KSR is a scattold required for activation
of the ERK/MAPK module
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Mechanisms that regulate signal propagation through the ERK/MAPK pathway are still poorly understood.
Several proteins are suspected to play critical roles in this process. One of these is Kinase Suppressor of Ras
(KSR), a component previously identified in RAS-dependent genetic screens in Drosophila and Caenorhabditis
elegans. Here, we show that KSR functions upstream of MEK within the ERK/MAPK module. In agreement
with this, we found that KSR facilitates the phosphorylation of MEK by RAF. We further show that KSR
associates independently with RAF and MEK, and that these interactions lead to the formation of a RAF/MEK
complex, thereby positioning RAF in close proximity to its substrate MEK. These findings suggest that KSR
functions as a scaffold that assembles the RAF/MEK functional pair.
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Cells use a range of signaling pathways to convey dis-
tinct information to appropriate intracellular targets.
The evolutionarily conserved mitogen-activated protein
kinase (MAPK) pathways are among the best described
examples (for review, see Schaeffer and Weber 1999). The
prototypical MAPK pathway is a three-kinase module
that transmits signals through a phosphorylation cas-
cade. At least five groups of MAPK pathways have been
distinguished in mammals, which include the exten-
sively studied extracellular-regulated kinase (ERK) path-
way. This pathway is composed of specific combinations
of RAF, MEK, and ERK/MAPK isoforms and is one of the
principal mediator of signals emanating from the small
GTPase RAS, thereby influencing multiple aspects of
cell physiology such as cell growth, proliferation, differ-
entiation, and survival (for review, see English et al.
1999; Kolch 2000).

As for the ERK pathway, most groups of MAPK path-
ways comprise multiple and closely related kinase iso-
forms that are often expressed in the same cells (Garring-
ton and Johnson 1999). This raised questions early on
about how signal transmission specificity could be
achieved. The identification of proteins capable of bind-
ing at the same time to at least two of the three kinases
of the module, thereby physically linking them together,
provided a framework to explain signal transmission
specificity and possibly efficiency (for review, see Whit-
marsh and Davis 1998). The prototype for such scaffold-
ing proteins is STE5, which simultaneously binds to
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STE1l, STE7, and FUS3, the three-kinase module re-
quired for mating in Saccharomyces cerevisiae (Choi et
al. 1994). Ever since the discovery of STE5, only a hand-
ful of potential scaffolding proteins with respect to spe-
cific MAPK pathways have been identified (for review,
see Garrington and Johnson 1999; Schaeffer and Weber
1999). The clearest examples include the yeast protein
PBS2 required in the osmosensing-response MAPK path-
way in S. cerevisiae (Posas and Saito 1997); the JNK-
interacting proteins (JIP-1/2; Whitmarsh et al. 1998; Ya-
suda et al. 1999), which function in the JNK pathway;
and finally MEK partner 1 (MP1), which apparently
bridges MEK1 and ERK1 (Schaeffer et al. 1998).

Other proteins have been suggested to function as scaf-
folds in specific MAPK pathways (for review, see Gar-
rington and Johnson 1999); however, their precise mo-
lecular function remains ambiguous. One of these is Ki-
nase Suppressor of RAS (KSR), whose activity appears to
be required in the ERK/MAPK pathway (for review, see
Morrison 2001). KSR was originally identified in RAS-
dependent genetic screens in Drosophila and C. elegans
(Kornfeld et al. 1995; Sundaram and Han 1995; Therrien
et al. 1995). Interestingly, KSR proteins are mostly re-
lated to RAF serine/threonine kinase family members
(Therrien et al. 1995), but differ in at least three main
aspects: (1) they do not contain the so-called RAS-bind-
ing domain found in RAF proteins; (2) they contain a
conserved region of [H0 amino acids at their N terminus
called Conserved Area 1 (CA1) that is unique to them;
and (3) the mammalian homologs contain an arginine
residue instead of an invariant lysine residue in kinase
subdomain II that is thought to be critical for the phos-
photransfer reaction. This peculiarity suggests that KSR
proteins might be devoid of kinase activity.

GENES & DEVELOPMENT 16:427-438 © 2002 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/02 $5.00; www.genesdev.org 427



Roy et al.

The characterization of KSR with respect to the ERK/
MAPK pathway has been undertaken by a number of
groups using mKSR1, a murine isoform (for review, see
Morrison 2001). Like RAF, mKSR1 associates with
HSP90 and p55/CDC37 as well as with 14-3-3 proteins
(Xing et al. 1997; Stewart et al. 1999; Cacace et al. 1999).
Interestingly, mKSR1 has also been shown to interact
constitutively with MEK (Denouel-Galy et al. 1997; Yu
et al. 1997; Muller et al. 2000) and in a RAS-dependent
manner with RAF and ERK/MAPK (Therrien et al. 1996;
Xing et al. 1997; Cacace et al. 1999). These results led
different groups to propose that mKSR1 might coordi-
nate the assembly of the ERK/MAPK module (for review,
see Morrison 2001). However, this hypothesis remains to
be tested because the molecular relationship between
mKSR1 and the three kinase components of the ERK/
MAPK module is currently unknown. Furthermore,
functional assays conducted by different groups pro-
duced contradictory results, which resulted in a frag-
mented and somewhat controversial view of the role of
KSR. A notable case regards the catalytic function of
mKSR1. Kolesnick and colleagues reported that mKSR1
can phosphorylate and activate RAF in a TNFa- or EGF-
dependent manner (Zhang et al. 1997; Xing et al. 2000).
Intriguingly, however, these results could not be repro-
duced by other laboratories (Denouel-Galy et al. 1997,
Michaud et al. 1997; Yu et al. 1997; Sugimoto et al.
1998). Instead, mKSR1 activity was reported to be inde-
pendent of its putative catalytic function (Michaud et al.
1997; Stewart et al. 1999). Another discrepancy is the
observation made by a number of groups that forced ex-
pression of mKSR1 strongly and specifically blocked sig-
naling through the ERK/MAPK pathway (Denouel-Galy
et al. 1997; Yu et al. 1997; Joneson et al. 1998; Sugimoto
et al. 1998), whereas others showed that mKSR1 strongly
cooperated with activated RAS to induce meiotic matu-
ration of Xenopus oocytes (Therrien et al. 1996). As sug-
gested by Cacace et al. (1999), this contradiction might
be attributable to differences in mKSR1 expression lev-
els. Given that mKSRI1 interacts with several compo-
nents of the ERK/MAPK module, it is possible that these
components are sequestered from each other when
mKSR1 levels are in excess. In any event, it remains
unclear whether the information obtained using mKSR1
truly reflects the function of KSR as it had been geneti-
cally defined. It is possible that the experimental sys-
tems used could simply not support normal mKSR1
function. For example, it is intriguing that in the Xeno-
pus oocyte maturation assay, mKSR1 activity mainly de-
pended on its cysteine-rich motif (CRM; Therrien et al.
1996; Michaud et al. 1997), whereas several loss-of-func-
tion mutations affecting other parts of the KSR protein
have been identified in Drosophila and C. elegans (Korn-
feld et al. 1995; Sundaram and Han 1995; Therrien et al.
1995).

