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Identification of an oncoprotein-
and UV-responsive protein kinase
that binds and potentiates the c-Jun

activation domain
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The activity of c-Jun is regulated by phosphorylation. Various stimuli including transforming oncogenes and
UV light, induce phosphorylation of serines 63 and 73 in the amino-terminal activation domain of c-Jun and
thereby potentiate its trans-activation function. We identified a serine/threonine kinase whose activity is
stimulated by the same signals that stimulate the amino-terminal phosphorylation of ¢-Jun. This novel c-Jun
amino-terminal kinase (JNK), whose major form is 46 kD, binds to a specific region within the c-Jun
trans-activation domain and phosphorylates serines 63 and 73. Phosphorylation results in dissociation of the
c-Jun-JNK complex. Mutations that disrupt the kinase-binding site attenuate the response of c-Jun to Ha-Ras
and UV. Therefore the binding of JNK to c-Jun is of regulatory importance and suggests a mechanism through
which protein kinase cascades can specifically modulate the activity of distinct nuclear targets.
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c-Jun, encoded by the c-jun protooncogene, is an impor-
tant component of the dimeric, sequence specific, tran-
scriptional activator AP-1 (for review, see Angel and
Karin 1991). Like other activators, c-Jun is composed of
two functional domains, a DNA-binding domain, which
belongs to the bZIP class, located near its carboxyl-ter-
minus and a trans-activation domain near its amino ter-
minus (Angel et al. 1989; Bohmann and Tjian 1989,
Smeal et al. 1989). While c-Jun expression is rapidly in-
duced by extracellular signals, its activity is regulated
post-translationally by protein phosphorylation (Angel
et al. 1988; Angel and Karin 1991; Boyle et al. 1991;
Karin and Smeal 1992). Phosphorylation of sites clus-
tered next to the basic region of c-Jun inhibits DNA
binding (Boyle et al. 1991; Lin et al. 1992; de Groot et al.
1993). Phosphorylation of two other sites, Ser-63 and Ser-
73, located within the trans-activation domain potenti-
ates the ability of c-Jun to activate transcription (Bine-
truy et al. 1991; Smeal et al. 1991). Whereas two of the
inhibitory carboxy-terminal phosphorylation sites are
phosphorylated by casein kinase II (CKII), an inhibitor of
c-Jun activity {Lin et al. 1992, the kinase that phospho-
rylates the stimulatory amino-terminal sites remains to
be identified (Hunter and Karin, 1992; Karin and Smeal,
1992). Analysis of c-Jun phosphorylation in vivo suggests
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that this kinase is activated by a pathway that transmits
signals from cell-surface-associated tyrosine Kkinases,
through Ha-Ras, to the nucleus (Smeal et al. 1992). In
addition, irradiation of HeLa cells with ultraviolet (UV)
light (Devary et al. 1992) and treatment of lymphoid and
myeloid (but not fibroblasts or HeLa) cells with the tu-
mor promoter TPA are expected to activate this kinase,
as they also stimulate phosphorylation of Ser-63 and Ser-
73 (Pulverer et al. 1991, 1992; Adler et al. 1992a; Su and
Y. Ben-Neriah, unpubl.].

Although the ERK/mitogen-activated protein (MAP)
kinases were shown to phosphorylate the amino-termi-
nal sites of c-Jun in vitro (Pulverer et al. 1991, 1992),
these kinases were also shown to phosphorylate one of
the inhibitory carboxy-terminal sites and display little or
no activity toward the amino-terminal sites of ¢-Jun (Al-
varez et al. 1991; Baker et al. 1992; Chou et al. 1992; A.
Lin, unpubl.). Recently, a protein kinase was partially
purified by binding to c-Jun affinity column and shown
to phosphorylate the amino terminus of c-Jun but not
v-Jun (Adler et al. 1992a). However, the relationship be-
tween this kinase, suggested to be 67 kD in size, and
other MAP Kkinases that phosphorylate c-Jun (Pulverer et
al. 1991, 1992; Alvarez et al. 1992; Chou et al. 1992} is
not clear; neither was this kinase shown to phosphory-
late exactly the same sites that are phosphorylated in
vivo. Here, we describe a serine/threonine kinase that
binds to a defined subregion of the c¢-Jun activation do-
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main, whose major form is 46 kD in size. This protein
kinase phosphorylates c-Jun on Ser-63 and Ser-73 and is
activated by the same agents that stimulate phosphory-
lation of these sites in vivo. Mutations that disrupt the
kinase-binding site attenuate the response of c-jun to UV
and Ha-Ras in vivo. These and other findings strongly
suggest that this serine/threonine kinase is the enzyme
responsible for modulating the activity of the c-Jun
trans-activation domain. Furthermore, they suggest a
mechanism through which protein kinase cascades reg-
ulate the activity of nuclear transcription factors in a
highly specific and efficient manner.

A protein kinase binds and phosphorylates c-Jun

We constructed a glutathione S-transferase (GST) fusion
protein containing amino acids 1-223 of ¢-Jun. This pro-
tein, GSTcJun(wt), was bound through its GST moiety to
glutathione {(GSH)-agarose beads to generate an affinity
matrix for identification of c-Jun-binding proteins. Ha-
ras transformation of FR3T3 cells results in increased
phosphorylation of ¢c-Jun on Ser-63 and Ser-73 (Binetruy
et al. 1991; Smeal et al. 1991). Preliminary experiments
indicated that the transformed cells contained higher
levels of c¢-Jun amino-terminal kinase activity, whereas
the levels of carboxy-terminal kinase activity remained
unchanged (A. Lin unpubl.). To develop a convenient as-
say for the c-Jun amino-terminal protein kinase, we
mixed nuclear and cytoplasmic extracts of untrans-
formed and transformed FR3T3 cells with GSTcJun({wt)—
GSH-agarose beads. After extensive washing, proteins
bound to the beads were incubated in kinase buffer in the
presence of [y->2PJATP and analyzed by SDS—polyacryl-
amide gel electrophoresis (SDS-PAGE). This resulted in
phosphorylation of GSTcJun(wt), suggesting that a pro-
tein kinase bound to it and phosphorylated it while at-
tached to GSH-agarose (Fig. 1). No phosphorylation of
GST bound to GSH-agarose was detected. Because
we wanted to identify a kinase that targets Ser-63 and
Ser-73 of c-Jun, we repeated the experiment using a
GSTcJun(Ala63/73) fusion protein, in which both of
these serines were converted to alanines. Phosphoryla-
tion of this protein was lower than that of GSTcJun|wt)
(Fig. 1). These findings are consistent with the higher
level of c-Jun amino-terminal phosphorylation in trans-
formed cells (Binetruy et al. 1991; Smeal et al. 1991,
1992). The kinase activity detected by this solid-phase
assay was present in both the cytosolic and the nuclear
fractions and was severalfold more abundant in the cy-
tosol on a per-cell basis.

