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Summary 

DNA substrates in which a supercoiled DNA is singly 
linked to a nicked or relaxed DNA ring were used to 
analyze the transport of one DNA ring through another 
by yeast DNA topoisomerase II. The enzyme binds 
preferentially to the supercoiled DNA and promotes 
decatenation efficiently upon binding of a nonhydro- 
lyzable ATP analog. Analysis of the reaction products 
shows that the nicked or relaxed DNA ring released 
is not associated with the enzyme-supercoiled DNA 
complex. These results favor a two-gate model in 
which the DNA ring being transported can exit from 
the interior of the enzyme through a gate on the oppo- 
site side of the entrance gate, which is irreversibly 
closed upon binding of the nonhydrolixable ATP analog. 

Introduction 

It is now well-established that the type II DNA topoisomer- 
ases catalyze the formation of a transient double-stranded 
break in a DNA segment to form a gate for the passage 
of another double-stranded DNA segment (for reviews see 
Wang, 1985, 1991; Maxwell and Gellert, 1988; Hsieh, 
1990). The chemical nature of this DNA gate is known: 
two hydroxyl groups in a pair of tyrosyl residues (Tse et 
al., 1980; Rowe et al., 1984), one in each half of a dimeric 
enzyme, attack a 5’staggered pair of DNA phosphodiester 
bonds 4 bp apart (Morrison and Cozzarelli, 1979; Sander 
and Hsieh, 1983; Liu et al., 1983); these nucleophilic reac- 
tions break the pair of DNA strands and link the resulting 
5’phosphoryl ends to the enzyme tyrosyl groups, thus 
forming an opening in the duplex DNA (Gellert et al., 1977; 
Sugino et al., 1977). Closing of this gate is accomplished 
by transesterification between the 3’-hydroxyl groups of 
the broken DNA ends and the phosphotyrosine linkages 
formed in the first transesterification reaction, restoring the 
continuity of the DNA strands and setting free the enzyme 
from covalent attachment to the DNA. 

The tyrosines that are directly involved in the transesteri- 
fication reactions between thetype II DNAtopoisomerases 
and DNA have been identified: it is Tyr-122 of the GyrA 
subunit in the case of Escherichia coli DNA gyrase (Horo- 
witz and Wang, 1987) and Tyr-783 in the case of yeast 
DNA topoisomerase II (Worland and Wang, 1989); for the 
other type II DNA topoisomerases, the active site tyrosines 
are readily identifiable from a comparison of their primary 
sequences with those of the E. coli and yeast enzyme 
(for a recent alignment see Caron and Wang, 1994). The 
presence of a single active-site tyrosine in each half of a 
type II DNA topoisomerase, which is made of a single 

polypeptide in the case of the yeast enzyme and a GyrA 
and a GyrB polypeptide in the case of the bacterial en- 
zyme, shows that the DNA gate must span across the 
two halves of the enzyme. The passage of a second DNA 
segment through this enzyme-mediated gate, therefore, 
requires that the two halves of the enzyme move away 
from each other to form a channel between them. 

How the DNA segment being transported through the 
DNA gate enters and leaves the enzyme during a reaction 
cycle has been a question of long standing. Two kinds of 
models have been postulated. In the two-gate model, the 
DNA segment to be transported (which will be referred to 
as the T segment) passes through the entire interfacial 
channel in between the two halves of the enzyme (Mizuu- 
chi et al., 1980; Wang et al., 1980; Kirchhausen et al., 
1985; Reece and Maxwell, 1991). In such a model, the T 
segment enters through a gate on one side of the enzyme 
and then exits through a second gate on the other side 
of the enzyme; the two gates must open at different stages 
to prevent the two halves of the enzyme from coming apart. 
In the one-gate model, the T segment first passes through 
the DNA gate; the DNA gate then closes, and a part of 
the enzyme-bound DNA segment containing the DNA gate 
(which will be referred to as the G segment) dissociates 
from the enzyme to allow the reversal of the path of the 
Tsegment without its being passed through the G segment 
again (for examples see Morrison et al., 1980; Pommier 
et al., 1989). In either model, the DNA gate may form one 
gate or an integral part of one gate, and the T segment 
must pass through the DNA gate only once during each 
reaction cycle. The two models described above for the 
type II DNA topoisomerases have been in parallel exis- 
tence since 1980, owing to a lack of experimental tests. 

