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Summary

The Ran GTPase is an essential protein that has multiple dilated. Neither a post-ER block in the secretory pathway,
functions in eukaryotic cells. Fission yeast cells in which nor ER proliferation caused by overexpression of an
Ran is misregulated arrest after mitosis with condensed, integral ER membrane protein, results in a cell cycle-
unreplicated chromosomes and abnormal nuclear specific defect. Therefore, the arrest seen in sns-Al0, sns-
envelopes. The fission yeast sns mutants arrest with a B2 and sns-B9 is most likely due to nuclear envelope defects
similar cell cycle block and interact genetically with the that render the cells unable to re-establish the interphase
Ran system. sns-A10, sns-B2 and sns-B9 have mutations inorganization of the nucleus after mitosis. As a consequence,
the fission yeast homologues @&. cerevisiaé&sarlp, Sec31p these mutants are unable to decondense their chromosomes
and Sec53p, respectively, which are required for the early or to initiate of the next round of DNA replication.

steps of the protein secretory pathway. The three sns

mutants accumulate a normally secreted protein in the Kkey words: Protein secretion, Endoplasmic reticulum, sarl, sec31,
endoplasmic reticulum (ER), have an increased amount of pmm1, PhosphomannomutaS&C53 Ran, Nuclear envelope, Cell
ER membrane, and the ER/nuclear envelope lumen is cycle, piml-d1, Fission yeas§, pombe

Introduction Yeasts undergo a closed mitosis in which spindle assembly
The endoplasmic reticulum (ER) is the cytoplasmic organell@nd chromosome segregation take place within the confines of
where the early steps of the protein secretory pathway af@e NE. The shape of the nucleus changes from round to oblong
localized. Protein secretion begins with the co-translationa®s the spindle elongates during mitosis and eventually pinches
insertion of polypeptide chains into the ER (Walter et al.off into two discrete organelles (Hurt et al., 1992; McCully and
1984). Proteins are glycosylated and folded in the lumen of tH8obinow, 1971). Several yeast NPC components essential for
ER and packaged into COPII coated vesicles that bud off ¢gfore distribution in the NE (Belgareh and Doye, 1997) and an
the ER and deliver their cargo to the Golgi apparatus (Orleafiner NE protein required for proper NE structure (Kops and
1992; Springer et al., 1999). After proteins transit through thé&uthrie, 2001) have been characterized. However, neither
Golgi apparatus they are targeted to either the vacuole or themins nor other structural elements that affect nuclear
plasma membrane (Pfeffer, 1999). organization or the changes in nuclear structure associated with
Although the ER and the nucleus differ in structure, theithe entry and exit of cells from mitosis have been identified in
membranes and lumens are continuous and both are the siy€ast.
of protein translation (Gant and Wilson, 1997). The nuclear SeveralS. pombemutants, including piml-d1 (Sazer and
envelope (NE) separates the contents of the nucleus from thiirse, 1994) and the sns mutants (Matynia et al., 1998), are
cytoplasm but is perforated with nuclear pore complexesnable to re-establish the interphase state of the nucleus after
(NPC), through which small molecules and ions freely diffusemitosis. piml-dl is a temperature-sensitive lethal mutant
and large molecules are selectively transported (Gant aritlat arrests after mitosis with condensed, unreplicated
Wilson, 1997). chromosomes and fragmented NEs (Demeter et al., 1995;
Higher eukaryotes undergo an open mitosis in which th&azer and Nurse, 1994). Thanl gene encodes the guanine
nuclear envelope breaks down before and is re-assembled afieicleotide exchange factor (GEF) for the Spilp GTPase, a
mitosis (Gant and Wilson, 1997). Lamins are critical formember of the evolutionarily conserved family of Ran
nuclear structure, forming a lattice that anchors the nucle&TPases. The RanGTPase is essential for three aspects of
pores and the chromatin to the NE (Gant and Wilson, 1997huclear structure and function: nucleocytoplasmic transport,
Lamins are also required for the assembly of DNA replicatiomitotic spindle formation, and the structure and post-mitotic
complexes (Ellis et al., 1997; Newport and Forbes, 1987)ye-assembly of the NE (Sazer and Dasso, 2000). No significant
indicating the importance of nuclear structure for nucleardefects in nucleocytoplasmic transport have been seen when
specific functions. the Ran system is perturbed $h pombgS.S.S., J. Demeter
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and S.S., unpublished) (Fleig et al., 2000), making it unlikel\Edgar, Fred Hutchinson Cancer Research Center and Chris Norbury,
that NE fragmentation is a secondary consequence of transpériperial Cancer Research Fund, UK), in which transcription is
defects. A nucleocytoplasmic transport-independent role fgfontrolled by the 3Xamtl promoter, was introduced by

the Ran GTPase in NE structure and function has also be8l§ctroporation or lithium acetate transformation (Moreno et al., 1991;
observed in vitro (Sazer and Dasso, 2000) Okazaki et al., 1990). Plasmids that restored growth at the restrictive

The temperature-sensitive sns mutanepated ot in S temperature were recovered from yeast, amplified in bacteria and

h h tvpicall bl iml-dl (Matvni ¢ Iretransformed into yeast to confirm rescue of the temperature-
phase) phenotypically resemble piml-dl (Matynia et al.ggqgitive lethality. Upon subcloning into pBluescript Il KS (pBS)

