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Bacterial topoisomerase II (DNA gyrase) catalyzes

topological conversions of DNAmolecules that are
essential to bacterial growth1*. DNAgyrase is the target

of two known classes of antibiotics: the coumarins,
natural products that target the B subunit of the

enzyme2'3), and the quinolones, synthetic products that
target the A subunit of the enzyme and probably interfere

with the DNA rejoining step of the gyrase-mediated
DNAstrand-passing reaction4~7). Two other types of

antibiotics, clerocidin8), and cinodine9), have recently

been shown to inhibit bacterial DNAgyrase. Clerocidin
was shown to interfere with gyrase-mediated DNA
cleavage8). An Escherichia coli mutation conferring

resistance to clerocidin was found to map in the gyrA
gene8). Cinodine, a glycocinnamoylspermidine antibiotic
(Fig. 1), is known to bind to DNAand to interfere with
DNAsynthesis10). However, at lower concentrations, it
was found to inhibit specifically the supercoiling reaction
of DNAgyrase in vitro9). In this communication the

properties of a cinodine-resistant mutant strain of
Escherichia coli are described. The data presented

strongly suggest that at low drug concentrations, DNA
gyrase is the in vivo target of cinodine.

Derivation and Phenotype of Cinodine-resistant
Mutant MSO101
Manyunsuccessful attempts have been madeprevious-
ly in this and other laboratories to isolate cinodine-
resistant mutants of E. coll. More recently, however, I
isolated four spontaneous cinodine-resistant mutants.
These were picked from a zone of inhibition resulting
from a 1jug spot ofcinodine (mixture of the y1 and y2
forms) on a lawn of E. coli strain KNK453,grown at
28°C on an LB1X) plate. The mutant colonies were near
the outer edge of the zone. Strain KNK453is a tem-
perature-sensitive nal derivative of E. coli C12). The
mutant colonies appeared after 4 to 5 days of incubation.
One mutant, strain MSO101,was characterized, and
exhibited low-level resistance to cinodine in vivo.

Strain MSO101grew with a doubling time of 70
minutes at 28°C in the absence of cinodine, in contrast
to 60 minutes for the parent strain. Table 1 shows the
sensitivity of strain MSO101to cinodine and suscepti-
bility to several other antibacterial agents. In this regard,
MSO101differed from the parent and wild type strains
only in sensitivity to cinodine and to nalidixic acid (a
known inhibitor of DNAgyrase subunit A). MSO101
was four-fold more resistant to cinodine than strain
KNK453,and more sensitive to nalidixic acid, suggesting
that the new mutation in MSO101resulted in an
alteration in DNAgyrase.

DNAGyrase from MSO101was More Resistant to
Cinodine
Extracts of DNAgyrase from strains MSO101and
the parent KNK453were assayed in vitro for the ability
to convert relaxed plasmid pBR322 DNAto the super-
coiled form in the presence and absence of cinodine.

Cell extracts were prepared from 500ml of cells grown
to late log phase in LB mediumat 28°C. Cells were

Fig. 1. Structures of the /?, yl9 and y2 forms ofcinodine.

Current address: Procept, Inc., 840 Memorial Drive, Cambridge, Massachusetts 02139, U.S.A.



1 360 THE JOURNAL OF ANTIBIOTICS

Table 1. MIC's of various antibiotics for strains E. coli C, KNK453, and MSO101a.

NOV. 1995

MIC Og/ml)
Antibiotic Target

E. coli C KNK453 MSO101

Cinodine
Nalidixic add

Coumermycin
Ampicillin
Chlo ramphenicol
Streptomycin
Rifampicin

Gyrase A subunit
Gyrase B subunit
Cell wall
Protein synthesis
Protein synthesis

RNApolymerase

<0.05
1.00

15.00
15.00

2.50

50.00

25.00

0.10

50.00

40.00

15.00

5.00

50.00

25.00

0.40

10.00

40.00

15.00
2.50

50.00
25.00

Cells were grown at 28°C in LBmediumcontaining various concentrations of the indicated antibiotics.

Table 2. In vitro activity of DNAgyrase extracts from strains MSO101and KNK453in the
presence of cinodine3.

