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ABSTRACT

Mammalian cells express two genetically distinct
isoforms of DNA topoisomerase Il, designated topo-
isomerase Il a and topoisomerase Il (3. We have recently
shown that mouse topoisomerase Il o can substitute
for the yeast topoisomerase Il enzyme and complement
yeast top2 mutations. This functional complementa-
tion allowed functional analysis of the C-terminal
domain (CTD) of mammalian topoisomerase Il, where
the amino acid sequences are divergent and species-
specific, in contrast to the highly conserved N-terminal
and central domains. Several C-terminal deletion
mutants of mouse topoisomerase Il o were constructed
and expressed in yeast top2 cells. We found that the
CTD of topoisomerase Il a is dispensable for enzymatic
activity in vitro but is required for nuclear localization
in vivo . Interestingly, the CTD of topoisomerase Il  Bwas
also able to function as a signal for nuclear targeting.
We therefore examined whether the CTD alone is
sufficient for nuclear localization  in vivo. The C-terminal
region was fused to GFP (green fluorescent protein)
and expressed underthe GALI1 promoter in yeast cells.
As expected, GFP signal was exclusively detected in
the nucleus, irrespective of the CTD derived from
either topoisomerase Il o or II 3. Surprisingly, when the
upstream sequence of each CTD was added nuclear
localization of the GFP signal was found to be cell
cycle dependent: topoisomerase Il a—GFP was seen in
the mitotic nucleus but was absent from the interphase
nucleus, while topoisomerase Il p-GFP was detected
predominantly in the interphase nucleus and less in
the mitotic nucleus. Our results suggest that the
catalytically dispensable CTD of topoisomerase Il is
sufficient as a signal for nuclear localization and that
yeast cells can distinguish between the two isoforms

of mammalian topoisomerase |, localizing each protein

properly.

DDBJ/EMBL/GenBank accession no. D38046

INTRODUCTION

Eukaryotic DNA topoisomerase Il is a ubiquitous nuclear enzyme
that can alter the topological structure of DNA and chromosomes,
by transiently breaking both strands of the DNA double helix,
passing a segment of DNA duplex through the break and
religating the two strands (1). The enzyme can relax both positively
and negatively supercoiled DNA and can catalyze knotting/
unknotting and catenation/decatenation of closed DNA circles
(2). Thus the enzyme is of importance throughout cell proliferation,
providing the molecular tool for handling constrained or entangled
DNA which will arise during cellular processes such phaation,
transcription and recombinati¢2-5).

In yeasts, in addition to biochemical studies, genetic approaches
have been quite successful in elucidating the biological roles of
topoisomerase ITOP2 the structural gene for topoisomerase I,
is essential for cell viability6,7). Intop2 mutant cells nuclear
division is blocked in mitosis: chromosomes are pulled by the
spindle but fail to separaf8—11). Thusdpoisomerase Il activity
is required at the time of cell division, most likely for
chromosome segregation. In fission yeast it has also been shown
to be required for chromosome condensation (11).

In higher eukaryotes studies using mitotic cell extracts have
shown a requirement for topoisomerase liforitro chromosome
condensatioif12,13). Also, dpoisomerase Il has been shown to
be essential for replication of SV40 virus chromosoimesdtro
(14). In aldition to these catalytic functions, topoisomerase Il has
been implicated as a major structural component of the nuclear
matrix and/or the chromosome scaff¢licb—17). However, in
mammalian cells the biological function of topoisomerase II
remains unclear owing to a lack of topoisomerase Il mutants.
Moreover, mammalian cells express two closely related but
genetically distinct isoforms of topoisomerase |l, designated
topoisomerase &l and topoisomerase [l (18-22). little is
known about differences between the respective roles in cellular
events that require topoisomerase |l activity. However, recent
analyses have shown that expression and localization of each
isoform are distinct and stage specific during the cell cycle (23-27;
Kikuchi et al, in preparation): topoisomerase lis expressed
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transiently during mitosis and is a component of the metaphas®poisomerase Bl was used to replace the corresponding

chromosome scaffold, whereas topoisomergsesitonstant in - fragment of topoisomerasexlcDNA in pNA811.

