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The chromosomally encoded I8-lactamase gene of Klebsiella oxytoca E23004, a strain resistant to cefopera-
zone and aztreonam, was cloned and expressed in Escherichia coli HB101. The molecular mass and pl of this
enzyme were 28 kilodaltons and 7.4, respectively. Although the I-lactamase of K. oxytoca hydrolyzed many
cephalosporins, including broad-spectrum drugs, the nucleotide sequence and deduced amino acid sequence
lacked homology with chromosomal class C I8-lactamase genes (ampC) ofE. coli or Citrobacterfreundii. Rather,
about 45% nucleotide sequence homology and 40% deduced amino acid sequence homology were observed
between the K. oxytoca I-lactamase and TEM-1, a class A I8-lactamase which does not efficiently hydrolyze
cephalosporins. Values of K,,, relative Vmax, and relative Vm,,,/Km for the K. oxytoca P-lactamase indicated that
the enzyme is a penicillinase but that it can hydrolyze cefoperazone effectively and other broad-spectrum
cephems weakly. Hence, the chromosomal P-lactamase of K. oxytoca E23004 belongs to class A but differences
in its amino acid sequence provide a broader spectrum of activity.

Most ,-lactamases encountered clinically have been clas-
sified into two major groups, class A and class C, based on
substrate specificities and amino acid sequence. Class A
includes TEM-type 1B-lactamases (2, 38) and some chromo-
somally encoded P-lactamases, such as those of Klebsiella
pneumoniae (3, 26, 31) and Bacillus cereus (35). These
enzymes have penicillinase activity and inactivate ampicillin
and penicillin G preferentially. In contrast, chromosomally
encoded ,-lactamases of Escherichia coli K-12 (11), Citro-
bacterfreundii (22), and Enterobacter cloacae (14) belong to
class C and inactivate many cephalosporins (32), as well as
penicillins. Newly developed broad-spectrum ,-lactam anti-
biotics are generally refractory not only to penicillinases but
also to the cephalosporinases mentioned above. However,
the increasing use of these new broad-spectrum P-lactam
antibiotics has caused a profound change in epidemiological
patterns of bacterial isolates in hospitals. Recently, there has
been an increase in the number of indole-positive Klebsiella
strains identified as Klebsiella oxytoca which have been
isolated from patients with pneumonia, bacteremia, urinary
tract infection, and enterocolitis. Some of these isolates are
resistant to the new broad-spectrum ,-lactam antibiotics (20,
39). In this paper, we report the sequence of a chromoso-
mally encoded ,-lactamase gene of K. oxytoca, together
with the enzymological characterization of its product. The
deduced amino acid sequence at the active site of the
P-lactamase from K. oxytoca E23004 was compared with
that of other class A P-lactamases.

MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. Strains

used for the cloning and analysis of the P-lactamase gene are
listed in Table 1. Reidentification of K. pneumoniae
SC10436, kindly provided by K. Bush, The Squibb Institute
for Medical Research, was done in our laboratory by bio-
chemical tests including indole production, pectate degrada-
tion, and gentisate utilization (28). For the sources and
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characteristics of Klebsiella and other strains of the family
Enterobacteriaceae used for Southern hybridization analy-
sis, see the legend to Fig. 4 and Table 7. Bacteria were grown
in L broth or M9 medium (25) supplemented with appropri-
ate antibiotics.
Media and reagents. Restriction endonuclease, T4 DNA

ligase, and the nucleotide sequencing kit were purchased
from Takara Syuzo Co., Kyoto, Japan. The multiprime
DNA labeling kit and [a-32P]dCTP were from Amersham,
Buckinghamshire, United Kingdom. The antibiotics were
purchased as follows: ampicillin and kanamycin, Meiji-seika
Co., Tokyo, Japan; cephaloridine, Glaxo Group Research,
Greenford, United Kingdom; cefoperazone, Toyama Chem-
ical Co., Tokyo, Japan; cefotaxime, Farbwerke Hoechst
AG, Frankfurt, Federal Republic of Germany; ceftizoxime,
Fujisawa Pharmaceutical Co., Osaka, Japan; cefmenoxime,
Takeda Pharmaceutical Co., Osaka, Japan; and aztreonam,
Eizai Co., Ltd., Tokyo, Japan.

Susceptibility testing. Bacteria were cultured in Mueller-
Hinton broth (Becton Dickinson Microbiology Systems,
Cockeysville, Md.) at 37°C for 18 h. A 5-,ul portion of a
106-CFU/ml dilution of each culture was inoculated on a
Mueller-Hinton II agar (Becton Dickinson) plate containing
serially diluted antibiotics. MICs were determined after
incubation at 37°C for 18 h.

