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ABSTRACT: The type I DNA topoisomerase from vaccinia virus (vTopo) forms a reversible covalent
30-phosphotyrosyl linkage with a single strand of duplex DNA at the preferred sequence 50-(C/T)CCTT-
pVN-1N-2N-3-30. The enzyme-DNA covalent adduct is recombinogenic in cells, because the nicked strand
downstream of the cleavage site can dissociate and be replaced by another DNA strand, potentially resulting
in genome rearrangements if the enzyme executes strand ligation. Topo I could play an active role in strand
exchange, either by altering the kinetics or thermodynamics of DNA strand binding or by serving as a
proofreading gate to prevent ligation of incoming DNA strands containing mismatches. To address these
questions, we have measured the kinetic and thermodynamic parameters for strand annealing to a purified
vaccinia Topo I-DNA (vTopo-DNA) covalent complex containing a single-strand overhang and then
compared themwith the same overhang duplex in the absence of vTopo.We found that vTopo accelerates the
strand association rate by 2-fold but has no effect on the rate of strand dissociation. vTopo has a similar small
effect on the annealing parameters of a series of DNA strands containing single mismatches. In contrast,
single base mismatches at the-1,-2, or-3 positions decreased the forward rate and equilibrium constant for
reversible strand ligation by 10-fold. These data establish that while vTopo is a bystander during the annealing
step of strand exchange, the enzyme strongly discriminates against mismatches close to the cleavage site
during the subsequent events leading to strand ligation. A mechanism emerges where vTopo oscillates
between an open state where the downstream DNA segment does not interact with the enzyme and a closed
state where catalytically important contacts are formed with this region. This oscillation between an open and
closed state of the covalently bound enzyme is likely important for regulating the number of DNA
superhelical turns that are removed during the lifetime of the covalent complex with supercoiled substrates.

Type I DNA topoisomerases (Topo I) relieve supercoils
generated during replication and other DNA manipulations in
cells (1). The relaxation reaction is initiated by attack of an active
site tyrosine at a phosphodiester bond, resulting in formation of a
reversible covalent link between the enzyme and a single strand of
the DNA (Figure 1) (2). Downstream of the covalent link, the
nicked duplex is free to rotate, allowing the removal of multiple
supercoils from the DNA before the strand is religated (3, 4). The
generation of a reversible strand nick byTopo I ismechanistically
identical to that of the related tyrosine recombinases and is
correspondingly recombinogenic (5, 6). In both systems, the
DNA strand downstream of the nick can dissociate and be
replaced with another strand prior to ligation, resulting in DNA
rearrangements (Figure 1) (7, 8).

The recombinogenic potential of the Topo-DNA adduct has
relevance for chemotherapy and cancer. The lifetime of the
covalent DNA complex of human Topo I (hTopo)1 is increased
by the widely used chemotherapy drug camptothecin (CPT)

which intercalates at the site of the Topo I covalent attachment,
thereby sterically hindering strand ligation (9, 10). The drug-
stabilized complex results in DNA double strand breaks when a
replication fork encounters the adduct (11). The increased
persistence of the recombinogenic covalent complex in the
presence of CPT can alternatively result in DNA translocations
if DNA rearrangements occur prior to the encounter of a
replication fork (12, 13). These translocations have been linked
to CPT-induced secondary cancers (13-15).

The small type I Topo from vaccinia virus (vTopo) shares the
same reactionmechanism and conserved active site structurewith
the hTopo and has played an invaluable role in developing an
understanding of Topo I reaction chemistry and supercoil
release (3, 4, 16-20). A unique attribute of vTopo is its site-
specific DNA cleavage and ligation chemistry that only occurs at
DNA sites containing the pentapyrimidine sequence 50-(C/
T)CCTTpVN-1N-2N-3-30 (21). This high sequence selectivity
allows for the formation of site-specific covalent complexes and
facilitates mechanistic investigations that are difficult or impos-
sible with the largely nonspecific human enzyme. In addition,
vTopo resolves preformed Holliday junctions that contain the
consensus cleavage sequence and, when expressed in Escherichia
coli, promotes illegitimate recombination (5, 22, 23). Thus,
vTopo is an experimentally tractable enzyme that exhibits many
mechanistic aspects of the DNA recombination reactions
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catalyzed by both hTopo and the tyrosine recombinases and is an
excellent system to study Topo I-mediated DNA recombination
in vitro (2).

One essential step of site-specific DNA recombination is
strand exchange within the Topo I or recombinase-DNA
covalent complex, which is poorly characterized. In the absence
of an enzyme, a nicked DNA strand can be replaced with a free
homologous strand, but the rate of this approach-to-equilibrium
reaction will be limited by the slow dissociation of the bound
strand, as well as the slow association of the incoming strand,
which involves a time-consuming search for homology (24).
Given these intrinsic kinetic barriers, a plausible mechanism for
enzyme-mediated strand exchange can be envisioned where the
covalently bound enzyme forms duplex-destabilizing interactions
that facilitate strand dissociation. Subsequently, the enzyme
could reduce the time scale of the search for homology by
restricting the conformational freedom of the incoming strand
and by orienting the bases with respect to the complementary
target. Alternatively, Topo I could merely play a passive role in
strand replacement, where downstream strand dissociation and
annealing depend solely on the intrinsic kinetic properties of the
nicked DNA.

