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ABSTRACT The rise of Gram-negative pathogens expressing metallo-�-lactamases
(MBLs) is a growing concern, threatening the efficacy of �-lactam antibiotics, in par-
ticular, the carbapenems. There are no inhibitors of MBLs in current clinical use.
Aspergillomarasmine A (AMA) is an MBL inhibitor isolated from Aspergillus versicolor
with the ability to rescue meropenem activity in MBL-producing bacteria both in
vitro and in vivo. Here, we systematically explored the pairing of AMA with six
�-lactam antibiotic partners against 19 MBLs from three subclasses (B1, B2, and B3).
Cell-based assays performed with Escherichia coli and Klebsiella pneumoniae showed
that bacteria producing NDM-1 and VIM-2 of subclass B1 were the most susceptible
to AMA inhibition, whereas bacteria producing CphA2 and AIM-1 of subclasses B2
and B3, respectively, were the least sensitive. Intracellular antibiotic accumulation as-
says and in vitro enzyme assays demonstrated that the efficacy of AMA/�-lactam
combinations did not correlate with outer membrane permeability or drug efflux.
We determined that the optimal �-lactam partners for AMA are the carbapenem an-
tibiotics and that the efficacy of AMA is linked to the Zn2� affinity of specific MBLs.

KEYWORDS antibiotic resistance, aspergillomarasmine A, beta-lactams,
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�-Lactams are the most commonly prescribed family of antibiotics and are increas-
ingly ineffective against many serious bacterial infections (1). Resistance to

�-lactam antibiotics occurs predominantly through the production of �-lactamases.
These enzymes are divided into four classes based on their structure and amino acid
sequence. Classes A, C, and D are serine-�-lactamases (SBLs) that employ an active site
serine residue to promote hydrolysis of the �-lactam ring (1). Class B enzymes are
metallo-�-lactamases (MBLs) that require active site Zn2� ions for their catalytic activity
(2). MBLs are further organized into three subclasses (B1, B2, and B3). The B1 subclass
is the largest and incorporates most of the clinically relevant MBLs, including the NDM,
VIM, and IMP families (3–5). The enzymes of subclasses B2 (e.g., CphA2) and B3 (e.g., L1
and AIM-1) are less common in pathogens (6–8).

Several coformulations of �-lactam antibiotics with �-lactamase inhibitors, including
avibactam, relebactam, vaborbactam, sulbactam, tazobactam, and clavulanic acid, are
in clinical use (9, 10). These inhibitors are specific to SBLs and do not affect MBLs,
revealing a growing therapeutic gap as MBL producers increase in frequency across the
globe. Selective inhibition of MBLs has proven challenging as a result of their low
sequence similarity, structurally fluid active sites, and poor selectivity over human
metalloenzymes (11, 12). Furthermore, while many MBL inhibitors display potent
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activity in vitro, few exhibit comparable efficacy in whole-cell assays or in vivo animal
models.

In a targeted screen for new MBL inhibitors, we discovered the fungal natural
product aspergillomarasmine A (AMA), a potent inhibitor of the clinically important
enzymes NDM-1 and VIM-2 (13). AMA restores the in vitro activity of meropenem in
MBL-producing Enterobacteriaceae, Acinetobacter, and Pseudomonas isolates and was
previously shown to be effective in rescuing meropenem activity against NDM-1-
producing Klebsiella pneumoniae in a murine model of systemic infection (13). While
these findings establish the potential of AMA as an MBL inhibitor, the effect of AMA
against a broader panel of MBLs remains unknown.

In this study, we carried out a systematic analysis of the efficacy of AMA in
combination with six �-lactam antibiotic partners from three subclasses (carbapenem,
cephem, and penam). For susceptibility testing of the various antibiotic/inhibitor
combinations, we selected 19 MBLs from three subclasses. The potency of each
combination was evaluated using biochemical and cell-based assays, where individual
MBLs were expressed in isogenic Escherichia coli and K. pneumoniae strains. The
resulting data serve as a guide for the in vivo implementation of AMA and related MBL
inhibitors.

RESULTS
The potency of AMA and meropenem combinations depends on the MBL

subclass and allelic variant. We previously demonstrated that AMA could inhibit two
clinically relevant MBLs, NDM-1 and VIM-2, but was less effective toward IMP-7 (13).
Consequently, we sought to rigorously establish the inhibitory spectrum of AMA
against 19 MBLs from each subclass (B1, B2, B3). Using cell-based assays, we evaluated
the efficacy of AMA in combination with meropenem. We scored efficacy based on the
minimum concentration needed to restore the level of meropenem growth inhibition
to its EUCAST (European Committee on Antimicrobial Susceptibility Testing) suscepti-
bility breakpoint (2 �g/ml). To ensure consistency between the different enzymes
tested, all MBL genes were identically cloned into the pGDP2 vector (low-copy-number
plasmid with a Plac promoter) (14) and transformed into E. coli BW25113. The MIC values
of meropenem against the wild-type and MBL-producing strains were measured in the
absence of AMA to serve as a benchmark for resistance (see Table S1 in the supple-
mental material).