Purification of j8-lactamase. E. coli HB101(pKOB5-3) was
cultured to late log phase (approximately 5 x 109 CFU/ml) at
37°C in 3 liters of L broth containing 25 jig of kanamycin per
ml. Cells were harvested by centrifugation and washed twice
with 50 mM phosphate buffer (pH 7.0) and suspended in 3 ml
of the same buffer. For preparation of cell extracts, the cells
were ruptured by ultrasonic treatment at 4°C. Cell debris
was removed by centrifugation at 40,000 x g for 1 h. The
supernatant was used for most of the P-lactamase assays.
Further purification was as follows. The supernatant was
chromatographed through a Sephadex G-75 (Pharmacia,
Uppsala, Sweden) column preequilibrated with 50 mM phos-
phate buffer (pH 7.0). Elution was performed with the same
buffer. Fractions with activity were pooled and concentrated
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TABLE 1. Bacterial strains, phages, and plasmids used

Bacterial strain, phage, Characteristics Source or reference
or plasmid

Strains
Klebsiella oxytoca E23004 Clinical isolate, a cefoperazone-resistant strain K. Katu, Tsukuba Research Laboratories,

isolated in Tokyo, Japan (1980) Eizai Co. Ltd.
K. pneumoniae LEN-1 Laboratory strain (leu, 03:K1-) 3
K. pneumoniae SC10436 Laboratory strain (reidentified as K. oxytoca) K. Bush, The Squibb Institute for Medical

Research (12)
Escherichia coli D21 his-51 trp-30 proA23 lac-28 ampAl tsx-81 strA173 B. Bachmann, E. coli Genetic Stock

Center, Yale University
E. coli HB101 F- hsdS20 (r-, m-) recA13 ara-14 proA2 lacYl A. Ohta, Department of Biochemistry,

galK2 rpsL20 xyl-5 mtl-l supE44 X- Saitama University
E. coli JM109 recAl A(lac pro) endAl gyrA96 thi-l hsdR- supE44 Takara Syuzo Co.

relAl F'(traD36 proA+ B lacq ZAM15)

Plasmids and phages
pMK16 Cloning vector; Kmr Tcr A. Ohta
M13 mplO and mpll Vectors for DNA sequencing Takara Syuzo Co.

Clones
pKOB5-3 Recombinant plasmid encoding P-lactamase gene This study

of K. oxytoca E23004
pMKampl-6 Recombinant plasmid encoding 1-lactamase gene 3

of K. pneumoniae LEN-1
pDAB22 Recombinant plasmid encoding ampC gene of This study

E. coli D21

by using Centricut U-10 (Kurabo Co., Osaka, Japan). To
remove the few remaining proteins, the P-lactamase was
injected into a TSK3000 (Toyo Soda Co., Tokyo, Japan)
column and high-performance liquid chromatography gel
filtration was performed in buffer (50 mM sodium phosphate,
100 mM NaCl [pH 7.0]). Centricut was used for the final
concentration of enzyme solution. The molecular mass and
pl of the purified enzyme were determined by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
and isoelectric focusing (Multiphor II; LKB, Bromma, Swe-
den), respectively.
Enzyme assays. P-Lactamase activities were determined

with a spectrophotometer (model 557; Hitachi, Tokyo, Ja-
pan) at 30°C in 50 mM phosphate buffer (pH 7.0). The molar
extinction coefficients used were as follows: for ampicillin
(235 nm), As = 1.2 mM-' cm-1; for cephaloridine (295 nm),
As = 1.0 mM-, cm-'; for cefoperazone (276 nm), Ae = 9.0
mM-1 cm-1; for cefotaxime (264 nm), AE = 7.25 mM-1
cm-l; for ceftizoxime (250 nm), Ar, = 7.0 mM-1 cm-l; for
cefmenoxime (280 nm), Aer = 3.12 mM-1 cm-'; and for
aztreonam (315 nm), As = 0.68 mM-1 cm-1. These values
were calculated by the method of Seeberg et al. (32). Km and
Vm., values were obtained by a least-squares fit to plots of
the initial steady-state velocities at different substrate con-
centrations. Relative Vmax and relative Vmax/Km values were
calculated for comparison of enzyme activities, as recom-
mended by Bush and Sykes (5). Purified P-lactamase was
used for studies with cefoperazone, cefotaxime, ceftizo-
xime, cefmenoxime, and aztreonam.

Preparation of DNA. Plasmid DNA was prepared by the
rapid alkaline extraction method and was purified by NA-
agarose (Pharmacia) gel electrophoresis followed by elec-
troelution (25). Bacterial chromosomal DNA was extracted
by the method of Stauffer et al. (37).

Cloning of (3-lactamase genes. Fragments of completely
restriction enzyme-digested genomic DNA were ligated into
the same restriction enzyme cloning site of pMK16. E. coli
HB101 was transformed with the ligated DNA, and ampicil-

lin-resistant colonies were selected on an L agar plate (25)
supplemented with 50 ,ug of ampicillin per ml.

