ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Mar. 1993, p. 559-565

0066-4804/93/030559-07$02.00/0
Copyright © 1993, American Society for Microbiology

Vol. 37, No. 3

Mechanisms of Action of Cephalosporin 3’'-Quinolone Esters,

Carbamates, and Tertiary Amines in Escherichia coli

N. H. GEORGOPAPADAKOU* aND A. BERTASSO
Roche Research Center, Nutley, New Jersey 07110

Received 18 August 1992/Accepted 6 January 1993

Cephalosporin 3’-quinolone esters, carbamates, and tertiary amines are potent antibiotics whose antibacte-
rial activities reflect the action of both thé B-lactam and the quinolone components. The biological properties
of representative compounds from each class were compared in Escherichia coli. All compounds bound to the
essential PBP 3, inhibited DNA gyrase, and caused filamentation in growing cells. To distinguish between
cephalosporin- and quinolone-induced filaments, nucleoid segregation was also examined, as quinolones
disrupt nucleoid segregation while the B-lactams do not (N. H. Georgopapadakou and A. Bertasso,
Antimicrob. Agents Chemother. 35:2645-2648, 1991). The cephalosporin quinolone esters Ro 23-9424 and Ro
24-6392, at concentrations causing filamentation in E. coli ATCC 25922, did not affect nucleoid segregation
after 1 h of incubation (cephalosporin response) but did affect it after 2 h (quinolone response), indicating the
release of free quinolone. Accordingly, only the quinolone response was produced in a strain possessing TEM-3,
an expanded-spectrum B-lactamase. The cephalosporin carbamate Ro 24-4383 and the tertiary amine Ro
24-8138 produced a quinolone response in E. coli ATCC 25922, though they produced a cephalosporin response
in a quinolone-resistant strain. Carbamate and tertiary amine linkages are chemically more stable than the
ester linkage, and both cephalosporin 3’-quinolone carbamates and tertiary amines are more potent inhibitors
of DNA gyrase than are the corresponding esters. The results suggest that, while intact cephalosporin
3’-quinolone esters act as cephalosporins, carbamates and amines may possess both cephalosporin and

quinolone activity in the intact molecule.

In recent years, a number of compounds which consist of
a cephalosporin covalently linked at the 3’ position to a
quinolone via an ester, carbamate, or tertiary amine bond
(1-3, 6) have been synthesized. The compounds have a dual
mechanism of action (hence the name dual-action cephalo-
sporins [DACs]), reflecting both B-lactam and quinolone
components: they bind to penicillin-binding proteins (PBPs)
and inhibit DNA gyrase (1-3). In the case of the cephalos-
porin 3'-quinolone ester Ro 23-9424, the latter action arises
upon quinolone release (11). Ro 23-9424 is active against
Escherichia coli resistant to both cephalosporin and qui-
nolone components, suggesting that the intact molecule may
also have antibacterial activity (25). Nevertheless, the mech-
anism of action of cephalosporin 3’-quinolones of different
linkage types has not been adequately elucidated.

Cephalosporins act by specifically inhibiting bacterial
transpeptidases involved in cell-wall biosynthesis, assayed
by their ability to bind penicillin G (hence the name PBPs)
(9). In E. coli, most cephalosporins bind primarily to PBP 3,
a peptidoglycan transpeptidase involved in septation, whose
inhibition results in filamentation (17, 30). The current con-
sensus is that quinolones act by inhibiting DNA gyrase, a
unique bacterial enzyme involved in DNA replication and
decatenation of the chromosomes at the end of replication
(4, 8, 15, 31-33). The key feature of gyrase-catalyzed reac-
tions is the formation of a transient double-strand break in
DNA, termed cleavable complex (19). Quinolones stabilize
this cleavable complex, thus inducing DNA breaks and, in E.
coli, filamentation (19). We previously reported (10) that the
mechanism of action of B-lactams and quinolones can be
differentiated in intact, growing E. coli cells by the use of
4',6-diamidino-2-phenylindole (DAPI), a DNA-specific fluo-
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rescent dye (18, 20) used to visualize nucleoid partitioning in
E. coli (14). While both classes of compounds cause filamen-
tation after 1 h of incubation, only quinolones affect nucleoid
segregation; B-lactams do not.

In this study, the effects of cephalosporin 3'-quinolones of
three linkage types were compared in E. coli. Binding to
PBPs and effects on DNA gyrase and nucleoid segregation
were examined. The goal of the study was to determine
whether DACs (i) act as intact molecules, (ii) act as ceph-
alosporins or quinolones, and (iii) release quinolones after
B-lactam hydrolysis.

