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ME1071, a maleic acid derivative, is a novel specific inhibitor for metallo-�-lactamases (MBL). In this study,
the potentiation of ME1071 in combination with several �-lactams was evaluated using MBL-producing
Pseudomonas aeruginosa isolates. The rates of susceptibility of MBL producers to carbapenems (imipenem,
biapenem, and doripenem) and ceftazidime were increased by 8 to 27% in the presence of 32 �g/ml of ME1071.
The corresponding resistance rates were decreased by 13 to 46%, respectively. On the other hand, ME1071
showed weaker or no potentiation with non-MBL producers. The Ki value of ME1071 for IMP-1 was 0.4 �M,
significantly lower than the Km values of carbapenems for the IMP-1 enzyme. On the other hand, the Ki value
of ME1071 for VIM-2 was 120 �M, higher than the Km values of carbapenems for the VIM-2 enzyme. Results
of this study indicate that ME1071 can potentiate the activity of ceftazidime and carbapenems against
MBL-producing strains of P. aeruginosa.

Carbapenem use has increased during the past 2 decades.
This is due, in part, to carbapenems’ broad spectrum of anti-
bacterial activity and their resistance to hydrolysis by extended-
spectrum �-lactamases. However, the emergence of carbapen-
emases and other carbapenem resistance mechanisms is
threatening this antibiotic class (18, 20). In a recent survey,
12.4% of Pseudomonas aeruginosa isolates from clinical spec-
imens showed resistance to imipenem (8). In P. aeruginosa,
carbapenem resistance has been attributed to two main mech-
anisms: (i) the loss of the OprD outer membrane porin channel
and/or overexpression of some efflux pumps, possibly in com-
bination with high-level production of the resident AmpC
�-lactamase, and (ii) the production of carbapenem-hydrolyz-
ing class A or class B �-lactamases (9, 18).

Class B �-lactamases are metallo-�-lactamases (MBLs) that
require zinc ions for their activity (5, 18). Although clinically
significant, MBLs remain rare, though their frequency has
been increasing in P. aereuginosa (3, 8). Most MBLs hydrolyze
most �-lactams, including carbapenems such as imipenem,
meropenem, biapenem, and doripenem. In Japan, the IMP-1
subgroup is the most prevalent MBL (8, 10). In Japan, nation-
wide surveillance studies have reported MBL producers to
represent 2 to 3% of P. aeruginosa isolates from clinical spec-
imens (8).

The majority of MBL producers exhibit a multidrug-resis-
tant (MDR) phenotype, including also resistance to aminogly-
cosides and fluoroquinolones (8, 10). For these reasons, there
is interest in the administration of �-lactams together with an

MBL inhibitor as therapy for infection by MBL-producing
multidrug-resistant organisms.

ME1071 (Fig. 1) is a novel specific inhibitor for MBLs dis-
covered by Meiji Seika Kaisha Ltd. (Tokyo, Japan). The aim of
this study was to evaluate the MBL-inhibitory activity of
ME1071 by using 174 nonduplicate clinical isolates of MBL-
producing P. aeruginosa and 16 nonduplicate non-MBL-pro-
ducing P. aeruginosa isolates. The kinetic parameters of IMP-1
and VIM-2 for 5 carbapenems and ME1071 were also deter-
mined using purified enzymes.

(Part of this work was presented at the 47th Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, IL, September 2007.)

MATERIALS AND METHODS

Bacterial strains. The nonduplicate P. aeruginosa collection (190 isolates)
included 166 IMP-1 MBL producers, 8 VIM-2 producers, and 16 non-MBL-
producing multidrug-resistant isolates from 164 hospitals in Japan, isolated in the
period 1997 to 2008. Strain identification was performed with the BD Phoenix
system (Becton Dickinson, Sparks, MD) using NMIC/ID30 panels according to
the manufacturer’s instructions. The type of MBL was confirmed by PCR anal-
ysis according to established protocols (18, 19). The genotype of tested isolates
was confirmed by repetitive-element-based PCR assays (20).