1998). Amongst this collec_tlon are ten cOmplementathQStratagene), inserts were sequenced using Sequenase version 2.0
groups that are not mutated in known components of the RgQnited States Biochemical). A BLAST search of the National Center
GTPase system but interact genetically with Ran or itfor Biotechnology Information (www.ncbi.nlm.nih.gov/cgi-bin/
regulators (Matynia et al., 1998). We report here that three &LAST/) and of the Sanger Center (www.sanger.ac.uk/Projects/
the sns strains, sns-A10, sns-B2 and sns-B9, are mutatedSnpombe/blast_server.html) databases was used to identify the genes
S. pombegenes encoding proteins whos cerevisiae contained in the plasmid inserts. Protein alignments were performed
required for protein modification and secretion from the ER.sofh|1va_re/ BOX_for;n.htm(Ij). Southern tl>lot d(SambbrgokP et al,, 1989)|
Atthe restrictive temperature sns-A10, sns-B2 and sns-B9 haf8eds= 142, B lie €8 iRy 0y s orena (Patterson et al,

abnormally dilated NE lumens and increased amounts of E 3§t)ala§28)fp]dmp labeled DNA probes prepared using Prime-It

characteristics they share with comparable budding yeastone 2 g kb genomic plasmid, pUR19-GAM1, and one 1.0 kb cDNA
mutants. However, the fission yeaSt Secretory mutants am}ismid’ pREP3Xar], which cross-hybridized, fully rescued the
unique because they are unable to progress normally througdmperature sensitivity of sns-A10. The 1.3 kb genohficDIII

the cell cycle. This cell cycle block is not due simply to afragment that conferred rescue of the temperature sensitivity lies
proliferation of ER membrane or to an inability to secretebetweemda3andpuclon chromosome 2 (Hoheisel et al., 1993) and
proteins from the cell. We propose that it is the defect in thgandom spore analysis was performed to show linkage of the

structure of the NE that interferes with the reestablishment dgmperature-sensitive mutation in sns-A10 to buta3andpucl
the interphase organization of the nucleus. The genomic plasmid XIX/pUR rescued the temperature sensitivity

of sns-B2 and mutant strains in which this plasmid was homologously
integrated showed linkage to the temperature-sensitive sns-B2 locus
. via random spore analysis.
Matenal; and Methods A homologous integrant of one genomic clone, isolated 25 times
Yeast strains and cell culture from the genomic library and 90 times from the cDNA library, was
All strains were derived from the wild-type haploid strain 972  shown to be linked to the temperature-sensitive mutation in sns-B9 by
(Leupold, 1970); mutants sns-A10, sns-B2 and sns-B9 (Matynia et atandom spore analysis.
1998), and ypt1l-VN and ypt2-VN (Armstrong et al., 1994; Craighead
et al., 1993) have been previously characterized. The wild-type strain ] )
SS767leul-32, urad-D18, ade6-M210; ltontaining an integrated Deletion strains and expression constructs
pREP42GFP-paptLEU2 plasmid (Toone et al., 1998) was crossed toFor use in the generation of deletion constructs,uthd gene was
sns-A10, sns-B2 and sns-B9 by standard methods. The nda3-311 caddibcloned into th&ma site in pBS to create the plasmid pB&4.
sensitive strain (Hiraoka et al., 1984) aAgucl deletion strain To generatesarlnull strains, a PCR fragment was synthesized from
(Forsburg and Nurse, 1994) were used to genetically linkattidocus  this template using 100 nt primers corresponding to 80 nt immediately
with the sns-A10 temperature-sensitive allele. The HMG CoA5 or 3 of the sarl coding sequence and 20 bases of the pBS
reductase gene was overproduced in wild-type pombecells polylinker sequence flanking thea4 gene (Bahler et al., 1998). The
harboring plasmid pPL238, which contains tecerevisihe HMG1 PCR product was gel purified and transformed into wild-typé-
gene under the regulation of the high-strer®jthombe nmtdromoter ~ 32/leul-32 ura4-D18/ura4-D18 ade6-M210/ade6-Ma1f-diploid
(Lum and Wright, 1995); gift of R. Wright, University of Washington. cells. Gene replacement was verified by PCR using an intaraél
Temperature-sensitive phenotypes were characterized in cells growngdmer and a primer flanking the deletion construct. The heterozygous
mid-log phase at 25°C (permissive temperature) and then shifted twll strainAsarl-6 was transformed with the pREP&¢4 plasmid
36°C (restrictive temperature) for 4 hours, unless otherwise statednd haploidAsarl-6 cells expressingarl from the nmtl promoter
Cells were grown in Edinburgh Minimal Medium (EMM) or Yeast were isolated.
Extract (YE) (Moreno et al., 1991) supplemented with amino acids To delete thesec31gene, the 5flanking sequence (-18 to —824
and/or 1 M sorbitol where stated. Ectopic expression of genes from thielative to the start codon) and thefldnking sequence (+67 to +941
high strength (8), medium strength (42 or low strength (8%) relative to the stop codon) were amplified by PCR and subcloned into
thiamine-regulatablemtl promoter was repressed by addition of 5 the Psi/Clal andBamH/Sad sites of pBSudrad. The resultingsec31
pg/ml thiamine and de-repressed by washing three times in mediaockout fragment was gel purified and transformed into a wild-type
without thiamine (Forsburg, 1993; Maundrell, 1990). Standardeul-32/leul-32 ura4-D18/ura4-D18 ade6-M210/ade6-M21'6h-
methods were used for random spore or tetrad analysis and to isolaiploid strain containing pSLF172-813€c31 Diploid ura4* colonies
haploid double mutant strains (Moreno et al., 1991). Temperaturevere isolated and Southern analysis was performed to confirm the
sensitive colonies were identified by replica plating to YE containingeplacement of theec31gene withura4. To construct the pSLF172-
the vital dye, phloxine B (Sigma) (Moreno et al., 1991). 81X-sec3lexpression plasmid, tlec310RF was first PCR amplified
and cloned into theura4 based plasmid pSLF173 (Forsburg and

) ) ) Sherman, 1997) to create pSLFI1S&:31 A LEU2 marked, low-
Library screens and DNA manipulations strength nmtL-controlled expression plasmid was constructed by
The genes mutated in sns-A10, sns-B2 and sns-B9 were cloned blgaving pSLF172 (Forsburg and Sherman, 1997) and subcloning the
complementation of the temperature sensitive lethality. Either anultiple cloning site and terminator into pRep81X, creating pSLF172-
genomic library in the pUR19 vector (Barbet et al., 1992) (gift of Tony81X. Finally, thesec310RF from pSLF173%ec31vas subcloned into
Carr, University of Sussex, UK), or a cDNA library (gift of Bruce pSLF172-81X to create pSLF172-8B¢c31