We used the solid-phase assay to examine amino-ter-
minal c-Jun kinase activity in other cell types. Exposure
of HeLa cells to UV activates Ha-Ras and results in a
large increase in amino-terminal phosphorylation of
c-Jun {Devary et al. 1992}. Treatment of HeLa cells with
TPA, on the other hand, has only a marginal effect on
amino-terminal phosphorylation (Boyle et al. 1991). Ex-
tracts of unstimulated, UV- and TPA-treated HeLa cells
were incubated with GSH-agarose beads loaded with ei-
ther GSTcJun{wt), GSTcJun{Ala63/73), or GST, washed
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Figure 1. A protein kinase binds to GSTcJun—GSH-agarose
beads. Equal numbers of FR3T3 {—} and Ha-ras-transformed
FR3T3 (+) cells were kept in 0.5% FCS for 24 hr and harvested
to prepare nuclear and cytosolic extracts that were mixed
with GSH-agarose beads containing 10 pg of GST—cjun{wt),
GSTcJun{Ala63/73), or GST. After 3 hr the beads were spun
down, washed four times and incubated in kinase buffer con-
taining [y-3?PJATP for 20 min at 30°C. After elution in SDS
sample buffer, the phosphorylated proteins were resolved by
SDS-PAGE. The location of the GSTcJun fusion proteins is in-
dicated. Similar results were obtained when protein concentra-
tion rather than cell number was used to normalize the
amounts of extracts used in this assay.

extensively, and incubated with [y->*PJATP. Amino-ter-
minal c-Jun kinase activity was elevated within 5 min
after UV irradiation and was 250-fold higher after 30 min
than in unstimulated cells (Fig. 2A). The effect of TPA,
however, was minor compared with that of UV. As found
before, GSTcJun{wt] was phosphorylated more effi-
ciently than GSTcJun(Ala63/73), whereas GST was not
phosphorylated.

Recently, we found that TPA treatment of Jurkat T
cells, unlike HeLa cells, increases phosphorylation of
c-Jun on Ser-63 and Ser-73 (B. Su and Y. Ben-Neriah,
unpubl.). In Jurkat cells, unlike HeLa cells, the amino-
terminal kinase activity was strongly activated by TPA
(Fig. 2B). This kinase also preferred GSTcJun({wt) over
GSTcJun{Ala63/73) and did not bind to or phosphorylate
the GST moiety. Collectively, these findings suggest
that the kinase detected by the solid-phase assay phos-
phorylates c-Jun on Ser-63 and Ser-73 and that its regu-
lation parallels that of c-Jun amino-terminal phosphory-
lation.

The bound kinase phosphorylates Ser-63 and Ser-73

To identify the phosphoacceptors used by the bound ki-
nase, phosphorylated GSTcJun(wt), and GSTcJun(Ala63/
73) were subjected to two-dimensional tryptic phos-
phopeptide mapping. The kinases isolated from Ha-ras-
transformed FR3T3 cells, UV-irradiated HeLa cells, and
TPA-stimulated Jurkat cells, phosphorylated GSTcJun
on X, Y, and two other peptides, T1 and T2 (Fig. 3A). X
and Y reflect phosphorylation of Ser-73 and Ser-63, re-
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spectively (Smeal et al. 1991) and were absent in digests
of GSTcJun{Ala63/73], which contained higher relative
levels of T1 and T2. Phosphoaminoacid analysis indi-
cated that T1 and T2 contain only phosphothreonines,
which by deletion analysis were assigned to Thr-91, Thr-
93 or Thr-95, all of which are followed by a Pro residue
{M. Hibi, A. Lin, and T. Deng, unpubl.).

As described below, the bound kinase was eluted from
the beads and used to phosphorylate full-length c-Jun in
solution (Fig. 3B). As found in vivo the bound kinase
phosphorylated c-Jun mostly on Ser-73, followed by Ser-
63. In addition, the bound kinase weakly phosphorylated
c-Jun on two of its carboxy-terminal sites, resulting in
the appearance of phosphopeptides b and c. At this lower
kinase to substrate ratio, the threonine sites were phos-
phorylated to a very low extent. Because this was the
first protein kinase that we could detect with clear spec-
ificity for at least one of the amino-terminal sites of
c-Jun, we named it JNK [c-Jun amino (N}-terminal pro-
tein kinase).

JNK binds tightly to c-Jun but is released by ATP

To examine the stability of the c-Jun-JNK complex, ex-
tracts of TPA-stimulated Jurkat cells were incubated
with GSTcJun(wt}-GSH-agarose beads. After extensive
washing, the beads were eluted with increasing concen-
trations of NaCl, urea, guanidine-HCl and SDS. Elution
of INK was examined by phosphorylation of ¢-Jun in so-
lution. JNK was found to bind GSTcJun rather tightly,
only a small fraction of kinase activity was eluted by 0.5
M NaCl; and even after elution with 2 M NaCl, most of
the kinase remained on the beads. Approximately 50%
of the bound kinase was eluted by 1 m urea, and the rest
was eluted by 2 M urea {Fig. 4A}. Nearly complete elution
was achieved by either 0.5 M guanidine-HCl or 0.01%
SDS (data not shown). These conditions also resulted in

-
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Figure 2. The kinase activity that binds to
GSTcJun is inducible. (A) HeLa S3 cells serum
starved for 12 hr were either left untreated,
irradiated with UV-C (40J/m?), or incubated
with TPA {100 ng/ml). Equal numbers of cells
were harvested at the indicated times {min)
after UV or TPA exposure. Whole-cell ex-
tracts [[WCEs) ~ 800 ug protein] were mixed
with GSH-agarose containing 10 pg of GST,
GSTcJun{wt), or GSTcJun(Ala63/73). After 3
hr of incubation, followed by extensive wash-
ing, the solid-state phosphorylation assay was
performed as described above. (B) Jurkat cells
were serum starved for 2 hr and either left
untreated or stimulated with TPA {50 ng/ml)
for 10 or 30 min. WCEs prepared from 5 x 10°
cells were mixed with GSH-agarose contain-
ing GST, GSTcJun(wt), or GSTcJun(Ala63/
73). Phosphorylation of the GST proteins at-
tached to the beads was performed as de-
scribed above. The faster moving bands are
degradation products of GSTcJun.

TPA TPA TPA TPA

10 30 30 30

partial elution of GSTcJun(wt), suggesting that the sta-
bility of the JNK—c-Jun complex is similar to that of the
GST-GSH complex.

It is unlikely that JNK remains bound to phosphory-
lated c-Jun, because this would prevent phosphorylation
of other proteins or dephosphorylation of c-Jun. Addition
of exogenous c-Jun to kinase-loaded GSH-agarose beads
to which GSTcJun was covalently linked results in its
efficient phosphorylation {Fig. 4B, Lane 1). This suggests
that after phosphorylating GSTcjun, JNK dissociates
from it and can phosphorylate exogenous c-Jun. In addi-
tion, incubation in the presence of ATP resulted in elu-
tion of JNK from the beads, as indicated by its ability to
phosphorylate exogenous c-Jun (Fig. 4B, Lanes 2—4). After
incubation with 50 um ATP, <20% of the kinase re-
mained bound (cf. lanes 1 and 5).