MATERIALS AND METHODS

Chemicals. Calf thymus topoisomerase I, plasmid pBR322,
and EcoRI endonuclease were purchased from Bethesda
Research Laboratories, Grand Island, N.Y.; [8-'*C]penicil-
lin G (51 p.Ci/pmol) and [methyl->H]dTTP (50 mCi/pmol)
were from Amersham Corp., Arlington Heights, Ill.; all
other biochemicals were obtained from Sigma Chemical Co.,
St. Louis, Mo.; reagents for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis were from Bio-Rad Labora-
tories, Richmond, Calif.; and Whatman 3MM paper, trichlo-
roacetic acid, glycine, bromophenol blue, and all solvents
(analytical grade) were from Fisher Scientific Co., Pitts-
burgh, Pa.

Antibiotics. Desacetyl cefotaxime (Ro 24-2414), ceftriax-
one (Ro 13-9904), fleroxacin (Ro 23-6240, AM833), Ro 23-
9424, Ro 24-6392, Ro 24-4383, and Ro 24-8138 were obtained
from Roche Laboratories (Nutley, N.J.). Cefotaxime was
from Hoechst-Roussel Pharmaceuticals Inc. (Somerville,
N.J.), and ciprofloxacin was from Miles Inc., Pharmaceuti-
cal Division (West Haven, Conn.).

Bacterial strains and growth conditions. E. coli ATCC
25922, a reference strain for susceptibility testing, was
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purchased from the American Type Culture Collection
(Rockville, Md.). Other E. coli strains were kindly donated
as follows: UB1005 (DCO0) and its permeability mutant DC2
(28), D. Clark of Southern Illinois University (Carbondale);
TE18, a K-12 strain overproducing the chromosomal AmpC
B-lactamase (24), S. Normark of Washington University (St.
Louis, Mo.); CF204, a K-12 C600 strain containing the
plasmid-encoded CTX-1 (TEM-3) B-lactamase (29), D. Sirot
of Clermont-Ferrand Hospital (Clermont-Ferrand, France);
EN225, a ciprofloxacin-resistant K-12 strain (16), D. Hooper
of Massachusetts General Hospital (Boston); and MK47, a
DNA gyrase-overproducing strain (22), M. Gellert of the
National Institutes of Health (Bethesda, Md.). E. coli MK47
was grown in modified Luria broth according to reference
22. All other strains were grown in Antibiotic Medium 3
(Difco Laboratories, Detroit, Mich.) at 37°C.

MIC determinations. Susceptibility of strains to DACs and
reference antibiotics was determined by the broth microdi-
lution method (300 pl [10° CFU/ml] per well). The MIC was
the lowest concentration which inhibited visible growth after
18 h of incubation at 37°C.

PBP binding. Binding to E. coli PBPs was determined in
Triton X-100-solubilized membranes as inhibition of [**C]
penicillin G binding by the test compound (13); proteins were
separated by polyacrylamide gel electrophoresis, and PBPs
were detected by fluorography. The concentration of the test
compound required to reduce [*“Clpenicillin G binding to
each of the PBPs by 50% (ICs,) was determined by micro-
densitometry of the X-ray fluorograms with a Molecular
Dynamics Model 300A computing densitometer (Molecular
Dynamics, Sunnyvale, Calif.).

DNA supercoiling. DNA supercoiling was performed with
partially purified DNA gyrase from E. coli MK47 (22) and
plasmid pBR322, relaxed with calf thymus topoisomerase I,
as the substrate. The reaction products were separated by
electrophoresis on a 0.8% agarose gel and stained with
ethidium bromide as previously described (7, 12). The ICs,
was the concentration required to inhibit DNA supercoiling
by 50%.

Replicative DNA biosynthesis. Replicative DNA biosynthe-
sis, an indicator of gyrase activity, was measured as the
ATP-dependent incorporation of [*H]thymidine into trichlo-
roacetic acid-insoluble material by toluenized cells (23, 26).
The ICs, was the concentration required to inhibit replica-
tive DNA biosynthesis by 50%.

Nucleoid partitioning. Mid-log-phase cells were grown in
the presence or absence of a concentration equal to the MIC
for the test compound, attached to microscope slides with
poly-L-lysine, stained with DAPI, and observed in a fluores-
cence microscope as previously described (10).

RESULTS

The structures of the cephalosporin 3'-esters Ro 23-9424
and Ro 24-6392, the carbamate Ro 24-4383, and the tertiary
amine Ro 24-8138 are shown in Fig. 1. The cephalosporins
used for comparison were cefotaxime, ceftriaxone, and
desacetyl cefotaxime, the last representing the cephalo-
sporin produced after simple chemical cleavage of the ceph-
alosporin-quinolone linkage. Fleroxacin and ciprofloxacin
represented the quinolones released from Ro 23-9424 (fle-
roxacin) and Ro 24-6392, Ro 24-4383, and Ro 24-8138 (cip-
rofloxacin).

