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ABSTRACT

The superhelicity of the chromosome, which is
controlled by DNA topoisomerases, modulates
global gene expression. Investigations of trans-
criptional responses to the modulation of gyrase
function have identified two types of topoisomerase-
mediated transcriptional responses: (i) steady-state
changes elicited by a mutation in gyrase, such as the
D82G mutation in GyrA, and (ii) dynamic changes
elicited by the inhibition of gyrase. We hypothesize
that the steady-state effects are due to the changes
in biochemical properties of gyrase, whereas the
dynamic effects are due to an imbalance between
supercoiling and relaxation activities, which appears
to be influenced by the RecA activity. Herein, we
present biochemical evidence for hypothesized
mechanisms. GyrA D82G gyrase exhibits a reduced
supercoiling activity. The RecA protein can influence
the balance between supercoiling and relaxation
activities either by interfering with the activity of DNA
gyrase or by facilitating the relaxation reaction. RecA
has no effect on the supercoiling activity of gyrase but
stimulates the relaxation activity of topoisomerase I.
This stimulation is specific and requires formation of
an active RecA filament. These results suggest that the
functional interaction between RecA and topoiso-
merase |l is responsible for RecA-mediated modulation
of the relaxation-dependent transcriptional activity of
the Escherichia coli chromosome.

INTRODUCTION

In prokaryotes, DNA is maintained in negatively supercoiled
state, which is essential for various cellular processes.

DNA topoisomerases are responsible for controlling the
superhelicity of DNA (1,2). Thus, topoisomerases play criti-
cal roles in many aspects of DNA transaction, as well as in
the maintenance of chromosome structure. There are four
topoisomerases in Escherichia coli. Topoisomerase I (Topo
I) (3) and topoisomerase III (Topo III) (4) are type IA
enzymes; DNA gyrase (5) and topoisomerase IV (Topo 1V)
(6) are type IIA enzymes.

Type IA enzymes are monomeric proteins that can relax
negative supercoils, and catenate and decatenate nicked or
gapped, double-stranded circular DNA molecules (1,2).
These enzymes require a single-stranded region to bind to
DNA. E.coli Topo I is the prototype of type IA protein family
(1,2). The N-terminal 582 amino acid residues correspond to
the catalytic domain containing the active site Tyr at position
319. The catalytic domain is followed by a non-homologous
carboxyl-terminal domain. The non-homologous carboxyl-
terminal domains are involved in determining the distinct
substrate specificities and catalytic properties of these
enzymes (7,8).

Type IIA topoisomerases alter the linking number in steps
of two by breaking both strands, passing another segment of
the helix through the break and then resealing the broken
strands (1,2). DNA gyrase and Topo IV consist of GyrA
and GyrB subunits and ParC and ParE subunits, respectively.
GyrA and ParC subunits catalyze strand-breakage and reunion
reactions, whereas GyrB and ParE subunits hydrolyze ATP.
The active forms of gyrase and Topo IV are an o,[3, tetramer;
these topoisomerases bind double-stranded DNA. Despite the
high degree of similarity between gyrase and Topo IV, these
two enzymes display distinct cellular functions. Gyrase is the
only topoisomerase that introduces negative supercoils into
DNA, whereas Topo IV is responsible for decatenation of
replicating DNA molecules (1,2,9).

E.coli RecA has DNA-dependent ATPase activity and
ATP-dependent DNA binding activity (10,11). RecA proteins
from various bacteria are highly conserved and homologues
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have been identified in eukaryotes as well. RecA catalyzes
strand-exchange reactions and thus plays a central role in
the homologous recombination process (11). In addition,
RecA, when activated, causes proteolytic cleavage of the
LexA repressor to trigger the induction of the SOS response
(11). RecA is also required for mutagenic lesion bypass syn-
thesis during the SOS response and is involved in replication
restart (11,12). RecA monomers polymerize on DNA to form
a nucleoprotein filament. RecA can bind to and form a
nucleoprotein filament on either single- or double-stranded
DNA, although nucleation on single-stranded DNA is much
faster than that on double-stranded DNA (13-17). Both
assembly and disassembly of RecA filaments take place in
the 5’ to 3’ direction (14,15,18). In the presence of ATP,
dATP or an ATP analogue, such as ATPYS, RecA forms an
‘active’ filament (19-21). The active RecA filament is a
right-handed helical filament with six RecA monomers per
turn and 3 nt per RecA monomer. When it is formed on
double-stranded DNA, the DNA is underwound relative
to the B-form helix (22,23). In contrast, RecA forms an
‘inactive’ filament in the absence of cofactor or presence of
ADP (21,24).

