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We show that positively supercoiled [(+) SC] DNA is the preferred substrate for Escherichia coli topoisomerase
IV (topo IV). We measured topo IV relaxation of (-) and (+) supercoils in real time on single, tethered DNA
molecules to complement ensemble experiments. We find that the preference for (+) SC DNA is complete at
low enzyme concentration. Otherwise, topo IV relaxed (+) supercoils at a 20-fold faster rate than (-) supercoils,
due primarily to about a 10-fold increase in processivity with (+) SC DNA. The preferential cleavage of (+) SC
DNA in a competition experiment showed that substrate discrimination can take place prior to strand passage
in the presence or absence of ATP. We propose that topo IV discriminates between (-) and (+) supercoiled
DNA by recognition of the geometry of (+) SC DNA. Our results explain how topo IV can rapidly remove (+)
supercoils to support DNA replication without relaxing the essential (-) supercoils of the chromosome. They
also show that the rate of supercoil relaxation by topo IV is several orders of magnitude faster than hitherto
appreciated, so that a single enzyme may suffice at each replication fork.
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Topoisomerases have the daunting task of regulating the
topology of megabases of DNA. In prokaryotic cells,
these essential enzymes maintain the (-) supercoiling of
the chromosome required for DNA replication, the tran-
scription of many operons, and several types of recom-
bination (for review, see Kanaar and Cozzarelli 1992;
Wang, 1996, 1998). In addition, topoisomerases must re-
move all of the links between the complementary
strands of DNA to ensure segregation of one copy of each
chromosome to the daughter cells at division (for review,
see Ullsperger et al. 1995).

Topoisomerases can add or remove supercoil, cat-
enane, or knot links by catalyzing the passage of one
DNA segment through a transient break in another.
Type II enzymes introduce a double-strand break in one
DNA duplex, termed the gate (G) segment. ATP binding
allows passage of a second duplex, the transport (T) seg-
ment, through the break (for review, see Wang 1998;
Baird et al. 1999). According to the two-gate model, the T
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segment is then released from the complex through the
other end of the enzyme (Roca and Wang 1994). Hydrolysis
of ATP resets the enzyme for another catalytic cycle.
Bacteria have two type II topoisomerases, DNA gyrase
and topoisomerase IV (topo IV), which have specialized
functions in vivo (for review, see Levine et al. 1998).
Gyrase is unique in its ability to introduce () supercoils
into DNA. It plays a critical role in maintaining the (-)
supercoiling of the chromosome and acts ahead of the
replication fork to remove the (+) supercoils generated by
the separation of the strands of the DNA duplex. The
signature activity of topo IV, on the other hand, is decat-
enation. In vitro, topo IV decatenates DNA ~30-fold
faster than it relaxes (-) supercoils (Ullsperger and Coz-
zarelli 1996). In vivo, mutants in topo IV replicate DNA
at normal rates, but the replicated chromosomes and
plasmids fail to separate (Khodursky et al. 1995; Zechie-
drich and Cozzarelli 1995; Hiasa and Marians 1996).
There is, however, clear evidence that the role of topo
IV is not limited to disentanglement and decatenation.
In vivo, topo IV can remove the (+) supercoils generated
during transcription ahead of the moving polymerase
complex (Khodursky et al. 2000). Topo IV can also sup-
port replication elongation fully in vitro (Hiasa and Mar-
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ians 1994) and partially in vivo (Khodursky et al. 2000) in
the absence of gyrase. To do so, topo IV must take over
gyrase’ s role of removing (+) supercoils generated by rep-
lication. Although topo IV relaxes both (-) and (+) super-
coils (Kato et al. 1992; Hiasa and Marians 1996), its rate
of removal of (-) supercoils is only 1/20 the rate at which
gyrase removes (+) supercoils (Ullsperger and Cozzarelli
1996) and nearly four orders of magnitude lower than the
in vivo rate of link removal. If topo IV relaxes (+) super-
coils equally poorly, it could not fill in for gyrase ahead
of the replication fork. The (+) supercoils ahead of the
replication fork equilibrate with (+) precatenane links
behind the fork in vitro (Peter et al. 1998) and with
stalled forks in vivo (Sogo et al. 1999). Therefore, topo IV
could, in principle, support replication elongation by re-
moving the precatenane links behind the fork. It is not
known, though, whether this equilibration occurs with
active replication forks in vivo (Postow et al. 1999).

We tested directly whether topo IV could remove (+)
supercoils at a rate comparable to that of gyrase. The
availability of methods to readily produce highly (+) su-
percoiled DNA (Musgrave et al. 1991; Strick et al. 1996)
allowed us to compare the activity of topo IV with (-) and
(+) supercoiled substrates in vitro. We measured topo IV
relaxation in real time on tethered, single DNA mol-
ecules to complement conventional ensemble measure-
ments. The former method revealed a pulsative relax-
ation by single enzyme molecules and detected indi-
vidual relaxation events. We found a marked preference
of topo IV for (+) supercoils. Only (+) supercoils were
removed at low enzyme concentration, the enzyme was
strikingly more processive on (+) SC DNA, and DNA
cleavage promoted by quinolone antibiotics was much
more pronounced with (+) SC DNA.

This strong preference for (+) SC DNA helps to resolve
two paradoxes about topo IV activity. It has been diffi-
cult to understand why (-) supercoil relaxation, an intra-
molecular event, was so much slower than the intermo-
lecular decatenation reaction (Ullsperger and Cozzarelli
1996). Equally puzzling was how the cell could have an
enzyme active enough to remove (+) links fast enough to
support replication and transcription and yet retain the
essential (-) supercoiling of the chromosome. Our results
indicate that (+) supercoil removal and decatenation are
the highly efficient in vivo functions of topo IV. The
single-molecule measurements in particular showed
that the activity of topo IV has been vastly underesti-
mated, so that only one or a few enzyme molecules
would be sufficient at each replication fork. In contrast,
(-) supercoiled DNA is a poor substrate for topo IV. We
propose this is because of an intrinsic chirality in the
orientation of the T and G segments on the enzyme that
is disfavored by (-] supercoiling.

