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Four types of P-lactamases consisting of a penicillinase type I (TEM-1), a penicillinase type II (OXA-1), a

cephalosporinase of Citrobacter freundii, and a cephalosporinase of Proteus vulgaris were introduced into
Escherichia coli MC4100 and its omp mutants, MH1160 (MC4100 ompRI) and MH760 (MC4100 ompR2), by
transformation. Effects of the combination of the omp mutations and these P-lactamases on the susceptibility
of E. coli strains were studied with 15 ,B-lactam antibiotics including cephalosporins, cephamycins, penicillins,
imipenem, and aztreonam. The ompRI mutant, MH1160, lacks OmpF and OmpC, and it showed reduced
susceptibility to 11 of the 15 P-lactam agents. The reduction in susceptibility to cefoxitin, moxalactam, and
flomoxef was much greater than reduction in susceptibility to the other agents. When the ompRI mutant
produced the cephalosporinase of C. freundii, the susceptibility of the mutant to 12 of the 15 P-lactam
antibiotics decreased. The reduction in susceptibility of MH1160 to 10 of the 12 agents affected by the enzyme
was two- to fourfold greater than that observed in MC4100. Such a synergistic effect was also observed with
the cephalosporinase of P. vulgaris and ompRI mutation against six cephalosporins, moxalactam, and
aztreonam.

P-Lactamases of gram-negative bacteria play an important
part in bacterial resistance to P-lactam antibiotics. They are
mediated by chromosomes or by plasmids. Both expression
of P-lactamases, i.e., amount of the enzymes, and substrate
profiles of the enzymes are major factors that determine
resistance levels. Also, permeability of r-lactam antibiotics
through the bacterial outer membrane affects susceptibility
to r-lactam agents (21). Since OmpF and OmpC porins of
Escherichia coli were found to act as pores for diffusion
through the outer membrane, the role of the porin channels
in permeation of r-lactams has been studied actively (24,
29). Some P-lactam antibiotics, e.g., cefoxitin, are known to
penetrate much more rapidly through the OmpF porin than
through the OmpC porin (11). Decreased permeability of the
outer membrane and alterations in the outer membrane
proteins also have been studied as factors in resistance to
P-lactam antibiotics (1, 6, 12). Recently, the contributions of
1-lactamases and outer membrane permeability to resistance
have been studied simultaneously (15, 20, 27). Such an
approach is more appropriate when both hydrolytic rate and
permeation rate are slow (5). In our studies on bacterial
resistance to newer cephalosporins by cephalosporinases, a
decrease in permeability intensified the reduction in antimi-
crobial activity by cephalosporinase against cefotaxime and
ceftazidime in E. coli (7, 8). For the elucidation of the
resistance mechanisms and the evaluation of new agents,
studies on the effects of ,B-lactamase production on bacterial
susceptibility of the mutants with altered outer membrane
permeability should yield important information.

In this study, we chose four 1-lactamases with different
substrate profiles, two penicillinases and two cephalospori-
nases, and we also chose as substrates 15 3-lactam antibiot-
ics including eight cephalosporins, two penicillins, two ox-
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acephamycins, a cephamycin, a carbapenem, and a
monobactam. The effect of f-lactamase production on sus-
ceptibility to 3-lactam antibiotics was tested in E. coli omp
mutants that lack OmpC or both OmpF and OmpC.

