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ABSTRACT. The kinase suppressor of Ras (KSR) is a loss-of-function allele that suppresses the rough eye
phenotype of activated RasDrosophilaand the multivulval phenotype of activated Ra£@enorhabditis
elegansThe physiological role of mammalian KSR is not known. We examined the mechanisms regulating
the phosphorylation of this putative kinase in mammalian cells. Wild-type mouse KSR and a mutated
KSR protein predicted to create a kinase-dead protein are phosphorylated identically in intact cells and in
the immune complex. Phosphopeptide sequencing identified 10 in vivo phosphorylation sites in KSR, all
of which reside in the 539 noncatalytic amino terminal amino acids. Expression of the amino terminal
portion of KSR alone demonstrated that it was phosphorylated in the intact cell and in an immune complex
in a manner indistinguishable from that of intact KSR. These data demonstrate that the kinase domain of
KSR is irrelevant to its phosphorylation state and suggest that the phosphorylation of KSR and its association
with a distinct set of kinases may affect intracellular signaling.

The small GTPase Ras integrates and transduces extraERK kinase cascadd.(—13, 15) has led to the suggestion
cellular signals through direct proteiprotein interactions  that KSR may act as a molecular scaffolB),

with downstream effectorsl{-4). One pathway regulated Despite the fact that the KSR kinase domain can affect
by Ras involves the sequential activation of the cytoplasmic ERK MAP kinase activation, the contribution of kinase
kinases Raf, MEK, and ERK 6, 6). The loss-of-function  activity to the biological function of the murine KSR kinase
allele kinase suppressor of Ras encodes a Ras effectogomain is unclear. Unique amino acid substitutions distin-
recently identified in genetic screens Drosophila and guish mammalian KSR kinase domains from thBioso-
Caenorhabditis elegan&—9). Epistasis experiments indi-  phila and C. eleganshomologues 7-9). In particular,
cated that KSR was a positive regulator of Ras signaling subdomain II, which contains a lysine BrosophilaandC.
acting in series between Ras and Raf or in parallel to Raf. eleganskSR proteins, is substituted with an arginine in
However, biochemical studies in which the function of KSR mouse and human proteins_ This |ysine in subdomain Il is
was examined indicate that KSR can have both a positive considered essential for the phosphotransfer reaction and is
and a negative effect on the ability of Ras to activate ERK conserved in all kinases identified previoushg). Lysine
MAP kinases and that KSR can exert its effects at different to arginine mutations at this position are often created
levels of the Raf/MEK/ERK kinase cascade)-14). Dis-  experimentally to produce kinase-inactive proteins.

section of the KSR protein has led to the conclusion that its We have observed that KSR is phosphorylated in cells

positiye effec;ts are mediated by amino acids-3390 that and in an immune complex. In the experiments reported here,
contain a region of homology (CA3) conserved between KSR 0 have examined the contribution of the KSR kinase

proteins of different specied, 11). The inhibitory effects domain to the - :
; 7 ; phosphorylation of KSR. KSR phosphorylation
of KSR on ERK MAP kinase activation have been ascribed occurred exclusively within the 539 amino acids that precede

to the KSR kinase domain (CASLE, 14). The ability of 5 carnoxyl terminal kinase domain. However, deletion of
KSR to interact with different components of the Raf/MEK/ the KSR kinase domain did not inhibit phosphorylation of

o . Tb ; oo Amerioan C KSR in cells or isolated in immune complexes. These data
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Construction of KSR Expression Plasmids and DNA proteins were washed three times by centrifugation with
MutagenesisThe construction of pPCMV5KSRFLAG, KSR RIPA buffer and once with 50 mM HEPES (pH 7.8) before
C540, and KSR N539 has been reported previousty. ( addition of sample buffer and electrophoresis.

