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Nucleocytoplasmic transport of mRNA is essential for eukaryotic gene expression.
However, how mRNA is exported from the nucleus is mostly unknown. To elucidate the
mechanisms of mRNA transport, we took a genetic approach to identify genes, the
products of which play a role in that process. From about 1000 temperature-sensitive (ts™
or cs”) mutants, we identified five ts~ mutants that are defective in poly(A)* RNA
transport by using in situ hybridization with an oligo(dT)s, as a probe. These mutants
accumulate poly(A)™ RNA in the nuclei when shifted to a nonpermissive temperature.
All five mutations are tightly linked to the ts™ growth defects, are recessive, and fall into
four different groups designated as ptr 1-4 (poly(A)™ RNA transport). Interestingly, each
group of mutants has a differential localization pattern of poly(A)™ RNA in the nuclei at
the nonpermissive temperature, suggesting that they have defects at different steps of the
mRNA transport pathway. Localization of a nucleoplasmin-green fluorescent protein
fusion suggests that ptr2 and ptr3 have defects also in nuclear protein import. Among the
isolated mutants, only ptr2 showed a defect in pre-mRNA splicing. We cloned the ptr2*
and ptr3* genes and found that they encode Schizosaccharomyces pombe homologues of the
mammalian RCC1, a guanine nucleotide exchange factor for Ran/TC4, and the ubiquitin-
activating enzyme E1 involved in ubiquitin conjugation, respectively. The ptr3™ gene is
essential for cell viability, and Ptr3p tagged with green fluorescent protein was localized
in both the nucleus and the cytoplasm. This is the first report suggesting that the

ubiquitin system plays a role in mRNA export.

INTRODUCTION

Eukaryotic cells are highly compartmentalized and
movement of macromolecules between the compart-
ments is an essential process for cellular functions.
mRNA is one of such moving molecules, being ex-
ported out of the nucleus to the cytoplasm unidirec-
tionally. Although the process of mRNA transport is
an important control step in the eukaryotic gene ex-
pression, the molecular mechanism involved is not
well understood.

The mRNA export seems to be a highly selective
process and requires cis-acting signals (reviewed in
Nigg et al., 1991; Riedel and Fasold, 1992). The forma-
tion of functional mature mRNA is a prerequisite for

* Corresponding author.

© 1997 by The American Society for Cell Biology

transport in eukaryotes. mRNAs are transported to
the cytoplasm after completion of the various process-
ing events following transcription, such as 5’ capping,
3’ poly(A) addition, pre-mRNA splicing, and nucleo-
tide modification. The structures formed in these steps
of mRNA processing may work as signals for nucleo-
cytoplasmic trafficking of mRNA. Based on an elegant
series of microinjection experiments, it has been
shown that the monomethyl cap structure might con-
stitute such an export signal (Hamm and Mattaj, 1990).
In addition, there is evidence of a linkage between 3’
end formation and the export of mRNA (Eckner et al.,
1991; Huang and Carmichael, 1996).

Export of mRNA from the nucleus seems to be an
energy requiring and carrier mediated process (Moffet
and Webb, 1981; French et al., 1987, Schroder et al.,
1989). Experiments using microinjection into Xenopus
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oocytes showed that the export of various classes of
RNA is, at least in part, mediated by class specific
rather than common factors (Jarmolowski et al., 1994).
Therefore, RNA-protein interaction plays an impor-
tant role in mRNA export. Recently, one of the most
abundant nuclear RNA-binding proteins, hnRNP A1,
was shown to shuttle between the nucleus and the
cytoplasm (Pifiol-Roma and Dreyfuss, 1991, 1992). A
nuclear export signal was identified in that protein
(Michael et al., 1995), and these workers suggested that
shuttling proteins like hnRNP Al may serve as a
carrier in RNA export to the cytoplasm. Similarly, Rev
protein encoded by human immunodeficiency virus
was reported to shuttle between the nucleus and the
cytoplasm. This protein contains a similar nuclear ex-
port signal in its activation domain, suggesting that it
also functions as an export carrier (Fischer et al., 1995).

Beside these biochemical approaches, other investi-
gators used genetic approaches to identify factors in-
volved in mRNA export in yeast. They screened col-
lections of yeast ts~ mutants to identify mutants that
accumulate poly(A)™ RNA in the nucleus at the non-
permissive temperature. These screens yielded 17 mtr
(mRNA transport) and 10 rat (ribonucleic acid traffick-
ing) mutants in Saccharomyces cerevisiae (Amberg et al.,
1992; Kadowaki et al., 1994a) and 1 rae (ribonucleic
acid export) mutant in Schizosaccharomyces pombe
(Brown et al., 1995). Characterization of those mutants
revealed several factors required for the export pro-
cess of mRNA. These factors are classified into three
groups based on their localization. The first group
consists of nucleoplasmic factors with diverse func-
tions in the nucleus. For example, RAT1 is an essential
gene encoding a protein with regions of homology to
Seplp. RAT1 is a nucleic acid binding protein with a
5'-3' exonuclease and DNA strand transfer activity
(Amberg et al., 1992). MTR1/PRP20 is a homologue of
mammalian RCC1 and S. pombe Pimlp (Kadowaki et
al., 1993). RCC1 is a guanine nucleotide exchange fac-
tor for Ran/TC4 which is a small GTPase of the Ras
superfamily. CNR1 and CNR2 were identified as a S.
cerevisize homologue of Ran/TC4 (Kadowaki et al.,
1993). MTR2 has a weak homology with a protein
mbeA implicated in plasmid DNA transfer in Esche-
richia coli (Kadowaki et al., 1994b). MTR13/NPL3 is
thought to be involved in the bidirectional transport of
macromolecules and contains RNA recognition motifs
(Singleton et al., 1995; Bossie et al., 1992). Factors local-
ized in the cytoplasm belong to the second group. The
best known factor in this group is RNA1 (Shiokawa
and Pogo, 1974). Recently, RNA1 was found to be a
homologue of RanGAP1, a GTPase activator for Ran/
TC4 (Bischoff et al., 1995). The Raelp in S. pombe also
belongs to this group. The third group consists of a
nucleoporin (nuclear pore complex protein) family.
Several nucleoporins that play a role in nucleocyto-
plasmic transport of mRNA have been identified, in-
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Table 1. Yeast strains

Strain Genotype Source
HM123 h™leul-32 M. Yanagida
SU32-5A h*ade6-M216 This study
SU59-1D h~leu1-32 This study
SU23-17B h*his2 leul-32 urad This study
975 h* M. Yanagida
972 h~ M. Yanagida
A60 h~leu1-32 ptrl-1 This study
52 h~™leu1-32 ptrl-2 This study
522 h~leul-32 ptr2-1 This study
S13 h~leul-32 ptr3-1 This study
T305 h~leu1-32 ptrd-1 This study
UDP6 h*/h~ura4D18/ura4-D18 This study

leu1-32/leul-32 ade6-M216/
ade6-M210

cluding RAT2 (Heath et al., 1995), RAT3/NUP133 (Li
et al., 1995), RAT7/NUP159 (Gorsch et al., 1995), and
several other nucleoporins (reviewed in Schneiter et
al., 1995).

