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Monomeric and Dimeric Models of ERK2 in
Conjunction with Studies on Cellular Localization,
Nuclear Translocation, and In Vitro Analysis

Sunbae Lee*, and Yun Soo Bae

Extracellular signal-regulated protein kinase 2 (ERK2) plays
many vital roles in cellular signal regulation. Phosphoryla-
tion of ERK2 leads to propagation and execution of vari-
ous extracellular stimuli, which influence cellular respon-
ses to stress. The final response of the ERK2 signaling
pathway is determined by localization and duration of ac-
tive ERK2 at specific target cell compartments through
protein-protein interactions of ERK2 with various cyto-
plasmic and nuclear substrates, scaffold proteins, and
anchoring counterparts. In this respect, dimerization of
phosphorylated ERK2 has been suggested to be a part of
crucial regulating mechanism in various protein-protein
interactions. After the report of putative dimeric structure
of active ERK2 (Canagarajah et al., 1997), dimeric model
was employed to explain many in vivo and in vitro expetri-
mental results. But more recently, many reports have been
presented questioning the validity of dimer hypothesis of
active ERK2. In this review, we summarize the various in
vitro and in vivo studies concerning the Monomeric or the
dimeric forms of ERK2 and the validity of the dimer hy-
pothesis.

INTRODUCTION

Sustaining healthy individual cells is vital to the survival of a
multicellular organism. To this end, living organisms have
evolved a delicate mechanism involving cell proliferation, divi-
sion, and self-termination. And the same signaling mechanism
is often involved in diverse, and sometimes contradictory, life-
or-death decisions in single living organisms. Mitogen-activated
protein kinase (MAPK) cascades are involved in diverse cellular
processes including cell proliferation, differentiation, inflamma-
tory response, cell-death, migration, and survival (Chang and
Karin, 2001; Chaudhary et al., 2000; Eblen et al., 2004; Jain et
al., 1998; Pages et al., 1993). The MARK family in humans
includes c-Jun N-terminal kinases (JNK1, JNK2, and JNKB)
(Derijard et al., 1994; Fanger et al., 1997; Kyriakis et al., 1994),
extracellular signal-regulated protein kinases (ERK1 and ERK2)
(Volmat and Pouyssegur, 2001; Yoon and Seger, 2006), p38s
p38a, p38p, p38y, p383) (Han et al., 1994), ERK5, ERK3s (ERK3,

p97 MAPK, ERK4) (Lee et al., 1995; Zhou et al., 1995) and ERK7s
(ERK7, ERK8) subfamilies; many are conserved in diverse
organisms. MAPK cascades are delicate signal relaying me-
chanisms initiated from several extracellular stimuli. Cytokines,
hormones, growth factors (Sasagawa et al., 2005; Schoeberl et
al., 2002; Xia et al., 2000; Xie et al., 1998; Yuijiri et al., 2000;
Zhang et al., 2008) including tumor necrosis factor, nerve growth
factor, epidermal growth factor, platelet-derived growth factor,
transforming growth factor  and diverse environmental stress-
es (Kyriakis et al., 1994; Rosette and Karin, 1996) stimulate
MAPK signaling pathways. Signals are propagated through
three-tiered protein kinase cascades: MAPK kinase kinase
(MAPKKK), MAPK kinase (MAPKK, also abbreviated MEK)
and MAPK. Upon external stimuli, the Ras or Rho family of
small GTPases activate MAPKKK, which, in turn, activates a
sequential chain MAPK cascade through MAPKKK, MAPKK
and, finally, MAPK. MAPK either stays in the cytoplasm or
translocates into the nucleus, relaying external stimuli to spe-
cific substrate by phosphorylation.

The ERK2 cascade, which is a central and ubiquitous signal-
ing pathway, utilizes Raf, MEKs and ERKs as its kinase com-
ponents. Activation of receptors, like receptor tyrosine kinase,
epidermal growth factor receptor or G protein-coupled receptor
by extracellular stimuli initiates signal propagation by recruiting
an adaptor protein, Grb2, and guanidine nucleotide exchange
factor, SOS (Cussac et al., 1999). Plasma membrane-ancho-
red Ras, when activated by SOS, activates Raf by phosphory-
lating multiple phosphorylation sites (Farrar et al., 2000). Phos-
phorylated Raf activates the dual specificity kinases MAPKK
MEK1 and MEK2 (S217 and S221 in MEK1, S222 and S226 in
MEK2). Phosphorylation of threonine and tyrosine residues in
the TEY (Thr*®-Glu-Tyr*®) motif at the activation loop by MEKs
opens the catalytic site in ERK2 (Roux and Blenis, 2004) and
its activity increases by 1000-fold, compared with inactive
ERK2 (Payne et al., 1991; Robbins and Cobb, 1992; Robbins
et al., 1993). Phosphorylation of ERK2 by MEKSs releases it
from MEKSs and the activated ERK2 either translocates into the
nucleus or remains in the cytoplasm in association with various
scaffold proteins or substrates.

