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In stimulated cells, the mitogen-activated protein kinase ERK2
(extracellular signal-regulated kinase 2) concentrates in the nu-
cleus. Evidence exists for CRM1-dependent, mitogen-activated
protein kinase kinase-mediated nuclear export of ERK2, but its
mechanism of nuclear entry is not understood. To determine
requirements for nuclear transport, we tagged ERK2 with green
fluorescent protein (GFP) and examined its nuclear uptake by using
an in vitro import assay. GFP-ERK2 entered the nucleus in a
saturable, time- and temperature-dependent manner. Entry of
GFP-ERK2, like that of ERK2, required neither energy nor transport
factors and was visible within minutes. The nuclear uptake of
GFP-ERK2 was inhibited by wheat germ agglutinin, which blocks
nuclear entry by binding to carbohydrate moieties on nuclear pore
complex proteins. The nuclear uptake of GFP-ERK2 also was re-
duced by excess amounts of recombinant transport factors. These
findings suggest that ERK2 competes with transport factors for
binding to nucleoporins, which mediate the entry and exit of
transport factors. In support of this hypothesis, we showed that
ERK2 binds directly to a purified nucleoporin. Our data suggest that
GFP-ERK2 enters the nucleus by a saturable, facilitated mechanism,
distinct from a carrier- and energy-dependent import mechanism
and involves a direct interaction with nuclear pore complex
proteins.
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M itogen-activated protein (MAP) kinases are ubiquitous
protein kinases that integrate cell surface signals by phos-
phorylating proteins throughout the cell. The MAP kinase
ERK2 (extracellular signal-regulated kinase 2) targets proteins
in multiple cell compartments after an activating stimulus.
Stimuli induce the nuclear accumulation of ERK2 from its
resting location in the cytoplasm of many types of cells, including
fibroblasts, epithelial cells, and neuroendocrine cells (1, 2).
The location of ERK2 is a significant factor in determining its
ability to phosphorylate key substrates and thereby influence cell
behavior. Controlling the localization of ERK2 is a mechanism
by which cell function may be influenced. For example, PEA1S,
which promotes the cytoplasmic retention of ERK?2, is overex-
pressed in disease states, such as type II diabetes and breast
cancer (3, 4). ERK2 is active and constitutively nuclear in certain
breast cancer cells, but excluded from the nucleus in certain
nonsmall cell lung cancers (ref. 5, S. Muneer, personal commu-
nication). In addition to extensive data suggesting a correlation
between phenotypes and ERK2 localization, some cell behaviors
have been demonstrated to occur only if ERK2 accumulates in
the nucleus. For example, the nuclear localization of ERK2 is
essential for morphological transformation of 3T3 fibroblasts
and neurite extension in PC12 cells (6, 7). An understanding of
how ERK2 localization is regulated will provide important
insights into its normal function and disease mechanisms.
ERK2 subcellular localization is mediated by interactions with
various proteins (8—11). Unphosphorylated ERK2 is anchored in
the cytoplasm by its upstream activator MEK1 (mitogen-
activated protein kinase kinase 1), which, like ERK?2, is present
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at near micromolar concentrations. After stimulation, active
ERK?2 translocates to the nucleus, possibly in a dimeric form (10,
11). Phosphorylation is sufficient to cause the nuclear accumu-
lation of ERK2, but its kinase activity is not required (10).
Nuclear binding sites for ERK2 may retain it in the nucleus, and
binding partners include topoisomerase II and kinetochores
(12-15). Nuclear export of ERK2 also is mediated by MEKI1,
which has a nuclear export sequence (NES) that binds to the
nuclear export receptor CRM1 (11). Dephosphorylated, nuclear
ERK?2 can bind MEK1 and be transported out of the nucleus, a
process inhibited by leptomycin B, which disrupts CRMI-
mediated export (9). Furthermore, fusion of ERK2 to MEK1
yields a protein that is excluded from the nucleus, unless the NES
is inactivated by mutagenesis, demonstrating the dominance of
the MEK1 NES (7). Interactions with several other proteins in
addition to MEKI, including the phosphatases, PTP-SL and
MKP-3, and the death effector domain-containing protein,
PEA1S, promote localization of ERK2 in the cytoplasm (16-18).

