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Nucleocytoplasmic Traffic o f MAP Kinases
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MAPK pathways represent a unique extracellular signal response system. An important feature of such a multi- 
component system appears to be the spatial intracellular organization of individual components. Recent studies 
demonstrate that the MAP kinases of such pathways are the molecular link between the plasma membrane 
sensors and the nuclear transcription factors. Stimulation of several MAPK pathways induces rapid and transient 
nuclear accumulation of MAP kinases. Investigations on the mode of regulation of this process using higher 
eukaryotes Erk2 and lower eukaryotes Hogl and Styl/Spcl have revealed that at least three events contribute to 
signal-induced nuclear localization of these MAP kinases: activation by phosphorylation, regulated nuclear im
port and export, and nuclear retention.

MAPK MEK Nuclear import and export Stress Yeast

IN the eukaryotic kingdom, the response to a broad 
spectrum of extracellular stimuli is often mediated by 
well-conserved cascades of signaling molecules gen
erally known as MAPK pathways. The core of 
MAPK pathway signaling modules consists of three 
protein kinases, which serve as acceptors of signal 
received via primary signal sensors located usually in 
the plasma membrane. The activated MAPK kinase 
kinase (MAPKKK or MEKK), the most upstream 
component of the MAPK module, phosphorylates 
and thereby activates the dual specificity MAPK ki
nase (MAPKK or MEK), which in turn activates 
MAP kinase (MAPK or ERK) by phosphorylation on 
closely spaced conserved tyrosine and threonine resi
dues within T-X-Y motif, where X could be glutamic 
acid, proline, or glycine. This highly ordered se
quence of phosphorylation events within MAPK 
module then helps to transmit extracellular stimulus 
into the signal-specific transcriptional output, which 
finally determines a cell/organism response. There 
are many examples that transcription of the response- 
specific genes requires MAP kinase-dependent modi
fication of relevant targets such as transcription fac
tors (38,41).

Naturally, when a signal is initially recorded by 
plasma membrane-associated sensors it has to cross 
cytoplasm and reach the nucleus in order to result 
into transcriptional response. This emphasizes the im

portance of dynamic intracellular localization of sig
naling components involved as a key determinant of 
proper response and leads to important questions: 
particularly, which signalling component enters the 
nucleus and how is this process regulated?

A variety of MAPK pathways have been identified 
both in mammals and yeasts that are involved in dif
ferent cellular processes. Erkl/2 were the first mem
bers of the MAPK family characterized in mammals. 
Erkl/2 MAPK pathway integrates several upstream 
signals which have in common that they stimulate 
cell proliferation. The binding of growth factors to 
appropriate membrane-associated receptors leads to 
subsequent stimulation of Erkl/2 MAPK pathway ac
tivity (34). Erkl/2 pathway has also been shown to 
be important to trigger a cell differentiation program 
in neuronal cells (5). At least two additional MAPK 
pathways exist in mammals: the JNK/SAPK (6,24) 
and p38/RK/CSBP pathways (10,16,24,25,35). These 
MAPK pathways are activated by multiple environ
mental stresses, including osmotic stress, UV irradia
tion, heat stress, and lipopolysaccharides. In addition, 
both of these pathways accept input signals coming 
from the action of cytokines (33). In both budding 
and fission yeast, MAPK pathways are indispensable 
for control of a variety of cellular processes including 
mating differentiation, pseudohyphal development, 
resistance to hyperosmotic and hyposmotic stress,
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heat stress, oxidative stress, polarized growth, cell cy
cle progression, and sporulation [for review see 
(1,28,39)]. Studies on Erkl/2 (18,27) and JNK1 (3) 
localization revealed the exciting possibility that 
MAP kinases might function as signal messengers 
between the cytoplasmic and the nuclear compart
ments. However, the regulation of this process re
mained for a long period of time largely unknown. 
Recent studies on yeast and mammalian MAPKs 
have now contributed substantially to our understand
ing of regulation of MAP kinase nuclear transport 
events and have shed light on the complexity of this 
phenomenon.

