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Topoisomerase II catalyzes the ATP-dependent transport of a
DNA segment (T-DNA) through a transient double strand break
in another DNA segment (G-DNA). A fundamental mechanistic
question is how the individual steps in this process are coordi-
nated. We probed communication between the DNA binding
sites and the individual enzymatic activities, ATP hydrolysis,
and DNA cleavage. We employed short DNA duplexes to con-
trol occupancy at the two binding sites of wild-type enzyme and
a variant with a G-DNA site mutation. The DNA concentration
dependence of ATP hydrolysis and a fluorescence anisotropy
assay provided thermodynamic information about DNA bind-
ing. The results suggest that G-DNA binds with higher affinity
than T-DNA. Enzyme with only G-DNA bound is competent to
cleave DNA, indicating that T-DNA is dispensable for DNA
cleavage. The ATPase activity of enzyme bound solely to
G-DNA is partially stimulated. Full stimulation requires bind-
ing of T-DNA. Both DNA binding sites therefore signal to the
ATPase domains. The results support and extend current mech-
anistic models for topoisomerase II-catalyzed DNA transport
and provide a framework for future mechanistic dissection.

DNA topoisomerase II is a molecular machine that
resolves topological problems generated during DNA repli-
cation, transcription, recombination, chromosome segrega-
tion, and chromosome condensation (1). Topoisomerase II
has attracted attention not only for its importance during
cellular processes. It serves as a model system to mechanis-
tically dissect allosteric, intramolecular communication of a
complex molecular machine.

Biochemical and structural studies have suggested a
mechanism for the overall catalytic mechanism of topo-
isomerase II (Fig. 1) (2, 3). According to this model, the
enzyme binds to two different DNA segments. One segment,
termed the gate or G-DNA, binds to the cleavage/religation
domain (Fig. 1, step 1). The other DNA segment, termed the
transported or T-DNA, binds and is trapped inside the enzyme
when ATP binding induces a conformational change that
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clamps the ATPase domains around it (step 2). A transient dou-
ble strand break is created in the G-DNA by two active site
tyrosines that covalently attach to a 5’-phosphoryl group on
each DNA strand. This break in the G-segment widens and acts
as a gate through which the T-segment is transported (step 3), a
step that is coupled to hydrolysis of ATP (4, 5). The cleaved
G-DNA is religated, and the T-segment is released from the
enzyme (step 4).

The catalytic functions of molecular machines, such as topo-
isomerase II, require the coordination of conformational
changes. Such coordination can only be achieved if the regions
of the enzyme that carry out the individual reaction steps can
energetically communicate with one another. How these indi-
vidual steps modulate one another and how they are integrated
into the overall reaction mechanism is therefore central to
understanding molecular machines.

Several aspects of the intramolecular communication in
topoisomerase II have been established. For example, upon
binding of ATP, the two ATPase domains of the enzyme self-
associate (6 — 8) by exchanging an N-terminal “strap” motif that
wraps around the ATP binding pocket of the neighboring sub-
unit (9), demonstrating physical communication between the
ATPase domains. DNA cleavage is stimulated in the presence
of ATP, indicating that the ATPase and the DNA cleavage
domains allosterically interact (4, 10, 11). However, the physical
basis for the signaling between these domains is not known.

Although many aspects of the catalytic mechanism and
interdomain communication of topoisomerase II have been
established, fundamental questions about the intramolecular
signaling mediating the coordinated DNA transport of topo-
isomerase II remain unresolved. It has been suggested, for
example, that the enzyme must interact with the T-DNA before
DNA bound at the G-DNA site can be cleaved (19). However,
topoisomerase II with its ATPase gate “locked” was able to
cleave linear DNA (6). This result is consistent with a require-
ment of T-DNA binding for DNA cleavage only if the DNA can
thread into the enzyme to bind at both the T- and the G-DNA
binding site (26).

Similar uncertainty exists regarding the influence of the
DNA molecules on the other enzymatic activity, ATP hydroly-
sis. It is well established that the presence of DNA is sensed by
the ATPase domains, since the ATPase activity increases in
response to DNA binding (see, for example, Refs. 4, 12, and 13),
but it has remained controversial whether binding the G-DNA
at the DNA cleavage domains, the T-DNA between the ATPase
domains, or both DNAs activate the ATPase reaction. Two
lines of evidence suggest a role for the T-DNA in ATPase acti-
vation. First, mutation of a residue lining the putative T-DNA

Supplemental Material can be found at:
http://www.jbc.org/cgi/content/full/ 19200/DC1
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FIGURE 1. Proposed mechanism of topoisomerase Il catalyzed DNA trans-

port (2, 3). G, G-DNA; T, T-DNA; E, topoisomerase Il (ATPase domains are
colored light gray). Steps 1-4 are described in the Introduction.

site of the related enzyme Escherichia coli DNA gyrase abol-
ished the stimulation of ATP hydrolysis by DNA (14). Second,
DNA stimulated ATP hydrolysis by truncated topoisomerase II
lacking the G-DNA binding site (8, 15-17). Olland and Wang
(16) have proposed, however, that this stimulation occurs
because DNA assists in dimerizing the truncated subunits in a
manner that is not relevant to the normal reaction of the full-
length enzyme and that the G-DNA is instead responsible for
the DNA-dependent ATPase stimulation.

One of the basic challenges to dissecting communication
within topoisomerase II is the presence of two DNA binding
sites, which complicates interpretation of effects from DNA. To
dissect the effects of G-DNA and T-DNA binding on the
ATPase and DNA cleavage activity in intact, full-length topoi-
somerase 11, the occupancy of the sites needs to be controlled.
Plasmid DNA and long DNA duplexes can bind at one site or
bend to allow binding of a single DNA at both sites. To ensure
that a single DNA contacts only one binding site, we have used
short DNA duplexes. Binding of these duplexes was probed by
determining their effects on ATP hydrolysis and DNA cleavage
and by measuring the fluorescence anisotropy change of dye-
labeled duplexes. These experiments allow the DNA binding
sites to be distinguished and provide information about allo-
steric communication between the DNA binding sites and the
enzymatic activities of the enzyme. Most generally, the results
allow evaluation and expansion of current mechanistic models
of topoisomerase II-catalyzed DNA transport and provide a
foundation for future mechanistic investigations.

