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ABSTRACT. Vaccinia DNA topoisomerase (vVTopo) catalyzes highly specific nucleophilic substitution at a
single phosphodiester linkage in the pentapyrimidine recognition seque(CEr$>C+ C3HT 2T+ pIN-1

using an active-site tyrosine nucleophile, thereby expelling hy8roxyl leaving group of the DNA.

Here, we report the energetic effects of subtle modifications to the major-groove hydrogen-bond donor
and acceptor groups of theBGGAA-5 consensus sequence of the nonscissile strand in the context of
duplexes in which the scissile strand length was progressively shortened. We find that the major-groove
substitutions become energetically more damaging as the scissile strand is shortened from 32 to 24 and
18 nucleotides, indicating that enzyme interactions with the duplex region present in the 32-mer but not
the 24- or 18-mer weaken specific interactions with the DNA major groove. Regardless of strand length,
the destabilizing effects of the major-groove substitutions increase as the reaction proceeds from the
Michaelis complex to the transition state for DNA cleavage and, finally, to the phosphotyrdhxe
covalent complex. These length-dependent anticooperative interactions involving the DNA major groove
and duplex regions'3o the cleavage site indicate that the major-groove binding energy is fully realized
late during the reaction for full-length substrates but that smaller more flexible duplex substrates feel
these interactions earlier along the reaction coordinate. Such anticooperative binding interactions may
play a role in strand exchange and supercoil unwinding activities of the enzyme.

Cellular DNA is found in a high-energy superhelical state the phosphodiester backbone of duplex DNA a{&G/T)-
that facilitates many processes, including DNA replication, CCTTIN sites 8). vTopo is active with positively or
transcription, site-specific recombination, and other genome negatively supercoiled DNA9] or, alternatively, with linear
rearrangementsl). DNA topoisomerases are the essential DNA duplexes, such as those depicted in Figure 18, (
and remarkable enzyme machines that regulate the topologyl1). The reactions with linear DNA fall into two general
of supercoiled DNA, thereby influencing all of these DNA categories. The first category is characterized by freely
transformations. The key mechanistic feature of all topoi- reversible DNA cleavage and religation such that an internal
somerases and related recombinase enzymes is their revergleavage equilibriumKy) is maintained (Figure 1A). The
ible formation of a phosphotyrosine linkage between the second is characterized by irreversible DNA cleavage,
DNA backbone and an active-site tyrosine (Figure 1A). For resulting in the formation of a stable enzyr@NA phos-
eukaryotic type IB topoisomerases, this covalent linkage is photyrosine complex (Figure 1A). This so-called “suicide”
with a single strand of the DNA and produces & 5 cleavage reaction is facilitated by short scissile DNA strand
deoxyribose hydroxyl as the leaving group (Figure 1A). This lengths 3to the cleavage site, such that the unstable DNA
linkage provides the molecular hinge that allows these leaving strand dissociates from the complex, preventing
enzymes to perform diverse DNA transformations ranging strand ligation 12). Despite the structural differences
from supercoil relaxation to strand exchange and Holliday between suicide and equilibrium cleavage substrates and the
junction resolution reaction27). observation that the vTopo DNA footprint extends at least

