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Abstract

Genetic and biochemical data support Kinase
Suppressor of Ras 1 (KSR1) as a positive regulator
of the Ras-Raf-MAPK pathway, functioning as a kinase
and/or scaffold to regulate c-Raf-1 activation.
Membrane translocation mediated by the KSR1 CA3
domain, which is homologous to the atypical PKC C1
lipid-binding domain, is a critical step of KSR1-
mediated c-Raf-1 activation. In this study, we used
an ELISA to characterize the KSR1 CA3 domain as a
lipid-binding moiety. Purified GST-KSR1-CA3 protein
effectively binds ceramide but not other lipids
including 1,2-diacylglyceol, dihydroceramide,
ganglioside GM1, sphingomyelin and phosphati-
dylcholine. Upon epidermal growth factor stimulation
of COS-7 cells, KSR1 translocates into and is
activated within glycosphingolipid-enriched plasma
membrane platforms. Pharmacologic inhibition of
ceramide generation attenuates KSR1 translocation
and KSR1 kinase activation in COS-7 cells. Disruption
of two cysteines, which are indispensable for
maintaining ternary structure of all C1 domains and
their lipid binding capability, mitigates ceramide-

binding capacity of purified GST-KSR1-CA3 protein,
and inhibits full length KSR1 membrane translocation
and kinase activation. These studies provide evidence
for a mechanism by which the second messenger
ceramide can target proteins to subcellular
compartments in the process of transmembrane

Slgnal transduction. Copyright © 2009 S. Karger AG, Basel

Introduction

The cysteine-rich C1 domain is a conserved
structure of about 50 amino acids that has the
characteristic composition HX ,CX,CX CX,CX,
HX,CX,C, where H is histidine, C is cysteine, X is any
other amino acid, and n is 13 or 14 [1]. Two repeat C1
domains located within the same protein are designated
C1A and CI1B, respectively. C1 domains were initially
identified as the phorbol ester and 1,2-dialyglycerol binding
moieties of the protein kinase C (PKC) family of serine/
threonine kinases [2, 3]. Elucidation of the solution
structure of the C1B domain of PKCa by NMR [4], and
co-crystallization of PKC3 C1B domain with bound
phorbol 13-acetate [5] revealed a globular structure
comprised of two [ sheets and a small o helix, with three
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cysteines and one histidine coordinating a single Zn*ion
at the end of each [ sheet. At the top of the domain,
there is a ligand-binding cleft composed of positively-
charged residues, surrounded by hydrophobic residues.
Lipid binding displaces water molecules within the cleft,
generating a continuous hydrophobic surface that
facilitates tight association with membrane. C1 domains
have been classified into two types based on structure
and function, the typical C1 domain that binds phorbol
ester/1,2-diacylglycerol (DAG) and the atypical C1
domain that does not [6]. Conventional PKCs contain
two typical C1 domains in tandem. Alternatively atypical
PKCs contain only one C1 domain. The atypical C1
domain has been implicated in interaction with the second
messenger ceramide [7, 8], and with other proteins [9,
10]. Further, recent data indicate that C1 domains exist
in a variety of non-PKC proteins, including RasGRP, Raf
family members and Kinase Suppressor of Ras1 (KSR1),
suggesting they may play roles in diverse signaling
processes [11]. For example, in T cells DAG activates
the Ras signaling cascade by a novel mechanism via
interaction with the RasGRP C1 domain [12], and a DAG
analogue that preferentially binds RasGRP has been
developed [13].

KSRI1 is an evolutionarily conserved component of
the Ras signaling pathway, originally discovered in genetic
screens for novel downstream effectors of Ras in
Caenorhabditis elegans and Drosophila melanogaster.
KSRI1 appears to function as a positive regulator of the
MAPK pathway either upstream of or parallel to Raf
[14-17]. While two different mechanisms have been
proposed for KSR1 function, that of a scaffold protein
coordinating assembly of the MAPK signaling module
[18] or a proline-directed Ser/Thr kinase that
phosphorylates and activates c-Raf-1 [19], our group
routinely detects a kinase activity towards c-Raf-1 using
a two-stage in vitro kinase assay in which KSR1 first
phosphorylates c-Raf-1, and then activated c-Raf-1 is
separated from KSR 1 and used in a conventional in vitro
MAPK assay to sequentially signal through MEK 1, ERK1,
and Flk1.

KSRI1 contains five conserved domains, including a
KSR-unique amino-terminal CA1 domain, a proline-rich
CA2 domain, a cysteine-rich CA3 domain that belongs
to the atypical C1 domain family, a serine/threonine-rich
CA4 domain and a carboxyl-terminal CAS5 kinase domain.
The overall sequence of KSR1 bears high similarity to
c-Raf-1[16]. The CA3 domain appears critical for KSR1
function, as KSR1 with two cysteine mutations within
this domain cannot translocate into plasma membrane in

response to PDGF stimulation, and is unable to facilitate
Ras signaling [20-22]. Ceramide, which has been
implicated in the process of c-Raf-1 activation [23-25],
has also been found to induce KSR1 activation [19]. While
studies from Gulbins and co-workers indicate direct
interaction between ceramide and the KSR1 CA3 domain
[26], other studies dispute this finding [22].

In the present study, we standardize a ceramide-
binding, an enzyme-linked immunosorbent assay (ELISA)
using an anti-ceramide antibody, and then use this assay
to characterize the KSR1 C1 domain as a lipid-binding
moiety that prefers ceramide over 1,2-diacylglycerol.
Mutation of two cysteines (C359S/C362S) within this
domain, which disrupts its ternary structure, attenuates
ceramide binding, and abrogates epidermal growth factor
(EGF) EGF-induced KSR 1 membrane translocation into
sphingolipid-rich membrane platforms, and KSR1 kinase
activation. These experiments demonstrate the atypical
C1 domain of KSR1 as a bone fide ceramide-binding
domain that serves to target proteins into sphingolipid-
rich macrodomains for transmembrane signaling.

