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Eukaryotic type 1B topoisomerases act by forming co-
valent enzyme-DNA intermediates that transiently nick
DNA and thereby release DNA supercoils. Here we pres-
ent a study of the topoisomerase encoded by the patho-
genic poxvirus molluscum contagiosum. Our studies of
DNA sites favored for catalysis reveal a larger recogni-
tion site than the 5*-(T/C)CCTT-3* sequence previously
identified for poxvirus topoisomerases. Separate assays
of initial DNA binding and covalent complex formation
revealed that different DNA sequences were important
for each reaction step. The location of the protein-DNA
contacts was mapped by analyzing mutant sites and in-
osine-substituted DNAs. Some of the bases flanking the
5*-(T/C)CCTT-3* sequence were selectively important for
covalent complex formation but not initial DNA binding.
Interactions important for catalysis were probed with
5*-bridging phosphorothiolates at the site of strand
cleavage, which permitted covalent complex formation
but prevented subsequent religation. Kinetic studies re-
vealed that the flanking sequences that promoted recov-
ery of covalent complexes increased initial cleavage in-
stead of inhibiting resealing of the nicked intermediate.
These data 1) indicate that previously unidentified DNA
contacts can accelerate a step between initial binding
and covalent complex formation and 2) help specify
models for conformational changes promoting catalysis.

Topoisomerases play important roles in DNA replication,
recombination, and transcription (1). Type 1B topoisomerases
act (Fig. 1) by first binding double-stranded DNA and then
cleaving substrate DNA using a conserved enzyme tyrosine
residue, forming a 39-O-phosphotyrosine linkage. The DNA
strands then isomerize, either by passing one strand through
the break in the other or by rotation of the covalent complex,
relaxing the DNA. The broken strand is then resealed by nu-
cleophillic attack of the 59-hydroxyl on the phosphotyrosine
bond. Last, the topoisomerase dissociates from substrate.

All the poxviruses studied to date encode a type 1B topoi-
somerase (2–7) that is inferred to be required for viral replica-
tion (8). Poxvirus topoisomerases bind to the sequence 59-(T/
C)CCTT-39 and cleave just 39 of the last T (designated position
11), to form the covalent intermediate (7, 9, 10). Although
many topoisomerases have been found to show some DNA
sequence preferences (11–14), the high degree of specificity
seen with the poxvirus topoisomerases is unique.

In the case of vaccinia virus, the most thoroughly studied
model, the topoisomerase enzyme consists of two domains
linked through a trypsin-sensitive bridge (15, 16). The N-ter-
minal domain (amino acids 1–80) contacts the 59-(T/C)CCTT-39
element on the major groove side of the DNA (15–17). Chemical
footprinting and interference studies indicate that the enzyme
contacts several phosphates, including the scissile phosphate,
on both strands and the minor groove side as well. Recently,
the crystal structure of the C-terminal catalytic domain of
vaccinia topoisomerase (amino acids 81–314) was determined
and found to be a member of the l-integrase family (18). The
topoisomerase of MCV1 is 54% identical to that of vaccinia and
presumably resembles the vaccinia enzyme closely in structure
and mechanism.

Here we present a study of the role of DNA sequence in the
function of MCV topoisomerase. Poxvirus topoisomerases are
experimentally tractable due to their small size (33 kDa) and
function as monomers (19). The high degree of sequence spec-
ificity allows the enzyme to be placed precisely on test DNA
substrates for analysis. In addition, MCV causes medically
important opportunistic infections in immunocompromised pa-
tients (20–22), adding interest to understanding the mecha-
nism in the hope of aiding the development of antiviral agents.
We investigated DNA contacts important in different parts of
the topoisomerase catalytic cycle. We found that previously
unidentified DNA contacts increase the rate of a limiting step
between initial binding and covalent bond formation.

EXPERIMENTAL PROCEDURES

Enzyme Purification—MCV topoisomerase was overexpressed in
Escherichia coli and purified as described by Hwang et al. (7). The
active fraction of MCV topoisomerase monomers was measured by
titrating the enzyme with a suicide substrate derived from substrate a
DNA (7). In this substrate (sequence 59-TCCGTGTCGCCCTTATTCC-39
and 59-GAGGCAAAATGCCGCAAAAAGGGAATAAGGGCGACACGG-
39) the short duplex extension 39 of the 59-CCCTT-39 sequence can
dissociate upon covalent complex formation, trapping the covalent in-
termediate and allowing the active fraction to be determined.