DNA mutagenesis was performed with the QuickChange To_prepare_ sufficient KSR protein for protein seque_ncing,
site-directed mutagenesis kit (Stratagene) according to thelO dishes with 293T cells (1.5 10° cells/10 cm dish)
manufacturer’s directions. Polymerase chain reaction primerstransiently expressing wild-type KSR or KSR lacking five
were designed to encode changes from serine to alanine ofKSR 5mut), six (KSR 6mut), or eight (KSR 8mut) identified
threonine to valine. Where feasible, a silent mutation that Phosphorylation sites were prepared for each experiment.
created or deleted a restriction endonuclease site was included WO dishes with cells expressing one of the KSR constructs
to facilitate the identification of mutated plasmids. For two Were each labeled with 5 mCi*P]orthophosphate for 4 h

sites, the adjacent serines were also mutated to eliminatet 37°C. The remaining dishes were treated in an identical
these as possible alternative phosphorylation sites. TheManner but without the addition of radioactivity. Each dish

forward primers for mutagenesis wereGCAAGCTGAAGC-
CACCTAGGGTACCCCCACCGCCAAG-3(T274V, cre-
ates arAurll site), 5-CACTCACACGGAGCAAGGCTCAT-
GAGTCCCAGCTGGG-3(S297A, creates BsH] site), 8-
CTTCGGAGGACAGAGGCGGTACCGTCAGATATCAAC-
3 (S392A, creates Kpnl site), 3-GAGCCCCATTTTGGA-
GTGCTTCCCAAGGCCCTG-3(T411V, destroys aicaNl
site), --GCTGAGGAGCCTGAGGCTGGCAAAGCAGAGG-
CAGAGGATGACG-3 (S518A), 3-GATGCTCGAGA-
CAGTGCCTTGGGGCCTCCCATGGAC3(S190A), 5-
GCCCTGCACAGCTTCATCGTGCCCCCTAC-
CACACCCCAG-3(T256V, creates aNad site), 3-CCAG-
CCATGAACCTGGACGCCGCCGCCAACCCATCCTCC-
ACCACG-3 (S429A/S430A/S431A),'8CCCTCATGGAGC-
CCCACAGCTGGTACGAAGGG-3(S320A, destroys the
BanH! site), 3-GCCGCCAACCCAGCCGCCACGACGTC-
CTCC-3 (S434A/S435A, creates akatll site, primer also
contains the S430A/S431A mutation), and@E5CGAG-
GTGGCCATTAAGCTGCTCGAGATGGACGGCCAC-3
(R589M, creates aiXhd site). The reverse primers were
the complement of the forward primers. Template DNA was
either pCMV5KSR or one of the previously mutated KSR
cDNAs. Mutations were confirmed by DNA sequencing.

Transfection, Expression, and Immunoprecipitation of KSR
Proteins.Human embryonic kidney 293T cells (5 10°)
were transfected in 35 mm dishes with DNA using Ca{2O
(18). Forty-eight hours after transfection, the cells were
frozen on liquid nitrogen and solubilized in buffer A [40
mM Tris-HCI (pH 7.4), 120 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 1 mM phenylmethanesulfonyl fluoride, 0.5% Triton
X-100, 10 ug/mL leupeptin, 5ug/mL aprotinin, 10 mM
sodium fluoride, and 10 mM sodium pyrophosphate].
Insoluble matter was removed by centrifugation for 10 min
at 1300@ in a microcentrifuge. Cell supernatants (1 mL)
were immunoprecipitated f@ h at 4°C with 10uL of anti-
FLAG M2 antibodies (Kodak IBI) bound to protein-€aga-

of cells was frozen on liquid nitrogen, lysed in 4 mL of buffer
A, and treated as described above with the exception that
lysates were incubated in 1.5 mL aliquots at@ for 2 h

with 10 uL of anti-FLAG M2 resin, and then incubated
overnight at £C with fresh 1QuL aliquots of the anti-FLAG

M2 resin. Immunoprecipitates were combined, and KSR was
resolved by electrophoresis on an 8% SEFAGE gel. KSR
proteins were detected with a zinc stait9( and by
autoradiography of the wet gel. Trypsin digestion of KSR
in situ was performed as described previougl)(

Phosphorylation of KSR in the Immune Compl&gSR
proteins were immunoprecipitated from 293T cells as
described above. Immunoprecipitates were washed three
times in buffer A and once in 50 mM HEPES (pH 7.8).
Phosphorylation of KSR immunoprecipitates was performed
for 1 h atroom temperature in a 20L reaction volume
containing 50 mM HEPES (pH 7.8), 1 mM DTT, 4 mM
MnCl,, 10 mM MgCh, and 5uM [y-32P]ATP (50 uCi).
Electrophoresis sample buffer was added to stop the reaction.
Phosphorylated proteins were resolved by SIPAGE and
detected by autoradiography or storage phosphor technology
(Molecular Dynamics).

