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ABSTRACT A covalently cross-linked dimer ofyeast DNA
topoisomerase II was created by fusing the enzyme with the
GCN4 leucine zipper followed by two glycines and a cysteine.
Upon oxidation ofthe chimeric protein, a disulfide bond forms
between the two carboxyl termini, covalently and intradimeri-
cally cross-linking the two protomers. In addition, all nine of
the cysteines naturally occurring in topoisomerase II have
been changed to alanines in this construct. This cross-linked,
cysteine-less topoisomerase II is catalytically active in DNA
duplex passage as indicated by ATP-dependent DNA supercoil
relaxation and kinetoplast DNA decatenation assays. How-
ever, these experiments do not directly distinguish between a
"one-gate" and a "two-gate" mechanism for the enzyme.

Type II DNA topoisomerases are ubiquitous enzymes that
catalyze the ATP-dependent transport of one segment of
duplex DNA through an enzyme-mediated transient break in
a second DNA duplex (1-4). These enzymes participate in
many DNA metabolic pathways, including the segregation of
newly replicated DNA molecules (5, 6) and the condensation
of chromosomes in mitosis and meiosis (7, 8). They are also the
targets of a diverse group of antibiotics and anticancer agents
(9, 10).
Type II DNA topoisomerases from organisms as diverse as

bacteriophages, prokaryotes, and eukaryotes are structurally
and mechanistically related (11, 12). They are all dyadic,
existing in their active conformations as homodimers, A2B2
tetramers, or A2B2C2 hexamers. Each identical half possesses
two distinct catalytic active sites: one for ATP binding and
hydrolysis and the second for DNA cleavage and religation.
The latter functions by forming a transient covalent interme-
diate consisting of an active-site tyrosine and a 5' phosphoryl
end of the severed DNA.

Purified topoisomerase II from the budding yeast Saccha-
romyces cerevisiae has been used to study how the ATPase and
DNA cleavage/religation active sites from the two halves of
the homodimer coordinate their activities to catalyze the
transport of one DNA duplex through another. The enzyme
can hydrolyze ATP in the absence ofDNA, and cleave/religate
DNA in the absence of ATP (13, 14). However, the rate of
ATP hydrolysis is stimulated 20-fold by DNA, the DNA
cleavage/religation equilibrium is perturbed by the presence of
ATP and, most importantly, the passage of one DNA through
a transient break in another only occurs in the presence ofATP
(15, 16). When the topoisomerase binds ATP, it undergoes a
major conformational change such that the enzyme topolog-
ically clamps down around DNA (17). By studying a prepara-
tion of topoisomerase II in which one subunit was immuno-
tagged and defective in ATP binding and the other was wild
type, it was shown that ATP binding to one protomer can
induce a concerted conformational change in the entire en-
zyme (18).
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Two general mechanisms, often termed the "one-gate" and
"two-gate" models, have been proposed for the functioning of
topoisomerase II (3, 19-22). It is proposed in the one-gate
model that all DNA substrates and products enter and exit
from the same face of the enzyme. In the two-gate model, the
transported duplex enters one face of the enzyme, is passed
through the cleaved DNA duplex, and exits from the opposite
face. Results of an elegant, although indirect, experiment by
Roca and Wang (20) support a two-gate mechanism.
To further understand the interactions between the two

halves of topoisomerase II we designed a derivative of the yeast
enzyme in which the two protomers of the dimer can be
efficiently and covalently tethered. In addition, all of the
cysteines in this topoisomerase II derivative have been changed
to alanines. As described in this communication, purified type
II DNA topoisomerase does not require any of its cysteines for
activity, and it remains catalytically active when its carboxyl
termini are covalently linked.

