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With the extended use of b-lactams in clinical practice, organisms resistant to these antibiotics have increasingly been
isolated. Resistance can be mediated by the production of
b-lactamases, such as in derepressed mutants (18, 19), the
acquisition of plasmids with a b-lactamase gene from other
strains (2, 5, 8, 17, 25), and the expansion of the substrate
specificity of the organism’s own enzyme (16, 22, 23).
To protect the b-lactam ring from hydrolysis by b-lactamases, cephalosporins with a 7-oxyimino moiety on the side chain
of the cephem nucleus have been synthesized, and these have
been shown to be stable. Recently, it was reported that the
group 1 b-lactamase hydrolyzed oxyimino cephalosporins in
Enterobacter cloacae (16) and Citrobacter freundii (23). The
b-lactamase from E. cloacae P99 hardly hydrolyzes oxyimino
cephalosporins, but this enzyme with an insertion of three
residues just behind Arg 210 did hydrolyze them. Likewise, the
b-lactamase from E. cloacae GC1, which was isolated clinically
and which had a duplication of Ala-Val-Arg at the same position, showed the same hydrolytic activity as the P99 b-lactamase with the three-residue insertion. The group 1 b-lactamase from C. freundii GN346 hardly hydrolyzed oxyimino
cephalosporins, but the artificial substitution of Glu for Lys at
position 219 allowed the enzyme to hydrolyze oxyimino cephalosporins.
In a previous study, we reported that Serratia marcescens
GN16694 is resistant to oxyimino cephalosporins. The organism was isolated clinically and produced SRT-1, a group 1
b-lactamase (1) that hydrolyzed these cephems and that had a
molecular weight of 42,000 and a pI of 8.6 (14).
In the report described in this paper, we determined the
nucleotide sequences of genes encoding SRT-1 and SST-1
(SST-1 was produced by the b-lactam-susceptible strain S.
marcescens GN19450 and hardly hydrolyzed oxyimino cephalosporins) and describe the relationship between the extended
substrate specificity and the differences in the amino acid residues in their sequences.
S. marcescens GN16694, which has a high level of resistance
to oxyimino cephalosporins, is a clinical isolate (14). S. marcescens GN19450 is a clinical isolate and is susceptible to various b-lactams (6). Escherichia coli JM83 (24) was used for