Sequencing. The dideoxynucleotide chain-terminating
method of Sanger et al. (30) was used for DNA sequencing of
M13 recombinant subclones. The approximately 4-kilobase
EcoRI-SalI DNA fragment of pKOB5-3 containing the K.
oxytoca 13-lactamase gene was isolated by NA-agarose gel
electrophoresis followed by electroelution. To obtain M13
subclones, this fragment was digested partially with a 4-
base-recognizing restriction enzyme, Sau3AI or TaqI, and
the resulting fragment was ligated into the BamHI or AccI (=
Sall) cloning site of M13 bacteriophage mplO, respectively.
Subclones via appropriate endonucleases were also used for
sequencing (see Fig. 1). Sequencing was performed in both
directions by using the DEAZA sequencing kit (Takara).
DNA hybridization. Transfer of DNA onto nylon mem-

brane (Hybond-N; Amersham) was achieved by the method
of Southern (25). As a hybridization probe, the 960-base-pair
EcoRI-Smal DNA fragment of pKOB5-3 was excised from
low-melting-temperature agarose gel (IBI, New Haven,
Conn.) after electrophoresis. The gel slice containing the
DNA fragment was melted, diluted, and labeled with
[a-32P]dCTP by using the multiprime labeling kit. Before the
hybridization reaction, the nylon membrane was preincu-
bated in 6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1 M sodium phosphate (pH 7.0)-2.5x
Denhardt solution (26) for 3 h at 65°C. Hybridization was
done in 6x SSC-0.1 M sodium phosphate (pH 7.0)-2.5x
Denhardt solution-0.1 mM EDTA-5 ,ug of sheared dena-
tured salmon sperm DNA per ml of hybridization fluid at
65°C for 24 h. Washes were performed in 2x SSC-0.1% SDS
two times for 5 min at room temperature and in 0.2x SSC-
0.1% SDS at 65°C for 15 min.

Analysis of DNA sequences. DNA sequences were ana-
lyzed on a personal computer (PC98O1Vm2; NEC, Tokyo,
Japan) by using the SDC-GENETYX system (Software
Development Co., Tokyo, Japan).
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TABLE 2. Resistance profiles of donor, transconjugant,
and recipient strains

MIC (pg/ml) for:

Antibiotic K. o E. coli E. coli
E23004 Hfll HB101 D2 HB0

(pKOB5-3) D1 (pDAB22)

Ampicillin >100 >100 3.2 25 >100
Cephaloridine >100 >100 1.6 6.25 50
Cefoperazone >100 >100 0.4 0.2 0.8
Cefmenoxime 0.2 0.8 <0.025 0.1 0.4
Cefotaxime 0.2 0.8 <0.025 0.1 0.8
Ceftizoxime 0.05 0.1 <0.025 0.1 3.13
Aztreonam 6.25 50 0.025 0.8 12.5

5w,E E47 S P iS s Sm S

5' ------' @ 4

FIG. 1. Map of restriction enzyme cleavage sites of pKOB5 and
pKOB5-3 and sequencing strategy. The cleavage sites for restriction
endonucleases were as follows: E, EcoRI; E47, Eco47III; P, PstI;
Sa, Sall; S, Sau3AI; Sm, SmaI; Sp, SphI; and T, TaqI. (A)
Chromosomal DNA fragment of K. oxytoca is represented by the
thin line, with the arrow indicating the position and direction of
transcription of the P-lactamase structural gene. The thick line
represents plasmid pMK16. The small arrow indicates the direction
of transcription. (B) The black box (pro) indicates the potential
promoter region, and the open box represents the structural gene of
13-lactamase. The arrows indicate the direction and extent of each
sequence determination.

RESULTS

Cloning. Genomic DNA from K. oxytoca E23004, a strain
resistant to cefoperazone and aztreonam, was digested com-
pletely with EcoRI and ligated into pMK16 at its EcoRI site.
Transformation of E. coli HB101 with these recombinants
gave six ampicillin-resistant colonies. These clones harbored
plasmids containing about 5.5 kb of added DNA. A repre-
sentative plasmid, pKOB5, was cut with Sall and religated
for the deletion of an approximately 1.5-kb Sail DNA
fragment. The newly created recombinant plasmid contained
an approximately 4-kilobase-pair EcoRI-SaIl genomic DNA
fragment of K. oxytoca and carried the intact ,-lactamase
gene. A subclone termed pKOB5-3 was mapped with restric-
tion enzymes (Fig. 1). The E. coli ampC gene (mapped at 94
min on the chromosome) was also cloned in the same way
from the genomic DNA of E. coli D21, a K-12 strain that
produces P-lactamase constitutively. This clone was desig-
nated pDAB22 and carried about 9 kb of E. coli genomic
DNA. Plasmid pMKampl-6, containing about 3 kb of the
chromosomal P-lactamase gene from K. pneumoniae LEN-
1, was described previously (3).
MICs. Parent strain K. oxytoca E23004 showed higher

resistance to all broad-spectrum cephems tested than E. coli
D21, which produces a cephalosporinase constitutively,
except perhaps for ceftizoxime. E. coli HB101 harboring
pKOB5-3 showed a higher level of resistance than the parent
or host strains (Table 2).