A major problem hindering the elucidation of the role
of KSR is the lack of an assay that faithfully recapitulates
its function. Here, using a simple transfection protocol,
we reconstituted a KSR-dependent functional assay in a
homologous system, that is, in Schneider (S2) cells using

428 GENES & DEVELOPMENT

only Drosophila-derived components. We found that
KSR strongly promoted MEK phosphorylation by RAF in
a RAS-dependent manner. Strikingly, KSR activity ap-
peared to depend mainly on its ability to associate inde-
pendently with RAF and MEK, thereby allowing it to
link the two kinases. Together, our findings suggest that
KSR promotes signal propagation through the ERK/
MAPK module by coordinating the assembly of a RAF/
MEK complex.

Results

Forced association between KSR and RAF kinase
domains induces MEK phosphorylation

The KSR kinase domain has been reported to interact
with MEK but not phosphorylate MEK (see above). KSR
has also been found to interact with RAF, but the regions
involved have not been identified. We wanted to verify
whether forced association between KSR and RAF cata-
lytic domains (KSRc and RAFc) would affect MEK activ-
ity. We took advantage of two previously described Dro-
sophila transgenic lines that express, during eye devel-
opment, either RAFc or KSRc fused to the N-terminal
portion of Torso*®*!, which comprises the extracellular
and transmembrane regions of the Torso receptor tyro-
sine kinase (N-Tor*°*!). Tor???? is a gain-of-function al-
lele of torso. The aberrant Torso*°*! protein has a Y327C
change in the extracellular portion that is thought to
promote ligand-independent receptor oligomerization
(Sprenger and Nusslein-Volhard 1992).

N-Tor***'RAFc behaves as an activated form of RAF
and transforms cone cells into additional R7 photorecep-
tor cells when expressed in the developing Drosophila
eye (Dickson et al. 1992). In contrast, N-Tor***'KSRc is
a potent dominant-negative form of KSR that blocks sig-
naling through the MAPK pathway, presumably by se-
questering MEK. It strongly antagonizes photoreceptor
cell differentiation (Therrien et al. 1996). We reasoned
that crossing flies expressing N-Tor***'RAFc (BT98) to
flies expressing N-Tor*°>'KSRc (KDN) should lead to the
formation of hetero-oligomers, which might result in ac-
tivation of endogenous MEK and MAPK. We crossed
BT98 and KDN transgenic flies to a wild-type strain or to
each other to assess the effect on MAPK compared with
wild-type flies (Fig. 1). We stained third instar eye discs
of the different genotypes with an anti-phospho-MAPK
(anti-pMAPK) antibody and found that, compared with
wild-type pMAPK levels, BT98/+ flies had slightly el-
evated pMAPK levels posterior to the morphogenetic
furrow at a position consistent with the expected trans-
gene expression pattern (Fig. 1C). In agreement with el-
evated pMAPK, BT98/+ adult eyes had additional R7
photoreceptor cells (data not shown) that resulted in a
rough eye phenotype (Fig. 1D; Dickson et al. 1992). In
contrast, the KDN/+ flies had reduced pMAPK levels
(Fig. 1E), which is also consistent with the roughening of
the external adult eye surface (Fig. 1F) due to a block in
photoreceptor cell differentiation (data not shown; Ther-
rien et al. 1996). Strikingly, the BT98/KDN flies showed



a massive accumulation of pMAPK posterior to the mor-
phogenetic furrow (Fig. 1G) that correlated with a robust
enhancement of activated RAF rough eye phenotype (Fig.
1H). These findings strongly suggest that N-Tor*°*'KSRc
brings endogenous MEK to N-Tor*®>!RAFc, thus
strongly enhancing endogenous MEK and MAPK activa-
tion.

To verify that the association between RAFc and KSRc
is responsible for the results shown above, we fused
RAFc and KSRc to the FK506-binding protein (FKBP) and
FKBP-rapamycin-binding domain (FRB), respectively, to
allow their heterodimerization in a rapamycin-depen-
dent manner (Fig. 2A; Muthuswamy et al. 1999). We also
introduced a functional or inactivated myristoylation
signal to examine the influence of membrane localiza-
tion. RAFc and KSRc derivatives were tagged with the
polyoma (pyo) and the Flag epitopes, respectively, to al-
low their detection.

The FKBP-RAFc and FRB-KSRc fusion proteins were
expressed separately or together along with myc-epitope-
tagged MEKP# in the absence or the presence of rapamy-
cin (Fig. 2B). Expression of KSRc or RAFc variants alone
or together did not result in MEK phosphorylation in the
absence of rapamycin (Fig. 2B, lanes 2-4; top panel;
a-pMEK). As expected, FRB-KSRc physically interacted
with MEK as revealed by the associated mycMEK"# in
anti-Flag immunoprecipitates (Fig. 2B, lanes 2,4; bottom
panel; a-MYC), whereas the FKBP-RAFc did not interact
with MEK (Fig. 2B, lanes 3,4; middle panel; «-MYC).
Rapamycin treatment did not affect the behavior of the
KSRc and RAFc constructs expressed alone (Fig. 2B,
lanes 6,7), but promoted their heterodimerization when
expressed together (data not shown). This resulted in
complex formation between RAF and MEK and led to
MEK phosphorylation (Fig. 2B, lane 8). Interestingly, this

