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ABSTRACT: A key aspect of the reaction mechanism of type IB topoisomerases is the controlled
unwinding of DNA supercoils while the enzyme is transiently bound to one strand of the DNA duplex
via a phosphotyrosyl linkage. In this complex, the mobile segment of the bound DNA downstream from
the site of cleavage must rotate around the helical axis, requiring that interactions with the enzyme must
break and re-form multiple times during the course of removing supercoils. A crystal structure of variola
virus type IB topoisomerase (vTopo) bound to DNA shows several positively charged side chains that
interact with the downstream mobile and upstream rigid segments, suggesting that these groups may
play a role in catalysis, including the processive unwinding of supercoils. We have mutated three such residues, R67, K35, and
K271, to Ala and Glu and determined the energetic effects of these mutations at each point along the reaction coordinate of
vTopo. R67 interacts with a phosphate group in the rigid DNA segment across from the site of DNA strand cleavage. The ∼30-
fold damaging effects of the R67A and R67E mutations were primarily on the phosphoryl transfer step, with little effect on
enzyme−DNA binding, or the processivity of supercoil unwinding. Removal of the K35 interaction shows mutational effects
similar to those of R67, even though this residue interacts with the mobile segment 3 bp from the cleavage site. The two
mutations of K271, which interacts with the mobile region even further from the site of covalent linkage, show significant effects
not only on phosphoryl transfer but also on downstream DNA strand positioning. Moreover, supercoil unwinding measurements
indicate that the K271A and K271E mutations increase the average number of supercoils that are removed during the lifetime of
the covalent complex, enhancing the processivity of supercoil unwinding. These measurements support the proposal that the
processivity of supercoil unwinding can be regulated by electrostatic interactions between the enzyme and the mobile DNA
phosphate backbone.

Many essential transactions involving genomic DNA, such
as transcription and replication, result in the accumu-

lation of either negative or positive DNA supercoils that
represent high-energy topological forms of duplex DNA that
must be enzymatically removed to allow progression of
replication or transcription forks.1−3 In addition, a steady-
state level of negative supercoiling is a critical feature of
genomic DNA that drives local spontaneous unwinding of the
DNA strands to allow access of proteins. In higher eukaryotes
and mammals, the accumulation of these high-energy
topological states is regulated by type IB topoisomerases.1,3

These enzymes share a catalytic mechanism that involves the
attack of an active site tyrosine nucleophile at a single
phosphodiester linkage in duplex DNA to generate a reversible
nick in one DNA strand, forming a swivel point for removal of
positive or negative supercoils (Scheme 1).
The process of supercoil unwinding may be usefully viewed

as kinetic competition between strand ligation [kr (Scheme 1)],
which locks in the number of supercoils, and rotation of the
downstream segment (krot).

4−7 Thus, the number of supercoils
that may be removed during the lifetime of the covalent
complex is given by the krot (in cycles per second)/kr (s

−1)
ratio. The transient formation of a covalent attachment point
with the DNA provides a nicely engineered environment for
controlling the release of supercoils because the enzyme
remains in firm contact with the immobile region of the DNA

and can form tuned interactions with the mobile region
downstream of the nick to restrict the number of supercoils that
are removed during a cleavage event. Both bulk solution and
single-molecule experiments have established that type IB
topoisomerases remove multiple (∼5−14) supercoils during
the lifetime of the covalent complex.5,6 A key question is how
these enzymes regulate krot such that strand religation (kr) is
competitive with rotation. This is a significant question because
genomic DNA cannot exist with a steady-state negative
superhelical density if the rotation rate vastly outpaces the
ability of the enzyme to lock in DNA supercoils by ligating the
cleaved strand.
A very extensively studied type IB topoisomerase is that from

vaccinia or the closely related variola virus.4 This enzyme has
been a useful model for understanding mechanistic aspects of
type IB enzymes because of its favorable properties, including a
strong preference for site-specific cleavage at 5′-CCCTT↓X-3′
pentapyrimidine sequences in duplex DNA (Figure 1A).8,9 A
recent crystal structure of this enzyme in complex with DNA
containing a covalent vanadate transition-state mimic is of
special interest because it reveals enzyme side chains that may
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form functionally relevant interactions with the downstream
mobile region of the DNA after strand cleavage (Figure 1B,
PDB entry 3IGC).10 Two conserved charged residues, K35
from the amino-terminal domain and K271 from the C-
terminal domain, are observed to interact with phosphates of
the uncleaved strand 3 and 6 bp downstream from the cleavage
site, respectively (Figure 1A). A third charged group, R67,
interacts with a phosphate group of the uncleaved strand
directly across from the cleavage site. With respect to strand
rotation kinetics, R67 would be expected to have a functional
role distinct from that of the two downstream groups because it
is located within the rigid DNA region of the covalent adduct.
Here we examine the functional roles of K35, K271, and R67

at each discrete step of the topoisomerase reaction coordinate
using DNA oligonucleotides and a supercoiled plasmid
substrate. The functional outcomes of deletion and charge
reversal mutagenesis of these side chains indicate that K35 and
R67 are important for the chemical steps of cleavage and
religation, but not for DNA binding or controlling supercoil
unwinding. In contrast, deletion and charge reversal of K271
have a strong effect on DNA binding, cleavage, and the
downstream strand interactions important for regulating
supercoil unwinding. Accordingly, supercoil unwinding meas-
urements indicate that K271E removes significantly more
supercoils for each cleavage event than the wild-type enzyme.

