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Abstract

Mitogen-activated protein kinases (MAP kinases) or meiosis-activated
myelin basic protein kinase (p44mpk) are known to be activated by a

mechanism involving dual phosphorylation at both tyrosine and serine/
threonine in response to many extracellular stimuli. There has been con
siderable speculation as to whether MAP kinases are autophosphorylated
and activated by an upstream protein kinase (MAP kinase kinase) or an
activator of autophosphorylation or both. Here we report that the eft-
related proteins elk-1 and Aelk-1 to be potential physiological substrates

and activators of MAP kinases. Our results demonstrate for the first time
that MAP kinase activators can also be non-kinase proteins that enhance

the autophosphorylation and activation of MAP kinase. These findings
could establish a general mechanism wherein specific MAP kinase activa
tor protein(s) may function by interacting with MAP kinases ensuring a
conformational change and stimulating their autophosphorylation and
activation property. Our results also suggest that the ammo-terminal trun
cated elk-1 proteins are better activators of MAP kinase than full length

proteins indicating the presence of a potential negative regulatory region
which may control the kinase activator function of elk-1 proteins. Our
results suggest differential regulation of elk-1 and Aelk-1 proteins in fibro-

blasts stimulated by epidermal growth factor implicating a key role for
these proteins in the signal transduction pathway. These results establish
the presence of an alternative pathway for activation of MAP kinases.
Thus we propose that elk-1 proteins may represent key intermediates

which would transmit signals arriving at the surface of the cell from
activated receptors to downstream MAP kinases in the cytoplasm to reach
the transcriptional factors in the nucleus.

Introduction

Meiosis-activated myelin basic protein kinase or MAP2 or ERK are

a family of serine/threonine kinases that require phosphorylation on
tyrosine and serine/threonine residues for activation in response to
hormones and growth factors (for review, see Refs. 1 and 2). Studies
on the meiotic maturation in sea star and Xenopus oocytes have
contributed valuable information on the mechanism that regulates cell
cycle progression. Just before the onset of oocyte maturation there is
a tremendous increase in the phosphorylation of several protein ki
nases indicating their importance in the regulation of cell division
(2, 3). p44mpk is the major tyrosyl phosphorylated protein (4) of

several protein serine/threonine kinases that become activated in ma
turing sea star oocytes and also undergo a cyclic activation together
with the histone HI kinase during the early cell divisions in sea urchin
embryos (5).

There is compelling evidence that MAP kinases like p44mpk are

initially activated by another protein kinase and then further stimu
lated to undergo autophosphorylation (4). A similar scenario also
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exists with the other closely related serine/threonine kinases like
p42mapk, p44maPk, ERK-1, ERK-2, etc., (1,4, 6). To understand the

regulation of MAP kinases, it is necessary to investigate the upstream
factors which are responsible for their activation. There has been
considerable speculation as to whether the MAP kinase activator is a
protein that associates with MAP kinases increasing enormously the
rate of autophosphorylation and activation (6, 7) or a protein
threonine/tyrosine kinase/MAP kinase kinase (1, 8). MAP kinase ac
tivators have recently been identified in extracts from EGF-stimulated
Swiss mouse 3T3 cells (7), subsequently in nerve growth factor-

treated PC 12 cells (9) and phorbol esters treated U937 cells (10).
These activators were shown to be dual specificity tyrosine kinases
(MAPKK) since they caused tyrosine and threonine phosphorylation
of mutant p42nuipk in which autophosphorylation was destroyed by

mutagenesis (Ref. l and references therein; Refs. 8, 9, 11-14).

The els oncogene superfamily (Ref. 16 and references therein)
codes for a family of transcriptional regulators that function not only
by autonomous DNA binding (17-21) but also by indirect DNA
binding through association with cellular factors (22, 23). The elk-\
gene codes for at least two alternatively spliced products called elk-1
and Aelk-1 (16, 24). The elk-1 protein is a sequence specific tran
scriptional activator ( 18) which forms a SRF-dependent ternary com
plex with SRE similar to p621cl' and activates the fos gene (22).

