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LOCALIZATION OF CEPHALOSPORINASE IN Enterobacter cloacae
BY IMMUNOCYTOCHEMICAL EXAMINATION
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Enterobacter cloacae NUH10 was isolated at Nagasaki University Hospital in 1987. E. cloacae
NUHI10 is a mutant strain which produces high levels of cephalosporinase. E. cloacae ATCC 23355
is known to be sensitive to so-called third generation cephems and produces an inducible
cephalosporinase.

The polyclonal antibody to cephalosporinase extracted from E. cloacae NUH10 was utilized in
post-embedding immunogold labeling in order to localize this protein in E. cloacae ATCC 23355
and E. cloacae NUH10. Immunocytochemical localization of the cephalosporinase in both strains
was observed with and without incubation with an inducer. Cephalosporinase was detected in both
the cytoplasm and periplasmic space of E. cloacae ATCC 23355 and E. cloacae NUH10 incubated
in medium including cefoxitin as an inducer. In the case of incubation without the inducer, a small
quantity of cephalosporinase was located in the periplasmic space in either strain of bacteria. Western
blot analysis showed that cephalosporinase was predominantly localized in the periplasmic space
rather than in the cytoplasmic space.

In a previous investigation on the localization of f-lactamase in bacteria, 85% to 90% of the enzyme
activity synthesized by Bacillus cereus was detected extracellularly®), while much g-lactamase blocks activity
has been found to be restricted to the periplasmic space in Gram-negative bacteria®. Enzyme localization
Is very important for bacterial cells, because f-lactamase blocks B-lactam antibiotics from reaching the
penicillin-binding proteins on the inner surface of the bacterial cell wall, and in this way bacteria acquire
resistance to such antibiotics®.

It has been known for about 45 years that f-lactam antibiotics are hydrolyzed by f-lactamases.
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Accordingly, a number of antibiotics stable against f-lactamases have been developed during the last two
decades. Resistance to these new f-lactam antibiotics has now developed in many species of Gram-negative
bacteria because of their frequent use in various clinical fields®~ .

Induction of cephalosporinase, which is produced by Gram-negative bacteria including Entero-
bacteriaceae, is controlled by bacterial chromosomal gene(s)®. Cephalosporinase produced in such bac-
teria is grouped among the class I f-lactamases®. Furthermore, it is known that inducible cephalo-
sporinase can be transfc;rmed to production by derepression®~*, and the mechanism of this has been
clearly determined by gene analysis®~. The derepression of cephalosporinase production originates
from the mutation of ampD or ampR, which are chromosomal regulatory genes. Cephalosporinase
production by derepressed bacteria is increased 100- to 1,000-fold more than the production of inducible
cephalosporinase'®. This is why many derepressed bacteria show a high resistance to f-lactam antibiotics
which are stable against f-lactamase activity.

Trapping of f-lactamase is believed to be another mechanism of resistance to f-lactam antibiotics®.
This hypothesis was suggested by the detection of f-lactamase in the periplasmic space!?,

Accordingly, precise information about the localization of -lactamase in bacteria is needed to further
study the mechanisms of resistance to f-lactam antibiotics. For this reason, we examined the localization

of f-lactamase in Enterobacteriaceae using immunocytochemistry.

Materials and Methods

Bacterial Strains

E. cloacae ATCC 23355 was used as the sensitive strain and E. cloacae NUHI10 was used as the
resistant strain. It was obtained from the clinical laboratory of Nagasaki University Hospital. The organisms
were cultured in Mueller-Hinton broth (Difco Lab., Detroit, U.S.A.) or on Mueller-Hinton agar (Difco
Lab., Detroit, U.S.A)).

Antibiotics

Antibiotics were obtained from the following sources: Ampicillin was from Meiji Seika Kaisha, Ltd.
(Tokyo, Japan); carbenicillin, cefazolin, and ceftizoxime were from Fujisawa Pharmaceutical Co., Ltd.
(Osaka, Japan); cephaloridine, cephalothin, and latamoxef were from Shionigi & Co., Ltd. (Osaka, Japan);
cefmetazole was from Sankyo Co., Ltd. (Tokyo, Japan); cefoxitin was from Banyu Pharmaceutical Co.,
Ltd. (Tokyo, Japan); cefotiam, and cefmenoxime were from Takeda Chemical Industries, Ltd. (Osaka,
Japan); cefotaxime was from Hoechst Japan Limited (Tokyo, Japan); ceftazidime was from Tanabe Seiyaku
Co., Ltd. (Osaka, Japan); aztreonam was from Squibb Japan Inc. (Tokyo, Japan).