amount and is present in the nuclear matrix as well as in the

nucleolus of the interphase nucleus. These observations raise Myma’uc assays and indirect immunofluorescent

possibility that topoisomerasenllis required for chromosome  microscopy

condensation and segregation, while topoisomergsedhages . ) ) )

topological constraints caused by replication and/or transcriptioRach expression plasmid was transformed into yeast strain RS191
Eukaryotic topoisomerase Il protein is composed of thre@WATaade2-lura3-1trpl-1leu2-3,11%is3-11can1-10Gop2-19).

domains: the conserved N-terminal and central domains and thBe resulting Leti cells were isolated and grown in YEPR

non-conserved C-terminal domain (CTD). Because the N-termingledium at 28C. When the culture reached a density of 80/

and central domains are homologous to the B and A subunits@lls/ml galactose was added to a final concentration of 2%,

bacterial DNA gyrase respectively, these domains are likely #®llowed by incubation for a further 4 h. For preparation of crude

have critical roles, as do the ATPase and breaking/rejoinin?<tracts the cell pellet was suspended ipl3gsis buffer (31).

domains, essential for enzymatic activity of topoisomerase f one third volume of glass beads was then added and the cells

(28-30). In ontrast, the CTD is divergent and species specifidvere lysed by vigorous mixing and brief sonication. After

sharing no homology with the bacterial enzymes, and therefof€ntrifugation at 12 000 r.p.m. for 5 min the supernatant was saved

the biological role of this domain remains unclear. and used for a decatenation assay to measure topoisomerase |
In this paper we have undertaken a functional dissection of tf@gtivity (31). o _

non-conserved CTD of topoisomerage I using ayeast expressioﬂ-o e_X&mln_e the cellular dlStrlbUtlon_ of mutant prOteu’]S, cells

System' in which mammalian topoisomerase Il cDNA has beeMere fixed Wlth.formaldehyde and Sub].elt.:ted to indirect |mmUnO'

expressed successfulB0—34). We show that the CTD of fluorescence microscopy (37). The aopdisomerase Il antibody

mammalian topoisomerase Il is responsible for nuclear localizatiohB9 (Kikuchiet al, unpublished) was used at a 1:10 dilution and

a|th0ugh it is not required for enzymatic activmr se In FITC-Conjugated Secondary antllbOdyV.VaS used for.detectl.on.The

addition, by using a partial topoisomerase Il fragment fused faclear region was counterstained with DAPI, mixed with the

GFP (green fluorescent protein), we show that the catalyticaljiounting medium.

dispensable CTD of topoisomerase Il is sufficient as a signal for

nuclear localization. Furthermore, we present data suggesti@pmplementation assays

that yeast cells, although having only one kind of topoisomera . : . .
I, an distinguish andgllocalize ?he t\yvo isoforms of ﬁwammaliaj(;%Ch expression plasmid was transformed into yeast strain NAY113

: MATa lys2-801ura3-52 trpl leu2 his3 top2A YCp-ScTOP2
topoisomerase |1 properly. [TOP2URA3J) as described (31). The rétg Leut transformants
were isolated and subsequently plated on galactose-containing
MATERIALS AND METHODS 5-FOA medium, in order to examine their ability to give rise to
Yeast manipulations 5-FOA-resistan_t (Ura colonies. It should be note(_JI that functional