Noncovalent Complex Formation—Oligonucleotide substrates were
end-labeled at the 59-end by treatment of one strand with [g-32P]ATP
and T4 polynucleotide kinase. After labeling, the oligonucleotide was
purified in a Sephadex G-25 spin column and then hybridized to the
complementary oligonucleotide by heating and slow cooling. Reaction
mixture contained 20 mM Tris-Cl (pH 8.0), 200 mM potassium gluta-
mate, 1 mM dithiothreitol, 0.1% Triton X-100, 1 mM EDTA, and 50 nM of
59-32P-end-labeled DNA substrate. Reaction mixtures were prewarmed
at 37 °C and then initiated by the addition of topoisomerase. Reaction
mixtures were incubated for 5 min and cooled in ice water bath for 5
min. Reaction products were separated on 5% polyacrylamide gels,
visualized by autoradiography, and the radioactivity was quantitated
by PhosphorImager. All reactions were repeated and quantitated 2–4
times. Note that the difference between the amount of covalent com-
plexes visualized on SDS-PAGE and complexes visualized on native
gels allows the amount of noncovalent complexes to be determined by
subtraction.

Covalent Complex Formation—Reaction mixtures contained 20 mM
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Tris-Cl (pH 8.0), 200 mM potassium-glutamate, 1 mM dithiothreitol,
0.1% Triton X-100, 1 mM EDTA, 50 nM of 59-32P-end-labeled DNA
substrate and 20 nM topoisomerase. Reactions were prewarmed at
37 °C and then initiated by the addition of topoisomerase. Reactions
were incubated for 5 min and stopped by the addition of SDS to a 1%
final concentration. Reaction products were heated at 95 °C for 5 min
and then analyzed on 12% polyacrylamide gels containing 0.1% SDS.
The reaction products were visualized by autoradiography and quanti-
tated by a PhosphorImager. All reactions were repeated and quanti-
tated 2–4 times.

DNase I Footprinting Experiments—A synthetic duplex 62-mer oli-
gonucleotide matching substrate a was used as a footprinting substrate.
Reaction mixtures (10 ml) contained 20 mM Tris-Cl (pH 8.0), 200 mM

potassium glutamate, 1 mM dithiothreitol, 0.1% Triton X-100, 1 mM

EDTA, 50 nM of 59-32P-end-labeled DNA substrate, and topoisomerase.
Reaction mixtures were prewarmed at 37 °C, initiated by the addition
of topoisomerase, and incubated for 5 min at 37 °C. Samples were
adjusted to 2.5 mM MgCl2 and incubated for an additional 5 min at room
temperature in the presence or absence of 0.001 units/ml DNase I.
Reaction products were stopped by the addition of 1% SDS. The reaction
mixtures were then digested with 10 mg of proteinase K for 30 min at
45 °C. The samples were extracted with phenol/chloroform/isoamyl al-
cohol (25:24:1). An aliquot of the aqueous extract was analyzed on 12%
polyacrylamide gels containing 7.5 M urea. The reaction products were
visualized by autoradiography.

Synthesis of the 59-Bridging Phosphorothiolate DNA—59-bridging
phosphorothiolates (23) were synthesized using 59-(S-dimethoxytrityl)-

adenosine (synthesis to be reported elsewhere).2 For cleavage with
heavy metals, 59-end-labeled oligonucleotides were precipitated with
ethanol and carrier salmon sperm DNA (1 mg), dried, and dissolved in
30 ml of distilled water. Subsequent steps were carried out in a fume
hood using chemical gloves due to the extreme hazard of phenyl mer-
curic acetate. 5 ml of each oligonucleotide was incubated with 5 ml of
water saturated phenyl mercuric acetate (Sigma) or water control for 5
min at room temperature. Water (40 ml) was then added to all tubes,
and samples were extracted three times with 100 ml of ethyl acetate
(Aldrich) to remove phenyl mercuric acetate. Oligonucleotides were
then precipitated with ethanol, dried, and resuspended in 10 mM thio-
urea (included to chelate heavy metals). One-ml samples were analyzed
on 10% DNA sequencing-type polyacrylamide gels and analyzed by
autoradiography.

RESULTS

Specificity of DNA Binding and Covalent Complex Formation
by MCV Topoisomerase—In previous studies, DNA sequences
favored for initial binding and covalent complex formation with
purified MCV topoisomerase were investigated. Enzyme was
incubated with labeled pUC19 DNA, and seven preferred cleav-
age sites were identified (7). Each contained the 59-(T/
C)CCTT-39 sequence favored by poxvirus topoisomerases (2,
10). One site was cleaved with much higher efficiency than the
others (Table I, substrate a). Interestingly, there are eight
59-CCCTT-39 sequences in pUC19 (Table I, substrates a–c and
g–k), but only four were cleaved detectably (Table I; substrates
a, b, c, and g). This indicated that the conserved pentamer was
not sufficient for high levels of covalent complex formation. A
similar conclusion was also reached in studies of the vaccinia

2 A. Burgin, manuscript in preparation.
FIG. 1. Reaction pathway for type 1 topoisomerases. Topo-

isomerase is indicated by the shaded circle.