The vaccinia virus topoisomerase (vVTopis)a prototypic 13 nucleotides 3o the cleavage site (i.e., beyond the length
eukaryotic type IB topoisomerase but is unique in that it of a typical suicide leaving strand}3), the single-turnover
catalyzes reversible site-specific cleavage and religation of cleavage ratesc() for suicide and equilibrium substrates are
similar (11). Thus, additional binding interactions present
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A. the consensus cleavage sequence are shown in Figure 1B,
TopoTyr wa;'f':zfgm Topo-Tyr, where FAM is 6-carboxyfluorescein. The synthesis of the
SoH OQP,:O_ nonscissile strand with modified bases incorporated at various
mcm"};}/g Ls ke _ chcﬂ_g}so% sites was accomplished by substituting the modified base
GEAA— k, during solid-phase DNA synthesis. All oligonucleotides were
. Topo-Tyr synthesized using an ABI 394 synthesizer using nucleoside
Suicide Cleavage o No, F‘//:)O' phosphpramldltes ob.tellmed from G.Ien Research. The oligo-
LS < 6 ntds / + sHoLS nucleotides were purified using anion-exchange HPLC and
11111 P:5o AT then desalted using C-18 reverse-phase chromatography. The
13 purity of oligonucleotides was confirmed using electrophore-
B. +113 20 bps sis through a 20% polyacrylamide gel contagin M urea
5-FAMCGTTCCCCTT NITCCGATAGTACTACASE 3 3/20 and MALDI-TOF analysis. The DNA duplexes were
3 ceacheXXAR TARCGCTATCACTGATCTCE  § prepared in buffer A [20 mM Tris-HCI, 200 mM NacCl, 1
ﬂ-smds mM dithiothreitol (DTT) at pH 8.0] by mixing the two
12 bos strands in a molar ratio of 1:2 (nonscissile strand was in
5.FAMcaTaTcdlCCTT NrTCCGATAGTE 3 24/32 EXCGSS).
3 aeAcAGKXXAR TAAGGCTATCACTGATGTCG & Equilibrium Binding and Cleaage Measurement§.he
[J-emas equilibrium cleavage measurements with th&€AM-labeled
O m“%s' 32/32- and 24/32-mers were_pe_rformeq using buffer A by
3 GonchodXKAR TARGeOTATCACTGATGTCE & |OIO2 titrating each DNA (60 nM) with increasing concentrations
: . i N of Topo (46-600 nM). The covalent complexes were trapped
Gua;me Mm":pu"ne " Deag"a"me Tetrah‘;wfum by the addition of 1 volume of 10% sodium dodecyl sulfate
UM P N P DNA (SDS) after 1 h. The fraction covalent complex at each
X J,WNH yQ_‘N Wm Q\& enzyme concentration [counts in the covalent complex/
R “'<NH2 oR ”'<NH2 R N_<NH2 oA (counts in the covalent complex plus counts in free DNA)]

was quantified using ImageQuant software. The fraction

Ficure 1: Cleavage reactions and modified substrates for vTopo. .
(A) Reversible and suicide cleavage reactions. Strands with lesscovalent complex was plotted against the enzyme concentra-
than six nucleotides '3to the cleaved position spontaneously tion to obtain the values of the binding constalkip) and

dissociate, making the reaction irreversible. (B) Substrate seriescleavage-religation equilibrium constanKs) using the

with truncated scissile strands and base substitutions at-fe ; ; .
+4, and+3 guanine positions. Nucleotides that extendd3the following equation (eq 1)X1):
_ b — v/b® — 4a7E][S]
fraction convalent complex 5
2a7S]