■ MATERIALS AND METHODS

Enzymes. The wild-type variola topoisomerase was overex-
pressed in T7 Express cells that were transformed with the
pET21-Topo expression plasmid. The protein was purified
using phosphocellulose chromatography as previously de-
scribed.11 The mutants were created using the QuikChange II
Mutagenesis Kit from Stratagene (La Jolla, CA). The mutations
were confirmed on both strands by sequencing, and the
expressed proteins were purified in a manner similar to that
used for the wild type.

DNA Substrates. The sequences for the DNA oligonucleo-
tide substrates are shown in Figure 2, where Fam is 6-
carboxyfluoroescein, Dab is 3′-dabcyl-dT, and Bio is biotin
connected to the oligonucleotide with a 15-atom tetra-ethylene
glycol spacer. There were two forms of the 12mer used in the
assays. One contained a 5′-O-methyl group and a 3′-dabcyl-dT
modification (12OMe); the second 12mer had an identical
sequence but with no end modifications (12OH). The doubly
substituted 12mer and the Fam-labeled 32mer used in the
binding assay were synthesized on an ABI 394 synthesizer,
using nucleoside phosphoramidites purchased from Glen
Research (Sterling, VA). The oligonucleotides were purified
using an anion exchange column and desalted using C18
reverse phase chromatography. The purity of the oligonucleo-
tides was confirmed using electrophoresis through a 20%
polyacrylamide gel containing 7 M urea and MALDI-TOF

Scheme 1

Figure 1. Variola topoisomerase−DNA interactions (PDB entry 3IGC). (A) Schematic of interactions of K35, R67, and K271 with duplex DNA.
Dashed lines represent hydrogen bonds with the distances in angstroms. The vTopo DNA recognition sequence is underlined, and cleavage occurs at
the phosphate indicated by the arrow. (B) Global electrostatic map of vTopo complexed with DNA. Red and blue indicate negative and postive
electrostatic potential, respectively. DNA is shown as sticks (orange). (C) Same structure from panel B with the mutated residues shown as blue
spheres and the protein and DNA colored green and orange, respectively. (D) Interaction of Lys35 with the +3 phosphate on the uncleaved strand.
(E) Interaction of Ag67 with the −1 phosphate on the uncleaved strand. (F) Interaction of Lys271 with the +6 phosphate on the uncleaved strand.
Panels B−F were produced using PyMol.17
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analysis. The remaining oligonucleotides were ordered from
Integrated DNA Technologies (IDT).
The binding and cleavage duplexes were made by mixing the

complementary strands using a 10% excess of the non-
fluorescent strand. The duplex used to prepare the covalent
complex (24B/32F) had the 24Bio strand in 50% excess.12 The
binding and cleavage duplexes were prepared in buffer A [20
mM Tris-HCl (pH 8.0), 200 mM NaCl, and 1 mM
dithiothreitol (DTT)]; the covalent complex duplex was
made in buffer B [20 mM Tris (pH 8.0), 30 mM NaCl, and
1 mM DTT]. The duplexes were formed by mixing the
individual strands at the indicated concentrations, heating to 95
°C, and then slowly cooling to room temperature. The DNA
sequences used in this study contain a T at the −1 position
relative to the cleavage site. Although previous work has shown
that an A at this position accelerates cleavage by ∼10-fold
relative to T, this substitution does not change the cleavage
equilibrium and facilitates single-turnover kinetic measurements
by hand mixing.9,13 The nature of the base at the −1 position
has no bearing on the interpretations of this study.
Noncovalent Binding and Cleavage Equilibrium

Measurements. Equilibrium cleavage measurements were
taken by titrating 60 or 90 nM 32F/32 duplex with increasing
concentrations of enzyme (40−1000 nM) in buffer A. The
covalent complexes at equilibrium were trapped by the addition
of 4% SDS. Running the samples on a 10% SDS−PAGE gel
allowed us to separate the free duplex and covalent complex.
The fraction of the total fluorescence counts migrating as the
covalent complex at each enzyme concentration was
determined by dividing the counts in the covalent complex
by the sum of the counts in the covalent complex and free
duplex using Quantity One imaging software. By plotting the
fraction covalent complex as a function of enzyme concen-
tration, we can obtain the binding constant (Kd) and the
reversible cleavage−ligation equilibrium constant (Kcl) using
the following equation:

=
− −b b a

a
fraction covalent complex

4 [E] [S]

2 [S]

2 2

2 (1)

where a = 1 + 1/Kcl, b = ax + a[S] + Kd/Kcl, Kcl = kcl/kl, and
[E] and [S] are the enzyme and substrate concentrations,
respectively.11

Single-Turnover Cleavage Kinetics. Cleavage measure-
ments were made with a 26D/26F “suicide” substrate that
contains a sufficiently short strand downstream of the cleavage
site to ensure rapid dissociation from the covalent complex.14

The enzyme is in 20-fold excess over the substrate, so that the
observed kinetics are pseudo-first-order and independent of the
concentration of the enzyme or DNA. The reactions with 50
nM duplex and 1 μM vTopo in buffer A were conducted in a
Spex Fluoromax 3 fluorimeter, and the increase in Fam
fluorescence was followed at 515 nm with excitation at 495 nm
(excitation and emission slits of 3 nm). Raw fluorescence
measurements were normalized using the following equation:

=
−
−

F
F F
F Ft

t 0

f 0 (2)

where Ft is the fluorescence at time t, F0 is the initial
fluorescence, and Ff is the final fluorescence signal. It has been
previously shown that cleavage is the rate-limiting step for these
substrates; therefore, the fluorescence signal reports the rate of
cleavage and not strand dissociation. Plots of Ft versus time
were fit to a single-exponential equation to obtain kcl, the
cleavage rate.

