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We have examined the antipneumococcal activities of novel quinolone dimers in which ciprofloxacin was
tethered to itself or to pipemidic acid by linkage of C-7 piperazinyl rings. Symmetric 2,6-lutidinyl- and
trans-butenyl-linked ciprofloxacin dimers (dimers 1 and 2, respectively) and a pipemidic acid-ciprofloxacin
dimer (dimer 3) had activities against Streptococcus pneumoniae strain 7785 that were comparable to that of
ciprofloxacin, i.e., MICs of 2, 1, and 4 to 8 pg/ml versus an MIC of 1 to 2 pg/ml, respectively. Surprisingly,
unlike ciprofloxacin (which targets topoisomerase IV), several lines of evidence revealed that the dimers act
through gyrase in S. pneumoniae. First, ciprofloxacin-resistant parC mutants of strain 7785 remained suscep-
tible to dimers 1 to 3, whereas a gyr4 mutation conferred a four- to eightfold increase in the dimer MIC but
had little effect on ciprofloxacin activity. Second, dimer 1 selected first-step gyr4 (S81Y or S81F) mutants
(MICs, 8 to 16 pg/ml) that carried wild-type topoisomerase IV parE-parC genes. Third, dimers 1 and 2
promoted comparable DNA cleavage by S. pneumoniae gyrase and topoisomerase IV, whereas ciprofloxacin-
mediated cleavage was 10-fold more efficient with topoisomerase IV than with gyrase. Fourth, the GyrA S81F
and ParC S79F enzymes were resistant to dimers, confirming that the resistance phenotype is largely silent in
parC mutants. Although a dimer molecule could bind very tightly by bridging quinolone binding sites in the
enzyme-DNA complex, the greater potency of ciprofloxacin against gyrase and topoisomerase IV suggests that
dimers 1 to 3 bind in a monomeric fashion. The bulky C-7 side chain may explain dimer targeting of gyrase and
activity against efflux mutants. Tethered quinolones have potential as mechanistic tools and as novel antimi-

crobial agents.

Fluoroquinolones such as levofloxacin, gatifloxacin, and
moxifloxacin are now widely used as first-line therapy for com-
munity-acquired pneumonia caused by Streptococcus pneu-
moniae (11). These agents act through the enzymes DNA gy-
rase and topoisomerase IV and are effective against both
penicillin-susceptible and -resistant isolates. The success of the
“respiratory” quinolones has prompted efforts to understand
their mechanisms of action in S. pneumoniae and to uncover
more potent analogues, especially those effective against quin-
olone-resistant strains associated with treatment failures.

A key to understanding quinolone action in S. pneumoniae is
the observation that the drugs can act preferentially through
topoisomerase IV, through gyrase, or through both targets in a
manner dependent on quinolone structure (21). Gyrase, a
GyrA,GyrB, tetramer encoded by gyr4 and gyrB genes, cata-
lyzes the introduction of negative supercoils into DNA (9, 28),
whereas topoisomerase IV, a ParC,ParE, complex (specified
by parC and parE), is an efficient DNA decatenase (12). Both
these ATP-dependent enzyme reactions occur by a double-
stranded DNA break (15) and are coordinated to allow DNA
unlinking during DNA replication and chromosome segrega-
tion (1, 32). Quinolones form a ternary drug-topoisomerase-
DNA complex and interfere with DNA breakage-reunion me-
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diated by the two GyrA (ParC) subunits. Addition of a protein
denaturant in vitro or collision with a DNA replication fork in
vivo converts the ternary complex into a lethal double-stranded
DNA break (4, 8, 10). Mutations conferring quinolone resis-
tance usually map to a limited domain of the GyrA (ParC) and
GyrB (ParE) proteins termed the “quinolone resistance-deter-
mining region” (QRDR) (15, 30, 31). Many quinolones, in-
cluding ciprofloxacin, select first-step parC or parE mutants of
S. pneumoniae, indicating that topoisomerase IV is the pre-
ferred intracellular target (17, 19, 20). By contrast, sparfloxacin
selects first-step gyr4 mutants, implicating gyrase as the pri-
mary target (21). Other quinolones, such as clinafloxacin, gati-
floxacin, gemifloxacin, and moxifloxacin, select gyr4 mutants
but act substantially through both gyrase and topoisomerase
IV (7, 22). Although the rules governing selectivity are poorly
understood, it has been shown (2) that the intracellular target-
ing of ciprofloxacin can be switched from topoisomerase IV to
gyrase by the addition of a benzenesulfonylamido moiety to the
quinolone C-7 position.

