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Summary

Cold-sensitive dominant mutants scnl and scn2 of
Schizosaccharomyces pomleere isolated by their ability
to suppress temperature-sensitivecut9-665 defective in

(UGC) genes. UGC was altered to UGU so that the binding
of the tRNA-Ala to the ACA Thr codon in mRNA became
possible. Ascut9-665contained an Ala535Thr substitution,

an essential subunit (human Apc6/budding yeast Cdcl6
ortholog) of anaphase promoting complex/cyclosome
(APC/C). APC/C mutants were defective in metaphase/
anaphase transition, whereas singlecn mutants showed

the delay in anaphase spindle elongation at 20°C. The
scn mutants lost viability because of chromosome
missegregation, and were sensitive to a tubulin poison. To

wild-type Cut9 protein was probably produced in scn
mutants. Indeed, plasmid carrying tRNA-Ala (UGU)
conferred cold-sensitivity to wild-type and suppressedut9-
665in a dominant fashion The previously identified scn1
(renamed asscn3) turned out to be a high copy suppressor
for scnland scn2 These are the first tRNA mutants that
cause a mitotic defect.

understand the scn phenotypes, mutant genes were
identified. Surprisingly, scnl and scn2 have the same
substitution in the anticodon of two different tRNA-Ala

Key words: Mitosis, Anaphase, tRNA mutant, Anticodon, Dominant
mutation

Introduction phenotype but not the ts phenotype. These sswjl@andscn2
APC (anaphase promoting complex)/cyclosome (hereaftéputants revealed notable properties. First, all ofstreland
APC/C) is a 20S protein complex that plays a pivotal role irsch2mutants obtained were dominant: heterozygous diploids
the transition from mitotic metaphase to anaphase in eukaryotihowed the cs phenotype. Second, the cellular phenotypes of
cells by promoting ubiquitin-mediated anaphase proteolysis§chlandscn2mutants cultured at 22°C revealed an apparent
(King et al., 1995; Sudakin et al., 1995; Yanagida et al., 199®hromosome segregation defect in late mitosis.
Peters, 2002). The complex is evolutionarily conserved, To understand how these dominant cs mutations could
present in yeast and human, consists of more than ten differeitppress the ts phenotype ofit9-665 we attempted to
subunits and acts as a ubiquitin ligase (E3) for thé&haracterizescn mutant phenotypes in detail and to identify
polyubiquitination of mitotic cyclins and securin (Funabiki etmutant genes and the mutation sites. The results presented in
al., 1996; Yu et a] 1998; Zachariae et al., 1998; Yoon et al.,this report clearly showed late mitotic defects particularly in
2002). Fission yeast Cut9 (orthologue of human APC6 angpindle elongation. The resulting chromosome segregation
budding yeast Cdc16) is an essential subunit of APC/defect seemed to be the cause of cell lethality at the restrictive
(Yamashita et al., 1996; Yamada et al., 1997). Its temperaturtemperature. Synchronous analysis indicated that cell viability
sensitive (ts) mutantcut9-665 produces the mitotically remained high in G1, S and G2. Batnlandscn2mutants
hypercondensed chromosomes with the short metaphawgere hypersensitive to a tubulin inhibitor, thiabendazole (TBZ)
spindle and the high Cdc2 kinase activity. Sister chromati@Umesono et al., 1983) at the permissive temperature, which
separation did not take place at alldnt9-665cells at the is consistent with the defect in spindle elongation. The
restrictive temperature (Hirano et al., 1986; Samejima andestruction of cyclin observed in living cells occurred
Yanagida, 1994). apparently at a normal timing scnmutant cells so that the
Cold-sensitive (cs) mutations designatemh (suppressors destruction of mitotic cyclin was normal in singlenmutants.
for cut nine) were isolated as extragenic suppressors for the ts Fine genetic analyses followed by nucleotide sequencing
phenotype ofcut9-665 (Samejima and Yanagida., 1994). established that the mutated genesénl and scn2 strains
Genetic analyses enabled them to be classified into two genetiere actually the tRNA genes that carried Ala with the
loci, scnl and scn2 The cut9 scnland cut9 scn2double  anticodon UGC. There are two Ala-tRNA genes with the
mutants produced colonies at 33°C (a restrictive temperaturgdentical sequence containing anticodon UGC at different map
for cut9 mutant) but not at 22°C (a restrictive temperature fotocations in theSchizosaccharomyces pomipenome. These
scn mutants). Single mutant segregants sahl and scn2  scnl and scn2 mutants were found to contain single
obtained by crossing with the wild-type showed the csubstitutions in the anticodon sequence that led to UGU from
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UGC so that the amino acid codon in mRNA for this tRRA Results

would be Changed to Thr from Ala. The resulting mischarge¢e||u|ar phenotypes of Sing|e scnl-17 and sch2-7

Ala for the Thr codon seemed to be the true cause for the abiligfytants

of scnmutations to suppress the phenotypewt®-665 The  aq shown in Fig. 1A, txut9-655mutant defective in the
previously identifiecscnl was actually a high copy SUPpPressor pitatic transition from metaphase to anaphase failed to
for scnlandscn2mutations so that it was renamedsas3. roduce colonies at 33°C. whereas the double mutari€s

