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ABSTRACT

We cloned the structural gene toplt for Schizosaccharomyces pombe DNA
topoisomerase I (topo I) by hybridization. An eight-fold increase of topo I
relaxing activity was obtained in S. pombe cells transformed with multicopy
plasmid with togl"' insert. Nucleotide sequence determination showed a hypothe-
tical coding frame interrupted by two short introns, encoding a 812 residue
polypeptide (M.W. 94,000), 43 residues longer than and 47%Z homologous to
Saccharomyces cerevisiae topo I. We show that the topl (null) strain made by
gene disruption is viable, although its generation time is 20% longer than
that of wild type. The topl locus is mapped in the long arm of chromosome II,
using the Leu™ marker integrated with the cloned topl"' sequence, We const-
ructed a double mutant topl (null) top2 (ts) and found its defective phenotype
similar to that of previously obtained topl (heat sensitive) top2 (ts). The
other double nmtant topl (null) top2 (cs), however, was lethal. Our results
suggest that togl gene of S. pombe is dispensable only if topo II activity is
abundant.

INTRODUCTION

DNA topoisomerases are the enzymes that control the topological states of
DNA by transient breakage and subsequent rejoining of DNA strands (reviewed in
ref. 1). The enzymes are classified in two types: those acting by means of a
double-strand break are called DNA topoisomerase II (abbreviated topo II),
while DNA topoisomerase I (topo I) makes a single-strand break. These enzymes
are thought to play important and distinct roles in folding and organizing
eucaryotic and procaryotic chromosomes. In yeasts, topo II is essential in
mitosis but topo I appears to be dispensable (reviewed in ref. 2). This is
thought to be due to the abundant presence of topo II that can substitute for
the relaxing activity of topo I. Consistently, the double mutants topl-top2
that lacked the relaxing activity showed immediate arrest in the cell cycle by
blocking RNA and DNA synthesis, suggesting that the relaxing activity is
required throughout the cell cycle.

The eucaryotic topo I and II can relax both negative and positive super-—

coils, whereas procaryotic enzymes relax only negative supercoils (1).
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Topoisomerase I enzymes have been purified from various eucaryotic sources and
characterized (3-7). Molecular weights range 90,000-135,000 and they appear to
exist as monomeric forms (3) while topo II enzymes are homologous dimers.
Little is known, however, about the primary structure of eucaryotic topo I,

except for Saccharomyces cerevisiae which has been deduced by gene cloning and

subsequent nucleotide sequence determination (8).
We report here the cloning and nucleotide sequence determination of the

fission yeast Schizosaccharomyces pombe DNA topo I gene (togl+). The predicted

topo I polypeptide has been compared with that of S. cerevisiae. To examine
the possibility that the complete absence of topo I activity might result in a
phenotype differing from that of previously obtained heat-sensitive topo I
mutants (designated hs topl; enzyme activity itself is heat-sensitive but
growth is apparently normal) (9,10), we investigated effect of the gene
disruption on viability of S. pombe and compared defective phenotype between
two classes of double mutants topl (null)-top2 (temperature-sensitive lethal,
ts or cold-sensitive lethal, cs) and topl (hs)-top2 (ts or cs). Ts and cs
stand for the phenotype for cell growth while hs represents the heat
inactivation of enzyme. We found that the topl (null) strain is viable like
topl (hs) but the double mutants show distinct growth phenotypes. Our results
also suggested that the Egplf gene becomes essential when the activity of topo
II is not abundant. By integration of the cloned ggglf sequence with the

marker gene, we mapped the chromosomal locus for topl.

MATERTALS AND METHODS

Strains and media

S. pombe haploid strains used were hs topl-710, ts top2-191, -342, -437
(9,10) and the wild type HM123. The type I relaxing activity in the extracts
of topl-710 is inactivated at 36°C, but is retained at 20-26°C (9). The
residual relaxing activity at 36°C is less than 1% of the wild type. YPD (1%
yeast extract, 2% polypeptone and 27 dextrose) and EMM2 (11) were rich and
minimal media, respectively. Escherichia coli HB10l was used for preparation
of plasmids.

DNA cloning and sequencing

Restriction enzyme digestion, gel transfer hybridization and other
standard methods for recombinant DNAs were followed as described (12). Nucleo-
tide sequences were determined by the dideoxy method (13), using unidirectiq—
nal progressive deletion and pUC plasmids (14).
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Figure 1. The cloned TOP1 gene of Saccharomyces cerevisiae (8,18) used as the
probe for cloning the Schizosaccharomyces pombe topl™ gene. The thick arrow
indicates the coding region and the direction for transcription. E, Eco RI;
Ps, Pst I; RV, Eco RV.

