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ABSTRACT: The crystallographic structure of the class Aâ-lactamase Toho-1, an extended-spectrum
â-lactamase with potent activity against expanded-spectrum cephems, has been determined at 1.65 Å
resolution. The result reveals that the Lys73 side chain can adopt two alternative conformations. The
predominant conformation of Lys73 is different from that observed in the E166A mutant, indicating that
removal of the Glu166 side chain changes the conformation of the Lys73 side chain and thus the interaction
between Lys73 and Glu166. The Lys73 side chain would play an important role in proton relay, switching
its conformation from one to the other depending on the circumstances. The electron density map also
implies possible rotation of Ser237. Comparison of the Toho-1 structure with the structure of other class
A â-lactamases shows that the hydroxyl group of Ser237 is likely to rotate through interaction with the
carboxyl group of the substrate. Another peculiarity is the existence of three sulfate ions positioned in or
near the substrate-binding cavity. One of these sulfate ions is tightly bound to the active center, while the
other two are held by a region of positive charge formed by two arginine residues, Arg274 and Arg276.
This positively charged region is speculated to represent a pseudo-binding site of theâ-lactam antibiotics,
presumably catching the methoxyimino group of the third-generation cephems prior to proper binding in
the substrate-binding cleft for hydrolysis. This high-resolution structure, together with detailed kinetic
analysis of Toho-1, provides a new hypothesis for the catalytic mechanism and substrate specificity of
Toho-1.

The most common mechanism of bacterial resistance to
â-lactam antibiotics is the production ofâ-lactamases,
enzymes that hydrolyze the amide group of theâ-lactam ring
to inactivateâ-lactams.â-Lactamases are classified into four
classes, A, B, C, and D, according to amino acid sequence
and substrate specificity (1, 2). This classification separates
serineâ-lactamases (in which a hydroxyl group of a serine
residue is acylated byâ-lactams) into classes A, C, and D,
while zinc metallo-â-lactamases are grouped into class B.
Class A enzymes are most frequently encountered in clinical
isolates, often being encoded by genes located on transferable
plasmids and exhibiting diverse substrate profiles. These class

A enzymes were originally labeled as penicillinases on the
basis of their substrate specificity; however, the number of
class A enzymes with activity to hydrolyze expanded-
spectrum cephalosporins has increased dramatically as clini-
cal use of newâ-lactam antibiotics increased (1, 3). These
class A â-lactamases with expanded-spectrum substrate
specificity are known as extended-spectrumâ-lactamases
(ESBLs)1 and are further classified into two subgroups. The
largest subgroup is that of non-ESBL derivatives, the
extended-spectrum activity of which is the result of a few
point mutations in penicillinases such as TEM-1 and SHV-1
(4). A large number of TEM and SHV variants have been
identified, and their molecular evolution is a point of great
interest (5-8). The other subgroup includes novel ESBLs
distantly related to the previously identified class Aâ-lac-
tamases. This subgroup includes a cluster of enzymes known
as CTX-M-typeâ-lactamases, where the designation CTX
refers to their powerful spectrum for hydrolysis of cefotaxime
(9). These enzymes have unique amino acid sequences, with
70% or higher identity within this subgroup, yet exhibit only
40% or less identity with other class Aâ-lactamases,
indicating that their activity to hydrolyze expanded-spectrum
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# Suntory Institute for Bioorganic Research.
3 Aomori University.

1 Abbreviations: ESBL, extended-spectrumâ-lactamase; PEG, poly-
(ethylene glycol); ND, not determined.

10634 Biochemistry2003,42, 10634-10643

10.1021/bi0342822 CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/21/2003



cephalosporins is an intrinsic enzymatic property of this
subgroup and not the result of point mutations. The number
of the reported CTX-M-type enzymes has been increasing,
signifying their explosive spread over the world (9-15).

Toho-1 is an ESBL encoded by a plasmid and produced
in Escherichia coliTUH12191 isolated from the urine of a
patient treated withâ-lactam antibiotics (10). Toho-1 is
classified into the CTX-M group on the basis of its substrate
profile and amino acid sequence and belongs to the 2be group
according to the functional classification proposed by Bush
et al. (16). Here we present the crystal structure of wild-
type Toho-1 at 1.65 Å resolution. Although impeded by the
strong tendency of the wild-type Toho-1 to form twinned
crystals, structural analysis was finally achieved through
successful preparation of single crystals suitable for X-ray
analysis. The high-resolution structure and precise kinetic
analysis provide insights into the catalytic mechanism and
extended substrate profile of this enzyme.

MATERIALS AND METHODS

Enzyme Preparation.The gene for Toho-1 was cloned and
sequenced by a method described previously (10). The DNA
segment coding for the mature enzyme was inserted into the
plasmid vector pET-9a (Novagen) to construct pET-bla for
overexpression.E. coli BL21(DE3)pLysS [F- dcm ompT
hsdSB (rB

-mB
-) gal λ(DE3) pLysS(Camr)] transformed with

the plasmid pET-bla was cultured in 2-TY broth at 30°C
for 8 h. Expression of the Toho-1 gene was induced with
0.1 mM isopropylR-D-thiogalactopyranoside. Cells were
harvested by centrifugation and then disrupted by sonication.
The enzyme in the supernatant was purified by ion-exchange
chromatography on a CM-Toyopearl column (Tosoh, Japan)
in 20 mM MES buffer (pH 6.5) and eluted with a 0-0.15
M linear NaCl gradient. The purity of the enzyme was
assessed to be more than 95% by Coomassie blue staining
after SDS-polyacrylamide gel electrophoresis.