It is likely that many more factors involved in
mRNA transport remain to be identified. Actually,
most of the mtr, rat and rae genes described above
have only one allele, suggesting that mutagenesis of
the genes involved in mRNA transport is not yet
saturated. To elucidate the mechanism of mRNA
transport, we have isolated and characterized mutants
defective in mRNA export in S. pombe, which is
thought to be a good model organism of higher eu-
karyotes. Here, we report the identification of five
mutations belonging to four complementation groups
named ptr 1-4 (poly(A)" RNA transport) and cloning
of the ptr2* and ptr3* genes.

MATERIALS AND METHODS

Strains, Media, and Culture

The yeast strains used in this study are listed in Table 1. S. pombe
were cultured using standard methods (Guthrie and Fink, 1991).
Mutant or wild-type cells were routinely grown in a rich medium
such as YPD. E. coli XL1-blue used for cosmid recovery was grown
in LB (0.5% yeast extract, 1% tryptone, 0.5% NaCl, 0.1% glucose, pH
7.5; 1.5% agar was added for plates).

Mutagenesis

The wild-type strain 972h~ and HM123 (b~ leu1-32) was mu-
tagenized with ethyl methanesulfonate (EMS) according to the
method described by Vijayraghavan et al. (1989). Cells growing in a
stationary phase were suspended at a density of ~10° cells/ml in 0.1
M sodium phosphate buffer (pH 7.0). The cells were then treated
with 1.8-2.3% EMS at 30°C for 1 h. This treatment resulted in
10-20% cell survival. The suspension was neutralized by adding 5%
sodium thiosulfate followed by dilution in distilled water and then
plated on YPD plates for growth at 26°C for ts™ mutants, or at 32°C
for cs™ mutants, for several days. After colonies appeared on plates,
a replica of colonies was taken on YPD plates containing phloxin B,
a dye that stains dead cells and facilitates the identification of ts~
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mutants. Replica plates were then kept at a nonpermissive temper-
ature of 37°C (ts™) or 22°C (cs™).

Fluorescent In Situ Hybridization

Each ts™ mutant was grown in YE medium (0.5% yeast extract and 3%
dextrose) at 26°C and shifted to 37°C for the indicated time. A cs™
mutant was grown at 32°C and shifted to 22°C for 6 h. The cells were
then subjected to in situ hybridization as described (Tani et al., 1995).
Fixation of cells was done with freshly prepared 4% formaldehyde in
0.1 M Sorensen phosphate buffer (pH 6.0) for 1 h at room temperature.
Cells were washed three times with PEM (100 mM PIPES, pH 6.9, 0.1
mM MgCl,, 1 mM EGTA) containing 0.3 M glycine and then treated
with 1 mg/ml of Novozyme 234 (Novo Nordisk, Bagsvaerd, Denmark)
and Zymolyase 100T (Seikagaku Kogyo, Tokyo, Japan) in PEMS (PEM
+ 1.2 M sorbitol) for 10 to 15 min at 37°C. Spheroplasted cells were
gently washed with cold PEMS and were put into the wells of Teflon-
faced multiwell slides (Polyscience, Warrington, PA) coated with poly-
L-lysine (M, 150,000-300,000, Sigma Chemical, St. Louis, MO). After
20-30 min, nonadhered cells were removed by aspiration and dehy-
drated for 5 min each through a graded series of ethanol (70/90/100%).
The slides were dried completely to avoid condensation and incubated
in prehybridization buffer containing 4X SSC, 5X Denhardt’s solution,
and 1 mg/ml of tRNA at room temperature for 30 min. Hybridization
was carried out with the same buffer containing 1 ng/ul of biotin- or
digoxigenin-labeled oligo(dT)sp e, for 12 to 16 h at 37°C in a humid-
ified chamber. Oligo(dT) was end labeled with a biotin-16-dUTP using
a terminal transferase (Boehringer Mannheim, Indianapolis, IN) ac-
cording to the manufacturer’s instructions. Following hybridization,
cells were washed four times in 4X SSC at 37°C (10 min/wash) and
briefly rinsed with 4X SSC/0.1% Triton X-100. Cells were incubated
with 4X SSC/1% bovine serum albumin containing fluorescein iso-
thiocyanate (FITC)-avidin for 30 min at room temperature. Unbound
FITC-avidin was washed out four times in 4X SSC and twice in 4X
SSC/0.1% Triton X-100 at room temperature for 10 min each. The cells
were counterstained with 1 pg/ml of 4',6-diamino-2-phenylindole
(DAPI), mounted with a mounting medium [90% glycerol, 10% phos-
phate-buffered saline (PBS), 0.1% p-phenylenediamine], and examined
under a Zeiss Axioplan microscope.

For triple staining, hybridized cells were washed as described
above and then incubated with Texas Red-avidin at a dilution of
1:50 in 4X SSC/1% bovine serum albumin for 30 to 40 min at room
temperature. Cells were washed with 4X SSC and 4X S$5C/0.1%
Triton X-100 as described above. After a brief incubation with
PBS-1% bovine serum albumin/0.1% sodium azide/0.5% cold wa-
ter fish skin gelatin (BAG), the cells were incubated with the D77
primary antibody at room temperature for 1 h in a humidified
chamber. The cells were then washed three times with PBS for 10
min each and incubated with an affinity-purified fluorescein-conju-
gated goat anti-mouse IgG antibody at a dilution of 1:50 in PBS-BAG
for 1 h at room temperature. After three washings with PBS, the cells
were counterstained with DAPI as described above. The cells were
finally examined under a confocal laser scanning microscope (LSM
410, Carl Zeiss, Thornwood, NY) equipped with a 100X, 1.3 apera-
ture oil immersion lens, an argon ion laser to excite FITC fluores-
cence, a helium/neon laser to excite Texas Red fluorescence, and a
UV laser for DAPI fluorescence.

A series of control experiments described below demonstrated
the specificity of the in situ hybridization assay used here. First, the
addition of a 500-fold molar excess of unlabeled oligo(dT)s, in the
hybridization buffer greatly diminished the nuclear signal (Figure
1C), showing the specificity of the oligo(dT) probe. Second, pretreat-
ment of the cells with RNase T2 (adenosine-specific ribonuclease)
before hybridization abolished the signal, possibly by destroying
poly(A) sequences responsible for annealing with the probe (Figure
1E). This result also confirmed that the probe was hybridized spe-
cifically with poly(A)* RNA. In addition, when mutant cells were
shifted to 37°C in the presence of 1,10-phenanthroline, which is a
RNA polymerase inhibitor in yeast (Santiago et al., 1986), the cells
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Figure 1. The in situ hybridization assay detects poly(A)* RNA spe-
cifically. The ptr1-1 (A60) cells grown at 26°C were shifted to 37°C for
4 h and then subjected to in situ hybridization with the biotin-labeled
oligo(dT) probe. Left and right columns show the poly(A)* RNA
visualized using FITC (A, C, E, and G) and DNA stained with DAPI (B,
D, F, and H), respectively. (A) Hybridization was done under the
normal conditions described in MATERIALS AND METHODS. ptrl
accumulates poly(A)* RNA in the nuclei. (C) Hybridization was per-
formed in the presence of 500-fold molar excess of unlabeled oligo(dT).
No hybridized signals were observed. (E) Cells were treated with 600
units/ml of RNase T2 at 37°C for 2 h before hybridization. Pretreat-
ment with RNase T2 abolished the hybridized signals. (G) Addition of
300 pg/ml of 1,10-phenanthroline to the culture before shifting to 37°C
resulted in no hybridization signal. Bar, 10 um.

did not show nuclear signals (Figure 1G). These results clearly
demonstrate that the assay used here indeed detected the accumu-
lation of poly(A)* RNA in the nuclei.

