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Detection of Novel Mutations in the gyr4 Gene of
Staphylococcus aureus by Nonradioisotopic Single-Strand
Conformation Polymorphism Analysis and Direct
DNA Sequencing
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A total of 36 clinical isolates of Staphylococcus aureus (29 fluoroquinolone-resistant strains and 7
fluoroquinolone-susceptible strains) were studied for the presence of point mutations in the gyr4 gene by
nonradioisotopic single-strand conformation polymorphism (Non-RI SSCP) analysis with silver stain. Direct
DNA sequencing analysis of the PCR-amplified DNA fragments confirmed the results obtained by Non-RI
SSCP analysis and revealed that fluoroquinolone resistance is closely associated with six types of mutations in
the gyrd gene, of which three types of mutations were newly identified: (i) Ser-84—Leu and Glu-88—Gly, (ii)
Ser-84—Leu and Glu-88—Lys, and (iii) Glu-88—Gly. Furthermore, the novel ATT—ATC mutation at codon
86 (silent mutation) was seen in only one fluoroquinolone-susceptible strain. All seven mutational types were
separated from the wild type in a single electrophoretic step within 3 h after PCR amplification. Thus, we
conclude that this new technique is a rapid, simple, and useful screening method for the genotyping of gyr4
mutations associated with fluoroquinolone resistance.

Staphylococcal infection, particularly that caused by methi-
cillin-resistant Staphylococcus aureus, is a serious medical
problem, since only a few effective therapeutic agents are
available (12). Antibacterial fluoroquinolones, such as ofloxa-
cin and ciprofloxacin, have been effective in the treatment of
infections caused by multidrug-resistant strains of S. aureus (2).
However, the widespread use of these agents has led to the
marked emergence of fluoroquinolone-resistant S. aureus,
especially among methicillin-resistant strains (10, 15). So far,
three possible mechanisms of staphylococcal resistance to
fluoroquinolones have been described. The first proposed
mechanism of resistance is a membrane-associated active efflux
pump, encoded by the norA gene, which excludes the agent
from the cell (22). The second is a recently described cfx-ofx
locus which acts by some unknown mechanism (20). The third
is a mutational alteration of DNA gyrase, an essential bacterial
enzyme involved in DNA replication and repair (21). DNA
gyrase is a tetrameric protein consisting of two A subunits and
two B subunits, encoded by the gyr4 and gyrB genes, respec-
tively. Several point mutations in the gyr4 gene have been
reported to be associated with high-level fluoroquinolone
resistance (4, 5, 16, 17). Mutations in gyr4 leading to quinolone
resistance which have been identified in ciprofloxacin-resistant
isolates of S. aureus are as follows: (i) Ser-84—Leu, (ii)
Ser-84—Ala, (iii) Ser-84—Leu and Ser-85—Pro, and (iv)
Glu-88—Lys (5).

Various methods have been reported for detection of point
mutations of genes, including sequence-specific oligonucleo-
tide probe hybridization (4), direct sequencing (5), and restric-
tion fragment length polymorphism analysis (16, 17). Although
these methods have been shown to be useful, they are unsat-
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isfactory for a routine clinical laboratory. Single-strand confor-
mation polymorphism (SSCP) analysis might be a simpler
method for the detection of point mutations. In SSCP analysis,
a mutated sequence is detected by a change of mobility in
polyacrylamide gel electrophoresis as a result of its altered
folded structure (7, 14). Since the use of *?P requires a
relatively long exposure time for autoradiography, we have
previously reported a new technique using nonradioisotopic
(Non-RI) SSCP analysis for detecting a point mutation of
c-Ki-ras2 gene (18). In Non-RI SSCP analysis with silver stain,
the bands are sharp, so that even a slight difference of
migration can be detected in a small slab gel (18). Because
mutations from amino acid codons 84 through 88 are closely
associated with fluoroquinolone resistance, we used Non-RI
SSCP to examine the occurrence of mutations in PCR-ampli-
fied DNA including this region. In this study, we classified the
mutations in the gyr4 gene of S. aureus with Non-RI SSCP;
each class obtained is identified by direct DNA sequencing of
the PCR-amplified DNA.

MATERIALS AND METHODS

Bacterial strains. Thirty-six strains of S. aureus isolated
between 1992 and 1993 in the Division of Clinical Laboratory,
National Cancer Center Hospital and in the Department of
Respiratory Medicine, Institute of Development, Aging and
Cancer, Tohoku University, were used in this study. One
isolate was collected from each patient.

