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ABSTRACT: In the preceding paper, we showed that DNA topoisomerase |l 8aatharomyces cerisiae

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 Il 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 Il 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 Il DNA topoisomerases must MATERIALS AND METHODS
bind and hydrolyze ATP in order to transport one DNA
duplex through a transient break in another [for recent
reviews, seel, 2)]. The kinetic mechanism for this ATPase
reaction was previously unknown. We showed in the
preceding paper that the topoisomerase || homodimer binds
two ATP and rapidly hydrolyzes at least one. These data

are consistent with two different mechanisms, as shown in dehydrogenase (100 units/mL) from rabbit muscle, sodium
Scheme 1. . iy
) _ ) orthovanadate, Sigma. THgaccharomyces cerisiae to-
Data from these previous experiments could neither poisomerase Il and the sheared salmon sperm DNA were
disprove one of these pathways nor provide information on pyrified as described in the preceding paper-3PJADP
the steps of product release. Additionally, the rate-determin-as made by reactinguf32P]JATP with topoisomerase |1/
ing step was not identified. The combination of steady-state DNA; the [0-32P]ADP was purified as previously described
and pre-steady-state studies presented in this paper defineg). All reactions were performed in the same reaction buffer
a favored reaction pathway for ATP hydrolysis by topo- [50 mM HEPES-KOH (pH 7.5), 150 mM KOAc, and 10
isomerase Il. The mathematical technique of singular mM Mg(OAc),], except for the pH-rate studies, as described
perturbation, coupled with the use of a minimization below. All buffers were filtered (0.4&m).
program, was used to determine rate constants for each step steady-State Product Inhibition Studie discontinuous
of the pathway. assay involving the conversion af£2P]JATP to [o-3P]JADP
was used as described in the preceding paper. Reactions
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ranged from 50uM to 1.5 mM. Aliquots (10uL) were Additionally, the enzyme was completely stable at each pH
withdrawn at various time points and quenched with EDTA/ for atleast 1 h. The final reactions contained 50 mM buffer,
SDS (50 mM/1% final concentrations). The concentration 175 mM KOAc, and 10 mM Mg(OAg) Assays performed
of ADP produced at each time point was determined in in the presence of DNA contained 100 nM topoisomerase Il
triplicate as described in the preceding paper. The rates ofdimer and 50uM pHC624 DNA (base pairs)6j; in the
ATP hydrolysis were calculated from ADP concentrations absence of DNA, 500 nM topoisomerase |l was used. A
determined at seven time points ranging from 15 s to 30 coupled assay using pyruvate kinase, PEP, lactate dehydro-
min, including a minus enzyme time point. genase, and NADH was used to determine the rates of ATP
Pre-Steady-State Inhibition with VanadateChemical hydrolysis at each pH for 10 ATP concentrations ranging
guench and pulsechase experiments were performed and from 30uM to 2 mM (7). At each pH used, the enzymes in
analyzed as described in the preceding paper, except thathe coupling system were shown to function much more
where indicated 10@M vanadate was included in the sample rapidly than topoisomerase Il could hydrolyze ATP. The
loop containing ATP. The time courses compared were all pH reported is that measured at the end of the reactions;
performed on the same day, with the same topoisomerasehowever, in no case was there a significant change in pH
[I/DNA preparation. during the reaction. The reactions and pH measurements
Pre-Steady-State ADP Protection Assay determinethe  were done at 28C. For simplicity, the positive cooperativity
amount of ADP bound to topoisomerase Il during the pre- detected at low ATP concentrations was ignored in this
steady-state, the concentration of ADP protected from analysis, and the approximate values Yafx and Vma/Km
conversion back to ATP by pyruvate kinase and PEP waswere determined by fitting the initial velocities at 10 ATP
measured, and will be referred to as an ADP protection assayconcentrations to the MichaetidMenten equation.

(4). These chemical quench assays were done as described pata Analysis Steady-state ATPase and pH data were
in the preceding paper, except that in the indicated reactionsj 1 the Michaelis-Menten equation using Grafit version
542 units/mL pyruvate kinase and 20 mM PEP were included 3 g (Erithacus software). Pre-steady-state vanadate inhibition
in the sample loop with the ATP. For comparison, a standard gata were fit to single-exponential equations with a linear
chemical quench assay, except that 20 mM PEP was includederm, A(1 — e78Y) + Ct, using SigmaPlot version 3.0 (Jandel
in the ATP solution, was performed using the same topo- software). Parameter estimation was attained by analytical
isomerase II/DNA preparation. Two important control - methods using singular perturbation theo8). ( Reaction
reactions were also performed. The first control involved mechanisms were simulated, and values for the rate constants
showing that the above concentrations of pyruvate kinaseere minimized using a variable time step Euler method
and PEP could convert free ADP to ATP faster than (code was written in Fortran)9). The y2-minimization
topoisomerase |l could release ADP. For this control, roytine used a biased random walk in parameter space in
pyruvate kinase and PEP were placed in one sample loop.qorder to find an optimum fit.
and 100uM [a-3?P]ADP was placed in the other sample
loop. These were mixed and quenched at time points ReSULTS
between 5 and 100 ms using our standard chemical quench
[250 mM EDTA in 100 mM Tris (pH 10), followed by 1% Order of Product Release To determine the kinetic
SDS]. It was found that the rate of conversion of ADP back mechanism for ATP hydrolysis by topoisomerase Il, the order
to ATP by pyruvate kinase was 10-fold greater than the rate in which the products, ADP and;,Fare released from the
of ADP release by topoisomerase Il (data not shown). The enzyme was elucidated. Steady-state product inhibition
second control involved showing that our standard chemical profiles can be used to predict the order of product release.
qguench rapidly inactivates pyruvate kinase. Pyruvate kinaseThe initial rates of ATP hydrolysis at varying ATP and ADP
and PEP were placed in one sample loop, the EDTA/Tris concentrations are shown for reactions performed in the
guench solution was placed in the second sample loop, andoresence of DNA (Figure 1A) or the absence of DNA (Figure
[0-*?P]ADP was placed in the quench line. When the 1B). These data were fit to a simple competitive inhibition
enzyme and quench were mixed for as short as 3 ms priormodel, ignoring potential interactions at the two ATPase
to addition of the ADP, no conversion of ADP to ATP could sites. The calculatel; values for ADP are 8G: 10 uM
ever be detected (data not shown). Therefore, the quenchand 170+ 30 uM, in the presence and absence of DNA,
inactivates pyruvate kinase within 3 ms. respectively. Although this fit is only an approximation,
ATPase Rate Profiles as a Function of plA buffer was these data cannot be fit by either a noncompetitive or an
used for these studies that has a constant ionic strength ovetuncompetitive model for inhibition. While there is good
the range of pH studied (5:3.6) 6). The stock for this evidence for positive cooperativity in ATP binding, any
buffer contained 33 mM succinic acid, 44 mM imidazole, cooperativity between ATP and ADP, or between two ADP,
and 44 mM diethanolamine, and the pH was adjusted with has not been determined. Therefore, it is not possible to fit
either KOH or acetic acid as necessary. This buffer was these data to a complex two-site model involving competitive
shown to have no inhibitory effects on topoisomerase IlI. inhibition and cooperativity ¥0). These data are most

Scheme 1
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FIGURE 2: Vanadate is a noncompetitive inhibitor of topoisomerase
B. II. Initial velocities were determined from discontinuous ATPase
0.06 S assays in the presence of DNA and eight different ATP concentra-

tions ranging from 5&M to 1.5 mM. The vanadate concentrations
included were 0Q), 2 (@), 3 (O), 4 (@), 7 (»), 10 (a), 12 (v),

’-T,{ and 15uM (¥). The data are fit to an equation describing simple
s noncompetitive inhibition:v, = [S]Vmad{Km(1 + [I}/ Ki) + [S](1

= 0.02 + [I/Kj)}. The calculated; for vanadate is 4.3 0.5 uM.