Results

Topoisomerase IV preferentially relaxes (+)
supercoiled DNA

We compared the amount of topo IV needed to relax (+)
and (-) SC 2.7-kb DNAs in an enzyme titration experi-
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ment. Increasing amounts of topo IV were incubated
separately with the two substrates and the reactions ana-
lyzed by agarose gel electrophoresis (Fig. 1A). With (-) SC
DNA (o = -0.05; lanes 1-8), there was little relaxation at
stoichiometries much less than one. In contrast, topo IV
relaxation of the (+) SC DNA (o = +0.035; lanes 9-16)
began at the lowest stoichiometry tested. We also ana-
lyzed the reactions with (-) SC DNA on a gel containing
chloroquine (right), which resolves the DNA sufficiently
to detect relaxation of individual topoisomers. However,
no relaxation was detected in the range of stoichiom-
etries at which the (+) SC DNA was completely relaxed
(lanes 1-4).

The relaxation activity of topo IV was quantified
by measuring the disappearance of the supercoiled
substrates as a function of stoichiometry (Fig. 1B). The
relaxation of (+) SC DNA is linear with enzyme con-
centration, but the curve is sigmoidal with (-) SC DNA,
in which we detected no activity at low enzyme concen-
tration. Approximately 10-fold more topo IV was needed
to relax the same amount of (-) SC DNA as the (+) SC
DNA relaxed by the lowest enzyme concentration
tested.

Because the (+) and (-) SC DNAs used in this experi-
ment had different absolute values of o, it was possible
that the preferential relaxation of the (+) SC DNA was
due to the lower number of supercoils in that substrate.
To address this, we carried out a topo IV titration using
two (-] SC DNAs whose lol values bracketed that of the
(+) SC DNA. To compare topo IV activity on the three
substrates, we quantified the number of supercoils re-
moved from the substrate at each enzyme concentration
rather than just the fraction of DNA that was relaxed
(see Materials and Methods). The results given in Figure
1C show that many more supercoils are removed from
the (+) SC DNA than from either of the (-) SC DNAs at
all stoichiometries tested. Thus, preferential relaxation
of the (+) SC DNA at low stoichiometry is not due to its
lower lol value compared with (-) SC DNA.

Interestingly, more enzyme was needed to relax the
final (+) supercoils, as shown by the plateau in the curve
with (+) SC DNA after removal of only 80% of the sub-
strate links. This experiment also showed that the
o = -0.05 DNA was a poorer substrate than the o = -0.03
DNA,; the threshold level of enzyme for relaxation was
higher.

We next determined whether topo IV could discrimi-
nate between (-) and (+) SC substrates present in the
same reaction. We carried out an enzyme titration with
(<) SC 2.7-kb DNA (o = -0.05) and (+) SC 3.5-kb DNA
(o ~ +0.05). The size difference in the substrates allowed
us to analyze the DNAs simultaneously by agarose gel
electrophoresis (Fig. 1D). The (+) SC substrate was com-
pletely relaxed before any disappearance of the (-) SC
DNA band was detected. Quantification of the data (Fig.
1E) gives a result very similar to that shown in Figure 1B,
in which the DNAs were reacted separately. Relaxation
was linear with enzyme concentration for (+) SC DNA
but required a threshold amount of topo IV before relax-
ation of the (-) SC DNA was detected. Approximately
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Figure 1. Relaxation of (-) and (+) supercoiled DNA by topo IV. (A) Negatively (o = -0.05) supercoiled (lanes 1-8) and (+) (o = +0.035)

supercoiled (lanes 9-16) 2.7-kb DNAs were incubated with the indicated molar ratios (top) of topo IV to DNA. The reacted DNA was
analyzed by agarose gel electrophoresis, and autoradiograms of Southern blots of the gels are shown. The positions of nicked (N),
relaxed (R), and supercoiled (SC) DNA for the first two panels are indicated. In the panel at right, reactions shown in lanes 1-8 were
analyzed on a gel containing 1 pg/mL chloroquine to resolve the topoisomers. Relaxation, which results in a shift in the distribution
of topoisomers and the appearance of new bands, is first detected in lane 5. (B) Quantification of the data from the left and middle
panels in A. The percent of relaxed DNA was calculated from the disappearance of DNA from the supercoiled band. (C) Three DNA
substrates of different o values were reacted with topo IV and relaxation evaluated by agarose gel electrophoresis in the absence
(o = +0.035) or presence (o = -0.03 and -0.05) of 1 pg/mL chloroquine. The ALk was calculated as described in Materials and Methods.
(D) Negatively supercoiled 2.7-kb (o = -0.05) and (+) SC 3.5-kb (o ~ +0.05) DNAs were mixed and reacted with increasing amounts of
topo IV. An autoradiogram of a Southern blot of the portion of the agarose gel containing the supercoiled substrates is shown. (E)

Quantification of the data from D measured by the disappearance of DNA from the supercoiled bands.

10-fold more topo IV was needed with (-) SC DNA to
match (+) SC DNA relaxation at the lowest enzyme con-
centration. Comparable results were obtained in the re-
ciprocal mixing experiment, in which the 2.7-kb DNA
was (+) SC and the 3.5-kb DNA was (-) SC (data not
shown).

To verify that the difference in relaxation of (-) and (+)
SC DNA was not limited to our preparation of topo IV,
we performed an enzyme titration with topo IV provided
by H. Hiasa (University of Minnesota, Minneapolis). Re-
laxation of the (-) SC substrate again showed a threshold
and required 10-fold more enzyme to relax the same per-
cent of the substrate (data not shown). The specific ac-
tivity of this topo IV was even higher than that of our
enzyme, so that both substrates were completely relaxed
by substoichiometric amounts of topo IV.

Topo IV relaxes (+) supercoiled DNA at a 20-fold
faster rate than (-) supercoiled DNA