A complex series of events controls ERK2 cytoplasmic and
nuclear localization, but the mechanism for nuclear entry of
ERK2 is not known. To examine this mechanism, we investigated
the entry of ERK2 into nuclei of permeabilized cells under
conditions not supporting CRM1-mediated export. We conclude
that ERK2 enters the nucleus through nuclear pore complexes
(NPCs) by an energy- and carrier-independent, facilitated
mechanism.

Experimental Procedures

Constructs and Recombinant Proteins. The cDNA encoding rat
ERK2 was subcloned into pRSETB-His-6-GFP (green fluores-
cent protein) by using Kpnl and HindlIII restriction sites. GFP-
ERK2, ERK2, and thiophosphorylated ERK2 (ERK2-P2) were
prepared as described by using the Escherichia coli strain BL21
(10). His-6-GFP, p38a, and c-Jun N-terminal kinase 2 (JNK2)
were purified as described (10) for ERK2. Karyopherin-p1,
karyopherin-a2, Ran, p10, and glutathione S-transferase (GST)-
NUP153c were purified as described (19-21). To reconstitute
classical import, rhodamine-labeled BSA was coupled to a
peptide containing the nuclear localization sequence (NLS) of
the simian virus T antigen (20).

Cell Culture. BRL and REF52 cells were grown in DMEM
supplemented with 10% FBS and 1% glutamine.
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Fig.1. Characterization of ERK2 importin permeabilized REF52 and BRL cells.
(A) Nuclear import of His-6-ERK2 (0.8 uM, 50 ng/ml) in REF52 cells with or
without an energy regenerating system (see Experimental Procedures) in the
absence of transport factors was visualized by immunofluorescence. (B) Coo-
massie-stained polyacrylamide gel of purified GFP-ERK2. (C) Nuclear import of
GFP-ERK2 (0.8 uM 50 ng/ml) and TRITC-NLS-BSA (1.4 uM) in BRL cells in the
presence of an energy regenerating system plus the indicated factors. (Mag-
nifications: X63.)

Import Assays. Import assays were performed as described (19).
Briefly, BRL (Fig. 1C) or REF52 cells were plated on coverslips
24 h before permeabilization. Cells were washed once with
import buffer (20 mM Hepes-KOH, pH 7.3/110 mM potassium
acetate/2 mM magnesium acetate/1 mM EGTA/2 mM DTT)
and permeabilized with 70 ug/ml digitonin in transport buffer
for 5 min on ice. Cells were washed and inverted over 40 ul of
import mix, which contained 0.8 uM GFP-ERK2 (50 pg/ml), 10
wg/ml NLS-BSA-tetramethylrhodamine B isothiocyanate
(TRITC) (=0.14 uM), or indicated amounts of ERK2 or thio-
phosphorylated ERK2 (ERK-P2) (19). To determine require-
ments for import, the import mix also included cytosol from
Xenopus oocytes (ref. 20, Fig. 1C) or 0.5 uM karyopherin-a2,
0.25 uM karyopherin-£1, 2 uM Ran, 0.4 uM p10/NTF2, plus 15
uM BSA (1 mg/ml), and as indicated, energy in the form of an
ATP/GTP regenerating system (1 mM ATP, 1 mM GTP, 5 mM
creatine phosphate, and 20 units/ml creatine kinase). Perme-
abilized cells were incubated for 15 min unless otherwise noted
and were then washed and fixed in 3.7% formaldehyde for 15
min. Coverslips were mounted in 1 mg/ml phenylenediamine in
90% PBS plus 10% glycerol. GFP and TRITC were visualized by
fluorescence microscopy with a Zeiss Axiocam microscope
equipped with a Hamamatsu Orca II camera. Uptake was
quantified by using Improvision OPEN LAB software. His-6-ERK2
was detected by immunofluorescence with an anti-His-6 anti-

Whitehurst et al.

body (CLONTECH) at 1:200 dilution and an Alexa anti-mouse
secondary antibody (Molecular Probes) at 1:3,000 dilution (22).

