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Metallo-�-lactamases (MBLs) confer resistance to carbapenems, and their increasing global prevalence is a growing clinical con-
cern. To elucidate the mechanisms by which these enzymes recognize and hydrolyze carbapenems, we solved 1.4 to 1.6 Å crystal
structures of SMB-1 (Serratia metallo-�-lactamase 1), a subclass B3 MBL, bound to hydrolyzed carbapenems (doripenem, mero-
penem, and imipenem). In these structures, SMB-1 interacts mainly with the carbapenem core structure via elements in the ac-
tive site, including a zinc ion (Zn-2), Q157[113] (where the position in the SMB-1 sequence is in brackets after the BBL number),
S221[175], and T223[177]. There is less contact with the carbapenem R2 side chains, strongly indicating that SMB-1 primarily
recognizes the carbapenem core structure. This is the first report describing how a subclass B3 MBL recognizes carbapenems. We
also solved the crystal structure of SMB-1 in complex with the approved drugs captopril, an inhibitor of the angiotensin-convert-
ing enzyme, and 2-mercaptoethanesulfonate, a chemoprotectant. These drugs are inhibitors of SMB-1 with Ki values of 8.9 and
184 �M, respectively. Like carbapenems, these inhibitors interact with Q157[113] and T223[177] and their thiol groups coordi-
nate the zinc ions in the active site. Taken together, the data indicate that Q157[113], S221[175], T223[177], and the two zinc ions
in the active site are key targets in the design of SMB-1 inhibitors with enhanced affinity. The structural data provide a solid
foundation for the development of effective inhibitors that would overcome the carbapenem resistance of MBL-producing mul-
tidrug-resistant microbes.

The increasing prevalence of metallo-�-lactamases (MBLs)
among pathogenic Gram-negative bacteria is becoming a ma-

jor clinical concern because these enzymes hydrolyze most of the
�-lactams used daily in clinical settings, including carbapenems
(1). MBLs are classified into three subclasses, B1, B2, and B3, based
on the primary zinc-binding motifs, which are essential for enzy-
matic activity (2). The genes for subclass B1 MBLs such as IMP-,
VIM-, and NDM-type enzymes are often located on transferable
plasmids and are widely distributed among clinical isolates of En-
terobacteriaceae, Pseudomonas spp., and Acinetobacter spp. (3). On
the other hand, subclass B3 MBL-encoding genes are generally
found in the chromosomes of bacteria such as Stenotrophomonas
maltophilia and Chryseobacterium spp. However, B3 MBLs, in-
cluding AIM-1 and SMB-1 (Serratia metallo-�-lactamase 1) en-
zymes, were recently reported to have been horizontally acquired
by Pseudomonas aeruginosa and Serratia marcescens, respectively
(4, 5). Thus, it is very likely that B3 MBLs will soon spread among
pathogenic bacteria.

Notably, B3 MBLs in environmental bacteria have catalytic
properties different from those found in pathogenic bacterial spe-
cies. For example, BJP-1 from Bradyrhizobium japonicum (6),
FEZ-1 from Fluoribacter gormanii (7), and THIN-B from Janthi-
nobacterium lividum (8) hydrolyze carbapenems with kcat/Km ra-
tios of �106 s�1/M, while SMB-1 (4), AIM-1 (5), and L1 from S.
maltophilia (9) degrade carbapenems more efficiently, with
kcat/Km ratios of �106 s�1/M. One way to explain the differences
between these enzymatic activities is to investigate their substrate
preferences through X-ray crystallography. For B3 MBLs, only the
structure of L1 MBL in complex with hydrolyzed moxalactam has
been solved (10), although the native structures of SMB-1, AIM-1,
L1, BJP-1, and FEZ-1 are available (11–15). Therefore, to gain
further insight into substrate binding and hydrolysis by B3 MBLs,

we determined the precise structure of SMB-1 in complex with
hydrolyzed carbapenems.