complementation of the yeasvp2 null mutation leads to
Yeast cells were grown in YEPR medium (1% yeast extract, 2%rmation of viable Ura colonies that have lost the yeast
peptone and 2% raffinose) supplemented when appropriate withpoisomerase 1l genéf@QP2 on the YCp-ScTOP2 plasmid
2% galactose. For solid medium 2% Bacto-agar was addedgether with th&JRA3gene (31).
5-FOA medium used to select for Orells was made as described
823 Yeast transformation was performed using standaftbd®et  Construction of topoisomerase IB-GFP fusion vectors
The mouse topoisomerasf BDNA was cloned from thegt10
library of fetal mouse brain (kindly provided by Dr Kikuya Kato;
38). Its sequence (EMBL/DDBJ/GenBank accession no.
Construction of deletion mutant genes of mouse topoisomeraB88046) showed high homology with that of human topoisomerase
Ila was performed using the expression plasmid pNA811 (31)B and 91.9% of their amino acids were identical (Fig. 1). For
containing mouse topoisomerasel IEDNA under the yeast expression of mouse topoisomeragg uihder control of the
GALL1 promoter with theLEU2 gene as a selectable marker.GAL1 promoter the entire coding region was placed in the
Briefly, to make thedA andAB mutants pNA811 was digested multicloning site of the yeast expression vector pYES2 (Invitrogen).
with Aatll or Bglll respectively followed by blunting and This clone, YES-mTOPO B, was able to complement the yeast
religation. By changing the reading frame, termination codon®p2null mutation when expression of mouse topoisomergse Il
were introduced just behind the restriction sites. FoAthand was induced by addition of galactose (unpublished results).
AF mutants PCR was performed on the pNA811 template usingTo generate GFP fusion vectors a DNA fragment encoding
oligonucleotides p1 (8SCGAAGCTTGGATCCATGGAGTTGTC- GFP was cleaved from the pGFP vector (Clontech) and inserted
ACCGCTGCAGCC-3 and pE (5CCCGCATGCTTAGGCT- into thePad site (located at the'&nd of the topoisomerasg |l
TTTGCTGCACGACTTCTTTGC-3 or pl1 and pF (8CCCG- coding region) of the YES-mTOPOQllvector. This clone,
CATGCTTAATTTTTTGGGGGGATTTTGGCCTT-3 respect- YES-mTOPO IB/GFP, however, gave no GFP signal under the
ively. The amplified products were digested witid andSpH  fluorescent microscope and immunoblot analysis using either an
and the resultingldd—SpH fragments were used to replace theanti-topoisomerase f8lor anti-GFP antibody was unsuccessful
corresponding fragment of topoisomerasecDNA in pNA811.  (data not shown).

For construction of thap chimeric gene a 1.3 KBglll-SpHh Plasmid YESAtopo lIB/GFP, encoding topoisomeraspHAGFP

fragment encoding the extreme C-terminal 444 amino acids devoid of the N-terminal region of topoisomeras@, lwas

Construction of topoisomerase It deletion mutants
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mtopoIIf 1172:LWKEDLAAFVEELDKVEAQEREDILAGMSGKAIKGKVGKPKVKKLQLEETMPSPYGRRIVPEIT-A
htOPOITIR 1179k dkkdk ko ke kA kK QA K IR AP IR K I A Ak kA Kk k kR kAR R h AR KR AR KA KA K T AN K Kk
mtopoIlo 1163 :***xkkkyk Tk *xFy** ¥ K¥KQ*EQV*LP* **G*¥A* - - -G*KAQMCADVL-***R*K*VI*QV*VE
htopoITo 1166 :*** ¥k kT p ke k f A*hk p X fp Kk ¥ KK GH ¥ e o ¥ LT $Eb b= ** k¥ Ok 4 L ¥RT* T4

mtopoIIB 1237:MKADASRKLLKKKKGDPDTTVVKVEFDEEFSGTPAEGTGEETLTPSAPVNKGPKPKREKKEPGTRV
htopoIIB 1244:******K*********L**AA*******'****A*V**A***A****V*I*****************
mtopoIla 1225:***E*EK*IR**I*SENVE----=~---=--- ***k**DGA*PGSLRQRIE-~-—~-~- FRQ**xdxo_p
htopoIIo 1227 :***4+*44+*NK**+*N++T+-—----m—mwuem *S*Q*++V*LEG+K++L+—-—-——-~ * 44 ¥R***TKT

mtopoIIf 1303:RKTPTSTGKTNAKKVKKRNPWSDDESKSESDLEEAEPVVIPRDSLLRRAAAERPKYTFDFSEEEDD
htOpOIIﬂ 1310: P AR AR AR ELEEEEERLEARRERSER LR LRSI EEER SR
mtopoIIo 1271 :K*QT*LPEF*PV-*¥GRAK*****g**DYS*N--*SNVD*P**QK-EQ*SR*AKA*F*V*LDSD* *F
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mtopoIIf 1369:DA-AAADDSNDLEELKVKASPITNDGEDEFVPSDGLDKDEYAFSSGKSKATPEKSSNDKKSQDFGN
htopOIIB 1376:**DDDD**N********************************T**P**********LH*********
mtopoIlo 1333:SGLDEK*EDE*------ FLPLDATPPKAKIP*KNTKKALKTQG* *MSVVDLESDVKDSVPASPGVP
htopoIlo 1337:+DF+++TD++*—~me—— +V+S++S+++T+TS*+LSN+E++P+K*VV+DLEAD-+++G+++L+SSP+

