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ABSTRACT '

The mode of antibacterial action of cefprozil (CFPZ, BMY-28100), a newly developed cephalospo-
rin, was investigated using Escherichia coli K12, Serratia marcescens IFO 12648 and Morganella
morganii IFO 3848 as test organisms, in comparison with the action of cefaclor (CCL). The mini-
mum inhibitory concentrations (MICs) of CFPZ for these organisms were 1.56, 800 and 25 ug/ml,
whereas those of CCL were 1.56, 800 and 100 ug/ml, respectively. The addition of a subinhibi-
tory concentration (1/4 MIC) of ethylenediaminetetraacetic acid (EDTA), which damages the
permeability barrier of the outer membrane, markedly reduced the MICs of CFPZ for E. coli
and S. marcescens, compared with those of CCL, whereas the MICs of both antibiotics for M.
morganii were hardly affected by the presence of EDTA. CFPZ was more stable to B-lactamase
activities from these organisms than CCL. The cross-linking reactions of peptidoglycan synthe-
sis catalyzed by the ether-treated cells from these organisms were inhibited by a lower concen-
tration of CFPZ than of CCL.
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Gram-negative bacilli, such as Escherichia coli,
Serratia marcescens and Morganella morganii, are
frequently isolated from patients with urinary tract
infections. Since these organisms often show
resistance to S-lactam antibiotics, an antibiotic with
high antibacterial activity against these organisms
is necessary for chemotherapy of urinary tract in-
fections. In general, the antibacterial activity of -
lactam antibiotics to Gram-negative bacilli is in-
fluenced by the permeability of the outer
membrane®®, hydrolysis by B-lactamase® and sus-
ceptibility of the target enzymes®™.

Cefprozil (CFPZ, BMY-28100) is a newly deve-
loped oral cephalosporin, which has broad antibac-
terial activity against Gram-negative bacteria as
well as Gram-positive bacteria™®, In the present
study, we investigated the antibacterial activity of
CFPZ to Gram-negative bacilli, taking into account
the three factors mentioned above. Cefaclor (CCL)
was used as a control throughout the experiment.

MATERIALS AND METHODS
Antibiotiecs. CFPZ is 7-[(R)-2-amino-2-
(4-hydroxyphenyl) acetamido] -3- [(Z)-propenyl] -3-
cephem-4-carboxylic acid monohydrate'® (Fig. 1)
and was provided from Bristol-Myers Research In-
stitute (Tokyo, Japan). CCL from Shionogi Co. &
Ltd. (Osaka, Japan) was used as a control an-

tibiotic.

Organisms. The organisms used in this study
were Escherichia coli K12, Serratia marcescens IFO
12648 and Morganella morganii IFO 3848.
Staphylococcus aureus FDA 209P was used as a
control. These organisms were cultured in Trypti-
case soy broth (BBL Microbiology Systems,
Cockeysville, MD, USA).

Chemicals. Uridine 5’-diphosphate-N-acetyl-D-
[*C] glucosamine, abbreviated UDP-[*C]GlcNAc
was obtained from New England Nuclear (Boston,
MA, USA). It had a specific activity of 290
mCi/mmol. Uridine 5’-diphosphate-N-acetylmuramyl-
L-alanyl-p-glutamyl-meso-diaminopimelyl-p-alanyl-p-
alanine (UDP-MurNAc-L-Ala-D-Glu-meso-Dap-p-Ala-
D-Ala) was prepared from Bacillus megaterium KM
cells as described previously™®.

Assay for MICs with or without EDTA. The mini-
mum inhibitory concentrations (MICs) of each an-
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tibiotic for the organisms used were determined by
a serial two-fold dilution technique in Trypticase soy
broth with an inoculum of approximately 10° cells
per ml. The MIC was defined as the lowest con-
centration of antibiotic that inhibited visible growth.
To determine the permeability of the outer mem-
branes, the effects of ethylenediaminetetraacetic
acid (EDTA) were estimated by the same method
in the presence of a subinhibitory concentration (1/4
MIC) of EDTA®. The MICs of EDTA for E. coli
K12, S. marcescens IFO 12648, M. morganii IFO
3848 and S. aureus FDA 209P were 3.8, 7.6, 3.8
and 1.9 umol/ml, respectively.

