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ABSTRACT. Vaccinia topoisomerase forms a covalent DNA4q§Bosphotyrosyl)-enzyme intermediate at a
pentapyrimidine target sit¢ &£CCTTp in duplex DNA. Here we present experiments that illuminate the
contributions of specific nucleosides and phosphates to site affinity and transesterification. We find that
the —1 phosphate and-2 nucleoside on the scissile strand-BCCTT@NpN) enhance the rate of
transesterification by factors of 40 and 25, respectively, whereas the DNA segment downstream of the
—2 nucleotide makes no significant kinetic contribution. Placement 6ph&sphate/30H nick at position

+2, +3, +4, or +5 within the CCCTT element results in a-30-fold reduction in the affinity of
topoisomerase binding to DNA. A nick at tHe2 phosphate also slows the rate of transesterification by
~500-fold. This finding, together with earlier studies of the effects of position-specific base and sugar
modifications, points to the-2 Tp nucleotide as being the most critical element of the CCCTT target site
other than the scissile phosphate itself. On the noncleaved strand, the segment downstreant of the 3
GGGAA element contributes minimally to the rate of transesterification provided that the substrate is
otherwise fully base-paired within the-€CCTT target site. By studying the effects of single nucleotide
gaps and missing phosphate nicks within th6&&GAA sequence, we find that thiel and+2 adenosine
nucleosides enhance the rate of transesterification by 20- and 1000-fold respectively and that the
phosphate (3GpGGAA) is also important for cleavage. Cumulative functional analyses of the vaccinia
topoisomeraseDNA interface are discussed in light of newly available structures for the vaccinia and
human type IB enzymes.

Vaccinia topoisomerase, a eukaryotic type IB enzyme, esterification {2—16). Our present view is that the major
cleaves and reseals DNA through a covalent DNA-(3 factor in the enzymatic rate enhancement is the stabilization
phosphotyrosyl)-enzyme intermediaty.(The vaccinia to- of the presumptive pentacoordinate phosphorane transition
poisomerase is distinguished from the nuclear type IB state by a network of interactions between the scissile
enzymes by its stringent site specificity in covalent adduct phosphate and specific arginine and histidine side chains of
formation on duplex DNA. Its target site is a pentapyrimidine the enzymeX).
sequence'§C/T)CCTTp (2). The catalytic cycle of vaccinia The molecular interactions on the DNA side that contribute
topoisomerase has been deconstructed into a series of partiab target site recognition and catalysis have also been
reactions: (i) noncovalent binding of enzyme to duplex DNA  examined using synthetic substrates, but the analysis to date
(2—4); (ii) nucleophilic attack of Tyr-274 on the TN has been largely qualitative. The dimensions of the topo-
phosphodiester of the CCCTiY strand, resulting in forma-  jsomerase DNA interface have been probed by various
tion of a covalent enzymeDNA intermediate and a non-  footprinting methods. The DNase | footprint of bound topo-
covalently held 50H strand §, 6); (iii) free rotation of the  jsomerase covers'13 nucleotides upstream’{5and ~9—
noncovalently held downstream duplex around the phos-13 nucleotides downstream'(3of the scissile bond3).
phodiester bond opposite the nicK);( (iv) religation via  Modification interference, modification protection, analogue
attack of the 50OH strand on the'3hosphotyrosyl linkage  substitution, and UV cross-linking experiments indicate that
(6, 8—10); and (v) dissociation of the enzyme from the DNA  vaccinia topoisomerase makes contact with several nucleotide
(1. bases and the sugaphosphate backbone of DNA in the

The chemistry of DNA transesterification by vaccinia vicinity of the CCCTT recognition site3( 17—19). For
topoisomerase has been dissected using synthetic modeéxample, dimethyl sulfate protection and interference experi-
substrates containing a single CCCTT site. Comprehensivements revealed interactions with the three guanine bases of
mutational analysis of the enzyme has led to the identification the pentamer motif complementary strand@&GAA) (17).
of the catalytic amino acid residues and, via kinetic analysis, The contributions of individual phosphates to binding
to a_quantitative appreciation of their contributions to the specificity were inferred from the effects of phosphate ethy-
topoisomerase-mediated enhancement of the rate of transiation on protein bindingX8). Ethylation of four phosphates

* Supported by NIH Grant GM46330. on the scissile strand (positionspCpTpTp¢ within the

* To whom correspondence should be addressed. Phone: (212) 639P@ntamer motif) and three phosphates on the nonscissile
7145. Fax: (212) 717-3623. E-mail: s-shuman@ski.mskcc.org. strand (3-GpGpGpA) interfered with topoisomerasedNA

10.1021/bi992001d CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/17/1999




16600 Biochemistry, Vol. 38, No. 50, 1999 Cheng and Shuman

complex formation. In a B-form structure of the CCCTT- Previous studies revealed that vaccinia topoisomerase pro-
containing DNA substrate, the relevant topoisomerase tects the region around the site of covalent adduct formation
phosphate contacts are arrayed across the minor groove ofrom digestion with DNase 13). This technique afforded
the DNA helix (L8). The major groove base-specific contacts only a rough estimate of the size of the protelDNA

that comprise the topoisomeradeNA interface are situated interface, because DNase | did not cleave most of inter-
on the opposite face of the DNA helix from the specific nucleotide bonds in the vicinity of the CCCTT target site.
phosphate contacts and from the scissile phosphate. Thesd@o fine map the margins of the topoisomerase-binding site
results suggested that topoisomerase binds circumferentiallyon DNA, we subjected the topoisomeraggNA complex

to its target site in duplex DNA1Q). to footprinting with exonuclease Ill, which digests DNA from

Subsequent structural analyses of the vaccinia and humarthe 3 end in single nucleotide increments.
topoisomerases revealed that the type IB enzymes do indeed The dimensions of the protected region upstream of the
form a C-shaped protein clamp around the DNA dupd«( cleavage site were determined by reacting topoisomerase with
22). In both cases, it is the carboxyl-terminal domain a CCCTT-containing ligand radiolabeled wittP at the 5
containing the catalytically essential side chains that interactsend of the 60-mer nonscissile DNA strand (Figure 1A). The
with the minor groove face of the DNA at the cleavage site, substrate includes a 30 bp duplex segment upstream of the
while the N-terminal domain is positioned on the major scissile phosphate and a short duplex segment downstream.
groove side of the target site. The crystal structures and Covalent adduct formation at the CCCTT target site of the
predicted structural models for human and vaccinia topo- 36-mer scissile strand is near-quantitative90% of input
isomerases, together with functional studies of the vaccinia DNA cleaved) when topoisomerase is added in 5-fold molar
enzyme 23-25), imply that significant conformational excess over DNA (data not shown). The transesterification
changes in the enzyme (and probably the DNA as well) are reaction proceeds to completion because the 6-mer leaving
part and parcel of the topoisomerase catalytic cy2R. ( strand 5ATTCCC diffuses away from the covalent complex.

In the present study, we examine the DNA component of TopoisomeraseDNA mixtures and a control sample con-
the topoisomeraseDNA interface. First, we use exonuclease taining DNA alone were treated with exonuclease lll. The
Il to obtain a finer map of the size of the topoisomerase- 5'-labeled digestion products were resolved by denaturing
binding site on DNA. The results indicate that the enzyme gel electrophoresis and detected by autoradiography. The
interacts tightly with the DNA within the CCCTT motifand amount of exonuclease Il included in the reactions was
less tightly with upstream flanking DNA. Second, we address sufficient to convert nearly all of the inpdtP-labeled 60-
the functional contributions of individual phosphates and mer into rapidly migrating species af22 nucleotides during
nucleosides within and immediately & the CCCTT target @ 2 min incubation at 22C (Figure 1A). Binding of
site. We identify kinetically significant roles for the-2 topoisomerase to the DNA resulted in the appearance of two
phosphate, the-2 nucleoside, and the2 phosphate of the  nuclease-resistant clusters at the expense of the shorter
scissile strand (SCCCTpTpiNpN) in transesterification  digestion products. A prominent doublet of 43 and 44
chemistry, as well as important roles for th& phosphate  nucleotides was observed after 2 min of nuclease digestion,
and +1A and +2A nucleosides (3GpGGAA) of the along with a shorter doublet of 39 and 38 nucleotides. The

nonscissile strand. longer doublet decayed after 5 min as the 39/38 doublet
increased. In turn, the 39-mer declined at 10 and 15 min as
EXPERIMENTAL PROCEDURES the 38-mer species became predominant and a minor 37-

mer appeared. We surmise from these results that (i) the
covalently bound topoisomerase interacts tightly with a

i - . ~7—9 nucleotide segment of the nonscissile strand im-
teriophagelCEG and then purified from a soluble bacterial mediately upstream of the site of covalent attachment and

lysate by phosphocellulose column chromatograhy. The (ii) the enzyme interacts loosely with the nonscissile strand
protein concentration of the phosphocellulose preparation was y y

determined by using the dye-binding method (Bio-Rad) with ;Jc:/irltt;e region extending proximally to about positiofrts3
boglrgzasgtlijg ilfbgr;é?oizsbg:g dStDalRIiarSdL.lbstrat &NA oli- The extent of the inner footprint on the nonscissile strand

