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ABSTRACT: TheVacciniatype I topoisomerase catalyzes site-specific DNA strand cleavage and religation
by forming a transient phosphotyrosyl linkage between the DNA and Tyr-274, resulting in the release of
DNA supercoils. For type I topoisomerases, two mechanisms have been proposed for supercoil release:
(1) a coupled mechanism termedstrand passage,in which a single supercoil is removed per cleavage/
religation cycle, resulting in multiple topoisomer intermediates and late product formation, or (2) an
uncoupled mechanism termedfree rotation,where multiple supercoils are removed per cleavage/religation
cycle, resulting in few intermediates and early product formation. To determine the mechanism, single-
turnover experiments were done with supercoiled plasmid DNA under conditions in which the
topoisomerase cleaves predominantly at a single site per DNA molecule. The concentrations of supercoiled
substrate, intermediate topoisomers, and relaxed productVs time were measured by fluorescence imaging,
and the rate constants for their interconversion were determined by kinetic simulation. Few intermediates
and early product formation were observed. From these data, the rate constants for cleavage (0.3 s-1),
religation (4 s-1), and the cleavage equilibrium constant on the enzyme (0.075) at 22°C are in reasonable
agreement with those obtained with small oligonucleotide substrates, while the rotation rate of the cleaved
DNA strand is fast (∼20 rotations/s). Thus, the average number of supercoils removed for each cleavage
event greatly exceeds unity (∆n) 5) and depends on kinetic competition between religation and supercoil
release, establishing a free rotation mechanism. This free rotation mechanism for a type I topoisomerase
differs from the strand passage mechanism proposed for the type II enzymes.

The topological state of eukaryotic DNA is altered by two
general types of DNA topoisomerase activity. The type I
topoisomerases catalyze the ATP-independent reversible
cleavage and rejoining of one strand of duplex DNA, with
the transient formation of a covalent 3′-phosphotyrosyl
intermediate between the DNA and a conserved active site
tyrosine (Champoux, 1990). The action of these type I
enzymes on circular supercoiled DNA results in the removal
of supercoils (“relaxation”), and the appearance of DNA
topoisomers differing in linking number by steps of one. In
contrast, the dyadic type II enzymes have a pair of active
site tyrosyl residues which attack both strands of the DNA
duplex and catalyze the ATP-dependent transport of a duplex
DNA segment through the break (Lindsley & Wang, 1993;
Berger et al., 1996). Type II topoisomerases also relax
supercoiled DNA, but the process is distinct from that of

the type I enzymes in that the linking number changes in
steps of two. Despite the importance of topoisomerase-
catalyzed supercoil relaxation in cellular processes such as
DNA replication and transcription (Wang, 1991), and as a
target for chemotherapeutic agents (Liu & Wang, 1991), little
is known about the mechanism of supercoil release, espe-
cially for the eukaryotic type I enzymes.

Two general mechanisms have been proposed for supercoil
release by type I topoisomerases (Figure 1; Champoux,
1990). The first mechanism envisions an enzyme bridge
across the broken DNA andstrand passageof the uncleaved
strand through the gap in the DNA (Figure 1A). The second
mechanism involvesfree rotationof the DNA around the
uncleaved strand (Figure 1B). The free rotation model has
been implicated for theVacciniaenzyme on the basis of (i)
the lack of any base preference 3′ to the cleavage site
(Shuman & Prescott, 1990), (ii) the observation that 3′
segments of the cleaved strand, two to six nucleotides in
length, readily dissociate from the enzyme after the cleavage
event (Shuman, 1991), and (iii) the fact that as few as two
duplex nucleotides 3′ to the cleavage site are required for
cleavage (Shuman, 1992). Similar indirect arguments
have been made for other eukaryotic type I topoisomerases,
as well (Champoux, 1990; Svejstrup et al., 1990). As
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previously suggested by Champoux (1990), it should be
possible to distinguish between these two mechanisms
directly by determining how many supercoils are removed
for each cleavage/religation cycle.

The Vaccinia type I topoisomerase cleaves DNA site-
specifically at (C/T)CCTTVXX sequences (Shuman & Pres-
cott, 1990; Shuman, 1991) and has mechanistic similarities
to eukaryotic type I enzymes (Shuman & Moss, 1987;
Shuman et al., 1988). Taking advantage of this specificity,
we previously determined, using small duplex oligonucle-
otide substrates, the rate constants for DNA strand cleavage
and religation, as well as those for substrate binding and
product dissociation (Stivers et al., 1994a). Furthermore, on
the basis of the pH dependence and thio effects on these
rate constants, general acid-base catalysis and a rate-limiting
conformational change for the religation step were suggested
(Stivers et al., 1994b). However, these studies on linear
substrates could not address the mechanism of supercoil
release. In this paper, we address this mechanism directly
by studying the relaxation of supercoiled plasmid substrates
under single-turnover conditions. A relatively simple kinetic
model is employed which describes the reaction in terms of
the kinetic partitioning of cleaved supercoiled DNA between
religation which forms intermediate topoisomers and super-
coil release which forms fully relaxed products. The results
we obtain using this approach show that the average number
of supercoils released per cleavage/religation event on the

enzyme is much greater than unity, consistent with a free
rotation mechanism for supercoil removal. The mechanism
of super- coil release determined here for a type I enzyme
is compared with the proposed mechanism for the type II
topoisomerase from yeast (Lindsley & Wang, 1993; Berger
et al., 1996).

EXPERIMENTAL PROCEDURES

Materials. The [R-32P]dTTP was from New England
Nuclear.1 The supercoiled pUC19 (2.7 kb) and pHINDF (16.2
kb) plasmid DNAs were isolated from the transformed
Escherichia colistrain DH5R using a plasmid purification
kit (Qiagen). Less than 10% of the final pUC19 DNA and
∼20% of the pHINDF DNA were nicked when using this
procedure. An average linking number (∆Lk) for supercoiled
pUC19 DNA of 15 was determined by ethidium bromide
titration using agarose gel electrophoresis (Keller, 1975;
Espejo & Lebowitz, 1976). This average∆Lk corresponds
to a superhelix density of-0.056 under these solution
conditions (50 mM Tris-HCl, 50 mM NaCl, and 5 mM
MgCl2 at pH 7.5 and 22°C). We estimate, on the basis of
this analysis, that∼90% of the initial pUC19 topoisomer
distribution was within two of the average∆Lk ()15).
Other reagents were of the highest quality commercially
available.

