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ABSTRACT

Although bacterial gyrase and topoisomerase IV

have critical interactions with positively supercoiled

DNA, little is known about the actions of these en-

zymes on overwound substrates. Therefore, the abil-

ities of Bacillus anthracis and Escherichia coli gy-

rase and topoisomerase IV to relax and cleave pos-

itively supercoiled DNA were analyzed. Gyrase re-

moved positive supercoils ∼10-fold more rapidly and

more processively than it introduced negative su-

percoils into relaxed DNA. In time-resolved single-

molecule measurements, gyrase relaxed overwound

DNA with burst rates of ∼100 supercoils per sec-

ond (average burst size was 6.2 supercoils). Effi-

cient positive supercoil removal required the GyrA-

box, which is necessary for DNA wrapping. Topoi-

somerase IV also was able to distinguish DNA ge-

ometry during strand passage and relaxed positively

supercoiled substrates ∼3-fold faster than negatively

supercoiled molecules. Gyrase maintained lower lev-

els of cleavage complexes with positively super-

coiled (compared with negatively supercoiled) DNA,

whereas topoisomerase IV generated similar levels

with both substrates. Results indicate that gyrase is

better suited than topoisomerase IV to safely remove

positive supercoils that accumulate ahead of repli-

cation forks. They also suggest that the wrapping

mechanism of gyrase may have evolved to promote

rapid removal of positive supercoils, rather than in-

duction of negative supercoils.

INTRODUCTION

The topological state of DNA has a dramatic effect on nu-
cleic acid processes in bacterial cells (1–5). DNA is glob-
ally underwound (i.e. negatively supercoiled), which en-
hances the opening of the double helix and facilitates repli-
cation and transcription. Conversely, overwound (positively
supercoiled) DNA that accumulates ahead of replication
and transcription machinery must be removed in order for
elongation to progress. Furthermore, fundamental cellu-
lar processes such as recombination and replication intro-
duce knots and tangles into the genome, which impede
DNA tracking systems and prevent chromosomal segrega-
tion during cell division.
Bacteria encode multiple topoisomerases that regulate

the topological state of DNA. Among them are two type II
topoisomerases, gyrase and topoisomerase IV (6–9). These
enzymes function as heterotetramers (GyrA2GyrB2 for gy-
rase and GrlA2GrlB2 and ParC2ParE2 for topoisomerase
IV in Gram-positive and Gram-negative species, respec-
tively) and display sequence homology (6,10). In addition,
they both act by creating a transient double-stranded break
in one segment of DNA (the gate- or G-segment) and pass-
ing a second intact segment (the transport- or T-segment)
through the break (3,8,11). In order to maintain the in-
tegrity of the genome during this process, gyrase and topoi-
somerase IV covalently attach to the 5′-terminus of each
DNA strand. This ‘cleavage complex’ is a hallmark of en-
zyme activity (12).

Despite these similarities, differences in the C-terminal
domains of GrlA/ParC andGyrA confer each enzyme with
a unique array of catalytic activities (7). Because the C-
terminal domain of GrlA/ParC allows topoisomerase IV
to interact with distal DNA segments, the enzyme uses a
‘canonical’ strand passage mechanism in which it captures
existing intra- or intermolecular DNA crossovers (Figure
1) (6). This allows the enzyme to relax (i.e. remove) positive
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Figure 1. Cellular functions and DNA strand passage mechanisms of gy-
rase and topoisomerase IV. Gyrase removes positively supercoiled DNA
ahead of the replication machinery and also introduces negative supercoils
into the genome. Topoisomerase IV may assist in the removal of positive
supercoils, but primarily acts to resolve precatenanes behind the fork and
unlink daughter chromosomes. Topoisomerase IV uses a ‘canonical’ DNA
strand passagemechanism and gyrase uses a ‘wrapping’mechanism to sup-
port their decatenation and supercoiling activities, respectively.

or negative supercoils, which results in a respective decrease
or increase in DNA linking number (the number of times
the two strands of the double helix cross each other). It also
allows the enzyme to remove DNA knots and tangles in a
highly ef�cient manner (6,7).

In contrast to the canonical mechanism used by all
other type II topoisomerases, gyrase uses a mechanism in
which the C-terminal domain of the GyrA subunit wraps
DNA, inducing a positive crossover between the G- and T-
segments that mimics a positive supercoil (Figure 1) (6,13–
18). This ‘wrapping’ mechanism has three important im-
plications for gyrase activity. First, the captured G- and
T-segments are proximal to one another (19). Therefore,
gyrase greatly favors the catalysis of intramolecular strand
passage reactions: the enzyme can ef�ciently alter superhe-
lical density but is very poor at removing knots and tan-
gles (19,20). Second, because gyrase always acts on the in-
duced positive crossover, it works in a unidirectional man-
ner (6,21); in the presence of adenosine triphosphate (ATP),
the enzyme can remove positive, but not negative, super-
coils and always causes a decrease in DNA linking number.
Third, the ability of gyrase to create and subsequently re-
move positive supercoils allows the enzyme to decrease the
linking number beyond that of relaxed DNA. Thus, among
all known topoisomerases, gyrase is the only enzyme able to
negatively supercoil DNA (7,11).
As a result of their individual properties, gyrase and

topoisomerase IV have distinct functions during DNA
replication (Figure 1) (7,22–24). Gyrase works primarily
ahead of the fork to remove positive supercoils generated
by the replicative helicase and to restore the negative su-
perhelicity of the bacterial chromosome (2,3). Although

topoisomerase IV can alter superhelical density and help
to alleviate torsional stress that accumulates ahead of the
fork (25–27), its critical function is to decatenate (i.e. un-
tangle) daughter chromosomes following DNA replication
(6,28–30). During DNA synthesis, topoisomerase IV works
primarily behind the fork to remove intermolecular DNA
crossovers (precatenanes).
Beyond their essential cellular functions, gyrase and

topoisomerase IV are targets for the quinolone antibacteri-
als, drugs that act by stabilizing cleavage complexes (8,31–
33). As replication forks or other DNA tracking systems
encounter these protein-bound DNA roadblocks, transient
cleavage complexes are converted to non-ligatable DNA
breaks that must be repaired by DNA damage response
pathways. Quinolones kill bacteria by overwhelming cells
with DNA strand breaks or (potentially) by robbing the
cells of the critical activities of gyrase and topoisomerase
IV. The relative importance of each enzyme as the primary
target for quinolones varies among species (34–39). Gyrase
is the primary cellular target for quinolones in Escherichia
coli and many other Gram-negative organisms (34,35). It is
also the primary target in some Gram-positive species, in-
cluding B. anthracis (40–42).

