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Resistance of Streptococcus pneumoniae to fluoroquinolones is caused predominantly by amino acid substi-
tutions at positions Ser79 of ParC and Ser81 of GyrA to either Phe or Tyr encoded in the quinolone
resistance-determining regions of the parC topoisomerase IV and gyrA DNA gyrase genes. Analysis of highly
resistant clinical isolates identified novel second-step substitutions, Ser79Leu (ParC) and Ser81Ile (GyrA). To
determine contributions of these new mutations to fluoroquinolone resistance either alone or in combination
with other Ser79/81 alleles, the substitutions Ser79Leu/Phe/Tyr in ParC and Ser81Ile/Phe/Tyr in GyrA were
introduced into the R6 background, resulting in 15 isogenic strains. Their level of fluoroquinolone resistance
was determined by susceptibility testing for ciprofloxacin, levofloxacin, moxifloxacin, gatifloxacin, gemifloxa-
cin, garenoxacin, and norfloxacin. Leu79 and Ile81 alone as well as 79/81Phe/Tyr substitutions did not
contribute significantly to resistance, with fluoroquinolone MICs increasing two- to fourfold compared to wild
type for all agents tested. Fluoroquinolone MICs for double transformants ParC Ser79Phe/Tyr/Leu-GyrA
Ser81Phe/Tyr were uniformly increased by 8- to 64-fold regardless of pairs of amino acid substitutions.
However, combinations including Ile81 conferred two- to fourfold-higher levels of resistance than did combi-
nations including any other Ser81 GyrA substitution, thus demonstrating the differential effects of diverse
amino acid substitutions at particular hotspots on fluoroquinolone MICs.

Streptococcus pneumoniae is an important human pathogen
that causes an array of diseases including otitis media, menin-
gitis, and bacteremia and is the leading causative agent for
community-acquired pneumonia. Fluoroquinolones with anti-
pneumococcal activity, such as levofloxacin, moxifloxacin, gati-
floxacin, and gemifloxacin, play an important role in the man-
agement of pneumococcal disease (34, 37).

Two mechanisms that decrease susceptibilities to fluoro-
quinolones have been identified so far among clinical isolates:
target alteration and reduced drug accumulation due to efflux.
The main cellular targets for fluoroquinolones are two closely
related type II topoisomerases: DNA gyrase and DNA topo-
isomerase IV (10, 19). Topoisomerases are involved in the
regulation of chromosome supercoiling and decatenation (11).
Gyrase, composed of the GyrA and GyrB subunits, is the only
topoisomerase known to catalyze negative supercoiling of
DNA (11, 32). A major function of DNA gyrase is to relieve
the torsional stress that accumulates ahead of the transcription
and replication complexes. Topoisomerase IV, composed of
the ParC and ParE subunits, is the principal chromosomal
decatenase that acts during replication (32). DNA gyrase and
topoisomerase IV share extensive amino acid sequence homol-
ogy, including highly conserved regions in all subunits (28).

DNA gyrase has been determined to be the primary target of

fluoroquinolones in gram-negative bacteria (3, 11) and the only
target in mycobacteria (1, 46). On the other hand, DNA topo-
isomerase IV appears to be the primary target of fluoroquino-
lones in most gram-positive bacteria, including such important
clinical pathogens as Staphylococcus aureus (14) and entero-
cocci (26). In S. pneumoniae some fluoroquinolones appear to
target preferentially DNA topoisomerase IV (ciprofloxacin,
levofloxacin, and norfloxacin), others target DNA gyrase (gati-
floxacin and garenoxacin), and a third group has been assumed
to target both (gemifloxacin and moxifloxacin) (6, 7, 43, 48).

In S. pneumoniae development of resistance to the respira-
tory fluoroquinolones requires a combination of two or more
mutations in the quinolone resistance-determining region
(QRDR) of the genes encoding the DNA gyrase and DNA
topoisomerase IV subunits (6, 7). A single mutation in the type
II topoisomerase genes’ QRDRs results in reduced fluoroquin-
olone susceptibility, but the affected strain is still considered to
be clinically susceptible (8, 33, 51). Secondary substitutions
affecting the paralog topoisomerase further reduce susceptibil-
ity, often in excess of synergy, and can result in overt fluoro-
quinolone resistance.

Currently, resistance to fluoroquinolones among pneumo-
cocci remains rare (7, 27). For example, TRUST 6 and 7 (2001
to 2003) surveillance data showed that only 0.9% of clinical
isolates of S. pneumoniae in the United States were resistant to
levofloxacin (27, 42). Predominantly, the fluoroquinolone re-
sistance of S. pneumoniae clinical isolates is attributed to
amino acid substitutions at positions Ser79 of ParC and Ser81
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of GyrA to either Phe or Tyr (8, 33). Recent analysis of highly
resistant isolates revealed the novel substitutions of Ser79 to
Leu in ParC and Ser81 to Ile in GyrA (T. A. Davies, S. Pfleger,
R. Goldschmidt, K. Bush, and A. Evangelista, Abstr. 40th
Annu. Meet. Infect. Dis. Soc. Am., abstr. 78, 2002). These
amino acid substitutions cannot be explained by single-base
modification of the appropriate codons. Instead, they repre-
sent second-step substitutions that result from 2-bp modifica-
tions of the codons for the serine at ParC (TCT to CTT) or
GyrA (TCC to ATC), as shown in Fig. 1.

