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Abstract
Background/Aims: The subcellular localization of ERK1 and ERK2 (ERKs) in cells, which is 
important for proper signaling, may be regulated through protein-protein interactions. 
However, the proteins involved and the way they are regulated to affect localization is not entirely 
understood. Methods: In order to identify the interacting proteins upon varying conditions, 
we used co-immunoprecipitation of ERK, active ERK and its binding CRS mutant. In addition, 
we examined the effect of intracellular calcium on the binding using calcium chelators and 
ionophores, analyzing the binding using silver stain, mass spectrometry and immunoblotting. 
The effect of calcium on ERK localization was examined using immunofluorescent staining 
and Western blotting. Results: We found that inactive ERK2 interacts with a large number 
of proteins through its CRS/CD domain, whereas the phospho-ERK2 interacts with only few 
substrates. Varying calcium concentrations significantly modified the repertoire of ERK2-
interacting proteins, of which many were identified. The effect of calcium on ERKs’ interactions 
influenced also the localization of ERKs, as calcium chelators enhanced nuclear translocation, 
while elevated calcium levels prevented it. This effect of calcium was also apparent upon 
the physiological lysophosphatidic acid stimulation, where ERKs translocation was delayed 
compared to that induced by EGF in a calcium-dependent manner. In vitro translocation 
assay revealed that high calcium concentrations affect ERKs’ translocation by preventing the 
shuttling machinery through the nuclear envelope, probably due to higher binding to nuclear 
pore proteins such as NUP153. These results are consistent with a model in which ERKs in 
quiescent cells are bound to several cytoplasmic proteins. Conclusion: Upon stimulation, 
ERKs are phosphorylated and released from their cytoplasmic anchors to allow shuttling into 
the nucleus. This translocation is delayed when calcium levels are increased, and this modifies 
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the localization of ERKs and therefore also their spatiotemporal regulation. Thus, calcium 
regulates ERKs localization, which is important for the compartmentalization of ERKs with 
their proper substrates, and thereby their signaling specificity.

Introduction

The ERK cascade, which is a central and ubiquitous signaling pathway, utilizes Raf 
kinases, MEKs and ERKs as its kinase components [1-3]. Three isoforms of ERKs are currently 
known; ERK1, ERK2 and ERK1b/c [4-6], which upon extracellular stimulation are activated 
by MEK1 MEK1b and MEK2 (MEKs). In resting cells, MEKs and ERKs seem to interact with 
each other due to several regions in both molecules. The main interaction site of MEK in ERK 
seems to be the cytosolic retention sequence (CRS)/common docking (CD) domain in the 
C-terminus of ERKs [7, 8]. This site, operating together with additional domains in ERKs, is 
responsible for the levels of ERKs phosphorylation [9], as well as subcellular localization. 
The CRS/CD domain of ERKs was reported to exert its functions mainly by interaction with 
many proteins including ERKs substrates and thereby the domain is responsible for the 
phosphorylation of many ERKs’ targets. Interestingly, the regulators and the substrates may 
compete for the interaction with the CRS/CD domain and thus provide an additional facet to 
the regulation of ERK’s function [10].

One of the key steps in the regulation of the ERK cascade is an inducible change in 
the subcellular localization of its components. In resting cells, the components of the ERK 
cascade are localized primarily in the cytoplasm, but this is rapidly changed upon activation 
when MEKs and ERKs translocate into the nucleus. Whereas ERKs are transiently retained 
in the nucleus for minutes to hours [11], MEKs are rapidly exported from that location due 
to their nuclear export signal [12, 13]. The accumulation of ERKs in the nucleus is important 
for proper activity of the ERK cascade and its cellular responses [14]. Over the past years, 
ERKs were found to be retained in the cytoplasm of quiescent cells by several proteins 
and organelles. One group of anchoring moieties confers an irreversible interaction (e.g. 
microtubules [15]), while another set allows a stimulus-dependent dissociation (MEKs 
[16], PTP-SL [17], KSR [18]). These interactions are the main cause of the homogeneous 
cytoplasmic distribution of ERKs in resting cells.

Upon stimulation, ERKs are detached from many of the cytoplasmic anchors including 
MEKs, by a mechanism that involves phosphorylation and conformational change of the 
activation loop of ERKs [9, 19], and this allows a rapid nuclear translocation. The mechanism 
of this translocation involves phosphorylation of two Ser residues in the NTS of ERKs, which 
allows their binding to importin7 that escorts the ERKs to the nucleus via the nuclear 
pores [20, 21]. The presence of ERKs in the nucleus seems to be governed by two separate 
mechanisms, one is de-novo synthesis of nuclear anchoring proteins [11] and the other is an 
exportin-mediated MEK-dependent nuclear export [12, 22] that seems to regulate the exports 
of the kinases. Therefore, the subcellular localization of ERKs is governed by several docking 
interactions with proteins in the cytoplasm, nuclear pores and the nucleus. Elucidation of all 
these interacting proteins may reveal new aspects of the regulation of signaling through the 
ERK cascade.

Stimulation of ERK activity is induced by various extracellular agents, including growth 
factors and hormones [23]. In many systems, this stimulation is mediated or affected by 
elevation of intracellular calcium levels, as reported for the regulation of TFEB transcription 
factor [24]. Calcium is a versatile second messenger which affects many signaling processes 
in the cell [25, 26]. The involvement of elevated calcium in activation of the ERK cascade 
has been studied mainly in neurons, but also in other cell types [27-29]. Several molecular 
mechanisms have been implicated in the calcium-dependent transmission of signals 
to ERKs. Thus, in EGF-stimulated vascular smooth muscle cells, elevated calcium levels 
induce activation of the ERK cascade through CaMKII, which is dependent on PYK2 and Src 
activation [30]. Moreover, PYK2 [31] and CAMKII [32] were reported to stimulate ERKs upon 
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calcium elevation, independently of each other. Another calcium mediator that may induce 
ERKs activation is CAMKI that was shown to operate upon depolarization of neuroblastoma 
cells. Finally, the activation of ERKs by calcium can be mediated by RAS-GRP, which is a Ras 
guanyl nucleotide releasing protein with calcium and diacylglycerol-binding motifs [33]. 
These studies show that ERKs can be affected by calcium and participate in the transmission 
of signals that induce high calcium concentrations.

