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Topoisomerase IB catalyzes recombinogenic DNA strand transfer reactions in vitro and in vivo. Here we
characterize a new pathway of topoisomerase-mediated DNA ligation in vitro (flap ligation) in which vaccinia
virus topoisomerase bound to a blunt-end DNA joins the covalently held strand to a 5’ resected end of a duplex
DNA containing a 3’ tail. The joining reaction occurs with high efficiency when the sequence of the 3’ tail is
complementary to that of the scissile strand immediately 5’ of the cleavage site. A 6-nucleotide segment of
complementarity suffices for efficient flap ligation. Invasion of the flap into the duplex apparently occurs while
topoisomerase remains bound to DNA, thereby implying a conformational flexibility of the topoisomerase
clamp around the DNA target site. The 3’ flap acceptor DNA mimics a processed end in the double-strand-
break-repair recombination pathway. Our findings suggest that topoisomerase-induced breaks may be rectified
by flap ligation, with ensuing genomic deletions or translocations.

The eukaryotic type IB topoisomerase family includes nu-
clear topoisomerase I and the topoisomerases of vaccinia and
other cytoplasmic poxviruses (37). The type IB enzymes relax
DNA supercoils by transiently breaking and rejoining one
strand of the DNA duplex through a covalent DNA—(3’-phos-
photyrosyl) enzyme intermediate. The catalytic domains of
type IB topoisomerases and the N Int family of site-specific
recombinases (now called tyrosine recombinases) have a com-
mon reaction mechanism and tertiary structure, prompting the
inference that they derive from a common ancestral DNA
strand transferase (5, 8, 10, 14, 24, 44). Type IB topoisomerases
and tyrosine recombinases consist of two domains that form a
C-shaped clamp around duplex DNA. A noncatalytic N-termi-
nal domain interacts with DNA in the major groove, whereas
the catalytic C-terminal domain recognizes the minor-groove
face of the cleavage site. The domains are linked by a flexible
hinge that must open to allow noncovalent binding of DNA in
the interdomain cleft and then close to establish the clamp.

The mechanistic and evolutionary connections between to-
poisomerase IB and site-specific recombinases lend currency
to the long-standing hypothesis that eukaryotic topoisomerases
can act as catalysts of genetic recombination. Champoux et al.
envisioned a recombinogenic pathway whereby topoisomerase
I would form a covalent adduct with one strand of the DNA
duplex and then religate the bound DNA to a heterologous
acceptor strand (1, 2, 4). Purified type IB topoisomerases cat-
alyze such strand transfer reactions in vitro (7, 9, 34, 35).
Vaccinia virus topoisomerase catalyzes excisional recombina-
tion when expressed in a heterologous system in vivo (31, 32).
Similarly, overexpression of yeast Topl in yeast elicits an in-
crease in the frequency of illegitimate integrative recombina-
tion (53).

The cleavage-religation equilibrium of type IB topoisomer-
ase on duplex DNA favors the noncovalently bound state.
However, the equilibrium can be strongly skewed toward co-
valent adduct formation in vitro by modifications in the DNA
target site and by drugs such as camptothecin that selectively
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impede religation (3, 11, 20). DNA structural alterations that
induce high levels of covalent adduct formation by topoisom-
erase IB include naturally occurring lesions, such as nicks,
gaps, base pair mismatches, abasic sites, UV-induced thymine
dimers, deoxyuridine incorporation, and ribonucleotide incor-
poration immediately 3" of the scissile phosphate and nicks on
the complementary strand opposite to or immediately flanking
the scissile phosphodiester (6, 15, 22, 23, 27). Thus, topoisom-
erase will catalyze “suicide” cleavage reactions in vivo in re-
sponse to natural and pharmacological poisons. Covalent trap-
ping of topoisomerase IB on DNA by camptothecin is
cytotoxic. Yet treatment of human fibroblasts with subtoxic
doses of camptothecin leads to a 300-fold increase in chromo-
somal integration of viral DNA vectors (26), suggesting that
stabilization of the covalent topoisomerase-DNA intermediate
is prorecombinogenic in vivo. Similar inferences are drawn
from the increase in chromosomal rearrangements in yeast
cells bearing a missense Topl mutant that displays a higher
level of equilibrium cleavage than wild-type Topl (16).

In principle, there are multiple pathways to remove topo-
isomerase I when it binds covalently to DNA and the original
5" OH leaving strand is no longer available for religation.
These pathways can be classified as extrinsic (i.e., catalyzed by
enzymes other than topoisomerase) or intrinsic (i.e., catalyzed
by topoisomerase per se). An example of an extrinsic repair
factor is the 3’ tyrosyl phosphodiesterase discovered by Nash
and colleagues; this enzyme, the product of a single gene, can
hydrolytically resolve DNA-3'-pTyr to yield DNA-3’'-phos-
phate and Tyr (21, 51). Topoisomerase itself is capable of
transferring the covalently held DNA strand to a nucleic acid
acceptor other than the strand originally cleaved. The acceptor
can be 5" OH DNA, in which case the repair process is recom-
binogenic (7, 34, 35). The acceptor can also be 5 OH RNA
(27).