Assay for DNA topoisomerase I ‘

The whole cell extracts of exponentially grown S. pombe were prepared and
the activity of topo I was assayed using supercoiled pBR322 as the substrate
(9). The reaction mixture in 25 mM Tris HC1 at pH 7.5, 1 mM EDTA, 150 mM KC1
and 1 mM 2-mercaptoethanol was incubated for 5 min at 26°C or 36°C, and the
reaction was terminated by adding one-fourth volume of 0.5% SDS, 2.5%
bromophenol blue and 25% glycerol. The relaxing activity was monitored by
electrophoresis in 1.0%Z agarose gels.

Transformation, gene disruption and genetical methods

The lithium acetate method (15) was used for tranformation of S. pombe.
The one-step gene disruption described by Rothstein (16) was followed.
Standard genetical procedures for fission yeast were as described by Gutz et
al. (17).

RESULTS AND DISCUSSION

Cloning of the DNA topoisomerase I gene

We cloned the S. pombe QLI"' gene by screening the cosmid library of the
S. pombe genomic DNA probed with 32P-labelled 1.4 kb EcoRV fragment of the S.
cerevisiae TOP1 gene (Figure 1, ref. 8 and 18). Two cosmid clones of S. pombe
have a common 5.1 kb EcoRI fragment which hybridizes with the S. cerevisiae
probe (data not shown). The 5.1 kb EcoRI fragment was isolated and ligated
with pUC18 and pUC19 (designated pKM10l and pKM103). The restriction sites in
the fragment were determined, as shown in Figure 2a, where the arrow indicates
the coding region for the topo I gene (see below). When the genomic DNA was
restricted with Eco RI and probed with the Pvu II-Bam HI fragment located
within the coding region, a single hybridizing band was obtained, indicating
that S. pombe has a single DNA topoisomerase I gene in its genome (data not
shown).

Northern blot hybridization was done using RNA probes synthesized by SP6
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Figure 2. Cloned S. pombe to]gl+ gene and Northern blot hybridization. (a)
Restriction sites of the 5.1 kb Eco RI genomic DNA fragment containing the S.
pombe t:ogl+ gene, The thick arrow indicates the coding region and the
direction for transcription. Pv, Pvu II; H, Hind III; Hp, Hpa I; B, Bam HI.
Other symbols are shown in the caption of Figure 1. The region of which
nucleotide sequence was determined is shown by the wavy line. (b) Northern
blot hybridization of S. pombe polyAt RNA using the RNA probes from the topl"’
coding region (see text). Probes: 1.0 kb Eco RI-Pvu II (left lane); 0.29 kb
Hinc II-Pvu II (right lane).

RNA polymerase from 0.29 kb Hinc II-Pvu II and 1.0 kb Eco RI-Pvu II DNA
fragments. The former is located within the coding region (the Hinc II site is
at the 5' side of the Pvu II site). Only the RNA probes for the predicted
coding direction hybridize with 2.9 and 1.4 kb long polyA* RNA (Figure 2b).
The 2.9 kb transcript seems to be mRNA for the complete QLI"' gene because the
predicted coding region is 2436 bp long (see below). The appearance of the 1.4
kb band is surprising and not understood; it contains 5' end of the QLI"' gene
and its amount is significantly higher than that of the 2.9 kb transcript.

9730



Nucleic Acids Research

AATG‘I‘CAA'l‘ATTGGTG‘I‘CA'I’GACAACGAGTG‘I‘ACGTACTCAA‘I‘ATTAA‘I‘CCT‘I‘CTTTTACTGTATTATAGATGTA’I‘GCAAACAATTCACA
0 30

2 60 70 90
ATGTCTTCGTCTGGIA AgchrcACGTAAfTTTTETTEkTTT?cAAAATTTTTITEITETGAAAAcATTCAcA11cccTcrcrrrArccA
M S § S D 9bp intronl

100 110 20 170 180
TTAGAAGGAGGgAA:GACGCGGTTCA'I'CTAAACGGATTAGTATGAAGGAG‘I‘CGGACGAAGAGAGTGATAGTTCTGAAGTATG‘I“I'CACAAC

90
ATAATAATTAA‘GATTGTTGACTAATTGTTTAGAATCATCCTCTTAGTGAA‘I'CGTTGAATAAGAAA‘I'CCAAATCCGAGAGTGATGAGGAT
46bp in t ron —_——

330 360
GATATACCGAT'I‘AGAAAGAGACG‘I‘GC‘I‘TC‘I'TCAAAGAAAAATA‘I‘GTCCAA‘I“I'CAAGCTCTAAAAAAAGAGCTAAAGTAA‘I‘GGGAAA‘I‘GGT
D I P I R KU R RAS S KX K NM S NS S S KEKRAZKXKV M G NG

