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ABSTRACT: Bacterial resistance has become a worldwide
concern after the emergence of metallo-β-lactamases (MBLs).
They represent one of the major mechanisms of bacterial
resistance against beta-lactam antibiotics. Among MBLs, New
Delhi metallo-β-lactamase-1 NDM-1, the most prevalent type,
is extremely efficient in inactivating nearly all-available
antibiotics including last resort carbapenems. No inhibitors
for NDM-1 are currently available in therapy, making the
spread of NDM-1 producing bacterial strains a serious menace.
With this perspective, we performed a structure-based in silico
screening of a commercially available library using FLAPdock
and identified several, non-β-lactam derivatives as promising
candidates active against NDM-1. The binding affinities of the highest scoring hits were measured in vitro revealing, for some of
them, low micromolar affinity toward NDM-1. For the best inhibitors, efficacy against resistant bacterial strains overexpressing
NDM-1 was validated, confirming their favorable synergistic effect in combination with the carbapenem Meropenem.

KEYWORDS: NDM-1 Metallo-β-Lactamase, carbapenemases, bacterial resistance, structure-based virtual screening, enzyme inhibition,
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The extensive use of antibiotics has created major resistance
problems leading to increased morbidity, mortality, and

healthcare costs.1 Among several mechanisms of resistance
pathogenic bacteria have developed against antimicrobial
therapy, the hydrolysis of β-lactam antibiotics by β-lactamase
enzymes is one of the most prevalent in resistant strains.2,3 BLs
have emerged in Gram-positive and -negative bacteria and
evolved in extended spectrum β-lactamases (ESBLs) first and
carbapenemases later, leaving not many alternatives to microbial
infections.2−5 BLs belong to two main groups: serine-based BLs
(SBLs class A, C, D) and metallo-BLs (class B).6 With respect to
SBLs, for which approved inhibitors are available in combination
with beta-lactam antibiotics7 and few others are in the
development pipeline,8 at present no drug capable of inhibiting
any of the class B zinc-dependent metallo-β-lactamases is
available in therapy.
MBLs use a zinc-bound hydroxyl group as nucleophile to

catalyze the hydrolysis of a very broad range of β-lactam
antibiotics including penicillins, cephalosporins, carbapenems,
and BL inhibitors, with the only exception of monobactams.5

Therefore, the emergence of these enzymes is particularly
concerning for the future treatment of bacterial infections.

Among MBLs, the clinically relevant metallo-carbapenemase
NDM-1 (NewDelhi metallo-β-lactamase) is themost worrisome
in light of its substrate promiscuity, its resistance to nearly all
available drugs, and its easiness of variants appearance and
transferability. NDM-1 belongs to the B1 family of metallo-β-
lactamases, and since its discovery in bacterial infections
harboring plasmid-encoded NDM-1, this carbapenemase has
emerged as a global health threat.9 It has caused multiple
epidemics and it is capable of easy propagation to other species.10

Moreover, most plasmids harboring the NDM-1 gene are often
associated with other resistance markers, making NDM-1
positive strains resistant to multiple drugs.10−12

As a consequence, there is a growing need for novel inhibitors
against NDM-1, targeted in this study.
To identify novel MBLs inhibitors, starting from the available

NDM-1 crystal structures [PDB code 3q6x and 3spu], a
structure-based virtual screening (SBVS) of a large database of
available chemicals was conducted, searching for potential
inhibitors able to highly complement NDM-1 binding site. For
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the best inhibitors biological assays against clinical strains
overexpressing NDM-1 were conducted, confirming their ability
to synergize last generation antibiotics and to restore
susceptibility in resistant strains.
The virtual screening was performed with FLAPdock

implemented within FLAP (Fingerprints for Ligands and
Proteins).13 A specific version of FLAPdock was developed ad
hoc to deal with MBL’s active site.14

