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The fission yeast Sty1 stress-activated MAP kinase is crucial for the cellular response to a variety of stress
conditions. Accordingly, sty1− cells are defective in their response to nutrient limitation, lose viability in
stationary phase, and are hypersensitive to osmotic stress, oxidative stress, and UV treatment. Some of these
phenotypes are caused by Sty1-dependent regulation of the Atf1 transcription factor, which controls both
meiosis-specific and osmotic stress-responsive genes. However, in this report we demonstrate that the cellular
response to oxidative stress and to treatment with a variety of cytotoxic agents is the result of Sty1 regulation
of the Pap1 transcription factor, a bZip protein with structural and DNA binding similarities to the
mammalian c-Jun protein. We show that both Sty1 and Pap1 are required for the expression of a number of
genes involved in the oxidative stress response and for the expression of two genes, hba2+/bfr1+ and pmd1+,
which encode energy-dependent transport proteins involved in multidrug resistance. Furthermore, we
demonstrate that Pap1 is regulated by stress-dependent changes in subcellular localization. On imposition of
oxidative stress, the Pap1 protein relocalizes from the cytoplasm to the nucleus in a process that is dependent
on the Sty1 kinase. This relocalization is the result of regulated protein export, rather than import, and
involves the Crm1 (exportin) nuclear export factor and the dcd1+/pim1+ gene that encodes an Ran nucleotide
exchange factor.
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A rapid molecular response is induced in all eukaryotic
cells on exposure to adverse environmental conditions.
The response invariably involves changes in the level of
gene transcription resulting from modulation of the ac-
tivity of particular transcription factors (Treisman 1996).
The link between stress signals and the transcription
machinery is provided by certain MAP kinase signaling
pathways that are strongly activated by a variety of ad-
verse stimuli including osmotic, oxidative, and heat
shock, UV light, and inhibition of protein synthesis. In
mammalian cells these pathways are also activated by
agonists, such as proinflammatory cytokines, which are
released following stress or infection (for review, see
Waskiewicz and Cooper 1995; Kyriakis and Avruch

1996). There are two classes of stress-activated MAP ki-
nase pathways in mammalian cells: the stress-activated
protein kinases (SAPKs), also known as the c-Jun-amino-
terminal kinases (JNKs), and the p38/RK/CSBP kinases
(Marshall 1994; Kyriakis and Avruch 1996). These path-
ways have been implicated in a number of biological
processes, many of which are related to the stress re-
sponse; they include cell transformation (Rodrigues et al.
1997), the promotion of apoptosis, and the synthesis of
certain cytokines (for reviews, see Kyriakis and Avruch
1996; Cohen 1997; Karin et al 1997).

An important feature of these kinase pathways is their
high degree of conservation: Structurally similar stress-
activated kinases have been identified in Drosophila
(Riesgo-Escovar et al. 1996; Sluss et al. 1996) as well as in
budding (Brewster et al. 1993) and fission yeast (Millar et
al. 1995; Shiozaki and Russell 1995; Kato et al. 1996). In
fission yeast, the stress activated kinase Sty1 (also
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known as Spc1 and Phh1) is necessary for the cell to
survive a number of different stress conditions including
osmotic stress, UV irradiation, and nutrient limitation
(Warbrick and Fantes 1991; Millar et al. 1995; Shiozaki
and Russell 1995; Degols et al. 1996; Kato et al. 1996;
Shiozaki and Russell 1996; Degols and Russell 1997).

Similar transcription factors have been found to be
substrates for the stress activated kinases in mammalian
cells, Drosophila, and fission yeast. Two transcription
factor targets for the mammalian stress activated kinases
are c-Jun (Hibi et al. 1993; Derijard et al. 1994; Kyriakis
et al. 1994) and ATF2 (Gupta et al. 1995; Livingstone et
al. 1995; Raingeaud et al. 1995; van Dam et al. 1995),
both of which contain bZip DNA binding/dimerization
domains. In both cases, phosphorylation enhances the
transcriptional activity of the factors, the important
phosphorylation sites being within the functionally de-
fined transcriptional activation domains. The factors
also contain a high affinity binding site for the kinases
that is distinct from the phosphoacceptor sites. These
interaction domains are crucial for phosphorylation and
provide a mechanism for determining kinase specificity.
A conserved link between kinase and transcription fac-
tor is found in Drosophila in which genetic evidence
suggests that Drosophila Jun (DJun) is a critical target for
DJNK (for review, see Noselli 1998). In the case of fission
yeast, both biochemical and genetic evidence has dem-
onstrated that one target of the Sty1 kinase is the bZip
containing transcription factor Atf1, which shares ho-
mology to the mammalian factor ATF2 (Shiozaki and
Russell 1996; Wilkinson et al. 1996). In addition, Sty1
and Atf1 can form a stable complex.

