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The Ras effector and ubiquitin-protein isopeptide ligase fam-
ily member IMP acts as a steady-state resistor within the Raf-
MEK-ERK kinase module. IMP concentrations are regulated by
Ras through induction of autodegradation and can modulate
signal/response thresholds by directly limiting the assembly of
functional KSR1-dependent Raf�MEK complexes. Here, we
show that the capacity of IMP to inhibit signal propagation
throughRaf toMEK is a consequence of disruptingKSR1homo-
oligomerization and B-Raf/c-Raf hetero-oligomerization. This
impairs both the recruitment of MEK to activated Raf family
members and the contribution of Raf oligomers to c-Raf kinase
activation.Ourobservations indicate that humanKSR1proteins
promote assembly of multivalent Raf�MEK complexes that are
required for c-Raf kinase activation and functional coupling of
active kinases to downstream substrates. This property is
engaged by IMP for modulation of signal amplitude.

The Raf-MEK2-ERK kinase cascade is one of themost exten-
sively studied signal transduction modules on account of its
core participation in both normal and pathological cell regula-
tory networks. A great deal of information has been gathered
about the acute participation of the Raf-MEK-ERK signal trans-
duction circuitry in the modulation and/or propagation of a
broad range of dynamic cell regulatory events ranging from
cellular proliferation and tumorigenesis to differentiation and
cell specialization (1–3). Attention is nownecessarily becoming
focused on understanding the molecular architecture that
allows the core enzymatic components of this cascade to be
shared among multiple regulatory pathways yet produce dis-
tinct biological outcomes in response to discrete inductive sig-
nals. There is accumulating evidence that control of the ampli-

tude, duration, and subcellular compartmentalization of ERK
activation are all critical determinants of the biological
response (4–7). The discovery and characterization of non-cat-
alytic accessory components, or scaffolds, that generate higher
ordermolecular organization tomodulate the assembly, activa-
tion, and compartmentalization of MAPK cascades are begin-
ning to reveal mechanisms that generate specificity in the cou-
pling of MAPK activation to appropriate biological responses
(8–11).
We have recently described IMP (impedes mitogenic signal

propagation) as a specifier of ERKactivation amplitude through
inhibition of functional coupling between Raf andMEK kinases
(12). The mode of action of IMP is dependent upon the pres-
ence of the Raf-MEK-ERK scaffolding protein KSR1 (kinase
suppressor of Ras 1) and is a consequence of impairing the
capacity of this scaffold to promote signal propagation through
Raf toMEK (13). Here, we have examined how IMP association
with KSR1 can limit Raf�MEK�ERK complex formation and
function.We find that KSR1 homo-oligomerization is required
to couple distinct KSR�MEK and KSR�B-Raf complexes to allow
MEK activation. Furthermore, KSR1 promotes formation of
B-Raf/c-Raf hetero-oligomers that contribute to c-Raf kinase
activation. IMP association blocks both KSR1 homo-oligomer-
ization and B-Raf/c-Raf hetero-oligomerization to impair both
MEK activation and the contribution of Raf oligomers to c-Raf
kinase activation. These observations reveal the participation of
KSR1 both upstream and downstream of Raf kinase activation
in human cells and highlight Raf family oligomerization as a
basic control point for modulation of signal amplitude by IMP.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HEK293 cells were cultured
in Dulbecco’s modified Eagle’s medium without sodium pyru-
vate (Invitrogen) with 10% fetal bovine serum and transfected
with Lipofectamine and Plus Reagent (Invitrogen). HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium supple-
mentedwith 10% fetal bovine serum, andRNA interferencewas
performed with DharmaFECT 1 (Dharmacon).
siRNAs, Plasmids, and Antibodies—The following siRNA

sequences were used: IMP-FW (GGACACAGCAGAG-
GAAAUUUU) and IMP-RV (AAUUUCCUCUGCUGUGUC-
CUU), c-Raf-FW (GACGUUCCUGAAGCUUGCCUU) and
c-Raf-RV (GGCAAGCUUCAGGAACGUCUU), and Con-
trol-FW (AUGAACGUGAAUUGCUCAAUU) and Con-

* This work was supported, in whole or in part, by National Institutes of Health
Grant CA71443 from NCI. This work was also supported by Grant I-1414
from the Robert Welch Foundation. The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Dept. of Cell Biology,
University of Texas Southwestern Medical Center, 5323 Harry Hines
Blvd., Dallas, TX 75390. Tel.: 214-648-2861; Fax: 214-648-8694; E-mail:
michael.white@utsouthwestern.edu.

