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Carbapenems are one of the last lines of defense for Gram-negative pathogens, such as members of the Enterobacteriaceae. De-
spite the fact that most carbapenems are resistant to extended-spectrum f3-lactamase (ESBL), emerging metallo-3-lactamases
(MBLs), including New Delhi metallo-3-lactamase 1 (NDM-1), that can hydrolyze carbapenems have become prevalent and are
frequently associated with the so-called “superbugs,” for which treatments are extremely limited. Crystallographic study sheds
light on the modes of antibiotic binding to NDM-1, yet the mechanisms governing substrate recognition and specificity are
largely unclear. This study provides a connection between crystallographic study and the functional significance of NDM-1, with
an emphasis on the substrate specificity and catalysis of various B-lactams. L1 loop residues L*>°, V*”, and W*” were important for
the activity of NDM-1, most likely through maintaining the partial folding of the L1 loop or active site conformation through
hydrophobic interaction with the R groups of -lactams or the B-lactam ring. Substitution of alanine for L*® showed greater re-

duction of MICs to ampicillin and selected cephalosporins, whereas substitutions of alanine for V¢’ had more impact on the
MICs of carbapenems. K*** and N*** on the L3 loop played important roles in the recognition of substrate and contributed to
substrate hydrolysis. These data together with the structure comparison of the B1 and B2 subclasses of MBLs revealed that the
broad substrate specificity of NDM-1 could be due to the ability of its wide active site cavity to accommodate a wide range of
B-lactams. This study provides insights into the development of efficient inhibitors for NDM-1 and offers an efficient tactic with

which to study the substrate specificities of other 3-lactamases.

eta-lactams, the antimicrobial agents that kill bacteria by in-
hibiting the peptidoglycan layer synthesis of cell walls, repre-
sent the most widely used clinical antibiotics due to their efficacy
and safety. The major mechanism of antimicrobial resistance is
associated with the production of versatile B-lactamases, causing
dissemination of multidrug resistance observed in various patho-
genic microorganisms (1, 2). Based on their amino acid sequences
and functional characteristics, B-lactamases have been classified
into four classes, of which classes A, C, and D are serine -lacta-
mases in which a serine residue is involved in the catalysis in the
active site and class B are metallo-3-lactamases (MBLs) that con-
tain one to two divalent ions, such as Zn**, in the active site (3, 4).
The majority of the MBL genes in Enterobacteriaceae are found as
gene cassettes on integrons, facilitating the transfer of these resis-
tant genes among different microorganisms. Most of the MBLs
have broad-spectrum activity, hydrolyzing penicillins, cephalo-
sporins, and carbapenems, except subclass B2 MBLs, which con-
ditionally hydrolyze carbapenems but not penicillins and cepha-
losporins (5, 6). Although MBLs are incapable of hydrolyzing
monobactams, in most cases, bacteria harboring the mobile MBL
genes also carry genes that encode enzymes that hydrolyze mono-
bactams, making it difficult to kill those bacteria. Unlike the serine
B-lactamases, MBLs are insensitive to B-lactamase inhibitors,
such as clavulanic acid, sulbactam, and tazobactam, and no clini-
cally proven inhibitor of MBLs is available to date (7). Recently,
alarm has been raised over the high spread rate of blayp,,, and
other plasmid-borne MBLs disseminated among Gram-negative
microorganisms since the mortality of patients suffering from in-
fections by these so-called “superbugs” is high and the choices of
treatments are limited (1, 4, 8).
The MBL numbering has been used to designate the residues
on different MBLs and was used throughout this study (6, 9). The
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crystal structures of several class B1 MBLs, including VIM-2,
IMP-1, SPM-1, Bcll, and NDM-1 (New Delhi metallo-B-laca-
mase 1), have been determined (10-14). Despite the divergence of
the amino acid sequence, these MBLs share similar conservative
active sites, containing two zinc ions, each coordinated by the 3H
site (H''®, H''®, and H'*®) and DCH site (D'*°, C**!, and H**) for
Zn1 and Zn2, respectively (15). Two of the loops flank the active
site, namely, the L1 loop, containing hydrophobic residues on the
groove side, and the L3 loop, harboring residues K*** and N**?,
which are implicated in substrate binding, as well C??' which is
involved in Zn2 binding (Fig. 1A) (14). A shared water or hydrox-
ide ion existing between two zinc ions is proposed to be responsi-
ble for nucleophilic attack at the carbonyl carbon of B-lactams
(16). The complex structures with antibiotics of MBLs suggest a
possible mechanism of substrate recognition, where the substrate
carbonyl oxygen atom coordinates with Zn1l and in some cases
may form a hydrogen bond with the highly conserved N**?, the
substrate carboxylate coordinates with Zn2 through one oxygen
atom and forms a hydrogen bond with the side chain of K***
through another oxygen atom, and the hydrophobic flapping loop
(L1) interacts with the hydrophobic ring of some substrates (14,
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Substrate Recognition by NDM-1
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FIG 1 The important residues involved in substrate recognition and specificity of NDM-1. The important residues studied in this work are shown as gray, green,