Enzymes.Wild-type Vaccinia topoisomerase was over-
expressed fromE. coli strain BL21(DE3) transformed with
the T7-based expression plasmid pET21-topo and purified
to homogeneity as described (Shuman et al., 1988; Morham
& Shuman, 1992). There was no detectable endonuclease
activity in this preparation because no time-dependent
increase in the amount of nicked circular DNA was observed
when the reaction products were analyzed using conditions
where nicked DNA was resolved from relaxed closed circular
products (a 1% agarose gel containing 1µg/mL chloroquine
was used for this analysis). The concentration of the enzyme
was determined by its absorbance at 280 nm (Stivers et al.,
1994b) or by the Coomassie dye binding method (Bio-Rad)
using bovine serum albumin as the standard. Restriction
enzymes and Klenow polymerase were from Life Technolo-
gies, Inc.

Single-TurnoVer Relaxation Kinetics. Single-turnover
supercoil relaxation experiments were performed at 22°C
in 50 mM Tris-HCl2 (pH 7.5), supplemented with 50 mM
NaCl and 5 mM MgCl2 using [E]/[DNA] ratios between 1
and 4. These conditions were chosen because the specificity
of the enzyme is optimal using these salt concentrations (see
Results and Discussion), and the probability of having
multiple topoisomerase molecules bound to a single plasmid
substrate is minimized at [E]/[DNA] ratios near unity. The
reactions were performed in 96-well microtiter plates with
V-shaped wells. Reactions were typically initiated by the
rapid addition (by manual pipeting) of 10µL of enzyme (35-
375 nM), which had been previously diluted in reaction

1 Certain commercial equipment, instruments, and materials are
identified in this paper in order to specify the experimental procedure.
Such identification does not imply recommendation or endorsement
by the National Institute of Standards and Technology, nor does it imply
that the material or equipment identified is necessarily the best available
for the purpose.

2 Abbreviations: Tris-HCl, tris(hydroxymethyl)aminomethane; SDS,
sodium dodecyl sulfate; EDTA, (ethylenedinitrilo)tetraacetic acid,
disodium salt.

FIGURE 1: Two general mechanisms for relaxation of cleaved
supercoiled DNA by type I topoisomerases [modified from Cham-
poux (1990)]. (A) The strand passage mechanism depicts the active
transport of the uncleaved DNA strand through the break in the
DNA, followed by religation in an obligately coupled cycle of
cleavage, strand passage, and religation. In this mechanism, asingle
supercoil is removed for each cleavage event. (B) The strand
rotation mechanism depicts the unhindered rotation of the cleaved
DNA strand around the axis of the uncleaved strand for removal
of supercoils. In this mechanism,multiple supercoils would be
expected to be removed for each cleavage event.
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buffer, to an equal volume of pUC19 DNA (35-190 nM).
The reactions were rapidly quenched at various times (1-
120 s) by the addition of 10µL of 10 mass % SDS delivered
from a second manual pipetor. For these reactions, accurate
quench timing was achieved through the use of a metronome.
After quenching, 10µL of gel-loading buffer consisting of
0.25 vol % bromophenol blue and 30 vol % glycerol in water
was added to each sample. The samples (0.3-0.5 µg of
DNA/lane) were electrophoresed at 2 V/cm for 18-22 h
through a horizontal 1.0 vol % agarose gel in 40 mM Tris-
acetate buffer (pH 8.5) containing 1 mM EDTA. The gel
was stained in a 500 mL aqueous solution of 0.5µg/mL
ethidium bromide for 15 min and destained for 30 min in
500 mL of deionized water.
To resolve the substrate topoisomers of pUC19, a 1.0 vol

% agarose gel containing 25µg/mL chloroquine diphosphate
was used. For this gel, a 40 mM Tris-glycine buffer
(50 mM Tris base and 160 mM glycine) containing 1 mM
EDTA and 25µg/mL chloroquine diphosphate was used.
Electrophoresis was performed for 20 h at 2.7 V/cm with
buffer recirculation. This gel was stained in a 500 mL
solution containing 0.5µg/mL ethidium bromide for 24 h
(this was done twice) and then destained in deionized
water for 5 h.
Fluorescence intensities were quantitated using an AMBIS

fluorescence imager, making appropriate corrections for
background fluorescence and the amount of contaminating
nicked circles present in the substrates. The fraction of the
total fluorescence due to pre-existing nicked circles was
determined from the amount of nicked circles present at time
zero. This fraction was then subtracted from the total product
fluorescence in each lane at subsequent time points. This
treatment automatically corrects for sample loading differ-
ences between gel lanes.
The combined fluorescence intensities of the supercoiled

substrate (FS) and early topoisomer intermediates that
partially overlap with the substrate (FI) were measured as a
unit (FSI ) Fs + FI), and the fraction of this fluorescence
that was due to unreacted substrate (FS) was calculated on
the basis of the mobility of pure substrate at time zero (r0),
the mobility of the pool of partially resolved topoisomers at
infinite time (r∞), and the mobility of partially overlapped
topoisomers at timet (rt), using eq 1. The fluorescence
intensities of the intermediate topoisomers were then calcu-
lated by subtracting FS from FSI.

The mobility changes were measured after xerographically
enlarging the gel exposures about 4-fold and were well
described by a single first-order rate constant indistinguish-
able from that of strand cleavage (kcl), as would be expected
for a sequential series of intermediates with differing
mobilities generated from a rate-limiting cleavage event (see
Results and Discussion). To confirm this method of
calculating the time-dependent change in substrate concen-
tration, the concentration of substrate was also measured
directly by resolving substrate topoisomers from all inter-
mediates and product using a 1% agarose gel containing 25
µg/mL chloroquine. In addition to substrate and early
intermediates, the fluorescence intensities of late intermedi-
ates that were resolved from substrate (FI2) were measured,
as well as those of the relaxed product (FP).

The fractions of substrate, total intermediates, and product
present at each time point were then determined by dividing
FS, FI + FI2, andFP, respectively, by the total fluorescence
in each lane (Ftot ) FS + FI + FI2 + FP). Control
experiments confirmed that the fluorescent signal was linear
with respect to DNA concentration in the range of 0.03-
0.3 µg (R2 ) 0.98) and that there was no significant
difference in the fluorescence yield of supercoiled DNA and
the relaxed products. Although a higher fluorescence yield
would be expected for supercoiled DNA due to its increased
capacity for ethidium binding as compared to relaxed closed
circular DNA, this effect was not observed due to the
unavoidable nicking of the DNA during exposure of the
stained gel to UV light prior to quantitation.