Fission yeast protein secretion mutants affect cell cycle progression 423

A deletion construct opmm1 pBSura4-pmml,containing the sec31-1) 1 M sorbitol in the absence of thiamine to induce GFP-Paplp
ura4 gene between 3 kb of mmZtflanking sequence and 80nt 6f 5 expression from themtl promoter. Cells were shifted to 36°C for
pmmZflanking sequence was constructed. The 3.7Skid-BstHI 4 hours and viewed both live and after fixation in methanol/
fragment from pBS#ad-pmmlwas gel purified and used to formaldehyde (Demeter et al., 1995) either before or after the addition
transform diploid cells as above. Gene replacement was verified f 0.8 M hydrogen peroxide to test for import and export, respectively.
Southern blot analysis. For promoter shutoff experiments in haploid
Apmm1ldeletion strains, the rescuimgmm1cDNA in the pREP3X
vector was subcloned into pREP81X and transformed intgrRegylts

heterozygouspmm1/pmm1::uraddiploid strains. Two independent .
LEU2 transformants were sporulated and hapldidmm1 cells sns-Al0, sns-B2 and sns-B9 are mutated in genes that

containing pREP8L)pmm1lwere isolated. encode proteins whose homologues are required for
early stages of the protein secretory pathway

, In the previously described sns screen (Matynia et al., 1998),
DNA sequence analysis . three temperature-sensitive lethal mutants, sns-A10, sns-B2
To identify mutant residues, the open reading frames cfafidocus  anq sns-B9, were isolated whose terminal phenotypes closely
in sns-A10 and of theec31locus in sns-B2 were amplified by PCR resembled that of cells in which the Ran GTPase is

and sequenced using either the CYCLIST-eéRBU kit (Stratagene : . .
or Ther?noSequenasge Cycle Sequencing Kit (Amersr(1am Lifge Sci)enéglsregulated. The genes mutated _n these strains were
Inc.). i ent|f|ed by compl_ementatlon of their temperature sensitive
lethality (see Materials and Methods).

One cDNA that rescued the temperature sensitivity of sns-
Acid phosphatase glycosylation analysis A10 corresponded to the complete ORF of #a&l gene,
The glycosylation profile of the secreted protein acid phosphatase waghich had previously been clonedSn pombdy its ability to
analyzed by western blot. Wild-type, sarl-1, sec31-1 (in EMM), yptleomplement a temperature sensit®ecerevisiacsarlp GEF
VN and ypt2-VN cells (in YE) were grown to mid-log phase andmutant,sec121 (d’Enfert et al., 1992). Th&. pombeSarl
shifted to 36°C for 4 hours. pmm1-1 cells (in YE) were grown to midprotein is 71% identical t&. cerevisiacsarlp (Nakano and
log phase at 25°C, incubated in 50¢/mL cycloheximide (Sigma) \jyramatsu, 1989) and 63% identicalMb musculusSAR1A
for 1 hour at 25°C, followed by 1 hour at 36°C to inhibit protelnéfhen et al., 1993) (Fig. 1A). TS cerevisiaSarlp is a small

synthesis. These cells were collected by centrifugation, washed, r TP red f icular t t of teins f th
inoculated into 36°C media without cycloheximide, and harveste ase required Tor vesicular transport ol proteins irom the

after an additional 3 hour incubation at 36°C. Extracts were preparggR 10 the Golgi apparatus (Nakano and Muramatsu, 1989).
in HB buffer (Moreno et al., 1991). Proteins were separated by 10 dfwo nucleotide changes were identified in the gencsaid
12% SDS-PAGE and transferred to an Immobilon-P nylon membran@cus of the sns-A10 mutant strain: G79A, which results in
(Millipore). Acid phosphatase was detected by western blot analys@ glycine to serine change at amino acid position 27, and
using the monoclonal anti-acid phosphatase antibody Ab 7B4 (@99A, a silent mutation (Fig. 1A). Becausarl was linked
generous gift of J. Armstrong, University of Sussex, UK) asgenetically to the temperature-sensitive locus in the sns-A10
previously described (Schweingruber et al., 1986) and anti-HRBirain (see Materials and Methods), the sns-A10 alleaudf
secondary antibodies using the ECL detection system (Amershagyntained a mutation, and tearlnull mutant was rescued by
Life Science). expression of a plasmid borne copysairl (see below) sns-
A10 was renamed sarl-1.
Microscopy One genomic plasmid that rescued the temperature
Cells were observed with a Zeiss Axioskop fluorescence microscoiensitivity of sns-B2 was sequenced and found to contain a
and photographed on color slide film or with a DVC 1300 Black andsingle ORF $. pombecosmid SPBC8D2) encoding a protein
White CCD camera with QED software. To determine cell cycle stag28% identical toS. cerevisiaesec31p (Goffeau et al., 1996)
distribution, wild-type, sec31-1 and wild-type cells overexpressingand 29% identical to the Sec31 protein homologueHin
HMGI (grown in EMM), and wild-type, sarl-1, pmm1-1, yptl-VN sapieng(Tang et al., 2000) (Fig. 1B). TI® cerevisia&ec31
and ypt2-VN (grown in EMM supplemented with sorbitol) were protein is required for budding of COPII vesicles from the ER
ethanol fixed and stained with DAPI as previously described (Moren§uring the process of protein secretion (Salama et al., 1997).