We have exploited vaccinia virus topoisomerase as a model
system for the analysis of topoisomerase IB-catalyzed DNA
rearrangements in vitro. The poxvirus topoisomerase is distin-
guished from cellular topoisomerase I by its compact size (314
amino acids), its resistance to camptothecin (39), and its site
specificity in DNA transesterification. Vaccinia virus topoisom-
erase binds and cleaves duplex DNA at a pentapyrimidine
target sequence, 5’ (T/C)CCTT | (38). Cleavage and religa-
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FIG. 1. Three pathways for intermolecular DNA strand transfer by topoisomerase IB. See the text for a discussion. Topoisomerase I is depicted as an ellipse. The
site of transesterification of topoisomerase to one strand of the DNA duplex is denoted by an arrowhead. The incoming DNA acceptor molecules are colored gray.

The top strands of the DNAs are oriented 5’ (left) to 3’ (right).

tion of DNAS containing a single CCCTT target site have been
examined in depth under single-turnover and equilibrium con-
ditions (40, 41, 43, 49). Indeed, vaccinia virus topoisomerase is
the only member of the type IB topoisomerase family for which
a detailed kinetic scheme is available.

We previously delineated two pathways of intermolecular
DNA joining reactions catalyzed by vaccinia virus topoisomer-
ase: (i) sticky-end ligation after topoisomerase-induced nicking
and single-strand uptake (Fig. 1A) and (ii) blunt-end ligation
(Fig. 1B). These pathways differ in their requirements for
DNA sequence homology. When the CCCTT-containing DNA
substrate is configured such that the scissile bond is situated
within 6 bp of the 3’ end of the scissile strand, cleavage is
accompanied by spontaneous dissociation of the downstream
portion of the incised strand (Fig. 1A). The resulting topo-
isomerase-DNA complex, containing a 5" single-strand tail on
the noncleaved strand, can religate to an acceptor DNA if the
acceptor molecule has a 5’ OH tail complementary to that of
the activated donor complex (34, 35). The topoisomerase dis-
criminates very well between correctly and incorrectly base
paired 5’ overhangs (36). Sticky-end ligation is a plausible
mechanism for intrinsic repair of topoisomerase-DNA com-
plexes covalently trapped after collision with an approaching
replication fork leaves a single-strand gap 3’ of the cleavage
site. A role for this homology-dependent strand transfer path-
way in topoisomerase I-catalyzed recombination is suggested
by the finding that a majority of in vivo recombination events
catalyzed by vaccinia virus topoisomerase involve parental
half-sites with several bases of sequence identity 3’ of the
pentamer cleavage motif (32).

When the CCCTT-containing substrate is configured so that
the nonscissile strand has a nick opposite the scissile phos-
phate, topoisomerase cleavage results in dissociation of the
entire downstream duplex and the formation of a covalently
activated blunt-end donor complex (Fig. 1B). Topoisomerase
bound covalently at a blunt CCCTT duplex end can religate to

any 5' OH blunt-end duplex acceptor regardless of its se-
quence (35). A DNA with a 5" single-strand tail is not an
effective acceptor for the blunt-end CCCTT donor.

Here we describe a new pathway of intermolecular strand
transfer—flap ligation—that is catalyzed by vaccinia virus to-
poisomerase in vitro. We show that topoisomerase bound co-
valently to a blunt-end DNA is capable of joining the CCCTT
strand to an acceptor DNA with a 3’ tail (Fig. 1C). The joining
reaction occurs with high efficiency when the sequence of the
3’ tail is homologous to the topoisomerase recognition motif
upstream of the scissile phosphodiester. Because the acceptor
DNA mimics the 5’ resected intermediates in the double-
strand-break repair (DSBR) pathway (45), we suggest that flap
ligation is a plausible mechanism for rectification of topoi-
somerase-induced DSBs and for generating chromosomal de-
letions and translocations in response to topoisomerase poi-
sons.

MATERIALS AND METHODS

Enzyme purification. Vaccinia virus topoisomerase was expressed in Esche-
richia coli BL21 cells infected with bacteriophage NCE6 and then purified from
a soluble bacterial lysate by phosphocellulose column chromatography (39). The
protein concentration of the phosphocellulose preparation was determined by
using the dye-binding method (Bio-Rad) with bovine serum albumin as the
standard.

Preparation of topoisomerase cleavage substrates and strand transfer accep-
tors. CCCTT-containing DNA oligonucleotides (60-mer and 34-mer) (Fig. 2)
were 5" end labeled by enzymatic phosphorylation in the presence of [y-**P]JATP
and T4 polynucleotide kinase and then purified by preparative electrophoresis
through a 20% polyacrylamide gel containing 90 mM Tris-borate and 2.5 mM
EDTA. The labeled oligonucleotides were eluted from an excised gel slice and
then annealed to an unlabeled 12-mer complementary oligonucleotide(s) at a
fourfold-molar excess. The unlabeled strand transfer acceptor DNAs (Fig. 2)
were prepared by annealing equimolar amounts of the complementary compo-
nent oligonucleotides. The annealing reaction mixtures containing 0.2 M NaCl
and oligonucleotides were heated to 70°C and then slowly cooled to 22°C. The
hybridized DNAs were stored at 4°C.