Materials and Methods

Lipids

Ceramides (C2:0, C8:0,C14:0,C16:0,C18:0,C18:1, C20:0,
C24:0 and C24:1 species); 1,2-dioleoyl-sn-glycerol (DAG);
(2S,3R,4E)-2-acylaminooctadec-4-ene-3-hydroxy-1-
phosphocholine (SM); L-a-phosphatidylcholine (PC); and
GalBetal-3GalNAcBetal-4(NeuAcAlpha2-3)GalBetal-
4GlcBetal-1'-Cer (GM1) were purchased from Avanti Polar
Lipids. BSA-conjugated C16-ceramide and BSA-conjugated
C16-dihydroceramide were from Biomol.

ELISA ceramide binding assay

The CA3 domain (amino acids 320-388) of wild type and
C359S/C362S mutant human KSR1 were fused to the
glutathione-S-transferase (GST) gene in the pGEX-3T vector
(GE Healthcare) using EcoRI and Sall. GST-fusion proteins were
purified from E. coli BL21 using glutathione-conjugated
agarose according to manufacturer’s instructions, eluted in PBS
(0.2 g/1KCL 0.2 g/l KH,PO,, 8 g/l NaCl, 1.15 g/l Na,HPO,) with
20 mM glutathione, and dialyzed in PBS. Purified proteins were
separated with 10% SDS-PAGE and purity was assessed by
Coomassie blue staining.

ELISA was developed to examine binding of the CA3
domain to ceramide [27]. For these studies, Nunc MaxiSorp 96
well plates were coated with 8 nM lipid in methanol at 4°C
overnight, and thereafter the methanol was evaporated for 2 h
at room temperature. Plates were washed twice with 0.05%
Tween 20 in PBS, and non-specific sites were blocked with 3%
lipid-free BSA in PBS for 4 h. Plate-bound lipid was incubated
with purified recombinant CA3 protein (0-1600 nM) in 1% lipid-
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free BSA in PBS in triplicate for 2h, followed by three washes
with 0.05% Tween 20 in PBS, incubation with HRP-conjugated
anti-GST Ab (1:10,000, GE Healthcare) for 2 h in 1% lipid-free
BSA in PBS, and three final washes with 0.05% Tween 20 in
PBS. Binding was detected by addition of a mixture of 50 ml
hydrogen peroxide (0.02%) and 50 ml tetramethylbenzidine
(TMB) (0.4 g/1), and stopped using 50 ml sulfuric acid (2 N).
Resulting absorbancies were quantitated at 450 nm with
wavelength correction at 570 nm on an ELISA reader (Molecular
Devices).

For detection of ceramide binding using anti-ceramide
Ab, the procedures are as described above except BSA-
conjugated lipid was utilized, and anti-ceramide IgM MID 15B4
(1:10, Alexis Biochemicals) and HRP-conjugated anti-mouse
IgM secondary Ab (1:2000, Sigma-Aldrich) were used
successively in 2 h incubation.

Expression of KSRI in COS-7 Cells

Mouse pCMV-Myc-KSR1 was generated as described
[28]. Myc-KSR1-C359S/C362S, with a substitution of serine
residues for two conserved cysteines, was generated using
QuikChange® Site-Directed Mutagenesis Kit (Stratagene)
according to the manufacturer’s instructions, and sequenced.
For EGF studies, COS-7 cells were plated at a density of 1.5x10°
cells in 150-mm plates and grown overnight to ~70% confluence.
Culture medium was replenished with fresh medium 1 h before
transfection, and cells were transfected with 8 pg of DNA/
plate using FuGene™ 6 transfection reagent (Roche Molecular
Biochemicals) according to the manufacturer’s instructions.
At 48 h post-transfection, cells were placed in serum-free medium
for 12 h prior to treatment with EGF. Cells were then harvested
in Nonidet P-40 lysis buffer [25 mM Tris (pH 7.5), 137 mM NacCl,
10% glycerol, 1% Nonidet P-40, 2 mM EDTA, 5 mM NaVO, and
protease inhibitor cocktail (Roche Diagnostics GmbH)]. The
homogenate was incubated on ice for 15 min before
centrifugation at 10,000 x g for 10 min at 4°C. The supernatant
was thereafter collected and protein concentration measured
using Protein Assay Reagent (Bio-Rad Laboratories). Lysates
were divided into aliquots and stored at -80°C for subsequent
use. KSR1 expression was determined by Western blot analysis.

Immunofluorescence Microscopy

KSRI1 co-localization with raft markers was detected by
indirect immunofluorescence staining. COS-7 cells were seeded
onto 12 mm glass slips and transfected with Myc-KSR1 cDNAs.
After stimulation with EGF, cells were fixed immediately with
freshly prepared 4% paraformaldehyde/PBS for 15 min, washed
twice with PBS, and permeabilized by incubation in 0.2% Triton
X-100/PBS for 5 min. After blocking in 4% goat serum/PBS for
1 h, cells were stained for KSR1 using anti-Myc Ab (1:1000,
Cell Signaling Technology) and detected with Alexa Fluor 488
anti-mouse secondary Ab (1:1000, Molecular Probes), protected
from light. After three more washes with PBS, coverslips were
mounted onto glass slides with antifade mounting medium
containing DAPI (Vector Laboratories) and visualized under
a Lecia TCS SP2 AOBS laser confocal microscope. The
percentage of cells displaying KSR1 membrane translocation
was determined by counting 150-250 cells per point.

