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1. Abstract 

In order to obtain insights into the functions of DN A topoisomerase II during 

development， 1 have initiated studies on the en勾meof D. discoideum. 

First， using oligonucleotide probes designed from sequences of eukaryotic DNA 

topoisomerase IIs， 1 cloned a single copy gene for DNA topoisomerase II丘om

Dictyostelium discoideum nuclear DNA. The gene， designated topA encodes a polypeptide 

of 1282 amino acids with an molecular mass of about 146 kDa. The deduced amino acid 

sequence shares similarity to other eukaryotic DNA topoisomerase IIs with identity between 

32 and 46%， in which functional domains for the ATPase and for the cleavage and religation 

of DNA are conserved. The protein is 260-300 arnino acids shorter in the C司 terminalregion 

叩 d50-80 longer in the N-terminal region th叩 thoseof other euk訂 yotes.Four independent 

polyclonal antibodies against GST fusion proteins， which contained four regions of the 

polypeptide detected a single band at about 135 kDa on Westem blots. In addition， mRNA 

釦 dprotein levels of topA were examined during D. discoideum development with maximal 

expression during the initial growth phase. 

Interestingly， an additional N-terminal region of the protein σopA) contains a putative 

mitochondrial targeting signal presequence. Westem blot analysis of subcellular丘actions

and immunofluorescence microscopy revealed that this protein is located in mitochondria and 

not in nuclei. 1 constructed mutants which overexpressed the wild-type or the N-terminally 

deleted TopA， and examined the localization of TopAs by immunofluorescence microscopy 

叩 dproteinase K digestion experiment. These experiments revealed出atTopA is located in 

the mitochondria by virtue of the additional N-terminal region. Furthermore， in the cell 

extract immunodepleted of TopA， nuclear DNA topoisomerase II activity was not decreased. 

These results confmned that TopA is located in the mitochondria， even though its arnino acid 



sequence is highly similar to those of nuclear type DNA topoisomerase II of other 

organisms. Thus， this study is the fIrst to establish the location of the mitochondria targeting 

signal presequence in DNA topoisomerase II， and proteins in D. discoideum. 
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ll. General Introduction 

Topological changes of cellular DN A are necessary for the faithful transcription， 

recombination， replication and segregation of chromosomes in organisms. DNA 

topoisomerase is a ubiquitous enzyme which plays an essential role in regulating topological 

state of DNA by transient breakage and rejoining (for reviews see Hsieh， 1992; Wang， 1991， 

1996; Watt and Hickson， 1994). There are two major classes of DNA topoisomerase， 

distinguished by their mechanism of action. DNA topoisomerase I introduces a仕組sient

single strand nick into DNA and subsequently transfers the complement紅 ystrand of the 

duplex through the nick (Maxwell and Gellert， 1986; Osheroff， 1989). DNA topoisomerase 

II introduces a transient double strand break， then translocates a stretch of duplex DNA 

through it (Osheroff， 1989; ¥bsberg， 1985). DNA topoisomerase II also catalyzes出eATP-

dependent relaxation of negatively and positively supercoiled DNA (Osheroff et al.， 1983; 

Schomberg and Grosse， 1986)， catenation-decatenation (Goto and Wang， 1982; Hsieh and 

Brutlag， 1980) and knotting-unknotting of circular DNA (Hsieh， 1983; Liu et al.， 1980). In 

bacteria， the enzyme is called DNA gyrase and is a te甘amerconsisting of a p出rof each of出e

two subunits (A2B2) with an molecular mass of about 95 kDa (B subunit) and about 

105 kDa (A subunit) (Higgins et al.， 1978; Klevan and Wang， 1980). On the other hand， the 

euk訂 yoticenzyme is a homodimer， consisting of a single polypeptide with an molecular 

mass of about 130-180 kDa (Lynn et al.， 1986). 

DNA topoisomerase II is charged with the task of resolving topological problems 

which arise during various processes of DNA metabolism， including transcription 

(Gartenberg and Wang， 1992; Schultz et al.， 1992)， recombination (Wang et al.， 1990)， 

replication (Brill et al.， 1987)， chromosome condensation (Adachi et al.， 1991; Rose and 

Holm， 1993) and chromosome segregation during cell division (Rose et al.， 1990; Uemura 
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et al.， 1987). As a result of all vital role， the enzyme is essential for the viability of all 

organisms from bacteria to human. In addition， structural roles of the enzyme as a major 

protein component of nuclear matrix and chromosome scaffold structure are also紅忠led

(Poljak and Kas， 1995). 

DNA topoisomerase II has been thoroughly investigated in the terms of functions in 

proliferative processes， but little is known about its role in DNA metabolism during 

development and differentiation. From this reason， 1 had interest in the functions of the 

enzyme during developmental process， and thought that the cellular slime mold was a 

suitable organism for studying this problem. 

The cellular slime mold Dictyostelium discoideum grows as a single-cell amoeba. 

Upon starvation， cells initiate a multicellular developmental program and fmally form fruiting 

bodies consisting stalk and spore cells (Firtel， 1995; Kimmel， 1988; Loomis， 1996). 

D. discoideum is a useful organism for studying developmental events from two 

perspectives; the temporal sep紅 ationbetween the growth and developmental phases and the 

ease of a genetic engineering approach including gene tagging (Kuspa and Loomis， 1992) 

and homologous recombination (De Lozanne叩 dSpudich， 1987). To gain insights into the 

functions of DNA topoisomerase II during development， 1 have initiated a study on the 

en勾mefrom D. discoideum. For this purpose， using oligonucleotide probes designed仕om

sequences of eukaryotic DNA topoisomerase IIs， 1 cloned and characterized a DNA 

topoisomerase II gene， which 1 named topA， of D. discoideum. Surprisingly， the gene 

product was actually localized in mitochondria， although the deduced arnino acid sequence of 

TopA showed a significant degree of homology with that of nuclear type DNA 

topoisomerase IIs from other eukaryotes. Information on topoisomerase IIs is mostly 

restricted to nuclear enzymes， and little is known about the mitochondrial enzymes to date. 

Genetic information of the mitochondrial enzyme is only available for the trypanosomatid 

4 



topoisomerase II (Fragoso and Goldenberg， 1992; Pasion et al.， 1992; Strauss and Wang， 

1990)， however the mitochondrion of the organism is called k.inetoplast and its DNA has a 

unique network structure fonned by two circular DNA species， rnimicircles and maxicircles 

(Ryan et al.， 1988). 1n addition， the rnitochondria1 targeting signal presequence of the 

mitochondria1 enzyme was not repo口ed.

1n section 1 of this thesis， 1 describe the cloning and characterization of the DNA 

topoisomerase II gene of D. discoideum. In section 2， 1 demonstrate the mitochondria1 

localization and the existence of signal presequence for the loca1ization of the protein by 

immunofluorescence microscopy and proteinase K digestion experiment. 
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ID. Section 1 

Cloning and characterization of the gene encoding 

a mitochondrially localized DNA topoisomerase n in 

Dictyostelium discoideum 
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Introduction 

In eukaryotes， DNA topoisomerase II cata1yzes the ATP-dependent relaxation of 

negatively and positively supercoiled DNA， catenation-decatenation and knotting-unknotting 

of circul紅 DNA(for reviews see Hsieh， 1992;羽Tang，1991; 1996; Watt and Hickson， 

1994). The euk訂 yoticenzyme is a homodimer， consisting of a single polypeptide with 

molecular mass of about 130-180 kDa. The N-termina1 quarter of the enzyme possesses 

ATPase activity， whereas the central part contains a tyrosine residue that participates in 

breaking and rejoining of DNA (Lynn et al.， 1986). Although the C-termina1 one-third of 

the enzyme has diverse amino acid sequences among eukaryotes， the region has remained 

very hydrophilic and charged. The overall structure， consisting of three subdomains， is 

evolutionarily conserved among the eukaryotic enzymes characterized to date. 

DNA topoisomerase II is essential for the viab出tyof all organisms and it participates 

in fundamental cell吐紅白nctionssuch as transcription (Gartenberg and Wang， 1992; Sch叫包

et al.， 1992)， recombination (Wang et al.， 1990)， replication (Brill et al.， 1987)， 

chromosome condensation (Adachi et al.， 1991; Rose and Holm， 1993) and chromosome 

segregation (Rose et al.， 1990; Uemura et αl.， 1987). In addition， structura1 roles of the 

m勾rmeas a major protein component of nuc1ear matrix and chromosome scaffold structure 

have also been proposed (Poljak and Kas， 1995). Eukaryotic cells undergo proliferation and 

development. DNA topoisomerase II has been thoroughly investigated in the terms of 

functions in proliferative processes， however little is known about its role in development 

and differentiation. 

The cellular slime mold Dictyostelium discoideum grows as single-celled amoeba. 

Upon starvation， cells initiate a multicellular deve10pmental program and fmally form企uiting

bodies consisting of stalk and spore cells (Firtel， 1995; Kimmel， 1988; Loornis， 1996). 
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D. discoideum is a useful organism for studying developmental events for two main reasons; 

the temporal separation between the growth and developmenta1 phases， and the availability 

of genetic engineering approaches， such as gene tagging (Kuspa and Loomis， 1992)叩 d

homologous recombination (De Lozanne and Spudich， 1987). To gain insights into the 

functions of DNA topoisomerase II during development， 1 have initiated study on the 

enzyme from D. discoideum as a model organism. In this section， 1 describe the cloning and 

characterization of the DNA topoisomerase II gene of D. discoideum. 
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Materials and Methods 

Growth and development 01 Dictyostelium discoideum 

D. discoideum strain AX3 (Loomis， 1971) was grown axenically in HL-5 medium 

(Cocucci and Sussman， 1970) at 220C on a reciprocal sh北er(120 s町okes/min).To initiate 

multicellular development， these axenically grown cells were harvested and washed 3 times 

with 20 mM K-phosphate buffer (pH 6.4). The cells were then suspended in LPS (40 mM 

K-phosphate， pH 6.4， 20 mM KCl) at a density of 1x108 cells/ml and plated on 47-mm 

乱但lliporefuters over an LPS saturated pad in a plate (6 cm) and incubated at 220C (Cocucci 

and Sussman， 1970). 

Isolation of nuclei， mitochondria and nucleic acid 

Axenical1y grown cells were harvested by centrifugation and washed once in BSS 

(Bonner， 1947)， then resuspended in cold NP40 lysis buffer (10 mM Mg.acetate， 10口動f

NaCl， 30 mM HEPES， pH 7.5， 10% sucrose， 2% Nonidet P-40) and lysed on ice. Nuclei 

were collected by centrifugation at 4，000xg for 10 min at 40C and washed twice in cold 

-NP40 buffer (Nonidet P-40 omitted from the NP40 lysis buffer). For preparation of 

mitochondria， axenically grown cells were lysed by the same method as described above. 

After removing nuclei， supernatant was centrifuged at 10，000xg for 15 min at 40C. The 

precipitated mitochondria were washed twice in cold -NP40 buffer. 

Nuc1ear DNA was prepared from the nuc1ei ofAX3 cells as described (Richardson et 

al.， 1991). Total RNA was isolated from the cells as described (Chomczynski and Sacchi， 

1986) and poly(A)~A was prepared from total RNA by Oligotex-dT30 (Nippon Roche) 

according to the instructions of the supplier. 
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Cloning and sequencing of the gene for DNA topoisomerase II 

To prepare oligonucIeotide probes with which to clone the gene for DNA 

topoisomerase II， five regions were selected from the highly conserved amino acid 

sequences among the enzymes from Saccharomyces cerevisiae (Giaever et al.， 1986)， 

Schizosaccharomyces pombe (Uemura et al.， 1986め)， Droso伊phil匂αmη'lelα仰no勾gaωs防 (何羽Wyc戸f屯ck凶of百fet 

αal.， 1989) and human ぐσfs臼alト-Pflu略1唱gfe制'elder et αl.， 1988). The sequences were 

1) TGGRNGYGAK; 2)品位MIDQD;3) KYYKGLGTS; 4) KPGQRKV; 5) NGAEGIGTG 

and the corresponding oligonucleotide probes were designed as fol1ows， according to出e

biased codon usage of D. discoideum (Warrick and Spudich， 1988); Probe 1) 5'ーTITI

GCACC(AlG)TAACC(AlG)TTICIACCACCIGT-3'; probe 2) 5' -ATCTTGATC1GTCA 

T(AlG)ATCAT-3'; probe 3) デーGAIGTACcrA(AlG) ACCTIT(AlG)TA(AlG)TATIT-3 '; 

probe 4) 5' -CA1TI1C汀TGACCTGGTIT-3';probe 5) デーACCIGTACC(AlG)ATACC

TTCIGCACC(AlG)TT-3' (1， inosine). These oligonucIeotide were labeled with 32p by 

T4 polynucIeotide kinase and used for Southem blotting (Fig. 1). 

Genornic DNA digested with EcoR1 and HindIII was sep訂atedby electrophoresis on a 

0.8 % agarose gel. The DNA丘actioncontaining 4.0 kb仕agmentshybridized with probe 2 

were isolated， ligated into pUC18 and transformed into E. coli JMI09. This subgenornic 

library was screened by colony hybridization with probe 2 (Hanahan and Meselson， 1983). 

A cIone containing the pTOPA-l (Fig. 2A) was obtained. As the cIone lacked the 5' end， 

overlapping pTOPA-2 and pTOPA-3 regions (Fig. 2A) were successively c10ned using 

fragments consisting of the 5' end regions of pTOPA-l and pTOPA-2， respectively， as 

probes. Three genornic clones thus obtained were sequenced on both s甘andsby出edideoxy 

chain termination method (Sanger et α1.， 1977) using Sequenase II (U.S. Biochernical 

Corp.， USA). Sequences were組 alyzedusing the software GENETYX-MAC version 7.0 

and the database GENETYX-CD version 31 (Software Development Corp.). 
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The sequence data in this paper have been deposited in DDBJA:MBUGeneBank Data 

Libraries under the accession number D82024. 

Southem and Northem blots 

The genomic DNA digested with various restriction enzymes was separated by 

electrophoresis on 0.8% agarose gels， transferred onto GeneScreen Plus membranes 

(DuPont NEN， UK)， and hybridized with the 32p labeled oligonucleotide probes in 

hybridization buffer without formamide (Sambrook et al.， 1989) at 320C for 20 hr. The 

membranes were washed twice with 2x SSC at room temperature and twice with 

2 x SSC/l % SDS at 42
0

C， then exposed to X-ray film. When the c10ned DNA fragments 

were used as probes after labeling by using 32p with a Random Primed DNA Labeling Kit 

(Boehringer Mannheim， Germany)， the membrane was hybridized in another bu百er

containing 50% formamide as described (Sambrook et al.， 1989). The size of each DNA 

fねgmentwas estirnated based on the mobility of EtdBr-stained入/HindIIIfragments. 