2 The abbreviations used are: MEK, mitogen-activated protein kinase/extra-
cellular signal-regulated kinase kinase; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal-regulated kinase; siRNA, small interfering
RNA; HA, hemagglutinin; EGF, epidermal growth factor; KD, kinase dead.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 19, pp. 12789 –12796, May 9, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MAY 9, 2008 • VOLUME 283 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 12789



trol-RV (UUGAGCAAUUCACGUUCAUUU). pCMV5-Myc-
IMP, pcDNA3-HA-KSR1, pCMV5-FLAG-KSR1, pDCR-HA-
RasG12V, pLNCX-FLAG-c-Raf, and pSR�-c-Raf-BXB (12);
pCMV5-FLAG-KSR1-C� (amino acids 540–873) (14); and
pcDNA3-Pyo-KSR1-C� (amino acids 542–873) (15) have been
described previously. pEFm-B-Raf and pEFm-B-RafG596R
(16) and pEFHA-c-Raf-BXB (17) were gifts from Richard
Marais. pLNCX-FLAG-B-Raf and pLNCX-FLAG-c-Raf-N�
(amino acids 1–330) (18) were gifts from Jeffrey Frost. Anti-
bodies against c-Myc (A-14, 9E10), HA (Y-11, F-7), B-Raf
(H-145, F-7), and c-Raf (C-12) were from Santa Cruz Biotechnol-
ogy. FLAG antibodywas fromSigma. Pyo (Glu-Glu) antibodywas
from Delta Biolabs. Phospho-MEK and MEK antibodies were
from Cell Signaling Technology. Monoclonal antibodies against
c-Raf andMEKwere from BD Biosciences.
Immunoprecipitation—For co-immunoprecipitation, HEK293

cells were lysed 48 h after transfection in modified radioim-

mune precipitation assay buffer (20
mM Tris, pH 8.0, 137 mMNaCl, 10%
glycerol, 1% Triton X-100, 2 mM
EDTA, 20 mM NaF, and protease
inhibitors). Lysates were rotated for
20 min at 4 °C, cleared by centrifu-
gation at 17,000 � g for 30 min, and
immunoprecipitated overnightwith
antibody-conjugated beads. Immu-
noprecipitates were washed four
times in lysis buffer. Quantitation of
immunoblot signals was performed
using the National Institutes of
Health ImageJ, following signal cap-
ture within the linear range using an
Alpha Innotech imaging system.
Kinase Assay—c-Raf-BXB was

immunoprecipitated and washed
three times in modified radioim-
mune precipitation assay buffer,
two times in the same buffer plus
500 mM NaCl, and two times in 25
mM HEPES, pH 7.5, and 10 mM
MgCl2. The kinase reactionwas per-
formed as described previously (12).
Reverse Transcription-PCR—To-

tal RNAwas preparedwith theHigh
Pure RNA isolation kit (RocheDiag-
nostics). Reverse transcriptase reac-
tion was done with the SuperScript
First-Strand Synthesis System
(Invitrogen). PCR amplification was
carried out using the LightCycler
system (Roche Diagnostics). The
following primers were used for
PCRamplification: IMP-FW(TGCA-
CGGTGTGTCTGGAG) and IMP-
RV (GCAAACAGGACACGT-
GGT). To quantify the transcripts
in this study, parallel experiments
were done using the housekeeping

gene glyceraldehyde-3-phosphate dehydrogenase as the inter-
nal control. Values were normalized using glyceraldehyde-3-
phosphate dehydrogenase and analyzed using the relative
quantification mathematical model (Pfaffl) as described previ-
ously (19).

