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ABSTRACT Vibrio vulnificus is a pathogen that accounts for one of the highest mortal-
ity rates and is responsible for most reported seafood-related illnesses and deaths world-
wide. Owing to the threats of pathogens with b-lactamase activity, it is important to
identify and characterize b-lactamases with clinical significance. In this study, the protein
sequence of the metallo-b-lactamase (MBL) fold metallohydrolase from V. vulnificus (des-
ignated Vmh) was analyzed, and its oligomeric state, b-lactamase activity, and metal
binding ability were determined. BLASTp analysis indicated that the V. vulnificus Vmh
protein showed no significant sequence identity with any experimentally identified
Ambler class B MBLs or enzymes containing the MBL protein fold; it was also predicted
to have a signal peptide of 19 amino acids at its N terminus and an MBL protein fold
from amino acid residues 23 to 216. Recombinant V. vulnificus Vmh protein was overex-
pressed and purified. Analytical ultracentrifugation and electrospray ionization-mass
spectrometry (MS) data demonstrated its monomeric state in an aqueous solution.
Recombinant V. vulnificus Vmh protein showed broad degrading activities against b-lac-
tam antibiotics, such as penicillins, cephalosporins, and imipenems, with kcat/Km values
ranging from 6.23� 102 to 1.02� 104 M21 s21. The kinetic reactions of this enzyme
exhibited sigmoidal behavior, suggesting the possibility of cooperativity. Zinc ions were
required for the enzyme activity, which was abolished by adding the metal chelator
EDTA. Inductively coupled plasma-MS indicated that this enzyme might bind two zinc
ions per molecule as a cofactor.

KEYWORDS metallo-b-lactamase (MBL) protein fold, Vibrio vulnificus, cooperativity,
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The human pathogen Vibrio vulnificus accounts for one of the highest mortality
rates among known foodborne pathogens and is responsible for most reported

seafood-related illnesses and deaths worldwide (1, 2). V. vulnificus is an autochtho-
nous estuarine microorganism, and its ecology in seawater is markedly affected by
temperature and salinity (3, 4). Higher numbers of V. vulnificus occur in seawater at a
temperature above 20°C and a salinity range of 5 to 20 ppt; as a result, V. vulnificus is
found in subtropical waters throughout the world (5). V. vulnificus is transmitted via
handling or ingestion of contaminated seafood or exposure to seawater through an
open wound (1, 6). V. vulnificus infection can be fatal, as it causes two distinct syn-
dromes: primary septicemia and necrotizing wound infection (7, 8). Most patients de-
velop sepsis and severe cellulitis with rapid development to ecchymoses and bullae,
and mortality rates are greater than 50% for primary septicemia (9) and about 20%
for wound infections (7). The period between the onset of symptoms and the
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subsequent clinical outcome is short, and immediate antibiotic therapy for suspected
cases is considered critical (10, 11).

In clinical therapy, patients with septicemia or serious wound infections caused by
V. vulnificus infections are recommended to be treated with a combination of doxycy-
cline and ceftazidime or fluoroquinolone and minocycline (11, 12). Although most
reports have shown that V. vulnificus has low levels of antibiotic resistance to fluoroquino-
lones (11, 13), third-generation cephalosporins (14, 15), tetracycline (16), imipenem (13),
chloramphenicol (4), and erythromycin (17), the overuse or misuse of antibiotics in human
health care and aquaculture might have accelerated antibiotic resistance among V. vulnifi-
cus isolates. Baker-Austin et al. (18) reported that a substantial proportion of V. vulnificus
isolates from the U.S. coastal lines are resistant to eight or more antibiotics, such as cepha-
losporin, doxycycline, and tetracycline, all of which are frequently used in clinical treatment
for V. vulnificus infections. In Korea, 31 V. vulnificus strains were isolated from water and
seafood samples, and 24 isolates showed resistance against at least one of the eight tested
classes of antibiotics, with 13 isolates showing multidrug resistance against cephazolin,
cephalothin, ampicillin, and amikacin (19). Shaw et al. (13) screened 120 V. vulnificus isolates
from the Chesapeake Bay and observed an intermediate resistance of about 78% of the V. vul-
nificus isolates against chloramphenicol. In Malaysia and Qatar, 60 V. vulnificus isolates from
clams and cockles were resistant to two or more antibiotics, including penicillin, cephalothin,
vancomycin, and erythromycin (20).

Chromosomal and plasmid-encoded b-lactamases produced by bacteria to hydrolyze
b-lactam antibiotics, such as penicillins and cephalosporins, are the major causes of b-lac-
tam resistance. Until 2010, more than 890 unique b-lactamases have been identified in
bacterial isolates from nature sources (21). For vibrios, Lin et al. (22) reported a putative re-
sistance gene in Vibrio cholerae encoding metallo-b-lactamase (MBL) VarG, which was
found to confer resistance against penicillins, cephalosporins, and carbapenems. Chiou
et al. (23) reported a novel class A b-lactamase CARB-17 gene in Vibrio parahaemolyticus,
which was responsible for intrinsic penicillin resistance. A novel carbapenemase VCC-1
gene in the V. cholerae genome was characterized as hydrolyzing penicillins, first-genera-
tion cephalosporins, aztreonam, and carbapenems (24).

