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ABSTRACT: In mammalian cells, DNA topoisomerase II is the product of two distinct genes encoding the
R and â isoforms of the enzyme. Besides homodimeric topoisomerase IIR and IIâ, we have recently
shown thatR/â heterodimers constitute a third population of topoisomerase II in HeLa cells. We found
that topoisomerase II heterodimers are not restricted to HeLa cells but exist in different mammalian cell
types, and up to 25% of the total topoisomerase IIâ population is involved in heterodimer formation.
Studies of topoisomerase II phosphorylation in HeLa cells show that heterodimers are phosphorylated in
vivo to a significantly lower level compared to homodimericR enzymes, but in contrast to the latter
neither heterodimers nor topoisomerase IIâ homodimers coprecipitate together with a kinase activity that
is able to mediate their phosphorylation. However, both enzymes can still be phosphorylated by
exogenously added casein kinase II. The differential phosphorylation of topoisomerase II heterodimers
suggests an alternative regulation of this topoisomerase II subclass compared to the homodimeric
topoisomerase IIR counterparts.

Eukaryotic DNA topoisomerase II is an abundant nuclear
enzyme essential for DNA metabolic processes such as DNA
replication, chromosome segregation, and chromosome con-
densation (40, 41). It maintains these functions by catalyzing
topological conversions of DNA in a reaction involving
transient cleavage of the DNA strands by the two subunits
of the dimeric enzyme (3, 25, 28). Besides its physiological
functions, much attention has been given to topoisomerase
II, as it appears to be a major cellular target for numerous
clinically employed antitumor drugs (16, 38). In higher
eukaryotic cells, two isoforms exist of topoisomerase II, the
R andâ forms, which are encoded by separate genes (37),
but at present it is not clear how the multiple functions of
topoisomerase II are assigned to the two isoforms. Bio-
chemical and pharmacological differences have been ob-
served between the two enzymes although their amino acid
sequences show a very high degree of structural similarity
(4, 15, 19). In addition, differences in cell cycle expression
profiles and nuclear localization have been observed for the
two isoforms. Whereas topoisomerase IIR shows prolifera-
tion and cell cycle-dependent expression, topoisomerase IIâ
is mainly expressed in stationary cells and at a constant level
during all phases of the cell cycle (15, 21, 29, 45).

Contradictory results have been reported on the nuclear
localization of the two topoisomerase II isoforms. Several
studies have shown that topoisomerase IIR is ubiquitously
located in the nucleoplasm. Theâ isoform, however, has
been claimed to be only located in the nucleoli (27, 46), but
a recent study suggests that this isoform is exclusively present
in the extranucleolar nucleoplasm (26). The discrepancy
concerning topoisomerase II localization possibly reflects
differences in the specificities of the antibodies used in these
studies.

Topoisomerase IIR and IIâ are phosphoproteins (35), and
it has been suggested that phosphorylation of the enzymes
serves as a regulatory mechanism throughout the cell cycle
(10, 32). Both isoforms are hyperphosphorylated during the
G2/M phase, and the modification gives rise to a changed
electrophoretic mobility which is most pronounced for
topoisomerase IIâ (8, 9, 20, 21). Previous studies have
indicated that phosphorylation correlates with an increased
enzymatic activity (1, 13, 43), but a more recent study has
questioned this role of phosphorylation (22). As an alterna-
tive, phosphorylation may direct the formation of higher
order complexes. Vassetzky et al. (1994) thus reported a
stimulation of multimerization of yeast topoisomerase II in
vitro upon phosphorylation, which could be reversed by
dephosphorylation of the enzyme (39).

Several phosphorylation sites have been located to the
extreme N- and C-terminal domains of eukaryotic topo-
isomerase IIR (10, 18, 42, 43) where mainly serine and to a
lower extent threonine residues are phosphorylated (8).
These amino acids are also labeled in topoisomerase IIâ,
but so far specific sites have not been determined in this
enzyme. Much effort has been paid to identify the kinases
responsible for topoisomerase II phosphorylation. In vitro
studies have shown that casein kinase II (CKII) (1, 12, 13,
42), protein kinase C (14, 30), and cdc2 kinase (12) are able
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to phosphorylate topoisomerase II. Two-dimensional tryptic
phosphopeptide mapping performed in vivo and in vitro has,
however, pointed to CKII as the most likely candidate for
in vivo phosphorylation of topoisomerase IIR, although
kinases other than CKII are involved in the specific phos-
phorylation of topoisomerase IIR as well as IIâ in mitosis
(9, 20, 43).

