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ABSTRACT. To probe the mechanism of the reversible DNA phosphodiester bond cleavage and religation
mechanism of the type | topoisomerase from vaccinia virus, we have synthesized DNA substrates carrying
a single nonbridgind=p- or Sp-phosphorothioate (Ps) modification at the scissile phosphodiester (Pd)
bond. Analysis of the stereochemical outcome of the net cleavage and rejoining reaction established that
the reaction proceeds with retention of configuration, as expected for a double-displacement mechanism.
Single-turnover kinetic studies on irreversible strand cleavage using 18/24 mer suicide substrates showed
thio effects kPYkP9) of 340- and 30-fold for thdRp-Ps and-Ps stereoisomers, respectively, btO-

fold smaller thio effects for the reverse single-turnover religation reaciprRs= 30 andSp-Ps= 3).

As compared to the smaller suicide cleavage substrates, approach-to-equilibrium cleavage studies using
32/32 mer substrates showed J-fold smaller thio effects on cleavage, similar effects on religation, and

the same ratio of th&p to S thio effect as the suicide cleavage reactieri). In general, thio effects

of 2.4—7.2-fold on the cleavage equilibrium are observed for the wild-type and H265A enzymes, suggesting
differences in the interactions of the enzyme with the nonbridging sulfur in the noncovalent and covalent
complexes. Studies of the cleavage, religation, and approach-to-equilibrium reactions catalyzed by the
H265A active site mutant revealed a stereoselective, 11-fold decrease Rp-tiwo effect on cleavage

and religation as compared to the wild-type enzyme. This result suggests that His-265 interacts with the
nonbridging proRp oxygen in the transition state for cleavage and religation, consistent with the
arrangement of this conserved residue in the crystal structure of the human topoiserDétAssomplex.

In general, the greatest effect of thio substitution and the H265A mutation is to destabilize the transition
state, with smaller effects on substrate binding. The interaction of His-265 with theppnenbridging

oxygen is inconsistent with the proposal that this conserved residue acts as a general acid in the strand
cleavage reaction.

The vaccinia virus type IB topoisomerase catalyzes revers-interactions that are involved in binding and catalysis are
ible site-specific cleavage and religation of the phosphodi- essential to fully elucidate the mechanism of these reactions.
ester backbone of duplex DNA at CCCIT3ites using an The phosphodiester cleavage reactions of type | topo-
active site tyrosyl residue as the nucleophile and the isomerases are unique in that the reaction is freely reversible
5'-deoxyribose hydroxyl as the leaving group (Figureld) (  and the energy of the initial DNA linkage is stored in the
Type IB topoisomerases play an essential role in eukaryotic phosphotyrosyl covalent intermediate. Thus, single-turnover
and mammalian DNA metabolism by allowing supercoiled kinetic studies of cleavage and religation may be performed
DNA to “relax” around the swivel point generated by enzyme using reversible kinetic conditions or, alternatively, irrevers-
when it is covalently attached to a single strand of duplex ible conditions 4). Using such approaches, kinetic studies
DNA (2). In addition, the potentially powerful anticancer on the strand cleavage and religation reactions of the vaccinia
drug, camptothecin, selectively targets cellular type 1B enzyme have been performed using small duplex oligonucle-
enzymes by blocking the strand religation reacti@n Thus, otide substratesi( 5). These studies have indicated that the
studies that identify and quantify the enzymmubstrate  chemical step of cleavage was the slowest step in a single-

turnover of the enzyme and that a simple two-state mecha-
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Ficure 1: Interactions of the vaccinia type | topoisomerase with the scissile phosphodiester as inferred from the crystal structures of the
covalent and noncovalent complexes of the human type | DNA topoisomeé¥ask direct in line displacement reaction is suggested in
which the active site Tyr-274 attacks the scissile phosphodiester linkage, anehyar&xyl leaving group is expelled. The interactions of

three key residues are indicated. His-265 forms a hydrogen bond &2.8 A) to tiRpmygen in the precleavage complex, and Arg-130

and Arg-223 form hydrogen bonds to the @o-oxygen (3.3 and 2.8 A, respectively). In the covalent complex the residue corresponding

to His-265 is disordered and not observed, Arg-223 forms a monodentate interaction with the both $ipegmdR'p oxygens (3.0 and

2.7 A), and Arg-130 forms a monodentate interaction with the$poexygen (2.8 A). (In the text, we note tiip andSp configurations

in the covalent complex with primes to emphasize that inversion of configuration has occurred compared to the precleavage complex.)
Interestingly, directed mutagenesis studies have shown that Arg-h@®risplaceable by lysine, but the R223K mutant has similar activity

to the wild-type enzyme5, 36). This result suggests that Arg-130 forms a bidentate interaction in transition state, which differs from the
interaction of this residue in the structures of the human enzyme.

kinetic studies using supercoiled plasmid substrates were alsdurther investigate this observation using chiral phospho-
consistent with rate-limiting cleavage chemistry and have rothioate substrates and directed mutagenesis in order to
established a “free rotation” mechanism for supercoil release dissect the functional roles of the contacts to the individual
by the vaccinia enzyme, in which multiple supercoils are phosphoryl oxygens at the cleavage site. Consistent with the
removed for each cleavage and religation evént ( previous biphasic kinetics, we find th&p-Ps substitution

A detailed structural model for the active sites of type IB is about 10-fold more inhibitory tha®-Ps substitution and
enzymes has recently emerged from the crystal structuresthat the overall stereochemical outcome of the cleavage and
of the free vaccinia catalytic domaif)(and structures of  religation reactions is net retention of configuration at phos-
the human enzyme in its noncovalent and covalent complexesphorus. For the H265A topoisomerase, a 11-fold decrease
with DNA (Figure 1) @, 9). From the structures of these in the Rp thio effect on cleavage and religation is observed
complexes it is observed that two completely conserved as compared to the wild-type enzyme, indicating that His-
arginine residues (Arg-130 and Arg-223 of the vaccinia 265 interacts with the pr&p oxygen in the transition state.
enzyme) interact with the pr8 oxygen of the scissile  This result suggests that His-265 is not a general-acid catalyst
phosphodiester bond and that a conserved histidine residudout, instead, acts to stabilize the developing negative charge
(His-265 of the vaccinia enzyme) is within hydrogen-bonding on an equatorial oxygen in the transition state.
distance of the pré&p oxygen. The importance of these inter-
actions in catalysis by the vaccinia enzyme has been directlyEXPERlMENTAL PROCEDURES ?
demonstrated by site-directed mutagenesis studies. In this EnzymesWild-type vaccinia topoisomerase was overex-
work, the R130A and R223A mutations caused &fbld pressed froniEscherichia colstrain BL21(DE3) transformed
inhibitory effect on the strand cleavage reactiobs 10— with the T7-based expression plasmid pET21-topo and
12), while the H265A and H265Q mutations caused a lesser purified to homogeneity using phosphocellulose chromatog-
100- and 3-fold inhibitory effect, respectivel®J). It has raphy as previously describeti4), followed by an HPLE
been proposed by Champoux and colleagues for the humargel filtration step using a Tosohaas TSK column (21.5 cm
enzyme that the histidine corresponding to His-265 acts asx 60 cm). The Y274F mutant was generated using the
a general acid to protonate thelsdroxyl leaving group in QuikChange double-stranded mutagenesis kit obtained from
the strand cleavage reactio8).(However, the position of  Stratagene (La Jolla, CA). The mutation was confirmed by
this histidine in the crystal structure, the “rescuing” effect DNA sequencing of both strands of the construct, and the
of the vaccinia H265Q mutation as compared to the H265A expressed protein was purified in a fashion identical to that
substitution {3), and the results presented herein, suggest for the wild-type enzyme. The H265A mutant topoisomerase
that the role of this histidine is to donate a neutral hydrogen was expressed and purified as previously describdd The
bond to the prdRp nonbridging oxygen in the transition state. concentration of the wild-type enzyme and the Y274F mutant

In an earlier papers), we showed that substitution of a were determined by UV absorption measurements at 280 nm
racemic nonbridging phosphorothioate (Ps) linkage at the (5), and the concentration of the H265A mutant was
DNA cleavage site of the vaccinia enzyme resulted in bi-
phasic cleavage kinetics. We suggested that the biphasic 2certain commercial equipment, instruments, and materials are
kinetic behavior was due to differing rates of cleavage for identified in this paper in order to specify the experimental procedure.