RESULTS

To investigate how IMP limits the capacity of KSR1 to pro-
mote productiveRaf-MEK interactions andMEKactivation,we
examined the impact of IMP on KSR1�Raf�MEK complex for-
mation and function. Immunoprecipitation of epitope-tagged
KSR1 from serum-starved HEK293 cells resulted in the specific
coprecipitation of endogenousMEK andB-Raf (Fig. 1A). A por-
tion of the MEK present in KSR1 complexes was active inde-
pendently of exogenous stimuli, as indicated by immunoreac-
tivity with antibodies that selectively recognize the activating
phosphorylations on MEK1/2. Expression of IMP reduced the

FIGURE 1. IMP blocks KSR1 homo-oligomerization to separate KSR1�B-Raf and KSR1�MEK complexes.
A, IMP does not inhibit endogenous B-Raf or MEK binding to KSR1 but inhibits KSR1-bound MEK phosphoryl-
ation. FLAG-tagged KSR1 or KSR1-C� (amino acids 540 – 873) was immunoprecipitated (IP) from HEK293 cells,
and representative immunoblots of phospho-MEK (pMEK), MEK, B-Raf, Myc-IMP, and FLAG-KSR1/KSR1-C� in
FLAG-KSR1/KSR1-C� immunoprecipitates are shown. MEK activities in immunoprecipitates were analyzed by
quantitative immunoblotting. Values are specific activity normalized to MEK activity in the samples with KSR1
or KSR1-C� expression alone (arbitrarily set at 1). Error bars represent S.D. from three independent experiments.
B, both KSR1 and MEK are detected in IMP immunocomplexes, whereas B-Raf is not. Myc-IMP was immunopre-
cipitated from HEK293 cells. Upper, Western blots for HA-KSR1, MEK, B-Raf, and Myc-IMP in Myc-IMP immuno-
precipitates; lower, Western blots for HA-KSR1, MEK, and B-Raf in Triton-soluble cell lysates. C, KSR1 oligomer-
izes in HEK293 cells. HA-KSR1 was immunoprecipitated from cells coexpressing FLAG-KSR1 or HA-KSR1 or both.
Upper, Western blots for FLAG-KSR1 and HA-KSR1 in HA-KSR1 immunoprecipitates; lower, Western blot for
FLAG-KSR1 in Triton-soluble cell lysates. D, IMP inhibits KSR1 carboxyl-terminal homo-oligomerization in
HEK293 cells. Pyo-KSR1-C� (amino acids 542– 873) was immunoprecipitated from cells coexpressing Pyo-KSR1-
C�, FLAG-KSR1-C�, or Myc-IMP. Representative immunoblots of Pyo-KSR1-C�, FLAG-KSR1-C�, or Myc-IMP in
Pyo-KSR1-C� immunoprecipitates and FLAG-KSR1-C� in Triton-soluble cell lysates are shown. KSR1 oligomer-
ization level was analyzed by quantitative immunoblotting. Values are specific oligomerization level normal-
ized to that in the sample with coexpression of Pyo-KSR1-C� and FLAG-KSR1-C� (arbitrarily set at 1). Error bars
represent S.D. from three independent experiments.
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population of activeMEK in KSR1 complexes without affecting
KSR1 association with MEK or B-Raf. IMP was detected in
KSR1 complexes; however, direct immunoprecipitation of
IMP, under identical conditions, recovered KSR1 and endoge-
nous MEK but not B-Raf (Fig. 1B). In light of our previous
finding that IMP can inhibit Raf�MEK complex formation (12),
these observations suggested the possibility that IMP impairs
the oligomerization of distinct KSR1�MEK and KSR1�B-Raf
complexes to limit the accessibility of MEK for activation by
B-Raf. Consistent with this, we found that KSR1 proteins can
homo-oligomerize through interactions in the carboxyl-termi-
nal half (Fig. 1, C and D) and that IMP expression blocks this
interaction (Fig. 1D).

The capacity of KSR homo-oligomerization to participate in
Raf-MEK signal propagation was reminiscent of recent obser-
vations describing the role of Raf family oligomerization in
MEK activation (17). The participation of KSR1 in Raf family
oligomerization is unknown; however, B-Raf/c-Raf hetero-oli-
gomer formation correlates with ERK1/2 pathway activation,
and recently discovered low activity B-Raf mutations in mela-
nomas require association with c-Raf to induce stimulus-inde-
pendent ERK1/2 activation (16, 17). Expression of IMP blocked
B-Raf�c-Raf (Fig. 2A) complex formation as detected by immu-
noprecipitation of epitope-tagged B-Raf or by immunoprecipi-
tation of endogenous c-Raf from cells expressing either wild-
type B-Raf or the low activity oncogenic variant B-Raf(G596R)

