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IMP-1, IMP-6, and IMP-25 Suggests an Evolutionary Adaptation to

Meropenem Exposure
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Metallo-f3-lactamases are important determinants of antibacterial resistance. In this study, we investigate the sequence-activity
relationship between the closely related enzymes IMP-1, IMP-6, and IMP-25. While IMP-1 is the more efficient enzyme across
the overall spectrum of tested 3-lactam antibacterial agents, IMP-6 and IMP-25 seem to have evolved to specifically inactivate
the newer carbapenem meropenem. Molecular modeling indicates that the G235S mutation distinguishing IMP-25 from IMP-1

and IMP-6 may affect enzyme activity via Asn233.

Antibacterial resistance in combination with few new antibac-
terial agents being developed raises concerns for the future
treatment of bacterial infections (13). B-Lactamases (EC 3.5.2.6.),
enzymes that hydrolyze and inactivate B-lactam antibacterials,
and in particular metallo-B-lactamases (MBLs), present a serious
challenge to public health (4). The IMP-type enzymes are among
the clinically most important MBLs (7, 14). These enzymes hydro-
lyze penicillins, cephalosporins, and carbapenems, and they are
not inhibited by traditional serine B-lactamase inhibitors, such as
clavulanic acid and sulbactam (25). They utilize two Zn(II) ions as
metal cofactors to bind antibiotics and activate a water molecule
for nucleophilic attack. Although they cannot hydrolyze aztreo-
nam, they are often coproduced in bacteria that produce aztreo-
nam-hydrolyzing extended-spectrum (3-lactamases (3).

The IMP-1 enzyme was first isolated in 1991 in Japan from
Serratia marcescens (19) and has since been found in several coun-
tries worldwide, as well as in multiple microorganisms, including
Pseudomonas aeruginosa, members of the family Enterobacteria-
ceae, and Acinetobacter spp. (7, 14). IMP-6, which differs from
IMP-1 by an S262G mutation, was first isolated in 1996 in Japan,
also from Serratia marcescens (27), and has also been identified in
P. aeruginosa and Enterobacteriaceae in Japan (28) and South Ko-
rea (20, 21, 29). The biochemical properties of IMP-1 and IMP-6
have been compared extensively (10, 16, 18, 27). Interestingly,
IMP-1 confers higher resistance levels to the carbapenem imi-
penem and several other antibiotics (10, 16), whereas IMP-6 con-
fers higher resistance levels to the newer carbapenems mero-
penem (27) and doripenem (this study).

IMP-25, which differs from IMP-6 by a G235S mutation and
from IMP-1 by two mutations, S262G and G235S (Fig. 1A), was
recently isolated from P. aeruginosa in South Korea (GenBank
accession no. EU541448). In this study, we investigate the se-
quence-activity relationship between these closely related en-
zymes by determining and comparing their biochemical charac-
teristics and abilities to confer B-lactam resistance to Escherichia
coli cells. Furthermore, we use molecular modeling to examine the
role of residue 235.

Plasmids pET30a-bla;,p_ for heterologous overexpression
and pBC SK(+)-blayp_¢ for MIC assays were created by PCR-
based site-directed mutagenesis using pET30a-bla,p_, and pBC
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SK(+)-blayp., [obtained by subcloning bla;yp_, with leader se-
quence from pET26b into pBC SK(+)], respectively, as the tem-
plates. Plasmids pET30a-bla;yp_»5 and pBC SK(+)-bla;p_,5 were
created in an analogous way with pET30a-bla;; ¢ and pBC
SK(+)-blagp_¢ as the templates.

IMP-1, IMP-6, and IMP-25 were overexpressed, purified, and
biophysically characterized as described previously (16), except
that E. coli OverExpress C43 (DE3) cells (Lucigen, Middleton, WI)
were used. In short, the expression levels of the three enzymes
were similar, enzymes were purified to >95% homogeneity, cir-
cular dichroism scans were superimposable, the molecular masses
determined by electrospray ionization mass spectrometry were as
calculated, and all enzymes bound approximately two Zn(II) ions.