During a study that was aimed to identify ERK2 interactions, we found that inactive 
ERK2 interacts with many proteins through its CRS/CD domain, whereas pERK2 interacts 
with fewer targets. We then looked for factors that may modulate the interactions and 
found that changes in calcium concentrations profoundly modified the repertoire of bound 
proteins, which included cytoskeletal and ribosomal proteins, ERKs effectors, and others. 
EGF treatment, which only slightly increases calcium concentrations, did not affect the ERK2 
interactions, suggesting that the phosphorylation of ERKs, and not of their substrates, is 
important for the interaction. Since protein-protein interactions play a role in determining 
the subcellular localization of ERKs, we examined this distribution upon modification of 
calcium concentrations. We found that calcium chelators enhanced nuclear translocation, 
while calcium ionophores prevented this translocation. A possible physiological effect of 
calcium on ERK signaling was shown with Lysophosphatidic acid (LPA) that profoundly 
increases calcium concentration in Rat1 cells. This elevation of calcium concentration 
delayed the nuclear translocation of ERKs as compared to translocation induced by EGF. 
This effect of LPA occurred in a calcium-dependent manner as it was modified by calcium 
chelation. The molecular mechanism of the calcium effect is likely to be induced by inhibition 
of nuclear pore transport, as we found that ERKs are tightly bound to nuclear pore proteins 
(NUPs) upon elevation of calcium concentration. We propose that high calcium levels prevent 
the nuclear shuttling, and therefore play an important role in compartmentalizing ERKs. 
This allows interactions of ERKs with their proper substrates under varying physiological 
conditions and thereby determines the signaling specificity of the ERK cascade.

Materials and Methods

Reagents
Epidermal growth factor, ionomycin, bovine serum albumin, LPA, monoclonal anti-pERK and PKC and 

polyclonal anti- ERK, MEK, RSK, KSR, MKP-1, MKP-3, p38MAPK and CAMKII Abs were from Sigma (Rehovot, 
Israel). Polyclonal anti- pElk-1, Elk-1, pMEK, pRSK, Lyn, Fyn, PKD, p27KIP, PPARγ, c-Fos, β-arrestin, and actin 
Abs were from Santa Cruz Biotechnology, Inc (CA, USA). Anti-tubulin, and vinculin Abs and purified vinculin 
were a gift from Dr. Benny Geiger from the Weizmann Institute, Rehovot Israel, and hnRNP-K was a gift from 
Dr. Karol Bomsztyk from the UW (Seattle, WA, USA). BAPTA-AM, alkaline phosphatase- peroxidase- and 
Lissamine Rhodamine- conjugated secondary Abs were from Jackson Immunoresearch (PA, USA). Digitonin 
was purchased from Calbiochem (USA), NBT/BCIP was from Promega, and ECL kit was bought from 
Amersham (UK). Recombinant NUP153 was a gift from Dr. Michael Elbaum from the Weizmann Institute of 
Science. MEK1 was prepared as previously reported [12], recombinant Elk1 was from Cell Signaling (MA, 
USA). Glutathione beads were from Amersham (Uppsala, Sweden), and Gelcode was from Pierce (IL, USA).

Cell culture, stimulation and determination of ERK phosphorylation
Rat1 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 

serum (FBS), 2mM glutamine, and antibiotics. Sub-confluent cells were serum starved (0.1% FBS, 16 h) 
and stimulated with various stimuli. The treated cells were washed twice with phosphate buffered saline 
(PBS) and once with buffer A (50 mM β-glycerophosphate, pH 7.3, 1 mM EDTA, 1 mM DTT, 0.1 mM sodium 
orthovanadate). Cells were lysed in RIPA Buffer (25 mM Tris, pH 7.4, 150 mM KCl, 5mM EDTA, 1% Nonidet 
P-40, 0.5% sodium deoxycholate, and 0.1% SDS) for 5 min on ice. The lysates were centrifuged (20,000xg, 15 
min 4°C). Similar amount of proteins from each fraction were subjected to SDS-PAGE and Western blotting 
with relevant Abs and were developed with either NBT or ECL.
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Preparation of immobilized ERK2 columns
To prepare the columns, cDNA of human ERK2 was inserted into the BamH1 site of pGEX-2T (AP 

Biotech), fusing it to the C terminus of GST. GST-316A-ERK2 was prepared by inserting the appropriate 
cDNA [7] into the same sites instead of the wtERK2. BL21 bacteria were transformed with the GST-wtERK2, 
GST-316A-ERK2 and pGEX-2T constructs. For preparation of immobilized doubly phosphorylated, activated 
ERK2 (GST-actERK), the GST-wtERK2 was coexpressed with constitutively active MEK1 (∆N-EE-MEK1 
[12]) and then treated as the other constructs. Bacterial pellets were suspended in storage buffer (5 µg/ml 
leupeptin, 10 µg/ml aprotinin, 1 µg/ml pepstatin, 1 mM PMSF), lysed by sonication (7 times 20 seconds) 
and then left shaking with 1% Triton X-100 at 4°C for 30 min. Glutathione-Sepharose 4B beads (Amersham, 
UK) were added to the lysed bacteria, and after 1 h incubation the beads were washed twice with PBS 
and once with 1mg/ml BSA in storage buffer. The GST-ERK2 column contained mainly non-phosphorylated 
ERK2 but also mono-pTyr ERK2. The immobilized GST-ERK2 was readily phosphorylated by active MEK1 
in-vitro, indicating that the enzyme was properly folded. The GST-actERK2 column contained about 65% 
doubly phosphorylated ERK2 but also mono-pTyr and some (10%) non-phosphorylated ERK2. Moreover, 
the immobilized GST-actERK2 demonstrated substantial activity towards MBP (~200 nmol/min/mg), 
indicating proper folding. To initialize the experiments, the amount of glutathione-bound proteins in the 
column was equilibrated (~250 µg/0.5 ml beads), and the columns were extensively washed with buffer A 
and buffer A+1.0 M NaCl to remove residual non-specific binding of bacterial proteins.

Loading and development of the GST-ERK2 columns
Rat1 cells (2.5 x108 cells for each column) were serum-starved (0.1% FBS, 16 h) and then treated as 

described. Subsequently, the cells were washed twice with PBS, once with buffer H (buffer A + protease 
inhibitors), and the cells were harvested into buffer H. Extracts (containing cytoplasmic and nuclear 
fractions) were prepared by sonication, (3x20 sec), followed by centrifugation (20,000xg, 15 min), which 
yielded 3 mg total extract in 3 ml buffer H. The extracts were pre-cleared on GST-glutathione beads (0.5 ml) 
and loaded on the various columns described above at 0.5 ml per minute. The columns were washed with 10 
column volumes of buffer A followed by 4 column volumes of 0.1M NaCl in buffer A to release proteins that 
do not bind at physiological salt concentration. The remaining proteins were eluted with 0.2M NaCl in buffer 
A. The columns with BAPTA-AM and ionomycin-treated extracts were developed similarly, but in keeping 
with the intracellular calcium concentration, 1 mM calcium was added to the ionomycin-treated extracts, 
while EGTA (1.5 mM) was added to columns of BAPTA-AM-treated extracts. The eluates were then subjected 
to SDS-PAGE, followed by silver staining or Western blotting.

