mutationally activated MEK become trans-
formed, activating both isoforms of MEK and
ERK. However, this experiment clearly dem-
onstrates the ability of MP1 to enhance sig-
naling through the MAP kinase pathway, de-
pendent on the relative stoichiometries of the
components.

MP1 may participate in functionally link-
ing a subset of components of the MAP
kinase pathway by facilitating specific pro-
tein-protein interactions. To test this directly,
we assessed the effect of varying amounts of
MP1 expression on the binding of MEKI1
with ERK1 (Fig. 6). Cells were transfected
with DNAs encoding MEK1, ERK1, and in-
creasing amounts of MP1. Expression of
MP1 enhanced the coimmunoprecipitation of
MEK1 with ERKI1, except at the highest
amounts of MP1 DNA, where a decrease in
MEKI1-ERKI1 binding was observed. These
results are consistent with a model where
MP1 can form a ternary complex with MEK1
and ERK1, facilitating the interaction of the
two enzymes; however, at high concentra-
tions of MP1, binary MP1-ERK1 and MP1-
MEK]1 complexes would be favored.

In yeast, scaffolding proteins such as
STES5 can enhance signaling by locally se-
questering a subset of components. In the
mammalian MAP kinase pathway, analogous
functions may be distributed among several
proteins, acting at different steps in the path-
way, with MP1 facilitating the functional in-
teractions involving MEK. The existence of
multiple small proteins that serve adapter
functions would provide enhanced flexibility
in regulating the efficiency and specificity of
the MAP kinase cascade.
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A Mammalian Scaffold Complex
That Selectively Mediates MAP
Kinase Activation

Alan ). Whitmarsh, Julie Cavanagh, Cathy Tournier, Jun Yasuda,
Roger ). Davis*

The c-Jun NH,,-terminal kinase (JNK) group of mitogen-activated protein (MAP)
kinases is activated by the exposure of cells to multiple forms of stress. A
putative scaffold protein was identified that interacts with multiple compo-
nents of the JNK signaling pathway, including the mixed-lineage group of MAP
kinase kinase kinases (MLK), the MAP kinase kinase MKK7, and the MAP kinase
JNK. This scaffold protein selectively enhanced JNK activation by the MLK
signaling pathway. These data establish that a mammalian scaffold protein can
mediate activation of a MAP kinase signaling pathway.

The c-Jun NH,-terminal kinase (JNK) group
of MAP kinases represents one of three
groups of MAP kinases that have been iden-
tified in mammalian cells (/). JNK is activat-
ed in cells exposed to environmental stress or
in cells treated with proinflammatory cyto-
kines. Targets of the JNK signaling pathway
include the transcription factors ATF-2, Elk-
1, c-Jun, and NFAT4. JNK is required for a
number of cellular processes in both Dro-
sophila and mammalian cells. These include
early embryonic development, apoptosis, on-
cogenic transformation, and the immune re-
sponse (7).

Similar to other MAP kinases, JNK is
activated by dual phosphorylation on Thr and
Tyr within protein kinase subdomain VIII by
a MAP kinase kinase (MAPKK). Each
MAPKK is phosphorylated and activated by
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a MAP kinase kinase kinase (MAPKKK).
Distinct signaling modules activate the differ-
ent MAP kinase groups. Components of the
INK signaling module include the MAPKKSs
MKK4 and MKK?7, together with members of
the MEK kinase (MEKK) and mixed-lineage
kinase (MLK) groups of MAPKKKs. JNK ac-
tivity can therefore be regulated by many
protein kinases, some of which also regulate
other MAP kinase signaling pathways. Be-
cause JNK also displays some overlap in
substrate specificity with other MAP kinases,
mechanisms must exist to achieve signaling
specificity and to ensure the correct biologi-
cal response to extracellular stimulation.