Susceptibility Tests

The MIC of the drugs was determined by the agar dilution method. Bacterial strains cultured overnight
in Mueller-Hinton broth were diluted to a final concentration of about 5 x 10%cfu per ml with buffered
saline containing gelatin. About 3~4x 10*cfu were inoculated onto Mueller-Hinton agar plates
containing serial 2-fold dilutions of the antibiotics with a microplanter (Sakura Co., Ltd., Tokyo, Japan).
The MIC was defined as the lowest concentration preventing visible growth after incubation for 18 hours
at 37°C.

Inducibility of Cephalosporinase Production and Cephalosporinase Assay

For the preparation of bacteria without an inducer, organisms were grown overnight at 37°C in
Mueller-Hinton broth, then diluted 10-fold with the same fresh broth. The cells were cultured at 37°C
under aerobic conditions for 5hours on a rotary shaker (type TB-16T, Takasaki Kagaku Ltd., Saitama,
Japan). When cefoxitin was used as the inducer, it was added to the medium at a final concentration of
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1 MIC after 2 hours of incubation, and incubation was performed for further 3 hours with shaking. The
cells were collected by centrifugation for 10 minutes at 7,000 x g at 4°C and washed twice with 0.05M
sodium phosphate buffer (pH 7.0) to remove residual culture medium. After disruption of the cells, crude
enzyme solution was obtained from the supernatant produced by centrifugation for 30 minutes at 100,000 x g
at 4°C. The enzyme activity was determined by spectrophotometric assay'?'®, which involved measuring
the decrease in absorbance at 262nm with cephalothin as the substrate in a temperature-controlled
spectrophotometer (30°C) (model U3200, Hitachi Ltd., Tokyo, Japan). One unit of activity was defined
as the amount of enzyme that hydrolyzed 1 umol of cephalothin as a substrate in 1 minute at 30°C. Protein
concentration was determined by the method of LOWRY et al.!¥, using bovine serum albumin Fraction
V (Sigma Chemical Co., St. Louis, U.S.A.) as the standard.

Preparation of Periplasmic and Cellular p-Lactamase

The osmotic shock method used was described by NEU and HEPPEL' . After centrifugation, cells were
washed twice in half the volume of the culture medium with 0.01 M Tris-HCI buffer (pH 8.0). Then 200 mg
of cells was resuspended in 8ml of 40% sucrose-0.33m Tris-HCI buffer (pH 7.3). The suspension was
shaken for 10minutes at room temperature in the presence of 0.002M EDTA. After centrifugation at
12,000 rpm for 10 minutes, the cells were resuspended in the same volume of ice-cold water. This suspension
was then shaken for 10minutes at 4°C, followed by centrifugation for 10minutes at 12,000 rpm. The
supernatant was cautiously removed and the cells were resuspended in the same volume of 0.01 M Tris-HCl
buffer (pH 7.3). An aliquot of this suspension was sonicated, the resulting suspension was centrifuged for
10 minutes at 12,000 rpm, and the supernatant was removed. The “periplasmic fraction activity” was
defined as the activity found in the supernatant resulting from cold water treatment, while the “cellular
fraction activity” was defined as that found in the supernatant resulting from the disruption.

Purification of Cephalosporinase

The crude enzyme solution was applied to a CM-Sephadex ion exchange column {Pharmacia Fine
Chemical., Uppsala, Sweden) with 0.005M sodium phosphate buffer (pH 7.0) and eluted with the 0.05M
sodium phosphate buffer (pH 7.0), by the method described previously'®. The cephalosporinase activity
of the purified enzyme extract was determined by a spectrophotometric technique!?'¥. The enzyme was
purified over 120-fold from an extract of E. cloacae NUH10. The active fraction showed a single band
on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with more than 95% purity.
The eluate of the active fraction was concentrated by ion exchange chromatography and then used as an
antigen in further studies.