; uch identification does not imply recommendation or endorsement
the two Ps diastereomers by the enzyme. Thus, these resungy the National Institute of Standards and Technology, nor does it imply

suggested important stereospecific interactions of the enzymeat the material or equipment identified is necessarily the best available
with each nonbridging phosphoryl oxygen. In this paper, we for the purpose.
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Cleavage Substrates confirmation was determined by analytical RP-HPLC analy-
18/24 mer olen sis on a Hypersil C18 column, electrophoresis using a
(N = A or 2-AP) ' ITAAGGCTATCACS ! denaturing 20 wt % polyacrylamide gel, and MALDI-TOF.
18/40 mer . The concentrations of the single-strand oligonucleotides were
3" TTGTATAGCCACAG ARGGCTATCACTGATGTCES ! determined from the pairwise extinction coefficients at 260
32/32 mer 5/ CGTGTC ATTCCGATAGIGACTACAGCS ! nm of the individual nucleotided 7). The strands containing
3 GeACRe FTAAGGCTATCACTGATGTCGS ! the scissile bond were 5P end-labeled using-32P ATP
40/40 mer  5'AACATATCCGTGTCGCUCTTATTCCGATAGTGAGTACAGCS! in the presence of T4 polynucleotide kinase, purified on Bio-

3’TTGTATAGGCACAGCG XTAAGGCTATCACTGATGTCGS '

spin 6 columns (Bio-Rad, Hercules, CA), and then hybridized

to the complementary strand supplied in a 3-fold excess. [The
excess single strand DNA has no discernible effect on the
reaction because the vaccinia enzyme does not have signifi-

Ficure 2: Sequences of the substrates used in this work. The chant _?ffm]ltyl for smg:ce sttr:angRDl\;)Al().] ForPdejt-g;g‘znlng
conserved pentapyrimidine consensus sequence is aligned in all thdn€ site of cleavage for the PHp-Ps an_c@- S - mer
substrates, and the scissile phosphodiester is marked with an arrowsubstrates, the 18 mer strands containing the scissile bond
TheRp andS phosphorothioate (Ps) substrates have a single sulfur were 3-*2P end-labeled using-*P ddATP in the presence
substitution at the scissile position. In the sequence of the 18/24 of terminal deoxynucleotidyl transferase and then hybridized
mer, N= A or 2-aminopurine (2-AP). and purified as described above.

Determining the Stereochemistry of the Topoisomerase

Ligation Strands
12 mer 5'ATTCCGATAGTG3

20 mer 57 ATTCCGATAGTGAGTACAGC3

determined by the Coomassie dye binding method (Bio-Rad, ReactionThe st hemical out fh ‘ol
Hercules, CA) using wild-type topoisomerase as the standard.~caction.1he stereochemical outcomes ol the net cleavage

: . d religation reactions catalyzed by topoisomerase | using
The enzymes snake venom phosphodiesterase, terminaf’ .
deoxynucleotidyl transferase, nuclease P1, and alkalineNe RP-PS andSp-Ps 18/40 mer substrates (Figure 2) were

phosphatase were obtained from Boehringer-MannheimC.ie.t(.;“rmimad by taking advantage of the known ster.eospeci—

(Indianapolis, IN). T4 polynucleotide kinase was from New ficities of the enzymes snake venom phosphodiesterase

England Bio-Labs (Beverly, MA). (SVPDE) an'd nuc.lease P1 (NP1)§. (For cleavage at
Oligonucleotide SubstrateThe sequences of the phos- Pnosphorothioate linkages, SVPDE cleafResPs and NP1

phodiester and phosphorothioate substrates used in thes Ieavzsa?-[f_s.) Tr13e detailed procedure is described in the
studies are shown in Figure 2. The phosphodiester oligo- '€9€Nd Of F1gure .

nucleotides were synthesized using standard phosphoramidite_2-Aminopurine Fluorescence Assay for Nozaient DNA
chemistry on an ABI 380B synthesizer (Applied Biosystems) Binding. The noncovalent bmdmg affinity of topoisomerase
at the 0.5-1.0 umol scale. Stereospecific phosphorothioate [0 the normal and Ps-substituted 18/24 mer duplexes
substitutions were placed in the 18 mer oligonucleotides at SONtaining the fluorescent reporter group 2-aminopurine (2-
the scissile phosphorus of the CCGIA sequence by AP) 3 to the cleavage site (Figure 2) was determined by
synthesis and block coupling of separately purifReETrA monitoring the fluorescence intensity increase at 370 nm as
and S-TeA dinucleotides by the methods previously the enzyme binds. To prevent cleavage .of the DNA, the
described 15). The 18 mer Ps-oligonucleotides containing ' 2/4F mutant topoisomerase was used in these measure-
the fluorescent base, 2-aminopurine (2-AP), were synthesized'€Nts- Measurements were made using a Spex Fluoromax-2
using the commercially available 2-AP phosphoramidite flugrometer (ISA Instruments, Edison, NJ) with excitation
reagent (Glen Research, Sterling, VA). A single phospho- at 315 or 320 nm, excitation and emission slit widths of 4

rothioate modification in the 2-AP-containing oligonucleotide "M @nd an emission scan range of 3350 nm. These
was introduced at the CCCHI2-AP) sequence using measurements were made using two different buffer condi-

S-Tetra reagent (Glen Research, Sterling, VA), and the tions: 50 mM Tris-HCI (pH 7.5) and 20 mM Tris-HCI (pH

resulting Rp and S diasteromers were separated by RP- 8.0) supplemented with 200 mM NaCl. Further details of
HPLC on a C18 column (Hypersil, 4.6 mm 25 cm) using the binding studies are described in the legend to Figure 6.

an acetonitrile (B) gradient in triethylammonium carbonate The qugrgscence .data were fitted to eq 1, WHé‘mr.]d P
(1 M, pH 7.0) (A) as follows: 0 to 5 min, 0 to 25.5% B: 5 are the initial and final fluorescence values, respectively, and

to 25 min, isocratic at 25.5% B: 25 to 28 min, 25.5% to P = Ko 1 [Elot + [DNAJ

100% B.
The configuration and stereochemical purity of the Ps- F=F,—[(F, — F)/2[DNA],{b —
oligonucleotides were determined by RP-HPLC of the free \/bz — 4([E],[DNA] )} (1)

nucleosides after digestion with snake venom phosphodi-
esterase, nuclease P1, and alkaline phosphal&eThe Single-T al KineticsCl ,
Rp-Ps and3p-Ps oligonucleotides used in this work were of Ingle-Turneer Cleavage KineticsCleavage experiments
>99% stereochemical purity. Chemical purity and structural were perforr_ned V.V'th the 18/24 mer gu_bstratt_as (see Figures
2 and 4) using single-turnover conditions with manual or
o . .. machine mixing using a Kin-Tek rapid chemical-quench flow
3 Abbreviations: HPLC, high performance liquid chromatography; -
Tris-HCI, tris(hydroxymethyl)aminomethane: SDS, sodium dodecyl @Pparatus (State College, PA). In these experiments, the
sulfate; SDS-PAGE, polyacrylamide gel electrophoresis in the presence €nzyme was always present in at least 5-fold excess over
of the denaturant SDS; EDTA, (ethylenedinitrilo)tetraacetic acid, the DNA so that the observed kinetics were pseudo-first-

disodium salt; 2-AP, 2-aminopurine; Pd, phosphodiester; Ps, phospho- ; _
rothioate; MALDI, matrix-assisted laser desorptitionization mass order. For the manual eXpe”memS”mOOf DNA (O'l S0

spectrometry; SVPDE, snake venom phosphodiesterase: NP1, nucleas8M) in 50 mM Tris-HCI buffe_r (pH 7.5) was _placed in 10
P1. separate wells of a 96-well microtiter plate with V-bottoms.
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To initiate a reaction, 1QuL of wild-type or H265A
topoisomerase (0.5 to 12M)) in 50 mM Tris-HCI buffer

