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The activation of MAP kinase (MAPK) signal transduc-
tion pathways results in the phosphorylation of tran-
scription factors by the terminal kinases in these
cascades. Different pathways are activated by mitogenic
and stress stimuli, which lead to the activation of
distinct groups of target proteins. The ETS-domain
transcription factor Elk-1 is a substrate for three
distinct classes of MAPKs. Elk-1 contains a targeting
domain, the D-domain, which is distinct from the
phosphoacceptor motifs and is required for efficient
phosphorylation and activation by the ERK MAPKSs.
In this study, we demonstrate that members of the
JNK subfamily of MAPKs are also targeted to Elk-1
by this domain. Targeting via this domain is essential
for the efficient and rapid phosphorylation and activa-
tion of Elk-1 both in vitro and in vivo. The ERK and
JNK MAPKSs use overlapping yet distinct determinants
in the D-domain for targeting to Elk-1. In contrast,
members of the p38 subfamily of MAPKs are not
targeted to Elk-1 via this domain. Our data therefore
demonstrate that different classes of MAPKs exhibit
differential requirements for targeting to Elk-1.
Keywords Elk-1/ETS-domain proteins/MAP kinase/
TCFsltranscription factor

Introduction

p38y and p3® (Guptaet al, 1996; Jianget al, 1996;
Lechneret al, 1996; Steinet al, 1997; Cuendeet al,
1997; Goedereet al, 1997; Wanget al, 1997; Enslen

et al, 1998; reviewed in Whitmarsh and Davis, 1996;
Robinson and Cobb, 1997). In addition, multiple MAPK
isoforms are generated by alternative splicing which is
best illustrated by the INK MAPKs (Gup#t al, 1996).

The large number of MAPKSs potentially allows differential
phosphorylation of nuclear substrates and thereby specific
responses to upstream signals. However, the substrate
specificity determinants for these related kinases are just
beginning to be understood.

A combination ofin vitro andin vivo approaches has
led to the identification of several nuclear targets for
MAPK pathways. For example, c-Myc (Gupta and Davis,
1994) and Spi-B (Macet al, 1996) are ERK substrates,
c-Jun (Derijardet al, 1994; Kyriakiset al, 1994) and
NFAT4 (Chowet al.,, 1997) represent JNK targets, whereas
CHOP (Wang and Ron, 1996) and MEF2C (Hetnal,
1997) are targets for the p38 pathways. ATF-2 (Gupta
et al, 1995; Livingstoneet al, 1995; Van Damet al,
1995) and ATFa (Guptat al, 1995; Boccoet al,, 1996)
are targets for both the JNK and p38 stress-activated
pathways. Members of the ternary complex factor (TCF)
sub-family of ETS-domain transcription factors are also
targets of MAPK pathways (reviewed in Treisman, 1996;
Whitmarsh and Davis, 1996). The TCF Elk-1 is a target
for all three pathways (Pricet al,, 1996; Janknecht and
Hunter, 1997a; Whitmarstet al, 1997; reviewed in
Treisman, 1996). However, another family member,
SAP-1, appears to only be phosphorylated and activated
efficiently by the ERK and p38 pathways (Prie¢ al,
1996; Whitmarshet al,, 1995, 1997; Strahét al., 1996),
although it can also act as a JNK substrate (Janknecht and
Hunter, 1997b). Phosphorylation of the TCFs takes place
at multiple residues in the conserved C-terminal transcrip-
tional activation domain (C-domain) which leads to
enhanced DNA binding and TCF-mediated transcriptional

The MAP kinase (MAPK) pathways play major roles activation (reviewed in Treisman, 1994, 1996; Price
in converting mitogenic and stress stimuli into nuclear et al, 1996).

responses (reviewed in Treisman, 1996; Whitmarsh and It is becoming apparent that the substrate specificity of
Davis, 1996). In humans, at least three parallel pathways MAPKs is determined by two components: the sequence
exist which can be classified according to the sequenceand local context of the phosphoacceptor motifs, and
conservation in the terminal MAPKs. The ERK pathway binding of the kinase to docking sites on the substrate.
primarily transmits mitogenic and differentiation stimuli, For example, in the case of phosphorylation of c-Jun by
whereas the JNK and p38 pathways primarily transduce the INK MAPKs, the local context of the phosphoacceptor
stress and cytokine stimuli to the nucleus. These pathwaysmotifs plays a major role in substrate specificity determina-
are conserved in a diverse range of organisms includingtion in combination with targeting via a kinase docking
Saccharomyces cerevisjad@rosophila melanogasteand domain on the transcription factor (Derijaed al., 1994;
Caenorhabditis elegangreviewed in Treisman, 1996). Kallunki et al, 1994, 1996; Slusst al, 1994; Daiet al,,
Several distinct MAPKs have been identified in each class 1995; Guptaet al, 1996). A short region of c-Jun, the
of pathway. For example, the ERK subclass contains -domain, appears to be sufficient for this interaction
ERK1 and ERK2, the JNK subclass contains JNK1, JNK2 (Derijard et al, 1994; Kallunkiet al, 1994, 1996; Sluss
and JNKS3, and the p38 subclass contains p38383, et al, 1994; Daiet al,, 1995; Gupteaet al, 1996). Similar
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interactions occur between JNK MAPKs and ATF-2 via A

a short motif which is distinct from the phosphoacceptor g PSR,
sites (Gupteet al., 1995, 1996; Livingstonet al., 1995). SsT208 D c R G e s
It has recently been demonstrated that the ERK MAPKs

are also targeted to a nuclear substrate, Elk-1, by a docking N — " B30 1 1 1
motif known as the D-domain which is conserved amongst GsT330 -

the TCFs (Yanget al, 1998). The D-domain is located === TR BORAE RSN B

N-terminally from the transcriptional activation domain N 28 Eka4s 019:0.05 016003 0.92:0.8
and is required for efficient phosphorylation of Elk-1
within this adjacent domain and hence enhancement of its
transcriptional activation potential (Yareg al, 1998). ERK2 JNK-1 p38y
In this study, we have investigated the targeting of a I

1 I 1
panel of mitogen- and stress-activated MAPKs to Elk-1. fjga ';39 ,§’ 9?9 ‘,\?‘? 559 -5? -:59 f,\‘;) 939 ff;’? ';?
Elk-1 has been implicated as a substrate for members of & & & & & F &F & & & & &
all three classes of MAPKs and hence represents an o)
excellent candidate to investigate targeting of MAPKs. -

The ERK and JNK MAPKs are both targeted to Elk-1 pray

via the D-domain. Targeting is essential for efficient -_— -__ -
phosphorylation of Elk-In vitro andin vivo. However, — -— -
different residues in the D-domain are importantforERK 1 2 3 4 5 & 7 &8 8 10 11 12

and JNK binding. In contrast, the p38 MAPKs are not _ _ . _ .
targeted to Elk-1 via the D-domain. Our results therefore Fig- 1. Differential re&;‘\';e}én%t for the D-doman for efficient Elk-1

