7292 Biochemistry1998,37, 7292-7298

Pre-Steady-State Analysis of ATP Hydrolysis $sccharomyces cerisiae DNA
Topoisomerase II. 1. A DNA-Dependent Burst in ATP Hydrolysis
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ABSTRACT. When bound to DNA, topoisomerase Il fraBaccharomyces cefisiae exhibits burst kinetics

with respect to ATP hydrolysis. Pre-steady-state analysis shows that the enzyme binds and hydrolyzes
two ATP per reaction cycle. Our data indicate that at least one of the two ATP is rapidly hydrolyzed
prior to the rate-determining step in the reaction mechanism. When DNA is not bound to topoisomerase
I, the rate-determining step shifts to become either ATP binding or hydrolysis. Two possible mechanisms
are proposed that agree with our observations.

Type Il DNA topoisomerases are ubiquitous and essential While all type Il topoisomerases have the key mechanistic
enzymes that catalyze the ATP-dependent transport of onefeatures described above, they can be divided into two
segment of duplex DNA through an enzyme-mediated subfamilies based upon their biological functions and dif-
transient break in another DNA duplex [for a recent review, ferences in DNA interaction. Enzymes in the first subfamily
see ()]. Due to their ability to change the topology of DNA, are primarily required to decatenate interlinked DNA and
these enzymes influence many aspects of DNA metabolism,include all eukaryotic type 1l topoisomerases as well as
including their essential function of separating intertwined bacterial topoisomerase IV and phage T4 topoisomerase Il.

daughter chromosome®)( Additionally, type Il topoi- Enzymes in this subfamily can also relax positively and
somerases are the targets of several antibiddjc and negatively supercoiled DNA810) and require ATP for
anticancer agentgi( 5). all of these reactions. The second subfamily is comprised

All type 1l topoisomerases are structurally and mechanisti- Of bacterial gyrases that negatively supercoil DNA in the
cally related 6). They are dyadic, where the subunit Presence of ATP1LY), gnd can slowly relax §yperc0|ls in its
arrangement can beAomodimer, AB, tetramer, or AB,C, absence](_z, 13. While gyrases clearly utilize the energy
hexamer. Each half of the enzyme possesses two distinctof ATP to increase the free energy of DNA, the role of ATP
catalytic domains: one for transient DNA cleavage and the or the decatenating enzymes has been less clear. It had been
other for ATP hydrolysis. The two segments of DNA previously assumed that the decatenating enzymes simply
involved in topoisomerase Il catalyzed reactions have beenP@ssed one duplex of DNA through another DNA duplex
termed the “G” segment, for gate, and the “T” segment, for with no prefere_ncg for dlrecthnahty, re.sultmg in DNA
transport 7). Topoisomerase Il makes a double-stranded topological equilibrium. By this scenario, the enzymes
break in the G segment by attack of a pair of active site Perform no work. It has recently been demonstrated,
tyrosines on a staggered pair of phosphodiester bonds. Thidiowever, that these enzymes simplify the DNA topology
results in a pair of transient,'hosphotyrosyl covalent Peyond equilibrium, showing that they use ATP to do work
attachments between dimeric enzyme and cleaved DNA. At (14). Consequently, based on these studies, all type II
this point in the reaction cycle if the enzyme is also bound topoisomerases can be classified as motor prote_lns that utilize
to ATP, it can transpara T segment of DNA through the the energy stored in ATP tp_ al_ter the topological state of
break in the G segment. After the ATP-dependent transport PNA away from that at equilibrium.
of the T segment, topoisomerase Il reseals the break in the Our knowledge of how type Il topoisomerases use ATP
G segment by an essentially isoenergetic back-attack of thein their reaction pathways is incomplete. Previous studies
3'-hydroxyl groups on the phosphotyrosyl linkages. The to address the mechanism of ATP hydrolysis have been
ATPase reaction is not required for G segment cleavage orlimited to steady-state kinetics and the use of nonhydrolyz-
religation, but is coupled in an unknown fashion to the able ATP analogues. The ATPase activity of the enzyme
transport of the T segment. isolated from several different organisms is stimulated by

binding to DNA @, 15; yeast topoisomerase Il is stimulated
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able DNA transport eventl). When the concentration of MATERIALS AND METHODS