We will discuss the implication of these unexpected finding§65 senl-1andcut9-665 sen could form colonies at 33°C

on the mitotic defects of dominant tRNA mutations. but not at 22°C. Singlscnland scn2mutants obtained as
tetrad segregants after crossing with the wild-type strain also
Materials and Methods showed the cs phenotype. Thisgnl-17 and scn2-7 were

extragenic suppressors faut9-665 mutant (Samejima and
Haploid and diploid fission yeast strains were usedl, schzand _Yanaglda, 1994). It was prev[ously shown _that all of the
cut9-665 were isolated as described previously (Samejima anasola_tedscnlandsanwere dominant cs m“E,a“O”S- .
Yanagida, 1994). Deletion mutanfimad2 and Ascn3 were made Wild-type, scnl-17andscn2-7grown at 33°C were shifted
previously (Samejima and Yanagida, 1994). The culture media usd@ 20°C, and their increase in cell number was measured
were YPD (1% yeast extract, 2% polypeptone, and 2% glucose) afpproximately two rounds of cell division occurred before the
EMM2 (minimal medium; Mitchison, 1970). The YPD and EMM2 cease of cell number increase in the culturescoflandscn2
Media containing 1.5% agar were used for plating. (Fig. 1B). In addition, cell elongation was observed at 20°C
(Fig. 1C). The average cell lengthsainlmutant cells after 24
hours at 20°C increased from 1Qun to 14.1um, 32% longer

pSK248 was used as the vector carryingShgombeenes. About than that of wild-type. Basically the same cell elongation was

500 bp longS. pombgenomic DNA fragments containing only Ala- observed _fosanmutant cells (data not shown). o
tRNA(UGC) gene located near theh1* gene GPACACS.02Dwere A prominent feature ofcnlmutant cells cultured at 20 C'
amplified by PCR from the wild-type as#n2-7mutant, and those and stained by DAPI was the accumulation of cells revealing
PCR products were inserted into pSK248 vector, and were naméate mitosis (Fig. 1D). Divided daughter nuclei often displaced
as pTRNAala.02 or pTRNAala.02(UGC>UGU). Transformation offrom the middle of cell were seen. Chromosomes appeared to
S. pombavas performed by the lithium method (Ito et al., 1983). Tobe still condensed. These results showed late mitotic defects
isolate multicopy suppressors sftn2-7 mutant, anS. pombe with some pleiotropic effects iacnlmutant. Similar results
genomic DNA library containing thé&accharomyces cerevisiae were obtained foscn2mutant cells (data not shown).

LEU2 gene as the selection marker (a gift from C. Shimoda, Osaka

City University, Japan). Plasmids were recovered from IGsr+

transformants ofscn2-7 pTRNAthr.06 and pTRNAthr.10 were Defects in spindle elongation, nuclear position and cell
respectively constructed by PCR amplification and insertion intalivision

Strains, media and genetic method

Plasmids and yeast transformation procedure

pSK248 vector. Immunofluorescence microscopy using anti-tubulin antibodies
(red) for the spindle and DAPI (blue) for nuclear chromatin
Light microscopy and time-lapse imaging staining was done facnl-17mutant cells that were cultured

DAPI staining was carried out as previously described (Adachi angt 20°C for 9',12 hours, and Shown_ In Fig. 2A. Cells deS|g'nated
Yanagida, 1989). Indirect immunofluorescence microscopy wa& are those in late anaphase. Divided daughter nuclei were
performed as previously described (Hagan and Hyams, 1988). Anfften displaced from the middle of cell (indicated as B). The
tubulin (TAT-1) and anti-Sadl antibodies were used as primargpindle that was not fully extended was frequently seen in the
antibodies (Woods et al., 1989; Hagan and Yanagida, 1995). Thautant cells, suggesting that mutant cells might be retarded in
secondary antibodies employed were the CY3-tagged anti-mousete anaphase.

antibody and Alexa488-tagged anti-rabbit antibody (Molecular The frequency of late anaphase cells increased from ~3% in
probes). For observing living cells, confoca_l scanning system CSU?éxponentiaIly growing wild-type cells and 5.9% in mutant cells
(Yokogawa) was used. Cells were cultured in the liquid EMM2 medigy; the permissive temperature to 13.7% in mutant cells after 9
supplemented with leucine on glass base dishes (lwaki). Images w éurs at the restrictive temperature (Fig. 2B). In Fig. 2C,

taken every 15 seconds, 30 seconds or 1 minute. To visualize the S titative data for th taining the disol d d ht
movement or the Cdc13 protein degradation in live cells, the pSad uanlitative data Ior those containing the displaced daughter

GFP plasmid or the strain containing GFP-taggecll3 gene were  nuclei and those lacking the nucleus are shown. Cells lacking

used (Nabeshima et al., 1997; Tatebe and Yanagida, 2000). the nucleus increased from a negligible level at the permissive
temperature to approximately 20% after 24 hours at 20°C in

