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Control of gene expression by stress-activated protein kinase (SAPK) cascades is crucial for combating

cytotoxic stress. Elements of these cascades have been investigated in detail, but regulation of stress signal

transduction from the cytoplasm to the nucleus is poorly understood. Herein are reported subcellular

localization studies of fission yeast Spc1, a homolog of human p38 and budding yeast Hog1p SAPKs. Stress

induces transient nuclear localization of Spc1. Nuclear translocation of Spc1 is coupled with disassociation

from its activator kinase Wis1. However, Spc1 does not concentrate in the nucleus of Dw is1 cells; therefore

Wis1 does not tether Spc1 in the cytoplasm. Unphosphorylatable forms of Spc1 are dispersed in the cytoplasm

and nucleus, even in cells that also produce wild-type Spc1. Thus, Spc1 must be phosphorylated by Wis1 to

localize in the nucleus. Nuclear retention of Spc1 requires Atf1, a transcription factor that is the key nuclear

substrate of Spc1. Nuclear localization of Atf1 requires Pcr1, a heterodimerization partner of Atf1. These

studies show that phosphorylation and association with Atf1 are required for nuclear localization of Spc1.

[Key W ords: Atf1; fission yeast ; nuclear localizat ion ; Schizosaccharom yces pom be; Spc1; st ress-act ivated

protein k inase]
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The rapid in tegrat ion of signals from the plasm a m em -

brane to the nucleus is crucial for the appropriate gene

expression responses to a vast array of external st im uli

(Karin 1994; Hill and Treism an 1995; Karin and Hunter

1995). Cum ulat ive effort s of m any laboratories over the

past decade have led to the elucidat ion of several signal-

ing pathways involved in the regulat ion of the gene ex-

pression in response to external st im uli. All of these

pathways include three sequent ial protein k inases, the

prototype being the m itogen-act ivated protein k inase

(MAPK) cascade found in m am m als (Seger and Krebs

1995). The cascade is com posed of a MAPK, a serine–

threonine kinase that is act ivated through phosphoryla-

t ion at a pair of conserved threonine and tyrosine resi-

dues by a MAPK kinase (MAPKK or MEK), which is it self

phosphorylated and act ivated by a MAPKK kinase

(MAPKKK or MKK) (Marshall 1994; Cobb and Gold-

sm ith 1995). The tem poral regulat ion of the phosphory-

lat ion cascade, as well as the spat ial dist ribu t ion of the

elem ents of the pathway, accounts for the rapid t rans-

m ission of inform at ion from the m em brane to the

nucleus (Cano and Mahadevan 1995).

Invest igat ions of the subcellu lar dist ribu t ion of MAPK

cascades have focused on ext racellu lar signal-regulated

kinase (ERK) cascades, which respond prim arily to pro-

liferat ion and differen t iat ion signals (N ish ida and Gotoh

1993). The MKK and MEK com ponents of these cascades

reside in the cytoplasm , whereas ERK translocates from

the cytoplasm to the nucleus after it has been phos-

phorylated by MEK (Chen et al. 1992; Gonzalez et al.

1993; Lenorm and et al. 1993; Zheng and Guan 1994).

Cytoplasm ic localizat ion of MEK requires a nuclear ex-

clusion signal (N ES) located in the am ino-term inal part

of the protein (Fukuda et al. 1996). Translocat ion of ERK

to the nucleus is apparen t ly not dependent on ERK phos-

phorylat ion or act ivat ion , because ERK m utants that

cannot be phosphorylated by MEK or are otherwise cata-

lyt ically inact ive t ranslocate in to the nucleus upon cel-

lu lar act ivat ion (Sanghera et al. 1992; Seth et al. 1992;

Lenorm and et al. 1993). Thus, it appears that the cyto-

plasm ic localizat ion of ERK is dependent on it s associa-

t ion with MEK, which acts as a cytoplasm ic anchoring

protein . Upon act ivat ion , ERK dissociates from MEK and

t ranslocates in to the nucleus (Fukuda et al. 1997). How-

ever, ERK does not appear to have a nuclear localizat ion

signal (N LS); therefore, it is not known how ERK accu-

m ulates in the nucleus.

The extended MAPK fam ily includes a group of pro-

tein k inases that are act ivated by cellu lar st ress. These
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com prise the JN K and p38 st ress-act ivated protein k i-

nases (SAPKs) in m am m als (Davis 1994; Kyriak is et al.

1994). SAPKs are act ivated by differen t types of signals

such as UV irradiat ion , heat , in flam m atory cytokines,

oxidat ive st ress, and high osm olarity (Derijard et al.

1994; Han et al. 1994; Rouse et al. 1994; Waskiewicz and

Cooper 1995). Very lit t le is known about the localizat ion

of these kinases or their upst ream act ivators. UV was

shown to st im ulate nuclear t ranslocat ion of JN K1 (Cav-

igelli et al. 1995), whereas p38 was found both in the

cytoplasm and the nucleus and th is pat tern was unaf-

fected by st ress (Raingeaud et al. 1995). However, as

noted by Raingeaud and coworkers, a caveat with the

p38 studies is that they relied on ectopic overexpression

and thus m ay not accurately reflect the dist ribu t ion of

endogenous p38.

Coping with st ress is an ancien t and universal chal-

lenge for eukaryot ic cells; therefore, it is not surprising

that even sim ple organism s such as yeast s have SAPK

cascades that are hom ologous to the p38 pathway. Of

part icu lar in terest is the cascade contain ing the SAPK

Spc1 in the fission yeast Schizosaccharom yces pom be.

Like it s m am m alian counterpart , Spc1 is act ivated by a

wide range environm ental insu lt s, including high osm o-

larity, oxidat ive condit ions, heat , UV, and starvat ion .

