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ABSTRACT: The reversible nucleophilic substitution reaction catalyzed by the vaccinia virus type IB
topoisomerase has been investigated by measuring the equilibrium and rate effects of stereospecific sulfur
substitution at the two nonbridging oxygen atoms of the attacked phosphodiester group. An energetic
analysis of the combined effects of sulfur substitution and site-directed mutagenesis of active site residues
of the enzyme has identified enzyme interactions with each oxygen in the ground state and transition
state. We use these findings in combination with previous structural and 5′-bridging sulfur substitution
results to deduce the web of enzymatic interactions with the nonbridging oxygens as well as the 5′-
hydroxyl leaving group. A key finding is the central role of Arg130, which forms electrostatic interactions
with both nonbridging oxygens and the 5′-leaving group.

The type IB DNA topoisomerases (Topo)1 of eukaryotic
viruses and mammals catalyze a reversible phosphoryl
transfer reaction in which a tyrosine nucleophile of the
enzyme attacks a phosphodiester linkage of duplex DNA,
expelling the 5′-hydroxyl group of the nucleotide (Scheme
1). Thus, these unique enzymes can reversibly cleave (kc1)
and religate (kr) DNA through the formation of a labile
phosphotyrosine species that serves to store the energy of
the original 3′-5′ phosphodiester linkage in the duplex DNA
(2).

The simple covalent chemistry of this reaction is nature’s
elegant solution to altering the superhelical topology of DNA,
as the nicked DNA strand is free to rotate and remove excess
superhelical strain in the DNA that accumulates during DNA
replication, RNA transcription, and chromosome segregation
(3-5).

As with all enzymatic phosphoryl transfer reactions, the
reversible cleavage chemistry of the Topo I reaction involves
a finely tuned network of active site residues around the
phosphoryl group, as shown in the structural model in Figure
1A for the noncovalent Michaelis complex of the human

Topo with duplex DNA (PDB code 1EJ9) (6). In general,
the largest catalytic problems that must be overcome through
the use of enzyme interactions with the phosphoryl group
are to accommodate the negative charge development on the
nonbridging oxygens in an exploded pentacoordinate transi-
tion state and to facilitate departure of the high pKa

5′-hydroxyl leaving group using electrostatic or general acid
catalysis (1, 7-9). Although activation of the tyrosine and
5′-OH nucleophiles through general base catalysis may also
be involved, the energetic benefit from such a contribution
would be expected to be smaller than leaving group activation
by a general acid because model reactions of nucleophilic
substitution at phosphodiester linkages show a modest
dependence on nucleophile basicity (ânuc ∼ 0.2-0.3) and a
large dependence on the basicity of the leaving group (âlg

∼ -0.8) (10, 11). For the human enzyme, and all of the
related type IB family members, the constellation of residues
that appear to satisfy these catalytic roles is two arginines
and a histidine that lie within hydrogen-bonding distance of
the nonbridging phosphoryl oxygens and a conserved lysine
and arginine positioned near the 5′-OH leaving group (Figure
1A).

Although crystallography is a powerful method to identify
potentially catalytic phosphoryl-enzyme interactions, other
approaches are very informative and complementary. One
approach is to replace the 5′-bridging or nonbridging oxygens
with sulfur and then measure the effect of sulfur substitution
on a kinetic or binding parameter of the enzymatic reaction
(1, 12-18). Stereospecific substitution of a nonbridging
phosphoryl oxygen with sulfur is expected to weaken an
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enzyme interaction at that site, giving rise to an observed
“thio effect” (TE), which is defined asVox/VS for a velocity
effect andKa

ox/Ka
S for a binding effect. Enzymatic nonbridg-

ing thio effects (TENB) orders of magnitudegreaterthan unity
arise from the longer P-S bond or the lower electronegativity
and altered charge distribution of sulfur as compared to
oxygen, which may weaken hydrogen bonding to the sulfur
substituent (1, 19). In contrast, 5′-bridging thio effects (TEB)
can be orders of magnitudeless than unity because of the
beneficial kinetic effect of the sulfur leaving group, which
has a pKa value 5 units lower than that of the 5′-hydroxyl
group (17, 18).

Both bridging and nonbridging thio effects can be com-
bined with site-directed mutagenesis of the enzyme to deduce
whether a specific enzyme side chain directly or indirectly
interacts with the substituted position (13-15, 17, 18). For
instance, a mutated enzyme that lacks a side chain that
interacts with a nonbridging oxygen would be expected to
show a much smaller TENB than the wild-type enzyme
because the mutant lacks the interaction that initially gave
rise to enhanced binding of oxygen over sulfur.2 In contrast,
the activity of a mutant enzyme that lacks a general acid
group to protonate the 5′-leaving oxygen would be expected
to be rescued by the 5′-bridging sulfur because expulsion of
the low pKa sulfur does not require assistance from a general
acid.