Crystal Preparation and Data Collection. The purified
protein was dialyzed against 5 mM Tris-HCl buffer (pH 7.0)
and concentrated to 10 mg/mL for crystallization. The
crystals were prepared by hanging drop or sitting drop vapor
diffusion with a reservoir solution of 1.9-2.0 M ammonium
sulfate (no other reagents) at 15-20°C. Triangular pyramidal
crystals suitable for X-ray analysis were obtained within
about 1 month. As the crystals tended to twin during
crystallization, we made efforts to obtain single crystals as
follows: (i) the expression vector was modified to produce
mature Toho-1â-lactamase with no signal sequence, (ii)
elution from the CM-Toyopearl column was performed with
a slower gradient in the purification process, and (iii) finally
at the time of data collection, many crystals were rigorously
sorted to find single crystals that diffract to higher resolution.
X-ray diffraction data were collected using the 6A beamline
of the High Energy Accelerator Research Organization
(KEK, Tsukuba, Japan) at 100 K with a Mar charge-coupled
device (CCD) detector. The crystals were cryoprotected in
a solution of 30% sucrose and 2.6 M ammonium sulfate and
then flash-frozen in liquid nitrogen. The reflection was
indexed, integrated, and scaled using the DPS/Mosflm
software package (17, 18). The space group was determined
to beP3221, with unit cell dimensions ofa ) b ) 73.3 Å
andc ) 99.4 Å and one protein molecule per asymmetric
unit. The statistics are summarized in Table 1.

Structure Determination.The initial model for refinement
was the structure of the Toho-1 E166A mutant (PDB entry
1BZA) (19). The model was subjected to rigid body
refinement, simulated annealing protocol with an initial
temperature of 2000 K, positional minimization, and indi-
vidual B factor refinement using the CNS software package
(20). Manual model building was performed with O (21).
The stereochemical quality of the model was monitored
periodically using the program Procheck (22). After modeling
of the protein structure, water molecules were automatically
picked out using CCP4 (23). Sulfate ions were modeled into
the obvious tetrahedral-shaped electron density in the solvent.

Kinetic Assays.The following antibiotics and chemicals
were used for kinetic assays. Benzylpenicillin (∆ε233 )
-1140 M-1 cm-1), cephalothin (∆ε262 ) -7660 M-1 cm-1),
and cephaloridine (∆ε260 ) -10200 M-1 cm-1) were
purchased from Sigma Chemical Co. (St. Louis, MO);
nitrocefin (∆ε482 ) 10000 M-1 cm-1) was from Unipath
Oxoid (Basingstoke, U.K.). Imipenem (∆ε278 ) -5660 M-1

cm-1) and cefoxitin (∆ε270 ) -8380 M-1 cm-1) were gifts
from Banyu Pharmaceutical Co. Ltd. (Tokyo, Japan); moxa-
lactam (∆ε275 ) -7960 M-1 cm-1), cefcapene (∆ε262 )
-8500 M-1 cm-1), S1090 (∆ε296 ) -7760 M-1 cm-1), and
S4661 (∆ε298 ) -9540 M-1 cm-1) were from Shionogi &
Co. (Osaka, Japan); cefdinir (∆ε310 ) -5390 M-1 cm-1) and
ceftizoxime (∆ε257 ) -7500 M-1 cm-1) were from Fujisawa
Pharmaceutical Co. (Osaka, Japan); cefotaxime (∆ε264 )
-7250 M-1 cm-1) was from Aventis Pharma (Tokyo, Japan);
piperacillin (∆ε232 ) -1640 M-1 cm-1) was from Toyama
Chemical Co. (Tokyo, Japan); meropenem (∆ε298 ) -9530
M-1 cm-1) was from Sumitomo Pharmaceutical Co. (Osaka,
Japan); cefpodoxime (∆ε261 ) -8500 M-1 cm-1) was from
Sankyo Co. (Tokyo, Japan); faropenem (∆ε305 ) -2950 M-1

cm-1) was from Suntory (Tokyo, Japan); ceftadizime (∆ε265

) -10300 M-1 cm-1) and clavulanic acid were from
GlaxoSmithKline K.K. (Tokyo, Japan); cefepime (∆ε267 )
-9120 M-1 cm-1) was from Bristol Pharmaceutical Co.
(Tokyo, Japan); aztreonam (∆ε318 ) -650 M-1 cm-1) was
from Eisai Co. (Tokyo, Japan); sulbactam was from Pfizer
Pharmaceutical Inc. (Tokyo, Japan); tazobactam was from
Taiho Pharmaceutical Co. (Tokyo, Japan). The structures of
several antibiotics are shown in Figure 6.

