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We examined the response of Streptococcus pneumoniae 7785 to clinafloxacin, a novel C-8-substituted fluo-
roquinolone which is being developed as an antipneumococcal agent. Clinafloxacin was highly active against
S. pneumoniae 7785 (MIC, 0.125 mg/ml), and neither gyrA nor parC quinolone resistance mutations alone had
much effect on this activity. A combination of both mutations was needed to register resistance, suggesting that
both gyrase and topoisomerase IV are clinafloxacin targets in vivo. The sparfloxacin and ciprofloxacin MICs
for the parC-gyrA mutants were 16 to 32 and 32 to 64 mg/ml, respectively, but the clinafloxacin MIC was 1
mg/ml, i.e., within clinafloxacin levels achievable in human serum. S. pneumoniae 7785 mutants could be
selected stepwise with clinafloxacin at a low frequency, yielding first-, second-, third-, and fourth-step mutants
for which clinafloxacin MICs were 0.25, 1, 6, and 32 to 64 mg/ml, respectively. Thus, high-level resistance to
clinafloxacin required four steps. Characterization of the quinolone resistance-determining regions of the gyrA,
parC, gyrB, and parE genes by PCR, HinfI restriction fragment length polymorphism, and DNA sequence
analysis revealed an invariant resistance pathway involving sequential mutations in gyrA or gyrB, in parC, in
gyrA, and finally in parC or parE. No evidence was found for other resistance mechanisms. The gyrA mutations
in first- and third-step mutants altered GyrA hot spots Ser-83 to Phe or Tyr (Escherichia coli coordinates) and
Glu-87 to Gln or Lys; second- and fourth-step parC mutations changed equivalent hot spots Ser-79 to Phe or
Tyr and Asp-83 to Ala. gyrB and parE changes produced novel alterations of GyrB Glu-474 to Lys and of
Pro-454 to Ser in the ParE PLRGK motif. Difficulty in selecting first-step gyrase mutants (isolated with 0.125
[but not 0.25] mg of clinafloxacin per ml at a frequency of 5.0 3 10210 to 8.5 3 10210) accompanied by the small
(twofold) MIC increase suggested only a modest drug preference for gyrase. Given the susceptibility of defined
gyrA or parC mutants, the results suggested that clinafloxacin displays comparable if unequal targeting of
gyrase and topoisomerase IV. Dual targeting and the intrinsic potency of clinafloxacin against S. pneumoniae
and its first- and second-step mutants are desirable features in limiting the emergence of bacterial resistance.

Streptococcus pneumoniae is an important human pathogen.
It is the main cause of community-acquired pneumonia and is
frequently involved in exacerbations of chronic bronchitis and
in meningitis, acute otitis media, and sinusitis (3). Treatment
of S. pneumoniae infections relies heavily on antimicrobial
therapy with penicillin or other beta-lactams. Over the past two
decades, the emergence and, in some areas, the prevalence of
pneumococci with decreased susceptibility to penicillins have
emphasized the need for new therapeutic agents and have
focused attention on the fluoroquinolones (14, 25, 34). How-
ever, ciprofloxacin, the main quinolone in current clinical use,
has modest activity against gram-positive bacteria such as S.
pneumoniae. Consequently, it has had relatively little impact
on the treatment of respiratory tract infections.

Clinafloxacin (AM-1091, CI-960, and PD127391) is a novel
fluoroquinolone with potent broad-spectrum in vitro activity
against gram-positive, gram-negative, and anaerobic pathogens
(reviewed in reference 18). The drug has a structure somewhat
different from that of ciprofloxacin—notably, the presence of a
chlorine C-8 substituent—and is much more active than cip-
rofloxacin against gram-positive species, including S. pneu-
moniae. Clinafloxacin has been identified as the most active
fluoroquinolone against S. pneumoniae when compared with

ofloxacin, levofloxacin, sparfloxacin, grepafloxacin, and trova-
floxacin (22a) and is currently being evaluated as an antipneu-
mococcal agent. However, its mechanism of action has yet to
be examined in detail.

Previous studies showed that quinolones inhibit DNA gyrase
and DNA topoisomerase IV (reviewed in reference 6). Both
enzymes act by a double-strand DNA break mechanism and
are essential for bacterial growth (19, 35). They cooperate in
DNA replication to facilitate DNA unlinking and chromosome
segregation (41). Gyrase, an A2B2 tetramer encoded by the
gyrA and gyrB genes, catalyzes negative DNA supercoiling (10,
35) and is thought to act ahead of the replication fork, neu-
tralizing positive supercoils arising from DNA unwinding and
thereby promoting fork movement (41). Topoisomerase IV, a
C2E2 complex specified by the parC and parE genes, allows the
segregation of daughter chromosomes at cell division (1, 17,
41). Point mutations in discrete regions of the gyrase and
topoisomerase IV genes—the quinolone resistance-determin-
ing regions (QRDRs)—are responsible for the development of
resistance (22, 39, 40). Ciprofloxacin resistance in Staphylococ-
cus aureus and S. pneumoniae arises through mutation of the
parC or parE genes before changes in the gyrase genes take
place, suggesting that topoisomerase IV is the primary cipro-
floxacin target and that gyrase is the secondary target in these
gram-positive species (7, 15, 21, 24, 26, 27, 33). Interestingly, in
Escherichia coli and other gram-negative bacteria, gyrase is the
primary target (5, 6, 9, 13, 22), initially suggesting that there
could be fundamental differences in drug responses within the
bacterial kingdom. However, in recent work, we have shown
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