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ABSTRACT. TheVacciniatype | topoisomerase catalyzes site-specific DNA strand cleavage and religation
by forming a transient phosphotyrosyl linkage between the DNA and Tyr-274, resulting in the release of
DNA supercoils. For type | topoisomerases, two mechanisms have been proposed for supercoil release:
(1) a coupled mechanism termsttand passagen which a single supercoil is removed per cleavage/
religation cycle, resulting in multiple topoisomer intermediates and late product formation, or (2) an
uncoupled mechanism terméée rotation,where multiple supercoils are removed per cleavage/religation
cycle, resulting in few intermediates and early product formation. To determine the mechanism, single-
turnover experiments were done with supercoiled plasmid DNA under conditions in which the
topoisomerase cleaves predominantly at a single site per DNA molecule. The concentrations of supercoiled
substrate, intermediate topoisomers, and relaxed predtiche were measured by fluorescence imaging,

and the rate constants for their interconversion were determined by kinetic simulation. Few intermediates
and early product formation were observed. From these data, the rate constants for cleavagg, (0.3 s
religation (4 s), and the cleavage equilibrium constant on the enzyme (0.075)° 22 in reasonable
agreement with those obtained with small oligonucleotide substrates, while the rotation rate of the cleaved
DNA strand is fast{20 rotations/s). Thus, the average number of supercoils removed for each cleavage
event greatly exceeds unithfl = 5) and depends on kinetic competition between religation and supercoil
release, establishing a free rotation mechanism. This free rotation mechanism for a type | topoisomerase
differs from the strand passage mechanism proposed for the type Il enzymes.

The topological state of eukaryotic DNA is altered by two the type | enzymes in that the linking number changes in
general types of DNA topoisomerase activity. The type | steps of two. Despite the importance of topoisomerase-
topoisomerases catalyze the ATP-independent reversiblecatalyzed supercoil relaxation in cellular processes such as
cleavage and rejoining of one strand of duplex DNA, with DNA replication and transcription (Wang, 1991), and as a
the transient formation of a covalent-ghosphotyrosyl  target for chemotherapeutic agents (Liu & Wang, 1991), little
intermediate between the DNA and a conserved active siteiS known about the mechanism of supercoil release, espe-
tyrosine (Champoux, 1990). The action of these type | cially for the eukaryotic type I enzymes.
enzymes on circular supercoiled DNA results in the removal ~ Two general mechanisms have been proposed for supercoil
of supercoils (“relaxation”), and the appearance of DNA release by type | topoisomerases (Figure 1; Champoux,
topoisomers differing in linking number by steps of one. In 1990). The first mechanism envisions an enzyme bridge
contrast, the dyadic type Il enzymes have a pair of active across the broken DNA arsfrand passagef the uncleaved
site tyrosyl residues which attack both strands of the DNA strand through the gap in the DNA (Figure 1A). The second
duplex and catalyze the ATP-dependent transport of a duplexmechanism involve$ree rotationof the DNA around the
DNA segment through the break (Lindsley & Wang, 1993; uncleaved strand (Figure 1B). The free rotation model has
Berger et al.,, 1996). Type Il topoisomerases also relax been implicated for th&acciniaenzyme on the basis of (i)
supercoiled DNA, but the process is distinct from that of the lack of any base preference ® the cleavage site

(Shuman & Prescott, 1990), (ii) the observation that 3
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A B enzyme is much greater than unity, consistent with a free

: rotation mechanism for supercoil removal. The mechanism
of super- coil release determined here for a type | enzyme
is compared with the proposed mechanism for the type I
topoisomerase from yeast (Lindsley & Wang, 1993; Berger

et al., 1996).
I g
7 5
/// EXPERIMENTAL PROCEDURES
{v NN
o ) f Materials. The [0-*?P]dTTP was from New England
‘ 2 ‘7 Nuclear! The supercoiled pUC19 (2.7 kb) and pHINDF (16.2
\ kb) plasmid DNAs were isolated from the transformed
N Escherichia colistrain DH%x using a plasmid purification
T~ kit (Qiagen). Less than 10% of the final pUC19 DNA and

~20% of the pHINDF DNA were nicked when using this
procedure. An average linking numbedl () for supercoiled
pUC19 DNA of 15 was determined by ethidium bromide
titration using agarose gel electrophoresis (Keller, 1975;
Espejo & Lebowitz, 1976). This averagd k corresponds

to a superhelix density of-0.056 under these solution
conditions (50 mM Tris-HCI, 50 mM NacCl, and 5 mM
MgCl; at pH 7.5 and 22C). We estimate, on the basis of
this analysis, that-90% of the initial pUC19 topoisomer
distribution was within two of the averagalLk (=15).
Other reagents were of the highest quality commercially
available.

Ficure 1: Two general mechanisms for relaxation of cleaved  Enzymes.Wild-type Vacciniatopoisomerase was over-
supercoiled DNA by type | topoisomerases [modified from Cham- expressed fronk. coli strain BL21(DE3) transformed with

poux (1990)]. (A) The strand passage mechanism depicts the activ - i i R ifi
transport of the uncleaved DNA strand through the break in theethe T7-based expression plasmid pET21-topo and purified

DNA, followed by religation in an obligately coupled cycle of to homogeneity as described (Shuman et al., 1988; Morham
cleavage, strand passage, and religation. In this mechan@ngla & Shumgn, 1_992)- Therg was no detectab[e endonuclease
supercoil is removed for each cleavage event. (B) The strand activity in this preparation because no time-dependent
rotation mechanism depicts the unhindered rotation of the cleavedincrease in the amount of nicked circular DNA was observed
DNA strand around the axis of the uncleaved strand for removal \ynen the reaction products were analyzed using conditions
of supercoils. In this mechanismmultiple supercoils would be - .
expected to be removed for each cleavage event. where nicked DNA was resolved from relaxed closed circular

products (a 1% agarose gel containinggmL chloroquine
previously suggested by Champoux (1990), it should be Was used for this analysis). The concentration of the enzyme
possible to distinguish between these two mechanismsWas determined by its absqrbance.at '280 nm (Stlve_rs et al.,
directly by determining how many supercoils are removed 1994b) or by the Coomassie dye binding method (Bio-Rad)
for each cleavage/religation cycle. using bovine serum albumin as the standard_. Restriction
enzymes and Klenow polymerase were from Life Technolo-
gies, Inc.

The Vaccinia type | topoisomerase cleaves DNA site-
specifically at (C/T)CCTIXX sequences (Shuman & Pres- Single-T Rel ion Kinetics. Sinal
cott, 1990; Shuman, 1991) and has mechanistic similaritiessupg]rioei; rglrgfaetzon i)?p))(:rtilr%r(]antsmvig(r:jpelrr;gri;guc;n;t’\g;
to eukaryotic type | enzymes (Shuman & Moss, 1987; ; .