Recently, we have presented evidence that eukaryotic 
DNA topoisomerase II (and most likely other type II DNA 
topoisomerases as well) acts as an ATP-dependent molec- 
ular clamp: the two jaws of the clamp close upon the bind- 
ing of ATP and open again upon ATP-hydrolysis and disso- 
ciation of the products; when the two jaws of an enzyme 
that is bound to a G segment close, a T segment may be 
captured and transported through the DNA gate (Rota and 
Wang, 1992; Lindsley and Wang, 1993a, 1993b). When 
AMPPNP, the nonhydrolyzable py-imido analog of ATP, 
is present instead of ATP itself, then either the free or the 
DNA-bound form of the enzyme is irreversibly locked into 
the closed-clamp form (Rota and Wang, 1992; Lindsley 
and Wang, 1993a). This irreversible closure of the clamp 
should allow no more than a single DNA transport event, 
in agreement with experimental measurements of DNA 
linking number changes upon addition of the analog to 
various type II DNA topoisomerases (Sugino et al., 1978). 

It is likely that each jaw of the protein clamp corresponds 
to a domain near the amino-terminus of eukaryotic DNA 
topoisomerase II. Solution and X-ray crystallographic stud- 
ies show that the N-terminal half of the GyrB subunit of 
DNA gyrase (bacterial DNA topoisomerase II), which is 
homologous to the N-terminal part of eukaryotic DNA topo- 
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Figure 1. The Two-Gate and One-Gate Protein Clamp Models of Type 
II DNA Topoisomerases 

(A) The major states of the enzyme according to the two-gate model. 
In the left drawing, the enzyme bound to a DNA gate segment (G) is 
in the open-clamp state in the absence of bound ATP, and the DNA 
segment to be transported through the G segment (viewed end-on 
and denoted by T) can go in or out of the protein clamp through the 
N-terminal domain protein gate labeled N. In the drawing on the right, 
the N gate of the protein is closed upon binding of ATP, and a T 
segment captured by the protein clamp is transported through the 
DNA gate and comes out of the protein through a gate on the opposite 
s/de of the N gate. 
(B) The one-gate model. The left drawing illustrates the protein clamp 
in the closed form after the binding of ATP: the T segment has passed 
through the DNA gate in G and is docked in a cavity or harbor. In the 
drawing shown on the right, hydrolysis of ATP permits the opening of 
the N gate and unraveling of part of the enzyme-bound G segment 
to allow the exit of the T segment from the enzyme through the same 
gate it entered. 

isomerase II, forms a dimer in the presence and only in 
the presence of AMPPNP (Wigley et al., 1991). In a model 
of DNA gyrase based on high-resolution electron micros- 
copy and biochemical data, it has also been postulated 
that contacts between the two GyrB protomers in a gyrase 
holoenzyme are made and broken upon ATP binding and 
hydrolysis (Kirchhausen et al., 1985). The protein-protein 
gate involving the N-terminal portion of eukaryotic DNA 
topoisomerase II or the B subunit of gyrase will be termed 
the N gate. 

In terms of the protein clamp model of Rota and Wang 
(1992), the N gate is the gate of entrance in the transport 
of a T segment through a G segment. Within this frame- 
work, the two-gate and one-gate model of type II DNA 
topoisomerases can be specified as follows. Both models 
require the T segment to enter the enzyme through the 
N gate, and the closing of the N gate is accompanied by 
the passage of the T segment through the DNA gate in the 
enzyme-bound G segment. In the two-gate model, after 
entering the N gate and passing through the DNA gate, 
the T segment continues its path and exits from the other 
side of the enzyme (Figure 1A). In the one-gate model, the 
T segment is docked in a protein pocket after its passage 

through the DNA gate; the DNA gate then closes, a portion 
of the G segment is lifted off the enzyme to allow the rever- 
sal of the path of the T segment without its being passed 
again through the DNA gate, and then the T segment exits 
from the same gate it entered earlier, namely the N gate 
(Figure 1B). These two models, therefore, differ in one 
outcome when the G and T segment are located on sepa- 
rated DNA rings and the N gate is irreversibly closed upon 
the addition of AMPPNP: the two-gate model would predict 
that the DNA ring containing the Tsegment is not topologi- 
tally linked to the closed protein clamp after its passage 
through the DNA gate, whereas the one-gate model would 
predict that both members of the pair of DNA rings under- 
going decatenation are topologically linked to the closed 
protein clamp. Therefore, we have examined the AMPPNP- 
driven singleevent decatenation of two singly linked DNA 
rings by yeast DNA topoisomerase II. 

Purification of Singly Linked Dimeric Catenanes 
Containing One Nicked and One Supercoiled 
DNA Ring 
In the AMPPNP-driven reaction between a dimeric DNA 
catenane and yeast DNA topoisomerase II, it is difficult 
to predict a priori the relative probability of the T and G 
segments being located on the same DNA ring or on two 
separate rings in the catenane. Because the decatenation 
reaction is the only informative one in distinguishing the 
one-gate versus the two-gate model, it appeared advanta- 
geous to use highly purified, singly linked catenanes as 
the substrate, so that even a low level of decatenation 
could be detected. 