Starting from an initial library of∼300,000 Specs commercially
available compounds (www.specs.net) opportunely filtered for
LogP lower than 2.5, a library of 100 compounds was selected
according to the score assigned by the native scoring function,
the number of hydrogen bonds formed within the binding site,
their chemical diversity, and their ability to complement the
NDM-1 active site. The compounds were first rapidly screened in
vitro for inhibitory activity against NDM-1 through a
spectrophotometric assay. Based on the determined percentage
of inhibition against NDM-1 (cut off % inhibition <50 at 200
μM) a more focused library of 31 derivatives was selected (Table
S1). Each compound was further validated for its capability to
inhibit NDM-1: binding affinities and mechanism of inhibition
were determined. In inhibition assays, the activity of NDM-1 was
monitored following the hydrolysis rate of the substrate
nitrocefin at λ = 480 nm, after 10 min incubation of each
compound with the enzymes.
We noted that the 31 active candidates are characterized by the

presence of electron donor chemotype able to coordinate the
zinc ions, that is, triazol-thiole, amino-triazole, tetrazole,
carboxylates, sulfonyl, and sulfonamide groups.16−18 Most active
inhibitors in the library for which the binding mode is herein
described are reported in Table 1 (for the complete list of
focused library, see Table S1).
Summarizing, among the total 31 derivatives (Table S1), we

identified two compounds showingKi of 0.72 and 1 μM(Table 1,
compounds 1 and 2). Other 22 compounds, exploiting diverse
chemical functionalities, showed Kis between 52 and 99 μM. All
compounds behave as competitive inhibitors with respect to
reporter substrate nitrocefin. The most active compounds 1 and
2 share the common 4H-1,2,4-triazole-3-thiol core able to
advantageously interact with both Zn ions present in the binding
site. The binding poses of compounds 1 and 2 are reported in
Figure 1a,b.

The thiol group is a known zinc chelator and a chemical feature
often shared by other reportedMBL inhibitors.18 At the moment
of completing this Letter, Sevaille et al. discussed the activity of
ligands sharing a similar triazole-3-thiole core toward a panel of
dizinc MBL, including NDM-1.19

The interactions of our compounds 1 and 2 with the zinc ions
are mediated by S3 and N2, as reported for the similar 1,2,4-
triazole-3-thiole compound cocrystallized with L1MBL reported
by Sevaille et al.20 However, in compounds 1 and 2, the
substituent on C5 assumes a different orientation given to the
diverse architecture and composition of the binding site, and in
particular, of the hydrophobic hot spots. Further interactions are
made by N1 with Lys211, a residue normally involved in
substrate recognition, orientation, and hydrolysis. This strongly
supports the value of our results and the potential of the
procedure, able to identify 1,2,4-triazole-3-thiole derivatives

Table 1. Ki Values for the Most Representative NDM-1 Inhibitors

aEstimated Ki as per competitive inhibitor.15 Assays were conducted vs NDM-1 (0.5 nM), 10 min incubation, at 25 °C, inhibitor concentration
ranging from 0 to 500 μM in HEPES 20 mM (pH 7.0) + 20 μM ZnCl2, using Nitrocefin 30 μM as reporter substrate. All the experiments were
performed in triplicate.

Figure 1. Binding poses of compounds 1 and 2 in NDM-1 binding site
(a and b, respectively). Compounds are shown as capped sticks, zinc
ions as purple spheres, and H-bonds as dashed lines. The binding site
Molecular Interaction Fields are shown in panels a′ and b′. For clarity,
only the hydrophobic (yellow) and hydrogen-bond acceptor (red)
contours are shown. Pictures were prepared using Pymol (http://www.
pymol.org).
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among the best binders in a filtered library of more than 20,000
compounds.
Compound 2 contacts both zinc ions with S3 and forms

another interaction with Asn220, a key residue involved, along
with Lys211, in substrate binding and in the intermediate
product stabilization via formation of an oxyanion hole in
conjunction with Zn1 (Figure 1b). Both molecules properly fit
the H-bond acceptor region identified by GRID (Figure 1a′,b′)
lined by the two ions and Lys211, and the large hydrophobic
contour lined by Ile35, Val73, Trp93, and Gly219 and usually
involved in hydrophobic interactions with β-lactam R groups.
According to the literature21 and crystallographic evi-

dence,20,22 thiols groups were modeled as thiolates. In the
MBL binding site, sulphydryl groups exist as anions, mimicking
the catalytic hydroxide, because of the zinc effect, which lowers
the pKa of bound thiol groups by about two orders of
magnitude.22,23