One type IB topoisomerase that has been especially
amenable to mechanistic studies is the enzyme from vaccinia
virus (vTopo) (2). This enzyme is distinguished by its
unusually high specificity for cleavage at (C/T)CCTTVX sites
in DNA which has greatly facilitated investigation of its
catalytic properties. In particular, the dual effects of bridging
5′-sulfur substitution at the cleavage site and mutagenesis
of all of the key catalytic residues vTopo have been examined
(Figure 1B) (17, 18). This informative work revealed that
when two residues of vTopo were removed by mutagenesis,
Lys167 and Arg130, a large rescue by the 5′-sulfur was
observed. Interestingly, the largest effect was for the R130K
mutation (2600-fold), while the R130A and K167A muta-
tions showed 10-fold smaller rescue effects (Figure 1B) (17,
18). In contrast, a bridging sulfur had no effect on the DNA
cleavage reactions of the wild-type enzyme or the remaining
two active site deletion mutants, H265A and R223A. Taken
in their entirety, these data supported a mechanism in which
Lys167 and Arg130 were involved in protonating the leaving
group but did not distinguish which of these groups interacted
directly with the 5′-oxygen.3 Complementary nonbridging
thio effect measurements have been performed on the wild-
type enzyme and the H265A mutant, confirming that His265
does not serve to protonate the leaving group but instead
interacts directly with theproRp nonbridging oxygen in the
transition state for DNA cleavage (i.e., the H265A mutant
showed an 11-fold diminishedRp thio effect) (Figure 1B)
(13). Recently, a similar study was performed using methyl-
phosphonate substitution and mutagenesis of Arg223 to
elucidate the role of this group in the transition for cleavage
(20). Key unresolved questions are the transition-state
interactions of the remaining active site groups with the
nonbridging oxygens and the identity of the direct proton
donor to the 5′-oxygen.

In this study, for the first time we elucidate the complete
ground-stateand transition-state interactions of vTopo with
the nonbridging phosphoryl oxygens using nonbridging thio
effect measurements and mutagenesis approaches. The results
are used to construct an interaction map that reveals both
direct and indirect energetic couplings between active site
groups and the phosphoryl oxygens. The transition-state
model that is suggested by the data extends our understanding
of the catalytic phosphoryl interactions and is also consistent
with both crystallographic distance constraints and the
previous bridging thio effect measurements.

MATERIALS AND METHODS

Enzymes.Wild-type vaccinia topoisomerase was over-
expressed fromEscherichia colistrain BL21(DE3) trans-
formed with the T7-based expression plasmid pET21-topo
and purified to homogeneity using phosphocellulose chro-

2 Nonbridging thio effects for nonenzymatic nucleophilic substitution
at phosphodiester linkages fall in the range 4-11 (1), which suggests
a lower limit for the thio effect when enzyme interactions with the
nonbridging positions are completely removed by mutagenesis. Interest-
ingly, after mutation, some of the enzymatic thio effects reported here
are reduced to this range or even further (Table 2).

3 The crystal structure of hTopo shows that NH2 of Arg488
(equivalent to Arg130 of vTopo) is 2.97 Å from the 5′ bridging oxygen,
while the side chain amino group of Lys532 (equivalent to Lys167 of
vTopo) is 4 Å away from the bridging oxygen (see Figure 1A; PDB
code 1EJ9). Lys532 is even further away from the nonbridging oxygen
in another structure of hTopo (4.64 Å; PDB code 1A36).

FIGURE 1: Interactions of hTopo I (PDB code 1EJ9) with the scissile
phosphodiester and summary of previous nonbridging and bridging
thio effect measurements for vTopo. (A) A constellation of five
absolutely conserved residues is observed surrounding the scissile
linkage (numbering corresponds to vTopo sequence): Arg130,
Lys167, Arg223, His265, and the nucleophile, Tyr274. TheproRp
and proSp oxygens are indicated for reference. Key distances in
this precleavage complex are as follows: Arg130 NH2f 5′-O,
2.97 Å; Arg130 NH2f proRp O, 3.3 Å; Arg130 NH2f proSp O,
2.56 Å; Arg223 NH1f proRp O, 3.3 Å; Lys167 Nú f 5′-O, 4 Å;
His265 Nε2 f proRp O, 2.56 Å. (B) Summary of 5′-bridging and
nonbridging thio effects (TEB and TENB, respectively) (13, 17, 18).
See text for further details.
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matography as previously described (21). The Y274F mutant
was generated using the QuickChange double-stranded
mutagenesis kit obtained from Stratagene (La Jolla, CA).
The mutation was confirmed by DNA sequencing of both
strands of the construct, and the expressed protein was
purified in a fashion identical to that for the wild-type
enzyme. The mutant topoisomerases were expressed and
purified as previously described (13). The concentration of
all enzymes was determined by UV absorption measurements
at 280 nm (22). T4 polynucleotide kinase was from New
England BioLabs (Beverly, MA).

Oligonucleotide Substrates.The sequences of the phos-
phodiester and phosphorothioate substrates used in these
studies are shown in Figure 2. The phosphodiester oligo-

nucleotides were synthesized using standard phosphoramidite
chemistry on an ABI 394B synthesizer (Applied Biosystems)
at the 1.0 µmol scale. The 18-mer Ps oligonucleotides
containing the fluorescent base, 2-aminopurine (2-AP), were
synthesized using the commercially available 2-AP phos-
phoramidite reagent (Glen Research, Sterling, VA). A single
phosphorothioate modification in the 2-AP-containing oligo-
nucleotide was introduced at the CCCTTPs(2-AP) sequence
using S-Tetra reagent (Glen Research, Sterling, VA), and
the resultingRp andSp diasteromers were separated by RP-
HPLC on a C18 column (Hypersil, 4.6 mm× 25 cm) as
previously described (13). TheRp-Ps andSp-Ps oligonucleo-
tides used in this work were of>99% stereochemical purity
(13). Chemical purity and structural confirmation was
determined by analytical RP-HPLC analysis on a Hypersil
C18 column, electrophoresis using a denaturing 20 wt %
polyacrylamide gel, and MALDI-TOF. The concentrations
of the single-strand oligonucleotides were determined from
the pairwise extinction coefficients at 260 nm of the
individual nucleotides (23). The strands containing the
scissile bond were 5′-32P end-labeled using [γ-32P]ATP in
the presence of T4 polynucleotide kinase, purified on
Biospin-6 columns (Bio-Rad), and then hybridized to the
complementary strand supplied in a 2-fold excess. For
determining the site of cleavage for the Pd,Rp-Ps, andSp-Ps
18/24-mer substrates, the 18-mer strands containing the
scissile bond were 3′-32P end-labeled using [R-32P]ddATP
in the presence of terminal deoxynucleotidyl transferase and
then hybridized and purified as described above.