370 380 390 400 410 420 430 440 450
GGTTTAAAAAACGGAAAAAAAACGGCGGTTGTAAAAGAGGAAGAGGATTTCAATGAAATTGCAAAGCCCTCACCGAAGCATAAACGTGTT
6 L X NG K XK T AV YV XK EEETDTFNETIATKTPSZPIKHTE KT RY

460 470 480 49 500 510 520 530 540
TCTAAAGCGAATGGAAGTAAAAATGGCGCGAAGTCAGCTGTTAAAAAAGAGGAAAGTGACACAGATGATTCAGTTCCATTGAGAGCTGTT
S K A NG S XK NG A K S A VX KX EE S DTDDS V P L R AV

550 560 570 580 590 600 610 620 630
TCGACTGTATCTTTAACTCCTTACAAATCAGAACTGCCTTCGGGAGCTTCGACCACGCAAAATCGCTCACCAAACGATGAGGAAGATGAA
§$ TV S L TZPYIEKSE ELUPSGASTTAOQNZRSUPNKDTETETDE

640 650 660 670 680 690 700 710 720
GATGAGGATTACAAGTGGTGGACTTCAGAAAATATCGATGATACTCAAAAATGGACTACATTGGAGCATAATGGTGTAATTTTTGCTCCA
D E DY K W W TS ENTIDUDTSUGQZ KUWTTTLTEUHRNGVIFAP

730 740 750 760 770 780 790 800 810
CCCTATGAACCTTTACCAAAGAACGTCAAGCTAATTTACGATGGAAACCCCGTAAATCTTCCTCCCGAAGCAGAAGAAGTTGCTGGTTTT
P YEPLUPTEKNVIKLTIYDGNKZPV NLUPZPEA WLTETETVAGTF

820 830 840 850 860 870 880 890 900
TATGCTGCAATGCTTGAAACCGATCATGCCAAAAATCCTGTATTCCAAGATAATTTTTTCCGTGACTTCTTAAAGGTCTGTGATGAATGT
Y A A M L ETDHAEKNPVF QDNTFFURDTFLTEKVCDTESC

910 920 930 940 950 960 970 980 990
AACT‘I’TAATCACAACATTAAAGAGT’I’T‘I‘CTAAATGTGATTTTACCCAAATGTT‘I‘CAccA‘lmcAGCAAAAGAGGGAAGAGAAGAAGAG'I‘

Q QK

0 1050 1060 I08
ATGCCGAAGGAACAGAAGAAGGCAATAAAGGAGAAAAAAGA'I‘GAGGAAGAGGAAAAA'I'A'I'AAA‘I'GG‘I‘GCATAC‘I"I‘GA'I‘GGGAGAAAGGAG
Q

09 100 lllO IIIO 30 150 1160 11 70
AAGGTTGG'l'AAC'I"I"I‘CG'l‘A'ﬂ'cAACC‘I‘CCAGGG‘I“I‘ATT‘I‘CG‘I‘GGTCGAGG'I‘AG'I‘CA'I‘CCTAAAAC‘I‘GG'l“l'CmAAAGCG‘I‘CGAG'l‘ATA‘I‘
K

L
0 2‘0 l 2 50 1 260
CCTGAACA AA’I“I‘ACCA‘I“I'AA‘I‘A'I“I‘GGTGAAGGTG‘I‘ACCCG'I“I‘CCAGAACCAC‘I‘CCC‘I‘GGGCA‘I‘CAATGGGCMAGGTAAAGCATGATAAT
Q I N L l R D

1280 I 3 0
ACAC'I‘GACC‘I‘GG‘I"I’GGCAACC‘I’GGCA‘I‘GAAAATATAAA'I‘AA'I‘AA‘I'G'I‘CAAA'I‘AIGTCTTT"AGCTGCAGGAAGT‘I‘C‘IC‘I‘AAAAGGACAG

0 9 00 ‘ 1440
AG'I‘GAC‘H‘A:AA:AA‘I‘ACGAAAAG‘I‘CAAGAAAGC‘H‘AAGGAT'I‘ATA"GATGA'I‘ATCCG‘I’AAAGGC'I‘ACCGGAAAGATTTGAAAAATGAG
K s

1490 1500 1510 1520 1530
TTAACGG‘I‘TGAGCG‘I‘CAAAG AGGA AC‘I‘GCCATG‘I‘ATT‘I‘AAT‘I‘GA‘I‘G‘I‘T‘I‘T’I‘GC!‘I‘TAAGAGCAGGAAA'I‘GAAAAGGG'I‘GAAGACGAGGCG
Q X

