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Abstract 

The gene encoding topoisomerase II in yeast is unique and essential, required for both mitotic and meiotic 
proliferation. The use of temperature-sensitive mutants in topoisomerase II have demonstrated roles in the 
relaxation of tortional stress, reduction of recombination rates, and in the separation of sister chromatids 
after replication. In vertebrate cells, topoisomerase II was shown to be the most abundant component of the 
metaphase chromosomal scaffold, and has been shown to playa role in chromosome condensation in vitro. 
The cell cycle control of chromosome condensation may well require phosphorylation of topoisomerase II, 
since the enzyme is more highly phosphorylated in metaphase than in G 1. Recent studies have identified 
casein kinase II as the major enzyme phosphorylating topoisomerase II in intact yeast cells. The target sites of 
CKII are exclusively in the C-terminal400 amino acids of topoisomerase II, the region that is most divergent 
among the eukaryotic type II enzymes and which is absent in the bacterial gyrase homologues. 

Abbreviations: topoll - topoisomerase II; CKII - Casein Kinase II; SV40 - Simian Virus 40 

Introduction 

Eukaryotic chromosomes undergo major structur
al changes that reflect their varied functions 
through the cell cycle. These changes are mediated 
in part by DNA topoisomerases. To relieve both 
positive and negative supercoiling, eukaryotic or
ganisms have two types of topoisomerases: DNA 
topoisomerase I and II. The type I enzymes alter 
the DNA linking number in steps of one by means 
of a transient single strand cut, while topoisom
erase II makes a double stranded break, passes the 
same or another DNA molecule through the break 
and reseals the strands, changing the linking num
ber in steps of two (reviewed by Wang 1985). 

Because each has the capacity to relax super
coiled DNA, topoisomerases I and II can substitute 
for each other in many biological functions. Studies 

of yeast mutants suggest that both topoisomerases I 
and II are able to relieve DNA torsional stress or 
supercoiling introduced by chain elongation during 
transcription (Brill & Sternglanz 1988) and DNA 
replication (Kim & Wang 1989a; Brill et al. 1987). 
Similarly, studies with topoisomerase I -topoisom
erase II double mutants demonstrated that either 
enzyme can suppress high levels of mitotic recom
bination in the ribosomal DNA repeated units 
(Christman et al. 1988; Kim & Wang 1989b). 

Although both topoisomerases appear to com
pensate for each other in many instances, topoi
somerase II is an essential enzyme while topoisom
erase I is not. This reflects the unique ability of 
topoisomerase II to decatenate covalently closed 
DNA circles or intertwined helices, rendering the 
enzyme essential for the proper disjunction of sis
ter chromatids in mitosis (Dinardo et al. 1984; 
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Holm et al. 1985; Uemura & Yanagida 1984,1986) 
and for the segregation of chromosomes in meiosis 
(Rose et al. 1990). The requirement of topoisom
erase II at mitosis may also reflect a role in chromo
some condensation and the higher order folding of 
chromatin (Uemura et al. 1987). 

Studies of chromosome structure suggest that 
topoisomerase II is involved in the organization of 
looped chromatin domains. Antisera raised against 
the most abundant component of the metaphase 
scaffold isolated from either human or chick chro
mosomes, a 170 kDa protein called SC-l, showed 
unequivocally that SC-l is identical to topoisom
erase II (Earnshaw et al. 1985; Gasser et al. 1986). 
Topoisomerase II was immunolocalized to the ax
ial core of mitotic chromosomes (Earnshaw & 
Heck 1985; Gasser et al. 1986) and to the syn
aptonemal complex in pachytene cells from species 
as varied as chicken, mouse and yeast (Moens & 
Earnshaw 1989; Klein et al. 1992). Topoisomerase 
II also cofractionates with the interphase nuclear 
matrix fraction of Drosophila and yeast cells (Ber
rios et al. 1985; Berrios & Fisher 1988; Cardenas et 
al. 1990). This does not depend upon the enzymatic 
activity of the enzyme, since temperature-sensitive 
mutants in topoisomerase II show the same frac
tionation pattern in yeast at either permissive or 
non-permissive temperatures (Cardenas et al. 
1990). Electron microscopic studies have suggested 
that the enzyme preferentially recognizes sites 
where two DNA molecules cross over each other, 
in either positively or negatively supercoiled DNA 
(Zechiedrich & Osheroff 1990). The role of topoi
somerase II in chromosome condensation, its bind
ing sites in AT-rich DNA, and its post-translational 
modification are discussed below. 

