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Fission yeast cold-sensitive (cs) d i s l  mutants are defective in sister chromatid separation. The dis1  + gene was 

isolated by chromosome walking. The null mutant showed the same phenotype as that of cs mutants. The 

d/s/+ gene product was identified as a novel 93-kD protein, and its localization was determined by use of 

anti-disl antibodies and green fluorescent protein (GFP) tagged to the carboxyl end of p93 dis1. The tagged 

p93 dlsl in living cells localizes along cytoplasmic microtubule arrays in interphase and the elongating 

anaphase spindle in mitosis, but association with the short metaphase spindle microtubules is strikingly 

reduced. In the spindle, the tagged p93 ais~ is enriched at the spindle pole bodies (SPBs). Time-lapse video 

images of single cells support the localization shift of p93 dis~ to the SPBs in metaphase and spindle 

microtubules in anaphase. The carboxy-terminal fragment, which is essential for Dis l  function, accumulates 

around the mitotic SPB. We propose that these localization shifts of p93 dis~ in mitosis facilitates sister 

chromatid separation by affecting SPB and anaphase spindle function. 
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Microtubules and chromosomes undergo dramatic struc- 

tural changes during the cell division cycle. Microtu- 

bules that have intrinsic dynamic instability (Mitchison 
and Kirschner 1984; Walker et al. 1988) transform be- 
tween the cytoplasmic network in interphase and the 
spindle apparatus in mitosis (e.g., Hagan and Hyams 
1988). The interphase network is rapidly disassembled, 

followed by reassembly into the mitotic spindle. At the 
end of mitosis, the spindle is disassembled, and the cy- 
toplasmic microtubule network reorganizes. 

Kinases and phosphatases regulate the dynamics and 

steady-state length of microtubules (Belmont et al. 1990; 
Verde et al. 1992; Vandre and Willis 1992; Gliksman et 

al. 1992). The severing of microtubules is another mech- 
anism for destabilizing and disassembling the microtu- 

bule network (Vale 1991; Verde et al. 1992; McNally and 

Present addresses: ~Department of Medical Chemistry, Faculty of Med- 
icine, Kyoto University, Sakyo-ku, Kyoto 606, Japan; 2Tularik, Inc., 
South San Francisco, California 94080 USA. 
~Corresponding author. 

Vale 1993; Shiina et al. 1994). The severing activity 

found in Xenopus egg extracts can be activated by addi- 
tion of either cyclin B or A or Cdc2 kinase, which plays 
a crucial role in the transition from interphase to mitosis 

(Nurse 1990). 
Microtubule-organizing centers (MTOCs) play an es- 

sential role in nucleating microtubule assembly and 

forming the microtubule array. In interphase cells, mi- 
crotubules are nucleated and polarized in the cytoplasm 
by centrosome (Bergen et al. 1980; Heidemann and 
McIntosh 1980). Centrosomes duplicate upon entry into 
mitosis and become the spindle poles, which radiate po- 

lar microtubules. In yeast, the centrosome equivalent 

spindle pole body (SPB) plays a role similar to that of the 
centrosome. A large number of yeast genes and their 
products have been shown to be involved in SPB func- 
tion (Snyder 1994). They may be classified into two 
groups, SPB components and components associated 
with the SPB. 

The fission yeast Schizosaccharomyces pombe is an 
excellent model organism for studying microtubule dy- 
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namics in the cell cycle. The microtubule structural 
change in S. pombe  from interphase to mitosis and from 

mitosis to interphase is rapid and highly similar to that 

of higher eukaryotes (McCully and Robinow 1971; 

Tanaka and Kanbe 1986; Hagan and Hyams 1988; Ma- 

suda et al. 1992; Funabiki et al. 1993). During interphase, 
microtubule arrays run from one end of a cell to the 

other. Upon entry into mitosis, these cytoplasmic mi- 
crotubules are rapidly disassembled and the SPBs are du- 

plicated. The spindle, which runs between the dupli- 
cated SPBs, forms within the nucleus (e.g., Hagan and 

Yanagida 1992). At the time of metaphase/anaphase 

transition, condensed chromosomes are arranged at the 
middle of the short spindle (Funabiki et al. 1993). 

Anaphase A (sister chromatid separation) occurs without 

an accompanying increase in the pole-to-pole distance, 
while spindle elongation during anaphase B leads to a 

severalfold increase in the pole-to-pole distance. The 
metaphase spindle consists of polar microtubules, the 

number of which is severalfold more than that in the 
elongating anaphase spindle (Ding et al. 1993). Astral 
microtubules emanating from both SPBs are found only 

in the elongating anaphase spindle (Hagan and Hyams 
1988). After the completion of anaphase, the fully ex- 

tended spindle microtubules become disassembled and 
the cytoplasmic microtubule arrays rapidly reform from 
the MTOCs, which appear at the equator of the dividing 

cell (Hagan and Hyams 1988; Horio et al. 1991). This 
stage, after nuclear division and before cytokinesis, is 
called postanaphase. 

In G2-arrested mutants such as cdc2 or cdc25, in 
which Cdc2 kinase is not activated, the cytoplasmic mi- 
crotubule network remains in elongated cells. In meta- 

phase-arrested mutants containing activated Cdc2 ki- 
nase, this network disappears and the short metaphase 
spindle forms (Stone et al. 1993). Neither spindle elon- 

gation nor sister chromatid separation occurs in these 
metaphase-arrested mutants. 

Cold-sensitive (cs) disl mutants are defective in sister 
chromatid separation at the restrictive temperature 

(Ohkura et al. 1988). Mutant cells enter mitosis with 
seemingly normal spindle formation and chromosome 

condensation. This is followed by spindle elongation ac- 
companied by poleward chromosome movement, but 

chromosomes never become separated, leading to an un- 
equal distribution of condensed chromosomes at both 
cell ends. These cells contain high H1 kinase activity 
(Kinoshita et al. 1991a; Stone et al. 1993). Thus, disl 

mutants remain in a mid-mitotic stage in regard to high 
HI kinase activity and the lack of sister chromatid sep- 
aration, but the spindle untimely elongates. High fre- 

quency losses of a minichromosome occur in disl  mu- 
tant cells at the permissive temperature (Ohkura et al. 
1988). 

Two other dis mutants, dis2 and dis3, have similar 

phenotypes (Ohkura et al. 1988). Pairwise crosses indi- 
cated that all the double mutants among dis1, dis2, and 
dis3 were lethal. The phenotypes of dis2 and dis3 were 

later found to be allele-specific (Ohkura et al. 1989; Ki- 
noshita et al. 1991b). The dis2 § gene encodes the cata- 

lytic subunit of a type 1 (PP1) protein serine/threonine 

phosphatase (Ohkura et al. 1989). PP1 activity in extracts 
of dis2-11 mutant  cells was greatly reduced (Kinoshita et 

al. 1990). The dis3 + gene is essential for viability and 

encodes a l l0-kD protein (Kinoshita et al. 1991b) that 

has a suppressor function for the loss of phosphatase 
Ppel (Shimanuki et al. 1993). Some phosphatase muta- 

tions in other organisms such as Aspergillus nidulans 

and Drosophila (Doonan and Morris 1989; Axton et al. 

1990; Mayer-Jaekel et al. 1993) also undergo aberrant mi- 

tosis. 
We addressed the question, What is the role of Disl 

protein in mitosis and, concomitantly, What is the pri- 

mary defect in the disl mutant. To approach the prob- 
lem we attempted to isolate the disl § gene and charac- 

terize the gene product. 

Results 

Isolation of the disl + gene 

To isolate the disl + gene, plasmids containing S. pombe  

genomic DNAs that suppressed the disl  phenotype were 

isolated, but they contained only extragenic suppressor 

genes (Kinoshita et al. 1991a; Takeuchi and Yanagida 
1993). Genetic analysis indicated that the disl  locus was 
linked to ura4 on the left arm of chromosome III (40 cM 
to ura4). No known marker existed between ura4 and 

disl .  Chromosome walking was applied to isolate the 

dis 1 + gene with the ura4 + gene used as the initial probe. 
A cosmid clone that is 220 kb distant from the ura4 + 

gene complemented the cs phenotype of disl  mutations 
(Materials and methods). An -4-kb-long fragment sub- 
cloned from the cosmid rescued the cs phenotype of all 

the disl mutants examined. The cloned gene was inte- 
grated onto the chromosome with the marker gene by 

homologous recombination. Genetic analysis of the in- 
tegrants confirmed that the cloned DNA was tightly 

linked to the disl locus. 