cleavage site on the scissile strand are given negative numbers,
and those that extend &re given positive numbers.
the religation ratel() without altering the cleaage rate(ke). (1)
Because reversible cleavage and religation occur through the
same transition state, the substitutions must have selectivelywherea = 1 + 1/Ky, b = a[E] + a[S] + Kp/Ke, Ko =
destabilized the covalent complex, resulting in the selective (ka/k/), and [E] and [S] are the total enzyme and substrate
increases in the religation rate. However, we also noted thatconcentrations, respectively. In this analysis, the counts that
the same base substitutions resulteddacreasesn the migrate as free DNA represent the sum of the counts that
cleavage rate in the context of 18/32-mer suicide substrateswere bound noncovalently to the enzyme and those of the
(14). The distinct effects of major-groove alterations using unbound DNA. All measurements were repeated 2 or 3 times
the suicide and equilibrium substrates suggested that theto estimate errors.
GGGAA major-groove interactions were energetically coupled ~ Approach to Equilibrium KineticsThe rate constant for
to interactions of the enzyme with the DNA duplex region approach-equilibrium for the 5-FAM-labeled 32/32- and
that is present in the equilibrium substrate but absent in the 24/32-mers was measured using a KinTek rapid-quench
suicide substrate. That is, the presence of more extensivenstrument. The final enzyme and DNA concentrations were
duplex interactions weakens and delays the formation of the maintained at xM and 100 nM, respectively. The enzyme
major-groove interactions until the covalent complex is and DNA were mixed, and the reactions were quenched using
reached. These intriguing initial observations prompted us 10% SDS at time intervals ranging between 2.5 and 750 ms.
to thoroughly investigate the combined effects of scissile The samples were subjected to electrophoresis on a 10%
strand length and major-groove substitutions on DNA SDS—polyacrylamide gel electrophoresis (PAGE) gel. The
binding, cleavage, and religation by vTopo. FAM fluorophore in the free DNA and enzym®NA
covalent adduct was quantified using a Typhoon scanner.
Because the dye front ran along with the free DNA band,
] o ) giving rise to inner-filter effects, the samples were loaded
Enzymes.The cloning and purification of wild-type  onto the gel without the dye component. The fraction of the
vaccinia topoisomerase has been previously descritBd (  covalent complex formed at each time was fitted to a first-
The enzyme concentration was determined by UV absorptiongrger rate equation to obtakyps Which equals the sum of
using an ex_tir_wction coefficient of 41797 Mcmtin a the cleavage and religation rate constants (k@es= ke +
buffer containing 20 mM sodium phosphate at pH 6.0. k) (11). Thus, using theK. obtained from equilibrium
DNA SubstratesThe sequences of the substituted 32/32-, cleavage measurements, the cleavage and religation rate
24/32-, and 18/32-mer duplex DNA substrates containing constants k() may be calculated using the equatid@s=

MATERIALS AND METHODS
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kobd (L/Ke + 1) andk, = kopd (Ko + 1). All measurements  Scheme 1
were repeated 2 or 3 times to estimate errors. Cleavage
Single-Turneer Cleavage MeasurementBependent upon
the 18/32-mer under study, either stopped-flow fluorescence
or manual chemical-quench-reaction kinetic methods were
used (1, 14). The stopped-flow reactions were performed
using an Applied Photophysics stopped-flow fluorescence
instrument in the two-syringe mode. Equal volumes aM.
vTopo and 50 nM substrate were rapidly mixed, and the o . )
increase in 2-aminopurine fluorescence of the substrate wassubstitution effects. B S provides a stable state from which
followed using excitation at 315 nm with monitoring at O €valuate the energy level changes in ES},B8d E-S
emission wavelengths greater than 360 nm using a cut-off arising from each substitution. This anal_yS|§ assumes that
filter (11). On average, five or more kinetic transients were the free-energy effect of the base substitution on the free
averaged to obtain the reported rate constants and errorsSubstrate (if any) is approximately equal for each of the three
Observed rate constantg) were plotted against [vTopo], subst_rate_zs. This assumption is reasonab_le becaL!se (i) the
andKp andky were determined form nonlinear least-squares substitutions are distant from the nucleotide deletions and

fitting to eq 2. (i) the substitutions are very subtle. Accordingly, the
substitution effects in moving from 18- to 24- and 32-mer
Kops = ky[VTopol/(Kp + [vTopo]) 2 strand lengths only reflect changes in the enzyme-bound

species ES, ESand E-S.
For 18/32-mers with fairly slow cleavage ratesQ(5 s%),
cleavage experiments were performed using manual chemi-RESULTS

cal—quenph single-turnover conditions. The enzyme was Approach.Unmasking energetic coupling between enzyme
present in at least a 4-fold excess over the DNA so that thejneractions with two different regions of a DNA substrate
observed kinetics were pseudo-first-order. Experiments wererequires hoth selective and combined perturbations in each
performed by mixing 1QL of vTopo (0.206-2 uM) with binding region. Coupling is indicated by an increase or a
10uL of DNA (0.05u4M) in an eppendorf tube. The reactions  gacrease in the energetic effect of a perturbation to one region
were allowed to proceed for various times and were quenchediy the context of a perturbation to the second region. In the
with 20uL of 10% SDS. A total of 1QuL of 5x load buffer resent case, region 1 is the major groove of the nonscissile
(omitting the dye components) was added to each quenchedi,anqd G5GHG+3A2A*! consensus sequence and region 2
reaction sample, and 12 was removed for analysis. These s the duplex region ‘3o the cleavage site on the scissile
samples were subjected to electrophoresis through a poly-gyrang. The subtle perturbations to the major groove involve
acrylamide gel containing 10% SDS. The fraction covalent {ha removal of the N7 and O6 hydrogen-bond acceptor
complex formed at each time point was determined from 44,n5 of each guanine within the consensus sequence, which
fluorescence imaging of the gel and plotted against time, re replaced with the unnatural 7-deazaguanine and 2-ami-
and the cleavage ratelg,f were determined from nonlinear nopurine analogues(andN, Figure 1B). The importance
regression fitting to a first-order rate equation. One exception ¢ ihese major-groove hydrogen-bonding groups is high-

