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Expression of constructs encoding fusion proteins of ERK1 and ERK2 containing a C-terminal farnesylation
motif (CAAX) is predominantly localized at the cell membrane and was activated by coexpression of consti-
tutively active Ha-RasL61 and epidermal growth factor. Both fusion proteins significantly inhibit the tran-
scriptional activation of a c-fos–chloramphenicol acetyltransferase reporter induced by RasL61, constitutively
active MEK1, or constitutively active RafBXB. The corresponding SAAX chimeras or overexpression of the
wild-type ERKs did not interfere with the transcriptional activation of c-fos. The inhibition of the Ras-mediated
c-fos induction by ERK2-CAAX can in part be rescued by coexpression of a wild-type ERK2 but not by wild-type
ERK1. We find that ERK1-CAAX acts in the same fashion, indicating that mitogen-activated protein kinase
(MAPK)–CAAX chimeras interact in an isotype-specific manner. It is demonstrated that both ERK1-CAAX
and ERK2-CAAX associate with the corresponding endogenous ERKs, which explains the isotype-specific
inhibitory effects of the ERK-CAAX chimeras. Evidence is presented that expression of ERK-CAAX fusion
proteins inhibits the nuclear translocation of the corresponding endogenous ERKs. Disruption of MAPK
translocation by membrane targeting provides additional, independent proof that nuclear translocation of
ERKs is essential for the transcriptional activation of c-fos.

The mitogen-activated protein kinase (MAPK) module con-
sisting of a series of three protein kinases, a MAPK, a MAPK
kinase (MAPKK), and a MAPKK kinase (MAPKKK), has
been identified as one of the most important pathways for the
transmission of signals from the plasma membrane to the nu-
cleus (6, 12, 18, 49, 50, 58, 74, 79, 83, 92). In vertebrates, three
MAPK pathways, comprising the extracellular signal-regulated
kinase (ERK), c-Jun NH2-terminal kinase/stress-activated pro-
tein kinase (JNK/SAPK), and p38 MAPK pathways, have been
well characterized (3, 19–22, 28, 30, 51, 70, 75, 77, 97). In the
mammalian ERK1/2 pathway, Ras associates with Raf-1 and
B-Raf, which upon phosphorylation act as MAPKKK and ac-
tivate the dual-function threonine/tyrosine kinases MAPK/
ERK kinases 1 and 2 (MEK1/2), which in turn activate ERK1
and ERK2, also termed p44 and p42 MAPK, respectively.
Transformation by oncogenic Ras is blocked by a dominant
negative mutant of MEK1, demonstrating that activation of the
ERK pathway is required for transformation (13, 55, 69). Once
phosphorylated, activated ERK1 and ERK2 translocate to the
nucleus (9, 26, 53). Nuclear translocation is considered to be
essential for the phosphorylation and activation of nuclear
transcription factors (7, 8, 10, 23, 30, 32, 33, 35, 36, 42, 43, 60,
61, 81, 88), although definite proof for this assumption is still
lacking. The activation of c-fos transcription is a paradigm for
a gene regulated by the Ras pathway. The serum response
element (SRE) represents a pivotal regulatory sequence of the
fos promoter (39, 40, 86, 87). Two kinds of transcription factors

are required for SRE activity: the serum response factor (SRF)
and the ternary complex factors, which form ternary or, in
some instances, quaternary complexes with the SRF. The ter-
nary complex factors, which bind to the SRE, include Elk-1,
SAP-1, and SAP-2, a subset of the Ets family of transcription
factors (15, 25, 34). The N-terminal domains of Elk-1 and
SAP-1 mediate DNA binding and ternary complex formation.
The C-terminal domains of both Elk-1 and SAP-1 contain
several MAPK phosphorylation sites. MAPK-mediated phos-
phorylation of Elk-1 results in a strong increase in transcrip-
tional activity (23, 41, 56, 68, 71, 93).

Recently, we have demonstrated that the transcriptional ac-
tivation of c-fos by oncogenic Ras requires the cooperative
activities of three protein kinase C (PKC) isotypes (44). Evi-
dence had been presented that the PKC isotypes act through
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FIG. 1. Expression patterns of ERK-CAAX and ERK-SAAX chimeras in
COS-1 cells. COS-1 cells were transiently transfected with 10 mg of the indicated
plasmids, using a Lipofectin transfection procedure according to the manufac-
turer’s instructions. At 48 h posttransfection, whole-cell lysates containing ap-
proximately 50 mg of protein were separated on SDS–14% polyacrylamide gels,
transferred to PVDF membranes, and immunoblotted (Western blotted [WB])
with rabbit polyclonal anti-CAAX antibody C-20 (Santa Cruz). Shown are rep-
resentative expression patterns out of four independent experiments performed.
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the Raf-MAPK pathway (44). The exact mechanism by which
the different PKC isotypes are implicated in this signaling
pathway, however, had remained obscure.

Two of these PKC isotypes, PKC-ε and PKC-z, had been
shown to act downstream of Raf and MEK1 (44), suggesting
that they may be involved in the regulation of activation, the
duration of the active state, or the translocation of the MAPKs
from the cytosol to the nucleus. To address these questions,
novel membrane-targeted MAPK chimeras have been con-
structed.

MAPK mutants have proven to be useful tools for studies
concerned with the function or regulation of the MAPK path-
way. The MAPK variants used so far contain amino acid sub-
stitutions in either the ATP binding site or the catalytic loop (1,
16, 29, 46, 67, 91). These kinase-defective chimeras have been
shown to act as dominant negative MAPK inhibitors.

For our studies on the mechanism of signal transmission
from oncogenic Ras to the c-fos promoter, we have decided to
follow an alternative strategy by preparing MAPK chimeras
carrying a C-terminal CAAX sequence. The rationale for this
strategy was that the CAAX sequence as a farnesylation signal
should anchor the chimeras to the plasma membrane and
sequester MAPKKs and other MAPK binding proteins. Fur-
thermore, as a translocation of activated MAPKs from the
cytosol to the nucleus is considered essential for the MAPK-
mediated activation of transcription factors, the trapping of
upstream activators and/or dimerization with endogenous
MAPKs (45) at the plasma membrane might lead to an inhi-
bition of signal transmission from transforming Ras to the c-fos
promoter.

The studies presented here demonstrate that this is indeed
the case. Both ERK1-CAAX and ERK2-CAAX but not the

FIG. 2. Subcellular distribution of MAPKs in COS-1 cells. Shown are the subcellular distributions of endogenous ERK2 versus Myc-tagged ERK2 (A and B),
ERK2-CAAX versus ERK2-SAAX (C), and ERK1-CAAX versus ERK1-SAAX (D) and densitometric evaluation of the gels (E and F). At 48 h posttransfection,
cytosol (lanes C), membrane (lanes M), and cytoskeletal (NP-40-insoluble particulate; P) fractions were prepared from cells transfected with the ERK chimeras and
nontransfected, exponentially growing COS-1 cells. Equal amounts of proteins of each fraction were separated by SDS-PAGE (14% gel), transferred to a PVDF
membrane, and probed with rabbit polyclonal anti-ERK2 antibody (ab) (A), with mouse monoclonal anti-Myc antibody 9E10 (B), and with rabbit polyclonal anti-CAAX
antibody targeted to the CAAX/SAAX motif of the ERK chimeras. Shown are representative Western blots (WB) out of four independent experiments performed.
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corresponding SAAX chimeras block the transcriptional acti-
vation of a chloramphenicol acetyltransferase (CAT) reporter
gene driven by a truncated human c-fos promoter consisting of
the SRE and the putative upstream AP-1 binding site. The
MAPK CAAX variants were found to act as isozyme-specific
dominant negative mutants. The isotype-specific inhibitory ef-
fect is inferred to result from complex formation with endog-
enous MAPKs sequestered to the plasma membrane.