Mass spectrometry
Column eluates were subjected to SDS-PAGE, stained with Gelcode and analyzed by the Mass 

Spectrometry Unit of the Weizmann Institute of Science.

Localization studies
Rat1 cells were grown on glass cover slips under the conditions described above. After serum-starvation 

(16 h, 0.1% FBS), the cells were treated as above, washed twice with PBS, fixed with 3% paraformaldehyde 
(PFA) for 20 min, and permeabilized with 0.2% Triton X-100 in PBS for 5 min. Next, the cells were incubated 
with the relevant primary and secondary Abs and the fluorescence imaging was performed using Nikon 
(EFD-3) fluorescent microscope at x400 magnification.

Results

Interaction of ERK2, but not its phosphorylated form, with large number of proteins is 
mediated by the CRS/CD domain
Interaction of ERKs with various cytoplasmic proteins is important for their regulation 

and subcellular localization [34, 35]. Here we used a proteomic approach to identify proteins 
that interact with non-active ERK2, ERK2 mutated in its CRS/CD domain (316A-ERK2), 
and also its activated form (actERK2). The activated form was generated by expressing the 
GST-ERK2 together with an active MEK1 in bacteria [20]. To this end, we prepared several 
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columns, including GST-ERK2, GST-actERK2, GST-316A-ERK2 and GST control, and used 
them to fractionate treated Rat1 cells. Silver staining of eluates from the GST-ERK2 column 
loaded with extracts from non-stimulated Rat1 cells, revealed about 50 protein bands of 
various molecular weights (Fig. 1A). The same protein distribution was observed in eluates 
of extracts from cells treated with EGF (50 ng/ml) for 5, 15 and 30 min. (Fig. 1A, and data 
not shown). In contrast to the large number of proteins eluted from the GST-ERK2 column, 
only two bands with molecular weights of 60 and 70 kDa and a few other weak bands were 
detected in the eluates of GST-actERK2 column loaded with extracts from non-stimulated, as 
well as EGF-stimulated Rat1 
cells. Interestingly, also the 
eluates of the GST-316A-
ERK2 column contained 
only a small number of 
proteins including the 60 
and 70 kDa proteins seen in 
the GST-actERK2, and few 
other weak bands, different 
from those in the eluates of 
the GST-actERK2 (Fig. 1). 
No proteins were detected 
in the GST column’s eluates, 
demonstrating binding 
specificity.

To verify that the 
proteins are bound through 
their interaction with 
the residues mutated in 
the 316A-ERK2, we used 
a binding competition 
with CRS/CD-derived 
decapeptide (P2). When this 
peptide was added to the 
GST-ERK2 column during 
the loading and developing 
procedures, it competed 
out most of the bands 
seen in the regular column 
under the procedure used, 
while a control peptide 
derived from FAR1 (P1) 
had much less effect, and 
although it modified some 
of the bands, it did not 
wipe-out all proteins (Fig. 
1B). Taken together, these 
results indicate that ERK2 
binds a large number of 
proteins through its CRS/
CD domain, and that this 
binding may be released 
by the phosphorylation 
of ERK2. The fact that the 
short-term treatment with 
EGF does not change the 

Fig. 1. Detection of ERK2-interacting proteins by silver staining. A. 
Extracts of quiescent or EGF-stimulated (50 ng/ml, 15 min) Rat1 cells 
(3 mg protein) were loaded on 0.5 ml columns of GST-ERK2, GST-
actERK2, GST-316A-ERK2 and GST alone and developed as described. 
The 0.2M NaCl eluates were subjected to SDS-PAGE and silver stained. B. 
Rat1 extracts from non-stimulated cells were loaded on the GST-ERK2 
columns in the presence of a peptide (0.5 mg/ml) derived from FAR1 
(P1), from the CRS of ERK2 (P2) or without peptide and the eluates 
were processed as above. C. Extracts (0.5 mg protein) from BAPTA-AM 
(15 µM, 60 min) and ionomycin (1 µM, 30 min) were loaded on the 
indicated columns, which were processed in the presence of EGTA (1.5 
mM, for BAPTA-AM extracts) or CaCl2 (1 mM, for ionomycin column), 
and processed as above. The eluates of non-treated and EGF stimulated 
cells is brought for comparison. D. The protein concentrations in 
the various eluates were determined by Bradford protein assay. The 
barographs represent averages of three distinct experiments.
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binding indicates that the release is due to phosphorylation of ERKs and not due to changes 
in the binding proteins upon EGF stimulation.

Changes in calcium concentrations modify the repertoire of ERK2 binding proteins
Although no changes were detected in the repertoire of ERK2-interacting proteins 

upon stimulation with EGF (Fig. 1) and other mitogenic agents (not shown), changes in 
calcium concentrations did modify the interactions. Thus, Rat1 cells were treated for short 
time periods with either the calcium ionophore, ionomycin (1 µM), to increase intracellular 
calcium levels (from 100 nm to ~2 µM), or the intracellular calcium chelator BAPTA-AM (15 
µM) to reduce intracellular calcium by about 5-fold. The extracts that were yielded from 
these cells were loaded on the GST columns, and the development of the columns proceeded 
as described above, except that 1 mM calcium was added to the columns loaded with extracts 
from the ionomycin treated cells, and the development of columns loaded with extracts 
from BAPTA-AM-treated cells was done in the presence of EGTA (1.5 mM). Silver staining of 
eluates from GST-ERK2 column loaded with extracts from BAPTA-AM-treated cells revealed a 
reduction in binding of many of the interacting proteins, and some of them were not detected 
at all (Fig. 1C). On the other hand, the eluates from ionomycin-treated cells contained 
largely similar proteins to those seen in eluates of non-treated or EGF-treated extracts, 
although the relative intensity of the proteins’ bands was different and some new proteins 
were detected. Interestingly, the GST-actERK2 eluates of BAPTA-AM-treated cell extracts 
contained a significant number of proteins with an overall lower intensity as compared to 
those eluted from non-treated Rat1 extracts. Many of these bands were different from those 
observed in eluates of other columns. When extracts from ionomycin-treated cells were 
loaded on the GST-actERK2, their eluates contained a small number of proteins, which were 
different from the proteins obtained in the GST-actERK2 eluates (Fig. 1C). Furthermore, as 
seen with extracts from untreated or EGF-treated cells, GST-316A-ERK2 was bound only to 
a small number of proteins. Finally, GST alone did not bind any proteins, pointing again to 
the specificity of the interaction. Determination of the protein levels in each of the fractions 
by Bradford assay correlated well with the apparent protein intensity obtained in the silver 
stains, (Fig. 1D), indicating again that only a small number of proteins can bind to activated 
or 316A-ERKs, and that varying calcium concentrations do modify the binding properties of 
both non-phosphorylated and phosphorylated-ERK2.