For Northern blots， total RN A and poly(A)'RNA were separated on agarose gels 

containing 1 % fo口naldehydeand transferred onto GeneScreen Plus membranes. The 

hybridization procedures were the same as those used for Southern blotting as described 

above. 

Fusion protein constructs and antibody production 

A 1.8 kb EcoRV fragment encoding the region from 340 to 964 inc1usive of TopA was 

ligated with EcoRI linker (Takara Shuzo， Japan) and inserted into pGEX-2T (pharmacia 

Biotech.， Sweden) digested with EcoRI to construct pN340. A 2.0 kb HincII仕agment

encoding the region from 955 to 1282， a 2.4 kb Banill fragment corresponding to the region 

from 814 to 1282 and a 0.9 kb DmI fragment encoding the region from 28 to 320 were 

11 



blunted with Klenow and inserted into pGEX-2T digested with SmaI to generate plasmids 

pC955， pC814 and pN28， respectively (Fig. 7 A). The nuc1eotide sequences of all 

constructs were confmned to be connected in frame with the glutationeふ transferase(G S T) 

coding sequence. These plasmids were transformed into E. coli JM 109 to produce the 

fusion proteins. 

Expression of the fusion genes were initiated by addition of 0.1 mM  IPTG. These 

fusion proteins in inc1usion bodies were purified from crude celllysate with 1 % Triton X-

100 and 5 M urea， then separated by SDS-polyacrylamide gel electrophoresis (PAGE) 

(Sambrook et al.， 1989). The products were detected as major bands of出epredicted sizes 

(pN340， 97 kDa; pC955， 65 kDa; pC814， 83 kDa; pN28， 60 kDa) on gels stained with 

Coomassie Blue (data not shown). The gels were excised and dialyzed against PBS (10 n也f

Na-phosphate， pH 7.2， 150 mM  r、~aCI). Rabbits were immunized five or six times every 

two weeks with the crushed gel containing 50μg of the purified fusion protein. Antisera 

were prep訂edfrom blood obtained from the ear vein of the rabbits. Antibodies were 

purified from antisera as described (Talian et al.， 1983). 

Westem blots 

Extracts obtained from whole cells (lx106 cells)， nuclei (6μg) or mitochondria (6μg) 

were separated by 6% SDS-PAGE， transferred onto nitrocellurose membranes (BA85， 

Schleicher and Schuell， USA)， and reacted with each antiserum. These blots were analyzed， 

using the enhanced chemiluminescence system (ECL， Amersham， UK) incorporating 

Protein A-linked horseradish peroxidase (Amersham， UK) following the instructions 

provided by the supplier. 
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Results 

The structure of a DNA topoisomerase II gene from D. discoideum 

To isolate the gene encoding DNA topoisomerase II of D. discoideum， five 

oligonucleotide probes were synthesized (see Materials and恥1ethods). These probes were 

hybridized with EcoRI-， HindIII-or EcoRIlHindlII-digested genomic DNA prepared from 

AX3 cells. Probes 2 and 3 hybridized with the same bands (Fig. 1). Using strongly 

hybridizing probe 2， a clone pTOPA-1 was obtained as a 4.0 kb fragment from如

EcoRIlHindIII subgenomic library (Fig. 2A). Overlapping clones pTOPA-2 and pTOPA-3 

were isolated from a series of subgenomic DNA libraries. From the nucleotides sequence of 

the cloned DNA， a long ORF of 3846 bp， encoding a polypeptide of 1282 amino acids with 

a predicted molecular mass of 145，864 Da and pI 9.3 was identified in出isregion (Figs. 2A 

and 3). Using the program GENETYX-MAC ver. 7.0， the fol1owing percentages of identity 

were obtained by pairwise comparison of the deduced amino acid sequence of the ORF叩 d

several known topoisomerases; Saccharomyces cerevisiae， 44.6%; Schizosaccharomyces 

pombe， 43.2%; Drosophila melanogaster， 46.1 %; human， 45.5%; Trypαnosoma brucei， 

32.8%. As the homology among these proteins was significant， 1 concluded出at出eORF 

was DNA topoisomerase II and named it topA following the Demerec nomenclature which is 

recommended for cellular slime molds (Demerec et αl.， 1966). The nuc1eotide sequences of 

probes 2 and 3 corresponded to the regions at nuc1eotides 1921-1941 and 2152・2178，

respectively (Figs. 2A， 3 and accession no. D82024). Southern hybridization of EcoRI-， 

HindIII-or XbaI-digested genomic DNA showed出attopA is a single copy gene (Fig. 2B). 

Loomis et al. showed出atthe gene resides on chromosome m of D. discoideum (Loomis et 

al.， 1995). 

The schematic structure of the putative DNA topoisomerase IIσ'opA) is shown in 
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Figure 4A. In the multiple alignment， a number of amino acids are constant. Conservation 

of these residues in alI the sequences suggests that they are critical for the function of the 

enzyme. The invariant GXXGXG motif at positions 253-258 in the multiple alignment 

(Figs. 4B and 5) forms a part of the ATP-binding site (Lindsley and Wang， 1991; Tamura 

and GelIert， 1990). The invariant residues R-Y at positions 898-899 (Figs. 4B and 5) are 

also involved in the formation of the transient covalent bond with DNA during the strand 

passage reaction (Horowitz and Wang 1986). Highly conserved regions (Wa仕組dHickson， 

1994)， stretches of EGDSA and PLRGK， were also found in TopA (Fig. 5). However， 

TopA differs from the other eukaryotic enzymes in three respects: a shorter C-terminal 

segment of about 260-300 amino acids， an extended N-terminal segment of about 50・80

amino acids， and the presence of the additional sequence with 34訂凶noacid long in the N-

terminal region (Figs. 4 and 5). 

Expression 01 topA 

Expression of topA was examined by Northern blotting using a 32P-Iabeled 0.8 kb 

AccI仕agmentof pTOPA-1 for total RNA or poly(A)京NAprep訂 edfrom ceIls in the growth 

phase. A hybridized band was detected on1y in the poly(A)京NAand topA was expressed 

as a 4.5 kb polyadenylated RNA (Fig. 2C). 1 then examined the expression of the gene 

during development. Poly(A)"'RNA was isolated from the cells at several stages and 

hybridized to a 32P-labeled 2.0 kb EcoRV fragment from pTOPA-l. The 4.5 kb topA mRNA 

was present at all stages， although the amount declined as development proceeded (Fig. 6A). 

Western blots during development 

Four independent polyclonal antisera were raised against bacterially expressed GST 

fusion proteins containing various portions of TopA (Fig. 7 A). Each antibody recognized its 
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respective fusion protein extracted from E. coli but not GST (data not shown). 1 therefore 

concluded that these antisera recognize the TopA epitopes in the fusion proteins. Three 

釦 tlsera，αC955，αC814釦 dαN340，recognized a single band at about 135 kDa (Fig. 7B). 

The antiserum αN28 detected several weak bands in the cell lysate from growth phase. 

However， after purifying the antibody from the crude antiserum αN28， only a single band 

was detected at about 135 kDa (Fig. 7B). Figure 7 also shows that none of the four 

pre江田nunesera reacted with proteins. 

1 examined the producton profue of TopA during development. Cell lysates prepared 

at several stages were analyzed with the purified αN340. The results showed出atTopA of 

about 135 kDa was present at all stages， although as its amount decreased gradually with the 

developmental progress (Fig. 6B). 

Localization of TopA in purified mitochondriα 

By analyses of the extra N-terminal 70 amino acids of TopA， 1 found出ata region of 

residue 1-35 contains a putative mitochondrial targeting signal presequence that may fold 

into an amphiphilicα-helix (Hartl et al.， 1989). The helical-wheel illustration in Figure 4C 

indicates that one face of the helix is nonpolar， while the other is positively charged. 

Westem blotting analysis was perfoロnedto determine whether TopA was enriched in nuclei 

or in mitochondria in D. discoideum cells. Significant difference of the TopA level was 

shown between fractions from nuclei and mitochondria by Westem blotting analysis. The 

density calculation of the fluorogram showed出atthe content in mitochondria was eightfold 

higher than白atof nuclei (Fig. 8). 
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Discussion 

I cloned and sequenced a DNA仕agmentof about 5.8 kb containing a gene encoding a 

polypeptide with highly homologous sequence with other eukaryotic DNA topoisomerase II 

from Dictyostelium discoideum.百legene， designated topA， encoded a polypeptide of 1282 

amino acids with no introns， and was located on chromosorne m (Loomis et al.， 1995) as a 

single copy. Northem blots and Western blots revealed a transcript of about 4.5 kb and a 

product of about 135 kDa， respectively， from topA gene. Although it is interesting to 

examine the function of TopA during development， the present results did not suggest the 

obvious involvement of TopA in developrnent of D. discoideum. 

The amino acid sequence of TopA differs from those of other eukaryotic enzymes in 

three respects. Firstly， TopA was 260・300amino acids shorter in the C-terminal region 

(Fig. 5). The C-tenninal segments in most of DNA topoisomerase II homologs are not well 

conserved among various species but are characterized by the presence of stretches of 

positively and negatively charged amino acids. The segment also may be required for 

nuc1ear localization and the regulation of enzymatic activity by phosphorylation (Cardenas 

and Gasser， 1993; Caron et al.， 1994; Shiozaki叩 dYanagida， 1992). Proteolytic analysis 

and a series of deletion rnutants of the enzyme have shown that the mutant protein with a 

truncated C-terminus retained enzymatic activity in vitro but not in vivo (Caron et al.， 1994; 

Shiozaki and Yanagida， 1991). However， DNA topoisomerase IIs of Trypanosoma組 d

African swine fever virus also lack this region (Garcia-Beato et al.， 1992; Strauss釦 dWang， 

1990). Secondly， TopA possess an extra N-terminal segment of about 70 arnino acids (Figs. 

4 and 5). Like other mitochondrial proteins of D. discoideum (Birney et al.， 1995; Troll et 

al.， 1993)， positions 1-35 of TopA contains a putative mitochondrial targeting signal 

presequence that rnay form an arnphiphilicα-helix. In fact， Westem blotting analysis of 
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subcellular fractions showed that the enzyme is localized to mitochondria (Fig. 8). To my 

knowledge， there is no previous report出atdescribes the localization of DNA topoisomerase 

II in mitochondria， except for that of trypanosome kinetoplasts (Fragoso and Goldenberg， 

1992; Melendy etal.， 1988; Pasion et al.， 1992; Strauss and Wang， 1990). In S. pombe， 

the N-terminal segment of DNA topoisomerase II has stretches of a nuclear localization 

sequence and several phosphorylation sites (Shiozaki and Yanagida， 1991; 1992). 百le

segment has a function similar to that of the C-termInal regions of the homologs in other 

organisms. The function of the N-terminal region of TopA may thus complement the absent 

C-te口凶nalfunction required for protein localization. Finally， the predicted amino acid 

sequence of topA contains an insertion of hydrophilic and charged amino acids仕om

positions 134 to 168 (Figs. 4 and 5) and it shows no significant homology with other 

protein sequences in the SWISS-PROT database. The results of cDNA-directed PCR 

excludes the possibility出atthis region is an intron (data not shown). 

1 attempted to disrupt topA gene by homologous recombination. The disruption 

technique has been established in AX3 strain and usually results in at least 5・・10% (some 

cases， 50%) of disruptants in transformants， however my attempts never succeeded (data not 

shown)， and hence 1 presume出attopA would be essential for viability in D. discoideum as 

in other eukaryotes. 

In conclusion， the cloned topA of D. discoideum contained a putative mitochondrial 

targeting presequence and the gene product TopA was actually localized to mitochondria， 

although its sequence shows a significant degree of homology with those nuc1ear type DNA 

topoisomerase II from other eukaryotes. In this study， 1 could not find another DNA 

topoisomerase II which prefers to localize to nuclei from the observation of Southern and 

Western blots. Southern blotting at reduced stringency again showed a single band (data not 

shown). Western blot analysis showed a single band with molecular mass of 135 kDa 
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corresponding to TopA and the protein was enriched in mitochondria (Fig. 8). The nuclear 

type DNA topoisomerase II may also be encoded by topA and expressed as an different 

transcribed form from TopA. However， Northem blot analysis showed only one band for 

the topA仕組script(Fig. 2C). It is more日記ly出atthe nuclear type DNA topoisomerase II is 

encoded by some gene which is divergent from topA in D. discoideum genome. To cl紅 ifシ

the physiological roles of TopA， 1 examined the intracellular localization of the enzyme， 

using a N -terminus deletion mutants of TopA in the next section. 
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日乙 Section2 

Localization of a DNA topoisomerase 11 to mitochondria in 

Dictyostelium discoideum: deletion mutant ana1ysis and 

mitochondrial targeting signa1 presequence 
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Introduction 

DNA topoisomerases play an essential role in regulating the topological state of DNA 

by transient breakage and rejoining (for reviews see Hsieh， 1992; Wang， 1991; 1996; W縦

and Hickson， 1994). DNA topoisomerase II is essential for viability of all organisms 

because the enzyme has an important role in fundamental cellular functions such as 

transcription (Gartenberg and Wang， 1992; Schultz et al.， 1992)， recombination (羽Tanget 

al.， 1990)， replication (Brill et al.， 1987)， chromosome condensation (Adachi et al. 1991; 

Rose and Holm 1993) and chromosome segregation (Rose et al.， 1990; Uemura et al.， 

1987). In addition， structural roles of the enzyme have been proposed， e.g. as a m司Jor

protein component of nuc1ear matrix and chromosome scaffold structure (for review; Po1jak 

and Kas， 1995). 

Mitochondrial DN As in many organisms are circu1ar molecules. Replication and 

transcription of such c10sed circu1ar DNA wiI1 introduce topological stress which must be 

relieved to allow these processes to continue. The swive1 reaction can be fulfilled by DNA 

top01somerases capable of relaxing positively supercoiled DNA. However， in euk訂 yotes，

information regarding topoisomerases is most1y restricted to nuc1ear enzymes， with little 

known about the rnitochondrial enzymes. The mitochondrial topoisomerases丘ommammals

(Castora et al.， 1983; 1985; Kosovsky and Soslau， 1993; Lin and Castora， 1991; Lin et al.， 

1992) and yeast (Ezekiel et al.， 1994; Murthy組 dPasupathy， 1994; Wang et al.， 1995) have 

been partly characterized， but their low abundance has prevented their extensive purification 

and biochernical characterization. Genetic information of the enzyme is available only for the 

trypanosomatid topoisomerase II (Fragoso and Goldenberg， 1992; Pasion et al.， 1992; 

Strauss and Wang， 1990). 