Strain Assay mixture
Fraction of DNAconverted from
relaxed to supercoiled form

KNK453

MSO101

Complete,
Complete,
Complete,
Complete,
Complete,
Complete ,

no drug
+ 25 fig novobiocin/ml
+ 1 /ig cinodine/ml
+ 2 fig cinodine/ml
+ 3 fig cinodine/ml
+ 4 /ig cinodine/ml

No enzyme, no drug

Complete, no drug
Complete,
Complete,
Complete,
Complete,
Complete,
Complete,

+ 25 fig novobiocin/ml
+ 1 /ig cinodine/ml
+ 2 ^g cinodine/ml
+ 3 /ig cinodine/ml
+ 4 /ig cinodine/ml
+ 5 ag cinodine/ml

l.OOb
<0.02

0.46

<0.02

<0.02

<0.02

<0.02

1.00b

<0.01

0.99

0.94

0.88

1.00

<0.01

The supercoiling reaction of DNAgyrase was carried out at 30°C by the method described
previously, using 0.5 /ig of relaxed plasmid pBR322as the substrate9*. Assay tubes contained
5 fig of protein extract. Reaction products were analyzed by the elecrophoretic assay method14)
and quantitated by densitometry9).
The fraction of supercoiled DNAproduced by DNAgyrase in the absence of inhibitor is
designated as 1.00.

pelleted, resuspended in 5ml 0.1 M KH2PO4buffer (pH
7.6) containing 0.1 mMdithiothreitol, sonicated for 3
minutes in 1 minute pulses at 0°C, and centrifuged at
40,000 x g for 30 minutes at 4°C. The supernatant fluid
constituted cell extract. Protein concentration was
determined by the method of Lowry13). Supercoiling
activity of gyrase was measured. by the standard elec-
trophoretic assay method14). The assay used to measure
inhibition of supercoiling by novobiocin and cinodine,
and quantitation by means of densitometry, were de-
scribed in detail previously9). The identical assay was
used here, except that cell extract was used in place of
purified Micrococcus luteus DNAgyrase. Results (Table
2) show that for equal amounts of protein, the gyrase
activity of MSO101was four-fold more resistant to
cinodine than the gyrase activity of strain KNK453.This
result is likely due to either an increased level of gyrase
in the mutant strain, or to a genetic alteration in the
gyrase structural gene.

Discussion

Results show that a cinodine-resistant mutant of
E. coli was approximately 4-fold more resistant to the
drug in vivo than the parent strain, and that the muta-
tion resulted in an alteration in DNAgyrase supercoiling
activity. The apparent occurrence of cinodine-resistant
mutants is quite rare. It was shown previously9) that the
inhibitory effect of cinodine on supercoiling occurred at
a muchlower concentration than that required to bind
to DNAand alter its mobility. The two distinct activities
of cinodine are likely to contribute to the difficulty in
isolating cinodine-resistant mutants. In vitro results have
shown that supercoiling by wt DNAgyrase was inhibited
at cinodine concentrations of 0.1 to 0.2 times the con-
centration required to inhibit DNA synthesis9). Thus,
mutations conferring resistance to cinodine may be
detectable only by selecting for low-level cinodine-
resistant colonies, since selection for high-level resistance



VOL.48 NO. ll THE JOURNAL OF ANTIBIOTICS

would require resistance to both the gyrase- and the DNA
synthesis-inhibiting activities of cinodine. This would
explain why resistant mutants appeared in a zone of
inhibition, which contains a range of drug concentra-
tions.

Another explanation for the difficulty in isolating
E. coli cinodine-resistant mutants may involve an inter-
action with topoisomerase IV. This enzyme has sig-

nificant homology to DNAgyrase, catalyzes relaxationof supercoiled DNA, and is inhibited by known in-

hibitors of the A and B subunits of DNAgyrase15).
Evidence indicates that topoisomerase IV is an essential
enzyme1 5) although overproduction of DNAgyrase can
complement conditional lethal mutations in the genes
encoding the topoisomerase IV subunits16). If cinodine
also inhibits topoisomerase IV, high-level cinodine-
resistance might require mutations in multiple genes.
Thus far cinodine-resistant mutants have been isolated

only from E. coli encoding a preexisting mutation in
gyrA. This suggests the possibility that the gyrA or other
unknown mutation (perhaps acquired by strain KNK453
during passage) may be a prerequisite for identification
of a cinodine-resistant mutant.
Although cinodine inhibits DNAgyrase at a lower

drug concentration than that required to inhibit DNA
synthesis, the lethal event in cinodine inhibition of
growth is not known. Recently, it was shown that DNA
gyrase-quinolone complexes to DNA and blocks
transcription in E. coli17). The authors postulated that
this blockage may contribute to the lethality of
quinolones, since much lower levels of quinolone are
needed to inhibit growth than to inhibit supercoiling.
Such secondary phenomena may also occur with
cinodine, as much lower concentrations of the drug are
required to inhibit growth than to inhibit supercoiling
in vitro, or DNAsynthesis in vivo10).