MATERIALS AND METHODS
Materials. Standard reagents were purchased from com-

mercial sources as described below: ATP, Pharmacia; dithio-
threitol, Boehringer Mannheim; leupeptin, pepstatin, benz-
amidine, and diamide, Sigma; pBluescript, Stratagene; goat
anti-mouse and goat anti-rabbit IgG-horseradish peroxidase
conjugates and SDS/PAGE molecular-weight standards, Bio-
Rad. S. cerevisiae DNA topoisomerase II rabbit polyclonal
antibodies and anti-Ha mouse monoclonal antibodies (12CA5)
were from James C. Wang (Harvard University). Kinetoplast
DNA was purified from Crithidia fasciculata as described (23).
DNA oligonucleotides used for construction of topoisomerase
expression vectors, site-directed mutagenesis, and sequencing
were made at the DNA Peptide Synthesis Facility, Huntsman
Cancer Institute, University of Utah (National Institutes of
Health grant CA 42014).

Construction of Expression Vectors. All vectors used for the
expression of altered S. cerevisiae DNA topoisomerase II are
derivatives of the plasmid YEpTOP2-PGAL1 (24). The codons
for all nine of the naturally occurring cysteines were mutated to
alanine codons by oligonucleotide-directed mutagenesis using the
Altered Sites II kit (Promega); construction of this plasmid
(pDAT10) will be described in detail elsewhere. Derivatives of
pDAT10 in which the last 95 codons of the TOP2 gene were
replaced with codons for either the Ha epitope from the influenza
hemagglutinin protein (25) (pJEL205) or the yeast GCN4 leucine
zipper (26) (pJEL203), were constructed by standard recombi-
nant DNA methodology. The exact peptide sequences following
Ala-1334 of topoisomerase II for the expressed proteins are as
follows: Ala-Arg-Gly-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala for
topoII(C->A)Ha, and Ala-Arg-Gly-Gly-Gly-Arg-Met-Lys-Gln-
Leu-Glu-Asp-Lys-Val-Glu-Glu-Leu-Leu-Ser-Lys-Asn-Tyr-His-
Leu-Glu-Asn-Glu-Val-Ala-Arg-Leu-Lys-Lys-Leu-Val-Gly-Glu-

Abbreviations: G segment, gated segment; T segment, transported
segment.
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Arg-Gly-Gly-Cys for topoII(C->A)zipGGC; the boldface letters
represent the amino acids making up the Ha epitope and the
GCN4 leucine zipper, respectively.

Expression, Purification, and Oxidative Cross-Linking of
Proteins. The vectors pJEL203 and pJEL205 were trans-
formed into the protease-deficient yeast strain BCY123 (27)
and expressed as described (24). Using these expression con-
ditions, <1% of the topoisomerase II purified comes from the
chromosomal copy of the wild-type TOP2 gene; the remainder
of protein is from the plasmid-borne gene (16, 27). The
topoisomerase derivatives were purified as described (24),
except that: (i) the yeast cells were cracked in the presence of
leupeptin and pepstatin at 1 gtg/ml, 10 mM dithiothreitol, 1
mM benzamidine and the tubes of cells were first flushed with
nitrogen gas, and (ii) all buffers were thoroughly degassed and,
except for the final dialysis buffer, contained 3 mM dithio-
threitol. The purified protein (1 ml) was dialyzed against 2
liters of dialysis buffer (50 mM Tris-HCl, pH 8.0/200 mM
NaCl/10% glycerol) by stirring on ice in a nitrogen-filled glove
bag. Tubes containing aliquots of the protein were flushed
with nitrogen gas before storage at -70°C. Protein concen-
trations were determined with Coomassie Plus protein assay
reagent (Bio-Rad) and are reported as dimer concentrations.
Oxidative cross-linking of topoII(C->A)zipGGC by disulfide
bond formation between the terminal cysteines was induced by
the addition of diamide (1 mM final) (28).
Topoisomerase Activity Assays. Topoisomerase II deriva-