Much of the improved potency of modern fluoroquinolones
has been achieved by tinkering with the N-1, C-7, and C-8
substituents on the quinolone ring system. These alterations
promote more efficient target binding and, in the case of the
C-7 substitutions, can overcome efflux-mediated resistance, at
least in Staphylococcus aureus (26). We have sought a radically
different approach by synthesizing covalently linked dimeric
quinolones (13, 14) that can potentially bridge drug binding
sites in the topoisomerase-DNA complex. Models based on
biochemical considerations envisage either two enzyme-bound
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FIG. 1. Structures of quinolone dimers used in this study.

drug molecules positioned to interfere with enzymatic DNA
breakage-reunion on strands (see, e.g., reference 3) or four
quinolones bound as two pairs of noncovalently associated
drug dimers in a single-stranded DNA bubble opened up by
topoisomerase action (25). Although the crystal structure of a
dimeric GyrA fragment containing the QRDR is available
(16), it lacks DNA and quinolones and therefore does not
discriminate the models. However, based on either model, two
quinolones tethered through a linker would be expected to
achieve tight binding by bridging adjacent quinolone binding
pockets. In the study described in this paper, we have examined
the modes of action of novel piperazinyl-linked ciprofloxacin
dimers (Fig. 1) by testing their activities against S. pneumoniae
and its quinolone-resistant parC and gyr4A mutants, by analyz-
ing first-step mutants selected by challenge with the dimers,
and by studying the inhibition of wild-type and quinolone-
resistant S. pneumoniae gyrase and topoisomerase IV. We
show that three different dimers display activities comparable
to that of ciprofloxacin against wild-type S. pneumoniae and
retain activity against parC mutants, although not against parC
grA mutants. Surprisingly, whereas ciprofloxacin acts through
topoisomerase IV, the dimers act through gyrase as the pri-
mary target in S. pneumoniae.

MATERIALS AND METHODS

Bacterial strains. Quinolone-susceptible S. pneumoniae strains 7785 and R6
and isogenic 7785 mutants 1C1, 2C6, 2C7, 1S1, 1S4, 2S1, and 2S4 have been
described previously (21, 22).

Drugs and drug susceptibilities. Ciprofloxacin was kindly supplied by Bayer-
UK, Newbury, United Kingdom. Pipemidic acid and the three quinolone dimers
used in this work were synthesized as described previously (13, 14). MICs were
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determined by twofold agar dilution on brain heart infusion (BHI) agar plates
supplemented with 10% horse blood (21). Approximately 10* bacteria were
spotted onto the plates, which were examined following overnight incubation at
37°C.

Selection of S. pneumoniae mutants resistant to dimer 1. Mutants were ob-
tained by plating approximately 2 X 10% CFU of S. pneumoniae strain 7785 on
BHI agar plates containing 10% horse blood and various concentrations of dimer
1. The plates were incubated aerobically at 37°C for 48 h, and colonies were
restreaked on plates containing the same level of drug. Mutants were then
maintained under drug-free conditions.

PCR and RFLP analysis. Genomic DNA was isolated from S. pneumoniae
strains and used as a template for PCR amplification of the DNA fragments
encompassing the QRDRs of the gyrA, gyrB, parC, and parE genes (22). Restric-
tion fragment length polymorphism (RFLP) analysis of the gyr4 and parC PCR
products was carried out as described previously (22). The PCR products were
sequenced by Lark Technologies, Ltd., Saffron Walden, United Kingdom

Analysis of topoisomerase IV genes. The parE-parC locus of each of the strains
1D1 and 1D2, which were selected for resistance to dimer 1, was amplified and
sequenced in its entirety as described previously (24).

Enzymes and DNA substrates. Recombinant S. pneumoniae GyrA, GyrB,
ParC, ParE, S81F GyrA, and S79F ParC proteins were overexpressed and puri-
fied to >95% homogeneity as described previously (23, 29). Supercoiled pBR322
was obtained from Helena Biosciences, Tyne and Wear, United Kingdom. Re-
laxed pBR322 DNA was prepared as described previously by incubating the
plasmid with calf thymus topoisomerase I (Invitrogen, Paisley, Scotland) (23).
Kinetoplast DNA (kDNA) from Crithidia fasciculata was purchased from Topo-
gen Inc., Columbus, Ohio.

Topoisomerase and DNA cleavage assays. Enzyme assays were carried out as
described previously (23). DNA products were resolved by electrophoresis in 1%
agarose, stained with ethidium bromide, photographed, and quantified with an
Alpha Innotech digital camera and software. All enzyme assays were done at
least twice, with reproducible results.

Dimer-DNA interactions. The abilities of the quinolone dimers to interact with
DNA were tested by a DNA unwinding assay. Relaxed pBR322 (0.8 ng) was
incubated with calf thymus topoisomerase I (12 U) in 50 mM Tris-HCI (pH
7.5)-50 mM KCI-10 mM MgCl,-0.5 mM dithiothreitol-30 ug of bovine plasma
albumin per ml-0.1 mM EDTA at room temperature for 10 min, prior to the
addition of ciprofloxacin or dimer and further incubation at 37°C for 1 h (total
reaction volume, 50 pl). The reactions were stopped by addition of sodium
dodecyl sulfate (SDS; 0.2% [wt/vol]), and the samples were extracted twice with
an equal volume of phenol followed by an equal volume of chloroform. DNA was
precipitated with ethanol, dried, and redissolved in TE buffer (20 pl; 10 mM
Tris-HCl [pH 8.0], 1 mM EDTA). DNA samples (10 pl) were analyzed by
electrophoresis in 1% agarose gels run in Tris-phosphate-EDTA buffer in the
absence or presence of chloroquine at 3 pg/ml (27). DNA was visualized by
staining with ethidium bromide.