2-Aminopurine Fluorescence Assay for NoncoValent DNA
Binding.The noncovalent binding affinity of topoisomerase
for the Pd- and Ps-substituted 18/24-mer duplexes containing
the fluorescent reporter group 2-aminopurine (2-AP) 3′ to
the cleavage site (Figure 2) was determined by monitoring
the fluorescence intensity increase at 370 nm as the enzyme
binds (24). To prevent cleavage of the DNA, the Y274F
mutant topoisomerase was used in these measurements.
Measurements were made using a Spex Fluoromax-3 fluo-
rometer (ISA Instruments) with excitation at 315 or 320 nm,
excitation and emission slit widths of 4 nm, and an emission
scan range of 335-450 nm. These measurements were made
using a buffer consisting of 50 mM Tris (pH 7.5), 100 mM
NaCl, and 1 mM DTT and a DNA concentration of 50 nM.
The fluorescence data were fitted to the equation

whereF0 andFf are the initial and final fluorescence values,
respectively, andb ) 1/KA + [E]tot + [DNA] tot. The reported
association constants (KA) are the average of three replicate
measurements.

Single-TurnoVer CleaVage Kinetics.Cleavage experiments
were performed with the 18/24-mer “suicide” cleavage
substrates (see Figure 2) using single-turnover conditions.
In these experiments, the enzyme was always present in a
7-11-fold excess over the DNA so that the observed kinetics
were pseudo first order. Cleavage experiments were per-
formed using a 200µL reaction volume containing 1µM
enzyme and 90-150 nM 5′-32P-labeled 18/24-mer DNA in

FIGURE 2: Determination of noncovalent binding affinity of Y274F
topoisomerase for the normal and sulfur-substituted 18/24-mer
containing a 2-aminopurine fluorescent reporter group. (A) Enzyme
binding to the phosphodiester substrate (Pd) produces a 2.5-fold
increase in 2-aminopurine fluorescence. (B) Binding isotherms for
the Pd and theRp and Sp sulfur-containing substrates.KD values
were 28( 3 nM (Pd), 1.4( 0.4 nM (Rp), and 9( 3 nM (Sp). (C)
Representative titrations using the R130A mutant topoisomerase.
KD values were 80( 29 nM (Pd), 9( 4 nM (Rp), and 80( 20 nM
(Sp). In all panels the enzyme concentration was in the range 10-
300 nM.

F ) F0 -

[(F0 - Ff)/2[DNA] tot{b - sqrt(b2 - 4[E]tot[DNA] tot)}]
(1)
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a buffer consisting of 50 mM Tris (pH 7.5), 100 mM NaCl,
and 1 mM DTT. At various time intervals 12µL aliquots
from the reaction mixture were removed and quenched in
12 µL of 2× agarose gel loading buffer containing 2% SDS.
These samples were electrophoresed on a polyacrylamide
gel containing 10% SDS, and the fraction of covalent
complex formed at each time point was calculated and plotted
against time, and the initial rates (Vi) for each reaction were
calculated from the linear slopes. Cleavage experiments for
the reaction of WT/Pd/24-mer at 37°C were performed using
a Kin-Tek rapid chemical quench-flow apparatus as described
(22, 24). These reactions were quenched at times ranging
from 2.5 ms to 10 s using 10% SDS delivered from the
quench syringe. For the reactions of WT enzymes with
phosphorothioate substrates the reactions were initated and
quenched using a hand-held pipetman, and accurate quench-
ing times were achieved using an electronic metronome (24).
The concentrations of DNA and the enzyme used in these
experiments were 100 nM and 1µM, respectively. The
reported cleavage rates (kcl) and thio effects are the average
of three replicate determinations.

RESULTS

Mutational Effect Measurements.Although the substantial
catalytic defects arising from the R130A(K), K167A,
R223A(K), and H265A(Q) mutations have been previously
reported (summarized in ref2), the present measurements
are made using a higher NaCl concentration (100 mM),
requiring new measurements. The higher salt concentrations
in the buffer used here and in a previous study merely serve
to weaken DNA binding to the wild-type enzyme (and the

Y274F mutant), allowing measurements of DNA binding by
following the increase in fluorescence of a 2-aminopurine
probe (Figure 2) (24). Importantly, these new buffer condi-
tions have no effect on the maximal single-turnover cleavage
rate of the wild-type enzyme as compared to the standard
conditions with no added NaCl (24, 25). For binding affinity
measurements, the Y274F mutant is used as a surrogate for
the wild-type enzyme to avoid contributions from covalent
chemistry (Figure 2). Previous studies have established that
the specific DNA binding affinity of the Y274F mutant is
very similar to that of the wild-type enzyme (24).