Susceptibility testing. The MICs were determined by the Clinical and Labo-
ratory Standards Institute (CLSI) broth microdilution method (1). Commercial
dry plates for antibiotic susceptibility testing of Gram-negative organisms were
purchased from Eiken Chemical Co., Ltd. (Tokyo, Japan), and included the
�-lactam antibiotics piperacillin, ceftazidime, aztreonam, imipenem, mero-
penem, biapenem, and doripenem. Cation-adjusted Mueller-Hinton broth (Bec-
ton Dickinson) was added to the plate in the presence or absence of 32 �g/ml
(final concentration) of ME1071. Cultures were adjusted to an optical density of
an 0.5 McFarland standard using a nephelometer and diluted 1:10 in sterile
saline. Duplicate plates with and without ME1071 were inoculated in parallel
with the same suspension by using an automatic MIC-2000 inoculator (Dynatech
Laboratories, Inc., Alexandria, VA) so that the final inoculum was approximately
5 � 105 CFU/well. The MIC represented the lowest concentration of antibiotic
that completely inhibited visible bacterial growth and was read at 16 to 18 h after
inoculation. For quality control of the susceptibility testing, the following refer-
ence strains were used: Escherichia coli ATCC 25922 and P. aeruginosa ATCC
27853. The Clinical and Laboratory Standards Institute (2010) does not have
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interpretative criteria (susceptible, intermediate, or resistant) for biapenem or
doripenem (2). For this study, the breakpoints for imipenem (2) were used for
biapenem and doripenem.

Expression and purification of IMP-1 and VIM-2. The expression and purifi-
cation procedures for IMP-1 and VIM-2 �-lactamases have been described
previously (4, 11, 12). Briefly, pET28a (Takara Bio Inc., Shiga, Japan) was used
as an expression vector for overproducing IMP-1 and VIM-2 (4). The purified
�-lactamases were stored in 50 mM HEPES (pH 7.5)-50 �M ZnSO4 buffer at
�80°C until use.

Determination of kinetic parameters of MBL for carbapenems. Kinetic pa-
rameters were determined by measuring hydrolysis rates with a Shimadzu UV-
2550 spectrophotometer (Shimadzu Co., Kyoto, Japan), connected to a personal
computer (7). Steady-state kinetic parameters were determined as described
previously (7, 11). Each reported parameter is an average of three independent
measurements. All reactions were performed in a total volume of 500 �l at 30°C.
All kinetic parameters were determined by measuring the initial hydrolysis rate
of the selected antibiotic and using the Michaelis-Menten equation (7). Ki for
ME1071 was determined using nitrocefin as a reported substrate (4, 11, 12).

RESULTS AND DISCUSSION

Antibiotic susceptibility testing. All study P. aeruginosa iso-
lates were identified as clonally unrelated strains by using the
repetitive PCR method (data not shown). The overall rates of
carbapenem nonsusceptibility were 93% and 80% among
MBL-producing and non-MBL-producing strains, respectively
(Table 1). Seventy-six percent (n � 132) of MBL-producing P.
aeruginosa strains and 37% (n � 6) of non-MBL-producing P.
aeruginosa strains exhibited a multidrug-resistant phenotype
(resistance to imipenem, ciprofloxacin, and amikacin deter-
mined by the Phoenix system).

Morinaka et al. reported that a concentration of ME1071
suitable for testing its inhibitory activity with biapenem was 32
�g/ml (14). This concentration was therefore used in this study.
The susceptibilities of MBL-producing and non-MBL-produc-
ing P. aeruginosa isolates to �-lactam antibiotics in the pres-
ence or absence of 32 �g/ml of ME1071 are shown in Table 1.
ME1071 shows potentiation with tested carbapenems such as
imipenem, meropenem, biapenem, and doripenem. Especially,
the biapenem resistance rate of MBL producers in the pres-
ence of 32 �g/ml of ME1071 was remarkably decreased (40%)
in comparison with biapenem alone (86%), and the suscepti-
bility rate of MBL producers for biapenem in the presence of
ME1071 (22%) was increased in comparison with biapenem
alone (7%) (Table 1). ME1071 did not show potentiation with
piperacillin and aztreonam against MBL-producing P. aerugi-
nosa isolates (Fig. 2 and 3).