Owing to outbreaks and threats of pathogens with b-lactam drug resistance, it is
important to identify and characterize b-lactamases with clinical significance. This
study identified an MBL protein fold metallohydrolase from V. vulnificus exhibiting
b-lactam antibiotic-degrading activities by presenting its kinetic parameter against
b-lactam drugs and investigated its oligomeric state and metal binding stoichiometry.

RESULTS AND DISCUSSION
Analysis of the protein sequence of MBL fold metallohydrolase from V.

vulnificus. Vibrio vulnificus is a pathogen that accounts for one of the highest mortality
rates and is responsible for most reported seafood-related illnesses and deaths world-
wide; however, there has not been any MBL gene to be experimentally identified in its
genome. We analyzed the whole genome sequence of V. vulnificus, and a gene pre-
dicted to encode MBL fold metallohydrolase (designated Vmh) in chromosome II of V.
vulnificus was obtained from the National Center for Biotechnology Information (NCBI)
database. The gene vmh comprises 846 nucleotides and encodes a protein of 281
amino acids. The Vmh sequence was found in all 28 V. vulnificus strains in the NCBI
database; in addition, Vmh homologs (protein sequence identity,.30%) were also
found in other vibrios, such as the human vibriosis-causing agents V. parahaemolyticus,
V. alginolyticus, V. flavialis, V. mimicus, and V. metschnikovii (25).

BLASTp (26) analysis indicated that V. vulnificus MBL fold metallohydrolase Vmh
showed no significant sequence identity with any experimentally identified Ambler
class B MBLs or enzymes containing the MBL protein fold (27), such as glyoxalase II,
arylsulfatase, and mRNA 39 processing proteins (28). According to the SignalP server
(29) and Pfam protein database (30), it is predicted that the MBL fold metallohydrolase
Vmh from V. vulnificus has a signal peptide of 19 amino acids at its N terminus and an
MBL protein fold from amino acid residues 23 to 216.
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Class B b-lactamases, also known as MBLs, typically have an ab/ba sandwich fold
and require zinc ions to catalyze the hydrolysis of the b-lactam ring. The hydrolysis of
the b-lactam ring function is important for pathogenic bacteria to show resistance to
b-lactam antibiotics widely used in clinical treatment (27). Several structural and func-
tional studies have indicated that the conserved amino acid residues of class B b-lacta-
mases are involved in zinc binding and the hydrolysis activity of the b-lactam ring (27).

The secondary structure of V. vulnificus MBL fold metallohydrolase Vmh was pre-
dicted using the programs Jpred4 (31) and PSIPRED 4.0 (32, 33), as shown in Fig. 1. The
H-X-H-X-D motif was suggested to be involved with zinc binding in MBLs, and the
H116, H118, and H196 and D120, C221, and H263 amino acid residues have been
reported to be involved in the binding of metal Zinc1 and Zinc2, respectively (27, 34).
H116 could be replaced by an asparagine (Asn116) in the MBLs from subclass B2, and
C221 could be replaced by a histidine (H121) in the MBLs from subclass B3 (35).
However, the H-X-H-X-D motif could not be clearly identified in the Vmh protein from
V. vulnificus. By using BLAST (26), we compared the protein sequence of the Vmh with
those of other identified proteins in the protein database, and the results indicated that
Vmh shared the highest sequence identity with VIM-2 from Pseudomonas aeruginosa and
BcII from Bacillus cereus, both of which belong to subclass B1 MBLs. It was indicated that
Vmh shares 31.75% and 21.76% identity with VIM-2 (E value of 5� 1026; coverage of 27%)
and BcII (E value of 5.8� 1022; coverage of 64%), respectively. The multiple sequence align-
ment of Vmh, VIM-4 from P. aeruginosa, and BcII from Bacillus cereus was accomplished by
using MAFFT (36). As shown in Fig. S1 in the supplemental material, H263 could be identi-
fied but the H-X-H-X-D motif could not be clearly identified in the Vmh protein.

It has been reported that H196 in Zinc1 binding is located in the loop between the
second and third b-strands of the C-terminal b-sheet structures in the B1 subgroup of

FIG 1 Predicted secondary structure of the V. vulnificus MBL fold metallohydrolases (Vmh) by using PSIPRED and Jpred. The
putative H196 and H263 are underlined.
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MBLs, such as VIM-4 and BcII three-dimensional (3D) structures. Since H159 is in the
loop between the second and third b-strands of the predicted C-terminal b-sheet in
the Vmh protein from V. vulnificus, it might be involved in zinc binding as the Zinc1
ligand. The conserved residues VI/VPGH, which have been reported to contain H263
for Zinc2 binding in Pseudomonas aeruginosa VIM and Bacillus cereus BcII (34, 37), were
found in the V. vulnificus Vmh protein (residues 212 to 216). According to the second-
ary structure prediction, H216 is located after the C-terminal b-strand (Fig. 1). This is
similar to H263, which is located after the C-terminal b-strand as well as in the edge of
the b-sheet, in VIM-4 and BcII 3D structures (34, 37).

