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The genes encoding the DNA gyrase A and B subunits of Bacteroides fragilis were cloned and sequenced. The
gyrA and gyrB genes code for proteins of 845 and 653 amino acids, respectively. These proteins were expressed
in Escherichia coli, and the combination of GyrA and GyrB exhibited ATP-dependent supercoiling activity. To
analyze the role of DNA gyrase in quinolone resistance of B. fragilis, we isolated mutant strains by stepwise
selection for resistance to increasing concentrations of levofloxacin. We analyzed the resistant mutants and
showed that Ser-82 of GyrA, equivalent to resistance hot spot Ser-83 of GyrA in E. coli, was in each case
replaced with Phe. These results suggest that DNA gyrase is an important target for quinolones in B. fragilis.

Bacteroides fragilis is an obligate anaerobic bacterium com-
posing intestinal flora and is the major pathogen in intra-
abdominal infection following a perforated appendix or sur-
gery on the gastrointestinal tract (11). B. fragilis often presents
a serious problem in therapy, as it is intrinsically resistant to
many antibiotics, including most of the penicillins, cephalospo-
rins, and quinolones (9). B-Lactam resistance is usually ex-
plained by the combination of low permeability of the outer
membrane (34) and the presence of highly active B-lactamases
of the Bush 2e and 3 classes (4). However, the molecular basis
of quinolone resistance remains poorly defined (20, 27).

Studies with Escherichia coli have shown that quinolones act
by inhibiting the activity of DNA gyrase, which catalyzes ATP-
dependent DNA supercoiling (3, 7, 8, 21). Moreover, it was
revealed that mutations in the GyrA quinolone resistance-
determining region (QRDR), located between amino acid res-
idues 67 and 106 (5, 10, 23, 31), were related to quinolone
resistance. Recently, the type II enzyme topoisomerase 1V,
essential for chromosome segregation, was shown to be an-
other target of quinolones (14). In gram-negative bacteria,
such as E. coli and Neisseria gonorrhoeae, strains with low-level
resistance contained gyr4 mutations whereas those with higher
levels of resistance had mutations in both gyr4 and parC (1, 13,
15, 16). On the other hand, in gram-positive bacteria such as
Staphylococcus aureus and Streptococcus pneumoniae, muta-
tions in parC (grlA) conferred low-level resistance and pre-
ceded those in gyr4 (6, 24, 25). Moreover, mutations in the B
subunits of DNA gyrase and topoisomerase IV (2, 30, 33), and
the appearance of efflux pumps, were shown to be related to
quinolone resistance (17, 18, 22, 26, 32).

As a first step, we report here the cloning and characteriza-
tion of gyrA and gyrB of B. fragilis and examine the role of DNA
gyrase in the stepwise acquisition of levofloxacin resistance in
vitro. This study complements the genetic characterization of
the type II DNA topoisomerases of B. fragilis and reveals the
molecular basis of quinolone resistance.
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MATERIALS AND METHODS

Antibacterial agents. All quinolones used in this study were synthesized at
Daiichi Pharmaceutical Co., Ltd., Tokyo, Japan.

Bacterial strains, plasmids, and DNA manipulations. B. fragilis ATCC 25285
was grown in general anaerobic GAM broth (Nissui, Tokyo, Japan) at 37°C in an
anaerobic box. To construct a genomic library, chromosomal DNA was extracted
from B. fragilis ATCC 25285. The E. coli strains used for plasmid transformation
were MC1061 and DH5« (19). Plasmid pUC18 was used to construct libraries
and to subclone DNA inserts. Plasmid pMAL-c2 (New England Biolabs) was
used to construct plasmids for overexpression of the GyrA and GyrB proteins of
B. fragilis in E. coli. Manipulations of DNA, including plasmid extraction, elec-
trophoresis, Southern hybridization, and colony hybridization, were carried out
by standard methods (19). For Southern and colony hybridization, DNA was
radiolabeled with 50 p.Ci of [a-**P]dCTP (300 Ci/mmol), using the Multiprime
DNA labeling kit (Pharmacia-Amersham).

Determination of MICs. The MICs were determined by a standard agar dilu-
tion method with GAM agar (Eiken Chemical Co., Ltd., Tokyo, Japan). Drug-
containing agar plates were inoculated with one loopful (5 pl) of an inoculum
corresponding to about 10* CFU per spot and were incubated for 18 h at 37°C.
The MIC was defined as the lowest drug concentration that prevented visible
growth of bacteria.

DNA sequence analysis. DNA fragments were subcloned into plasmid pUC18
and sequenced by the chain termination method with a fluorescence sequencer
(Pharmacia-Amersham). Amplification of the QRDR of the gyr4 and gyrB genes
from B. fragilis ATCC 25285 and its levofloxacin-resistant mutants was carried
out by PCR with genomic DNA as a template. For the QRDR of gyr4, the
forward primer was Pr-BFGA03, 5'-ATGCTTGAACAAGACAGAATTATAA
AG-3' (gyrA positions 1 to 27) and the reverse primer was Pr-BFGA02, 5'-GA
CTGTCGCCGTCTACAGAACCG-3' (324 to 346). The primers for the QRDR
of the gyrB gene were Pr-BFGB03, 5'-GACCCGCAGAAGTGTGAGTTATTC
C-3' (gyrB positions 1279 to 1303) and Pr-BFGB04, 5'-TTTCAAGCGCTTTG
TGATACATGGC-3' (1405 to 1429). The PCR conditions were 25 cycles of 94°C
for 0.5 min, 60°C for 0.5 min, and 72°C for 1 min. The 346-bp gyr4 and 151-bp
gyrB PCR products were cloned into pCRII (Invitrogen) for DNA sequence
analysis.