Activated ERK2 executes its role in the signaling cascade by
phosphorylating various downstream substrates in the cyto-
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plasm and nucleus. ERK2 displays a high preference of speci-
ficity in its phosphorylation site with Ser/Thr-Pro motif (Cana-
garajah et al., 1997). But, the Ser/Thr-Pro motif alone, which is
common in many protein substrates, cannot account for the
high substrate specificity of ERK2. To compensate for the low
affinity of phosphorylation consensus sequence, MAPKs em-
ploy various docking interactions in substrate recognition
(Abramczyk et al., 2007; Lee et al., 2011b). In this mechanism,
the phosphorylation consensus motif is drawn into close prox-
imity with the catalytic site of MAPKs through various recogni-
tion sites remote from the catalytic site of ERK2 (Rainey et al.,
2005). The best-characterized docking sites of ERK2 are the D-
recruitment site (DRS) and the F-recruitment site (FRS). They
respond to D-binding motif and F-binding motif, respectively, in
recognition of the downstream substrate or upstream regulators
(Lee et al., 2011a).

In resting cells, unphosphorylated ERK2 stays primarily in the
cytoplasm, and is associated with several anchoring proteins.
The localization and duration of localization are determined by
several factors, including the nature of the extracellular stimuli
and the integration of temporal- and spatial-specific protein-
protein interactions (Caunt et al., 2008; Coles and Shaw, 2002).
Phosphorylation releases ERK2 from its cytoplasmic counter-
parts and it either translocates into the nucleus or stays in the
cytoplasm by associating with various scaffold proteins or cyto-
plasmic substrates. Of the approximately 160 ERK2 substrates
that have been identified so far, approximately 70 are cyto-
plasmic (Yoon and Seger, 2006). Although the mechanism and
identity of the nuclear anchoring counterparts have not been
clearly solved yet, stimulus-dependent duration of ERK2 local-
ization in the nucleus suggests an existence of nucleus anchor-
ing proteins or other nucleus-retention mechanism or involve-
ment of scaffold proteins in substrate selectivity (Lenormand et
al., 1998; Mandl et al., 2005; Olsson et al., 2000; Reiser et al.,
1999; Tanimura et al., 2002). Transient or sustained accumula-
tion of ERK is also responsible for the difference between qui-
escence and proliferation in fibroblasts and epithelial cells
(Pages et al., 1993; Vantaggiato et al., 2006; Yujiri et al., 2000).
Sustained ERK2 activation in fibroblasts induces the expres-
sion of nuclear proteins that mediate the dephosphorylation and
scaffolding of ERK, resulting in its accumulation in the nucleus.
So, the localization and retention time of the activated MAPK in
specific compartment are determined by various factors includ-
ing the concentrations of phosphorylated and unphosphory-
lated ERK2, various anchoring proteins in cytoplasm and nu-
cleus and the equilibrium among them (Rosseland et al., 2005;
Samarakoon and Higgins, 2003; Skarpen et al., 2008). The
concentrations of MEKs and ERKs show cell-type specificities
and the duration and strength of extracellular stimuli determines
the concentration of released (phosphorylated) ERK2, and
might also affect the synthesis of stimulus-dependent nuclear
anchoring protein.

IN VITRO ANALYSIS OF ERK2 MONOMER AND DIMER
MODELS

ERK2 structure

ERK2 is a compact 42 kDa protein. The N-terminal domain
(residues 1-109 and 320-358) is composed of B-strands (31-p4)
and two a-helices (Canagarajah et al., 1997). The C-terminal
domain (residues 110-319) is mostly helical and contains an
activation loop and catalytic sites. Phosphorylation at Thr183
and Tyr185 of the activation loop (Asp165-Glu195) triggers a
large conformational change in ERK2, opening the P+1 binding
pocket. Several binding sites in ERK2 that interact with various

substrates and upstream regulators have been identified. The
D-recruiting site, comprised of 7, 38 and oD helix, and part of
loops 7-8, is distant from the catalytic site and contains a com-
mon docking domain (Asp316 and Asp319) and hydrophobic
binding cleft. The D-binding motif, consensus sequence of
(R/K)n-Xo.6-@-X-®, is commonly found in many ERK2 sub-
strates, MEKs and MAPK phosphatase, interacting with the D-
recruiting site of ERK2. DEF motif (docking site for ERK, or F
binding motif) is identified in ERK2 nuclear substrates and has
a characteristic FXFP consensus docking domain. The DEF
docking site in ERK2 is closed in the inactive state and is ac-
cessible only in the active state. Part of the activation loop
(Phe181-Thr204), oG helix and o2L14 of the MAPK kinase
insert constitute the F-binding site for the DEF-motif. These
sites, potentially operating together with additional domains in
ERK2 such as the MAPK insert, are responsible for the levels
of ERK2 phosphorylation as well as subcellular localization.