Kinetic constants were determined as described previously
(16) and using published wavelengths and extinction coefficients
for cefoxitin, meropenem (12), and doripenem (23). Data re-
ported in Table 1 are averages * standard deviations, and any
changes by a factor of 2 or more are considered significant. All
three enzymes were able to efficiently hydrolyze all tested B-lac-
tams except aztreonam (Table 1). The kinetic parameters of
IMP-1 and IMP-6 are in good agreement with our previous study
(16) and trends are in agreement with a study from another labo-
ratory (10). The three substrates cefoxitin, meropenem, and
doripenem added in this study behaved like “type I substrates”
(k./K,, values are similar for IMP-1 and IMP-6 [16]). In this
respect, the newer carbapenems meropenem and doripenem dif-
fer from imipenem, which behaves like a “type II substrate”
(higher k_,/K,,, for IMP-1 than IMP-6 [10, 16, 27]). The difference
between IMP-1 and IMP-6 in their k. /K,, ratios toward imi-
penem, which has a positively charged 2-(aminomethylideneami-
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FIG1 (A) Graphical representation of the MBLs studied generated with VMD
(9). The backbone coordinates of IMP-1 (chain A of Protein Data Bank [PDB]
accession no. 1DD6 [6]) in complex with a mercaptocarboxylate inhibitor
(MCI) (shown as balls and sticks) are shown in green. The side chains of
residues mutated in this study, residues 262 and 235, are shown as sticks. A few
other key residues, the Zn(II) ligand His263, Asn233, which likely interacts
with residue 235, and Trp64, which covers the active site, are shown as sticks.
The color code of atoms is as follows: gray, C; red, O; blue, N; yellow, S. The
Zn(II) ions are shown as black spheres. The enzyme shown is a hypothetical
enzyme with both Ser262 and Ser235. IMP-1 would be obtained by removing
the Ser235 side chain, IMP-25 by removing the Ser262 side chain, and IMP-6
by removing both. The close proximity of the Ser235 and Asn233 side chains
(2.7 A) allowing for hydrogen bonding is indicated by a dashed line. (B) Chem-
ical structures of the three carbapenems studied. The pK, values of the R,
groups attached to the right of the carbapenem core are 10.4 (imipenem), 7.4
(meropenem), and 7.9 (doripenem). The kinetic and MIC data are consistent
with the R, groups of meropenem and doripenem being neutral in the enzyme
active site.

COO

TABLE 1 Kinetic parameters of the three MBLs toward 10 tested 3-lactams

no)ethylsulfanyl R, group (pK, = 10.4 [24]) (Fig. 1B), can be
explained by a domino effect, where Ser262 supports the His263
Zn(II) ligand in the presence of substrates with bulky or positively
charged R, groups (18). The pK,s of the corresponding 5-(dimethyl-
carbamoyl)pyrrolidin-3-yl]sulfanyl and 5-[(sulfamoylamino)meth-
yllpyrrolidin-3-yl]sulfanyl R, groups in meropenem (AstraZeneca,
Mississauga, Ontario, Canada) and doripenem (Janssen-Cilag Pty
Ltd., North Ryde, NSW, Australia) are 7.4 and 7.9, respectively (Fig.
1B). These moieties may be neutral within the enzyme active site,
consistent with their type I substrate-like behavior. IMP-25’s k_,./K,,,
values are comparable to those of IMP-6 (cefoxitin, penicillins, and
carbapenems), slightly lower (cephalothin and cefotaxime), or
slightly higher (ceftazidime).