. \ o was examined in greater detail using a different single-
gonucleotides were’fend-labeled by enzymatic phospho- turnover cleavage substrate containing 12 bp of DNA
rylation in the presence of {PJATP and T4 polynucleotide upstream of the scissile phosphate and an 18-nucleotide
Kinase, then purifieq by preparati\_/g electrophoresis thro.ughsingle-strand tail on the nonscissile strand of the covalent
a 17% polyacrylamide gel containing TBE .(90 mM T_rls— complex (Figure 1B). Because the 12-nucleotide duplex is
borate and 2.5 mM EDT.A)' The Igbeled ollgonucleqtu_jes shorter than the outer margins of the exonuclease Il footprint
were eluted from an excised gel slice and then hybridized observed in Figure 1A, we expected to detect only the inner
to unlabeled complementary oligonucleotide(s) as specified margin of exonuclea’se Il protection. When the DNA
in the figure legends. Annealing reaction mixtures containing

0.2 M NaCl and oligonucleotides as specified were heated substrate alone was treated with exonuclease lll, the 5
: e labeled 30- issile strand ted tita-
to 70 °C and then slow-cooled to 2ZC. The hybridized abeled 30-mer nonscissile strand was converted guantita

DNAs were stored at AC tively into shorter chains of 2018 nucleotides. Preincubation
: of the DNA with topoisomerase resulted in the appearance
RESULTS of 27- and 28-nucleotide products after 2 min of nuclease
treatment. These species were converted into a doublet of
Exonuclease Il Footprint of Vaccinia Topoisomerase on 26-mer and 27-mer strands that was protected completely
the Noncleaed Strand of CCCTT-Containing Duplex DNA. from further digestion during a 15 min incubation (Figure

Enzyme Purification.Vaccinia topoisomerase was ex-
pressed inEscherichia coliBL21 cells infected with bac-
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GCACAGCGGGAATAAGGCTATCACTGATGT ®
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Ficure 1: Exonuclease Il footprint of vaccinia topoisomerase on the noncleaved strand of CCCTT-containing duplex DNA. The structures

of the CCCTT-containing substrates are shown. The site of covalent adduct formation is indicated by a vertical arr6#PFlad& on

the noncleaved strand is denoted by a dot. The margins of the exonuclease Il footprints on the nonscissile strand are marked by arrowheads.
Reaction mixtures (6@L) containing 50 mM Tris HCI (pH 7.5), 1 mM Mg@GJ| 3 pmol of DNA substrate (36-mer/60-mer in panel A or
18-mer/30-mer in panel B), and 15 pmol of topoisomerase were incubated for 15 mifGt@@antrol reaction mixtures lacking topoisomerase

were incubated in parallel. Footprinting reactions were initiated by the addition of exonuclease Il (25 units; purchased from New England
Biolabs) to the mixtures. Aliquots (14L) withdrawn after incubation for 2, 5, 10, and 15 min atZ2were quenched immediately by the

addition of 1uL of 0.5 M EDTA and 10uL of formamide. The time 0 samples were taken prior to the addition of exonuclease Ill. The
samples were analyzed by electrophoresis through a 17% polyacrylamide gel cgnfaMinrea in TBE buffer. Autoradiographs of the

gels are shown. The positions and sizes of coelectrophorédaliéied DNA oligonucleotide markers are indicated.

1B). This experiment reveals a clearly demarcated margin the incised 5labeled 30-mer to Tyr-274 of the enzyme, thus
of the topoisomerase footprint eight to nine nucleotides rendering the 30-mer resistant to exonuclease Il digestion.
upstream of the cleavage site. Moreover, the covalent protetDNA complex does not
Exonuclease Il Footprint of Vaccinia Topoisomerase on migrate into the gel during electrophoresis; instead, its
the Cleaed Strand of CCCTT-Containing Duplex DNA. formation is detected by the presence of a radiolabeled
Interaction of vaccinia topoisomerase with the DNA down- species that remains in the sample well (not shown).
stream of CCCTT site was examined using a 60-bp substrate As shown in Figure 2, the DNA substrate alone is
uniquely labeled at the'%end of the scissile strand. The converted by exonuclease Il intd-Bbeled fragments of
topoisomerase binds to the CCCTT target site and establishes12 nucleotides. Exonuclease 1l treatment of the topo-
a cleavage-religation equilibriunK§ ~ 0.25) that favors isomerase DNA complex results in the transient appearance
the noncovalently bound state. Treatment of the topo- of a protected 41-mer/42-mer doublet after 2 min of
isomerase-ffP]DNA) mixture with exonuclease Il probes  digestion; the doublet disappears at later times, and there is
only the DNA interface of the noncovalently bound topo- scant accumulation of shorter digestion products. Instead,
isomerase. Covalent adduct formation results in transfer of the label is transferred to the well (not shown). This indicates
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v v scissile phosphate are sufficient to support covalent adduct
® AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG formation between topoisomerase and CCCTT-containing
TCATACTAAGTTGTATAGGCACAGCGGGAATAAGGCTATCACTGATGTCGCCGTACTCAC . . . . .
duplex DNA @). To determine quantitatively the contribution
of specific DNA functional groups to the transesterification

Control + Topo reaction (in particular the functional groupso8the CCCTT
. sequence), we designed an array of nicked and gapped
;1111]111‘:3 025101502 51015 substrates shown in Figure 3. One subset of ligands
(substrates A, B, and C) was composed of two 18-mer
‘ . oligonucleotides annealed to a 60-mer complementary strand.
60 — ' A second subset (substrates D and E) was composed of one

18-mer CCCTT-containing strand annealed to the comple-
» mentary 60-mer to yield a duplex with only one or two base
pairs downstream of the scissile phosphate. Each substrate
was 5 radiolabeled on the strand containing the scissile
phosphate. All other strands contained GH termini.
- . Transesterification by topoisomerase on substrate& As
expected to be a single-turnover reaction, i.e., covalent adduct
. formation results in dissociation of the leaving groups 5
AT or 5'-A so that the enzyme becomes covalently trapped
- - on the radiolabeled CCCTT-containing DNA strand. Cova-
lent complex formation was revealed by transfer of the 5
radiolabeled DNA to the topoisomerase polypeptide to form
a protein-DNA adduct that was detectable by SBBAGE
- (3). The extent of strand cleavage was quantitated (as the
- percent of input labeled DNA transferred to protein at the
- e . .
-— reaction endpoint), and the apparent cleavage rate constant
- (kobg for each substrate was determined from a semilog plot
of the approach to the endpoint. The results are summarized
in Figure 3.
Substrate A can be viewed as a 36-bp duplex that lacks a
- single phosphate moiety at positior2. (The scissile
: ‘ e phosphate T{A is defined as thet1 phosphate.) Covalent
adduct formation on substrate A proceeded to an extent of
93% of the input DNA. The amount of covalent adduct
FicuRe 2: Exonuclease Il footprint of vaccinia topoisomerase on formed a5 s was~88% of the end-point value. We used
the cleaved strand of CCCTT-containing duplex DNA. The structure this datum to estimate a rate constant of 0:4 Substrate
of the 60-bp CCCTT-containing substrate is shown. The site of D contains only 2 bp of duplex DNA'3of the scissile

covalent adduct formation is indicated by a vertical arrow. The 5 phosphate, yet the extent of covalent adduct formation (86%)

32p-label on the scissile strand is denoted by a dot. The margins of P
the exonuclease Il footprint on the scissile strand are marked by @1d the apparent cleavage rate constant (0.3 were
arrowheads. Reaction mixtures (60) containing 50 mM Tris HCI ~ essentially the same as for substrate A. We conclude that

(pH 7.5), 1 mM MgC$, 3 pmol of DNA substrate, and 15 pmol of moieties on the scissile strandd the —2T nucleoside make

topoisomerase were incubated for 15 min at@2Control reaction  ng significant contribution to the transesterification reaction

mixtures lacking topoisomerase were incubated in parallel. Foot- 5, the 5-tailed CCCTTAT-containing duplex
printing reactions and product analysis were performed as described0 Sub B lack inale oh h {He .
in Figure 1. An autoradiograph of the polyacrylamide gel is shown. ubstrate B lacks a single phosphate at-tfieposition.