Protein expression. GyrA and GyrB of DNA gyrase were expressed separately
as fusion proteins with maltose-binding protein (MBP) by using the pMAL-c2
expression vector. Each gene was amplified by PCR and inserted into the ex-
pression vector. In the reverse primers, a HindIII or PstI site was introduced for
cloning purposes. For gyr4, the forward primer was Pr-BFGAO03, 5'-ATGCTT
GAACAAGACAGAATTATAAAG-3' (gyrA positions 1 to 27), and the reverse
primer was Pr-BFGA04, 5'-AGTTGTTAAGCTTTTGCGAAGTCAGG-3’
(2777 to 2802; HindIII). The primers for the gyrB gene were Pr-BFGBO01, 5'-A
TGAGCGAAGAACAGAATCCCACC-3" (gyrB positions 1 to 24), and Pr-
BFGBO02, 5'-ATTTTCCTGCAGCGCCGGCGCTTC-3" (2001 to 2024; PstT).
PCR was carried out on genomic DNA from strain ATCC 25285 as follows: 20
cycles of 94°C for 0.5 min, 65°C for 0.5 min, and 72°C for 2 min. The PCR
products were digested with restriction enzymes, ligated into expression vectors,
and transformed into E. coli MC1061. Protein production was induced with
isopropyl-B-p-thiogalactopyranoside (IPTG), and each protein was purified as
described previously (29).

DNA gyrase assay. The supercoiling activity of DNA gyrase, the conversion of
relaxed pBR322 DNA to the supercoiled form, was detected by the method
described previously (28).



tgggtgtcacagacctaaagaataagggtagggcactcttacaaaaagcaaaaaactttcttcgttaaagttttcgtatatcaaggaaaa

91 gtagtactttagcgtggtttttgataaaccgcaaatgtataattaataatctttttaaatgcttgaacaagacagaattataaagattaa
M L E ¢ D R I I K I N

181 catcgaggaggaaatgaagtcatcgtacattgactactccatgteggtcategtttcacgtgccctteccgatgttagagatggatttaa
I EE E M K s s Y I p Y § M s VvV I Vs R AL P DV R D G F K

271 gccegttcaccgcagaattetctacggaatgatggaactgggaaatacgtcagacaaaccctataagaaatcagccagaatcgtaggtga
P VvV HRRIILY G MMETLGUNT s D K P Y K K s A R I V G E

361 agtacttggtaagtatcacccgcacggagactcttctgtatattttgegatggtacgtatggctcaggaatgggecaatgegetatecget
vV L. 6 XK Y H P H GD S s V Y F A MV RMASOQEWA AMMT®RY P L

451 ggtagacgggcaaggtaacttcggttectgtagacggegacagtecctgectgecatgegttacactgaagcacgtctgaacaaattaggtga
vV b G Q G N F G S VD GD S P A AMUP RY T EA ATZRIULWDNIE KL G E

541 agaaatgatgcaggacctctacaaagagactgtagatttcgaacctaacttecgataatacgetgatggaacccaaagtgatgecgacacy
E M M Q0 D L Y K E T V D F E P N F DNTLMEU®PK VM P T R

631 tattccgaatttgctggttaacggtgcttccggtattgctgtaggtatggecaaccaacatgecgecccataatetgtetgaagtcatega
1 P N L L VN GAMS S G I AV GMATNMZPUPUHIUNILSE V I D

721 tgcctgegaagcatatettgacaataaagatgtgaccgtagaggaactgatggaatatgtaaaagegeccgacttecctacaggaggata
A C EAY L DN KD VTV EELMEYV KA AUPT DTFPTG G Y

811 tatatatggcataagcggcgtacgtgaagcctatcttacgggacgcggacgegtggttatgegecgegaaagecagaaatcgaateeggaca
I Y I s 6V REAYULTGGRGI RV VMRAI KA BATETITE S G Q

901 gacacatgataagatcgtcgttacagagattccctacaacgtgaataaggcagaattgattaaagcaattgctgatcttgtcaatgaaaa
T E D K I Vv T E I P Y NV NKAZETULTII KA ATIADTILV N E K

991 aagaatagaaggcatatcaaatgccaacgacgagtccgaccgtgaaggtatgcgcatcgttattgatatcaaacgggatgcaaatgeaag
R I B 6 I s N ANDE S DR EGMURTIUV I DI K RDU AN A S

1081 tgtagtgctgaacaagctctataaaatgacageccttgcagacgtcattcggtgtaaataacgttgcactggtcaacggacgccctaaaat
vV v L. N K L ¥ KM TAULQ T S F 6V NNV ALV NG R P K M

1171 gctgaatttacgegacttgattgtttacttcgtagaacatagacacgatgtggtaattcecgtegtactcaatttgacctgegtaaggecaa
L N L R DL I VY F V EHRUHDV V I RRTQVFDILRK A K

1261 agaacgtgcacacatcttggaaggtctgattatcgetteggataatattgacgaagtaattcgtatcatccgegecgeccaaaacaccaaa
E R A H I L E G L I I A S D VNI DEV I R I I RAAI KTPN

1351 cgatgcaatctececggactgatggaacgcttcaacctgagcgaaattcaggcacgegecategttgaaatgegectgegecaattaacagg
D A I s G L M ERVF NL s EI 0 A RATIV EMZ®BRTLUZRUZQTUILT G

1441 tectgatgcaagatcagctccatgctgaatacgaggaggttatgaagecagatagecatatttggaaagtatcectggecgatgatgaagtatyg
L M ¢ D ¢ L. H A E Y EE V M K ¢ I A Y L E S I L A DD E V C

1531 ccgtaaagtaatcaaagacgaattgctggaagtaagagctaaatatggtgacgaacgeegttetgaaatcgtttattcatcagaagaatt
R K v I K D E L L E-V RA K Y GDEIRI RS E I V Y S s EE F