Mutational Effects on Binding to the Pd 18/24-mer.There
have been no measurements to establish the roles of Arg130,
Lys167, and Arg223 in specific DNA binding. We have now
investigated these roles by measuring the binding affinities
of the R130A, R130K, K167A, R223A, R130A:K167A, and
R130K:K167A mutants to Pd and Ps containing DNA using
the 2-aminopurine fluorescence assay (see panels B and C
of Figure 2 for representative data). As reported in Table 1,
we find that the damaging mutational effects on DNA
binding (MEK, defined asKa

mut/Ka
wt) are modest (∼2-11-

fold). Thus, none of these essential residues plays a major
role in stabilizing the ground-state complex prior to cleavage,
suggesting that their role is to interact strongly with the
transition state.

Mutational Effects on CleaVage of the Pd 18/24-mer.
Measurement of the mutational effects on cleavage at 37°C
required a rapid kinetic investigation of the wild-type reaction
(Figure 3A). The maximal cleavage rate for the phospho-
diester substrate was 2.0( 0.1 s-1, which is 5-7 times faster
than previous reports (17, 20). Approximately 3-fold of this

Table 1: Mutational Effects on DNA Binding and Cleavagea

enzyme
Ka

b

(×10-9 M-1)
Vi

c

(nM/h)
MEK

(Ka
mut/ Ka

Y274F)
MEcl (×107)

(Vmut/Vwt)

Pd
WT (Y274F) 0.04( 0.004 (7.16( 0.47)× 105

R130A 0.25( 0.13 2.4( 0.3
R130K 0.75( 0.20 7.1( 1.1
K167A 0.50( 0.11 111( 18
R223A 0.25( 0.08 7.0( 0.6
H265A ND 0.8( 0.1d

R130A:K167A 0.8( 0.6 0.7( 0.1
R130K:K167A 0.2( 0.15 0.8( 0.1

Rp

WT (Y274F) 0.71( 0.20 1584( 155
R130A 0.15( 0.08 126( 14
R130K 0.35( 0.21 315( 36
K167A 0.09( 0.05 252( 35
R223A 0.14( 0.08 189( 26
H265A ND 13 ( 2d

R130A:K167A 0.15( 0.07 38( 7
R130K:K167A 0.1( 0.01 13( 13

Sp

WT (Y274F) 0.11( 0.04 (1.01( 0.06)× 104

R130A 0.09( 0.04 288( 20
R130K 1.54( 1.15 417( 39
K167A 0.09( 0.05 60( 7
R223A 0.09( 0.05 20( 3
H265A ND 0.6( 0.06d

R130A:K167A 0.2( 0.1 8( 0.8
R130K:K167A 0.6( 0.4 9( 1

a Binding and cleavage measurements were performed at 25 and 37°C, respectively [50 mM Tris (pH 7.5), 100 mM NaCl, and 1 mM DTT].
b Equilibrium association constants were measured using the Y274F mutant to calculate MEK. c For calculation of MEcl, cleavage rate constants
were measured using wild-type and mutant vTopo.d Previously reported (13).
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discrepancy may be attributed to the enhanced cleavage rate
for substrates containing a 2-aminopurine nucleotide in the
position immediately 3′ to the cleavage site (previous studies
had an A in this position) (24). The remaining∼2-fold
difference is likely attributed to the manual quench methods
previously employed, which precluded measurement of much
of the reaction time course. In contrast with the modest
effects on DNA binding, rate measurements of DNA
cleavage by each of the mutants revealed profound muta-
tional effects in the range 10-7 to 10-5 for the Pd 18/24-mer
[the mutational effect (MEcl) is defined asVmut/Vwt; see Table
1]. These findings are consistent with previous mutagenesis
studies of vTopo (summarized in ref1).

Thio Effects on 18/24-mer Binding.The effects of stereo-
specific sulfur substitution on ground-state DNA binding by
the Y274F, R130A, R130K, K167A, R223A single mutants
and the R130A:K167A and R130K:K167A double mutants
were also measured using the 2-aminopurine fluorescence
assay (Figure 2B,C and Table 2). Surprisingly, theRp sulfur
substitution resulted in 3-11-fold tighter binding (Ka

ox/Ka
S

< 1) for all of the enzymes tested. In contrast,Sp sulfur
substitution had a much smaller effect on binding for all of
the enzymes except for R130K, which showed 7-fold tighter
DNA binding for this enantiomer (Ka

ox/Ka
S ) 0.18). These

results are surprising in light of the expectation that non-
bridging sulfur substitution should weaken or have no effect
on DNA binding affinity in systems where chelation of a
divalent cation is not involved (26). However, there is
precedence for sulfur substitution leading to enhanced
ground-state DNA binding for several diverse protein-DNA
interactions such asEcoRI restriction enzyme and uracil
DNA glycosylase (14, 27). To our knowledge there are no
examples of enhanced transition-state binding upon substitu-
tion of a nonbridging oxygen with sulfur, likely due to the
more rigid geometric and electrostatic requirements in the
transition state. These broad findings suggest that the
localized negative charge on the sulfur atom, as opposed to
the delocalized negative charge on the nonbridging oxygens,
may in certain cases give rise to enhanced ground-state
electrostatic interactions with enzymes that interact with the
anionic backbone of DNA. Consistent with this interpretation,
we have previously observed thatKa

ox/Ka
S for Y274F

approaches unity when the binding measurements are
performed at high ionic strength (200 mM NaCl) where
electrostatic interactions are screened (13). A general conclu-
sion that emerges from the mutagenesis and thio effect
measurements on DNA binding is that nonspecific electro-
static interactions are substantial around theRp sulfur of the

FIGURE 3: Thio effects on DNA cleavage for wild-type vTopo at
37 °C. (A) Reaction of 1µM wt vTopo with 100 nM Pd 18/24-
mer using a rapid chemical quench-flow apparatus (kcl ) 2 ( 0.1
s-1). (B) Reaction of 100 nMRp 18/24-mer with 1µM vTopo (kcl
) 0.004( 0.0004 s-1). (C) Reaction of 100 nMSp 18/24-mer with
1 µM vTopo (kcl ) 0.03 ( 0.002 s-1). Curves are nonlinear
regression fits to the equation [P]t ) [P]∞(1 - e-kt), where [P]t is
the concentration of covalent complex at timet and [P]∞ is the
concentration at infinite time.