In a previous study, we have demonstrated that topo-
isomerase IIR/â heterodimers are present in HeLa cells where
the two forms naturally coexist and in a yeast model system
where the two human topoisomerase II isoforms are coex-
pressed. Furthermore, purification of human topoisomerase
II heterodimers showed that this new population of topo-
isomerase II is catalytically active (5). In the present paper,
we have further characterized human topoisomerase IIR/â
heterodimers concerning their abundance and phosphoryla-
tion status. Heterodimers are not restricted to HeLa cells
but are present in different mammalian cell lines, where up
to 25% of the entireâ population is involved in heterodimer
formation. TheR subunits in heterodimers are phosphory-
lated to a much lower extent compared to homodimericR,
and in contrast to the latter enzyme neither heterodimers nor
homodimericâ can be immunoprecipitated from HeLa cells
together with an active kinase. The difference in phospho-
rylation of R/â heterodimers compared to homodimericR
enzymes suggests that these topoisomerase II subclasses are
differentially regulated in the cell. However, such a dif-
ferential regulation cannot be explained in terms of phos-
phorylation-mediated changes in heterodimer stability since
the stability of the topoisomerase II heterodimers was shown
not to be affected by their phosphorylation status.

EXPERIMENTAL PROCEDURES

Cell Cultures and in ViVo Labeling of HeLa Cells.HeLa,
HL60, and NIH3T3 cells were maintained as subconfluent
monolayer cultures grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 3 mM stabilizedL-glutamine, and antibiotics at 37
°C under a humidified 5% CO2 atmosphere. For metabolic
labeling, medium was replaced by phosphate-free DMEM
containing dialyzed 10% FCS. After 2 h, [γ-32P]orthophos-
phate was added at 100µCi/mL, and cells were incubated
for an additional 6 h at 37°C.

Cell Extract Preparation and Immunoprecipitation.Cell
extract was prepared from logarithmically growing cells.
Cells were washed twice in phosphate-buffered saline (PBS)
(140 mM NaCl/2.5 mM KCl/1.5 mM KPi, pH 7.4) followed
by resuspension in 10 mM Tris‚HCl,1 pH 7.5/4 mM MgCl2/5
mM KCl/0.2% Nonidet P-40/10 mMp-nitrophenyl phosphate/
10 mM PMSF. Immunoprecipitation was performed by
incubation of the extract with the respective antibodies in
immunoprecipitation (IP) buffer (100 mM Tris‚HCl, pH 8.0/1
M NaCl/0.75% Nonidet P-40/2 mM EDTA/10 mMp-
nitrophenyl phosphate/1 mM PMSF). A 6% solution of
Protein A-Sepharose beads in IP buffer was subsequently
added, and after further incubation for 2 h, the immuno-
complexed beads were washed several times in IP buffer

suplemented with 0.25% Nonidet P-40 and 0.5% Triton
X-100 and once in 10 mM Tris‚HCl, pH 8.0/1 mM EDTA.
The resulting immunocomplexes adsorbed to the beads were
extracted with SDS/Laemmli buffer, heated to 100°C for 3
min, and analyzed by 7.5% SDS-PAGE followed by silver
staining, immunostaining, or autoradiography.

Antibodies and Immunostaining.DNA topoisomerase IIR
from human and mouse cells was recognized by the
polyclonal rabbit anti-topoisomerase IIR antibody raised
against a C-terminal peptide (R-A-K-K-P-I-K-Y-L-E-E-S-
D-E-D-D-L-F) of human topoisomerase IIR (diluted 1:10.000)
(Genosys). The C-terminal sequence is conserved between
human and mouse topoisomerase IIR. The polyclonal rabbit
antibody recognizing topoisomerase IIâ was raised against
a C-terminal peptide (E-E-D-D-V-D-F-A-M-F-N) of the
human enzyme (diluted 1:10.000) (6). The specificity of
antibodies during immunostaining and immunoprecipitation
was verified by cross-incubation of antigens and antibodies
in both procedures and by immunoprecipitation carried out
with rabbit preimmune serum (5). For immunostaining, cell
extracts or immunoprecipitated materials were submitted to
SDS-PAGE, and proteins were transferred to nitrocellulose
(Schleicher and Schu¨ll; 0.45 µm) using a semidry blotting
method. The filter was subsequently incubated with the
appropriate topoisomerase II-specific antibodies. Gold-
particle-labeled anti-rabbit antibodies were used as secondary
antibodies and finally visualized by silver enhancement
(Amersham).