FIGURE 2. IMP inhibits B-Raf�c-Raf complex formation. A and B, overexpressed IMP suppresses B-Raf�c-Raf complex formation. A, immunoprecipitation (IP)
of ectopic B-Raf protein from HEK293 cells coexpressing FLAG-B-Raf, HA-c-Raf, or Myc-IMP. Upper, representative Western blots for c-Raf, FLAG-B-Raf, and
14-3-3 in FLAG-B-Raf immunoprecipitates; lower, representative Western blots for c-Raf and Myc-IMP in Triton-soluble cell lysates. Raf oligomerization level was
analyzed by quantitative immunoblotting. Values are specific oligomerization level normalized to that in the samples with B-Raf expression alone or coex-
pression of B-Raf and c-Raf (arbitrarily set at 1). Error bars represent S.D. from three independent experiments. B, immunoprecipitation of native c-Raf protein
from HEK293 cells coexpressing B-Raf(596R), wild-type (wt) B-Raf, or Myc-IMP. Upper, representative Western blots for B-Raf, Myc-IMP, and c-Raf in c-Raf
immunoprecipitates; lower, representative Western blots for phospho-MEK (pMEK), MEK, Myc-IMP, and Myc-B-Raf in Triton-soluble cell lysates. Raf oligomer-
ization level was analyzed by quantitative immunoblotting as in A. Values of oligomerization level in the samples with expression of B-Raf(G596R) or wild-type
B-Raf alone were arbitrarily set at 1. C and D, inhibiting native IMP enhances EGF-induced B-Raf�c-Raf complex formation and MEK activation. C, immunopre-
cipitation of endogenous B-Raf from HeLa cells transfected with control or IMP siRNA and stimulated with EGF (100 ng/ml) for 5 or 10 min or left untreated as
indicated. To allow accumulation of the B-Raf�c-Raf complex, cells were pretreated with MEK inhibitor U0126 before EGF stimulation (21). Upper, representative
Western blots for c-Raf and B-Raf in B-Raf immunoprecipitates; lower, representative Western blots for phospho-MEK and MEK in Triton-soluble cell lysates. Raf
oligomerization level was analyzed by quantitative immunoblotting as in A. The value of oligomerization level in the sample transfected with control siRNA and
stimulated with EGF for 10 min was arbitrarily set at 1. D, quantification of IMP mRNA level in cell samples shown in C. mRNA was extracted from duplicated cell
samples shown in C, and reverse transcription-PCR assay was performed as described under “Experimental Procedures.” Values are representative of two
independent experiments performed in duplicate, and error bars represent S.D. among replicates.
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FIGURE 3. IMP blocks B-Raf�c-Raf-BXB complex formation to inhibit B-Raf-dependent c-Raf-BXB activation and c-Raf-BXB-induced MEK activation.
A and B, formation of the B-Raf�c-Raf-BXB complex in HEK293 cells coexpressing wild-type (wt) B-Raf, B-Raf-KD, or c-Raf-BXB. A, immunoprecipitation (IP) of c-Raf-BXB.
Upper, representative Western blots for Myc-B-Raf and HA-c-Raf-BXB in HA-c-Raf-BXB immunoprecipitates; lower, representative Western blots for phospho-MEK
(pMEK), MEK, and Myc-B-Raf in Triton-soluble cell lysates. MEK activities in cell lysates were analyzed by quantitative immunoblotting as in Fig. 1A. The value of
MEK activity in the sample with c-Raf-BXB expression alone was arbitrarily set at 1. B, immunoprecipitation of B-Raf. Upper, representative Western blots for phospho-
MEK, MEK, c-Raf-BXB, and Myc-B-Raf in Myc-B-Raf immunoprecipitates; lower, representative Western blot for c-Raf-BXB in Triton-soluble cell lysates. MEK activities in
B-Raf immunoprecipitates were analyzed by quantitative immunoblotting as in Fig. 1A. The value of MEK activity in the sample with wild-type B-Raf expression alone
was arbitrarily set at 1. C and D, IMP inhibits B-Raf�c-Raf-BXB complex formation and c-Raf-BXB-induced MEK activation in HEK293 cells. C, immunoprecipitation of
c-Raf-BXB. Upper, representative Western blots for Myc-B-Raf, Myc-IMP, and HA-c-Raf-BXB in HA-c-Raf-BXB immunoprecipitates; lower, representative Western blots
for Myc-B-Raf, phospho-MEK, and MEK in Triton-soluble cell lysates. Raf oligomerization level and MEK activities in cell lysates were analyzed by quantitative immu-
noblotting as in Figs. 1A and 2A. Values of Raf oligomerization level and MEK activity in the sample with coexpression of c-Raf-BXB and B-Raf were arbitrarily set at 1.
D, immunoprecipitation of B-Raf. Upper, Western blots for c-Raf-BXB and FLAG-B-Raf in FLAG-B-Raf immunoprecipitates; lower, Western blots for c-Raf-BXB and Myc-IMP in
Triton-soluble cell lysates. E, IMP inhibiting B-Raf-dependent c-Raf-BXB activation. c-Raf-BXB kinase activity, from protein immunoprecipitated from HEK293 cells expressing
c-Raf-BXB alone or together with kinase-dead B-Raf or Myc-IMP, was measured in vitro using kinase-dead recombinant MEK as the substrate. Values are specific activity
normalized to the activity of c-Raf-BXB expressed alone (arbitrarily set at 100%). Error bars represent S.D. from three independent experiments.
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(B) (16). Although 14-3-3 associa-
tion has been implicated as a pre-
requisite for B-Raf�c-Raf complex
formation (16, 17, 20), IMP im-
paired Raf hetero-oligomerization
without affecting the relative
amounts of 14-3-3 coprecipitating
withB-Raf (Fig. 2A). To examine the
contribution of IMP to modulation
of native B-Raf�c-Raf complex for-
mation, endogenous IMP was
depleted by RNA interference fol-
lowed by EGF stimulation (Fig. 2D).
B-Raf�c-Raf complex formation was
induced upon EGF stimulation, and
depletion of IMP resulted in an
increase in both detectable B-Raf�c-
Raf complexes (Fig. 2C). These
observations indicate that IMP is
both necessary and sufficient to
limit generation of active B-Raf�c-
Raf protein complexes.
B-Raf/c-Raf heteroduplexes have