The positions and sizes of-Babeled DNA markers are indicated.  The effect of removing this phosphate is to reduce the
apparent cleavage rate constant to &710° s'. The
that exonuclease Il digestion converts the equilibrium observed rate constant for substrate B did not increase when
substrate to a suicide substrate as the segment of the scissilthe concentration of topoisomerase in the reaction mixture
strand 3 of the +1T is shortened to 11 nucleotides or less. was increased 2-fold (not shown). This suggests that a defect
It is well established that the cleavage reaction favors in initial binding of enzyme to ligand is not the cause of the
covalent adduct formation when the length of the duplex 3 slowed cleavage rate. Comparison of substrate B to substrate
of the +1T is short enough to permit spontaneous dissocia- A engenders the conclusion that thé phosphate enhances
tion of the leaving strand4j. Thus, the results in Figure 2  the rate of transesterification by about a factor of 40.
engender a clear conclusion that there is a footprint margin ~ Substrate C, which contains a 1-nucleotide gap, is missing
located 16-11 nucleotides downstream of the scissile the —1 phosphateand the —2T nucleoside. The cleavage
phosphate. We would not be able to detect (and thus cannotrate constant for substrate C (3x510 4 s %) is about 1100-
exclude) the existence of an additional footprint margin closer fold less than that of substrate A and about 25-fold less than
to the +1T. that of substrate B. The rate of cleavage of substrate C did
Kinetic Analysis of Single Turner Cleavage Reeals the not increase when the concentration of topoisomerase in the
Catalytic Contribution of Phosphates and Bases Immediately reaction mixture was increased 2-fold (not shown), suggest-
3 of the CCCTT Target Sit€revious experiments indicated ing that a binding defect is not the cause of the slowed
that as few as 6 bp upstream and 2 bp downstream of thecleavage rate. The comparison between substrates C and B

30 —
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Substrate + Cleavage kobs (s1)

A TATCCGTGTCGCCCTTAT tccgatagtgactacagce 93% 04
TCATACTAAGTTGTATAGGCACAGCGGGAATA-AGGCTATCACTGATGTCGCCGTACTCAC

B ATATCCGTGTCGCCCTTA ttccgatagtgactacag 72% 8.7 x 103
TCATACTAAGTTGTATAGGCACAGCGGGAAT-AAGGCTATCACTGATGTCGCCGTACTCAC

C ATATCCGTGTCGCCCTTA tccgatagtgactacagce 72% 3.5x 104
TCATACTAAGTTGTATAGGCACAGCGGGAATAAGGCTATCACTGATGTCGCCGTACTCAC

D TATCCGTGTCGCCCTTAT 86% 0.3
TCATACTAAGTTGTATAGGCACAGCGGGAATAAGGCTATCACTGATGTCGCCGTACTCAC

E ATATCCGTGTCGCCCTTA 68% 59x 105
TCATACTAAGTTGTATAGGCACAGCGGGAATAAGGCTATCACTGATGTCGCCGTACTCAC

Covalent Adduct (%)

0 ] 1 1 1 0 I ] I 1 L ]
0 5 10 15 20 0 6 12 18 24 30 36

Time (min) Time (h)

Ficure 3: Kinetic analysis of the cleavage of substrates nicked and gapped downstream of the scissile phosphate. The structures of substrates
A—E are shown with the site of covalent adduct formation indicated by an arrow. PBe-Bbeled 18-mer oligonucleotide containing the

scissile phosphate (depicted in capital letters) was annealed to the 60-mer template strand and the downstream 18-mer component of the
scissile strand (depicted in lower case letters) at a molar ratio of 1:4:4. Topoisomerase cleavage reaction mixtures containjmig) (per 20

50 mM Tris HCI (pH 7.5), 0.5 pmol of 'Slabeled substrate DNA, and 2.5 pmol of topoisomerase were incubated®@t Ihe reactions

were initiated by the addition of enzyme. Aliquots (2D) were withdrawn at various times and quenched immediately by adding SDS to

1% final concentration. The samples were electrophoresed through a 10% polyacrylamide gel containing 0.1% SDS. DNA label-transfer to
the topoisomerase was quantitated by scanning the dried gels with a FUJIX BAS2000 Phosphorimager. The accumulation of covalent
adduct as a function of time is plotted for substrate B inlé&figpanel and for substrates C and E in tight panel. The extents of covalent

adduct formation at the reaction endpoints are shown next to each substrate. To determine the cleavage ratel}othataatsiél cleavage

values at each time point were normalized to the endpoint value (redefined as 100) and the data were fit to the equatitcidDRggom)

= 100 e The observed rate constants are listed next to the substrates.

indicates that the-2T nucleoside contributes a 25-fold Effects of Nicks within the CCCTT Motifo explore the

cleavage rate enhancement. effects of strand discontinuity within the CCCTT target site,
Substrate E lacks the2 pT nucleotide present in substrate we introduced single nicks (composed 6iCH and 5 POy
D. Removal of this nucleotide (consisting of thel termini) at and immediately' ®f the scissile phosphate. The

phosphate plus the2 nucleoside) reduces the cleavage rate position of the nick was sequentially phased in substrates
constant to 5.9« 107® s71. The observed rate constant for F—K (Figure 4). Reaction of topoisomerase with substrates
substrate E did not increase when the concentration of G—K resulted in label transfer from thé &nd-labeled DNA
topoisomerase in the reaction mixture was increased 2- orstrand containing the scissile TpA phosphodiester to the
4-fold (not shown). The 5000-fold rate decrement on topoisomerase polypeptide to form a discrete covalent
substrate E compared to substrate D is slightly greater thanprotein—oligonucleotide adduct that was resolved by SDS
the 1100-fold rate disparity elicited by deleting the pT PAGE (Figure 4, left panel). Note that the apparent size of
nucleotide in the three-stranded substrates (A versus C). Thehe topoisomeraseDNA adduct increased in stepwise
6-fold rate difference between substrates C and E suggestgashion as the length of the scissile straridobthe TpA

that the segment of the scissile strand including and distal phosphodiester was increased from one to five nucleotides
to the —3 nucleoside (this segment being present in C, but (Figure 4, left panel, lanes -€K). The covalent adduct
missing in E)maycontribute to enhancement of the cleavage formed with substrate K (predicted to contain ‘aldbeled
reaction when other key moieties are missing (in this case, pentanucleotide) migrated more rapidly than the adduct
the pT nucleotide at position2). formed with a suicide substrate containing 12 nucleotides
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Substrate Covalent Adduct
F catatccgtgtcgecctt ATTCCGATAGTGACTACA <0.1%