and blue sticks (A), and the point mutants generated are shown in panel B.

17). Several residues in the L1 loop, in particular W, $'*! on the
L5 loop, F*'%, and $°*, have been shown to play important roles in
substrate hydrolysis in IMP-1 (18, 19). In contrast, the residues in
the L1 loop of VIM-2, F°L, A% and Y®7, made less of a contribu-
tion to substrate hydrolysis; instead, the residues in the L3 loop
Y?** R**%, and N**? contributed to substrate hydrolysis, suggest-
ing different mechanisms of substrate recognition among Bl
MBLs (20, 21). Recently, the cocrystal structures of NDM-1 with
several penicillins and meropenem suggested Q''?, K**, and Y***
may contribute to substrate hydrolysis by stabilizing the interme-
diate products (14, 17). These studies shed some light on unrav-
eling the mechanism of catalysis by NDM-1. Nevertheless,
whether these residues play critical roles is not clear, and the in-
formation linking the crystal structures and the functional prop-
erties is still lacking. In this study, several residues in the L1, L3,
and L5 loops of NDM-1 have been mutated to determine their
contributions to the recognition and catalysis of different sub-
strates.

MATERIALS AND METHODS

Antibiotics and media. Isopropyl 3-p-1-thiogalactopyranoside (IPTG),
ampicillin, and kanamycin were purchased from IBI, Inc. (Boca Raton,
FL). Ceftriaxone, cephalothin, cefepime, meropenem, imipenem, ertap-
enem, aztreonam, and thrombin were purchased from Sigma Chemical
Co. (St. Louis, MO). Luria broth (LB) was purchased from BD Co.
(Franklin Lakes, NJ). Mueller-Hinton broth (MHB) was purchased from
Oxoid Co. (Hampshire, United Kingdom).

Recombinant DNA technology and site-directed mutagenesis. The
blaypy., gene was synthesized, PCR amplified, and constructed in
pET28b in our lab (described elsewhere). Escherichia coli Tgl was trans-
formed with the constructed plasmid. Three versions of the blaypy.,
constructs were made, namely, the full-length gene, pET28-blay . ;> the
full-length gene carrying a C-terminal His, tag, pET28-blayp, ;- 11e and a
truncated gene encoding G*° to R*’® and carrying an N-terminal His, tag,
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pET28-blay 4 ,,npar1- E- coli DH5a was transformed with the plasmids
carrying mutations of blay ., which were generated using the GeneArt
site-directed mutagenesis kit (Invitrogen Co., Grand Island, NY). The
sequences were confirmed, and the transformants were selected from an
LB plate supplemented with 50 wg/ml of kanamycin. E. coli BL21(DE3)
was transformed with the clones carrying selected mutations for overex-
pression and purification.