was the slowly reactive 18/32-mer with thé substitution,  jighted in the recent X-ray structure of the closely related
wherekobs (€q 2) was calculated from the linear slope of the \arigla virus Topo | bound to DNA, where major-groove
initial cleavage ratel(). interactions and, in particular, the N7 and O6 positions of

Difference Free-Energy CalculationShanges inthe free  hq 5 and+4 guanines play a key role in site recognition
energy of DNAaCblndmg QAAGping), the cleavage activation (16 e also explored the energetic effects of the more harsh
barriers (AG.c), and the overall equilibrium for DNA  pertyrbation of removal of the entire base at each guanine

binding and cleavageAAG:*), arising from the base  nqsition ¢, Figure 1B). The perturbations to thée duplex
substitutions or deletions, were calculated using the measure egion are much less subtle and involvet&incations of

kinetic and thermodynamic parameteky(ka/Kp, andKeq  the scissile strand from an initial length of 32 to 24 and 18
= Ko/Kp) using eqs 35, where the superscript “sub” denotes  ,cjeotides (Figure 1B). The 32/32- and 24/32-mers are both
the substrate with the base substitution. equilibrium substrates that exhibit reversible DNA cleavage

and religation, while the 18/32-mer is a suicide substrate that
can only bind and cleave DNA in a single suicide turnover
event. The thermodynamic and kinetic parameters for each
AAG,™ = —RTIn[(ky/Kp)*V(ky/Kp)] (4) duplex are reported in Table 1. The parameters for the 32/
32-mer, with the exception of the substrates with #&
AAG,®= —RTIN[(Ky/Kp)™(Ky/Kp)] (5) $4, andg5 substitutions, were reported in our previous study
and are reproduced here to facilitate a comparison and
The free-energy changes corresponding tddhek./Kp, and discussion of the entire datd4). In addition, for vTopo,
Keq = Ka/Kp measurements are indicated in Scheme 1. The changes in DNA interactions at the cleavage site or consensus
relative free-energy levels are drawn arbitrarily and are only sequence do not result in a change in the site of nucleophilic
meant to visually depict the kinetic or thermodynamic attack 8, 10, 17, 18). Thus, comparisons here reflect cleavage
parameter that is measured. at the same phosphodiester linkage.
As indicated by egs -35, we elect to use B S as the DNA Binding (k) and Cleavage Equilibrium (k). For
primary reference state for the comparison of the base-the 32/32- and 24/32-mer equilibrium substrates Kh@and

AAG™™ = —RTIn K;*7K, (3)
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Table 1: Kinetic and Thermodynamic Parameters for Variable Length vTopo Substrates with Guanine Base Substitutions and Deletions