tives were diluted to twice their final reaction concentration in
dialysis buffer. An equal volume of 100 nM pBluescript KS+
(plasmid concentration) or kinetoplast DNA at 66 ,tg/ml in
reaction buffer [50 mM TrisOAc, pH 7.5/120 mM KOAc/15
mM Mg(OAc)2 and 250 ,ug/ml bovine serum albumin] was
added to the diluted protein, and the mixture was put at 30°C.
After a 5-min incubation, an aliquot was removed to a separate
tube to be the -ATP control ("0" time point), and ATP (1 mM
final) was mixed with the reaction. Therefore, the final reac-
tions contained 50 nM plasmid or kinetoplast DNA at 33
tLg/ml, 50mM Tris (pH 7.7), 100 mM NaCI, 60mM KOAc, 7.5
mM MgOAc, bovine serum albumin at 125 ,ug/ml, 5% glyc-
erol, 1 mM ATP, and the indicated final concentration of
topoisomerase. Aliquots were removed at the indicated time
points and quenched with an equal volume of 10% glycerol, 20
mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol, and
0.2% SDS for electrophoresis in a 0.8% agarose gel. After
running at 60 V for 12 hr the gels were stained in ethidium
bromide, destained in water, and photographed over a UV
transilluminator.

Gel Electrophoresis and Electroblotting. Protein samples
were analyzed by SDS/PAGE and immunoblotting as de-
scribed (29), with the exceptions that (i) there was no reductant
in the sample loading buffer and (ii) immunoblotted bands
were visualized using SuperSignal CL-HRP substrate system
(Pierce). A Howtek Scanmaster 3+ with BioImage software
was used to quantitate the relative protein concentrations in
bands of Coomassie-stained gels.

Zonal Centrifugation of Proteins Through Preformed Glyc-
erol Gradients. Glycerol solutions made up in 50mM Tris HCl,
pH 7.5/200 mM NaCl/1 mM EDTA/1 mM EGTA were used
to pour 15-ml, 10-40% linear glycerol gradients into 5/8 x 4
inch centrifuge tubes (Beckman). Either 0.15 mg of
topoII(C->A)zipGGC plus 0.2 mg of topoII(C->A)Ha in 1
mM diamide, or, as a control, 0.5 mg of thyroglobulin (Sigma,
porcine type II with a native molecular mass of 660 kDa) plus
0.5 mg of topoII(C->A)Ha were loaded on top of the gradi-
ents. The samples were spun at 25,000 rpm for 60-65 hr at 4°C
in an SW28 rotor (Beckman). Fractions of 700 ,uL were
removed from the bottom of the gradient. They were analyzed
by SDS/PAGE followed either by Coomassie staining (for the
controls) or electroblotting and immunostaining.

RESULTS

Design of the Tether. Determining the effect of linking the
two protomers of a topoisomerase II dimer together will help
define the mechanism of this enzyme. An effective cross-link
would (i) be specific, (ii) form efficiently and (iii) be flexible
enough for topoisomerase II to undergo its normal cycle of
conformational changes. To achieve these goals, a chimeric
protein consisting of the first 1334 amino acids of the yeast
topoisomerase II and the last 33 amino acids of the yeast
transcription factor GCN4, ending with two glycines and a
cysteine was designed (see Fig. 1A). The carboxyl-terminal 33
amino acids ofGCN4 dimerize by forming a leucine zipper; the
dimerization of this peptide has been extensively studied (for
review, see ref. 32). Rapid formation of intradimeric disulfide
bonds occurs between these peptides engineered with Gly-
Gly-Cys at the carboxyl termini (26). Therefore, if the two
carboxyl terminal GCN4 sequences of the dimeric topoisomer-
ase fusion protein form a leucine zipper, oxidation should
produce a specific, disulfide-bonded cross-link.

For a separate series of experiments to be described else-
where, all nine cysteines in the yeast topoisomerase II were
changed to alanines [(topoII(C->A)] as shown in Fig. 1A.
Although four of the cysteines are conserved among several
eukaryotic type II DNA topoisomerases, none are completely
conserved between the prokaryotic DNA gyrases and yeast
topoisomerase II (11, 12). Therefore it was reasoned that they
may not be essential for protein stability or catalytic activity.
In fact, topoII(C-*A) is at least half as active as the wild-type
enzyme in supercoil relaxation and kinetoplast DNA decat-
enation (R. Knowlton and J.E.L., unpublished results). The
chimeric proteins described in this paper have all of the
cysteines in topoisomerase II replaced by alanines to avoid
nonspecific disulfide bond formation, thiol-disulfide exchange
reactions, and enzyme inactivation upon oxidation.
Although the carboxyl-terminal disulfide bond provides the