Spc1, also known as Sty1 or Phh1 (Millar et al. 1995;

Shiozaki and Russell 1995; Kato et al. 1996), is act ivated

by the MEK hom olog Wis1, which phosphorylates threo-

n ine-171 and tyrosine-173 of Spc1. Wis1 is act ivated by

the MKK hom olog Wis4, also known as Wik1 and Wak1

(Shiozaki and Russell 1996; Wilk inson et al. 1996; Sam e-

jim a et al. 1997; Shiozaki et al. 1997). Spc1 is negat ively

regulated by tyrosine phosphatases Pyp1 and Pyp2 via

direct dephosphorylat ion of tyrosine-173 (Millar et al.

1995; Shiozaki and Russell 1995; Degols et al. 1996). In-

terest ingly, the Wis4–Wis1–Spc1 kinase cascade is

linked to G 2–M cell cycle cont rol. In opt im al growth

condit ions spc1− m utants exhibit a m oderate delay of

the onset of m itosis that is great ly exacerbated upon

st ress (Shiozaki and Russell 1995). The only subst rate

known for Spc1 is the t ranscript ion factor Atf1, which

is responsible for Spc1-dependent regulat ion of gene

expression in response to various form s of st ress, al-

though at f1 m utants do not exhibit the m itot ic delay

phenotype of spc1 cells (Shiozaki and Russell 1996;

Wilk inson et al. 1996).

The discovery of a conserved st ress response m echa-

n ism in fission yeast presen ts a unique opportun ity to

use genet ic tools to invest igate the spat ial organizat ion

of a SAPK cascade. These studies are described in th is

report . These experim ents were perform ed with wild-

type and m utant proteins expressed at norm al physi-

ological levels and thus are not subject to the caveats and

com plicat ions associated with the previous studies of

m am m alian ERK and SAPK cascades. At the m ost fun-

dam ental level our findings concur with the previous

work of m am m alian ERKs, in that they ident ify Spc1

nuclear t ranslocat ion as the prim ary m echanism of sig-

nal t ransduct ion from the cytoplasm to the nucleus.

However, our studies presen t an ent irely differen t pic-

ture of how nuclear t ranslocat ion of an SAPK is

regulated.

Results

N uclear translocat ion of Spc1 induced by stress

The subcellu lar dist ribu t ion of Spc1 was exam ined by

indirect im m unofluorescence m icroscopy. These studies

u t ilized st rains in which the chrom osom al copy of spc1

encoded a protein contain ing 12 tandem copies of the

m yc epitope (see Materials and Methods). These cells

appeared ident ical to wild-type, therefore, the funct ion

of Spc1 was not im paired by the epitope tag. The m yc-

tagged Spc1 was detected using ant i-m yc m onoclonal an-

t ibodies. Cont rol experim ents with wild-type cells en-

coding untagged Spc1 revealed no stain ing (Fig. 1A). Be-

fore st ress, Spc1 was present in both the cytoplasm and

nucleus, although in m ost cells the nuclear signal was

weaker (Fig. 1A). Osm ot ic st ress (0.6 M KCl) caused rapid

relocalizat ion of Spc1 in to the nucleus. N uclear accum u-

lat ion of Spc1 was apparen t with in 5 m in (F. Gait s and P.

Russell, unpubl.) and m axim al after ∼ 10 m in of st im ula-

t ion (Fig. 1A). The nuclear accum ulat ion of Spc1 was

rem arkably t ransien t . Spc1 was quite obviously excluded

from the nucleus with in 20 m in after the in it ial exposure

to st ress (Fig. 1A). Evaluat ion of Spc1 act ivat ion , as as-

sayed by tyrosine phosphorylat ion , revealed that act iva-

t ion paralleled nuclear localizat ion , with m axim um ac-

Figure 1. Spc1 localizat ion with st ress. (A ) Spc1 t ranslocates to

the nucleus upon st ress. St rain GD1942, in which the genom ic

copy of spc1+ encodes an epitope-tagged form of Spc1 that has 12

copies of a m yc tag at the carboxyl term inus, was grown to

m id-log phase at 30°C in YES m edium . Aliquots were harvested

before and after osm ost ress in YES + 0.6 M KCl at the indicated

t im e and fixed in −80°C m ethanol. After perm eabilizat ion , cells

were incubated with the ant i-m yc ant ibody and Cy3 goat an t i-

m ouse as a secondary ant ibody to visualize Spc1m yc. The nu-

clei were stained with DAPI. Bar, 10 µm . (B) In parallel, som e

aliquots were frozen in liqu id nit rogen and total cellu lar hom og-

enates were prepared to evaluate Spc1 phosphorylat ion . Pro-

teins were subjected to SDS-PAGE and elect roblot ted, and im -

m unodetect ion of Spc1 was achieved using the ant i-p38 phos-

phorylated ant ibody (a-p38P). The level of proteins in each lane

was evaluated using the ant i-m yc ant ibody (a-m yc).
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t ivat ion occurring at 10 m in followed by dephosphory-

lat ion with in 20 m in (Fig. 1B). These findings suggest

that st ress-st im ulated nuclear t ranslocat ion of Spc1 is a

m ajor m echanism by which st ress signals are t ransduced

from the cytoplasm to the nucleus.

W is1, the k inase that act ivates Spc1, is located

in the cy toplasm

Wis1 is the sole act ivator k inase of Spc1 in vivo. We

therefore determ ined the localizat ion of Wis1. This

study used a st rain that expressed m yc-tagged Wis1 from

the w is1+ genom ic locus. This st rain appeared ident ical

to wild-type; therefore, the epitope tag had no effect on

Wis1 funct ion in vivo. Wis1 localized in the cytoplasm ;

no significan t Wis1 signal was detected in the nucleus

before or during osm ot ic st ress (Fig. 2A). These observa-

t ions suggest that Wis1 m ay be act ively excluded from

the nucleus. Wis1 has several sequences that closely

m atch the N ES recent ly characterized in a m am m alian

MEK.