To evaluate the contributions of these newly found muta-
tions to fluoroquinolone resistance either alone or in combi-

nation with other Ser79 (ParC) or Ser81 (GyrA) substitutions
in the paralog genes, we introduced the respective mutated
alleles into the susceptible pneumococcal strain R6. Testing
the MICs of a panel of fluoroquinolones against these isogenic
strains allowed us to evaluate the impact of these new muta-
tions on fluoroquinolone resistance.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A set of clinical isolates collected
during the TRUST 4 to 6 studies (2000 to 2002) were characterized and used as
the source for the different QRDR alleles encoding the amino acid substitutions
used in this work (see Table 2). The susceptible laboratory strain R6 (American
Type Culture Collection, Manassas, VA; no. BAA-255) was used as a recipient
(see Table 3). Strains were grown in Todd-Hewitt broth (Difco, Becton Dickin-
son and Company, Sparks, MD) supplemented with 0.5% yeast extract (Difco) or
on Trypticase soy agar (BBL, Becton Dickinson and Company) supplemented
with 5% sheep blood (Rockland, Gilbertsville, PA) at 35°C in 5% CO2.

MIC determinations. Fluoroquinolones tested were ciprofloxacin, levofloxa-
cin, moxifloxacin, and gatifloxacin, using panels manufactured by Trek Diagnos-
tics (Westlake, OH); gemifloxacin and garenoxacin (Johnson & Johnson Phar-
maceutical Research & Development); and norfloxacin (Sigma, St. Louis, MO).
MICs were determined in triplicate by broth microdilution according to National
Committee for Clinical Standards recommendations (35). Quality control strain
S. pneumoniae ATCC 49619 was assayed in each MIC determination. MICs were
also determined in the presence and absence of 10 �g/ml of reserpine (Sigma) to
evaluate the presence of an efflux mechanism.

DNA techniques. PCR amplicons of QRDRs containing the appropriate mu-
tations from clinical isolates were used as donor DNA and were introduced into
the isogenic R6 background. DNA templates for PCR were obtained from
supernatants of crude extracts of harvested cells that had been prewashed and
boiled for 5 min. Fragments encompassing the QRDRs of parC (367 bp) and gyrA
(502 bp) were amplified with PfuUltra Hotstart DNA polymerase (Stratagene,
La Jolla, CA). The pairs of forward/reverse primers (IDT Inc, Coralville, IA) for
the parC QRDR and the gyrA QRDR are shown in Table 1.

After gel purification (QIAGEN, Inc., Valencia, CA), the PCR-generated
fragments were transformed at approximately 10 �g/ml into pneumococci (R6
strain) (52) that had been exposed to competence factor CSP-1 (16). The reac-
tion mixtures were incubated first for 20 min at 30°C and then for 1 h at 37°C to
allow the expression of the resistance determinants before plating on selective
medium. With these small PCR-generated amplicons as donor DNA, transfor-
mants were generally obtained at a frequency of 10�4 at the optimal concentra-
tion for the selective agents.

Selection for transformants with the appropriate parC and gyrA mutations was
done on media containing ciprofloxacin and gemifloxacin, respectively. For se-
lection of first-step transformants the ranges of concentrations for ciprofloxacin
and gemifloxacin in twofold dilutions were 0.5 to 4 �g/ml and 0.016 to 0.064
�g/ml, respectively; for second-step transformants the respective ranges were 1
to 16 �g/ml and 0.032 to 0.256 �g/ml. Colonies were picked after 18 to 24 h of
incubation at 35°C. In order to confirm the presence of the expected mutations,

FIG. 1. Amino acid substitutions resulting from first-step muta-
tions within the codons for Ser79 in parC and Ser81 gyrA and second-
step mutations leading to the Ser79Leu ParC and Ser81Ile GyrA
substitutions identified among clinical isolates of S. pneumoniae.
Amino acids in the hypothesized pathways to the identified substitu-
tions are indicated in bold. Crossed-out pathways are deemed unlikely
since they involve intermediate substitutions that have never been
reported among pneumococci.