H . . . osphorylation S. lagram lliustrating a series o
demc_)ns_trate that I_Elk'l Comams adocking Slte _that COmalnsfrunc‘::ltedyElk-l pr)(/)teins fused to GSgT. The black b%x represents the
specificity determinants which allow recognition by tWo p-domain of Elk-1 (amino acids 312-334), and the numbers of the
different classes of MAPKs but exclude binding of a third N- and C-terminal amino acids in the Elk-1 moiety are indicated. The
class. Such specificity determinants within transcription degree of phosphorylation of each protein in the immune complex

; : ; protein kinase assay (relative to EIk-310) is indicatd®). The
factor substrates are Ilkely to play a p|v0tal role in phosphorylation of GST-EIk fusion proteins by MAPKs was examined

producmg unique nuclear responses to the activation of ;ging either activated ERK2 or epitope-tagged INK-1 and/p@fich

diverse MAPK signal transduction pathways. had been immunopurified from UV-activated COS-1 cells. The activity
of each protein kinase towards the substrate GST-EIk205 was
standardized with respect to activated ERK2 (1U, NEB). Kinase

Results assays were performed for 15 min at 30°C with equal molar quantities

. ; . ; (5 pmol) of GST-EIk-1 fusion proteins as substrates.
Differential requirement for the Elk-1 D-domain for

phosphorylation by MAPKs in vitro required for efficient phosphorylation of Elk-1 by the
Elk-1 has been shown to be a@m vitro substrate for all ERK and JNK MAPKs but not by p38
three classes of MAPKs and to be regulated by these |n order to determine whether the differential require-
kinase cascades vivo (Priceet al, 1996; Janknecht and  ment for the D-domain is conserved within each class of
Hunter, 1997a; Whitmarstet al, 1997; reviewed in  MAPK, we tested the ability of several members of
Treisman, 1996; Whitmarsh and Davis, 1996). It has each subfamily to phosphorylate full-length Elk-1 in the
recently been demonstrated that Elk-1 contains an ERK presence or absence of the D-domain. The activity of each
targeting motif that maps to the D-domain which is located MAPK towards Elk-1 was initially standardized (Figure
N-terminally from the transcriptional activation domain 2B, lanes 1-4; Figure 2C). The kinetics of phosphorylation
(Figure 1A). The integrity of this domain is required to of wild-type Elk-1 were virtually indistinguishable (Figure
allow efficient Elk-1 phosphorylatioim vitro (Yanget al,, 2B, lanes 1-4), although graphical analysis indicated that
1998). In order to investigate whether the efficiency of phosphorylation by ERK-2, JNK-1 and, to a lesser extent,
Elk-1 phosphorylation by members of the stress-activated JNK-2 was non-linear and rapidly reached maximal levels
MAPKs is enhanced by the presence of the D-domain, (Figure 2C). In contrast, differential phosphorylation of
we investigated the ability of a representative member of EIk-1AD (which lacks the D-domain) by individual
each subclass, JNK-1 and 38 phosphorylate a series MAPKs was observed (Figure 2B, lanes 5-8; Figure 2C).
of truncated Elk-1 derivatives (Figure 1). The kinetics and overall efficiency of phosphorylation
N-terminal truncations of Elk-1 up to amino acid 310 ©f EIk-1AD by p38&x, p3&3, and p3§ were virtually
(EIk-310) did not alter the efficiency of Elk-1 phosphoryl- indistinguishable from wild-type Elk-1 (compare Figure

; ; 2B, lanes 1-4 and 5-8; Figure 2C). In contrast, the kinetics
ation by ERK2. However, truncations up to and beyond .
amino acid 330 (Ek-330 and EIk-349), which delete the Of Elk-1AD phosphorylation by ERK2, JNK-1 and JNK-2

D-domain, resulted in a significant reduction in Elk-1 were delayed and the overall efficiency greatly reduced.

X : o ) It appears, therefore, that the differential requirement for
gthglsprl]ggg?“g?m(ir;ﬂ;r?htAéfEé?géﬁylc?f' pl)%rc])i;hlo_r?/ia\t{i?)rr]lg the D-domain for efficient phosphorylation of Elk-1 is a
of the proteins EIk-330 and EIk-349 by JNK-1 was g?n'\}rxgr&property of all members of a particular subclass
dramatically reduced (Figure 1A; Figure 1B, lanes 5-8). '

In contrast, the efficiency of phosphorylation of all the [|dentification of important residues in the

Elk-1 deletion proteins by p38was virtually identical D-domain

(Figure 1A; Figure 1B, lanes 9-12). Taken together, these The D-domain plays an important role in enhancing Elk-1
results indicate that the integrity of the D-domain is phosphorylation by the ERK and JNK MAPKSs. In order

1741



S.-H.Yang et al.

A A B 310334_C
Elk-1
1 93 148 168 D 351 399 428
A B c
C——F+—1—4 71—  Ek14D
B Elk-1 Elk-1AD
1 1 1
16 30 60 120 16 30 60 120 (min)
- oo GEER ERK2
T G D JNK1
. s a-GID - JINK2
- - o g - = QD P38a
S s D - —g P38p,
- o D

— e QD P38y

C
B ERKZ ,——= 2= JNKA = =) JNK2 =
i . I
el e
lesse s g pum f7| 3o
o A fu —* 5= /
i. i. // i Iy
i- - -l e

o E :"- T.“T " mn memT o 1m m ‘m’-.“]. Rl mwm

Fig. 2. Kinetic analysis of Elk-1 phosphorylation by MAPKs in the
presence and absence of the D-domafy). Riagrammatic illustration

of full-length Elk-1 and Elk-1 with a nine amino acid deletion in the
D-domain (Elk-1AD). Bacterially expressed FLAG epitope-tagged full-
length Elk-1 and EIk-AD proteins were purified and equimolar
concentrations were used in all assay. Full-length Elk-1 (lanes 1-

4) and EIk-AD (lanes 5-8) (3.75 pmol of each) were phosphorylated
by MAPKSs (as indicated on the right panel of the figure) for the times
indicated above each lane. The activity of each kinase was
standardized to ERK-2 as described in FigureQ). Graphical
representation of the data from (B). Open and closed squares denote
wild-type Elk-1 and EIk-D\D respectively used as MAPK substrates.
Data are presented relative to phosphorylation of wild-type Elk-1 after
120 min (taken as 100).