DNA sequence  Kp (nM) Kel ke (79 k (s ka/Kp? (10" M~1s79) Ka/Kp® (10" M1
32/32 GGGAA 118+ 20 1.6+0.3 2.2+0.2 1.4+0.2 1.9 1.4
N5 NGGAA 148+ 30 0.5+ 0.05 2.3+ 0.1 4.8+0.1 1.6 0.34
N4 GNGAA 171+ 20 0.5+ 0.03 244+ 0.1 5.1+ 0.1 1.4 0.3
N3 GGNAA 55410 1+0.2 3.2+ 0.2 3.1+ 0.2 5.8 1.8
H5 HGGAA 75+ 20 0.4+ 0.03 1.5+ 0.1 4.2+0.1 2.0 0.53
H4 GHGAA 59+ 10 0.5+ 0.03 1.6+ 0.1 3.4+ 0.1 2.7 0.85
H3 GGHAA 77+ 20 0.7+ 0.03 3.2+0.2 4.4+ 0.2 4.2 0.91
N5N4 NNGAA 87+ 10 0.1+ 0.01 0.2+ 0.1 2.54+0.3 0.2 0.11
N5N3 NGNAA 48 £ 10 0.2+ 0.02 1.1+ 0.2 4.8+0.2 2.2 0.42
H5H4 HHGAA 67 + 20 0.5+ 0.06 2.7+ 0.1 5.8+ 0.1 4.0 0.75
H5H3 HGHAA 110+ 20 0.3+ 0.02 0.9+ 0.1 3.1+ 0.2 0.8 0.27
¢3 PGGAA 64+ 20 0.015+ 0.002 0.02
P4 GpGAA 554+ 20 0.01+ 0.002 0.07+ 0.04 73+ 45 0.13 0.018
¢5 GGpAA 98 + 20 0.019+ 0.003 0.019
24/32 GGGAA 20+ 5 1.5+0.1 5.6+ 0.1 3.7£0.1 28 7.5
N5 NGGAA 105+ 20 0.6+ 0.1 3.5+ 0.2 5.9+ 0.2 3.3 0.57
N4 GNGAA 150+ 30 0.5+ 0.05 3.1+ 0.1 6.4+ 0.1 2.1 0.33
N3 GGNAA 44 +7 21+0.2 1.9+ 0.1 0.9+0.1 4.3 4.8
H5 HGGAA 62+ 10 0.5+ 0.03 1.7£0.1 3.8+0.1 2.7 0.8
H4 GHGAA 34+8 0.7+ 0.05 2.1+ 0.1 3.3+0.1 6.1 2.0
H3 GGHAA 87 £ 20 1+0.1 2.7+0.1 27+0.1 3.1 1.1
N5N4 NNGAA 110+ 20 0.08+ 0.01 0.8+ 0.4 9.4+ 0.5 0.73 0.073
N5N3 NGNAA 192 4+ 20 0.21+0.03 1.6+ 0.1 7.9+ 0.1 0.83 0.11
H5H4 HHGAA 54+ 10 0.25+ 0.02 1.8+ 0.1 7.2+ 0.1 3.3 0.46
H5H3 HGHAA 113+ 20 0.23+0.03 1.2+ 0.2 5.1+ 0.2 1.1 0.2
¢3 PGGAA 84+ 20 0.011+ 0.001 0.012
P4 GpGAA 7+2 0.007+ 0.001 0.1
¢5 GGpAA 64 £ 15 0.014+ 0.003 0.02
18/32 GGGAA 95+ 20 2.1+ 0.03 2.2

N5 NGGAA 380+ 50 0.59+ 0.05 0.15

N4 GNGAA 95+ 20 0.65+ 0.05 0.68

N5N4 NNGAA 167+ 20 0.09+ 0.02 0.054

N5N3 NGNAA 134+ 20 0.12+ 0.04 0.084

H5H4 HHGAA 347 + 50 0.29+0.11 0.083

H5H3 HGHAA 590+ 70 0.24+0.10 0.04

P4 GpGAA 129+ 20 0.0003£ 0.0001 0.0002

aSee Figure 2 for structures of H, N, agd Except for thep substitutions, the data for the 32/32-mer have been previously reported and are
recapitulated here for comparative purpo$eRropagated errors iky/Kp andKq/Kp are less than:-30%.