Overexpression and purification of NDM-1 and mutants. Over-
night-incubated transformants of E. coli carrying pET28-blayp, ;- p1s and
PET28-blay ,.npar.; Were subcultured to 2 liters and 0.5 liter of LB, re-
spectively, followed by induction with 1 mM IPTG, and incubated at 16°C
overnight starting from an optical density at 600 nm (ODy,,) of 0.6. The
cells were recovered, resuspended in lysis buffer (10 mM Tris-HCI [pH
7.6], 0.3 M sucrose, 1% NP-40, 0.5% Triton X-100, 0.5% Tween 20), and
broken with French press (Thermo Scientific, Inc., Waltham, MA). The
soluble fractions were passed through a Ni-nitrilotriacetic acid (NTA)
column and eluted with a mixture of 20 mM Tris-HCI (pH 7.9), 500 mM
NaCl, and 250 mM imidazole. The eluted proteins were further passed
through a Sephacryl S-200 gel filtration column (GE Healthcare, Pitts-
burgh, PA) with a running buffer consisting of 10 mM Tris-HCI (pH
7.9)-50 mM NaCl. The His, tag was removed by incubating the purified
enzyme with His-tagged thrombin at a ratio of 100 g of protein/unit of
thrombin for overnight, followed by purification via passing through a
Ni-NTA column. The purified proteins were concentrated using an Ami-
con Ultra-15 centrifugal filter device (nominal molecular weight limit
[NMWL], 10,000), and the buffer was exchanged with 50 mM phosphate
buffer (pH 7.0)-50 uM ZnSO,, during the process. The protein yields for
the NDM-1-H, and H,-mNDM-1 were approximately 1 and 8 mg/liter,
respectively.

MIC. The constructs containing blay . -H6, blaypy,. > and mutants
were grown on a Mueller-Hinton agar (MHA) plate, incubated at 37°C
overnight and transferred to MHB medium supplemented with a serial
concentration of selected B-lactams the next day. Antimicrobial suscep-
tibility testing of transformants was interpreted according to the CLSI
guidelines, and the results were determined as MICs (22).
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Kinetic parameters. The kinetic constants of MBLs were determined
by incubation of the enzyme with different concentrations of B-lactams at
25°C in 500 pl of assay buffer (50 mM phosphate buffer [pH 7.0], 50 uM
ZnSO,). The rate of hydrolysis of substrates was measured by observing
the changes in absorption from the opening of the B-lactam ring at the
specific wavelengths using a spectrometer (PerkinElmer Lambda Bio20)
(19). The initial velocities versus substrate concentrations were measured
and fitted to the Michaelis-Menten equation using the GraphPad Prism5
(GraphPad Software, Inc., San Diego, CA) (see Fig. S1 in the supplemental
material). The initial velocities were measured at least in duplicate and
averaged to determine K,,, and k,,.

Determination of zinc content. The zinc content of the enzyme was
measured by the inductively coupled plasma optical emission spectros-
copy (ICP-OES) (Santa Clara, CA). The purified native enzymes were
dialyzed with 50 mM HEPES (pH 7.6) overnight to remove the loosely
bound zinc ions and concentrated using an Amicon Ultra-15 centrifugal
filter device. The enzymes were further adjusted to ~10 wM in the same
buffer and used in the ICP-OES. Standard calibration curves were ob-
tained using a series of BDH metal standards with correlation coefficients
of >0.999. Emission wavelengths of 213.857 and 202.548 nm and 451.131
and 410.176 nm were used for the detection of zinc and indium (internal
control), respectively.

Molecular docking. Molecular docking was performed using the
AutoDock Vina program from The Scripps Research Institute (23). The
antibiotics were obtained from the ZINC database of the University of
California, San Francisco website (24). The torsion trees of the ligands
were determined using the AutoDock Tools 1.5.4. The nonhydrolyzed
forms of B-lactams were docked in either the monomeric NDM-1 forms
adopted from the dimer crystal structures 3Q6X and 4EYL. The docking
results for each B-lactam with the lowest binding energies were used for
comparison with the cocrystal structures of NDM-1, visualized and ana-
lyzed using the PyMol program.