KSR bridges RAF and MEK

Figure 1. TorKSRc, a dominant-negative
form of KSR, strongly cooperates with
TorRAFc, an activated form of RAF, to ac-
tivate the MAPK pathway during Dro-
sophila eye development. (A,C,E,G) Anti-
PMAPK staining of Drosophila third instar
eye imaginal discs and (B,D,F,H) scanning
electron micrographs of adult Drosophila
eyes of the following genotypes: (A,B) wild
type (WT); (C,D) BT98/+; (E,F) KDN/+;
(G,H) BT98/KDN. Anterior is to the right.
During normal eye disc development (A),
activation of MAPK first appears in groups
of cells in the morphogenetic furrow (ar-
rowhead). Posterior (left) to the morphoge-
netic furrow, pMAPK staining is restricted
to individual cells undergoing cell fate
specification. The RAFc and KSRc con-
structs have been expressed under the sev-
enless enhancer sequences, which drives
transgene expression in a subset of cells
posterior to the morphogenetic furrow: ar-
row in A marks approximately the rows of
ommatidial clusters where transgene ex-
pression occurs.

effect was accompanied by a clear and strong mobility
shift of FKBP-RAFc. Permutation of the myristoylation
signal or no myristoylation signal on the two types of
fusion proteins gave identical results (data not shown),
which suggested that no additional membrane compo-
nents are required in this event. Together, these results
showed that induced association between RAFc and
KSRc results in MEK phosphorylation.

To address whether MEK phosphorylation depended
on the catalytic function of RAFc or KSRc, we tested the
activity of two kinase-inactivated mutants, RAFc®*98S
and KSRcX7%°M (Fig. 2A). As expected, kinase-inacti-
vated RAFc did not support rapamycin-dependent MEK
phosphorylation (Fig. 2C, lane 2). Interestingly, this mu-
tant did not display a mobility shift. In contrast,
KSRcX7%*M which interacted normally with MEK, did
promote MEK phosphorylation (Fig. 2C, lane 4), al-
though not as efficiently as wild-type KSR. These results
suggest that the ability of KSR to promote MEK phos-
phorylation does not absolutely require a catalytically
intact function (see Discussion).

KSR activity is naturally required for RAS-dependent
activation of MAPK in S2 cells

The data shown above provide compelling evidence that
KSR facilitates signaling between RAF and MEK. Before
characterizing further the mechanism by which KSR car-
ries out this function, we wanted to make sure that KSR
is genuinely required in S2 cells for activation of the
MAPK pathway. Although previous genetic and bio-
chemical data on KSR have suggested its involvement in
the MAPK module, they have never demonstrated it. We
used the RNAI technique (Clemens et al. 2000) to de-
plete endogenous KSR levels in S2 cells as well as the
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Figure 2. Induced association between KSR and RAF catalytic domains triggers MEK phosphorylation. (A) Schematic of the FKBP-
RAF and FRB-KSR fusion proteins used in this study. (B) S2 cells were transfected with mycMEKP* (1 ug) alone or with the indicated
combinations of KSRc (0.2 pg) and RAFc (0.3 ug) constructs. Twenty-four hours postinduction of expression, cells were treated with
either vehicle (ethanol; -rapamycin) or with 1 uM rapamycin (+rapamycin) for 2 h prior to harvest. Cell lysates were prepared, and
small fractions were used to evaluate pMEK and mycMEKP? levels by immunoblot analysis. The remaining portion of the lysates was
split and immunoprecipitated with either anti-pyo or anti-Flag antibody to monitor RAFc or KSRc protein levels, associated myc-
MEKP?#, and heterodimerization with the opposite FRB or FKBP fusion proteins. Heterodimerization data are not shown, for simplic-
ity. The results shown here and in Figures 3-6 are representative of at least three similar experiments. (C) The experiments were
conducted essentially as described in B to evaluate the ability of myr-FKBP-RAFc****™ and myr-FRB-KSRc*"%°M to induce MEK
phosphorylation. Because of the posttranslational modification, the myristoylated fusion proteins show faster mobility. We noticed
that the dimerization of different fusion proteins was less rapamycin-dependent when they were either both membrane-targeted or not.
This was presumably caused by the tendency of these proteins to associate together. However, dimerization was strictly rapamycin-
dependent when RAFc proteins were membrane-targeted, but not the KSRc proteins or vice versa. Therefore, we presented only the

data for which either RAFc or KSRc is membrane-targeted.

levels of the other major components and examine the
effect on MAPK activation. A stable S2 cell line express-
ing RASY'? under the control of a heavy metal-inducible
promoter was used to activate the MAPK pathway. Ad-
dition of copper to cell culture media augmented total
RASI1 levels, which resulted in a modest increase in
phospho-MEK (pMEK) and a robust elevation of pMAPK
(Fig. 3, cf. lanes 1 and 2).

In contrast to the double-stranded green-fluorescent
protein (dsGFP) control RNA, incubation of cells with
dsRAS1 RNA prevented MEK and MAPK activation (Fig.
3, cf. lanes 3 and 4). dsRAS1 RNA specifically decreased
the levels of RASI, but did not affect the levels of en-
dogenous RAF, MEK, and MAPK. Specific removal of the
three kinases of the module also impaired signal trans-
duction (Fig. 3, lanes 5, 6, and 7, respectively). However,
as previously reported (Clemens et al. 2000), elimination
of MAPK in S2 cells led to an increase in pMEK levels
(Fig. 3, lane 7), which suggests the presence of a MAPK-
dependent negative-feedback mechanism. Interestingly,
ablation of endogenous KSR also precluded activation of
MEK and MAPK by RASY!? (Fig. 3, lane 8), and similar
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results were obtained when the pathway was activated
using an activated form of the Sevenless receptor tyro-
sine kinase (data not shown), which indicates that KSR
plays a critical role as well in situation where RAS has
not been overexpressed. Therefore, these results show
that KSR is a bona fide component of the MAPK path-
way. In addition, given that dsKSR RNA inhibited MEK
activation, it implies that it is required at a step up-
stream of MEK, which is consistent with its ability to
promote MEK phosphorylation.