A role in chromatin condensation 

A study of a cold sensitive topoisomerase II mutant 
in Schizosaccharomyces pombe provided the first 
functional evidence that topoisomerase II was re
quired for proper chromosome condensation 
(Uemura et al. 1987). In a cold-sensistive (cs) ~
tubulin mutant at nonpermissive temperature, the 
micro tubules are destabilized and one observes by 

DAPI fluorescence the highly condensed S. pombe 
mitotic chromosomes (Umesono et al. 1983). 
When this mutation is coupled with a top2 cs muta
nt, chromosomes do not condense properly, re
maining in an extended organization reminiscent of 
prophase (Uemura et al. 1987). 

This observation was carried further by Laemmli 
and coworkers, who have shown that in a Xenopus 
egg extract the conversion of nuclei into condensed 
mitotic chromosomes requires the presence of to
poisomerase II, either as a component of the sub
strate nuclei, or as a component of the egg extracts 
in which the mitotic events occur (Adachi et al. 
1991). While He La nuclei, which have high levels 
of topoII, condense properly in topoII-depleted 
extracts, nuclei which have low levels of endoge
nous topoisomerase II are unable to form fully 
condensed chromosomes in the depleted extracts. 
Addition of exogenous yeast topoisomerase II, pu
rified from an overexpressing strain, restores chro
mosome condensation. Although the requirement 
of topoII activity was not examined in this assay, 
earlier studies of nuclear disassembly in Xenopus 
extracts had noted the inhibition of chromosome 
condensation in the presence of VM-26 , a specific 
inhibitor of topoisomerase II (Newport and Spann 
1987). 

Similar results have been obtained using an ex
tract from somatic cells blocked in mitosis (Wood 
& Earnshaw 1990). Again it was observed that the 
degree of condensation of exogenously added nu
clei in a topoII-depleted extract appeared to de
pend on the level of endogenous topoisomerase II. 
However, since chick erythrocyte nuclei, with 
<300 copies of topoII per nucleus, showed a signif
icant condensation of chromatin without resolution 
into chromosomes, these authors stress the mul
tiplicity of events involved in chromosome conden
sation. Among the obvious ones are histone HI and 
H3 phophorylation and lamin disassembly. 

A link has been proposed to exist between topoi
somerase II activity and the ability of the p34cdc2 

kinase to phosphorylate histone HI and disassem
ble the nuclear lamina (Peter et al. 1990). The 
topoII inhibitor VM-26 was shown to block the 
activation of p34cdc2 kinase at G2/M, and the cells' 
progression into mitosis (Roberge et al. 1990). This 



might suggest that decatenation by topoisomerase 
II is required before entry into mitosis. An al
ternate explanation of these results, however, is 
that DNA strand breakage is induced by the inhib
ition of topoisomerase II, and that the damage 
stimulates a feedback pathway that blocks the cell 
in G2. There is ample evidence for such a pathway 
in S. cerevisiae (Hartwell & Weinert 1989). 