THE SIGNAL FOR NUCLEAR 
ACCUMULATION OF MAP KINASES

Early studies on spatial distribution of MAPK 
pathway components in mammalian cells have con
centrated on the closely related isoforms Erkl and 
Erk2. They have revealed that they rapidly accumu
late in the nuclear compartment and that this change 
in cellular location correlates with stimulation of 
Erkl/2 activity upon addition of growth stimulating 
factors (4,18,27). Increased concentration of activated 
Erkl/2 in the nucleus might result in phosphorylation 
of nuclear targets such as Elkl [for review see (41)]. 
Indeed, it has been demonstrated that Erkl/2-depen- 
dent phosphorylation of Elkl enhances its transcrip
tion activity (17,21). Thus, nuclear accumulation of 
MAP kinase elicits response-specific stimulation of 
gene expression (4). These results suggest that there 
might be a direct coordination between activation and 
nuclear accumulation of Erkl/2. There are at least 
two plausible models that would be in agreement 
with such a coordinated event. Phosphorylation of 
Erkl/2 might cause changes in their three-dimen
sional structure in the way that they become recog
nized by phosporylated form-specific nuclear trans
port machinery. Alternatively, Erkl/2 activity could 
be essential for the modification of certain protein(s) 
participating in their nuclear accumulation. Surpris
ingly, Lenormand et al. (27) have shown that corre
sponding phosphorylation site mutants accumulate in 
the nucleus as efficiently as a wild-type form of ki
nase. It is noteworthy that these experiments have 
been performed with transfected cells expressing rel
atively high levels of kinase and in the presence of 
the endogenous Erkl/2, which might interfere with 
the localization assay of ectopically expressed Erkl/2 
(23). Khokhlatchev et al. (23) have demonstrated us
ing microinjection technique that unphosphorylated 
form of Erk2 was able to accumulate in the nucleus 
when co-injected with phosphorylated form. These

authors have shown that phosphorylated form of 
MAP kinase forms dimers with both phosphorylated 
and unphosphorylated kinase in vitro and suggested 
that homodimerization facilitates MAPK nuclear 
translocation. Thus, phosphorylation of endogenous 
form of MAP kinase might be able to stimulate in 
trans nuclear accumulation of ectopically expressed 
phosphorylation mutant form of kinase by induced 
protein dimerization. Importantly, these authors have 
clearly provided evidence that phosphorylation of 
Erk2 promotes its nuclear accumulation (23). More
over, using yeast stress-activated MAP kinases as 
model systems, three groups have independently 
demonstrated that phosphorylation of conserved resi
dues within the T-X-Y motifs of fission yeast Sty 1/ 
Spcl MAP kinase and budding yeast Hogl MAP ki
nase is absolutely required and sufficient for its signal 
(i.e., hyperosmotic stress)-induced nuclear accummu- 
lation [(8,15), Reiser et al., submitted]. Yeast genet
ics has allowed to perform the localization studies in 
a strain background where endogenous chromosomal 
copy of the MAP kinase gene was replaced by tagged 
form of gene expressed at physiological levels 
[(8,15), Reiser et al., submitted]. Whether homodi
merization plays a role in the nuclear accumulation 
of yeast MAP kinases remains to be addressed. How
ever, the fact that activated form of Sty 1/Spcl and 
Hogl MAP kinase does not induce nuclear accumula
tion of mutants deficient in threonine and tyrosine 
phosphorylation does not support such a hyphothesis 
[(15), Reiser et al., submitted].

Studies from both mammals and yeast demon
strate that MAP kinase mutants defective in catalytic 
activity are competent for nuclear accumulation 
[(8,18,23), Reiser et al., submitted]. Thus, MAP ki
nase activity-dependent modification of transport fac
tors potentially involved in nuclear import of MAP 
kinase is therefore not required for nuclear accumula
tion of MAP kinase to take place.