1621 caatccggaagacttttatgcggatgatcagatgattatcaccatctcacacatgggatatatcaaacgtacaccattgacagaattccg
N P ED F Y A D DB Q M I I T I 8 H M G Y I K R TP L T E F R

1711 tgctcaaaaccgcggtggagtaggctcgaagggtactgaaaccegtgatgaagactttgttgagcacatctacceggecaacaatgcacaa
A Q N R GGV G s K T ET®RDEUD F V EHTI Y P ATMUHN

1801 cacgatgatgttctttactcaaaagggtaaatgttactggctgaaggtatatgaaatacctgaaggaacaaagaactctaagggccgtgce
T M M F F T 9 K ¢ K ¢ ¥ WL K V Y E I P E G T K N S K G R A

1891 tatccagaacttcctgaacattgactcggacgatgctgttaatgcatatttgegtgtgaagagtttgaatgaccaggaatatattaacag
1 ¢ N F L N I D s D D A V N A Y L RV K S L N D Q E Y I N S

1981 tcattatgtactgttctgtaccaagaatggcgttataaagaaaacatctttggaacaatactcacgcccgegecagaatggtgtcaatge
H Y vL F ¢ T KNG V I K KT 8 L E Q Y s R P R Q N G V N A

2071 aattactatacgtgaagacgaccgagtaatagaagtgcgtatgaccaacggaaacaacgaaatcatcatagccaaccgtaacggacgege
I T I REDD RV I EV RMTNUGNNWDNTETITITIANU RIDNGT RA

2161 aatacgtttccatgaagcagcagttcgcgtaatgggccgtacagctaccggagttegtggtatcacactggatgacgacggacaggatga
I R F HEAA AUV RVMGRTATGV R G I T LD DD G Q D E

2251 agtaataggcatgatttgcattaaggatctcgagacagagtccgtaatggttgtctccgaacaaggctatggtaaacgttcotgatattga
v I ¢ M I ¢ I K DL ETE S VMV V S E @ ¢ Y G KR S8 D I E

2341 agattatcgtaaaacaaaccgtggcggcaaaggtgtgaagaccatgaatattaccgaaaaaacaggtaaactggttacaatcaagtctgt
D Y R XK TNIRGGI X GV KTMNDNTITTETZ KTGK KLV T I K S5 V

2431 aacagacgaaaacgacctgatgatcattaataaatcgggtattacaattcgtctgaaagtagctgatgtecgecatcatggggegtgeaac
T b E N D L M I I N K S G I T I R L X V A DV R I MG RAT

2521 tcaaggagtccgtetgatcaatcttgaaaaacgtaacgaccagatcggttctgtatgtaaagttacatccgaaagcctggaagatgaagt
Q 6 V R L I N L E K RND QI G SV CZX VT S E s L E DE V

2611 tccggaagaagaaagagaaggaaatattccaagcgatccggaaacgaatacaccggtaaatgacacagaagaatagacataatattaata
P EE EREGNTI P D VP ETNT?PV NDTE E *

2701 attaatcaaacaacaatcatgaaaagagtattattttcaatggttttactgatggcagtaagttttgcattcgctcaggagaaaaaatgt
2791 aaaagaagcgaaaagcattgccggagaagtaaaacctgacttcgcaaaagctgaacaactgattaacggagcattaactaaccetgaaac

. 2881 aaaggataatacggcaacttgggacgtagcaggttatattcagaaaagaatcaacgaaaaggagatggaaaatgcttatctgagaaaacc
2971 ttatgatacattgaaagtatacaatagcgtactgaatatgtacaattattatgttaaatgtgacgaactggecacagatttcctaatgaaa
3061 agggtaaaattaaaacaaatacagaggcgccactcaaaaacaattctggcagaacgtcctaact

FIG. 1. Nucleotide and deduced amino acid sequence of a 3,124-bp fragment which contains the gyr4 gene of B. fragilis ATCC 25285. The methionine initiation
codon is underlined. An asterisk indicates the stop codon.
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MOLECULAR CLONING OF gyrA AND gyrB OF B. FRAGILIS

gactctata aatattagaagccggacttttcagtteggetttttatgotttcaattacccggtegggtttatttttaattettettttt
tcactcttecattcttetetaactcagatattttoactatatttgetetgttattataattaggaatcaaattatgagecgaagaacagaat
M 8 E E ¢ N

cccaccaataacgggtcttattcagcagatagtateccaagtattggaaggacttgaagcagttagaaaacgccctgegatgtacattggt
P T N N G S Y s A D S I Q V LEGTULTEA AVIRIEKI RUPAMTYEYTIG

gacatcagcgtaaagggacttcatcacttggtatatgaaattgtcgacaactctatcgacgaagcattggoccggttattgcgaccatate
p I 8 vV K 6L HHL V Y E I VDN s I DEATULAGYCDHI

gaagtaactatcaacgaagacaactctatcaccgtacaggataatggacgtggtattecggtagatttccacgaaaaagageagaaatct
E V T I N E DN S I TV QD NGR G I P VDFHEIZ KTE Q K 8

gcectcgaagttgecatgaccgtactgcatgcocggaggtaagttogataaaggttcegtacaaagtatccggaggtettcacggtgtaggt
A L EVAMTV L HAGGZ K PF DK G S Y KV S G G L HG V G

atgtcctgtgtgaatgcattgtcectacacacatgactacccaggtatteccgecaacggtaaaatctatcagcaggaatatgaaatcggtaaa
M § ¢ VN AL STUHMTTQV F RUNGI KTI Y QOQEYE I G K

cecgctttatccecgttaaagaagtaggaatageggaccacacaggaaccaaacagcaattctggccegatgacagtatectttaccgaaace
P L Y PV K E V GGI ADUHTGTX Q Q F WPDD s I F TZET

atttatgattataagattctggcttcacgtttacgtgaattggcttatctgaatgeccggtctgegecatctegetgacagategtegegta
I Yy py K I L A S RULUZRETLAYTLNA ASGTLI RTIZSTILTUDIRR V