Stivers et al.

ments were performed by mixing a 3@ solution of
preformed covalent complex~60 nM) with a 40 uM

(pH 7.5) was rapidly added with a P-10 pipetman (Rainin, solution of 20 mer (in 50 mM Tris-HCI, 0.6 M NaCl). Thus,
Woburn, MA). The reaction was quenched by the addition the final conditions at the initiation of the reactions were
of 20 uL of 2X SDS quench solution, which was rapidly ~25 nM covalent complex, 2@M 20 mer strand, and 50
dispensed from a second hand-held pipet. The quench timesnM Tris-HCI containing 0.3 M NaCl at pH 7.5. (The
ranged between 0.5 and 10 s, and accurate timing waspresence of 0.3 M NaCl makes the religation reaction
achieved with an electronic metronome as previously de- irreversible by preventing reassociation of the topoisomerase
scribed 6). Control experiments demonstrated that the with the DNA.) The manual and machine initiated reactions
addition of 1 volume of 10 wt % SDS was an efficient were quenched as described for the cleavage reactions, and
quench method and that the co-addition of glycerol and the covalent complex and 32/40 mer ligation product were
bromphenol blue had no effect on the results. For the resolved by electrophoresis using a 18 wt % polyacrylamide

machine mix experiments;30uL of a 1 uM topoisomerase
solution was mixed with an equal volume of DNA (20 nM)

gel using denaturing conditions (SB8AGE).
The religation reactions of the H265A topoisomerase with

and the reactions were quenched at times ranging from Olthe normaLRp_Ps_ an@_Ps 18/40 mers were performed

to 10 s with a solution of 10 wt % SDS delivered from the

in a similar fashion except that (i) the time scale for forming

quench syringe. After quenching, glycerol and bromophenol the respective £12/40 mer covalent complexes was longer
blue were added to each reaction to final concentrations of (pq, 4 h;Rp-Ps, 24 hSp-Ps, 48 h) and (ii) a single 3Qa

5 and 0.1 wt %, respectively. The reaction products were
analyzed by separating the free uncleaved DNA from the
covalently bound DNA using electrophoresis with a 18 wt
% denaturing polyacrylamide gel containing SDS. The
fraction of the uncleaved substrate remaining (frgonas

reaction was used from which 24 aliquots were removed
and quenched in 20L of the 2x SDS quench solution (see
above). After electrophoresis, the fraction of the covalent
complex remaining (frac complex= (counts complex)
{[counts 32/40 merH [counts complex}) was determined

determined by phosphorimaging analysis and corrected forpy phosphorimaging analysis of the gels and then corrected

the amount of substrate that did not react at long times (frac
So): frac (S)norm = (frac § — frac S.)/(1 — frac S.). The
data were fitted to a first-order decay curve [frag{sm =

exp —kosd] by nonlinear regression analysis. Similar to
previous results4), the corrections for unreactive substrate
ranged from 5 to 25%. In multiple experiments it was found
that the observed rate constakin{) for a given substrate
did not depend on the fraction of the substrate that was

unreactive at long times. The enzyme concentration depen-

dence of the single-turnover cleavage ratgg§ was fitted

to eq 2 to obtain the maximal cleavage rate at saturating
enzyme concentrationkd) and the apparent dissociation
constant Kp2?P).

Kobsa= K[EN/[E] + Kp*P 2

The precise site of cleavage for the Pd &pd and$p-Ps
18/24 mer substrates was determined using®® ddATP
end-labeled DNA (see above). The 7 mer products of the

for the amount of covalent complex that did not react at long
times (frac compley): frac (complexnom = (frac complex

— frac complex)/(1 — frac complex). The data were fitted

to a first-order decay curve [frac (complg¥m = exp—kdt]
using nonlinear regression analysis. Further details of the
individual reactions are in the legend to Figure 7.

Approach-to-Equilibrium Clegage Kinetic Measurements.
Approach-to-equilibrium kinetic measurements were per-
formed using 40/40 mer or 32/32 mer substrates with 20
base pairs ‘3o the cleavage site, such that the leaving strand
cannot spontaneously dissociate (Figure 2). THé5labeled
32 mer scissile strand was synthesized by first end-labeling
the respective normaRp-Ps, andy-Ps 18 mer strands with
y32P-ATP in the presence of T4 polynucleotide kinase and
then hybridizing these labeled strands to the complementary
32 mer which was present in a 3-fold molar excess (bottom
strand in Figure 2). The labeled 18 mer strand was ligated
to a 14 mer oligonucleotide (ATAGTGACTACAGC-3)
in the presence of ATP and T4 DNA ligase, which results

cleavage reaction were then resolved on a denaturing 20%, the 32/32 mer duplex shown in Figure 2. The labeled

polyacrylamide gel containn7 M urea.
Single-Turneer Religation KineticsThe rates of 20 mer
strand religation to preformed-8P-labeled enzymel2/

40 mer covalent complexes were determined under single-

turnover irreversible conditions using manual or machine
mixing methods. The manual reactions (20 each in 50
mM Tris-HCI, 0.3 M NaCl, pH 7.5) were performed in 96-
well microtiter plates as described above for the cleavage
reactions. The covalent complex between wild-type topo-
isomerase and thBp-Ps andSp-Ps 18/40 mer DNA was
first formed in 50 mM Tris-HCI buffer (15@L, pH 7.5) by
incubating 0.65«M wild-type topoisomerase with 50 nM
DNA for 2 h. The 10uL portions of the preformed

duplex was resolved on a 20 wt % nondenaturing polyacryl-
amide gel and then excised and electroeluted to give pure
material for the reactions. The reactions were performed and
analyzed as described above for the single-turnover cleavage
reactions using manual mixing for thep-Ps andSp-Ps
substrates, and machine mixing for the reaction of the wild-
type enzyme with the normal 40/40 mer. The observed rate
constant for approach-to-equilibrium cleavagg,{®") was
obtained from plots of the fraction of substrate cleaved
against time using nonlinear least-squares fitting to a first-
order rate equation (frac cleavedfrac.(1 — exp —Kopd®'t),

where frag is the amount of substrate cleaved at infinite

time (i.e. when equilibrium has been reached).