Hydrolysis ofâ-lactam antibiotics was detected by moni-
toring the variation in the absorbance ofâ-lactam solution
in 50 mM phosphate buffer (pH 7.0). All measurements were
made on a Uvikon 860 spectrophotometer linked to a
personal computer. The reaction was performed in a total
volume of 500µL at 30 °C. For dilution of the enzyme,

Table 1: Data Collection and Processing

wavelength (Å) 1.0
temperature (K) 100.0
space group P3221
unit cell (Å) a ) b ) 73.3,c ) 99.4
resolution range (Å) 23.8-1.65 (1.74-1.65)a

observations 631678 (55893)
unique reflections 36271 (5246)
completeness (%) 100.0 (99.9)
averageI/σ(I) 7.3 (6.0)
Rmerge

b (%) 7.2 (10.2)
a Values in parentheses refer to the highest resolution shell.b Rmerge

) ∑i|Iav - Ii|/∑i|Ii|, whereIav is the average of all individual observations
Ii.
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BSA was added to the buffer in the final concentration of
20 µg/mL to prevent denaturation of the enzyme. The
reaction is described by the model:

where E is the enzyme, S is the substrate, ES is the
noncovalent Michaelis complex, E-S* is the acyl-enzyme
intermediate, and P is the inactive degradation product of
the substrate. The steady-state kinetic parameters were
determined by analyzing the complete hydrolysis time
courses as described by De Meester et al. (24) or using the
Hanes linearization of the Michaelis-Menten equation. The
characteristic steady-state parameters derived from the model
are

and

where

The progress curves were measured at least three times
for each substrate, and reproducible results were obtained.

RESULTS

Structure Determination.The refined structure of the wild-
type Toho-1 â-lactamase is well-defined except for the
N-terminal methionine at position 26 inserted for overex-
pression. The amino acid numbering used in this study
follows the consensus numbering of Ambler et al. (2). The
secondary structural elements are labeled according to the
notations used for the E166A mutant (19). The model
includes 261 amino acid residues, 284 water molecules, and
8 sulfate ions. The final model is refined to anR factor of
18.2% and aRfree factor of 19.7% at 1.65 Å resolution. The
refinement results are summarized in Table 2.

OVerall Structure. The overall structure of wild-type
Toho-1 consists of two domains: anR/â domain and anR
domain, as seen for the other class Aâ-lactamases. The root-
mean-square deviation (rmsd) values for CR atoms of Toho-1
from other structure-solved enzymes are listed in Table 3.
The structure is essentially the same as that of the Toho-1
E166A mutant (Figure 1). The rmsd value between wild-
type Toho-1 and the E166A mutant is 0.274 Å for CR atoms
and 0.621 Å for all atoms. A difference is observed around
residue 166, which is glutamate in the wild-type enzyme but
alanine in the E166A mutant. In the wild-type enzyme, the
Ω loop, which contains Glu166 and forms the bottom wall
of the active site, moves outward slightly to widen the active
site cavity. When the structures of the wild-type enzyme and
the mutant are superimposed, the distance between CR atoms
is 0.54 Å at position 166, 0.79 Å at position 104, 0.75 Å at
position 165, and 0.33 Å at position 170. The shift of theΩ
loop is caused by steric constraint between Glu166 and the
neighboring residues and by the existence of water molecules
Wat41 and Wat185 near the carboxyl group of Glu166. In
comparison with other structure-solved class A enzymes, the
smallest CR difference (rmsd of 0.706 Å) is observed
between Toho-1 andProteusVulgaris K1 â-lactamase, an
ESBL that is highly homologous to Toho-1 with 70% identity
in the amino acid sequence (25).

AlternatiVe Conformations.Alternative conformations are
assigned to the side chains of the residues at positions 73,
94, 146, 153, 197, 201, and 218. Lys73 is in the active site,
being thoroughly conserved in all of the known class A
enzymes (Figure 2a) (1, 2). Arg94, Asp146, Arg153, Lys197,
and Glu201 are on the protein surface of theR domain, far
from the active site. Ser218 is positioned on the top edge of
the active site cleft.

Two alternative conformations of the Lys73 side chain
are designated as conformation 1 and conformation 2 (Figure
3). In conformation 1, the side chain of Lys73 points toward
Glu166, with the Nú atom hydrogen-bonded to Glu166 Oε1,
Ser70 Oγ, Asn132 Oδ1, and a water molecule Wat185. In
conformation 2, the ammonium group of Lys73 points toward
the hydroxyl group of Ser130, with the Nú atom hydrogen-
bonded to Ser130 Oγ, Ser70 Oγ, and Asn132 Oδ1. Con-
formation 1 is predominant in Toho-1, with an occupancy
of 0.70. TheB factors of Lys73 side-chain atoms are not
high, and even lower than the averageB factor for all side
chains, suggesting that Lys73 prefers to take either one of
the two conformations observed in this structure, rather than
to be completely flexible. In the Toho-1 E166A mutant
structure, the Lys73 conformation is largely analogous to
conformation 2 (Figure 4). It indicates that the existence of
the glutamate at position 166 strongly affects the conforma-
tion of Lys73, with considerable interaction between these
two residues. Comparison of the Toho-1 structure with other
class A enzymes shows that the Lys73 side chain takes a
conformation similar to conformation 2 in most class A
â-lactamases (Table 3). The exceptions areStaphylococcus
aureusPC1 â-lactamase andP. Vulgaris K1 â-lactamase,
which have Lys73 side chains in a conformation resembling
conformation 1 (Figure 4) (25, 26). In the case ofBacillus
licheniformis749/Câ-lactamase, twoâ-lactamase molecules
in an asymmetric unit exhibit slightly different Lys73
conformations, and the Lys73 side chain of molecule B takes
a form more similar to conformation 1 than that of molecule