_ _ mutant cells. The displaced nuclei increased to ~7% in mutant
The G1 arrest by nitrogen starvation _ cells, while they were at a negligible level in the wild-type
Nitrogen source starvation was done according to the procedurgglls. The temporary decrease of late anaphase cells after 3
deﬁclr'bgd pre"'olus'yd (Saé‘aMaZ“d E@“ag'daéslg%)- Ee(]'l'?m@,5 hours in the wild-type and mutant cells was probably due to
cells/ml) were cultured in medium at 33°C, washed four timegpe ghift to 20°C. The displaced daughter nuclei, mostly
with the EMM2-N media (EMM2 without N4C]) and then cultured connected with the spindle, were frequently seen and seemed

in the EMM2-N media for 36 hours at 33°C (the cell concentrationt be ch teristic of tant cells at 20°C h
6x107 cells/ml). The FACS analysis confirms that the cells were'® D€ charactenstic acnmutant cells a » as the same

arrested in the G1 phase. Arrested cells were released into the Y@g!lular phenotypes were seen son2 mutant cells. These
medium at 20°C. Progression of DNA replication was monitored byesults indicated that sister chromatid separation took place but

FACS, and mitotic progression was monitored by determining théull segregation of the resulting daughter nuclei failed. Because
septation index. nuclear positioning was abnormal, cytokinesis would produce
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Fig. 1. Phenotypes of cscnlandscn2mutants. (A) Fission yeastnlandscn2are extragenic suppressors foc#$9-665that causes the

assembly defect in APC/C (Samejima and Yanagida, 1994; Yamada et al., 1997)c@hgletant fails to form colonies at 33°C, whereas

double mutantsut9 scnlandcut9 scnZorm colonies at 33°C. Singkenlandscn2mutants are unable to form colonies at 22°C. (B) Wild-
type,scnlandscn2grown at 33°C were transferred to 20°C and cultured for 50 hours in the complete YPD medium. The cell number of wild-
type (WT),scnlandscn2mutants was scored. (C) The cell length of wild-type (hatched columnsgahohutant (red columns) was

measured after 0 and 24 hours culture at 20°C. The average cell length of wild-tgeeBndtant is indicated. (D) Light micrographs of
wild-type andscnimutant cells cultured at 20°C for 9 hours. Wild-type sciaflmutant cells were cultured at 20°C, fixed with glutaraldehyde
and stained with DAPI. The arrows indicate the displaced divided nuclei abundantly presedgimdscn2mutant cells. Bar, 10m.

two cells, one of which lacked the nucleus. The loss of nucleu¥ormal timing of cyclin destruction and abnormal
was hence another characteristicsofimutant cells. spindle dynamics
To determine the defects that would lead to improper
o o chromosome segregation, mitotic phenotypescaflandscn2

The loss of cell viability corresponds to the timing of were further examined. No significant increase of the spindle
aberrant mitosis index was observed after transferring the cells to 20°C,
To examine whescnllost the cell viability, mutant cells were suggesting that scnl did not arrest in metaphase (Fig. 4A). We
first arrested in the G1 phase at the permissive temperatuteen examined the timing of cyclin destruction using the strain
(33°C) by nitrogen source starvation, and then released to tloé scnl-17carrying the chromosomally integrated Cdc13-GFP
complete YPD medium at 20°C to advance cell cyclegene (Tatebe and Yanagida, 2000). Hoechst H33342 was used
progression. The occurrence of DNA replication (Fig. 3A) wador staining DNA in order to distinguish anaphase cells. The
slightly delayed inscnlmutant cells. The duration of the S GFP signal disappeared in all of the anaphase cells (indicated
phase is indicated by the vertical bar. In this S phase periody the arrows in Fig. 4B) observed at the restrictive
however, the cell viability was completely maintained. The lossemperature (20°C). The cyclin destruction thus seemed to be
of viability occurred after 15 hours stnlmutant cells. This normal in thescnl-17mutant.
decrease corresponded to the passage through the first mitosiJo monitor the time course of spindle extension in living
and the time when the improper chromosome segregatiarells,scnl-17cells carrying multicopy plasmid expressing the
began to be seen in tkenlmutants (Fig. 3B). GFP-tagged Sadl protein were used. Sadl is an essential

In 72% of thescnl mutant cells with the septum, sister SPB (spindle pole body) component and, when mildly
chromatids were not fully apart. These results showed that tleverproduced, distributed in the nuclear envelope (Nabeshima
late step of nuclear division in combination with septation an@t al., 1997). We found that anaphase spindle elongation
cytokinesis was not properly coordinatedsenlmutants. We was considerably delayed and often compromisedciml
concluded thascnlmutant cells did not lose viability until mutant cells (Fig. 4C,D). Furthermore, the nuclear envelope
mitosis, but they had some defects in other events, includingreakdown did not seem to take place in mutant cells in the
the delay in DNA replication. The cause of cell death seemédte anaphase stage (Fig. 4C, right panel). The nuclear envelope
to be the occurrence of abnormal chromosome segregatioevealed complex movements during late anaphase, suggesting
followed by cell division. that the resolution of the nuclear envelope into the two
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Fig. 2.Singlescnimutant is defective in spindle elongation, nuclear positioning and cell division, producing frequent late mitotic phenotypes
at 20°C. (A) Wild-type (WT) andcnl-17grown at 33°C were transferred to 20°C in the YPD medium. Anti-tubulin (red), anti-Sad1 (green)
and DAPI (blue) staining were done for wild-type aed1mutant cells after 9 hours and 12 hours at 20°C. Late anaphase cells, revealing
separated chromatids and a spindle that was not fully elongated, were marked as A. The nuclear displacement indicatefteassBemas
scnlmutant cells. Cells lacking the nuclei were also seen (an example indicatedl.glk/in right panel). Bar, 1fim. (B) The frequency of