For co-staining studies, fixed cells were incubated with
rabbit anti-caveolin-1 Ab (1:3000, BD Bioscience) for co-staining
of KSR1 with caveolin-1, or with mouse anti-ceramide Ab MID
15B4 (1:50) for co-staining of KSR1 with ceramide. For these
studies, staining was detected with anti-mouse Alexa Fluor 488
or anti-rabbit Alexa Fluor 594 secondary Ab (1:1000),
respectively. Alternatively, for co-localization of KSR1 with
another raft marker, ganglioside GM1, cells were fixed with 2%
paraformaldehyde/0.2% glutaraldehyde/PBS, incubated with
FITC-conjugated cholera toxin B-subunit (1:250, Sigma-Aldrich)
without permeabilization and then permeabilized before
subsequent staining with rabbit anti-Myc Ab and Alexa Fluor
594 anti-rabbit Ab as above.

Two-stage KSRI1 Activity

Assay-KSR1 kinase activity was measured by the two-
stage assay as previously described [29]. Briefly, Myc-KSR1
or Myc-C359S/C362S-KSR1, immunoprecipitated from 500 pg
of total cell lysates with 40 pl of agarose-conjugated anti-c-
Myc antibody (Sigma-Aldrich), were washed with 1 M NacCl
containing Nonidet P-40 buffer five times followed by one wash
with 20 mM Tris-HCI (pH 7.4). In the first stage of the assay,
immunopurified KSR1 was incubated at 30°C in 20 pl of reaction
buffer containing 60 uM ATP, 7.5 mM MgCl,, and 50 ng of
human FLAG-c-Raf-1 purified to homogeneity with agitation.
After 30 min, KSR 1-containing beads were pelleted (10,000 x g
for 1 min at 4°C), and 10 pl of supernatant containing activated
c-Raf-1 was added in the second stage of the assay to 20 ul of
reaction buffer containing 60 uM ATP, 7.5 mM MgCl,, 0.1 pg of
unactivated murine GST-MEK1 (Upstate Biotechnology), 1.0
pg of unactivated murine GST-ERK-2/MAPK (Upstate
Biotechnology), and 2 pg of human GST-Elk-1 fusion protein
(Cell Signaling). After 30 min, the reaction was stopped by
addition of 10 pl of 4x Laemmli buffer. Phosphorylated Elk-1
was resolved by 7.5% SDS-PAGE and visualized by Western
blot analysis using rabbit anti-phospho-Elk-1 (Ser**®) antibody
(Cell Signaling). For the kinase assay using sucrose gradient
fractionation, 6 ml light fraction (fractions 4-9 pooled together),
2 ml heavy fraction (fraction 11 and 12 pooled together) or the
50 pl pellet fraction were adjusted to 6 ml with MES lysis buffer
(25 mM MES, pH 6.5, 0.15 M NacCl, 0.1% Triton X-100 and
protease inhibitor cocktail (Roche Diagnostics GmbH). KSR1
was immunoprecipitated from each pooled fraction, and its
kinase activity was evaluated using the two-stage assay.

Isolation of Sphingolipid-rich Membrane Platforms

Sphingolipid-rich membrane domains were isolated based
on their buoyant density using isopycnic equilibrium sucrose
density gradient centrifugation. Low density sphingolipid-rich
domains were purified from COS-7 and MCF-7 cells essentially
as described [30]. Briefly, cells (two 70% confluent 150-mm
dishes) were washed twice with ice-cold PBS, scraped into 1 ml
of ice-cold MES lysis buffer and incubated on ice for 30 min.
After homogenization by 20 strokes of a tight fitting Dounce
homogenizer at 4°C, cells were sonicated at 4°C three times (20
s each at setting 2 with Branson Sonifier 250). Whole-cell lysates
were adjusted to 45% sucrose by addition of 1 ml of lysis buffer
(minus Triton X-100) containing 90% sucrose and placed at
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the bottom of 12 ml ultracentrifuge tube. A discontinuous
gradient was formed above the lysate by adding 3 ml 35%, 2 ml
25%, 2 ml 15% and 3 ml 5% sucrose solutions, and the tubes
were centrifuged at 38,000 g for 17 h in an SW-41 rotor at 4°C.
Twelve fractions (1 ml each) were collected beginning at the
top of the gradient. The pellet at the bottom of the tube was
resuspended in 1 ml of lysis buffer (minus Triton X-100).
Sucrose density of each fraction was measured by refractometer
and protein content was determined using Protein Assay
Reagent (Bio-Rad Laboratories).

For COS-7 cells, proteins in each fraction (except the pellet
fraction) were concentrated using trichloroacetic acid
precipitation: 10 pl sodium deoxycholate (20mg/ml) was added
into each fraction, and after 30 min on ice, 250 pl trichloroacetic
acid was added. After an overnight incubation at 4°C, proteins
were pelleted (14,000 x g for 15 min at 4°C) and washed twice
with 80% acetone. Pellets were resuspended in 100 pl Laemmli
sample buffer. A standard immunoblot was established
empirically to show the relative concentration of Myc-KSR1 in
different fractions. 50 pl from concentrated fraction 1 to 10, 10
pl from concentrated fraction 11 and 12, and 10 pl direct from
pellet fraction were separated with 7.5% SDS-PAGE and
visualized by Western blot analysis using anti-Flotillin-1 Ab
(1:15000, BD Bioscience) or anti-Myc Ab (1:5000).