While chromosome condensation in mammalian 
cells may be more complex than it is in yeast cells, 
the studies on topoisomerase II underscore the 
similarities in this important cell cycle event among 
eukaryotes. As described above, observations 
originally made in yeast mutants have been con
firmed and extended using mammalian and ver
tebrate systems. In addition it is clear that Dro
sophila topoisomerase II can complement a yeast 
null mutant (Wyckoff & Hsieh 1988) and that in 
reconstituted systems from vertebrates, topoisom
erase II from yeast can replace the endogenous 
enzyme (Adachi et al. 1991). Thus genetic and 
cellular approaches can be combined in the study of 
the mitotic function of topoisomerase II. 

DNA binding properties 

Many laboratories have tried to identify the pre
ferred binding sites of topoisomerase II by map
ping double strand breaks induced by the enzyme 
either in vitro or in intact cells. In some cases the 
sites mapped in vitro agree with those found in 
vivo, and in others they do not (reviewed in Liu 
1989). Some of the discrepancy may be due to a 
certain promiscuity of the enzyme brought about 
by treatment with drugs (VM-26, m-AMSA, 
VP-16) that impede the religation step of the en
zymatic reaction and thus enhance the detection of 
cleavages. However, it is likely that the primary 
cause of discrepancy is that topoisomerase II inter
acts differently with naked DNA in solution than 
with chromatin. It was noted that in reconstituted 
SV-40 chromatin and in the SV-40 chromosome in 
vivo, topoisomerase II cleaved primarily in linkers 
between nucleosomes or in DNase 1 hypersensitive 
sites, which generally did not coincide with pre
ferred cleavage sites mapped on naked DNA in 
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vitro (Yang et al. 1985; Capranico et al. 1990). In 
intact cells it was also observed that topoisomerase 
II cleavage sites fell either into DNase 1 hypersensi
tive regions, indicating an open, non-nucleosomal 
organization, or into nucleosomal spacers (Rowe 
et al. 1986; Reitman & Felsenfeld 1990; Udvardy & 
SchedI1991). Although there appears no strict con
sensus for cleavage sites in vivo, sequencing of 
several cleavage sites found in nucleosomallinkers 
upstream of the Drosophila Histone HI gene shows 
a preferential cut at GC rich stretches that are 
flanked by AT-rich regions (Kaes & Laemmli 
1992). 

In vitro the preference of topoisomerase II for 
AT-rich DNA is quite striking. Sander and Hsieh 
(1985) earlier defined a consensus for Drosophila 
topoisomerase II based on its cleavage of plasmid 
DNA in vitro. This AT-rich, 15bp sequence was but 
a loosely defined consensus; nonetheless, it was 
striking that this consensus for topoisomerase II 
occurred frequently in the fragments of DNA that 
have a high affinity for the nuclear scaffold (Gasser 
& Laemmli 1986a, b; Cockerill & Garrard 1986). 
These SARs or MARs (scaffold or matrix-attached 
regions) are candidates for sequences that organize 
the genome into looped domains, since they show a 
high affinity for a histone depleted nuclear and 
chromosomal substructure (Mirkovitch et al. 1984, 
1986). In yeast these scaffold-associated regions 
are coincident with autonomously replicating se
quences, commonly known as ARS elements 
(Amati & Gasser 1988, 1990). Consistent with 
studies in other species that map topoisomerase II 
cleavage sites to SARs (e.g. Udvardy et al. 1985), 
we show in Fig. I that yeast topoisomerase II also 
cuts preferentially in ARS sequences in vitro. As 
shown in Figure 1 for the rDNA repeat, transcribed 
regions have far fewer topoll cleavage sites. 

An advance was made in understanding this in
teraction by showing that topoisomerase II binds 
preferentially to SAR sequences in vitro, whether 
it is induced to cleave the DNA or not (Adachi et 
al. 1989; Sperry et al. 1989). In addition, Adachi et 
al. (1989) showed that topoisomerase II binds in a 
cooperative manner and is capable of precipitating 
the DNA, probably as a result of aggregation of the 
protein-DNA complexes. Since the binding of to-
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Fig. 1. Mapping of preferred sites of topoisomerase II cleavage in yeast ARS sequences. 