MATERIALS AND METHODS

Bacteria and plasmids. E. coli MC4100 (F- AlacU169
araD139 rpsL relA thiA fibB), MH1160 (MC4100 ompRl),
and MH760 (MC4100 ompR2) were kindly donated by S.
Mizushima (Nagoya University, Nagoya, Japan). MH1160
and MH760 are omp mutants of MC4100. MH1160 lacks
outer membrane proteins OmpF and OmpC (4). MH760
lacks OmpC and produces OmpF constitutively, while the
parent strain MC4100 has osmoregulated production of
OmpF and OmpC (3). Four plasmids, pMS510 and pMS509
(R. Okamoto, S. Mitsuhashi, and M. Inoue, unpublished
results), pMS185-2, and pMS182-5, are derivatives of
pACYC184 (2) and contain cloned ,-lactamase genes of the
following types: penicillinase type I (TEM-1) of Rms212 (28),
penicillinase type II (OXA-1) of Rms213 (28), cephalospori-
nase of Citrobacterfreundii GN346 (26), oxyimino-cephalo-
sporinase of Proteus viulgaris GN7919 (16), respectively.
pMS510 has an EcoRI fragment (14.5 kilobases [kb]) of
Rms212 in the EcoRI site of pACYC184. pMS509 has an
EcoRI fragment (7.4 kb) of Rms213 in the EcoRI site of
pACYC184. The chromosomal cephalosporinase gene of C.
freundii GN346 was cloned into the EcoRI site ofpACYC184
to produce pMS185, which mediates inducible production of
C. freundii cephalosporinase. pMS185-2 is a deletion deriv-
ative of pMS185 obtained by the use of AccI and contains a
4.8-kb fragment from the C. freundii chromosome. First, the
chromosomal cephalosporinase gene of P. vulgaris GN7919
was cloned into the EcoRI site of pACYC184 to yield
pMS182 (14), which mediates inducible production of P.
vulgaris cephalosporinase. Second, the cephalosporinase
gene of MS182 was recloned into the same vector by the use
of HaeII to produce pMS182-5, which contains a 6.35-kb
fragment from the P. vulgaris chromosome. Transformants
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TABLE 1. 13-Lactamase activity of E. coli strains with cloned P-lactamase genes

Straina Plasmid Enzymeb Enzyme activity MIC (glgml)d(nkat/mg of protein)' ABPC CET

MC4100 (F+ C+) Host None 1.56 3.13
pMS510 PCase type I 55 1,600 6.25
pMS509 PCase type II 13 6,400 6.25
pMS185-2 CSase 0.82 6.25 50
pMS182-5 CXase 3.4 1,600 1,600

MH1160 (F- C-) Host None 3.13 25
pMS510 PCase type I 28 3,200 100
pMS509 PCase type II 5.1 6,400 100
pMS185-2 CSase 0.88 25 800
pMS182-5 CXase 3.6 3,200 6,400

MH760 (F++ C-) Host None 1.56 3.13
pMS510 PCase type I 28 1,600 6.25
pMS509 PCase type II 5.5 3,200 6.25
pMS185-2 CSase 1.1 6.25 50
pMS182-5 CXase 3.3 1,600 800

a F- and C-, Lack of OmpF and OmpC, respectively; F+ and C', osmoregulated production of OmpF and OmpC, respectively; F+, constitutive production
of OmpF.

b PCase, Penicillinase; CSase, cephalosporinase of C. freundii; CXase, cephalosporinase of P. vulgaris.
c-, Less than 0.08 nkat/mg for ampicillin and less than 0.05 nkat/mg for cephalothin.
d ABPC, Ampicillin; CET, cephalothin.

with pMS185-2 or pMS182-5 produced cephalosporinases
constitutively. These plasmids were introduced into E. coli
MC4100, MH1160, and MH760 by transformation. The
transformants of MC4100 and MH1160 with pMS185-2 or
pMS182-5 were reported previously (7).

Antibiotics. Antibiotics were obtained from the following
companies: cefoxitin and imipenem, Banyu Pharmaceutical
Co., Ltd.; cefepime (BMY-28142), Bristol-Myers Research
Institute; ceftizoxime, Fujisawa Pharmaceutical Co., Ltd.;
cefotaxime and cefpirome (HR810), Hoechst Japan Ltd.;
ampicillin, Meiji Seika Kaisha Ltd.; cefuroxime and ceftazi-
dime, Shinnihon Jitsugyo Co., Ltd.; cephalothin, moxalac-
tam, and flomoxef, Shionogi & Co., Ltd.; aztreonam, Squibb
Japan Inc.; and piperacillin and cefoperazone, Toyama
Chemical Co., Ltd.