The results revealed that E. coli strains producing subclass B1 enzymes could be
resensitized to meropenem (�2 �g/ml) over AMA concentrations ranging from 4 to
32 �g/ml (Table 1; see also Table S4). Producers of NDM-1, VIM-1, VIM-2, VIM-7, CAM-1,
and IND-1 from subclass B1 were the most susceptible to AMA (4 to 8 �g/ml). Cells
producing NDM-4, NDM-5, NDM-6, NDM-7, IMP-1, IMP-7, and IMP-27 were moderately
sensitive (12 to 16 �g/ml). E. coli producing B2 or B3 enzymes, except for L1, were the
least sensitive to AMA (no rescue of meropenem at 2 �g/ml at AMA concentrations of
�64 �g/ml) (Table 1; see also Table S4). The extent of meropenem potentiation by AMA
was not necessarily related to the degree of antibiotic resistance conferred by the MBL.
For example, while IMP-7 conferred a drug MIC of 16 �g/ml, it was less susceptible to
AMA inhibition than other MBLs that conferred drug MIC values of 64 �g/ml.

To examine whether the inhibitory potency of AMA was simply dependent on
different levels of �-lactamase expression, a FLAG tag was engineered at the C termini
of eight representative MBLs. These MBLs were specifically chosen because they
covered a broad range of sensitivity to various combinations of AMA and meropenem.
The level of MBL production was quantified using an anti-FLAG monoclonal antibody
via Western blotting. The installation of the tag did not affect resistance. The relative
protein levels of NDM-4, NDM-5, NDM-6, NDM-7, VIM-2, and IMP-7 were all within a
2-fold range (see Fig. S1 and S2 in the supplemental material). Although NDM-1
demonstrated the highest sensitivity to AMA inhibition, its relative expression level was
�3-fold higher than that of any other enzyme. In contrast, IMP-7, which has a low
sensitivity to AMA inhibition, showed lower protein levels. Together with our bioassay
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data, these results indicate that the MBL inhibition spectrum of AMA is broad but that
it is more active toward class B1 enzymes.

The efficacy of AMA depends on the �-lactam antibiotic partner. We partnered
AMA with three different carbapenems (doripenem, ertapenem, and imipenem), a
cephem (cefotaxime), and a penam (ampicillin) to explore the optimal AMA/antibiotic
combination. We graded the efficacy of AMA based on its ability to restore the activity
of each antibiotic to its EUCAST susceptibility breakpoint concentration (for doripenem,
ertapenem, imipenem, cefotaxime, and ampicillin, 1, 0.5, 2, 1, and 8 �g/ml, respec-
tively). As described above, the individual drug MIC values for each antibiotic against
MBL-producing E. coli served as benchmarks for resistance (see Table S1). We found that
the carbapenem and cephem susceptibilities of MBL-producing E. coli BW25113 were
well (�7-fold) above the breakpoints. However, as this strain of E. coli encodes a
chromosomal cephalosporinase (AmpC), it showed a baseline ampicillin MIC of 4 �g/ml
and was much closer to the susceptibility breakpoint (see Table S1).

The levels of �-lactam potentiation by AMA were comparable for most of the
carbapenems tested. Testing with AMA, the majority of strains producing MBLs showed
either equivalent or 2-fold-increased levels of susceptibility for doripenem and imi-
penem relative to meropenem. Ertapenem, however, showed more variation. In par-
ticular, the IMP and NDM alleles were 3-fold to 5-fold less sensitive to AMA when paired
with ertapenem relative to other carbapenems (Table 1; see also Table S4). This pattern
of reduced susceptibility to AMA inhibition involving the VIM, IMP, and NDM enzymes
was also evident when cefotaxime and ampicillin were the partner antibiotics (Table 1;
see also Table S4). E. coli producing CphA2 was the most refractory to AMA combina-
tions and showed high-level resistance against all carbapenem antibiotics (Table 1; see
also Table S4).

�-Lactam potentiation by AMA is also MBL class dependent in K. pneumoniae.
To investigate whether the inhibitory potency of AMA with different �-lactam antibi-
otics was pathogen dependent, we transformed K. pneumoniae ATCC 33495 with
plasmids carrying one of eight selected MBL genes. The MIC values of the different
�-lactams against the wild-type and MBL-producing K. pneumoniae strains were mea-

TABLE 1 Concentration of AMA needed to restore the activity of different �-lactam
antibiotics to the level seen with their EUCAST susceptibility breakpoint concentration in
MBL-producing E. coli BW25113a

MBL

[AMA] at the susceptibility breakpoint of the antibiotic (�g/ml)b

Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin

NDM-1 8 12 24 12 64 64
NDM-4 16 16 64 16 �64 �64
NDM-5 12 24 64 16 �64 �64
NDM-6 16 16 64 16 64 �64
NDM-7 16 24 64 24 �64 �64
VIM-1 8 8 12 12 24 64
VIM-2 8 8 8 8 12 16
VIM-7 8 8 8 8 8 16
CAM-1 4 12 8 8 24 64
DIM-1 12 12 16 8 24 64
IND-1 8 8 12 12 24 �64
GIM-1 12 12 32 12 �64 �64
IMP-1 16 12 64 24 �64 64
IMP-7 24 12 �64 16 �64 32
IMP-27 32 24 �64 �0.5 �64 12
SPM-1 16 24 64 8 �64 �64
CphA2 �64 64 �64 �64 �0.5 �0.5
L1 12 12 24 8 �0.5 �64
AIM-1 64 64 �64 24 �64 �64
aAll 19 MBL genes were cloned into the pGDP2 vector. All bioassays were conducted in duplicate. This table
shows the results from replicate 1.

bThe EUCAST susceptibility breakpoint concentrations for meropenem, doripenem, ertapenem, imipenem,
cefotaxime, and ampicillin are 2, 1, 0.5, 2, 1 and 8 �g/ml, respectively.
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sured in the absence of AMA to serve as a control (see Table S2). K. pneumoniae
encodes a chromosomal penicillinase (SHV) and is consequently resistant to ampicillin
with a drug MIC value of 64 �g/ml.