EXPERIMENTAL PROCEDURES

Enzyme Expression and Purification—Full-length Saccharo-
myces cerevisiae topoisomerase II fused to an intein and a chitin
binding domain affinity tag was expressed in the yeast strain
BCY123. Chitin affinity chromatography and intein cleavage
were performed essentially as described (18), followed by Hep-
arin FF (Amersham Biosciences) and MonoQ (Amersham Bio-
sciences) chromatography. See supplemental information for a
detailed protocol.

Oligodeoxynucleotides and DNA Duplexes—Supplemental
Table S1 summarizes the sequences of oligodeoxynucleoti-
des (Integrated DNA Technologies) employed in this study.
After annealing the corresponding top and bottom strands
(Oligoyotop  with  Oligo,obottom, Oligo,,top-ROX  with
Oligo,obottom, Oligo,, with itself, and Oligostop with
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Oligosgbottom), the following duplexes were formed: a 40-bp
duplex, a fluorescently labeled 40-bp duplex of the same
sequence, a 46-bp duplex, and a 68-bp duplex. The duplexes are
referred to throughout by their duplex length. The 68- and
40-bp-long DNA duplexes were derived from bp 63-130 and
87-126 in pBR322, respectively, and contain a known topo-
isomerase II cleavage site (19). The 46-bp duplex was selected
because it was efficiently cleaved by the enzyme (see supple-
mental information).

Before annealing, all oligodeoxynucleotides were purified by
denaturing PAGE except for the sequence Oligo,,top-ROX,
which was purchased high pressure liquid chromatography-
purified. As necessary, DNA duplexes were 5’-end-labeled with
[y-**P]ATP (MP Biomedicals) and T4-polynucleotide kinase
(New England Biolabs) according to the supplier’s instructions.
The 40-bp DNA duplex that carried the fluorescent dye 6-
carboxy-X-rhodamine (ROX),> the 46-bp duplex, and **P-la-
beled duplexes were further purified by nondenaturing PAGE.
The concentration of duplex DNA was determined by meas-
uring the absorption of the individual nucleotides after exhaus-
tive hydrolysis by Crotalus atrox phosphodiesterase I (Sigma)
and DNase I (Roche Applied Science) (20).

The concentration of DNA duplex necessary to half-maxi-
mally stimulate the ATPase activity at enzyme concentrations
low enough such that no or minimal sigmoidal shape of the
DNA stimulation curve is observed ([E] < 50 nu; see Fig. 2 and
supplemental Fig. S4) is referred to as K5s?'** herein. The value
of K3P'e* \as lower for the 68-bp duplex than the 46-bp and
40-bp duplex (K58 PP = 0.15 um, K36 PP = 2.7 um, and K39 P = 4
um with saturating ATP; Fig. 2, supplemental Fig. S4, and data
not shown). The low K34P'** of the 68-bp duplex allowed the use
of saturating concentrations of enzyme with respect to DNA in
the ATPase assay.

Enzyme Assays—Reaction buffer (50 mMm potassium Hepes,
pH7.5,150 mm KOAc, 0.1 mm EDTA, 20% sucrose, 0.25 mg/ml
BSA, 0.01% Tween 20, 5 mm 2-mercaptoethanol, and 10 mm
Mg(OAc), or Ca(OAc),) was employed throughout. This buffer
prevented aggregation of topoisomerase II at concentrations
less than 6 uMm as judged by the absence of light scattering at
wavelengths of >330 nm. Before each experiment, an aliquot of
topoisomerase II was thawed and buffer-exchanged into reac-
tion buffer minus BSA using an Amicon Ultra (Millipore) 100
kDa cut-off centrifugal filter at 4 °C. The enzyme was spun for
15 min in a microcentrifuge at 4 °C. The concentration of the
enzyme in the supernatant was determined using the calculated
molar extinction coefficient of 325,380 M ' cm ™ ! at 280 nm in
20 mM sodium phosphate (pH 6.5) and 6 M guanidinium hydro-
chloride (21). The active site titration using DNA duplexes
shown in Fig. 4 suggested that a fraction (~25%; see below) of
the enzyme does not cleave DNA. This result may reflect a
fraction of the enzyme that is inactive or an inaccurate calcu-
lated extinction coefficient. The enzyme concentrations
reported throughout are corrected for that fraction. All assays
were performed at 30 °C.

2The abbreviations used are: ROX, 6-carboxy-X-rhodamine; BSA, bovine
serum albumin; AMPPNP, 5'-adenylyl-3,y-imidodiphosphate.
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Steady State ATPase Assays—Steady state ATPase activity
was measured in reaction buffer containing 10 mm Mg>*
with a coupled ATPase assay essentially as described (22)
(see supplemental information for details). Steady state
ATPase kinetic parameters (Table 1) were obtained as fol-
lows. K%, F in the absence or presence of saturating 68-bp
DNA (>0.8 um for wild type and 5 uMm for the Y782F variant)
was measured by varying the ATP concentration and fitting
the curves to the expression k.. = k... X [ATP]/(K3'" +
[ATP]). Basal and DNA-stimulated k_,, values were obtained
from the DNA stimulation curves in Figs. 24 and 3 (see
description of the quantitative analysis below). The steady
state ATPase kinetic parameters of wild-type enzyme meas-
ured in our reaction buffer are within 2—3-fold of published
values (18). Side-by-side comparison showed that the differ-
ences relative to earlier measurements are primarily due to
the addition of sucrose in our assays, which helped prevent
enzyme aggregation (data not shown). Sucrose addition
reduced the basal ATPase activity 2—3-fold while having lit-
tle affect on the DNA-stimulated ATPase activity. The DNA-
stimulated ATPase activity of the Y782F mutant is higher
than reported, presumably because nonsaturating DNA con-
centrations have been employed previously (18).