Table 2: Thio Effects on DNA Binding and Cleavagea

DNA
TEK

(Ka
ox/Ka

S)
TEcl

(Vox/VS)
TEcl

rel

(TEcl
wt/TEcl

mut)

WT
Rp 0.06( 0.02 450( 55
Sp 0.36( 0.14 70( 6

R130A
Rp 0.09( 0.06 9( 1 50 (31)b

Sp 1 ( 0.6 0.6( 0.1 117 (15)

R130K
Rp 0.12( 0.07 11( 2 42
Sp 0.18( 0.12 1( 0.2 70

K167A
Rp 0.33( 0.18 199( 34 2 (4)
Sp 2 ( 1 132( 22 0.5 (0.4)

R223A
Rp 0.1( 0.06 16( 1 28 (21)
Sp 1 ( 0.5 25( 3 3 (2)

H265Ad

Rp (30 ( 4) (11)
Sp (100( 12) (0.3)

R130A:K167A
Rp 0.3( 0.2 8( 2 56
Sp 1.5( 1.3 6( 1 12

R130K:K167A
Rp e3.3 30( 24 15
Sp e0.2 7( 1 10

a Binding and cleavage measurements were performed at 25 and 37
°C, respectively, using a buffer consisting of 50 mM Tris (pH 7.5),
100 mM NaCl, and 1 mM DTT.b Parenthetical values are for cleavage
measurements made at 25°C. c The temperature dependence of the thio
effect could reflect a strong enthalpic interaction of Arg130 with the
Sp oxygen that is absent with theSp sulfur. The TEcl

rel is large at both
temperatures; thus the conclusions are not dependent on this temperature
dependency.d Previously reported (13).
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scissile phosphodiester linkage and that the entire cluster of
positively charged groups contributes to these ground-state
effects (Arg130, Lys167, and Arg223). Accordingly, theRp

thio effects are largest for Y274F, which possesses all of
these groups, and are diminished to varying degrees for
nearly all of the other mutants.

Thio Effects on 18/24-mer CleaVage. The site-specific
cleavage kinetics of the vaccinia enzyme are usually studied
using single-turnover conditions with limiting DNA and
excess enzyme, and the progress is monitored by resolution
of the free 5′-32P DNA from the phosphotyrosine covalent
adduct using SDS-PAGE. The complete time course for
conversion of free labeled substrate to the covalently bound
form is followed, and the data are fitted to a single
exponential rate equation to obtain the pseudo-first-order rate
constant for cleavage (kcl). Such measurements for the wild-
type enzyme with the Pd,Rp, andSp substrates are shown in
panels A, B, and C of Figure 3, respectively (T ) 37 °C).
The thio effects calculated from these data are 450 and 70
for the Rp andSp substrates, which are slightly larger than
the previousRp andSp thio effect measurements of 340 and
30, measured at 25°C (see Figure 1) (13).

With severely handicapped mutants, such as those studied
here, it is impossible to follow the entire time course of the
reaction, and accordingly, initial rate measurements were
required. The SDS-PAGE analyses of the initial rate time
courses for the phosphodiester and phosphorothioate DNA
cleavage reactions catalyzed by the R130A and K167A
mutants are shown in panels A and B of Figure 4,
respectively. From simple visual inspection of these data, it
is readily apparent that the K167A mutant has a large and
nearly equal TENB for both theRp andSp substrates and that
the TENB for R130A is much smaller and stereospecific (the
ratio of the TENB for R130A isRp/Sp ) 9; see Table 2). The
initial rate data for these and the other reactions were fitted
by linear regression to obtainVox andVS (Figure 5 and Table
2). One exception was the more rapid reaction of K167A,
which allowed fitting to a first-order rate equation (Figure
5B).

Because these mutations and thio substitutions result in
severe rate defects, it was essential to perform a control

experiment to establish that all of the mutant enzymes
cleaved each DNA substrate at the normal site of cleavage
(i.e., CCCTTVX). This was ascertained by 3′-end labeling
the scissile strand with 3′-[R-32P]ddATP and then resolving
the expected 7-mer product of the cleavage reaction on a
denaturing 20% polyacrylamide gel containing 7 M urea. In
all cases the expected 7-mer was the only cleavage product
observed (not shown). In addition, to confirm that the
nonbridging thio effects on cleavage were not salt concentra-
tion dependent, we repeated the velocity measurements with
the R130A mutant in the absence of NaCl and obtained
similar results as reported in Table 2 for the 100 mM salt
conditions [TE (Rp) ) 9 ( 1, TE (Sp) ) 1.9 ( 0.3].