etal., 1991). Wild-type, sarl-1, and sec31-1 cells grown in EMM, an ) . .
pmmi-1 cells grown in EMM supplemented with sorbitol were he sns-BXxec31locus has three G to A nucleotide mutations

prepared for electron microscopy by high-pressure freeze substitutiénat would res_ult In amino amd_changes S7N, E72K and GSQD
as previously described (Demeter et al., 1995), except that samplés the N-terminus of the protein (Fig. 1B). The sns-B2 strain
were substituted in 1% osmium tetroxide containing 0.1% uranyWill be referred to as sec31-1 because the temperature
acetate instead of tannic acid. Samples were post-fixation stained wlgnsitivity of the sns-B2 mutant was linked to siee31locus
1% aqueous uranyl acetate and Reynold’s lead citrate and obsenadd thesec31locus in sns-B2 contained three mutations.
on a Hitachi H7000 electron microscope. A minimum of 130 cells One cDNA that rescued the temperature sensitivity of sns-
was scored for each sample. Livear1 and\pmm1 cells were stained B9 was sequenced and found to contain a single PR 1,
withl3,3-.dihexyloxacarbocyanine iodidg (Di@Molecular Propes) which encodes phosphomannomutaSe.pombePmmip is
f/? V'Slﬁ’;"ztﬁ Cg&‘frgfnm?r?”is f‘“‘ig‘ggh Hoechst 33342 (Sigma) 920y, jdentical toS. cerevisiacSec53p (Goffeau et al., 1996)
sualize the (Demeter et al., ): and is 56% identical téd. sapiensphosphomannomutase 1
(Hansen et al, 1997) (Fig. 1C). The enzyme
Nuclear protein transport assays phosphomannomutase is required for the synthesis of
Wild-type or mutant sns strains containing the integrated pREP4dnannose-1-GDP, which is required for synthesis of the
GFP-papl-LEUZplasmid were grown to mid-log phase in EMM at carbohydrate used for glycosylation of proteins destined for
25°C, with (wild-type, sarl-1 and pmm1-1) or without (wild-type andsecretion (Feldman et al., 1987; Orlean, 1992). Based on the
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budding yeast and mammalian homologues. (A) Protein sequence
alignment of Sarlp i8. pombgSp), accession number M95797
(d’Enfert et al., 1992); Sarlp B. cerevisiaéSc), accession humber
A33619 (Nakano and Muramatsu, 1989); and SAR1K.imusculus
(Mm), accession number P36536 (Shen et al., 1993). (B) Protein
sequence alignment of Sec31@BinpombéSp), direct submission,
accession number CAA17835; Sec31sircerevisiag¢Sc), accession
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linkage between the temperature-sensitive locus in sns-B9 aagparatus the protein migrates as a diffuse band of greater than
the pmmllocus (see Materials and Methods), and the rescu@5 kDa (Schweingruber et al., 1986).
of thepmm1null strain by expression of a plasmid borne copy In sarl-1 cells, acid phosphatase accumulated in its 72 kDa
of pmm1(see below), the sns-B9 strain will be referred to agore glycosylated form (arrow) even at 25°C (Fig. 2A, lane 5),
pmm1-1 and this form increased in abundance upon incubation at 36°C
(Fig. 2A, lanes 6-8), indicating a block in its secretion from the
ER (Schweingruber et al., 1986).
sarl-1, sec31-1 and pmm1-1 accumulate a normally The glycosylation profile of acid phosphatase in sec31-1
secreted protein in the ER cells also revealed a block in secretion from the ER (Fig. 2B).
To determine whether there are defects in the secretion bf sec31-1 cells at 25°C (Fig. 2B, lane 3), a low level of the
proteins from the ER in the sarl-1, sec31-1, and pmm1-12 kDa form of acid phosphatase (arrow) and high molecular
mutant strains, the glycosylation profile of a secreted proteinyeight smears indicated normal protein secretion. However,
acid phosphatase, was analyzed. In wild-type cells incubatesc31-1 cells incubated at 36°C for 4 hours, accumulated a high
at 25°C (Fig. 2A, lane 1; Fig. 2B, lane 1) or at 36°C for up tdevel of the 72 kDa ER form of acid phosphatase (Fig. 2B, lane
4 hours (Fig. 2A, lanes 2,3,4; Fig. 2B, lane 2), acid phosphatadg, indicating that protein secretion from the ER is inhibited.
was fully processed with regard to the addition of carbohydrate pmm1-1 cells accumulated low levels of underglycosylated
groups as previously reported (Ayscough and Warren, 199&R forms of acid phosphatase at 36°C (data not shown). To
Schweingruber et al., 1986). When core N-linked glycosytharacterize the glycosylation defect more clearly, a pulse
groups are added to acid phosphatase in the ER it is convertexperiment was performed using cycloheximide-treated cells
to its 72 kDa form, and after further modification in the Golgito visualize only the newly synthesized forms of acid
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A B .
wild type sari-1 wild type sec31-1

Fig. 2.sarl-1, sec31-1 and pmm1-1 accumt ggolg? at HOCUC[S at 0 4 0 4
ER forms of acid phosphatase. Equal quant ) 0 T2 4 0 1 2 4 96°C:
of cell extracts were resolved by SDS-PAGE 187 * = =w aa oo 1874 "‘, |
transferred to a nylon membrane and probe 1184 !
with the anti-acid phosphatase monoclonal 851 . e —— 1184
antibody 7B4 (Schweingruber et al., 1986) 614 85+
unless otherwise stated. (A) Wild-type (lane: i 2 3 4 5 6 7 8 614 —
4) and sarl-1 (lanes 5-8) cells were harvest:
after 0, 1, 2 or 4 hours at 36°C. (B) Wild-typt c
(lanes 1,2) and sec31-1 (lanes 3,4) cells we wild type  pmm1-1 1 2 3 a
harvested after incubation for O or 4 hours a Hou.gs at o 4 o0 a D
36°C. (C) Wild-type (lanes 1,2) and pmm1-1  36°C: .
(lanes 3,4) cells were treated with Hours at wildtype  ypt1-VN = ypt2-VN
cycloheximide for 1 hour at the permissive 187 ." . 36°C: 0 4 0 4 0 4
temperature, washed, and released into pre 118
warmed media without cycloheximide at 36° | — 17| W0 R =N . 9 “}*—
Untreated cells and cells incubated for 4 ho — 1184
at 36°C were harvested. (D) Wild-type (lane 4 }q._ 85~ 3 —
1,2), ypt1l-VN (lanes 3,4) and ypt2-VN (lane: 613 61-
5,6) cells were harvested after 0 and 4 hour

36°C. Three times as much protein was loac
for the ypt mutants at 25°C to allow better
visualization of the acid phosphatase. The arrow indicates the 72 kDa core glycosylated ER form (A,B), the 45-75 kDa ipmcomplete
glycosylated ER forms (C) or the high molecular weight Golgi modified forms of acid phosphatase (D).