Aelk-1 unlike elk-1 has lost the SRF interaction domain, negative
regulatory domain, and part of elk-1 DNA binding domain as a result

of alternative splicing (16). Hence it has lost the capacity to form a
SRF-dependent ternary complex with SRE and to activate the fos
transcription (16).3 Alternatively, our results (16) suggest that Aelk-1

can also function as an activator depending on the target sequences
and/or cell lines that are used for transcriptional activation studies (16)
indicating the importance of the reporter construct and cell lines used
in defining the activation or repression function of Aelk-1 protein.
Recently we have identified the elk-1 domains that are responsible for

several functions like autonomous DNA binding, for interaction with
SRF:SRE to form a ternary complex and also for negative regulation
of the DNA binding activity of full length elk-1 protein (25). Several
potential MAP kinase phosphorylation sites are present in both elk-1
and Aelk-1 proteins indicating that they could be potential physiolog
ical substrates for MAP kinases both in vitro and in vivo (26-28).
Coincidently p62TCF has recently been shown to be phosphorylated by

MAP kinases in vitro resulting in enhanced ternary complex formation
(29). Here we describe yet another novel function for the elk-\ gene

products, to act as an activator of MAP kinase. These results demon
strate for the first time that the MAP kinase activator can also be a
protein that might associate with MAP kinase and selectively enhance
both autophosphorylation and activation properties. Since MAP ki
nases are known to be activated by many extracellular mitogens such
as platelet-derived growth factor, EOF, and NGF, nerve growth factor,

etc. (Ref. l and references therein) and since we observe differential
regulation of elk-1 proteins by EOF, we propose that elk-1 family of

3 G. Bhattacharya, L. Leo, E. S. P. Reddy, and V. N. Rao, submitted for publicalion.

3449

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/15/3449/2450884/cr0530153449.pdf by guest on 19 M

ay 2023



ELK. 1 PROTEINS ARE SUBSTRATES AND ACTIVATORS OF MAP KINASE

proteins may represent key components in the growth factor-stimu

lated signal transduction cascade.

Materials and Methods

Expression and Purification of Recombinant ilk I and Aelk-1 Proteins.
The recombinant full length elk-1 protein used has been described previously
(I6).4 The construction, expression, and purification of the Aelk-1 and other

truncated elk-1 and Aelk-1 proteins used will be described in detail elsewhere.

Kinase Assays. Kinase assays were performed as described previously (26)
in a total volume of 25 nl with 0.16-24 /xg/ml elk-1 protein, p44m'>k(0.2-0.8
/Â¿g/ml;Upstate Biotechnology, Inc.), [?2P]ATP (36 H.M;10,000 cpm/pmol), and

assay buffer (pH 7.2) containing 12.5 MIMmorpholinopropanesulfonic acid,
12.5 rriM ÃŸ-glycerolphosphate, 7.5 ITIMmagnesium chloride, 0.5 ITIMEGTA,

0.05 m.Msodium fluoride, 2 ITIMdithiothreitol, and 0.5 HIMsodium vanadate. All
reactions were initiated by the addition of ["P]ATP and incubation was at 30Â°C

for 30 min. The reactions were terminated with sample buffer, separated by
SDS 12% polyacrylamide gel electrophoresis, and either dried directly or
transferred to Immobilen P membranes. The gel or membrane was exposed to
X-ray film. The bands corresponding to either p44"'pk or elk-1 were excised

and their radioactivity was counted. These data were used for calculating the
stoichiometry of phosphorylation of MAP kinase and elk-1.

Phosphoamino Acid Analysis. Phosphoamino acid analysis of the auto-
phosphorylated p44mpk and phosphorylated elk-1 were performed by excising
the radiolabeled p44'npk and elk-1 bands from the membranes. Membrane

slices containing the proteins were hydrolyzed in 5.7 N constant boiling HC1
(Sigma) as described by Kamps and Sefton (30). After hydrolysis the super-

nalants were speed vacuum dried, resuspended in 5 /xl of electrophoresis buffer
[pyridine:acetic acid:water. 1:10:189 (v/v)], and spotted onto a Sigma thin
layer chromatography sheet. Phosphoserine. phosphothreonine, and phospho-

tyrosine standards (3 /ig of each) were electrophoresed alongside the sample.
One-dimensional electrophoresis was performed at pH 3.5 and 500 V for 3 h

or at 1400 V for 20 min and radiolabeled phosphoamino acids were detected
by autoradiography.

