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Schizosaccharomyces pombe nup97, which Genetically Interacts with mex67,
is Essential for Growth and Involved in mRNA Export
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We have isolated previously three synthetic lethal mutants in Schizosaccharomyces pombe, which genetically
interact with mex67, in order to identify the genes involved in mRNA export. A novel nup97 gene was iso-
lated by complementation of the growth defect in one of the synthetic lethal mutants, SLMex3. The rup97
gene contains one intron and encodes an 851 amino-acid protein that is similar to nucleoporins, Npp106p
in S. pombe and Nic96p in Saccharomyces cerevisiae. The nup97 gene is essential for vegetative growth,
and nup97 null mutant harboring pREP41X-Nup97 showed poly(A)” RNA export defect when expression
of nup97 is repressed in the presence of thiamine. These results suggest that nup97 is involved in mRNA

export from the nucleus to cytoplasm.
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Translocation of molecules between the nucleus and the cyto-
plasm plays important roles in eukaryotic cell functions. The
sole gate for selective transfer of macromolecules between
these compartments is the nuclear pore complex (NPC),
which is embedded in the nuclear envelope that separates
the nucleus from the cytoplasm. The NPC is a huge macro-
molecular assembly of about 40 and 60 Mda in mass in yeast
and vertebrates, respectively (Rout et al., 2000; Cronshaw et
al., 2002). Despite the difference in size, the NPC-of yeast
and metazoan is conserved in basic overall architecture,
which consists of the central core, the cytoplasmic filaments,
and the nuclear basket (Stoffler ef al., 1999; Suntharalingam
and Wente, 2003). The NPC is made up of approximately 30
different proteins termed collectively nucleoporins (Nups)
(Rout and Aitchison, 2001; Vasu and Forbes, 2001). A recent
direct structural and computational analysis revealed the
modularity of the NPC architecture and the simplicity of
NPC composition (Rout et al., 2000; Devos et al., 2004,
2006). The Nups are divided into three groups based on
the predicted structural fold types (Devos et al., 2006). The
transmembrane group containing transmembrane helices
and cadherin fold may help to anchor the NPC in the nuclear
envelope. The peripheral FG group containing FG repeats
and coiled-coil fold lines the channel of the NPC and may
be directly implicated in active nuclear transport to provide
interaction regions for transport receptors. The central scaf-
fold group containing B-propeller and a-solenoid folds may
connect the two groups to form a complete NPC.

The export of mRNA is more complex than the nucleo-
cytoplasmic transport of protein and other RNAs, because
mature mRNAs are exported as huge ribonucleoprotein
(RNP) complex, which is intimately required to remodeling

* To whom correspondence should be addressed.
(Tel)y 82-2-920-7675; (Fax) 82-2-920-7675
(E-mail) jhoyoon@sungshin.ac.kr

of mRNP complex to pass through the NPC, and because
the export of mature mRNA is tightly coupled to several
steps of gene expression including transcription, splicing, and
polyadenylation (Reed and Hurt, 2002; Cole and Scarcelli,
2006). Besides some specific Nups, a lot of soluble factors
are involved in the mRNA export (Erkmann and Kutay,
2004). Although it is unclear how the only mature mRNPs
are selected to export, binding of mRNA receptors to mRNA
is necessary for export. The heterodimeric mRNA receptors,
Mex67-Mtr2 in yeast and TAP/NXF-p15/NXT in metazoan,
are recruited to mRNA by adaptor proteins such as Sub2/
REF, EJC components, SR proteins, or THO/TREX com-
ponents (Segref ef al., 1997; Huang and Steitz, 2005; Moore,
2005; Gwizdek er al., 2006). Translocation of mRNP com-
plex through NPCs appears to be facilitated by weak inter-
action between the heterodimeric mRNA receptors and FG-
Nups (Braun et al., 2002; Rodriguez et al., 2004).