1 2 3 4 1 2 3 4 5 6

phosphatase (see Materials and Methods). The migration ofill cells was rescued by tkarlcDNA when expressed from
acid phosphatase as a high molecular weight smear indicatéte high levelnmtl promoter but not when expression was
that it is fully processed in wild-type cells at 25°C or 36°C andepressed by the presence of thiamine (see Materials and
in pmm1-1 cells at 25°C (Fig. 2C, lanes 1-3). By contrastMethods). The terminal phenotype of haplaghrl cells was
pmm1-1 cells at 36°C accumulated unglycosylated or partiallgimilar to that of the sarl-1 mutant: 48 hours after promoter
glycosylated acid phosphatase, which migrate between 54 asHutoff, 27% ofAsarl cells were septated and binucleate with
72 kDa (Fig. 2C, lane 4, arrow) (Schweingruber et al., 1986)condensed chromosomes, as compared with only 9% septated,
Previously characterized strains defective at post-ER stagésucleate cells in control cultures in which the promoter was
of the protein secretory pathway were used as negative contralet repressed.
for these experiments (Armstrong et al., 1994, Craighead et al., Numerous attempts to delete one copyed3lin a wild-
1993). Mutants defective in the fusion of secretory vesicles ttype diploid strain were unsuccessful, perhaps due to haplo-
either the Golgi apparatus (ypt1-VN) (Armstrong et al., 1994)nsufficiency. To facilitate the generation of a heterozygous
or the plasma membrane (ypt2-VN) (Craighead et al., 1993)ull strain, the wild-type diploid was transformed with
processed acid phosphatase similarly to wild-type cells at 25°Q@SLF172-81Xsec31 a LEU2-containing plasmid in which
(Fig. 2D, lanes 1-3,5). At 36°C, yptl-VN and ypt2-VN wild-type sec3lexpression was driven by the lowest strength
accumulated the high molecular weight species indicative afimtlpromoter (see Materials and Methods) due to the toxicity
Golgi-modified forms of acid phosphatase (Fig. 2D, lanes 4,&f higher levels ofsec3lexpression (data not shown). One
arrow) (Ayscough and Warren, 1994). heterozygous diploidec3t/sec31::uradstrain was obtained
and random spore analysis of >2000 germinated spores
) produced naira4-positive colonies, indicating thaec31is an
sarl, sec31 and pmm1 are essential genes essential gene. Analysis of 28 tetrads revealed that spore
To determine the consequences of losssafl, sec3land viability was low: two weeks after tetrad dissection only 16%
pmm1l null alleles of each were generated by replacing thef the spores grew into colonies, while 63% remained
ORF with the selectablaira4 gene (see Materials and ungerminated. The remaining 21% of the spores did germinate
Methods). Whersarlt/sarl::ura4 heterozygous null diploids but either divided less than twice (17%) or formed
were sporulated naurad-positive haploid colonies grew, microcolonies (4%). None of the colonies or microcolonies
indicating thatsarl is an essential gene. Analysis of 15wasura4-positive, providing further evidence thegc31is an
complete tetrads from thearl*/sar::ura4 strain identified 14 essential gene. Asec31strain kept alive by expression of
tetrads in which viable to non-viable spores segregated 2s2c31from the lowest strengthmtl promoter could not be
and one tetrad with one viable and three non-viable sporesolated. Therefore, promoter shut-off experiments to study the
None of the viable colonies werga4-positive These data terminal phenotype of Sec31p-depleted cells in more detalil
confirmed thatsarl is an essential gene i8. pombgas could not be performed. It is clear, however, tet31lis an
previously reported (d’Enfert et al., 1992). Microscopicessential gene that is required for normal sporulation.
examination of 3Gsarl null spores indicated that 83% were The sporulation and germination pimm/pmml::urad
unable to germinate while 13% formed small colonies of 1-®eterozygous null diploids yielded 8100 colonies, only 16 of
cells, the majority of which were septated. The viabilitgafl ~ which wereura4-positive haploids, suggesting thphmZis an
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essential geneAnalysis of 26 complete tetrads from two microscopy (see Materials and Methods). In wild-type cells
different heterozygous null strainsnim/pmm1::ura42 and  grown at 36°C, the nuclear envelope was a circular structure
pmmX/pmm1::ura45) identified 25 tetrads in which viable to containing nuclear pores (Fig. 4A). In sarl-1, sec31-1 and
non-viable colonies segregated 2:2, and one tetrad with m@mm1-1, the nuclear envelopes were intact at the restrictive
viable colonies. None of the viable colonies wena4- temperature, but the nuclear envelope Ilumens were
positive. These data confirm thatmlis an essential gene. dramatically dilated and easier to visualize than in wild-type
Microscopic examination of the tetrad dissection plategells (Fig. 4B,C,D, arrowheads). This defect is more clearly
revealed that, of 54pmml null spores examined, 98% seen at higher magnification (compare Fig. 4E with Fig.
germinated. Of these, 52% formed single, rounded cells amtF,G,H). sarl-1, sec31-1 and pmml-1 mutant cells also
47% arrested as single, septated cells. displayed a dramatic increase in cytoplasmic membranes that
The viability of Apmm1 cells was rescued by expression ofwere dilated and easier to visualize than in wild-type cells (Fig.
the pmm1cDNA from the lowest strengthmtlpromoter, but  4B,C,D, arrows). In wild-typ&. pombeells the ER surrounds
not when expression was repressed. 48 hours after promoterd is continuous with the nuclear envelope and extends
repressionApmml1 cells stopped dividing and arrested with athrough the cytoplasm to the cell periphery where it lies
terminal phenotype similar to that of the pmm1-1 temperaturémmediately adjacent to the plasma membrane (Pidoux and
sensitive mutant: 19% were septated, binucleated cells withrmstrong, 1992; Pidoux and Armstrong, 1993). Since the
condensed chromosomes. excess cytoplasmic membranes seen in the mutants emanated
from the nuclear envelope and cell periphery and lacked
) nuclear pores, they are most likely derived from the ER. These
sarl-1, sec31-1 and pmm1-1 accumulate cytoplasmic membranes were uniformly distributed throughout the
membranes cytoplasm in sarl-1 (Fig. 4B), appeared to ‘bubble’ off from
Defects in the membranes of sarl-1, sec31-1 and pmm1-1 wereth the nucleus and the cell periphery in sec31-1 (Fig. 4C),
previously characterized using the vital lipophilic fluorescenand accumulated around the nucleus in pmm1-1 (Fig. 4D).
dye, DiOG, which binds to all cellular membranes (Matynia et56% of sarl-1, 68% of sec31-1, and 50% of pmmZ1-1 cells had
al., 1998). Compared with wild-type cells, there appeared to beccumulated ER membranes and dilated nuclear and ER
an increase in cytoplasmic membranes in sarl-1, sec31-1 alnens (Table 1).
pmm1-1, and the nuclear envelopes could not be clearly
visualized in sarl-1 or pmm1-1. Promoter shut off experiments . ] )
(described above) showed that 27% Asfarl and 19% of Nucleocytoplasmic transport is normal in sarl-1, sec31-
Apmm1 cells accumulated abnormal membranes that could Beand pmm1-1
visualized with DiOG (Fig. 3; compare E with A, and G with To test whether the structurally abnormal nuclear envelopes
C). By contrast, the nuclear envelopes of two previoushaffect nuclear function, nuclear protein import and export in
characterize®. pombesecretory mutants, yptl-VN and ypt2- sarl-1, sec31-1 and pmm1l-1 was assayed by monitoring the
VN, which are defective in post-ER stages of the pathway, coulldcalization of the GFP-Paplp reporter protein. Paplp is a
be clearly delineated (data not shown) (Craighead et al., 1993}ress response transcription factor that shuttles between the
These data indicate that the membrane accumulation observedcleus and cytoplasm (Toone et al., 1998). At steady state,
in sarl-1Asarl, sec31-1, pmm1-1 aAgmml is not a general GFP-Paplp is actively exported from the nucleus and its
characteristic of fission yeast protein secretory mutants. localization appears to be exclusively cytoplasmic. Upon
To more clearly delineate their membrane abnormalitiegyxidative stress, such as exposure to hydrogen peroxide, Paplp
sarl-1, sec31-1 and pmml-1 were examined by electrampidly accumulates in the nucleus (Toone et al., 1998). GFP-

