Send Orders of Reprints at reprints@benthamscience.net

1242 Current Topics in Medicinal Chemistry, 2013, 13, 1242-1253

Metallo-g-Lactamases: Structural Features, Antibiotic Recognition, Inhi-

bition, and Inhibitor Design

Jing-Fang Wang*?*" and Kuo-Chen Chou**

Key Laboratory of Systems Biomedicine (Ministry of Education), Shanghai Center for Systems Biomedicine, Shanghai
Jiao Tong University, Shanghai 200240, China; 2Shanghai Center for Bioinformation Technology, 1278 Keyuan Road,
Shanghai 201203, China; *Center of Excellence in Genomic Medicine Research (CEGMR), King Abdulaziz University,
Jeddah, Saudi Arabia; “Gordon Life Science Institute, 53 South Cottage Road, Belmont, Massachusetts 02478, United

States of America

Abstract: Owing to their ability in destroying or slowing down the growth of bacteria, antibiotics have been widely used
to treat the bacterial infections. However, because of the long-term and irresponsible use of antibiotics, resistance to anti-
biotics has become a serious problem directly threatening the public health worldwide. To fight against and resist -
lactam antibiotics, bacteria usually employed B-lactamases, especially the metallo-B-lactamases, to hydrolyze the C-N
bond of the B-lactam ring so as to inactivate the antibiotics. In this minireview, we are to summarize the structural features
of the metallo-B-lactamases, as well as their antibiotic binding modes and resistance mechanisms, in hopes that the discus-
sion and analysis presented in this paper can stimulate new strategies to overcome the resistance problem and find novel

inhibitors against the metallo-B-lactamases.

Keywords: B-Lactamase; antibiotics; resistance; new Delhi metallo-p-lactamase.

INTRODUCTION

Before the early 20" century, treatment for infections was
the major challenge for medicinal chemistry. Many ancient
people such as Chinese, Egyptians and Greeks used specially
selected mold and plant materials and their extracts to treat
infections on the basis that some antibiotics might be con-
tained therein. Nowadays, antibiotics are widely used to treat
infections caused by bacteria because they can destroy or
slow down the growth of bacteria [1]. However, due to the
long-term and irresponsible use of antibiotics, some bacterial
strains have become increasingly resistant to the regular an-
tibiotics. According to the European Center for Disease Pre-
vention and Control (ECDC), the antibiotic resistance prob-
lem has become a serious public health threat worldwide. In
a statement issued in 19" Nov. 2012, the ECDC informed
that an estimated 25,000 people die each year in the Euro-
pean Union from antibiotic-resistant bacterial infections.

As one of the most commonly prescribed drugs to treat
the bacterial infections, B-lactam antibiotics can inhibit
transpeptidase involved in cell wall biosynthesis [2,3]. B-
Lactam antibiotics are so-named because they share a core
structure, B-lactam ring, in which the nitrogen atom is at-
tached to the B-carbon relative to the carbonyl [4]. To fight
against B-lactam antibiotics, bacteria have developed some
strategies to resist the aforementioned antibiotics. The most
effective strategy is to involve a family of enzymes, B-
lactamases [3], which can hydrolyze the C-N bond to render
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the antibiotic inactive. Bacterial B-lactamases can be grouped
into two types: serine B-lactamases and metallo B-lactamases
[5]. The former employs an active serine as a nucleophile,
and the latter uses zinc ions to effect B-lactam cleavage [6].
Unlike the serine B-lactamases, metallo-B-lactamases show
strong resistance to the clinical antibiotics, and cannot be
effectively inactivated by the conventional inhibitors [7].

The first metallo-p-lactamase was identified from a Ba-
cillus cereus strain in 1966 [8,9]. By now metallo-p-
lactamases are found in at least 20 strains, such as Aero-
monas hydrophila, Stenotrophomonas maltophilia, and
Pseudomonas aeruginosa [10-12]. Since then, a number of
experimental and theoretical attempts have been made to get
the structural insight into the metallo-p-lactamase and their
resistance mechanism against antibiotics.