>C> . -

v ATP Hydrolysis Is Sequentiallo distinguish between the
O two reaction pathways shown in Scheme 1, pre-steady-state
0 1000 2000 3000 vanadate inhibition studies were performed. Results of these
[ATP] (uM) experiments also provide information on product release. In
Ficure 1: ADP is a competitive inhibitor of ATP hydrolysis by  Figure 3A, pre-steady-state, chemical quench time courses
topoisomerase |1 both in the presence (A) in the absence (B) of of ATP hydrolysis by topoisomerase II/DNA in the absence

DNA. In both cases, the initial velocities determined by discontinu- (m) or presence®) of 100 uM vanadate are shown. For
ous ATPase analysis are fit to an equation describing simple H :

competitive inhibition: v = (Vima{SI{ Km(1 + [1/K:) + [ST}. (A) both time courses, a rapid burst in ADP prqduction is seen.
The ADP concentrations used in the presence of DNAwe@)p ( The amplitudes of both bursts are approximately equal to
50 (@), 100 (), 200 @), 500 (»), 600 (), 700 (v), and 1000 half the enzyme active site concentration; in other words,

uM ('o)é)B)lgnotg‘; %%%Q&C)esngD;\'ﬁ% ghoeéghg’ggwonced”{rgggns the burst amplitudes are approximately equal to the dimeric
were , y y , , , an : H
M (). The calculated values 6o andKnare in the presence enzyme concentration. The burst rates are also approxi
of DNA are 80+ 10 uM and 200+ 30 uM, respectively. In the ~ Mately identical. Therefore, vanadate does not perturb the
absence of DNA, the calculated values Kjapp) andKmare) are binding or hydrolysis rate of the first ATP, similar to what
170+ 30 uM and 660+ 130uM, respectively. has been observed in other enzyme systeltis (However,

the rate of the steady-state phase decreases with time when
consistent with ADP competing with ATP for binding to vanadate is present. This is consistent with the existence of

topoisomerase II. In other words, these inhibition data are 3" €nzyme-ADP—vanadate complex.

not consistent with a mechanism having ADP binding to an 10 determine whether the two ATP are hydrolyzed
enzyme-inorganic phosphate complex, suggesting that P Seduentially or simultaneously, a pulsehase experiment

is released from the enzyme prior to ADP. was also do_ne in the presence of this inhibitor (Flgu_re 3B).
: . S For comparison, a chemical quench and a putsese time

_ Inorganic phosphate is a very poor inhibitor of topo- ¢ ,se performed in the absence of inhibitor are also shown.
isomerase II; preliminary data suggest that Kador B, is All three time courses were performed using the same
on the order of 100 mM (data not shown). Because such ,gisomerase II/DNA preparation. The final ATP active
high concentrations of Raffect thg ionic strength of the  gjie concentration was 21M, indicating that the enzyme
reaction, a more accurate determination could not be made gimer concentration was 10;8M. From data collected in

However, vanadate, a; Pnimic, is a potent inhibitor of  the apsence of vanadate, the burst amplitude in the pulse
topoisomerase Il. Vanadate is a dead-end inhibitor of many chase experiment (19.LM) is determined to be ap-
ATPases, and is thought to bind and stabilize the enzyme proximately twice that observed in the chemical quench
ADP complex, preventing product dissociatiohl( 12). experiment (8.9M). From the pulsechase data collected
Initial velocity data of ATP hydrolysis by topoisomerase Il in the presence of 100M vanadate, the burst amplitude

in the presence of various ATP and vanadate concentrationg8.3 4M) is shown to be approximately equal to half of that
are shown in Figure 2. The data are best approximated byseen in a pulsechase experiment without inhibitor. In other

a simple noncompetitive model of inhibition, providinda words, in the presence of vanadate the pulsease burst

for vanadate of 4.3 0.5uM. The inhibition is complicated ~ amplitude is similar to the chemical quench burst amplitude,
because vanadate can potentially bind at two sites on thesuggesting the existence of an enzymdP—ADP complex.
dimeric enzyme and may not readily dissociate. However, Based upon these steady-state and pre-steady-state inhibi-
even with these potential complications, the data are nottjon studies, the favored reaction pathway of the two shown
consistent with a competitive mode of inhibition by vanadate. in Scheme 1 can be distinguished. As discussed in the
Therefore, the vanadate inhibition results suggest that P preceding paper, in order for the pre-steady-state data to be
release occurs prior to ADP release, in agreement with theconsistent with simultaneous hydrolysis of both ATP, the
ADP inhibition results. rate of ATP hydrolysis must equal the rate of ATP synthesis;
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A. 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 leastfm the first
ATP hydrolysis is released before hydrolysis of the second
ATP.
These results indicate that in the presence of high
0 250 500 750 1000 concentrations of vanadate, topoisomerase Il hydrolyzes only
Time (ms) one of its two bound ATP. Itis predicted that vanadate binds
B to the enzyme ADP complex, preventing ADP dissociation.
30 - At this point in the reaction cycle, where an enzyrfedP—
vanadateATP complex exists, one might predict that
. I turnover should be completely inhibited. The results of the
20 > i pulse-chase experiment in the presence of vanadate show
that only one of the two labeled ATP initially bound to the
10 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
e L R B I enzyme. This dissociation is not detected in the absence of
0 250 500 750 1000 inhibitor, indicating that the presence of inhibitor alters the
Time (ms) preferred reaction pathway.
FIGURE 3: Pre-steady-state ATPase assays including vanadate Froducts from Hydrolysis of the First ATP Are Released
indicate that topoisomerase Il sequentially hydrolyzes two ATP. before Hydrolysis of the Second ATFhe pre-steady-state
For direct comparison, all data are shown fita(l — e 8t + Ct. experiments with vanadate suggest a reaction mechanism in
\(I/g)nggaetf:isvagsqléﬁ?]g; g%tsae zfe groﬁlézzassa%/ﬁeinsgmgh{g@g which, after topoisomerase Il hydrolyzes one ATP, it must
isomerase [I/DNA solution )t(hatphad aQr)ﬁeasured activg site release the iP_prlor to hydrolyzmg the second ATP. The
concentration of 9. kM was used for the two assays. The values @bOve experiments do not directly address when ADP
for A, B, andC in the absence of vanadate are 4£®.5uM, 20 dissociates from the enzyme. If topoisomerase Il releases
+ 5571, and 18+ 3 M s7%, and in the presence of vanadate are each product of the first ATP hydrolysis prior to hydrolyzing
3.7+ 04uM, 14+ 4 s, and 14+ 2 uM s™%, respectively. (B)  the second ATP, then in both the pre-steady-state and steady-