TCATACTAAGTTGTATAGGCACAGCGGGAA-TAAGGCTATCACTGATGTCGCCGTACTCAC

G acatateccgtgtogocct TATTCCGATAGTGACTACA 10%
TCATACTAAGTTGTATAGGCACAGCGGGA-ATAAGGCTATCACTGATGTCGCCGTACTCAC

H aacatatcegtgtegece TTATTCCGATAGTGACTACA 32%
TCATACTAAGTTGTATAGGCACAGCGGG-AATARGGCTATCACTGATGTCGCCGTACTCAC

| caacatatccgtgtegec CTTATTCCGATAGTGACTACA 14%
TCATACTAAGTTGTATAGGCACAGCGG-GAATAAGGCTATCACTGATGTCGCCGTACTCAC

J tcaacatatcegtgtege CCTTATTCCGATAGTGACTACA 16%
TCATACTAAGTTGTATAGGCACAGCG-GGAATAAGGCTATCACTGATGTCGCCGTACTCAC

K ttcaacatatccgtgteg CCCTTATTCCGATAGTGACTACA 20%
TCATACTAAGTTGTATAGGCACAGC -GGGAATAAGGCTATCACTGATGTCGCCGTACTCAC

L CATATCCGTGTCGCCCTTATTCCGATAGTGACTACA 24%
TCATACTAAGTTGTATAGGCACAGCGGGAATAAGGCTATCACTGATGTCGCCGTACTCAC

Substrate
GHIJ KG =* 25 L
~ H
49— ;?S:, 20 K
2 J
g 15 I
- <
36— - WD - - - E 10
. G
=]
o] 5
29—
0 L 1 L A1
0 25 5 7.5 10 0 30 60 90 120
Topo (pmol) Time (min)

Ficure 4. Cleavage of substrates containing nicks within CCCTT. The structures of substrdtemrd shown with the site of covalent

adduct formation indicated by an arrow. The®#-labeled oligonucleotide containing the scissile phosphate (depicted in capital letters)
was annealed to the 60-mer template strand and the upstream 18-mer component of the scissile strand (depicted in lower case letters) at a
molar ratio of 1:4:4. (Left panel) Reaction mixtures (20) containing 50 mM Tris HCI (pH 7.5), 0.5 pmol of radiolabeled substrate DNA

as specified, and either 5 pmol of topoisomerase (substrates I, J, and K) or 10 pmol of topoisomerase (for substrates G and H) were
incubated at 37C for either 15 min (I, J, K) 2 h (G, H). The reaction mixture in the lane marked with an asterisk (*) contained 0.5 pmol

of an 18-mer/30-mer suicide substrate containing tHalieled scissile strand pPCGTGTCGCCCTTATTCCC. The reactions were quenched

with SDS and the products were analyzed by SIPAGE. An autoradiogram of the gel shown. The positions and sizes (in kilodaltons) of
coelectrophoresed prestained marker proteins are indicated on the left. (Middle panel) Reaction mixtures containing 0.5 pmol of radiolabeled
substrate DNA as indicated and topoisomerase as specified were incubatetCatd871.5 min. The reaction products were analyzed by
SDS-PAGE. The dependence of covalent adduct formation on input enzyme is plotted for each substrate as indicated. (Right panel)
Reaction mixtures containing (per 22) 0.5 pmol of radiolabeled substrates G or H and 10 pmol of topoisomerase were incubated at 37
°C. Aliquots (20uL) were withdrawn at the times indicated and quenched immediately with SDS. Covalent adduct formation is plotted as

a function of reaction time. The yields of covalent adduct at the apparent kinetic endpoints under conditions of saturating input enzyme are
annotated to the right of each substrate.

5 of the scissile phosphate (Figure 4, left panel, lane *). nucleotides in every case; thus, the extent of base paiting 3
We conclude that the substrates containing a nick within the of the scissile phosphate is invariant and should not affect
CCCTT target site were cleaved by vaccinia topoisomerasethe reaction endpoints. The dependence of covalent adduct
at the same site to which transesterification occurs on aformation on input topoisomerase during a 15 min reaction
continuous scissile strand. On the other hand, we detecteds plotted for each substrate in Figure 4 (middle panel).
no label transfer to topoisomerase when the enzyme wasCovalent adduct formation on the equilibrium substrate L
reacted with substrate F at 5-fold enzyme excess over DNA (0.5 pmol/reaction) was enzyme dependent at substoichio-
for reaction times up to 29 h (not shown). We conclude that metric levels of protein and plateaued between 1 and 10 pmol
vaccinia topoisomerase is not capable of catalyzing trans-of topoisomerase with 24% of the DNA bound covalently
esterification to a Smonophosphate end, i.e., the enzyme is (K, =~ 0.3). Substrate K, containing a nick betwe¢BG
an obligate nucleic acid-transferase or nucleotidyl-transferaseand+5C, displayed similar enzyme dependence of covalent
and not a phosphotransferase. adduct formation (indicating that the strand interruption did
The reactivity of topoisomerase with the nicked substrates not affect DNA site affinity), but attained a slightly lower
G—K was assessed in a more quantitative fashion and extent of cleavage at saturation (20% covalent comp{gx;
compared to the reactivity of the enzyme with an equilibrium ~ 0.25). Substrates J and I, with nicks -a6CH4C and
substrate (L) composed of a 36-mer scissile strand with a+4CH-3C, respectively, displayed a clear shift to the right
centrally placed cleavage site. Note that the substrates aren their titration curves, attaining saturation at 50 pmol
configured such that the’50H leaving strand is 18  of input topoisomerase, with #16% covalent adduct
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formation (Figure 4). Thus, these strand discontinuities elicit SDS. After proteinase K digestion to remove covalently
an approximately 5-fold reduction in DNA-binding affinity.  linked topoisomerase, the radiolabeled DNA reaction prod-
Substrates H and G, with nicks-48CH-2T and+2T/+1T, ucts were analyzed by denaturing polyacrylamide gel elec-
respectively, displayed an even greater shift to the right of trophoresis (Figure 5).
their enzyme dependence of covalent adduct formation, Reaction of topoisomerase with substrate M, which lacked
attaining saturation at 2015 pmol of topoisomerase (Figure the phosphate opposite the scissile phosphate (we will refer
4 and data not shown). We infer about a 10-fold affinity to this as thet-1 phosphate of the nonscissile strand), resulted
decrement for these strand breaks within the CCCTT targetin the appearance of radiolabeled species, migrating3at-
site. 34 nucleotides, that correspond to the expected 30-mer
Kinetic analysis of the cleavage of equilibrium substrate cleavage product linked to one or more amino acids of the
L and nicked substrates K, J, and | by saturating amounts oftopoisomerase (Figure 5, lanet. An additional discrete
topoisomerase showed that in each case the reaction endpoiriabeled species was observed with an apparent mobility of
was attained in 10 s (the earliest time point tested; data not48 nucleotides. Detection of the covalent oligonucleotide
shown). The endpoint values in the kinetic experiments using peptide complex was completely dependent on prior digestion
these substrates agreed with the results of the protein titrationof the sample with proteinase K (Figure 5, compare lanes
experiments (not shown). However, the kinetics of covalent M+ and M-). This is because the labeled DNA does not
adduct formation on substrate H were dramatically different. migrate into the polyacrylamide gel when it is bound
Substrate H, with at+3CH-2T nick, displayed biphasic  covalently to the topoisomerase polypeptide. In contrast, the
kinetics. The reaction entailed a rapid burst of cleavage at48-mer product was present in equal abundance with or
10-60 s to a level of 810% covalent adduct formation, without proteinase K treatment (Figure 5). This indicated
followed by a slow phase from 1 to 60 min, during which that the 48-mer corresponds to a novel DNA ligation product
the level of covalent complex increased steadily from 10 to that is not covalently bound to the topoisomerase. Quanti-
30%. An apparent end point of 31% cleavage was attainedtation of the product distribution after a 30 min reaction
at 120 min (Figure 4). The kinetic data are consistent with showed that 75% of the input 60-mer scissile strand was
the rapid establishment of a cleavage-religation equilibrium converted to covalent adduct, while 6% was converted to
(the burst phase), followed by slow dissociation of the the recombinant species. Thus, a total of 81% of the substrate
topoisomerase-dinucleotide adduct, pTpTp-(Topo), from the had undergone transesterification. The extent of transesteri-
DNA to establish a new equilibrium involving the binding fication on substrate M is higher than that on an equilibrium
and dissociation of pTpTp-(Topo). The results with sub- substrate because (i) CCCTT strand scission results in a
strate H suggest that either base-pairing interactions of theblunt-end double-strand break and (i) the downstream
scissile and nonscissile strands within the CCCTT target cleavage product is not tightly held by the enzyme in the
site or specific contacts of topoisomerase with th&C)p- absence of tethering to a continuous complementary strand.
(+2T) phosphodiester are important in stabilizing the topo- Kinetic analysis of the reaction with substrate M showed
isomerase DNA interaction everafter the covalent adduct  that 65% of the scissile strand became covalently linked to
is formed. topoisomerase in 5 s, at which time the recombinant species
Substrate G, with a nick a#-2T/+1T, displayed an  comprised only 1% of the labeled DNA (Figure 6). An
apparent first-order approach to equilibrium over 15 min, apparent rate constant for covalent adduct formation of 0.39
attaining an endpoint of 10% covalent complex. The apparents ! was calculated from this datum. This value was quite
rate constant for approach to equilibrium was 0.0014 s close to the observed rate constant for cleavage of a suicide
which is slower by a factor of at least 500 than the rate substrate. We infer that the transesterification reaction of
constant for covalent adduct formation on a standard equi- vaccinia topoisomerase on duplex substrate M is not
librium substrate. A simple interpretation of the slow rate adversely affected by the lack of a phosphate opposite the
on substrate G would be that the nick4e2T/+-1T directly scissile phosphate.
impedes transesterification chemistry (even though the nick Reaction of topoisomerase for 30 min with substrate N,
itself is not chemically reactive during attack on the which is missing the+2 nonscissile strand phosphate,
neighboring scissile phosphate), but ultimately permits resulted in conversion of 46% of the input labeled strand to
establishment of a cleavage religation equilibrium vhth a covalent proteinrDNA adduct and 20% to a 48-mer
~ 0.1. We do not exclude an alternative model in which an recombinant species (Figure 5, lane N). The recombinant
initial rapid equilibrium of substrate G (with a much lower 48-mer was evident whether or not the products were treated
Kq caused by a drastic reduction in the rate of strand cleavagewith proteinase K, whereas the oligonucleotigeptide
relative to religation) is followed by a second phase of slow adduct was seen only when the products were treated with
dissociation of the topoisomerase-mononucleotide complex.proteinase K (Figure 5, compare lane-Nand N-). The
Effects of Missing-Phosphate Nicks withihGGGAA of kinetics of the reaction are shown in Figure 6. Covalent
the Nonscissile Strand\ series of substrates missing single adduct formation was virtually complete in 10 s (the earliest
phosphates in the nonscissile strand is shown in Figure 5time point tested) and plateaued at-BD s with 60% of
(substrates MR). These DNAs were prepared by annealing the input 60-mer covalently bound to topoisomerase. (This
a B-radiolabeled 60-mer scissile strand containing a centrally adduct is predicted to contain a single T overhang if the 3
placed CCCTT cleavage site to two complementary 18-mer cleavage product is released from the topoisomerB$¢A
oligonucleotides to create a 36-bp duplex segment with a complex.) Thus, removal of thet2 phosphate on the
3'-OH/5-0OH strand discontinuity. Cleavage reactions were complementary strand has no apparent effect on transesteri-
performed by incubating the substrates with a 5-fold molar fication rate. The recombinant species comprised 4% of the
excess of topoisomerase. The reactions were quenched witlabeled DNA at 16-30 s and then increased steadily to 20%
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Substrate

