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Antimicrobial susceptibility testing revealed among 150 clinical isolates of Strepfococcus pneumoniae 4 pneu-
mococcal isolates with resistance to fluoroquinolones (MIC of ciprofloxacin, =32 pg/ml; MIC of sparfloxacin,
=16 pg/ml). Gene amplification and sequencing analysis of gyr4 and parC revealed nucleotide changes leading
to amino acid substitutions in both GyrA and ParC of all four fluoroquinolone-resistant isolates. In the case
of strains 182 and 674 for which sparfloxacin MICs were 16 and 64 j.g/ml, respectively, nucleotide changes were
detected at codon 81 in gyr4 and codon 79 in parC; these changes led to an Ser—Phe substitution in GyrA and
an Ser—Phe substitution in ParC. Strains 354 and 252, for which sparfloxacin MICs were 128 pg/ml, revealed
multiple mutations in both gyr4 and parC. These strains exhibited nucleotide changes at codon 85 leading to
a Glu—Lys substitution in GyrA, in addition to Ser-79—Tyr and Lys-137—Asn substitutions in ParC. More-
over, strain 252 showed additional nucleotide changes at codon 93, which led to a Trp—Arg substitution in GyrA.
These results suggest that sparfloxacin resistance could be due to the multiple mutations in GyrA and ParC.
However, it is possible that other yet unidentified mutations may also be involved in the high-level resistance
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to fluoroquinolones in S. pneumoniae.

Streptococcus pneumoniae is the major cause of respiratory
tract infections and bacterial meningitis (9). For a long time
penicillin was the most effective drug against such infections.
However, penicillin-resistant S. pneumoniae was first reported
in 1967 (4), followed by the reporting of multiple-drug-resis-
tant pneumococci in the late 1970s in South Africa (5). The
incidence of multiple-drug-resistant S. pneumoniae is currently
increasing throughout the world (1, 18). These trends have
made the selection of optimal antimicrobial therapy for the
treatment of infections caused by this organism very difficult.

Sparfloxacin, which has become commercially available in
recent years, exhibits improved antimicrobial activity against
streptococci including S. pneumoniae (3). The therapeutic use
of fluoroquinolones in clinical settings, however, has resulted
in the emergence of fluoroquinolone resistance in S. preumo-
niae. In fact, we have recently experienced the emergence of
clinical isolates of S. pneumoniae with decreased susceptibili-
ties to fluoroquinolones including sparfloxacin (16).

Previous in vitro studies showed that pneumococcal resis-
tance to fluoroquinolones was due to alterations in DNA gy-
rase and topoisomerase IV (topo IV) (6, 8, 12, 14, 17), and
these alterations are similar to the alterations in the DNA
gyrase of Escherichia coli that have been shown to reduce the
level of binding of fluoroquinolones to the enzyme-DNA com-
plex (19). Mutations in DNA gyrase and topo IV are mainly
due to amino acid substitutions in defined regions, that is,
quinolone resistance-determining regions (QRDRs) (20), in
GyrA subunits of DNA gyrase and ParC subunits of topo IV.
However, the mutations in the gyr4 and parC genes that result
in fluoroquinolone resistance in S. pneumoniae in clinical set-
tings are unknown. Therefore, it remains to be elucidated

* Corresponding author. Mailing address: First Department of In-
ternal Medicine, Faculty of Medicine, University of the Ryukyus, 207
Uehara, Nishihara, Okinawa 903-0215, Japan. Phone: 81-98-895-3331,
ext. 2438. Fax: 81-98-895-3086. E-mail: h-taba@fa2.so-net.or.jp.

2193

whether similar mutations are present in clinical isolates of
S. pneumoniae with fluoroquinolone resistance.

In the present study, we examined the in vitro activities of
fluoroquinolones against clinical isolates of S. pneumoniae, and
we describe the mutations identified in the gyr4 and parC
genes of clinical isolates resistant to fluoroquinolones includ-
ing sparfloxacin.

MATERIALS AND METHODS

Bacterial strains. A total of 150 isolates of S. pneumoniae were investigated in
the present study. The strains were isolated from various specimens submitted to
the clinical laboratory of Ryukyu University Hospital between 1994 and 1996.
The isolates were confirmed to be S. pneumoniae by colony morphology, op-
tochin susceptibility, and bile solubility. Bacteria were grown on 5% sheep blood
agar (Kyokuto Co., Tokyo, Japan) at 37°C in an atmosphere enriched with 5%
CO,. A wild-type fluoroquinolone-susceptible clinical strain, S. pneumoniae 245,
was used for sequencing analysis to compare its amino acid sequence with those
of the other strains. E. coli DH5a (Clontech Laboratories, Inc., Palo Alto, Calif.)
was used to subclone DNA inserts.