161 0 1620
GATAC'I‘GT‘I‘GGT‘I‘GT‘I‘GTTCAC'I'GCGATA‘I‘GAACA'l‘G'l"l‘ACACTGAAGCCACCACGAACAG'I‘CGT’I“I‘TCGA'I‘TT'I‘C"GGTAAAGA‘I‘TC‘I‘
D

l 1690
AT‘I‘CGT'I‘ACTACAACGAGGTTGAAGTTGATCCCCAAG‘I"I‘T‘I“I'AAAAA‘I‘C‘I‘AAAGA‘I‘C'I‘TTAAACG‘I‘CC‘I'CCCAAAAAAGAGGG'I‘GA‘I’T’I'A
I R Y Y N E V E VY DPQV F K NLTIKTITFTEKXRUPZPTIEKTIEKTESGTDL

1720 1730 1740 1750 1760 1770 1780 1790 1800
AT‘I‘TTCGACCGTCTCAG‘I‘ACAAACAG‘I‘CTTAACAAATA‘I'C‘I'GACTAGCC‘I‘TA‘I‘GGATGGAC'I‘TTCAGC‘I‘AAAG'I'AT‘I"I‘CG'I‘ACC‘I‘ACAA‘l‘

0 1370 1800 1390
GCTTCATACACCATGGCCGAGGAAC"AAGAAAATGCC'I‘AAGAACCTCACCCTTGCAGACAAAATACTA‘I‘TT‘I'ATAATAGGGCAAATAGG

980
AC‘I'G‘I'TGCA A'l“l"l“l‘A‘I‘GTAA‘I‘CATCAACGTTCCGTAACCAA AAATCACG A‘I‘GTTCAA A'I'GG AACGG’I’TTGCCGA AAGGA‘I‘TAAGGCATTA
Q S Q L

0 2 2 ‘ 205 20 2070
CAATACCAGCGGATGAGACTGCGAAAAATGA‘I‘GCTGAATT‘I'AGAGCCCAAGC'I"I‘GC'I‘AAAAGCAAGCCCGAAT'I'GCTGGCTAAAGAAGAA
Q Q X

00 9 l 0 Zl 10 2 20 2 0 0 Z 160
gGCATTACCGAT‘I‘CA‘I‘GGA‘I‘CG‘I‘AAAACA‘I‘CACGAGACACT‘I“I‘ACGAACTAGAAAAAGAG AAAA'I'AAAAAAG AAA':‘I‘CGA'I‘CGTGAGAAC
s L L

21 2180 2190 2200 2210 2220 30 2240 2250
GAAAAAT‘I‘A GC’I’GAGGATCCCAAAICAAI‘GCT'I‘CCGGAA'I‘C'I‘GAAT‘I‘GGAAGT‘I'CGA"GAAAGCGGC‘I‘GATGAGT'I‘GAAGAAAGCG
E L A EDP S E L EV R L ! l.

60 2270 2280 2290 2300 2310 320
CTG:ACGCTGAAC'I“I'AAAAGCAAAAAAG‘I‘CGA'I‘CCAGGTCG'I"I‘C'I'TCGA‘I'GGAACAAC'H‘GAGAAAAGA"AAACAAAE‘I‘CAA'I‘GAACGA
G R S M Q E K
2410 420 2430
AT‘I‘AATG'I“!‘A‘I‘GCGTAC‘I‘CAGA‘I’GA‘I‘CGA‘I‘AAAGACGAGAA‘I‘AAAAC‘I‘ACTGCT"GGGTACAAGTAAGATTAACTACATAGACCCGAGG

451 24 60 2&70 2480 2490 2 00 2 25 0
CTTACTTAT‘ICGT‘I‘CAGCAAGCGAGAAGACGTTCC‘I’AT‘I‘GAGAAGC'I‘G'I"I“I'AG'I‘AAGACGAT‘I‘CGTGACAAGTTCAA'I'I‘GGGCTGC'I'GAT
L TYSPF S KREDUV?PTIET KLTFSTETTIRDTETFNUVAALATD

2530 5 2560 2570 80 2590 2600 2610
AC ACC'I‘CCGGA‘l"l‘GGAAG'I'GG‘I‘AAG'I‘CCTC‘I‘ACGA‘I"I"I‘AAGAAAAG‘I‘ATC‘I"I‘TCA'I“I‘GAACﬂmAAAAAAAAAﬂA"TATTATCATC
l H