In light of their Ki (0.72 and 1 μM, respectively), their
reversible mechanism of inhibition, their ligand efficiencies (0.5
kcal mol−1), and their lead-like physical properties, they
represent promising candidates for chemical derivatization.24

Compounds 5 and 6 present a triazol-thiole moiety as well,
thus able to coordinate the zinc ions (Table S1). Compound 6
bears a carboxylate also involved in the coordination of one of the
two ions. In the complexes formed by the other compounds, the
metals are coordinated by different electron donor groups.
Compounds 3 and 4 interact with the ions by means of the
sulfonyl or sulfonamide moiety (see Table 1, Table S1). In
particular, compound 3 contacts both of them through the
carbonyl and the sulfonyl moiety, also interacting with Lys211
and Asn220 (Figure 2a).
In the case of compound 7 (Table 1, Figure 2b), the

coordination contacts are made by both the purine ring and the
sulfonic acid, still forming hydrogen bonds with Lys211 and
Asn220, while for compound 10 only the sulfonylic amid moiety
is responsible for the metal coordination (Table S1).
Compounds 8 presents a tetrazol-amine moiety, with N2, N3,
and N4 coordinating both Zn1 and Zn2 (Table 1, Figure 2c).
Similarly, compounds 11 (Table 1, Figure 2d) and 14 (Table

S1) exploit the presence of a tetrazol ring and, also, of the sulfonyl
moiety to bind the protein active site. In the case of compounds 9
(Table S1), 12 (Table 1, Figure 2e), and 13 (Table S1), the
coordination is mediated by carboxylic functions. In particular,
compound 12 (Figure 2e) is able to contact Zn1 and Zn2 with
the single carboxylic acid and to further stabilize its orientation in
the pocket through the formation of an additional hydrogen
bond with Asn220. Compound 15 combines a carboxylic
function and a triazol-thiole group, both involved in the metals
coordination. The carboxylic moiety also contacts Asn220
(Table 1, Figure 2f). Compounds 16 and 17 are characterized
by the presence of a triazole carboxamide and a triazole amine,
respectively (Table S1).
Apparently, the presence of a mercapto-triazole moiety one/

two atom spaced from an aromatic ring represents a suitable
scaffold to stably bind the enzyme active site and inhibit its
activity. The identified compounds could be further optimized to
better fit the target binding site shape and MIFs.
To verify the ability of the compounds to synergically interact

with therapeutically available antibiotics, a microdilution drug−
drug interaction assay was conducted both on E. coli clinical
isolate expressing NDM-1 enzyme and E. coli BL21 (DE3)
recombinant strain harboring the vector pET-24blaNDM‑1
overproducing NDM-1 enzyme. The checkerboard micro-

dilution assay makes possible to test in a 96-well microplate 77
possible combinations of two drugs simultaneously, allowing the
estimation of the fractional inhibitory concentration index
(FICI). Since it was not possible to determine the MIC values
of the tested NDM-1 inhibitors in the used range (maximum
concentration 256 μg/mL), the FICI index was estimated as the
maximum value that can be obtained assigning to the inhibitors a
MIC value equal to 512 (μg/mL). As reported in Tables 2 and 3,
compounds 1 and 2 synergically interact with Meropenem, the
preferential substrate of NDM-1 enzyme. At a concentration of
128 μg/mL, 1 reduces the MIC value of Meropenem in the
clinical isolate and the recombinant strain 8- and 16-fold,
respectively.
A 4-fold reduction is observed in both strains when

Meropenem is combined with 2. With ampicillin, cefazolin,
and cefotaxime, no synergic activity was observed with the
exception of compound 1 in combination with cefotaxime in the
recombinant strain, where a 4-fold reduction of the antibiotic
MIC value is reported. The obtained results show that
compounds 1 and 2 display a significant synergistic effect when
in combination with Meropenem, against clinical strain over-
expressing NDM-1.
We report the successful application of structure-based virtual

screening to the discovery of novel ligands active against NDM-1.
Several recurrent chemical classes of MBL inhibitors have been
reported over the years, here efficaciously recognized by the