j-Lactamase activity. Sonic extracts prepared from E. coli
HB101 harboring pKOB5-3, pMKampl-6, or pDAB22 were
used as crude preparations of P-lactamase. These three
preparations had similar values of Km and Vmax for ampicil-
lin, but the hydrolytic efficiency (relative Vmax/Km) of the K.
oxytoca ,-lactamase for cephaloridine was lower (37.6/100)
than that for ampicillin, although it was much higher than the
hydrolytic efficiency of the K. pneumoniae LEN-1 P-lac-

tamase for cephaloridine. In contrast, the hydrolytic effi-
ciency of the E. coli P-lactamase for cephaloridine was about
two times higher than that for ampicillin (Table 3). These
results indicate that the K. oxytoca ,-lactamase is primarily
a penicillinase rather than a cephalosporinase. However, the
purified preparation of K. oxytoca P-lactamase showed a
very low Km for cefoperazone compared with other broad-
spectrum drugs, so that the relative Vmax/Km became high
(Table 4). P-Lactamases of K. pneumoniae LEN-1 and E.
coli D21 did not detectably hydrolyze these new ,B-lactam
antibiotics after 2 h of incubation at 30°C.

Purification of (-lactamase. About 100 mg of purified
enzyme was obtained from 3 liters of culture medium. The
purified enzyme gave a clear single band on SDS-polyacryl-
amide gel electrophoresis and isoelectric focusing, and no
other bands were detected by Coomassie blue staining.
Therefore, we supposed the purity of the enzyme to be
above 95%. Its app4rent mnolecular mass was estimated to be
28 kilodaltons (Fig. 2A). The pl of the enzyme was 7.4 (Fig.
2B).
DNA sequencing. The 4-kb EcoRI-SalI fragment of

pKOB5-3 was sequenced. The strategy and the fragments
used for dideoxy sequencing of the f-lactamase gene are
shown in Fig. 1. The complete nucleotide sequence of the K.

TABLE 3. Hydrolysis of P-lactam antibiotics by K. oxytoca
,B-lactamase and class A and class C 1-lactamases

P-Lactamase from:
Antibiotic and
characteristic E. coli HB101 E. coli HB101 E. coli HB101

(pKOB5-3) (pMKampl-6) (pDAB22)

Ampicillin
Km (,uM) 2.87 x 101 9.47 x 101 4.06 x 101
Vmax (p,M/min) 6.98 1.98 4.68
Relative Vmax looa 100 100
Relative Vmax/Km 100 100 100

Cephaloridine
Km (,uM) 9.60 x 101 1.35 x 103 7.48 x 102
Relative Vmax 126 26.8 4,130
Relative Vmax/Km 37.6 1.88 225

Cefotaxime
Km (,LM) 3.10 x 102 NDb ND
Relative Vmax 1.98
Relative Vmax/Km 0.183

a The relative V,,..M and relative Vmax/Km for each antibiotic were normal-
ized with respect to ampicillin.

b ND, Not detected. Hydrolytic activities of both K. pneumoniae and E.
coli 3-lactamases for cefotaxime were not detected after 2 h of incubation at
300C.

p
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TABLE 4. Hydrolysis of 1-lactam antibiotics by purified
,-lactamase of K. oxytoca

Antibiotic Km (,uM) Vmax Relative

Cefoperazone 1.70 85 1,570
Cefotaxime 3.15 x 102 iooa 100
Ceftizoxime 1.18 x 102 3.84 10.2
Cefmenoxime 1.60 x 102 955 18.7
Aztreonam 4.36 x 103 1,550 111

a Hydrolysis rates for each antibiotic were normalized with respect to
cefotaxime.

oxytoca ,-lactamase gene, its 5'- and 3'-flanking regions, and
the deduced amino acid sequence are shown in Fig. 3. There
was an 840-nucleotide open reading frame specifying a
protein of 280 amino acid residues, which is somewhat
longer than that of the mature enzyme. The initiation codon
(ATG) was preceded by a possible -10 region (CATAAT)
and -35 region (TTGTCA) of a putative promoter. The
termination codon (TAA) was followed by several potential
inverted repeats. The nucleotide homology of the coding
regions between the K. oxytoca j-lactamase gene and the K.
pneumoniae P-lactamase gene (3) was only 45%. No homol-
ogy of nucleotide sequence was found in the sequence at the
promoter region or in the adjacent sequences.
Comparison of amino acid sequences. About 40% homol-

ogy of amino acid sequence was observed between the
,-lactamase of K. oxytoca and class A P-lactamases, such as
that of K. pneumoniae LEN-1 (3) and the TEM-1 ,-lac-
tamase mediated by Tn3 (8) (Table 5). On the other hand, the
overall amino acid sequence of K. oxytoca P-lactamase had
no similarity to that of the E. coli ampC cephalosporinase
(11). The amino acid sequence of the active site of the
enzyme was compared with those of other P-lactamases
(Table 6). The consensus sequence at the active site (18) of
1-lactamases (-Phe-aa-aa-aa-Ser-aa-aa-Lys-) was found at
positions 58 to 65 of the K. oxytoca P-lactamase. However,
a conspicuous difference from others was a cysteine residue
just before the active-site serine residue. It is the sole

