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Abstract

Previous studies with human and bacterial topoisomerases suggest that the type 1l enzyme utilizes
two distinct mechanisms to recognize the handedness of DNA supercoils. It has been proposed that
the ability of some type Il enzymes, such as human topoisomerase Ila and Eschericia coli
topoisomerase 1V, to distinguish supercoil geometry during DNA relaxation is mediated by elements
in the variable C-terminal domain of the protein. In contrast, the ability of human topoisomerase
Ilo.and B to discern the handedness of supercoils during DNA cleavage suggests that residues in the
conserved N-terminal or central domain of the protein are involved in this process. To test this
hypothesis, the ability of Paramecium bursaria chlorella virus-1 (PBCV-1) and chlorella virus
Marburg-1 (CVM-1) topoisomerase 11 to relax and cleave negatively and positively supercoiled
plasmids was assessed. These enzymes display a high degree of sequence identity with the N-terminal
and central domains of eukaryotic topoisomerase Il, but naturally lack the C-terminal domain. While
PBCV-1and CVM-1topoisomerase Il relaxed under- and overwound substrates at similar rates, they
were able to discern the handedness of supercoils during the cleavage reaction and preferentially cut
negatively supercoiled DNA. Preferential cleavage was not due to a change in site specificity, DNA
binding, or religation. These findings are consistent with a bimodal recognition of DNA geometry
in which topoisomerase 1l uses elements in the C-terminal domain to sense the handedness of
supercoils during DNA relaxation and elements in the conserved N-terminal or central domains
during DNA cleavage.

Although the classic structure of the Watson-Crick double helix is free from either torsional
or axial stress, DNA in living systems is subject to these topological challenges. Globally, the
DNA of eukaryotes and eubacteria is maintained in an underwound (i.e., negatively
supercoiled) state (1-4). This underwinding makes it easier to separate the two strands of the
genetic material, and thereby facilitates critical processes such as DNA replication and
transcription. In contrast, the actions of DNA tracking systems overwind (i.e, positively
supercoil) the genetic material immediately preceding replication forks and transcription
complexes (1,3-5). If this overwinding is not alleviated, the ensuing torsional stress rapidly
halts the movement of tracking systems along the double helix (1,3,5-7).
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In vivo, the topological state of DNA is modulated by enzymes known as topoisomerases (3,
5,8-12). There are two classes of topoisomerases that are distinguished by their catalytic
mechanisms. Type Il enzymes act by passing an intact double helix through a transient double-
stranded break that they generate in a separate segment of DNA (9,10,12-14). As a result of
this double-stranded DNA passage reaction, topoisomerase Il is able to alleviate torsional stress
(i.e., remove superhelical twists) in duplex DNA, remove knots from the genetic material, and
untangle chromosomes (3,5,8-12).

It has long been known that topoisomerase Il can distinguish negatively supercoiled DNA from
relaxed molecules (i.e., molecules that are not under torsional stress) (15-17). The enzyme
preferentially binds and cleaves negatively supercoiled plasmids (16,17). The basis for this
recognition appears to reflect the ability of topoisomerase Il to bind at DNA crossovers (or
nodes), which are more likely to form on supercoiled molecules (17,18).

Recently, it was demonstrated that some type Il enzymes are capable of discerning the geometry
of DNA supercoils. Human topoisomerase lla (19) and Eschericia coli topoisomerase 1V
(20,21) both relax positive superhelical twists more than an order of magnitude faster than they
do negative superhelical twists. In contrast, yeast and Drosophila topoisomerase 11, and human
topoisomerase 11 relax negatively and positively supercoiled plasmids at similar rates (19,
22). Although type 1l topoisomerases possess a high degree of amino acid sequence identity
in their N-terminal and central homology domains (GyrB and GyrA domains, respectively),
these enzymes diverge considerably in their C-terminal domains (9,10,12,23,24). Based on
these amino acid sequence differences, it was suggested that the ability of human topoisomerase
Ila to preferentially relax positive DNA supercoils resides in the C-terminal domain of the
protein (19). Structural and modeling studies of topoisomerase IV and DNA gyrase, coupled
with nucleic acid binding experiments, have led to similar conclusions for the bacterial type Il
enzymes (25-27).