1 c10ned the gene encoding DNA topoisomerase II (topA) of Dicηostelium discoideum 
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and determined its nuc1eotide sequence (s民 Section1)・Thepredicted amino acid sequence 

of the gene had an additional N-tenninal region which was expected to be a mitochondrial 

targeting signal presequence thought to be folded into an amphiphilicα-helix (Hartl et al.， 

1989). 1 showed the mitochondriallocalization of出eenzyme by Westem blotting analysis 

(Fig. 8， see Section 1)・ Inthis section， 1 examined the localization of this protein by 

irnmunof1uorescence microscopy and proteinase K digestion experiment using a wild-type 

strain and N-terminal deletion mutants. 
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Materials and Methods 

Strain and cell culωre 

Dictyostelium discoideum s仕出nAX3 (Loomis， 1971) was grown axenically in HL-5 

medium (Cocucci and Sussman， 1970) at 220C on a reciprocal shaker (120 strokes/min). 

For transformant selection， AX3 cells grown in HL-5 medium contむ凶ng10 mg/ml G418 

仰 akoLtd.， Japan) were used. 

Isolation of nuclei， mitochondria and nucleic ac幼

Axenically grown cells were harvested by low-speed centrifugation and washed once 

in BSS (Bonner， 1947)， then resuspended in cold NP40 lysis buffer (10 mM Mg-acetate， 

10 mM NaCl， 30 mM HEPES， pH 7.5， 10% sucrose， 2% NP40) and lysed on ice. Nuclei 

were collected by cen廿ifugationat 4，OOOxg for 10 min at 40C and washed twice in cold 

-NP40 buffer (NP40 omitted from the NP40 lysis buffer). 

For preparation of mitochondria， axenically grown cells were lysed by the same 

method as described above. After removing nuclei， the supematant was centrifuged at 

10，OOOxg for 15 min at 4
0

C. The precipitated mitochondria were washed twice in cold 

-NP40 buffer， and then used for immunofluoresence microscopy. Purified mitochondria 

were obtained as described (Angata et α1.， 1995) and出eprecipitated mitochondrial fraction 

was washed further twice in cold -NP40 buffer， and used for proteinase K digestion 

expenrnents. 

Genomic DNA was isolated from the nuclei of the cells as described (Hughes and 

Welker， 1988). Total RNA was isolated by ISOGEN内協oLtd.， Japan) accorcling to也e

manufacturer's instructions. 
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Vector construction and tran‘ザornωtion

Wild匂pe何寸)and a mutant (.i1N246 lacking出eflrst 82 amino acids) of TopA were 

fused with the c-Myc tag sequence for inνiνo immunofluorescence microscopy. Two PCR 

fragments corresponding to the N-terrninus of TopA were prepared. Upstream primers 

5' -GGAGATCTi<\TGTCAAAATIAITAMTMT~-3' containing the first 22 nucleotides 

(underlined) of topA from the translational initiation site and 5' -GGAGATCT AfGACCA 

CAAGAAAGATAGAAGA-3' containing an ATG initiation codon (double lines) followed 

by the sequence from 247-266 (underlined) of topA were synthesized for WT and .i1N246， 

respectively (Fig. 10C). Both primers had a BgfII site to facilitate insertion of the PCR 

product into the expression vector pBS 18 (Kumagai et al.， 1989) in frame. The downstream 

primer used was 5' -TTGACCATCl寸寸GGAAATAC-3'(nucleotides 843-862). The PCR 

fragments were connected to the 5'-end of pTOPA-1 at an intemal EcoRI site of the 

structural gene (Fig. 10A and B). To fuse the c-myc tag sequence to the C-termini of出e

TopA genes， XhoI and BamHI sites were introduced at the end of the topA coding region by 

replacing the 3' -end of the gene in pTOPA-1 with a PCR fragment amplified with 

5'-CAATGAAl寸GGATGATCC-3' (2733-2750) as the upstream primer 釦 d

5'-CTGGATCCTCGAGTTTTGA:百寸:AATTTTATCAG-3' (3827-3846， underlined; XhoI 

site， double lines) as the downstream primer using an internal XbaI site (Fig. 10B and C). 

The resultant plasmid was designated pTOPA-11. Then， the合格mentcorresponding to出e

c-Myc epitope sequence (EQKLISEEDL) with a stop codon was inserted into the XhoI si記

of pTOPA-11 (Fig. 10C). All of the connected region and junction sites were conflfllled by 

sequencing. The resultant topA genes fused with c-myc were digested out with BamHI and 

Bglll and出eninserted into the unique Bgill site between the actin 15 promoter and出e2H3

terminator of the expression vector pBS18. The resultant plasmids， pWT and p.i1.N246， 

were introduced into AX3 cells by electroporation as described previously (Yamaguchi et al.， 
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1996)， and neomycin-resistant c1ones，明寸andoN246， respectively， were isolated. pBS 18 

was a1so transformed into AX3 cells according to the same protocol as a control . 

Southern and Northern blotting 

The genomic DNA fragments (2.5μg) digested with EcoRI were separated by 

electrophoresis on a 0.8% ag訂osegel and hybridized as described (see Section 1， Materia1s 

and Methods) using probes for CARl (Abe and Maeda 1994) provided by Dr. Maeda of 

Tohoku University， and neo. 

Tota1 RNA was hybridized using the 2.0 kb EcoRV fragment of pTOPA-1 as a probe. 

Western blotting 

Extracts obtained from whole cells (3 x 105 cells) were separated by 6% SDS-PAGE， 

transferred onto BA85 membranes (Sch1eicher如 dSchuell， USA)， and reacted with anti-

TopA antiserum which was raised against the amino acid positions 955 to 1282 (αC955 

antiserum， Fig. 7， see Section 1り)0ωr anti-c 

USA). These blots were ana1yzed using an enhanced chemiluminescence system (ECL， 

Amersham， UK) incorporating Protein A-linked or goat anti-mouse IgG-linked horseradish 

peroxidase (Amersham， UK) according to the method of血esupplier. 

Indirect Immunofluorescence Microscopy 

Axenica1ly grown cells were harvested by centrifugation， and washed twice in K-

phosphate buffer (20 mM  K-phosphate， pH 6.4， 2 mM  EDTA). The cells were fixed， 

blocked and stained as described by Kobayashi et al. (1996)， except出atthen were prefixed 

in cold methanol (-20
0

C) for 5 min and incubated with frrst antibodies (see below) ovenught 

at 4
0

C. The organelle fractions were treated as described above except that出e
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parafonnaldehyde fixation step was omitted. Affinity-purified αC955 antibody (anti-TopA 

antibody; Fig. 7， see Section 1) was not diluted and αC955 pre出ununeserum and anti-

c-Myc antibody were diluted to 1:200 and 1: 1000 with BAT [10% BlockAce 

(Dainihonseiyaku Inc.， Japan)， 0.1 % Triton X-100]， respectively. The secondary 

antibodies， FITC-conjugated goat anti-rabbit IgG (Cappel， USA)， Texas Red-conjugated 

rabbit anti-mouse IgG (Cappel， USA) and donkey anti-rabbit IgG (Amersham， UK)， were 

diluted to 1: 100， 1 :50 and 1 :50 with BAT， respectively. Immunostained cells and org釦 elles

were examined using a Bio-Rad MRC-500 confocal microscope. Anti-calf mitochondrial 

complex 1 antiserum was kindly supplied by Dr. J. Hayashi of our Institute 

Proteinase K digestion experiment 

Isolated mitochondria were washed once with -NP40 buffer， then mixed with -NP40 

lysis buffer at the mitochondrial concentration of 12.5 mg/ml containing proteinase K at 

various concentrations， and incubated for 1 hr on ice either in the absence or presence of 1 % 

Triton X-100. After incubation， proteinase K was inactivated by addition ofPMSF to afmal 

concentration of 1 mお1. The mitochondria were washed twice with -NP40 lysis buffer 

containing 1mM PMSF， and then used for Westem blotting. 

Immunodepletion experiment 

Protein A-Sepharose CL4-B (Sigma Chemical， USA) was swollen and washed 3 

times with PBS (10 mM Na-phosphate， pH 7.2， 0.15 M NaCI)， then the resin (100μ1) was 

mixed with each one twentieth diluted preimmune sera or antisera，αC814 and αN340 

which were raised against the amino acid positions 814 to 1282 and 340 to 964， respectively 

(200μ1). The mixtures were incubated at 40C overnight on a rotatory shaker， then the resin 

was washed twice with PBS and twice with topo II buffer (50 mM  Tris罰 HCI，pH 8.0， 
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100 mM NaCI， 50 mM KCl， 0.5 mM EDTA， 10 mM MgCb)・ Cellex仕actswere prepared 

by centrifugation of ruptured NP40 cells at 10，000xg， and dissolved in extraction buffer 

[20立山1Tris-HCl， pH 7.5， 0.1 M KCl， 1 mM EDTA， 0.1 n合1DTT， 45% (v/v) glycerol， 

1 mg/ml BSA， 0.35 M ~、~aCl ， 1 mM PMSF， 10μg/mlleupeptin]. The resins were mixed 

with an equal volume of undiluted cell ex仕act(about 100 μ1) and incubated at 40C for 1 hr on 

a rotatory shaker. The supernatant as the depleted extract was collected by cen出fugationand 

used for DNA topoisomerase II assay and Western blotting. For Western blotting， the 

supernatant was mixed with an equal volume of 2x sample buffer [0.25 M Tris-HCl， 

pH 6.8， 2% SDS， 20% (v/v) glycerol， 28 mM 2-mercaptoethanol， 0.02% BPB] and boiled 

for 5 min. The immunoprecipitated resins were washed twice with PBS， mixed with 200μl 

of 1x s釘nplebuffer and boiled for 5 min. The solution was centrifuged and出esupematant 

was used. 

DNA topoisomer，αse II assay 

The immunodepleted ex仕act(2μ1) was mixed with 18μ1 of topo II buffer containing 

30μg/ml BSA， 1 mM ATP and 0.25μg of kinetoplast DNA and incubated at 220C for 

30 min. Four μ1 of stop solution [35% (w/v) sucrose， 5% SDS， 40 mM EDTA， 0.25% 

BPB] was added to each mixture followed by separation on a 0.8% agarose gel， and staining 

with 0.1μg!ml ethidium bromide. 
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ResuIts 

lntracellular localization of TopA 

The intracellular localization of TopA in D. discoideum AX3 cells was analyzed by 

immunofluorecence microscopy using anti-TopA antibody，αC955. The nucleus showed 

intense Hoechst staining with large circular boundaries， and mitochondria showed weakly 

stained as many small granules (Fig. 9A， panels a-c). When the cells were incubated with 

αC955 and FITC-labeled secondary antibody， only mitochondria showed specific labeling 

(Fig. 9A， panel f). Preimmune serum (Fig. 9A， panels e) and secondary antibody alone 

(Fig. 9A， panel d) showed only background staining. 

To confirm the above results further， isolated nuclei and mitochondria were also 

examined (Fig. 9B). The isolated mitochondria were labeled with αC955 as well as by 

Hoechst staining (Fig. 9B， panels b and e). Secondary antibody alone showed only 

background staining (Fig. 9B， panel d). Isolated nuclei were stained with anti-TopA 

antibody; bright granules were seen around the nucleus due to contarninating rnitochondria 

but not within the nucleus itself (Fig. 9B， panels c and ηStaining with anti-calf 

rnitochondrial complex 1 antiserum (Tanaka et al.， 1988) indicated血atthese granules around 

the nuclei were mitochondria and not any specific nuclear structures (data not shown). 

These results indicated出atTopA of D. discoideum is primarily located in rnitochondria. 

Construction and characterization of N-terminal deletion mutants 

Next， 1 analyzed the additional N-terminal region of TopA to determine its function in 

mitochondrial localization. Expression plasmids containing the full-length topA (pWT) or 

the 5' -termInal deletion mutant (psN246)， both of which were fused with the c-myc tag 

sequence， were constructed (Fig. 10; see Materials and Method) and introduced into AX3 
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cells. In total， 6 transfo口nantswere obtained with wild-type (WT)叩 d15 were obtained 

with the mutant (企N246)gene. As a control， nine transformants (BS 18) with parental 

pBS 18 were obtained. 

Both WT組 dL¥N246 transformants grew nearly as fast as the control cells (BS 18) in 

HL-5 containing 10μg/ml of 0418 on a reciprocal shaker. In addition， all transfomants 

developed normally on agar plates. The plasmid copy numbers of all transformants were 

equivalent as detennined from the density of the neo gene band normalized using that of a 

single copy gene， CARl (Fig. 11A). The levels of topA expression from p¥¥寸 andpL¥N246 

were detennined by Northem blotting組 alysisfor total RNA using 2.0 kb EcoRV fragment 

of血epTOPA-1 (Fig. 10A) as a probe. 百leendogenous topA gene was expressed at such 

low levels出at血emRNA could not be detected in total RNA (Fig. 2C， see Section 1). In 

agreement with previous resu1ts， total RN A from BS 18 transfo口nantsdid not show any 

bands， even on long exposure (Fig. l1B， top and middle). All WT and L¥N246 

transformants produced the plasmid-derived topA mRNA， which was longer than the 

endogenous mRNA because of the different transcriptional initiation and termination sites. 

On the other hand， each dN246 transformant expressed truncated topA mRNA at levels 

about tenfold those of the WT甘ansformants(Fig. llB， middle). The level of production of 

truncated TopA in L¥N246 cells was about 60-fold higher出anthe wild-type e位 ymein WT 

cells (Fig. 11C， bottom).明寸仕組sfo口nantsproduced TopA only about one and a half-fold 

greater than that of the endogenous enzyme in BS18 cells (Fig. llC， top). The con廿O叫l 

BS 18 cells did not show any bands on Westem blotting with a組nti-c

bo叫ttωom).

lntracellular locαlization of the N-terminal deletion mutant proteins 

To detennin clirectly the in甘acellularlocalization of血eprotein， transformed cells were 
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examined by irnmunofluorescence microscopy using anti-TopA or anti-c-Myc antibody. 1t 

should be noted出atanti-TopA antibody can bind with both endogenous and c-Myc-tagged 

protein derived from the introduced plasmid， while anti-c-Myc antibody can detect only the 

c-Myc-tagged protein (Fig. 11C， top). As shown in Figure 12A (panels a， b， d and e)， each 

mitochondrion of both BS 18 and WT cells was stained by Hoechst and also by anti-TopA 

antibody with a one-to-one co町espondence. dN246 cells were stained so intensely出at

specific regions could not be detected by the anti-TopA antibody (Fig. 12A， panel f)・ Figure

1ロ2B(panels d-f) shows the results 0ぱfa組nti-c

BSl凶8(σFi培g.12B， panel d) did not show any signals， WT transfoロnantsclearly showed 

distinct tluorescence corresponding to each mitochondrion (Fig. 12B， panels b and e). 

Again， the ðl、~246 cel1s were stained strongly throughout the whole cel1 (Fig. 12B， panel η. 

These results indicate that the wild-type TopA is localized in rnitochondria， although the 

localization of the truncated TopA could not be deterrnined. 