The ability of DNA microarrays to monitor transcriptional
activity of entire genomes has allowed an assessment of tran-
scriptional and replication states of the E.coli chromosome
following inhibition of DNA gyrase (25-27). These studies
confirmed that treating cells with norfloxacin, a fluoro-
quinolone inhibitor of gyrase, affects transcription of a large
number of genes in the genome. Quinolone treatment also
causes the replication fork arrest and generation of double-
strand breaks (28-30). A systematic analysis of transcrip-
tional effects would not be possible, however, without
accounting for a various cellular responses, such as the
SOS response, DNA relaxation and replication inhibition
(26,31-33). We modeled transcriptional responses to the
quinolone-induced inhibition of gyrase in E.coli as a function
of the downstream processes, including DNA repair, super-
coiling and DNA replication (34). We found that relaxation
by Topo I was the dominant factor behind the transcriptional
response followed by the effects of DNA replication and
RecA. We also found the correlation between the effect of
relaxation and that of RecA.

Decrease in the extent of negative supercoiling of the
chromosomal DNA is accompanied by characteristic changes
in gene expression, exemplified by a compensatory upregula-
tion of the gyrA and gyrB genes (35) and downregulation of
the fopA gene (36). We observed such characteristic changes
under two conditions: steady-state changes during the normal
exponential growth of a strain carrying the D82G mutation in
the gyrA allele (37) and dynamic changes following the
inhibition of DNA gyrase with a quinolone drug (34). Despite
the differences between the two conditions: one representing
normal growth, another—cell killing, transcriptional states of
the cells were strikingly similar. Depending on growth med-
ium, we found that the overlap between significantly differen-
tially expressed genes in those conditions is 15-25%, and the
probability of such an overlap occurring by chance is less
than one in a million. We hypothesized that the steady-state
effects were due to the changes in biochemical properties of
the gyrase enzyme itself, while the dynamic effects were lar-
gely due the imbalance between supercoiling and relaxation

activities in the cell. Interestingly, the imbalance between
supercoiling and relaxation activities appeared to be
modulated by the RecA activity (34).

In the present work, we conducted biochemical studies to
determine the molecular basis of two types of topoisomerase-
mediated genomewide transcriptional responses, as well as
the effect of RecA on the balance between supercoiling and
relaxation activities. We found that GyrA D82G gyrase
exhibited a reduced activity to catalyze the supercoiling
reaction and support DNA replication. We also found that
RecA was capable of stimulating Topo I-catalyzed relaxa-
tion reaction. The stimulatory effect of E.coli RecA was
specific to E.coli Topo I and required the formation of an
active RecA filament. Thus, the functional interaction
between RecA and Topo I is likely to be responsible for
the RecA-mediated modulation of transcriptional responses
in quinolone treated E.coli cells.

MATERIALS AND METHODS
DNAs and proteins

The recA gene was generated by PCR using E.coli MG1655
genomic DNA as a template and cloned into the pET-11c
vector (38). DNA sequence of the open reading frame was
confirmed by dideoxy DNA sequencing (data not shown).
The RecA protein was expressed and purified according
to protocols described previously (39,40). Purified RecA
protein purchased from Roche Molecular Biochemicals
(Indianapolis, IN) was also used.

Four E.coli topoisomerases were purified as described
previously (41,42). Purified Staphylococcus aureus Topo 1
and Bacillus cereus Topo I were provided by Imogen Wildin
and Michael Gwynn (GlaxoSmithKline), and Zhiyu Li
and Russell DiGate (Philadelphia College of Pharmacy),
respectively.

Mutant gyrA genes, gyrA DS2G and gyrA S83W, were con-
structed using the overlap extension PCR technique (43) and
cloned into the pET-11c vector (38). DNA sequences of open
reading frames were confirmed by dideoxy DNA sequencing
(data not shown). The GyrA D82G and GyrA S83W proteins
were overexpressed in E.coli BL21(DE3) (38) and purified by
the protocol used to purify the wild-type GyrA protein
(41,42). Purified GyrA D82G and GyrA S83W were mixed
with the wild-type GyrB to reconstitute GyrA D82G gyrase
and GyrA S83W gyrase, respectively.