complexes were then dispensed into 10 separate wells of a

microtiter plate. The religation reactions were initiated by
the rapid addition of 1L of a 2x ligation mix consisting

of 40 uM 20 mer strand in a buffer consisting of 0.6 M NaCl

in 50 mM Tris-HCI (pH 7.5). The machine mixing experi-

RESULTS

Net Cleaage and Religation Reaction Proceeds with
Retention of Configuration at Phosphoru$he overall
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Ficure 3: Determination of the stereochemical outcome of the net cleavage and religation reactions. (A) Thieeek@lions containing
10 uM of either theRp, S, or normal 18/40 mer and 1@V topoisomerase in a buffer consisting of 50 mM Tris-HCI (pH 7.5) were
incubated at 37C for 1 h toform the covalent complex. The reactions were then diluted 150-fold to a volume of 15 mL using 50 mM
Tris-HCI containing 0.3 M NaCl. The samples were placed in three Amicon (Beverly, MA) Centriprep-30 membrane filtration devices and
concentrated to a volume of about 1 mL (MWGO30 000). The samples were diluted to 15 mL and concentrated again to 1 mL by
centrifugation. Finally, the 1 mL retentate was transferred to a Amicon Centricon-10 membrane filtration device, and the volume was
reduced to about 100L. (At this stage, which represents an overall dilution of 2250-fold, the unreacted 18/40 mer DNA and the free 6 mer
leaving strand were not detected in the retentate by analysis using denaturing 20% polyacryamide gel electrophoresis with visualization by
UV shadowing or ethidium bromide staining.) The ligation reaction was initiated by addition of the 12 mer strand (see Figure 2) to a final
concentration of about 30M, and the reaction was incubated fb h atroom temperature. (Under these high-salt conditions, ligation is
essentially irreversible because the topoisomerase dissociates irreversibly from the DNA.) After ligation, the buffer was exchanged by
diluting each of the three reactions to 2 mL using 10 mMiRO, (pH 7.3) and 10 mM MgGland then concentrating each sample to 100
uL using a Centricon-3 device. Finally, each of the three samples was split into two equal-volume portions, to which 10 U of SVPDE was
added to one and 10 U of NP1 to the other. After addition of 10 U of alkaline phosphatase to all the samples, they were incubated at room
temperature for 48 h. (B) The nucleoside and phosphorothigafedimer products for the reaction were analyzed by RP-HPLC using a
Phenomenex C18 Aqua column (Torrance, CA) with UV monitoring at 254 nm. An isocratic elution scheme was used consisting of 0.1 M
aqueous triethylammonium acetate with 14 vol % acetonitrile, and a flow rate of 0.5 mL/min. The stereochemical assignments of the
dimers from these digestions were confirmed with the chemically syntheBjzeshdSp dimers of FA. The asterisk marks an impurity
that is present in all the samples.

reaction catalyzed by type | topoisomerases is envisioned toconfiguration, respectively. On the basis of the signal-to-
proceed by a double-displacement mechanism involving (i) noise level in the HPLC traces, it can be estimated that the
the nucleophilic attack of the active site tyrosine on the net cleavage and religation reaction proceeded with greater
scissile phosphodiester to form a phosphotyrosine covalentthan 97% retention of configuration at phosphorus.
intermediate and (ii) the attack of the DNA-Bydroxyl on Thio Effects on the Irreersible Single-Turneer Cleavage

the phosphotyrosine intermediate to reseal the DNA strand.Reactions of Wild-Type and H265A Topoisomeralee
Thus, the expected overall stereochemical outcome is reten+eversible nucleophilic substitution reaction of the vaccinia
tion of configuration at phosphorus. To directly confirm this topoisomerase may be studied under irreversible cleavage
mechanistic prediction, we placed a chi®p- or $p- conditions using substrates which are incapable of being
phosphorothioate linkage at the cleavage site, isolated theligated. One way to accomplish this is to use duplex oligonu-
product of the overall topoisomerase reaction (Figure 3A), cleotides with less than 6 base pait8the cleavage site,
and determined the stereochemical configuration at the such that the 6 mer irreversibly dissociates after the cleavage
scissile linkage using the well-known stereospecificities of reaction (Figure 4)4). For the wild-type enzyme, the Pd

the enzymes snake venom phosphodiesterase (cleaves onl§8/24 mer is cleaved with a maximal rate constant 0.67
Rp-Ps) and nuclease P1 (cleaves ofyPs). Thus, the s (Figure 4A, Table 1). The substitution Bp-Ps and3p-
expected enzymatic digestion products (after removal of the Ps at the cleavage site results in large stereospecific thio
5'-phosphate with bacterial alkaline phosphatase) are the foureffects onk of 340- and 30-fold, respectively (Figure 4B,
mononucleosides and a single dinucleotide with a chiral Table 1).

phosphorothioate linkage ¢) that is resistant to digestion To rigorously interpret the observed thio effectslgnit

by the given enzyme. The HPLC traces in Figure 3B clearly is necessary to ascertain that the site of cleavage has not
show that the A dinucleotide products derived from the been altered by the introduction of sulfur at the scissile
Rp-Ps andyp-Ps 18/40 mer substrates retain Beandp position. To establish this point, we labeled the scissile strand
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Ficure 4. Maximal single-turnover cleavage rates for the 18/24 mer Pd and Ps duplexes under irreversible conditions and determination
of the site of cleavage. The reactions were performed by rapidly mixing equal volumes of enzyme and DNA and quenching the reaction
at various times by the addition of 1 volume of 10 wt % SDS. The data are shown as semilogarithmic plots and are normalized for the
fraction of the substrate that did not react at long times. (A) Reaction of wild-type topoisomerase (600 nM) with the Pd 18/24 mer (performed
with a Kin-Tek rapid mix-quench instrument). The last time point shown in the gel (10 s) was used to determine the endpoint and is not
shown in the plot. (B) Reaction of the wild-type topoisomerase (600 nM) witlRfheand Sp-Ps 18/24 mer substrates. In the gel images,

the time points range from 10 to 1800Rp) and 10 to 300 sp), and the last point in each was used to determine the end point and is

not plotted. (C, (D) Reactions of PRp, andSp 18/24 mers with the H265A mutant (300 nM). (E) The site of cleavage for the Pd and Ps
substrates was ascertained Bye8d-labeling the 18 mer scissile strand wit¥¥P-ddATP followed by hybridization to the complementary

24 mer strand. The labeled DNA (20 nM) was incubated with 100 nM wild-type or H265A topoisomerase fobaba@l 37°C in a

reaction volume of 2Q:L, and the reaction products were resolved on a 20% denaturing polyacrylamide gel cgnfaMiurea. The
unreacted DNA is shown in the three lanes on the left, and reactions of the wild-type and H265A enzymes with the Pd and Rp- and Sp-Ps
substrates are shown moving from left to right across the gel. In all cases, the major reaction product is the expedtizb8led 7 mer,

as judged by comigration with the-8nd-labeled 7 mer marker band. The cleavage reaction of the Sp diastereomer with the H265A
enzyme is only partially complete & h due to the long half-life of this reaction (Table 1).

Table 1: Kinetic Parameters and Thio Effects for Wild-Type and H265A Topoisonferase

substrate ko (79 TE® k (s TE KpaPPP (nM)

Wild-Type

Pd 0.67+ 0.10 0.90+ 0.10 19+ 4

Rp-Ps 0.002+ 0.0004 340 0.0% 0.003 30 <1

Fo-Ps 0.021: 0.0006 30 0.29: 0.018 3 3+1

H265A

Pd (1.2+£0.1) x 103 (2.0£0.15)x 103 5+2

Rp-Ps (4.0 0.3)x 1075 30 (7.3+£ 0.5) x 107 2.6 NDF

S-Ps (1.2 0.1) x 1075 100 (2.0£0.2) x 104 10 ND

aDetermined at 25C and pH 7.5 (50 mM Tris-HCI). The thio effect (TE) is defined as Pd value/Ps value, and the superscript denotes the
corresponding rate constant or equilibrium constant. The valuég ordk. were determined from single-turnover kinetic measurements as described
in the text using irreversible conditions. In general, the reported rate constants are mean values for two to four independent determinagions, and th
errors are standard uncertainties. The propagated errors in the thio effect@@¥e ° The apparent dissociation constant determined from the
concentration dependencel@fsqfor single-turnover cleavage (see eq 2 and Figure 5). Thio effects on this parameter are not reported because the
Kp?PP value for the Pd substrate with the wild-type enzyme is higher than theKisuie to kinetic complexity (see text)ND, not determined.

of each 18/24 mer substrate wii¥?P-ddATP using terminal To determine whether thio substitution affects the affinity
deoxynucleotidyl transferase and resolved the cleavageof the enzyme for these substrates, we investigated the
products of the reactions on a denaturing 20% polyacryl- enzyme concentration dependencekgfss (€q 2) for the
amide gel containigp 7 M urea. If cleavage occurs at the single-turnover suicide cleavage reaction (Figure 5A,B). For
expected position, then each of the substrates should behe wild-type enzyme reacting with the 18/24 mer Pd
converted to 7 mers in these reactions. As shown in Figure substrate, an apparent dissociation constant for cleavage
4E, the 3-end-labeled scissile strands with a Rp-Ps, or (Kp?*?) of 19 nM was determined by nonlinear least-squares
F-Ps linkage are each converted to the expected 7 merfitting of the concentration dependencekgfqto eq 2 (Figure
product as judged by oligonucleotide size markers which 5B). For theRp- and Sp-Ps 18/24 mers, much low&p?2PP
were included on the gel. values of< 1 and 3 nM were measured, respectively (inset,
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- ol®_ -8 A A Table 2: H265A Mutational Effects (ME) on Cleavage and
® - A Religatiort

b substrate ME ME' MEjgpd®¥ MEKe!