The major form of [NK is a 46-kD protein

We used an in-gel kinase assay to determine the size of
JNK and whether it is the major ¢c-Jun amino-terminal
kinase in the cell. The kinase was isolated from extracts
of UV-stimulated HeLa cells on GSTcJun(1-79}-GSH-
agarose beads and was eluted with SDS sample buffer
after extensive washing. The eluted proteins were re-
solved by SDS-PAGE on gels that were polymerized in
the absence or presence of GSTcjun{wt). In addition,
crude extracts of unstimulated and UV-stimulated HeLa
cells were fractionated on the same gels. After electro-
phoresis, the proteins were renatured in the gel (see Ma-
terials and methods) and incubated in kinase buffer plus
[y-32P]ATP. UV exposure activated two protein kinases,
46 kD and 55 kD in size, that phosphorylated GSTcjun
in the gel (Fig. 5A). The same polypeptides were retained
on beads loaded with GSTcJun(1-79) but not with GST
(data not shown). We conclude that the 46-kD polypep-
tide is the major, renatureable, c-jun amino-terminal ki-
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nase in the cell, and the second less abundant 55-kD
polypeptide, whose regulation is very similar {see Fig.
5C), is a related protein kinase. Although the exact rela-
tionship between the two polypeptides is not clear, we
refer to them as JNK-46 and JNK-55.

A further proof for the identity of the two polypeptides
was provided by conventional renaturation studies. Ex-
tracts of TPA-stimulated Jurkat cells were incubated
with GSTcJun{wt}-GSH—-agarose beads, and the bound
fraction was fractionated by SDS-PAGE. Renaturation,
gel slicing, and elution revealed two renaturable c-Jun
kinase activities, one migrating at 46 kD and the second
at 55 kD (Fig. 5B). As found by the in-gel kinase experi-
ments, the 46 kD polypeptide was the more abundant
form of JNK. Phosphopeptide mapping experiments in-
dicated that this enzyme phosphorylated c-Jun on Ser-73
and Ser-63 {data not shown).

The in-gel kinase assay was used to examine extracts
of K562 human erythroleukemia cells, U937 human his-
tiocytic leukemia cells, Jurkat cells, HeLa cells, F9 em-
bryonal carcinoma cells, Ha-ras-transformed FR3T3
cells and QT6 quail fibroblasts. The Hela, F9, and QT6
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Figure 3. Phosphopeptide mapping of GST-cJun and c-Jun
phosphorylated by JNK. {4) Maps of GSTcJun. WCEs of Ha-
ras-transformed FR3T3 cells (2.5 mg), UV-irradiated HeLa
cells (200 ug), or TPA-stimulated Jurkat cells (1.2 mg] were
mixed with GSH-agarose containing either GSTcjun(wt) or
GSTcjun(Ala63/73). The GSTcJun proteins were phosphory-
lated as described above by the bound kinase, isolated by SDS-
PAGE, excised from the gel, digested with trypsin, and sub-
jected to two-dimensional phosphopeptide mapping. The X, Y,
T1, and T2 phosphopeptides are indicated. The autoradio-
graphs represent equal exposures. (B) Maps of c-Jun. Recom-
binant c-Jun was phosphorylated by JNK eluted from
GSTcJun{WT}-GSH-agarose beads. In addition, ¢-Jun was iso-
lated by immunoprecipitation from 3?P-labeled F9 cells
cotransfected with c-Jun and Ha-Ras expression vectors
[Smeal et al. 1991). Equal counts of each protein preparation
were digested with trypsin and subjected to phosphopeptide
mapping. The migration positions of the X, X’ (an alkylated
derivative of X; Smeal et al. 1991} Y, b, and ¢ phosphopeptides
are indicated.

extracts were prepared from UV-irradiated cells and the
U937 and Jurkat extracts were made from TPA-stimu-
lated cells, whereas the K562 cells were not subjected to
any special treatment. All cells contained JNK-46, and
some, especially QT6 cells, also contained JNK-55 form
[Fig. 5C). The activities of both forms were induced by
cell stimulation (data not shown).

INK is a novel proline-directed inducible kinase

The phosphoacceptors targeted by JNK are either Ser or
Thr followed by a Pro. This property and its inducibility
by extracellular stimuli suggested that JNK may be re-
lated to ERK/MAP kinases (Rossomando et al. 1989;
Boulton et al. 1991; Thomas 1992). Several members of
this group, including pp42(ERK2), pp44(ERK1), and pp54,
were reported to phosphorylate c-Jun on amino-terminal
sites in vitro (Pulverer et al. 1991, 1992; Adler et al.
1992a). The MAP/ERK proteins are characterized by
their ability to phosphorylate myelin basic protein
(MBP). As shown in Figure 6A, purified ERK1/2 (a mix-
ture of both enzymes provided by Dr. M. Cobb, South-
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Figure 4. Elution of JNK from
GSTcJun. (A) GSTcJun(wt-GSH—-
agarose beads were incubated for 3
hr with WCE of TPA-stimulated
Jurkat cells, and after four washes
were subjected to elution in ki-
nase buffer containing increasing
concentrations of NaCl or urea (in
. molars). The eluted fractions
{equal volumes) were dialyzed at
4°C against kinase buffer contain-
ing 10% glycerol and no ATP and
then incubated with recombinant
c¢-Jun {250 ng) in the presence of 20
uM ATP and 5 pCi [y->*P]ATP for
20 min at 30°C. The amount of ki-
nase remaining on the beads (R}
was determined by incubation of

the isolated beads with kinase buffer in the presence of 20 pM ATP and 5 uCi of [y->2P]ATP for 20 min at 30°C. The phosphorylated
proteins were analyzed by SDS-PAGE as described above and visualized by autoradiography. The migration positions of GSTcJun and
c-Jun are indicated. (B) GSTcJun(wt) was covalently linked to GSH—agarose beads, using cyanogen bromide, and incubated with WCEs
of TPA-stimulated Jurkat cells. After extensive washing, parts of the beads were eluted with kinase buffer containing no ATP {lane 2},
20 pM ATP (lane 3), or 50 uM ATP (lane 4). The eluted fractions (equal volumes) were incubated with recombinant c-Jun (500 ng) as
a substrate and 5 wCi of [y-**P]ATP for 30 min. In addition, the beads after elution with either kinase buffer alone (lane 1) or kinase
buffer containing 50 uM ATP (lane 5) were incubated with c-Jun (500 ng) in the presence of 5 nCi of[y->*PJATP for 30 min. Phospho-

rylation of c-Jun was analyzed by SDS-PAGE and autoradiography.

western Medical Center) phosphorylated MBP 55-fold
more efficiently than GSTcJun(wt), whereas JNK phos-
phorylated GSTcJun(wt} 25-fold more efficiently than
MBP. In addition, JNK phosphorylated GSTcJun(wt) 30-
fold more efficiently than GSTvjun(1-144), whereas
ERK1/2 did not display significant preference for either
substrate. We also examined the relationship between
JNK and the pp54 MAP kinase. Whereas the MAP-2 ki-
nase activity of pp54 is strongly stimulated by polylysine
(Kyriakis and Avruch 1990), MAP-2 phosphorylation by
JNK was not stimulated by polylysine (data not shown).