The most important parameters reported in Table 2 are
the relative thio effects as compared to the wild-type enzyme
(TErel ) TEwt/TEmut). Conservative rules of thumb for
interpretation of the kinetic TErel values are that (i) a value
close to unity indicates that a given side chain does not form
a substantial interaction with a nonbridging position, (ii) a
TErel . 1 indicates a potential direct interaction between
the wild-type side chain and a nonbridging position, and (iii)
a TErel < 1 indicates that removal of a side chain gives rise

FIGURE 4: Gel analysis of the initial rate time course for covalent
complex formation for the R130A and K167A mutant enzymes
using the Pd and theRp and Sp sulfur-containing substrates. The
lower band is the DNA substrate, and the upper band that appears
with time is the covalent enzyme-DNA complex. The reactants
and products are separated by electrophoresis using a 10%
polyacrylamide gel containing SDS.

FIGURE 5: Initial rates of covalent complex formation for the
R130A, K167A, and R130A:K167A topoisomerase mutants. (A)
Reaction of the R130A enzyme with Pd andSp andRp substrates.
(B) Reaction of the K167A enzyme with Pd andSp and Rp
substrates. (C) Reaction of the R130A:K167A enzyme with Pd and
Sp and Rp substrates. These representative data were obtained at
reaction temperatures of 25°C (A and B) and 37°C (C).
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to enhanced binding of sulfur as compared to oxygen, which
could be a direct or indirect effect (see Discussion). As
discussed above, the relative thio effects on DNA binding
appear to be driven by long-range electrostatic interactions
with the less delocalized sulfur anion. All thio effect
interpretations are best evaluated by keeping in mind the
structural constraints of the ground state obtained from
crystallographic measurements (Figure 1A), the effects of
mutagenesis alone, and the structural constraints imposed
by a pentacoordinate transition state. Moreover, measuring
a complete family of thio and mutagenesis effects provides
more confidence than the measurement of a single effect
alone. We interpret the TErel values for each mutant in the
following discussion.

DISCUSSION

Dissecting the Energetics of Sulfur Substitution

Thio Effects on Binding and CleaVage for Wild-Type
VTopo. Thio effects on binding and cleavage may be
converted into difference free energy changes using the
simple relationships∆∆Gbind ) -RT ln TEK and∆∆Gcl )
-RT ln TEcl. Thus, with independent measurements of the
effects of sulfur substitution on binding and the activation
barrier, it is possible to dissect the overall effect on the
cleavage activation barrier into ground-state and transition-
state contributions as depicted in the free energy profiles in
Figure 6. For wild-type vTopo,Rp sulfur substitution leads
to an overall 3.6 kcal/mol increase in the cleavage activation
barrier, which is comprised of a 1.7 kcal/mol ground-state
stabilization and a 1.9 kcal/mol destabilization of the
transition state for cleavage (Figure 6). In contrast, theSp

sulfur substituent has little effect on ground-state binding
but produces an identical 1.9 kcal/mol destabilization in the
transition state. These findings suggest that theRp sulfur
anion (but not theSp) interacts favorably in the ground state
with the cluster of positively charged residues defining the
active site. When the transition-state conformation is reached,
an additional interaction with theSp position becomes
important. These results define a pathway for forming the
transition state that involves an initial loose organization of
enzyme groups around the phosphodiester linkage in the
ground state involving, at least in part, long-range electro-
static attraction with theRp substituent. More extensive

interactions with the phosphoryl group then ensue as the
transition-state conformation is attained.

R130A(K).Removal of Arg130 only slightly lessens the
Rp thio effect in the ground state as compared to the wild-
type enzyme but essentially abolishes the interaction giving
rise to theRp andSp thio effect in the transition state (Figure
6). These thio effect results are completely consistent with
the observed interactions of Arg130 in the precleavage
complex (Figure 1), where its side chain NH2 forms a
bifurcated hydrogen bond with both of the nonbridging
oxygens.

An additional interesting finding with R130A is that the
Rp thio effect on the cleavage activation barrier arises entirely
from ground-state stabilization (Figure 6), whereas the wild-
type enzyme shows both ground-state stabilization and
transition-state destabilization effects (Figure 6). It would
appear that removal of Arg130 disrupts all of enzyme
interactions with theRp position in the transition state
(including the interactions of His265 and Arg223). Such a
scenario would explain the especially large damaging effect
of the R130A mutation. Since the R130K mutation has the
same damaging effect on the cleavage rate as R130A and,
in addition, produces similar nonbridging thio effects (Tables
1 and 2), then the Lys130 amino group must not interact
with either of the nonbridging oxygens. This is a reasonable
result as the shorter lysine side chain is unable to extend
out far enough to make these interactions.

K167A.The structure of human Topo shown in Figure 1
(PDB code 1EJ9) indicates that the side chain amino group
of Lys167 is located 3.2 Å from theproSp oxygen. Removal
of Lys167 elicits 7- and 5-fold weaker binding to theSp and
Rp sulfurs in the ground state as compared to the wild-type
enzyme (Table 2, Figure 6), suggesting that Lys167 directly
or indirectly affects electrostatic interactions with these
positions. In the transition state, removal of Lys167 causes
a 5-fold increase in the thio effect for theSp substrate as
compared to wild-type Topo, corresponding to a 1.5 kcal/
mol increase in the transition-state energy (Figure 6). This
result indicates that in theabsenceof Lys167 a stronger
interaction with theproSp oxygen in the transition state exists.
Since both structural and thio effect measurements indicate
that Arg130 is the only other residue that directly contacts
theproSp oxygen, then a likely scenario is that the Arg130-
proSp oxygen interaction is stronger when electrostatic

FIGURE 6: Energetic effects of sulfur substitution in the ground state and transition state for DNA cleavage. Thio effects on binding and
the activation barrier for cleavage were converted into difference free energy changes using the simple relationships∆∆Gbind ) -RT ln
TEK and ∆∆Gcl ) -RT ln TEcl. The change in the transition-state energy as a result of thio substitution for each mutant (∆∆Gq) was
calculated using the equation∆∆Gq ) ∆∆Gcl - ∆∆Gbind. For scaling, the bar on the left shows a free energy change corresponding to 2
kcal/mol. The differences between the ground-state and transition-state energy levels for each substrate correspond to the bar scale, but the
overall activation barrier heights are truncated in the diagram for simplicity (≈).
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repulsion by the nearby Lys167 is removed. This finding
provides strong evidence for thermodynamic linkage between
Arg130 and Lys167, as suggested previously (18).