Table 2: Refinement Statistics

resolution range (Å2) 20-1.65 (1.73-1.65)a

R factorb (%) 18.2 (20.5)
Rfree factorc (%) 19.7 (23.2)
averageB factors (Å2)

whole structure 11.1
main chain 8.0
side chain 11.2
solvent 21.0

rmsd from ideal values
bonds (Å) 0.009
angles (deg) 1.40

a Values in parentheses refer to the highest resolution shell.b R )
∑|Fo - Fc|/∑|Fo|, whereFo and Fc are the observed and calculated
structure factor amplitudes.c Rfree ) ∑|Fo - Fc|/∑|Fo|, calculated using
a test data set of 10% of the total data randomly selected from the
observed reflections.

E + S 798
k+1

k-1
ES98

k+2
E-S* 98

k+3
E + P

kcat )
k+2k+3

k+2 + k+3

Km )
k+3K

k+2 + k+3

K )
k-1 + k+2

k+1
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A (Figure 4) (27). The conformation of Lys73 is not
necessarily correlated with any particular crystallization
condition: Toho-1, theâ-lactamase fromS. aureusPC1, and
the â-lactamase fromB. licheniformis 749/C were all
crystallized using ammonium sulfate as a precipitant, while
the crystals of theâ-lactamase fromP. Vulgaris K1 were
obtained using PEG 6000. Similarly, no clear correlation was
observed between the pH conditions for crystallization and
the conformation of Lys73: Toho-1,S. aureusPC1â-lac-
tamase,P. Vulgaris K1 â-lactamase, andB. licheniformis
749/Câ-lactamase were crystallized at around pH 6.0, 8.5,
6.25, and 5.5, respectively. Theâ-lactamases listed in Table
3 were crystallized in a wide range of pH from 4.5 to 8.5.

The electron density map suggests that the side chains of
Ser237 may also have alternative conformations. In the
model, the hydroxyl group of Ser237 points into the active
site cavity, hydrogen-bonding to the sulfate ion SO41 (Figure
3). Although the density is not clear enough to build a model
for the second conformation, the map intimates that the side
chain of Ser237 might rotate toward the N-terminal side of
the B3 strand (Figure 2b).

Water Molecules in the Vicinity of Glu166.Two water
molecules, Wat41 and Wat185, are located in positions close
to the carboxyl group of Glu166, at distances from Glu166
Oε1 of 2.69 and 2.66 Å, respectively (Figure 3), though no
hydrogen bonds are formed between Glu166 and these water

Table 3: Comparison of Lys73 Configuration for Toho-1 and Other Class Aâ-Lactamases

distance to K73 Nú (Å)d

enzyme
identitya

(%) PDBb
rmsd
(Å)c S70 Oγ S130 Oγ N132 Oδ1 E166 Oε1 Wat185 O

Toho-1 (C1)e 2.71h 3.99 2.92h 2.75h 3.06h

Toho-1 (C2)f 2.93h 2.70h 3.06h 4.36 4.72
E166A 1BZA 0.274 2.92h 3.14h 2.76h

K1g 71.5 1HZO (a) 0.706 2.77h 3.97 2.95h 2.91h 2.84h

MYC 44.3 1MFO 2.015 2.89h 3.27 2.98h 3.26
PER-1 25.4 1E25 2.667 2.75h 3.62 2.68h 3.55
PC1 35.1 3BLM 1.950 2.54h 3.71 2.69h 2.83h 3.86h

TEM-1 38.3 1BTL 2.101 2.90h 4.17 2.97 3.42
SHV-1 39.3 1SHV 2.344 2.84h 3.82 3.28 3.28
BLICHg 41.2 4BLM (a) 1.213 2.83h 3.13h 2.56h 3.37