For MCF-7 cells, 30 pl from each 1 ml gradient fraction
were separated by 10% SDS-PAGE and visualized by Western
blot using anti-Flotillin-2 Ab (1:5000, BD Bioscience) or anti-c-
Raf-1 Ab (1:7500, Upstate Biotechnology).

SDS-PAGE and Western blot analysis

Proteins were resolved by SDS-PAGE, transferred to
nitrocellulose membranes, and probed using appropriate
antibodies. Western blots were developed using Visualizer™
Western blot detection kit (Upstate Biotechnology) and bands
were quantified by densitometry using Image] (NIH).

KSR1 AS-ODN treatment of MCF-7 cells

Human KSR1 antisense ODN (AS-ODN) (5’-CTT TGC
CTC TAG GGT CCG-3") and control sense-ODN (5’-CGG ACC
CTA GAG GCA AAG-3") were generated as phosphorothioate
derivatives (Genelink Inc.). MCF-7 cells were transfected with
6 tM AS-ODN or sense-ODN using Oligofectamine (Invitrogen)
as described [31].

Cell Proliferation Assay

To generate stable cell lines that overexpress KSR1, KSR1-
C359S/C362S or PCMV vector, COS-7 cells were transfected
with respective plasmids using FuGene™ 6 transfection reagent
and selected by treatment with G418 (400 pg/ml) for 14 days.
Resistant clones were separately propagated and expression
of KSR1 or KSR1-C359S/C362S in stable transfectants was
analyzed by Western blot using anti-Myc Ab. Stable cell lines
were plated at 1000 cells per well using 96-well culture plates.
Proliferation was monitored using WST-1 ((4-[3-(4-Iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate)
(Roche Applied Science) according to manufacturer’s
instructions. Absorbance of converted dye was measured at a
wavelength of 450nm with background subtraction at 650nm.

Statistics
Statistical analysis was performed by student’s ¢ test.

Results

C35985/C362S Mutation in KSRI CA3 Domain

Decreases its Ceramide Binding Affinity

As C1 domains are more and more often being
identified as lipid binding moieties that regulate protein
localization and activation status, we examined the lipid
binding capabilities of the KSR1 CA3 domain, which
shares sequence similarity with atypical C1 domains [7].
For these studies, we generated a recombinant human
GST-KSR1 CA3 domain construct and an ELISA assay
that employs plate-bound lipid [27]. In this assay,
commercial anti-ceramide MID15B4 antibody recognized
plate-bound C, -ceramide in a dose-dependent manner,
while reacting weakly with C, -dihydroceramide, the
ceramide precursor that lacks a trans double bond at
positions 4-5 of the sphingoid base backbone (Fig. 1A,
left panel). Similarly, recombinant GST-CA3 recognized
C,,-ceramide in a dose-dependent manner, with
absorbance detection increasing 100-fold from a baseline
0f 0.007+0.004 artificial units to 0.67+0.03 over the range
of 0-1600 nM GST-CA3 (Fig. 1A, right panel).
In contrast, recombinant GST-CA3 bound C, , -dihydro-
ceramide minimally, indicating a stringent ligand
recognition profile. Next, the role of the two conserved
cysteine residues at KSR1 positions 359 and 362 within
the CA3 domain were examined for ceramide binding.
These two cysteines are conserved in all functional C1
domains and are critical for maintaining three-dimensional
structure of the domain, and domain function [22].
Cysteine to serine mutation of those residues (C359S/
C362S) significantly impaired GST-KSR1 CA3 binding
to C, -ceramide, right-shifting the dose-response curve
and decreasing the maximal binding capacity (Fig. 1A,
right panel). Taken together, these data demonstrate that
the KSR1 CA3 domain specifically binds C, -ceramide
in a conformationally-sensitive manner.

As the atypical C1 domain family manifests minimal
DAG binding affinity [32], binding of ceramide and DAG
were compared directly using our ELISA assay. For these
studies a synthetic DAG, 1,2-dioleoyl-sn-glycerol,
biochemically-comparable to C, -ceramide as both
contain C16:0 fatty acids, was employed. Fig. 1B shows
that GST-CA3 bound C, -ceramide with much greater
affinity than DAG. At 200 nM GST-CA3 the isoeffect
for DAG binding was 1600 nM GST-CA3, an 8-fold
preference for ceramide over DAG. Similar data were
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Fig. 1. CA3 domain mutant CA3 (C359S/C362S) is
defective in ceramide binding. An ELISA was used to
measure the binding of the KSR1 CA3 domain to
ceramide. (A) The wells of the Nunc-MaxiSorp plate
were coated with 8 nmol/well BSA-conjugated C, -
ceramide (CER) or BSA-conjugated C -dihydro-
ceramide (DH-CER). The binding of anti-ceramide Ab
with ceramide (left panel) was detected by sequential
incubation with HRP-conjugated anti-mouse IgM
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derived with the biologically-active DAG, 1-stearoyl-2-
arachidonoyl-sn-glycerol (data not shown).

Additional studies examined the ceramide-binding
preferences for the KSR1 CA3 domain utilizing a set of
ceramides that represent the physiologic profile of
ceramide in most mammalian systems. As shown in Fig.
1C, 400 nM recombinant GST-CA3 bound the different
ceramide species without preference for fatty acyl chain
length. Further, the KSR1 CA3 domain showed little
binding of other lipids including the ganglioside GM1,
sphingomyelin (SM), phosphatidylcholine (PC) and free
sphingosine (not shown). These data suggest the mimimal
ligand binding requirements for the KSR1 CA3 domain
are a sphingosine backbone in amide linkage to a saturated
or monounsaturated fatty acid.