Topoisomerase-catalyzed strand transfer reactions. A reaction mixture con-
taining 50 mM Tris-HCI (pH 7.5), 25 nM 5’ labeled topoisomerase substrate
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Substrates

*AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG
GCACAGCGGGAA

|
*CGTGTCGCCCTTATTCCGATAGTGACTACAGCGG
GCACAGCGGGAA

Covalent Intermediates

*AGTATGATTCAACATATCCGTGTCGCCCTT!

GCACAGCGGGAA
*CGTGTCGCCCTT!
GCACAGCGGGAA
Acceptor DNAs
A ATTCCGATAGTGACTACA

TGCCGTAGCTCATATCTGTAAGGCTATCACTGATGT

B ATTCCGATAGTGACTACA
GTATAGGCACAGCGGGAATAAGGCTATCACTGATGT

C ATTCCGATAGTGACTACA
GCACAGCGGGAATAAGGCTATCACTGATGTATAGTCCG

D ATTCCGATAGTGACTACA
AGCTAGCGGGAATAAGGCTATCACTGATGTATAGTCCG

E ATTCCGATAGTGACTACA
AGCTCACGGGAATAAGGCTATCACTGATGTATAGTCCG

F ATTCCGATAGTGACTACA
AGCTCATAGGAATAAGGCTATCACTGATGTATAGTCCG

G ATTCCGATAGTGACTACA
AGCTCATATCAATAAGGCTATCACTGATGTATAGTCCG

H ATTCCGATAGTGACTACA
AGCTCATATCTGTAAGGCTATCACTGATGTATAGTCCG

FIG. 2. Substrates, covalent intermediates, and acceptor DNAs. The 60-mer—
12-mer and 34-mer-12-mer substrates are shown with the cleavage site indicated
by an arrow, and the 5' 3P label is denoted by an asterisk. The covalent
intermediates generated by transesterification of Tyr-274 of the topoisomerase to
the scissile CCCTTpN phosphodiester are shown. The noncovalently held single
strand dissociates spontaneously, thereby trapping topoisomerase at the DSB. A
series of acceptor DNAs for topoisomerase-mediated strand transfer are shown.
The segments of sequence homology between the 3’ tails of the acceptor DNAs
and the covalent intermediates are underlined.

(Fig. 2), and 125 nM topoisomerase was incubated at 37°C for 15 min to form the
topoisomerase-activated covalent donor complex. An aliquot (20 wl) was then
withdrawn and quenched by adding sodium dodecyl sulfate to 0.5% (time zero).
Strand transfer was initiated by adding 1.25 wM acceptor DNA (Fig. 2), and
incubation was continued at 37°C. Aliquots (20 wl) were withdrawn at the times
specified and quenched immediately with sodium dodecyl sulfate. The denatured
samples were digested with 10 wg of proteinase K for 60 min at 37°C. The
samples were ethanol precipitated, resuspended in formamide-dye solution, and
electrophoresed through a 15% polyacrylamide gel containing 7 M urea in
Tris-borate-EDTA. Radiolabeled reaction products were visualized by autora-
diography of the gel. The extents of formation of the recombinant strands (as
percentages of the total radioactivity) were quantitated by scanning the gel with
a FUJIX BAS2000 phosphorimager.

RESULTS

Covalently activated blunt donor complex. The DNA sub-
strate used to prepare the donor complex consisted of a 5’
32P-labeled 60-mer strand with a centrally placed CCCTT site
annealed to an unlabeled 12-mer strand to yield a 5'- and
3’-tailed duplex molecule with no base pairing 3’ of the scissile
phosphodiester (Fig. 2). The transesterification reaction of to-
poisomerase with this substrate resulted in formation of the
covalent intermediate depicted in Fig. 2. Note that the nonco-
valently held portion of the incised strand readily dissociated
from the covalent intermediate, leaving the topoisomerase
linked to a blunt duplex end. The covalent intermediate was
detected (after proteinase K digestion of the reaction mixture)
as a *?P-labeled DNA-peptide adduct migrating at ~32 to 33
nucleotides during polyacrylamide gel electrophoresis (Fig. 3,
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lane 0). Eighty-five percent of the input 60-mer strand was
converted to covalent adduct in reactions containing 125 nM
topoisomerase and 25 nM substrate.