Despite the fact that gyrase (potentially assisted by
topoisomerase IV) plays an essential role in relaxing over-
wound DNA ahead of the replication machinery and that
quinolone-stabilized cleavage complexes formed ahead of
these moving forks are the most dangerous for the cell
(12,43–45), little is known about how these enzymes re-
move positive supercoils or form cleavage complexes on
overwound DNA. Therefore, we characterized the activi-
ties of B. anthracis and E. coli gyrase and topoisomerase IV
on positively supercoiled DNA. Results indicate that gyrase
can remove positive supercoils much more rapidly and pro-
cessively than it can introduce negative supercoils into re-
laxed DNA. This ef�cient relaxation of overwound DNA is
lost when the GyrA-box, which is required for DNA wrap-
ping (17), is mutated. Topoisomerase IV, using the canoni-
cal strand passage mechanism, also acts faster on positively
supercoiled DNA. As seen with eukaryotic type II topoiso-
merases (43), gyrase maintains lower levels of cleavage com-
plexes with positively (as compared with negatively) super-
coiled DNA. This is in contrast to topoisomerase IV, which
maintains similar levels of cleavage complexes with both
substrates. Thus, the ability of gyrase to rapidly remove pos-
itive supercoils while maintaining low levels of potentially
dangerous cleavage complexes makes it the safer enzyme to
work ahead of the replication fork.

MATERIALS AND METHODS

Enzymes, DNA and materials

Wild-type B. anthracis gyrase and topoisomerase IV sub-
units (GyrA, GyrB, GrlA and GrlB) were expressed and
puri�ed using a modi�cation of a previously published pro-
tocol (46). Genes were polymerase chain reaction (PCR)-
ampli�ed from chromosomal DNA of the Sterne strain of
B. anthracis. PCR products were cloned into the pET21b
vector, which added an N-terminal 6xHis tag to each pro-
tein subunit. The GyrAAla-box construct (in which the seven
amino acids of the GyrA-box were replaced with alanine
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residues) was generated using a QuikChange kit (Strata-
gene). The identities of all constructs were con�rmed by
DNA sequencing. Each subunit construct was individually
transformed into E. coli strain BL21(DE3) and cells were
grown overnight at 37◦C with shaking in LB medium con-
taining 100 �g/ml ampicillin. Cultures were diluted 20-fold
with fresh medium to yield 500-ml cultures, which were
grown at 37◦C with shaking at 200 rpm until the optical
density at 600 nm was 0.6. Protein expression was induced
by adding isopropyl �-D-1-thioglactopyranoside to a �-
nal concentration of 0.2 mM and cells were harvested at
times optimized for each subunit (GyrA, 3 h; GyrAAla-box,
2 h; GyrB, 15 min; GrlA, 3 h; GrlB, 2 h). Pellets were
resuspended in 30 ml of cold CelLytic B buffer (Sigma).
Cells were lysed by serial passage through an EmulsiFlex-
C5 high-pressure homogenizer at >15 000 psi, cell debris
was removed by centrifugation and proteins were puri-
�ed from the supernatant by passage through a 2-ml Ni-
nitrilotriacetic acid af�nity column (Qiagen). Columnswere
washed according to the manufacturer’s instructions. Pro-
teins were eluted using 12 ml of buffer containing 20 mM
Tris–HCl pH 7.9, 500 mM NaCl and 300 mM imidazole
and exchanged into buffer containing 50 mM Tris–HCl pH
7.5, 200 mM NaCl, 20% glycerol and 5 mM dithiothreitol
through 30 kDa molecular weight cut-off centrifugal con-
centrators (Amicon). Subunits were stored at −80◦C.
Escherichia coli topoisomerase IV subunits (ParC and

ParE) were puri�ed as described previously (47,48) and
stored at −80◦C. Escherichia coli gyrase was purchased
from New England BioLabs.
Negatively supercoiled pBR322 plasmid DNA was pre-

pared using a Plasmid Mega Kit (Qiagen) as described by
the manufacturer. Positively supercoiled pBR322 DNAwas
prepared by treating negatively supercoiled molecules with
recombinant Archaeoglobus fulgidus reverse gyrase (49,50).
The number of positive supercoils induced by this process
was comparable with the number of negative supercoils
in the original pBR322 preparations (49). All experiments
with negatively supercoiled DNA used plasmid prepara-
tions that were processed identically to the positively su-
percoiled molecules except that reaction mixtures did not
contain reverse gyrase. Relaxed pBR322 plasmid DNAwas
generated by treating negatively supercoiled pBR322 with
calf thymus topoisomerase I (Invitrogen) and puri�ed as de-
scribed previously (51).

Cipro�oxacin was obtained from LKT Laboratories,
stored at 4◦Cas a 40mMstock solution in 0.1MNaOHand
diluted 5-fold with 10 mM Tris–HCl pH 7.9 immediately
prior to use. Moxi�oxacin was obtained from LKT Labo-
ratories and levo�oxacin was obtained from SigmaAldrich.
Both drugs were stored at 4◦C as 20 mM stock solutions in
100% dimethyl sulfoxide . Spermidine was obtained from
Sigma–Aldrich. All other chemicals were analytical reagent
grade.

Monitoring DNA supercoiling and relaxation using ensemble
experiments

DNA supercoiling and relaxation assays were based on pre-
viously published protocols (52,53). For B. anthracis gyrase
reactions, GyrA (or GyrAAla-box) and GyrB (tetramer con-

centration of 400–1000 nM, 1:1 GyrA:GyrB ratio) were in-
cubated for 5 min at 37◦C in 100 mM Tris–HCl pH 7.5,
350mMKGlu and 100 �g/ml bovine serum albumin (BSA,
Sigma), then diluted 2-foldwith amixture containingDNA,
Mg2+ andATP for a �nal reaction volume of 20�l. The �nal
concentrations of reactants were 200–500 nM gyrase, 5 nM
positively or negatively supercoiled or relaxedDNA and 1.5
mM ATP in 50 mM Tris–HCl pH 7.5, 5 mM MgCl2, 175
mM KGlu and 50 �g/ml BSA. Reactions were incubated
at 37◦C for times indicated and stopped by the addition of
3 �l of a mixture of 0.77% sodium dodecyl sulphate (SDS)
and 77.5 mM Na2EDTA. Samples were mixed with 2 �l of
agarose loading dye (60% sucrose; 10 mMTris–HCl pH 7.9,
0.5% bromophenol blue, 0.5% xylene cyanol FF) and sub-
jected to electrophoresis in 1%agarose gels in TBE (100mM
Tris-borate pH 8.3, 2 mM ethylenediaminetetraaceticacid
(EDTA)). Gels were stained with 1 �g/ml ethidium bro-
mide for 30 min. DNA bands were visualized with medium-
range ultraviolet light on anAlpha Innotech digital imaging
system.
Alternatively, reaction products were analyzed by 2D gel

electrophoresis as described previously (49). The �rst di-
mension was run for 2 h as described in the preceding para-
graph. The gel was then soaked in TBE containing 4.5
�g/ml chloroquine for 2 h with gentle shaking followed by
electrophoresis in the orthogonal direction (90◦ clockwise)
for 2 h in fresh TBE containing 4.5�g/ml chloroquine. Gels
were stained and DNA bands were visualized as described
above.
Escherichia coli gyrase supercoiling assays contained 50

nM gyrase, 5 nM positively supercoiled DNA and 1.5 mM
ATP in 50 mM Tris–HCl pH 7.5, 5 mM MgCl2, 175 mM
KGlu and 50 �g/ml BSA in a reaction volume of 20 �l. Re-
actions were incubated, stopped and analyzed as described
above.
Bacillus anthracis topoisomerase IV relaxation assays

contained 10 nM topoisomerase IV, 5 nM supercoiled
pBR322 and 1 mM ATP in 40 mM HEPES pH 7.6, 100
mM KGlu, 10 mM Mg(OAc)2 and 50 mM NaCl in a re-
action volume of 20 �l. Reactions were incubated, stopped
and analyzed as described above.