-Lactamase assay. The 3-lactamase activities of E. coli
strains were determined by a spectrophotometric method
(18) at 30°C in 50 mM phosphate buffer (pH 7.0) with
ampicillin (100 p.M) as the substrate for penicillinases and
cephalothin (100 ,uM) as the substrate for the cephalospori-
nases. Enzyme activity was expressed as nanomoles of
substrate hydrolyzed per second (nanokatals) by 1 mg of
protein of bacterial crude extract prepared by sonication.
Protein concentration was determined by the method of
Lowry et al. (13) with bovine serum albumin as the standard.
SDS-urea-PAGE. Outer membrane proteins of the strains

of E. coli before and after transformation were confirmed by
sodium dodecyl sulfate-urea-polyacrylamide gel electropho-
resis (SDS-urea-PAGE) (19). The outer membrane fraction
was prepared by the method of Inokuchi et al. (9) as a
Sarkosyl-insoluble fraction. Penassay broth (Difco Labora-
tories) was used for a bacterial culture medium.

Susceptibility testing. Susceptibilities of the E. coli strains
to various 1-lactam antibiotics were determined by an agar
dilution method in sensitivity test agar (Nissui Seiyaku), i.e.,
modified Mueller-Hinton agar. Approximately 104 CFU of
bacterial culture was inoculated onto agar plates containing
serial twofold dilutions of the agents. MIC was scored after
incubation for 18 h at 37°C. When a difference in MICs of an

agent between two strains was fourfold or greater, the
difference was considered significant.

RESULTS

I-Lactamase activities of the transformants. Table 1 shows
P-lactamase activities of E. coli MC4100, MH1160, and
MH760 and their transformants and MICs of ampicillin and
cephalothin for the strains. The expression of the cephalo-
sporinases mediated by pMS185-2 or pMS182-5 was almost
the same among the transformants of MC4100, MH1160, and
MH760, whereas the penicillinase activities, which were
mediated by pMS510 and pMS509, of MH1160 and MH760
were about half of those of the transformants of MC4100.
Susceptibility of the E. coli strains to ampicillin or cephalo-
thin decreased significantly after transformation.
SDS-urea-PAGE of outer membrane proteins. The outer

membrane proteins of the transformants were compared
with those of the host strains. Figure 1 shows SDS-urea-
PAGE patterns of the outer membrane proteins from the
strains before and after transformation with pMS185-2 or
pMS182-5. The strains containing pMS510 or pMS509 gave
results comparable to those of the strains containing
pMS185-2 or pMS182-5. MC4100 produced both OmpF and
OmpC. MH1160 did not produce either OmpF or OmpC.
MH760 did not produce OmpC and produced much more
OmpF than did MC4100. The outer membrane proteins of
the strains did not change after transformation.

Susceptibilities of the E. coli strains with and without
3-lactamases to various I3-lactam antibiotics. Susceptibilities

of E. coli MC4100, its omp mutants, and their transformants
with 1-lactamases were tested against the following 13
,B-lactam antibiotics in addition to ampicillin and cephalothin
(Table 2; see Table 1 for susceptibilities to ampicillin and
cephalothin): seven cephalosporins, i.e., cefoperazone, cef-
tizoxime, cefuroxime, cefotaxime, ceftazidime, cefpirome,
and cefepime; a penicillin, piperacillin; two oxacephamy-
cins, moxalactam and flomoxef; a cephamycin, cefoxitin; a
carbapenem, imipenem; and a monobactam, aztreonam.
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FIG. 1. SDS-urea-PAGE of the outer membrane proteins of E.

coli strains before and after transformation with pMS185-2 and
pMS182-5. Lanes: A, outer membrane proteins from MC4100;
B, MC4100/pMS185-2; C, MC4100/pMS182-5; D, MH1160; E,
MH1160/pMS185-2; F, MH1160/pMS182-5; G, MH760; H, MH760/
pMS185-2; I, MH760/pMS182-5.