ATP is saturating, many more ATP are hydrolyzed per .
transport event. These observations suggest that ATP Materials Standard reagents were purchased 3from the
hydrolysis and DNA transport are coupled, but the degree f0llowing commercial resources: ATP, Pharmacc&; iy
to which they are linked can vary based upon the reaction ATP (3000 Ci/mmol), New England Nuclear; AMPPNP and
conditions. ultrapure HEPES, Boehringer Mannheim; [2t8AMPPNP

; 21 Ci/mmol), ICN; NADH, phospho(enol)pyruvate (PEP,

Although steady-state data have provided much useful(. , i .

information about the ATPase activit;) of topoisomerase |l, trisodium salt hydrate), and pyruyate kmage (700 units/ mL)j
they cannot provide direct mechanistic information on how lactate de_hydrogenase (100 umts/_mL) mixture from rabbit
ATP is used by the enzyme. The steady-state rate of amUSCIG’ S'Qma- All butfers were filtered (0.44n).
reaction reflects only the slowest steps in the reaction cycle. Preparation of the DNA Because of the very large
Indeed, for a reaction such as the hydrolysis of ATP, the amounts of DNA required in the pre-steady-state reactions,
rates of all potentially interesting steps that occur between Purified and sheared salmon sperm DNA was used. After
substrate binding and product release are often not reflectecgonication, the salmon sperm DNA was sequentially ex-

by the keat and K, values (7).
To identify individual steps in the topoisomerase I
mechanism, a single enzyme turnover must be studie

Previously this has been attempted by using nonhydrolyzable

ATP analogues, particularly AMPPNF7, 18-21). AMP-

tracted with buffered phenol, chloroform/isoamyl alcohol (24:
1vlv), and finally ethanol-precipitated. The DNA was

d.resuspended and dialyzed against reaction buffer [50 mM

HEPES-KOH (pH 7.5), 150 mM KOAc, and 10 mM Mg-
(OAc),] for 48 h. The final concentration was 9.5 mM (base

PNP stabilizes a major conformational change in the enzymepair)'

that most likely involves the dimerization of the ATPase
domains 22—24). It has been proposed that free enzyme
resembles an “open-clamp” to which DNA can bind.(

Upon binding of ATP or AMPPNP, the enzyme closes down
around the DNA, forming a new dimer interface near its
amino terminusZ3). This process has been called “closing
of the clamp” ). Binding of AMPPNP to only half of the

enzyme appears sufficient to stabilize the “closed clamp”

Expression and Purification of Saccharomyces cisiae
Topoisomerase Il.The enzyme was expressed to very high
levels from the plasmid YEpTOP2-PGALL in the yeast strain
BCY123 as previously describe®8). The buffer used
throughout purification, buffer I, was 50 mM HEPE&OH,
pH 7.5, 1 mM EDTA, 1 mM EGTA, 10% glycerol.
Different concentrations of KCI were added for different
steps; buffer 1:100 is used to designate buffer | with 100

conformation 25). This suggests that the positive cooper- MM KCI. The cells were cracked as previously described
ativity observed in steady-state ATPase kinetics can be (29). Following centrifugation of the lysate (30 min at
explained by an ATP-induced shift in equilibrium between 4500@), phosphocellulose (P11, Whatman; equilibrated with
different conformational states of topoisomerase Il. Most buffer 1:100) was added at 1 mL (settled) per 10 mg of
importantly, in the presence of AMPPNP, type Il topoi- Protein and stirred gently fol h onice. The slurry was
somerases allow at most one DNA transport event per Poured inb a 5 cmdiameter column and washed with 5
enzyme dimer 18, 19, 2. After the AMPPNP-induced column volumes of buffer 1:150 and 10 column volumes of
reaction, the enzyme remains in the “closed clamp” confor- buffer 1:300 and eluted with buffer 1:1000. Peak fractions
mation, surrounding one segment of DNA, presumably the Were combined and dllute_d with buffer I to an ionic strength
G segmentZ0). Based on these studies, it has been assumedequal to buffer 1:100. This was loaded onto a POROS QE
that topoisomerase Il undergoes all of the conformational Column (equilibrated with buffer 1:100, 1.6 mL, Perseptive
changes required for DNA transport upon the binding of two Biosystems) at a flow rate of 1.6 mL/min. The column was
ATP. The hydrolysis of both ATP and release of the four Washed with a linear gradient from 100 mi 1 M KCl,
products of hydrolysis (two ADP and two inorganic phos- and the topoisomerase eluted at approximately 700 mM KCI.
phates) were thought to be coupled to opening of the enzyme_Th? most concentrgted fractions were pooled, diluted to an
clamp as the last step of the reaction cycle. Recently it hasionic strength equaling that of buffer 1:100, and loaded on a
been shown that nonhydrolyzable NTP analogues can allowPOROS heparin column (equilibrated with buffer 1:100, 1.6
reaction events to occur that normally are observed only after ML, Perseptive Biosystems) at 5 mL/min. The column was
hydrolysis @7). If this is shown to be a universal phenom- Washed with a linear gradient from 100 mi 1 M KCl,
enon, then reliance on nonhydrolyzable analogues may lead@nd the topoisomerase eluted at approximately 700 mM KCI.
to overly simplified reaction mechanisms. The protein was stored in buffer 1:700 at70 °C. As