Pulse-chase assays performed in both the abse#faiid presence :
(a) of 1004M vanadate are compared to a chemical quench assaystate time scales the enzyme should have at most one ADP

lacking vanadatex). All three data sets were obtained using the - Pound. The experimental strategy chosen to determine the
same topoisomerase |I/DNA solution where the total ATP active humber of enzyme-bound ADP entailed having high con-

site concentration was measured asuBL The values forA, B, centrations of pyruvate kinase and PEP in the reaction to
andC are 8.9+ 0.6uM, 22+ 7 s, and 11+ 1uM s forthe  conyert any free ADP released from topoisomerase Il back

chemical quench assay, 19410.8 uM, 100 + 20 s'%, and 11+ . . .
2 uM s-1 for the standard pulsechase assay, and 8:30.9 uM, to ATP. A similar technique was previously used by Gresser

224551, and 10+ 2 M s~ for the pulse-chase assay including €t al. to study the FATPase 4). It was first necessary to
vanadate, respectively. show that under our reaction conditions, pyruvate kinase

would convert free ADP back to ATP significantly faster

and either phosphate release must be rate-determining, or ithan topoisomerase Il would release its ADP. The results
must be fully reversible. The steady-state inhibition studies of a control chemical quench experiment in which pyruvate
suggest that thi;, a reflection ofKy, for P is large and that ~ kinase and PEP were rapidly mixed with 1001 [a-32P]-
P, must rapidly dissociate from the enzyme, negating the ADP show that the conversion rate is greater than 2000
second constraint for simultaneous hydrolysis. Additionally, s™* (data not shown). Therefore, under our standard reaction
if simultaneous ATP hydrolysis occurs andr®lease is not  conditions, pyruvate kinase will very rapidly convert free
rate-determining, then the burst amplitude for the chemical ADP to ATP.
guench experiment in the presence of vanadate would be The results of an experiment using pyruvate kinase and
equal to the total active site concentration, twice that PEP to determine the concentration of ADP bound to
observed. As rate-determining Release is not obviously  topoisomerase Il are shown in Figure 4. A chemical quench
consistent with the steady-state observations described abovejme course performed in the absence of pyruvate kinfge (
the comparison of burst amplitude data from chemical quenchis compared to one performed with the same topoisomerase
and pulse-chase experiments indicates that topoisomerasell/DNA preparation, on the same day, with pyruvate kinase
Il sequentially hydrolyzes the two ATP. A mechanism (H). The final topoisomerase Il dimer concentration was
involving sequential ATP hydrolysis is only consistent with 8.1 uM. In the absence of pyruvate kinase, the chemical
these data if a rate-determining step occurs after hydrolysisquench time course is similar to those previously observed
of the first ATP, and before products of the second hydrolysis in which the burst amplitude is approximately equal to half
are detected. the active site concentration (7410.8uM). When pyruvate

The results of the pulsechase experiment in the presence kinase is included, a burst in ADP production is again
of vanadate provide further evidence that topoisomerase Il observed with an amplitude of 580.6 uM; however, after
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enzyme is much faster than ADP release based on the
vanadate inhibition studies. Therefore, the two steps; of P
and ADP release have been combined in the steps described
by ks andks. 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
FiIGURE4: A pre-steady-state ADP protection assay using pyruvate of ATP binding and hydrolysis.

kinase and PEP indicates that release of the first ADP contributes . . N

to the rate-determining process of ATP hydrolysis by topoisomerase  1he mechanism shown in Scheme 2 can be simplified.
Il. Using the same topoisomerase II/DNA solution, a standard Since all of the reactions have been analyzed under initial

iCnthr;]liig?S(LUzeEﬁR Srsnslii%%is ?&%Ft)grkei?\;g él(czhgfmcr}irln?_u?iﬂ?)?:vag velocity conditions, insignificant concentrations of product,
been mixed with the Ia%yeled ATP solutiorl)(gBotﬁ assays P, were present. ConsequentlyJP] and k¢[P] are
contained 8.1uM topoisomerase Il dimer, 400M ATP, and 10 ~ @Pproximately zero. Studies using the nonhydrolyzable ATP
mM PEP, final concentrations. The data are shown fit to Scheme analogue AMPPNP indicate that once this analogue is bound
3 with the values for rate constants shown in Table 1. The burst to both ATP active sites, its dissociation rate is extremely
amplitudes are 7.& 0.8 and 5.8 0.6uM, for the chemical quench  g|ow (J. E. Lindsley, unpublished data). Additionally, the
and ADP protection data, respectively. results of the pulsechase experiments indicate that once
two ATP are bound to the enzyme, they are both hydrolyzed
before dissociating. Further supporting evidence Koy
being very small comes from experiments attempting to use
topoisomerase Il to synthesize ATP from ADP and P
Results of these experiments indicate that small quantities

assay never exceeds_ half the acti\_/e si_te concentrationge Atp can he made, but not released from the enzyme (data
suggests that t.he topoisomerase I dlm(_ar Is only boqnd 0 ot shown). Thereforé_; andk_s are most likely nonzero,
one ADP at a time. In other words, topoisomerase Il is not and k_, is insignificant. Based upon this evidence, the

bound to two ADP at any point in the .reactlon p.a‘hW"’!y- mechanism shown in Scheme 2 can be reduced to that shown
The steady-state plateau in ADP production/protection at just below in Scheme 3.
below the enzyme dimer concentration indicates that on ]
average, in the steady state, there is approximately one ADP N the preceding paper, we concluded that the rate-
bound to the topoisomerase Il dimer. The existence of this d€términing step is after hydrolysis of at least one ATP. For
steady-state plateau, along with the observed bursts in severdin® Sequential ATP hydrolysis mechanism to agree with the
different experiments, also indicates that the rate of ADP data, a rate-determining step must occur after the first
dissociation must be slow. hydrolysis and before products of the second hydrolysis are
The Mechanism for ATP Hydrolysis by Topoisomerase I detectab_le.. Since a mechani_sm involving simultaneogs ATP
The results from experiments presented so far in this andydrolysis is inconsistent with the data presented in this
the preceding paper define the chemical and kinetic mech-Paper, a rate-determining step must occur after hydrolysis
anism for ATP hydrolysis by DNA topoisomerase II. The Of the first ATP ks, and prior to the last step, represented
mechanism that best represents our observations is one i ke If ks were rate-determining, or ks + ks were much
which the enzyme binds two ATP, hydrolyzes one, releases!@rger thanks, then BS* would be the most populated
the P and ADP produced, hydrolyzes the second ATP, and €nzyme form in the stea_dy state._ If this were true, then the
releases those products. This mechanism can be representetignal in the ADP protection experiment would have dropped
as shown in Scheme 2: where, Eepresents dimeric to zero in the _steady state. As t_he ADP signal in the
topoisomerase Il bound to DNA, S represents ATP, P protection _expenment never appremab!y drop_peq _below the
represents ADfP, and BS* represents a state of topo- burst amplitudeks a_mq k_s do not contribute significantly
isomerase Il bound to a single ATP that differs fropSE !0 the rate-determining process. Consequently, the rate-
Although the results shown in Figures 1 and 2 indicate that determining process must include
P, is released from the enzyme prior to release of ADP, none Using the method of net rate constarnt8)( the Vimax and
of the experiments presented provide direct information on Vma/Kn for topoisomerase Il hydrolysis of ATP can now be
the rate of Prelease. We assume thatrBlease from the  defined in terms of the rate constants shown in Scheme 3,