During the last decade, lots of progresses have been
made in structure-based cheminformatics that are closely
associated with the targets of medicinal chemistry, such as
QSAR [13-18], molecular modeling and docking [19-32], as
well as in biomedical cheminformatics such as identifying
signal propagation during colorectal cancer progression [33],
identifying nucleosomes [34], identifying recombination
spots of DNA [35], identifying antimicrobial peptides and
their functional types [36], predicting secretory proteins of
malaria parasite [37], identifying HIV cleavage sites in pro-
teins [38,39], identifying colorectal cancer related genes
[40], predicting signal peptides [41], predicting protein sub-
cellular locations for the systems with multi-labels [42-44],
identifying DNA binding proteins [45], predicting proteases
and their types [46], predicting antimicrobial peptides [36],
identify nuclear receptors and their types [47], predicting
GPCRs and their types [48], classifying hepatocellular cir-
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rhosis and carcinoma [49], identifying anatomical therapeu-
tic chemical (ATC) drugs classification [50], deciphering the
effects of gene deletion on yeast longevity [51], predicting
cysteine S-nitrosylation sites [52], and a series of powerful
web-server predictors listed in Table 3 of [53] and references
of [54]. These cheminformatics tools can generate many
useful data for which it would be otherwise time-consuming
and costly to obtain by experiments alone. Actually, these
data, combined with the information derived from the struc-
tural bioinformatics tools (see, e.g., [55,56]) can timely pro-
vide very useful insights for both medicinal chemistry re-
search and drug development. In this minireview, we are to
summarize the recent advances with cheminfrmatics on the
metallo-B-lactamases, especially the New Delhi metallo-B-
lactamase [57], which can make bacteria resistant to a broad
range of B-lactam antibiotics. Particularly, we shall focus on
the general structure features, antibiotic recognition and in-
hibition, as well as the novel inhibitor design against these
enzymes.

STRUCTURAL
LACTAMASE

In a pioneer paper published in 1980 by Amber [58],
metallo-B-lactamases were formally categorized from serine
B-lactamases. At that time, only 2 transferable types of met-
allo-p-lactamases had been studied; they were CcrA from
Bacteroides fragilis and IMP-1 from Pseudomonas aerugi-
nosa. So far more than 20 metallo-B-lactamases have been
identified from different organisms. Based on the sequence
identity and structural features, these enzymes can be catego-
rized into the following three subgroups [59]. The subgroup
1 (also called B1) contains those enzymes that posses the key
zinc coordinating residues of 3 histidines and 1 cysteine, i.e.,
IMP-1 from Serratia marcescens [60], Bcll from Bacillus
cereus [8], and VIM-2 from Pseudomonas aeruginosa [61].
The subgroup 2 (also called B2) contains those that posses
an asparagines instead of the histidine at the first position of
the principal zinc-binding motif NXHXD, i.e., SFH-1. The
subgroup 3 (also called B3) contains those that are function-
ally represented as a tetramer. See Table 1 for the detailed
information.

FEATURES OF METALLO-B-

According to the crystal structure studies [62-73], met-
allo-B-lactamases (especially the B1 subgroup) shares a
common af/Ba sandwich fold with two B-sheets at the core
and four a-helices at the external faces, as shown in Fig. 1.
The active site is located at the bottom of a solvent-
accessible groove bounded by some loops, which is also the
interface between domains. In this common structure for the
B1 subgroup metallo-B-lactamases, there are about 6 resi-
dues in the active site that coordinate with one or two zinc
ions, which are thought to be essential for the catalytic
mechanism of the metallo-B-lactamases. Besides metallo-f-
lactamases, some other enzymes (referred to non-f-
lactamases) also have such of/Ba sandwich folding struc-
tures, i.e., glyoxalase I, arylsulfatase, cyclase/dihydrase
[74]. The major differences in the folding structures between
the non-B-lactamases and metallo-B-lactamases are the metal
ions and the residues that bridge the metal ions. Different
from metallo-B-lactamases, the non-B-lactamases usually can
bind a diverse set of metal ions such as zinc, iron, and man-
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ganese [75]. Even if the non-B-lactamases coordinate zinc,
the residue that bridges the metal ions is usually an aspartate.

Fig. (1). Schematic illustration of the af/pa sandwich folding
structures of (A) di-zinc, and (B) mono-zinc metallo-g-
lactamases. The backbone structures were shown in rainbow car-
toons and the zinc ions were labeled as spheres. The graphics were
generated from the PDB files with 1KO3 for the di-zinc enzyme
and 1X8G for the mono-zinc enzyme, respectively.