_2
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FIG. 2. SDS-polyacrylamide gel electrophoresis and analytical
isoelectric focusing of purified P-lactamase. (A) Protein (100 jig) was

subjected to SDS-polyacrylamide gel electrophoresis and stained

with Coomassie blue. Lanes: 1, purified P-lactamase of K. oxytoca

(indicated by the arrow); 2, protein molecular weight standards. (B)

Purified protein (200 jig) was subjected to isoelectric focusing on a

PAG plate (LKB) and stained with Coomassie blue. Lanes: 1,

purified P-lactamase; 2, standard proteins as pI markers.

5' -35 -10
GAATTCCATCATCGACATAGTGC (pAAAGCGCGGGAGTCGCG q CGGGCA 60

GCTCATCACTATCAAGGAGTCTGAGATGTTGAAAAGTTCGTGGCGTAAAACCGCCCTGAT 120
M

GGCCGCCGCCGCCGTTCCGCTGCTGCGGCGAGCGGTTCATTATGGGCCAG1TGCCGATGC18
A A A A V P L L L A S G S L W A S A D A

TATCCAGCAAAAGCTGGCTGATTTAGAAAAACGTTCCGGCGGTCGGCTGGGCGTAGCGCT
I Q Q K L A D L E K R S G G R L G V A L

240

GATTAACACGGCAGATGATTCGCAAACCCTCTATCGCGGCGATGAACGTTTTGCCATGTG 300
I N T A D D S Q T L Y R G D E R F A M C

CA[CACCGGTAAAGTGATGGCCGCCGCCGCGGTGTTAAAACAGAGCGAAAGCAATCCAGA
S T G K V M A A A A V L K Q S E S N P E

360

GGTGGTGAATAAAAGGCTGGAGATTAAAAAATCGGATTTAGTGGTCTGGAGCCCGATCAC 420
V V N K R L E I K K S D L V V W S P I T

CGAAAAACATCTGCAAAGCGGAATGACCCTGGCGGAACTCAGCGCGGCGGCGCTCAGTA
E K H L Q S G M T L A E S L A A A L Q Y

480

CAGCGACAATACCGCGATGAATAAGATGATTAGCTACCTTGGCGGACCGGAAAAGGTGAC 540
S D N T A M N K M I S Y L G G P E K V T

CGCATTCGCCCAGAGTATCGGGGATGTCACTTTTCGTCTCGATCGTACGGAGCCGGCGCT
A F A Q S I G D V T F R L D R T E P A L

GAACAGCGCGATTCCCGGCGATAAGCGCGATACCACCACCCCGTTGGCGATGGCCGAAAG
N S A I P G D K R D T T T P L A M A E S

CCTGCGCAAGCTGACGCTGGGCAATGCGCTGGGCGAACAGCAGCGCGCCCAGTTAGTGAC
L R K L T L G N A L G E Q Q R A Q L V T

600

660

720

GTGGCTAAAAGGCAATACCACCGGCGGGCAAAGCATTCGCGCAGGCCTGCCCGCAAGCTG 780
W L K G N T T G G Q S I R A G L P A S W

GGCGGTCGGGGATAAAACCGGCGCCGGAGATTACGGCACCACCAACGATATTGCGGTGAT 840
A V G D T K G A G D Y G T T N D I A V I

W P E N H A P L V L V T Y F T Q P Q Q D
900

TGCGAAAAGCCGCAAAGAGGTGTTAGCCGCGGCGGCAAAAATCGTCACCGAAGGGCTTTA 960
A K S R K E V L A A A A K I V T E G L **

CACTCTGCGCTTTGTTTCCCGGTGGT GNCT 1020

rCTGCGGACCGGTAGCCCGGACAGATGCGCAGCATG 1 080

FIG. 3. Nucleotide sequence and deduced amino acid sequence
of K. oxytoca 3-lactamase gene. Nucleotide and deduced amino acid
sequences of the complete 13-lactamase gene from K. oxytoca
E23004 are shown, together with the nucleotide sequence of its
flanking region. The nucleotide sequence of the antisense strand is
numbered from the 5'-terminal EcoRI cleavage site. An 840-nucle-
otide open reading flame is preceded by the presumptive -35 and
-10 region (boxed), and the stop codon (TAA) is marked with ***.