Next, we turned to kinetic experiments to measure the
relaxation rates of (-) and (+) supercoils as well as the
processivity of the reactions. In these experiments, we
used a fivefold higher concentration of DNA, which we
determined was a saturating amount of substrate for
both (+) and (-) SC DNA. Under these reaction condi-
tions, we measured maximal rates and observed relax-
ation at lower stoichiometries than in the titration ex-
periments above. Topo IV was added to (-) SC 2.7-kb
DNA (o = -0.05) at stoichiometries of 0.1 or 0.2 and the
DNA analyzed by agarose gel electrophoresis in the pres-
ence of chloroquine (Fig. 2A). The chloroquine relaxes
the substrate sufficiently to resolve the topoisomers
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Figure 2. Kinetics of relaxation of () and (+) supercoiled DNA
by topo IV. (A) Negatively supercoiled 2.7-kb DNA (o = -0.05)
was reacted at a molar ratio of 0.2 topo IV/DNA, and samples
were removed at one-min intervals. Relaxation was analyzed by
electrophoresis through an agarose gel containing 1 pg/mL chlo-
roquine. An autoradiograph of a Southern blot of the gel is
shown. (B) Quantification of relaxation of the (-) SC substrate at
molar ratios of 0.1 (O) and 0.2 (@) topo IV/DNA. The rates of
relaxation were one strand passage/enzyme/min at both stoi-
chiometries. Negative supercoils were removed at a lower stoi-
chiometry than in Fig. 1, because the DNA concentration was
fivefold higher. (C) Positively SC 2.7-kb DNA (o ~ +0.05) was
reacted with topo IV at a stoichiometry of 0.0025 and samples
were removed at 30-sec intervals. Relaxation was analyzed by
agarose gel electrophoresis. An autoradiograph of a Southern
blot of the gel is shown. The positions of nicked DNA (N),
relaxed topoisomers (R), and (+) supercoiled DNA (SC) are indi-
cated. (D) Quantification of the data for relaxation of the (+)
supercoiled substrate at stoichiometries of 0.0025 (O) and 0.005
(@). The rates of relaxation were 19 and 29 strand passages/
enzyme/min at stoichiometries of 0.0025 and 0.005, respec-
tively.

(lane 1). As supercoils are removed, the topoisomers be-
come (+) SC and migrate between the substrate topoiso-
mers. The quantification in Figure 2B shows that (-] SC
DNA is relaxed linearly with time over the course of the
experiment. The rate obtained at 30°C of one strand pas-
sage/enzyme/min at both stoichiometries is slightly
faster than the rate of 0.3 strand passages/enzyme/min at
23°C reported previously (Ullsperger and Cozzarelli
1996).

The processivity, or the number of strand passages per
formation of a Michaelis complex, is low with a (-) SC
substrate. The concurrent change in Lks for all the to-
poisomers (Fig. 2A) demonstrates the distributive nature
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of the reaction, in which the enzyme relaxes only one or
a few supercoils before releasing from the substrate, as
reported previously (Ullsperger and Cozzarelli 1996). To
estimate the processivity, we assume for simplicity that
the processive removal of subsequent links is fast com-
pared with the rate of removal of the first link (R!).
Therefore, the processivity (P), equals RT/R!, in which
RT is the overall rate. To avoid the complication of a
topoisomer being both a substrate and a product, we
measured R! from the disappearance of the two bands
with the highest lol, as they cannot be generated from
any other topoisomer. We obtained an average value for
R! of 0.7 strand passages/enzyme/min. From the mea-
sured value of RT of 1, we calculate that P = 1.4. Thus,
the enzyme is almost perfectly distributive (P = 1).

To measure the topo IV relaxation rate with (+) SC
DNA (o~ +0.05), we needed much lower stoichiom-
etries; 0.0025 and 0.005 (Fig. 2C). There is a striking in-
crease in the processivity of the enzyme with the (+) SC
substrate. Partially relaxed molecules were not observed
even when the reactions were analyzed on a gel contain-
ing netropsin, which overwinds the DNA and increases
resolution of the (+) topoisomers (data not shown). More-
over, fully relaxed DNA appears at the earliest time
point when most of the substrate is unreacted.

Quantification of the data (Fig. 2D) gives relaxation
rates of 19 and 29 strand passages/enzyme/min at stoi-
chiometries of 0.0025 and 0.005, respectively. Thus, on
average, the overall rate (RT) is 24-fold faster with (+) SC
than with (-) SC DNA. We were unable to measure R!
directly because we cannot resolve all of the (+) topoiso-
mers. However, to remove all 12 of the supercoils in this
substrate processively, P must be at least six strand pas-
sages. R! is then about four strand passages/enzyme/min
for this (+) SC DNA. Thus, topo IV works faster on a (+)
SC DNA and carries out more strand passages once it
binds.

Topo IV preferentially cleaves (+) supercoiled DNA
in a competition experiment

To determine whether topo IV can distinguish (+) SC
DNA prior to strand passage, we measured DNA cleav-
age by topo IV. In the presence of the drug norfloxacin,
the cleaved substrates are trapped as complexes in which
the double-strand break in the DNA is bridged by the
enzyme. Addition of SDS denatures the protein and re-
leases DNA covalently attached to the ParC subunit of
topo IV. There are several advantages to a cleavage assay.
First, cleavage is an early step in the reaction, occurring
before strand transport, DNA religation, and enzyme
turnover. Second, processivity is irrelevant, because
cleavage is stoichiometric with enzyme. Third, cleavage
is simply and accurately quantified.

We used a competition assay in which both a 7-kb (-)
SC (o0 ~ -0.05) and a 2.7-kb (+) SC DNA (o = +0.035) were
present in the same reaction. A control contained the
same (-) SC 7-kb DNA, but a 2.7-kb DNA that was (-) SC
(0 =-0.05) instead of (+) SC DNA. The reactions were
analyzed by agarose gel electrophoresis (Fig. 3A), and
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Figure 3. Competition between (-) and (+) supercoiled DNAs
for cleavage by topo IV. (A) Equal amounts of 2.7- and 7-kb
plasmids were incubated with ATP and increasing amounts of
topo IV in the presence of norfloxacin to trap enzyme-DNA
cleavage complexes. After addition of SDS and deproteinization,
the reacted DNA was analyzed by agarose gel electrophoresis in
buffer containing ethidium bromide. An autoradiograph of a
Southern blot of the gel is shown. Cleavage was measured by
the percent of the DNA in linear form. In lanes 1-11, both the
2.7-kb (o = -0.05) and the 7-kb DN As were (-) supercoiled. The
percent linear DNA in lane 6, for example, was 1.8 for the 2.7-kb
DNA and 4.0 for the 7-kb DNA. In lanes 12-22, the 2.7-kb DNA
was (+) supercoiled (o = +0.035) and the 7-kb DNA was (-) su-
percoiled. The percent linear DNA in lane 17 was 8.7 for the
2.7-kb and 2.4 for the 7-kb DNA. The position of nicked (N),
linear (L), and supercoiled (SC) DNA for each substrate is indi-
cated. The number of molecules of topo IV per kilobase of DNA
ranged from ~0.1-0.8. (B) Quantification of the competition
cleavage data for reactions carried out in the presence or absence
of ATP, expressed as the ratio of cleaved 2.7-kb to cleaved 7-kb
substrate. For comparison with other experiments, the topo IV/
DNA ratios are based on all of the DNA being 2.7 kb. (+) SC 2.7-kb
DNA and (-) SC 7-kb DNA with (@] and without (¥) ATP; (-) SC
2.7-kb and (-) SC 7-kb DNA with (O) and without (V) ATP.