Further indications that JNK differs from previously
characterized MAP/ERKs are provided by Western blot-
ting experiments showing that JNK does not cross-react
with an anti-ERK antiserum (a gift from Dr. M. Cobb)
capable of detecting both ERK1 and ERK2 (Fig. 6B). In
addition, probing of Western blots with two different
anti-phosphotyrosine antisera (gifts from Drs. B. Sefton,
Salk Institute, San Diego, CA, and ]. Wang, University of
California, San Diego) failed to detect the presence of
this phosphorylated residue in JNK, whereas ERK1 was
clearly reactive (Fig. 6; results shown for only one an-
tiserum). Even a 10-fold longer exposure failed to detect
staining of either INK-46 or JNK-55. Because previously
characterized ERK/MAP kinases are tyrosine phospho-
rylated (Rossomando et al. 1989; Kyriakis and Avruch
1990; Boulton et al. 1991), these results suggest that JNK
is a novel proline-directed extracellular signal-respon-
sive kinase.

Definition of the kinase-binding site

We used deletions of GSTcJun lacking either amino- or
carboxy-terminal sequences ({Fig. 7A) to define the JNK-
binding site. These proteins were immobilized on GSH-

agarose beads and incubated with an extract of UV-irra-
diated HeLa cells. Binding of JNK was examined by its
ability to phosphorylate the GSTcJun fusion proteins, all
of which contained both Ser-63 and Ser-73 {Fig. 7B). To
exclude the possibility that any of the truncations af-
fected presentation of the amino-terminal phosphoac-
ceptors without affecting JNK binding, we also examined
whether JNK eluted from these beads can phosphorylate
exogenous c-Jun in solution (Fig. 7C). The results ob-
tained by both assays indicated that removal of amino
acids 1-21 had no effect on JNK binding. Removal of
amino acids 1-32 resulted in a large decrease in phos-
phorylation of GSTcJun but only a three-fold decrease in
JNK binding. Removal of amino acids 1-42, however,
completely eliminated JNK binding. The two carboxy-
terminal truncations that were examined had no effect
on JNK binding, and a fusion protein containing amino
acids 1-79 of c-Jun exhibited full binding activity.
Hence, amino acids 33-79 constitute the kinase-binding
site.

The JNK-binding site encompasses the d region, span-
ning amino acids 31-57 of c¢-Jun, which are deleted in
v-Jun (Vogt and Bos 1990). To determine the involve-
ment of the 8 region in JNK binding, we constructed GST
fusion proteins containing the amino-terminal region of
chicken c-Jun (amino acids 1-144} or v-Jun (Fig. 8A).
Binding assays were performed as described above.
Whereas chicken GSTcJun bound JNK as efficiently as
human GSTcJun, GSTvjun was defective in JNK binding
(Fig. 8B,C).

JNK binding is required for Ha-Ras and UV
responsiveness

Phosphorylation of Ser-63 and Ser-73 potentiates c-Jun-
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(200 pg) of UV-irradiated (UV) or non-irradiated [C) HeLa S3 cells and the bound
fraction (JNK), isolated by applying 400 pg of WCEs of UV-irradiated HeLa cells to
GSTcJun(1-79-GSH-agarose, were separated by SDS-PAGE on gels that were
polymerized in the absence or presence of GSTcJun{wt). After electrophoresis, the
gel was incubated in 6 M urea and subjected to renaturation as described in Ma-
terials and methods. The renatured gels were incubated in kinase buffer contain-
ing 50 pM ATP and 5 wCi/ml of [y-3?P]ATP for 1 hr at 30°C, washed, fixed, and
visualized by autoradiography. (B) Elution of JNK after SDS-PAGE. GSTcJun~
GSH-agarose beads were incubated with WCEs of TPA-stimulated Jurkat cells.
After washing, the bound proteins were eluted in SDS sample buffer and separated
by SDS-PAGE. The gel was subjected to renaturation, followed by horizontal
slicing. Gel slices were homogenized in kinase buffer containing 0.1 mg/ml of
BSA and incubated at 4°C for 16 hr. The eluates were used to assay JNK activity
using GSTcJun{wt} as a substrate. The phosphoproteins were analyzed by SDS—
PAGE and visualized by autoradiography, and the level of kinase activity was
determined by Cerenkov counting of the sliced gel. Shown is a portion of the

autoradiograph and the level of GSTcJun kinase activity in each slice. (C) In-gel kinase assays. GSTcJun(WT}-GSH—-agarose beads were
incubated with WCEs of logarithmically growing K562 and Ha-ras-transformed FR3T3 cells, TPA-stimulated Jurkat, and U937 cells
and UV-irradiated HeLa, F9, and QT6 cells. After washing, the bound proteins were eluted and analyzed by in-gel kinase assay as
described above. The slight differences in electrophoretic mobilities of the JNK polypeptides are attributable to the loading of different

protein amounts on each lane.

mediated trans-activation in response to Ha-Ras and UV
(Smeal et al. 1991; Devary et al. 1992). If binding of JNK
has any role in this response, mutations that decrease
binding should attenuate the stimulation of c-Jun activ-
ity. This relationship was examined by cotransfection
assays using chimeric GAL4—cjun and GAL4-vJun ex-
pression vectors, encoding the DNA-binding domain of
the yeast activator GAL4 (Sadowski and Ptashne 1989)
and amino-terminal sequences of c-Jun or v-Jun. The
ability of these chimeras to activate the GAL4-depen-
dent reporter 5xGAL4-E1b—CAT (Lillie and Green 1989)
was examined in the absence or presence of a cotrans-
fected Ha-Ras expression vector (Fig. 9A) or UV irradia-
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tion (Fig. 9B). Whereas deletion of amino acids 1-32 of
c-Jun resulted in a small decrease in Ha-Ras responsive-
ness, deletion of amino acids 1-42 or 1-55 resulted in a
large decrease in Ha-Ras and UV responsiveness. A sim-
ilar decrease in Ha-Ras and UV responsiveness was ob-
served upon substitution of c-Jun sequences with v-Jun
sequences. The GAL4—cJun(56-223) and GAL4—vJun chi-
meras were only two-fold more responsive than GAL4—
cJun(1-246;A1a63/73), in which Ser-63 and Ser-73 were
converted to alanines. Western blotting indicates that all
of these proteins accumulate to a similar extent (B. Su,
unpubl.}.