KSRI1 CA3 Domain C359S8/C362S Mutation

Prevents KSRI Plasma Membrane Translocation

and Activation

The KSR1 CA3 domain was reported as critical for
KSR1 translocation to the plasma membrane and
facilitation of Ras-mediated Xenopus oocyte maturation
[21]. To gain insight into the mechanism by which the
CA3 domain regulates KSR1 localization and kinase
activity, we generated a full length KSR1 mutant with
the two conserved C1 cysteine residues mutated to serine
(KSR1-C359S/C362S), and assessed membrane
translocation and kinase activity upon EGF stimulation.
For these studies, COS-7 cells, transiently transfected
with pCMV-Myc-KSR1 or pCMV-Myc-KSR1-C359S/

C362S (KSR1-CS), were treated with 10 ng/ml EGF for
various times (0-15 min), fixed, and transfected proteins
localized by confocal fluorescence microscopy. KSR1 and
KSR1-CS predominantly exhibited cytoplasmic staining
in quiescent cells (Fig. 2A, upper panels). In response to
EGF treatment, wild type KSR1 redistributed from cytosol
to plasma membrane, demonstrating discrete signal in
large domains across the cell surface as shown in the
lower panels of Fig. 2A. These results are highly similar
to PDGF-induced KSR1 translocation to the plasma
membrane of NIH/3T3 cells as reported by Zhou et al
[22]. This event was time dependent, with translocation
observed as early as 1 min after treatment (Fig. 2B) and
a maximal effect at 5 min, decreasing towards baseline
at 15 min.

To establish whether translocation of the KSR1-CS
mutant to plasma membrane was abrogated or attenuated
upon EGF stimulation, KSR1 and KSR1-CS transfected
COS-7 cells were treated with varying doses of EGF
(0.1-50 ng/ml for 3 min). EGF conferred dose-dependent
membrane KSR1 translocation, with significant
redistribution observed with as little as 0.5 ng/ml EGF
addition, whereas up to 50 ng/ml EGF treatment induced
no significant redistribution of KSR1-CS (Fig. 2A and
2B). In contrast, a kinase inactive KSR1 mutant
previously reported by our group, KSR1-Ki (D683A/
D700A), generated by substitution of two aspartic acid
residues in the kinase domain with alanines, displayed
time- and dose-dependent membrane translocation
comparable to wild-type KSR1 (Fig. 2A and 2B). These
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Fig. 2. An intact CA3 domain of KSR1 is required for its
translocation to plasma membrane and kinase activation upon
EGF stimulation, and for its enhancement of COS-7 cell
proliferation. COS-7 cells transiently transfected with Myc-
KSR1, Myc-Ki-KSR1 or Myc-KSR1-CS were serum starved for
12 h before treatment with 10 ng/ml EGF for the indicated times
or increasing EGF doses for 3 min. Membrane translocation of
KSR1 was determined by indirect immunofluorescence staining
with anti-Myc Ab and quantified using fluorescence
microscopy. Representative images are shown in (A). Data
(mean£SD) are collated from three independent experiments in
which 200 cells were analyzed per point (B). In (C), kinase
activity of Myc-KSR1 or Myc-KSR1-CS mutant, treated 12 h
post serum-starvation with 10 ng/ml EGF for the indicated times
or with increasing dose of EGF for 3 min, was measured using
the two-stage in vitro reconstitution assay as described in
Materials and Methods. Results represent one of three
independent experiments. In (D), proliferation of COS-7 cells
stably-expressing wild type Myc-KSR1 or mutant Myc-KSR1-
CS was monitored using WST-1 reagent. The insert shows the
expression level of Myc-KSR1 and Myc-KSR1-CS in the stably-
transfected cell lines. Data (mean+SD) are compiled from three
independent experiments.

results demonstrate that in COS-7 cells, EGF regulates
translocation of KSR1 from cytosol to plasma membrane
in a time- and dose-dependent manner, requiring structural
integrity of the CA3 domain, but not active KSR kinase,
for this process.

Our previous investigation showed that KSR 1 kinase
activity was activated after EGF treatment [29]. To
determine whether an intact CA3 domain is required for
KSR1 activation, we studied KSR1 and KSR1-CS kinase
activity in response to EGF stimulation. The kinase activity
of KSR1 was determined by a two-stage in vitro
reconstitution assay [29]. In the first stage, equal amounts
of immunoprecipitated KSR1 are used to phosphorylate
recombinant c-Raf-1, which is then separated from KSR1
and used in a “classic” c-Raf-1 kinase reaction in the
second stage employing recombinant MEK 1, ERK2 and
Elk-1. Elk-1 phosphorylation serves as readout for
activation of the MAPK cascade, visualized by Western
blot. In COS-7 cells transiently transfected with pCM V-
Myc-KSR1 or pCMV-Myc-KSR1-CS, EGF induced time-
and dose- dependent kinase activation of wild type KSR1
but not KSR1-CS (Fig. 2C). While immunoprecipitated
KSR1 and KSR1-CS isolated from untreated cells did
not display reconstituted kinase activity, EGF (10 ng/ml)
induced a detectable increase in KSR 1 kinase activity by
1 min of stimulation, with activity peaking by 3-5 min and
dissipating rapidly thereafter (Fig. 2C, upper panels). This
time course for KSR1 kinase activity correlates closely
with that of KSR1 membrane translocation detected by
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immunostaining (compare Figs. 2B and C). Activation of
KSRI1 kinase activity was dose-dependent, detectable at
0.5 ng/ml and maximal at 10 ng/ml EGF (Fig 2C, lower
panels). In contrast, immunoprecipated KSR1-CS was
incapable of reconstituting the MAPK signaling cascade
even with 50 ng/ml EGF addition. These studies indicate
that in response to EGF stimulation membrane
translocation of KSR1 correlates closely with the
activation of its kinase activity, with an intact CA3 domain
critical for both events.