To avoid the interpretive problems inherent with steady- €Stimated by Coomassie-stained SHBAGE analysis, the
state assays and nonhydrolyzable ATP analogues, we havéopmsomer.ase Il purified by this mgthod is greater than 95%
begun a pre-steady-state analysis of ATP hydrolysis by yeastPUre- Typically, 78 mg of topoisomerase Il could be
topoisomerase Il. Observing a reaction before the steadyPurified from 1L of cell growth. Each pre-steady-state time
state has been reached allows the researcher to follow event§OUrse required approximately 20 mg of pure enzyme.
as they occur on the enzyme active site in a single turnover Steady-State ATPase Assafteady-state ATPase assays
(17). We describe the use of rapid chemical quench were performed to determine the optimal reaction conditions
techniques to follow the production of ADP by yeast forenzyme turnover. A coupled assay using pyruvate kinase,

topoisomerase Il from 15 me 83 s after addition of ATP.  PEP, lactate dehydrogenase, and NADH was used as
previously described1¢). Reactions performed with 10

different ATP concentrations (28V—2 mM) were used to
determinek.y values. Based on studies involving varying
KOAc and Mg(OAc) concentrations, a reaction buffer was

! Abbreviations: AMPPNP, adenosiné-@,y-imidotriphosphate);
HEPES N-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid; PEP,
phospho(enol)pyruvate;,Rnorganic phosphate.
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chosen that reproducibly allows maximum enzyme turnover.

Harkins and Lindsley

substrate and product were stable in this quench solution.

This reaction buffer was used in all subsequent experimentsThe efficiency of the quench solution was determined by

and included 50 mM HEPESKOH (pH 7.5), 150 mM
KOAc, and 10 mM Mg(OAc). To compare DNA stimula-
tion of ATP hydrolysis rates by DNA from different sources,
rates of hydrolysis at 1 mM ATP were observed for

loading the topoisomerase II/DNA solution into one sample
loop, the quench solution into the other sample loop, and
the [0-32P]ATP solution into the quench lin1). In this

configuration, the enzyme solution was then rapidly mixed

topoisomerase Il in the presence of either plasmid or salmonwith the quench solution for 3 ms prior to addition of the

sperm DNA. Assays were performed at Z5.
Reaction Conditions for Pre-Steady-State Assay®

ATP solution. No ADP product formation was ever ob-
served in these controls, indicating that the quench com-

achieve the high protein concentration needed to produce apletely inactivates the enzyme within 3 ms. Puisbase
large signal in the first turnover, purified topoisomerase Il experiments were performed just as the chemical quench
was precipitated in 60% ammonium sulfate and resuspendedexperiments except that at the indicated time points 10.6 mM
in a minimal volume of reaction buffer. DNA was added unlabeled ATP in reaction buffer was mixed into the
to a ratio of ~200:1 base pairs:enzyme dimer, and the reactions from the quench line. The final unlabeled ATP
solution was dialyzed against reaction buffer4dc (50 000 concentration always exceeded the labeled ATP concentra-
MWCO dialysis membrane). It was important to remove tion by at least 10-fold. The reactions were allowed to
all glycerol associated with the enzyme so that maximal proceed for an additional 1.5 510 turnovers) before being
mixing speeds could be achieved. Following dialysis, three expelled into sample collection tubes containing the chemical
small aliquots of the topoisomerase II/DNA mixture were quench solution of EDTA/Tris/SDS. For both the chemical
removed to determine protein concentration and steady-statequench and the pulsechase experiments, all time points
ATPase activity. The first aliquot was used to determine were randomly ordered to remove any potential errors due
total protein concentration (Bio-Rad Protein Assay), where to enzyme decay. All reactions were performed at’e5