Pd 560 480 230 0.78
Rp-Ps 50 4 26 2.4
$-Ps 1700 1500 900 2.3

Ry R A 2The fold mutational effects on cleavage (MEreligation (ME),

5 10 50 100 150 200 reversible cleavage (ME<®"), and the cleavage equilibrium constant
time (s) (MEX) for each substrate are reported as fold effects between the wild-

type and H265A mutant topoisomerases (i.e. MBvild-type value/

T Pd H265A value), and the propagated errors are less than 30%. The

mutational effects are calculated from the data in Tables 1 and 3.

Frac P (norm)
> g

s (87)

;/’”'//5; B o occurring must operate at a ratelO-fold faster or slower
4 ,/ P than the subsequent chemical step. We note that the 11-fold

Rp

e T e smallerthio effect on cleavage for the H265A mutant is also
e sy inconsistent with a rate-limiting conformational change that
200 400 obscures the chemical step, because the rate of the chemical
[Topo] nM step is slowed by 560-fold by the H265A mutation (see
Ficure 5: Concentration dependence of single-turnover strand below).
cleavage of the Pd and Ps 18/24 mer substrates (50 mM Tris-HCI, For the H265A topoisomerase, the maximal cleavage rates

pH 7.5). (A) Varying concentrations of enzyme~200 nM) were
mixed with 0.2 nM of the Pd 18/24 mer. The amount of covalent for the PdRp-Ps, and-Ps 18/24 mers were down by 560-,

complex at each time was quantified as described in the legend to50-, and 1700-fold, respectively, as compared to the wild-
Figure 4 and in the Experimental Procedures, and the time coursedype enzyme (Figure 4C,D and Table 2). TRp-Ps thio
were fitted to a first-order rate equation to obtdinsq at each  effect on the cleavage reaction of the H265A topoisomerase

concentration of enzyme. The concentrations of enzyme for the ; _ A ;
data shown are the following: closed circles, 300 nM; squares, 50 is 11-foldsmallerthan the wild-type enzyme, while the effect

nM: open circles, 10 nM; triangles, 1 nM. (B) Concentration ©f SP-Ps substitution is 3-fold greater than the effect
dependence dé,,sqfor cleavage of the Pd 18/24 mer and Ps 18/24 measured for wild-type topoisomerase. This stereospecific
mers by the wild-type topoisomerase (inset) and Pd 18/24 mer by “rescuing” effect of the H265A mutation provides evidence
the H265A mutant (inset) The curves are nonlinear least-squaresfor a favorable interaction of His-265 with the pRp
fits of the data to eq 2, from which the values far andKo®™® — onpridging oxygen. Thip? for cleavage of the Pd 18/
reported in Table 1 were determined. .

24 mer by the H265A mutant was also in the low nanomolar

Figure 5B). Although these results seem to indicate that the "ange Kp®* = 5 nM, Figure 5), as found for the cleavage
introduction of sulfur significantlyncreaseshe affinity of ~ Of theRp- andSp-Ps substrates by the wild-type enzyme. It
the enzyme for th&®p- andSp-Ps substrates, an alternative Was not practical to measuke,*” for cleavage of théRp-
explanation would be thagp??for the Pd substrate is greater and $p-Ps substrates by the H265A mutant due to the
than the true dissociation constant because of kinetic €xtremely slow rates of these reactions (Table 1).
complexity. Using the minimal cleavage mechanism of eq Noncaalent DNA BindingThe overall binding interaction
3, Kp? could overestimatdp™e by the ratio of the rate  Of the topoisomerase with DNA may be viewed as a two-
step process involving first the formation of a noncovalent

Ol

X

K Kei complex, described by a dissociation constagtfollowed
E+ S ES—E-S (3) by a reversible covalent step, described by the cleavage

equilibrium constanK. To evaluate the effect of nonbridg-

constantsg/k; (i.e. Kp?PP = Kp™® + Kky/k;) (18). Thus, the ing phosphorothioate substitutions i§p, we used the Y274F
much largerk, value for the Pd substrate could give rise to active site mutant, which is incapable of forming the covalent
its higherKp®. The similarity of theKp values for the Pd,  complex yet binds productively as judged by DNA foot-
Rp-Ps, andSp-Ps substrates determined in direct binding printing analysis of the vaccinia enzyntdj, and the crystal
studies using the Y274F mutant support this explanation (seestructure of the analogous human Phe mutant in a nonco-
below). valent complex with DNA 8). In a new assay for binding

We note that the cleavage reaction of the-R8/24 mer (Figure 6), a 2-aminopurine fluorescent reporter groBp (
has been followed from times as short as 5 ms and usingis placed adjacent to the consensus cleavage sequence
enzyme concentrations ranging from 1 to 600 nM and that CCCTTP. Thus, upon noncovalent binding of the Y274F
no kinetic lags have been detected. This is an importantenzyme, a 1.92.4-fold fluorescence enhancement is ob-
observation, because if cleavage occurs by a two-stepserved for the Pd and Ps-18/24 mer substrates (Figure
mechanism involving a slow conformational step followed 6A, 6B). Because 2-aminopurine fluorescence is quenched
by chemistry as previously suggestdd, @ pronounced lag  dramatically by base stacking interactions in duplex DNA
in covalent complex formation should have been detected if (20, 21), the observed enhancement is presumably due to a
the conformational step was—30-fold slower than the decrease in the stacking interactions of the 2-aminopurine
chemical stepi(8). In general, such a lag will not be observed base upon noncovalent binding of the enzyme.
if the first step of a two-step reaction is much faster or slower  Using the standard reaction buffer (50 mM Tris-HCI, pH
than the second step. Thus, the absence of a detectable 1ag.5), we were only able to observe tight stoichiometric
indicates that any conformational change that may be binding of the Y274F mutant to the Pdand Ps-18/24 mers
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Ficure 6: Determination of the noncovalent binding affinity of time (s)
Y274F topoisomerase for the normal and Ps-substituted 18/24 mer 1 1 )
duplexes in the high ionic strength buffer (20 mM Tris-HCI, 200 X 3 C. @ 3 —
mM NacCl at pH 8.0). The substrates contain the fluorescent reporter & S~ o4l Sp
-ami i iti i £EE gge O o
group 2-aminopurineR) at the position 3to the cleavage site, S E o= :
which results in a fluorescence increase upon noncovalent binding. © g o1 (z), £ o0 Rp
(A) Fluorescence emission spectiay (= 320 nm) of theSp-Ps §‘“ b ® E
substrate DNA (89 nM) as the topoisomerase concentration is r H265A Y 0.001FH265A
increased from 0 to 350 nM. (B) Relative fluorescence increase at 0.01E 1- . 2'0 — (; : 4'0 ’ slo 1éo
370 nm for the Pd substrate (50 nM, closed circl s substrate 0 0 A g
( BRIP time (min) time (min)

(50 nM, open squares), argb-Ps substrate (89 nM, open circles)
as a function of total Y274F enzyme concentration. The curves
are the best fits to eq 1. From this analysis, ievalues for the
respective PdRp-Ps, and®-Ps 18/24 mer substrates are-8a.7,
23+ 12, and 704+ 16 nM. As discussed in the text, thg values

in this buffer are nearly the same as those in the low ionic strength
standard buffer, indicating that productive complexes are being
formed in this experiment.