Binding Experiments. GST-Nup153c was incubated for 30 min with
glutathione-agarose equilibrated in import buffer. His-6-ERK2
(200 nM) was added and mixed end over end at 23°C for 45 min.
Beads were washed with 1 M NaCl, 1% Triton X-100, and 0.1%
deoxcholate in 20 mM Hepes (pH 7.4) and analyzed on a 10%
polyacrylamide gel in SDS. Proteins were transferred to nitro-
cellulose and immunoblotted with Y691 for 1 h at 1:2,500
dilution (7).

Results

ERK2 and GFP-ERK2 Accumulate in Nuclei by an Energy- and Carrier-
Independent Mechanism. To examine the mechanism of nuclear
entry of ERK2, we used an import reconstitution assay in
permeabilized cells. Permeabilized cells lose transport factors
and thus a complementation assay with cytosol or recombinant
transport factors and an ATP/GTP (energy) regenerating sys-
tem can be used to investigate nuclear uptake of ERK2. ERK2,
at 0.8 uM (50 pg/ml), close to its intracellular concentration,
was added with or without energy or cytosol to permeabilized
REF52 cells and its localization was detected by immunofluo-
rescence (Fig. 14 and not shown). ERK2 accumulated in the
nuclei of the permeabilized cells in an energy-independent
manner, even in the absence of cytosol. Because ERK2 is only
~41 kDa, it may have entered nuclei by diffusion. We increased
the size of ERK2 to 68 kDa by incorporating a GFP tag;
GFP-ERK2 was expressed and purified (Fig. 1B). Like ERK2,
but unlike the control NLS-BSA-TRITC, GFP-ERK2 (0.8 uM)
was taken up into nuclei of BRL and REF52 cells in the presence
of apyrase, added to scavenge nucleotide (Fig. 1C and not
shown). Over time, the concentration of GFP-ERK2 in the
nucleus became greater than that in the import mixture (data not
shown) and neither recombinant transport factors nor cytosol
were required for its uptake (Fig. 1C). Quantification of the
fluorescence intensity in the nuclei revealed no significant
differences in GFP-ERK2 uptake in the presence or absence of
these factors or cytosol in either cell type (data not shown). The
control import substrate TRITC-NLS-BSA behaved in the ex-
pected manner, requiring energy and a source of transport
factors for nuclear entry. We confirmed that the nuclear import
of ERK2 was Ran independent, as the inclusion of Q69L Ran
(defective in GTP hydrolysis) with cytosol inhibited import of
NLS-BSA but not that of GFP-ERK2 (not shown) (23).