Inactivation of the fission yeast Sty1 kinase, or up-
stream components of the signaling pathway, results in a
pleiotropic phenotype. sty1− cells are sensitive to os-
motic stress, heat stress, oxidative stress, and UV irra-
diation; additionally they are defective in their response
to nutrient deprivation (Millar et al. 1995; Shiozaki and
Russell 1995; Kato et al. 1996; Degols and Russell 1997).
When starved for nutrients, fission yeast cells exit the
cell cycle and enter a metabolically inert stationary
phase or, if mating partners are available, undergo sexual
development culminating in meiosis and spore forma-
tion. However, sty1− cells are profoundly sterile and rap-
idly lose viability on growth to saturation indicating a
failure to enter stationary phase. These defects empha-
size the pivotal role the Sty1 kinase plays in the stress
response of fission yeast cells. Sty1 also has a role in the
regulation of cell cycle progression. Cells lacking Sty1
are substantially longer at cell division and show syn-
thetic lethality with loss of the Cdc25 tyrosine phospha-
tase, a known regulator of entry into mitosis (Warbrick
and Fantes 1991; Millar et al. 1992, 1995; Shiozaki and
Russell 1995). To date, the only known substrate for the
Sty1 kinase is the transcription factor Atf1. Cells lacking
Atf1 show some, but not all of the phenotypes demon-
strated by sty1− cells: They are sterile and sensitive to
osmotic stress (Kanoh et al. 1996; Shiozaki and Russell
1996; Wilkinson et al. 1996) but are not sensitive to oxi-
dative stress or to UV irradiation (Degols and Russell

1997). Furthermore, atf1− cells show no obvious cell
cycle defects (Kanoh et al. 1996; Shiozaki and Russell
1996; Wilkinson et al. 1996). These observations suggest
that alternative Sty1 substrates exist including addi-
tional transcription factor(s) and a regulator of mitotic
initiation.

In this report, we identify the transcription factor Pap1
as a downstream target of Sty1. Pap1 is a bZip containing
protein that has homology and similar DNA binding
specificity to the mammalian c-Jun protein (Toda et al.
1991). Previous studies have identified a role for Pap1 in
multidrug resistance, its deletion resulting in sensitivity
to a variety of toxic compounds (Toda et al. 1991; Ku-
mada et al. 1996). We show that sty1− cells have a similar
multidrug-sensitive phenotype and that two genes en-
coding members of the ABC transporter family are ex-
pressed in a Sty1- and Pap1-dependent manner. We also
show that cells lacking Pap1 are sensitive to oxidative
stress but not to osmotic stress or nutrient deprivation.
This sensitivity is caused by the role that Pap1 plays in
regulating the expression of multiple genes involved in
the oxidative stress response. Thus pap1− cells and atf1−

cells show differing and nonoverlapping subsets of the
phenotypes observed in sty1− cells. Our data demon-
strate that Pap1 is regulated at the level of nuclear local-
ization in a stress- and Sty1-dependent manner. Further-
more, regulated localization appears to be mediated at
the level of nuclear export rather than import, in a
mechanism that is dependent on the nuclear export fac-
tor Crm1 (Exportin). Because Pap1 and Atf1 have homol-
ogy to c-Jun and ATF2 respectively, their identification
as transcription factor targets of Sty1 highlights a re-
markable level of conservation in the stress response be-
tween fission yeast and mammalian cells.

Results

pap1− and sty1− cells have overlapping phenotypes

Because deletion of atf1+ results in only a subset of the
phenotypes seen when the Sty1 pathway is inactivated,
additional targets for Sty1 must exist. A second tran-
scription factor that has a role in the Schizosaccharomy-
ces pombe stress response is a bZip protein called Pap1.
Pap1 is a homolog of the budding yeast Yap1 protein and
was initially identified on the basis of its ability to confer
a multidrug resistance phenotype in fission yeast (Toda
et al. 1991, 1992). The DNA binding domains of both
Pap1 and Yap1 show good similarity to the DNA binding
domains of the mammalian AP-1 family of transcription
factors and both Pap1 and Yap1 can bind to, and activate
transcription from, an AP-1 binding site.

As a first step in determining whether Pap1 is regu-
lated by the Sty1 pathway, we investigated whether or
not pap1− and sty1− cells share overlapping phenotypes.
As shown in Figure 1 inactivation of either pap1+ or
sty1+ results in cells sensitive to oxidative stress elicited
by the prooxidants diamide and t-butyl hydroperoxide
(t-BOOH). In addition, both strains were found to be hy-
persensitive to treatment with H2O2 (data not shown)
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(Degols et al. 1996). Furthermore, both sty1− and pap1−

cells were hypersensitive to treatment with a variety of
structurally unrelated drugs including staurosporine, cy-
cloheximide, and anisomycin as well as to heavy metal
toxicity elicited by cadmium (Cd2+) or arsenite (As3+). In
contrast, deletion of atf1+ did not result in increased sen-
sitivity to any of these treatments.

Cisplatin (cis-diamminedichloroplatinum) is a plati-
num-containing compound that forms DNA–intrastrand
cross-links and which is used in cancer chemotherapy.
Studies performed in mammalian cells have shown a
correlation between cisplatin resistance and resistance
to heavy metals such as Cd2+ and As3+ (Naredi et al.
1995). Therefore, we tested the sensitivities of the sty1−,
pap1−, or atf1− strains to cisplatin. sty1− cells were found
to be hypersensitive to cisplatin treatment, whereas
pap1− and atf1− cells were not (Fig. 1). However, a strain
with both pap1+ and atf1+ inactivated showed a similar
hypersensitive phenotype to cisplatin treatment as the
sty1− strain (data not shown); this suggests that in the
DNA damage response pathway, Pap1 and Atf1 may be
functionally redundant.

Thus, sty1− cells share a number of stress-sensitive
phenotypes with pap1− cells. These phenotypes included
sensitivity to oxidative stress, heavy metal toxicity, and
to treatment with a range of unrelated drugs. None of
these phenotypes were seen in atf1− cells. These results
suggest that Pap1, like Atf1, may be a downstream target
of the Sty1 kinase, controlling the expression of specific
Sty1-responsive genes.