To reveal the role of JNK binding in c¢-Jun phosphory-
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Figure 6. JNK is different from previously described MAP kinases. (A) Substrate specificity. After incubation of GSTcJun—-GSH~
agarose beads with WCEs of UV-irradiated HeLa cells and washing, the JNK fraction was eluted with 2 M NaCl. JNK and a purified
MAP kinase preparation that contains both ERK1 and ERK2 (from Dr. M. Cobb) were examined for their ability to phosphorylate
GSTcJun(wt), GSTvJun, and MBP as substrates. The phosphorylated proteins were resolved by SDS-PAGE and visualized by autora-
diography. The exposure time for the autoradiograph comparing GSTcJun with GSTvJun phosphorylation by ERK1/2 (right) is 10 times
longer than for the corresponding one comparing the phosphorylation of these substrates by JNK {left]. The numbers refer to the
amount of substrate protein in micrograms. (B) Western blotting with anti-ERK1/2 antiserum. WCEs (100 pg| of UV-irradiated HeLa
cells (lane 1), the eluted fraction of GSTcJun{1-79) bound to GSH-agarose in the absence of cell extract {lane 2), a JNK fraction isolated
from 2 mg of WCE of UV-irradiated HeLa cells using GSTcJun(1-79}-GSH-agarose {equivalent to the amount of JNK present in 200
g of WCE; lane 3), recombinant His-tagged ERK1 (50 ng; lane 4), and recombinant His-tagged ERK2 (50 ng; lane 5} were resolved by
SDS-PAGE and subjected to Western blotting using an antiserum that reacts with both ERK1 and ERK2. (C) Western blotting with
anti-phosphotyrosine antiserum. WCEs (100 pg) of UV-irradiated HeLa cells (lane 1), the eluted fraction of GSTcJun{1-79-GSH-
agarose in the absence of WCEs (lane 2), a JNK fraction isolated from 2 mg of WCEs of UV-irradiated HeLa cells {equivalent to the
amount of [NK present in 200 pg of WCEs; lane 3}, and recombinant His-tagged ERK1 (50 ng; lane 4) were subjected to Western blotting
using affinity-purified rabbit polyclonal anti-phosphotyrosine antibodies {from Dr. B. Sefton|. The same results were obtained using a
monoclonal anti-phosphotyrosine antibody (506 from Dr. J. Wang).

lation we cotransfected c-Jun and v-Jun expression vec-
tors into F9 cells in the absence or presence of an acti-
vated Ha-ras allele or UV irradiation. Immunoprecipita-
tion from 2S-labeled cells showed that c-Jun and v-Jun
were expressed at similar levels that were not affected by
either Ha-Ras (Fig. 10A) or UV (Fig. 10B). Immunopre-
cipitation from *2P-labeled cells indicated that both
Ha-Ras and UV stimulated phosphorylation of c-Jun,
whereas phosphorylation of v-Jun, with a basal level sev-
eralfold lower than that of c-Jun, was not enhanced by
either treatment. As noticed earlier {Devary et al. 1992),
UV was a stronger inducer of c-Jun phosphorylation, re-
sulting in its retarded electrophoretic mobility. Phos-
phopeptide mapping confirmed that Ha-Ras expression
had a much lesser effect on the phosphorylation of v-Jun
in comparison with its effect on c-Jun (data not shown).

Discussion

Phosphorylation of Ser-63 and Ser-73 in the amino-ter-
minal activation domain of c-Jun in response to expres-
sion of transforming oncogenes or UV irradiation aug-
ments its transcriptional activity (Binetruy et al. 1991,
Smeal et al. 1991, 1992; Devary et al. 1992; Karin and
Smeal, 1992). Here, we characterize a protein kinase that
is activated by Ha-Ras and UV and is responsible for
phosphorylation of c-Jun on Ser-63 and Ser-73. This pro-
tein kinase, JNK, binds to a distinct site within the
amino-terminal activation domain of c-Jun, the integrity
of which is required for optimal Ha-Ras and UV respon-

siveness. The binding of JNK to c-Jun provides a novel
mechanism for increasing the efficacy and specificity of
signal transduction from the cell surface to the nucleus.

Identification of the c-Jun amino-terminal kinase

Several protein kinases were claimed to phosphorylate
c-Jun on Ser-63 and Ser-73. The MAP kinases ERKI1,
ERK2, and pp54 were reported to phosphorylate these
sites in vitro (Pulverer et al. 1991). However, other in-
vestigators find that both ERK1 and ERK2 and the
closely related ERT phosphorylate Ser-243 in the car-
boxyl terminus of c-Jun rather than the two amino-ter-
minal sites (Alvarez et al. 1991, Baker et al. 1992; Chou
et al. 1992; A. Lin unpubl.). Only after deletion of the
carboxy-terminal sites did ERK1 and ERK2 phosphory-
late the amino-terminal sites of c-jun (A. Lin unpubl.),
and even that was relatively inefficient in comparison
with their MBP kinase activity. Like ERK1 and ERK2,
pp54 phosphorylates MBP (Kyriakis and Avruch 1990)
and therefore is expected to contribute to total MBP ki-
nase activity. However, total MBP kinase activity is not
regulated in the same manner as c-Jun phosphorylation
(A. Minden unpubl.). Another kinase that phosphory-
lates Ser-63 and Ser-73 in vitro is cdc2 (Baker et al. 1992).
However, c-Jun phosphorylation is not cell cycle depen-
dent (T. Hunter, pers. comm.). Recently, a protein kinase
was partially purified on a GSTcJun affinity column and
reported to phosphorylate Ser-63 and Ser-73 of c-Jun
{Adler et al. 1992a,b). However, only an amino-terminal
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A. Protein Gel

Figure 7. Delineation of the JNK-binding site. {A)
GSTcJun fusion proteins containing various c-Jun
sequences were expressed in E. coli and isolated
on GSH-agarose. The bound proteins were ana-
lyzed by SDS-PAGE and stained with Coomassie
blue. Numbers indicate the amino acids of c-Jun
present in each fusion protein, the migration po-
sitions of which are indicated by dots. Faster mi-
grating bands are degradation products. (B) WCEs
of UV-irradiated HeLa S3 cells were mixed with
GSH-agarose containing equal amounts of the
GST fusion proteins shown above. After washing,
the beads were incubated for 20 min in kinase
buffer containing [y-3?P]JATP. The GST fusion pro-
teins were eluted from the beads and analyzed by
SDS-PAGE and autoradiography. The migration
positions of the intact GST fusion proteins are in-
dicated by dots. (C) After incubation with WCEs
of UV-irradiated HeLa cells and washing, part of
the bound JNK fraction was eluted with 1 M NaCl
and examined for its ability to phosphorylate re-
combinant c-jun (250 ng) in solution. Protein
phosphorylation was analyzed by SDS-PAGE and
autoradiography.

fragment of c-Jun was examined as a substrate for that
kinase, and the actual phosphorylation sites have not
been mapped. That protein kinase was suggested to be 67
kD in size. These investigators also reported the purifi-
cation of ERK1 and ERK2 as c-Jun kinases {Pulverer et al.
1992), and the relationship between the c-Jun-bound ki-
nase and the latter two was not determined.

