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Abstract

Whether Kinase Suppressor of Rasl (KSR1) is an active kinase that phosphorylates c-Raf-1 or a
scaffold that coordinates signaling along the Ras/ERK1 signaling module is actively debated. In this
study, we generated a monoclonal antibody against a c-Raf-1 peptide containing phosphorylated
Thr289, the putative target for KSR1 kinase activity. We show that this antibody detects Thr269-
phosphorylated c-Raf-1 in A431 cells upon epidermal growth factor (EGF) stimulation, preceding
MEKZ activation. Furthermore, this antibody detects in vitro phosphorylation of FLAG-c-Raf-1 and
kinase-dead FLAG-c-Raf-1(K375M) by immunopurified KSR1, but fails to detect phosphorylation
of FLAG-c-Raf-1(K375M/T269V), engineered with a Thr259 to valine substitution. To provide
unequivocal evidence that KSR1 is a legitimate kinase, we purified KSR1 to homogeneity, confirmed
by mass spectrometry, renatured it in gel, and demonstrated that it phosphorylates BSA-conjugated
c-Raf-1 peptide at Thr269, These studies add to emerging data validating KSR1 as a kinase that
phosphorylates c-Raf-1.
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INTRODUCTION

Kinase Suppressor of Rasl (KSR1) was originally identified in D. melanogaster and C.
elegans as a positive modulator of Ras/MAPK signaling either upstream of or parallel to Raf
[1]. In C. elegans, KSR-1 is dispensable for normal development and adult worm function, but
required for gain-of-function signaling through mutated RAS-1 or LET-23, the epidermal
growth factor receptor (EGFR) homolog [1]. Murine and human KSR1 orthologs were
subsequently isolated with high sequence identity suggesting KSR1 signaling is evolutionarily
conserved. As in C. elegans, KSR1 inactivation has little, if any, impact on Ras function in
normal mammalian development or physiology, but rather KSR1 appears specifically engaged
when demand for Ras function is increased, such as via activating point mutations or enhanced
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upstream signaling through hyperactivated tyrosine kinase receptors [2]. Consistent with this
observation, mice lacking KSR1 develop and reproduce normally, and manifest a normal
lifespan [3]. However, ksr1~/~ mice develop an unusual disorganized hair follicle phenotype
also found in EGFR knockout mice, indicating that as in C. elegans, EGFR, Ras, and KSR1
are on the same signaling pathway [2]. Moreover, papilloma formation in Tg.AC mice,
resulting from skin-specific v-Ha-ras expression, is abrogated in a ksr1~/~ background,
indicating v-Ha-ras-mediated skin cancer, signaled through the Raf-1/MAPK cascade, requires
KSR1 [2]. These results suggest KSR1 may represent a therapeutic target for RassrMAPK
signaling in some human cancers.

KSR1 is composed of five domains, termed CA1-CAb5, the first four of which are N-terminal
[1]. CAlis unique to KSR1, and conserved in most KSR1 orthologs. Its function awaits
characterization. CA2 is a Src homology 3 (SH3) recognition site and CA3 a Cys-rich domain
similar to the lipid-binding domain of protein kinase C. CA4 isa Ser/Thr-rich region resembling
the CR2 domain of c-Raf-1. The C-terminal CA5 region contains the 11 conserved kinase
subdomains found in all kinases. However, it is not clear whether KSR1 might be a Tyr or Ser/
Thr kinase. The sequence YI[4]APE in subdomain VIII, conserved among Ser/Thr kinases, is
present in all KSR genes cloned so far, yet C. elegans and D. melanogaster KSR1 also contain
the sequence HKDLR indicative of Tyr kinases [1]. Human and murine KSR1 have an Arg in
kinase subdomain Il instead of the conserved Lys normally involved in ATP binding. As Arg
for Lys substitutions typically inactivate kinase function, significant doubt was expressed soon
after the discovery of KSR1 as to whether it was a kinase at all [5-8], as opposed to a scaffold
protein coordinating elements of the Ras/Raf/MAPK module.