Overexpression and identification of the V. vulnificus Vmh protein. To deter-
mine the kinetic parameters of the V. vulnificus Vmh protein, the vmh gene was ampli-
fied from the genome of V. vulnificus, whose sequence information was obtained from
the NCBI database (RefSeq accession no. NZ_CP012882.1). The first 19 amino acid resi-
dues of the N terminus of the V. vulnificus Vmh protein were predicted as the signal
peptide using SignalP 5.0 (38). The vmh gene (with 57 bp deleted [D57 bp]) was cloned
into the pET26b vector to target the periplasm space and transformed into Escherichia
coli C43(DE3). The expression of Vmh was induced with 0.2mM isopropyl b-D-1-thioga-
lactopyranoside and purified using a nickel affinity column. The purified Vmh protein
was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and liquid chromatography-mass spectrometry (LC-MS) to determine the
expression efficiency and confirm its identity. The expressed and purified Vmh protein
has 262 amino acid residues (with 19 signal peptide amino acid residues deleted,
D19SP) with a predicted molecular weight of about 30.76 kDa, and it showed a major
band of about 32 kDa on SDS-PAGE (Fig. S2A). Further identification of the trypsin-
digested Vmh protein using the LC-tandem MS (LC-MS/MS) method showed 92%
sequence coverage, which provided solid evidence for identifying the Vmh protein
(Fig. S2B). These data indicated that the Vmh protein was successfully overexpressed in
E. coli C43(DE3) and purified for subsequent characterization studies.

Determination of the oligomeric state of Vmh from V. vulnificus. The functional
and structural states of the purified V. vulnificus Vmh protein were characterized using
size exclusion chromatography (SEC), high-resolution electrospray ionization-MS (ESI-MS),
and analytical ultracentrifugation (AUC). Analytical SEC was used to determine the molec-
ular weight of Vmh to investigate its oligomeric state. The Vmh protein was applied to
the SEC column and showed a sharp peak at an elution volume of approximately 88.5ml
(Ve), giving a Kav (gel-phase distribution coefficient) value of 0.529, corresponding to an
estimated Mr of 34.4 kDa for Vmh (Fig. S3). The SEC results suggested that the Vmh pro-
tein was in the monomeric state. To determine the accurate molecular weight of the Vmh
protein, a high-resolution ESI-MS method was performed in this study. The mass spec-
trum in Fig. 2A shows the mass-to-charge signals of Vmh with multiple charges. The ex-
perimental monoisotopic mass of Vmh in Fig. 2B was determined by the deconvolution
of signal clusters in Fig. 2A. The theoretical monoisotopic mass of Vmh was 30,736.8Da
(based on the formula of Vmh, C1397H2167N361O407S7), so the mass error of the experimental
monoisotopic mass was about 239ppm, indicating that purified Vmh formed mainly
monomer in solution. Through AUC analysis, the sedimentation velocity (SV) was calcu-
lated to determine the oligomeric state of Vmh. The results showed that SV is shape de-
pendent with a sedimentation coefficient of 2.2 S (Fig. 3A), corresponding to an estimated
Mr of 29.8 kDa for the Vmh protein (Fig. 3B). All three methods confirmed that the purified
V. vulnificus Vmh protein has high purity and is in the monomeric state.

In previous studies, the oligomeric state of MBL protein could be in the form of ei-
ther monomer or dimer. NDM-1, a subclass B1 MBL protein with a molecular weight of
about 24 kDa, has been reported in a monomeric or dimeric form in solution based on
the results of gel filtration chromatography (39). The loop-10, loop-8, and a-3 residues
of NDM-1 proteins were suggested to be the key contacts for dimerization (40). It has
also been demonstrated that both monomer and dimer forms of NDM-1 have full ac-
tivity. In another study, based on gel filtration chromatography and matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) MS analyses, the recombinant
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MBL protein ImiS belonging to subclass B2 was determined to be a monomer form
with a molecular mass of 25,247Da (41). L1, another subclass B3 MBL protein, was
reported to exist as a tetramer by gel filtration chromatography and X-ray crystallogra-
phy (42–44). In addition, the MBL VarG from V. cholerae was confirmed to be in dimeric
form with a molecular mass of 83,359Da by SEC, AUC, and LC-MS/MS (22).

Kinetic parameters of b-lactam antibiotic hydrolysis by Vmh. The kinetic param-
eters of recombinant Vmh for the hydrolysis of b-lactam antibiotics were determined
against various b-lactam antibiotics, such as penicillins (ampicillin, carbenicillin, and
piperacillin), cephalosporins (cephalothin, cefuroxime, ceftazidime, cefepime, and mox-
alactam), carbapenems (imipenem and meropenem), and monobactams (aztreonam).
The classification of b-lactamases has been aligned based on their ability to hydrolyze
specific types of b-lactams and the inhibitory properties of inhibitors. Most class A, C,
and D b-lactamases have a substrate preference for hydrolyzing penicillins and cepha-
losporins. In contrast, class B b-lactamases have a relatively broader substrate spec-
trum for b-lactam antibiotics, except for relatively higher activity against carbapenems
(21). According to the Ambler classification, metallo-b-lactamases were divided into
three subclasses, B1, B2, and B3. It has been reported that the metallo-b-lactamases from
various subclasses could exhibit different b-lactamase activities and catalytic properties for
various classes of b-lactam antibiotics. For example, the metallo-b-lactamases from subclass

FIG 3 (A) Sedimentation coefficient and (B) predicted molecular weight of Vmh by sedimentation velocity analytical ultracentrifuge.