Identification of ERK2-interacting proteins by mass spectrometry and Western blotting
Since the ERK-interacting proteins are likely to play a role in the determination of the 

subcellular localization of ERKs [34], we undertook to identify the abundant interacting 
proteins that may serve as ERK-anchoring proteins. Thus, large amounts of eluates were 
subjected to SDS-PAGE, followed by staining with Gelcode and identification by mass 
spectrometry. Proteins that clearly appear in some of the eluates were usually identified 
once, and not in all eluates (Table 1). One big group of interacting proteins was cytoskeletal 
proteins, which is in agreement with the large proportion of cytoskeletal protein that were 
found among ERK’s substrates [4]. Other proteins that were identified are ribosomal proteins, 
endocytotic proteins, few receptors, and proteins that were not categorized into any special 
group (Table 1). It should be noted however, that many of the transient, physiologically 
relevant, interactions that cannot withstand the conditions used because of  lower affinity, 
were not identified here. Therefore, the identified proteins are likely to represent only the 
high-affinity binders and the list of interacting proteins is probably much higher than those 
identified here. Moreover, the higher number of proteins identified in the ionomycin treated 
cells is probably not due to changes in the number of interacting proteins (Fig. 1C), but rather 
can be the result of an easier MS detection of these proteins.

Several proteins have previously been reported to interact with ERKs in different cell 
lines and conditions [34]. To confirm interactions with ERK2 we subjected the different 
eluates to Western blotting using antibodies (Abs) to either reportedly interacting or 
effector proteins or the proteins identified by mass spectrometry. Two of these proteins are 
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ERKs themselves that were 
reported to homodimerize 
upon activation [36]. Here 
we found that only ERK1 
is capable of interacting 
with non-activated ERK2, 
but not with the doubly 
phosphorylated enzyme, 
and this interaction occurs 
regardless of the calcium 
levels or stimulation (Fig. 
2A). MEKs [37], as well as 
their phosphorylated forms, 
were found in eluates of 
GST-ERK2 but not GST-
actERK2, were stronger 
in eluates of ionomycin-
treated, but were not found 
in eluates of BAPTA-AM-
treated cell extracts. Elk1 
[38] was found primarily 
in eluates of either non-
phospho- or phospho-ERK2 
loaded with BAPTA-AM-
treated cell extracts, but 
pElk1 was not detected 
under any of the conditions 
used. RSK [39] interacted 
with ERK2, but not with 
its phospho-form, with no 
effect of EGF or calcium, 
and this interaction was 
not seen with pRSK. c-Fos 
was found to interact with 
non-phosphorylated ERK2, 
mainly when stimulated 
with EGF or ionomycin, and 
less with non-stimulated or 
BAPTA-AM-treated extracts. 
Several other proteins that 
were found to interact 
with ERK2 under some 
conditions are KSR, CaMK2, MKP1, p38MAPK, vinculin, hnRNP-K, NUP153 and tubulin (Fig. 
2B). Proteins that were not detected under any conditions are: Src, Lyn, Fyn, Syk, MKP3, PKC, 
PKD, AKT, p27Kip, Jun, Myc, PPARγ, estrogen receptor, and β-arrestin.

The ERK2 interactions are direct and specific
The results above clearly demonstrate that a large number of different proteins interact 

with ERK2 under varying conditions. In order to examine the possibility that the interaction 
is mediated via few proteins that are complexed with the additional proteins observed, we 
used fractionation of the eluates of the GST-ERK2 on a Superose–6 FPLC sizing column. 

Table 1. ERK-interacting proteins. Proteins binding to ERK or pERK in 
different calcium concentrations were identified by Western blotting 
or mass spectrometric analysis. Bands that appeared identical to those 
identified by mass spectroscopy in different eluates are marked with ^. 
Proteins that were identified by Western blots are marked with *
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The size exclusion profile showed 
homogenous distribution of proteins in 
molecular weights of 10,000-500,000 
kDa, which is in correlation to the silver 
stains of these eluates (data not shown). 
Therefore, it is likely that the interactions 
were not through aggregation but 
probably through a direct association 
with ERK2.

To further confirm the specificity of 
the binding we performed in vitro binding 
experiments. We chose three of the 
identified proteins, MEK1, vinculin and 
Elk1, and examined the nature of their 
molecular interactions with GST-ERK2 
or GST-actERK2 with varying calcium 
concentrations (Fig. 3). Under these 
conditions, MEK1 interacted stronger 
with non-phosphorylated ERK2, and this 
interaction was increased with elevated 
calcium concentration. Vinculin showed 
a similar binding profile to that of MEK1, 
while Elk1 binding was detected under all 
conditions but was slightly higher in lower 
calcium concentrations. These results, 
which were similar with the endogenous 
proteins, indicate that the interactions are 
direct and can be observed in the absence 
of additional proteins.

Decreasing intracellular calcium 
concentrations enhances nuclear 
translocation of ERKs in Rat1 cells
As described above, the subcellular 

localization of ERKs may be regulated 
by protein-protein interactions. We 
demonstrated here that calcium 
profoundly affects protein interactions 
of ERK2 (Fig. 1 and 2), including proteins 
that may affect the subcellular localization 
of ERKs such as MEK1 and vinculin (Fig. 
3) that direct ERKs to the cytoplasm 
([7] and data not shown). Therefore, 
we hypothesized that calcium may 
determine the subcellular localization of 
ERKs, and undertook to study the effects 
of varying calcium concentrations on the 
translocation of ERKs into the nucleus. 
As expected, ERKs were detected in the 
cytoplasm of resting Rat1 cells, while 
EGF stimulation resulted in translocation 
of ERKs into the nucleus (Fig. 4A). 
Interestingly, BAPTA-AM caused a slow 
but steady nuclear accumulation that 

Fig. 2. Identification of ERK2-interacting proteins by 
Western blotting. The eluates described in Fig. 1. were 
subjected to Western blotting with the indicated Abs.