Preparation of coilable DNA substrates for single-molecule
experiments

An ∼5 kb region of pET-28b was ampli�ed by PCR us-
ing primers that incorporated cut sites for BsaI to cre-
ate DNA with unique, non-palindromic sticky ends as de-
scribed previously (54). One end of the linear substrate
was ligated to an ∼500 bp DNA handle functionalized
with multiple biotin moieties, while the other end was lig-
ated to a similar handle containing multiple digoxigenin
moieties. An 18 × 5 × 0.08 mm �ow chamber was con-
structed using a pair of glass coverslips joined together by
two strips of double-sided adhesive �lm. The chamber was
incubated with DNA at a �nal concentration of ∼1 pM.
The digoxigenin-containing end of the DNA was immobi-
lized to the surface of the chamber with anti-digoxigenin
antibodies. The biotin-containing end was attached to an
∼1 �m diameter streptavidin-coated magnetic bead (Dy-
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nal). The resultingDNAconstruct could then be torsionally
constrained and manipulated using magnetic tweezers.

Monitoring gyrase-mediated relaxation of positively super-
coiled DNA using magnetic tweezers

Amagnetic tweezers apparatus similar to that described by
Ribeck and Saleh (55) was used to manipulate DNA topol-
ogy and apply small stretching forces to the substrate. DNA
extension was recorded at a rate of 200 frames per second
using video-based tracking of bead images at a magni�ca-
tion of 125 nm per pixel. To verify tethering of single DNA
molecules, beads were rotated at a force of 3.5 pN. Sin-
gle coilable DNA molecules denature when underwound
and form a plectoneme when overwound, following charac-
teristic extension-rotation curves for both conformational
changes (56). The conditions used for magnetic tweezers
measurements were consistent with the formation of a sin-
gle plectoneme on each DNA tether examined (57,58).

DNA relaxation reactions were carried out at 22◦C and
utilized 1 nM B. anthracis gyrase and 1 mMATP in 50 mM
Tris–HCl pH 7.5, 5 mM MgCl2, 175 mM KGlu, 50 �g/ml
BSA and 0.1% Tween-20 (to prevent sticking of the mag-
netic beads). Positive supercoils were generated at forces<5
pN by rotating the magnetic bead in increments of +50 ro-
tations. Under these conditions, supercoiling reduces DNA
extension due to plectoneme formation. Relaxation of the
positively supercoiledDNAresulted in extension of the sub-
strate. The magnetic tweezers apparatus was programmed
to automatically apply +50 rotations when the DNA exten-
sion exceeded a set threshold, typically 20–50 nm below the
maximum (fully unwound) extension.

Analysis of burst size and burst rate distributions

A simple detection routine was employed to quantify burst
events within recorded data. A candidate point within an
activity burst was de�ned as a point at which the change in
mean extension over 100 ms (20 data points) on either side
of the point was >100 nm. After the window of the activity
burst was de�ned, it was narrowed by excluding any points
that were within one standard deviation of the mean exten-
sion 20 ms before or after the burst. The end points of the
burst were de�ned by re-including one data point ahead of
and one data point behind this narrowed region. Burst rates
were obtained by linear regression of the raw data. Burst
sizes were estimated by dividing the change in extension
over the burst event by the average extension change result-
ing from relaxation of a single plectonemic supercoil. The
bursting events were independent of force and were there-
fore pooled in the distributions shown in Figure 5.

DNA cleavage

DNA cleavage reactions were based on the procedure of
Aldred et al. (52). Bacillus anthracis gyrase reactions con-
tained 500 nMwild-type or 250 nMGyrAAla-box gyrase (1:2
GyrA:GyrB ratio) and 10 nMpositively or negatively super-
coiled pBR322 in a total volume of 20 �l of 50 mM Tris–
HCl pH 7.5, 100 mM KGlu, 5 mM MgCl2 and 50 �g/ml
BSA. In some cases, MgCl2 was replaced with CaCl2 and a

range of enzyme concentrations was tested. Reactions were
incubated at 37◦C for 30 min and enzyme–DNA cleavage
complexes were trapped by the addition of 2 �l of 5% SDS.
Na2EDTA (2 �l of 250 mM) and proteinase K (2 �l of 0.8
mg/ml) were added and samples were incubated at 45◦C for
30 min to digest the enzyme. Samples were mixed with 2 �l
of agarose loading dye and incubated at 45◦C for 2 min be-
fore loading on gels. Reaction products were subjected to
electrophoresis in 1% agarose gels in 40mMTris-acetate pH
8.3 and 2 mM Na2EDTA containing 0.5 �g/ml ethidium
bromide and visualized as described above. DNA cleavage
was monitored by the conversion of supercoiled plasmid to
linear molecules and quanti�ed by comparison to a control
reaction in which an equal mass of DNA was digested by
EcoRI (New England BioLabs).
DNA cleavage reactions with B. anthracis topoisomerase

IV contained 100 nM enzyme (1:2 GrlA:GrlB ratio) and 10
nM positively or negatively supercoiled pBR322 in 20 �l
of 40 mM Tris–HCl pH 7.9, 10 mM MgCl2, 50 mM NaCl
and 12.5% glycerol. Reactions were incubated at 37◦C for 10
min and were stopped, digested and analyzed as described
above.
Reactions with E. coli gyrase contained 100 nM enzyme

and 10 nM positively or negatively supercoiled pBR322 in
20 �l of 40 mM Tris–HCl pH 7.9, 10 mM MgCl2, 50 mM
NaCl and 12.5% glycerol. Reactions with E. coli topoiso-
merase IV contained 10 nM enzyme (1:1 ParC:ParE ratio)
and 10 nM positively or negatively supercoiled pBR322 in
20 �l of 40 mM Tris–HCl pH 7.9, 5 mM MgCl2, 50 mM
NaCl and 12.5% glycerol. Reactions with each enzyme were
incubated at 37◦C for 10 min, then stopped, digested and
analyzed as described above.