mtopoIIBf 1434:PFSFPSYSQKSEDDSAKFDSNEEDTASVFAPSFGLKQTDKLPSKTVAAKKGKPPSDTAPKAKRAPK
hEOPOTITIP  LAA2 Lok *xkkkkkokkkok ok kok ko kok ok ok ok Kk Gh kA Kk Gh ok kk Ak k kAR ARk kA hhk kK KGR A KA A PH kA hk

mtopoIlo 1393 :AAD**AETEQSKP-*K----------—-————————-——————-~ *HEGVX*TATK*QSSVSTAGTK *
htopoIlo 1396:+TH**D+++ITN+VP+-- - oo m o m e e e e AN*T+**+*A* % 44+ T+TT+*A*
mtopoIIB 1500:QKKIVETINSDSDSEFGIPKKTTTPKGKGRGAKKRKASGSENEGDYNPGRKPSKTASKKPKKTSFD
htOpOIIB lSOB:***V**AV*********** ***************T***T**********

mtopoIIo 1431:RAAPKGTK-***ALSARVSE*PAPA*AX__NSR***P*S*D-SS*SDFE*AI**G*TS*~*AKGEE
htopoITa 1435:++PK++++-R*P++NSG++Q* +D++*T* ——+R+ ¥ * ¥4 *T* 4 D4+ *+N++KIV* *AV++*-*S+++8

mtopoIIB 1566:QDSDVDIFPSDFTSEPPALPRTGRARKEVKYFAESDEEE-DVDFAMFN
hEtOPOTIPR L1574 :*kkkkkkkkkkkPTAkk Gk ko kok kA ko k ok KTk kX KDk & ko kb

mtopoITa 1492:**FP**LEDT----- TAPRAKSD* ***PI**LE***-DDD*L-*~~~—
htopoITIa 1496:D*+HM*FDSA----- VA+++++ VPR pp* ok p g d ko p B ¥ = * oo

Figure 1. Comparison of CTDs of mammalian topoisomerase Il. The CTD of mouse topoisomBrésis Ipaper), human topoisomeras@ (22), mouse
topoisomerase di (30,47) and human topoisomerage (20) are aligned arbitrarily. Amino acids identical to mouse topoisomefaaeelshown by asterisks (*).

In human topoisomerasabmino acids identical to mouse topoisomeraseté denoted by crosses (+). —, absence of corresponding residues. The typical bipartite
nuclear localization signals are shown in the boxes. Possible NLS sequences in mouse topoisaraszasalirlined.

constructed from YES-mTOPO BIGFP by removing the Detection of GFP signal
upstream region of th&cd site. Similarly, plasmid YES CTD-
B/GFP, encoding the topoisomeragedTD linked to GFP, was
made by deletion up to tigglll site. Both of these clones gave
positive GFP signals, as described in the text.

GFP fusion vectors were transformed into diploid strain W303
(MATa/a ade2-1ade2-1 ura3-Yura3-1 trpl-Utrpl-1 leu2-3,
112leu2-3,112his3-11,1%is3-11,15can1-100can1-100. The
cells were cultured in minimal medium (containing 2% galactose
and all requirements except uracil) for at least 3 h (usually
overnight). This fresh culture was placed under an epifluorescent
Construction of topoisomerase lb—GFP fusion vectors microscope (Olympus BHS?2), followed by detection of GFP
signal with either a U or B excitation dichroic mirror.
_ ) Staining of DNA with DAPI was performed after fixation of the

We used a fragment of human topoisomerase€lINA instead  sample with 3% formaldehyde for 3 min at room temperature.
of a mouse clone because the amino acid sequence of #igs fixation method causes a several-fold reduction in the

topoisomerasedi CTD is so divergent and species specific thajntensity of GFP fluorescence. Detection was performed with a U
we could not find any antibody capable of recognizing the CTRycitation dichroic mirror.

of mouse topoisomerasea|l despite our large collection of
monoclonal and polyclonal antibodies against human topois®RESULTS
merase ki (Kikuchi et al, unpublished results).