Clearly, any protein kinase that phosphorylates c-Jun
in vivo should exhibit properties consistent with this
role. In vivo, the amino- and carboxy-terminal phospho-
rylation sites of c-Jun are modulated by separate path-
ways [(for review, see Karin and Smeal 1992). Only
amino-terminal phosphorylation is stimulated by ex-
pression of transforming oncogenes {Binetruy et al. 1991;
Smeal et al. 1991, 1992), UV irradiation {Devary et al.
1992}, or TPA treatment of myeloid and lymphoid cells
{Pulverer et al. 1991, 1992; B. Su and Y. Ben-Neriah un-
publ.}. The serine/threonine kinase JNK, identified by its
ability to bind to the activation domain of c-Jun, exhibits
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this specificity and phosphorylates the physiological
amino-terminal sites. When bound to GSTcJun, JNK also
phosphorylates Thr-91, Thr-93 or Thr-95 of ¢-Jun, which
are also phosphorylated to a low extent in c-Jun isolated
from UV-irradiated HeLa cells (Devary et al. 1992). Even
phosphorylation of Ser-63 in most cases is lower than
that of Ser-73 (Binetruy et al. 1991; Smeal et al. 1991,
1992). Only in UV-irradiated cells or after solid-phase
kinase assay, its phosphorylation approaches that of Ser-
73. All of the JNK phosphoacceptor sites contain Ser or
Thr followed by a Pro, which in the case of the major
sites is followed by a negatively charged residue. Unlike
known members of the MAP/ERK group, JNK phospho-
rylates MBP much less efficiently than c-Jun.

The most effective stimulator of c-Jun amino-terminal
phosphorylation in HeLa cells is UV light (Devary et al.
1992). The same agent is also the most effective stimu-
lator of JNK activity measured in vitro. On the other
hand, TPA has only a slight effect on amino-terminal
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Figure 8. v-Jun is defective in JNK binding. (A) The activation
domain (amino acids 1-144) of chicken (Ch) c-Jun and the equiv-
alent region of v-Jun were fused to GST and expressed in E. coli.
GST fusion proteins were isolated on GSH-agarose and ana-
lyzed by SDS-PAGE and Coomassie blue staining. The migra-
tion positions of the intact proteins are indicated by dots. (B)
Extracts of TPA-activated Jurkat cells were incubated with
GSH-agarose containing GST, GSTcJun(Ch), or GSTvJun. After
washing, the beads were incubated in kinase buffer containing
[v-32P]ATP, and the phosphorylated GST fusion protein was an-
alyzed as described in Fig. 7. (C) The bound fraction was eluted

from the GSTcJun(Ch) and GSTvJun beads and analyzed for its
ability to phosphorylate c-Jun in solution, as described in Fig. 7.

phosphorylation of c-Jun in HeLa cells or human fibro-
blasts (Boyle et al. 1991) and is also a poor activator of
JNK in these cells. However, TPA is much more efficient
than UV in activating MBP kinase {A. Minden unpubl.).
Therefore, none of the TPA-inducible MBP kinases can
make a significant contribution to amino-terminal phos-
phorylation of c-Jun in HeLa cells or human fibroblasts.
TPA treatment of Jurkat T cells, however, does stimu-
late amino-terminal phosphorylation (B. Su and Y. Ben-
Neriah unpubl.) and is also an effective stimulator of
JNK. The magnitude and the kinetics of JNK activation
are also consistent with changes in ¢-Jun phosphoryla-
tion in living cells. In addition to UV in HeLa cells and
TPA in Jurkat cells, the amino-terminal phosphorylation
of c-Jun is increased upon transformation of rat fibro-
blasts by Ha-ras (Binetruy et al. 1991}. Ha-ras transfor-
mation results in higher JNK activity.

Additional evidence for the role of JNK in c-Jun phos-
phorylation is provided by disruptions of its binding site,
which decrease the stimulation of c-Jun transcriptional
activity and phosphorylation by Ha-Ras and UV. Al-
though both JNK and the kinase described by Adler et al.
(1992a) preferentially phosphorylate the amino-terminal
domain of c-Jun over v-Jun, ERK1 does not exhibit such
apreference. We also find that in FR3T3 cells a portion of
JNK is nuclear. A nuclear location is consistent with the
expected site of action of a c-Jun kinase.

Although JNK is activated by extracellular stimuli and
its phosphoacceptors are followed by prolines, we failed
to detect the presence of phosphotyrosine in both forms

c-Jun amino-terminal kinase

of JNK; neither was it recognized by anti-ERK antibod-
ies. On the basis of all of these criteria we conclude that
JNK is the most likely protein kinase to phosphorylate
the amino-terminal sites of c-Jun in response to trans-
forming oncogenes and UV irradiation and that it is a
novel inducible proline-directed kinase.

Biological significance and implications

The JNK-binding site encompasses amino acids 3379 of
c-Jun. Deletion of amino acids 1-42 or 3157 (as in v-Jun)
results in a complete loss of [NK binding and a large
decrease in the response of c¢-Jun to Ha-Ras and UV.
These findings strongly suggest that JNK binding to
c-Jun is important for modulation of its activity by the
Ha-Ras pathway.

The relationship between the loss of JNK binding and
v-Jun activity is less clear. Removal of the § region in-
creases the transforming activity of ¢-Jun in chicken em-
bryo fibroblasts (CEFs) but decreases its transcriptional
activity in both CEFs and F9 cells (Bos et al. 1990; Hivar-
stein et al. 1992). This led Vogt and co-workers to derive
an inverse correlation between transformation and
trans-activation in CEF and suggest that increased trans-
forming activity of v-Jun could be attributable to its fail-
ure to activate transcription of growth-attenuating genes
that require high c-Jun activity (Havarstein et al. 1992). It
is therefore possible that by increasing c-Jun activity,
JNK may be involved in negative growth control in CEF.
These results, however, do not apply to rat embryo fi-
broblasts (REFs), where there is a direct correlation be-
tween trans-activation by various c-Jun mutants and
their transforming activity (Alani et al. 1991). Further-
more, in that system c-jun is a much more potent onco-
gene than v-jun (M. Birrer, pers. comm.). Because phos-
phorylation of Ser-63 and Ser-73 is required for onco-
genic cooperation between Ha-Ras and c-Jun (Smeal et
al. 1991), it is likely that in REF, JNK is involved in
positive growth control.

Loss of the 5 region was reported to increase the acti-
vation potential of c-Jun (Baichwal and Tjian 1990; Ba-
ichwal et al. 1991). Because this effect was observed only
in some cell types (Baichwal and Tjian 1990} but not in
F9 or NIH-3T3 cells (Imler et al. 1988; Angel et al. 1989),
it was attributed to a cell type-specific repressor (Baich-
wal and Tjian 1990). This repressor, however, has not
been identified, and more recently, a second region, €
{amino acids 110-137), was suggested to be its primary
binding site (Baichwal et al. 1992). Although in certain
cell types, binding of inactive JNK may directly repress
c-Jun activity or stabilize the interaction of the putative
repressor with the e region, this does not apply to F9 or
NIH-3T3 cells, in which c-Jun is a more potent activator
than v-Jun (Binetruy et al. 1991; Imler et al. 1988).