Iminunoprecipitation of elk-1 and Aelk-1 from EGF-treated Cells.
Briefly, confluent 100-mm plates of NIH 3T3 cells were pretreated for 24 h
with serum-free Dulbecco's modified Eagle's medium. The cells were labeled

with [15S]/rao.v label with or without the addition of EOF (100 ng/ml) for 30

min. The cells were lysed in radioimmunoprecipitation assay buffer. Following
sedimentation the supernatants were subjected to immunoprecipitation using
either rabbit5 anti-elk-1 polyclonal antibody or preimmune serum as described

(16). The samples were subjected to 12% SDS-polyacrylamide gel electro

phoresis, fluorography. and autoradiography.

Results and Discussion

The deduced amino acid sequence analysis of elk-1 and Aelk-1

proteins revealed the presence of three optimum consensus sequences
for recognition by MAP kinase phosphorylation [Pro-X-(ser/Thr)-Pro]
(26-). One site appears at the threonine residue located at position 133
in the amino acid sequence (PGTP) which is absent in Aelk-1 protein.
The other two sites are present in the COOH-terminal region at serine

residues 324 and 389 (PLSP, PRSP). Apart from these there are
several suboptimum consensus sequences, one located at threonine
residue 222 and others at the COOH-terminal region (26-28) at thre

onine residues 336, 353, 363, 368, and 417 and serine residues 383
and 422 (XTP) suggesting that these proteins could be potential sub
strates for MAP kinases in vivo and implying a key role for MAP
kinases in mediating transcriptional activation of elk-1 and Aelk-1
proteins by external stimuli. Recently1 we and others have shown the
COOH-terminal region of elk-1 (31, 32) and Aelk-11 proteins to

function as an autonomous as well as growth factor-regulated tran

scriptional activation domain the activity of which is dependent on
phosphorylation.

Proteins that contain multiple potential MAP kinase phosphoryla
tion sites include retinoblastoma proteins, myb, tau, RNA polymerase
II, c-jun and c-myc (26, 28, 33). In order to investigate whether MAP
kinase phosphorylates elk-1 and Aelk-1 proteins, we expressed the full
length and several amino-intemal and carboxy-terminal deletions of
elk-1 and Aelk-1 proteins in bacteria (Fig. 1Â«),These proteins were
purified and used as substrates for p44n'pk, ERK-1, and ERK-2 in an

in vitro phosphorylation assay. We have found both elk-1 and Aelk-1
proteins to be phosphorylated in vitro by purified p44"'pk (Fig. \b,

Lanes 3 and 5), ERK-1, and ERK-2 (data not given), suggesting that

they could be physiological substrates for MAP kinases in vivo. In
terestingly, we also observed simultaneously a moderate stimulation
of autophosphorylation of p44mpk using full length elk-1 protein (Fig.

la, 7-fold). This effect was dramatically enhanced (Fig. 1, â€”¿�100fold)
in the presence of the amino-terminal truncated elk-1 protein (amino
acids 305^28) suggesting that the amino-terminal truncated elk-1

protein is a better activator and substrate for MAP kinase than the full
length elk-1 protein. We propose that autophosphorylation is involved

in the MAP kinase activation process. These results also suggest the

MAP kinase aulophosphorylalion
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4 V. N. Rao and E. S. P. Reddy. unpublished results.
5 V. N. Rao, unpublished results.
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Fig. I. Effect of the different deletions of elk-1 and Aelk-1 proteins on the in vitro
autophosphorylation and activation of MAP kinase (p44mPk kinase). (A) Schematic rep
resentation of the various recombinant elk-1 and Aelk-1 proteins used and their corre

sponding activation of MAP kinase autophosphorylations. 0, purified sea star MAP kinase
(p44mpk) (0.8 Â¿ig/ml)incubated at 30Â°Cfor 30 min in the absence (Lane I ) and presence