N uclear relocat ion of Spc1 correlates

w ith d isassociat ion from W is1 in the cy toplasm

N ext we invest igated physical in teract ions involving

Wis1 and Spc1. We const ructed a st rain bearing a chro-

m osom al copy of w is1 expressing m yc-tagged Wis1 pro-

tein and a chrom osom al copy of spc1 expressing Spc1

tagged with the HA epitope followed by six hist idine

residues. Spc1HA6his was purified under nat ive condi-

t ions with N i+-N TA-agarose. Wis1 co-precipitated with

Spc1 before st ress (Fig. 2B). Upon act ivat ion of the path-

way by osm ot ic st ress, the am ount of Wis1 associated

with Spc1 decreased dram at ically. This change was quite

t ransien t with Wis1 becom ing fu lly reassociated with

Spc1 with in 30 m in of the in it ial st ress. This process

paralleled the changes in Spc1 phosphorylat ion and lo-

calizat ion (Fig. 1). These findings indicate that the affin-

ity between Spc1 and Wis1 is reduced in response to

st ress. The decreased associat ion between the two pro-

teins m ay allow translocat ion of Spc1 in to the nucleus.

Spc1 is predom inant ly cy toplasm ic in Dwis1 cells

Our findings were consisten t with a m odel in which

Wis1 acts as a cytoplasm ic anchor for Spc1. In th is m odel

Spc1 has a tendency to localize in the nucleus, perhaps

because of an in teract ion with another protein that

t ransport s Spc1 in to the nucleus. St ress causes Spc1 to be

released from Wis1, allowing t ranslocat ion of Spc1 in to

the nucleus. This m odel m akes a num ber of im portan t

predict ions. One is that there should be roughly equal

am ounts of Wis1 and Spc1, assum ing that each Wis1

protein in teracts with a single Spc1 protein . This predic-

t ion was tested by perform ing im m unoblots of st rains

that expressed m yc-tagged Spc1 and Wis1 from their re-

spect ive genom ic loci. This analysis revealed that Spc1 is

m uch m ore abundant than Wis1 (Fig. 3A). These findings

are inconsisten t with a sim ple m echanism of cytoplas-

m ic reten t ion of Spc1 by Wis1, although they cannot

exclude a m ore com plex m odel in which each Wis1 pro-

tein anchors m any Spc1 proteins.

A m ore defin it ive predict ion of the m odel is that

elim inat ion of Wis1 should cause Spc1 to concent rate in

the nucleus. We therefore invest igated the behavior of

Spc1 in a st rain in which w is1 was deleted. Cont rary to

the m odel, we found that Spc1 was evenly dist ribu ted

between the nucleus and cytoplasm in a Dw is1 m utant

(Fig. 3B). This pat tern of Spc1 localizat ion was un-

changed following exposure to osm ot ic st ress (Fig. 3B).

Consisten t with previous studies, no tyrosine phos-

phorylat ion of Spc1 was detected in the Dw is1 m utant

(Fig. 3C). These findings argue against a m odel in which

the cytoplasm ic localizat ion of Spc1 is dependent on

Wis1 act ing as a cytoplasm ic anchor.

A ct ivat ing phosphory lat ion is necessary for nuclear

accum ulat ion of Spc1

Our findings showed that Wis1 act ivity is required for

st ress-induced nuclear relocat ion of Spc1. Like all of the

Figure 2. (A ) Localizat ion of Wis1 MAPKK. St rain GD1892,

bearing a genom ic copy of w is1+ t agged with 12 copies of the

m yc epitope at the carboxyl term inus, was grown to m id-log

phase at 30°C in YES m edium . Cells were harvested before and

after st ress in YES + 0.6 M KCl at the indicated t im e and fixed in

cold m ethanol. Wis1 was visualized by im m unofluorescence

using ant i-m yc ant ibody. Bar, 10 µm . (B) St rain FG2150 bearing

a genom ic copy of spc1+ t agged with two copies of the HA-

epitope and six consecut ive hist idine residues on it s carboxyl

term inus, as well as a genom ic copy of w is1+ t agged with 12

copies of the m yc epitope, was grown to m id-log phase and

harvested before and after KCl st ress at the indicated t im es.

Total cell hom ogenates were then prepared under nat ive condi-

t ions, and Spc1 was purified using N i2+–N TA–agarose beads.

The precipitates were analyzed by im m unoblot t ing after SDS-

PAGE. Wis1 was detected with the ant i-m yc and Spc1 with

ant i-HA epitope ant ibodies.
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m em bers of the greater MAPK fam ily, Spc1 possesses

conserved threonine and tyrosine residues that are phos-

phorylated by it s cognate MEK. Wis1 phosphorylates

threonine-171 and tyrosine-173 in the m ot if TGY (Millar

et al. 1995; Shiozaki and Russell 1995). To invest igate

further the role of these phosphorylat ions in regulat ing

the localizat ion of Spc1, three spc1 m utat ions were en-

gineered to encode the following proteins: Spc1AY

(T171A), Spc1TF (Y173F), and Spc1AF (T171A, Y173F).

Chrom osom al replacem ents were perform ed with the

m yc-tagged spc1 m utant genes, and the resu lt ing pheno-

types evaluated. Cells were st reaked on standard YES

(yeast ext ract and glucose) m edium or m edium supple-

m ented with 1 M KCl. Wild-type, Dspc1, and the m utants

expressing unphosphorylatable form s of Spc1 all grew

well on YES m edium . However, on YES + KCl the

spc1A Y, spc1TF, spc1A F, and Dspc1 m utants exhibited

st rong osm ot ic sensit ivity and were unable to form colo-

n ies (Fig. 4A). Microscopic observat ion showed that the

spc1A Y, spc1TF, and spc1A F m utants displayed an elon-

gated m orphology phenotype that was ident ical to Dspc1

cells (Fig. 4B). In terest ingly, Spc1AY becam e phosphory-

lated on tyrosine in response to st ress, showing that the

T171A m utat ion did not disrupt in teract ion with Wis1

(Fig. 4C). These findings confirm that Spc1 act ivat ion

requires phosphorylat ion on both threonine-171 and ty-

rosine-173.