Preparation of the Covalent Complex for Strand
Exchange Measurements. Recently, a method for creating
and purifying a vTopo covalent complex with overhang DNA
was described.12 By reacting the enzyme with the 24B/32F
duplex that has a Fam label on the uncleaved strand and is
biotinylated on the cleaved strand (Figure 2), we are able to
purify the covalent complex using a streptavidin−agarose slurry
in buffer B (see ref 12 for further details). This purification of
the covalent complex allows us to examine the effects of
mutations on the association and dissociation kinetics of DNA
strands to the downstream single-strand region of the covalent
complex.

Strand Dissociation. To examine the rate of dissociation of
the strand from the covalent complex, we took 30 nM covalent
complex (CC) derived from the reaction of each enzyme with
24B/32F and prebound it with 90 nM 12OMeDab, which
resulted in quenching of the Fam fluorescence of the overhang
strand. Reactions were initiated via addition of 3 μM unlabeled
chase (12OH), which serves to quickly and irreversibly trap the
free covalent complex after the 12OMeDab strand dissociates.
The fluorescence increase was plotted as a function of time, and
the dissociation rate (koff) was determined from a single-
exponential fit to the data.

Strand Association. Increasing concentrations of the
12OMeDab strand were added to 10 nM CC in buffer B to
obtain strand association rates. The incoming strand concen-
tration was at least 10-fold greater than the CC concentration
to maintain pseudo-first-order conditions. The Dab quenching
of the Fam signal was monitored using an Applied Photo-
physics stopped flow instrument, using an excitation wave-
length of 495 nm and a >510 nm cutoff optical emission filter.
The time-dependent decrease in fluorescence was fitted to a
single-exponential function to obtain kobs. The observed rate
constants were then plotted as a function of 12OMeDab
concentration and fit to eq 3, where kon is the strand association

Figure 2. Sequences of the DNA duplexes used in this study. The
conserved pentapyrimidine sequence is highlighted by the horizontal
line. For the 24B/34F duplex used for formation of the covalent
complex,12 the sequence colored red is the biotinylated portion that is
removed when applied to streptavidin beads. The 12mer sequence
overhang is complementary to the strand exchange 12mer.
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rate and koff is obtained from the strand dissociation
measurements.

= +k k k[S]obs on off (3)

Supercoil Relaxation Measurements. To study the
processivity of supercoil unwinding by the various constructs
(i.e., the number of supercoils unwound per cleavage event), we
reacted 40 nM negatively supercoiled pUC19 plasmid with 80
nM vTopo in a buffer consisting of 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, 1 mM DTT, 20 μg/mL bovine serum albumin
(BSA), 0.01% Brij-35, and 5 mM MgCl2. By using an [E]/
[DNA] ratio of 2, we statistically favor only one vTopo per
DNA molecule, and the DNA molecules that are bound by
vTopo react with zero-order kinetics.14 Reactions were initiated
by manually pipetting an equal volume of vTopo in reaction
buffer into a polymerase chain reaction strip tube containing
DNA, also in reaction buffer. The reactions were quenched at
appropriate times with 1% SDS (w/v), 10% glycerol, and 0.5%
bromophenol blue delivered from a second pipettor. Accurate
quench timing for times in the range of 1−15 s was achieved
through the use of a metronome. After the reactions had been
quenched, 15 μL of each sample was electrophoresed through a
25 cm horizontal 1% agarose gel in 1× TAE [40 mM Tris-
acetate (pH 8.5) and 2 mM EDTA] buffer containing 15 μg/
mL chloroquine at 80 V for 6 h. (The presence of chloroquine
enhances separation of individual topoisomers.) The gel was
destained with deionized water for 2 h to remove the
chloroquine, stained for 10 min with a 1 L solution containing
0.5 μg/mL ethidium bromide, and destained again with
deionized water for 30 min. Using a transilluminator, the
stained gels were preexposed to UV light for 30 min prior to
image analysis to ensure that strand breaks were introduced
into all of the DNA topoisomers, negating the possibility of
differential amounts of dye intercalation for individual top-
oisomers. Background-corrected ethidium bromide fluores-
cence intensities of supercoiled substrate, topoisomer inter-
mediates, and relaxed product were quantified using a Typhoon
imager.
Analysis of Supercoil Unwinding Data. The time-

dependent changes in the topoisomer distributions were
analyzed on the basis of a previous “topoisomer pooling”
approach that simplifies the kinetic analysis,6 with several
modifications as follows (see also the Supporting Information).
Although the chloroquine gels provide resolution of nine
topoisomers as well as a relaxed product, it is not necessary to
quantify the appearance and disappearance of each individual
topoisomer band to satisfactorily characterize the processivity
of the reaction. Instead, an easy to appreciate simplification may
be introduced if multiple supercoils are released for each
cleavage event. For example, if the starting substrate
distribution contains on average 9 ± 2 negative supercoils
and the enzyme removes five supercoils for each cleavage event,
then this population of four substrate topoisomers (S) will be
on average converted into a new distribution (“pool”) of less
negatively supercoiled intermediate topoisomers (I) that will
not significantly overlap with the substrate pool. Similarly, the I
pool will relax directly to product (P), without significant
interconversion within the I pool. Thus, a simplified kinetic
model may be used that accounts for the conversion of S→ I, S
→ P, and I → P. Such a minimal model may be experimentally
justified by conducting kinetic simulations of the relaxation data
to discover the minimal number of pools required (see the
Supporting Information). Data were quantified by determining