covalent attachment between the two protomers of topoII(C->
A)zipGGC, the leucine zipper may also provide significant in-
tradimeric stability (26). Therefore, instead of only comparing the
reduced and oxidized forms of topoII(C-*A)zipGGC, a second
chimeric protein, topoII(C-*A)Ha, was used as a control protein
(see Fig. 1A). In this protein the leucine zipper and carboxyl-
terminal cysteine are replaced by the 10-amino acid Ha epitope.
The Cross-Link Forms Efficiently and Intradimerically. As

shown in Fig. 1B, topoII(C-A)zipGGC can be efficiently
cross-linked upon oxidation. TopoII(C->A)Ha (lanes 1 and 2)
or topoII(C->A)zipGGC (lanes 3 and 4) were treated with 1
mM diamide and incubated as described (Fig. 1 legend) before
denaturation and analysis by SDS/PAGE. Because the only
cysteine in topoII(C->A)zipGGC is at the extreme carboxyl
terminus, a disulfide bond that cross-links the protomers would
form a tail-to-tail dimer that is expected to migrate as a linear
polypeptide of '316 kDa. The topoII(C->A)Ha migrates the
distance expected for a denatured monomer of 155 kDa,
whereas the majority (89%) of the topoII(C-A)zipGGC
migrates as expected for a protein of twice the size. When the
topoII(C->A)zipGGC was denatured in the presence of 20
mM dithiothreitol, all of the protein migrated as a single band
at the position expected for a monomer of 158 kDa (data not
shown). In addition, prior reaction of the enzyme with super-
coiled DNA and ATP did not perturb the final cross-linking
efficiency (compare lanes 3 and 4).
The results described above show that oxidation of

topoII(C->A)zipGGC promotes the formation of a disulfide
bond between two different protomers of topoisomerase II.
They do not, however, address whether the leucine zipper and
the disulfide bond form intradimerically, between the two

protomers making up a topoisomerase II dimer, or instead
form interdimerically between two or more topoisomerase
dimers; either case would show the same result of cross-linked

2976 Biochemistry: Lindsley



Proc. Natl. Acad. Sci. USA 93 (1996) 2977

B M 1234

A PROTEIN

ATPase
a

Topoisomerase II NH2 C CC

PRIMARY STRUCTURE

non-dimer essential
I I --

CC CC ccY

Topoll(C-A)Ha NH24 A AA AA A

Topoll(C-A)zipGGC NH2 A AA AA AA

AA Y

M Y

100aminoacids100 amino acids

I U-COOH
T
Ha........... ....

I .-GGC-COOH
GCN4

leucine zipper

FIG. 1. (A) Schematic comparison of the overall primary structure of S. cerevisiae DNA topoisomerase II with that of the protein constructs
used in this paper. The horizontal bars represent polypeptide sequences identical among the proteins, except where specifically indicated. Within
the bars, "C" and "A" indicate the approximate positions of cysteines in the wild-type protein and replacement alanines in the altered constructs,
respectively. In addition, the carboxyl-terminal 95 amino acids have been replaced with either the 10-amino acid Ha epitope [topoII(C->A)Ha]
or the 33-amino acid GCN4 leucine zipper followed by Gly-Gly-Cys [topoII(C->A)zipGGC] in these constructs. The "Y" indicates the position
of the active-site tyrosine Tyr-783 (24). The position of the indicated ATPase domain is assumed from sequence alignment with the E. coli DNA
gyrase B (2) and the region ofATP binding seen in the crystal structure of its amino-terminal 43-kDa fragment (30), as well as mutagenesis studies
of the yeast topoisomerase II (16). The "non-essential" region was determined by deletion mutagenesis of the TOP2 gene and subsequent in vitro
characterization of the resulting proteins (31). The predicted monomer molecular weights of these proteins are given. (B) Analysis of topoisomerase
II tethering by disulfide bond formation between terminal cysteines of topoII(C--A)zipGGC by nonreducing SDS/PAGE. Protein
[topoII(C--A)]Ha, lanes 1 and 2; topoII(C--A)zipGGC (lanes 3 and 4) at 500 nM in dialysis buffer/i mM diamide was mixed in a 1:1 vol with
100 nM plasmid in reaction buffer lacking bovine serum albumin. The reactions were incubated for 10 min at 30°C either without (lanes 1 and 3)
or with (lanes 2 and 4) ATP added to 1 mM. The molecular weights in kDa of protein markers run in the lane labeled M are shown at left.

