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Abstract
Cell polarity is critical for cell migration and requires localized signal transduction in subcellular domains. Recent evidence

demonstrates that activation of ERK1/2 (extracellular-signal-regulated kinase 1/2) in focal adhesions is essential for cell

migration. GIT1 (G-protein-coupled receptor kinase-interacting protein 1) has been shown to bind paxillin and regulate

focal-adhesion disassembly. We have previously reported that GIT1 binds to MEK1 [MAPK (mitogen-activated protein

kinase)/ERK kinase 1] and acts as a scaffold to enhance ERK1/2 activation in response to EGF (epidermal growth factor). In

the present study we show that GIT1 associates with ERK1/2 in focal adhesions and this association increases after EGF

stimulation. The CC (coiled-coil) domain of ERK1/2 is required for association with GIT1, translocation to focal adhesions,

and cell spreading and migration. Immunofluorescent staining showed that, after EGF stimulation, GIT1 co-localized with

pERK1/2 (phosphorylated ERK1/2) in focal adhesions. The binding of GIT1 and ERK1/2 was functionally important, since

transfecting an ERK2 mutant lacking the CC domain [ERK2(del CC)] significantly decreased pERK1/2 translocation to focal

adhesions, cell spreading and migration induced by EGF. In summary, the CC domain of ERK1/2 is necessary for binding

to GIT1, for ERK1/2 activation in focal adhesions, and for cell spreading and migration.
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1. Introduction

Cell migration is critical at many stages of embryonic develop-

ment, and is essential for wound healing and tumour cell invasion

(Shattil and Ginsberg, 1997). Cell migration is regulated by co-

ordinated changes in the actin cytoskeleton and cell-adhesion

molecules. Activation of ERK1/2 (extracellular-signal-regulated

kinase 1/2) is a key step in the cascade responsible for cell

migration in response to many growth factors and hormones

(Sakagami et al., 1995). ERK1/2 are present in several subcellular

compartments, including the cytoplasm, plasma membrane, focal

adhesions and nucleus (Kyriakis and Avruch, 1996; Shattil and

Ginsberg, 1997). ERK1/2 localization has important functional

consequences, and several scaffold proteins have been shown to

regulate subcellular localization of ERK1/2. For example, KSR

(kinase suppressor of Ras) transports MEK1 [MAPK (mitogen-

activated protein kinase)/ERK kinase 1] from the cytoplasm to the

plasma membrane and facilitates activation of ERK1/2 in

response to membrane receptor stimulation (Xing et al., 1997;

Muller et al., 2001). MP1 (MEK partner 1) is an ERK1/2 scaffold

that is specifically targeted to endosomes by the adaptor protein

P14 (Schaeffer et al., 1998). A previous report has demonstrated

that Sef acts as a MEK–ERK1/2 scaffold localized to the Golgi

apparatus (Torii et al., 2004). We previously reported that

GIT1 (G-protein-coupled receptor kinase-interacting protein 1)

associates with ERK1/2 and acts as a scaffold to enhance ERK1/2

activation at focal adhesions in response to EGF (epidermal

growth factor) (Yin et al., 2004, 2005). The presence of active

ERK1/2 in focal adhesions is essential for cell migration and is

independent of de novo gene transcription (Kyriakis and Auruch,

1996). Critical signals required for migration that are regulated by

ERK1/2 include activation of the intracellular protease calpain,

which promotes cell detachment (Shattil and Ginsberg, 1997), and

stimulation of MLCK [MLC (myosin light chain) kinase] and MLC

phosphorylation (Glading et al., 2001; Webb et al., 2004).