Figure 2. Predicted binding pose of the most representative
functionalities in the 31-candidate focused library (Table S1):
compounds 3 (a), 7 (b), 8 (c), 11 (d), 12 (e), and 15 (f) in the
NDM-1 binding site (Table 1). The compounds are shown as capped
sticks, zinc ions as purple spheres, and H-bonds as dashed lines. Some
residues have been removed for clarity. Pictures were prepared using
Pymol (http://www.pymol.org).
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virtual strategy applied: thiols, N-arylsulphonyl hydrazones,
succinic acids, and mercaptocarboxylate acids were included
among our candidates.16−18

With respect to other disclosed inhibitors active against NDM-
1, undoubtedly, our results stand out for the variety of chemical
functionality, correct modeling prediction of the interaction with
the crucial Zn atoms, high complementarity with the target
together with drug likeness and ligand efficiency LE (Table S2).
Among the compounds selected by means of SBVS

approaches, several demonstrated low micromolar activity
toward the target (Ki for the best selected inhibitor equal to
0.72 μM). The identified inhibitors all share a common
competitive inhibition mechanism vs NDM-1 (Figure S1). In
microbiological tests, the synergic activity in association with
Meropenem was demonstrated also against clinical resistant
strains.
The ability of the best performing compounds to synergize

antibiotics against pathogenic resistant bacteria reverting
resistance in clinical isolates is encouraging. For the best two
compounds, studies for improving their affinity and confirming
their binding mode via X-ray crystallography are ongoing.

In the emergence of bacteria resistance new strategies, targets
and compounds are urgently needed. Despite the source of
structural information on NDM-1 at the atomic level has raised,
the challenge to design a valid NDM-1 inhibitor is wide open.
Our results demonstrate the feasibility of applying virtual

screening methodologies in identifying novel inhibitors for
NDM-1, despite is malleable active site, providing a mechanism
base for rational design of NDM-1 inhibitors.

■ EXPERIMENTAL PROCEDURES
Structure-Based Virtual Screening. The crystallographic struc-

tures of NDM-1 from Klebsiella pneumoniae in the apo form and
complexed with ampicillin (PDB codes 3spu and 3q6x, respectively)
were used as templates for SBVS experiments. The binding site was
identified and defined by f lapsite, implemented in FLAP.13 The Specs
database (www.specs.net) was chosen as the starting library. This
database is part of the ZINC archive (www.zinc.docking.org) and,
according to previous experiences,14 contains molecules with significant
chemical and geometric diversity and good purity and availability. A set
of about 300,000 compounds was downloaded and filtered according to
LogP values calculated by Moka.25 In order to ensure sufficient
solubility, only molecules with LogP < 2.5 were retained, amounting, in

Table 2. In Vitro Interaction between Antibiotics and Novel NDM-1 Inhibitors Determined by FICI in E. coli BL21 (DE3) pET-
24a-blaNDM‑1

FIC indexa

inhibitor antibiotic MICb antibiotic (μg/mL) MICb combination (μg/mL) inhibitorb concentration (μg/mL) ΣFICmin INT

1 AMP 1024 1024 >256 >1.0 IND
0.0625 256 <0.563 IND

MEM 1 0.25 16 <0.281 SYN
0.5 0.25 <0.501 IND

CFZ 32 32 >256 >1.0 IND
1 256 <0.625 IND

CTX 8 2 4 <0.258 SYN
4 0.25 <0.505 IND

2 AMP 2048 1024 0.25 <0.501 IND
MEM 1 0.25 64 <0.375 SYN

0.5 0.5 <0.501 IND
CFZ >32 32 0.25 <0.501 IND
CTX 8 4 0.25 <0.501 IND

aINT, interpretation; IND, indifference; SYN, synergy; ANT, antagonism. Synergy is defined when the FICI is ≤0.5, antagonism when the FICI is
>4, and indifference when the FICI is >0.5 and ≤4. bMIC values were determined as the median of three independent experiments. N.D.: not
determined.