Antimicrobial susceptibility. The strains were tested for
ciprofloxacin and ofloxacin susceptibility by a semiautomated
microdilution method in Sceptor gram-positive broth with the
Sceptor system (Becton Dickinson and Company, Cock-
eysville, Md.) with a final inoculum of 5 X 10° CFU/ml.
Resistance to ciprofloxacin and ofloxacin was indicated by
MIC:s equal to or more than 4 and 8 pg/ml, respectively.

Extraction of DNA and synthesis of oligonucleotides. DNA
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FIG. 1. Primers for PCR and direct DNA sequencing. A pair of
primers (GA1l and GA2) yield a 124-bp gyrA fragment after PCR
amplification. The presence of a HinfI site (wild type) generates a pair
of Hinfl DNA fragments 97 and 37 bp long, whereas its absence
because of mutation yields a 124-bp fragment. The underlined se-
quence is a Hinfl site (GANTC), and the numbers identify the
positions of the deduced amino acid residues. Primer GA3 was used as
a sequencing primer.

was extracted by a method described previously (19). The
oligonucleotides used as primers for PCR and direct sequenc-
ing were purchased from Intertech Co., Ltd. (Tokyo, Japan);
their sequences are as shown in Fig. 1. A pair of primers
(primers GA1 and GAZ2) yield a product of 124-bp DNA
fragment after PCR amplification (9). Primer GA3 was used as
a sequencing primer.

PCR. The DNA extract (1 png) was amplified by PCR in 100
pl of a reaction mixture containing 25 pmol each of the two
primers, 20 nmol each of the four deoxynucleoside triphos-
phates, 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,,
0.001% gelatin, and 2.5 U of Tag DNA polymerase (Perkin-
Elmer Cetus, Norwalk, Conn.). Thirty cycles were performed
for each reaction, with one cycle consisting of 30 s at 94°C, 30
s at 60°C, and 1 min at 72°C.

Restriction fragment length polymorphism analysis of PCR-
amplified DNA. The PCR products were digested with HinfI at
37°C for 1 h, and then cleavage of the PCR product was
ascertained by electrophoresis through a 12% polyacrylamide
gel and subsequent ethidium bromide staining.

Non-RI SSCP. In Non-RI SSCP analysis, 1-ul aliquots of
PCR products were mixed with 10-pl portions of the loading
solution containing 95% deionized formamide, 20 mM EDTA,
0.05% xylene cyanol, and bromophenol blue. After denatur-
ation'at 80°C for 5 min, 10 pl was applied to a 12% polyacryl-
amide gel (30:1 acrylamide/bisacrylamide ratio) containing 25
mM Tris and 192 mM glycine. The size of the gel was 85 by 86
mm. Electrophoresis was then performed for 2 h at 200 V with
a 25 mM Tris-192 mM glycine buffer cooled to 17°C in a
refrigerated circulating water bath. Each gel was then sub-
jected to silver staining with a kit purchased from Daiichi Pure
Chemical Co., Ltd. (Tokyo, Japan) by the procedure recom-
mended by the manufacturer.

Direct DNA sequencing. PCR-amplified DNA was se-
quenced with synthetic oligonucleotide primer (primer GA3)
by the cycle sequencing method (13), using the dsDNA Cycle
Sequencing System (GIBCO BRL, Life Technologies Inc.,
Gaithersburg, Md.). The DNA sequencing primer was end
labeled with [y->*PJATP (Du Pont Company, NEN, Wilming-
ton, Del.) by using T4 polynucleotide kinase (3). The samples
were electrophoresed in a 6% polyacrylamide gel containing 7
M urea at 1,800 V for 2 h. The gel was dried and exposed to
Kodak XAR film (Eastman Kodak Co., Rochester, N.Y.).
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FIG. 2. (A) Polyacrylamide gel analysis of PCR-amplified DNA
digested with Hinfl. PCR products were digested with HinflI at 37°C for
1 h and subjected to electrophoresis through a 12% polyacrylamide gel
at 20 mA for 40 min and subsequent ethidium bromide staining. (B)
Detection of gyr4 mutations by Non-RI SSCP analysis. Eight types of
bands with different mobilities were separated. In all lanes, renatured
double-stranded DNAs appeared at the positions seen for 124-bp
fragments. Lanes: M, molecular size standards of 123-bp ladder
plasmid DNA (GIBCO BRL); lane 1, mutant with Ser—Leu
(TCA—TTA) at codon 84 and Ser—Pro (TCT—CCT) at codon 85;
lane 2, mutant with Ser—Leu (TCA—TTA) at codon 84; lane 3,
mutant with Ser—Leu (TCA—TTA) at codon 84 and Glu—Gly
(GAA—GGA) at codon 88; lane 4, mutant with Ser—Leu
(TCA—TTA) at codon 84 and Glu—Lys (GAA—AAA) at codon 88;
lane 5, mutant with Glu—Gly (GAA—GGA) at codon 88; lane 6,
mutant with Glu—Lys (GAA—AAA) at codon 88; lane 7, mutant with
ATT—ATC at codon 84 (silent); lane 8, wild type. Lanes 1 through 6
were quinolone-resistant strains.