Induction and preparation of G-lactamase source.
Enzymes were prepared as follows!®: Two
500-ml flasks containing 250 ml of Trypticase soy
broth, each inoculated with an overnight preculture
of the test organism at a 5% concentration, were
shaken at 37°C. After 1.5 h of incubation, benzyl-
penicillin was added as an inducer to give a final
concentration of 1/4 MIC for each organism into
one culture. The culture was grown for a further
1.5 h together with the control culture, which had
received no addition. Bacterial cells from both cul-
tures were harvested by centrifugation at 6,000 X
g for 10 min at 4°C, washed twice with 10 mM
sodium phosphate buffer (pH 7.0), and then
resuspended in 8 ml of the same buffer. The sus-
pended cells were disrupted with a Super Sonic
Vibrator (UR 150; Tominaga Works Ltd., Tokyo,
Japan) for 5 min (20 sec x 15, b sec interval) in
the cold, and cell debris was removed by centrifu-
gation at 6,000 x g for 10 min at 4°C. The su-
pernatant was stored at -20°C until use as an
enzyme source.

Assay for B-lactamase activities. 3-Liactamase ac-
tivities were estimated by a spectrophotometric
method®. The enzyme reaction was carried out at
30°C in 0.1 M phosphate buffer, pH 6.8 contain-
ing 0.2 mM substrate. One unit was defined as the
amount of activity capable of hydrolyzing 1 umol
of the substrate per min under this condition. Pro-
tein was estimated by a modification of Lowry’s
method' with bovine serum albumin as a
standard.

Preparation of ether-treated bacterial cells®™*"*,
Overnight precultures were inoculated into 500 ml
of fresh Trypticase soy broth to a concentration of
5% and incubated at 37°C for 3 h with shaking.
Bacterial cells at about half-maximal growth were
harvested by centrifugation at 6,000 x g for 10
min at 4°C. Cells were then thoroughly washed
with a basic medium (80 mM KCI, 40 mM Tris-HCI
pH 7.5, 7 mM MgCl,, 2 mM ethyleneglycoltetra-
acetic acid, 0.4 mM spermidine, 0.5 M sucrose), and
resuspended in 5 ml of the same medium. Five mil-
liliters of ether was added to the bacterial suspen-
sion and stirred gently for 1 min. The aqueous
phase was removed and centrifuged at 7,000 x g
for 8 min and the concentrated cell suspension was

stored at -20°C before use as an enzyme source.

Assay for peptidoglycan biosynthesis*®®3%), The
cross-linking reaction of peptidoglycan biosynthesis
was assayed using the ether-treated bacterial cells
(ETB cells) by the modification of the method
reported by Mirelman et al'® as described previ-
ously. The assay mixture, containing 50 pul of ETB
cell suspension (approximately 8 mg of protein per
ml), 20 ul of 50 yM UDP-MurNAc-L-Ala-D-Glu-
meso-Dap-pD-Ala-p-Ala, 5 ul of 0.86 uM UDP-[**C]
GleNAe, 10 ul of 1 M tris (hydroxymethyl)
aminomethane-hydrochloride buffer (pH 7.5), 10 ul
of 1 M NH,C], 5 ul of 1 M MgCl,, 5 ul of 20 mM
2-mercaptoethanol, 75 ul of H,0, and 20 ul of
each antibiotic solution varying in concentration
from 0.1 to 10,000 ug per ml, was incubated at
37°C. After incubation, the reaction mixtures were
terminated by addition of 4% sodium dodecylsulfate
(SDS) and boiled for 30 min. Insoluble peptidogly-
can (cross-linking peptidoglycan) was recovered by
filtration on the membrane filter (0.45 um, Millipore
Co., Bedford, MA, USA), and washed with 2 ml of
2% SDS and with 5 ml of distilled water. The filter
was dried and then counted in a liquid scintillation
counter. The amount of cross-linked peptidoglycan
was measured by counting the radioactivity incor-
porated into the SDS-insoluble fraction.

