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Akiko Shimizu-lbuka,*® Hiroshi Matsuzawd,and Hiroshi Sak&i

Department of Food and Nutritional Sciences, bsity of Shizuoka, 52-1 Yada, Shizuoka 422-8526, Japan, and Department
of Clinical Pharmacy, Faculty of Pharmaceutical Sciences, Aomorélsity, 2-3-1 Kohbata, Aomori 030-0943, Japan

Receied July 15, 2004; Résed Manuscript Receed September 29, 2004

ABSTRACT. Previous crystallographic structural analysis of extended-spegitactamase Toho-1 predicted

that the high flexibility of/3-strand B3, the region that contains a conserved KTG motif and forms one
wall of the substrate-binding site, could be one of the key features contributing to Toho-1 activity toward
third-generation cephalosporins. To investigate whether this possible flexibility really affects the substrate
profile of this enzyme, two Toho-1 mutants have been produced, G238C and G238C/G239in, in which
the glycine residue at position 238 was replaced with a cysteine and an additional glycine residue was
inserted. Our intent was to introduce a disulfide bond between the cysteine residues at positions 69 and
238, and thus to lock the position gfstrand B3. The results of 3;8ithiobis(2-nitrobenzoic acid) (DTNB)
titration indicated formation of a new disulfide bridge in the G238C mutant, although disulfide bond
formation was not confirmed in the G238C/G239in mutant. Kinetic analysis showed that the activity of
the G238C mutant decreased drastically against third-generation cephalosporins, while its catalytic efficiency
against penicillins and first-generation cephalosporins was almost identical to that of the wild-type enzyme.
This result was consistent with the prediction that flexibilityskstrand B3 was critical for activity against
third-generation cephalosporins in Toho-1. Furthermore, we have determined the crystal structure of the
G238C mutant enzyme to analyze the structural changes in detail. The structural model clearly shows the
introduction of a new disulfide bridge and that there is no appreciable difference between the overall
structures of the wild-type enzyme and the G238C mutant, although the introduced disulfide bond slightly
influenced the positions of Ser237 grstrand B3 and Asn170 on tif¢ loop. The results of our kinetic

and structural analyses suggest that the flexibilitpeftrand B3, as well as the positions of Ser237 and

the Q loop, is critical for the substrate specificity expansion of Toho-1.

p-Lactamases, enzymes that confer bacterial resistance tspectrum activity results from a few point mutations in the
pB-lactam antibiotics, are organized in four classes-[8, penicillinases such as TEM-1 and SHV4S, 6). The other
according to amino acid sequence and substrate specificitysubgroups consist of novel ESBLs distantly related to the
(1, 2). Among them, class A-lactamases are most frequently  previously identified class £-lactamases). One subgroup
encountered in clinical isolates, often being encoded by genesncludes a cluster of enzymes known as CTX-M-type
located on transferable plasmids and exhibiting diverse -lactamases, whereCTX refers to their powerful spectrum
substrate profiles3). Class A enzymes were originally for hydrolysis of cefotaxime4, 7).
labeled as penicillinases on the basis of their substrate Toho-1 is a class A ESBL that is a member of the CTX-M
specificity. However, the number of class A enzymes with subgroup based on its substrate profile and amino acid
activity to hydrolyze expanded-spectrum cephalosporins hassequence. Previous structural analysis of Toho-1 noted that
increased dramatically as the frequency of clinical use of several features seemed to provide the activity toward third-
new-lactam antibiotics has increase] §). These enzymes  generationf-lactams to this enzyme8). One of these
with broad substrate specificity are known as extended- features was higher flexibility g8-strand B3, which contains
spectrum f-lactamases (ESBLS),and they are further a conserved KTG motif and forms one wall of the active
classified into several subgroup4).(The largest subgroup  site cleft. To investigate whether this possible flexibility
is that of non-ESBL derivatives, in which the extended- really has any effect on the substrate specificity of Toho-1,

we have produced two mutants, G238C and G238C/G239in.

*The atomic coordinates of the Toho-1 G238C mutant have been Our intent Was t_O lOCK_;'Strand B3 into place by, ierdL,thion

