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ABSTRACT: In an effort to biochemically characterize metallo-β-lactamase NDM-1, we cloned,
overexpressed, purified, and characterized several maltose binding protein (MBP)−NDM-1 fusion
proteins with different N-termini (full-length, Δ6, Δ21, and Δ36). All MBP−NDM-1 fusion
proteins were soluble; however, only one, MBP−NDM-1Δ36, exhibited high activity and bound 2
equiv of Zn(II). Thrombin cleavage of this fusion protein resulted in the truncated NDM-1Δ36
variant, which exhibited a kcat of 16 s−1 and a Km of 1.1 μM when using nitrocefin as a substrate,
bound 2 equiv of Zn(II), and was monomeric in solution. Extended X-ray absorption fine structure studies of the NDM-1Δ36
variant indicate the average metal binding site for Zn(II) in this variant consists of four N/O donors (two of which are histidines)
and 0.5 sulfur donor per zinc, with a Zn−Zn distance of 3.38 Å. This metal binding site is very similar to those of other metallo-β-
lactamases that belong to the B1 subclass. Pre-steady-state kinetic studies using nitrocefin and chromacef and the NDM-1Δ36
variant indicate that the enzyme utilizes a kinetic mechanism similar to that used by metallo-β-lactamases L1 and CcrA, in which
a reactive nitrogen anion is stabilized and its protonation is rate-limiting. While they are very different in terms of amino acid
sequence, these studies demonstrate that NDM-1 is structurally and mechanistically very similar to metallo-β-lactamase CcrA.

β-Lactam-containing antibiotics are relatively inexpensive but
effective antimicrobial agents, which block bacterial cell wall
synthesis resulting in cell lysis.1 Since the introduction of
β-lactam-containing antibiotics and other antibiotics in the clinic,
bacteria have developed or acquired mechanisms to become
resistant to those antibiotics.2 The production of β-lactamases,
which hydrolyze the C−N bond in the four-membered ring of the
β-lactam, is the most common mechanism.3 There have been
more than 1000 distinct β-lactamases identified, and these
enzymes have been categorized into classes A−D, based on their
amino acid sequence homologies.4 Class A, C, and D enzymes are
collectively called serine-β-lactamases, and these enzymes use a
common catalytic mechanism in which an active site serine
nucleophilically attacks the β-lactam carbonyl, ultimately leading to
a cleaved β-lactam ring. Class B enzymes are called metallo-
β-lactamases (MBLs), and these enzymes utilize either 1 or 2
equiv of Zn(II) to catalyze the β-lactam hydrolysis reaction.5

Class B MBLs have been further subgrouped into subclasses
B1−B3, based on amino acid sequence homologies and Zn(II)
content.4−6 MBLs can hydrolyze almost all known β-lactam
antibiotics, including carbapenems, which have been called one
of the “last resort” antibiotics.7

To combat β-lactam resistance, new drugs targeting DNA
synthesis or protein synthesis, instead of bacterial cell wall
synthesis, were developed.8 In addition, co-administration of
β-lactam-containing antibiotics with β-lactamase inhibitors has
proven to be an effective strategy for combatting antibiotic-
resistant bacterial infections.1 Unfortunately, β-lactamase
inhibitors, such as clavulanate, sulbactam, and tazobactam, do
not inhibit MBLs, and there are no clinically useful inhibitors of
MBLs yet available.9 MBLs have been isolated from clinical

strains of Stenotrophomonas maltophilia, Pseudomonas aerugino-
sa, and Acinetobacter baumannii, which often cause nosocomial
infections. However, most of the organisms that produce a
MBL are not considered major pathogens, and the public
health impact of MBL has been limited to date.1,10

The emergence of New Dehli metallo-β-lactamase (NDM-1)
heralds a new era of antibiotic resistance because of the
enzyme’s ability to hydrolyze almost all known β-lactam-
containing antibiotics and the rapid spread of the plasmid-
encoded NDM-1 gene.11−16 The plasmid that harbors the
NDM-1 gene is called blaNDM-1 (also called pNDM-1), and
this blaNDM-1 plasmid often carries other resistance genes,
such as genes conferring quinolone, sulfonamide, macrolide,
and rifampicin resistance.15 blaNDM-1 was initially discovered
in Klebsiella and Escherichia coli from a patient in Sweden who
had surgery in India.12 In the past two years, blaNDM-1 has
spread globally with unprecedented speed, having been
detected on all continents except Central and South America
and Antarctica.15 blaNDM-1 has even been isolated from
bacteria in drinking water in India, indicating widespread
environmental contamination.17 Bacteria harboring NDM-1 are
not susceptible to any common antibiotic, except colistin and
tigecycline.12 Considerable efforts have been made to
structurally characterize NDM-1, and there are nine crystal
structures of the enzyme available in the Protein Data Bank
(PDB).18−22 While there is some controversy about the
number of Zn(II) ions bound in the physiologically relevant
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form of NDM-1, several crystal structures showed two metal ions
bound.18,21,22 Zn1 is coordinated by His120, His122, His189, and
presumably a bridging hydroxide. Zn2 is coordinated by His250,
Asp124, Cys208, a terminally bound water, and the bridging
hydroxide (Figure 1). The M−M distance has varied in the