RESULTS

Bacillus anthracis gyrase relaxes positive supercoils more
rapidly than it introduces negative supercoils

As discussed above, gyrase plays two important roles in
the cell: it alleviates stress ahead of DNA tracking systems
and it generates negative supercoils to help maintain the
correct superhelical density of the bacterial chromosome.
Although the supercoiling activity of gyrase has been well
documented (18,21,59–65), little is known about the abil-
ity of the enzyme to remove positive supercoils from DNA.
Therefore, we assessed the ability of B. anthracis gyrase
to relax a positively supercoiled plasmid and subsequently
convert it to a negatively supercoiled molecule (Figure 2A).
Enzyme activity was monitored over 45 min in order to ob-
serve both the removal of positive supercoils (the relaxation
reaction) and the introduction of negative supercoils (the
supercoiling reaction)within the same assay. The initial sub-
strate had a superhelical density that was similar to the orig-
inal plasmid isolated from E. coli, but was opposite in sign
(49).
As shown in the gel in Figure 2A and quanti�ed in Fig-

ure 2D, B. anthracis gyrase rapidly relaxed the overwound
plasmid and removed all of the positive supercoils within
2 min. To further investigate the speed and processivity of
this reaction, we monitored relaxation of positively super-
coiled DNA over an expanded 90-s time course (Figure 2B
and D). In a fully processive reaction, the enzyme catalyzes
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Figure 2. Bacillus anthracis gyrase removes positive supercoils more
rapidly than it introduces negative supercoils into relaxed DNA. (A) Gy-
rase activity on positively supercoiled DNA. A time course is shown for
the relaxation of positive supercoils followed by the introduction of neg-
ative supercoils. Positively supercoiled [(+)SC] and negatively supercoiled
[(−)SC] standards are shown. (B) Expanded time course for the relaxation
of (+)SC DNA by gyrase. (C) Time course for the introduction of nega-
tive supercoils into relaxed DNA (Rel) by gyrase. Gel images are repre-
sentative of at least three independent experiments. (D) Quanti�cation of
removal of positive supercoils and introduction of negative supercoils by
gyrase shown in parts A–C. The relative amount of (+)SC DNA (white)
in each sample was determined by comparison to the (+)SC control. The
relative amount of (−)SC DNA (black) in each sample was determined by
comparison to the maximum level of (−)SC DNA formed in each exper-
iment. Inset: expanded view of loss of (+)SC DNA. Error bars represent
standard deviations of at least three independent experiments.

the complete relaxation of the substrate with little evidence
of intermediate topoisomers. Conversely, in a fully distribu-
tive reaction, the enzyme relaxes the entire substrate popu-
lation synchronously and the complete range of intermedi-
ate topoisomers is present. Although the gyrase-catalyzed
relaxation of positive supercoils is not entirely processive,

Figure 3. 2D gel analysis of Bacillus anthracis gyrase activity on posi-
tively supercoiled DNA. (A) Control gel showing mobility of nicked, posi-
tively supercoiled [(+)SC], relaxed (Rel) and negatively supercoiled [(−)SC]
DNA. (B–D) Activity of gyrase on (+)SCDNA. DNA products generated
after 30 s (B), 90 s (C) and 180 s (D) reactions are shown. Gel images are
representative of at least three independent experiments.

relatively few positively supercoiled intermediate topoiso-
mers were observed (further discussed below).
In contrast, the conversion of relaxed plasmid to neg-

atively supercoiled DNA by gyrase occurred much more
slowly (Figure 2A and C; quanti�ed in Figure 2D). The en-
zyme took >15 min to underwind the bulk of the substrate
and as much as 45 min to fully underwind the plasmid pop-
ulation. Additionally, as compared to the relaxation reac-
tion, a much higher proportion of reaction products were
observed as intermediate topoisomers during the supercoil-
ing reaction, indicating that this latter reaction is consider-
ably more distributive than the removal of positive super-
coils. Similar rates for the supercoiling reaction were ob-
served whether the initial DNA substrate was positively su-
percoiled (Figure 2A) or relaxed (Figure 2C). This high-
lights the clear distinction between the rates of relaxation
and supercoiling.
A number of DNA topoisomers were apparent in the

later stages of the relaxation reaction (Figure 2B) and it
was dif�cult to unambiguously discern their supercoil hand-
edness on a one-dimensional gel. These topoisomers may
represent positively supercoiled molecules that have yet to
be fully relaxed or molecules that have already been re-
laxed and are partially negatively supercoiled. Therefore,
the products of relaxation reactions were analyzed by 2D
gel electrophoresis. As seen in Figure 3, all of the positively
supercoiled topoisomers were gone by ∼90 s. This con�rms
the above conclusion that, under the conditions employed,
gyrase completely removes all positive supercoils in<2min.
It also indicates that the time required to fully relax posi-
tively supercoiled DNA is at least 10-fold shorter than that
required for gyrase to fully negatively supercoil the bulk
of the relaxed molecules. Despite these rate differences, a
small proportion of DNA molecules become negatively su-
percoiled within 30 s (Figure 3, also see Figure 2A and C),
suggesting the presence of a gyrase population that is ca-
pable of acting much faster than the majority of enzyme
molecules. It is not known whether this re�ects an enzyme
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pool that remains bound and acts in a highly processive
manner or uses an alternative DNA strand passage mecha-
nism (66).
The removal of positive supercoils and the introduction

of negative supercoils were sensitive to the concentration
of ATP. Both reactions displayed an apparent Km value
of ∼0.15 mM as determined by analysis of a series of
time courses carried out at 0.125–1.5 mM ATP (quanti�-
cation of the effect of [ATP] on the rate of positive super-
coil removal is shown in Supplementary Figure S1). Re-
sults are consistent with a Michaelis–Menten mechanism
in which decreased ATP binding occurs at lower concen-
trations of the high-energy cofactor. The ATP-dependence
of relaxation and supercoiling indicate that both reactions
are catalyzed by gyrase. Furthermore, given that standard
relaxation/supercoiling reactions were carried out in the
presence of 1.5 mM ATP, it is unlikely that differences in
rates of relaxation versus supercoiling re�ect differential re-
quirements for ATP.
A previous study by Nöllmann et al. compared the abili-

ties ofE. coli gyrase to remove positive supercoils and intro-
duce negative supercoils into relaxed DNA (63). On the ba-
sis of single-molecule experiments, these authors proposed
a mechanochemical model in which the enzyme displayed
similar rates for both of these activities at low levels of me-
chanical force on the DNA substrate [such as those seen
in plasmid DNA or in vivo (63,67)]. Indeed, when extrap-
olated to a 0 pN force on the DNA, <15% difference in
reaction rates was predicted. In contrast to their model,
Nöllmann et al. observed a greater difference in ensemble
experiments: the removal of positive supercoils occurred at
rates that were ∼2- to 4-fold faster than those for the intro-
duction of negative supercoils. It was only at increased levels
of force in single-molecule experiments, which presumably
impaired the ability of E. coli gyrase to wrap DNA and in-
troduce negative supercoils, that substantial differences be-
tween the rate of positive supercoil removal and negative
supercoil induction were observed.
The reported differences in the relaxation and supercoil-

ing rates at zero force are lower than those seen in the
present work with B. anthracis gyrase (>10-fold; see Fig-
ure 2). However, unlike our experiments, Nöllmann et al.
included spermidine in all of their assays (63). It is notable
that this polyamine is often added to gyrase-mediated re-
actions to enhance rates of DNA supercoiling (63,68–70).
Therefore, we examined the effects of 5 mM spermidine, a
typical concentration used in gyrase assays (69), on the abil-
ity of B. anthracis gyrase to relax positive supercoils and
introduce negative supercoils into relaxed DNA. For these
reactions, the enzyme concentration was decreased 2.5-fold
to spread out the time course. The addition of spermidine
enhanced the rate of DNA supercoiling at least 3- to 4-fold
(Figure 4A and B). However, as seen in the time courses, the
polyamine had little effect on the rate of removal of posi-
tive supercoils. This observation was supported by 2D gel
analysis (Figure 4C and D). The differential effect of sper-
midine on gyrase-catalyzed relaxation versus supercoiling
may re�ect the fact that spermidine promotes plectoneme
formation and supercoiling (71), which could favor nega-
tive supercoil introduction by gyrase over positive supercoil
removal.