2690 2700
CTACGGCAGACAAATTG‘I‘GAA AG‘l‘GC‘l“l‘CG‘l’AA'I“I'TCGTGACT‘I‘AATGATG'I‘C'I‘TG AAATGAA‘I‘GCYAGCGTACACACT‘I‘A

Figure 3. Nucleotide sequence of the S. pombe DNA topoisomerase I gene (topl 1%
and the predlcted amino acid sequence (designated by single letter). The
consensus sequences for S, pombe introns are indicated by the double
underlines. A 9 bp sequence in the intron I that repeats twice at a 21 bp
interval is indicated by the overline.
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Figure 4. Comparison of topo I between S. pombe and S. cerevisiae. (a)
Homology matrix of the amino acid sequences between S. pombe and S. cerevisiae
topo I. Sp, S. pombe; Sc, S. cerevisiae. The regions sharing a homology of more
than 70% (more than 14 of the 20 residues compared are identical) are
indicated. (b) Aligned topo I amino acid sequences of S. pombe (Sp) and S.
cerevisiae (Sc). The sequences of Sc begins in the middle of the first row.
Identical amino acids are not shown in the sequence of Sc. # indicates
deletion.

Nucleotide sequence of the topo I gene

We subcloned the 5.1 kb Eco RI fragment (Figure 2a) into 2.0 kb Eco RI-Pst
I and 3.1 kb Pst I-Eco RI fragments. The 1.4 kb Eco RV probe (Figure 1)
containing the COOH-region of the S. cerevisiae TOP1 gene strongly hybridized
with the 3.1 kb fragment but not with the 2.0 kb fragment. On the other hand,
the 2.0 kb Eco RV fragment (Figure 1) containing the NH, domain of the S.
cerevisiae TOP1 gene did not hybridize with the 3.1 kb fragment but did with
the 2.0 kb fragment. Therefore, the PstI site appears to be in the coding
region, and the direction for transcription is as indicated by the arrow in
Figure 2a.

We determined the 2781 bp long nucleotide sequence (Figure 3; indicated by
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the wavy line in Figure 2a) for both strands by the dideoxy method. Although
the greater part of the fragment consists of a single reading frame, two
putative introns I and II are found in the NH, domain at the 5th and between
the 36 and 37th codons. They are 59 and 46 bp long, respectively, and have the
consensus sequences for S. pombe introns (doubly underlined in Figure 3; refs.
19-21). In intron I, a 9 bp sequence TTTAACAAC (overlined in Figure 3) repeats
directly twice in a 21 bp interval (equivalent to the two turns of B-form
DNA). RNase mapping (22) was done to determine the presence of introns.
Results obtained, however, are inconclusive; the 1.4 kb RNA (described above)
as well as the 2.9 kb transcript apparently produces hybridizing fragments so
that the interpretation of data is difficult. Thus cloning and sequencing of
cDNA clone for LQL]."- gene is necessary to establish the introns and determine
the NH, end sequence of S. pombe topo I.

Predicted amino acid sequence of topo I

A hypothetical amino acid sequence for topo I is shown in Figure 3 by a
single letter. If translation starts at the presumed initiation codon ATG, it
contains 812 residues (M. W. 94,000). This is 43 residues longer than the
predicted topo I polypeptide of S. cerevisiae, If translation starts at the
second or the third methionine (ATG) codon in the reading frame, the resulting
polypeptide would have 788 and 743 residues, respectively.

Topo I has been purified in S. cerevisiae (M.W. 90K) (3), Drosophila
melanogaster (135K) (4), avian erythrocyte nuclei (105K) (5), mouse cells
(102K) (6) and HeLa cells (100K) (7), but the amino acid sequence is known
only for S. cerevisiae topo I which was deduced by nucleotide sequence of the
cloned gene.,

The overall homology of the predicted topo I polypeptide is 47% between
S. pombe and S. cerevisiae. This low value was unexpected but is comparable to
the value obtained for DNA topoisomerase II in the two yeasts (23,24). As
shown in Figure 4, they are least homologous in the two large domains, namely
the NH, terminal (1-173th residues in S. pombe) and the near carboxy-end
regions (610-760th). Both the NH, domains, however, contain high proportions
of the charged residues (39% for S. pombe and 48% for S. cerevisiae). The
basic and acidic residues cluster and are arranged alternately (Figure 4b; 10-
170th in S. pombe and 10-130th in S. cerevisiae). Similar alternating clusters
are found in the COOH domains (not in the NH, domain) for topo II of two
distantly related yeasts (24). The content of serine residues is significantly
high (20%) in the NH, domain of S. pombe topo I.