1 M KClI final concentration was added to help dissociate  product Analysis The amount of ATP hydrolyzed to ADP
the DNA from topoisomerase Il. The second aliquot was at each reaction time point was determined by separating
used to determine the concentration of ATP active sites. Thethe substrate and product using thin_|ayer Chromatography
topoisomerase II/DNA solution was mixed witi?H)- (16). PEI cellulose F sheets (EM Separations Technology)
AMPPNP (1000 dpm/pmol), a control aliquot was removed, were cut into 5x 20 cm strips, and & 5 cm lanes were
and the remaining solution was loaded into a spin filter etched into them. Aliquots (0.8L) from each quenched
(MWCO 10 000, ultra-free-MC, Millipore) to separate free  time point were spotted 1 cm from the bottom of the cellulose
(*H)AMPPNP from topoisomerase II-bountH)AMPPNP.  sheet, one per lane, and allowed to dry. Separation was
The radioactivities of equal volumes containing the control, performed h 1 M formic acid and 0.5 M LiGl [a-32P]-
bound, and free AMPPNP were measured by |IqUId SCintiI' ATP and E1_32P]ADP Spots were quantiﬁed by phosphorim_
lation counting (Bio-Safe Il counting cocktail, Beckman LS age analysis [Molecular Dynamics Phosphor Imager TM
5000 TD). The concentration of ATP active sites was Model 400 with ImageQuant (version 3.3) software]. Prod-
determined using the equation: uct formation was equal to the radioactivity corresponding
to ADP divided by the total radioactivity (from both the ADP
and ATP spots). All reactions were spotted 5 times, and
the average of the calculated concentrations of ADP is
presented. ADP concentrations for all reported reactions
have a standard deviatian5%.

Data Analysis Steady-state ATPase data were fit to the
Michaelis-Menten equation using GraFit version 3.0 (Er-
ithacus software). Pre-steady-state data were all fit to single-
exponential equations with a linear ter&(l — e &) + Ct,
using SigmaPlot version 3.0 (Jandel software).

CPMetained™ CPMhiow—thru
CPMyonrol aliquot

[active site]= [AMPPNP, ;]

where cpm represents the counts per minute of - (
AMPPNP from various aliquots. This method provided
estimates of the total ATP active site concentration to within
+1uM. The third aliqguot was used for steady-state ATPase
assays to estimate the, of the particular topoisomerase
[I/DNA solution to be used for pre-steady-state experiments.
Pre-Steady-State Assay$he KinTek Model RQF-3 rapid
guench apparatu8() was used to assay the ATPase activity ResyLTS
of topoisomerase Il in the time range of 15 msto 3 s. One
of the two 40 uL sample loops was filled with the Optimizing Reaction ConditionsPrior to examining the
topoisomerase II/DNA solution; the other was filled with pre-steady-state ATPase activity of yeast topoisomerase |l,
[a-*2P]ATP (0.01uCil/ulL) in reaction buffer. The enzyme  the optimal reaction conditions were established using steady-
and substrates were rapidly mixed to initiate the reactions, state analysis. The optimal concentration of KOAc was
halving their initial concentrations. In the various time determined as shown in Figure 1A. The ATPase activity
courses performed, the final topoisomerase Il dimer con- measured in the presence of DNA is very sensitive to KOAc
centration ranged from 5 to 16M and the final ATP concentration, peaking at approximately 200 mM. The
concentration ranged from 25 to 1200, as indicated in ATPase rate in the absence of DNA is effectively insensitive
the figure legends. For the chemical quench experiments,to KOAc concentration. All subsequent experiments were
at the indicated time points the reactions were quenched byperformed at 150 mM KOAc. At 150 mM KOAc, optimal
the rapid addition of 250 mM EDTA in 100 mM Tris base ATPase activity was observed at Mg(OAcpncentrations
(pH 10) through the quench line of the instrument. SDS ranging from 5 to 12 mM (data not shown); 10 mM Mg-
(1% final) was present in the sample collection tubes to (OAc), was used in all subsequent experiments. The pre-
ensure that no residual enzyme activity persisted. The steady-state experiments require a very large amount of
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Ficure 1: Defining optimal reaction conditions for ATP hydrolysis .
by yeast topoisomerase II. (A) The ATPase activity as a function Time (ms)
of KOAc concentration is shown for topoisomerase Il in both the 5 re 2: Pre-steady-state ATP hydrolysis by topoisomerase Il in
presence 4) and absencew) of DNA. The values ofk.. were the presence®) and absencel) of DNA. The full time course is