In Schizosaccharomyces pombe (S. pombe), mex67 (spmex67)
is not essential, but is also involved in mRNA export (Yoon
et al., 2000). The spmex67 gene was isolated as a multicopy
suppressor of rael-167 nupl84-1 synthetic lethality and is
also able to partially suppress a temperature sensitive muta-
tion of rael that is essential for growth and mRNA export
(Brown et al., 1995; Yoon et al., 2000). And spmex67 null
allele is synthetically lethal with mutant alleles of some
Nups such as nppl06 and nupl84, and with those of some
soluble mRNA export factors such as dssl, elfl, mlo3, rael,
and rsml (Yoon ef al., 1997, 2000; Whalen et al., 1999; Kozak
et al., 2002; Yoon, 2004; Thakurta et al., 2005). In order to
identify mutations in more genes that are functionally linked
to mex67 in mRNA export, synthetic lethal mutant screen
was performed previously and obtained three mutants that
exhibited an accumulation of poly(A)* RNA in the nucleus
under synthetic lethal conditions (Yoon, 2003).

In this study, we described the isolation of the novel nup97
gene by complementation of the growth defect in one of the



Vol. 45, No. 4

Chromosome 3
H E H

(SPCC1620.11)

mRNA export in Schizosaccharomyces pombe 345

Complementation of SLMex3

H | RN Tl E
II nup97 Plasmid Growth
E W

9N2 ++
9ON2-1 ++
ON2-2 -
9N2-3 -

Fig. 1. Complementaion of growth defects of SLMex3 and a restriction map of the region surrounding the nup97 gene. An open arrow
indicates the extent and direction of open reading frame of the nup97 and the other genes. The original clone and subcloned fragments,
which were tested for the complementation of SLMex3, are shown as horizontal bars. SLMex3 cells carrying pREP81X-Mex67 were trans-
fomed with different plasmids and were spread on EMM agar in the presence of thiamine. Growth was monitored for 5 days. ++, normal

growth; —, no growth. E, EcoRI; H, HindIll; S, Sall.

synthetic lethal mutants, SLMex3. In addition, the nup97
deletion mutants were shown to cause defects in both growth
and mRNA export. These results suggested that nup97 is
involved in the mRNA export in S. pombe.

Materials and Methods

Strains and culture

The S. pombe strains used were of wild type AY217: A~
leul-32 ura4-d18; SP286: h*/ h* leul-32/leul-32 ura4-d18/
ura4-d18 ade6-210/ ade6-216 (Matsumoto and Beach, 1991),
SLMex3: /™ leul-32 ura4-d18 slmex3 Amex67:kan” [pREP81X-
Mex67(Yoon, 2003), and Anup97: h' leul-32 ura4-d18 Anup97::
ura4/pREP41X-Nup97 (this work). The basic genetic and
cell culture techniques used have been described (Moreno
et al., 1991; Alfa et al., 1993). Appropriately supplemented
EMM medium was used to express genes from the pREP
plasmids containing the nmr promoter (Basi et al., 1993;
Maundrell, 1993). The nmt promoter was repressed by the
addition of 15 uM thiamine in EMM medium (Forsburg,
1993).

Isolation of nup97 gene

SLMex3 cells (b~ leul-32 ura4-d18 slmex3 Amex67-kan’
/pPREP81X-Mex67) were transformed with a partial Sau3A
genomic library that was cloned into the Sall site of pUR18
(Barbet, 1992). Four transformants were isolated, which
could grow on plates in the presence of thiamine at 28°C.
The plasmids from four transformants were rescued into
Escherichia coli and re-transformed into SLMex3 for con-
firmation. Three among four plasmids could complement
again the growth defect of SLMex3 in the presence of
thiamine. The genomic clones in three plasmids were se-
quenced at both ends and the DNA sequence was used to
search the S. pombe genome database (http:/www.sanger.
ac.uk/Projects/S_pombe/, Sanger Center, UK). Two plasmids
were eliminated from further investigation because they
carried the mex67gene. The remaining one clone contained
four open reading frames (ORFs) and each gene was subcl-
oned into pDW232 and transformed into SLMex3 to inves-

tigate which one can complement the growth defect of
SLMex3 in the presence of thiamine (Fig. 1).