different crystal structures (3.2−4.59 Å),18,21−23 but the Zn−Zn
distance appears to be <3.5 Å in most of the structures of
uncomplexed, dinuclear Zn(II)-containing NDM-1. On the basis
of the identity of active site residues, NDM-1 has been categorized
into the MBL subclass B1; however, NDM-1 showed little amino
acid sequence identity with other members of subclass B1. The
most closely related MBL is VIM-2, and NDM-1 shares 32.4%
sequence identity with this enzyme.12 No mechanistic studies of
NDM-1 have been reported.
Given the clinical significance of NDM-1, we describe herein

biochemical and structural studies of NDM-1, including EXAFS
and pre-steady-state kinetic studies. The goal was to elucidate
the catalytic mechanism of NDM-1 using two chromogenic
substrates, nitrocefin and chromacef (Figure 2), and to address

the conflicting data in the literature concerning the metal−
metal distance in the enzyme. The ultimate goal of this project
is to rationally design and prepare a clinically useful universal
inhibitor of the MBLs. It is hoped that our identification of
common mechanistic and structural aspects of the MBLs will
reveal a viable inhibitor target.

■ EXPERIMENTAL PROCEDURES

Materials. E. coli strains DH5α and BL21(DE3) were
purchased from Novagen (Madison, WI). The pET26b-full-
length-NDM-1 plasmid was generously provided by J. Spencer
(University of Bristol, Bristol, U.K.). The maltose binding
protein (MBP)-containing vector, pIADL, was obtained from
C. Walsh (Harvard Medical School, Boston, MA).24 Digestion
enzymes NdeI and HindIII were purchased from New England
Biolabs. Primers for sequencing and amplifying different lengths
of NDM-1 were purchased from Integrated DNA Technologies
(Table 1). Isopropyl β-D-thiogalactoside (IPTG) was purchased
from Anatrace (Maumee, OH). Bovine plasma thrombin was
ordered from Sigma-Aldrich. Substrates nitrocefin (1) and
chromacef (2) were purchased from Becton Dickinson and
Sopharmia, respectively, and the solutions were made as
previously reported.25 All buffer solutions and growth media
were made with Barnstead NANOpure, ultrapure water.

Construction of Overexpression Plasmids for Soluble
MBP−NDM-1 Fusion Proteins. Expression vector pIADL,
which encodes the maltose binding protein−VanX (MBP−VanX)
fusion construct, was subjected to restriction digestion using NdeI
and HindIII. The large (7.04 kb) piece was extracted by using a
QIAquick kit (Qiagen, Valencia, CA). Primers with flanking with
NdeI and HindIII restriction sites were designed to yield different
lengths of NDM-1 (full-length NDM-1, NDM-1Δ6, NDM-1Δ21,
and NDM-1Δ36) (Table 1). Polymerase chain reaction was used
to produce the corresponding products, which were purified with a
Qiagen gel extraction kit, digested with NdeI and HindIII, and
purified again with a Qiagen gel extraction kit. The resulting
NDM-1 genes were ligated into digested pIADL, generating
overexpression plasmids for the MBP−NDM-1 fusion proteins.
The ligation products were then transformed into chemically
competent E. coli DH5α cells, and plasmids were purified using
the Qiagen plasmid midi kit. The DNA sequences of the plasmids
were verified by DNA sequencing.

Overexpression and Purification of MBP−NDM-1
Fusion Proteins. MBP−NDM-1 plasmids were transformed
into E. coli BL21(DE3) cells, and the transformation mixtures
were spread into lysogeny broth (LB) plates containing 25 μg/mL
kanamycin. A single colony was transferred into 50 mL of LB
containing 25 μg/mL kanamycin, and the culture was allowed to
shake overnight at 37 °C. The overnight culture (10 mL) was
transferred into 4 × 1 L of LB containing 25 μg/mL kanamycin.
The resulting culture was grown at 37 °C with shaking at 220 rpm
until an OD600 of 0.6−0.8 was reached. Protein production was
induced by making the cultures 1 mM in IPTG. The cells were
allowed to shake for 3 h at 37 °C, and then the cells were
harvested by centrifugation for 10 min at 7000 rpm and 4 °C. The
pellets were resuspended in 25 mL of 20 mM Tris (pH 7.6)
containing 200 mM NaCl. The cells were lysed when the mixture
was passed three times through a French press at a pressure of
1500 psi. The insoluble components were removed by
centrifugation for 25 min at 15000 rpm. The supernatant was
dialyzed versus 20 mM Tris (pH 7.6) containing 200 mM NaCl
and 100 μM ZnCl2 overnight. After centrifugation for an
additional 25 min at 15000 rpm to remove the insoluble
components, the cell lysate was loaded onto a pre-equilibrated
amylose column (1.5 cm × 20 cm with a 26 mL bed volume).
Proteins were eluted using a linear gradient from 20 mM Tris (pH
7.6) containing 200 mM NaCl and 100 μM ZnCl2 to 20 mM Tris
(pH 7.6) containing 200 mM NaCl and 10 mM maltose. Column
fractions containing the MBP−NDM-1 fusion protein were

Figure 1. Structures of the subunit of NDM-1 (left) and the active site
(right). This figure was rendered using Raswin version 2.7.3 and PDB
entry 3Q6X.

