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The b-lactamase enzymes (EC 3.5.2.6) are the principal defense mechanism that bacteria possess to protect themselves
against the lethal effects of b-lactam antibiotics. Kinetic,
molecular modeling, and crystallographic analyses of class A
b-lactamases are increasing our understanding of the intramolecular relationships that influence substrate binding and catalysis (10, 13, 14, 18). A detailed understanding of the mechanisms underlying this resistance is critical for future drug
design.
The OHIO-1 b-lactamase is a class A enzyme of the SHV
family (21). Single amino acid substitutions in the OHIO-1 and
SHV-1 enzymes have been described. These substitutions permit the hydrolysis of oxyimino-cephalosporin substrates
(Gly238Ser, Gly242Cys) or confer resistance to inactivation by
b-lactamase inhibitors (Met69Ile) (ABL numbering system)
(1, 3, 20). We have previously reported that the double mutant
Met69Ile-Gly242Cys of the OHIO-1 b-lactamase is catalytically inactive (5). The construction of this mutant demonstrated that the combination of a Met69Ile and Gly242Cys
substitution profoundly alters b-lactamase activity. To further
explore the relationship between substitutions that confer resistance to expanded-spectrum cephalosporins and to b-lactamase inhibitors, the Gly238Ser and Met69Ile-Gly238Ser mutants of the OHIO-1 b-lactamase were constructed and
characterized.
(This work was presented in part at the 34th Interscience
Conference on Antimicrobial Agents and Chemotherapy, Orlando, Fla., 4 to 7 October 1994 [5a].)

[dut-1 ung-1 thi-1 relA1/pCJ105 (CamrF9)] were used in the experiments described here. The OHIO-1 and Met69Ile b-lactamase genes were directionally
subcloned into the phagemid vector pBC SK(2) which encodes chloramphenicol
resistance, and the vector was transformed into E. coli CJ236 and DH5a (5).
Plasmids were isolated by using the Wizard Miniprep Kit (Promega Corp.,
Madison, Wis.). All bacteria were grown in Luria-Bertani (LB) broth and agar
containing the appropriate antibiotic for selection (chloramphenicol at 20 mg/ml
or ampicillin at 100 mg/ml and chloramphenicol at 20 mg/ml).
Antibiotics and restriction enzymes. The antibiotics used in this study and
their sources were described previously (3–5, 21). The restriction enzymes used
in this study were obtained from Promega and United States Biochemicals
(Cleveland, Ohio) (4, 5).
Site-directed mutagenesis. Mutant b-lactamases containing the Gly238Ser and
the Met69Ile-Gly238Ser substitutions were independently constructed and separately identified. The purified oligonucleotide used for site-directed mutagenesis was obtained from National Biosciences (Plymouth, Minn.). The sequence of
the mutagenic oligonucleotide used in this experiment is 59-CGCACCCCGTT
CGCTAGCTCCGGTCTTA-39.
Mutagenesis was performed by the uracil template method of Kunkel et al.
(15) with the material supplied in the Altered Sites Kit (Promega) and by a
modification of the protocol of McClary et al. (17). DNA sequencing was performed on double-stranded templates by using the Sequenase kit, version 2.0,
from United States Biochemicals. Custom-made internal primers and the commercially available T3 and T7 primers from Stratagene (La Jolla, Calif.) were
used. [35S]dATP was purchased from Amersham Life Sciences (Arlington
Heights, Ill.).
Phenotypic characterization. Antibiotic susceptibility testing by the agar dilution MIC method was performed with b-lactams and b-lactamase inhibitors.
MICs were determined in LB agar with a replicator (Craft Machine, Inc., Chester, Pa.). Spots of 104 CFU were plated onto LB plates containing antibiotics.
Kinetic parameters. b-Lactamase was liberated by osmotic shock from E. coli
DH5a by an adaptation of the protocol described by Zafaralla et al. (26).
Ammonium sulfate precipitation was next performed to concentrate and identify
the fraction with the greatest activity. Specific activity was determined as micromolar nitrocefin hydrolyzed per minute divided by the total protein concentration (l 5 482 nm, Dε 5 17,400 M21 cm21). The 55 to 75% ammonium sulfate
fraction (greatest specific activity) was resuspended in 20 mM sodium phosphate
buffer (pH 7.4) and dialyzed. Uniform amounts of crude enzyme, as determined
by hydrolysis of nitrocefin, were used to determine hydrolytic activity. b-Lactamase activity was detected with a spectrophotometer at 25°C in 20 mM phosphate
buffer (pH 7.4). The protein concentration was determined by absorbance measurements at 280 nm. Analytical isoelectric focusing was used to confirm that the
activity of only a single b-lactamase was present in these preparations.
Hydrolysis of the b-lactam substrates was performed at ambient temperature
in an HP 8453 UV-visible spectrophotometer with a cell with a 1-cm path length.

MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli DH5a [(supE44 DlacU169)
(F80 lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1] and CJ236 dut ung
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Amino acid changes that influence activity and resistance to b-lactams and b-lactamase inhibitors were
explored by constructing the Gly238Ser and Met69Ile-Gly238Ser mutants of the OHIO-1 b-lactamase, a class
A enzyme of the SHV family. The Km values of cefotaxime and ceftazidime for OHIO-1 and Met69Ile b-lactamases were >500 mM. The Km of cefotaxime for the Gly238Ser b-lactamase was 26 mM, and that of
ceftazidime was 105 mM. The Km of cefotaxime for the Met69Ile-Gly238Ser b-lactamase was 292 mM, and that
of ceftazidime was 392 mM. For the b-lactamase inhibitors clavulanate and sulbactam, the apparent Ki values
for the Met69Ile-Gly238Ser enzyme were 0.03 and 0.15 mM, respectively. Relative Vmax values indicate that the
Met69Ile-Gly238Ser mutant of the OHIO-1 b-lactamase possesses cephalosporinase activity similar to that of
the Gly238Ser mutant but diminished penicillinase activity. In an Escherichia coli DH5a strain that possesses
a Met69Ile b-lactamase of the OHIO-1 family, the added Gly238Ser mutation resulted in a phenotype with
qualities that confer resistance to expanded-spectrum cephalosporins and, to a lesser extent, b-lactamase
inhibitors.

Met69Ile-Gly238Ser OHIO-1 b-LACTAMASE
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TABLE 1. MICs of the antibiotics testeda

Amp
Pip
Mez
Lor
Tax
Taz
Tri
Atm

TABLE 2. MICs of ampicillin–b-lactamase inhibitor combinationsa
MIC (mg/ml)

MIC (mg/ml)

Drugb

1941

Strain
OHIO-1

Met69Ile

Gly238Ser

Met69Ile-Gly238Ser

2,048
512
512
8
0.03
0.06
0.016
0.032

1,024
512
512
4
0.03
0.06
0.016
0.032

8,192
128
512
128
16
8
8
2

512
64
128
16
0.12
0.5
0.06
0.032

Changes in absorbance and extinction coefficients were determined previously
(21). Initial rates were determined from the first 5 to 10% of the reactions with
multiple substrate concentrations. Various concentrations of substrates bracketing the Km were used. The Km and Vmax values were calculated by the Lineweaver-Burk method. For inhibitor kinetics the enzyme and clavulanate or sulbactam were preincubated for 10 min at 25°C before the addition of a uniform
concentration of indicator substrate (nitrocefin). Standard plots of 1/v versus I
(Dixon) were prepared, and the apparent Ki was calculated. All determinations
of b-lactamase activity were performed in the same manner to ensure uniformity
with previous experiments with the same enzymes and the same kinetic analysis
(3–5, 20, 21).