A wild type: 2KGRKPRDLELPLSPSLLGGPGPE **
M1  (RIM4AIKI16A): AA
M2 (RIMTAIL319A): AA
M3 (L323A/S324A): AA
M4  (L327A/L32BA): AA
M5  (L31SA/L321A): AA
&@\-423
B WT ™ M2 M3 M4 WT M5
— e>ee cR2 @D
-_— - —engp JNK-1 o
—-_—— - - o JNK-2 e
R e— e - O e p38(:r. -—
D —— —— e e D38, ===
p3sy e TN
1 2 3 4 5 6 7

Fig. 3. Identification of residues within the D-domain required for
efficient phosphorylation by MAPKsA() Amino acid sequence of the
wild-type (WT) and D-domain mutants R314A/K315A (M1), R317A/
L319A (M2), L323A/S324A (M3), L327A/L328A (M4) and L319A/
L321A (M5) are indicated. Numbers above the sequence represent the
N- and C-terminal residues in the D-domaiB) Kinase assays of
wild-type and mutant GST-EIk205 fusion proteins by MAPKs were
carried out as described in Figure 1. Amounts of phosphorylation of
the mutant M1, M2, M3, M4 and M5 Elk-1 proteins relative to WT
Elk-1 (taken as 1) are 0.4% 0.06, 0.40+ 0.04, 1.10+ 0.22, 1.12+
0.28 and 0.23+ 0.11 (ERK2; Yanget al, 1998); 0.45+ 0.06, 0.39+
0.11, 0.63= 0.10, 1.19+ 0.20 and 0.21*+ 0.06 (JNK-1); 0.39+

0.04, 0.28+ 0.06, 0.46+ 0.09, 1.01+ 0.01 and 0.14+ 0.05

(INK-2); 0.79+ 0.07, 0.72+ 0.04, 1.0= 0.09, 1.17+ 0.24 and
0.75+ 0.35 (p3&); 0.71 = 0.15, 0.66+ 0.04, 0.97+ 0.01, 1.05+
0.07 and 0.77= 0.09 (p38,); and 0.97+ 0.08, 0.9+ 0.18, 0.98*
0.17, 1.08+ 0.18 and 1.22+ 0.31 (p3§).

of Elk-1 phosphorylation by p38and, in comparison with
the effect on ERK and INK MAPKSs, only small differences
were seen for phosphorylation of the M1 and M2 mutants
by p3& and p3®, (Figure 3B). Finally, an additional
mutant was created (M5) which has mutations in both of
the leucine residues which make up the conserved ‘LXL
central core of several MAPK targeting motifs (Yang
et al, 1998). The efficiency of phosphorylation of the M5
mutant by the ERK and JNK MAPKs is severely reduced

to investigate whether identical residues within this domain whereas little effect is seen on phosphorylation by the
are involved in this function, pairs of amino acids were p38 MAPKs (Figure 3B, lane 7).

mutated to alanine residues (Figure 3A). Such mutations

These results demonstrate that residues in the D-domain

should preserve any structural motifs which are present butplay different roles in directing phosphorylation of Elk-1
remove side chains which are available for intermolecular by MAPKs. Residues in the N-terminal end of this domain
interactions. The mutant proteins were tested as substratesire important for both the ERK and JNK MAPKSs, with

for a panel of MAPKs (Figure 3B). Mutations in the N-
terminal half of the D-domain resulted in significant
reductions in the efficiency of phosphorylation by ERK2
(Figure 3B, mutants M1 and M2; Yangt al, 1998).

Similarly, reductions in the efficiency of phosphorylation
of the M1 and M2 mutants by JNK-1 and JNK-2 were

further C-terminal residues also being important for the
JNKs. In contrast, mutations within the D-domain have
minimal effects on phosphorylation by the p38 MAPKS,
consistent with the lack of effect of deleting this domain.

Differential binding of MAPKs to the Elk-1

observed (Figure 3B, lanes 2 and 3). However, in the case D-domain

of JNK-1 and JNK-2, additional important residues were It previously has been demonstrated that the ability of
identified by the M3 mutant which was also phosphorylated ERK2 to phosphorylate Elk-1 correlates with its ability
to a reduced level (Figure 3B, lane 4). In contrast, none to bind to its substrate via the D-domain (Yaeg al.,

of the mutations resulted in large decreases in the efficiency1998). Moreover, JNKs have also been demonstrated to
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interact physically with their substrate c-Jun via the A Competitor:

o-domain (Derijardet al., 1994; Kallunkiet al., 1994; e 148 174
Slusset al, 1994; Daiet al, 1995) and with Elk-1 (Gille v wn: 311‘2%”““&%”'“’ piig
et al, 1996), although in the latter case the binding site M5 (L319AIL321A): AR

was not determined. In comparison with ERK2, binding M3 (LIZIASIA) B

of JNKs to Elk-1 was barely detectable using the GST
pull-down assay (Gupt&t al, 1996; data not shown),

suggesting that the kinetics of interaction differ between
these two different classes of kinases. In order to investi-

Substrate: GST-Elk-310 %/—IIF

310 428

gate binding of the kinases to Elk-1 under the same B

conditions, we therefore adopted a different approach e 8 | — ==H
using a peptide competition assay. Peptides were synthe- Nem s e —— ERKZ = e -
sized which correspond to Elk-1 amino acids 311-328 ~ —

and encompass the D-domain (Figure 4A). Increasing e S -
amounts of these peptides were included in kinase assay: N o aEn GEDGDwaES NG .

to compete for binding of the MAPKs to Elk-1 via the

D-domain. Mutant D-domain peptides and a peptide from S o Plc e e e—

JIP-1, a specific JNK inhibitor (Dickenst al, 1997),
were used as controls (Figure 4A).

The wild-type and M3 mutant D-domain peptides both
acted as inhibitors of ERK2 in a concentration-dependent
manner (Figure 4B, lanes 2—4 and 8-10). In contrast, the
M5 and JIP peptides did not act as competitors (Figure ¢
4B, lanes 5-7 and 12-13). These results are consisten

e — S ——— = (38,

\——_—_—_—f pagy - - —

1 2 3 4 3 6 7 8 8 10 1 12 13

Substrate: mep

with the observation that the M3 mutation affects neither
the efficiency of phosphorylation nor binding by ERK2,
whereas the M5 mutation inhibits both these functions
(Figure 3; Yanget al, 1998; data not shown). Similarly,
the wild-type peptide inhibits phosphorylation by the
JNK kinases whereas the M5 peptide is an ineffective
competitor. In comparison with ERK2, the wild-type
peptide inhibits phosphorylation by JNK-1 and JNK-2 at

a 10-fold lower concentration (Figure 4B, compare lanes

3 and 4). Significantly, inhibition of INK-1 and JNK-2 by
the M3 peptide is reduced in comparison with the wild-

type peptide (Figure 4B, compare lanes 3 and 9), which

—A,ﬂﬁl

Substrate: GST-cJun1-223

— . o (D D GEED G —

JHK-2

1 2 3 4 5 & T 8 9

correlates with the reduction in phosphorylation observed

in the M3 mutant protein (Figure 3). The control JIP
peptide acts as an efficient JNK inhibitor in this assay
(Figure 4B, lanes 12 and 13). In contrast, none of the
peptides used act as efficient inhibitors of the p38 MAPKs
(Figure 4B).