FIG 2 (A) Mass spectrum of recombinant Vmh by high-resolution ESI-MS; (B) monoisotopic molecular weight of Vmh determined by deconvolution of high-
resolution MS spectrum.
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B1 and B3 have a relatively broader substrate spectrum for b-lactam antibiotics, including
carbapenems (45), whereas the metallo-b-lactamases from subclass B2 showed a high car-
bapenemase activity and weak activity toward penicillins and cephalosporins (46).

In preliminary experiments, we tested the b-lactamase activity of Vmh at various
zinc concentrations. Not surprisingly, no activity was observed for the Vmh enzymes
without the addition of zinc (data not shown). Our preliminary data showed a result
similar to that of the study on MBL BcII by Jacquin et al. (47). BcII hydrolysis activity
was determined in the presence of various zinc concentrations, the results showed a
linear increase in activity with the addition of zinc, and a plateau was reached with sat-
uration of zinc ions. Figure 4 shows the velocities of recombinant V. vulnificus Vmh
degrading ampicillin and imipenem of various concentrations. Intriguingly, the kinetic
curves for ampicillin and imipenem degradations (Fig. 4) and other b-lactam antibiot-
ics (data not shown) were fitted to sigmoidal equations. The results showed that the
kcat/Km ratios ranged from 6.23� 102 to 1.02� 104 M21 s21 for all tested b-lactams, and
the highest kcat/Km ratios were observed with imipenem (1.02� 104 M21 s21) with a Hill
coefficient of 2.05 (Table 1), whereas no activity was observed against the monobac-
tam aztreonam (data not shown). In addition, it is shown in Fig. 4 that Vmh exhibited
sigmoidal behavior for the hydrolysis of ampicillin and imipenem. In general, the ki-
netic properties of other MBLs showed broad-spectrum hydrolysis of b-lactams, includ-
ing penicillins, cephalosporins, and carbapenems, but not monobactams (21). These
results showed that recombinant V. vulnificus Vmh also exhibited broad-spectrum ac-
tivity against different b-lactam antibiotic classes, consistent with typical MBLs.

In a previous study, a novel subclass B2 MBL, PFM-1, showed limited hydrolysis
capability on carbapenems and low catalytic efficiency in the hydrolysis of imipenem
and meropenem, with kcat/Km values of 2.3� 104 and 3.1� 104 M21 s21, respectively
(48). In addition, a subclass B3 MBL, BJP-1, has been reported to exhibit broad substrate
catalytic activity against penicillins, cephalosporins, and imipenems, with kcat/Km values
from 2� 102 to 8.3� 105 M21 s21 (49). Another study showed that a subclass B1 MBL,
VIM-1, demonstrates high catalytic efficiency to carbenicillin, imipenem, and some
cephalosporins, with a kcat/Km value of 1.0� 106 M21 s21, but has low catalytic efficiency to
penicillin G, ampicillin, and sulbactam, with a kcat/Km value of 2� 104 M21 s21 (50). However,
VIM-2, another MBL in subclass B1, showed high catalytic efficiency to penicillin G, ampicillin,
and imipenem, with kcat/Km values ranging from 1.4� 106 to 4.0� 106 M21 s21, indicating
that MBLs have distinct substrate preferences even in the same subclass (51).

Intriguingly, the sigmoidal curves showing rates of b-lactam antibiotic degradation
might indicate the cooperative activity of monomeric V. vulnificus Vmh, although the

FIG 4 Kinetic curve of antibiotic degradation by Vmh. (A) Imipenem; (B) ampicillin.
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possibility of substrate-induced dimerization of V. vulnificus Vmh could not be ruled
out. This behavior of concentration dependence of the hydrolysis rate of Vmh is differ-
ent from Michaelis-Menten kinetics and is worthy of further investigation. The best-
studied kinetic cooperativity in monomeric enzymes is that of human glucokinase,
which is the primary glucose sensor, plays a key role in glucose homeostasis regulation,
and displays a sigmoidal kinetic response to increasing glucose concentrations (52).
The kinetic cooperativity in monomeric enzymes generally displays a hysteretic
response attributed to the structural transitions of enzymes. The hysteretic response
refers to those enzymes that respond slowly to a rapid change in ligand or substrate
concentrations or due to the relatively slow transitions of enzymes from one state to
another (53, 54). Porter and Miller (55) presented an overview for monomeric enzymes,
such as the mnemonic model (56), the ligand-induced slow transition (LIST) model
(57), and the random-order model (58), to explain the cooperativity of monomeric
enzymes. The mnemonic model indicates two enzyme states (low- and high-affinity
states) in the catalytic cycle that depend on substrate concentrations. The LIST model
proposes that the two conformations of monomeric enzymes with cooperativity pos-
sess different affinities for their substrates, and the equilibrium between these two
conformations is controlled by the substrate concentration. The random-order model
does not rely on enzyme conformational heterogeneity or low interconversion rates
(58). The investigation of monomeric cooperativity would certainly require experimen-
tal methods that can probe the conformational changes associated with substrate in
response to substrate concentration and association. High-resolution nuclear magnetic
resonance (NMR) (59) and single-molecule fluorescence spectroscopy (60) might be
adapted for elucidating the conformational heterogeneity of protein complexes and
protein dynamics.