RESULTS

MICs and effects of EDTA on the MICs. Table
1 shows the MICs of CFPZ and CCL for E. coli
K12, S. marcescens IFO 12648, M. morganii TFO
3848 and S. aureus FDA 209P with the reduction
in the MICs in the presence of a subinhibitory con-
centration (1/4 MIC) of EDTA. The MICs of CFPZ
and CCL for E. coli were both 1.56 pg/ml, show-
ing that it is highly sensitive to both antibiotics.
The addition of a subinhibitory concentration of
EDTA increased the susceptibility of this organism

Table 1. MICs and effects of ethylenediaminetetraacetic
acid on the MICs of CFPZ and CCL for E. coli K12, S.
marcescens IFO 12648, M. morganii IFO 3848 and S.
aureus FDA 209P.

Strain MIC (ug/ml)
Addition CFPZ CCL
E. coli K12
None 1.56 1.56
EDTA (1/4 MIC) 0.19 0.78
S. marcescens TFO 12648
None 800 800
EDTA (1/4 MIC) 50 100
M. morganii IFO 3848
None 25 100
EDTA (1/4 MIC) 25 50
S. aureus FDA 209P
None 0.19 0.78
EDTA (1/4 MIC) 0.19 0.78
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Table 2. Substrate specifities of B-lactamases from E. coli K12, S. marcescens IFO 12648 and M. morganii TFO 3848.

Strain Enzyme activity (unit/mg of protein)
CFPZ CCL
Induce (-) Induce (+) Induce (-) Induce (+)
E. coli K12 0.0001 0.0004 0.0030 0.0045
S. marcescens TFO 12648 0.0004 0.0021 0.0086 0.0840
M. morganii TFO 3848 0.0001 0.0034 0.0059 0.1370