fluorescence counts in the S, I, and P pools at each time point
and expressing these counts as a fraction of the total counts (S
+ I + P) in each lane to account for loading differences between
lanes. In the final optimized model, the top four bands
constituted S, the next four bands constituted I, and the final
band at the bottom of the gel was P. In the results presented
below, we extend this approach by introducing two simple
parameters to characterize the processivity of the mutant
enzymes relative to that of the wild type.

■ RESULTS
Approach. In principle, a given mutation of vTopo could

affect many discrete ground states and transition states along
the reaction coordinate, making it important that different
measurements are performed to ascertain the function of a
given residue.11 We have previously developed methods and
partial substrates that allow measurement of discrete steps of
the vTopo reaction chemistry that include site-specific
noncovalent DNA binding (Kd),

15 the cleavage−religation
equilibrium (Kcl = kcl/kr), and the single-turnover cleavage rate
(kcl).

11,14 Recently, strand exchange kinetic measurements that
measure potential interactions of the enzyme with the
downstream DNA region that is mobile during supercoil
unwinding have been developed.12 These assays involve
measuring the rate of association and dissociation of the
downstream portion of the cleaved DNA strand, which can be
measured when the region of downstream base pairing includes
<10 bp. Finally, here we introduce a new method for evaluating
the effects of mutations on supercoil unwinding. We should
point out that because each of these measurements is, by
necessity, made using different types of substrates, it is not
possible to compare rates or equilibria between these classes of
substrates. However, the goal of this work is to compare the
effects of mutations on each of these individual substrates and
then develop a consistent picture of their roles at discrete steps
of the reaction.

Noncovalent DNA Binding and Equilibrium Cleavage.
The binding (Kd) and cleavage equilibrium constants (Kcl) of
the wild-type and mutant enzymes were measured using the
32F/32 duplex (Figure 2) and a gel shift assay that follows the
formation of the fluorescent covalent complex by resolving it
from the free DNA using gel electrophoresis under denaturing
conditions (10% SDS−PAGE) (Figure 3A,B). The Kd is
determined by the increasing amount of covalent complex
formed as the enzyme concentration is increased, while the Kcl
is calculated from the end point of the curve at saturating
enzyme levels (Figure 3C and eq 1). Within the error limits of
the measurements, the K35A, K35E, R67A, and K271A charge
neutralization and reversal mutations had little effect on Kd
(Table 1),a indicating that these mutations do not affect the
stability of the ground-state noncovalent complex prior to
cleavage. In contrast, we were unable to detect any covalent
complex with R67E and K271E using this assay, even
employing enzyme concentrations as high as 1 μM, which
indicates that these charge reversal mutations have caused a
defect in binding and/or cleavage. As shown below, because
both of these mutations also cause a large decrease in the
cleavage rate, this could largely explain the difficulty in
detecting the covalent complexes in these measurements. As
observed with binding, the K35A and K35E mutations had little
effect on the cleavage equilibrium (Kcl), but R67A and K271A
exhibited ∼8- and 3-fold decreases in Kcl showing that the
native R67 and K271 side chain interactions are used to
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stabilize the cleaved state over the uncleaved form of the
complex.
Single-Turnover Strand Cleavage Kinetics. To measure

the mutational effects on strand cleavage, a fluorescent
substrate was used [26D/26F (Figure 2)]. This substrate has
its cleaved strand labeled with a 3′-dabcyl fluorescence quench,
and its complementary nonscissile strand labeled with a 5′-Fam
fluorophore. When vTopo cleaves the scissile strand, a dabcyl-
labeled 6mer will rapidly dissociate to solution, increasing the
fluorescence of the 5′ Fam group on the uncleaved strand
(Figure 4A). For this assay to report solely on the cleavage rate,
strand dissociation must be rapid compared to cleavage, which
has been previously established for the substrates used here.11

Except for the R67 position, the charge reversal mutations each
showed a 2−3-fold greater damaging effect than the alanine
charge ablation mutations (Table 1). The total magnitudes of
the damaging effects for K35E and K271E mutations were in
the range of 10−20-fold (Table 1). Although the R67E charge
reversal showed one of the largest damaging effects on cleavage
(28-fold), it was distinct from the other charge reversals in that
its damaging effect on the cleavage rate was similar to the

simple charge ablation mutation (Table 1). This would suggest
that the negatively charged glutamate side chain does not
introduce an unfavorable charge repulsion with the phosphate
backbone at this position.