The putative dimeric structure of activated histidine (His)-
tagged Erk2 was suggested in that dimeric interface is formed
from a nonhelical leucine zipper composed of L333, L336 and
L334 from each monomer (Canagarajah et al., 1997; Wilsbacher
et al., 2006). Three residues at the C-terminus (Y356-S358)
bind in the active site of a neighboring molecule, where R357 in
the C-terminus makes an ion pair with D165 in the active site of
another molecule. The X-ray structure also indicates the pres-
ence of two ion pairs on each end of the interface, H176 from
the activation loop and L343 from the C terminus. Participation
of H176 in activation loop might partly explain the decrease in
the dissociation constant of phosphorylated Erk2.

Reports on dimeric or monomeric phosphorylated ERK2
in vitro

Despite the possibility that dimerization could be involved in
diverse regulation mechanisms in the ERK2 signal propagation
cascade, a few in vitro studies on the monomer-dimer equilib-
rium have been undertaken with biophysical/bioanalytical char-
acterization. And even these studies have reported contradic-
tory results conceming dimerization. The dimer dissociation
constant (Kp) of phosphorylated and unphosphorylated Hiss-
tagged ERK2 in vitro were determined to be 7.5 nM and 20 uM,
respectively, by monitoring gel filtration and equilibrium sedi-
mentation studies (Khokhlatchev et al., 1998). Based on the
reported dimeric interface, a dimerization-impaired ERK2 mu-
tant (H176E, L333,336,341,344A) was also constructed (Wilsba-
cher et al., 2006). Interestingly, gel filtration chromatograms in
this study showed that the relative dimer-to-monomer ratio
depended on the existence of divalent cations, such as Ca®* or
Mg?*. Furthermore, incubation with strong divalent cation chela-
tors, like EDTA and EGTA, diverted the equilibrium exclusively
to the monomer form. Dimeric interface formation was also
suggested in a hydrogen exchange/mass spectroscopy study
of phosphorylated His-tagged ERK2 (Hoofnagle et al., 2001).
The residues comprising the putative dimeric interface of phos-
phorylated ERK2 were more protected in solvent exchange
than the interface of unphosphorylated ERK2.

Contrary to the reports on dimerization of active ERK2, Cal-
laway et al. (2006) reported that active Hiss-tagged ERK2 exists
predominantly as a monomer by employing gel filtration chro-
matography coupled with multi-angle laser light scattering. The
elution profile of the gel filtration column exhibited several
peaks, but molar mass distribution obtained from light scatter-
ing experiments demonstrated little deviation from approxi-
mately 41 kDa. Although the authors also suggested the exis-
tence of a dimeric association of ERK2, its quantity was vanish-
ingly small and negligible. A more thorough biophysical investi-
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gation on the monomer-dimer equilibrium of activated ERK2
was recently carried out by employing various experimental
tools including light scattering, analytical ultracentrifuge and
nuclear magnetic resonance spectroscopy (Kaoud et al., 2011).
All the experimental results in this study indicated that tagless
active ERK2 was a monomer and there was no propensity of
homodimeric association. Comparison of Hisg-tagged and
tagless ERK2 demonstrated that Hise-tag on ERK2 induced
significant dimerization in the absence of added divalent cations
and dimeric Hisg-tagged ERK2 was estimated to be about 30%.
Whereas tagless ERK2 showed no dependency on divalent
cations for its monomer-dimer equilibrium, His-tagged ERK2
displayed that added Mg?* led to increased dimetic population.

The reason of the discrepancy of the observed ERK2 mono-
mer/dimerization equilibrium is not clear. One possibility that we
must take heed of is the method of ERK2 expression and
purification. In some of the aforementioned experiments, the
Histidine tag was employed for purification purposes. His-tags
have been generally used with great efficiency in protein ex-
pression with the belief that its presence does not affect the
biochemical properties of proteins. But, in several reports, the
His-tag did affect biophysical/biochemical properties and has
the propensity to promote protein dimerization/oligomerization
(Amor-Mahjoub et al., 2006; Wu and Filutowicz, 1999). It is
interesting to note that removal of the His-tag from Ets-1, one of
well-defined ERK2 substrate in the nucleus, decreases its bind-
ing affinity to ERK2 by 1.5-fold (Kaoud et al., 2011). The influ-
ence of His-tag on ERK2 dimerization was also found in other
studies in relation with divalent cations. For example, calcium
concentration played a critical role in nuclear translocation with
Hise-tagged ERK2, with calcium chelator enhancing nuclear
translocation, whereas calcium ionophores prevented it (Chuder-
land et al., 2008). A study with His-tagged ERK2, monomer/di-
mer equilibrium in vitro was strongly dependent on the divalent
cation concentration (Wilsbacher et al., 2006). Divalent ion
increased the dimer population, while chelators decreased it.
So, the enhanced nuclear translocation upon calcium chelator
may imply the monomeric nature of ERK2 nuclear translocation
or the simple diffusion is more efficient than the active transport.