N ext we determ ined the localizat ion of Spc1AY,

Spc1TF, and Spc1AF. These proteins failed to accum u-

late in the nucleus after osm ot ic st ress (Fig. 4D), even at

late t im e poin ts (F. Gait s and P. Russell, unpubl.). The

localizat ion pat tern of the m utant Spc1 proteins ap-

peared ident ical to wild-type Spc1 in Dw is1 cells (Fig.

3B). These findings show that Wis1-catalyzed phos-

phorylat ion on both threonine-171 and tyrosine-173 is

som ehow required for nuclear localizat ion of Spc1.

Restorat ion of Spc1 act iv ity does not rescue

the localizat ion defect of unphosphory latable Spc1

One in terpretat ion of our data was that Spc1 act ivity is

required for nuclear t ranslocat ion . For exam ple, Spc1

m ay phosphorylate a protein that prom otes nuclear

t ranslocat ion of Spc1. An alternat ive explanat ion is Spc1

m ust be phosphorylated on threonine-171 and tyrosine-

173 to localize in the nucleus. For exam ple, phosphory-

lat ion of these residues m ay prom ote associat ion with a

nuclear t ransport system or stabilize in teract ion with a

nuclear anchor. To dist inguish between these hypoth-

eses, the localizat ion of m utant Spc1 was m onitored in

heterozygous diploid st rains contain ing m utant and

wild-type spc1 alleles. A predict ion of the first hypoth-

esis is that restorat ion of Spc1 act ivity should rescue the

localizat ion defect of unphosphorylatable Spc1. Con-

versely, the second hypothesis predict s that unphos-

phorylatable form s of Spc1 should be unable to concen-

t rate in the nucleus of cells that express wild-type Spc1.

Diploid st rains having one copy of wild-type spc1+ and

one copy of the m utant genes were not sensit ive to os-

m ot ic st ress when com pared to hom ozygous wild-type

diploid st rains (Fig. 5A), indicat ing that the spc1A Y,

spc1TF, and spc1A F alleles behaved as typical recessive

m utat ions and the st ress-act ivated kinase cascades were

fu lly operable. In the hom ozygous wild-type diploid

(spc1+/ spc1+:m yc), m yc-tagged Spc1 concent rated in the

nucleus in response to osm ot ic st ress (Fig. 5B). In con-

t rast , in the heterozygous diploids contain ing one copy

of m yc-tagged m utant spc1 and one copy of the wild-type

spc1+, the m utant form s of Spc1 failed to accum ulate in

the nucleus in response to st ress (Fig. 5B). These data

establish that Spc1 m ust be phosphorylated on threo-

n ine-171 and tyrosine-173 to accum ulate in the nucleus.

Transcript ion factor A t f1 is a nuclear anchor for Spc1

Having established the requirem ent of Wis1-catalyzed

phosphorylat ion for nuclear localizat ion of Spc1, we

then turned our at ten t ion to the role of the t ranscript ion

factor Atf1, a key subst rate of Spc1 (Shiozaki and Russell

1996; Wilk inson et al. 1996). First , using the st rategies

described above, we determ ined the localizat ion of Atf1.

The m yc-tagged Atf1 was const itu t ively localized in

Figure 3. Wis1 act ivity is necessary to t ranslocate Spc1 to the

nucleus. (A ) Spc1 is m ore abundant than Wis1. Total lysate of

st rains bearing m yc-tagged genom ic copies of Spc1 or Wis1, re-

spect ively, st rains GD1942 and GD1892, were prepared and pro-

teins separated by SDS-PAGE. The levels of Spc1 and Wis1 in

the ext ract were analyzed by im m unoblot t ing with the ant i-

m yc ant ibody, the loading cont rol being realized by am idoblack

stain ing of the m em brane prior to blot t ing. (B) St rain FG2151

(bearing the m yc-tagged genom ic copy of spc1+ and deleted for

w is1) was grown to m id-log phase in YES m edium and cells

were harvested before and after st ress with 0.6 M KCl. They

were fixed in cold m ethanol, and Spc1 localizat ion was exam -

ined by im m unofluorescence using the ant i-m yc ant ibody. Bar,

10 µm . (C ) Aliquots of cells were collected before and after KCl

st ress, and the phosphorylat ion status of Spc1 was analyzed by

im m unoblot t ing with the ant i-p38P after SDS-PAGE. The load-

ing cont rol was realized by probing the m em branes with ant i-

m yc ant ibody.
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the nucleus, both before and during exposure to osm ot ic

st ress (Fig. 6A). As already shown at the t ranscript ional

level (Shiozaki and Russell 1996; Wilk inson et al. 1996),

im m unofluorescence indicates that the quant ity of Atf1

increases after KCl t reatm ent (Fig. 6A). We then exam -

ined the localizat ion of Spc1 in cells lack ing Atf1. Os-

m ot ic st ress failed to induce the accum ulat ion of Spc1 in

the nucleus of Dat f1 cells (Fig. 6B). Im portan t ly, Spc1

Figure 5. Restorat ion of Spc1 act ivity does

not rescue the localizat ion defect of the un-

phosphorylatable m utants. (A ) The haploid

st rains FG2153 (Spc1AY), FG2154 (Spc1TF),

and FG2155 (Spc1AF), and the diploid

st rains FG2201 (Spc1WT / WT), FG2202

(Spc1AY/ WT), FG2203 (Spc1TF/ WT), and

FG2204 (Spc1AF/ WT) were st reaked out

onto YES agar plates supplem ented with 1

M KCl and incubated for 3 days at 32°C. The

phenotype of the cells was then analyzed by

phase-cont rast m icroscopy. (B) The diploid

st rains FG2201 (Spc1WT / WT), FG2202

(Spc1AY/ WT), FG2203 (Spc1TF/ WT), and

FG2204 (Spc1AF/ WT) were grown to m id-

log phase in YES m edium . Cells were then

harvested before and after 10 m in of KCl

st ress and fixed with cold m ethanol. The

localizat ion of the Spc1 proteins was then

determ ined as described previously. Bar, 10

µm .

