ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Mar. 1999, p. 530-536
0066-4804/99/$04.00+0

Vol. 43, No. 3

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Cloning, Expression, and Enzymatic Characterization
of Pseudomonas aeruginosa Topoisomerase IV

TAKAAKI AKASAKA,* YOSHIKUNI ONODERA, MAYUMI TANAKA,
AND KENICHI SATO

New Product Research Laboratories 1, Daiichi
Pharmaceutical Co., Ltd., Tokyo, Japan

Received 5 October 1998/Returned for modification 12 November 1998/Accepted 30 December 1998

The topoisomerase IV subunit A gene, parC homolog, has been cloned and sequenced from Pseudomonas
aeruginosa PAO1, with ¢cDNA encoding the N-terminal region of Escherichia coli parC used as a probe. The
homolog and its upstream gene were presumed to be parC and parE through sequence homology with the parC
and parE genes of other organisms. The deduced amino acid sequence of ParC and ParE showed 33 and 32%
identity with that of the P. aeruginosa DNA gyrase subunits, GyrA and GyrB, respectively, and 69 and 75%
identity with that of E. coli ParC and ParE, respectively. The putative ParC and ParE proteins were overex-
pressed and separately purified by use of a fusion system with a maltose-binding protein, and their enzymatic
properties were examined. The reconstituted enzyme had ATP-dependent decatenation activity, which is the
main catalytic activity of bacterial topoisomerase IV, and relaxing activities but had no supercoiling activity.
So, the cloned genes were identified as P. aeruginosa topoisomerase IV genes. The inhibitory effects of
quinolones on the activities of topoisomerase IV and DNA gyrase were compared. The 50% inhibitory concen-
trations of quinolones for the decatenation activity of topoisomerase IV were from five to eight times higher
than those for the supercoiling activities of P. aeruginosa DNA gyrase. These results confirmed that topoisom-
erase IV is less sensitive to fluoroquinolones than is DNA gyrase and may be a secondary target of new

quinolones in wild-type P. aeruginosa.

Bacterial DNA topoisomerases are enzymes responsible for
controlling the topological states of DNA in DNA replication
and transcription (23). They act upon DNA to alter the level of
supercoiling, as well as to catenate and decatenate chromo-
somes (7, 28). Four DNA topoisomerases have been isolated
from Escherichia coli: topoisomerase I (44), DNA gyrase (11),
topoisomerase III (6), and topoisomerase IV (18). DNA gyrase
and topoisomerase IV are classified as type II topoisomerases
based on similarities in amino acid sequences and enzymatic
mechanisms. The mechanism of these enzymes involves DNA
cleavage and DNA strand passage through the break, followed
by rejoining of the cleaved DNA (36). DNA gyrase is unique
among known DNA topoisomerases because of its ability to
introduce negative supercoils into DNA molecules (11). DNA
gyrase, a heterotetramer, is composed of two subunits, GyrA
and GyrB, which are encoded by the gyr4 and gyrB genes,
respectively (1, 41, 45). GyrA is responsible for the DNA
strand binding, cleavage, and rejoining, and GyrB is responsi-
ble for ATPase activity. The N-terminal region of GyrA is
where the covalent attachment of a tyrosine residue to the 5’
end of cleaved DNA is formed (14).

Topoisomerase IV, the other type II DNA topoisomerase, is
encoded by the parC and parE genes in E. coli (18). Topoisom-
erase IV was reported previously to relax superhelical DNA
and to decatenate kinetoplast DNA (19, 34, 35). Unlike gyrase,
it shows no supercoiling activity. In vitro studies using purified
ParC and ParE proteins showed that the decatenation activity
of topoisomerase IV was five times more effective than its
relaxing activity (15).

The ParC and ParE proteins are homologous to GyrA
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(36%) and GyrB (40%), respectively, in E. coli, and the amino
acids around the DNA-binding site (tyrosine at position 122 in
GyrA) are particularly well conserved (18, 19, 34). In spite of
the high sequence homology between the respective DNA gy-
rase and topoisomerase IV subunit genes, they cannot com-
plement each other (19, 34). The genes encoding homologs of
E. coli DNA gyrase and topoisomerase IV subunits have since
been identified in many phylogenetic branches of bacteria (16).