Strand transfer to a blunt-end acceptor is favored over a
nonhomologous 3’-tailed acceptor. The blunt-end covalent do-
nor complex was mixed with a 50-fold molar excess of an
18-mer—36-mer DNA molecule containing a blunt end on one
side and an 18-nucleotide 3’ single-strand tail on the other side
(Fig. 2, acceptor A). The sequence of the 3’ tail was designed
so that there was no potential for base pairing to the scissile
strand of the covalent donor complex. Note that the acceptor
DNA contained two potential 5" OH nucleophiles that could
attack the covalent intermediate and displace the trapped en-
zyme: (i) the 5" OH of the 36-mer strand at the blunt end and
(ii) the recessed 5" OH end of the 18-mer strand. Transfer of
the 30-mer CCCTT strand to the blunt terminus should yield a
recombinant molecule with a radiolabeled 66-mer CCCTT
strand and a bipartite complementary strand with a nick op-
posite the scissile phosphodiester, whereas religation to the
recessed 5’ OH should produce a “flap recombinant” with a
radiolabeled 48-mer CCCTT strand (Fig. 3).

We observed that both the blunt and recessed 5" OH ends
were capable of attacking the covalent complex to generate the
expected recombinant strands, but the yields of the two prod-
ucts differed significantly. The flap recombinant accumulated
to ~4% of the total **P-labeled DNA, while the blunt recom-
binant comprised 38% of the labeled DNA (Fig. 3). Kinetic
analysis showed that both strand transfer reactions were com-
plete within 20 to 30 s and that the distribution of the products
did not change with reaction times up to 3 h (Fig. 3 and data
not shown). This experiment shows that vaccinia virus topo-
isomerase can catalyze ligation of a blunt end to a 3’ flap
acceptor, but the enzyme prefers to rejoin to a blunt end if
given the chance.

Homology of the 3’ acceptor flap to the donor complex
enhances ligation. To evaluate the influence of sequence ho-
mology on the flap ligation reaction, we constructed a second
18-mer—36-mer acceptor DNA in which the sequence of the
18-nucleotide 3’ tail was complementary to that of the scissile
strand of the covalent donor complex (Fig. 2, acceptor B). The
blunt-end covalent intermediate reacted quickly with the ho-
mologous 3'-tailed acceptor to form a mixture of blunt and flap
recombinant products (Fig. 4). As noted in the previous ex-
periment, the blunt recombinants predominated over the flap
ligation products at the earliest times (10 s to 2 min). However,
strand transfer to the homologous 3'-tailed acceptor did not
attain a stable equilibrium in this state but instead segued into
a second reaction phase characterized by a steady accumula-
tion of the 48-mer flap recombinant over 2 h (to an extent of
70% of the total labeled DNA) and a concomitant decay in the
abundance of the blunt recombinant to less than 4% of the
level of labeled DNA (Fig. 4).

The explanation for the biphasic kinetic profile is as follows
(Fig. 4). (i) The initial burst phase dominated by blunt ligation
reflects a state in which topoisomerase (which is present in
excess over the CCCTT target site) remains bound to the
recombinant DNA products and establishes an internal cleav-
age-religation equilibrium that favors the covalent intermedi-
ate. (ii) The second, slow phase entails invasion of the com-
plementary 3’ flap into the CCCTT duplex with concomitant
displacement of the original nonscissile strand, thereby result-
ing in a new configuration of the flap recombinant in which the
30-mer CCCTT strand and the 18-mer 5 OH nucleophile are
bridged in cis by a continuous 36-mer nonscissile strand. (iii)
The internal cleavage-religation equilibrium on the new flap
recombinant favors the noncovalently bound state, and thus
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FIG. 3. Blunt ligation is favored over heterologous flap ligation. Reaction of the 5’-tailed 3'-blunt covalent topoisomerase-DNA intermediate with acceptor A was
performed as described in Materials and Methods. The reaction products were analyzed by polyacrylamide gel electrophoresis. An autoradiogram of the gel is shown
in the left panel. The strand transfer reaction times are specified above the lanes. ”, seconds; ', minutes. A control reaction mixture containing the 5’ 32P_Jabeled 60-mer
substrate and no topoisomerase was analyzed in lane —. The positions of the radiolabeled 66-mer blunt recombinant, 48-mer flap recombinant, and covalent
DNA-peptide adducts are indicated. The extents of recombinant formation (as percentages of total labeled DNA) are plotted as a function of time in the right panel.

The reaction pathway is illustrated at the top and discussed in the text.

the abundance of the sealed 48-mer increases while the cova-
lent adduct declines. (iv) The blunt recombinant is depleted by
mass action as the slow strand invasion process favors the flap
recombinant. The increase in the 48-mer flap recombinant
strand in the interval from 2 min to 2 h was a pseudo-first order
reaction. The data fit well to a single exponential with an
apparent rate constant of 7 X 10~* s~'. We surmise that the
process of strand invasion was the rate-limiting step in the slow
reaction phase.