In quiescent cells, KSR1 is phosphorylated on Ser297 by an unknown kinase and on Ser392 by
C-TAK1, creating docking sites for 14-3-3. The 14-3-3—-KSR1 interaction sequesters KSR1
and MEKZ1, to which it is constitutively bound, in the cytoplasm [9]. Both KSR1 and its target,
c-Raf-1, are also constitutively bound to the PP2A core enzyme (subunits A+C)[10]. Impedes
mitogenic signal propagation (IMP) also interacts with the KSR1 N-terminus, maintaining
KSR1 inactive [11]. During growth factor stimulation (such as via EGF), the KSR1/PP2A and
c-Raf-1/PP2A complexes acquire the PP2A regulatory B subunit, and the PP2A holoenzyme
dephosphorylates KSR1 Ser392 and c-Raf-1 Ser29, leading to partial release of 14-3-3 from
each protein [10]. For KSR1, this step exposes a MAPK binding site, while for c-Raf-1 it
confers activated Ras binding at the plasma membrane. In addition, Ras-GTP binds IMP,
relieving KSR1 inhibition [11]. KSR1 dissociation from IMP and displacement of 14-3-3 on
Ser392 |eads to rapid plasma membrane translocation of KSR1, localizing MEK1 and MAPK
to membrane-bound c-Raf-1. This series of events, and the inability of multiple groups to
observe KSR1 kinase activity toward c-Raf-1, has led to the predominating position in the field
that KSR1 functions as a scaffold protein only [6,8,12]. In this model, KSR1 appears to
coordinate signaling through the c-Raf-1/MEK/MAPK module, but has no other direct impact
on c-Raf-1 activation.

The minority opinion in the field is that mammalian KSR1 is a Ser/Thr kinase that
transphosphorylates human c-Raf-1 at Thr269 conferring c-Raf-1 kinase activation [13].
Investigations supporting this position show that immunoprecipitated KSR1 when washed
extensively to the point where it is the only protein observed after SDS-PAGE by silver
staining, is capable of phosphorylating recombinant c-Raf-1 [14-19]. The suggestion that
KSR1 activity was transphosphorylating rather than enhancing c-Raf-1 intrinsic autokinase
activity was further supported by transphosphorylation of a kinase-inactive c-Raf-1 substrate
(c-Raf-1-K375M). Furthermore, not only can immunopurified KSR1 phosphorylate c-Raf-1
in vitro but it also transactivates c-Raf-1 towards MEK1, as measured by direct MEK1
phosphorylation and MEK-induced ERK/MAPK activation [14-16,18-20]. Moreover,
mutation of two conserved Asp residues (D683 and D700) required for ATP catalysis and
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phosphotransfer to Ala, a classic approach to generate a dead kinase, abolished both the
transphosphorylating and transactivating activity of KSR1 isolated from multiple cell lines
[14-21]. Despite this evidence, it has been argued that the KSR1 proteins isolated to date are
contaminated with a small but highly active pool of c-Raf-1, MEK and/or other kinases capable
of instigating the signaling observed in vitro [3,5,7,9,12,22].

The current investigations address this issue directly by generating a monoclonal antibody
specific for Thr269 of c-Raf-1, and using this reagent to demonstrate that this putative KSR1
phosphorylation site on c-Raf-1 is indeed phosphorylated in intact cells upon EGFR activation.
Furthermore, we have purified KSR1 to homogeneity as measured by mass spectrometry and
then renatured it in gel. The renatured protein phosphorylates a peptide derived from the region
surrounding Thr28%f c-Raf-1, providing unambiguous evidence that KSR1 is a Thr kinase.

MATERIALS AND METHODS

Conjugation of phosphorylated and non-phosphorylated peptide to maleimide-activated

BSA

Phosphorylated Thr269 c-Raf-1 peptide (VHMVSTpTLPVDSRMC) and non-phosphorylated
(VHMVSTTLPVDSRMC) c-Raf-1 peptide were conjugated to BSA using the Imject
Maleimide Activated BSA Kit (Pierce) according to manufacturer’s instructions. Briefly,
peptides were mixed with an excess (1:5) of BSA-Sulpho-SMCC sulfosuccinimidyl 4-(N-
maleimidomethyl)- cyclohexane-1-carboxylate (sulfo-SMCC) cross-linker in buffer
containing 0.1M sodium phosphate, 0.15M NaCl, pH 7.2. After 1h at room temperature, BSA-
conjugated peptides were purified by Dextran desalting column (Pierce).