determined from initial velocities at 10 ATP concentrations. (B) shown in (A), while an expanded time scale is shown in (B). The
The stimulation of ATPase activity by two different DNA substrates, aaction time‘ course performed in the presence of DNA (1.7 mM
sheared salmon sperm DNAY and supercoiled plasmid DNA — pase pairs, final) contained final ATP and topoisomerase II
[PHCE24, €9)] (@), was examined at various ratios of DNA base  concentrations of 300 and 8:@M, respectively. These data were
pairs to dimeric topoisomerase Il concentration. fit as described under Materials and Methods itk 8.0+ 0.6
UM, B=31+4 s andC= 13+ 1uM s In the absence of
DNA, making plasmid DNA an impractical source. To DNA, the reaction contained final ATP and topoisomerase I
ensure that sheared salmon sperm DNA would stimulate theC?%CNeRtf?g'O?Suotf_ 1200 and ﬁﬂl\lﬂ,dfeg%ecttlvevt |n8thefab5¢|an<_3te
g : : 0 , the full time course included data up to 8 s; for clarity,
ATPase activity of topoisomerase |l as well as plasmid DNA’_ only the firg 2 s isshown. At the later time points, the production
these two DNA cosubstrates were compared, as shown ing App continued in a linear fashion.
Figure 1B. Both forms of DNA stimulate the ATPase
activity of topoisomerase Il equally well. A hyperbolic trend  shown in Figure 2. A rapid burst in ADP production is seen
in the initial ATPase rate was observed as either DNA jj the first 100 ms of the reaction containing DNA. This

cosubstrate concentration was increased. Once the DNAp st indicates that the rate-determining step for ATP

base pairs:enzyme dimer ratio reache2D0:1, the ATPase  ,nover is after ATP hydrolysis. By fitting the data from
rate no longer increased with increasing DNA. This is the 14 eaction containing DNA to a simplified, two-step

ratio used in the pre-steady-state experiments. _ mechanism, the initial burst phase is calculated to-i&
Chemical Quench AnalysisThe observed signal during times faster than the slower second phase. The rate of the

the f'rzt ttrl:rnoverbof ar]l enzyme-cattz_ilyzeqt reaction (f[an[]l_?]t slow phase is approximately equal to the steady-state rate
excee € number of enzyme active sSies present. Th€qe 0 reaction at 30@M ATP. No detectable burst is seen
maximum signal will also be generated when the enzyme is

. - i .~ in the absence of DNA. Th& sfor ATP in the absence of
saturated with substrate. Topoisomerase Il is thought to blndDNA is approximatelv 5-fold hiaher than in the oresence of
ATP with positive cooperativity, such that the enzyme is PP y 9 P

predicted to have at least a 10-fold greater affinity for the DNA. Consequently, higher concentrations of ATP were

second ATP in comparison to the first ATP boun@) The used in attempts to saturate the enzyme. The highest ATP

Ssfor ATP, the ATP concentration at half-maximal velocity concentration at which a signal could be detected above the
in the pre,sence of DNA is~130 uM. Therefore, at " noise is 120Q:M; this is the ATP concentration used in the

concentrations of only a few fold greater th&s, topoi- minus DNA reaction time course shown in Figure 2. It is
somerase Il should be nearly saturated with ATP. Becauseunclear if the lack of a burst is the result of topoisomerase
it is difficult to accurately measures0.5% conversion of Il remaining unsaturated at the highest experimental ATP

ATP to ADP, it was essential to perform these experiments concentration or if it is due to a reduced rate of ATP
at the highest possible topoisomerase Il concentratien (5 hydrolysis in the absence of DNA. However, it is clear that
16 uM dimer) and the lowest possible ATP concentration in the absence of DNA either ATP binding or hydrolysis is
where the enzyme is still nearly saturated with ATP rate-determining. DNA binding, therefore, stimulates the
(generally 306-400 uM). ATPase activity of topoisomerase Il primarily by increasing

Chemical quench ATPase time courses for topoisomerasethe affinity for ATP and/or the rate constant for ATP
Il prebound to DNA @) and in the absence of DN/ are hydrolysis.
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Ficure 3: Pulse-chase versus chemical quench time courses for FIGURE 4: Chemical quench reaction time courses of ATP
ATP hydrolysis for DNA-bound topoisomerase Il. In both reaction hydrolysis by DNA-bound topoisomerase |l at various ATP
time courses, 6.7aM topoisomerase Il dimer prebound to 1.35 concentrations. The final ATP concentrations werg:®5(®), 50

mM DNA (base pairs) was reacted with 30D radiolabeled ATP. uM (O), 100uM (m), 150uM (O0), 200uM (A), and 40QuM (A).