Cephalosporinase Antiserum

Two mg of purified cephalosporinase in 0.5ml of saline was emulsified with the same volume of
FREUND’s complete adjuvant (Nakarai Chemical Co., Ltd., Kyoto, Japan). The emulsion was injected
subcutaneously into male Japanese white rabbits, and 3 weeks following the first injection a booster
injection containing 0.5 mg of protein was administered intramuscularly. Antiserum was obtained 1 week
after the second injection. The crude globulin fraction was prepared by precipitation with 4 saturated
ammonium sulfate (Ishizu Pharmaceutical Co., Ltd., Osaka, Japan). Purified rabbit immunoglobulin was
collected by application of the crude globulin fraction to an Affi-Gel Protein-A MAPS II Kit (Bio Rad
Lab., California, U.S.A.). The specificity of the antibody was investigated by Western blot analysis!”
using whole-cell extract and purified cephalosporinase, and the antibody titer was shown to be 256-fold
by the double immunodiffusion method'®. This experiment was performed at the Laboratory of the Animal
Center for Biomedical Research, Nagasaki University School of Medicine.

Western Blot Analysis

Whole-cell extract, the periplasmic fraction, and the cytoplasmic fraction were separated by the method
of LaemmLi'® in SDS-PAGE using 10% polyacrylamide gels. Following SDS-PAGE, the protein was
transferred to clear blot membrane-p (ATTO Ltd., Tokyo, Japan) by the method of TOWBIN ez al.!”. The
membrane was blocked with 10% bovine serum albumin solution overnight. The membrane was then
washed twice for 15 minutes at a time with 0.01 M sodium phosphate buffer (pH 7.4) - 0.02% polyoxyethene
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(20) sorbitan monolaurate (Bio Rad Lab.), followed by two more washes for 15-minute in the same buffer
with 0.02% Nonidet P-40 (Sigma Chemical Co.). Antibody diluted 1:10 in 1% bovine serum albumin
was added, and the blot was incubated at 37°C for 1 hour. The antibody was removed, and the blot was
washed again as before. This was followed by the addition of an appropriate concentration of 12°I-labeled
Protein-A (Amersham Japan, Tokyo) and incubation at 37°C for 2 hours. The blot was washed as described
above and autoradiographed at —70°C with X-ray film (Konica Trading Co., Tokyo, Japan).

Preparation of Cells for Electron Microscopy

The cells cultured in Mueller-Hinton broth were centrifuged at 7,000 x g for 15 minutes and washed
twice in 0.05M cacodylate buffer (pH 7.4). Cells were then fixed for 4 hours in the fixative which was 0.05M
cacodylate buffer (pH 7.4) plus 2% glutaraldehyde (TAAB Ltd., Aldermaston, U.S.A.) and 3%
paraformaldehyde (Nakarai Chemical). After fixation, cells were dehydrated in a graded series of alcohols
and embedded in LR white (London Resin Co., London, England).

Immunocytochemistry

Thin sections were collected on uncoated nickel grids (Nishin EM Co., Ltd., Tokyo, Japan). Sections
were washed in 0.05 M phosphate buffer (pH 7.2) and then incubated in bovine serum albumin for 30 minutes
at room temperature. The sections were then incubated with antibody for 30 minutes at room temperature.
After rinsing with the same buffer, these sections were incubated for 30 minutes in Protein A-gold (particle
size= 35, 10, or 15 nm) solution (Janssen Life Science Products, Beerse, Belgium). The grids were next rinsed
and counter stained with uranyl acetate and lead citrate. Specimens were observed using a Hitachi H-800
electron microscope (Hitachi Ltd.).

Quantitation of Labeling

Gold particles (particle size=5nm) were counted manually, and density of labeling was expressed as
average number of gold particles per square micrometer of cell surface. The average number of background
particles was deducted from the total number of gold particles coating each cell.

Results

Antibacterial Activity

The MICs of cefmenoxime, ceftizoxime and latamoxef for E. cloacae ATCC 23355 were each 0.1 ug/ml,
while the respective MICs for E. cloacae NUH10 were 400, 400 and 25 ug/ml or more (Table 1).

Cephalosporinase Production with or without an Inducer
Without an inducer, the f-lactamase activity of E. cloacae ATCC 23355 and E. cloacae NUH10 was
0.001 and 0.617 unit/mg protein, respectively. Enzyme activity was increased in both bacterial strains after
incubation with cefoxitin. The induct;on ratio of cephalosporinase in both bacterial strains is shown in
Table 2. The specific enzyme activity of E. cloacae ATCC 23355 was increased about 12-fold by induction,

but only a 1.2-fold increase in activity was seen for E. cloacae NUH10.

