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ABSTRACT: In the preceding paper, we showed that DNA topoisomerase II fromSaccharomyces cereVisiae
binds two ATP and rapidly hydrolyzes at least one of them before encountering a slow step in the reaction
mechanism. These data are potentially consistent with two different types of reaction pathways: (1)
sequential ATP hydrolysis or (2) simultaneous hydrolysis of both ATP. Here, we present results that are
consistent only with topoisomerase II hydrolyzing its two bound ATP sequentially. Additionally, these
results indicate that the products of the first hydrolysis are released from the enzyme before the second
ATP is hydrolyzed. Release of products from both the first and second hydrolyses contributes to the
rate-determining process. The proposed mechanism for ATP hydrolysis by topoisomerase II is complex,
having nine rate constants. To calculate values for each of these rate constants, a technique of kinetic
parameter estimation was developed. This technique involved using singular perturbation theory in order
to estimate rate constants, and consequently identify kinetic steps following the rate-determining step.

For catalytic turnover, type II DNA topoisomerases must
bind and hydrolyze ATP in order to transport one DNA
duplex through a transient break in another [for recent
reviews, see (1, 2)]. The kinetic mechanism for this ATPase
reaction was previously unknown. We showed in the
preceding paper that the topoisomerase II homodimer binds
two ATP and rapidly hydrolyzes at least one. These data
are consistent with two different mechanisms, as shown in
Scheme 1.

Data from these previous experiments could neither
disprove one of these pathways nor provide information on
the steps of product release. Additionally, the rate-determin-
ing step was not identified. The combination of steady-state
and pre-steady-state studies presented in this paper defines
a favored reaction pathway for ATP hydrolysis by topo-
isomerase II. The mathematical technique of singular
perturbation, coupled with the use of a minimization
program, was used to determine rate constants for each step
of the pathway.

MATERIALS AND METHODS

Materials. Standard reagents were purchased from the
following commercial resources: ATP, Pharmacia; [R-32P]-
ATP (3000 Ci/mmol), New England Nuclear; ultrapure
HEPES,1 Boehringer Mannheim; [2,8-3H]AMPPNP1 (21 Ci/
mmol), ICN; NADH, phospho(enol)pyruvate (PEP, trisodium
salt hydrate), and pyruvate kinase (700 units/mL)/lactate
dehydrogenase (100 units/mL) from rabbit muscle, sodium
orthovanadate, Sigma. TheSaccharomyces cereVisiae to-
poisomerase II and the sheared salmon sperm DNA were
purified as described in the preceding paper. [R-32P]ADP
was made by reacting [R-32P]ATP with topoisomerase II/
DNA; the [R-32P]ADP was purified as previously described
(3). All reactions were performed in the same reaction buffer
[50 mM HEPES-KOH (pH 7.5), 150 mM KOAc, and 10
mMMg(OAc)2], except for the pH-rate studies, as described
below. All buffers were filtered (0.45µm).
Steady-State Product Inhibition Studies. A discontinuous

assay involving the conversion of [R-32P]ATP to [R-32P]ADP
was used as described in the preceding paper. Reactions
(100 µL final) performed in the presence of DNA (25µM
base pairs) included 100 nM topoisomerase II dimer; those
done in the absence of DNA contained 200 nM enzyme
dimer. The indicated concentration of inhibitor was mixed
with this solution, and the reactions were initiated by addition
of [R-32P]ATP (30 Ci/mmol). The final ATP concentrations
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ranged from 50µM to 1.5 mM. Aliquots (10µL) were
withdrawn at various time points and quenched with EDTA/
SDS (50 mM/1% final concentrations). The concentration
of ADP produced at each time point was determined in
triplicate as described in the preceding paper. The rates of
ATP hydrolysis were calculated from ADP concentrations
determined at seven time points ranging from 15 s to 30
min, including a minus enzyme time point.
Pre-Steady-State Inhibition with Vanadate. Chemical

quench and pulse-chase experiments were performed and
analyzed as described in the preceding paper, except that
where indicated 100µM vanadate was included in the sample
loop containing ATP. The time courses compared were all
performed on the same day, with the same topoisomerase
II/DNA preparation.
Pre-Steady-State ADP Protection Assay. To determine the

amount of ADP bound to topoisomerase II during the pre-
steady-state, the concentration of ADP protected from
conversion back to ATP by pyruvate kinase and PEP was
measured, and will be referred to as an ADP protection assay
(4). These chemical quench assays were done as described
in the preceding paper, except that in the indicated reaction
542 units/mL pyruvate kinase and 20 mM PEP were included
in the sample loop with the ATP. For comparison, a standard
chemical quench assay, except that 20 mM PEP was included
in the ATP solution, was performed using the same topo-
isomerase II/DNA preparation. Two important control
reactions were also performed. The first control involved
showing that the above concentrations of pyruvate kinase
and PEP could convert free ADP to ATP faster than
topoisomerase II could release ADP. For this control,
pyruvate kinase and PEP were placed in one sample loop,
and 100µM [R-32P]ADP was placed in the other sample
loop. These were mixed and quenched at time points
between 5 and 100 ms using our standard chemical quench
[250 mM EDTA in 100 mM Tris (pH 10), followed by 1%
SDS]. It was found that the rate of conversion of ADP back
to ATP by pyruvate kinase was 10-fold greater than the rate
of ADP release by topoisomerase II (data not shown). The
second control involved showing that our standard chemical
quench rapidly inactivates pyruvate kinase. Pyruvate kinase
and PEP were placed in one sample loop, the EDTA/Tris
quench solution was placed in the second sample loop, and
[R-32P]ADP was placed in the quench line. When the
enzyme and quench were mixed for as short as 3 ms prior
to addition of the ADP, no conversion of ADP to ATP could
ever be detected (data not shown). Therefore, the quench
inactivates pyruvate kinase within 3 ms.
ATPase Rate Profiles as a Function of pH. A buffer was

used for these studies that has a constant ionic strength over
the range of pH studied (5.3-9.6) (5). The stock for this
buffer contained 33 mM succinic acid, 44 mM imidazole,
and 44 mM diethanolamine, and the pH was adjusted with
either KOH or acetic acid as necessary. This buffer was
shown to have no inhibitory effects on topoisomerase II.

Additionally, the enzyme was completely stable at each pH
for at least 1 h. The final reactions contained 50 mM buffer,
175 mM KOAc, and 10 mM Mg(OAc)2. Assays performed
in the presence of DNA contained 100 nM topoisomerase II
dimer and 50µM pHC624 DNA (base pairs) (6); in the
absence of DNA, 500 nM topoisomerase II was used. A
coupled assay using pyruvate kinase, PEP, lactate dehydro-
genase, and NADH was used to determine the rates of ATP
hydrolysis at each pH for 10 ATP concentrations ranging
from 30µM to 2 mM (7). At each pH used, the enzymes in
the coupling system were shown to function much more
rapidly than topoisomerase II could hydrolyze ATP. The
pH reported is that measured at the end of the reactions;
however, in no case was there a significant change in pH
during the reaction. The reactions and pH measurements
were done at 25°C. For simplicity, the positive cooperativity
detected at low ATP concentrations was ignored in this
analysis, and the approximate values forVmax andVmax/Km

were determined by fitting the initial velocities at 10 ATP
concentrations to the Michaelis-Menten equation.

Data Analysis. Steady-state ATPase and pH data were
fit to the Michaelis-Menten equation using Grafit version
3.0 (Erithacus software). Pre-steady-state vanadate inhibition
data were fit to single-exponential equations with a linear
term,A(1- e-Bt) + Ct, using SigmaPlot version 3.0 (Jandel
software). Parameter estimation was attained by analytical
methods using singular perturbation theory (8). Reaction
mechanisms were simulated, and values for the rate constants
were minimized using a variable time step Euler method
(code was written in Fortran) (9). The ø2-minimization
routine used a biased random walk in parameter space in
order to find an optimum fit.