Table 3. In Vitro Interaction between Antibiotics and NDM-1 Inhibitors Determined by FICI in E. coli Clinical Strain
Overexpressing NDM-1

FIC indexa

inhibitor antibiotic MICb antibiotic (μg/mL) MICb combination (μg/mL) inhibitorb concentration (μg/mL) ΣFICmin INT

1 AMP >32768 >32768 >256 N.D.
16 128 <0.375 SYN

MEM 128 32 32 <0.313 SYN
64 2 <0.504 IND

CFZ 2048 2048 >256 >1.0 IND
CTX 1024 1024 >256 >1.0 IND

2 AMP >32768 >32768 >256 N.D.
MEM 128 32 32 <0.313 SYN

64 0.5 <0.501 IND
CFZ 2048 2048 >256 >1.0 IND
CTX 1024 1024 >256 >1.0 IND

aINT, interpretation; IND, indifference; SYN, synergy; ANT, antagonism. Synergy is defined when the FICI is ≤0.5, antagonism when the FICI is
>4, and indifference when the FICI is >0.5 and ≤4. bMIC values were determined as the median of three independent experiments. N.D.: not
determined.
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this experiment, to 22,634. Tautomers and protomers were added. The
virtual screening was performed with FLAPdock implemented within
FLAP software, developed and licensed by Molecular Discovery Ltd.
(www.moldiscovery.com). FLAP is based on the Molecular Interaction
Fields (MIFs) calculated by GRID.26 A specific version of FLAPdock
was developed to deal with the MBL active site. The native docking
scoring function was modified to add a classical electrostatic term and
also a soft Lennard-Jones term. These terms were scaled for comparison
with the FLAPdock MIF similarity score. Additional MIFs for the DRY,
O, and N1 fields were also added, but cut at the most favorable 10% to
emphasize the strongest hotspots in the site. The modified docking
algorithm was validated on the DUD data set.27 Molecules were ranked
according to the FLAP-S Score function, containing four terms to
evaluate the similarity of the H (shape), O (H-bond acceptor), N1 (H-
bond donor), and DRY (Hydrophobic) MIFs between the template
pocket on NDM-1 and the candidates, a Lennard-Jones potential, an
electrostatic term, and a penalization term to penalize H-bond donor
groups in H-bond acceptor MIFs, and vice versa. After the first VS, the
highest score compounds (∼1% of the initial library) were redocked in
the binding site with a more accurate modality, taking more
computational time but providing more reliable results. All compounds
in the pocket were visually inspected, and on the basis of (i) the FLAP S-
score, the superposition with the pocket’s MIFs, (ii) the interactions
with the surrounding residues, and (iii) the chemical diversity, 100
compounds were selected for testing.
Protein Sovra Expression and Purification. E. coli JM109(DE3)

cells containing the recombinant plasmids pFM-NDM-1 were grown in
1 L of tryptic soy broth (TSB) medium with kanamycin (50 μg/mL) at
37 °C in an orbital shaker (180 rpm). Each culture was grown to achieve
an A600 of approximately 0.5, and 0.4 mM IPTG (isopropyl-β-D-
thiogalac-topyranoside) was added. After the addition of IPTG, the
cultures were incubated for 16 h at 22 °C, under aerobic conditions.
Cells were harvested by centrifugation at 8000 rpm for 10 min at 4 °C
and washed twice with 20 mM Tris-HCl buffer (pH 7.0) (buffer A).
Crude enzymes were obtained by treatment with lysozyme at a
concentration of 2 mg/mL for 30 min at 30 °C followed by sonication
on ice (five cycles at 60 W for 1 min and 2 min of break). The lysate was
centrifuged at 30 000 rpm for 30 min, and the cleared supernatant was
recovered and loaded onto a Sepharose-Q fast-flow column equilibrated
with buffer A. The column was extensively washed to remove unbound
proteins, and the β-lactamase was eluted with a linear gradient of 20 mM
Tris-HCl (pH 7.0)−NaCl (0.5 M) (buffer B). The fractions containing
β-lactamase activity were pooled, concentrated 20-fold using an Amicon
concentrator (YM 10 membrane; Millipore, Bedford, MA, USA), and
loaded onto Sephacryl S-100 equilibrated with buffer A. The pure
fractions were pooled and dialyzed in 20 mM HEPES buffer (pH 7.0)
containing 0.01 mg/mL bovine serum albumin (BSA) (buffer C) for
further experiments.28