Issues with dimer mutants

ERK2 mutant with impaired dimerization capability has been
constructed according to the X-ray crystal structure of the puta-
tive ERK2 dimer (Wilsbacher et al., 2006), usually alanine mu-
tations on four leucine residues, L333,336,334,343 and gluta-
mate replacement for H176. Most nuclear transport study with
the dimer-impaired mutant was performed by either deletion or
mutations on these five residues. Although there has not been
any report on the effect of these mutations on ERK2 structural
characteristic, they might affect the folding and/or ERK2-
substrate interaction properties. Especially, H176 is located in
the activation loop and comprises part of the F-recruiting site of
active ERK2. A coimmunoprecipitation study of dimerization-
deficient ERK2 with endogeneous MEK1 (Wolf et al., 2001)
showed that the residues reported to be required in homo-
dimerization of ERK2 (H176, L333, L336, L341 and L344) are
important in the association of ERK2 with MEK1 and also in
nuclear translocation.

ERK2 IN THE CYTOPLASM

Regulation of ERK2 signal propagation through spatial seques-
tration is considered to be one of the major control mechanisms
and, in association with scaffold proteins, accounts for activa-
tion of many cytoplasmic substrates. In un-stimulated cells,

ERK2 stays mainly in the cytoplasm. Several reported proteins
and organelles are responsible for ERK2 cytoplasmic retention,
including microtubules, MEKSs, protein tyrosine phosphatase
PTP-SL and various scaffold proteins, such as kinase suppres-
sor of Ras (KSR), similar expression to fgf genes (Sef), PEA-15
and IQGAP-1. MEK, which has nuclear export signal (NES)
(Adachi et al., 2000), can serve as cytoplasmic anchors for
ERK2 by a direct binding interaction, holding the ERKSs in the
cytoplasm at times when the signaling pathway is inactive
(Burack and Shaw, 2005). Among the many scaffold proteins
for ERK2 identified to be necessary for localization into the
cytoplasm, several are reported to form a dimer in association
with ERK2. (Casar et al., 2008) reported that KSR1 binds to the
ERK2 dimer via the FXF motif and that dimerized ERK2 is re-
quired in cytoplasmic substrate cPLA2 activation. As the FXF
motif is also engaged in KSR1 binding and disruption of ERK2
dimerization impaired its binding capability to KSR1, the au-
thors suggested that each respective monomer of dimerized
ERK2 binds KSR1 and cPLA2 concomittently. Sef, IQGAP1,
MP-1 (MEK partner 1) and MORG (MAPK organizer) were also
found to associate with dimeric ERK2 upon EGF stimulation.
Interestingly, the authors found that dimer formation of ERK2
was initiated by the association of monomeric ERK2 with a pre-
bound ERK2-scaffold complex. But, dimeric interaction of
ERK2 with scaffold proteins are not universal and, for example,
PEA-15 was found to bind to monomeric ERK2 (Kaoud et al.,
2011). So far, there has not been any observation that scaffold
proteins and ERK2 dimerization are required in the activation of
nuclear substrates.

MEK1/2

In resting cells, inactive ERK2 binds directly to MEKs (Fukuda
et al., 1997) or with the help of other scaffold proteins (Morrison
and Davis, 2003) via several protein-protein interaction motifs in
each of the proteins. Several distinct sites in ERK2 have been
identified in MEK interactions, include common docking (CD)
domain in the C-terminus (Rubinfeld et al., 1999; Tanoue et al.,
2000), N-terminal domain (Eblen et al., 2001), amino acids 312-
320 (Rubinfeld et al., 1999; Wolf et al., 2001), MAPK insert
(residues 246-276) and other C-terminal residues (Robinson et
al., 2002; Rubinfeld et al., 1999). As a counterpart to the CD-
domain in ERK2, the N-terminal region of MEK (residues 1-32)
was found to participate in ERK2 binding and was aligned in
tandem with nuclear export signal sequence (residues 33-44)
(Fukuda et al., 1997). So, the peptide encompassing the ERK2
biding site and the NES sequence was demonstrated to be
sufficient for ERK2 localization in cytoplasm (Fukuda et al.,
1997). Several point mutations that impaired MEK-ERK2 bind-
ing while retaining other substrate binding affinity led to consti-
tutive localization of ERK2 in nucleus, even in the presence of
overexpressed MEK1 (Robinson et al., 2002). Active ERK2 is
dissociated from MEK upon phosphorylation at T183 and Y185
in the activation loop. Dissociation allows both proteins to trans-
locate into the nucleus separately. But, whereas ERK2 could
remain in nucleus for up to several hours (Pouyssegur et al.,
2002), the nuclear export signal of MEK in its N-terminal region
enforces its export to the cytosol (Fukuda et al., 1996; Jaaro et
al., 1997). When CHO cells were transfected with green fluo-
rescent protein (GFP)-ERK2 plasmid, the overexpressed GFP-
ERK2 was distributed both in the nucleus and cytoplasm
(Whitehurst et al., 2004). But, when co-transfected with a 2:1
ratio of MEK:GFP-ERK2, ERK2 was localized only to the cyto-
plasm. Skarpen et al. (2008) suggested the MEK-dependent
regulation of ERK2 compartmentalization. The authors pro-
posed that MEK1-activated ERK2 accumulated in the nucleus,
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Fig. 1. Schematic description of ERK2 localization inside cells. Unphosphorylated, inactive ERK2 stays in cytoplasm via association with vari-
ous anchoring or scaffolding proteins including MEKs, PTP-SL, KSR, and so on. Phosphorylated, active ERK2 either translocates into nucleus,
activating its nuclear substrates, or stays in cytoplasm through interaction with various scaffolding or anchoring proteins.