The disl + gene encodes an 882-amino-acid protein 

Nucleotide sequencing indicated that the cloned disl  + 

gene encodes an 882-amino-acid protein (Fig. la). The 
coding region is interrupted by a putative 267-bp intron. 
No other open reading frame was found, cDNA clones 
were isolated from the S. pombe  library (a gift of Dr. M. 
Wiglet, Cold Spring Harbor Laboratory) by hybridization, 

and nucleotide sequencing of the cDNAs confirmed the 
presence of the intron (data not shown). An unusual 
property of the cDNA was its > 1-kb-long 5'-noncoding 

sequence, which was shown, by genomic sequencing, 
not to be an artifactual ligation product. 

The predicted amino acid sequence has no strong over- 

all homology to known proteins in the data bases but 
displays several notable features. The amino-terminal 
half domain is significantly similar to the protein se- 
quence predicted by a human cDNA (GenBank data base 
accession no. D43948) from immature myeloid cell line. 
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Figure 1. Nucleotide and predicted 

amino acid sequences of disl +. (a) Nucle- 
otide sequence of the fission yeast d i s l  + 

gene, containing an intron (the consensus 

indicated by the underline) and encoding 

882 amino acids. The Cdc2 kinase consen- 

sus (S/TPXK/R) is underlined. A hydro- 

phobic sequence present in the amino-ter- 

minal domain is indicated by asterisks. 

The GenBank accession no. is D55635. (b) 

Identical amino acids between Dis l and 

the predicted sequence of a human c D N A  

(HUMKGIBB; accession no. D43948) are 

shown by asterisks (similar amino acids 

are in dots). 

a 
~ C A C G G C  T T C  T T T G C G G A C  C G ~ T T T G A T C ~ G C A T G G  T A T T A C A T C G A C T A G C T A C  T T T T C ~ C  T A C T T G G C T T A C ~ C  G ~ V L T A T G G A T T G  T T T A G ~ T T G A A T G T A T G ~ T T G  - 7 4 4  

GGTGC TC GACAGAATATTGGAATCC TTTTAAAAATGTATAAC TTGAAC TTATTG TAATTGAAGAACTCGAATTCAGATTGGGCAAATGAAAGATAAAATTAGACTTAGGTATGAATAGAA -624 

AC GAAAAC TTAAAAATC TGCAATC TATAGGATTCCC TTC TTTAAACGAG TTAAACGTCATGTTTTATTCAG TAAGAGTCTTAGAAATTCATTTTTTCAC TTATAC TAGATCACAAGCATC -504 

TTACAGAGC CACCCAATAGCACATTAATC GGTTTCA~GCA2LC TTGCATA2LGGC TTAATATATCGGTGA2aCATTCCATTTGGGTGC TCATC TTC TGTTAGCATCATTTTGGTAC GGTT -384 

TAAGATAAAGTTATTTATTTAAGAATTAAATTAC TC TAAAAC TAAATTATTGATGGTTC CTCTTTTTC TC TGC TTTATTTACATTTTGC TC TAATAGTGTAATCTTGCGC TC G TTCATAT -264 

TCAACAATACGATGG TCTAACGAATTGTGCTAAC TC TACGG TGC TGGC TGTGTGAGTGAAACATTG TCGTCCGTAAAGTTAG TCG TC TC TATTTACACATGTACAAC TCC~-%TTTCAGAG -144 

CCATACTCATTAC TG TTTAGAATC c CGTCCG TTTCATTC G TTTTCATTTTTC TATTTG TC TATAAAATTCATTC TTTTACATAAC TATTCATGC TC TGCTGG TTG TAAACATACGAGTCG -24 

TTAATTTATATTTG TTTATGTAAATGGAGTTGGAC GATTTTAATAGC C GCATTC TCAGTCAAATTTTTGATA~GCTTTTTACAAATTAATGGAGATAGAAGC TTGC TG TCCAGAA 97 

17 M E L D D F S S R I L S Q I F D K 

AAATGTAAC TG~TGAAAAGCAAACAAATGGAAATATCGTTGCAACGGCATTAAGGGCAC TGTTGATCAATTCCATTGTATTTTAC GATTTCAATTAGTTTTAC TCATTGC TTTGTGTT 217 

TCCGTCAC TAC TC TTTTCATACC TGTTC TCCC TAGTATTGATGGATC TCAC TTC TSTASTGGGTTATTTTAAGTTTTTAGGTTTC TAAC TGATTTATTTA~TCTTGGAAAGTTC GATTTG 337 

S W K V R F E 24 
sphl 

AAGCATATGAGTCTTTGTTGCATGCATTGAACCGAGCATTGGATGATTCAGACGTTTGTTTCCAGCCTTGGATTCATGACCCAGCATTATGGAAACAAGGGCTGTGTGATAGTAACGTAC 457 

A Y E S L L :4 A L S R A .L D D S D V C F Q P W I [4 D P A L W K Q G L C D S N V P 64 

CAACACAAGAGCATGC C GTAAAATC TC TGCGATGCTTTTTAGACAAGTCTAGGCAAAAAGGAGTTAATTCTGCCAAATCG TTCGTTGTTGC TC C TC TAC TC GAAAAATG TTTAC CATC TC 577 

T Q E S A V K S L R C F L D K S R Q K G V S $ A K S F V V A P L L E K C L P S P 104 

C TAGACAATC TATC C GTGATGCTTC TCACCAGGCTTTACTCATTTTAGC TAAATCCGATGCGC TGGAC TATG TATTAGAAGGG TTATTT TC GGCGGC TC GCGTTAAGCATCC CAAGCAGG 697 

R Q S I R D A S H Q A L L I L A K S D A L D Y V L E G L F S A A R V K H P K Q A 144 

CAGTTGC TTC TATAR~.AGAATTAJ~ATAGTTTATTGGAGA~T TTTGGAATCCC TGCAC TTTC TCC TATTCCATTC TATA~C TGATTCC TAC TTTGTTC GCCCAATCAGATAAGAATATCA 817 

V A S I K E L ~ S L L E N F G I P A L S P I P F Y K L I P T L F A Q S D K N I R 184 

GGCAAGAAGCTTCGAATC TATCCATAACCTTG TAC GC TTGGG TTGG TAATGCATTCAAGAC TCATGTG TTTC C TCA~C TAAAGCAAATACAGGTCTCCGATC TTGAGGC C TCTTTTCAAA 937 

Q E A S S L $ I T L Y A W V G N A F K T M %/ F P Q L K Q I Q V S D L E A S F Q m 224 

ATG TTACATC TCGCACGACCAC GGGAGGACATATTTCAAATTC C C TCAACACC CAAGAGG TGGTTC TTCC TTC TTTTTCATC GAATGC CAAACCCAAACCACATTTG TC C TCAAAGTCAT 1057 

V T S R T T T G G M I S �9 S L S T Q E V V L P S F S S ~ A K P K P H L S S K S S 264 

C TTCGCAGGGAAACAC TC TGCAAC GCTC TAC TTC TAGTTTCAGTAC TC C TAAC C GAAAGGTC TCACAACC TTC TGATTTTTCAGCATC TCCTTCCCGTTC CATTG TATC TCCTGCCAAAA 1177 

S Q G N T L Q R $ T S S F S T P N R K V S Q P S D u S A ~ P S R S I V S P A K N 304 

s~oR1 

ACATTG TC GGAAG TAC GCCC GTTGATGTTC TTTC CAAACTAACC C CAGAATTCCATACCGCATTATC TTCTCC CAAGTGGAAAGATC GAAAGGAAGC G TTGGAAAGCATGGTACCGG TG T 1297 

I V G S T P V D V L S K L T P E F H T A L S S P K W K D R K E A L E S M V P V C 344 

GTTCCAATCC TGTTTATCAAGAGGG TGAC TATAGTGAGTTAC TTCGAG TGATTGCAAAG TC TCTAAAAGATGCAAACGTGGTGGTAGTGGGTGTAGC GGC TTTATTATTGACGCATATTG 1417 

S N P V Y Q E G D Y S E L L R V I A K S L K D A N V V V V G V A A L L L T H I A 384 

CCAAGGCGCTAAGGAAGGGCTTTC TTCC GTATAC TGGTATTGTATTGCC TTC TTTATTTGATAGG TTTA~GAGAGA~TCGAGTTTGG TGCAC TC TTTGCTGGATGCGGC CAATGC TA 1537 

K A L R K G F L P Y T G I V L P S L u D R F K E R K S S L V H S L L D A A N A I 424 

T TT TTGAGAGCTG TGGGTTGAATGATATAATGGATGAGAC G TTAGAATTTTTGAAGCATA~TCCAC~GTA~C TGAGACAC TTCGATGGC TGAATCGTTGCC TACAATTGAC GG 1657 