DNA Strand Dissociation and Association. During
supercoil unwinding, interactions between the enzyme and
the downstream region of the cleaved DNA must be broken
and re-formed for strand rotation to occur.10 An indirect
method of investigating the interactions of enzyme residues
with the downstream region of the DNA in the context of the
covalent complex (CC) is to measure mutational effects on
strand dissociation and association. In the strand dissociation
assay, the Fam-labeled CC is preannealed with the 5′-O-methyl
and 3′-dabcylated 12mer downstream strand (12OMe) to
prevent ligation from occurring. With an excess of unlabeled
12OH trap present, dissociation of the 12OMe strand is
irreversible, resulting in a single-exponential increase in
fluorescence that provides koff (Table 1). Despite having effects
on other steps of the reaction (see above), mutations K35A and
K35E had no effect on strand dissociation (not shown).
Neither did R67A, as would be expected because it is observed
to interact with the opposite strand upstream of the cleavage
position (Figure 1). In contrast, K271A and K271E show ∼3-
and 20-fold decreases, respectively, in the strand dissociation

Figure 3. DNA binding and cleavage equilibrium assay. (A) Equilibria
to be determined. (B) Representative SDS−PAGE gels for separation
of the covalent complex (CC) from the free and noncovalently bound
duplex DNA. Wild-type and K35E enzyme concentrations increase
from left to right. (C) Fraction covalent complex plotted as a function
of vTopo concentration with error bars (standard deviation of three
replicate measurements). Data were fit to eq 1.

Table 1. Thermodynamic and Kinetic Parameters for Wild-Type and Mutant Variants of vTopoa

construct Kd (nM) Kcl kcl (min
−1) koff (min−1) kon (×10

−2 M−1 min−1) τ0.18 (s) MEI MEP

WT 139 ± 55 0.25± 0.03 0.14± 0.01 0.104 ± 0.003 3.12 ± 0.04 3 1.00 1.00
K35A 132 ± 35 0.32± 0.03 0.05± 0.001 0.093 ± 0.013 2.11 ± 0.13 5 0.41± 0.33 1.07± 0.04
K35E 272 ± 88 0.16 ± 0.02 0.016 ± 0.004 0.142 ± 0.002 2.70 ± 0.20 10 1.34± 0.42 0.96± 0.05
R67A 148 ± 80 0.03± 0.01 0.005 ± 0.001 0.147 ± 0.013 2.75 ± 0.09 22 0.34± 0.81 1.08± 0.10
R67E ND ND 0.004 ± 0.001 ND ND 255 0.94± 0.43 1.01± 0.05
K271A 282 ± 118 0.09± 0.02 0.010 ± 0.0002 0.030 ± 0.015 3.44 ± 0.04 12 −1.04± 0.67 1.25± 0.08
K271E ND ND 0.006 ± 0.0004 0.006 ± 0.0003 2.41 ± 0.08 10 −2.23± 0.36 1.39± 0.04

aKd is the dissociation constant for noncovalent DNA binding (Scheme 1). Kcl = kcl/kr is the equilibrium constant for reversible strand cleavage
(Scheme 1). kcl is the rate constant for single-turnover irreversible strand cleavage. koff and kon are the rate constants for 12mer strand dissociation
and association, respectively (eq 3). τ0.18 is the time for 18% substrate reaction in the supercoil unwinding assay. MEI is the mutational effect on
processivity based on intermediate topoisomer accumulation (eq 5). MEP is the mutational effect on processivity based on product accumulation (eq
5).

Figure 4. DNA cleavage kinetic measurements. (A) Reaction to be
measured in which x represents dabcyl and ● represents fluorescein.
(B) Normalized fluorescence intensity as a function of time. The
curves were fit to a single-exponential equation. For the sake of clarity,
only one of every 10 data points is plotted.
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rate, consistent with the observed interaction of K271 with the
phosphate backbone (Figure 5B) but not consistent with the

most naiv̈e energetic expectation that removing a potentially
favorable charge interaction with the phosphate backbone
should increase the off rate (see Discussion).
The second-order rate constants for strand association were

obtained from the slopes of the concentration dependence of
the pseudo-first-order rate constants for association of a
12OMe with the Fam-labeled covalent complex (Figure 6).
For all of the mutants, these rates were within ∼70% of the
value for wild-type vTopo (Table 1). Because strand association
and dissociation likely occur through the same rate-limiting
transition state, the large effects of the K271 mutations on
strand dissociation most likely result from increasing the barrier

to dissociation by stabilizing a ground state (or states) that
precedes the dissociation transition state. In any event, these
measurements support the structural observation that K271
forms an important interaction with the downstream strand in
the covalent complex (Figure 1).

Supercoil Unwinding. A steady-state supercoil unwinding
assay can potentially measure every step between the encounter
of the enzyme with the plasmid DNA and product dissociation.
However, the kinetic steps of cleavage, ligation, and supercoil
unwinding may be examined in isolation by using excess
(single-turnover) enzyme conditions, where both [E] and [S]
are well above the Kd for binding to plasmid DNA (<4 nM).6

The average number of supercoils that are removed for each
cleavage event in the ensemble of plasmid molecules will be
determined not by the rate of cleavage but, instead, by
competition between the ligation rate (kr) and the rate of
supercoil unwinding (krot). If a mutation decreases (or
increases) the ratio krot/kr, fewer (or more) supercoils will be
removed per cleavage event as compared to the wild-type
enzyme (Figure 7). It is important to note that in this context,
cleavage merely serves as the rate-limiting gateway that allows
this kinetic competition to occur. Accordingly, although the
magnitude of kcl will determine the overall rate of supercoil
removal, a mutational change in kcl alone should have no effect
on the important ratio that determines the processivity of
supercoil removal. The analysis of supercoil unwinding that
follows uses the simplified S → I → P and S → P kinetic
pathways described in Materials and Methods.
We conceptualized two simple and independent empirical

measures to describe the processivity for supercoil unwinding
that we call processivity factors [Pf (eq 4)]. These measures
simply compare how much of the original substrate pool (S) is
converted into intermediate and/or product at a constant
fractional reaction (18 ± 2%). This approach takes advantage of
the general property that a processive enzyme will convert
more substrate to product (P) at a given fractional reaction and
a less processive enzyme will generate more intermediates (I).
This concept is expressed algebraically in eq 4, where So is the
initial substrate concentration and St is the remaining substrate
concentration time t after the start of the unwinding reaction.
The difference Nt − No (where N = I or P) is the change in the
intermediate pool (I) or the product (P) over the same time
period.