TABLE I
DNA binding and covalent complex formation by MCV topoisomerase on DNA substrates derived from pUC19

The positions of the cleavage sites in pUC19 are indicated in parenthesis. The consensus sequence 59-(T/C)CCTT-39 is underlined. An arrow
indicates location of the scissile phosphate. 100% noncovalent complex formation indicates 33% of probe DNA converted to the noncovalently bound
form. 100% covalent complex formation indicates 24% conversion of substrate to covalent product. The experimental errors are indicated in S.D.

Substrate Nucleotide sequence
Relative

noncovalent
binding

Relative
covalent
complex

formation

110 11 210
u u2 u

a (2457) 59 TCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCT 100 6 7 100 6 8
39 GGCACAGCGGGAATAAGGGAAAAAACGCCGTAAAACGGAG

b (1514) 59 TACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCG 28 6 3 0.4 6 0.1
39 TGGTTTTAGGGAATTGCACTCAAAAGCAAGGTGACTCGCG

c (2677) 59 TTCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACG 40 6 6 0.2 6 0.1
39 AGTGCTCCGGGAAAGCGAGGCGCGCAAAGCCACTACTGCG

d (2492) 59 TCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCA 45 6 7 0.2 6 0.1
39 GTATGAGAAGGAAAAAGTTATAATAACTTCGTAAATAGTG

e (2053) 59 TCGGTTAGCTCTTTCGGTCCTCCGATCGTTGTCAGAAGTA 9 6 2 0.2 6 0.1
39 GCCAATCGAGGAAGCCAGGAGGCTAGCAACAGTCTTCATG

f (1461) 59 TCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCT 102 6 5 0.2 6 0.1
39 GTTCTTCTAGGAAACTAGAAAAGATGCCCCAGACTGCGAG

g (1035) 59 TGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGG 18 6 3 2.0 6 0.3
39 CGGAAAGAGGGAAGCCCTTCGCACCGCGAAAGAGTTACCG

h 59 CACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGC 72 6 9 0.2 6 0.1
39 TGGCTAGCGGGAAGGGTTGTCAACGCGTCGGACTTACCGG

i 59 AGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAG 28 6 4 0.3 6 0.1
39 CGTGTAGGGGGAAAGCGGTCGACCGCATTATCGCTTCTCC

j 59 TGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAA 36 6 3 0.2 6 0.1
39 CGCGAGCCGGGAAGGCCGACCGACCAAATAACGACTATTG

k 59 GCCCTTATTCCCTTTTTTTGCGCATTTTGCCTTCCTGTTT 10 6 2 0.2 6 0.1
39 GGGAATAAGGGAAAAAACGCCGTAAAACGGAAGGACAAAA
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topoisomerase (9). Three additional favored sites had the se-
quence 59-TCCTT-39 (Table I; substrates d, e, and f).

To study the function of MCV topoisomerase in more detail,
sequences from pUC19 were synthesized as oligonucleotides
and annealed to form duplexes. Their binding activities were
then studied in gel retardation assays (summarized in Table I).
The binding measured by the band shift assay represented
contributions from both covalent and noncovalent complexes.
The fraction of covalent complexes was determined as de-
scribed below, allowing the fraction of noncovalent complexes
to be deduced by subtraction. For example, for substrate a, 57%
of DNA was bound in Fig. 2, lane 4, and of this 33% was in
noncovalent and 24% in covalent complexes. The fraction
bound in noncovalent complexes ranged from 33% (defined as
100% in Table I) for substrate a, to 3% for substrate substrate
k. Evidently, the sequence determinants for binding extended
beyond the 59-(T/C)CCTT-39 pentanucleotide found in all
substrates.

DNA binding by the various substrates was tested under
several solution conditions. Binding was assayed in the pres-
ence of 200 mM potassium glutamate, since this promotes ac-
cumulation of the covalent complex intermediate in the assays
described below. Binding was also assayed in the presence of
100 mM NaCl, used previously for analyzing poxvirus topoi-
somerases (24). The efficiency of DNA binding was found to be
similar for each substrate under both conditions (data not
shown).

Substrates a–k were next tested for covalent complex forma-
tion. Oligonucleotides were incubated with MCV topoisomer-

ase, and then complexes were separated by SDS-polyacryl-
amide gel electrophoresis. Under these conditions, only
covalently bound DNA strands migrated with the topoisomer-
ase. An autoradiogram is shown in Fig. 2B and quantitated in
Table I. The efficiency of covalent complex formation was dras-
tically different for different DNAs, with substrate a showing
24% conversion of substrate to product (defined as 100% in
Table I). Substrates b–k were much less active. Why the se-
quences in substrates h–k were not cleaved detectably in
pUC19 is unclear, although cleavage at all sites except sub-
strate a was inefficient, so cleavage at some of the weak sites
may not have been detected. Overall, these data indicate that
sequences outside the conserved pentamer can independently
influence either DNA binding (for example, substrates e and k),
or covalent complex formation (for example, substrates f
and h).