Genetic Analysis

All of the mutants that accumulated poly(A)* RNA in the nuclei at
the nonpermissive temperature were backcrossed three times with
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wild-type strains. Mating was usually done on a SPA plate. Diploid
strains were constructed on an MM plate and maintained on a YE
plate. Genetic manipulations of yeast cells, including strain con-
struction, sporulation, random spore analysis, tetrad dissection, and
heterozygous diploid analyses were performed according to the
standard procedures as described (Guthrie and Fink, 1991).

Analysis of Nuclear Protein Import in ptr Mutants

To analyze nuclear protein import, we constructed a plasmid con-
taining a chimeric DNA encoding a fusion of Xenopus laevis nucleo-
plasmin with green fluorescent protein (GFP; Chalfie et al., 1994) in
PREP3 (Maundrell, 1993) with an nmt promoter. The GFP-nucleo-
plasmin fusion protein was reported to be localized in the nucleus
in S. cerevisiae (Lim et al., 1995). The GFP-nucleoplasmin cDNA
fragment was obtained by cutting the plasmid pCHR5ST (a gift
from K. Khono, Nara Institute of Science and Technology, Japan, a
S65T version of pAGN1 described by Lim et al., 1995) with NotI and
HindlIll and was inserted into a Ball site of pREP3. This plasmid was
then introduced into the wild-type yeast strain HM123 and each of
the ptr mutants. For protein import assay, cells were incubated at
26°C and grown to early log phase in MM medium without thia-
mine. Each culture was then either maintained at 26°C or shifted to
37°C for 12 h. Cells were examined for GFP fluorescence signal in a
Zeiss Axioplan fluorescence microscope with a channel for FITC.
Photographs were taken with the exposure time of 40-50 s.

Isolation and Analysis of RNA

To prepare total RN A, cells were usually grown to mid-log phase at
26°C. For Northern blot analysis of mutant strains, cells were shifted
to 37°C for 2 h before harvesting. Total RNA was extracted from the
cells by disruption with glass beads followed by phenol/chloro-
form/isoamyl alcohol treatment (Nischt et al., 1986). Poly(A)*
mRNA was isolated from total RNA by using an oligo(dT)-cellulose
affinity chromatography as described (Sambrook et al., 1989). For
Northern blot analysis, total RNA or poly(A)* RNA was fraction-
ated on: a 1% agarose gel containing formaldehyde and transferred
to a nylon membrane (Gene screen plus, New England Nuclear,
Boston, MA) with 6X SSC. RNA was then fixed to the membrane by
UV cross-linking. Filters were prehybridized for several hours at
42°C in 6X SSC/5X Denhardt's solution/0.1%SDS/100 pg/ml
salmon sperm DNA/1 mM EDTA /50 mM sodium phosphate. Hy-
bridization was carried out overnight at 42°C with the same buffer
containing 3?P-labeled oligonucleotide probes complementary to
the transcription factor IID (TFIID) pre-mRNA. The filter was
washed once with 6X SSC at room temperature, twice with 6X SSC
at 42°C, followed by washing at 42°C and at 55°C with 2X SSC/
0.1%SDS for 10 min. The blot was exposed to a Fuji imaging plate
and analyzed by a Bioimaging Analyzer BAS1000 (Fuji Photo Film
Co., Kanagawa, Japan). To prepare the probes for Northern blot
analysis, oligonucleotides complementary to the first intron (5'-
GAAATCTCGTGACATGGTAG-3') and the third exon (5'GAGCT-
TGGAGTCATCCTCGG -3') of the TFIID pre-mRNA were 5’ end
labeled using [y-**PJATP (ICN Pharmaceuticals, Costa Mesa, CA)
and T4 polynucleotide kinase.

Cloning and Sequencing

The ptr* genes were cloned by complementation of ts~ growth
phenotypes of the mutant strains with a genomic library con-
structed in a cosmid vector pSS10. Transformation was done using
the lithium acetate method as described (Okazaki et al., 1990). Leu™
transformants at 37°C were examined using the instability test to
distinguish rescued transformants from phenotypic revertants. Cos-
mid DNAs were recovered using E. coli XL1-blue and retested for
their complementing ability for ts phenotypes. After several steps of
subcloning into pSP1 (Cottarel et al., 1993), the smallest fragment
with rescue activity was identified. To determine the nucleotide
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sequence, nested deletions were prepared by the treatment of the
genes cloned in the Bluescript KS* II with exonuclease III/mung-
bean nuclease. Both strands of each gene were sequenced using an
automatic DNA sequencer (ABI 373A DNA sequencer) and a Taq
dye terminator cycle sequencing kit (Perkins Elmer, Foster City,
CA).

A mutation site in the ptr3-1 gene was localized within the
HindIlI-Apal fragment (Figure 5) by using a gap repair method
(Guthrie and Fink, 1991). This region was amplified from the ptr3-1
gene by a polymerase chain reaction (PCR). Primers used for PCR
were 5'-GCTGCTGACAGCCGTGGTC-3’ and 5'-AGGAATTAAC-
CGGCTCTC-3'. The 2.6-kb PCR product was cloned into the
PGEM-T cloning vector (Promega, Madison, WI) and sequenced.
For isolation of the ptr3™ cDNA, reverse transcription of total RNA
with an oligo(dT) primer was used. The reverse transcription reac-
tion products were then amplified by PCR with the above primers
and cloned into the pGEM-T vector and sequenced. To determine
the precise 5’ end of the gene, 5 RACE was done according to
manufacturer’s instructions (Life Technologies, Gaithersburg, MD).

Integration Mapping

Targeted integration was performed as described previously (Guth-
rie and Fink, 1991). The 5.8-kb Sacl-Sacl ptr3™ fragment was ligated
to the Sacl site of Bluescript KS+II and the leu2* marker was
inserted at the Smal site in the same vector. The resulting plasmid
containing ptr3* and the leu2 * gene was linearized with HindIII
and transformed into wild-type strain SU59-1D. Transformants
were isolated for leucine prototrophy at the permissive tempera-
ture. DNAs were isolated from stable integrants and integration of
the plasmid into the authentic ptr3 * locus was confirmed by South-
ern blotting analysis. The strain in which the plasmid had integrated
into the authentic locus was mated with the ptr3-1 strain. Tetrads
were dissected and haploid spores were analyzed for segregation
pattern of temperature sensitivity and leucine auxotrophy.

Disruption of the ptr3* Gene

To disrupt the ptr3™ gene, we replaced the HindIII-Apal fragment in
the ptr3* open reading frame (Figure 7) with the S. pombe urad*
gene. The fragment containing the ptr3::ura4 disruption was intro-
duced into the diploid strain UDP6. Stably integrated clones were
isolated and replacement of ura4 was confirmed by PCR analysis
using primers from the ura4 * gene and the ptr3* flanking sequence
that was not replaced with ura4 *. The heterozygous diploids were
sporulated at the permissive temperature and tetrads were dis-
sected and analyzed.