Anti-phospho-peptide ELISA

To determine the optimal BSA-Thr269 phospho-peptide or BSA-non-phospho-peptide
concentration with which to coat ELISA plates, we evaluated whether 25, 50, 100 or 250pg
BSA-conjugated peptide/well would deliver the best signal to noise ratio. 25ug conjugated
BSA-Thr269 phospho-peptide/well was optimal and utilized throughout for the ELISA.

Generation and purification of monoclonal anti-pThr29 antibody

A monoclonal antibody (mAb) specific for human-c-Raf-1 phospho-Thr269 was generated by
immunizing Balb/c mice 4x at 3-week intervals with KLH-conjugated phospho-peptide
covering human amino acids 263-276 (VHMVSTpTLPVDSRMC). Immunogen was
emulsified in an equal volume of TiterMAX® (Cytogen, Inc) adjuvant and 50ug injected
subcutaneously. Mice were bled 7 days post injection, and sera tested for anti-phosphopeptide
antibodies by ELISA. For fusion with myeloma cells, the mouse with the highest Ab titer was
primed with 25pg of phospho-peptide conjugated to OVA and the spleen harvested 4 days
later. Splenocytes were prepared, mixed at a 5:1 ratio with SP/2-Ag14 (ATCC, CRL-1581)
and fused using a polyethylene glycol (PEG 1500, Roche)/centrifugation-based method.
Fusion products recovered overnight, and were selected in 25-96 well plates using media
containing HAT (Sigma). Eight days later, there were on average 0.8 colonies/well and the
fusion was fed for the first time. ELISA screening of media began on day 11 against BSA-
phospho- and BSA-non-phospho-peptide conjugates, with all positives re-screened after
expanding the culture. Repeat positives were tested by western blot using BSA conjugates as
protein source. Antibody was purified by using HiTrap IgM purification HP, 1ml affinity
column (GE Health care).
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KSR1 Renaturation

Myc-KSR1 was immunoprecipitated using anti-Myc antibody from 20mg overexpressing
COS-7 cell lysate, and beads washed 15x with lysis buffer containing 1M NaCl.
Immunoprecipitated KSR1 was electrophoresed on an 8% SDS gel, and renatured as per
calmodulin-dependent protein kinase I1 [23]. Briefly, the gel was washed with two changes of
wash buffer (50mM Tris, pH 7.4, 5mM 2-mercaptoethanol) containing 20% isopropylalcohol
at room temperature for 1h, and once in wash buffer without isopropyl alcohol for 1h.
Denaturation was accomplished by incubating the gel in two changes of 6M guanidine HCl in
wash buffer for 1h each. Renaturation was accomplished by incubating the gel overnight at 4°
C in wash buffer containing 0.04% Tween-20.

Phosphorylation of c-Raf-1 peptide by in-gel renatured KSR1

The 110 kDa band corresponding to purified KSR1 was visualized with amido black, destained,
excised, crushed in an eppendorf tube using a glass rod, and incubated with 2ug BSA-
conjugated c-Raf-1 non-phospho-peptide in 80l of kinase reaction mixture (25mM HEPES,
pH 7.4, 10mM MgCl,, 0.5mM EGTA, and 5mM NaF) containing 100uM cold ATP. Controls
received blank gel pieces. BSA-conjugated c-Raf-1 peptide was resolved by 8% SDS-PAGE
and phosphorylation status interrogated using the mAb specific to c-Raf-1 phospho-Thr269 as
described in Supplementary Methods.