=
−
−

P
N N
S S

t

t
f

0

0 (4)

The mutational effect on processivity (MEN) is defined as
the ratio of the processivity factors for the mutant and wild-type
enzymes (eq 5), where N designates whether the Pf values for I
or P are being compared (see eq 4).

=
P

P
MEN f

mut

f
wt

(5)

Before applying the approach for assessing processivity
described above, we confirmed its validity using kinetic
simulations (Figure 7A). The time course for reaction of 80
nM wild-type vTopo with 40 nM pUC19 was fit using a kinetic
model employing a substrate pool (S) that is cleaved with a rate
constant kcl to generate a cleaved DNA intermediate (CC) that
can then partition into an intermediate pool (I) or product (P),
with rate constants kI and kP, respectively (see the legend of
Figure 7A,B). This simulation also included a step in which the

Figure 5. DNA strand dissociation kinetics. (A) Experimental scheme
in which x represents dabcyl and ● represents fluorescein. (B)
Normalized fluorescence intensity as a function of time (eq 2). For the
sake of clarity, only one in every 10 data points is plotted. Curves are
best fits to a single-exponential equation.

Figure 6. DNA strand association kinetics. (A) Experimental scheme
in which x represents the dabcyl quench and ● represents the
fluorescein dye. (B) Plots of kobs as a function of 12mer concentration
were fit by linear regression to obtain kon (eq 3).
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intermediate pool is converted to product with rate-limiting
cleavage (kcl). For wild-type vTopo, kcl = 0.3, kI = 5.0, and kP
=2.3. In the Supporting Information, we further show that the
ratio kI/kP is a measure of supercoil unwinding processivity that
provides information qualitatively similar to the simple
processivity factor (eq 4).
The measurement of Pf for the wild-type enzyme was made

at a fractional conversion of 18%, which corresponds to the
reaction time point of ∼1 s in Figure 7B. This fractional
conversion is optimal for the detection of changes in
intermediate and product pools required for reliable Pf and
MEN measurements (eqs 4 and 5). The Pf values for each
mutant enzyme were measured in triplicate at fractional
conversions of 18 ± 2% (Figure 7C), and the times to achieve
18% substrate conversion (τ0.18) for each mutant are listed in
Table 1. The processivity factors for most mutants were not
significantly different from the Pf (I) value of 0.11 and the Pf
(P) value of 1.07 measured for wild-type vTopo. However, the
values for K271A and K271E did differ significantly [Pf (I) =
−0.18, and Pf (P) = 1.32].
Calculation of the mutational effects on processivity (MEI

and MEP) indicated that K35A, K35E, R67A, and R67E do not
differ significantly from wild-type vTopo even though these
mutations had substantial effects on cleavage and the cleavage
equilibrium (Figure 7D,E). In contrast, both MEI and MEP

were significant for K271A and K271E, with both mutational
effects being consistent with an increase in the number of
supercoils removed per cleavage event (i.e., negative MEI

values, indicating that fewer intermediates accumulate, and
positive MEP values, indicating that more substrate goes
directly to product rather than passing through the
intermediate pool).

■ DISCUSSION

To function properly in a cell, type IB topoisomerases must
unwind supercoils in a controlled fashion. If this optimal
steady-state condition is not achieved, cellular DNA would
either exist in a completely relaxed state, or alternatively,
replicative or transcriptional processes would grind to a halt
because of the accumulation of excessive supercoils. Previous
ensemble and single-molecule kinetic measurements have
converged on a mechanism by which this optimal steady-state
condition is achieved: type IB topoisomerases unwind multiple
supercoils during the lifetime of the covalent complex (i.e., krot/
kr ≫ 1).5,6 This high processivity of supercoil unwinding is
balanced by a moderate cleavage rate that serves to limit the
time-averaged amount of covalent complex that is present (i.e.,
Kcl = kcl/kr ≪ 1). A key question for this mechanism is how
these enzymes regulate the number of supercoils that are
released during the lifetime of the covalent complex. One
reasonable proposal is that the enzyme contacts with the
downstream segment of the DNA dynamically break and re-
form to allow strand rotation and also to provide pausing

Figure 7. Supercoil unwinding measurements. (A) Kinetic model for
analysis of supercoil unwinding (see the Supporting Information) and
(B) the time course for supercoil unwinding by wild-type vTopo. The
fractions of S, I, and P at each time point were modeled using the
numerical integration program Dynaf it.16 The rates for S → CC, CC
→ I, CC → P, and I → P steps are kcl, kI, kP, and kcl, respectively. The
fitted kinetic parameters for the wild-type enzyme were as follows: kcl
= 0.3 s−1, kI = 5.0 s−1, and kP = 2.3 s−1 (see the Supporting Information
for an analysis of K271A). The kI/kP ratio of 2 is a measure of how
much of the covalent complex generated from rate-limiting cleavage of
S partitions to I as opposed to P. Thus, this ratio is a quantitative
measure of processivity of supercoil unwinding that is analogous to the
simple processivity factor (eq 4). (C) Representative chloroquine gel
analysis for supercoil unwinding by wild-type and mutant top-
oisomerases as indicated. In this system, negatively supercoiled
substrate topoisomers (S) migrate at the top of the gel and relaxed
products (P) at the bottom. Each reaction was terminated after 18 ±
2% of the substrate had been consumed (see the text). The left-most
lane contained the pUC19 substrate in the absence of topoisomerase.