(i) Decrease in susceptibility by ompRI mutation. A de-
crease in susceptibility by ompRI mutation was observed
with 11 of the 15 3-lactams tested but not with ampicillin,
piperacillin, or imipenem. The activities of cefoxitin, moxa-
lactam, and flomoxef were most affected by the mutation,
and their MICs for MH1160 were 16-fold those for MC4100.

(ii) Decrease in susceptibility of MC4100 by production of
,I-lactamases. The type I penicillinase significantly reduced
the activities of ampicillin, piperacillin, and cefoperazone
but reduced only slightly or not at all the activities of the
other 3-lactam antibiotics. The type II penicillinase greatly
reduced the activity of the penicillins, resulting in a more
than 500-fold increase in MIC, and also reduced the activity
of six cephalosporins, i.e., cefepime and cefpirome (128-fold

increase in MIC), ceftizoxime (32-fold increase in MIC),
cefoperazone (16-fold increase in MIC), cefotaxime (16-fold
increase in MIC), and cefuroxime (8-fold increase in MIC).
The cephalosporinase of C. freundii reduced the activity of
10 of the 15 3-lactam agents. The increase in MIC was
16-fold for cephalothin and ceftizoxime; 8-fold for cefoxitin,
flomoxef, and cefotaxime; and 4-fold for ampicillin, piper-
acillin, cefoperazone, ceftazidime, and aztreonam. Ce-
fepime, cefpirome, cefuroxime, moxalactam, and imipenem
were slightly or not affected by the enzyme in MC4100. The
cephalosporinase of P. vulgaris reduced the activity of 11 of
the 15 ,3-lactam agents. This enzyme affected aztreonam and
all cephalosporins and penicillins tested. Among these ceph-
alosporins, reduction in activity by the enzyme was smaller
for ceftazidime, cefepime, and ceftizoxime than for the other
seven cephalosporins; ceftazidime, cefepime, and ceftizox-
ime showed an increase in MIC of less than or equal to
16-fold. The reduction in antimicrobial activity was not
significant for cefoxitin, moxalactam, flomoxef, or imi-
penem.

(iii) Combined effects of ,-lactamase production and omp
mutation. The greater increase in MIC for MH1160 than for
MC4100 was considered due to a synergistic effect of ompRI
mutation with 1-lactamases. Synergistic effect of the C.
freundii cephalosporinase and ompRI mutation was ob-
served for 10 of the 12 r-lactams affected by the enzyme. A
similar effect was observed with the P. vulgaris enzyme
against 8 of 12 agents. Against ampicillin and piperacillin,
type I and type II penicillinases and the P. vulgaris cepha-
losporinase did not show such a synergistic effect. Although
the penicillinases affected antimicrobial activity synergisti-
cally with ompRi mutation against three of four cephalospo-
rins (by type I penicillinase) and three of seven cephalospo-
rins (by type II penicillinase), the synergistic effect was less
distinct than those observed with the two cephalosporinases.
The combined effects of 1-lactamases and omp mutation on
bacterial susceptibility were more significant when they

TABLE 2. Susceptibility of E. coli omp mutants and their 3-lactamase-producing transformants to ,B-lactam antibiotics

a P-La,ta- ~~~~~~~~~~~~~MIC([Lg/mIY"Strain" Plasmid m-Lacta-smaseb PIPC CFX LMOX FMOX IPM AZT CXM CPZ CZX CTX CAZ CPRM CFPM