Phosphoamino Acid Analysi8nalysis was performed in
one or two dimensions on thin layer cellulose plates as
described previously2().

HPLC Phosphopeptide MappingP-labeled KSR proteins
were recovered from polyacrylamide gels by the method of
Hunter et al. 22). The extracted proteins were digested twice
with 200 ug/mL (10 u«g/50 uL) tosylphenylchloromethyl
ketone-treated trypsin in 50 mM ammonium bicarbonate.
Phosphopeptides were separated on a Vydac Protein and
Peptide Gs column with a gradient of 50% acetonitrile in
0.1% trifluoroacetic acid at a flow rate of 1.0 mL/min.
Fractions were collected at 1 min intervals and assessed for
Cerenkov radiation.

Sequencing of Tryptic Peptide Fragmentsyptic phos-
phopeptides generated from radiolabeled KSR were separated

rose, or conjugated directly to agarose. Immunoadsorbedy, 5 Vydac Gs column (2.1 mm inner diameter 250 mm)
KSR or mutated KSR proteins were washed three times by using a Hewlett-Packard 1090 HPLC system with a diode

centrifugation with RIPA buffer [50 mM HEPES (pH 7.8),

0.5% Triton X-100 1 M NacCl, 0.1% SDS, and 0.1% bovine

serum albumin] and once with 50 mM HEPES (pH 7.8)
before addition of sample buffer and electrophoresis.

Phosphorylation of KSR Proteins in Intact Cel293T

array detector. Peak fractions containing radioactivity were
subjected to amino terminal Edman degradation on an
Applied Biosystems model 477 protein sequencer. The
peptides were attached to Sequelon membranes as described
by the manufacturer. The sequencing method for phospho-

cells transiently expressing KSR or the mutated KSR proteins amino acids 23) was modified to allow radioactivity from

were incubated in phosphate-free Dulbecco’s modified
Eagle’s medium containing?P]orthophosphate (ICN) at a
final concentration of 2 mCi/mL fo4 h at 37°C, and then
lysed in buffer A and immunoprecipitated with anti-FLAG
M2 antibodies. Immunoadsorbed KSR or mutated KSR

phosphoserine and phosphothreonine to be observed in the
collected fractions. The Sequelon membrane was dried and
washed sequentially with methanol, water, methanol, water,
and 10% trifluoroacetic acid/50% acetonitrile for 5 min each.
The S3 position on the sequencer was changed to 0.015%
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Ficure 1: Phosphorylation of KSR in cells. (A) 293T cells transfected with pCMV5 alone (lane 1), pPCMV5KSR (lane 2), or pPCMV5KSR
R589M (lane 3) were labeled witffP, lysed, and immunoprecipitated with an antibody to the FLAG epitope tag. Coomassie-stained
proteins immunoprecipitated from each lysate (left panel) and an autoradiograph of the gel (right panel) are shown. Arrows denote the
position of KSR proteins. (B) Immunoprecipitates were made from unlabeled 293T cells transfected as described for panel A. Precipitated
proteins were phosphorylated in the immune complex wW#P]ATP and separated by electrophoresis. Coomassie-stained proteins
immunoprecipitated from each lysate (left panel) and an autoradiograph of the gel (right panel) are shown. Arrows denote the position of
KSR proteins. The numbering of the lanes is the same as in panel A. (C) Tryptic phosphopeptidép flaineled KSRQ, offset by 2000

cpm) and KSR R589M@) in the panel A gel were analyzed by HPLThe acetonitrile gradient is shown by the dashed line. (D) Tryptic
phosphopeptides froffP-labeled KSR @, offset by 1000 cpm) and KSR R589M®]) in the panel B gel were analyzed by HPLC.

