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The double-helical nature of DNA and the anchoring of DNA tc nuclear
structures result in a number of topological problems during replication
and transcription, mainly due to DNA-tracking polymerases and heli-
cases. These activities cause the accumulation of positive supercoils
ahead of the moving polymerase and negative supercoils behind it (Liu
and Wang 1987; Brill and Sternglanz 1988; Giaever and Wang 1988; Wu
et al. 1988). (By definition, DNA becomes positively supercoiled when
there is a decrease in the number of base pairs per helical turn below
10.3. Likewise, an increase in the number of base pairs per turn above
10.3 results in negatively supercoiled DNA.) The topological imbalance
will, if not leveled, ultimately present an impenetrable energy barrier to
the tracking protein complexes (Gartenberg and Wang 1992). Enzymes
that influence the topological state of DNA thus play a crucial role in
controlling the physiological functions of DNA.

In the eukaryotic cell, the topological structure of DNA is modulated
by two groups of ubiquitous enzymes known as type I and type II topo-
isomerases. The enzymes alter the DNA linking number, which is the
number of times the two strands are interwound. Type I enzymes (topo-
isomerase I and the evolutionarily distinct topoisomerase III) inter-
convert different topological forms of DNA by breaking and rejoining a
single strand of the DNA double helix, changing the linking number in
steps of one. Type II enzymes (topoisomerase II), however, catalyze
topology changes by reversibly breaking both strands of the DNA double
helix, resulting in a linking number change of two (Vosberg 1985; Wang
1987).

DNA Replication in Eukaryotic Cells
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TYPE | TOPOISOMERASES
Physical Characteristics

The first eukaryotic topoisomerase I activity was purified from rat liver
cells in 1972 as an untwisting enzyme capable of relaxing negatively su-
percoiled DNA (Champoux and Dulbecco 1972). Since then, topoisom-
erase | activities have been purified from a broad range of eukaryotic
organisms and tissues (for review, see Vosberg 1985). The enzyme is
present as a monomer in solution with a molecular mass of approximate-
ly 90-110 kD.

Topoisomerase I coding sequences have been reported for a number
of eukaryotic species, including yeasts (Thrash et al. 1985; Uemura et al.
1987a), Drosophila (Hsieh et al. 1992), mouse (Koiwai et al. 1993), and
human (D’Arpa et al. 1988). Sequence comparisons show that a central
region of 400-450 amino acids and a carboxy-terminal region of about
70 amino acids are highly conserved in eukaryotic topoisomerase I. The
active site is located in the carboxy-terminal region, and the tyrosine in-
volved in the transient covalent linkage to DNA has been mapped in Sac-
charomyces cerevisiae and Schizosaccharomyces pombe to residues 727
(Lynn et al. 1989) and 771 (Eng et al. 1989), respectively. Alsner et al.
(1992) have found that a small amino-terminal region, not required for
topoisomerase I activity in vitro, is responsible for nuclear localization,
but apart from this, little is known about the functional organization of
the enzyme.

Kunze et al. (1990) have characterized the promoter region of the hu-
man TOPI gene. It holds the characteristics of other housekeeping genes
and, accordingly, the enzyme level does not vary significantly during
the cell cycle (Heck et al. 1988). Generally, the enzyme is constantly
expressed at a level of 105 to 10% copies per cell (Champoux and
McConaughy 1976; Liu and Miller 1981).

Topoisomerase I is posttranslationally modified and presumably posi-
tively regulated by phosphorylation. The kinases involved have been pro-
posed to be protein kinase C (Pommier et al. 1990; Cardellini and Dur-
ban 1993) and nuclear casein kinase II (Durban et al. 1985).

Enzymology of Topoisomerase |

Topoisomerase I relaxes both negatively and positively supercoiled DNA
to completion with no requirement for divalent cations or ATP (Table 1
and Fig. 1), and the catalytic cycle can be separated into DNA binding,
cleavage, strand passage, religation, and turnover (Fig. 2).
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Figure 1 Reactions catalyzed by DNA topoisomerases. DNA topoisomerases
catalyze the relaxation of positively and negatively supercoiled DNA (A),
catenation/decatenation of DNA (B), and knotting/unknotting of DNA (C). For
enzyme specificities and other details, see Table 1.