late anaphase cells in the wild-type aedl1-17mutant after the transfer to 20°C for 0-12 hours. Cells in late anaphase were significantly
accumulated after 9 hourssien1-17 (C) The frequencies of wild-type (upper) sswhlmutant (lower) cells showing normal positioning of

the separated daughter nuclei (open rectangles), abnormally displaced daughter nuclei (filled triangles) and no nucleidclosgaes)

daughter nuclei might be aberrantdonl mutant cells. The substitution was found within the adjacently located Ala-
loss of cell viability was possibly due to the cytokinesis-tRNA(anticodon UGC) gene sequenc&pé&TRNAala.02 In
induced breakage of the thin nuclear envelope channstn2-7mutant cells, the anticodon UGC of this tRNA gene was
connecting the two daughter nuclei. The rate of spindlsubstituted to UGU. It was further found tlsan2-27 another
extension in anaphase B was greatly reducestidimutants. allele of scn2,contained the identical anticodon substitution,
The SPBs did not reach the opposite poles even after 1@ad otherwise the same sequence to the wild-type.stih2
minutes (Fig. 4D). mutant Ala-tRNA(UGC>UGU) should mis-interact with the
Thr codon in mRNA instead of Ala codon (Fig. 5B).

) ) To confirm that the Ala-tRNA(UGC>UGU) mutant gene
scn2is alanine-tRNA(UGC) mutant was the real cause for the phenotype sesor@mutant cells,

In the previous study, th&enZ gene was not isolated becausethe ~500 bp long DNA fragment containing the Ala-
the csscn2mutation was dominant so that plasmids introducedRNA(UGC>UGU) mutant gene was cloned into the vector
into mutant cells by transformation failed to rescue the cpSK248. Resulting plasmid (pTRNAala.02 (UGC>UGU)) was
phenotype (Samejima and Yanagida, 1994). To determine thinsformed into the wild-type aut9-665mutant. Plasmid
precise map location in tt#& pombeenome, we conducted a containing the Ala-tRNA(UGC>UGU) gene suppressed the ts
series of genetic mapping by crossiagn2-7 with strains  phenotype o€ut9-665(Fig. 5C). In addition, the same plasmid
carrying various marker genes. Ultimately, it was foundconferred the cold-sensitivity if introduced into wild-type cells.
that scn2-7 was tightly linked to the ryhl locus Control plasmid containing the wild-type Ala-tRNA(UGC)
(PD:NPD:TT=56:0:0). Theryhl* gene EPACA4C5.02L in (pPTRNAala.02) neither suppressed the ts phenotype of
scn2mutant was isolated by PCR, but no nucleotide changeut9-665mutant nor caused any cs effect to wild-type cells
was found in thayhl* gene sequence obtained. Then PCRFig. 5C). The wild-type cells carrying the mutant Ala-
amplification was made for the ~2 kb long genomic DNAtRNA(UGC>UGU) plasmid showed the cellular phenotypes
around theryhl* gene inscn2-7 mutant (corresponding to similar to that ofscnlandscn2mutant at 20°C (Fig. 5D). We
cosmid c4C5 2425-4520). The resulting PCR product watherefore concluded thacn2was an anticodon allele of the
sequenced (Fig. 5A). Surprisingly, a single nucleotideAla-tRNA(UGC).02 gene.
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Fig. 3. The loss of viability irscn1-17coincides with aberrant mitosis. (A) The wild-type aed1-17cells were first arrested at the G1 phase
under the nitrogen source starvation at 33°C, and then shifted to the complete YPD medium at 20°C. The DNA contentsechmdixtitylp
17 were determined by FACS analysis. In wild-type, the S phase (S) occurred from 6 to 12 hours, wiemmehd, fithe progression of S
phase was delayed by 1.5 hours (6-13.5 hours). 1C indicates the DNA content of a haploid cell in G1 that has unreplicateddablRC
indicates those of a G2 cell that has already replicated DNA once. (B) Upper panel: the cell viability (Viability%) atwh segéati(S1%)
were measured after the release from the G1 arrest at various time points in wild-tgpelamatant cells. Thecnlmutant cells lost the
viability during the passage through the first mitosis, with the concomitant increase of missegregation. Lower panelnibedfeqitetic
phenotype irscnl-17was determined. Frequency (%) of chromosome missegregasonifdisplaced, separated daughter nuclei) was
determined (lower panel).