How then is dual phosphorylated MAPK commit
ted to accumulate in the nucleus? The fission yeast 
Sty 1/Spcl MAP kinase and its budding yeast coun
terpart Hogl seem to be evenly distributed between 
cytoplasm and the nucleus of nonstressed cells 
[(8,15), Reiser et al., submitted]. This distribution 
pattern remains unchanged in mutants that lack the 
corresponding MAPK activator W isl and Pbs2, re
spectively [(15), Reiser et al., submitted], where no 
dual MAPK phosphorylation on threonine or tyrosine 
residues required for the activation of the kinase is 
supposed to occur. This observation implies that 
basal nuclear distribution does not require phosphory
lation of MAP kinase. Because Hogl molecular 
weight, when fused to GFP moiety, exceeds consider
ably the limit for diffusion through nuclear pore (31),
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it is reasonable to assume that also unphosphorylated 
Hogl might enter the nucleus by an active process 
under basal conditions. It is not unlikely that Hogl 
continuously shuttles between the cytoplasm and the 
nucleus. According to this picture, stress-induced 
phosphorylation of Hogl and Styl/Spcl, respec
tively, might then enhance nuclear import. Alterna
tively, it is intriguing to speculate that signal-induced 
modification of MAPK by dual phosphorylation 
makes such a form incompetent for nuclear export. 
Consistent with this model, when injected into the 
nuclear compartment, unphosphorylated Erk2 re
mains nuclear only for less than 5 min whereas the 
phosphorylated form resides in the nucleus for at 
least 2 h before being redistributed into the cytoplasm 
(23). Moreover, cytoplasmic redistribution of Hogl 
correlates with its dephosphorylation [(8), Reiser et 
al., submitted]. Both these mechanisms, enhanced nu
clear import or reduced nuclear export, would change 
MAP kinase intracellular distribution towards nuclear 
accumulation upon stimulation of the corresponding 
MAPK pathway.

In summary MAP kinases studied so far seem 
to have evolutionary conserved mode of regulation of 
their intracellular distribution; the phosphorylation of 
threonine and tyrosine residues in T-X-Y motif is 
both necessary and sufficient for nuclear accumula
tion of these MAP kinases whereas kinase activity is 
dispensable for this process. Crystallographic studies 
on nonactivated and activated Erk2 MAPK demon
strate that activation of Erk2 by phosphorylation of 
conserved amino acid residues causes conformational 
change in MAPK three-dimensional structure (2). 
Thus, it is possible that such a structural change is 
not only important for kinase enzymatic activity, but 
also provides conformation-build-in signal for nu
clear accumulation. It remains to be clarified whether 
phosphorylation stimulates nuclear import, inhibits 
nuclear export, or acts in both ways.

CYTOPLASMIC ANCHORING OF MAPKs

Because MAP kinases apparently do not possess a 
classical nuclear localization signal (NLS), which 
could be identified in their primary sequence, a 
mechanism involving this type of element does not 
appear to contribute to nuclear transport of MAP ki
nases. However, it cannot be excluded that MAPKs 
have other types of signal sequences determining 
their nuclear localization. In line with such a model, 
these signals might be recognized by the nuclear im
port machinery only when MAPK is dissociated from 
a cytoplasmic anchor. MEK has been proposed to 
play such a role (14). According to this model,

MAPK would be released from MEK in the cyto
plasm upon MEK-dependent phosphorylation. Alter
natively, the MAPK could be coimported with help 
of another molecule providing the signal for nuclear 
translocation and MEK could also have this type of 
function. Wild-type MEK appears to be constitutively 
localized in cytoplasm because of the presence of nu
clear export signal (NES) (12,13). Jaaro et al. (22) 
have shown that deletion of NES results in nuclear 
localization of kinase-deficient mutant of MEK 
during Erkl/2 pathway stimulation. Thus, MAPK 
could be coimported with MEK into nucleus, where 
the MEK-MAPK complex disassembles upon 
MAPK phosphorylation, and MEK is rapidly ex
ported to cytoplasm resulting in its cytoplasmic ap
pearance.