An emerging property of signal transduc-
tion pathways that might account for speci-
ficity is the formation of signaling complexes
(2). These complexes may result from the
physical interaction between components of

« particular signaling pathways or by the as-

sembly of signaling molecules on anchor or
scaffold proteins that localize their binding
partners to specific subcellular compartments
or to specific substrates. Multienzyme com-
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plexes can be created through these interac-
tions. Examples include the MAP kinase
complexes coordinated by the scaffold pro-
teins Ste5p and Pbs2p in the yeast Saccharo-
myces cerevisiae (3). SteSp binds compo-
nents of the pheromone mating response
pathway and Pbs2p can coordinate compo-
nents of the osmoregulatory pathway. These
scaffold proteins appear to play a dual regu-
latory role. First, they ensure precise regula-
tion of the MAP kinase pathway by colocal-
izing and facilitating phosphorylation of suc-
cessive members of the cascade. Second, they
insulate the MAP kinase pathway to prevent
cross talk with functionally unrelated mem-
bers of other MAP kinase signaling modules.

The cytoplasmic protein JIP-1 (JNK inter-
acting protein-1) (4) binds selectively to the
MAP kinase JNK but not to other related
MAP kinases, including p38 and ERK (Fig.
1A). Overexpression of JIP-1 causes cyto-
plasmic retention of JNK and thereby inhibits
gene expression mediated by the JNK signal-
ing pathway (4). In addition, JIP-1 suppress-
es the effects of JNK on apoptosis and ma-
lignant transformation (4). Overexpressed
JIP-1 can therefore function to inhibit nuclear
signaling by the JNK pathway. To determine
whether JIP-1 could act as a scaffold protein
for the JNK signaling module, we tested
whether JIP-1 interacted with additional com-
ponents of the JNK pathway. We expressed
epitope-tagged JIP-1 in cells together with
vectors encoding epitope-tagged MAPKKs.
Coprecipitation analysis demonstrated that
the INK-specific activator MKK7 was detect-
ed in JIP-1 precipitates (Fig. 1B). The asso-
ciation of MKK7 with JIP-1 was confirmed
by coimmunoprecipitation of epitope-tagged
JIP-1 with MKK?7 (Fig. 1C). The JNK acti-
vator MKK4 (which can also activate p38

Fig. 1. Selective binding of JIP-1 to the MAP
kinase JNK and the MAP kinase kinase MKK?7.
(A) Epitope-tagged JIP-1 (T7-Tag) was ex-
pressed in cells with the HA-tagged MAP ki-
nases ERK2, p38a, JNK1, and JNK2 (75, 76). The
MAP kinases were immunoprecipitated with an
antibody to HA. The presence of JIP-1 in the
immunoprecipitates (IP) was detected on im-
munoblots probed with an antibody to T7-Tag.
The amount of )IP-1 and MAP kinases in the cell
lysates was examined by protein immunoblot
analysis. (B) JIP-1 was expressed in cells as a
GST fusion protein together with epitope-
tagged MEK1, MKK3, MKK4, MKK6, or MKK7
(75, 16). JIP-1 was precipitated from cell lysates
with glutathione-agarose, and the MAPKKs
present in the pellet were detected by pro-
tein immunoblot analysis. The amount of the
MAPKKs in the cell lysates was examined by
protein immunoblot analysis. (C) Epitope-tagged
JIP-1 (T7-Tag) was expressed in cells with Flag-
tagged MKK4 or MKK7 (75, 16). The presence
of JIP-1 in Flag IP was detected by protein
immunoblot analysis with an antibody to T7-
Tag. The amount of the MAPKKs in the cell

REPORTS

MAP kinase) did not interact with JIP-1 (Fig.
1, B and C). MKK3 and MKK6 (which acti-
vate the p38 group of MAP kinases) and
MEKI1 (which activates the ERK group of
MAP kinases) did not coprecipitate with
JIP-1 (Fig. 1B). Thus, JIP-1 preferentially
binds the MAPKK MKK?7.