Figure 2A depicts the use of y6 resolvase and BamHl 
restriction enzyme in the preparation of adimeric catenane 
consisting of one nicked and one supercoiled DNA ring. 
The product of the resolvase reaction contains a large 
fraction of singly linked catenanes of two 3.6 kb DNA rings 
that are identical except for the presence of asingle BamHl 
restriction site on one of them (Krasnow and Cozzarelli, 
1983). Upon digestion with BamHl restriction endonucle- 
ase in the present of excess ethidium to introduce a nick 
at the BamHl site (Barzilai, 1973) thevarious formsof DNA 
in the reaction mixture were fractionated by equilibrium 
density gradient centrifugation in a CsCl solution con- 
taining excess ethidium (Radloff et al., 1967). A dimeric 
catenane consisting of one nicked and one supercoiled 
DNA ring of the same size is expected to form a distinct 
band in between the nicked and supercoiled DNA bands 
in such a gradient and, thus, can be separated from the 
other species (Wang, 1970). 

Figure 28 depicts the results of such an experiment. 
DNA from each of the fractions collected from the CsCI- 
ethidium density gradient was purified by phenol extrac- 
tion and ethanol precipitation and then analyzed by aga- 
rose gel electrophoresis. As expected, the BamHI-nicked 
dimeric catenane was resolved from other forms of DNA. 
As shown in the middle lanes of the gel (Figure 2) the 
major catenated dimer band, which is composed of singly 
linked catenane, is accompanied by small amounts of a 
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Figure 2. Formation and Purification of a Dimeric Catenane Consisting of a Supercoiled DNA Ring Singly Linked to a Nicked DNA Ring 

(A) A schematic illustration of the 76 resolvase reaction and the subsequent nicking of the component ring with a single BamHl restriction site. 
(B) DNA from individual fractions collected from a CsCl density gradient containing excess ethidium were recovered and analyzed by agarose 
gel electrophoresis. The drawings in the lefl and right margins illustrate the major DNA species; rings with an indentation or interruption represent 
nicked DNA rings, and the bottom drawing on the right represents linear DNA. The arrow labeled density gradient over the top of the gel indicates 
the relative positions of the various fractions in the equilibrium density gradient. 

ladder of faster migrating bands, which are dimeric cate- 
nanes with different numbers of intertwines between the 
two component rings (Krasnow and Cozzarelli, 1983). 
These multiply intertwined catenanes were detectable 
when excess DNA was loaded on the gel as it was the case 
here, but were undetectable in some of the gels depicted in 
Figures 3, 4, and 5, in which less DNA was loaded. Frac- 
tions containing the dimeric catenanes with minimal con- 
tamination of unlinked monomer-sized DNA rings were 
used in subsequent experiments. 

Whereas the use of predominantly singly linked cate- 
nanes with one nicked and one supercoiled component 
DNA ring was originally based on consideration for the 
preparation of dimeric catenanes of a high degree of pu- 
rity, it turned out that this choice was fortunate, as de- 
scribed below. 

Asymmetry in the Decatenation of a Nicked DNA 
Ring from a Supercoiled DNA Ring by 
Yeast DNA Topoisomerase II 
Decatenation was readily detected upon the addition of 
AMPPMP to a mixture of singly linked catenated dimers 
and yeast DNA topoisomerase II. In Figure 3, lane 1 de- 
picts the pattern of the untreated dimeric catenane after 
two-dimensional agarose gel electrophoresis. Because 
one of the two component DNA rings is covalently closed, 
the electrophoretic mobility of the catenane is sensitive 
to the concentrations of chloroquine, a DNA intercalating 
agent, in the electrophoresis buffers employed in the first 
and second dimension electrophoresis; thus the dimeric 
catenane was resolved into an arc of topoisomers with 
their linking numbers increasing in the clockwise direction 
(Lee et al., 1981; Wang et al., 1983). The broadness in the 
linking number distribution was mainly due to the partial 

relaxation of supercoiled DNA during treatment with $5 
resolvase (Krasnow and Cozzarelli, 1983). Digestion of 
the catenane with BamHl yielded the sample shown lane 
2 of Figure 3: the nicked ring was converted to the linear 
form (the dark spot denoted by L), and the supercoiled 
DNA ring without a BamHl site was resolved into a broad 
distribution of topoisomers (denoted by S). 