Equilibrium DNA CleaVage Measurements.Determina-
tions of the cleavage sites in linearized 3′-32P-labeled pUC19
DNA were performed at 22°C and pH 7.5 in either 50 mM
Tris-HCl buffer or a buffer consisting of 50 mM Tris-HCl,
50 mM NaCl, and 5 mM MgCl2. The 3′ 32P labeling of
both strands of pUC19 was achieved by first linearizing the
DNA with XbaI restriction enzyme and then extending the
3′ ends with Klenow DNA polymerase using [R-32P]TTP and
unlabeled NTPs. The DNA was then purified from unin-
corporated label by batch chromatography using a silica-
based resin (Qiagen). Equilibrium cleavage measurements
were made by mixing 30 nM end-labeled DNA with
increasing concentrations of topoisomerase in the range of
0-750 nM in a volume of 20µL. After a 15 min incubation,
the cleaved enzyme-DNA covalent complex was trapped
by the addition of 2µL of 2 mass % SDS (Stivers et al.,
1994a,b). The samples were then adjusted to 40 vol %
formamide, heated at 95°C for 5 min, and cooled on ice,
prior to electrophoresis through a prerun 3.0 vol % acryla-
mide, 7.5 M urea gel prepared in TBE buffer (90 mM Tris-
borate and 2.5 mM EDTA) at 400 V for 2 h. The gel was
dried, and the labeled DNA was quantitated using a phos-
phorimager (Fujix BAS 1000).

The apparent cleavage equilibrium at each site was
determined by measuring the counts in each band and then
dividing this by1/2 of the sum of all the counts in each lane
[i.e. Kcl

app ) (cleaved DNA counts)/(1/2 of the total DNA
counts)]. Dividing the total DNA counts by a factor of 2 is
necessary because the uncleaved 3′-labeled DNA strands
comigrate in the gel, and therefore, the specific activity of
this band is twice that of the cleaved strands. To obtain the
truecleavage equilibrium, the apparent equilibrium must be
corrected to take into account cleavage at intervening sites
between the 3′ label and the site where the cleavage
equilibrium is to be determined. Cleavage at these interven-
ing sites reduces the cleaved DNA counts that are measured
at sites more distant from the label (i.e. in the 5′ direction).
Therefore, the true cleavage equilibrium (Kcl) is calculated
by dividing Kcl

app by 1 - ∑Kcl
app, where the sum is taken

over all sites that intervene between the 3′ label and the site
in question (see the cleavage map in Figure 3A).

Theory. A general method for determining the lifetime
of an unstable or short-lived intermediate that partitions
between kinetic pathways is measurement of the rates of
formation of stable intermediates or products that result from
this partitioning (Fersht, 1985). Since the relaxation mech-
anism followed by all type I topoisomerases involves a short-
lived covalent phosphotyrosine intermediate, it should be
possible, using single-turnover conditions, to measure the

FS ) FSI[1 - (rt - r0)/(r∞ - r0)] (1)
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partitioning of this intermediate between complete unwinding
which forms fully relaxed, enzyme-cleaved DNA and reli-
gation which forms topoisomer intermediates. This competi-
tion between the rate constants for complete unwinding of
the DNA, as opposed to religation to form a topoisomer
intermediate, provides an internal “clock” that can be used
to determine the average number of supercoils removed per
cleavage/religation event and, thus, the mechanism of su-
percoil release. A kinetic treatment for a strand passage and
free rotation mechanism using this analytical approach is
developed below.

Because, by definition, only one supercoil is removed for
each cleavage/religation event in a strand passage mechanism
(Figure 2A), a pathway for removal of multiple supercoils
does not exist. Therefore, this mechanism is modeled
kinetically by assuming that each cleaved supercoiled DNA
molecule obligately passes through a sequential series of
topoisomer intermediates to reach fully relaxed product
(Figure 2A). Because for a strand passage mechanism
religation and supercoil release are tightly coupled, the rate
constant for supercoil release and religation (krobsd in Figure
2A) is a composite rate constant reflecting relaxation of a
single supercoil and religation of the DNA strand. A simple
indicator for this type of mechanism that distinguishes it from
a free rotation mechanism is the fact that many intermediates
accumulate before a significant amount of fully relaxed
product is formed. This point is demonstrated later in model
simulations (see Results and Discussion).

For a free rotation mechanism, the kinetic analysis is more
complicated because each cleaved intermediate can freely
partition between supercoil release and religation to form
one of many topoisomer intermediates (Figure 2B). Con-
sequently, the complete kinetic analysis of the relaxation of
a plasmid containing 15( 2 supercoils such as pUC19 would
require modeling the partitioning of 14 intermediate topoi-
somers, leading to a kinetic mechanism with greater than
120 steps. Fortunately, the kinetic analysis of DNA relax-
ation occurring by a free rotation mechanism can be
simplified by assuming that partitioning results in the
formation of i pools of topoisomer intermediates, with the
average linking number of each pool differing by∆n
supercoils (Figure 2B). These pools of intermediates must
be cleaved and partitioned once again to form either relaxed
product or new intermediates. A reasonable number of pools
(i tot) necessary to model the relaxation reaction for a given
substrate is determined by the ratio∆Lk/∆n, that is the total
number of supercoils in the substrate (∆Lk) divided by the
aVerage number of supercoils removed from a cleaved
supercoiled intermediate before a religation event occurs
(∆n). The kinetic equations describing a free rotation
mechanism and a method for estimatingi tot and∆n from
the kinetic partitioning between supercoil release and strand
religation are described below.

As shown in eqs 2 and 3, the observed time constant (1/
krelax) for the formation of fully relaxed cleaved product (E-
P) from a cleaved supercoiled intermediate with∆Lk
supercoils (E-S∆Lk) is equal to the time constant for one
complete rotation of the cleaved DNA strand (1/ksup),
multiplied by the number of supercoils (ni) that had to be
removed from the cleaved intermediate to result in fully
relaxed product. Because of the reciprocal relationship
between time constants and rate constants, eq 3 can also be
expressed as shown in eq 4.