Supercoiling reaction

Covalently closed, negatively supercoiled double-stranded
circular (form I) DNA of plasmid pBR322 (4361 bp) was
purchased from New England Biolabs (Beverly, MA). Cova-
lently closed, relaxed double-stranded circular (form I') DNA
was prepared by incubating pBR322 form I DNA with E.coli
Topo I and used as a substrate in the supercoiling reaction.
Standard supercoiling reaction mixtures (12.5 pl)
contained 50 mM Tris—HCI (pHS8.0), 10 mM magnesium
chloride, 100 mM potassium glutamate, 10 mM DTT,
50 pg/ml BSA, 1 mM ATP, 0.29 ug (100 fmol as molecule)
pBR322 form I' DNA, the indicated amounts (as tetramer) of
either the wild-type or a mutant gyrase, and, when present,



the indicated concentrations of norfloxacin, a quinolone drug,
and reaction mixtures were incubated for 15 min at 37°C.
Reactions were terminated by the addition of EDTA to
25 mM and the DNA products were analyzed by electrophor-
esis through vertical 1.2% agarose (Seakem; BioWhittaker
Molecular Applications, Rockland, ME) gels (14 x 10 x
0.3 cm) at 2 V/cm for 15 h in a running buffer of 50 mM
Tris—HCl (pH 7.9 at 23°C), 40 mM sodium acetate and
1 mM EDTA (TAE buffer). Gels were stained with ethidium
bromide and photographed using an Eagle Eye II system
(Stratagene, La Jolla, CA).

The following modifications were made in the supercoiling
reaction mixtures to assess the effect of the RecA protein on
the supercoiling activity of gyrase. Standard reaction mix-
tures (20 pul) contained 50 mM Tris—HCI (pH 8.0), 10 mM
magnesium chloride, 100 mM potassium glutamate, 10 mM
DTT, 50 pug/ml BSA, 5 mM ATP and 0.29 pg (100 fmol as
molecule) pBR322 form I' DNA. The indicated amounts of
RecA were first bound to the DNA in a first stage incubation
of 5 min at 37°C. The indicated amounts (as tetramer) of the
wild-type gyrase were then added and reaction mixtures were
incubated during the second stage for 15 min at 37°C. Reac-
tions were terminated by adding EDTA to 25 mM and incu-
bating at 37°C for 5 min. SDS and proteinase K were then
added to 10% and 50 pg/ml, respectively, and the incubation
was continued for an additional 15 min. The DNA products
were purified by extraction of the reaction mixtures with
phenol-chloroform (1:1, v/v) and analyzed by agarose gel
electrophoresis as described above.

oriC DNA replication reaction

An oriC plasmid, pBROTB535 type I (44), was prepared as
described previously (45). E.coli replication proteins, gener-
ous gifts of Kenneth Marians (Memorial Sloan-Kettering
Cancer Center), were as described previously (44—48).

The replication of an oriC plasmid in vitro was performed
as described previously (45). Briefly, a standard reaction
mixture (12.5 pl) contained 40 mM Hepes—KOH (pH7.6),
10 mM magnesium acetate, 10 mM DTT, 100 pg/ml BSA,
2 mM ATP, 0.4 mM each GTP, CTP and UTP, 40 uM
[0-*?P]dATP (2000-3000 counts/min/pmol), 40 UM each
dGTP, dCTP and TTP, 140 ng (35 fmol as molecule)
of pPBROTB plasmid DNA, 300 nM DnaA, 40 nM DnaB,
160 nM DnaC, 80 nM DnaG, 16 nM DNA polymerase 111
holoenzyme, 270 nM SSB, 40 nM HU, and the indicated
amounts (as tetramer) of either the wild-type or a mutant
gyrase. Reaction mixtures were assembled on ice and the
reaction was started by adding DnaA. Incubation was for
10 min at 30°C and the reaction was terminated by the addi-
tion of EDTA to a final concentration of 25 mM. Gel elec-
trophoretic analysis of replication products was performed
as described previously (45).