Figure 7. continued

The bands corresponding to S, I, and P are shown by brackets
alongside the gel image (see Materials and Methods). (D) Mutational
effect on the processivity factor (Pf) based on the accumulation of
intermediates MEI (see the text). (E) Mutational effect on the
processivity factor (Pf) based on the appearance of product MEP (see
the text). The dashed line in panels D and E indicates no mutational
effect.
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events with sufficiently long durations to allow strand religation
to occur. We evaluate the observed properties of the six
mutations studied here in the context of such a model.
Lysine 35. K35 forms a 2.9 Å hydrogen bond with a

phosphate group on the uncleaved strand, 3 bp downstream
from the cleavage site (Figure 1). Despite its proximity to the
cleavage site, mutating this residue to either alanine or
glutamate has minimal effects on DNA binding or the cleavage
equilibrium constant. These two measurements alone allow us
to conclude that the differences in the free energy levels
between the ground-state noncovalent (ES) and covalent (E−
S) complexes for K35A and K35E are nearly the same as those
of wild-type vTopo (Scheme 1). Therefore, the 3- and 10-fold
decreases in the cleavage rate observed with K35A and K35E,
respectively, must arise from increases in the transition-state
free energy for cleavage and ligation, rather than ground-state
stabilization of either the ES or E−S complex. Thus, K35 is a
modestly important catalytic residue by virtue of its selective
stabilization of the transition state. The lack of involvement of
this group in DNA binding, or in stabilization of the covalent
E−S complex, once again indicates that the interactions
observed in the crystal structure of PDB entry 3IGC
approximate the transition-state conformation of the en-
zyme−DNA complex.10 Consistent with this interpretation,
removal of the K35 charged side chain has no effect on the rate
of DNA strand association or dissociation, both of which occur
from a state distinct from that of strand cleavage and ligation.12

The modest increase in the extent of strand association and
dissociation with the charge reversal mutant K35E is consistent
with a modest unfavorable electrostatic interaction of the
glutamate side chain with the phosphate backbone. This effect
may be attenuated by intervening water molecules or even
bound monovalent cations.
The effects of the K35 mutations on supercoil unwinding are

partially consistent with the effects on the individual steps
measured with the oligonucleotide substrates. A significant
result is that the time for 18% conversion is ∼2−3-fold longer
than for wild-type vTopo, which are damaging effects similar to
those observed on cleavage of the oligonucleotide substrate
(Table 1). This is not surprising, because cleavage has been
suggested to be the rate-limiting step for supercoil unwinding.11

It is more difficult to reconcile the negligible effects of the
K35A and K35E mutations on supercoil unwinding processivity
[MEI and MEP (Table 1)] because these mutations selectively
increase the energy of the cleavage−ligation transition state
(i.e., decrease kr), which would be expected to increase the ratio
krot/kr and lead to an increase in the number of supercoils
removed for each cleavage event. This discrepancy may in part
arise from the uncertainty in using fairly small changes in
kinetic and thermodynamic parameters obtained using
oligonucleotide substrates toward the understanding of super-
coil unwinding. Nevertheless, the negligible effects of these
mutations on supercoil unwinding are consistent with the
general view that this group interacts primarily in the transition-
state conformation, and relatively small compensating changes
in kr or krot may lead to the similar processivity factors observed
with K35A, K35E, and wild-type vTopo.
Arginine 67. R67 forms a charged 2.9 Å hydrogen bond

with a phosphate on the uncleaved strand 1 bp upstream from
the cleavage site (Figure 1). Unlike the other residues, the
location of R67 upstream relative to the cleavage site would
obviate any direct role for this group in modulating the
dynamics of strand rotation, although mutations at this site

could increase processivity by destabilizing the transition state
for strand ligation (i.e., decreasing kr). Although we found that
R67A and R67E had no effect on DNA binding or strand
exchange, both mutations had a significant ∼30-fold damaging
effect on oligonucleotide strand cleavage and correspondingly
large 7- and 85-fold damaging effects, respectively, on the time
constant for supercoiled substrate unwinding (Table 1). As
with K35A and K35E, these comparable mutational effects on
strand cleavage and the overall rate for supercoil unwinding are
consistent with the conclusion that supercoil unwinding is
limited by DNA cleavage. Despite the large decreases in the
cleavage rates observed with R67A and R67E, neither mutation
had a significant effect on the processivity of supercoil
unwinding. Within the context of the kinetic model for
supercoil unwinding, where processivity depends on krot/kr
rather than kcl, the negligible mutational effects of R67A and
R67E on processivity could suggest that the ligation rate
constant (kr) for these mutants may not be as damaged as kcl.
This possibility is supported by the observation that the R67A
mutation decreases the cleavage equilibrium rate by only 8-fold,
as compared to its 28-fold effect on the cleavage rate. Because
Kcl = kcl/kr, a 3-fold reduction in the mutational effect on Kcl as
compared to kcl would require that kr be only 3-fold slower than
the wild-type value. A similar or smaller damaging effect on kr
in the context of the supercoiled substrate could account for the
absence of a measurable effect of the R67A and R67E
mutations on the processivity factors.