dimers under denaturing conditions. However, only intra-
dimerically disulfide-bonded topoII(C->A)zipGGC will have
approximately the same native molecular weight as an uncross-
linked topoisomerase dimer. By contrast, interdimerically
cross-linked topoII(C--A)zipGGC will have at least twice the
native molecular weight. These possibilities can be distin-
guished by determining the relative sedimentation coefficients
of oxidized topoII(C--A)zipGGC and topoII(C-+A)Ha.
Analysis of fractions collected from a glycerol gradient con-

taining a mixture of these proteins is shown in Fig. 2. The
immunoblot shown in Fig. 2A was probed with anti-Ha
antibodies to show the fractions containing the uncross-linked
topoII(C->A)Ha. The blot in Fig. 2B was probed with poly-
clonal antitopoisomerase II antibodies and therefore shows the
fractions containing both the cross-linked and uncross-linked
proteins. These blots clearly show that both the cross-linked
and uncross-linked proteins are in exactly the same fractions.
To show that these sedimentation conditions are capable of

separating a topoisomerase dimer from a twice-larger protein,
an identical gradient run simultaneously was loaded with a

mixture of thyroglobulin (native molecular mass of 660 kDa)
and topoII(C-,A)Ha. The peak fractions containing thyro-
globulin and topoII(C--A)Ha from this gradient are indicated
in Fig. 2 by "th" and "to," respectively. These sedimentation
conditions were clearly sufficient for separating large proteins
whose native molecular weights differ by a factor of two. In
addition, a similar mixture of topoII(C--A)zipGGC and
topoII(C->A)Ha was analyzed on a Superdex 200 gel filtration
column; again, the two proteins eluted in identical fractions
(data not shown). Taken together, these data show that the
leucine zipper and disulfide bond of topoII(C->A)zipGGC
formed intradimerically.
The Cross-Linked Topoisomerase II Is Catalytically Active

in DNA Transport. To test whether the covalent tether inter-
feres with the enzyme's ability to catalyze DNA transport,
supercoil relaxation and kinetoplast decatenation assays were
performed. Because both the carboxyl-terminal disulfide and
the leucine zipper are involved in the cross-link, the activity of
topoII(C->A)zipGGC was compared to that of an enzyme

lacking both aspects of the link, topoII(C->A)Ha. Yeast DNA
topoisomerase II is a processive enzyme in the relaxation of
supercoils; when the molar ratio of plasmid substrate to
enzyme is high, the rate of the overall reaction is limited by the
rate of relaxed plasmid dissociation (15, 16). Therefore, so that
the assay more accurately reflects the rate of DNA transport,
or linking number change, approximately equimolar amounts
of enzyme and plasmid were used. Assuming a specific linking
difference (cr) of -0.06, and a size of 2.9 kb, approximately
eight transport events must be catalyzed to fully relax each
plasmid substrate. A relaxation assay performed in this way is
also an active site titration assay. Purified wild-type yeast
topoisomerase II was shown to be 30-50% active by such an

assay (16). Approximately the same is found for the cysteine-
less fusion proteins (Fig. 3).
The results of the supercoil relaxation assay are shown in

Fig. 3. The same proteins that were analyzed by SDS/PAGE
in Fig. lb were used for this assay; the assays of uncross-linked
topoII(C-A)Ha are in a and comparable assays for the
cross-linked protein are in b. Three different concentrations of
enzyme were compared, and in each case there was no

significant difference in activity seen between the uncross-

linked and cross-linked enzymes. The first lane for each
reaction time course (labeled "0") shows the results of incu-
bating a reaction aliquot in the absence ofATP for 10 min. The
ATP dependence of the reactions shows that type II DNA
topoisomerase activity is being measured, and not contami-
nating topoisomerase I activity. Additionally, topoisomerase II
mutants known to be inactive have been expressed, purified,
and shown to have no activity in the same assay (16).
To further insure that the cross-linked enzyme is an active