MC4100 Host None 0.20 1.56 0.05 0.025 0.20 0.05 1.56 0.05 0.025 0.025 0.10 0.013 0.013
(F+ C+) pMS510 PCase I 100 1.56 0.05 0.025 0.20 0.10 1.56 1.56 0.025 0.025 0.10 0.025 0.025

pMS509 PCase II 100 1.56 0.05 0.025 0.20 0.10 12.5 0.78 0.78 0.39 0.10 1.56 1.56
pMS185-2 CSase 0.78 12.5 0.10 0.39 0.20 0.20 3.13 0.20 0.39 0.20 0.39 0.025 0.013
pMS182-5 CXase 100 1.56 0.10 0.025 0.20 12.5 >200 12.5 0.10 3.13 1.56 0.78 0.39

MH1160 Host None 0.39 25 0.78 0.39 0.20 0.20 6.25 0.20 0.10 0.10 0.20 0.10 0.05
(F- C-) pMS510 PCase I 100 25** 0.78** 0.39** 0.20 0.20 6.25* 6.25* 0.10* 0.10* 0.20 0.39** 0.20**

pMS509 PCase II 200 25** 0.78** 0.39** 0.20 0.20 50* 3.13* 6.25** 3.13* 0.20 12.5** 6.25**
pMS185-2 CSase 1.56 200** 1.56** 12.5** 0.20 1.56** 12.5* 1.56** 6.25** 3.13** 3.13** 0.39** 0.20**
pMS182-5 CXase 100 25** 3.13** 0.39** 0.39 100** >200 200** 0.78** 25** 6.25** 12.5** 3.13**

MH760 Host None 0.39 1.56 0.05 0.05 0.39 0.013 1.56 0.025 0.013 0.025 0.05 0.013 0.013
(F++ C-) pMS510 PCase I 100 1.56 0.05 0.05 0.39 0.013 1.56 0.39 0.013 0.025 0.05 0.025 0.013

pMS509 PCase II 200 1.56 0.05 0.05 0.39 0.025 12.5 0.20 0.78 0.39 0.05 0.78 0.39
pMS185-2 CSase 0.78 12.5 0.05 0.20 0.39 0.05 1.56 0.05 0.39 0.20 0.20 0.013 0.013
pMS182-5 CXase 100 1.56 0.10 0.05 0.78 6.25 >200 12.5 0.10 3.13 0.78 0.39 0.20

a F- and C-, Lack of OmpF and OmpC, respectively; F+ and C+, osmoregulated production of OmpF and OmpC, respectively; F++ constitutive production
of OmpF.

b PCase I, Penicillinase type I (TEM-1) of Rms212; PCase II, penicillinase type II (OXA-1) of Rms213; CSase, cephalosporinase of C. freundii GN346; CXase,
cephalosporinase of P. vulgaris GN7919.

C Asterisks indicate fourfold (*) and greater than fourfold (**) increases in MICs for MH1160 containing these plasmids over MICs for MC4100 containing
corresponding plasmids. AZT, aztreonam; CAZ, ceftazidime; CFPM, cefepime; CFX, cefoxitin; CPRM, cefpirome; CPZ, cefoperazone; CTX, cefotaxime; CXM,
cefuroxime; CZX, ceftizoxime; FMOX, flomoxef; LMOX, moxalactam; IPM, imipenem; PIPC, piperacillin.
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were compared between MH1160 and MH760. MH760
showed a susceptibility to 3-lactam antibiotics equal to or

somewhat higher than that of MC4100, and its transformants
were more susceptible to some of the ,B-lactam antibiotics
than the transformants of MC4100.