Yeast MEKs seem not to have classical NES se
quences; however, the observation that both MEKs 
are located in the cytoplasm is consistent with an as
sumption that some mechanism of active nuclear ex
clusion might exist also in this case. As already men
tioned above, yeast Hogl and Spcl MAPKs are 
uniformly distributed in cells deleted for correspond
ing yeast MEK [(8,15), Reiser et al., submitted]. This 
observation indicates that, in contrast to mammalian 
cells, MAPK is not detained in the cytoplasm by 
MEK-dependent retention. However, one should not 
ignore the fact that no dual phosphorylation of 
MAPK, an essential precondition for MAPK nuclear 
accumulation, takes place in MEK-deficient cells. 
Thus, perhaps direct protein interaction between 
MEK and MAPK under basal conditions rather en
sures that most of MAPK is localized at the vicinity 
of MEK in order to be rapidly “found” and activated 
by MEK.

NUCLEAR RETENTION OF MAPKs

The dual phosphorylation of conserved threonine 
and tyrosine residue is essential and sufficient for 
rapid accumulation of MAPK in the nucleus. In terms 
of physiology, not only rapid nuclear accumulation is 
important, but also duration of MAPK nuclear resi
dence has relevant physiological importance: the time 
during which ERK2 remains nuclear determines cell 
fate. In PC 12 cells, prolonged activation and concen
tration of MAPK in the nucleus is correlated with cell 
differentiation rather than proliferation (40).

What determines the duration of MAPK nuclear 
residence? In fission yeast Gaits et al. (15) have intro
duced nuclear retention as a new important mecha
nism in regulation of MAPK intracellular distribu
tion. These investigations were able to demonstrate 
that Styl/Spcl downstream targets, transcription fac
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tor Atfl (the fission yeast homolog of mammalian 
ATF2), and another transcription factor, Perl, are re
quired for nuclear accumulation of Styl/Spcl in
duced by hyperosmotic stress. Atfl has been shown 
to be a direct target of Styl/Spcl, and Styl/Spcl- 
dependent phosphorylation increases Atfl trancrip- 
tional activity (36,42). Atfl appears to be localized 
constitutively in the nucleus and this distribution pat
tern depends on heterodimerization with Perl. The 
lack of nuclear accumulation of Styl/Spcl in atfl 
mutants also suggests that, in fission yeast, Atfl ap
pears to be a major (if not exclusive) nuclear reten
tion factor for Styl/Spcl MAPK. The situation in 
budding yeast is more complicated. There appears to 
be no functional homolog(s) of Atfl/ATF2 in this or
ganism. Furthermore, up to now, no direct substrate 
of Hogl MAPK has been identified. However, two 
closely homologous transcription factors, Msn2 and 
Msn4, which have been shown to bind to stress regu
latory sequence (STRE) (29) located in promotors of 
many stress-regulated genes (30), play a role in this 
context. They are essential or important for transcrip
tion induction of these genes by a variety of environ
mental stresses, including the HOG pathway-depen
dent induction by high osmolarity, but their 
involvement in Hogl-dependent induction through 
STREs is unclear. Furthermore, two other factors, 
Msnl and Hotl, have been recently identified, which 
together with Msn2 and Msn4 appear to be essential 
for hyperosmotic stress induction of some genes in
volved in protection against this type of stress, like 
GPD1 (M. Rep and V. Reiser, in preparation). When 
the localization of Hogl MAPK fused to GFP was 
studied in the strain deficient for Msnl, Msn2, Msn4, 
and Hotl, the duration of Hogl nuclear residence fol
lowing hyperosmotic stress was strongly reduced. In 
msn2,4 mutant background, Hogl becomes prema
turely redistributed into the cytoplasm during stress 
adaptation. An additional deletion of MSN1 and 
HOT1 further reduces Hogl half-time of nuclear resi
dence to almost one third compared with wild-type 
strain, suggesting that these proteins might also func
tion as nuclear retention factors (Reiser et al., submit
ted). Consistent with this view, Msn2/4 translocate 
into the nucleus following hyperosmotic stress (19) 
and Msnl, Hotl appear nuclear (7) (M. Rep and V. 
Reiser, in preparation). Because protein synthesis is 
not required for nuclear accumulation of Hogl, an 
appealing model is that reduced duration of nuclear 
accumulation in m snl,2,4,hotl mutants is due to ab
sence of retention factors. However, one cannot en
tirely exclude the possibility, that the basal transcrip
tional activity of these factors is required for nuclear 
retention of Hogl.