deposited in the Protein Data Bank as entry 1WE4. of a new disulfide bridge between the cysteine residues at
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glycine residue at position 238 was replaced with a cysteine purified by ion exchange chromatography on a CM-Toyo-
and an additional glycine residue was inserted at position pearl column (Tosoh) in 20 mM MES buffer (pH 6.5), and
239. In designing this mutant, we referred to the amino acid then was eluted wit a 0 t00.15 M NacCl linear gradient.
sequences of class A enzymes with carbapenem-hydrolyzingThe purity of the enzyme was assessed to be more than 95%
activity, many of which are known to have a disulfide bridge by Coomassie blue staining after SBSolyacrylamide gel
between Cys69 and Cys238, though the role of the disulfide electrophoresis.
bond in their substrate specificity is still uncle®—13). Thiol Titration with DTNB.The free thiol content was
These mutants have been analyzed both kinetically a“danalyzed by reaction with DTNB\ea1, = 13 700 M cm2)
structurally, and the results suggest that the flexibility of (17). Each of the wild-type and mutant Toho-1 enzyme
B-strand B3, together with the positions of Ser237 and the go|ytions was prepared either under native conditions in 0.1
Q loop, is critical for the hydrolysis of the expanded- n Tris-HClI (pH 8.0) or under a denatured and reduced
spectrum substrates. condition in 0.1 M Tris-HCI (pH 8.0) containgi6 M GuHCI
and 25 mM DTT. All of the fractions were incubated at 25

MATERIALS AND METHODS °C for 1 h. The buffer was then exchanged with 0.1 M

Bacterial Strains and Plasmids. Escherichia csfiains ~ S0dium acetate (pH 5.5) using a Microcon 10 concentrator
CJ236 futl ungl thi-1 relAl/pCJL05(F cani)], MV1184 (Amicon) to remove excess DTT. The \{olume of ea}ch 50
[ara, A(lac-proAB), rpsL, thi (#801acZ AM15), A(srl-recA)- uL sample was increased to 500 to contain 0.1 M sodium
306:: TrL0(tet)/F[traD36, proAB', lac | 9 lacZAM15]], and ~ Phosphate buffer (pH 7.35 M GuHCI, and 1 mM EDTA;
BLZl(DE3)pLYSS [F— dem omg hsds (rs"mg”) gal 25 ub of 3 mM DTNB in 0.1 M sodium phosphate buffer
J(DE3) pLysS(Carf)] were used for site-directed mutagen- (pH 7.3) was added to each sample, and the absorbance at
esis, subsequent genetic constructions, and overproductiond12 M was measured at 26.
of proteins, respectively. The Toho-1 gene was cloned and Circular Dichroism (CD) Spectroscopiyrhe CD spectra
sequenced as described previousi4)( A previously were measured with a J720 spectropolarimeter (Jasco, Tokyo,
constructed plasmid, pET-bla, was used for the overexpres-Japan) equipped with a thermoelectric temperature control.
sion of wild-type Toho-1 15). Solutions with a protein concentration of 0:20.20 mg/

Site-Directed Mutagenesi§he mutants were constructed ML in' 5 mM sodium phosphate buffer (pH 7.0) were placed
by site-directed mutagenesis using the Kunkel method with in 1 mm quartz cuvettes for far-UV experiments (wave-
the MUTA-GENE in vitro mutagenesis kit (Bio-Rad, Carls- lengths of 185250 nm). The spectra were recorded every
bad, CA) (L6). For mutagenesis, the pre119PA plasmid, in 0.1 hm with scan rate of 20 nm/min at 26, and averaged
which the gene encoding the wild-type Toho-1 enzyme was OVer four runs. After buffer baseline subtraction, the CD data
digested with the restriction enzymBanH| and Sad and were normalized to protein concentration and are expressed
inserted into the multiple cloning region of pUC119 in the as molar residue ellipticity. Thermal unfolding transitions
reverse direction, was used. The oligonucleotide primer 5 were monitored by measuring the CD signal at 222 nm at
GAT AAA ACC GGA TCC TGT GAT TAT GGC ACC different temperatures (280 °C) with a heating rate of 0.8
ACC AAC-3 was synthesized for the G238C mutation, and °C/min. The raw data were normalized to sample concentra-
the primer 5-GAT AAA ACC GGC AGC TGT GGA GAT tions and corrected for pre- and post-transition slopes.
TAT GGC ACC ACC-3 was used for the G238C/G239in Kinetic AssaysThe following antibiotics and chemicals
mutation. The nucleotide sequence of each mutant waswere used for kinetic assays. Ampicilliné,zs = —900 M1
confirmed by DNA sequencing with a Tag Dye Deoxy cm™) and cefotaxime Aexs = —7250 M~ cml) were
Terminator Cycle Sequencing Kit and a model 373A DNA purchased from Wako Chemicals (Tokyo, Japan). Benzyl-
sequencer (Applied Biosystems Inc.). The mutated genespenicillin (Aeyzs = —1140 Mt cm™1), cephalothin Aezs:
were isolated by digestion with the restriction enzyrBeiI = —7660 M1 cm™1), cephaloridine fezs0 = —10200 M1
andEcaRV, and were inserted into plasmid vector pET-bla, cm™), ceftazidime Qfexs = —10300 Mt cm1), and
which was digested with the same enzymes to yield pET- aztreonamAes;s = —650 M2 cm™2) were purchased from
G238C and pET-G238C/G239in. These were used for Sigma Chemical Co. (St. Louis, MO). Nitrocefithéss, =
overexpression of G238C and G238C/G239in, respectively. 15000 M1 cm™) was purchased from Unipath Oxoid