Construction of nup97 null mutants

The Anup97:: ura4” null mutation was constructed by dou-
ble-joint PCR (Yu et al., 2004). Total nup97 ORF except
for 7 amino acids at carboxyl terminus was replaced by maker
gene, ura4”. The primers for construction of Anup97:: ura4™
fragment is as follows. 5-For; TGCTCAGTTGTGGAAAGC
TG, 5'-Rev; ACATATAGCCAGTGGGATTTGTAGCTAATG
GTCAAGATGTAAACAAGCAC, 3'-For; GGTGTTGGAAC
AGAATAAATTAGATGATACTGCTGCTAAACAGGCTGA
TG, 3-Rev; TAGTTTAGACTACTCATCTC, 5'-Nest; CTCA
TGATGCTGAATCAATTC, 3-Nest; ACGCGATTCCTACA
AGTCTC. After third round PCR, the amplified Anup97::
ura4" fragment was gel-purified and was transformed into
the SP286 diploid strain. Ura™ transformants were selected
and screened by PCR for the disruption of one of the
nup97 loci. The strain was sporulated, and ten tetrads were
dissected. Only two spores in a tetrad formed colonies and
all viable cells showed wura™ phenotype indicative of wild-
type nup97 allele (Fig. 2).

Because nup97 gene is essential for vegetative growth, we
used a haploid strain AY217 with pREP41X-Nup97 plasmid
in which nup97 expression is under the control of nmu
promoter. This strain was transformed with the amplified
Anup97::ura4 fragment and Ura” Leu” transformants were
selected and confirmed for the of nup97 null allele by PCR.

Construction of plasmids

cDNA clone of nup97 was made by RT-PCR from total
RNA obtained from wild-type S. pombe cells. The entire
ORF of nup97 was amplified from the genomic clone by
PCR and inserted into pREP41X vectors (Maundrell, 1993).

In situ hybridization

In situ hybridization was performed as previously described
(Yoon, 2000). Oligo-(dT)s¢ carrying an o-digoxygenin at the
3" end was used as the hybridization probe. FITC-anti-di-
goxygenin Fab antibody (Roche Applied Science, Germany)
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Fig. 2. The nup97 gene is essential for vegetative growth. (A) A schematic diagram representing the constucts of the nup97 knockout allele
in S. pombe. Most of the nup97 open reading frame region was substituted with the marker gene, ura4*. The positons of PCR primers
for confirmation are indicated by arrowheads and predicted sizes of PCR-amplfied fragments shown between arrowheads. E, EcoRI; H,
HindIII; B, PstT; S, Sall. (B) Confirmation of the disruption of the nup97 locus. PCR was performed with primers denoted in (A), using
genomic DNAs isolated from wild type (WT), Diploid with a disruption in one of the nup97 loci (nup97*/Anup97), and Anup97 haploid
with pREP41X-Nup97 (Anup97). SM represents DNA size marker (1 kb ladder). (C) Tetrad analysis. Diploid cells with a disruption in one
of the nup97 loci were sporulated on ME plates. 10 tetrads were dissected on YES plates and were incubated for 3 days at 28°C.

was used for detecting the hybridization probe by fluo-
rescence microscopy. 4', 6-Diamidino-2'-phenyindole (DAPT)
was used for observing DNA.

