21 ◦C and then incubated at 30 ◦C in the pres
ence of 100 μM nitrocefin as the reporter substrate (Δε482 = 15,000 M− 1. 
cm− 1). In the present study, no compound inhibited L1 with a residual 
activity < 30%, and therefore no Ki was measured [24]. The assays were 
performed in triplicate. 

4.2.2. Microbiological assays 
The ability of selected compounds to restore the susceptibility of 

resistant bacteria to a β-lactam antibiotic was assessed as previously 
described [38,43], according to the CLSI (Clinical Laboratory Standard 
Institute) recommendations [54,55]. 

Assays using the agar disk-diffusion method were performed on MBL- 
producing isogenic laboratory strains obtained after transforming 
Escherichia coli AS19 [56] and LZ2310 [57] strains with a derivative of 
the high copy number plasmid pLB-II carrying the cloned blaVIM-2 gene. 
After 18 h incubation at 35 ◦C in the presence of cefoxitin (30 μg)- 
containing disks supplemented with an inhibitor or DMSO or EDTA 
(220 μg) as negative and positive controls, respectively, the diameter of 
the growth inhibition zone was measured and compared to that obtained 
in the absence of inhibitor. Experiments were performed in triplicate. 

The minimum inhibitory concentration (MICs) of meropenem 
(MEM) was determined in triplicate using Mueller-Hinton broth (MHB) 
and a bacterial inoculum of 5 × 104 CFU/well, in both the absence and 
presence of a fixed concentration (32 μg/mL) of an inhibitor. Two 
multidrug-resistant K. pneumoniae isolates producing VIM-1 (7023) and 
VIM-4 (VA-416/02) and present in our collection were used [58,59]. 

4.2.3. Cytotoxicity assays 
The potential cytotoxic activity of selected compounds (26, 27 and 

60) was evaluated using the commercially available membrane integrity 
assay (CytoTox 96® non-radioactive cytotoxicity assay, Promega, 
Madison, WI, U.S.A.). HeLa cells were grown in Dulbecco’s Modified 
Eagle’s Medium (Euroclone, Pero, Italy) supplemented with 10% fetal 
bovine serum, 4.5 mg/mL glucose and 2 mM L-glutamine (37 ◦C, 5% 
CO2). The compounds were tested for their ability to induce cell lysis by 
measuring the release of lactate dehydrogenase (LDH) after incubating 
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HeLa cell cultures (20,000 cells/well) for 24 h (medium as above, 37 ◦C, 
5% CO2) in the absence and presence of varying concentrations of the 
compound (up to 500 μM). Further controls included samples containing 
the medium only, 1% DMSO or in which cell lysis was induced by the 
addition of 9% Triton X-100 (maximum LDH release control). The assay 
was performed in triplicate. 

4.3. Isothermal titration calorimetry (ITC) analysis of compound binding 
to VIM-2 

ITC titration was performed on a MicroCal ITC200 (GE-Malvern) 
equipped with a 200 µL Hastelloy sample cell and an automated 40 µL 
glass syringe rotating at 1000 rpm. VIM-2 in 10 mM HEPES-NaOH, 0.15 
M NaCl, 50 µM ZnSO4, pH 7.5 was diluted to the desired concentration 
with the same buffer and was brought to DMSO concentration identical 
to that of the injected compound. The tested compound was solubilized 
in DMSO at 20 mM concentration and was diluted to 200 µM with the 
enzyme buffer, resulting in a final DMSO concentration of 1%. 

In a standard experiment, VIM-2 (19 µM) was titrated by one initi
ating injection (0.5 µL) followed by 19 injections (2 µL) of compound 3 
(200 µM) 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 (n), associa
tion constant (Ka), and change in enthalpy of binding (ΔH◦

b) using 
ORIGIN 7 software v.7 (OriginLab). In the fitting procedure, the com
pound 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, ΔG◦

b, was calculated from Ka (ΔG◦
b = − RT ln Ka) 

and the entropic term, TΔS◦
b, was derived from the Gibbs-Helmholtz 

equation using the experimental ΔH◦
b value (ΔG◦

b = ΔH◦
b − TΔS◦

b). 

4.4. Molecular modelling 

The docking studies were performed with AutoDock 4.2.6 [60] as 
previously described [43]. For each ligand, free rotations were defined. 
Files for the docking were prepared from: (i) the structure of complex 
VIM-2/JMV4690 (PDB code 6YRP) [38] (the protein was protonated 
with Dockprep module of Chimera and the program was let to itself 
protonate His residues, while checking the absence of conflict in the H- 
bond network); (ii) compounds and protein pdbqt files prepared with 
AutoDockTools (ADT) [61]. For the protein, seven side-chains were 
allowed to move: Phe61, Asp62, Tyr67, Asp119, Glu149, Arg228 and 
Asn233 (to visualize them, see Figure S1). 

Molecular graphics and analyses were performed with UCSF 
Chimera, developed by the Resource of Biocomputing, Visualization and 
Informatics at the University of California, San Francisco, with support 
from NIH P41-GM103311. 
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