In the crystal structure of Bl subgroup of metallo-B-
lactamases, 2 zinc atoms (labeled as Znl and Zn2 in this
paper) were detected. The Zn1 binding site is a tetragonal
geometry by the imidazole groups of 3 histidine residues, the
so-called the 3H site (Fig. 2A). Thus, the Znl is also called
the tetrahedrally coordinated zinc ion. The Zn2 binding site
is composed of the side chains of an aspartate, a cysteine and
a histidine, and two additional water molecules, the so-called
the DCH site (Fig. 2B). So, the Zn2 is also called a trigonal
bipyramidally coordinated zinc ion. Both the 3H site and
DCH site are conserved among the B1 subgroup enzymes,
which are thus used to distinguish metallo-p-lactamases as
B1 subgroup. Additionally, the enzymes in the B1 subgroup
are usually active having one zinc ion in the active site with
an increased activity on the binding of the second zinc [76],
while those in the B2 subgroup are only active when having
a single zinc ion in the active site with the second zinc bind-
ing inhibiting turnover [77]. The enzymes in the B3 sub-
group can only perform hydrolysis when both zinc ions are
coordinated in the active site [78].
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Fig. (2). Close view of the zinc ion binding sites for (A) di-zinc
and (B) mono-zinc metallo-p-lactamases. The Zn1 binding site is
a tetragonal geometry by the imidazole groups of 3 histidine resi-
dues, the so-called the 3H site. The Zn2 binding site, also called the
DCH site, is composed of the side chains of an aspartate, a cysteine
and a histidine. The graphics were generated from the PDB files
with 1ZNB for the di-zinc enzyme and 1X8G for the mono-zinc
enzyme, respectively
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Table1. The Detailed Information for All the Chromosomally Encoded Metallo-g-Lactamases.

No. Name Organism Subgroup Ref.
1 Bce 170 Alkalophilic Bacillus spp. B1 8
2 Bla2 Bacillus anthracis B1 39
3 Bc1l-5/B/6 Bacillus cereus B1 41
4 Bc1l-569/H Bacillus cereus B1 8
5 CGB-1 Chryseobacterium gleum B1 37
6 IND-1 Chryseobacterium indologenes B1 36
7 IND-2, 23, 3,4 Chryseobacterium indologenes B1 38
8 BlaB Chryseobacterium meningosepticum B1 45
9 BlaB2, BlaB3 Chryseobacterium meningosepticum B1 50
10 BlaB4-8 Chryseobacterium meningosepticum B1 37
11 JOHN-1 Flavobacterium johnsoniae B1 43
12 MUS-1 Myroides odoratimimus B1 42
13 TUS-1 Myroides odoratus B1 42
14 VIM-2 Pseudomonas aeruginosa B1 17
15 SPM-1 Pseudomonas aeruginosa B1 28
15 IMP-1 Seratia marcescens B1 16
16 CphA Aeromonas hydrophilia B2 24
17 ImiS Aeromonas veronii B2 49
18 AsbM1 Aeromonas veronii B2 51
19 SFH-1 Serratia fonticola B2 46
20 Mb11B Caulobacter crescentus B3 47
21 CAU-1 Caulobacter crescentus B3 40
22 GOB-1-7 Chryseobacterium meningosepticum B3 38
23 THIN-B Janthinobacterium lividium B3 44
24 FEZ-1 Legionella gormanii B3 27
25 Lla Stenotrophomonas maltophilia B3 48
26 L1-BlaS Stenotrophomonas maltophilia B3 12
27 Llc, L1d, L1e Stenotrophomonas maltophilia B3 35

ANTIBIOTIC RECOGNITION AND INHIBITION

Metallo-B-lactamases, especially the Bl subgroup en-
zymes, can recognize a wide range of the B-lactam antibiot-
ics, i.e., penicilllin, ampicillin, carbenicillin, zalocillin,
piperacillin and ticarcillin. Summarized in Table 2 are the
steady-state kinetic parameters for IMP-1, VIM-1 and SMP-
1 against a wide range of the B-lactam antibiotics, which
raise a big question on why there are so many variations in
binding and hydrolysis of the p-lactam antibiotics with simi-
lar enzymes. To address this question, we have to study and
understand the binding modes of the B-lactam antibiotics in
metallo-B-lactamases and their catalytic mechanisms. The