In addition, clinically useful MBL inhibitors are urgently
needed to restore the efficacy of �-lactams. Notably, it has been
demonstrated that some approved drugs possessing thiol groups
inhibit MBLs (16–18). These drugs include L-captopril, an inhib-
itor of the angiotensin-converting enzyme (19). In a preliminarily
study, we found that 2-mercaptoethanesulfonate (2-MES), which
also contains a thiol group, may inhibit SMB-1. 2-MES is used as
a chemoprotectant to minimize the undesirable side effects of
ifosfamide or cyclophosphamide. To investigate the mode of in-
hibition, we also determined the structure of SMB-1 in complex
with L-captopril and 2-MES.

MATERIALS AND METHODS
Protein expression and purification. SMB-1 was expressed in and puri-
fied from Escherichia coli BL21(DE3)pLysS as described previously (11,
20), with slight modifications. Briefly, SMB-1 was purified by cation-
exchange chromatography, dialyzed for 16 h at 4°C against 50 mM Tris-
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HCl (pH 7.5) containing 1.8 M ammonium sulfate, and loaded onto a
HiTrap Phenyl HP column (GE Healthcare). After elution with 50 mM
Tris-HCl (pH 7.5), the protein was buffer exchanged into 20 mM HEPES-
NaOH (pH 7.5) and concentrated to 60 mg/ml with an Amicon Ultra
Centrifugal Filter (Millipore).

Crystallization. To obtain enzyme-substrate complexes, 60 mg/ml
SMB-1 was mixed 1:1 with 20 mg/ml carbapenem, incubated at 20°C for
16 h, and crystallized, respectively, in 0.2 M ammonium sulfate, 0.15 M
Tris-HCl (pH 8.5), and 30% (wt/vol) polyethylene glycol (PEG) 4000 for
doripenem; in 0.2 M lithium sulfate, 0.1 M Tris-HCl (pH 8.5), and 20%
(wt/vol) PEG 4000 for meropenem; and in 0.2 M lithium sulfate, 0.1 M
Tris-HCl (pH 8.5), and 20% (wt/vol) PEG 5000 monomethyl ether for
imipenem.

To obtain enzyme-inhibitor complexes, native crystals were soaked
for 1 or 3 days in reservoir solutions supplemented with 10 mM 2-MES
and 10 mM L-captopril, respectively. For soaking with 2-MES, native crys-
tals were first obtained in 1 M lithium chloride, 0.1 M morpholineethane-
sulfonic acid (pH 6.0), and 26% (wt/vol) PEG 6000. For soaking with
L-captopril, native crystals were initially grown under the same conditions
as crystals of SMB-1– doripenem.

Data collection and refinement. X-ray diffraction data were collected
at the Photon Factory (Tsukuba, Japan) and the Aichi Synchrotron Radi-

ation Center (Aichi, Japan), processed, and scaled with HKL-2000 (21) or
iMosfilm/SCALA (22, 23). Structures were solved by molecular replace-
ment in MOLREP (24) as implemented in CCP4 (25) by using the struc-
ture of native SMB-1 (Protein Data Bank [PDB] accession no. 3VPE),
which we previously determined. Coot (26) and REFMAC5 (27) were
used to build and refine models. The quality of final models was assessed
with RAMPAGE (28). Coordinates and molecular library files for hydro-
lyzed substrates were constructed with Sketcher in CCP4 (25). Data col-
lection and refinement statistics are listed in Table 1.

Molecular modeling. Doripenem was docked against rigid side chains
in the SMB-1 active site with Autodock version 4.2 by using default pa-
rameters (29). To generate the base SMB-1 model for this simulation,
water and ligand molecules were removed from the structure of SMB-1 in
complex with hydrolyzed doripenem [hDPM; PDB accession no. 5B15].
A 60- by 60- by 60-point grid box was set with Autogrid, centered between
the two zinc ions in the active site. A total of 100 docked poses were
generated with a population size of 150, a maximum number of energy
evaluations of 25 million, a maximum number of generations of 27,000, a
gene mutation rate of 0.02, and a crossover rate of 0.8.

