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I. Abstract

In order to obtain insights into the functions of DNA topoisomerase I during
development, I have initiated studies on the enzyme of D. discoideum.

First, using oligonucleotide probes designed from sequences of eukaryotic DNA
topoisomerase IIs, I cloned a single copy gene for DNA topoisomerase I from
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 amino acids shorter in the C-terminal region
and 50-80 longer in the N-terminal region than those of other eukaryotes. Four independent
polyclonal antibodies against GST fusion proteins, which contained four regions of the
polypeptide detected a single band at about 135 kDa on Western blots. In addition, mRNA
and protein levels of fopA were examined during D. discoideum development with maximal
expression during the initial growth phase.

Interestingly, an additional N-terminal region of the protein (TopA) contains a putative
mitochondrial targeting signal presequence. Western blot analysis of subcellular fractions
and immunofluorescence microscopy revealed that this protein is located in mitochondria and
not in nuclei. I constructed mutants which overexpressed the wild-type or the N-terminally
deleted TopA, and examined the localization of TopAs by immunofluorescence microscopy
and proteinase K digestion experiment. These experiments revealed that TopA 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 confirmed that TopA is located in the mitochondria, even though its amino 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.




II. General Introduction

Topological changes of cellular DNA 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 transient
single strand nick into DNA and subsequently transfers the complementary strand of the
duplex through the nick (Maxwell and Gellert, 1986; Osheroff, 1989). DNA topoisomerase
IT introduces a transient double strand break, then translocates a stretch of duplex DNA
through it (Osheroff, 1989; Vosberg, 1985). DNA topoisomerase II also catalyzes the ATP-
dependent relaxation of negatively and positively supercoiled DNA (Osheroff ez 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 tetramer consisting of a pair of each of the
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
eukaryotic enzyme 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 ef al., 1987), chromosome condensation (Adachi et al., 1991; Rose and

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




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 argued
(Poljak and Kis, 1995).

DNA topoisomerase IT 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, I 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 finally 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 separation between 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 and Spudich, 1987). To gain insights into the
functions of DNA topoisomerase II during development, I have initiated a study on the
enzyme from D. discoideum. For this purpose, using oligonucleotide probes designed from
sequences of eukaryotic DNA topoisomerase IIs, I cloned and characterized a DNA
topoisomerase II gene, which I named topA, of D. discoideum. Surprisingly, the gene
product was actually localized in mitochondria, although the deduced amino 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




topoisomerase II (Fragoso and Goldenberg, 1992; Pasion et al., 1992: Strauss and Wang,
1990), however the mitochondrion of the organism is called kinetoplast and its DNA has a
unique network structure formed by two circular DNA species, mimicircles and maxicircles
(Ryan et al., 1988). In addition, the mitochondrial targeting signal presequence of the
mitochondrial enzyme was not reported.

In section 1 of this thesis, I describe the cloning and characterization of the DNA
topoisomerase II gene of D. discoideum. 1In section 2, I demonstrate the mitochondrial

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

immunofluorescence microscopy and proteinase K digestion experiment.




III. Section 1

Cloning and characterization of the gene encoding

a mitochondrially localized DNA topoisomerase II in

Dictyostelium discoideum




Introduction

In eukaryotes, DNA topoisomerase II catalyzes the ATP-dependent relaxation of
negatively and positively supercoiled DNA, catenation-decatenation and knotting-unknotting
of circular DNA (for reviews see Hsieh, 1992; Wang, 1991; 1996; Watt and Hickson,
1994). The eukaryotic enzyme is a homodimer, consisting of a single polypeptide with
molecular mass of about 130-180 kDa. The N-terminal quarter of the enzyme possesses
ATPase activity, whereas the central part contains a tyrosine residue that participates in
breaking and rejoining of DNA (Lynn ef al., 1986). Although the C-terminal 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 viability of all organisms and it participates
in fundamental cellular functions such as 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 (Rose et al.,, 1990; Uemura et al., 1987). In addition, structural roles of the
enzyme as a major protein component of nuclear matrix and chromosome scaffold structure
have also been proposed (Poljak and Kis, 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 developmental program and finally form fruiting

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




D. discoideum is a useful organism for studying developmental events for two main reasons;
the temporal separation between the growth and developmental phases, and the availability
of genetic engineering approaches, such as gene tagging (Kuspa and Loomis, 1992) and
homologous recombination (De Lozanne and Spudich, 1987). To gain insights into the
functions of DNA topoisomerase II during development, I have initiated study on the

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

characterization of the DNA topoisomerase II gene of D. discoideum.