FIGURE2: Relaxation of enzyme-bound supercoiled DNA by a type
I topoisomerase using a strand passage (A) or free rotation
mechanism (B). The hypothetical relaxation of a plasmid with four
superhelical turns is depicted. For clarity, only the cleaved DNA
strand is depicted. A key step regardless of the mechanism involves
the reversible formation of a covalent bond between a tyrosine
residue of the enzyme and the phosphodiester backbone of the
supercoiled DNA molecule (step 1). This step is characterized by
the equilibrium constant for cleavage (Kcl ) kcl/kr) and the two rate
constants,kcl and kr, for cleavage and religation of the DNA,
respectively. (A) For a strand passage mechanism, a single supercoil
is removed from the initial cleaved supercoiled DNA and a
religation event occurs, generating a topoisomer intermediate with
∆Lk - 1 supercoils. The cycle of cleavage, removal of asingle
supercoil, and religation is repeated∆Lk times until the DNA
molecule is fully relaxed. (B) For a free rotation mechanism, the
initial covalent intermediate generated in step 1 may be partitioned
between two kinetic pathways. The first pathway, described by the
rate constant for relaxation (krelax, step 2), leads to complete
unwinding of the DNA and the generation of fully relaxed closed
circular product. The second pathway, described by the observed
rate constant for religation (krobsd, see the text and eq 6), results in
the formation of any one of three possible intermediate topoisomers
(boxes). These intermediates must be cleaved and again partitioned
between relaxation to form product or religation to form another
intermediate. Thus, the relative amounts of intermediates and
product that are generated at each time point depend on the kinetic
competition between the unwinding rate (ksup) and the observed
rate of religation (krobsd). In this figure, we show the enzyme-DNA
covalent complex in a different conformational state (“bent” E), as
suggested by previous kinetic and biochemical studies (Stivers et
al., 1994b; Sekiguchi & Shuman, 1994a,b, 1995, 1996). This model
may be extended to supercoiled substrates with a greater number
of supercoils, by assuming that partitioning results in the formation
of pools of topoisomer intermediates (i). Each pool consists of a
Boltzmann distribution of topoisomers characterized by an average
linking number (see the text).

Supercoil Release byVacciniaTopo I Biochemistry, Vol. 36, No. 17, 19975215



Similarly, the average time constant for religation (1/krobsd,
eq 5) for formation of a new distribution of topoisomers with
an average of∆n fewer supercoils (E‚I∆n, eq 5) is equal to
the microscopic time constant for religation (1/kr, eq 5), plus
the net time constant for release of∆n supercoils (∆n/ksup,
eq 5). As with eq 3 above, eq 5 can be equivalently
expressed in terms of rate constants (eq 6).

As shown in eqs 7 and 8, the value of∆n may be
calculated from the ratio of the rate constantsksup /kr. This
simple relationship between the partitioning rate constants
and∆n is based on the idea that themost probablenumber
of supercoils removed from a cleaved intermediate will be
the number that makes the total transit time for removal of
supercoils (∆n/ksup) equal to the microscopic time constant
for religation (1/kr).

Once ∆n is obtained using eq 8, the total number of
intermediate pools (i tot) may then be calculated by dividing
the total number of supercoils (∆Lk) by the average number
of supercoils removed per cleavage event (∆n) using eq 9.

The results of model simulations for both a strand passage
and free rotation mechanism, and the limitations of the
approach outlined above, are discussed in Results and
Discussion.
Data Modeling. The changes in concentration of the

substrate DNA, all intermediate topoisomers, and products
as a function of time were simulated by computer using a
modification (Anderson et al., 1988) of the kinetic simulation
program KINSIM (Barshop et al., 1983), using the kinetic
mechanism shown in Figure 2B. In this analysis, we assume
that kcl, kr, andksup do not change during relaxation of the
DNA. This assumption is reasonable because the values of
these constants are similar to those measured with small
linear substrates, and the equilibrium constantkcl/kr calculated
from the kinetic data on a supercoiled substrate is similar to
that made from equilibrium measurements using linear

substrates [see Results and Discussion and Stivers et al.
(1994a)]. Moreover, a separate analysis of the rates of
appearance and disappearance of early intermediates (i.e.
those that were partially overlapped with substrate) and late
intermediates (i.e. those that were resolved from substrate)
revealed no detectable differences. If a large change inkcl,
kr, andksup occurred as a result of relaxation of the DNA, it
would have been apparent from this analysis. A detailed
description of the four-step protocol used to model the
relaxation of pUC19 is available as Supporting Information.
We were unable to apply this approach to the larger

plasmid pHINDF (∼90 supercoils) because of the large
number of partitioning intermediates that are generated
during relaxation of this plasmid. On the basis of the average
number of supercoils released per cleaved intermediate with
pUC19 (∆n) 5), a value ofitot of ∼20 ()90/5) for pHINDF
would be expected. Moreover, the partitioning of these 20
pools would lead to a kinetic mechanism with greater than
120 steps. Therefore, we do not rigorously quantitate the
data for pHINDF but only compare the product to intermedi-
ate ratio ([P]/[I]) as a function of time with that measured
for pUC19 (see Results and Discussion) to demonstrate that
the free rotation mechanism of Figure 2B describes the
relaxation of this plasmid as well.

RESULTS AND DISCUSSION

Before single-turnover kinetic experiments were performed
on the relaxation of pUC19 supercoiled DNA, which has 17
C/TCCTT consensus cleavage sites (Shuman & Prescott,
1990), it was important to find experimental conditions that
favored,on aVerage, a single covalent complex per DNA
molecule.3 We approached this problem in two ways. First,
we kept the [E]/[DNA] ratio between 1 and 4 for the single-
turnover experiments so that, according to Poisson statistics,
DNA with more than one enzyme molecule bound would
be disfavored. Second, we used high enough concentrations
of MgCl2 and NaCl so that weak cleavage sites would be
suppressed. As described in the next section, the combined
effects of these two approaches abrogated detectable cleavage
events at all but two sites in pUC19 for [E]/[DNA] ratios as
large as 25.
Equilibrium Strand CleaVage. To ascertain how many

sites were cleaved in pUC19 DNA, equilibrium cleavage
measurements (Figure 3) were performed by mixing topoi-
somerase with linearized 3′-32P-labeled pUC19 DNA and
trapping the covalent adduct by the rapid addition of SDS
(Shuman & Prescott, 1990; Stivers et al., 1994a). Cleavage
sites can be located because the protein remains bound in a
3′-phosphotyrosyl linkage to the unlabeled portion of the
DNA, and the 3′-labeled portion of the DNA can be detected,
and its size determined, using polyacrylamide gel electro-
phoresis under denaturing conditions.
As shown in Figure 3, six major cleavage sites in the DNA

are detected when low salt concentrations are used and the
[E]/[DNA] ratio is 25 (lane 3, sites a-f). However, when

3 Our initial approach was to use a small∼500 bp supercoiled
plasmid substrate containing a singleVaccinia virus consensus se-
quence. However,no topoisomer intermediates were obserVedin single-
turnover experiments using this plasmid (which contained about four
supercoils). This result is expected on the basis of the results presented
here with pUC19, which demonstrate that on average five (∆n)
supercoils are removed for each cleavage event. Thus, small plasmid
substrates with few supercoils are not useful for estimating∆n when
a free rotation mechanism is followed.