Alkaline Phosphatase Treatment.Logarithmically grow-
ing HeLa cells were harvested, and cell extracts were
prepared as described (5); 10X alkaline phosphatase buffer
(500 mM Tris‚HCl, pH 9.0/10 mM MgCl2) and 100 units of
alkaline phosphatase from calf intestine (Sigma) were added
to 200µL of cell extract. The sample was incubated with
gentle agitation at 30°C for 1 h and afterward transferred
to 4 °C. Immunoprecipitation was performed as described
above. In control experiments, cell extracts were incubated
under similar conditions but without alkaline phosphatase.
Alkaline phosphatase treatment of immunocomplexed to-
poisomerase II was performed as follows. Protein A-
Sepharose beads containing topoisomerase II precipitated by
either anti-topoisomerase IIR or IIâ antibodies were washed
several times with modified IP buffer (100 mM Tris‚HCl,
pH 8.0/700 mM NaCl/0.75% Nonidet P-40/1% Triton X-100/
10 mM p-nitrophenyl phosphate/10 mM PMSF) and four
times with alkaline phosphatase buffer. The samples were
subsequently treated with 5-10 units of alkaline phosphatase
for 1 h at 30°C in a 50-µL reaction volume. In control
experiments the samples were treated as above but without
alkaline phosphatase.

Topoisomerase II Phosphorylation by a Copurified Kinase
or Casein Kinase II. Immunoprecipitated material was
resuspended in kinase buffer (50 mM Tris‚HCl, pH 7.4/10
mM MgCl2/150 mM KCl/0.1 mM EDTA) supplemented with
10 µM [γ-32P]ATP. The phosphorylation reaction was
carried out for 10-30 min at 30°C and stopped by addition
of 10 mM EDTA. The samples were washed several times
in IP buffer supplemented with 0.1% SDS and once with 10
mM Tris‚HCl (pH 8.2). Phosphorylation by casein kinase
II was perfomed as described above except that the immu-
noprecipitated material was incubated with 0.05 mU of CKII
(Boehringer) for 30 min at 30°C and stopped by addition

1 Abbreviations: CKII, casein kinase II; EDTA, ethylenediamine-
tetraacetic acid; PMSF, phenylmethanesulfonyl fluoride; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Tris, tris-
(hydroxymethyl)aminomethane.
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of 10 mM EDTA.
Densitometric Scanning.The ratio of topoisomerase IIR

and IIâ subunits in immunoprecipitated topoisomerase II
material was determined by densitometric scanning of silver
stainings using a Shimadzu model CS930 dual-wavelength
thin-layer chromatoscanner. Linearity of quantitation of
silver-stained gels was ensured by loading different amounts
of the samples on the gel.

RESULTS AND DISCUSSION

Detection of DNA Topoisomerase IIR/â Heterodimers in
Mammalian Cells. In a previous study, we demonstrated
that HeLa cells contain topoisomerase IIR/â heterodimers
as well as the corresponding topoisomerase II homodimeric
forms (5). To determine the abundance of heterodimers,
topoisomerase II was precipitated from logarithmically
growing HeLa cells using anti-topoisomerase IIR or IIâ
antibodies. The precipitated material was analyzed by
immunostaining with the anti-topoisomerase IIR and IIâ
antibodies to verify the presence of the two subunits (Figure
1A) and by silver staining (Figure 1B). The relative amounts
of topoisomerase II heterodimers and homodimers were
quantified by densitometric scanning of the bands represent-
ing the topoisomerase IIR and IIâ subunits in the silver
staining (Figure 1B). The material precipitated by the anti-
topoisomerase IIâ antibody (IPâ; Figure 1B, lanes 2 and 3)
displays a ratio of 1:4 between the topoisomerase IIR and
IIâ subunits, and no significant variability has been discov-
ered in the relative levels of topoisomerase IIR and ΙΙâ
subunits when results from different experiments were
compared. TheR subunits present in the IPâ material
represent solely heterodimericR molecules, and since one
â subunit is required per heterodimer, the obtainedR:â ratio
implies that 25% of the entire topoisomerase IIâ population
is present in a heterodimeric form. In other words, for every
three molecules of topoisomerase IIâ homodimers, two
heterodimers exist in HeLa cells. As evident from the
material precipitated by the anti-topoisomerase IIR antibody
(IPR; Figure 1B, lane 1), the ratio of heterodimeric to
homodimericR enzyme is much lower than 1:4 due to the
significantly higher expression level of topoisomerase IIR
compared to theâ form in human cells (23, 44). On the
basis of an earlier suggested difference of 10:1 in expression
of topoisomerase IIR and IIâ in human cells (23), the fraction
of R subunits taking part in heterodimerization may be less
than 5%.