GFP-ERK2 Enters Nuclei by a Saturable, Facilitated Mechanism. To
determine whether the nuclear entry of GFP-ERK2 occurred by
a facilitated mechanism, we examined the concentration depen-
dence, time course, and temperature dependence of its nuclear
uptake. The nuclear entry of GFP-ERK2 was time dependent
(Fig. 2). To confirm that there was no energy requirement for
GFP-ERK2 entry, a time course of its uptake in the presence and
absence of an ATP/GTP regenerating system was examined at
room temperature. No energy requirement was revealed at any
time point (Fig. 24). Furthermore, nonhydrolyzable analogs of
ATP and GTP had no effect on ERK2 uptake (data not shown).
Time courses of nuclear uptake were performed at both room
temperature and 4°C. At the higher temperature, GFP-ERK2
uptake was readily detected after 10 min of addition to the
permeabilized cells. The import of ERK2 was slowed but not
abolished at 4°C (Fig. 2B), unlike that of NLS-BSA, which is
completely inhibited at this temperature. This behavior of ERK2
is reminiscent of the movement of karyopherin-f in the absence
of cargo and Ran (24). Using unfixed cells under these condi-
tions, we could detect more ERK2 in the cytosol than in the
bathing solution, possibly because of microtubule binding (25);
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Fig. 2. GFP-ERK2 import is energy independent. (A) Import assay using
GFP-ERK2 (0.8 uM, 50 ng/ml) was performed in REF52 cells with or without
energy mix as indicated. Cells were fixed at indicated time points. (Magnifi-
cation: x63.) (B) Quantitation of REF52 nuclear fluorescence after import
assay at room temperature (filled bars) or 4°C (open bars) in arbitrary units
(AU) at indicated time points. Over a number of experiments, the relative rate
of import at room temperature was approximately twice that at 4°C.

but even so, some nuclear entry was detected within 1.5 min (not
shown) (26, 27).

Nuclear uptake of GFP-ERK2 was concentration dependent
(not shown). At 80 nM, rim staining of nuclei but little entry of
GFP-ERK2 was observed. At 0.8 uM, GFP-ERK2 entry was
readily observed. Pretreatment of ERK2 with an activated
mutant of MEK1 under phosphorylating conditions to generate
the phosphorylated form had no effect on its uptake, suggesting
that phosphorylation of ERK2 does not influence its entry under
these conditions (not shown).

To examine whether the uptake system was saturable, increas-
ing amounts of untagged ERK2 and ERK2-P2 were added along
with a fixed amount of GFP-ERK2 (Fig. 34). Both ERK2 and
ERK2-P2 reduced the uptake of GFP-ERK2 in a concentration-
dependent manner, indicating that the uptake system was satu-
rable. These findings also support the above conclusion that
ERK?2 is equally effective in being taken up into the nucleus in
the unphosphorylated and phosphorylated states. Because a
10-fold excess of the untagged proteins decreased GFP-ERK2
uptake by roughly half (Fig. 3B), the system is saturated at a
concentration of ERK2 above that used for these assays. How-
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Fig.3. Effectof MAPkinaseson nuclear uptake of GFP-ERK2. Import assay (A)
and quantitation (B) using GFP-ERK2 (0.8 uM, 50 ng/ml) was performed in
REF52 cells in the presence of increasing amounts of ERK2 (filled bars) and
ERK2-P2 (open bars). Hatched bar is accumulation without excess ERK2. (Cand
D) Quantitation of nuclear fluorescence from import assay using GFP-ERK2
(0.8 uM, 50 ug/ml) in REF52 cells in the presence of increasing amounts of
JNK2 (C) and p38a (D). Hatched bar is accumulation without excess MAP
kinases. (Magnification: A, X63.)

Whitehurst et al.



1000-

| Ll
<
0.

- 10 20 40

Fig. 4. Effect of WGA on nuclear import of GFP-ERK2. Import assay (A) and
quantitation (B) using GFP-ERK2 (0.8 uM, 50 ng/ml) (filled bars) and GFP (0.8
M, 20 pg/ml) (open bars) was performed in REF52 cells in the presence of
increasing amounts of WGA and energy mix. (Magnification: A, X63.)

ever, neither JNK2 nor p38a, two other MAP kinases, competed
for ERK2 entry (Fig. 3 C and D).

ERK2 Enters the Nucleus Through the NPC and Interacts Directly with
Nucleoporins. Some nucleoporins contain the covalently attached
sugar moiety, N-acetyl glucosamine, which binds wheat germ
agglutinin (WGA) with high affinity. Blockade of nuclear uptake
by WGA is diagnostic for nuclear entry via the NPC (28).
Therefore, we examined the effect of WGA on the nuclear entry
of GFP-ERK?2. The uptake of GFP-ERK2 was blocked by WGA
in a concentration-dependent manner (Fig. 4), consistent with
the conclusion that ERK2 enters the nucleus through the NPC.
The nuclear accumulation of 27-kDa GFP, which enters the
nucleus by diffusion, was unaffected by WGA (Fig. 4B).