TABLE 1. Oligonucleotides employed to amplify or sequence the QRDRs of S. pneumoniae DNA gyrase and topoisomerase IV genes

Oligonucleotide Primer application Sequence (5� to 3�) Codons amplified or
sequenceda Reference

parCQRDR(M0363) Forward PCR TGGGTTGAAGCCGGTTCA 35–157 38
parCQRDR(M4271) Reverse PCR TGCTGGCAAGACCGTTGG 38
parC S Sequence TGGGTTGAAGCCGGTTCA 54–143 38
gyrA QRDR1 Forward PCR GATGAAGGCAAGTTTTATCG 14–182 This study
gyrA QRDR2 Reverse PCR GTGGAATATTGGTTGCCATC This study
gyrA S Sequence TGGCTTAAAACCTGTTCACC 55–167 This study
parE QRDR1 Forward PCR CGGCCGTTCTTTCTATCTTAGTTC 325–542 47
parE QRDR2 Reverse PCR AGAGGTGGGAGGGCAATATAGAC 47
parE S Sequence TGGGGAATTAGCTTCTAACCTCATC 386–527 47
gyrB QRDR1 Forward PCR AGATGTTCGCGAAGGATTAAC 322–637 47
gyrB QRDR2 Reverse PCR GATAAACTCACGACGAGGCT 47
gyrB S Sequence CAGATTGCCAAACGTATCGTAG 394–621 This study

a Sequencing codons are given for reliable sequence data starting from �30 nucleotides downstream of the sequencing primer and �20 nucleotides upstream of the
5� end of the fragment.
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PCR amplicons encompassing the QRDRs of parC and/or gyrA were generated
from all transformants studied. Purified PCR fragments were sequenced bidi-
rectionally using the primers in Table 1 (ACGT Inc., Wheeling, IL).

To exclude the potential introduction of mutations into parE and gyrB genes
during the two rounds of selection, transformants chosen for further character-
ization had their parE and gyrB QRDRs amplified and sequenced using the
primers described in Table 1.

RESULTS

Fluoroquinolone-resistant S. pneumoniae clinical isolates.
Analysis of levofloxacin-resistant S. pneumoniae clinical iso-
lates collected during the TRUST 5 surveillance study (2000 to
2001) (Davies et al., 40th IDSA) identified two strains with
amino acid substitutions at Ser79 of ParC and Ser81 of GyrA
that had not been described previously in S. pneumoniae. In
one of these isolates (OC 6621) the TCT codon for Ser79 in
parC was replaced by CTT for Leu; in the other (OC 6610) the
TCC codon for Ser81 in gyrA was replaced by ATC for Ile. In
each case substitutions of two nucleotides were required for
the observed amino acid change. Thus, the nature of the nu-
cleotide changes suggested that those mutations did not orig-
inate directly from the respective wild-type codons but instead
arose in both cases from already existing Ser-to-Phe first-step
substitutions: TCT (Ser) to TTT (Phe) to CTT (Leu) for parC
and TCC (Ser) to TTC (Phe) to ATC (Ile) for gyrA, as ex-
plained in Fig. 1.

Clinical isolates containing the ParC Ser79Leu and the
GyrA Ser81Ile substitutions demonstrated high fluoroquino-
lone resistance against a broad range of fluoroquinolones
(Table 2). Indeed, the susceptibilities of these isolates to fluo-
roquinolones were among the lowest displayed by all levofloxa-
cin-resistant S. pneumoniae isolates thus far characterized in
the TRUST studies (9) (Davies et al., 40th IDSA; T. A. Davies,
unpublished data). Both OC 6621 and OC 6610 contained
additional known QRDR amino acid substitutions: Glu85Lys
in GyrA, for the former, and Asp435Asn in ParE along with
Ser79Phe in ParC, for the latter. However, those additional
substitutions are not usually associated with decreases in flu-
oroquinolone susceptibility as high as those shown by isolates
OC 6621 and OC 6610. Thus, it appeared that the substitutions
Leu79 in ParC and Ile81 in GyrA might be contributing to the
high level of fluoroquinolone resistance of these two strains.

The poorly defined genetic background of clinical isolates
usually does not allow one to discern the contributions to

resistance of individual mutations. Therefore, the Leu79 ParC
and Ile81 GyrA substitutions were introduced into susceptible
pneumococcal strain R6 for the purpose of evaluating their
contributions to fluoroquinolone resistance in an isogenic
background and comparing them to Tyr and Phe substitutions
at the same sites.

Strains with single mutations in parC or gyrA. Transforma-
tion of R6 with PCR amplicons of QRDRs from parC and gyrA
genes of clinical isolates containing mutations at Ser79/Ser81
hotspots (Table 2) yielded six independent sets of transfor-
mants with low-level fluoroquinolone resistance. Transfor-
mants containing the ParC Ser79 substitutions were obtained
at 4 � 10�4 to 6 � 10�4 with 1-�g/ml ciprofloxacin selection.
Similarly, transformants containing the GyrA Ser81 substitu-
tions were obtained at 1 � 10�4 to 2 � 10�4 with 0.032-�g/ml
gemifloxacin selection. In contrast, mutation frequencies ob-
tained in control experiments for parC and gyrA upon cipro-
floxacin and gemifloxacin selection, respectively, were in the
range of 10�8 to 10�9 and were significantly lower than trans-
formation frequencies.