To demonstrate that topoisomerase IIR/â heterodimers are
not restricted to HeLa cells, topoisomerase II was precipitated
from different mammalian cell types and the presence of
heterodimers was verified by immunostain analysis as
described above. The results obtained from the use of human
amnion cells (AMA), human promyelocytic leukemia cells
(HL60), and mouse fibroblasts (NIH3T3) are presented in
Figure 1C. As shown all three cell types allow precipitation
of topoisomerase IIR when the â antibody is used for
immunoprecipitation (Figure 1C, upper panel, lanes 1, 3, and
5) and of topoisomerase IIâ when theR antibody is used
(Figure 1C, lower panel, lanes 2, 4, and 6) demonstrating
an existence of topoisomerase II heterodimers. Moreover,
no significant difference in the level of topoisomerase II
heterodimers exists in the analyzed cell lines as seen from

FIGURE 1: Abundance of topoisomerase IIR/â heterodimers in
mammalian cells. A: Extract from logarithmically growing HeLa
cells was immunoprecipitated by either anti-topoisomerase IIR or
anti-topoisomerase IIâ antibodies (IPR and IPâ, respectively). The
precipitated material was analyzed by 7.5% SDS-PAGE followed
by immunostaining with the anti-topoisomerase IIR (upper panel)
or the anti-topoisomerase IIâ (lower panel) antibody. Lane 1, marker
where C-terminally tagged human topoisomerase IIR was expressed
and purified from yeast; lane 2, crude HeLa cell extract prior to
immunoprecipitation; lanes 3 and 4, material precipitated by
different amounts of the anti-topoisomerase IIR antibody; lanes 5-7,
material precipitated by an increasing amount of the anti-topo-
isomerase IIâ antibody. B: Samples from lanes 4-6 in panel A
were analyzed by 7.5% SDS-PAGE, and proteins were visualized
by silver staining. A densitometric scanning of lane 3 is shown to
the right. C: As in panel A except that extract was obtained from
logarithmically growing human amnion cells (AMA) (lanes 1 and
2), human HL60 promyelocytic leukemia cells (lanes 3 and 4), and
mouse NIH3T3 fibroblasts (lanes 5 and 6), and topoisomerase II
was visualized byR staining (upper panel) orâ staining (lower
panel) after SDS-PAGE.
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comparison of the levels of heterodimericâ in Figure 1A,
lower panel, lane 3, and Figure 1C, lower panel, lanes 2, 4,
and 6. The results strongly indicate that the heterodimeric
subpopulation of topoisomerase II has a ubiquitous nature
in human cells and in mammalian cells in general.

Phosphorylation of DNA Topoisomerase IIR/â Het-
erodimers in ViVo. Phosphorylation is an important post-
translational modification by which various protein functions
and enzymatic activities are regulated (17, 41). Previous
studies have shown that both isoforms of human topo-
isomerase II are phosphoproteins, where their phosphoryla-
tion level varies throughout the cell cycle (9, 20, 21, 23,
42). To investigate whether topoisomerase IIR/â het-
erodimers are phosphorylated in vivo, logarithmically grow-
ing HeLa cells were labeled with32P and used for immu-
noprecipitation analysis. The labeled precipitate was resolved
by SDS-PAGE, and the phosphorylation level of topo-
isomerase II was visualized by autoradiography (Figure 2A).
In the material precipitated by the anti-topoisomerase IIâ
antibody (IPâ; lanes 3-5), two bands migrating as the
topoisomerase IIR and IIâ subunits are detected. The identity

of the bands were verified by immunostaining (data not
shown). The lower band, which represents solely het-
erodimeric topoisomerase IIR subunits, demonstrates that at
least theR subunit of heterodimers is phosphorylated in vivo.
The upper band demonstrates that a mixture of hetero- and
homodimeric topoisomerase IIâ is phosphorylated (Figure
2A, lanes 3-5). However, it is not possible to determine
whether heterodimericâ subunits per se are phosphorylated
since a potential phosphorylation of these subunits is masked
by the strong phosphorylation of topoisomerase IIR as
evident in the IPR experiment (Figure 2A, lanes 1 and 2).