A related aspect of DNA strand exchange and ligation by
Topo I is the specificity of the overall process for perfectly
matched as opposed to mismatched incoming DNA strands.
Discrimination could occur at the strand annealing step or at
subsequent steps that lead to chemical ligation of the DNA
backbone. In the absence of Topo I, annealing of a mismatched
strand will be thermodynamically disfavored. However, if the
lifetime of the bound mismatched strand is significant compared
to the strand ligation rate, mismatched strands may become
covalently integrated. Thus, Topo I may enhance specificity
above and beyond the equilibrium discrimination provided by
Watson-Crick base pairing by directly sensing mismatches

during the annealing or chemical ligation step of strand exchange.
Such a mechanism is plausible because the two nucleotides just
downstream of the cleavage site are known to be critical for the
DNA cleavage reaction, and 13 downstreambase pairs arewithin
the footprint of the enzyme (25, 26).

In this study, we examine whether vTopo plays an active or
passive role in DNA strand exchange and also evaluate the
energetic contributions of the ground-state and transition-state
interactions of the enzyme that lead to discrimination against
mismatched incoming strands during ligation.

MATERIALS AND METHODS

Protein Purification. The cloning and purification of wild-
type vaccinia topoisomerase were performed as previously de-
scribed (19).
DNA Substrates. The sequences making up the 20/32FAM

and 24Bio/32FAM DNA duplexes as well as the downstream 12-
mer strands are as follows: 20, 50-AACATATCCGTGTCGC-
CCTT-30; 32FAM, 50-FAM-CACTATCGGAAAAAGGGCGA-
CACGGATATGTT-30 (FAM = 6-carboxyfluorescein linked
through the 50-phosphate); 24Bio, 50-AACATATCCGTGT-
CGCCCTTTTTC-30-BioTEG (the 30-BioTEG substitution is a
biotin connected to the DNA via an ∼20 atom polyethylene
glycol linker); downstream 12-mer strands, fully matched parent
sequence 50-TTTCCGATAGTG-30. Additional oligonucleotides
derived from this sequence are-1TC,-3TC,-6GA, and-9AG
which include a point mutation at the indicated position from the
50-end. 12DAB, OMe12DAB, OMe-6GADAB, and OMe-3TCDAB

were also derived from this sequence. “OMe” and “DAB”
indicate 50-O-methyl and 30-dabcyl-dT substitutions, respec-
tively.

50-OMe and 30-DAB doubly substituted oligonucleotides were
synthesized on an ABI 394 synthesizer with phosphoramidites
from Glen Research. Dabcyl solid support was obtained from
Biosearch Technologies. These oligonucleotides were purified on
an anion-exchange column and desalted with a C-18 reverse-
phase desalting column. The accuracy and purity of the synthesis
were confirmed with MALDI-TOF and 20% polyacrylamide,
7 M urea gel electrophoresis. The remainder of the oligonucleo-
tides were ordered from Integrated DNA Technologies (IDT).

The 20/32FAM and 24Bio/32FAM duplexes were prepared in
15 mM Tris-HCl, pH 8.0, and 20 mMNaCl by heating to 90 �C,
followed by slow cooling to 30 �C. The unlabeled 20-mer was in
10% excess over 32FAM, while 24Bio was in 50% excess over the
32FAM-labeled strand.
Purification of the Covalent Complex.We have developed

a robust method for easily purifying the vTopo-DNA covalent
complex fromnoncovalently bound enzyme and unreactedDNA
(Figure 2). vTopo (500 nM) and 500 nM 24Bio/32FAM duplex in
30mMNaCl, 20 mMTris-HCl, pH 8.0, and 1 mMdithiothreitol
(DTT) were incubated at room temperature (20 �C) for 30min. A
50 μL streptavidin-agarose (Novagen) slurry was rinsed with
reaction buffer and added to the protein-duplex reaction. The
mixture was rotated at room temperature for 30 min, heated at
37 �C for 10 min, and spun over a 0.22 μm filter to separate the
biotin-bound streptavidin-agarose beads from the covalent
complex (Figure 2). Attached to the beads and therefore purified
away from the covalent complex is the unreacted 24Bio/32FAM

duplex, any noncovalent protein-DNA complex, and the 4Bio

reaction product. The flow-through contains the FAM-labeled
purified covalent complex and any unreacted, unbound protein,

FIGURE 1: Reversible DNA cleavage and ligation by topoisomerase
IB and DNA strand exchange. The native strand (black) is cleaved
during the first transesterification reaction and can dissociate from
the Topo-DNA covalent complex. Another DNA strand with a
50-OH (red) can associate and attack theDNA-protein phosphotyr-
osyl bond, resulting in DNA rearrangements. The extent of binding
and ligation of strands to the covalent complex is determined by
the binding equilibrium (KD) and the reversible ligation equilibrium
(klig/kcl = KL).
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which is estimated at less than 25% of the covalent complex by
gel electrophoresis and is spectroscopically silent in the measure-
ments made herein. The covalent complex purity was esti-
mated at 90% based on 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) prerun and run at
10 W for 30 min. The FAM-labeled free DNA and covalent
complex were imaged on the gel using a Typhoon fluorescence
520 nm filter. The concentration of the purified complex was
estimated (usually 150-200 nM) by comparison to a FAM-
labeled DNA standard on the gel and in the fluorometer. Each
purification was stored at 4 �C and used within 5 days of
preparation to prevent hydrolyzed DNA from contaminating
the experiment.
EquilibriumBindingMeasurements. KDmeasurements for