DNA techniques. Plasmids pHSG398 (21) and pHSG399 (21)
were used as the cloning vector and the vector for DNA sequencing, respectively. The following antimicrobial agents were
used: streptomycin sulfate, cephaloridine, cefotaxime, ceftazidime, cefmenoxime, and cefuroxime.
Susceptibility testing, the purification of b-lactamases from
S. marcescens GN16694 and GN19450 and from E. coli JM83/
pGFS11, JM83/pGFR5, and JM83/pGFSK, and studies of their
kinetics were based on a previously described method (14).
b-Lactamase activities were assayed spectrophotometrically.
The kinetic parameters were determined with a LineweaverBurk plot.
Plasmid DNA was prepared by the rapid alkaline extraction
method (11). Restriction endonucleases were obtained from
Nippon Gene Co. Ltd., Toyama, Japan, and the DNA-Ligation
Kit was obtained from Takara Shuzo Co. Ltd., Kyoto, Japan.
DNA techniques were done according to the manufacturer’s
recommendation. For the cloning of the genes for SRT-1 and
SST-1, BamHI-digested fragments of DNAs from S. marcescens GN16694 and GN19450, respectively, were ligated into
the BamHI site of pHSG398. These recombinants were introduced into E. coli JM83, and transformants with the gene for
SRT-1 or SST-1 were selected on Luria-Bertani agar plates
containing chloramphenicol (30 mg/ml) and ceftazidime
(6.25 mg/ml) or cephaloridine (12.5 mg/ml), respectively.
These resultant transformants maintained a plasmid with a
4.0-kbp fragment carrying the gene for SRT-1 or SST-1.
These recombinant plasmids with the gene for SRT-1 and
SST-1 were termed pGFR5 and pGFS11, respectively. These
fragments were subcloned into pHSG399 to sequence both
strands.
Double-stranded plasmid DNA templates for the sequences
were constructed by using the Kilo-sequence Deletion Kit
(Takara Shuzo). The nucleotide sequences were determined
by the dideoxy chain termination method (20) by using the
TAKARA Taq Cycle Sequencing kit for the Shimadzu DNA
Sequencer, version 2, M13 forward and reverse fluorescence
primers (Takara Shuzo), and a DSQ-1000 DNA Sequencer
(Shimadzu, Kyoto, Japan). The nucleotide sequence data were
organized and analyzed by using DNASIS (Hitachi Software
Engineering Co. Ltd., Yokohama, Japan).
The oligonucleotide primer composed of a 21-mer (CTGG
ACGCCAAATCTTACGGC) was used for site-directed mutagenesis. This primer corresponded to the DNA sequence
encoding amino acid residues of 210 to 216 in SRT-1, and an
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Genes for two group 1 b-lactamases, SRT-1 and SST-1, were sequenced. These b-lactamases were produced
by clinical isolates of Serratia marcescens, isolates GN16694 and GN19450, respectively. The resulting enzymes
were 96% identical. SRT-1 hydrolyzed oxyimino cephalosporins, but SST-1 hardly hydrolyzed them. At residue
213 in the third motif, which is conserved among group 1 b-lactamases, SRT-1 and SST-1 had Lys and Glu,
respectively. By site-directed mutagenesis, the substitution of Glu by Lys at residue 213 in SST-1 resulted in
an enzyme that hydrolyzed oxyimino cephalosporins.
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attempt was made to anneal the primer to the corresponding
region of the SST-1 gene. Site-directed mutagenesis was carried out by using a modification of the manufacturer’s information for Mutan-Express Km (Takara Shuzo) by using
pGFS11 with the gene for SST-1 as a template.
Within the 4.0-kbp DNA fragments, a 1,290-bp segment
containing the gene for SRT-1 and a 1,288-bp segment containing the gene for SST-1 were sequenced. These sequenced
regions each embraced an open reading frame, and it was
deduced that they were composed of 379 amino acids (Fig. 1).
The amino acid sequence of the group 1 b-lactamase (cephalosporinase) from S. marcescens SR50 that hardly hydrolyzes
oxyimino cephalosporins has been presented previously (1, 15).
The amino-terminal region from positions 222 to 21 was
assumed to be the signal peptide because a typical sequence
(A-X-A) was found, and this sequence was recognized by the
signal peptidase. Consequently, it was supposed that in SRT-1
and SST-1 the mature proteins are composed of 357 amino
acids. The amino acid sequence of SST-1 showed an identity of
96% to that of SRT-1. There was a high degree of similarity of
the amino acid sequence of SST-1 to those of the group 1
b-lactamases from S. marcescens SR50 (92% identity) (15),
C. freundii (42% identity) (9, 22), and Pseudomonas aeruginosa (49% identity) (10).
Relative rates of hydrolysis by SRT-1 and SST-1 prepared
from S. marcescens GN16694 and GN19450, respectively,
showed the enzymes have very different hydrolytic profiles.
SRT-1 also hydrolyzed cephaloridine and oxyimino cephalosporins such as ceftazidime and cefotaxime, showing a higher
degree of hydrolysis of these drugs than of cephaloridine. On
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the other hand, SST-1 hardly hydrolyzed oxyimino cephalosporins (data not shown).
To study the relationship between the expansion of the substrate specificity of SRT-1 in comparison with that of SST-1
and the differences in the amino acid residues in their sequences, the amino acid sequences in the region of the mature
enzymes were compared. There were differences at 11 amino
acid residues (Fig. 1). At positions 120, 164, 178, 197, 348, and
354, the amino acid residues in SRT-1 were different from
those in SST-1, whereas those in SRT-1 were the same as those
in the group 1 b-lactamase of S. marcescens SR50. At positions
121, 149, 243, and 246, these residues in SRT-1 differed from
those in SST-1 and the enzyme of S. marcescens SR50. In a
comparison of the amino acid sequences of b-lactamases with
the same substrate specificity produced by the same genus of
bacilli, it was found that there is not necessarily complete
identity among them (3, 9, 16, 22). Although SST-1 is the same
as the enzyme from S. marcescens SR50 with regard to its low
level of hydrolysis of oxyimino cephalosporins, there is disagreement between their amino acid sequences (92% identity).
These findings suggest that the differences between these residues in SRT-1 and those in SST-1 and the enzyme of S.
marcescens SR50 has little effect on the expansion of the substrate specificity toward oxyimino cephalosporins. However, at
position 213, the amino acid residue was Lys in SRT-1,
whereas it was Glu in SST-1 and the enzyme of S. marcescens
SR50. Since Lys is a basic amino acid and Glu is acidic, resulting in a potentially different character, we anticipated that the
Lys at position 213 contributed to the expansion of the substrate specificity in SRT-1, and the substitution of Glu in SST-1
into Lys was carried out by site-directed mutagenesis.
By site-directed mutagenesis of the gene encoding SST-1, a
variant termed SST-K was obtained. This variant hydrolyzed
oxyimino cephalosporins. DNA sequencing certified that the
sequence of the region encoding residues 210 to 216 in SST-K
was the same as that of the gene for SRT-1, and the amino acid
at residue 213 was Lys.
Table 1 presents the susceptibilities of E. coli JM83 producing SST-K, SRT-1, and SST-1. The oxyimino cephalosporins
MICs for E. coli JM83/pGFSK (the strain producing SST-K)
were higher than those for parent strain (JM83/pHSG398) and
the same as those for JM83/pGFR5 (the strain producing SRT1). The MICs of cefotaxime, cefuroxime, and cefmenoxime for
E. coli JM83/pGFS11 (the strain producing SST-1) were also
elevated. The cause of resistance would be high affinities of
SST-1 for these antibiotics (Table 2).
Table 2 presents the values of the kinetic parameters for
SST-K, SRT-1, and SST-1. SST-K acquired an extended substrate specificity (to oxyimino cephalosporins), whereas SST-1
had a substrate specificity typical of those of a cephalosporinase (12, 13) and the group 1 b-lactamase (1). The affinities of
SST-K for cefuroxime, cefotaxime, and cefmenoxime were
greatly reduced in comparison with those of SST-1. These