Antimicrobial agents. The following antimicrobial agents, obtained as labora-
tory-grade powders from their respective manufacturers, were tested: ciprofloxa-
cin (Bayer Yakuhin, Osaka, Japan) and sparfloxacin (Dainippon Pharmaceutical
Co., Osaka, Japan).

Antimicrobial susceptibility testing. Antimicrobial susceptibility was deter-
mined by the twofold broth microdilution method according to the guidelines of
the National Committee for Clinical Laboratory Standards (10). Cation-adjusted
Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) was supplemented
with 3% lysed horse blood and 0.5% yeast extract (Difco). Microdilution trays
(final volume, 100 pl per well) were inoculated with an automatic MIC-2000
inoculator (Dynatech Laboratories, Inc., Alexandria, Va.). Final inocula con-
tained approximately 5 X 10° CFU/ml. The MIC of each drug was defined as the
lowest concentration resulting in the complete inhibition of visible growth after
18 h of incubation.

Capsular serotyping. Pneumococcal serotyping was performed by the capsular
reaction test as described previously (2) by using the diagnostic pneumococcal
antisera (Statens Seruminstitut, Copenhagen, Denmark).

Amplification of the QRDRs of gyr4 and parC genes. Mutations in the QRDRs
of the gyrA and parC genes of fluoroquinolone-resistant strains were investigated
by the PCR method. Chromosomal DNA was prepared as described previously
(7) and was resuspended in distilled water for PCR experiments. The primer
sequences used to amplify the gyr4A QRDR were as follows: VGA3, 5'-CCGTC
GCATTCTTTACG-3' (gyrA positions 129 to 145), and VGA4, 5'-AGTTGCTC
CATTAACCA-3' (gyrA positions 494 to 510) (12). For the amplification of the
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FIG. 1. Distribution of ciprofloxacin and sparfloxacin MICs for 150 clinical
isolates of S. pneumoniae. MICs were determined by the twofold broth microdi-
lution method according to the guidelines of the National Committee for Clinical
Laboratory Standards (10).
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parC QRDR, the following oligonucleotide primers were used: Pr-SPGRL3,
5'-ACAACCATGAACCCAGAAAACA-3' (parE positions 1780 to 1800 of
S. pneumoniae), and Pr-SPGRLI10, 5'-ATCAAACGGTCATCATCACG-3’
(parC positions 1591 to 1610) (11). The resulting 2.3-kb PCR product encoded a
region from residue 434 of ParE to residue 536 of ParC. All amplifications were
performed in a 50-pl volume containing 20 pmol of each primer, 100 ng of tem-
plate DNA, each deoxynucleoside triphosphate at a concentration of 200 uM, 2.5
mM MgCl,, and 2.5 U of Tag polymerase. PCR was performed in a GeneAmp
9600 thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.) for 30 cycles. The
PCR conditions were 30 s at 94°C for denaturation, 1 min at 60°C for annealing,
and 5 min at 72°C for extension.

DNA sequencing and analysis. The 382-bp gyr4 PCR products were subcloned
into the vector pPGEM-T (Promega Co., Madison, Wis.). In the case of the parC
gene, the 2.3-kb PCR products, including the QRDR of parC, were digested with
the restriction enzymes EcoRI and PstI and were subcloned into the vector
pUC19, which had previously been digested with the same endonucleases. DNA
fragments for sequencing were generated by digesting insert DNA, resulting in
732-bp EcoRI-PstI fragments encoding a region equivalent to residues 1 to 190
of ParC. Plasmid vectors were introduced into E. coli DH5a. DNA sequences
were determined by using the Cy5 Autoread Sequencing Kit and an ALF DNA
Sequencer (Pharmacia Biotech, Piscataway, N.J.) according to the instructions
provided by the manufacturer. A combination of the M13 universal primer and
internal primers that anneal to vector DNA flanking the multicloning site was
used to obtain the complete sequence information for both strands. DNA se-
quences were analyzed by using Genetyx system (Software Development Co.,
Tokyo, Japan).