Inhibition Assays. All molecules (from Specs; www.specs.net,
tested without further purification; compounds purity was always above
90% as declared by Specs) were tested toward NDM-1 enzyme purified
at homogeneity as previously described.28 For kinetic experiments the
molecules were dissolved in 100% DMSO to have a final concentration
in cuvettes of 1%. The inhibition assays were carried out by
preincubating, for 10 min at 25 °C, 0.5 nM pure enzyme with various
concentrations of inhibitors (from 0 to 500 μM) in 20 mM HEPES
buffer (pH 7.0) containing 20 μM ZnCl2. The rate of inhibition was
measured by the reporter substrate method15 by using 30 μM nitrocefin
at the following conditions:

= + +v v K I K S K/ 1 ( )/( )0 i m m i (1)

where vi and v0 represent the initial rates of hydrolysis of nitrocefin with
or without inhibitor, respectively; I is the concentration of inhibitor,Ki is
the inhibition constant, Km is the Henri−Michaelis constant, and S is the
concentration of the reporter substrate. The plot v0/vi versus [I] yielded
a straight line of slope Km/(Km + S)Ki.

15 The data were collected with a
Lambda 25 spectrophotometer (PerkinElmer Italia).
Checkerboard Microdilution Assay. The in vitro interactions

between ampicillin, Meropenem (MEM), cefazolin (CFZ), and
cefotaxime (CTX) and best inhibitors 1 and 2 were investigated by a

two-dimensional checkerboard microdilution assay, using 96-well
microtitration plates as previously described.29 The microtiter plates
were incubated at 37 °C for 18 h. The growth in each well was quantified
spectrophotometrically at 595 nm by a microplate reader iMark, BioRad
(Milan, Italy). The percentage of growth in each well was calculated as

−
−‐

OD OD

OD OD
drug combination well background

drug free well background

where the background was obtained from themicroorganism-free plates,
processed as the inoculated plates. The MIC for each combination of
drugs was defined as the concentration of drug that reduced bacterial
growth by 80% compared to that of organisms grown in the absence of
drug. All experiments were performed in triplicate.

Drug Interaction Models. In order to assess the nature of the in
vitro interactions between the compounds and antibiotics against the
recombinant E. coli BL21 (DE3) pET-24a-blaNDM‑1 strain and against
the E. coli clinical strain overexpressing NDM-1, the data obtained from
the checkerboard assay were analyzed to calculate the fractional
inhibitory concentration index.30 The fractional inhibitory concen-
tration index (FICI) is the mathematical expression of the effect of the
combination of antibacterial agents expressed as

Σ = + = +FIC FIC FIC
MIC
MIC

MIC
MICA B

AB

A

BA

B

whereMICA andMICB are theMICs of drugs A and Bwhen acting alone
and MICAB and MICBA are the MICs of drugs A and B when acting in
combination. Among all ΣFICs calculated for each microplate, the FICI
was determined as the lowest ΣFIC (ΣFICmin) when synergy is
supposed, or the highest ΣFIC (ΣFICmax) when antagonism is evident.
Since in MIC determination the variation in a single result places a MIC
value in a three-dilution range (±1 dilution), therefore, the
reproducibility errors in the MIC checkerboard assays are considerable.
For that reason, the interpretation of FICI data should be done taking
into consideration values well below or above the theoretical cutoff (1.0)
defined by Berenbaum. Synergy was, therefore, defined when FICI ≤
0.5, while antagonism was defined when FICI > 4. A FIC index between
0.5 and 4 (0.5< FICI ≤ 4) was considered indifferent.31
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