DNA Cleavage Assay—Enzyme was mixed with trace
amounts of the *?P-labeled, 46-bp DNA duplex, varying
amounts of unlabeled duplex, and, as indicated, saturating
AMPPNP (0.5 mm). AMPPNP (Sigma) was purified before
use (23). Reactions were quenched after 10 min by the addi-
tion of NaOH (0.5 M final concentration). Control experi-
ments showed that doubling the incubation time or using an
acid quench instead (0.2 m HCI) gave identical levels of cleav-
age. An SDS quench (1%) resulted in slightly lower levels of
cleavage, suggesting that SDS is not a sufficiently rapid
quench. The reaction mixtures quenched with NaOH were
back-titrated to pH ~9 with 4 M Tris-HCl, pH 7, loading
buffer was added (50 volumes of 9 M urea, 20% sucrose, 5 mm
EDTA for reactions using 0.36 um enzyme and 500 volumes
for reactions using 3.2 uMm enzyme), and the mixture was
heated for 1 min at 90 °C. The radiolabeled cleavage prod-
ucts were separated from uncleaved oligonucleotides by
denaturing gel electrophoresis (7 M urea, 14% acrylamide)
and quantitated using PhosphorImager analysis (Molecular
Dynamics) with ImageQuant quantitation software. Cleav-
age was completely reversible upon dilution of the sample or
the addition of excess unlabeled DNA (data not shown).
These and additional kinetic experiments® demonstrate the
kinetic competence of the cleavage complexes.

Quantitative Analysis of ATPase and DNA Cleavage Data—
Steady state ATPase and DNA cleavage data were fit to
Schemes 1 and 2 using Matlab (The MathWorks). To this
end, systems of linear equations were constructed based on
the equilibria describing Schemes 1 and 2. The equations
were solved for the concentration of each species as a func-
tion of the equilibrium constants and the total DNA and
total enzyme concentrations. For each species, three possi-

3 F. Mueller-Planitz and D. Herschlag, unpublished results.
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ble solutions describing its equilibrium concentration were
obtained. The relevant solution for a given set of parameters
was selected by enforcing the following side conditions; the
solution was not allowed to have imaginary parts, be nega-
tive, or be greater than the maximum possible concentration
given by the total enzyme and DNA concentrations.

The expected ATPase activity for a given set of dissociation
constants and total DNA and enzyme concentrations was cal-
culated in the following way. Each of the four species in Scheme
1 was assigned a k_,, and K%,'* value (see below). The ATPase
activity of this species was calculated by multiplying its equilib-
rium concentration by the expression k_,, X [ATP]/(K3'" +
[ATP]). The individual ATPase activities of all four species were
summed and normalized by the total enzyme concentration.
The K, values for ATP of free enzyme and enzyme bound to
two DNASs (Ko pava) and Koy D, pra,) respectively) were
measured directly in independent experiments in the ab-
sence and presence of saturating DNA (Table 1). Similarly,
the k., values for free enzyme and EZNA! (K ot (no pnay and
Keat (Dna,, DNA,) are given by the ATPase activity in the
absence of DNA and the activity obtained at saturating DNA.
For Epyya, and Epya, koo and Kj'° values were assumed as
indicated. The ATPase data obtained at various enzyme con-
centrations were globally fit in Matlab using a nonlinear least
squares algorithm.

To fit the DNA cleavage data (Fig. 4, supplemental Fig. S6),
the equilibrium concentrations of E€ <'**Vd and ES <*2v*d were
first calculated for a given set of total enzyme and DNA con-
centrations and equilibrium constants defined in Scheme 2.
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TABLE 1
Steady state kinetic parameters for hydrolysis of ATP
Reactions were performed as described under “Experimental Procedures.”

Topoisomerase II construct DNA“ Keae Ky'r
st mm
Wild type - 0.23 1.0
Wild type + 7.2 0.2
Y782F — 0.28 1.0
Y782F + 5.6 0.25

“68-bp DNA duplex (see supplemental Table S1 for sequence).

The observed fraction of cleaved DNA was then related to the
model of Scheme 2 according to the following equation.

Fraction cleavage = ([EC"®ed] + [ES @) /[DNA) s (Eq. 1)

In addition to the equilibrium constants describing the scheme,
the fraction of enzyme not capable of cleaving DNA was
allowed to vary in the fits, since a fraction of the enzyme might
be inactive, or the calculated extinction coefficient used to
determine the enzyme concentration might be inaccurate. Best
fits were achieved with a fraction of the enzyme incapable of
cleaving DNA of ~0.25, and values above 0.5 did not fit the data
well based on a y* goodness of fit test and on visual inspection of
fits (Fig. 4, A and B, and data not shown). An upper limit of 0.5
for the enzyme concentration not capable of cleaving DNA was
used for the fits in Fig. 4C.

Fluorescence Anisotropy Measurements—Equilibrium fluo-
rescence anisotropy measurements were acquired using a
T-format FluoroLog-3 spectrofluorometer (HORIBA Jobin
Yvon) in a 45-ul microcuvette (Starna Cells). The excitation
wavelength (550 nm) and the S-emission channel wavelength
(602 nm) were selected with monochromators using 10-nm
band paths. In the T-emission channel, scattered light was sup-
pressed with a 590-nm long pass filter. Subnanomolar concen-
trations (see below) of ROX-labeled 40-bp DNA were mixed
with varying concentrations of enzyme and incubated for 3 min
before each measurement. Longer incubation times did not
alter the measured anisotropy values. The fluorescence inten-
sity of the ROX-labeled DNA measured under magic angle con-
ditions did not change upon binding of the DNA to enzyme.
The data were fit to the quadratic binding isotherm in Equation
2 using nonlinear regression analysis in Matlab.