1/krelax) ni/ksup (3)

krelax) ksup/ni (4)

1/kr
obsd) ∆n/ksup+ 1/kr (5)

kr
obsd) ksupkr /(∆n kr + ksup) (6)

∆n/ksup) 1/kr (7)

∆n) ksup/kr (8)

itot ) ∆Lk/∆n (9)
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higher salt concentrations are used (Figure 3, lane 2), only
one major cleavage site (site a) and a second minor site (site
b) are detected when the [E]/[DNA] ratio is 25 [the additional
band marked with an asterisk is due to double-stranded (ds)
DNA that renatured prior to or during electrophoresis]. Other
experiments using these higher salt concentrations demon-
strated that no additional cleavage sites were detectable even
when a 125-fold greater enzyme concentration was used and
that the extent of cleavage at sites a and b did not increase
over that shown in Figure 3 (not shown).4 Taken together,
these results show that the specificity of the enzyme is
increased at these salt concentrations and that the ratio of
cleaved to uncleaved DNA at other individual sites must be
e1%, on the basis of the signal-to-noise ratio of the data in
Figure 3B. Thus, at the salt concentrations and compara-
tively low [E]/[DNA] ratios used in the single-turnover
experiments, it is unlikely that a single DNA molecule is
cleaved by more than one enzyme molecule. The indepen-
dence of the kinetic results for [E]/[DNA] ratios in the range
of 1-3 also strongly supports this conclusion (see below).

From the ratio of cleaved DNA to uncleaved DNA at site
a using the high salt concentrations, an equilibrium constant
Kcl ()kcl/kr) of 0.08( 0.04 for cleavage of enzyme-bound
DNA can be estimated. Similar values forKcl in the range
of 0.04-0.10 were calculated for sites a-f using the low
salt conditions (the average value forKcl was 0.07( 0.02).
This average value forKcl does not differ greatly from the
average value of 0.12( 0.02 determined from equilibrium
measurements using small oligonucleotide substrates (Stivers
et al., 1994a) and those values calculated from kinetic
measurements ofkcl andkr, using both supercoiled pUC19
DNA (0.075; see below) and linear DNA (0.08-0.11; Stivers
et al., 1994a). Thus, these results indicate that the cleavage
equilibrium at the six individual sites differs by less than
40% from the average value of 0.07 for supercoiled pUC19
DNA and that this equilibrium is similar for linear and
supercoiled DNA molecules.

Model Simulations. Kinetic simulations for a strand
passage and free rotation mechanism for supercoil release
from a hypothetical plasmid with four supercoils are shown
in panels A and B of Figure 4, respectively. The simulated
data points in this figure were generated using KINSIM
employing the respective three intermediate models shown
in Figure 2A,B. For these model simulations, we chose
values forkcl andkr of 0.3 and 4 s-1, respectively, so that
the rate constants and the cleavage equilibrium (Kcl ) kcl/kr)
were the same as the experimentally determined values. For
the strand passage mechanism,krobsdwas set to the same value

4 Both the number of sites and the salt dependence of the cleavage
pattern seen here are similar to those reported by Shuman and Prescott
(1990), although somewhat different conditions were used in the
previous study (37°C, 50 mM Tris-HCl with or without 2.5 mMMgCl2
or 150 mM NaCl). Furthermore, these workers mapped the specific
cleavage sites at the nucleotide level and demonstrated that the
conserved pentamer sequence (C/T)CCTTV immediately preceded the
site of cleavage in each case.

FIGURE 3: Site-specific cleavage byVacciniatopoisomerase in low- and high-ionic strength buffers. 3′-32P-labeledXba-I-cut pUC19 DNA
was incubated with purified topoisomerase, treated with SDS, and analyzed by polyacrylamide gel electrophoresis. (A) Phosphorimage of
the gel showing cleavage of 30 nM pUC19 catalyzed by 750 nM topoisomerase in either 50 mM Tris-HCl buffer, at pH 7.5 (lane 3) or 50
mM Tris-HCl, supplemented with 50 mM NaCl and 5 mM MgCl2 (lane 2). A control DNA without topoisomerase is shown in lane 1. The
band marked with an asterisk in each lane (including the control lane) is due to dsDNA that renatured prior to or during electrophoresis.
For reference, the positions of the cleavage sites on each strand of pUC19 DNA are also shown (Shuman & Prescott, 1990). (B) Densitometric
traces for each of the lanes shown in panel A. In this gel, the specific activity of the uncleaved DNA band is 2-fold greater than that of the
cleaved DNA bands because the uncleaved DNA strands comigrate, and each strand has a 3′ label (see Experimental Procedures). Thus,
direct visual comparisons of the fractional extent of cleavage at each site are misleading.
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as kr (4 s-1) because the net rate of unwinding a single
supercoil and religating the cleaved strand cannot be any
faster than the rate of religation. For the free rotation
mechanism, a normalized value forksup of 5 s-1 was used
so that the rate constant for partitioning to product (krelax )
ksup /ni) was the same as the experimental data obtained with
pUC19.

The strand passage mechanism (Figure 4A) shows the
formation of a large pool of intermediates and a pronounced
lag before any fully relaxed products appear, while the free
rotation mechanism (Figure 4B) shows the parallel formation
of intermediates and product. The plot in Figure 4C shows
that the product to intermediate ([P]/[I]) ratioVs the fraction
of substrate reacted differs significantly for the two mech-
anisms and that they can be easily distinguished under these
conditions. In Figure 4D, for a free rotation mechanism, is
shown a plot of the product to intermediate ([P]/[I]) ratioVs
time for three hypothetical plasmids with differing numbers
of supercoils (∆Lk ) 2, 3, and 4). This plot shows that, for
a free rotation mechanism, the rate of product formation
when the intermediates are in a steady state (i.e. when d[I]/
dt ∼ 0; see the legend to Figure 4D) is inversely proportional
to the number of supercoils in the plasmid.

In other modeling studies, it was demonstrated that
simulated data (for a plasmid with∆Lk supercoils relaxing

by a free rotation mechanism) could be kinetically modeled
using onlyitot ()∆Lk/∆n) intermediate pools (eq 9). In these
modeling studies, the best fit values ofkcl, kr, andksupdiffered
by less than 10% from the true values used to generate the
simulated data. In addition, it was found that using values
of itot less than or significantly greater than the optimal value
resulted in an underestimation or overestimation, respectively,
of the maximal concentration of the intermediates. Thus, it
is possible to model this symmetric and highly repetitive type
of reaction using onlyi tot, and the results are sensitive to
this value (eq 9).