To determine possible differences in the phosphorylation
level of heterodimeric versus homodimericR subunits, a
comparative immunoprecipitation experiment was performed
using extracts from32P-labeled cells. In this analysis, a
given quantity of heterodimericR (IPâ) was compared to
different amounts ofR subunits precipitated by the anti-
topoisomerase IIR antibody (IPR) either by immunostaining
(Figure 2B, upper panel) or by autoradiography (Figure 2B,
lower panel). Interestingly, a difference in the phosphory-
lation level is observed when similar amounts ofR precipi-
tated with the two antibodies are compared (lanes 3 and 4).
Thus, the phosphate incorporation in the heterodimericR
subunits (lane 4) is much lower than the incorporation in
the predominantly homodimeric topoisomerase IIR popula-
tion shown in lane 3. Disregarding the negligible amount
of labeling derived from heterodimers in lane 3, we have
estimated the difference in phosphorylation level of ho-
modimeric versus heterodimericR to be more than 20-fold.
The results demonstrate that although heterodimers are
phosphorylated in vivo theR subunit of heterodimers is
phosphorylated to a significantly lower extent compared to
their homodimeric topoisomerase IIR counterparts.

DNA Topoisomerase IIR/â Heterodimers Are Not Associ-
ated with a Kinase ActiVity in ViVo That Is Able To Mediate
Their Phosphorylation upon Immunoprecipitation.It has
previously been suggested that topoisomerase II from yeast
is strongly associated with CKII in vivo (7, 12), and the
kinase activity has been copurified with topoisomerase II
from several sources (31, 33). To seek an explanation for
the differential phosphorylation of heterodimeric versus
homodimericR enzymes, we investigated the interaction
between human topoisomerase IIR/â heterodimers and a
possible kinase activity, as the difference in phosphorylation
might reflect a change in the affinity of the two topo-
isomerase II populations for a kinase. To investigate this
possibility, topoisomerase II was recovered from HeLa cell
extracts by immunoprecipitation under highly stringent
conditions (1 M NaCl). The precipitated material was then
submitted to immunostaining (Figure 3A, upper panel) and
autoradiography (Figure 3A, lower panel) after an in vitro
phosphorylation assay, where the precipitate was incubated
in kinase buffer containing [γ-32P]ATP (Figure 3A). As
evident in Figure 3A (lower panel, lanes 1-3), the anti-
topoisomerase IIR antibody precipitate (IPR) contained a
kinase activity able to phosphorylate topoisomerase II.
However, no incorporation of phosphate was detected after
immunoprecipitation with the anti-topoisomerase IIâ anti-
body (IPâ, lanes 4-6), demonstrating that neither topo-
isomerase II heterodimers nor homodimericâ associate with
a kinase activity which is able to mediate their phosphory-
lation under the employed conditions. To eliminate the

FIGURE 2: Phosphorylation of topoisomerase IIR/â heterodimers
in vivo. A: Autoradiogram demonstrating the phosphorylation level
of material precipitated from HeLa cell extracts by increasing
amounts of anti-topoisomerase IIR (IPR; lanes 1 and 2) or anti-
topoisomerase IIâ (IPâ; lanes 3-5) antibodies. Extracts were
obtained from32P-labeled, logarithmically growing HeLa cells and
analyzed by SDS-PAGE and immunoblotting before autoradiog-
raphy. The film was exposed for 20 h. B: Immunoprecipitation
with anti-topoisomerase II antibodies was carried out on extracts
from 32P-labeled HeLa cells. Different amounts of material pre-
cipitated by the anti-topoisomerase IIR antibody (lanes 1-3, upper
panel) are compared to a given amount of heterodimericR obtained
after immunoprecipitation with the anti-topoisomerase IIâ antibody
(IPâ; lane 4, upper panel). Lower panel, autoradiogram of the
immunoblot presented in the upper panel.
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possibility that the result reflects use of different amounts
of precipitate, a given quantity of IPâ was titrated against
IPR and visualized by immunostaining using anti-topo-
isomerase IIR antibodies (Figure 3B, upper panel) and by
autoradiography (Figure 3B, lower panel). Of the equivalent
amounts ofR subunits presented in Figure 3B, lanes 1 and
2, only the predominantly homodimeric topoisomerase IIR
presented in lane 2 is phosphorylated. TheR subunit from
heterodimers (lane 1) is not phosphorylated to a detectable
level. Overexposure of the autoradiograms in Figure 3
revealed a weak band with a molecular mass of less than
100 kDa (denoted by an asterisk). This band might result
from autophosphorylation of a kinase which is associated

with heterodimers but unable to carry out their phosphory-
lation.