gtgaatgaggacggcagtttcaaacacgaaactttcectattcggaagagggtttaagagaatttgtacgtttcatcgaategtcacgegaa
vV N ED G 8 F K H ETTF Y s EE G L REVFV RF I E S S8 R E

cacttgattaacgatgtgatttatctaaacacagagaaacaaaacatccccatcgaggtggetatcatgtacaataccggattttcagaa
H L I ¥ DV I Y L NTZEI KO QUNTIUPIEUVATIMMTYNTGT F S5 E

aatatccattcgtacgtcaataacattaatactatagaaggtggtacgcatctggeaggtttccgecgegecctgaccegtacactgaay
N I H 8 ¥ V N N I N T I E G 66 T H L A G F R R A LTI RT L K

aaatatgcagaagacagcaaaatgetggagaaagttaaagtagaaatctececggeogatgactttcgtgaaggtotgacagetgtgatetet
K Y A E D 8 K ML E X V KV EI S G DDV FREGULTAV I S

gtaaaagtagctgaaccccaatttgaaggacagactaaaactaagttgggaaacaacgaagttaatggggtgctgccgatcaggeggtat
VvV X VA E P QF E G QT K T XKL GNIDNEUV NGV L PTIIRTI RY

ggcgaagtactaaactattatctggaagaacacccgaaagaggctaaagcaattgtagacaaagtgattttggetgetactgeacgecac
G E V L N Y Y L E E H P XK E A K A I Vv D K V I L A ATA R H

gccgecccgcaaagcgegtgagatggtacagegtaaatctectatgtcaggtggeggtettecgggtaaactggecgactgeteggacaaa
A AR KARUEMUV QRUE KS PM S GGG L P G KL ADTC S D K

gacccgcagaagtgtgagttattecctegtcgagggagactectgecggecggtacagectaagcaaggtegtaacegtgeatttcaggetatt
D P Q K C E L F L V EGD S AGGTAZ K QG RNIRA ATF QO A I

cttccactacgcggtaagattctgaacgtagagaaagccatgtatcacaaagegcttgaaagegaagaaatacycaatatatacacggea
L P LR G K I LNV EXAMYUHZI KA ATLTESETETIIT RINTIYTA

ctgggtgtcactatcggaacggaagaagacagcaaagctgccaatattgataagectgegetatcataaaatcattatcatgacegatgece
L ¢vVvTTI GGTEETD S KA AN I D XK LR Y H K I I I M T D A

gacgtcgatggatcacacatcgacacactgatcatgacttttttecttececgetatatgecacagatcatccagaatggoctatectgtacatt
b vpD GG S HIDTTULIMTT FT FV FRYMUPOQTI I QNG Y L ¥ I

gccactccceegetctacctttgcaaaaaaggaaaaatagaagagtattgetggacagatgecgeaacgccagaagtttategacacttat
A T P P L Y L C K K G K I EE Y CWTUDAZQI®RUOQI KT FTIDTY

ggtggcggttcggaaaatgcaatccatacacagecgctacaaaggtttgggtgagatgaatgeccagecagttgtgggaaacgactatggat
G G 6 8 EN A I HT QR Y K GL GEMUNAUGQOQLWETTMTD

ccggaaaaccgtatgctgaaacaggttaatatcgacaacgcagcagaageccgactatatcttocteccatgttgatgggtgaagacgtaggt
P ENRMUL K Q V NI DNAAEH ADPD Y I F 8 ML MGEDV G

ccacgccegegagttcattgaagaaaatgcaacgtatgcaaatatcegatgcataattcgtaatataaacaccaacctcacatcttacaacg
P R R E F I E E N A T Y A N I D A *

aagaagcgccggcgctgaaggaaaatcecttcggaccggegettttetttgaatte

2425

FIG. 2. Nucleotide and deduced amino acid sequence of a 2,215-bp fragment which contains the gyrB gene of B. fragilis ATCC 25285. The symbols are defined in

the legend to Fig. 1.

Nucleotide sequence accession numbers. The DNA sequences corresponding
to the gyrA and gyrB genes have been assigned GenBank accession no. AB017712

and AB017713, respectively.

RESULTS

a partially Sau3Al-digested genomic library was screened with
the two genes as probes. Fragments of 1.8 and 3 kb were

screened by the gyr4 probe, and a 0.6-kb fragment was
screened by the gyrB probe. Analysis of the nucleotide se-

Cloning and sequencing the gyr4 and gyrB genes of B. fra-
gilis. Southern blot hybridization analysis of genomic DNA
from B. fragilis ATCC 25285 revealed that a 1.5-kb EcoRI
fragment and a 4-kb Sphl fragment hybridized to the E. coli
grA and gyrB probes, respectively (data not shown). These
fragments were isolated by colony hybridization of a size-se-
lected B. fragilis ATCC 25285 EcoRI fragment library and an
Sphl fragment library. DNA sequence analysis of both clones
indicated that the sequences showed high homology with gyr4
and gyrB of E. coli. To obtain full-length gyr4 and gyrB genes,

quences revealed two open reading frames for GyrA and
GyrB. The gyr4 and gyrB genes encoded 845- and 653-residue
proteins with predicted molecular masses of 95.7 and 70.9 kDa
(Fig. 1 and 2). The deduced products of gyr4 and gyrB exhib-
ited 48 and 52% identity, respectively, to GyrA and GyrB of E.
coli. The homology of the GyrA QRDR between B. fragilis and
E. coli was particularly high (70%), suggesting that this region
of B. fragilis is also related to quinolone resistance (Fig. 3).
Purification of GyrA and GyrB in E. coli. To identify the
proteins encoded by gyrA and gyrB, we overexpressed the pro-
teins and examined their enzymatic properties. The putative
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¢tM--LEQODRIIKINIEEEMKSSYIDYSMSVIVSRALPDVRDGFKPVHRRILYGMMELGNTS