RESULTS

Antipneumococcal activities of quinolone dimers. We have
investigated the antibacterial activities of quinolone dimers
(Fig. 1), in which ciprofloxacin monomers were joined through
their C-7 piperazinyl groups by 2,6-lutidinyl (dimer 1) or trans-
butenyl linkers (dimer 2) or a ciprofloxacin monomer was
similarly joined to pipemidic acid by a 1,4-xylenyl linkage
(dimer 3) (13, 14). Except for the three unique linkers that
allow different geometries, the monomer constituents of the
dimers were unaltered. The activities of the dimers were com-
pared with those of ciprofloxacin and pipemidic acid against
quinolone-susceptible S. pneumoniae clinical isolate 7785 and
its mutants bearing defined parC, gyr4, and parC gyrA quino-
lone resistance mutations (Table 1). The ciprofloxacin MIC for
parental strain 7785 (1 to 2 pg/ml) was in accordance with that
found earlier (2). Symmetric dimers 1 and 2 had potencies
equivalent to that of ciprofloxacin against strain 7785 (MICs, 2
and 1 pg/ml, respectively). Asymmetric dimer 3 was less active
against 7785 (MIC, 4 to 8 pg/ml) than ciprofloxacin but was
more potent than pipemidic acid, whose MIC was >32 pg/ml.
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TABLE 1. Fluoroquinolone susceptibilities of
S. pneumoniae mutants
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TABLE 2. Properties of S. pneumoniae mutants selected for
resistance to dimer 1.

Mutation in QRDR of: MIC (pg/ml)* MIC (pg/ml) Mutation in QRDR of”:

Strain Strain

GyrA ParC CIP Dimer 1 Dimer 2 Dimer 3 PIP CIP? Dimer 1 GyrA ParC GyrB ParE
7785 1-2 2 1 4-8  >32 7785 1-2 2
R6 1 2 1 4-8  >32 1D1¢ 2 8-16 S81F None None None
1C1 4 2-4 1-2 4-8  >32 1D2¢ 2 8-16 S81Y None None None
2C6 S79Y 16 4 2 8-16 >32 1D3? 2 8-16 S81Y None None None
2C7 S79F 8-16 4 ND ND ND
1S1  S81F 2 16 4 16-32 >32 “The GyrA mutation resulted from the following nucleotide changes: S81F,
184 S81Y 24 816 4 1632 >3 TGER IR KOO0 TAC
%gi 221? 153789?}\1 323_264 ig% ig% ig% ig% ¢ Derived from S. pneumoniae strain 7785 by selection with dimer 1 at 2 pg/ml.

¢ CIP, ciprofloxacin; dimers 1, 2, and 3 are shown in Fig. 1; PIP, pipemidic acid.
ND, not determined. MICs were determined in two or three independent ex-
periments, with reproducible results. When two values are given, the growth of
all but a few colonies was inhibited at the lower drug concentration.

Similar results were seen for S. pneumoniae R6, the well-
known laboratory strain (Table 1). The presence of an efflux
mutation in strain 1C1 had little effect on susceptibility to any
of the dimers. Single gyr4 mutations in strains 1S1 and 1S4 did
not significantly affect the ciprofloxacin MICs, whereas a parC
mutation in 2C6 and 2C7 elevated the MIC some fourfold,
consistent with drug action through topoisomerase IV (19). By
contrast, for all three dimers, a parC mutation increased the
MICs twofold or less, whereas a gyr4 change in 1S1 and 1S4
elevated the MICs by four- to eightfold. Surprisingly, these
results suggest that the dimers act through gyrase as the pri-
mary target rather than through topoisomerase IV. parC gyrA
mutants 2S1 and 254 were highly resistant to all three dimers
and to ciprofloxacin (MICs, 32 to 64 pg/ml or greater). Thus,
high dimer or ciprofloxacin concentrations engage both gyrase
and topoisomerase IV in cell growth inhibition.