To explore the importance of bases in the conserved pen-
tanucleotide, mutants were constructed containing changes in
the 59-CCCTT-39 sequence (Table II; bases are numbered such
that the T 59 of the scissile phosphate is 11). Altering base 15
(C to T) or 13 (C to T) had slight effects on binding, while
altering base 11 (T to C) drastically reduced binding. For
covalent complex formation, altering the base at 15 had only a
modest effect, confirming that the consensus pentamer should
include a C or T at this position. Altering base 13 reduced
covalent complex formation 20-fold, while altering base 11
reduced covalent complex formation to less than 0.1% of the
substrate a level. Evidently, the correct base at position 13 is
most important for covalent complex formation after binding,

FIG. 2. DNA binding and covalent complex formation by MCV topoisomerase at various sequences from pUC19. The sequences of
substrates (sub) tested are indicated in Table I. The input topoisomerase concentration is marked above the gel. Control reactions lacking
topoisomerase are indicated by a dash. The positions of the free DNA substrates and topoisomerase-DNA complexes are indicated at the left. A,
assay of DNA binding activity by native gel electrophoresis. B, assay of covalent complex formation by denaturing gel electrophoresis.
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while position 11 is important for binding. These results par-
allel findings in the vaccinia system (24).

The ability to trap reaction intermediates by using different
substrates provided a potential means for probing the reaction
mechanism. As a first step, substrate sequences were mapped
that were specifically important for covalent complex
formation.

Sequence Determinants for Covalent Complex Forma-
tion—To identify the required sequences flanking the 59-(C/
T)CCTT-39 pentanucleotide, flanking sequences were system-
atically exchanged between substrate a, the most active
substrate, and substrate h (Table III). Substrate h was chosen
because it contains the 59-CCCTT-39 sequence found in sub-
strate a, and substrate h binds MCV topoisomerase almost as
well as substrate a (72% of the substrate a level). However,

substrate h was impaired in forming the covalent intermediate
(0.2% of substrate a). Note that substrate h differs from sub-
strate a at only 12 out of 22 positions, facilitating the identifi-
cation of sequences important for covalent complex formation.
Independently replacing DNA to either side of the conserved
pentanucleotide of substrate h with substrate a sequences re-
stored high level covalent complex formation (Table III, sub-
strates l and m). This indicates that both flanking regions must
have disfavored nucleotides present for the substrate to display
low cleavage activity. Substitution of sequences in substrate a
with shorter flanking sequences of substrate h also yielded
substrates active for cleavage (substrate n and substrate o,
base pairs substituted extending from 21 to 25 and 19 to 111,
respectively). Replacement of base pairs 17 to 23 in substrate
h with sequences from substrate a yielded a highly active

TABLE II
DNA binding and covalent complex formation on substrates containing mutations in the 59-CCCTT-39 pentanucleotide

The mutated positions are underlined.

Substrate Nucleotide sequence
Relative

noncovalent
binding

Relative covalent
complex formation

110 11 210
u u2 u

a 59 TCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCT 100 6 7 100 6 8
39 GGCACAGCGGGAATAAGGGAAAAAACGCCGTAAAACGGAG

a 15T 59 TCCGTGTCGTCCTTATTCCCTTTTTTGCGGCATTTTGCCT 42 6 4 30 6 2
39 GGCACAGCAGGAATAAGGGAAAAAACGCCGTAAAACGGAG

a 13T 59 TCCGTGTCGCCTTTATTCCCTTTTTTGCGGCATTTTGCCT 70 6 6 4.8 6 0.6
39 GGCACAGCGGAAATAAGGGAAAAAACGCCGTAAAACGGAG

a 11C 59 TCCGTGTCGCCCTCATTCCCTTTTTTGCGGCATTTTGCCT 1.4 6 0.5 0.2 6 0.1
39 GGCACAGCGGGAGTAAGGGAAAAAACGCCGTAAAACGGAG

TABLE III
DNA binding and covalent complex formation on hybrid sites containing sequences from the highly active substrate a

and the cleavage-impaired substrate h.
The hybrid sites containing sequences from the highly active substrate a are underlined. Shortened derivatives of substrates a and h were used

in this experiment (substrate a 22-mer and substrate h 22-mer).