E. coli ATCC 25922 was susceptible to all compounds
tested, while strains CF204 and EN225 were resistant to
cephalosporins and quinolones, respectively (Table 1).
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FIG. 1. Structures of cephalosporin 3'-quinolones used in this
study.

CF204 was susceptible to all four DACs, while EN225 was
partially resistant.

Binding to PBPs. Table 2 shows the binding of the four
DAC:s and related cephalosporins to the PBPs of E. coli. All
compounds bound to PBP 3 at <0.1 pg/ml. Ro 23-9424, Ro
24-6392, and Ro 24-4383 also bound to PBPs 1a and 1b at <1
pg/ml. All four compounds produced exclusively filaments
at concentrations equal to their MICs.

Effects on DNA gyrase. Table 3 shows the effects of the
four DACs and related quinolones on replicative DNA
biosynthesis and DNA supercoiling. The former assay mea-
sures DNA gyrase activity indirectly, while the latter mea-
sures it directly. The esters Ro 23-9424 and Ro 24-6392 were

TABLE 1. Susceptibility of quinolone- and cephalosporin-
resistant E. coli strains to compounds used in this study

MIC (pg/ml) for E. coli strain:

Compound

ATCC 25922 CF204 EN225
Ro 23-9424 0.2 0.2 5
Ro 24-6392 0.1 0.1 1
Ro 24-4383 0.5 0.1 S
Ro 24-8138 1 0.2 20
Cefotaxime 0.1 5 0.5
Ceftriaxone 0.1 5 0.5
Desacetyl cefotaxime 0.5 20 1
Fleroxacin 0.1 0.1 20
Ciprofloxacin =<0.05 0.05 20
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TABLE 2. Binding of cephalosporin 3'-quinolones and related cephalosporins to E. coli UB1005 PBPs

ICs (pg/ml) for [**C]penicillin G binding to PBP: MIC
Morpholo,

Compound la 1b 2 3 4 5/6 rPhology” (ng/ml)”
Ro 23-9424 =<0.1 0.25 30 1.3 >100 F 0.1 (0.03)
Ro 24-6392 0.1 0.9 30 1.5 >100 F 0.03 (0.003)
Ro 24-4383 0.5 0.6 100 1 13 >100 F 0.5 (0.03)
Ro 24-8138 12 2.8 30 .1 13 >100 F 1 (0.06)
Cefotaxime <0.1 4 1.4 .1 1.6 100 F,L 0.03 (0.02)
Ceftriaxone 0.5 1.3 1.5 1 2.0 100 F,L 0.06 (0.02)
Desacetyl cefotaxime 2.0 10 100 0 30 >100 F 0.5 (0.2)

4 F, filaments; L, lysis.

® Numbers in parentheses refer to MICs for DC2, a permeability mutant of strain UB1005.

poorer inhibitors of DNA gyrase than was the carbamate Ro
24-4383 or the tertiary amine Ro 24-8138. As expected, all
compounds were less inhibitory in E. coli EN225.

Nucleoid segregation. The effects of the four DACs on
nucleoid segregation in E. coli ATCC 25922 are shown in
Fig. 2. With the esters Ro 23-9424 and Ro 24-6392, nucleoids
initially appeared to be of normal size, regularly spaced
within the filaments (cephalosporin response). However,
after 2 h of incubation in the presence of the two compounds,
large, irregularly spaced nucleoids appeared (quinolone re-
sponse). The carbamate Ro 24-4383 and the tertiary amine
Ro 24-8138, on the other hand, produced exclusively a
quinolone response after 1 or 2 h of incubation.

The cephalosporin contribution to the mode of action of
the carbamate Ro 24-4383 and the tertiary amine Ro 24-8138
was examined by looking at the effects of the two com-
pounds on nucleoid segregation in the quinolone-resistant E.
coli EN225 (Fig. 3). Both Ro 24-4383 and Ro 24-8138
produced exclusively a cephalosporin response after 1 or 2 h
of incubation.

Expulsion of the 3’-quinolone substituent by the chromo-
somal AmpC (24) and the plasmid-mediated TEM-3 (29)
B-lactamases was examined by comparing the effects of the
two esters in E. coli TE18 and CF204. In E. coli TE18, Ro
23-9424 and Ro 24-6392 produced effects identical to those
produced in E. coli ATCC 25922; a cephalosporin response
after 1 h and a quinolone response after 2 h of incubation
(data not shown). In E. coli CF204, however, both com-
pounds produced exclusively a quinolone response after 1 or
2 h of incubation (Fig. 4).