Figure 4. Spermidine enhances the rate of negative supercoiling by Bacil-
lus anthracis gyrase but does not affect the rate of removal of positive su-
percoils. (A) Gyrase activity on positively supercoiled DNA without sper-
midine. Positively supercoiled [(+)SC] and negatively supercoiled [(−)SC]
standards are shown. (B) Gyrase activity on positively supercoiled DNA
in the presence of 5 mM spermidine. (C and D) 2D gel analysis of gyrase
activity on positively supercoiled DNA. DNA products generated after 2
min in the absence (C) or presence (D) of 5 mM spermidine. Gel images
are representative of at least three independent experiments.

Figure 5. Escherichia coli gyrase removes positive supercoils more rapidly
than it introduces negative supercoils into relaxed DNA. A time course is
shown for the relaxation of positive supercoils followed by the introduc-
tion of negative supercoils. Positively supercoiled [(+)SC] and negatively
supercoiled [(−)SC] standards are shown. The gel image is representative
of at least three independent experiments.

Consistent with our �nding that spermidine differentially
affects the relaxation and supercoiling rates of B. anthracis
gyrase, analysis of the ensemble data from Nöllmann et al.
(63) indicates that increasing spermidine from 0.2 to 1.8
mM had virtually no effect on the rate of positive supercoil
removal but doubled the rate of negative supercoil intro-
duction. Therefore, to determine whether the intrinsic abil-
ity of E. coli gyrase to differentially catalyze DNA relax-
ation versus supercoiling is comparable to that of the Bacil-
lus enzyme, we used an ensemble assay to assess the relax-
ation of positive supercoils and the subsequent introduction
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of negative supercoils by E. coli gyrase in the absence of a
polyamine. As seen in Figure 5, the E. coli enzyme removed
the positive supercoils within 2 min but took at least 20 min
to fully negatively supercoil the substrate. This rate differen-
tial (>10-fold) is similar to that observed with B. anthracis
gyrase (Figure 2). Thus, it appears that the ability of gyrase
to remove positiveDNA supercoils substantially faster than
it introduces negative supercoils is a fundamental charac-
teristic of both the Gram-positive and Gram-negative en-
zymes.

Single-molecule measurements of positive supercoil relax-
ation by B. anthracis gyrase

To further explore the rate at which gyrase removes positive
supercoils in the absence of a polyamine, we utilized mag-
netic tweezers (56) to measure B. anthracis gyrase-catalyzed
relaxation of positively supercoiled DNA (Figure 6A). The
enzyme typically relaxed positively supercoiledDNA in dis-
crete, rapid bursts (Figure 6A and B). The time between
bursts was highly variable, leading to a wide distribution
of average relaxation rates (Supplementary Figure S2). In
contrast to a previous study with E. coli gyrase (63), re-
laxation rates for the Bacillus enzyme were independent
of force (Supplementary Figure S2). The existence of at
least two distinct activity modes further contributed to this
variability (Figure 6B and C; Supplementary Figure S3).
Gyrase removed multiple supercoils either in rapid bursts
(‘burst mode’) or at a steady rate (‘steady mode’). Heteroge-
neous activity is a well-documented aspect of some enzymes
observed in single-molecule studies (72) and is a possible
source of plasticity for an enzyme that performs multiple
necessary functions.
Bacillus anthracis gyrase relaxed 50 positive supercoils at

an average rate of ≥10 supercoils/s in 319 out of 492 mea-
surements (65%) and≥20 supercoils/s in 110measurements
(22%) (Supplementary Figure S2). This represents a lower
bound for the average relaxation rate, because gyrase fre-
quently removed positive supercoils as rapidly as they were
introduced, even up to 60 supercoils per second. However,
the enzyme often paused, leading to broadly distributed av-
erage velocities that are signi�cantly slower than the burst
relaxation rate between pauses.
To characterize gyrase relaxation activity in burst mode,

wemeasured enzyme processivity and speed (Figure 6D and
E). The mean burst size of 6.2 ± 0.4 supercoils corresponds
to three catalytic cycles executed in rapid succession. The
burst size distribution was described by a simple exponen-
tial decay function, indicating that the number of sequential
catalytic cycles is random. The mean burst rate was 107 ±
23 supercoils/s, which is comparable to the rate of positive
supercoil production by E. coli DNA polymerase (73). The
burst rate distribution was described by an inverse gamma
function, as expected for an enzyme taking a �nite number
of discrete steps (74).

Gyrase relaxed all 50 positive supercoils introduced dur-
ing each measurement cycle. This strongly suggests that a
single enzyme can process the entire plectoneme (Figure
6A) from a unique binding site at its distal end, which po-
tentially favors binding because it is sterically accessible and
presents a preferred binding geometry. A similar placement

Figure 6. Single-molecule measurements ofBacillus anthracis gyrase activ-
ity. Data are representative of measurements made on �ve individual DNA
tethers on different days. (A) Representative trace of gyrase activity over
time using magnetic tweezers. A cartoon of the experimental setup (not
to scale) is shown at right: a single DNA molecule (black line) is torsion-
ally constrained by attachment to a slide and manipulated by the attached
magnetic bead (gray sphere). Both the upward force (black arrow) on the
bead and its rotation (red arrow) are controlled through an externally ap-
plied magnetic �eld. Counterclockwise bead rotation increases the link-
ing number of the DNA, generating positive supercoils. DNA extension
(determined by bead height above slide surface) decreases in proportion
to plectoneme supercoiling (yellow arrowhead). Results are shown at left
for a single DNA molecule that was extended by a constant upward mag-
netic force of 1 pN.Upon introduction of 50 positive supercoils (red arrow-
heads), the DNA extension was reduced as a plectoneme formed. Gyrase
removed supercoils in a series of discrete steps and the DNA returned to its
initial length, initiating the onset of another measurement cycle. (B and C)
Gyrase relaxes positive DNA supercoils in two distinct modes of activity.
Representative traces in which the enzyme removed multiple supercoils ei-
ther in rapid bursts (‘burst mode’ relaxation, B) or at a steady rate (‘steady
mode’ relaxation, C), are shown. The DNA was under constant tension
of 3.5 and 2.2 pN in B and C, respectively. (D and E) Characterization of
burst mode relaxation. Distributions includemeasurements of 382 individ-
ual relaxation cycles in which 50 positive supercoils were removed. In each
burst event, gyrase rapidly removed four or more supercoils. The burst size
distribution (D) �ts a single exponential curve. The burst rate distribution
(E) �ts an inverse gamma function with shape parameter α = 2.1 ± 0.2
and scale parameter β = 114 ± 11 supercoils/s. Error bars represent the
square-root of the number of observed events; these errors were accounted
for in the determination of the best-�t parameters (±SE).
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ofE. coli topoisomerase IV at the end of the plectoneme has
been concluded from single-molecule experiments (75) and
visualized by electron microscopy (76).