Symmetric dimer 1 selects S. pneumoniae gyrA S81F or S81Y
mutants that retain wild-type parE-parC genes. To ascertain
the primary intracellular target, we isolated and characterized
mutants of S. pneumoniae 7785 selected by exposure to dimer
1, the compound to which a gyrA mutation conferred the larg-
est (eightfold) degree of resistance. After 48 h of aerobic
growth at 37°C, 11, 6, and 0 mutants were recovered when 2 X
10® CFU of strain 7785 was plated on BHI agar containing
10% horse blood and dimer 1 at 2 pg/ml (the MIC), 4 pg/ml
(two times the MIC), or 6 ug/ml (three times the MIC), re-
spectively. Colonies were restreaked on fresh plates containing
the selecting concentration of dimer 1 before growth on drug-
free plates and subsequent analysis. The gyrA, gyrB, parC, and
parE QRDRs were amplified from each mutant strain by PCR
with genomic DNA as the template (22). RFLP analysis by
HinfI digestion was performed to detect mutations affecting
codon 81 in gyr4 and codon 79 in parC (22). All 17 mutants
selected with dimer 1 yielded a 382-bp gyr4 QRDR PCR prod-
uct that did not undergo cleavage with HinfI at an internal site
overlapping codon 81. Thus, gyr4 codon 81 was mutated in
every mutant recovered. By contrast, all the parC QRDR prod-
ucts yielded the wild-type HinfI digestion pattern, consistent
with the absence of changes at the Ser-79 ParC hot spot. DNA
sequence analysis of the PCR products from three mutants,
mutant 1D1 (isolated with 2 wg/ml) and mutants 1D2 and 1D3
(recovered with 4 wg/ml), confirmed the presence of mutations

@ Derived from S. pneumoniae strain 7785 by selection with dimer 1 at 4 pg/ml.

in gyr4 leading to alterations of Ser81 to Phe or Tyr (Table 2).
These changes were associated with four- to eightfold in-
creases in the MICs of dimer 1. No alterations were found in
the parC, gyrB, or parE QRDR sequences.

To examine the possibility of non-QRDR mutations in topo-
isomerase 1V, the parE-parC gene locus of each of strains 1D1
and 1D2 was amplified as three overlapping PCR products
spanning a 5.5-kb region (from 300 bp upstream of the parE
start codon to 300 bp downstream of the parC termination
signal) and sequenced in full (24). No mutations were found in
these genes or their promoter region. It appears that the four-
to eightfold increase in the dimer 1 MICs for independently
selected strains 1D1 and 1D2 arises from the gyr4 mutations
encoding S81F or S81Y changes, two well-established quino-
lone resistance mutations in S. pneumoniae (Table 2). These
findings concur with the identical susceptibility data for strains
1S1 and 1S4 (Table 1), which carry the same gyr4 changes as
strains 1D1 and 1D2 and which are known to express wild-type
topoisomerase IV (24). The results show unequivocally that
ciprofloxacin dimer 1 preferentially targets gyrase in S. pneu-
moniae, in contrast to ciprofloxacin itself, which acts through
topoisomerase IV as the primary target.

Ciprofloxacin dimers inhibit the catalytic activities of S.
pneumoniae gyrase and topoisomerase IV. To gain information
on how the dimers interact with their topoisomerase targets,
we studied the inhibition of ATP-dependent DNA supercoiling
by recombinant S. pneumoniae gyrase and of ATP-dependent
decatenation of kDNA by topoisomerase IV. Drug potencies
were expressed as the drug concentration that resulted in 50%
inhibition of enzyme activity (ICs). Figure 2 shows the results
of a representative experiment involving inhibition of S. pneu-
moniae gyrase. Relaxed pBR322 DNA (lane a) was incubated
with sufficient gyrase (1 U) to cause 50% conversion of sub-
strate to the supercoiled form in the absence of drug. Inclusion
of ciprofloxacin caused a dose-dependent inhibition of super-
coiling, with an ICs, of 40 to 80 uM (14.7 to 29.4 pg/ml), in line
with that found in previous studies (24). Dimers 1 and 2 also
inhibited gyrase activity, although less potently than ciprofloxa-
cin, with ICs,s of >320 pM (>245 pg/ml) and 80 to 160 M
(57 to 114 pg/ml), respectively.

Figure 3 compares the inhibitory activities of the symmetric
dimers with ciprofloxacin against topoisomerase IV. Incuba-
tion with 1 U of enzyme was just sufficient to resolve 0.4 pg of
kDNA (lane a) into its monomeric circles (lane b) under the
reaction conditions. Dimers 1 and 2 and ciprofloxacin all
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FIG. 2. Ciprofloxacin dimers inhibit DNA supercoiling by S. pneu-
moniae DNA gyrase. Relaxed pBR322 DNA (0.4 ng) was incubated
with S. pneumoniae GyrA (1 U), GyrB (1 U), and 1.4 mM ATP in the
absence or presence of dimer 1, dimer 2, or ciprofloxacin (CIP) at the
indicated concentrations. The DNA reaction products were analyzed
by electrophoresis in a 1% agarose gel. The concentrations of dimers
and ciprofloxacin present in the reaction mixtures are indicated above
the wells. Lane a, relaxed pBR322. All reaction mixtures contained 5%
dimethyl sulfoxide. R and S, relaxed and supercoiled pBR322 DNA,
respectively.

caused dose-dependent inhibition of decatenation, with ICy.s
of ~120, ~60, and 10 to 20 wM, respectively (92, 43, and 3.7 to
7.4 ng/ml, respectively). Thus, similar to the results obtained
with gyrase, the ciprofloxacin dimers were less efficient inhib-
itors of topoisomerase IV than ciprofloxacin. Moreover, de-
spite their in vivo action through gyrase as the primary target,
the dimers were more potent against purified topoisomerase
IV than against purified gyrase.