In order to confirm that the peptides are blocking
substrate binding rather than impairing the catalytic
activity of the MAPKs, they were used as competitors in
kinase reactions containing ERK2 and JNK-2 and the
substrates myelin basic protein (MBP) and c-Jun respect
ively. The binding of MAPKs to a docking domain on
MBP is not thought to occur and, consistent with this
concept, phosphorylation of MBP by ERK2 was not
inhibited by the presence of either the wild-type, M3
or M5 peptides (Figure 4C). The JIP peptide inhibited
phosphorylation of c-Jun by JNK-2 (Figure 4D, lanes 8
and 9). This inhibition previously has been attributed to
competition for binding of the kinase to the c-J&xdomain
(Dickenset al,, 1997). Similarly, the wild-type D-domain
peptide inhibited phosphorylation of c-Jun by these kin-

Fig. 4. The Elk-1 D-domain acts as a binding site for the ERK and

JNK MAPKSs. (A) The sequences of peptide competitors and a

diagrammatic illustration of the substrate (GST-EIk310, 5 pmol) used

in the kinase reactions. Identical or highly conserved (Arg/Lys)

residues conserved in the Elk-1- and JIP-derived peptides are indicated

by dashes.K) Phosphorylation of Elk-1 by MAPKSs in the presence of

competitor peptides. The peptide competition assay was based on the

kinase assays described in Figure 1 except that the MAPKs were pre-

incubated in the absence (lanes 1 and 11) or presence of competitor

peptides (10- to 1000-fold excess over Elk-1 substrate), 50 pmol (lanes
_2, 5, 8 and 12), 500 pmol (lanes 3, 6, 9 and 13) and 5 nmol (lanes 4,

7 and 10), respectivelyC) and O©) Competition assays were carried

out as in (B) by using 5 pmol of MBP and GST—c-Jun as substrates,

respectively. The assays were performed in the absence (C and D, lane

1) or presence of peptide competitors, 50 pmol (C, lanes 2, 5 and 8;

D, lanes 2, 4, 6 and 8), 500 pmol (C, lanes 3, 6 and 9; D, lanes 3, 6, 9

and 12) and 5 nmol (C, lanes 4, 7 and 10), respectively. Increases in

the concentration of added competitor peptides are indicated

schematically above each set of lanes.

actions between the JNKs and c-Jun but is an ineffective

ases, albeit to a lesser extent (Figure 4D, lanes 2 and 3).competitor of phosphorylation of MBP by ERK2.

Mutant D-domain peptides which are defective in JNK
binding are also defective in inhibiting phosphorylation
of c-Jun by JNKs (Figure 4D, lanes 4-7). Thus, the
D-domain peptide is acting as expected to disrupt inter-

Collectively, these data demonstrate that the D-domain
acts as a binding site for both the ERK and JNK MAPKSs,
but phosphorylation of Elk-1 by the p38 MAPKs does not
take place via this mechanism.
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The JNK targeting domains of Elk-1 and c-Jun act
as discrete interchangeable modules

despite the D-domain in the EIkD—cJun chimera represent-
ing an ERK-binding motif (Figure 5B, top panel, lanes 3

The Elk-1 D-domain is sufficient to bind to ERK2 in a and 4). This is in agreement with the observation that the
heterologous context when fused to another protein (Yanglocal context of the phosphoacceptor motifs also plays
et al, 1998). In order to investigate whether the D-domain a major role in determining the specificity of c-Jun
can act in a similar manner to allow JNK targeting, phosphorylation (Guptet al., 1996; Kallunkiet al.,, 1996).
reciprocal chimeric proteins were created in which the Finally, in order to rule out that the D-domain itself was
MAPK targeting domains of c-Jun and Elk-1 were phosphorylated by the MAPKSs, two control constructs
exchanged (Figure 5A). Deletion of the Elk-1 D-domain were made and tested. Neither EIkD (which contains
(EIk-330; Figure 1; Figure 5B, lanes 1 and 2) or the the D-domain alone) nor EIkD—cJun(S63A/S73A) (which
o-domain from c-Jun (cJun43-223; Figure 5B, lanes 7 lacks the primary JNK phosphoacceptor motifs) represent
and 8) resulted in a loss in the efficiency of phosphorylation good ERK or JNK substrates (Figure 5B, lanes 3 and 6).
by both JNK-1 and JNK-2. However, addition of the In order to investigate binding of the kinases and the
reciprocal targeting domains to these truncated proteinsrelative strengths of the different binding motifs, peptide

converted them back to efficient INK substrates (d3un
Elk-330 and EIkD-cJun; Figure 5B, lanes 4 and 5).
Interestingly, of the two chimeric proteins, only cdun
EIk-330 exhibited enhanced phosphorylation by ERK2

~
A Elk-1 D-domain KGRKPRDLELPLSPSLL
c-Jun é-domain I ms{.
585 [
Come———,  Ek310
58 c
e\, Ek330
= "} EIkD
1]
b | B i
cJuns-Elk-330
330
. il 22 ElkD-cJun
AR 223 ElkD-cJun
S (SB3A/ST3A)
=Sk 23 cJund3-223
1 31 6&Dss 295
= 5] cJun1-223
-
i
B ,;’
s &
. fs&de
S S TP E N
CELEFeE S $
T O L e I
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—
—— JNK-1
== =
=
- .— ' JNK-2
=
1 2 3 4 56 7 8
C
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competition assays were carried out with the chimeric
Elk-1-c-Jun proteins (Figure 5C). The wild-type D-domain
and JIP peptides acted as efficient competitors of EIkD—
cJun phosphorylation by JNKs (Figure 5C, lanes 2 and
5). Competition was also exhibited by the M3 peptide,
albeit to a lesser extent with JNK-2, whereas the M5
peptide was an ineffectual competitor (Figure 5C, lanes 3
and 4). These results are essentially the same as observed
with wild-type Elk-1 (Figure 4), thereby demonstrating that
the D-domain acts in a similar manner in a heterologous
context. Competition assays were also carried out with
cJurd-Elk-330, and again the JIP peptide acted as an
efficient competitor of phosphorylation by JNKs (Figure
5C, lane 10). The wild-type and M3 D-domain peptides
also acted as competitors, but to a lesser extent than
observed with EIkD—cJun (Figure 5C, compare lanes 7
and 9 with lanes 2 and 4), indicating that thelomain
acts as a stronger JNK-binding motif. Furthermore, com-
petition for JNK-1 was more pronounced than for JNK-2
(Figure 5C, lanes 7 and 9; compare JNK-1 and JNK-2
panels). This is consistent with the observation that the
c-Jund-domain preferentially binds JINK-2 (Kallunkt al.,
1994; Slusset al, 1994; Gupteet al, 1996) whereas the
Elk-1 D-domain preferentially binds JNK-1 (Figure 4;
data not shown). Residual ERK phosphorylation of &un
EIk-330 was inhibited by the wild-type and M3 peptides