KSR promotes MEK phosphorylation by RAF
in a RAS-dependent manner

To further unravel the molecular function of KSR, we
wanted to reconstitute a KSR-dependent MEK phos-
phorylation assay using native KSR and RAF proteins.
However, mouse KSR1 has been previously reported to
block signaling through the ERK/MAPK pathway when
overexpressed in various cell lines (see above). This ef-
fect is likely owing to sequestration of specific compo-
nents of the pathway that are in limiting amounts. RAF
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Figure 3. KSR is a bona fide component of the MAPK pathway.
(A) Untreated (-) or CuSO,-treated (+) RASY!? cells were either
incubated alone (-) or with (+) 10 ng of the indicated dsRNAs.
After incubation, cells were lysed and pMEK or pMAPK levels,
or protein levels for RAS1, RAF, MEK, and MAPK, were ana-
lyzed by immunoblot analysis using the indicated antibodies.
Endogenous KSR protein levels were under the detection limit
of our KSR antibody. Immunoprecipitation from [R5x more
cells is required to detect endogenous KSR, which is incompat-
ible with the RNAIi protocol. (B) S2 cells were transfected with
pMet-KSR and were either untreated (-) or CuSO,-treated (+) to
induce KSR expression. Cotransfection of pMet-KSR with 0.5 ng
of dsKSR RNA prevented KSR accumulation, thus showing the
effectiveness of dsKSR RNA.

and MEK are prime candidates as they have been re-
ported to interact with mKSR1. To circumvent this prob-
lem, we coexpressed KSR together with RAF and MEK.
RASY!? was also used to activate the MAPK pathway. To
prevent possible MAPK-dependent negative-feedback ef-
fects, as suggested by the RNAIi result shown in Figure 3
(lane 7), we used a kinase-inactivated version of MEK
(MEKP#) throughout this work. Compared with myec-
epitope-tagged MEKP# expressed alone (Fig. 4A, lane 1),
RASY1? coexpression slightly increased pMEK levels
(Fig. 4A, lane 2). Coexpression of KSR or pyo-epitope-
tagged RAF in those two conditions (absence or presence
of RASY'?) did not significantly alter the pMEK profiles
(Fig. 4A, cf. lanes 3-6 to lanes 1 and 2). Strikingly, coex-
pression of MEK with KSR and RAF without RASY!>
induced MEK phosphorylation (Fig. 4A, lane 7), which
strongly increased upon addition of RASY'? (Fig. 4A, lane
8). These results suggest that native KSR promotes the
ability of RAF to phosphorylate MEK. Although RAS ac-
tivity strongly increased the effect of KSR, the fact that
we detected an effect of KSR in the absence of RASV!?
(Fig. 4A, lane 7) suggests among different possibilities
that either endogenous RAS activity contributed to that
effect or that the higher levels of the transiently ex-

KSR bridges RAF and MEK

pressed proteins somewhat bypassed the normal RAS-
dependency of MEK phosphorylation by RAF.

We next examined whether the kinase function of
RAF and the putative kinase function of KSR are re-
quired for MEK phosphorylation in this assay. We gen-
erated kinase-inactivated mutants for pyoRAF (K498 M)
and KSR (K705M), and tested their respective effect as
described above. As expected, RAF kinase function was
absolutely required for MEK phosphorylation (Fig. 4B,
lane 3). In contrast, KSR®7%*M still promoted MEK phos-
phorylation, although slightly less efficiently than wild-
type KSR (Fig. 4B, lane 4). As for the FRB-KSRc con-
struct, the ability of KSR to stimulate MEK phosphory-
lation does not absolutely depend on its putative kinase
function.

KSR activity correlates with its ability to associate
with MEK

We took advantage of the simple cotransfection assay in
S2 cells to examine the effect of five additional muta-
tions in KSR (Fig. 5A). Kolesnick and colleagues pre-
sented evidence that mKSR1 can phosphorylate RAF
(Zhang et al. 1997; Xing et al. 2000). As a kinase-inactive
mutant, they changed two conserved aspartic residues in
subdomains VI and VII to alanine residues. Because the
KSR¥79°M mutant is still active (Fig. 3B), we generated a
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Figure 4. KSR enhances MEK phosphorylation by RAF in a
RAS-dependent manner. (A) S2 cells were transfected with the
mycMEKP# reporter construct (0.3 ng) either alone (lane 1) or
together with the indicated combinations of RASY'2 (0.6 ng),
KSR (0.1 pg), and pyoRAF (0.03 ug) constructs. Cells were lysed
36 h postinduction of expression, and pMEK levels were exam-
ined by immunoblot analysis. Protein levels were evaluated for
KSR, pyoRAF, and mycMEKP# as indicated. (B) S2 cells were
transfected as in A with the indicated combinations of expres-
sion plasmids. KM denotes pyoRAFX498M o RSRK705M,
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Figure 5. KSR activity depends on multiple regions of the KSR protein. (A) Structure of KSR and amino acid positions of various
mutants used in this study. In addition to a putative kinase domain, the conserved area 1 (CA1), the proline-rich stretch (Pro), the
cysteine-rich motif (CRM), and the serine/threonine-rich stretch/FXFP motif (S/T FXFP) are other features of the KSR proteins
(Therrien et al. 1995). (B) S2 cells were transfected with the indicated combinations of mycMEKP# (0.6 ng), RASY!? (0.6 ng), pyoRAF
(0.2 pg), and wild-type (WT) KSR (0.7 pg) or one of the indicated KSR mutants (0.7 pg). Cells lysates were prepared 36 h postinduction
of expression and either directly used to determine pMEK levels or immunoprecipitated with a monoclonal anti-KSR antibody to
examine the amounts of mycMEKP# and pyoRAF associated with KSR. Protein levels for KSR, mycMEKP#, and pyoRAF were also

evaluated.

KSR kinase-defective mutant similar to theirs (D800A-
D817A) to test its effect. The four other mutants affected
independent regions of KSR. KSRM™OSR31G Jies within
the CA1 domain. This mutation has been recovered as a
hypomorphic loss-of-function allele in a RAS-dependent
genetic screen in Drosophila (Therrien et al. 1995).
KSR©E3985-C4018 disrupts the integrity of the cysteine-rich
motif. A similar mutation in mKSR1 has been shown to
abrogate its ability to promote RAS-dependent Xenopus
oocyte maturation (Michaud et al. 1997). KSR contains
an FXFP motif that has been proposed to function as a
MAPK docking site (Jacobs et al. 1999). The function of
this motif in KSR is unknown. We changed the first phe-
nylalanine residue of the motif, KSRF¥>'8W  to verify its
functional relevance. Finally, a mutation in KSR isolated
in a RAS-dependent genetic screen in C. elegans
(Sundaram and Han 1995) has been reported to prevent
the association between KSR and MEK (Stewart et al.
1999). A similar mutation was generated, KSR<??2Y, to
examine the effect of impairing the KSR/MEK interac-
tion. The effect of these mutations is shown in Figure 5B.
Interestingly, in contrast to KSR®7%*™ which still sup-
ported MEK phosphorylation, KSRP300A-DSIZA  4pnd
KSR<?>2Y completely abrogated KSR activity (Fig. 5A, cf.
lanes 2, 3, and 7). In addition, KSR™95 R3S showed a
severe reduction of activity (Fig. 5A, lane 4), whereas
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KSR&3985-C401S showed only a slight, but reproducible