ADP (uM)

0 500 1000
Time (ms)

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
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A. Scheme 4
? E M E2SS 8. EoSP
_ 1 ® PY1) ... 2 2 k. 2
<F B3] o0 ® l..l'....
= 1e . . (] difference. As shown in eq 2/madKm includes only terms
S 4 ugn " involved in ATP binding. Therefore, when topoisomerase
1 Il is bound to DNA, at least one of the steps involved with
ATP binding is very pH-sensitive. The difference \f./
Sy Km pH data suggests that DNA exerts its largest effect on
5 6 7 8 9 10 the binding of ATP to topoisomerase Il. In other words,
pH B DNA apparently stimulates the rate of ATP hydrolysis by
4 . topoisomerase Il primarily by increasing the rates of ATP
binding. This does not exclude the possibility that DNA
;E ] o %o, o also affects the rates of other steps in the reaction pathway.
R . ¢ e Determination of Rate ConstantsGiven that there are
2> 1 =® . nine rate constants for the topoisomerase Il mechanism as
§’ 6 °m ag"e shown in Scheme 3, the five differential equations describing
i " mggan ° this mechanism contain nine unknown parameters (note: all
details for this section are described in the Appendix). In a
KA RS RARE AR RN R single-substrate system, pre-steady-state data can detect

5 6 7 8 9 10 individual enzyme intermediate$%). However, for a two-
pH substrate system such as topoisomerase I, the data can only
FiGURe 5: pH dependence of the steady-state kinetic parametersresolve combinations of enzyme complexes. Consequently,
Vinax (A) and Vima/Km (B) for ATP hydrolysis by topoisomerase Il fitting the data to Scheme 3 in order to determine the rate
i\';‘ ”:/eKprivsgrgcﬁciqgtggsggfnﬂng{a?'\AAT-P\ggg’e\fe‘;gL\i/tngagg 1o Constants cannot be done with confidence simply by using
dir?faerenr;t ATP concentrations. Given the complexity of both the a numerical _'ntegrat'on _program. L_Jt'“zat'on of SUCh_ a
ATPase mechanism and the shapes of theserpté profiles, we  Program provides many different solutions to these equations
have not attempted to determin&pvalues from these data. that all appear to be good fits to the data. Without reasonable
initial estimates for each of the nine rate constants, it is not
where [Ero{ represents the total dimeric enzyme concentra- possible to distinguish which of these solutions is correct.
tion (eqs 1 and 2). These kinetic parameters are derivedTO estimate the rate constants, the pre-steady-state data,
from a mechanism determined in the presence of DNA. As obtained when the substrate concentration was near satura-
it appears that topoisomerase |l cycles through the sametion, were analyzed by separating the reaction mechanism
conformational states in the absence and presence of DNAINnto three components: ATP binding, the fast phase, and
(14), the overall reaction pathway for ATP hydrolysis is most the slow phase. Since the burst rate exceeds the steady-
likely the same regardless of the presence of DNA. There- state rate by greater than 10-fold, the pre-steady-state data
fore, whether DNA is present or absent, the derivations of can be divided into a fast and a slow phase based upon the
Viax and VimadKm most likely do not change. identification of the first rate-determining step. To separately
examine the complex binding nature of the two ATP, the
Vinax = fast phase was further divided into binding of the two ATP
KsK4KsKs[Eprod and hydrolysis of the first ATP. The slow phase of the
reaction includes the transition from the fast phase to steady
Kokl + Kok 1 Kalks 1 Kol - k-akelés + Kokl state, as well as the steady state itself. As the first rate-
(1) determining step is representediaythe fast phase includes
ki[S], k-1, ko[S], ks, andk_3, and the slow phase includks
(2) ks, k_5, and ke
The binding phase of the mechanism incluégs], k-1,
andk;[S]. The level of positive cooperativity in ATP binding

pH—Rate Profiles The results of steady-state ATPase : i A
experiments can now be interpreted in terms of their effects ,(7) and the assumption thit. is negligible indicate thak,

on different aspects of the reaction mechanism. One examplgS at léast 10 times greater thisn Thereforek—, + k[S]

is the steady-state pHate profiles of topoisomerase Il > kiS]. Based upon the solutions to the differential
catalyzed ATP hydrolysis in the presence and the absencefduations for the enzyme states involved in ATP binding,
of DNA (Figure 5). In both casesVma is relatively an effective net rate binding constakt(S), can be defined,
insensitive to pH, changing at most 10 fold, over a pH range Where K*(S) = ki[SI{k[SV/(k:[S] + k-a[S])}. When the

of 5.3-9.6 (Figure 5A). In the absence of DNAma/Km substrate concentration is larde(S) reduces td[S]; at

is also relatively insensitive to pH (Figure 5B). However, lower substrate concentrations, the binding rate is reduced

in the presence of DNAYma/Km is considerably more pH- by k-1.

sensitive, displaying a bell-shaped curved. In contrasttothe When examining only the fast phase of the mechanism
similarly shapelWnax pH profiles, the pH profiles foWmay/ involving binding and hydrolysis of the first ATP, Scheme
Km in the absence and presence of DNA show a dramatic 3 can now be reduced to Scheme 4.

 KkISTEard]
Vinal K = 4 e T K)IS]
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Scheme 5 Table 1: Rate Constants for ATP Hydrolysis by DNA

k4 . ks ke b Topoisomerase 3l
EoSP— > EoS*+P EoP+ P—> Eo +2 51 S—EsS oM s ) 03

k.
5 ko (sY) 1000
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2 All reactions were performed at 2& in 1x reaction buffer? Rate
constants were initially estimated using singular perturbation theory
and then optimized againgt using a numerical prograrfiValues for

Kreturn ki, k-1, andk, were determined based upon our fitskqS). k*(S)
varies as described in Figure 6€Ranges for rate constants are shown