The substrate specificity of topoisomerase I has been widely studied,
and it appears that the enzyme recognizes double-stranded DNA, rela-
tively independent of sequence. A highly degenerate consensus sequence
has been reported for the four base pairs located immediately 5to the
site of topoisomerase-I-mediated cleavage (Edwards et al. 1982; Been et
al. 1984; Jaxel et al. 1991). Despite the apparent promiscuity in binding-
site selection, sites have been described to which topoisomerase I binds
with high affinity. Thus, a site initially described in the rDNA of
Tetrahymena thermophila is a site of preferential binding and cleavage in
vivo and in vitro (Bonven et al. 1985; Andersen et al. 1985; Thomsen et
al. 1987), as well as a site mediating preferential catalytic activity (Busk
et al. 1987). Several studies suggest that topoisomerase I recognizes
gross structural features of the DNA double helix rather than base se-
quence per se. Particularly, it seems that bent DNA is the substrate of
choice. This is reflected in the preferential action on highly supercoiled
or otherwise curved DNA (Camilloni et al. 1988, 1989; Caserta et al.
1989,1990) and by the finding that the high-affinity sequence described
above exhibits static intrinsic curvature (Krogh et al. 1991).

Footprinting and interference studies of topoisomerase I show protec-
tion and interference in the "consensus" region 5 to the nick, but interac-
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Figure 2 Steps in the catalytic cycle of eukaryotic DNA topoisomerase I. DNA
topoisomerase I binds noncovalently to DNA () and cleaves one of the DNA
strands, forming a covalent linkage between the newly generated 3’ -phosphate
and the active-site tyrosine (/). DNA strand passage then takes place, followed
by DNA ligation (/II). The enzyme can interact with DNA in either a distribu-
tive or a processive mode (McConaughy et al. 1981). In the distributive mode
(IV), the enzyme dissociates from the DNA after ligation, whereas in the proces-
sive mode (V), the enzyme reenters the catalytic cycle without dissociation from
the DNA.
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tion is also observed 3 to the nick (Stevnsner et al. 1989; Bendixen et al.
1990; Krogh et al. 1991). This additional 3’ contact was later confirmed
by the use of oligonucleotide substrates (Christiansen et al. 1993; Chris-
tiansen and Westergaard 1994), and it has been proposed to operate as a
topology sensor (Krogh et al. 1991). The topoisomerase-I-mediated DNA
cleavage reaction has traditionally been studied by detergent trapping of
cleavage complexes (Vosberg 1985) but has recently been investigated
using suicidal DNA substrates; i.e., partially single-stranded DNA or
oligonucleotide duplexes (Been and Champoux 1981; Svejstrup et al.
1991; Christiansen et al. 1993). Mechanistically, topoisomerase I acts by
directing a nucleophilic attack from the hydroxyl group of an internal
tyrosine into a phosphodiester bond in the DNA backbone, resulting in
nicking of one strand of the DNA double helix and formation of a cova-
lent linkage between the 3’ -phosphate and the tyrosine hydroxyl group.

The mechanism of strand passage has not been described in detail, but
two different models have been proposed: (1) the "strand passage
model," where the intact strand passes through the nicked strand, requir-
ing local DNA denaturation, and (2) the "swiveling model," where the
free 5/-OH end is able to rotate around the intact strand, either freely or
in a stepwise fashion. Following topoisomerization, the nick is religated
by a nucleophilic attack of the 5’-OH end on the O*-phosphotyrosine
bond, releasing the enzyme (for reviews, see Maxwell and Gellert 1986;
Osheroff 1989b). When oligonucleotide DNA duplexes are used as sub-
strates for topoisomerase I, the generated cleavage complex contains an
active enzyme, which is able to ligate the cleaved DNA to a variety of
DNA fragments containing a free 5’-OH end. Using this system, it has
been found that the enzyme preferentially ligates the cleaved DNA to
single-stranded DNA having the ability to base-pair, although religation
to substrates with incomplete base-pairing or to DNA with blunt ends has
also been described (Christiansen et al. 1993; Christiansen and Wester-
gaard 1993, 1994).

TYPE Il TOPOISOMERASES
Physical Characteristics

All type II topoisomerases studied so far are structurally related and
show similar physical properties. The gene for topoisomerase II has been
cloned from a variety of eukaryotic organisms, including yeasts (Giaever
et al. 1986; Uemura et al. 1986), protozoans (Strauss and Wang 1990;
Fragoso and Goldenberg 1992; Pasion et al. 1992), Drosophila (Wyckoff
et al. 1989), mouse (Adachi et al. 1992), rat (Park et al. 1993), and hu-
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man (Tsai-Pflugfelder et al. 1988; Jenkins et al. 1992; Austin et al.
1993). The enzyme is encoded by a single-copy gene, but it exists in
solution as a homodimer (Vosberg 1985) with molecular masses ranging
from about 300 kD to 360 kD. Only one topoisomerase Il form has been
found in lower eukaryotes, whereas two forms, the a form and the B
form, exist in humans and probably in all higher eukaryotes (Drake et al.
1989a). The two isoforms have different DNA-binding/cleavage site
preferences and different DNA dissociation rates and also show dif-
ferences in their susceptibility to drugs (Drake et al. 1989b).