reduction in KSR activity (Fig. 5A, lane 5), and KSRF>'8W
was as active as wild-type KSR (Fig. 5A, lane 6). Given
that the two KSR mutations (L50S-R51G and C922Y)
corresponding to loss-of-function mutations isolated in
genetic screens also disrupted the ability of KSR to in-
duce MEK phosphorylation by RAF, it strongly suggests
that the assay recapitulates the normal function of KSR.

We then investigated whether the effect of the muta-
tions could be caused by defects in their ability to asso-
ciate with MEK and/or RAF. To verify this, we immu-
noprecipitated KSR or the mutant variants from cell ly-
sates used to analyze pMEK levels (Fig. 5B) and examined
the amount of coimmunoprecipitated mycMEK™# and
pyoRAF (Fig. 5B, middle part of the panel). As reported
for mKSR1 (see above), Drosophila KSR also associated
with MEK and RAF (Fig. 5B, lane 1). Two mutants,
KSRD8OOA-DSI7A 3nd KSREP22Y did not interact with
MEK (Fig. 5B, lanes 3,7). Interestingly, they also failed to
stimulate MEK phosphorylation. In contrast, KSR¥7%°™,
which is almost as active as wild-type KSR, was not sig-
nificantly affected in its association with MEK (Fig. 5B,
lane 2). These results suggest that the ability of KSR to
interact with MEK is critical to stimulate MEK phos-
phorylation. Intriguingly, KSR*95R51G a550ciated nor-
mally with MEK, yet was severely diminished in its ca-



pacity to promote MEK phosphorylation (Fig. 5B, lane 4).
Although we did not observe a drastic effect regarding
the binding properties of this mutant, it very reproduc-
ibly showed an approximately twofold decrease in its
capacity to associate with RAF. This observation sug-
gests that the CA1l domain mediates an association with
RAF. KSRP8OOADEIZA 5nd KSREP?2Y also showed a simi-
lar RAF-association defect (Fig. 5B, lanes 3 and 7, respec-
tively). Their reduced interaction with RAF might be
caused by their inability to bind MEK, which normally
might stabilize the KSR/RAF interaction. Alternatively,
these mutations might induce structural perturbations
that reduce the KSR/RAF association independently of
the inability of MEK to bind KSR. Taken together, these
data indicate that KSR associates independently with
MEK and RAF, and that these interactions appear to be
critical for KSR activity.

KSR allows the formation of a RAF/MEK complex

Previous work reported that the association between
mKSR1 and RAF is RAS-dependent (Therrien et al. 1996;
Xing et al. 1997). Interestingly, we found that Drosophila
KSR can associate with RAF without coexpressing an
activated form of RAS (Fig. 4A; data not shown). We
therefore wanted to determine whether endogenous
RASI activity might contribute to this interaction. To
verify this, we coexpressed pyoRAF and KSR in the pres-
ence of dsRNA for GFP, RAS1, MEK, or MAPK, immu-
noprecipitated RAF, and measured the levels of associ-
ated KSR. As for the negative controls, addition of
dsRAS1 RNA did not perturb the KSR/RAF association
(Fig. 6A, lane 3), which suggests that the Drosophila
KSR/RAF interaction can occur in the absence of RAS-
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mediated signals. The inability of dsMEK RNA to alter
the KSR/RAF association (Fig. 6A, lane 4) is another in-
dication that KSR interacts with RAF independently of
MEK.

Given that KSR appears to associate independently
with RAF and MEK, we tested whether KSR might
physically link RAF and MEK together. We coexpressed
fixed amounts of RAF and MEK alone or in the presence
of increasing amounts of KSR, and evaluated the levels of
associated MEK by probing the anti-pyo immunoprecipi-
tates with anti-myc. As shown in Figure 6B, coexpres-
sion of RAF and MEK alone did not result in the forma-
tion of a stable RAF/MEK association (Fig. 6A, lane 3). In
sharp contrast, expression of KSR allowed the formation
of a RAF/MEK complex (Fig. 6A, lanes 4-6). The levels of
MEK associated with RAF increased upon augmenting
the expression levels of KSR as predicted if KSR physi-
cally connects RAF and MEK. If this model is correct,
KSR<?22Y should not induce the formation of a RAF/
MEK complex because it no longer binds to MEK (Fig.
5B, lane 7). Interestingly, when coexpressed with RAF
and MEK, wild-type KSR showed greater protein stabil-
ity compared with KSR??>Y, We therefore transfected
more DNA for the mutant construct to compare the ef-
fect of equal amounts of proteins. As predicted,
KSR<?22Y could not promote the formation of a RAF/
MEK complex (Fig. 6B, lanes 7-10).

We were intrigued by the fact that KSR induced the
formation of a RAF/MEK complex in the absence of co-
transfected RASY!'2. We therefore verified whether en-
dogenous RASI1 activity was involved in the RAF/MEK
complex formation by eliminating its contribution using
dsRAS1 RNA. Surprisingly, as shown in Figure 6C,
dsRAS1 RNA did not affect the complex (Fig. 6C, cf.
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Figure 6. KSR interacts independently with RAF and MEK and induces the formation of a RAF/MEK complex. (A) S2 cells were
transfected with pyoRAF alone or together with KSR in the presence of the indicated dsRNAs (0.5 pg; lanes 2-5). Cell lysates were
prepared and immunoprecipitated 36 h postinduction as indicated. Levels of associated proteins and their relative amounts were
evaluated by immunoblot analysis. (B) S2 cells were transfected with mycMEKP” (0.2 ng) and pyoRAF (0.2 ng) constructs either alone
(lane 3) or with increasing quantities for wild-type (WT) KSR (0.02 ng, 0.08 ng, and 0.325 ng) or for KSRLSOSRIIG or RSRC22Y (0,02 ng,
0.08 ng, 0.325 pg, and 1.3 pg), as indicated; control (lane 1) used 1.3 pg of wild-type KSR. Cell lysates were prepared 36 h postinduction
and immunoprecipitated by the anti-pyo antibody to measure associated MEK and KSR levels by immunoblot analysis. Protein levels
in lysates were also determined. (C) S2 cells were transfected with mycMEKP# (0.2 ng), pyoRAF (0.2 ng), or KSR (0.7 ug) without or
with 0.6 ng of HA-epitope-tagged RASV!? or 0.5 g of dsRAS1 RNA as indicated. Cell lysates were prepared as in C. ha-RASY'? levels
were examined using anti-HA antibody. Note that addition of dsRAS1 RNA eliminates ha-RASY!? completely.
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lanes 1 and 2). Similarly, coexpression of RASY!'* did not
significantly enhance its formation (Fig. 6C, lane 3). To-
gether, these findings strongly suggest that KSR con-
nects RAF and MEK and that the assembly does not re-
quire RAS activity.