In addition to their ability to distinguish supercoil geometry during DNA relaxation, type Il
topoisomerases also discern the handedness of supercoils during the DNA cleavage event
(28). Both topoisomerase lla and  maintain lower levels (2— to 4—fold) of cleavage
intermediates when positively supercoiled substrates are employed (28). Because the human
isoforms display different results in DNA relaxation and cleavage assays, the type Il enzyme
must utilize distinct mechanisms to distinguish DNA geometry during these two processes. It
is not known which domain of topoisomerase Il is involved in the recognition of DNA topology
during cleavage. However, since supercoil geometry affects DNA cleavage by topoisomerase
Ilo.and B in a similar fashion, it is likely that this ability resides in the conserved N-terminal
or central domain of the enzyme.

To more fully assess the recognition of DNA geometry by type 11 topoisomerases, the ability
of Paramecium bursaria chlorella virus-1 (PBCV-1)! and chlorella virus Marburg-1 (CVM-1)
1 (29-32) to relax and cleave negatively and positively supercoiled plasmids was examined.
These enzymes generate high levels of DNA cleavage, but in other respects are similar to
eukaryotic topoisomerase Il (29-32). Furthermore, the N-terminal and central domains of the
chlorella virus enzymes display a high degree of amino acid sequence identity with the
corresponding domains of eukaryotic topoisomerase Il, but naturally lack the C-terminal
domain (29,32). Therefore, the viral type Il topoisomerases represent intriguing models with
which to address the bimodal ability of the type Il enzyme to recognize the geometry of DNA
supercoils.

LAbbreviations: PBCV-1, Paramecium bursaria chlorella virus-1; CVM-1, chlorella virus Marburg-1.
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Results indicate that PBCV-1 and CVM-1 topoisomerase Il relaxed positively and negatively
supercoiled plasmids at similar rates. These findings are consistent with the hypothesis that the
C-terminal domain of topoisomerase Il plays an instrumental role in sensing the geometry of
superhelical twists during the relaxation reaction. In contrast, the viral enzymes were able to
discern DNA geometry during the cleavage reaction and, like the human enzymes, generated
higher levels of strand breaks with negatively supercoiled substrates. This latter finding
demonstrates that the ability to discern DNA geometry during the cleavage event must reside
within the N-terminal or central domain of the type 1l enzyme.

EXPERIMENTAL PROCEDURES

Enzymes and Materials

PBCV-1 topoisomerase Il and CVM-1 topoisomerase Il were expressed in Saccharomyces
cerevisiae JEL-1Atopl and purified by a modification (32) of the procedure of Lavrukhin et
al. (29). All other chemicals were analytical reagent grade.

Negatively supercoiled DNA was prepared using a Plasmid Mega Kit (Qiagen) as described
by the manufacturer. Positively supercoiled pBR322 DNA was prepared by treating negatively
supercoiled molecules with recombinant Archaeoglobus fulgidus reverse gyrase (19,33). The
average number of superhelical twists present in DNA substrates and the resulting o values
were determined by electrophoretic band counting relative to fully relaxed molecules (19). For
negatively supercoiled substrates, time courses for the relaxation of pPBR322 by topoisomerase
I were resolved by electrophoresis in 1% agarose gels containing 1-2 pg/ml chloroquine
(Sigma) in the running buffer. The initial plasmid contained ~15 to 17 negative superhelical
twists per molecule (o = —0.035 to —0.039). This superhelical density is typical of plasmids
isolated from E. coli. For positively supercoiled substrates, time courses for the generation of
positive superhelical twists by reverse gyrase were resolved by electrophoresis as above in
running buffer containing 5-15 pg/ml netropsin B (Boehringer Mannheim). These plasmids
contained ~15 to 17 positive superhelical twists per molecule (¢ = +0.035 to +0.039). The
handedness of positively supercoiled DNA was confirmed by two-dimensional gel
electrophoresis (19). Thus, the supercoiled substrates employed for this study contained
equivalent numbers of superhelical twists, but were of opposite handedness.