RESULTS

Of the 36 S. aureus strains used in this study, 29 strains were
resistant to both ciprofloxacin and ofloxacin. Because muta-
tions in amino acid codons 84 through 88 have been associated
with ciprofloxacin resistance (4, 5, 16, 17), the primers used for
PCR were designed to flank this region in the gyr4 gene (Fig.
1). A 124-bp gyr4 gene fragment was amplified from each
isolate. The presence or absence of gyr4 mutations at codon 84
was determined by digesting PCR products with Hinfl. The
presence of the Hinfl site generates a pair of Hinfl DNA
fragments, 97 and 37 bp long (9), whereas its absence caused
by mutation yields a distinctive 124-bp product. In 36 strains
analyzed, 14 generated two DNA fragments by Hinfl digestion
of PCR products (Fig. 2A, lanes 5 to 8). However, seven strains
were fluoroquinolone resistant, with the mutation at codon 88
but not at codon 84 (lanes 5 and 6 in Fig. 2A; Table 1).

In Non-RI SSCP analysis using DNAs derived from the
isolates, eight types of bands with different mobilities were
identified (Fig. 2B). Direct DNA sequencing analysis revealed
that all abnormal bands were correlated with mutations in gyrA4
(Fig. 3). Of the eight types of mutations, six were associated
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TABLE 1. Mutations in the gyrA4 gene in S. aureus detected by Non-RI SSCP

Amino acid

No. of strains

Strain® and . . .

codon(s) Nucleotide mutation mutation Hinfl? with mutation
Resistant

84 and 85 TCA TCT—>TTA CCT Ser Ser—Leu Pro - 2

84 TCA—TTA Ser—Leu - 16

84 and 88° TCA GAA—TTA GGA Ser Glu—Leu Gly - 2

84 and 88° TCA GAA—TTA AAA Ser Glu—Leu Lys - 2

88° GAA—GGA Glu—Gly + 2

88 GAA—AAA Glu—Lys + 5
Susceptible

86¢ ATT—ATC Ile—lle + 1

None + 6

“ Resistance or susceptibility to ciprofloxacin and ofloxacin.
b 4+, Hinfl site present; —, Hinfl site absent.
¢ Novel mutations.

with fluoroquinolone resistance. Mutations of the gyrA4 gene in
resistant strains were detected at codons 84, 85, and 88 (Table
1). All of these mutational types were base transitions, i.e., the
mutation at codon 84 found in 22 strains was a C-to-T
transition. Likewise, the mutation at codon 85 found in two
strains was a T-to-C transition, whereas the mutation at codon
88 was either a GAA—GGA or GAA—AAA transition. In 23
of 36 strains, mutation was found at a single codon, i.e., at
codon 84 (16 strains) or 88 (7 strains), while 6 strains showed
double mutations either at codons 84 and 85 (2 strains) or at
codons 84 and 88 (4 strains). The GAA—GGA mutation at
codon 88 and two types of double mutations, TCA
GAA—TTA GGA or TTA AAA at codons 84 and 88, were
not reported previously. Only one fluoroquinolone-susceptible
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FIG. 3. Mutations in the gyr4 gene from clinical isolates identified
on DNA sequencing gels. PCR-amplified DNA was sequenced by the
cycle sequencing method. The numbers at the top of the gels corre-
spond to those of the lanes shown in Fig. 2. Gel 8 shows a sequence of
wild type, whereas the others have either one or two base substitutions
at codons 84 through 88. Mutant nucleotides are indicated by boldface
type and are to the right of the sequence.

strain contained an ATT—ATC transversion at codon 86,
coding for the same amino acid (silent mutation). Six strains
were wild type and fluoroquinolone susceptible.