Acknowledgments

I thank Michael Greenstein and my colleagues at Lederle
Laboratories for ideas and helpful discussions.

References

1) Wang, J. C: DNAtopoisomerases. Annu. Rev. Biochem.
54: 665- 697, 1985

2) Gellert, M; M. H. O'Dea, T. Itoh & J. Tomizawa:
Novobiocin and coumermycin inhibit DNAsupercoiling
catalyzed by DNAgyrase. Proc. Nat. Acad. Sci. U.S.A.

73: 4474-4478, 1976

1361

3) Sugino, A.; N. Higgins, P. Brown, C. Peebles & N.
Cozzarelli: Energy coupling in DNAgyrase and the
mechanism of action ofnovobiocin. Proc. Nat. Acad. Sci.
U.S.A. 75: 4838-4842, 1978

4) Cozzarelli, N. R.: DNAgyrase and the supercoiling of
DNA. Science 207: 953-960, 1980

5) Gellert, M.: DNA topoisomerases. Annu. Rev.
Biochem. 50: 879-910, 1981

6) Gellert, M.; M. H. O'Dea, T. Itoh & J. Tomizawa:
Nalidixic acid resistance: a second genetic character

involved in DNAgyrase activity. Proc. Nat. Acad. Sci.
U.S.A. 74: 4772-4776, 1977

7) Sugino, A.; K. Peebles, K. Kreuzer & N. Cozzarelli:
Mechanism of action of nalidixic acid: purification of
Escherichia coli nalA gene product and its relationship to
DNAgyrase, a novel nicking-closing enzyme. Proc. Nat.

Acad. Sci. U.S.A. 74: 4767-4771, 1977

8) McCullough, J. E.; M. T. Muller, A. L. Howells, A.
Maxwell, J. O'Sullivan, R. S. Summerill, W. L.
Parker, J. S. Wells, D. P. Bonner & P. B. Fernandes:
Clerocidin, a terpenoid antibiotic, inhibits bacterial DNA

gyrase. J. Antibiotics 46: 526-530, 1993

9) Osburne, M. S.; W. M. Maiese & M. Greenstein: In
vitro inhibition of bacterial DNAgyrase by cinodine, a

glycocinnamoylspermidine antibiotic. Antimicrob.
Agents Chemother. 34: 1450- 1452, 1990

0) Greenstein, M.; J. L. Speth &W. M. Maiese: Mechanism
of action of cinodine, a glycocinnamoylspermidine

antibiotic. Antimicrob. Agents Chemother. 20: 425 - 432,
1981

1) Miller, J. H.: Experiments in Molecular Genetics, p. 433,
Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY, 1972

2) Kreuzer, K. N. & N. R. Cozzarelli: Escherichia coli
mutants thermosensitive for deoxyribonucleic acid gyrase
subunit A: effects on deoxyribonucleic acid replication,
transcription, and bacteriophage growth. J. Bacteriol. 140:

424-435, 1979

3) Lowry, D. H.; N. J. Rosebrough, A. L. Farr & R. J.
Randall: Protein measurement with the Folin phenol

reagent. J. Biol. Chem. 193: 265-275, 1951

4) Otter, R. & N. R. Cozzarelli: Escherichia coli DNA
gyrase. Methods Enzymol. 100: 171 - 180, 1983

5) Hooper, D. C. & J. S. Wolf son: Quinolone Antimicrobial
Agents, pp. 53 - 75, American Society for Microbiology,
Washington, DC, 1993

6) Kato, J.-L.; H. Suzuki & H. Ikeda: Purification and
characterization of DNAtopoisomerase IV in Escherichia
coli. J. Biol. Chem. 267: 25676-25684, 1992

7) Willmott, C. J. R.; S. E. Critchlow, I. C. Eperon &
A. Maxwell: The complex ofDNAgyrase and quinolone
drugs with DNAforms a barrier to transcription by RNA
polymerase. J. Mol. Biol. 242: 351-363, 1994