Ko values are determined from a single experiment by ments (parts A and B of Figure 3). As generally found with
titrating a limiting amount of DNA with excess vTopo and the 24/32-mer but not the 32/32-mer, the 18/32-mer major-
fitting to eq 1 (Figure 2A). The unmodified 24/32-mer groove substitutions resulted in a +.@-fold weakening of
substrate binds about 6-fold more tightly to vTopo than the DNA binding (Table 1).

longer 32/32-mer but shows an identi¢&} ~ 1.5 (Table Cleavage Kinetics (k and k/Kp). The major-groove

1). TheKp values for the substituted 24/32-mers are increased substitutions produce the most disparate effects on the first-
by about 2-5-fold relative to the unmodified sequence, order ;) and second-orderk{/Kp) rate constants for
except for thep4 sequence that shows a 3-fold lower value. cleavage of each substrate (Table 1). The cleavage rate
The weakened binding induced by the 24/32-mer substitu- constant for the 32/32- and 24/32-mer equilibrium cleavage
tions differs from the 32/32-mer context, in which small substrates were measured using a rapid-mix-chemical-quench
increases in binding affinity were generally observed for the instrument. The enzyme and substrate were rapidly mixed,
same substitutions. The substitutions produce similar de-and the reactions were quenched with 10% SDS at various
creases irKy for both the 24/32- and 32/32-mers, and the time intervals before separation of the covalently bound DNA
base-deletion variants cause the largest damaging effectsproduct by denaturing PAGE (Figure 2B). In this analysis,
typically decreasing the magnitudekaf by 100-fold or more the fraction of the covalent complex increases over time until
(Table 1). The overall effect of the substitutions on the free- the equilibrium level is reached. The reversible nature of
energy change corresponding to moving from the free the reaction allows for the calculation kfi andk; from a

enzyme and substrate to the covalent compteRTIn K¢/ single observed rate constant becakge= k. + k. andKg

Kb, Scheme 1) parallels the trends observedKgralone, = ko/k: (14). Except for the N5N3-substituted substrate and
although the magnitudes are sometimes larger because othe more severe base deletions, the 32/32-mer shows small
the additional damaging effects &. or modest increases or decreasekior ki/Kp. In contrast,

On the basis of the largest effects observed for the 32/32-substitutions in the 24/32-mer context give rise to consistent
and 24/32-mers, we selected a subset of major-groovedecreases ik, of as much as 7-fold and, in the second-
substitutions to be investigated in the context of an 18/32- order rate constark,/Kp, of as much as 38-fold for N5SN4
mer. In this case, th&p values are measured from the (Table 1). Of the three substrates, the 18/32-mer shows on
concentration dependence of the single-turnover cleakayje ( average the largest decreasekdrandk./Kp arising from
rates determined in stopped-flow or chemical-quench experi- major-groove substitutions (parts A and B of Figure 3).
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Ficure 3: Suicide cleavage of 18/32-mer and its N5 apdl

its NSN3 analogue. (A) Determination of the equilibrium constants analogues. (A) Increase in 2-aminopurine fluorescence of the 18/

for DNA binding (Kp) and cleavageK) by titrating DNA with
increasing concentrations of vTopo. The covalently bound DNA

32- and 18/32N5-mer upon suicide DNA strand cleavage by vTopo
is followed using stopped-flow fluorescence. (B) Initial rate of the

(upper band) was separated from noncovalent and free DNA using 18/32p4 strand cleavage was measured using manual chemical-
SDS-PAGE, and the gel was imaged for determination of the quench methods with excess enzyme. The time depe_ndence for the
fraction covalent complex. A representative gel image for the 24/ formation of the covalent complex (upper band) provides the rate
32-mer is shown. (B) Determination of the observed rate constant of suicide cleavage.

for approach-equilibrium cleavage using saturation conditions. A

representative gel image for the 24/32N5N3-mer is shown. The

exchange, site-specific recombination, and even resolution

kepswas used to calculate the cleavage and religation rates according®f synthetic Holliday junctions. The key property of this

t0 Kobs = kot + ke and K¢ = kak..