FIGURe 7: Single-turnover religation of Pd and Ps—E2/40
covalent complexes (cc) with 20 mer religation strand under
irreversible conditions. The designatioR§ and Sp reflect the

fact that the stereochemical configuration at phosphorus for the
covalent complex is inverted with respect to the precleavage
complex. The data are fitted to a single-exponential decay and are
displayed in semilogarithmic plots, normalized for the fraction of

) ) the initial complex that did not react at long times (see text and
using this assayp < 4 nM,n= 1+ 0.1, data not shown),  Figure 4). (A) Reaction of the wild-type Pd covalent complex with
which is consistent with low nanomolar dissociation con- the ligation strand (performed with machine mixing). (B) Reaction

stants for all these substrates in the standard buffei@ae ~ Of the wild-typeRp andSp-Ps covalent complexes with 20 mer
K ligation strand. (C) Reaction of H265APd covalent complex with

> Ko fpr the Pd substrate as .Sque.Sted above). A better20 mer ligation strand. (D) Religation reactions of H265Rp
determination of thé&p values using this buffer system was gng H265A-Sp-Ps covalent complexes.
precluded by the sensitivity of the fluorescence assay.
Therefore, to obtain a better measure of the relative binding irreversible, the reaction is performed in 300 mM NacCl,
affinities of the enzyme for the Pd and Ps substrates, wewhich drives enzyme dissociation from the DNA after
increased the ionic strength of the assay buffer to include religation. Although the higher salt concentration used for
200 mM NaCl and 20 mM Tris-HCI, pH 8.0. In this buffer  the religation reaction could affect the religation rate constant
system Kp values of 36+ 17, 23+ 12, and 70+ 16 nM as compared to the standard buffer, the following observa-
were measured for the P&p-Ps, andSp-Ps 18/24 mers,  tions indicate that salt effects on the religation rates are
respectively, by curve fitting the concentration dependence small: (i) the small effect of 200 mM NaCl on the maximal
of the fluorescence increases to eq 1 (Figure 6B). To confirm cleavage rates for the reaction of the Pd and Ps substrates
that catalytically productive complexes form in this higher with the wild-type enzyme; (ii) the similar religation rates
salt buffer, the cleavage rates were measured at a saturatingor the Pd substrates obtained from reversible and irreversible
concentration of enzyme ([Ef 1 or 2uM, [18/24 mer]= religation measurements with the wild-type enzyme (compare
20 nM) and were found to be very similar to those measured k, andk<2¢in Tables1 and 3); and (i) the good agreement
in the standard low ionic strength buffek,™ = 0.59 + between the thio effects on religation determined for the two
0.05 s; kg™ = 0.003+ 0.0006 s*; ky® = 0.016+ 0.003  approaches (Tables 1 and 3). Because the rates for reversible
s L. These results indicate that sulfur substitution has only a and irreversible religation for the Ps substrates show modest
small effect on substrate affinity<-fold) and support the  differences (26-80%), we do not make quantitative com-
proposal that the largdfp®® value for cleavage of the Pd  parisons between the data obtained using these differing
substrate is due to kinetic complexity (Figure 5; see also conditions for the Ps substrates.
discussion above). For the wild-type enzyme, the -EL2/40 mer covalent
Thio Effects on the Single-Turper Religation Reactions  complex is ligated to form the 32/40 mer product with a
of Wild-Type and H265A Topoisomera$ke single-turnover  rate constant, = 0.90 s (Figure 7A, Table 1). The
religation reaction may also be studied using irreversible substitution ofRp-Ps andp-Ps at the cleavage site results
conditions. In this case, the-B2/40 covalent complex is in thio effects of 30- and 3-fold fok,, respectively, which
first formed from the 18/40 mer substrate, and religation is are roughly 10-fold less than the effects ken(Figure 7B,
then initiated by the rapid addition of a large excess of 20 Table 1). As discussed above for the cleavage reactions,
mer strand that is complementary to the single-strand religation occurs with no lags, indicating no other kinetically
overhang of the complex (Figure 7). To make religation significant steps before the chemical step of ligation.
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Table 3: Kinetic Parameters for Approach-to-Equilibrium Cleavage and Thio Effect$ (TE)

Substrate kobsrev (S—l) TEobs,rev Kcl TEKcI kclcalcb TECIcaIcC KcaICb TErcalcc
Wild-Type
Pd 1.3+ 0.2 0.56+ 0.06 0.5+ 0.10 0.8+ 0.14
Rp-Ps 0.029+ 0.0035 45 0.52t 0.05 1.1 0.0H 0.002 50 0.019: 0.004 42
F-Ps 0.36+ 0.04 3.6 0.23t 0.04 2.4 0.0A4 0.01 7.1 0.29t 0.03 2.7
H265A

Pd (5.7 0.7)x 1073 0.72+0.1 (24+0.3)x 102 (3.3+0.5)x 1072
Rp-Ps (1.1+0.1) x 10°3 5 0.22+0.04 3.3 (2+£0.3) x 104 12 (9+0.9) x 104 3.7
P-Ps (4.0£0.3) x 104 14 0.1+ 0.02 7.2 (3.6:0.7) x 10°5 67 (3.6£0.3) x 107 9.2

aThe kinetic kndev) and equilibrium Kc) parameters are from the approach-to-equilibrium kinetic experiments in which the DNA was fully
bound by enzyme ([E} 300-600 nM, [DNA] = 20 nM). The thio effect (TE) is defined as Pd value/Ps value, and the superscript denotes the
corresponding rate constant or equilibrium constant. In general, the erfQrssBndK are standard uncertainties based upon multiple determinations
of these parameters & 2—4). ® The valuek @ andk @ were calculated from the kinetic equations describing a simple two-state approach-to-
equilibrium for each substrate [i.& 3 = kopd®/(1 + 1/Ky) and kS = kopd®¥/(1 + Kg)]. € These thio effects were obtained from tbadculated
values ofky andk; reported in this table; the propagated errors 289%.

For the H265A topoisomerase, the religation rates for the individual rate constantky@° and k@ and the cleavage
Pd, Rp-Ps, and3-Ps E-12/40 mer complexes were down equilibrium constant for the phosphodiester substrate, re-
by 480-, 41-, and 1500-fold, respectively, as compared to spectively. (Equation 4 may be easily derived from the
the wild-type enzyme (Figure 7C,D, and Table 2). These equations definindon<®', Ko, and the thio effect.)

fold effects of the H265A mutation dk are nearly identical For the wild-type enzyme, the Pel0/40 mer is cleaved
to the mutational effects ok for each of these substrates ynder reversible conditions with a maximal pseudo-first-order
(Table 2). Since there is little mutational effectldg (<2.4- rate constantkpd® = 1.3 + 0.2 s! and a cleavage

fold; see below and Table 2), then the large kinetic effects gquilibrium constanky = 0.56 (Table 3, data not shown).
suggest that removal of His-265 destabilizes the transition ag ghserved for the irreversible cleavage reaction, no kinetic
state for cleavage and religation, with little effect on the |ag was observed that would indicate a slow step before the
relative free energy Ie\{els for the respectiye g_round states.chemical step. In addition, we note thatde and K for

The Rp-Ps and-Ps thio effects on the religation reaction  the pq substrate are within error of the values calculated from
catalyzed by the H265A topoisomerase are 11-fold .smaller the sum and ratio ok, andk;, respectively (see Table 1),
and 3-fold greater than those measured for the wild-type providing evidence that a simple two-state approximation is
topoisomerase, respectively (Table 1). These changes in th&ajid for this reaction. The calculated rate constants for cleav-
thio effects upon mutation of His-265 are similar to those age k29 and religation k<29 obtained from the equations
observed fok,, and indicate that His-265 has an identical describing a two-state mechanism are reported in Table 3.