4BLM (b) 1.218 2.52h 3.24h 2.58 3.08h 3.62
ALBS 42.0 1BSG 1.224 2.77h 3.28 2.85h 3.27
BS3g 40.9 1I2S (a) 0.948 2.69h 3.08h 2.86h 3.42
NMC-A 49.0 1BUE 1.470 2.88h 3.13h 2.79h 3.44
SME-1g 46.9 1DY6 (a) 1.424 2.81h 3.04h 2.63h 3.37
a To amino acid sequence of Toho-1â-lactamase.b PDB entry code; letters in parentheses indicate the molecule coordinate used in distance

measurement.c rmsd from Toho-1 for all CR atoms.d Distance between Lys73 Nú and S70Ãγ, S130 Oγ, N132 Oδ, E166 Oε1, and a water
molecule corresponding to Wat185 O in Toho-1.e C1 denotes conformation 1 of the Lys73 side chain.f C2 denotes conformation 2 of the Lys73
side chain.g Enzymes with two molecules in an asymmetric unit according to X-ray structural analysis, where (a) denotes the structure of the A
molecule and (b) denotes the structure of the B molecule in each coordinate file. Enzymes: E166A, Toho-1 E166A mutant; K1, ESBL fromP.
Vulgaris K1; MYC, Mycobacterium fortuitum; PER-1,Pseudomonas aeruginosa; PC1,â-lactamase fromS. aureusPC1; TEM-1,E. coli; SHV-1,
Klebsiella pneumoniae; ALBS, S. albusG; BS3,B. licheniformisBS3; BLICH,B. licheniformis749/C; NMC-A, carbenicillinase fromEnterobacter
cloacae; SME-1,Serratia marcescens. h Denotes the hydrogen-bonding distance between Lys73 Nú and each atom.

FIGURE 1: Stereoview of superimposed structures of wild-type Toho-1 and the E166A mutant. Bonds between CR atoms in the wild-type
enzyme are shown as solid lines, and those of the E166A mutant are shown as broken lines. Several residues mentioned in this study and
the eight sulfate ions (SO41-SO48) observed in the wild-type enzyme are shown. The figure was generated using Molscript (54).
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molecules. Wat41 is hydrogen-bonded to Ser70 Oγ, the
backbone N of Ser70, and Asn170 Oδ1, and Wat185 is
hydrogen-bonded to Ser72 Oγ and Nú of Lys73 in confor-
mation 1. No corresponding water molecules were observed
in the structure of the E166A mutant, indicating the necessity
of the Glu166 side chain to retain these water molecules. A
water molecule corresponding to Wat41 exists in all the class
A â-lactamase structures with the sole exception of Sme-1
and is regarded as a hydrolytic water molecule that is
essential in the deacylation reaction (25-34). Among the
class A enzymes, water molecules equivalent to Wat185 are
only found in S. aureusPC1 â-lactamase,P. Vulgaris K1

â-lactamase, and molecule B ofB. licheniformis 749/C
â-lactamase (27). In these enzymes, the conformation of the
Lys73 side chain is identical or similar to conformation 1
(Figure 4). Thus, the second water molecule appears to
require the Lys73 side chain to take conformation 1, in which
the side chain is hydrogen-bonded to this water molecule.

Disposition of Sulfate Ions.Eight sulfate ions are modeled
in the structure of Toho-1 (Figure 1). This model includes a
much larger number of sulfate ions than the E166A mutant
structure, in which only two sulfate ions are positioned. This
difference is expected to follow simply from the difference
in resolution or possibly from the difference in the quality

FIGURE 2: 2Fo - Fc electron density map around (a) Lys73 and (b) Ser237 at a contour level of 2σ. The map was calculated using the
program CNS (20), omitting the side chain of Lys73 and Ser237. The figures were generated using Bobscript (55) and Raster3D (56, 57).

FIGURE 3: Stereoview of active site residues in the vicinity of Lys73. Hydrogen bonds are highlighted by dashed lines. Hydrogen bonds
formed between Lys73 and other atoms in conformation 2 are indicated in red. The figure was generated using Molscript.
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of the crystals used for analysis. Of the eight sulfate ions,
three sulfate ions, SO41, SO42, and SO43, are positioned
in or near the active site cavity (Figures 1 and 5). SO41 is
bound at the center of the active site, hydrogen-bonded to
Ser70 Oγ, Ser130 Oγ, and Ser237 Oγ. In most structures
of class Aâ-lactamases crystallized with ammonium sulfate
as a precipitant, including the E166A mutant of Toho-1, a
sulfate ion has been observed in the position equivalent to
SO41 (19, 26, 28, 31, 33). Superimposing the Toho-1
structure on the structures of the acyl-enzyme complexes
reveals that SO41 is in a position corresponding to the C3
(penicillins) or C4 (cephalosporins) carboxyl group of the
substrates in the acyl-enzyme (35-37).

SO42 and SO43 are bound to the positively charged region
formed by two arginine residues at positions 274 and 276
(Figure 5). Arg274 is unique to Toho-1, whereas the Arg/
Lys residue at position 276 is highly conserved in the CTX-
M-type enzymes (28, 38).