MIC assays were performed 6-fold in a microbroth dilution
format following CLSI guidelines (5) using E. coli DH10B cells,
and medians are reported. Changes by one or more serial dilutions
are considered significant. IMP-1 confers higher resistance levels
than IMP-6 toward the type II substrates ceftazidime (2-fold),
penicillins (4- to 16-fold), and imipenem (4-fold), while IMP-6
confers higher or equal resistance levels toward the type I sub-
strates cephalothin (2-fold), meropenem and doripenem (4-fold),
and cefotaxime and cefoxitin (equal) (Table 2). The increase in
MIC of meropenem for IMP-6 was not as dramatic as the 128-fold
difference reported by Yano et al. (27), which could be due to the
use of different plasmids in their study. This is supported by the
fact that they obtained equal MICs, while we obtained an in-
creased MIC of imipenem with IMP-1 versus IMP-6, in agreement
with Iyobe et al. (10) and consistent with a 3-fold-higher k_,,/K,,
for IMP-1 (Table 1). The MICs of IMP-25 are generally in the
range of the values of IMP-1 and IMP-6, except for cefotaxime and
meropenem (higher) and cefoxitin (lower). Interestingly, the
MICs of meropenem (16 pg/ml for IMP-1, 64 pg/ml for IMP-6,
and 128 pg/ml for IMP-25) do not correlate with the k., /K,,, val-
ues, as those of imipenem and doripenem do, but rather correlate
with k_,, (22 = 157" for IMP-1,60 + 10s™ "' for IMP-6, and 100 +
10 s~ " for IMP-25). This observation is consistent with the smaller
K, values for meropenem (1 order of magnitude smaller) relative
to imipenem and doripenem, suggesting that the MBLs may be
saturated with meropenem under the MIC assay conditions.

IMP-1, IMP-6, and IMP-25 differ minimally in amino acid
sequence: IMP-6 from IMP-1 by an S262G mutation in the active

Kinetic parameter of the MBL to 3-lactam®

IMP-1 IMP-6 IMP-25
kea K, keal K, kea K,

B-Lactam ke (s K, (M)  (uM 'Y kg (s7Y) K, (pM) (pM™ 1571 koos™) K, (pM)  (pM7'esTh)
Cephalothin 50 =1 4.5*0.2 11.1 = 0.2 131 £ 4 152 9*1 66 = 3 17*x1 39*0.1
Cefotaxime 16.4 = 0.4 5.1 +0.8 32%05 26 £1 6*+1 43 *£04 192 17 =1 1.1 £0.1
Ceftazidime 14 =1 55%7 0.25 + 0.02 3.6 04 80 = 10 0.050 = 0.002 52 *0.5 48+ 6 0.11 = 0.01
Cefoxitin 16.2 = 0.1 4.0 £ 0.1 4.0 £ 0.1 70 = 10 17+ 4 43 *04 30 =10 257 36 £04
Benzylpenicillin 2,000 = 100 530 = 50 3.8 £0.1 220 = 30 900 * 100 0.25 = 0.01 60 £ 10 230 =90 0.26 = 0.05
Ampicillin 260 * 30 210 £ 30 1.2 *0.1 24 *+1 290 = 30 0.09 = 0.01 67 * 4 720 * 60 0.065 £ 0.005
Imipenem 105*5 35+ 4 3.0£0.2 60 = 10 70 = 8 0.9 £ 0.1 100 = 30 140 £ 60 0.7 £ 0.1
Meropenem 22 %1 29*0.2 7.7 04 60 = 10 8§*+2 7.6 = 0.6 100 = 10 19*4 5.6 £ 0.5
Doripenem 37*+8 35*+9 1.1 £ 0.1 260 * 40 80 = 20 32*0.2 160 * 40 70 = 20 23 *0.1
Aztreonam ND ND ND ND ND ND ND ND ND

“ Values are means * standard deviations. ND, not detectable.
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Relationship between Metallo-B-Lactamase Variants

TABLE 2 In vitro susceptibility assay of E. coli DH10B cells with pBC SK(+) containing different bla genes®

MIC (pg/ml) of B-lactam for E. coli carrying the following plasmid:

B-Lactam pBC SK(+)-blayyp., pBC SK(+)-blayyp_e pBC SK(+)-blayp_s pBC SK(+) No plasmid
Cephalothin 512 1,024 1,024 16 16
Cefotaxime 256 256 512 0.125 0.25
Ceftazidime 256 128 256 0.5 0.5
Cefoxitin 1,024 1,024 256 8 16
Benzylpenicillin 256 64 64 32 32
Ampicillin 256 16 64 4 8
Imipenem 4 1 2 0.25 0.25
Meropenem 16 64 128 <0.0625 0.0625
Doripenem 16 64 64 0.0625 0.125
Aztreonam 0.25 0.25 0.25 0.25 0.25