Localization anαlysis by proteinase K digestion experiment 

As the intracellular localization of the truncated TopA was not clear because of the 

intense fluorescence in dN246 cells as described above， 1 exarnined its localization by 

proteinase K digestion. Firstly， the isolated rnitochondria from the WT cells were仕eated

with proteinase K in the absence or presence of 1 % Triton X-100. As shown in Figure 

13A， TopA was protected仕omdigestion. Permeabilization of the membrane with Triton X-

100 gave proteinase K access to the protein and caused digestion of TopA. 1solated 

mitochondria from羽寸 cellswere treated with various concen仕ationsof proteinase K (Fig. 

13B， top). The result showed that TopA was protected from digestion even at a 

proteinase K concentration of 500μg/ml， indicating that wild-type TopA resides in the 

rnitochondria. 1n contrast with the vv寸 cells，the band of出etruncated TopA in dN246 cells 
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disappeared in the presence of 100μglml proteinase K (Fig. 13B， middle). However， the 

endogenous TopA in dN246 cells was protected from digestion by proteinase K even at a 

concentration of 500μglml (Fig. 13B， bottom) as in the case of vv寸 cells.The lower band 

in Figure 13B (bo口om)is likely to be a degradation product of TopA. These results indicate 

that the truncated protein is not localized in mitochondria， while the endogenous TopA is 

contained within mitochondria， indicating出athigh-level expression of truncated TopA does 

not disturb endogenous TopA import into rnitochondria in dN246 cells. 

The relationship between TopA and nuclear topoisomerase 1I 

Finally， whether TopA is associated with nuc1ear topoisomerase II activity was 

examined by immunodepletion experiments. The cell extracts were immunodepleted of 

TopA with anti-TopA antisera，αC814，αC955 and αN340 (Fig. 7， see Section 1). 

Preimmune sera or buffer (PBS) were used as controls. Depletion of TopA was eva1uated 

by Western blotting. As shown in Figure 14A， TopA in the supernatant was depleted by 

unmune serum αC814 (lane 5) orαC955 (lane 9) and not with PBS (l担e1) or preimmune 

sera (lanes 3 and 7).αN340 was used as an example of serum which could not deple包

TopA (lanes 11 and 12). The reason why immune serum αN340 could not precipitate TopA 

in the reaction would be attributed to出eab出ザ ofit to react with TopA on Westem blotting 

(Fig. 7， see Section 1)， but not with native TopA. The lower band in each lane is a 

degradation product of TopA. Topoisomerase II activities in these depleted supematants 

were assayed using kinetoplast DNA decatenation reaction. Figure 14B c1early shows血剖

the supematant depleted withαC814 (lane 5) orαC955 (lane 7) retained the same level of 

出etopoisomerase II activity as that depleted with PBS or preimmune sera (Fig. 14B， lanes 

3， 4 and 6). 羽市eneach supematant was sequentially diluted， all of the activiザ disappe紅 ed

at the same dilution. These results indicate that the two immune sera (αC814釦 dαC955)
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do not react with nuclear DNA topoisomerase II. Thus， TopA is not associated with nuclear 

topoisomerase II activity. 
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Discussion 

In the section 1， 1 found that Dic砂osteliumdiscoideum DNA topoisomerase IIσopA) 

is localized to mitochondria by Westem blotting analysis of subcellular fractions. The 

present resu1ts from immunofluorecence microscopy experiments also revealed the 

localization of TopA to mitochondria but not to the nucleus in viνo (Fig. 9). Furthermore， 

immunodepletion experirnents showed出at出eTopA enzyme is not associated with nuclear 

topoisomerase II activity (Fig. 14). These results indicate that TopA is a mitochondrion-

specific DNA topoisomerase II in D. discoideum. 

Eukaryotic DNA topoisomerase II have a common structure何'attand Hickson， 

1994); the N-termina1 qu紅 terof these proteins has an ATPase activity and the center p紅t

contains a tyrosine residue that participates in cata1ysis of breaking and rejoining of DNA. 

However， the C-termina1 one-third of the sequences紅 ediversed among organisms. Most 

eukaryotic DNA topoisomerase II have a C-termina1 region containing many hydrophilic and 

charged residues， which is thought to be a nuclear loca1ization sequence. TopA of 

D. discoideum， however， lacked this C-terminal region， but had a long N-terminus 

contaming a sequence structurally analogous to the mitochondria1 targeting presequence seen 

in other nuclear-encoded mitochondria1 proteins in D. discoideum (Bimey and Klein， 1995; 

Troll et al.， 1993). N-terminal deletion mutant analyses in this study also revea1ed that TopA 

is localized to the mitochondria by virtue of this additional N-terminal region (Figs. 12 and 

13)， indicating出atthis sequence acts as a mitochondria1 targeting signal presequence in出e

TopA of D. discoideum. The enzyme of Schizosaccharomyces pombe also has an additiona1 

N-termina1 segment， but this region is known to contain a nuclear localization sequence加 d

phosphorylation sites (Shiozaki and Yanagida， 1991; 1992). To identifシthecleavage site of 

the signa1 peptide， 1 tried to determine the N-terminus of the mature protein. However， this 
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was unsuccessful because the amounts of the protein in D. discoideum mitochondria were 

too low to allow purification. 

The rnRNA (Fig. 11B， middle) and protein (Fig. 11C， bottom) levels of truncated 

topA in ~N246 cells were 10-fold and 60・foldgreater comp紅 edto those of Wf. Although 

reasons which caused this difference between the truncated topA and the native topA紅 e

difficult to explむnat present， several possibilities exist: (i) the difference of the context 

sequence around the translational initiation site may affect the transcriptional and translational 

efficiency; (ii) the deleted 246 nucleotide region may contain cis-acting， negative element or 

destabilize its own rnRNA; (iii) feedback mechanisms by the rnRNA andJor protein (also 

signal sequence) may regulate the activity of its own transcription andJor translation in ¥¥寸

cells. 

The requirement for DNA topoisomerase II in the replication and segregation of 

chromosomal DNA as elucidated in S. pombe (Uemura et al.， 1987) suggests出ata nuclear 

DNA topoisomerase II must also exist in D. discoideum. lndeed， topoisomerase II activity 

was present in the the cell extract after treatment with anti-TopA antibody (Fig. 14). If出e

amino acid sequence of the nuc1ear enzyme is simil訂 tothe mitochondrial enzyme， another 

band corresponding to the nucIear enzyme might be observed on Western and Southem 

blots. However， Westem blotting of whole-celllysates showed just a single band， the 

135 kDa band characteristic of the mitochondrial enzyme. Southern blotting at reduced 

stringency again showed a single band (data not shown). From these results， 1 favor the 

view that the nuc1ear type enzyme is encoded by another gene which is divergent from the 

topA gene. 

Previously， the trypanosomatid topoisomerase II genes were reported as mitochondrial 

topoisomerase II genes， but the mitochondrial targeting signal presequence was not 

elucidated (Fragoso and Goldenberg， 1992; Melendy et al.， 1988; Pasion et al.， 1992; 
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Strauss and Wang， 1990)・Inthis study， the rnitochondrial targeting signal presequence of 

DNA topoisomerase II was revealed and this is白efirst to be elucidated in a topoisomerase 

II and in D. discoideum by deletion mutant experiments. In a preliminary experiment， 1 

attempted unsuccessfully to detect the rnitochondrial topoisomerase II activity in the crude 

mitochondrial extract (data not shown). It is likely出at出eenzyme is present at low levels or 

has low activity in D. discoideum rnitochondria. To detect the mitochondrial topoisomerasae 

II activity， further purification will be required. 
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V. General Conclusion 

In this study， 1 cloned topA as a DNA topoisomerase II gene from Dictyostelium 

discoideum and characterized it. Results of this study showed that， a1though the amino acid 

sequence of the protein (TopA) encoded by topA is highly homologous to that of other 

eukaryotic DNA topoisomerase IIs， it had some interesting characters different from other 

eukaryotic enzymes. 

Eukaryotic DNA topoisomerase IIs are divided into three structura1 domains consisting 

of the ATPase domain， the cata1ytic domain (breaking and rejoining of DNA) and the C-

termina1 domain. The C-terrnina1 domain contains many charged arnino acid residues and is 

required for nuc1ear localization (Caron et al.， 1994;，Shiozはi釦 dYanagida， 1992). TopA is 

consist of 260-300 amino acids which is shorter in the C-tennina1 region出anthose of other 

eukaryotes. Interestingly， Western blot analysis of subcellular fractions and 

immunofluorescence microscopy showed that TopA is loca1ized in mitochondria and not in 

nuclei as is seen in other eukaryotic enzymes. Moreover， DNA topoisomease IIs of 

Tηpanosoma and African swine fever virus also lacked the C-terminal domain and the 

Trypanosomatid enzyme is also localized in mitochondria (Fragoso and Goldenberg， 1992; 

Garcia-Beato et al.， 1992;乱1elendyet al.， 1988; Pasion et al.， 1992; Strauss and Wang， 

1990). These suggest that mitochondria1 enzymes of eukaryotes may not have the C-

termina1 domain because the role of this domain is not necess訂 yfor enzyme localization. In 

addition， this domain is noticed only in the eukaryotic enzyme， but not in bacteria1 one 

(Adachi et al.， 1987; Moriya et al.， 1985; Swanberg and Wang， 1987). Taking these 

together， it is possible that the nuclear type DNA topoisomerase IIs of eukaryotes acquired 

出eability of nuclear localization by adding出eC-teロ凶na1sequence to the ancestral enzyme 

during evolution. 
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TopA is 50・80longer in the N-tenninal region than those of other eukaryotes and an 

extended N-terminus contains a sequence structurally analogous to rnitochondrial t紅 ge出19

presequence， showing the helical-wheel structure with an amph1philicα-helix. Using wild-

type and N-terminal deletion mutants， 1 examined the localization of TopA by 

imrnunofluorescence rnicroscopy and proteinase K experiments.百leresults clearly showed 

that TopA is localized in rnitochondria by virtue of an extended N-terminus with 82 amino 

acids containing a sequence structurally analogous to the mitochondrial targeting 

presequence. The tryp叩 osomatiden勾rmeis also localized to rnitochondria， however it has 

not been elucidated a rnitochondrial targeting presequence experimentally (Fragoso and 

Goldenberg， 1992; Melendy et al.， 1988; Pasion et al.， 1992; Strauss and Wang， 1990). 

Thus， this study is the first to establish the location of the rnitochondrial targeting signal 

presequence in DNA topoisomerase II. 

In conclusion， TopA is actually restricted to rnitochondria， although its amino acid 

sequence shows a significant degree of homology with that of nuclear type DNA 

topoisomerase n from other eukaryotes. The requirement for DNA topoisomerase II in the 

replication and segregation of chromosomal DNA as elucidated in S. pombe (Uemura et al.， 

1987) suggests that a nuclear DNA topoisomerase II must also exist in D. discoideum. 

Indeed， topoisomerase II activity was present in the nuclear fraction. If the arnino acid 

sequence of the nuclear enzyme is sirnilar to the rnitochondrial enzyme， another bands 

corresponding to the nuclear enzyme rnight be observed on Westem andJor Southem blots. 

However， in these experiments， 1 could not find another DNA topoisomerase II band which 

is localized in nuclei. In addition， imrnunodepletion of TopA from cell extract did not 

decrease nuclear DNA topoisomerase II activity， indicating出atTopA is not associated with 

nuclear DNA topoisomerase II activity. In D. discoideum， it is likely that the nuclear type 

enzyme is encoded by a different gene which is divergent from topA and from comrnon 
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DNA topoisomerase 11. 

1 attempted to disrupt topA using homologous recombination， however the a目empt

was unsuccessful. TopA would be essential for viability in D. discoideum， and play an 

essential role in mitochondrial DNA function. Further studies of TopA will provide many 

important clues for solving the molecular mechanisms of transcription and replication in 

mi tochondria. 
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VIll. Figures and Figure legends 
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Fig. 1. Southern blots of D. discoideum genomic DNA by oligonucleotide 

probes. The DNA from AX3 cells was digested with EcoRI (E)， Hind皿

(H)，EcoRI/HindIII (EIH) ， fractionated on a 0.8% agarose gel， and hybridized with the 

indicated probes. Positions of DNA size markers are indicated on the right. 
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Fig. 2. Restriction map of the DNA topoisomerase 11 gene (topA) and A 
Southern and Northern blot analysis. A) Restriction map of the DNA topoisomerase 

topA • H Hf Ha Hf EAEv AHa X Ev H E 

II gene (topA) of D. discoideum. The arrow indicates the ORF and the direction of Ll 1 11 

②③ 
~ pTOPA・1

transcription. pTOPA-l， pTOPA-2 and pTOPA-3 indicate the regions of cloned and 1 kb 
4 pTOPA・2

sequenced genornic DNA. The syrnbols used for restriction enzymes are: A， AccI; I pTOPA・3

E， EcoRI; Ev， EcoRV; H， HindIII; Ha， HaeIII; Hf， HinfI; X， XbaI. The positions 

corresponding to oligonucleotide probes 2 and 3 are rnarked with corresponding nurnbers. 