The strain scnlis also Ala-tRNA(UGC) mutant database (NCBI) we found that the gene product of
The genome contains generally multiple copies of the tRNAPAC688.13as a TatD-related nuclease domain (pfam01026)
genes for each amino acid. If there are many copies for the Al@Holm and Sander, 1997; Wexler et al., 2000).

tRNA(UGC) gene in theS. pombegenome, how does a  The second copy of the Ala-tRNA(UGC3gaTRNAala.03
substitution mutation in one copy strongly affect cellgene 16.7 kb apart from tHePAC688.13)ene has the same
multiplication in a dominant fashion? We examined thesequence to the first one (Fig. 5E). If its expression level is
genomic tRNA database d@&. pombe(http://rna.wustl.edu/ similar to that ofscn2 Ala-tRNA(UGC), the same anticodon
GtRDB/Sp/) to find out how many Ala-tRNA(UGC) genes mutation may lead to the same phenotype as thatcio?
existed in theS. pombegenome and found th& pombéras Indeed, a single substitution was found in the second Ala-
only two copies of the Ala-tRNA(UGC) gene (there are ningRNA(UGC) gene irscnlmutant cells (Fig. 5E). The anticodon
other Ala-tRNA genes but they have different anticodons)UGC was again changed to UGU, in an identical manner to the
Furthermore, we noticed that the second Ala-tRNA(UGCkcn2mutant. The previous gene assignment is therefore clearly
gene was present only 16.7 kb apart from gmnt  false. We propose to call the formmn asscn3. It acts as a
(SPAC688.18 gene previously identified (Samejima andhigh copy suppressor for botfitnland scn2mutants. These
Yanagida, 1994). This gene was previously isolated by itsesults established that batbnlandscn2were the same Ala-
ability to suppress the cs phenotypesofilmutant cells. The tRNA(UGC) anticodon mutants. We found tlsahlandscn2
previous study showed that th&U2 marker integrated with double mutants were synthetic lethal. This was easily explained
the SPAC688.13)ene was tightly linked to the sgnllocus as theS. pombegenome has only two Ala-tRNAs with this
(PD:TT:NPD=16:0:0). This was the reason that the clonednticodon UGC and therefore the GCU codon would not be
gene was assigned to be the acteall* gene. However, we properly translated at all in the doulslen1 scnZnutant cells.
failed to find any nucleotide change in tRBAC688.13)ene

cloned from thescnlmutant genomic DNAs (corresponding o _ o

to cosmid c688 27458-28872) so that the gene assignmerlypersensitivity to thiabendazole and cycloheximide

could be false, although we confirmed that plasmid carryinds scnlandscn2mutants were defective in protein synthesis
the SPAC688.18ene could suppress the cs phenotype of botand also in the completion of spindle elongation, we examined
scnlandscn2mutant cells. By searching the conserved domaiwhether these tRNA mutants were sensitive to a protein
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Fig. 4. Anaphase spindle elongation was slow and not complstnit-17mutant. (A) The spindle index of wild-type aschl-1Avas
measured after transfer to 20°C. The short spindle (the metaphase spindle length)-€2dbnot accumulate iscn1-17(B) Cdcl3 (mitotic
cyclin in fission yeast) is degraded in aberrant anaphasminThe scnlmutant carrying chromosomally integrated cdc13-GFP gene was
cultured at 20°C for 9 hours in the liquid EMM2, harvested and stained with Hoechst H33342 (DNA). The Cdc13-GFP signatstligtrong
nucleus) faded in all of the anaphase cells (arrow) examirgmhin17 as well as in wild-type cells. Bars, fifh. (C) The wild-type andcnl1-17
mutant cells carrying plasmid pSAD1-GFP (Sadl is a SPB protein) were observed for the spindle dynamics in living cetise Celtared at
20°C for 9 hours. The white number in each panel shows the time (minutes) after starting the observations using a cosfauae naH
anaphase spindle extension was complete within 40 minutes in wild-type cells, whereas spindle elongation was slow arelafteo®plet
minutes inscnl-17mutant cells. Furthermore, the nuclear envelope in the middle appeared to remain in late anaphase, suggesting that nuclear
division was not finished. Bars, n. (D) Distances between the SPBs were measured in living cells.donttrautant cells, the rate of
anaphase spindle elongation was strikingly low and the SPBs did not reach the opposite poles of the cells, even afterG@onininzs.

synthesis inhibitor cycloheximide (CYH) and a tubulin poisonin the presence of thiamine also suppresseddmrtbandscn2

thiabendazole (TBZ). As shown in Fig. 6A,B, they were foundmutants (Fig. 6C). This putative nuclease geone3 was

to be hypersensitive to these drugs. At the permissivaonessential for cell viability as gene-disrupted cells grew

temperature (26-30°C)scnl-17 and scn2-7 mutants were normally but, unexpectedlyscn3-disrupted cells were

hypersensitive to the presence of 5¢8ml CYH. They were resistant to cycloheximide (Fig. 6A). If Scn3 had the

also sensitive to TBZ. In the presence of 10gtBml TBZ, ribonuclease activity, the high dosage Scn3 might suppress

scnl-17andscn2-7grew poorly, whereas wild-type cells grew scnl and scn2 mutant cells by cleaving the mutated Ala-

nearly normally. These are the first RNA mutants sensitive ttRNAs.

tubulin inhibitor. The remaining two high copy suppressor plasmids
contained the Thr-tRNA(UGU) geneSgbTRNAthr.06and

) SpaTRNAthr.10 This Thr-tRNA(UGU) might be able to

Scn3 and tRNA-Thr, multicopy suppressors of scn1 and suppressscn2 by competing against the mischarged mutant

scn2 mutants tRNA. The plasmids could also rescue teenl mutant

An S. pombegenomic DNA library was used to screen for (pTRNAthr.06 and pTRNAthr.10 in Fig. 6D). Suppression of

multicopy plasmids that could suppress the cs phenotypgenland scn2by Thr-tRNA(UGU) expression indicates that

of scn2 mutant. Plasmids carrying three different genomicthe phenotypes afcnlandscn2are due to misincorporation