Shuman et al., 1988). Taking advantage of this specificity, in 50 mM Tris-HCF (pH 7.5), supplemented with 50 mM

we previously determined, using small duplex oligonucle- NaCl and 5 mM MgC using [EI[DNA] ratios between 1

otide substrates, the rate constants for DNA strand cleavageand 4. These conditions were chosen because the specificity

and religation, as well as those for substrate binding and of the enzyme is optimal using these salt concentrations (see

product dissociation (Stivers et al., 1994a). Furthermore, on Results and Discussion), and the probability of having

the basis of the pH dependence and thio effects on thesemultlple topoisomerase molecules bound to a single plasmid

rate constants, general acidase catalysis and a rate-limiting substrate is minimized at [EJ[DNA] ratios near unity. The
o S reactions were performed in 96-well microtiter plates with

cor]formatlonal change for the religation step were sugg.este -shaped wells. Reactions were typically initiated by the

(Stivers et al., 1994b). However, these studies on Ilnear_ apid addition (by manual pipeting) of 10 of enzyme (35

substrates COl.“d not address the me_chanlsm (.)f SUPETCol75 nM), which had been previously diluted in reaction
release. In this paper, we address this mechanism directly

by studying the relaxation of supercoiled plasmid substrates
under single-turnover conditions. A relatively simple kinetic ~ *Certain commercial equipment, instruments, and materials are

: : : P identified in this paper in order to specify the experimental procedure.
modgl IS-empI(.)yed. which describes the rgactlon in terms of Such identification does not imply recommendation or endorsement
the kinetic partitioning of cleaved supercoiled DNA between by the National Institute of Standards and Technology, nor does it imply

religation which forms intermediate topoisomers and super- that the material or equipment identified is necessarily the best available

; i for the purpose.
coll release V.VhICh .forms fully relaxed products. The results 2 Abbreviations: Tris-HCI, tris(hydroxymethyl)aminomethane; SDS,
we obtain using this approach show that the average numbetyogiym dodecyl sulfate; EDTA, (ethylenedinitrilo)tetraacetic acid,

of supercoils released per cleavage/religation event on thedisodium salt.
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buffer, to an equal volume of pUC19 DNA (3390 nM). The fractions of substrate, total intermediates, and product
The reactions were rapidly quenched at various times (1 present at each time point were then determined by dividing
120 s) by the addition of 10L of 10 mass % SDS delivered Fs, F, + Fi;, andFp, respectively, by the total fluorescence
from a second manual pipetor. For these reactions, accuratén each lane Kot = Fs + F + F + Fp). Control
guench timing was achieved through the use of a metronome.experiments confirmed that the fluorescent signal was linear
After quenching, 1QiL of gel-loading buffer consisting of  with respect to DNA concentration in the range of 6-:03
0.25 vol % bromophenol blue and 30 vol % glycerol in water 0.3 ug (R> = 0.98) and that there was no significant
was added to each sample. The samples—0.8 ug of difference in the fluorescence yield of supercoiled DNA and
DNA/lane) were electrophoresed at 2 V/cm for-1® h the relaxed products. Although a higher fluorescence vyield
through a horizontal 1.0 vol % agarose gel in 40 mM Tris- would be expected for supercoiled DNA due to its increased
acetate buffer (pH 8.5) containing 1 mM EDTA. The gel capacity for ethidium binding as compared to relaxed closed

was stained in a 500 mL aqueous solution of @gmL circular DNA, this effect was not observed due to the
ethidium bromide for 15 min and destained for 30 min in unavoidable nicking of the DNA during exposure of the
500 mL of deionized water. stained gel to UV light prior to quantitation.

To resolve the substrate topoisomers of pUC19, a 1.0 vol  Equilibrium DNA Cleaage MeasurementsDetermina-
% agarose gel containing 2@/mL chloroquine diphosphate tions of the cleavage sites in linearizeéef3-labeled pUC19
was used. For this gel, a 40 mM Tris-glycine buffer DNA were performed at 22C and pH 7.5 in either 50 mM
(50 mM Tris base and 160 mM glycine) containing 1 mM  Tris-HCI buffer or a buffer consisting of 50 mM Tris-HCI,
EDTA and 25ug/mL chloroquine diphosphate was used. 50 mM NaCl, and 5 mM MgGl The 3 3% labeling of
Electrophoresis was performed for 20 h at 2.7 V/iem with poth strands of pUC19 was achieved by first linearizing the
buffer recirculation. This gel was stained in a 500 mL DNA with Xba restriction enzyme and then extending the
solution containing 0.g/mL ethidium bromide for 24 h 3" ends with Klenow DNA polymerase using-f2P]TTP and
(this was done twice) and then destained in deionized ynlabeled NTPs. The DNA was then purified from unin-
water for 5 h. corporated label by batch chromatography using a silica-

Fluorescence intensities were quantitated using an AMBIS based resin (Qiagen). Equilibrium cleavage measurements
fluorescence imager, making appropriate corrections for were made by mixing 30 nM end-labeled DNA with
background fluorescence and the amount of contaminatingincreasing concentrations of topoisomerase in the range of
nicked circles present in the substrates. The fraction of the 0—750 nM in a volume of 2@L. After a 15 min incubation,
total fluorescence due to pre-existing nicked circles was the cleaved enzymeDNA covalent complex was trapped
determined from the amount of nicked circles present at time by the addition of 2uL of 2 mass % SDS (Stivers et al.,
zero. This fraction was then subtracted from the total product 1994a,b). The samples were then adjusted to 40 vol %
fluorescence in each lane at subsequent time points. Thisformamide, heated at 98 for 5 min, and cooled on ice,
treatment automatically corrects for sample loading differ- prior to electrophoresis through a prerun 3.0 vol % acryla-
ences between gel lanes. mide, 7.5 M urea gel prepared in TBE buffer (90 mM Tris-