The other least homologous domains near the COOH-ends share a common
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Figure 5. Increase of topo I activitx_ in the S. pombe cells introduced by
multicopy plasmids carrying the topl™ gene. The cells of the strain h™ leul
endl transformed with the vectog pDB248 or with pTOPl containing the topl
gene were grown at 33°C to 3x10°/ml and disrupted by glass beads. Each type I
relaxing activity in a series of the diluted extracts (x1 extract equivalent
to 107/ml) was measured using supercoiled pBR322 as the substrate. (a) h™ leul
end1/pDB248. (b) h™ leul endl/pDB(TOP1). The numbers indicate the extent of
dilution.

property of high hydrophilicity and helical content according to the methods
of Kyte and Doolittle (25) and Chou and Fasman (26). Approximately 50 residues
in the COOH-terminal domains are well conserved in the two sequences. Thus the
S. cerevisiae and S. pombe topo I appear to have a similar overall protein
architecture although amino acid sequence homology is approximately 50%. We
have not found any significant homology between procaryotic and eucaryotic
topo I which greatly differ in their substrate specificities (27). Eucaryotic
topo II, however, is significantly homologous to procaryotic topo II (24,28).

Expression of the cloned topl"’ gene

An S. pombe strain topl leul was transformed by the plasmid pTOP1
containing the S. _&be]ﬁLl"' in a multicopy shuttle vector pDB248 which
consists of the S. cerevisiae LEU2 gene, 2p DNA and pBR322 DNA. Extracts of
the transformed cells were prepared, and the topo I relaxing activity was
assayed at 26°C and at 36°C in the presence of EDTA. The heat resistant topo I
activity was detected at 36°C, whereas the topl cells containing only the
vector pDB248 showed no detectable activity (data not shown). The heat
resistant activity obtained at 36°C was approximately 8-fold higher than that
of the wild type extract, indicating that the level of topo I enzyme is
increased by the multicopy plasmid with QLI"' insert (Figure 5).

Disruption of the topl* gene
As described above, S. cerevisiae and S. pombe carrying hs topl are
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Figure 6. Construction of the plasmid used for the gene disruption of S. pombe
topl™ gene. The S. cerevisiae LEU2 gene was ligated with pKM10l that was
previously cleaved at the Hpa I site. Resulting plasmid pKM30l was doubly digested
with Pst I and Bam HI. The linearized fragment was used for transformation.

viable at 36°C. Residual topo I activity in hs topl might be sufficient for
growth, although such possibility is rejected in S. cerevisiae (8). To
determine whether the complete absence of topo I might affect growth of S.
pombe, a method for gene disruption developed for S. cerevisiae (16) and
applicable for S. pombe (29) was employed. We constructed a plasmid pKM301
consisting of pUC18 and disruped QLI"' gene, that is, the _t_QL1+ gene cleaved
at the Hpa I site and ligated with the S. cerevisiae LEU2 gene (Figure 6). The
plasmid was doubly digested with PstI and Bam HI. The linearized fragment
containing the disrupted Qpl"' gene was used for transformation of a haploid
h™ leul topl. If the topl® gene is non-essential, transformants with the
disrupted Qﬂ"' (designated topl (null)) should be obtained.

Two Leu’ topl (null) transformants were obtained. They grow at 22°-36°C
with the doubling time at 26°C, 20Z longer than that of wild type. When
crossed with ht leul, the tetrads showed the segregation Leut : Leu” = 2 : 2,
indicating that the disrupted QLI"'::& was integrated on the chromosome. To
confirm the gene disruption, genomic DNAs of the segregants in two tetrads
were isolated, restricted and probed with the 5.1 kb EcoRI fragment. As shown
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Figure 7. Schematic representation of the disruption of the S. pombe togl"’
gene (a), and genomic Southern hybridization of the wild type, the Leu
transformant and the segregants A, B, C, and D with or without the gene
disruption (b). Genomic DNAs were restricted with Eco RI. The symbols used for
restriction sites are described in Figure 6. The probe used was the S. pombe
togl"' gene. The predicted structure for the disrupted topl"’ gene would produce
3.3 and 4.2 kb Eco RI hybridizing fragments whereas the wild type DNA should
produce the 5.1 kb band.

in Figure 7, the hybridization patterns of the Leu® segregants showed the
bands (at 4.2 kb and 3.3 kb) expected for the disrupted gene, whereas the Leu~
segregants showed the patterns for the non-disrupted wild type gene (5.1 kb
band). Extracts were prepared for each segregant and their topo I relaxing
activity was assayed. Segregants with the disrupted gene lacked the activity
(indicated by - in Figure 7b), while the remaining segregants had normal
levels of activity (indicated by +).