DNAs were isolated. One of them contained $te3 gene  of Ala to the position of Thr during translation, which could

(SPAC688.13described above). Its product showed sequencamake mal-functional proteins.

similarity to Escherichia coliTatD, S. cerevisa&mr262p and

Candida albicansOrf6.8887p, containing a nuclease motif, ) ) )

and E. coli TatD shows DNase activity in vitro (Holm and The delay of spindle elongation was independent of

Sander, 1997; Wexler et al., 2000). Plasmid expressing only théad2

open reading frame stn3 with the inducible promoter nmtl To determine whether the spindle elongation delaysan
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Fig. 5.scnlandscn2are both Ala-tRNA anticodon mutants. (A) The genomic DNAs were purified from wildggp2;7andscn2-27cells.

The 2 kb long genomic DNA fragments corresponding to the 2425-4520 region of the chromosome | cosmid c4C5 were amplified by PCR,
followed by DNA sequencing. Amplified DNAs from the mutant straicrs2-7andscn2-27showed a single mutation (indicated in red) in
alanine-tRNA geneSpaTRNAala.02 Otherwise the sequences were identical to that obtained from the wild-type. (B) The predicted cloverleaf
structure of the tRNA-Ala (UGC) in wild-type asdn2 The mutate@dcn2tRNA is presumed to recognize the ACA codon in mRNA that
encodes threonine. (C) The plasmid containing the mutant tRNA geceazaifonferred cold-sensitivity on wild-type (WT) cells and

suppressed the temperature sensitivitgut®-665.Wild-type andcut9-665(cut9) carrying plasmid of the wild-type tRNA gene

(pTRNAala.02) and plasmid etn2mutant tRNA gene (pTRNAala.02(UGC>UGU)) were incubated on the minimal EMM2 plate at 22, 26, 33
and 36°C. (D) Wild-type cells carrying multicopy plasmid containing the mutant Ala-tRNA(UGU) gene showed mitotic phenoilgrds sim
those ofscnlandscn2mutants. Wild-type cells carrying pTRNAala.02 or pTRNAala.02(UGC>UGU) were cultured in the EMM2 medium at
20°C for 9 hours and fixed with glutaraldehyde. DNA was stained with DAPI. The phenosgelef Avas also shown. Brightly stained cells
were dead and accumulated the dye. BaprhO(E) Thescnlmutant contained a substitution mutation in the second copy of alanine-tRNA
gene, but not in thecn3 gene. The genomic DNA of wild-type asdnl-17Avas purified, and DNA sequencing of the region containing the
second tRNA geneSpaTRNAala.03vas done. Th&paTRNAala.O&ear to thescn3 gene was mutated stnl-17in the same position in
anticodon as iiscn2

mutant cells was due to the activation of spindle checkpointells were not affected iscnl Amad2 To confirm that the

the double mutanscnl-17 Amad2 was constructed. Mad2 delay in late anaphase was independent of Mad2, the spindle
is essential for establishing the spindle checkpoint (Li andength in the double mutant cells was measured by the pole-
Murray, 1991). It was cultured at 20°C for 9 hours, and cell$o-pole distance in mitotic cells of the wild-tymenlandscnl
stained by antibodies against tubulin (red) and Sadl (greedmad2at 20°C for 9 hours (Fig. 7B). The filled arrowheads
were observed with DAPI (blue) as counterstaining for DNAindicate the position of the wild-type metaphase spindle length.
(Fig. 7A). The appearances and frequencies of late anaphaBee frequencies of anaphase cells and the size of the anaphase
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hypersensitive to TBZ, a microtubule destabilizing
drug at 26°C, the semi-permissive temperature.
Wild-type, B-tubulin mutaninda3-KM311(Toda et
al., 1983) scnl-17andscn2-7were spotted on the
YPD plate containing respective concentrations of
TBZ. (C) Thescn3 gene is a multicopy suppressor
for scnlandscn2mutantsscnl-17andscn2-7
mutants were transformed with plasmid containing
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(PREP1-scn¥. Transformants were plated on the
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condition). (D) Plasmid containing the Thr-
tRNA(UGU) gene (pTRNAthr.06 and pTRNAthr.10)
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Fig. 7. The delay of spindle elongation$anl-17Avas not dependent on the spindle checkpoint. (A) The double nsetall 7Amad2cells

were cultured at 20°C for 9 hours in the YPD medium and cells were fixed for staining by antibodies against tubulin (rdd)(gree8a