RESULTS AND DISCUSSION

Earlier studies suggested that the L1, L3, and L5 loops and the
consensus residue W*” were important for the substrate recogni-
tion and specificity of MBLs. Structural analysis of NDM-1 has
identified several residues with potential functional importance in
each of the three loops (Fig. 1A). To depict the roles of these
residues of NDM-1 in the recognition of different substrates, a
point mutation was introduced into pET28-blay,,.;, pET28-
blanypai-ne and pET28-blay ,.noa.;- The MICs of different
B-lactams for E. coli that carried pET28-blayp,,. ; and pET28-
blanpas.1.1s Were determined to check if the His, tag affects the
B-lactam’s activity. Compared with NDM-1, NDM-1-H, showed
atleast 2-fold reduction in MICs of most of the 3-lactams tested in
this study, except for meropenem and aztreonam (see Table S1 in
the supplemental material). These observations suggested the
presence of the C-terminal His, tag may interfere with the activity
of this enzyme. Due to such concern, the MICs of different (3-lac-
tams were determined for E. coli strains that carried different point
mutations of pET28-blay,,,.; as the first-line screening of the
effect of the mutation on NDM-1 substrate hydrolysis. Each of the
residues was mutated to alanine or other corresponding residues
in VIM-1 and IMP-1 (Fig. 1B). The expression levels of NDM-
1-Hg and its derivatives in E. coli were determined by probing the
total lysate with anti-His, tag antibody. As shown in Fig.S1 in the
supplemental material, NDM-1 and most of the mutants showed
stable and similar levels of expression. V*’A is a notable exception,
and hence VG was used for the MIC determination. The major-
ity of the NDM-1 and mutants detected were present in the total
lysate as the processed form and small amount of the full-length
NDM-1 were observed from the immunoblot membrane with a
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TABLE 1 MICs for NDM mutations against different B-lactams in this
study

MIC (pg/ml) of*:

MBL Amp Mer Imi Ert Cep Cro Cpm Azt
Vector control <4 <1l <1 <025 <4 <1 <006 <0.5
NDM-1
WT 512 16 128 32 256 128 2 <0.5
Mutant
L>°A 32 8 64 16 64 32 025 <0.5
MC'A 1,024 8 64 8 128 32 025 <0.5
MV 512 8 32 8 128 64 4 <0.5
FA 1,024 8 64 8 128 64 2 <0.5
Fo'W 512 8 64 32 128 64 4 <0.5
VoG 128 <1l 16 2 128 64 <0.125 <0.5
Ve7y 512 4 32 8 64 32 <0.125 <0.5
WA <4 <1l 4 <1 8 <4 <0125 <0.5
WHF 256 <l 64 16 128 64 <0.125 <0.5
QA 128 4 32 16 128 64 <0.125 <0.5
Q"D 16 <1l 4 <1 16 <2 <0.125 <0.5
Q'*s 128 4 64 16 128 64 <0.125 <0.5
KA <4 <1 4 <1 128 64 <0.125 <0.5
K**R 512 8 16 8 128 64 <0.125 <0.5
K2%A 512 8 64 16 256 128 4 <0.5
SN 128 8 64 16 64 32 <0125 <0.5
N23A 128 4 8 8 32 16 <0.125 <0.5
YA 512 8 128 16 128 64 2 <0.5

“ Amp, ampicillin; Mer, meropenem; Imi, imipenem; Ert, ertapenem; Cep, cephalothin;
Cro, ceftriaxone; Cpm, cefepime; Azt, aztreonam.

longer exposure time (see Fig. S1A). The kinetic parameters were
determined using purified Hi-mNDM-1 and its derivatives since
the presence of an N-terminal His, tag had only a slight influence
on activity (see Table S2 in the supplemental material). The struc-
tures of different B-lactam antibiotics are shown in Fig. S2 in the
supplemental material. The zinc content of native wild-type (WT)
NDM-1 showed an equivalent of one zinc, suggesting a monozinc
form of NDM-1 was obtained in our purification (see Table S3 in
the supplemental material). Furthermore, the kinetic assay indi-
cated that NDM-1 showed approximately 2-fold increase of hy-
drolytic activity on ampicillin and meropenem in the presence of
50 wM ZnSO, compared to the condition in the absence of zinc in
the assay buffer (data not shown). Our kinetic constants deter-
mined under our assay condition supplemented with 50 pM
ZnSO, were similar to those of other reports (25), suggesting that
under our assay condition, the NDM-1 protein was likely in its
dizinc form.