The combined fluorescence intensities of the supercoiled borate and 2.5 mM EDTA) at 400 V for 2 h. The gel was
substrate Fs) and early topoisomer intermediates that dried, and the labeled DNA was quantitated using a phos-
partially overlap with the substrat&j were measured as a  Phorimager (Fujix BAS 1000).
unit (Fsi = Fs + Fi), and the fraction of this fluorescence The apparent cleavage equilibrium at each site was
that was due to unreacted substrdte) (vas calculated on  determined by measuring the counts in each band and then
the basis of the mobility of pure substrate at time zeg ( dividing this by of the sum of all the counts in each lane
the mobility of the pool of partially resolved topoisomers at [i.e. K. = (cleaved DNA counts)}. of the total DNA
infinite time (), and the mobility of partially overlapped counts)]. Dividing the total DNA counts by a factor of 2 is
topoisomers at time (r), using eq 1. The fluorescence necessary because the uncleavetaBeled DNA strands
intensities of the intermediate topoisomers were then calcu-comigrate in the gel, and therefore, the specific activity of

lated by subtracting £from Fs,. this band is twice that of the cleaved strands. To obtain the
true cleavage equilibrium, the apparent equilibrium must be
Fs=Fg[l = (r, = ro)/(re - 1ol (1) corrected to take into account cleavage at intervening sites

between the '3label and the site where the cleavage

The mobility changes were measured after xerographically gquilibrium is to be determined. Cleavage at these interven-
enlarging the gel exposures about 4-fold and were well N9 sites reducgs the cleaved DNA counts that are measured
described by a single first-order rate constant indistinguish- &t Sites more distant from the label (i.e. in tHed§ection).
able from that of strand cleavagey, as would be expected I nerefore, the true cleavage equilibriui is calculated
for a sequential series of intermediates with differing PY dividing Ka®P by 1 — 3 K¢®F, where the sum is taken
mobilities generated from a rate-limiting cleavage event (see ©Ver all sites that intervene between théabel and the site
Results and Discussion). To confirm this method of In question (see the cleavage map in Figure 3A).
calculating the time-dependent change in substrate concen- Theory. A general method for determining the lifetime
tration, the concentration of substrate was also measuredof an unstable or short-lived intermediate that partitions
directly by resolving substrate topoisomers from all inter- between kinetic pathways is measurement of the rates of
mediates and product using a 1% agarose gel containing 25ormation of stable intermediates or products that result from
ug/mL chloroquine. In addition to substrate and early this partitioning (Fersht, 1985). Since the relaxation mech-
intermediates, the fluorescence intensities of late intermedi- anism followed by all type | topoisomerases involves a short-
ates that were resolved from substrdte)(were measured, lived covalent phosphotyrosine intermediate, it should be
as well as those of the relaxed produiep)( possible, using single-turnover conditions, to measure the
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©] partitioning of this intermediate between complete unwinding

which forms fully relaxed, enzyme-cleaved DNA and reli-
- E@ gation which forms topoisomer intermediates. This competi-

tion between the rate constants for complete unwinding of
the DNA, as opposed to religation to form a topoisomer
intermediate, provides an internal “clock” that can be used
to determine the average number of supercoils removed per
cleavagel/religation event and, thus, the mechanism of su-
percoil release. A kinetic treatment for a strand passage and
free rotation mechanism using this analytical approach is
developed below.

Because, by definition, only one supercoil is removed for
each cleavage/religation event in a strand passage mechanism
(Figure 2A), a pathway for removal of multiple supercoils
does not exist. Therefore, this mechanism is modeled
kinetically by assuming that each cleaved supercoiled DNA
molecule obligately passes through a sequential series of
topoisomer intermediates to reach fully relaxed product
k. E O (Figure 2A). Because for a strand passage mechanism

religation and supercoil release are tightly coupled, the rate
constant for supercoil release and religatikf{din Figure

2A) is a composite rate constant reflecting relaxation of a
single supercoil and religation of the DNA strand. A simple
indicator for this type of mechanism that distinguishes it from
a free rotation mechanism is the fact that many intermediates
accumulate before a significant amount of fully relaxed
product is formed. This point is demonstrated later in model
simulations (see Results and Discussion).

cl
kr
%
kcl ~
; For a free rotation mechanism, the kinetic analysis is more
complicated because each cleaved intermediate can freely

k 2@

% Fsop/
ki E/Q / partition between supercoil release and religation to form
kr

k,

one of many topoisomer intermediates (Figure 2B). Con-
3 )] sequently, the complete kinetic analysis of the relaxation of
FIGURE2: Relaxation of enzyme-bound supercoiled DNA by a type a plasmid containing 1% 2 supercoils such as pUC19 would

| topoisomerase using a strand passage (A) or free rotation require modeling the partitioning of 14 intermediate topoi-

mechanism (B). The hypothetical relaxation of a plasmid with four ; P ; ;
superhelical turns is depicted. For clarity, only the cleaved DNA somers, leading to a kinetic mechanism with greater than

strand is depicted. A key step regardless of the mechanism involves120 Steps. Fortunately, the kinetic analysis of DNA relax-
the reversible formation of a covalent bond between a tyrosine ation occurring by a free rotation mechanism can be
residue of the enzyme and the phosphodiester backbone of thesimplified by assuming that partitioning results in the

supercoiled DNA molecule (step 1). This step is characterized by t5rmation ofi pools of topoisomer intermediates, with the

the equilibrium constant for cleavagé(= k./k;) and the two rate o A i
constants ky and k., for cleavage and religation of the DNA, average linking number of each pool differing byn

respectively. (A) For a strand passage mechanism, a single supercoisupercoils (Figure 2B). These pools of intermediates must
is removed from the initial cleaved supercoiled DNA and a be cleaved and partitioned once again to form either relaxed

religation event occurs, generating a topoisomer intermediate with product or new intermediates. A reasonable number of pools

ALk — 1 supercoils. The cycle of cleavage, removal dfiagle . - . .
supercoil, " religation isyrepeated_k A e e oA (i) necessary to model the relaxation reaction for a given

molecule is fully relaxed. (B) For a free rotation mechanism, the Substrate is determined by the rafiak/An, that is the total
initial covalent intermediate generated in step 1 may be partitioned number of supercoils in the substratelk) divided by the
between two kinetic pathways. The first pathway, described by the average number of supercoils removed from a cleaved

rate constant for relaxationk{ax, Step 2), leads to complete ; : ; PR
unwinding of the DNA and the generation of fully relaxed closed supercoiled intermediate before a religation event occurs

circular product. The second pathway, described by the observed(An)- The kinetic equations describing a free rotation
rate constant for religatiork¢bsd see the text and eq 6), results in mechanism and a method for estimatig and An from

the formation of any one of three possible intermediate topoisomersthe kinetic partitioning between supercoil release and strand
(boxes). These intermediates must be cleaved and again partitioneclie"gation are described below

between relaxation to form product or religation to form another i ' )

intermediate. Thus, the relative amounts of intermediates and As shown in egs 2 and 3, the observed time constant (1/
product that are generated at each time point depend on the kinetick,,) for the formation of fully relaxed cleaved productE
competition between the unwinding rate,f) and the observed P) from a cleaved supercoiled intermediate withk

rate of religation i.°bs9. In this figure, we show the enzym®NA . . .
covalent complex in a different conformational state (“bent” E), as SUPercoils (E-Sai) is equal to the time constant for one

suggested by previous kinetic and biochemical studies (Stivers etcomplete rotation of the cleaved DNA strand ki,
al., 1994b; Sekiguchi & Shuman, 1994a,b, 1995, 1996). This model multiplied by the number of supercoils;) that had to be
may be extended to supercoiled substrates with a greater numberemoved from the cleaved intermediate to result in fully

of supercoils, by assuming that partitioning results in the formation . . .
of pools of topoisomer intermediates. (Each pool consists of a relaxed product. Because of the reciprocal relationship