DAPI (blue) staining was done for DNA. The late anaphase cells were designated as A. Late anaphase cells were sdysbfiveaiipas

frequent as in thecnlsingle mutant cells. Bar, 1m. (B) The pole-to-pole distance in mitotic cells was measured in the wildsiypeand
scnlAmad2cells that were cultured at 20°C for 9 hours in YPD. Cells were stained with anti-Sadl (SPB) and anti-TAT1 (tubulin). Over 100
mitotic cells of each strain were analyzed. The filled arrowheads indicate the size of the wild-type spindle at metapbhdédarhedicates

the sizes of anaphase spindle that were abundantly ssemliandscnlAmad2cells. The cells showing anaphase spindle were accumulated in
scnlAmad2as much as iscnlsingle mutant cells.
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spindle were not affected in the double mutant. Heswel  block cell cycle progression and delay the re-initiation of
Amad2 double mutant showed the same spindle elongatioprotein synthesis during late mitosissonlandscn2mutant
delay as the singlscnl mutant cells, suggesting that the cells.
spindle elongation delay iscnl was not caused by the  The mutation ircut9-665was reported to be caused by the
activation of Mad2-dependent spindle checkpoint. nucleotide change from G to A in the 535th codon (Samejima
and Yanagida, 1994) that caused the amino acid change from
_ _ Ala to Thr; the altered codon could be bound to the mutant
Discussion tRNA-Ala (UGU). As the Ala residue is expected to be
In this study we show thascnl and scn2 extragenic incorporated into the 535th position of Cut9stnlandscn?2
suppressors forcut9-665 are substitution mutants in the mutant cells, the cause of suppression dot9-665is now
two tRNA genes, SpaTRNAala.03and SpaTRNAala.02 resolved. This interpretation is consistent with the failure of
respectively, both of which contain the UGC anticodon. She suppression forcut9 null mutant cells and the failure of
pombegenome has a total of 11 tRNA-Ala genes but onlysuppression for other APC/C mutamuc2-663 in the
two contain the UGC anticodon. Nucleotide sequences dfackground okcnlandscn2mutations (Hirano et al., 1988;
SpaTRNAala.0&nd SpaTRNAala.02vere identical, making Samejima and Yanagida, 1994). This mode of suppression
the same tRNA. Thecnlandscn2mutations, both of which mediated by tRNA mutations is well known in prokaryotes as
occurred in the anticodon sequence in these two tRNA gendbe missense suppression, but there have been only a few
were also identical (from UGC to UGU), so that the mutanteports in eukaryotes (Su et al., 1990; Chiu and Morris, 1997,
tRNAs should be identical. Although we have no directkim et al., 1999). Dominant tRNA mutation has been reported
evidence, it is most likely that the resulting altered tRNA-Alafor the case of PRP2 (see below).
made inscnlandscn2mutants should bind to the ACA (Thr)  The mitotic phenotypes ocnl and scn2 at 20°C were
codons in mRNA and misincorporate Ala into proteins at thesomewhat reminiscent to that seen dd-tubulin mutant,
site of protein synthesis on the ribosome. Hydrophilic Thr anthda2-KM52 (Toda et al.,, 1983). A hypothesis that tubulin
hydrophobic Ala are distinct in terms of their properties,functions inscnland scn2mutants may be impaired due to
including the ability to be phosphorylated. It is hence possiblenisincorporation of Ala at the Thr positions might be
that many proteins made senlandscn2mutants have altered consistent with the result thatnland scn2 mutants were
properties from the wild-type cells, and some may evemypersensitive to TBZ. To estimate how many Thr residues
become poisonous. Note, however, that one wild-type Alamay be affected, we examined the ACA codon usage i8.the
tRNA(UGC) gene still exists in mutant cells, producing thepombetubulins. Thea1l-tubulin, Nda2, has three ACA codons
normal tRNA-Ala (UGC), and that the activity of aminoacyl- in 455 residues, whereas th@-tubulin, Atb2/Tubl has two
tRNA synthetase often requires the correct anticodon sequen8€A codons in 449 residues (Toda et al., 1984). F-habulin,
(Ibba et al., 1997; Ibba and Séll, 2000) so that the level diida3, has three ACA codons in 448 residues (Hiraoka et al.,
malfunctionally altered proteins made ®stnl and scn2  1984). Because the wild-type tRNA-Ala (UGC) is present, the
mutants may not be high. Indeed, these mutants normally greactual misincorporation should be lower than the values
at the permissive temperature. It is hence consistent with thiedicated here. According to the codon usage database for
fact that the double mutastnlandscn2is synthetic lethal.  pombe (http://www.kazusa.or.jp/codon/), the percentage of
It was surprising that threcnlandscn2mutations in the Ala-  ACA codon in all codons is 1.44%, indicating that 6.4 ACA
tRNA (UGC) genes affect late mitosis rather strongly and thatodons are used in a 450 amino acid protein on average. This
the tRNA mutation can cause improper chromosomealue is higher than those found in tubulins.
segregation and lead to aneuploidy in a dominant fashion. As In budding yeast, a dominant cs mutation in the anticodon
the mutant tRNA-Ala (UGU) introduced by plasmid into the sequence has been reported (Kim et al., 1999). FRE2
wild-type cells was also found to cause similar mitoticgene encodes an RNA-dependent ATPase that activates
phenotypes in a dominant manner, the mitotic defects seemsgliceosomes (Kim et al., 1992). A dominant, allele-specific
to be a consistent feature by this anticodon mutation. I$uppressor of the {rp2-1 mutation was identified to be the
chromosome missegregation has any implication in evolutiomutation in the elongation methionine tRNA géfidT1 The
through altering the genome organization, the anticodoEMT1-201mutant seemed to supprgap2-1 by alleviating
change in the Ala-tRNA(UGC) gene described in this papethe splicing blockEMT1-201mutant displayed defects of pre-
might have contributed to evolution. These tRNA mutants weremRNA splicing and cold-sensitive growth. The mutation in
sensitive to a tubulin inhibitor so that microtubule organizatiorEMT1-201 exists in the anticodon, changing CAT to CAG,
seemed to be somewhat impaired in mutant cells. which presumably allowedEMT1-201 suppressor tRNA to
Other aspects that should be considered for interpreting thiecognize CUG Leu codons instead of AUG Met codons.
results is that the phenotypes seeadnlandscn2mutants at  Curiously, theprp2-1allele has a point mutation that changes
20°C might be produced by a kind of cell cycle checkpoinGly to Asp, indicating thatEMT1-201is not a classical
(Hartwell and Weinert, 1989). The accumulation of cellsmissense suppressor. Téenlandscn2are the first examples
delayed in late mitosis might be caused by a checkpoint controf classical missense suppressorS.ipombgalthough various
that is hitherto unknown. The delay was independent of theonsense suppressor tRNAsSofpombédave been reported by
presence of Mad2. In an earlier study by Mitchison and hi§6ll and his colleagues (Kohli et al., 1979; Wetzel et al., 1979).
colleagues protein synthesis was shown to be reduced duriige did not examine whethescnl and scn2 had splicing
mitosis and restored after mitosis (Creanor and Mitchisongefects, but it is possible thetnlandscn2have slight defects
1984). Inscnland scn2 mutant cells, the protein synthesis in various cellular activities. However, the spindle elongation
checkpoint that monitored the presence of mutant tRNA migtdefects appear to be a most strong phenotype at low
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temperature and crucial for maintaining the cell viability of yeast encodes beta-tubulin: a cold-sensii@3mutation reversibly blocks
scnlandscn? spindle formation and chromosome movement in mit@s4.39, 349-358.