Representative transformants OC 7451, OC 7452, and OC
7455 (Table 3), containing the Ser79 ParC Phe, Tyr, and Leu
substitutions, and OC 7453, OC 7454, and OC 7456, containing
the Ser81 GyrA Phe, Leu, and Ile substitutions were selected
for further analysis.

The results in Table 3 indicated that the MICs of the various
tested fluoroquinolones against the single-substitution trans-
formants were mostly allele independent. Thus, neither the
Ser79Leu ParC (OC 7455) nor the Ser81Ile GyrA substitution
(OC 7456) conferred lower fluoroquinolone susceptibilities
than did the alternative Phe or Tyr substitutions. Indeed, OC
7456 had wild-type-like susceptibilities to both ciprofloxacin
and levofloxacin.

Generally, all Ser79 ParC and Ser81 GyrA substitutions de-
creased by twofold the susceptibilities of the transformants to
levofloxacin, gemifloxacin, and gatifloxacin. However, for gati-
floxacin the Ser81Tyr GyrA substitution produced a fourfold
susceptibility decrease. For ciprofloxacin the ParC and GyrA
substitutions produced fourfold and twofold decreases, respec-
tively, whereas for both moxifloxacin and garenoxacin the de-
creases were twofold and fourfold and for norfloxacin were
eightfold and zero, respectively.

In addition to the Leu79 or Ile81 substitution, clinical iso-

TABLE 2. QRDR mutations and MICs for selected clinical isolates collected during TRUST 4 to 6 surveillance studies (2000 to 2002),
containing Ser79 ParC and Ser81 GyrA substitutions

Isolate

Amino acid substitution in protein MICa (�g/ml)

ParC GyrA ParE
CIP LVX GAT MXF NOR GEM GAR

Ser79 Lys137 Ser81 Glu85 Asp435 Ile460

OC 6621 Leu WTb WT Lys WT WT 64 32 16 8 128 2 2
OC 6610 Phe WT Ile WT Asn WT 128 128 32 16 128 2 2
OC 6582 Phe Asn Phe WT WT Val 32 8 4 2 64 0.5 0.5
OC 5477 Tyr Asn Tyr WT WT Val 16 16 4 2 64 0.25 0.25
OC 6755 Tyr WT Phe WT WT WT 16 16 4 4 4 0.25 0.5
OC 6806 Phe WT Tyr WT WT WT 32 16 4 2 64 0.25 0.5

a MICs determined in the presence and in the absence of reserpine (10 �g/ml) were the same. CIP, ciprofloxacin; LVX, levofloxacin; GAT, gatifloxacin; MXF,
moxifloxacin; NOR, norfloxacin; GEM, gemifloxacin; GAR, garenoxacin.

b WT, wild type.
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lates OC 6621 and OC 6610 contained other mutations:
Ser79Phe in ParC, Glu85Lys in GyrA, and Asp435Asn in ParE
(Table 2). Thus, though Leu79 and Ile81 were not associated
with higher decreases in fluoroquinolone susceptibilities when
present as single QRDR substitutions, it was possible that their
activities were dependent on the presence of other amino acid
substitutions at the paralog proteins. To simplify the analysis,
we limited ourselves to double mutations and among them to
those most frequently found among clinical isolates, namely,
combinations associated with substitutions at Ser79 of ParC
and Ser81 of GyrA. Therefore, we examined next the effect of
the presence of a combination, Leu79 in ParC or Ile81 in GyrA
together with Tyr or Phe substitutions at Ser81 or Ser79 of the
respective paralog type II topoisomerase position, on possible
differential reductions in fluoroquinolone susceptibilities.

Strains with mutations in both parC and gyrA. Each of the
six isogenic transformants was used in turn to construct nine
double mutants where the Ser of the paralog protein was
replaced by one of the three alleles at frequencies in the range
1 � 10�4 to 8 � 10�4. Representative double transformants
(OC 7457-OC 7465) were picked for further analysis (Table 4).

To rule out the accidental introduction of active efflux effects
into the mutant strains as a consequence of the selection ex-
erted during strain construction, the fluoroquinolone MICs
were also determined in the presence of reserpine; no effects of
reserpine on MICs were observed for any of the tested drugs
(Tables 3 and 4).

To exclude the effect on susceptibilities of spontaneous parE
and gyrB mutations that might have been acquired during sin-

gle- and double-step selections on fluoroquinolone-containing
media, the appropriate QRDRs were sequenced for selected
transformants. No additional mutations were detected. In gen-
eral, fluoroquinolone susceptibilities in these double-mutant
isogenic strains were decreased 8- to 64-fold compared to wild
type (Table 4). Susceptibilities to levofloxacin, gatifloxacin,
moxifloxacin, and garenoxacin were reduced 32- to 128-fold
and to gemifloxacin were reduced 8- to 32-fold. For ciprofloxa-
cin all double mutants showed the same 64-fold allele-inde-
pendent increase in MICs. For norfloxacin all but one of the
allele combinations led to a 32-fold reduction in susceptibility
relative to wild type.