KSR Requires Intact CA3 Domain to Promote

Cell Proliferation

KSRI1 positively controls duration and intensity of
the mitogenic signaling pathway [33, 34]. While murine
embryonic fibroblasts cells and T cells from KSR1
knockout mice show decreased proliferation rates [35,
36], KSR1 overexpression in cultured cells significant
increases proliferation rates, an effect for which kinase
activity is indispensable [31]. To examine the significance
of the CA3 domain to the mitogenic function of KSR1,
COS-7 cells transfected with pCMV-Myc-KSR1 or
pCMV-Myc-KSR1-CS were selected for neomycin
resistance to obtain a stably-transfected population of
cells. Overexpression of wild type and mutant KSR 1 was
confirmed by Western blot (Fig. 2D, inset). Compared
with vector-transfected controls, a moderate increase in
growth rate in KSR1 overexpressing cells was observed
(Fig. 2D), consistent with the role of KSR1 in the MAPK
mitogenic pathway. In contrast, cells overexpressing
KSRI1-CS showed a 40% reduction in proliferation, similar
to data previously reported using kinase inactive KSR1
in A431 cells [31]. These results demonstrate that an intact
CA3 domain, which is critical for KSR1 binding to
ceramide, membrane translocation and kinase activity, is
also important for KSR1 to deliver a proliferative signal.

KSR Co-localizes with Raft Markers in COS-7

Cell Plasma Membranes

Previous studies indicated macrodomains derived
from plasma membrane glycosphingolipid-enriched
microdomains (also known as rafts) are involved in Ras-
mediated MAPK pathway activation providing a
specialized environment that facilitates formation of the
signaling complex [37-39]. To investigate whether the
surface platforms that contain KSR1 upon EGF
stimulation represent sphingolipid-enriched macrodomains,
KSR localization was compared with that of raft marker
GM1, caveolin-1 and ceramide by laser scanning confocal
microscopy. For these studies, COS-7 cells transiently

transfected with pCMV-Myc-KSR 1 were double stained
with anti-Myc Ab and FITC-conjugated cholera toxin
subunit B (CTXB), which specifically binds ganglioside
GM1 (Fig. 3A), anti-caveolin-1 Ab (Fig. 3B) or anti-
ceramide Ab (Fig. 3C). In untreated cells, little
colocalization of KSR 1 and GM1, caveolin-1 or ceramide
was observed (Fig. 3 A, B and C, upper panels). However,
at 3 min of stimulation with 10 ng/ml EGF, KSR1 was
detected in cell surface macrodomains coincident with
GM1, caveolin-1 and ceramide (merged yellow signal in
Figs. 3 A, B and C, lower panels, respectively). Coloca-
lization of KSR 1 with another lipid raft marker flotillin-1
was also detected upon EGF treatment (data not shown).
These studies indicate that KSR1 translocates into raft-
derived plasma membrane platforms upon EGF
stimulation.

Activation of KSRI in sphingolipid-enriched

platforms

Proteins located in glycosphingolipid-enriched
microdomains or platforms derived thereof can be isolated
based on their buoyant density using sucrose density
gradient centrifugation. To confirm the confocal findings
that KSR1 translocates into sphingolipid-enriched
platforms upon EGF treatment, a light membrane fraction
was isolated from control and EGF-treated COS-7 cells
transfected with pCMV-Myc-KSR1 or pCMV-Myc-
KSR1-CS by discontinuous sucrose gradient
fractionation. After equilibrium centrifugation, the density
of each fraction and corresponding protein concentration
were measured as shown in Fig. 3D, lower panel. Flotillin-
1, a well-defined raft-associated protein, confirmed that
fractions 4-9 with sucrose density from 15-30% represent
a light fraction enriched for glycosphingolipid-rich
domains. Consistent with published data [40], flotillin-1
was nearly absent from heavy membranes found in
fractions 11 and 12 with sucrose density between 40-
45% representing bulk membrane, and from the pellet
fraction 13. The percentage of KSR1 that localized to
light, heavy or pellet fractions in the Western blots was
quantified using ImageJ densitometry analysis and directly
compared after correction for loading. In quiescent COS-
7 cells, KSR1 and KSR1-CS were absent from the light
membrane fraction, with about 70% in the heavy fraction
and 30% in the pellet fraction (Fig. 3D, upper panel).
The presence of KSR1 in the pellet fraction, which
contains cytoskeleton and nucleus, is consistent with the
finding that KSR1 is targeted to the actin filament through
leukocyte-specific protein 1 (LSP1) [41]. Upon treatment
with 10 ng/ml EGF for 3 min, 3-4% of KSR1 (based on
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Fig. 3. KSRI1 is recruited into a
ceramide-rich surface macro-domain and
activated upon EGF stimulation. COS-7
cells, transiently transfected with Myc-
KSR1, either left untreated or stimulated
with 10 ng/ml EGF for 3 min, were double-
stained for KSR1 and GM1 with anti-Myc
Ab and FITC-conjugated cholera toxin
subunit B (CTXB), respectively (A); for
KSR1 and caveolin-1 with anti-Myc Ab
and anti-caveolin-1 Ab, respectively (B);
or for KSR1 and ceramide with anti-Myc
Ab and anti-ceramide Ab, respectively
(C). Immunofluorescent staining was
analyzed by confocal microscopy. KSR1
co-localization with GM1, caveolin-1 or
ceramide at the plasma membrane after
EGF stimulation is identified as cell
surface yellow staining in overlay
images. Representative images from one
of three similar experiments are shown.
In (D), cell lysates from Myc-KSR1 or
Myc-KSR1-CS transfected COS-7 cells,
treated with or without 10 ng/ml EGF,
were separated using discontinuous
sucrose gradient fractionation. Protein in
each fraction was TCA precipitated,
separated by SDS-PAGE and
immuoblotted with antibodies against
Flotillin-1 or Myc. The sucrose and total
protein profiles after centrifugation are
shown below. These results represent
one of three independent experiments.
In (E), Myc-KSR1 was immunopre-
cipitated from Light Fraction (LF,
combined fractions 4-9), Heavy Fraction
(HF, combined fractions 11 and 12) and
Pellet (P), prepared as described above,
and kinase activity was measured using
the two-stage in vitro reconstitution
assay. Arbitrary KSR1 kinase activity was
quantified by densitometry and
normalized to levels of immunopre-
cipitated KSR1. These results represent
one of three independent experiments.
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loading dilutions) redistributed into the light membrane
fraction. In contrast, no KSR1-CS redistribution was
detected.