58

E.coli 1:MSDLARE-ITPVNIEEELKSSYLDYAMSVIVGRALPDVRDGLKPVERRVLYAMNVLGNDW 59
S.aureus 1:MAELPQSRINERNITSEMRESFLDYAMSVIVARALPDVRDGLKPVHRRILYGLNEQGMTP 60
* * e K OREE RRARE RRRANKKARE RAARAR kA
B.fragilis 59: DKPYKKSARIVGEVLGKYHPHGDSSVYFAMVRMAQEWAMRYPLVDGQGNFGSVDGDSPAA 118
E.coli 60:NKAYKKSARVVGDVIGKYHPHGDSAVYDT IVRMAQPF SLRYMLVDGQGNFGSIDGDSAAA 119
S.aureus 61:DKSYKKSARIVGDVMGKYHPHGDSSI YEAMVRMAQDF SYRYPLVDGQGNFGSMDGDGAAA 120
 kkkkRk Kk ok kAR kkARRE K Ak hAh Kk Ak kR AR AA Rk kk
B.fragilis 119:MRYTEARLNKLGEEMMODLYKETVDFEPNFDNTLMEPKVMPTRIPNLLVNGASGIAVGMA 178
E.coli 120:MRYTEIRLAKIAHELMADLEKETVDFVDNYDGTEKIPDVMPTKIPNLLVNGSSGIAVGMA 179
S.aureus 121 :MRYTEARMTKITLELLRDINKDTIDFIDNYDGNEREPSVLPARFPNLLANGASGIAVGMA 180
rERE * x * R I T I * x o KRR KK AR AR KRR
B.fragilis 179: TNMPPHNLSEVIDACEAYLDNKDVIVEELMEYVKAPDFPTGGYIYGISGVREAYLTGRGR 238
E.coli 180: TNIPPHNLTEVINGCLAYIDDEDI SIEGLMEHIPGPDFPTAAI INGRRGIEEAYRTGRGK 239
S.aureus 181: TNIPPHNLTELINGVLSLSKNPDISIAELMED I EGPDFPTAGLILGKSGIRRAYETGRGS 240
E kkERE K ® * *hw r Rk * % % Kk kREn
B.fragilis 239:VVMRAKAEI-E~-SGQTHDKIVVTEIPYNVNKAELIKAIADLVNEKRIEGISNANDESD- 294
E.coli 240:;VYIRARAEV~-EVDAKTGRETIIVHEIPYQVNKARLIEKIAELVKEKRVEGISALRDESD- 297
S.aureus 241:IQMRSRAVIEE--RGGGRQRIVVTEIPFQVNKARMIEKIAELVRDKKIDGITDLRDETSL 298
P * L T ** ok
B.fragilis 295:REGMRIVIDIKRDANASVVLNKLYKMTALQTSFGVNNVALVNGRPKMLNLRDLIVYFVEE 354
E.coli 298:KDGMRIVIEVKRDAVGEVVLNNLY SQTQLQVSFGINMVALHHGOPKIMNLKDITAAFVRE 357
S.aureus 299:RTGVRVVIDVRKDANASVILNNLYKQTPLQTSFGVNMIALVNGRPKLINLKEALVHYLEH 358
* ok kx * Kok AR R KRR KRR K KE * KK KR
B.fragilis 355:RHDVVIRRTQFDLRKAKERAHILE~~~~GL-II~A~SDNI====== DE===VIwewuua= 391
E.coli 358:RREVVTRRTIFELRKARDRAHILEALAVALANIDPIIELIRHAPTPAEAKTALVANPWQOL 417
S.aureus 359 : QKTVVRRRTQYNLRKAKDRAHILE----GL-RI-A- LDHI —————— DE-—-II-vmmme~ 395
*k Rkk Ckkk Rk kAR * *
B.fragilis 392:RII--RAAKTPNDA--ISGL----MER---FNLSEIQARATVEMRLRQLTGLMODQLHAE 440
E.coli 418:GNVAAMLERAGDDAARPEWLEPEFGVRDGLYYLTEQQAQATILDLRLOQKLTGLEHEKLLDE 477
S.aureus 396:STI——RESDTDKVA--MESL----QQR---FKLSEKQAQAILDMRLRRLTGLERNKIEAE 444
* X ok kA h ARk *
B.fragilis 441:YEEVMKQIAYLESILADDEVCRKVIKDELLEVRAKYGDERRSEIVYSS-EEFNPEDFYAD 499
E.coli 478:YKELLDQTAELLRILGSADRLMEVIREELELVREQFGDKRRTEITANSAD-INLEDLITQ 536
S.aureus 445: YNELLNYISELEAILADEEVLLQLVRDELTEIRDRFGDERRTEIQLGGFEDLEDEDLIPE 504
* % * & kw o * x xx KR *x
B.fragilis 500:DOMIITISHMGYIKRTPLTEFRAQNRGGVGSKGTETRDEDFVEHIYPATMHNTMMFFTOK 559
E.coli 537 :EDVVVTLSHQGYVKYQPLSEYEAQRRGGKGKSAARIKEEDFIDRLLVANTHDHILCFSSR 596
S.aureus 505:EQIVITLSHNNYIKRLPVSTYRAQNRGGRGVQGMNTLEEDFVSQLVTLSTHDHVLFFTNK 564
xoxE o ox Kk AAE K - *
B.fragilis 560:GKCYWLKVYEIPEGTKNSKGRAIQNFLNIDSDDAVNAYLRVKSLNDQEYINSHYVLFCTK 619
E.coli 597 : GRVYSMKVYQLPEATRGARGRPIVNLLPLEQDERITA~—=I~==== Le===- P-~--V--T 638
S.aureus 565:GRVYKLKGYEVPELSRQSKGIPVVNAIELGNDEVISTMIAVKDL ESE~-D-NFLVFATK 620
P * *
B.fragilis 620:NG—VIKKTSLEQYSRPRQNGVNAITIREDDRVIEVRMTNGNNEIIIANRNGRAIRFHEAA 678
E.coli 639¢tE-—-F-—————=~==u E-EG-===~ V--~K~=--VFMATANGTVKKTVLTEFNRLRTAGKV 672
S.aureus 621:RG-VVKRSALSNFSRINRNGKIAISFREDDELIAVRLTSGQEDILIGTSHASLIRFPEST 679
* * *
B.fragilis 67931 VRVMGRTATGVRGITLDDDGQDEVIGMICIKDLETESVMVVSEQGYGKRSDIEDYRKTNR 738
E.coli 673:AIKL-VDGDELIG-VDLTSGEDEVMLF SAEGKVVRFKESSVRAMG-CNTTGVRGIR-LGE 728
S.aureus 680 LRPLGRTATGVKGITL-REG-DEVVGLDVAHANSVDEVLVVTENGYGKRTPVNDYRLSNR 737
* * kA * * *
B.fragilis 739:GGKGVKTMNITEKTGKLVTIKSVTDENDLMI INKSGITIRLKVADVRIMGRATQGVRLIN 798
E.coli 729:GDKVVSLIVPRGDGAI LTATONGYGKRTAVAEYPTKSRATKGVISIKVTERNGLVVGAVQ 788
S.aureus 738:GGKGIKTATITERNGNVVCITTVTGEEDLMIVTNAGVIIRLDVADISQNGRAAQGVRLIR 797
* * * *
B.fragilis 799 : LEKRNDQIGSVCKV--TSESL-EDE---VPEE--E---REGNIPSD-P-ET-NTPVNDT- 844
E.coli 789: VDDCDQIMMITDAGTLVRTRVSEI SIVGRNTQGVILIRTAEDENVVGLORVAEP--VDEE 846
S.aureus 798: LGD-DQFVSTVAKVKEDADEVNEDEQSTVSEDGTE~QQREAVVNDETPGNAIHTEVIDSE 855
* *
B.fragilis 845: EE 845
E.coli B47:DL-DTIDGSAAEGD-DEIAPEVDVDDEPEEE 875
S.aureus 856 : ENDEDGRIEVRQDFMDRVEEDIQQSSDEDEE 886