Tagging of the ptr3* Gene

To construct a ptr3 *-GFP fusion gene, we first isolated a cDNA of
GFP from the plasmid GFP-TT (a gift from Y. Jin and H.R. Horvitz,
MIT, Boston, MA), which has the GFP ¢DNA in Tu 61 backbone, by
cutting with Agel and Apal. After treatment with the Klenow frag-
ment of DNA polymerase I, the fragment was inserted into the Mrol
site of the ptr3 * gene (Figure 7). The resulting plasmid was then
introduced into the ptr3-1 strain. The transformants were examined
by a fluorescent microscope to observe the expression of the Ptr3p-
GFP fusion protein.

RESULTS
Screening of the Temperature-sensitive Mutants
Defective in mRNA Transport

To identify mutants defective in mRNA transport, a
bank of mutants temperature sensitive for growth was
constructed by the treatment with EMS as described in
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MATERIALS AND METHODS. The colonies which
grew at 26°C (ts™) or 32°C (cs™) but failed to grow at
37°C (ts7) or 22°C (cs™) were saved for the mutant
bank. The wild-type strains were able to grow at both
temperatures. The concentration of EMS and incuba-
tion time required for mutagenesis were chosen to
achieve ~20% survival after treatment. We used flu-
orescent in situ hybridization to screen for mutants
that accumulated poly(A)" RNA in the nuclei at the
nonpermissive temperature. Each mutant in the bank
was first grown at the permissive temperature, shifted
to the nonpermissive temperature for 2 to 6 h, and
then subjected to in situ hybridization. Hybridization
was done with a biotin-labeled or a digoxigenin-la-
beled oligo(dT)s, probe, which anneals to the poly(A)
tail of mRNA and pre-mRNA. Hybridized signals
were detected with FITC-avidin or antidigoxigenin
antibody conjugated to FITC. The cells were counter-
stained with DAPI that stains DNA and examined
under an epifluorescence microscope. We screened a
collection of about 1000 temperature-sensitive (~815
ts” and ~185 ¢s”) mutants and identified five ts™
mutants (A60, S2, S22, S13, and T305) that condition-
ally accumulated poly(A)* RNA in the nucleus.

Each mutant was then backcrossed three times with
a wild-type strain. Analysis of several tetrads derived
from each mutant showed 2:2 segregation of the ts~
and wild-type phenotypes, suggesting that the ts~
phenotype is due to a single mutation. To confirm that
a single mutation is also responsible for the mRNA
export defect, cells originating from each spore after
the third backcross were subjected to in situ hybrid-
ization. In all cases, cosegregation of temperature sen-
sitivity and nuclear accumulation of poly(A)* RNA
was observed. In complementation analysis, diploids
from A60 and S2 exhibited a ts~ phenotype, suggest-
ing that these mutants belong to the same complemen-
tation group. The other three mutants fell into three
distinct complementation groups. Thus, we named
A60 (52), 522, 513, and T305 as ptrl, ptr2, ptr3, and ptrd
mutants, respectively. In situ hybridization with each
heterozygous diploid showed no accumulation of
poly(A)™ RNA in the nuclei, suggesting that the mu-
tations were recessive.

Figure 2 shows results of in situ hybridization with
ptrl-ptr4 or wild-type cells. In wild-type cells grown at
either temperature (26°C or 37°C), poly(A)* RNA was
distributed throughout the cells (Figure 2, A and C),
indicating efficient transport of mRNA from the nu-
cleus to the cytoplasm. At the permissive temperature,
all of the mutants showed a uniform distribution of
poly(A)* RNA throughout the cell (Figure 2, E, I, M,
and Q), thereby reflecting that mRNA transport is not
blocked in these mutants at this temperature. In con-
trast, ptrl shifted to the nonpermissive temperature
for 2 h showed nuclear accumulation of poly(A)*
RNA in 40-50% of the cells. The concomitant decrease
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of cytoplasmic mRNA in those cells suggested that
mRNA transport was inhibited. When ptr1 was shifted
to the nonpermissive temperature for 4 h, the percent-
age of cells showing nuclear accumulation of poly(A)*
RNA increased to 80-90% (Figure 2G). In ptr2, the
nuclear poly(A)* RNA signals were observed in about
50% of the cells after 2 h at 37°C (Figure 2K). The
percentage of cells with nuclear signals decreased
(~10%) after 4 h at 37°C in ptr2. Both ptr3 and ptré
mutants showed nuclear accumulation of poly(A)*
RNA in 40-50% cells after 2 h at 37°C (Figure 2, O and
S). There was no significant increase or decrease in the
percentages of cells with nuclear signals when shifting
time was extended to 4 h in these mutants. Interest-
ingly, the nuclei with accumulated poly(A)" RNA
were localized to corners in some of the ptr4 cells
(Figure 2S).

To determine whether the mRNA transport block
was reversible or not, all four mutants were first
shifted to the nonpermissive temperature for 2 h and
then returned to the permissive temperature for 2 h
before being subjected to in situ hybridization. The
poly(A)*" RNA was again found to be distributed
throughout the cell, showing that these mutants are
able to resume mRNA transport at the permissive
temperature.

In addition, each mutant was incubated at 37°C to
accumulate poly(A)™ RNA in the nuclei and then was
maintained at 37°C with 1,10-phenanthroline. Because
intense nuclear signals persisted after this treatment,
the accumulated poly(A)* RNA is sufficiently stable in
the nuclei. Accumulation of poly(A)* RNA in the
nuclei in all of the mutants was analyzed also at 15, 30,
60, and 90 min after the shift to the restrictive temper-
ature. No significant accumulation of poly(A)™ RNA
was observed in all cases at least before 90 min after
the shift.

Growth and viabilities of the wild-type and the mu-
tants after shift to the restrictive temperature were
examined (Figure 3). ptr2 lost viability quickly, ptrl
slowly, and ptr3 and ptr4 at an intermediate rate. The
increase in the fraction of ptrl cells with nuclear
poly(A)* RNA accumulation from 40 to -50% at 2 h to
80 to 90% at 4 h as described before, and the decrease
in ptr2 cells from about 50% at 2 h to about 10% at 4 h
may be correlated with slow and rapid loss of viabil-
ities in ptr1 and ptr2, respectively. No gross morpho-
logical changes occurred in the mutants at 2 or 4 h
after the shift except for ptr3, some cells of which
became fattened at 4 h.