JNK is activated by many MAPKKKSs that
display varying promiscuity toward the vari-
ous MAP kinase groups (5). These include
MEKKI1 (5) and the mixed-lineage kinases
MLK3 and DLK (6), which preferentially
activate JNK; MEKK3 (7), which activates
both ERK and JNK MAP kinases; and
MEKK4 (8), which preferentially activates
p38 MAP kinase. These MAPKKKSs were
tested for interaction with JIP-1 by coprecipi-
tation assays. MLK3 and DLK coprecipitated
with JIP-1 (Fig. 2A) and JIP-1 coprecipitated
with MLK3 and DLK (Fig. 2B). Weak bind-
ing of JIP-1 to MEKK3, but not to MEKK1
or MEKK4, was also detected (Fig. 2A).
cRAF-1, a MAPKKK specific for the ERK
signaling pathway, also did not interact with
JIP-1 (Fig. 2A). Thus, JIP-1 preferentially
binds to the MLK group of MAPKKKSs.

Signaling molecules that function up-
stream of MAPKKKSs in the JNK signal
transduction pathway include Rho proteins
and kinases related to Saccharomyces cerevi-
siae Ste20p (I). We detected no binding of
the Rho family proteins Cdc42 or Racl to
JIP-1 (9). We also tested the interaction of
JIP-1 with three mammalian Ste20p-related
protein kinases: p21-activated kinase-3 (PAK3)
(10), hematopoietic progenitor kinase-1
(HPK1) (11), and kinase homologous to
Ste20 (KHS) (12). PAK-3 did not coprecipi-
tate with JIP-1, and KHS interacted weakly
with JIP-1 (9). In contrast, HPK1 coprecipi-
tated with JIP-1 (Fig. 3A) and JIP-1 was

IP < JIP1
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E = Qs 8
R
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- + -t =4 = =4
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JIP-1 > < JIP-1
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lysates was examined by protein immunoblot analysis.

detected in HPK1 immunoprecipitates (9),
indicating that JIP-1 interacts with specific
mammalian Ste20p-related protein kinases.

JNK, MLK3, and DLK were detected in
MKK?7 immunoprecipitates (9). These data
suggest that MKK7, DLK, MLK3, and HPK 1
could be tethered to JIP-1 through an inter-
action with JNK. A mutated JIP-1 molecule
with an in-frame deletion of the JNK binding
domain did not bind JNK but did bind
MKK7, DLK, MLK3, and HPK1 (Fig. 3A).
Thus, binding of JIP-1 to upstream compo-
nents of the JNK signaling module does not
require JNK.

The MKK?7, DLK, MLK3, and HPK1 pro-
tein kinases did not bind to the NH,-terminal
region of JIP-1 (residues 1 to 282), which en-
compasses the JNK binding domain (Fig. 3B).
However, MKK7, DLK, MLK3, and HPK 1 did
bind to a COOH-terminal fragment of JIP-1
(residues 283 to 660) (Fig. 3B). A smaller
COOH-terminal fragment (amino acids 471 to
660) bound DLK, MLK3, and HPK1 but not
MKK?7 (Fig. 3B). An altemnatively spliced vari-
ant of JIP-1 (JIP-1b), which has an insertion of
47 amino acids in the COOH-terminal region
(13), also bound to MKK7, DLK, and MLK3
(9). Therefore, the JIP-1 sequence required for
binding MKK7 is distinct from that required for

- +
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Fig. 2. Selective binding of JIP-1 to the mixed-
lineage group of MAPKKKs. (A) JIP-1 was ex-
pressed in cells as a GST fusion protein together
with the epitope-tagged MAPKKKs (715, 16).
The presence of MAPKKKs in glutathione-agar-
ose precipitates (pellet) was assayed by pro-
tein immunoblot analysis. The amount of the
MAPKKKs in the cell lysates was examined
by protein immunoblot analysis. (B) Epitope-
tagged )IP-1 was coexpressed in cells with
epitope-tagged MLK3 or DLK (75, 76). The pres-
ence of JIP-1 in the MLK3 and DLK immunopre-
cipitates (IP) was examined by protein immu-
noblot analysis. The amount of the MAPKKKs in
the cell lysates was examined by protein im-
munoblot analysis.
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binding DLK, MLK3, or HPKI. Because
HPK1 binds to MLK3, but not DLK (11), it is
possible that MLK3 mediates the interaction of
HPK1 with JIP-1 (9).