(B) Southem blots of D. discoideum genornic DNA. The DNA frorn AX3 cells was B 1 2 345 C 
digested with EcoRI (lane 1)， HindIII (lane 2)， XbaI (lane 3)， EcoRI/HindIII (lane 4)， 2 

( kb) 
EcoRI/XbaI (lane 5)， then丘actionatedon a 0.8% agarose gel and hybridized with labeled 

23.6ー

pTOPA-l. Positions of DNA size markers are indicated on the left. (C) Northem blots of 
( kb) 

topA transcript. Total RNA (30μg， lane 1) and poly(AfRNA (10μg， lane 2) were 6.6ー

fractionated on a 1.0% agarose gel containing formaldehyde. The positions of small and 4.3ー 4.1-I 1 .... 時

large rRNAs are indicated on the left. The arrow on the right indicates the position of the 喧ー 唖量

2.3ー 1.9ー

4.5 kb topA transcript. 
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Fig. 3. NucIeotide and deduced amino acid sequences of topA. The complete 

nucleotide sequence of topA is shown with the flanking regions. The deduced amino acid 

sequence is shown below the nucleotide sequence with single letter code. The asterisk 

indicates a stop codon TAA. The positions corresponding to oligonucleotide probes 2叩 d3

are marked with underline. The active site tyrosine residue is marked with "@". 
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TATATCATCA GTGAAATTAA TATCCAATTT ATGTTCATCA GAAAATTCTT TATAAATTGT -862 

ATTTTCTTCT TTTTAAATAA TCAAAGTTTT TTTCTCTTTG ATTTGCTAAA TCTCTAAACT -802 

GTTCATCTTT GAAATTTCTC GGAGAAAAAT TATAAATTCC ATTAATAGGA AAATGATTTT -742 

GACAAAACCA AAATCCACCA TCATAAAGTT TAACTAAATG AAAATCTAAT TGGTTTGATA -682 

ATTTTTTTAA ACGTTCTGGT TCAATTTTAT TTAATCTACA AAATTCATTA GAAAATAAAT -622 

CAATTGAATT TGCAATTCCC TTATTTAAAT TCTTTTTAAG TAATAAAGAA AAAAGTAATG -562 

CATCTTTTTT ATTTGACATA TTATCTTTAT TTAAATGAGA CCCTTTTTTT AATAATTTAT -502 

AAAAATTTCC ACTATTTTCA ACTTTAAATC CAATCAATCC TTTAGTTGTA TGTAAAAAAT -442 

CAAATACAGT CACTAAATAA TTTTTAATAA TAATAATAAA GGTGTTAGTA ATATTATTAT -382 

TATTATTATT AATTAATATA AATATAAAAA AAAATATATT TTAAAATAAT AACCAAACTT -322 

TTTTTTGTGA CATTTTGTAT GTTTTAAAGT GAATAGTAAT ATTTTAAATT TTTTTTTTAA -262 

GTTTTTATAA AAAATAATAA ATTGGTTGGA CAATGTTTTT ACAAAAAAAA ATTAATAGAT -202 

TGGCCAATTT TTTTTTTTTT TTAAAAAAGA GAAGTAATTT TTAGTTTTTG TGAAAAAAAC -142 

AACCATGGTA TTTTTTTCGT TATTAAAATT AAAAAGATTT TCTATTTTTT TTTTTTTTTT -82 

TTTTTTTTTT TTTTCATATT TTCAAAACGA ATAAAAACGA ATTATTGTTT TTATGATTAT -22 

GATTAAAAAT ATTAATTAAT CATGTCAAAA TTATTAAATA ATAATAATCA TAAAAATTTA 39 

M S K L L N N N N H K N L 13 

ACAAATTATT TAAAATTTGG AAAAGGAATT ATAAATAATT TAAATAATAA ATCAAAACAA 99 

T N Y L K F G K G 工 工 N N L N N K S K Q 33 

GTTGGAATAA TTTCATTTAT ATCACAATCA TCAATCCAAT CACAATCATC AATCCAATCA 159 

V G I I S F I S Q S S I Q S Q S S I Q S 53 

CAATCATTTT TATCAATTAAT AATAATAGTA ATAATAAATA TTTTTCAAC AAAATTAAAT 219 

Q S F L S 工 N N N S N N K Y F S T K L N 73 

AAAAATGAAA AAATATCAGA AAAAACAACC ACAAGAAAGA TAGAAGATAT TTATCAAAAA 279 

K N E K 工 S E K T T T R K I E D 工 Y Q K 93 

AAAACACCAA CTGAACATGT TTTATTAAGA CCAGATTCAT ATATTGGAAC AATTGAAAAA 339 

K T P T E H V L L R P D S Y I G T 工 E K 113 

ATTGAAGATG ATATGTGGGT TCTATCAAAT TCAATGTTTA ATAAAGAAAA AAAAACAATT 399 

工 E D D M W V L S N S M F N K E K K T 工 133

GAATTAAATA ATGATAATAA TGAAAAGAAT GTTGAATCAA CAACAACAAC AACAACAAAA 459 

E L N N D N N E K N V E S T T T T T T K 153 

ACAAATAAAA AACCATTAAC TTATATTCAT CCAATTAAAG CAACATATAT ACCAGGTTTA 519 

T N K K P L T Y I H P 工 K A T Y I P G L 173 

TTAAAAATTT ATGATGAAAT TTTAGTGAAT GCAGCAGATA ATAAAAAGAG GGATTCAAAA 579 

L K 工 Y D E I L V N A A D N K K R D S K 193 

ATGTCATTTA TTAAAGTTGA GATTAATCCA AATGAAAATA GTATATCAAT TATGAACGAT 639 

M S F 工 K V E I N P N E N S 工 S 工 M N D 213 
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GGTAAAGGTA TACCGGTGGT AATGCATCAA ACTGAAAATT GTTATGTTGT TGAAATGGTG 699 

G K G 工 p V V M H Q T E N C Y V V E M V 233 

ATGGGTAATC TAATGTCTGG TTCCAATTTC AATGATAGTG AATTAAAGGT TGTTGGTGGT 759 

M G N L M S G S N F N D S E L K V V G G 253 

AGAAATGGGT TTGGTGCAAA GTTAACAAAT Aτ'ATTCTCCA AAGAATTCAC TGTTGAAACT 819 

R N G F G A K L T N 工 F S K E F T V E T 273 

GTTGATAAGA GTTCAGGTAA AAAGTATTTC CAAAGATGGT CAAATAATAT GGGTGATAGA 879 

V D K S S G K K Y F Q R W S N N M G D R 293 

AGTGAACCAA TAATAACACC AATTGGCGAG GGTGAGAGTG ATTATACCAA AATCACATTC 939 

S E P 1 1 T P 1 G E G E S D Y T K 工 T F 313 

AAACCAGATT TAGAGAAATT TAAAATCAAA TCATTATGGG ATGATAATAT TTTACAATTA 999 

K P D L E K F K 工 K S L W D D N 工 L Q L 333 

ATGGAACGTA GATTATATGA TATCGCAGGT TGTAATACAG AATTAATGGT AACATTAAAT 1059 

M E R R L Y D 工 A G C N T E L M V T L N 353 

GGAAAGAGAT TGAATTATAA TTTCCAAAGT TATGTTAAAC TTTATGAACA TCATTTAAAT 1119 

G K R L N Y N F Q S Y V K L Y E H H L N 373 

AATAGTACAA ACGTGAAGAT AATGAGACAT ATCGTGAAGA ATCCTTTTGA ATTTGGTGAA 1179 

N S T N V K 工 M R H 工 V K N P F E F G E 393 

ATTTCACCAC GTTGGAAAAT TGGTATTGGT TTATCAGAGA CTGGTCAATT CACTCAAGTT 1239 

1 S P R W K 工 G 1 G L S E T G Q F T Q V 413 

AGTTTTGTAA ATAGCATAAA CACTGTTAAA GGTGGAACTC ATGTCAATTT CTTGGCTGAT 1299 

S F V N S 工 N T V K G G T H V N F L A D 433 

CAAATCGTAC GTTATGTTGG TGAGAAATTA AAAAAGAAAC ACTCGGATCT TGAAATTAGA 1359 

Q 工 V R Y V G E K L K K K H S D L E 工 R 453 

CCAATGAATA TTAAACACCA TTTAGCATTG TTTGTCAATT GTTTAGTTGA TAATCCAAGT 1419 

P M N 工 K H H L A L F V N C L V D N P S 473 

TTTGATAGTC AAAGTAAAGA AACCCTAACA ACTAAACCAA TGTTATTCGG ATCAACACCA 1479 

F D S Q S K E T L T T K P M L F G S T P 493 

GAAATTCCAG AGTCATTATT AGCTCAATTC GTAAAGAATA GTAAAATCAT TGAACGTGTT 1539 

E 1 P E S L L A Q F V K N S K 工工 E R V 513 

GCAGGTTGGG CATTAATGAA ACAAAAAGCA GATTTAATTC ATTCAACAAG TGGTAGACAA 1599 

A G W A L M K Q K A D L 工 H S T S G R Q 533 
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TCAAAAACCA CATTGATTAA ATCGATTTCC AAATTGGATG ATGCAAATTG GGCAGGTGGA 1659 

S K T T L 工 K S 工 S K L D D A N W A G G 553 

TTAAAATCAA AGGAATGTAC ATTGATTATA ACTGAAGGTG ATTCTGCAAA ATCATTAGCA 1719 

L K S K E C T L 工工 T E G D S A K S L A 573 

TTGGCAGGTT TAAGTGTAGT TGGTCGTAAT TCATATGGTG TTTTCCCATT ACGTGGTAAG 1779 

L A G L S V V G R N S Y G V F P L R G K 593 

CTATTGAATG TACGTGATGT CGCTTCAAAA CAATTATTAT CCAATGAAGA AATTAATAAT 1839 

L L N V R D V A S K Q L L S N E E 工 N N 613 

CTTACCACCA TTTTGGGTTT ATCTCATAAA AATTCCTATG ATACCGATGA AAGTATGGAA 1899 

L T T 工 L G L S H K N S Y D T D E S M E 633 

oliqo-probe 2 

GATTTACGTT ATGGTAGAGT TATGATrATG GCCGATCAAG ATCATGATGG TTCACATATT 1959 

D L R Y G R V M 1 M A D Q D H D G S H 工 653

AAAGGTTTAG TTATGAATTT CATTCACTAC TTTTGGCCAA ATCTTTTGAA ACGTGGTTTC 2019 

K G L V M N F 1 H Y F W P N L L K R G F 673 

CTTGTAGAAT TTGTTACACC AATCATAAAA GCAACTAAAA GTTCAACTCA AAAGAAATCT 2079 

L V E F V T P 工工 K A T K S S T Q K K S 693 

TTCTTTACCA TTAAAGACTA TGAAAAATGG AGAGAAACAA TTTCATCCGA TCAATTGAAA 2139 

F F T 1 K D Y E K W R E T 工 S S D Q L K 713 

oliqo-probe 3 

CAATATACCA TTAAATATTA TAAAGGTTTA GGTACATCsA CTAGCGCAGA GGCAAAGGAA 2199 

Q Y T 1 K Y Y K G L G T S T S A E A K E 733 

TACTTTAGTA ATTTGGATAA ACATGTAATT AAATTCATTT GGGGAGATGA AGCTGATGAT 2259 

Y F S N L D K H V 1 K F 工 W G D E A D D 753 

TTAATTAAAA TGGCATTTGC AAAGGATTTA AGTTCACTTA GACAACGTTG GATTAAAGAA 2319 

L 1 K M A F A K D L S S L R Q R W 1 K E 773 

ACTGATATGT CACAAGGTAT TGATCATTCA ATTAAAGAGA TCACCTATCC AGATTTCATT 2379 

T D M S Q G 1 D H S 工 K E 工 T Y P D F 工 793

AATAAAGAAT TGATTCATTA TAGTTGGGCT GCAAATCTTA GATCCATTCC ATCATTAATC 2439 

N K E L 工 H Y S W A A N L R S 工 P S L 工 813

GATGGTTTAA AACCAGGTCA ACGTAAAATT CTATTTGCAT CATTTAAACG TCGTTTAACA 2499 

D G L K P G Q R K 工 L F A S F K R R L T 833 

AATGAAATTA AAGTTTCACA ATTGTCAGGT TATGTAGCCG AACAAACTTC CTATCATCAT 2559 

N E 1 K V S Q L S G Y V A E Q T S Y H H 853 
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GGTGAGCAAT CTTTAAATTC AACAATTGTT AAAATGGCTC ATAATTTCGT AGGTTCAAAT 2619 

G E Q S L N S T 工 V K M A H N F V G S N 873 

AATTTACCAT TGTTAACACC AAGTGGTCAG TTTGGTACTC GTTTACAAGG TGGTTCAGAT 2679 

N L P L L T P S G Q F G T R L Q G G S D 893 

TCTGCATCAG CTAGATATAT CTTACAACTT GAACCAGTTG GCACGTTACC TTTCAATGAA 2739 

S A S A R Y 工 L Q L E P V G T L P F N E 913 

@ 

TTGGATGATC CATTATTAAA CTATCTAGAG GAAGAAGGTG AATCCATTCA ACCAGACTAT 2799 

L D D P L L N Y L E E E G E S 工 Q P D Y 933 

ATTATACCAA TTATACCAAT GTTATTAGTT AATGGAAGTG AAGGTATTGG TGTTGGCATG 2859 

工工 P 工工 P M L L V N G S E G 工 G V G M 953 

TCAACTTCAA TTCCATTATT TTCACCAATT GATATCATCG ATCAATTGAT GCTACGTTTA 2919 

S T S 工 P L F S P 工 D 工工 D Q L M L R L 973 

AATAATCAAG TTGCACTTAA AAAACTAATT CCATGGTATC GTGGTTTCAA AGGAACCATT 2979 

N N Q V A L K K L 工 P W Y R G F K G T 工 993

TCACCTGATA GACATACCTA TAGAACTAAT GGTGTAATTA AATTGGTTGG TAGAAATTTA 3039 

S P D R H T Y R T N G V 1 K L V G R N L 1013 

GAAATCACTG AATTACCAAT TGGTAGATGG ACCTCTGACT ATAAAGAAGT TTTAAATGAT 3099 

E 工 T E L P 工 G R W T S D Y K E V L N D 1033 

TTAATTGATA AAGATGTTAT TAAATCATTC CAAGAATCAA ATACTGAAAA TTCAGTTCAT 3ユ59

L 工 D K D V 工 K S F Q E S N T E N S V H 1053 

TTCACAATTT TATTAAATAA TAATCAATTG GAACAAATGG AAGATTTAAC TGAAAATGAG 3219 

F T 1 L L N N N Q L E Q M E D L T E N E ユ073

TTAATAAAGC TATTCAAGTT ATCAGCTTCT CTTAATTTCC ATTTAACATG TTTCGATGAA 3279 

L 工 K L F K L S A S L N F H L T C F D E 1093 

AATTCAAAAA TTCAAAAATT AGAATCTGTT GAAGAAATCA TTGATCAATT CTATAAAGTT 3339 

N S K 工 Q K L E S V E E 1 工 D Q F Y K V ユ113

CGTTTACAAT TCTATGGAAA ACGTAGAGAA TACCTCTTGA AATCATTGGA TAATCAAATT 3399 

R L Q F Y G K R R E Y L L K S L D N Q 工 1133

AAACGTTTAA CAACTACAAT ACAATTCCTT GAAGTTATTG CAAGTGGTAA ATTAAAAATT 3459 

K R L T T T 工 Q F L E V 工 A S G K L K 1 1153 

CAAGGTAGAT CAAAACAAGA TTTAATCAAA GAGTTGGAAA GTGGTGAAAT TGTTGGTTTC 3519 

Q G R S K Q D L 1 K E L E S G E 工 V G F 1173 
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GAAAATTTTG GAACTCATCC ACCAGAGGTT TATCAACATC TTTTCTCTTT ATCAATTTTA 3579 