F E S C G L ~ D I M D E T L E F L K H K N P Q V K T E T L R W L N R C L Q L T D 464 

ATG TTTG TCCGCC TCGAGCATC GC TTGR~CGC TATGTAGCC TATG TGTGACATTGATCAACGATAC G TTTGAGC CAG TCCGAATGGC TAC CACA~TG TATTGGCAACAC TTGTGCAAA 1777 

V C P P R A S L E T L C S L C V T L I N D T F E P V R M A T T N V L A T L V Q I 504 

TTTTTAGTCAGC CAGTGTTG TCCAAGTATATTG TGGGATTGGATCC TAAAAAGTTAC CAAAAATATTAGAAC TTTC CAAGGACATTACGGTGAATGC GCATCC GAATCAACCC TCACG TC 1897 

F S Q P V L S K Y I V G L D P K K L P K I L E L S K D I T V N A H P N Q P S R P 544 

C CAGGC TGC CACGAGTGGCC TC TCC TTTAAAGACATCACCGG TTAAACTGGCTG TTACAC CACAAGCACCTTCACCATTACCATC C TCGAATC CATCACAGGCGAGTTTGACAGAAGAAT 2017 

R L P R V A S P L K T S P V K L A V T P Q A P S P L P S S N P S Q A S L T E E S 584 

C TC TATC TACAC GATC TTC GCC TAC GAAAC CATCGACGACG TC TT TGCG TAG TCAATCG TTGGTGAATAGATTTGCAAG TTC TACATTGAAAGC GC CATCATCCTC TTCAAAGGGAG TTT 2137 

L S T R S S P T K P S T T S L R S Q S L V R R F A S S T L K A P S S S S K G V S 624 

~por 

CGAATGC GGC GTCG TCA~CA2LTC G TTTCCG TCATCCCC TTC GATTTC GAJ~G TTAGAGAC TAG TCGAC TTTC CAC GA~GAAGTTAC C GGGATCA2kCGATGA~GCAGC GTC GGC GC 2257 

S A A S S K Q S F P S S P S I S K K L E T S R L S T K K L P G S T M K A A S A L 664 

TCA~GAATAC CCACAGCAACAGTC TATGA~G TGGAGGAGA.~GCAGGACAATTTGGTTACGATTACAATG TC GGA~G TGGAGC TGGATT TG TTGAGAGAAGAA~GC CATTC 2377 

K E Y P Q Q Q s M K S G G E K Q D N L V T I T M S E K V E L D L L R E E K A I R 784 
s~Rv 

GACAAG TTCAGGAAGCGGAAGATGCATTGGAGC GAGAACGGTTG TTTC GAGAGATCAATGATTTGC/~TTCAGAATGCAGA~a.ATGAAAGAACAGG TG TATGAG/a.AAGAGTCTACGATAT 2497 

Q V Q E A E D A L E R E R L r S E I R D L Q I Q N A E S K Z Q V Y E K E S T I S 744 

C GCAAAAGGAGG TGGAGATTACGAGTTT~AGGAATGAGAAGGATC GATTGAGTACACGATTGCAGCAAGTATTGTTAGAGTTGGAGRAGCAGCATGAGAC GAATGAAGAAGCGATGGATA 2617 

Q K E V E I T S L R S E K D R L S T R L Q Q V L L E L E K Q H E T N E E A M D I 784 

TTGATTTAAAAGTTCCCGAGAGTGGAGCGATAGGGAGGGTGACGACAAGGGCGACAGCAACGACAGCAATGGACGAAAGTGGTAACG•TGGGA•GGTATCGAGTGGTATTCATTC TGTGT 2737 

D L K V P E S G A I G R V T T R A T A T T A M D E $ G S A G M V S S S I 8 S V S 824 

solz 
C GACAAA~CCAAGTTCGTATGGGACACGGCGTTCGCTGGCAGGATCAATGTTACAAAAGCCGACGCAATTTTCGAGGCcGTCGTTTATGTTTTCACCAGAGGCAcGAGACAAC TGGAGGG 2857 

T K P S S Y G T R R S L A G S M L Q K P T Q F S R P S F M F S P E A R D N W R E 864 

AGAGTCATGATTTGTCR~GTCATTTG TGGGAGCAAATCCAAAGGATGA2~GAAGGC GTAGTGCCCGGCGATGCATCCGA~GTATGAC TGATTAGGGCATGCTGGATTTAGCA~GACGAA 2977 

S M D L S S 8 L W E Q I Q R M K K A 882 

GA~GGCA~TCGAGCG TCG TTTTTAC GTGTTGTAAGAGAGG TCGTCAGTT TGG TG NATGCACAAGCGTGGA~TGC TGG TAGAG TTTTTTGTTGGAGTG TTTG TTAAAG TCGATTAGGT 3097 

AGAGTTGAAATCAC TCAATTTG TATTTCTA/%TTA~KAG TC GATCATTTTG TAATGC TAATTGAAACGG TCAAGA~GAAATCAGAGTTTTGGATAGATGAATAGGA~TG TAGI~KAAAGA 3217 

AGA~GA.KAAGAA~GAAGAATTCT TTTTC TTC TTG TGATTTG TC TTTTTTC TTTTC TTC TC T TC TC GTGAATTC 3294 

b 
Disl 101 LPSPRQSIRESSHQALLILAKSDALDYVLEGLFSAARvKHPKQAVASIKELNSLLs 

�9 . * .  . *  , .  . . * * * . .  * * *  * *  * * * **  . * .  * . . *  * *  . *  * **  . . . *  * .  

HUMKGIBB 98 F N Q P K A K A K E L • I E I C L M Y I E I E K G E A v Q E E L L K G L D N K N P K I I V A C I E T L R K A L S E F G • K I I L L K • I I K • L p K L F E S R E K A V R D E A K L I A • E I Y R W I R D  

Dis1 201 AFKTHVFPQLKQIQVSDLEASFQNVTSRl~GGHISNSLNTQEVVLPSFSSNAKPKPHLSSKSSSQGNTLQRSTSSFSTPNRKVSQPSDFSASPSRSIvS 
�9 . .  * *  * .  * �9 * * *  * . *  * *  . * . . .  * 

HUMKGIB8 198 ALR . . . .  PPLQNINSVQLK . . . . . . . . . . . . . . . . . .  ELEEEWVKLP--TSAPRPTRFLRSQQELEAK-LEQ . . . . . . . .  Q~SAGGDAE-GGGDDGDEVP 

Dis1 381 PAKNIV6STPVDVLSKLTPs 
�9 * * * *  , **  , * * * * * *  * *  * * *  * . . .  * . **  * * . . * . . * *  * *  . *  . * * *  * , �9 * .  

HUMKGIBB 2 6 4  Q I D A Y E L L E A V s 1 6 3  

Disl 4@@ ~SLFDRFKERKSSLVHSLLDAANAIFESC~LNDIMDETLEFLKHKN~QVKTs 
�9 . . . . .  * * * . *  . *  * . *  * * *  . * .  * . .  * . .  * * *  . * .  * . .  * . * �9 �9 * * *  , ,  , , 

HUNKG1BB 364  pT ILEKFKEKKpQVVQALQEAIDA IFLTTTLQNI~EDvLAVNDNKNpT IK~TSLF IAR~FRHCTASTLPK~LLKpFCAALLKHIN~SAPEVRDAAFEAL  

Identical residues (29.2% over 290 amino acids) are in- 

dicated in Figure 1. An - 1 2 0  amino-acid-long region 

(amino acids 541-657) rich in proline, serine, threonine, 

and basic amino acids (totaling 66%) is present in the 

central domain. Six phosphorylation targets T/SPXK/R 

for Cdc2 kinase are clustered in the amino-terminal half 

(amino acids 278-303) and the central region (amino ac- 

ids 550-593). The carboxy-terminal region is strongly 

hydrophilic. 

Similar i ty  of gene disruption phenotype  

to that  of cs dis m u t a n t s  

The chromosomal dis l  § gene was disrupted by integra- 

tion of linearized plasmids with the marker gene S. 

p o m b e  ura4 § {Materials and methods); a plasmid con- 

struct lacking most  of the dis1 + gene was made and used 

for gene disruption. Southem hybridization verified that 

the dis1 § gene was disrupted in the heterozygous dip- 

loids (data not shown). For all integrants of plasmid con- 

structs, only two viable spores, which were Ura- ,  were 

obtained at 22~ Ura + spores did not form colonies. 

However, all four spores were viable at 33~ demon- 

strating that the gene disruptions were cs like the origi- 

nally isolated dis l  mutants. Thus, the dis l  + gene is not 

absolutely required for viability. 