Substrate Nucleotide sequence
Relative

noncovalent
binding

Relative covalent
complex formation

110 11 28
u u2 u

a (22-mer) 59 TCCGTGTCGCCCTTATTCCCTT 100 6 11 100 6 9
39 GGCACAGCGGGAATAAGGGAAA

h (22-mer) 59 CACCGATCGCCCTTCCCAACAG 74 6 6 2.5 6 0.4
39 TGGCTAGCGGGAAGGGTTGTCA

1 59 CACCGATCGCCCTTATTCCCTT 82 6 12 88 6 8
39 TGGCTAGCGGGAATAAGGGAAA

m 59 TCCGTGTCGCCCTTCCCAACAG 73 6 7 60 6 8
39 GGCACAGCGGGAAGGGTTGTCA

n 59 CACCGATCGCCCTTATTCCCAG 86 6 4 57 6 7
39 TGGCTAGCGGGAATAAGGGTCA

o 59 CACGTGTCGCCCTTCCCAACAG 77 6 9 54 6 6
39 TGCACAGCGGGAAGGGTTGTCA

p 59 CACCGATCGCCCTTATTAACAG 66 6 8 62 6 8
39 TGGCTAGCGGGAATAATTGTCA

q 59 CACCGATCGCCCTTACCAACAG 76 6 12 3.1 6 0.8
39 TGGCTAGCGGGAATGGTTGTCA

r 59 TCCGGATCGCCCTTACCCCCTT 76 6 8 2.1 6 0.5
39 GGCCTAGCGGGAATGGGGGAAA

x 59 TCCGTATCGCCCTTACCCCCTT 78 6 9 47 6 6
39 GGCATAGCGGGAATGGGGGAAA
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substrate (substrate p), indicating that at least one flanking
sequence was favorable. However, replacing base pairs 22 and
23 in substrate p with sequences from substrate h yielded a
substrate with low activity (substrate q). This implicated base
pairs 22 and 23 on the right as important. On the left side,
comparison of substrates m and q indicates that bases at 19 to
111 must be important, since disfavored nucleotides needed to
be present on both sides of the conserved pentanucleotide to
impair function. To confirm these findings, a derivative of
substrate a containing base pairs from substrate h at 22, 23,
19, and 110 was tested (substrate r). This substrate displayed
low activity for cleavage (3.1% of substrate a), indicating that
the four bases changed are indeed important for cleavage ac-
tivity. Changing only bases 19, 22, and 23 to match substrate
h in a substrate otherwise matching substrate a yielded a
substrate with high activity (substrate x), indicating that on
the left side base 110 is particularly important.

Substrates l–q and substrate x all displayed noncovalent
DNA binding activity within 66% of substrate a, indicating that
the altered activities observed with mutant substrates were
mainly due to changes at postbinding steps. Evidently, in the

context of substrate a, optimal bases at positions 110, 22, and
23 are required for efficient covalent complex formation but
not for initial binding.

DNase I Footprinting of MCV Topoisomerase—How much of
the DNA surrounding the 59-(T/C)CCTT-39 sequence does MCV
topoisomerase cover when bound? Are the 110, 22, and 23
sequences likely to be contacted by bound enzyme? In previ-
ously reported DNase I footprinting studies, vaccinia topoi-
somerase protected base pairs 113 to 213 on the cleaved
strand and from 113 to 29 on the noncleaved strand (9). To
determine where MCV topoisomerase binds on substrate
DNAs, a footprinting experiment was carried out on a 61-mer
duplex DNA fragment derived from substrate a (Fig. 3A). MCV
topoisomerase was incubated with oligonucleotide radiolabeled
uniquely at one 59-end, and DNase I was added to cleave
exposed DNA. Reaction products were treated with proteinase
K and SDS, denatured, separated on DNA sequencing-type
gels, and visualized by autoradiography.

Treatment of the labeled substrate with DNase I produced a
partial digestion pattern (Fig. 3B, lanes 2 and 6). Digestions
were repeated in the presence of MCV topoisomerase. DNase I

FIG. 3. DNase I footprint analysis of
MCV topoisomerase binding to sub-
strate a. A, DNA sequence of the 62-mer
substrate used in the footprinting experi-
ment. The consensus site, 59-CCCTT-39 is
underlined. The favored cleavage site is
marked by the arrow. The brackets indi-
cate the extent of the footprint. B, analy-
sis of binding of MCV topoisomerase to
DNA by DNase I protection. The 62-mer
substrate a was 59-end labeled on either
the scissile strand or the nonscissile
strand as indicated. The inclusion or
omission of topoisomerase or DNase I in
the reaction mixture is indicated as a plus
or minus sign, respectively, above the
lanes. The location of the topoisomerase
cleavage product is marked by the bracket
at the right. The relative positions of
DNase I digestion sites were determined
by coelectrophoresis with labeled DNA
markers.
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cleavage products were mapped by comparison with labeled
DNA size markers. MCV topoisomerase protected bases 111 to
215 on the cleaved strand (Fig. 3B, lanes 7 and 8) and bases 18
to 211 on the noncleaved strand (Fig. 3B, lanes 3 and 4). Bases
19 to 111 on the noncleaved strand were slightly enhanced for
DNase I cleavage. Exact boundaries of the protected region are
somewhat ambiguous due to the weak DNase I cleavage at
some sequences. In addition, bands were seen on the cleaved
strand that did not depend on the addition of DNase I, corre-
sponding to DNA cleavage by topoisomerase-mediated covalent
complex formation (data not shown). The heterogeneity of this
product (Fig. 3B, bracket) probably results from incomplete
removalofprotein fragmentsbyproteinaseK.Notopoisomerase-
dependent cleavage product was observed when the nonscissile
strand was labeled, as expected (7, 9).