Pap1 and Sty1 are required for stress-dependent
gene expression

A number of genes in S. pombe that have functional
roles in either the oxidative stress response, heavy metal
detoxification, or multidrug resistance have been identi-
fied. Given their involvement in these responses, we
tested whether or not they are transcriptionally induced
following a specific stress or treatment and if so, whether
this induction is dependent on Pap1, Sty1, or both.
Thioredoxin is a small protein with a redox active di-
sulfide bond. In Saccharomyces cerevisiae, TRX2, and
TRR1 encoding thioredoxin and thioredoxin reductase

respectively, are induced by oxidative stress in a Yap1-
dependent manner (Kuge et al. 1994; Morgan et al. 1997).
The S. pombe homolog of TRR1, trr1+, has been cloned
recently (Casso and Beach 1996), and we have identified
a homolog of TRX2, called trx2+ (B. Morgan unpubl.).
trr1+ transcription was induced following oxidative
stress in wild-type cells but was greatly reduced in pap1−

and sty1− cells (Fig. 2A). In contrast, the response in cells
deleted for the atf1+ gene was indistinguishable from
that of wild-type cells. trx2+ expression was quantita-
tively similar; its expression was induced by oxidative
stress in wild-type cells and this induction was partially
dependent on Sty1 and Pap1. However, the basal level of
expression of trx2+ was higher than that of trr1+ and
there remained significant residual stress-dependent in-
duction of trx2+ in both pap1− and sty1− cells. Thus, it is
likely that additional factors are involved in trx2+ regu-
lation.

The ctt1+ gene encoding catalase has been shown pre-
viously to be transcriptionally induced following expo-
sure to a wide variety of stresses, including many of the
stresses that activate the Sty1 pathway (Nakagawa et al.
1995). Furthermore, previous work has shown that in-
duction of ctt1+ following osmotic stress is dependent on
both Sty1 and the Atf1 transcription factor (Wilkinson et
al. 1996). Surprisingly, following oxidative stress, induc-
tion of ctt1+ transcription was no longer dependent on
Atf1 but rather was dependent on the Pap1 transcription
factor (Fig. 2A). Moreover, this induction required the
Sty1 kinase. Thus, expression of trx2+, trr1+, and ctt1+ is
induced by oxidative stress in a manner that is depen-
dent on both the Sty1 kinase as well as the Pap1 tran-
scription factor.

Another gene, called apt1+ for AP-1 target gene, which
is a known target of Pap1, encodes a protein called p25
(Toda et al. 1992). The function of p25 is unknown al-
though it has homology to flavodoxins and, therefore,
might have a role in the oxidative stress response. As
shown in Figure 2A, apt1+ was strongly induced follow-
ing oxidative stress and, again, this induction was depen-
dent on the Sty1 kinase and the Pap1 transcription fac-
tor.

Several genes in S. pombe have been cloned on the
basis of their ability to confer a multidrug resistant phe-
notype when overexpressed. These genes include: pap1+

Figure 1. Phenotypes of strains carrying muta-
tions in pap1+, sty1+, or atf1+. pap1− and sty1− cells
were hypersensitive to a variety of cytotoxic com-
pounds. Approximately 103 cells from exponen-
tially growing cultures of each strain were spotted
onto YE5S plates containing the indicated com-
pounds: t-BOOH (0.5 mM); diamide (2 mM); cad-
mium sulfate (0.1 mM); sodium arsenite (0.5 mM);
cisplatin (0.5 mM); cycloheximide (15 µg/ml); stau-
rosporine (0.5 µg/ml); anisomycin (7.5 µg/ml).
Plates were incubated at 30°C for 2–3 days.
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(Toda et al. 1991); pad1+, a gene encoding both an appar-
ent coactivator of Pap1 and a component of the 26S pro-
teasome (Shimanuki et al. 1995; Spataro et al. 1997);
hba1+, encoding a protein homologous to RanBPs (Turi
et al 1996); and two genes encoding members of the ABC
transporter family called hba2+/bfr1+ and pmd1+ (Turi
and Rose 1995; Nagao et al. 1995; Nishi et al. 1992).
Overexpression of pap1+ from the full strength nmt1+

promoter resulted in a multidrug resistant phenotype.
This level of pap1+ expression also resulted in the induc-
tion of both hba2+/bfr1+ and pmd1+ (Fig. 2B); (expression
of pad1+ and hba1+ was not affected by pap1+ overex-
pression; data not shown). Furthermore, both hba2+/
bfr1+ and pmd1+ were induced following oxidative stress
and this induction was dependent on both Pap1 and Sty1
(Fig. 2C). These results suggest that the hypersensitivity
of both sty1− and pap1− cells to a variety of cytotoxic
drugs is caused by the lack of hba2+/bfr1+ and pmd1+

expression.
With the exception of ctt1+, all genes described above,

which appear to be direct targets of the Pap1 transcrip-
tion factor, are not induced by osmotic stress even
though such stress is a perfectly good activator of the
Sty1 kinase pathway (Millar et al. 1995; Shiozaki and
Russell 1995). Thus, activation of the Sty1 kinase is nec-
essary, but not sufficient, for their induced expression,
suggesting that a second signal, specific to oxidative
stress, is required.