TABLE 1. Susceptibility of E. coli harboring the
recombinant plasmids to b-lactams
E. coli strain
(b-lactamase)
a

JM83/pGFSK (SST-K)
JM83/pGFR5 (SRT-1)
JM83/pGFS11 (SST-1)
JM83/pHSG398
a

MIC (mg/ml)
Cefotaxime Cefuroxime Cefmenoxime Ceftazidime

3.13
3.13
3.13
,0.05

200
200
100
3.13

The recombinant carrying the gene for SST-K.

0.78
0.78
0.39
,0.05

50
50
0.39
0.2
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FIG. 1. Alignment of amino acids of SRT-1, SST-1, and the group 1 blactamase, indicated SR50, from S. marcescens SR50 (15). Dashes indicate residues identical to those of SRT-1. The position of the N-terminal amino acid of
the mature enzymes is designated position 1. The amino acid sequence from
positions 222 to 21 is assumed to be the signal peptide.

NOTES

178

NOTES

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 2. Values of kinetic parameters for SST-K,
SRT-1, and SST-1
SST-K

SRT-1

SST-1

Substrate

Km
(mM)

Relative
Vmaxa

Km
(mM)

Relative
Vmaxa

Km
(mM)

Ki
(mM)

Relative
Vmaxa

Cephaloridine
Cefuroxime
Cefotaxime
Cefmenoxime
Ceftazidime

670
370
390
180
180

100
340
400
120
20

660
330
410
170
150

100
350
410
130
20

180
—
—
—
—

—b
0.3
2.8
1.7
120

100
,1
,1
,1
,1

a
b

Values relative to that for cephaloridine, which was set at 100.
—, not tested.

E. coli
E. cloacae
P. aeruginosa
K. pneumoniae
(FOX-1)
C. freundii
S. marcescens
SR50
S. marcescens
GN19450
(SST-1)
S. marcescens
GN16694
(SRT-1)

Amino acid sequence at the following motif:
Second

Third

Fourth

Reference(s)

SVSK
SISK
SVSK
SVSK

YAN
YAN
YSN
YSN

DAEA
DAQA
DAEG
AAEA

KTG
KTG
KTG
KTG

7
3
10
8

SVSK
58-SLSK

YAN
144-YSN

DAE(K)bA
211-DAES

KTG
308-KTG

9, 22
15

SLSK

YSN

DAES

KTG

This study

SLSK

YSN

DAKS

KTG

This study

a
The four motifs are in alignment from the upper position in their amino acid
sequences.
b
In b-lactamases with the extended substrate specificity for oxyimino cephalosporins, E was substituted for K in the third motif.
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TABLE 3. Alignment of the four motifs conserved in
amino acid sequences of group 1 b-lactamasesa
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