Figure 4. Spc1 phosphorylat ion m utants are sensit ive to high osm olarity and unable to relocate to the nucleus upon osm ot ic st ress.

(A ) St rains FG2153 (genom ic spc1+ replaced by spc1T171Am yc), FG2154 (genom ic spc1+ replaced by spc1Y173Fm yc), FG2155 (geno-

m ic spc1+ replaced by spc1T171A Y173Fm yc), KS1366 (Dspc1), and PR109 (wild type) were st reaked out onto YES agar plates

supplem ented with or without 1 M KCl, and incubated for 4 days at 32°C to test their ability to form colonies. (B) FG2153, FG2154,

FG2155, and PR109 cells were st reaked out on EMM 2 agar plates. The phenotype of the cells was then analyzed by phase cont rast

m icroscopy after 2 days at 32°C. Bar, 10 µm . (C ) The Spc1 m utant st rains FG2153, FG2154 and FG2155 were grown to m id-log phase

in YES m edium and st ressed with 0.6 M KCl before being harvested and frozen in liqu id nit rogen . Total lysates were then prepared,

and the phosphorylat ion status of the Spc1 m utants was analyzed by im m unoblot t ing after SDS-PAGE using the ant i-phosphotyrosine

ant ibody (a-pTyr). The loading was checked using the ant i-m yc ant ibody (a-m yc). (D ) St rains FG2153 (Spc1AY), FG2154 (Spc1TF),

FG2155 (Spc1AF) were grown to m id-log phase in YES m edium , harvested before or after 10 m in of incubat ion in YES supplem ented

by 0.6 M KCl, and fixed in cold m ethanol. The cellu lar localizat ion of the m utant Spc1 was followed by indirect im m unofluorescence

with the ant i-m yc ant ibody. Bar, 10 µm .
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becam e tyrosine-phosphorylated in Dat f1 cells at a level

com parable with wild type (Fig. 6C). These findings are

m ost sim ply in terpreted to indicate that the t ransien t

nuclear localizat ion of act ivated Spc1 is dependent on an

associat ion with Atf1.

N uclear localizat ion of A t f1 requires it s cofactor Pcr1

Atf1 form s a heterodim er with the t ranscript ion factor

Pcr1 (Watanabe and Yam am oto 1996). Dpcr1 and Dat f1

st rains exhibit sim ilar levels of st ress sensit ivity, and

Dpcr1 cells are defect ive in the expression of m ost genes

that are dependent on Atf1 for expression . In an at tem pt

to gain som e in it ial insigh ts in to the m echanism by

which Atf1 is retained in the nucleus, we invest igated

whether Pcr1 was required for the nuclear accum ulat ion

of Atf1. In Dpcr1 cells, At f1 was equally dist ribu ted be-

tween the nucleus and cytoplasm (Fig. 6A). As was the

case for Dat f1 cells, Spc1 was tyrosine phosphorylated in

Dpcr1 cells (Fig. 6C). The phosphorylat ion of Spc1 was

sligh ty prolonged, reflect ing the difficu lty of cells to

adapt to st ress due to the defect of t ranscript ion of st ress-

–response genes (Shiozaki and Russell 1996; Wilk inson

et al. 1996). N uclear accum ulat ion of Spc1 was great ly

reduced in Dpcr1 cells, although a weak nuclear signal

was detected in som e cells during osm ot ic st ress (Fig.

6B). These findings suggest that Atf1 nuclear reten t ion

requires dim erizat ion with Pcr1. Moreover, the presence

of Atf1 is not in it self sufficien t to localize Spc1 in the

nucleus because Spc1 is excluded from the nucleus after

st ress when the quant ity of Atf1 is m axim al (Figs. 1A

and 6A). Instead, after act ivat ion of the cascade, Atf1 is

required in the nucleus for nuclear reten t ion of Spc1.

Discussion

Our studies have explored the spat ial regulat ion of three

sequent ial elem ents of the st ress signal t ransduct ion sys-

tem : The kinases Wis1 and Spc1 and the t ranscript ion

factor Atf1. We have established that Wis1 is detected

com pletely in the cytoplasm , whereas Atf1 is found ex-

clusively in the nucleus. These pat terns of localizat ion

are unaffected by st ress. In cont rast , st ress induces a

rapid relocalizat ion of Spc1 from the cytoplasm to the

nucleus. Spc1 nuclear im port closely coincides with ac-

t ivat ion of Spc1 as assayed by tyrosine phosphorylat ion ,

as well as with t ranscript ional induct ion of st ress re-

sponse genes. These observat ions suggest st rongly that

the rapid nuclear im port of act ivated Spc1 is the prim ary

m echanism by which the st ress signal is t ransm it ted

from the cytoplasm to the nucleus.

We have also addressed the m echanism regulat ing the

localizat ion of Spc1. Our studies have tested the hypoth-

esis that Wis1 acts as a cytoplasm ic anchor for Spc1.

Generat ion of th is hypothesis was based on studies of

vertebrate ERKs. In m am m alian cells these kinases are

t ranslocated in to the nucleus following growth factor

st im ulat ion (Sanghera et al. 1992; Seth et al. 1992; Le-

norm and et al. 1993). However, h igh expression of ERKs,

accom plished either by plasm id t ransfect ion or by pro-

tein m icroin ject ion , leads to nuclear localizat ion by a

m echanism that is independent of growth factors.

N uclear localizat ion of ERKs was prevented by m icroin-

ject ion of large am ounts of a protein contain ing the N ES

and MAPK-binding region of a cognate MEK (Fukuda et

al. 1997). These findings led to the hypothesis that MEK

is required to retain inact ive ERK in the cytoplasm . This

hypothesis generates a num ber of predict ions, the m ost

crucial being that elim inat ion of cognate MEKs should

cause nuclear localizat ion of ERKs. This predict ion is

not easily tested with m am m alian cells, bu t the genet i-

cal advantages of fission yeast provided an ideal system

for test ing the m odel as it pertains to the SAPK cascade.