Topo IV relaxation of (+) supercoiled DNA

cleavage was evaluated as the percent of linear DNA
molecules.

The ratio of cleaved 2.7-kb DNA to cleaved 7-kb DNA
for both sets of reactions is plotted in Figure 3B. In the
control, in which both DNAs were (-) SC, the DNAs
were cleaved at a frequency proportional to their lengths,
0.4, as expected. However, when the 2.7-kb DNA was (+)
SC, it was cleaved at an eightfold higher frequency than
the (-) SC 7-kb DNA at low enzyme to DNA ratios. After
correction for DNA length, this corresponds to 20-fold
higher cleavage of the (+) SC DNA. As the enzyme con-
centration was increased, the difference between (+) and
(=) SC substrates progressively diminished.

We conclude that the preferential action of topo IV on
(+) SC DNA can be prior to strand passage. This discrimi-
nation does not require ATP, as the same preferential
cleavage of (+) SC DNA was observed in the absence of
nucleotide (Fig. 3B). Thus, the recognition of substrate
chirality by topo IV is distinguished from the ability of
type II topoisomerases to remove DNA topology below
equilibrium values (Rybenkov et al. 1997), because that
activity requires ATP. The ability of topo IV to discrimi-
nate between (+) and (-) supercoils must involve a differ-
ent aspect of the topo IV reaction mechanism.

Topo IV relaxation of (+) and (-) supercoils in single
DNA molecules

The recent development of techniques to observe en-
zymes acting on single DNA molecules offered us the
opportunity to measure topo IV relaxation of (+) and (-)
supercoils on the same substrate molecule (Strick et al.
1996, 1998). In this system, we used a DNA molecule
tethered at one end to the floor of a capillary tube. The
free end of the DNA is linked to a superparamagnetic
bead that can be rotated by external magnets to intro-
duce (-) or (+) plectonemic (interwound) supercoils in the
DNA (Fig. 4A). Thus, at a given concentration of topo IV,
we could compare the relaxation of (-) and (+) supercoils
alternately on the same DNA molecule.

The number of supercoils in the molecule is known
precisely from the extension of the DNA. Because the
conformation of SC DNA is force dependent, we carried
out our experiments at low force (0.2 pN), in which the
molecules should have a plectonemic conformation as
found with circular molecules in solution. The molecule
is fully extended for the given force when o =0 and
shortens as (+) or (-) supercoils are introduced. This is
shown in Figure 4B, in which the DNA starts out (+) SC,
but the counterrotation of the magnets first relaxes and
then (-) supercoils the DNA. A data point (magenta) is
taken every 40 msec, and the blue line is a filtered aver-
age of the data. In our first test of topo IV chirality using
this setup, we added topo IV to a relaxed DNA molecule.
When the magnets were turned counterclockwise at 0.8
turns/sec to introduce (+) supercoils, there was no
change in the extension of the DNA, because relaxation
was faster than supercoil addition (Fig. 4C). In contrast,
when the direction of rotation of the magnets was re-
versed to introduce (-) supercoils, the extension of the
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Figure 4. Relaxation of a single supercoiled DNA molecule by topo IV. (A) Schematic of the experimental system. Here the tethered
DNA is stretched by a weak force (F = 0.2 pN) and plectonemic supercoils are generated by rotating the magnets (designated N and S)
above the bead. Enzyme-mediated relaxation of supercoils is monitored by measuring the change in extension, I, of the DNA. (B) DNA
extension as a function of added supercoils. When the magnets are rotated counterclockwise or clockwise, (+) or (-] supercoils,
respectively, are added to the DNA molecule, and its extension changes. The raw data (distance of the bead from the surface in
successive video frames) are given in magenta and the filtered data as a blue line. After 40 counterclockwise turns of the magnets, the
DNA molecule is (+) supercoiled at time 0. As the magnets are rotated clockwise, (+) supercoils are removed and the extension of the
DNA increases. Then, as (-] supercoils are added, the DNA shortens. For the force and ionic conditions used here, a change in
extension of 0.12 pm corresponds to two supercoils added or removed. (C) Positive supercoils but not (-) supercoils are relaxed at low
enzyme concentration, a Sisyphean effect. At time zero, the reaction mixture contained 50 ng/mL topo IV, 1 mM ATP, and relaxed
DNA. When the magnets were rotated counterclockwise (0 to ~70 sec) to introduce (+) supercoils, the extension of the molecule did
not change, indicating that topo IV was relaxing the supercoils as fast as the magnets could add them. When the magnets were rotated
clockwise (-) supercoils accumulated (120-190 sec), and the DNA extension decreased, as if no enzyme were present. The black lines

indicate steps of five turns.

DNA decreased as though no enzyme were present, be-
cause the activity of the enzyme was insufficient to re-
move supercoils at the rate at which they were added
(Fig. 4C). If the direction of rotation of the magnets was
again reversed, (+) supercoils again did not accumulate
(data not shown), indicating that the enzyme was still
active. Thus, at a low concentration of topo IV (50 ng/
mL), the preferential relaxation of (+) supercoils was
complete.

To measure accurately the rate of removal of (+) super-
coils, we used a concentration of enzyme that was low
enough (10 ng/mL) that the waiting time before the ini-
tiation of relaxation was long relative to the time for the
enzyme to fully relax the DNA (Fig. 5A). This should
ensure that there is only one active topoisomerase per
DNA. In these conditions, we saw a rapid and processive
removal of (+) supercoils (Fig 5A). Out of a total of 15
experiments, all of the (+) supercoils were processively
removed in 10. In the remaining five, the supercoils were
removed in two bursts, separated by a small pause (Fig.
5B). As the maximal number of supercoils added in these
experiments was 30, we conclude that the processivity of
topo IV on (+) SC DNA is on the order of 15 strand pas-
sages. The average relaxation from these 15 experiments,
after editing out waiting times and pauses much longer
than the relaxation time, is shown in Figure 5C. This
curve describes the enzyme when it is acting completely
processively. Relaxation is linear with time at a rate of
180 strand passages/min. Note that the rate is indepen-
dent of o from the initial value of +0.03 to near-complete
relaxation. When the rate was slowed down by reducing
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the ATP concentration to 10 uM, the characteristic
steps-of-two change in Lk were observed (data not
shown).