; Holm, L. and Sander, C.(1997). An evolutionary treasure: unification of a
The scn3 gene was cloned by transformation followed by broad set of amidohydrolases related to ure@s#eins28, 72-82.

tetrad dissection. It was falsely aSS|gned asstim” gene in Ibba, M., Curnow, A. W. and Sdll, D.(1997). Aminoacyl-tRNA synthesis:

the previous report — it was actually a high copy suppressordivergent routes to a common goBiends Biochem. S@2, 39-42.
present near the trigenI” tRNA gene. The ability o$cn3 to Ibba, M. and Séll, D. (2000). Aminoacyl-tRNA synthesisAnnu. Rev.

suppress bothcnlandscn2mutations suggested that Scn3 has  Biochem69, 617-650.

: : - -Kim, S. H., Smith, J., Claude, A. and Lin, R. J(1992). The purified yeast
a role in downregulating dominant mutant tRNA. Recently, it< pre-mRNA splicing factor PRP2 is an RNA-dependent NTPEMBO J.

was noticed in the conserved domain database that Scn3 has & 2319-2326.
nuclease motif that is even conserved in bact&iadl). We  Kim, D. H., Edwalds-Gilbert, G., Ren, C. and Lin, R. J(1999). A mutation
postulate that Scn3 might preferentially cleagalandscn2 in a methionine tRNA gene suppressesih2-1Ts mutation and causes

mutant tRNAs at the restrictive temperature. Note that the level 2 Pre-mRNA splicing defect i§accharomyces cerevisia@enetics153
e . . ’ 1105-1115.

of the Scn3 transcript is stress inducible and increased at the\; " "W, peters, J. M., Tugendreich, S., Rolfe, M., Hieter, P. and

high temperature (Chen et al., 2003). Kirschner, M. W. (1995). A 20S complex containing CDC27 and CDC16

In summary, the present report is the first to relate tRNA catalyzes the mitosis-specific conjugation of ubiquitin to cycliCél 81,
mutations to mitosis and regulation of anaphase. Mutations 279-288.

; : Kohli, J., Kwong, T., Altruda, F., Soll, D. and Wahl, G. (1979).
in the tRNA anticodon should prOduce a broad effect, Characterization of a UGA-suppressing serine tRNA from

_bUt. UnexF’eCted!y our phenotypic charapterizations S_trongly Schizosaccharomyces pombith the help of a new in vitro assay system
indicated that mitotic defect was the principal outcomsciml for eukaryotic suppressor tRNA&. Biol. Chem254, 1546-1551.
and scn2tRNA mutant cells. Translational regulation during Kondoh, H., Yuasa, T. and Yanagida, M(2000). Mis3 with a conserved

it Qi NA binding motif is essential for ribosome biogenesis and implicated
mitosis has been poorly understood, and the present StUd)}?l the start of cell growth and S phase checkpd@enes Cells, 525-

suggests that the late anaphase step may be dependent on t@gl

quality control of protein synthesis. It is of considerablej Rr. and Murray, A. W. (1991). Feedback control of mitosis in budding

interest whether the same mutation causes similar cellularyeast.Cell 66, 519-531.

effects on other organisms. Mitchison, J. M. (1970). Physiological and cytological methods for
Schizosaccharomyces pombtethods Cell. Physiol, 131-165.
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