In a publication that appeared during the preparation of this
report, Brunet et al. (5) demonstrated that sequestering p42/
p44 MAPK in the cytoplasm by expression of a catalytically

inactive mutant of cytoplasmic MAPK phosphatase (MKP-3)
inhibits Elk-1-dependent transcription. The data presented
here provide additional, independent evidence supporting the
conclusion that the translocation of activated MAPKs to the
nucleus is essential for the transcriptional activation of mito-
gen-induced genes like c-fos.

MATERIALS AND METHODS

Reagents and plasmids. Epidermal growth factor (EGF), leupeptin, and apro-
tinin were purchased from Sigma (Vienna, Austria). D-threo[Dichloroacetyl-1,2-
14C]chloramphenicol (58.4 mCi/mmol) and [g-32P]ATP (10 mCi/ml; 3,000 mCi/

FIG. 3. MAPK chimeras can be activated by EGF. Shown are the intracellular activation patterns of ERK1-CAAX/SAAX (A), ERK2-CAAX/SAAX (B), and
ERK1-CAAX-HA (D). Loading controls were done by blotting lysates from panels A and B with anti-ERK1 (not shown) and anti-ERK2 (C) antibodies (ab). Briefly,
COS-1 cells were transiently transfected with pEFneo-ERK2-CAAX/SAAX, pEFneo-ERK1-CAAX/SAAX, or control vector pEFneo (10 mg of each cDNA expression
plasmid per 10-cm-diameter dish). Following transfection, the cells were incubated in 10% FBS for 24 h, serum starved in DMEM containing 0.5% FBS for 24 h, and
left unstimulated or stimulated with 10 ng of EGF/ml for 5 min. Cell extracts were prepared as described in Materials and Methods. MAPK chimeras were
immunoprecipitated (IP) with anti-CAAX or anti-HA antibodies, and kinase activities were determined by an immunocomplex kinase assay, using purified bacterially
expressed GST–Elk-1 as a substrate. Panels A, B, and D show representative autoradiograms out of three independent kinase assays performed. MW, molecular weight
markers.
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mmol) were purchased from DuPont NEN (Vienna, Austria). Silica gel-coated
high-performance thin-layer chromatography plates were supplied by Macherey-
Nagel (Düren, Germany). Acetyl coenzyme A and mouse anti-hemagglutinin
(HA) monoclonal antibody 12CA5 were obtained from Boehringer Mannheim
(Mannheim, Germany). Ethylacetate was purchased from Fluka Chemicals
(Buchs, Switzerland). Dulbecco’s modified Eagle’s medium (DMEM) and L-
glutamine were obtained from BioWhittaker (Vienna, Austria). High-glucose
(4.5 g/liter) DMEM containing N-acetyl-L-alanyl-L-glutamine was from Schöller
Pharma (Vienna, Austria). Fetal bovine serum (FBS), Lipofectin transfection
reagent, and Opti-MEM I were obtained from Life Technologies, Inc. (Vienna,
Austria). Pansorbin was obtained from Calbiochem (Lucerne, Switzerland). PCR
primers used for subcloning were obtained from Microsynth GmbH (Balgach,
Switzerland). Rabbit polyclonal anti-ERK1, anti-ERK2, and anti-CAAX anti-
bodies and rabbit monoclonal antibody 9E10 were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, Calif.). Mouse monoclonal anti-green fluores-
cent protein (GFP) antibody was purchased from Clontech Laboratories Inc.
(Palo Alto, Calif.). All other reagents were from Sigma (St. Louis, Mo.). Plas-
mids pEF-ERK2-CAAX and pEF-ERK2-SAAX, carrying the gene under con-
trol of the human EF1a promoter, were constructed from mouse ERK2 by PCR
using pLNCAL7-HA-ERK2 as a template and primers 59-GACTACGCGGCC
GCCATGGGCCCGGAGATGGTCCG-39 and 59-CCCTTGTGCGGCCGCAG
ATCTGTATCCTGGCTGGAA-39. NotI restriction sites (underlined) were gen-
erated at both ends of the cDNA. The resulting PCR fragment encoding amino
acids 8 to 335 of murine ERK2 was digested with NotI overnight, gel purified,
and subcloned into the NotI site of pEF-CAAX, a modified pEFneo plasmid
expressing the carboxy-terminal 19 amino acids of wild-type c-Ha-Ras, which
includes the Ha-Ras carboxy-terminal farnesylation signal. PCR was also used to
eliminate the ERK2 stop codon to allow in-frame fusion to the farnesylation
sequence. As control, the amplified ERK2 cDNA was also inserted into the
NotI-digested pEF-SAAX vector. pEF-SAAX was obtained by replacing Cys-186
in the farnesylation sequence with a serine residue by PCR-directed mutagenesis.
To obtain pEF-HA-ERK1, a 1.3-kb NotI fragment, encompassing the entire
open reading frame of human ERK1 and sequences encoding the nine-amino-
acid HA epitope (YPYDVPDYA) at the N terminus, was excised from pCEP4-
HA-ERK1 and ligated to pEFneo previously digested with the same restriction
enzyme. Plasmids pEF-HA-ERK1-CAAX and pEF-HA-ERK1-SAAX were gen-
erated by PCR with pEF-HA-ERK1 as the template and oligonucleotides 59-C
TCTAGGCGGCCGCCATGGCTTACCCATACGATGTTCCA-39 and 59-CA
GCACTGCGGCCGCGAAGCGTGCTGTCTCCTGGAAG-39. Both primers
harbor a NotI restriction site (underlined). The PCR product was digested with
NotI and cloned into the NotI sites of pEF-CAAX and pEF-SAAX, respectively.
To construct pEF-GFP-CAAX and pEF-GFP-SAAX, amplification by PCR was
performed from pGFP-N3 (Clontech) with the forward primer 59-GGTACCG
CGGCCGCGGGATCCATCGCCACCATG-39 and the reverse primer 59-GAT
TATGGCGGCCGCTCTAGATCCGGACTTGTATAGTTC-39 (NotI sites are
underlined). Subcloning was carried out as described above. All constructs were
confirmed by DNA sequencing, and the expression of proteins was verified by
immunoblotting.

The mammalian expression vector containing the BXB mutant of c-Raf-1
kinase lacking amino acids 26 to 203 was kindly provided by H. Mischak. pSRaII-
HaRasL61, containing an amino acid substitution at position 61 of Phe to Leu,
which converts the Ha-Ras protein in the constitutively active GTP-bound form,
was a generous gift from M. Karin. pFC-MEK1(dN3/S218E/S222D), which rep-
resents the constitutively active form of MEK1 (55), was purchased from Strat-
agene. This mutant was made by deletion of amino acid residues 32 to 51 and
replacement of Ser-218 by glutamic acid and Ser-222 by aspartic acid.