Sequence homology studies have shown that type II topoisomerases
from various eukaryotic sources are highly conserved, with the amino
acid sequence of the enzymes sharing an overall homology of about
50%. Homology is extensive in the amino-terminal approximately 1200
amino acids, but the carboxy-terminal 200-300 amino acids show no
conservation (Wyckoff et al. 1989). The conserved state of the enzymes
is further seen from the ability of several eukaryotic topoisomerase II
genes to complement a yeast fop2'S mutant or a top2 null mutant
(Uemura et al. 1987b; Wyckoff and Hsieh 1988; Adachi et al. 1992).

Eukaryotic topoisomerase II shows significant homology with the
bacterial type Il topoisomerase enzyme, DNA gyrase. The latter is
tetrameric (A,B,), consisting of two distinct subunits, GyrA and GyrB,
where GyrA contains the active site for DNA-cleavage/religation and
GyrB holds the ATPase activity (for review, see Reece and Maxwell
1991; Orphanides and Maxwell 1994). Based on the homology of the
amino-terminal approximately 650 amino acids in the eukaryotic enzyme
to GyrB, this region has been inferred to be responsible for ATP
hydrolysis, in agreement with the observation that point mutations in this
region abolish ATP binding (Uemura et al. 1987b; Lindsley and Wang
1991). Likewise, the amino-terminal part of GyrA holding the active site
is homologous to the region from amino acids approximately 650 to 900
in the eukaryotic enzyme, correlating well with the identification of the
active-site tyrosine to Y783 in S. cerevisiae (Worland and Wang 1989).
The final carboxy-terminal region from amino acid 1200 has no counter-
part in DNA gyrase. The region is rich in highly charged amino acids,
suggesting an involvement in DNA binding (Uemura et al. 1986).
Nuclear localization signals have been found in the nonconserved region,
although the outermost 200-250 amino acids are dispensable for cell
viability (Shiozaki and Yanagida 1991, 1992; Crenshaw and Hsieh 1993;
Caron et al. 1994).

The promoter region of the gene for human topoisomerase Ila shares
several features of traditional housekeeping gene promoters, but it con-
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tains in addition a regulatory region with a structure similar to that found
in proliferation-specific genes (Hochhauser et al. 1992). This is in agree-
ment with observations showing that the amount of topoisomerase Ila
varies with respect to the proliferative state of the cell and the position in
the cell cycle (Heck and Earnshaw 1986; Fairman and Brutlag 1988;
Swedlow et al. 1993). Actively proliferating cells contain about 105
copies per cell, whereas the enzyme is hardly detectable in quiescent or
terminally differentiated cells (Heck and Earnshaw 1986; Fairman and
Brutlag 1988; Hsiang et al. 1988). The nuclear level of enzyme raises
steadily from the end of mitosis until prophase and drops rapidly during
metaphase and anaphase (Swedlow et al. 1993), suggestive of a mitotic
involvement of the enzyme. In contrast to the o form, immuno-
histochemical studies of topoisomerase IIff expression have shown that
this enzyme is mainly expressed in G, cells, and the amount of the en-
zyme is more or less constant once the cells have entered the cell cycle
(Drake et al. 1989a; Woessner et al. 1991; Prosperi et al. 1992).

Topoisomerase II has been shown to be posttranslationally modified
by phosphorylation (Cardenas and Gasser 1993), with the major phos-
phorylation sites located in the extreme carboxy-terminal domain.
Phosphorylation modulates the overall catalytic activity of topoisomerase
I by stimulating the rate-limiting ATP hydrolysis step and, thus, the
catalytic turnover rate of the enzyme (Corbett et al. 1992, 1993). Several
lines of evidence have suggested casein kinase II as the kinase
responsible for phosphorylation in vivo (Ackerman et al. 1988; Heck et
al. 1989; Cardenas et al. 1992; Saijo et al. 1992), but protein kinase C
and p34cdc? kinase may play a role as well (Rottmann et al. 1987; Car-
denas et al. 1992; DeVore et al. 1992). Cell cycle variations exist in the
level of topoisomerase II phosphorylation (Heck et al. 1988, 1989; Car-
denas et al. 1992; Saijo et al. 1992), with the enzyme being hyper-
phosphorylated during mitosis. Furthermore, the phosphorylation pat-
terns vary throughout the cell cycle for both topoisomerase II isoforms
(Burden and Sullivan 1994; Kimura et al. 1994).