The arrows indicate regions of possible dyad symmetries. The
deduced amino acid residues are indicated by a one-letter code
below the corresponding codons.

cysteine residue found in the entire sequence of the K.
oxytoca P-lactamase, whereas there are two cysteine resi-
dues outside the active site in the ,B-lactamase of K. pneu-
moniae LEN-1 (3) or TEM-1 (2, 38) 1-lactamase. It was
reported by Joris et al. (15) that the cysteine residue was
found just before the active-site serine residue in the Kl
P-lactamase of K. pneumoniae SC10436 (Table 6). We

TABLE 5. Matrix of amino acid sequence homologies among
class A j-lactamases

Homology (%) of I3-lactamasea
Source of

1-lactamase K. oxytoca K. pneurfloniae TEM-1 S. aureus
E23004 LEN-1 PCi

K. oxytoca E23004 100 39 40 33
K. pneumoniae LEN-1 100 64 28
TEM-1 100 32
S. aureus PC1 100

a These values were calculated based on previously published data for K.
pneumoniae LEN-1 (3), TEM-1 (2, 38), and S. aureus PC1 (1). Calculations
were performed with the SDC-GENETYX system by the technique of
Lipman and Pearson (24).

ACCCGGG A AW.CCqjTCTGCAA
-------------------------
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TABLE 6. Amino acid sequence at active site of 1-lactamases

Bacterial strain Amino acid sequence of 1-lactamase Reference(s)at active sitea

Class A
K. oxytoca E23004 -Phe-Ala-Met-Cys-Ser-Thr-Gly-Lys- This study
K. pneumoniae SC10436b -Phe-Ala-Met-Cys-Ser-Thr-Ser-Lys- 12
K. aerogenes K1082EC -Phe-Ala-Met-Asn-Ser-Thr-Ser-Lys- 7
K. pneumoniae LEN-1 -Phe-Pro-Met-Val-Ser-Thr-Phe-Lys- 3
TEM-1 -Phe-Pro-Met-Met-Ser-Thr-Phe-Lys- 2, 38
B. cereus 5%H -Phe-Ala-Phe-Ala-Ser-Thr-Thr-Lys- 35
S. aureus PC1 -Phe-Ala-Tyr-Ala-Ser-Thr-Ser-Lys- 1

Class C
E. coli K-12 -Phe-Glu-Leu-Gly-Ser-Val-Ser-Lys- 11
C. freundii OS60 -Phe-Glu-Leu-Gly-Ser-Val-Ser-Lys- 22
E. cloacae P99 -Phe-Glu-Leu-Gly-Ser-Ile-Ser-Lys- 14
P. aeruginosa 18S -Phe-Glu-Ile-Gly-Ser-Val-Ser-Lys- 18
a The amino acid residues at the active site are shown by the three-letter code. The sequences of amino acid residues of K. pneumoniae SC10436, K. aerogenes

K1082E, S. aureus PC1, and P. aeruginosa 18S were obtained by peptide sequencing; the others were deduced from DNA sequences.
b This strain was confirmed in our laboratory to belong to K. oxytoca.
c The designation of K. aerogenes in the earlier classification was a synonym of K. pneumoniae (10).

found, however, that strain SC10436 was indole production
positive, pectate degradation positive, and gentisate utiliza-
tion positive. Therefore, strain SC10436 must be reidentified
as a strain of K. oxytoca.

Southern hybridization analysis. The 960-base-pair EcoRI-
SmaI DNA fragment of pKOB5-3, which includes the pro-
moter and entire coding region, hybridized strongly with the
bands of chromosomal DNA of all K. oxytoca strains tested
(Fig. 4), whether these strains were resistant or susceptible
to ,B-lactam antibiotics (Table 7). In contrast, the probe
hybridized only faintly with the bands of chromosomal DNA
extracted from E. cloacae. No bands of chromosomal DNA
from K. pneumoniae, K. oxytoca, E. aerogenes, Proteus
mirabilis, Proteus vulgaris, and Serratia marcescens hybrid-
ized detectably with the probe.

DISCUSSION
Resistance to ,B-lactam antibiotics can be acquired mainly

by three mechanisms. Firstly, P-lactamase, produced and
secreted inducibly (21, 23) or constitutively, may hydrolyze
f-lactam antibiotics in the periplasmic space or outside of
the cell wall. Secondly, porins of the outer membranes of
many gram-negative bacteria can function as a barrier to the
penetration of 3-lactam antibiotics into the cell (6). Thirdly,
changes may occur in the affinity to ,-lactams of the peni-
cillin-binding proteins, which are the target proteins of
3-lactam antibiotics and play a role in the synthesis of the

peptidoglycan layer (40). This study showed that newly
developed broad-spectrum cephalosporins, such as cefoper-
azone, cefotaxime, cefmenoxime, and ceftizoxime, and a
monobactam, aztreonam, were hydrolyzed by the class A
,-lactamase of K. oxytoca. E. coli HB101, which harbors a
plasmid encoding the cloned K. oxytoca ,-lactamase gene,
became somewhat more resistant than the parent strain to
these ,B-lactams as the result of gene amplification (Table 2).
It is therefore likely that the resistance of K. oxytoca E23004
to cefoperazone was the result essentially of the strong
hydrolyzing action of its own ,-lactamase. This is in contrast
to the resistance of E. cloacae to cefotaxime that is achieved
mostly through the barrier function of outer membrane porin
proteins in combination with the weak hydrolyzing activity
of its ,-lactamase to broad-spectrum ,-lactams (6, 41).
The genus Klebsiella is classified into four species, K.