When (-) supercoils were introduced into the DNA at
the same enzyme concentration (10 ng/mL), no relax-
ation events were observed. By increasing the concentra-
tion to 200 ng/mL, we were able to observe slow relax-
ation of (-) supercoils (Fig. 5D). At this high concentra-
tion of enzyme, the waiting time before relaxation was
always shorter than the relatively slow relaxation times.
Thus, we cannot rule out the possibility that under these
conditions more than one enzyme is acting on the (-) SC
DNA. Nevertheless, individual relaxation events are
clearly seen throughout relaxation (horizontal arrows in
Fig. 5E), in agreement with the distributive mechanism
observed in the ensemble kinetics. Average data from 10
experiments are given in Figure 5F, yielding a rate of
eight strand passages/min, 23-fold slower than the rate of
(+) supercoil relaxation. Because the waiting times were
less than the relaxation time, waiting times were not
edited out. If more than one enzyme is acting on each
DNA, then relaxation of (-) SC DNA would be even

poorer.
There was no concentration of topo IV at which
we could measure the relaxation rate of both (-) and

(+) supercoils. With sufficient topo IV to measure (-)
supercoil relaxation, (+) supercoils were relaxed as fast
as they were added. When the topo IV concentration
was low enough to measure relaxation of (+) supercoils
by a single enzyme, no relaxation of (-) supercoils was
seen.
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Figure 5. Single-molecule measurements of the rate of (+) and (-) supercoil relaxation by topo IV. For all panels, the raw data are given
in magenta and the filtered data (A,B,D,E) in blue. The raw data were filtered at 0.2 Hz in A, D, and E, and at 0.8 Hz in B. The best
fit lines to the data in C and E are in black. (A) Relaxation of (+) supercoils by 10 ng/mL topo IV was monitored by the change in the
DNA extension. Arrows pointing down indicate the start of mechanical overwinding of the DNA to o = +0.03 (30 turns), and arrows
pointing up show the initiation of relaxation. A long waiting time (T,,,;,) between the introduction of supercoils and the onset of
relaxation is indicated. (B) Relaxation of (+) supercoiling in two bursts, separated by a small pause located between the vertical black
lines. Such small pauses were edited out from the data shown in C. (C) Composite data of 15 bursts of (+) supercoil relaxation, totaling
about 140 enzymatic cycles, are plotted. The best linear fit to the data yields the rate of supercoil removal of 180 strand passages/min.
In this analysis, waiting times and pauses longer than the relaxation time were removed (Strick et al. 2000). (D) Relaxation of (-)
supercoils by topo IV. The DNA at time zero was negatively supercoiled to o = -0.035, and relaxation by 200 ng/mL topo IV was
monitored as in A. Four cycles of (-) supercoiling followed by relaxation are shown. The horizontal arrows show the change in
extension corresponding to a ALk of +2, a single enzyme turnover. (E) Blow-up of the last relaxation event in D. (F) Composite data of
ten bursts of relaxation of (-] supercoils, totaling ~80 enzymatic cycles, are shown. The slope of the best fit line yields the rate of
supercoil removal of eight strand passages/min. In this analysis, waiting times and pauses were not removed as they are not clearly
differentiated from the slow relaxation events.

Complementarity of single-molecule and ensemble
enzymology

Discussion

Using single-molecule and ensemble enzymology, we
find that Escherichia coli topo IV greatly prefers (+) SC
over (-) SC DNA. This preference was exhibited in four
types of measurements that highlight different aspects of
the reaction. First, topo IV cleaved (+) SC DNA more

Single-molecule measures of topoisomerase function
provided a number of advantages over conventional ki-
netic measures. First, the same DNA molecule can be (+)
or (-) supercoiled, so that the experiments are precisely

frequently than (-) SC DNA in a competition assay. Sec-
ond, topo IV relaxed only (+) supercoils at low enzyme
concentrations. Third, the enzyme removed (+) super-
coils an order of magnitude more processively than (-)
supercoils. Fourth, topo IV relaxed (+) supercoils at a 20-
fold faster rate than (-) supercoils, largely due to the in-
creased processivity with (+) SC DNA.

We begin by discussing the complementary advan-
tages of the single-molecule and ensemble methods we
used. Next, we present a model to explain our findings
and discuss our results in the context of the model. Fi-
nally, we consider the physiological implications of our
findings.

controlled. The substrate is a single topoisomer, whose o
value is known exactly. Second, rates are measured only
with active enzyme molecules. Third, the range of rates
that can be measured is very large and extends to indi-
vidual strand passages by a single enzyme. Fourth, the
processivity of the enzyme can be measured directly and
separately from the overall reaction rate. Fifth, and most
remarkably, the enzyme is revealed to act in bursts, sepa-
rated by variable periods of waiting or pausing. In en-
semble measurements, the periods of activity and inac-
tivity are averaged out.

Traditional population measures have a complemen-
tary advantage in being averages over a large number of
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enzyme molecules. They are also more amenable to
varying the concentration of enzyme and substrate. En-
semble methods allowed us to measure DNA cleavage
and the competition between substrates.

The agreement of our topo IV results with the distinc-
tive single-molecule and ensemble methods adds sub-
stantial credence to our conclusions.

Model for the preferential relaxation of (+) supercoils
by topo IV

Our results show that a feature of (+) SC DNA allows
selective cleavage and processive relaxation of a (+) SC
substrate by topo IV. Gyrase, too, is far more active on (+)
SC DNA than on relaxed or (-) SC DNA (Westerhoff et
al. 1988; Kozyavkin et al. 1990). However, substrate dis-
crimination by gyrase is due to a chiral wrapping of 135
bp of DNA around the enzyme that is favored by (+)
supercoiling (Morrison et al. 1980; Kirkegaard and Wang
1981). The footprint of topo IV on DNA, in contrast, is
only 34 bp (Peng and Marians 1995), far too small for a
stable wrap. Therefore, topo IV must use a different
mechanism to discriminate between (-) and (+) SC sub-
strates.

Supercoiled DNA forms a plectonemic superhelix
with sharp apical bends (Fig. 6A) (Vologodskii and Coz-
zarelli 1994). The ascending and descending helical paths
are antiparallel in both (+) and (-) SC DNA, but differ in
the handedness of the superhelix; left for (+) SC DNA and
right for (-) SC DNA. We propose that it is a local geo-
metric arrangement of the DNA segments in (+) SC DNA
that is the basis for the recognition of substrate chirality
by topo IV. We do not believe the enzyme detects di-
rectly the topological sign of supercoiling, because it is a
global property of the DNA molecule, dependent on the
connectivity of crossing segments as well as the local
geometry.