Kinetic Study.The steady-state kinetic parameterskcat and
Km were determined for a set of goodâ-lactam substrates
(Table 4). The data indicated that the Toho-1â-lactamase
exhibited a broad-spectrum activity profile. The enzyme was
active against both penicillins and cephalosporins. The best
substrates of the Toho-1â-lactamase were the first-generation
cephalosporins such as cephalothin and cephaloridine. Ce-
fotaxime was also a good substrate of Toho-1, but ceftazi-

dime was poorly hydrolyzed by this enzyme. This can be
attributed mainly to the largeKm value (Km ) 7.9 mM).
Comparison of the kinetic constants of cephaloridine and
ceftazidime indicates that the presence of a bulky carboxy-
propioxyimino group on the 7â lateral chain affects the
efficiency of theâ-lactamase. Interestingly, newâ-lactam
compounds such as cefdinir, cefcapene, cefepime, and S1090
(fourth-generation cephalosporins) behaved as good sub-
strates of Toho-1. Among the mechanism-based inactivators,
sulbactam was also a good substrate of Toho-1. Cefoxitin
(a cephamycin) and moxalactam (an oxacephem) were poor
substrates, and interaction with Toho-1 led to the formation
of a rather stable acyl enzyme, characterized by a deacyla-
tion-limiting step and by low acylation efficiency (k2/K <
800 M-1 s-1) (Table 5). All tested carbapenems behaved as
poor substrates of Toho-1, with meropenem exhibiting the
highest acylation efficiency (k2/K ) 105 M-1 s-1). Interest-
ingly, all deacylation rate constants andKm values were very
low. Finally, tazobactam behaved as a poor inactivator of
Toho-1, with an acylation efficiency of 450 M-1 s-1.

DISCUSSION

AlternatiVe Conformations of Lys73.As a whole, the active
site structure of Toho-1 is quite similar to that of other class
A â-lactamases. The most significant exception is the
conformation of Lys73. The present structural analysis
revealed the existence of alternative conformations of Lys73
for the first time among class Aâ-lactamases. Although a
number of previous structural and mutagenesis studies have
indicated that Lys73 is expected to play a critical role in

FIGURE 4: Comparison of Lys73 conformations. Structures of
several enzymes listed in Table 3 are superimposed. The model of
wild-type Toho-1 enzyme is depicted with the same color code as
in Figure 3, with the E166A mutant rendered in cyan,â-lactamase
from P. Vulgaris K1 in blue, â-lactamase fromS. aureusPC1 in
green, TEM-1 in yellow, molecule A ofB. licheniformis749/C in
red, and molecule B in pink. Hydrogen bonds formed between
Lys73 Nú and other residues are indicated by black broken lines
for the wild-type Toho-1 enzyme and with broken lines of the
corresponding color for otherâ-lactamases. The hydrogen bond
between Lys73 Nú and Ser70 Oγ was omitted in all structures for
convenience.

Table 4: Kinetic Parameters of Toho-1 against Various Antibiotics

class (generation)a antibiotic
kcat

(s-1)
Km

(µM)
kcat/Km

(µM-1 s-1)

penicillin benzylpenicillin 68 23 3.0
piperacillin 13 8.0 1.7

cephalosporin (1) nitrocefinb 160 59 2.7
cephaloridine 200 280 0.7
cephalothin 480 39 12

cephalosporin (3) cefotaxime 250 120 2.1
ceftazidime 21 7900 0.0013
ceftizoxime ND NDc 0.12
cefpodoxime ND NDc 0.11

cephalosporin (4) cefepime ND NDc 0.068
cefdinir 2.1 1.4 1.5
cefcapene 100 46 2.2
S1090 21 3.8 5.5

inhibitor sulbactam 0.18 0.31 0.58
a Generation of cephalosporins is indicated in parentheses.b Clas-

sified as first generation according to structure.c Too high to determine.

Table 5: Kinetic Parameters of Toho-1 against Poor Substrates and
Inhibitors

classa antibiotics
Kcal

b

(µM)
k+2

(s-1)
k+3

(s-1)
k+2/K

(M-1 s-1)

cephamycin cefoxitin 8 ND 6.1× 10-3 760
oxacephem moxalactam 20 ND 5.0× 10-3 250
carbapenem imipenem 2.4c ND 5.6× 10-3 2250

meropenem 0.09c ND 8.9× 10-3 1.0× 105

faropenem 0.01 ND 9.6× 10-3 1900
S4661 0.36 ND 4× 10-3 1.1× 104

inhibitor tazobactam ND ND ND 450
a Generation for cephems.b K calculated from measured values.

c Measured asKi value in competition experiments.
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catalysis, the role of Lys73 remains unclear (3, 39). Kinetic
analysis of the K73R mutant ofBacillus cereus569/H
â-lactamase I and the K73A mutant ofB. licheniformis
â-lactamase showed that Lys73 was involved both in
acylation and in deacylation (40, 41), and it was concluded
that Lys73 would work to maintain an optimum electrostatic
environment for fully efficient catalytic reaction, not as a
general base. On the other hand, structural analysis of the
acyl-enzyme suggested the role of Lys73 as a candidate of
the general base to accept a proton from Ser70 prior to
acylation (35). To function as a general base, Lys73 should
be in an unprotonated state; however, the protonation state
of this residue remains controversial (42, 43).