The fast phase can be examined under two different @s daFa frpm different experiments are sensitive to different parameter
conditions, when substrate is either saturating or subsaty-comPinations.
rating. When the substrate concentration is large enough to
ensure saturation of the enzyme, the burst rate of both the Based upon these techniques of kinetic parameter estima-
chemical quench and the pulsehase experiments will be tion, values for all nine rate constants were obtained for the
dependent upoks andk;[S], respectively. Substrate binding mechanism shown in Scheme 3. These values were then
can be described solely bk[S]. In other words, free  entered into a minimization program that fit 16 pre-steady-
enzyme will go to ESS at a rate equal Q[S]. In the fast state data sets to the mechanism, increasing the precision of
phase, the observed data for the chemical quench experimenthe reported rate constants (Table 1). These data sets
reflects the formation of the JSP complex. The observed included 1 ADP protection assay, 4 pulsghase assays, and
data for the pulsechase experiment reflect 2&S + E,- 11 chemical quench assays, at various ATP concentrations.
SP); the factor of 2 is required because eagbSrand BSP Although a qualitative analysis of these pre-steady-state
complex generates two products. The solutions for the yata has provided many new insights into the ATPase
differential equations describing &P and ESS show that  reaction mechanism of topoisomerase I, the quantitative
the burst rate for the chemical quench is dependent kpon  analysis provides further insights. A comparison between
while the burst rate for the pulsehase reflect$i[S]. As two sets of pulsechase and chemical quench results, one
the pglsechase burst rate is at least 2—folq fa;ter thz_an the performed at subsaturating ATP (108) and the other at
chemical quench burst rate, the rate of bindikgS], is saturating ATP (350uM), is shown in Figure 6A,B,
greater than the rate of ATP hydrolysis. When the  roqpaciively. As described above, if the ATP concentration
substrate concentration is subsaturaticifs) becomes rate- g ga1rating, the burst amplitude and burst rate for the pulse
determining, such th&t(S) is less tharks, and the formation  caqe experiment are twice those of the chemical quench.

of E;SP is controlled b*(S). When ATP is subsaturating, a 10% increase in the burst
The slow phase of the reaction can be described by aamplitude and essentially no change in the burst rate are
reduced form of Scheme 3, in which all steps fO”OWing and observed when Comparing the pu{gé’]ase to the chemical
including the rate-determining step are shown in Scheme 5. quench results. These results support the hypothesis that over
The rate constarkewmincludes all steps found in the fast a small range of ATP concentrations, the binding dynamics
phase of the reaction, and therefore, as long as the substratef topoisomerase Il change greatly. At 100 ATP, two
concentration is saturating, does not contribute to the slow processes, ATP binding and ADP dissociation, are both rate-
phase. If a fast step occurs between two slower steps, thedetermining. At ATP concentrations below 1981, ATP
data will only reflect the slower processes, obscuring the binding is the rate-determining step. Models of ATP binding
fast one. Based on the rapid hydrolysis of the first ATP, rates as functions of cooperativity are shown in Figure 6C,
followed by its slower product release, we make the clearly showing that binding rates are nonlinear with ATP
assumption that hydrolysis of the second ATP is faster than concentration. The level of positive cooperativity is shown
its product release. This assumption leads to the following asa, wherea = ko/k;. For a burst in ADP production to be
simplified mechanism, shown in Scheme 6. observed, binding must be faster than the rate-determining
At the beginning of the slow phase, immediately following process, as indicated by the dashed line. This threshold is
the burst, the majority of the enzyme is in thegSP form. drawn to indicate the value fdta of ATP hydrolysis by
Once steady state has been established, the majority of thdopoisomerase Il. Our data are fit with= 10. At this
enzyme is in either the &SP or the EP form. In the level of cooperativity, this model shows that a burst in ADP
transition between the fast and slow phases, the concentratiopproduction is expected for ATP concentrations greater than
of enzyme in the ESP form becomes distributed into&P 100 uM, as is clearly seen in the preceding paper. When
and EP forms. The solutions for the differential equations ATP is saturating, the two product release stépsindks,
describing ESP and &P predict that there will be a pause solely contribute to rate-determination of the reaction cycle.
in product formation immediately after the burst in pulse  To better understand the relative magnitudekgfto ks,
chase experimental data. The steady-state rate of productnodels of both chemical quench and puishase time
formation provides estimates fdkks/'ks + ks) as described  courses are shown for variodg:ks ratios (Figure 6D).
by the differential equations for,EP and EP. Although our data may not distinguish some of the subtleties

k4 ke
EoSP—>EoP+P——> E2 +2P
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Ficure 6: Modeling the mechanism for ATP hydrolysis by topoisomerase Il. Chemical qu@an( pulse-chase M) results are shown

for assays performed at 100 ATP (A) and 350uM ATP (B). In each experiment, the same topoisomerase II/DNA solution was used,
where the total ATP active site concentration was 138 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 functi&®(S) is modeled as a function of substrate concentration at three different levels of
positive cooperativity in binding, represented by the factowherea = ky/k;. The dashed line is drawn at the rate equakdtefor ATP
hydrolysis by topoisomerase Il. Only wh&(S) appreciably exceeds this rate will a burst in ADP production be detectable. In panel D,
models of both pulsechase and chemical quench data are shown as functions of time, based on Scheme 3. The kalaerd lgf
describing the two steps contributing to the rate-determining process, are altered in these models. For models of chemical gkgnch data,
=70standks=19st(——); ks=ks=3.0s!(— —); ks=1.9 st andks = 7.0 s (--+). For the pulse-chase modelsk, = ks =
3.0si(—--)ky=7.0standks= 1.9 s, as well ak, = 1.9 standks = 7.0 s'1 (—). In these models, the total enzyme concentration,
E> 1o IS Set at 8.uM, and k*(S), ks, andks are each set at 405 As k_3 andk_s do not significantly contribute to the overall reaction
dynamics, these rate constants have been ignored.

between these models; is of the same order of magnitude The results of chemical quench and putshase experi-
asks. The pulse-chase model also indicates that a pause ments described in the preceding paper could be explained
in ADP production should be observed immediately after by two general reaction pathways, as shown in Scheme 1.
the burst and before steady-state ADP production. In fact, The burst in ADP production observed in chemical quench
any enzyme mechanism displaying burst kinetics and havingexperiments indicates that at least one ATP is rapidly
two rate-determining steps should theoretically also display hydrolyzed, prior to a rate-determining step. The doubling
a similar pause. Although the pulsehase data for topo-  of the burst amplitude in pulsechase experiments compared
isomerase Il are consistent with the existence of such a pauseo the bursts in chemical quench experiments suggests that
(Figure 6B), there are not enough data points to definitively two ATP are bound to the enzyme and both are hydrolyzed

show the pause. before additional ATP binds. For these results to be
consistent with the simultaneous hydrolysis mechanism
DISCUSSION 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-

one slow step in the mechanism occurs before products ofPS€d: the rate-determining step must occur between hy-
the second ATP hydrolysis can be detected. The sequentiafrolysis of the first ATP and detection of products of the
hydrolysis of ATP and product release steps indicate that S6¢ond hydrolysis.

the mechanism for topoisomerase |l is considerably more The results described in this paper clearly indicate which
complicated than previously depicted. This new mechanism, of these two potential pathways most accurately reflects the
shown in Scheme 3, predicts transient asymmetry to occurgeneral ATPase mechanism of topoisomerase Il. Results
within an enzyme reaction cycle that has always been thoughtfrom inhibition studies are not consistent with a simultaneous
of as symmetric. hydrolysis mechanism. These studies indicate thais P