Cell culture and transient transfection. African green monkey kidney fibro-
blasts (COS-1 or COS-7), obtained from the American Type Culture Collection,
were maintained in high-glucose DMEM containing 10% FBS and 1.028 g of
N-acetyl-L-alanyl-L-glutamine/liter. NIH 3T3 cells, obtained from the European
Collection of Animal Cell Cultures, were cultured in DMEM supplemented with

FIG. 4. The induction of c-fos by transforming Ras, constitutively active
MEK1, or RafBXB is depressed in cells expressing the MAPK-CAAX chimeras
but not by the corresponding SAAX variants. Coexpression of ERK1-CAAX and
ERK2-CAAX did not enhance the inhibitory effect. ERK2- and ERK1-CAAX
chimeras significantly block transcriptional activation of a c-fos–CAT reporter
induced by transforming Ras (A and B). Coexpression of ERK1-CAAX and
ERK2-CAAX did not enhance the inhibitory effect (C). MAPK-CAAX chimeras
inhibit the transcriptional activation of c-fos induced by constitutively active
MEK1 or RafBXB (D and E). Subconfluent NIH 3T3 cells were transfected with
2 mg of pEFneo (vector control) or 2 mg of pSR-aII-Ha-RasL61, pEF-RafBXB,
or pFC-MEK1(dN3/S218E/S222D) alone or together with 4 mg of pEF plasmid
expressing an ERK1,2-CAAX or -SAAX variant; 1 mg of the c-fos–CAT reporter
plasmid (-711-TK-CAT) was added to all combinations. The total amount of
plasmid DNA was adjusted to 6 mg with empty pEFneo vector. Following trans-
fection and serum starvation (0.5% FBS) for 48 h, a CAT reporter kinase assay
was done as described by Kampfer et al. (44). CAT activities are representative
of three independent experiments done in triplicate (bars indicate means 6
standard errors, n 5 9).
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10% FBS and 2 mM L-glutamine. All cells were grown in 100-mm-diameter
culture dishes (Falcon) at 37°C in a humid atmosphere (5% CO2, 95% air).
Transient transfections were performed on 70 to 80% confluent monolayers in
100-mm-diameter dishes with the combinations of plasmids indicated in the
figure legends, using Lipofectin (GIBCO-BRL) according to the manufacturer’s
instructions. The parent vector, pEFneo, was added to transfections as needed to
equalize the total amount of transfected DNA. At 16 h posttransfection, cells
were washed once in serum-free medium and incubated for 24 h at 37°C in
DMEM–10% FBS prior to either serum starvation in DMEM containing 0.5%
FBS for 10 to 15 h or harvesting. For immunocomplex kinase assays, serum-
starved COS-1 cells were subjected to a 5-min EGF (10 nM) treatment at 37°C.
For CAT reporter assays, NIH 3T3 cells were transfected by Lipofectin as
described above except that the transfection medium was replaced by DMEM
supplemented with 0.5% FBS and cells were deprived of serum for 40 h before
harvesting.

Subcellular fractionation. The method was adapted from that of Chen et al.
(9), with minor modifications. Cells were washed once with cold phosphate-
buffered saline (pH 7.2) and scraped into 0.5 ml of hypotonic lysis buffer (1 mM
EDTA, 1 mM EGTA, 10 mM b-glycerophosphate, 1 mM Na3VO4, 2 mM MgCl2,
10 mM KCl, 1 mM dithiothreitol, 40 mg of phenylmethylsulfonyl fluoride/ml, 10
mg of aprotinin/ml, 10 mg of leupeptin/ml). The cell suspension was incubated on
ice for 20 min to allow swelling. All subsequent manipulations were performed
at 4°C on ice. The cells were then homogenized with 40 strokes in a Dounce
homogenizer with a tight-fitting pestle and centrifuged at 500 3 g for 10 min at
4°C to pellet the nuclei. To prepare the cytosolic fraction, the supernatant was
centrifuged at 100,000 3 g for 30 min at 4°C, whereas the nuclear pellet was
resuspended in 100 ml of hypotonic lysis buffer, loaded onto 1 ml of 1 M sucrose
in lysis buffer, and centrifuged at 1,600 3 g for 10 min. Both the sucrose-purified
nuclei and the membrane pellet obtained from the 100,000 3 g centrifugation
step were solubilized in hypotonic lysis buffer containing 1% NP-40 for 1 h on ice
and centrifuged at 20,000 3 g for 10 min to remove insoluble material. After
extensively washing of the sedimented material, cytoskeletal proteins were ex-
tracted by solubilizing the NP-40-insoluble membrane pellet in 53 sodium do-

decyl sulfate (SDS) sample buffer (300 mM Tris-HCl [pH 6.8], 50% glycerol,
10% [vol/wt] SDS, 25% [vol/vol] b-mercaptoethanol, 0.4 mg of bromphenol
blue/ml) at 95°C until the pellet was dissolved. Equal proportions of each extract
were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) on a 14% gel
and then immunoblotted with a rabbit polyclonal anti-CAAX antibody (C-20;
Santa Cruz). This antibody recognizes an Ha-Ras-specific epitope between res-
idues 170 and 189, corresponding to the farnesylation sequence of c-Ha-Ras.
Since this antibody specifically interacts with the CAAX and SAAX motifs of the
MAPK chimeras, it was suitable for immunoprecipitation and immunoblotting in
all cell lines expressing MAPK-CAAX and MAPK-SAAX chimeras.

For our translocation studies, cytosolic and nuclear fractions were immuno-
precipitated with an anti-HA antibody, the immunoprecipitates were subjected
to SDS-PAGE (14% gel) and blotted, and the membranes were probed with a
polyclonal anti-ERK1 antibody.

FIG. 5. Overexpression of wild-type ERK2 and ERK1 and expression of
membrane-targeted GFP-tagged CAAX and SAAX chimeras does not interfere
with L61-Ha-Ras-mediated c-fos–CAT transactivation, excluding nonspecific ef-
fects caused by enzyme overexpression or inhibition of Ras prenylation. The
experiments were designed as described in the legend to Fig. 4. (A) NIH 3T3
cells were transiently transfected with the empty control plasmid pEFneo (2 mg)
or constitutively active pSR-aII-Ha-RasL61 (2 mg) alone or together with either
pEFneo-ERK2-myc (4 mg) or pEFneo-ERK1-HA (4 mg); 1 mg of the c-fos–CAT
reporter plasmid (-711-TK-CAT) was added to all combinations. DNA concen-
trations were kept constant by adding the empty control vector pEFneo. In both
panels, experiments were designed as described in the legend to Fig. 4, and CAT
activities are representative of three independent experiments done in triplicate
(bars indicate means 6 standard errors, n 5 9). (B) NIH 3T3 cells were tran-
siently transfected as follows: control vector pEFneo (2 mg) alone or with pSR-
aII-Ha-RasL61 (2 mg) or 4 mg of pEFneo plasmid expressing GFP (pEFneo-
GFP-CAAX, pEFneo-GFP-SAAX, or pEFneo-GFP wt [wild type]); 1 mg of the
c-fos–CAT reporter plasmid (-711-TK-CAT) was added to all combinations.