Figure 2. Structures of nitrocefin (1) and chromacef (2).
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identified using a 15% sodium dodecyl sulfate−polyacrylamide
gel electrophoresis (SDS−PAGE) gel, and fractions containing
NDM-1 were collected and concentrated to 2−3 mL using an
Amicon ultrafiltration concentrator equipped with a YM-10
membrane. The concentration of MBP−NDM-1 samples was
estimated using the extinction coefficient of MBP (ε280 = 64500
M−1 cm−1)26 added to the calculated extinction coefficients of
the different truncated NDM-1 proteins. In-gel trypsin digestion
followed by MALDI-TOF (matrix-assisted laser desorption
ionization time-of-flight) mass spectrometry confirmed the
presence of NDM-1.27

Thrombin Cleavage of MBP−NDM-1 Fusion Protein
and NDM-1 Purification. To optimize the proteolysis
conditions using thrombin, concentrated MBP−NDM-1 fusion
protein was dialyzed overnight versus 2 L of 20 mM Tris-HCl
(pH 8.4) containing 150 mM NaCl and 2.5 mM CaCl2. To
maximize the digestion efficiency and minimize the secondary
digestions, bovine plasma thrombin was added at a ratio of 1.8
units of thrombin/mg of MBP−NDM-1 fusion protein, and the
mixture was incubated at 15 °C for 2 h. The digestion reaction
mixture was subjected to a Superdex 75 size exclusion column
(1.5 cm × 40 cm with a 60 mL bed volume), using 30 mM Tris
(pH 7.6) containing 200 mM NaCl as the running buffer. An
amylose column (1.5 cm × 20 cm with a 26 mL bed volume)
was used to further purify the NDM-1 samples after size
exclusion. Fractions containing purified NDM-1 were identified
using SDS−PAGE gels, and NDM-1 samples were collected
and concentrated using an Amicon equipped with a YM-10
membrane. NDM-1 concentrations were determined by using
the absorbances of the samples at 280 nm, the extinction
coefficient (ε280 = 28500 M−1 cm−1),19 and Beer’s law.
Metal Analyses. Inductively coupled plasma atomic

emission spectroscopy (ICP-AES) was conducted to determine
the metal content of MBP−NDM-1 and NDM-1 samples.
Generally, the protein samples were diluted to 1 μM with
Chelex-treated buffer [50 mM HEPES (pH 7.6)]. Standard
calibration curves with correlation coefficients of >0.9999 were
generated using serial dilutions of Fisher metal standards (Zn, Co,
Cu, Fe, Mn, and Ni). The emission wavelengths used were
213.856 nm (Zn), 238.892 nm (Co), 324.754 nm (Cu), 259.940
nm (Fe), 257.610 nm (Mn), and 231.604 nm (Ni) to ensure the
lowest detection limits possible.
Steady-State Kinetics. Steady-state kinetic studies were

performed on a Hewlett-Packard 5480A UV−vis spectropho-
tometer at 22 °C. The hydrolysis of nitrocefin by MBP−NDM-1
and NDM-1 samples was monitored by detecting the formation
of product at 485 nm, and absorbance data were converted into
concentration data using a previously published extinction
coefficient (Δε = 17420 M−1 cm−1).25 The hydrolysis of
chromacef by NDM-1Δ36 was monitored by product formation,
using a Δε of 18600 M−1 cm−1 (available on Sopharmia’s

website). The buffer used in kinetic studies consisted of 30 mM
Tris (pH 7.6) and 200 mM NaCl. Substrate concentrations
varied from 1 to 100 μM. The initial rate of product formation
versus substrate was curve fit to the Michaelis−Menten equation
using Igor-Pro to determine the steady-state kinetic constants Km
and kcat.

EXAFS Spectroscopy. Samples for EXAFS spectroscopy
(approximately 1 mM in protein) were prepared with 20%
(v/v) glycerol as a glassing agent. EXAFS samples were loaded
in Lucite cuvettes with 6 μm polypropylene windows and
frozen rapidly in liquid nitrogen. X-ray absorption spectra were
recorded at the National Synchrotron Light Source (NSLS),
beamline X3B, with a Si(111) double-crystal monochromator;
harmonic rejection was accomplished using a Ni focusing
mirror. Fluorescence excitation spectra for all samples were
measured with a 31-element solid-state Ge detector array. Samples
were held at approximately 15 K in a Displex cryostat. EXAFS data
collection and reduction were performed according to published
procedures.28 Data were measured in duplicate, four scans each on
two samples from independent purifications; fits to the two data
sets were equivalent. As both data sets gave similar results, the data
were averaged using EXAFSPAK (EXAFSPAK is available free of
charge from http://www-ssrl.slac.stanford.edu/∼george/exafspak/
exafs.htm); the experimental spectra presented here are the
averaged data sets (eight scans per sample). The data were
converted from energy to k space using the equation k = {[(2me)/
ℏ2](E − E0)}

1/2 with an E0 of 9680 eV.
Fourier-filtered EXAFS data were fit using the nonlinear

least-squares engine of IFEFFIT, which is distributed with
SixPack (SixPack is available free of charge from http://www.
sssrl.slac.stanfrd.edu/_swebb/index.html; IFEFFIT is open
source software available from http://www.cars9.uchicago.edu/
ifeffit). Fourier-filtered EXAFS data were fit utilizing theoretical
amplitude and phase functions calculated with FEFF version
8.00.29 The zinc−nitrogen and zinc−sulfur scale factors and the
threshold energy, ΔE0, were calibrated to the experimental
spectra for tetrakis-1-methylimidazole zinc(II) perchlorate,
Zn(MeIm)4

30 and [N(Me)4]2[Zn(SPh)4], and held fixed at
0.78 (Zn−N Sc), 0.85 (Zn−S Sc), and −21 eV (ΔE0) in all
subsequent fits to the data for NDM-1, unless otherwise noted.
First-shell fits were then obtained for all reasonable coordination
numbers, including mixed nitrogen/oxygen ligation, while the
absorber−scatterer distance, Ras, and the Debye−Waller factor,
σas

2, were allowed to vary. The best fits are presented in the
Supporting Information. Multiple scattering contributions from
histidine ligands were fit according to published procedures.28

Metal−metal (zinc−zinc) scattering was modeled with reference
to the experimental EXAFS of Zn2(salpn)2.