Importantly, Hogl accumulates in m snl,2,4,hotl

strain in the nucleus as rapidly and as efficiently as 
in wild-type strain, pointing to the fact that these pu
tative retention factors do not affect the mechanism 
that ensures rapid accumulation of MAPK in the nu
cleus (Reiser et al., submitted). In the case of fission 
yeast it is not known whether the initial nuclear accu
mulation is affected in atfl mutants.

Recent data suggest that MAPKs in higher eukary
otes are also retained in the nucleus. Erkl/2 rapidly 
accumulate in the nucleus by a process independent 
of protein synthesis. However, their further nuclear 
localization depends on de novo protein synthesis of 
nuclear anchors, which have not yet been identified
(26).

Thus, it appears that one of the crucial determi
nants of MAPK nuclear localization is protein inter
actions with response-specific targets; the higher the 
number/concentration of nuclear substrates, the 
longer the kinase stays in the nucleus. These interac
tions may protect kinase against being grabbed by 
other factors involved in nuclear export of kinase. In
terestingly, Ptp2, a major phosphatase responsible for 
dephosphorylation of the tyrosine residue essential 
for activation of Hogl MAPK, has been found local
ized in the nucleus (Reiser et al., submitted). There 
is a clear correlation between cytoplasmic redistribu
tion of Hogl and its dephosphorylation [(8), Reiser 
et al., submitted]. Hogl tyrosine dephosphorylation 
requires its intrinsic enzyme kinase activity for acti
vation of Ptp2 (43). It is therefore not unlikely that 
Hogl-dependent activation of Ptp2 phosphatase is re
quired for its exit from the nucleus. In such case, the 
duration of nuclear residence of Hogl might be deter
mined by competition in kinase-substrate interactions 
between “positive” partners (such as transcription 
factors) and “negative” partners (such as phospha
tase).

In summary, the studies of dynamics of MAPK 
localization in fission yeast and budding yeast have 
revealed that at least two, presumably independent, 
mechanisms operate on stress-induced intracellular 
distribution of MAPKs: the regulation of early nu
clear transport, and nuclear retention during stress ad
aptation. It will be important to determine what are 
the physiological consequences of the modulation of 
the MAP kinase nuclear residence.

MAPK NUCLEAR TRANSPORT FACTORS

The nuclear accumulation of MAPKs is a very 
rapid and efficient process. In budding yeast, stress- 
induced MAPK nuclear localization is observable 
within 1 min (Reiser et al., submitted); mammalian 
Erkl/2 is found concentrated in the nucleus within 10
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min upon mitogenic stimulation of ceils (26). The 
fact that molecular weights of most MAPKs do not 
exceed the limit for free diffusion through channel 
formed by nuclear pore complex does not rule out 
the possibility that MAPKs’ rapid signal-dependent 
nuclear transport is an active process. This idea has 
been tested on yeast MAPK models. All active nu
clear transport processes require the small GTPase 
protein Ran and its regulators (20,31). Ferrigno et al. 
(8) have investigated whether Ran is also required for 
budding yeast Mogl MAPK nuclear transport, Hogl 
has failed to accumulate in the nucleus of cells with 
temperature-sensitive allele of G spl, a yeast homolog 
of mammalian Ran at the restrictive temperature (8). 
There is a evidence that S tyl/Spcl MAPK is unable 
to accumulate in the nucleus of plmi mutants, which 
are defective in the guanine-nucieotide-exchange fac
tor (G IF ) for fission yeast Ran (F. Gaits and P, Rus
sell, submitted), Ferrigno et al. (8) have identified a

putative Hogl MAPK import factor, Deletion of 
NMD5, a gene coding for a putative importin (f ho
molog, shows defect in Hogl stress-induced nueiear 
accumulation, This effect is specific, because mutants 
in all other known nuclear transport factors did not 
display such phenotype, It remains to be proven that 
Nmd5 is indeed the direct import factor for Hogl by 
demonstrating in vivo interaction of these proteins 
under conditions that induce Hogl nuclear import, 
We have discussed above that Hogl and perhaps also 
other MAPK might continuously shuttle between cy
toplasm and nucleus and that this movement does not 
require activation of MAPK, It could be that basal 
intracellular distribution of Hogl requires other im
port factor(s) than Nmd5, because nmdS mutants do 
not show Hogl nuclear exclusion (8). Identification 
of such factors would be necessary to prove the hy
pothesis of basal nucleocytoplasmic shuttling of 
MAPKs,