Fig. 3. In vitro binding of MEK1, vinculin and Elk1 
to ERK2. 1 µg recombinant GST-ERK2 was incubated 
with 0.5 µg recombinant His-MEK1, purified vinculin 
or recombinant Elk-1 (1 h 23°C) in buffer containing 
20 mM HEPES PH 7.4, 20mM MgCl2, 20mM NaCl, 1mM 
DTT and 10 mg/ml of aprotinin), with the indicated 
concentration of CaCl2. The beads were washed 3 times 
with a buffer containing 20 mM HEPES PH 7.4, 20mM 
MgCl2, 100mM NaCl and 1mM DTT) with the same 
CaCl2 concentrations. Then the beads were boiled in 
sample buffer, and subjected to Western blotting with 
anti-MEKs, vinculin and Elk-1 Abs. Total loading was 
detected by polyclonal anti-GST Ab.
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peaked within 1 h and remained high for several hours. Pretreatment with BAPTA-AM prior 
to EGF stimulation significantly enhanced the nuclear translocation of ERKs, which was 
maximal 5 min after EGF stimulation and remained high at all times tested.

Since nuclear translocation of ERKs seems to be linked to their activatory TEY-
phosphorylation [19], it was important to study the role of this phosphorylation in BAPTA-
AM-induced nuclear localization of ERKs. Western blotting with anti-pERK Ab revealed 
that treatment of cells with BAPTA-AM induces a low level of ERKs phosphorylation (Fig. 
4B). Moreover, pretreatment with BAPTA-AM prior to stimulation with EGF resulted in 
enhanced phosphorylation of ERKs. To determine whether the increased ERKs translocation 
is a result of enhanced phosphorylation, we defined activation conditions using EGF alone 
or BAPTA-AM plus EGF that produced equivalent amounts of pERKs (Fig. 4C). Staining of 
these cells with anti-general ERK (gERK) Ab demonstrated that despite the comparable 
levels of ERKs activation, the nuclear translocation of ERKs was much more extensive in 
cells pretreated with BAPTA-AM than in those stimulated with EGF alone (Fig. 4D). Thus, the 
nuclear translocation caused by decreased intracellular calcium concentrations is probably 
independent of the effect of reduced calcium on the activation of ERKs.

Fig. 4. Subcellular 
localization of ERKs in 
response to variable 
calcium concentrations. 
A. Following serum-
starvation (0.1% FBS, 
16 h), Rat1 cells were 
treated with BAPTA-AM 
(15 µM) for varying times, 
with EGF (50 ng/ml for 
15 min) or pretreated 
with BAPTA-AM prior 
to EGF stimulation for 
the final 15 min of the 
treatment. The cells were 
stained with anti-ERK Ab 
and its localization was 
assessed by fluorescence 
microscopy. B. Cell lysates 
were subjected to SDS-
PAGE and Western blot 
analysis using Abs to 
pERK (upper panel) or 
gERK (lower panel). C. 
Rat1 cells were treated 
with 15 µM BAPTA-AM for 
1 h prior to stimulation 
with 5 ng/ml EGF or with 
100 ng/ml EGF alone. 
Lysates were subjected 
to Western blotting with 
anti-pERK Ab. D. Rat1 cells were treated with 100 ng/ml of EGF for 15 min, BAPTA-AM for 60 min with 5 
ng/ml EGF 15 min and the localization of ERK was assessed with anti-gERK Ab. E. Rat1 cells were treated for 
30 min with varying concentrations of ionomycin alone, or prior to EGF stimulation (50 ng/ml, 15 min). The 
localization of ERK was assessed with anti-gERK Ab F. Cell lysates were subjected to Western blot analysis 
using anti-pERK (upper panel) or gERK (lower panel) Abs.



Cell Physiol Biochem 2020;54:474-492
DOI: 10.33594/000000231
Published online: 12 May 2020 483

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2020 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chuderland et al.: Calcium Affects ERK2 Interactions and Localization

Increasing intracellular calcium concentrations inhibits nuclear translocation of ERKs
Next, the effect of increasing intracellular calcium concentrations on ERKs activation and 

subcellular localization was examined. An increase in intracellular calcium concentrations 
was achieved by treatment of the cells with the calcium ionophores ionomycin and A23187 
that have previously been shown to induce a 10-15 fold elevation in the amount of free 
calcium in Rat1 cells [40]. However, neither ionomycin (Fig. 4E) nor A23187 (not shown) 
induced nuclear translocation of ERKs under any of the conditions examined. Furthermore, 
addition of ionomycin (Fig. 4E) or A23187 (not shown) prior to EGF stimulation inhibited 
the EGF-induced nuclear translocation of ERKs in a dose-dependent manner, although some 
accumulation of ERKs was detected in the perinuclear region of the Rat1 cells. Interestingly, 
this inhibition occurred despite substantial activation of ERKs by ionomycin or A23187, 
which was comparable to the EGF-induced phosphorylation (Fig. 4F). Though it is well 
established that ERKs activation causes its nuclear translocation [19], here we uncouple 
these effects, as the ionomycin-induced activation of ERKs was not accompanied by their 
nuclear translocation. The fact that an increased amount of calcium induces cytoplasmic 
retention, while much lower calcium elevation that is induced by EGF did not inhibit the 
translocation, and reduction in the basal calcium levels by BAPTA-AM facilitated it, strongly 
links calcium to the mechanism controlling the subcellular localization of ERKs.

Calcium modifies the localization of pERKs
The above results indicate that calcium plays a role in the determination of ERKs 

localization independent of their activity, but its effect on phosphorylated ERKs was not 
determined. To address this issue, anti-pERK Ab was used to stain Rat1 cells both before 
and after mitogenic stimulation and modulation of intracellular calcium concentrations. In 
untreated Rat1 cells, the staining with this Ab was very faint and localized primarily to the 
cytoplasm (Fig. 5A, B). Stimulation of the Rat1 cells with EGF for 15 min increased pERK 
staining in the cytoplasm without a matching increase in the staining of the large amount 
of nuclear translocated ERKs at this time (Fig. 4). This low level of nuclear pERKs at later 
stages after stimulation has previously been reported [41], and is probably due to specific 
phosphatases in the nucleus. We then studied the influence of calcium and found that after 
BAPTA-AM treatment, pERKs translocated into the nucleus at a similar rate as the nuclear 
translocation of general ERKs under the same conditions (Fig. 5A). Moreover, treatment with 
BAPTA-AM prior to EGF stimulation also resulted in a time-dependent nuclear accumulation 
of pERKs, which was more extensive than that observed in cells treated with EGF or 
BAPTA-AM alone. These results suggest that the dephosphorylation of ERKs in the nucleus 

Fig. 5. Calcium concentrations 
affect the subcellular localization 
of active ERKs. A. Rat1 cells were 
stimulated with EGF (50 ng/ml, 
15 min) or BAPTA-AM (15 µM), or 
pretreated with BAPTA-AM prior to 
EGF stimulation (15 min). B. Rat1 
cells were stimulated with EGF (50 
ng/ml, 15 min), with ionomycin 
(1µg/ml, 45 min) or pretreated 
with ionomycin (30 min) prior 
to EGF (15 min). Localization 
of pERK was detected with the 
appropriate Ab. C. Rat1 cells were 
stimulated with EGF (50 ng/ml) 
or with ionomycin (1 µg/ml) for 
the indicated times. The cells were 
then harvested and their extracts were subjected to Western blot analysis with the indicated Abs.
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may be calcium-dependent, or that in the absence of calcium, ERKs are sequestered from 
phosphatases.