The characteristics of the relaxation reaction strongly
suggest that a single gyrase enzyme was responsible for the
relaxation of each entire plectoneme. First, pauses were of-
ten observed between relaxation cycles and between indi-
vidual activity bursts during relaxation of a single plec-
toneme (Figure 6A and B; Supplementary Figure S3B).
These pauses are inconsistent with the binding of multiple
gyrase enzymes per plectoneme, as it is highly unlikely that
multiple enzymes would pause synchronously. Second, the
rates of relaxation in both the burst and steady modes re-
mained constant over the complete relaxation of a given
plectoneme (Figure 6 and Supplementary Figure S3). If
multiple enzymes were bound per plectoneme, the relax-
ation rate would be expected to decrease as the plectoneme
shortened because fewer enzymes would remain on the su-
percoiled portion of the tether and be available to relax the
DNA.
As further evidence that the observed relaxation was me-

diated by gyrase, the rate of positive supercoil relaxation as
monitored by magnetic tweezers was sensitive to the con-
centration of ATP and decreased substantially below 100
�M. At 50 �M ATP, virtually no activity was observed
(data not shown). In addition, the fact that the DNA sub-
strates could be continually re-coiled rules out the possibil-
ity that the bursts of positive supercoil removal were due to a
contaminating nuclease or the breaking of the non-covalent
bonds between the DNA and the coverslip. Even if there
was ‘breathing’ of the bonds between the DNA and the cov-
erslip (i.e. some bonds dissociated but the DNA remained
attached to the coverslip), the maximal possible extension
change would be <200 nm. As shown in Figure 6 and Sup-
plementary Figure S3, this value is much smaller than the
extension changes observed in each reaction cycle.
As discussed above, B. anthracis gyrase relaxed positive

supercoils in at least two modes of activity (Figure 6B and
C). The prevalence of the burst mode (319 out of 492 mea-
surements) suggests that it is at least as frequent as the
steady mode. Both modes were observed on independent
DNA tethers at different force and across samples prepared
on different days. The burst size distribution (Figure 6E)
points to an underlying stochastic process, which is incon-
sistent with the regular repetition of single steps and short
pauses that would constitute a steady velocity. Thus, the
burst and steady modes are recognizably different. Further-
more, switching between these modes was observed even
within uninterrupted relaxation events (i.e. the relaxation
mode changed without pausing in between) (Supplemen-
tary Figure S3C), suggesting dynamic switching between re-
laxation modes by a single enzyme.

Gyrase requires a wrapping mechanism to ef�ciently remove
positive supercoils

Clearly, gyrase must use a classic DNA-wrapping mecha-
nism in order to introduce negative supercoils. However, on
the basis of single-molecule studies, Nöllmann et al. sug-
gested that E. coli gyrase was able to remove positive super-
coils by two different strand passage mechanisms depend-

ing on the force on the DNA (63). This is despite the fact
that the reaction rates remained relatively constant over the
entire force range examined (∼0.1–4.5 pN). They proposed
that, at low tension, the enzyme acts through the wrapping
mechanism, in which only proximalDNA segments are cap-
tured. Conversely, they hypothesized that high tension on
the DNA prevents wrapping, causing the enzyme to switch
to a canonical type II topoisomerase mechanism that fa-
vors capture of distal segments. However, these authors did
not address this issue experimentally. Thus, it is not obvi-
ous how gyrase achieves its rapid rates of positive super-
coil relaxation in plasmid DNA [i.e. under conditions of no
force (63,67)]. Indeed, canonical type II enzymes that do not
wrap DNA, such as human topoisomerase II� and E. coli
topoisomerase IV, have been shown to rapidly remove posi-
tive supercoils (27,49,74,75). Thus, gyrase could potentially
use a canonical mechanism to ef�ciently relax overwound
DNA. Alternatively, it could rely on the wrapping mecha-
nism for this activity, as positively supercoiled DNA would
be an ideal substrate for generating a positive wrap around
the GyrA C-terminal domain.
To distinguish between these possibilities, we recapitu-

lated a previously described E. coli GyrA mutant (17) in B.
anthracis. In this construct, GyrAAla-box, the seven amino
acids of the GyrA-box were replaced with alanine residues.
The GyrA-box is necessary for DNA wrapping by gyrase
and mutation or removal of this motif in E. coli gyrase re-
sulted in an enzyme that was no longer able to introduce
negative supercoils into DNA (17), similar to a gyrase con-
struct in which the entire GyrA C-terminal domain was
removed (16). As seen in Figure 7A and B, B. anthracis
GyrAAla-box gyrase was unable to convert relaxed to neg-
atively supercoiled DNA and, like canonical type II topoi-
somerases, gained the ability to relax negatively supercoiled
DNA in the presence of ATP. On the basis of these �nd-
ings, we conclude that disrupting the GyrA-box of B. an-
thracis gyrase restricts the enzyme to using a canonical type
II topoisomerase strand passage mechanism.
As shown in Figure 7C, GyrAAla-box gyrase could still

remove positive supercoils, but acted more distributively
and much more slowly than the wild-type enzyme. The mu-
tant enzyme took at least 45 min to fully relax overwound
DNA (as compared to<2 min for wild-type gyrase, see Fig-
ure 2). While these results demonstrate that gyrase can re-
move positive supercoils using a canonical mechanism at
low force, they strongly suggest that the enzyme uses awrap-
ping mechanism to achieve high rates of processive positive
supercoil removal in plasmid DNA.
It is notable that theGyrAAla-box mutantmaintains higher

levels of DNA cleavage complexes than does the wild-type
enzyme (see Figures 9 and 10). As determined by its co-
migration with an EcoRI-cleaved DNA standard, the low-
est band seen in Figure 7A–C is enzyme-generated linear
DNA.
Finally, because gyrase cannot remove negative super-

coils in the presence of ATP (6), it is impossible to deter-
mine whether the wild-type enzyme has an intrinsic abil-
ity to distinguish supercoil geometry during strand passage.
However, because GyrAAla-box gyrase can relax both sub-
strates under parallel conditions, the mutant enzyme was
used to investigate this issue. Although the distributive na-
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Figure 7. Bacillus anthracis GyrAAla-box gyrase acts as a canonical type
II topoisomerase. (A) GyrAAla-box gyrase does not supercoil relaxed
DNA. Relaxed (Rel) and negatively supercoiled [(−)SC] DNA stan-
dards are shown. (B) GyrAAla-box gyrase slowly relaxes (−)SC DNA. (C)
GyrAAla-box gyrase slowly and distributively relaxes positively supercoiled
[(+)SC] DNA. Gel images are representative of at least three independent
experiments.

ture of these reactions makes them dif�cult to quantify, it
is clear from Figure 7B and C that GyrAAla-box gyrase re-
moves positive supercoils from plasmid DNA faster than
negative supercoils. Therefore, even in the absence of DNA
wrapping, B. anthracis gyrase displays an innate capacity to
recognize supercoil geometry during strand passage.