To generate GFP fusion vectors the 3.2Pkill fragment of
human topoisomeraseilwas inserted in-frame into the YES-GFP
vector, in which aBsBI-Eag fragment containing the GFP We reported previously that mouse topoisomeragecduld
coding region had been placed under control of Gi#d1 complement the yeasbp2 temperature-sensitive mutation as
promoter in the pYES2 vector. The resulting clone, YESwell as thetop2 null mutation (30,31). This functionabmple-
PP158/GFP, lacked 440 amino acids from the N-terminus and &¥ntation enabled us to analyze the functional domains of
from the C-terminus, but contained about two thirds of théeterologous topoisomerase Il. The mouse protein is efficiently
topoisomerase di coding region. From this clone plasmid expressed in yeast cells, thus allowing detection of its enzymatic
YES-CTDu/GFP, encoding the GFP-fused topoisomerage Il activity (i.e.in vitro activity) in crude extracts. In addition, thevivo
CTD, was constructed by removing one ofBBlaeHI fragments  activity of the mouse enzyme can be determined in terms of
encompassing the upstream region. A plasmid encoding only &inctional complementation of yedep2 mutations. Therefore,
amino acids of the topoisomerase @ TD was also generated by we employed this system to analyze the function of the divergent
removing all théBanHI fragments. C-terminal domain (CTD) of mouse topoisomerase |l

The CTD of topoisomerase It is dispensable for enzymatic
activity in vitro but is required for nuclear localization in vivo
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Figure 2. Functional dissection of mouse topoisomerage The open box shows mouse topoisomeraseThe black and hatched boxes represent the poorly
conserved CTD of topoisomerase #nd that of topoisomeras@ Hespectively. Position of the active site tyrosine (Y) is indicated. The wild-type (WT) topoisomerase
Il protein consists of 1528 amino acids. Each deletion mutant contains the indicated number of amino acids. +, decatépdiioniao) and complementation

of the yeastop 2null mutation in vivo). Nuc., nuclear localiszation; Cyt., cytoplasmic localization. The functional subdomains clarified in this work are shewn belo

We constructed several mutant topoisomerasgéhes, each (WT) the antibody strongly stained the nuclear region, which was
of which encodes a truncated product owing to a deletion in thdentified by staining with DAPI (Fig. 4). In contrast, in cells
CTD (Fig. 2). Each mutant gene, under control of the y@aktl. ~ expressing proteins devoid of the CTBA AE andAF) only the
promoter, was introduced into yeast cells. The cells were growaytoplasm was intensively stained and there was no detectable
in galactose-containing medium to allow expression of the mouségnal in the nucleus (Fig. 3). From these results it was suggested
protein, followed by preparation of crude extracts that werthat the enzymatically activ®A and AE mutant proteins failed
subsequently used for a decatenation assay. Immunoblot analysisenter the nucleus, resulting in a loss of complementation
showed that each truncated product was synthesized in a simiativity. Furthermore, the results indicate that the extreme 168
amount to the intact protein. Decatenation assays revealed thaino acid region of the CTD was indispensable for nuclear
removal of <322 residues from the C-terminus had no effect dargeting of mouse topoisomerase. I
enzymatic activity A, AE andAF), whereas removal of 366
residues completely abolished activiyB) (Fig. 2 and data not
shown). Thus the C-terminal 322 amino acid region, whiclThe CTD of topoisomerase IB functionally substitutes
encompasses 21% of the whole molecule, was not required for loe that of topoisomerase I
enzymatic activity of mouse topoisomerase |