To recognize the geometry of the superhelix, the en-
zyme may bind to two DNA segments. These could be
the segments at a crossing of the upward and downward
paths or the juxtaposition of the apex of the superhelix
with another segment. Type II topoisomerases have been
visualized by electron microscopy preferentially bound
at both locations in (-) SC DNA; Drosophila and calf
thymus topo II at interior crossings in earlier studies
(Zechiedrich and Osheroff 1990) and topo IV and yeast
topo II at apices in more recent investigations (A. Volo-
godskii, W. Zhang, V. Rybenkov, A. Podtelezhnikov, D.
Subramanian, J. Griffith, and N. Cozzarelli, in prep.).
The latter two enzymes were also shown to bend the
DNA upon binding, presumably to the G segment (A.
Vologodskii, W. Zhang, V. Rybenkov, A. Podtelezhni-
kov, D. Subramanian, J. Griffith, and N. Cozzarelli, in
prep.). Because the bend is roughly planar, the enzyme
should bind the G segment about equally well with (-)
and (+) SC DNA, barring a large change of twist upon
binding. Therefore, G-segment binding is unlikely to be
the basis for discrimination between (-) and (+) SC sub-
strates. We propose instead that it is the proper binding
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Figure 6. Model for the differential binding of topo IV to (+) and
(-) supercoiled DNA. (A) Both positively (left) and negatively
(right) plectonemic supercoiled DNAs have sharply bent apical
regions and antiparallel crossings of the DNA but different local
DNA geometry. The superhelix of (+) SC DNA is left-handed,
whereas that of (-) SC DNA is right-handed. (B) Topo IV is
depicted as a clamp-like structure by analogy to yeast topo II
(Berger et al. 1996). The black line represents the G segment,
which is bent as a consequence of topo IV binding. (1) When the
DNA is (+) SC, a second DNA segment binds properly as the T
segment (green line) in a left-handed relationship to the G seg-
ment. (2) The proper binding of the G and T segments allows
cleavage of the G segment to take place. (3) When the DNA is (-)
SC, the second segment (red line) is at the wrong angle relative
to the G segment to bind properly as the T segment. However,
there is an interaction between the second segment and the
enzyme that stabilizes the complex, but in a nonproductive
way.

of the T segment relative to the G segment that is fa-
vored with (+) SC DNA.

For topoisomerase action, the G and T segments need
to be bound in a particular geometry, much like the as-
sembly of a synaptic complex for site-specific recombi-
nation (Craigie and Mizuuchi 1986; Boocock et al. 1987).
Moreover, there is evidence with Drosophila topo II that
binding of both segments is required even for cleavage to
occur (Corbett et al. 1992). A similar conclusion was
reached for DNA gyrase, which is structurally homolo-
gous to topo IV (Kampranis et al. 1999). In Figure 6B, we
show how the local geometry of (+) SC DNA could favor



T-segment binding. In panel 1, after one DNA segment
has bound to the enzyme as the G segment, the T seg-
ment can then be readily bound in a juxtaposition to the
G segment that we postulate is favored by (+) supercoil-
ing. After proper binding of the T segment, the G seg-
ment could be cleaved (panel 2). Because cleavage does
not require ATP, topology discrimination can be made in
the absence of ATP, as we observed in our cleavage ex-
periment. The addition of ATP results in transport of the
T segment through the cleaved G segment and release of
the T segment from the enzyme (for review, see Wang
1998).

In (-) SC DNA, after binding of the G segment, the
crossing DNA segment would then be at the wrong angle
to bind correctly as the T segment (panel 3). However,
because topo IV binds preferentially to (-) SC DNA com-
pared with relaxed DNA (Peng and Marians 1995), it
seems reasonable to postulate that there is an interaction
of a second segment with the enzyme, but in a nonpro-
ductive manner (panel 3). This off-pathway binding must
be rearranged to form the productive G/T binding, or the
T segment must be recruited from a distant site. This
nonproductive binding may be more frequent when the
substrate has more (-] supercoils, in agreement with our
observation that o = -0.05 DNA was a poorer substrate
than -0.03 DNA (Fig. 1C).

There is direct evidence with yeast topo II that the
enzyme prefers to bind the G segment in a (-) SC DNA
but cannot then readily bind the T segment. With a cat-
enated substrate containing one (-) SC and one nicked
ring, yeast topo II preferentially binds and cleaves the (-)
supercoiled ring but decatenates rather than relaxes
(Roca and Wang 1994). Therefore, the G segment came
from the supercoiled ring, but the T segment was from the
relaxed ring. There are parallel results with topo IV. When
topo IV acts on a (-) SC catenane, it decatenates the struc-
ture before relaxing it (Ullsperger and Cozzarelli 1996).

We emphasize that this is a working model and more
experiments are needed to test and refine it. However, it
is consistent with our major experimental results. The
preferential cleavage of (+) SC DNA (Fig. 3) requires that
discrimination between (+) and (-) supercoils by topo IV
occurs prior to strand passage. In terms of our model, the
facilitation of productive T-segment binding with (+) SC
DNA results in enhanced cleavage. The favored geom-
etry with (+) SC DNA can also explain the 20- to 25-fold
faster rate of strand passage by topo IV when the sub-
strate was (+) SC (Figs. 2 and 5). Both the single-cycle rate
constant and processivity were higher with (+) SC DNA.
Thus, the formation of an active enzyme-substrate com-
plex was faster with (+) SC DNA, and the enzyme re-
mained bound to the (+) SC DNA after the first reaction
cycle. The enhanced processivity can be explained by the
preferential productive binding of topo IV to the (+) SC
DNA. After a strand passage, the enzyme can quickly
capture another T segment before it dissociates. With (-)
SC DNA, the enzyme may need to dissociate from one or
both DNA segments to rebind two segments in a pro-
ductive manner, resulting in the distributive relaxation
we observed.

Topo IV relaxation of (+) supercoiled DNA

An earlier study found the rate of (+) supercoil relax-
ation by topo IV to be even slower than the rate we
measured with (=) SC DNA (Hiasa and Marians 1996). A
method for making highly (+) SC DNA was not available
at that time, and the slow rate was likely due to the low
o of the (+) SC DNA used (~+0.01). We found that topo IV
is not efficient in removing the final few supercoils from
a substrate.