The presence of Leu79 ParC in double mutants (OC 7462
and OC 7463) did not confer any higher fluoroquinolone re-
sistance compared to double mutants (OC 7457-OC 5760) with
Phe or Tyr at the same position. At the same time, double
mutants containing Ile81 GyrA in combination with any of the
Ser79 ParC substitutions (OC 7461, OC 7464, and OC 7465)
generally yielded decreases in fluoroquinolone susceptibilities
two- to fourfold higher than those of the other double mutants.
Thus, double mutants containing Ile81 GyrA displayed four-
fold-lower susceptibilities to gemifloxacin and garenoxacin and
two- to fourfold-lower susceptibilities to levofloxacin, gatifloxa-
cin, and moxifloxacin than double mutants with either Phe81
or Tyr81 at GyrA (Table 4). The particular combination of
Leu79 ParC/Ile81 GyrA conferred twofold-higher resistance
to norfloxacin than did any other combination of substitu-
tions.

TABLE 3. Fluoroquinolone susceptibilities of R6 derivatives with single Ser79 ParC and Ser81 GyrA substitutions

Strain
Amino acid substitutiona MICb (�g/ml)

ParC79 GyrA81 CIP LVX GAT MXF NOR GEM GAR

R6WTc Ser Ser 0.5 0.5 0.12 0.06 2 0.03 0.03
OC 7451 Phe Ser 2 1 0.25 0.12 16 0.06 0.06
OC 7452 Tyr Ser 2 1 0.25 0.12 16 0.06 0.06
OC 7453 Ser Phe 1 1 0.25 0.25 2 0.06 0.125
OC 7454 Ser Tyr 1 1 0.5 0.25 2 0.06 0.125
OC 7455 Leu Ser 2 1 0.25 0.12 16 0.06 0.06
OC 7456 Ser Ile 0.5 0.5 0.25 0.25 2 0.06 0.125

a No mutations detected in QRDRs of parE and gyrB genes.
b MICs determined in the presence and in the absence of reserpine (10 �g/ml) were the same. See Table 2 for definitions of drug abbreviations.
c R6, susceptible pneumococcal ATCC strain (BAA-255), used as a recipient in transformation experiments.

TABLE 4. Fluoroquinolone susceptibilities of R6 derivatives with double combinations of Ser79 ParC and Ser81 GyrA substitutions

Strain
Amino acid substitutiona: MICb (�g/ml)

ParC79 GyrA81 CIP LVX GAT MXF NOR GEM GAR

R6WT Ser Ser 0.5 0.5 0.12 0.06 2 0.03 0.03
OC 7457 Phe Phe 32 8 4 2 64 0.5 0.5
OC 7458 Tyr Tyr 32 16 4 2 64 0.25 0.5
OC 7459 Phe Tyr 32 16 4 2 64 0.25 0.5
OC 7460 Tyr Phe 32 16 4 2 64 0.25 0.5
OC 7461 Phe Ile 32 32 8 4 64 1 2
OC 7462 Leu Tyr 32 16 4 2 64 0.25 0.5
OC 7463 Leu Phe 32 16 4 2 64 0.25 0.5
OC 7464 Tyr Ile 32 64 16 8 64 1 2
OC 7465 Leu Ile 32 64 16 8 128 1 2

a No mutations detected in QRDRs of parE and gyrB genes.
b MICs determined in the presence and in the absence of reserpine (10 �g/ml) were the same. See Table 2 for definitions of drug abbreviations.
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DISCUSSION

Development of a higher level of fluoroquinolone resistance
by means of secondary intracodon mutations within the
QRDR. The novel mutations identified in clinical isolates of S.
pneumoniae at the Ser79 codon of parC and the Ser81 codon of
gyrA appear to have originated in two steps from the respective
wild-type codons. Most probably in both instances the first-step
mutation involved transitions that replaced the original codons
of Ser79 of parC (TCT) and Ser81 of gyrA (TCC) with codons
specifying Phe (TTT and TTC, respectively; Fig. 1). It follows
from Fig. 1 that alternative first-step mutations at these sites
are the TCT-to-CCT parC transition and TCC-to-ACC gyrA
transversion and would lead to Pro and Thr substitutions,
respectively. However, no Pro substitutions have ever been
reported among resistant laboratory mutants or clinical iso-
lates at Ser79 of ParC of S. pneumoniae or at equivalent posi-
tions in other bacteria. Because a Pro substitution at that site
may cause a major disruption of protein conformation, such a
change might be lethal. Thr, on the other hand, is closely
related to Ser, with the extension of a methyl group. To our
knowledge Thr substitutions at the Ser81 GyrA in S. pneu-
moniae or at homologous residues in other gram-positive bac-
teria have never been reported in resistant clinical isolates.
However, Thr does occur as the 83rd amino acid residue in the
wild-type GyrA subunit of Pseudomonas aeruginosa (18), a site
homologous to Ser81 in S. pneumoniae. Thus, a Thr substitu-
tion at Ser79 ParC or Ser81 GyrA may confer essentially a
wild-type phenotype.