RESULTS

Order of Product Release. To determine the kinetic
mechanism for ATP hydrolysis by topoisomerase II, the order
in which the products, ADP and Pi, are released from the
enzyme was elucidated. Steady-state product inhibition
profiles can be used to predict the order of product release.
The initial rates of ATP hydrolysis at varying ATP and ADP
concentrations are shown for reactions performed in the
presence of DNA (Figure 1A) or the absence of DNA (Figure
1B). These data were fit to a simple competitive inhibition
model, ignoring potential interactions at the two ATPase
sites. The calculatedKi values for ADP are 80( 10 µM
and 170( 30 µM, in the presence and absence of DNA,
respectively. Although this fit is only an approximation,
these data cannot be fit by either a noncompetitive or an
uncompetitive model for inhibition. While there is good
evidence for positive cooperativity in ATP binding, any
cooperativity between ATP and ADP, or between two ADP,
has not been determined. Therefore, it is not possible to fit
these data to a complex two-site model involving competitive
inhibition and cooperativity (10). These data are most

Scheme 1
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consistent with ADP competing with ATP for binding to
topoisomerase II. In other words, these inhibition data are
not consistent with a mechanism having ADP binding to an
enzyme-inorganic phosphate complex, suggesting that Pi

is released from the enzyme prior to ADP.

Inorganic phosphate is a very poor inhibitor of topo-
isomerase II; preliminary data suggest that theKi for Pi is
on the order of 100 mM (data not shown). Because such
high concentrations of Pi affect the ionic strength of the
reaction, a more accurate determination could not be made.
However, vanadate, a Pi mimic, is a potent inhibitor of
topoisomerase II. Vanadate is a dead-end inhibitor of many
ATPases, and is thought to bind and stabilize the enzyme-
ADP complex, preventing product dissociation (11, 12).
Initial velocity data of ATP hydrolysis by topoisomerase II
in the presence of various ATP and vanadate concentrations
are shown in Figure 2. The data are best approximated by
a simple noncompetitive model of inhibition, providing aKi

for vanadate of 4.3( 0.5µM. The inhibition is complicated
because vanadate can potentially bind at two sites on the
dimeric enzyme and may not readily dissociate. However,
even with these potential complications, the data are not
consistent with a competitive mode of inhibition by vanadate.
Therefore, the vanadate inhibition results suggest that Pi

release occurs prior to ADP release, in agreement with the
ADP inhibition results.

ATP Hydrolysis Is Sequential. To distinguish between the
two reaction pathways shown in Scheme 1, pre-steady-state
vanadate inhibition studies were performed. Results of these
experiments also provide information on product release. In
Figure 3A, pre-steady-state, chemical quench time courses
of ATP hydrolysis by topoisomerase II/DNA in the absence
(9) or presence (b) of 100 µM vanadate are shown. For
both time courses, a rapid burst in ADP production is seen.
The amplitudes of both bursts are approximately equal to
half the enzyme active site concentration; in other words,
the burst amplitudes are approximately equal to the dimeric
enzyme concentration. The burst rates are also approxi-
mately identical. Therefore, vanadate does not perturb the
binding or hydrolysis rate of the first ATP, similar to what
has been observed in other enzyme systems (11). However,
the rate of the steady-state phase decreases with time when
vanadate is present. This is consistent with the existence of
an enzyme-ADP-vanadate complex.
To determine whether the two ATP are hydrolyzed

sequentially or simultaneously, a pulse-chase experiment
was also done in the presence of this inhibitor (Figure 3B).
For comparison, a chemical quench and a pulse-chase time
course performed in the absence of inhibitor are also shown.
All three time courses were performed using the same
topoisomerase II/DNA preparation. The final ATP active
site concentration was 21µM, indicating that the enzyme
dimer concentration was 10.5µM. From data collected in
the absence of vanadate, the burst amplitude in the pulse-
chase experiment (19.1µM) is determined to be ap-
proximately twice that observed in the chemical quench
experiment (8.9µM). From the pulse-chase data collected
in the presence of 100µM vanadate, the burst amplitude
(8.3µM) is shown to be approximately equal to half of that
seen in a pulse-chase experiment without inhibitor. In other
words, in the presence of vanadate the pulse-chase burst
amplitude is similar to the chemical quench burst amplitude,
suggesting the existence of an enzyme-ATP-ADP complex.
Based upon these steady-state and pre-steady-state inhibi-

tion studies, the favored reaction pathway of the two shown
in Scheme 1 can be distinguished. As discussed in the
preceding paper, in order for the pre-steady-state data to be
consistent with simultaneous hydrolysis of both ATP, the
rate of ATP hydrolysis must equal the rate of ATP synthesis;

FIGURE 1: ADP is a competitive inhibitor of ATP hydrolysis by
topoisomerase II both in the presence (A) in the absence (B) of
DNA. In both cases, the initial velocities determined by discontinu-
ous ATPase analysis are fit to an equation describing simple
competitive inhibition:Vo ) (Vmax[S]/{Km(1 + [I]/Ki) + [S]}. (A)
The ADP concentrations used in the presence of DNA were 0 (O),
50 (b), 100 (0), 200 (9), 500 (4), 600 (2), 700 (3), and 1000
µM (1). (B) In the absence of DNA, the inhibitor concentrations
were 0 (O), 100 (b), 300 (0), 500 (9), 700 (4), 900 (2), and 1000
µM (3). The calculated values forKi(ADP) andKm(ATP) in the presence
of DNA are 80( 10 µM and 200( 30 µM, respectively. In the
absence of DNA, the calculated values forKi(ADP) andKm(ATP) are
170( 30 µM and 660( 130µM, respectively.

FIGURE2: Vanadate is a noncompetitive inhibitor of topoisomerase
II. Initial velocities were determined from discontinuous ATPase
assays in the presence of DNA and eight different ATP concentra-
tions ranging from 50µM to 1.5 mM. The vanadate concentrations
included were 0 (O), 2 (b), 3 (0), 4 (9), 7 (4), 10 (2), 12 (3),
and 15µM (1). The data are fit to an equation describing simple
noncompetitive inhibition:Vo ) [S]Vmax/{Km(1 + [I]/Ki) + [S](1
+ [I]/Ki)}. The calculatedKi for vanadate is 4.3( 0.5 µM.
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and either phosphate release must be rate-determining, or it
must be fully reversible. The steady-state inhibition studies
suggest that theKi, a reflection ofKd, for Pi is large and that
Pi must rapidly dissociate from the enzyme, negating the
second constraint for simultaneous hydrolysis. Additionally,
if simultaneous ATP hydrolysis occurs and Pi release is not
rate-determining, then the burst amplitude for the chemical
quench experiment in the presence of vanadate would be
equal to the total active site concentration, twice that
observed. As rate-determining Pi release is not obviously
consistent with the steady-state observations described above,
the comparison of burst amplitude data from chemical quench
and pulse-chase experiments indicates that topoisomerase
II sequentially hydrolyzes the two ATP. A mechanism
involving sequential ATP hydrolysis is only consistent with
these data if a rate-determining step occurs after hydrolysis
of the first ATP, and before products of the second hydrolysis
are detected.
The results of the pulse-chase experiment in the presence

of vanadate provide further evidence that topoisomerase II

rapidly hydrolyzes one ATP and later in the reaction pathway
hydrolyzes the second ATP. If the enzyme hydrolyzes both
ATP simultaneously, then the burst amplitude for the pulse-
chase experiment performed in the presence of vanadate
would be equal to the total active site concentration. This
is not observed. The observed results are entirely consistent
with sequential hydrolysis where at least Pi from the first
ATP hydrolysis is released before hydrolysis of the second
ATP.
These results indicate that in the presence of high