*

FIG. 3. Alignment of B. fragilis GyrA (A) and GyrB (B) protein sequence with their counterparts in E. coli and S. aureus. An asterisk indicates identity among all
three proteins. The numbers indicate amino acid residues. Residue Ser-82 (S) in B. fragilis GyrA and the position of the catalytic tyrosine (Y) residue involved in DNA

breakage reunion (12) are in boldface and underlined.

GyrA and GyrB proteins were expressed as MBP fusion pro-
teins and purified separately. The bands for each protein on a
sodium dodecyl sulfate-polyacrylamide gel stained with Coo-
massie brilliant blue were about 95 and 70 kDa for GyrA and
GyrB, respectively (Fig. 4). Neither protein alone had super-
coiling activity, but the reconstituted proteins showed ATP-
dependent enzymatic activity (Fig. 4). These results demon-
strate that the 95- and 70-kDa proteins of B. fragilis are GyrA
and GyrB, respectively.

Sequence analysis of stepwise-selected levofloxacin-resis-
tant mutants of B. fragilis. In order to examine the role of
DNA gyrase in quinolone-resistant B. fragilis, we developed
mutants of susceptible strain ATCC 25285 by stepwise expo-
sure to levofloxacin. In the first round of selection, isolate
ATCC 25285 (approximately 10° CFU) was plated on GAM
agar plates containing increasing concentrations of levofloxa-
cin in multiples of the MIC. More than 100 colonies (first-step

mutants) grew on the plate containing 0.78 wg of levofloxa-
cin/ml, and no growth was seen at higher drug concentrations.
Two first-step mutants (L1-1 and L1-2) were selected for gyrA
sequence analysis. Mutant L1-1 was exposed to increased drug
levels on plates. At a concentration of 3.13 wg/ml, more than
100 colonies (second-step mutants) were able to grow. Third-
and fourth-step mutants, which grew in the presence of 12.5
and 25 pg of levofloxacin per ml, respectively, were generated
similarly. Mutant strains were also cross-resistant to other
quinolones: sitafloxacin, ciprofloxacin, and sparfloxacin (Table
1).

A 346-bp gyrA fragment spanning codons 1 to 115 was am-
plified by PCR from levofloxacin-resistant mutants. This region
encompasses sequence equivalent to the quinolone resistance-
determining region of E. coli GyrA (residues 67 to 106). PCR
products were ligated into plasmid pCRII, and the inserts were
sequenced. The nucleotide sequences of the PCR products
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B B-fragilis 1:MSEE-ONPTNNGSYSADSIQVLEGLEAVRKRPAMYIG-D1SVKGLHHLVYEIVDNSIDEA 58
E.coli 1tMemmmmmee SNSYDSSSIKVLKGLDAVRKRPGMY IGDTDDGTGLHHMVFEVVDNAIDEA 51
S.aureus 1:MVTALSDVNNTDNYGAGQIQVLEGLEAVRKRPGMYIG-STSERGLHHLVWEIVDNSIDEA 59