Examples include a 55-fold decreasekifKp for the HSH3
substitution and an 11 000-fold decrease forghesubstrate
(Figure 3B and Table 1).

intermediate that allows these reactions to proceed with high
efficiency is its relatively long kinetic lifetime 7). For
supercoil relaxation, the lifetime of the complex and the
noncovalent “grip” on the DNA 3to the cleavage site
determine the number of supercoils that are removed for each

DNA Religation (K. Religation rates can only be measured jeavage and religation cycl@)( For the efficient strand
for substrates like the 32/32- and 24/32-mers that exhibit {ansfer and Holliday junction resolution activities, it seems

reversible cleavage reactions. For both substrates, a|m°SIiker that Topo | must destabilize the DNA Sownstream

without exception, the substitutions result in +4fold
increasesin the religation rates (Table 1). Because of the
extremely small equilibrium constant for cleavage, it is
difficult to accurately measure the religation rates with the
severely damagedl substrates. Nevertheless, we performed
a rapid-quench-flow experiment using the 32/32-rgdr
substrate, where a substantial 52-fold increasés iwas
estimated (Table 1).

DISCUSSION

of the cleavage site or, minimally, that the enzyme complex
“breathes” to allow for the binding and invasion of the
incoming DNA strand. Thus, the dynamics and/or stability
of the DNA region 3to the cleavage site play a fundamental
role in every aspect of the vTopo action.

Anticooperatie DNA Binding.In light of the above-
described reactions, it is intriguing that we have uncovered
anticooperative binding interactions between the DNA major
groove and the '3DNA region. Although many single and
double major-groove substitutions were investigated, the

The activated phosphotyrosine covalent intermediate is theoverall findings are generally reflected by considering the
key species that allows Topo | to perform a large repertoire effects of the three substitutions N5N3, H5H3, and N5N4
of reactions that includes supercoil relaxation, DNA strand (Table 1) (The more damaging base-deletion effects are
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A.

;3 With respect to noncovalent binding to form ES, the
ES ES E-S substitutions have little effect in the context of a 32/32-mer
254 NGNAA but, for the 24/32-mer, result in a consistent1l4 kcal/
mol weakening of the observed binding affinity. The 18/32-
2.0- mer shows a mixed response to these three substitutions, with
little binding effects observed for NSN3 and N5N4, but a 1
1.5 kcal/mol weakening for H5SH3. The lesser damaging effects
1.0+ of these major-groove substitutions on noncovalent binding
of the 32/32-mer as compared to the 24/32-mer are in the
0.5+ range of -2 kcal/mol and reveal strain or anticooperativity
between the major groove and the additional duplex region
0.0- present in the longer substrate. These binding effects may
be interpreted in light of the DNA footprint of vTopd.§),
) BB S p p— p— — — which extends from+-13 to—13 base pairs in each direction
32 24 18 32 24 18 32 24 from the scissile phosphate (Figure 1B), and the enzyme
Scissile Strand Length DNA interaction surface observed in the recent crystal
structure of variola virus Topo | bound to DNA, which
B. " reaches from the-8 to —9 base pairs1(6). Both the 32/32-
and 24/32-mers encompass all of this binding surface, while
3.0- —£S —£S__ _ES. the 18/32-mer lacks seven nucleotides on thsid of the
scissile phosphate (i.e., the7 to —13 nucleotides). A
2.5- HGHAA reasonable interpretation is that the anticooperative energetic
component to the observed binding affinity with the 32/32-
2.0- mer depends upon thel3 to —20 nucleotides, which are
1.54 only present in this substrate. Because these nucleotides
extend beyond the direct enzyme interaction surface, this
1.0 region of base pairing may impart its effects indirectly by
increasing duplex rigidity or altering its average conforma-
0.5+ tion.2
The major-groove substitutions generally have greater
0.0 damaging effects in the transition state {E®an in the ES
L] L] L] L] ¥ L) L] ] . .
32 24 18 32 24 18 32 24 complex, but once again, the effects are smallest in the
context of the 32/32-mer (Figure 4). The greater effect of
the major-groove substitutions in the transition state indicates
- < structural rearrangements leading to enhanced binding energy
3.0+ E_Si i with this region of the consensus sequence. Despite the
overall increases in the damaging effects of the major-groove
254 NNGAA substitutions upon moving to the transition-state complex,
the anticooperative binding component attributed totAi8
2.04 to —20 nucleotides of the 32/32-mer is still in the range of
1.54 0.75-2.0 kcal/mol, which may be discerned by comparing
’ the differences in thd AGFS values for the 32/32-mer and
1.04 the two other truncated substrates (Figure 4). In other words,
strain energy in the 32/32-mer persists equally in the ground-
0.5+ state ES complex and the transition state.
When the final covalent complex is reached, there still
0.0 persists a 42 kcal/mol strain energy as judged by comparing
I L B L B B B the damaging effects of the major-groove substitutions for
32 24 18 32 24 18 32 24 the 32/32- and 24/32-mers (Figure 4). However, in com-
Scissile Strand Length parison to the ground-state ES complex, where virtually no
FIGURE 4: Free-energy effects of major-groove substitutions for effects of the substitutions are observed, the damaging effects
each DNA substrate. THEAG — AGSb— AGINsUbyalues for each of these changes have increased by as much as 1.5 kcal/mol
DNA are defined in eqs 35. Free-energy effects of (A) NSN3,
(B) H5H3, and (C) N5N4 substitutions for substrates with 32, 24, 2Tne functional interpretation of the observed coupling energy