Relaxation of negatively supercoiled plasmid DNA

The relaxation assay was performed in a manner similar
to the supercoiling assay described in the previous section.
Briefly, standard relaxation reaction mixtures (20 pul)
contained 50 mM Tris—=HCI (pH 8.0), 5 mM (1 mM for
E.coli Topo III) magnesium chloride, 100 mM (400 mM
for S.aureus Topo I) potassium glutamate, 10 mM DTT,
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50 pug/ml BSA, 5 mM ATP (or other cofactors when indi-
cated) and 0.29 pug (100 fmol as molecule) pBR322 form
I DNA. The indicated amounts of the RecA protein were
first bound to the DNA in a first stage incubation of 5 min
at 37°C. The indicated amounts of E.coli Topo I (or other
type TA topoisomerases when indicated) were then added
and reaction mixtures were incubated during the second
stage for 30 min at 37°C. Reaction products were processed,
purified and analyzed as described in the previous section.

RESULTS

The D82G mutation in the GyrA subunit affects
the supercoiling activity of DNA gyrase

The D82G mutation in GyrA, which was previously identified
as a part of a double mutation that confers quinolone resis-
tance (49), caused the steady-state effects on the genomewide
gene expression (37). To examine our hypothesis that the
steady-state effects are due to the changes in biochemical
properties of gyrase, we determined the biochemical proper-
ties of GyrA D82G gyrase. First, the effect of the D82G
mutation on the supercoiling activity of gyrase was assessed
(Figure 1A). Based on the amounts of form I DNA produced
under these conditions, the supercoiling activity of GyrA
D82G gyrase was 2-3 fold lower than that of the wild-type
gyrase. In contrast, the S83W mutation, a commonly found
quinolone resistance-conferring mutation at the conserved
Ser in the GyrA subunit, did not affect the supercoiling
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Figure 1. The D82G mutation in the GyrA subunit reduces the supercoiling
activity of DNA gyrase. (A) The standard supercoiling reaction mixtures
containing 100 fmol (as molecule) pBR322 form I’ DNA and the indicated
amounts (as tetramer) of either the wild-type or a mutant gyrase were
incubated and the DNA products were analyzed as described in Materials and
Methods. (B) The standard supercoiling reaction mixtures containing
100 fmol (as molecule) pBR322 form I' DNA, 10 fmol (as tetramer) of
either the wild-type or a mutant gyrase, and the indicated concentrations of
norfloxacin (Norf) were incubated and the DNA products were analyzed as
described in Materials and Methods. Both experiments were repeated three
times and virtually identical results were obtained. Representative results are
shown. Lane 1 contains the substrate alone. wt, the wild-type gyrase; D82G,
GyrA D82G gyrase; S83W, GyrA S83W gyrase.
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Figure 2. GyrA D82G gyrase supports DNA replication less efficiently than
the wild-type gyrase. The standard oriC replication reactions contained an
oriC plasmid pBROTBS535 type I (35 fmol as molecule = 420 pmol nt) as a
template and the reaction was incubated at 30°C for 10 min. Incorporations of
nt into acid-insoluble products were: 35 (lane 1), 43 (lane 1), 68 (lane 3),
115 (lane 4), 142 (lane 5), 44 (lane 6), 59 (lane 7), 88 (lane 8), 120 (lane 9),
51 (lane 10), 77 (lane 11), 132 (lane 12) and 154 (lane 13) pmol nt. LRI and
ERI are late and early replication intermediates, respectively. Abbreviations
were as in the legend to Figure 1.

activity of gyrase. In fact, the specific activity of GyrA S83W
gyrase was slightly higher (2-fold or less) than that of the
wild-type gyrase. We also measured the quinolone sensitivity
of GyrA D82G gyrase in the supercoiling assay (Figure 1B).
The D82G mutation conferred a low level of quinolone resis-
tance to gyrase, whereas the S83W mutation conferred a high
level of quinolone resistance to gyrase. These results sug-
gested that a reduction of the supercoiling activity caused
by the D82G mutation altered genomewide gene expression
in E.coli.