We then examined the effect of calcium on pERKs localization using ionomycin that 
enhances phosphorylation of ERKs but inhibits their nuclear translocation (Fig. 4D, E). As 
expected, staining experiments detected an increase in ERKs phosphorylation upon elevated 
calcium concentration (Fig. 5B). However, in these ionomycin-treated cells, pERKs were 
mainly detected in the cytoplasm and around the nucleus, with much less nuclear staining 
than would be expected from the amount of ERKs’ phosphorylation. The similar localization 
observed with anti-pERK and anti-gERK Abs under high calcium conditions (Fig. 4E and 5B) is 
distinct from the differential staining seen with low calcium concentrations (Fig. 4A and 5A). 
This suggests that the inactivation of ERKs is not enhanced by high calcium concentrations, 
and that the cytosplasmic localization caused by elevated calcium concentrations occurs 
independently of the phosphorylation state of ERKs. To further validate the effect of calcium 
on ERKs’ localization, we examined the phosphorylation of cytoplasmic (RSK) as compared 
to nuclear (Elk1) ERK substrates [4]. As expected, treatment of Rat1 cells with ionomycin 
induced a strong and sustained RSK activation that was higher than RSK phosphorylation 
obtained upon EGF stimulation that induce similar ERKs phosphorylation (Fig. 5C). On the 
other hand, the ionomycin-activated ERKs did not induce Elk1 phosphorylation in spite of 
the ability of EGF-stimulated ERKs, which were similarly TEY phosphorylated, to induce 
significant Elk1 phosphorylation. Therefore, these results suggest that elevated calcium 
concentrations may direct active ERKs to cytoplasmic and not nuclear targets, and thereby 
modify the signaling specificity and downstream effects of ERKs.

LPA induces a delayed nuclear translocation of ERKs in a calcium-dependent mechanism
In order to study the physiological function of the calcium-induced cytoplasmic 

retention of ERKs we used LPA, which was shown to increase calcium concentrations, ERKs 
activity and DNA synthesis in Rat1 cells [42]. Unlike ionomycin that can elevate calcium 
concentrations up to 4 µM, which is non-physiological concentration, LPA induces somewhat 
lower concentration (~0.5 µM) that are seen also by other stimulants. The elevated calcium 
concentrations in this cases is mainly induced by release of calcium from intracellular stores 
[43]. Here we used Rat1 cells, starved them for 16 h and treated with either LPA (4 µg/ml) 
or EGF (50 ng/ml), which induces very low elevations of calcium concentrations, for the 
indicated times. Western blot with anti-pERK Ab showed that ERKs phosphorylation upon 
LPA treatment is very similar to that upon EGF stimulation, as it peaks to similar levels 5 
min after stimulation and starts to decline 25 min later (Fig. 6A). Interestingly, the rate of 
LPA-induced nuclear translocation of ERKs was significantly delayed as compared to the EGF 
induced one (Fig. 6B). Addition of BAPTA-AM to LPA prior to stimulation by LPA enhanced 
the rate of translocation, similarly to the rate induced by EGF (Fig. 6C), without modification 
of ERK activity (data not shown). Therefore, we suggest that elevated calcium concentrations 
delay the rate of nuclear translocation, and thereby allow ERKs to first induce cytoplasmic 
processes and only later their nuclear functions. These differences in localization can 
induce distinct physiological functions without changes in the rate or magnitude of ERKs 
phosphorylation or activity.

Calcium inhibits nuclear translocation of ERKs by preventing their nuclear transport 
machinery
The results described above raised the question as to what could be the molecular 

mechanism responsible for calcium-mediated inhibition of nuclear translocation. We 
therefore undertook to examine the effect of calcium on the shuttle of ERKs through the 
nuclear envelope that is mediated by a carrier-independent mechanism [44, 45]. We used 
a digitonin-permeabilization method in which cellular membranes, but not the nuclear 
envelope, are solubilized. This method was proven useful in the study of ERKs’ translocation 
without affecting other cellular processes [45]. We found that addition of GST-ERK2 to the 
permeabilized Rat1 and HeLa cells, followed by staining with anti-gERK Ab resulted in a 
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rapid accumulation of GST-ERK2 in essentially all (>95%) detected intact nuclei (Fig. 7). 
However, when incubated in the presence of increasing calcium concentration, the nuclear 
accumulation was inhibited, and GST-ERK2 was detected mainly in perinuclear regions. This 
inhibition of nuclear accumulation was seen in a great majority (>90%) of the nuclei. These 
results indicate that the effect of calcium on ERK translocation occurs mainly at the nuclear 
envelope. This is supported by the perinuclear staining of ERKs observed with elevated 
amounts of calcium in the in-vivo staining above (Fig. 4 and 5). Thus, our results indicate that 
the inhibition of ERKs translocation by elevated calcium concentration is mainly mediated 
by calcium-dependent inhibition of nuclear transport through the nuclear envelope.