Effects of various metals and EDTA on Vmh activity. In general, subclass B1 and
B3 MBLs bind two zinc ions at their active sites to exert their activity, whereas subclass
B2 MBLs are monozinc enzymes with strong carbapenemase activity and are inhibited in
binding of the second zinc ions (61). The common feature of all MBLs is the conserved
motif of the two zinc ion binding sites, but different metal ions can also bind to these
two binding sites and affect the catalytic activities of Vmh. To determine the effect of dif-
ferent metal ions on Vmh protein activity, the hydrolysis efficiency of b-lactam antibiotic
imipenem in the presence of Vmh and different metal ions (Zn21, Co21, Mn21, and Ca21)
was monitored. Because EDTA is known to be a metal binding inhibitor by stripping
metal ions out of the binding sites in proteins (62), EDTA was used to examine whether
metal ions are required for Vmh activity in this study. The recombinant Vmh protein was
added to MOPS (morpholinepropanesulfonic acid) buffer containing ZnSO4, MnSO4, Cd
(CH3COO)2, CoCl2, or CaCl2, and the hydrolysis efficiency of imipenem was measured indi-
vidually. The results showed that Vmh proteins with Co21 had slight activity (4%) com-
pared with Vmh in the presence of Zn21, and no activity was observed in Vmh with
Mn21 and Ca21 (data not shown). Of all tested metals, only Cd21 could substitute for
Zn21 with 96% relative activity, and it might be because they share a similar chemical

TABLE 1 Steady-state kinetic parameters of Vmh protein of b-lactam antibiotics

b-Lactam Concn range (mM) [Enzyme] (mM) Vmax (mM/min) Km (mM) Kcat (s21) Kcat/Km (M21 s21) na

Ampicillin 200–1,500 0.027 11.39 1.32 7.03 5.33� 103 2.38
Carbenicillin 250–2,000 0.027 5.21 1.12 3.22 2.88� 103 2.74
Piperacillin 300–1,000 0.027 6.38 1.63 3.94 2.42� 103 3.25
Cephalothin 100–750 0.027 0.38 0.31 0.23 7.42� 102 3.14
Cefuroxime 100–1,000 0.027 1.88 0.59 1.16 1.97� 103 2.28
Ceftazidime 200–800 0.027 0.71 0.69 0.43 6.23� 102 1.47
Cefepime 200–700 0.027 1.74 0.58 1.07 1.84� 103 2.23
Moxalactam 100–1,200 0.027 1.15 0.54 0.71 1.31� 103 3.88
Imipenem 40–1,400 0.027 14.65 0.89 9.04 1.02� 104 2.05
Meropenem 50–900 0.027 3.98 0.55 2.46 4.47� 103 1.38
an, Hill coefficient; n.1, positive cooperativity.
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property. The results showed that the hydrolysis activity decreased as the concentration
of EDTA increased; moreover, the activity was abolished when the EDTA concentration
reached 100mM (Fig. 5). These data indicated that zinc ions are required for the recombi-
nant Vmh protein to perform hydrolysis activity.

In previous studies, the hydrolysis activity of b-lactamase II in the presence of differ-
ent metals, including Co21, Cd21, Mn21, HgII1, Cu21, Ni21, Mg21, and Ca21, was meas-
ured. Compared with the control group in the presence of Zn21, b-lactamase II showed
low activity in the presence of Co21, Cd21, Mn21, and HgII1 and no activity in a solution
containing Cu21, Ni21, Mg21, and Ca21 (63). On the other hand, Yang and Bush (64)
reported that b-lactamase AsbM1 from Aeromonas sobria AER 14M showed higher rel-
ative activity in the presence of Mn21, Mg21, and Ca21, whereas Zn21 and Cd21 had an
inhibitory effect on the hydrolysis of imipenem. It has been reported that BcII from B.
cereus has different hydrolysis activities against b-lactam antibiotics in the presence of
different metals, and the affinities of the metal ions decreased in the order Zn21 .

Cd21 . Co21 . Mn21 (65).
Determination of zinc binding contents using ICP-MS. The zinc content of MBL

was determined using inductively coupled plasma-MS (ICP-MS), which provides the
total amount of zinc in the solution. The importance of zinc ions has been reported
from the crystal structures of some zinc proteins, and they play an important role in
substrate binding and catalysis (66). As shown in Fig. 6, after adding different amounts
of zinc ions (1-, 2-, 5-, and 10-fold Vmh concentrations) to the Vmh solution (1-fold),
the zinc content for each group was determined using ICP-MS, giving Zn/Vmh ratios of
approximately 0.36 0.02, 0.86 0.08, 2.36 0.18, and 2.16 0.08, respectively. Vmh was
found to be saturated with zinc ions by adding zinc at concentrations of 5 and 10 times
that of Vmh, suggesting that the binding ratio of zinc to Vmh was 2 (Fig. 6).