Localization of Poly(A)* RNA in the Nuclei of the
Mutant Cells

To analyze localization of the poly(A)* RNA within
the nuclei, triple staining was carried out using the
oligo(dT)s, probe, the D77 antibody that specifically
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Figure 3. Growth characteristics of the ptr mutants at the nonper-
missive temperature. The wild-type and the mutant strains were
grown in YPD to a mid-log phase at the permissive temperature
(26°C) and diluted into fresh media. They were then cultured at
37°C for the indicated times. Total numbers of the cells were deter-
mined using a hemacytometer (A). Relative viability of the cells was
obtained from the number of colonies grown on YPD plates at 26°C
for 3 days (B). The symbols represent the strains as follows: closed
square, wild type; closed diamond, ptr1-1; open diamond, ptr2;
closed triangle, ptr3; and open circle, ptr4.

recognizes a nucleolar protein, fibrillarin (Aris and
Blobel, 1988; Tani et al., 1995), and DAPI which stains
DNA. In the wild-type strain, poly(A)* RNA was
uniformly distributed throughout the cells at 26°C and
37°C (Figure 4, A and a). The D77 antibody stains the
nucleolar region where fibrillarin is located, occupy-
ing about one-half of the nucleus (Figure 4, B and b).
DAPI stains a chromatin-rich region that does not
overlap with fibrillarin and occupies about the other
half of the nucleus (Figure 4, C and ¢). Poly(A)+ RNA,
fibrillarin, and DAPI in the ptr1-4 mutants cultured at
the permissive temperature (26°C) showed distribu-
tion patterns similar to those seen in wild-type cells
(Figure 4, H, L, P, and T). In contrast, when these
mutants were shifted to the nonpermissive tempera-
ture (37°C), differential sublocalization patterns for
poly(A)™ RNA were observed. In ptrl incubated at
37°C for 4 h, accumulation of poly(A)™ RNA was

Figure 2 (facing page). ptr mutants have defects in poly(A)* RNA
transport at the nonpermissive temperature. Wild-type (A-D),
ptr1-1 (E-H), ptr2 (I-L), ptr3 (M-P), and ptr4 (Q-T) cells were grown
at 26°C and either maintained at 26°C (left two columns) or shifted
to 37°C for 4 hin ptr1-1, 2 h in other strains (right two columns). The
cells were fixed and analyzed by in situ hybridization with the
biotin-labeled oligo(dT)s, probe. Hybridized signals were detected
by FITC-conjugated avidin. The FITC columns show the distribu-
tion of poly(A)* RNA in the respective cells. The DAPI columns
show staining of DNA of the cells in the same field. FITC and DAPI
photographs were taken with exposure times of 50-60 s and 5-10s,
respectively. WT, wild type. Bar, 10 wm.
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observed in two to three discrete spots (Figure 4, e).
The merged image shows that mRNA did not accu-
mulate either in the DNA region or in the fibrillarin
region (Figure 4, h). The site of accumulation of
poly(A)* RNA in this mutant seems to be outside of
those two regions. On the other hand, poly(A)” RNA
coincides with the D77 staining region in ptr2, giving
an overlapping image in yellow in the merged picture
at the nonpermissive temperature (Figure 4, 1). The
accumulated poly(A)* RNA is clearly separated from
the chromatin-rich region. In the ptr3 cells incubated
at 37°C for 4 h, poly(A)* RNA was colocalized with
the DNA stained by DAPI (Figure 4, p). The area
occupied by accumulated poly(A)* RNA is somewhat
larger than that of the chromatin-rich region. In this
case poly(A)™ RNA does not accumulate in the fibril-
larin-rich region. In ptr4 cells, the accumulation site of
poly(A)™ RNA mostly overlapped with the chroma-
tin-rich region (Figure 4, t). Interestingly, not all ptr4
cells at the nonpermissive temperature were stained
with the D77 antibody. The ptr4 cells that accumulated
poly(A)* RNA did not show the D77 staining and vice
versa (Figure 4, r and s). We examined 10-20 cells of
the wild type and each of the mutant strains to cor-
rectly localize accumulation of the poly(A)™ RNA in
the nuclei.

Defects in Nuclear Protein Import in the ptr
Mutants

To analyze whether ptr mutations cause defects in
nuclear protein import or not, we examined the dis-
tribution of a GFP-nucleoplasmin fusion protein in the
wild type and mutants. The cells expressing the fusion
protein were either maintained at 26°C or shifted to
37°C for 12 h (Figure 5). At 26°C, nuclear accumula-
tion of the fusion was shown in about 80% of the cells
in wild type, ptr1, ptr2, and ptr4 and in 40-50% cells in
ptr3. These results indicate that the fusion protein is
normally imported to the nucleus in wild type and in
ptrl, ptr2, and ptr4 at 26°C. It is probably the case also
in ptr3 since derepressed synthesis of the fusion pro-
tein in ptr3 cells, which did not show nuclear accumu-
lation of the fusion, seemed to be ineffective for an
unknown reason. Since fluorescence of the GFP-
nucleoplasmin synthesized at 37°C is much less than
that synthesized at 23°C or 30°C (Lim et al., 1995) and
since the ptr mutants have defects in mRNA export at
37°C, most of the fluorescence observed at 37°C in the
ptr mutants should represent that of the fusion protein
synthesized before the temperature shift. This inter-
pretation is further supported by the results that ad-
dition of thiolutin (2 ug/ml) or cycloheximide (10
pg/ml) just before the temperature shift did not sig-
nificantly alter the fluorescent distribution or inten-
sity. Therefore, uniform distribution of the fluores-
cence at 37°C in ptr2 and ptr3 suggests diffusion of the
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GFP-nucleoplasmin from the nucleus into the cyto-
plasm and a block of its reimport at 37°C in these
mutants. In contrast, nuclear accumulation of the fu-
sion protein in ptrl and ptr4 at 37°C suggests that
these mutants do not have a defect in its import.

ptr 2 Has Defects in Pre-mRNA Splicing

It was reported that mutations in MTR1/SRM1/
PRP20 and RNAI1 caused defects in RNA processing as
well as in RNA export (Kadowaki et al., 1994a; For-
rester et al., 1992). To examine whether the ptr muta-

polyA+ RNA

ptr3

ptr4

Figure 4 (cont).

fibrillarin
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tions affect pre-mRNA splicing at the nonpermissive
temperature, total cellular RNA isolated from cells
incubated at 26°C or cells after the shift to 37°C for 2 h
was subjected to Northern blot analysis of TFIID
mRNA. The oligonucleotide probes were used which
were complementary to the first intron or third exon
sequences of TFIID pre-mRNA. As shown in Figure 6,
wild-type, ptrl, ptr3, and ptr4 cells did not show ac-
cumulation of TFIID pre-mRNA at both permissive
and nonpermissive temperatures. Also, the amounts
of mature TFIID mRNA in the mutants described