Bacillus anthracis topoisomerase IV recognizes supercoil ge-
ometry during strand passage

Previous studies indicate that some, but not all, canonical
type II topoisomerases are able to discern the geometry of
DNA supercoils during the strand passage reaction. For ex-
ample, human topoisomerase II�, but not topoisomerase
II� or Chlorella virus topoisomerase II, relaxes positively
supercoiled DNA ∼10-fold faster than comparably nega-
tively supercoiled plasmid (49,77,78). Furthermore, topoi-
somerase IV from E. coli also removes positive supercoils
≥10-fold faster (27,75,79). In the case of topoisomerase IV,
the difference between rates re�ects (at least in part) the abil-
ity of the enzyme to carry out a processive reaction on over-
wound DNA, while its reaction on underwound molecules
is distributive.
To determine whether topoisomerase IV from a Gram-

positive bacterium can also discern DNA supercoil geome-
try during strand passage, we examined the ability of B. an-
thracis topoisomerase IV to remove positive and negative

Figure 8. Bacillus anthracis topoisomerase IV relaxes positively super-
coiledDNA faster than negatively supercoiledDNA. (A andB) Relaxation
of positively (A) and negatively (B) supercoiledDNAby topoisomerase IV.
Positively supercoiled [(+)SC], negatively supercoiled [(−)SC] and relaxed
(Rel) standards are shown. Gel images are representative of at least three
independent experiments. (C) Quanti�cation of experiments shown in (A)
and (B). Relative amounts of relaxed DNA in each experiment were de-
termined by monitoring the loss of the supercoiled band in comparison to
supercoiled DNA present in the 0 min sample. Error bars represent stan-
dard deviations for at least three independent experiments.

supercoils (Figure 8). As determined by the loss of super-
coiled DNA, the enzyme relaxed overwound DNA ∼3-fold
faster than comparably underwound molecules. Therefore,
we propose that the ability to recognize supercoil geometry
during DNA relaxation is conserved among topoisomerase
IV from different species. However, there are subtle differ-
ences betweenB. anthracis topoisomerase IV and the E. coli
enzyme. First, the disparity in the rates of relaxation of posi-
tively versus negatively supercoiledDNA is smaller. Second,
the Gram-positive enzyme acted processively on both sub-
strates, which may partly account for the smaller difference
in relaxation rates (49,75).

Gyrase can distinguish supercoil geometry during DNA scis-
sion and maintains lower levels of cleavage complexes with
positively supercoiled DNA

Cleavage complexes formed ahead of replication forks and
other DNA tracking systems are most likely to be converted
to non-ligatable DNA strand breaks (12,43–45). Because
these systems overwind the DNA as they open the double
helix, we compared the abilities of B. anthracis and E. coli
gyrase to cleave positively supercoiledDNA.Quinolone an-
tibacterials were included in most reactions because of their
clinical importance and because they substantially raise lev-
els of cleavage complexes, facilitating quanti�cation (8,31–
33).
Bacillus anthracis gyrase recognizes DNA supercoil ge-

ometry during cleavage. In the presence of cipro�oxacin, the
enzyme maintained ∼3-fold lower levels of cleavage com-
plexes on positively supercoiled as compared with nega-
tively supercoiled DNA (Figure 9A). This geometry recog-
nition also occurred in the presence of two other clinically
relevant quinolones, moxi�oxacin and levo�oxacin (Figure
9A, inset), and in the absence of drug (Figure 9B).

To determinewhetherDNAwrapping is necessary for gy-
rase to distinguish supercoil geometry during DNA cleav-
age, we compared the ability of GyrAAla-box gyrase to cleave
positively and negatively supercoiled DNA (Figure 10).
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Figure 9. Bacillus anthracis gyrase maintains lower levels of cleavage com-
plexes on positively supercoiled DNA. (A) Levels of cleavage complexes
generated by gyrase on positively supercoiled [(+)SC] DNA (white) or neg-
atively supercoiled [(−)SC] DNA (black) in the presence of cipro�oxacin.
Inset: levels of cleavage complexes generated by gyrase in the presence of
10 �M moxi�oxacin (Moxi) or levo�oxacin (Levo). (B) Levels of cleavage
complexes generated by varying concentrations of gyrase on (+)SC DNA
(white) or (−)SC DNA (black) in the absence of quinolones. Error bars
represent standard deviations for at least three independent experiments.

Figure 10. Bacillus anthracis GyrAAla-box gyrase maintains lower levels of
cleavage complexes on positively supercoiled DNA. (A) Levels of cleav-
age complexes generated by GyrAAla-box gyrase on positively supercoiled
[(+)SC] DNA (white) or negatively supercoiled [(−)SC] DNA (black) in
the presence of cipro�oxacin. (B) Levels of cleavage complexes generated
by GyrAAla-box gyrase on (+)SC DNA (white) or (−)SC DNA (black) in
the absence of quinolones. Error bars represent standard deviations for at
least three independent experiments.

Similar to the wild-type enzyme, GyrAAla-box gyrase main-
tained lower levels of cleavage complexes on positively su-
percoiled DNA in the presence or absence of cipro�oxacin.
Therefore, as was the case for strand passage, the intrinsic
ability of gyrase to recognize DNA supercoil geometry dur-
ing cleavage is independent of wrapping.
We next assessed DNA cleavage mediated by E. coli gy-

rase to determine whether the ability to discern supercoil
geometry during cleavage is a general feature of this type II
topoisomerase. Like the Bacillus enzyme, E. coli gyrase also
maintained 2- to 3-fold lower levels of cleavage complexes
on positively supercoiled DNA (Figure 11).

Figure 11. Escherichia coli gyrase maintains lower levels of cleavage com-
plexes on positively supercoiled DNA. Levels of cleavage complexes gen-
erated by gyrase on positively supercoiled [(+)SC] DNA (white) or neg-
atively supercoiled [(−)SC] DNA (black) in the presence of cipro�oxacin
are shown. Error bars represent standard deviations for at least three inde-
pendent experiments.

Figure 12. Topoisomerase IV maintains similar levels of cleavage com-
plexes on positively and negatively supercoiled DNA. (A) Levels of cleav-
age complexes generated by Bacillus anthracis topoisomerase IV on posi-
tively supercoiled [(+)SC] DNA (white) or negatively supercoiled [(−)SC]
DNA (black) in the presence of cipro�oxacin. (B) Levels of cleavage com-
plexes generated by Escherichia coli topoisomerase IV on (+)SC DNA
(white) or (−)SC DNA (black) in the presence of cipro�oxacin. Error bars
represent standard deviations for at least three independent experiments.