Present results, therefore, indicate that ME1071 can poten-
tiate the activity of carbapenems and also of ceftazidime
against MBL-producing strains of P. aeruginosa. MBL-produc-
ing P. aeruginosa strains are usually multidrug resistant, and
MBL-producing organisms include not only P. aeruginosa but
also Enterobacteriaceae, including Serratia marcescens and Pro-
teeae (18). The only remaining antibiotics useful for treatment

TABLE 1. Antibiotic susceptibility of P. aeruginosa in the presence
or absence of 32 �g/ml of ME1071

Organism (no. of
isolates tested) and

antibiotic
ME1071a

MIC (�g/ml)

% Sa % Ra

Range MIC50 MIC90

MBL-producing P.
aeruginosa (174)

Piperacillin � 0.5–�128 �128 �128 34 66
� 1–�128 128 �128 37 63

Ceftazidime � 2–�64 �64 �64 6 94
� 2–�64 32 �64 33 53

Aztreonam � 0.25–�128 32 128 9 63
� 0.5–�128 32 128 8 64

Imipenem � 0.5–�64 �64 �64 8 88
� 0.5–�64 16 �64 17 75

Meropenem � 0.5–�64 �64 �64 6 86
� 0.25–�64 16 �64 14 72

Biapenem � 0.12–�64 �64 �64 7 86
� 0.12–�64 8 �64 22 40

Doripenem � 0.25–�64 �64 �64 8 80
� 0.25–�64 8 �64 20 50

Non-MBL-producing
P. aeruginosa (16)

Piperacillin � 4–�128 �128 �128 19 81
� 4–�128 �128 �128 25 75

Ceftazidime � 2–�64 16 64 25 50
� 2–�64 16 64 25 44

Aztreonam � 4–�128 32 �128 13 56
� 4–�128 32 �128 13 56

Imipenem � 1–32 16 32 13 88
� 1–32 16 32 13 81

Meropenem � 0.12–64 16 64 25 56
� 0.25–64 16 64 19 56

Biapenem � 0.5–32 16 32 13 69
� 0.5–32 16 32 13 63

Doripenem � 0.25–32 8 32 31 44
� 0.25–32 8 32 38 44

IMP-1-producing P.
aeruginosa (166)

Piperacillin � 0.5–�128 �128 �128 34 66
� 1–�128 128 �128 37 63

Ceftazidime � 2–�64 �64 �64 7 93
� 2–�64 32 �64 33 52

Aztreonam � 0.25–�128 32 128 7 64
� 0.5–�128 32 128 7 64

Imipenem � 0.5–�64 �64 �64 8 87
� 0.5–�64 16 �64 17 75

Meropenem � 0.5–�64 �64 �64 6 86
� 0.25–�64 16 �64 13 72

Biapenem � 0.12–�64 �64 �64 8 86
� 0.12–�64 8 32 22 38

Doripenem � 0.25–�64 �64 �64 8 80
� 0.25–�64 8 �64 20 49

VIM-2-producing P.
aeruginosa (8)

Piperacillin � 64–�128 128 �128 38 63
� 16–�128 128 �128 38 63

Ceftazidime � 32–�64 64 �64 0 100
� 4–�64 32 �64 38 63

Aztreonam � 8–128 16 128 38 50
� 8–�128 32 �128 38 63

Imipenem � 16–�64 �64 �64 0 100
� 2–�64 64 �64 13 75

Meropenem � 16–�64 �64 �64 0 100
� 1–�64 32 �64 25 75

Biapenem � 8–�64 64 �64 0 75
� 0.25–�64 16 �64 25 75

Doripenem � 16–�64 64 �64 0 100
� 1–�64 16 �64 25 63

a Clinical and Laboratory Standards Institute (CLSI) (2010) breakpoints,
where available (1), were used. CLSI (2010) does not have criteria (susceptible,
intermediate, or resistant) for biapenem or doripenem (1). For comparison only,
the same values for imipenem (CLSI, 2010) were used as criteria for biapenem
and doripenem. S, susceptible; R, resistant.

FIG. 1. Chemical structure of ME1071.
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of infections caused by similar multidrug-resistant organisms
are colistin, polymyxin B, and tigecycline (13, 16, 22). S. marc-
escens and Proteeae show natural resistance against polymyxins
and tigecycline (22); on the other hand, P. aeruginosa is natu-
rally resistant to tigecycline (13, 16). Therefore, the develop-
ment of an MBL inhibitor may be useful for treatment of
infections caused by similar multidrug-resistant organisms.