Overlap

o
T

7O|I||||||!!I||I|||||||||||I||||||||||||I|||||||||I

Localization of accumulated poly(A)* RNA in the nuclei. Wild-type and mutant cells were grown at 26°C and either

maintained at 26°C (images in capital letters) or shifted to 37°C for 4 h (images with small letters), and then subjected to triple staining with
the biotin-labeled oligo(dT) probe (poly(A)* RNA), D77 antibody (fibrillarin), and DAPI (DNA). Images were taken usmg a confocal laser
scanning microscope equipped with an UV laser. In the merged images marked as “Overlap,” red denotes poly(A)* RNA, green denotes
fibrillarin, blue denotes DNA staining, yellow denotes colocalization of poly(A)* RNA and fibrillarin, and pink denotes colocalization of

poly(A)* RNA and DNA. WT, wild type. Bars, 3.5 um.
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Figure5. Nuclear protein import in ptr mutants. Wild type (A and B),
ptrl-1 (C and D), ptr2 (E and F), ptr3 (G and H), and ptr4 (I and J)
carrying a nucleoplasmin-GFP fusion gene under an nmt promoter
were grown at 26°C and maintained at 26°C (left column) or shifted to
37°C for 12 h (right column). Nuclear protein import was analyzed by
observation of the GFP-nucleoplasmin fusion protein as described in
MATERIALS AND METHODS. WT, wild type. Bar, 10 pm.
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Figure 6. Pre-mRNA splicing in ptr mutants. Wild-type (lanes 1
and 2), ptrl-1(lanes 3 and 4), ptr2 (lanes 5 and 6), ptr3 (lanes 7 and
8), and ptr4 (lanes 9 and 10) cells were grown at 26°C and either
maintained at 26°C (lanes 1, 3, 5, 7, and 9) or shifted to 37°C for 2 h
(lanes 2, 4, 6, 8, and 10). Total RNAs were then isolated from the
cells and analyzed by Northern blot analysis with the TFIID probes.
P and M indicate the positions of the precursor and mature TFIID
mRNA, respectively.
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above did not change after shifting to the nonpermis-
sive temperature. In contrast, in ptr2, a precursor of
TFIID mRNA was accumulated and the amount of
mature mRNA decreased at the nonpermissive tem-
perature (Figure 6, lane 6). These results suggest that
pre-mRNA splicing is defective in the ptr2 mutant, but
not in the other three mutants.

Cloning of ptr2* and ptr3* Genes

To isolate the genes responsible for the defects in
mRNA transport described above, we transformed the
mutants with a S. pombe wild-type genomic library
and isolated cosmid clones that complemented the
temperature-sensitive growth defects of the ptr2 and
ptr3 mutants. These cosmid clones could also rescue
the defects in mRNA transport in ptr2 and ptr3.

After several steps of subcloning, the activity com-
plementing the ptr2 mutation was detected in a 3.8-kb
fragment in the cosmid. The partial nucleotide se-
quences of the regjons essential for complementation
showed that ptr2 * was identical to pim1*, which is a
S. pombe homologue of the mammalian RCCI gene
encoding a guanine nucleotide exchange factor for
Ran/TC4. The results of the genetic mapping showed
that the distance between his2 and ptr2 was 19.7 ctM
and that between ptr2 and cdc10 was 22.3 cM. These
genetic distances are close to those between pim1 and
his2 and between pim1 and cdc10, respectively (Matsu-
moto and Beach, 1991), supporting that ptr2 is allelic
with pim1. The pim1 mutation was initially identified
as a ts~ lethal allele that caused premature chromo-
some condensation and mitotic spindle formation
(Matsumoto and Beach, 1991). Kadowaki et al. (1993)
showed that both the mammalian tsBN2 mutant that
has a mutation in the RCC1 gene and S. pombe piml
accumulated poly(A)* RNA in the nuclei at the re-
strictive temperature.

ptr3* Encodes a Ubiquitin-activating Enzyme E1

Two cosmid clones complementing ptr3 were iso-
lated. Those cosmids were found to contain identi-
cal segments of genomic DNA. One of the cosmids,
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Figure 7. Restriction map of the DNA fragment that rescues the ptr3
mutation. Arrow denotes an open reading frame encoding Ptr3p and
the direction of transcription. The kinked lines represent introns. A,
Apal; B, Bglll; H, HindIll; M, Mrol; S, Sacl; X, Xhol. Gene disruption
strategy is shown. The HindIII-Apal fragment was replaced with ura4*
gene (open box) to obtain the ptr3::ura4 null allele.

that contained an insert of ~34 kb, was selected for
further study. This cosmid clone complements ts™~
growth defect and also the defect in poly(A)* RNA
transport in ptr3—1. A restriction map of this cosmid
is shown in Figure 7. Several restriction fragments
were subcloned to identify a gene region. We found
that a 5.8-kb Sacl fragment was sufficient for
complementation of the ts™ growth defect as well as
the transport defect in ptr3. To exclude the possibil-
ity that the cloned gene is a multicopy suppressor
for ptr3, we performed integration mapping as de-
scribed in MATERIALS AND METHODS. Integra-
tion of the cloned gene linked with a LEU2 marker
into the authentic locus was confirmed by Southern
blot analysis (data not shown). One of these stable
integrants was crossed with the ptr3-1 strain and
several tetrads were dissected. All of the ts~ spore
progenies were found to be leucine auxotrophs and
all ts™ progenies leucine prototrophs, confirming
that the cloned gene complementing the ptr3 muta-
tion is genetically linked to the ptr3* locus.

The nucleotide sequence of the 5.8-kb fragment
containing the ptr3”™ gene was determined (Figure
8). An open reading frame of 3201 nucleotides was
found, encoding a protein of 1012 amino acid resi-
dues with a predicted molecular mass of ~110 kDa.
The size of the gene was consistent with the result of
Northern blot analysis, which indicated that the
ptr3" gene generates a mRNA of 3.4 kb in length
(data not shown). To determine the precise 5’ end of
the gene, we cloned the cDNA corresponding to the
5’ region of the ptr3" mRNA by using the 5" RACE
method and identified two introns in the 5" region of
the gene (Figure 8).

Comparison of the nucleotide sequence of the
ptr3™ gene with those in the European Molecular
Biology Laboratory database using the BLAST pro-
gram (Altschul et al., 1990) showed that the ptr3*
has a high homology (~59%) with the genes encod-
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ing a ubiquitin-activating enzyme E1 in S. cerevisiae
and human (Zacksenhaus and Sheinin, 1990;
McGrath et al., 1991). Figure 9 shows the alignment
of amino acid sequence of the Ptr3p with that of S.
cerevisige ubiquitin-activating enzyme E1. The El
enzyme catalyzes the activation of ubiquitin, the
first step common to all of the ubiquitin conjugation.
The predicted amino acid sequence of the Ptr3p
contains one glycine-rich motif (Gly-X-Gly-X-X-
Gly) characteristic of a nucleotide-binding domain,
which is highly conserved among wheat, S. cerevi-
sige, and human E1 enzymes (McGrath et al., 1991;
Zacksenhaus and Sheinin, 1990).

To identify a mutation site in the ptr3-1 allele, a gap
repair experiment was performed. A gap between
HindIIl and Apal sites was made in the ptr3 gene and
the resultant linear plasmid carrying the leu™ marker
was used to transform the ptr3-1 mutant. All of the leu™
transformants were temperature sensitive at 37°C, which
means that a mutation is present within this region,
confirming again that we have cloned the bona fide
ptr3* gene. To exactly locate the mutation site in the
ptr3-1, the region containing the mutation site was am-
plified by PCR and sequenced. Sequences of the several
clones obtained from two independent PCR reactions
revealed the presence of a single point mutation at nu-
cleotide position 1892, which changes C to A (a replace-
ment of amino acid threonine to lysine), in the gene.

ptr3* Is an Essential Gene

To determine whether the ptr3™ gene is essential for
growth of S. pombe cells, we disrupted one copy of the
ptr3*gene in a wild-type diploid strain by one-step
gene replacement. We constructed a ptr3:ura4 dis-
rupted gene (Figure 7) and used it to transform a
diploid strain lacking the ura4 gene. A transformant
with the correct integration was subjected to tetrad
analysis. The tetrads analyzed never yielded more
than two viable spores and none of these viable spores
were able to grow on plates without uracil. Thus, the
product of the ptr3 gene is essential for growth.