For the chemical quench reactio®)( the data points indicate the  The final topoisomerase Il dimer and DNA concentrations were
times at which the reaction was quenched. For the ptdbase 8.2uM and 2 mM, respectively. All data were fit as described under
reaction M), the time points indicate when 10.6 mM unlabeled Materials and Methods.

ATP was added; these reactions were chemically quenched 1.5 s

later. The data were fit as described under Materials and Methods;cycle. Under these reaction conditions, close to 100% of

fior4th§elc2ﬁanci:cal ggei“‘ih tl\i/lmse_ fowumeev?o?-tﬁ eip%ég'\é'ﬁigt?nze bound ATP partitions to hydrolysis, and almost none

f = ‘Lt , . . - .
courseA = 12.4+ 0.6uM, B= 80+ 10 5%, andC = 18 + 1 uM dissociates from the enzyme. T_hese _res_ults_ also mo_hcate_ that
p— the enzyme is nearly 100% active, eliminating half inactive

enzyme as a possible explanation for the chemical quench

Topoisomerase Il is a homodimer, such that the number burst amplitude. . o
of ATP active sites is twice the active enzyme concentration. Pre-Steady-State Analysis of ATP Bindingo analyze
It is striking that the amplitude of the burst phaseu(d) the steps of ATP binding to the topoisomerase II/DNA
for the reaction containing DNA is approximately equal to complex, chemical quench reactions were carried out in the
half of the ATP active sites (17 2M) as measured by}f)- presence of various ATP c_oncentrat.ions. Using one topoi-
AMPPNP titration (see Materials and Methods). This Somerase II/DNA preparation, a series of chemical quench
experiment has been repeated a minimum of 12 times, andexperiments was performed with ATP concentrations varying
the burst amplitude is always within 15% of half the active between 25 and 4Q0M as shown in Figure 4. These results
site concentration. There are at least three possible explanashow that an obvious burst in ADP production is only
tions for these results: (1) although essentially 100% active Observed if the ATP concentration is greater than 40D
in ATP binding, 50% of the enzyme population is inactive At ATP concentrations below 108M, the rate of ATP
in ATP hydrolysis; (2) the rate of ATP hydrolysis at the binding becomes at least partially rate-determining, similar
enzyme active site equals the rate of ATP synthesis; and (3)in magnitude to the rate of the slow step after hydrolysis. It
the topoisomerase Il dimer rap|d|y hydro'yzes on'y one of is clear that a transition between no clear burst and a burst
the two bound ATP. The following set of experiments limits 0ccurs over a small range of ATP concentrations (1800
these possibilities. “M)’. consistent wiFh the pos_itive co_qperativity in ATP

Pulse-Chase Analysis!f instead of chemically quenching binding no.ted previously. This transition occurs at ATP
the ATPase reaction a large excess of unlabeled ATP, aconcentrations very close to t&gs (~130u4M). A simple
chase, is added at the indicated time point, the enzyme carf<d for the binding of two ATP cannot be extracted from
either continue to hydrolyze any labeled ATP that it had these data because neither an accurate estimaterur a
bound prior to the chase or release the unhydrolyzed ATP. guantitative measure of the positive cooperat|y|ty of binding
Any new ATP that the enzyme binds will be unlabeled and WO ATP exists. ansequently, replots of nqther the burst
therefore undetectable in the assay system. The reaction i$&t€s nor burst amplitudes vs ATP concentrations can be used
allowed to continue for greater than 10 turnovers before it {0 determineky and are therefore not show82). A plot
is chemically quenched. Pulsehase M) and chemical pf the burst amplltud_es versus the ATP concentra_\tlon squared
quench @) time courses using the same topoisomerase 11/ 1S roughly hyperbolic, consistent with the binding of two
DNA preparation are shown in Figure 3. The chemical ATP.
quench results are similar to those observed in Figure 2,
where the burst amplitude (6:3V1) is approximately equal DISCUSSION
to half the ATP active site concentration (1381). In the Yeast topoisomerase Il bound to DNA displays burst
pulse-chase experiment, there is again a rapid burst in ADP kinetics in hydrolyzing ATP. When the ATP concentration
production, followed by a slower, second phase of the is saturating, this enzyme binds two ATP and hydrolyzes
reaction. The burst rate is at least 2-fold faster for the pulse them both before either can dissociate. These results directly
chase results in comparison to the chemical quench resultsshow that at least one ATP is rapidly hydrolyzed before the
The burst amplitude in the pulsehase experiment (12.4 rate-determining step in the reaction cycle is encountered.
uM) approximately equals the enzyme active site concentra- In the absence of DNA and at the highest possible experi-
tion, twice that observed for the chemical quench experiment. mental ATP concentrations, no burst in ADP production by
This result indicates that two ATP bind to each topoisomerasetopoisomerase Il is detected. This indicates that when
Il dimer, and each is hydrolyzed within a single reaction topoisomerase Il is not bound to DNA, the rate-determining
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Scheme 1 large amounts of yeast topoisomerase?B)( The starting
/Ezsp— 7 N and final enzyme concentrations in these experiments were
Ep+28 E,5+8 £5SS Ep+2p on average 5and 2.5 mg{mL, respec'uve.ly; at lower enzyme
\E op o / concentrations, the burst in ADP production is obscured. We
oPP =——="