Dimers induce DNA cleavage by S. prneumoniae gyrase and
topoisomerase IV. It is thought that the antibacterial activities
of quinolones arise from their stabilization of cleavage com-
plexes on DNA (29). To examine the ability of quinolone
dimers to mediate cleavage complex formation, supercoiled
pBR322 was incubated with either recombinant S. pneumoniae
gyrase or topoisomerase IV in the presence of various concen-
trations of dimer 1, 2, or 3. Parallel assays were also set up in
which either ciprofloxacin or pipemidic acid was included for
comparison. After SDS treatment to induce DNA breakage
and incubation with proteinase K to remove DNA-linked
GyrA (or ParC) proteins, the DNA products were separated by
agarose gel electrophoresis and quantified. The results of rep-
resentative cleavage experiments are shown in Fig. 4, in which

Dimer 1 (uM) Dimer 2 (uM) CIP (puM)

a b| 0 10 20 40 80 160 320(20 40 B0 160320(2.5 5 10 20 40

KDNA

Monomer

FIG. 3. Ciprofloxacin is more potent than its dimers as an inhibitor
of DNA decatenation by S. pneumoniae topoisomerase IV. kDNA (0.4
ng) was incubated with recombinant ParC and ParE (1 U each) in the
absence or presence of dimers and ciprofloxacin (CIP) at the indicated
concentrations. DNA products were separated by agarose gel electro-
phoresis. Lane a, KkDNA; lane b, kDNA plus ParC, ParE, and ATP in
the absence of drug and dimethyl sulfoxide. All other reaction mixtures
contained 5% dimethyl sulfoxide. Monomer, released minicircles.
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drug concentrations were chosen to generate comparable ex-
tents of DNA breakage.

For gyrase, little or no DNA breakage was seen when drugs
were omitted (Fig. 4A, lanes c). Inclusion of ciprofloxacin
resulted in a dose-dependent stimulation of DNA cleavage,
with the drug concentration that induces 25% linearization of
input DNA (CC,;5) being ~80 uM (Fig. 4A). This value com-
pares favorably with the CC,5 of 40 uM determined previously
(29). Symmetric ciprofloxacin dimers 1 and 2 also induced
DNA breakage that reached a plateau of 13 to 14% cleavage of
input DNA at 80 and 40 pM, respectively. This amount of
DNA breakage was induced by ciprofloxacin at 20 to 40 uM
(Fig. 4A). Therefore, dimers 1 and 2 were some two- to four-
fold less effective than ciprofloxacin in stabilizing a cleavage
complex with gyrase. Asymmetric dimer 3 induced very weak
DNA breakage by gyrase, amounting to only 8% of the input
DNA at 320 uM (Fig. 4A). The poor activity of dimer 3
resembled that of pipemidic acid (Fig. 4A).

In the case of topoisomerase IV (Fig. 4B) and as observed
previously (29), the enzyme induced some DNA cleavage even
in the absence of added drug. Inclusion of ciprofloxacin gave a
dose-dependent stimulation of cleavage, with a CC,5 of 5 pM.
Dimer 1 caused a weak stimulation of DNA breakage that was
maximal (1.5-fold over the background level) at 40 to 160 .M
and that was reduced at higher concentrations (Fig. 4B).
Dimer 2 showed the same nonlinear response but was more
effective than dimer 1, with maximal cleavage (2.5-fold over
background) at 40 uM and a CC,5 of 20 wM. Thus, dimer 2
was some fourfold less effective than ciprofloxacin. Dimer 3,
like pipemidic acid, produced only a marginal stimulation of
DNA cleavage (Fig. 4B). It appears that dimers 1 and 2 stim-
ulate more efficient DNA cleavage with both gyrase and topo-
isomerase IV than dimer 3, in line with their somewhat lower
MIC:s for strain 7785.