Localization of Ptr3p

To determine the subcellular location of Ptr3p, we
tagged Ptr3p with GFP as described in MATERIALS
AND METHODS. The tagged ptr3* gene was capable
of complementing temperature sensitivity of the
ptr3—1 strain, demonstrating that the fusion protein is
functional. The transformants that contained the fu-
sion protein were examined by a fluorescence micro-
scope. We observed fluorescence throughout the cells
(Figure 10A). This means that GFP-tagged ptr3 protein
is present in both the nucleus and the cytoplasm. A
control plasmid encoding Ptr3p without a GFP tag did
not give any fluorescence (Figure 10C). Ubalp, ubig-
uitin-activating enzyme E1 in S. cerevisiae, was also
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I A D

2740
GCGTGCCATG
R A M

2860
GCTTGTTAAA
L V K

2980
TGGTAAAGAA
G K E

3100
TTCTCTTTTG
S L L

3220
GGTGCTTGAA
vV L E

3340
AATGGCTCTA

3460
TATATTTTAA

3580
TATATCTTTA

GGCTACAATC
G Y N

2630
AGTCTACCAC
S L P

2750
AATTACGACA
N Y D

2870
CTTGTTGATG
L v D

2990
ATCGACAAAA
I D K

3110
TATGCTAATT
Y A N

3230
ATTTGCTGTG
I ¢c ¢

3350
ATAAATTTAC

3470
AAAGTATTTT

3590
CTCGGCTACA

CTCCTCCCTT
P P P F

2640
CTCCATCCTC
P P S S

2760
‘TCACACCTGC
I T P A

2880
GCAAAAAGAA
G K K K

3000
TCTGGGATCG
I W D R

3120
TCCAACCACC
F Q P P

3480
GACATGTAGT

3600
AAAGTCTATC

Figure 8. The nucleotide sequence
of the ptr3™ gene and the predicted
amino acid sequence in a single-
letter code. Nucleotide residues are
numbered above the sequence. In-
tron sequences are shown by small
letters. Arrow indicates a presumed
initiation site for transcription. The
two underlined sequences repre-
sent putative nuclear targeting sig-
nals. A motif characteristic of a nu-
cleotide-binding domain is double
underlined. The amino acid re-
placement found in ptr3-1 is shown
below the sequence and boxed. Po-
sition 1 is the Sacl site. The nucleo-
tide sequence reported here is
available in the DNA Data Bank of
Japan, European Molecular Biology
Laboratory, and GenBank data-
bases under the accession number
D87259.
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61’

60"
120
120"
179
180"
239"
240"
299
300"
355"
360"
413"
420"
473"
480"
533"
540"
593"
600"
653"
660"
713"
719"
768"
779"
828"
839"
888"

899"
Figure 9. Comparison of the amino acid sequences be-
tween Ptr3p and ubiquitin-activating enzyme E1 in S. cer-
evisige. The upper sequence represents the Ptr3p sequence
and the lower one that of ubiquitin-activating enzyme E1 in
S. cerevisiae. Identical and similar amino acids between the
two proteins are shown by asterisks and dots, respectively.
Arrowhead denotes the amino acid mutated in ptr3-1.

947"
959"
1007

1019"

shown to be localized in both the nucleus and the
cytoplasm (Dohmen et al., 1995).

DISCUSSION

In S. pombe, one mutation named rael that causes
defects in poly(A)™ RNA export was identified by the
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screening with in situ hybridization (Brown et al.,
1995). The rael™ gene encodes a protein of 352 amino
acids with B-transducin/WD40 repeats. In the present
study, we have isolated five other recessive mutants
defective in nucleocytoplasmlc transport of poly(A)*
RNA at the nonpermissive temperature. Complemen-
tation analysis of these mutants showed that they
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Figure 10. Intracellular localization of Ptr3p. ptr3 cells bearing a
ptr3p/GFP fusion gene or ptr3 * gene were grown at 26°C and the
GFP fluorescence was observed by FITC channel of a fluorescence
microscope. (A) ptr3 cells with the ptr3p/GFP gene. (B) Correspond-
ing DAPI image of A. (C) ptr3 cells carrying the ptr3 *gene. (D)
DAPI image of cells in C. Photographs were taken with the expo-
sure time of 30 s. Bar, 10 um.

belong to four distinct groups named ptr1-4. Interest-
ingly, we observed differential patterns of poly(A)*
RNA localization in the nuclei at the nonpermissive
temperature among the ptr mutants, suggesting that
these mutants have defects at different steps of mRNA
transport.

Nucleolar Accumulation of the Poly(A)* RNA in
ptrl and ptr2 Mutants

In ptrl, poly(A)* RNA accumulates in two to three
foci in the nuclei at the nonpermissive temperature
(Figures 2G and 4e). Nuclear accumulation of
poly(A)™ RNA in spots or foci are also observed in
several S. cerevisite mRNA transport mutants such as
mtr2 and rat3 (Schneiter et al., 1995). The foci contain-
ing the poly(A)™ RNA in S. pombe ptr1 did not overlap
with either the DAPI-stained region or the fibrillarin-
rich region of the nucleolus (Figure 4h). The nucleus of
the wild-type yeast cells consists of two regions
readily distinguished by an electron microscopic anal-
ysis. One region with electron-dense materials occu-
pying about one-third or one-half of the nucleus has
been referred to as the nucleolus and the other half
with less electron-dense materials as the chromatin-
enriched region. At the permissive temperature, fibril-
larin is distributed throughout the nucleolar region in
ptrl cells (Figure 4F) as in wild-type cells (Figure 4B).

838

However, after shifting the cells to the nonpermissive
temperature, the fibrillarin-rich region looked con-
densed and fragmented (Figure 4f), and simulta-
neously poly(A)” RNA was accumulated in the nucle-
olar region not stained either by the antifibrillarin
antibody or by DAPI (Figure 4h). Thus, there are likely
to be several distinct subnucleolar compartments in
the yeast.

The ptr2 mutant also accumulates the poly(A)*
RNA in the nucleoli at the nonpermissive tempera-
ture. However, in the case of ptr2, the site of accumu-
lation of poly(A)* RNA mostly coincides with the
fibrillarin-rich region (Figure 4, i, j, and D). It has been
reported that several mRNA transport mutants in S.
cerevisige accumulate poly(A)™ RNA in the nucleoli at
the nonpermissive temperature (Schneiter et al., 1995).
In addition, a severe heat shock blocks mRNA trans-
port in S. pombe and results in the accumulation of
bulk poly(A)* RNA in the nucleoli (Tani et al., 1995).
These observations led to the hypothesis that the yeast
nucleolus may play a role in mRNA transport in ad-
dition to its role in rRNA synthesis and preribosome
assembly (Schneiter et al., 1995; Tani et al., 1995). Pre-
dominant localization of poly(A)* RNA in the nucleoli
in ptrl and ptr2 at the nonpermissive temperature also
supports the foregoing hypothesis, although we
would need to exclude an alternate possibility that the
yeast nucleolus functions as a deposit site for the
mRNAs which are not exported to the cytoplasm.

ptr3 and ptrd Accumulate Poly(A)™ RNA in the
DNA Region

In contrast to ptrl and ptr2, accumulation sites of
poly(A)™ RNA in the ptr3 and ptr4 mutants coincide
with the chromatin-rich region (Figure 4, p and t), a
result which suggests that these mutants may have
defects in the early steps of the export pathway, such
as those required for the release of mRNAs from the
sites of transcription or processing.

