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ABSTRACT The Holliday junction, a key intermediate in
both homologous and site-specific recombination, is gener-
ated by the reciprocal exchange of single strands between two
DNA duplexes. Resolution of the junctions can occur in two
directions with respect to flanking markers, either restoring
the parental DNA configuration or generating a genetic
crossover. Recombination can be regulated, in principle, by
factors that influence the directionality of the resolution step.
We demonstrate that the vaccinia virus DNA topoisomerase,
a eukaryotic type I enzyme, catalyzes resolution of synthetic
Holliday junctions in vitro. The mechanism entails concerted
transesterifications at two recognition sites, 5'-CCCTT |,
that are opposed within a partially mobile four-way junction.
Cruciforms are resolved unidirectionally and with high effi-
ciency into two linear duplexes. These findings suggest a model
whereby type I topoisomerases may either promote or sup-
press genetic recombination in vivo.

Type I topoisomerases have been considered candidate agents
in regulating genetic recombination ever since their discovery.
One can easily envision a catalytic function in promoting
recombination whereby topoisomerase I, which forms a cova-
lent adduct with one strand of the DNA duplex, would religate
the bound DNA to a heterologous acceptor strand. Indeed,
purified type I topoisomerases catalyze such strand transfer
reactions in vitro (1-6), and the vaccinia virus enzyme can do
so when expressed in a heterologous system in vivo (7, 8).
Recent genetic studies suggest that type I topoisomerases can
also act as suppressors of recombination in vivo. When specific
bacterial or yeast topoisomerases are inactivated, there is an
increase in recombination between direct repeats in the bac-
terial or yeast genome (9-13). This has prompted the sugges-
tion that topoisomerases may actively disengage recombina-
tion intermediates (14). A plausible target for positive or
negative regulation of recombination by topoisomerases is the
Holliday junction.

Holliday junctions have been extensively studied as model
intermediates in homologous and site-specific recombination
(15, 16). Enzymes that resolve these structures have been
isolated from a variety of sources. The best-studied examples
are Escherichia coli RuvC (17-19), E. coli Rus (20), phage T4
endonuclease VII, and phage T7 endonuclease 1 (21-24).
These enzymes are endonucleases that recognize the junction
and make pairwise hydrolytic nicks to liberate nicked linear
duplexes. Members of the recombinase family (Flp, Int, Cre)
generate and resolve Holliday intermediates during site-
specific recombination; these proteins can resolve synthetic
four-way DNA junctions in vitro, provided that the substrates
contain recombinase binding sites in the four arms (25-28).
The recombinase mechanism entails transesterification, not
hydrolysis, and is essentially identical to the reaction mecha-
nism of the eukaryotic type I DNA topoisomerases.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

785

Can the eukaryotic type I topoisomerases act on Holliday
junctions? We examined this issue by using purified vaccinia
virus DNA topoisomerase and synthetic Holliday junctions.
The 314-amino acid type I topoisomerase encoded by vaccinia
virus is mechanistically and structurally similar to the nuclear
type I enzymes and has served as a prototype for structure—
function analysis of the eukaryotic topoisomerase I family
(29-33). A distinctive feature of the vaccinia enzyme is its
specificity for cleavage at the sequence 5'-YCCTT | (Y =C
or T) in duplex DNA (34-38). The vaccinia enzyme is thus
ideally suited to study topoisomerase action on four-way
junctions because the substrates are readily designed on the
basis of the CCCTT cleavage site. We report herein that the
vaccinia topoisomerase is indeed a Holliday junction “re-
solvase.”