Western Blots of -Lactamase Activity
p-Lactamase was found in the whole-cell, and periplasmic fractions obtained from E. cloacae NUH10.
Both with and without the inducer, the Western blot showed the same pattern (Fig. 1). f-Lactamase

activity in the cytoplasmic fraction was very low in comparison with that in the periplasmic fraction (Table 3).

Immunocytochemistry
Fig. 2(A) shows an ultrathin section of E. cloacae ATCC 23355 cells incubated without an inducer.
One to three Protein A-gold particles per cell showing the localization of cephalosporinase were found in
the cytoplasm, and the periplasmic space was not labeled with the antibody. However, after the induction
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Table 1. Antibiotic susceptibility of Enterobacter cloacae

strains against f-lactams.
MICs (ug/ml)
Antibiotics E. cloacae E. cloacae
ATCC 23355 NUHI0

Ampicillin 100 >400
Carbenicillin 1.56 200
Cephaloridine 50 >400
Cefazolin 100 >400
Cefmetazole 25 >400
Cefotiam 1.56 >400
Cefotaxime <0.1 > 100
Cefmenoxime <0.1 >400
Ceftizoxime <0.1 > 400
Latamoxef <0.1 25
Ceftazidime <0.1 25
Aztreonam <0.1 50

Table 2. Inducibility of cephalosporinase production in

Enterobacter cloacae strains.

Specific enzyme

THE JOURNAL OF ANTIBIOTICS

OCT. 1991

Fig. 1. Western blots of the whole-cell extract, cy-
toplasmic fraction, and periplasmic fraction of
Enterobacter cloacae NUH10.

(A) (B) (c) (D)

42 kdaltons — L

Twenty ug/ml of protein was applied (10ul per
sample). Film exposure was for 24 hours at —70°C.
Lanes: A, cytoplasmic fraction without inducer; B,
periplasmic fraction without inducer; C, cytoplasmic
fraction with inducer; D, periplasmic fraction with
inducer.

Table 3. p-Lactamase activity of cytoplasmic fraction

activity and periplasmic fraction from Enterobacter cloacae
Strains (unit/mg protein) Indu;tiaon NUHIo0.
ratio .
Without  With Enzyme activity
inducer inducer . (unit/mg of protein)
Strain Inducer
E. cloacae ATCC 23355 0.001 0.012 12.0 Periplasm Cytoplasm
E. cloacae NUH10 0.617 0.708 1.2 (SEM) (SEM)
* Induction ratio was calculated as the enzyme activity ~ E. cloacae +  0.152(£0.017) 0.005 (+0.001)
after induction divided by the activity in the absence NUH10 —  0.129 (£0.015) 0.004 (£0.001)

of induction.

Fig. 2. Electron micrographs of Enterobacter cloacae ATCC 23355.

(A) Cephalosporinase was found in the cytoplasmic space (arrowhead) without inducer. Bar=
0.2 ym. (B) Cephalosporinase was found in both the cytoplasmic space (arrowhead) and the periplasmic
space (arrow) in the presence of cefoxitin (5 pg/ml) as an inducer of cephalosporinase. Bar=0.2 ym.

(A)

(8)
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Fig. 3. Electron micrographs of Enterobacter cloacae NUHI10.

(A) Cephalosporinase was found in both the cytoplasmic space (arrowhead) and the periplasmic
space (arrow) without inducer. Bar=0.2 um. (B) Cephalosporinase was found in both the cytoplasmic
space (arrowhead) and the periplasmic space (arrow) in the presence of cefoxitin (50 ug/ml) as an inducer
of cephalosporinase. Bar=0.2 yum.

(A) (B)

Table 4. Label distribution after treatment of Enterobacter cloacae section with cephalosporinase-antibody.

No. of gold particles/um? of cell profiles (Mean +SEM)®

Strains* Inducer
Cytoplasm Periplasm Total
E. cloacae ATCC 23355 - 2.74+0.3 (104) 0.340.1 (104) 3.1+0.3 (104)
+ 3.240.6 ( 90) 6.5+£0.3 ( 90) 10.7£0.5 ( 90)
E. cloacae NUH10 - 6.5+0.8 ( 98) 1.5+0.1 ( 98) 8.0-£0.7 ( 98)
+ 18.440.8 ( 81) 10.14+0.4 ( 81) 28.54+1.0 ( 81)

Cells probed for cephalosporinase were embedded in LR white resin.
b The parenthesis indicated the number of cells counted.

of cephalosporinase by cefoxitin, gold particles labeled both the cytoplasm and the periplasmic space (Fig.
2B).