DNA Relaxation

DNA relaxation assays were based on the protocols of Fortune and Osheroff (34) and Dickey
etal. (32), and represent the optimal conditions for relaxation by each of the respective chlorella
virus enzymes. Reaction mixtures contained 1 nM PBCV-1 topoisomerase Il or CVM-1
topoisomerase Il, 1 mM ATP, and 5 nM negatively or positively supercoiled pBR322 DNA in
a total of 20 pL of relaxation buffer (10 mM Tris-HCI, pH 8.5, 62.5 mM NacCl, 62.5 mM KCl,
0.1 mM NaeEDTA, 2.5 mM MgCl,, and 2.5% glycerol). Reaction mixtures were incubated at
25 °C (PBCV-1) or 30 °C (CVM-1) for 0—30 min and relaxation was stopped by the addition
of 3 uL of 0.5% SDS and 77 mM EDTA. Samples were mixed with agarose gel loading buffer
(60% sucrose in 10 mM Tris-HCI, pH 7.9) and subjected to electrophoresis in 1% agarose gels
in 100 mM Tris-borate, pH 8.3, 2 mM EDTA. Gels were stained for 30 min with 0.5 pg/mL
ethidium bromide. DNA bands were visualized by UV light and were quantified using an Alpha
Innotech digital imaging system (San Leandro, CA). DNA relaxation was monitored by
quantifying either the formation of fully relaxed DNA product or the loss of initial supercoiled
substrate.

DNA Cleavage

Plasmid DNA cleavage reactions were based on the procedures of Fortune and Osheroff (34)
and Dickey et al. (32), and represent the optimal conditions for cleavage by each of the
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respective enzymes. Reaction mixtures contained 0—20 nM PBCV-1 or CVM-1 topoisomerase
I1, and 10 nM negatively or positively supercoiled pBR322 DNA in a total of 20 uL of DNA
cleavage buffer (PBCV-1 topoisomerase I1: 10 mM Tris-HCI, pH 8.5, 62.5 mM NacCl, 62.5
mM KCI, 0.1 mM NaEDTA, 2.5 mM MgCls, and 2.5% glycerol; CVM-1 topoisomerase Il:
10 mM Tris-HCI, pH 8.5, 120 mM KCI, 0.1 mM NaEDTA, 15 mM MgCl,, and 2.5% glycerol).
Reaction mixtures were incubated for 6 min at 25 °C (PBCV-1) or 30 °C (CVM-1) to establish
cleavage/religation equilibria. DNA cleavage intermediates were trapped by the addition of 2
pL of 1% SDS and 2 pL of 115 mM NaEDTA, pH 8.0. Proteinase K was added (2 uL of 0.8
mg/mL) and mixtures were incubated for 30 min at 45 °C to digest the type Il enzyme. Samples
were mixed with 2 uL of agarose gel loading buffer, heated for 2 min at 45 °C, and subjected
to electrophoresis in 1% agarose gels in 40 mM Tris-acetate, pH 8.3, and 2 mM EDTA
containing 0.5 pg/mL ethidium bromide. DNA bands were quantified by digital imaging as
described above. DNA cleavage was monitored by the conversion of supercoiled plasmid to
linear molecules.

DNA cleavage reactions were performed in the absence of ATP so that the topological state
of the DNA would not change during the course of the reaction. It should be noted that the
nucleotide cofactor does not influence the mechanism of topoisomerase 11-mediated DNA
scission (9).

Site-specific DNA Cleavage

DNA sites cleaved by PBCV-1 topoisomerase 11 or CVM-1 topoisomerase Il in negatively and
positively supercoiled DNA were mapped using a modification of the procedure of O'Reilly
and Kreuzer (35,36). DNA cleavage mixtures contained 120 nM PBCV-1 topoisomerase Il or
CVM-1 topoisomerase 11, 10 nM negatively or positively supercoiled pBR322 DNA in a total
of 160 pl of cleavage buffer. Samples were incubated at 25 °C (PBCV-1) or 30 °C (CVM-1)
for 6 min and enzyme-DNA cleavage complexes were trapped by the addition of 16 ul of 1%
SDS followed by 16 pl of 115 mM EDTA (pH 8.0). Proteinase K (16 pl of 0.8 mg/ml) was
added and mixtures were incubated at 45 °C for 30 min to digest the type Il enzyme. DNA
products were purified by passage through Qiaquick Spin Columns (Qiagen) as described by
the manufacturer. DNA cleavage products were linearized by treatment with Hindlll. Terminal
5'-phosphates were removed by treatment with calf intestinal alkaline phosphatase and replaced
with [32P]phosphate using T4 polynucleotide kinase and [y-32P]JATP. Samples were treated
with EcoRI and the singly-end labeled DNA products were purified by passage through a
CHROMA SPIN+TE-10 column (Clontech). Loading buffer (40% formamide, 8.4 MM EDTA,
0.02% bromophenol blue, and 0.02% xylene cyanole FF) was added and samples were
subjected to electrophoresis in 6% sequencing gels. Gels were fixed in 10% methanol/10%
acetic acid and dried in vacuo. DNA cleavage products were visualized with a BioRad
Molecular Imager FX.