Expression and Purification of the Proteifine expression  (Basingstoke, United Kingdom). Cefuzonante£;s = 7950
and purification of the wild-type and mutant enzymes were Mt cm™1) was from Lederle Japan Ltd. (Tokyo, Japan).
performed according to procedures described previo8ly (  Imipenem Qe = —5660 Mt cm™) was from Banyu
Briefly, the plasmids constructed for the expression of Pharmaceutical Co. Ltd. (Tokyo, Japan). Hydrolysis of
enzymes were transformed inE coli BL21(DE3)pLysS, p-lactam antibiotics was detected by monitoring the variation
and protein production was performed in 100 mL of 2-TY in the absorbance of thg-lactam solution in 50 mM
broth supplemented with 5@g/mL kanamycin. For the  phosphate buffer (pH 7.5). All the measurements were taken
G238C/G239in mutant, protein was produced in 500 mL of on a JASCO V-530 spectrophotometer linked to a personal
2-TY broth because of a low production level. The cells were computer. The reaction was performed in a total volume of
grown at 30°C for 8 h, and protein production was induced 500uL at 30°C. For dilution of the enzyme, BSA was added
by addition of 0.1 mM IPTG when the absorbance of the to the buffer to a final concentration of 2@/mL to prevent
cell culture at 600 nm was around 0.5. The cells were denaturation of the enzyme. The progress curves were
harvested by centrifugation, dissolved in-116 mL of 20 measured at least three times for each substrate, and
mM MES buffer (pH 6.5), and then disrupted by sonication. reproducible results were obtained. THdor imipenem was
After centrifugation, the enzyme in the supernatant was determined using 300M nitrocefin as a reporter substrate.
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1. G238C/G239in, in which a glycine residue at position 238

Table 1: Data Collection and Processing h ) - A
was replaced with a cysteine and an additional glycine

}’é?r‘]’sggﬂ}?e(@) 11'80_0 residue was inserted, was designed on the basis of the amino
space group P3,21 acid sequences of class A carbapenemases such as Sme-1

unit cell (A)
resolution range (A)
no. of observations

a=b=727,c=98.3
24:51.70 (1.79-1.70)
705402 (52386)

and NMC-A. These enzymes have a disulfide bond between
Cys69 and Cys238 (Figure 19{13). The Toho-1 mutants
were expressed and purified in the same manner as the wild-

no. of unique reflections 33629 (4813) . P
completeness (%) 100.0 (100.0) type enzyme. The expression level of G238C/G239i&.in
averagd/o(l) 10.9 (4.3) coli BL21(DE3)pLysS was approximately one-tenth of that
Rmergd (%) 49(17.2) of wild-type Toho-1, while G238C was expressed at a level

2Values in parentheses refer to the highest-resolution $tRlerge similar to that of the wild-type enzyme (data not shown).
= Yillav — Lil/illi], wherel y is the average of all individual observations Disulfide Bond Formation in the Mutant¥ree thiol
hi. groups in the enzymes were titrated with DTNB to analyze

. o ) ) . disulfide bond formation in the Toho-1 enzymes (Table 2).

Precise description of the analysis was published previously gjnce the wild-type enzyme has only one cysteine residue
(15 18). ) ) - at position 69, the number of free SH groups per mutant

Crystal Preparation and Data Collectiorirhe purified molecule should be zero if the-SS bridge is formed, or
protein was dialyzed against 5 mM Tris-HCI buffer (o0H 7.0) two if no disulfide bond formation occurs. In G238C, the
and concentrated to 10 mg/mL for crystallization. The pymber of free SH groups per molecule was estimated to be
crystals were prepared by the hanging drop or sitting drop g 1 jn the absence of DTT, and 1.8 in the presence of both
vapor diffusion method with reservoir solutions of £80  pTT and GuHCI. This result confirmed the formation of a
M ammonium sulfate in 100 mM sodium acetate buffer (PH gjsulfide bridge in the G238C mutant. For the G238C/G239in
4.5-4.6) at 15-20 °C. Thin hexagonal-shaped crystals mytant, the number of free SH groups per molecule was

suitable for X-ray analysis were obtained withil month.  getermined to be 1.4 in the absence of DTT. This indicated
X-ray diffraction data were collected at Station BL6A of the  that no disulfide bond was formed in this mutant, at least in