RESULTS
Construction of Gly238Ser and Met69Ile-Gly238Ser mutants. After in vitro mutagenesis of the OHIO-1 and Met69Ile
b-lactamase genes, the Gly238Ser and Met69Ile-Gly238Ser
mutations were individually identified by DNA sequencing of
randomly selected E. coli DH5a transformants isolated on
plates containing chloramphenicol at 20 mg/ml. The DNA sequences of the Gly238Ser and Met69Ile-Gly238Ser bla genes
on at least one strand were confirmed for each of the mutants.
Phenotypic characterization. To explore the effect of the
Gly238Ser and Met69Ile-Gly238Ser mutations on b-lactamase
activity, we evaluated these activities in vitro by determining
the MICs in a homogeneous genetic background, E. coli
DH5a. All our strains possessed either the wild-type b-lactamase gene or one of the mutant genes subcloned directionally
into the phagemid vector, pBC SK(2).
Agar dilution MICs (Table 1) demonstrated that the strain
possessing the Gly238Ser mutation was resistant to b-lactams.
The strain bearing this b-lactamase was more resistant to cefotaxime and ceftazidime than the parent strain or the doublemutant strain. The Met69Ile-Gly238Ser mutant b-lactamasebearing strain of E. coli DH5a was also more resistant to
cefotaxime and ceftazidime than the OHIO-1- and Met69Ilebearing strains and was more susceptible to ampicillin than the
Gly238Ser-bearing strain.
The strains were also tested with b-lactam–b-lactamase inhibitor combinations (Table 2). For ampicillin-clavulanate, the
Met69Ile-Gly238Ser-bearing strain had intermediate resistance between the OHIO-1- and Gly238Ser-bearing strains.
The Gly238Ser- and the Met69Ile-Gly238Ser-bearing strains
were more susceptible to ampicillin-sulbactam than OHIO-1and Met69Ile-bearing strains.
Kinetic analysis. An assessment of the impact of the substitutions Gly238Ser, Met69Ile, and Met69Ile-Gly238Ser on the
kinetic behavior of OHIO-1 b-lactamase was performed (Ta-

Sul

0.25
4
0.015
0.06

32
128
4
1

a
See footnote a of Table 1. MICs were determined in the presence of ampicillin at 100 mg/ml and chloramphenicol at 20 mg/ml. Clav, clavulanic acid; sul,
sulbactam.

bles 3 and 4). In general, the lowest Km values of the b-lactams
tested was for the Gly238Ser b-lactamase. For the OHIO-1
and Met69Ile b-lactamases the Km values of oxyimino-cephalosporins, cefotaxime, and ceftazidime were greater than 500
mM. For the double mutant enzyme, Met69Ile-Gly238Ser, Km
values of penicillin, piperacillin, cephaloridine, and cefoperazone were similar to those for the Gly238Ser mutant b-lactamase. The Km of cefotaxime for the Met69Ile-Gly238Ser blactamase was more than 10-fold greater than that for the
Gly238Ser enzyme (292 versus 26 mM). Similarly, the Km of
ceftazidime was approximately fourfold greater (392 versus
105 mM, respectively).
The apparent Ki of clavulanate for the Met69Ile-Gly238Ser
enzyme was slightly greater than that for the Gly238Ser b-lactamase. These values are much less than the apparent Ki of
clavulanate for the OHIO-1 and Met69Ile b-lactamases (Table
3). In a similar manner, the Met69Ile-Gly238Ser mutant enzyme was more susceptible to inactivation by sulbactam than
the wild-type or Met69Ile b-lactamase but was less susceptible
to inactivation than the Gly238Ser enzyme.
Data summarizing the Vmax (hydrolysis) values of the enzymes are presented in Table 4. The OHIO-1 and Met69Ile
b-lactamases hydrolyzed penicillin faster than cefoperazone
and cefotaxime. The double mutant possessed activity against
cephalosporins similar to that of the Gly238Ser mutant, but it
had reduced activity against penicillins.
DISCUSSION
The continued evolution in nature of b-lactamases that are
able to inactivate each new generation of b-lactams threatens
our ability to successfully treat many infections encountered in
the clinic. The recent discovery of enzymes resistant to inactivation by b-lactamase inhibitors is also an extremely worrisome
development (2, 6, 7, 9, 19, 22–24, 27). Hence, an in-depth
understanding of the molecular interactions affecting structure-function relationships is necessary for future rational drug
design (16).
The effect of point mutations on OHIO-1 b-lactamase activity in E. coli DH5a can be appreciated by examining the
MICs. By MICs (Table 1), the Gly238Ser-bearing strain was
resistant to all b-lactams, especially the oxyimino-cephalosporins. This increased cephalosporin resistance in strains bearing
SHV enzymes has been observed previously (8, 10). It has been
noted that the increase in cephalosporin resistance is much
greater than that in strains with a similar mutation and bearing
the extended-spectrum TEM enzymes (25). As suggested by
Venkatachalam et al. (25), there may be important structural
differences between the TEM and SHV b-lactamases. The
Met69Ile-Gly238Ser strain was also more resistant to oxyimino-cephalosporins than the OHIO-1- and Met69Ile b-lactamase-bearing strains, but it was not as resistant as the
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a
The host strain is E. coli DH5a. OHIO-1, Met69Ile, Gly238Ser, and
Met69Ile-Gly238Ser represent E. coli DH5a strains harboring the respective
b-lactamase directionally subcloned into the vector pBC SK(2), which encodes
chloramphenicol resistance. All MICs were determined in the presence of chloramphenicol at 20 mg/ml.
b
Amp, ampicillin; Pip, piperacillin; Mez, mezlocillin; Lor, cephaloridine; Tax,
cefotaxime; Taz, ceftazidime; Tri, ceftriaxone; Atm, aztreonam.