concentrations of vanadate, topoisomerase II hydrolyzes only
one of its two bound ATP. It is predicted that vanadate binds
to the enzyme-ADP complex, preventing ADP dissociation.
At this point in the reaction cycle, where an enzyme-ADP-
vanadate-ATP complex exists, one might predict that
turnover should be completely inhibited. The results of the
pulse-chase experiment in the presence of vanadate show
that only one of the two labeled ATP initially bound to the
enzyme is ever hydrolyzed and that residual ATPase activity
remains for several seconds. This residual activity suggests
that the second labeled ATP must dissociate from the
enzyme. This dissociation is not detected in the absence of
inhibitor, indicating that the presence of inhibitor alters the
preferred reaction pathway.
Products from Hydrolysis of the First ATP Are Released

before Hydrolysis of the Second ATP. The pre-steady-state
experiments with vanadate suggest a reaction mechanism in
which, after topoisomerase II hydrolyzes one ATP, it must
release the Pi prior to hydrolyzing the second ATP. The
above experiments do not directly address when ADP
dissociates from the enzyme. If topoisomerase II releases
each product of the first ATP hydrolysis prior to hydrolyzing
the second ATP, then in both the pre-steady-state and steady-
state time scales the enzyme should have at most one ADP
bound. The experimental strategy chosen to determine the
number of enzyme-bound ADP entailed having high con-
centrations of pyruvate kinase and PEP in the reaction to
convert any free ADP released from topoisomerase II back
to ATP. A similar technique was previously used by Gresser
et al. to study the F1 ATPase (4). It was first necessary to
show that under our reaction conditions, pyruvate kinase
would convert free ADP back to ATP significantly faster
than topoisomerase II would release its ADP. The results
of a control chemical quench experiment in which pyruvate
kinase and PEP were rapidly mixed with 100µM [R-32P]-
ADP show that the conversion rate is greater than 2000µM
s-1 (data not shown). Therefore, under our standard reaction
conditions, pyruvate kinase will very rapidly convert free
ADP to ATP.
The results of an experiment using pyruvate kinase and

PEP to determine the concentration of ADP bound to
topoisomerase II are shown in Figure 4. A chemical quench
time course performed in the absence of pyruvate kinase (b)
is compared to one performed with the same topoisomerase
II/DNA preparation, on the same day, with pyruvate kinase
(9). The final topoisomerase II dimer concentration was
8.1 µM. In the absence of pyruvate kinase, the chemical
quench time course is similar to those previously observed
in which the burst amplitude is approximately equal to half
the active site concentration (7.1( 0.8µM). When pyruvate
kinase is included, a burst in ADP production is again
observed with an amplitude of 5.8( 0.6µM; however, after

FIGURE 3: Pre-steady-state ATPase assays including vanadate
indicate that topoisomerase II sequentially hydrolyzes two ATP.
For direct comparison, all data are shown fit toA(1 - e-Bt) + Ct.
(A) Chemical quench data are shown for assays in which 100µM
vanadate was either absent (9) or present (b). The same topo-
isomerase II/DNA solution that had a measured active site
concentration of 9.1µM was used for the two assays. The values
for A, B, andC in the absence of vanadate are 4.0( 0.5 µM, 20
( 5 s-1, and 18( 3 µM s-1, and in the presence of vanadate are
3.7( 0.4 µM, 14 ( 4 s-1, and 14( 2 µM s-1, respectively. (B)
Pulse-chase assays performed in both the absence ([) and presence
(2) of 100µM vanadate are compared to a chemical quench assay
lacking vanadate (1). All three data sets were obtained using the
same topoisomerase II/DNA solution where the total ATP active
site concentration was measured as 21µM. The values forA, B,
andC are 8.9( 0.6 µM, 22 ( 7 s-1, and 11( 1 µM s-1 for the
chemical quench assay, 19.1( 0.8 µM, 100( 20 s-1, and 11(
2 µM s-1 for the standard pulse-chase assay, and 8.3( 0.9 µM,
22( 5 s-1, and 10( 2 µM s-1 for the pulse-chase assay including
vanadate, respectively.
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the burst, ADP production plateaus. Under the reaction
conditions used, very little of the topoisomerase exists as
free enzyme or enzyme bound to two ATP. Therefore, the
fact that the concentration of ADP observed in the protection
assay never exceeds half the active site concentration
suggests that the topoisomerase II dimer is only bound to
one ADP at a time. In other words, topoisomerase II is not
bound to two ADP at any point in the reaction pathway.
The steady-state plateau in ADP production/protection at just
below the enzyme dimer concentration indicates that on
average, in the steady state, there is approximately one ADP
bound to the topoisomerase II dimer. The existence of this
steady-state plateau, along with the observed bursts in several
different experiments, also indicates that the rate of ADP
dissociation must be slow.
The Mechanism for ATP Hydrolysis by Topoisomerase II.

The results from experiments presented so far in this and
the preceding paper define the chemical and kinetic mech-
anism for ATP hydrolysis by DNA topoisomerase II. The
mechanism that best represents our observations is one in
which the enzyme binds two ATP, hydrolyzes one, releases
the Pi and ADP produced, hydrolyzes the second ATP, and
releases those products. This mechanism can be represented
as shown in Scheme 2: where E2 represents dimeric
topoisomerase II bound to DNA, S represents ATP, P
represents ADP‚Pi, and E2S* represents a state of topo-
isomerase II bound to a single ATP that differs from E2S.
Although the results shown in Figures 1 and 2 indicate that
Pi is released from the enzyme prior to release of ADP, none
of the experiments presented provide direct information on
the rate of Pi release. We assume that Pi release from the

enzyme is much faster than ADP release based on the
vanadate inhibition studies. Therefore, the two steps of Pi

and ADP release have been combined in the steps described
by k4 andk6. The results of experiments described in this
and the preceding paper only address the ATPase reaction
pathway; the protein and DNA conformational states associ-
ated with each step in the ATPase cycle have not yet been
determined. Consequently, the rate constants described in
this paper are most likely not microscopic rate constants.
Instead, they are probably composite rate constants that
include steps of conformational changes as well as the steps
of ATP binding and hydrolysis.

The mechanism shown in Scheme 2 can be simplified.
Since all of the reactions have been analyzed under initial
velocity conditions, insignificant concentrations of product,
P, were present. Consequently,k-4[P] and k-6[P] are
approximately zero. Studies using the nonhydrolyzable ATP
analogue AMPPNP indicate that once this analogue is bound
to both ATP active sites, its dissociation rate is extremely
slow (J. E. Lindsley, unpublished data). Additionally, the
results of the pulse-chase experiments indicate that once
two ATP are bound to the enzyme, they are both hydrolyzed
before dissociating. Further supporting evidence fork-2

being very small comes from experiments attempting to use
topoisomerase II to synthesize ATP from ADP and Pi.
Results of these experiments indicate that small quantities
of ATP can be made, but not released from the enzyme (data
not shown). Therefore,k-3 andk-5 are most likely nonzero,
and k-2 is insignificant. Based upon this evidence, the
mechanism shown in Scheme 2 can be reduced to that shown
below in Scheme 3.

In the preceding paper, we concluded that the rate-
determining step is after hydrolysis of at least one ATP. For
the sequential ATP hydrolysis mechanism to agree with the
data, a rate-determining step must occur after the first
hydrolysis and before products of the second hydrolysis are
detectable. Since a mechanism involving simultaneous ATP
hydrolysis is inconsistent with the data presented in this
paper, a rate-determining step must occur after hydrolysis
of the first ATP,k3, and prior to the last step, represented
by k6. If k5 were rate-determining, or ifk-5 + k6 were much
larger thank5, then E2S* would be the most populated
enzyme form in the steady state. If this were true, then the
signal in the ADP protection experiment would have dropped
to zero in the steady state. As the ADP signal in the
protection experiment never appreciably dropped below the
burst amplitude,k5 andk-5 do not contribute significantly
to the rate-determining process. Consequently, the rate-
determining process must includek4.