RESULTS

Susceptibility test. The MICs for all 150 clinical isolates of
S. pneumoniae ranged from 0.5 to =32 wg/ml for ciprofloxacin
and from 0.25 to =32 pg/ml for sparfloxacin (Fig. 1). The MIC
at which 90% of strains are inhibited was 4.0 pg/ml for cipro-
floxacin and 1.0 pg/ml for sparfloxacin. For four isolates cip-
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TABLE 1. Profiles of clinical isolates of sparfloxacin-
resistant S. pneumoniae”

MIC (pg/ml)®

Strain Relevant characteristics
PCG CPFX SPEX

182 Isolate from sputum of a 76-yr-old 1.0 64 16
male patient treated with spar-
floxacin and levofloxacin®

674 Isolate from sputum of a 74-yr-old 0.25 64 64
male patient during CS-940 treat-
ment?

354 Isolate from sputum of a 74-yr-old 0.25 64 128
male patient after CS-940 treat-
ment?

252 Isolate from blood of a 33-yr-old 0.25 64 128

male patient treated with ampicil-
lin, imipenem-cilastatin, clindamy-
cin, and vancomycin

“ All strains were of serotype 23.

? PCG, penicillin G; CPFX, ciprofloxacin; SPFX, sparfloxacin.

¢ MIC of levofloxacin, 16 pg/ml.

4 CS-940 is a newly developed fluoroquinolone agent (MIC, 8 pg/ml).

rofloxacin MICs were 64 wg/ml and sparfloxacin MICs were
=16 pg/ml; for two of the four isolates sparfloxacin MICs were
128 pg/ml.

Fluoroquinolone-resistant clinical isolates. On the basis of
the distributions of the MICs of ciprofloxacin and sparfloxacin,
four isolates for which the ciprofloxacin MICs were =32 pg/ml
and the sparfloxacin MICs were =16 pg/ml were used to clas-
sify the fluoroquinolone resistance. The drug susceptibility pro-
files of these strains are presented in Table 1.

Strain 182 was isolated from the sputum of a male patient
during levofloxacin (the first 3 days) and sparfloxacin (the fol-
lowing 3 weeks) treatment for pneumococcal pneumonia. Strains
674 and 354 were sequential isolates obtained from the same
patient treated with CS-940, a newly developed fluoroquino-
lone agent in Japan, for an acute exacerbation of chronic bron-
chitis; strain 674 was isolated during CS-940 treatment, and
strain 354 was isolated 7 days after the end of chemotherapy.
Strain 252 was cultured from a blood sample from a patient
during treatment with vancomycin for infective endocarditis
caused by Staphylococcus aureus. Prior to vancomycin treat-
ment, this patient had been treated with ampicillin, imipenem-
cilastatin, and clindamycin. No fluoroquinolone agent was used

CCGTCGCATTCTTTACGGAATGAATGAATTGGGTGTGACCCCAGACARACCCCATAAAAAA
R R I L ¥ G M NEUL GV TP D K P H KK 63

TCTGCTCGCTATTACAGGGGATGTCATGGGTARATATCACCCACACGGGGATTCCTCTATT
S AR I T G D V M G K Y HP HGD S § I 83

TATGAAGCCATGGTCCGTATGGCTCAATGGTGGAGCTACCGTTACATGCTTGTAGATGGT
Y EA MV RMA QW W S Y R Y ML V D G 103

CACGGGAATTTTGGTTCCATGGATGGAGATAGTGCTGCCGCTCAACGTTATACCGAGGCA
Q9 6 N F G S M D GD S A A A QR Y T E & 123

CGTATGAGCAAGATTGCTCTGGAAATGCTTCGTGATATCAACAARARATACAGTTGATTTC
R M 8 K I A L E ML RD I NIKNTV D F 143

GTTGATAACTATGATGCCAATGAACGGGAACCCTTGGTCTTGCCAGCGCGTTTTCC
vV DN ¥ DA NERTEU®PULUV L P ARF 161

FIG. 2. DNA sequence of the PCR product encompassing the QRDR in the
grA gene from wild-type fluoroquinolone-susceptible clinical isolate S. pneu-
moniae 245. Letters under the nucleotide sequence indicate the deduced protein
sequence. The numbering of the GyrA sequence for S. pneumoniae was taken
from Pan et al. (12).
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ATTCTTTATTCTATGAATAAGGATAGCAATACTTTTGACAAGAGCTACCGTAAGTCGGCC
I L ¥ S M N KD S N TV F D K S Y R K S A 63