'

M AGTATGATTCARCATATCCGTGTCGCCCTT-ATTCCGATAGTGACTACAGCGGCATGAGTG
GTATAGGCACAGCGGGAR taaggctatcactgatgt

N AGTATGATTCAACATATCCGTGTCGCCCT-TATTCCGATAGTGACTACAGCGGCATGAGTG
TGTATAGGCACAGCGGGA ataaggctatcactgatg

(0] AGTATGATTCAACATATCCGTGETCGCCC-TTATTCCGATAGTGACTACAGCGGCATGAGTG
TTGTATAGGCACAGCGGG aataaggctatcactgat

P AGTATGATTCARCATATCCGTGTCGCC-CTTATTCCGATAGTGACTACAGCGGCATGAGTG
GTTGTATAGGCACAGCGGE gaataaggctatcactga

Q AGTATGATTCAACATATCCGTGTCGC-CCTTATTCCGATAGTGACTACAGCGGCATGAGTG
AGTTGTATAGGCACAGCG ggaataaggctatcactg

R AGTATGATTCAACATATCCGTGTCG-CCCTTATTCCGATAGTGACTACAGCGGCATGAGTG
AARGTTGTATAGGCACAGC gggaataaggctatcact

m AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG
GTATAGGCACAGCGGGAA
n AGTATGATTCAARCATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTS
TGTATAGGCACAGCGGGA
o] AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG
TTGTATAGGCACAGCGGG
S AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG

GTATAGGCACAGCGGGA taaggctatcactgatgt

T AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG
TTGTATAGGCACAGCGGEG ataaggctatcactgatg

M N O P m n
+ - + - + -+ — + — + — ProtK

Oe 000000 8o e

e -.e - a <+ recombinant
. . - - . . «— covalent

Ficure 5: Cleavage of substrates containing nicks and gaps in the nonscissile strand. Substratesid formed by annealing thé 5
32p-labeled 60-mer scissile strand to two complementary 18-mer oligonucleotides at a molar ratio of 60-mer/18-mer/18-mer of 1:4:4. Substrates
m—o were formed by annealing the labeled 60-mer to one complementary 18-mer strand at a molar ratio of 1:4. The structures of the
substrates are shown. The two 18-mer oligonucleotides that comprise the bottom strand are depicted in different type face for the sake of
clarity. Reaction mixtures containing (per 20) 50 mM Tris HCI (pH 7.5), 0.5 pmol of labeled DNA substrate, and 2.5 pmol of topoisomerase

were incubated for 30 min at 3. Duplicate aliquots (2@L) were withdrawn and quenched with SDS. One sample was digested with
10ug of proteinase K for 60 min at 37C (lanes+) while the other sample from each pair was not subjected to proteolysis (fgn&se

DNA was recovered by ethanol precipitation. The pellets were resuspended in formamide and the samples were analyzed by electrophoresis
through a 11% polyacrylamide gel contaigi@ M urea in TBE. An autoradiogram of the gel is shown. The positions of the #put

labeled 60-mer CCCTT-containing strand (60-mer), the covalent 30-mer/peptide adduct (covalent), and the DNA strand transfer products
(recombinant) are indicated by arrows on the right.

during the period from 60 s to 30 min, concomitant with a TT dinucleotide overhang if the noncovalently held cleavage
gradual decline in the level of the covalent adduct. The product is released from the topoisomeraB&A complex.
biphasic kinetic data indicate that the recombinant speciesThe finding that the extents of transesterification are progres-
is derived from the covalent topoisomeraggNA complex sively lower on substrates M, N, and O, which correlates
via a slow phase of religation to & ®H strand other than  with the transition from a blunt-end cleavage product to a
the 30-mer leaving strand generated during the initial 1-nucleotide overhang to a 2-nucleotide overhang, suggests
cleavage reaction. Further characterization of the recombinantthat base pairing might stabilize the noncovalently held DNA
species showed that the-GH terminus of the distal 18-  duplex on the topoisomeras®NA complex after the scissile
mer oligonucleotide of the nonscissile strand acts as thestrand had been incised to generate a staggered double-strand
nucleophile in the strand transfer reaction (see below). break. In effect, the overhangs may confer some attributes
Reaction of topoisomerase with substrate O, which is of an equilibrium substrate. In the case of substrate O, the
missing thet+3 phosphate on the nonscissile strand, yielded covalent adduct accumulated with apparent first-order kinet-
35% covalent adduct, but resulted in only trace levels of ics and an apparent rate constant of 0.22sr approach to
strand transfer to generate a recombinant species (Figure 5)the end point (data not shown). There is some uncertainty
The covalent adduct on substrate O is predicted to contain awhether this value represents an approach to equilibrium
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Ficure 6: Kinetics of the reaction of topoisomerase with substrates containing missing-phosphate nicks in the nonscissile strand. Reaction
mixtures containing (per 206L) 50 mM Tris HCI (pH 7.5), 0.5 pmol of substrates M, N, P, Q, or R, and 2.5 pmol of topoisomerase were
incubated at 37C. The reactions were initiated by the addition of topoisomerase to prewarmed mixtures containing DNA. Aliquots were
withdrawn at the times specified and the reaction was quenched immediately by adding SDS to 0.5%. The samples were processed and

analyzed as described in Figure 5. The levels of the covalent

30-mer/peptide adduct (covalent), and the DNA strand transfer product

(recombinant) were expressed as percent of total labeled DNA and plotted as a function of reaction time.