Using the method of net rate constants (13), theVmax and
Vmax/Km for topoisomerase II hydrolysis of ATP can now be
defined in terms of the rate constants shown in Scheme 3,

Scheme 2

Scheme 3

FIGURE4: A pre-steady-state ADP protection assay using pyruvate
kinase and PEP indicates that release of the first ADP contributes
to the rate-determining process of ATP hydrolysis by topoisomerase
II. Using the same topoisomerase II/DNA solution, a standard
chemical quench assay (b) is compared to a chemical quench assay
in which 542 units/mL of pyruvate kinase (2.5 mg/mL, final) have
been mixed with the labeled ATP solution (9). Both assays
contained 8.1µM topoisomerase II dimer, 400µM ATP, and 10
mM PEP, final concentrations. The data are shown fit to Scheme
3 with the values for rate constants shown in Table 1. The burst
amplitudes are 7.1( 0.8 and 5.8( 0.6µM, for the chemical quench
and ADP protection data, respectively.
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where [E2Tot] represents the total dimeric enzyme concentra-
tion (eqs 1 and 2). These kinetic parameters are derived
from a mechanism determined in the presence of DNA. As
it appears that topoisomerase II cycles through the same
conformational states in the absence and presence of DNA
(14), the overall reaction pathway for ATP hydrolysis is most
likely the same regardless of the presence of DNA. There-
fore, whether DNA is present or absent, the derivations of
Vmax andVmax/Km most likely do not change.

pH-Rate Profiles. The results of steady-state ATPase
experiments can now be interpreted in terms of their effects
on different aspects of the reaction mechanism. One example
is the steady-state pH-rate profiles of topoisomerase II
catalyzed ATP hydrolysis in the presence and the absence
of DNA (Figure 5). In both cases,Vmax is relatively
insensitive to pH, changing at most 10 fold, over a pH range
of 5.3-9.6 (Figure 5A). In the absence of DNA,Vmax/Km

is also relatively insensitive to pH (Figure 5B). However,
in the presence of DNA,Vmax/Km is considerably more pH-
sensitive, displaying a bell-shaped curved. In contrast to the
similarly shapelyVmax pH profiles, the pH profiles forVmax/
Km in the absence and presence of DNA show a dramatic

difference. As shown in eq 2,Vmax/Km includes only terms
involved in ATP binding. Therefore, when topoisomerase
II is bound to DNA, at least one of the steps involved with
ATP binding is very pH-sensitive. The difference inVmax/
Km pH data suggests that DNA exerts its largest effect on
the binding of ATP to topoisomerase II. In other words,
DNA apparently stimulates the rate of ATP hydrolysis by
topoisomerase II primarily by increasing the rates of ATP
binding. This does not exclude the possibility that DNA
also affects the rates of other steps in the reaction pathway.

Determination of Rate Constants. Given that there are
nine rate constants for the topoisomerase II mechanism as
shown in Scheme 3, the five differential equations describing
this mechanism contain nine unknown parameters (note: all
details for this section are described in the Appendix). In a
single-substrate system, pre-steady-state data can detect
individual enzyme intermediates (15). However, for a two-
substrate system such as topoisomerase II, the data can only
resolve combinations of enzyme complexes. Consequently,
fitting the data to Scheme 3 in order to determine the rate
constants cannot be done with confidence simply by using
a numerical integration program. Utilization of such a
program provides many different solutions to these equations
that all appear to be good fits to the data. Without reasonable
initial estimates for each of the nine rate constants, it is not
possible to distinguish which of these solutions is correct.
To estimate the rate constants, the pre-steady-state data,
obtained when the substrate concentration was near satura-
tion, were analyzed by separating the reaction mechanism
into three components: ATP binding, the fast phase, and
the slow phase. Since the burst rate exceeds the steady-
state rate by greater than 10-fold, the pre-steady-state data
can be divided into a fast and a slow phase based upon the
identification of the first rate-determining step. To separately
examine the complex binding nature of the two ATP, the
fast phase was further divided into binding of the two ATP
and hydrolysis of the first ATP. The slow phase of the
reaction includes the transition from the fast phase to steady
state, as well as the steady state itself. As the first rate-
determining step is represented byk4, the fast phase includes
k1[S], k-1, k2[S], k3, andk-3, and the slow phase includesk4,
k5, k-5, andk6.

The binding phase of the mechanism includesk1[S], k-1,
andk2[S]. The level of positive cooperativity in ATP binding
(7) and the assumption thatk-2 is negligible indicate thatk2
is at least 10 times greater thank1. Therefore,k-1 + k2[S]
. k1[S]. Based upon the solutions to the differential
equations for the enzyme states involved in ATP binding,
an effective net rate binding constant,k*(S), can be defined,
where k*(S) ) k1[S]{k2[S]/(k2[S] + k-1[S])}. When the
substrate concentration is large,k*(S) reduces tok1[S]; at
lower substrate concentrations, the binding rate is reduced
by k-1.

When examining only the fast phase of the mechanism
involving binding and hydrolysis of the first ATP, Scheme
3 can now be reduced to Scheme 4.

FIGURE 5: pH dependence of the steady-state kinetic parameters
Vmax (A) andVmax/Km (B) for ATP hydrolysis by topoisomerase II
in the presence (b) and absence (9) of DNA. Values forVmaxand
Vmax/Km were calculated from initial ATPase velocities at 10
different ATP concentrations. Given the complexity of both the
ATPase mechanism and the shapes of these pH-rate profiles, we
have not attempted to determine pKa values from these data.

Vmax)
k3k4k5k6[E2Tot]

k3k4k5 + k3k4k-5 + k3k4k6 + k3k5k6 + k-3k5k6 + k4k5k6
(1)

Vmax/Km )
k1k2[S][E2Tot]

k-1 + (k1 + k2)[S]
(2)

Scheme 4
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The fast phase can be examined under two different
conditions, when substrate is either saturating or subsatu-
rating. When the substrate concentration is large enough to
ensure saturation of the enzyme, the burst rate of both the
chemical quench and the pulse-chase experiments will be
dependent uponk3 andk1[S], respectively. Substrate binding
can be described solely byk1[S]. In other words, free
enzyme will go to E2SS at a rate equal tok1[S]. In the fast
phase, the observed data for the chemical quench experiment
reflects the formation of the E2SP complex. The observed
data for the pulse-chase experiment reflect 2(E2SS+ E2-
SP); the factor of 2 is required because each E2SS and E2SP
complex generates two products. The solutions for the
differential equations describing E2SP and E2SS show that
the burst rate for the chemical quench is dependent uponk3,
while the burst rate for the pulse-chase reflectsk1[S]. As
the pulse-chase burst rate is at least 2-fold faster than the
chemical quench burst rate, the rate of binding,k1[S], is
greater than the rate of ATP hydrolysis,k3. When the
substrate concentration is subsaturating,k*(S) becomes rate-
determining, such thatk*(S) is less thank3, and the formation
of E2SP is controlled byk*(S).

The slow phase of the reaction can be described by a
reduced form of Scheme 3, in which all steps following and
including the rate-determining step are shown in Scheme 5.

The rate constantkreturn includes all steps found in the fast
phase of the reaction, and therefore, as long as the substrate
concentration is saturating, does not contribute to the slow
phase. If a fast step occurs between two slower steps, the
data will only reflect the slower processes, obscuring the
fast one. Based on the rapid hydrolysis of the first ATP,
followed by its slower product release, we make the
assumption that hydrolysis of the second ATP is faster than
its product release. This assumption leads to the following
simplified mechanism, shown in Scheme 6.