DNA Binding

The ability of PBCV-1 and CVM-1 topoisomerase |1 to bind negatively and positively
supercoiled DNA was assessed using a competitive nitrocellulose filter-binding assay. Binding
mixtures contained 400 nM PBCV-1 topoisomerase Il or CVM-1 topoisomerase 11, 5 nM linear
pBR322 DNA that was cleaved with HindlIl and terminally labeled with [32P]phosphate, and
0—20 nM negatively or positively supercoiled DNA in a total of 20 pl of relaxation buffer that
lacked MgCl,. Samples were incubated at 25 °C (PBCV-1) or 30 °C (CVM-1) for 6 min. Under
the conditions of the assay, a DNA binding equilibrium was established in less than 1 min.
Nitrocellulose membranes (0.45 um HA, Millipore) were prepared by incubation in binding
buffer for 10 min. Samples were applied to the membranes and filtered in vacuo. Membranes
were washed 3 times with 1 ml of binding buffer, dried, and submerged in 8 ml of scintillation
fluid (Econo-Safe, Research Products International). Radioactivity remaining on the
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membranes was quantified using a Beckman LS 5000 TD Scintillation Counter. The percent
linear DNA bound to topoisomerase Il was determined based on the ratio of radioactivity on
the membranes vs. that of the input DNA.

It should be noted that DNA binding experiments were performed in the absence of ATP and
Mg?2*. This was done to prevent the formation of concatenated DNA multimers, which are too
large to pass through the filter, or the generation of covalent enzyme-DNA cleavage complexes
during the course of the assay.

DNA Religation

RESULTS

Topoisomerase || DNA religation was monitored by two methods. PBCV-1 topoisomerase 11
DNA religation was carried out by the procedure of Fortune et al. (30). DNA cleavage/ligation
equilibria were established in PBCV-1 topoisomerase 1l cleavage buffer as described above
except that MgCls in the reaction buffer was replaced by 2.5 mM CaCl,. Topoisomerase I1-
DNA cleavage complexes were trapped by the addition of EDTA (pH 8.0) to a 10 mM final
concentration. NaCl was added to a 250 mM final concentration in order to prevent re-cleavage
of the DNA substrate. Ligation was initiated by the addition of MgCl, at a 1 mM final
concentration and terminated at times up to 60 s by the addition of 2 uL of 1% SDS.

Since DNA cleavage by CVM-1 topoisomerase 1 is not supported by Ca?* (32), DNA
religation was monitored using an alternative procedure (32). CVM-1 topoisomerase |I-DNA
cleavage/religation equilibria were established as above for plasmid DNA cleavage. Religation
was initiated by shifting reactions from a 30 °C bath to —5 °C bath. Reactions were stopped at
time points following the temperature shift by the addition of 2 uL of 1 % SDS.

All samples were processed and analyzed as described for plasmid DNA cleavage. The percent
DNA cleavage at time 0 was set to 100% and the rate of ligation was determined by quantifying
the loss of cleaved DNA over time.

Relaxation of Negatively and Positively Supercoiled DNA

Human topoisomerase lla relaxes positively supercoiled DNA >10-fold faster than it does
negatively supercoiled molecules (19). Based on amino acid comparisons with type Il
topoisomerases that do not preferentially remove positive superhelical twists, as well as
structural and enzymological studies with prokaryotic type Il enzymes (25-27), it has been
proposed that the C-terminal domain of topoisomerase Ila plays an important role in sensing
DNA geometry during relaxation (19).

As an initial test of this hypothesis, the ability of two viral enzymes to relax negatively and
positively supercoiled DNA was examined (Figures 1 and 2). PBCV-1 and CVM-1
topoisomerase Il are from different strains of chlorella virus. These enzymes are the two
shortest type Il topoisomerases identified to date (1062 and 1059 amino acids in length,
respectively) and are naturally truncated at the end of their central domains (29, 32). Thus, they
lack the entire C-terminal domain found in eukaryotic topoisomerase 1I. PBCV-1 and CVM-1
topoisomerase Il generate high levels of DNA cleavage intermediates, but in virtually all other
respects are remarkably similar to eukaryotic type Il enzymes (29-32).