Our results demonstrate that only human topoisomerase
IIR homodimers coimmunoprecipitate with a kinase activity
able to mediate their phosphorylation. The interaction
between heterodimers and the kinase(s) responsible for their
in vivo phosphorylation may be temporary or too weak to
allow the kinase(s) to coimmunoprecipitate. The observed
difference between topoisomerase II heterodimers and ho-
modimericR enzymes concerning their association with an
active kinase might account for the differential phosphory-
lation observed with these topoisomerase II counterparts in
vivo. However, it cannot be excluded that heterodimers as
well as homodimericâ in fact are associated with a kinase
but the immunocomplexes formed with theâ antibody are
resistant to phosphorylation by the associated kinase.

Exogenous Casein Kinase II Is Able To Phosphorylate
Topoisomerase IIR/â Heterodimers. Several studies have
demonstrated that human topoisomerase IIR in vitro can be
phosphorylated by CKII (1, 12, 13, 42), protein kinase C
(14, 30), and cdc2 kinase (12), although in vivo studies point
to CKII as one of the major candidates for topoisomerase II
phosphorylation in the cell (10). Furthermore, it has been
speculated that this kinase also phosphorylates several sites
in topoisomerase IIâ (21). To investigate whether immu-
noprecipitated topoisomerase II heterodimers can act as a
substrate for exogenously added CKII, the material immu-
noprecipitated by anti-topoisomerase II antibodies was used
in a CKII phosphorylation assay (Figure 4A,B). As ex-
pected, the material precipitated by anti-topoisomerase IIR
antibodies (IPR), which consists mainly of topoisomerase
IIR homodimers, was strongly phosphorylated in vitro
(Figure 4B, lane 2), although some of the labeling is caused
by the endogenous kinase present in the IPR precipitate
(Figure 3A). Analysis of the topoisomerase IIâ antibody
precipitate (IPâ), which is free of any endogenous kinase
activity, reveals that topoisomerase IIâ subunits as well as
heterodimericR subunits also are phosphorylated by CKII
(Figure 4B, lane 4). The result demonstrates that material
precipitated by the anti-topoisomerase IIâ antibody is not
resistant toward phosphorylation. As theâ subunits in the
IPâ material are a mixture of homo- and heterodimericâ,
we cannot at present conclude to what extent heterodimeric
â is phosphorylated. But since theR subunits in the IPâ
material are purely of heterodimeric nature, our result
demonstrates that at least theR subunit of heterodimers can
act as a substrate for CKII in vitro. However, further
investigations are required to clarify whether CKII plays any
role for heterodimer phosphorylation in vivo. Also, it is so
far unknown to what extent other kinases are involved in
phosphorylation of heterodimers.

To estimate the relative levels of phosphorylation of homo-
and heterodimericR subunits, equal amounts ofR subunits
from IPR and IPâ material that had prior been submitted to
a CKII phosphorylation assay were analyzed by immun-
ostaining (Figure 4C) and autoradiography (Figure 4D). As
mentioned above some of the homodimeric topoisomerase
IIR labeling shown in Figure 4D, lane 2, is caused by the
endogenous kinase being tightly associated with this enzyme.
However, the contribution to overall phosphorylation by the
endogenous kinase is relatively minor. This is seen from
comparison of phosphorylation levels obtained from phos-

FIGURE 3: Topoisomerase IIR/â heterodimers andâ homodimers
are not associated with an active kinase. A: Material immunopre-
cipitated from HeLa cell extract by either anti-topoisomerase IIR
(IPR; lanes 1-3) or anti-topoisomerase IIâ (IPâ; lanes 4-6)
antibodies was phosphorylated in the presence of [γ-32P]ATP for
5, 10, or 30 min as indicated. Samples were analyzed by 7.5%
SDS-PAGE followed by immunostaining with the anti-topo-
isomerase IIR antibody (upper panel). Lower panel, autoradiogram
of the immunoblot presented in the upper panel. The asterisk at
the right margin denotes the position of a protein with a molecular
mass of less than 100 kDa. B: Different amounts of material
precipitated by the anti-topoisomerase IIR antibody (IPR; lanes 2-5)
were analyzed by 7.5% SDS-PAGE followed by immunostaining
with the anti-topoisomerase IIR antibody (upper panel). The samples
were compared to a specific amount of material precipitated by
the anti-topoisomerase IIâ antibody (IPâ; lane 1). Lower panel,
autoradiogram of the immunoblot presented in the upper panel. The
film was exposed for 3 h.
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phorylation of equal amounts of heterodimericR by the
endogenous kinase alone (Figure 3B, lane 3) and by a
combination of CKII and the endogenous kinase (Figure 4D,
lane 2). Thus, the difference in accessibility of homodimeric
versus heterodimericR subunits to CKII can roughly be
estimated by comparing levels of homo- and heterodimeric
R phosphorylation in Figure 4D, lanes 2 and 4, respectively.
Here it is clearly seen that homodimeric topoisomerase IIR
is highly preferred as a substrate for CKII as compared to
heterodimericR, but a quantitative estimation of the relative
phosphorylation levels cannot be made due to the very strong