At the beginning of the slow phase, immediately following
the burst, the majority of the enzyme is in the E2SP form.
Once steady state has been established, the majority of the
enzyme is in either the E2SP or the E2P form. In the
transition between the fast and slow phases, the concentration
of enzyme in the E2SP form becomes distributed into E2SP
and E2P forms. The solutions for the differential equations
describing E2SP and E2P predict that there will be a pause
in product formation immediately after the burst in pulse-
chase experimental data. The steady-state rate of product
formation provides estimates for (k4k6/k4 + k6) as described
by the differential equations for E2SP and E2P.

Based upon these techniques of kinetic parameter estima-
tion, values for all nine rate constants were obtained for the
mechanism shown in Scheme 3. These values were then
entered into a minimization program that fit 16 pre-steady-
state data sets to the mechanism, increasing the precision of
the reported rate constants (Table 1). These data sets
included 1 ADP protection assay, 4 pulse-chase assays, and
11 chemical quench assays, at various ATP concentrations.

Although a qualitative analysis of these pre-steady-state
data has provided many new insights into the ATPase
reaction mechanism of topoisomerase II, the quantitative
analysis provides further insights. A comparison between
two sets of pulse-chase and chemical quench results, one
performed at subsaturating ATP (100µM) and the other at
saturating ATP (350µM), is shown in Figure 6A,B,
respectively. As described above, if the ATP concentration
is saturating, the burst amplitude and burst rate for the pulse-
chase experiment are twice those of the chemical quench.
When ATP is subsaturating, a 10% increase in the burst
amplitude and essentially no change in the burst rate are
observed when comparing the pulse-chase to the chemical
quench results. These results support the hypothesis that over
a small range of ATP concentrations, the binding dynamics
of topoisomerase II change greatly. At 100µM ATP, two
processes, ATP binding and ADP dissociation, are both rate-
determining. At ATP concentrations below 100µM, ATP
binding is the rate-determining step. Models of ATP binding
rates as functions of cooperativity are shown in Figure 6C,
clearly showing that binding rates are nonlinear with ATP
concentration. The level of positive cooperativity is shown
asa, wherea ) k2/k1. For a burst in ADP production to be
observed, binding must be faster than the rate-determining
process, as indicated by the dashed line. This threshold is
drawn to indicate the value forkcat of ATP hydrolysis by
topoisomerase II. Our data are fit witha ) 10. At this
level of cooperativity, this model shows that a burst in ADP
production is expected for ATP concentrations greater than
100 µM, as is clearly seen in the preceding paper. When
ATP is saturating, the two product release steps,k4 andk6,
solely contribute to rate-determination of the reaction cycle.
To better understand the relative magnitude ofk4 to k6,
models of both chemical quench and pulse-chase time
courses are shown for variousk4:k6 ratios (Figure 6D).
Although our data may not distinguish some of the subtleties

Scheme 5

Scheme 6

Table 1: Rate Constants for ATP Hydrolysis by DNA
Topoisomerase IIa

E2 + Sh E2S k1 (µM s-1) 0.3b,c

k-1 (s-1) 1000
E2S+ Sf E2SS k2 (µM s-1) 3
E2SSh E2SP k3 (s-1) 40-50d

k-3 (s-1) e4
E2SPf E2S* + P k4 (s-1) 3-5
E2S* h E2P k5 (s-1) 40-50

k-5 (s-1) e4
E2Pf E2 + P k6 (s-1) 2-7

a All reactions were performed at 25°C in 1× reaction buffer.bRate
constants were initially estimated using singular perturbation theory
and then optimized againstø2 using a numerical program.c Values for
k1, k-1, andk2 were determined based upon our fits tok*(S). k*(S)
varies as described in Figure 6C.dRanges for rate constants are shown
as data from different experiments are sensitive to different parameter
combinations.
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between these models,k6 is of the same order of magnitude
ask4. The pulse-chase model also indicates that a pause
in ADP production should be observed immediately after
the burst and before steady-state ADP production. In fact,
any enzyme mechanism displaying burst kinetics and having
two rate-determining steps should theoretically also display
a similar pause. Although the pulse-chase data for topo-
isomerase II are consistent with the existence of such a pause
(Figure 6B), there are not enough data points to definitively
show the pause.

DISCUSSION

DNA topoisomerase II has an unexpected and complex
mechanism for ATP hydrolysis. Our findings suggest that
after binding two ATP, the enzyme stochastically hydrolyzes
one and releases those products before hydrolyzing the
second ATP. Following the first ATP hydrolysis, at least
one slow step in the mechanism occurs before products of
the second ATP hydrolysis can be detected. The sequential
hydrolysis of ATP and product release steps indicate that
the mechanism for topoisomerase II is considerably more
complicated than previously depicted. This new mechanism,
shown in Scheme 3, predicts transient asymmetry to occur
within an enzyme reaction cycle that has always been thought
of as symmetric.

The results of chemical quench and pulse-chase experi-
ments described in the preceding paper could be explained
by two general reaction pathways, as shown in Scheme 1.
The burst in ADP production observed in chemical quench
experiments indicates that at least one ATP is rapidly
hydrolyzed, prior to a rate-determining step. The doubling
of the burst amplitude in pulse-chase experiments compared
to the bursts in chemical quench experiments suggests that
two ATP are bound to the enzyme and both are hydrolyzed
before additional ATP binds. For these results to be
consistent with the simultaneous hydrolysis mechanism
shown as the lower pathway of Scheme 1, the rates of ATP
hydrolysis and synthesis must be equal. Additionally, either
the release of the first product of hydrolysis must be rate-
determining or product release must be completely reversible.
In contrast, for these results to be consistent with a sequential
hydrolysis mechanism, only one constraint must be im-
posed: the rate-determining step must occur between hy-
drolysis of the first ATP and detection of products of the
second hydrolysis.

The results described in this paper clearly indicate which
of these two potential pathways most accurately reflects the
general ATPase mechanism of topoisomerase II. Results
from inhibition studies are not consistent with a simultaneous
hydrolysis mechanism. These studies indicate that Pi is

FIGURE 6: Modeling the mechanism for ATP hydrolysis by topoisomerase II. Chemical quench (b) and pulse-chase (9) results are shown
for assays performed at 100µM ATP (A) and 350µM ATP (B). In each experiment, the same topoisomerase II/DNA solution was used,
where the total ATP active site concentration was 13.4µM. All four data sets are shown fit to Scheme 3 with the values for rate constants
given in Table 1. In panel C, the binding functionk*(S) is modeled as a function of substrate concentration at three different levels of
positive cooperativity in binding, represented by the factora, wherea ) k2/k1. The dashed line is drawn at the rate equal tokcat for ATP
hydrolysis by topoisomerase II. Only whenk*(S) appreciably exceeds this rate will a burst in ADP production be detectable. In panel D,
models of both pulse-chase and chemical quench data are shown as functions of time, based on Scheme 3. The values ofk4 and k6,
describing the two steps contributing to the rate-determining process, are altered in these models. For models of chemical quench data,k4
) 7.0 s-1 andk6 ) 1.9 s-1 (s s); k4 ) k6 ) 3.0 s-1 (- -); k4 ) 1.9 s-1 andk6 ) 7.0 s-1 (‚‚‚). For the pulse-chase models,k4 ) k6 )
3.0 s-1 (- ‚ -); k4 ) 7.0 s-1 andk6 ) 1.9 s-1, as well ask4 ) 1.9 s-1 andk6 ) 7.0 s-1 (s). In these models, the total enzyme concentration,
E2,Tot, is set at 8.0µM, andk*(S), k3, andk5 are each set at 40 s-1. As k-3 andk-5 do not significantly contribute to the overall reaction
dynamics, these rate constants have been ignored.
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released rapidly, prior to ADP. Given that the Pi concentra-
tion is negligible under our reaction conditions and theKd