know that yeast topoisomerase Il is only detectably present

) ) o o as a dimer up to concentrations of 0.4 mg/na8)( above
step in the ATPase reaction cycle is either ATP binding or thjs concentration, it is unknown if the dimers interact to

hydrolysis. Therefore, DNA binding by topoisomerase Il form higher order multimers. Although we cannot rule out

increases the rate of either ATP binding or ATP hydrolysis the possibility that topoisomerase Il dimers are interacting

such that some step after these becomes rate-determininga; the high required concentrations, the pre-steady-state data
Our pre-steady-state chemical quench and putb@se  described in this and the following paper are together most

results show directly that the topoisomerase Il/DNA compleX consistent with the enzyme acting as a dimer.

binds two ATP and hydrolyzes both per enzyme turnover.  The results described in this paper indicate that topoi-

In the chemical quenCh eXperimentS, the burst amplitude iSSomerase 1] rap|d|y hydro'yzes at least one ATP. These

equal to half the enzyme active site Concentration, while in ﬁndings are not in obvious agreement with models of the

the pulse-chase experiments the burst amplitude is equal enzyme mechanism predicted from results of experiments

to the total ATP active site concentration. There are two using nonhydro|yzab|e ATP ana|ogues_ These models were

possible mechanistic interpretations of these data, as il-gften drawn with the enzyme bound to two ATP throughout

lustrated in Scheme 1. most of the reaction cycle. The present pre-steady-state
In this scheme, Erepresents dimeric topoisomerase Il results show that the enzyme in fact spends only a small

bound to DNA, S represents ATP, and P represents:RDP  fraction (<10%) of the ATPase reaction cycle bound to two

One possible interpretation, as illustrated by the top pathway ATP. It seems unlikely that all of the protein and DNA

of Scheme 1, is that the chemical quench burst amplitude isconformational changes that are required for DNA transport

produced by the rapid hydrolysis of one of the two bound will all occur within the rapid phase of the reaction, prior to

ATP. By this pathway, the doubling of burst amplitude seen ATP hydrolysis.

in the pulse-chase results is explained by the hydrolysis of
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results qo not address whether _the products of the f_irst 1. Wang, J. C. (1996Annu. Re. Biochem. 65635-692.

hydrolysis would be released prior to the second being 5 Holm, C. (1994)Cell 77, 955-957.

hydrolyzed, hence the question mark. By this mechanism, 3. Maxwell, A. (1997)Trends Microbiol. 5 102—109.

the rate-determining step could be associated with either 4. Liu, L. F. (1994) DNA Topoisomerases: Topoisomerase

release of the first ADR® or hydrolysis of the second ATP. targeting drugs Academic Press, San Diego.

The second possible interpretation is illustrated by the bottom - 2':;%9'2"31?'2“9’33‘&”3;23- J., and Osheroff, N. (1995piol. Chem.

pathway. This simultaneous hydrolysis mechanism could ¢ Berger, J. M. and Wang J. C. (199B)rr. Opin. Struct. Biol.

only fit the chemical quench and puisehase data if all steps 6 84-90. '

following formation of the ESS complex are highly revers- 7.Roca, J., and Wang, J. C. (19928l 71, 833-840.

ible under our reaction conditions. This means that the rate 8. Osheroff, N., Shelton, E. R., and Brutlag, D. L. (1983Biol.

constants for ATP hydrolysis and ATP synthesis must be ~ Chem. 2589536-9543.