(equivalent to the sum of the cleavage and religation rates)intermediate, as expected, and the recombinant w2

or a single-turnover cleavage rate. In either event, we surmiseof total labeled DNA after 30 min. The kinetic profile, plus
that elimination of thet-3 phosphate of the nonscissile strand the fact that the extent of reaction with substrate Q was
has a modest effect on the rate of transesterification (ansignificantly lower than the endpoint on a fully duplex
estimated 2-fold decrement if single-turnover and a 5-fold equilibrium substrate, suggested that elimination of-tte

decrement if the rate is an approach-to-equilibrium).

Kinetic analysis of the reaction of topoisomerase with

substrate P, which is missing thel phosphate on the non-

phosphate impaired cleavage chemistry.
Transesterification activity was substantially restored on
substrate R, in which the missing phosphate was phased to

scissile strand, revealed three distinct phases. Topoisomerasposition+6 on the nonscissile strand. The reaction entailed
converted 7% of the input 60-mer to the covalent adduct in a burst of 18% covalent adduct formation in 10 s, followed
10 s. The covalent complex persisted at this level for 60 s, by a slow increase in covalent adduct over 5 min (Figure

then increased to 17% over—10 min, before decaying
slowly from 10 to 60 min (Figure 6). The recombinant

6). The reaction plateaued with 31% covalent adduct at 15
min, with no detectable formation of a recombinant species.

species increased from 10 s to 10 min (following the initial These findings were consistent with the rapid establishment
burst of covalent adduct formation and roughly paralleling of a cleavage-religation equilibrium on substrate R, followed

the second slow phase of covalent adduct formation) to

aby slow dissociation of the noncovalently held cleavage

level of 10% of the labeled DNA and then accumulated more product.

slowly from 15 to 60 min, concomitant with the decline in

In summary, the effects of introducing missing phosphate

covalent adduct (Figure 6). A plausible scenario for the nicks on the nonscissile strand suggest that (i) base-pairing
triphasic pattern entails (i) rapid establishment of an equi- interactions on the'3GGGAA side of the scissile phosphate
librium cleavage complex stabilized by the trinucleotide contribute to the stability of the cleaved complex; (ii)
overhang of the staggered double-strand break; (ii) slow topoisomerase bound covalently to'a8erhang is recombi-
dissociation of the noncovalently held cleavage product to nogenic; and (iii) thet5 phosphate (3GpGGAA) of the

yield covalent adduct with a trinucleotide overhang; (iii)

nonscissile strand is specifically important for transesterifi-

strand transfer by the covalent adduct containing the tri- cation.

nucleotide overhang to the 18-mer component of the non-

scissile strand to form the 48-mer recombinant.

Characterization of the Strand-Transfer Produdthe
~48-nucleotide 5labeled recombinant strand generated by

Topoisomerase was very poorly reactive with substrate Q, topoisomerase in its reaction with substrate N (Figure 5) was
which is missing ther-5 phosphate on the nonscissile strand. purified by preparative gel electrophoresis and then subjected
The covalent adduct accumulated slowly over 10 min to to Maxam-Gilbert chemical sequencing. The sequence of

~5% of the total DNA (Figure 6). The formation of the

this molecule across the strand-transfer junction was 5

recombinant species lagged behind that of the covalentGCCCTTGTAGTCACTAT. Thus, the 48-mer arose via
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Y
AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG

TGTATAGGCACAGCGGGAd taagyuctatcactgatg-~on 5

— S

Ty;\\\\\
AGTATGATTCAACATATCCGT! 'I‘CGCCCI’I"I‘pJ + ATTCCGATAGTGACTACAGCGGCATGAGTG
TGTATAGGCACAGCGGGA ataaggctatcactgatg-on 5’

s
5N
AGTATGATTCAACATATCCGT 'I‘CGCCC‘TTp-I

TGTATAGGCACAGCGGGA Al

T gtagtcactatcggaata
ACATCAGTGATAGCCTTA
GTGAGTACGGCG!

AGTATGATTCAACATATCCGTGTCGCCCTT gtagtcactatcggaata
TGTATAGGCACAGCGGGAACATCAGTGATAGCCTTA

GTGAGTACGGCG

; L

Ficure 7: Strand transfer by topoisomerase at' @&rhang. The pathway of strand transfer on substrate N is illustrated as a series of
component steps: (1) transesterification of Tyr-274 to the CG&Efe resulting in dissociation of the distal duplex and covalent attachment

of topoisomerase at d 3 overhang; (2) rebinding of the released cleavage product in the inverted orientation such thadkhefihe

terminal guanosine of the 18-mer strand is poised for nucleophilic attack on the CCCTTp-Tyrosine phosphodiester; (3) religation to form
a novel molecule containing a “recombinant” 48-mer CCCTT top strand asth@le strand “flap” on the bottom strand. Note that the
48-mer can also be formed by attack of the 18-mer strand of intact substrate N on the covalent adduct contaimmeghargy.

transfer of the covalently held 80-nucleotide segment of  strand (Figure 7). Similarly, substrate P, which is also
the input scissile strand to thé-6H terminus of the 18-  recombinogenic, contains an unpaired A flanking th©5

mer component of the noncovalently held cleavage product. of the 18-mer component of the duplex leaving group.

A likely strand transfer reaction scheme is illustrated in  Effects of Incremental’@eletions into the 3GGGAA
Figure 7. The key element is that thé @eavage product  Element of the Nonscissile Strarith gauge the contribution
can religate either to the CCCTT strand in the original of the nucleotides within the’35GGAA element to the
orientation, in which case the original labeled 60-mer would topoisomerase transesterification reaction, we constructed
be reconstituted, or in an inverted orientation, resulting in substrates m, n, and o (Figure 5). These molecules were
the appearance of a novel recombinant. Note that we cannotformed by annealing thefabeled 60-mer scissile strand to
determine from the product analysis whether the level of a single complementary 18-mer such that thenargin of
intact 60-mer strand present at the reaction endpoint repre-the duplex segment either extended to positiofh (in
sents unreacted substrate or a population of molecules thasubstrate m) or was phased leftward to positiohg
have undergone cleavage and religation. Religation by the(substrate n) of-3 (substrate 0). Substrates m, n, and o are
covalent CCCTT-Topo intermediate formed on substrate N, related to M, N, and O in that the lower case substrates lack
which contains a single unpaired B overhang at ther1 the rightward (italicized) 18-mer components of the comple-
position (Figure 7), might be biased in favor of an “acceptor” mentary strands used to form the upper case substrates
DNA molecule that has the capacity to form a base pair with (Figure 5). Reaction of topoisomerase with substrate m
the T overhang. Indeed, this scenario may account for theresulted in the conversion of 87% of the input labeled DNA
high level of recombinant accumulation on substrate N, to covalent adduct in 5 min (Figure 8). Detection of the 30-
because the'3ingle-strand tail of the inverted downstream mer/peptide adduct again depended on digestion of the
cleavage product of substrate N has an unpaired A im- reaction products with proteinase K (Figure 5; lanes amd
mediately flanking the 'SOH guanosine of the attacking m—). The apparent cleavage rate constant for substrate m
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Ficure 8: Kinetics of the reaction of topoisomerase with substrates containing deletions it@@GAA element of the nonscissile

strand. Reaction mixtures containing (per/40 0.5 pmol of substrates m or n and 2.5 pmol of topoisomerase were incubated@t 37

The levels of the covalent 30-mer/peptide adduct (covalent), and the DNA strand transfer product (recombinant) were expressed as percent
of total labeled DNA and plotted as a function of reaction time.