phosphoric acid/90% methanol. The programming for the  Renaturation of Kinase Actity. Cells expressing KSR or
sequencer was modified to include three transfer steps ofthe mutated KSR proteins were frozen on liquid nitrogen
30 s each using phosphoric acid/methanol. Heptane wasand lysed in buffer A without sodium fluoride and sodium
delivered to the midpoint of the cartridge block followed by pyrophosphate. The lysate was clarified at 1366 10
a 10 s pause prior to each transfer. For solubilization of the min to pellet the debris and immunoprecipitated with.20
phenylthiohydantoin derivative, S4 (20% acetonitrile) was ¢ anti-FLAG M2 resin for 2 h. Samples were washed by
loaded four times for a total volume of 3Q0L. Fifty centrifugation three times with 1 mL of RIPA buffer and
microliters of sample was injected onto the attached ABI once with 1 mL of 50 mM HEPES (pH 7.8). Electrophoresis
120 HPLC system, while the remainder of the sample was L e
. . . . sample buffer containing 5% 2-mercaptoethanol was added,

shunted to a fraction collector. The internal restrictor line of .

and the samples were heated at 2COfor 3 min. Samples

the HPLC was altered, and the final step of sequencing each 0 ) : .
radioactive peptide was changed to a cleaning cycle to avoid Were separated on 8% polyacrylamide gels polymerized in

blockage of the injection valve. No phenylthiohydantoin the presence of 0.5 mg/mL myelin basic protein. Each gel
derivative was seen on the chromatograph for these phos-Was renatured and assayed for kinase activity as described

phorylated amino acids; however, the remainder of the Previously @4) except that the assay buffer was identical to

peptide sequence could be determined. The average repetitivéhat used in the immune complex kinase assay. Phosphory-
yield of the sequencer when this protocol was used was lated proteins were detected by autoradiography or storage

determined to be 90% when measured with a standard. = phosphor technology (Molecular Dynamics).
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Ficure 2: ldentification of the phosphorylation sites of KSR by radiosequencing. Radiolabeled phosphopeptides were generated by trypsin
digestion of intact and mutatédP-labeled KSR proteins that were immunoprecipitated from 293T cells transfected with pCMV5KSR. (A)
Phosphopeptides were separated by HPLC and detected by counting the samples for Cerenkov radiation. A typical separation profile is
shown. (B) A second HPLC phosphopeptide map was generated from a mutated KSR protein lacking the first five phosphorylation sites
identified in panel A. (C) Additional phosphopeptides were identified in peak G from a mutated KSR protein lacking the eight phosphorylation
sites identified in panels A and B. Peaks containing phosphopeptides isolated and sequenced from the profiles in-famesiAnoted

by capital letters. (D) The sequence determined for each of the isolated phosphopeptides is listed. Amino acids listed in parentheses were
deduced from the known sequence of KSR. Underlined amino acids represent phosphorylation sites mutated prior to analysis and
radiosequencing. (E) The release’# was assessed in each sequencing cycle of phosphopeptides in peaks A, BGnthE sequence

of the identified peptides is reproduced at the bottom of each graph. Phosphoamino acid analysis of a portion of each sequenced phosphopeptide
is shown in the insets. The location of phosphoamino acid standards is denoted. S is serine. T is threonine. Y is tyrosine.
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Western Blot Analysifroteins were transferred to poly- KSR and KSR R589M proteins were phosphorylated to the
vinylidene difluoride membranes, and Western blots were same extent in intact cells (Figure 1A) or in an immune
developed using anti-FLAG M2 antibodies (1:3000). Blots complex (Figure 1B), suggesting that the kinase domain may
were developed with 5-bromo-4-chloro-3-indolyl phosphate not contribute to KSR phosphorylation. Phosphorylated KSR
and nitro blue tetrazolium using goat anti-mouse secondary proteins were eluted from the gel and digested with trypsin,
antibody conjugated to alkaline phosphatase. and the radiolabeled phosphopeptides were separated by
HPLC. Tryptic phosphopeptides generated from KSR and
KSR R589M created the same phosphopeptide map both in
intact cells (Figure 1C) and when phosphorylated in an
immune complex (Figure 1D). The reduced intensity%F
labeled phosphopeptides derived from KSR phosphorylated
in the immune complex may be due to the presence of
preexisting, endogenous phosphate on KSR proteins isolated
from cells in the presence of phosphatase inhibitors.