DISCUSSION

From the knowledge gained from fluoroquinolone resis-
tance mechanisms in Escherichia coli, other workers have
cloned and sequenced the gyrA gene of S. aureus (9, 16) and
identified point mutations responsible for the resistance. In
this study, we examined 36 strains of S. aureus by Non-RI SSCP
analysis and demonstrated that six types of mutations were
associated with quinolone resistance. The multiple mutation
TCA—TTA at codon 84 and TCT—CCT at codon 85, the
TCA—TTA mutation at codon 84, and the GAA—AAA
mutation at codon 88 were reported in a previous study (5).
Since SSCP analysis enables sensitive detection of single-base
substitution, three novel mutations were detected in addition
to the previously reported ones: two types of multiple muta-
tions, TCA—TTA at codon 84 and GAA—GGA at codon 88,
and TCA—TTA at codon 84 and GAA—AAA at codon 88,
and one type of single mutation, GAA—AAA at codon 88.
Furthermore, the novel ATT—ATC mutation at codon 86 was
seen in one fluoroquinolone-susceptible strain, which could be
distinguished as a silent mutation from the wild type. However,
the previously reported mutation TCA—GCA at codon 84 (5)
was not found in this study, so we produced a mutant with the
TCA—GCA mutation at codon 84 by a site-directed mutagen-
esis technique (8) and performed electrophoresis under the
conditions described above. This mutant was clearly separated
from the above eight types (data not shown). In both Japan
and the United States, the TCA—TTA mutation at codon 84
is found in about half of the quinolone-resistant strains. This
mutation is the most important and the commonest change in
quinolone-resistant S. aureus strains. All the 29 quinolone-
resistant isolates studied in this investigation had at least one
mutation in this region. Because we sequenced only a portion
of the gene, we cannot rule out the possibility of other
mutations present in the gyr4 gene, although to date, it
appears that the majority of significant mutations are found
exclusively in this region.

From an epidemiologic point of view, it may be useful to
know the specific mutations in strains of S. aureus which confer
quinolone resistance. For identifying the sources and monitor-
ing the spread of epidemic methicillin-resistant S. aureus
strains, a number of epidemiologic markers have been re-
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ported, including antibiogram, phage type, plasmid profile,
ribotyping, and pulsed-field gel electrophoresis (1, 6, 11, 23).
DNA analysis is useful for discrimination between individual
species and between isolates of a given species. Since Non-RI
SSCP analysis on one region could distinguish the eight types,
combining these results with those from genotyping several
mutational regions might provide more information for the
discrimination of isolates. Classification of genotypic patterns
by Non-RI SSCP may be a promising method for investigating
the source, transmission, and spread of nosocomial methicillin-
resistant S. aureus infections. The use of the Non-RI SSCP
method allows for relatively rapid analysis of DNA from a
large number of strains. Since the electrophoretic pattern is
specific to each mutation, identification of a specific mutation
is possible by comparison of the mobilities of the sample DNAs
with that of the control DNA carrying known mutations. Thus,
Non-RI SSCP analysis is a simple and useful method, not only
for the detection of point mutations associated with fluoro-
quinolone resistance but also for the investigation of epidemi-
ologic markers.

ACKNOWLEDGMENTS

This work was supported by Grants-in-Aid for Cancer Research and
for the Comprehensive 10-Year Strategy for Cancer Control from the
Ministry of Health and Welfare, Japan.

We thank Akira Watanabe for kindly providing the S. aureus strains.
We also thank Akiko Higuchi for determining the MICs.

REFERENCES

1. Archer, G. L., and C. G. Mayhall. 1983. Comparison of epidemi-
ological markers used in the investigation of an outbreak of
methicillin-resistant Staphylococcus aureus infections. J. Clin. Mi-
crobiol. 18:395-399.

2. Chin, N. X, and H. C. Neu. 1984. Ciprofloxacin, a quinolone
carboxylic acid compound active against aerobic and anaerobic
bacteria. Antimicrob. Agents Chemother. 25:319-326.

3. Evans, M. R,, and C. A. Read. 1992. **P, **P and *S: selecting a
label for nucleic acid analysis. Nature (London) 358:520-521.

4. Fasching, C. E., F. C. Tenover, T. G. Slama, L. M. Fisher, S.
Sreedharan, M. Oram, K. Willard, L. M. Sinn, D. N. Geerding,
and L. R. Peterson. 1991. gyr4 mutations in ciprofloxacin-resistant,
methicillin-resistant Staphylococcus aureus from Indiana, Minne-
sota, and Tennessee. J. Infect. Dis. 164:976-979.

5. Goswitz, J. J., K. E. Willard, C. E. Fasching, and L. R. Peterson.
1992. Detection of gyr4 gene mutations associated with ciprofloxa-
cin resistance in methicillin-resistant Staphylococcus aureus: anal-
ysis by polymerase chain reaction and automated direct DNA
sequencing. Antimicrob. Agents Chemother. 36:1166-1169.