Fig. 3.Asarl and\pmm1 null Asar1l + pREP3X-sar1 Apmm1 + pREP81X-pmm1
Membranes DNA

strains accumulate cytoplasmic
membranesAsarl, containing

pREP3Xsarl, andApmm1,

containing pREP81pmm1

were grown in media either

without thiamine, to allow promoter
expression (promoter ON; ON
A-D) or with thiamine, to

repress expression (promoter

OFF; E-H). After 48 hours,

live cells were stained with

both DiOG;, to visualize

cellular membranes (A,C,E,G),

or Hoechst, to visualize DNA

(B,D,F,H). Cells in which the ~ promoter
promoter was off contain an OFF
increase in cellular membranes

compared with cells in which

the promoter remained on. Bar,

10 um.

Membranes

DNA
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wild type sar1-1 sec31-1 pmmi-1

Fig. 4.sarl1-1, sec31-1 and pmm1-1 have accumulated ER membranes and dilated nuclear envelope lumens. Electron micrographs of wild-tyyg
(A,E), sar1-1 (B,F), sec31-1 (C,G) and pmm1-1 (D,H) cells grown for 4 hours at 36°C. Wild-type cells contain nuclei witmogpimalbgy

and few cytoplasmic membranes. sarl-1, sec31-1 and pmm1-1 have dilated nuclear envelope lumens and accumulated ER n@zDpranes (B,
arrows). The nuclear envelopes, indicated by arrowheads, are shown at higher magnification to compare the width of thaéltitgpa of

with sarl-1, sec31-1 and pmm1-1 strains (compare E with F,G,H). Bar,(A-D); 0.2pum (E-H).

Paplp was localized predominantly to the cytoplasm in wildthose of yptl-VN and ypt2-VN (Armstrong et al., 1994;
type cells (Fig. 5A) as well as in the sarl-1, sec31-1 and pmmGCraighead et al., 1993), which are defective in post-ER stages
1 mutants grown at the restrictive temperature, suggesting thaft secretion. sarl-1, sec31-1 and pmml-1 arrested at the
nuclear protein export was not adversely affected in these cellsstrictive temperature with a high percentage of septated,
(Fig. 5C,E,G). When hydrogen peroxide was added for 1b6inucleated cells (Table 2). However, the cell cycle distribution
minutes, GFP-Paplp relocalized to the nucleus in wild-typef yptl-VN and ypt2-VN was comparable with that of wild-
(Fig. 5B) and mutant cells (Fig. 5D,F,H) at 36°C. These dattype cells (Table 2). These data indicate that a block in protein
indicate that the nuclear envelopes of sarl-1, sec31-1 amsécretion alone is not sufficient to cause the cell cycle arrest
pmml-1 are intact and competent for nucleocytoplasmiobserved in pmm1l-1, sec31-1 and sarl-1.

transport.