RESULTS and DISCUSSION

An antibody that detects phospho-Thr2%9 residue on c-Raf-1

Previous studies using c-Raf-1 mutant proteins indicated that KSR1 phosphorylates c-Raf-1
on the Thr269 residue, conferring c-Raf-1 activation [13]. To provide an approach for direct
detection of c-Raf-1 phosphorylation at Thr269, a monoclonal antibody (MAb) specific for
human-c-Raf-1 phospho-Thr26% was generated by immunizing Balb/c mice with a KLH-
conjugated phospho-peptide encompassing human c-Raf-1 amino acids 263-276. Sera,
prepared from mice 7 days post-immunization, displayed immunoreactivity against both
phospho- and non-phospho-peptide by ELISA (Fig. 1A, upper panel). Hybridomas, generated
from the mouse displaying the highest titer immunoreactivity, were re-screened by ELISA
against phospho- and non-phospho-peptides, and of 3000 clones analyzed 5 displayed specific
phospho-peptide immunodetection. All positive clones were subsequently screened by western
blot analysis using BSA-conjugated peptides as protein source, and a single clone expressing
high titer IgM specific for phospho-peptide was identified (Fig. 1A, lower panel). Antibody
was purified using a thiophilic adsorption/desalting column for further experimentation.

To examine cross reactivity of anti-c-Raf-1 pThr289 mAb with other proteins of the MAPK
cascade known to be phosphorylated at Thr, Tyr and Ser residues, western blot analysis was
performed with increasing amounts of active Thr292/Tyr204-phosphorylated ERK1/MAPK
[24], and active Ser?17/221_phosphorylated MEK1 [25]. The upper panels of Fig. 1B show that
while anti-pThr2% mAb recognizes BSA-bound c-Raf-1 phospho-Thr269 peptide, it fails to
recognize phosphorylated ERK1/MAPK or MEKZ1. In contrast, commercially-available anti-
Thr292/Tyr204 mAb or anti-Ser217/221 mAb, recognize their cognate targets but not BSA-bound
c-Raf-1 phospho-Thr259 peptide (lower panels, respectively). Furthermore, pre-incubation of
anti-pThr2® mAb with c-Raf-1 phospho-peptide but not non-phospho-peptide neutralized
immunodetection of BSA-bound c-Raf-1 phospho-Thr289 peptide by western blot (Fig. 1C).
These studies provide additional evidence for specificity of our anti-pThr269 mAb.
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EGF treatment enhances phosphorylation of endogenous c-Raf-1 at Thr289 in A431 cells

Using A431 cells, which express abundant EGF receptors [26], we examined low
(“physiologic™; 1ng/ml) and high “pharmacologic” dose (50ng/ml) EGF induction of c-Raf-1
phosphorylation at Thr269 using anti-pThr26% mAb. Fig. 2A shows that unstimulated cells
displayed minimal c-Raf-1 Thr269 phosphorylation, increased upon treatment with 1ng/ml or
50ng/ml EGF. Complementary Raf kinase activity assays are shown in Fig. S1. Similarly, wild-
type murine embryonic fibroblasts (MEFs) displayed Thr269 phosphorylation upon EGF
stimulation, absent in c-Raf-17/~ MEFs (Fig. S2), confirming c-Raf-1 as a target recognized
by our anti-pThr28% mAb. In contrast, A-Raf, which contains a TTAP motif at position 224
nearly identical to the TTLP motif found in c-Raf-1 (the second Thr being Thr269), is not
recognized by our anti-pThr269 Ab (Fig. S3). These latter results are consistent with either A-
Raf not serving as a target for phosphorylation at Thr224, or with a high level of specificity of
our antibody.

EGF-induced Thr269 c-Raf-1 phosphorylation in A431 cells was time dependent, maximal at
1min (Fig. 2B upper panel, upper lane), and sustained for 5min before returning to baseline.
Peak c-Raf-1 Thr259 phosphorylation correlated with the onset of c-Raf-1 Ser338
phosphorylation and dephosphorylation of Ser>9, events known to regulate c-Raf-1 activation
[27,28]. While c-Raf-1 Thr269 phosphorylation occurred concomitant with increased c-Raf-1
kinase activity (Fig. 2C), it preceded MEK and MAPK phosphorylation (compare first, fourth
and fifth sets of panels Fig. 2B). Furthermore, a kinase-inactive dominant negative KSR1
mutant abolished both EGF-induced c-Raf-1 Thr269 phosphorylation (Fig. 2D upper panel,
upper lane) and EGF-induced MEK phosphorylation (Fig. 2D lower panel, upper lane). Note
that empty vector had no effect on EGF-induced c-Raf-1 Thr269 phosphorylation or MEK
phosphorylation (data not shown).