* * A kk kK RRRKER kAR ARk K K kA AkhA
B.fragilis 59: LAGYCDHIEVTINEDNSITVQDNGRGTPVDFHEKEQKSALEVAMTVLHAGGKFDKGSYKV 118
E.coli 52:LAGHCKEIIVTIHADNSVSVQDDGRGIPTGIHPEEGVSAAEVIMTVLHAGGKFDDNSYRV 111
S.aureus 60: LAGYANQIEVVIEKDNWIKVTDNGRGIPVDIQEKMGRPAVEVILTVLHAGGKFGGGGYKV 119
kx * ok ok mk Kok kAAAR *oRE kR ERRRRAR *hk
B.fragilis 119 : SGGLHGVGMSCVNALSTHMTTQVFRNGKI YQQEYEIGKPLYPVKEVGIADHTGTKQOFWP 178
E.coli 112:SGGLHGVGVSVVNALSQKLELVIQREGKIERQIYEHGVPQAPLAVTGETEKTGTMVRFWP 171
S.aureus 120: SGGLHGVGSSVVNALSQDLEVYVHRNETI YHOAYKKGVPQFDLKEVGTTDKTGTVIRFKA 179
KrF A AR AR K kAR A * * ke ox * ek *
B.fragilis 179:DDSIFTE-TIYDYKILASRLRELAYLNAGLRISLTDRRVVNEDGSFKHETFYSEEGLREF 237
E.coli 172:SLETFTNVTEFEYEILAKRLRELSFLNSGVSIRLRDKR---D-G--KEDHFHYEGGIXKAF 225
S.aureus 180:DGEIFTETTVYNYETLOQRIRELAFLNKGIQITLRDER--DEE-NVREDSYHYEGGIKSY 236
*k x T T S T S N * >
B.fragilis 238:VRFIESSREHLINDVIYLNTEKQNIPIEVAIMYNTGFSENIHSYVNNINTIEGGTHLAGF 297
E.coli 226 :VEYLNKNKTPIHPNIFYFSTEKDGIGVEVALQWNDGFQENIYCFTNNIPQRDGGTHLAGF 285
S.aureus 237: VELLNENKEPIHDEPIYIHQSKDDIEVEIAIQYNSGYATNLLTYANNIHTYEGGTHEDGF 296
X x k% > > * ok XEEE Kk
‘B.fragilis 298:RRALTRTLKKYAEDSKMLEKVKVEI SGDDFREGLTAVISVKVAEPQFEGQTKTKLGNNEV 357
E.coli 286 : RAAMTRTLNAYMDKEGY SKKAKVSATGDDAREGLIAVVSVKVPDPKFSSQTKDKLVSSEV 345
S.aureus 297 :KRALTRVLNSYGLSSKIMKEEKDRLSGEDTREGMTAI I STKEGDPQFEGOTKTKLGNSEV 356
ok ow x * ok REE kA w ok kA kA >k
B.fragilis 358:NGVLPIRRYGEVLNYYLEEHPKEAKAIVDKVILAATARHAARKAREMVQRKSPMSGGGLP 417
E.coli 346 :KSAVE-QQMNELLAEYLLENPTDAKIVVGKI IDAARAREAARRAREMTRRKGALDLAGLP 404
S.aureus 357 : RQVVD- KLFSEHFERFLYENPQVARTVVEKGIMAARARVAAKKAREVTRRKSALDVASLP 415
* ok ok ok ok A Rk Ak kA * % ok
B.fragilis 418 : GKLADCSDKDPQKCELFLVEGDSAGGTAKQGRNRAFQAILPLRGKILNVEKAMYHKALES 477
E.coli 405:GKLADCQERDPALSELYLVEGD SAGGSAKQGRNRKNQAILPLKGKILNVEKARFDKMLSS 464
S.aureus 416:GKLADCSSKSPEECEIFLVEGDSAGGSTKSGRDSRTQATLPLRGKILNVEKARLDRILNN 475
Ak Ak * O REARRARRN H Kkk Ak Ak Ak kA kAR *
B.fragilis 478:EEIRNIYTALGVTIGTEEDSKAANIDKLRYHKIIIMTDADVDGSHIDTLIMTFFFRYMPQ 537
E.coli 4653+QEVATLITALGCGIGRD-EYN-P--DKLRYHSIIIMTDADVDGSHIRTLLLTFFYROMPE 520
S.aureus 476: NEIRQMITAFGTGIG——GDF———DLAKARYHKIVIMTDADVDGAHIRTLLLTFFYRFMRP 530
ok ok BoRRE K RARERRARRE KK KK Ak kA
B.fragilis 538: IIQNGYLYTATPPLYLCKKGKIEEYCWTDAQRQKFIDTYGGGSENAIHTQRYKGL-GE-M 595
E.coli 521:IVERGHVYIAQPPLYKVKKGKQEQYTKDDEAMDQYQTSTALDGATLHTNASAPALAGEAL 580
S.aureus 531:LIEAGYVYIAQPPLYKLTQGKQKYYVYNDRELDKLKSELNPTPKWSI-A-RYKGL-GE-M 586
P L *x * * *
B.fragilis 596 ~N-AQQLWET-TM-DP-ENRMLKQVNIDNAAEADY IF SMLMGEDVGPRR--EFI-EENAT 647
E.coli 581:EKLVSEYNATQKMINRMERRYPKAMLKELI YQPTLTEADLSDEQTVTRWVNALVSELNDK 640
S.aureus 587 : -N-ADQLWET~TM-NP~ EHRALLQVKLEDAIEADQTFEMLMGDVVENRR—-QFI EDNAV 638
* % * x * *
B.fragilis 648:YANIDA 653
E.coli 641:EQHGSQWKFDVHTNAEQNLFEPIVRVRTHGVDTDYPLDHEF ITGGEYRRICTLGEKLRGL 700
S.aureus 639 : YANLDF-—--~ 644
B.fragilis 6542 --- 653
E.coli 701:LEEDAFIERGERRQPVASFEQALDWLVKESRRGLSIQRYKGLGEMNPEQLWETTMDPESR 760
S.aureus 645z 644
B.fragilis 65432 ———— 653
E.coli 761:RMLRVTVKDATAADQLFTTLMGDAVEPRRAFIEENALKAANIDI 804
S.aureus 6453 - 644

FIG. 3—Continued.

from L1-1 and L1-2 were identical to that of ATCC 25285.
However, PCR products from second-step mutants carried a
single-nucleotide change compared to the wild type. A TCT-
to-TTT alteration was found at codon 82, which would result in
a Ser-to-Phe substitution in GyrA. Sequence analysis of PCR
products from third- and fourth-step mutants (in each case,
two mutants were examined) did not reveal further mutations
in this region of the gyr4 gene. The QRDR of gyrB (residues
436 to 467) of levofloxacin-resistant mutants was also amplified
and analyzed. The nucleotide sequence of this region of all
mutants was identical to that of ATCC 25285.