The structures of ERK1/2 are similar, with a central kinase

domain flanked by short N-and C-terminal domains. The

N-terminal domain of ERK2 was shown to be important in

regulating MEK1 association, substrate targeting and localization

(Eblen et al., 2001). A portion of the C-terminal domain was shown

to be required for ERK dimerization and nuclear translocation (Xu

et al., 2001). Two groups independently identified a common

docking motif, found in all known ERK family members, that

mediates interactions with MEKs, MAPK phosphatase 3 and

substrate MNK1 (MAPK-interacting kinase) (Tanoue et al., 2000;

Zhang et al., 2003). We showed previously that GIT1 was a

scaffold for MEK1 and ERK1/2 which mediated localization to

focal adhesions (Yin et al., 2004, 2005). Furthermore, we showed

that among the three putative CC (coiled-coil) domains in GIT1,
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only the CC2 domain (amino acids 426–474) (Yin et al., 2004) was

required for interaction with ERK1/2 in focal adhesions. However,

the domains of ERK1/2 required for binding to GIT1 remain poorly

defined. In the present study we show that a CC domain present

in ERK2 comprising amino acids 322–343 mediated binding to

GIT1, and is required for localization to focal adhesions and

subsequent regulation of cell migration.

2. Materials and methods

2.1. Cell culture

HeLa cells were cultured in DMEM (Dulbecco’s modified Eagle’s

medium) supplemented with 10% (v/v) FBS (fetal bovine serum),

100 units/ml penicillin and 100 mg/ml streptomycin at 37˚C in

5% CO2.

2.2. DNA expression plasmids and reagents

Xpress–GIT1, GST (glutathione transferase)–GIT1, HA (haemag-

glutinin)–MEK1 and HA–ERK2 constructs were prepared as

described previously and were sequenced to verify appropriate

construction (Eblen et al., 2001; Xu et al., 2001; Yin et al., 2004,

2005). FLAG-tagged ERK2 was a gift from Dr Melanie Cobb (The

University of Texas Southwestern Medical Center at Dallas,

Dallas, TX, U.S.A.). FLAG-tagged ERK2(del 10–25) was a gift

from Dr Michael J. Weber (University of Virginia, Charlottesville,

VA, U.S.A.). For other constructs, PCR products of ERK2 (amino

acids 1–343) were ligated into BamHI and XhoI restriction enzyme

sites of pCMV-Tg2B. The truncated ERK2 construct [ERK2(del

CC), lacking the CC domain present in amino acids 322–343] was

ligated into pCMV-Tg2B using the QuikchangeH site-directed

mutagenesis kit (Stratagene). An anti-GIT1 monoclonal antibody

and anti-GST antibody were purchased from BD Transduction

Laboratories. Antibodies specific for FLAG-M2 were from Sigma.

The anti-ERK1/2 and anti-pERK1/2 (phosphorylated ERK1/2)

antibodies were from Promega. The anti-ERK1/2 monoclonal

antibodies for immunofluoresence were purchased from Zymed.

2.3. Cell fractionation

HeLa cells, transfected with the indicated cDNAs, from 100 mm

dishes were collected and homogenized in TEEND buffer [25 mM

Tris/HCl, 5 mM EGTA, 2 mM EDTA, 100 mM NaF, 5 mM DTT

(dithiothreitol) and 0.2 mM PMSF] with protease inhibitors. Cell

fractions were prepared as described previously (Yin et al., 2004).

The protein concentrations of each fraction were determined

using BCA (bicinchoninic acid) reagent (Pierce).

2.4. Immunoprecipitation and immunoblotting
assays

HeLa cells were co-transfected with Xpress–GIT1(WT) and FLAG–

ERK2 using LipofectamineTM 2000. After transfection for 24 h,

cells were serum-starved for 6 h. Cell fractions were prepared as

described above. Cytoskeletal fractions were immunoprecipitated

with 2 mg of anti-Xpress antibody. They were then separated and

probed with anti-FLAG and anti-Xpress antibodies and then with

an HRP (horseradish peroxidase)-conjugated secondary antibody

(Amersham Biosciences). Western blotting bands were visualized

using the ECL (enhanced chemiluminescence) technique.