Identification of KSR Phosphorylation Sitd®n sites of

RESULTS

Mouse KSR Is Phosphorylated in Intact Cells and in the
Immune ComplexMammalian KSR proteins contain five
regions conserved in homologues franosophilaand C.
elegans The largest region of sequence identity between
KSR proteins of different species is the putative kinase
domain {). One striking difference between mammalian
KSR and KSR fromDrosophila and C. elegansresides
within subdomain Il of the protein kinase domain. Subdo- KSR phosphorylation were determined by peptide sequence
main Il in protein kinases contains an invariant lysine that analysis as an initial step toward testing the potential of
is required for transferring phosphate from ATP to substrate phosphorylation to regulate KSR function. The first round
(16). This lysine is conserved in the kinase domains of KSR of sequencing identified five of the major sites of phospho-
from Drosophila and C. elegansbut is replaced with an  rylation. The elution positions of the phosphopeptides
arginine in the mammalian KSR proteins. Arginine substitu- containing these sites are shown in Figure 2A. Confirmation
tions at this position typically inactivate protein kinas2s)( of the phosphorylation of these sites is shown by the
and raise the possibility that mammalian KSR proteins might disappearance of those five peaks in the phosphorylation
not retain catalytic activity. The extent of phosphorylation profile of a mutated KSR protein in which serines were
of KSR and KSR R589M, a mutation which should render changed to alanines and threonines were changed to valines
the kinase domain of KSR fully inactive, was measured. Both at these five sites (Figure 2B). The mutation of these five
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FiGure 3: Phosphorylation of intact and mutated KSR proteins in - m
. . 04 Y
the immune complex. (A) Lysates from 293T cells transiently 2 50 7 1%
expressing intact KSR (lane 1), KSR S297A (lane 2), KSR S392A Fraction Numbers

(lane 3), and KSR S518A (lane 4) were immunoprecipitated with Figure 4: Phosphorylation of KSR, KSR N539, and KSR C540
anti-FLAG antibodies, and each immune complex was incubated j; 293T cells and in the immune complex. (A) Schematic

with [3P]ATP. Phosphorylated proteins were resolved by electro- ygpresentation of KSR and truncated KSR constructs KSR C540
phoresis and autoradiography. (B) The HPLC analysis of the gnd KSR N539. (B) Western blot of immunoprecipitated KSR
phosphopeptides derived from each protein is shown. Peptides A, proteins. 293T cells were transfected with pCMV5 alone (lane 1),
C, and E correspond to the sequences identified in Figure 2. SamplestMV5KSR (lane 2), pPCMV5KSR C540 (lane 3), or pPCMV5KSR
are offset by 2000 cpm for clarity. N539 (lane 4), lysed, immunoprecipitated, and probed with anti-

. Lo . FLAG antibodies. (C) 293T cells transfected as described for panel
sites leads to a relative increase in the degree of phoSphO'A were labeled with*?P. KSR proteins were immunoprecipitated

I’y|at|0n Of Other, mInOI’ SlteS F'Ve addltl0n8.| SlteS were and resolved by SDSPAGE’ and the ge| was Subjected to
identified in subsequent experiments. Mutation of these sitesautoradiography. Lane assignments are identical to those in panel

was responsible for the loss of additional peaks as demon-B. (D) Immune complex kinase assays witPHJATP were

in Fi i i performed on anti-FLAG immunoprecipitates from control 293T
strated in Figure 2C. Phosphorylation of Sé(peptide |, cells (lane 1) or cells expressing KSR (lane 2), KSR C540 (lane