[E] + [DNA{] + K5 — ([E] + [DNA{] + K,)* — 4[E{IDNA¢]
2[DNA] Ifree

Fobs = (Mbound — Firee

(Eq.2)

In Equation 2, 7, , 7o a0d 1y, g Pefer to the observed ani-
sotropy, the anisotropy of the DNA free in solution, and the
anisotropy of the DNA bound to enzyme, respectively. K, is the
affinity, and [E;] and [DNA.] are the total enzyme and DNA
concentrations used. Binding isotherms were obtained for wild
type and the Y782F mutant at 0.8 nm DNA (Fig. 5 and data not
shown). This DNA concentration is subsaturating for the wild-
type but not for the mutant enzyme. The equilibrium binding
experiment was therefore repeated with a lower DNA concen-
tration (0.16 nm) for the mutant enzyme (Fig. 5). The K, values
determined at the two DNA concentrations for the mutant
(0.31 and 0.14 nwm, respectively) are within about 2-fold of one
another. Possible interactions between the ROX fluorophore
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and the enzyme were controlled for by comparing the affinities
obtained from binding fluorophore-labeled DNA to the
enzyme and from a competition experiment between fluoro-
phore-labeled and varying concentrations of unlabeled DNA.
The observed affinity from the competition experiment was
corrected as described (24). K, values obtained from the two
methods were within 2-fold of one another, suggesting at most
a modest interaction of the fluorophore with the enzyme (data
not shown).

DNA binding was previously monitored using a filter binding
assay with 2 nm **P-labeled 46-bp DNA and varying enzyme
concentrations under low ionic strength conditions (18). How-
ever, the enzyme solubility is low under these low ionic strength
conditions (<40 nM in 25 mm Hepes-KOH, pH 7.5, 5 mm
MgCl,, 50 mm KCl, 6% glycerol, 5 mm 2-mercaptoethanol; data
not shown). Therefore, the reported K, values (11 nm for wild
type and Y782F mutant) probably represent upper limits. Our
own binding measurements using the fluorescence anisotropy
assay under these buffer conditions confirm that the dissocia-
tion constants for both enzymes are lower than previously
reported (<2 nm for wild-type and the Y782F mutant enzyme
with ROX-labeled 40-bp DNA; supplemental Fig. S7). These
values are limits, since the binding curves may represent stoi-
chiometric titrations of DNA with enzyme. The aggregation
propensity of the enzyme and limited signal prevented more
accurate data from being obtained or measuring binding with
lower concentrations of DNA under these low ionic strength
conditions.

RESULTS

The goal of the experiments described herein was to thermo-
dynamically distinguish the two DNA binding sites, to obtain
information on the communication of these sites with the
ATPase and DNA cleavage activities, and to provide a founda-
tion for future mechanistic dissection. An ability to selectively
occupy the G-DNA or the T-DNA binding sites on topoisomer-
ase II is essential to dissect the roles of the two DNAs in acti-
vating the enzymatic activities. To enrich only a single site, we
have used short DNA duplexes and employed ATP turnover,
DNA cleavage, and a fluorescence anisotropy-based DNA
binding assay as readouts for DNA binding.

DNA-stimulated A TPase Activity: Thermodynamic Informa-
tion about the Two DNA Binding Sites—The stimulation of
ATP hydrolysis by DNA provides valuable thermodynamic
information about DNA binding. For example, a sigmoidal
curve for DNA stimulation of the ATPase activity was observed
for E. coli DNA gyrase. This sigmoidal shape suggests that two
DNA duplexes are bound in the activated complex (27). The
DNA concentration dependence of ATP hydrolysis also con-
tains information about the affinities for the DNA binding sites,
as presented below.

We analyzed the effect of a 68-bp DNA duplex on the ATP
hydrolysis rate (see supplemental Table S1 for DNA
sequences). This duplex is long enough to bind with high affin-
ity to the enzyme (see below) but not long enough to contact
both DNA binding sites simultaneously (see below, and see Ref.
27). The high affinity allows the use of enzyme concentrations
that are above the affinities for both DNA binding sites, and
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FIGURE 2. Dependence of the observed ATP hydrolysis rate constant (v,/
[E]) on the concentration of the 68-bp DNA duplex at varying concentra-
tions of topoisomerase Il with saturating (A; 3 mm) or subsaturating (B;
60 pum) Mg?*-ATP. Enzyme concentrations were as follows: 13 nm (CJ), 65 nm
(O),325nm (<), and 650 nm (A) (A) and 65 nm (O) and 400 nm () (B). The lines
represent a global fit of the data to Scheme 1.

these conditions provide the highest signal for the analysis
below.

Rates of ATP hydrolysis as a function of DNA concentration
were obtained at a series of enzyme concentrations with satu-
rating and subsaturating concentrations of Mg>*-ATP (Fig. 2).
Plots of the ATP hydrolysis rate versus the DNA concentration
are sigmoidal, and the DNA concentration at which the inflec-
tion of the curves occur increased with increasing enzyme con-
centration. The sigmoidal shape of the data indicates that more
than one DNA is required to fully stimulate the Mg>*-ATPase
activity. The requirement for higher concentrations of DNA to
observe stimulation with higher concentrations of enzyme
present indicates that an enzyme-DNA complex accumulates
that gives no or only fractional stimulation and that the weaker
binding site is stimulatory. These conclusions are underscored
by the quantitative models described below and in the supple-
mental information.

We interpret the DNA dependence of the ATPase activity
with models that postulate the existence of two DNA binding
sites, consistent with biochemical data, mechanistic consider-
ations, and x-ray structures of topoisomerase II and related
enzymes (Scheme 1) (6, 14, 28, 29). In the simplest model that
accounts for the data of Fig. 2, binding of a single DNA to one
binding site, described by K7, leaves the ATPase activity unper-

AUGUST 18, 2006 +VOLUME 281-NUMBER 33

Interdomain Communication in Topoisomerase Il

TABLE 2

DNA affinity estimates

Affinity estimates were derived from the analysis shown in supplemental Fig. S3.
Equilibrium constants are defined in Scheme 1. The given range of values represents

conservative limits that include all values that can fit the data with at least 5%
probability according to a x> goodness of fit test.