Fig. 5. The JNK-binding domain of Elk-1 (D-domain) and c-Jun
(d-domain) can be functionally interchanged) (A diagram

illustrating fusions of GST to EIk-310 (amino acids 310-428), EIk-330
(amino acids 330-428), EIkD (amino acids 310-329), &63&itk-330
chimera (amino acids 1-58 of c-Jun, Elk-1 amino acids 330-428),
ElkD—cJun chimera (amino acids 321-348 of Elk-1, c-Jun amino acids
55-223), ElkD—cJun (S63A/S73A), cJun43-223 (c-Jun amino acids
43-223) and c-Jun (amino acids 1-223). The numbers of the N- and
C-terminal c-Jun (normal type) and EIk-1 (italics) amino acids are
indicated above and below each construct respectively. The locations
of the major JNK phosphorylation sites in c-Jun (Ser63 and Ser73) are
indicated as the most functionally important phosphoacceptor sites in
Elk-1 (Ser383 and Ser389). The sequences of the Elk-1 D-domain and
c-Jund-domain are shown and are indicated by solid and open boxes,
respectively. The EIk-1 transcriptional activation domain (C-) is shown
by a grey box. Identical or highly conserved (Arg/Lys) residues
conserved between the two domains are indicated by dashes. The
central ‘LXL" motif is bracketed. B) Kinase assays of GST fusion
proteins as substrates for the indicated MAPKs were carried out using
5 pmol of each protein for 30 min reactions as described in Figure 1.
(C) Phosphorylation of chimeric Elk-1-cJun chimeras by MAPKSs in
the presence of competitor peptides. Peptide competition assays were
carried out as described in Figure 4. Five pmol of each chimeric
protein were used in the reactions with 500 pmol of the indicated
peptides. The exposure of the ERK2 panel was selected in order to
show equivalent ERK and JNK phosphorylation of a3+#lk-330.
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Fig. 6. Role of the D-domain in Elk-1 phosphorylatiam vivo in IL-1-stimulated CHO and NIH-3T3 cells. CHO (A-D) or NIH-3T3 (E-G) cells

were transfected with g of CMV-driven expression vectors encoding either wild-type Elk-1 or A1 Total cell extracts were taken at the

indicated times after IL-1 stimulation and analysed by Western blot using the anti-Phospho Elk-1(383) antibody to detect phosphorylation of Ser383
(A andE) or anti-FLAG antibody to examine the total levels of Elk-1 and EA21in each sampleR andF). Samples were also analysed by gel
retardation analysis in the presence of €8feand the dfos SRE (SRE*) (C, D, G and H). Anti-phospho Elk-1(383) antibody was also included.
Supershifted bands representing complexes containing phosphorylated Elk-1 derivatives are skZvwanéh(@). Ternary complexes with cor8F

and a 134 bp fragment of fos promoter containing the SRE (SRE*) are shown) énd H). The locations of unphosphorylated ternary complex

(3°l) and multiple phosphorylated forms of ternary complex (3°ll) are indicated. (C and D) and (G and H) are from separate experiments using the
same extracts.

but not by the M5 and JIP peptides (Figure 5C, top The phosphorylation status of the Elk-1 derivatives was
panel, lanes 6-10) as predicted from previous experimentsmonitored indirectly by gel retardation analysis (Figure
(Figure 4). 6D and H) and directly by supershift analysis of the
Collectively, these data demonstrate that the Elk-1 Elk-1-containing ternary complexes using an anti-phospho
D-domain can act as a JNK-binding motif in a EIk-1(Ser383) antibody (Figure 6C and G) which was
heterologous context. However, differences in the relative also used in Western blotting experiments (Figure 6A and
strength of kinase binding are apparent, with the c-Jun E). In CHO cells, the phosphorylation of Ser383 in Elk-1
o0-domain acting as a stronger JNK-2-binding site than occurred rapidly within 5 min of stimulation (Figure 6A
the Elk-1 D-domain and the Elk-1 D-domain preferably and C, lane 3), and was accompanied by a shift in the
binding JNK-1 rather than JNK-2. mobility of the ternary DNA-bound complex (Figure
6D, lane 3). In comparison, the speed and degree of
Differential targeting of the JNK and p38 MAPKs phosphorylation of Ser383 and induction of a lower
to Elk-1 in vivo mobility ternary complex containing EIKAD was
Evidence has been gathered to suggest that Elk-1 is areduced. Maximal phosphorylation of Ser383 was not

substrate for both the JNK (Cavigebt al., 1995; Gille
et al, 1995; Whitmarstet al,, 1995, 1997) and p38 (Price
et al, 1996; Whitmarshet al,, 1997) MAPK subclasses
in vivo. However, the response of Elk-1 to these different
stress-activated MAPK pathways differs depending on the
cell type and stimulus. For example, UV activates Elk-1
via the p38 pathway in HeLa and NIH-3T3 cells (Price
et al, 1996). In contrast, interleukin-1 (IL-1) activates
Elk-1 via the JNK pathway in CHO cells, but by a
combination of the JNK and p38 pathways in NIH-3T3
cells (Whitmarshet al, 1997). We took advantage of this
cell type-specific response to IL-1 to investigate the role
of the D-domain in targeting stress-activated MAPKSs to
Elk-1 in vivo.

CHO and NIH-3T3 cells were transfected with either
Elk-1 or EIk-1AD, stimulated with IL-1, and cell extracts
subsequently were prepared over a 15 min time period.

reached for 15 min (Figure 6A and C), and the stimulation
of a lower mobility DNA-bound complex was reduced in
comparison with wild-type Elk-1 (Figure 6D, compare
lanes 1-5 and 6—10). Taken together with the observation
that JNKs represent the major IL-1l-activated protein
kinases in CHO cells that activate Elk-1 (Whitmaggtal,,
1997), these data provide strong evidence for a role of
the D-domain in targeting these cascades to Eik-livo.