Proliferation of ER membranes alone does not result in
The cell cycle arrest of sarl-1, sec31-1 and pmm1-1 is a cell cycle arrest in S. pombe cells
not due to a general defect in protein secretion We next wanted to ask whether ER proliferation in the absence
sarl-1, sec31-1 and pmm1-1 mutants arrest after mitosis boft nuclear envelope dilation could cause a cell cycle arrest. It
before S-phase (Matynia et al., 1998). To ask if the proteihas been shown previously $1 pombendS. cerevisia¢hat
secretion defect is responsible for this cell cycle arrest, thiacreasing the levels of th8. cerevisiaeHmglp causes a
terminal phenotypes of these three strains were compared wipholiferation of ER membranes called karmellae that surround
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Table 1. sarl-1, sec31-1 and pmm1-1 cells accumulate ER Table 2. Neither ER membrane proliferation nor defects in

membranes and dilated nuclear envelopes post-ER stages of the secretory pathway cause cell cycle
Normal Abnormal membranes (%) arrest
Strain membranes (%) Excess*  Dilated NEs Both Septated (%) Unseptated (%)
Wildtype 97 1 2 0 Strain Mononucleate Binucleate  Mononucleate Binucleate
sarl-1 33 3 8 56 Wildtype 0 9 87 4
sec31-1 24 1 7 68 ypt1-VN 0 10 87 3
pmmi-1 23 5 22 50 ypt2-VN 0 12 86 2
_ o sarl-1 0 41 55 4

Membrane morphology was determined by examination of electron sec31-1 0 45 50 5
micrographs of at least 130 cells per sample. pmm1-1 0 38 59 3

*Cells containing excess ER membranes were qualitatively defined as tho wjidtype 0 12 82 6
containing at least twice as much ER as found in a typical wild-type cell. overexpressing

*Cells containing dilated NEs were qualitatively defined as those HMG1

containing NEs that were at least twice as wide as a typical wild-type NE.

The percentage of cells that were septated, binucleate or mononucleate was
determined by microscopic examination of greater than 200 DAPI-stained

the nucleus but do not perturb the nuclear envelope (Lum arcells:
Wright, 1995; Wright et al., 1988). Wild-tyf®. pombecells

expressingHMG1 from the highest strengtmmtl gene  genetic interactions with components of the Ran GTPase
promoter (Wright et al., 1988) for 24 hours had a cell cyclystem. The genes mutated in sns-A10, sns-B2, and sns-B9
distribution comparable with that of wild-type cells (Table 2)were identified by complementation of their temperature-
and with wild-type cells in whictHMG1 expression was sensitive lethality. All three were found to encode proteins
repressed (data not shown). The distribution in all thregequired for protein secretion: sns-B9 is mutateghimn1 sns-
samples remained similar after 48 hoursiMG1 expression  A10 is mutated irsarl, and sns-B2 is mutated gec31

(data not shown). These data indicate that ER proliferation phosphomannomutase (Pmm) is an evolutionarily conserved
alone, in the absence of nuclear envelope abnormalities, is n&fizyme that converts mannose-6-phosphate to mannose-1-
sufficient to cause a cell cycle arrestSnpombeeells. phosphate, the precursor for the synthesis of cellular
carbohydrate moieties required for N-linked and O-linked
glycosylation and GPI anchor synthesis (Orlean, 1992).

Discussion . Phosphomannomutase is essential for secretion because proteins
sns-A10, sns-B2, and sns-B9 are mutated in genes must be properly glycosylated and folded to be recognized as
required for protein secretion and cell cycle progression substrates for secretion from the ER. In $heerevisiasec53-

The sns (sptated_pt in Sphase) mutant screen identified 6 temperature sensitive phosphomannomutase mutant, proteins
temperature sensitie. pombenutants unable to complete the that are normally secreted are improperly glycosylated and
mitosis to interphase transition (Matynia et al., 1998). Like the@ccumulate in the ER lumen (Ferro-Novick et al., 1984). We
previously characterized RanGEF mutant pim1-d1, the snsave shown that the fission yeast pmm1-1 phosphomannomutase
mutants arrest after mitosis but before S-phase with condenseditant also accumulates partially glycosylated acid phosphatase
unreplicated chromosomes, a medial septum and abnormalthe ER when incubated at the restrictive temperature.

NEs. Among the ten strains not mutategbiml, the terminal In contrast to the secretory defect caused by defective
phenotypes of sns-Al10, sns-B2 and sns-B9 most closefjhosphomannomutas&. cerevisiaestrains with defects in
resemble that of pim1l-d1 and these three mutants also haSarlp or Sec31p are competent for glycosylation but have a

wild type sari-1 sec31-1 pmm1-1
.y
minus B ke JJ
hydrogen - ’C _
peroxide ol .
C

A
plus
hydrogen
peroxide

Fig. 5.Nuclear protein import and export are normal in sarl-1, sec31-1 and pmm1-1. Wild-type, sarl-1, sec31-1 and pmm1-1 cells with
integrated GFP-Paplp under the medium stremgitipromoter were incubated at 25°C until mid-log phase, then shifted to 36°C for four
hours. Cells were photographed either without addition of hydrogen peroxide, showing that GFP-Pap1lp is exported fronstiie GQE|EY