Materials and Methods

Growth and development of Dictyostelium discoideum

D. discoideum strain AX3 (Loomis, 1971) was grown axenically in HL-5 medium
(Cocucci and Sussman, 1970) at 22°C on a reciprocal shaker (120 strokes/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 1x10" cells/ml and plated on 47-mm
Millipore filters over an LPS saturated pad in a plate (6 cm) and incubated at 22°C (Cocucci

and Sussman, 1970).

Isolation of nuclei, mitochondria and nucleic acid

Axenically 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 mM
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 4°C 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 4°C. The
precipitated mitochondria were washed twice in cold -NP40 buffer.

Nuclear DNA was prepared from the nuclei of AX3 cells as described (Richardson et
al., 1991). Total RNA was isolated from the cells as described (Chomczynski and Sacchi,

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

according to the instructions of the supplier.




Cloning and sequencing of the gene for DNA topoisomerase 11

To prepare oligonucleotide 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), Drosophila melanogaster (Wyckoff et
al., 1989) and human (Tsai-Pflugfelder et al, 1988). The sequences were
1) TGGRNGYGAK; 2) MIMTDQD; 3) KYYKGLGTS; 4) KPGQRKY; 5) NGAEGIGTG
and the corresponding oligonucleotide probes were designed as follows, according to the
biased codon usage of D. discoideum (Warrick and Spudich, 1988); Probe 1) 5’-TTTI
GCACC(A/G)TAACC(A/G)TTICIACCACCIGT-3’; probe 2) 5-ATCTTGATCIGTCA
T(A/G)ATCAT-3’; probe 3) 5’-GAIGTACCTA(A/G)ACCTTT(A/G)TA(A/G)TATTT-3’;
probe 4) 5’-CATTTICITTGACCTGGTTT-3’; probe 5) 5’-ACCIGTACC(A/G)ATACC
TTCIGCACC(A/G)TT-3’ (I, inosine). These oligonucleotide were labeled with “P by
T4 polynucleotide kinase and used for Southern blotting (Fig. 1).

Genomic DNA digested with EcoRI and HindIlI was separated by electrophoresis on a
0.8% agarose gel. The DNA fraction containing 4.0 kb fragments hybridized with probe 2
were isolated, ligated into pUCI18 and transformed into E. coli JIM109. This subgenomic
library was screened by colony hybridization with probe 2 (Hanahan and Meselson, 1983).
A clone containing the pTOPA-1 (Fig. 2A) was obtained. As the clone lacked the 5’ end,
overlapping pTOPA-2 and pTOPA-3 regions (Fig. 2A) were successively cloned using
fragments consisting of the 5’ end regions of pTOPA-1 and pTOPA-2, respectively, as
probes. Three genomic clones thus obtained were sequenced on both strands by the dideoxy
chain termination method (Sanger et al, 1977) using Sequenase II (U.S. Biochemical
Corp., USA). Sequences were analyzed using 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 DDBJ/EMBL/GeneBank Data

Libraries under the accession number D82024.

Southern and Northern 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 P labeled oligonucleotide probes in
hybridization buffer without formamide (Sambrook et al., 1989) at 32°C for 20 hr. The
membranes were washed twice with 2x SSC at room temperature and twice with
2 x SSC/1% SDS at 42°C, then exposed to X-ray film. When the cloned DNA fragments
were used as probes after labeling by using *P with a Random Primed DNA Labeling Kit
(Boehringer Mannheim, Germany), the membrane was hybridized in another buffer
containing 50% formamide as described (Sambrook et al., 1989). The size of each DNA
fragment was estimated based on the mobility of EtdBr-stained A/HindIII fragments.