DNA topoisomerase Il 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
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released rapidly, prior to ADP. Given that thecBncentra- information is nontrivial. Values for the nine rate constants
tion is negligible under our reaction conditions and ke had to be obtained in order to fit the data to the mechanism
for P, is most likely very large, Prelease is essentially shown in Scheme 3. It was not possible to reduce the
irreversible. Consequently, the constraints necessary fornumber of unknown rate constants by fitting the data to a
simultaneous hydrolysis appear to be invalid. Additionally, simplified mechanism in which either the two ATP bind
using pre-steady-state kinetics, we have been able to identifysimultaneously or the ATP active sites act independently.
individual enzyme intermediates that exist along the reaction Likewise, it was not possible to use equilibrium constants
pathway. Chemical quench and putsghase experiments or steady-state parameters other than and k../Kn, to
performed in the presence of vanadate show the existencaeduce the number of unknown rate constants. Knowledge
of an enzyme ATP—ADP intermediate, and not an enzyme  of the K4 for ATP would have reduced the number of
ADP—ADP intermediate, consistent only with the sequential unknowns; however, determination of thi§; was not
hydrolysis mechanism. possible due to the complexities of cooperative binding,
Together, these results indicate that topoisomerase llhydrolysis of the substrate, and essentially irreversible
hydrolyzes two ATP sequentially and suggest that the binding of nonhydrolyzable analogues. It was noted that
products of the first hydrolysis are released before the secondndividual rate constants are particularly sensitive to data
ATP is hydrolyzed. Based upon the results of pre-steady- from different types of pre-steady-state experiments (Ap-
state inhibition studies, at least the Bnd most likely the pendix). Based on this sensitivity, estimates for all nine rate
ADP, from the first ATP hydrolysis must be released before constants were obtained. All of the pre-steady-state data
the second ATP is hydrolyzed. Results from the ADP shown in this paper were fit to Scheme 3 with the values
protection assay indicate that the first ADP is also releasedfor rate constants shown in Table 1. One benefit of fitting
prior to hydrolysis of the second ATP. Additionally, these the data in this way was the identification of a pause in ADP
results show that release of the first ADP contributes to the production that is predicted to occur immediately after the
rate-determining process. pulse-chase burst. The length of the pause indicates the
The combination of results from all of these experiments ratio involving ks andks, the two steps that determine the
identified the intermediates of the topoisomerase || ATPase steady-state rate.
pathway, as shown in Scheme 3. Based upon rate constant Three assumptions were made in order to fit the data; none
determination, two steps were shown to contribute to the of these assumptions affect the proposed mechanism, but only
rate-determining procesk; andks. This is in agreement  the values of particular rate constants. The first assumption
with what has previously been predicted for DNA gyrase is that topoisomerase Il binds the second ATP with at least
(16), namely, that the rate-determining step for ATP hy- a 10-fold greater affinity than it binds the first ATP. This
drolysis is release of ADIP,. These steps are most likely assumption is supported by analysis of steady-state and pre-
coupled to conformational changes, and we speculate thatsteady-state ATPase assays, as well as conformational studies
release of the first products is also coupled to DNA transport. of topoisomerase Il. If this assumption is incorrect and the
Without DNA, topoisomerase Il slowly hydrolyzes ATP. enzyme binds the two ATP with nearly equal affinity, then
Based on previous studies, it appears that the enzyme cycleshe values fok,, k-1, andk, will differ from those given in
through the same conformational states in both the absencerable 1. The next assumption is that binding of the second
and presence of DNA1¢). Therefore, we assume that ATP is essentially irreversible. Several types of experiments
Scheme 3 describes the ATPase reaction pathway of topo-ndicate that once nonhydrolyzable ATP analogues are bound
isomerase Il when DNA is both present and absent. to either topoisomerase Il (J.E.L., unpublished data) or gyrase
However, some or all of the individual rate constants are (17), they do not readily dissociate. The results of these
different. To begin to understand the coupling between experiments have been interpreted to indicate that once two
ATPase activity and the enzym®NA interactions, effects ~ ATP are bound, the enzyme is in a conformational state that
of DNA on the ATPase reaction mechanism were analyzed cannot readily release ATP. Additionally, a burst amplitude
using both pre-steady-state and steady-state techniques. Asqual to the ATP active site concentration in the ptilse
shown in the preceding paper, without DNA there is no chase experiments could only be obtained if binding the two
indication of a burst in ADP production by topoisomerase ATP is essentially irreversible. If this assumption is incorrect
Il, suggesting that ATP binding or hydrolysis is rate- andk_is not negligible, then the values fl andks given
determining. Consequently, the rates associated with at leastn Table 1 would be underestimates of the true values.
one of these processes are greatly stimulated by DNA. Additionally, the interpretation of DNA stimulation from the
Analysis of steady-state pHate profiles suggests that DNA  pH—rate profiles would need to be altered to include ATP
stimulates the rates of ATP binding more than rates describ-hydrolysis, asVma/Km would now includeks. The last
ing other steps of the ATPase reaction. The DNA stimulation assumption is that the rate of hydrolysis of the second ATP,
of ATP binding was previously suggested from results of described byks, is faster than its product releade, This
experiments with DNA gyrasely). This is reasonable when assumption is based upon mechanistic symmetry and the fact
considering the efficiency of DNA transport by topo- that the first ATP hydrolysisks, is faster than its product
isomerase Il. Once ATP is bound, the enzyme is no longer releasek,. Based upon modeling the mechanism, the rate
in a conformation that can bind DNAL{). Therefore, if in constantsks andks cannot be equal. Therefore, if this last
the absence of bound DNA, ATP binds slowly, the enzyme assumption is wrong, then the values ferand ks will
will remain for longer periods of time in a conformation essentially be swapped.
favoring DNA capture. Under our reaction conditions, the most favored pathway
Although each pre-steady state experiment contains anfor ATP hydrolysis by topoisomerase |l is described by
enormous amount of quantitative information, extracting this Scheme 3. However, it may be possible that the enzyme
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follows variations of this pathway under different reaction Models of the type Il topoisomerase mechanism have been
conditions; three possibilities are shown in Scheme 7. developed based largely upon the results of experiments
As we do not yet fully understand the positive cooperat- using nonhydrolyzable ATP analogue®1{-26). In the
ivity in ATP binding by topoisomerase I, it is possible that presence of these analogues, type Il topoisomerases can
the first ATP bound is hydrolyzed prior to binding of the perform a single turnover of DNA transpo@4, 27). The
second ATP. This alternative pathway is indicated in enzyme remains bound to the analogue and one of the DNA
Scheme 7, above the main pathway. If topoisomerase Il segments38). These results have led to the prediction that
follows this alternative pathway, then the values given in all of the conformational changes and DNA interactions
Table 1 forks,, ks, andk_s will instead describék, k, and required for DNA transport occur upon ATP binding, and
k_a, respectively. In the presence of the inhibitor vanadate prior to hydrolysis of either ATP. This type of model is not
(V), our results suggest that the first ADP is stabilized on in agreement with the ATPase mechanism shown in Scheme
the enzyme and that the second ATP dissociates without3, in which one ATP is rapidly hydrolyzed, prior to the rate-
being hydrolyzed, as indicated IifV]. It is also possible determining step, followed by hydrolysis of the second ATP.
that a third ATP could bind to £5*, as indicated by"[S]. This new mechanism suggests that hydrolysis of one ATP
If a third ATP could bind, it would be detected in a pulse ~ may be coupled to DNA transport, while hydrolysis of the
chase burst amplitude that is significantly greater than the second may be coupled to a conformational resetting of the
ATP active site concentration. In our experiments, the enzyme. One potential way to explain the difference
pulse-chase burst amplitude was always approximately between conclusions obtained with nonhydrolyzable ATP
equal to the ATP active site concentration, suggesting thatanalogues and pre-steady-state ATPase assays is to propose