Roles of the L1 loop in recognition of different substrates.
Mutations of NDM-1 L1 loop residues M®'A, M®'V, F**A, and
F**W showed a slight or no effect on the ampicillin MICs (Table
1), suggesting the limited role of M®' and F** in the recognition of
ampicillin. Consistently, structural analysis of NDM-1 and hydro-
lyzed ampicillin (3Q6X) and benzylpenicillin (4EYF) showed that
M®'and F** were too far away to have a direct interaction with the
R group of penicillins. In contrast, L>* and V*” were close to and
could have a potential hydrophobic interaction with the R group
of ampicillin, which may explain the reduced ampicillin MICs of
L>A and V¥’G (Fig. 2A and Table 1), in which the latter showed
both increased K,, and k,,, compared to the wild type (Table 2).
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FIG 2 Roles of the L1, L3, and L5 loops in recognition of different substrates
from NDM-1 structures or docking output of B-lactams with the lowest bind-
ing energy in NDM-1. (A) Ampicillin (3Q6X); (B) meropenem (4EYL [yel-
low]) and imipenem (magenta); (C) ertapenem; (D) cephalothin; (E) ceftri-
axone; (F) cefepime.

These observations were somewhat different from those from a
previous study showing F®', A®*, and Y*” of VIM-type enzyme
were rather tolerant to substitution on hydrolyzing ampicillin
(21). W¥ was shown to be important for the ampicillin resistance

TABLE 2 Kinetic constants of NDM mutants toward five 3-lactams

Substrate Recognition by NDM-1

and the proper folding of the structure but not for the catalytic
activity of VIM-2 (21). In the case of NDM-1, however, W*’A
showed reduced ampicillin hydrolysis, and the purified WA was
too inactive to determine its kinetic constants for ampicillin (Ta-
bles 1 and 2). Interestingly, W& A showed lower zinc content than
the wild type (see Table S3 in the supplemental material). W*'F
retained similar activity on ampicillin, implying the hydrophobic-
ity of this residue is critical for the ampicillin hydrolysis by
NDM-1 (Table 1). These data suggested that while L*® and V¢’
could be involved in the recognition of the R group of ampicillin,
the influence of the W*” mutation may be due to its role in main-
taining the correct coordination of the zinc ion through stabilizing
the L1 loop.

In the case of carbapenem recognition, mutations of L>°, M°,
and F** to alanine or other residues showed a limited effect on the
MICs of meropenem and imipenem, while M®A, M®'V, and F**A
showed a 4-fold reduction of ertapenem MICs. Mutations of V¢’ G
and W¥A caused dramatic attenuated MICs of these three car-
bapenems, whereas V7Y and W¥'F exhibited less effect on imi-
penem and ertapenem (Table 1). Kinetic data showed that V¥’G
increased both K,,, and k., for imipenem and ertapenem, while
W? A was too inactive to achieve the saturation of fitting curves
(Table 2; see Fig. S3E in the supplemental material). Structural
analysis of the complex structure of NDM-1 and meropenem,
4EYL, suggested the potential hydrophobic interaction between
V% and the R3 group of meropenem (Fig. 2B; see Fig. S2B in the
supplemental material) (17). Docking models of NDM-1 with
imipenem and ertapenem placed the R3 group in close proximity
to V’, between which the potential hydrophobic interaction may
form (Fig. 2B and C). Taken together, these data suggested that the
effect of the V¢’ mutation could be due to its hydrophobic inter-
action through the side chain with the R3 group of carbapenems,
while the significance of W*” may rely on its role in maintaining
the correct coordination of the zinc ion through stabilizing the L1
loop (see Table S3 in the supplemental material).