Figure 1 predicts that, in addition to Thr and Pro, Ala and
Cys may also occur as potential amino acid substitutions re-
sulting from first-step mutations at the Ser79 parC and Ser81
gyrA codons. Though rare, both of these substitutions have
been observed among levofloxacin-resistant clinical isolates of
S. pneumoniae (Davies, unpublished data). According to Fig. 1,
the possible second-step mutations at the Ser79 (parC) and
Ser81 (gyrA) codons derived from the first-step Phe substitu-
tions should lead to Leu, Ile, and Val substitutions in both
ParC and GyrA. Of these, here we report the identification of
Leu in ParC and Ile in GyrA. The other substitutions remain to
be detected in clinical isolates.

Alone, Leu79 (ParC) and Ile81 (GyrA) encoding mutations
introduced by transformation into the susceptible R6 strain
conferred essentially similar levels of resistance to fluoro-
quinolones as did Phe and Tyr substitutions. However, when
present together with other Ser79 or Ser81 alleles, the Ile81
allele conferred higher levels of resistance than that observed
for any Phe and Tyr combinations. At the same time, the
Leu79 allele behaved indistinguishably from Phe and Tyr al-
leles.

The fluoroquinolone MICs for clinical isolates OC 6621 and
OC 6610 were higher than those for all relevant double trans-
formants examined. This may be at least partly explained by
the additional presence of Glu85Lys (GyrA) and Asp435Asn
(ParE) substitutions. Glu85Lys GyrA is known to contribute to
fluoroquinolone resistance based on comparisons between iso-
genic laboratory strains (48). Asp435Asn is assumed to con-
tribute to fluoroquinolone resistance based on comparisons of
susceptibilities between clinical isolates (15, 51). Our results
suggest that neither the Ile460Val (ParE) nor the Lys137Asn

(ParC) substitutions found in other clinical isolates, OC 6582
and OC 5477 (Table 2), contributed to resistance. Indeed, their
fluoroquinolone MIC profiles are similar to those of transfor-
mants OC 7457 and OC 7458 (Table 4), which do have the
same Ser79 (ParC) and Ser81 (GyrA) substitutions but lack the
Ile460Val (ParE) and Lys137Asn (ParC) substitutions.

Though rare in S. pneumoniae, Leu and Ile replacements of
Ser79 ParC and Ser81 GyrA are frequently found at equivalent
positions of other fluoroquinolone-resistant gram-positive (41,
50) and gram-negative (3, 5, 31, 40) pathogens. In these bac-
teria Leu and Ile result from single-step mutations, and along
with other mutations in the paralog genes, both usually confer
high levels of resistance, though in S. pneumoniae only the
effect of Ile was observed.

Thus, in S. aureus the Ser84Leu substitution results from a
TCA-to-TCT transition. Ser84Leu is the most prevalent GyrA
substitution found among fluoroquinolone-resistant S. aureus
laboratory mutants and clinical isolates. Similar to S. pneu-
moniae, the single Ser84Leu encoding gyrA mutation in S.
aureus is responsible for only twofold increases in MICs for
ciprofloxacin, moxifloxacin, gemifloxacin, and garenoxacin (23-
25). Compared to wild type the Ser84Leu substitution in GyrA,
along with other mutations in GrlA, contributed to a 64- to
128-fold increase in fluoroquinolone MICs for gemifloxacin,
moxifloxacin, garenoxacin, and gatifloxacin and a 128- to 256-
fold increase for ciprofloxacin (23, 50). Furthermore, in an-
other example, the highest levofloxacin MICs (8 to 32 �g/ml,
representing 64- to 256-fold decreases in susceptibility com-
pared to a reference wild type) among a group of fluoroquin-
olone-resistant and methicillin-resistant clinical isolates of S.
aureus were predominantly associated with Ser84Leu substitu-
tions in GyrA in combination with Ser80Phe/Tyr in GrlA and
a third mutation in GrlA/B (20).

In laboratory double and triple mutants of Bacillus anthracis
(41) high-level resistance to ciprofloxacin was associated with a
TCA-to-TCT transition leading to a Ser85Leu substitution in
GyrA, at a site homologous to Ser81 of S. pneumoniae.

In Escherichia coli the homologous sites for Ser79 ParC and
Ser81 GyrA occur at Ser80 and Ser83, respectively. Ser83Leu
GyrA and Ser80Ile ParC substitutions have been associated
with the highest level of fluoroquinolone resistance in either
isogenic laboratory mutants (4) or clinical isolates (3, 31). A
detailed analysis of QRDR mutations associated with norfloxa-
cin (MICs of �16 �g/ml) and ciprofloxacin (MICs of �4 �g/
ml) resistance in clinical isolates demonstrated the presence of
Ser83Leu and Ser80Ile substitutions in 100% and 74% of
cases, respectively, though additional mutations in both genes
were also detected (31).