Micrographs of dis l  deletion mutant cells germinated 

at 33~ or 20~ and stained by DAPI and anti-tubulin 

antibody are shown in Figure 2a. The phenotype was 

indistinguishable from that of cs dis l  mutants at 20~ 

The mitotic spindle was elongated; and along it, the con- 

densed chromosomes migrated to the poles in the ab- 

sence of sister chromatid separation, resulting in the un- 

equal distribution at the two cell ends. In the terminally 

arrested cells, the microtubules formed a V-like wedge- 

shaped structure in association with the condensed chro- 

mosomes.  This V-shaped structure was also seen in cs 

d i s l -mutan t  cells (Ohkura et al. 1988). 
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Figure 2. Gene disruption phenotype and protein identifica- 
tion. (at Cells of the dis1 gene disruptant were cultured at 20~ 
and 33~ and stained by DAPI and monoclonal anti-tubulin 
antibodies (TAT1; Woods et al. 1989). At 33~ normal cells 
were observed, whereas at 20~ aberrant mitotic ceils were 
seen. The short, often V-shaped spindle ends were associated 
with the chromosomes. The phenotype of dis1 gene disruption 
cells at 20~ is depicted schematically. Bar, 10 ~m. (b) Identi- 
fication of Disl protein in S. pombe extracts by immunoblot 
with anti-disl antibodies. (Lane 1) Wild-type cells carrying vec- 
tor plasmid; (lane 2) wild-type cells carrying pdisl with the 
disl + gene; (lane 3) dis1 gene disruptant cells carrying pdisl- 
Cter; (lane 4) dis1 null mutant cells carrying vector plasmid. 
The 93-kD polypeptide was detected in lanes 1 and 2 . The 
31-kD carboxy-terminal polypeptide was produced in lane 3. 
The -60-kD band present in all of the lanes was a contaminat- 
ing antigen. (c) Mutation sites of nine cs dis1 strains were de- 
termined by the integration rescue followed by PCR cloning and 
sequencing. They were all nonsense mutations, dis1-203, e.g., 
contained the mutation at codon 266, from CAG to TAG, caus- 
ing the amber codon from the codon for Q (Gln). 

Identification of p93 as the product of disl  + gene 

To identify the Dis l  protein in S. pombe  extracts, rabbit 

ant iserum was raised against the carboxy-terminal fu- 

sion protein and used for immunoblo t  (Fig. 2b). The 93- 

kD polypeptide was detected in wild-type extracts car- 

rying the vector plasmid (lane 1) and the mult icopy plas- 

mid  pdisl  wi th  the full-length disl + gene (lane 2). The 

band intensi ty of p93 was increased two- to three-fold by 

pdis 1. The calculated molcular  mass of Dis 1 protein was 

97.6 kD. The 93-kD band was not observed in dis1 null  

mutan t  (lane 4). From these results we concluded that 

p93 is the product of disl § gene. 

Location and nature of muta t ion  sites 

In our previous screening, a number  of disl  alleles were 

obtained (9 of 982 cs strains examined; Ohkura et al. 

1988). They showed basically the same phenotype. To 

understand the nature of cs disl  mutations,  the approx- 

imate muta t ion  sites were mapped by random spore 

analysis and integration rescue of the cs phenotype by 

truncated genes, followed by PCR amplif icat ion and se- 

quencing of DNA clones that contained these sites. Sur- 

prisingly, all of the sites examined were nonsense muta- 

tions, distributed between codon 266 and 846 (Fig. 2c). 

Immunoblot t ing with antibodies against the amino-ter- 

mina l  domain showed fragments wi th  a molecular  mass 

consistent wi th  the nonsense muta t ion  sites in mutan t  

cells (data not shown). These results strongly suggested 

that the carboxy-terminal domain was important  for 

complementat ion of disl mutants .  A mul t icopy plas- 

mid, pdis l -Cter ,  carrying the truncated gene coding for 

the carboxy-terminal 31-kD region (amino acids 

658-882) was able to complement  both cs and nul l  mu- 

tants. By immunoblot t ing,  a 31-kD polypeptide was de- 

tected in cells carrying pd i s l -C te r  (Fig. 2b, lane 3). 

Immunolocal izat ion of p93 dis1 protein 

Immunolocal izat ion of p93 dis1 was examined by use of 

affinity-purified anti-dis 1 antibodies (disl, Fig. 3). Expo- 

nent ia l ly  growing wild-type (designated WT cells), wild- 

type cells carrying mult icopy plasmid pD1S 1 (designated 

OP), and disl gene-disrupted cells (null) grown at the 

permissive temperature (33~ were stained wi th  anti- 

dis l antibodies (against the 31-kD carboxy-terminal frag- 

ment;  see Materials and methods), wi th  TAT1 for mi- 

crotubules, and wi th  DAPI for nuclei. 

Colocalization of anti-disl  antibodies and microtu- 

bules was observed in wild-type cells. Staining was en- 

hanced in plasmid-borne cells (OP) but was completely 

absent in gene-disrupted cells (null). Thus, microtubule  

staining mus t  be attributable to the presence of the 

p93 aisl protein. In interphase and postanaphase cells, im- 

munofluorescence was intense along the cytoplasmic 

microtubule arrays, which  run between the two cell 

ends. In postanaphase cells containing two nuclei, 

X-shaped microtubules  were clearly stained. 

In mitot ic  cells containing the spindle, however, anti- 

dis l staining was weak and variable from cell to cell. 

Two examples of mitot ic  cells are shown in Figure 3b. 

Aster microtubule,  polar spindle microtubule,  and pos- 

sibly the SPB are seen. This  weak staining is possibly a 

result of poor preservation of Dis 1 protein in the spindle 

during specimen preparation, inaccessibil i ty of the anti- 
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Figure 3. Colocalization of Disl protein with microtubules. {a) 
Micrographs of S. pombe stained by affinity-purified anti-disl 
(dis l; against the carboxy-terminal fragment) and anti-tubulin 
(TUB) antibodies. The same cells were also stained by DAPI. 
(WT) Wild-type cells: (OP) wild-type cells carrying multicopy 
plasmid with the dis1 § gene: (null) dis1 gene disrupted cells. 
Bar, 10 ~m. (b)Wild-type mitotic cells stained by anti-dis1, and 
anti-tubulin antibodies and DAPI. Bar, 10 ~tm. 

bodies to Disl in the spindle, or the lack of p93 dis1 asso- 

ciation with spindle microtubule. 

Visualization o[ Dis l  protein tagged wi th  green 

fluorescent protein 

To further examine microtubule association of p93 dis1, 

we applied the tag of jellyfish green fluorescent protein 

(GFP) recently developed for visualizing proteins ex- 
pressed with GFP (Chalfie et al. 1994); GFP has no bound 
ligand but can emit strong green fluorescence by absorb- 
ing blue or blue-violet excitation light. The GFP can be 
tagged to the carboxyl terminus of protein to visualize its 
localization in living cells. Plasmid carrying the coding 

region of GFP (a kind gift of Dr. M. Chalfie, U.S. Depart- 

ment  of Agriculture, MA) was used to construct the plas- 
mid pdisl-GFP, which carries the disl  + gene, the car- 
boxyl terminus of which was ligated with the GFP se- 

quence. Immunoblot of cells carrying the plasmid pdis l -  
GFP showed the band with the expected molecular mass 

{data not shown}. GFP introduced into and expressed in 
S. pombe  cells showed no toxic effect on the growth rate, 
and green fluorescence was seen to be homogeneously 
distributed in whole cells (Fig. 4d). The disl deletion 
mutant  cells grew completely normally at the restrictive 

temperature when the plasmid pdisl-GFP was intro- 

duced, indicating that GFP-bound Dis1 was functional. 
The dis1 deletion mutant  cells carrying pdisl-GFP were 

used for visualization of the GFP-tagged Dis l protein. 
In nonfixed living cells, green fluorescence is observed 

along microtubule structures {Fig. 4a): Cytoplasmic mi- 

crotubule arrays characteristic of G2 cells {indicated by I) 
and post-anaphase (PA) cells are clearly seen. These in- 
terphase cell types were abundant in exponentially grow- 
ing cultures. Fluorescence is also visualized along the 

mitotic spindle-like structure [labeled A). As determined 

from its length {3-15 tam), it is likely to be the anaphase 
spindle (the metaphase spindles are short, ranging from 
2.0 to 2.5 ~.m in length}. Examples of several cells dis- 
playing green extended spindle structures are shown in 