Another transcriptional property of a strain carrying the
D82G mutation is the constitutive induction of the dinP
gene, encoding a Y-family DNA polymerase mediating
translesion DNA synthesis (50). Since, despite the compen-
satory transcriptional changes in the mutant strain, the overall
transcriptional state of the cells retained the signature of a
suboptimal supercoiling activity, it seemed plausible that
the constitutive activation of dinP might be reflecting an ele-
vated steady-state level of DNA damage in the strain. One
possible source of such damage could be the DNA replication
itself, which may have a higher level of spontaneous arrests
than in the wild type when elongation swivel, provided by
DNA gyrase, is not fully effective (51). We examined the
ability of the mutant gyrase to support DNA replication in
vitro (Figure 2). GyrA D82G gyrase could not support oriC
DNA replication reaction as efficiently as the wild-type
gyrase could. These results indicated that the D82G mutation
might affect the swivel activity of gyrase during chromoso-
mal replication, which could elevate the steady-state level
of DNA damage.

RecA does not affect the supercoiling activity of gyrase

We observed that the average kinetics of transcriptional
responses triggered by quinolone treatment was affected in
a RecA-dependent manner (34). There seemed to be three
possible mechanisms of the RecA effect. First, RecA can
directly affect transcription of individual genes. Second,
RecA can directly interfere with the supercoiling activity of
gyrase. Third, RecA can directly facilitate the relaxation
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Figure 3. RecA has no effect on the supercoiling activity of gyrase. The
standard supercoiling reaction mixtures containing 100 fmol (as molecule)
pBR322 form I DNA and the indicated amounts (as tetramer) of the wild-
type gyrase were incubated in the absence (—) or presence (+) of 5.6 ug (3 nt
per RecA monomer) of RecA and the DNA products were analyzed as
described in Materials and Methods. Two independent experiments exhibited
essentially identical results and representative results are shown.

activity of Topo I. Since the RecA effect contributed to
both accelerated induction and repression of transcription,
we considered the first possibility to be unlikely, and we
focused on a possible functional interaction(s) between
RecA and a DNA topoisomerase(s).

To examine a possibility that RecA could interfere with
gyrase activity, we assessed the effect of RecA on gyrase-
catalyzed supercoiling reaction in vitro. The supercoiling
activity of gyrase was measured in the absence or presence
of a saturated amount (3 nt per RecA monomer) of RecA
(Figure 3). The presence of RecA did not affect the supercoil-
ing activity of gyrase. We also varied the amounts of RecA
and measured kinetics of the supercoiling reaction in the
absence or presence of RecA. However, no effect of RecA
on the supercoiling activity of gyrase was detected (data
not shown). Thus, we could not find any evidence for the
direct effect of gyrase on the RecA-mediated modulation of
transcription in response to the quinolone treatment.

RecA can stimulate the relaxation activity of Topo I

Next, we examined a possibility that RecA could facilitate the
relaxation activity of Topo I. As shown in Figure 4, RecA
was capable of stimulating the relaxation activity of Topo L
Based on the amount of Topo I required to completely relax
100 fmol of form I DNA, the relaxation activity of Topo I in
the presence of RecA was about 10-fold higher than that
in the absence of RecA (Figure 4A). The maximum level
of the stimulation of the relaxation activity of Topo I by
RecA required a saturated amount (3 nt per RecA monomer)
of RecA (Figure 4B). Addition of higher amounts (up to 1 nt
per RecA monomer) of RecA did not increase the level of
stimulation any further (data not shown). These results sug-
gested that RecA could modulate the balance, or imbalance,
between supercoiling and relaxation activities in the cell by
directly facilitating the relaxation activity of Topo 1.

Active RecA filament formation is required for the
stimulation of Topo I-catalyzed relaxation reaction

The RecA protein forms an active filament in the presence
of ATP, dATP or ATPYS, whereas RecA forms an inactive
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Figure 4. RecA stimulates Topo I-catalyzed relaxation reaction. (A) The
standard relaxation reaction mixtures containing 100 fmol (as molecule)
pBR322 form I DNA and the indicated amounts of Topo I were incubated in
the absence (—) or presence (+) of 5.6 ug (3 nt per RecA monomer) of RecA
and the DNA products were analyzed as described in Materials and Methods.
The assay was repeated three times and virtually identical results were
obtained. Representative results are shown. (B) The standard relaxation
reaction mixtures containing 100 fmol (as molecule) pBR322 form I DNA
and either 0 fmol (—) or 33 fmol (+) of Topo I were incubated in the presence
of the indicated amounts of RecA and the DNA products were analyzed as
described in Materials and Methods. Two independent experiments showed
essentially identical results and representative results are shown.

filament in the absence of cofactor or in the presence of ADP
(19-21,24). To determine the requirements for the stimula-
tion of the relaxation activity of Topo I by RecA, we examine
the effects of various cofactors on the functional interaction
between RecA and Topo 1.