Similar to the results in E. coli, the potency of AMA combinations against MBLs
produced in K. pneumoniae varied with the subclass of the �-lactam antibiotic partner.
K. pneumoniae strains producing NDM-1 or VIM-2 were the most susceptible to car-
bapenems (Table 2; see also Table S5). However, K. pneumoniae producing other NDM
variants demonstrated less sensitivity to AMA/carbapenem combinations, requiring
higher AMA concentrations to achieve efficacy (Table 2; see also Table S5). Meropenem
was the �-lactam partner most strongly potentiated by AMA. Concentrations of AMA
ranging from 8 to 16 �g/ml reduced the MIC values of this carbapenem for most
MBL-producing K. pneumoniae to �2 �g/ml (Table 2; see also Table S5). Since the MIC
of meropenem with most MBL-producing K. pneumoniae strains was �32 �g/ml, this
represents at least a 16-fold improvement of the antibiotic’s activity (see Table S2). The AMA
and ampicillin pairing resulted in the poorest efficacy overall since all of the MBL-producing
K. pneumoniae strains remained resistant to this antibiotic due to the production of an
endogenous serine-dependent penicillinase (Table 2; see also Table S5). Like E. coli, CphA2
and AIM-1 were the least sensitive to AMA inhibition (Table 2; see also Table S5). These
results suggest that the alteration of the potency of the AMA combinations contributed by
the antibiotic partner was not pathogen dependent for two representative Enterobacteri-
aceae strains. Furthermore, the basal levels of �-lactam resistance shown by chromosomal
�-lactamases play a significant role in determination of the appropriate �-lactam to be
paired with AMA.

Outer membrane permeability and efflux do not influence the activity of
different �-lactam antibiotics against MBL-producing bacteria. To probe whether
the observed differences in the effects of �-lactam specificity on the efficacy of AMA
were the result of differences in outer membrane penetration or efflux of these
antibiotics, potentiation assays were conducted with hyperpermeable bamB/tolC dele-
tion strains of E. coli BW25113 expressing eight different MBL genes. The BamB
lipoprotein and the TolC outer membrane protein play essential roles in outer mem-
brane permeability and the efflux of antibiotics, respectively (15, 16). We found that
apart from ampicillin, for which the baseline MIC value decreased 8-fold, the carbap-
enem MIC values against the ΔbamB ΔtolC strain were similar to those seen with the
wild type. Likewise, the levels of resistance shown by MBL-producing strains were
comparable (see Table S3).

AMA treatment of the MBL-producing ΔbamB ΔtolC strains revealed that the extent
of potentiation of each �-lactam was very similar to that seen with wild-type E. coli
(Table 3; see also Table S6). We further probed the efficacy of the �-lactams by directly
measuring the intracellular accumulation of AMA and each antibiotic in both the E. coli

TABLE 2 Concentration of AMA needed to restore the activity of different �-lactam
antibiotics to the level seen with their EUCAST susceptibility breakpoint concentration in
MBL-producing K. pneumoniae ATCC 33495a

MBL

[AMA] at the susceptibility breakpoint of the antibiotic (�g/ml)b

Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin

NDM-1 12 16 24 12 64 �64
NDM-4 16 24 64 24 �64 �64
NDM-5 16 24 64 24 �64 �64
NDM-6 12 16 64 24 �64 �64
VIM-2 8 8 8 12 16 �64
IMP-7 24 24 �64 64 �64 �64
CphA2 �64 �64 �64 �64 �0.5 �64
AIM-1 64 64 �64 �64 �64 �64
aAll 8 MBL genes were cloned into the pGDP2 vector. All bioassays were conducted in duplicate. This table
shows the results from replicate 1.

bThe EUCAST susceptibility breakpoint concentrations for meropenem, doripenem, ertapenem, imipenem,
cefotaxime, and ampicillin are 2, 1, 0.5, 2, 1 and 8 �g/ml, respectively.
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wild-type and ΔbamB ΔtolC strains. Although it was not possible to determine how
much drug was lost to surface binding and periplasmic leeching, we reasoned that this
would be a constant for each �-lactam in both the wild-type and ΔbamB ΔtolC strains.
Any differences in accumulation should then be a result of increased penetration
and/or decreased efflux (17). We found that AMA and the carbapenem antibiotics were
detectable in cell extracts in wild-type bacteria but that the extent of accumulation
varied with the subclass of the �-lactam antibiotic. Despite the drug MIC values being
similar to those seen with the wild type, E. coli ΔbamB ΔtolC showed 5-fold, 2-fold, and
1.5-fold increases in accumulation for meropenem, doripenem, and imipenem, respec-
tively (Fig. 1). Ertapenem was the only member of the carbapenems which showed no
such change between the strains.

Our initial attempts to detect the accumulation of ampicillin failed and were likely
hampered by susceptibility to endogenous AmpC. To circumvent AmpC-mediated
hydrolysis, we cotreated the cells with avibactam. The treatment enabled the detection
of ampicillin, which we found had accumulated similarly in the two strains, despite
having a lower MIC in the hyperpermeable strain. It is possible that some of the
ampicillin had been hydrolyzed, resulting in an underestimation of the precise amount
present. We also faced challenges with cefotaxime since, despite several attempts, we
could not demonstrate robust accumulation levels for this antibiotic.