Type II topoisomerases have become critical targets of drugs
for the treatment of various diseases. Bacterial type II topo-
isomerases have proven to be important targets for two classes
of antimicrobial agents; the A subunit is considered to be a
target of quinolones, whereas the B subunits are considered to
be that of coumarins (26). Quinolone antibacterial agents have
been used in therapy for various bacterial infections (8, 26). In
vitro and in vivo studies showed that the activity of DNA gyrase
and topoisomerase IV is inhibited by quinolones (8). DNA
gyrase is a primary target of quinolones in the gram-negative
species, such as E. coli, Neisseria gonorrhoeae, and Haemophilus
influenzae (3,12, 13, 21). For the E. coli enzymes, the inhibition
of the decatenating activity of topoisomerase I'V requires a 15-
to 50-times-higher concentration of quinolones than does the
inhibition of the supercoiling activity of DNA gyrase (15). In
contrast, the topoisomerase activity of topoisomerase IV is
more sensitive than that of DNA gyrase to some quinolones
such as levofloxacin and ciprofloxacin in Staphylococcus aureus
(43).

Pseudomonas aeruginosa is an opportunistic human patho-
gen and is intrinsically resistant to a wide variety of antibiotics,
because of the low outer membrane permeability and drug
efflux systems (32). Especially in patients with cystic fibrosis,
emergence of antibiotic-resistant P. aeruginosa strains is ob-
served (29). The major mechanisms of bacterial resistance to
quinolones are the modifications of the target sites of DNA
gyrase and topoisomerase IV. Alterations in DNA gyrase or
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TABLE 1. Nucleotide sequences of primers used in PCR

Primer Nucleotide sequence

Position Comment

Pr-PAPARE(1 5'-ATGATCGCCTGGAATCCTTTCCCG-3
Pr-PAPARCO05
Pr-PAPARC06
Pr-PAPARCO7
Pr-PAPAREO03
Pr-PAPARE04
Pr-PAGYRA31 5'-GAAAAAGGATCTAGACTTCTC-3
Pr-PAGYRA32 5'-CCGAAGCTTACTCTTCGTT-3
Pr-PAGYB103

Pr-PAGYB104 5'-CCGTATCCAAGCTTCCTGGCGCAA-3

5’-TCATCACCCCGCGCGCCGACCTGCAG-3

5'-TCTCCGTGAGGGATCCATGAGCGAAT-3

5’-ACCAGCGCCAAAGCTTCAGAGGCAGA-3

5'-TTGACTGTCTAGAGACCCCATGGCTA-3

5’-GAACAAGCTTAGGATGGCCAGCAGGC-3

5'-ACGACCATCGGGAATTCAGCATGAGCGAGA-3

parE 1310-1285 Amplification of a 1.5-kb fragment

parC 683-708 containing the 5 region of parE

parC ~16-10 Amplification of a 2.5-kb fragment

parC 2450-2425 containing parC

park —19-7 Amplification of a 1.9-kb fragment

parE 19221897 containing parE

grd —21-1 Amplification of a 2.8-kb fragment

@A 2778-2759 containing gyr4

grB —20-5 Amplification of a 2.2-kb fragment

@B 2502-2478 containing gyrB

topoisomerase IV caused by mutations in the so-called quino-
lone resistance-determining region (QRDR) (47) of gyrA or
parC appear to provide the resistance in many species of bac-
teria (8). The gyrA gene of P. aeruginosa was identified by
Kureishi et al. (22), and many mutations of the QRDR of gyr4
have been found in the quinolone-resistant P. aeruginosa (5, 22,
46). Although many studies have focused on DNA gyrase (17,
20, 25, 48, 49), the studies on topoisomerase IV are less ad-
vanced for quinolone-resistant P. aeruginosa. Recently, Na-
kano et al. (31) determined QRDR sequences of the gyr4 and
parC genes of 22 clinical isolates of P. aeruginosa and reported
that the accumulation of alterations in GyrA and the simulta-
neous presence of alterations in ParC may be associated with
the development of higher-level fluoroquinolone resistance.
However, it remains to be determined whether topoisomerase
activity of DNA gyrase is more sensitive to inhibition by quin-
olones than that of topoisomerase IV in P. aeruginosa.

Insofar as P. aeruginosa is an important bacterium for ecol-
ogy and infectious disease, we attempted to clarify the role of
topoisomerase I'V in the mechanism of action of quinolone on
P. aeruginosa. We report here the sequence of topoisomerase
IV parC and parE genes of P. aeruginosa PAO1. We focused on
and compared the inhibitory activities of quinolones against
gyrase and topoisomerase IV purified by the same method
from P. aeruginosa PAO1.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. P. aeruginosa PAO1 was used
to construct genomic libraries and as a reference strain having wild-type DNA
gyrase and topoisomerase IV. E. coli MC1061 and plasmids pUC19 and pUC118
were used to construct libraries and to subclone DNA inserts. Plasmid pCRII
(Invitrogen, San Diego, Calif.) was employed to clone PCR products in E. coli
JM109. Supercoiled pBR322 plasmid DNA (Boehringer Mannheim GmbH,
Mannheim, Germany) and kinetoplast DNA (Nippongene, Toyama, Japan) were
used for enzyme assays. Bacteria were grown routinely in Luria-Bertani broth or
on Luria-Bertani agar plates (27). SOC medium (Gibco BRL, Grand Island,
N.Y.) was used for transformation. The antibiotic used for plasmid selection in
E. coli was ampicillin (50 pg/ml). All other chemicals were purchased from
Sigma-Aldrich Japan (Tokyo, Japan). Plasmid preparation, agarose gel electro-
phoresis, DNA ligation, transformation, and other cloning procedures were done
by standard methods (37).