R223A.Removal of Arg223 causes a stereoselective 28-
fold decrease in theRp thio effect on cleavage but has little
effect on theSp thio effect (Table 2). These effects reflect
weaker ground-state and transition-state interactions with the
Rp sulfur in the absence of Arg223 and the absence of an
interaction of Arg223 with theSp position (Figure 6). A direct
interaction of Arg223 with theRp position is in complete
accord with the crystal structure shown in Figure 1 and recent
measurements using stereospecific methylphosphonate sub-
stitutions at the cleavage site (20).

Double Mutations R130A:K167A and R130K:K167A.Both
of these double mutations give rise to very similar rate defects
and changes in thio effects as compared to wild-type Topo
(Table 1). TheRp thio effect is in the range 8-30 for these
double mutants, which is similar to the R130A or R130K
mutations alone. This reaffirms the conclusion that Lys167
has no direct or indirect effect on enzyme interactions with
theRp substituent. For both double mutants, theSp thio effect
is smaller by 22-fold as compared to the K167A single
mutant, which is the expected result if the presence of Lys167
indirectly weakens the interaction of Arg130 with theSp

substituent as suggested above.

Structural Interpretations

Deducing Ground-State and Transition-State Interaction
Maps.The thio effects describe a web of direct and indirect
interactions that allow the construction of structures of the
ground state and the pentacoordinate transition state for
cleavage (Figure 7). The nonbridging thio effects on DNA
binding, which indicate enhanced binding to theRp sulfur
as compared to oxygen, strongly suggest that electrostatic
interactions with theRp position are prevalent in the ground
state (hashed lines, Figure 7). As would be expected, removal
of any of the cluster of cationic groups in the active site
diminishes theRp interaction (lowers the thio effect),
indicating that long-range electrostatics are used to nucleate
the formation of the precleavage complex. These conclusions
are supported by the strong salt dependence of the thio effect
on binding, which essentially disappears at 200 mM NaCl
concentration (13). Previous studies have established the
presence of three conformational states of the enzyme-DNA
complex prior to cleavage that are interconverted in a rapid

equilibrium process (24, 25). Thus the thio effects are a
population-weighted average for all of these bound states.
These conformational states may explain the differences in
positions of active site groups observed in two crystal
structures of the noncovalent complex of the human enzyme
with DNA (PDB codes 1EJ9 and 1A36) (6, 28). The structure
depicted in Figure 1 (PDB code 1EJ9) is likely to be farther
along the reaction coordinate for phosphoryl transfer than
1A36 because the active site groups are more closely
positioned around the scissile phosphorus. Therefore, we use
this structure for comparison with the thio effect measure-
ments (see footnote 3 for a description of some of the
structural differences in these complexes).

Many of the ground-state interactions are preserved in the
transition state, but Arg130 appears to take on a more
extensive scaffolding role in the transition state. The apparent
monodentate interaction of Arg130 with theRp position in
the ground state is replaced with a bifurcated hydrogen bond
between both theRp andSp oxygens in the transition state
(Figure 7). This single bifurcated hydrogen bond is signifi-
cantly different than the previous proposal of a bidentate
hydrogen bond involving both side chain NH2 groups of
Arg130. This bidentate arrangement was assumed on the
basis that the catalytic role of Arg130 could not be mimicked
by substituting lysine at this position (29-31). However, we
no longer favor this arrangement for two reasons. First, a
bidentate interaction would require a significant conforma-
tional change in the side chain of Arg130 as the transition
state is approached, as may be inferred from the crystal
structure in Figure 1. Second, it is difficult to rationalize the
large rate rescue of a 5′-bridging sulfur for the R130A mutant
(190-fold) and the even larger rescue of 2600-fold for the
R130K mutant if both NH2 groups are interacting with the
nonbridging oxygens (Figure 1) (17, 18). These significant
bridging sulfur rescues strongly suggest that Arg130 is
involved directly or indirectly in leaving group expulsion.
Such a role for Arg130 would require that its second
guanidinium group be available for this interaction as
indicated in Figure 7 (see discussion below). The remaining
transition-state interactions involve hydrogen bonding of
Arg223 and His265 to theRp oxygen and a proposed through-
space electrostatic repulsion between Lys167 with Arg130.
As described above, this strained interaction is suggested by
the increasedSp thio effect when Lys167 is removed,
indicating that Arg130 interacts more strongly with theSp

FIGURE 7: Ground-state and transition-state interactions of vTopo with the reactive phosphoryl group as deduced from thio effect and
structural studies (see text).

Catalysis by Topo I Biochemistry, Vol. 44, No. 34, 200511483



oxygen in the absence of Lys167. These interactions, which
are inferred entirely from the thio effect measurements, are
consistent with the positions of these groups in the ground-
state crystal structure of the human enzyme shown in Figure
1.