Our results indicate that ERK2 enters the nucleus through the
NPC without a carrier and without the need for energy. Many
nucleoporins contain FG repeats that often are found as part of
a larger motif such as FXFG or GLFG. These repeats are
recognized by nuclear carriers that transport their cargo across
the NPC (29-35). MAP kinases have been shown to interact with
many proteins through relatively well-defined targeting motifs.
Interestingly, one of these is the FXF motif, which was identified
by Kornfeld and colleagues as an ERK1/2-specific targeting
domain (36). We considered the hypothesis that ERK2 can
interact directly with nucleoporins.

We tested this hypothesis by using the import assay. Carriers
can compete with each other for shared docking sites (37). If
ERK?2 binds to FG repeat docking sites, it should compete with
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Fig. 5. Effect of ERK2 on import of NLS-BSA. Import assay (A) and quantita-
tion (B) using TRITC-NLS-BSA (1.4 uM) was performed in REF52 cells in the
presence of transport factors, energy mix, and increasing amounts of ERK2
(filled bars) and ERK2-P2 (open bars). Hatched bar is TRITC-NLS-BSA fluores-
cence in the absence of ERK2 or ERK-P2. (Magnification: A, xX63.)

the import of NLS-BSA. Thus, we tested its capacity to interfere
with import of NLS-BSA. Both ERK2 and ERK2-P2 reduced the
uptake of NLS-BSA in a concentration-dependent manner (Fig.
5). As a further test, if ERK2 is binding directly to nucleoporins,
the import receptors should compete for these binding sites and
reduce ERK2 entry. We examined the effects of two carriers,
karyopherin-B1 and p10/NTF2, on uptake of GFP-ERK2 (20).
In support of the hypothesis, micromolar concentrations of both
karyopherin-B1 and p10/NTF2 compete with GFP-ERK2 for
nuclear entry (Fig. 6).

To determine whether ERK2 can interact directly with a
repeat-containing nucleoporin, we expressed the 153c fragment
of the nucleoporin 153 as a GST fusion in bacteria and tested its
binding to ERK2 in vitro. ERK2 associated with GST-Nup153c
but not with GST or empty beads (Fig. 7). Their binding can be
detected with as little as 20 nM Nup153c and 200 nM ERK2.
ERK2 phosphorylates Nup153c only weakly (data not shown),
suggesting that the binding is not caused solely by an enyzme—
substrate relationship. We hypothesize that the rapid entry of
ERK?2 into the nucleus is caused by facilitated entry via a direct
interaction with nucleoporins.

Discussion

We find that ERK2 enters the nucleus by a saturable, facili-
tated process, distinct from the conventional import mecha-
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Fig. 6. Effect of NPC binding proteins on import of GFP-ERK2. Import assay
(A) and quantitation (B) using GFP-ERK2 (0.8 uM, 50 ng/ml) was performed
in REF52 cells in the presence of energy mix and the indicated amounts of
karyopherin-p1 or NTF2/p10. (Magnification: A, X63.)

nism. Our data indicate that the rapid uptake of ERK2 into the
nucleus, like that of nuclear carriers, depends on its direct
interaction with FG repeat-containing nucleoporins, as dem-
onstrated through competition studies and the finding that
ERK2 binds directly to a repeat nucleoporin. This mechanism
is attractive not only because ERK2 binds FXF motifs in other
proteins, but also because ERK2 has been reported to affect
the nuclear import of proteins in a manner consistent with
interaction with the import machinery (36, 38). While our
manuscript was in preparation, another group published a
report concluding that ERK2 enters nuclei via an interaction
with NPC proteins; ERK2 was found to bind to a different FG
repeat-containing protein, Nup214, in addition to the binding
to Nup153 that was shown here (39). These findings, together
with ours, suggest that ERK2 binds to multiple NPC proteins,
supporting the proposed mechanism.