Photon Factory, the High Energy Accelerator Research ihe majority of the molecules.
Organization (KEK, Tsukuba, Japan), at 100 K with a Mar  Effect of the Mutations on Secondary Structure and
charge-coupled device (CCD) detector. The crystals were Therma) Stability The far-UV CD spectra of the enzymes
cryoprotected in a solution of 30% sucrose and 2.6 M \yere superimposable, indicating that the mutations did not
ammonium sulfate and then flash-frozen in liquid nitrogen. jnqyce significant changes in the secondary structural ele-
The reflection was indexed, integrated, and scaled using thements in both G238C and G238C/G239in (Figure 2a). The
DPS/Mosflm software packagdd, 20). The space group  thermal unfolding curves are shown in Figure 2b. The wild-
was determined to bB3,21 with one protein molecule per e enzyme and G238C exhibited cooperative unfolding
asymmetric unit and the following unit cell dimensions:  pehayior, while G238C/G239in exhibited a relatively gradual
=b=72.7Aandc = 98.3 A. The statistics are summarized gecrease in molar residue ellipticity. The melting tempera-
in Table 1. o _ tures {Ty) derived from the analysis of the CD melting curve
Structure DeterminationThe refinement was performed \yere 52.2+ 0.8, 60.9+ 0.5, and 50.9+ 1.1 °C for the

using data for whicliF > 0o(F) to 1.70 A. The initial model wild-type enzyme, the G238C mutant, and the G238C/
for refinement was the structure of the Toho—; E166A mutant G239in mutant, respectively (Figure 2b). The result of
(PDB entry 1BZA) ). The model was subjected to rigid jrreversible heat inactivation analysis, which was monitored
body refinement, followed by a simulated annealing protocol py the remaining activity against nitrocefin after incubation
with an initial temperature of 2000 K, positional minimiza-  4f enzyme solutions at various temperatures, also indicated
tion, and individualB factor refinement using CNX{). higher stability of the G238C mutant (data not shown).
Manual model building was performed with Q2. The = inetic StudyThe steady-state kinetic parametegsand
stereochemical quality of the model was monitored periodi- i oy several3-lactam substrates are summarized in Table
cally using Procheck2@). After the protein structure had 3 Two mutants exhibited kinetic properties that were
been modeled, water molecules were automatically picked opyiously different, and that also differed from those of the
out using CCP424). Sulfate ions were modeled into the  \yj|4-type enzyme. For the G238C mutant, all the determined
obvious tetrahedral-shaped electron density in the S°|Ve”t-kcatande values were smaller than the corresponding values
RESULTS of the wild-type enzyme. In the hydrolysis of penicillins and

first-generation cephalosporins, the decreasekipn was
Construction, Expression, and Purification of Mutant

balanced by a reduction iy, so thatk../Kn values only
Toho-1 Enzyme#®artial sequence alignment of Toho-1 and
several other class A-lactamases is shown in Figure 1. The
amino acid numbering used in this study follows the
consensus numbering of Ambler et &l),(and the secondary

decreased slightly in the range of -826% of the corre-
sponding values for wild-type Toho-1. In contrakt./Km

for third-generation cephalosporins decreased drastically to
the level of 0.043-21%, due to a substantial decrease in

structural elements were labeled according to the notationske,. In the G238C/G239in mutanK,, values tended to

used for the wild-type and E166A Toho-1 enzynge 15).

increase andt., values to decrease for all of the substrates

Two Toho-1 mutants, G238C and G238C/G239in, were except aztreaonam. The increaseKn values was more
constructed to introduce a disulfide bond between the significant for penicillins, and the decreasekig;was more
residues at positions 69 and 238 in Toho-1. G238C was considerable for cerphalosporins. As a consequédaghm
designed simply by referencing the crystal structure of Toho- decreased for all of the substrates, in the range ef246
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bl H2 H10 B3 B4
TOHO-1
TOHO-2
CTX-M-1 (MEN-1)
CTX-M-2
PROVU .
MYCFO TA ST
TEM-1 STFKVLLCGEVESRVDAG gIFI ngﬁ:lgR R
SHV-1 STF CG RVDAG FIADKT R
PC1 YASTSKAINSHEI PYN DY KSGOAITEASR
BLICH FASTIKALTVG S-- D KTGARES¥ETR
NMC-A SSFKGFL c8opn S
SME-1 SSFKGFL RVQQK A
IMI-1 SSFKGFL c8oDN S
G238C FAMCSTSKVMAARAVLKQSESD SIRAGLPKSWVVGDKTGSE-DYGTT
G238C/G239in FAMCSTSKVMAARAVLKQSESD SIRAGLPKSWVVGDKTGSEEDYGTT