Figure 4b. Green fluorescence is uniformly distributed 

along the elongating spindle except for the fully elon- 

gated ones, the central region of which is often dim. 
Both spindle ends are intensely fluorescent, suggesting 

that p93 dis~ is associated with the mitotic SPB as well as 

spindle microtubule. The aster microtubules (indicated 
by the small arrows in Fig. 4b), which appear in 

anaphase, also show green fluorescence. 
In early mitotic (EM) or metaphase cells containing 

the short spindle structure, green fluorescence along mi- 
crotubules between the poles was rather dim {Fig. 4a, c} 

in comparison with that in the elongating anaphase spin- 
dle. Instead, fluorescence was strong at the SPBs. On the 

basis of the consideration that the metaphase spindle 

consists of many more microtubules than that of 
anaphase (Ding et al. 1993}, relative green fluorescence 

per microtubule would be significantly lower than that 
in the anaphase spindle. This suggests that association of 
p93 ais~ may shift from the microtubules to the SPBs in 

metaphase. 
Green fluorescence was consistently intense at the 

SPBs in metaphase-arrested nuc2 mutant  cells that car- 

ried the plasmid pdisl-GFP and were cultured at the  

restrictive temperature for 5 hr [Fig. 5a; anti-tubulin or 
anti-SPB antibody (Hagan and Yanagida 1995} stainings 
shown at right are controls]. The nuc2 mutant  cells were 
arrested at metaphase, displaying the short spindle 

(Hirano et al. 1988}. Polar microtubules were also seen, 
but the relative intensity of green fluorescence was 

much less than that at the SPBs. As a control experiment 
plasmid carrying only GFP was expressed in nuc2 mu- 
tant, and green fluorescence was found to be diffused in 

whole cells (see Fig. 7b, below}. 
A highly sensitive video camera (see Materials and 

methods} was employed to monitor the changes of green 

fluorescence in single mitotic cells. Continuous illumi- 

nation of cells by blue light caused lethal damage to 
them. However, if cells were exposed to light very briefly 
at proper time intervals, green fluorescence displaying 

dynamic spindle behavior was visible for individual 
cells. An example of such monitored cells is shown in 
Figure 5b. Green fluorescence along the polar microtu- 
bule was minimal for the short spindle but then restored 
in the elongating spindle. The rate of spindle elongation 
was -0 .5  }zm/min at room temperature (20~ in a syn- 
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Figure 4. Localization of green fluorescent GFP- 
tagged DiM protein. (a) Green fluorescence in S. 
pombe disl-deletion cells carrying the plasmid 
pdisl-GFP. Cells living in the culture medmm 
were observed without fixation. Green fluores- 
cence is observed along microtubule structures. 
Cytoplasmic arrays characteristic of G 2 cells (in- 
dicated by I) and postanaphase (PA), as well as the 
anaphase spindle structure (A), are seen. Cells dis- 
playing two dots are presumed to be the spindle 
pole bodies (SPBs) in early mitosis {EM). These 
EM dot-like structures are difficult to photograph, 
because they constantly move apart. Fluorescence 
at the cell equator in postanaphase cells is indi- 
cated by arrowheads. Bar, 10 ~m. (b) Several ex- 
amples of cells displaying anaphase spindle st:ruc- 
tures. Green fluorescence is uniform along the 
elongating rod. For the fully elongated spindles, 
the central region is often dim. Both spindle ends 
are intensely fluorescent, indicating that green 
fluorescence is localized at the SPBs. The aster 
microtubules (indicated by small arrows) are .also 
green fluorescent. Fluorescence at the cell equator 
forming the ring is indicated by an arrowhead. 
Bar, 10 Ixm. (c) Green fluorescence in early or raid- 
mitotic cells. Fluorescence at the SPBs is intense. 
Bar, 10 ~m. (d) Green fluorescence in control 
wild-type cells expressing GFP. Bar, 10 I~m. 

thetic medium, roughly half that reported previously at 

36~ in a rich medium (Hiraoka et al. 1984). Fluores- 

cence at the SPBs was strong throughout mitosis. Basi- 

cally, the same video images were obtained for five mi- 

totic cells examined. 

Green fluorescence was also seen in the cell equator 

during late anaphase and postanaphase (indicated by ar- 

rowheads in Fig. 4a and b). It was reported recently that 

tubulin is enriched near the equator ring during 

anaphase and postanaphase (Pichov~i et al. 1995). 

GFP-bound Disl in fixed cells 

Green fluorescence could be still observed after cells 

were fixed with  methanol  and stained with DAPI (Fig. 

6a). Cytoplasmic microtubular  structures were seen to 

be basically the same as in nonfixed cells. The spindles 

were often not well preserved in methanol  fixation 

(Hagan and Hyams 1988). The spindle microtubules 

were seen clearly only in cells wi th  the dividing nucleus. 

Fluorescence at the SPB, however, became less visible in 

fixed cells. In glutaraldehyde-fixed cells (Fig. 6b), green 

fluorescence along cytoplasmic microtubules was very 

weak but the spindle staining was relatively uniform. 

Cells fixed with  glutaraldehyde are known to have 

poorly preserved cytoplasmic microtubular  structures 

(Hagan and Hyams 1988). 

Localization of the carboxy-terminal fragment 

in mutant  nuc2 

As described above, the elevated dosage of the carboxy- 

terminal 31-kD fragment could substi tute for the func- 

tion of disl +. We addressed the question of whether  this 

31-kD fragment was capable of binding to microtubules 

or the SPBs. To this end, a plasmid containing the car- 
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Figure 5. Localization of green fluorescence at 

the mitotic SPBs. (a)(Left) Green fluorescence in 
metaphase-arrested nuc2 mutant cells carrying 
the plasmid pdisl-GFP and cultured at the re- 
strictive temperature for 5 hr. Fluorescence at the 
SPBs is intense. (Right) nuc2 mutant cells carry- 
ing pdisl-GFP were stained by anti-tubulin 
(TUB) or anti-sadl (SPB) antibody and are shown 
for comparison. Bar, 10 ~m. (b) Video images of a 

single mitotic cell taken by a Hamamatsu C 1000 
video camera. Green fluorescence at the SPBs is 
relatively strong, but that along the spindle mi- 
crotubule is weak and minimal in metaphase. 
Green fluorescence is restored in the extended 
anaphase spindle. Bar, 10 ~m. 

boxy-terminal  fragment ligated with GFP (pdis lCter-  

GFP) was constructed and introduced into wild-type or 

mutan t  n u c 2 .  This plasmid could complement  the disl  

null  mutan t  phenotype, indicating that  the GFP-bound 

31-kD carboxy-terminal fragment was functional.  In ex- 

ponential ly growing wild-type cells carrying the plasmid 

pdis lCter-GFP,  green fluorescence was not localized. 

Note that  metaphase cells in wild-type culture consti- 

tute only 1%-2%, and the assignment of metaphase is 

difficult wi thout  ant i - tubul in  staining, which cannot be 

used s imul taneously  with the GFP method. However, in 

mitot ical ly  arrested nuc2 mutan t  cells (36~ for 5 hr), 

>50% of which are in metaphase, green fluorescence 

was clearly accumulated around the SPBs (Fig. 7a). This 

green fluorescence at the SPBs was very weak so that  it 

was recorded as the video images. The nucleus and the 

spindle displayed residual fluorescence. As a control, 

nuc2 mutan t  cells expressing only GFP at the restrictive 

temperature are shown (Fig. 7b). 

Phosphorylation of Cdc2 target sites in the central 

region in vivo 

As an allele-specific cs muta t ion  in the dis2 § gene--  

which encodes a PP1 catalytic subuni t - -becomes  lethal 

when combined with disl mutations,  p93 disl may be reg- 

ulated by phosphorylat ion and/or  dephosphorylation.  

Phospholabeling experiments were performed to deter- 

mine whether  p93 dis1 was phosphorylated in vivo. Ex- 

tracts of 32 P-labeled S. pombe  cells were prepared and 

boiled in 0.1% SDS for 3 min  (see Materials and meth- 

ods}. Resulting solubilized extracts were clarified by cen- 

trifugation and immunoprecipi ta ted by anti-disl  anti- 

bodies (against the carboxyl terminus), followed by SDS- 

Figure 6. GFP-tagged Disl in fixed cells. (a) 
Green fluorescence (GFP) in cells fixed with 
methanol and stained with DAPI. Cytoplasmic 
microtubular structures were seen to be basically 
the same as in living cells. Green fluorescent 
spindle structures, which are often deformed, are 
seen in cells containing the dividing nucleus. As- 
ter microtubules are also visible. Fluorescence at 
the SPB and the cell equator is much less appar- 
ent in fixed than in nonfixed cells. Bar, 10 v~m. {b) 
Green fluorescence in glutaraldehyde-fixed cells 
is faint. Bar, 10 ~m. 
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Figure 7. Green fluorescence localization by the carboxy-ter- 
minal 31-kD fragment. (a) Plasmid pdisl-Cter-GFP carrying 
the sequence coding for the carboxy-terminal 31-kD fragment 
bound to GFP was introduced into nuc2 mutant cells and cul- 
tured at 36~ for 5 hr. Mitotically arrested cells showed weak 
green fluorescence, which was recorded by the highly sensitive 
video camera. Bar, 10 Izm. (b) Green fluorescence in nuc2 mu- 
tant cells expressing GFP at the restrictive temperature for 5 hr. 