3’ single-strand annealing is not necessary for efficient flap
ligation. In the experiment depicted in Fig. 4, the six nucleo-
tides at the 3" end of the acceptor flap were complementary to
the single-stranded segment of the donor complex immediately
upstream of the 12-bp duplex segment. Thus, it was conceiv-
able that the strand invasion process was initiated by single-
strand annealing 5’ of the CCCTT target site. We subsequently
eliminated the potential for single-strand annealing by short-
ening the 5" end of the scissile strand of the cleavage substrate
to leave only a 12-bp blunt end (Fig. 2). This substrate DNA
was prepared by annealing a 5’ >*P-labeled 34-mer strand to an
unlabeled complementary 12-mer. Transesterification of topo-
isomerase to the 34-mer—12-mer substrate resulted in forma-
tion of the covalent intermediate depicted in Fig. 2. The cova-
lent adduct was detected after proteinase K digestion as a
32P-labeled DNA-peptide adduct migrating at ~14 to 16 nu-
cleotides during polyacrylamide gel electrophoresis (Fig. 5,

lane 0). Eighty percent of the input 34-mer strand was con-
verted to covalent adduct.

The double-blunt-end covalent intermediate reacted with
acceptor B to form a mixture of 48-mer blunt and 30-mer flap
recombinant products. The reaction displayed biphasic kinetics
with a rapid burst of blunt ligation, followed by a slow phase of
accumulation of the flap recombinant (Fig. 5). The flap recom-
binant comprised 70% of the labeled DNA at the reaction end
point, when the blunt recombinant was reduced to less than
3%. Thus, the absence of single-strand annealing had no effect
on the high efficiency of homologous flap ligation. The increase
in the 30-mer flap recombinant strand in the interval from 2
min to 2 h was a pseudo-first order reaction with an apparent
rate constant of 1.4 X 1073 s~!, which is actually slightly faster
than the rate of the second phase of homologous flap ligation,
when single-strand annealing could occur. Base pairing of the
single strands upstream of the CCCTT duplex may well impede
productive strand invasion from the direction of the nick op-
posite the scissile phosphodiester.

Homologous flap ligation in the absence of competing reac-
tions. To focus exclusively on the homologous flap ligation
reaction, we designed an 18-mer-38-mer acceptor DNA con-
taining at one end a 12-nucleotide 3’ tail complementary to the
scissile strand of the covalent intermediate and at the other
end an 8-nucleotide 5’ single-strand tail with no potential for
base pairing to the donor complex (Fig. 2, acceptor C). Be-
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FIG. 4. Homology of the 3" acceptor tail to the donor complex enhances flap ligation. The 5'-tailed 3’-blunt covalent topoisomerase-DNA intermediate was reacted
with acceptor B, and the products were analyzed by polyacrylamide gel electrophoresis. An autoradiogram of the gel is shown in the left panel. The strand transfer
reaction times are specified above the lanes. ”, seconds; ', minutes. A control reaction mixture containing the 5’ 32p_labeled 60-mer substrate and no topoisomerase
was analyzed in lane —. The extents of recombinant formation (as percentages of total labeled DNA) are plotted as a function of time in the right panel. The reaction

pathway is illustrated at the top and discussed in the text.

cause vaccinia virus topoisomerase bound covalently at a blunt
end cannot transfer the covalently held CCCTT strand to a 5’
OH single-strand acceptor, the recessed 5’ OH of the 18-mer
acceptor strand was the only nucleophile available for attack
on the covalent intermediate. The 5’-tailed blunt-end covalent
intermediate reacted with the 18-mer strand of acceptor C to
form a 48-mer flap recombinant product (Fig. 6). The reaction
displayed biphasic kinetics, with a rapid burst of flap recombi-
nant formation at 10 to 30 s to the extent of 15% of the total
labeled DNA, followed by a slow phase of accumulation of the
flap recombinant to an endpoint of 75% after 60 min (Fig. 6).
The higher amplitude of the initial burst of flap ligation re-
flected the absence of a competing reaction with the 5’ blunt
end present in acceptors A and B used in the previous exper-
iments. The increase in the 48-mer recombinant strand in the
interval from 1 min to 1 h was a pseudo-first order reaction
with an apparent rate constant of 1.7 X 1072 s~ 1.

Six nucleotides of homology suffice for efficient flap ligation.
The homology length requirement for the second phase of flap
ligation was investigated using a series of 18-mer-38-mer ac-
ceptors with a recessed 5" OH nucleophile (Fig. 2, acceptors C
through H). Each molecule contained a 12-nucleotide 3’ tail,
the sequence of which was varied to limit the potential for base
pairing with the CCCTT strand of the covalent intermediate to
either 12 bp (acceptor C), 8 bp (acceptor D), 6 bp (acceptor E),
4 bp (acceptor F), or 2 bp (acceptor G) immediately 5’ of the

scissile phosphodiester. A control acceptor H had no potential
for base pairing with the covalent donor complex.

The rates and amplitudes of the biphasic flap recombination
reaction were quite similar when the segments of homology
were 12, 8, or 6 nucleotides long (Fig. 7, acceptors C to E). The
yields of flap recombinant at the reaction endpoints were 75 to
80% of total labeled DNA. Thus, strand invasion through a
6-bp region including the CCCTT target site sufficed for effi-
cient flap ligation. In contrast, the reactions of the blunt cova-
lent intermediate with acceptors containing 12-mer tails but
only 4, 2, or 0 potential bp to the scissile strand displayed a
rapid initial burst of flap recombinant formation (to the extent
of 11 to 17% of total DNA) but evinced no second phase of
recombinant accumulation for up to 3 h (Fig. 7, acceptors F to
H; data not shown). Thus, the potential for up to 4 bp of strand
invasion by the 3’ tail into the CCCTT target site was not
sufficient to drive the flap ligation reaction to a high yield.