Southern blot analysis. Chromosomal DNA or cloned DNA fragments were
digested with restriction enzymes, separated by 0.8% agarose gel electrophoresis,
and blotted onto Hybond-N" membranes (Amersham Pharmacia Biotech) ac-
cording to standard procedures (37). Filters were hybridized to 3*P-radiolabeled
DNA probes obtained by random priming with the Quick Prime kit (Amersham

Pharmacia Biotech) with [a->?P]JdCTP. After hybridization, filters were washed
twice in 0.1X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5%
sodium dodecyl sulfate (SDS) for 2 h at 65°C.

PCR amplification and DNA sequence determination and analysis. The oli-
gonucleotide primers used for PCR amplification were synthesized in our labo-
ratories and are listed in Table 1. The amplification procedure comprised dena-
turation at 92°C for 2 min; this was followed by 35 cycles including denaturation
for 1 min at 92°C, annealing for 1 min at 55°C, and polymerization for 1 to 5 min
at 68 or 72°C. The reactions were performed in a final volume of 50 wl with 2.5
U of LA Tag DNA polymerase (Takara, Kyoto, Japan). DNA fragments were
subcloned into plasmid pUC19 and sequenced by the dideoxy chain termination
method (38) with a T7 sequencing kit (Amersham Pharmacia Biotech) according
to the manufacturer’s instructions and by a Pharmacia automatic sequencer.
DNA and protein sequences were analyzed by use of the GENETYX program
(Software Development Co., Ltd., Tokyo, Japan).

Construction of fusion plasmids. Four sets of 26-mer oligonucleotide primers
were designed to allow amplification of parC, parE, gyrA, and gyrB genes (Table
1). These genes were digested by BamHI-HindIIl (parC), Xbal-Hindlll (parE
and gyrA), or EcoRI-HindIII (gyrB); ligated with the pMAL-c2 plasmid (New
England Biolabs, Beverly, Mass.), yielding plasmids pMPPC203 (parC), pMPPE72
(parE), pMPGA417 (gyrA), and pMPGB512 (gyrB), respectively; and used to
produce the fusion protein.

Purification of the ParC, ParE, GyrA, and GyrB proteins. Proteins encoded by
the parC, parE, gyrA, and gyrB genes were purified by a protein fusion and
purification system for maltose-binding protein (MBP) fusion proteins (New
England Biolabs). Purification of the fusion proteins was carried out according to
the manufacturer’s protocol.

Inhibitory activities of quinolones against topoisomerase IV and DNA gyrase.
Supercoiled pBR322 plasmid DNA was purchased from Boehringer Mannheim
GmbH and was relaxed by topoisomerase I (Fermentas Ltd., Vilnius, Lithuania)
before testing for the supercoiling activity of DNA gyrase. Inhibitory activities of
quinolones against type II topoisomerases were assayed electrophoretically as
described previously (2).

Determination of MICs. P. aeruginosa PAO1 was cultivated overnight at 37°C
in Mueller-Hinton broth, and the MICs of quinolones were determined by the
standard agar dilution method with Mueller-Hinton agar (Difco). The inoculum
size was approximately 10* CFU/spot. The MIC was defined as the lowest drug
concentration that prevented visible bacterial growth of the inoculum after in-
cubation for 18 h at 37°C.

Nucleotide sequence accession numbers. The nucleotide sequence data of
parC and parE will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases with the following respective accession numbers: AB003428
and AB003429.

RESULTS

Cloning of the parC and parE homologs from P. aeruginosa
PAO1. The genomic DNA from P. aeruginosa PAO1 was par-
tially digested with Sau3Al. The digested DNA was size frac-
tionated (2.0 to 6.5 kb) and ligated into pUC19, which was
digested with BamHI. Transformants derived from E. coli
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FIG. 1. Restriction map of the parC and parE genes in P. aeruginosa PAO1 and alignment of plasmid clones. The parC and parE genes are indicated by shaded
regions. Plasmid pPC6B (3.8-kb insert in pUC19) and plasmid pPC41 (2.0-kb insert in pUC19) were obtained by colony hybridization with the 0.6-kb probe encoding
the N-terminus of E. coli parC. Plasmid pPC22, containing a 3.5-kb Sphl insert, was isolated from a size-selected library with a 0.3-kb fragment (no. 414) as probe.