A limited level of Topo I-catalyzed relaxation activity was
detected in the absence of any cofactor (Figure 5). The pres-
ence of ATP was required for the RecA-mediated stimulation
of the relaxation activity of Topo I (Figure 5A). In contrast,
the presence of ADP exhibited an inhibitory effect
(Figure 5A). RecA was also able to stimulate Topo I-
catalyzed relaxation activity in the presence of either dATP
or ATPYS (Figure 5B). These results suggested that active
RecA filament formation was required for the stimulation
of the relaxation activity of Topo I by RecA.
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Figure 5. Formation of active RecA filaments is required for the stimulation
of Topo I-catalyzed relaxation activity by RecA. The standard relaxation
reaction mixtures containing 100 fmol (as molecule) pBR322 form I DNA,
5 mM ADP, ATP (A), dATP, or ATPyS (B), as indicated, and either 0 fmol
(—) or 100 fmol (+) of Topo I were incubated in the presence of the indicated
amounts of RecA and the DNA products were analyzed as described in
Materials and Methods.

E.coli RecA fails to stimulate the relaxation reaction
catalyzed by either E.coli Topo III or S.aureus Topo 1

Type IA topoisomerases, including E.coli Topo I, require a
single-stranded region to bind to DNA (1,2). When an active
RecA filament is formed on double-stranded DNA, the DNA
becomes underwound (22,23). Thus, it seemed reasonable to
argue that the RecA protein could stimulate the relaxation
activity of Topo I by changing the conformation of DNA
and generating single-stranded regions, binding sites for
Topo I, in the negatively supercoiled plasmid DNA. In this
case, RecA would have a general stimulatory effect on the
relaxation activities of various type IA topoisomerases.

To directly examine this possibility, effects of the
E.coli RecA protein on the relaxation activities of E.coli
Topo 11, S.aureus Topo I and B.cereus Topo I were assessed
(Figure 6). RecA failed to stimulate either E.coli Topo III- or
S.aureus Topo I-catalyzed relaxation reaction, although RecA
was capable of slightly (about 2-fold) stimulating the relaxa-
tion activity of B.cereus Topo 1. E.coli RecA did not exhibit a
general stimulatory effect on type IA topoisomerases and its
effect appeared to be specific to E.coli Topo 1. Thus, RecA-
induced conformational change of DNA alone could not
explain the stimulatory effect of E.coli RecA on the relaxa-
tion activity of E.coli Topo 1.
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Figure 6. E.coli RecA fails to stimulate the relaxation activity of either
E.coli Topo III or S.aureus Topo 1. The standard relaxation reaction mixtures
containing 100 fmol (as molecule) pBR322 form I DNA, 5 mM ATP and the
indicated amounts of E.coli Topo II (A), S.aureus (Sa) Topo I (B), or
B.cereus (Bc) Topo I (C) were incubated in the absence (—) or presence (+) of
5.6 pg (3 nt per RecA monomer) of RecA and the DNA products were
analyzed as described in Materials and Methods.

DISCUSSION

Investigations on the effects of the modulation of gyrase
function on genomewide gene expression in E.coli have
identified two types of topoisomerase-mediated genomewide
transcriptional responses: steady-state changes elicited by a
mutation in the GyrA subunit (37), and dynamic changes
elicited by the inhibition of gyrase by a quinolone drug (34).
We hypothesized that the steady-state effects were due to
the changes in biochemical properties of gyrase, while the
dynamic effects were due the imbalance between supercoil-
ing and relaxation activities, which appeared to be modulated
by the RecA activity. We conducted biochemical studies and
provided evidence for these hypothesized mechanisms.