Probing the Location of Topoisomerase-DNA Interactions Us-
ing Inosine Substitutions—To investigate protein-DNA con-
tacts at 110, 22, and 23, oligonucleotides containing inosine
substitutions were synthesized and tested. Changing T:A to I:C
base pairs leaves the minor groove side of the DNA matching
that of T:A, while the major groove side matches G:C (25).
Thus, if major groove contacts at a T:A pair are important, then
substitution of an I:C pair should be harmful to the interaction.
Conversely, if the essential contacts are in the minor groove,
then the I:C substitution should be tolerated.

DNA substrates were synthesized that contained inosine
substitutions in the context of substrate r, which matches the
highly active substrate substrate a except at positions 110, 19,
22, and 23 and so displays weak activity. Since substrates
that contain one favorable and one unfavorable flank are active
(Table III), it is expected that conversion of a disfavored flank-
ing sequence to a favored flanking sequence will restore activ-
ity. MCV topoisomerase bound to all seven DNA substrates
efficiently (Table IV), allowing the relative activities in cova-
lent complex formation to be compared. All I:C replacements at
110, 22, and 23 failed to restore covalent complex formation
(Table IV, substrates s–u). These data are consistent with a
model in which important contacts at the positions 110, 22,
23 are made at least in part in the major groove.

As a control, the effect of an inosine substitution were tested
within the conserved pentamer (substrate a 3T, Table II). This
substrate, containing a T substituted for C at position 13 in the

59-CCCTT-39 pentamer, was reduced 25-fold relative to the
wild type substrate for covalent complex formation (Table II).
Substituting a C:I pair at 13 boosted activity 5-fold (substrates
v and w, Table IV). This finding suggested that the recognition
of position 13 is at least in part in the major groove, although
activity of this substrate was still down 5-fold from substrate a,
indicating a possible component of minor groove recognition
also. This result was consistent with the previous finding that
positions 12 and 11 are contacted in the major groove by
vaccinia virus topoisomerase (24) but that the enzyme wraps
around the helix in this region (18).

Assessing the Kinetic Steps Influenced by Different Sequences
Using 59-Bridging Phosphorothiolates—The activating se-
quences at 110, 22, and 23 could have increased recovery of
the covalent complex by either of two means. The forward rate
of initial cleavage might have been increased, or the rate of
resealing the covalent intermediate might have been de-
creased. To distinguish between these possibilities, reactions
were studied using suicide substrates containing 59- bridging
phosphorothiolate linkages at the site of strand cleavage and
religation (Fig. 4A). The 59-bridging sulfur atoms in such sub-
strates are good leaving groups, so covalent intermediates form
efficiently. However, sulfur is a poor nucleophile at phospho-
rous, so attack of the 59-sulfur atom on the phosphotyrosine
linkage is inhibited. Thus, the religation step is blocked, allow-
ing the forward rate of initial cleavage to be studied in isolation
(23, 26, 27).

The optimal sequence (substrate a) was compared with sub-
strate y, which is identical to substrate a but contains disfa-
vored bases at 110, 19, 22, and 23. Derivatives of substrate a
and substrate y containing 59-bridging phosphorothiolates
were synthesized and compared with the normal forms contain-
ing bridging oxygens (Table V). The incorporation of the sulfur
atom was confirmed by demonstrating that the phosphorothio-
late bond was cleaved by incubation with heavy metal (Fig. 4B,
lanes 3–6), while the normal oxygen-containing substrate was
insensitive as expected (Fig. 4B, lanes 1 and 2).

Substrate a and substrate y were then assayed in the pres-
ence and absence of the 59-bridging phosphorothiolate at the
scissile bond. DNA binding assayed by gel retardation revealed
little difference between substrate a (Fig. 4C, lanes 2–4), sub-
strate y (lanes 6–8), and the phosphorothiolate derivatives

TABLE IV
DNA binding and covalent complex formation on sites containing inosine substitutions

The hybrid sites containing sequences from the highly active substrate a are underlined. The inosine-substituted positions are indicated as i.