In contrast, in NIH-3T3 cells, phosphorylation of Ser383
in response to IL-1 stimulation took place in Elk-1 and
Elk-1AD with virtually identical kinetics (Figure 6E and
G). However, in comparison with CHO cells, the magni-
tude of Ser383 phosphorylation was reduced, which is
consistent with the observation that minimal effects on
the mobility of ternary complexes containing either Elk-1
or Elk-1AD were observed (Figure 6H). Together with the
observation that p38 is a major effector of IL-1 signalling
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Fig. 7. The role of the Elk-1 D-domain in IL-1-inducible

transcriptional activatiofn vivo. (A) A diagrammatic representation of
wild-type and mutant EIk-1 proteins fused to the DNA-binding domain
of GAL4. CHO B andC) or NIH-3T3 cells D andE) were

transfected with CMV promoter-driven constructs encoding GAL4
fusions to either wild-type or mutant Elk-1 derivatives and a GAL4-
driven luciferase reporter plasmid. Cells were either unstimulated or
stimulated with IL-1. Transfection efficiency was monitored by using
the B-galactosidase expression vector pCH110. The luciferase activities
relative to the unstimulated cells of each wild-type or mutant (means
+ standard deviations) = 3) are presented. Expression levels of the
GAL4 fusion proteins in CHO (C) and NIH-3T3 (E) cell lines were
examined by Western blotting using total cell extracts with an anti-
GAL4 antibody.

to Elk-1 in NIH-3T3 cells (Whitmarslet al, 1997), these
results are consistent with the notion that the Elk-1 D-
domain is not required for targeting by p88vivo.

The response of GAL4 fusion proteins containing the
Elk-1 transcriptional activation domain to IL-1 stimulation
in these cell types was also investigated. Wild-type Elk-1
and proteins containing mutations in the D-domain were
constructed which either did not affect (M4) or reduced
(M5) the efficiency of phosphorylation by the JNKs
in vitro (Figure 7A). These proteins were all expressed at
equivalent levels in CHO and NIH-3T3 cells (Figure 7C
and E). In CHO cells, the response of the M5 mutant to
IL-1 stimulation was severely reduced (65% reduction)
whereas, in comparison, the M4 mutant was virtually
unaffected (15% reduction; Figure 7B). However, in NIH-
3T3 cells, the response of the M5 mutant was only slightly
reduced (20% reduction) and again the M4 mutant was
virtually unaffected (Figure 7D). These results therefore
add further weight to the notion that the D-domain is
required for targeting of INK MAPKs but not the p38
MAPKSs to Elk-1in vivo.

Discussion

MAPK signalling cascades play a pivotal role in converting
extracellular signals into specific nuclear responses
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(reviewed in Treisman, 1996; Whitmarsh and Dauvis,
1996). In order to achieve such specific responses, MAPKs
must recognize their substrates with high specificity. A
general mechanism is emerging to generate such specificity
in which initial binding of the kinases to a docking domain
is followed by recognition of the local context of the
phosphorylation motifs (Guptet al., 1996; Kallunkiet al.,
1996; Yanget al, 1998). In the case of c-Jun, the
domain directs binding by the JNK subclass of MAPKs
(Derijard et al,, 1994; Kallunkiet al, 1994; Slus<t al,
1994; Daiet al, 1995). Similarly, the Elk-1 D-domain
directs binding of the ERK subclass of MAPKs (Yang
et al, 1998). However, in this study, we demonstrate that
the Elk-1 D-domain possesses dual specificity and is also
a target for the JNK MAPKs. This domain does not,
however, allow promiscuous MAPK binding but discrim-
inates against binding by the p38 MAPK subclass. This
is the first reported example of such a motif which allows
diverse MAPK pathways to be integrated via a single
transcription factor.

MAP kinase targeting domains

Short motifs which bind to the JINK MAPKs have been
identified in the JNK inhibitor protein JIP-1 (Dickens
et al, 1997) and the transcription factor c-Jun (Derijard
et al, 1994; Kallunkiet al, 1994; Slusst al, 1994; Dai

et al, 1995; Guptaet al, 1996). In this study, we have
identified a further motif in Elk-1 which targets JNKs to
transcription factors. Similarities between the binding
motifs from c-Jun and Elk-1 (Figure 5A) and JIP-1 and
Elk-1 (Figure 4A) are apparent, with the consensus motif
RIXXXXL N/eL representing a core binding site. The
JNK-binding site on ATF-2 also contains a motif which
loosely conforms to this consens#SHEMTL KF) (Gupta

et al, 1995; Livingstoneet al,, 1995). However, examina-
tion of the binding motifs of several INK substrates reveals
little similarity outside this central core motif although
more extensive similarities between pairs of proteins can
be observed (e.g. c-Jun/JIP-1 and EIk-1/NFAT4; Figure
8). Moreover, c-Jun preferentially binds to JNK-2
(Kallunki et al,, 1994; Sluset al,, 1994; Guptat al., 1996)
whereas Elk-1 preferentially binds to JNK-1 (Figures 4
and 5). Similarly, ATF-2 exhibits preferential binding of
certain JNK isoforms (Guptat al, 1996). The non-
conserved residues surrounding this central core motif
must dictate these subtly different binding preferences.
Further specificity determinants must be built into the Elk-
1 D-domain as this is also bound efficiently by the ERK
MAPKs (Yanget al, 1998). Similarly, further specificity
determinants must be built into the ATF-2 docking site as
this serves as both a JNK- and p38-binding motif (N.Jones,
personal communication). Binding of the ERK and JNK
MAPKs to Elk-1 probably occurs with different kinetics
as, although binding can be detected by a competition
assay (Figure 4), only ERK binding can be detected by a
GST pull-down assay (Yangt al., 1998; data not shown).
Moreover, as wild-type D-domain peptides displace JNKs
more readily than ERK-2 from Elk-1, this suggests that
the JNKs may bind with high affinity but rapidly associate
and dissociate from the substrate in the presence of ATP
as observed with p38 binding to MEF2C (Han al,
1997). Stable complexes between Elk-1 and JNKs have
been demonstrated previously (Gié al,, 1996), but we
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Fig. 8. Similarity amongst JNK-binding motifs. The sequences of the
JNK-binding domains found in Elk-1, c-Jun, JunB, JIP-1, NFAT4,

ATF-2 and ATFa are shown. The sequence of the D-domain of SAP-1

is also shown. The asterisk denotes that SAP-1 is predominantly an
ERK substrate and is poorly phosphorylated by JNKs. The MAPK-
binding motifs in Elk-1 and ATF-2 exhibit dual specificity with both
JNK and ERK MAPKs targeted to Elk-1 (this study) and both JNK
and p38 MAPKS targeted to ATF-2 via a single motif (N.Jones,
personal communication). Amino acid numbers of the N- and

C-terminal residues are given based on their location in either human

c-Jun, JunB, Elk-1, NFAT4, ATF-2, ATFa, SAP-1 or mouse JIP-1
proteins. Identical or highly conserved (Arg/Lys) amino acids
comprising the RIKXXXXLXL motif are highlighted. Brackets
indicate the conserved central MAPK-binding motif.