Kinetic parameters. Steady-state constants Km and kcat were deter-
mined according to previously published methods (4). Ki was determined
with 100 �M nitrocefin (Oxoid) as the reporter substrate. Ki values were

TABLE 1 Data collection and refinement statistics

Parameter hDPM hMPM hIPM L-Captopril 2-MES

Data collection statistics
Beamline BL2S1 (AichiSR) BL2S1 (AichiSR) NE3A (PF-AR) NW12A (PF-AR) NW12A (PF-AR)
Wavelength (Å) 1.12 1.12 1.00 1.00 1.00
Resolution range (Å) 40.70–1.39 (1.47–1.39)b 40.62–1.39 (1.47–1.39) 40.58–1.57 (1.65–1.57) 50.00–2.02 (2.05–2.02) 50.00–2.10 (2.14–2.10)
Space group P1 P1 P1 P31 P31

Unit cell dimensions
a (Å) 37.01 36.90 37.03 68.10 67.11
b (Å) 40.92 41.17 41.46 68.10 67.11
c (Å) 45.32 45.32 45.44 49.11 46.72
� (°) 107.57 107.95 108.32 90.00 90.00
� (°) 102.56 102.46 102.78 90.00 90.00
� (°) 107.01 106.85 106.28 120.00 120.00
No. of unique reflections 39,572 (5,662) 39,458 (5,793) 30,412 (4,382) 16,635 (844) 13,471 (677)
Redundancy 1.9 (1.9) 1.9 (1.9) 3.3 (3.4) 11.0 (10.7) 11.6 (11.5)
Completeness (%) 86.6 (84.7) 86.2 (86.0) 93.6 (92.7) 99.6 (99.1) 100.0 (100.0)
Rmerge

a (%) 4.0 (7.2) 4.6 (6.3) 4.2 (7.9) 7.1 (30.6) 8.1 (29.8)
Mean I/	
I� 12.8 (6.7) 11.2 (7.1) 19.0 (11.9) 64.2 (17.1) 42.5 (10.7)

Refinement statistics
Rworking (%) 13.6 13.7 12.2 21.2 15.0
Rfree (%) 15.8 16.3 15.5 28.2 21.4

Ramachandran statistics (%)
Favored 97.3 97.3 97.3 92.6 96.9
Allowed 2.7 2.7 2.7 7.0 3.1
Disallowed 0 0 0 0.4 0

Avg B factors (Å2)
Protein 9.3 8.5 6.5 40.3 22.7
Ligand/ion 18.1 19.5 15.7 60.1 29.4
Water 20.5 19.3 19.0 37.2 26.4

RMSD
Bond length (Å) 0.012 0.012 0.011 0.008 0.009
Bond angle (°) 1.589 1.562 1.433 1.120 1.163

a Rmerge � �hkl�i|Ii(hkl) � �I(hkl)�|/�hkl�iIi(hkl), where Ii(hkl) is the observed intensity for reflection for hkl and �I(hkl)� is the average intensity calculated for reflection hkl
from replicate data.
b Values in parentheses are for the highest-resolution shell.
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FIG 1 (A) Ribbon representation of SMB-1 (green) bound to hDPM (cyan sticks). Zinc ions and the water molecule are depicted as gray and red spheres,
respectively. (B) Chemical structure of hDPM. (C) 2|Fo|-|Fc| electron density map contoured at 1.0 	 (gray mesh). hDPM is shown as cyan (carbon), ocher
(sulfur), red (oxygen), and blue (nitrogen) sticks. (D) Coordination of zinc ions in native SMB-1. Zinc ions and water molecules are depicted as gray and red
spheres, respectively. Amino acids coordinating Zn-1 are Zn-2 are illustrated as dark green and green sticks, and coordination bonds are shown as magenta
dashed lines. The image was adapted from the structure with PDB accession no. 3VPE. (E) Coordination of zinc ions in hDPM-bound SMB-1. hDPM is
illustrated as in panel C, while other elements are rendered as in panel D. (F) Interactions other than coordination bonds between SMB-1 and hDPM. Amino
acids are shown as green (carbon), red (oxygen), and blue (nitrogen) sticks, while hDPM is illustrated as in panel C. Water molecule w1 and zinc ions Zn-1 and
Zn-2 are shown as in panel A. Hydrogen bonds are shown as black dashed lines.
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calculated according to [E]/[E]0 � Ki/(Ki 
 [I]), where [E], [E]0, and [I]
are the active enzyme, total enzyme, and inhibitor concentrations, respec-
tively.