Lysine 271. K271 forms a 3.2 Å charged hydrogen bond
with the phosphate backbone of the uncleaved strand 6 bp
downstream of the cleavage site and is a clear candidate residue
for modulating the dynamics of strand rotation (Figure 1). The
K271A charge ablation mutation has a small effect on the DNA
binding affinity, which may be increased in the K271E mutant,
because we were unable to measure Kd or Kcl for K271E (Table
1). Despite the large distance between K271 and the site of
covalent chemistry, both K271A and K271E have substantial
effects on the activation barrier for cleavage. For K271A and
K271E, kcl is diminished by 10- and 20-fold compared to that of
wild-type vTopo, respectively (Table 1). Because Kcl is
diminished by only ∼2-fold for K271A, we also infer a
significant 5-fold decrease in kr for this mutant based on its
effect on kcl and the relationship Kcl = kcl/kr. Such a decrease in
kr would serve to increase the processivity of unwinding,
consistent with the mutational effects on processivity (Figure
7D,E).
Interestingly, the K271 mutations were the only mutations

investigated here that had an effect on both strand dissociation
and processivity (Table 1). Our initial hypothesis was that
removing or reversing a charged interaction with the phosphate
backbone might accelerate strand dissociation because a
stabilizing interaction should increase the activation barrier
for dissociation.b However, the opposite effect is observed with
K271A and K271E. Such an outcome could arise if the binding
energy of K271 is used to destabilize the DNA strand, and
accordingly, the mutations eliminate this effect, resulting in a
slower strand off rate. Alternatively, K271 could facilitate the
exit of the bound strand by interacting with a partially
dissociated state, thereby pulling the system toward complete
dissociation. The absence of this interaction would therefore
result in abortive strand dissociation events and a slower
observed koff. Finally, the absence of a mutational effect on
strand association is most simply explained by a multistep
pathway for strand association and dissociation, in which the
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interaction with K271 is formed after the rate-limiting
transition state for strand association.c

The K271 mutants were the only ones to show a significant
change in MEI and MEP values. For both mutants, the MEI

value was negative, which means that compared to the wild
type, these mutants had a decreased level of accumulation of
topoisomers in the I pool. In addition, the MEP values for the
K271 mutants were greater than 1, which shows an increase in
the extent of product formation relative to that of the wild type.
These two values show that as the K271 mutants cleave
substrate, they release more supercoils such that topoisomers in
the S pool bypass the I pool and move directly to P. This
increase in the processivity of the enzyme arises regardless of
whether the charge at this position is ablated or reversed,
although K271E does show a greater increase in processivity
than K271A. It thus appears that this enzyme−DNA interaction
plays a role in controlling the number of supercoils released per
cleavage event by increasing the lifetime of the covalent
complex, but we cannot exclude the additional possibility that
the K271 mutants might also increase krot. In summary, the data
provide strong evidence of an interaction of K271 with the
phosphate backbone that regulates both processivity and strand
exchange.

■ CONCLUSIONS

The findings reported here reveal diverse roles for electrostatic
interactions between side chains of vTopo and the DNA
phosphate backbone and shed new light on the mechanism for
supercoil unwinding. First, mutations that have a large effect on
the cleavage rate do not necessarily lead to changes in the
processivity of supercoil relaxation. Such effects are consistent
with the “free” or “controlled” rotation model for supercoil
unwinding6,7 and affirm that cleavage merely serves as the
gateway to the covalent complex, whose lifetime and dynamic
behavior determine the number of supercoils that are removed
after each cleavage event. Second, interactions with the
downstream strands that are far from the site of chemistry
can have significant effects on the transition state for strand
cleavage and/or ligation, indicating long-range connectivity
effects in the reaction. Finally, the findings reveal how removal
of an electrostatic interaction with the downstream mobile
duplex region can increase the lifetime of the covalent complex
and result in enhanced processivity of supercoil unwinding.
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■ ADDITIONAL NOTES
aTwo previous studies have investigated some kinetic proper-
ties of the R67A and K271A mutations.18,19 These studies
extend these investigations to include DNA binding, cleavage
equilbrium, single-turnover kinetic measurements, and super-
coil processivity measurements.
bPrevious comparisons of 12mer strand association and
dissociation kinetics using identical vTopo−DNA complexes
as employed here revealed no effect of the enzyme on either
kinetic constant. We interpreted these results as being
indicative of a “passive” role of the enzyme in strand
positioning. Our mutational findings with K271 suggest that
select interactions of the enzyme with the downstream region
can have modest effects on strand dissociation. This requires
modification of the previous conclusion to include the finding
that the identical overall rates of strand dissociation for free
DNA and the wild-type enzyme complex occur by different
mechanisms.
cAlthough a multistep pathway for strand dissociation would
seem to violate the simple two-state approximation for strand
exchange (eq 3), such an empirical analysis still holds if the
intermediates prior to the rate-limiting step for dissociation are
in rapid equilibrium.
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