�-Lactam inactivation is affected by substrate-specific zinc requirements of
MBLs. Previous work had shown that Zn2� dissociates from MBLs during catalytic

TABLE 3 Concentration of AMA needed to restore the activity of different �-lactam
antibiotics to the level seen with their EUCAST susceptibility breakpoint concentration in
MBL-producing E. coli BW25113 ΔbamB ΔtolCa

MBL

[AMA] at the susceptibility breakpoint of the antibiotic (�g/ml)b

Meropenem Doripenem Ampicillin

NDM-1 8 12 32
NDM-4 16 24 �64
NDM-5 16 24 �64
NDM-6 12 24 �64
VIM-2 8 8 24
IMP-7 24 24 �64
CphA2 64 �64 �0.5
AIM-1 64 64 �64
aAll 8 MBL genes were cloned into the pGDP2 vector. All bioassays were conducted in duplicate. This table
shows the results from replicate 1.

bThe EUCAST susceptibility breakpoint concentrations for meropenem, doripenem, and ampicillin are 2, 1
and 8 �g/ml, respectively.

FIG 1 Accumulation assay data for different �-lactam antibiotics in E. coli BW25113 and E. coli BW25113
ΔbamB ΔtolC. All assays were performed in biological triplicate and technical duplicate. The error bars
represent the standard deviations.
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turnover of �-lactams and that this can lead to enzyme inactivation (18, 19). This
phenomenon is particularly pronounced under conditions where excess Zn2� is un-
available to replenish the enzyme. Since AMA binds to free Zn2�, it could potentially
withhold Zn2� from MBLs, and the �-lactam could promote inactivation. We therefore
hypothesized that different �-lactam substrates could uniquely influence Zn2� disso-
ciation from MBLs and affect the efficacy of AMA.

We tested this hypothesis with a series of in vitro enzyme assays involving a subset
of purified MBLs and the panel of �-lactam substrates used in the cell-based assays. In
each enzyme stock (20 �M), a limited amount of AMA (100 nM) was included to
sequester any residual Zn2� in the Chelex-treated buffer. The reaction mixtures con-
tained enzyme (4 to 10 nM), saturating amounts of substrate, and various concentra-
tions of ZnSO4 (0.001 to 20 �M). The resulting reaction rates exhibited clear Zn2�

dependence for each substrate. From the progress curves of the initial reaction rates,
the Zn2� dissociation constant (Kd,Zn2) could be calculated as the concentration of
ZnSO4 required to achieve half-maximal velocity. We presume on the basis of previous
observations made by several different research groups (20) that metal dissociation
occurs primarily from the second zinc site (Zn2) of the MBLs.

The levels of substrate-specific zinc dependence differed greatly among the MBLs
and ranged from nanomolar to micromolar Kd,Zn2 values. In reaction mixtures contain-
ing ampicillin, cefotaxime, meropenem, and doripenem, NDM-1 showed the lowest
average level of affinity for Zn2� during catalysis, with substrate-specific Kd,Zn2 values
that were mostly in the low micromolar range (0.9 to 3.2 �M) (Table 4; see also Fig. S3).
This finding contrasted with the results seen with the other MBLs, for which nanomolar
(140 to 950 nM) Zn2� affinity was observed. Intriguingly, the Zn2� dependence of
imipenem and ertapenem hydrolysis did not follow this trend. For imipenem, the Kd,Zn2

values for NDM-1, VIM-2, IMP-7, and AIM-1 fell within a 2-fold range (400 to 950 nM),
while NDM-4 and NDM-6 showed the highest affinity for Zn2� during hydrolysis of this
carbapenem (60 and 140 nM, respectively). Surprisingly, ertapenem showed low mi-
cromolar Zn2� affinity (0.95 to 4.3 �M) for every MBL tested, which contrasted with the
trends that we observed for the other substrates (Table 4; see also Fig. S3). Overall,
these data allowed a general estimation of Zn2� affinity for each MBL and showed that
the specific choice of �-lactam influences the Kd,Zn2 values within a 3-fold range for
each enzyme.

The Kd,Zn2 values failed to explain our observations where AMA differentially po-
tentiated �-lactams. The results further support the hypothesis that the level of
�-lactam resistance conferred by each MBL is the primary factor that dictates AMA
susceptibility. However, the general level of Zn2� affinity determined for each MBL was
consistent with previous studies, where enzymes with higher affinity for Zn2� were
found to be better suited to withstanding its associated limitation in general (21). For
example, NDM alleles, other than NDM-1, have evolved to increase metal affinity. This
was evident in the current study as the concentrations of AMA needed to restore the
activity of the antibiotics to their susceptibility breakpoints were generally lower for

TABLE 4 Zinc dependence of metallo-�-lactamase-catalyzed hydrolysis of �-lactam
antibioticsa

Substrate

Metallo-�-lactamase zinc dissociation constantb (Kd,Zn2)

NDM-1 NDM-4 NDM-6 VIM-2 IMP-7 AIM-1

Ampicillin 0.91 � 0.07 0.15 � 0.02 0.23 � 0.02 0.45 � 0.05 0.24 � 0.04 0.19 � 0.05
Cefotaxime 1.4 � 0.3 0.17 � 0.03 0.24 � 0.02 0.21 � 0.03 0.80 � 0.4 0.33 � 0.07
Meropenem 3.2 � 0.5 0.3 � 0.06 0.64 � 0.08 0.63 � 0.1 0.46 � 0.08 0.52 � 0.08
Imipenem 0.4 � 0.04 0.06 � 0.007 0.14 � 0.01 0.34 � 0.09 0.95 � 0.3 0.59 � 0.07
Ertapenem 2.8 � 1 4.3 � 2.6 2.0 � 0.3 2.3 � 1 2.0 � 0.4 0.95 � 0.2
Doripenem 1.1 � 0.1 0.18 � 0.02 0.14 � 0.08 0.38 � 0.03 0.082 � 0.01 0.90 � 0.1
aReactions were carried out with enzyme (4 to 10 nM) in Chelex-treated HEPES-NaOH, pH 7.5 (50 mM),
supplemented with AMA (100 nM).

bAll constants are reported in micromolar (�M).