[Lane 3, elk-l protein (amino acids 1-428); Lane 4, elk-1 (amino acids 1-205); Lane 5,
Aelk-1 (amino acids 1-285); Lane 6, Aelk-1 (amino acids 1-172); iMne 7, elk-1 (amino
acids 305-428)] of the various purified recombinant elk-1 and Aelk-1 proteins. Approx
imately 8 Â¿ig/mlof the various proteins were used. Lane 2 represents the buffer blank
without the kinase and elk-1 proteins. The reaction was carried out in the presence of
36 /xg/ml ATP and MgCU for 30 min at 30Â°Cas described in "Materials and Methods."

The reaction was terminated with SDS sample buffer and the proteins were separated on
a 12% SDS-polyacrylamide gel electrophoresis followed by autoradiography. The Mr
44.000 band in Lanes I and 3-7 represents the MAP kinase (p44'"Pk); the M, -82,000
band in Lane 3 represents full length elk-1 fusion protein; the MT â€”¿�60,000band in Lane
5 represents full length Aelk-1 fusion protein, the major M, â€”¿�37,000 and several minor
bands which can be seen more clearly in Fig. 2 represent the amino-terminal truncated
elk-1 protein (amino acids 305-428). The lower bands are due to premature termination
of the fusion protein since they cross-react with the elk-1 antisera (data not given). kD,

molecular weight in thousands.
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presence of a potential regulatory region in the NH2-terminal domain
of elk-1 and Aelk-l proteins which may be interacting in vivo with

other factors resulting in the MAP kinase activation function of these
proteins. It may be possible that the activation observed by the trun
cated elk-1 (amino acids 305-428) on MAP kinase in vitro may also
hold true in vivo. Especially in the case of elk-1 protein one can

speculate that interaction with the SRF and SRE may cause a Â«infor
mational change making the COOH-terminal region available for

interaction with another protein factor (like MAP kinase) resulting in
the phosphorylation by MAP kinase as well as simultaneous activation
of MAP kinase. Since Aelk-l protein lacks the SRF interaction do
main it may be binding to an unidentified factor (Aelk-l -associated

factor) which may cause a contbrmational change facilitating the
COOH-terminal domain to be amenable for phosphorylation by MAP

kinase and activation of MAP kinases. We are presently investigating
these possibilities. Alternatively, there could be other factors that
might bind to the elk-1 proteins and activate its MAP kinase activator
function. Like elk-1, protein kinase C and p74 raf-\ also contain an
NHi-terminal regulatory region which controls their kinase activity

(Refs. 34 and 35 and references therein). It has been speculated that
activation of these kinases may involve the binding of an activator
factor to this site (34). Under the kinase conditions described above
both elk-1 and Aelk-l proteins as such do not possess autophospho-

rylation (see bacterial expression/no kinase activity; Figs. 2 and 3) and
intrinsic kinase activity using myelin basic protein as a substrate (data
not given). The question regarding whether elk-1 proteins activate
other closely related MAP kinases. raf-\. and MAP kinase kinase

remains unanswered and is presently being investigated.
Since we observed maximum activation of MAP kinase autophos-

phorylation and phosphorylating activity using an NH^-terminal trun
cated elk-1 protein and to exclude the possibility that this could be due
to a contaminating bacterial protein, we purified the elk-1 (amino
acids 305-428) fusion protein expressed in bacteria to near homoge-

elk-1 (305-428) -

1234567 kD

-97

-68

-43

-29

Fig. 3. Effect of increasing concentration of the purified elk-1 (amino acids 305-428)
fusion protein on the autophosphorylation and activation of MAP kinase (p44mPk). Puri
fied sea star p44mpk (0.2 Â¿Â¿g/ml)was incubated at 30Â°Cfor 30 min in the absence (Lane