crystal structures from different species showed that the sub-
strate (referred to the B-lactam antibiotics) can bind to sev-
eral conformations of the metallo-p-lactamases leading to
productive interactions [79-95]. In the crystal structure of the
L1 enzyme from Stenotrophomonas maltophilia [96], Ser223
and the tetrahedrally coordinated zinc ion polarizes the car-
bonyl group of the B-lactam ring of the substrate, forming an
oxyanion hole to facilitate hydrolysis (Fig. 3). The trigonal
bipyramidally coordinated zinc ion may interact with the
nitrogen to position the substrate in the correct orientation
for the nucleophilic attack.
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Table 2. The Steady-State Kinetic Parameters for IMP-1, VIM-1 and SPM-1 Against a Wide Range of g-Lactam Antibiotics.
IMP-1 VIM-1 SPM-1
B-Lactams
Kat (S | Kn(uM) | KealKn(@M7S") | Kear(s7) | Kn(®M) | KealKn(@M7sY) | ke (s7) | Kn(M) | KealKn (M7's™)
Ampicillin 950 200 438 37 917 0.04 117 72 1.6
Cefepime 7 11 0.66 549 145 3.8 18 18 1
Cefotaxime 1.3 4 0.35 169 247 0.68 16 9 19
Cefoxitin 16 8 2 26 131 0.2 8 2 4
Ceftazidime 8 44 0.18 60 794 0.076 28 46 0.6
Cefuroxime 8 37 0.22 324 42 7.7 37 4 8.8
Cephalothin 48 21 24 281 53 5.3 43 4 11.7
Imipenem 46 38 1.2 2.0 15 1.3 33 37 1
Meropenem 50 10 0.12 13 48 0.27 63 281 0.22
Nitrocefin 63 27 2.3 95 17 5.6 0.53 4 0.12
Penicilllin 320 520 0.62 29 841 0.034 108 38 2.8
Tazobactam >1,000 >3.98 0.0039 5.3 337 0.016 0.6 3 0.2
Ticarcillin 11 740 0.0015 452 1,117 0.41 — <0.35 —
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Fig. (3). Binding modes of p-lactam antibiotic substrate in the metallo-p-lactamases. (A) The overview of the moxalactam binding mode
in the Stenotrophomonas maltophilia L1 enzyme. The protein structure is shown in rainbow cartoons with the substrate in stick models and
the zinc ions in spheres. (B) Detailed information for the interactions between the substrate moxalactam and Stenotrophomonas maltophilia

L1 enzyme.

As mentioned above, the metal ions in the metallo-B-
lactamases are essential for the catalytic mechanism of the -
lactam antibiotics. The enzymes in the B1 and B3 subgroups
of the metallo-p-lactamases can utilize two zinc ions, a tetra-
hedrally coordinated zinc ion and a trigonal bipyramidally
coordinated zinc ion, to hydrolyze the p-lactam antibiotics,
while the ones in the B2 subgroup are only activated with a
single zinc ion. This observation gives an indication that
there should be two possible catalytic mechanisms.

Many recent studies have indicated that computational or
cheminformatics approaches, such as structural bioinformat-
ics [55], predicting drug-target interaction [97], molecular
docking [56], and protein cleavage site prediction [39] can
timely provide very useful information and insights for drug
development and hence are widely welcome by science
community. Particularly, molecular docking studies can pro-
vide useful information for in-depth understanding some
subtle action mechanisms at the molecular biology level,
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such as the marvelous allosteric mechanism revealed re-
cently by the NMR observations on the M2 proton channel
of influenza A virus [98,99]. They can also provide useful
insights to stimulate drug developments as demonstrated by
a series of recent studies [17,22,26,31,55,56,100-107]). Also,
as is well known, the structures of biomacromolecules such
as proteins and DNA are not static but in a dynamic state
with low-frequency internal motion [108-113]. Many mar-
velous biological functions in proteins and DNA and their
profound dynamic mechanisms, such as switch between ac-
tive and inactive states [114,115], cooperative effects [116],
allosteric transition [117,118], intercalation of drugs into
DNA [119], and assembly of microtubules [120], can be
revealed by studying their internal motions [121]. Actually,
the functions of low-frequency internal motions in biomac-
romolecules and cells have also been used for medical treat-
ments (see, e.g., [122-124]). Therefore, to really understand
the action mechanism of metallo-B-lactamases, we should
consider not only the static structures concerned but also the
dynamical information obtained by simulating their internal
motions or dynamic process. Accordingly, to provide an in-
depth understanding of the catalytic mechanism of the met-
allo-p-lactamases, multiple computational and theoretical
approaches (i.e., molecular modeling [107,125-129], flexible
docking [130-135] and molecular dynamics simulation
[107,130,131,134,136-142]) have been applied to study the
crystal structures and the substrate binding features of the
metallo-B-lactamases, in order for providing atomic insights
into the conformational dynamics during the catalytic proc-
esses [107,127,130,143,144].