OHIO-1
Met69Ile
Gly238Ser
Met69Ile-Gly238Ser

Clav
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TABLE 3. Michaelis constants (Km or Ki) for OHIO-1 b-lactamase variantsa
Km (mM)

Enzyme

OHIO-1
Met69Ile
Gly238Ser
Met69Ile-Gly238Ser

Ki (mM)

Pen

Pip

Mez

Lor

Ncf

Per

Tax

Taz

Clav

Sul

25
124
15
17

44
5
15
17

75
154
12
100

348
83
22
17

164
104
5.3
47

76
22
12
11

.500
.500
26
292

.500
.500
105
392

0.2
15
0.01
0.03

5
182
0.03
0.15

a
Nitrocefin was used as our indicator substrate for the determination of the apparent Ki. Pen, benzylpenicillin; Per, cefoperazone; Ncf, nitrocefin; see footnote b of
Table 1 and footnote a of Table 2 for definitions of the other abbreviations.

TABLE 4. Relative Vmax values for OHIO-1 b-lactamase variants
Vmaxa

Strain

OHIO-1
Met69Ile
Gly238Ser
Met69Ile-Gly238Ser

Lor

Per

Tax

Pen

Pip

Mez

100
100
100
100

10
38
44
54

,1
,1
33
48

40
330
322
2

3
132
11
5.6

7
16
33
1

a
All values are relative to that for cephaloridine, which set equal to 100.
Definitions of the abbreviations are given in the footnotes to Tables 1 to 3.

tant Met69Ile-Gly238Ser is catalytically active and possesses
qualities intermediate to the properties of the individual
Gly238Ser and Met69Ile mutants. The MIC and preliminary
kinetic data indicate that the extended-spectrum cephalosporin resistance and the ability to hydrolyze oxyimino-cephalosporins is partially preserved and is dominant to the inhibitorresistant phenotype. In sharp contrast, the previously described
Met69Ile-Gly242Cys double mutant was catalytically impaired.
In the OHIO-1 b-lactamase family of enzymes, the double
mutant combinations attempted so far (Met69Ile-Gly238Ser
[this study] and Met69Ile-Gly242Cys [5]) have not resulted in
a phenotype that is able to hydrolyze oxyimino-cephalosporins
and still be significantly resistant to inhibition by mechanismbased inactivators.
ADDENDUM IN PROOF
A recent report by Sirot et al. (D. Sirot, C. Recule, E. B.
Chaibi, L. Bret, J. Croize, C. Chanal-Claris, R. Labia, and J.
Sirot, Antimicrob. Agents Chemother. 41:1322–1325, 1997)
describes a mutant TEM enzyme (designated TEM-50) with
the Met69Leu, Glu104 Lys, Gly238Ser, and Asn276Asp mutations. This enzyme also confers resistance to inhibitors and
extended-spectrum cephalosporins.
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