2.5. Immunofluoresence

HeLa cells were starved with serum-free DMEM for 6 h and then

stimulated with EGF. Cells were fixed with 4% formaldahyde

for 10 min, washed three times with PBS, permeabilized with

0.05% Triton X-100 for 5 min, and blocked with 10% normal goat

serum for 1 h. Cells were incubated with anti-pERK1/2 or anti-

GIT1 antibodies diluted in PBS, followed by Alexa FluorH 546

goat anti-mouse or rabbit IgG (H+L) for red fluorescence or by

Alexa FluorH 488 goat anti-mouse or rabbit (H+L) for green

fluorescence (Molecular Probes) in PBS at a final concentration of

1.5–2 mg/ml each.

2.6. Spreading and chamber assays

For the spreading assay, HeLa cells were transfected with

different constructs for 24 h, serum-starved for 6 h and then

suspended in DMEM containing trypsin inhibitor (0.5 mg/ml). Cells

were washed with serum-free DMEM three times and incubated at

37˚C and 5% CO2 for 30 min and allowed to adhere to 10 mg/ml

fibronectin for the times indicated. The cell areas were calculated

by ImageJ software. Statistical analysis was performed using a

Student’s t test. A Boyden chamber assay was performed

as described previously (Yin et al., 2004). Scanning density

analysis was performed with NIH image software and

statistical analysis was performed using the Student’s t test.

3. Results

3.1. ERK2 interaction with GIT1 is increased after
EGF stimulation in HeLa cells

We have previously demonstrated that ERK1/2 translocates to

focal adhesions after EGF stimulation (Yin et al., 2004, 2005). The

CC2 domain of GIT1 is required for interaction with ERK2 (Yin

et al., 2004), but the domains of ERK1/2 required for GIT1

interaction have not been identified. To demonstrate that HeLa

cells are a useful model, we stimulated cells with EGF for 10 min

and performed immunofluorescence for GIT1 and pERK1/2 (as a

marker for activated ERK1/2). Under basal conditions pERK1/2

was diffusely located with no concentration at the plasma

membrane (Figure 1A, a). In contrast, GIT1 was located in the

perinuclear region and in discrete membrane-associated struc-

tures typical of focal adhesions (Figure 1A, b). There was

essentially no co-localization when the images were merged

(Figure 1A, c). EGF stimulation caused dramatic translocation of

pERK1/2 to the plasma membrane (Figure 1A, d) in a pattern that

strongly resembled the appearance of GIT1 (Figure 1A, e). When
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the images were merged, there was significant co-localization of

pERK1/2 and GIT1, especially in structures typical of focal adhe-

sions. To provide further evidence for EGF-mediated association

between GIT1 and ERK2 we performed a cell-fractionation

experiment (Figure 1B). In brief, HeLa cells were serum-starved

for 6 h and stimulated with EGF for 5 and 10 min. Cell lysates were

prepared and the cytoskeletal fractions were analysed. GIT1 was

immunoprecipitated, and associated ERK1/2 was detected by

Western blot analysis. There was a very large increase in the

GIT1–ERK1/2 interaction after EGF stimulation (Figure 1B). These

results are consistent with previous reports that ERK1/2 co-

localizes with paxillin and that pERK1/2 localizes to focal

adhesions in fibroblasts (Fincham et al., 2000).

3.2. The CC domain of ERK2 is required for
association with GIT1

To determine the domains of ERK2 that mediate association with

GIT1, we deleted the C- and N-terminal domains of ERK2 and

prepared FLAG-tagged constructs termed FLAG–ERK2(1–343)

and FLAG-ERK2(del 10–25) respectively. We then co-transfected

Xpress–GIT1 with FLAG–ERK2(1–343) or FLAG–ERK2(del 10–25)

and measured the protein–protein interaction and subcellular

localization. As shown in Figure 2, FLAG–ERK2(del 10–25) and

FLAG–ERK2(1–343) bound to GIT1 in cytoskeletal fractions after

EGF stimulation. This suggests that the important amino acids in

the N- and C-terminal domains of ERK2 are not required for

Figure 1 GIT1 associates with pERK1/2 in HeLa cells
(A) HeLa cells were serum-starved for 6 h and stimulated with saline (a–c) or 10 ng/ml EGF (d–f) for 10 min. Cells were fixed with 4% formaldehyde and
stained with an anti-pERK1/2 antibody (a and d) or an anti-GIT1 antibody (b and e). Panels c and f are the merged images. (B) HeLa cells were serum-
starved for 6 h and stimulated with EGF (10 ng/ml) for the times indicated. Cytoskeleton fractions were immunoprecipitated with an anti-GIT1 antibody and
probed with an anti-ERK1/2 antibody (top panel). To confirm equal protein loading, the blot was reprobed with the anti-GIT1 antibody (bottom panel). These
results were reproducibly obtained in three independent experiments. IB, immunoblot; IP, immunoprecipitation.