In addition, the far-UV circular dichroism (CD) spectra of the Vmh in the presence
and absence of zinc were determined. As shown in Fig. S4, the purified Vmh showed a
CD spectrum similar to that of BcII and NDM, both of which belong to subclass B1
MBLs. The secondary-structure analyses for Vmh using the CDSSTR (67), CONTINLL (68),
and SELCON3 (69) algorithms were performed with the CD data on the DichroWeb
analysis server (70), and three algorithms showed similar predictions for Vmh second-
ary structures. Among all, the prediction result from the CDSSTR algorithm has the low-
est normalized root mean square (0.033), and it indicated that Vmh has 30% a-helices,
23% b-strand, 19% b-turns, and 28% unordered secondary structures. Generally, the
MBLs showed approximately 17% to 39% a-helices and 12% to 48% b-sheet content
(41, 71, 72). In addition, only a slight difference between the far-UV CD spectra of the

FIG 5 Effect of EDTA on imipenem degradation. Vmh concentration, 0.027mM; ZnSO4 concentration,
50mM.
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apo- and dizinc forms of Vmh was observed (Fig. S4), suggesting that the EDTA-treated
Vmh did not go through a major transition for denaturation upon metal removal.

Palzkill (73) has reported that the subclass B1 and B3 MBLs bind two zinc ions at
their active sites to exert their activities, whereas subclass B2 MBLs are monozinc
enzymes with intense carbapenemase activity and are inhibited in the binding of the
second zinc ions. Crowder et al. (42) determined the metal content of the purified sub-
class B3 MBL protein L1, and the zinc content ratio was two per enzyme molecule,
which was similar to that of the subclass B1 MBL proteins IMP-1 (74) and BcII (75) and
the subclass B3 MBL protein FEZ-1 (76). The subclass B3 MBL protein GOB-1 has a glu-
tamine residue at position 116, a zinc binding residue in all known class B1 and B3
MBL structures. Horsfall et al. (77) replaced the Gln116 residue with Q116A, Q116N,
and Q116H GOB-1 mutants to investigate the effect of the Gln116 residue, and the zinc
contents for the wild type and mutants were determined. The results indicated that
the wild-type GOB-1 contained two zinc ions per enzyme, whereas the Q116A and
Q116N GOB-1 mutants had Zn/MBL ratios of 0.8 and 0.9, respectively, indicating the
loss of zinc ions in the mutants.

Vmh showed better activity when saturated with two zinc ions and showed a broad
substrate spectrum for b-lactam antibiotics. Based on the substrate spectrum and pro-
tein sequence analysis, it is suggested that the Vmh protein might be closer to the sub-
class B1 MBLs than the MBLs from subclasses B2 and B3.

MATERIALS ANDMETHODS
Strains and plasmids. The E. coli strain NovaBlue(DE3) was used for genetic manipulation. E. coli

strain C43(DE3) was used to overexpress VmhDSP (with 19 signal peptide amino acid residues deleted)
protein, and the purified VmhDSP protein was analyzed to determine the oligomeric state, kinetic pa-
rameters, and mass spectrometry analysis. The pET26b vectors were used for vmh gene cloning and
overexpression. V. vulnificus was purchased from the Bioresource Collection and Research Center
(Hsinchu City, Taiwan). The signal peptide was predicted by using the SignalP 5.0 server.

Construction of pET26b-vmhDSP. The vmh gene was cloned from the V. vulnificus ATCC 27562
chromosome by using the PCR method. The truncated vmh gene was amplified by using primers 59-
AAAAACCCATGGGTGCACTGAAACTGACCACTT-39 and 59-AAAAAAGCGGCCGCCCACTTCATTTCA-39 (57 bp
deletion at the 59 end), and then the amplified DNA was visualized on a 1% agarose gel containing
SafeView DNA stain. The PCR product was digested with NcoI and NotI restriction enzymes and inserted
into the pET26b vector. DNA purification was accomplished by using the Qiagen QIAquick gel extraction
kit and Qiagen spin miniprep kit. Restriction digestion was performed by using NcoI and NotI restriction
enzymes (Promega), and T4 DNA ligase (Promega) was used to catalyze the ligation of DNA fragments
to the complementary ends of the linear vector. The plasmids carrying the vmh gene were transformed
into E. coli C43(DE3) for protein overexpression.