Pap1 is regulated at the level of nuclear localization

The observations described above suggest that Pap1 and
Sty1 participate in the same pathway. Recent work in
budding yeast has shown that the Pap1 homolog, Yap1,
is regulated at the level of nuclear localization (Kuge et
al. 1997). Under normal growth conditions Yap1 is pre-
dominantly cytoplasmic but following oxidative stress,
it translocates to the nucleus. The cytoplasmic localiza-
tion of Yap1 is dependent on a cysteine-rich domain
(CRD) in its extreme carboxyl terminus. Thus, deletion
of the Yap1 CRD results in constitutive nuclear local-
ization of Yap1, and fusion of the CRD to a heterologous
transcription factor imparts regulated nuclear localisa-
tion to that fusion protein (Kuge et al. 1997). Because the
S. pombe Pap1 protein contains a region homologous to
the CRD in its carboxyl terminus (Toda et al. 1991), we
suspected that Pap1 is also regulated, at least in part, at
the level of nuclear localization.

To test this hypothesis, we constructed a fusion of
green fluorescent protein (GFP) to the amino-terminus of
full-length Pap1. Expression of the fusion protein was
placed under control of the intermediate strength thia-
mine repressible nmt1+ promoter (pRep41) (Fig. 3A). The
GFP–Pap1 fusion protein was able to suppress the oxida-
tive stress-sensitive phenotype of pap1− cells indicating
that it retained Pap1 activity (data not shown). As shown
in Figure 3B, in nonstressed cells the fusion protein was

Figure 2. Northern analysis of stress-responsive genes in wild-type (wt), pap1−, sty1−, and atf1− strains following H2O2 treatment. (A)
Total RNA was isolated from each of the indicated strains at 0, 20, and 60 min, following addition of H2O2 to a final concentration
of 0.2 mM, electrophoresed, transferred to a nylon membrane, and probed with a 32P-labeled DNA specific to each of the genes denoted.
The invariant his3+ mRNA was included as a loading control. (B) Total RNA was isolated from wild type (HM123) and HM123 carrying
pRep1pap1+ Five micrograms of RNA was electrophoresed, transferred to a nylon membrane, and hybridized with 32P-labeled probes
specific to either hba2+/bfr1+, pmd1+, or his3+. (C) Total RNA was isolated from the indicated strains before and after H2O2 treatment
as described above, transfered to a nylon membrane, and probed with 32P-labeled probes specific to either hba2+/bfr1+, pmd1, or his3+.
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found to be cytoplasmic and visibly excluded from the
nucleus. However, following treatment of the cells with
H2O2 for 30 min, the GFP–Pap1 protein concentrated in
a single spot that colocalized with DAPI-stained nuclei
(Fig. 3C). Thus, like Yap1 in budding yeast, the Pap1
protein was regulated by stress-dependent nuclear local-
ization. Intriguingly, induction of osmotic stress with
1.5 M sorbitol did not result in nuclear localization of
GFP–Pap1 (data not shown). Therefore, Pap1 relocaliza-
tion, like Pap1-dependent gene expression, appeared to
be controlled specifically by oxidative stress.

Stress-dependent nuclear accumulation of Pap1 is
dependent on an active Sty1 pathway

Next, we examined how the GFP–Pap1 fusion protein
responded to stress in sty1− cells. The GFP–Pap1 protein
was found to be cytoplasmic in nonstressed sty1− cells.
However, following oxidative stress GFP–Pap1 localized
to the nucleus in only a small minority (<5%) of cells
relative to the wild-type control (Fig. 4). Thus, the Sty1

kinase was required for the regulated accumulation of
Pap1 in the nucleus.

Previous results have shown that overexpression of
the MAP kinase, Wis1, can activate the Sty1 kinase (J.
Millar, pers. comm.; Millar et al. 1995; Shiozaki and Rus-
sell 1995). By use of an nmt1+ promoter of intermediate
strength (pRep41), we examined the effect of moderate
overexpression of wis1+ on the cellular localization of
GFP–Pap1. Interestingly, overexpression of wis1+ on its
own had no obvious effect on GFP–Pap1 localization.
However, overexpressing wis1+, in combination with
oxidative stress, had an enhancing effect on the kinetics
of GFP–Pap1 localization to the nucleus. Thus, GFP–
Pap1 was seen to be concentrated in the nucleus ∼5–10
min after treatment with H2O2 in Rep41–wis1+-treated
cells compared with wild-type cells that took at least 30
min before a comparable number of cells showed GFP–
Pap1 nuclear localization (Fig. 4).

Pap1 nuclear localization is controlled by regulated
nuclear export

Genetic studies have implicated a number of gene prod-
ucts in the control of multidrug resistance in fission
yeast. Most of these proteins are predicted either to ac-
tivate Pap1, or, as shown here for pmd1+ and hba2+/
bfr1+, are targets for Pap1-dependent transcription. How-
ever, one gene product, Crm1, appears to function as a

Figure 3. GFP–Pap1 localizes to the nucleus following oxida-
tive stress. (A) A schematic of the GFP–pap1+ fusion construct
expressed under the control of the intermediate strength nmt1+

promoter (pRep41). (B) Fluorescence microscopic analysis of un-
treated wild-type cells containing Rep41–GFP–Pap1, stained
with DAPI to visualize the nucleus at 365 nm or at 390 nm to
visualize the cellular distribution of GFP-tagged Pap1. (C) Fluo-
rescence analysis of the same cells treated for 30 min with 0.2
mM H2O2.