been reported to have greater spe-
cific activity than corresponding
B-Raf or c-Raf homoduplexes or
monomers (21). The mechanistic
basis of this increased activity is
unclear, and the mechanism regu-
lating heteroduplex formation is
unknown. We employed c-Raf-
BXB, an oncogenic c-Raf variant
that lacks the amino-terminal regu-
latory domain and is constitutively
active independently of mitogen
stimulation, to examine the conse-
quence of IMP-dependent modula-
tion of Raf complex formation on
Raf function in serum-starved cells.
As shown in Fig. 3A, c-Raf-BXB
interacts with both the wild-type
and a kinase-dead B-Raf variant
with a K483M substitution (B-Raf-
KD). Consistent with published
observations (21), B-Raf-KD en-
hanced the activity of c-Raf-BXB in
cells as indicated by the increased
accumulation of active MEK (Fig.
3A) and by a significant increase in
specific activity as measured in vitro
(Fig. 3E). Importantly, unlike c-Raf
(12), B-Raf associates with MEK
independently of stimulation re-
cruiting both c-Raf-BXB and MEK
(Fig. 3B). Therefore, Raf family oli-
gomerizationmay enhance both Raf
kinase activity and substrate avail-
ability. IMP expression inhibited
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B-Raf�c-Raf-BXB complex formation together with blocking
endogenous MEK activation (Fig. 3, C and D). The capacity of
B-Raf-KD to enhance the specific activity of c-Raf-BXBwas also
impaired by IMP (Fig. 3E).

Using KSR1 null mouse embryonic fibroblasts, we have dem-
onstrated previously that the capacity of IMP to limit signaling
through the Raf-MEK-ERK cascade is KSR1-dependent (12).
This finding together with those above suggest that KSR1 may