for Pi is most likely very large, Pi release is essentially
irreversible. Consequently, the constraints necessary for
simultaneous hydrolysis appear to be invalid. Additionally,
using pre-steady-state kinetics, we have been able to identify
individual enzyme intermediates that exist along the reaction
pathway. Chemical quench and pulse-chase experiments
performed in the presence of vanadate show the existence
of an enzyme-ATP-ADP intermediate, and not an enzyme-
ADP-ADP intermediate, consistent only with the sequential
hydrolysis mechanism.
Together, these results indicate that topoisomerase II

hydrolyzes two ATP sequentially and suggest that the
products of the first hydrolysis are released before the second
ATP is hydrolyzed. Based upon the results of pre-steady-
state inhibition studies, at least the Pi, and most likely the
ADP, from the first ATP hydrolysis must be released before
the second ATP is hydrolyzed. Results from the ADP
protection assay indicate that the first ADP is also released
prior to hydrolysis of the second ATP. Additionally, these
results show that release of the first ADP contributes to the
rate-determining process.
The combination of results from all of these experiments

identified the intermediates of the topoisomerase II ATPase
pathway, as shown in Scheme 3. Based upon rate constant
determination, two steps were shown to contribute to the
rate-determining process,k4 and k6. This is in agreement
with what has previously been predicted for DNA gyrase
(16), namely, that the rate-determining step for ATP hy-
drolysis is release of ADP‚Pi. These steps are most likely
coupled to conformational changes, and we speculate that
release of the first products is also coupled to DNA transport.
Without DNA, topoisomerase II slowly hydrolyzes ATP.

Based on previous studies, it appears that the enzyme cycles
through the same conformational states in both the absence
and presence of DNA (14). Therefore, we assume that
Scheme 3 describes the ATPase reaction pathway of topo-
isomerase II when DNA is both present and absent.
However, some or all of the individual rate constants are
different. To begin to understand the coupling between
ATPase activity and the enzyme-DNA interactions, effects
of DNA on the ATPase reaction mechanism were analyzed
using both pre-steady-state and steady-state techniques. As
shown in the preceding paper, without DNA there is no
indication of a burst in ADP production by topoisomerase
II, suggesting that ATP binding or hydrolysis is rate-
determining. Consequently, the rates associated with at least
one of these processes are greatly stimulated by DNA.
Analysis of steady-state pH-rate profiles suggests that DNA
stimulates the rates of ATP binding more than rates describ-
ing other steps of the ATPase reaction. The DNA stimulation
of ATP binding was previously suggested from results of
experiments with DNA gyrase (17). This is reasonable when
considering the efficiency of DNA transport by topo-
isomerase II. Once ATP is bound, the enzyme is no longer
in a conformation that can bind DNA (14). Therefore, if in
the absence of bound DNA, ATP binds slowly, the enzyme
will remain for longer periods of time in a conformation
favoring DNA capture.
Although each pre-steady state experiment contains an

enormous amount of quantitative information, extracting this

information is nontrivial. Values for the nine rate constants
had to be obtained in order to fit the data to the mechanism
shown in Scheme 3. It was not possible to reduce the
number of unknown rate constants by fitting the data to a
simplified mechanism in which either the two ATP bind
simultaneously or the ATP active sites act independently.
Likewise, it was not possible to use equilibrium constants
or steady-state parameters other thankcat and kcat/Km, to
reduce the number of unknown rate constants. Knowledge
of the Kd for ATP would have reduced the number of
unknowns; however, determination of thisKd was not
possible due to the complexities of cooperative binding,
hydrolysis of the substrate, and essentially irreversible
binding of nonhydrolyzable analogues. It was noted that
individual rate constants are particularly sensitive to data
from different types of pre-steady-state experiments (Ap-
pendix). Based on this sensitivity, estimates for all nine rate
constants were obtained. All of the pre-steady-state data
shown in this paper were fit to Scheme 3 with the values
for rate constants shown in Table 1. One benefit of fitting
the data in this way was the identification of a pause in ADP
production that is predicted to occur immediately after the
pulse-chase burst. The length of the pause indicates the
ratio involving k4 andk6, the two steps that determine the
steady-state rate.
Three assumptions were made in order to fit the data; none

of these assumptions affect the proposed mechanism, but only
the values of particular rate constants. The first assumption
is that topoisomerase II binds the second ATP with at least
a 10-fold greater affinity than it binds the first ATP. This
assumption is supported by analysis of steady-state and pre-
steady-state ATPase assays, as well as conformational studies
of topoisomerase II. If this assumption is incorrect and the
enzyme binds the two ATP with nearly equal affinity, then
the values fork1, k-1, andk2 will differ from those given in
Table 1. The next assumption is that binding of the second
ATP is essentially irreversible. Several types of experiments
indicate that once nonhydrolyzable ATP analogues are bound
to either topoisomerase II (J.E.L., unpublished data) or gyrase
(17), they do not readily dissociate. The results of these
experiments have been interpreted to indicate that once two
ATP are bound, the enzyme is in a conformational state that
cannot readily release ATP. Additionally, a burst amplitude
equal to the ATP active site concentration in the pulse-
chase experiments could only be obtained if binding the two
ATP is essentially irreversible. If this assumption is incorrect
andk-2 is not negligible, then the values fork2 andk3 given
in Table 1 would be underestimates of the true values.
Additionally, the interpretation of DNA stimulation from the
pH-rate profiles would need to be altered to include ATP
hydrolysis, asVmax/Km would now includek3. The last
assumption is that the rate of hydrolysis of the second ATP,
described byk5, is faster than its product release,k6. This
assumption is based upon mechanistic symmetry and the fact
that the first ATP hydrolysis,k3, is faster than its product
release,k4. Based upon modeling the mechanism, the rate
constantsk5 andk6 cannot be equal. Therefore, if this last
assumption is wrong, then the values fork5 and k6 will
essentially be swapped.
Under our reaction conditions, the most favored pathway

for ATP hydrolysis by topoisomerase II is described by
Scheme 3. However, it may be possible that the enzyme
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follows variations of this pathway under different reaction
conditions; three possibilities are shown in Scheme 7.
As we do not yet fully understand the positive cooperat-

ivity in ATP binding by topoisomerase II, it is possible that
the first ATP bound is hydrolyzed prior to binding of the
second ATP. This alternative pathway is indicated in
Scheme 7, above the main pathway. If topoisomerase II
follows this alternative pathway, then the values given in
Table 1 fork2, k3, andk-3 will instead describekb, ka and
k-a, respectively. In the presence of the inhibitor vanadate
(V), our results suggest that the first ADP is stabilized on
the enzyme and that the second ATP dissociates without
being hydrolyzed, as indicated byk′[V]. It is also possible
that a third ATP could bind to E2S*, as indicated byk′′[S].
If a third ATP could bind, it would be detected in a pulse-
chase burst amplitude that is significantly greater than the
ATP active site concentration. In our experiments, the
pulse-chase burst amplitude was always approximately
equal to the ATP active site concentration, suggesting that
k′′[S] is too small to detect at 300-350 µM ATP. At
considerably higher ATP concentrations,k′′[S] could be
significant in comparison tok5.
There are many similarities between the ATPase reactions

of the well-studied prokaryotic DNA gyrase and eukaryotic
topoisomerase II. Both of these enzymes appear to bind and
hydrolyze two ATP per catalytic turnover (7, 18, 19). As
we now show for topoisomerase II, ADP release has been
predicted to be the rate-determining step for the gyrase
mechanism as well (16). ADP is a competitive inhibitor of
both enzymes, with similar calculatedKi values (70-80µM)
(20). Inorganic phosphate is mostly likely released prior to
ADP for both enzymes (20). For gyrase, DNA has been
predicted to stimulate the rate of AMPPNP binding (17).
Similarly, based upon pH-rate profiles, we predict that DNA
stimulates the ATPase activity of topoisomerase II primarily
by increasing the rate of ATP binding. Although these
similarities exist, as there are no pre-steady-state data from
experiments using gyrase, it is unclear if the same sequential
mechanism for ATP hydrolysis is used by both enzymes.
The reaction catalyzed by DNA topoisomerase II can be

thought of as having three interrelated components: (1)
ATPase; (2) DNA binding, cleavage, transport, and religa-
tion; and (3) protein conformational changes. In the present
studies, we have only analyzed the ATPase component of
this reaction. However, based upon the reaction mechanisms
of other well-studied ATPases, we predict that the different
enzyme complexes depicted in Scheme 3 correlate with
different conformational states and/or DNA interactions. At
this stage, these different conformational states and DNA
interactions are unknown.