These data in permeabilized cells are supported by previous
findings in intact cells. We examined time courses of ERK2
localization after microinjection and found that the unphosphor-
ylated protein rapidly entered the nucleus within 2 min, and then
relocalized to the cytoplasm by 5-10 min (10). These previous
experiments suggested that the localization of ERK2 is con-
trolled by active export as well as import.

The facilitated import mechanism found here has not been
previously reported for other protein kinases, but has been
suggested for the transcriptional regulator B-catenin (40, 41).
The major control of the nuclear function of B-catenin is its
regulated association with the cytoskeleton. Once released,
B-catenin binds nucleoporins without a requirement for carriers,
competes with carriers for nuclear uptake, and enters the
nucleus in an energy-independent manner, similar to the results
of our studies of ERK2 import. In the case of ERK2, its nuclear
accumulation appears to be regulated primarily by its export; it
does not need an import carrier because it interacts directly with
nuclear pore proteins. Thus, direct binding to nucleoporins may
be a generally used mechanism for nuclear entry of proteins
whose accumulation in the nucleus is controlled at other levels.
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Fig. 7. ERK2 binds to GST-Nup153c. GST-pulldown assay using GST-Nup153c
at the indicated concentrations and 200 nM of ERK2 or buffer as indicated.
Immunoblots were performed by using Y691 for ERK2.

This facilitated uptake mechanism is apparently not used by two
other MAP kinases, JNK2 and p38«, based on their inability to
compete for ERK2 entry. This result is consistent with the
apparently selective interaction of FXF motifs with ERK2
among MAP kinases (36).

Phosphorylation of ERK2 promotes its nuclear localization
in vivo. However, we were unable to find effects of phosphor-
ylation on its uptake in permeabilized cells. This result is
consistent with the observation that overexpressed ERK2
accumulates in the nucleus without being phosphorylated (42).
Blockade of export, by favoring the dissociation of ERK2-
MEKI1 complexes, may be the primary event controlled by
ERK?2 phosphorylation. ERK2 forms dimers upon phosphor-
ylation that promote its nuclear accumulation in vivo (10). An
ERK2 dimer, as a consequence of having twice the sites to
interact with FX motifs, might bind more tightly to NPCs and
be imported more rapidly than a monomer. Alternatively,
other import mechanisms for dimers may exist that could not
be detected in this system. Finally, dimeric ERK2 may be
further impaired in its interaction with proteins such as MEK1
that may promote its piggyback export.

In summary, multiple regulated events lead to the stimulus-
dependent nuclear accumulation of ERK2. ERK?2, phosphory-
lated or not, appears to enter the nucleus by a rapid, facilitated,
energy- and carrier-independent mechanism that relies on its
direct interaction with nucleoporins. A second entry mechanism
also may exist for ERK2-P2, perhaps as a dimer, and/or by
association with one or more other proteins that contain an NLS.
ERK?2 in the nucleus binds to proteins that retain it there even
after it has been dephosphorylated. In stimulated cells, ERK2
that does not enter the nucleus is bound to cytosolic anchor
proteins. Binding of ERK2 to proteins in the cytoplasm and
nucleus may be as important as the transport mechanisms in
determining its subcellular distribution. Unphosphorylated
ERK?2 is believed to be exported from the nucleus in a CRM-
1-dependent manner primarily as a complex with MEK1 via its
NLS. Other proteins also may mediate ERK2 export normally
and under pathophysiological conditions. This model suggests
strategies for therapeutic intervention in disease states in which
the inappropriate localization of ERK2 is believed to contribute
to symptoms.
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