Results and Discussion

Cloning of synthetic lethal gene in SLMex3

Mex67/ TAP (in yeast and metazoan, respectively) functions
as the export receptor for mRNA export (Reed and Hurt,
2002). We have previously isolated three mutations that are
synthetically lethal when combined with mex67 knockout allele
in S. pombe, to identify genes involved in mRNA export
(Yoon, 2003). Synthetic lethality is described as the combining

of a mutation in a single gene with a mutation in another
related gene, which leads cell to death, although mutation in
each single gene separately does not cause cell death. These
synthetic lethal mutants, SLMex1, SLMex2, and SLMex3,
carrying knockout mutation in mex67 and a synthetic lethal
mutation in related gene, are kept viable in the absence of
thiamine (-B1), owing to the expression of the mex67 gene
from the plasmid, pREP81X-Mex67, under the control of a
weak thiamine-repressible nmt! promoter (Basi et al., 1993).
The repression of mex67 expression by the addition of thi-
amine (+B1) results in a growth defect that is accompanied
by poly(A)" RNA accumulation in the nucleus (Yoon, 2003).
The corresponding synthetic lethal gene for SLMexl was
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identified as rsml (Yoon, 2004).

For this study, we isolated a genomic clone, 9N2, corre-
sponding to the slmex3 that complement the growth defect
of SLMex3 (slmex3 Amex67/pREP81X-Mex67) cells under
synthetic lethal condition (in the presence of thiamine), as
mentioned in Materials and Methods. This genomic clone,
9N2 was sequenced at both ends and the DNA sequence
obtained was used to search the S. pombe genome database
(Sanger Center, UK). The S. pombe genome database and
restriction enzyme digestion of 9N2 revealed that this ge-
nomic clone contained four open reading frames (ORFs)
found in the cosmid SPCC1620 (chromosome III). To inves-
tigate which ORF is capable of complementing SLMex3,
three subclones of 9N2 were constructed into pDW232
plasmid and transformed into SLMex3. As shown in Fig. 1,
9N2-1 plasmid containing SPCC1620.11 ORF was able to
functionally complement the growth defect of SLMex3.
Whereas, 9N2-2 and 9N2-3 carrying the other three ORFs
could not restore the growth defect of SLMex3.

The SPCC1620.11 gene contains one intron and encodes
an 851 amino-acid protein with predicted molecular weight
of 97.5 kDa. We confirmed this intron by sequencing the
cDNA obtained from total RNA. A Blast search of protein
data base showed that the protein had significant homology
with nucleoporins, such as Nic96p in S. cerevisiae, Npp106p
in S. pombe, Nup93p in vertebrate. Alignment of amino-
acid sequences in these proteins revealed that the similarity
is not restricted in certain region but extends throughout
the entire sequences. Accordingly, we will refer to this S.
pombe gene as nup97.

NIC96 in S. cerevisiae encodes an abundant, essential nu-
cleoporin (Grandi et al., 1993) and is involved in protein
import and nuclear pore formation (Grandi et al., 1995;
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Zabel et al., 1996). On the other hand, S. pombe homo-
logue of NIC96, the nppl06 gene encodes a nonessential
nucleoporin involved in mRNA export (Yoon et al., 1997).
The nppl06-1 mutant allele was identified originally from
synthetic lethal screen with rael-167 mutation and the dele-
tion mutation of nppl06 (Anpp106) is also synthetic lethal with
rael-167 or Amex67 (Yoon et al., 1997, 2000). Although
both nppl06 and nup97 are homologous to each other and
mutations in nppl06 or nup97 are synthetic lethal with
Amex67, nppl06 could not complement the growth defect
of SLMex3 (data not shown), suggesting some functional
divergence of these proteins.

The nup97 gene is essential for growth

In order to determine the phenotype of the nup97 knockout,
a null mutant in a stable h™/ h* diploid strain was constructed
by replacing the nup97-coding region with an wra4* gene
using a one-step gene disruption method (Fig. 2A). The
stable Ura™ transformants were screened by PCR for the
replacement of one of the nup97 loci by Anup97:: ura4™ in
diploid cells (Fig. 2B). The heterozygous diploids were allowed
to sporulate, and ten tetrads were dissected. Tetrad analysis
gave 2:2 segregation for viability (Fig. 2C), the two growing
haploid progeny being always ura” (data not shown).
Microscopic inspection of haploid cells bearing Anup97::
ura4” revealed that the spores did not germinate, or germi-
nated but stopped growth at very elongated abnormal 2-4
cells. This result indicated that the Anup97:: ura4” allele is
lethal to cells.