Rotondo et al. Antimicrobial Agents and Chemotherapy

April 2020 Volume 64 Issue 4 e01386-19 aac.asm.org 6

https://aac.asm.org


NDM-1 than for NDM-4, NDM-5, NDM-6, NDM-7, IMP-7, CphA2, and AIM-1. Interestingly,
VIM-2 stands out as a particular case in that its low Kd,Zn2 values do not correlate well
with the bioassay data, suggesting that this enzyme has an unknown property which
increases its sensitivity to AMA.

DISCUSSION

AMA is an inhibitor of MBLs and potentiates the activity of meropenem against
MBL-producing bacteria. Here, we explored the inhibitory activity of AMA paired with
five other �-lactam antibiotics against 19 MBL enzymes produced in three bacterial
strains.

Potentiation assays indicated that AMA achieved the highest inhibitory potency
when combined with a carbapenem antibiotic. This was not influenced by the bacterial
species or strain used during the bioassays (Tables 1 to 3). The results of the intracellular
accumulation assays suggest that the inhibitory activity of AMA together with the
different �-lactam antibiotics is not correlated with outer membrane permeability or
drug efflux (Fig. 1). One possible explanation for the advantage of using AMA/carbap-
enem pairings may be related to the affinity of these drugs for their targets, the
penicillin-binding proteins (PBPs). Kocaoglu and Carlson determined that each �-lactam
antibiotic is selective for a subset of PBPs (22). While ampicillin targets a broader
spectrum of PBPs, none of them are solely essential for bacterial growth, and the
bactericidal effect is the result of inhibition of several of these enzymes.

On the other hand, meropenem, doripenem, and cefotaxime all inhibit at least one
essential PBP and do so with high potency. Furthermore, unlike penams, which are
prone to hydrolysis by class C SBLs (e.g., AmpC) and low-molecular-weight PBPs,
carbapenems are not substrates for these enzymes. These observations are consistent
with previous studies which demonstrated that meropenem, doripenem, and imi-
penem are the carbapenem antibiotics with the highest potencies and the broadest
spectra of activity against different bacterial species (23), including extended-spectrum-
�-lactamase (ESBL)-producing isolates of E. coli and K. pneumoniae (24).

Our work supports results of previous studies indicating that MBL-mediated carbap-
enem resistance is weaker than cefotaxime and ampicillin resistance (21, 25–27).
Considering our data in conjunction with the current knowledge available for �-lactam
efficacy and resistance, AMA is most likely to succeed when paired with a carbapenem,
in particular, meropenem, doripenem, or imipenem.

Given our observations that the �-lactam substrate uniquely influences the AMA
susceptibility of different MBLs, we wondered if its inhibitory activity was mechanisti-
cally dependent on substrate interactions. Substrate-induced Zn2� dissociation (i.e.,
reduced Zn2� affinity) was well documented in several MBL studies (18, 19, 28–30), and
those results inspired us to develop the mechanistic basis for the following hypothesis:
�-lactams promote the release of Zn2� from MBLs (presumably by increasing the rate
constant for dissociation), and then AMA acts as a recipient for the free metal. In effect,
AMA would withhold Zn2�, leading to essentially irreversible inhibition. Precedents
for this hypothesis can be found in the mechanism of inhibition proposed for
D-penicillamine (D-Pen) toward human Zn2�-dependent carboxypeptidase A (ZnCPD).
D-Pen directly catalyzes the removal of Zn2� from ZnCPD through increased metal
dissociation, but the high-affinity apoenzyme can rebind the metal and outcompete
D-Pen. However, if a potent chelator such as EDTA is present, Zn2� is sequestered, and
ZnCPD is wholly inhibited (31, 32). In general, our data show that the level of Zn2�

affinity seen during �-lactam hydrolysis correlated well with the potency of AMA for
numerous MBL/�-lactam pairs. This was consistent with several studies that have
shown that increased affinity can overcome Zn2� scarcity. For example, NDM variants
contain single-point or multiple-point mutations which increase Zn2� affinity. Further-
more, this increases the thermostability of these MBLs, which has been associated with
an increase in resistance (21). This is also consistent with our observation that CphA2
is refractory to AMA, as this MBL is a mono-Zn2� enzyme with a strong metal affinity
(Kd,Zn value of 6 pM [33]).
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Curiously, not all of the Kd,Zn2 values correlated with the biological activity of AMA
and some of the results were counterintuitive. For example, the hydrolysis of ertap-
enem resulted in the highest Kd,Zn2 values for every MBL tested, which currently eludes
explanation. Moreover, VIM-2 showed high Zn2� affinity during hydrolysis of most
�-lactams, although it was one of the most sensitive MBLs in our bioassays. Recently,
it was shown that membrane anchoring stabilizes NDM variants when Zn2� is scarce in
the environment (34). All other MBLs contain cleavable signal peptides and are released
into the periplasmic space and can be rapidly degraded in a manner depending on
their stability. In the case of VIM-2, González et al. have shown that it is particularly
susceptible to degradation (34), which could explain why, despite high Zn2� affinity,
VIM-producing bacteria are more susceptible to AMA.