Phosphorylat ion at the amino- termina l  Cdc2 

target sites 

There are three additional Cdc2 target sites in the 

amino-terminal  domain. We constructed a triple alanine 
mutant ,  T279A $293A S300A, in the full-length p93 dis1 

and used it for in vivo labeling. These Cdc2 targets were 

also phosphorylated in vivo. This was shown by compar- 
ison of 3~ P-labeled peptide mapping of p93 dis1 derived 

from wild type and the triple alanine mutan t  [Fig. 9; (]Left) 

full-length wild-type p93aisl; (right) full-length triple ala- 

nine mutan t  N3A]. Three phosphopeptide spots (indi- 

cated by three small  arrows) were missing in the alanine 

mutan t  protein; otherwise the peptide spots were iden- 

tical. Hence, these Cdc2 target sites, T279, $293, and 

$300, in the amino-terminal  domain and S551, $556, and 

$590 in the central domain are phosphorylated in vivo. 

There are several other minor  sites. It remains to be de- 

termined whether  these Cdc2 targets are actually phos- 

PAGE and autoradiography, p93 diS1 was phosphorylated 

in vivo (Fig. 8a). The 93-kD phosphoprotein band was 

observed in wild-type cells carrying the vector (lane 1) 

and the mult icopy plasmid wi th  the disl  + gene (lane 2), 

but not in the disl  gene disruptant (lane 3). When disl  

deletion cells overproducing the BamHI  carboxy-termi- 

nal (Barn/C)fragment,  which  contained the carboxy-ter- 

mina l  half domain, were used (see Materials and meth- 

ods), the 45-kD phosphorylated band was obtained (lane 

4); the Bam/C region contained the phosphorylation 

site(s). Phosphoamino acid analysis of the fragment was 

performed, and phosphoserine was obtained (Fig. 8b). 

To determine whether  the serine residues in the puta- 

tive Cdc2 targets of the Bam/C fragment were phospho- 

rylated in vivo, alanine mutat ions  were constructed and 

their phosphopeptide maps were compared. There are 

three Cdc2 consensus sites in the fragment. Triple and 
single mutan ts  for three potential  phosphorylation sites, 

$551, $556, and $590, were examined (Fig. 8c, top right). 

Immunoprecipi ta t ion of the triple mutan t  protein $551A 

$556A $590A showed that phospholabeling was reduced 
greatly. 

In comparison to the phosphopeptide map of the wild- 

type Barn/C, which  contained mul t ip le  spots, the three 

major spots (1, 2, and 3) were completely missing in the 

triple alanine mutan t  (Fig. 8c). Peptides found in single 

mutants  indicated that spots 1, 2, and 3 were derived, 

respectively, from the peptides containing $551, $556, 

and S590 (Fig. 8c). The $551A muta t ion  apparently af- 

fected the phosphorylation of $556. From these results 
we concluded that the p93 dis1 protein was mul t ip ly  phos- 

phorylated in vivo and that the phosphorylation sites 

included the three Cdc2 target sites present in the cen- 

tral domain. 

Figure 8. Phosphorylation of p93 aisl at the Cdc2 target sites. (a) 
Phospholabeling was performed with wild-type cells carrying 
the vector plasmid (lane i) or a plasmid with the full-length 
disl + gene (lane 2), and gene disruptant cells carrying the vector 
(lane 3) or a plasmid with the Bam/carboxy-terminal fragment, 
which is downstream of the nmt (no message in thiamine) pro- 
moter (Maundrell 1990) and overexpressed in the absence of 
thiamine (lane 4). Immunoprecipitates were made by anti-disl 
antibodies, subjected to in SDS-PAGE, and autoradiographed. 
Immunoblotting of the same SDS-polyacrylamide gel with 
anti-disl antibodies showed band intensities roughly propor- 
tional to those of autoradiography (data not shown). (b) Phos- 
phoamino acid analysis of the immunoprecipitates of p45 Barn/ 
carboxy-terminal fragment. Phosphoserine was detected, as was 
a trace amount of phosphothreonine. (c) Phosphorylation of the 
wild-type and alanine mutants of the Bam/C fragment. Tryptic 
phosphopeptide maps of the wild-type, single, and triple alanine 
mutants are shown. Triple mutant $551A $556A $590A lacked 
three major phosphopeptides designated 1, 2, and 3. Single ala- 
nine mutants $551A, $556A, and $590A were also examined. 
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Figure 9. Phosphorylation of amino-terminal Cdc2 target 
sites. Phosphopeptide mapping of immunoprecipitated wild- 
type p93 dis~ and triple alanine mutant N3A protein (T279A 
$293A S300A) was done as described. Peptides indicated by ar- 
rows are missing in the N3A mutant protein. This mutant has 
alanine substitutions at T279, $293, and $300. 

phorylated by Cdc2 kinase and dephosphorylated by PP1 
phosphatases. 

D i s c u s s i o n  

Mitotic defects in disl mutan t s  

Although Cdc2 kinase activity remains high in cs disl 

mutant cells at the restrictive temperature, spindle elon- 

gation occurs in the absence of sister chromatid separa- 

tion. The same phenotype is produced by the disl dele- 

tion mutant made in the present study, indicating that 

the phenotype is not attributable to the leaky function of 

mutant protein. All the disl mutants isolated so far con- 

tained nonsense mutations. The phenotype observed is 

therefore caused by loss of function. 

Cell viability of disl  mutant sharply decreases during 

mitosis in the synchronous culture (Ohkura et al. 1988). 

This viability loss may be attributable to the untimely 

occurrence of spindle elongation. At the permissive tem- 

perature, disl  mutant cells show a mitotic delay pheno- 

type; the frequency of cells having the short spindle in- 

creases fivefold compared with that in wild-type cultures 

(K. Nabeshima and M. Yanagida, unpubl.). This delay 

might be caused by the spindle checkpoint, negative 

feedback, or monitoring control (Hoyt et al. 1991; Li and 

Murray 1991; Spencer and Hieter 1992; Philp et al. 1993), 
possibly activated in response to the loss of p93 dis~. At 

the restrictive temperature, however, such control does 

not seem to be effective in mutant cells as spindle elon- 

gation is not inhibited. 

Taken together, p93 aiS1 is needed for sister chromatid 

separation, and its loss leads to the block of sister chro- 
matid separation without blocking spindle elongation. 

Dis1 interacts wi th  microtubule  

p93 dis1 is a novel microtubule-interacting protein; two 

pieces of evidence support this. First, immunofluores- 
cence microscopy shows that p93 dis1 colocalizes with 

microtubules. Such antibody staining was completely 

lacking in disl-disrupted cells, and was enhanced by a 

multicopy plasmid carrying the disl  + gene. Second, 

GFP-tagged Dis l protein emits green fluorescence along 

cellular microtubule structures. The elongating spindle 

was seen clearly by green fluorescence of the GFP-tagged 

Disl protein. 
The tagged GFP (Chalfie et al. 1994) is a powerful ap- 

proach to identify the expressed proteins, and the present 

study confirms it as a valuable tool for visualizing pro- 

tein localization in fission yeast cells. We have so far 

been able to observe four different fission yeast gene 

products using the GFP-tagging method and found they 

localized in a manner dependent on the genes used (S. 

Saitoh, and K. Kinoshita, unpubl.). GFP served as an ex- 

cellent tag for protein localization as it was itself dif- 

fused in whole yeast cells. The GFP method reveals lo- 

calization in living cells, which is an advantage over im- 

munofluorescence microscopy. Certain protein-protein 

interactions may be clearly visualized only in intact 

cells. Alternatively, GFP tagging could be a potential 

source for producing artifactual images or inhibiting lo- 

calization at a normal position. We conducted a number 

of control experiments to verify the green fluorescence 

observed to indicate the localization of Disl protein and 

to show that the GFP-tagged Disl is functional. 

Green fluorescence of GFP-bound Disl protein is dim 

in the metaphase spindle microtubules. As Disl is 

clearly localized in anaphase spindle microtubules, Disl 

and/or its interacting component in the microtubules 

must differ between metaphase and anaphase. Disl con- 

siderably loses the ability to bind to microtubules in the 

Cdc2-activated metaphase stage. It remains to be deter- 
mined whether p93 dis~ interacts directly with microtu- 

bules or how the interaction is regulated during cell cy- 

cle. 