E N F G T H P P E V Y Q H L F S L S 工 L 1193 

GATATTACAA AAGAAAGAAT TGATAATTTA ACTAATCAAT TAACAAAAAG AAAATCTGAA 3639 

D 1 T K E R 工 D N L T N Q L T K R K S E 1213 

CATCAATCAA TTTCATCTTC TGATCCAAAA TCACTTTGGA CTGCTGATTT ACAACAATTA 3699 

H Q S 工 S S S D P K S L W T A D L Q Q L 1233 

AAAGAATATT TAGAAAAAAG TGATAAAGAA TTTCAAAAAA AACCTTTAAA AACTTCCTCT 3759 

K E Y L E K S D K E F Q K K P L K T S S 1253 

TCTTCATCAT TTGATGTTTC TTCTTCTTCT GAATCTGCAA AATTATCTTC AACTAGAAAA 3819 

S S S F D V S S S S E S A K L S S T R K 1273 

TCAAAAACTG ATAAAATTAA ATCAAAATAA AAAAACTATT TTAATATTTA AATACTTAAT 3879 

S K T D K 工 K S K * 
1282 

TAAAAAATAT ATATATATAT ATTTATTTAA TATAATAGTT TTTTTTATTA AATCTTTTTA 3939 

TCTTTATTAT AATTACTTAA TATTATATTA TTACACGTTG ATAATTTTTA TTATTTTTTA 3999 

AAATCATTAA AATTATCATT AATATATTTT TCAATTTTTA ATATTTCGGT TGTATTTGAT 4059 

TTATTAATCC AATCAGTAAC CAATGGGACA ATCTTTAAGA TTTCAGCTTT TGATAATTCA 4119 

GGTACAACTC TTTGAATGAT TGGATATGGT TGAATCTTTT CTTTCTTTGG TGCTTTTTGA 4179 

ATTTCATATG ATAATTTACC ACACTCTACA ATTTCACCGC TTAAAGTTAA ACCATTTGTT 4239 

TCATATAλAT CTAATGGTAA AGTTACAAAA CAAACACTTG GTTCTTTTAA AGTGTTATTA 4299 

GTATCAGCTC CACTCTTTGA TTTTTTGTTT TTTCCAGTGG AGAGATTTCC TTTTGAAGGT 4359 

GAGTCAAGTT TAACTTGATC TTGTTTTTCA ATTAATTCTT TATAGATTGA TAGTTCTCTT 4419 

TCATCATAAG AGTTTAAGCA AACTCTTTCG CCCAATTTCA AAGTATTAAT TGGATACCAA 4479 

TTTCTAATTG AATTACTATC TGATGCTTTA CCGTTTGGAT GAATTGCAAC TGTACAATGA 4539 

GGAATTACAT TAGCAGTTGG AATACCTTGA ACCTTAAAGG CTAAAGCATT TTGACTGAAA 4599 

CCAATTGCTT CAATTTTAGC TGTCCACTTT GTTCCAACCT TATAAATATT TTCAAAATCA 4659 

TTTGATGTTG AAGTTGATAC AGTTGTTGAA GCTGTAGTTG TGGTGGTTGA AGAACAAGCT 4719 

GTTTGAGTTG AAACATCATC AACAACAATT GTTGTTGTTG TTGTTGTTGT TTTAGTTGAA 4779 

GATTCAGAGA TTGATAAATT TTTAATTTCA TTTAAAACAT TTGTTTCATC AGTTGAATCT 4839 

GAAGATTTTT CAATTGGTTT CCAAAGCTT// 4868 
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(A) A schematic discoideum. D. of TopA of structure Domain 4. Fig. 

cerevisiae and T. brucei DNA representation of the domain structure of D. discoideum， S. 

The N -terminal， ATP binding domain is shown as a diagona1 topoisomerase II is shown. 
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(B) Multiple alignment comparing DNA topoisomerase II sequences NLS in S. cereνisiae. 
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Fig. 5. Amino acid alignments of TopA with that of DNA topoisomerase 11 

of other organisms. Conserved amino acid residues are indicated with asterisks. 

Dashes are introduced to maximize the matches between amino-acid sequences. In the 

consensus (CONS) sequence， amino acids in upper case are identical among all DNA 

topoisomerase IIs， andむ凶noacids in lower cぉerepresent conservation in more than four 

of the seven sequences. The conserved active site tyrosine residue is marked with "@ I¥ 

The arrow (at position 765) in the E. coli gyrase B protein indicates a region of 172 amino 

acids that has been omitted， since this region is not homologous to other DNA 

topoisomerase II sequences. The abbreviations are as follows: EcoliA， E. coli DNA gyrase 

subunit A; EcoliB， E. coli DNA gyrase subunit B; Human， human; Schpo， 

Schizosaccharomyces pombe Schce， Sαccharomyces cereνisiae; Trybr， T;ηIpanosoma 

brucei; ASFV， A宜icanswine fever virus; Ddisc， D. discoideum. 

60 

EcoliB 

Human 

Schpo 

Schce 

Trybr 

ASFV 

Ddisc 

CONS 

1 60 

MEVSPLQPVN 

MS工DADFSDYEDEASGDENVLPNTTTKRKASTTSSKSRAKKASTPDLRQTSLTS

MSKLLNNNNHKNLTNYLKFGKG工工NNLNNKSKQVG工工SF工SQSS工QSQSS工QSQSFLS工N

.. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .... .. .. .. .. .. .. .. .. ..・・・・・・・・・・・・

61 120 

EcoliB MSNSY-一一一一一一DSSSIKVLKGLDAVRKRPGMY工GDTDDGT一一一一-

Human ENMQVNK工KKNEDAKKRLS----一ー-VER工YQKKTQLEH工LLRPDTY工GSVE--LVTQQM

Schpo MTASEQIPLVTNNGNGNSN一一一一一一一VSTQYQRLTPREHVLRRPDTY工GSIE--PTTSEM

Schce MSTEPVS一一ー一一ー-ASDKYQK工SQLEH工LKRPDTY工GSVE--TQEQLQ

Trybr MAEAHKYKKLTP工EHVLTRPEMY工GSLD一一TTATPM

ASFV MEAFEISDFKEHAKfくKSMWAGALNKVT工SGLM

Ddisc NNSNNKYFSTKLNKNEK工SEKTTTRK工ED工YQKKTPTEHVLLRPDSY工GT工E--K工EDDM

CONS ................. .s....... .s. .yqkltplehvlkrpdtyiGs.e..ヒ....m 

121 180 

EcoliB 一一一一一一一 一一一一一一一一一一一ーーーーーーーーーーーーーーーーーー一一ーーーーーーー一一ー一一一一GLHHMVF

Human WVYDEDVG-工NYR一一一一一一一一一一一一一一一一一一一ー一一一一一一一一一一一一一一EVTFVPGLYKIFD

Schpo WVFDSEKNKLDYKーー一一ー-ーー一ーー一一一ーーーーーーー一ーーー一一ーーーー一ー-AVTYVPGLYK工FD

Schce W工YDEETDCM工EK-ーー一一一一一一 一一一一一一一一一一一一一一一一一一一一一一ー-NVT工VPGLFK工FD

Trybr F工YDEQKGHMVWE-一一ーーーーーー一ー一一ーーーー一一一ーーーーーーーー一一ーーー-TVKLNHGLLKIVD

ASFV GVFTEDEDLMALP-一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一工HRDHCPALLK工FD

Ddisc WVLSNSMFNKEKKT工ELNNDNNEKNVESTTTTTTKTNKKPLTY工HP工KATY工PGLLKIYD

ヲー

CONS wvyde. . . .m. . k. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . v七.vpgLlkifd

181 240 

EcoliB EVVDNA工DEALAGHCKE-一一一工工VT工HAD-NSVSVQDDGRG工P一一一一一一TG工HPEEGVSA

Human E工LVNAAD---NKQRDPKMSCIRVTM工R-KQL工S工WNNGKGIP---VVEHK---VEKMYV

Schpo E工工VNAAD---NKVRDPM⑪~TLKVTLDPEANV工SIYNNGKG工P一一一工E工HD一 一 -KEK工Y工

Schce E工LVNAADN--NKVRDPSMKRIDVN工HAEEHT工EVKNDGKGIP-ーー工EIHN---KEN工Y工

Trybr E工LLNASDN工SN--RSARMTY工RVT工-TDTGE工T工ENDGAG工P-ーー工VRSR一一一EHKLY工

ASFV EL工VNATDH-ERACHSKTKKVTY工KISFDKGVFSCENDGPG工P工AKHEQASL工AKRDVYV

Ddisc E工LVNAAD---NKKRDSKMSF工KVE工NPNENS工S工E⑪~KG工P---VVMHQ---TENCYV

ヲー * ，々 * * *** 
CONS EilvNAaD.. .nk.rdp.m. .i.vヒi..d.n.isi.ndGkG工P...ie.h.... .ek.yi 

241 300 

EcoliB AEV工MTVLHAGGKFDDNSYKVSGGLHGVGVSVVNALSQKL--ELV工QREGK工HRQ工YEHG

Human PAL工FGQLLTSSNYDDDEKKVTGGRNGYGAKLCNI FSTKFTγETASREYKKMFKQTWMDN 

Schpo PEL工FGNLLTSSNYDDNQKKVTGGRNGYGAKLCN工FSTEFVVETADKERMKKYKQTWYDN

Schce PEMIFGHLLT、SSNYDDDEKKVTGGRNGYGAKLCN工FSTEFILETADLNVGQKYVQKWENN

Trybr PEMVFGHLLTSSNYDDDNQNAVAGRHGYGAKLTN工LSLSFSV一一CCRTNGREFHMSWQDH

ASFV PEVASCFFLAGTNINKAKDC工KGGTNGVGLKLAMVHSQWA工LTTA--DGAQKYVQQ工NQR

Ddisc VEMVMGNLMSGSNFNDSELKVVGGRNGFGAKLTN工FSKEFTVETVDKSSGKKYFQRWSNN

* * * 
CONS pemifg.ll七ssnydddekkvtgGrnGyGaklcnifSヒef.ve七ad.. .gkky. q. w. dn 
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301 360 

EcoliB VPQAPLAVTGETEKTG---TMVRFWPSLETFTNVTEFE-一一一一一一一一一一一一一一YEILAKR

Human MGRAGEMELfくPF一一NGEDYTC工TFQPDLSKFKM一一一ー-QSLDKD工VALMVRRAYD-IAGS

Schpo MSRKSEPV工TSL-KKPDEYTK工TFKPDLAKFGM一一一一一DK工DDDMVS工工KRR工YD-MAGT

Schce MS工CHPPK工TSY-KKGPSYTKVTFKPDLTRFGM一一一一-KELDND工LGVMRRRVYD-INGS

Trybr 阻RKATAPRVSNVGTKEKNVTRVKFLPDYERFGMKE---KK工SNDMKRVLYKR工MD-LSAM

ASFV LD工工EPPT工TP一一一SREMFTRIELMPVYQELGYAEPLSETEQADLSAW工YLRACQCAAYV

Ddisc MGDRSEP工工TPIGEGESDYTK工TFKPDLEKFKI----KSLWDDN工LQLMERRLYD一工AGC

* * 
CONS m. . a. ep. itp. . kkg. . yTkiヒfkPdlekfgm........d.di.. .m.rr.yd.iag. 

361 420 

EcoliB LRELS-FLNSGVS工RLRDKRDGKEDHFHYEGG工KAFVEYLNKNKTP工HPN工FYFSTEKDG

Human TKDVKVFLN-GNKLPVKGFRSYVDMYLK一一一一一一一一一一一DKLDETGNSLKVIHEQVNHRW

Schpo VRETKVYLN-NER工S工SGFKKYVEMYLAS-ーーーーーーーーーーDTKPDEEPPRV工YEHVNDRW

Schce VRDINVYLN-GKSLKIRNFKNYVELYLKSLEKKRQLDNGEDGAAKSDIPT工LYER工NNRW

Trybr FPN工Q工TLN-GSSFGFKSFKDYATLY-一ーーーーーーーー-SAMTPKGEKPPPPYVYESKSGC-

ASFV GKGT'rIYYN -DKPCRTGSVMALAKMYTLLSAPNST工HTAT工KADAKP一一一一一一一YSLHPL

Ddisc NTELMVTLN-GKRLNY-NFQSYVKLYEHHLNNSTNVK工MRH工VKNP---FEFGE工S-PRW

* 
CONS .re. .vy1N.gks1... .fk.yvemy1.... .................... .ye. .n.rw 

421 480 

Eco1iB 工GVEVALQWNDGFQENIYCFTNN工PQRDGGTHLAGFRAAMTRTLNAYMDKEGYSKKAKVS

Human EVCLTMSEKG--FQQ工一一SFVNS工ATSKGGRHV一一一DYVADQ工VTKLVDVVKKKNKGGVA

Schpo DVAFAVSDGQ--FKQV--SFVNN工ST工RGGTHV一一-NYVANIく工VDA工DEVVKKENKKA-P

Schce EVAFAVSDIS--FQQI--SFVNS工ATTMGGTHV---NY工TDQIVKK工SE工LKKKKKK--S

Trybr -VAFIPSVVP一一GVRRMFGVVNGVVTYNGGTH-C一一一NAAQD工LTGCLDGVERELKKENK

ASFV QVAAVVSPKF--KKFEHVS工工NGVNCVK-GEHVTFLKKT工NEMV工KKFQQTIKDKNRKTT

Ddisc K工G工GLSETGQ-FTQV--SF六1NS工NTVKGGTHV一一-NFLADQ工VRYVGEKLKKKH-SDLE

ョt サ*

CONS .vaf.vs.... .fqq.. .sfvNsi.ヒ.kgG七Hv.. . ny. adqi v . k. . e . vkkkkk. . . . 