Wild-type enzyme

Y782F enzyme;
68-bp duplex” 40-bp duplex®; 68—btp dlltl?lex“;
Saturating Subsaturating ~ saturating saturaling
[ATP]® [ATP* [ATP]? [ATP]
K} (nm) 6-70 <60 100-2000 <150
K2 (nm) =K}, =K} =K} =K}
Ky (M) =KG =K =K =K
K3 (nm) 50-240 40-550 1100-6000 550-6000

“See supplemental Table S1 for sequence.
£3 mm Mg?*-ATP.
€0.06 mm Mg?*-ATP.

turbed (Karpase no pna) = KaTpase (ona,y Scheme 1), whereas
binding of DNA to the site described by K> activates ATP
hydrolysis to the same level as with both DNA binding sites
occupied (Karpase (ona,) = KaTpase (DNa, DNA,)- Because the
DNA stimulation curves are sigmoidal (Fig. 2), the data require
preferential occupancy of the nonstimulatory binding site (K7)
relative to the stimulatory site (K% K% < K?2). Quantitative anal-
ysis of the data confirms the consistency of this model with the
data (Fig. 2, lines), whereas models in which the affinity of the
stimulatory site exceeds that of the nonstimulatory site do not
reproduce the sigmoidal shape of the stimulation curves (sup-
plemental Fig. S2 and data not shown).

The simple model presented above posits that DNA binding
to one of the two binding sites is necessary and sufficient for
maximal stimulation of ATP turnover. However, we considered
alternative models in which ATP hydrolysis is affected by DNA
bound at either site (kKxrpase dna,) = KaTpase (no pnay and
KaTpase (DNA,, DNAy — KaTPase (DNA,))- I all cases, ATPase stim-
ulation from a complex with two bound DNAs is required to fit
the data. Nevertheless, a range of possible contributions of each
binding site to ATPase stimulation is possible. Binding of DNA
to the higher affinity binding site alone could stimulate the
ATPase activity up to 10-fold. No limit for the stimulation pro-
vided by binding of only the lower affinity DNA can be deter-
mined by the available data, since successively weaker binding
of DNA to this site alone (K%) can be postulated and would give
successively higher upper limits for the ATPase activity of this
species (karpase (ona,) SUPPlemental Fig. S2). The analysis also
provides estimates for the DNA affinities in Scheme 1 (supple-
mental Fig. $3; K}, was defined to be of smaller or equal value as
K?Z in this analysis so that it always refers to the high affinity
DNA site). As summarized in Table 2, estimates or limits for
dissociation constants are obtained in some cases, and in others
the values are established relative to the other dissociation con-
stants. Inspection of Table 2 shows that binding of a second
DNA atsite 2 (K2) (i.e. DNA binding after DNA occupies site 1)
cannot be much stronger than binding of the first DNA. The
situation in which K" < K, is referred to as observed cooperat-
ivity herein.

To test if basic conclusions derived from the analysis using
the 68-bp DNA apply to shorter DNAs, we employed a 40-bp
duplex. A sigmoidally shaped DNA stimulation curve was also
observed for the shorter duplex (supplemental Fig. S4). Similar
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to the 68-bp duplex data, the upturn of the curves occurred at
higher DNA concentrations with higher enzyme concentra-
tions, and quantitative analysis yielded dissociation constants
and relationships analogous to those obtained with the 68-bp
duplex (supplemental Fig. S3 and Table 2).

In summary, these results revealed that there is no strong,
observed DNA binding cooperativity. Hence, it is possible to
enrich topoisomerase bound to a single DNA duplex, a prop-
erty that we exploit below to determine which binding sites
need to be occupied to allow DNA cleavage and to identify the
binding site with the higher affinity. Moreover, the analysis
described above indicated that the strongest binding DNA gives
no stimulation or only partial stimulation of the ATPase activ-
ity. We next describe experiments that allowed us to distinguish
between these alternatives.

DNA-stimulated ATPase Activity of a G-DNA Site Mutant:
Evidence for Communication between the ATPase Activity and
Both DNA Binding Sites—As noted above, the DNA stimulation
of the ATPase activity is consistent with models in which ATP
hydrolysis is not activated or partially activated upon DNA
binding to one of the two DNA binding sites (Fig. 2 and supple-
mental Fig. S2). Fortuitously, topoisomerase II with a mutation
in the G-DNA binding site has properties that allowed us to
differentiate between these alternatives, as described below.

Tyrosine 782 is the nucleophilic residue that attacks DNA
bound at the G-DNA binding site to give cleaved DNA and the
covalent enzyme-DNA complex. Its function unambiguously
identifies tyrosine 782 as within the G-DNA binding site. Muta-
tion of this residue to phenylalanine (Y782F) prevents DNA
cleavage (30) but has negligible effects on steady state ATP
hydrolysis in the absence or presence of saturating DNA con-
centrations (Table 1). As described below, the mutation
strongly alters the DNA affinities; the affinity of the higher
affinity site is increased >400-fold compared with the wild-
type, whereas binding of the other DNA occurs with a lower
affinity. The resulting increased span between the affinities of
the two DNA sites increased the ability to specifically enrich for
enzyme with only one DNA bound. Thus, the ATPase activity
of the complex between enzyme and only a single DNA can be
more accurately determined and compared with the ATPase
activities of free enzyme and enzyme saturated with DNA.

Stimulation of the ATPase activity of the Y782F enzyme is
biphasic (Fig. 3 and supplemental Fig. S5). The ATPase activity
of the enzyme increased 3—4-fold with DNA stoichiometric
with respect to enzyme (15 nwm in Fig. 3; 45 nM in supplemental
Fig. S5). DNA concentrations above 1 mol eq further stimulated
the ATPase activity 5—6-fold. The biphasic behavior of the
DNA stimulation curve suggests that the two DNA binding
sites are sequentially titrated and that each DNA that binds
increases the ATPase activity. The model implies that both sites
need to be occupied before ATP hydrolysis takes place at a
maximal rate and that both DNA binding sites are able to signal
their occupancy state to the ATPase domains. The lines in Fig.
3 and in supplemental Fig. S5 show a quantitative fit to this
model. Using the stimulation parameters obtained from this fit
and the estimated DNA affinities for the wild-type topoisomer-
ase II (Table 2), such biphasic behavior of the stimulation
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FIGURE 3. Dependence of the observed ATP hydrolysis rate constant (v,/
[E]) of Y782F topoisomerase Il (15 nm) on the concentration of the 68-bp
DNA duplex with saturating (3 mm) Mg?*-ATP. The line represents a fit of
the data to Scheme 1.

curves is not predicted and not observed for the wild-type
enzyme at any concentration (Fig. 2A4).