Enzymology of Topoisomerase I}

Eukaryotic topoisomerase II introduces transient double-stranded breaks
into the DNA backbone and changes the linking number of DNA in steps
of two, via a double-stranded energy-requiring DNA passage mechanism
(Vosberg 1985; Maxwell and Gellert 1986; Osheroff 1989b). The en-
zyme catalyzes relaxation of negatively as well as positively supercoiled
DNA (Osheroff et al. 1983; Schomburg and Grosse 1986) and is able to
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interconvert different topological forms of double-stranded DNA by
catenation/decatenation (Hsieh and Brutlag 1980; Goto and Wang 1982)
and knotting/unknotting (see Table 1 and Fig. 1) (Liu et al. 1980; Hsieh
1983).

Topoisomerase II requires the presence of divalent cations (Goto and
Wang 1982; Goto et al. 1984; Osheroff 1987; Andersen et al. 1989; Lee
et al. 1989) and ATP as an energy source (Shelton et al. 1983; Goto et al.
1984; Osheroff 1986) for all catalytic reactions. The enzyme relaxes su-
percoiled DNA in a highly processive manner, as the rate of relaxation is
considerably faster than the rate of dissociation of the enzyme/DNA
complex (Osheroff et al. 1983; Schomburg and Grosse 1986).

A number of mechanistic studies on topoisomerase II have broken the
reaction into at least six discrete steps, as shown in Figure 3 (for review,
see Osheroff et al. 1991; Orphanides and Maxwell 1994). A current
model (Roca and Wang 1992, 1994) suggests that the enzyme acts as a
molecular clamp, which is open in the absence of ATP and closed in the
presence of ATP or an ATP analog. In the absence of ATP, the enzyme
can bind noncovalently to a linear or circular DNA, the gate segment or
G-segment (step 1). Another DNA segment, the transported segment or
T-segment, can now pass in and out of the clamp as long as the clamp
stays in the open form (step 2). Still in the absence of ATP, topoisom-
erase II can mediate a double-stranded cleavage of the G-segment, which
can be religated without any change in the overall DNA topology (step
3). The cleavage/religation process is an equilibrium, which normally is
shifted toward religation. However, when ATP is present and binds to
the DNA-bound enzyme, a conformational change occurs, whereby the
protein clamp closes. If a T-segment has entered the clamp before
closure, it will be trapped in the clamp and transported through the
transiently cleaved G-segment (step 4). How the final exit of the T-
segment from the complex takes place has been a subject of much
debate. A two-gate operation of the enzyme has been proposed to explain
how the T-segment leaves the enzyme/DNA complex through a second
opening in the enzyme (Roca and Wang 1994). According to this, the
second protein gate recloses upon the exit of the T-segment (step 5), and
after hydrolysis of ATP the clamp returns to its initial conformation (step
6). The enzyme is then able to enter a new catalytic cycle or dissociate
from the DNA.

The steps 1 (noncovalent DNA binding) and 3 (cleavage/religation)
have been studied in detail. Noncovalent DNA binding can be analyzed
in the absence of divalent cations (Osheroff 1987; Sander et al. 1987).
The enzyme binds preferentially to negatively supercoiled DNA (Osher-
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Figure 3 Steps in the catalytic cycle of the homodimeric, ecukaryotic
topoisomerase II enzyme. DNA topoisomerase II binds noncovalently to the G-
segment (step 1) and another DNA segment, the T-segment, can pass in and out
of the molecular clamp formed by the enzyme (step 2) (Roca and Wang 1992).
The enzyme introduces a transient double-stranded cleavage in the G-segment
(step 3). In the presence of ATP, the enzyme undergoes a conformational change
allowing the T-segment to pass through the break in the G-segment and leave
the complex via a second opening in the enzyme (step 4). After reclosure of this
opening (step 5), ATP is hydrolyzed, and the enzyme returns to its initial con-
formation (step 6). The dark and light helices represent the G- and T-segments,
respectively.