Evidence that strand invasion occurs while topoisomerase is
bound to DNA. Does strand invasion occur while topoisomer-
ase remains bound to the CCCTT target site or during a
hypothetical interval that is subsequent to strand transfer and
enzyme dissociation yet prior to rebinding of topoisomerase to
the CCCTT motif? Given that topoisomerase is present in
molar excess over the CCCTT-containing substrate, one might
expect that the cleavage sites would be occupied throughout
the strand transfer reaction. However, it is possible that the
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addition of a molar excess of acceptor DNA (to an acceptor/
topoisomerase ratio of 10) might act as a nonspecific decoy for
topoisomerase molecules that have catalyzed the strand trans-
fer step. If this scenario is true, then we would expect the rate
and amplitude of homology-dependent flap recombination
during the second phase to be directly proportional to the
amount of acceptor DNA present in the reaction. Yet we
observed that reducing the concentration of acceptor C (nor-
mally 1.25 pM) by a factor of 5 or 10 had little impact on the
amplitude of the second phase (Fig. 8A). The fact that the flap
recombinant comprised 60% of the total DNA even at 0.125
uM acceptor C (acceptor/substrate ratio of 5 and acceptor/
topoisomerase ratio of 1) highlights the inherent efficiency of
flap ligation. The key point of this experiment was that the
apparent rate constants (k,,,) for the second phase of the
reaction were hardly affected by the decrement in acceptor
concentration (ks = 1.3 X 1072, 12 X 103, and 1 X 1073
s~ ! for reactions containing 1.25, 0.25, and 0.125 wM accep-
tor). Thus, we infer that a decoy function of the acceptor is not
promoting the strand invasion step.

A more critical test of the issue of topoisomerase occupancy
of the target site during strand invasion was to examine the
influence of topoisomerase concentration on the flap ligation
reaction. The prediction was that if topoisomerase dissociated
from the DNA to permit strand invasion, then an increase in
the topoisomerase concentration beyond 125 nM (the standard
enzyme concentration in the reactions) should inhibit the rate

and extent of flap ligation to acceptor C. Yet if strand invasion
occurred while topoisomerase was bound to CCCTT, we an-
ticipated that an increase in topoisomerase concentration
would have little effect. We observed that increasing topoisom-
erase concentration tenfold to 1.25 wM (a 50-fold excess of
topoisomerase over DNA substrate) had virtually no effect on
the rate and extent of flap ligation (Fig. 8B). These experi-
ments are consistent with strand invasion with topoisomerase
bound at the CCCTT target site. This implies previously un-
appreciated conformational flexibility of the topoisomerase-
DNA clamp on the 5’ side of the scissile phosphodiester.

DISCUSSION

The present study illuminates a recombinogenic pathway of
lesion repair whereby vaccinia virus topoisomerase bound co-
valently at a blunt DSB can ligate the covalently held strand to
arecessed 5’ OH terminus of a duplex DNA acceptor with a 3’
single-strand tail. The transfer reaction occurs with exception-
ally high efficiency to DNA acceptors that contain a 3’ tail
complementary to the scissile strand upstream of the cleavage
site. The flap ligation pathway differs from the two classes of
intermolecular DNA ligation reactions described previously in
the following respects. (i) Strand transfer by a covalent donor
complex with a 5’ single-strand tail is entirely dependent on
base pairing between the exogenous single-strand acceptor and
the 5’ tail of the donor complex in the segment immediately
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downstream of the scissile phosphodiester. (ii) Blunt-end liga-
tion by topoisomerase bound at a flush duplex CCCTT end is
independent of the sequence of the blunt-end acceptor mole-
cule.

The slow phase of homology-dependent flap ligation is de-
pendent on, and likely limited by, invasion of the 3’ single-
strand tail into the duplex 5’ of the covalent attachment site.
The increase in flap recombinant strands reflects the establish-
ment of a new transesterification equilibrium that favors strand
closure, i.e., because the nonscissile strand of the recombinant
no longer has a nick opposite the scissile phosphodiester that
precipitates suicide cleavage. Thus, homology-dependent flap
ligation rectifies damage on both strands of the duplex. In
contrast, flap ligation without strand invasion restores only one
DNA strand. The opposing nick must still be repaired to avoid
reiterating the topoisomerase-induced DSB.

The rate of the second phase of the flap ligation reaction
(1.7 X 1073 s~ 1) is low compared to the rates of the chemical
steps of transesterification (k., ~0.3 s %; k,;, ~1571). Yet the
reaction proceeds to a high yield over a time scale of 20 to 30
min in vitro, which is compatible with damage correction
within a single round of vaccinia virus replication in vivo and,
by extension to cellular topoisomerase 1B, within a single cell
cycle in vivo, especially when cell cycle delays or checkpoints
are triggered by topoisomerase-induced DSBs (47, 52).