DNA 12-mer strands were made by titrating 12DAB, OMe12DAB,
OMe-3TCDAB, or OMe-6GADAB into a solution containing 10-20
nM 20/32FAM overhang duplex or 10-30 nM Topo-20/32FAM

covalent complex (CC) (30 mMNaCl, 20 mMTris-HCl, pH 8.0,
1 mM DTT). The quenching of the FAM signal at each DAB-
labeled 12-mer strand addition was monitored at 25 �C on a
Fluoromax-3 fluorometer (excitation wavelength 495 nm, emis-
sion scan from 500 to 600 nm, excitation slit = 1 nm, emission
slit = 5 nm). Each addition was allowed to reach equilibrium,
which took up to 50 min at low strand concentrations, before an
emission scan was collected, and the fluorescence at the emission
peak wavelength of 518 nm was recorded. The fluorescence
quenching data were fitted to eq 1:

F ¼ Fo þ
ðFf -FoÞ b-

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 - 4½D�½S�

p� �

2½D� ð1Þ

where Fo and Ff are the initial and final fluorescence values, [D] is
the total free overhang duplex or enzyme-linked overhang
duplex, [S] is the oligonucleotide concentration, and b = [D] þ
[S] þ KD. A global fit of titrations to at least two duplex
concentrations was made for the 12DAB-DNA duplex and
OMe12DAB-CC measurements; the error reported is the error
in the global fit. The error reported for the OMe12DAB-DNA

duplex KD is the standard deviation of two independent mea-
surements. For binding of the mismatched strands to the over-
hang DNA duplex and covalent complex, the errors are the
deviations of the data from the nonlinear least-squares fit to eq 1.
DNA Strand Association Rate Constant Measurements

(kon). Increasing concentrations of 12-mer strands (12DAB,
OMe12DAB, or 50-OMe mismatched strands) were added to
10 nM 20/32FAM or 10 nM Topo-20/32FAM (CC) in the reaction
buffer noted above. The oligonucleotides were always in >10-
fold excess over the other binding partner to maintain pseudo-
first-order conditions. The quenching of the FAM signal was
monitored on an Applied Photophysics stopped flow with
excitation wavelength 495 nm and a >510 nm cutoff optical
emission filter. The association curve was fit to a single expo-
nential function (eq 2), where F is the fluorescence intensity, Fo is
the amplitude, and kobs is the observed rate of association.

F ¼ Fo expð-kobstÞþC ð2Þ
The observed rate constants were plotted as a function of 12-mer
strand concentration and fit to eq 3 to obtain the association rate
constant kon. In this experiment, the intercept is indistinguishable
from zero, requiring that koff be independently measured using a
different approach.

kobs ¼ kon½S� þ koff ð3Þ
The reported errors are standard deviations from the theoretical
best-fit curve obtained by nonlinear regression fitting. The NaCl
dependence of the kobs (eq 2) for OMe12DAB strand association to
the free 20/32FAM and covalent complex was studied using a
single concentration of 500 nM OMe12DAB and NaCl concentra-
tions in the range 30-400 mM.
DNA Strand Dissociation Rate Constant (koff).Dissocia-

tion rate constants were obtained under irreversible conditions by
rapidly trapping the free DNA overhang with a large excess of
an unlabeled 12-mer DNA strand in the reaction buffer noted
above. In these experiments, 200 nM 20/32FAM duplex or cova-
lent complex was prebound with 10% excess of the 12DAB or
OMe12DAB strand, using the buffer conditions noted above. For

FIGURE 2: Purification of the vTopo I-DNA covalent complex. (A) Purification scheme. The enzyme is added to the biotinylated DNA duplex
(dsDNA-bio), and following formation of the noncovalent complex (NCC-bio), the covalent complex is formed (CC) and the biotinylated single
strand (ssDNA-bio) dissociates from the covalent complex. The reaction mixture is incubated with streptavidin beads and filtered, resulting in
separation of the biotinylated products and the purified covalent complex. FAM label used in subsequent experiments is depicted with an open
circle. (B) SDS-PAGE gel of purification steps: lane 1, biotinylated DNA duplex (dsDNA) alone; lane 2, reaction mixture prior to
streptavidin-agarose purification; lane 3, purified covalent complex.



Article Biochemistry, Vol. 49, No. 13, 2010 2789

the fully matched 12DAB strands, an unlabeled 12-mer strand was
added in 20-fold excess to rapidly anneal to the free DNA
overhang exposed after 12DAB dissociation. FAM fluorescence
increases were monitored on short time scales (<1000 s) using a
stopped-flow device and on longer time scales using a standard
fluorometer (see above). For the mismatched 12-mer strands,
where it was not possible to obtain complete binding to the
overhang DNA because of their weak binding constants, a
12-mer trap complementary to the dissociatingmismatched strand
was used. As a control, both traps yielded identical rate constants
for dissociation of the fully matched strands (not shown). The
dissociation curves required fitting to a double exponential func-
tion (eq 4), where F0 is the initial fluorescence and A1 and A2 are
the amplitudes for the k1 and k2 observed rates, respectively.