while the MEK2-activated ERK2 remained in the cytoplasm.
Adachi et al. (2000) suggested that relocalization of nuclear
MAPK to the cytoplasm was achieved by nuclear export with
MEK1. Thus, MEK1 is assumed to function, not only as a cyto-
plasmic anchor of MAPK, but also a continuous shuttle be-
tween the cytoplasm and the nucleus.

PTP-SL

ERK2 is also retained in cytoplasm in an inactive form by asso-
ciation with protein tyrosine phosphatase PTP-SL through the
kinase interaction motif (Blanco-Aparicio et al., 1999). Phos-
phorylation of PTP-SL by protein kinase A releases ERK2 from
this association.

KSR
KSR is constitutively associated with MEK, providing a platform

for Raf or ERK binding (Cacace et al., 1999; Muller et al., 2001).

In response to growth factor stimulation, KSR translocates from

cytoplasm to the plasma membrane, facilitating MAPK signaling.

In a study of KSR1-null mouse embryo fibroblasts, abrogation
of the KSR-mediated Raf/MEK/ERK cascade could enhance
cell immortalization (Kortum et al., 2006). Casar et al. reported
the involvement of KSR in localization-directive ERK activation
(Casar et al., 2009). The authors showed that, while human
ERKSs activated in lipid rafts interact with KSR1 phosphorylating
EGF receptor, those activated at the endoplasmic reticulum
associate with IQGAP-1, a phosphorylating cytosolic phosphol-
ipase Az (CPLAy).

Sef

Sef (hSef) associates specifically with the active form of MEK
(Torii et al., 2004). hSef binds MEK/ERK complex, inhibiting the
dissociation and nuclear translocation of activated ERK from
MEK, while it does not intimidate its cytoplasmic activity. ERK
activated at endoplasmic reticulum requires Sef-1 in cPLA,
activation.

PEA-15

PEA-15 is a multifunctional protein that is expressed in various
cell types and is enriched in brain astrocytes. It has been re-
ported to be involved in apotosis and resistance to insulin in

type Il diabetes (Condorelli et al., 1999; Kitsberg et al., 1999).
PEA-15 was also observed to be a mediator of cytoplasmic
sequestration of ERK2 (Formstecher et al., 2001). Due to its
nuclear export sequence, it blocks ERK accumulation in the
nucleus while keeping cytoplasmic activity of ERK intact. In
ERK2 binding, it requires MAPK insert in ERK2 (Whitehurst et
al., 2004) and as a MAPK insert is necessary in MEK1 binding,
PEA-15 binding was found to block activation of ERK2. A re-
cent light scattering analysis (Kaoud et al., 2011) of active/
tagless ERK2/PEA-15 complex following fractionation with a
size-exclusion column showed that ERK2 forms a strong 1:1
complex with PEA-15 of approximately 57 kDa, suggesting that
ERK2 binds PEA-15 as a monomer.

ERK2 IN THE NUCLEUS

Nuclear substrates of ERK2

Whether ERK2 exists as a monomer or dimer in the nucleus
has not been resolved. One clue to answering this question
could be the nuclear substrates of ERK2. If these substrates
predominantly exist as a dimer, then the dimeric form of ERK2
in the nucleus could also be inferred. Many transcriptional fac-
tors form a homo-dimer or hetero-oligomeric structure in DNA
binding through recognition of a palindromic DNA-sequence
motif (Lee, 1992). So far, about 50 nuclear substrates of ERK2
have been found and most are transcriptional factors (Yoon
and Seger, 2006). Ets family members, including Ets-1 and
Elk1, Smad proteins, c-Fos, c-Myc and ATF2 are the most
extensively studied substrates of ERK2. They constitute the
final tier of ERK2 signaling cascade by regulating various tran-
scriptions upon phosphorylation by active ERK2.