To test whether upstream components of
the JNK signaling pathway interact directly
with JIP-1, we examined binding of bacteri-
ally expressed proteins (Fig. 3D). Glutathione
S-transferase (GST) and GST-JIP-1 fusion
proteins were expressed in bacteria, purified,
and immobilized on glutathione-agarose
beads. Bacterially expressed JNK1, MKK7,
or MLK3 was incubated with immobilized
GST-JIP-1 fusion proteins. JNK bound to an
NH,-terminal region of JIP-1 (residues 127 to
282). Both MKK7 and MLK3 bound to a
COOH-terminal fragment of JIP-1 (residues
283 to 660). Thus, JNK, MKK7, and MLK3
appear to bind directly to JIP-1.

The expression of JIP-1 in cultured cells
causes cytoplasmic retention of JNK (4).-
MLK3 and DLK are predominantly localized
to the cytoplasm (9), whereas MKK7 was
detected primarily in the nucleus (Fig. 3C).
Expression of the cytoplasmic protein JIP-1
reduced the amount of nuclear MKK7 and
increased the amount of MKK?7 in the cyto-
plasm (Fig. 3C). JIP-1 did not alter the sub-
cellular distribution of MKK4. Similar results
were obtained in experiments using JIP-1b,
an alternatively spliced JIP-1 variant (9, 13).
These data indicate that JIP-1 interacts with
JNK and MKK?7 in vivo.

The binding of JIP-1 to multiple JNK sig-
naling pathway components indicates that JIP-1
may contribute to the regulation of JNK func-
tion. Previous studies demonstrated that the
overexpression of JIP-1 causes marked inhibi-
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tion of nuclear signaling mediated by the se-
questration of JNK in the cytoplasm (4). We
examined the effect of JIP-1 overexpression on

the response of cells after exposure to the cy-
tokine interleukin-1 (IL-1) and to environmen-
tal stress, including ultraviolet (UV) radiation
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of JNK1 was examined by protein im-
munoblot analysis. (B) Effect of JIP-1
overexpression on JNK activation by

MKK4 and MKK?7. Epitope-tagged HA-JNK1 was coexpressed with MKK4, MKK7, or JIP-1 (75, 76).
The effect of expression of wild-type JIP-1 was compared to JIP-1 with a deletion of the JNK binding
domain (residues 127 to 282; JIP-1A)BD). (C and D) Effect of JIP-1 overexpression on JNK activation
by MLK3. Epitope-tagged HA-JNK1 was coexpressed with MLK3 or JIP-1 (75, 76). The effect of
expression of wild-type JIP-1 was compared to JIP-1 with a deletion of the NK binding domain
(residues 127 to 282; ]IP-1ABD), the MLK binding domain (residues 471 to 660, JIP-1AMLK), and
the MKK7 binding domain (residues 283 to 660; JIP-1AMKK7). (E) Schematic illustration of the
interaction of JIP-1 with components of the JNK MAP kinase module.
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ysis. (C) The subcellular distribution of MKK7 and MKK4 was examined in
cells transfected without (Control) and with JIP-1 (75, 76). The cells were
fixed with paraformaldehyde and permeabilized with Triton X-100 (4).
Transfected MKK7 and MKK4 were detected by indirect immunofluores-
cence analysis using a Texas Red-labeled donkey secondary antibody
immunoglobulin to mouse (red). The nucleus was detected by staining
with 4',6-diamidino-2-phenylindole(blue). (D) JNK1, MKK7, and MLK3
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bind JIP-1 in vitro. Binding assays were performed with recombinant
proteins expressed in bacteria (77). GST (Control) and GST-JIP-1 fusion
proteins were immobilized on glutathione-agarose and incubated with
bacterially expressed JNK1, Flag-MKK7, or Flag-MLK3 (75). The presence
of MKK7 and MLK3 in the glutathione-agarose pellets was examined by
protein immunoblot analysis using the M2 antibody to Flag. JNK1 was
detected by probing with a monoclonal antibody to JNK (Pharmingen).