In Haemophilus influenzae, the Ser84Leu QRDR ParC sub-
stitution, which is homologous to the S. pneumoniae Ser79
ParC site, is the predominant substitution reported among
fluoroquinolone-resistant clinical isolates (5, 40).

The previous examples point to the strong association be-
tween Leu and Ile substitutions at the Ser79 ParC and Ser81
GyrA equivalent positions and high levels of fluoroquinolone
resistance. In all these instances, a nucleophilic amino acid
(Ser) was replaced by a hydrophobic one (Leu or Ile) by a
single-step mutation. In contrast, the same substitutions re-
quire two steps in S. pneumoniae via an intermediate aromatic
amino acid substitution (Phe). The appearance of Leu and Ile
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substitutions at the hotspots Ser79 in ParC and Ser81 in GyrA
and homologous positions in other bacteria, resulting in the
subsequent rise of fluoroquinolone resistance, is favored, most
likely because these polypeptide positions directly interact with
the fluoroquinolone molecule in the ternary complex of en-
zyme, DNA, and the drug.

Correlations with primary targets. The effects on fluoro-
quinolone susceptibility of single substitutions at Ser79 ParC or
Ser81 GyrA were agent dependent. From Table 3 it follows
that susceptibility to norfloxacin was affected only by ParC
substitutions. In contrast, for all other examined fluoroquino-
lones, susceptibilities decreased with both ParC and GyrA sub-
stitutions, though to a different extent. Thus, fourfold-higher
reductions in susceptibility were observed with ParC substitu-
tions for ciprofloxacin or with GyrA substitutions for moxi-
floxacin and garenoxacin. For gemifloxacin, both ParC and
GyrA substitutions resulted in a twofold susceptibility reduc-
tion. Gatifloxacin and levofloxacin behaved similarly to gemi-
floxacin, with the exception of a fourfold decrease in suscep-
tibility associated with the Ser81Tyr substitution for the former
and no effect of the Ser81Ile GyrA substitution for the latter.
Our results agree qualitatively but not quantitatively with those
described for ciprofloxacin and moxifloxacin by Varon et al.
(48). Thus, for these authors Tyr and Phe substitutions at both
Ser79 ParC and Ser81 GyrA resulted in uniform fourfold de-
creases in susceptibilities to moxifloxacin. The observed dis-
crepancies are possibly due to the different methods used for
MIC determinations: whereas Varon et al. used an agar dilu-
tion method (48), the results obtained in this work were ob-
tained through broth microdilution. The enhanced decrease in
susceptibilities associated with ParC over GyrA substitutions
observed for ciprofloxacin and with GyrA over ParC for moxi-
floxacin and garenoxacin are in agreement with the specificity
displayed by these fluoroquinolones in selecting spontaneous
drug-resistant mutants in S. pneumoniae. The almost homoge-
neous decrease in susceptibilities to levofloxacin and gatifloxa-
cin upon either ParC or GyrA substitution was surprising in
view of the target specificity that these fluoroquinolones dis-
play in selecting for drug-resistant mutants. Thus, it appears
that small differences in susceptibility may result in selective
differences that are amplified when mutants are selected on
solid media.

Mechanistic considerations. Ciprofloxacin and all other
fluoroquinolones developed thereafter target both DNA gy-
rase and DNA topoisomerase IV and are assumed to form
topoisomerase-drug-DNA ternary complexes that eventually
lead to lethal lesions (32). The relative affinities of fluoro-
quinolones for those two enzymes vary among bacterial spe-
cies. Mutations that reduce susceptibility to fluoroquinolones
commonly map to the QRDR of the particular subunits of
those enzymes. Whereas in S. pneumoniae single-step muta-
tions in the QRDR reduce susceptibilities by two- to fourfold
relative to wild type, secondary mutations in the QRDR of the
paralog topoisomerase genes generally result in reductions in
excess of 8- to 16-fold (48). The detailed cause or causes for
this hypersynergistic response are still only partially under-
stood. The two DNA topoisomerases have similar biochemical
activities (13). However, inside the cell DNA gyrase and DNA
topoisomerase IV are both essential enzymes that have distinct
functions in dealing with the various topological challenges

imposed by DNA replication and chromosomal partition (29,
53), even though some complementary activities have been
reported (30).

Experiments with isogenic constructs of S. aureus have led to
an interpretative hypothesis of the patterns of susceptibility to
fluoroquinolones of mutants with single-step or secondary
QRDR mutations. Such a hypothesis states that interactions of
fluoroquinolones with either DNA gyrase or DNA topoisom-
erase IV may result in cell death, with cell susceptibilities being
determined directly by the most sensitive enzyme (36). This
hypothesis accounts well for the patterns of susceptibility of S.
aureus to the DNA topoisomerase IV targeting ciprofloxacin.
Unlike what occurs upon introduction of a single grlA muta-
tion, introduction of a gyrA mutation into wild-type S. aureus
does not change the susceptibility of the strain to ciprofloxacin.
However, gyrA mutations produce an incremental decrease in
susceptibility when introduced into a strain with a grlA muta-
tion (36). Thus, this hypothesis accounts for the facts and is
both simple and biochemically sensible.