@ E. coli DH10B cells with pBC SK(+) containing blayyp_;, blap_g» blapyp_os, 0r no bla gene and control cells with no plasmid.

site, and IMP-25 from IMP-6 by an additional G235S mutation on
the protein surface (Fig. 1A). Because of the comparable expres-
sion levels, biophysical characteristics, and overall similar MICs
conferred to E. coli, it is expected that these mutations do not alter
the level of functional enzyme in vivo significantly. In the absence
of crystal structures of IMP-6 and IMP-25, molecular modeling
can provide some insights into the role of mutations, as shown
previously for S262G distinguishing IMP-6 from IMP-1 (18). Po-
sition 235 is located on the opposite side of the substrate binding
site relative to position 262 (Fig. 1A) and has not been studied
previously. However, residue 233 in the same loop, a conserved
asparagine in all but two (IMP-14 and IMP-35) IMP-type en-
zymes, has been studied extensively (2). The results indicate that
substitutions at position 233 significantly alter the kinetic param-
eters but that most substituted enzymes still provide high levels of
resistance (2). In two crystal structures of IMP-1 with a mercap-
tocarboxylate inhibitor (6) and a succinic acid inhibitor (22),
Asn233 is aligned parallel to the inhibitor. In molecular dynamics
(MD) simulations, we did not find the side chain of Asn233 to
form a stable oxyanion hole with a cephalothin intermediate (17),
and both the side and main chains of Asn233 interacted with dif-
ferent parts of the substrate, including the R, group (18). When
virtually mutating Gly235 in both crystal structures to serine using
the “mutate” tool in Swiss-PDB Viewer (http://spdbv.vital-it.ch/),
which selects the most favorable rotamer, the serine hydroxyl
group is placed within hydrogen bonding distance (=<3.2 A be-
tween heavy atoms) of the Asn233 side chain (Fig. 1A). Asn233 is
located between residue 235 and Trp64, which covers the active
site. Thus, it is reasonable to assume that Ser235 hydrogen bonds
to Asn233 and alters or rigidifies the substrate binding site, caus-
ing the altered kinetic constants and MIC values. It is noteworthy
that IMP-25 is the only IMP-type enzyme with serine at position
235, but several other enzymes (IMP-11, IMP-12, IMP-16, IMP-
21, IMP-22, and IMP-29) contain aspartate at this position (26).
Virtual mutation of Gly235 to aspartate also positions the Asp235
side chain within hydrogen bonding distance of the Asn233 side
chain. Further studies are needed to elucidate the exact molecular
basis of the substrate-specific effects of mutations at position 235.

IMP-25 was isolated from Pseudomonas aeruginosa in a South
Korean hospital (GenBank accession no. EU541448), just like
IMP-6 (20, 21, 29), suggesting that it might be a derivative of
IMP-6, which in turn could be a derivative of IMP-1 (19). When
going from IMP-1 over IMP-6 to IMP-25, the resistance levels to
meropenem steadily increase, consistent with the idea that they
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present an evolutionary pathway for the adaptation to mero-
penem exposure. This implication is based on the assumption that
trends in resistance levels conferred to E. coli cells used in this
study reflect trends in resistance levels conferred to Pseudomonas
aeruginosa. Because of its broad spectrum of antibacterial activity,
good tolerability, low toxicity, and cost-effectiveness compared to
imipenem/cilastatin, meropenem is widely used as an initial em-
pirical therapy in severe nosocomial infections (1). However, the
spread of meropenem and doripenem resistance factors, such as
IMP-6 and IMP-25, could severely harm patient outcomes. Infec-
tion control and sentinel programs are needed to impede the fur-
ther spread of such resistance factors and to monitor resistance
patterns, so that suitable antibacterial agents can be selected “right
the first time” in order to improve survival rates and diminish the
evolution of antibacterial resistance (11). The results presented
here indicate that positively charged R, groups in carbapenems
(imipenem) pose a bigger challenge to be overcome by evolving
IMP enzymes, consistent with previous observations (8, 15), than
neutral R, groups (meropenem and doripenem).
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