Interestingly, ptr4 shows a typical phenotype of cut
(cell untimely torn) mutations (Hirano et al., 1986). In
the cut mutants, the coordinated mitosis is completely
disrupted. Septation and cytokinesis in these mutants
occur in the absence of nuclear division, resulting in
the cleavage of the undivided nucleus. Cytokinesis
without prior nuclear division leads to localization of
the damaged nucleus at an extremity of the cell. More
than 60% of the ptr4 cells incubated at the nonpermis-
sive temperature for 4 h showed the “cut” phenotype.
Because the ptr4 cells without the cut phenotype (i.e.,
the cells with the normal nuclei) also accumulated
poly(A)* RNA in the nuclei (see Figure 2, S and T), the
block of the poly(A) " RNA export in this mutant is not
due to structural damages in the nucleus generated by
uncoordinated cytokinesis. Rather it seems to be a
direct consequence of the mutation.

Molecular Biology of the Cell



Well-known mutations that show the cut phenotype
include top2 as well as the series of cut mutations. The
top2™* gene encodes DNA topoisomerase II, which cat-
alyzes the concerted cleavage and rejoining of DNA
strands (Uemura and Yanagida, 1984) and is involved
in formation of the mitotic chromosome (Uemura and
Yanagida, 1986) and the chromosome scaffold (Earn-
shaw et al., 1985). On the other hand, Cutlp is thought
to be a component, regulator, or motor for the spindle
pole body or kinetochores (Uzawa et al., 1990). Further
work on ptr4, including cloning of the ptr4™ gene, is
now in progress to elucidate its functions in mRNA
transport.

Pre-mRNA Splicing in the ptr Mutants

Northern blot analysis of TFIID mRNA suggests that
only ptr2/pim1 has defects in pre-mRNA splicing at the
nonpermissive temperature. The other three isolated
transport mutants showed no defects in pre-mRNA
splicing. We examined defects of poly(A)™ RNA trans-
port in the S. pombe pre-mRNA splicing mutants (prpl-
13) and found that only prpl was defective in poly(A)*
RNA transport (Urushiyama et al., 1996). Therefore, it
appears that there is no general coupling between
pre-mRNA splicing and nucleocytoplasmic transport
of mRNA.

No oversized transcripts were detected in ptr2/
piml as in mtrl/prp20, which is a counterpart of
ptr2[piml in S. cerevisize. Curiously, mtrl1-1 was
reported to have no defects in splicing of CRY1
pre-mRNA, although it is allelic with one of the
well-known pre-mRNA splicing mutations, prp20
(Kadowaki et al., 1993). Thus, inhibition of the pre-
mRNA splicing in ptr2/pim1 and mtrl/prp20 may be
an allele-specific phenotype.

Ran GTPase Cycle and mRNA Export

The ptr2* gene was found to be identical to the pim1*
gene, which encodes the S. pombe homologue of mam-
malian RCC1. It was known that pim1 has defects in
the poly(A)+ RNA export (Kadowaki et al., 1993; Tani
et al., 1995). The RCC1 protein in mammalian cells
functions as a nuclear guanine nucleotide exchange
factor for the guanosine triphosphatase Ran/TC4. A
mutation or depletion of RCC1 in mammalian cells
has pleiotropic effects (Sazer, 1996), including sup-
pression of nuclear protein import (Tachibana et al.,
1994). Our result suggesting that the ptr2 mutation has
a temperature-sensitive defect in the nuclear import of
the nucleoplasmin-GFP fusion is consistent with this
previous report. A mutation in the MTRI1/PRP20/
SRM]1 gene encoding an RCC1 homologue in S. cerevi-
siae blocks mRNA export (Kadowaki et al., 1993). A
mutation within the GTPase-activating enzyme, an
antagonistic regulator to RCC1, also blocks the mRNA
export in S. cerevisige (Schneiter et al., 1995). These
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results suggest that the Ran GTPase system plays an
important role in the transport of mRNA and protein.
It may be that the mRNA transport pathway is one of
the primary targets of the Ran-GTPase system as sug-
gested (Sazer 1996). One cannot conclude, however,
that the inhibition of mRNA transport is a direct con-
sequence of perturbation of the Ran-GTPase cycle,
since the Ran-GTPase system affects various cellular
processes including RNA metabolism, cell cycle pro-
gression, and protein transport (for review, see Sazer,
1996).

Ubiquitin-activating Enzyme E1 Is Involved in
mRNA Transport

We have shown that the ptr3™ gene encodes a homo-
logue of the ubiquitin-activating enzyme E1 in S.
pombe. Ubiquitin-activating enzyme E1 is involved in
the initial and essential step of the ubiquitin conjuga-
tion. Ubiquitin, a highly conserved protein with 76
amino acid residues, is covalently conjugated to other
proteins and functions as a tag for ATP-dependent
degradation of certain proteins (for review, see Jentsch
et al.,, 1991). Ubiquitin-dependent proteolysis is in-
volved in both the selective elimination of abnormal
proteins and the down-regulation of short-lived pro-
teins such as crucial cellular regulators. However, it
has become evident that ubiquitin may not function as
a simple degradation tag, since many metabolically
stable ubiquitin conjugates have been identified. The
ubiquitin conjugation mediates diverse cellular func-
tions such as cell cycle control, DNA repair, ribosome
biogenesis, and stress response as well as protein deg-
radation (Jentsch et al., 1991).

This article appears to be the first report suggesting
that the functional ubiquitin-activating enzyme E1 is
related to the poly(A)™ RNA export from the nucleus
and to nuclear protein import. Blockage of mRNA
export or protein import in ptr3 may be one of the
primary consequences of the mutation in ubiquitin-
activating enzyme El, as this enzyme has pleiotropic
effects on many cellular events. One possible explana-
tion for the involvement of ubiquitin-activating en-
zyme E1 in mRNA transport is that it may modulate
efficient release of transcripts from the transcription or
processing sites by mediating degradation of proteins
anchoring mRNAs or by alteration in a higher order
chromatin structure required for mRNA release. Ubiq-
uitination of chromosomal proteins may either mod-
ulate the chromatin structure directly or mediate the
degradation of chromosomal proteins. Retention of
the poly(A)* RNA in the chromatin-rich region in ptr3
supports this notion. Alternatively, it is possible that
the accumulation of poly(A)* RNA in the nuclei or
block of protein import in ptr3 is a secondary effect of
the disturbance of ubiquitin-dependent cellular pro-
cesses such as cell cycle progression. Further investi-
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gation of these mutants will be necessary to elucidate
the exact roles of Ptr proteins in the mRNA export and
protein import.
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