Plasmid pPEG1 was obtained by PCR of a 4.7-kb PstI fragment.

MC1061 transformed with the resultant plasmids were
screened with the probe of 0.6-kb E. coli KL-16 parC (N-
terminal region) (positions 1 to 599 in parC). Plasmids were
isolated from colonies that showed a hybridization signal, and
plasmid pPC6B (4.1-kb insert in pUC19) and plasmid pPC41
(1.9-kb insert in pUC19) were isolated (Fig. 1). DNA sequence
analysis indicated that plasmid pPC6B contained parts of the
parC N-terminal and parE C-terminal regions and that plasmid
pPC41 contained part of the parC N-terminal region (Fig. 1).

To obtain full-length parC and parE genes, we performed
Southern blot analysis. Sphl digestion of genomic DNA from
P. aeruginosa PAO1 produced a single band of 3.5 kb that
hybridized with part of the P. aeruginosa parC N-terminal (no.
414; positions 1105 to 1315 in parC; 0.3 kb) probe. DNA
fragments after Sphl digestion were ligated into pUCI9 di-
gested with Sphl, and the resulting plasmids were transformed
into E. coli MC1061. After screening with probe 414, plasmid
pPC22 (3.5-kb insert in pUC19) was isolated from a colony
that showed a hybridization signal. The subsequent sequence
analysis revealed that plasmid pPC22 contained part of the
parC C-terminal region (Fig. 1).

P. aeruginosa PAO1 genomic DNA after PstI digestion con-
tained a single band of 4.7 kb that hybridized with probe 6B4
(positions 1168 to 1794 of parE). The genomic DNA digested
with PstI was size fractionated and circularized by self-ligation
with T4 DNA ligase. Self-ligated circular DNA was used as a
PCR template to obtain a fragment corresponding to part of
the parE N-terminal region. PCR was done with forward
primer Pr-PAPARCO05 and reverse primer Pr-PAPAREO1
(Table 1). The PCR product was ligated into pCRII, and plas-
mid pPEG1 was isolated (Fig. 1).

Nucleotide sequence of the P. aeruginosa parC and parE
homologs. The DNA fragments shown in Fig. 1 were subcloned
for sequence analysis. The subcloned plasmids were sequenced
by the dideoxy chain termination method with either vector-
specific primers or primers chosen from the internal sequence.
An open reading frame (ORF1) of 2,265 nucleotides coded for
a polypeptide of 754 amino acids (Fig. 2) with a calculated
molecular mass of 83.3 kDa. Putative —10 (TCGAAT) and
—35 (TCGGCA) regions and ribosome binding signals were
found upstream of the initiation ATG codon. The deduced
protein had a general amino acid identity of 33% with P.
aeruginosa GyrA (22) and exhibited homology with known
topoisomerase IV subunit A proteins of E. coli (18, 34), Sal-
monella typhimurium (24), H. influenzae (10), S. aureus (i.c.,
GrlA) (9), Streptococcus pneumoniae (33), Bacillus subtilis (i.e.,
GrlA) (accession no. Z73234), and N. gonorrhoeae (3) at 69, 68,
64, 31, 33, 31, and 44%, respectively (Table 2). These results

suggested that ORF1 might be identified as parC. P. aeruginosa
ParC-like protein was compared with ParC of E. coli and GrlA
of S. aureus. A region with high homology was found in the
N-terminal DNA breakage-reunion region of P. aeruginosa
ParC-like protein and its counterparts. The catalytic tyrosine
residue present in the active site of the type II topoisomerases
was identified putatively as Tyr-127 in P. aeruginosa ParC by
alignment of a conserved AAMRYTE sequence with catalytic
Tyr-120 of E. coli ParC. Serine (equivalent to Ser-80 in E. coli
ParC and S. aureus GrlA) in the QRDR sequence was at amino
acid position 87 (reported as Ser-80 by Nakano et al. [31]).
From the results, it was concluded that ORF1 might be the
parC gene of P. aeruginosa PAOL1.

Analysis of the sequenced regions upstream of the putative
parC gene revealed a region homologous with the parE se-
quence of E. coli: an open reading frame (ORF2) of 1,890
nucleotides coding for a polypeptide of 629 amino acids with a
predicted molecular mass of 69.2 kDa. Putative —10 (CTGA
AT) and —35 (CCGACA) promoter regions were found up-
stream of the initiation ATG codon (Fig. 3). The deduced
amino acid sequence exhibited 75% identity with the ParE
subunit of E. coli (18, 34). Comparison of ORF2 with the GyrB
subunits of P. aeruginosa (accession no. AB00581) and E. coli
(1, 45) revealed 32% identity with each of them. On this basis,
the 629-residue P. aeruginosa protein was identified putatively
as ParE. The P. aeruginosa ParE homolog is identical to known
ParE proteins of S. typhimurium (40), H. influenzae (10), S.
aureus (i.e., GrIB) (9), S. pneumoniae (33), and B. subtilis (i.e.,
GrIB) (accession no. Z73234) at 70, 64, 33, 37, and 36%,
respectively (Table 2). Compared with its counterparts, P.