In parallel, each mutant gene was introduced into Yep&t |t was of interest to examine whether or not the CTD of mouse
mutant cells to examine whether or not it could rescue the lethalifypoisomerase df might be substituted by the corresponding
caused by disruption of the yeast topoisomerase Il gene (Fig. 8poisomerase i sequence, because the CTDs of both isoforms
The AF mutant protein, which had lost the C-terminal 168have a similar hydrophilic nature, despite lacking significant
residues, retained complementation activity, indicating that thisomology. For this purpose we made a chimeric mutarigyraeed
region is not required fdn vivo activity of topoisomerasedl aB, by adding the topoisomeras@ ICTD to theAB mutant
However, the other mutant proteins lacking >208 I’esiduq&otein of topoisomeraseall(Fig. 2). This mutant was then
completely losin vivoactivity. Thus, surprisingly, t®A andAE  introduced into yeast cells in order to examine whether or not its
proteins failed to complement the yetst2 mutation despite product was active.
retaining enzymatic activity. This suggests that the extreme 208In contrast to thA&B protein, which had no enzymatic activity
amino acid region has some essential cellular function(s) othend failed to complement the yetsgi2 mutation, thex mutant
than enzymatic activity. protein displayed enzymatic activity as well as complementation

We presumed that the CTD might be involved in interactiomctivity (Fig. 2 and data not shown). Furthermore, indirect
with chromatin, nuclear structures or other cellular protein(s) arichmunofluorescence revealed that cells expressing afe
that the mutant proteins might show a distinct localizatioprotein gave a strong signal in the nuclear region, similar to that
compared with wild-type enzyme. We therefore examined thisund with wild-type topoisomerasenliprotein (Fig. 4). From
distribution of these mutant proteins in yeast cells by indiredhese results it was suggested that, at least in yeast cells, the
immunofluorescent microscopy using antibodies against mouskvergent CTDs of the two isoforms have a similar enzymatic
topoisomerase d. In cells expressing the full-length protein function and a signal for nuclear localization.
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Figure 3. Cytoplasmic localization of mutant proteins devoid of the CTD. Yeast cells expressing the mutant/kotih dr AF) were fixed with formaldehyde
and subjected to indirect immunofluorescent microscopy using the anti-topoisonteasildy, followed by detection with FITC-conjugated secondary antibody
(left). The nuclear region was identified by staining with DAPI (right). Fortherotein both G (upper) and M phase (lower) cells are shown.

Nuclear localization of GFP fused to the CTD of As shown in Figure 6A, in cells expressing GFP fused to
topoisomerase Il N-terminally truncated topoisomerasea Il (topoisomerase
Next we examined whether the CTD alone is sufficient fo%:]?(a—rgﬁ:s)et?ﬁcslgunsal (\Svr? ?hcée(t)etzﬁt;dhgngheton;g?stg:ﬁ]l;uﬁtEn@oFtnén the

nuclear localizatiom vivo. To accomplish this we put each CTD - : ; . .

. was localized predominantly in the interphase nucleus and less in
fragment ufnde:jqor}trol of tﬁ?Léptrom_oter, tg WE'Ch a tGFFt) the mitotic nucleus (Fig. 6B). This localization pattern is
gene was Jused In-irame at theé L-lerminus. £ach Construct Was,iniscant of the cell cycle-dependent localization of topoiso-
introduced into yeast cells and the GFP signal analyzed under g <o i and IB in higher eukaryotic cells, namely topoisomerase
gl'fFr)o]?COpde't As shown in II:[I:ng'JlgethSA, n clells expressllntgl g ¢ is localized in mitotic chromosomes, while topoisomerdge ||

-lused topoisomerasex € signal was COmpletely s fond in interphase nuclei. Thus it was suggested that the

localized to the nucleus, coincident with DAPI staining. Very, . . - L
i ! . catalytically dispensable CTD of topoisomerase Il is important
similar results were obtained when the topoisomergs€TD not only for nuclear targeting but also, in concert with the central

was fused to GFP (Fig. 5B). Thus, no significant difference Wa$smain containin : :

. g the active site, for cell cycle-dependent and
observed between_CTD ffag”.‘e”ts of topoisomerasaridl |B. _isoform-specific localization of this protein. The results also
In contrast, GFP with no topoisomerase Il fragment or GFP wi ggest that yeast cells can distinguish and localize the two

a §ubfragment of the extreme C-terminus (61 re5|due_s) 9aVeBforms of mammalian topoisomerase Il properly. We note that
uniform green fluorescent signal in the cytoplasm with SOME, o ey nression of topoisomeraseJGFP in the nucleus seems
occasional nuclear staining (Fig. 5C; data not shown). From th?[%ene harmless, since the various mitotic stages were observed anc

results we co_nclyde that the CTD is necessary and sufficient Q&I cycle progression was not significantly blocked (Fig. 6C).
nuclear localization.