Figure 4. Stress-dependent relocalization of GFP–Pap1 to the
nucleus involves the Sty1 pathway. Wild-type cells (TP114-2A +
pRep41–GFP–pap1+ + pRep42), sty1− cells (NT224 + pRep41–
GFP–pap1+ + pRep42), or wild-type cells overexpressing the
Wis1 kinase (TP114-2A + pRep41–GFP–pap1+ + pRep42–wis1+)
were exposed to 0.2 mM H2O2 for the indicated times and sub-
jected to fluorescence microscopy to visualize the GFP-tagged
Pap1 fusion protein.
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negative regulator of Pap1 activity because mutant alle-
les of crm1+ show a pap1+-dependent multidrug resistant
phenotype (Toda et al. 1992; Kumada et al. 1996). crm1+

is an essential gene that encodes an evolutionarily con-
served protein related to b-importin-like nuclear trans-
port factors (Adachi and Yanagida 1989; Gorlich et al.
1997). Recently it has been shown that in S. cerevisiae,
Xenopus, and mammalian cells, Crm1 is a nuclear ex-
port factor (Fornerod et al. 1997; Fukuda et al. 1997; Ne-
ville et al. 1997; Ossareh-Nazari et al. 1997, Stade et al.
1997). We analyzed the expression of Pap1-dependent
genes in wild-type cells and cells carrying conditional
mutations in crm1+ (Fig. 5A). Even at the permissive
temperature, crm1-809 and crm1-119 cells showed in-
creased expression of apt1+ and hba2+/bfr1+. The in-
creased expression of hba2+/bfr1+ and potentially other
genes encoding ABC transporters, such as pmd1+, could
explain the multidrug resistant phenotype associated
with crm1 mutants.

Next, we examined the cellular localization of the
GFP–Pap1 fusion protein in crm1-809 cells. Derepres-
sion of the nmt1+ controlled GFP–Pap1 gene followed by
flouresence microscopy 24 hr later revealed that the
GFP-Pap1 protein was strongly localized to the nucleus
in ∼10% of cells (Fig. 5B). This result was significant
because in wild-type cells the fusion protein was never
seen in the nucleus of nonstressed cells. In the remaining
90% of crm1-809 (pRepGFP–Pap1) cells the nuclear ex-
clusion of the fusion protein that was seen in wild-type
cells was not apparent, suggesting that there was equal
partitioning of the GFP–Pap1 protein between the
nucleus and the cytoplasm.

RCC1 (nucleotide exchange factor) is required
for nuclear export of Pap1

The small GTP-binding protein, Ran, is critical for nu-
cleocytoplasmic trafficking (Nigg 1997). Recent experi-
ments have shown that nuclear export is dependent on
RanGTP, the high nuclear levels of which are main-
tained by the action of the RCC1 nucleotide exchange
factor (which regenerates Ran–GTP from Ran–GDP). In
S. pombe, the RCC1 homolog is encoded by the pim1+/
dcd1+ gene (Matsumoto and Beach 1991; Sazer and
Nurse 1994). Because dcd1+ is an essential gene, we used
a dcd1ts strain to observe what effect inactivating this
gene had on Pap1 activity and on GFP–Pap1 localization.
As seen in Figure 6A, Pap1-dependent transcripts were
high in the dcd1ts strain in unstressed conditions and at
the permissive temperature. Even higher levels of ex-
pression were obtained when the cells were shifted to
the nonpermissive temperature (36°C). Additionally,
GFP–Pap1 was found to be predominantly nuclear in
∼10% of nonstressed dcd1ts cells at the permissive tem-
perature and this nuclear localization increased dramati-
cally (to ∼50%) following a shift to 36°C for 2–4 hr (Fig.
6B).

Discussion

Pap1 and Atf1 mediate different aspects
of the Sty1-dependent stress response

In this report, we demonstrate that the activity of the
Pap1 transcription factor is regulated by the Sty1 stress
activated kinase. Accordingly, pap1− cells display a sub-
set of the pleiotropic phenotypes that result from inac-
tivation of sty1+ or components upstream in the Sty1
pathway. Both sty1− and pap1− cells are hypersensitive
to treatment with a variety of drugs, to heavy metal tox-
icity, and to oxidative stress. This sensitivity derives
from the role that Pap1 plays in regulating the expression
of a number of genes involved in the oxidative stress
response and in drug resistance.

Pap1 represents a second example of a transciption fac-
tor regulated by Sty1, the other being Atf1. Atf1 and Sty1
are critical for sexual differentiation and for surviving
osmotic stress and entry into stationary phase (Takeda et
al. 1995; Kato et al. 1996; Shiozaki and Russell 1996;

Figure 5. crm1 mutants show increased nuclear accumulation
of GFP–Pap1. (A) Total RNA was isolated from exponentially
growing cultures (30°C) of wild-type, crm1-809, or crm1-119
cells. Five micrograms of RNA was electrophoresed, transfered
to a nylon (Genescreen) membrane and probed with a 32P-la-
beled probe specific to hba2+/bfr1+, apt1+, or his3+. (B) Expo-
nentially growing wild-type cells, or crm1-809 cells, grown at
30°C, were subjected to fluoresence microscopy to determine
the intracellular location of the GFP–Pap1 fusion protein.
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Wilkinson et al. 1996). Therefore, apart from the cell
cycle defect, all the phenotypes associated with deletion
of the sty1+ gene can be rationalized through the role of
this kinase in regulating the expression of Atf1- and
Pap1-dependent genes (Fig. 7). It is clearly significant
that these two transcription factors share considerable
similarity both in structure and DNA-binding activity to
the mammalian factors ATF2 and c-Jun, which are also
regulated by stress-activated MAP kinase signaling.
These findings further highlight the considerable conser-
vation between mammalian cells and S. pombe in the
transcriptional activities controlled by such signaling
pathways.