DISCUSSION

The OmpF- and OmpC-deficient mutant of E. coli,
MC4100 ompRi, showed reduced susceptibility to certain
,-lactam antibiotics, including cephalosporins, oxacepha-
mycins, cefoxitin, and aztreonam. The reduction of suscep-

tibility was much more extensive for cefoxitin and oxaceph-
amycins than for other P-lactam antibiotics. Cephalosporins
showed relatively less increase in MIC after the mutation
than did the cephamycins. These observations agree with the
results of other investigators (11, 12). The lower susceptibil-
ity of OmpF- and OmpC-deficient mutants has been consid-
ered due to the lower permeability of P-lactam antibiotics
through their outer membranes (6). Although the increase in
MIC of the cephalosporins and aztreonam was small, i.e., an

eightfold or smaller increase, it augmented the reduction in
antimicrobial activity by ,-lactamases: the increase in MIC
by the cephalosporinases of C. freundii and P. vulgaris was

two- to fourfold greater than the additive effects of the
ompRi mutation and the P-lactamases. The enhancement of
resistance due to ,B-lactamases in MH1160(OmpF- OmpC-)
was significant against cephems and aztreonam but not
against penicillins and imipenem. These facts indicate a

much greater dependency of cephems and aztreonam than
penicillins and imipenem on the OmpF and OmpC porins in
penetration through the outer membrane. Such synergistic
effects were less significant with the two penicillinases, type
I (TEM-1) and type II (OXA-1), probably because the
expression of the penicillinases in the omp mutant was about
half that in the parent strain, for unknown reasons. The lack
of OmpC alone apparently did not result in enhancement of
P-lactamase-mediated resistance in MH760 (OmpC-
OmpF++), which still produces OmpF constitutively. How-
ever, OmpC- mutants with osmoregulated OmpF would
behave as OmpF- and OmpC- mutants under high-osmola-
lity circumstances (17).
A recent problem in 3-lactam chemotherapy is the exist-

ence or the emergence of multiple-,B-lactam-resistant strains
of gram-negative bacteria, e.g., Enterobacter cloacae, C.
freundii, Serratia marcescens, and Pseudomonas aerugi-
nosa, which overproduce chromosomal cephalosporinases
(22). When the ompRI mutant produced the cephalospori-
nase of C. freundii, it showed decreased susceptibility to

almost all ,-lactam antibiotics, except for imipenem, com-

pared with the parent. Among these ,-lactam agents,

cefepime and cefpirome showed much greater activity than
other agents. This greater activity is mainly due to their
much greater stability against the cephalosporinases at a low
concentration which is still enough to inhibit penicillin-
binding proteins, because of the low affinity of the enzymes

for both agents (8, 23). Neither production of these 1-

lactamases nor ompRI mutation significantly affected the
activity of imipenem. These observations indicate high per-

meability of imipenem through the outer membrane (7) and a

possibility that imipenem penetrates into periplasmic space

through an alternative pathway, as discussed by Jaffe et al.
(11). Our results confirm the observation of Jacoby and
Sutton (10) that some TEM-type and OXA-type enzymes

and E. coli cephalosporinase affect the activity of newer

broad-spectrum 3-lactam antibiotics such as cefotaxime,

ceftazidime, cefepime, and aztreonam. They also studied
effects of P-lactamases in omp mutant strains. However, our
results revealed more clearly the synergistic effects of low-
ered permeability and P-lactamase production on bacterial
susceptibility.

Substrate profiles of P-lactamases are major factors in
resistance. In fact, the P. vulgaris cephalosporinase pos-
sesses a broad substrate profile, ranging from penicillins to
cephalosporins including oxyimino-cephalosporins (16), and
this cephalosporinase reduced antimicrobial activity of pen-
icillins, cephalosporins, and aztreonam in E. coli (Table 2).
Among the ,B-lactam antibiotics we tested, the low-perme-
ability strain, MH1160, with the P. vulgaris enzyme was still
susceptible to cefepime, ceftizoxime, flomoxef, imipenem,
and moxalactam: the MICs were lower than 6.25 ,ugIml.
Since a derepressed and overproducing mutant of P. vulgaris
was still susceptible to cefotaxime and ceftazidime (7), the
chromosomal cephalosporinase of P. vulgaris has less clin-
ically significant resistance to the newer-generation cepha-
losporins. Recently, however, a new type of plasmid-medi-
ated 3-lactamase with a broad substrate spectrum was
reported, i.e., CTX-1 (25), which is sitnilar to the P. vulgaris
enzyme in hydrolysis of cefotaxime and inhibition by clavu-
lanic acid. These broad-spectrum 3-lactarnases may become
more important factors in the resistance to 1-lactam antibi-
otics when pathogenic organisms have low permeability to
,-lactam antibiotics. Our set of E. coli strains should be
useful for evaluation of ,B-lactam antibiotics because it
combines both a variety of ,-lactamases and 1-lactam per-
meability in isogenic strains.