481 540 

Eco1iB ATGDDAREGL工AVVSVKVP-DPKFSSQTKDKLVSSEVKSAVEQQMNELLAEYLLENPTDA

Human VKAHQVKNHMWIFVNALIE-NPTFDSQTKENMTLQPKSFGSTCQLSEKF工KAA工GCG工VE

Schpo VKAFQ工KNYVQVFVNCQ工E-NPSFDSQTKETLTTKVSAFGSQCTLSDKFLKA工KKSSVVE

Schce VKSFQIKNNMF工F工NCL工E-NPAFTSQTKEQLTTRVKDFGSRCE工PLEY工NK工MKTDLAT

Trybr VMDTNRVLRHFT工LVFLVQVQPKFDSQNKARLVSTPTMPRVPRQDVMKYLLRM一一-PFLE

ASFV LRDSC-一一SNIFVV工VGSIPG工EWTGQRKDELSIAENVFKTHYS工PSSFLTSMTRS-工VD

Ddisc 工RPIv⑪J工KHHLALFVNCLVD-NPSFDSQSKETLTTfくPMLFGSTPEIPESLLAQFVKNSK工工

万台 * 
CONS vk. .qikn... .fvnc1工e.np.fdsQヒKe..1ヒヒ .p..fgs.cqipekfl........v 

541 600 

EcoliB K工VVGK工工DAARAREAARRAREMTRRKGALDLAGLPGKLADCQERDPALSELYLVEGDSA

Human S工LNWVKFKAQVQLNKKCSAVKH-一一一NR工KGIPKLDDANDAGGRNSTECTL工LTEGDSA

Schpo EVLKFATAKADQQL-SKGDGGLR----SR工TGLTKLEDANKAGTKESHKCVL工LTEGDSA

Schce RMFE工ADANEENAL-KKSDGTRK-一一一SR工TNYPKLEDANKAGTKEGYKCTLVLTEGDSA

Trybr AHVST工TGQLAQELNKE工GTGRRMSSKTLLTS工TKLVDATSTRRDPKHTRTL工VTEGDSA

ASFV 工LLQS工SKKDNH-ー一一ーー一一一一一ーーーー-KQVDVDKYTRARNAGGKRAQDCMLLAAEGDSA

Ddisc ERVAGWALMKQKADL工HSTSGRQSKT-TL工KS工SKLDDANWAGGLKSKECTL工工TEGDSA

* *ヲ~**女

CONS e. .1.... .ka.. .1.kk.. .gr.... ..iヒ...k1.dan.aggk.s..cヒLil七EGDSA

62 



601 660 

EcoliB GGSAKQGRNRKNQ一一ー一ーーー---A工LPLKGK工LNVEKA一一一一一一一一ーーーーー-RFDKMLSS

Human KTLAVSGLGVVGR--ーー---DKYGVFPLRGKILNVREA一一ーーーーーーーーーーー-SHKQ工MEN

Schpo KSLAVSGLSVVGR一一一一一一ーDYYGVFPLRGKLLNVREA一 一一一一一一一一一ー一一SHSQ工LNN

Schce LSLAVAGLAVVGR一一ーーー--DYYGCYPLRGKMLNVREA一一一一一一一一一ーーーー-SADQILKN

Trybr KALAQNSLSSDQK-ーー一一一-RYTGVFPLRGKLLNVRNK----ーーー一一ーーー--NLKRLRNC

ASFV LSLLRTGLTLGKSNPSGPSFDFCGM工SLGGV工MNACKKVTN工TTDSGET工MVRNEQLTNN

Ddisc KSLALAGLSVVGR-ーーー一一-NSYGVFPLRGKLLNVRDV-ーーーーーーーーーー一ー-ASKQLLSN

ヲ台 * * 

CONS kslav.gl.vvgr...... .dyygvfpLrGkllNvrea............. .s.kqll.n 

661 720 

EcoliB QEVATLITALGCG工GRDEY-ーー-NPDKLRYHS工工工MTDADVDGS-HIRTLLLTFFYRQMP

Human AE工NN工工K工VGLQY-KKNYEDEDSLKTLRYGKIM工MTDQDQDGS-H工KGLL工NF工Hf岳MP

Schpo KE工QAIKK工MGFTH-KKTY---TDVKGLRYGHLM工MTDQDHDGS-H工KGL工INYLESSYP

Schce AE工QA工KK工MGLQH-RKKY一一一EDTKSLRYGHLM工MTDQDHDGS-H工KGL工工NFLESSFL

Trybr KELQELFCALGLEL-DKDYTDADE---LRYQR工L工MTDQDADGS-H工KGLV工NAFESLWP

ASFV KVLQG工VQVLGLDF-NCHYKTQEERAKLRYGC工VACVDQDLDGCGK工LGLLLAYFHLFWP

Ddisc EE工NNLTT工LGLSHKNS-YDTDESMEDLRYGRVM工MADQDHDGS-H工KGLVMNF工HYFWP
ヲ々 * *** * * ** * * 

CONS .eiq.i.kilGl.h. .k.Y.. .e. .k.LRYg.imimtDqDhDGs.h工kgLlinffes.wp

721 780 

EcoliB E工VERGHVY工AQ--PPLYKVKKGKQEQY工KDDEAMDQYQ工S工一一一一一一一-RGLS工QRYKG

Human SLL-RHR-FLEEFITPIVKVS---KNKQEMAFYSLPEFEEWKSSTPNH--KKWKVKYYKG 

Schpo SLL-Q工PGFL工QFITP工工KCT一一一RGNQVQAFYTLPEYEYWKEANNNG--RGWK工KYYKG

Schce GLL-DIQGFLLEFITPI工KVSITKPTKNT工AFYNMPDYEKWREEESHK--FTWKQKYYKG

Trybr SLLVRNPGF工S工FSTPIVKARL--RDKSVVSFFSMKEFHKWQRSNANT--P-YTCKYYKG

ASFV QL工一一工HGFVKRLLTPLIRVYEKGKTMP-VEFYYEQEFDAWAKKQTSL--VNHTVKYYKG

Ddisc NLL-K-RGFLVEFVTP工工KAT--KSSTQKKSFFTIKDYEKWRET工SSDQLKQYT工KYYKG

* *女*

CONS sll.ri.gfl.efiヒpiikv.. . k. . kq. . afy .mpeyekw. e. . . n. . . . . wヒ.kyYKG

781 840 

EcoliB LGEMNPEQLWETTMDPESRRMLRVTVKDAlAADQLFTTLMGDAVEPRRAF工EENALKAAN

Human LGTSTSKEAKEYFADMK-RHR工QFKYSGPEDDAA工SLAFSKKQIDDRKEWLTNFMEDRRQ

Schpo LGTSDHDDMKSYFSDLD-RHMKYFHAMQEKDAEL工EMAFAKKKADVRKEWLRTYRPG工ー-

Schce LGTSLAQEVREYFSNLD-RHLK工FHSLQGNDKDY工DLAFSKKKADDRKEWLRQYEPGT--

Trybr LGTSTTAEGKEYFKDME-KHTMRL-LVDRSDHKLLDNVFDSQEVEWRKDWMT一一一一一ーーー

ASFV LAAHDTHEVKSMFKHFD-NMVYTFTL-DDSAKELFH工YFGGESELRKRELCTGVVPLT--

Dd工sc LGTSTSAEAKEYFSNLD-KHVIKF工WGDEADD-LIKMAFAKDLSSLRQRW工KETDMSQG-

* 
CONS Lgtsヒ.. e. keyfsdld. rh. . . f. • • d. . d. .li. . af. kk. . d. rkewlヒ...p.. 

841 

EcoliB 工D工/

900 

MSDLAREITPVNIEEELKSSYLDYAMSV工VGRALPDVRDGLKPVHRRVLYAM

Human RKLLGLPEDYLYGQTTTYLTYNDFINKEL工LFSN-SDNERS工PSMVDGLKPGQRKVLFTC

Schpo 一一ーー一一ーー一一YMDYTQPQIP工DDFINRELIQFSM-ADNIRS工PSVVDGLKPGQRKVVYYC

Schce ーーー一一一一一一一VLDPTLKE工P工SDF工NKEL工LFSL-ADNIRS工PNVLDGFKPGQRKVLYGC

Trybr -KANAFTGEVD工DRSKKMLTVTDFVHKEMVHFAL-VGNARALAHSVDGLKPSQRK工工WAL

ASFV 一一一一一一ETQTQS工HSVRR工PCSLHLQVDTKAYKLDA工E-RQIPNFLDGMTRARRK工LAGG

Ddisc 一ーーーーーー一一一一工DHS工KE工TYPDF工NKEL工HYSW-AANLRS工PSL工DGLKPGQRKILFAS
ヲk ** ヲー

CONS ........... .d.s.k.ipi.dfinkeli.fsl.adn.RsipsvvDGlkpgqRkvl..c 
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901 960 

Eco1iB NVLGNDWNKAYKKSARVVGDV工G-KYHPHGDSAVYDTIVRMAQPF--S-LRYMLVDGQGN

Human F一一-KRNDKREVKVAQLAGSVAEMSSYHHGEMSLMMT工工NLAQNFVGSNNL-NLLQP工GQ

Schpo F---KRNLVHETKVSRLAGYVASETAYHHGEVSMEQTIVNLAQNFVGSNNI-NLLMPNGQ 

Schce F一一-KKNLKSELKVAQLAPYVSECTAYHHGEQSLAQT工工GLAQNFVGSNN工-YLLLPNGA

Trybr M---RRSGNEAAKVAQLSGYISEASAFHHGETSLQETM工KMAQSFTGGNNV-NLLVPEGQ

ASFV VKCFASN-NRERKVFQFGGYVADHMFYHHGDMSLNTSIIKAAQYYPGSSHLYPVF工G工GS

Ddisc F---KRRLTNE工KVSQLSGYVAEQTSYHHGEQSLNST工VKMAHNFVGSNNL-PLLTPSGQ
安 安司r

* プー

CONS f.. .krn1k.e.Kvaq1agyvae.ヒayhHGe.sl. .ヒiikmAqnfvgsnn1.nl1.p.Gq

961 @ 1020 

Eco1iA FGS一一工DGDSAλAMRYTEIRL-AK工AHELMADLEKETVDFVDNYDGTEK工PDVM-PTK工P

Human FGTRLHGGKDSASPRY工FTML-SSLARLLFPPKDDHTLKFLYD-DNQRVEPEWY工P-工工P

Schpo FGTRSEGGKNASASRYLNTAL-SPLARVLFNSNDDQLLNYQND-EGQW工EPEYYVP-ILP

Schce FGTRATGGKDAAAARYIYTEL-NKLTRKIFHPADDPLYKY工QE-DEKTVEPEWYLP-工LP

Tどybr FGSRQQLGNDHAAPRY工FTKL-SKVARLLFPSEDDPLLDY工VE-EGQQVEPNHYVP-工LP

ASFV FGSRHLGGKDAGSPRYISVQLASEFIKTMFPAEDSWLLPYVFE-DGQRAEPEYYVP-VLP 

Ddisc FGTRLQGGSDSASARYIL-QLE-PVGTLPFNELDDPLLNYLEE-EGES工QPDY工工P一工工P
ヲ~* * 

安ヲt
* ヲ骨 * * 

CONS FGヒど.. gGkdaaapRYi .ヒ .L.s.larllfp..ddpll.y. .e.dgq.vePeyyvP.ilP 

1021 1080 

Eco1iB NLLVN-GSSGIAVGMATN工PPHNLTEV工NGCLAYIDDEDIS工EGLMEHIPGPDFPTAA工工

Human MVL工N-GAEG工GTGWSCK工PNFDVRE工VNN工RRLMDGEEP-一一一一一一一一一一一一一一一LP--

Schpo MVLVN-GAEG工GTGWSTFIPNYNPKD工TANLR}丑1LNGEPL-一ー一一ー一一ーーーーーーーーEI--

Schce M工LVN-GAEG工GTGRSTY工PPFNPLE工工KN工RHLMNDEEL-一一一一一一一一ー一一一一一一EQ--

Trybr LLLCN-GSVG工GFGFSSN工PPFHRLDVSAAVRAM工SGERA---ーーーーーーーーーーー一-KSW

ASFV LA工MEYGANP-SEGWKYTTWARQLED工LALVRAYVDKDNPKHELLHYA工一一一ー-KHK工T工

Ddisc MLLVN-GSEGIGVGMSTS工PLFSPID工工DQLMLRLNNQVA---ーーー一ーーーーーー---LK--

* * 
CONS m11vn.Gaegig七Gwsヒ.ippfnp.diian.r...nge.. 

ユ081 1140 

EcoliA NGRRGIEEAYRTGRGKVY工RARAEVEVDAKTGRET工工VHE工PYQVNKARL工EK工AELV一一

Human --MLPSYKNFKGT工EELAPNQYV工SGEVA工LNSTT工E工SELPVRTWTQTYKEQVLEPMLN

Schpo --MTPWYRGFRGS工TKVAPDRYKISG工工NQ工GENKVEITELP工RFWTQDMKEYLEAGLV-

Schce --MHPWFRGWTGTIEE工EPLRYRMYGR工EQ工GDNVLE工TELPARTWTST工KEYLLLGLS-

T工ybr RRLVPWAVGFQGE工RRGPEGEF工AVGTYTYCKGGRVHVTELPWTCSVEAFREH工一一ーー一一

ASFV LPLRPSNYNFKGHLKRFGQYYYSYGTYD工SEQRN工工T工TELPLRVPTVAY工ES工一一一一-K

Ddisc 一KLIPWYRGFKGTIS-PDRHTYRTNGV工KLVGRN-LEITELPIGRWTSDYKE-VLNDL工D
* 待 合

CONS . .m.pw. rgfkgti. . . .p. .y. . . g. i. . . grn. iei七E1P.r.wt..ykE.il. .1.. 

1141 1200 

Eco1iB -KEKRVEG工SALRDESDKDGMR工V工EVKRDAVG一一一一ーー一一EWLNNLYSQTQLQVSFG工

Human GTEKTPPL工TDYREYHTDTTVKFVVKMTEEKLA-一一一一一一一EAERVGLHKVFKLQTSLTC

Schpo GTEKIRKF工VDYESHHGEG工VHFNVTLTEAGMK-一一ーー---EALNESLEVKFKLSRTQAT

Schce GNDKIKPWIKDMEEQHDDN工-KF工工TLSPEEMA--一一一一一-KTRK工GFYERFKLISPISL

Trybr SYLATKDIVNR工ADYSGANHVD工DVEVAQGAVNTY-ーー一一-AECESEL----GLTQR工H工

ASFV KSSNRMTFIEEIIDYSSSET工E工LVKLKPNSLNR工VEEFKETEEQDS工ENFLRLRNCLH-

Ddisc 一一一一-KDV工KSFQESNTENSVHFT工LLNNNQLEQ-----MEDLTENEL工KLFKLSASLNF

* 
CONS g. ek . k. . i . d. . dys . . n . v . f . v . 1 . . . . 1 . . . . . . . . . e. . . . . 1 . . . fkL. . s 1 . . 
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1201 工260

Eco1iA NMVALHH-GQPK工MNLKDI工AAFVRHRREVVTRRT1FELRKARDRAH士LEALAVALAN工D

Hurnan NSMVLFD-HVGCLKKYDTVLD工LRDL-FEL--RLKYYGLRKEWLLGMLGAESAKLNNQAR

Schpo SNM工AFD-ASGR工KKYDSVED工LTEF-YEV--RLRTYQRRKEHMVNELEKRFDRFSNQAR

Schce MNMVAFD-PHGK工KKYNSVNE工LSEF-YYV--RLEYYQKRKDHMSERLQWEVEKYSFQVK

Trybr NGTV-FS-PNGTLSPLESDLTPVLQWHYDR--RLDLYKKRRQRNLTLLEQELAREKSTLK 

ASFV SHLN-FVKPKGG工工EFNSYYE工LYAW-LPY--RRELYQKRLMREHAVLKLR工IMETA工VR

Ddisc HLTC-FD-ENSK工QKLESVEEIIDQF-YKV--RLQFYGKRREYLLKSLDNQ工KRLTTT工Q

ヲ *

CONS n.mv.fd.p.gkikky.sv.ei1. .f.yev. .Rl. .yqkRker.l..ユ..e. .r.. .q.r 

1261 1320 

EcoliB -P工工EL工R-HAPTPAEAKTALVANPWQLGNVAAMLERAGDDAARPEWLEPEFGVRDGLYY

Hurnan F工LEK工DGK工工工ENKPKKEL工KVL-IQRGYDSDPVKAWK------EAQQKVPDEEENEES

Schpo FIHM工工EGELVVSKKKKKDLIVEL-KEKKFQP一一一工SKPKKGHLVDLEVENALAEEEQSG

Schce F工KM工工EKELTVTNKPRNAIIQEL-ENLGFPR一一一FNKEGKPYYGSPNDE工AEQ工NDVKG

Trybr FV-QHFGAGHIDFANATEATLEKVCSKLGLVR一一一一一一一一一一一一一一一一一一一一一一一一一一一一

ASFV Y-工NESAELNLS-HYEDEKEASR工LSEHGFPPーーーーーーーーーーーーーーーー一一ー一一一ーーーー一-

Ddisc FLEVIASGKLK工QGRSKQDL工KEL-一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一

CONS fi. .ii.g.l... .k. .k.1i.el.. .1g............... 