Cont rary to the key predict ion of the MEK–anchor

m odel, we found that Spc1 was dist ribu ted throughout

Figure 6. Atf1 acts as a nuclear anchor for Spc1. (A ) The local-

izat ion of Atf1 was determ ined by im m unofluorescence per-

form ed on st rain FG2156 in which the genom ic at f1+ is replaced

by a m yc-tagged copy, and in the FG2157 (Dpcr1 and bearing the

genom ic m yc-tagged at f1+). Cells were harvested before and af-

ter 10 m in of KCl st ress and fixed in cold m ethanol. The im -

m unofluorescence was realized using the ant i-m yc ant ibody. (B)

The st rain GD1952 (Dat f1 and bearing the genom ic m yc-tagged

copy of spc1+) and FG2158 (Dpcr1 and bearing the m yc-tagged

genom ic spc1+) were grown to m id-log phase, and cells were

harvested before and after KCl st ress. For each t im e poin t , an

aliquot was fixed in cold m ethanol for im m unofluorescence

analysis. The localizat ion of Spc1 was determ ined with the ant i-

m yc ant ibody. (C ) The phosphorylat ion status of Spc1 in st rains

GD1952 and FG2158 was followed with the ant i-p38P and the

loading checked with the ant i-m yc ant ibodies, as described pre-

viously. Bar, 10 µm .
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the cell in Dw is1 st rains. Spc1 did not appear to be ex-

cluded from the nucleus, bu t the m ajority of the Spc1

protein was in the cytoplasm . Thus, in unst ressed cells,

the cytoplasm ic localizat ion of the m ajority of Spc1 pro-

tein does not depend on an in teract ion with Wis1. It is

very unlikely that Spc1 is anchored in the cytoplasm

through in teract ions with another MAPKK hom olog, be-

cause Spc1 tyrosine phosphorylat ion is abolished in a

Dw is1 cell.

How is Wis1 required for nuclear accum ulat ion of

Spc1? Wis1 act ivates Spc1 by phosphorylat ing threonine-

171 and tyrosine-173; therefore, we asked whether

nuclear accum ulat ion of Spc1 requires phosphorylat ion

of these sites. We found that Spc1 m utant proteins that

had subst itu t ions at either or both phosphorylat ion sites

failed to concent rate in the nucleus in response to st ress.

The Spc1 localizat ion pat terns of these m utants were

very sim ilar to the stain ing pat tern of Spc1 protein in

Dw is1 cells. These findings led to the obvious conclusion

that Spc1 protein fails to accum ulate in the nucleus of

Dw is1 cells because it cannot be phosphorylated.

Phosphorylat ion of threonine-171 and tyrosine-173 is

required for Spc1 kinase act ivity, suggest ing that Spc1

kinase act ivity is required for nuclear im port of Spc1. In

such a scenario one could propose that a subst rate of

Spc1 is involved in regulat ing the nuclear im port of Spc1.

If th is m odel was correct , we would have expected that

nuclear im port of the Spc1AY, Spc1TF, and Spc1AF m u-

tan ts be restored by coexpression of act ive Spc1. How-

ever, our studies showed clearly that th is predict ion was

incorrect . The m utant form s of Spc1 did not accum ulate

in the nucleus of diploid cells in which half of the Spc1

was expressed from a wild-type copy of spc1+, even

though these cells appeared wild type in term s of cell

size and sensit ivity to osm ot ic st ress. These findings led

to the conclusion that Spc1 protein m ust be phosphory-

lated on threonine-171 and tyrosine-173 to localize in

the nucleus. This fact cont rast s sharply with studies of

MAPK localizat ion in m am m alian cells, which have

shown that unphosphorylatable form s of ERK2 localize

in the nucleus, at least when they are overexpressed (Le-

norm and et al. 1993).

Why is phosphorylat ion of threonine-171 and tyrosine-

173 essent ial for nuclear localizat ion of Spc1? One pos-

sible explanat ion is that phosphorylat ion of these sites

stabilizes an in teract ion of Spc1 with a nuclear anchor

protein . At f1 is a key subst rate of Spc1 and is localized in

the nucleus; therefore, we asked whether Atf1 was re-

quired for nuclear localizat ion of Spc1. We found that

nuclear accum ulat ion of Spc1 was abolished in an Dat f1

st rain , showing that Atf1 is required for reten t ion of Spc1

in the nucleus. In th is sense Atf1 is a nuclear anchor for

act ivated Spc1. These findings suggest a m odel in which

Wis1-catalyzed phosphorylat ion of Spc1 enhances the

ability of Spc1 to associate with Atf1. Thus, it suggests

that the stabilized associat ion of phosphorylated Spc1

with Atf1 causes the nuclear accum ulat ion of Spc1.

Lit t le is known about the role of act ivat ing phosphory-

lat ion of MAPK hom ologs in regulat ing associat ion with

subst rate t ranscript ion factors. There is no evidence sug-

gest ing that phosphorylat ion st im ulates subst rate bind-

ing; m any of the in vit ro studies perform ed to ident ify

in teract ion dom ains have been carried out with unphos-

phorylated MAPK hom ologs. However, a carefu l analysis

of the effect of phosphorylat ion on binding affin it ies has

not been reported. Studies of the m am m alian JN K1 and

JN K2 st ress-act ivated kinases ident ified a sm all region

near the catalyt ic pocket that accounted for a ∼ 25-fold

difference in binding affin ity for the am ino-term inal do-

m ain of c-Jun (Kallunki et al. 1994). However, st ructure

determ inat ions of the dephosphorylated and phosphory-

lated form s of ERK2 suggest that the binding groove of

JN Ks does not change as a consequence of phosphoryla-

t ion (Canagarajah et al. 1997; Wang et al. 1997). These

observat ions have prom pted speculat ion that t ranscrip-

t ion factors such as c-Jun should bind to cognate SAPKs

independent of the state of phosphorylat ion . In our sys-

tem , the phosphorylat ion m utants Spc1AY, Spc1TF, and

Spc1AF associate with the GST–Atf1 fusion protein in

vivo (F. Gait s and P. Russell, unpubl.), indicat ing that

phosphorylat ion of Spc1 is not required for binding to

Atf1.