Single-TurnoVer Relaxation Kinetics.Experimental data
for the relaxation of pUC19 supercoiled DNA byVaccinia
type I topoisomerase show the parallel formation of inter-
mediates and fully relaxed product with essentially no lag
(Figure 5A-C). The data closely resemble the simulation
of Figure 4B rather than 4A, consistent with a free rotation
mechanism for relaxation. The kinetic parameters derived
from the data are shown in Table 1. The optimal fit was
obtained using the model in Figure 2B, with the number of
pools of intermediates (i tot) equal to three and an average
number of supercoils removed per cleaved intermediate (∆n)
of five. In arriving at these optimal values, we were able to
easily exclude a relaxation mechanism involving rapid

FIGURE 4: Simulated data for the relaxation of a hypothetical plasmid with four (∆Lk) supercoils. (A) Relaxation by a strand passage or
(B) free rotation mechanism. We chose values forkcl and kr of 0.3 and 4 s-1, respectively, so that the rate constants and the cleavage
equilibrium (Kcl ) kcl/kr) are the same as the experimental values (see Results and Discussion). For the strand passage mechanism (Figure
2A), krobsd was set to the same value askr (4 s-1) because the rate of unwinding a single supercoil cannot be any faster than the rate of
religation. For the free rotation mechanism, a value forksup of 5 s-1 was used so that the rate constant for partitioning to product (krelax )
ksup /ni) was the same as the experimental data obtained with pUC19. This value ofksupwas required because this model assumes a plasmid
containing only four supercoils. (C) A plot of the product to intermediate ([P]/[I]) ratioVs the fraction of substrate reacted for the simulated
free rotation and strand passage data shown in panels A and B. (D) Plot of the [P]/[I] ratio against time for the relaxation of three hypothetical
plasmid substrates with differing numbers of supercoils (∆Lk ) 2-4). The curves for the plasmids with two and three supercoils were
derived from a free rotation mechanism analogous to that shown in Figure 2B. The arrows in panel D correspond to the respective reaction
time points where d[I]/dt ) 0; the slope of a tangent at these points is inversely proportional to the number of supercoils in the plasmid (see
the text).
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equilibrium cleavage and religation, followed by rate-limiting
supercoil release, because this mechanism was incompatible
with the observed slow rate of substrate disappearanceand
the early formation of fully relaxed product.

Figure 5C (upper panel) shows a plot of the apparent
mobility change of the supercoiled substrate as a function
of time. This mobility change results from overlap of the
initial population of substrate topoisomers with that of early
supercoiled intermediates which have slightly different
average mobilities. This effect is not an artifact of electro-
phoresis because (i) it is highly reproducible (even on
different gel systems), (ii) it is independent of the amount
of plasmid DNA loaded in each gel lane, (iii) it is observed

only for the “substrate” band andnot for the relaxed products,
and (iv) the mobility shift is more pronounced for a larger
plasmid that generates more partially overlapped intermedi-
ates (Figure 5D).

FIGURE 5: Relaxation of supercoiled pUC19 (2.7 kb, 15 supercoils) and pHINDF (16 kb,∼90 supercoils) DNA molecules byVaccinia
topoisomerase I under single-turnover conditions at 22°C. (A) Agarose gel (1 vol %) stained with ethidium bromide of the reaction of 50
nM pUC19 supercoiled DNA with 100 nM topoisomerase. In this experiment, less than 5% of the initial substrate DNA was contaminated
with nicked plasmid. The photograph is overexposed and contrast enhanced so that the low levels of topoisomer intermediates can be
visualized. The supercoiled substrate and overlapping early intermediates [S (+I)], late intermediates (I), and product bands (P) are indicated.
As expected, the relaxed products migrate as positively supercoiled bands in this electrophoresis buffer because the ionic strength is less
than that used in the relaxation reaction (Anderson & Bauer, 1978). In this gel, resolved intermediates are easily distinguished from products
because, by definition, they appear and subsequently disappear with time. (C, upper panel) Plot of the time dependence of the change in
the apparent mobility of the supercoiled substrate band due to partial overlap with early topoisomer intermediates which have slightly
different mobilities than the initial population of supercoiled substrate molecules (see panel A and Experimental Procedures). This mobility
change, which shows a first-order dependence with respect to time (solid curve), was used to determine the fraction of unreacted substrate
at each time point (see Experimental Procedures). The validity of this convenient method was established by the experiment shown in panel
B, in which the substrate topoisomers were completely resolved from all intermediates and products by performing electrophoresis in the
presence of 25µg/mL chloroquine diphosphate. In this chloroquine-containing gel, the substrate as well as intermediates and product are
positively supercoiled. (C, lower panel) Plot of the time dependence of the concentrations of supercoiled substrate calculated using the
mobility shifts (closed triangles), substrate determined from direct measurement using the chloroquine gel (asterisks), all topoisomer
intermediates (open diamonds), and relaxed products (open triangles). The curves were generated by simulation using the mechanism
shown in Figure 2B; the optimized kinetic parameters are reported in Table 1. The right lane for the gel shown in the upper panel (t ) 60
s) was not quantitated due to the unreliable response of the imaging device for the lane on the extreme right edge of the gel. (D) Ethidium
bromide-stained 0.6 vol % agarose gel of the reaction of 40 nM pHINDF supercoiled DNA with 40 nM topoisomerase. (E, upper panel)
Apparent mobility change for the pHINDF supercoiled substrate band due to overlap with early topoisomer intermediates (see above). (E,
lower panel) Plot of the time dependence of the concentrations of supercoiled substrate (closed triangles), all topoisomer intermediates
(open diamonds), and relaxed products (open triangles). The curve for the disappearance of the substrate is drawn using the same rate
constants for cleavage and religation determined for pUC19 (Table 1). The dashed curves drawn through the data for intermediates and
product werenotderived from simulation of these data, because the relaxation of this plasmid has too many intermediates to model explicitly
(see Experimental Procedures). These dashed curves are only shown to guide the eye.