DNA binding structures of several Ets family members have
been resolved, showing that a dimeric or hetero-oligomeric
complex is formed upon DNA binding. But, homo-dimerization
of Ets-1 is mediated by specific arrangement of DNA (Lamber
et al., 2008) and monomeric Ets-1 can also bind a single Ets-
binding domain in the absence of the palindromic sequence
(Pufall and Graves, 2002; Sharrocks, 2001; Wasylyk et al.,
1991). An in vitro study of the ERK2-Ets-1 complex suggested
that Ets-1 exists as a monomer and that an additional cofactor
might be necessary for dimerization (Callaway et al., 2006).
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Crystallographic structures of Elk-1 and Sap-1, Ets family
members and ERK2 substrates revealed that they bind to DNA
as a monomer utilizing a single Ets-DNA binding motif (Mo et
al., 2000). In vitro analysis of cell lysates showed that active
Elk-1 mainly exists as a monomer and the observed higher
molecular weight of oligomerized Elk-1 than the calculated one
suggests that a cofactor may be needed for oligomerization
(Drewett et al., 2000). A recent study suggested that Elk-1 ex-
ists as a dimer in the cytoplasm but as a monomer in the nu-
cleus (Evans et al., 2011; Lee et al., 2011b). The authors pro-
posed that the mutual exclusiveness of Elk-1 Ets-binding do-
main for the dimeric interface and DNA binding leads to mono-
meric accumulation in the nucleus. C-Jun and c-Fos, compo-
nents of the AP1 transcription factor, heterodimerize with each
other and bind to a specific DNA sequence upon activation by
ERK2 (Patel et al., 1994; Seldeen et al., 2008). Smad proteins
also oligomerize upon activation. Phosphorylation of R-Smads
(Smad1, Smad2, and Smad3) at their respective three serine
residues in the C-terminus by TGFp receptor kinase triggers
their heterotrimerization (two R-Smad + one Smad4) with
Smad4 (Baburajendran et al., 2011; Chacko et al., 2001; Wu et
al., 2001). TGFB-induced activation of Smad1/2/3 leads to nu-
clear accumulation of the heteromer, which activates target
genes. But, Smad1/2/3 are also substrates of ERK2 and Ras-
induced activation inhibits TGFB signaling by phosphorylating
remote threonine residue by ERK2 (Kretzschmar et al., 1997;
1999). Inactive Smad3 exhibits monomer-homotrimer equilib-
rium with an overall trimerization constant K3 of approximately 3
x 10° M (Correia et al., 2001), suggesting that the homotrimer
is predominant. Fitting the sedimentation equilibrium incorporat-
ing homodimer model yields negligible components for dimer
population and phosphorylation at three C-terminal serine resi-
dues enhances the ability to form a trimer by 17-35 fold. Myc is
relatively unstructured as a monomer and its o-helices are
properly folded only when its dimerization interfaces are prop-
erly aligned upon DNA binding (Banerjee et al., 2006; Kohler et
al., 1999). Moreover, it forms a stable heterodimer complex with
another transcription factor, Max, and these proteins use a
monomer pathway in which a monomer bound to DNA induces
the other partner to dimerize on the DNA surface (Kohler et al.,

Fig. 2. Schematic description of the suggested translocation mecha-
nism for active ERK2 into nucleus. (A) Simple diffusion for monomeric
active ERK2. (B) Spontaneous active transport mechanism for ex-
plaining nuclear translocation of bulky dimeric ERK2. (C) Facilitated
diffusion mechanism via nuclear pore complex for explaining bulky
GFP-fused ERK2 in energy-independent pathway.

1999). The homodimer dissociation constant for Myc was cal-
culated to be approximately 7 mM (Jung et al., 2005), indicating
a strong propensity of Myc to form a monomer instead of a
dimer.

Nuclear anchoring proteins

Lenormand et al. suggested that the driving force of nuclear
translocation of ERK2 is a neosynthesis of short-lived nuclear
anchoring proteins (Lenormand et al., 1993). The authors found
that, while inhibitors of protein synthesis impede the nuclear
accumulation of ERK1/2, the stabilization of the presumed
short-lived proteins by inhibition of targeted proteolysis pro-
motes it. While nerve growth factor produces prolonged ERK2
activation up to 2 h, epidermal growth factor can activate ERK2
only transiently. Caunt et al. reported that ERK2 activation re-
sponses to epidermal growth factor (EGF) and protein kinase C
(PKC) are transient and sustained, respectively, in its duration
of effect (Caunt et al., 2008). ERK2 activation was reported to
show stimulus-specific in nuclear localization. Whereas PKC-
activated ERK2 is anchored to dual specificity phosphatease 2
or -4 in dephosphorylated form in nucleus, activated EGF
showed only transient accumulation in nucleus and then was
translocated back into the cytoplasm.

Nuclear translocation mechanisms
Another clue to resolve whether ERK2 exists as a monomer or
a dimer lies in the transport mechanism of ERK2 into nucleus.