Purified fragments of DNA containing the histone H4 ARS (H4 ARS), the HMLI silencer-ARS (HML-I) , ARS-I , and the rONA 
repeat (Sc rONA) , all from S. cerevisiae, were excised, end-labelled and incubated with purified yeast topoisomerase II. Trapping of the 
cleavage complex was achieved by the addition of 1% SDS in the absence of anti-topoll drugs. This leaves topoll covalently bound to the 
each strand of the cleaved double helix . Determination of the precise cleavage site was done on a sequencing gel, as described in 
Cardenas et al. (1992b). Cleavage sites are indicated by arrowheads. In the cases in which a minimal ARS domain has been identified, 
this is indicated by a hatched box. The location of the II bp ARS consensus is indicated by a filled box with the arrows indicating the 5' to 
3' direction of the T-rich strand of the consensus. The minimal fragments showing association with the nuclear scaffold of yeast is 
indicated below the maps of H4 ARS, ARS-I and HML-I. The size and name of each fragment is indicated at the right. 

poll is inhibited by distamycin , the interaction of 
topoisomerase II with SARs apparently reflects the 
enzyme's preference for the narrow minor groove 
of oligo dT-rich DNA (Nelson et al. 1987). Assum-

ing that this interaction can occur in vivo, it sug
gests a means by which topoisomerase II could 
mediate chromosome condensation. If topoisom
erase II were to able to complex other proteins 



and/or itself while binding SARs, or the nucleoso
mal linkers in SARs, the bases of loops might be 
brought together in clusters, forming a subunit of a 
radially organized chromatid. One would expect 
any such function of topoisomerase II to be regu
lated through the cell cycle. 

Post-translational modification of topoisomerase II 

In vitro phosphorylation experiments have shown 
that topoisomerase II is a substrate for casein ki
nase II (Ackerman et al. 1985), protein kinase C 
(Rottman et al. 1987; Sahyoun et al. 1986), 
Ca2+ /calmodulin-dependent protein kinase and 
p34cdc2 kinase (Cardenas et al. 1992a). In all cases 
phosphorylation in vitro enhances topoisomerase 
II activity, as measured by the kinetoplast dec at -
enation assay. In a variety of species ranging from 
yeast to mammalian cells, topoisomerase II has 
been shown to be phosphorylated in vivo (Acker
man et al. 1988; Rottman et al. 1987; Heck et al. 
1989; Saijo et al. 1990; Cardenas et al. 1992a). Cell 
cycle phosphorylation studies in chicken lympho
blastoid cells have shown that topoisomerase II 
phosphorylation increases as cells enter mitosis 
(Heck et al. 1989). Similarly, studies with cell cycle
arrested yeast cells show that topoisomerase II is 
6-10 times more highly phosphorylated in mitosis 
than in G 1 (Cardenas et al. 1992a). Consistent with 
a role of phosphorylation in stimulating topoisom
erase II activity at mitosis is the observation that 
soluble extracts from mitotic Hela cells contain 
more DNA decatenation activity than extracts ob
tained from S-phase cells (Estey et al. 1987). Taken 
together, these observations strongly suggest that 
in vivo the activity of topoisomerase II is modulat
ed by phosphorylation. Our own studies have ana
lyzed the pattern of modification obtained in both 
mitosis and G1 phase, and have identified the ma
jor kinase involved in the modification. 

In studies using phosphate-labelled yeast cells, 
two dimensional phosphopeptide analysis of topoi
somerase II showed that the phosphorylation pat
terns of the enzyme in G 1 phase and at mitosis are 
related but not identical (Cardenas et al. 1992a). 
Among major phosphate accepting peptides, all 
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but two co migrate with those phosphorylated by 
purified casein kinase II in vitro. Nonetheless, 
there are qualitative differences between the CKII
modified phosphopeptides observed in mitotic and 
in G 1 phase cells. Some CKII sites appear to be 
preferentially targeted in mitosis, while others are 
weak in mitosis and relatively strong in G 1 phase 
cells. Barring a non-physiological effect of the syn
chronization procedure, this suggests that the in
teraction of CKII with topoisomerase II varies 
through the cell cycle, the significance of which 
remains to be understood. 