28

Dynamic Light Scattering. Dynamic light scattering
studies were conducted using a Zetasizer Nano (Malvern
Instruments, Inc.). The samples were diluted to 10 μM using

Table 1. List of Primers (5′ → 3′) Used To Generate Different NDM-1 Variants

primer sequence

full-length-NDM-1for AAAAAACATATGGAATTGCCCAATATTATG
full-length-NDM-1rev AAAAAAAAGCTTTCAGCGCAGCTTGTCGGC
NDM-1Δ6for AAAAAACATATGCACCCGGTCGCGAAG
NDM-1Δ6rev AAAAAAAAGCTTTCAGCGCAGCTTGTCGGC
NDM-1Δ21for AAAAAACATATGCTGAGCGGGTGCATG
NDM-1Δ21rev AAAAAAAAGCTTTCAGCGCAGCTTGTCGGC
NDM-1Δ36for GGAATTCCATATGCAAATGGAAA
NDM-1Δ36rev CCGCTCGAGTTAGCGCAGCTTGTCG
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30 mM Tris (pH 7.6) containing 200 mM NaCl. The experiment
was conducted at 25 °C. The protein samples were filtered
through a 100 nm membrane before light scattering measurements
were conducted. Three measurements were obtained for each
sample. The average hydrodynamic size distribution of NDM-
1Δ36 was determined with Zetasize software.
Pre-Steady-State Kinetics. To study the pre-steady-state

kinetics of NDM-1, we conducted stopped-flow UV−vis studies
on an Applied Photophysics SX 20 stopped-flow spectropho-
tometer equipped with a photodiode array detector and
thermostated at 22 °C. The buffer used in these studies was
Chelex-treated 30 mM Tris (pH 7.6) containing 200 mM
NaCl. Nonlinear reaction parameters at all measured wave-
lengths were simultaneously fit with ProK kinetic software
based on the proposed reaction mechanism in Scheme 1. The

best-fit parameter sets were then used in KintekSim to simulate
progress curves. The following molar extinction coefficients of
nitrocefin were used: substrate ε390 = 11500 M−1 cm−1, product
ε485 = 17420 M−1 cm−1, and intermediate ε665 = 32000 M−1

cm−1.31 The following molar extinction coefficients of
chromacef were used: substrate ε378 = 22200 M−1 cm−1,
product ε442 = 18600 M−1 cm−1, and intermediate ε575 = 22000 ±
2000 M−1 cm−1. The extinction coefficient of the intermediate was
determined by global analysis of the data32 and by calculating the
concentration of the intermediate at several time points.31 The
theoretical Km and kcat values were determined using the reaction
mechanism in Scheme 1 and the King−Altman method,33

assuming that k3 is the rate-limiting step.
Principal component analysis (PCA) of the pre-steady-state

kinetic data was conducted using Simca P+, starting with the
spectra of substrate at time zero and the product at a time equal
to 2 s. The PCA data were used to construct a physically real
absorption spectrum of intermediate versus time. The
corresponding PCA plots were fit using the ProK global
analysis software and KintekSim, as described above. The
extinction coefficient of the chromacef intermediate was
determined to be 22000 M−1 cm−1.

■ RESULTS
Overexpression, Purification, and Characterization of

NDM-1 and MBP−NDM-1 Fusion Proteins. Initially, the
full-length NDM-1 gene was ligated into pET26b, and this
plasmid was transformed into E. coli BL21(DE3) cells. The
resulting overexpressed NDM-1 was processed into inclusion
bodies. Considering that the N-terminus might influence the

Zn(II) binding affinity and catalytic activity of NDM-1,23 we
designed four recombinant constructs with fusion protein MBP,
which is a chaperone protein and has been shown to improve
protein folding and solubility.26 MBP−full-length NDM-1, -Δ6,
and -Δ21 and MBP−NDM-1Δ36 (first 6, 21, and 36 amino
acids removed, respectively) fusion proteins were overex-
pressed and purified using amylose column chromatography.
The MBP was removed from the fusion proteins by digestion
with thrombin and by using size exclusion chromatography.
The resulting NDM-1 samples were shown to be 95% pure by
SDS−PAGE. NDM-1 was further purified (99%) by subjecting
the protein samples to a second amylose column. Metal analyses
showed that MBP−NDM-1Δ36, NDM-1Δ36, MBP−NDM-
1Δ21, and unfused NDM-1 bind 2 equiv of Zn(II) (Table 2).
However, NDM-1Δ21 binds only 1 equiv of Zn(II), even after
incubation with excess Zn(II) followed by dialysis. Steady-state
kinetic studies were conducted on the MBP fusion and unfused
NDM-1 samples (Table 2) using nitrocefin as a substrate. NDM-
1Δ21 and MBP−full-length NDM-1, -Δ6, and -Δ21 exhibited kcat
values of ∼1−2 s−1 and Km values of ∼3 μM. NDM-1Δ36 and
MBP−NDM-1Δ36 exhibited kcat values of >15 s

−1 and Km values
of 1.1 and 21.1 μM, respectively. Given these results, we used
NDM-1Δ36 in all subsequent studies.