The results described above are consistent with the previous finding (9)

that S. pombe hs topl mutants grow normally. In S. cerevisiae, topl mutants

(heat sensitive or null) are also viable (8,18,30). These previous and present
results show that E’.L1+ is not essential for viability in the two yeasts.
Relaxing activity of the topo II is thought to support the viability of topl
by substituting for the topo I function in the mutant cells (9,10).
Phenotypes of topl-top2 double mutant

We constructed double mutants topl (null)-top2 (ts) by crossing topl
(null) with ts top2 alleles (-191, -342, -437; ref. 9) and compared their
defective phenotype at non-permissive temperature with that of the previously
obtained topl (hs)-top2 (ts). The morphological phenotype in the two classes
of the double mutants is similar. DAPI staining of the double mutants topl
(null)-top2 (ts) at restrictive temperature showed that the cells are arrested
irrespective of cell cycle stage and the nuclear chromosomal regions are

altered to a ring-like structure (data not shown). The ring-like chromosomal
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TABLE 1 Growth phenotype of various topoisomerase mutants

Strain Temperature Growth( 1y
topl (hs) 20-36°C o
topl (null) 20-36°C ++ ()
topl (hs)-top2 (ts) 20-26°C ++
- 36°C -
topl (null)-top2 (ts) 20-26°C + 3

36°C -
topl (hs)-top2 (cs) 20°C -

30°C +

36°C - 4
topl (null)-top2 (cs) 20-36°C lethal (4)
top2 (ts) 20-26°C +++

36°C -
top2 (cs) 20-26°C -

30°C +

36°C +++

(1) Estimated by the size of colonies on YPD plates.

(2) Generation time at 26°C is 20% longer than the wild type.

(3) Minute colonies are formed.

(4) Spores of topl (null)-top2 (cs) are incapable of germination at 20-36°C.

domain was previously shown to be characteristic of the double mutants topl
(hs)-top2 (ts) that block DNA and RNA synthesis (9,10).

A significant difference between two classes of the double mutants,
however, is found in their growth properties. At permissive temperature (20-
26°C), all topl (null)-top2 (ts) double mutants produced minute colonies. This
is in contrast to normal sized colonies formed by topl (hs)-top2 (ts) at 20-
26°C. The complete absence of topo I relaxing activity combined with reduced
topo II activity in ts mutants at permissive temperature may have caused poor
growth (see below). The significant difference between hs and null topl
mutants was also observed when they were combined with cs top2 mutation. The
cs topo II enzyme appears to contain an amino acid substitution in the NH,
domain and exhibits cold-sensitive ATP-dependent relaxing activity (31). The
activity of cs topo II enzyme is considerably low even at permissive
temperature (36°C). The double mutant topl (hs)-top2 (cs) grows poorly at
30°C, but becomes lethal at 20°C and 36°C; it becomes ts as well as cs. On the
other hand, topl (null)-top2 (cs) turns out to be lethal even at the
permissive temperature. This was shown by a number of tetrad analyses of the
cross between topl (null) and top2 (cs). No viable spore carrying both alleles
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could be obtained. Growth properties of various topoisomerase mutants in
regard to the relaxing activity are summarized in Table 1.

These observations are consistent with a hypothesis that the total level
of the relaxing activity by the topo I and II enzymes determines the growth
rates of cells, The cells appear to grow poorly or become lethal when their
level of relaxing activity is below a certain critical level. The t_oﬂ"' gene
of S. pombe appears to become essential when the activity of topo II relaxing
activity is not abundant.

Mapping of the topl locus

The Leu® marker integrated on the chromosome together with the cloned
QLI"' gene (described above) was used for chromosomal mapping of the topl
locus. Leut cosegregates with topl in all the tetrads examined, indicating
that the cloned gene has been derived from the topl locus. The intact Q_Ll"'
gene was disrupted as shown in Figure 7. Therefore, the integration must have
taken place at the topl locus by homologous recombination.

Tetrad analyses indicated that the Leu® marker is linked to the nucl locus
(32) which locates in the long arm of chromosome II. The distance between nucl
and topl is 14cM (PD: NPD: TT= 13: O: 5). The precise location of nucl has
recently been determined: it is distal to adel (T. Hirano et al.,

unpublished). The topl locus is not linked to top2 (9).

ACKNOWLEDGEMENTS

We thank Drs. J. C. Wang and T. Goto for the gift of the S. cerevisiae
TOP1 gene and Dr. R. Sternglanz for valuable comments. This work was supported
by grants from the Ministry of Education, Science and Culture of Japan and the
Mitsubishi Foundation.