GyrA S81F and ParC S79F mutations block cleavage com-
plex formation by dimers. The genetic studies described above
show that mutant strains expressing GyrA S81F or GyrA S81Y
are resistant to all three dimers, dimers 1 to 3 (Tables 1 and 2).
By contrast, a single parC (S79F) mutation did not offer much
resistance to these compounds (Table 1). To examine the ef-
fects of mutations at the enzyme level, S. pneumoniae gyrase
and topoisomerase IV were reconstituted with wild-type GyrB
and GyrA S81F subunits and wild-type ParE and ParC S79F
subunits, respectively, and were tested for their abilities to
form cleavage complexes in the presence of the dimers. Figure
5 shows the results of a representative experiment for dimers 1
and 2. As shown above, concentrations of dimer 1 between 40
and 160 uM stimulated DNA breakage by wild-type gyrase and
topoisomerase IV (Fig. SA and C). However, for the mutant
enzymes there was no detectable stimulation of DNA breakage
by dimer 1 over background levels, even at 320 pM (Fig. SA
and C). Similar results were observed for dimer 2 (Fig. 5B and
D). It is clear that both the GyrA S81F and ParC S79F muta-
tions render the respective gyrase and topoisomerase IV com-
plexes resistant to trapping as a cleavage complex. That the
dimer resistance phenotype of the parC (S79F) gene is largely
silent in the presence of the wild-type gyr4 gene (Table 1)
confirms that the dimers act preferentially through gyrase in
vivo.
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FIG. 4. Quinolone-mediated DNA cleavage by S. pneumoniae gyrase (A) and topoisomerase IV (Topo IV) (B). Supercoiled pBR322 (0.4 n.g)
was incubated with S. pneumoniae GyrA (0.45 pg) and GyrB (1.7 pg) in the absence and presence of dimers 1, 2, and 3, ciprofloxacin (CIP), and
pipemidic acid (PIP) at the indicated concentrations. After treatment with SDS and proteinase K, the DNA products were examined by
electrophoresis in a 1% agarose gel. Lanes M, linear markers; lanes a and b, supercoiled and linear pBR322 DNA, respectively; lanes c, supercoiled
pBR322 plus enzyme in the absence of drug but with 5 mM NaOH added. All the dimer reaction mixtures contained 5% dimethyl sulfoxide, and
all ciprofloxacin reaction mixtures contained 5 mM NaOH. N, L, and S, nicked, linear, and supercoiled plasmid pBR322 DNA, respectively.

Ciprofloxacin dimers mediate DNA breakage at the same
sites as ciprofloxacin. To determine whether the dimers in-
duced cleavage at the same spectrum of sites as ciprofloxacin,
pBR322 DNA was linearized by digestion with EcoRI and used
as a substrate in cleavage assays with gyrase and topoisomerase
IV. In contrast to the results obtained with the supercoiled
substrate (Fig. 4), dimers 1 and 2 induced very little cleavage of
linear DNA by gyrase (data not shown). In the case of topo-
isomerase IV, cleavage of linear DNA mediated by dimers 1

A. Gyrase - dimer 1
Wild-type
40 80 160 320 ¢ O

GyrA S81F
40 80 160 320

and 2 occurred at the same spectrum of sites as induced by
ciprofloxacin (Fig. 6). Interestingly, the cleavage of linear
DNA promoted by dimer 1 was relatively weak and was much
weaker than that mediated by dimer 2.

Dimer 2 interacts with DNA to cause helix unwinding. We
noted that dimer 2 showed a nonlinear response in DNA
cleavage assays: DNA breakage increased to a maximum and
then progressively declined at higher drug levels (Fig. 4 to 6).
This behavior could arise from progressive conformational ef-

B. Gyrase - dimer 2

Wild-type
0 40 80 160 320/ ¢ 0

GyrA S81F
40 80 160 320

C. Topo IV - dimer 1
Wild-type
40 80 160 320 ¢ O

D. Topo IV - dimer 2
ParC ST9F Wild-type
40 80 160 320 40 80 160 320| ¢ O

ParC S79F
40 80 160 320

FIG. 5. Comparison of dimer-promoted DNA breakage by wild-type and quinolone-resistant S. pneumoniae gyrase (A and B) and topoiso-
merase IV (Topo IV) (C and D). Supercoiled plasmid pBR322 (0.4 .g) was incubated with recombinant S. pneumoniae GyrB (1.7 pg) and either
wild-type GyrA or GyrA S81F (in each case 0.4 pg) (A and B) or ParE (1.7 pg) and either wild-type ParC or ParC S79F (0.45 pg) (C and D).
Samples were processed and analyzed as described in the legend to Fig. 4; and lanes a, b, and c are as described in the legend to Fig. 4.
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FIG. 6. Site-specific DNA cleavage by S. pneumoniae topoisomer-
ase IV mediated by ciprofloxacin and its dimers. Plasmid pBR322
DNA linearized at its EcoRI site (0.4 pg) was incubated with ParC
(0.45 pg) and GyrB (1.7 pg) in the absence or presence of dimer 1 or
2 or ciprofloxacin (CIP) at the indicated concentrations. After addition
of SDS and proteinase K treatment, the DNA samples were analyzed
by electrophoresis in a 1% agarose gel. Lanes M, a, and b, DNA size
markers, linear pBR322, and linear pBR322 incubated with ParC and
ParE in the absence of drug, respectively.

fects on the DNA substrate caused by DNA intercalation at
high drug levels. Quinolones are known to unwind duplex
DNA in a magnesium-dependent manner (18, 27). To test
whether dimer 2 could be acting as a powerful intercalator, we
incubated relaxed pBR322 DNA with calf thymus topoisomer-
ase I (to remove the positive turns arising from DNA unwind-
ing) in the presence of various concentrations of ciprofloxacin
or dimer 2. The reactions were stopped, the drugs were re-
moved by phenol extraction, and the DNA was analyzed by
agarose gel electrophoresis (Fig. 7) in the absence or presence