X-ray Absorption Spectroscopy. In an effort to show that
recombinant NDM-1Δ36 is structurally similar to the NDM-1
previously reported, EXAFS data were obtained for the unfused
enzyme. Fourier-transformed Zn K-edge EXAFS data for
NDM-1Δ36 are shown in Figure 3. Detailed EXAFS curve-
fitting results are presented in Table S1 of the Supporting
Information. The data are best fit with a first shell (0.5−2.3 Å)
of four nitrogen/oxygen donors at 2.01 Å and 0.5 S donor per
Zn(II). Fit residuals improved dramatically upon inclusion of
the sulfur contribution (Figure S1 and Table S1 of the
Supporting Information). Multiple scattering analysis indicates
an average of 2.0 ± 0.5 imidazole ligands per Zn(II) (fit S1-3,
Figure S1 of the Supporting Information). Inclusion of a
metal−metal scattering pathway at 3.38 Å improved the fit to
the data by 37% (compare fit S1-3 to fit S1-4 in Figure S1 of the
Supporting Information). Together, these data are consistent
with a metal binding site in NDM-1Δ36 that coincides with a
fully loaded B1MBL, with one Zn(II) coordinated by three
histidines (in the Zn1 or 3H site) and solvent, and the other
Zn(II) coordinated by a single histidine (to give an average of
two per Zn), and three low-Z donors, most likely oxygens from
water and/or carboxylates, and a metal−metal separation of
∼3.4 Å,34−39 very similar to that reported in previous
crystallographic studies.22

Dynamic Light Scattering. To determine the oligomeric
state of NDM-1Δ36, dynamic light scattering studies were
performed. L1 was chosen as the control, which has been
demonstrated to exist in a tetrameric state. The dimer and
monomer controls of full-length NDM-1 were reported by
Guo et al.22 The radii of NDM-1Δ36 and L1 were 2.619 and

Scheme 1. Kinetic Mechanism Used To Fit Pre-Steady-State
Kinetic Data

Table 2. Steady-State Kinetic Constants and Metal Contents of NDM-1 Samples

enzyme kcat (s
−1) Km (μM) kcat/Km (s−1 μM−1) Zn(II) content (equiv)

MBP−full-length NDM-1 1.1 ± 0.1 2.0 ± 0.4 0.56 2.0 ± 0.1
MBP−NDM-1Δ6 1.4 ± 0.1 2.6 ± 0.2 0.51 2.1 ± 0.1
MBP−NDM-1Δ21 1.6 ± 0.1 3.0 ± 0.5 0.53 2.2 ± 0.1
NDM-1Δ21 2.6 ± 0.1 3.7 ± 0.5 0.69 1.0 ± 0.1
MBP−NDM-1Δ36 10.1 ± 0.1 3.2 ± 0.4 3.19 2.0 ± 0.1
NDM-1Δ36 16.1 ± 0.1 1.1 ± 0.1 14.8 2.0 ± 0.1
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4.739 nm, respectively, corresponding to masses of 24 and 108
kDa, respectively. These data are consistent with NDM-1Δ36
being a monomer in solution, in agreement with previous
results.22,23,40

Mechanistic Studies. To investigate the reaction mecha-
nism of NDM-1Δ36, we conducted stopped-flow kinetic
studies using nitrocefin as the substrate. The reaction of
50 μM NDM-1Δ36 with 50 μM nitrocefin was monitored over
a 500 ms time period (Figure 4A) using a stopped-flow mixer
and diode-array detection. The spectra showed three prominent
peaks (390, 485, and 665 nm). The peak at 390 nm is due to
the absorbance of nitrocefin, and the peak at 485 nm is due to
the absorbance of hydrolyzed nitrocefin.31,32,41,42 The peak at
665 nm, the intensity of which increased during the first 30 ms
of the reaction and decreased during subsequent times, is
assigned to a ring-opened, nitrogen anionic form of hydrolyzed
nitrocefin.31,32,41,42 The absorbance data at 390, 485, and 665
nm in Figure 4A were converted into concentrations of the
species and plotted versus time (Figure 4B).
To obtain the minimum kinetic reaction mechanism,

stopped-flow spectra were analyzed using ProK global analysis
software, using a Michaelis−Menten mechanism with a single
intermediate (Scheme 1). ProK global analysis of the data
resulted in rate constants that are listed in Table 3. We assumed
diffusion control rates for substrate and product binding
(k1 and k−4, respectively). Using the ProK global analysis rate
constants, the initial concentrations of enzyme and substrate,
and the Michaelis−Menten mechanism with a single inter-
mediate, KintekSim was used to generate simulated progress
curves. These simulated progress curves nicely overlay the
experimental data (Figure 4B), except in the early time points of
the substrate decay curve. The “dip” in substrate concentration
data versus times has been observed many times in the past and
has been attributed to overlapping absorbances of substrate and
product/intermediate.31,36,43−45 The shapes of the theoretical
progress curves were greatly influenced by the values of k2, k−2,
and k3 and not greatly affected by the other microscopic rate
constants. Because there were no discrete isosbestic points in the
absorbance spectra (Figure 4A), we tested other mechanisms with
additional intermediates; the use of these mechanisms did not
result in improved fits. The King−Altman method was used to
derive the expressions for theoretical kcat and Km values using the

mechanism in Scheme 1 {kcat = (k2k3)/(k2 + k−2 + k3); Km = (k2 +
k−1)(k−2 + k3)/[k1(k2 + k−2 + k3)]}. The rate constants in Table 3

were used to calculate the theoretical values of kcat (11 s
−1) and Km

(2.6 μM), which are similar to experimental values (kcat = 16.1 s−1,
and Km = 1.1 μM).