FIG. 6. Isotype-specific complex formation of the ERK-CAAX chimeras
with their endogenous counterparts. (A and B) COS-7 cells were cotransfected
with either ERK2-CAAX and Myc-tagged ERK2 or ERK1-CAAX and HA-
tagged ERK1. Following transfection, cells were grown in DMEM plus 10% FCS
for 40 h. ERK-CAAX mutants and the corresponding wild-type ERKs were
immunoprecipitated (IP) with specific antibodies (ab) targeted to the CAAX,
Myc, or HA epitope, respectively. Immunoprecipitates were separated by SDS-
PAGE, transferred to PVDF membranes, and probed with a rabbit polyclonal
anti-CAAX antibody, mouse monoclonal anti-HA antibody, or mouse monoclo-
nal anti-Myc antibody. As can be seen in lysates from cells coexpressing ERK2-
CAAX and Myc-tagged ERK2, anti-Myc antibody coprecipitates ERK2-CAAX
together with Myc-tagged ERK2. Similarly, in lysates from cells cotransfected
with ERK1-CAAX and HA-tagged ERK1, anti-CAAX antibody coprecipitates
HA-tagged ERK1 together with ERK1-CAAX. The same results are obtained if
the precipitating antibody is targeted to the other binding partner; i.e., anti-
CAAX coprecipitates ERK2-Myc in cells expressing ERK2-CAAX and Myc-
tagged ERK2 and anti-HA antibody coprecipitates ERK1-CAAX together with
HA-tagged ERK1 in cells coexpressing these constructs (data not shown). IgG,
immunoglobulin G. (C) To examine an activation-dependent association be-
tween MAPKs, COS-7 cells were cotransfected with ERK2-CAAX and HA-
tagged ERK2, serum starved for 16 h in DMEM containing 0.5% fetal calf serum
followed by serum-free medium for 6 h, and then stimulated with 10 ng of
EGF/ml for 30 min or left untreated prior to cell lysis. ERK2-CAAX was
immunoprecipitated with the anti-CAAX antibody, and coimmunoprecipitated
wild-type ERK2 was analyzed by Western blotting with a mouse monoclonal
anti-HA antibody. No evidence for heterodimerization was observed.
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Western blot analysis. Western blotting was carried out on subcellular frac-
tions prepared as described above. To verify expression levels of MAPK chime-
ras expressed in COS-1 cells, whole-cell lysates containing approximately 50 mg
of total cellular protein were prepared. Protein concentrations were determined
by the Bradford method. Samples were boiled with 53 SDS sample buffer for 5
min, resolved on an SDS–14% polyacrylamide gel, and transferred onto polyvi-
nylidene difluoride (PVDF) membranes (Immobilon-P; Millipore, Vienna, Aus-
tria) in 25 mM Tris-HCl (pH 7.5)–193 mM glycine–20% (vol/vol) methanol–
0.1% SDS at 300 mA (constant) for 1 h. Membranes were blocked overnight in
13 TBST (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% [vol/vol] Tween 20)
containing 5% (wt/vol) nonfat milk powder and then probed with polyclonal
anti-ERK1 antibodies (diluted at 1:200 in blocking solution), anti-ERK2 anti-
bodies (1:200 dilution), anti-CAAX antibodies (1:200 dilution) or monoclonal
anti-GFP antibodies (1:500 dilution) for 1 h at room temperature. After washes
with TBST (once for 15 min and twice for 10 min), the blots were incubated with
horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin G
(1:2,000 dilution in TBST containing 5% [wt/vol] nonfat milk powder) for 45 min
at room temperature. The membranes were washed again in TBST (once for 15
min and four times for 5 min each), and immunoreactive bands were visualized
by enhanced chemiluminescence as described by Überall et al. (90).

Immunocomplex kinase assay. Transfected cells were washed once with ice-
cold phosphate-buffered saline and then lysed in 0.5 ml of NP-40 lysis buffer (50
mM Tris-HCl [pH 7.3], 50 mM NaCl, 5 mM Na4P2O7 z 10H2O, 5 mM NaF, 5 mM
Na3VO4, 5 mM EDTA, 50 mg of aprotinin/ml, 50 mg of leupeptin/ml, 2% NP-40)
for 30 min on ice. Lysates were clarified by centrifugation at 13,000 3 g for 10
min at 4°C. After preclearing of the supernatants with Pansorbin for 30 min, the
lysates were incubated with anti-CAAX antibodies or c-Myc monoclonal anti-
body 9E10 (1 mg/10 ml; Santa Cruz) overnight at 4°C on a rotating wheel.
Immune complexes were subsequently precipitated by adding 25 ml of Pansorbin
and continuous rotation for 1 to 2 h at 4°C. Immunoprecipitates were collected
by centrifugation (2 min, 10,000 3 g) and washed three times with lysis buffer and
twice with kinase buffer (25 mM HEPES-NaOH [pH 7.5], 2 mM MnCl2, 20 mM
MgCl2). MAPK activities were assayed by resuspending the pellets in a total
volume of 20 ml of kinase buffer containing 9 mg of glutathione S-transferase
(GST)–Elk-1, 10 mM disodium ATP, and 0.4 mCi of [g-32P]ATP, followed by
incubation for 30 min at 30°C. The reactions were terminated by the addition of
6 ml of 53 SDS sample buffer. After boiling for 5 min, the samples were
separated on an SDS–10% polyacrylamide gel and transferred to an Immo-
bilon-P membrane (Millipore).

Phosphorylated GST–Elk-1 was visualized by autoradiography, or phosphor-
ylation analysis was done by phosphorimaging of the corresponding Immobilon
membranes.

CAT assay. CAT assays were performed as described previously (89).

RESULTS
In vivo expression of ERK1 and ERK2 variants containing

a C-terminal CAAX or SAAX sequence. To discriminate be-
tween endogenous ERKs and the overexpressed ERK1/2 vari-
ants, we used an anti-CAAX antibody which recognizes an
epitope between residues 170 and 189 of Ha-Ras, correspond-
ing to the farnesylation sequence. As shown in Fig. 1, the
constructs encoding the ERK1 and ERK2 variants containing
a C-terminal CAAX or SAAX sequence are highly expressed
in transiently transfected COS-1 cells. The subcellular distri-
bution of endogenous or Myc-tagged ERK2 and of the ERK2-
CAAX and -SAAX chimeras is demonstrated in Fig. 2. In
agreement with the findings of others (63, 72), endogenous
ERK2 is predominantly found in the cytosol and in part asso-
ciated with the NP-40-insoluble, particulate fraction represent-
ing mainly cytoskeletal elements like microtubules and F-actin
filaments. The same distribution is seen following expression of
wild-type ERK2 and a Myc-tagged ERK2 (Fig. 2A and B).

In contrast to the behavior of the wild-type ERK2, the
ERK2-CAAX mutant is predominantly found in the mem-
brane and the particulate fraction (Fig. 2C). Similar results
were obtained with the ERK1-CAAX mutant (Fig. 2D). Con-
sistent with our working hypothesis, ERK1-SAAX and ERK2-

FIG. 7. Immunodepletion of cells from the ERK-CAAX chimeras is accom-
panied by a dramatic decrease of the amount and activity of wild-type MAPKs
caused by association of endogenous ERKs with membrane-anchored MAPK
chimeras activated by oncogenic Ha-Ras. (A) NIH 3T3 cells were transiently
transfected with ERK2-CAAX or -SAAX chimera or with HA-tagged ERK1-
CAAX or -SAAX (4 mg of each plasmid) together with 2 mg of either activated
pSR-aII-Ha-RasL61 or 2 mg of empty expression vector pEFneo for 8 h, using
Lipofectin as the transfection reagent. Following transfection, the cells were
incubated in DMEM supplemented with 10% FBS overnight and then deprived
of serum (0.5%) for 24 h prior to cell lysis. The ERK chimeras were immuno-
precipitated (IP) from cell lysates containing 300 mg of total protein with rabbit
polyclonal anti-CAAX antibodies. Enzyme activities were determined by an
immunocomplex kinase assay using GST–Elk-1 as a substrate. The phosphory-
lated proteins were separated on an SDS–10% polyacrylamide gel, blotted on
PVDF membranes, and visualized by autoradiography. The position of GST–
Elk-1 is indicated on the left. MW, molecular weight markers. (B) The cell
extracts obtained in panel A were precleared from the CAAX and SAAX
chimeras by two successive immunoprecipitation steps using the anti-CAAX
antibody, targeted to the CAAX/SAAX motif. After depletion of the ERK
chimeras, the endogenous ERKs were precipitated from these cleared lysates by
anti-ERK1 or anti-ERK2 antibody, and their activities were determined with
GST–Elk-1 as a substrate. The kinase reaction mixtures were separated by
SDS-PAGE (10% gel), blotted, autoradiographed, and then stained with anti-
ERK2 antibody. As a control, NIH 3T3 cells were transiently transfected with
either pEFneo or pSR-aII Ha-RasL61. After 24 h, cells were serum starved in
medium supplemented with 0.5% FBS for 24 h. The lysates were precleared with
the anti-CAAX antibody and then divided into two portions for immunoprecipi-
tation of endogenous ERK1 and ERK2, using the antibodies described above.
Shown are representative results out of three experiments done in duplicate.
IgG, immunoglobulin G. (C) NIH 3T3 fibroblasts were cotransfected with a
Myc-tagged ERK2 (100 ng) and Ha-RasL61 or an empty vector (pEFneo)
together with an expression vector encoding ERK2-CAAX or ERK2-SAAX as