Our results demonstrate that an AMA/carbapenem pairing would be the most
effective combination for treating infections caused by MBL-producing bacteria in
clinics, though higher concentrations of AMA are required to cover recently emerging
NDM alleles.

MATERIALS AND METHODS
DNA manipulations and pGDP2 plasmid construction. All oligonucleotide primers were pur-

chased from IDT (Coralville, IA). The MBL genes used in this study were also purchased from IDT as gBlock
gene fragments, except for blaNDM-4, blaNDM-5, blaNDM-6, and blaNDM-7. The gBlock sequences for each MBL
gene were obtained from the Comprehensive Antibiotic Resistance Database (CARD; https://card
.mcmaster.ca/). The sequence of blaAIM-1 from the CARD was codon optimized for E. coli K-12 to facilitate
its expression in the E. coli and K. pneumoniae strains. Each MBL gene fragment was subsequently cloned
into the pGDP2 vector. As blaNDM-4, blaNDM-5, blaNDM-6, and blaNDM-7 differ from blaNDM-1 by only a few
point mutations, constructs of these variants were generated by site-directed mutagenesis of pGDP2:
blaNDM-1 using the primers listed in Table S7 in the supplemental material. In comparison to NDM-1, the
NDM-4 (M154L) and NDM-6 (A233V) variants required a single nucleotide substitution whereas the
NDM-5 (M154L and V88L) and NDM-7 (D130N and M154L) variants needed two nucleotide substitutions.
All MBL gene sequences were verified by Sanger sequencing. For antibiotic susceptibility and AMA
potentiation assays, the purified plasmids were transformed into chemically competent E. coli BW25113
cells, E. coli BW25113 ΔbamB ΔtolC cells, or K. pneumoniae ATCC 33495 cells. The freeze-thaw transfor-
mation procedure used with the K. pneumoniae cells followed the protocol described in reference 35.
These bacterial strains were chosen for the transformation because E. coli BW25113 and K. pneumoniae
ATCC 33495 are carbapenem susceptible (see Table S1 to S3).

pE-SUMOstar and pET-28b plasmid construction. For protein overproduction and purification, the
MBL genes previously cloned into the pGDP2 vectors were used as templates for cloning into overex-
pression vectors using the primers listed in Table S8. SignalP (http://www.cbs.dtu.dk/services/SignalP/)
was used to determine the sequence of the signal peptide, which was excluded from the final constructs
to facilitate cytoplasmic accumulation. The VIM-2, IMP-7, and AIM-1 genes were ligated in a pET-28b
vector in frame with a cleavable N-terminal 6�His tag. All NDM genes were ligated into a pE-SUMOstar
vector in frame with an N-terminal 6�His-Smt3 tag. Smt3 is a ubiquitin-like protein from Saccharomyces
cerevisiae. The purified plasmids were then transformed into chemically competent E. coli BL21(DE3) cells.
Mature MBL gene sequences were verified by Sanger sequencing before overexpression.

Western blot analysis. Engineering FLAG-tagged variants of each MBL was achieved through a
PCR-based procedure. The MBL genes previously cloned into the pGDP2 vectors were used as templates
for the addition of the protein tag by using the primers listed in Table S8. To allow the addition of the
FLAG tag to the C terminus of the protein, the stop codon needed to be removed from the C terminus
of the MBL gene. The tagged MBL genes were ligated into the pGDP2 vector and transformed into
chemically competent E. coli BW25113 cells. Gene sequences were verified by Sanger sequencing before
immunodetection.

Cation-adjusted Mueller-Hinton II broth (CAMHB) supplemented with kanamycin (50 �g/ml) was
inoculated with E. coli BW25113 cells containing the FLAG-tagged MBL. The inoculated medium was
incubated at 37°C until the optical density at 600 nm (OD600) reached 1.0. Cells (1 ml) were harvested by
centrifugation (17,000 � g, 2 min, room temperature). The cell pellet was resuspended in 100 �l of
double-distilled water (ddH2O) and mixed with 100 �l of 2� SDS running buffer. Proteins resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were transferred to a polyvi-
nylidene difluoride membrane (PVDF) and probed with mouse-derived anti-FLAG monoclonal antibodies
conjugated to horseradish peroxidase (HRP; GenScript, Piscataway, NJ) (1:5,000). Chemiluminescence
signals were detected using a ChemiDoc MP imaging system (Bio-Rad, Hercules, CA). Following imaging,
irreversible inhibition of HRP was conducted by incubating the Western blot with 30% hydrogen
peroxide for 15 min at 37°C (36). The Western blot was then reprobed with mouse-derived anti-RpoA
antibodies (BioLegend, San Diego, CA) (1:5,000) and anti-mouse IgG antibodies conjugated to HRP (Cell
Signaling Technology, Danvers, MA) (1:5,000). Chemiluminescence signals were detected using a Chemi-
Doc MP imaging system. Protein band intensities were quantified using Image Lab software (Bio-Rad).
These results were then plotted and analyzed using GraphPad Prism 8 (GraphPad, La Jolla, CA) to
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determine the relative protein expression levels. The antibodies targeting the alpha subunit of RNA
polymerase (RpoA) served as loading controls for the analysis.