The role of Glu166 in acylation is also uncertain, while it
is known to act as a general base in deacylation (35, 44).
Precise mutagenesis studies showed that the replacement of
Glu166 caused a drastic decrease in both the acylation and
deacylation rates (39, 40, 45). The high-resolution structure
of TEM-1 â-lactamase complexed with an acylation transi-
tion-state analogue revealed that the Glu166 side chain was
protonated, which proposed that Glu166 activated Ser70 via
a catalytic water molecule in acylation (46). Through
structural analysis of the E166A mutant ofB. licheniformis
â-lactamase, it was found that removal of the Glu166 side
chain did not change the conformation of Lys73. It suggested
the existence of no strong salt bridge between Glu166 and
Lys73, precluding the possibility of proton transfer between
the two in the acylation process (47). In Toho-1, removal of
the Glu166 side chain changes the position of Lys73
significantly. Conformation 1 of Lys73 indicates possible

proton transfer between Lys73 and Glu166; conformation
2, between Lys73 and Ser130. Considering the present
structural analysis and the results of previous studies, we
speculate that there are several proton-relay pathways in
acylation and that Lys73 would be involved in proton transfer
in at least some of these pathways. Two possible speculated
proton-transfer pathways in acylation are as follows: (1) after
proton transfer from the Lys73 ammonium group to the
Glu166 carboxylate, the unprotonated Lys73 would act as a
general base to activate Ser70, or (2) the substrate carboxylate
oxygen would accept a proton from the hydroxyl group of
Ser130, which, then unprotonated, would accept a proton
from Lys73, and finally the neutralized Lys73 would activate
Ser70, as proposed by Ishiguro et al. (48). Proton relay
involving Ser130 might represent a secondary pathway, or
a water molecule might substitute for Ser130. This follows
from the observation that mutants of theStreptomyces albus
G enzyme with Ser130 replaced with alanine or glycine
retained significant activity (49). Although this structural
analysis has indicated the possibility of various proton-
transfer pathways in catalysis, further research that directly
shows the protonation state of these residues in each step of
catalysis will be necessary before any concrete conclusions
can be drawn.

The difference in Lys73 conformation observed among
the structure-solvedâ-lactamases might reflect some subtle
but significant differences in the active site properties (Table
3). The conformation of Lys73, together with the existence
of the second water molecule in the active site, implies that
Toho-1,P. Vulgaris K1 â-lactamase,S. aureusPC1â-lac-

FIGURE 5: Sulfate ions binding near the active site. (a) Surface representation of the active site cleft. The transparent surface is colored
according to the electrostatic potential from-30 kT (red) to+30 kT (blue). Backbones of the protein are shown as coils, and side chains
within 1.5 Å of the protein surface are indicated. Water molecules are depicted in red, and sulfate ions are illustrated with green S atoms
and magenta O atoms. (b) Stereoview of sulfate ion binding site near the catalytic cleft. Hydrogen bonds are indicated by dashed lines. The
surface potential was calculated by GRASP (58).
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tamase, and possiblyB. licheniformisâ-lactamase share a
common active site environment. As theâ-lactamase from

P. Vulgaris K1 is an ESBL highly homologous to Toho-1,
one of the necessary conditions for extending the substrate

FIGURE 6: Structures of selectedâ-lactam antibiotics used in this study.
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specificity of CTX-M-type ESBLs might be to maintain
conformation 1 of Lys73, although this could not be the sole
condition.

The Role of Water Molecules in the Vicinity of Glu166.
From the comparison of the structures between wild-type
Toho-1 and the E166A mutant, we speculate that Glu166 is
necessary to retain Wat41 and Wat185, though there is no
hydrogen bond formation between Glu166 and these water
molecules. We presume that the existence of glutamate at
position 166 might affect the active site environment to retain
these water molecules. Since the distance between Glu166
and these water molecules is sufficiently short, a slight
movement of Glu166 and/or water molecules might be
sufficient to form the hydrogen bonds, thus allowing Glu166
and these water molecules to participate in the proton
transfer.

The Role of Ser237.In the Toho-1 structure, the hydroxyl
group of Ser237 points into the active site cavity. It is
hydrogen-bonded to sulfate ion SO41, which is suggested
to correspond to the C3 (penicillins) or C4 (cephalosporins)
carboxylate group ofâ-lactam antibiotics. This interaction
is suggestive of the direct participation of Ser237 in substrate
binding. Position 237 is occupied by alanine in many class
A â-lactamases but is populated with serine or threonine in
the CTX-M-typeâ-lactamases, carbenicillinases, and several
otherâ-lactamases (28, 38). The crystal structures of several
enzymes with Ser/Thr at position 237 have been solved, and
in all of these structures except Toho-1, it is found the
hydroxyl group of Ser237 points toward the direction of the
N-terminus of the B3 strand, not toward the active site. For
example, the Ser237 side chain ofP. VulgarisK1 â-lactamase
is hydrogen-bonded to water molecule Wat547 overâ-sheet
B3. In the carbapenemases Sme-1 and NMC-A, the hydroxyl
group of Ser237 is hydrogen-bonded to the side chain of
Arg220, which is a site often occupied by a serine residue
in CTX-M-type enzymes (29, 30). The unique conformation
of Ser237 observed in Toho-1 appears to be caused by the
existence of sulfate ion SO41 bound in the center of the
active site, which is absent in the other structure-solved
enzymes with Ser/Thr at position 237. From comparison of
the crystal structures and the corresponding crystallization
conditions, the side chain of Ser237 is considered to rotate
as the sulfate ion and possibly substrate bind to the catalytic
site. The S237A mutant ofP. Vulgaris K1 â-lactamase has
been shown to retain its penicillinase activity, whereas the
cephalosporinase activity, particularly for oxyimino cepha-
losporins, decreased dramatically, mainly due to the decrease
in kcat (50). Taken together, the hydroxyl group of Ser237 is
hypothesized to be hydrogen-bonded to the C3 (penicillins)
or C4 (cephalosporins) carboxyl group of substrate in the
formation of the Michaelis complex and to change confor-
mation as the carboxylate of the substrate changes position.
The hydroxyl group might be involved in the exact position-
ing of the substrates in the hydrolytic reaction, particularly
oxyimino cephalosporins. In the hydrolysis of carboxypro-
pylimino cephalosporins, the carboxyproxylimino group
might inhibit the proper functioning of Ser237, resulting in
the apparently smallkcat and largeKm obtained in kinetic
analysis.