It was previously shown that ERKs translocate into the nucleus through the nuclear 
pores at the nuclear envelope by interaction with NUPs 153 and 214 [44, 45]. Therefore, the 
accumulation of ERKs at the nuclear envelope prompted us to study the effect of calcium on 
the interaction of active ERKs with NUPs. For this purpose, we performed an in vitro binding 
assay between GST-actERK2 and His-Nup153c in the presence or absence of calcium. We 
found that the addition of calcium resulted in an increase in the interaction between the 
two proteins (Fig. 7C). Therefore, it is likely that under high calcium concentration, the fully 
activated ERKs that are released from their anchoring proteins, do not translocate into the 

Fig. 6. LPA delays the nuclear translocation of 
ERKs in a calcium-dependent manner. A. Serum 
starved Rat1 cells were treated with LPA (4 µg/ml) 
or EGF (50ng/ml) for the indicated times. Then, 
the lysates were subjected to Western blot analysis 
using anti-pERK or anti-gERK Ab as indicated. 
B. Following serum-starvation, Rat1 cells were 
treated with LPA (4 µg/ml; left) or EGF (50ng/ml) 
for the indicated times. Localization of ERKs and 
the nuclei were detected by staining with αgERK 
Ab or with DAPI, respectively. C. Serum-starved 
Rat-1 cells were treated with or without BAPTA-
AM (BAPTA; 15min) prior to stimulation with LPA 
(4 µg/ml, 5 min). Localization of ERKs and nuclei 
was detected as in B.
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nucleus because of increasing irreversible 
interaction with NUPs. However, since 
calcium may increase protein interactions 
of inactive and to some extent also active 
ERK2 with other proteins, we cannot 
exclude the possibility that the prevention 
of translocation by calcium is also 
mediated, to some extent, by increased 
cytoplasmic retention by calcium-
dependent anchoring proteins.

Discussion

A plethora of extracellular stimuli 
are translated by cells into intracellular 
responses by a network of signaling 
pathways. This network seems to 
regulate different and sometime even 
contradicting responses, raising the 
question of how the specificity of the 
signals is regulated. One way by which 
the specificity of signals can be secured 
is through protein-protein complexation 
and compartmentalization of special 
components of the network that bring 
about the right signals to their accurate 
destinations. Here we show that indeed 
the interaction of ERK2 with different 
proteins may regulate its differential 
localization and function under distinct 
stimulation and cellular responses. Thus, 
we found that non-phosphorylated ERK2 
interacts with a large number of proteins 
through its CRS/CD domain. On the other 
hand, the doubly phosphorylated, active 
form of ERK2 loses its binding properties, 
and seems to interact with only a small 
number of proteins that include its direct 
substrates. Most of the interactions identified are dependent on sufficient levels of calcium, 
which seems to enhance mainly the multiple interactions of the non-phosphorylated protein. 
Lower levels of calcium seem to weaken the binding of non-phosphorylated ERKs to many of 
the interacting proteins but may induce other types of interactions by active ERKs.

Phosphorylation and activation of ERK2, as well as changes in calcium concentrations, 
not only modify the magnitude of protein interaction to ERK2, but also affect the subcellular 
localization of the ERKs. Thus, we show here that an additional regulator of ERK translocation 
is varying calcium levels, which when reduced, increase nuclear translocation, while elevated 
calcium levels prevent the translocation. The effects described here on the protein-protein 
interactions of ERK2 may explain the regulation of the subcellular localization of ERKs 
according to the following model (Fig. 8): In resting cells, ERKs are localized in the cytoplasm 
due to calcium-dependent interactions with a large number of proteins, which direct them to 
various areas in the cytoplasm. Upon activation, ERKs detach from most of their cytoplasmic 
anchoring proteins, and are free to phosphorylate their substrates. The active ERK molecules 
are also able, at this stage, to translocate into the nucleus where they accumulate by binding 

Fig. 7. Nuclear translocation of GST-ERK in vitro is 
affected by calcium. (A) HeLa and Rat1 cells were 
serum-starved (16 h 0.1% FBS), washed in ice-cold 
buffer as described [45] and permeabilized with 
digitonin (60 µg/ml, Calbiochem) for 5 min on ice. Cells 
were then washed and incubated with 0.3 mg/ml of 
recombinant GST-actERK2 (eluted from the glutathione 
beads with reduced glutathione) for 30 min at room 
temperature. The cells were then fixed with 3% PFA 
at 23°C, and methanol/acetone (50% vol/vol 30 min, 
23°C). After fixation, the cells were stained with anti-
gERK Ab as above. (B) Recombinant NUP153 (0.5 µg/
binding assay) was incubated (2 h, 4°C) with GST-
ERK2 conjugated to glutathione beads in the absence 
or presence of increasing calcium concentrations as 
indicated. After incubation, the beads were washed 
three with buffer A+0.15M NaCl containing the 
indicated calcium concentration and this was followed 
by boiling in sample buffer and Western blot with anti-
gERK and anti-NUP153 Abs.
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to a nuclear set of interacting proteins. Elevated calcium concentrations do not interfere 
with the release of ERKs from the cytoplasmic anchoring proteins, but seem to inhibit the 
penetration of the free pERK molecules into the nucleus, probably due to inhibition of the 
nuclear transport machinery. Consequently, active ERK molecules can influence cytoplasmic 
processes for longer times, but cannot induce short-term effects (e.g. transcription) in the 
nucleus. Finally, the reduction of calcium below physiological levels disrupts the calcium-
dependent interactions of ERKs and allows non-phosphorylated ERKs to move into various 
cellular compartments where the ERKs interact with a different set of proteins in a calcium-
independent manner.

An important issue in this study was to determine the specificity of the interactions 
with ERK2. Several lines of evidence lead to the conclusion that most of the identified 
proteins indeed bind directly to ERK2. Thus, we found that: (a) Most of the proteins eluted 
from the GST-ERK2 column as free proteins and not as aggregates, indicating that they were 
not bound through large protein complexes (b) Some of the interactions identified (MEK1, 
vinculin, Elk1) were reproduced in an in vitro purified system in the absence of any other 
proteins. (c) No proteins were found to bind to either GST alone or even to the GST-316A-
ERK2, which is mutated in only three residues within the CRS/CD domain. (d) Many of the 
proteins examined, including some that were reported as “sticky proteins” failed to bind 
to GST-ERK2. (e) Another method to determine protein-protein interaction, the yeast two-
hybrid system also revealed large number of ERK-interacting proteins (>100, data not 
shown). (f) It has previously been shown in many works that ERKs interact with substantial 
number of proteins including scaffolds, substrates and others [4, 46]. These observations 
strongly indicate that most, if not all, the identified interactions are indeed through direct 
and specific binding with ERK2.

Fig. 8. Model representing ERKs localization upon stimulation and changes in calcium. Localization, 
phosphorylation and interaction of ERKs are shown. For more details see discussion.
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As mentioned above, several ERK-interacting proteins have been identified over the 
past years, and therefore it was important to analyze their interaction in the context of 
large number of other interacting proteins. Thus, it was shown that the protein interaction 
of ERKs is mediated by several regions including CRS/CD [7, 8], the DEF binding domain 
[47], non-phosphorylated activation loop residues [48] and others (reviewed in [46]). It 
was also shown that the interaction between ERKs and MEKs is reversed upon stimulation 
[19], and thus allows nuclear translocation. Here we confirm these observations by showing 
that the interaction of MEKs occurs only with non-phosphorylated ERK2, but not with the 
phosphorylated ERK2. We also show that the MEK-ERK interaction is dependent in part 
on elevated calcium concentrations. Thus, our results suggest that MEKs are not the only 
cytoplasmic anchoring proteins of ERKs.