Figure 2 The N-and C -terminal of ERK2 is not required for association with GIT1 in cytoskeletal fractions
HeLa cells were co-transfected with Xpress–GIT1 and either FLAG–ERK2(del 10–25) or Xpress–GIT1 with FLAG–ERK2(1–343) for 24 h, serum-starved for
6 h, and then stimulated with EGF as indicated. The cell membrane, cytoplasm and cytoskeleton were separated as described in the Materials and
methods section. Cytoskeletal fractions were immunoprecipitated with an anti-Xpress antibody and probed with an anti-FLAG antibody (top panel). To
confirm equal protein immunoprecipitation, the blot was reprobed with an anti-Xpress antibody (bottom panel). These results were reproducibly obtained in
three independent experiments. IB, immunoblot; IP, immunoprecipitation.

Cell Biol. Int. (2010) 34, 41–47

E The Author(s) Journal compilation E 2010 Portland Press Ltd Volume 34 (1) N pages 41–47 N www.cellbiolint.org 43



association with GIT1. To examine other regions in ERK2 that

may mediate the interaction with GIT1, we analysed ERK2 using

the Lupas method and found one major CC domain comprising

amino acids 322–343 of ERK2 (Figure 3A). To provide further

evidence for the CC domain-mediated interaction between

ERK2 and GIT1, we prepared a FLAG-tagged construct termed

FLAG–ERK2(del CC) in which amino acids 322–343 of ERK2 were

deleted. As expected, FLAG–ERK2(del CC) did not associate with

GIT1 in cytoskeletal fractions after EGF stimulation (Figure 3B). To

examine the effect of the CC deletion of ERK2, we transfected

HeLa cells with HA–MEK1 and FLAG–ERK2 or HA–MEK1 and

FLAG–ERK2(del CC) for 24 h, serum-starved them for 6 h, and

then stimulated the transfected cells with EGF. As shown in

Figure 3(C), the CC deletion in ERK2 did not affect its association

with MEK1. To demonstrate direct binding between ERK1/2 and

GIT1, we used a GST-pulldown assay. Transfected HeLa cells

were treated with EGF for 10 min and then GST–GIT1 was used to

co-precipitate ERK2. Wild-type FLAG–ERK2 was pulled down by

GST–GIT1, but FLAG–ERK2(del CC) was not pulled down

(Figure 3D). Taken together, these results show that the CC

domain of ERK2 is essential for the interaction with GIT1.

3.3. The CC domain is required for ERK1/2
translocation to focal adhesions

We previously reported that ERK1/2 interacted with GIT1 in

focal adhesions and that this association increased after EGF

stimulation (Yin et al., 2005). To define the functional role of the

ERK2 CC domain in EGF-mediated translocation to focal

adhesions, we transfected pcDNA3 and FLAG–ERK2(del CC) into

HeLa cells. As shown in Figure 4(A), cell morphology at baseline

did not differ beween pcDNA3 and FLAG–ERK2(delCC) cells.