Pap1-mediated gene expression is essential
for the oxidative stress response

We have identified a number of genes involved in the
oxidative stress response that require both Pap1 and Sty1
for their expression. Three such genes are trr1+, trx2+,

and ctt1+. Thioredoxin, which is ubiquitously expressed
in both prokaryotes and eukaryotes, has been credited
with a number of important properties. It plays a role in
the reduction of reactive oxygen species and in the re-
generation of damaged proteins by means of its protein
oxidoreductase activity (Fernando et al. 1992; Mitsui et
al. 1992). In this study we show that trx2+ and trr1+,
encoding thioredoxin and thioredoxin reductase respec-
tively, are induced following oxidative stress in a Pap1-
and Sty1-dependent manner. Pap1 binding sites, but not
Atf1 binding sites, could be found in both trx2+ and trr1+

promoters (W.M. Toone and N. Jones, unpubl.) consis-
tent with the observation that neither gene was respon-
sive to osmotic stress.

Catalase, encoded by ctt1+, is involved in the decom-
position of H2O2. However, unlike trx2+ and trr1+, ctt1+

is transcriptionally induced following exposure to a va-
riety of stresses including UV irradiation, osmotic stress,
and oxidative stress (Nakagawa 1995). ctt1+ induction
following osmotic stress is dependent on the Atf1 tran-
scription factor as well as the Sty1 kinase (Wilkinson et
al. 1996). However, in response to oxidative stress, in-
duction of ctt1+, like that of trr1+ and trx2+, was found to
be wholly dependent on the Pap1 transcription factor.
Consistent with these observations, the ctt1+ promoter

Figure 7. Model depicting the role of the Sty1 pathway in the
fission yeast stress response. The Sty1 signaling pathway is in-
volved in the response of cells to a variety of different stress
conditions. The role of Sty1 is to regulate the activity of the two
transcription factors Atf1 (Shiozaki and Russell 1996; Wilkin-
son et al. 1996) and Pap1 (this study), which in turn regulate the
expression of a number of genes encoding products that mediate
different stress responses. The physiological events controlled
by each factor are indicated.

Figure 6. RCC1 mutants show increased nuclear accumula-
tion of GFP–Pap1. (A) Total RNA was isolated from exponen-
tially growing cultures of wild-type cells and dcd1ts cells grown
at 30°C or cells shifted to the nonpermissive temperature (36°C)
for 1 or 2 hr. Five micrograms of RNA was electrophoresed,
transferred to a nylon (Genescreen) membrane, and probed with
a 32P-labeled probe specific to apt1+ and his3+ as a loading con-
trol. (B) Exponentially growing wild-type cells or dcd1ts cells
were subjected to fluoresence microscopy to determine the in-
tracellular location of the GFP–Pap1 fusion protein after a shift
of cells from the permissive (30°C) temperature to 36°C for 2 hr.
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contains potential binding sites for both Atf1 and Pap1
(W.M. Toone and N. Jones, unpubl.). ctt1+ regulation in
response to different stresses is, therefore, complex. Un-
der osmotic stress conditions, Pap1 is not activated and,
hence, expression of ctt1+ is dependent solely on Atf1.
However, under oxidative stress conditions both factors
are activated and yet ctt1+ expression is dependent on
Pap1. This raises the question of why Atf1 cannot com-
pensate for the loss of Pap1 under these conditions. This
question is currently under investigation.

Pap1 and Sty1 are required for multidrug resistance

Previous studies in S. pombe have identified two genes,
hba2+/bfr1+ and pmd1+, which encode ATP-binding cas-
sette-type (ABC) transporter proteins. Overexpression of
either gene confers a drug resistant phenotype (Nishi et
al. 1992; Nagao et al. 1995; Turi and Rose 1995). We
show that these genes are downstream targets of the
Pap1 transcription factor and that overexpression of
pap1+ results in the concomitant overexpression of
hba2+/bfr1+ and pmd1+; this likely explains the multi-
drug resistant phenotype of pap1+ overexpressing cells.
Moreover, both hba2+/bfr1+ and pmd1+ were found to be
transcriptionally induced by oxidative stress in a Pap1-
and Sty1-dependent manner. Both transporters are ho-
mologs of the human P-glycoprotein, encoded by the
MDR1 gene, which is involved in the energy-dependent
efflux of drugs used in cancer chemotherapy (for review,
see Gottesman and Pastan 1993). Interestingly, MDR1 is
known to be transcriptionally induced following heat
stress, exposure to heavy metals such as arsenite and
cadmium, UV irradiation, and drug treatment (Chin et
al. 1990; Uchiumi et al. 1993). These are, in fact, many of
the same treatments that activate the SAPK pathways in
mammalian cells. Furthermore, multidrug resistant cell
lines that overexpress MDR1 have been found to contain
an activated form of the JNK (SAPK), which may in turn
facilitate MDR1 expression through a noncanonical
AP-1 consensus element in the human MDR1 promoter
(Ueda et al. 1987).

The cancer therapeutic agent cisplatin induces DNA
damage by the formation of 1,2-intrastrand crosslinks. In
human cells, response to such damage appears to involve
stress-activated signaling because the JNK/SAPK path-
way is activated by cisplatin treatment and expression of
a dominant negative Jun, which inhibits c-Jun-depen-
dent transcription, results in cisplatin hypersensitivity
(Potapova et al. 1997). Likewise, in fission yeast, sty1−

cells are hypersensitive to cisplatin treatment. However,
the involvement of Pap1 or Atf1 in this response is com-
plex; neither pap1− nor atf1− cells are hypersensitive to
cisplatin, whereas a pap1−atf1− double mutant is sensi-
tive. This would suggest that the response could be me-
diated by either transcription factor. Clearly, to resolve
this question, genes involved in cisplatin resistance
would need to be identified and examined for their de-
pendence on Pap1 or Atf1. Human cells deficient in
nucleotide excision repair are unable to repair lesions
resulting from either cisplatin or UV treatment (Zamble

and Lippard 1995) suggesting a common response to both
DNA damaging agents. Interestingly, the sensitivity of
various mutant cells to UV irradiation is similar to that
seen with cisplatin treatment; thus, neither pap1− nor
atf1− cells are sensitive to UV irradiation whereas
pap1−atf1− and sty1− cells are sensitive (W.M. Toone,
unpubl.).