Ficure 1: Partial sequence alignment of Toho-1 and clag&lActamases. Aligned enzymes are Toho-1, Toho-2, CTX-M-1 (also known

as MEN-1), CTX-M-2, theS-lactamase fronP. vulgaris K1 (PROVU) andMycobacterium fortuitun(MYCFO), TEM-1, SHV-1, the
p-lactamase fronS. aureusPC1 (PC1) andacillus licheniformis749/C (BLICH), NMC-A, Sme-1, and IMI-1. The fivg-lactamases

listed directly below Toho-1 are ESBLs; the next four are non-ESBLSs, and the following three are the enzymes known as carbapenemases.
The two enzymes at the bottom are the Toho-1 mutants constructed in this study. The secondary structure elements are shown at the top,
with green arrows representifigstrands and red rods representingelices. The residues included in the three conserved regions of class

A [-lactamases are highlighted in yellow, while the residues identical to the corresponding ones in Toho-1 are highlighted in cyan. The
cysteine residues that form a disulfide bond in the carbapenemases are highlighted in red, and the residues that were replaced in the Toho-1
mutants are highlighted in green.

Table 2: Number of Free Thiol Groups in the Wild-Type and 146, 186, 201, _218' and 278. G|u9§, Aspl46, and G_IUZ01
Mutant Toho-1 Enzymes are on the protein surface of tiedomain, far from the active
site. Met186 is at the interface of the two domains, and is a

enzyme condition SH per enzyme . . . -
wid typye v 02& o1 Y constituent residue of the “hydrophobic core” that is con-
GUHCL- and DTT-treated 18 0.1 serye_d in the enzymes of the CTX-M_faml_IB)( Ser218is
G238C native 0.1 0.0 positioned on the top edge of the active site cleft. 11e278 is
_ GuHCI- and DTT-treated 1.80.2 on a-helix H11 of thea/ domain, and is positioned in the
(G238C/G239in  native 1403 vicinity of hydrophobic residues such as Arg275 and Phe265,
GUuHCI- and DTT-treated 1.60.2

where it is half-buried betweea-helices H11 and H1. An
alternative conformation of Lys73, which has been assigned
for penicillins and first-generation cephalosporins, and in the in the wild-type Toho-1 enzyme, was not observed in the
range of 0.024-2.4% for third-generation cephalosporins. G238C structure. In the G238C mutant, the Lys73 side chain
For both mutants, a large decrease in activity againstis pointed toward the carboxyl group of Glu166.
ceftazidime, which was a poor substrate for wild-type Toho-  The structure of the G238C mutant clearly shows the
1, was observed. In the case of aztreonam, the decrease imxistence of the engineered disulfide bridge between Cys69
both k.o andK,, was extreme in both mutants, especially in  and Cys238 (Figure 3a). The introduction of the disulfide
G238C/G239in. Moreover, the Toho-1 mutants did not bond has not altered the architecture of this enzyme as a
acquire significant hydrolytic activity against carbapenems whole, and the active site structure of the G238C mutant is
(data not shown). almost identical to that of the wild-type enzyme (Figure 3b).
Since G238C had a disulfide bond and exhibited a selective When the coordinates of the two models are superimposed,
decrease of activity against third-generation cephalosporins,the rmsd value is 0.122 A for&Catoms and 0.241 A for all
we measured it for imipenem to further analyze the atoms. However, the slight changes are localized near the
kinetic properties of this mutant. The result showed that the disulfide bridge. The differences inoQoositions correspond-
K; of G238C for imipenem was 1/18 of that of the wild- ing to residues Cys69 and Cys238, the residues directly
type enzyme, indicating that G238C became much more involved in formation of the new disulfide bond, are 0.36
sensitive to imipenem than wild-type Toho-1 (Table 3). and 0.31 A, respectively. The positions of the residues
Crystal Structure of G238(.0 obtain precise information  neighboring Cys69, such as Ala67, Met68, and Ser70, are
about structural changes in the G238C mutant, this enzymenot significantly affected by the introduction of the disulfide
has been analyzed by X-ray crystallography. The refined bond, with changes in & positions of 0.08, 0.20, and 0.16
structure of the G238C mutant is well-defined except for A, respectively. The positions of the residues strand
the N-terminal methionine at position 26, which was inserted B3 are influenced more by the new disulfide bridge. In
for overexpression. The model includes 261 amino acid particular, the positional differences in the Ser237 atoms are
residues, 344 water molecules, and seven sulfate ions. Thdarger than those of the Cys23&@tom, with the positional
final model was refined to aR factor of 18.3% and aRee differences in @, Oy, and main chain N, C, and O atoms
of 20.0% at 1.70 A resolution. The refinement results are of 0.43, 0.50, 0.41, 0.51, and 0.80 A, respectively. Moreover,
summarized in Table 4. Alternative conformations were the position of Asn170 on th loop is also affected, with
assigned to the side chains of the residues at positions 96a shift in the @ atom of 0.37 A. As a result of these changes,
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a) 30 A, respectively. However, no hydrogen bonds are formed
o between Glul66 and these water molecules in both the