As demonstrated by the DNA sample run (Figure 3, lane 
3) upon the addition of AMPPMP to a mixture of the di- 
merit catenane and yeast DNA topoisomerase II, a portion 
of the catenated dimer was resolved into a spot containing 
nicked monomer (denoted by N in Figure 3) and an arc 
containing monomeric supercoiled topoisomers. There is 
clearly a difference in the linking number distribution of 
the monomeric supercoils in the (Figure 3) lane 2 and lane 
3 samples: the (Figure 3) lane 3 topoisomers were appar- 
ently derived from the lower linking number, i.e., the more 
negatively supercoiled portion of the topoisomer arc 
shown in Figure 3, lane 2. This difference illustrates that 
the enzyme molecules involved in decatenation were pref- 
erentially bound to the more negatively supercoiled DNA 
rings in the dimeric catenane preparation. 

A different kind of asymmetry in the selection of the 
nicked and supercoiled DNA rings in the decatenation re- 
action is illustrated in the experiments depicted in Figure 
4. In the set of samples analyzed in lanes l-3 of Figure 
4, AMPPMP was added to an equal molar mixture of yeast 
DNA topoisomerase II and the dimeric catenane con- 
sisting of one nicked and one supercoiled DNA ring. The 
reaction mixture was then split into three: one part was 
analyzed without further treatment (Figure 4, lane l), the 
second was first incubated with the drug etoposide (VP- 
16) which prevents the rejoining of the DNA severed by 
the enzyme, and then treated with SDS and proteinase K 
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1 2 3 Figure 3. Decatentation of a Pair of Singly 
Linked DNA Rings by Yeast DNA Topoisomer- 

\ C#d ’ 
ase II upon the Addition of AMPPNP 

Two-dimensional gel electrophoresis patterns 
of the catenane substrate used before (lane 1) 
and after cutting with BamHl restriction endo- 
nuclease (lane 2), or after decadenation with 
yeast DNA topoisomerase II (lane 3). The arrow 
on top of each lane indicates the direction 
which would be followed by a DNA with the 

I’ same gel electrophoretic mobilities during the 
first- and second-dimension electrophoresis. 
Ctd, catenated dimer; S, supercoiled monomer; 
L, linear monomer; N, nicked circular monomer. 
In the sample shown in lane 3, approximately 
100 fmol of the purified catenated dimer and 

50 fmol of yeast DNA topoisomerase II were mixed in 40 ul of reaction buffer containing 50 mM Tris-HCI (pH 8) 1 mM EDTA, 150 mM KCI, 8 
mM MgC&, 7 mM P-mercaptoethanol, and 100 fig/ml bovine serum albumin. Decatenation was started by the addition of AMPPNP to 2 mM. After 
10 min at 30X, the reaction was terminated by the addition of SDS and proteinase K to 0.5% and 100 Kg/ml, respectively, and incubated at 
60°C for 1 hr prior to phenol extraction and ethanol precipitation of DNA. Two-dimensional gel electrophoresis was carried out in a 0.8% agarose 
slab in TBE buffer (100 mM Tris-borate (pH 8.31, 2 mM EDTA) plus 0.6 uglml and 3 ug/ml of chloroquine disphosphate, respectively, in the first 
dimension (top to bottom) and second dimension (left to right) electrophoresis buffer; electrophoresis was 12 hr at 60 V in each step. DNA in the 
gel slab was blot-transferred to a nylon membrane and probed with “P-labeled DNA obtained by random priming. 

to convert the DNA covalently linked to the enzyme to the 
linear form (Figure 4, lane 2) and the third was subject 
to the same treatments as the (Figure 4) lane 2 sample, 
followed by digestion with BamHl restriction endonucle- 
ase after phenol extraction and ethanol precipitation of 
the DNA (Figure 4, lane 3). 

As shown by the sample in lane 1 of Figure 4, decatena- 
tion was efficient, and a significant portion of the input 
DNA was converted to nicked and supercoiled monomeric 
rings. Cleaving the enzyme-bound DNA by treatment with 
etoposide and SDS and proteinase K yielded the sample 
run (Figure 4, lane 2). The patterns (Figure 4, lanes 1 and 
2) show that as a consequence of the cleavage reaction, 
most of the monomeric supercoiled DNA and some of the 
dimeric catenane disappeared, and a linear DNA product 
appeared; however, the intensities of the nicked mono- 
meric bands (Figure 4, lanes 1 and 2) are comparable. 
These results again demonstrate that most of the enzymes 
were bound to the supercoiled form, and thus the su- 
percoiled form rather than the nicked form was linearized 
by the etoposide-SDS-proteinase K treatment. The elec- 
trophoretic pattern of the BamHl treated sample (Figure 
4, lane 3) confirms that the nicked monomer in the (Figure 
4) lane 1 and lane 2 samples was derived from the original 
BamHl nicked rings in the dimeric catenane, rather than 
from nicking of the supercoiled form without a BarnHI site, 
as all nicked monomeric DNA in the (Figure 4) lane 2 sam- 
ple was converted to the linear form upon digestion with 
BamHl (Figure 4, compare the lanes 2 and 3 samples). 
The BamHl treatment also converted the nicked ring in 
the catenated dimer to the linear form, releasing the su- 
percoiled component as monomeric ring; this conversion 
was responsible for the increase in the intensity of the 
supercoiled monomer band. 