Susceptibility testing. MICs were determined by the broth dilution
method according to the guidelines of the Clinical and Laboratory Stan-
dards Institute (30).

Amino acid numbering. Amino acid residues are numbered accord-
ing to our previous report (11), by using class B �-lactamase (BBL) num-
bering as a reference (2). For amino acids in enzymes other than SMB-1,
only the BBL number is indicated, e.g., R37. For amino acids in SMB-1,
the position in the SMB-1 sequence is indicated in brackets after the BBL
number, e.g., R37[3].

Protein structure accession numbers. Atomic coordinates and struc-
ture factors of SMB-1 in complex with hDPM (accession no. 5B15), hy-
drolyzed meropenem (hMPM; accession no. 5AXO), hydrolyzed imi-
penem (hIPM; accession no. 5B1U), L-captopril (accession no. 5AYA),
and 2-MES (accession no. 5AXR) have been deposited in the PDB.

RESULTS AND DISCUSSION

To obtain structures of enzyme-substrate complexes, we crystal-
lized mixtures of SMB-1 and carbapenems. In this manner, we
determined the structure of SMB-1 in complex with hDPM at 1.4
Å (Fig. 1A). This crystal is in space group P1, with one molecule
per asymmetric unit (Table 1). The overall structure is very similar
to that of native SMB-1 (PDB accession no. 3VPE) with a root
mean square deviation (RMSD) of 0.6 Å in C� atoms. Like other

carbapenems, hDPM contains a small 1-hydroxyethyl group at
the R1 side chain and a relatively bulky side chain at R2 (Fig. 1B).
The hDPM molecule is bound to the active site and is observed in
a 2|Fo|-|Fc| electron density map contoured at 1 	 (Fig. 1C). A
|Fo|-|Fc| electron density map contoured at 2 	 is shown in Fig. S1
in the supplemental material. The geometry around the C-2 atom
of the bound hDPM molecule is tetrahedral rather than planar,
indicating that hDPM is bound as a �1-pyrroline tautomer (Fig.
1B). Two zinc ions (Zn-1 and Zn-2), bridged by a hydroxide
oxygen atom (w1), were observed in the active site, just as in the
native structure (Fig. 1D and E) (11). In both the hDPM-bound
(Fig. 1E) and native (Fig. 1D) structures, Zn-1 is coordinated via
a distorted tetrahedron formed by H116[72], H118[74],
H196[150], and w1. On the other hand, Zn-2 is coordinated via a
distorted square pyramid in the native structure and via a dis-
torted octahedron formed by H263[215], D120[76], w1, the C-3
carboxylate oxygen O-32 (Fig. 1C), H121[77], and N-4 in the
hDPM-bound structure. The distances between Zn-2 and N-4 and
between Zn-2 and C-3 carboxylate oxygen O-32 are 2.3 and 2.2 Å,
respectively. Similarly strong bonds among Zn-2, N-4, and C-3
carboxylate oxygen were observed in structures of NDM-1 com-
plexed with hMPM (see Fig. S2 in the supplemental material) (19).
Thus, these bonds appear to universally stabilize hydrolyzed car-
bapenems bound to dizinc MBLs. These bonds may also stabilize

FIG 2 (A) Chemical structures of hMPM and hIPM. (B) Interactions between SMB-1 and hMPM. Amino acids are shown as green (carbon), red (oxygen), and
blue (nitrogen) sticks, while hMPM is shown as silver (carbon), ocher (sulfur), red (oxygen), and blue (nitrogen) sticks. 2|Fo|-|Fc| electron density map
contoured at 1.0 	 (gray mesh). Zinc ions and the water molecule are depicted as gray and red spheres, respectively. Black and magenta dashed lines indicate
hydrogen and coordination bonds, respectively. (C) Interactions between SMB-1 and hIPM. hIPM is illustrated as light green (carbon), ocher (sulfur), red
(oxygen), and blue (nitrogen) sticks. Other elements are illustrated as in panel B. (D) Superposition of hDPM (cyan), hMPM (silver), and hIPM (light green)
bound to SMB-1. Zinc ions are depicted as spheres.
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the anion intermediate, which contains the deprotonated nitro-
gen (N-4) atom of the pyrroline ring as the leaving group, suggest-
ing that cleavage of the �-lactam ring occurs prior to protonation
of the anionic nitrogen atom (31).