or after exposure to 0.8 mM hydrogen peroxide for 15 minutes, showing that GFP-Paplp is imported into the nucleus (BtD1Bh.Ba
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block in secretion because cells are unable to form the COPdle continuous, the inability to secrete proteins from the ER may
coat on ER secretory vesicles. This accumulation of proteirdirectly result in the observed dilation of the nuclear envelope
in the ER is accompanied by an accumulation of ER membraraad ER lumen. Mutations i8. cerevisia&sarlp, Sec31p and
(Salama et al., 1997). Sarlp is a soluble GTPase and ®ec53p also block protein secretion from the ER and cause
interaction on the cytoplasmic face of the ER with its GEFproliferation of ER membranes (Ferro-Novick et al., 1984;
(Secl2p) initiates COP Il coat formation (Springer et al.Salama etal., 1997; Yamanushi et al., 1996). What distinguishes
1999). Once Sarlp is converted to its active GTP-bound statthe S. pombesecretory mutants from thei®. cerevisiae
two cytoplasmic complexes, Sec23p/Sec24p and Secl3pdunterparts is their cell cycle arrest after mitosis but before S
Sec31p, are recruited to the ER membrane and incorporatptiase with condensed, unreplicated chromosomes.
into the COP Il vesicle coat. Sec23p, the Sarlp GAP, then
stimulates Sarlp-GTP hydrolysis rendering the COPII vesicle
competent for fusion to the cis-Golgi. A general defect in protein secretion is not sufficient to
Structural homologues of Sarlp have been identified in gause a cell cycle arrest in fission yeast
variety of organisms (Goffeau et al., 1996; Shen et al., 1993f the cell cycle arrest seen in sarl-1, sec31-1 and pmm1-1 in
Their functional conservation was demonstrated Sn  S. pombés due to defects in the secretion of a specific protein(s)
cerevisiady showing that a mutation in the Sarlp GEéc2- or lipid(s) from the cell, then mutants defective in protein
1) can be rescued by expression of either the fission yeast sgcretion at later steps of the secretory pathway should also
budding yeassarl gene (d’Enfert et al., 1992). Ttearl-1  exhibit a similar cell cycle arrest. This hypothesis was tested by
mutant allele identified in the sns screen contains a nucleotidsxamining cell cycle progression in the ypt1-VN and ypt2-VN
mutation that results in the amino acid substitution G27S in theautants, which can secrete proteins from the ER but are unable
G1 region of the GTPase, a highly conserved motif requiretb fuse secretory vesicles to the Golgi apparatus or plasma
for nucleotide binding (Bourne et al., 1991). Mutations in thismembranes, respectively (Armstrong et al., 1994; Craighead et
region that cause temperature-sensitive lethality and awd., 1993). We found that neither yptl-VN nor ypt2-VN
predicted to inhibit nucleotide binding B. cerevisiacSarlp undergoes a cell cycle block at the restrictive temperature. A
are defective in vesicle budding from the ER (Yamanushi et alblock in protein secretion is therefore not sufficient to cause a
1996). TheS. pombearl-1 G27S mutation renders the proteincell cycle stage specific arrest. These data suggest that the cell
temperature sensitive and acid phosphatase accumulates indggle block in sarl-1, sec31-1, and pmml-1 is caused
72 kDa ER glycosylated form in mutant cells incubated at thepecifically by the accumulation of proteins in the ER, or the
restrictive temperature. consequences thereof, rather than from an inability to deliver
S. cerevisiaeSec31p is a component of a cytoplasmicproteins to the Golgi apparatus or the plasma membrane.
complex, which is recruited to the ER membrane after Sarlp
activation and is required for COP Il coat formation and vesicle o .
budding from the ER (Salama et al., 1997). Thepombe Cell cycle progression in budding yeast does not depend
Sec31 protein is similar to Sec31pSncerevisiaéGoffeau et ~ On protein glycosylation or secretion
al., 1996) andH. sapiengTang et al., 2000). There are three Among the more than 40 secretion defective strains that have
nucleotide changes in tisec31-lallele resulting in amino acid been characterized ®. cerevisiaenone has been reported to
changes S7N, E72K and G80D. At comparable positions, thexhibit a classical cell division cycle (cdc) arrest (Ferro-Novick
Sec31 proteins 08. cerevisiaeand H. sapiensalso have a et al.,, 1984; Jedd et al., 1995; Newman and Ferro-Novick,
serine and a glycine, respectively. All theee31-Imutations  1987; Novick et al., 1980; Segev and Botstein, 1987). This
are located in the N-terminal portion of the protein which hasuggests that protein secretion per se is not essential for cell
been shown to be required for bindingSfcerevisia&ec31p cycle progression in budding yeast.
to Secl3p, an interaction which is necessary for COP Il coat Many secreted proteins require glycosylation for proper
formation (Shaywitz et al., 1997). folding in and subsequent secretion from the ER. Several
pmm1-1, sarl-1, sec31-1 and mutants in tBeicerevisiae previously published studies . cerevisiaesuggest that
homologues (Ferro-Novick et al., 1984; Nakano and Muramatsipyotein glycosylation affects cell cycle progression and a
1989; Salama et al., 1997; Yamanushi et al., 1996) accumulatember of genes required for protein glycosylation have cell
normally secreted proteins in the ER, although they interfereycle regulatory elements in their promoters (Kukuruzinska
with secretion by different mechanisms. All three of thBse and Lennon-Hopkins, 1999). However, mdst cerevisiae
pombemutants exhibit a similar cell cycle arrest at the mitosignutants deficient in glycosylation do not exhibit classical cell
to interphase transition. Therefore, this defect is most likely theycle regulatory defects (Kukuruzinska and Lennon-Hopkins,
direct or indirect result of the block in protein secretion from thel999) indicating that protein glycosylation is not required for
ER, a characteristic of all three mutants, rather than eell cycle progression.
glycosylation defect, which is unique to the pmm1-1 mutant.
In S. cerevisiagseveral secretory mutants are transiently ) o o
blocked in nuclear protein import, suggesting a possibl&R proliferation is not sufficient to cause a cell cycle
connection between protein secretion and NE functio@rest in fission yeast
(Nanduri et al., 1999). However, sarl-1, sec31-1 and pmm1-lo determine whether the ER membrane accumulation seen in
are competent for nucleocytoplasmic import and export. pmml-1, sarl-1 and sec31-1 interferes with cell cycle
S. pombe@mm1-1, sarl-1 and sec31-1 exhibit a proliferationprogression, we asked whether cells that have excess ER
of ER membranes and a swelling of the ER/NE lumen. Becauseembranes but do not have nuclear defects undergo a cell cycle
the membranes and lumens of the nuclear envelope and the BRest. In fission yeast, overexpressiotidG1,the gene that
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encodes the budding yeast ER resident protein HMG-CoAptl-VN, ypt2-VN as well as the anti-acid phosphatase antibodies,
reductase, causes the proliferation of ER into stacked pairedd Robin Wright for providing thelMG1 overexpression plasmid.
membranes around the nucleus (called karmellag) anye also thank Mary Morphew for preparation of EM samples and
peripheral membrane stacks near the plasma membrane (Lul—;ﬁnk Adams and Frank I—!ert_)ert in the Baylor Integrated Mlcroscopy
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