1673



1674

and anisomycin. IL-1 preferentially activates
MKK?7 and UV radiation and anisomycin pref-
erentially activate MKK4. The overexpressed
JIP-1 (which binds INK and MKK7) decreased
JNK activation caused by each stimulus (Fig.
4A). In contrast, JIP-1AJBD (which binds
MKK?7 and not JNK) selectively inhibited IL-1
signaling (Fig. 4A). This inhibition of JNK
activation caused by overexpression of JIP-1
may reflect the sequestration of limiting JNK
pathway components into separate complexes,
and the amount of inhibition may reflect
the selective binding of these components
by JIP-1. JIP-1 therefore represents a useful
pharmacological tool to selectively inhibit
JNK signaling. However, the function of
JIP-1 as an inhibitor may result from an
artificial situation where JIP-1 (or an active
JIP-1 fragment) is overexpressed.

To examine the effect of JIP-1 on JNK
activation, we coexpressed JIP-1 together with
upstream components of the JNK pathway.
This experimental strategy was designed to fa-
vor the formation of JIP-1 complexes contain-
ing MLK3, MKK?7, and JNK. These studics
demonstrated that JIP-1 enhanced JNK activa-
tion by MKK7 but not by MKK4 (Fig. 4B).
Deletion of the JNK binding domain eliminated
the ability of JIP-1 to increase JNK activation
by MKK?7 (Fig. 4B). Furthermore, JIP-1 en-
hanced JNK activation mediated by MLK3
(Fig. 4C). This effect of JIP-1 was reduced by
the separate deletion of the domains that bind
INK, MKK7, and MLK3 (Fig. 4, C and D). We
conclude that JIP-1 enhances JNK activation by
the MLK — MKK?7 signaling pathway.

JIP-1 appears to function as a mammalian
scaffold protein for the INK signaling pathway
(Fig. 4E). JIP-1 binds multiple components of a
JNK signaling module and facilitates signal
transduction mediated by the bound proteins.
The function of JIP-1 as a scaffold protein
appears to be selective for the signaling path-
way that is formed by the MAP kinase module
MLK — MKK7 — JNK. Different scaffold
proteins may contribute to the activation of
JNK mediated by other MAPK modules.
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Enhanced Phosphorylation of
p53 by ATM in Response to
DNA Damage

S. Banin, L. Moyal, S.-Y. Shieh, Y. Taya, C. W. Anderson,
L. Chessa, N. I. Smorodinsky, C. Prives, Y. Reiss,
Y. Shiloh,* Y. Ziv

The ATM protein, encoded by the gene responsible for the human genetic
disorder ataxia telangiectasia (A-T), regulates several cellular responses to DNA
breaks. ATM shares a phosphoinositide 3-kinase—related domain with several
proteins, some of them protein kinases. A wortmannin-sensitive protein kinase
activity was associated with endogenous or recombinant ATM and was abol-
ished by structural ATM mutations. In vitro substrates included the translation
repressor PHAS-1 and the p53 protein. ATM phosphorylated p53 in vitro on a
single residue, serine-15, which is phosphorylated in vivo in response to DNA
damage. This activity was markedly enhanced within minutes after treatment
of cells with a radiomimetic drug; the total amount of ATM remained un-
changed. Various damage-induced responses may be activated by enhancement

of the protein kinase activity of ATM.

Strand breaks in cellular DNA occur contin-
uously as a consequence of normal processes
such as recombination or the infliction of
DNA damage. DNA damage triggers several

signal transduction pathways that lead either
to damage repair coupled with attenuation of
cell cycle progression, or to programmed cell
death (apoptosis). A junction of such path-
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