The asymmetry in the location of the G segment in the 
supercoiled component of the dimeric catenane and the 
high probability of selecting the nicked DNA ring for trans- 
port through the DNA gate are a result of the topology of 

Figure 4. Yeast DNA Topoisomerase II Binds Preferentially to the Su- 
percoiled Member of a Dimeric Catenane and Efficiently Unlinks It 
from the Nicked Member 

Lane 1: DNA from a reaction in which AMPPNP was added to 100 ul 
of the reaction buffer, specified in the legend to Figure 3 and containing 
100 fmol each of the dimeric catenane and yeast DNA topoisomerase 
II. Decatenation is evident from the formation of nicked and supercoiled 
monomeric rings (see graphic symbols in the right margin). Lane 2: 
etoposide (VP-16) was added to the lane 1 reaction mixture to a final 
concentration of 100 uglml, and SDS and proteinase K were then 
added to effect DNA cleavage. Lane 3: the lane 2 sample after incuba- 
tion with BamHl restriction endonuclease. 

the rings rather than the presence of a nick in one of the 
component rings. No significant difference was observed 
when the purified catenane was first treated with DNA 
ligase to seal the nick (data not shown). 

Exit of the Nicked or Relaxed DNA Ring from the 
Enzyme upon Its Passage through the 
Enzyme-Mediated Gate in the 
Supercoiled DNA 
The asymmetry in the decatenation reaction described 
above makes a dimeric catenane with one nicked or re- 
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Figure 5. Filter Binding Experiments Showing That the Nicked DNA Ring Is Not Associated with the Enzyme-Supercoiled DNA Complex after 
Its Passage through the DNA Gate in the Supercoiled DNA. 

See the text for details. Each of the six pairs of samples analyzed contained about 50 fmol of the dimeric DNA catenane and 0, 50, 100, 150, 
200, or 300 fmol of yeast DNA topoisomerase II from the leftmost pair of lanes to the rightmost pair of lanes. Decatenation and blot hybridization 
were carried out as described in the legend to Figure 3; in each pair of lanes, the sample on the left was that recovered in the filtrate and the 
one on the right was that recovered from the filter. 

laxed DNA ring and one supercoiled DNA ring the ideal 
substrate in experiments designed to locate the DNA ring 
containing the T segment after its passage through the 
DNA gate. 

Figure 5 shows the results of a series of filter-binding 
experiments. The starting catenated DNA substrate with 
one nicked and one supercoiled DNA ring was first incu- 
bated in reaction mixtures containing 50 mM Tris-HCI (pH 
8), 1 mM EDTA, 150 mM KCI, 8 mM MgC&, 7 mM 2-mer- 
captoethanol, 100 uglml bovine serum albumin, and vary- 
ing amounts of yeast DNA topoisomerase II, and then 
AMPPMP was added to each reaction mixture to 2 mM 
to convert the DNA-bound enzyme to the closed-clamp 
form and to effect decatenation. After a 10 min incubation 
at 30°C, NaCl was added to each reaction mixture to 1 M 
prior to filtering the mixture through a glass-fiber filter to 
remove any salt-stable protein-DNA complex (Thomas et 
al., 1979; Rota and Wang, 1992); the protein-free DNA 
recovered from the filtrate and the protein-bound DNA re- 
covered from the filter by washing with 0.5% SDS were 
then examined by agarose gel electrophoresis. 

In the absence of the enzyme, almost all of the DNA 
was found in the filtrate (Figure 5, lane l), and only a trace 
amount was found in the SDS wash (Figure 5, lane 2). 
The relative intensities of the bands in the control sample 
(Figure 5, lane 1) indicate that the input DNA used in this 
experiment was predominantly in the form of a catenated 
dimer with one nicked and one supercoiled ring (upper 
band), but a small amount of contaminating monomeric 
supercoiled DNA was also present (lower band). In the 
presence of approximately one enzyme molecule per DNA 
catenane (Figure 5, lanes 3 and 4), the filtrate of the 
AMPPNP-treated sample contained, in addition to the cat- 
enated dimer and supercoiled monomer, a substantial 
amount of nicked monomeric rings (Figure 5, lane 3). In 
striking contrast with the pattern shown in lane 3 of Figure 
5, no nicked monomeric ring was detectable in the filter- 
bound fraction shown in Figure 5, lane 4: other than the 

presence of some of the input catenanes, only a significant 
increase in the amount of supercoiled monomers was ob- 
served in the filter-bound fraction. These patterns show 
clearly that the enzyme binds preferentially to the su- 
percoiled DNA ring, and, in its closed-clamp form in the 
presence of AMPPNP, remains topologically linked to the 
supercoiled DNA even in the presence of 1 M salt. How- 
ever, the nicked DNA ring is not topologically linked to the 
enzyme after its passage through the DNA gate. 