off and Brutlag 1983; Osheroff 1986), and footprinting has shown that
the enzyme protects about 25 bp (Lee et al. 1989; Thomsen et al. 1990).
Subsequent to DNA binding, topoisomerase II will cleave the DNA
and enter a cleavage/religation equilibrium if divalent cations are present.
The homodimeric enzyme makes a 4-bp staggered cleavage of the DNA
duplex (for reviews, see Vosberg 1985; Maxwell and Gellert 1986) and
becomes linked to the protruding 5’ends through O*-phosphotyrosine
bonds (Liu et al. 1983; Sander and Hsieh 1983). The cleavage complex
has been studied in detail by treatment of the equilibrium with a strong
denaturing agent, which traps the covalently linked enzyme/DNA com-
plex (for reviews, see Vosberg 1985; Maxwell and Gellert 1986;
Osheroff 1989b). Identical cleavage complexes can be generated in an
active form, when suicidal DNA substrates are used for topoisomerase II,
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i.e., single-stranded DNA or duplex DNA 5’recessed on one strand
(Gale and Osheroff 1990; Andersen et al. 1991). Investigation of
cleavage complex formation has shown that eukaryotic topoisomerase 11
acts at preferred sites and shows some nucleotide sequence specificity in
its cleavage reaction (Spitzner and Muller 1988; Andersen et al. 1989;
Spitzner et al. 1990), although only rather weak consensus sequences
have been obtained (Sander and Hsieh 1985; Spitzner and Muller 1988).
The minimum duplex region required for topoisomerase-II-mediated
cleavage has been established to be 16 bp located symmetrically around
the 4-bp stagger (Lund et al. 1990). DNA cleavage absolutely requires
the presence of divalent cations (Sander and Hsieh 1983; Osheroff 1987,
Andersen et al. 1991), usually magnesium, but calcium can be sub-
stituted (Osheroff and Zechiedrich 1987; Andersen et al. 1989;
Zechiedrich et al. 1989). Furthermore, the reaction has no requirement
for ATP, although the energy cofactor stimulates cleavage two- to
threefold (Sander and Hsieh 1983; Osheroff 1986).

When suicidal DNA substrates are used, the cleavage complex con-
tains a kinetically competent topoisomerase Il enzyme able to perform
ligation of the cleaved DNA to a free 3’-hydroxyl end on another DNA
strand (Gale and Osheroff 1990, 1992; Andersen et al. 1991). Studies of
the religation half-reaction per se have shown that the efficiency of the
ligation reaction is enhanced if the ligating DNA is able to hybridize to
the cleaved DNA (Andersen et al. 1991; Schmidt et al. 1994).
Dinucleotides capable of base-pairing are ligated, but the ligation reac-
tion displays a strong preference for double-stranded DNA with a four-
base, single-stranded region (Andersen et al. 1991; Schmidt et al. 1994).
Like the cleavage reaction, the religation half-reaction absolutely re-
quires divalent cations, but it takes place in the absence of ATP (Gale
and Osheroff 1990; Andersen et al. 1991).

INHIBITORS OF DNA TOPOISOMERASES

DNA topoisomerases have been identified as the cellular target for a
number of clinically relevant antineoplastic drugs (Table 2) (for reviews,
see Liu 1989; Osheroff et al. 1991; Pommier 1993; Wang 1994). The
drugs interfere with the catalytic cycle of topoisomerase I and II and can
be divided into two groups on the basis of their interaction mode. Drugs
belonging to the first group (group I) influence the cleavage/religation
equilibrium (step 3 in Fig. 3), stabilizing the covalently linked
topoisomerase/DNA intermediate by stimulation of the forward cleavage
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reaction and/or inhibition of the religation half-reaction (Osheroff 1989a;
Robinson and Osheroff 1990; Sgrensen et al. 1992). Camptothecins,
which for the time being are the most potent topoisomerase I inhibitors,
belong to this group (Kunimoto et al. 1987; Johnson et al. 1989). Group I
also includes the most potent topoisomerase II drugs, which can broadly
be categorized into DNA intercalators including amsacrine (mAMSA),
ellipticine, and mitoxantrone; and non-intercalators like etoposide
(VP16), teniposide (VM26), genistein, and the quinolone, CP115,953
(Liu 1989; Osheroff et al. 1991).