to CFPZ 8 times, whereas its susceptibility to CCL
increased only 2 times. On the other hand, the
MICs of CFPZ and CCL for S. marcescens were
both 800 ug/ml, showing that this organism is high-
ly resistant to both antibiotics. The reductions in
the MICs of both antibiotics for this organism in-
creased 16 and 8 times, respectively, in the
presence of a subinhibitory concentration of EDTA.
The MICs of CFPZ and CCL for M. morganii were
25 and 100 ug/ml, respectively, which indicates
resistance to both antibiotics. No change in the MIC
of CFPZ for this organism was observed in the
presence of EDTA, whereas its susceptibility to
CCL increased only 2 times. The MICs of CFPZ
and CCL for S. aureus, a Gram-positive organism,
used as a control, were not changed by the addi-
tion of EDTA (0.19 and 0.78 ug/ml, respectively).
Stability against hydrolysis by S-lactamase. Table
2 shows the activities of 3-lactamase from E. coli
K12, S. marcescens IFO 12648 and M. morganii
IFO 3848 against CFPZ and CCl, compared with
B-lactamase activities induced by benzylpenicillin.
All organisms used produced only low level g-
lactamase activities constitutively. Upon induction,
however, activity against CFPZ in S. marcescens
and M. morganii increased about 5 and 34 times,
and also that against CCL increased about 10 and
23 times, respectively. By contrast, activity against
both antibiotics in E. coli was only slightly in-
creased by the induction. As shown in this table,
CFPZ was from between 11 and 59 times less
rapidly hydrolyzed than CCL by both induced and
non-induced p-lactamases from these organisms.
Time course of peptidoglycan biosynthesis by
ETB cells. When exogenous peptidoglycan precus-
sors, UDP-MurNAec-L-Ala-p-Glu-meso-Dap-p-Ala-p-
Ala and UDP-[*C]GlcNAc were incubated with
ETB cells prepared from E. coli K12, S.
marcescens IFO 12648 and M. morganii IFO 3848,
incorporation of radioactive GleNAc into the SDS-
insoluble fraction was observed as reported
previously®$2°20 The amount of these incorpora-
tions increased proportionally with time and
reached a maximum at approximately 60 min for
E. coli and S. marcescens, and 90 min for M.
morganii, followed by a gradual decrease with time
in all strains (Fig. 2). These reductions were as-
sumed to be due to hydrolysis of SDS-insoluble pep-
tidoglycan by exogenous autolysin activity
(peptidoglycan hydrolase(s)) contained in these ETB
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Fig. 2. Time course of cross-linking reaction of pep-
tidoglycan biosynthesis by ETB cells of E. coli, S.
marcescens and M. morganii. Assays were carried out
as described in the text with ETB cells of E. coli K12
(left), S. marcescens IFO 12648 (center), and M.
morganii TFO 3848 (right) at 37°C for the time shown.
Data are expressed as Dpm incorporated into each
SDS-insoluble fraction.
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Fig. 3. Inhibition of cross-linking reaction of pep-
tidoglycan biosynthesis in E. coli, S. marcescens and
M. morganii by CFPZ and CCL. Assays were carried
out as described in the text in the presence of the in-
dicated concentrations of CFPZ (A) or CCL (@) with
ETB cells of E. coli K12 (left), S. marcescens IFO
12648 (center) and M. morganii IFO 3848 (right) at
37°C for 30, 30 and 45 min, respectively. Results are
expressed as percentage inhibition of incorporation
into the SDS-insoluble fraction (cross-linking pep-
tidoglycan) by each antibiotic.
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cells'Y. The incorporation of [*C]GleNAc into SDS-
insoluble peptidoglycan was linear for more than 45
min for E. coli and S. marcescens, and for 60 min
for M. morganii. Thus, the following experiments
on the effects of antibiotics were carried out using
a 30-min incubation period for E. coli and S. mar-
cescens, and a 45-min incubation period for M.
morganii.

Effects of addition of CFPZ on peptidoglycan bi-
osynthesis. The incorporation of [“C]GlcNAc into
the SDS-insoluble peptidoglycan by ETB cells of E.
coli K12 and M. morganii TFO 3848 was inhibited
almost completely by 1,000 and 100 ug/ml of CFPZ,
respectively. The concentration of CFPZ giving
50% inhibition was 70 pg/ml for E. coli and 2 pg/ml
for M. morganii. By contrast, CCL was less effec-
tive than CFPZ in the inhibition of the cross-linking
reaction in both organisms and the concentrations
giving 50% inhibition for E. coli and M. morganii
were 600 and 30 ug/ml, respectively. On the other
hand, SDS-insoluble peptidoglycan synthesis in S.
marcescens IFO 12648 was not completely inhibit-
ed by 1,000 pg/ml of both antibiotics, and the con-
centrations of CFPZ and CCL giving 50% inhibition
were 700 and 800 ug/ml, respectively (Fig. 3).

DISCUSSION

Primary urinary tract infections are usually
caused by strains of E. coli that are sensitive to
many antibacterial agents. On the other hand, S.
marcescens and M. morganii are identified as a
cause of recurrent and chronic urinary tract infec-
tions. These species emerge particularly among pa-
tients with urinary tract calculi, indwelling catheter,
anatomical anomalies, and after urologic surgery,
and often involve multiresistant organisms. In con-
trast to E. coli, most antibacterial agents have
weak activity against S. marcescens and M.
morganii. A variety of new agents have been in-
troduced recently for treatment of these urinary
tract infections. CFPZ is a newly developed
cephalosporin, and had strong activity against E.
coli K12. On the other hand, it did not inhibit S.
marcescens IFO 12648 and had poor activity
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against M. morganii IFO 3848. At present, three
factors are known to affect the antibacterial activi-
ty of B-lactam antibiotics against Gram-negative or-
ganisms: 1) permeability of the outer membrane, 2)
stability against hydrolysis by g-lactamase localized
in the periplasm, and 3) affinity to target enzymes
located on the cytoplasmic membrane (inner mem-
brane)'®1"%63234 I the present study, we ex-
amined the influence of these three factors on the
antibacterial activity of CFPZ against the above or-
ganisms.