G238C mutant and the wild-type enzyme. Moreover, no
A difference can be observed in the hydrogen bonding network
/ \ at the active site between the wild-type enzyme and the

-1

3=
(=}

2

deg cm” dmol

G238C mutant. A hydrogen bond between the CO group at
position 170 on the loop and the NH group at position
240 on -strand B3 is conserved in both the wild-type
enzyme and the G238C mutant, at distances of 3.02 and 3.21
A, respectively.

—_
(=3

(=)

\ DISCUSSION
. Formation of a Disulfide BridgeWe intended to lock
pB-strand B3 into place by introducing a disulfide bridge
between the residues at positions 69 and 238. In the case of
B ‘ ‘ ‘ \ \ ‘ the G238C mutant, the expected disulfide bond formation
180 190 200 210 220 230 240 250 was verified by both titration with DTNB and X-ray analysis,
Wavelength (nm) and it resulted in &, value higher than that of the wild-
type enzyme by 8.7C. However, formation of the disulfide
bridge was not confirmed in the G238C/G239in mutant. In
the G238C/G239in mutant, the number of free SH groups
per molecule was 1.4 in the absence of DTT (Table 2), which
was closer to 2 than to O, indicating that most of the SH
groups were in fact free. Interestingly, the addition of 10
mM DTT decreased the activity of G238C/G239in for
nitrocefin to 20% of the activity measured without DTT,
whereas this phenomenon was observed for neither the wild
type nor the G238C enzyme (data not shown). From these
results, we speculate that most of the total G238C/G239in
activity might be due to the small population of G238C/
G239in molecules in which an-S5 bond was formed, and
the reduction of this disulfide bond could be responsible for
the loss of activity. It was also observed that the production
level of this mutant was much lower than that of the wild-
type and G238C enzymes. Though CD spectra showed that
there was no detectable change in the secondary structure
Temperature (°C) (Figure 2a), and therefore probably no drastic change in the
FIGURE 2: Secondary structure and thermal stability of Toho-1 overall structure of the G238C/G239in mutant, the mutation

enzymes. (a) Far-UV CD spectra at pH 7.0 and@5The spectra might have made the protein unstable and/or partially
of the wild-type enzyme (thick solid line), G238C (thin solid line), gisordered.

and G238C/G239in (dotted line) are shown. (b) Heat of unfolding . .
of Toho-1 enzymes monitored by CD at 222 nn#) (wild type, Substrate Profile of the Toho-1 Mutanthe most striking

(O) G238C, and+) G238C/G239in. change in the catalytic property of the G238C mutant was
the limited decrease iksa: and keofKm for third-generation
the Q loop has become slightly more distant frgtstrand cephalosporins and aztreonam. In the previous study of Toho-
B3, and the distance between the Cys238afom and the 1, we suggested that the flexibility gfstrand B3 might have
Asnl70 Gx atom becomes larger than the corresponding been critical in Toho-1 for the hydrolysis of third-generation
distance in the wild-type enzyme by 0.47 A (Figure 3c).  cephalosporinsg). The results of kinetic analyses of the
There is no Significant difference in the disposition of G238C mutant were consistent with this prediction that the

water molecules in the active site between the G238C mutantloss of flexibility at 5-strand B3 narrowed the substrate
and the wild-type enzyme (Figure 3b). Water molecules Specificity of Toho-1.

Wat36 and Wat30 are in the positions corresponding to It was also intriguing that botk., andKr, values for all
Wat41 and Wat49 of the wild-type enzyme and Wat81 and the substrates that were tested decreased in the G238C
Wat22 of Staphylococcus aureuB8C1l S-lactamase (PDB  mutant. Similar kinetic changes were observed in the studies
entry 3BLM), respectivelyZ5). Wat36 is hydrogen-bonded  of the G238S mutants of the SHV-1 and TEM-actamases

to Ser70 N, Ser70 © and Asn170 N2, and it is regarded (26, 27). These studies suggested that the side chains larger
as a hydrolytic water that is essential for deacylation. Wat30 than alanine at position 238 crowded against the side chains
is hydrogen-bonded to Ser237 N, Ser70 N, and Sery0 O of residues 67, 69, and 170 to push the lower paf-strand

and it corresponds to the water molecule normally found in B3 away from the active site, giving more spaceffdactam

the oxyanion holeZ5). Two water molecules, Wat36 and side chains to bind the active site pocket, and thus lowering
Wat55, are located in positions close to the carboxyl group theKn, values. It is proposed that at the same time, the G238S
of Glul66 at distances from Glul66cDof 2.75 and 2.63  mutation causes thelactam ring to be held slightly farther