was 0.18 s'. A comparison to the rate constants for already deleterious effects of the1A deletion on the
substrates m and M engenders the conclusion that thetopoisomerase reaction? To answer this question, we tested
complementary strand to the right of the cleavage site makesthe effects of single nucleotide gaps-al and+2 in the
only a modest (2-fold) contribution to the rate of transes- nonscissile strand.
terification to a 60-mer scissile strand that is otherwise fully  Effects of Single Missing Nucleotides within th&35GAA
base paired within the CCCTT sequence. Element of the Nonscissile StrarfBubstrate S consists of
Phasing the 18-mer duplex segment one position to thethe scissile 60-mer annealed to two 18-mer strands to yield
left to leave an unpaired-1T in substrate n had a dramatic a gapped duplex molecule that is missing#iA nucleoside
effect on the rate of transesterification. The reaction of and the flanking+1 and+2 phosphates on the nonscissile
topoisomerase with substrate n resulted in the conversion ofstrand, but which is otherwise base paired over 18 nucleotide
68% of the input 60-mer strand to the covalent adduct in 1 segments on either side of the gap (Figure 5). The reaction
h followed by a slight decline to 60% aft8 h (Figure 8). of topoisomerase with substrate S resulted in the conversion
A protein-free strand transfer product (Figure 5, lane n  of 71% of the input 60-mer strand to the covalent adduct in
versus r-) also accumulated slowly overdlB h reaction, 15 min (Figure 9). Two strand transfer products accumulated
at which point the recombinant species constituted 22% of much more slowly, together comprising 6% of the labeled
the labeled material (Figure 8). A semilog plot of the DNA after 15 min (Figure 9). The slower-migrating com-
accumulation of the covalent adduct from 10 s to 2 min ponent of the doublet comigrated with the 48-mer recom-
(during which time the recombinant species did not contrib- binant strands formed in the reaction with substrates M and
ute significantly to the overall extent of substrate decay) N, whereas the faster component in the doublet displayed
yielded an apparent rate constant of 0.00334 comparison the same electrophoretic mobility as the hairpin molecule
to substrate m indicated that the elimination of the& formed with substrate n (not shown). Thus, the covalent
nucleotide opposite the-1T in the cleaved strand slowed intermediate formed on substrate S can religate to either of
the rate of transesterification by a factor of 50. The strand the 18-mer oligonucleotides that comprise the nonscissile
transfer product formed on substrate n migrated slightly faster strand. The apparent rate constant for covalent adduct
during polyacrylamide gel electrophoresis than the recom- formation on substrate S was 0.018.sThis value is 5-fold
binant molecule generated during the reaction of topo- greater than the rate observed for substrate n, which lacks
isomerase with substrate N (Figure 5). The only available the 18-bp duplex flanking the cleavage site. It appears that
DNA nucleophile for strand transfer after transesterification whereas the segment of the nonscissile strand to the right of
of the topoisomerase to substrate n is theBb 18-mer the cleavage is not critical for transesterification when the
oligonucleotide comprising the complementary strand. Al- CCCTT element is fully duplex (compare M versus m as
though we cannot discern from this experiment whether discussed above), this segment can play a more substantial
strand transfer occurs via an intramolecular or an intermo- role when key moieties are lacking on the covalently held
lecular religation reaction, it is clear that the recombinant side of the target site (S versus n). A comparison of the rate
strand will form a hairpin structure once denatured. We constants for substrates M (0.3%)sand S (0.01878), which
reported previously that such hairpins migrate faster during differ only in the presence of absence of theA nucleotide
polyacrylamide gel electrophoresis than expected from their opposite thet+1T on the scissile strand, indicates that this

chain length §). nucleotide enhances the reaction rate by a factor of 20. Given
Phasing the 18-mer duplex segment one position fartherthat the elimination of the nonscissile straft@ phosphate
to the left in substrate o, such that th@ T and+1T of the alone had little effect on the rate of covalent adduct forma-

scissile strand are both unpaired, effectively abolished tion (substrate N), we surmise that loss of th&T:A base
transesterification by topoisomerase, i.e., we detected nopair is principally responsible for the rate decrement in
formation of covalent adduct during a 15 h reaction in substrate S.

topoisomerase excess (not shown). Did deletion ofitB& Substrate T consists of the scissile 60-mer annealed to two
abolish transesterification per se or did it exacerbate the 18-mer strands to yield a gapped duplex molecule that is
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Ficure 9: Kinetics of the reaction of topoisomerase with substrates containing 1-nucleotide gapsiGBEAA element of the nonscissile

strand. Reaction mixtures containing (per a0 0.5 pmol of substrates S or T and 2.5 pmol of topoisomerase were incubated@t 37

The levels of the covalent 30-mer/peptide adduct (covalent) and the DNA strand transfer product (recombinant) were expressed as percent
of total labeled DNA and plotted as a function of reaction time. The insert in panel S is an autoradiogram showing an electrophoretic
analysis of product formation on substrate S. The two recombinant species are indicated by arrows.

missing the+2A nucleoside and the flankingr2 and+3 strand from modification by dimethyl sulfat&?). Thus, the
phosphates on the nonscissile strand (Figure 5). The reactiortopoisomerase contacts the major groove at the border
of topoisomerase with substrate T resulted in the conversionbetween the inner and outer footprints defined by exonu-
of 45% of the input 60-mer strand to the covalent adduct in clease Ill. Changing the DNA sequence froh® to +11
6 h (Figure 9). A 48-nucleotide transfer product comprised can negatively affect the cleavage-religation equilibri@m).(
2% of the labeled DNA after 6 h. The apparent rate constant Thus, the contacts over the outer exonuclease Il footprint,
for covalent adduct formation on substrate T was2. 404 though not required for transesterification, can modulate the
s %. Comparison to the rate constant for substrates O (0.22balance of cleavage and rejoining, presumably by influencing
s 1), which differs from substrate T only in the presence or a proposed precleavage conformational st8p (
absence_: Of. the A nucleo'Fide oppos_ite th2T on the scissile _ Scissile StrandThe kinetic contributions of the down-
strand, indicates that this nucleotide enhances the reactionyyeam portion of the scissile strand have been defined by
rate by 3 qrd(_ars of magnitude. Again, given that_removal of studying the effects of nicks and gaps & the CCCTT
the nonscissile strangt2 phosphate alpne has little effect sequence. We find that thel phosphate anet2 nucleoside
on th_e rate of covalent addu.ct formatlon_ (s_ubst_rate N), We gnhance the rate of transesterification by factors of 40 and
surmlse_that loss of the-2T-A base pair 15 principally 25, respectively. The portion of the scissile strand down-
responsible for the large rate decrement in substrate T. stream of the-2 nucleotide makes no significant contribution
to the rate of cleavage, provided that there are two nucle-
otides present'3f the CCCTTp site. We presume that the
Topoisomerase-Binding Site on DNExonuclease Il —1 phosphate ane2 nucleoside make contacts with amino
footprinting experiments suggest a two-part interaction of acids on the enzyme; however, the sites of such contacts on
topoisomerase with the DNA Bf the site of covalent adduct ~ the vaccinia topoisomerase cannot be surmised from the
formation. A transient margin of protection from exonuclease Structure of the free catalytic domai®d). There are protein
1l digestion, which extends to positionsl3 to+14 onthe ~ Main-chain and side-chain contacts to the corresponding
scissile strand, gives way to a long-lived margin of protection Phosphate and nucleoside base downstream of the scissile
at positionst7 to+9. The tightly protected segment includes Phosphate in the DNA cocrystal structures of human topo-
the entire CCCTT element that directs site-specific trans- isomerase 1Z1). However, the kinetic contributions of these
esterification. Multiple points of contact within this segment DNA phosphate and nucleoside moieties to transesterification
have been inferred from modification protection, modifica- by human topoisomerase | have not been determined.
tion interference, and UV cross-linking approaches. We have Henningfeld and Hecht2@) noted that when mammalian
shown that 6 bp of duplex DNA'®f the scissile phosphate  topoisomerase | was reacted with a tailed substrate containing
aresufficientfor transesterification by vaccinia topoisomerase only 1 bp downstream of the intended scissile phosphate
on a suicide substrat&®) What then is the significance of ~ (analogous to substrate E in the present study), the enzyme
the upstream footprint extending 46134142 Available data  failed to cleave at the expected site and instead cleaved at
indicate that this segment contributes to the strength of an alternative site 2 nucleotides upstream. Reaction with a
noncovalent binding of topoisomerase to the CCCTT target substrate containing a nick at positieril of the scissile
site @). There is also ample evidence that the affinity of the strand (analogous to our substrate B) permitted some
poxvirus topoisomerase for the pentapyrimidine motif and transesterification to the intended scissile phosphate, but most
the extent of cleavage at equilibrium are affected by the DNA of the cleavage activity of the cellular enzyme was still
sequence context flanking the CCCTT elemeh2(7). The diverted to the alternative sit@§). Low yields of covalent
binding of topoisomerase to the CCCTT target site in the adduct and the tendency of the cellular enzyme to switch
sequence context used in this and earlier studies results irsites when presented with modified DNA substrates make it
strong protection of the-6G and+9G bases on the scissile difficult to perform and interpret kinetic experiments with