KSR1 phosphorylates purified recombinant kinase-defective FLAG-c-Raf-1(K375M) and wild-
type FLAG-c-Raf-1 at Thr269 in vitro

To show that KSR1-mediated c-Raf-1 phosphorylation occurs via transphosphorylation rather
than increased c-Raf-1 autophosphorylation, kinase-dead FLAG-c-Raf-1(K375M) was used
as target in our KSR1 kinase assay. For these studies, FLAG-c-Raf-1 and FLAG-c-Raf-1
(K375M) were purified from COS-7 cells by immunoaffinity chromatography, and immune
complexes were washed 15x with NP-40 lysis buffer containing 1M NaCl. While kinase
defective c-Raf-1 displayed no autophosphorylation, wild-type c-Raf-1 showed minimal
autophosphorylation (Fig. 3A, upper panel). Incubation of kinase-active or kinase-defective c-
Raf-1 with kinase-active KSR1 resulted in Thr269 phosphorylation, whereas kinase-inactive
KSR1(D683A/D700A; Ki-KSR1) did not yield Thr269 phosphorylation. These studies indicate
that KSR1 induces Thr289 phosphorylation of c-Raf-1 by transphosphorylation. Consistent
with this observation substitution of Thr26% with a valine residue in kinase-defective FLAG-
c-Raf-1(T269V/K375M) resulted in abrogation of KSR1-induced phosphorylation of c-Raf-1
polypeptide as detected using anti-pThr26% mAb (Fig. 3B, upper lane)

KSR1, purified to homogeneity, retains kinase activity

As a number of MAPK signaling proteins including c-Raf-1, MEK1 and at times ERK/MAPK
are bound to KSR1, even with the most extensive washing procedures it has been difficult to
provide unequivocal evidence that KSR1 itself, rather than a contaminating kinase, manifests
kinase activity, in addition to its scaffolding function. To further address this issue, KSR1 was
immunoprecipitated from COS-7 cells overexpressing Myc-KSR1 using anti-Myc antibody,
washed multiple times in high salt buffer, resolved by SDS-PAGE, and analyzed for extent of
purity by matrix-assisted laser desorption/ionization reflectron time-of-flight (MALDI-reTOF)
mass spectrometry (MS) (UltraFlex TOF/TOF) as described in Supplementary Methods.
Specifically, immunopurified KSR1 was resolved by 8% SDS-PAGE, stained with coomassie
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blue (Fig. S4), the band containing purified KSR1 was excised, digested with trypsin, batch
purified on a reversed-phase micro-tip, and resulting peptide pools were individually analyzed
by MALDI-reTOF. All 41 peptides sequence covering 356 out of 873 amino acids (40.78 %)
were derived from KSR1 (Fig. S5).

KSR1, purified to apparent homogeneity was subsequently renatured in-gel as described in
“Materials and Methods”. Renaturation is a technique that allows restoration of kinase activity,
albeit at a low level, and has been extensively used to identify kinase activity of proteins
separated by SDS-PAGE. For these studies, the gel slice containing KSR1 purified to
homogeneity and renatured, was crushed and incubated with BSA-conjugated c-Raf-1 peptide
containing Thr2%9 in a solution containing 100uM ATP. Incubation of BSA alone or BSA-
conjugated non-phospho-peptide with immunoprecipitates from cells expressing vector only
did not result in anti-pThr269 mAb-detectable c-Raf-1 peptide phosphorylation by western blot
(Fig. 4). In contrast, renatured FLAG-KSR1, immunopurified from 20mg of EGF (10ng)-
stimulated COS-7 cell lysates (Fig. 4, lane 4), but not from lysates expressing the catalytic
subunit of KSR1 (AAs 542-831 designated AN KSR) (Fig. S6), induced significant c-Raf-1
peptide phosphorylation. A densitometric comparison to KSR1 immunoprecipitated from 2mg
EGF-stimulated COS-7 cell lysate used to directly phosphorylate c-Raf-1 (not renatured)
showed that renaturing KSR1 recovered 4.1% of native KSR1 kinase activity (compare lanes
3 and 4, Fig. 4). In contrast, SDS-acrylamide gel pieces without protein do not show any
phosphorylation confirming that peptide phosphorylation by renatured KSR1 was specific.
These results strongly support KSR1 as a kinase that phosphorylates the Thr269 residue of c-
Raf-1.