indicated. After immunoprecipitation with Myc-specific antibody 9E10, immu-
nocomplex kinase assays were performed with GST–Elk-1 as a substrate. The
autoradiographed blot was subsequently probed with an anti-ERK2 antibody.
Shown are a representative autoradiogram and immunoblot out of three exper-
iments performed.
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SAAX chimeras were found, like endogenous MAPKs, pre-
dominantly in the cytosolic and nonsoluble fractions (Fig. 2C
and D).

Intracellular activation of the ERK1 and ERK2 chimeras.
To check whether the chimeric ERK1 and ERK2 proteins
containing the C-terminal CAAX or SAAX sequence are func-
tionally active in vivo, we determined whether EGF is able to
activate these MAPK chimeras expressed in COS-1 cells.

As shown in Fig. 3, addition of EGF to COS-1 cells express-
ing the ERK1 or ERK2 chimeras results in a marked activation
of both CAAX and SAAX variants. The higher basal activity of
ERK2-SAAX than of ERK2-CAAX is explained by the higher
expression level of the SAAX variant as shown in the Western
blot (Fig. 3C).

Given that the anti-CAAX antibody is targeted to an epitope
of Ras, a coprecipitation of Ras-associated kinases could con-
fuse results obtained from Ras-overexpressing cells. To avoid
this problem, cells were transfected with HA-tagged ERK1-
CAAX. After stimulation with EGF or RasL61, the tagged
ERK-CAAX chimera was selectively precipitated by an an-
ti-HA antibody, and the kinase activity was determined with
GST–Elk-1 as a substrate. As shown in Fig. 3D, the results are
similar to those in Fig. 2 and 7, where ERK-CAAX had been
isolated by using an anti-CAAX antibody. These data clearly
demonstrate that both RasL61 and EGF activate ERK1-
CAAX and that the elevated phosphorylation of Elk-1 is not
due to some other coprecipitated Elk-1 kinases. Identical re-
sults were obtained with HA-tagged ERK2-CAAX (data not
shown).

Expression of the CAAX chimeras of ERK1 or ERK2 but not
of the corresponding SAAX variants inhibits transcriptional
activation of c-fos by RasL61, Raf-1, and MEK1. Expression of
RasL61 results in a transcriptional activation of the c-fos–CAT
construct (Fig. 4). The induction of c-fos by transforming Ras
is depressed in cells expressing the ERK1- or ERK2-CAAX
chimera but not by expression of the corresponding SAAX

variants (Fig. 4A and B). Coexpression of ERK1-CAAX and
ERK2-CAAX did not enhance the inhibitory effect (Fig. 4C),
suggesting that Ras-mediated c-fos induction requires both
ERK1 and ERK2 or that the noninhibitable fraction reflects
activation by an ERK-independent pathway.

To confirm that the ERK-CAAX variants indeed interfere
with the Ras/Raf pathway, we determined the effect of the
ERK-CAAX variants on the transcriptional activation of the
c-fos–CAT construct by constitutively active mutants of MEK1
or Raf (RafBXB). As shown in Fig. 4D, both ERK1-CAAX
and ERK2-CAAX inhibit the transcriptional activation of c-fos
by constitutively active MEK1 [plasmid pFC-MEK1(dN3/
S218E/S222D)], whereas the SAAX chimeras exert even a
superinduction. Expression of ERK2-CAAX also significantly
depresses the transcriptional activation of c-fos by RafBXB
(Fig. 4E; the effect of ERK1-CAAX was not determined in this
experiment).

Overexpression of wild-type ERK1 or ERK2 does not inter-
fere with Ras-mediated c-fos induction, excluding nonspecific
effects caused by enzyme overexpression as responsible for the
inhibitory activities of the CAAX variants of ERK1 and ERK2
(Fig. 5A). As the overexpression of a protein containing the
CAAX farnesylation signal may interfere with the prenylation
and activation of Ras, we investigated whether overexpression
of a GFP-CAAX protein would affect the RasL61-mediated
transcriptional activation of c-fos. As shown in Fig. 5B, this was
not the case.

ERK-CAAX chimeras associate selectively with correspond-
ing wild-type ERKs. It has recently been shown that ERKs
form homodimers in vivo and that phosphorylation of one
monomer is sufficient for dimer stabilization (45). Dimeriza-
tion of an ERK-CAAX chimera with the corresponding en-
dogenous ERK would offer an explanation for the inhibitory
effects of the ERK-CAAX chimeras on c-fos induction. We
therefore investigated whether such complexes consisting of an
ERK-CAAX and a corresponding tagged wild-type ERK are

FIG. 8. The interaction of ERK-CAAX chimeras with wild-type ERKs is isoenzyme specific. (A) NIH 3T3 cells were transiently transfected with either ERK1-
SAAX or ERK1-CAAX together with pSR-aII-Ha-RasL61 or the empty control vector pEFneo. After removal of the CAAX chimeras, endogenous ERK2 was
immunoprecipitated (IP) by anti-ERK2 antibody (ab), and enzyme activity was measured with GST–Elk-1 as a substrate. (B) NIH 3T3 cells were cotransfected with
pSR-aII-Ha-RasL61 or an empty vector along with ERK1-CAAX and Myc-tagged ERK2 or ERK2-CAAX and HA-tagged ERK1. After preclearing of the lysates from
the CAAX variants, the tagged wild-type enzymes were immunoprecipitated with anti-Myc or anti-HA antibody, and enzyme activities were determined by an
immunocomplex kinase assay with GST–Elk-1 as a substrate.
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formed in vivo. For this purpose, cells were cotransfected with
either ERK2-CAAX and Myc-tagged ERK2 or ERK1-CAAX
and HA-tagged ERK1. ERK-CAAX mutants and the corre-
sponding wild-type ERKs were immunoprecipitated with spe-
cific antibodies targeted to the CAAX, Myc, and HA epitopes,
respectively. Immunoprecipitates were separated by SDS-
PAGE, transferred to a PVDF membrane, and probed with a
rabbit polyclonal anti-CAAX antibody, a mouse monoclonal

anti-HA antibody, or a mouse monoclonal anti-Myc antibody.
As shown in Fig. 6, in lysates from cells coexpressing ERK2-
CAAX and Myc-tagged ERK2, anti-Myc antibody coprecipi-
tates ERK2-CAAX together with Myc-tagged ERK2. Simi-
larly, in lysates from cells cotransfected with ERK1-CAAX and
HA-tagged ERK1, anti-CAAX antibody coprecipitates HA-
tagged ERK1 together with ERK1-CAAX (Fig. 6). The same
results are obtained if the precipitating antibody is targeted to