Additional interactions between hDPM and SMB-1 occur
mainly within 6 Å of the central zinc ions in the active site (Fig.
1F). The pyrrolidine ring of the R2 side chain rests approximately
parallel against the imidazole side chain of H263[215], resulting in
CH-� interaction with distances between atoms of less than 4.0 Å.
An oxygen atom from the 1-hydroxyethyl group of R1 is hydrogen
bonded at 2.6 Å to the hydroxide oxygen in w1. The C-3 carbox-
ylate oxygens O-31 and O-32 are bound by the OG hydroxyl group
of S221[175] at 2.8 Å, although an alternate conformation with 0.5
occupancy was observed for this hydroxyl group. C-3 carboxylate
oxygen O-31 additionally interacts with the OG1 hydroxyl group
of T223[177] at 2.7 Å. The NE2 side chain nitrogen of Q157[113]
is hydrogen bonded at 3.0 Å to the oxygen atom of the 1-hydroxy-
ethyl group of R1. The C-6 carboxylate group, which is generated
after a water molecule attacks the carbonyl carbon of the �-lactam
ring, was oriented toward to the solvent side.

Notably, the orientations of the 1-hydroxyethyl and C-6 car-
boxylate groups after hydrolysis are different in our model from
those in NDM-1 complexed with hMPM, in which the C-6 car-
boxylate group is oriented toward the central zinc ions (see Fig. S2
in the supplemental material) (19, 32). The latter orientation is
considered to reflect one intermediate state before product re-

lease, in light of the accepted mechanism of �-lactam hydrolysis
by MBLs (10, 12, 32). On the other hand, we appear to have cap-
tured a predicted subsequent state, in which the C-5–C-6 bond
has been rotated, as noted for B2 MBLs (33). This rotation may be
due to the energetically more favorable reorientation of the car-
boxylate group toward the solvent and away from Zn-1. In addi-
tion, we suppose that the positioning of the 1-hydroxyethyl group
toward Zn-1 might also be energetically and/or conformationally
more favorable after the substrate has been depleted, at which
point released products might rebind to the active site. In any case,
our structure well reflects the catalytic state before the hydrolyzed
carbapenem is released.

Crystals of SMB-1 in complex with hMPM and hIPM (Fig. 2A)
diffracted to 1.4 and 1.6 Å, respectively. Both hMPM and hIPM
molecules are observable in a 2|Fo|-|Fc| electron density map con-
toured at 1 	 (Fig. 2B and C) and are bound to the active site in a
fashion very similar to that of hDPM (Fig. 2D). |Fo|-|Fc| electron
density maps contoured at 2 	 are shown in Fig. S1 in the supple-
mental material. For instance, the positions of the 1-hydroxyethyl
and carboxylate groups are spatially the same and coordinative
bonds among Zn-2, N-4, and C-3 carboxylate oxygen are present
in all complexes. The pyrroline ring takes the �1 form. In addition,
there are no hydrogen bonds toward the R2 side chain. The simi-
larity in the binding mode was not entirely unexpected, since the
structural differences among hDPM, hMPM, and hIPM are small
and typically consist of the functional group at R2 (Fig. 1B and 2A)

FIG 3 (A) Interaction between doripenem (DPM) and SMB-1, as simulated in Autodock. Amino acid residues that bind hDPM and DPM are illustrated as green
sticks, while DPM and hDPM are shown as pink and cyan sticks, respectively. Zinc ions are shown as gray spheres. (B) Superposition of SMB-1 (green) and L1
(silver) (PDB accession no. 2AIO) bound to hDPM (cyan) and hydrolyzed moxalactam (hMOX; yellow), respectively. Zinc ions are illustrated as gray spheres.
(C) Closeup view of the molecular surface of the SMB-1 active site with hDPM (cyan) and DPM (pink) bound. The image on the right is the same field as that
on the left but viewed from the side marked with a black arrow.
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and the presence (hDPM and hMPM) or absence (hIPM) of a C-1
methyl group in the five-membered ring.