For Northern blots, total RNA and poly(A) RNA were separated on agarose gels
containing 1% formaldehyde and 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 inclusive 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 Hincll fragment
encoding the region from 955 to 1282, a 2.4 kb BanlIlI fragment corresponding to the region

from 814 to 1282 and a 0.9 kb Dral fragment encoding the region from 28 to 320 were
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blunted with Klenow and inserted into pGEX-2T digested with Smal to generate plasmids
pC955, pC814 and pN28, respectively (Fig. 7A). The nucleotide sequences of all
constructs were confirmed to be connected in frame with the glutatione-S-transferase (GST)
coding sequence. These plasmids were transformed into E. coli IM109 to produce the
fusion proteins.

Expression of the fusion genes were initiated by addition of 0.1 mM IPTG. These
fusion proteins in inclusion bodies were purified from crude cell lysate with 1% Triton X-
100 and 5 M urea, then separated by SDS-polyacrylamide gel electrophoresis (PAGE)
(Sambrook ef al., 1989). The products were detected as major bands of the predicted 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 mM
Na-phosphate, pH 7.2, 150 mM NaCl). Rabbits were immunized five or six times every
two weeks with the crushed gel containing 50 pg of the purified fusion protein. Antisera
were prepared from blood obtained from the ear vein of the rabbits. Antibodies were

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

Western blots

Extracts obtained from whole cells (1x10° cells), nuclei (6 Kg) or mitochondria (6 pug)
were separated by 6% SDS-PAGE, transferred onto nitrocellurose membranes (BAS8S,
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.




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 Methods). These probes were
hybridized with EcoRI-, HindIII- or EcoRI/HindIlI-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 an
EcoRUHindlIll 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 polypéptide of 1282 amino acids with
a predicted molecular mass of 145,864 Da and pI 9.3 was identified in this region (Figs. 2A
and 3). Using the program GENETYX-MAC ver. 7.0, the following percentages of identity
were obtained by pairwise comparison of the deduced amino acid sequence of the ORF and
several known topoisomerases; Saccharomyces cerevisiae, 44.6%; Schizosaccharomyces
pombe, 43.2%; Drosophila melanogaster, 46.1%; human, 45.5%; Trypanosoma brucei,
32.8%. As the homology among these proteins was significant, I concluded that the ORF
was DNA topoisomerase II and named it ropA following the Demerec nomenclature which is
recommended for cellular slime molds (Demerec er al., 1966). The nucleotide sequences of
probes 2 and 3 corresponded to the regions at nucleotides 1921-1941 and 2152-2178,
respectively (Figs. 2A, 3 and accession no. D82024). Southern hybridization of EcoRI-,
HindIll- or Xbal-digested genomic DNA showed that fopA is a single copy gene (Fig. 2B).
Loomis et al. showed that the gene resides on chromosome III of D. discoideum (Loomis et
al., 1995).

The schematic structure of the putative DNA topoisomerase II (TopA) 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 all 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 Gellert, 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 (Watt and Hickson,
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 amino acid long in the N-

terminal region (Figs. 4 and 5).

Expression of topA

Expression of fopA was examined by Northern blotting using a *P-labeled 0.8 kb
Accl fragment of pTOPA-1 for total RNA or poly(A)'RNA prepared from cells in the growth
phase. A hybridized band was detected only in the poly(A)RNA and topA was expressed
as a 4.5 kb polyadenylated RNA (Fig. 2C). I then examined the expression of the gene
during development. Poly(A)RNA was isolated from the cells at several stages and
hybridized to a *P-labeled 2.0 kb EcoRV fragment from pTOPA-1. 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. 7A). Each antibody recognized its
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respective fusion protein extracted from E. coli but not GST (data not shown). I therefore
concluded that these antisera recognize the TopA epitopes in the fusion proteins. Three
antisera, C955, alC814 and aN340, recognized a single band at about 135 kDa (Fig. 7B).
The antiserum oN28 detected several weak bands in the cell lysate from growth phase.
However, after purifying the antibody from the crude antiserum oN28, only a single band
was detected at about 135 kDa (Fig. 7B). Figure 7 also shows that none of the four
preimmune sera reacted with proteins.