K'[S] is too small to detect at 36B50 uM ATP. At that the enzyme conformational states and interactions with
considerably higher ATP concentratiorg’[S] could be DNA are not rigidly coupled to the steps in the ATPase
significant in comparison tés. mechanism 29). When ATP is hydrolyzed, the enzyme

There are many similarities between the ATPase reactionsquickly cycles through those conformational states, allowing
of the well-studied prokaryotic DNA gyrase and eukaryotic for rapid DNA transport. When ATP hydrolysis is prevented,
topoisomerase Il. Both of these enzymes appear to bind andthe enzyme is unable to dissociate the ATP analogues and
hydrolyze two ATP per catalytic turnove?,(18, 19). As return to free enzyme. This trapped enzyme complex may
we now show for topoisomerase I, ADP release has beenbe able to slowly sample conformational states that are
predicted to be the rate-determining step for the gyrase normally obtained only after the first ATP has been hydro-
mechanism as welll). ADP is a competitive inhibitor of  lyzed, allowing DNA transport to occur. Consequently, we
both enzymes, with similar calculatégvalues (76-80 M) predict that DNA transport will be considerably slower in
(20). Inorganic phosphate is mostly likely released prior to the presence of nonhydrolyzable ATP analogues than in the
ADP for both enzymes20). For gyrase, DNA has been presence of ATP. In fact, this is what has been found for
predicted to stimulate the rate of AMPPNP bindirigr)( elongation factor G and its reaction pathways in the presence
Similarly, based upon pHrate profiles, we predict that DNA ~ of GTP compared to nonhydrolyzable GTP analog3}. (
stimulates the ATPase activity of topoisomerase Il primarily ~ There are many enzymes that utilize ATP to cycle between
by increasing the rate of ATP binding. Although these conformational states and alter interactions with cosubstrates
similarities exist, as there are no pre-steady-state data from(15). However, we know of no other enzyme that has a
experiments using gyrase, it is unclear if the same sequentialsimilar mechanism for hydrolyzing two ATP, as proposed
mechanism for ATP hydrolysis is used by both enzymes. here for topoisomerase Il. For many ATPases, the cosub-

The reaction catalyzed by DNA topoisomerase Il can be strate stimulates the ATPase rate primarily by increasing the
thought of as having three interrelated components: (1) rate of product release. Denatured peptides and microtubules
ATPase; (2) DNA binding, cleavage, transport, and religa- have been found to increase the rate of ADP dissociation
tion; and (3) protein conformational changes. In the presentfrom HSP70 8) and kinesin 81), respectively. However,
studies, we have only analyzed the ATPase component offor topoisomerase Il, the cosubstrate DNA appears to
this reaction. However, based upon the reaction mechanismsstimulate the ATPase rate largely by increasing the rate of
of other well-studied ATPases, we predict that the different ATP binding, and not necessarily by altering the ADP
enzyme complexes depicted in Scheme 3 correlate with dissociation rate. Additionally, several ATPases have either
different conformational states and/or DNA interactions. At been shown or predicted to function through a binding
this stage, these different conformational states and DNA change type of mechanism. The &ATPase binds ATP at
interactions are unknown. its three catalytic sites with negative cooperativity, where
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each of the three sites cycles between different conforma-

tions, with no two ever being in the same stag®)( A &[EZ] = ke[E2P] = Ky[SI[E,] + k4[E;S]
hexameric helicase has been proposed to have a similar d
mechanism33). Additionally, the two heads of kinesi4, a[EZS] = k,[SI[E,] — (k[S] + k_,)[E,S]

35) and the two protomers of the dimeric rep helica3®8) (

are also thought to be in different states relative to nucleotide d

binding; when one active site has ATP bound, the other either  g1E2SS]1= KISI[E;S] — Ky[E,SS]+ k_[E,SP]

is free or has ADP bound. These different enzyme

nucleotide states are thought to direct altered interactions By nondimensionalizing time in the above set of dif-
with the cosubstrates, microtubules or DNA, respectively. ferential equations by setting= ki[S]t, we obtain

In contrast, topoisomerase |l initiates its reaction cycle by

binding two ATP with positive cooperativity. Sequential _ Ke k.

hydrolysis then follows, indicating that the two halves of [EZ] k [S][E Pl = [El + k [3][E 25l

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 I d_T[Ezs] =[E] — E[Ezs]

dimer will not remain entirely symmetric throughout its

cycle. Each crystal structure of a dimeric type Il topo- k,[S]

isomerase fragment showS2 symmetry @1, 36, 37). dr[ ,SS|= i [S] 2S] — k[S][EZSS]+ [S][EZSP]

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 I
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 Il dimer
constrL_Jcted to bind only one ATP maintains overall sym- centration of &S is small, i.e., of the order or smaller.
metry in th_e presence of a nonhyd_roly_zable ATP_anangue This requires us to rescale 48 to ¢[E;Si]; i.e., [E:S] =
.(38)' 'T‘ light of these results, It will be particularly €[E2S;]. By substitutinge[E»S,] into the differential equa-
interesting to analyze the conformatlon of t.he enzyme boundtions for [E:S] and setting the small parameteto zero, we
to one ATP and one ADP. This mechanism also suggests. _ : _
that the two ATP may be hydrolyzed by DNA topoisomerase find thatt [E:5,] = [E2] (i.e,, [free E) and thus [BS] = [E].
Substituting this solution for [ES] into the differential

Il for different functions. equations for [ and [ESS], and rescaling to the original
ACKNOWLEDGMENT time scalet), two new differential equations are derived that
do not contain [ES].
We thank Drs. J. P. Keener and J. Mathis for helpful

discussions. %[Ez] = kg[E,P] — K*([S])[E 4]
APPENDIX

wheree = ki[S]/(kj[S]+ k-1). The value fok is small since
ko[S] + k-1 > kq[S], as expected for positive cooperativity
in substrate binding. In this section, there is no need to make
rassumptions about the size of other coefficients in the above
system.