Repression of nup97 induced defects of growth and mRNA
export
Because nup97 gene is essential for vegetative growth, we

+B1

+B1

Poly(A) RNA

DAPI(DNA)

Fig. 3. mRNA export defects of the Anup97 mutants. (A) Growth of wild type (AY217) and Anup97/pREP41X-Nup97 strains was moni-
tored by spot assay for 5 days with (-B1) and without (+B1) expression of nup97. (B) Poly(A)™ RNA localization in the Anup97 mutants.
Cells were grown to the mid-log phase in appropriately supplemented EMM medium in the absence of thiamine (-B1) at 28°C. The cells
were then shifted to EMM medium containing thiamine (+B1) and were grown for 18 h. Coincident DAPI staining is shown in the right

panels.
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used a haploid strain AY217 transformed with pREP41X-
Nup97 plasmid, in which rnup97 expression is under the
control of a weak nmtl promoter and LEU2 is used as se-
lectable marker. This strain was transformed with the ampli-
fied Anup97::ura4” fragment and Ura® Leu® transformants
were selected and confirmed for the genomic nup97 knockout
allele by PCR (Fig. 2B). In this strain, Anup97/pREP41X-
Nup97, nup97 is expressed only from the weak thiamine-
repressible nmt promoter on the pREP41X vector. As shown
in Fig. 3A, therefore, this strain grew well in the absence of
thiamine (-B1), comparable to wild type. However, repression
of nup97 expression by the addition of thiamine revealed
growth defect and cells became abnormal. This result con-
firmed again that nup97 is essential for vegetative growth.

To determine whether the nup97 gene is involved in mRNA
export, poly(A)" RNA distribution was examined in this
strain grown under permissive (-Bl) and restrictive con-
ditions (+B1). The poly(A)" RNA in the wild type strain
is distributed throughout the whole cell (Yoon et al., 2000).
In the case of Anup97 mutants with pREP41X-Nup97,
poly(A)" RNA was accumulated slightly in the nucleus even
under permissive condition (Fig. 3B). However, after re-
pression of nup97 for 18 h in the presence of thiamine,
most cells showed extensive poly(A)" RNA accumulation in
the nucleus and a decrease of poly(A)* RNA in the cyto-
plasm (Fig. 3B). These results suggested that nup97 affects
the export of poly(A)* RNA from the nucleus.

In summary, we have isolated the nup97 gene that enc-
odes a nucleoporin homologous to nppl06 in S. pombe.
Repression of nup97 cause poly(A)" RNA accumulation in
nucleus and nup97is genetically linked to nex67, suggesting
that this is involved in mRNA export as like nppl06. Both
nup97 and nppl06 are homologous to NIC96 in S. cerevisiae.
Nic96p is symmetrically distributed at cytoplasmic and nu-
clear face of the NPC, and Nic96p containing only a-sol-
enoid fold may form the structural scaffold that provides
framework for assembling the NPC (Devos et al., 2006;
Tran and Wente, 2006). Nic96p may have multiple roles be-
cause they are present in more than one subcomplex, the
Nic96 subcomplex (composed of Nic96p, Nup152p, Nup188p,
Nup170p, Nup157p, Nup59p, and Nup53p) and the Nspl
subcomplex (comprised of Nsplp, Nup49p, and Nup57p)
(Grandi et al., 1995; Zabel et al., 1996; Fahrenkrog et al.,
1998). In S. pombe, it is possible that two NIC96 homo-
logues, nup97 and nupl06, may also form the structural scaf-
fold of the NPC, but may localize in distinct subcomplexes.

Because the NPC is dynamic and NPC proteins are
thought to play active roles in mRNA export, to Fig. out
the functions of nup97 and nppl06 in mRNA export would
be interesting and important for the advancement of our
knowledge about translocation of mRNP through NPC.
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