I examined the producton profile of TopA during development. Cell lysates prepared
at several stages were analyzed with the purified «N340. The results showed that TopA 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 mitochondria

By analyses of the extra N-terminal 70 amino acids of TopA, I found that a region of
residue 1-35 contains a putative mitochondrial targeting signal presequence that may fold
into an amphiphilic o-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.
Western blotting analysis was performed to 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 Western blotting analysis. The

density calculation of the fluorogram showed that the content in mitochondria was eightfold

higher than that of nuclei (Fig. 8).
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Discussion

I cloned and sequenced a DNA fragment of about 5.8 kb containing a gene encoding a
polypeptide with highly homologous sequence with other eukaryotic DNA topoisomerase II
from Dictyostelium discoideum. The gene, designated topA, encoded a polypeptide of 1282
amino acids with no introns, and was located on chromosome III (Loomis et al., 1995) as a
single copy. Northern 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 development of D. discoideum.

The amino acid sequence of TopA differs from those of other eukaryotic enzymes in
three respects. Firstly, TopA was 260-300 amino acids shorter in the C-terminal region
(Fig. 5). The C-terminal 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
nuclear localization and the regulation of enzymatic activity by phosphorylation (Cardenas
and Gasser, 1993; Caron et d., 1994; Shiozaki and Yanagida, 1992). Proteolytic analysis
and a series of deletion mutants of the enzyme have shown that the mutant protein with a
truncated C-terminus retained enzymatic activity in vitro but not in vivo (Caron etal., 1994;
Shiozaki and Yanagida, 1991). However, DNA topoisomerase IIs of Trypanosoma and
African swine fever virus also lack this region (Garcia-Beato ef al., 1992; Strauss and Wang,
1990). Secondly, TopA possess an extra N-terminal segment of about 70 amino acids (Figs.
4 and 5). Like other mitochondrial proteins of D. discoideum (Bimey et al., 1995; Troll et
al., 1993), positions 1-35 of TopA contains a putative mitochondrial targeting signal

presequence that may form an amphiphilic a-helix. In fact, Western 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 that describes the localization of DNA topoisomerase
II in mitochondria, except for that of trypanosome kinetoplasts (Fragoso and Goldenberg,
1992; Melendy et al., 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). The
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-terminal function required for protein localization. Finally, the predicted amino acid
sequence of fopA contains an insertion of hydrophilic and charged amino acids from
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 that this region is an intron (data not shown).

I 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 I presume that fopA 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 nuclear type DNA
topoisomerase II from other eukaryotes. In this study, I 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, Northern blot analysis showed only one band for
the fopA transcript (Fig. 2C). It is more likely that the nuclear type DNA topoisomerase II is
encoded by some gene which is divergent from topA in D. discoideum genome. To clarify

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.




IV. Section 2

Localization of a DNA topoisomerase II to mitochondria in

Dictyostelium discoideum: deletion mutant analysis and

mitochondrial targeting signal presequence




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; Watt
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 ez al., 1992), recombination (Wang et
a., 1990), replication (Brill et al., 1987), chromosome condensation (Adachi et al. 1991;
Rose and Holm 1993) and chromosome segregation (Rose ez al., 1990; Uemura et al.,
1987). In addition, structural roles of the enzyme have been proposed, e.g. as a major
protein component of nuclear matrix and chromosome scaffold structure (for review: Poljak
and Kaés, 1995).

Mitochondrial DNAs in many organisms are circular molecules. Replication and
transcription of such closed circular DNA will introduce topological stress which must be
relieved to allow these processes to continue. The swivel reaction can be fulfilled by DNA
topoisomerases capable of relaxing positively supercoiled DNA. However, in eukaryotes,
information regarding topoisomerases is mostly restricted to nuclear enzymes, with little
known about the mitochondrial enzymes. The mitochondrial topoisomerases from mammals
(Castora et al., 1983; 1985; Kosovsky and Soslau, 1993: Lin and Castora, 1991; Lin et al.,
1992) and yeast (Ezekiel et al., 1994; Murthy and Pasupathy, 1994; Wang et al., 1995) have
been partly characterized, but their low abundance has prevented their extensive purification
and biochemical 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).

I cloned the gene encoding DNA topoisomerase II (fopA) of Dictyostelium discoideum
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and determined its nucleotide sequence (see Section 1). The predicted amino acid sequence
of the gene had an additional N-terminal region which was expected to be a mitochondrial
targeting signal presequence thought to be folded into an amphiphilic o-helix (Hartl et al.,
1989). I showed the mitochondrial localization of the enzyme by Western blotting analysis
(Fig. 8, see Section 1). In this section, I examined the localization of this protein by

immunofluorescence 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 culture
Dictyostelium discoideum strain AX3 (Loomis, 1971) was grown axenically in HL-5
medium (Cocucci and Sussman, 1970) at 22°C on a reciprocal shaker (120 strokes/min).