Since type Il topoisomerases relax positively supercoiled DNA in a less processive manner
than they do negatively supercoiled molecules (19), DNA relaxation was monitored by
quantifying either the appearance of relaxed product (left panel) or the loss of supercoiled
substrate (right panel).Z Results of DNA relaxation assays are shown in Figures 1 (PBCV-1)
and 2 (CVM-1). Both viral enzymes displayed high rates of DNA relaxation irrespective of
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the handedness of the initial plasmid substrates. As determined by the appearance of relaxed
product, PBCV-1 and CVM-1 topoisomerase |1 appeared to relax negatively supercoiled
plasmids at faster rates. Alternatively, as determined by the loss of supercoiled substrate, both
enzymes appeared to relax positively supercoiled plasmids at rates that were slightly (2—to 3—
fold) faster. Compared to human topoisomerase lla, which relaxed positively supercoiled
molecules ~30-fold and 10-fold faster than negatively supercoiled plasmids by the two
methods of analysis, respectively (19), the viral type 11 topoisomerases display little (if any)
preference for relaxing either substrate. These findings support the hypothesis that the C-
terminal domain of the protein is required for topoisomerase 11 to sense the handedness of DNA
during relaxation.

Cleavage of Negatively and Positively Supercoiled DNA

As a prerequisite to the strand passage event, topoisomerase 11 generates a transient double-
stranded break in the genetic material (9,10,12-14). In contrast to results observed for DNA
relaxation, both human topoisomerase lla.and B are able to discern the handedness of supercoils
during the DNA cleavage event (28). The two enzyme isoforms maintain a lower level of DNA
cleavage intermediates (2— to 4—fold) when positively supercoiled, as opposed to negatively
supercoiled, plasmids are employed as substrates (19,28). This finding demonstrates that
topoisomerase Il employs distinct mechanisms to recognize DNA geometry during different
catalytic processes and suggests that the ability to distinguish the handedness of supercoils
during the cleavage event resides in the conserved N-terminal or central domains of the enzyme.
To address this issue, the effects of DNA under- and overwinding on the cleavage activities of
PBCV-1 and CVM-1 topoisomerase Il were examined (Figure 3).

Both viral enzymes were able to discern supercoil geometry during the DNA cleavage reaction.
As found for the human enzymes, levels of DNA cleavage intermediates generated by PBCV-1
and CVM-1 topoisomerase Il were ~2—to 4—fold lower when positively supercoiled plasmids
were used as substrates. These results provide strong evidence that the elements that sense the
handedness of DNA supercoils during the cleavage reaction of topoisomerase Il must be
located in the conserved N-terminal or central domain of the protein, rather than the C-terminal
domain.

Three additional experiments were carried out to further investigate the recognition of DNA
geometry during the cleavage event. First, the effects of DNA handedness on the site specificity
of PBCV-1 and CVM-1 topoisomerase Il were examined (Figure 4). Each enzyme cut
negatively and positively supercoiled substrates at the same sites. However, levels of scission
were reduced in the overwound molecules. Thus, the decrease in cleavage observed with
positively supercoiled DNA does not result from a geometry-specific alteration in site
specificity.

Second, the effects of supercoil geometry on enzyme-DNA binding were characterized (Figure
5). As determined by competitive binding experiments, PBCV-1 and CVM-1 topoisomerase
Il bound negatively and positively supercoiled plasmids with similar affinity. Therefore, the
recognition of DNA handedness during cleavage does not reflect an increased affinity for
negatively supercoiled substrates.

Third, the effects of supercoil handedness on enzyme-mediated DNA religation were examined
(Figure 6). Similar rates of religation were observed for both viral enzymes with negatively

2In order to allow a more direct comparison of reaction rates with negatively and positively supercoiled plasmids, attempts were made
to establish low ionic strength DNA relaxation conditions that would increase the processivity of viral topoisomerase Il with positively
supercoiled molecules. Unfortunately, this was not possible, as enzyme activity with both substrates decreased precipitously at ionic
strengths low enough to support processive relaxation of positively supercoiled DNA (data not shown).
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and positively supercoiled substrates. Taken together, these results suggest that the effects of
supercoil geometry must manifest themselves somewhere between the initial DNA binding
and religation events. Most likely, the actual cleavage event is impacted by the handedness of
the DNA substrate.