At a higher enzyme to DNA catenane molar ratio 2 or 
3, most of the supercoiled rings, whether present in the 
catenated or the monomeric form, were apparently associ- 
ated with one or more bound enzyme molecules (Figure 
5, lanes 8 and 8) and were therefore found mostly in the 
filter-bound fraction; the lane 7 pattern in Figure 5 is partic- 
ularly striking in that only nicked monomeric rings were 
found in the filtrate. When the enzyme to catenane ratio 
was further increased to 4 or 6, association of enzyme 
molecules in the closed-clamp form with the nicked DNA 
ring became detectable, and nicked monomeric DNA rings 
began to appear in the filter-bound as well as the filtrate 
fractions (Figure 5, lanes 10 and 12). 

In the above experiments, NaCl was added to the en- 
zyme-DNA complexes to 1 M final concentration following 
the addition of AMPPNP, so that only DNA rings topologi- 
tally linked to the closed protein clamp would be detected 
in the filter-bound fractions (Rota and Wang, 1992). To 
test whether in a normal reaction buffer a nicked DNA 
ring might remain associated with the enzyme following 
its passage through the enzyme-bound supercoiled ring, 
the same filter-binding experiments were also carried out 
with the omission of the addition of NaCI. For the two sam- 
ples tested, with enzyme to DNA dimeric catenane molar 
ratios of 1 and 2, the inclusion or omission of NaCl addition 
made no difference: the nicked monomeric ring from the 
decatenation reaction was mainly found in the filtrate frac- 
tion in both cases (data not shown). Similar to the case 
described in the section above, converting the nicked 
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member of the dimeric catanane to the covalently closed 
but relaxed form had no detectable effect on the decatena- 
tion reaction (data not shown). 

Discussion 

In the protein clamp model of eukaryotic DNA topoisomer- 
ase II, the N-terminal domains of the pair of polypeptide 
chains in a homodimeric enzyme form the jaws of a protein 
clamp. These jaws form a protein-protein gate (termed 
the N gate), which closes and opens during each cycle 
of ATP binding and hydrolysis (Rota and Wang, 1992; 
Kirchhausen et al., 1985). There is strong evidence that 
if the N gate is locked by the binding of a nonhydrolyzable 
ATP analog, such as AMPPNP, entrance of a DNA ring 
containing the G or the T segment into the enzyme interior 
is barred (Fioca and Wang, 1992). 

Results of the present work show clearly that when 
AMPPNP is added to a yeast DNA topoisomerase II mole- 
cule bound to a supercoiled DNA ring singly linked to a 
nicked or relaxed DNA ring, the enzyme can transport the 
nicked or relaxed DNA ring through the supercoiled DNA 
with a high probability. Contrary to previous suggestions 
(reviewed by Reece and Maxwell, 1991) ATP-hydrolysis 
is not required for the release of the T segment from the 
enzyme following its passage through the DNA gate: in the 
decatenation reaction driven by the binding of AMPPNP, 
the unlinked nicked or relaxed DNA ring containing the T 
segment is apparently not associated with the enzyme- 
supercoiled DNA complex. Because the N gate of the en- 
zyme is believed to be irreversibly locked by the binding 
of AMPPNP (Rota and Wang, 1992; Lindsley and Wang, 
1993a), the release of the unlinked nicked or relaxed DNA 
ring from the enzyme-supercoiled DNA complex upon 
binding of AMPPNP suggests that there is a second pro- 
tein-protein gate in addition to the N gate. The unlinked 
nicked or relaxed DNA ring can exit from the enzyme 
through the second gate, while the N gate is irreversibly 
locked by the binding of AMPPNP. In Figure 6, a two-gate 
model consistent with all experimental observations is il- 
lustrated. In the absence of bound ATP, the enzyme is in 
the form of an open clamp and can bind to or dissociate 
from a linear or circular DNA (labeled G), which contains 
the DNAgate (reaction 1); asecond DNA segment(labeled 
T) can go in and out of the DNA-bound enzyme so long 
as it remains in the open form (reaction 2). Binding of ATP 
to a G segment bound enzyme closes the protein gate 
composed of the N-terminal domain of each polypeptide 
in the homodimeric enzyme, labeled N in the drawings. 
ATP binding is likely to favor the entrance of the T segment 
prior to the closure of the clamp, and if a T segment has 
entered the clamp before the N gate is completely closed, 
a second gate on the opposite side of the N gate, of which 
the DNA gate is an integral part, is opened to allow the 
exit of the T segment from the interior of the enzyme (reac- 
tion 3); this second gate is then closed (reaction 4). The 
enzyme returns to the open-clamp form bound to a G seg- 
ment, following the release of the enzyme-bound ADP and 
orthophosphate, to complete one cycle of reaction (reac- 
tion 5). Hydrolysis of ATP probably occurs shortly before 

reaction 5, but no experimental datum is available to define 
the step better; it is possible that ATP hydrolysis may occur 
during reaction 4, or during or after reaction 3. 