Boltzmann distribution of topoisomers characterized by an average between time constants and rate constants, eq 3 can also be
linking number (see the text). expressed as shown in eq 4.
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Keelax substrates [see Results and Discussion and Stivers et al.
A (1994a)]. Moreover, a separate analysis of the rates of
kel l, ksy g appearance and disappearance of early intermediates (i.e.
BS, =—E-§,, 3 E.§,  —B .S, 5~ EP == E+P PP >app arly (
= ESu ™ E-S E-Sui2 T ) those that were partially overlapped with substrate) and late
ksup+ intermediates (i.e. those that were resolved from substrate)
E-Sazil revealed no detectable differences. If a large chandag,in
obsd | Aeup + k., andks,p, 0occurred as a result of relaxation of the DNA, it
would have been apparent from this analysis. A detailed
EESALM description of the four-step protocol used to model the
ol relaxation of pUC19 is available as Supporting Information.
+ We were unable to apply this approach to the larger
By, plasmid pHINDF (90 supercoils) because of the large
number of partitioning intermediates that are generated
1Keetax = NifKsyp 3 during relaxation of this plasmid. On the basis of the average
number of supercoils released per cleaved intermediate with
Kretax = KsudM (4) pUC19 (An = 5), a value 0f of ~20 (=90/5) for pHINDF
o . o would be expected. Moreover, the partitioning of these 20
Similarly, the average time constant for religatiorik®#< - pools would lead to a kinetic mechanism with greater than
eq 5) for formation of a new dlstnbutlon of topoisomers with 100 steps. Therefore, we do not rigorously quantitate the
an average of\n fewer supercoils (Ean, €q 5) is equal to  gata for pHINDF but only compare the product to intermedi-
the microscopic time constant for religationkleq 5), plus 4t ratio ([PJ/[I]) as a function of time with that measured

ke

the net time constant for release &h supercoils An/ksup for pUC19 (see Results and Discussion) to demonstrate that
eq 5). As with eq 3 above, eq 5 can be equivalently the free rotation mechanism of Figure 2B describes the
expressed in terms of rate constants (eq 6). relaxation of this plasmid as well.
1K= Ankg,, + 1k (5)  RESULTS AND DISCUSSION
kfobsdz K, ;kr (Ank + kg, r) (6) Before single-turnover kinetic experiments were performed

on the relaxation of pUC19 supercoiled DNA, which has 17
As shown in egs 7 and 8, the value &h may be C/TCCTT consensus cleavage sites (Shuman & Prescott,

calculated from the ratio of the rate constakg/k. This 1990), it was important to find experimental conditions that

simple relationship between the partitioning rate constants favored,on aerage a single covalent complex per DNA
andAn is based on the idea that theost probableumber ~ Molecule? We approached this problem in two ways. First,

of supercoils removed from a cleaved intermediate will be W& kept the [EJ/[DNA] ratio between 1 and 4 for the single-
the number that makes the total transit time for removal of {UMOVEr experiments so that, according to Poisson statistics,

supercoils An/ke,) equal to the microscopic time constant DNA with more than one enzyme molecule bound would
for religation (1k,). be disfavored. Second, we used high enough concentrations

of MgCl, and NaCl so that weak cleavage sites would be

Anlkg,, = 1/ (7) suppressed. As described in the next section, the combined
effects of these two approaches abrogated detectable cleavage
An =Kk Jk; (8) events at all but two sites in pUC19 for [E]/[DNA] ratios as
large as 25.

Once An is obtained using eq 8, the total number of  Equilibrium Strand Cleaage. To ascertain how many
intermediate poolsi§) may then be calculated by dividing sites were cleaved in pUC19 DNA, equilibrium cleavage
the total number of supercoilA(k) by the average number  measurements (Figure 3) were performed by mixing topoi-
of supercoils removed per cleavage evemt)(using eq 9.  somerase with linearized-¥P-labeled pUC19 DNA and

. trapping the covalent adduct by the rapid addition of SDS

I = ALK/AN ©) (Shuman & Prescott, 1990; Stivers et al., 1994a). Cleavage
: . sites can be located because the protein remains bound in a
The results of model simulations for both a strand passageS'-phosphotyrosyl linkage to the unlabeled portion of the
and free rotat?on mechanism, an_d the Iim[tations of the GDNA, and the 3labeled portion of the DNA can be detected,
gﬁ’gg?scignou“med above, are discussed in Results an and its size determined, using polyacrylamide gel electro-

' phoresis under denaturing conditions.

Data Modeling. The changes in concentration of the As shown in Figure 3, six major cleavage sites in the DNA
substrate DNA, all intermediate topoisomers, and products 9 ' J ag
are detected when low salt concentrations are used and the

as a function of time were simulated by computer using a L .
modification (Anderson et al., 1988) of the kinetic simulation [EVIDNA] ratio is 25 (lane 3, sites af). However, when
program KINSIM (Barshop et al., 1983), using the kinetic — :
mechanism shown in Figure 2B. In this analysis, we assume _ 30‘_1('; '”'tl')alt a?PfoaCth.V‘_’as to L.‘S;V; smat500 bp supercoiled
. . plasmid substrate containing a singiccinia virus consensus se-

thatka, kf'_ andksup d‘? no_t change during relaxation of the guence. Howeveno topoisomer intermediates were ohgstin single-
DNA. This assumption is reasonable because the values ofturnover experiments using this plasmid (which contained about four
these constants are similar to those measured with smallsupercoils). This result is expected on the basis of the results presented
linear substrates, and the equilibrium conskark; calculated ~ here with pUCL9, which demonstrate that on average fite)(

L . o supercoils are removed for each cleavage event. Thus, small plasmid
from the kinetic data on a supercoiled substrate is similar to gypstrates with few supercoils are not useful for estimatingvhen

that made from equilibrium measurements using linear a free rotation mechanism is followed.
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Ficure 3: Site-specific cleavage byacciniatopoisomerase in low- and high-ionic strength buffets?2B-labeledXbad-cut pUC19 DNA

was incubated with purified topoisomerase, treated with SDS, and analyzed by polyacrylamide gel electrophoresis. (A) Phosphorimage of
the gel showing cleavage of 30 nM pUC19 catalyzed by 750 nM topoisomerase in either 50 mM Tris-HCI buffer, at pH 7.5 (lane 3) or 50
mM Tris-HCI, supplemented with 50 mM NaCl and 5 mM Mg@ine 2). A control DNA without topoisomerase is shown in lane 1. The

band marked with an asterisk in each lane (including the control lane) is due to dsDNA that renatured prior to or during electrophoresis.
For reference, the positions of the cleavage sites on each strand of pUC19 DNA are also shown (Shuman & Prescott, 1990). (B) Densitometric
traces for each of the lanes shown in panel A. In this gel, the specific activity of the uncleaved DNA band is 2-fold greater than that of the
cleaved DNA bands because the uncleaved DNA strands comigrate, and each strand |labslgs2e Experimental Procedures). Thus,

direct visual comparisons of the fractional extent of cleavage at each site are misleading.