Active transport

Active transport mechanism of dimerized ERK2, which is too
big to translocate into the nucleus by simple diffusion, was first
proposed by observing nuclear uptake of unphosphorylated
ERK2 by phosphorylated one. After microinjection into the cy-
toplasm, phosphorylation-site mutated (T183A, Y185F) ERK2
translocates into the nucleus after stimulation of cells (Khokhl-
atchev et al., 1998). Coinjection of unphosphorylated ERK2
with thiophosphorylated kinase-defective one suggested that
phosphorylated ERK2 forms an import-competent complex with
the unphosphophorylated one. Dimer formation was also sur-
mised by observing nuclear translocation of g-gal-MAPK, which
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is supposed to be too big for passive diffusion, upon stimulation
(Adachi et al., 1999). Whereas B-gal-tagged ERK2 could trans-
locate into nucleus, dimerization-impaired (H181E L4A) one did
not enter the nucleus. Reduction of nuclear translocation of
GFP-tagged ERK2 with the deletion of amino acids 174-177
was also suggested as proof of the requisite for ERK2 dimeri-
zation in translocation (Horgan and Stork, 2003). But the as-
sumption of dimer formation in these studies was based on the
idea that either only phosphorylated ERK2 can translocate into
nucleus, which has been proved false in many studies (Burack
and Shaw, 2005; Fujioka et al., 2006; Lidke et al.; Whitehurst et
al., 2002; Wolf et al., 2001) since then, or that the mutation/
deletion of amino acid residues (H176, L333, L336, L341 and
L344) does not affect capability in protein-protein interaction,
which was also questioned in many studies (Radhakrishnan et
al., 2009; Wolf et al., 2001; Yazicioglu et al., 2007). And injec-
tion of extraneous ERK2 might disturb the equilibrium among
the various scaffold and anchoring proteins and endogeneous
phosphorylated- and unphosphorylated-ERK2. The concentra-
tions of endogeneous ERK and MEK show cell-type dependent
variation [see the references in (Fujioka et al., 2006)] and both
are in the range of sub- to a few micromolar range. Considering
the fact that the subcellular redistribution of ERK is an outcome
of re-equilibration of phosphorylated and unphosphorylated
ERKs toward various anchoring-protein counterparts upon
stimulation, injection of 20-80 uM of extraneous ERK could
result in erroneous interpretation.

Facilitated diffusion via nuclear pore complex (NPC)

NPCs are large proteinaceous structures that serving as the
gatekeepers controlling nucleocytoplasmic exchange of protein
and RNA [see references in reviews (Chatel and Fahrenkrog,
2011; Wente, 2000)]. A NPC is built from nucleoporins and
single or multiple copies of eight nucleoporins typically consti-
tute the complex. So far, about 30 nucleoporins have been
identified and in most cases nucleocytoplasmic transport
through NPCs occurs through the binding of nuclear transport
receptors of importins and exportins to a phenylalanine-glycine
repeat motif in nucleoporins. This represents a facilitated diffu-
sion mechanism, which requires specific, low affinity interac-
tions with nucleoporin. A passive diffusion mechanism medi-
ated through NPC was first proposed after the finding of en-
ergy-independent translocation of GFP-fused ERK2, which is
too large to passively pass through the nuclear pore by passive
diffusion. With reconstituted digitonin-permeabilized cells, it was
suggested (Matsubayashi et al., 2001) that GFP-fused ERK2
can pass through the nuclear pore by directly interacting with
NPC irrespective of its phosphorylation state. The authors
showed that wheat germ agglutinin, which binds to glycosylated
nucleoporin and inhibits the NPC-mediated transport, could
markedly delay the translocation of GFP-ERK2. ERK2 was
found to directly bind to phenylalanine-glycine repeat region of
nucleoporin Nup214 in vitro. The same conclusion was reached
independently using nearly the same experimental design
(Whitehurst et al., 2002), except that they identified Nup153 as
a binding partner for ERK2. In their study, GFP-ERK2 could
accumulate in the nucleus irrespective of its phosphorylation
state, implying the lack of requirement of phosphorylation-
dependent dimerization in this translocation mechanism. An-
other experiment with GFP-ERK2 in a nuclear translocation
study showed that dimerization-impaired ERK2 could still trans-
locate into the nucleus upon stimulation (Wolf et al., 2001),
indicating the monomeric nature of ERK2 in the NPC complex.
Yazicioglu et al. (2007) suggested that the FXF motif in nucleo-
porin 153 may be involved in ERK2 binding in nuclear transpor-

tation. The authors found that mutations near the F-binding site
in ERK2 reduced the binding to a recombinant C-terminal frag-
ment of nucleoporin 153.