type II DNA topoisomerase, it was also assayed for its ability
to decatenate interlinked kinetoplast DNA circles. A compar-
ison of the decatenation activities of topoII(C->A)Ha,
topoII(C->A)zipGGC (oxidized), and topoII(C->A)zipGGC
(reduced) is shown in Fig. 4. Again, there is no significant
difference in activity detected between the enzymes. Indeed,
there is certainly not the 10-fold difference in activity expected
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FIG. 2. Immunostaining of fractions from glycerol gradient anal-
ysis of native topoII(C--A)Ha and topoII(C->A)zipGGC.
TopoII(C->A)Ha (0.2 mg) and topoII(C-A)zipGGC (0.15 mg) were
mixed together with 1 mM diamide on ice for 20 min. This sample was

analyzed by centrifugation through a glycerol gradient as described.
Nitrocellulose blots from nonreducing SDS/PAGE analysis of frac-
tions taken from the bottom of the gradient were probed with either
anti-Ha monoclonal antibody (12CA5) (A), or polyclonal antitopo-
isomerase II antibody (B). The approximate positions of monomer (m)
and cross-linked dimer (d) bands, based on molecular-weight markers
(not visible here), are indicated. The fractions containing peak con-
centrations of thyroglobulin (660 kDa, "th") and topoII(C->A)Ha
("to") in an identical control gradient are indicated by arrows above
fraction numbers.

were only the small fraction of nondisulfide-bonded
topoII(C--A)zipGGC responsible for all of the activity.

DISCUSSION
The two protomers of yeast topoisomerase II can be flexibly
tethered without disrupting the enzyme's ability to catalyze
DNA transport. Because the structure of the tethered enzyme
is unknown, one must be cautious in interpreting the mecha-
nistic implications of this finding. Three simplified reaction
models that are consistent with the present finding are shown
in Fig. 5. These models are also based on several previous
observations: (i) the ATPase domain of Escherichia coli gyrase
B, which is homologous to the amino-terminal domain of
eukaryotic topoisomerase II, dimerizes in the presence of a

nonhydrolyzable ATP analog (30, 33), (ii) upon binding ATP,
the eukaryotic topoisomerase II dimer clamps down, topolog-
ically trapping a prebound circular DNA (17, 18) and, (iii) in
the presence of a nonhydrolyzable ATP analog, topoisomerase
II can decatenate two linked DNA circles leaving one of the
two circles topologically trapped inside the enzyme (20).
The general shape of the enzyme was taken from three-

dimensional structural data (kindly shared before publication
by J. M. Berger, J. C. Wang, and S. Harrison) and electron
micrograph results of R. Hancock, P. Oudet and P. Benedetti
as adapted (3). The tethered topoisomerase II molecule shown
in Fig. 5 is represented as a dimer of three globular domains,
and a fourth, potentially unfolded domain, followed by the
leucine zipper and disulfide cross-link. This fourth domain
consists of the approximately 160 amino acids of the nones-

FIG. 3. DNA supercoil relaxation activity of topoII(C->A)Ha and
topoII(C->A)zipGGC. Above each time course shown is the final
reaction concentration of either oxidized topoII(C->A)Ha (A) or

topoII(C->A)zipGGC (B). Aliquots of reactions quenched at the time
points indicated were analyzed by agarose gel electrophoresis. Under
the electrophoresis conditions used, the supercoiled substrate DNA
migrates most rapidly as a single band, and the reaction products form
a ladder of bands representing a thermal distribution of relaxed
covalently closed circles.

sential, nonconserved region of the topoisomerase remaining
in the chimeric cross-linked protein. The two DNA segments
shown are labeled "G" for the gated and "T" for the trans-
ported regions of either the same or different DNA molecules,
as suggested previously (17).