higher salt concentrations are used (Figure 3, lane 2), only From the ratio of cleaved DNA to uncleaved DNA at site
one major cleavage site (site a) and a second minor site (sitea using the high salt concentrations, an equilibrium constant
b) are detected when the [E])/[DNA] ratio is 25 [the additional K¢ (=ku/k;) of 0.08 + 0.04 for cleavage of enzyme-bound
band marked with an asterisk is due to double-stranded (ds)DNA can be estimated. Similar values fi§g in the range
DNA that renatured prior to or during electrophoresis]. Other of 0.04-0.10 were calculated for sites-& using the low
experiments using these higher salt concentrations demon-salt conditions (the average value ¥4 was 0.07+ 0.02).
strated that no additional cleavage sites were detectable ever his average value fdky does not differ greatly from the
when a 125-fold greater enzyme concentration was used ancaverage value of 0.12 0.02 determined from equilibrium
that the extent of cleavage at sites a and b did not increaseneasurements using small oligonucleotide substrates (Stivers
over that shown in Figure 3 (not showh)Taken together, et al., 1994a) and those values calculated from kinetic
these results show that the specificity of the enzyme is measurements d& andk;, using both supercoiled pUC19
increased at these salt concentrations and that the ratio oDNA (0.075; see below) and linear DNA (0.68.11; Stivers
cleaved to uncleaved DNA at other individual sites must be €t al., 1994a). Thus, these results indicate that the cleavage
<1%, on the basis of the signal-to-noise ratio of the data in €quilibrium at the six individual sites differs by less than
Figure 3B. Thus, at the salt concentrations and compara-40% from the average value of 0.07 for supercoiled pUC19
tively low [EJ/[DNA] ratios used in the single-turnover DNA and that this equilibrium is similar for linear and
experiments, it is unlikely that a single DNA molecule is Supercoiled DNA molecules.

cleaved by more than one enzyme molecule. The indepen- Model Simulations. Kinetic simulations for a strand
dence of the kinetic results for [E]J/[DNA] ratios in the range passage and free rotation mechanism for supercoil release
of 1—-3 also strongly supports this conclusion (see below). from a hypothetical plasmid with four supercoils are shown
in panels A and B of Figure 4, respectively. The simulated

4 Both the number of sites and the salt dependence of the cleavagedata pQIntS in this flg_ure Were-generat?d using KINSIM
pattern seen here are similar to those reported by Shuman and Presco{?mp,loymg the respective three Intermedlat_e models shown
(1990), although somewhat different conditions were used in the IN Figure 2A,B. For these model simulations, we chose
previous study (37C, 50 mM Tris-HCI with or without 2.5 mM MgGl values forky andk; of 0.3 and 4 si, respectively, so that

or 150 mM NaCl). Furthermore, these workers mapped the specific ik
cleavage sites at the nucleotide level and demonstrated that thethe rate constants and the cleavage equilibrin= ka/k,)

conserved pentamer sequence (C/T)CCifimediately preceded the ~ WeTe the same as the expe_rimentally determined values. For
site of cleavage in each case. the strand passage mechanigitsdwas set to the same value
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Ficure 4: Simulated data for the relaxation of a hypothetical plasmid with fak] supercoils. (A) Relaxation by a strand passage or

(B) free rotation mechanism. We chose valuesKgrand k; of 0.3 and 4 si, respectively, so that the rate constants and the cleavage
equilibrium K¢ = ko/k;) are the same as the experimental values (see Results and Discussion). For the strand passage mechanism (Figure
2A), k°Psdwas set to the same value ks(4 s1) because the rate of unwinding a single supercoil cannot be any faster than the rate of
religation. For the free rotation mechanism, a valuekfgg of 5 s™* was used so that the rate constant for partitioning to produgl &

ksup/Ni) was the same as the experimental data obtained with pUC19. This vatugwés required because this model assumes a plasmid
containing only four supercaoils. (C) A plot of the product to intermediate ([P]/[I]) ragithe fraction of substrate reacted for the simulated

free rotation and strand passage data shown in panels A and B. (D) Plot of the [P]/[I] ratio against time for the relaxation of three hypothetical
plasmid substrates with differing numbers of supercalE = 2—4). The curves for the plasmids with two and three supercoils were
derived from a free rotation mechanism analogous to that shown in Figure 2B. The arrows in panel D correspond to the respective reaction
time points where d[l]/d= 0; the slope of a tangent at these points is inversely proportional to the number of supercoils in the plasmid (see
the text).

as k- (4 s%) because the net rate of unwinding a single by a free rotation mechanism) could be kinetically modeled
supercoil and religating the cleaved strand cannot be anyusing onlyi: (=ALk/An) intermediate pools (eq 9). Inthese
faster than the rate of religation. For the free rotation modeling studies, the best fit valueskaf k., andks, differed
mechanism, a normalized value fiy,, of 5 s was used by less than 10% from the true values used to generate the

so that the rate constant for partitioning to proddedi& = simulated data. In addition, it was found that using values
ksup/ni) was the same as the experimental data obtained withof i, less than or significantly greater than the optimal value
puC19. resulted in an underestimation or overestimation, respectively,

The strand passage mechanism (Figure 4A) shows theof the maximal concentration of the intermediates. Thus, it
formation of a large pool of intermediates and a pronounced is possible to model this symmetric and highly repetitive type

lag before any fully relaxed products appear, while the free of reaction using onlyi, and the results are sensitive to
rotation mechanism (Figure 4B) shows the parallel formation thjs value (eq 9).