As substantive evidence indicates that activation of

Ras and c-Raf-1 occurs in cell surface raft-like structures
[25, 39, 42, 43], we investigated whether the KSR 1 that
translocated into the light membrane fraction was
activated compared to the KSR1 in heavy membrane and
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Fig. 4. KSR1 antisense ODN impairs EGF-induced c-Raf-1
translocation into sphingolipid-rich light membranes. MCF-7
cells, transfected with 6 uM KSR1 AS-ODN or sense-ODN,
were either left untreated or treated with 10 ng/ml EGF for 3 min.
The expression level of endogenous KSR1 and the
phosphorylation of MEK1/2 were determined by Western blot
analysis using anti-KSR1 and anti-phospho-MEK1/2 Abs as
described in Materials and Methods. Equal loading of samples
were confirmed using B-actin (A, upper panel). Proteins were
also subjected to sucrose gradient fractionation as above, and
the presence of c-Raf-1 in the light membrane fraction was
visualized by Western blot using anti-c-Raf Ab. Flotillin-2 was
used as a raft marker (A, lower panel). In EGF-stimulated MCF-
7 cells, down-regulation of KSR1 expression and the attenuated
MEK1/2 phosphorylation and c-Raf-1 recruitment into the raft
fraction after AS-ODN treatment were quantified by
densitometry and presented as arbitrary optical density units
(B). These results represent one of three similar experiments.

pellet fractions. For these studies, Myc-tagged KSR1 was
immunoprecipitated from pooled light, heavy and
resuspended pellet fractions, before and after EGF
stimulation of COS-7 cells. Specific KSR1 kinase activity
was determined employing the two-stage KSR1 kinase
assay with Elk-1 phosphorylation as readout (Fig. 3E,
upper panel). The kinase activity in each fraction
normalized for KSR1 protein level is shown in Fig. 3E,
lower panel. In the absence of EGF, there is almost no
detectable kinase activity associated with KSR 1 immune
complexes. Upon EGF stimulation, KSR 1 was activated
in both light and heavy fractions, but not in the pellet

fraction. The specific KSR1 kinase activity in the light
fraction was more than two fold higher than that in the
heavy fraction. The active KSR 1 in sphingolipid-enriched
macrodomains represents 55% of total cellular KSR1
activity. These results indicate that KSR1 recruited into
sphingolipid-rich light membranes after EGF stimulation
is highly active.

KSR1 downregulation impairs c-Raf-1

translocation into sphingolipid-rich platforms

and activation

To investigate whether KSR1 regulates c-Raf-1
translocation into sphingolipid-rich surface macrodomains
we transfected MCF-7 cells, which manifest high levels
of endogenous KSR1 (so that down regulation can be
easily quantified), with 6 uM of antisense ODN targeting
KSRI1, or a corresponding control sense ODN, and
evaluated impact on EGF-stimulated c-Raf-1
redistribution into light membranes. As shown in Fig. 4A
and quantified in Fig. 4B, treatment of MCF-7 cells with
AS-ODN resulted in 60% down-regulation of endogenous
KSR1 by Western Blot analysis compared to sense ODN,
which was without effect. As in PANC-1 cells [31], KSR1
down-regulation with AS-ODN blocked EGF signaling
through the MAPK pathway in MCF-7 cells, with a 50%
reduction in EGF-induced MEK 1/2 phosphorylation (Fig.
4A and B). While in the absence of EGF, c-Raf-1 was
excluded from light membranes, EGF induced
redistribution of about 5% of endogenous c-Raf-1 into
the light membrane fraction (Fig. 4A, lower panel), similar
to published data [44]. Consistent with KSR 1 being critical
for c-Raf-1 translocation, KSR 1 down-regulation resulted
in a ~70% reduction in c-Raf-1 redistribution (Fig. 4A,
lower panel, and Fig. 4B).