LITERATURE CITED
1. Bush, K., S. K. Tanaka, D. P. Bonner, and R. B. Sykes. 1985.

Resistance caused by decreased penetration of P-lactam antibi-
otics into Enterobacter cloacae. Antimicrob. Agents Chemo-
ther. 27:555-560.

2. Chang, A. C. Y., and S. N. Cohen. 1978. Construction and
characterization of amplifiable multicopy DNA cloning vehicles
derived from the plSA cryptic miniplasmid. J. Bacteriol. 134:
1141-1156.

3. Hall, M. N., and T. J. Silhavy. 1981. The ompB locus and
regulation of the major outer membrane proteins of Escherichia
coli K-12. J. Mol. Biol. 146:23-43.

4. Hall, M. N., and T. J. Silhavy. 1981. Genetic analysis of the
ompB locus in Escherichia coli K-12. J. Mol. Biol. 151:1-15.

5. Hancock, R. E. W. 1987. Role of porins in outer membrane
permeability. J. Bacteriol. 169:929-933.

6. Harder, K. J., H. Nikaido, and M. Matsuhashi. 1981. Mutants of
Escherichia coli that are resistant to certain beta-lactam com-
pounds lack the ompF porin. Antimicrob. Agents Chemother.
20:549-552.

7. Hiraoka, M., M. Inoue, and S. Mitsuhashi. 1988. Hydrolytic rate
at low drug concentration as a limiting factor in resistance to
newer cephalosporins. Rev. Infect. Dis. 10:746-751.

8. Hiraoka, M., S. Masuyoshi, S. Mitsuhashi, K. Tomatsu, and M.
Inoue. 1988. Cephalosporinase interactions and antimicrobial
activity of BMY-28142, ceftazidime, and cefotaxime. J. Anti-
biot. 41:86-93.

9. Inokuchi, K., M. Itoh, and S. Mizusima. 1985. Domains involved
in osmoregulation of the ompF gene in Escherichia coli. J.
Bacteriol. 164:585-590.

10. Jacoby, G. A., and L. Sutton. 1985. ,-Lactamases and P-lactam
resistance in Escherichia coli. Antimicrob. Agents Chemother.
28:703-705.

11. Jaffe, A., Y. A. Chabbert, and 0. Semonic. 1982. Role of porin
proteins OmpF and OmpC in the permeation of P-lactams.
Antimicrob. Agents Chemother. 22:942-948.

12. Komatsu, Y., K. Murakami, and T. Nishikawa. 1981. Penetra-
tion of moxalactam into its target proteins in Escherichia coli
K-12: comparison of a highly moxalactam-resistant mutant with

VOL. 33, 1989



ANTIMICROB. AGENTS CHEMOTHER.

its parent strain. Antimicrob. Agents Chemother. 20:613-619.
13. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.

1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

14. Maejima, T., Y. Ohya, S. Mitsuhashi, and M. Inoue. 1987.
Cloning and expression of the gene(s) for chromosomally-
mediated ,B-lactamase production of Proteus vulgaris in Esche-
richia coli. Plasmid 18:120-126.

15. Marchou, B., F. Bellido, R. Charnas; C. Lucain, and J.-C.
Pechere. 1987. Contribution of P-lactamase hydrolysis and outer
membrane permeability to ceftriaxone resistance in Enterobac-
ter cloacae. Antimicrob. Agents Chemother. 31:1589-1595.