In E. cloacae NUHI10 cells incubated without inducer, numerous gold particles were scattered in the
cytoplasm near the inner cell wall, but few were found in the periplasmic space (Fig. 3A). In contrast,
numerous gold particles labeled both the cytoplasm and periplasmic space when the bacteria were incubated
in the presence of cefoxitin. In addition, more gold particles were observed in the peripalsmic space than
in the cytoplasm (Fig. 3B).

Quantitation of Labeling

With E. cloacae ATCC 23355 in the periplasmic space, incubation with the inducer increased labeling
approximately 22-fold compared with incubation without the inducer. With E. cloacae NUH10 in the
periplasmic space, incubation with the inducer increased labeling by about 7-fold (Table 4).

Discussion

Immunocytochemical examination is an experimental method that can visualize the cellular proteins®®.
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The immunocytochemical distribution of cephalosporinase, as shown by the immunogold technique, is
presented in this study. However, the fact that separation and fractionation of the cell contents abolishes
the structural coherence of the organism hampers the study of the spatial correlations between the cell
envelope and the cytoplasmic contents. To correlate the production of f-lactamase with the resistance of
bacteria to antibiotics, a suitable method for the localization of f-lactamase needs to be employed.

If the size of the bacterium E. cloacae NUHIO is taken as 0.5 x 1.0 um and the thickness of the thin
section is 0.5 nm, then our rough calculation gives about 8 x 104 molecules of cephalosporinase per cell in
E. cloacae NUH10 from the electron microscopy data (Table 4). SANDERS and SANDERS, Jr.!® have reported
that derepressed E. cloacae strains have 10° molecules of cephalosporinase per cell, so our calculated result
and that of SANDERS show good agreement.

Neu and HeppeL'® have reported the localization of alkaline phosphatase, cyclic phosphodiesterase,
p-galactosidase, 5'-nucleotidase, and ribonuclease by the osmotic shock procedure. From experiments using
the osmotic shock procedure, cephalosporinase activity was observed in the periplasmic fraction obtain-
ed from Gram-negative bacteria’!*?!), and was designated as a periplasmic enzyme. However, their
evidence'® suggested that the enzymes which are released occur at or near the cell surface.

In contrast, we detected cephalosporinase in the cytoplasm of both E. cloacae ATCC 23355 (inducible)
and E. cloacae NUH10 (derepressed) after incubation without or with an inducer. These results are in
contrast to those of previous reports!!-21), where data were obtained by biochemical methods'®. Our study
also showed that most of the S-lactamase activity was periplasmic and that little of it was cellular. By
Western blot analysis, f-lactamase was detected in both the periplasmic and cellular fractions, but the
majority of it was localized in the periplasmic fraction.

ROGGENKRAMP et al.2?) have reported that the precursor was synthesized on free polysomes in vivo,
but could be processed by rough endoplasmic reticulum in a cell-free translation system. The relationship
between our immunocytochemical results and the results of biochemical procedures may be explained by
ROGGENKRAMP’s study??). We think that biochemical studies detected only mature cephalosporinase activity,
while immunocytochemical studies can also detect precursor inside the cellular fraction.

EVERETT et al.>® have reported an induction mechanism of the Citrobacter freundii group I f-lactamase.
They stated that leaderless S-lactamase was active in the cytoplasmic space. LAMINET et al.?# investigated
the effect of GroEL/ES on the folding of S-lactamase and its precursor. Those reports support our deduction
that precursor or nascent f-lactamase exists in the cytoplasmic space.

E. cloacae NUH10 produced high levels of cephalosporinase. Such strains were called derepressed or
constitutive types. But this strain was not the constitutive type, because cephalosporinase activity was
increased about two times in the presence of an inducer such as imipenem (R. OKAMOTO; personal
communication). For these reasons, after the induction of cephalosporinase by cefoxitin, numerous gold
particles were observed in E. cloacae NUHI10.

Cephalosporinase was found to be distributed near the cytoplasmic membrane in the periplasmic
space by immunocytochemical studies, suggesting that in E. cloacae cephalosporinase is synthesized by
membrane-associated ribosomes. Furthermore, this study suggested that cephalosporinase activity is
exhibited in the periplasmic space as a result of secretion.
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