AAGTCAGTCGGGAACATCATGGGGAATTTCCACCCACACGGGGATTCTTCTATCTATGAT
K 8 V 6 NI M 6 N F HPHGD S S I Y D 83

GCCATGGTTCGTATGTCACAGAACTGGARARATCGTGAGATTCTAGTTGARATGCACGGT
A M V R M S 0 NW KNUZREI ULV EMHG 103

AATAACGGTTCTATGGACGGAGATCCTCCTGCGGCTATGCGTTATACTGAGGCACGTTTG
N N G S M D G D P P A A MR Y TEA AT RL 123

TCTGAARATTGCAGGCTACCTTCTTCAGGATATCGAGARAAAGACAGTTCCTTTTGCATGG
S E I A G ¥ L L Q9 D I E K K T V P F A W 143

AACTTTGACGATACGGAGAAAGAACCAACGGTCTTGCCAGCAGCCTTTCCAARCCTCTTG
N F D DT EIKEU®PTU VL PAATFZPNULL 163

FIG. 3. DNA sequence of the PCR product encompassing the QRDR in the
parC gene from wild-type fluoroquinolone-susceptible clinical isolate S. pneu-
moniae 245. Letters under the nucleotide sequence indicate the deduced protein
sequence. The numbering of ParC sequence for S. pneumoniae was taken from
Pan and Fisher (13).

for this patient after he had visited a clinic. Clinical cure was
obtained by vancomycin treatment.

Nucleotide sequence of PCR products encompassing the
QRDRs of gyr4 and parC genes from fluoroquinolone-suscep-
tible S. pneumoniae 245. A 382-bp fragment of the gyr4 gene
spanning amino acids 46 to 172 of GyrA was obtained by PCR
and was partially sequenced (Fig. 2). PCR was also used to am-
plify a segment of the topo IV gene encompassing the QRDR
of ParC. A 732-bp EcoRI-PstI fragment of the parC gene was
obtained by digesting the PCR product. The partial sequence
of the parC gene and the deduced amino acid sequence of
ParC (residues 44 to 163) are shown in Fig. 3. These amino
acid sequences of GyrA and ParC including the QRDRs
showed identity with those of previously reported GyrA and
ParC proteins of S. pneumoniae 7785 (12, 13).

Detection of mutations in QRDRs of gyr4 and parC genes in
fluoroquinolone-resistant clinical isolates of S. pneumoniae.
Sequencing of the region encoding the QRDRs of GyrA and
ParC was carried out to investigate the involvement of gene
mutations in fluoroquinolone-resistant clinical isolates. The
mutations in gyr4 and parC of four fluoroquinolone-resistant
isolates are summarized in Table 2. These results of sequenc-
ing analysis were reproducible.

Strain 182, for which the sparfloxacin MIC was 16 pg/ml, ex-
hibited nucleotide changes at codon 81 in gyrA and codon 79 in
parC leading to a Ser (TCC)—Phe (TTC) substitution in GyrA

SPARFLOXACIN RESISTANCE IN PNEUMOCOCCI 2195

and a Ser (TCT)—Phe (TTT) substitution in ParC, respec-
tively (the underscored bases are the substitutions). Strain 674,
for which the sparfloxacin MIC was 64 pg/ml, showed muta-
tions in gyr4 and parC genes identical to those in strain 182.

Strains 354 and 252, for which the sparfloxacin MICs were
128 pg/ml, revealed noticeable mutations in both gyz4 and parC
genes. These strains exhibited nucleotide changes at codon 75
(TAT—TAC) and codon 85, leading to a Glu—Lys (GAA—
AAA) substitution in GyrA, in addition to Ser-79—Tyr (TCT—
TAT) and Lys-137—Asn (AAG—AAT) substitutions in ParC.
Moreover, strain 252 showed additional nucleotide changes at
codon 83 (ATT—ATC) and codon 93, leading to a Trp—Arg
(TGG—CGQG) substitution in GyrA.

DISCUSSION

In the present study, we have characterized the mutations in
the gyr4 and parC genes of four sparfloxacin-resistant clinical
isolates of S. pneumoniae. In the case of two strains for which
the sparfloxacin MICs were 16 and 64 pg/ml, respectively, the
gene mutations that were identified are similar to those de-
tected in fluoroquinolone-resistant S. pneumoniae obtained by
in vitro stepwise selection (6, 8, 12, 14). Nucleotide changes
leading to a Ser-81—Phe substitution in GyrA and a Ser-79—
Phe substitution in ParC of S. pneumoniae also appear to be
encouraged by changes in GyrA and ParC associated with the
acquisition of resistance to fluoroquinolones in clinical isolates.

We were greatly concerned with the implication that muta-
tional alterations in GyrA and ParC may generate further
resistance to sparfloxacin (MIC, 128 pg/ml) in strains 354 and
252. The gene mutations detected in these strains were charac-
teristic in some respects. As indicated in Table 2, sequencing
analysis demonstrated multiple gene mutations in these strains.
To our knowledge, these multiple mutational alterations of
GyrA and ParC in S. pneumoniae have never been described
previously. Of particular interest is that strain 252 exhibited
double amino acid substitutions in GyrA (Glu-85—Lys and
Trp-93—Arg) and ParC (Ser-79—Tyr and Lys-137—Asn) and
that these multiple mutations are associated with the acquisi-
tion of further resistance to sparfloxacin.