F ¼ F0 -A1ðexpð-k1tÞÞþA2ðexpð-k2tÞÞ ð4Þ
The dissociation rate constants that we report correspond to a
kinetic phase that accounts for 90% of the total fluorescence
increase; the time dependence of this kinetic phase was found to
vary with each mismatch. The small remaining 10% amplitude
was invariant with each strand investigated, even as the rate
associated with the main amplitude changed 104-fold between
strands. This small amplitude phase has been previously observed
attributed to sample impurities (24). Although this kinetic phase
could in principle be included in a two-step model for strand
dissociation, the koff value obtained from the larger amplitude
phase entirely accounts for themeasuredKD using the relationship
KD = koff/kon. Thus, we only report the koff obtained from the
major kinetic phase. The reported errors in koff are standard
deviations of at least two or three measurements.
Strand Ligation Kinetics. Ligation experiments were per-

formed in the 30 mM NaCl reaction conditions above with
substrate concentrations set such that the incoming strand
association was faster than ligation chemistry. Ten micromolar
50-OH 12-mer, -1TC, -3TC, -6GA, or -9AG strands were
added to 40 nM covalent complex, and strand ligation was
monitored over time by following the disappearance of the
fluorescent covalent complex. The reaction was quenched at
various times with addition of an equal volume of 10% SDS,
and the covalent complex was resolved from free DNA using
electrophoresis through a 10% polyacrylamide gel containing
SDS. Because ligated DNA (32/32FAM) and hydrolyzed covalent
complex DNA (20/32FAM) run similarly on the gel, the product
bands were corrected by subtracting counts corresponding to
the fraction of hydrolyzed DNA at time zero. The fraction of
covalent complex over time was fit to a single exponential
function (eq 2) to obtain the observed rate constant for ligation,
klig,obs. The end points of the fully paired, -3TC, and -6GA
reactions were recorded and used along with the measured
dissociation constants of the corresponding OMe/DAB-substi-
tuted strands to calculate concentrations of the ligated DNA and
unreacted Topo-DNA covalent complex at the reaction equi-
librium (see Supporting Information). The equilibrium constant
of the ligation reaction, KL, the strand ligation rate, klig, and
duplex cleavage rates, kcl, were then calculated for these strands
using eqs 5 and 6:

KL ¼ ½ligated DNA�
½Topo-DNA� ¼

klig

kcl
ð5Þ

klig;obs ¼ kcl þ klig ð6Þ

RESULTS

General Approach. Topo I-mediated strand exchange can be
divided into two distinct steps (Figure 1): (1) a strand binding
step, which involves replacement of the nicked, base-pairedDNA
strand with a new incoming strand, and (2) a strand ligation step,
which results in covalent attachment of the new DNA strand at
the vTopo cleavage site (Figure 1). To evaluate the role of vTopo
in the strand binding step, we synthesized end-labeled DNA
constructs with molecular beacon reporters that allow direct
measurement of theDNA strand binding equilibria, as well as the
strand association and dissociation rates. Through a kinetic and
thermodynamic comparison of matched and mismatched strand
binding to free DNA overhangs and analogous overhangs in the
Topo-DNA covalent complex, the contribution of topoisome-
rase to the strand binding step was determined. In complemen-
tary experiments, the chemical step of DNA strand ligation was
investigated in single-turnover reactions using the purified Topo
IB-overhang DNA covalent complex and a series of matched
and mismatched incoming strands. These two approaches allow
for complete dissection of the kinetic and thermodynamic con-
tributions of the enzyme to strand binding and ligation with fully
matched and mismatched DNA strands.
Thermodynamics of DNA Strand Binding (KD). Strand

binding to DNA overhangs was measured by following the
decrease in fluorescence of a 50-fluorescein probe on the overhang
at increasing concentrations of a complementary 12-mer strand
that contained a 30-dabcyl quench (12DAB) (Figure 3). The
experiment was performed on the free overhang DNA
(Figure 3A) and the same DNA covalently attached to the
enzyme (Figure 3B). To prevent strand ligation in the case of

FIGURE 3: Determination of the equilibrium dissociation constants
for incoming 12DAB strand binding to a free 20/32FAM overhang
duplex. (A)Binding of the OH12DAB andOMe12DAB strands to the free
20/32FAM overhang duplex. (B) Binding of the OMe12DAB strand to
the 20/32FAMoverhangduplex covalently attached to vTopo. In both
panels, the dark and open ovals represent the 30-dabcyl molecular
quench and 50-fluorescein label, respectively.
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the Topo-DNAcovalent complex, the 50-OH nucleophile on the
incoming strand was blocked by 50-O-methyl group substitution
(OMe12DAB). Structural modeling suggests that such a substitu-
tion is accommodated in the active site, and this is confirmed by
theminor differences in the binding parameters for 50-OH and 50-
O-methyl strands (Supporting Information Figure S1, Table 1).
The strand binding measurements were made using low salt
concentrations (30 mM) and low free DNA or covalent complex
concentrations, so that a reversible equilibrium between the free
and bound DNA strand was achieved during the titration. The
incoming DNA strand with a 50-OH was found to bind to the
overhang of the free DNA duplex with a KD

OH,DNA = 3.8( 0.3
nM, which differs by only 2-fold from the analogous 50-O-methyl
strand binding to freeDNA (KD

OMe,DNA=9.2( 1.5 nM). In the
context of the covalent vTopo-overhang duplex, the incoming
50-O-methyl strand binds with a similar affinity to the free
overhang duplex (KD

OMe,CC = 4.6 ( 1.8 nM). These thermo-
dynamic measurements indicate that vTopo has only a 2-fold
effect on the equilibriumconstant for strand binding as compared
to free DNA.
Kinetics of Strand Association (kon) and Dissociation

(koff). The above thermodynamic measurements indicate that
vTopo enhances the strand binding equilibrium by about 2-fold.
However, this measurement alone cannot exclude the possibility
that vTopo facilitates strand exchange by increasing the dissocia-
tion and association rates to roughly equal extents. To address
this question, we measured the second-order rate constant for
strand annealing and the first-order rate constant for strand

dissociation in the context of the free overhang duplex and in the
covalent vTopo-DNA complex.