DISCUSSION

Previous studies with human and bacterial topoisomerases (19-21,25-28) suggest that the type
I enzyme utilizes two distinct mechanisms to recognize the handedness of DNA supercoils.

It has been proposed that the ability of some type Il enzymes, such as human topoisomerase

Ilo. and E. coli topoisomerase 1V, to distinguish supercoil geometry during DNA relaxation is
mediated by elements in the variable C-terminal domain (19,25-27). In contrast, the ability of
human topoisomerase llo and B to discern the handedness of DNA during cleavage suggests

that residues in the conserved N-terminal or central domain of the protein are involved in this
process.

As a first test of this hypothesis, the ability of two viral enzymes that lack the C-terminal
domain, PBCV-1 and CVM-1 topoisomerase Il (29,32), to relax and cleave negatively and
positively supercoiled plasmids was compared. While these enzymes relaxed under- and
overwound substrates at similar rates, they were able to discern the handedness of supercoils
during the cleavage reaction and preferentially cut negatively supercoiled DNA. These findings
are consistent with arole for the C-terminal domain of topoisomerase 11 in sensing the geometry
of superhelical twists during relaxation. Furthermore, they demonstrate that the ability to
discern supercoil geometry during DNA cleavage must reside within the conserved N-terminal
or central domain of the type Il enzyme.

The bimodal recognition of DNA geometry may contribute to the physiological functions of
topoisomerase Il. By using the variable C-terminal domain to distinguish positive from
negative supercoils during relaxation, specific type Il topoisomerases are better suited to
actively participate in the removal of torsional stress ahead of replication forks or transcription
complexes. Conversely, by using the conserved portions of the protein to discern DNA
geometry during cleavage, all type Il topoisomerases may maintain lower levels of cleavage
complexes with positively supercoiled DNA. This latter characteristic lessens the probability
of collisions between DNA tracking systems and covalent topoisomerase Il-cleaved DNA
complexes, thereby decreasing the chance that the enzyme will introduce permanent strand
breaks into the genome during its normal physiological activities.

The catalytic function of topoisomerase Il requires simultaneous interaction between the
enzyme and two distinct segments of DNA, the G-segment (the double helix that is cleaved by
the enzyme and is opened as a “gate”) and the T-segment (the double helix that is “transported”
through the open DNA gate) (13). These two DNA segments intersect as a crossover in the
active site of the enzyme, irrespective of the supercoiled state of the nucleic acid substrate.
However, the geometry of the crossover formed by negative or positive supercoils differs
significantly. While DNA nodes formed with positively supercoiled molecules are left-handed
and have acute angles (~60°), those formed with negatively supercoiled molecules are right-
handed and have obtuse angles (~120°) (27,37). As aresult, the preferred path of the T-segment
into and out of the active site of topoisomerase 11 should be greatly affected by the handedness
of crossover.

Itis not clear how topoisomerase |1 utilizes elements in different protein domains to sense DNA
geometry during different catalytic processes. Ultimately, the solution to this problem may

require detailed structural analysis of topoisomerase 1I-DNA complexes. However, based on
our studies with human (19,28) and chlorella virus type 1l topoisomerases, as well as models
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described for geometry sensing in bacterial topoisomerase IV (25-27), we propose the
following model for the actions of eukaryotic topoisomerase II.

Although the C-terminal domain of the type Il enzyme is distal to the active site of the protein,
it is believed to have specific interactions with the T-segment during relaxation (25-27). Thus,
recognition of DNA geometry during relaxation most likely is related to the path of the T-
segment that is imposed by handedness of the DNA crossover.

In contrast, the elements in the conserved domains of the type 1l enzyme that discern DNA
geometry during cleavage are likely to be located within (or proximal to) the active site of the
protein. Therefore, they may be in direct contact with both the T- and the G-segments and
provide the catalytic core of topoisomerase Il with an innate ability to recognize the angle of
the DNA crossover. Since the presence of the T-segment has been shown to increase scission
of the G-segment (38), it is possible that the geometry of the crossover may also affect the
ability of the enzyme to generate breaks in the DNA backbone. Alternatively, changes in DNA
twist associated with under- and overwinding profoundly alter the properties of the double
helix. Since the catalytic core of topoisomerase Il is in intimate contact with the G-segment
(13), the enzyme may recognize the twist of the G-segment rather than the angle of the DNA
crossover and maintain lower levels of cleavage complexes with overwound substrates.