RESULTS

A synthetic Holliday junction was formed by annealing four
DNA oligonucleotides, 59, 66, 75, and 68 nucleotides in length.
This Holliday junction contains 10 complementary bases
flanking the branch point, permitting branch migration across
the 10-bp homologous core (Fig. 1). Topoisomerase cleavage
sites are situated on strands 2 and 4 within the core. The
substrates used in the junction resolution assay were uniquely
5’-end-labeled on one of the four constituent strands; this
allowed the fate of each strand to be followed separately. The
junctions were incubated with a 10-fold molar excess of
vaccinia topoisomerase [purified to homogeneity as described
(31)], then the DNA was deproteinized and analyzed by
electrophoresis through a nondenaturing polyacrylamide gel.
Successful and highly efficient resolution was evinced by a
conversion of the radiolabeled junctions, which migrate slowly
relative to linear DNA under native conditions, into one of two
linear duplex products of 59 or 75 bp (Fig. 2). Junctions labeled
on either strand 1 or strand 2 were resolved to a 59-bp duplex,
whereas junctions labeled on strand 3 or 4 were converted to
duplexes of 75 bp (Fig. 2). This showed that topoisomerase-
catalyzed resolution was unidirectional and occurred by action
of the enzyme on the CCCTT-containing strands (Fig. 1).
According to the proposed reaction pathway (Fig. 1), each
5’-labeled CCCTT-containing strand should be converted in
the process of resolution into a novel species of predictable
size. In contrast, the chain length of the AAGGG-containing
strands should not change. This was exactly what was observed
when the reaction products were electrophoresed under de-
naturing conditions. Strands 1 and 3 were unaffected by
incubation with topoisomerase, whereas strand 2, originally 66
nt, was converted into a product of 59 nt, and strand 4 was
converted from 68 nt to 75 nt (Fig. 3). Note that an increase
in chain length of any strand is incompatible with a hydrolytic
mechanism of resolution but is diagnostic of a cleavage-
religation event. Additional reaction products derived from
strand 2 and 4 corresponded to strands that were linked
covalently to topoisomerase. The size of these species (denoted
by Cl in Fig. 3) was consistent with cleavage of strands 2 and
4 at the CCCTT sites; heterogeneity was caused by a variable
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FiG. 1. Synthetic Holliday junction substrate. The junction was designed by using the program SEQUIN (39) and consisted of synthetic 59-,
66-, 75-, and 68-nucleotide DNA strands. The sequences of the oligonucleotides were as follows: strand 1, GGTTGACGTTCTAGTGTGAC-
CGCAATACGGATAAGGGCTGAGCACGCCGACGAACATAC; strand 2, GTATGTTCGTCGGCGTGCTCAGCCCTTATCC-
CAGAATGCACCAACAGTTCCTCAAGATAGAGACTC; strand 3, GAGTCTCTATCTTGAGGAACTGTTGGTGCATTCTGG-
GATAAGGGCACTATGGCTCCACTGATGTCGTAAGCATCC; and strand 4, GGATGCTTACGACATCAGTGGAGCCATAG-
TGCCCTTATCCGTATTGCGGTCACACTAGAACGTCAACC. In preparing the junction, one strand was 5’-end-labeled at high specific activ-
ity with polynucleotide kinase and [y->2P]ATP prior to hybridization to the three other constitutent strands, each of which had been 5’-end-labeled
at 1% the specific activity of the “hot” strand. All oligonucleotides were gel-purified after the kinase reaction to free them of ATP. The hot strand
was annealed with a 4-fold excess of each of the other three strands in 10 mM Tris-HCI, pH 8.0/1 mM EDTA/0.2 M NaCl by heating at 95°C for
2 min, followed by incubation at 65°C for 10 min, 37°C for 10 min, and 22°C for 10 min. The four-strand junctions were then purified away from
the single-strand and two- or three-strand molecules by electrophoresis through a 4% polyacrylamide gel. The junctions were excised from the gel
and eluted into 0.4 ml of 10 mM Tris'HCI, pH 8.0/1 mM EDTA/5 mM MgCl,. The structure of the junction is diagrammed at the left. The sequence
of the 10-bp homologous core is shown with the topoisomerase cleavage sites positioned at the crossover point. The arrows indicate the scissile
bonds on strands 2 and 4. The nonhomologous arms flanking the central core are depicted as shaded rectangles. Resolution by the vaccinia
topoisomerase (Topo I) by concerted cleavage at the two CCCTT sites and religation to the heterologous strand should produce two linear duplexes
of 59 and 75 bp.

number of residual amino acids linked to the 3’ phosphate of
the cleaved strand after digestion with proteinase K (35).
Religated recombinant strands predominated over the cova-
lent intermediate.