In addition to the hydrophobic R1 groups as penicillins, ceph-

Result for:
Mutant

Drug Constant WT VG WHA Q"D K**A N>?A
Ampicillin K, (uM) 270 = 53 1,169 =+ 322 ND* 170 = 44 ND 266 = 50

kew 571 834 * 86 1,807 * 399 ND 117 = 13 ND 625 = 62

koK, (@M1 s7Y) 3.09 1.55 ND 0.69 ND 2.35
Cefepime K,, (LM) 319 * 44 ND 538 = 147 180 = 39 ND 149 *+ 39

ke 571 28+ 2 ND 0.4+ 0.1 3.8+ 0.4 ND 1.2+02

koK, (@M~ s7h) 0.09 ND 0.00 0.02 ND 0.01
Meropenem K,, (uM) 73 + 17 ND ND 32+7 ND ND

kew 571 398 = 44 ND ND 32*2 ND ND

ke Ky (WM™ s7H) 5.45 ND ND 1.00 ND ND
Imipenem K,, (LM) 313 * 94 680 * 279 ND 90 * 15 ND 687 = 327

ke 571 278 * 54 576 = 186 ND 42=*3 ND 45 =17

ke Ky (WM 1571 0.89 0.85 ND 0.47 ND 0.07
Ertapenem K,, (LM) 121 = 15 264 * 56 ND 19+2 ND 84 * 27

kew 571 118+ 8 224 + 34 ND 4+0 ND 16=3

koK, (@M~ 1s7h) 0.98 0.85 ND 0.21 ND 0.19

“ ND, the kinetic constants could not be determined due to the low activity of the mutations.
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alosporins have an additional R2 group (see Fig. S2C in the sup-
plemental material). It is widely accepted that a hydroxide/water
between Znl and Zn2 is ready for the nucleophilic attack in a
binding geometry where the carbonyl oxygen of the 3-lactam ring
associates with Zn1, while one of the carboxylate oxygens of the
fused ring coordinates with Zn2 (14, 17, 25, 26). The approach of
molecular docking following the suggested binding mode of
B-lactam moieties to two Zn ions enabled us to model the prom-
ising structures of NDM-1 with different cephalosporins. Our
docking models of NDM-1 structure and several cephalosporins
showed that the B-lactam rings of cephalosporins fit in the active
site in a quite rigid geometry in spite of the varied R groups (Fig.
2D to F). Furthermore, the R1 groups appear to be more mobile,
whereas the R2 groups show a relatively fixed orientation (see Fig.
S4 in the supplemental material). Mutations of the L1 loop resi-
dues L>?A and M®'A showed at least 4-fold-reduced MICs to
ceftriaxone and cefepime, while the other mutations, including
MV, F*A, and F**W, showed limited effects (Table 1). These
results were compatible with our docking structures using cepha-
losporins with the lowest binding energies, which showed the R1
group of cephalothin was located in close proximity to L,
whereas those of ceftriaxone and cefepime were located between
L*? and M®' of the L1 loop, which could form a potential hydro-
phobic interaction with the R1 groups of these antibiotics (Fig. 2D
to F). The effects of mutations of W® on cephalosporin MICs
were the same as those for penicillin and carbapenem antibiotics,
suggesting a similar role of this residue in NDM-1 (Table 1). Ki-
netic characterization showed that V®’G was much less active on
cefepime, and thus the fitted data could not be obtained, implying
that a potential interaction, mostly likely the hydrophobic inter-
action, may form between this residue and the R1 group of
cefepime.

Different from other BI MBLs, such as IMP-1 and CcrA, in
which the L1 loop residue W®* has been shown to be important for
both substrate binding and promotion of catalysis (19, 27), the L1
loop residue F** of NDM-1 did not have a direct effect on the
recognition of different B-lactams: instead, L>* and V" were more
important for optimal substrate recognition, most likely through
the hydrophobic interactions with the R, R3, and R1 groups of
ampicillin, carbapenems, and cephalosporins, respectively.