The model presented above, in which DNA bound at each
site provides partial stimulation provides the simplest explana-
tion of the data, and we further suggest that this model also
holds for the wild-type enzyme, although this cannot be directly
tested. More complex models cannot be ruled out. For example,
we have no information about the degree of stimulation when
solely the “second” DNA is bound (Epy, ), since we cannot
measure the occupancy of this site. It is possible that the
observed stimulation upon binding of one DNA arises from
occupancy of the “second” DNA binding site by a small fraction
of the DNA molecules. A large stimulation in this complex or
stronger binding of the “second” DNA in the absence of the first
DNA would be required for this model to hold, as described in
the supplemental information. For the analysis below, we adopt
the simple model of partial stimulation from DNA bound at
each site.

DNA Cleavage by Topoisomerase II in the Absence of Bound
T-segment DNA—The results above indicate that it is possible
to prepare enzyme with a single bound DNA. We used these
conditions to determine whether this lone bound DNA could
be cleaved by the enzyme or whether two DNAs must be bound
to allow DNA cleavage.

For the DNA cleavage experiments, we employed a 46-bp
DNA duplex with a sequence that provides a high extent of
cleavage to increase the experimental precision (see “Experi-
mental Procedures”). We added increasing amounts of a >*P-
labeled, 46-bp DNA duplex to reaction mixtures with a con-
stant concentration of enzyme. After allowing equilibration on
the enzyme, the reaction was quenched, and the fraction of the
cleaved DNA was quantified.

In the presence of the physiological divalent metal ion Mg**
under conditions used in the ATPase assay described above,
~0.5—1% of the 46-bp duplex was cleaved with enzyme saturat-
ing at a concentration exceeding the DNA concentration (data
not shown). Because these conditions favor binding of only one
DNA per enzyme (see above), this result suggests that T-DNA
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FIGURE 4.Equilibrium DNA cleavage mediated by topoisomerasellasa
function of the total concentration of a 46-bp DNA duplex (see sup-
plemental Table S1 for sequence). A, DNA titration of 360 nm topoi-
somerase Il in the presence of 10 mm Mg?* and 0.5 mm AMPPNP. Data
points are averages from triplicate measurements. The data are fit to a
model in which enzyme bound to a single DNA is competent to cleave
DNA (K_yq = 0; Scheme 2, solid line) and to a model in which T-DNA is
reqmred for DNA cleavage (K, 4 = 0; dashed line). As a side condition for the
fits, the absence of observed DNA binding cooperativity was assumed as
indicated from the analysis of the ATPase data (Table 2). Also, to demon-
strate consistency of the data with a higher affinity of the G-DNA site
relative to the T-DNA site, KS < K], was used as a side condition for the fit
shown by the solid line. B, DNA titrations of 360 nm topoisomerase Il in the
presence of 10 mm Ca?* ((J) or 10 mm Ca®* and 0.5 mm AMPPNP (O). Lines
are fits of the data to models in which K, is allowed to exceed 0 and KS <
K}, asin A. C DNA titration of 3200 nm top0|somerase Il'in the presence of
10 mm Mg?* and 0.5 mm AMPPNP. Data points are the averages of dupli-
cate measurements. The lines are fits of the data to Scheme 2 for ratios of

Ktivg 1o Kayg Of 1 (solid line), 5 (dashed line), 7.5 (dotted line), and 10 (dashed
and dotted line). The probability p(x?) that a particular model can fit the
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is not necessary for G-DNA cleavage. However, in the presence
of Mg?", only low levels of DNA cleavage can be detected (4,
31). A low signal prevents a thorough quantitative analysis, and
we therefore repeated the measurement under conditions that
allow higher levels of DNA cleavage.

The extent of DNA cleavage increases in the presence of ATP
or ATP analogs, such as AMPPNP (4, 10, 11). Likewise, Ca®" in
place of Mg>"* has been found to stimulate topoisomerase 1I-
mediated DNA cleavage (32) and has therefore been extensively
exploited to increase the signal in DNA cleavage assays (see, for
example, Refs. 4, 19, and 33). To enhance the signal to noise and
allow more precise quantitation, we measured DNA cleavage in
Mg>* with AMPPNP, in Ca®", and in Ca®>" with AMPPNP.
Under these conditions, DNA cleavage was also observed with
enzyme in large excess relative to the DNA substrate (>10°-
fold; Fig. 4, A and B), conditions that according to the analysis of
the ATPase data favor binding of only a single DNA per enzyme
(Table 2). Cleavage under conditions that allow binding of only
a single DNA is consistent with a model in which enzyme
bound to only G-DNA is competent to cleave DNA. Con-
versely, no DNA cleavage would be expected to take place
under those conditions if T-DNA binding were required for
G-DNA cleavage. Further, the observed fractional DNA cleav-
age did not change as the DNA concentration was varied over 3
orders of magnitude, provided that the DNA concentration
remained below that of the enzyme. The fraction of cleaved
duplex dropped only after the DNA concentration reached
approximately the enzyme concentration, as expected for a
titration in which DNA binds to the G-DNA site where cleavage
can occur until this site is fully titrated with DNA. As predicted
by this model, the amount of DNA required to decrease the
extent of cleavage in those titration curves increased linearly
with increasing enzyme concentration (Fig. 4 and data not
shown).

The presence of cleaved DNA with a >10?-fold excess of
enzyme over DNA in Mg>" and Ca®" and the absence of an
increase in DNA cleavage with increasing DNA concentrations
at DNA concentrations well below the estimated affinity of the
lower affinity site (Table 2) suggests that cleavage and religation
can proceed without a second bound DNA segment. The solid
lines in Fig. 4, A and C, and the lines in Fig. 4B demonstrate that
the data can be quantitatively fit by such a model, whereas a
model postulating a requirement for bound T-DNA before
G-DNA can be cleaved results in a poor fit to the data (Fig. 44,
dashed line). Further strong evidence against a requirement for
two bound DNA molecules comes from the observation that
=80% of the DNA duplexes were cleaved in Ca®" (Fig. 4B),
leaving at most 20% of the DNA that could, in principle, be
bound at the T-DNA site. Strong evidence against alternative
models is described in the supplemental information.