The resolved product of the junction originally end-labeled
in CCCTT-containing strand 2 was gel-purified and subjected 1 2 3 4
to Maxam-Gilbert chemical sequencing. The 59-nt product
contained sequence 5' of the CCCTT-containing core region
that derived from strand 2 and sequence 3’ of the core derived 76
from strand 4 (data not shown). Similar sequence analysis of

the resolved product of the junction labeled originally in strand
4 showed that the 75-mer recombinant strand contained 5’
sequence contributed by strand 4 and sequence 3’ of the core
region contributed by strand 2 (not shown). No gain or loss of
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FiG. 2. Holliday junction resolution by purified topoisomerase. Cl[

Reaction mixtures (20 ul) containing 50 mM Tris-HCI at pH 8.0, 1.5
mM MgCla, 0.5 pmol of junction DNA, and 0 (— lanes) or 5 pmol (+
lanes) of topoisomerase were incubated at 37°C for 15 min. Reactions

were terminated by adjustment to 0.2% SDS and proteinase K at 0.5
mg/ml. After incubation at 37°C for 1 h, the DNA products were
extracted with phenol and then phenol/chloroform. The aqueous
phase was removed and adjusted to 5% glycerol, then the samples were
electrophoresed through a 4% polyacrylamide gel in 0.25X TBE (22.5
mM Tris borate, pH 8.3/6.3 mM EDTA) at 100 V for 3 h. The gels were
dried and then subjected to autoradiography. The numbers above the
bracketed lanes indicate the strand which was uniquely 5’'-labeled in
the junction substrate. The positions of the synthetic Holliday junc-
tions and the linear resolution products are indicated at the left.

FiG. 3. Analysis of recombinant DNA molecules by denaturing gel
electrophoresis. The deproteinized products of the resolution reaction
were precipitated with ethanol, resuspended in formamide, heat-
denatured, and then electrophoresed through a 12% polyacrylamide
gel containing 7 M urea in TBE (90 mM Tris borate, pH 8.3/25 mM
EDTA) at 60 W for 2.5 h. An autoradiograph of the gel is shown. The
numbers above the bracketed lanes indicate the strand which was
uniquely 5'-labeled in the junction substrate. The positions and chain
lengths of the component strands are indicated at the left. Cleaved
DNA strands (Cl) are indicated by brackets.
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nucleotides occurred during strand exchange. These findings
confirm that topoisomerase resolved the junctions by strand
cleavage and conservative strand transfer within the CCCTT-
containing 10-bp core region.

The extent of resolution increased as a function of the
amount of topoisomerase added (Fig. 44). Resolved linears
accumulated with increasing time of incubation (Fig. 4B).
Nearly 80% of the junctions were resolved after 10-20 min.
Resolution was refractory to added salt at concentrations up
to 100-150 mM, but it declined sharply at >200 mM NacCl (Fig.
4C). These results underscore the remarkably high efficiency
of the topoisomerase as a Holliday junction resolvase.

At 25 nM input junction DNA, optimal resolution was
achieved at 250 nM input enzyme—i.e., at a 10:1 ratio of
enzyme to junction molecules, or 5:1 enzyme to cleavage sites
(Fig. 44). The titration curve deviated from linearity at low
topoisomerase concentrations, as might be expected in a
reaction that requires the binding of the topoisomerase mono-
mers to two different sites on the substrate. Note that binding
and cleavage by topoisomerase at only one CCCTT site leaves
no option for strand transfer and thus does not score in the
assay for resolution. Binding of the topoisomerase to the
junction was examined directly by using a nondenaturing gel
mobility-shift assay (Fig. 5). At 10 nM input DNA, increasing
concentrations of enzyme resulted in formation of discrete
complexes of retarded mobility. A shifted species observed at
10-20 nM enzyme appears to be a closely spaced doublet;
these bands may represent junction molecules bound by a
single topoisomerase molecule at one or the other CCCTT
site. At 50 nM enzyme, the input junctions were bound
quantitatively and several new species were detected. These
include a more slowly migrating complex (presumably con-
taining two enzyme molecules bound to the junction) and the
more rapidly migrating products of junction resolution. The
resolved molecules migrated either as a 59-nt linear duplex or
as shifted duplexes containing bound topoisomerase (Fig. 5).
At 100 nM enzyme, most of the input DNA was resolved and
the linear product remained associated with enzyme. Thus, this
nondenaturing gel assay demonstrated clearly that topoi-
somerase-catalyzed resolution was in no way dependent on the
addition of protein denaturants to the reaction. We detected
at 100 nM enzyme a higher-order shifted complex that may
correspond to junction DNAs with more than two bound
enzyme molecules. At higher enzyme concentrations, the
vaccinia topoisomerase is known to bind noncovalently at
nonspecific sites on duplex DNA (40).