pneumoniae, K. oxytoca, K. planticola, and K. terrigena

(28). Indole-positive Klebsiella strains are either K. oxytoca
or K. planticola. K. planticola strains are not easily identi-
fied in clinical laboratories because of the lack of tests for
identification. However, we found that some 20o of indole-
positive Klebsiella strains isolated clinically were identified
as K. planticola (manuscript in preparation). The results of
DNA hybridization shown in Fig. 4 revealed that either K.
pneumoniae strains or indole-positive K. planticola strains
possessed specific chromosomal DNA sequences which
cannot hybridize with the ,B-lactamase gene of K. oxytoca.
The substrate profile of the indole-positive K. planticola
,-lactamase and the observed patterns of resistance to
,-lactams of clinical isolates of indole-positive K. planticola
are similar to those of K. pneumoniae rather than K. oxytoca
(unpublished observation). On this basis, K. oxytoca isolates
should be discriminated from indole-positive K. planticola
strains in clinical laboratories for accurate chemotherapy.
The EcoRI-SmaI fragment of the K. oxytoca ,B-lactamase

gene hybridized strongly with DNAs from all K. oxytoca
strains tested. Otherwise, no hybridization was observed
with other Klebsiella strains, such as K. pneumoniae or K.
planticola. These results suggest that DNA sequences ho-
mologous with the cloned 3-lactamase gene from K. oxytoca
E23004 exist generally on the chromosomes of K. oxytoca
strains. On the other hand, the same probe hybridized
slightly with some chromosomal DNAs from E. cloacae.
However, the presence of DNA sequences with weak ho-
mology does not necessarily mean that their chromosomally
encoded ,-lactamases have a certain level of similarity to the
K. oxytoca ,3-lactamase. Rather, the DNA probe derived
from the K. oxytoca P-lactamase gene might hybridize
partially with other genes, such as those for penicillin-
binding proteins (4, 27) or carboxypeptidases (42). Indeed,
partial similarities have been found among their DNA se-
quences (data not shown).

Strong hybridization of a cloned gene probe with all DNAs
from various strains of K. oxytoca tested was observed, but
only two of seven strains show high resistance to cefopera-
zone and aztreonam (Table 7). Although more studies are
required to establish the reason for this finding, it may be
speculated that, overall, nucleotide sequences between
probe and chromosomal P-lactamase genes of tested strains
are highly homologous but that there may be some changes
in nucleotide sequences which relate closely to the diversity
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FIG. 4. Southern blot and hybridization analysis of chromo-
somal DNA. Chromosomal DNA from various strains of the family
Enterobacteriaceae were hybridized with the EcoRI-SmaI DNA
fragment of the cloned ,B-lactamase gene of K. oxytoca. About 10 Fg
of DNA was placed in each lane. The DNA probe hybridized
strongly with the chromosomal DNAs of all K. oxytoca strains
tested (lanes 6 to 12). On the other hand, the same probe hybridized
only faintly with chromosomal DNA from some strains of E.
cloacae (lanes 25 to 26). No other DNAs hybridized with the probe.
Lanes: 1, k. pneumoniae LEN-1 (serotype 03:K1-); 2, K. pneu-

moniae Chedid (O1:K2); 3, K. pneumoniae E5051 (02:K5); 4, K.
pneumoniae Klebs. 919 (O1:K10); 5, chromosomal DNA of K.
oxytoca E23004 digested with EcoRI; 6, K. oxytoca E23004; 7, K.
oxytoca G3 (K43); 8, K. oxytoca A5 (K55); 9, K. oxytoca MS (K60);
10, K. oxytoca Y13 (K65); 11, K. oxytoca N18; 12, K. oxytoca El
(K3); 13, K. planticola S5; 14, K. planticola Y4 (K58); 15, K.
planticola D2; 16, K. planticola Jl; 17, K. planticola H20 (K2); 18,
K. planticola 132 (K3); 19, E. aerogenes 1; 20, E. aerogenes 16; 21,
E. aerogenes 45; 22, E. aerogenes 50; 23, E. cloacae 3S; 24, E.
cloacae 12H; 25, E. cloacae 35; 26, E. cloacae 46; 27, E. cloacae 56;
28, P. mirabilis PM2; 29, P. mirabilis 3045; 30, P. vulgaris 3849; 31,
P. vulgaris PV2; 32, P. vulgaris PV1; 33, S. marcescens 7; 34, S.
marcescens 8; 35, S. marcescens 23; 36, S. marcescens 21; 37, K.
oxytoca E23004. The strains shown in lanes 1 and 2 were laboratory
strains. The strains shown in lanes 3 and 4 were Klebsiella K-antigen
reference strains provided by I. 0rskov, International Escherichia
and Klebsiella Center, Copenhagen, Denmark. All the other strains
were clinically isolated from various general hospitals in Japan
during the past several years.