In model a, a potential "one-gate" model, the T segment is
the first DNA to bind in the enzyme cleft, followed by binding
and cleavage of the G segment (i). Upon binding ATP, the
enzyme undergoes a conformational change that simulta-
neously drives the T segment through the gate in the G
segment and dimerizes the amino termini of the enzyme (ii).
Upon ATP hydrolysis, the amino termini again separate,
allowing the religated G segment either to dissociate or
become the T segment for a second round of reaction (iii). One
observation that is potentially inconsistent with this model is
that the first DNA to bind to the topoisomerase is the cleaved
DNA (17). However, this observation was only made under low
salt reaction conditions such that this limitation may not apply

a b c
I

2.5 kb-_

01 2 5 10 0 12 510 0 1 2 5 10

Time (min)
FIG. 4. Kinetoplast DNA decatenation activity of

topoII(C->A)Ha and topoII(C--A)zipGGC. Reactions were done as
described with 25 nM of diamide-treated topoII(C--A)Ha (lanes a),
topoII(C--A)zipGGC (lanes b), or topoII(C-A)zipGGC with 20
mM dithiothreitol (lanes c). Aliquots of the reactions were quenched
at the indicated time points and analyzed by agarose gel electrophore-
sis. For the "0" time points, aliquots of the reaction mixes were
removed before addition of ATP and incubated for 15 min before
quenching. The kinetoplast DNA network used as the substrate does
not migrate into the gel and can be seen accumulated in the wells. The
major products of this reaction are relaxed DNA circles of -2.5 kb.
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FIG. 5. Simplified models of how tethered topoisomerase II could catalyze ATP-dependent DNA double-strand passage. See test for description.
S-S, disulfide cross-link.

under reaction conditions in which the enzyme is normally
catalytically active.
Model b is a "two-gate model," as previously described (20,

21, 34), in which the T segment is transported through both the
gate in the G segment and through the carboxyl-terminal dimer
interface (the second gate) (ii). The T segment would normally
be released from the enzyme at this point, but it is topologically
trapped within the cross-linked fusion protein. For this cross-
linked enzyme to be catalytically active, it must be able to
release the reaction products, potentially in an artificial fash-
ion, back through the amino termini of the enzyme (iii). This
release may occur upon ATP hydrolysis or may require
addition reaction cycles. However, the cross-linked enzyme is
no slower in multiple turnover supercoil relaxation or kineto-
plast decatenation than the uncross-linked enzyme. This result
indicates that if the cross-linked enzyme requires addition
steps in its reaction pathway to release DNA, they must be fast
enough not to limit the overall steady-state reaction rate.
Model c shows a second potential way in which the tethered

enzyme could function in a two-gate mechanism. In this model,
a single turnover of DNA transport would leave the plasmid
substrate trapped within the tethered enzyme (i). If the
enzyme-DNA complex now binds a second segment of DNA
from the same molecule as the first T segment (ii), and
transports this second segment through the same G segment
(iii), the DNA circle is now topologically free from the enzyme.
The same mechanism could also apply for kinetoplast DNA
decatenation. Further studies are required to distinguish be-
tween these three possible mechanisms.

Fusion proteins composed of leucine zippers and polypep-
tides of interest were previously made to alter quaternary
structure (35, 36), study homo- versus heterodimerization (37),
and analyze sequence requirements for coiled-coil formation
in vivo (38). Site-specific incorporation of cysteines was used
in many studies to produce covalent cross-links between
polypeptides by oxidative disulfide bond formation (see ref.
39) for a representative example). This work reports combin-
ing these two approaches to specifically and covalently cross-

link the two protomers of a dimeric fusion protein together.
Besides mechanistic studies, this cross-linked topoisomerase-
leucine zipper fusion protein may also be useful in creating and
stabilizing heterodimeric enzymes in which one protomer is
wild type and the other is mutant; such heterodimers are very
useful for studies of allostery (18). In addition, this tethered
enzyme may help solve the question of whether low levels of
illegitimate DNA recombination postulated to be catalyzed by
topoisomerase II occurs by a subunit exchange mechanism
(40).
The topoisomerase II derivatives used in this paper do not

have any of the nine naturally occurring cysteines. There was
no previous indication that any of the cysteines would be
required for catalysis; nevertheless, experiments presented
here provide direct evidence that DNA topoisomerase II does
not require any cysteines for its catalytic activity.
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