Human topoisomerase Il and E. coli topoisomerase IV
cleave DNA duplexes with DNA concentrations at least 20-fold

data was estimated based on a y?> goodness of fit test. Solid line, p(x?) = 0.69;
dashed line, p(x?) = 0.41; dotted line, p(x?) = 7 X 10~ %; dashed and dotted line,
p(x?) =7 % 10~ "2.K} in AMPPNP was assumed to be 4 umin the fits, the value
obtained from DNA-stimulated ATPase activity assays using the same DNA
duplex (see “Results”).
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below the enzyme concentration (34—36). Provided that the
relationships between the DNA affinities in those enzymes are
similar to the yeast enzyme (i.e. no strong observed cooperative
binding of DNA), these experimental observations suggest that
these type II topoisomerases are also able to cleave DNA in the
absence of a T-segment. Only for Drosophila topoisomerase 11
was cleavage not detected with substoichiometric DNA (19).
The Drosophila enzyme may possess properties that differ from
those of other type II topoisomerases in terms of the relative
affinities of the DNA binding sites or the communication
between the sites. In summary, these results provide strong
evidence that a single DNA bound at the G-site of yeast topoi-
somerase II can be cleaved.

The Relative Affinities of DNA for the G and T Binding
Sites—The ATPase assay provided thermodynamic informa-
tion about two DNA binding sites and suggested that one bind-
ing site can be enriched with DNA. The presence of DNA cleav-
age under conditions where only one DNA is bound can be
most simply explained if the DNA that is cleaved (G-DNA)
binds more strongly than the DNA that is transported (T-DNA;
KS < KZ; Scheme 2 and Fig. 4). Cleavage under those condi-
tions, however, does not rule out the possibility that the affinity
of the T-DNA site could be greater than that of the G-DNA site
(K% < K§). Exhaustive quantitative modeling indicated that the
DNA cleavage data can be fit by this alternative model but only
if binding of the T-segment to enzyme with DNA bound at the
G-DNA site decreases the cleavage equilibrium at the G-DNA
binding site (K{;,, = K, supplemental Fig. S6). A reduced
cleavage equilibrium in the presence of T-DNA is possible but
is mechanistically unexpected (25, 37).

The effect of the site-specific mutation in the G-DNA site
(Y782F) on binding of DNA to both binding sites provides addi-
tional information to distinguish between binding at the
G-DNA and T-DNA binding sites. The affinity of the highest
affinity binding site can be isolated using a DNA binding assay
in which the enzyme is kept in excess of DNA. We measured
equilibrium DNA binding with wild-type and mutant enzyme
under standard assay conditions using a fluorescence polariza-
tion anisotropy assay. Trace amounts of fluorescently labeled
DNA were allowed to bind to varying concentrations of topo-
isomerase II. Complex formation between DNA and enzyme
was monitored by the resulting increase in the fluorescence
anisotropy (Fig. 5). Compared with the wild-type enzyme, the
Y782F mutant bound DNA >400-fold more tightly. Although a
previous report suggested similar binding of DNA to wild-type
and Y782F topoisomerase II in a low ionic strength buffer (18),
it is likely that enzyme aggregation and tight binding prevented
accurate determination of these dissociation constants under
those conditions (see “Experimental Procedures” and supple-
mental Fig. S7).

An estimate of the DNA affinity for binding a second DNA
can be obtained from the DNA stimulation curves of the
ATPase activity, since the ATPase assay is most sensitive to the
fraction of enzyme bound to two DNAs. About 10-fold higher
DNA concentrations were necessary to half-maximally stimu-
late the ATPase activity of the Y782F mutant compared with
wild type under similar conditions (Figs. 2 and 3), suggesting
that binding of the second DNA occurs with ~10-fold weaker
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FIGURE 5. Equilibrium fluorescence anisotropy measurement of wild-
type and Y782F mutant topoisomerase Il to a fluorescently labeled
40-bp DNA duplex (see supplemental Table S1 for sequence). The indi-
cated concentrations of wild-type (O) and Y782F mutant ([J) enzyme were
used to titrate 0.8 and 0.16 nm DNA, respectively. Fitting the data to quadratic
binding isotherms (Equation 2; lines) gave apparent binding affinities for the
wild-type and mutant enzymes of K, yiiq type = 60 NMand K y7g5¢ = 0.14 N,
respectively. The apparent DNA affinity for the mutant enzyme is an upper
limit, because the DNA concentration employed in this experiment (0.16 nm)
is similar to the apparent affinity.

DNA affinity. Quantitative analysis of the ATPase data con-
firms this conclusion (Table 2, K2).

The simplest interpretation of these data is that the larger
(>400-fold) effect of the Y782F mutation on DNA binding to
the higher affinity site is derived from a local perturbation of
DNA binding rather than from an indirect effect. Correspond-
ingly, the smaller (10 —30-fold) effect on the weaker affinity site
would arise from an indirect, longer range effect of the muta-
tion. Although this assignment is not proven by the data herein,
it provides the simplest, self-consistent explanation for multi-
ple experimental results.

Does Binding of a T-segment DNA Affect DNA Cleavage at the
G-DNA Site?—The results described above strongly suggest
that DNA bound at the G-DNA site can be cleaved without
DNA bound at the T-DNA site. Here we ask whether occu-
pancy of the T-DNA site alters the cleavage equilibrium. The
weakened T-segment affinity in the mutant that has an amino
acid change in the G-DNA site (Y782F) compared with wild
type indicates that there can be communication between the
G-DNA site and the T-DNA site. Positive coupling between
T-DNA binding and G-DNA cleavage has been proposed. Crys-
tal structures of isolated ATPase domains reveal a cavity
between the dimerized subunits that is too small to comfortably
accommodate double-stranded DNA (see Ref. 38 and refer-
ences therein). For that reason, it has been suggested that clo-
sure of the ATPase domains around a T-segment leads to strain
in the ATPase domains that may promote DNA cleavage
(Kiyvg > Koygs Scheme 2) (37). In a report on DNA gyrase, it was
noted that excess DNA, presumably acting as a T-segment, had
a stimulatory effect on DNA cleavage (25).