TABLE 2. Comparison of protein homology among P. aeruginosa
topoisomerase IV and its counterparts

% Homology of P. aeruginosa

Bacterium Subunit A Subunit B

(ParC) (ParE)

E. coli 69 75

S. typhimurium 68 73

H. influenzae 64 70

N. gonorrhoeae 44 ND“

S. aureus 31 33

S. pneumoniae 33 36

B. subtilis 31 37

P. aeruginosa (DNA gyrase) 33 32

“ ND, not determined.
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-151 GATATCCGCCTGTCCGGEGTTCGCGCECTGATTGCGCCGGGCATGGACGGCGATGAGG TGCTACTCGGCATGAGCGCCCTGAAACAACTCGAATTCACCCAGCGCGACGGCACCCTGGTG  -32
-31 CTGCGCCAAAACACTTCTCCGTGAGGTACGCATGAGCGAATCCCTCGATCTGAGCCTGGAAGGGGTCGAACGCCGGTCGTTGGCCGAGTTCACCGAGCAGGCCTATCTGAACTATTCCAT 89

M $S E S L DL $L EGVEZRI RSTULAETFTEZ QQAYTLNY SM

90 GTACGTGATCATGGACCGCGCCCTGCCGCATATCGGCGACGGCCTGAAACCGGTGCAGCGACGCATCGTCTACGCCATGAGCGAACTGGGGCTGGATGCCGATTCCAAGCACAAGAAGTC 209
Yy vI M D RAL PHI GDGULI K?PV QQRZERTIUVYAMSETULGULUDM AD S KHIK K s

210 GGCGCGCACCGTCGGCGACGTGCTCGGCAAGTTCCACCCGCACGGCGACTCGGCCTGCTACGAGGCCATGGTGCTGATGGCGCAGCCGTTCTCCTATCGCTATCCGCTGGTGGACGGCCA 329
AR TV GDVL G K F HPHGD S ACYEAMVILMAS QU?PUZFsSsS Y RY PL VDG Q

330 GGGCAACTGGGGGGCTCCGGACGATCCCAAGTCCTTCGCCGCCATGCGTTATACCCGAGGCGCGCCTGTCGCGCTATTCCGAGGTGCTGCTCAGCGAACTGGGCCAGGGTACCGTGGACTG 449
G NW GA P DDUP K S F AAMUPBRYTEARTLSRY S EVILULSETLSGOQOQGTVDW

450 GGTACCGAACTTCGACGGCACCCTCGACGAGCCGGCCGTGCTGCCGGCCCGCCTGCCCAACCTGCTGCTCAACGGCACCACCGGCATCGCGGTGGGCATGGCCACCGACGTGCCGCCGCA 569
v pPNPFPDGTULDEZPAVLUPARTLUPNTILILTLNUNGTTZ GTIA AV GMATTUDUV P P H

570 CAACCTGCGGGAAGTCGCGTCGGCCTGCETGCGCCTGCTCGACCAGCCGGGCGCGACGGTCGCCGAATTGTGCGAACACGTGCCGGGCCCGGACTTCCCCACCGAAGCCGAGATCATCAC 689
N L R EV A S A C VU RULILDUGQP G ATV A ELCEMHUV PG PTDVFUPTEA AWTETITIT

650 CCCGCGCGCCGACCTGCAGAAGGTCTACGAGACCGGCCGCGGT TCGGT GCGCATGCGCGCGGTGTACCGCTTCGAGGACGGCGATATCGTCATCCACGCCCTGCCGCACCAGGTGTCCGG 809
P R ADIL QK VY ET GRG S$ VRMZPRAVYURVFEUDSGDTIVIHATLUPHUGQUV S G

810 TTCCAAGGTGCTGGAACAGATCGCCGGGCAGATGCAGGCCAAGAAGCTGCCGATGCTGGCCGACCTGCGCGACGAGTCGGACCACGAGAACCCGACCCGCATCGTCATCATCCCGCGTTC 929
s K vV L EQ I A G QM QA K KILUPMVYVATDTILA RDIDESUDUHENZPTU RTIWUVITIPR S