FIGURE 4. IMP inhibits KSR1-induced B-Raf�c-Raf complex formation. A, KSR1 is required for B-Raf�c-Raf complex formation. Results are from immunoprecipitation
(IP) of endogenous B-Raf from KSR1�/� or KSR1�/�:KSR mouse embryonic fibroblasts (12) stimulated with EGF (20 ng/ml) for 5, 10, 15, or 30 min or left untreated as
indicated. Upper, representative Western blots for c-Raf and B-Raf in B-Raf immunoprecipitates; lower, representative Western blots for c-Raf, phospho-MEK (pMEK),
and MEK in Triton-soluble cell lysates. Raf oligomerization level and MEK activity in cell lysates were analyzed by quantitative immunoblotting as in Fig. 3C. Values for
Raf oligomerization and MEK activity in KSR1�/� cells stimulated with EGF for 5 min were arbitrarily set at 1. B, IMP blocks KSR1-enhanced B-Raf�c-Raf complex
formation. FLAG-c-Raf or FLAG-c-Raf-N� (amino acids 1–330) was immunoprecipitated from HEK293 cells expressing FLAG-c-Raf or c-Raf-N� alone or together with
HA-KSR1 or Myc-IMP as indicated. Upper, representative Western blots for B-Raf, HA-KSR1, Myc-IMP, and FLAG-c-Raf/c-Raf-N� in FLAG-c-Raf/c-Raf-N� immunoprecipi-
tates; lower, representative Western blots for B-Raf and HA-KSR1 in Triton-soluble cell lysates. Raf oligomerization level was analyzed by quantitative immunoblotting
as in Fig. 2A. Raf oligomerization level in the sample with c-Raf or c-Raf-N� expression alone was arbitrarily set at 1. C and D, c-Raf and IMP competitively associate with
KSR1. C, FLAG-KSR1 was immunoprecipitated from HEK293 cells expressing FLAG-KSR1 alone or together with Myc-IMP. Upper, representative Western blots for c-Raf,
phospho-MEK, MEK, Myc-IMP, and FLAG-KSR1 in FLAG-KSR1 immunoprecipitates; lower, representative Western blot for c-Raf in Triton-soluble cell lysates. KSR�c-Raf
oligomerization level and KSR1-bound MEK activity were analyzed by quantitative immunoblotting as in Figs. 1A and 2A. Values of KSR1�c-Raf oligomerization level
and KSR1-bound MEK activity in the sample with KSR1 expression alone were set at 1. D, Myc-IMP was immunoprecipitated from HEK293 cells expressing Myc-IMP
alone or together with FLAG-KSR1. Upper, representative Western blots for c-Raf, FLAG-KSR1, MEK, and Myc-IMP in Myc-IMP immunoprecipitates; lower, representative
Western blot for MEK in Triton-soluble cell lysates. IMP�c-Raf complex formation level was analyzed by quantitative immunoblotting as in Fig. 2A. The value of IMP�c-Raf
complex formation in the sample with IMP expression alone was set at 1.

FIGURE 5. c-Raf function in mitogenic signaling is sensitive to IMP expression. A, IMP suppresses both EGF-induced and overexpressed c-Raf-enhanced
MEK activation. Whole cell lysates (WCL) were collected from HEK293 cells cotransfected with c-Raf or Myc-IMP and stimulated with EGF (100 ng/ml) as
indicated. Representative Western blots for phospho-MEK (pMEK), MEK, c-Raf, and Myc-IMP are shown. MEK activities in cells stimulated with EGF for 5 min were
analyzed by quantitative immunoblotting as in Fig. 1A. Values of MEK activity in the sample with control or c-Raf expression alone were arbitrarily set at 1.
B, overexpressed IMP does not inhibit MEK activation in c-Raf knockdown cells. Whole cell lysates were collected from HEK293 cells transfected with Myc-IMP,
control siRNA, or c-Raf siRNA and stimulated with EGF (100 ng/ml) for 5 min or left untreated as indicated. Representative Western blots for phospho-MEK, MEK,
c-Raf, and Myc-IMP are shown. MEK activities in cells stimulated with EGF for 5 min were analyzed by quantitative immunoblotting as in A. Values of MEK activity
in cells transfected with control siRNA or c-Raf siRNA alone were arbitrarily set at 1. C, inhibition of both IMP and c-Raf expression reverses the increased level
of MEK activation caused by depleting IMP protein alone. Whole cell lysates were collected from HeLa cells transfected with control siRNA, c-Raf siRNA, or IMP
siRNA and stimulated with EGF (100 ng/ml) for 5 or 10 min or left untreated as indicated. Representative Western blots for phospho-MEK, MEK, and c-Raf are
shown. MEK activities in cells stimulated with EGF for 5 min were analyzed by quantitative immunoblotting as in A. The value of MEK activity in cells transfected
with control siRNA alone was arbitrarily set at 1.
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promote B-Raf/c-Raf heteroduplex formation. Consistent with
this, we found that EGF-dependent induction of B-Raf�c-Raf
complexes was undetectable in KSR1�/� mouse embryonic
fibroblasts but was restored upon reintroduction of KSR1 at
near physiological concentrations (Fig. 4A). In addition, KSR1
expression was sufficient to enhance the recovery of endoge-
nous B-Raf in c-Raf immunocomplexes fromHEK293 cells, and
this was blocked by IMP (Fig. 4B). This phenotype was evident
with both full-length c-Raf and the amino-terminal regulatory
domain (c-Raf-N�). This observation prompted us to evaluate
the impact of IMP on the presence of native c-Raf in KSR1
immunocomplexes. As shown in Fig. 4, C and D, IMP signifi-
cantly inhibited the association of c-Raf with KSR1. This is in
stark contrast to the insensitivity of KSR1�B-Raf complexes to
IMP expression (Fig. 1A), raising the possibility that c-Raf func-
tion may be acutely dependent on scaffolding complexes. To
examine this relationship in the context of mitogenic signaling,
we tested the relative contributions of IMP and c-Raf to EGF-
dependent MEK activation. IMP expression was sufficient to
impair EGF-induced MEK activation and to reverse the
enhanced EGF-induced MEK activation observed upon c-Raf
overexpression (Fig. 5A). Importantly, the reduced levels of
EGF-stimulated MEK activation, resulting from RNA interfer-
ence-mediated c-Raf depletion, were insensitive to IMP expres-
sion (Fig. 5B), and the enhanced MEK activation normally
observed upon IMP depletion was reversed by codepletion of
c-Raf (Fig. 5C).