However, in response to EGF there was a dramatic increase in

pERK1/2 localized to focal adhesions in pcDNA3-transfected cells

(Figure 4A, a and b), which was significantly inhibited in FLAG–

ERK2(del CC)-transfected cells (Figure 4A, c and d). We believe

that ERK2(del CC) acts in a dominant-negative manner by binding

paxillin and other proteins, thereby excluding endogenous ERK1/2

from associating with focal adhesions. To show that the effect of

ERK2(del CC) was not due to altered GIT1 location, we immuno-

stained for GIT1 as well as pERK1/2. In response to EGF,

GIT1 translocated to focal adhesions (Figure 4B, b) as pre-

viously reported (Yin et al., 2005). There was highly significant

Figure 3 CC domain of ERK2 is required for association with GIT1 in cytoskeletal fractions
(A) ERK2 sequences were analysed using the Lupas method and one major CC domain (amino acids 322–343) was found to exist in the C-terminus of
ERK2. (B) HeLa cells were co-transfected with Xpress–GIT1 and FLAG–ERK2 or Xpress–GIT1 and FLAG–ERK2(del CC) for 24 h, serum-starved for 6 h, and
then stimulated with EGF as indicated. The cell cytoskeletons were separated as described in the Materials and methods section. Cell cytoskeleton
fractions were immunoprecipitated with an anti-Xpress antibody and probed with an anti-FLAG antibody (top panel). To confirm equal protein loading, the
blot was re-probed with an anti-Xpress antibody (middle panel). Protein expression was detected by probing with an anti-FLAG antibody in cytoskeleton
fractions (bottom panel). (C) GST–GIT1 was immobilized on glutathione-conjugated beads and incubated with cytoskeleton fractions from FLAG–ERK2- or
FLAG–ERK2(del CC)-transfected HeLa cells. Beads were washed extensively and then immunoblotted for FLAG–ERK2 (top panel) and reprobed with an
anti-GST antibody to confirm equal loading (middle panel). To confirm equal protein expression, cytoskeleton fractions were blotted with an anti-FLAG
antibody (bottom panel). (D) HeLa cells were co-transfected with HA–MEK1 and FLAG–ERK2 or HA–MEK1 and FLAG–ERK2(del CC) for 24 h, serum-starved
for 6 h, and then stimulated with EGF as indicated. The cell cytoskeletons were separated as described in the Materials and methods section. Cell
cytoskeleton fractions were immunoprecipitated with an anti-HA antibody and probed with an anti-FLAG antibody (top panel). To confirm equal protein
loading, the blot was re-probed with an anti-HA antibody (bottom panel). These results were reproducibly obtained in three independent experiments. IB,
immunoblot; IP, immunoprecipitation.
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co-localization with pERK1/2 (Figure 4B, c). In cells transfected

with FLAG–ERK2(del CC), GIT1 still translocated to focal adhe-

sions (Figure 4B, e), but pERK1/2 did not translocate (Figure 4B,

d) and did co-localize with GIT1(Figure 4B, f). These findings are

consistent with the results shown in Figure 3 and indicate that the

CC domain of ERK1/2 is necessary for localization of pERK1/2 in

focal adhesions. The fact that GIT1 localization was not altered

suggests that GIT1 does not require pERK1/2 for translocation to

focal adhesions.

3.4. Functional effect of the CC domain of ERK2

We further studied the functional consequences of preventing the

ERK1/2 interaction with GIT1. As an experimental model we

transfected HeLa cells with FLAG–ERK2(del CC) and measured

cell spreading. Cells transfected with pcDNA3 or FLAG–

ERK2(delCC) were seeded in fibronectin-coated dishes for

10 min and cell areas were calculated by ImageJ software.

FLAG–ERK2(del CC) significantly inhibited cell spreading by 42%

compared with pcDNA3 (Figure 5a). To demonstrate further the

functional role of the ERK2 CC domain, we performed a Boyden

chamber migration assay. EGF significantly increased cell

migration after transfection with pcDNA3. In contrast, cell

migration was dramatically inhibited by transfection with FLAG–

ERK2(del CC) (Figure 5b). These results suggest an important role

for the CC domain of ERK2 in agonist-stimulated cell spreading

and migration.

4. Discussion

The major findings of the present study are that ERK1/2, via the

C-terminal CC domain, interacts with GIT1, which acts as a

scaffold to mediate localization of activated ERK1/2 to focal

adhesions. Functionally we show that EGF-mediated ERK1/2

translocation and activation in focal adhesions is required for

cell spreading and migration. We previously reported that GIT1

binds MEK1 and ERK1/2 through its CC2 domain and ERK1/2

activation in focal adhesions was Src-dependent (Yin et al., 2004,

2005). In the present study, we provide evidence that the CC

domain of ERK2 is required for association with GIT1 in focal

adhesions.