Figure 3. Fourier-transformed EXAFS of NDM-1Δ36 () and best
fit (◇), including 0.5 S and 4 N/O donors, two of which are His
ligands, per zinc and a distant Zn−Zn interaction. The inset shows a
corresponding fit in k space. Detailed fitting results are presented in
Figure S1 and Table S1 of the Supporting Information (fit S1-5).

Figure 4. (A) Spectral changes during NDM-1Δ36-catalyzed
hydrolysis of nitrocefin at pH 7.6 and 22 °C. The enzyme and
substrate concentrations were 50 μM. The first spectrum was taken
after a 2 ms mixing time, and the remaining spectra were collected
every 2 ms. The reaction was complete in 50 ms. (B) Time course of
the reaction of 50 μM NDM-1Δ36 with 50 μM nitrocefin at pH 7.6
and 22 °C. The absorbance values taken from panel A were converted
to concentration values of substrate (○), product (◇), and
intermediate (□), as described in the text. The lines are simulated
progress curves (using KintekSim) using the global fit rates (Table 4)
and the reaction mechanism in Scheme 1.

Table 3. Results of Global Fitting Analyses of Stopped-Flow
Kinetics of Nitrocefin Hydrolysis by NDM-1Δ36

constant ProK global analysisa KintekSim

k1 (M
−1 s−1) 1 × 108 1 × 108

k−1 (s
−1) 3200 ± 700 3200 ± 700

k2 (s
−1) 150 ± 30 170 ± 10

k−2 (s
−1) <10 <4

k3 (s
−1) 13 ± 1 12 ± 1

k4 (s
−1) 4000 ± 1000 4600 ± 1400

k−4 (M
−1 s−1) 1 × 108 1 × 108

aData were fit with Applied Photophysics PC ProK global analysis
software using the mechanism in Scheme 1.
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Because the pre-steady-state kinetic data did not exhibit
discrete isosbestic points (Figure 4A), we also performed PCA
analysis on the pre-steady-state kinetic data. The dip in the
progress curves generated from the original data (Figure 4B) is
no longer present in the progress curves generated from the
PCA-analyzed data (Figure S2 of the Supporting Information),
which confirms that the dip is due to overlapping absorbances
of substrate and product/intermediate. The resulting PCA data
were analyzed using ProK global analysis and KintekSim. The
resulting microscopic rate constants and theoretical kcat and Km
values were almost identical to those determined not using the
PCA analysis (Figures S2 and S3 and Tables S2 and S3 of the
Supporting Information).
To further test this mechanism, we conducted pre-steady-

state kinetic studies using chromacef (Figure 2) as the
substrate. The stopped-flow absorbance spectra are shown in
Figure 5A. The three absorbance bands at 378, 442, and
575 nm correspond to substrate decay, product formation, and
intermediate formation and decay, respectively. ProK global
kinetic and KintekSim analyses, using the same reaction
mechanism and assumptions that were used for nitrocefin
(Scheme 1), were used to evaluate the data (Table 4 and Figure
5B). As with the nitrocefin data, there is a dip in the substrate
concentration versus time plot (Figure 5B), and we attribute
this dip to overlapping absorbances of substrate and product/
intermediate.31,36,43−45 King−Altman equations predict the-
oretical kcat and Km values of 13 ± 1 s−1 and 5.3 ± 0.5 μM,
respectively, which are in excellent agreement with exper-
imentally determined kcat and Km values of 10.8 s−1 and 8.3 μM,
respectively. As with the nitrocefin data, PCA analysis (followed
by global and KintekSim analysis) of the pre-steady-state
kinetic data yielded microscopic rate constants that were nearly
identical to those data not treated with PCA (Figure S3 and
Table S3 of the Supporting Information). As with the nitrocefin
data, the dip in the progress curve corresponding to chromacef
decay is absent in the progress curve of PCA-analyzed data,
demonstrating that the dip is due to overlapping absorbances of
substrate with product/intermediate (Figure S3 of the
Supporting Information).