The second group (group II) includes agents that interfere with the
catalytic cycle of topoisomerases without trapping the covalent
topoisomerase/DNA complex. Members of this group are merbarone
(Drake et al. 1989b), aclarubicin (Jensen et al. 1990), ICRF-193 (Tanabe
et al. 1991; Roca et al. 1994), and suramin (Bojanowski et al. 1992), all
of which target topoisomerase II.

Drugs belonging to both groups have been widely used as tools to
probe the reaction mechanisms of DNA topoisomerases. Group I drugs
have been used in the mapping of topoisomerase/DNA interaction sites
in vitro and in vivo. Drug-trapping of the enzyme covalently linked to
cleaved DNA has allowed studies of the DNA sequence specificities of
the enzymes, although sites cleaved by topoisomerases are stimulated
differently by drug treatment (Kjeldsen et al. 1988).

Studies have shown that topoisomerase inhibitors exert different base
preferences, indicating drug interaction with the preferred base (Pommier
et al. 1993). This has been further demonstrated by Kreuzer and
coworkers, who have shown cross-linking of a photoreactive mAMSA
derivative to one of the residues in the base pair 5’to the cleaved
phosphodiester bond (Freudenreich and Kreuzer 1994).

Information on the mechanistic activity of group II drugs is scarce.
However, ICRF-193 has been found to inhibit topoisomerase II via a
novel mechanism (Roca et al. 1994). In the presence of ATP, the drug
locks the enzyme in a salt-stable conformation, analogous to the ATP-
bound closed-clamp form of topoisomerase II. After formation of the
closed form, ATP can be removed without opening of the clamp, sug-
gesting that ICRF-193 acts by inhibiting the interconversion between the
open and closed form of the enzyme (steps 5 and 6 in Fig. 3).

The final result of cell treatment with most topoisomerase-targeting
drugs is cell killing, but little is known about the underlying causes of
this event (for review, see Zhang et al. 1990). A major determinant of
group I drug cytotoxicity is suggested to be an interconversion of the
drug-stimulated, enzyme-mediated cleavages into irreversible double-
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stranded DNA breaks. This model is supported by the fact that mutations
in RADS52, which is involved in the repair of double-stranded breaks, in-
crease the cytotoxicity of these drugs considerably (Nitiss and Wang
1988). Some of the likely candidates responsible for the conversion are
the replicational and transcriptional machineries through their collision
with the drug-induced cleavage complexes (Snapka 1986; Snapka et al.
1988; Hsiang et al. 1989; Bendixen et al. 1990; Thomsen et al. 1990).
Cell killing by group II drugs targeting topoisomerase I has been sug-
gested to result from chromosomal breakage and aneuploidy due to pro-
gression through mitosis in the absence of a functional topoisomerase I1
enzyme (Holm et al. 1989; Downes et al. 1991; Wang 1994) (see below).

BIOLOGICAL FUNCTIONS OF DNA TOPOISOMERASES
Topoisomerases as Modulators of Transcription

In 1987, Liu and Wang proposed that the tracking of an RNA
polymerase along a DNA helix would generate a positively supercoiled
domain in front of it and a negatively supercoiled domain behind it. Ex-
periments supporting this model have been reported in both prokaryotes
(Wu et al. 1988) and eukaryotes (Giaever and Wang 1988). The so-called
"twin supercoil domain” model clearly demonstrates a need for
topoisomerases in transcription.

Topoisomerase I has been shown to be preferentially associated with
genes actively transcribed by RNA polymerase II (Gilmour and Elgin
1987; Stewart and Schutz 1987; Kroeger and Rowe 1989, 1992; Stewart
et al. 1990), and RNA elongation has been found to be inhibited by
antibodies directed against topoisomerase I (Egyhazi and Durban 1987).
Furthermore, a kinetic study of RNA polymerase II and topoisomerase I
activities on the c-fos proto-oncogene after activation has revealed a
close linkage of the two activities (Stewart et al. 1990).

Besides a role of topoisomerase I in transcriptional elongation, a num-
ber of recent reports argue that topoisomerase I plays a direct role in the
regulation of transcriptional initiation by acting as a repressor of the
basal-level transcription (Choder 1991; Merino et al. 1993). A hint
toward a specific mechanism for transcriptional repression was given by
the finding that topoisomerase I might interact directly with the TATA-
binding protein (TBP), thereby competing with the binding of TFIIA and
other TBP-binding factors. The repression obtained by this interaction
seems independent of topoisomerase I enzymatic activity, because
active-site mutants behave similarly (Merino et al. 1993).
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An involvement of topoisomerase II in RNA polymerase II transcrip-
tion has been inferred by the preferential presence of topoisomerase II
cleavage sites in DNase-hypersensitive regions 5’or 3to actively tran-
scribed genes (Reitman and Felsenfeld 1990; Kroeger and Rowe 1992)
and by the localization of topoisomerase-II-mediated cleavage sites in
transcriptional enhancer regions (Cockerill and Garrard 1986; Gasser and
Laemmli 1986).