I ) und presence (Â¡Mue3, 0.16 /xg/ml: Ideine4, 0.8 Â¿tg/ml;Utne 5, 1.6 fig/ml; Lune 6, 8
fig/ml; Lune 7. 24 Â¿ig/ml)of purified elk-1 protein. IMHC2 contains 8 jug/ml of purified
elk-1 protein (amino acids 305â€”428)without MAP kinase. The reaction was terminated by
the addition of SDS sample buffer and subjected io 12^ SDS-polyacrylamide gel elec-
trophoresis and autoradiography as described in "Materials and Methods." Arrow, p44mpk

auiophosphorylaied band. kD. molecular weight in thousands.
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Fig. 2. Expression and purification of recombinant mutant elk-1 (amino acids 305-428)
protein. Lane I. Gex 3X vector: Â¡Mue2. Gex 3X + elk-l (amino acids 305-428); Lane 3,
affinity column-purified GST-elk-1 (am
column-purified GST protein.4 The deta

be described in detail elsewhere. Arn
minor bands represent prematurely tern-
react with elk-1 antisera (data not give

no acids 305-428) fusion protein; Lane 4. affinity
Is of the cloning, expression, and purification will
v. GST-elk-1 fusion protein (M, -37.000). The
mated GST-elk-1 fusion protein since they erras

ti). kD. molecular weight in thousands.

Fig. 4. Phosphoamino acid analysis of 12P-p44mpk and 1:P-e!k-l (amino acids 305-
428). The hands corresponding lo radiolabeled p44l"i">i Lane /) and elk-1 (Lane 2) bands

shown in Fig. 3. lune 6. were excised and subjected io phosphoumino acid analysis as
described (30). Auloradiograni; indÃnate,and the position of migration of phosphoamino
acid standards. /A phosphoserine; [>'. phosphothreonine; /j1. phosphotyrosinc.

neity (Fig. 2). The purification (Fig. 2. Lane 3) yielded a major M,
â€”¿�37.000GST-elk-1 fusion protein and several minor products which

are likely to be the products of premature terminated fusion protein
since they reacted antigenically with elk-1 antibody (data not given).

These bands were discernible only in the induced sample shown in
Fig. 2 and phosphorylated by MAP kinase (Fig. 3) indicating that they
could be products of premature termination.

In order to determine whether stimulation of autophosphorylation
and activation of MAP kinase is dependent on the concentration of the
activator and substrate, we have carried out kinase reaction with a
constant amount of MAP kinase and increasing amounts of the puri
fied NHrterminal truncated elk-1 protein and studied the effect on

autophosphorylation and simultaneous stimulation of MAP kinase
activity (Fig. 3). The same experiment was also repeated with purified
GST protein as a control (data not given). Our results show that with
increasing concentration of GST-elk-1 fusion protein, but not with the
GST protein, there was a concomitant increase both in the autophos-
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phorylation and activation indicating that it was dependent on the
concentration of the activator protein (Fig. 3).

Purified p44"'pk has previously been shown to undergo autophos
phorylation in vitro on seryl residues upon incubation with [y-12?]-

ATP which results in modest enhancement of its myelin basic protein-

phosphorylating activity (36). Seryl phosphorytation has been
suggested to be regulatory since autophosphorylation of purified
p44'"i'k was associated with enhanced kinase activity which was re

versed partially by the protein-seryl/threonyl phosphatase 2A. How

ever, in the case of other related MAP kinase family members such as
p42"';lpk. p44erk '. and Xenopus p42, both tyrosyl and threonyl phos-

phorylation but not seryl phosphorylation are required for kinase
activity (6. 37). The MAP kinase (p44'"pk) which we have used is

already tyrosine phosphorylated (4). To examine the residue on which
the phosphate was incorporated. p44"'pk autophosphorylated in the
presence of P2P]ATP and activator elk-1 protein was subjected to

SDS-polyacrylamide gel electrophoresis and either used as such or
transferred to PVDF membrane: the band corresponding to p44"'pk
was excised, hydrolyzed with 5.7 N HCI at 110Â°Cfor 1 h, and then

subjected to phosphoamino acid analysis (Fig. 4). Both serine and
threonine residues were found to incorporate radioactive phosphate
(Fig. 4). Additionally, the gel was treated with l M KOH at 50Â°Cfor