Substrate Nucleotide sequence
Relative

noncovalent
binding

Relative covalent
complex formation

110 11 28
u u2 u

a (22-mer) 59 TCCGTGTCGCCCTTATTCCCTT 100 6 9 100 6 10
39 GGCACAGCGGGAATAAGGGAAA

r 59 TCCGGATCGCCCTTACCCCCTT 76 6 11 2.1 6 0.6
39 GGCCTAGCGGGAATGGGGGAAA

s 59 TCCGi ATCGCCCTTACCCCCTT 68 6 7 2.3 6 0.4
39 GGCCTAGCGGGAATGGGGGAAA

t 59 TCCGGATCGCCCTTACCCCCTT 80 6 4 3.1 6 0.3
39 GGCCTAGCGGGAATii GGGAAA

u 59 TCCGi ATCGCCCTTACCCCCTT 92 6 8 0.7 6 0.3
39 GGCCTAGCGGGAATii GGGAAA

v 59 TCCGTGTCGCCCTTATTCCCTT 88 6 9 21 6 2.2
39 GGCACAGCGGi AATAAGGGAAA

w 59 TCCGTGTCGCCTTTATTCCCTT 75 6 8 4 6 0.6
39 GGCACAGCGGAAATAAGGGAAA
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(lanes 10–12 and 14–16). Assays of covalent complex formation
revealed that substrate a and substrate a-thio formed covalent
complexes efficiently (Fig. 4D, lanes 2–5 and 12–18), while
substrate y and substrate y-thio were similarly reduced in
activity (lanes 7–10 and 20–26). Quantitation (Fig. 4E; Table V)
revealed that the initial rate for substrate a was 14 times faster
than that for substrate y. Similarly, the initial rate for sub-
strate a-thio was 16 times faster than that for substrate y-thio.
Thus, the substitution of a 59-bridging phosphorothiolate in
substrate y did not lead to an accumulation of covalent com-
plex, indicating that the base changes in substrate y specifi-
cally inhibit initial covalent complex formation without stimu-
lating religation.

DISCUSSION

Our studies indicated that MCV topoisomerase recognizes a
larger site than the previously described 59-(C/T)CCTT-39 mo-
tif. Sequence contacts to the major groove outside the con-
served pentamer were found to be selectively important for
catalysis in the noncovalent protein-DNA complex. These data
emphasize the importance of a reaction step between initial
binding and covalent complex formation, a point also raised in
structural studies of type 1B topoisomerases and related en-
zymes (26–30).

DNA Binding by Poxvirus Topoisomerases—DNase I foot-
printing studies of MCV topoisomerase and vaccinia topoi-
somerase (9) revealed that the enzyme bound to a recognition
site spanning roughly 20 base pairs centered on the 59-(C/
T)CCTT-39 motif. The additional base pairs identified as im-
portant here, at 110, 22, and 23, are within the region bound
on the cleaved strand, but the 110-position may not be con-
tacted on the uncleaved strand. This differed slightly from
results with vaccinia, in which the footprint was larger on the
uncleaved strand for the same substrate, indicating possible
subtle differences in the complexes. Previously, vaccinia topoi-
somerase substrates were found to have differential impair-
ments in catalysis and binding, but the locations of base pairs
important for each were not clarified. Data presented here for
MCV represent the first elucidation of important sequences
outside of the 59-(C/T)CCTT-39 motif and their role in postbind-
ing activation of catalysis.

The vaccinia virus topoisomerase catalytic domain (residues

81–314) has been visualized by x-ray crystallography, and a
model of the DNA complex has been built that satisfies several
biochemical and structural constraints (18). In this model, the
catalytic domain spans positions 110 to 29 with respect to
the scissile phosphate, with varying degrees of engagement of
the DNA in this region. The amino-terminal domain binds the
conserved 59-(C/T)CCTT-39 motif in the major groove. The cat-
alytic domain lies on the other side of the DNA near the scissile
phosphate (Fig. 5). Although the structure of the MCV topoi-
somerase has not been studied by x-ray crystallography, the
high degree of sequence identity between the enzymes (54%)
and functional similarity described here suggests that the vac-
cinia model probably describes MCV in some detail.

Postbinding Steps Potentiating Catalysis by Type 1B Topoi-
somerases and Related Enzymes—Vaccinia virus topoisomer-

FIG. 5. Model of DNA contacts inferred to be important for
covalent complex formation following initial binding. The model
is adapted from Ref. 18. N and C indicate the amino- and carboxyl-
terminal domains. The arrows indicate the inferred contacts between
the topoisomerase catalytic domain and the substrate major groove
important for covalent complex formation.

TABLE V
DNA binding and covalent complex formation on substrates a and y containing 59-bridging phosphorothiolates or unmodified controls

The changed nucleotides from sub a are underlined. The initial rate of covalent complex formation in fmole/min is indicated in parenthesis
(average of three time course studies). o and s indicate the normal oxo- or phosphorothiolate 59 linkages, respectively.