An alternat ive in terpretat ion of our observat ions is

that phosphorylat ion of threonine-171 and tyrosine-173

st im ulates nuclear t ranslocat ion of Spc1, at which poin t

Atf1 is required to retain Spc1 in the nucleus. In th is

m odel phosphorylat ion m ight be required for (1) release

of Spc1 from a cytoplasm ic anchor; (2) associat ion of

Spc1 with a nuclear im port protein ; or (3) sh ielding of

Spc1 from a nuclear export system . The first explanat ion

appears unlikely because Spc1 does not localize in the

nucleus when highly overexpressed in Dw is1 cells (F.

Gait s and P. Russell, unpubl.); therefore, a cytoplasm ic

anchor, if it exist s, cannot be saturated by very large

am ounts of Spc1. The other explanat ions cannot be ex-

cluded and thus deserve at ten t ion in fu ture studies.

These studies raise an addit ional im portan t poin t . The

st ress-induced relocalizat ion of Spc1 from the cytoplasm

to the nucleus can be very t ransien t , with Spc1 becom ing

quite clearly absent from the nucleus 10–20 m in after

the peak nuclear signal is detected. This change corre-

lates closely with the tyrosine dephosphorylat ion of

Spc1 and the reduct ion of st ress-induced gene expres-

sion . These observat ions raise the quest ion of the con-

nect ion between export of Spc1 from the nucleus and

dephosphorylat ion of Spc1. Export of Spc1 from the

nucleus m ay lead to dephosphorylat ion by cytoplasm ic

phosphatases. Alternat ively, dephosphorylat ion of Spc1

by nuclear phosphatases m ay induce the export of Spc1

from the nucleus. Experim ents to clarify the in terrela-

t ion between phosphatase act ivity and Spc1 relocaliza-

t ion are curren t ly under way.

Materials and methods

Media, st rains, and general techniques

S. pom be st rains used in th is study are listed in Table 1. They

are derivat ives of 972 h − and 975 h + (Mitch ison 1970). Growth

m edia and basic genet ic and biochem ical techniques for fission

yeast have been described (Alfa et al. 1993). Yeast ext ract m e-
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dium (YES) and synthet ic m inim al m edium (EMM 2) were used

in growing S. pom be cells.

Construct ion of the m yc-tagged alleles

To in t roduce an epitope tag at the carboxyl term inus of the

proteins, the pRIP-12m yc vector was designed as follows. A

casset te contain ing 12 tandem copies of the m yc epitope was

am plified by PCR using a 58 prim er contain ing a Kpn I site. This

DN A fragm ent was cloned in to the Sm aI site of the pRIP42

vector (Basi et al. 1993). The resu ltan t plasm id was digested

with Pst I and N deI and religated to elim inate the nm t1 pro-

m oter sequence, producing pRIP-12m yc. Sequences encoding

the carboxyl term inus of differen t proteins were am plified by

PCR and cloned in th is vector as Bam HI or Bam HI–Kpn I frag-

m ents, except for the at f1 fragm ent , which was cloned as a

BglII–Kpn I fragm ent . The following oligonucleot ides were used:

spc1 58 prim er CGCGGATCCATGGCAGAATTTATTCG-

TACA-C and 38 prim er CGGGGTACCTTGGATTGCAGTT-

CATTATCCATG; w is1 58 prim er GGTCAGACTTGGCA-

GATCTACGTCCAG and 38 prim er CGGGGTACCTTGCTT-

CTTTTTTCACCTTTCTCTTTAAGAGCG; atf1 58 prim er GG-

AAGATCTATGTCCCCGTCTCCCGTCAATACTTCC and 38

prim er CGGGGTACCACGTACCCTAAATTGATTCTTTG-

AGC. The resu ltan t plasm ids were used for in tegrat ive t rans-

form at ion of wild-type cells (PR109) after linearizat ion at the

N ru I site of spc1, the HpaI site of w is1, or the A flII site of at f1.

Construct ion of spc m utants

Mutat ions in the spc1 sequence were m ade as follows. The 58

end of spc1 (codons 1–177) was am plified by PCR with the 58

prim er used for the m yc-tagged const ructs and the m utagenic 38

prim ers: CGAGTAGAAACATAGCCAGCCATTTGAGG for

the T171A m utant ; CGAGTAGAAACGAAGCCCGTCATTT-

GAGG for the Y173F m utant ; and CGAGTAGAAACGAAGC-

CAGCCATTTGAGG for the T171A Y173F double m utant .

The underlined sequence indicates the m utated codons. The 38

end of spc1 (codons 168–341) was am plified with the 38 prim er

used for the m yc-tagged const ruct and the m utagenic 58 prim -

ers: CCTCAAATGGCTGGCTATGTTTCTACTCG for the

T171A m utant ; CCTCAAATGACGGGCTTCGTTTCTAC-

TCG for the Y173F m utant ; and CCTCAAATGGCTGGCTTC-

GTTTCTACTCG for the T171A Y173F double m utant . Then ,

for each m utant , the 58 and 38 PCR products were m ixed in

equal rat ios and am plified with the 58 and 38 prim ers used for

the m yc-tagged const ruct ions. The m utated spc1 sequences

were then subcloned in the pRIP-12m yc plasm id after digest ion

with Bam HI and Kpn I and sequenced. The resu lt ing plasm ids

were then linearized with BglII and used to t ransform wild-type

cells (PR110).

Stress t reatm ent of cells

Cells were grown to early logarithm ic phase (OD 600 = ∼ 0.5) at

30°C. High-osm olarity st ress was achieved by adding a one-

th ird volum e of prewarm ed m edium contain ing 2.4 M KCl to

the culture to obtain a final KCl concent rat ion of 0.6 M . All

experim ents used YES m edium unless otherwise indicated. For

the im m unoblot t ing analysis, cells were harvested by filt rat ion

and im m ediately frozen in liqu id nit rogen .