Previously, Fincham et al. (2000) showed that activated ERK1/

2 co-localized with paxillin after fibronectin treatment, and

localization of activated ERK to focal adhesions was c-Src-

dependent. Based on this information, we propose a model to

Figure 4 The CC domain of ERK2 is required for pERK1/2 translocation to focal adhesions
(A) HeLa cells were transfected with pcDNA3 (a and b) or FLAG–ERK2(del CC) (c and d) for 24 h, serum-starved for 6 h, and then stimulated with EGF as
indicated. Cells were fixed with 4% formaldehyde and stained with an anti-pERK1/2 antibody. (B) HeLa cells were transfected with pcDNA3 (a, b and c) or
FLAG–ERK2(del CC) (d, e and f) for 24 h, serum-starved for 6 h, and then stimulated with EGF for 10 min. Cells were fixed with 4% formaldehyde and
stained with an anti-pERK1/2 antibody (a and d) or anti-GIT1 antibody (b and e). Panels c and f are the merged images of a and b, and d and e respectively.
These results were reproducibly obtained in three independent experiments.
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explain the role of the ERK1/2 CC domain in EGF-mediated ERK1/

2 translocation and activation in focal adhesions. In serum-starved

cells, GIT1 exists in a pre-assembled complex with MEK1/2 (Yin

et al., 2004). Upon EGF stimulation, c-Src is activated and

phosphorylates critical tyrosine residues in GIT1 (Ishida et al.,

1998). GIT1 tyrosine phosphorylation induces GIT1 to associate

with ERK1/2 via the GIT1 CC2 domain. GIT1 then translocates to

focal adhesions via its interactions with paxillin, PAK (p21-

activated kinase) and PIX (PAK-interacting exchange protein).

Once the GIT1–ERK1/2 complex is present in focal adhesions,

MEK1/2 phosphorylates and activates ERK1/2. Our hypothesis is

supported by the fact that ERK2(del CC), which cannot bind GIT1,

acts in a dominant-negative manner to block activated-ERK1/2

localization to focal adhesions (Figure 4), probably by failing to

bind to GIT1 and competing with endogenous ERK1/2 for binding

to other proteins such as paxillin, FAK (focal adhesion kinase) and

PAK (Klemke et al., 1997; Liu et al., 2002; Webb et al., 2004). The

results of the present study suggest that ERK is a key target of

GIT1, a protein that localizes to cell adhesions; however, other

effector proteins, such as paxillin, may also contribute to this

process (Webb et al., 2004). For example, it is possible that GIT1

and paxillin co-regulate cell migration in different phases. It is also

possible that ERK2(del CC), a mutation that abolishes the ability of

ERK2 to bind GIT1, affects the association between GIT1 and

paxillin. Another possiblility is that the ERK2(del CC) mutant

competes with the endogenous ERK to bind paxillin.

ERK1/2 phosphorylation of cytoskeletal proteins has been

implicated in the migration of numerous cell types. Activated

ERK1/2 has many substrates including cytosolic and cytoskeletal

components, as well as transcription factors. Among cytoskeletal

proteins, MLCK, calpain, FAK and paxillin are most likely to be

involved in ERK1/2-mediated cell migration. ERK1/2 phosphoryl-

ates m-calpain at Ser50, which is required for focal adhesion

turnover and cell migration (Glading et al., 2004). Activated

ERK1/2 promotes phosphorylation of MLCK and MLC, which

may be involved in focal adhesion turnover and membrane

protrusion at the leading edge of migrating cells (Webb et al.,

2004). In addition, activated ERK1/2 phosphorylates and modifies

the regulatory domain of GRASP 65, a protein that is critical for

Golgi polarization and cell polarity in migrating cells (Bisel et al.