Substrate Nucleotide sequence
Relative

noncovalent
binding

Relative covalent
complex formation
(initial rate, fmols/

min)

110 11 210
u u2 u

a 59 TCCGTGTCGCCCTToATTCCCTTTTTTGCGGCATTTTGCCT 100 6 11 100 6 2 (108)
39 GGCACAGCGGGAAoTAAGGGAAAAAACGCCGTAAAACGGAG

y 59 TCCGGATCGCCCTToACCCCCTTTTTTGCGGCATTTTGCCT 96 6 13 7 6 0.6 (8)
39 GGCCTAGCGGGAAoTGGGGGAAAAAACGCCGTAAAACGGAG

a-thio 59 TCCGTGTCGCCCTTsATTCCCTTTTTTGCGGCATTTTGCCT 92 6 4 50 6 5.4 (54)
39 GGCACAGCGGGAAoTAAGGGAAAAAACGCCGTAAAACGGAG

y-thio 59 TCCGGATCGCCCTTsACCCCCTTTTTTGCGGCATTTTGCCT 87 6 2 3 6 0.4 (3.4)
39 GGCCTAGCGGGAAoTGGGGGAAAAAACGCCGTAAAACGGAG

FIG. 4. Effect of mutations in substrate a at positions 110, 19, 22, and 23 analyzed using 5*-bridging phosphorothiolate suicide
substrates. A, diagram of the 59-bridging phosphorothiolate structure. B, cleavage of 59-bridging phosphorothiolate substrates with heavy metals.
The substrates used (sub) and the presence or absence of Hg21 are indicated above the gel. C, assay of DNA binding by substrates a, y, a-thio, and
y-thio. D, covalent complex formation by substrates a, y, a-thio, and y-thio. E, kinetics of covalent complex formation by substrates a (M), y (L),
a-thio (E), and y-thio (‚).
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ase and several related proteins have been proposed to require
a protein conformational change to potentiate covalent complex
formation. In the structure of the catalytic domain of vaccinia
virus topoisomerase, solved in the absence of DNA substrate,
the tyrosine residue that acts as the nucleophile in forming the
covalent intermediate was not correctly positioned to attack
the scissile phosphate. A conformational change is thus neces-
sary to activate the enzyme for covalent complex formation
(18). Mutational studies have also supported a model in which
a postbinding isomerization takes place prior to covalent com-
plex formation (31).

Structural studies and sequence alignments indicate that
the eukaryotic type 1B topoisomerases are members of the
larger family of l-integrase-related proteins. Several l-inte-
grase family protein structures, solved in the absence of DNA,
also contain active site tyrosines in what appear to be inactive
conformations. In XerD, the active site residues are apparently
buried in the protein interior (28), while in the l-integrase
catalytic domain, the active site tyrosine is part of a disordered
loop (30). For human type 1B topoisomerase, comparison of
structures of catalytic domain fragments in both covalent and
noncovalent complexes reveal clear although modest rear-
rangements of active site residues (26, 27).

In the case of the phage P1 Cre protein, a site-specific re-
combinase of the l-integrase family, an x-ray structure is avail-
able of a recombination intermediate in which two of four Cre
monomers have formed covalent complexes (29). In these struc-
tures, the positions of the active site tyrosines differ substan-
tially, with the tyrosine in the two noncovalently bound com-
plexes moved away from the scissile phosphate by a
conformational change. Evidently, conformational transitions
following the first pair of strand exchanges bring the second
pair of active site tyrosines into alignment at the proper time
for catalysis. These findings taken together emphasize the
ubiquity of postbinding conformational changes and the poten-
tial of this step as a regulatory input.

DNA Binding and Catalysis by Poxvirus Topoisomerases—In
our study of catalysis by MCV topoisomerase, an intermediate
step between DNA binding and covalent complex formation
appears to be rate-limiting, at least for some substrates. Cor-
rect DNA contacts may increase the rate of this intermediate
step, potentially involving changes that bring the active site
tyrosine into proper position. We hypothesize that the nonco-
valent complexes formed by MCV topoisomerase on poor sub-
strates such as substrate y mimic the normal noncovalent
intermediate. According to this view, the suboptimal base pairs
at 110, 22, and 23 obstruct the postbinding conformational
change. Conversely, correct engagement of the key flanking
sequences may help the catalytic domain to adopt the active
conformation. In support of this model, we demonstrated using
59-bridging phosphorothiolate substrates that the step acti-
vated by optimal flanking sequences was initial cleavage after
DNA binding.

The activating contacts are probably made at least in part by
the catalytic domain. Studies of inosine substitutions specify

the side of the helix toward the catalytic domain as the prob-
able region contacted (Fig. 5). Furthermore, a catalytic domain
fragment of MCV topoisomerase is sensitive to base sequence
110, 22, and 23, supporting this aspect of the model.3 In the
model of the vaccinia catalytic domain structure docked on
straight B-DNA (18), these flanking sequences may not be
extensively engaged, indicating that the protein or DNA may
need to bend to make these contacts (Fig. 5). A previous study
of the vaccinia topoisomerase emphasized the role of the amino-
terminal and linker domains in activating catalysis (18). How-
ever, in any model, conformational changes must ultimately
position the active site tyrosine for cleavage, implying that
changes must propagate to the catalytic domain as suggested
here.
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