The transcription of IDNA by RNA polymerase I constitutes around
80% of the total transcription in S. cerevisiae, and accumulation of 18S
and 25S rRNA is critically dependent on the presence of either
topoisomerase I or topoisomerase II (Brill et al. 1987). An abundance of
topoisomerase [ in nucleoli has been documented by immuno-
fluorescence and by SDS cleavage studies (Fleischmann et al. 1984;
Muller et al. 1985; Zhang et al. 1988). Furthermore, high-affinity binding
sites for topoisomerase I have been reported in the upstream spacer
region in the IDNA from Tetrahymena and Dictyostelium (Gocke et al.
1983; Andersen et al. 1985; Bonven et al. 1985; Ness et al. 1986; Bettler
et al. 1988).

In contrast to RNA polymerases I and II, RNA polymerase III is ap-
parently unaffected by topoisomerase activity in vivo, as shown by Brill
et al. (1987), who reported that the amount of tRNA produced in an S.
cerevisiae topl-top2s double mutant was indistinguishable from the
amount in wild-type cells.

DNA Topoisomerases in Replication, Mitosis, and Meiosis

Ongoing replication requires the removal of positive supercoils generated
ahead of the replication fork (for review, see Nitiss 1994), and on the
basis of studies on the replication of SV40 DNA (Sundin and Var-
shavsky 1981; Yang et al. 1987; Snapka et al. 1988; Porter and
Champoux 1989), it has been proposed that topoisomerase I provides the
major swivel activity during replicational elongation. The enzyme is,
however, lost from the DNA before replication has finished, due to steric
hindrance from the two progressing replication forks. In the absence of
swivel activity, continued replication fork movement results in daughter
molecule intertwinings, which subsequently are removed by topo-
isomerase-II-mediated decatenation (Nelson et al. 1986). The model has
been supported by data obtained with different yeast mutants. When the
replicational elongation process is studied in yeast, fopl mutants, but not
top2 mutants, show a distinct delay in replicational elongation (Kim and
Wang 1989a). Furthermore, topoisomerase II appears essential for cell
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survival (Goto and Wang 1984), where the onset of inviability coincides
with the time of mitosis (Holm et al. 1985). Inviability can, however, be
prevented if formation of the mitotic spindle is inhibited by nocodazole,
suggesting an involvement of topoisomerase II during chromosome
segregation. Topl mutants show a dispensability of topoisomerase I ac-
tivity for yeast survival (Goto and Wang 1985; Thrash et al. 1985),
whereas topl-top2' double mutants show phenotypes strikingly different
from those of the single mutants in that they rapidly stop growth at the
nonpermissive temperature, irrespective of the cell cycle stage (Uemura
and Yanagida 1984; Goto and Wang 1985; Holm et al. 1985; Brill et al.
1987).

Studies with the yeast mutants have shown that topoisomerase-II-
mediated decatenation of interwound sister chromatids takes place at
mitosis, rather than at the end of replication. This has been proposed to
result from a requirement of a directional force for topoisomerase II.
During mitosis, a force is given by the pulling of the mitotic spindle,
which can direct the untangling activity of the enzyme (Holm et al. 1989;
Holm 1994). There seems to be no regulatory checkpoint for the untan-
gling process in yeast. Thus, in the absence of topoisomerase II activity,
chromosome segregation still proceeds, resulting in chromosome break-
age, nondisjunction, and finally, cell death (Uemura and Yanagida 1986;
Uemura et al. 1987b; Holm et al. 1989; Spell and Holm 1994). In mam-
malian cells, however, strong evidence for a topoisomerase-II-dependent
checkpoint in G, has recently been described (Downes et al. 1994).

During meiosis I, topoisomerase II is required at the time of
chromosome segregation for the resolution of recombined chromosomes
(Rose et al. 1990). Top2* yeast mutants induced to sporulate at the non-
permissive temperature complete early meiotic events, including
premeiotic DNA synthesis and commitment to meiotic levels of recom-
bination, but arrest in meiosis I prior to spindle formation, before suffer-
ing significant DNA damage. Meiotic cells thus have a checkpoint mech-
anism, in contrast to mitotic cells, preventing an otherwise lethal
chromosome segregation (Rose and Holm 1993). In meiosis II,
topoisomerase II plays a role similar to that in mitosis (Rose et al. 1990).