Discussion

KSR was originally recognized as an essential compo-
nent of RAS-mediated signaling pathways in Drosophila
and C. elegans (Kornfeld et al. 1995; Sundaram and Han
1995; Therrien et al. 1995). Although the characteriza-
tion of mouse KSR1 linked it to the ERK module (Mor-
rison 2001), its precise molecular function has not here-
tofore been elucidated. Here, we show that Drosophila
KSR is genuinely required for signal transmission
through the MAPK pathway at a step upstream of MEK.
In agreement with this, we found that KSR directly par-
ticipates in the phosphorylation of MEK by RAF and that
this event does not absolutely require the putative cata-
lytic function of KSR. We further show that KSR associ-
ates independently with MEK and with RAF. These in-
dependent interactions lead to the formation of a stable
RAF/MEK complex, thereby positioning the activator
RAF in close proximity to its substrate MEK. Hence,
KSR operationally behaves as a molecular scaffold that
assembles the RAF/MEK functional pair (Fig. 7A). Given
that MP1 apparently coordinates the formation of MEK/
ERK complexes (Schaeffer et al. 1998), it will certainly be
interesting to investigate whether KSR and MPI1 func-
tion together to orchestrate the formation of a complete
ERK/MAPK module.

Mouse KSR1 had been previously reported to associate
constitutively with MEK and in a RAS-dependent man-
ner with RAF (see above). However, the physical conse-
quences of these associations had not been explored fur-
ther. We found here that Drosophila KSR also interacts
with MEK and RAF, but, in contrast to mKSR1, the Dro-
sophila KSR/RAF association did not appear to depend
on RAS activity. A reason for this difference might be
that the association between mKSR1 and c-RAF did not
resist the immunoprecipitation procedure. However, in
the presence of activated RAS other contacts might have
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formed, which could stabilize the complex. RAS-induced
oligomerization and/or other proteins might be involved
in stabilizing the mKSR1/c-RAF complex. Regardless of
the exact mechanism, our results clearly show that the
associations between KSR and RAF and between KSR
and MEK are mediated by independent parts of KSR and
result in the association of RAF and MEK. Given that our
data suggest that RAS is dispensable for these interac-
tions, this implies that an inactive KSR/MEK/RAF ter-
nary complex might exist in nonstimulated cells (Fig.
7B). Interestingly, STE5 has also been shown to assemble
a three-kinase MAPK complex prior to signal transduc-
tion (Choi et al. 1994). This might be a general mecha-
nism used by scaffolding proteins to allow highly effi-
cient switch-like signal transmission. Consistent with
this possibility, we found that endogenous KSR, which
apparently represents <1 % of endogenous RAF and MEK
protein levels, is predominantly associated with RAF
and MEK in S2 cells (data not shown).

The CA1 domain appears to be involved in connecting
the KSR/MEK complex to RAF. It is still unclear
whether the interaction is direct or not. Although the
mutation affecting the CAl domain reduced the KSR/
RAF association, it did not abrogate it (Fig. 5B; data not
shown). This suggests that either the mutation does not
fully disrupt the interaction with RAF or that another
region(s) of KSR makes contact with RAF. This is con-
sistent with the fact that this mutation allowed to some
extent the formation of a RAF/MEK association, albeit
not as effectively as wild-type KSR (data not shown) and
that it genetically behaved as a weak loss-of-function
mutation (Therrien et al. 1995). Alternatively, it is pos-
sible that the mutation does not affect RAF binding per
se, but localizes the mutant KSR protein aberrantly. Al-
though MEK might stabilize the RAF/KSR interaction
(Fig. 5B), it is not primarily mediating it. Indeed, dsMEK
RNA did not perturb the KSR/RAF association (Fig. 6A),
and the two mutants, KSRP8OOADEI7A 3nq KSREI22Y,
which no longer interacted with MEK, still associated
with RAF (Figs. 5B and 6B). Systematic mutagenesis and
deletion mutants of KSR should allow the identification
of additional regions, if any, involved in the formation of
the RAF/MEK complex. Given that mKSR1, like the
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Figure 7. Model accounting for KSR function. See text for details.
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RAF isozymes, interacts with the 14-3-3 proteins,
HSP90, and p55/CDC37 (Xing et al. 1997; Cacace et al.
1999; Stewart et al. 1999), it will be interesting to dis-
cover the contribution of these proteins in the KSR/RAF
association and in the regulation of the KSR-dependent
RAF/MEK complex.