—_
(=}

Molar Residue Ellipticity, [0]x10~,

[
S

=2
~

Molar Residue Ellipticity, [©]x107, deg cm’® dmol™!
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Table 3: Kinetic Parameters of Toho-1 against Various Antibiotics

wild type G238C G238C/G239in
class_ o KealKm KealKm KeafKm
(generatiord)  antibiotic  kear(5™)  Km (M)  (@M™1s) k(s Km (uM) @M™s™ keat (57 Km (M) (uM~1s7h)
penicillins ampicillin 41+ 2 22+4 1.9 29+ 1 18+ 2 1.6 18+ 4 42+7 0.43
penicillin G 63+4 17+2 3.7 18+ 1 57+15 3.2 20+ 1 41+ 3 0.49
cephalo- cephalothin 760Gt 13 178+ 3 4.30 88.3+-4.0 23.4+1.2 3.77 16312 217+9 0.751
sporins (1)
cephaloridine 28%+9 264+ 7 1.06 51.5+3.2 56.9+1.0 0.905 38.2:t1.4 258+ 7 0.148
cephalo- cefotaxime ND ND 1.59+0.53 29.8+1.1 118+ 3 0.253 7.06+ 0.59 183+ 12 0.0386
sporins (I11)
cefuzoname 52617 176+5 2.95 84.3t2.9 135+7 0.624 ND NI (499+ 11)
x 1074
ceftazidime ND ND 1.58+0.02 ND ND? (676+ 15) ND NDP (377+ 16)
x 1076 x 1076
monobactam  aztreonam H30.8 36+ 6 0.20 0.63+0.11 7.6+0.7 0.080 (76+2) x 1073 ND¢ ND
carbapenem  imipenem ND (364) o ND ND (19+£3) x 10°4d ND
x 10~

a Generation of cephalosporins is indicated in parenthéseso large to determing.Too small to determine! K; value determined by substrate
competition experiments with nitrocefin.

As for the G238C/G239in mutant, the hydrolytic activity

Table 4: Refinement Statistits e .
decreased significantly for all of the tested substrates. This

Ef:ggf(no/g?nge ? ig;l(.;gél).?&l.m) indicated that the insertion of a glycine residue at position
o (%) 20.0 (23.8) 239 prevented the enzyme from becoming fully active,
averageB factor (A?) possibly by making the active site structure somewhat loose

Vn‘gg‘i’r']ecfgfna“re 11515 or disordered, as mentioned above. Possibly, as seen in the
side chain 14.9 structure ofS. aureuPC1j-lactamase, the backbone of the
solvent 27.6 residue inserted at position 239 might protrude into the
rmsd from ideal values substrate binding site, causing the decrease in hydrolytic
Zﬂgflss(é)eg) Ol-ofg' activity (29). The decrease in activity was more drastic for
Ramachandran analyi) ' expanded-spectrum substrates, clearly indicating that the
most favored 91.4 (212) mutated region was more critical for the hydrolysis of these
additional allowed 8.2 (19) substrates than for penicillins and first-generation cephalo-
gi‘;’;‘ﬁm;'jy allowed 00(-6‘9(1) sporins. These results were consistent with previous studies
of Toho-1 and other class A-lactamases, which suggested
2Values in parentheses refer to the highest-resolution $heli= that the C-terminal side g8-strand B3 was important for

>|Fo — Fcl/3|Fo|, whereF, and F¢ are the observed and calculated . o
structure factor amplitudes, respectivelfRiee = ¥ |Fo — Fel/3|Fol, the expansion of substrate specifici8; 6, 27, 29, 30).

calculated using a test data set consisting of 10% of the total data  Structural Change in the G238C Mutant and Its Correla-

randomly selected from the observed reflectidiBamachandran iy with Altered Kinetic PropertiesThe crystal structure

analysis was carried out using Proche2R)( © Values in parentheses h that the introducti f a disulfide bond bet

are the numbers of non-glycine and non-proline residues in each region.S"1OWS that the introduction of a disuliide bond between
residues 69 and 238 does not cause a considerable change