In vitro binding analysis using full-length and vari- 

ously truncated Dis 1 fragments made in bacteria showed 
that p93 dis1 bound to microtubule directly (Y. Na- 

beshima and M. Yanagida, unpubl.). The central domain 

essential for this interaction in vitro is rich in serine, 

threonine, proline, and basic amino acids. The microtu- 

bule-binding region found in certain microtubule-associ- 

ating proteins (MAPs) such as MAP4 or tau (Aizawa et al. 

1991; Kanai et al. 1992) is also rich in these amino acids. 
Three Cdc2 sites present in the central region of Dis l 

may regulate association with microtubules. We showed 

that the sites are phosphorylated in vivo. However, it 

remains to be determined whether they are phosphory- 

lated specifically in mitosis and phosphorylation affects 

binding to microtubules. 

Interaction with the SPBs 

The GFP-tagged Disl was clearly enriched at the SPBs 

during mitosis in living cells. As the SPB in G2 phase or 
postanaphase (Funabiki et al. 1993; Hagan and Yanagida 

1995) did not show green fluorescence, Disl seemed to 
have the affinity only for the mitotic SPBs in the spindle. 

GFP-tagged Disl in metaphase-arrested nuc2 mutant 
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cells also displayed a strong signal at the SPBs. These 

results were different from antibody staining, which 

showed much weaker signal at the SPBs. Green fluores- 

cence at the SPB was reduced after cells were fixed with 

methanol or glutaraldehyde, suggesting that association 
between Disl and the SPB was labile. 

We reason that interaction with the mitotic SPBs is 
important in the execution of the role of p93 dis1. First, 

fluorescence at the SPB is enhanced specifically during 

mitosis. Time lapse video images of single mitotic cells 

confirm temporal accumulation of green fluorescence at 

the SPB from metaphase to anaphase. Second, the car- 

boxy-terminal domain may be responsible for associa- 

tion with the SPBs, as the truncated carboxy-terminal 

31-kD fragment is accumulated at the SPBs in nuc2 mu- 

tant cells. The carboxy-terminal domain is functionally 

essential and its high dosage suppresses the disl mutant 
phenotype. 

The mitotic form of Disl protein may facilitate sister 

chromatid separation in anaphase A by interacting with 

components associating with the SPB. In S. pombe, cy- 

clin B (Alfa et al. 1990) and a mitotic motor protein Cut7 

(Hagan and Yanagida 1992) are known to associate spe- 

cifically with the mitotic SPBs. Mutations in y-tubulin 

(Horio et al. 1991) and a spindle formation protein Sadl 

(Hagan and Yanagida 1995), which are constitutively 
bound to the SPB, show defects in spindle formation. In 

A. nidulans, BimA (Mirabito and Morris 1993), which is 

similar to fission yeast Nuc2 and budding yeast Cdc27, 

and y-tubulin (Oakley 1992) also constitutively localize 

to the SPB. In Saccharomyces cerevisiae, a number of 

gene products essential for cell division cycle are known 

to bind to the SPBs (e.g., Spal: Snyder and Davis 1988; 

Kar3: Meluh and Rose 1990; 80 kD: Rout and Kilmartin 

1990; Cikl: Page and Snyder 1992; Nuf2: Osborne et al. 

1994). A component to interact with Disl is likely to be 

an SPB protein modified in mitosis or to be associated 
only with the spindle SPBs. 

The role of Disl protein in sister chromatid separation 

The actual molecular function of p93 dis1 remains  to be 

determined. Amino acid sequence of p93 ai~l is not very 

informative as it is a novel protein in the data bases. The 

amino-terminal domain, however, is considerably simi- 

lar to the predicted sequence of a human cDNA with 
unknown function. At least a part of p93 dis1 is conserved. 

Because p93 di~l interacts with microtubules, it may have 

a role in microtubule structure and function during the 

cell cycle. In fact, spindle extension timing is defective 

in disl mutants in regard to its coordination with sister 

chromatid separation. In interphase, however, no defect 

in microtubular function has yet been identified. Cell 

viability of disl mutants is retained until mitosis in the 

synchronous cultures, p93 aisl is thus perhaps not needed 
in the G2 phase, and interphase microtubules might 
serve as the dock for p93 dis1. Evidence derived from mu- 

tant analysis is consistent with this hypothesis. It is pos- 

sible, however, that p93 di~l has a certain redundant func- 

tion in maintaining the interphase microtubule net- 

work.  

How, then, does p93 dis1 function during mitosis? We 

presume that the localization shift of p93 dis1 in mitosis 

is important in understanding its role. Two types of 

shifts have been shown. First, fluorescence is shifted 

from microtubules to SPBs in the G2/M progression. 

This type of shift can be explained by assuming that 

p93 aisl is dissociated from microtubules upon the onset 
of mitosis, and a fraction of the dissociated p93 dis1 is 

moved to the SPBs. Dissociation from microtubules may 

be prerequisite for the execution of the p93 ai~l function 

in mitosis. Second, green fluorescence was shifted back 

to the spindle microtubules in anaphase. In the transi- 

tion from metaphase to anaphase, at least a fraction of 
p93 di~l acquires the ability to associate with spindle mi- 

crotubules. It is not understood how anaphase spindle 
function is affected by association with p93 dis1. The 

spindle forms and elongates in disl mutant cells, p93 ai~ 

may be implicated in anaphase spindle structure or its 
stability or degradation. In this case, p93 dis1 affects 

anaphase B as well as anaphase A. Alternatively, p93 dis1 

may have no significant role in anaphase B; it simply 

moves back to its storage place (the microtubules) upon 

entry of the cell into anaphase. 

The finding that the carboxy-terminal fragment alone 

is capable of associating with the SPBs and complement- 

ing the disl phenotype suggests that the carboxy-termi- 

nal domain is related to sister chromatid separation. One 

hypothesis is that the amino-terminal half domain is reg- 

ulatory for the carboxy-terminal function, whereas the 

central region acts to bind to microtubules. It is un- 
known how direct the role of p93 disl is in sister chroma- 

tid separation. It may control mitotic SPB function by 

direct interaction with the SPB or an SPB-associating 

component. Alternatively, it may be implicated in sister 

chromatid separation more indirectly through, for exam- 

ple, controlling components required for proteolysis 

(Holloway et al. 1993) or dephosphorylation (Stone et al. 

1993), which are required for the onset of anaphase. A 

component for ubiquitin-dependent proteolysis has been 

shown recently to locate at the SPB-related centrosome 

and the spindle (Tugendreich et al. 1995; King et al. 

1995). 

Materials and methods 

Strains, plasmids, cosmids, and media 

Haploid S. pombe strains used were described previously 

{Ohkura et al. 1988: Kinoshita et al. 1993). For subcloning, 
pDB248 (Beach and Nurse 1981) and its derivative pSK248 were 
used. For nucleotide sequencing Bluescript KS( + )SK(- ) (Strat- 
agene, La Jolla, California) was used. The rich YPD and minimal 
EMM2 media were used (Mitchison 1970) for the culture of S. 
pombe. 

Transformation, integration, and gene disruption 

The lithium acetate method (Ito et al. 1983) was used for trans- 

formation of S. pombe cells. Integration of cloned sequences 
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into the chromosome by homologous recombination was per- 

formed by use of pYC11 and pYC12 (Chikashige et al. 1989). For 

gene disruption of dis1 +, a plasmid that carried the deleted dis1 

gene was made. An NdeI site was created at the initiation codon 

by site-directed mutagenesis. Then a 5-kb SpeI-PstI fragment 

(PstI and SpeI sites are located 0.85 kb upstream and 1.2 kb 

downstream of the initiation and termination codon of dis1 +, 

respectively) in Bluescript was digested with NdeI and EcoRI (an 

EcoRI site is situated 0.35 kb downstream of the termination 

codon). The S. pombe ura4 + gene was then replaced with the 

NdeI-EcoRI fragment; the entire coding region was replaced 

with the marker gene. The resulting plasmid was linearized 

with SpeI and PstI and used for transformation of an S. pombe 

diploid CL31/6 (h +/h- leul / ieul  ura4/ura4 ade6-210/ade6- 

216 lysl /+).  Stable transformants obtained were analyzed by 

tetrads. Genomic DNAs of diploids and segregants were pre- 

pared, and gene disruption at the expected places was verified by 
Southern hybridization. 

Construction of a cosmid library of S. pombe genomic DNA 

A cosmid library for S. pombe genomic DNA was made by use 

of the procedure of Evans et al. (1989). Large genomic DNA 

(average length, about 300 kb) of S. pombe (Matsumoto et al. 