Pap1 is regulated by stress-dependent changes
in subcellular localization

A growing number of transcription factors translocate
from the cytoplasm to the nucleus in response to specific
stimuli. Previous work has concentrated on mechanisms
governing the regulated nuclear entry of these proteins
(Nigg 1997). Thus, for example, the nuclear localization
of the S. cerevisiae transcription factor Swi5, is regulated
in a cell cycle-dependent manner through direct pho-
phorylation by a cyclin-dependent kinase (Moll et al.
1991); nuclear entry of the mammalian transcription fac-
tor NF-kB is regulated by various cytokines and stress-
induced signals (Baeuerle and Henkel 1994); whereas
nuclear localization of the S. cerevisiae transcription fac-
tor Pho4 is negatively regulated by the nutrient-sensitive
Pho80–Pho85 kinase (O’Neill et al. 1996).

Evidence presented here indicates that the fission
yeast transcription factor, Pap1 is regulated by a mecha-
nism acting primarily on the nuclear export machinery.
Treatment of cells containing a GFP–Pap1 fusion protein
with H2O2 resulted in the rapid accumulation of the pro-
tein in the nucleus. In agreement with the postulated
role for Crm1 as a nuclear export factor and the genetic
evidence implicating crm1+ in Pap1 regulation, GFP–
Pap1 also accumulated in the nuclei of unstressed cells
carrying a conditional allele of crm1+. Concurrent stud-
ies in budding yeast show that Yap1 activation is medi-
ated in a similar Crm1-dependent manner (S. Kuge, T.
Toda, N. Jones, N. Iizuka, and A. Nomoto, in prep.). Fur-
thermore, the carboxy-terminal CRD of Yap1, which is
required for the cytoplasmic localization of Yap1 in un-
stressed cells, has been shown to be a specialized nuclear
export sequence.

A critical component involved in both nuclear import
and export is the small GTPase, Ran. There is a gradient
of Ran–GTP across the nuclear membrane with high
concentrations of Ran–GTP inside the nucleus and low
Ran–GTP in the cytoplasm. This gradient of Ran–GTP is
thought to impart directionality to nucleocytoplasmic
transport (Nigg 1997). High nuclear levels of Ran–GTP
are maintained by the RCC1 nucleotide exchange factor,
and recent results have shown that RCC1 is crucial for
the nuclear export of importin-a (Koepp et al. 1996). Our
results show that the RCC1 protein also drives Crm1-
mediated export in fission yeast because GFP-Pap1 accu-
mulates in the nucleus in pim1ts/dcd1ts cells.

How is Pap1 localization regulated by oxidative stress?
One consequence of stress is the activation of the Sty1
pathway, and Sty1 is clearly required for GFP–Pap1
nuclear accumulation. However, activation of Sty is not
sufficient because its activation by osmotic stress or by
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overexpression of Wis1 does not lead to increased con-
centration of Pap1 in the nucleus. Thus, an additional
event specific to oxidative stress is required in combina-
tion with an active Sty1 kinase. A possible clue to the
nature of this additional event comes from studies in-
volving the Yap1 transcription factor in S. cerevisiae.
The carboxy-terminal CRD of Yap1 contains a func-
tional nuclear export sequence and the conserved cys-
teines residues within the CRD are critical for this NES
function (Kuge et al. 1997; S. Kuge, T. Toda, N. Jones, N.
Iizuka, and A. Nomoto, in prep.). Furthermore, recent
evidence indicates that, in S. cerevisiae, the CRD and
Crm1 interact (S. Kuge, T. Toda, N. Jones, N. Iizuka, and
A. Nomoto, in prep.). A reasonable scenario, therefore,
would be that the Crm1–CRD interaction is redox-sen-
sitive and is disrupted under conditions of oxidative
stress. Because Pap1 contains a homologous CRD in its
carboxyl terminus, it is likely that it is regulated in a
similar manner. This leaves open the question of the
involvement of Sty1 in the Pap1 relocalization process.
One possibility is that Sty1 affects the export machinery
in a general way such that when Sty1 is activated, export
is reduced. Alternatively, and perhaps more likely, Sty1
may be specifically involved in regulating Pap1 localiza-
tion. Evidence from two-hybrid and coimmunoprecipita-
tion analysis indicates that Sty1 and Pap1 exist as a com-
plex although, surprisingly, there is no evidence that
Pap1 is a substrate for the Sty1 kinase (W.M. Toone and
M. Samuels, unpubl.). Thus, one possibility is that Sty1
is responsible for transporting Pap1 into the nucleus; in
the absence of oxidative stress Pap1 would then nor-
mally be exported by Crm1 as a default mechanism. This
possibility is strengthened by recent evidence that Sty1
relocalizes from the cytoplsm to the nucleus following
its activation by stress (Gaits et al. 1998). Future experi-
ments will be aimed toward clarifying the role of Sty1 in
Pap1 localization.