from the nucleophilic oxygen atom of Ser70, thus resulting in the overall structure. This result, taken together with the
in a decreasedt.y (26, 27). We suspect that an analogous kinetic analysis, seems to support the prediction that indeed
change has occurred in the G238C mutant of Toho-1, andthe “flexibility” of g-strand B3 is important for efficient
this is actually seen in the crystal structure of the G238C Catalytic activity against third-generation cephalosporins. Yet,
enzyme, as mentioned below. A good alternative possibility it should be noted that the positional changes of Ser237 on
is that the reduced elasticity at the substrate-binding site /-strand B3 and of Asn170 on tHe loop are subtle, but
resulting from introduction of the disulfide bridge might are still significantly larger than those of other residues in
cause more stable binding of substrates, as well as structurathe vicinity of the disulfide bridge. In studies of Toho-1 and
restraints, which could prevent active site components from several class A3-lactamases, it has been suggested that
making appropriate motions that are necessary for catalysis,3-strand B3 and/or th&€ loop is deeply involved in the
resulting in the reduction of botK,, andk.s. In such a case,  substrate specificity expansion of the enzymas—34).

a simultaneous decreasekg, and K, might be explained Therefore, we cannot neglect the possibility that these
by a decrease ik;s. positional changes observed in the G238C crystal structure
The G238C mutant was found to be much more sensitive altered the kinetic properties of the G238C mutant. Kinetic
to imipenem than the wild-type enzyme was. It has been and structural studies of several class A ESBLs indicated
suggested that strong inhibition of classgdactamase by  that Ser237, the residue conserved in the CTX-M-type and
imipenem is caused by the interaction between Asn132 of some other ESBLs (Figure 1), was critical for the hydrolysis

the enzyme and the @ehydroxyethyl group of imipenem,  of expanded-spectrum substrat8$, (35—38). Proteuswyul-
which prevents deacylation of imipene@8]. We suppose  garis K1 g-lactamase, which is also an ESBL and whose
therefore that this interaction becomes more stabilized by sequence is 71% identical with that of Toho-1 and possesses
introduction of the disulfide bridge in the Toho-1 G238C a serine residue at position 237, has been well studied both
mutant. structurally and kinetically 35, 36). Ser237Ala mutations
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Ficure 3: Active site structure of the G238C mutant. (a) Electron density map in the vicinity of the disulfide bridge introduced between
Cys69 and Cys238. (b) Superposition of the wild-type and G238C structures at the active site. (c) Superposition of the wild type and
G238C mutant aroung@-strand B3 and th&€ loop. In both panels b and c, the wild-type enzyme is colored gray and the G238C mutant
white. Atoms are shown with CPK color, and hydrogen bonds are indicated. These figures were drawn2&jtiMol6cript (40), Bobscript

(41), and Raster3D42, 43).

were generated in the. vulgaris K1 enzyme and CTX-M- has also been reported that the Ser237Ala mutant of
4, and their activity against oxyimino cephalosporins fell carbapenemase Sme-1 decreases its activity against imipenem
significantly, mainly due to a decreasekify; (35, 38). Since to Y5 of that of the wild-type Sme-1 enzym@&4). The Sme-1

the G238C mutant of Toho-1 exhibited similar changes in structure shows that the hydroxyl group of Ser237 is
its kinetic characteristics, there is a possibility that the stabilized by two hydrogen bonds with the guanidium group
introduced SS bond prevented Ser237 from properly of Arg220, and that the main chain NH group of Ser237
interacting with third-generation cephalosporins, by slightly contributes to the oxyanion holel1). Since there is no
changing its position or by limiting the motion of Ser237. It arginine residue at position 220 in Toho-1, this mechanism
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(A rg2il;ﬁ

(1
e Arg274

Ficure 4: Superposition of the G238C structure with carbapen-
emases Sme-1 and NMC-A structures at the active site. The Toho-1
G238C mutant is coloredwhite, Sme-1 pink, and NMC-A blue. This
figure was drawn with O, Molscript, and Raster3D.

would not apply to Toho-1. To understand the importance
of -strand B3 flexibility and the role of Ser237 in Toho-1,
further studies, including mutagenic analysis in the vicinity
of residue 237, will be required.

It is well-known that the disulfide bond between Cys69

and Cys238 is conserved in several class A carbapenemases

(Figure 1), and it has been expected that the introduction of
a new disulfide bond might change the kinetic properties of
class Aj-lactamases, bringing them somewhat closer to those
of the carbapenemasek3]. The X-ray analyses of carbap-
enem-hydrolyzing class A-lactamases Sme-1 and NMC-A

Shimizu-lbuka et al.

imipenem (1, 39). Since our study showed no direct
correlation between the existence of the disulfide bond and
the hydrolytic activity against imipenem, it appears that the
disulfide bridge at this position may be important for the
structural stability of the class A carbapenemases. Alterna-
tively, we speculate that the disulfide bond in carbapen-
emases may play a role in clamping of the substrates,
including carbapenems, tightly and in an optimal position
for hydrolysis, since a decreaseKg, for all of the substrates
was observed in the Toho-1 G238C mutant.
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