phosphorylation of homodimeric topoisomerase IIR.
Earlier experiments have demonstrated that topoisomerase

IIâ changes its electrophoretic mobility as a result of
hyperphosphorylation in mitosis, although the kinase re-
sponsible for this modification has not been discovered yet
(9, 21). As visualized by immunostaining in Figure 4A,
neither heterodimericâ subunits (lanes 1 and 2) norâ
subunits precipitated by the anti-topoisomerase IIâ antibody
(lanes 3 and 4) change their electrophoretic mobility after
CKII-mediated phosphorylation. Thus, CKII is not the
kinase responsible for the shift in electrophoretic mobility
of topoisomerase IIâ observed in mitotic cells, or additional
nuclear factors are required to obtain the mobility shift.

Dephosphorylation of Topoisomerase II Does Not Influ-
ence the Stability ofR/â Heterodimers.The results described
above show that topoisomerase IIR/â heterodimers can be
phosphorylated in vivo as well as in vitro. Previously, it
has been suggested that the major sites of phosphorylation
are localized in the C terminal part of topoisomerase II (10,
34, 42). Phosphorylation at these sites can direct a multi-
meric nature of yeast topoisomerase II (39), which again can
be reversed by dephosphorylation of the enzyme. To
investigate the role of phosphorylation on subunit interactions
in R/â heterodimeric enzymes, we analyzed whether the
stability of heterodimers is affected by their dephosphory-
lation. For this purpose, cell extract from labeled HeLa cells
was divided into two parts where one was treated with an
excess of alkaline phosphatase before immunoprecipitation
was carried out, and the other was left untreated. As
demonstrated by immunostaining in Figure 5A, phosphatase-
treated material and untreated material show the same level
of heterodimers (compare lanes 2 and 4 in upper panel and
lanes 1 and 3 in lower panel). The autoradiogram of the
resolved immunoprecipitated material (Figure 5B) confirms
that the dephosphorylation of topoisomerase II by alkaline
phosphatase was complete. Thus, the data presented here
demonstrate that the phosphorylation status of topoisomerase
II does not influence the stability ofR/â heterodimers.
Identical results were obtained when dephosphorylation was
performed after immunoprecipitation (data not shown).
Furthermore, topoisomerase IIR/â heterodimers expressed in
yeast cells and purified by metal-chelating chromatography
as previously described (5) retained their heterodimeric
structure after dephosphorylation (unpublished data).

In conclusion, we have demonstrated that human topo-
isomerase IIR/â heterodimers are phosphorylated in vivo,
where theR part of the heterodimers is phosphorylated to a
significantly lower extent compared to homodimericR
enzymes. In sharp contrast to topoisomerase IIR ho-
modimers, immunoprecipitated heterodimers as well as
topoisomerase IIâ homodimers are not associated with a
kinase activity able to mediate their phosphorylation. Dif-
ferent possibilities may account for these observations. First,
topoisomerase II heterodimers andâ homodimers might be
differently located in the nucleus compared to their ho-
modimericR counterparts. In this way, they might never
be in contact with the kinase(s) which strongly phosphory-
lates topoisomerase IIR and precipitates together with this
enzyme. Second, since heterodimers are more similar toâ
homodimers in their behavior concerning kinase interaction,
acquisition of aâ subunit in addition to theR subunit in
heterodimers might lead to a structural change in the enzyme