For transformant selection, AX3 cells grown in HL-5 medium containing 10 mg/ml G418

(Wako Ltd., Japan) were used.

Isolation of nuclei, mitochondria and nucleic acids

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 centrifugation at 4,000xg for 10 min at 4°C 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 supernatant was centrifuged at
10,000xg for 15 min at 4°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 al., 1995) and the precipitated mitochondrial fraction
was washed further twice in cold -NP40 buffer, and used for proteinase K digestion
experiments.

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

Welker, 1988). Total RNA was isolated by ISOGEN (Wako Ltd., Japan) according to the

manufacturer’s instructions.




Vector construction and transformation

Wild-type (WT) and a mutant (AN246 lacking the first 82 amino acids) of TopA were
fused with the c-Myc tag sequence for in vivo immunofluorescence microscopy. Two PCR
fragments corresponding to the N-terminus of TopA were prepared. Upstream primers

5’-GGAGATCTATGTCAAAATTATTAAATAATA-3’ containing the first 22 nucleotides

(underlined) of topA from the translational initiation site and 5’-GGAGATCTATGACCA

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

by the sequence from 247-266 (underlined) of ropA were synthesized for WT and AN246,
respectively (Fig. 10C). Both primers had a Bg/II site to facilitate insertion of the PCR
product into the expression vector pBS18 (Kumagai ez al., 1989) in frame. The downstream
primer used was 5’-TTGACCATCTTTGGAAATAC-3’ (nucleotides 843-862). The PCR
fragments were connected to the 5’-end of pTOPA-1 at an internal EcoRI site of the
structural gene (Fig. 10A and B). To fuse the c-myc tag sequence to the C-termini of the
TopA genes, Xhol 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’-CAATGAATTGGATGATCC-3’ (2733-2750) as the upstream primer and

5’-CTGGATCCTCGAGTTTTGATTTAATTTTATCAG-3’ (3827-3846, underlined; Xhol

site, double lines) as the downstream primer using an internal Xbal site (Fig. 10B and C).
The resultant plasmid was designated pTOPA-11. Then, the fragment corresponding to the
c-Myc epitope sequence (EQKLISEEDL) with a stop codon was inserted into the Xhol site
of pTOPA-11 (Fig. 10C) . All of the connected region and junction sites were confirmed by
sequencing. The resultant fopA genes fused with c-myc were digested out with BamHI and
Bglll and then inserted into the unique Bg/II site between the actin 15 promoter and the 2H3
terminator of the expression vector pBS18. The resultant plasmids, pWT and pAN246,

were introduced into AX3 cells by electroporation as described previously (Yamaguchi et al.,
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1996), and neomycin-resistant clones, WT and AN246, respectively, were isolated. pBS18

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

Southern and Northern blotting

The genomic DNA fragments (2.5 pg) digested with EcoRI were separated by
electrophoresis on a 0.8% agarose gel and hybridized as described (see Section 1, Materials
and Methods) using probes for CARI (Abe and Maeda 1994) provided by Dr. Maeda of
Tohoku University, and neo.

Total 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 10’ cells) were separated by 6% SDS-PAGE,
transferred onto BA85 membranes (Schleicher and Schuell, USA), and reacted with anti-
TopA antiserum which was raised against the amino acid positions 955 to 1282 (0tC955
antiserum, Fig. 7, see Section 1) or anti-c-Myc antibody (anti-9E10 antibody, BAbCO,
USA). These blots were analyzed 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 the supplier.

Indirect Immunofluorescence Microscopy

Axenically 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 that then were prefixed
in cold methanol (—20°C) for 5 min and incubated with first antibodies (see below) overnight

at 4°C. The organelle fractions were treated as described above except that the
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paraformaldehyde fixation step was omitted. Affinity-purified C955 antibody (anti-TopA
antibody; Fig. 7, see Section 1) was not diluted and tC955 preimmune serum 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 Re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>