Is Arg130 or Lys167 the General Acid?Previous 5′-
bridging thio effect measurements have led to the conclusion
that Lys167 and Arg130 are important for 5′-OH leaving
group explusion but were ambiguous with respect to which
group directly interacts with the 5′ position (17, 18). A key
experimental observation that needs to be accounted for to
understand the role of these two groups is the large 2600-
fold 5′-sulfur rescue of the R130K mutant, which is 14 times
greater that the R130A mutationand 7 times greater that the
K167A mutation. This large rescue is curious because
removal of the true general-acid group would be expected
to result in the largest 5′-sulfur rescue,but neither the R130A
or K167A mutations result in as large a rescue as R130K.

Even after completion of these nonbridging thio effect and
mutagenesis measurements it is difficult to confidently
conclude whether Arg130 or K167 is the direct proton donor
to the 5′-leaving oxygen. Nevertheless, these data allow the
construction of a plausible model that accounts for the large
bridging thio effect for R130K. In this model (Figure 8), we
assume that Arg130 is the direct donor and that Lys167 plays
a secondary role in positioning Arg130 or in modulating its
pKa. We make this assumption solely on the basis that
Arg130 is closer to the 5′-leaving group oxygen in several
crystal structures (6, 28), while Lys167 is always farther
away. If this assumption is not correct, then the model still
holds, but the roles for Arg130 and K167 in Figure 8 are
reversed.3

For the wild-type enzyme (Figure 8A), Arg130 interacts
with both the nonbridging and bridging oxygens: its interac-
tion with the nascent negative charge on the 5′-leaving
oxygen is presumed to be enhanced by the presence of
Lys167, which may serve to lower the pKa of Arg130 so
that it more closely matches that of the 5′-hydroxyl group
(32, 33). For wild-type Topo, efficient leaving group
stabilization by Arg130 leads to a nonexistent 5′-sulfur rescue
(Figure 8A). The suggested interaction of the two nitrogens
of Arg130 with the nonbridging and bridging oxygens
depicted in Figures 7 and 8 would only require a modest
rotation around a side chain torsion angle as judged from
the crystal structure in Figure 1, bringing its NH1 within
2.9 Å of the 5′-oxygen. Such a conformational change in
Arg130 could accompany reorganization of the substrate
from the ground state to the pentacoordinate transition state
without a large reorganizational energy. For the R130A
mutation (Figure 8B), the interaction between Arg130 and
Lys167 is abrogated, allowing Lys167 to move within
hydrogen-bonding distance of the 5′ leaving group, thereby
acting as a less efficient surrogate general-acid catalyst. Thus,
the 5′-sulfur rescue is much greater than the wild-type
enzyme but 14-fold smaller than the maximal effect seen
for the R130K mutant. In Figure 8C is depicted the case of
the K167A mutant. In the absence of Lys167, Arg130 forms
a weaker interaction with the developing negative charge
on the leaving oxygen because its pKa is no longer optimally
matched to the leaving group resulting in a substantial 5′-
sulfur rescue (370-fold), but significantly less than the
maximal value observed for R130K. For the R130K mutation

(Figure 8D), the Lys130 side chain is too short to reach the
5′-bridging oxygen or the nonbridging oxygens, but it is still
able to interact with the Lys167 side chain, preventing its
adventitious interaction with the 5′-oxygen as observed with
the R130A mutation. Accordingly, the 5′ rescue is largest
(2600-fold) for R130K and similar for the R130K:K167A
double mutation (2000-fold). Although these interpretations
are not without alternatives, they are most consistent with
all of the thio effect and structural data. Interestingly, a role
for guanidinium groups as general-acid catalysts in phos-
phoryl transfer has been recently established in a model
system (34).

Conclusion.The enzyme interactions with the reactive
phosphoryl group of Topo IB in the ground state and
transition state have been elucidated. A key finding is the
intricate interaction of Arg130 with both of the nonbridging
oxygens as well as the bridging oxygen leaving group. Thus,
the large damaging effect of deleting Arg130 arises from
removal of multiple catalytic interactions involved in stabi-
lization of developing negative charge on the nonbridging

FIGURE 8: Postulated interactions between Arg130, Lys167, and
the 5′-leaving oxygen based on structural studies and thio effect
measurements. For clarity, Arg130 NH2 is shown to interact with
only one nonbridiging oxygen in the depiction (see Figure 7 for
complete interactions). The interactions indicated with each mutant
topoisomerase are consistent with the observed 5′-bridging sulfur
rescue effects. Weak electrophilic interactions with the 5′-oxygen
as compared to the wild-type enzyme are noted for R130A and
K167A. The hash mark connecting Arg130 (or Lys130) and Lys167
indicates a repulsive interaction between these groups (e.g., strain).
In the case of R130K, the interaction of Lys130 with Lys167
prevents the weak contact between Lys167 and the 5′-oxygen that
is allowed with the Ala130 mutation. In this depiction, Arg130 is
assumed to be the direct proton donor to the 5′-leaving group
oxygen, and Lys167 plays a secondary role. Consistent with this
depiction, Arg130 is closer than Lys167 to this oxygen in several
crystal structures (see, for instance, PDB codes 1A36 and 1EJ9).
However, if this assumption is not correct, the model still holds,
but the roles for Arg130 and Lys167 are reversed.
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oxygens and the leaving group. The pivotal role of Arg130
in leaving group stabilization is facilitated by Lys167, which
may serve to lower its pKa in the transition state.
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