Topoisomerases in Recombination

Mutant strains of S. cerevisiae lacking topoisomerase 1, II, or III display
a dramatic increase in homologous recombination. Christman et al.
(1988) reported that strongly increased levels of mitotic recombination
occur in topl and top2* single mutants. The effect was only observed
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when measuring the rate of loss of a marker embedded in the rDNA ar-
ray. No measurable increase or decrease in recombination was detected
when direct repeat recombination was studied elsewhere in the genome
(Christman et al. 1988). A strong effect upon recombination has also
been observed in yeast cells deficient for topoisomerase III, where a
more than 70-fold increase in the frequency of IDNA marker loss is seen
(Gangloff et al. 1994). In contrast to the observation with fop! and fop2
mutants, top3 mutants have also been found to be hyperrecombinogenic
for mitotic recombination events occurring outside the rDNA locus
(Wallis et al. 1989; Bailis et al. 1992). It appears that it is the combined
action of topoisomerases I, I, and III that stabilizes the genomic rDNA
array, performing different, but overlapping, functions. The exact cause
for the elevated recombination rates has not been defined, but it has been
suggested that highly supercoiled DNA structures in the topoisomerase
mutants are processed into recombinogenic lesions by the excision repair
machinery (Kim and Wang 1989b; Bailis et al. 1992). A recent finding
by Fink and coworkers supports the notion that aberrant DNA structures
do arise due to the lack of DNA topoisomerase activity, as they have
demonstrated an rDNA-linked chromosome abnormality in S. cerevisiae
topl mutants, but not in top2 mutants (Christman et al. 1993). Whether
these structures are a result of recombination or aberrant replication is
still unclear. Although topoisomerases act as suppressors of recombina-
tion, none of the topoisomerase mutants has so far been shown to have
deficiencies in the mechanism of homologous recombination.

Both topoisomerases I and II are able to rearrange DNA fragments in
vitro when suicidal DNA substrates are used for cleavage (Been and
Champoux 1981; Champoux et al. 1984; Bae et al. 1988; Gale and
Osheroff 1990, 1992; Andersen et al. 1991; Christiansen et al. 1993).
The covalent complexes generated with these substrates are energetically
active and religate intra- and intermolecularly to free hydroxyl ends.
Topoisomerases are thus possible candidates as mediators of illegitimate
recombination under the assumption that similar aberrant DNA structures
might be present in vivo and physically available to the action of
topoisomerases. Studies of the junction sequences resulting from il-
legitimate recombination events have indicated a high occurrence of sites
matching the consensus sequence of topoisomerase I, at or near the junc-
tions, both in mammalian cells (Bullock et al. 1985; Konopka 1988;
Wang and Rogler 1991) and in yeast (Schiestl et al. 1993). Using a
similar approach, it has also been suggested that topoisomerase II
promotes illegitimate recombination in vivo (Sperry et al. 1989; Han et
al. 1993) and in vitro (Schmidt et al. 1994).
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CONCLUDING REMARKS

DNA topoisomerases are ubiquitous enzymes that change the topological
state of DNA without altering the overall outline of the DNA double
helix (Vosberg 1985; Maxwell and Gellert 1986; Watt and Hickson
1994). In the past decade, the biological importance of these enzymes
has been manifested through genetic and biochemical studies that have
described roles of the enzymes in transcription, replication, recombina-
tion, and chromosome dynamics. Recently, new forms of both type I and
type II topoisomerases have been discovered, and it is hoped that the fu-
ture will elucidate the distinct roles of the different eukaryotic
topoisomerase enzymes.

An interesting area in the topoisomerase field is the interaction of
topoisomerases with other proteins. The interaction between topoisom-
erase II and the scaffold protein SclI (Ma et al. 1993), and the newly dis-
covered interaction between topoisomerase III and a DNA helicase
(Gangloff et al. 1994), are examples of such interactions. Interacting
proteins might be instrumental in unraveling the biological functions of
eukaryotic DNA topoisomerases.

Note Added in Proof

The crystal structures of fragments of topoisomerase I and II have now
been determined (Lue et al. 1995; Berger et al. 1996), and together with
the biochemical and genetic data, they will contribute significantly to an
understanding of the detailed mechanism of action of these enzymes.
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