2008). Liu et al. (2002) have shown that ERK1/2 phosphorylates

paxillin in HGF (hepatocyte growth factor)-stimulated epithelial

cells, which enhances the paxillin–FAK association. A recent study

by Chen et al. (2008) showed that decreasing phosphorylation of

ERK1/2 caused an increase in a5b1 cell-surface expression,

which supresses cell motility. When taken together, these results

suggest that pERK1/2 has the same function in cell migration,

regardless of its subcellular location. These intriguing observa-

tions suggest a sophisticated regulation of ERK1/2 in cell

migration. We propose that GIT1, specifically at focal adhesions,

regulates ERK1/2 phosphorylation of FAK and/or paxillin, and

thereby modulates disassembly of the FAK–paxillin complex. A

role for JNK (c-Jun N-terminal kinase) in paxillin phosphorylation

(and hence focal-adhesion assembly) has also previously been

demonstrated (Huang et al., 2003). Based on the present study, it

appears likely that pathway-specific scaffold proteins control the

relative activation of JNK [possibly by JIP-1 (JNK-interacting

protein 1)] and ERK1/2 (via GIT1) in focal adhesions. We speculate

that the relative abundance of these scaffolds and the kinases that

regulate their conformation and binding properties determines the

magnitude of specific MAPK activation in specific locations.

Our findings demonstrate that GIT1 serves as a scaffold for

MAPK activation, similar to the yeast protein Ste5p and the

mammalian proteins KSR, MP1 and Sef. KSR transports MEK1

from the cytoplasm to the plasma membrane and facilitates

activation of ERK1/2 in response to membrane receptor stimu-

lation (Xing et al., 1997; Muller et al., 2001). MP1 is a MAPK

scaffold specifically targeted to endosomes by the adaptor

protein P14 (Schaeffer et al., 1998). A previous paper has shown

that Sef acts as a MEK–ERK1/2 scaffold localized to the Golgi

apparatus (Torii et al., 2004). We propose that GIT1 be added to

this list as a MEK1–ERK1/2 scaffold that is required for localization

of activated ERK1/2 to focal adhesions. Like KSR, GIT1

constitutively binds MEK1, but there is an increased interaction

Figure 5 Functional effect of the CC domain of ERK2
(a) HeLa cells were transfected with pcDNA3 or FLAG–ERK2(del CC) for 24 h and resuspended in DMEM with 0.5 mg/ml trypsin inhibitor. Cells were washed
three times and seeded on to fibronectin coated-dishes (10 mg/ml) and cell spreading was measured at 10 min. Cells were fixed with 4% formaldehyde.
Then, 100 attached cells were randomly selected to measure the cell area using ImageJ software (*P,0.01; mean¡S.E.M.; n56). The cell area for
pcDNA3 was arbitrarily set to 100. (b) HeLa cells transfected with pcDNA3 or FLAG–ERK2(del CC) for 24 h, were serum-starved for 6 h and then seeded in
the upper portion of a Boyden chamber on collagen precoated PVP-free polycarbonate membranes. EGF was added to the lower chamber. Cells were
incubated for 6 h at 37 ˚C in a 5% CO2 humidified incubator. The membranes were removed and cells were stained. The relative increases in cell density
were determined by quantitative densitometry (*P,0.01; mean¡S.E.M.; n56).
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with ERK1/2 following agonist stimulation. Previous studies and

the present study show that interfering with the GIT1 scaffold

function does not affect EGF-stimulated ERK1/2 activation in the

cytoplasm (Yin et al., 2005), ERK1/2 translocation to the nucleus

(Yin et al., 2004), or nuclear ERK1/2 activation (Figures 4A and

4B). These findings suggest that the scaffold function of GIT1 is

specific for ERK1/2 activation at focal adhesions. Therefore other

scaffold proteins (such as KSR, MP1 and Sef) probably regulate

ERK1/2 activation at other sites within the cell (Glading et al.,

2004). Targeting by these different scaffolds addresses the

fundamental question of how a ubiquitous signalling pathway,

such as ERK1/2, can direct divergent cellular responses depend-

ing on the stimulus and its subcellular location.
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