Present addresses: 'The Howard Hughes Medical Institute, University of California School of
Medicine, San Francisco, CA 94143, USA and *Mitsubishi Gas Chemical Company Inc., Niigata
Research Laboratory, Niigata 950-31, Japan

REFERENCES

1. Wang,J,C. (1985) Annu. Rev. Biochem. 54, 665-697.

2. Yanagida,M. and Wang, J.C. (1987) In Eckstein, F. and Lilley, D. M.
(eds), Nucleic Acids and Molecular Biology vol. 1. 196-209. Springer-
Verlag, Berlin.

3. Goto,T., Laipis,P. and Wang,J.C. (1984) J. Biol. Chem. 259, 10422-10429.

4, Javaherian,K., Tse,Y.C., and Vega,J. (1982) Nuc. Acids Res. 10, 6945-
6955.

5. Tricoli,J.V. and Kowalski,D. (1982) Biochemistry 22, 2025-2031.

6. Ishii,K., Hasegawa,T., Fujisawa,K. and Andoh,T. (1983) J. Biol. Chem.
258, 12728-12732.

7. Liu,L.F. and Miller,K.G. (1982) Proc. Natl. Acad. Sci. USA. 78, 3487-
3491.

9738



Nucleic Acids Research

8.

9.

10.
11.
12,

13.

14.
15.

16.
17.

18.
19.
20.
21.
22,

23.
24,
25.
26.
27.
28.
29.
30.
31.

32.

Thrash,C., Bankier,A.T., Barell,B.G. and Sternglanz,R. (1985) Proc.
Natl. Acad. Sci. USA. 82,4374-4378.

Uemura,T. and Yanagida,M. (1984) EMBO J. 3, 1737-1744.

Uemura,T. and Yanagida,M. (1986) EMBO J. 5, 1003-1010.

Mitchison,J.M. (1970) Methods Cell Physiol. 4,131-165.

Maniatis,T., Fritsch,E.F. and Sambrook,J. (1982) Molecular Cloning. A
Laboratory Manual. Cold Spring Harbor Laboratory Press, NY.

Sanger,F., Nicklen,S. and Coulson,A.R. (1977) Proc. Natl. Acad. Sci.
USA. 74, 5463-5467.

Yanisch-Perron,C., Vieira,J. and Messing,J. (1985) Gene 33, 103-119.
Ito,H., Fukuda,Y., Murata,k. and Kimura,A. (1983) J. Bacteriol. 153,
163-168.

Rothstein,R. (1983) Meth. in Enzymol. 101, 202-210.

Gutz,H., Heslot,H., Leupold,U. and Loprieno,N. (1974) In King,R.C.
(ed.), Handbook of Genetics. Plenum Press, NY, 1, 395-446.

Goto,T. and Wang,J.C. (1985) Proc. Natl. Acad. Sci. USA. 82, 7178-7182.
Hindley,J. and Phear,G.A. (1984) Gene 31, 129-134.

Toda, T., Adachi,Y., Hiraoka,Y. and Yanagida,M. (1984) Cell 37, 233-242.
Hiraoka,Y., Toda,T. and Yanagida,M. (1984) Cell 39, 349-358.
Melton,D.A., Krieg,P.A., Rebagliati,M.R., Maniatis,T., Zinn,K., and
Green,M.R. (1984) Nuc. Acids Res. 12, 7035-7056.

Giaever,G., Lynn,R., Goto,T. and Wang,J.C. (1986) J. Biol. Chem. 261,
12448-12454.,

Uemura,T., Morikawa,K. and Yanagida,M. (1986) EMBO J. 5, 2355-2361.
Kyte,J. and Doolittle,R.F. (1982) J. Mol. Biol. 157, 105-132.
Chou,P.Y. and Fasman,G.D. (1978) Ann. Rev. Biochem. 47, 251-276.
Tse-Dinh,Y.-C. and Wang,J.C. (1986) J. Mol. Biol. 191, 321-331.
Lynn,R., Giaever,G., Swanberg,S.L. and Wang,J.C. (1986) Science 233,
647-649.

Adachi,Y., Toda,T., Niwa,O. and Yanagida,M. (1986) Mol. Cell. Biol. 6,
2168-2178.

Thrash,C., Voelkel,K., Dinardo,S. and Sternglanz,R. (1984) J. Biol.
Chem. 259, 1375-1377.

Uemura,T., Ohkura,H., Adachi,Y., Morino,K., Shiozaki,K., and Yanagida,M.
(1987) Cell 50, 917-925.

Hirano,T., Funahashi,S., Uemura,T. and Yanagida,M. (1986) EMBO J. 5,
2973-2979.

9739