Topoisomerase IV maintains similar levels of cleavage com-
plexes with positively and negatively supercoiled DNA

Results with gyrase are similar to those observed for eu-
karyotic and viral type II topoisomerases (43,49,77,78,80).
To determine whether topoisomerase IV can also dis-
cern supercoil geometry during DNA scission, we com-
pared the ability of B. anthracis topoisomerase IV to cleave
overwound and underwound plasmid in the presence of
cipro�oxacin. As seen in Figure 12A, the enzyme displayed
little ability to distinguish between positively and nega-
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tively supercoiled substrates and maintained similar levels
of cleavage complexes with both.
These results are markedly different than those previ-

ously reported for E. coli topoisomerase IV (27). An ear-
lier study reported that E. coli topoisomerase IV main-
tained ∼20-fold higher levels of cleavage complexes on pos-
itively supercoiledDNA in the presence of a quinolone (27).
Although this disparity may represent divergence between
Gram-positive and Gram-negative species, it could also re-
�ect differences in the methodologies used in the present
and previous studies. The earlier work used a competition
assay that monitored simultaneous cleavage of one nega-
tively and one positively supercoiled plasmid of different
lengths. In contrast, we monitored cleavage in parallel ex-
periments that utilized the same plasmid molecules that
were equally, but oppositely, supercoiled. Because competi-
tion experiments can be inordinately in�uenced by enzyme–
DNA binding af�nities, off rates, etc., we re-examined the
ability of E. coli topoisomerase IV to discern supercoil ge-
ometry using independent DNA cleavage assays. As seen in
Figure 12B, results with the E. coli enzyme were similar to
those observed with B. anthracis topoisomerase IV. If any-
thing, E. coli topoisomerase IV maintained slightly higher
levels of cleavage complexes on negatively supercoiled sub-
strates.

DISCUSSION

Even though the bacterial chromosome is globally under-
wound by ∼6% (4,81–83), localized regions of overwound
DNA are generated by critical nucleic acid processes. For
example, DNA becomes positively supercoiled ahead of
advancing replication forks, transcription complexes and
DNA helicases (1,84–87). In bacterial cells, positive su-
percoils are removed by gyrase, possibly aided by topoi-
somerase IV and quinolone-stabilized cleavage complexes
most likely to cause permanent genomic damage are formed
on overwound DNA (12,43–45). Despite the essential roles
of these enzymes on positively supercoiled DNA, little is
known about the actions of gyrase or topoisomerase IV on
overwound substrates. Results of the present study provide
novel insights into these critical enzyme activities.
Although gyrase is typically described as the ‘only known

topoisomerase able to generate negative supercoiling’ (11),
B. anthracis and E. coli gyrase actually remove positive su-
percoils considerably faster than they introduce negative su-
percoils into relaxed DNA. This likely re�ects the cellular
requirement for rapid removal of positive supercoils during
replication.
The two critical cellular functions of gyrase are bounded

by distinct temporal constraints. The ‘acute function’ of the
enzyme is to remove positive supercoils that rapidly accu-
mulate immediately ahead of replication forks and other
DNA tracking systems. This localized activity must occur
within a short window of time in order to allow these es-
sential nucleic acid processes to continue. Therefore, it re-
quires a high enzymatic rate. In contrast, the ‘steady-state
function’ of gyrase is to maintain the proper superhelical
density of the bacterial chromosome. Because local over-
winding that occurs as a result of individual nucleic acid
events has a relatively minor effect on global supercoiling,

the maintenance of topological homeostasis can take place
over a protracted time scale.
Despite the fact that gyrase removes positive supercoils

much more quickly than it introduces negative supercoils
into relaxedDNA, both reactions appear to utilize the same
wrapping mechanism to achieve optimal rates. Why, then,
does relaxation take place so much faster than supercoil-
ing? One possible explanation is that the relaxation of pos-
itively supercoiled DNA is energetically favorable, whereas
the introduction of negative supercoils is energetically unfa-
vorable (4). Alternatively, DNA crossovers formed by pos-
itive supercoils display higher stability than juxtapositions
formed by negative supercoils and therefore could be prefer-
entially used by the enzyme (88). Finally, overwound DNA
should intrinsically provide gyrase with the positive super-
coils needed to wrap around the C-terminal domain of
GyrA. In contrast, when acting on relaxed or negatively su-
percoiled DNA, the enzyme must �rst induce a positive su-
percoil before continuing through its cycle. This necessity
could negatively impact both the rate and the processivity
of the strand passage reaction.
On the basis of the above, we propose that positively su-

percoiledDNA is actually the preferred substrate for gyrase.
This raises an interesting teleological question: did the ini-
tial evolutionary pressure to develop the wrapping mecha-
nism stem from the need to introduce negative supercoils or
to remove positive supercoils? Although it is impossible to
de�nitively resolve this issue, we suggest that the latter may
be the case. Replication in bacterial systems takes place via
two forks moving away from a single origin, each at a rate
of 500–1000 nt/s (73). This is in contrast to DNA repli-
cation in human cells, in which tens of thousands of ori-
gins �re and replication forks move at a much slower rate
of ∼30 nt/s (89). As a result, bacterial cells have a unique
requirement for a topoisomerase that can remove positive
supercoils at a high rate. Conversion of gyrase to a canoni-
cal type II topoisomerase by mutating the GyrA-box dra-
matically reduced the rate of positive supercoil removal.
Furthermore, single-molecule experiments indicate that the
maximal rate of positive supercoil relaxation by gyrase is
several-fold faster than that of topoisomerase IV (27,75,79).
Therefore, it appears that a canonical type II enzyme may
not be able to act rapidly enough to keep up with the bacte-
rial replication fork. As eukaryotic species evolved, the ac-
companying slower rates of fork movement, coupled with
the emergence of multiple topoisomerases (both type I and
type II) that were able to relax positive supercoils, may have
dispensed with the need for such a rapidly acting enzyme.
The wrapping mechanism developed for positive super-

coil removal concomitantly conferred gyrase with the abil-
ity to introduce negative supercoils. As discussed above, this
activity plays a critical role in maintaining the topologi-
cal state of the bacterial chromosome. The requirement for
globally underwound DNA endured in eukaryotes, but the
advent of histones and higher-order chromatin structures
obviated the requirement for an enzyme with an intrinsic
ability to underwind DNA.
Although gyrase and topoisomerase IV both catalyze

strand passage faster with positively supercoiled substrates,
they differ in their ability to distinguish supercoil handed-
ness duringDNA cleavage.Whereas gyrasemaintains lower
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levels of cleavage complexes on overwound DNA, topoiso-
merase IV maintains similar levels of these complexes with
over- and underwound molecules. The recognition of DNA
geometry by gyrase allows it to act as a safer enzyme ahead
of the replication fork. The inability of topoisomerase IV to
discern DNA supercoil handedness during cleavage may be
a less important consideration, because the enzyme works
primarily behind the fork. Thus, the individual abilities of
these enzymes to recognize DNA geometry make them well
suited for their unique physiological roles.
Finally, these different abilities may impact the ef�cacy of

gyrase and topoisomerase IV as targets for quinolone an-
tibacterials. Functioning ahead of a fork, gyrase is perfectly
positioned to create cleavage complexes with the potential
to be converted to permanent DNA damage. However, the
diminished levels of cleavage complexes generated by the
enzyme on positively supercoiled DNA may partially abro-
gate the cytotoxic effects of quinolones. Conversely, topoi-
somerase IVmaintains high levels of cleavage complexes on
overwound substrates, but typically acts behind the fork,
where cleavage complexes are less likely to be disrupted by
moving tracking systems. Ultimately, it is probable that the
physiological locations and the recognition of DNA geom-
etry by gyrase and topoisomerase IV both contribute to the
complex relationship between quinolone targeting in puri-
�ed systems and drug lethality in bacterial cells.
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