The second-order rate constants for strand annealing were
determined from the slopes of the concentration dependence of
the pseudo-first-order rate constants for OMe12DAB association to
the free overhang duplex and the covalent complex (Figure
4A-C). Although the data in Figure 2 are truncated at 0.5 μM
[OMe12DAB], plots of kobs against [

OMe12DAB] were linear over the
entire range 0.1-10 μMwith no downward curvature that would
indicate a change in rate-limiting step. From these data, associa-
tion constants of kon

OMe,DNA = (2.4 ( 0.1) � 104 M-1 s-1 and
kon

OMe,CC = (4.7 ( 0.15) � 104 M-1 s-1 were determined.
The strand association rate constants were found to be strongly
dependent on the concentration of sodium chloride (Figure 4D).
Increasing concentrations of NaCl from 30 to 400 mM led to a
20-fold increase in strand association rates to both the free DNA
and covalent complex. These findings are significant because, at
low salt, strand association is much slower than the chemical step
of strand ligation (see ligation studies below) (26), but at
physiological salt concentrations (∼150 mM), the strand associa-
tion rate is comparable to the rate of strand ligation.

The dissociation rate constants of the OMe12DAB strand from
the free overhang duplex and the covalent complex were deter-
mined in trapping experiments (Figure 5). Irreversible dissocia-
tion of the bound OMe12DAB strand was followed by blocking its
reassociation with a high concentration of an unlabeled 12-mer
trap strand that was complementary to the overhang or, alter-
natively, by using a trap stand that was complementary to the

Table 1: Thermodynamic and Kinetic Parameters of Matched and Mismatched Strand Binding to Free dsDNA and the Covalent Complex (CC)

KD (nM) koff (s
-1) kon (�104 M-1 s-1)

dsDNA CC dsDNA CC dsDNA CC

HOmatchedDAB 3.8 ( 0.3 (1.9 ( 0.2) � 10-4 6.3( 0.05 3.2 ( 0.3a

OMematchedDAB 9.2 ( 1.5 4.6 ( 1.8 (1.8 ( 0.2) � 10-4 (2 ( 0.6) � 10-4 2.4( 0.07 4.7 ( 0.14
OMe-3TCDAB 900 ( 100 1500 ( 154 0.063 ( 0.002 0.065 ( 0.013 4.1( 0.4 7.8 ( 0.2
OMe-6GADAB (2.4 ( 0.15) � 104 (1.5 ( 0.15) � 104 1.6 ( 0.01 1.9 ( 0.03 6.9( 1 11 ( 4

aThe on-rate of the 50-OH strandwasmeasured from the slope of a plot of kobs for strand ligation as a function of [
HOmatchedDAB] using 30mMNaCl where

the rate-limiting step is strand association.

FIGURE 4: Association rate constants for incoming 12-merDNA strands. (A) Time dependence of OMe12DAB binding to free 20/32FAM overhang
duplex (dsDNA, 10 nM) at 100-1000 nM [OMe12DAB] strand. (B) Time dependence of OMe12DAB strand binding to the covalent complex
overhang (CC, 10 nM) at 100-1000 nM [OMe12DAB] strand. (C) Concentration dependences of the observed strand association rates to the free
overhang DNA (dsDNA, 2) and the covalent complex (CC, 9). The lines are the best fits to eq 3. (D) Salt concentration dependences of the
observed strand association rates for the free overhang DNA and the covalent complex ([OMe12DAB] = 500 nM).
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departing strand. Both methods gave identical results.2 These
measurements showed that the strand dissociation rates in the
absence and presence of covalently bound protein were identical
within error: koff

OMe,DNA= (1.8( 0.2)� 10-4 s-1, koff
OMe,CC=

(2 ( 0.6) � 10-4 s-1. When the strand KD is calculated from the
ratio of the measured off- and on-rates (koff/kon), values within
20% of the measured KD are obtained. Thus the 2-fold tighter
binding affinity of the OMe12DAB strand for the covalent complex
as compared to the free overhang DNA is quantitatively
accounted for by the 2-fold increase in the strand association
rate constant in the presence of vTopo.