Models of the type II topoisomerase mechanism have been
developed based largely upon the results of experiments
using nonhydrolyzable ATP analogues (21-26). In the
presence of these analogues, type II topoisomerases can
perform a single turnover of DNA transport (24, 27). The
enzyme remains bound to the analogue and one of the DNA
segments (28). These results have led to the prediction that
all of the conformational changes and DNA interactions
required for DNA transport occur upon ATP binding, and
prior to hydrolysis of either ATP. This type of model is not
in agreement with the ATPase mechanism shown in Scheme
3, in which one ATP is rapidly hydrolyzed, prior to the rate-
determining step, followed by hydrolysis of the second ATP.
This new mechanism suggests that hydrolysis of one ATP
may be coupled to DNA transport, while hydrolysis of the
second may be coupled to a conformational resetting of the
enzyme. One potential way to explain the difference
between conclusions obtained with nonhydrolyzable ATP
analogues and pre-steady-state ATPase assays is to propose
that the enzyme conformational states and interactions with
DNA are not rigidly coupled to the steps in the ATPase
mechanism (29). When ATP is hydrolyzed, the enzyme
quickly cycles through those conformational states, allowing
for rapid DNA transport. When ATP hydrolysis is prevented,
the enzyme is unable to dissociate the ATP analogues and
return to free enzyme. This trapped enzyme complex may
be able to slowly sample conformational states that are
normally obtained only after the first ATP has been hydro-
lyzed, allowing DNA transport to occur. Consequently, we
predict that DNA transport will be considerably slower in
the presence of nonhydrolyzable ATP analogues than in the
presence of ATP. In fact, this is what has been found for
elongation factor G and its reaction pathways in the presence
of GTP compared to nonhydrolyzable GTP analogues (30).

There are many enzymes that utilize ATP to cycle between
conformational states and alter interactions with cosubstrates
(15). However, we know of no other enzyme that has a
similar mechanism for hydrolyzing two ATP, as proposed
here for topoisomerase II. For many ATPases, the cosub-
strate stimulates the ATPase rate primarily by increasing the
rate of product release. Denatured peptides and microtubules
have been found to increase the rate of ADP dissociation
from HSP70 (3) and kinesin (31), respectively. However,
for topoisomerase II, the cosubstrate DNA appears to
stimulate the ATPase rate largely by increasing the rate of
ATP binding, and not necessarily by altering the ADP
dissociation rate. Additionally, several ATPases have either
been shown or predicted to function through a binding
change type of mechanism. The F1 ATPase binds ATP at
its three catalytic sites with negative cooperativity, where

Scheme 7
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each of the three sites cycles between different conforma-
tions, with no two ever being in the same state (32). A
hexameric helicase has been proposed to have a similar
mechanism (33). Additionally, the two heads of kinesin (34,
35) and the two protomers of the dimeric rep helicase (33)
are also thought to be in different states relative to nucleotide
binding; when one active site has ATP bound, the other either
is free or has ADP bound. These different enzyme-
nucleotide states are thought to direct altered interactions
with the cosubstrates, microtubules or DNA, respectively.
In contrast, topoisomerase II initiates its reaction cycle by
binding two ATP with positive cooperativity. Sequential
hydrolysis then follows, indicating that the two halves of
the enzyme are in different nucleotide-bound states for much
of the enzyme’s reaction cycle. One unexpected feature of
this mechanism is the prediction that the topoisomerase II
dimer will not remain entirely symmetric throughout its
cycle. Each crystal structure of a dimeric type II topo-
isomerase fragment showsC2 symmetry (21, 36, 37).
Symmetry must remain in the vicinity of the active site
tyrosines in order to have coordinated DNA cleavage and
separation of the cleaved strands to allow transport of the
second DNA segment. Although dimeric topoisomerase II
may be asymmetric with respect to the nucleotides bound,
the overall conformational state of the enzyme may remain
symmetric. In support of this idea, a topoisomerase II dimer
constructed to bind only one ATP maintains overall sym-
metry in the presence of a nonhydrolyzable ATP analogue
(38). In light of these results, it will be particularly
interesting to analyze the conformation of the enzyme bound
to one ATP and one ADP. This mechanism also suggests
that the two ATP may be hydrolyzed by DNA topoisomerase
II for different functions.
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APPENDIX

Based upon the different phases observed in the pre-steady-
state ATPase data, the mechanism shown in Scheme 3 was
separated into subsystems involving different time scales,
the fast phase and slow phase. This method allows analytical
solutions to be derived for the different phases of the data
and therefore allows observed data to be correlated to a
specific portion of the reaction mechanism that can be
described by a limited number of rate constants. The error
associated with these estimates is proportional to the size of
the ratio of the different time scales used to separate the
mechanism. Once estimates are obtained, numerical analysis
is performed to increase the precision of the values for the
rate constants, i.e., minimize theø2 error. The following
results can all be rigorously derived using singular perturba-
tion theory (8); however, for conciseness only the essence
of the arguments is presented. In all of the following
derivations, it is assumed that the concentration of substrate
remains essentially unchanged, d[S]/dt≈ 0. This assumption
is valid for all of the data analyzed.
Binding Dynamics. Based upon the assumptions outlined

in the paper, a set of differential equations for enzyme
complexes involved with substrate binding are shown below.

By nondimensionalizing time in the above set of dif-
ferential equations by settingτ ) k1[S]t, we obtain

whereε ) k1[S]/(k2[S]+ k-1). The value forε is small since
k2[S] + k-1 . k1[S], as expected for positive cooperativity
in substrate binding. In this section, there is no need to make
assumptions about the size of other coefficients in the above
system.
The differential equation for [E2S] shows that the con-

centration of E2S is small, i.e., of the orderε or smaller.
This requires us to rescale [E2S] to ε[E2S1]; i.e., [E2S] )
ε[E2S1]. By substitutingε[E2S1] into the differential equa-
tions for [E2S] and setting the small parameterε to zero, we
find that [E2S1] ) [E2] (i.e., [free E2]) and thus [E2S]) ε[E2].
Substituting this solution for [E2S] into the differential
equations for [E2] and [E2SS], and rescaling to the original
time scale (t), two new differential equations are derived that
do not contain [E2S].