So far we were not able to coprecipitate JNK with ¢-Jun
(M. Hibi unpubl.). However, the only assay currently
available for demonstrating association of JNK with
¢-Jun is based on its kinase activity. Because in nonstim-
ulated cells JNXK has very low basal activity, its detection
requires cell stimulation, but this should result in dis-
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Figure 9. The JNK-binding site is required for opti- é
mal Ha-Ras and UV responsiveness. (A) Ha-Ras. F9 %
cells were cotransfected with expression vectors (1 . ; é
ng) encoding the indicated GAL4—cJun chimeric pro- T o5 P 20 ugRas(s1)

teins, containing various portions of the c-Jun acti-

vation domain [c], amino acids 1-223; 33,33-223;

43,43-223; 56,56-223; A63,73,1-246{Ala63/73)), and B
a 5xGAL4-E1b-CAT reporter (2 pg) in the absence or
presence of the indicated amounts {in ug) of pZIP-
NeoRas(Leu-61). The total amount of expression vec-
tor was kept constant, and the total amount of trans-
fected DNA was brought to 15 pg using pUC18 and
PZIPNeo. Cells were harvested 28 hr after transfec-
tion, and CAT activity was determined. Shown are
the averages of two experiments, calculated as fold
activation over the level of reporter expression seen
in the absence of the GAL4-Jun expressions vectors.
{B) UV. F9 cells were transfected as described above
except that instead of cotransfection with pZIPNeo-
Ras, the cells were either exposed or not exposed to
40]/m? of UV-C 8 hr after transfection. The cells
were harvested and assayed for CAT activity 20 hr
later. Shown are the averages of two experiments cal-
culated as described above.

Fold Activation

sociation of the JNK—c-Jun complex as a result of c-Jun
phosphorylation. Demonstration of in vivo association
between JNK and c-Jun will therefore require anti-JNK
antibodies. Nevertheless, the efficient interaction be-
tween JNK and unphosphorylated c-Jun and the func-
tional importance of the JNK-binding site strongly sug-
gest that the two proteins associate in vivo. The binding
of JNK to unphosphorylated c-Jun is likely to be respon-
sible for increasing both the fidelity and efficiency of this
phosphorylation reaction, taking place near the very end
of a signaling cascade initiated at the cell surface. It is of
interest that most, if not all, of the early steps in such
signaling cascades also involve protein—protein interac-
tions {Cantley et al. 1991) and that in bacteria the control
of transcription by extracellular signals is based on phys-
ical interaction between a protein kinase and its sub-
strate, a transcription factor (Albright et al. 1989). Such
interactions are important for increasing both the speed
and fidelity of information transfer.

Comparison of sites phosphorylated by some of the
protein kinases involved in these pathways, especially
the proline-directed kinases, suggests very little specific-
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ity (Moreno and Nurse 1990; Thomas 1992). However,
these protein kinases must exhibit greater specificity in
vivo. Although MAP kinases phosphorylate sites similar
to those recognized by cell cycle-dependent kinases, the
biological functions of these proteins and their sub-
strates are entirely different (Thomas 1992). Genetic ex-
periments indicate that the MAP kinases of budding
yeast have different biological roles (Elion et al. 1990);
and recently, one of them, FUS3, was found to associate
tightly with several potential substrates (Elion et al.
1993). The association of protein kinases with their sub-
strates is likely to have an important role in increasing
the biological specificity of signal transduction by pro-
tein kinases.

Recently, transcription factor E2F was shown to asso-
ciate with pl107, cyclin A, and Cdk2 (Cao et al. 1992;
Devoto et al. 1992; Pagano et al. 1992). This was sug-
gested as a way to recruit Cdk2 to phosphorylate other
DNA-binding proteins that interact with E2F-regulated
promoters {for review, see Hunter and Karin, 1992; Nev-
ins 1992). In addition, the c-Abl tyrosine kinase was re-
ported to interact with transcription factor EP (Dikstein
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Figure 10. Differential phosphorylation response of c-Jun and v-Jun to Ha-Ras and UV. (A) Ha-Ras. v-Jun and c-Jun were isolated by
immunoprecipitation from 3°S- or 32P-labeled F9 cells transfected with v-Jun and c-Jun expression vectors in the absence or presence
of pZIPNeoRas(Leu-61). The isolated proteins were analyzed by SDS-PAGE and autoradiography. Shown are the results of one typical
experiment for each protein. Note that the 32P-labeled v-Jun autoradiograph was exposed three times longer than the corresponding
c-Jun autoradiograph. (B) UV. v-Jun and c¢-Jun were isolated from 32P- and 2°S-labeled F9 cells that were transfected with v-Jun or c-Jun
expression vectors. One-half of the cells were irradiated with UV-C(40]/m?) 30 min before isolation of the Jun proteins by immuno-
precipitation. In this case, the c-Jun- and v-Jun-labeled lanes represent equal autoradiographic exposures. The two arrowheads indicate
the migration positions of the two forms of c-Jun (Devary et al. 1992); the square indicates the migration position of v-Jun.

et al. 1992). It was also reported that the Ku antigen, a
nonspecific DNA-binding protein, associates with DNA-
dependent protein kinase, allowing it to phosphorylate
proteins bound to DNA (Dvir et al. 1992; Gottlieb et al.
1993). In the same vein it is possible that c-Jun recruits
JNK to phosphorylate other components of the transcrip-
tional machinery and thereby modulate their activity.
JNK bound to ¢-Jun may phosphorylate other sequence-
specific factors, such as Ets and NFAT, the binding sites
of which reside next to AP-1 sites (Wasylyk et al. 1991;
Jain et al. 1992). Both c-Etsl and c-Ets2 and the related
protein Erg contain potential JNK phosphorylation sites
(Boulukos et al. 1988). c-Jun can interact with and mod-
ify the activity of a large number of other trans-activa-
tors even in the absence of DNA, including other bZIP
proteins, nuclear receptors, and myogenic bHLH pro-
teins (Diamond et al. 1990; Yang-Yen et al. 1990, 1991;
Angel and Karin 1991; Hai and Curran, 1991; Bengal et
al. 1992; Li et al. 1992). It is conceivable that after phos-
phorylating c-Jun, JNK may phosphorylate an adjacent
protein, even though it does not bind to it directly. We
have shown that JNK complexed with GSTcJun-GSH-
agarose is capable of phosphorylating an exogenous c-Jun
protein added to these beads. It is of interest that c-Fos
contains a sequence surrounding Thr-232 that is very
similar to the sequence surrounding Ser-73 of c-Jun,
which is an important part of the c-Fos activation do-
main (Sutherland et al. 1992). It is possible that by asso-
ciating with c-Jun, c-Fos can be phosphorylated by JNK
on Thr-232.