FIG. 9. Isotype-specific association of membrane-anchored ERK-CAAX chimeras with their endogenous counterparts at the plasma membrane inhibits the nuclear
translocation of wild-type enzymes. Subconfluent NIH 3T3 cells were transiently transfected with either 2 mg of ERK1-CAAX or 2 mg of ERK1-SAAX along with 0.5
mg of HA-ERK1. After serum starvation for 24 h, the cells were stimulated with 10 ng of EGF/ml for 60 min or left untreated. Cytosol, membrane, and nuclear fractions
were immunoprecipitated (IP) with monoclonal anti-HA antibodies (ab) to pull down wild-type HA-tagged ERK1, and the immunoprecipitates were subsequently
analyzed by using a polyclonal ERK1 antibody. Shown are representative immunoblots and bar graphs out of three independent experiments performed.
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the other binding partner; i.e., anti-CAAX coprecipitates
ERK2-Myc in cells expressing ERK2-CAAX and Myc-tagged
ERK2 and anti-HA antibody coprecipitates ERK1-CAAX to-
gether with HA-tagged ERK1 in cells coexpressing these con-
structs (data not shown). Since these coimmunoprecipitation
studies were performed under conditions where MAPKs are
fully activated, further experiments were conducted to deter-
mine whether complex formation between the ERKs is phos-
phorylation (activation) dependent as described in the recent
study (45). COS-1 cells transiently cotransfected with ERK2-
CAAX and ERK2-HA were serum starved for 16 h in DMEM
with 0.5% fetal calf serum followed by serum-free medium for
6 h and left untreated or stimulated with 10 ng of EGF/ml for
30 min. ERK2-CAAX was immunoprecipitated with the anti-
CAAX antibody, and coimmunoprecipitated HA-ERK2 was
analyzed by immunoblotting with an anti-HA antibody. As
shown in Fig. 6C, while in resting cells only a weak interaction
was visible, complex formation between ERK2-CAAX and
HA-ERK2 increased significantly in response to EGF, indicat-
ing that ERK homodimerization is clearly activation depen-
dent. Coexpression of ERK2-CAAX with HA-tagged ERK1 or
ERK1-CAAX with Myc-tagged ERK2 yielded no evidence of
heterodimerization (data not shown).

Immunodepletion of cells from the CAAX chimeras concom-
itantly decreases the amount and activity of endogenous
ERKs. As ERK-CAAX chimeras are localized at the plasma
membrane and homodimerize in an activation-dependent
manner with their corresponding endogenous counterparts, a
model can be proposed whereby the activated ERK-CAAX
fusion proteins sequester endogenous MAPKs to the cell
membrane, thereby inhibiting their nuclear translocation and
transcriptional activation of c-fos (see Fig. 12). To test this
hypothesis, we first determined whether expression of an ERK-
CAAX chimera reduces the level of free (non-ERK-CAAX-
bound) endogenous ERK. NIH 3T3 cells were cotransfected
with either ERK1/2-CAAX or ERK1/2-SAAX along with
RasL61 or a control plasmid (pEFneo). After serum starvation
for 24 h, the ERK-CAAX variants were immunoprecipitated
and their activities were measured by an in vitro kinase assay
using GST–Elk-1 as a substrate.

In accordance with the data shown in Fig. 3, demonstrating
that the CAAX and SAAX chimeras of both ERK1 and ERK2
are functionally active in intact COS-1 cells, Fig. 7A depicts the
activation of these ERK chimeras by transforming RasL61 in
NIH 3T3 cells. The apparent stronger activation of ERK1-
CAAX and -SAAX is explained by a higher expression level of
the ERK1 variants.

The cell lysates obtained in Fig. 7A were cleared from the
ERK fusion proteins by two successive immunoprecipitation
steps using the anti-CAAX antibody. As a control, NIH 3T3
cells were transiently transfected with RasL61 or pEFneo and
serum starved for 24 h, and the cell extracts were incubated
with the anti-CAAX antibody to exclude the possibility that the
Ras-specific antibody pulls down Ras-associated kinases,
thereby reducing the amount of endogenous MAPKs in the
absence of coexpressed ERK-CAAX. After treatment with the
anti-CAAX antibody, the endogenous ERKs were precipitated
by anti-ERK1 or anti-ERK2 antibodies, their expression levels
were examined by Western blot analysis, and their activities
were determined with GST–Elk-1 as a substrate. Consistent
with the model described above, the amount of wild-type
ERKs declined markedly in the CAAX and SAAX precleared
lysates of cells expressing the ERK chimeras in comparison to
the control cells (Fig. 7C). Accordingly, as shown in Fig. 7B,
almost no kinase activity could be detected in the immuno-
complexes from the ERK-CAAX-depleted lysates. No signifi-
cant reduction of endogenous ERKs after treatment with anti-
CAAX antibody was observed in lysates from Ras-transfected
but not ERK-CAAX/SAAX-expressing cells. To further sup-
port the notion that homodimerization of membrane-targeted
CAAX chimeras with their endogenous counterparts is in-
duced in cells transfected with RasL61 in more detail, NIH 3T3
cells were cotransfected with RasL61 and a Myc-tagged ERK2
(100 ng of DNA per well was determined by titration to cor-

FIG. 10. The MAPK-CAAX chimeras act as isoenzyme-specific, dominant
negative mutants. Shown is isoenzyme-specific rescue of ERK1-CAAX- or
ERK2-CAAX-mediated suppression of Ras-induced c-fos transactivation by co-
expression of the corresponding wild-type enzyme (A). NIH 3T3 cells were
transiently transfected with plasmids pEFneo-ERK2-CAAX, pEFneo-ERK2-
myc, pEFneo-ERK1-CAAX, and pEFneo-ERK1-HA (3 mg of each). pEFneo
together with 2 mg of pSR-aII-Ha-RasL61 or 2 mg of pSR-aII-Ha-RasL61 alone
or pEFneo vector alone was added as indicated; 1 mg of the c-fos–CAT reporter
plasmid was added to all combinations. Coexpression of HA-tagged wild-type
ERK1 in cells expressing ERK2-CAAX or of Myc-tagged wild-type ERK2 to-
gether with ERK1-CAAX does not affect the inhibitory effect of the CAAX
variants (B). CAT activities are representative of three independent experiments
done in triplicate (bars indicate means 6 standard errors, n 5 9).

FIG. 11. A fraction of the ERK-CAAX mutant remains in the cytosol and is
activated by RasL61. Transfection procedures, lysate preparation, assay condi-
tions, and abbreviations are as specified in the legend to Fig. 7. Shown is a
representative autoradiogram out of three independent experiments performed.
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respond approximately to endogenous ERK2 expression)
along with either ERK2-CAAX, ERK2-SAAX, or a control
plasmid (pEFneo). Cell extracts were precleared with the anti-
CAAX antibody from the ERK2-CAAX/SAAX variants, and
Myc-tagged ERK2 was immunoprecipitated with an anti-Myc
antibody. It is demonstrated in Fig. 7D and E that although
Myc-tagged ERK2 is highly expressed and activated by RasL61
in the control cells, neither Myc-ERK2 nor kinase activity was
recovered above the background levels from cells expressing
the ERK2-CAAX or -SAAX chimera.