This reduced system of differential equations represents the
mass action laws for a scheme similar to Scheme 4. In these
equations, the effective binding rate constantk*([S]) has been
introduced, wherek*([S]) ) k1[S]-{k2[S]/(k2[S] + k-1)}.
Fast Phase Dynamics. The differential equations describ-

ing the fast phase or burst subsystem shown in Scheme 4
are

This subsystem can be reduced to two differential equations
by using the conservation equation of [E2,Tot] ) [E2] + [E2SS]
+ [E2SP]. When the concentration of ATP is very large,
such thatk*([S]) . k3,k-3, Scheme 4 can be separated into

d
dt
[E2] ) k6[E2P]- k1[S][E2] + k-1[E2S]

d
dt
[E2S]) k1[S][E2] - (k2[S] + k-1)[E2S]

d
dt
[E2SS]) k2[S][E2S]- k3[E2SS]+ k-3[E2SP]

d
dτ
[E2] )

k6
k1[S]

[E2P]- [E2] +
k-1

k1[S]
[E2S]

d
dτ
[E2S]) [E2] - 1

ε
[E2S]

d
dτ
[E2SS])

k2[S]

k1[S]
[E2S]-

k3
k1[S]

[E2SS]+
k-3

k1[S]
[E2SP]

d
dt
[E2] ) k6[E2P]- k*([S])[E2]

d
dt
[E2SS]) k*([S])[E2] - k3[E2SS]+ k-3[E2SP]

d
dt
[E2] ) -k*([S])[E2]

d
dt
[E2SS]) k*([S])[E2] - k3[E2SS]+ k-3[E2SP]

d
dt
[E2SP]) k3[E2SS]- k-3[E2SP]
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extremely rapid binding and slower formation of [E2SP].
Equations for binding are obtained by settingk3 andk-3 to
zero, since they are small relative tok*([S]). These equations
can then be solved using the initial conditions that [E2] t)0 )
[E2,Tot] and [E2SS]t)0 ) [E2SP]t)0 ) 0 to obtain the following
solutions:

where [E2SP] remains zero. As expected, almost all free
enzyme, E2, is rapidly converted into E2SS, and since binding
is effectively irreversible, the conservation condition for the
remainder of the burst dynamics is

Hydrolysis to form E2SP is shown as the last step in Scheme
4. Using the conservation equation shown above, this is
completely modeled by

which can be solved with [E2SP]t)0 ) 0 to produce

The complete solution can be written by using the appropriate
matching conditions for fast binding and slower hydrolysis:

The chemical quench and ADP protection assay signals are
both equal to the level of [E2SP], which is described above.
The signal from the pulse-chase assays equals 2([E2SP]+
[E2SS]), which in turn equals 2[E2,Tot]{1 - e-k*(S)t}. Note
that since the burst amplitudes of pulse-chase and chemical
quench assays are approximately equal to [E2,Tot] and 2[E2,Tot],
respectively, it must be thatk3 . k-3.
When the binding rate is of the same order as the rate for

hydrolysis, k*([S]) ≈ k3. Although we can solve the
subsystem described by Scheme 4 in general, the dependence
of the solutions on the rate constants is not of a simple
functional form. However, because effectivelyk-3 ap-
proximately equals zero, thek-3 terms can be ignored, and
the three differential equations of this subsystem can be
solved sequentially to obtain

Again, the chemical quench and ADP protection signals are
described by the change in [E2SP] with time. The pulse-
chase signal remains as described above. Note that ask*-
([S]) decreases, the chemical quench signal, [E2SP], ap-
proaches the shape described by a single-exponential function
[E2,Tot]{1 - e-k*([S]) t}. If k*([S]) , k3, then k*([S]) ap-
proximately equalsk4, and thus no substantial burst will be
observed.
Slow Phase Dynamics: Post Burst. Here we assume that

the rates involved in the second hydrolysis step and the
second product release are the same order of magnitude as
the corresponding rates of the first hydrolysis and product
release. Thus, when the concentration of substrate is large,
binding and both hydrolysis steps can be taken to be in quasi-
equilibrium after formation of the initial burst, as their
associated rate constants are much larger than those describ-
ing product release. This results in reaction Scheme 6, as
described in the body of the paper. The governing system
of differential equations for this scheme is

The conservation condition, [E2,Tot] ) [E2SP]+ [E2P], lets
this system be reduced to a linear first-order differential
equation for [E2P]:

This equation can be solved with [E2P]t)0 ) 0 to obtain the
solutions for [E2P] and [E2SP]:

The equation for product concentration, [P], is

By substituting the solutions for [E2SP] and [E2P] into the
above equation and integrating with [P]t)0 ) 0, we are able
to solve for [P]:

[E2] ) [E2,Tot]e
-k*([S]) t

[E2SS]) [E2,Tot]{1- e-k*([S]) t}

[E2,Tot] ) [E2SS]+ [E2SP]

d
dt
[E2SP]) k3([E2,Tot] - [E2SP])- k3[E2SP]

[E2SP])
k3

k3 + k-3
[E2,Tot]{1- e-(k3+k-3)t}

[E2SS]) [E2,Tot] -
k3

k3 + k-3
[E2,Tot]{1- e-(k3+k-3)t}

[E2] ) [E2,Tot]e
-k*([S]) t

[E2SS]) [E2,Tot]{1- e-k*([S]) t} -
k3

k3 + k-3
[E2,Tot]{1- e-(k3+k-3)t}

[E2SP])
k3

k3 + k-3
[E2,Tot]{1- e-(k3+k-3)t}

[E2] ) [E2,Tot]e
-k*([S]) t

[E2SS]) [E2,Tot]
k*([S])

k*([S]) - k3
{e-k3t - e-k*([S]) t}

[E2SP]) [E2,Tot]{1-
k*([S])e-k3t - k3e

-k*(S)t

k*(S) - k3
}

d
dt
[E2SP]) -k4[E2SP]+ k6[E2P]

d
dt
[E2P]) k4[E2SP]- k6[E2P]

d
dt
[E2P]) k4[E2,Tot] - (k4 + k6)[E2P]

[E2P])
k4

k4 + k6
[E2,Tot]{1- e-(k4+k6)t}

[E2SP]) [E2,Tot] -
k4

k4 + k6
[E2,Tot]{1- e-(k4+k6)t}

d
dt
[P] ) k4[E2SP]+ k6[E2P]

[P] ) [E2,Tot]{( 2k4k6k4 + k6)t +
k4(k4 - k6)

(k4 + k6)
2

{1- e-(k4+k6)t}}
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The modeled results of the post-burst experimental signals
would therefore be the following:

ADP protection signal) [E2SP]+ [E2P] ) [E2,Tot]

The last term in the pulse-chase signal characterizes the
“pause” as an exponential decay away from a simple linear
increase in product formation, as seen in Figure 6D.
Likewise, either a smaller pause or an increase in ADP
production could be observed in the chemical quench data
based upon the relative magnitudes ofk4 andk6.
When Substrate Concentrations Are Small. When sub-

strate concentrations are low, binding is slow and therefore
there is little or no burst phase, and slow dynamics dominate
throughout the reaction. Under these conditions, those steps
representing hydrolysis are much faster than any other part
of the reaction. Consequently, the steps involved in hy-
drolysis can be taken to be in quasi-equilibrium. The
resulting mechanism is shown in Scheme 8. By using the
conservation of mass equation [E2,Tot] ) [E2] + [E2SP]+
[E2P], the system of differential equations describing this
reaction can be written as

This nonhomogeneous second-order linear system can be
solved analytically; however, the solutions are complex,
involving combinations of the parameters (not shown).
However, since high substrate concentration data have given
estimates fork4 and k6, the sole remaining unknown
parameter that exists isk*([S]). k*([S]) can be estimated
by minimizing theø2 error when the data are fit to the
analytical solutions.
If the substrate concentrations are very low, so thatk*-

([S]) , k4,k6, thenk*([S]) is the sole rate-determining step
and the binding of substrate will dominate the overall
reaction. Thus, at any time, almost all of the free enzyme
is in the free state, [E2] ∼ [E2,Tot], and only an equation for
[P] is needed to describe the full reaction (Scheme 9):

Therefore,

Note that the chemical quench signal) pulse-chase signal
) [P] are slow, linearly increasing signals, whereas the ADP
protection signal is approximately zero.
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