Our results provide the first experimental evidence in 
favor of the two-gate model after a long stalemated coexis- 
tence of the two-gate and one-gate model. Whereas pro- 
tein channels through which small or large molecules may 
be transported from one end of the channel to the other 
are well-known, the transport of a DNA segment through 
the entire interfacial channel between the two halves of 
a type II DNA topoisomerase, an act that resembles pass- 
ing a knife down the middle of two hemispheres, is remark- 
able and lacks precedent. 

Several possibilities preclude the elimination of the one- 
gate mechanism, however. It is possible, for example, that 
the closure of the N gate by the binding of AMPPNP is 
an artifact unrelated to the normal movements of the ATP- 
dependent enzyme. We believe that this possibility is 
highly unlikely. Recent results indicate that several bis- 
(2,6-dioxypiperazine) anticancer drugs that act on eukary- 
otic DNA topoisomerase II can also irreversibly lock the 
N gate (Rota et al., 1994). Furthermore, the locking of the 
N gate by these drugs can occur only in the presence of 
ATP, suggesting that ATP itself is triggering the closure 
of the protein clamp and that the drugs bind specifically 
to the closed-clamp form of the enzyme (Rota et al., 1994). 
Another possibility that prevents the elimination of the one- 
gate model is that the closing of the N gate upon the bind- 
ing of ATP or AMPPNP could be relatively slow and might 
occur after the exit of the T segment from the enzyme. 
This possibility is unattractive, however, in that it requires 
the completion of all enzyme-mediated DNA movements 
before the closure of the N gate; in other words, the closure 
of the N gate and the accompanying conformational 
changes of the enzyme would appear to be a fortuitous 
occurrence rather than a key step in the enzyme-mediated 
transport of DNA. 

The eukaryotic DNA topoisomerase II-mediated deca- 
tenation of a pair of topologically linked nicked and su- 
percoiled DNA rings, or relaxed and supercoiled DNA 
rings, is asymmetric. It is not surprising that the enzyme 
binds preferentially to the supercoiled member of the di- 
merit catenanes. Competition experiments using mix- 
tures of supercoiled and relaxed or nicked DNA rings have 

Figure 6. A Two-Gate Model of Eukaryotic DNA Topoisomerase II. 

See text for descriptions. 
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previously demonstrated this preference (Zechiedrich and 
Osheroff, 1990; Rota and Wang, 1992) and measure- 
ments of DNA crossovers that are retained by yeast DNA 
topoisomerase II in the absence of ATP also support the 
notion that the enzyme binds preferentially to DNA cross- 
overs, especially in a low salt buffer containing 50 mM 
KCI and 8 mM MgCL (Rota et al., 1993). It is striking, 
however, that an enzyme bound to the supercoiled mem- 
ber of a singly linked catenane appears to capture prefer- 
entially a T segment on the nicked or relaxed DNA ring 
in the catenane, leading to decatenation, rather than cap- 
ture a T segment on the same supercoiled member, lead- 
ing to the removal of two supercoils. 

The relative efficiencies of the intermolecular and intra- 
molecular DNA transport reactions of the yeast enzyme 
can be estimated from the results shown in Figure 5. In 
each filter-bound DNA sample, the amount of the input 
catenane represents molecules with at least one bound 
enzyme but did not undergo decatenation. We have shown 
previously that under the same reaction conditions em- 
ployed in the present decatenation studies, the addition 
of AMPPNP to yeast DNA topoisomerase II bound to a 
supercoiled DNA leads efficiently to the transport of DNA 
segments through enzyme-mediated DNA gates in the 
same molecule: the efficiency of this intramolecular trans- 
port of DNA segments is close to the theoretical limit of 
one event per enzyme molecule (Rota et al., 1993). This 
high efficiency suggests that the filter-bound catenanes 
represent mostly input catenanes that had undergone in- 
tramolecular rather than intermolecular DNA transport. 
The amount of input catenanes that had undergone deca- 
tenation can be readily estimated from the sum of the 

intensities of the nicked monomeric DNA rings in the fil- 
trate and the filter-bound fractions. Estimates using radio- 
labeled DNA substrate directly indicate that decatenation 
is preferred by about a factor of two over relaxation (data 
not shown). 