Extracellular signal

Cytoplasm

Nuclear import 
Jactorts)

Nuelaar
envelope

Nucleus

Nuclear export 
faetor(s)

Tranacrlpiional response

PiO, i , Generalized view on the regulation of M A P  kinases nueiear accumulation, For details see Concluding Remarks, Pi phosphate,
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MAPK nuclear accumulation is transient, and ad
aptation to stimulus-dependent activation involves its 
cytoplasmic reappearance [(8,26), Reiser et al., sub
mitted]. This process is relatively slow if compared 
to the rapid nuclear accumulation upon MAPK stimu
lation. Protein synthesis inhibition has no influence 
on this process (Reiser et al., submitted). Thus, cyto
plasmic redistribution of Hogl is caused by a nuclear 
export mechanism rather than by its cytoplasmic re
synthesis. Interestingly, the MAP kinase activity is 
necessary for redistribution. Hogl catalytically inac
tive mutant remains nuclear and cannot be redistrib
uted into the cytoplasm [(8), Reiser et al., submitted].

These data suggest that MAPK nuclear export 
might be an active process like nuclear import. In
deed, Ferrigno et al. (8) could demonstrate that cyto
plasmic redistribution of Hogl is impaired in x p o l/  
crml mutants. Xpol/Crml is nuclear export factor 
for proteins containing nuclear export sequences 
(NES) (9,11,32,37). Similar evidence for Crml-medi- 
ated export of MAPK has been obtained also from 
fission yeast; in addition, Styl/Spcl MAPK can be 
copurified with Crml during a time period of MAPK 
cytoplasmic redistribution (F. Gaits and P. Russell, 
submitted). Importantly, a small amount of Styl/Spcl 
can be found to be associated with Crml even in the 
absence of stress (F. Gaits and P. Russell, submitted). 
This finding is consistent with the idea of continuous 
nucleocytoplasmic shuttling of MAPKs. In this re
spect, a key experiment would be to find out whether 
a portion of Styl/Spcl associated with Crml is phos- 
phorylated or not.

CONCLUDING REMARKS

The basic features of the MAPKs nuclear localiza
tion seem to be conserved in evolution within the 
eukaryotic kingdom. Generalization of our current

knowledge of the regulation of MAPKs’ nuclear 
transport obtained from both higher and lower eu
karyotes allows to envision the following “nucleocy
toplasmic traffic” scenario (Fig. 1). MAPKs might 
continuously shuttle between the cytoplasmic and nu
clear compartment. Activation of MAPK by dual 
phosphorylation causes its dissociation from the cyto
plasmic MAPKK. MAPK translocates into the nu
cleus with the help of nuclear import factor(s). Phos- 
phorylated MAPK serves either as a more efficient 
nuclear import cargo or a less efficient nuclear export 
cargo, both models causing its rapid nuclear accumu
lation. MAPKs targets like transcription factors retain 
the kinase in the nucleus. Adaptation to the signal 
induces MAPK dephosphorylation and its active nu
clear export. Although active import as well as active 
export of MAPKs has been proven experimentally 
only in yeast, we hypothesize that it is the most likely 
to occur also in the case of higher eukaryotic 
MAPKs. The nature of the primary signal for nuclear 
export of MAPKs remains to be solved. Experimental 
data obtained so far suggest that dephosphorylation 
of MAPK might take place in the nucleus before ac
tual nuclear export of MAPK. However, it is not 
known whether dephosphorylation of MAP kinase in
duces its nuclear export. MAP kinase activity-depen
dent modification of export factors might contribute 
to the stimulation of its nuclear export.
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