DISCUSSION

We have cloned and characterized the gyr4 and gyrB genes
of B. fragilis. Assignment was based on close sequence homol-

ogy to E. coli DNA gyrase subunits and the demonstration that
when expressed in E. coli, the reconstituted GyrA and GyrB
proteins showed ATP-dependent supercoiling activity, which is
characteristic of DNA gyrase. The QRDR is highly conserved
among B. fragilis, E. coli, and S. aureus. Ser-82 and Tyr-121,
which are reported to be sites important in quinolone resis-
tance and DNA breakage reunion (12, 21), respectively, were
conserved among the three strains.

We isolated a series of B. fragilis ATCC 25285 mutants
resistant to levofloxacin by stepwise selection on plates con-
taining increasing drug concentrations (Table 1). These strains
also exhibited cross-resistance to other quinolones. By exam-
ining gyrA genes in the quinolone-resistant ATCC 25285 mu-
tants, we found mutation of Ser-82 to Phe in GyrA. As this
residue is equivalent to the resistance hot spot Ser-83 of GyrA
in E. coli (5, 10, 23, 31), the mechanisms of quinolone resis-
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TABLE 1. Properties of mutants of B. fragilis ATCC 25285 selected for resistance by stepwise exposure in vitro to levofloxacin

MIC (pg/ml)® Mutation
Strain”

LVFX STFX CPFX SPFX oA orB
ATCC 25285 0.78 0.025 1.56 0.78
L1 3.13 0.10 12.5 1.56 None None
L2 12.5 0.78 25 6.25 Ser-82 (TCT)—Phe (TTT) None
L3 50 1.56 50 25 Ser-82 (TCT)—Phe (TTT) None
L4 50 1.56 50 50 Ser-82 (TCT)—Phe (TTT) None

“Two clones were analyzed for each strain.

> The MIC is the lowest drug concentration at which no bacterial growth on GAM agar plates was observed after anaerobic incubation overnight at 37°C. LVFX,

levofloxacin; STFX, sitafloxacin; CPFX, ciprofloxacin; SPFX, sparfloxacin.

tance for the two species are likely identical, and the mutation
is related to quinolone resistance. Mutations in gyrB are also
related to quinolone resistance (33), but no mutation was de-
tected in our strains. Although gyrB mutations were not in-
volved in quinolone resistance in this study, mutations in gyrB
may, in general, be related to quinolone resistance in B. fragilis.
Since no other mutation was detected in the GyrA and GyrB
QRDRs of the highly quinolone-resistant strains L3 and L4,
mutations in other regions may occur. Mutations in parC or
parE are possible explanations. No mutation was detected in
the first-step mutants (L1). As the level of resistance is modest,
it is conceivable that an efflux pump or outer membrane per-
meability is related to quinolone resistance in first-step mu-
tants (20). In this study, no mutation besides Ser-82 was ob-
served in the QRDR of gyr4 in the quinolone-resistant
mutants, but alteration of Phe-86, which is equivalent to

(G

1234
118kDa — ...
<«— GyrA
85kDa —
<— GyrB
47 kDa — - <«— MBP
®
1 23 45

<— relaxed pBR322
<— supercoiled pBR322

FIG. 4. Purification of B. fragilis GyrA and GyrB proteins. (A) Sodium do-
decyl sulfate-polyacrylamide gel electrophoresis analysis of purified B. fragilis
GyrA and GyrB proteins. The proteins were electrophoresed in a 10% poly-
acrylamide gel and stained with Coomassie brilliant blue. The masses of the
protein markers are indicated in kilodaltons on the left. Lane 1, MBP-GyrA
fusion protein; lane 2, MBP-GyrB fusion protein; lane 3, MBP-GyrA fusion
protein after factor Xa cleavage; lane 4, MBP-GyrB fusion protein after factor
Xa cleavage. (B) Supercoiling activity of purified GyrA and GyrB proteins. Lane
1, purified GyrA (1 U); lane 2, purified GyrB (1 U); lane 3, purified GyrA (1 U)
and GyrB (1 U); lane 4, purified GyrA (1 U) and GyrB (1 U) without ATP; lane
5, no addition. The source of DNA is pBR322.

Asp-87 of GyrA in E. coli (5, 10, 23), or other alterations of
GyrA may also confer quinolone resistance in B. fragilis.

In the gram-negative species E. coli and N. gonorrhoeae,
quinolone resistance arises initially from a mutation in gyrA,
and additional mutation of parC leads to highly resistant iso-
lates (1, 13, 15). Thus, DNA gyrase appears to be the primary
target in these bacteria, with topoisomerase IV acting as a
secondary target. Although the parC gene of B. fragilis is not
yet cloned and analyzed, the observation of GyrA mutations in
quinolone-resistant mutants indicates that DNA gyrase is an
important target for quinolones in B. fragilis.

For further study of quinolone resistance in B. fragilis, anal-
ysis of the topoisomerase IV gene and efflux pumps is needed.
Additional characterization of the B. fragilis gyrA and gyrB
genes reported here should facilitate further understanding of
this important anaerobic pathogen.
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