■ DISCUSSION
First isolated from Klebsiella pneumoniae and E. coli, NDM-1
has spread to a number of other organisms and has been found
across the globe except in Central and South America.12,17 The
overexpression and purification of recombinant NDM-1 has
been reported by several groups,18−23,40,46 and several crystal
structures of unbound and inhibitor/product-bound variants of
NDM-1 have been reported.18−22 Steady-state kinetic studies of
NDM-1 have revealed that the enzyme efficiently hydrolyzes all
β-lactam-containing antibiotics except monobactams.12,23

Nonetheless, there are significantly different values for the
steady-state kinetic constants of NDM-1 reported by different
groups, and there does appear to be some controversy about
the number of Zn(II) ions bound by the purified enzyme and
to the quaternary structure of the enzyme (monomer vs
dimer).18−22

One of the challenges in studying NDM-1 has been not
knowing the N-terminus of the soluble enzyme. Several
N-terminal sequencing algorithms predicted N-termini of Ala19
and Gly29 and predicted that Cys26 is lipid-modified.20,21,47

Crystal structures have been reported for NDM-1 variants with an
N-terminal Met27 or Gly47 residue.20,22 Recently, Thomas et al.
demonstrated that E. coli processes NDM-1 containing an N-

terminus of Ala16, Ala18, Ala19, or Gly36, with the analogue
having the Gly36 terminus as the major form.23

We initially overexpressed full-length NDM-1 using a
pET26b-based expression system, and we discovered that the

Figure 5. (A) Spectral changes during NDM-1Δ36-catalyzed
hydrolysis of chromacef at pH 7.6 and 22 °C. The enzyme and
substrate concentrations were 50 μM. The first spectrum was taken
after a 2 ms mixing time, and the remaining spectra were collected
every 2 ms. The reaction was complete in 50 ms. (B) Time course of
the reaction of 50 μM NDM-1Δ36 with 50 μM chromacef at pH 7.6
and 22 °C. The absorbance values taken from panel A were converted
to concentration values of substrate (○), product (▽), and
intermediate (□), as described in the text. The lines are simulated
progress curves (using KintekSim) using the global fit rates (Table 4)
and the reaction mechanism in Scheme 1.

Table 4. Results of Global Fitting Analyses of Stopped-Flow
Kinetics of Chromacef Hydrolysis by NDM-1Δ36

constant ProK global analysisa KintekSim

k1 (M
−1 s−1) 1 × 108 1 × 108

k−1 (s
−1) 3200 ± 500 3200 ± 800

k2 (s
−1) 165 ± 10 180 ± 10

k−2 (s
−1) 16 ± 2 16 ± 2

k3 (s
−1) 20 ± 1 16 ± 4

k4 (s
−1) 4000 ± 2000 4600 ± 1400

k−4 (M
−1 s−1) 1 × 108 1 × 108

aData were fit with Applied Photophysics PC ProK global analysis
software using the mechanism in Scheme 1. Constants k1 and k−4 as
diffusion-controlled limits were fixed during the fitting using ProK
global analysis.

Biochemistry Article

dx.doi.org/10.1021/bi300056y | Biochemistry 2012, 51, 3839−38473844



resulting overexpressed protein was insoluble, which was
previously reported by Kim et al.19 In an effort to solubilize
the enzyme, we subcloned the full-length NDM-1 gene into a
plasmid that generated a MBP−NDM-1 fusion protein.
Although it was soluble and contained 2 equiv of Zn(II), the
resulting MBP−NDM-1 fusion protein exhibited a low kcat, as
compared to those of some of the previously reported variants
of NDM-1.23 Therefore, several different MBP−NDM-1 fusion
proteins, with truncated NDM-1 genes (MBP−NDM-1Δ6,
MBP−NDM-1Δ21, and MBP−NDM-1Δ36), were generated
and subjected to overexpression, purification, and character-
ization. Several steady-state kinetic studies have been reported
on NDM-1 when using a wide variety of β-lactam-containing
compounds as substrates,19,23,46,48 with Km values for full-length
NDM-1 and NDM-1Δ29 ranging from 16 to 94 μM and kcat
values ranging from 11 to 20 s−1. In contrast, NDM-1Δ36 and
NDM-1Δ38 variants exhibited Km values ranging from 45 to
310 μM and kcat values ranging from 138 to 720 s−1 when using
the same substrates.23

In previous studies using nitrocefin as a substrate, Km and kcat
values for truncated NDM-1 variants have ranged from 1 to 3
μM and from 12 to 15 s−1, respectively.19,23 In our hands, full-
length MBP−NDM-1, MBP−NDM-1Δ7, MBP−NDM-1Δ22,
and NDM-1Δ22 exhibited very low catalytic activities toward
nitrocefin with kcat values of ∼2 s−1 (Table 2). Consistent with
previous studies of truncated NDM-1 variants,19,23 MBP−
NDM-1Δ36 and NDM-1Δ36 showed the highest catalytic
activity toward nitrocefin with a kcat value of 15 s−1 (Table 2).
Previous studies of NDM-1 have demonstrated the NDM-1

can be isolated as an apoenzyme or an enzyme containing 0.2−
2.0 equiv of Zn(II), depending on isolation conditions and
whether there is a N-terminal signal peptide on the
enzyme.18,19,21−23,49 In this work, all NDM-1 samples bound
2 equiv of Zn(II), except NDM-1Δ21, which bound only 1
equiv of Zn(II). We speculate this may be due to oxidation of
the metal binding cysteine.23,50 Dynamic light scattering was
performed on NDM-1Δ36 to determine the enzyme’s
oligomeric state. The radius of NDM-1Δ36 is close to that of
the NDM-1 monomer control and much smaller than that of
the dimer control published by Rao,22 indicating that NDM-
1Δ36 is monomeric. This result is consistent with previous
light scattering, crystallographic, analytical centrifugation, and
size-exclusion chromatographic results22,23,48 but in contrast to
previous studies that suggested that full-length NDM-1 is
dimeric.20 Given our studies and previous reports, it is clear that
the N-terminus of NDM-1 affects the catalytic activity,
oligomerization, and possibly metal content of the enzyme.
In our hands, NDM-1Δ36 exhibited the greatest catalytic