The homology-dependent phase of flap ligation is several
orders of magnitude slower than the expected rate of sponta-
neous DNA branch migration under the solution conditions
used in our assays, i.e., low ionic strength and no divalent
cation (18). Therefore, topoisomerase bound to the CCCTT

site is actually an impediment to strand invasion. The remark-
able and instructive finding is that strand invasion occurs at all,
given that topoisomerase IB binds circumferentially to the
DNA duplex 5’ of the scissile phosphodiester (5, 24, 28, 30).
For strand invasion into the CCCTT site to be feasible, the
topoisomerase C-clamp around the target site must open up to
allow ingress of the invading 3’ flap. Opening of the clamp
would likely occur by retroflexion of the bridge segment of the
polypeptide that links the N-terminal domain on the major-
groove face of the DNA with the C-terminal catalytic domain
on the minor-groove face (29). We infer that the opening of
the clamp to allow strand invasion occurs when the topoisom-
erase is bound covalently to the flap recombinant because
opening of the clamp by noncovalently bound topoisomerase
would result in immediate dissociation of the protein from the
DNA. Because the C-terminal domain is tethered covalently to
the CCCTT strand, we suspect that it is the N-terminal domain
that moves to open the clamp.

Our results illuminate a previously unappreciated conforma-
tional flexibility of covalently bound topoisomerase with re-
spect to its DNA contacts on the 5’ side of the scissile phos-
phodiester. It had been noted before that the protein-DNA
interface 3" of the scissile phosphodiester is loose and flexible.
In catalyzing the relaxation of supercoiled DNA, covalently
bound topoisomerase IB releases its grip on the downstream
duplex and permits rotation of the duplex around the phos-
phodiester opposite the scissile phosphate before resealing the
backbone. About five negative supercoils are removed by vac-
cinia virus topoisomerase for each cleavage event (42). The
DNA cleavage and religation reactions using linear substrates
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do not take into account any DNA rotation events, because
there are no measurable changes in topology. Yet the finding
that topoisomerase trapped covalently at a nick in linear du-
plex DNA is capable of efficient strand transfer to an exoge-
nous nucleophile provides evidence that the noncovalently
held 5" OH DNA end is fairly mobile, i.e., that it spontaneously
departs from the acceptor site while still tethered to the com-
plex by the nonscissile strand (13).

Redinbo et al. (25) have provided important insights into the
nature of the structural flexibility of DNA-bound topoisomer-
ase IB through their analysis of multiple nonisomorphous coc-
rystal structures. Crystallographic flexibility of the “cap” sub-
domain of human topoisomerase I (25), which is analogous to
the N-terminal domain of vaccinia virus topoisomerase, is con-
sistent with our hypothesis that loosening of the N-terminal
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FIG. 8. Evidence that strand invasion occurs while topoisomerase is bound to
DNA. (A) Effect of acceptor concentration. Reaction mixtures containing 50
mM Tris-HCI (pH 7.5), 25 nM 5'-labeled 60-mer-12-mer substrate, and 125 nM
topoisomerase were incubated at 37°C for 15 min. Strand transfer was initiated
by adding 0.125, 0.25, or 1.25 pM acceptor C. (B) Effect of topoisomerase
concentration. Reaction mixtures containing 50 mM Tris-HCI (pH 7.5), 25 nM
5'-labeled 60-mer—12-mer substrate, and either 0.125 or 1.25 pM topoisomerase
were incubated at 37°C for 15 min. Strand transfer was initiated by adding 1.25
uM acceptor C. The extents of flap recombinant formation are plotted as a
function of time.

domain contacts with the CCCTT site in the covalent topo-
isomerase-DNA complex permits strand invasion during ho-
mology-dependent flap ligation. Our finding that 6 bp of ho-
mology allows the second phase of accumulation of flap
recombinant while =4 bp of homology is without effect can be
explained easily if the open topoisomerase clamp is unable to
close when the flap branch point resides within the CCCTT
target site, e.g., because of steric hindrance. It is known that
modifications of the phosphate backbone of the nonscissile
strand within the complementary 3’ GGGAA element ad-
versely affect DNA binding and catalysis (6, 28).

Prior functional analyses of DNA binding and transesterifi-
cation by vaccinia virus topoisomerase have revealed numer-
ous features shared by the cellular topoisomerase IB enzymes,
e.g., the circumferential protein-DNA interface (28, 30), con-
formational changes elicited by DNA binding (29), and the
identity of the catalytic side chains at the active site (13a, 37).
All of the cleavage and strand transfer reactions that we dem-
onstrated previously for vaccinia virus topoisomerase (e.g.,
RNA cleavage and cyclization, hairpin formation, sticky-end
DNA ligation, blunt-end DNA ligation, and strand transfer to
non-nucleic acid nucleophiles) have been demonstrated for
cellular topoisomerase IB. Therefore, we predict that cellular
type IB topoisomerases can also catalyze flap ligation. (Testing
this prediction is beyond the scope of the present study.) The
flap ligation reaction has interesting implications for thinking
about pathways of topoisomerase-mediated DNA rearrange-
ments in vivo.