of intermediates and product. The plot in Figure 4C shows . ) o _
that the product to intermediate ([P]/[I]) ratis the fraction Single-Turnoer Relaxation Kinetics.Experimental data
of substrate reacted differs significantly for the two mech- for the relaxation of pUC19 supercoiled DNA Maccinia
anisms and that they can be easily distinguished under thesdyP€ | topoisomerase show the parallel formation of inter-
conditions. In Figure 4D, for a free rotation mechanism, is mediates and fully relaxed product with essentially no lag
shown a plot of the product to intermediate ([P]/[I]) rati® (Figure 5A-C). The data closely resemble the simulation
time for three hypothetical plasmids with differing numbers of Figure 4B rather than 4A, consistent with a free rotation
of supercoils ALk = 2, 3, and 4). This plot shows that, for mechanism for relaxation. The kinetic parameters derived
a free rotation mechanism, the rate of product formation from the data are shown in Table 1. The optimal fit was
when the intermediates are in a steady state (i.e. when d[l]/obtained using the model in Figure 2B, with the number of
dt ~ O; see the legend to Figure 4D) is inversely proportional pools of intermediatesi) equal to three and an average
to the number of supercoils in the plasmid. number of supercoils removed per cleaved intermedisi (

In other modeling studies, it was demonstrated that of five. In arriving at these optimal values, we were able to
simulated data (for a plasmid withLk supercoils relaxing easily exclude a relaxation mechanism involving rapid
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Ficure 5: Relaxation of supercoiled pUC19 (2.7 kb, 15 supercoils) and pHINDF (16-RBb, supercoils) DNA molecules byaccinia
topoisomerase | under single-turnover conditions at@2(A) Agarose gel (1 vol %) stained with ethidium bromide of the reaction of 50

nM pUC19 supercoiled DNA with 100 nM topoisomerase. In this experiment, less than 5% of the initial substrate DNA was contaminated
with nicked plasmid. The photograph is overexposed and contrast enhanced so that the low levels of topoisomer intermediates can be
visualized. The supercoiled substrate and overlapping early intermediateg]3ate intermediates (I), and product bands (P) are indicated.

As expected, the relaxed products migrate as positively supercoiled bands in this electrophoresis buffer because the ionic strength is less
than that used in the relaxation reaction (Anderson & Bauer, 1978). In this gel, resolved intermediates are easily distinguished from products
because, by definition, they appear and subsequently disappear with time. (C, upper panel) Plot of the time dependence of the change in
the apparent mobility of the supercoiled substrate band due to partial overlap with early topoisomer intermediates which have slightly
different mobilities than the initial population of supercoiled substrate molecules (see panel A and Experimental Procedures). This mobility
change, which shows a first-order dependence with respect to time (solid curve), was used to determine the fraction of unreacted substrate
at each time point (see Experimental Procedures). The validity of this convenient method was established by the experiment shown in panel
B, in which the substrate topoisomers were completely resolved from all intermediates and products by performing electrophoresis in the
presence of 2g/mL chloroquine diphosphate. In this chloroquine-containing gel, the substrate as well as intermediates and product are
positively supercoiled. (C, lower panel) Plot of the time dependence of the concentrations of supercoiled substrate calculated using the
mobility shifts (closed triangles), substrate determined from direct measurement using the chloroquine gel (asterisks), all topoisomer
intermediates (open diamonds), and relaxed products (open triangles). The curves were generated by simulation using the mechanism
shown in Figure 2B; the optimized kinetic parameters are reported in Table 1. The right lane for the gel shown in the upperhel (

s) was not quantitated due to the unreliable response of the imaging device for the lane on the extreme right edge of the gel. (D) Ethidium
bromide-stained 0.6 vol % agarose gel of the reaction of 40 nM pHINDF supercoiled DNA with 40 nM topoisomerase. (E, upper panel)
Apparent mobility change for the pHINDF supercoiled substrate band due to overlap with early topoisomer intermediates (see above). (E,
lower panel) Plot of the time dependence of the concentrations of supercoiled substrate (closed triangles), all topoisomer intermediates
(open diamonds), and relaxed products (open triangles). The curve for the disappearance of the substrate is drawn using the same rate
constants for cleavage and religation determined for pUC19 (Table 1). The dashed curves drawn through the data for intermediates and
product werenotderived from simulation of these data, because the relaxation of this plasmid has too many intermediates to model explicitly
(see Experimental Procedures). These dashed curves are only shown to guide the eye.

equilibrium cleavage and religation, followed by rate-limiting Table 1- Optimized Kinetic Parameters for Relaxation of
supercoil release, because this mechanism was incompatibley,percoiled pUC19 DNA by th¥acciniaType | Topoisomerase
with the observed slow rate of substrate disappearande K K ” An i
the early formation of fully relaxed product. ' =P <
0.3s1 45t 20st 5 3

Figure 5C (upper panel) shows a plot of the apparent @ The kinetic parameters are defined in the text (see eqs 2, 4, 6, 8,

mobility change of the supercoiled substrate as a function ang g) and refer to steps in the mechanism shown in Figure 2. We
of time. This mobility change results from overlap of the estimate maximum errors af20% for ky and k. and £30% for Ksup

initial population of substrate topoisomers with that of early andAn.

supercoiled intermediates which have slightly different

average mobilities. This effect is not an artifact of electro- only for the “substrate” band anubt for the relaxed products,
phoresis because (i) it is highly reproducible (even on and (iv) the mobility shift is more pronounced for a larger
different gel systems), (ii) it is independent of the amount plasmid that generates more partially overlapped intermedi-
of plasmid DNA loaded in each gel lane, (iii) it is observed ates (Figure 5D).
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To establish that this mobility change was due to partially ' T '
overlapped early topoisomer intermediates, we performed an 4
identical single-turnover relaxation experiment in which the
guenched time points were electrophoresed on a 1% agarose
gel containing 25:g/mL chloroquine diphosphate. In this ]
gel system (Figure 5B), the substrate topoisomers (which
are positively supercoiled under the electrophoresis condi-
tions) are fully resolved fromall intermediates and product.
Therefore, the fractional amount of substrate at each time o~ >
point could bedirectly measured and compared with that
calculated from the mobility shift method. The substrate § i pHINDF
concentrations that were determined using this analysis o __--—"7¢
(asterisks, Figure 5C) were indistinguishable within experi-
mental error from those calculated using eq 1 (compare filled 0 ———T—
triangles with asterisks in Figure 5C, lower panel). These 0 5 10 15 20
results establish the validity and accuracy of the convenient time (s)
mobility shift method. FIGURE 6: Plot of the product to intermediate ratio ([P]/[I]) against

Interestingly, the mobility change follows a first-order time  time for the relaxation of supercoiled pUC19 (closed circles) and
course that is indistinguishable from that of strand cleavage pHINDF DNA (open circles). The solid line drawn through the

(Table 1). In other words, the cleavage step appears to bePUC19 data is the theoretical curve obtained from the mechanism

it ; ; ; ; of Figure 2B using the kinetic parameters in Table 1. The dashed
rate _Ilmltlng f.o.r forlmat!on of mtermedlates+ ;]I'hls resfult line through the pHINDF data is a best-fit line to the linear region
provides additional evidence in support of the previous qf the time course (i.e. where the intermediates are in a steady state)

conclusion (Stivers et al., 1994a) which holds that the overall and has a slope—46-fold smaller than the steady-state region of
rate-limiting step in single-turnover supercoil relaxation is the pUC19 data (indicated by the arrow).
the strand cleavage event.