Table 1: Optimized Kinetic Parameters for Relaxation of
Supercoiled pUC19 DNA by theVacciniaType I Topoisomerasea

kcl kr ksup ∆n itot

0.3 s-1 4 s-1 20 s-1 5 3
a The kinetic parameters are defined in the text (see eqs 2, 4, 6, 8,

and 9) and refer to steps in the mechanism shown in Figure 2. We
estimate maximum errors of(20% for kcl andkr and(30% for ksup
and∆n.
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To establish that this mobility change was due to partially
overlapped early topoisomer intermediates, we performed an
identical single-turnover relaxation experiment in which the
quenched time points were electrophoresed on a 1% agarose
gel containing 25µg/mL chloroquine diphosphate. In this
gel system (Figure 5B), the substrate topoisomers (which
are positively supercoiled under the electrophoresis condi-
tions) are fully resolved fromall intermediates and product.
Therefore, the fractional amount of substrate at each time
point could bedirectly measured and compared with that
calculated from the mobility shift method. The substrate
concentrations that were determined using this analysis
(asterisks, Figure 5C) were indistinguishable within experi-
mental error from those calculated using eq 1 (compare filled
triangles with asterisks in Figure 5C, lower panel). These
results establish the validity and accuracy of the convenient
mobility shift method.
Interestingly, the mobility change follows a first-order time

course that is indistinguishable from that of strand cleavage
(Table 1). In other words, the cleavage step appears to be
rate-limiting for formation of intermediates. This result
provides additional evidence in support of the previous
conclusion (Stivers et al., 1994a) which holds that the overall
rate-limiting step in single-turnover supercoil relaxation is
the strand cleavage event.
Control experiments demonstrated that the reaction was

zero-order in substrate and enzyme when both were kept at
equimolar concentrations ofg35 nM. It is important to point
out that the interpretation of these results is not influenced
by whether the enzyme remains bound to a single DNA
molecule during the single-turnover reaction or acts distribu-
tively, because the enzyme is saturated with DNA, and the
binding and release steps (if occurring) must be fast relative
to the rate-limiting cleavage step. Furthermore, the mech-
anism of relaxation is not significantly biased by multiple
enzyme molecules cleaving the DNA, because kinetic results
indistinguishable from those shown in Figure 5A were
obtained using [E]/[DNA] ratios of 1/1, 1/2, and 1/3. This
kinetic result is entirely consistent with the single major
cleavage site detected in the equilibrium measurements
above (Figure 3).
Three predictions that follow from this kinetic analysis

are that a larger plasmid with more supercoils than pUC19
should show (i) the same rate of substrate disappearance,
(ii) a greater accumulation of intermediates, and (iii) a
decreased rate of product formation. These predictions are
based on eqs 2, 3, and 9, respectively, which show that the
initial cleavage rate is independent of the size of the substrate
and that the total transit time for appearance of product (1/
krelax), and the number of intermediate pools that are generated
(i tot), are proportional to the number of initial supercoils in
the substrate. Furthermore, a plot of the ratio of product to
intermediate concentrations ([P]/[I]) as a function of time
for the larger plasmid should show a slope in the steady state
that is smaller than that for pUC19 (see Figure 4D).
To test these predictions, we examined the relaxation of

the larger plasmid pHINDF which has 6-fold more supercoils
than pUC19 (Figure 5D). Although the relaxation of this
plasmid generates far too many intermediates to simulate
explicitly (see Experimental Procedures), the following
observations are in accord with each of the three predictions
listed above. First, the observed rate of disappearance of
supercoiled substrate is unchanged from that of pUC19
(compare the lower portions of panels C and E of Figure 5,

noting the different time scales). Second, the amounts of
intermediates formed at early time points are about 4-fold
greater than that seen with pUC19. Third, the amount of
product formed at early time points is less than that seen
with pUC19. Consistent with these observations, a plot of
the [P]/[I] ratio as a function of time for the reaction of
pHINDF shows a slope in the steady-state region that is about
5-fold smaller than that for pUC19 (see the dashed line in
Figure 6). In addition, the mobility change of the band
corresponding to the supercoiled substrate and overlapping
early intermediates also follows an exponential time course
equivalent to the cleavage rate (upper panel, Figure 5E).
Taken together, these results provide strong support for the
applicability of the same free rotation kinetic mechanism in
describing the reactions of both the small and large super-
coiled plasmids.

Mechanistic Implications.These kinetic results are sig-
nificant because a proposed role for type I topoisomerases
is removal of supercoils that are generated during transcrip-
tion and replication by RNA and DNA polymerases (Wang,
1991). For instance, theVacciniaDNA polymerase incor-
porates nucleotides at a rate of about 30 nucleotides/sin Vitro,
which indicates that at least three supercoils per second are
generated at the replication forkin ViVo (McDonald &
Traktman, 1994). If a strand passage mechanism were
followed, the topoisomerase reaction would be limited by
the strand cleavage rate of 0.3 s-1, which is 10-fold slower
than the rate of supercoil generation. If one assumes a
minimum stoichiometry of one topoisomerase molecule per
replication fork, then this disparity between the rates of
supercoil generation and removal at the replication fork
would eventually hinder the rate of replication. Thus, the
average rate of supercoil releaseksup/∆n ()4 s-1) (whereksup
) 20 s-1 and ∆n ) 5) provides a single topoisomerase
enzyme with a mechanism for removing supercoils as fast
as they are generated during these polymerization processes
(3 s-1), even though the rate of strand cleavage is only 0.3
s-1. Of course, the capacity for removal of supercoils at

FIGURE 6: Plot of the product to intermediate ratio ([P]/[I]) against
time for the relaxation of supercoiled pUC19 (closed circles) and
pHINDF DNA (open circles). The solid line drawn through the
pUC19 data is the theoretical curve obtained from the mechanism
of Figure 2B using the kinetic parameters in Table 1. The dashed
line through the pHINDF data is a best-fit line to the linear region
of the time course (i.e. where the intermediates are in a steady state)
and has a slope 4-6-fold smaller than the steady-state region of
the pUC19 data (indicated by the arrow).
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the replication fork would be even greater if more than one
topoisomerase is involved in the replication process.
Another question concerning the reactivity of type I

topoisomerases is whether these enzymes maintain a steady-
state superhelical density in cellular DNA by modulating their
reactivity in accord with the topological state of DNA (i.e.
are the enzymes less active on DNA with lower superhelical
density?). The results reported here and previously for the
Vacciniaenzyme show that there is little difference between
the cleavage equilibrium constants for linear and supercoiled
DNA and ae4-fold difference between the cleavage and
religation rates between these substrates (Stivers et al.,
1994a,b).5 Thus, there is no significant preference for
supercoiled substrates in the chemical steps of the reaction.
A similar conclusion which holds that the catalytic constants
for the topoisomerization reaction are not topology-dependent
has been previously inferred for the type I enzymes isolated
from wheat germ, calf thymus, and yeast (Caserta et al.,
1990; Camilloni et al., 1989). However, in these indirect
studies, the individual rate constants were not measured, and
the conclusions were based on the relative extents of cleavage
of supercoiled and relaxed substrates in the presence of the
drug camptothecin or, alternatively, by the competitive
inhibition of the relaxation of a supercoiled substrate by linear
and relaxed DNA molecules. Hence, it may be that
these eukaryotic enzymes follow the same free rotation
mechanism established here for theVaccinia type I topo-
isomerase.
The value forksup of 20 s-1 measured here may represent