activity, and two Zn(II) ions bound to this variant. We decided
to use this variant in all subsequent studies. EXAFS of this
variant was best fit with an average Zn(II) coordination sphere
that matches nicely with those of other B1 MBLs, with an
average ligand environment of two His, 0.5 Cys, and 2.5 other
low-Z ligands, presumably water and or carboxylate oxygen.
The metal−metal distance is 3.38 Å for NDM-1Δ36, which is
between the crystallographically determined distance of 3.2 Å22

and the QM/MM modeling-determined distance of 3.58 Å23

but significantly shorter than M−M distances reported for the
NDM-1−product complex (4.59 Å)21 and the Zn−Cd distance
(3.64 Å).18 While there are conflicting values for the M−M
distance in NDM-1 from crystallographic studies, the EXAFS
data for NDM-1Δ36 are consistent with previous data for other
metallo-β-lactamases,34−39 and these data nicely show how this

truncated NDM-1 variant fits into the B1 subclass and that this
variant can be used for future rapid-freeze-quench spectroscopic
studies.
To probe the catalytic mechanism of NDM-1Δ36, pre-

steady-state kinetic studies were performed using nitrocefin as
the substrate, as previously reported for L1,31,43,44 CcrA,41,42

GOB,51 ImiS,52 Bla2,37 BcII,53,54 and IMP-1.36 In studies of L1
and CcrA, a ring-opened, nitrogen anion of nitrocefin was
detected at 665 nm using diode array spectroscopic studies. A
similar intermediate was not detected in studies of GOB, Bla2,
BcII, ImiS, or IMP-1. In diode array spectroscopic studies of
NDM-1Δ36, an intense, transient peak at 665 nm was observed
(Figure 4A), demonstrating that the metal binding site in
NDM-1 can stabilize the nitrocefin-derived reaction inter-
mediate. Surprisingly, the diode array spectra of the NDM-1-
catalyzed hydrolysis of nitrocefin did not reveal two discrete
isosbestic points, suggesting that NDM-1 may catalyze a
reaction with more than one intermediate. Nonetheless, we
used kinetic simulations and ProK global analyses to fit the
diode array data to the same minimal kinetic mechanism that
was used to fit data on CcrA and L1 (Scheme 1) as well as to
kinetic mechanisms with additional intermediates. Our analyses
demonstrated the diode array spectroscopic data on NDM-1
can be adequately fit using the mechanism in Scheme 1, and
rate constants determined using the global analysis software can
be used to calculate theoretical progress curves that overlay the
experimental data (Figure 4B). As a second confirmation of the
mechanism, we used the King−Altman method to derive
theoretical expressions for kcat and Km, and the calculated kcat
and Km values were almost identical to the experimentally
determined steady-state kinetic constants. These lines of
evidence support the idea that the minimal kinetic mechanism
shown in Scheme 1 is the mechanism used by NDM-1 to
catalyze the hydrolysis of nitrocefin.
To further test the kinetic mechanism of NDM-1, we probed

the reaction of chromacef with the enzyme. Previously, it was
hypothesized that the stabilization of the nitrocefin-derived
intermediate was due to resonance stabilization of the nitrogen
anion into the dinitro-substituted styryl group (Figure 2).32,41,42

A new chromogenic substrate, chromacef, was recently introduced
with a p-nitrostyryl substituent (Figure 2). Like studies with
nitrocefin, diode array spectroscopic studies of the reaction of
NDM-1 with chromacef resulted in three absorbances: a peak at
378 nm that corresponds to substrate, a peak at 442 nm that
corresponds to hydrolyzed product, and a peak at 575 nm that
corresponds to a reaction intermediate, similar to the nitrocefin-
derived nitrogen anion. ProK global analyses were used to fit these
data to the kinetic mechanism shown in Scheme 1, and KintekSim
and King−Altman analyses were used to validate the mechanism.
In reactions with nitrocefin and chromacef, the rate-limiting step is
the breakdown of the intermediate, specifically the protonation of
the putative ring-opened nitrogen anion. These studies demon-
strate that the reactions of NDM-1, or other MBLs, with nitrocefin
and chromacef can be probed in a similar way. These studies also
suggest that NDM-1 has a geometrically organized metal binding
site that is positioned to stabilize the nitrocefin- and chromacef-
derived intermediates, as the sites in CcrA and L1 are. With BcII, a
nitrocefin-based intermediate has not been observed53 but an
imipenem- and meropenem-based intermediate may be formed.55

The remaining metallo-β-lactamases have yet to be shown to
stabilize this intermediate, and this been attributed to subtle
differences in the metal binding sites in the enzymes.53
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In conclusion, NDM-1Δ36 is an excellent variant of the
enzyme for conducting future spectroscopic and mechanistic
studies. While most similar to VIM-2 in terms of amino acid
sequence,56 the metal binding site and architecture are more
similar to those of CcrA.32,57 Mechanistically, NDM-1 is similar
to L1 and CcrA. Nonetheless, the crystal structures of NDM-1
show subtle differences in the positions of loops and domains,
and these structures may be important for substrate recognition
and catalysis. Efforts are underway to further probe the reaction
mechanism of NDM-1 and the role of these loops and domains
in catalysis and binding.
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