If the supposition that heterodimerization between MAPKs
ERK1 and ERK2 does not occur in vivo, as reported previously
(45), is correct, catalytic activity of ERK2 in ERK1-CAAX-
expressing cells and of ERK1 in ERK2-CAAX-expressing cells
should not be affected by immunodepleting the cells from the
CAAX chimeras. To check this, NIH 3T3 cells were either
transiently transfected with ERK1-CAAX or ERK1-SAAX or
cotransfected with ERK1-CAAX and Myc-ERK2 or ERK2-
CAAX and HA-ERK1 together with transforming Ras or an
empty vector. After preclearing of the cell extracts with the

FIG. 12. Schematic presentation of the postulated mechanism of novel membrane-anchored ERK signal transduction. In accordance with our working hypothesis,
we propose a model whereby the activated ERK-CAAX fusion proteins sequester endogenous MAPKs to the cell membrane, thereby inhibiting their nuclear
translocation and transcriptional activation of c-fos.
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anti-CAAX antibody, endogenous ERK2, Myc-ERK2, and
HA-ERK1 were immunoprecipitated with anti-ERK2, anti-
Myc, or anti-HA antibodies. Consistent with the model men-
tioned above, ERK1-CAAX does not affect the enzyme activity
of endogenous or Myc-tagged ERK2 after depletion of ERK1-
CAAX with an anti-CAAX antibody (Fig. 8). Similar results
are obtained when the catalytic activity of HA-tagged wild-type
ERK1 is examined after immunoprecipitation of ERK2-
CAAX in cells expressing ERK2-CAAX (Fig. 8B).

Taken together, these studies are consistent with the model
that the CAAX chimeras of ERK1 and ERK2 form ho-
modimers with their endogenous counterparts probably at the
plasma membrane in cells transfected with transforming Ras,
thereby reducing the levels of the free endogenous ERKs.

RasL61-induced association of the ERK-CAAX chimeras
with their endogenous counterparts at the plasma membrane
attenuates the nuclear translocation of wild-type MAPKs. The
observations described above prompted us to further investi-
gate whether the in vivo association of membrane-anchored
ERK-CAAX fusion proteins with endogenous enzymes inhib-
its the nuclear translocation of the wild-type ERKs. For this
purpose, NIH 3T3 cells were cotransfected with HA-ERK2
together with either ERK1-CAAX or, as a control, ERK1-
SAAX, serum starved for 24 h, and then stimulated with 10 ng
of EGF/ml for 60 min or left untreated. Cytosol, membrane,
and nuclear fractions were prepared, each fraction was immu-
noprecipitated with a monoclonal anti-HA antibody, and the
immunoprecipitates were analyzed by immunoblotting with a
polyclonal anti-ERK1 antibody. As shown in Fig. 9, upon EGF
treatment, nuclear translocation of HA-tagged ERK1 was al-
most completely abolished in cells expressing ERK1-CAAX,
whereas in cells expressing the ERK1-SAAX chimera, accu-
mulation of wild-type ERK1 in the nucleus increased markedly
in response to EGF, in agreement with our model described
above. Also, accumulation of HA-tagged ERK1 in membrane
fractions of cells expressing ERK1-CAAX could be detected,
further supporting the postulated mechanism. Similar results
were obtained when the subcellular distribution of wild-type
ERK2 in response to EGF was examined in ERK2-CAAX-
expressing cells.

In conclusion, these results clearly provide evidence that the
phosphorylation-dependent in vivo association of the ERK-
CAAX variants with endogenous ERKs sequesters the wild-
type enzymes to the plasma membrane, thereby abrogating
their nuclear translocation, which probably explains the inhi-
bition of Ras-mediated c-fos induction in cells expressing the
CAAX chimeras.

The ERK-CAAX variants act as isozyme-specific, dominant
negative chimeras. Figure 10A demonstrates that the signifi-
cant reduction of Ras-mediated transcriptional activation of
c-fos by ERK1-CAAX or ERK2-CAAX can be in part over-
come by coexpression of the corresponding wild-type enzymes.
Coexpression of wild-type ERK1 in cells expressing ERK2-
CAAX or of wild-type ERK2 together with ERK1-CAAX does
not affect the inhibitory effect of the CAAX variants (Fig.
10B). These data suggest that the ERK-CAAX chimeras act as
isotype-specific ERK inhibitors.

A fraction of the ERK-CAAX mutant remains in the cytosol
and is activated by RasL61. As shown above, the CAAX vari-
ants of both ERK1 and ERK2 reduce the Ras-mediated tran-
scriptional activation of c-fos. In contrast to the marked reduc-
tion of Ras-mediated ERK activation, only a partial inhibition
of the transcriptional activation of c-fos by RasL61, RafBXB,
or constitutively active MEK1 could be observed. Although the
CAAX chimeras are predominantly membrane bound, a part
remains in the cytosol and is also activated by RasL61 (Fig. 11).

This portion of the total ERK-CAAX mutant may, presum-
ably, dimerize with the endogenous counterpart, translocate to
the nucleus, and mediate the transcriptional activation of the
c-fos–CAT reporter.

DISCUSSION

This report describes effects obtained by the expression of
constructs encoding fusion proteins consisting of ERK1 or
ERK2 and the 20-amino-acid C-terminal sequence of Ha-Ras
including the CAAX box at their carboxy termini. As these
ERK-CAAX variants contain the Ras farnesylation signal, it
was assumed that they would be anchored at the plasma mem-
brane and therefore unable to translocate to the cell nucleus.
If these ERK-CAAX chimeras are overexpressed relative to
the levels of the endogenous wild-type enzymes, they may trap
upstream activating proteins like MEK1/2 and/or sequester
endogenous ERKs by dimerization (45) and thereby interfere
with the Ras/MAPK pathway.

As controls, the corresponding proteins in which the cysteine
of the CAAX box had been replaced by a serine (ERK-SAAX)
were used. It is shown that these constructs are expressed in
vivo and activated in intact cells by EGF or oncogenic Ras. As
expected, the ERK-CAAX variants were predominantly local-
ized in the membrane fraction, whereas the corresponding
SAAX chimeras were preferentially found in the cytosol.

Expression of either ERK1-CAAX or ERK2-CAAX inhibits
the transcriptional activation of a c-fos–CAT reporter by
RasL61, whereas the corresponding SAAX variants did not
depress the induction of c-fos by oncogenic Ras. It is demon-
strated that these effects are indeed caused by an interference
with the Ras/Raf/ERK pathway, as both ERK-CAAX chime-
ras reduce to the same extent the transcriptional activation of
the c-fos–CAT reporter by constitutively active MEK1 or con-
stitutively active RafBXB.

The ERK-CAAX fusion proteins were found to suppress the
transactivation of c-fos in an isozyme-specific fashion and ob-
viously act as transdominant negative mutants. This conclusion
is based on the observation that the inhibition of Ras-mediated
c-fos induction by ERK1-CAAX can be overcome by expres-
sion of wild-type ERK1 but not of wild-type ERK2. Similarly,
the depression exerted by ERK2-CAAX can be compensated
for by wild-type ERK2 but not by wild-type ERK1.