Previous work in Drosophila showed that ksr loss-of-
function mutations suppressed activated RAS-mediated
signaling, but did not alter activated RAF function (Ther-
rien et al. 1995). These observations led the authors to
propose that KSR is required at a step between RAS and
RAF or in a pathway that acts in parallel. However, as
they mentioned, the data were also consistent with the
possibility that the activated RAF transgene was ex-
pressed to high levels, thereby bypassing the require-
ment for KSR function. Our results are consistent with
the second interpretation. We found that KSR promoted
MEK phosphorylation when low amounts of the RAF
construct were transfected (Fig. 2A), but that this effect
declined upon increasing the amounts of transfected
RAF (data not shown). The genetic data also raised the
possibility that KSR is involved in the RAS-dependent
RAF activation mechanism. This latter process has been
the subject of numerous studies, but remains largely
enigmatic (Kolch 2000). A number of laboratories have
tested the possibility that KSR directly phosphorylates
RAF (see above). Most of these attempts have failed to
show catalytic function for KSR, except for Kolesnick
and colleagues, who did report that KSR can phosphory-
late and activate RAF (Zhang et al. 1997). Our data do not
support their findings, but may provide an explanation
for the apparent contradiction. Interestingly, there is a
correlation between the ability of KSR to bind MEK and
the appearance of a mobility shift in transfected RAF
(Fig. 5B), which appears to be caused by phosphorylation
(data not shown). KSRP8OOA-DEI7A and KSREP>2Y did not
induce the mobility shift, whereas KSR¥7%*M did. This
suggests that this event does not depend on the putative
catalytic function of KSR, but, rather, on its ability to
interact with MEK. Moreover, the mobility shift ob-
served for FKBP-RAFc appeared to depend on its auto-
catalytic function because FKBP-RAFc**?%S did not dis-
play the mobility shift, even though it heterodimerized
with the FRB-KSRc/MEK complex upon rapamycin
treatment (Fig. 2C, lane 2; data not shown). Together,
these data suggest that RAF autophosphorylation is
strongly stimulated when MEK is brought to RAF by
KSR, and thus KSR might be involved indirectly in RAF
activation, not by virtue of its catalytic function, but
rather by the effect of recruiting MEK to RAF. Given that
the Kolesnick group used KSRP8OOA-DEI7A 44 3 Kkinase-
inactivated mutant, which does not bind to MEK, it
raises the possibility that their results correspond, in
fact, to a KSR-dependent RAF autophosphorylation.
Consistent with this, the only KSR-dependent phos-
phorylated residues that they identified correspond to
RAF autophosphorylation sites (Zhang et al. 1997; Xing
and Kolesnick 2001).

Surprisingly, the simple coexpression of KSR with
MEK, RAF, and activated RAS, is sufficient to reconsti-
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tute a KSR-dependent assay. The reliability of the assay
is supported by the observation that wild-type KSR be-
haved as a positive component of the pathway, as genet-
ics predicted, and KSR mutations corresponding to pre-
viously identified ksr loss-of-function alleles were inert.
The critical aspect of the assay is the simultaneous ex-
pression of RAF and MEK with KSR. When KSR is over-
expressed in a cell line, RAF and MEK also need to be
coexpressed to high enough levels to prevent their un-
coupling on separate KSR molecules. A similar situation
has been observed for JIP-1, which was first thought to be
an inhibitor of the JNK pathway (Dickens et al. 1997).
Our results thus provide an explanation as to why many
laboratories found that KSR inhibited signaling through
the ERK pathway when overexpressed in various cell
lines. When expressed at very low levels, mKSR1 has
been shown to accelerate RAS-dependent Xenopus oo-
cyte meiotic maturation (Therrien et al. 1996; Cacace et
al. 1999), a process that depends on activation of the ERK
module (Birchmeier et al. 1985). Intriguingly, mKSR1 ac-
tivity in this system appeared to be mediated mainly by
the cysteine-rich motif (CRM; Therrien et al. 1996; Mi-
chaud et al. 1997). Although this region is probably re-
quired for normal KSR activity, it does not account for
its entire function. Therefore, this assay probably reca-
pitulated only partially the normal function of KSR. Bio-
chemical analysis of the CRM revealed that it is in-
volved in targeting mKSR1 to the plasma membrane in a
RAS-dependent manner (Michaud et al. 1997). Nonethe-
less, it is unclear why the CRM alone was capable of
stimulating RAS-dependent Xenopus oocyte maturation.
KSRE3985-C401S g reproducibly less active than wild-
type KSR in the S2 cell assay, thus confirming the func-
tional relevance of the CRM. However, the effect was
weak (Fig. 5B). This could be caused by the fact that the
main participants were overexpressed, thereby making
the system less dependent on signals normally concen-
trating the various components to the plasma mem-
brane.

Intriguingly, besides the lysine to arginine change in
subdomain II of the mammalian homologs, KSR proteins
have a highly conserved kinase domain (Therrien et al.
1995). 1t is formally possible that this domain is enzy-
matically active, but that we have not found the proper
conditions and/or substrates to detect its activity. The
observation that the two KSR¥7°°™ mutants used in this
study are slightly less active than their wild-type coun-
terparts, even though they associate with MEK to the
same extent as wild-type KSR, suggests that KSR might
possess a catalytic function that is required in concert
with its scaffolding property for full activity. Alterna-
tively, it is possible that their lesser activity is owing to
structural changes in KSR that do not perturb the KSR~
MEK interaction but affect the way KSR presents MEK
to RAF. Stringent sequence conservation might thus be
required to maintain a particular kinase domain confor-
mation to allow highly specific and robust interaction
with MEK for the sole purpose of presenting a particular
portion of MEK to RAF. Given their structural related-
ness and the good homology between their kinase do-
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mains, RAF and KSR probably evolved from a common
ancestral kinase by gene duplication. One of the descen-
dents of this hypothetical duplication event might have
given rise to the three RAF kinase family members,
which retained catalytic function, whereas the other de-
scendent might have eventually led to the two KSR
genes found in mammals (M.T., unpubl.) that evolved as
scaffolds specialized in bridging RAF and MEK proteins
together. Although it is currently unclear whether the
functional shift observed for the KSR kinase domain will
also be observed in other uncharacterized kinases for a
similar purpose, this certainly highlights the importance
of showing the catalytic activity of a kinase or any other
enzyme before assuming it performs an enzymatic step
in a given process.

It is becoming increasingly clear that components for
several signaling pathways are specifically organized by
scaffolding proteins (for review, see Pawson and Scott
1997). However, we still know very little about the way
they operate. The genetic and molecular data gathered so
far on Drosophila KSR are consistent with its involve-
ment in signaling efficiency, that is, when KSR is non-
functional, low amounts of signal reach MAPK. The
chain of events is, however, not severed because acti-
vated RAF can rescue ksr loss-of-function phenotypes in
Drosophila (Therrien et al. 1995). Our results show a role
for KSR as a molecular scaffold coordinating the RAF/
MEK interaction. This is, however, one part of the signal
propagation mechanism through the ERK/MAPK mod-
ule. Once MEK is activated, it must relay the signal to
MAPK. It will be interesting to determine whether KSR
also participates in this process or whether another mol-
ecule, such as MP1, executes that step independently.