— . DISCUSSION
Cell cycle-dependent localization of topoisomerased-GFP SCUSSIo
and topoisomerase IB—GFP Function of the CTD of topoisomerase ||

Although we have shown that the CTD of both topoisomerase Using a yeast expression system we have analyzed the functions
isoforms is responsible for nuclear targeiimgivo, it remained of the CTD of mouse topoisomerase.WWe constructed several
unclear whether these proteins are localized in the nucleosutants devoid of the CTD and examined their enzymatic activity
irrespective of cell cycle progression or whether they showwn vitro as well as their biological activity vivo. We showed that
distinct localization even in the nucleus, as has been observedmmncation of <322 residues from the C-terminus had no effect on
mammalian cells. To investigate this we attempted to expreseazymatic activity. The results are in good agreement with the
full-length topoisomerase Il fused to GFP. However, this wasbservation that the C-terminal 322 amino acid region has no
unsuccessful: no GFP signal under the microscope nor protdiomology with bacterial type Il DNA topoisomeraga8). As
product by immunoblotting were detected (data not shownhbserved in thAA andAE mutant proteins, enzymatically active
Therefore, we removed an N-terminal region from the construgbrotein failed to complement the ye&sp2 null mutation. This
Deletion of this region resulted in stable products that allowed wonflicting result is probably due to a lack of topoisomerase I
to detect the GFP signal in yeast cells (see below). Presumably #rativity in the nucleus: indirect immunofluorescence revealed
N-terminal region has some sequences which affect stalleat none of the truncated mutant proteins were transported to the
maintenance of the produotvivo. nucleus. Thus our results suggest that a potent nuclear localization
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Figure 5. Nuclear localization of GFP fused to the topoisomeras€MD

(A) and fused to the topoisomeragedTD (B). Each product was expressed

in yeast cells and the GFP signal was detected with a microscope (upper). The
position of the nucleus was visualized by simultaneous staining with DAPI
(lower). The bar indicatesiin. (C) Cytoplasmic localization of GFP fused to

the extreme C-terminal 61 amino acids of topoisomeras&HP signal (left),

DAPI staining (right) and double exposures (center) are shown.