If T-DNA binding enhances DNA cleavage, a higher fraction
of cleavage would be expected once all available G-DNA sites
have been titrated with DNA and additional DNA has bound to
the T-DNA site. We therefore repeated the DNA titration
experiment in Mg>"-AMPPNP shown in Fig. 4A with a 1-order
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of magnitude higher enzyme concentration (3.2 um; Fig. 4C), so
that DNA added in excess of the G-DNA sites would bind to the
T-DNA sites of the enzyme (K32P'** in the ATPase assay pro-
vides an estimate for the affinity of the second DNA; K3 P =
2.7 um and K39 P = 4 um with saturating and subsaturating
ATP concentrations, respectively (data not shown)). The
resulting titration curve shown in Fig. 4C has a shape indistin-
guishable from the one with lower enzyme concentration (0.36
uMm; Fig. 4A). Both titration curves can be fit by a model in which
the cleavage equilibrium is unaltered by T-DNA binding
(Kiyvg = Kayg solid lines). The data therefore provide no evi-
dence for an effect of T-DNA on DNA cleavage. Assuming that
the T-DNA affinity is not significantly weakened with AMP-
PNP instead of ATP present, a conservative upper limit of
10-fold stimulation of DNA cleavage by the T-DNA (with
bound AMPPNP) is established (Fig. 4C).

DISCUSSION

Type II topoisomerases and other molecular machines cou-
ple chemical energy to physical work. In the case of type II
topoisomerases, one DNA duplex is transported through a
transient break in another strand in a reaction that is coupled to
the expenditure of ATP (4). Although substantial biochemical
and structural information on the overall reaction cycle of
topoisomerase 1II is available (see Fig. 1 and Introduction) the
biochemical and structural basis for coupling ATP hydrolysis to
DNA transport is incompletely understood. A critical step in
unraveling the intramolecular communication responsible for
coupling is to physically or temporally isolate different reaction
complexes and intermediates to allow the behavior of each of
these species to be followed and dissected. Since topoisomerase
I contains at least two DNA binding sites, one for the DNA
undergoing transport (T-DNA site) and one for the DNA
through which this helix is transported (G-DNA site) (6, 14, 28,
29), it is imperative to distinguish the effects and behavior of
DNA bound at each of these sites.

The data herein indicate that it is possible to enrich enzyme
bound to a single DNA using short DNA duplexes that are long
enough to bind strongly but not long enough to simultaneously
contact both binding sites. The results strongly suggest that
DNA binds preferentially to the G-DNA site and that there is at
most limited cooperativity in the overall binding of the two
DNA:s.

The ability to enrich enzyme with DNA bound at the
G-site provided the opportunity to directly test if the pres-
ence of the T-segment is allosterically required for DNA
cleavage at the G-site. Cleavage and religation can proceed
without DNA bound at the T-DNA site (Fig. 4), providing
strong evidence against the model that T-DNA binding is
required before G-DNA cleavage takes place (19). Binding of
nucleotide (AMPPNP) to the ATPase domains stimulated
DNA cleavage in the absence of a T-segment (Fig. 4 and data
not shown). Thus, the ATPase domains are able to commu-
nicate with the G-DNA site and do so in the absence of DNA
occupying the T-DNA site. Nevertheless, the observed
change in binding affinity of DNA at the T-DNA site from a
point mutation in the G-DNA site (Y782F) indicates that
there is communication between these sites, and it remains
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possible that there is a modest amount of coupling between
T-DNA binding and DNA cleavage (see “Results”). The
>400-fold increase in the DNA affinity at the G-DNA site
from the mutation of the tyrosine residue that serves as the
nucleophile in DNA cleavage may reflect ground state desta-
bilization in the wild-type enzyme that is used to facilitate
DNA cleavage or formation of the conformational state
needed to accomplish overall DNA transport.

That the presence of DNA stimulates ATP turnover by
topoisomerase II has been known for decades (12), but the
molecular mechanism for this stimulation has remained elu-
sive. A dissection of this mechanism requires knowledge of
which DNA binding site communicates with the ATPase
reaction, and prior results have been interpreted in favor of
either the G- or the T-DNA binding site (see Introduction).
Based on results obtained with the Y782F mutant and wild-
type enzyme, we conclude that neither binding site alone is
sufficient for the full stimulation potential of DNA. Binding
of G-DNA partially activates ATP hydrolysis, and binding of
T-DNA at higher concentrations of DNA completes the acti-
vation. The presence of communication between both DNA
binding sites and the ATPase activity is presumably a manifes-
tation of the cooperative enzyme environment in topoisomer-
ase 11, a molecular machine that relies on intramolecular com-
munication to couple chemical and physical reaction steps.

Closure of the ATPase domains has been implicated as a
conformational change that precedes ATP hydrolysis, and the
x-ray crystal structures of ATPase fragments reveal contacts
between the ATPase domains of the two subunits in regions
that form the ATP binding site (2,7, 8,15—17). ATPase domains
created by truncation of topoisomerase II dimerized in the
presence of DNA, suggesting a role of DNA binding in facilitat-
ing domain closure (16). The stimulation of ATP hydrolysis by
binding of each DNA observed herein suggests that this domain
closure may be coupled to both the T-DNA and the G-DNA
binding.

This work not only provides insights into intramolecular
communication of a complex molecular machine but also
builds the foundation for in depth mechanistic dissections of
the working mechanism of topoisomerase II. Because DNA
cleavage can proceed without the presence of a T-DNA, simpli-
fied reaction conditions that only allow G-DNA to bind can be
used in future studies to isolate and mechanistically dissect
G-DNA binding and cleavage and to analyze the mechanism of
cross-talk between the DNA cleavage and ATPase domains.
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