Studies by Pan and Fisher (14) indicate that GyrA is the pri-
mary target of sparfloxacin and that the amino acid substitu-
tion at position Ser-81 or Glu-85 in GyrA is responsible for
the resistance to sparfloxacin in vitro. The gyr4 nucleotide
sequence of strain 252 was identical to that of strain 354 except
that it had additional mutations at codon 83 (ATT—ATGC; no
amino acid change) and codon 93 leading to a Trp—Arg sub-
stitution in GyrA. The contribution of the Trp-93—Arg change

TABLE 2. Mutations identified in the GyrA and ParC containing QRDRs in sparfloxacin-resistant clinical isolates of S. pneumoniae

MIC (pg/ml)

Amino acid (nucleotide) at the indicated position:

Strain GyrA© ParC?
CPFX“ SPFX?

75 81 85 93 79 137
245 0.5 025  Tyr (TAT)  Ser (TCC)  lle (ATT)  Glu (GAA)  Trp (TGG)  Ser (TCT)  Lys (AAG)
182 64 16 — Phe (TTC) — — Phe (TTT) —
674 64 64 — Phe (TTC) — — Phe (TTT) —
354 64 128 Tyr (TAC) — — Lys (AAA) — Tyr (TAT) Asn (AAT)
252 64 128 Tyr (TAC) — lle (ATC)  Lys (AAA)  Arg (CGG)  Tyr (TAT)  Asn (AAT)

“ CPFX, ciprofloxacin.

® SPFX, sparfloxacin.

¢ Amino acid position corresponding to that of S. pneumoniae GyrA (12).
4 Amino acid position corresponding to that of S. pneumoniae ParC (13).
¢ —, no difference from fluoroquinolone-susceptible wild strain 245.
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in GyrA to the in vitro fluoroquinolone resistance has not been
ascertained, whereas the Gly-85—Lys change in GyrA has been
shown to confer resistance to fluoroquinolones (6, 12, 14). Con-
sidering our finding that there were no differences in the spar-
floxacin MICs for strains 354 and 252, it is suggested that the
mutations at codon 83 and 93 in GyrA would not confer the
changes in the MICs of sparfloxacin and that the mutation at
codon 85 could be a cause of the increase in the MICs of spar-
floxacin.

In regard to the mutations in parC, Tankovic et al. (17)
mentioned the important point that S. preumoniae acquires a
clinical level of resistance to sparfloxacin after the occurrence
of two mutations in GyrA and ParC. Strains 354 and 252 pos-
sessed double amino acid substitutions (Ser-79—Tyr and Lys-
137—Asn) in ParC, whereas strains 182 and 674 showed only
Ser-79—Phe substitutions. Previous studies by Munoz and De
La Campa (8) showed that the Lys-137—Asn amino acid
change in ParC protein is not involved in ciprofloxacin resis-
tance in vitro, although ParC is the primary target of cipro-
floxacin in S. pneumoniae. Our observations are consistent with
that conception. A more likely explanation is that the Lys-
137—Asn substitution in ParC would confer the resistance to
sparfloxacin, not to ciprofloxacin, and the difference in the de-
duced amino acid would be due to nucleotide changes at codon
79.

The results described here suggest that sparfloxacin-resis-
tance could be mediated by the multiple mutations in GyrA
and ParC. However, we consider that further investigation of
the inhibitory activities of fluoroquinolones against altered DNA
gyrase or topo IV with multiple amino acid changes, as indicat-
ed in the presented study, in addition to the three-dimensional
structural features of DNA gyrase and topo IV with altered
subunits, is needed.

Of additional interest is the fact that strain 674 contains the
mutations in gyrA and parC identical to those in strain 182,
whereas the respective MICs of sparfloxacin are different,
which indicates that the presence of additional undetected
mutations gives rise to resistance to sparfloxacin in strain 674.
Recent studies by Perichon et al. (15) showed that a mutation
in ParE, the alternative component of topo IV, is also respon-
sible for fluoroquinolone resistance in S. pneumoniae. In
addition, Zeller et al. (21) recently reported that an efflux
mechanism may contribute to fluoroquinolone resistance in
S. pneumoniae.

Finally, whether the high-level resistance to sparfloxacin is
associated with mutational alterations in only gyr4 or parC is
still unclear. Thus, it is possible that other yet unidentified mu-
tations in other portions of the genes encoding subunits of
DNA gyrase, topo IV, etc., may also be involved in the high-
level resistance to fluoroquinolones in S. prneumoniae.
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