Parallel binding experiments were performed with [Phe?"4]-
topoisomerase, a mutated version of vaccinia topoisomerase in
which the active-site nucleophile, Tyr-274, has been replaced
by phenylalanine. [Phe?’#]Topoisomerase binds DNA nonco-
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FiGc. 5. Binding of topoisomerase to the Holliday junction. Reac-
tion mixtures (20 ul) contained 50 mM Tris-HCI at pH 8.0, 1.5 mM
MgCl;, 10 nM junction DNA (strand 2 labeled), and increasing
concentrations of wild-type vaccinia topoisomerase or active-site-
mutant [Phe?’#Jtopoisomerase [Topo(Phe-274)]—10, 20, 50, and 100
nM from left to right in each titration series. Control reaction mixtures
(—) lacked enzyme. After incubation at 37°C for 15 min, glycerol was
added to 5% and the samples were electrophoresed through 4%
polyacrylamide gels in 0.25X TBE at 80 V for 4 h. The gels were dried
and subjected to autoradiography. The deproteinized linear duplex
resolution product is shown in lane C. The positions of the input
junction, the enzyme-bound resolution product, and the free duplex
resolution product are indicated at the left. Complexes of topoisomer-
ase bound to the Holliday junction are denoted at the right.

valently but is unable to catalyze transesterification (36, 40). As
shown in Fig. 5, [Phe?’#]topoisomerase bound to the Holliday
junction DNA with the same affinity as wild-type enzyme and
formed a similar series of retarded complexes. However,
[Phe?"#]topoisomerase was not able to resolve the junction
(Fig. 5). (A lesser amount of the putative 2:1 enzyme DNA
complex was seen for [Phe?’]topoisomerase than for the
wild-type topoisomerase at 50 nM enzyme in this experiment,
but other titration experiments confirmed that this complex
was formed by [Phe?’*]topoisomerase.) We conclude that
binding of topoisomerase to the Holliday junction is indepen-
dent of strand cleavage.

DISCUSSION

Our results demonstrate that a eukaryotic type I topoisomer-
ase is able to resolve Holliday junctions. The finding has
specific implications for viral recombination. Two distinct
classes of vaccinia DNA rearrangements occur in vivo—(i)
general homologous recombination and (i) resolution of the
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FiG. 4. Characterization of the resolution reaction. (4) Enzyme dependence. Reaction mixtures containing 0.5 pmol of junction DNA 5’-labeled
in either strand 2 (O) or strand 4 (O) and topoisomerase as indicated were incubated for 15 min at 37°C. The percentage of input DNA resolved
was determined by scanning the gel with a FUJIX (Tokyo) BAS1000 phosphorimager and is plotted as a function of input enzyme. (B) Kinetics.
Reaction mixtures contained 25 nM junction DNA labeled in strand 2 (O) or strand 4 (O) and 250 nM topoisomerase; aliquots were withdrawn
at the indicated times and processed for electrophoresis. (C) Salt effect. Reaction mixtures contained 1 pmol of junction DNA labeled in strand
2, 10 pmol of topoisomerase, and NaCl at the concentrations indicated. Incubation was for 15 min at 37°C.
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vaccinia hairpin telomeres. Both recombination reactions re-
quire viral gene expression and both involve heteroduplex
DNA intermediates (41, 42). Virtually nothing is known about
the identity of specific viral (or host) proteins involved in
poxvirus recombination, but any model must include a strand
transferase or strand exchange factor that promotes formation
of Holliday intermediates, as well as an enzyme capable of
resolving the Holliday junctions. Vaccinia topoisomerase now
emerges as a clear candidate for the role of Holliday junction
resolvase in homologous recombination and/or telomere res-
olution. The presence of >1000 pentapyrimidine topoisomer-
ase cleavage elements within the 192-kbp vaccinia genome (43)
provides ample potential sites for topoisomerase action. In
principle, the topoisomerase may also catalyze formation of
Holliday recombination intermediates from two linear du-
plexes. Formation of the four-strand intermediate by topo-
isomerase would require protein-mediated synapsis and recip-
rocal strand exchange, essentially as carried out by the site-
specific recombinases. This is a more stringent reaction than
junction resolution, which does not entail DNA synapsis.