The differential equation for [ES] shows that the con-

d — _
Based upon the different phases observed in the pre-steady- d_t[EZSS]_ K ([SDIE ] — ki[E,SS]+ k_4[E,SP]

state ATPase data, the mechanism shown in Scheme 3 was

separated into Subsystems inv0|ving different time Sca|eS,ThiS reduced system of differential equations represents the
the fast phase and slow phase_ This method allows ana|ytica|maSS action laws for a scheme similar to Scheme 4. In these
solutions to be derived for the different phases of the data €quations, the effective binding rate conste(S]) has been

and therefore allows observed data to be correlated to aintroduced, wher&*([S]) = ki[S]—{ke[S]/(k2[S] + k-1)}.
specific portion of the reaction mechanism that can be Fast Phase DynamicsThe differential equations describ-
described by a limited number of rate constants. The erroring the fast phase or burst subsystem shown in Scheme 4
associated with these estimates is proportional to the size ofare

the ratio of the different time scales used to separate the d

mechanism. Once estimates are obtained, numerical analysis —[E;] = —k*([SDI[E ;]

is performed to increase the precision of the values for the dt

rate constants, i.e., minimize th@ error. The following d

results can all be rigorously derived using singular perturba- d—t[EZSS]Z K*([SD[E 5] — K4[E,SS]+ k_5[E,SP]

tion theory B); 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 d—t[EZSP]z ka[E,SS]— k_5[E,SP]
remains essentially unchanged, d[$#d0. This assumption
is valid for all of the data analyzed. This subsystem can be reduced to two differential equations

Binding Dynamics Based upon the assumptions outlined by using the conservation equation of fl§] = [E2] + [E2SS]
in the paper, a set of differential equations for enzyme + [E,SP]. When the concentration of ATP is very large,
complexes involved with substrate binding are shown below. such thatk*([S]) > ks,k-3, Scheme 4 can be separated into
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extremely rapid binding and slower formation of,fP]. [E,] = [E Je—k*([S])t
Equations for binding are obtained by settikgandk_3 to 2 2To
zero, since they are small relativekttf[S]). These equations k*([S]) K ke
can then be solved using the initial conditions thal{& = [E,SS]= [E2,T0J4{k*([s]) e d— g By
[E210] and [E:SS)-o = [E2SP}=o = 0 to obtain the following 8
solutions: k*([s])efkgt _ kBefk*(S)t
[E,SP]=[E,15dy 1 —
[ = [E;role <19 T e~k
[E,SS]= [E, ro}{1 — e—k*([spt} Again, the chemical quench and ADP protection signals are

described by the change inf&°] with time. The pulse
chase signal remains as described above. Note that as
([S]) decreases, the chemical quench signabSH, ap-
proaches the shape described by a single-exponential function
[Ezrol{1 — e DG, If K*([S]) < ks, thenk*([S]) ap-
proximately equalés, and thus no substantial burst will be

_ observed.
[Earo) = [E2SSIH [E,SP] Slow Phase Dynamics: Post Burdtiere 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,

where [BESP] remains zero. As expected, almost all free
enzyme, &, is rapidly converted into £5S, and since binding
is effectively irreversible, the conservation condition for the
remainder of the burst dynamics is

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

d binding and both hydrolysis steps can be taken to be in quasi-
d—t[EZSP]: Ks([Ep ol — [E2SP]) — K5[E,SP] equilibrium after formation of the initial burst, as their
associated rate constants are much larger than those describ-
which can be solved with [SP}-, = 0 to produce ing product release. This results in reaction Scheme 6, as

described in the body of the paper. The governing system
[E,SP] Ky E, (1 Gy of differential equations for this scheme is
e —e —
2 k3 + k,3 2,To d B
a[EzsP] - _k4[E25P] + ks[Ezp]

k —
[E;SS]= [Eprol — ﬁ[ENOJ{l — g atkaly g
2 SIEP]= K[ESP] - K{E,P]

The complete solution can be written by using the appropriate _ -
matching conditions for fast binding and slower hydrolysis: The conservation condition, f&,| = [E-SP] + [E:P], lets
this system be reduced to a linear first-order differential

[E,] = [EszOJe—k*([S])t equation for [EP]:
d
[E,SS]=[E,1od{1— e VY — GilE2P1= KalEz ol — (ks 1 kg)[E2P]
k
ﬁ[EZ,Tot]{ 1— g tetioay This equation can be solved with 8-, = O to obtain the
8 s solutions for [EP] and [ESP]:
[E,SP]= L[E J{1— e ket Ky (ke
2 kg +k g 2T° [E.P]= K+ kG[EZ,Tor]{l —e }

The chemical quench and ADP protection assay signals are K, (gt
both equal to the level of ISP], which is described above. [E,SP]=[Ep1od — m[Ez,TOJ{ l-e }
The signal from the pulsechase assays equals 2§P]+ 4
[E2SS]), which in turn equals 2pF.J{1 — e ¥®)}. Note
that since the burst amplitudes of putsghase and chemical
guench assays are approximately equal taffEand 2[E 1of, d
respectively, it must be th&t > k . P ] = KalE2SPI+ K[EoP]
When the binding rate is of the same order as the rate for
hydrolysis, K*([S]) ~ ks. Although we can solve the By gypstituting the solutions for fSP] and [EP] into the

subsystem described by Scheme 4 in general, the dependencg,oye equation and integrating with {B]= 0, we are able
of the solutions on the rate constants is not of a simple g solve for [P]:

functional form. However, because effectivekys ap-

The equation for product concentration, [P], is

proximately equals zero, the s terms can be ignored, and 2K, ks Ky(ky — ko)
the three differential equations of this subsystem can be [P] = [E; rol{ [[—— |t + {1 - e iy
solved sequentially to obtain 2t ke (ks + k)
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Scheme 8
P
£, 0D e osp ﬂ EoP
ke
P
Scheme 9
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k*((S))

P

The modeled results of the post-burst experimental signals
would therefore be the following:

chemical quench signal[E,SP]+ [E,P] + [P]

2k
= [EZ,TOJ + k“T‘lkEﬁ[EZ,TOJt +
k4(k4 - kﬁ)  —(ketke)t
[EZ,TOJW{ 1-e }

ADP protection signat [E,SP]+ [EoP] = [E21of

pulse-chase signat 2[E,SP]+ [E,P] + [P] =
[Ez 1ol + [ExSP]+ [P]

2kks

k4 + k6[E2,T0T]t -
2k

{1_
(ks + ko)?

The last term in the pulsechase 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 magnitudeskpfindks.
When Substrate Concentrations Are SmalVhen sub-

strate concentrations are low, binding is slow and therefore
there is little or no burst phase, and slow dynamics dominate

= 2[E2,T0J +

[Es 1ol g (etioy

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;fs] = [E] + [E2SP] +
[E2P], the system of differential equations describing this
reaction can be written as

%[EZSP]= K([SD(E 2,10l — [E2SP]— [EP]) —
KJE2SP]

CIEP] = KE,SP] - KE,P]
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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 fork, and ks, the sole remaining unknown
parameter that exists i&([S]). k*([S]) can be estimated

by minimizing they? error when the data are fit to the
analytical solutions.

If the substrate concentrations are very low, so #fat
(IS]) < ka,ks, 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, [ ~ [E21of, @and only an equation for
[P] is needed to describe the full reaction (Scheme 9):

d[P]

< = 2(SDIE ;7o)

Therefore,
[P] = 2k*([SDIE ; 7odt

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