Materials and methods

Plasmids

pMet-KSR was made by inserting a 2.9-kb NotI ¢cDNA insert
encoding full-length Drosophila KSR (Therrien et al. 1995) into
pMet, a vector containing the metallothionein promoter induc-
ible by heavy metals. Mutant KSR constructs and other mutants
mentioned below were generated using the QuickChange mu-
tagenesis kit (Stratagene). All constructs were verified by se-
quencing.

pMet-pyoRAF was generated in three steps. First, an EcoR1/
Xhol PCR product corresponding to Drosophila RAF full-length
cDNA was inserted into pBlueScript (Stratagene). Second, an
oligonucleotide encoding two polyoma epitope tags
(MEYMPME) was inserted into the EcoR1 site in place of the
first methionine. The EcoR1/Xhol insert was then moved into
the pMet EcoRI/Sall sites. pMet-pyoRAFX4*8M was generated by
mutating the indicated codon in pMet-pyoRAF.

pMet-mycMEKP? was generated in two steps. First, a PCR
product corresponding to Drosophila MEK full-length cDNA
with EcoRI extremities and a myc-epitope tag (EQKLISEEDLN)
at the 5’ end was inserted into a pBlueScript II vector. The
resulting pBS-mycMEK was then mutagenized to change aspar-
tic acid residue 224 in kinase subdomain VII to an alanine resi-
due (DA). The mycMEKP” insert was then moved into the
EcoRI site of pMet.
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pMet-RASY!? was previously described (Therrien et al. 1999).
pMet-haRASY!? was made by inserting an oligonucleotide en-
coding three HA epitopes (YPYDVPDYA) into the EcoRI site of
pMet-RASY!? in place of the first methionine.

The FKBP and FRB fusion constructs were assembled as fol-
lows: oligonucleotides encoding either the Drosophila SRC my-
ristoylation signal (first 16 amino acids) or a nonmyristoylatable
version (Gly 2 changed to Ala), were inserted into the Kpnl/
EcoRI sites of pBlueScript; a BstEII site has been included im-
mediately upstream of the EcoR1 site in the oligonucleotides.
For the RAFc derivatives, a BstEII/EcoR1 fragment encompass-
ing the RAF catalytic domain (wild type or kinase-inactivated;
amino acids 371-782) was inserted into the BstEIl/EcoRI sites of
pBS-Myr or pBS-Myr“A. A PCR product corresponding to pyo-
tagged mouse FK506-binding protein cDNA was then inserted
in the BstEIl site of the Myr or non-Myr RAFc constructs. Kpnl/
Notl complete inserts were then transferred into a pMet vector.
For the KSRc derivatives, an EcoRI/Xbal fragment encompass-
ing the KSR catalytic domain (wild type or mutated versions;
amino acids 484-966) was inserted into the equivalent sites of
pBS-Myr or pBS-Myr““. A PCR product corresponding to Flag
epitope (DYKDDDDK])-tagged rat FKBP-rapamycin-binding do-
main (FRB; amino acids 2025-2114 of rat FRAP) was inserted
into the BstEIl/EcoRI sites of the Myr or non-Myr KSRc con-
structs. Kpnl/NotI complete inserts were then transferred into a
pMet vector.

Cell transfection, cell lysates, and immunoprecipitations

For transfection experiments, 107 S2 cells were plated per 100-
mm-diameter dish (Nunc) and incubated overnight. Cells were
transfected with different combinations of plasmids (2 pg total)
using the Effectene reagent (QIAGEN). Protein expression was
induced 36 h after transfection by addition of 0.7 mM CuSO,.

Cells were harvested in Nonidet P-40 lysis buffer (Therrien et
al. 1996) at 36 h postinduction. Immunoprecipitations were per-
formed by incubating cell lysates with antibody supernatants at
4°C for 1 h. Protein A/G agarose beads (Santa Cruz Biotechnol-
ogy) were then added, and gently rocked at 4°C for an additional
3 h. Immunoprecipitates were washed three times with cold
lysis buffer before analysis.

Western blot analysis and antibodies

Cell lysates or immunoprecipitated proteins were resolved on
8% SDS-PAGE and transferred to nitrocellulose membranes.
Proteins were probed using appropriate primary antibodies from
the following sources: «-KSR monoclonal antibody (mAb) was
previously described (Therrien et al. 1996); «-RAS1, a-PYO epi-
tope, and a-HA epitope (12CA5) mAbs were kindly provided by
Gerry Rubin (University of California, Berkeley); a-Drosophila
RAF polyclonal antibody was a kind gift from Debbie Morrison
(National Cancer Institute, Frederick, MD); a-MYC epitope
mAD (9E10) was from Santa Cruz Biotechnology; a-MEK-1&2
and a-pMEK-1&2 polyclonal antibodies were from Cell Signal-
ing; and «-ERK-1&2 and a-dpERK-1&2 mAbs were from Sigma.

RNAI experiments

DsRNAs were generated as previously described (Clemens et al.
2000) with slight modifications. DNA fragments ({700 bp) con-
taining coding sequences for the targeted proteins were ampli-
fied by PCR. Each PCR primer contained a 5’-T7 RNA polymer-
ase binding site (GAATTAATACGACTCACTATAGGGAGA)
followed by 21 nucleotides corresponding to the targeted se-
quence. The PCR products were purified using the QIAquick
PCR purification kit (QTAGEN). One microgram of PCR prod-



uct was used per in vitro transcription reaction. RNAs were
phenol-chloroform-extracted, ethanol-precipitated, and resus-
pended in TE buffer. DsRNAs were generated by heating RNA
samples to 95°C and annealed by slow cooling to room tem-
perature. DsRNA quality was verified on 1% agarose gels.

For RNAIi experiments, 2 x 10° RASV!? cells were plated per
well of six-well tissue culture dishes (Nunc) and incubated over-
night. Media were changed for 2 mL of complete medium with
or without 10 pg of dsRNA. Cells were incubated for 5 d.
RASV!? expression was induced by adding 0.7 mM CuSO, to the
cell culture 10 h prior to harvest. Given that much less dsSRNA
was used in transfection experiments (0.5 ng), interference was
essentially restricted to the transfected cells.

Genetics, histology, and immunohistochemistry

Fly culture and crosses were performed according to standard
procedures. Scanning electron microscopy was conducted as
previously described (Kimmel et al. 1990). Staining of third in-
star eye imaginal disc was performed according to Gabay et al.
(1997).
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