Figure 2D) was not d?teCted unt_il the phosphorylation site 3), and KSR N539 (lane 4¥2P-labeled proteins were resolved by
Sef?was mutated. This observation suggests thafSeay SDS-PAGE and identified by autoradiography. (E) HPLC analysis
be an alternative phosphorylation site in KSR. Figure 2D of phosphopeptides derived from KSR, (offset by 500 cpm) and

shows the sequence determined by Edman degradation oKSR N539 @) samples shown in panel. @F) HPLC analysis of
the KSR phosphopeptides identified in panels A and B of Egos%‘gggpt'des delr'vedhfrom.KSR’*(olﬁSet by 200 cpm) and
Figure 2. The amount &fP released in each cycle by Edman ®) samples shown in panel D.
degradation of each phosphopeptide corresponded preciselyor their ability to be phosphorylated in an immune complex
with the predicted location of each phosphorylation site (panels A and B of Figure 3). Phosphorylated KSR S297A,
(Figure 2E). In addition, phosphoamino acid analysis of each KSR S392A, and KSR S518A each exhibit a specific loss
phosphopeptide peak corresponded to the prediction ofof one radioactive peak at the expected elution position for
phosphoserine or phosphothreonine in each phosphopeptidéhe peptide containing that phosphorylation site3%é& the
that was sequenced (insets of Figure 2E). major phosphorylated peak in a KSR immune complex,
Phosphorylation of Mutated KSR Proteins in an Immune possibly due to the fact that this site is phosphorylated to a
Complex.Mutated KSR proteins lacking predicted in vivo lower stoichiometry in the intact cell. Thus, $8rcould be
phosphorylation sites at S&f, Sef®?, and Ser*®were tested  3?P-labeled in the immune complex to a higher stoichiometry.
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Ficure 5: Renaturation of kinase activity in KSR immunoprecipitates. (A) Lysates from 293T cells transfected with the expression vector
alone (lane 1), expressing KSR (lanes 2 and 3), or expressing KSR R589M (lane 4) were immunoprecipitated with anti-FLAG or nonimmune
antibodies as indicated. The immunoprecipitates were separated by electrophoresis on an-82AGBES$el, and the proteins were renatured

in the gel. Renatured kinase activity within the gel was detected with the additioBR}ATP, and the position of labeled bands was
determined by autoradiography. The relative position of Coomassie-stained KSR proteins in the renatured gel is denoted by the arrow and
the dots adjacent to lanes 2 and 4. (B and C) Lysates from 293T cells transfected with the expression vector alone (lane 1), expressing KSR
(lane 2), expressing KSR C540, or expressing KSR N539 were immunoprecipitated with anti-FLAG M2 antibody. The immunoprecipitates
were separated by electrophoresis on a 10% -SBSGE gel, and the proteins were renatured in the gel. Renatured kinase activity

was detected in the gel as described for panel A. The proteins immunoprecipitated from each lysate (B) were stained with Coomassie,
and the kinase activity present in each lane (C) was identified by autoradiography. Arrows denote the position of the different KSR proteins.

In contrast, in the intact cell, TH¥, Se?%’, Sef*2 and Set'8 AWl Mo o o 4 olo el T B

appear to phosphorylate equally well. CA1 CA2 CA3  CAd Kinase Domain

Phosphorylation of KSR Deletion MutaniBhe inability | ; i
of the Me#8 mutation to affect the phosphorylation of KSR 5190Tzse| | 3392| |S434 5518
in intact cells or in an immune complex suggested the T274|$%0 7411

ay e . 297 429
possibility that KSR is not autophosphorylated but phos- ) s ° )
FiIcUrRE 6: Schematic of KSR and the KSR mutants. A schematic

phorylated by associated kinases. The in vivo phosphoryla- of mouse KSR indicating the areas (CA) conserved between mouse

tion sites that were identified (Figure 2) were all located ksr and KSR proteins from different species. The location of
amino terminal to the KSR kinase domain. Truncated identified phosphorylation sites is denoted.