Disposition of Sulfate Ions.The structural analysis of
Toho-1 reveals that SO42 and SO43 are bound to the
positively charged region formed by two arginine residues,

Arg274 and Arg276 (Figure 5). Toho-1 mutants with Arg274
and/or Arg276 replaced with nonpositively charged residues
exhibited an approximately 50% decrease inkcat/Km for the
third-generation cephems, yet without obvious change for
penicillins and first-generation cephems (unpublished data).
The substitution of asparagine for arginine at position 276
of the ESBL CTX-M-4 resulted in lower resistance to
oxyimino cephalosporins, whereas the level of resistance to
penicillins remained unchanged (51). Considering these
results and the fact that the arginine residue at position 276
is highly conserved in CTX-M-type enzymes, this positively
charged region is speculated to function as a pseudo-
substrate-binding site that would interact with the methoxy-
imino group of cefotaxime and other third-generation
cepharosporins prior to binding in the active site. This region
may also help to lead the substrate into the final binding
position or facilitate binding to the active site.

Substrate Profile of Toho-1.It is the characteristic of
Toho-1 and other CTX-M-type ESBLs to hydrolyze third-
generation cephalosporins effectively (9-15). Toho-1 hy-
drolyzes ceftazidime far less efficiently than third-generation
cephalosporins with a methoxyimino group in the 7â side
chain. The size and constitution of the 7â side chain therefore
appear to be critical in the processes of substrate binding
and hydrolysis. The bulky carboxypropoxyimino group in
the 7â side chain may cause steric conflict or unfavorable
electrostatic interaction and/or repulsion with the enzyme.

Toho-1 exhibited very low activity for cefoxitin, a second-
generation cephamycin, probably due to the 7R-methoxy
group. As shown in the structural analysis of theâ-lactamase
from B. licheniformisBS3, the 7R-methoxy group would
cause a conformational change of the 7â side chain,
eliminating the hydrolytic water molecule and changing the
conformation of theΩ loop, both essential in hydrolysis (52).
Moxalactam, an oxacephem with a 7R-methoxy group, might
also react in a similar fashion, resulting in the accumulation
of acyl intermediates and thus inactivation of the enzyme.

Toho-1 exhibited high affinity and detectable activity
against carbapenems, with smallKi and kcat values. This
suggests the possibility that Toho-1-like enzymes acquire
higher carbapenemase activity with evolution. In the struc-
tures of carbapenemases NMC-A and Sme-1, several unique
features differing from Toho-1 and other class Aâ-lacta-
mases are observed. First, a disulfide bridge exists between
Cys69 and Cys238, resulting in reorientation of the main-
chain carbonyl O atom at position 238 toward the active site
cavity. This disulfide bridge has been shown through analysis
of the Cys69Ala mutant to be critical in catalysis and/or
structural stability, as indicated by the full susceptibility of
the strain producing the mutant to imipenem and all other
antibiotics (29). Second, possibly as a consequence of the
disulfide bond, the main-chain conformation from residue
238 to residue 240 in theâ-strand B3 differs markedly from
that of other class A enzymes, resulting in an increase in
the space available between theΩ loop and the B3 strand.
Third, the hydroxyl group of Ser237 points toward the
ammonium group of Arg220, which is well conserved in
carbapenemases. The Ser237 Ala mutant of Sme-1 exhibited
significantly lower activity against imipenem (53), indicating
that this conformation of Ser237 might be critical in
carbapenemase activity. Mutation would occur in these
regions if Toho-1-type enzymes obtained higher carbapenem-
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hydrolyzing activity, although it is still not clear how these
structural features are correlated with carbapenemase activity.

â-Lactamase inhibitors such as clavulanic acid, sulbactam,
and tazobactam are known mechanism-based inactivators of
class A enzymes. Thekcat value for sulbactam could be
calculated, and the MIC value for sulbactam/cefoperazone
was not small (data not shown). Toho-1 therefore appears
to have acquired resistance against sulbactam. Toho-1
mutants with stronger resistance against sulbactam and other
inhibitors might appear in the future.
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