a lower limit estimatefor the spontaneous rate of unwinding
of nicked supercoiled plasmid DNA because the enzyme has
been shown to make noncovalent contacts with the duplex
DNA downstream from the site of strand cleavage, and these
interactions may influence the rate and processivity of the
supercoil release step (Sekiguchi & Shuman, 1994b). We
feel that it is unlikely that the enzyme activelyaccelerates
supercoil unwinding, which is apparently a stochastic process
governed only by the relative rates of religation and DNA
strand rotation.
In contrast with the equivalent rate constants observed with

supercoiled and relaxed DNA substrates for cleavage and
for religation, there appears to be a large difference in the
reactivity of these substrates in the binding step. This
conclusion is suggested because the single-turnover reactions
with supercoiled substrates were found to be independent
of enzyme or DNA concentrations using conditions where
small oligonucleotide substrates are not quantitatively bound
by the enzyme.6 This difference may be due to a different
intrinsic affinity of the enzyme for supercoiled substrates as
compared to linear molecules (Stivers et al., 1994a), or
simply the greater concentration of binding sites in the larger
plasmid molecule. Because the enzyme shows, at most, a
10-fold discrimination for binding its cognate site over
nonspecific DNA (Sekiguchi & Shuman, 1994b), it is

possible that the mechanism for finding the specific catalytic
site involves binding to noncognate sites in the DNA
followed by linear diffusion along the DNA. Such a
mechanism would explain the observed differences at the
binding step seen for small oligonucleotides and supercoiled
DNA.
On the basis of structural and biochemical studies, it has

been postulated that the type II topoisomerase from yeast
actively transports a duplex DNA segment through the
cleaved DNA duplex and that this process is coupled to ATP
binding and hydrolysis (Lindsley & Wang, 1993; Berger et
al., 1996). Indeed, the comparable data of Lindsley and
Wang (1993) show that the relaxation of pBluescript DNA
(2950 bp) by the yeast type II enzyme occurs with the
formation of a significant number of intermediates prior to
the appearance of fully relaxed product, as would be expected
for a coupled strand passage mechanism. Using an analytical
method different from that employed here, a rate constant
for DNA transport of 0.73 s-1 at 17.5°C was measured for
the yeast enzyme. This transport rate is comparable to the
rate constants for cleavage and religation reported here for
the Vaccinia type I enzyme and suggests that the strand
passage rate is more tightly coupled to, and perhaps limited
by, the chemical steps of the reaction. This result suggests
that, in general, the eukaryotic type I topoisomerases may
follow a different mechanism for supercoil release than the
ATP-dependent type II enzymes.
The free rotation mechanism observed for theVaccinia

enzyme also suggests a mechanism for the DNA catenation
reaction catalyzed by the eukaryotic type I enzymes (Mc-
Coubrey & Champoux, 1986; Holden & Low, 1985). Since
these catenation reactions require a pre-existing single-strand
nick in the DNA, it seems likely that apassiVe catenation
mechanism is followed. In this mechanism, a transient linear
DNA intermediate is first generated by topoisomerase
cleavage of the DNA opposite to the pre-existing nick. A
second circular DNA molecule is then trapped by religation
of the linearized DNA, resulting in two fully catenated
circles. This catenation mechanism suggests that the enzyme
does not form strong noncovalent interactions with the DNA
3′ to the cleavage site, thereby allowing the DNA end to
diffuse from the enzyme active site. Indeed, this suggestion
is supported by the observation that, with linear DNA
substrates, 3′ segments of the cleaved strand readily dissoci-
ate from the enzyme after the cleavage event (Shuman,
1991).
Conclusions.We have shown that theVaccinia type I

topoisomerase follows a free rotation mechanism for remov-
ing supercoils from DNA, with an average (∆n) of five
supercoils removed per cleavage event. This mechanism
allows the enzyme to efficiently remove supercoils from
DNA even though the chemical step of cleavage is∼10-
fold slower than the average rate of supercoil release

5We previously reported rate constants for single-turnover cleavage
and religation in the range of 0.06-0.09 and 0.7-1 s-1, respectively,
for small linear duplex substrates in which the leaving strand for the
cleavage reaction was a dinucleotide and the entering strand for the
religation reaction was an 8-mer strand (Stivers et al., 1994a,b).
Subsequently, we have found a modest dependence of the cleavage
rate on the length of the leaving strand, with a 4-mer and 6-mer strand
being cleaved with a rate constant of 0.11 s-1 (J. T. Stivers, unpublished
results, 1995) and 0.28 s-1, respectively (S. Shuman, personal com-
munication, 1996). The latter value is indistinguishable from that
measured here for a supercoiled substrate.

6 We have previously measured a dissociation constant of 54 nM
for the enzyme from a 25/25-mer oligonucleotide in 50 mM Tris-HCl
at 20 °C (Stivers et al., 1994a). We also found a 10-fold increase in
the dissociation rate constant when the binding reaction mixture was
supplemented with 5 mM MgCl2, suggesting that the binding constant
is evenweakerunder conditions used for the relaxation reactions (i.e.
when divalent and monovalent cations are present). A similarKd value
of ∼25 nM can be estimated from the data of Sekiguchi and Shuman
(1994) for the noncovalent binding of the Y274F mutant to a 24/24-
mer oligonucleotide in 50 mM Tris-HCl at 37°C. A lower apparent
Kd value for binding to pUC19 is required to explain the observed zero-
order kinetics of supercoil relaxation.

Supercoil Release byVacciniaTopo I Biochemistry, Vol. 36, No. 17, 19975221



(ksup /∆n ) 4 s-1). This free rotation mechanism for a type
I topoisomerase differs from that proposed for the yeast type
II enzyme (Lindsley & Wang, 1993), which apparently
follows a strand passage mechanism for supercoil release.
The general model we have employed for analysis of

supercoil relaxation should be applicable to other type I and
type II topoisomerase-catalyzed reactions provided that (i)
appropriate single-turnover conditions can be achieved and
(ii) the required number of intermediates can be modeled.
The method works best for a free rotation type mechanism,
using a moderately sized plasmid such as pUC19, when the
average number of supercoils removed per cleavage event
yields a total number of intermediate pools of four or fewer.
Accordingly, a smaller plasmid substrate with fewer super-
coils would be optimal for modeling a strand passage
mechanism, because of the accumulation of more intermedi-
ates during this process. Nevertheless, we have shown by
simulation that a simple comparison of the [product]/
[intermediate] ratio as a function of the fraction of substrate
reacted (Figure 4C) can distinguish between the two limiting
mechanisms for supercoil release.
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