In conclusion, topoisomerase 11 appears to recognize the geometry of DNA supercoils in a
bimodal fashion that involves elements in the C-terminal domain for relaxation and the N-
terminal or central domain for cleavage. This ability has implications for the catalytic function
of topoisomerase 11 and may account for some of the differences in the physiological roles
played by distinct type Il enzymes.
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FIGURE 1. PBCV-1 topoisomerase Il relaxes negatively and positively supercoiled plasmid DNA
at similar rates

Ethidium bromide-stained gels (top) depict a time course for relaxation of negatively [(-)SC]
or positively [(+)SC] supercoiled pBR322 plasmid DNA by PBCV-1 topoisomerase Il. The
positions of the supercoiled DNA (form I, FI) and relaxed DNA (form Il, FII) are indicated.
DNA relaxation was quantified from either the gain of relaxed product (left panel) or the loss
of supercoiled substrate (right panel). Data for negatively supercoiled substrates are
represented by open symbols and positively supercoiled substrates by closed symbols. Error
bars represent the standard deviation of three to four independent experiments.
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FIGURE 2. CVM-1 topoisomerase Il relaxes negatively and positively supercoiled plasmid DNA
at similar rates

Ethidium bromide-stained gels (top) depict a time course for relaxation of negatively [(-)SC]
or positively [(+)SC] supercoiled pBR322 plasmid DNA by CVM-1 topoisomerase Il. The
positions of the supercoiled DNA (form I, FI) and relaxed DNA (form I, FII) are indicated.
DNA relaxation was quantified from either the gain of relaxed product (left panel) or the loss
of supercoiled substrate (right panel). Data for negatively supercoiled substrates are
represented by open symbols and positively supercoiled substrates by closed symbols. Error
bars represent the standard deviation of three to four independent experiments.
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FIGURE 3. Type Il topoisomerases from chlorella viruses maintain lower levels of DNA cleavage
complexes with positively supercoiled DNA than with negatively supercoiled molecules

The ability of 0—20 nM PBCV-1 (left panel) or CVM-1 (right panel) topoisomerase I to cleave
10 nM negatively [(-)SC, open symbols] or positively [(+)SC, closed symbols] supercoiled
pBR322 plasmid DNA is shown. Error bars represent the standard deviation of three to five
independent experiments.
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FIGURE 4. The DNA cleavage specificity of chlorella virus type Il topoisomerases is not altered
by the handedness of the supercoiled substrate

Sites cleaved by PBCV-1 or CVM-1 topoisomerase Il were mapped in negatively [(-)SC] or
positively [(+)SC] supercoiled pBR322 plasmid DNA. Products of DNA cleavage assays were
linearized and singly-end labeled with [32P]phosphate. The autoradiogram is representative of
at least two independent assays.
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FIGURE 5. Type Il topoisomerases from chlorella viruses display similar binding affinities for

negatively and positively supercoiled DNA

The ability of 0-20 nM negatively supercoiled [(-)SC, open symbols] or positively [(+)SC,
closed symbols] supercoiled pBR322 plasmid DNA to compete with the binding of 5 nM

[32P]-labeled linear pBR322 DNA by PBCV-1 (left panel) or CVM-1 (right panel)

topoisomerase |1 is shown. Percent linear DNA bound was determined by the ratio of cpm

retained on a nitrocellulose filter vs. the input amount of radioactivity. Error bars represent the

standard deviation of three independent assays.
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FIGURE 6. Type Il topoisomerases from chlorella viruses display similar rates of religation with
negatively and positively supercoiled DNA

A time course of religation in the presence of negatively [(-)SC, open symbols] or positively
[(+)SC, closed symbols] supercoiled pBR322 plasmid by PBCV-1 (left panel) or CVM-1 (right
panel) is shown. DNA religation was initiated by shifting the divalent cation (PBCV-1) or the
reaction temperature (CVM-1) as described under Experimental Procedures. The initial level
of DNA cleavage was set to 100% and the rate of ligation was determined by quantifying the
loss of the cleaved DNA over time. Error bars represent the standard deviation of three
independent assays.
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