CIP (uM) Dimer 2 (uM)

10 20 40 80 160 320

a 0 20 40 80 160 320|a O

FIG. 7. Ciprofloxacin and its symmetric dimer (dimer 2) induce
unwinding of closed circular DNA. Relaxed plasmid pBR322 (0.8 n.g)
was incubated with calf thymus DNA topoisomerase I (12 U) in the
presence of 10 mM MgCl, at room temperature for 10 min before
addition of ciprofloxacin (CIP) and dimer 2 at the indicated concen-
trations. After incubation for 1 h at 37°C, the topoisomerase I was
inactivated and the DNA was extracted with phenol to remove any
bound ligand prior to agarose gel electrophoresis in Tris-phosphate-
EDTA buffer. Half of each DNA sample was run in the absence of
chloroquine (—CQ); the other half was electrophoresed in the pres-
ence of chloroquine (+CQ). Under the conditions of the gel without
chloroquine, all the DNA samples are positively supercoiled and are
made more positively coiled by the inclusion of chloroquine. Lanes a,
pBR322 DNA (previously relaxed in the absence of Mg?* ions), used
as the substrate.

QUINOLONE DIMER ACTION IN S. PNEUMONIAE 2113

of chloroquine. Under the conditions used for the gel shown in
Fig. 7, all reaction products ran as positively supercoiled spe-
cies, as confirmed by their greater migration in the presence of
chloroquine, which introduces additional positive supercoils
into DNA (Fig. 7, +CQ [in the presence of chloroquine]). It
can be seen that DNA relaxed in the presence of ciprofloxacin
or dimer 2 is underwound compared to the DNA of the drug-
free control (see Fig. 7 and the legend to Fig. 7). The linking
difference caused by 320 wM ciprofloxacin was modest at about
—5, with 320 pM dimer 2 inducing about half that degree of
unwinding. It appears that dimer 2 interacts with DNA but is
less effective than ciprofloxacin as an unwinding agent. This is
consistent with the results of spectroscopic investigations with
structurally similar C-7-linked ciprofloxacin dimers, in which
no significant hyperbathochromic or hypobathochromic shifts
were observed with various concentrations of calf thymus
DNA, indicating no significant intercalation of the dimers
tested compared with that for ciprofloxacin (data not shown).
Reduced cleavage complex formation at high dimer levels
could arise from additional DNA or enzyme binding modes.

DISCUSSION

To explore the potential of tethered quinolones as antipneu-
mococcal agents, we have determined the activities of novel
C-7 piperazinyl-linked quinolone dimers against S. pneu-
moniae and against its topoisomerase targets in vitro. Symmet-
ric ciprofloxacin dimers 1 and 2 (which use 2,6-lutidinyl and
trans-butenyl linkers, respectively) were about as active as cip-
rofloxacin (weight for weight) against wild-type S. pneumoniae,
whereas an asymmetric dimer of ciprofloxacin and pipemidic
acid (dimer 3) was four- to eightfold less potent (Table 1).
Unexpectedly, we found that the dimers act through gyrase in
S. pneumoniae, unlike the ciprofloxacin monomer, which pref-
erentially targets topoisomerase IV. This conclusion is based
on the responses of defined gyrA4 or parC mutants to the dimers
and the selection by dimer 1 of gyz4 mutants bearing demon-
strably wild-type parE-parC genes. In combination with the
enzymatic characterization of dimer interactions with S. pneu-
moniae gyrase and topoisomerase IV, these results open new
aspects of structure-function involving monomeric and teth-
ered quinolones.

It is recognized that drug dimers have the potential to bind
to and bridge two quinolone binding sites on gyrase or topo-
isomerase IV, so that a single dimer molecule would overcome
the unfavorable entropy associated with the binding of two
separate quinolone monomers. Synergistic binding by each half
of the dimer could be extremely tight, facilitating the stabili-
zation of a cleavable complex and thereby producing a potent
antipneumococcal drug. Despite these aims, the genetic and
enzyme inhibition data for S. pneumoniae suggest that it is
unlikely that any of dimers 1 to 3 act by bridging quinolone
sites on the target. First, none of the dimers was more effective
than ciprofloxacin as a growth inhibitor of S. pneumoniae: the
effectiveness of dimers 1 and 2 was at best only comparable to
that of ciprofloxacin (Table 1). Second, on a molar basis, cip-
rofloxacin was some two- to sixfold better as a catalytic inhib-
itor of gyrase and topoisomerase IV than any of the dimers
(Fig. 2 and 3) and was also severalfold more effective in sta-
bilizing the cleavable complex with either enzyme (Fig. 4).
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Bridging of quinolone pockets is expected to yield much tighter
enzyme binding. In short, the marked improvement in the
activities of the dimers over that of ciprofloxacin that would be
anticipated from bridging of quinolone binding pockets was
not observed. Third, we note that the activities of dimers 1 and
2 were not greatly influenced by the different geometries im-
posed by different linkers. These various considerations argue
against bridging of quinolone binding pockets. Instead, the
data are consistent with a monomeric binding mode in which
one half of the dimer contacts DNA and the other monomeric
component is accommodated as a bulky C-7 group, perhaps
interacting with the enzyme. Interestingly, in a previous study
of quinolone dimers (aimed at testing aspects of the Shen
model) (25), dimers of norfloxacin were made by linkage of
monomers through their N-1 groups by using methylene spac-
ers of various chain lengths (—CH,),—, where n = 3 to 5).
These dimers were equally potent (n = 4) or less potent (n =
3 or 5) than norfloxacin in inhibiting the DNA supercoiling
activity of Escherichia coli DNA gyrase. It appears that the
optimal linkage of monomers that permits bridging of quino-
lone sites in gyrase and topoisomerase IV remains to be dis-
covered.