Wang and Chou

For the di-zinc metallo-p-lactamases that include the B1
and B3 subgroup enzymes, the bridging water molecule
(colored in green in Fig. 4) acts as a reaction nuleophile in B-
lactam hydrolysis by the metallo-B-lactamases [145]. The
bridging water molecule can make a re-face attack upon the
carbonyl carbon of the substrate with a carbonyl oxygen
atom ligated to Znl and the carboxylate in the five-member
ring of the substrate bound to Zn2, as shown in Fig. 4A
[145,146]. Such structure is stabilized by both the zinc atoms
and the residues between the metal ions. Subsequently, the
nucleophilic attach on the carbonyl carbon occurs, resulting
in a tetrahedral intermediate (Fig. 4B) [146,147]. The tetra-
hedral intermediate will transfer to an anionic nitrogen in-
termediate by the nitrogen protonation (Fig. 4C). Finally, the
functional lactam ring of the B-lactam substrates will be
cleaved (Fig. 4D).

For the mono-zinc metallo-p-lactamases that include the
B2 subgroup enzymes, a non-zinc bound water molecule was
found to act as the nucleophile. In the initial nucleophilic
addition step, this water molecule can attack the carbonyl
carbon of the B-lactam substrates with the help of Asp120
(Fig. 5A), resulting in the cleavage of the C-N bond in the
lactam ring (Fig. 5B) [148]. The anionic nitrogen part of the
substrate is then stabilized by the zinc ion to form an en-
zyme-intermediate complex, with the carbonyl part and the
residue His118 as well as the non-zinc bound water together
to form tetrahedral structure (Fig. 5B) [149]. This tetrahedral
structure will be broken to release a water molecule, which
can further protonate the anionic nitrogen (Fig. 5C), and the
functional lactam ring of the B-lactam substrates will finally
be cleaved (Fig. 5D) [150].
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Fig. (4). Schematic illustration to show the catalytic mechanism for the di-zinc metallo-B-lactamases. The bridging water molecule acts
as the nucleophile to attack the carbonyl carbon in the lactam ring of the substrate. After the C-N bond cleavage, the intermediate structure is
stabilized by the zinc ions (shown in pink balls), which will convert into an anionic nitrogen intermediate and further be released with the

functional lactam ring cleft.
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Fig. (5). Schematic illustration of the catalytic mechanism for the mono-zinc metallo-g-lactamases. Non-zinc bound water acts as the
nucleophile to attack the carbonyl carbon in the lactam ring of the substrate with the help of Asp120. After the C-N bond cleavage, the ani-
onic nitrogen part of the substrate is stabilized by the zinc ion (shown in a pink ball) to form an enzyme-intermediate complex, which will be
further protonated by a water molecule. The functional lactam ring of the substrate is then cleft.

Table 3. The Detailed Information Obtained by Experiments for the Metallo-B-Lactamases.

Inhibitor type Compound name Target Affinity/uM Ref.
Biphenyl tetrazole L161, L189 CcrA 1Cs0 = 0.30 96
Cysteinyl peptide D-phenylalanine derivatives Bcll Ki=3.0 97

Penicillin derivatives Penicillinate sulfone L1 1C5 = 0.10 98
Morpholinoethanesulfonic acid CcrA Ki=23 103
SB217782/8018 L1 ICsp< 1.9 100
Thioester derivatives SB214572 L1 ICs0=2 100
IMP-1 ICs < 0.01 96
Biphenylmethyl derivatives
CcrA 1Cs = 180 96
Mercaptoacetic acid IMP-1 Ki=0.23 109
Mercaptopropionic acid IMP-1 Ki=0.19 109
2'-Mercaptoethyl-derivatives Bcll Ki=70 99
IMP-1 ICs < 0.01 115
Thiobenzoate derivatives
Tiol CcrA IC5 = 180 115
2-para-Thiomandelic acid Bcll Ki=0.21 106
IMP-1 ICso=1.2 108
Quinoline C45H
VIM-2 ICsp=1.1 108

Thioacid Bcell Ki=96 119
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(Table 3) contd....

Inhibitor type Compound name Target Affinity/uM Ref.

Bcell Ki=79 111

SB238569 IMP-1 Ki=17 111

Tricyclic derivatives

CcrA Ki=3.4 111

2S-3S disubstitute IMP-1 1Cs0 > 0.21 114

L1 Ki=15 112

Trifluoromethyl alcohol D-Alanine derivatives
Bcell Ki =300 112
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