DISCUSSION
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the cellular topoisomerase of the type conducted here with cation on the 60-mer CCCTT-containing strand provided that
the stringently site-specific vaccinia virus enzyme. the substrate is otherwise fully base paired within the CCCTT
Introduction of a 5phosphate/30H nick in lieu of the sequence. By studying the effects of nicks within the 3
scissile phosphodiester abolished transesterification by vac-GGGAA, we discerned an important role for the5
cinia topoisomerase, but did not affect the noncovalent phosphate in transesterification. This result is consistent with
binding of topoisomerase to the nicked DNA, as guaged by previous phosphate ethylation interference data that suggested
a native gel mobility-shift assay (J. Sekiguchi, unpublished a functional contact between vaccinia topoisomerase and the
results). This result indicates that vaccinia topoisomerase is+5 phosphate of the nonscissile strad®)( Pourquier et
an obligate polynucleotidyl‘3hosphotransferase or nucle- al. (30) have analyzed the effects of missing-phosphate nicks
otidyl-3'-phosphotransferase. The enzyme apparently cannotin the nonscissile strand on DNA cleavage by human
transesterify to a'Sphosphomonoester. topoisomerase |. They found that a nick at positibh in
Placement of a'sphosphate/30H nick at positionst-2, the nonscissile strand (numbered according to our nomen-
+3, +4, and+5 within the CCCTT element resulted in a clature) suppressed transesterification, even in the presence
5—10-fold reduction in the affinity of topoisomerase binding of camptothecin, which would have trapped any covalent
to DNA, as reflected in a shift in the enzyme dependence of adduct that did form on the-5 nicked ligand 80). Thus,
covalent adduct formation. A nick at positich6 had no the poxvirus and human topoisomerases are both extremely
apparent effect on binding. The present results for single sensitive to elimination of thet5 phosphate on the non-
phosphate modifications agree with and extend our earlier scissile strand. In the human topoisomer&8IA cocrystal,
studies showing that ethylation of phosphate® +3, and there are four different points of contact between the protein
+4 on the scissile strand interfered with topoisomerase and the+5 phosphate of the nonscissile strand involving
binding to DNA (18). Amino acid side chains within the two main-chain and two side-chain atonf&l), A test of
crystal of vaccinia topoisomerase coordinate two sulfate ions the functional significance of the side-chain contacts to the
in positions likely to be occupied by the-1 and +2 +5 phosphate by mutagenesis of the human topoisomerase
phosphates of the CCCTT stran20f. The sulfate corre-  has not been reported.
sponding to the-2 phosphate interacts with the guanidinium Missing phosphate nicks at thel, +2, +3, +4, and+6
moiety of Arg-84, which has been shown through mutational positions of the nonscissile strand had no major effects on
analysis to be involved in the noncovalent binding of vaccinia the kinetics of the initial burst of covalent adduct formation
topoisomerase to the DNA target sig9). The+2 phosphate by vaccinia topoisomerase when assayed under conditions
in the human topoisomeras®NA cocrystal interacts with  of enzyme excess. (These modifications did influence the
the e-amino group of Lys-443 21). A structure-based  amplitude of the burst, as noted in the Results.) Prior studies
alignment shows that Lys-443 in the human protein corre- showed that ethylation of the nonscissile strartland+4
sponds to Arg-84 in the vaccinia topoisomerase. Other phosphates interfered with vaccinia topoisomerase binding
potential interactions with the-3, +4, and+5 phosphates  to DNA. It is likely that addition of a bulky ethyl group to
cannot be surmised from the structure of the free vaccinia the +3 and+4 phosphates is more deleterious (via steric
enzyme. However, contacts between side-chain and main-hindrance) than simple removal of the phosphate, which
chain groups of the human topoisomerase | andiBet4, imposes no steric effect. In the case of human topoisomerase
and +5 scissile strand phosphates are evident in the DNA [, a missing phosphate nick &4 suppressed covalent adduct
cocrystals of the human enzym2l}. The scissile strand  formation, whereas a nick &t3 had little effect and a nick
+5 phosphate in the human topoisomeraB&IA complex at+1 increased the yield of covalent adduct (by permitting
interacts with the side-chain hydroxyl of Tyr-4281j. The dissociation of the noncovalently held cleavage prod@€l) (
equivalent residue in the vaccinia topoisomerase structureFrom the results of Pourquier et aBQj, it appears that the
(Tyr-70) interacts with the major groove of the CCCTT target human enzyme has a more stringent requirement for the
site such that it can be cross-linked to théC base 19); in nonscissile strandt4 phosphate than does the vaccinia
this position, Tyr-70 would also be in proximity to thies topoisomerase. The human topoisomerd3BA cocrystal
phosphate of the scissile strand. Changing Tyr-70 to alaninestructure reveals multiple protein contacts to theand+3
slows the cleavage rate constant by a factor of 3 and reducegphosphates of the nonscissile strand, including an interaction
the affinity of the topoisomerase for the DNA target sR6)( of the Thr-501 side-chain hydroxyl with the3 phosphate
The functional contributions of the-2, +3, +4, and+5 (21). A mutation of the equivalent threonine of vaccinia
scissile strand phosphates to binding and catalysis, and thé¢opoisomerase (Thr-142) to isoleucine results in thermolabile
effects of mutations in amino acids that contact these moietiestopoisomerase function in vivo and in vitr81).
on binding and catalysis have not been reported for the Loss of the+1 or +2 adenosine nucleosides on the
human enzyme. nonscissile strand reduced the rate of transesterification by
A nick at the+2 phosphate slowed the rate of transes- factors of 20 and 1000, respectively. Does vaccinia topo-
terification by vaccinia topoisomerase some 500-fold (sub- isomerase directly contact tHel and+2 nucleoside sugars
strate G). This finding, together with earlier studies of the and/or bases on the nonscissile strand or is the loss of base
effects of position-specific base and sugar substituti@ns (  pairing to the scissile strand responsible for the missing-
17) and permanganate oxidatior24] on topoisomerase nucleoside effects? Earlier studies indicated th@2wethyl

binding and transesterification, points to th& Tp nucle- substitution at thet+1 and +2 nucleoside sugars on the
otide as being the most critical element of the CCCTT target nonscissile strand did not impair covalent adduct formation
site other than the scissile phosphate itself. by vaccinia topoisomeras#&?®). Yet, replacement of the2A

Nonscissile StrandThe segment '50f the 3-GGGAA of the nonscissile strand with G (to create-aT:G mispair)
sequence contributes minimally to the rate of transesterifi- reduced the extent of covalent adduct formation by a factor
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of 100 @). There is a single side-chain contact between

human topoisomerase | and thelA of nucleoside of the
nonscissile strand in the covalently trapped topoisomerase
DNA cocrystal, but no reported contacts with thA or
with the sugarsZl).

We infer from the discussion presented above that the
structural basis for the interaction of cellular and poxvirus
type IB topoisomerases with the DNA phosphodiester back-
bone of the scissile and nonscissile strands is at least partially 17.
conserved. In interpreting the deleterious effects of various

DNA target site modifications on the activity of vaccinia

that some of the DNA modifications may exert their effects
indirectly. A crystal structure of the viral topoisomerase in

the

DNA-bound state will ultimately clarify this issue.
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