The results in Table 4 can be explained in general terms by
the above hypothesis, assuming that among the substitutions of
Ser81 of GyrA the one containing Ile has the lowest affinity for
the various fluoroquinolones. However, this hypothesis, based
only on the affinities of the various fluoroquinolones for ter-
nary complexes with DNA, does not strictly predict the sus-
ceptibilities of isogenic strains of S. pneumoniae into which
have been singly transformed diverse parC or gyrA alleles.
Thus, in the case of Table 3, the hypothesis would predict that,
as seen for S. aureus, GyrA Ser81 substitutions should confer
wild-type susceptibilities to fluoroquinolones that target DNA
topoisomerase IV (ciprofloxacin, levofloxacin, and norfloxa-
cin), whereas ParC Ser79 substitutions should confer wild-type
susceptibilities to fluoroquinolones that target DNA gyrase
(gatifloxacin, moxifloxacin, gemifloxacin, and garenoxacin).
With one major and two minor exceptions, the results of Table
3 do not conform to these predictions. Only norfloxacin, which
in S. pneumoniae targets exclusively DNA topoisomerase IV,
conforms to the hypothesis. The two minor exceptions are the
wild-type susceptibilities to ciprofloxacin and levofloxacin for
the strains harboring the Ile substitution of Ser81 GyrA. Fur-
thermore, the results in Table 3 cannot be explained by assum-
ing that but for norfloxacin all of the other fluoroquinolones
had approximately similar affinities for both DNA topoisom-
erases, for in that instance wild-type susceptibilities would have
been expected for all isogenic constructs (54). Our results are
consistent with those obtained previously by others using a
similar system (48). Because both the previous study (48) and
the present one used isolates from the genetically well charac-
terized strain R6 (2, 21) as isogenic background, strain effects
cannot be excluded. The results in Table 3 suggest that in S.
pneumoniae (at least in strain R6) the susceptibilities to fluo-
roquinolones are not entirely determined by the affinity of the
most sensitive target. The less sensitive target also appears to
exert some influence. Thus, the susceptibility determined by
the most sensitive wild-type target is higher in the presence of
the wild-type version of the less sensitive paralog than in the
presence of a mutated allele (Table 3).

Explanations for how the less sensitive target could influence
the susceptibility of S. pneumoniae R6 to fluoroquinolones are
largely speculative and fall into the regulatory, functional, or
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structural categories. For example, in E. coli DNA supercoiling
is under tight homeostatic control involving alterations of ex-
pression of topoisomerase genes (44), and mutations in topo-
isomerase genes can in turn affect the abundance levels of
many bacterial proteins (45). It has been shown recently that
decreased expression of a topoisomerase gene may reduce
susceptibilities to fluoroquinolones, presumably by diminishing
formation of topoisomerase-drug-DNA ternary complexes
leading to lethal events (22). It is unclear whether such a
scenario could explain the influence of the less sensitive target
on reduced susceptibility of S. pneumoniae to fluoroquinolo-
nes, given that in this organism Ser81Phe and Ser81Tyr sub-
stitutions in GyrA do not appear to affect topoisomerase ex-
pression (39). Alternatively, functional complementation such
as that observed between topoisomerases in E. coli (17, 30, 32)
might contribute to the effect of the less susceptible target on
fluoroquinolone susceptibility. Finally, one intriguing possibil-
ity is a protein-protein interaction between DNA gyrase and
DNA topoisomerase IV with the possible participation of ad-
ditional proteins. It is still unclear whether DNA topoisomer-
ase IV can act during fork progression or whether its activity is
circumscribed to the end of the DNA replication cycle, during
segregation and partition of the daughter chromosomes (13).
Nonetheless, it has been recently shown in both E. coli (12) and
Caulobacter crescentus (49) that ParC is closely associated with
the replisome, and hence there might be opportunity for sub-
units of DNA gyrase and DNA topoisomerase to interact phys-
ically. In such a model the less sensitive target might be phys-
ically associated with the target of higher affinity and thereby
affect fluoroquinolone susceptibility. We are presently using
both genetic and structural approaches to determine if such
putative protein-protein interactions between DNA gyrase and
DNA topoisomerase IV do exist.

In summary, we have examined the contribution to fluoro-
quinolone resistance of two novel S. pneumoniae QRDR mu-
tations (coding for Ser79-to-Leu ParC and Ser81-to-Ile GyrA
amino acid substitutions) when placed either alone or with
other common QRDR mutations into the R6 genetic back-
ground. When present alone, all alleles had a similar effect on
fluoroquinolone susceptibilities. However, when present as
combinations, allele-dependent effects became manifest, with
GyrA 81Ile yielding the highest fluoroquinolone MICs.
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