Im m unoblot t ing of Spc1

Cells (10 OD 600) were lysed in 0.2 m l of lysis buffer (50 m M Tris

at pH 8.0, 150 m M N aCl, 5 m M EDTA, 10% glycerol, 50 m M

N aF, 1 m M N a3VO 4, 1 µg/ m l each of leupept in , aprot in in , and

pepstat in , 1 m M PMSF) by breaking cells with glass beads under

vigorous agitat ion . After cent rifugat ion (10,000x for 10 m in),

the protein concent rat ion in the supernatan t was est im ated by

m easuring A 280. About 150 µg of total protein was loaded for

each sam ple and resolved by SDS-PAGE. The tyrosine phos-

phorylat ion status of Spc1 was determ ined by im m unoblot t ing

with the ant i-phosphotyrosine p38 (tyr-182) MAPK ant ibody

(N ew England Biolabs) or the ant i-phosphotyrosine 4G10 (Up-

state Biotechnology) ant ibody. The am ount of Spc1–m yc loaded

Table 1. S. pom be st rains used in th is study

Strains Genotype Source or reference

PR109 h − lab stock

KS1366 h− spc1::ura4+ Shiozaki and Russell (1995)

GD1942 h − spc1-12 m yc (ura4+) th is study

GD1952 h − spc1-12 m yc (ura4+) at f1::ura4+ th is study

GD1892 h− w is1-12 m yc (ura4+) th is study

FG2150 h − spc1 HA 6H (ura4+) w is1-12 m yc (ura4+) th is study

FG2151 h − spc1-12 m yc (ura4+) w is1::ura4+ th is study

FG2153 h+ spc1A Y-12 m yc (ura4+) th is study

FG2154 h + spc1TF-12 m yc (ura4+) th is study

FG2155 h + spc1A F-12 m yc (ura4+) th is study

FG2156 h − at f1-12 m yc (ura4+) th is study

FG2157 h − his7-366 at f1-12 m yc (ura4+) pcr1::h is7+ th is study

FG2158 h+ his7-366 spc1-12 m yc (ura4+) pcr1::h is7+ th is study

FG2201 h−/h + ade6–M210/ade6–M216 his7-366/h is7-366 spc1 HA 6H

(ura4+/ spc1-12 m yc (ura4+)

th is study

FG2202 h −/h + ade6–M210/ade6–M216 his7-366/h is7-366 spc1 HA 6H

(ura4+)/ spc1A Y-12 m yc (ura4+)

th is study

FG2203 h −/h + ade6–M210/ade6–M216 his7-366/h is7-366 spc1 HA 6H

(ura4+)/ spc1TF-12 m yc (ura4+)

th is study

FG2204 h −/h + ade6–M210/ade6–M216 his7-366/h is7-366 spc1 HA 6H

(ura4+)/ spc1A F-12 m yc (ura4+)

th is study

All st rains are leu1-32 ura4-D18.
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was evaluated with the ant i-m yc 9E10 (BabCo) ant ibody. Im -

m unoreact ive bands were revealed with horseradish peroxidase-

conjugated secondary ant ibodies and the SuperSignal Western

blot t ing detect ion system (Pierce).

Purificat ion of Spc1 under nat ive condit ions

About 20 OD 600 cells of st rain FG2150, bearing a chrom osom al

copy of spc1 encoding Spc1 tagged with two HA epitopes and 6

hist idine residues, and a chrom osom al copy of w is1 encoding

Wis1 protein tagged with 12m yc were harvested and lysed in

lysis buffer contain ing 50 m M Tris at pH 8.0, 150 m M N aCl, 5

m M EGTA, 10 m M im idazole, 0.2% N P-40, 10% glycerol, 50 m M

N aF, 1 m M N a3VO 4, 1 µg/ m l each of leupept in , aprot in in , and

pepstat in , and 1 m M PMSF. After cent rifugat ion , the superna-

tan ts were incubated with N i2+–N TA–agarose beads, resolved

by SDS-PAGE, and the purified proteins were detected by im -

m unoblot t ing with either the ant i-HA 12CA5 ant ibody for Spc1

or the ant i-m yc 9E10 ant ibody for Wis1.

Ind irect im m unofluorescence m icroscopy

Mid-log phase cells were harvested by filt rat ion on glass-fiber

filt ers and fixed by im m ersion in −80°C m ethanol for 10 m in .

After three washes in PEM buffer (100 m M PIPES, 1 m M EGTA,

1 m M MgSO 4 at pH 6.9), the cell wall was digested at 37°C for

10 m in with 0.5 m g/ m l Zym olyase 100T (Seikagaku Am erica,

Rockville, MD) in PEMS buffer (PEM buffer supplem ented with

1 M sorbitol), followed by perm eabilizat ion with 1% Triton X-

100. After washes, cells were blocked for 30 m in at room tem -

perature in PEMBAL buffer (PEM buffer at pH 6.9 supplem ented

with 1% BSA, 0.1% N aN 3, 100 m M L-lysine m onohydrochlo-

ride). Prim ary ant ibodies, an t i-m yc 9E10 ant ibody (BabCo), and

ant i-GST ant ibody were added to PEMBAL and incubated over-

n ight at room tem perature. After washing three t im es in PEM-

BAL, cells were incubated for 5 hr at room tem perature in PEM-

BAL contain ing CY3-conjugated ant i-m ouse IgG (Jackson Labo-

ratories) or FITC-conjugated ant i-rabbit IgG (Zym ed) as

secondary ant ibodies. Cells were photographed using a N ikon

Eclipse E800 m icroscope equipped with a Photom et rics Quan-

t ix CCD cam era. Im ages were acquired with IPLab Spect rum

software (Signal Analyt ics Corporat ion).
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