role in the transition state fqr cleavagg and religation (i.e. The substitution oRp-Ps andSp-Ps at the cleavage site
the same rate-limiting transition state is observed for both o .
of the 32/32 mer equilibrium cleavage substrate results in

reactions). . .
S L . i thio effects of 45- and 3.6-fold fdk,e®", respectively, and
Kinetics of DNA Cleaage and Religation Using Rers smaller effects onKy (1.1- and 2.4-fold: see Table 3).

ible Approach-to-Equilibrium ConditionsAn alternative . ; .
; . . Although k,pd®" is nearly identical to the surky andk; for
method for measuring DNA cleavage is to use reversible the Ps substrates (see Table 1), the rliti, is about 7-

approach-to-equilibrium conditiong)( In these reactions, and 3-fold greater thaki for the Rp- andSp-Ps substrates,

a longer substrate with 20 base paifd@the cleavage site respectively. This result indicates that sulfur substitution has
is used such that the cleaved strand does not dissociate fron%jiffgrential )gﬁects on the reactivity of the equilibrium and
the complex. Under such reversible conditions, and when . Y 9

the DNA is fully bound by enzyme, the equilibrium end point irreversible substrate_s, thus precluding any comparison of

) : the cleavage and religation rates between these substrates
will depend on the relative rate constants for strand cleavageusin the two-state approximation (see Discussion). Rifte
and religation (i.e. Ky = ko/k) (4, 5). Accordingly, the g bp '

i i calc calc
observed rate constant for reversible cleavaggd¥) is andSp thio effects that are obtained frokg™*andk*are

expected to be greater than the irreversible cleavage mea_reported in Table 3.

surements and will be equal to the sim+ k; for a simple For the H265A topoisomerase, the P4D/40 mer is
two-state mechanism in which cleavage and religation occur cleaved under reversible conditions with a maximal rate
through a single transition state (Figure 1) Accordingly, ~ constant that is 230-fold slower than the wild-type enzyme,

ke and k- may be calculated fromked® and Ky by with a slightly larger equilibrium endpoink¢ = 0.7, Table
simultaneous solution of the two equations (kg&°and  3). The thio effect onkepd® for the H265A mutant is
k<acvalues in Table 3). For such a mechanism, we note that diminished by about 10-fold for th&p-Ps 32/32 mer as
the thio effect orkes<® (TEPs Y, will differ from the thio compared to the wild-type enzyme and increased by about

effect on suicide cleavage and religation according eq 4, 3-fold for theSp-Ps isomer, which is the same result obtained
for the irreversible cleavage and religation reactions. As

(1+ 1K Pd) compared to the wild-type enzyme, larger thio effects on
obs,rev_ | PC(; 4) K¢ of 3.3 and 7.2 are seen for tHep and S isomers,
[LTE® + (1K, x LTE)] respectively (Table 3). These equilibrium thio effects indicate

that the relative free energy levels for the noncovalent and
where TE!, TE, and K, are the thio effects on the covalent complexes have been altered as a result of mutation
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and thio substitution so as to favor the noncovalent complex. religation AAG = —RT In(fold mutational effect)!; see
Similar to the wild-type enzyme, the ratig/k; for the Rp- Table 2]. Histidine-265 is conserved in all type 1B topo-
and $-Ps substrates are 4- and 1.7-fold less than theisomerasesl@), as well as the mechanistically and structur-
measured values df., respectively. TheRp and S thio ally related HP1 and lambda integrase enzyri28s24) and
effects that are obtained frokg®¥° andk.a are reported in ~ the XerD recombinase26—27). Thus a common role for
Table 3. this residue in the transesterification reactions of these related

The concentration dependence of covalent complex forma-enzymes is suggestedd).
tion was found to be similar for the Pd and Ps equiliborium  The 11-fold smalleRp thio effect on irreversible cleavage
cleavage substrates using the wild-type enzyme or the H265Aand religation when using the H265A mutant enzyme
mutant (not shown). Attempts to obtain K value for strongly supports the structural evidence that His-265 forms
noncovalent binding by following the concentration depen- @ hydrogen bond to the piiep oxygen in the transition state
dence of covalent complex formation were unsuccessful duefor cleavage and religation, although indirect effects of
to tight stoichiometric binding in the standard low ionic mutations on thio effects have also been reporsi Z9).
strength buffer (see above), as well as the small values ofAssuming a direct interaction, as suggested by the crystal
K for the H265A mutant. However, for both the wild-type  structure, this “rescuing” effect of the H265A mutation
and H265A enzymes an upper linkp < 5 nM for the Pd corresponds to a favorable energetic coupling between His-
and Ps 32/32 mer substrates was obtained from these studied65 and the prdp-oxygen in the transition state ef6 kJ/
using the standard buffer, which once again indicates thatmol [the coupling or interaction energyAGi) may be
the high Kp? value for the wild-type enzyme is due to calculated from the ratio of thio effects for the mutant {TE

kinetic complexity. and wild-type enzymes (TB), i.e., AGjyy = —RT In(TE"Y
TE™9] (30, 31). In contrast, thep-Ps diastereomer shows
DISCUSSION a 3—10-fold larger thio effect with the H265A mutant than

. with the wild-type enzyme (Tables 1 and 3), which corre-

StereochemistryTo our knowledge, the results reported gponds to an indirect, anticooperative energetic coupling
here represent the first direct measurements of the stereopetween His-265 and the pBp oxygen in the transition state
chemical outcome of a type 1B topoisomerase reaction of 3.0 kJ/mol. These effects suggest a finely tuned and
(Figure 3), although the stereochemistry of the related ¢ooperative hydrogen bond network in the transition state
enzyme, lambda integrase, has been shown to proceed bynat facilitates changes in geometry and charge as the tyrosine
retention of configuration 22). The observation of net nucleophile attacks the phosphodiester linkage.
retention of configuration is consistent with a double-  \ye surmise that His-265 is neutral in the DNA complex
displacement mechanism involving the formation of a 4; hH 7.5 because the low activity of the Ala-265 enzyme is
phosphotyrosine intermediate, followed by attack of the 5 |5rgely restored upon introduction of GIn at this position and
hydroxyl group to reseal the phosphodiester backbone. Thus e analogous residue in Cre-recombinase is a tryptophan
it may be concluded that no stable trigonal bipyramidal (25). Thus, we propose that His-265 serves as a neutral
intermediate exists with a significant lifetime to allow hydrogen bond donor to the pRp oxygen and, therefore,
pseudorotation of the axial and apical phosphorus ligands joes not serve as a general acid catalyst for expulsion of
and that no odd number of displacements has occurred. e g hydroxyl leaving group as previously suggested for