FIGURE 4: Human topoisomerase IIR/â heterodimers can be
phosphorylated in vitro by CKII. Extracts from logarithmically
growing HeLa cells were immunoprecipitated with anti-topo-
isomerase IIR (IPR; lanes 1 and 2) or anti-topoisomerase IIâ (IPâ;
lanes 3 and 4) antibodies. The precipitated material was phospho-
rylated by the addition of CKII (lanes 2 and 4) or incubated in
kinase buffer without kinase enzyme and without [γ-32P]ATP
(lanes 1 and 3). A: Samples were analyzed by 7.5% SDS-PAGE
followed by immunostaining with the anti-topoisomerase IIâ
antibody. B: Autoradiogram of the immunoblot presented in panel
A. The film was exposed for 3 h. The positions of topoisomerases
IIR and IIâ and CKII are indicated to the right. C: Equal amounts
of homo- and heterodimericR subunits from IPR and IPâ material
used in A were analyzed by 7.5% SDS-PAGE followed by
immunostaining with the anti-topoisomerase IIR antibody. D:
Autoradiogram of the immunoblot presented in panel C. The film
was exposed for 3 h.
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which could transiently or constantly disrupt the interaction
between a kinase and theR subunit. Third, such a structural
change might not disrupt the interaction to a kinase but
prevent the kinase from reaching its normal recognition sites
due to steric hindrance. Of the protein kinases known to
phosphorylate topoisomerase II in vitro, much attention has
been given to CKII as the sites recognized by this enzyme
in vitro correspond to the major in vivo phosphorylation sites
of topoisomerase II (10, 11, 42). Interestingly, exogenously
added CKII can phosphorylate heterodimers, although it
appears that heterodimericR subunits are phosphorylated to
a lower extent compared to homodimericR in vitro (Figure
4B). The similarity in the phosphorylation pattern obtained
in vivo and in vitro with homodimericR being phosphory-
lated to a much higher level compared to heterodimericR
favors a hypothesis where CKII is the major kinase respon-
sible for phosphorylation of topoisomerase II homodimers
as well as heterodimers in vivo. According to this hypoth-
esis, the difference in phosphorylation observed between the
two topoisomerase II populations may reflect that some of
the CKII-specific phosphorylation sites in theR subunit are
not available in heterodimers or heterodimerization simply
disturbs the interaction between CKII and the heterodimeric
enzyme. A more detailed investigation of the subcellular
localization of the human topoisomerase II populations is

needed to clarify if differences in cellular compartmentaliza-
tion of the enzymes also to some extent contribute to the
diversities observed in phosphorylation. So far, data on
topoisomerase II localization are highly controversial and
hampered by the use of antibodies with differences in
specificity. Unraveling the localization of heterodimers will
probably await acquisition of antibodies specifically targeting
this topoisomerase II subpopulation. An extensive in vitro
characterization of purified topoisomerase II heterodimers
will also be helpful in the further elucidation of the exact
mechanisms responsible for the difference in phosphorylation
observed in this study.

Several studies have so far been performed to identify the
specific phospho-acceptor sites in eukaryotic topoisomerase
II (2, 9, 10, 42). As evident from the results presented in
this paper, attention is required when such studies are
performed on topoisomerase IIâ as the obtained phospho-
rylation pattern may reflect a mixture of hetero- and
homodimericâ enzymes. In the case of the more abundant
topoisomerase IIR enzyme, such precautions are less impor-
tant as heterodimericR constitutes a minor fraction of the
topoisomerase IIR population.

The exact role of topoisomerase II phosphorylation has
not yet been clarified, although it has been suggested that
phosphorylation regulates enzyme activity and mitotic func-
tions of topoisomerase II as well as influences the higher
order structure of the enzyme (1, 39, 41). The different mode
of phosphorylation of topoisomerase IIR/â heterodimers
compared toR homodimers as reported in this study may
reflect an alternative regulation in the cell of heterodimers
compared to the homodimeric counterparts. The effect of
phosphorylation on heterodimer formation and activity is so
far unknown. However, a total dephosphorylation of topo-
isomerase II does not influence the stability of heterodimers
indicating that this modification is not a prerequisite for the
essential contacts between the heterologous subunits in
heterodimers.

Numerous studies have demonstrated that topoisomerase
II is a primary cellular target for a wide variety of antitumor
drugs (16, 24, 38). At this point, the drug susceptibility of
topoisomerase II heterodimers remains to be determined.
Previously, a correlation has been demonstrated between
topoisomerase II phosphorylation and drug sensitivity both
in vitro and in vivo, where hyperphosphorylation of topo-
isomerase II resulted in increased drug resistance (14, 36).
The decreased phosphorylation level of heterodimers in
relation to homodimericR enzymes might indicate that
heterodimers have an altered response to antitumor drugs
compared to topoisomerase IIR. The natural balance be-
tween topoisomerase II hetero- and homodimers may there-
fore be important for the final cellular drug response.
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