930 GAACCGGGTCGATGTCGAAGAGCTGATGACCCATCTGTTCGCCACCACCGACCTGGAGACCAGCTACCGGGTCAACCTGAACATCATCGGCCTCGACGGCAAGCCGGCAGTCAAGGACCT 1049
N RV DV E EL M THULV FATTUDILETS YRUVDNILNITIGILDTGI K PAVYV KDL

1050 GCGCCAGTTGCTCTCGGAGTGGC TGCAGTTCCGCATCGGCACCGTGCGTCGACGCCTGCAGTTCCGCCTGGACAAGGTCGAGCGCCGCCTGCATCTGCTGGATGGCTTGCTGATCGCCTT 1169
R ¢ L. L s EWUL S FRIGGTVUERZERIRILUGQVFIRILDI KV ERI RULHLULDGTZLTULTIATF

1170 CCTCAACCTCGACGAGGTGATCCACATCATCCGCACCGAGGACCAGCCCAAGGCGGTGCTGATGGAGCGCTTCGAACT CAGCGAGGTGCAGGCCGACTACATCCTCGACACCCGCCTGCG 1289
L NL DEV I HI I RTEUDUOGQ?PI KA AVILMEURT FEILSEUVQQADYTIIULDTT RTILR

1290 CCAGTTGGCACGCCTGGAAGAGATGAAGATCCGCGGCGAGCAGGAAGAGTTGCTGAAGGAGCAGAAGCGCCTGCAGACCCTGCTCGGCAGCGAGGCCAAGCTGAAGAAGCTGGTGCGCGA 1409
9 L ARL EEMZ K IR GE Q EEL LXK E QXK RULTILULG S EAIZ KIULIKI KTILV R E

1410 GGAGCTGATCAAGGACGCCGAGACCTACGGCGACGACCGCCGTTCGCCGATCGTCGCCCGCGCCGAGGCCCGCGCGCTGTCGGARACCGAGCTGATGCCCACCGAACCGGTGACCGTGGT 1529
E L I K DAETYGDUDI RI RSU©PIUVARAMEABARALSETETLMZPTEUZPVTV V

1530 GCTCTCGGAAAAAGGCTGGGTGCGTTGCGCCAAGGGCCACGACATCGACGCCGCCGGCCTCTCCTACAAGGCCGGCGACGGCTTCAAGGCCGCCGCGCCGGGACGCTCGAACCAGTATGC 1649
L $ E XK G WV RCAIKUGHDTIUDA AAGULS YK AGDGT FI K AAAUPGI R S NOQ Y A

1650 GGTGTTCATCGACTCCACCGGGCGCAGCTACTCGCTGCCGGCCCACAGCCTGCCGTCCGCGCGAGGCCAGGGCGAGCCACTCAGCGGCCGGCTGACGCCGCCGCCGGGGGCCAGCTTCGA 1769
vV F I Ds T GR S$ Y $ L PAHSLUP S AURGOQGEUPILSGRULTUPU®PUPGA S F E

1770 ATGCGTGCTGCTGCCGGACGACGATGCGCTGTTCGTGATCGCTTCCGACGCCGGCTATGGTTTCGTGG TCAAGGGCGAGGACCTGCAGGCCAAGAACAAGGCCGGCAAGGCCCTGCTCAG 1889
¢ VvV >.LL P DDUDALTFVIASDAGY G FVV K GEUDT LU GQQAI KNIEKAGTI KA ATLTL S

1890 CCTGCCCAACGGCTCCGCCATGGTGGCGCCGCGCCCGGTGCGCGATGTGGAGCAGGATTEGCTGGCGGCCGTGACGACCGAGGGCCGTCTGCTATTGTTCAAGGTCTCCGACCTGCCGCA 2009
L PNG S AV VA PURUPVIRDVEQ QQDWILAAVTTESGRIULTILILTFZRKV S DILPQ

2010 GCTCGGCAAGGGCAAGGGCAACAAGATCATCGGCATCCCCGGCGAACGCGTGGCCAGCCGCGAGGAATACCTCACCGACCTGGCTGTTCTGCCAGCCGGGGCGACGTTGGTCCTGCAGGC 2129
L 66 K GK GNIKTIIGTIPGEIRUVASI RETEYZLTTDULH AV VILUPAGATTLUVIL Q A

2130 CGGAAAGCGTACCCTGTCGCTCAAGGGCGACGACCTGGAACACTACAAGGGGGAGCGAGGCCGGCGAGGCAACAAGCTGCCGCGCGGTTTCCAGCGCGTCGACAGCCTGCTGGTGGATAT 2249
G XK R TILSULKGDDTULEUHTYUEKGEUZRGTRURGNTDNIEKTULZPRGT FOQRUVDSLL VDI

2250 TCCGCCACAGGATTGA 226S

P P Q D *

FIG. 2. Nucleotide sequence and deduced amino acid sequence of the P. aeruginosa parC region. A methionine initiation codon and putative —10 and —35 regions

are shown by underlining. An asterisk indicates the translation stop codon.

aeruginosa ParE showed highly conserved EGDSA and N-
terminal sequences, including the G-loop ATP-binding moiety.