While the current studies attempt to resolve a debate regarding whether KSR1 has kinase
activity, they underscore a mechanistic issue as to the nature of the KSR1 catalytic activity. In
this regard, KSR1 joins a recently-described small group of kinases including protein kinase
C-i, the Cak-1 cyclin-dependent kinase-activating kinases and WNK (for with no lysine) that
coordinate ATP in the absence of the conserved Lys in subdomain Il. Despite the fact that
human KSR1 has an Arg at position 637 (mouse position 589) rather than a Lys, Morrison and
co-workers showed it is still capable of binding ATP analogs [22]. Further, restoration of Lys
to that position had little impact on biological activity [29], nor did mutation of the canonical
Lys in C. elegans KSR-1 to Arg block biological activity [8]. While these latter studies were
interpreted as evidence that KSR-1 is a scaffold protein, they do not rule out the possibility
that KSR orthologs coordinate ATP by a novel mechanism. At least for the mammalian KSR1
homologs, there is no obvious Lys in the ATP binding pocket that might subserve this function.
Hence the question of how KSR1 coordinates ATP will most likely have to await more
definitive structural studies.

In sum, in these studies we have generated a monoclonal antibody against the putative KSR1
phosphorylation site on c-Raf-1 and shown this site to be phosphorylated in intact cells upon
EGF stimulation. Furthermore, this site is phosphorylated directly by highly-purified KSR1
preparations, and by in-gel renatured kinase, shown to be a purified protein by mass
spectrometry. These studies provide additional support for the assertion that KSR1 has intrinsic
kinase activity, in addition to scaffold function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Anti-pThr2%9 antibody specifically recognizes the phospho-Thr residue of c-Raf-1 peptide
conjugated to BSA