Materials and methods

Yeast strains and media

The yeast strains used in this study were as follows: HM123 (h−

leu1), TP114-2A (h90 leu1 ura4), TP108-3C (h− leu1 his2 ura4
pap1::ura4+), NT224 (h− leu1 ura4 sty1-1), NT147 (h90 leu1 ura4
atf1::ura4+), TP113-6B (h leu1 ura4 crm1-809), AT3 (h− leu1
ura4 crm1-119). Cells were grown in rich medium (YE5S) or in
synthetic minimal medium (EMM2) as described (Moreno et al.
1991; Alfa et al. 1993).

Drug sensitivity assay

S. pombe strains to be assayed for sensitivity to various toxic
compounds were grown to an OD595 of ∼1.0. Cells were then
diluted in YE5S liquid media, and 103 cells in 5 µl were spotted
onto YE5S agar media containing the specific compound at the
concentration indicated. The spots were allowed to dry and the
plates were incubated at 30°C for 2–3 days.

Yeast transformations

S. pombe strains were grown to 0.2–0.5 OD595, pelleted, and
washed three times with 10 ml of ice-cold 1 M sorbitol. Cells
were resuspended in 1 M sorbitol at a final concentration of ∼109

cells/ml. Transformations were performed on 200 µl of cells
plus plasmid DNA by electroporation with a Bio-Rad Gene
Pulser II set at 200 V, 25 µF, and 2.25 kV with a resulting time
constant of ∼4.5 msec. Four hundred microliters of cold 1 M

sorbitol was added and the cells plated immediately on selective
EMM agar medium.

RNA analysis

Total RNA was extracted from cells grown under the conditions
described with a hot phenol protocol (White et al. 1986). A 5-µg
sample of total RNA was denatured with glyoxal, separated on
a 1.2% agarose gel, and transferred to a GeneScreen hybridiza-
tion membrane (Dupont NEN Research Products, Boston, MA).
Probes for RNA–DNA hybridization were either restriction
fragments or PCR-generated fragments internal to the gene con-
cerned and labeled with 32P by use of a DNA Megaprime label-
ing kit (Amersham). The invariant his3+ transcript was used as
a loading control.

Construction of GFP-tagged pap1 gene

The pRep41–GFPpap1+ plasmid consists of the S65T mutant
form of GFP fused to the amino terminus of the pap1+ ORF with
an intervening in-frame HA tag. A PCR fragment containing the
HA epitope (underlined) CACCTGCCATGTACCCATAC-
GATGTTCCAGATTACGCT and the 58 end of the pap1+ cod-
ing sequence from the second codon to the BglII site at position
+119 was ligated to a restriction fragment containing the rest of
the pap1+ coding sequence as well as a portion of the 38 non-
coding sequence (BglII–VspI). This HA-pap1+ fragment was in-
serted into the pRS cp-GFP-HA–YAP1 plasmid (Kuge et al 1997)
digested with PvuII (at the 38 end of GFP) and NdeI (in the 38 end
of YAP) to release the YAP1 ORF. A restriction fragment from
the resulting plasmid (SmaI–SalI) containing GFP–HA–pap1+

was ligated into the pRep41 vector (behind the nmt1+ promoter;
Maundrell 1993) digested with NdeI (end-filled)–SalI.

Fluorescence microscopy

Samples from cells grown under the conditions described were
centrifuged and fixed by resuspending in −20°C methanol for at
least 10 min. The fixed cells were gently centrifuged and resus-
pended in 1 ml dH2O. The cells were centrifuged and all but the
last few microlitres of H2O were removed. Cells were resus-
pended in the remaining H2O, and 3 µl of this suspension was
spread on a poly-L-lysine-coated coverslip and allowed to dry.
Three microliters of DAPI (1 µg/ml) was added, and the cover-
slip was placed on a microscope slide. Fluorescence microscopy
was carried out on a Nikon Microphot FX microscope at 100×
magnification. GFP fluorescence was observed in fixed cells
with illumination at 390 nm. DAPI fluorescence was observed
with illumination at 365 nm. Images were captured by use of a
Hammatsu C5310 CCD camera. Images were converted to Pho-
toshop version 3.0 (Adobe Systems, Mountain View, CA) and
collated by use of Clarisdraw.
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Erratum

Genes & Development 12: 1453–1463 (1998)

Regulation of the fission yeast transcription factor Pap1 by oxidative stress: requirement for the nuclear export
factor Crm1 (Exportin) and the stress-activated MAP kinase Styl/Spc1
W. Mark Toone, Shusuke Kuge, Michael Samuels, Brian A. Morgan, Takashi Toda, and Nic Jones

Figure 4 of this article contains two errors. The bottom left fluorescence panel inadvertently demonstrated the
fluorescence pattern in wild-type cells rather than wild-type cells overexpressing the Wis1 protein. In both cases,
however, the pattern of fluorescence is identical. The time points at which the fluorescence patterns were measured
were also inadvertently omitted from the top of the figure. The authors regret these errors.

Figure 4. Stress-dependent relocalization of GFP–Pap1 to the
nucleus involves the Sty1 pathway. Wild-type cells (TP114-
2A + pRep41–GFP–pap1+ + pRep42), sty1− cells (NT224 +
pRep41–GFP–pap1+ + pRep42), or wild-type cells overexpressing
the Wis1 kinase (TP114-2A + pRep41–GFP-pap1+ + pRep42–
wis1+) were exposed to 0.2 mM H2O2 for the indicated times and
subjected to fluorescence microscopy to visualize the GFP-
tagged Pap1 fusion protein.
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