These data suggest that the activation of c-fos SRE by
RasL61 requires the combined activities of both ERK1 and
ERK2. In view of the high sequence homology between these
two MAPK isozymes, it might be expected that they compen-
sate for each other. It should be noted, however, that from the
nine potential MAPK phosphorylation sites of Elk-1, only five
have been shown to be phosphorylated by ERK1 (23). It is
possible, therefore, that the phosphorylation patterns gener-
ated by ERK1 and ERK2, respectively, are overlapping but not
identical and that activation of both MAPKs is necessary to
stimulate SRE-controlled transcription. The observation that
the ERK-CAAX fusion proteins are able to discriminate be-
tween ERK1 and ERK2, i.e., act as isozyme-specific inhibitors,
also emerged rather unexpectedly. During the course of this
study, however, it was demonstrated by others that ERKs as
well as other MAPKs form homodimers in vivo and that phos-
phorylation reduces the dimer KD more than 3,000-fold (45).
Phosphorylation of one monomer proved to be sufficient for
dimer stabilization (45). As the membrane-anchored ERK-
CAAX mutants are activated by EGF as well by Ras, they
should be able to associate with nonphosphorylated and phos-
phorylated endogenous ERKs. The data shown here demon-
strate that the transfection with the ERK-CAAX encoding
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constructs in which the ERK-CAAX fusion protein is under
control of the strong EF1a promoter generates remarkably
high intracellular expression levels of the corresponding pro-
tein. As the ERK-CAAX chimeras are predominantly local-
ized at the cell membrane and activated by constitutively active
Ras, it appears reasonable to postulate that the phosphory-
lated ERK-CAAX can form stable dimers with the corre-
sponding endogenous enzyme in RasL61-expressing cells.

The data presented here demonstrate that this homodimer-
ization does indeed occur. As the ERK-CAAX chimeras are
present in excess compared to the endogenous ERKs, they will
trap the corresponding wild-type MAPKs. Since the ERK-
CAAX fusion proteins are anchored to the membrane, the
trapped ERKs are sequestered at the cell membrane and un-
able to translocate. This model is supported by the observation
that in lysates of ERK-CAAX-expressing cells, the levels and
activities of the corresponding free (i.e., not ERK-CAAX-
bound) endogenous ERK or cotransfected tagged wild-type
enzyme are substantially reduced after immunoprecipitation of
the CAAX variants (Fig. 7)—a phenomenon which is not ex-
plained by a nonspecific coprecipitation of Ras-associated ki-
nases by the anti-CAAX antibody. Finally, a significant reduction
of Ras-induced translocation to the nuclei in ERK-CAAX-
expressing cells could be demonstrated.

The ERK-SAAX chimeras, which are also activated by
RasL61, should also form dimers with the corresponding en-
dogenous ERKs, a supposition which is supported by a de-
crease of endogenous ERK after depletion of the SAAX vari-
ant by immunoprecipitation. However, as the ERK-SAAX
variants are not membrane bound, they may freely translocate
to the nucleus and stimulate transcription of the c-fos–CAT
reporter. In fact, dimerization has been shown to be a prereq-
uisite for nuclear translocation (45). Thus, the formation of
dimers between the ERK-SAAX chimeras and the endoge-
nous enzymes or homodimerization of two corresponding
ERK-SAAX fusion proteins explains why expression of the
ERK-SAAX chimeras does not interfere with Ras-mediated
c-fos induction.

Alternatively, the inhibitory effects of the ERK-CAAX vari-
ants may also be explained by a model in which the membrane-
anchored ERK-CAAX chimeras trap MEK1 and MEK2 and
thereby interfere with the activation of the endogenous ERKs.
The difficulty with this model is that MEK1 and MEK2 have
both been shown to activate both ERK1 and ERK2 (14, 54, 73,
80, 94, 98, 99). It should be mentioned, however, that evidence
for separate activation pathways for ERK1 and ERK2 has been
presented (47, 48, 62). Furthermore, an ERK-specific scaffold
protein termed MEK partner 1 has recently been cloned; this
protein interacts with ERK1 and MEK1 but not with ERK2,
functionally linking a subset of components of the MAPK
pathway by facilitating specific protein-protein interactions,
which determines signaling specificity in the absence of over-
expression of MEK1 and MEK2, respectively (78). In view of
our immunodepletion studies and subcellular fractionation, it
seems unlikely that this mechanism explains the isozyme-spe-
cific action of the ERK1- and ERK2-CAAX chimeras.

Considering the fact that the ERK-CAAX fusion proteins
are mainly bound to the plasma membrane and homodimerize
with endogenous wild-type enzymes, it is surprising that the
ERK variants cause only a partial inhibition of the Ras-medi-
ated transcriptional activation of c-fos. In addition to stimulat-
ing the Raf/ERK cascade, Ras has been shown to stimulate the
JNK/SAPK and p38 MAPK pathways, which also lead to the
activation of Elk-1 and SAp-1a (7, 37, 38, 59–61, 71, 84, 93, 94).
Rac, Rho, RalGDS, Rlf, and Rgl have also been discussed as

mediating signals from Ras to the c-fos promoter (11, 31, 64,
66, 76, 95).

It cannot be excluded, therefore, that the ERK-CAAX re-
fractory part of the Ras-mediated c-fos induction is mediated
by one or more of these alternative pathways. It should be
noted, however, that although the CAAX variants are predom-
inantly found in the membrane fraction, a minor part remains
detectable in the cytosol and, as shown in Fig. 11, is accessible
to activation by Ras. This cytosolic ERK-CAAX fusion protein
is translocated upon activation by Ras (not shown) and able to
activate transcription of c-fos. The reason why not all of the
CAAX fusion proteins are bound to the membrane is probably
due to the high expression levels of these proteins. Farnesy-
lated Ha-Ras has been shown to be targeted to high-affinity
saturable binding sites at the plasma membrane, a process
which in addition to prenylation requires additional posttrans-
lational modifications (82).

As these ERK-CAAX chimeras are expressed in cells which
also overexpress oncogenic Ha-Ras, it is reasonable to assume
that the corresponding Ha-Ras binding sites at the membrane
are saturated. This conclusion is supported by the observation
that in cells transfected with the RasL61 expression vector,
elevated levels of Ha-Ras are detectable in the cytosol (not
shown). It may also be argued that according to the data, both
ERK1 and ERK2 may in principle be capable of activating the
transcription of the c-fos SRE-regulated reporter but that both
isotypes are required to obtain maximal activation and that
therefore inhibition of one isotype should lead only to a partial
reduction. This possibility can, however, be excluded, as coex-
pression of ERK1-CAAX and ERK2-CAAX does not enhance
the inhibitory effect (Fig. 4C).

In conclusion, the data presented here are consistent with a
model by which the ERK-CAAX chimeras inhibit Ras-medi-
ated transcriptional activation of c-fos by inhibiting the nuclear
translocation of endogenous ERKs. Endogenous ERKs are
trapped at the plasma membrane by dimerization with mem-
brane-anchored activated ERK-CAAX fusion proteins (Fig.
12). Recently, it has also been reported that phosphorylation of
MAPK induces its dimerization, which is required for its nu-
clear translocation (45). Until recently, however, direct evi-
dence in support of the notion that an inhibition of MAPK
translocation to the nucleus inhibits transcriptional activation
was lacking.

During the preparation of this report, Brunet et al. (5) pub-
lished data demonstrating that enforced cytoplasmic retention
of ERKs by coexpression of an inactive mutant of the cyto-
plasmic phosphatase MKP-3 inhibits Elk-1-dependent gene
expression and blocks activation of the c-fos promoter. The
data presented here, which were obtained by an entirely dif-
ferent strategy, provide additional independent evidence indi-
cating that nuclear translocation is indeed essential for the
transcriptional activation of c-fos by a Ras-dependent pathway
as proposed by others (4, 53, 57, 65, 85).
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