DISCUSSION

IMP is a Ras effector that controls sensitivity of the
ERK1/2 kinase cascade to stimulus-dependent activation by
limiting assembly of the core enzymatic components (12).
IMP interacts with the MAPK scaffold protein KSR1 and
requires KSR1 expression to influence MEK activation.
KSR1 has been shown to act as an obligate mediator of func-
tional Raf�MEK complex formation in a variety of cell sys-
tems (11, 22). The mechanism by which KSR1 promotes Raf-
MEK coupling is unclear but most likely involves direct
binding to both Raf and MEK. Our observations suggest that
distinct KSR1�MEK and KSR1�B-Raf complexes are present
in cells and that pathway activation requires KSR1 homo-
oligomerization to bring Raf together with its substrate. IMP
expression inhibits Raf�MEK complex formation in cells, and
this is apparently a consequence of blocking KSR1 homo-
oligomerization without affecting the interaction of KSR1
with MEK1 or B-Raf.
Remarkably, IMP has distinct consequences on the mobili-

zation of c-Raf versus B-Raf formitogenic signaling. In addition
to promoting Raf�MEK complex assembly, we found that KSR1
promotes B-Raf/c-Raf hetero-oligomerization, and this is like-
wise impaired by IMP expression. Recently B-Raf/c-Raf hetero-
oligomerization has been revealed as an essential step for max-
imal c-Raf kinase activation and is required for biological
responses to low activity B-Raf variants in melanomas (16, 17).
However, it is still unclear how B-Raf�c-Raf complex formation
triggers c-Raf activation and whether this requires B-Raf kinase
activity (17, 21). We find that kinase-inactive B-Raf has the
capacity to drive activation of the c-Raf catalytic domain, sug-

gesting that B-Raf association either can facilitate autoactivat-
ing c-Raf transphosphorylation events or can recruit additional
upstream regulators that facilitate c-Raf kinase activation.
Importantly, KSR1 promotes B-Raf/c-Raf hetero-oligomeriza-
tion, and this is blocked by IMP. As a consequence, we find that
IMP reverses the capacity of kinase-dead B-Raf to increase the
specific activity of the c-Raf catalytic domain, and IMP uncou-
ples c-Raf from KSR1 complexes.
Current paradigms suggest mammalian KSR1 is primarily

responsible for coupling active Raf kinases to their sub-
strates, MEK1 andMEK2 (23, 24). In contrast, althoughDro-
sophila KSR plays a similar role, it is also clearly required for
Raf kinase activation (25, 26). Our observations suggest that,
like the Drosophila ortholog, human KSR1 acts both upstream
and downstream of Raf kinase activation. However, c-Raf is
selectively sensitive to this contribution of KSR1 to signal prop-
agation. A simple role for KSR1 proteins in assembly of multi-
valent Raf and MEK complexes could easily account for this
epistatic relationship. The capacity of IMP to limit the forma-
tion of such complexes highlights this regulatory step as a key
axis of control for signal modulation.
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