1987) was partially digested by Sau3AI (0.01 U/~g of genomic 

DNA, 36~ for 30 min) and ligated by use of T4 DNA ligase 

with sCosI-LEU2 cleaved previously by BamHI and XhoI. 

sCosI-LEU2 was constructed by ligation of the S. cerevisiae 

LEU2 gene with the unique HindIII site of sCosl (Evans et al. 

1989) and was the kind gift of Dr. T. Matsumoto (Albert Ein- 

stein College of Medicine, The Bronx, NY). The cosmid library 

was made by in vitro packaging using Gigapack Gold (Strata- 

gene). 

Isolation of the disl § gene 

The disl locus had a weak linkage to ura4 (-40 cM), and chro- 

mosome walking was employed to isolate the disl + gene. The 

initial marker for hybridization was the ura4 + gene. To esti- 

mate the genetic distances between the ura4 locus and the 

cloned DNAs, subcloned DNAs were integrated onto the chro- 

mosome with the marker gene (the S. cerevisiae LEU21. Cosmid 

walking was done in two directions with the ura4 § gene as the 

initial probe (Yanagida et al. 1991). DNAs with a total length of 

300 kb obtained by chromosome walk with 15 probes were or- 

dered by the cosmid clones obtained. By integration of sub- 

clones with the marker gene onto the chromosome, one frag- 

ment, -200 kb apart from ura4 +, was found to be tightly (2.4 

cMJ linked to the disl locus. Cosmid DNAs containing that 

fragment could complement cs disl mutants. By subcloning 

followed by nucleotide sequencing, the disl § gene was identi- 

fied. eDNA clones were isolated to verify the coding region and 

the presence of an intron. The genomic and eDNA clones fully 

restored cs phenotype when introduced into cs disl mutant 
cells. 

Isolation of cDNA 

An S. pombe cDNA library (the gift of Dr. M. Wigler) was used 

for screening eDNA clones for the disl + gene by plaque hybrid- 

ization. Five phage clones (pCK100, 200, 300, 400, and 500) were 

obtained, and partially sequenced. Four of them contained the 

full-length coding region. The noncoding 5' sequence in one 

eDNA clone was more than 1 kb long, whereas remaining 

eDNA clones were 150-200 bp long. The noncoding 3' se- 
quences were -200 bp. 

Construction of the fused protein and preparation 

of antiserum 

Plasmid pAR3039 (Studier and Moffat 1986) was used for ex- 

pression of the disl +-coding region in the bacterial strain BL21. 

The 1-kb SpeI-EcoRI fragment was ligated with the plasmid, 

and the resulting pARDIS 1 caused the synthesis of a large quan- 

tity of a 31-kD protein in bacterial cells induced by IPTG. This 

carboxy-terminal fragment was purified by a previously de- 

scribed procedure (Watt et al. 1985), and 200 vg of polypeptide 

was injected into a rabbit each time by the procedures described 

(Hirano et al. 1988). 

Immunochemical methods 

Immunoprecipitation with S. pombe extracts and affinity puri- 

fication of antibodies were done as described previously (Ya- 

mano et al. 1994). Antibodies were mixed with Protein A-seph- 

arose beads (Pharmacia) for 2 hr at room temperature with shak- 

ing, followed by washing. The supernatant extracts were added 

and incubated at 4~ for 4-6 hr with shaking; this was followed 

by six washings and SDS-PAGE after boiling for 3 min. Immu- 

noblotting was performed as described (Towbin et al. 1979). 

In vivo labeling 

The method of Simanis and Nurse (1986) was followed with 

modifications {Shiozaki and Yanagida 1992: Yamano et al. 

1994). S. pombe cells were grown at 33~ in synthetic EMM1 

medium (Mitchison 1970) to a cell concentration of 2x 106 to 

3x106/ml; H332po4 {1 mCi) was added to the 10-ml cultures 

and incubated with shaking for 3 hr. Labeled cells were washed 

and broken with glass beads. Resulting extracts were boiled 

with 0.1% SDS for 3 min, left on ice for 30 min, and centrifuged 

at 14,000 rpm for 20 min; supernatants were used for immuno- 

precipitation after addition of NP-40 and sodium deoxycholate 

(final concentration 0.5%). 

Construction of alanine mutants 

A procedure similar to that described by Yamano et al. (1994) 

was followed. A 0.4-kb BamHI-SpeI fragment was subcloned 

into Bluescript and mutagenized by use of the in vitro mutagen- 

esis system (Amersham). Oligonucleotides were made to con- 

struct mutants $551A, $556A, and $590A. The wild-type 

BamHI-SpeI in pREP41-disl (full length) and pREP41-Bam/C 

were replaced, respectively, with the mutagenized fragments. 

For N3A mutant, the 0.4-kb HindIII-KpnI fragment was muta- 

genized. Oligonucleotides were made to construct T279A, 

$293A, and S300A. The wild-type HindIII-KpnI fragment of 

pREPl-disl (full length) was replaced with the mutagenized 

fragment. Nucleotide sequences of resulting mutant clones 

were determined by use of a Dye Deoxy Cycle sequencing kit 

(Applied Biosystems Inc., Foster City, CA). 

Phosphoamino acid analysis and tryptic 

phosphopeptide mapping 

Procedures described previously (Shiozaki and Yanagida 1992; 

Yamano et al. 1994) were followed. 32P-Labeled protein was 

immunoprecipitated, run in SDS-PAGE, and transferred to Im- 
mobilon (Millipore). A slice of Immobilon containing the 32p_ 

labeled protein was subjected to acid hydrolysis or two-dimen- 

sional tryptic phosphopeptide mapping (Boyle et al. 1991). The 

hydrolysate was subjected to electrophoresis (first run, pH 1.9, 

1.5 kV for 20 min; second run, pH 3.5, 1.3 kV for 16 min). For 
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tryptic mapping, the samples were dissolved in electrophoresis 

buffer after lyophilization (50 ml of n-butanol, 25 ml of acetic 

acid, 900 ml of H20 , 25 ml of pyridine at pH 4.7). A count of 

500-1000 cpm phosphopeptides was developed two dimension- 

ally on a cellulose thin-layer plate (20x20 cm): The first dimen- 

sion involved electrophoresis at 1 kV for 40 min, and the second 

dimension, ascending chromatography (75 ml of n-butanol, 15 

ml of acetic acid, 60 ml of H 2 0  , 50 ml Of pyridine). 

PFG electrophoresis, Southern blotting, and 

nucleotide sequencing 

The standard procedures for Southern, colony, and plaque hy- 

bridization were followed (Maniatis et al. 1982). The dideoxy 

method (Sanger et al. 1977) was employed for nucleotide se- 

quencing with stepwise deletion {Yanisch-Perron et al. 1985). 

Fluorescence and immunofluorescence microscopy 

For immunofluorescence microscopy, the procedures described 

by Hagan and Hyams (1988) were followed. Anti-tubulin anti- 

body (TAT-I) was described previously by Woods et al. (1989). 

Affinity-purified anti-disl antibodies were also used. For DAPI 

staining, S. pombe cells were fixed in 2.5% glutaraldehyde at 

33~ for 20-30 min. 

Expression of Disl with the carboxyl terminus tagged 

with GFP 

Plasmid TU#65 (Chalfie et al. 1994) was employed to construct 

the disl + gene with the carboxyl terminus tagged with GFP. 

The resulting plasmid, pGP120, contains an -2-kb-long 5'-up- 

stream sequence containing the native promoter, the full-length 

coding region of disl § with the carboxyl terminus ligated to the 

GFP sequence in frame. In addition, the marker gene S. cerevi- 

siae leu2 and the S. pombe replication origin ARS1 are present. 

pGP120 was introduced into the disl null mutant {h - leul ura4 

disl::Ura4). The expected size of the fusion polypeptide {120 

kD) was detected in transformants, the level of which was four- 
or fivefold higher than that of wild-type p93 dis1 (data not 

shown). 

Observation of green fluorescent Disl protein in 

S. pombe cells 

disl-deletion mutant cells carrying pGP120 were cultured at 

33~ in EMM2 to log phase, mounted directly on a slide glass 

without fixation, covered with a coverslip, and observed by a 

Zeiss Axiophot microscope according to Chalfie et al. (1994). 

Zeiss blue-violet and blue filter sets were used. For fixation, 

cells were treated with methanol for 8 min at -80~ or with 

2.5% glutaraldehyde at 33~ for 1 hr. nuc2-663 mutant cells (h - 

leul nuc2-663) transformed with pGP 120 were cultured at 26~ 

in EMM2 to 4x 106/ml and then transferred at 36~ for 5 hr. 

Video images were generated by a C1000 type 12 Hamamatsu 

SIT video camera. Cells were illuminated for 2-3 sec with a 

30-sec interval and recorded. 
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