Purification of P. aeruginosa topoisomerase IV subunits.
The putative ParC and ParE proteins were overexpressed and
were purified separately with a fusion system with MBP and
then analyzed by SDS-polyacrylamide gel electrophoresis (Fig.
4). The putative parC and parE genes from P. aeruginosa PAO1
were cloned into pMAL-c2, a tac promoter-based expression
vector, yielding plasmids pMPPC203 and pMPE72, respec-
tively. E. coli MC1061 harboring pMPPC203 and pMPPE72
overproduced MBP-ParC and MBP-ParE proteins, respectively,
after induction with isopropyl-B-D-thiogalactopyranoside (IPTG)
(Fig. 4, lanes 2). MBP-ParC and MBP-ParE were purified by
affinity chromatography (Fig. 4, lanes 3), and the ParC and
ParE proteins were then obtained by digestion with protease
factor Xa (Fig. 4, lanes 4). The molecular size of the purified

proteins was in agreement with the molecular weight calcu-
lated from the deduced protein sequences of ParC and ParE.

Enzymatic activities of P. aeruginosa topoisomerase IV. Pu-
tative ParC and ParE were examined for decatenating activity
(Fig. 5). Enzymatic activity was dependent on ATP, Mg?"
(data not shown), and the presence of both subunits (Fig. 5,
lane 2), because the omission of ATP (Fig. 5, lane 4) or either
single subunit (Fig. 5, lanes 1 and 3) did not lead to DNA
decatenation activity. In addition, relaxing activity of superheli-
cal DNA was detected with the combination of ParC and ParE
(results not shown). No supercoiling activity was detected with
ATP when relaxed DNA was incubated with ParC, ParE, or
both (data not shown), indicating that the combination of ParC
and ParE catalyzes reactions similarly to E. coli and other
topoisomerase IV proteins (19, 34).

When P. aeruginosa ParC or ParE was combined with E. coli
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FIG. 3. Nucleotide sequence and deduced amino acid sequence of the P. aeruginosa parE region. The P. aeruginosa parE nucleotide sequence is shown along with
the predicted amino acid sequence. Symbols are the same as those defined for Fig. 2.

ParE or ParC, respectively, the decatenating activity was de-
tected (Fig. 5, lanes 5 and 6). These results indicate that a
complementation occurs between topoisomerase IV subunits
of P. aeruginosa and E. coli in vitro.

Comparison of inhibitory activities of quinolones against
DNA gyrase and topoisomerase IV. The inhibitory effects of
quinolones on the topoisomerase activities of topoisomerase
IV and DNA gyrase were determined by quantitative electro-
phoresis with kinetoplast DNA and relaxed DNA as a sub-
strate. The 50% inhibitory concentrations (ICs,s) of quino-
lones were calculated from the quantification of bands
corresponding to fully decatenated substrate or supercoiled
DNA. MICs and the ICss of quinolones on the topoisomerase
activities are shown in Table 3. The ICs,s against the decat-
enation of topoisomerase IV were higher than those against
the supercoiling activity of DNA gyrase. Among the quino-
lones tested, sitafloxacin showed the highest level of inhibitory
activity against DNA gyrase and topoisomerase IV. There was
a high correlation between the inhibitory effects of the quino-
lones on bacterial growth and the inhibitory activity against the
topoisomerase activity of DNA gyrase (correlation coefficient,
0.942) and of topoisomerase IV (correlation coefficient, 0.972).
The correlation between the ICsys of quinolones against DNA

gyrase and topoisomerase IV is presented in Fig. 6. The inhib-
itory activities of quinolones against type II topoisomerases
were correlated well, with the correlation coefficient being 0.977.