(A) Anti-pThr259 antibody reacts specifically with c-Raf-1 phospho-peptide. Peptides
containing either phosphorylated or non-phosphorylated c-Raf-1 Thr259 residue were cross-
linked to BSA using Imject Maleimide Activated BSA Kit. 1ug of each conjugated peptide,
separated on 8% SDS-PAGE gel, was subjected to western blotting using anti-peptide sera and
anti-pThr2%® monoclonal antibody. (B) Anti-pThr259 antibody does not recognize active
MAPK/ERK1 phosphorylated at Thr292 and Tyr2%4 residues, or active MEK1 phosphorylated
at Ser217/221 yesidues. Lower panels show levels of MAPK/ERK1 and MEK1, respectively, by
western blotting. (C) Anti-pThr259 Ab is neutralized specifically by pThr2%° peptide. Anti-
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pThr269 Ab was pre-incubated either without peptide, or with 500ng or 1mg phospho-peptide,
or 1mg non-phospho-peptide (representing a 1-2 log molar excess of peptide compared to
antibody) at 4°C for 1h prior to the western blotting of BSA-conjugated pThr269 peptide. Data
represent 1 of 3 similar experiments for (A-C).
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(A) Effect of low and high dose EGF treatment. 24h post serum starvation, A431 cells were
treated with 1ng/ml or 50ng/ml EGF for 5min at 37°C, and endogenous c-Raf-1,
immunoprecipitated from 2mg cell lysates using agarose-conjugated anti-c-Raf-1 antibody at
4°C for 16h, was resolved by 8% SDS-PAGE and phosphorylation detected by western blotting
using anti-pThr269 antibody. (B) Phosphorylation of c-Raf-1 at Thr289 precedes activation of
MEK1 in A431 cells. A431 cells were treated with 10ng/ml EGF for the indicated times. The
phosphorylation level of endogenous c-Raf-1 (upper panel, upper lane) at Thr269 was analyzed
as in (A), while Raf-1 phosphorylation at Ser338 and Ser2>9, and MEK1 and MAPK
phosphorylation were analyzed using 50ug total cell lysate as in Supplementary Methods.
Equal loading was confirmed by probing with anti-Raf-1, anti-MEK and anti-MAPK antibody.
(C) 24h post serum starvation, A431 cells were treated with 10ng/ml EGF for the indicated
time at 37°C, and 500pg cell lysates were subjected to immunoprecipitation using agarose-
conjugated anti-c-Raf-1 antibody overnight at 4°C. Raf-1 activity assay was performed as
described in Supplementary Method using MEK1 as substrate (upper panel). Loading controls
are shown in the lower panel. (D) Kinase inactive KSR1 does not phosphorylate c-Raf-1. At
24h post serum starvation, A431 cells stably-expressing dominant negative kinase inactive
KSR1(D683A/D700A) were treated with 10ng/ml EGF at 37°C. At the indicated times, cells
were lysed and 2mg cell lysate subjected to immunoprecipitation using agarose-conjugated
anti-c-Raf-1 antibody. c-Raf-1 phosphorylation (upper panel, upper lane) was measured as in
Fig. 2A. Untransfected A431 cells were used as positive control for c-Raf-1 phosphorylation.
Upper panel, lower lane shows c-Raf-1 loading levels. Lower panel, upper lane shows impact
of stable expression of kinase inactive KSR1 in A431 cells on EGF-induced MEK
phosphorylation. MEK phosphorylation was determined as in Fig. 2B. Loading controls are
shown in lower lanes of each panel. Data represent 1 of 3 similar experiments for (A-D).
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Fig. 3. EGF-stimulated KSR1 enhances phosphorylation of purified recombinant c-Raf-1 at
Thr269 in vitro

COS-7 cells, transfected with mouse Myc-KSR1, were treated with 10ng/ml EGF for 3min at
37°C. Myc-KSR1 was immunoprecipitated from 1mg cell lysate, purified to near homogeneity,
and employed to phosphorylate human FLAG-c-Raf-1 as described in Supplementary
Methods. (A) KSR1 phosphorylates kinase inactive Ki-c-Raf-1(K375M). Immunoprecipitated
KSR1 was incubated in a reaction mixture containing 100uM ATP and either purified FLAG-
c-Raf-1 or FLAG-Ki-c-Raf-1(K375M), while Ki-KSR1 reactions contained Wt c-Raf-1. After
60min incubation, phosphorylated c-Raf-1 proteins were resolved by 8% SDS-PAGE and
detected by western blotting using anti-pThr2%9 antibody. Lower panel shows c-Raf-1 loading
levels. (B) KSR1 does not phosphorylate Ki-c-Raf-1 substituted at Thr269 with valine. These
studies, using Ki-c-Raf-1(T269V/K375M) as substrate, were performed as in (A). Data depict
1 of 3 experiments for (A-B).
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Fig. 4.

KSR1, purified to homogeneity as defined by mass spectroscopy, when renatured
phosphorylates c-Raf-1 peptide. Immunopurified Myc-KSR1, purified from COS-7 cells as
described in Materials and Methods, was subjected to 8% SDS-PAGE, stained using amido
black, and renatured in gel as in Materials and Methods. The renatured KSR1 band was excised
from the gel, crushed in an eppendorf tube using a glass rod, and used to phosphorylate BSA-
conjugated c-Raf-1 peptide containing Thr269 residue. Phosphorylation was detected by
western blotting using anti-pThr2%9 antibody, and quantified by densitometry using Imagej
1.37v (NIH, USA). Data represent 1 of 3 experiments.
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