The proposed flap ligation pathway overlaps in part with the
initial steps of the DSBR pathway of homologous recombina-
tion (45), which invokes nucleolytic processing of the DSB to
generate 3’ tails that can invade a homologous duplex (48).
Covalent attachment of topoisomerase on one side of the DSB
protects the covalently activated terminus from nucleases (6,
33) while still allowing processing of the blunt duplex leaving
group. The simple hypothesis that a 5’ to 3’ exonuclease gen-
erates the recessed 5’ terminus and the 3’ single-strand tail
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DSBR intermediates is complicated by the finding that Mrell,
a nuclease that is clearly involved in eukaryotic DSBR, is both
an endonuclease and a 3’ to 5" exonuclease (19, 46). However,
the nuclease activity of yeast Mrell is not required for DSBR
in mitotic cells (17), suggesting that mitotic cell DSBs may be
processed by other nucleases that are functionally redundant
with Mrell. Irrespective of the identity of the processing
nucleases, it is clear that repair of topoisomerase-induced
DSBs by the flap ligation pathway calls for a 5" OH moiety on
the recessed DNA strand, which could arise either via dephos-
phorylation of a 5’ phosphate product of endo- or exonuclease
digestion or via the action of a nuclease that directly yields a 5
OH end.

We have shown that flap ligation by vaccinia virus topoisom-
erase occurs with or without homology of the 3’ tail of the
acceptor to the covalent donor complex. The yield of the re-
combinant strand is seven to eightfold higher with flap homol-
ogy, but the probability of encountering an exact match at
nucleotide position 6 immediately flanking the recessed 5" OH
end of the recombination partner is low (1/4,096), assuming
random recession of the blunt-end leaving group. Flap sites
corresponding to the topoisomerase cleavage recognition ele-
ment may represent hot spots for flap ligation in vivo, but they
may not comprise the majority of targets for topoisomerase-
catalyzed DNA rearrangements. The hallmarks of homology-
independent flap ligation (or blunt ligation) would be the pres-
ence of a topoisomerase cleavage site at only one of the two
recombining half-sites and the absence of homology immedi-
ately 3’ of the scissile phosphodiester. The key features of
homology-dependent flap ligation would be the occurrence of
topoisomerase recognition sequences at both recombining
half-sites and no homology 3’ of the scissile phosphodiester.
The presence of 3" homology implicates the sticky-end topoi-
somerase-catalyzed strand transfer pathway.

The chromosomal excision events directly catalyzed by vac-
cinia virus topoisomerase in vivo all entailed strand transfer at
topoisomerase cleavage sites in parallel orientation (32). Most
events (3/5) displayed 3’ homology and were therefore attrib-
utable to some manner of sticky-end ligation. One pair of
partners lacked 3’ homology but displayed heterology within
the 5" pentamer recognition sites, which suggests blunt ligation
as the likely mechanism. Only one event was consistent with
either blunt ligation of two ends, both generated by topoi-
somerase-induced DSBs, or flap ligation of a topoisomerase-
induced DSB to a processed end with a homologous 3’ tail.
The nature of the in vivo recombination assay, which entailed
robust overexpression of vaccinia topoisomerase, may have
selected for events in which both recombining partners were
cleaved by the topoisomerase. In contrast, a high proportion of
the illegitimate integration events promoted by yeast topo-
isomerase I in vivo entailed activation of the chromosomal
DNA donor by topoisomerase. The transfected plasmid accep-
tor was linearized to give a 5’ tail and converted to 5’ OH prior
to transfection (53). A 5'-tailed plasmid can be filled in by
DNA polymerases in the cell, which may have favored the
detection of integration events with little or no 5’ resection of
the plasmid.

An appealing biological scenario is that flap ligation plays a
role in the recombinogenic repair of topoisomerase-induced
DSBs during the interval in which checkpoint controls and
apoptotic decisions are in critical balance. In such an environ-
ment, the activation of DNase II-like nucleases would directly
generate the reactive 5 OH DNA termini for flap ligation.
DNase 11, which is active at low pH values in vitro, plays a role
in DNA degradation during apoptosis (12, 50). Apoptosis is
induced in mammalian cells by the topoisomerase IB poison
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camptothecin and is associated with intracellular acidification.
Recent studies suggest that DNase II is active in vivo even at
neutral pH (12). Thus, current evidence indicates that DSBs
induced by topoisomerase in response to endogenous or phar-
macological poisons can induce pathways that either promote
break repair or favor cell demise, presumably according to the
level of induced DNA breakage. Because the damage response
may generate suitable substrates for intrinsic repair of the
trapped covalent adducts by intermolecular religation and flap
ligation in particular, there is potential for ensuing topoisomer-
ase-catalyzed genome rearrangements in those cells that sur-
vive.
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