Genetic evidence using a temperature-sensitive 
casein kinase II mutant confirms the importance of 
casein kinase II in the modification of topoisom
erase II. At non-permissive temperature in the ca
sein kinase II mutant, the phosphate incorporated 
into topoisomerase II in vivo dropped to an almost 
undetectable level (Cardenas et al. 1992a). This 
role for casein kinase II in phosphorylation of to
poll is likely to be conserved across species, since 
both topoisomerase II and CKII show high degrees 
of conservation in both sequence and function. The 
catalytic a subunit of CKII complexes the regu
latory ~ subunit in an a2~2 heterodimer cofigura
tion. The ~ subunit appears to be encoded by a 
single gene, while in yeast there are two a-subunits 
encoded by different genes (Padmanabha & Glov
er 1987; Chen-wu et al. 1988; Padmanabha et al. 
1990). The disruption of both a subunits of CKII is 
lethal, and the S. cerevisiae cka1-cka2ts mutant 
used to study topoisomerase II phosphorylation 
arrests preferentially at the non-permissive tem
perature as large budded cells, a phenotype consis
tent with a G2-M arrest point (Glover CVC, un
published results). This arrest point may be due in 
part to the requirement of CKII to activate topoi
somerase II, which in its turn is required for the 
proper traversal of mitosis. 

From the analysis of topoll phosphorylated in 
vivo, at least two significant phospho-acceptor sites 
could be identified that do not correspond to CKII 
sites in vitro (Cardenas et al. 1992a). These may 
indicate a difference in the specificity of CKII in 
vitro as compared to in vivo, or may represent 
acceptor sites for another kinase. In the latter case, 
there are two plausible explanations why non-CKII 
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sites might not be significantly phosphorylated in 
the ck2 mutant. First, casein kinase II may be re
quired to modify and activate the second kinase. 
Alternatively, the CKII modification may be re
quired to render topoisomerase II a proper sub
strate for the second kinase. One intriguing possi
bility is that CKII phosphorylation of topoisom
erase II is a necessary prerequisite for modification 
by a cell-cycle specific kinase, such as the p34cdc2 

kinase. Indeed, in vitro yeast topoisomerase II is a 
good substrate for p34<dc2 kinase (Labbe et al. 1989; 
Cardenas et al. 1992b). Phosphorylation by p34cdc2 

kinase would be G2/M specific in higher eukaryotic 
cells, and might modify topoisomerase II in such a 
way to help catalyze the condensation of chromatin 
into metaphase chromosomes. While this question 
can probably not be addressed in yeast alone, a 
combined study of yeast and vertebrate cells may 
lead us to an understanding of the fine-tuning of 
topoisomerase II activities through the cell cycle by 
phosphorylation. 

Mapping phosphoacceptor sites in topoisomerase II 

The location of putative CKII phosphorylation 
sites in yeast topoisomerase II was determined by 
computer analysis using the minimal consensus of 
T/S-x-x-EID, as described by Pinna (1990). While 
many potential sites could be identified, the phos
phoamino acid analysis of the various of tryptic and 
arginine-C derived phosphopeptides showed that 
only sites in the C-terminus of topoisomerase II are 
labelled to a significant level in either G 1 or M 
phase (Fig. 2). In fact, each of the four modified 
peptides contains multiple casein kinase II sites, 
which results in a characteristic series of diagonally 
aligned phosphopeptide derivatives after two di
mensional peptide analysis (Cardenas et al. 1992a). 