MAPK targeting of Elk-1

1997), whereas UV activates Elk-1 via a combination of
the p38 and ERK pathways in HeLa and NIH-3T3 cells
(Priceet al, 1996). In the present study, several lines of
evidence indicate that phosphorylation of Elk-1 requires
targeting of the kinase by binding to the D-domain for
the JNK but not the p38 MAPKSs. First, deletions of the
D-domain reduce the efficiency of Elk-1 phosphorylation
by members of the JNK but not the p38 MAPK subclasses
(Figures 1 and 2). Secondly, point mutations in the
D-domain cause minimal reductions in the efficiency of
Elk-1 phosphorylation by the p38 subclass in comparison
with the INK MAPKSs (Figure 3). Thirdly, peptide competi-
tion assays demonstrate a role for the D-domain in binding
the JNK but not the p38 MAPKSs (Figure 4). Interestingly,
although not as marked as the effect on the ERK and JNK
MAPKSs, subtle changes in the proficiency of Elk-1 as a
substrate for p38 and, to a lesser extent, for 3B are
uncovered in the M1 and M2 mutants (Figure 3). As
deletion of the D-domain does not affect phosphorylation
of Elk-1 by the p38 MAPKSs (Figures 1 and 2), this result
may reflect that these mutations cause subtle conforma-
tional changes in Elk-1 which may restrict kinase access
to the phosphoacceptor motifs. However, as the D-domain
peptide acts as a weak competitor of EIk-1 phosphorylation
by p383, (Figure 4), this might reflect that the Elk-1-
binding site on p38 MAPKSs retains some similarity to the

are unable to detect such complexes under conditions inother MAPKs and hence binds weakly to Elk-1 via
which we detect ERK2 binding. However, although we the D-domain. Finally,in vivo, the efficiency of Elk-1
can detect stable complexes of ERK2 and Elk-1 both phosphorylation and activation by p38 MAPK is not
in vitro (Yanget al, 1998) andn vivo when both partners  dependent upon the integrity of the D-domain (Figures 6
are overexpressed (data not shown), the physiologicallyand 7). The latter result is also consistent with the
relevant binding event is likely to involve a transient observation that stimulation of EIk-1 phosphorylation and
interaction of the kinase and substrate after cellular stimu- activity in vivo by the p38 MAPK pathways is not as
lation. An emerging theme amongst MAPK targeting pronounced as activation by either the JNK (compare
motifs is that variations on a simple core consensus canFigure 6D and H and Figure 7B and D; Whitmasesthal.,
dictate binding of specific subsets of transcription factors. 1997) or ERK pathways (Yanet al, 1998). Furthermore,
Specific rules are difficult to discern from the currently in response to UV stimulation in HeLa and NIH-3T3
characterized motifs, although all are short sequences (18cells, the p38 pathway appears insufficient for full Elk-1
amino acids in the case of the D-domain) and the central activation and requires cooperation with the ERK pathway
‘LXL motif clearly plays a pivotal role in kinase targeting  (Priceet al, 1996). Finally, in 293 cells, Elk-1 does not
to transcription factors (e.g. M5 mutant, Figures 3, 4 and appear to be activated by p38 MAPKs (Janknecht and
7). However, MAPKs may also be targeted to substrates Hunter, 1997a). The reduced activation by and lack of
by different motifs, as binding of the ERK and p38 targeting of p38 MAPKSs to Elk-in vitro andin vivo in
MAPKSs to Mnkl and Mnk2 kinases does not appear to comparison with the strong activation elicited by the ERK
be mediated by sequences related to the Elk-1 D-domainand JNK MAPKs suggests that the residual activation by
(Waskiewieczet al.,, 1997). p38 may be a consequence of overexpressing pathway
In contrast to the targeting of ERK and JNK MAPKs components and overriding normal specificity determin-
to Elk-1 via the D-domain, this domain does not play a ants. The p38 MAPKs may, however, phosphorylate Elk-1
role in the binding of p38 MAPKs (Figure 4). The inamore constitutive manner which does not require rapid
D-domain, therefore, does not represent a promiscuousand efficient kinase targeting to the substrate. Alternatively,
MAPK targeting motif but allows discrimination between sustained p38 activation may be required to activate Elk-

different classes of MAPKS.

Stress-activated MAPKs and Elk-1 activation

1. Further studies are required to differentiate between
these possibilities. Finally, p38 may bind to a docking site
located elsewhere on Elk-1. However, none of the deleted

Elk-1 can be phosphorylated and activated by both the proteins we have tested exhibit markedly reduced phos-

JNK (Cavigelliet al,, 1995; Gilleet al., 1995; Whitmarsh
et al, 1995, 1997) and p38 (Prie al, 1996; Whitmarsh
et al, 1997) MAPK subclasse& vitro and in vivo.

phorylation by p38 isoforms (Figure 1; data not shown).
Moreover, no binding of p38, 3, andy to Elk-1 could
be detected in GST pull-down assays carried out in the

However, the response of Elk-1 to these different stress- absence of ATP (data not shown). Together these results
activated MAPK pathways differs depending on the cell strongly suggest that p38 does not require or bind to a
type and stimulus. IL-1 activates Elk-1 via the JNK docking motif on Elk-1.

pathway in CHO cells but by a combination of the JNK

and p38 pathways in NIH-3T3 cells (Whitmarsh al,

In conclusion, our data contribute to the understanding
of how MAPKSs recognize and phosphorylate their nuclear
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targets. Elk-1 contains a MAPK-binding motif which
allows efficient targeting and subsequent transcription
factor activation by both the ERK and JNK subclasses of
MAPKSs. Similarly, both JNK and p38 subclasses of
MAPKSs are targeted via a single binding motif to ATF-2

BRL). CHO cells were maintained in F12 medium supplemented with
5% FBS. NIH-3T3 cells were maintained in DMEM supplemented with
10% FBS. Transfection experiments were carried out using Superfect
transfection reagent (Qiagen) as described previously (¥aal 1998).

For reporter gene assays, GAL4-driven promoters were co-transfected
with various vectors encoding GAL4—Elk-1 fusion proteins. The activities

(N.Jones, personal communication). Future studies areof the GAL4 DNA-binding domain (amino acids 1-147) and GAL4-

likely to uncover further motifs which direct binding of
the p38 subclass of MAPKSs to transcription factors (e.g.
MEF2C; Hanet al,, 1997). Investigation of these targeting
domains will provide significant insights into how the
specificity of signalling via MAPK cascades is achieved.