Ceramide down regulation impairs KSRI

translocation into sphingolipid-rich platforms,

and KSRI kinase activity

To our surprise, EGF treatment did not increase
ceramide levels at any time up to 10 min in COS-7 cells
(data not shown). Nonetheless, pre-treatment of these
cells with the natural ceramide synthase inhibitor
Fumonisin B1 (FB1), a sphingoid base analog that serves
as a competitive inhibitor of ceramide synthase activity
with an IC50 two logs left shifted compared to the natural
sphingoid base substrate [45], prevented KSR1 activation.
As shown in Fig. 5A, FB1 treatment resulted in dose-
dependent reduction in COS-7 ceramide levels, with 100
uM FB1 reducing ceramide to 40% of baseline at 16 h of
incubation. Maximal reduction was observed at 16 h of
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Fig. 5. FBI inhibits KSR1 membrane translocation and kinase activation. COS-7 cells were treated with increasing doses of FB1
for 16 h and ceramide levels were measured using the diacylglycerol kinase assay as described in Materials and Methods (A). In
(B), COS-7 cells transfected with Myc-KSR1 were pretreated with or without 100 uM FB1 for 16 h and then stimulated with
increasing doses of EGF. Myc-KSR1 membrane translocation was determined by indirect immunofluorescence staining and
quantified using fluorescence microscopy. In (C), Myc-KSR1 kinase activity was analyzed the using two-stage in vitro reconstitution
assay. Results represent one of three similar experiments in (A-C).

FBI treatment, with ceramide levels returning towards
baseline by 24 h (data not shown). With 100 uM FB1
pre-treatment, EGF (10 ng/ml)-induced ceramide-rich
platforms were similarly reduced by 50-60% (not shown).
Consistent with this latter observation, FB1 reduced KSR
translocation into platforms (Fig. 5B) measured by the
number of KSR1-containing platforms, and markedly
reduced EGF-stimulated KSR1 kinase activation using
total cellular immunoprecipitated KSR1 in the two-stage
kinase assay (Fig. 5C).

Discussion

The current studies provide unequivocal evidence
for the existence of a C1 domain that prefers ceramide
to 1,2-diacylglycerol. This is evidenced by ELISA, and
has functional consequence for protein targeting to
ceramide-rich macrodomains on the cell surface.
Disruption of the integrity of the KSR1 C1 domain by a
standard approach, that is mutation of the cysteine bridges
that hold it together, attenuates ceramide binding by
ELISA, and EGF-induced KSR1 translocation and
activation. In contrast, mutation of conserved aspartates
within the kinase domain required for ATP catalysis, does
not affect KSR1 translocation into sphingolipid-rich
platforms. The most parsimonious molecular ordering of
these events is that membrane translocation of KSR1
precedes kinase activation, required for c-Raf-1
transactivation. Collectively, these studies identify a
previously-unreported mechanism for targeting proteins
to sphingolipid-rich signaling compartments, with
functional consequence.

These are not the first studies to show that ceramide
can activate proteins that contain atypical C1 domains.

In this regard, in addition to KSR1, evidence has been
presented indicating that ceramide can stimulate PKCC
[46], c-Raf-1[23], and Vav [47] activity. While ceramide
is capable of activating PKCC in vitro, and translocating
it into glycosphingolipid-rich domains [48-50], the role of
the C1 domain in this process was not examined.
Alternately, while ceramide activated c-Raf-1 in intact
NIH/3T3 cells, an event that required the c-Raf-1 CR2
domain, the authors emphasized that this did not indicate
direct interaction of ceramide with the CR2 domain. In
fact, membrane targeting appeared primarily related to
the Ras binding domain of c-Raf-1. The only evidence
that C1 domains might detect ceramide comes from
studies of Gulbins and co-workers that show that a GST-
KSR1 CA3 domain construct binds radiolabeled ceramide
in an in vitro binding assay, and detects ceramide-rich
platforms on the surface of JY B lymphocyte cells [26].
Using an almost identical binding assay Morrison and co-
workers found no [*H]ceramide binding [22]. While
reasons for these differences between groups is not clear,
it should be recognized that the assay used by both groups
is complex requiring a ceramide-binding protein such as
bovine serum albumin to solvate ceramide, which is
extremely hydrophobic. Hence the assay actually
represents a competition between the two potential
binding proteins. In the past a similar assay also failed to
detect direct 1,2-diacylglycerol binding to typical C1
domains [51]. The current studies, which apply ELISA
technology and solid phase ceramide bypass the solubility
issue, and now provide definitive data to confirm that the
KSR1 C1 domain is ceramide binding.

These studies further elucidate the mechanism of
c-Raf-1 activation by tyrosine kinase receptors. While
previous data indicated that a very small portion of the c-
Raf-1 pool in Rat-1 fibroblasts cells translocated into
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sphingolipid-enriched domains, an event confirmed in the
current studies as involved in c-Raf-1 activation, no
mechanism for such translocation has been elucidated.
The current studies would indicate that KSR1, likely by
serving as a scaffold, targets c-Raf-1 into sphingolipid-
rich platforms upon EGF stimulation, where additional
post-translational modifications are engaged. KSR1
translocation in part or in whole requires ceramide
recognition, although not necessarily ceramide elevation
as EGF failed to induce cellular ceramide increases within
the time frame of KSR1 translocation. A note of caution
in this regard however, as macrodomain formation might
still be due to a local ceramide elevation or a re-balancing
of ceramide species favoring pro-macrodomain species,
possibilities that will require substantive additional
investigation. While c-Raf-1 translocation into sphingolipid
domains is crucial for its activation, our studies are not
consistent with the model suggested by Hancock et al.
[38] regarding the activation state of the sphingolipid
domain-associated c-Raf-1. These investigators
concluded that sphingolipid domain-associated c-Raf-1
must traffic out of such domains and into the bulk
membrane to achieve maximal activation status. For the
studies of Hancock and co-workers, constitutively active
H-rasG12V which traffics into sphingolipid domains and
then into bulk plasma membrane with associated
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