The structures of enzymes bound to hydrolyzed carbapen-
ems indicate that the amino acids Q157[113], S221[175], and
T223[177], as well as the two zinc ions, are involved in recognizing
hydrolyzed carbapenems (Fig. 1F and 2B and C). This implies that
these elements may contribute to the recognition of substrate car-
bapenems as well. To test this hypothesis, we docked doripenem
into SMB-1 (Fig. 3A) and observed interactions between Zn-1 and
the carbonyl oxygen of the �-lactam ring, as well as between Zn-2
and N-4/C-3 carboxylate oxygen. C-3 carboxylate oxygens are
bound by the hydroxyl oxygens of S221[175] and T223[177]. Fur-
ther, NE2 and OE1 of Q157[113] bind, respectively, the carbonyl
oxygen and the oxygen atom in the 1-hydroxyethyl group at R1.
Thus, amino acids Q157[113], S221[175], and T223[177] appear
to recognize carbapenems.

We have previously demonstrated that a Q157A[113] substi-
tution increases the Km values for ceftazidime (4.5-fold) and cefo-
taxime (7-fold) (11). In addition, an in silico model of AIM-1
bound to hydrolyzed cefoxitin suggests that NE2 of this residue
may possibly bind the carbonyl oxygen of the �-lactam ring (12).
While we did not obtain structures of SMB-1 in complex with
cephalosporins, it is possible that Q157[113] in SMB-1 also rec-
ognizes the carbonyl oxygen in cephalosporins (11).

Another possible role for Q157[113] may be to stabilize hydro-
lysis products such as the anion intermediate via interactions with
the C-6 carboxylate oxygens that form after hydrolysis of the
�-lactam ring. Although the C-6 carboxylate group of hydrolyzed
carbapenems is too far away from Q157[113] in our structure and
the 1-hydroxyethyl group is near Q157[113] instead (Fig. 1F and
2B and C), the arrangement of these groups would be ex-
changed during �-lactam hydrolysis according to the generally

accepted mechanism (10, 12, 32). Thus, C-6 carboxylate oxygens
would interact with Q157[113] during hydrolysis but would sub-
sequently be occluded by the 1-hydroxyethyl group. Indeed, Q157
in AIM-1 is predicted to interact with the carboxylate oxygens
of hydrolyzed cefoxitin (12). Therefore, we conclude that
Q157[113], without being essential, enhances the enzymatic ac-
tivity of SMB-1 by recognizing �-lactams and/or stabilizing the
hydrolyzed products. The role of this residue appears to be similar
to that of N220 in NDM-1, the nitrogen atoms of which stabilize
the substrate and the hydrolyzed products (19).

Binding of S221[175] and T223[177] to C-3 carboxylate oxy-
gens O-31 and O-32 of the five-membered ring was observed in
the structure of SMB-1 in complex with hydrolyzed carbapenems,
as well as in simulated models of SMB-1 bound to doripenem (Fig.
1F, 2B and C, and 3A). Similarly, corresponding amino acids S221
and S223 in the enzyme L1 also contact O-31 and O-32 (Fig. 3B)
(10). Considering that the B3 MBLs AIM-1, BJP-1, and FEZ-1 also
contain amino acids that correspond to positions 221 and 223,
these residues appear to universally bind carboxylate oxygens in
the five- or six-membered rings of �-lactams in the same manner
as residue K224 in B1 MBLs (34). Thus, these amino acids would
be suitable targets for developing effective inhibitors of the hydro-
lytic activity of B3 MBLs, as will be discussed.