The agreement between the koff value directly measured in
trapping experiments and the value calculated from the equation
koff =KDkon provides strong validation that the on- and off-rate
measurements are following the same process as measured in the
thermodynamic experiments. This is significant because the
trapping experiment involves association of an incoming strand
in the presence of a bound strand, while the KD and kon
measurements involve simply association and dissociation of a
single strand to the overhang. The internal agreement between
the different measurements shows that the incoming strand does
not alter the off-rate of the departing strand through the
formation of a ternary complex.
Binding of Mismatched Downstream Strands. To deter-

mine if Topo I discriminates against mismatches during strand
binding, single base mismatches were introduced into the
OMe12DAB incoming strand at positions -3 and -6 from the

cleavage site. At position -3, a T f C substitution was made
resulting in a C/A mispair, and at position -6 a G f A
substitution was made resulting in a A/C mispair. These con-
structs were used inKD, kon, and koff measurements using the free
overhang DNA and the covalent complex. The mismatches
caused almost no change in the association rate to the free
DNA or the covalent complex as compared to a fully matched
strand, but mismatches increased koff by 2-3 orders of magni-
tude depending on the position and nature of the mismatch
(Figure 6). As observed with the fully matched incoming strand,
the presence of vTopo resulted in a modest 2-fold increase in the
association rate for each mismatch construct as compared to the
free overhang DNA but did not alter the dissociation rate
(Figure 6, Table 1).
DNA Strand Ligation. vTopo strand ligation and cleavage

are freely reversible processes with a ligation equilibrium con-
stant defined asKL= klig/kcl. Previous studies with fullymatched
substrates have found that in general the ligated state is favored
by a factor of ∼4-10 over the covalent Topo-DNA complex,
depending on conditions (27, 28) (Figure 1). To discover if vTopo
discriminates against mismatches at the chemical step of ligation,
we measured the KL, klig, and kcl for paired and mispaired
strands. For the fully matched sequence used in binding studies
above,3 the ligation equilibrium favored ligated DNA by 3-fold,
with the ligation and cleavage rates equal to klig = 0.12 s-1 and
kcl = 0.04 s-1, respectively (Table 2). When strand ligation was
evaluated with a series of single base mismatches at the -1, -2,
-3,-6, or-9 positions 30 to theDNAnick, significant decreases
in the amount of strand ligation for-1,-2, and-3 substitutions
were observed (Figure 7). Less than 20%of the covalently bound
DNA was ligated for the -1TC, -2TC, and -3TC mismatched
strands, compared with >75% reacted for the fully paired and
-6GA and -9AG mismatched strands.

The ligation equilibrium,KL, was calculated for paired,-3TC,
and -6GA strands using the measured strand binding equilib-
rium constant (KD) and the relative amounts of ligated and
unligated DNA from the experiment shown in Figure 7 (see
Supporting Information). This analysis showed that the -3TC
mismatch shifted KL toward the unligated state (KL

-3TC = 0.2),
due to a 10-fold decrease in the ligation rate and 2-fold increase in
the cleavage rate relative to the matched strand. In contrast, the
same calculation for the strand with the -6GA mismatch
indicated that the KL, klig, and kcl were restored to the values
observed for the fully matched strand (Figure 7, Table 1). These
data reveal important vTopo interactions with the downstream
strand that extend out to at least the-3 position, but not the-6
position (see Discussion).

DISCUSSION

In the past, vTopo catalysis has been studied predominantly in
the direction of DNA cleavage using suicide cleavage substrates
with short downstream strands that rapidly dissociate (18, 19) or
by approach-to-equilibrium cleavage measurements using longer
duplexes where the downstream strand remains annealed (17).
Consequently, a much better understanding of the vTopo-DNA
interactions has been achieved in the forward cleavage direction,

FIGURE 5: Dissociation of downstream oligonucleotide. (A) Experi-
mental scheme. The OMe12DAB strand is prebound to the covalent
complex or the free dsDNA (not shown). Following spontaneous
dissociation of the OMe12DAB strand, a fast association of an un-
labeled trap oligonucleotide prevents reannealing of the OMe12DAB

strand. (B) Superposition of dissociation profiles of the OMe12DAB

strand from the covalent complex (CC) and from the free (dsDNA).

2In addition to switching the trapping strand and confirming that
trapping was zero order with respect to [trap], it was important to show
that the trapping strand does not bind appreciably to vTopo and
competitively disrupt the interactions between the enzyme and the
bound duplex DNA. To exclude this possibility, we performed two
experiments. First, we used fluorescence anisotropy to confirm that
a FAM-labeled 12-mer strand binds very weakly to free vTopo
(KD

12-mer = 2.5 ( 0.5 μM) (Supporting Information Figure 1A).
Second, using the same experimental approach, we confirmed that the
catalytically inactive Y274F mutant enzyme binds noncovalently to the
32/32FAM duplex 25-fold more tightly than the 12-mer (KD = 100 ( 50
nM) (Supporting Information Figure 1B). Moreover, if competitive
binding were affecting the observed results, nonlinear plots of kobs
against 12-mer concentration would have been observed in Figure 4C,
which is not the case.

3ThematchedDNA sequences used in this study contain a T at the-1
position relative to the cleavage site. Previous work has shown that an A
at this position accelerates the cleavage and ligation rates by about 10-
fold relative to T but does not change the cleavage equilibrium
significantly. The nature of the base at this position has no effect on
interpretations in this work.
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as compared to the reverse process of strand annealing and
ligation. The present findings provide unique insights into the
interactions andmechanism of the reverse reaction and reflect on
DNA supercoil release and Topo I and recombinase-mediated
DNA recombination (5, 6, 22, 23, 29).