Protein purification. For each MBL, LB medium supplemented with kanamycin (50 �g/ml) was
inoculated with E. coli BL21(DE3) cells containing the appropriate plasmid. The inoculated medium was
incubated at 37°C until the OD600 reached 0.6 to 0.8. Expression of the constructs was induced by the use
of isopropyl-�-D-thiogalactopyranoside (IPTG) at a final concentration of 1 mM. Cultures were then
incubated at 16°C for 16 to 20 h. Cells were harvested by centrifugation (6,000 � g, 20 min, 4°C) using a
Beckman Coulter Avanti J-25 centrifuge with a JLA 9.1000 rotor (Beckman Coulter, Fullerton, CA) and
frozen at �20°C until required. For purification, the cell pellet was resuspended in lysis buffer (25 mM
HEPES-NaOH, 300 mM NaCl, 10 mM imidazole, 100 �M ZnSO4, pH 7.5). Cells were then disrupted by
sonication (8-s intervals for 8 min) using a Microson XL-2000 ultrasonic liquid processor (Qsonica,
Newtown, CT) set at level 12. Unbroken cells were removed by centrifugation (40,000 � g, 20 min, 4°C)
using a Beckman JLA 25.50 rotor (Beckman Coulter). His-tagged proteins were then bound to 2 ml of
HisPur nickel-nitrilotriacetic acid (Ni-NTA) resin (Pierce, Rockford, IL) and applied to a gravity column. The
resin was washed three times with lysis buffer (60 ml total volume), and the protein was then eluted with
lysis buffer containing 300 mM imidazole. Fractions were analyzed using SDS-PAGE. All fractions shown
to contain purified �-lactamase were combined and dialyzed for 16 to 20 h at 4°C in dialysis buffer
(25 mM HEPES-NaOH, 150 mM NaCl, 100 �M ZnSO4, pH 7.5). Following dialysis, the 6�His tag was
removed from the protein using thrombin (Sigma-Aldrich, St-Louis, MO). The 6�His tag and undigested
protein were removed by passage through HisPur Ni-NTA resin equilibrated in dialysis buffer. Subse-
quently, thrombin was removed with p-aminobenzamidine-agarose resin. Protein samples were then
analyzed by SDS-PAGE to confirm tag removal. The purified proteins were stored at 4°C or frozen at
�20°C.

Purification of NDM-1 proceeded as described above, except for the addition of the Ulp-1 (ubiquitin-
like protein-specific protease 1) to the dialysis buffer. The dialyzed protein was then applied to 2 ml of
HisPur Ni-NTA resin to remove any uncleaved NDM-1 as well as Ulp-1. Fractions containing cleaved
NDM-1, as assessed by SDS-PAGE, were pooled and stored at 4°C. NDM-4, NDM-5, and NDM-6 were
purified using the same procedure as that used for NDM-1 purification.

AIM-1 was produced in an insoluble form and was acquired from the pellet obtained after centrif-
ugation of the cell lysate. The AIM-1-containing protein pellet was solubilized using denaturation buffer
(50 mM HEPES-NaOH, 150 mM NaCl, 6 M guanidine HCl, pH 7.5), followed by centrifugation (30,000 � g,
20 min, 4°C). The denatured protein sample (10 ml) was subsequently refolded in renaturation buffer
(50 mM HEPES-NaOH, 150 mM NaCl, 50 mM L-arginine, 10 �M ZnSO4, pH 7.5) using a slow dialysis
method. The dialysis membrane containing AIM-1 was subjected to buffer exchange in 50-ml volumes
once per hour for a total of 8 h at room temperature. Precipitated protein was removed by centrifugation
(30,000 � g, 10 min, 4°C), and the supernatant was then applied to HisPur Ni-NTA resin. The protein was
eluted as described above, concentrated, and further purified to remove aggregates using a size
exclusion column (HiLoad Superdex 200 16/600; GE Healthcare Bio-Sciences AB, Uppsala, Sweden) that
was equilibrated and operated with dialysis buffer. SDS-PAGE-analyzed fractions containing monomeric
protein were combined, and the His tag was removed as described above. The enzyme activity was
tested and was comparable to previously published kinetic data (8).

�-Lactam potentiation assays. Bacterial antibiotic susceptibility assays were conducted using AMA
in combination with a �-lactam antibiotic based on the protocol described in reference 37. �-Lactam
antibiotics were dissolved in water, and AMA was diluted in water containing �5% (vol/vol) ammonium
hydroxide to ensure that the final pH was between 7.5 and 8.5. Compounds were subjected to filter
sterilization. All assays were conducted in a 96-well format with 10 dilutions of AMA (0.5, 1, 2, 4, 8, 12,
16, 24, 32, and 64 �g/ml) being added to columns 1 to 10 while 8 2-fold dilutions of the �-lactam
antibiotic (0.5– 64 �g/ml) were added to rows A to H. The dilutions of the �-lactam antibiotics were also
added to column 11 to confirm the MIC value of the �-lactam antibiotic with each different strain. The
dilutions of AMA and the �-lactam antibiotic were conducted manually or with a Labcyte Echo 550 liquid
dispenser (Labcyte, San Jose, CA) or with a Thermo Scientific Multidrop Combi nL reagent dispenser
(Thermo Fisher Scientific, Waltham, MA). A bacterial inoculum was prepared from the bacterial cells of
interest using colonies picked from overnight plates whose OD625 was adjusted to 0.08 to 0.10. Once the
optimal OD625 was reached, a 200-fold dilution of the inoculum was conducted before its addition to the
MIC plate. Dilution of the inoculum was performed using CAMHB. The inoculum was added to columns
1 through 11. The bacterial inoculum and the CAMHB were then added alternately to column 12 to serve
as growth and sterility controls. The final assay volume was 100 �l when the assay was conducted in a
96-well round-base microtest plate (Sarstedt, Nümbrecht, Germany) or 50 �l when the assay was scaled
to a 384-well format (Corning, Kennebunk, ME) (flat bottom, clear, tissue culture treated, polystyrene).
Following a 20-h static incubation at 37°C, bioassay plates containing E. coli were shaken for 5 min to
resuspend the bacterial cells. However, K. pneumoniae cells were resuspended manually using a pipette
to minimize the formation of aerosols. The bioassay plates were read spectrophotometrically at a
wavelength of 600 nm using a SpectraMax 384 Plus UV/Vis spectrophotometer/microplate reader
(Molecular Devices, San Jose, CA). All potentiation assays were done with at least two replicates. The
susceptibility breakpoints published by the European Committee on Antimicrobial Susceptibility Testing
(EUCAST; http://www.eucast.org/clinical_breakpoints/) were used as a reference.