A key feature of the resolution reaction catalyzed by the
vaccinia topoisomerase is that it is unidirectional. This stems
from the fact that the vaccinia enzyme binds and cleaves
duplex DNA as a monomer and does so at specific pentapy-
rimidine DNA sequences that that lack internal symmetry.
Two binding sites are clearly sufficient for optimal junction
resolution by vaccinia topoisomerase. This is in contrast to the
recombinases, which normally bind to specific recognition sites
in all four DNA arms flanking the crossover point; bacterio-
phage A integrase is unable to resolve synthetic junctions
containing only two Int binding sites (44, 45). Recombinases
usually resolve synthetic junctions bidirectionally, but direc-
tional bias can be introduced into the system by manipulating
the crossover point of the junction (46-48). In its inherent
unidirectionality and sequence specificity, the vaccinia topo-
isomerase is akin to RuvC, the bacterial Holliday resolvase.
RuvC is a sequence-specific hydrolase that resolves junctions
unidirectionally as it encounters its recognition site 5'-
WTT|S (W =AorT;S = G or C) at the junction during
branch migration (49).

Our finding that vaccinia topoisomerase resolves Holliday
junctions suggests that cellular type I topoisomerases may
catalyze similar reactions. Our data also provide a plausible
biochemical framework for how type I enzymes might influ-
ence genome stability. If potential sites of topoisomerase
cleavage occur with similar frequency on both strands of
duplex DNA, and there is no conformational restriction on the
junction, then the action of topoisomerase 1 on Holliday
intermediates can be expected to yield an equal distribution of
parental and recombinant products. However, recombination
directionality in vivo may show strong bias. In yeast, recom-
bination between tandem rRNA gene (rDNA) repeats is
suppressed by the action of Top1 (9). Preferential resolution of
Holliday intermediates by these enzymes in favor of the
parental marker configuration might provide an explanation
for this effect. This can occur if recombination initiates with a
strand bias and if the topoisomerase cleavage sites are situated
predominantly on one DNA strand within the direct repeat
sequence (i.e., the strand that initially exchanges). There is
some basis for this scenario insofar as () yeast rDNA contains
a sequence element, HOTI, that stimulates mitotic recombi-
nation between direct repeats and does so in an orientation-
dependent fashion (50); and (i¢) high-affinity cleavage sites for
topoisomerase I are located exclusively on the noncoding
strands of the rDNA repeat of Tetrahymena (51). The 16-bp
cleavage sequence is recognized by topoisomerase I from
mammalian, avian, insect and yeast cells; related sequences are
found in the rDNAs of diverse organisms, including yeast (52).
The location of high-affinity sites for topoisomerase I within
the ribosomal gene cluster may explain why Top1-suppression
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of mitotic recombination in yeast is specific to rDNA. Top3
also suppresses recombination between rDNA repeats, but the
Top3 effect is not restricted to rDNA (53).

Interaction of topoisomerase with other proteins at the
junction might also influence the efficiency and perhaps the
directionality of resolution. In bacteria, the directionality of
branch migration is established by assembly of the RuvAB
helicase complex such that RuvB engages only two of the
junction arms. Current models invoke association of RuvC
with the branch migration complex; this might direct the
resolvase to one pair of strands at the branch point (49, 54, 55).
Yeast Top3 interacts genetically and physically with the heli-
case-like protein Sgs1 (53), which, by analogy, may be involved
in branch migration in yeast and may therefore target topoi-
somerases to the junction.

It appears that different type I enzymes can exert distinctive
and even opposite effects on recombination in vivo—e.g.,
whereas yeast Topl and Top3 suppress recombination be-
tween rDNA repeats, overexpression in yeast of the vaccinia
topoisomerase stimulates excisive recombination between
rDNA repeats (56). This makes sense, given that the vaccinia
protein has a distinctive sequence specificity and that the
resolvase activity of the vaccinia topoisomerase ought not to be
biased by virtue of interaction with components of the yeast
recombination apparatus. Differential action of type I en-
zymes on Holliday junctions suggests how topoisomerases may
wield a “double-edged sword” (14) in controlling genome
stability.
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