2 h, washed extensively with acetic acid and methanol. dried, and
subjected to autoradiography. Our results showed that autophosphor
ylation of MAP kinase was sensitive to alkali treatment indicating that
the phosphate was incorporated on serine/threonine residues (data not
given). Under these conditions we found 1-2.5 mol of phosphate

incorporated/mo! of MAP kinase. The stoichiometry of 2.5 mol of
phosphate/mol of kinase was consistent with the autophosphorylation
on at least two residues contrary to what was observed earlier for sea
star p44'"pk. which autophosphorylated on seryl residues in virm (36).

It may also be possible that in the presence of the activator, phos
phorylation of additional threonine residues besides the already re
ported serine autophosphorylation sites become accessible and may be
required for effective MAP kinase activation. However, we cannot
rule out the possibility of the presence of minute contamination of
seryl/threonyl kinases (sea star isoform p44'-KK ') (4) in the MAP

elk-1

â€¢¿�AC

jf
x

elk-1 DNA Binding domain (EDB)

elk-1 SRF Interaction domain (ESI)

Negative Regulatory DNA binding domain (NRD)

elk-1 MAP kinase Activation domain (EMA)

Optimum consensus MAP kinase site (P-X-S/T-P)

Suboptimum consensus MAP kinase site (X-T-P)

Potential Negative Regulatory MAP kinase
Activation domain (NRMA)

Fig. 5. Schematic representation of the various functional domains and putative MAP
kinase phosphorylation sites of elk- 1 and Aelk-l proteins.
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Starved EGF 30 min.
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Fig. 6. Differential regulation of elk-1 proteins by EGF. NIH 3T3 cells were labeled

with | Ã¯sS|mÂ«i.vlabel and treated with or without EGF for 30 min. The elk-1 and Aelk-l
proteins were immunoprecipitated with elk-1 antisera and subjected to 12r/( SDS-poly
acrylamide gel electrophoresis and tluorography. /Ir/mi'.v. position of elk-1 and Aelk-l
proteins. l.efl onlintiti'. size of the protein marker (A/) in kilodaltons. P.S. and /VS..
preimmune sera and elk-1 antisera, respectively. The high molecular weight protein hand
seen in IMIU'H2 and 4 may represent .'.elk-I/elk-l-associated factor.

kinase (p44"'pk) preparation which may be threonyl phosphorylated

since this residue is conserved. An alternate possibility would be the
contamination of the serine- and threonine-phosphorylated elk-1 pro

tein. We are presently investigating these possibilities. The rate and
extent of phosphate incorporated into MAP kinase was low (0.09 mol
of phosphate incorporated/mol of MAP kinase: Fig. 3. Lane I ) com
pared to that seen upon incubating the en/yine with increasing con
centrations of activated elk-1 protein (1-2.5 mol/mol MAP kinase:
Fig. 3, Lanes 3-7). Therefore, autophosphorylation as such in the
absence of elk-1 protein is not sufficient for full activation of MAP

kinase. The autophosphorylation of MAP kinase correlated well with
the increase in phosphorylation activity of MAP kinase on elk-1. More
than 100-fold increase in phosphorylation activity of MAP kinase on
elk-1 was observed under limiting substrate concentration (â€”0.21

fJ-M).

In order to determine the sites phosphorylated in vitro by MAP
kinase. the phosphorylated bands corresponding to elk-1 substrate on

PVDF membranes were excised and hydrolyzed with 5.7 N HC1 at
1I()Â°Cfor 1 h and then subjected to phosphoamino acid analysis as
described in "Materials and Methods" (Fig. 5). Radioactive phosphate

was incorporated on both serine and threonine residues. As mentioned
earlier there are multiple optimum and suboptimum MAP kinase
recognition consensus sequence in the elk-1 and Aelk-l proteins (Fig.
5). Since most of these putative sites except two lie in the carboxy-
terminal region of the elk-1 protein, four of which are seryl residues

(PLSP, PRSP, and XTP) and five at threonine residues (XTP), it may
be possible that both serine and threonine residues are being phos
phorylated which supports the data obtained by phosphoamino acid
analysis. The question regarding which of these residues are phos-
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EGF

(MAP klnase)

Inactive\ X

Fig. 7. Proposed model tor the activation of
MAP kinases by elk-1 in response to EGF stimula
tion. Here elk-1 represents elk-1 and/or Aelk-1.