The D82G mutation in the GyrA subunit was selected by
the screening of mutations, which increased levels of the
gyrA and gyrB transcripts in E.coli (37). This mutation has
been previously identified as a part of a double mutation in
the E.coli gyrA gene that confers quinolone resistance (49).
As expected, GyrA D82G gyrase exhibited a low level of
resistance to norfloxacin, a quinolone drug, in the supercoil-
ing (Figure 1B) and DNA cleavage (data not shown) assays.
This mutation does not affect the growth rate in rich medium
but alters the steady-state transcriptional activity of more than
800 genes in E.coli (37). We found that GyrA D82G gyrase
had a reduced activity (2-3 fold lower than the wild-type
enzyme) to catalyze the supercoiling reaction (Figure 1A)
and support oriC DNA replication in vitro (Figure 2). Thus,
the steady-state changes in the genomewide gene expression
elicited by the D82G mutation in the GyrA subunit is due to
its effect on the catalytic activity of DNA gyrase. The previ-
ous observation that small changes in the supercoiling
activity of gyrase have widespread effects on the relative
abundance of 88 proteins (52) supports our conclusion.

Our investigation on transcriptional responses to the inhibi-
tion of DNA gyrase in E.coli revealed that the average
kinetics of transcriptional responses triggered by the quino-
lone treatment was affected in a RecA-dependent manner
(34). The RecA protein could modulate the balance between
supercoiling and relaxation activities either by interfering
with the supercoiling activity of gyrase or by facilitating
the relaxation activity of Topo I. To determine the molecular
basis of the effect of RecA on the balance of supercoiling and
relaxation activities in the cell, we assessed the effects of
RecA on gyrase-catalyzed supercoiling reaction and Topo I-
catalyzed relaxation reaction in vitro. The presence of RecA
did not affect the supercoiling activity of gyrase (Figure 3).
Furthermore, no effect of RecA on either the decatenation
or relaxation activity of Topo IV was detected (data not
shown). Thus, RecA does not affect the catalytic activities
of bacterial type IIA topoisomerases.

RecA was capable of stimulating the relaxation activity
of Topo I in vitro (Figure 4). The stimulation of Topo I-
catalyzed relaxation reaction by RecA required formation
of an active RecA filament (Figure 5). It is likely that
RecA-mediated stimulation of Topo I activity accounts for
the effect of a recA mutation on the balance between super-
coiling and relaxation activities in E.coli. Topo I, in the
presence of RecA, can relax the chromosomal DNA at its
maximum rate upon the inhibition of gyrase in the



wild-type strain, whereas, due to the loss of the stimulatory
effect of RecA on Topo I, the relaxation of the chromosome
is significantly slower in a recA™ strain. A strong correlation
between changes in transcript levels of a group of genes in a
recA” strain and those in a fopA™ strain (34) also supports the
conclusion that the functional interaction between RecA and
Topo 1 is responsible for RecA-mediated modulation of the
balance between supercoiling and relaxation activities in
vivo.

What is the mechanism of the functional interaction
between E.coli RecA and E.coli Topo I? One possibility is
that the formation of an active RecA filament could alter
the conformation of the DNA and generate single-stranded
regions to provide binding sites for Topo I. An alternative
possibility is that RecA might physically interact with Topo
I and recruit Topo I to the DNA. It seemed more likely that
RecA could stimulate Topo I by changing the conformation
of DNA and generating single-stranded regions. In this
case, it was reasonable to assume that RecA could have a
general stimulatory effect on the activities of various type
IA topoisomerases, which require a single-stranded region
to bind to DNA (1,2). We found, however, that the stimula-
tory effect of E.coli RecA was somewhat specific to E.coli
Topo I (Figure 6). Thus, conformational change of the
DNA substrate alone may not explain the stimulation of the
relaxation activity of E.coli Topo I by E.coli RecA.

The observed specificity of the effect of RecA on type IA
topoisomerases supports a possible involvement of a protein—
protein interaction between E.coli RecA and E.coli Topo I in
RecA-mediated stimulation of Topo I activity. So far, we
failed to detect any direct interaction between purified
RecA and Topo I proteins in solution (data not shown) and
the RecA—-Topo I interaction was not detected in a systematic
identification of protein—protein interactions in E.coli (53).
Further studies are necessary to determine the molecular
mechanism of the functional interaction between E.coli
RecA and E.coli Topo 1.
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