Control experiments demonstrated that the reaction wasnoting the different time scales). Second, the amounts of
zero-order in substrate and enzyme when both were kept atntermediates formed at early time points are about 4-fold
equimolar concentrations ef35 nM. Itis importantto point ~ greater than that seen with pUC19. Third, the amount of
out that the interpretation of these results is not influenced product formed at early time points is less than that seen
by whether the enzyme remains bound to a single DNA with pUC19. Consistent with these observations, a plot of
molecule during the single-turnover reaction or acts distribu- the [P]/[I] ratio as a function of time for the reaction of
tively, because the enzyme is saturated with DNA, and the pHINDF shows a slope in the steady-state region that is about
binding and release steps (if occurring) must be fast relative 5-fold smaller than that for pUC19 (see the dashed line in
to the rate-limiting cleavage step. Furthermore, the mech- Figure 6). In addition, the mobility change of the band
anism of relaxation is not significantly biased by multiple corresponding to the supercoiled substrate and overlapping
enzyme molecules cleaving the DNA, because kinetic resultsearly intermediates also follows an exponential time course
indistinguishable from those shown in Figure 5A were equivalent to the cleavage rate (upper panel, Figure 5E).
obtained using [EJ/[DNA] ratios of 1/1, 1/2, and 1/3. This Taken together, these results provide strong support for the
kinetic result is entirely consistent with the single major applicability of the same free rotation kinetic mechanism in
cleavage site detected in the equilibrium measurementsgescribing the reactions of both the small and large super-

above (Figure 3). coiled plasmids.
Three predictions that follow from this kinetic analysis

are that a larger plasmid with more supercoils than pUC19 nificant because a proposed role for type | topoisomerases
should show (i) the same rate of substrate disappearance prop yp P .
is removal of supercoils that are generated during transcrip-

(i) a greater accumulation of intermediates, and (iii)) a o
decreased rate of product formation. These predictions arellon and repl_lcatlon by RNA e_m_d DNA polymerases_ (Wang,
1991). For instance, théacciniaDNA polymerase incor-

based on egs 2, 3, and 9, respectively, which show that the leotid ¢ about 30 leotidies]
initial cleavage rate is independent of the size of the substratePOrates nucleotides at a rate of about 30 nucleotiaresiso,

and that the total transit time for appearance of product (1/ which indicates that at _Iea_st threg supercoils per second are
kein), @nd the number of intermediate pools that are generateddenerated at the replication fork vivo (McDonald &
(i), are proportional to the number of initial supercoils in 1rakiman, 1994). "If a strand passage mechanism were
the substrate. Furthermore, a plot of the ratio of product to followed, the topoisomerase reaction would be limited by
intermediate concentrations ([P)/[I]) as a function of time the strand cleavage rate of 0.3'swhich is 10-fold slower
for the larger plasmid should show a slope in the steady statethan the rate of supercoil generation. If one assumes a
that is smaller than that for pUC19 (see Figure 4D). minimum stoichiometry of one topoisomerase molecule per
To test these predictions, we examined the relaxation of replication fork, then this disparity between the rates of
the larger plasmid pHINDF which has 6-fold more supercoils supercoil generation and removal at the replication fork
than pUC19 (Figure 5D). Although the relaxation of this would eventually hinder the rate of replication. Thus, the
plasmid generates far too many intermediates to simulateaverage rate of supercoil reledgg/An (=4 s*) (Whereksyp
explicitly (see Experimental Procedures), the following = 20 s and An = 5) provides a single topoisomerase
observations are in accord with each of the three predictionsenzyme with a mechanism for removing supercoils as fast
listed above. First, the observed rate of disappearance ofas they are generated during these polymerization processes
supercoiled substrate is unchanged from that of pUC19 (3 s'%), even though the rate of strand cleavage is only 0.3
(compare the lower portions of panels C and E of Figure 5, s'*. Of course, the capacity for removal of supercoils at

[PI/11]

Mechanistic Implications.These kinetic results are sig-
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the replication fork would be even greater if more than one possible that the mechanism for finding the specific catalytic
topoisomerase is involved in the replication process. site involves binding to noncognate sites in the DNA

Another question concerning the reactivity of type | followed by linear diffusion along the DNA. Such a
topoisomerases is whether these enzymes maintain a steadynechanism would explain the observed differences at the
state superhelical density in cellular DNA by modulating their binding step seen for small oligonucleotides and supercoiled
reactivity in accord with the topological state of DNA (i.e  DNA.
are the enzymes less active on DNA with lower superhelical On the basis of structural and biochemical studies, it has
density?). The results reported here and previously for thebeen postulated that the type Il topoisomerase from yeast
Vacciniaenzyme show that there is little difference between actively transports a duplex DNA segment through the
the cleavage equilibrium constants for linear and supercoiled cleaved DNA duplex and that this process is coupled to ATP
DNA and a=<4-fold difference between the cleavage and binding and hydrolysis (Lindsley & Wang, 1993; Berger et
religation rates between these substrates (Stivers et al.al., 1996). Indeed, the comparable data of Lindsley and
1994a,bf Thus, there is no significant preference for Wang (1993) show that the relaxation of pBluescript DNA
supercoiled substrates in the chemical steps of the reaction(2950 bp) by the yeast type Il enzyme occurs with the
A similar conclusion which holds that the catalytic constants formation of a significant number of intermediates prior to
for the topoisomerization reaction are not topology-dependentthe appearance of fully relaxed product, as would be expected
has been previously inferred for the type | enzymes isolated for a coupled strand passage mechanism. Using an analytical
from wheat germ, calf thymus, and yeast (Caserta et al., method different from that employed here, a rate constant
1990; Camilloni et al., 1989). However, in these indirect for DNA transport of 0.73 st at 17.5°C was measured for
studies, the individual rate constants were not measured, andhe yeast enzyme. This transport rate is comparable to the
the conclusions were based on the relative extents of cleavageate constants for cleavage and religation reported here for
of supercoiled and relaxed substrates in the presence of thehe Vaccinia type | enzyme and suggests that the strand
drug camptothecin or, alternatively, by the competitive passage rate is more tightly coupled to, and perhaps limited
inhibition of the relaxation of a supercoiled substrate by linear by, the chemical steps of the reaction. This result suggests
and relaxed DNA molecules. Hence, it may be that that, in general, the eukaryotic type | topoisomerases may
these eukaryotic enzymes follow the same free rotation follow a different mechanism for supercoil release than the
mechanism established here for tMacciniatype | topo- ATP-dependent type Il enzymes.
isomerase. The free rotation mechanism observed for Weccinia