Overexpression and purification of Vmh. E. coli C43 harboring pET26b plasmid carrying the
VmhDSP gene was cultivated at 37°C, induced with 0.2mM IPTG, and overexpressed at 24°C. The cells
were collected by centrifugation (6,000 rpm, 4°C, 10min), and cells were disrupted by osmotic shock.
The cells were resuspended with ice-cold solution 1 (pH 8) containing 30mM Tris, 1mM EDTA, and 20%

FIG 6 Determination of zinc content by ICP-MS of recombinant VmhDSP.
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(vol/vol) sucrose, kept on ice for 20min, and then harvested by centrifugation (5,000 rpm, 4°C, 10min).
As described above, the cell pellet was resuspended with ice-cold 5mM MgSO4, kept on ice for 20min,
and then harvested by centrifugation (5,000 rpm, 4°C, 10min), and the supernatant was collected (78).
Buffer-solubilized Vmh proteins were purified by using a nickel affinity column (HiTrap chelating column;
GE); the column was first washed with a 5- to 15-column volume of deionized water, and proteins were
loaded onto a nickel affinity column by using a peristaltic pump at a rate of 1ml/min. Vmh proteins
were washed with A/B buffer in the presence of 50 to 300mM imidazole (AKTA purifier). Recombinant
Vmh protein was resolved by SDS-PAGE to determine the efficiency of overexpression and purification.

Vmh protein identification by using LC-MS/MS. The excised band on the SDS gel was cut into
cubes. Gel pieces were then transferred to a microtube and spun down on a bench-top microcentrifuge.
The first step to destain the gel pieces excised from Coomassie blue-stained gels was to add 100mM am-
monium bicarbonate-acetonitrile (1:1, vol/vol) and to incubate them with vortexing for 30min. Second,
neat acetonitrile was added, followed by incubation at room temperature with vortexing until the gel
pieces became white and shrank, and then acetonitrile was removed. A 20mM dithiothreitol (DTT) solution
was added to completely cover the gel pieces, which were incubated for 30min at 55°C; after removal of
the DTT solution, 55mM iodoacetamide (IAA) solution was added, followed by incubation for 60min at
room temperature in the dark. The gel pieces were then shrunk by centrifugation, and all liquid was
removed. Enough trypsin buffer (20ng/ml) was then added to cover the dry gel pieces, followed by incu-
bation for 15min on ice, the liquid was removed, and enough buffer solution was added to cover the gel
pieces again, followed by incubation for 12h at room temperature. Finally, extraction solution (50% aceto-
nitrile–5% formic acid) was added, followed by sonication for 15min, and the buffer was moved to a new
microtube, which was put into the vacuum centrifuge. Protein LC-MS analyses were performed on a
Waters Acquity nano-UPLC in line with a Waters G2 quadrupole time of flight (Q-TOF) mass spectrometer.
Protein samples (10mg/ml) were directly infused onto a mass spectrometer through a syringe pump at a
flow rate of 1ml/min. The G2 Q-TOF mass spectrometer was run in positive-ion, high-resolution mode with
detection in the range of 600 to 2,300 m/z. Source parameters were as follows: capillary voltage, 2.50 kV;
source temperature, 90°C; desolvation temperature, 200°C; cone gas flow, 20 liters/h; desolvation gas flow,
500 liters/h. The protein peak was deconvoluted by the MassLynx MaxEnt1 function according to the fol-
lowing parameters: output resolution, 1.0Da/channel; uniform Gaussian width at half height, 0.75Da; mini-
mum intensity ratios, 30% for left and right; iteration to convergence for completion.

SEC. Size exclusion chromatography (SEC) analyses were performed on an AKTA purifier (Amersham)
using a Superdex200 prep-grade HiLoad 16/60 column, equilibrated with 20mM Tris-HCl (pH8), 50mM
NaCl, and 10% (vol/vol) glycerol, and run at 1ml/min. The protein Mr was calculated from a calibration
curve constructed using CARB-17 (29.3 kDa), ovalbumin (44 kDa), conalbumin (75 kDa), aldolase (158 kDa),
and dextran blue (void volume) standards. The Kav values were calculated using their elution volumes (Ve),
the column volume (Vc), and the void volume (Vo) in the equation Kav = (Ve 2 Vo)/(Vc 2 Vo). A calibration
curve was constructed by plotting the log of the Mr of the standards against their Kav values.

AUC. Sedimentation velocity (SV) experiments were performed with a Beckman-Coulter (Fullerton,
CA, USA) XL-A analytical ultracentrifuge. For SV analytical ultracentrifugation analysis (AUC), sample and
buffer were loaded into 12-mm standard double-sector Epon charcoal-filled centerpieces and mounted
in an An-60 Ti rotor. SV experiments were performed at a rotor speed of 50,000 rpm at 20°C. The sample
signal was monitored at 280 nm, and the raw experimental data were analyzed by SEDFIT software.

LC-MS analysis. High-resolution and high-mass-accuracy liquid chromatography-mass spectrometry
(LC-MS) experiments were performed on an LTQ-FT Ultra (linear quadrupole ion trap Fourier transform
ion cyclotron resonance) mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a
standard ESI source, an Agilent 1100 series binary high-performance liquid chromatography pump
(Agilent Technologies, Palo Alto, CA), and a Famos autosampler (LC Packings, San Francisco, CA). The
Vmh protein sample was injected (5ml) at a 50-ml/min flow rate on a BioResolve RP MAb polyphenyl col-
umn (1mm [inside diameter] by 150mm, 5mm, 100 Å; Waters). The chromatographic separation was
done using 0.1% formic acid in water as mobile phase A and 0.1% formic acid in 80% acetonitrile as mo-
bile phase B at a 50-ml/min flow rate. The separation gradient was initially at 2% buffer B for 2min,
increasing to 98% buffer B at 110min. Wide selected ion monitoring (SIM) MS conditions included a
mass range of m/z 600 to 1,200 and resolution of 100,000 at m/z 400. The electrospray voltage was main-
tained at 4.0 kV, and the capillary temperature was maintained at 275°C.