The most salient implication from this study is that vTopo
samples an open and closed state during strand exchange and
ligation (Scheme 1). The open state is defined as one where
enzyme interactions with the downstream DNA are weak; this
state need not involve a gross conformational rearrangement as
compared to the closed state. The evidence for an open state is the
small effect of the enzyme on the strand binding equilibrium and
kinetics as compared to the intrinsic parameters observed in the
absence of the enzyme (Figures 3-5). Thesemeasurements reveal
a mechanism of strand annealing where vTopo is largely a
bystander as the downstream strands dissociate and associate
solely directed by DNA base-pairing properties (Scheme 1).
More complicated mechanisms involving enzymatic destabiliza-
tion of the bound strand, a secondary DNA binding site for the
incoming DNA strand, or a significant reduction in the time
frame for the homology search between the strands are excluded
by these data. The modest but reproducible 2-fold increase in the
strand association rate could reflect a small contribution from
electrostatic guidance by positively charged residues that are
observed to neighbor the downstream duplex in the covalent
complex (30). The indicated weak interactions of vTopo with the
downstream DNA during strand annealing are also consistent

with a previous study where it was suggested that the interactions
with the downstream DNA region weakened after formation of
the covalent complex, thereby allowing DNA supercoils to be
released (see below) (17).

In contrast to the passive role of vTopo during strand
annealing, the data suggest that the enzyme interacts more
strongly with the downstream region during the subsequent step
of strand ligation and indicate that a transient closed state of the
enzyme-DNA complex forms immediately preceding ligation.
Such a transient intermediate is strongly suggested from the
differential effects of mismatches on the annealing and ligation
steps of strand exchange. All of the mismatches had similar
destabilizing effects on the strand annealing parameters to the
free DNA and vTopo-DNA overhangs (Figure 6, Table 1),
confirming the absence of enzyme involvement at this step.
In contrast, mismatches at the -1, -2, and -3 positions had
significant effects on the strand ligation kinetics and equilibrium
(Figure 7, Table 2), indicating the presence of an additional state
subsequent to annealing that allows the formation of important
interactions between the enzyme and substrate within three base
pairs of the cleavage site.

To further explore the effects of mismatches on strand liga-
tion, a kinetic dissection of the reversible ligation reaction was
carried out for the -3 and -6 mismatches (Table 2, Supporting
Information). This analysis showed that the -3 mismatch
decreased klig by 10-fold but slightly enhanced kcl. In contrast,
damaging effects on ligation were not observed for the -6
mismatch. Thus, in addition to destabilizing the annealed strand
in the open complex by about þ3.5 kcal/mol, the -3 mismatch
further destabilizes vTopo-DNA interactions within the tran-
sient closed state by an additional þ1.4 kcal/mol. Both effects
serve to increase the overall activation barrier for ligation under
conditions where strand binding is rate determining. An alter-
native explanation for the deleterious effect of the -3 mismatch
involving selective destabilization of the transition state for
ligation is not easily reconciledwith the data because the cleavage
rate was not decreased, and cleavage proceeds through the same
transition state as ligation. Although a detailed analysis was not
performed for the -1 or -2 mismatches, the similar effects of
thesemismatches on the observed ligation rate and extent suggest

FIGURE 6: Thermodynamics and kinetics of mismatched strand binding. The thermodynamics and kinetics of mismatched OMe-3TCDAB or
OMe-6GADAB downstream strand binding to the covalent complex (open) and free dsDNA (black) are compared to fully matched OMe12DAB

binding. (A) Downstream strand sequence used for substitution at the -3 or -6 position in these experiments. X is equal to OH for dsDNA
overhangs and vTopo for the CC overhangs. (B) Dissociation equilibrium constants for matched andmismatched strands. TheKD for the-3TC
covalent complex is calculated from koff/kon; all other values are obtained from equilibriummeasurements. (C) Association rates formatched and
mismatched strands. (D) Dissociation rates for matched and mismatched strands.

Table 2: Ligation Rates and Ligation Equilibria of Matched and Mis-

matched Strandsa

end point klig,obs (s
-1) KL klig (s

-1) kcl (s
-1)

matched 0.75( 0.02 0.16( 0.003 3.0 0.12 0.04

-1TC 0.20( 0.02 0.05( 0.01 ND ND ND

-2TC 0.20( 0.02 0.023( 0.01 ND ND ND

-3TC 0.16( 0.02 0.08( 0.01 0.22 0.015 0.07

-6GA 0.74( 0.02 0.22( 0.10 7.1 0.19 0.027

-9AG 0.75( 0.02 0.13( 0.02 ND ND ND

aPropagated relative errors in the calculated values ofKL, klig, and kcl for
the matched and-3TC strands are less than 30%; the errors for-6GA are
less than 60%. ND, not determined.
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a similar mechanism (Table 2). Thus, with respect to the
specificity of strand exchange, mismatches are disfavored at
two steps relative to a fully matched strand. First, regardless of
the position of the mismatch relative to the cleavage site,
mismatches will be destabilizing toward strand annealing and
will be disfavored in competition with a fully matched strand.
Second,mismatches locatedwithin three positions of the cleavage
site will destabilize the closed state, shifting the equilibrium away
from ligation of the mismatched strands.