In the SMB-1 structure complexed with hydrolyzed carbapen-
ems, the core structure has lower temperature factors (13.0 Å in
hDPM, 16.4 Å in hMPM, and 11.4 Å in hIPM) than the R2 side
chain (30.5 Å in hDPM, 29.9 Å in hMPM, and 21.8 Å in hIPM).
Furthermore, SMB-1 has comparable Km and kcat values for dorip-
enem (80 �M and 217 s�1), meropenem (144 �M and 604 s�1),
and imipenem (133 �M and 518 s�1). These results indicate that
recognition and hydrolysis depend largely on the carbapenem
core structure (11). The tip of the R2 side chain in doripenem was

FIG 4 Proposed mechanism of carbapenem hydrolysis by SMB-1. E, SMB-1 enzyme; S, substrate carbapenem; I1, I2, and I3, carbapenem intermediates formed
during hydrolysis; P, hydrolyzed product; P*, hydrolyzed product observed in our structures. The EP* form observed in our structures is bracketed.
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shown by simulation to interact with W39[5], G50[25], and
E265[217] (Fig. 3A). However, the mode by which SMB-1 recog-
nizes the R2 side chain is unclear. In any case, recognition of the
R2 side chain does not seem to be as critical as the interactions
formed by the core structure.

A closeup view of the molecular surface around the substrate-
binding cleft is depicted in Fig. 3C. The active site in SMB-1 is
shallow and unshielded and thus will even accommodate �-lac-
tams with bulky R1 and R2 side chains. NDM-1, a subclass B1
MBL, has a similarly shallow and unshielded cleft and thus inter-
acts with a variety of �-lactams, including penicillins, cephalospo-
rins, and carbapenems (19, 32). Therefore, structural features of

the cleft around the active site may explain the ability of MBLs to
hydrolyze a wide range of substrates with bulky side chains.

The proposed mechanism of carbapenem hydrolysis by
SMB-1, which comprises a branched pathway to account for car-
bapenem tautomerization, is illustrated in Fig. 4, on the basis of
the catalytic reaction advocated by Meini et al. (34, 35), which
shows that subclass B1 and B3 MBLs hydrolyze carbapenems via
quite similar catalytic mechanisms. In native SMB-1, the hydroxyl
anion w1 bridges two zinc ions and the apical water molecule w2,
which is stabilized next to Zn-2. In the product-bound state, the
C-3 carboxylate oxygen assumes the place of w2 (Fig. 1D and E)
(11). However, w2 may migrate to the void left by the nucleophilic

FIG 5 (A) Chemical structures of L-captopril and 2-MES. (B) Mode of binding between L-captopril and SMB-1. The gray mesh is a 2|Fo|-|Fc| electron density
map contoured at 1.0 	. L-Captopril is illustrated as pink (carbon), ocher (sulfur), red (oxygen), and blue (nitrogen) sticks, while SMB-1 amino acids are shown
as green sticks. Zinc ions are shown as gray spheres. Coordination and hydrogen bonds are shown in magenta and black dashed lines, respectively. (C) Mode of
binding between 2-MES and SMB-1. The image is drawn in the same scheme as that in panel B.

Wachino et al.

4280 aac.asm.org July 2016 Volume 60 Number 7Antimicrobial Agents and Chemotherapy

http://aac.asm.org


w1 molecule as it attacks the carbonyl carbon of the �-lactam ring.
Two intermediates, EI1 and EI2, are thus generated. EI1 contains
an anionic N-4 atom tightly stabilized by Zn-2 and subsequently
protonated by w2, to generate tautomer �2. In EI2, the negative
charge on C-3 is localized and protonated, yielding the enzyme-
product complex (EI3/EP). After protonation, w2 may be regen-
erated as the hydroxide required for nucleophilic attack. In our
structures with hydrolyzed carbapenem, the S atom was not situ-
ated against the plane of the pyrroline ring, indicating that the
double bond would be presented between N-4 and C-3, as shown
in EP (tautomer �1). These results indicate that the hydrolyzed
carbapenem in our structures is in the tautomer �1 form and is
derived from only one branch of the proposed catalytic mecha-
nism for SMB-1. The spatial position of C-6 carboxylate and the
R1 side chain resembles that in EP*, a state in which the C-5–C-6
bond has been rotated before the product is released.