The activity of EDTA is attributed to the chela-
tion of the divalent metals which are required
for the structural integrity of the cell
envelope?8142L2  The addition of EDTA has been
reported to reverse the resistance of Gram-negative
organisms, which is brought about by the increase
in permeability of the outer membrane!®*#9, The
reduction of the MIC by the addition of EDTA in-
dicates the existence of a permeability barrier in
the outer membrane for the antibiotic*4%39, In
our present study, the addition of EDTA marked-
ly reduced the MICs of CFPZ for E. coli and S.
marcescens, which suggests the disturbance of
permeability through the outer membrane for
CFPZ, compared with that for CCL. By contrast,
the reduction of the MIC of CFPZ for M. morganii
was not recognized, which indicates a higher perme-
ability of CFPZ than that of CCL.

B-lactamase produced from Gram-negative organ-
isms was also considered responsible for the
resistance activity against various gB-lactam
antibiotics®™. However, the three organisms used
had an extremely low level of B-lactamage activity
constitutively. Hence, we used the disrupted cells
with the induction by a subinhibitory concentration
of benzylpenicillin as an enzyme source. CFPZ was
reported to be stable to various B-lactamases”.
Our present study also proved it to be very stable
against hydrolysis by 8-lactamase produced by the
three organisms used with or without benzylpenicil-
lin. In contrast to CFPZ, CCL was predominantly
hydrolyzed at a high rate by B-lactamase produced
by each organism.

Table 3. Relationships between the antibacterial activities of CFPZ é,nd CCL for E. coli K12, S. marcescens IFO
12648, M. morganii IFO 3848 and three B-lactam-resistant factors.

E. coli® S. marcescens® M. morganii®
CFPZ CCL CFPZ CCL CFPZ CCL
Outer membrane’ < < >
B-Lactamase® > > >
Target enzymes'’ > > >

® K. coli K12

b S, marcescens IFO 12648

¢ M. morganii IFO 3848

¢ Permeability of the outer membrane
¢ Stability to hydrolysis by B-lactamase
I Sensitivity to the target enzymes
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The next study revealed that the peptidoglycan
biosynthesis reported by Mirelman et al®® occurred
in ETB cells prepared from these three organisms.
Both antibiotics inhibited the incorporation of
GleNAc into the SDS-insoluble fraction in the three
organisms used. The biosynthetic activities of E.
coli and M. morganii were inhibited by moderately
low concentrations of CFPZ, as the SDS-insoluble
fraction was supposed to be a cross-linked pep-
tidoglycan, and the inhibitory concentrations of
CCL were relatively higher than those of CFPZ.
In S. marcescens, the inhibitory concentration of
CCL was only a little higher than that of CFPZ.

From the above results, CFPZ showed poor
permeability to the outer membrane against E. coli
and S. marcescens. However, the high resistance
against hydrolysis by B-lactamase and the high af-
finity for the target enzymes conpensated for the
poor permeability. Hence, CFPZ and CCL were
equally active against these two organisms. The
higher antibacterial activity of CFPZ against M.
morgagnil was revealed to be brought about by the
higher permeability of the outer membrane, the bet-
ter stability to hydrolysis by B-lactamase and the
higher sensitivity to the target enzymes. A combi-
nation of these factors can be considered for the
susceptibility of M. morganii to CFPZ (Table 3).
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