examine whether or not tA€ protein would become actiirevivo
Figure 4. Nuclear localization of thel3 chimeric protein and wild-type when fused to a funCthnal NLS such as that of SV40 T ?‘ntlgen'
topoisomerasedi protein. Yeast cells were stained as in Figure 3. Farfshe We ConStrUCted_a chimeric m_Utant’ desgnatﬁdcqntammg
protein both G (upper) and M phase (lower) cells are shown. the CTD of topoisomerasefllinstead of that derived from
topoisomerase di and found that enzymatic activity as well as
nuclear localization of this chimeric protein were comparable
signal (NLS) resides in the extreme 168 amino acid residues wfth those of the wild-type topoisomerase Iprotein. These
mouse topoisomerasaillindeed, some NLS-like sequences argesults indicate that the CTD of topoisomeraBe#n substitute
found in this region (see Fig. 1). Importantly, mouse topoisomefer the corresponding domain of topoisomerasedEespite little
ase |b has two bipartite NLS sequences, one of which is locateskquence homology between them. Thus the CTDs of topoiso-
in the CTD (30,39). Itlould be noted, however, that these NLSmerase ki and I3 have a common ability, at least in yeast cells,
sequences are unlikely to be fully functional, sincéAthandAF  to act as NLS sequences. This idea is further supported by our
proteins retained these sequences but failed to localize to teperiments in which we have demonstrated that, using GFP as
nucleus. Nevertheless, thE protein was able to complementthea tag, CTD alone is sufficient for nuclear localization of
yeasttop2 mutation, while thé\E protein was not. It is possible topoisomerasedl and topoisomeraseBlIGFP fused to the CTD
that a small amount é&f, but notAE, protein entered the nucleus, of topoisomerase di was completely localized to the nucleus.
although they were not detectable. Indeed, Jeasah have This was also the case with the CTD of topoisomerdse I
recently observed similar results with truncated human topoissuggesting no significant difference, with respect to NLS
merase ki proteins (33). However, othexganations are also function, between the two CTDs.
possible. For example, the catalytically dispensable 40 aminolt has recently been reported that the ASFV (African swine
acid region between the ends of fteandAF proteins may play fever virus) genome has a putative gene for topoisomer@sy.l1
a crucial rolén vivoand therefore th&E (andAA) protein would  Interestingly, the predicted protein consists of only 1191 amino
be intrinsically inertin vivo, even in the nucleus. This idea is acids, being equivalent to th®A mutant protein of mouse
supported by the fact that the region contains several putatit@oisomerase di in that it lacks a region corresponding to the
phosphorylation sites which have been implicated in the regulati@®®TD of eukaryotic topoisomerase Il. Provided that this putative
of topoisomerase Il activit{80). Thus it vould be interesting to topoisomerase Il is involved in ASFV genome replication, which
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Moreover, recent studies have revealed that expression and
localization of each isoform are distinct and cell cycle stage
specific (23—-27; kuchi et al, in preparation): topoisomerase
Ila is expressed transiently during mitosis and is a component of
the metaphase chromosome scaffold, whereas topoisom@rase Il
is constant in amount and is present in the nuclear matrix as well
as in the nucleolus of the interphase nucleus. Hence, it was of
great interest to examine whether these proteins are continuously
localized in the nucleus irrespective of the cell cycle or whether
they exhibit distinct localization in the nucleus. To accomplish
this we employed GFP, which has been utilized successfully in
yeast cells as a tag to follow protein localization (see for example
44-46). We showed that iromtrast to GFP fused to the CTD
alone, which showed continuous localization in the nucleus,
topoisomerase dGFP was localized mostly in the mitotic
nucleus and absent from the interphase nucleus. Conversely,
topoisomerase B-GFP was localized predominantly in the
interphase nucleus and less in the mitotic nucleus. Thus addition
of a further upstream region of topoisomerase Il resulted in
nuclear localization that is cell cycle dependent. Interestingly, this
pattern is reminiscent of that in higher eukaryotic cells.

We cannot rule out the possibility that our results might be
caused by an artificial condition: for example, because an
N-terminal region was removed from the topoisomerase |l
moiety, the product, otherwise properly degraded, accumulated in
the nucleoplasm. Nevertheless, we prefer the interpretation that
the central domain of topoisomerase Il has some additional role
in distinguishing mitotic from interphase nuclei. Given that this
is the case, yeast cells are capable of distinguishing between the
two mammalian isoforms and thereby localizing them properly,
so that each isoform should be fully functional. Considering the
fact that yeast cells possess only one form of topoisomerase ll, it
is also possible that, even in a heterologous organism, mammalian
topoisomerase Il by itself can be properly localized in the nucleus,
presumably through a direct interaction with DNA and/or
chromosomes.

We failed to detect signals of GFP fused to a full-length
Figure 6. Cell cycle stage-specific nuclear localization of topoisomerase topoisomerase Il, despite extraordinary stability of intact GFP.
lla-GFP @) and topoisomeraseBHGFP B). Each topoisomerase Il cDNA  This is most likely due to the existence of the N-terminal region
devoid of an N-terminal region was fused to GFP and expressed in yeast cellgf topoisomerase Il, since in our experiments deletion of this
followed by detection of GFP (upper) and DAP! (lower) fluorescence. The baregion resulted in stable GFP-fused products. Irrespective of any
indicates 5um. (C) Representative images of topoisomerase-@FP in .. .
mitotic cells. The pictures were taken using a phase contrast microscope witRdditional role O_f the N-terminus, the data presented here suggest
epifluorescent attachment. In the lower panels GFP signal alone is shown. that the catalytically dispensable CTD of topoisomerase Il is
important not only for nuclear localization, but also, in concert
with the central domain, for cell cycle-dependent and isoform-
hsepecific localization of this protein.

occurs in the cytoplasm, this may support the notion that t
primary function of the long CTD of eukaryotic topoisomerase I
is to act as an NLS. Consistent with this, it has been reported tif¢KNOWLEDGEMENTS
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