These mechanistic features for mismatch discrimination for
vTopo appear to extend to the broader family of tyrosine
recombinases. For λ integrase, Cre recombinase, and Flp re-
combinase, mispairs within two nucleotides of the tyrosyl-DNA
linkage are prevented from ligation but not strand associa-
tion (31). In addition, for Flp recombinase, it has been shown
that mispairs within three nucleotides downstream of the clea-
vage site inhibited ligation, while the reverse cleavage reaction

proceeded uninhibited (32). Inspection of the noncovalent and
covalent complex structures of hTopo and variola Topo, as well
as the noncovalent Cre recombinase structure, reveals a con-
served ∼10 amino acid helix that is positioned appropriately to
provide these selective interactions (30, 33, 34). A recent structure
of the variola Topo in complex with DNA containing a covalent
vanadate transition state mimic (Figure 8) (35)4 shows that the
N-terminus of this helix approaches the downstream region of
the scissile DNA strand, where several hydrogen bonds are made
with the first few downstream nucleotides (Figure 8). Consistent
with the lack of effects of mismatches at the -6 position, no
further contacts are observed with this strand. The selective
effects of DNA mismatches at the -1 to -3 positions during
ligation, but not cleavage, may indicate a greater role for correct
base pairing in positioning the 50-OH for nucleophilic attack
during ligation. In contrast, correct base pairing may be less
important during the cleavage reaction because the DNA back-
bone is covalently intact.

A related question is whether tyrosine recombinases can
kinetically facilitate strand dissociation and annealing or, like
vTopo, rely on the intrinsic dynamics of DNA base pairing. A
conclusive answer to this question is not currently available, but
the rates of strand dissociation in Table 1 (∼2 � 10-4 s-1) for a
12-mer DNA strand measured at 25 �C) are not kinetically
competent to account for the maximal observed rates of strand
recombination at a LoxP site catalyzed by Cre recombinase at a
similar temperature (∼0.005-0.03 s-1) (29). However, the un-
certainty in the sequence dependence of the strand dissociation
rate, and the fact that the Cre recombination occurs through a
shorter 8 bp spacer, still allows for the distinct possibility that
intrinsic DNA strand unpairing dynamics may limit the overall
process.
Implications for Topo-Catalyzed Supercoil Release and

DNA Recombination. The open state, here characterized in
terms of strand replacement during strand exchange, may be the
same state populated during free rotation by the downstream

FIGURE 7: Matched andmismatchedDNAstrand ligation. (A) SDS-polyacrylamide gel electrophoresis of ligation products from0 to 120 swith
fully pairedand (B)-3TCmismatch incoming strand. (C)Plot of fraction covalent complex (CC) remaining asa functionof time in strand ligation
reactions using a perfectly matched incoming strand and strands containing mismatches in the -1, -2, -3, -6, and -9 positions.

FIGURE 8: Downstream strand binding by a poxvirus topoisome-
rase. (A) Overall structure of the variola poxvirus Topo in complex
with DNA containing a covalent vanadate transition state mimic
(PDB ID 3IGC) (35).4 The short helix (blue) that makes several
contacts with the cleaved downstream strand (red) is shown. In
addition, a loop (orange) from the N-terminal domain that hydro-
gen bonds with the complementary uncleaved strand is shown.
(B)Detailed viewof conserved helix (blue) which contacts the cleaved
strand (red) out to three nucleotides 30 to the cleavage site. At the base
of this interacting helix is the catalytic tyrosine, Y274, which is
coordinated along with 30- and 50-OH groups to the vanadate
transition state mimic (VO4). Hydrogen bonds are shown as black
dashes.

Scheme 1

4We thank Dr. Gregory D. Van Duyne for providing the crystal-
lographic coordinates for the variola topoisomerase in complex with
vanadate and DNA (PDB ID 3IGC) prior to their release.
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strand during supercoil release. Previous ensemble and single-
molecule studies of supercoil release by vTopo have indicated
that the enzyme removes∼5-14 superhelical turns each time the
DNA backbone is nicked (3, 4). This type of mechanism requires
that the enzyme transiently releases its grasp on the downstream
DNA region to allow rotation of the duplex around the
uncleaved strand (3). Thus, in the context of the open to closed
dynamic transition revealed here, the number of supercoils
removed is determined by the frequency of strand rotation
compared to the frequency of closing. The present data provide
no information on the opening and closing transition rates, but
closing must be competitive with duplex rotation (∼20 s-1) or
complete unwinding would occur at each nicking event, which
was not observed (3).

The vTopo I studies described here suggest a model for
camptothecin- (CPT-) induced recombination events (15). In
the covalent complex, where the dissociation rate of the nicked
strand is ∼104-fold slower than strand ligation, a drug such as
CPT that hinders strand ligation could extend the lifetime of the
covalent complex such that the probability of strand dissociation
is significantly increased.After strand dissociation, CPTmay also
depart because its bindingmode includesDNA intercalation (10),
and there could then be competitive annealing between the
departing strand and a new strand, which may contain mis-
matches. If the mismatched region is beyond three nucleotides
from the cleavage site, association of the new strand could lead to
ligation and illegitimate recombination (6, 36, 37). Although
the measured effects with a short 12-mer DNA strand may not
fully replicate the features of all types of recombination events,
especially those that occur during DNA replication, these
measurements do, for the first time, quantify the role of the
enzyme during the partial reaction of strand hybridization, which
is a requisite step in all recombination reactions.

SUPPORTING INFORMATION AVAILABLE

Data as described in the text. This material is available free of
charge via the Internet at http://pubs.acs.org.
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