Accumulation assays. Antibiotic accumulation was conducted as previously described using the E.
coli wild-type and ΔbamB ΔtolC strains (38). Briefly, meropenem, doripenem, imipenem, ertapenem,
cefotaxime, ampicillin, or AMA was added to cells in a volume of 875 �l ([�-lactam] � 50 �M and
[AMA] � 100 �M). Avibactam (50 �M) was added to the assays containing either cefotaxime or ampicillin.
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Avibactam was used to inhibit the AmpC �-lactamase, which is chromosomally encoded by the E. coli
strains and prevented the detection of these antibiotics. The antibiotics were incubated with the bacteria
(10 min, 37°C), and 800 �l of the suspension was subsequently washed through 700 �l of ice-cold silicone
oil (9:1 AR20/Sigma High Temperature) by centrifugation (12,000 � g, 2 min, room temperature). The
cells were resuspended in 200 �l water and lysed by three freeze-thaw cycles. Cell debris was collected
by centrifugation (17,000 � g, 2 min, room temperature) using a Fisher Scientific accuSpin Micro 17
microcentrifuge (Thermo Fisher Scientific), and the pellet was extracted with 100 �l methanol (MeOH).
The cell extracts were pooled and quantitatively analyzed by the use of ultraperformance liquid
chromatography (UPLC) coupled to a high-resolution quadrupole-time of flight (Q-TOF) 6550 mass
spectrometer (Agilent, Santa Clara, CA). In order to detect AMA, samples were derivatized with benzoyl
chloride (BzCl) based on the protocol described in reference 39. Briefly, samples were mixed with
acetonitrile (1:1), 0.5 volumes of sodium carbonate (100 mM) and BzCl (2%) were added, and the mixture
was subjected to vortex mixing. Any precipitated material present was removed by centrifugation
(17,000 � g, 2 min, room temperature). Samples were loaded onto a C8 column (Agilent Eclipse XDB-C8)
(100 mm by 2.1 mm; 3.5-�m pore size) that had previously been equilibrated with solvent A (water, 0.1%
formic acid) and 5% solvent B (acetonitrile, 0.1% formic acid), and they were resolved using a linear
gradient of 5% to 97% solvent B over 7 min, followed by a 1-min wash step at 97% solvent B at a flow
rate of 0.4 ml/min. The Q-TOF system was operated in extended dynamic range positive-ion targeted
tandem mass spectrometry (MS/MS) modes with an m/z range of 100 to 1,700 m/z and a capillary voltage
of 0.5 kV. The collision energies and respective parent-daughter ion transitions used for AMA and each
�-lactam antibiotic are listed in Table S9. Quantification was carried out with a calibration curve of each
antibiotic using Agilent MassHunter Quantitative Analysis software. For each compound, biological and
technical replicates were conducted in triplicate and duplicate, respectively.

In vitro enzyme assays. MBL-catalyzed hydrolysis of �-lactam substrates was monitored spectro-
photometrically by measuring the decrease in UV absorbance at 300 nm (meropenem, doripenem,
imipenem, and ertapenem), 265 nm (cefotaxime), or 235 nm (ampicillin) in UV-grade 96-well flat-bottom
microplates (Thermo Fisher Scientific). Before use in assays, enzymes (20 �M) were preincubated with
AMA (0.5 mM; 16 h, 4°C) and subsequently dialyzed into reaction buffer (50 mM HEPES-NaOH [pH 7.5],
100 nM AMA, 4°C) to ensure that residual Zn2� was removed from the enzyme preparation. HEPES-NaOH
(1 M) buffer was pretreated with 5% (wt/vol) Chelex 100 prior to use (24 h, 25°C). Enzyme (4 to 10 nM)
in reaction buffer was added to various concentrations (0.0007, 0.0015, 0.03, 0.15, 0.31, 0.62, 1.2, 2.5, 5,
10, and 20 �M) of ZnSO4 containing carbapenem (0.5 mM), ampicillin (0.5 mM), or cefotaxime (0.25 mM)
substrate to initiate the reaction. The reactions were monitored using a BioTek Synergy H1 plate reader
(Biotek, Winooski, VT) over 5 min at 25°C. To obtain Kd,Zn2 values, the initial rates of substrate hydrolysis
at each ZnSO4 concentration were plotted and analyzed using nonlinear regression by fitting the data
to equation 1 using GraphPad Prism 8. In cases where zinc inhibition was apparent, equation 2 was used.
All enzyme assays were performed in duplicate.

v0 �
Vmax[ZnSO4]

Kd,Zn2 � [ZnSO4]
(1)

v0 �
Vmax[ZnSO4]

Kd,Zn2 � [ZnSO4](1 � [ZnSO4] ⁄ Ki)
(2)
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