Regulation of
Transcription I c-fos promoter

Activation of c-fos transcription

phorylated and which if any are involved in the MAP kinase activator
function is presently under investigation.6 Our recent results suggests

that elk-1 protein can activate only tyrosine-phosphorylated MAP

kinase (data not shown). These findings are very critical for under
standing the mechanism of activation of MAP kinase by elk-1 for they
suggest regulation of MAP kinase activity by tyrosine phosphoryla-

tion (possibly by receptor tyrosine kinase or autophosphorylation or
MAP kinase kinase) followed by serine/threonine phosphorylation
and activation by elk-1 protein(s).

MAP kinases are known to be rapidly stimulated in Swiss 3T3
following treatment with epidermal growth factor (7). Since we know
that elk-1 proteins are activators of MAP kinase, we therefore checked
the expression of elk-1 and Aelk-1 proteins in NIH3T3 cells exposed
to EOF.6 Our results show that elk-1 (corresponding to MT â€”¿�63,000

band) but not Aelk-1 protein (corresponding to Mr ~41,000 band)

levels increased within 5 min and peaked at 30 min after stimulation
with EGF (Fig. 6). We observe differential regulation of elk-1 and
Aelk-1 protein by EGF indicating the involvement of elk-1 proteins in

the EGF induced signal transduction pathway. Thus alternative splic
ing provides a mechanism by which gene expression can be regulated.
It remains to be seen whether cells expressing Aelk-1 can keep elk-1

function (like DNA binding, transcriptional activation) independently
from the activation status of the cell, thus facilitating a basal elk-1

function insensitive to the variation of growth factors as seen in the
case of c-ets-\ gene products (38^tO). Since we know that elk-1 and
Aelk-1 proteins are phosphorylated in vitro we plan to study whether

phosphorylation of these proteins by external stimuli effect in any way
their DNA binding, protein-protein interaction, and transcriptional

activation function. This work is presently under investigation. Our
data agree with the work of others (41) where they have shown that
treatment of astrocytoma cells with EGF, phorbol 12-myristate 13-
acetate, and serum which are known to stimulate c-fos mRNA also

stimulates the formation of ternary complex consisting of SRE, p67
SRF, and elk-1 (p62TCF). Thus formation of this complex may be

critical for the activation of c-fos transcription. It would be interesting
to investigate whether other elk-1-related proteins like Sap-la and
Sap-lb can be stimulated by growth factors or activate MAP kinase.

Future work should clarify the distinct roles in vivo of the various
elk-1 related proteins (elk-1, Aelk-1, Sap-la, Sap-lb, etc.). The ques
tion as to whether elk-1 proteins specifically activate some MAP

kinases or activate in general other closely related protein kinases is
presently under investigation. It is possible that Aelk-1 protein acti
vates MAP kinases in the cytoplasm and elk-1 in the nucleus.

Taking all our results on the elk-1 into consideration we have

proposed a working hypothetical model (Fig. 7). In this model we
propose that activation of the EGF receptor results in the tyrosine
phosphorylation of MAP kinase and induction of elk-1 proteins, fol

lowed by interaction and activation of MAP kinase and finally acti
vation of transcriptional factors in the nucleus.7 Our recent results

suggest that elk-1 protein associates, activates, and is in turn phos

phorylated by MAP kinase. We propose that MAP kinase activators
like elk-1 may represent common targets that integrate and transmit

signals from EGF and several other receptors at the cell surface to
transcriptional factors in the nucleus (Fig. 7). If this working model
should turn out to be true, it would establish a novel signal transduc-

* V. N. Rao el al., unpublished results. 7 V. N. Rao et al., submitted for publication.
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tion mechanism in which a target of a signaling molecule can also
function as its activator.
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