constructs of KSR cDNA (Figure 4A) were created that

expressed the KSR kinase domain alone (KSR C540) or onlyKSR C540, and KSR N539 were subjected to an “in gel”
sequences amino terminal to the KSR kinase domain (KSRkinase renaturation assay. Renaturation of wild-type KSR
N539). The FLAG epitope tag was added to the carboxyl or KSR R589M demonstrated the presence of several
terminus of both truncated proteins. Each truncated, recom-coprecipitating and renatured kinases that were absent when
binant protein was compared to intact, full-length KSR for mock transfected 293T cells were immunoprecipitated with
its ability to be phosphorylated in intact human embryonic the anti-FLAG antibody, or when 293T cells transfected with
kidney 293T cells (Figure 4C), or after inmunoprecipitation pCMV5KSRFLAG were immunoprecipitated with a non-
from these cells (Figure 4D). No detectable phosphorylation specific antibody (Figure 5A). The most prominent renatured
of KSR C540 was detected in intact cells or in an immune kinase migrated on SDPAGE slightly faster than the KSR
complex (panels C and D of Figure 4). These observations proteins that were expressed in 293T cells and detected in
are consistent with the observation that phosphorylation sitesthe gel by Coomassie blue staining. The renatured kinases
on KSR are confined to structures amino terminal to the coprecipitating with KSR also precipitated with the amino
kinase domain. In contrast to the KSR kinase domain, KSR terminal construct KSR N539, but with altered stoichiom-
N539 was phosphorylated strongly in intact cells and in the eties (Figure 5C). No renatured kinase activity was detected

immune complex (panels B and C of Figure 4). This j, immunoprecipitates of the KSR kinase construct C540.
observation was surprising since KSR N539 does not contain

the KSR kinase domain. HPLC mapping revealed that intact pjscussiON
KSR and KSR N539 are phosphorylated on the same sites
in intact cells and in an immune complex (panels E and F The data presented here demonstrate that murine KSR is
of Figure 4). phosphorylated in cells and in an immune complex on at
Renaturation of Kinase Aciity in KSR Immunoprecipi-  least 10 distinct serine and threonines. Phosphorylation is
tates.The observation that the noncatalytic KSR N539 was confined to the amino terminal portion of KSR, excluding
phosphorylated in an immune complex on the same sitesthe kinase domain (Figure 6). The KSR kinase domain does
phosphorylated on intact KSR in cells suggests that the aminonot contribute to phosphorylation because deletion of the
terminal portion of KSR is not phosphorylated by the KSR kinase domain does not prevent the phosphorylation of the
kinase domain. These data further suggest that the kinasdsolated amino terminal portion of KSR (KSR N539). These
that does phosphorylate KSR in intact cells binds to and data suggest, instead, that one or more distinct kinases
coprecipitates with its amino terminal portion. To test this associate with and phosphorylate the KSR amino terminal
possibility, immunoprecipitates of intact KSR, KSR R589M, region. The observation of the fact that KSR is phosphory-
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lated in an immune complex on the same sites that areintracellular signaling. Still unanswered by the studies
phosphorylated on KSR in intact cells suggests that the reported here and by other laboratories is the question of
associated kinase that phosphorylates KSR may be physi-whether each molecule of KSR is capable of simultaneously
ologically relevant to KSR function. binding all of the known and uncharacterized proteins with
No consensus sequence can be applied to all of thewhich it interacts. It is possible that some of the kinases
phosphorylation sites that have been identified. However, coprecipitating with KSR contain homologous structures that
six of the phosphorylated amino acids (S&rThr?56, Thr?74, permit each of them to bind to the same region of KSR. It
Sef?, Sef?? and Thf'Y) are followed by a proline at position  is also possible that phosphorylation of KSR regulates the
P+ 1, P+ 2, or P+ 3. The sequences adjacent to two binding of KSR to other proteins either in the KSR kinase
other phosphorylation sites that were identified {Seand domain or to sequences amino terminal to the kinase domain.
SeP8) appear to be unrelated but are both notable for having The identification of in vivo phosphorylation sites makes
a lysine at position P- 1. The other two phosphorylation those experiments feasible.
sites that were identified (SBf and Set*’) are located in A positive effect on the Ras/Raf/MEK/ERK MAP kinase
the highly serine/threonine rich CA4 region. One explanation signaling cascade has been ascribed to the amino terminal
for the lack of sequence specificity between the identified portion of KSR (0, 11), while inhibition of the Ras/Raf/
phosphorylation sites is the possibility that more than one MEK/ERK MAP kinase signaling cascade has been localized
kinase binds to the amino terminal region of KSR and each to the carboxyl terminal kinase domairi2-14). The
kinase phosphorylates different sites. stimulatory effects of KSR on Ras signaling have been
The potential of KSR to interact with sequential members localized to amino acids 333890, which contain the cystine
of a signaling cascade has led to the suggestion that KSRrich CA3 region of KSR {1). The sequence of KSR CA3 is
may serve as a scaffold proteii3j. Scaffold proteins homologous with those of atypical C1 domain-containing
simultaneously associate with several effectors of a signaling proteins which include c-Raf-Bg). C1 domains are believed
pathway to create an ordered module that facilitates sequen+to be involved in the membrane localization of the proteins
tial activation of the associated enzym&§)( In Saccharo- that contain them. Localization of KSR to a particular cell
myces cerasiae, Ste5p is a scaffold protein that binds yeast fraction is dependent on its CA3 domaihi( 15), and this
homologues of the mammalian ERK MAP kinase cascade capability is necessary but not sufficient for the stimulatory
(27). KSR is unrelated to Ste5p, but through coprecipitation actions of KSR on Rafi(1). None of the phosphorylation
or two-hybrid analysis, KSR has been reported to interact sites identified in this study reside within the CA3 region of
with Raf, MEK, and ERK MAP kinasesl(, 12, 13, 15). KSR. However, Séf? immediately adjacent to the KSR
MEK (12, 13) and Raf (0) have been observed to interact CA3 domain, is phosphorylated (Figure 2) and has been
with the carboxyl terminal kinase domain of KSR, whereas suggested as a site for binding of 14-3-3 protein to KSR
ERK MAP kinase has been reported to interact with (15, 31). The proximity of Set®2to the CA3 region of KSR
sequences in KSR amino terminal to the kinase donf8n ( makes it a potential regulator of KSR subcellular localization
28). Only one of the KSR phosphorylation sites identified and KSR-mediated effects on Ras signaling.
here (Th#™%) has the consensus sequence for ERK MAP  Renaturation of intact KSR in polyacrylamide gels led
kinase phosphorylation (P-X-S/T-P29, 30). Thus, it is  others to conclude that KSR was autophosphoryladai (
possible that ERK MAP kinases are responsible, at least inThe data shown here demonstrate that phosphorylation of
part, for the phosphorylation of KSR. In addition to the KSR is not autocatalytic, but is instead catalyzed by a kinase
phosphorylation of TH*, ERK MAP kinases have also been  associated with the 539 noncatalytic, amino terminal amino
suggested to be responsible for the phosphorylation GPThr  acids of KSR. Renaturation of a KSR-associated kinase with