16. Matsubara, N., A. Yotsuji, K. Kumano, M. Inoue, and S.
Mitsuhashi. 1981. Purification and some properties of a cepha-
losporinase from Proteus vulgaris. Antimicrob. Agents Chemo-
ther. 19:185-187.

17. Medeiros, A. A., T. F. O'Brien, E. Y. Rosenberg, and H.
Nikaido. 1987. Loss of OmpC porin in a strain of Salmonella
typhimurium causes increased resistance to cephalosporins dur-
ing therapy. J. Infect. Dis. 156:751-757.

18. Minami, S., A. Yotsuji, M. Inoue, and S. Mitsuhashi. 1980.
Induction of P-lactamase by various P-lactam antibiotics in
Enterobacter cloacae. Antimicrob. Agents Chemother. 18:382-
385.

19. Nara, F., K. Inokuchi, S. Matsuyama, and S. Mizushima. 1984.
Mutation causing reverse osmoregulation of synthesis of OmpF,
a major outer membrane protein of Escherichia coli. J. Bacte-
riol. 159:688-692.

20. Nayler, J. H. C. 1987. Resistance to P-lactams in gram-negative
bacteria: relative contributions of P-lactamase and permeability
limitations. J. Antimicrob. Chemother. 19:713-732.

21. Parr, T. R., and L. E. Bryan. 1984. Nonenzymatic resistance to
,B-lactam antibiotics and resistance to other cell wall synthesis

inhibitors, p. 81-112. In L. E. Bryan (ed.), Antimicrobial drug
resistance. Academic Press, Inc., New York.

22. Sanders, C. C., and W. E. Sanders, Jr. 1986. Type I ,-
lactamases of gram-negative bacteria: interaction with P-lactam
antibiotics. J. Infect. Dis. 154:792-800.

23. Satake, S., M. Hiraoka, and S. Mitsuhashi. 1989. Interaction of
cefpirome and a cephalosporinase from Citrobacter freundii
GN7391. Antimicrob. Agents Chemother. 33:398-399.

24. Sawai, T., R. Hiruma, N. Kaneko, F. Taniyasu, and A. Inami.
1982. Outer membrane permeation of ,B-lactam antibiotics in
Escherichia coli, Proteus mirabilis, and Enterobacter cloacae.
Antimicrob. Agents Chemother. 22:585-592.

25. Sirot, D., J. Sirot, R. Labia, A. Marand, P. Courvalin, A.
Darfeuille-Michaud, R. Perroux, and R. Cluzel. 1987. Transfer-
able resistance to third-generation cephalosporins in clinical
isolates of Klebsiella pneumoniae: identification of CTX-1, a
novel P-lactamase. J. Antimicrob. Chemother. 20:323-334.

26. Tajima, M., Y. Takenouchi, S. Sugawara, M. Inoue, and S.
Mitsuhashi. 1980. Purification and properties of chromosomally
mediated 1-lactamase from Citrobacter freundii GN7391. J.
Gen. Microbiol. 121:449-456.

27. Werner, V., C. C. Sanders, W. E. Sanders, Jr., and R. V.
Goering. 1985. Role of 1-lactamases and outer membrane pro-
teins in multiple ,B-lactam resistance of Enterobacter cloacae.
Antimicrob. Agents Chemother. 27:455-459.

28. Yamagishi, S., R. O'hara, T. Sawai, and S. Mitsuhashi. 1969.
The purification and properties of penicillin P-lactamases medi-
ated by transmissible R factor in Escherichia coli. J. Biochem.
66:11-20.

29. Yoshimura, F., and H. Nikaido. 1985. Diffusion of ,B-lactam
antibiotics through the porin channels of Escherichia coli K-12.
Antimicrob. Agents Chemother. 27:84-92.

386 HIRAOKA ET AL.