Various compounds have been reported as MBL inhibitors
such as thioester derivatives, trifluoromethyl alcohols, thiols,
sulfonyl hydrazones, tricyclic products, biphenyl tetrazoles, cys-

teinyl peptide, 1-�-methyl-carbapenem, penicillin derivatives,
thioxocephalosporins, and phthalic acid derivatives (6, 17, 21).
Unfortunately, there has been no MBL inhibitor suitable for
clinical use until now. Osaki et al. reported a protective effect
of biapenem with ME1071 by using a mouse systemic infection
model (15). That report also suggested that ME1071 has low
toxicity for animals compared with other MBL inhibitors.

Kinetic studies. The purified IMP-1 and VIM-2 gave a single
band on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis analysis, and the purity of the enzyme was estimated

FIG. 2. MIC values of 174 metallo-�-lactamase-producing Pseudomonas aeruginosa isolates against piperacillin (a), ceftazidime (b), imipenem
(c), meropenem (d), biapenem (e), and doripenem (f) in the presence (x axis) or absence (y axis) of ME1071. Plot sizes and numbers in the graph
represent the number of strains.
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to be �95% (data not shown). Ki values of IMP-1 and VIM-2
for ME1071 were 0.41 �M and 120 �M, respectively (Table 2).
Km values of IMP-1 for carbapenems were �25.0 �M. On the
other hand, Km values of the VIM-2 �-lactamase for carbap-
enems were smaller than the Ki value of VIM-2 for ME1071;
however, ME1071 still shows a combinative effect with carbap-
enems for VIM-2 producers. The reason for these phenomena
is unclear, and investigations are under way. Laraki et al. (12)
and Docquier et al. (4) reported that IMP-1, VIM-1, and

FIG. 3. MIC values of 16 non-metallo-�-lactamase-producing Pseudomonas aeruginosa isolates against piperacillin (a), ceftazidime (b), imi-
penem (c), meropenem (d), biapenem (e), and doripenem (f) in the presence (x axis) or absence (y axis) of ME1071. Plot sizes and numbers in
the graph represent the number of strains.

TABLE 2. Kinetic parameters of the purified IMP-1 and
VIM-2 enzymes

Compound

IMP-1 VIM-2

kcat (s�1) Km or Ki
(�M)

kcat/Km
(�M�1 s�1) kcat (s�1) Km or Ki

(�M)
kcat/Km

(�M�1 s�1)

Imipenem 63.5 � 1.2 35.1 � 3.8 1.8 98.9 � 0.7 8.5 � 0.5 12
Meropenem NDa ND 0.2 8.5 � 0.3 9.4 � 0.9 0.9
Biapenem 44.7 � 4.7 167 � 21 0.3 12.4 � 0.3 24.7 � 0.5 0.5
ME1071b 0.41 � 0.1 120 � 3.8

a ND, not determined.
b Ki value.

3628 ISHII ET AL. ANTIMICROB. AGENTS CHEMOTHER.



VIM-2 had high Km values for piperacillin compared with
carbapenems or ceftazidime. This result may explain the lack
of synergistic effect of ME1071 with piperacillin.

Recently, the kinetic values of other MBL inhibitors have
been reported (17). The Ki value of IMP-1 against J110,441
was 110 times lower than the Ki value for ME1071 (Ki, 0.41
�M); however, Ki values of IMP-1 against mercaptoacetic acid,
mercaptopropionic acid, SB238569, or J110,441 were 0.18 �M
to 17 �M. These data indicate that ME1071 has a high affinity
for the IMP-1 enzyme compared with other current inhibitors
for MBL with the exception of J110,441. Accordingly, the
present data suggest that ME1071 may be a useful inhibitor for
MBL-producing P. aeruginosa strains.

In summary, ME1071 is a novel MBL inhibitor derived from
maleic acid that potentiates the activity of ceftazidime and
carbapenems (especially biapenem) against MBL-producing P.
aeruginosa. Further basic studies, including animal experi-
ments, antibiotic susceptibility testing with other bacterial spe-
cies, and detailed kinetic studies using other enzymes, are
warranted in order to investigate this interesting compound.
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