6. Hall, L. M. C., J. Z. Jordens, and F. Wang. 1989. Methicillin-
resistant Staphylococcus aureus from China characterized by di-
gestion of total DNA with restriction enzymes. Epidemiol. Infect.
103:183-192.

7. Hayashi, K. 1991. PCR-SSCP: a simple and sensitive method for
detection of mutations in the genomic DNA. PCR Methods Appl.
1:34-38.

8. Hemsley, A., N. Arnheim, M. D. Toney, G. Cortopassi, and D. J.

DETECTION OF gyr4 MUTATIONS BY NON-RI SSCP

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

431

Galas. 1989. A simple method for site-directed mutagenesis using
the polymerase chain reaction. Nucleic Acids Res. 17:6545-6551.

. Hopewell, R., M. Oram, R. Briesewitz, and L. M. Fisher. 1990.

DNA cloning and organization of the Staphylococcus aureus gyrA
and gyrB genes: close homology among gyrase proteins and
implications for 4-quinolone action and resistance. J. Bacteriol.
172:3481-3484.

Humphreys, H., and E. Mulvihill. 1985. Ciprofloxacin-resistant
Staphylococcus aureus. Lancet ii:383.

Ichiyama, S., M. Ohta, K. Shimokata, N. Kato, and J. Takeuchi.
1991. Genomic DNA fingerprinting by pulsed-field gel electro-
phoresis as an epidemiological marker for study of nosocomial
infections caused by methicillin-resistant Staphylococcus aureus. J.
Clin. Microbiol. 29:2690-2695.

Lyon, B. R., and R. Skurray. 1987. Antimicrobial resistance of
Staphylococcus aureus: genetic basis. Microbiol. Rev. 51:88-134.
Murray, V. 1989. Improved double-stranded DNA sequencing
using the linear polymerase chain reaction. Nucleic Acids Res.
17:8889.

Orita, M., Y. Suzuki, T. Sekiya, and K. Hayashi. 1989. Rapid and
sensitive detection of point mutations and DNA polymorphisms
using the polymerase chain reaction. Genomics 5:874-879.
Shalit, 1., S. A. Berger, A. Gorea, and H. Frimerman. 1989.
Widespread quinolone resistance among methicillin-resistant
Staphylococcus aureus isolates in a general hospital. Antimicrob.
Agents Chemother. 33:593-594.

Sreedharan, S., M. Oram, B. Jensen, L. R. Peterson, and L. M.
Fisher. 1990. DNA gyrase gyr4 mutations in ciprofloxacin-resis-
tant strains of Staphylococcus aureus: close similarity with quin-
olone resistance mutations in Escherichia coli. J. Bacteriol. 172:
7260-7262.

Sreedharan, S., L. R. Peterson, and L. M. Fisher. 1991. Cipro-
floxacin resistance in coagulase-positive and -negative staphylo-
cocci: role of mutations at serine 84 in DNA gyrase A protein of
Staphylococcus aureus and Staphylococcus epidermidis. Antimi-
crob. Agents Chemother. 35:2151-2154.

Sugano, K., A. Kyogoku, N. Fukayama, H. Ohkura, Y. Shimosato,
T. Sekiya, and K. Hayashi. 1993. Rapid and simple detection of
c-Ki-ras2 gene codon 12 mutations by nonradioisotopic single-
strand conformation polymorphism analysis. Lab. Invest. 68:361—
366.

Tokue, Y., S. Shoji, K. Satoh, A. Watanabe, and M. Motomiya.
1992. Comparison of a polymerase chain reaction assay and a
conventional microbiologic method for detection of methicillin-
resistant Staphylococcus aureus. Antimicrob. Agents Chemother.
36:6-9.

Trucksis, M., J. S. Wolfson, and D. C. Hooper. 1991. A novel locus
conferring fluoroquinolone resistance in Staphylococcus aureus. J.
Bacteriol. 173:5854-5860.

Wang, J. C. 1985. DNA topoisomerases. Annu. Rev. Biochem.
54:665-697.

Yoshida, H., M. Bogaki, S. Nakamura, K. Ubukata, and M.
Konno. 1990. Nucleotide sequence and characterization of the
Staphylococcus aureus norA gene, which confers resistance to
quinolones. J. Bacteriol. 172:6942-6949.

Zuccarelli, A. J., I. Roy, G. P. Harding, and J. J. Couperus. 1990.
Diversity and stability of restriction enzyme profiles of plasmid
DNA from methicillin-resistant Staphylococcus aureus. J. Clin.
Microbiol. 28:97-102.