Homodimerization of active ERK molecules was proposed to participate in the 
mechanisms of translocation of ERKs [36]. However, we found here that interaction 
between ERKs occurs only in their non-phosphorylated form, and calcium has only a 
minor effect on these interactions. These results, together with the fact that substitution 
of the homodimerization domain to alanines enhanced, rather than slowed, the nuclear 
translocation of ERKs [19], challenge the role of ERK dimerization in the nuclear translocation 
process. Another known interaction of ERKs is with the transcription factor Elk-1 [38]. We 
found that Elk1 interaction occurs with unphosphorylated, as well as phosphorylated ERK2, 
but not with the phosphorylated form of Elk1. These results indicate that ERKs interact with 
Elk1 upon activation and the proteins are detached upon Elk1 phosphorylation. In addition, 
we expected to find an interaction with MAPK phosphatases [49], but found MKP1 binding 
only after ionomycin treatment. The reason for the lack of MKPs interaction is probably 
because they are only expressed upon stimulation [50]. Thus, in the starved cells there were 
no MKPs, and the short ionomycin treatment was sufficient to induce only MKP1.

In contrast to most of the ERK-interacting proteins that could bind to non-phosphorylated 
ERK2, there were only few proteins that were found to interact with actERK2 under the 
conditions examined. One of these proteins is tubulin that has previously been shown to 
interact with a significant portion of ERK molecules in many cells [15]. This interaction 
was reported to be only slightly reduced upon stimulation [15], and this is confirmed here. 
Similar results were seen with actin, which was also reported to interact with ERKs under 
some conditions [51]. Therefore, tubulin, actin and other cytoskeletal elements may serve as 
cytoplasmic anchors of ERK2 even after stimulation, thus allowing some of the ERK molecules 
to execute essential functions in the cytoskeleton. Such anchoring effect could be mediated 
by vinculin that we show here to strongly interact with non-phosphorylated ERK2. Indeed, 
our data indicate that this protein, when overexpressed, can retain overexpressed ERK2 in 
the cytoplasm (data not shown), supporting its role in the regulation of ERKs localization. 
Finally, we found that previously reported interactions with KSR [52], RSK [39] c-Fos [53], 
p38MAPK [54], vimentin [55], NUP153 [44] and the newly discovered CaMKII and vinculin 
are increased by calcium. Contrary, interaction with the nuclear hnRNP-K [56] seems to 
occur mainly when calcium is missing.

The substantial effect of calcium on ERKs is likely to be of high physiological significance. 
Here we show that calcium delays the nuclear translocation of ERKs upon LPA treatment 
in a calcium-dependent manner, suggesting that ERKs can first execute their cytoplasmic 
function and only at late stages regulate nuclear processes. Indeed, we have shown that in 
the presence of calcium, ERKs were able to activate their cytosolic substrate RSK for longer 
period of time, while the phosphorylation of the nuclear substrate Elk1 was significantly 
reduced. This adds to the multiple effects that calcium can play in activating the ERK cascade 
in various cell types [27]. Another example that can be re-examined in light of this work is 
the pituitary, where calcium levels are increased dramatically upon Gonadotropin-releasing 
hormone (GnRH) stimulation, although the role of this increase in ERK activation is not 
entirely resolved [57, 58]. Interestingly we previously found that in a pituitary-derived 
cells termed LβT2, the translocation of ERKs into the nucleus upon GnRH treatment is slow, 
starts only 30 min after activation and is maximal about 90 min after stimulation. These 
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subcellular localizations correlate with the function of ERKs in this cell lines, as initially (30 
min) ERKs participate in the regulation of cytoplasmic exocytosis of LH or FSH [59], while 
ERK-regulated transcription can be detected only later (60-90 min [60]. Thus, in these cells, 
calcium regulation of ERKs localization might be important for proper outcome of GnRH 
signaling.

The effect of calcium on the nuclear translocation of ERKs, which is the main 
physiological response identified here, drew our attention to the molecular mechanism by 
which the prevention of nuclear translocation occurs. When addressing the role of calcium 
in nuclear translocation, it is important to note that calcium may have a general role on 
the sliding of proteins through nuclear pores [61, 62]. The mechanism that mediates this 
effect on nuclear pores involves a release of calcium from stores located in the cisternal 
space of ER that is adjacent to the nuclear envelope. This release of calcium induces a 
large conformational change in the nuclear pores, which then affect free nuclear diffusion. 
Although this mechanism might be involved in part in the prevention of ERKs translocation 
in our system, it cannot explain the effect on the stimulated, energy-dependent translocation 
observed here. Rather, this effect may be mediated by effect of calcium on NUPs that have 
been previously shown as a crucial step in the translocation of ERKs into the nucleus [44, 
45]. Indeed, we found that ERK2 interact with NUP153 and this interaction is regulated by 
elevated calcium concentrations. It is therefore possible that high calcium concentration 
may affect both passive and active mechanisms of ERKs’ translocation into the nucleus [63]. 
Calcium-induced conformational changes [61] may affect the diffusion of ERKs, which occurs 
mainly in resting cells, and increased association of active ERKs with NUPs may explain the 
prevention of the stimulated translocation.

Conclusion

We found that inactive ERK2 interacts with a large number of proteins through its 
CRS/CD domain, whereas the pERK2 interacts with only few proteins, including some of 
its substrates. Changes in calcium concentrations affect protein interaction of ERKs as well 
as their nuclear translocation. We also showed that translocation of ERKs induced by LPA 
is delayed as compared to the translocation induced by EGF, and this delay is due to the 
elevated calcium concentrations induced by LPA. The prevention of translocation by high 
calcium probably occurs by inhibition of the transport of ERKs through the nuclear envelope. 
Together, these data are consistent with a model in which ERKs in resting cells are bound to 
several cytoplasmic proteins in a calcium-dependent manner. Upon stimulation, ERKs are 
phosphorylated and released from the cytoplasmic anchors to allow free shuttle within the 
cytoplasm and towards the nucleus, which is inhibited by calcium. This is physiologically 
important because elevated calcium by some stimuli, such as LPA, may change the localization 
and thereby the specificity of the ERK cascade. Thus, the subcellular localization of ERKs, 
which is influenced by calcium, and the CRS/CD-mediated interactions with many proteins 
appear to be key regulators of the ERK cascade.
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