The C-terminal region of topoisomerase II di
verges completely from the corresponding domain 
in the bacterial gyrase, suggesting that the regu
lation of activity by phosphorylation is an exclusive 
property of the eukaryotic topoisomerase II. The 
importance of this C-terminal domain is supported 
by the study of a truncated version of the yeast 
to poi some rase II. Truncation at a.a. 979, which 
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removes all of the C-terminal CKII phospho-ac
ceptor sites, renders the enzyme unable to comple
ment a S. cerevisiae top2 ts mutant, even though 
the truncated form of the enzyme contains all re
gions of homology to gyrase A and B subunits 
including the active site tyrosine residue (MEC, 
unpublished results). Among the various eukaryot
ic type II topoisomerases that are cloned, despite 
significant sequence variation in this C-terminal 
region, sequence comparison shows that the pres
ence and relative position of strong casein kinase II 
recognition sites are conserved among the S. cere
visiae, S. pombe, Drosophila, and human enzymes 
(Fig. 2). No tryptic peptide mapping data are avail
able from species other than S. cerevisiae, but at 
some sites multiply phosphorylated peptides are 
predicted from the C-terminal domain, as we have 
observed in yeast. It will be necessary to modify the 
sites of phosphorylation by site-directed mutagene
sis to confirm their localization and to provide fur
ther evidence concerning their proposed regulato
ry role. 

The effects of phosphorylation on topoisomerase II 

Many important nuclear proteins are substrates of 
casein kinase II. Among these are c-ErbA, E1A, 
the E7 protein of human papilloma virus (HPV), 
SV-40 T antigen, the avian c-Myb, c-Fos, p53, 
cAMP response element binding factor, Serum Re
sponse Factor, and two nucleolar substrates, B23 
and nucleolin (reviewed in Pinna 1990; Meisner & 
Czech 1991). The effects of phosphorylation by 
CKII are not uniform among this diverse set of 
substrates; in the case of HPV E7, CKII phospho
rylation is proposed to correlate with the trans
forming potential of the virus, while in the large T 
antigen, mutagenesis of the acceptor serine had 
little effect on the transforming potential of SV 40 
(Barbosa et al. 1990). On the other hand, mutation 
of the phospho-acceptor site decreases the rate of 
nuclear-cytoplasmic transport of p-galactosidase
T antigen fusion polypeptides (Rihs et al. 1991). In 
the case of yeast topoisomerase II, phosphoryla
tion by CKII does not seem to be a prerequisite for 
nuclear targetting, since in the CKII ts mutants at 
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non-permissive temperature, topoisomerase II is 
properly localized to the nucleus (MEC and SMG, 
unpublished results). 

The most clear cut effect of topoII modification 
by CKII is a dramatic stimulation of its decatena
tion activity. Dephosphorylation of topoisomerase 
II renders the enzyme unable to decatenate kine
toplast DNA and its affinity for DNA is greatly 
diminished, as measured by a gel retardation assay. 
Phosphorylation by purified CKII suffices to reac
tivate alkaline phosphatase-treated topoisomerase 
II (Cardenas et al. 1992b). Thus, an active yeast 
topoisomerase II appears to require at least a basal 
level of phosphorylation. On the other hand, hy
perphosphorylation of topoII by casein kinase II in 
vitro has little effect on the efficiency with which 
topoII could be trapped in its cleavable complex 
(Cardenas et al. 1992b). Thus the stimulation of 
decatention activity by casein kinase II most likely 
reflects an enhanced affinity for DNA and perhaps 
an enhanced efficiency at a step in the catalytic 
process other than DNA cleavage. Consistent with 
a role in chromosome condensation is the enhance
ment of protein-protein interactions and aggrega
tion upon hyperphosphorylation in vitro (QD, in 
preparation). To determine which of the minor or 
the major phospho acceptor sites on topoisomerase 
II plays a role in the observed stimulation of activ
ity requires in vitro mutagenesis of the acceptor 
sites, work that is currently in progress. 
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