It has been suggested previously, based on Monte Carlo 
calculations, that juxtaposition of two DNA sites in a DNA 
is more favored in a supercoiled than in a relaxed DNA 
ring, by a factor of about 100 for a 3.5 kb DNA (Vologodskii 
et al, 1992). The preference of decatenation over relax- 
ation observed in this work is therefore surprising and 
raises interesting questions about the spatial distribution 
and orientation of DNA sites in different topological forms 
of DNA. The results of the present work also strengthen 
our previous argument that although eukaryotic DNA topo- 
isomerase II has been observed to bind preferentially to 
DNAcrossovers in asupercoiled DNA under certain condi- 
tions, it is unlikely that such a crossover represents a pair 
of G and T segments (Rota et al., 1993). The decatenation 
data of this work demonstrate clearly that whereas the 
enzyme binds preferentially to the supercoiled ring within 
which the G segment is located, the T segment comes 
often from the nicked or relaxed DNA ring instead of the 
same supercoiled DNA. 

Experimental Procedures 

Materials 
AMPPNP was purchased from Sigma. Plasmid KS5 and yS resolvase 

were provided by Drs. N. Ft. Cozzarelli and P. Abola (University of 
California, Berkeley). Standard procedures were used in transforming 
Escherichia coli cells with the plasmid supplied and in the purification 
of the DNA from a 500 ml culture of a selected transformant; density 
gradient centrifugation in CsCl containing excess ethidium bromide 
was employed in the final purification step to obtain pKS5 in the su- 
percoiled form. Formation of a pair of 3.6 kb singly catenated DNA 
rings from the 7.2 kb pKS5 parent, which contains a single BamHl 
site but is otherwise a tandem dimer, was carried out as described in 
Krasnow and Cozzarelli (1963). Nicking of intact DNA ring by BamHl 
restriction endonuciease was carried out by incubating 306 pg of DNA, 
100 pg of ethidium bromide, and 500 U of the restriction enzyme in 
1 ml of IO mM Tris-HCI (pH 7.9) IO mM MgCI,. 50 mM NaCI, and 1 
mM dithiothreitol at room temperature for 1 hr. CsCl and ethidium 
bromide stock solutions were then added for the purification of the 
singly nicked catenane by density gradient centrifugation (Wang, 
1970). Fractions of 50 ~1 each were collected from the bottom of a 
pierced polyallomer centrifuge tube, and each fraction was phenol 
extracted and then ethanol precipitated to obtain DNAfree of ethidium. 

Highly purified yeast DNA topoisomerase II was provided by J. M 
Berger and R. A. Wasserman of this laboratory. To estimate the frac- 
tion of active enzyme in a particular preparation, different amounts of 
the enzyme were mixed with a fixed amount of a supercoiled DNA of 
known molarity, and relaxation of the DNA by the enzyme under highly 
processive conditions was initiated by the addition of Mg(ll) and ATP 
to the reaction mixture (Lindsley and Wang, 1993b); at an active en- 
zyme to DNA molar ratio of 1, 34% of the DNA is predicted to remain 
in the supercoiled form from a Poisson distribution of enzyme mole- 
cules on DNA. All preparations of the yeast enzyme used were found 
to contain greater than 50% active enzyme molecules. A working stock 
of the enzyme, approximately 100 pglml in 50 mM Tris-HCI (pH 6) 
500 mM KCI, 7 mM 2-mercaptoethanol, 1 mM EDTA, 106 pg/ml bovine 
serum albumin, and 50% glycerol (by volume), was kept at -20°C 
and was found to retain most of its activity for at least 1 month. 

Methods 
Protein-mediated binding of DNA to GF/C (Whatman) fiberglass filters 
(Thomas et al., 1979) was done as described previously (Rota and 
Wang, 1992; Rota et al., 1993). Filters (6 mm in diameter) were cut 
from standard size filters with a cork borer, and each filter was placed 
in a concave cap (Starsted rr65.697) with a 1 mm drainage hole pierced 
through the cap near the perimeter of the concavity. The caps were 
placed in 1.5 ml Eppendorf centrifuge tubes with the drainage hole 
away from the center of rotation. Before each filter-binding experiment, 
each filter was preequilibrated and prewashed with the same reaction 
buffer to be applied plus 100 pglml salmon sperm DNA. These steps 
were found to reduce the background of protein-independent binding 
of the DNA being examined. Filtration and washing were done with 
50 nl portions of solutions as specified in the various experiments; 
each time the tubes were spun for 20 s at 2000 rpm to drain and 
recover the solutions. 

One-dimensional and two-dimensional agarose gel electrophoresis 
and blot hybridization of the gels using 32P-labeled pKS5 DNA probes 
obtained by random priming were done as described previously (Rota 
and Wang, 1992). 
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