and Set* in KSR (13, 31). However, the phosphorylation  electrophoretic mobility nearly identical to but slightly faster
of other sites cannot be ascribed to the activity of ERK MAP than that of KSR (Figure 5) may explain, in part, the

kinases 81). The association of ERK MAP kinases with KSR gifference in the interpretation of the results described

in mammalian cells is dependent on their activati8d)(  previously 83) and the data presented here. However, the
We did not detect ERK MAP kinases in immunoprecipitates fact that the same kinase activity binds to the truncated,
of KSR (data not shown). We have observed that the noncatalytic KSR N539 construct demonstrates the difference
expression of KSR in 293T cells inhibits the activation of petween intact KSR and coprecipitating kinases (Figure 5).
ERK MAP kinases 14), which may explain our inability to |t js possible that the complete phosphorylation of KSR is

detect their association with KSR. The association of Raf-1 gependent on association with one or more of the unidentified
and MEK with KSR has also been detected. However, the kinases that bind KSR. Molecular dissection of KSR will

association of Raf-1 and MEK with KSR is mediated through permit an analysis of this hypothesis and should be helpful

the KSR kinase domairlQ, 12, 13). The observation that  in identifying a physiological role for phosphorylation in the
KSR phosphorylation can be recapitulated in immunopre- control of KSR signal transduction.

cipitates of the KSR N539 construct that lacks the kinase
domain suggests that Raf-1 and MEK are not the kihnasesSACKNOWLEDGMENT

responsible for the phosphorylation of KSR. We also detected ] o ] )
no renatured kinase activity associated with the KSR kinase We express their appreciation to M. Therrien and G. Rubin
domain (Figure 5), and the renatured kinases associated witHor providing the mouse KSR cDNA.
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