In summary, the tight association of JNK with c-Jun,
although rarely precedented in eukaryotic systems, is
likely to be of great regulatory importance not only for

modulation of c-Jun activity but also for modulating the
activity of other transcription factors. Experiments are in
progress to test the occurrence of such interactions.

Materials and methods
Plasmids and expression of GST fusion proteins

GST-cJun expression vector, pGEX2T—cfun{wt}, was con-
structed by inserting a filled-in BspHI-Pstl fragment (encoding
amino acids 1-223) from RSV-cJun(BspHI) into the Smal site of
pGEX2T (Pharmacia). RSV—cJun{BspHI] was constructed by
changing the translational initiator, CTATGA, of RSV~cJun to
TCATGA by site-directed mutagenesis. pGEX2T—cJun(Ala63/
73) was derived in the same manner from RSV-cjun{Ala63/73)
(Smeal et al. 1991). The GSTcJun truncation mutants were con-
structed using the polymerase chain reaction (PCR) to amplify
various portions of the c-Jun-coding region. The sequences of
the primers are available on request. The v-Jun and chicken
c-Jun sequences were derived from RCAS VC-3 and RCAS CJ-3,
respectively (Bos et al. 1990). Fragments containing equivalent
portions of c-Jun and v-Jun were cloned into pSG424, a GAL4
DNA-binding domain expression vector (Sadowski and Ptashne
1989).

The GST fusion protein expression vectors were transformed
into the XL1-Blue or NM522 strains of Escherichia coli. Protein
induction and purification were as described {Smith and
Johnson 1988). The amount of purified fusion protein was esti-
mated by the Bio-Rad protein assay.

Cell culture and preparation of cell extracts

FR3T3, Ha-ras-transformed FR3T3, HelaS3, and QT6 cells
were grown in Dulbecco’s modified Eagle Medium (DMEM)
containing 10% fetal calf serum (FCS}, 100 U/ml of penicillin
{Pc), and 100 pg/ml of streptomycin (Sm). Jurkat, K562, and
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U937 cells were grown in RPMI 1640 supplemented with 10%
FCS, 100 U/ml of Pc, and 100 png/ml of Sm. F9 cells were grown
in 45% DMEM, 45% Ham’s F-12, 10% FCS, 100 U/ml of Pc and
100 wg/ml of Sm. Nuclear and cytoplasmic extracts were pre-
pared as described by Dignam et al. (1983). To prepare whole-
cell extract, harvested cells were suspended in WCE buffer (25
mm HEPES at pH 7.7, 0.3 M NaCl, 1.5 mm MgCl,, 0.2 mm
EDTA, 0.1% Triton X-100, 0.5 mm DTT, 20 mM B-glycerolphos-
phate, 0.1 mm NayVO,, 2 ug/ml of leupeptin, 100 wg/ml of
PMSF). The cell suspension was rotated at 4°C for 30 min, and
the extract was cleared by centrifugation at 10,000g for 10 min.
Protein concentration was estimated by Bio-Rad protein assay.

Solid-phase kinase assay

Cell extracts were diluted so that the final composition of the
WCE buffer was 20 mm HEPES at pH 7.7, 75 mMm NaCl, 2.5 mm
MgCl,, 0.1 mm EDTA, 0.05% Triton X-100, 0.5 mm DTT, 20
mM B-glycerolphosphate, 0.1 mm NayVO,, 2ug/ml of leupeptin,
and 100 pg/ml of PMSF. The extracts were mixed with 10 pl of
GSH-agarose suspension (Sigma) to which 10 pg of either GST
or GSTJun were bound. The mixture was rotated at 4°C for 3 hr
in a microcentrifuge tube and pelleted by centrifugation at
10,000g for 20 sec. After 4x1-ml washes in HEPES binding
buffer (20 mm HEPES at pH 7.7, 50 mm NaCl, 2.5 mm MgCl,, 0.1
mM EDTA, 0.05% Triton X-100), the pelleted beads were resus-
pended in 30 ul of kinase buffer (20 mm HEPES at pH 7.6, 20 mm
MgCl,, 20 mM B-glycerolphosphate, 20 mm p-nitrophenyl phos-
phate, 0.1 mm Na;V0,, 2 mm DTT) containing 20 um ATP and
5 uCi of [y-*?P]JATP. After 20 min at 30°C the reaction was
terminated by washing with HEPES binding buffer. Phosphory-
lated proteins were eluted with 30 pl of 1.5x Laemlli sample
buffer and resolved on 10% SDS-polyacrylamide gel, followed
by autoradiography. Phosphate incorporation was determined
by gel slicing and scintillation counting. Phosphorylated GST
fusion proteins were eluted from gel slices and subjected to
phosphopeptide mapping as described (Boyle et al. 1991).

In-gel kinase assay

In-gel kinase assays were performed as described by Kameshita
and Fujisawa (1989) with slight modifications. c-Jun-binding
proteins were isolated by using GSH-agarose beads containing
80 pg of GSTcJun as described above. Proteins were eluted in
Laemlli sample buffer and resolved on a 10% SDS—polyacryl-
amide gel, which was polymerized in the absence or presence of
GSTcJun (40 wg/ml). After electrophoresis, the gel was washed
twice for 30 min with 100 ml of 20% 2-propanol, 50 mm HEPES,
at pH 7.6 to remove SDS. The gel was then washed twice for 30
min with 100 ml of buffer A {50 mm HEPES at pH 7.6, 5 mM
B-mercaptoethanol|. It was then incubated in 200 ml of 6 M urea
in buffer A at 25°C for 1 hr, followed by serial incubations in
buffer A containing 0.05% Tween 20 and either 3, 1.5 0or 0.75 M
urea. After washing several times, for 1 hr each, with 100 ml of
buffer A containing 0.05% Tween 20 at 4°C, the gel was incu-
bated in kinase buffer containing 50 pM ATP and 5 wCi/ml of
[y-32PJATP at 30°C for 1 hr. Finally, the gel was washed with 100
ml of 5% trichloroacetic acid and 1% sodium pyrophosphate at
25°C several times, followed by drying and autoradiography.

Western blotting

The different proteins and cell extracts were resolved by SDS-
PAGE on 10% gels, blotted onto Immobilon P transfer mem-
branes (Millipore), and subjected to Western blotting analysis
using an anti-ERK1/2 antiserum (691 from Dr. M. Cobb), or
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anti-phosphotyrosine antibodies (affinity-purified rabbit poly-
clonal from Dr. B. Sefton and mouse monoclonal 506 from Dr.
]. Wang). The antibody-antigen complexes were visualized by
the enhanced chemiluminescence detection system (Amer-
sham).

Transfection experiments

Transfection experiments were performed using RSV—cJun,
RSV-vJun and GAL4-Jun, GAL4-vJun and Ha-Ras(Leu-61} ex-
pression vectors as described previously (Binetruy et al. 1991;
Boyle et al. 1991; Smeal et al. 1991). Chloramphenicol acetyl-
transferese (CAT) activity was determined as described above.
c-Jun and v-Jun protein expression and phosphorylation were
analyzed as described by Smeal et al. {1991, 1992).
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