. Py . 9. Kato, J., Suzuki, H., and lkeda, H. (199R)Biol. Chem. 267
equal. Additionally, if Ris rapidly released from the,EP 2567625684,

complex, it must rapidly rebind, even though the free P 1o iy L E. Liu, C., and Alberts, B. M. (1979lature 281
concentration is near zero in these experiments. Only if these 456—461.

two constraints are true could the burst amplitude double in 11. Gellert, M., Mizuuchi, K., O'Dea, M. H., and Nash, H. A.
the pulse-chase as compared to the chemical quench data. _ (1976)Proc. Natl. Acad. Sci. U.S.A. 73872-3876.

; ; 12. Gellert, M., Mizuuchi, K., O'Dea, M. H., ltoh, T., and
Although these constraints seem unlikely, they cannot be Tomizawa, J. (1977proc. Natl. Acad. Sei. U'S.A. 74772

(&)

ruled out with the present data. 4776,
Steady-state ATPase analysis of yeast topoisomerase Il 13. Sugino, A., Peebles, C. L., Kreuzer, K. N., and Cozzarelli, N.
(16) and AMPPNP binding studies with DNA gyras&3( R. (1977)Proc. Natl. Acad. Sci. U.S.A. 747674771.

24) and yeast topoisomerase IP5) suggest that these 14-§ybe“k(|3|‘!: N\/.RV.,ll;ISI)s7per_ger, Cé%%(ggggggk“v A. V., and
enzymes bind two ATP with positive cooperativity. This is ozzarelli, N. R. (1997%cience 27, :

: . 15. Halligan, B. D., Edwards, K. A, and Liu, L. F. (1985)Biol.
confirmed by the pre-steady-state chemical quench results Che:”?]. 2602475_2\2{82_ " (1985)B

at various ATP concentrations. By varying the ATP 16 Lindsley, J. E., and Wang, J. C. (199B)Biol. Chem. 268
concentration over only a narrow range (XBD0uM), the 8096-8104.

concentration of enzyme saturated with ATP changes 17.Johnson, K. A. (1995)lethods Enzymol. 2438-61.
dramatically. ATP binding is partially rate-determining at 18- Sugino, A., Higgins, N. P., Brown, P. O., Peebles, C. L, and

100uM ATP, as indicated by the lack of a burst in ADP 25;;32%'2’2_’\" R. (1978proc. Natl. Acad. Sci. US.A. 75

production. However, at 30@M ATP, a clear burst is 19. Osheroff, N. (1986). Biol. Chem. 26,19944-9950.
observed. At this higher ATP concentration, the rate of the 20. Roca, J., and Wang, J. C. (19923Il 77, 609-616.
burst phase is-15-fold faster than the rate of the steady- 21.Roca, J., Berger, J. M., Harrison, S. C., and Wang, J. C. (1996)

state phase, indicating that ATP binding is now much faster __ Proc. Natl. Acad. Sci. U.S.A. 98057-4062.

) S : : 22. Lindsley, J. E., and Wang, J. C. (19%&pc. Natl. Acad. Sci.
than the rate-determining step in the mechanism. U.S.A. 88 10485-104809.

The pre-steady-state results described in this paper were 23 wigley, D. B., Davies, G. J., Dodson, E. J., Maxwell, A., and
made possible by the development of methods to purify very Dodson, G. (1991Nature 351 624—629.



7298 Biochemistry, Vol. 37, No. 20, 1998

24. Ali, J. A., Orphanides, G., and Maxwell, A. (199Bijpchem-
istry 34, 9801-9808.

25. Lindsley, J. E., and Wang, J. C. (1998ature 361 749—
750.

26. Bates, A. D., O'Dea, M. H., and Gellert, M. (199%jpchem-
istry 35 1408-1416.

27. Rodina, M. V., Savelsbergh, A., Katunin, V. I., and Winter-
meyer, W. (1997 Nature 385 37—41.

28. Tennyson, R. B., and Lindsley, J. E. (198i9pchemistry 36
6107-6114.

Harkins and Lindsley

29. Worland, S. T., and Wang, J. C. (198R)Biol. Chem. 264
4412-4416.

30. Johnson, K. A. (1986ylethods Enzymol. 134677—-705.

31. Johnson, K. A. (1992knzymes (3rd Ed.) 20—61.

32. Gilbert, S. P., and Johnson, K. A. (19%ipchemistry 33
1951-1960.

33. Tamura, J. K., Bates, A. D., and Gellert, M. (1992)Biol.
Chem. 2679214-9222.

BI19729099