Roles of the L3 loop in recognition of different substrates.
The cocrystal structures of NDM-1 (3Q6X and 4EYL) suggested
potential hydrogen bonds may form between the side chain of the
highly conserved N**? and the B-carbonyl oxygen atoms of ampi-
cillin and meropenem. There has been a controversy over the role
of N*** among all MBLs. While this residue has been proposed to
play a critical role in stabilizing the transitional intermediate
formed during -lactam hydrolysis, in some cases, such as IMP-1,
it was shown to be less important (28-30). In this study, N**°A
showed attenuated MICs for the ampicillin, carbapenems, and
cephalosporins tested, ranging from 4- to 16-fold reductions (Ta-
ble 1). The kinetic data of N***A varied from those of the wild type,
with different effects depending on the antibiotics being tested
(Table 2). Different from the increased catalytic efficiency toward
ampicillin and similar activity toward other B-lactams by the
N>*’A of IMP-1, the same mutation showed similar activity to-
ward ampicillin and lower catalytic efficiency toward cefepime,
imipenem, and ertapenem due to much lower k., values than
those of the wild-type NDM-1 (28, 30). In addition to N**%, pre-
vious studies suggested that K*** of other MBLs contributes to the
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substrate binding or catalysis, possibly by interacting with the car-
boxylate oxygen of a B-lactam-fused ring through a hydrogen
bond (29, 30) (Fig. 2A). K***A attenuated MICs of ampicillin,
cefepime, meropenem, imipenem, and ertapenem drastically,
while it slightly reduced MICs of cephalothin and ceftriaxone.
Mutation of K***A may abolish the hydrogen bond between K***
and the B-lactam carboxylate oxygen atom, while K***R could
retain the hydrogen bond at this site and restore partial resistance
to these drugs (Table 1). The complex structure of NDM-1 (4EYL)
and docking structures revealed that K*** and N*** showed similar
binding geometries for the carbapenems as that for ampicillin
(Fig. 2B and C). Unfortunately, we were unable to obtain the
kinetic constants of K***A due to the difficulty of obtaining the
saturation of velocity (Table 2). Our data also suggested that N***
interacted with carbapenems most likely through its side chain
since substitution of alanine for this residue showed lower k_,,
values (~6- to 7-fold) for imipenem and ertapenem, implying its
role in the contribution of the substrate catalysis of the carbapen-
ems (Fig. 2B and Table 2). In addition to these two residues, the
complex structures and docking structures of NDM-1 with several
B-lactams suggested possible interactions between the hydroxyl
oxygen of $**° and the R2 group of cephalosporins (Fig. 2; see Fig.
S2 in the supplemental material). Substitution of Ala for this res-
idue showed 4-fold reduction of cephalothin and ceftriaxone
MICs, implying the presence of the predicted interaction. How-
ever, its contribution to both drugs was moderate.

Our data indicated the significance of L3 loop residues N***
and K*** in the recognition and hydrolysis of different B-lactams.
This recognition is a common and important mechanism of sub-
strate recognition for a variety of substrates by NDM-1.

Roles of the L5 loop in recognition of different substrates.
The L5 loop is composed of several important residues, including
H''®, H''®, and D'*, that are involved in zinc binding and are
essential for the activities of MBLs. The structures of NDM-1 and
hydrolyzed ampicillin revealed that a weak hydrogen bond may
form between residue Q''® and the oxygen atom near the R group
of ampicillin to stabilize the interaction between the L1 loop and
the R group (see Fig. S5 in the supplemental material). Mutation
of Q'"A showed reduced MICs of ampicillin, meropenem, imi-
penem, and cefepime, while Q"D showed overall attenuated
MICs of all drugs tested. Kinetic parameters of Q''°D showed
both lower K, and k_,, for all substrates tested (Table 2). However,
Q"D showed 70% reduced zinc content (see Table S3 in the
supplemental material) compared to WT-NDM-1, suggesting
that the importance of this residue may rely on its role in main-
taining the proper orientation of its adjacent residues, H''® and
D'?, to coordinate with Zn1 rather than direct involvement in the
catalysis.