We do not know why the preference for (+) SC DNA is
exclusive at low enzyme concentrations in both en-
semble and single-molecule experiments or the basis for
the sigmoidal dependence of (-) supercoil relaxation on
enzyme concentration, but several possible explanations
for these results are consistent with our model. One pos-
sibility is that after binding of the G segment of a (-) SC
DNA, a nonproductive interaction with a second seg-
ment is favored. Therefore, more enzyme molecules may
be required for one of them to successfully form a pro-
ductive complex. Alternatively, the enzyme concentra-
tion dependency may reflect the way the active form of
the enzyme is initially assembled on the DNA. The ac-
tive tetrameric topo IV may be in equilibrium with a
form that lacks one or more subunits. Although the ac-
tive yeast topo II dimer is stable at all enzyme concen-
trations tested (Tennyson and Lindsley 1997), it is not
known how stable the topo IV tetramer is. The assembly
of the active form of topo IV may be highly cooperative
with a (+) SC substrate. Once assembled, the enzyme
fully relaxes the DNA before disassembly. However,
with (-) SC DNA, assembly of the active enzyme may
not be cooperative and must be assisted by a high protein
concentration. At high enzyme concentration, (+) SC
DNA loses its advantage, as seen in the competition
cleavage experiment (Fig. 3).

Physiological implications

In prokaryotes, (-) supercoiling is essential for promotion
of DNA double helix opening and chromosome compac-
tion. The physiological importance of (+) supercoiling,
however, is often overlooked because (+) supercoiling has
been studied far less and because of its transient nature
compared with the longevity of (-) supercoiling. How-
ever, (+) supercoiling is rapidly generated by transcrip-
tion (Liu and Wang 1987) and by helicase action at a
DNA replication fork (for review, see Ullsperger et al.
1995; Wang 1996). There are two avenues for release of
this (+) ALk during replication: relaxation of (+) super-
coils ahead of the fork and removal of (+) precatenane
links behind the fork (Hiasa and Marians 1996; Peter et
al. 1998). It is clear that both gyrase and topo IV can
promote replication fork movement (Hiasa and Marians
1994, 1996; Khodursky et al. 2000). Previously, removal
of (+) precatenanes behind the fork appeared to be the
only mechanism for topo IV to rapidly reduce Lk, be-
cause (-) supercoil relaxation, and by inference (+) super-
coil relaxation, was so weak. Our experiments show that
topo IV can also act in front of the fork to remove (+)
supercoils.
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There is direct evidence for strong and preferential (+)
supercoil relaxation in vivo by topo IV. Transcription
generates (+) supercoils ahead of and (-) supercoils be-
hind the polymerase, via the twin domain effect (Liu and
Wang 1987). The activity of topo IV completely prevents
the appearance of (+) supercoils when gyrase is absent,
but does not effectively remove (-) supercoils from the
same plasmid (Khodursky et al. 2000; Zechiedrich et al.
2000).

The rate and processivity of (+) supercoil removal by
topo IV measured in single-molecule experiments are
nearly the same as those for Drosophila topo II relax-
ation of both (-) and (+) supercoils (Strick et al. 2000).
Thus, the slow and distributive removal of (-) supercoils
by topo IV both in vitro (Ullsperger and Cozzarelli 1996)
and in vivo (Zechiedrich et al. 2000) underscores a fun-
damental difference between the two enzymes that may
be a consequence of the critical role of free (-) supercoils
in prokaryotes. Negative supercoiling in bacteria has
many important roles, so that even a small drop in (-)
supercoiling is lethal. Moreover, relaxation of (-) super-
coils actively opposes replication because it increases
Lk. Thus, the preferential relaxation of (+) supercoils by
topo IV and their conversion to (-] supercoils by gyrase
allows bacteria to remove unwanted (+) supercoiling
without compromising essential (-) supercoiling.

Our findings provide a resolution to a quantitative
paradox about topoisomerases in E. coli replication. The
maximum rate of fork movement at 37°C requires ~100
links to be removed every second, or 3000 strand pas-
sages/min, at each fork (Bird and Lark 1970). The rate of
relaxation of () SC plasmids by topo IV in vivo at 37°C
is only on the order of one strand passage/min (Zechie-
drich et al. 2000), the same rate we measured at 30°C.
Topo IV can act in place of gyrase in fork movement by
the relaxation of supercoils. One resolution of this diffi-
culty is that there are thousands of topo IV molecules to
make up the rate deficit. However, there are not enough
enzyme molecules at the fork in the cell or enough DNA
to accommodate this scenario (Huang et al. 1998).

Our data, particularly the single-molecule results,
show instead that only one or a few molecules of topo IV
could suffice at each fork to support replication elonga-
tion. The rate of (+) supercoil relaxation by a single topo
IV is 180 strand passages/min at 25°C. Given that topo
IV supports chain growth in vivo at about one-third of
the normal rate (~1000 strand passages/min) (Khodursky
et al. 2000), then the in vivo rate is only about five times
the in vitro single-molecule rate. Raising the tempera-
ture from 25° to 37°C increases the rate twofold (data not
shown), thus halving the discrepancy. We believe the
remaining difference is not significant, particularly if
topo IV also removes (+) precatenanes behind the repli-
cation fork.

The single-molecule measures of relaxation are about
eightfold higher than ensemble measurements for both
(+) and (-) SC DNA. Whereas ensemble measures average
out the activity of functioning enzymes with those that
are paused on the DNA, not bound to substrate, or com-
pletely inactive, the single-molecule experiments mea-
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sure only active enzyme. We believe that the single-mol-
ecule data are a more accurate reflection of the in vivo
activity of topo IV. These data show, not just for topoi-
somerases but also for polymerases (Davenport et al.
2000; Maier et al. 2000; Wuite et al. 2000) and ion chan-
nels (Sakmann 1992), that activity occurs in bursts. In
Figure 5, we see long pauses between intense relaxation
activity. These pauses may reflect the disassembly of the
active enzyme-DNA complex. We presume that factors
in the cell deliver topo IV to the replication fork and keep
it from a pulsative behavior, which would cause inter-
mittent replication. Analogous factors have been shown
to aid RNA polymerase in proceeding through pause
sites in both prokaryotes (greA and greB) (Borukhov et al.
1993) and eukaryotes (TFIIS) (for review, see Wind and
Reines 2000).