The value forks,, of 20 s measured here may represent enzyme also suggests a mechanism for the DNA catenation
alower limit estimateor the spontaneous rate of unwinding reaction catalyzed by the eukaryotic type | enzymes (Mc-
of nicked supercoiled plasmid DNA because the enzyme hasCoubrey & Champoux, 1986; Holden & Low, 1985). Since
been shown to make noncovalent contacts with the duplexthese catenation reactions require a pre-existing single-strand
DNA downstream from the site of strand cleavage, and thesenick in the DNA, it seems likely that passie catenation
interactions may influence the rate and processivity of the mechanism is followed. In this mechanism, a transient linear
supercoil release step (Sekiguchi & Shuman, 1994b). We DNA intermediate is first generated by topoisomerase
feel that it is unlikely that the enzyme activedgcelerates cleavage of the DNA opposite to the pre-existing nick. A
supercoil unwinding, which is apparently a stochastic processsecond circular DNA molecule is then trapped by religation
governed only by the relative rates of religation and DNA of the linearized DNA, resulting in two fully catenated
strand rotation. circles. This catenation mechanism suggests that the enzyme

In contrast with the equivalent rate constants observed with does not form strong noncovalent interactions with the DNA
supercoiled and relaxed DNA substrates for cleavage and3' to the cleavage site, thereby allowing the DNA end to
for religation, there appears to be a large difference in the diffuse from the enzyme active site. Indeed, this suggestion
reactivity of these substrates in the binding step. This is supported by the observation that, with linear DNA
conclusion is suggested because the single-turnover reactionsubstrates,'3egments of the cleaved strand readily dissoci-
with supercoiled substrates were found to be independentate from the enzyme after the cleavage event (Shuman,
of enzyme or DNA concentrations using conditions where 1991).
small oligonucleotide substrates are not quantitatively bound  Conclusions. We have shown that th¥accinia type |
by the enzymé. This difference may be due to a different  topoisomerase follows a free rotation mechanism for remov-
intrinsic affinity of the enzyme for supercoiled substrates as ing supercoils from DNA, with an averageif) of five
compared to linear molecules (Stivers et al., 1994a), or supercoils removed per cleavage event. This mechanism
simply the greater concentration of binding sites in the larger allows the enzyme to efficiently remove supercoils from
plasmid molecule. Because the enzyme shows, at most, ®NA even though the chemical step of cleavage-ik0-

10-fold discrimination for binding its cognate site over fgold slower than the average rate of supercoil release
nonspecific DNA (Sekiguchi & Shuman, 1994b), it is

6We have previously measured a dissociation constant of 54 nM
5We previously reported rate constants for single-turnover cleavage for the enzyme from a 25/25-mer oligonucleotide in 50 mM Tris-HCI
and religation in the range of 0.6®.09 and 0.71 s%, respectively, at 20°C (Stivers et al., 1994a). We also found a 10-fold increase in
for small linear duplex substrates in which the leaving strand for the the dissociation rate constant when the binding reaction mixture was
cleavage reaction was a dinucleotide and the entering strand for thesupplemented with 5 mM Mg@glsuggesting that the binding constant
religation reaction was an 8-mer strand (Stivers et al., 1994a,b). is evenweakerunder conditions used for the relaxation reactions (i.e
Subsequently, we have found a modest dependence of the cleavagevhen divalent and monovalent cations are present). A sidijaalue
rate on the length of the leaving strand, with a 4-mer and 6-mer strand of ~25 nM can be estimated from the data of Sekiguchi and Shuman
being cleaved with a rate constant of 0.11@. T. Stivers, unpublished (1994) for the noncovalent binding of the Y274F mutant to a 24/24-
results, 1995) and 0.28°% respectively (S. Shuman, personal com- mer oligonucleotide in 50 mM Tris-HCI at 37TC. A lower apparent
munication, 1996). The latter value is indistinguishable from that Kqvalue for binding to pUC19 is required to explain the observed zero-
measured here for a supercoiled substrate. order kinetics of supercoil relaxation.
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(ksup/An =4 s71). This free rotation mechanism for a type ~Camilloni, G., Di Martino, E., Di Mauro, E., & Caserta, M. (1989)
| topoisomerase differs from that proposed for the yeast type  Proc. Natl. Acad. Sci. U.S.A. 88080-3084.

Il enzyme (Lindsley & Wang, 1993), which apparently Cal::zsi%ré%'eM{étﬁymzzdselibg—"scfg;nmoni’ G., & Di Mauro, E. (1990)

follows a strand passage mechanism for supercoil reIeaseChampouxy J.J. (1990) BNA Topology and its Biological Effects

The general model we have employed for analysis of ~ (Cozzarelli, N. R., & Wang, J. C., Eds.) pp 22242, Cold
supercoil relaxation should be applicable to other type | and  Spring Harbor Laboratory Press, Plainview, NY.
type Il topoisomerase-catalyzed reactions provided that (i) Espejo, R. T., & Lebowitz, J. (197@nal. Biochem. 7295-103.
appropriate single-turnover conditions can be achieved andFersht, A. R. (1985Enzyme Structure and Mechanisimd ed.,
(ii) the required number of intermediates can be modeled. _ PP 117-118, W. H. Freeman & Co., New York.
The method works best for a free rotation type mechanism Gellert, M. (1981)Annu. Re. Biochem. 50879-910.

. : . ’ Hol . A., & Low, R. L. (1985)). Biol. Chem. 26014491~
using a moderately sized plasmid such as pUC19, when the 015’12';’7? - & Low, (1985). Biol. Chem. 2601449

average number of supercoils removed per cleavage evenkeller, w. (1975)Proc. Natl. Acad. Sci. U.S.A. 72876-4880.
yields a total number of intermediate pools of four or fewer. Lindsley, J., & Wang, J. C. (1993). Biol. Chem. 2688096
Accordingly, a smaller plasmid substrate with fewer super-  8104.
coils would be optimal for modeling a strand passage Liu, L. F., & Wang, J. C. (1991PNA Topoisomerases in Cancer
mechanism, because of the accumulation of more intermedi- SJPthes"v M., & Kohn, K. W., Eds.) pp 322, Oxford

. . niversity Press, New York.
a'tes duymg this process. Neverthe_less, we have shown b cCoubrey, W. K., Jr.. & Champoux, J. J. (198E)Biol. Chem.
simulation that a simple comparison of the [product]/ 261 5130-5137.
[intermediate] ratio as a function of the fraction of substrate McDonald, W. F., & Traktman, P. (1994). Biol. Chem. 269
reacted (Figure 4C) can distinguish between the two limiting  31190-31197.

mechanisms for Superco” re'ease. Morham, S. G., & Shuman, S. (lggl)BlO' Chem. 26,715984—
15992.
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