In addition, we have confirmed by crystallization that L-capto-
pril binds SMB-1 (Fig. 5A and B; see Fig. S1 in the supplemental
material). This crystal diffracted to 2.0 Å and is in space group P31

with one molecule in the asymmetric unit (Table 1). The structure
is not significantly different from that of the native enzyme, with
an RMSD of 0.3 Å in C� atoms. The thiolate group S in L-captopril
is bridged to Zn-1 and Zn-2 at 2.3 and 2.4 Å, respectively (Fig. 5B),
and occupies the space typically occupied by w1 (Fig. 1D). Further
interactions include hydrogen bonds between negatively charged
carboxylate O-3 and positively charged NH-1 in R300[252] (3.0
Å) and between carbonyl O-1 and hydroxyl OG-1 in T223[117]
(2.8 Å). The L-proline ring binds in a manner similar to that of the
pyrrolidine ring of the R2 side chain in carbapenems and is ap-
proximately parallel to the imidazole side chain of H263[215].

Superposition of SMB-1 and L1 bound to L- and D-captopril,
respectively, demonstrates that the interaction between zinc ions
and the thiol group is conserved, while other interactions are not
(see Fig. S3 in the supplemental material). L-Captopril binds
SMB-1 with a Ki of 8.9 � 0.5 �M, while D-captopril binds L1 with
a Ki of 20 �M at neutral pH (36). This difference may be partially
due to the number of predicted hydrogen bonds. Indeed, SMB-1
has two potential hydrogen bond interactions (O-3–R300[252]
and O-1–T223[177]) in addition to the coordination of thiolate in
L-captopril to two zinc ions, while L1 has one such additional
bond, O-3–S223. T223[177] in SMB-1 is in the same position as
S223 in L1, and both interact with captopril, as well as other �-lac-
tam substrates. Because other B3 MBLs, such as AIM-1 and BJP-1,
have corresponding amino acids, this position should be a key
target in any attempt to develop universal inhibitors against sub-
class B3 MBLs.

Similarly, a crystal that diffracted to 2.1 Å directly demon-
strated that 2-MES binds to the SMB-1 active site (Fig. 5A and C;
see Fig. S1 in the supplemental material). The Ki value was deter-
mined to be 184 � 8 �M. The crystal belonged to space group P31

with one molecule in the asymmetric unit (Table 1). As shown in
SMB-1 bound to L-captopril, the thiol group in 2-MES coordi-
nates Zn-1 and Zn-2 over 2.0 and 2.3 Å, respectively, and replaces
the catalytic water (Fig. 5C). Additionally, the sulfate oxygen in-
teracts with NE2 of Q157[113]. Both L-captopril and 2-MES re-
duced the MIC of meropenem for recombinant E. coli expressing
SMB-1 (see Table S1 in the supplemental material). Therefore,
structures of the enzyme-inhibitor complexes are potential scaf-
folds for the design of SMB-1 inhibitors.

Conclusion. In this paper, we report the crystal structure of

SMB-1, a B3 MBL, in complex with three different hydrolyzed
carbapenems. The amino acid residues Q157[113], S221[175],
and T223[177], which are within 6 Å of the central zinc ions in the
active site, recognize hydrolyzed carbapenems and, potentially,
substrate carbapenems. Although Q157[113] is not strictly con-
served, it enhances SMB-1 catalysis through interaction with car-
bonyl and carboxylate oxygens in substrates and hydrolyzed prod-
ucts, respectively.

In addition, we demonstrate that the approved drugs L-capto-
pril, an inhibitor of angiotensin-converting enzyme that is used to
treat hypertension, and 2-MES, a chemoprotectant, inhibit
SMB-1 through interaction with the same residues and zinc atoms
that contact hydrolyzed carbapenems. We have also previously
demonstrated a similar inhibitory mechanism for mercaptoac-
etate (11). Taken together, Q157[113], S221[175], and T223[177],
as well as the two zinc ions in the active site, are promising targets
for inhibitors of SMB-1. Furthermore, docking studies by Liu et al.
indicated that inhibitors derived from amino acid thioesters con-
tact amino acid in L1 at position 221 (37). This amino acid is
strictly conserved in B3 MBLs and thus is a strong potential drug
target.
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