Materials and methods

Plasmid constructs

The following plasmids were used for expressing GST fusion proteins in
Escherichia coli pAS407 (encoding GST-EIk205; Elk-1 amino acids
205-428), pAS545 (encoding GST-EIk310; Elk-1 amino acids 310-428),
pAS406 (encoding GST—EIk330; Elk-1 amino acids 330-428), pAS405
(encoding GST-EIk349; Elk-1 amino acids 349-428) and pAS547 (encod-
ing GST—EIkD—cJun; Elk-1 amino acids 310-348 fused to c-Jun amino
acids 55-223) have been described previously (éag, 1998). Plasmids

Elk-1 deletion fusion proteins (50 ng of plasmid DNA) were measured
in co-transfection assays in all cell lines usingd. of reporter plasmid
pG5E1bLuc. Transfection efficiencies were normalized by measuring
the activity from a co-transfected plasmid (Ig) which expresses
B-galactosidase (pCH110, Pharmacia KB Biotechnology Inc.). Cell
extracts were prepared, and luciferase frghlactosidase assays were
carried out as described previously (Yagigal., 1998).

Protein kinase assays

In order to prepare recombinant JNK and p38 MAPKs, COS-1 cells
were transfected with constructs encoding FLAG epitope-tagged MAPKs.
Kinases were activated by stimulation with UV light for 30 min. Purified
kinases were then eluted from beads by competing with 0.1 mg/ml of
FLAG peptide. Recombinant active ERK2 was obtained from New
England Biolabs (NEB) and MBP was obtained from Sigma. The kinase
assays were carried out in f0reaction volumes as described previously
(Yang et al, 1998). The phosphorylation of substrate proteins was
examined following SDS—PAGE by autoradiography, and quantified by

encoding GST-cJun1-223 and GST-cJun43-223 have been describeghhosphorimaging (Fuji BAS1500; TINA 2.08e software). Data were

previously (Hibiet al, 1993). pAS767, encoding GST fused to Elk-1
amino acids 307-329 (GST-EIkD), was constructed by insertamnad|—
EcaRlI-cleaved PCR-derived fragment into the same sites of pGEX-3X.
pAS768, encoding c-Jun amino acids 1-58 fused to Elk-1 amino acids
330-428 (cJud-EIk-330), was constructed by ligatingBamHI-Bglll-
cleaved PCR fragment (encoding c-Junamino acids 1-58) inBofliesite

of pAS406. pAS548, pAS549, pAS550, pAS564 and pAS769 (encoding
GST-EIk205 mutants) are derivatives of pAS407 with the site-directed
mutations R314A/K315A (GST-EIk205M1), R317A/L319A (GST-
EIk205M2), L323A/S324A (GST-EIk205M3), L327A/L328A (GST-
EIk205M4) and L319A/L321A (GST-EIk205M5), respectively. pAS565
(GST-EIk307M2), pAS566 (GST-EIk307M3), pAS567 (GST-
EIk31(P383A/S38 and  pAS568 (GST-EIk3MF/S3B3ASIBN \yere
described previously (Yanet al., 1998). Mutations were introduced by a
two-step PCR protocol using a mutagenic primer and two flanking primers
as described previously (Shaeeal., 1996).

pAS278 and pAS380 [encoding full-length His/FLAG-tagged Elk-1
and the same protein with an internal deletion of amino acids 312-321
(Elk-1AD)] were used for expression of Elk-1 derivativesErcoli (Yang
et al, 1998).

The following plasmids were constructed for use in mammalian cell
transfections. pG5E1b contains five GAL4 DNA-binding sites cloned
upstream of a minimal promoter element and the firefly luciferase gene
(Sethet al, 1992). pSG424 encodes the GAL4 DNA-binding domain
(Sadowski and Ptashne, 1989). The vectors pCDNA3-F-JNK1 (Derijard
et al, 1994), pCDNA3-F-IJNK2 (Slusst al, 1994), pCMV5-F-p38
(Raingeaudet al, 1995), pCDNA3-F-p3B, (Enslen et al, 1998)
and pCDNAS3-F-p38 (J.Raingeaud and R.J.Davis, unpublished data)
encoding flag-tagged MAPKs have been described previously. pAS572
(PCMV-GAL4-EIk205) and pAS577 (pCMV-GAL4-EIk205M4) were
described previously (Yangt al, 1998). pAS770 (GAL4-EIk205M5)
was constructed by ligatinBamHI-Xba fragments from pAS769 into
the same sites of pSG424. pAS771 (pCMV-GAL4-EIk205M5) was
constructed by ligating thelindlll-Xba fragments from pAS770 into
the same sites of pCMV5. The cytomegalovirus (CMV) promoter-driven
expression vectors, pAS383 and pAS387, encoding full-length Elk-1
and EIlk-1AD, respectively, with C-terminal FLAG tags were described
previously (Yanget al, 1998). All plasmid constructs encoding Elk-1-
derived proteins made by PCR were verified by automated dideoxy
sequencing.

Protein expression and purification

GST fusion proteins were expressed in tBeoli JIM101 strain and
purified as described previously (Shetel.,, 1995). Full-length hexahisti-
dine-tagged polypeptides were expressedEiooli BL21(DE3)pLysS

with the pET vector system and quantified as described previously (Yang
et al, 1998).

Tissue culture, cell transfection and reporter gene assays

COS-1 cells were maintained in Dulbecco’s modified Eagle’'s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco-
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guantified by phosphorimaging and the data presented graphically after
curve fitting with the appropriate equation using BIOSOFT Fig.P or
Microsoft Excel software. Peptide competition experiments were carried
out essentially as described above, except that pre-incubation with
50-5000 pmol of the peptide competitors with MAPKs was carried out
before the kinase reactions. Final peptide concentrations were
2.5-25uM (10- to 100-fold excess over Elk-1 substrate).

Western blot analysis

FLAG-tagged Elk-1 and EIkAD in extracts from CHO or NIH-3T3
cells were detected by immunoblot analysis using a mouse monoclonal
anti-M2 FLAG antibody (Kodak) or anti-phosphoplus™ Elk-1 (S383)
antibody (NEB). GAL4 fusion proteins were detected using the anti-
GAL4 antibody directed against the amino-terminal DNA-binding
domain (Santa Cruz). Immune complexes were detected by using
horseradish peroxidase-conjugated secondary antibody followed by ECL
(Amersham).

Gel retardation assays

Gel retardation assays were performed wittfRelabelled 134 bp fes
promoter fragment containing the SRE (SRE*) as described previously
(Whitmarsh et al, 1995). Total cell extracts from transfected cells
containing ~0.02 pmol of Elk-1 or EIKAD were used in DNA-binding
reactions. Binding reactions on SRE-containing sites also contained
purified bacterially expressed c6f& (Shore and Sharrocks, 1994).
Antibody supershift experiments were described previously (&rad,
1998). Protein-DNA complexes were analysed on non-denaturing 5%
polyacrylamide gels cast in @& Tris—borate—EDTA and visualized by
autoradiography and phosphorimaging.

Figure generation and data quantification

All figures were generated electronically from scanned images of

autoradiographic images by using Picture Publisher (Micrografix) and

Powerpoint version 7.0 (Microsoft) software. Final images are represent-
ative of the original autoradiographic images. Phosphorimager data were
quantified using Tina software (version 2.08e).
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