Role for His-265 in the Topoisomerase Mechani3ime the corresponding His-632 of the human enzy®e (
crystal structure of the homologous human type 1B topo-  Catalytic Interactions with the Nonbridging Oxygens in
isomerase noncovalently bound to DNA indicates that the the Transition State for Suicide Clemge. The 2-AP
nonbridging proRp oxygen forms a hydrogen bond (2.8 A)  fluorescence assay for binding indicates that sulfur substitu-
with the H proton of the histidine residue corresponding to tion has<2-fold effect on the ground-state interactions of
His-265 of the vaccinia enzyme and Arg-130 and Arg-223 the enzyme with the Pd and Ps 18/24 mer substrates using
hydrogen bond with the pr8p oxygen (Figure 1). In the  the high ionic strength conditions in which ti& values
structure of the covalent complex, this histidine is disordered can be determined (Figure 6). Thus, for the wild-type
and not observed, and Arg-223 forms a monodentate enzyme, the large 340-folp thio effect on suicide cleavage
interaction with both nonbridging oxygens (3.0 and 2.7 A), must be attributed primarily to transition-state destabilization.
while Arg-130 forms a 2.8 A hydrogen bond to the (8-  This thio effect corresponds to an increase in the free energy
oxygen. (Oxygens in the covalent complex are denoted with parrier for cleavage of about 15 kJ/mol attributed_m-Ps
primes to emphasize that the stereochemical configurationsubstitution €—RT In kyRpky"%, which is significantly
at phosphorus is inverted with respect to the noncovalentreduced to about 9 kd/mol for the H265A mutant. The 6 kJ/
complex.) Thus, these structures indicate that His-265 mol smaller effect for the mutant once again indicates that
interacts with the prdip oxygen in the ground-state pre- the catalytic benefit of the hydrogen bond between His-265
cleavage complex and may interact weakly, or not at all, in and the praRp oxygen has already been lost due to deletion
the ground-state covalent complex. of the imidazole side chain, such that further introduction

Taken together, the effects of the H265A mutation on of the Rp-Ps substituent has a smaller damaging effect on
Kp?", kq, k,, and K reported in Tables -13 indicate that catalysis. The large effect &p-Ps substitution in the wild-
the removal of His-265 has a small effect on the relative type enzyme may be explained by the inability of the active
ground-state free energy levels of the noncovalent andsite to accommodate the bulkier sulfur substituent in the
covalent complexes but has a large damaging efi®diQ) expanded trigonal bipyramidal geometry of the transition
in the range 1416 kJ/mol on the free energy barrier for state 82), the weaker hydrogen-bonding ability of sulfur as
approach-to-equilibrium cleavage, suicide cleavage, andcompared to oxygen, or its lower electronegatividg)(
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As compared td=p sulfur substitution, th&p-Ps diaste- Why Are the Thio Effects Smaller for Religatioffhce
reomer shows a much smaller 9 kJ/mol effect on the free the results indicate that topoisomerase cleavage and religation
energy barrier for suicide cleavage, whiokreasego about of DNA can be approximated by a two-state mechanism,
12 kJ/mol upon deletion of His-265. Although such changes then the damaging effect of thio substitution (or mutagenesis)
are difficult to interpret with certainty, the smaller damaging should be identical in the forward and reverse directions if
effect of -Ps as compared tBp-Ps for the wild-type the effect was solely on the transition state, and not the
enzyme could result frongp-Ps substitution directing the  ground-state free energy levels for the noncovalent and
longer P-S™ bond toward Arg-130 and Arg-223, which may covalent complexes. Thus, the small effect of the H265A
provide favorable Coulombic interactions that are offset by mutation andRp thio substitution on the cleavage equilib-
unfavorable steric and geometric clashes in the transitionrium, in combination with the large kinetic effects, indicates
state. Alternatively, these results could reflect reduced stericthat for these substitutions the damaging effect is primarily
effects forSp-substitution as compared to tRp-Ps diaste-  due to transition-state destabilization. In contrast, the sig-
reomer. The large® thio effect upon removal of His-265  nificant thio effects on the cleavage equilibrium for the
could indicate that this residue helps position tBe reaction of theSp isomer with wild-type enzyme, and for
substituent such that Arg-130 and Arg-223 can form favor- the reactions of th&p and S isomers with the H265A
able Coulombic interactions in the transition stag#)( enzyme, indicate that sulfur substitution has increased the
Accordingly, when the positioning provided by His-265 is free energy level of the covalent complex relative to the
removed by mutation, the damaging effect is greater for the noncovalent complex. This destabilization of the covalent
F sulfur because the interaction with a full negative charge complex due to thio substitution acts to reduce the activation
is disrupted, whereas, for oxygen, a lesser damaging effectbarrier for religation as compared to cleavage, resulting in
is realized because only a partial negative charge is involvedsmaller thio effects on religation.
in the interaction. Of course, other more complicated In previous work, using different substrates than used here,
explanations for these effects are also possible. we had proposed that the smaller thio effect for religation

Comparison with Preious Kinetic ResultsThe results  was due to a partially rate-limiting conformational step, and
reported here are in reasonable agreement with previoussparsely populated intermediate, that obscured the thio effect
findings on the vaccinia enzyme and the H265A varidnt (  on the chemical step of religation (see footnote ). (
13). These include (i) the observation of large stereospecific Although this explanation is still formally possible, and may
thio effects on the cleavage reaction, with one isomer reactingstill hold for the previous substrates, the above results suggest

1 order of magnitude more slowly than the oth&, (ii) the an alternative explanation in which the different thio effects
observation of a much smaller thio effect on the religation on cleavage and religation are due to differential changes in
reaction as compared to cleavadgs), (and (iii) similar the relative free energy barriers for cleavage and religation
measured values d&,, k, and K, for the H265A topo- as a result of different interactions of the enzyme with sulfur
isomerase and the identical value leffor the wild-type in the covalent and noncovalent complexes. We also suggest

enzyme as previously determined, (L3). As pointed out that the larger thio effect on suicide cleavage as compared
previously @), the smaller suicide cleavage substrates that to equilibrium cleavage results from differences in the
were used in our initial kinetic investigations of the vaccinia enzyme interactions with the different DNA substrates used
enzyme had slower rates of cleavage than the optimalfor these reactions.
substrates used here, which are cleaved at a rate that is ConclusionsThis work provides a complete thio effect
kinetically competent to account for the observed rates of analysis of the reversible phosphoryl transfer reactions
cleavage of supercoiled plasmid DNA (0.3"5(6). catalyzed by the vaccinia type 1B topoisomerase. The thio

One notable observation in the current findings is that the effects, in combination with directed mutagenesis and the
fraction covalent complex trapped at equilibrium is about structural information on the precleavage and covalent
2-fold larger than previous studies by Petersen and Shumarcomplexes, provide a reasonably consistent view of the
using a 60 mer cleavage substrate aG7(13) and 4-fold interactions that are involved in catalysis. The thio effect
larger than previous measurements with a 25 mer duplexand mutagenesis results indicate that His-265 plays an
substrate at 28C (4). The previous 60 mer has an identical important role in stabilizing the negative charge on an
sequence for 20 base pairs either side of the cleavage site agquatorial oxygen in the trigonal bipyramidal transition state
the 40/40 mer and 32/32 mer used in this work, while the but does not act as the general acid to protonate the
previous 25 mer differs both in sequence and in position of 5'-hydroxyl leaving group. The question whether another as
the cleavage site as compared to the present substrates. Suaif yet unidentified residue serves as the general acid remains
sequence and position effects ¢ for the vaccinia enzyme  to be established.
are not surprising, given that (i) differing amounts of covalent
complex_ are trapped at dlf_ferent CCCTT sites within pUC19 It is common in the topoisomerase literature to use 1% by weight
supercoiled DNA§) and (ii) recent results on a related pox  sps as the equilibrium quench, as compared to the 5% quench used
virus topoisomerase showed a significant effect of the DNA here. This more dilute quench solution may introduce additional errors
flanking sequence on the cleavage equilbri@)( One 1 1he =umalon ol ot some ceaiage sies because contol
implication of these qualitative findings is that sequence thapt is trapped increases by a factor of 2 when t?\/g SDS concentrgtion
specific substrate interactions distant from the cleavage Siteincreases from 1% to 5 wt % (not shown). No further increase was
may be used to alter the relative free energy levels of the observed when the SDS concentration was increased to 10 wt % in
noncovalent and covalent complexes. Thus, the factors thatSeParate experiments conducted at 22 and@or when a Kin-tek

. . R rapid mixing device was used to quench the reaction on a millisecond

determine the magnitude of the cleavage equilibrium constant(ime scale. Thus low concentrations of SDS do not serve as an efficient
are not well understood and merit further stddy. guench at some cleavage sites.
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