Drug degradation assays and the effects of various metals. The b-lactamase activity of purified
Vmh was monitored as the decrease in b-lactam absorbance that results from the opening of the b-lac-
tam ring during hydrolysis. The reactions were performed at 25°C in a mixture containing purified Vmh,
50mM MOPS (pH 7.5), 50 mM ZnSO4, and b-lactam antibiotics, such as ampicillin and imipenem, and the
decrease in absorbance was monitored. The effects of other metal ions on the imipenem degradation
by Vmh was also monitored by measuring the activity in 50mM MOPS (pH 7.5) containing 50mM
MnSO4, Cd(CH3COO)2, CoCl2, or CaCl2. The imipenem degradation activity of Vmh was also monitored in
the presence of EDTA by measuring the activity in 50mM MOPS (pH 7.5) containing 50mM ZnSO4 in the
presence of different concentrations of EDTA (0, 0.03, 0.1, 1, 10, 100, or 1,000mM). The extinction coeffi-
cients and measured wavelengths for the drug degradation test, respectively, are 820 M21 cm21 and
235 nm for ampicillin and piperacillin, 400 M21 cm21 and 240 nm for carbenicillin, 6,500 M21 cm21 and
260 nm for cephalothin, 7,600 M21 cm21 and 260 nm for cefuroxime, 9,000 M21 cm21 and 260 nm for
ceftazidime, 10,000 M21 cm21 and 260 nm for cefepime, 4,000 M21 cm21 and 265 nm for moxalactam,
10,940 M21 cm21 and 300 nm for meropenem, and 9,000 M21 cm21 and 300 nm for imipenem. The rate
of b-lactam hydrolysis was measured as a function of the b-lactam concentration, and the data were fit-
ted to either a hyperbolic or sigmoidal equation using SigmaPlot (Systat Software, Inc.).

Lu et al. Antimicrobial Agents and Chemotherapy

September 2021 Volume 65 Issue 9 e00326-21 aac.asm.org 10

https://aac.asm.org


Measurement of zinc concentration by ICP-MS. The recombinant VmhDHistag protein was overex-
pressed and purified as described in “Overexpression and purification of Vmh” with some modifications.
The buffer containing recombinant VmhDHistag obtained from osmotic shock was purified by using an
ion-exchange column (HiTrap Q column; GE). A Q column was first equilibrated with 5 column volumes of
the A buffer (20mM Tris buffer, pH 7.5), and the VmhDHistag protein was loaded onto the column using a
peristaltic pump at a rate of 1ml/min. The Vmh proteins were eluted with A buffer with a salt gradient of 1
to 1,000mM NaCl (AKTA purifier). The purified VmhDHistag protein was concentrated with a 5-kDa-cutoff
Vivaspin (GE Health Care). The VmhDHistag protein in the Vivaspin was treated with EDTA (20mM in
50mM TEAB [triethylammonium bicarbonate buffer]) for 1 h to remove the metals, and the EDTA was
removed by buffer wash and concentration five times. The VmhDHistag protein (20mM) was then incu-
bated with different amounts of zinc ions (1-, 2-, 5-, and 10-fold) for 1 h, and the sample was washed with
50mM TEAB and concentrated for five times to remove unbound zinc ions. The Vivaspin containing the
VmhDHistag protein was spun for the proteins to precipitate onto the membrane. The membrane was col-
lected and treated with concentrated nitric acid overnight to digest VmhDHistag protein, and the metals
were collected by centrifugation. The metals were analyzed on an inductively coupled plasma (ICP) mass
spectrometer (Agilent 7700x; Agilent Technologies). The zinc concentration of Vmh protein was monitored
and determined at anm/z of 64.

Far-UV circular dichroism. Far-UV circular dichroism (CD) spectra for the metallated, apo, and reme-
tallated forms of the Vmh proteins (0.1mg/ml) were obtained using a JASCO J-815 spectropolarimeter
at 25°C. The Vmh proteins were prepared by dialysis with 20mM phosphate buffer (pH 7.4) at 4°C for
12 h. The metallated Vmh was obtained in the presence of 50 mM Zn21. The apo-Vmh was obtained in
the presence of 0.2mM EDTA. The remetallated Vmh proteins were first treated with 0.2mM EDTA and
added with 0.5 mM Zn21. The spectra were scanned at 25°C with 0.5-nm steps from 195 to 260 nm.

Statistical analysis. Data were analyzed statistically using SPSS version 12.0 (SPSS, Inc., Chicago, IL,
USA). One-way analysis of variance (ANOVA) was used to determine statistical differences between sam-
ple means, with the level of significance set at a P of ,0.05. Multiple comparisons of means were done
by Duncan’s test. All data are expressed as the mean6 standard deviation (SD).
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