in substrate specificities of these enzymes. This speculation
is supported by the fact that only two amino acid differences
were observed between TEM-2 and CTX-1 (S. Goussard, W.
Sougakoff, G. Gerbaud, and P. Courvalin, Program Abstr.
27th Intersci. Cohf. Antimicrob. Agents Chemother., abstr.
no. 517, 1987).
The group of 1-lactamases that hydrolyze broad-spectrum

TABLE 7. MICs for bacterial strains used for Southern
hybridization analysis

MIC (p.g/ml)c
Lanea Strainb (serotype)

CPZ CZX AZT

6 K. oxytoca E23004d >100 0.05 6.25
7 K. oxytoca G3 (K43) 0.2 <0.025 <0.025
8 K. oxytoca AS (K55) >100 0.1 25
9 K. oxytoca MS (K60) 0.8 <0.025 0.05
10 K. oxytoca Y13 (K65) 0.4 <0.025 0.1
11 K. oxytoca N18d 1.6 <0.025 0.4
12 K. oxytoca El (K3) 1.6 <0.025 0.1
13 K. planticola S5d 0.2 <0.025 0.05
14 K. planticola Y4 (K58) 0.1 <0.025 <0.025
15 K. planticola D2d 0.8 <0.025 0.1
16 K. planticola Jld 0.2 <0.025 0.05
17 K. planticola H20 (K2) 0.4 0.05 <0.025
18 K. planticola 132 (K3) 0.1 <0.025 0.05
a Figure 4.
b All strains were clinically isolated from various general hospitals in Japan

during the past several years.
c CPZ, Cefoperazone; CZX, ceftizoxime; AZT, aztreonam.
d These strains have unclassifiable K-antigen types.

,-lactams includes 3-lactamases of K. oxytoca, SHV-2 (a
mutant that originated from plasmid-encoded SHV-1 1B-
lactamase) (17, 19), CTX-1 (16, 34), CAZ-1 (29), and RHH-1
(36). Most of these new enzymes have been found in
Klebsiella spp., atid a feature of these plasmid-mediated
,B-lactamases is that they all belong to class A. It is puzzling
why so many of the extended-spectrum f-lactamases have
turned up in Klebsiella spp., which have class A ,B-lactamase
genes on their chromosomes. We have reported the close
evolutionary relationship between the TEM ,B-lactamase
gene and the chromosomal 1-lactamase gene of K. pneumo-
niae (3). Furthermore, only two amino acid differences
between TEM-2 and CTX-1 were reported, and it has also
been suggested by Southern hybridization analysis (29) that
the CAZ-1 13-lactamase derives from a TEM-type ,B-lac-
tamase. Therefore, it is possible to speculate that these
plasmid-mediated new 1-lactamases have something to do
with the chromosomal 1-lactamase of Klebsiella spp.
Because the entire amino acid sequences of the extended-

spectrum ,B-lactamases other than that of K. oxytoca are not
available, it is impossible to identify precisely the consensus
structure of the class A enzymes which hydrolyze broad-
spectrum ,B-lactamas. It has been reported that thiol-,B-
lactamase can hydrolyze 13-lactams (33). K. oxytoca 13-
lactamase has a thiol group and a hydroxyl group at the
active site. The presence of a cysteine residue at the active
site is not unique to the K. oxytoca 1-lactamase. A cysteine
just before the active-site serine was found in the ,B-lac-
tamases of Streptomyces albus G (15) and K. pneutnaniae
SC10436 (12). However, the latter strain was reidentified as
a strain of K. oxytoca in our laboratory. The hydrolysis of
new ,B-lactam antibiotics by the K. pneumoniae SC10436
p-lactamase has not been reported. In preliminary experi-
ment, the sulfhydryl inhibitor (p-chloromnercuribenzoic acid)
did not decrease the hydrolytic activity of the K. oxytoca
,B-lactamase. These findings suggest that the cysteine just
before the active-site seine may not be essential for the
hydrolysis of broad-spectrum 1-lactams and that other por-
tions of the amino acid sequence participate in the geometry
of the active site (9).
We have reported that the gene probes derived from the

K. pneumoniae LEN-i 13-lactamase gene hybridized
strongly with all the chromosomal DNAs extracted from
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strains of K. pneumoniae which had been isolated in Japan,
the United States, and Europe (3). In this study, we also
investigated hybridization of the K. oxytoca E23004 ,B-
lactamase gene with many DNAs from K. oxytoca strains
isolated recently from clinical specimens. These findings
may be interpreted as reflecting the diversity among Klebsi-
ella species. It is one of the most characteristic points that
there are considerable differences in nucleotide and amino
acid sequences within the 3-lactamase genes of Klebsiella
species (3, 7, 12), whereas the ampC genes of E. coli, E.
cloacae, and C. freundii show highly conserved nucleotide
or amino acid sequences (11, 13, 22).
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ADDENDUM

After the submission of our manuscript, we received a
letter from K. Bush which told us of the reidentification of K.
pneumoniae SC10436 as a strain of K. oxytoca.
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