1321 1380 

Eco1iA LTEQQAQAILDLRLQKLTGLEHEKLLDEYKELLDQ工AELLR工LGSADRLMEVIREELELV

Hurnan 一一一一一一一一一一DNEKETEKSDSVTDSGPTFNYLLDMPLWYL---TK-EKKDELCRLRNEKE

Schpo DVSQDEDSD一一一一一一一一一一一一一一一一一-AYNYLLSMPLWSL一一一TY-ERYVELLKKKDEVM

Schce ATSDEEDEESSHEDTENV工NGPEELYGTYEYLLGMRIWSL一一一TK-ERYQKLLKQKQEKE

Trybr 一一一一一一一一一一一一一一一一一一一一一 一一VDDSFDY工LRKP工TFY---TK-TSFENLLKKIAETE

ASFV ーーーLNHTL工ISPEFAS工EELNQKALQGCYTY工LSLQARELL工AAK-TRRVEK工KKMQARL

Ddisc 一一一一一一一一一一ESGE工VGFENFGTHPPEVYQHLFSLS工LD工ーー-TK-ER工DNLTNQLTKRK

CONS ........... .e.......... .1.. .y.y11smp工w.1...tk.er..e11kk. .e.e 

138ユ 1440 

Eco1iB REQFGDKRRTE工TANSADINLEDLITQEDVVVTLSH-一一ーーーーーー-QGYVKYQPLSEYEA

Hurnan QEL--DTLKRKSP一一一SDLWKEDLATF工EELEAVEAKEKQDEQV一一一一一一GLPG-KGGKA

Schpo AEL--DAL工KKTP---KELWLHDLDAFEHAWNKVMDDIQRE一一-MLEEEQSSRDFVNRTK

Schce TEL--ENLLKLSA---KD工WNTDLKAFEVGY-一一一一一一一QE一一一FLQRDAEARG-GNVPN

Trybr RR工ーーEALKKTTP---VQLWLGELDQFDRFFQDHE-ー一ーーーーー一一ーー一一一一-KKMVEA工L

ASFV DKV一一EQLLQESPFPGASVWLEE工DAVEKA工IKGRNTQWKFH/

Ddisc SEH--QS工SSSDP---KSLWTADLQQLKEYLEK-ーーーーーーー一一一ーーーー一一一ー一一一一一一SD

CONS .el. .e.1.k. .p.. .kd1w1ed1dafe... .k............... 

1441 1500 

Eco1iA QRRGGKGKSAAR工KEEDF工DRLLVANTHDH工LCFSSRGRVYSMKVYQLPEATRGARGRP工

Human KGKK一一ーー---TQMAEVLPSPRGQRV工PRITIEMKAEAEKKNKKK工KNENTEGSPQEDGV

Schpo KKPRGKSTGTRKPRA工AGSSSSTAVKKEASSESKPSTTNRK--QQTLLEFAASKEPEKSS

Schce KGSKTKGKGKRKLVDDEDYDPSKKNKKSTARKGKK工KLEDKNFER士LLE---QKLVTKSK

Trybr KERRQRS-PPSDLLPGLQQPR 一一一一一一一一一ー一ーーー一ーーー一一 一LEVEE-AKGGKKFEM

Ddisc KEFQKKPLKTSSSSSFDVSSSSESAKLSSTRKSKTDK工KSK/

CONS k. . . k. . . . . . . . . . . . . . s . s . . . k. . . . . . . k. . . . . . k. . . . . .le. . 
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1501 1560 
EcoliB VNLLPLEQDER工TAILPVTEFEEGVKVFMATANGTVKKTVLTEFNRLRTAGKVA工KLV--

Human ELEGLKQRLEKKQKREPGTKTKKQTTLAFKP工KKGKKRNPWPDSESDRSSDESNFDVPPR

Schpo D工N工VKTEDNSHGLSVEENR工SKSPGLDSSDSGKSRKRSQSVDSEDAGSKKPVK-K工AAS

Schce APTK工KKEKTP一一-SVSETKTEEEENAPSSTSSSS工FD工KKEDKDEGELSK工SN-KFKK工

Trybr RVQVRKY-VPPPTKRGAGGRSDGD---GGATAAGAAAAVGGRGEKKGPGRAGGVRRMVL_ 

CONS . . . . . k. . • • .ヒ.....k.... .d...... 

1561 1620 
EcoliA ーーーー一一DGDEL工GVDLTSGEDEVMLFSAEGKVVRFKESSVRAMGCNTTGVRG工RLGEGDK

Human ETEPRRAATKTKFTMDLDSDEDFSDFDEKTDDEDFVPSDASPPKTKTSPKLSNKELKPQK 

Schpo ASGRGRKTNKPVATTIFSSDDE----ーー一一一DDLLPSSLKPST工TSTKAS-AKNKGKKAS

Schce ST工FDKMGSTSATSKENTPEQD--ー一ー一一一一DVATKKNQTTAKiくTAVKPKLAKiくPVRKQQ

Trybr 一一ーー---DALAiくRVTRLLPRLLF/

CONS . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . d. . . . . S. . . . . . . .ヒ.

1621 1680 
EcoliB WSL工VPRGDGAILTATQNGYGKRTAVAEYPTKSRAτ・KGV工S工KVTERNGLWGAVQVDD

Human SWSDLEADDVKGSVPLSSSPPATHFPDETE工TNPVPKKNVTVKKTAAKSQSSTSTTGAK

Schpo SVKKQSPEDDDDDF工工PGSSSTP--ー一ー一一一一一一一一一ー一一一一-KASSTNAEPPEDSDSP工

Schce KVVELSGESDLE工L一一一-DSYTD-ーーー一一一一一一一一一一一一ーー--REDSNKDEDDA工PQRSR

CONS . V. . . . . . . d. . . . . . . . . s . . . . . . . . . . . . . . . . . . . . . . . k . 

1681 1740 
EcoliA CDQ工b⑪f工TDAGTLVRTRVSE工SIVGRNTQGV工LIRTAEDENVVGLQRVAEPVDEEDLDT工D

Human KRAAPKGTKRDPALNSGVSQKPDPAKTKNRRKRKPSTSDDSDSNFEK工VSKAVTSKKSKGE

Schpo RKRPTRRAAATVKTP工YVDPSFDSMDEPSMQDDSF工VDNDEDVDーーーー一一一一一D一一一一YDE

Schce RQRSSR--AASVPKKSYVET-一一一一一一LELSDDSF工EDDEEENQ一一一一一一一一一GSDVSFNE

CONS ...... " .a. ..... .v...... ............. .d........... ..... '" . .e 

1741 

EcoliB GSAAEGDDE工APEVDVDDEPEEE/

Human SDDFHMDFDSAVAPRAIくSVRAKKPIKYLEESDEDDLF/

Schpo SD/ 

Schce ED/ 

CONS .d.............. 
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Fig. 6. Developmental Northern and Western blots analysis. (A) Developmental 

Northem blots. Poly(A)"'RNA (3μg) was isolated from AX3 cells at the indicated intervals 

(hr after onset of development). The morphology observed at each time point is indicated 

below. (B) Developmental Westem blots. Celllysate (3 x 106 cells) was prepared丘omcells 

at the indicated intervals. After separation by SDS-PAGE， TopA was detected using the 

purified antibody，αN340. The lane marked 20 hr was less intensely stained with amido 

black than the other lanes. 
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Fig. 7. Western blots of growth phase cell using four independent 

antibodies. (A) The schematic representation of TopA is the same as出atshown in Figure 

2A. N28， N340， C955 and C814 indicate the portion ofTopA used for the fusion protein. 

(B) Whole celllysates (lx10
6 
cells) were separated by 6% SDS-PAGE，出enWestern blotted 

with preirnmune sera (lanes 1， 4， 7組 d10)， irnmune sera (lanes 2， 5， 8 and 11) or purified 

antibodies (lanes 3， 6， 9 and 12). The antibodies were αC955 (l叩es1-3)，αC814 (lanes 4-

6)，αN340 (lanes 7-9) andαN28 (lanes 10・12).The arrow indicates the position of TopA at 

about 135 kDa. 
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Fig. 8. Western blot analysis of subcellular fractions. Nuclear (lane 1) and 

mitochondria1 (lane 2) ex廿acts(6μg) were separated by 6 % SDS-PAGE and ana1yzed using 

αC955 antiserum. The arrow indicates the 135 kDa of TopA polypeptide. 
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Fig. 9. Intracellular IocaIization of TopA. (A) Whole cells were f1xed and stained 

with second antibody alone (a and d)， with preimmune serum (b and e) or with a purif1ed 

anti-TopA antibody，αC955 (c and ηas first antibody. (B) Isolated rnitochondria (a， b， d 

and e) and nuclei (c and ηwere fixed and stained with the purified antibody (b and e， 

rnitochondria; c and f， nucleus) or second antibody a10ne (a and d， rnitochondria). In both A 

組 dB， a， b and c show Hoechst staining and d， e and f show FITC staining. Arrowheads 

mark several rnitochondria. Bar， 5μm. 
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EcoRI Ecof司V Xbaf Ecof司V Hindlll 

PTOPALコ
Construction A and 5' -terminal (WT) wild-type of the myc・tagged10. Fig. 

(A)百leplasmid pTOPA-l contained a p訂tof出eof topA. mutant (~N246) deletion 

Indicated restriction sites structural gene of TopA (black) and its 3¥flanking region (white). 

Xbal EcoRI 
B were used for construction of the myc-tagged mutants and for prep紅 ationof the probe used 

topA for Northem blotting as described in Materials and Methods. (B) The domain structures of 

同yctag

Y
ア

l
l

-務務後物須

The additional N-terminal region is shown in wild-type and truncated TopA are shown. 

WT 
DNA the diagonal hatched box， a as shown ATP-binding domain is the black， 

C 
N-terminal sequence 
「申惨 WT

1 ATGTCAAAATTATTAAATAATAATAATCATAAAAATTTAACAAATTATTTAAAATTTGGA 

M S K L L N N N N H K N L T N Y L K F G 

lm
 

協移修復額~N246 
breakage/rejoining domain is an open box， and the tyrosine residue in the active-site is 

shown as a verticalline marked with a "γ¥Restriction sites used for vector construction are 

(C) Amino acid sequences of the N-shown in the top figure (see Materials加 dMethods). 

20 
In b.N246， an ATG initiation codon tenninal and C-tenninal regions of engineered TopA. 

40 

61 AAAGGAATTATAAATAATTTAAATAATAAATCAAAACAAGTTGGAATAATTTCATTTATA 

K G 工工 N N L N N K S K Q V G 工工 S F 工

121 TCACAATCATCAATCCAATCACAATCATCAATCCAATCACAATCATTTTTATCAATTAAT 

S Q S S 1 Q S Q S S 工 Q S Q S F L S 工 N

The right-word arrows indicate the start site of each construct and the le立-word

Underlined residues co町espondto出ec-Myc epitope tag. arrow indicates the end of TopA. 

was added. 

60 
XhoI and BamHI sites used for insertion of the c-myc epitope sequence are indicated. 

181 AATAATAGTAATAATAAATATTTTTCAACAAAATTAAATAAAAATGAAAAAATATCAGAA 

N N S N N K Y F S T K L N K N E K 1 S E 

46 
241 AAAACAACCACAAGAAAGATAGAAGATATTTATCAAAAAAAAACACCAACTGAACATGTT 

K T T T R K 工 E D 工 Y Q K K T P T E H V 100 
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一一一一一一一一一一一ーーー一一一一一ーー一ーー- 1176 a. a. 

主主生 BamHl 

3829 GATAAAATTAAATCAAAACTCGAGCAGAAGTTAATCTCCGAGGAAGACCTCTAGGATCCA 

D K 工 K S K L E o K L 工 S E E D L * 

ー」
TopA (1282 a. a.) 

C-terminal sequence 

75 





Fig. 11. Expression of the wild-type (WT) and the N-terminal deletion 

mutant (d.N246) topA. (A) Southern blotting analysis. DNA (2.5μg)企om

independent transfo口nantswas digested with EcoRI，仕actionatedon a 0.8% agarose gel and 

hybridized with the 32P-labeled neo gene or CARl gene. (B) Northern blotting analysis. 

Total RN A (20μg) from each transformant or poly(A)京NA(5μg)企omAX3 cells (lane A) 

was fractionated on a 1.0% agarose gel containing fo口naldehydeand hybridized with the 

32P-labeled 2.0 kb EcoRV企agmentfrom pTOPA-l or the actin gene. (C) Western blot白19

analysis. Whole-cell ex仕act(3 x 105 cells) was合actionatedby 6% SDS-PAGE組 d仕eated

with anti-TopA antibody，αC955 (αTopA) or anti-c-Myc antibody (αMyc). 
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Fig. 12. Intracellular localization of tagged TopA. Whole cells of each 

transfo口nantwere fixed釦 dstained with a purified anti-TopA antibody，αC955 (A)釦 danti-

c-Myc antibody (B) as the first antibody， then both were stained with a Texas-Red-linked 

second antibody. Panels a and d， BS 18; panels b and e，羽寸;panels c and f， i1N246. 

a--{;， Hoechst staining; d-f， Texas-Red staining. Arrowheads mark several mitochondria. 

Bar，5μm. 
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Fig. 13. Proteinase K treatment of tagged wild-type TopA and truncated 

TopA. (A) Isolated mitochondria from WT cells were incubated for 1 hr on ice with 

5 mglml proteinase K (proK) in the absence or presence of 1 % Triton X-I00 (Triton). 

The mitochondria1 ex廿acts(20μg) were ana1yzed by 6% SDS-PAGE and Western blotting A 

with a釦ntiト-c-My戸cantibody (似αMy戸c). (B) Mitochondria were treated for 1 hr on ice with 

proteinase K at the indicated concentrations and were ana1yzed using anti-c-Myc antibody 

(αMyc) or anti-TopA antiserum，αC955 (αTopA). The transformants used were WT and 

~N246. 
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Fig. 14. Immunodepletion analysis. (A) Irnrnunodepletion of TopA企omcell ex仕act

by each anti-TopA antiserum (αC814，αC955 andαN340) or PBS as a control. The same 

volume of supernatant or pelleted fraction was sep紅 atedby 6σ~ SDS-PAGE and then 

組 alyzedby Western blotting with anti-TopA antiserum，αC955. (B) DNA topoisomerase n A 

assay of each depleted ex回 ct(PBS，αC814，αC955如 dαN340).-ex仕actand-κTP did 

not contain cell extract or ATP in the reaction mixture， respectively. The arrow indicates 

decatenated kinetoplast DNA. S， supernatant after immunodepletion; P， immunoprecipitated 

material; pre， preimmune serum; imm， immune serum. 
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