DISCUSSION

Cephalosporin 3'-quinolone esters, carbamates, and ter-
tiary amines are potent antibiotics whose antibacterial activ-

TABLE 3. Effects of cephalosporin 3'-quinolones and related
quinolones on DNA supercoiling and replicative DNA
. biosynthesis in E. coli strains

ICs (pg/ml) for:
DNA biosynthesis
Compoynd DNA supercoiling in strZi?l:
in MK47

ATCC 25922 EN225
Ro 23-9424 20 17 140
Rp 24-6392 5 5 35
Ro 24-4383 2 3.6 38
Ro 24-8§138 2 5.2 72
Fleroxacin 0.05 0.3 5.5

Ciprofloxacin 0.02 0.05 1.4

ity reflects the action of both B-lactam and quinolone com-
ponents. Chemically, the cephalosporin-quinolone linkage is
least stable in the esters and most stable in the tertiary
amines. The esters Ro 23-9424 and Ro 24-6392 hydrolyze in
phosphate buffer (pH 7.0) at 37°C (1) with a half-life of 3 h,
while the carbamate Ro 24-4383 and the tertiary amine Ro
24-8138 have half-lives of 10 and 120 h, respectively, under
the same conditions (3). The cephalosporin 3'-quinolone
linkage can also hydrolyze after chemical (5, 27) or enzy-
matic (3) opening of the B-lactam ring.

In the present study, compounds having different linkage
types but the same cephalosporin (cefotaxime side chain)
and quinolone (ciprofloxacin) components were compared in
E. coli, together with the free components. In the ester-
linked compounds Ro 23-9424 and Ro 24-6392, the 3-car-
boxyl group of quinolones, which is essential for activity
(11), is involved in the linkage to the cephalosporins and the
linkage is chemically unstable. Accordingly, Ro 23-9424 and
Ro 24-6392 acted as cephalosporins and as quinolone pro-
drugs. As cephalosporins, they bound to PBPs 1a, 1b, and 3
and produced filaments with regularly spaced nucleoids. The
absence of cell lysis indicates binding to PBP 3 only in intact,
growing cells and thus low concentration in the periplasmic
space and poor outer-membrane permeation (11). As qui-
nolone prodrugs, Ro 23-9424 and Ro 24-6392 released flerox-
acin and ciprofloxacin, respectively, which then inhibited
DNA gyrase and affected nucleoid segregation. Chemical
release of quinolones was supplemented by enzymatic re-
lease in cells containing the cefotaxime-hydrolyzing TEM-3
B-lactamase but not in cells containing the AmpC enzyme
(21).

In the carbamate Ro 24-4383 and the tertiary amine Ro
24-8138, the 3-carboxyl group of quinolones is free; linkage
occurs through the piperazinyl group. Further, the half-life
of the cephalosporin-quinolone linkage precludes substantial
release of free quinolone during the course of the assays, and
thus, these compounds must act as intact molecules. Ro
24-4383 and Ro 24-8138 acted primarily as quinolones; they
inhibited DNA gyrase, though at concentrations higher than
those of the free quinolones, and affected nucleoid segrega-
tion. The two compounds also acted as cephalosporins,
binding to the essential PBP 3, but in growing cells, cepha-
losporin activity emerged only in the absence of quinolone
activity, as in the quinolone-resistant E. coli EN225, where
it was accompanied by a 100-fold increase in MICs. The
observed cephalosporin activity is also consistent with an
intact molecule and precludes quinolone release secondary
to B-lactam hydrolysis.

In summary, the mode of action of cephalosporin 3'-
quinolone esters, carbamates, and tertiary amines in E. coli
has been examined. A key finding involved the effects of
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Control Ro 23-9424 Ro 24-6392 Ro 24-4383 Ro 24-8138
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E. coli
ATCC 25922
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FIG. 2. Photomicrographs of E. coli ATCC 25922 grown for 1 or 2 h in concentrations equal to the MICs of cephalosporin 3'-quinolones.
Cells were stained with DAPI as described in the text.



Control Ro 24-4383 Ro 24-8138

1 h Exposure

DAPI
staining

2 h Exposure

FIG. 3. Photomicrographs of E. coli EN225 grown for 1 or 2 h in concentrations equal to the MICs of Ro 24-4383 and Ro 24-8138. Cells
were stained with DAPI as described in the text.

563



Control Ro 23-9424 Ro 24-6392
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E. coli
CF204
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FIG. 4. Photomicrographs of E. coli CF204 grown for 1 or 2 h in concentrations equal to the MICs of Ro 23-9424 and Ro 24-6392. Cells
were stained with DAPI as described in the text.
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these compounds on nucleoid segregation, which permitted
differentiation of cephalosporin and quinolone actions in
growing cells.
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