Mechanisms of NDM-1 substrate recognition. Although rec-
ognition of different categories of B-lactams was shown to be
driven mostly by the zinc ions, different residues in the active site
could contribute to the substrate binding and catalysis. The com-
plex structures of NDM-1 (3Q6X) indicated the R group of
ampicillin was in close proximity to L, for which the mutation
may destabilize the hydrophobic interaction between them and
attenuated ampicillin MIC. The consensus W*’ was involved in
forming a hydrophobic patch that stabilized the L1 loop and zinc
coordination for stable substrate recognition. In some MBLs, ty-
rosine was found in residue 67 (VIM-2 and BlaB) and phenylala-
nine in residue 87 (IMP-1) to stabilize the L1 loop and the active
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site (3). Ampicillin was proposed to form hydrogen bonds with
both the main-chain N atom and Oe atom of Q'', our data
showed an attenuation of the ampicillin MIC from the mutations
of Q'"?, yet the effect was more likely due to the mutations caused
by improper orientation of its adjacent residues, H''® and D',
and to affect the binding of Zn1 (14).

Distinct from ampicillin, both N*** and K*** were critical for
the substrate binding and catalysis of carbapenems. The complex
structure (4EYL) and docking models of NDM-1 demonstrated
that the R3 groups of carbapenems were closed to V®, and substi-
tution of alanine for this residue compromised the MICs of mero-
penem, imipenem, and ertapenem. Y>** of NDM-1 was proposed
to play a role in stabilizing loop L10 and the conformation of the
active site (14), yet our data showed that the substitution of ala-
nine for tyrosine in NDM-1 had no effect on the MIC, suggesting
the limited role this residue played in substrate hydrolysis.

Our docking models suggested that the B-lactam rings of ceph-
alosporins dock in the active site in a rigid and fixed geometry with
N**? and K*** as two anchoring points, despite their varied R
groups. Furthermore, the R1 groups and R2 groups of cephalo-
sporins were arranged in close proximity to the residues L and
V®7, respectively. The substrate carbonyl was associated with Zn1
and the side chain of N**?, while the substrate carboxyl oxygen
atoms were associated with Zn2 and the side chain of K***,

Conclusions. This study showed that the importance of N**?
depends on the antibiotics tested for NDM-1, consistent with ear-
lier findings for IMP-1 (28). The dramatic loss of activity by K***A
to most of the substrates tested in this study indicated the critical
role of this residue in substrate catalysis, agreeing with the previ-
ous study showing that this mutation disrupts the hydrolytic ac-
tivity of NDM-1 to meropenem (31). NDM-1 appeared to recog-
nize its substrates through the coordination of the B-lactam
carbonyl, Zn1, and N33 as well as the coordination of the carbox-
ylate oxygen atom of the substrate by K***, Different from VIM-2,
L1 residue L*® could form potential hydrophobic interactions
with the R groups of penicillins or the R1 groups of cephalospo-
rins. Similarly, V¢ could form a potential hydrophobic interac-
tion with the R2 groups of cephalosporins or R3 groups of carbap-
enems. The significance of W* most likely relied on its
importance in maintaining the stability and zinc coordination
of this enzyme. NDM-1 broadened its spectrum of substrates
through possession of a wide active site cavity, which may explain
the broad spectrum of substrate specificity of Bl MBLs. The sub-
class B2 MBLs have a relatively narrow active site pocket marked
by the presence of an extended a3 loop and a shorter L1 loop at the
active site (32) (see Fig. S6 in the supplemental material). The
restricted space adjacent to the L1 loop of B2 MBLs has insuffi-
cient room for the R groups of penicillins or R1 groups of cepha-
losporins, which may explain the narrow-spectrum activities of
subclass B2 MBLs for only carbapenems but not penicillins and
cephalosporins. The understanding of the molecular mechanisms
of substrate specificity of NDM-1 provides insights into the devel-
opment of efficient inhibitors, such as compounds carrying a sul-
fate to chelate the zinc ions and two other functional groups to
target K*** and N**°,
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