High rate of diffusion

Fujioka et al. (2006) investigated the nucleocytoplasmic shut-
tling rate of ERK by monitoring fluorescent intensity change in a
short time scale. Based on the observed kinetic parameters, the
authors developed a simple kinetic simulation model of the
ERK cascade. They found that the rates of nuclear import or
export of ERK did not show phosphorylation dependency.
Utilizing these experimental parameters, Radhakrishnan et al.
(2009) simulated cytosol-to-nucleus translocation by compart-
mental computational sensitivity analysis model (Radhakrish-
nan et al., 2009). Although this computational analysis did not
include dimeric model in the simulation, the authors produced a
theoretical profile that fit excellently with the experimental re-
sults, demonstrating that nuclear entry of wild type ERK2 and
mutant one could be explained without invoking the dimeriza-
tion hypothesis. From the simulation data, the authors sug-
gested that altered interaction of dimerization-impaired ERK2
with phosphorylated MEK can lead to delayed nuclear uptake.
Live cell imaging experiment of yellow fluorescent protein-fused
ERK2 (Burack and Shaw, 2005) showed that the steady state
rate of ERK2 migration into the nucleus was ATP-independent
in resting cells and that this rate was much faster than the rate
in EGF-stimulated ERK2, suggesting that passive diffusion is
largely responsible for ERK2 migration. In the same study, the
rate of nuclear translocation of dimerization-impaired ERK2
mutant stimulated by EGF was the same as that of wild-type
ERK2, indicating that dimerization of ERK2 is not required for
nuclear entry. But, as the characteristics or even existence of
nucleus-anchoring protein has not been conclusively confirmed,
we have no clue on the influence of protein modification on its
nucleus localization. Adachi et al. (1999) showed that an inhibi-
tor of nuclear pore-mediated active transport or an inhibitor of
active nuclear transport were incapable of blocking the nuclear
entry of ERK2, suggesting that ERK2 can passively diffuse into
the nucleus.

MISCELLANEOUS EVIDENCE

Dimerization upon phosphorylation was also studied in vivo
using a bioluminescence indicator (Kaihara and Umezawa,
2008). Genetically encoded tandem array of ERK2 were linked
in the N- and C-termini with the N- and C-terminal halves of split
Renilla luciferase. Stimulation of MCF-7 cells with epidermal
growth factor increased the luciferase bioluminescence as each
half of luciferase located at N- and C-termini of the tandem
array of ERK2 was brought into close proximity due to the
dimerization of ERK2. But, the irreversible connection of fused
ERK2 does not truly reflect a dynamic physiological condition.
The observations of dimer formation of other MAPKSs, includ-
ing P38, ERK1 and JNK, were considered to be other grounds
to support the dimeric nature of ERK2. Especially, ERK1, which
shares approximately 70% sequence identity with ERK2, has
been supposed to form a homodimer. Philipova and Whitaker
reported that phosphorylated ERK1 forms a homodimer in vivo
and in vitro, and that dimerization enhances ERK1 activity by
20-fold compared with the phosphorylated monomer (Philipova
and Whitaker, 2005). The authors suggested that phosphory-
lated ERK1 could also form a dimer with unphosphorylated
ERK1, although its activity increase was not as large as that of
the phosphorylated dimer. Peak ERK1 activity was achieved by
the phosphorylated dimer and basal activity in vivo is main-
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tained by homodimers formed of monophosphodimer. But un-
fortunately, the authors used a non-reducing condition in sam-
ple preparation and addition of B-mercaptoethanol clearly disin-
tegrated the oligomerized ERK1. Interestingly, in the same
study, monomerized active ERK1 formed a high-molecular
weight complex upon treatment with cell extract, implying that
cytoplasmic cofactors are needed in ERK dimerization. Phos-
phorylated P38 does not form a homodimer (Bellon et al., 1999),
but it was suggested that phosphorylated P38o/-f isoforms
complex with ERK1 and ERK2 inhibiting MAPK activation
(Casar et al., 2007).

Using GFP-tagged ERK1, Lidke et al. (2009) observed that
dimerization is not a requisite for nuclear translocation and a
putative dimerization-mutant ERK1 accumulates at the same
level in the nucleus as that of wild type ERK1. Furthermore, the
authors could not find any evidence of ERK1 dimerization upon
stimulation in fluorescence resonance energy transfer and fluo-
rescence correlation spectroscopy measurements. The authors
suggested that dimerization-mutation in ERK1 might affect its
affinity toward scaffold proteins, thereby decreasing its activa-
tion efficiency by MEK.

CONCLUSIONS

Since the crystallographic studies of ERK2 decades ago, the
dimer model of active ERK2 was evoked to explain many in
vitro and in vivo observations, and active nuclear transport
mechanism of dimeric ERK2 was suggested as one of the ma-
jor processes of nuclear entry. But, many contradicting
observations questioning the ERK2 dimer model compelled the
inevitable reappraisal of the validity of this model. Especially,
the thorough biophysical investigation of active ERK2 (Kaoud et
al., 2011) significantly undermined the validity of the dimer hy-
pothesis of active ERK2. According to the latter result, the effect
of his-tag and the method of purification on ERK2 dimerization
should be re-evaluated in the interpretation of experimental
result. The active transport mechanism of dimeric ERK2 was
also disputed when considering that the nuclear pore complex
might be involved in the passive diffusion of labeled bulky
ERK2. Mostly monomeric state of nuclear substrates of ERK2
also favors the monomer model of ERK2. There were several
reports on dimer-to-dimer interaction of ERK2 with its cyto-
plasmic scaffold proteins. But, scaffold protein-induced dimeri-
zation of ERK2 was also suggested be a plausible explanation.
Despite all these disputable experimental results on ERK2
monomer and/or dimer models, determining decisively whether
active ERK2 exists as a monomer or dimer still demands more
thorough investigations on this question.
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