We suggest that (+) supercoiling is the physiological
substrate for prokaryotic type II topoisomerases acting in
replication. In addition to our data here on topo IV, there
are a number of experiments that show that DNA gyrase
is much more active on (+) than (-) supercoils. Its activity
is reduced by 10-fold at ¢ = -0.06 compared with relaxed
DNA (Westerhoff et al. 1988; Kozyavkin et al. 1990).
Given the essential role of (-) supercoiling, we suppose
that there is a patch of (+) supercoiling around the reli-
cation fork that is maintained by topological domain bar-
riers. There is a pleasing biological unity to this view, as
the DNA in eukarya and archaea must be (+) supercoiled
around the replication fork, because the only mechanism
open to them to reduce Lk in the absence of gyrase is by
relaxation of a (+) ALk.

Materials and methods

Proteins

Topo IV (Ullsperger and Cozzarelli 1996), wheat germ topo I
(Dynan et al. 1981), and the archaeal histone HM{B (Sandman et
al. 1994) were prepared as described. Another preparation of
topo IV was obtained from H. Hiasa (University of Minnesota).

Negatively supercoiled DNA substrates

Negatively SC substrates used were pUCI18 (2.7 kb), pLR3.5i
(3.5 kb) (Crisona 1999), and pAB4 (7.0 kb) (Benjamin and Coz-
zarelli 1990). pUC18 DNA of o = -0.03 was prepared by treat-
ment of o = -0.05 DNA with topo I in the presence of ethidium
bromide (EtBr). The o values of pUCI18 and pLR3.5I, were de-
termined by band counting on gels containing chloroquine and
are relative to DNA completely relaxed by topo I under the topo
IV reaction conditions.

Positively supercoiled DNA substrates for ensemble
experiments

We prepared (+) SC DNA by incubating plasmid DNA with the
archaeal histone HMfB in the presence of wheat germ topo I
(Musgrave et al. 1991). The (+) SC pUC18 DNA used in all
experiments was from two large-scale reactions containing 100
ng of DNA. Reactions containing 50 mM Tris-HCl (pH 8), 2.5
mM EDTA (pH 8), 50 mM NaCl, 2 mM potassium phosphate
(pH 7), 50 ng/mL (-) supercoiled DNA, and HMfB were incu-



bated for 15 min at 25°C. Topo I was added and incubation
continued for 30 min. The reactions were treated with Protein-
ase K, extracted with phenol-chloroform, precipitated with
ethanol, and analyzed by agarose gel electrophoresis in TAE
buffer (40 mM Tris-acetate, ] mM EDTA) containing 5 ng/mL of
chloroquine. The (-) SC DNA is relaxed, whereas the (+) SC
DNA migrates as a tight band of high mobility.

The o of the (+) SC DNAs was measured by electrophoretic
band counting in TAE buffer containing a saturating amount (10
M) of netropsin (Boehringer Mannheim). Netropsin overwinds
the DNA, resulting in a ALk of -4. This allowed the determi-
nation of the center of the (+) topoisomer distribution for DN As
of o = +0.04. For more (+) SC DNA, the o is an estimate, be-
cause the entire topoisomer distributions were not resolved.
The o values of the two preparations were +0.035 and ~+0.05.

Reactions

Topo IV titration reactions contained 25 mM Tris-HCI (pH 7.6),
100 mM potassium glutamate, 10 mM MgCl,, 0.5 mM dithio-
threitol (DTT), 50 ng/mL BSA, 1 mM ATP, 5% glycerol, and 150
ng (85 fmole) of DNA in a 15 puL volume. Reactions were incu-
bated at 30°C for 30 min and terminated by the addition of
EDTA. The DNA was analyzed by agarose gel electrophoresis in
TAE buffer. Quantification was performed from Southern blots
of the gels with a Fuji Phosphorlmager.

Relaxation kinetics reactions contained a saturating concen-
tration of DNA (50 pg/mL) to ensure that the rates were maxi-
mal. Samples were removed at time points and added to EDTA
on ice to terminate the reaction. Negatively SC samples were
run on a 1.2 % agarose gel containing 1 ng/mL of chloroquine.
To quantify relaxation, we assigned a ALk to each topoisomer
and calculated the total number of links in the DNA at each
time point on the basis of percent of each topoisomer present.
Positively SC samples were run on a 1% agarose gel without
chloroquine. The total number of links at each time point was
calculated from the average number of links per substrate mol-
ecule, the ALks of the relaxed topoisomers, and the percent of
the DNA in each species.

Topo IV competition cleavage reactions contained 75 ng each
of the 2.7-kb pUC18 DNA and a 7-kb DNA (pAB4) and 20 ng/
mL norfloxacin. After a 30-min incubation at 30°C, SDS was
added to 1% and incubation continued for 15 min. EDTA was
added, and the reactions were treated with Proteinase K and
analyzed on a 1% agarose gel containing 0.5 pg/mL of EtBr.

Single-molecule experiments

Relaxation of (-] and (+) supercoils by topo IV was measured on
tethered 11-kb linear DNA molecules in buffer lacking glycerol
(Strick et al. 1996, 1998). The DNA was multiply labeled with
biotin at one end and digoxigenin at the other, bound to strep-
tavidin-coated magnetic beads, and tethered to the bottom of a
square glass capillary tube coated with antidigoxigenin. The
capillary tube was attached to a buffer flow system and placed
above a 60x oil-immersion lens on an inverted light microscope.
Magnets above the capillary can pull on and rotate the magnetic
bead: clockwise (counterclockwise) rotation generates negative
(positive) supercoiling in the DNA. The stretching force can be
increased (decreased) by lowering (raising) the magnets. From a
force versus extension curve, a persistence length of the DNA is
calculated for each molecule used. The experiment is continued
only if the value of the persistence length indicates that a single
DNA molecule is attached to the bead (Strick et al. 1998). The
extension of the DNA is a function of the force and the number
of plectonemic supercoils and is monitored by video tracking (at

Topo IV relaxation of (+) supercoiled DNA

12.5 Hz) the height of the bead relative to the surface. The DNA
is fully extended at a given force when o = 0. Experiments were
done at the low force of 0.2 pN, which causes no denaturation
of the DNA. The raw data (dots) indicate the bead height for
each video frame, and the continuous curve represents the same
data filtered with an integration time of 5 sec. Because the noise
is Gaussian, the filtered line is a moving average of the raw data.
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