and 18 nucleotide scissile strands are shown. We note that Changeﬁetween the major groove and the downstream DNA dup|ex does not
in the activation barrier (ES- ES) arising from each modification require detailed knowledge of the coupling mechanism. Most but not
may be gleaned by simply adding the bar heights corresponding toall of the measurements in this extensive study can be clustered into
ES and ES the general model of anticooperative binding of the major groove and
the downstream region. For instance, a comparison of the changes in
considered separately below). In Figure 4 we have plotted the activation barrier for cleavage between substituted and unsubstituted

the difference free energiedAQG) as defined in eqs-35 substrates shows more complexity arising from compensating changes
. B in ground- and transition-state energies. In addition, some of the
for the formation of the ES, ESand E-S complexes from  jncreased affinities for substrate binding shown in Table 1 are not well-

a 1 M reference state of free enzyme and substrate. understood.

AAG (kcal/mol)

AAG (kcal/mol)

Scissile Strand Length

AAG (kcal/mol)
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Ficure 5: Anticooperative DNA binding by vTopo. For substrates with londgp&se-paired regions, a strain component to the observed
binding energy is indicated. The duplex strain in the noncovalent complex results in the weakening of the interactions in the major groove.
Upon formation of the covalent species, the strain is at least partially released, allowing the major-groove interactions to become stronger.
Although not shown for clarity, the'5 helix of the larger catalytic domain also interacts with the major groove along witiSHstrand

of the amino-terminal domain.

for the 32/32-mer in the £S complex. Similarly, the 24/

and +5 guanines 16). Thus, the duplex strain is com-

32-mer shows the largest major-groove effects on the stability municated to disparate regions of the protein. As depicted

of the E=S complex. One unifying interpretation for these

in Figure 5, the strain is greatest in the noncovalent complex

findings is that, when the DNA strand is nicked, some duplex and diminishes as the reaction progresses to the covalent
strain is released and the major-groove interactions thencomplex. Because vTopo does not directly interact with the
become stronger. When this energetic interpretation is —13 to —20 region of the 32/32-mer, strain may involve a
extended, the greater flexibility (or lesser duplex strain) property of the 32/32-mer duplex that is indirectly transmitted
present in the 24/32- and 18/32-mers allows for the strengthto the enzyme DNA binding surface. Thus, vTopo may

of the major-groove interactions to be felt earlier along the indirectly sense the stability, dynamics, or subtle conforma-
reaction coordinate, whereas the 32/32-mer must first havetional properties of the'3downstream region of the DNA
the strain relieved during the formation of the covalent substrate. Further investigations will be required to fully

complex to take full advantage of these interactions.

elucidate these effects, but a functional role for duplex strain

It is of interest to ask if the anticooperative effects extend in promoting strand invasion or responding to DNA super-

to the base-deletion substrates. (With the ¢ substitutions,
it is almost impossible to make cleavage rate measurements

helicity and relaxation can be imagined.

with the reversible substrates because of the extremely smalREFERENCES

equilibrium constant for cleavage. Thus, we generally 4
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