DISCUSSION

A P. aeruginosa parC homolog was cloned and sequenced
from P. aeruginosa PAO1, by use of cDNA encoding the N-

TABLE 3. Inhibitory activities of quinolones against topoisomerase
IV and DNA gyrase

ICsp (ng/ml)

MIC

Drug (pg/ml)* eg)rIZ;t, Topoisomerase IV,
o decatenation
supercoiling
Sitafloxacin 0.10 0.42 2.34
Levofloxacin 0.39 0.88 6.08
Ofloxacin 0.78 1.47 9.72
Ciprofloxacin 0.10 0.55 3.90
Sparfloxacin 0.39 0.75 5.93

“ Tested against P. aeruginosa PAOL1.
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FIG. 4. SDS-polyacrylamide gel electrophoresis analysis of ParC and ParE.
Proteins at various purification steps were electrophoresed in an SDS-12.5%
polyacrylamide gel and stained with Coomassie brilliant blue. Lanes 1, soluble
extracts from uninduced cells; lanes 2, soluble extracts from IPTG-induced cells,
lanes 3, affinity-purified MBP-ParC or MBP-ParE protein; lanes 4, factor Xa
digest of MBP-ParC or MBP-ParE.

terminal region of E. coli parC as a probe. The homolog and its
upstream gene were identified putatively as parC and parE,
respectively, through sequence homology with other parC and
parE genes. The parC homolog of 2,265 bp coded for a protein
of 754 amino acids. The deduced amino acid sequence of the
ParC homolog showed 69% identity with that of E. coli ParC
and 33% identity with that of P. aeruginosa GyrA. The parE
homolog of 1,890 bp encoded 629 amino acids, and this gene
product was 75% identical to E. coli ParE and 32% identical to
P. aeruginosa GyrB.

The putative ParC and ParE proteins were overexpressed
and separately purified with a fusion system involving an MBP,
and their enzymatic properties were examined. The combined
putative ParC and ParE proteins catalyzed decatenation and
relaxing reactions but had no supercoiling reaction. Not only
from the sequence homologies but also from the characteristics
of the enzyme, isolated P. aeruginosa genes were confirmed as
parC and parE genes of P. aeruginosa topoisomerase V.

When P. aeruginosa ParC or ParE was combined with E. coli
ParE or ParC, respectively, decatenation activity was detected
in vitro. This result is not surprising given the high degree of
homology between the P. aeruginosa and E. coli ParC proteins
and the fact that P. aeruginosa GyrA protein can functionally
complement the E. coli GyrA protein in vivo (22). However,

kinetoplast DNA —&

MONOMErS =i

FIG. 5. Topoisomerase IV activities of ParC and ParE proteins. Lane 1, P.
aeruginosa ParC (1 U); lane 2, P. aeruginosa ParC (1 U) and P. aeruginosa ParE
(1 U); lane 3, P. aeruginosa ParE (1 U); lane 4, P. aeruginosa ParC (1 U) and P.
aeruginosa ParE (1 U) but with ATP omitted; lane 5, P. aeruginosa ParC (1 U)
and E. coli ParE (1 U); lane 6, E. coli ParC (1 U) and P. aeruginosa ParE (1 U).
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FIG. 6. Correlation between inhibition of topoisomerase IV and that of
DNA gyrase. Abbreviations: STFX, sitafloxacin; CPFX, ciprofloxacin; SPFX,
sparfloxacin; LVFX, levofloxacin; OFLX, ofloxacin.

when S. aureus GrlA or GrlB was combined with E. coli ParE
or ParC, respectively, no decatenation activity was detected
(4), and the temperature-sensitive phenotype of S. typhi-
murium parC and parE mutants was complemented by the S.
aureus grlA and grlB genes only when the two genes were
coexpressed (9).

The decatenation activity of P. aeruginosa topoisomerase IV
was inhibited by quinolones. There was a high correlation
between the inhibitory activity against the topoisomerase ac-
tivity of DNA gyrase and that of topoisomerase IV.

Sitafloxacin (DU-6859a), a newly developed quinolone an-
tibacterial agent, showed more potent activity against a wide
spectrum of bacteria (30, 39, 42) than did levofloxacin and
ciprofloxacin. Our previous study (20) showed the inhibition by
sitafloxacin of purified DNA gyrases from only clinical isolates
of P. aeruginosa. In this study, sitafloxacin had a lower MIC
against P. aeruginosa PAO1 than most of the other quinolones
and the lowest ICs,s for DNA gyrase and topoisomerase IV of
P. aeruginosa among the quinolones tested, and a good corre-
lation existed between the inhibitory effects on bacterial
growth (MICs) and those on the type II topoisomerases of P.
aeruginosa PAO1. From these results, sitafloxacin appears to
have higher activity against P. aeruginosa than do other avail-
able quinolones, probably because of its higher inhibitory ef-
fects against type II topoisomerases.

In this study, we purified topoisomerase IV and DNA gyrase
of P. aeruginosa PAOL1 in the same manner and compared the
inhibitory activities of quinolones against the purified enzymes.
The supercoiling activity of DNA gyrase was more sensitive to
quinolones than was the decatenation activity of topoisomer-
ase IV. Our results, obtained by enzymatic methods, support the
view that DNA gyrase is the primary target of new quinolones
and have shown that topoisomerase IV may act as a secondary
target in the quinolone-susceptible P. aeruginosa strain.
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