The most surprising outcome of our study was that dimers 1
to 3 act through gyrase as the primary target in S. pneumoniae,
whereas monomeric ciprofloxacin targets topoisomerase IV.
This situation is reminiscent of that in earlier work showing
that addition of various benzenesulfonylamido groups to the
C-7 piperazinyl group of ciprofloxacin also switches its intra-
cellular target to gyrase (2). It may be significant that all the
dimers tested here involve linkage of monomers through their
C-7 piperazinyl groups. In the context of monomeric binding,
dimers could be viewed as being ciprofloxacin but carrying a
very bulky C-7 side chain, which may favor the targeting of
gyrase. Some support for this idea is suggested by a comparison
of cleavage complex formation by ciprofloxacin and dimer 1
(Fig. 4). In the case of ciprofloxacin, topoisomerase IV is
trapped as a cleavage complex about 10 times more efficiently
than gyrase. By contrast, dimer 1 traps gyrase more efficiently
than topoisomerase IV (Fig. 4A, B). For dimer 2, the enzymes
are trapped comparably. If this situation is reproduced in S.
pneumoniae, the relatively more potent trapping of gyrase by
dimers 1 and 2 might account for the switching of the intra-
cellular target. Whatever the explanation, dimer 1 can be
added to the growing list of quinolones, including sparfloxacin
and NSFQ-105, for which genetic and DNA sequence analysis
show unequivocally that gyrase is the target in vivo (2, 21, 24).
Observations with the dimers again highlight the key role of
the C-7 group in determining target preference.

Despite their different intracellular targets, ciprofloxacin
dimers were about as active as ciprofloxacin against S. pneu-
moniae (Table 1). Presumably, some other cellular factor such
as impaired efflux compensates for the much weaker target
interactions measured for the dimers in vitro (Fig. 2 to 6). The
dimer MICs for the putative efflux mutant 1C1 could be con-
sistent with this idea (Table 1). Interestingly, unlike their rel-
atively modest antipneumococcal activities, dimers 1 to 3 have
been shown to exhibit much greater potencies against S. au-
reus. In fact, the dimers were each at least 4-fold more active
than ciprofloxacin against wild-type S. aureus and, moreover,
remained fully active against isogenic norA and norA/parC mu-
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tants that were 8- and 64-fold more resistant to ciprofloxacin
than the wild type, respectively (13, 14). Consistent with other
work, a bulky C-7 side chain may account for the lack of
effective dimer efflux through the nor4 pump (26). Similarly,
the susceptibility of the S. aureus parC mutant could be con-
sistent with dimer targeting of gyrase rather than topoisomer-
ase IV (5, 6), as we show here for S. pneumoniae. Further work
will be needed on these aspects.

Finally, it is interesting to reflect on the similarities and
differences between ciprofloxacin and its dimers occasioned by
linkage through the C-7 piperazinyl group. In common with
ciprofloxacin, the dimers stimulate cleavage complex forma-
tion (Fig. 4) and do so at the same DNA sites (Fig. 6), and their
effects on cleavage are resisted by GyrA S81F and ParC S79F
mutations (Fig. 5). As might be expected, these features indi-
cate that monomers and dimers share binding features in com-
mon. However, linkage through C-7 switches intracellular
specificity, weakens target binding in vitro, and alters Mg -
dependent dimer interactions with DNA, as judged by DNA
unwinding (Fig. 7), a characteristic that could bear on drug
mechanism. To understand these effects, more information will
be needed on quinolone binding, especially the role of the C-7
group. Clearly, rational design of dimeric quinolones would be
aided by detailed knowledge of the number and disposition of
drug binding sites in the topoisomerase target. Nonetheless,
our initial results for S. pneumoniae and those for S. aureus
establish that tethered quinolones can display altered mecha-
nisms of action and improved activities against drug-resistant
strains.
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