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The Raf-1 kinase domain is kept in an inactive state by the N-
terminal regulatory domain. Activation of the kinase domain
occurs following release from the N-terminal repression and
possible catalytic upregulation. To distinguish the regulatory
mechanisms that directly influence the catalytic activity of the
enzyme from those which act through the inhibitory domain,
the catalytic domain of Raf-1 (CR3) was expressed in COS-7
cells. The role of phosphorylation in the direct regulation of this
domain was determined by substituting non-phosphorylatable
amino acids for known serine and tyrosine phosphorylation sites.
The intrinsic activity of each mutant protein was determined as
well as stimulation by v-Src and phorbol esters. Both v-Src and
phorbol esters were potent activators of CR3, requiring the
serine 338/339 (p21-activated protein kinase, Pak) and tyrosine
340/341 (Src) phosphorylation sites for full stimulation of CR3.
In contrast, loss of the serine 497/499 protein kinase C phos-
phorylation sites had little effect on CR3 activation by either v-
Src or phorbol esters. Loss of serine 621, a 14-3-3 adaptor-
protein-binding site, prevented activation of CR3 by v-Src or
phorbol esters and partially decreased the high basal activity of

the kinase fragment. When co-expressed in COS-7 cells, 14-3-3
associated strongly with full-length Raf-1, weakly with wild-type
CR3 and not at all with the A621 and D621 CR3 mutants. The
role of 14-3-3 in maintaining the activity of the catalytic domain
of Raf-1 was investigated further by performing peptide-com-
petition studies with wild-type CR3, wild-type CR3 and v-Src or
constitutively active CR3 (CR3[YY340/341DD)]). In each case,
incubation of the proteins with a phosphoserine-621 Raf-1
peptide, which we show displaced Raf-1 and CR3[YY340/
341DD] from 14-3-3, was found to substantially reduce catalytic
activity. Taken together, our results support a model of Raf
regulation in which the activity of the Raf-1 catalytic domain is
directly upregulated by phosphorylation, following relief of
inhibition by the N-terminal regulatory domain upon Ras-GTP
binding. Moreover, the presence of serine 621 in the free catalytic
fragment is required for full CR3 activation by stimulatory
factors, and the continuous presence of 14-3-3 at this site is
necessary for retaining activity once the kinase is activated.
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INTRODUCTION

The serine/threonine kinase Raf-1 is one of the primary effector
proteins for membrane-bound Ras, responsible for relaying
mitogenic signals from active Ras to the cell nucleus [1]. Upon
binding to membrane-bound Ras-GTP, Raf-1 is recruited to the
plasma membrane where activation occurs. Activated Raf-1 then
transduces the signal through the MEK /ERK (mitogen-activated
protein kinase kinase/extracellular signal-regulated protein
kinase) cascade, thereby regulating the activity of numerous
cytoplasmic and nuclear proteins involved in growth, cell division
and differentiation (reviewed in [1,2]).

Mammalian Raf isoforms are highly conserved within three
distinct regions designated conserved regions (CRs) 1, 2 and 3.
CR1 and CR2 are located within the N-terminal 300 amino acids
of Raf-1 and constitute a negative regulatory domain; CR3
constitutes the C-terminal kinase domain. The N-terminal regu-
latory domain of Raf-1 maintains the kinase domain in an
inactive state and promotes activation of the kinase through
specific interactions with Ras at the plasma membrane. When
expressed without the N-terminus, the catalytic CR3 domain
possesses a constitutive level of activity, sufficient to transform
fibroblasts [3]. The inactive conformation of Raf-1 is maintained
by association with the 14-3-3 family of adaptor proteins, which

have been found to assemble as dimers and bind to specific
phosphorylated serines on many different signalling proteins
within the cell [4-11]. While the 14-3-3 dimer has been shown to
bridge Raf-1 with other signalling proteins, the 14-3-3 dimer also
binds to at least two distinct sites within Raf-1 itself, specifically
phosphoserines 259 in CR2 and 621 in CR3 [12,13]. Upon
association of Raf-1 with Ras-GTP at the plasma membrane, the
14-3-3 dimer is displaced from the 259 site, followed by rapid
catalytic activation of Raf-1. Three different models have been
proposed to explain the role of 14-3-3 in Raf-1 regulation. One
model proposes that upon displacement from phosphoserine
259, 14-3-3 rebinds to a third, unidentified binding site within
CR3 [14]. The new bridge formed between this third site and
phosphoserine 621 is hypothesized to constrain the catalytic
domain in an active conformation. A second, similar model,
suggests that 14-3-3 protects phosphorylated serine 621 from
phosphatases, and therefore stabilizes a kinase-competent con-
formation of Raf [15]. The third model predicts that the 14-3-
3—Raf interaction is required for Ras to localize Raf-1 to the
plasma membrane for activation by protein kinases [16]. Once at
the plasma membrane, the 14-3-3 dimer is proposed to release
completely from active Raf-1. Reassociation with 14-3-3 then
occurs during inactivation and subsequent translocation of Raf-
1 back to the cytosol.

Abbreviations used: CR, conserved region of Raf-1; Pak, p21-activated protein kinase; PKC, protein kinase C; MEK/ERK, mitogen-activated protein
kinase kinase/extracellular signal-regulated protein kinase; GST, glutathione S-transferase; MBP, myelin basic protein.
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Figure 1 The structural features and phosphorylation sites within Raf-1

14-3-3 Binding Sites

Phosphorylation sites located within the human Raf-1 kinase domain (CR3) as indicated were mutated by site-directed mutagenesis. RBD, Ras-binding domain; CRD, cysteine-rich domain.

As illustrated by the three models described above, the precise
role of 14-3-3 in Raf regulation is unclear. This confusion also
applies to the role of CR3 phosphorylation in the regulation of
Raf. Distinct bodies of evidence exist that both dispute and
support a role for catalytic regulation by direct CR3 phos-
phorylation (reviewed in [17]). While it has been established that
phosphorylation of CR3 is important for Raf-1 regulation,
whether these phosphorylations directly influence the catalytic
function of Raf-1 or act in concert with Ras to relieve the N-
terminal inhibition remains to be clarified. A growing number of
distinct phosphorylated residues within CR3 have been identified
and characterized. We have recently reported that p21-activated
protein kinase (Pak)-family protein kinases phosphorylate Raf-
1 serine 338 directly [18]. Src-family kinases have been shown
previously to phosphorylate tyrosines 340 and 341 [19]. Phos-
phorylations of serines 338, 339, 497 and 499 and of tyrosines
340 and 341 have all been proposed to be necessary for Raf-1
activation by diverse stimuli (Figure 1). Phosphorylation of the
serines and tyrosines at positions 338341 has been shown to be
induced by both oncogene expression and growth-factor stimu-
lation [12,19-21]. Furthermore, replacement of serines 338 and
339 or tyrosines 340 and 341 with non-phosphorylatable amino
acids dramatically impairs the activation of Raf-1 by Ras, Src,
epidermal growth factor and phorbol esters [17,22]. Conversely,
substitution of serines 338 and 339 with negatively charged
amino acids restores regulation by both Ras and Src, presumably
by mimicking the phosphorylated serines. Acidic amino acid
substitution of tyrosines 340 and 341 is even more striking and
results in the constitutive activation of Raf-1, suggesting a
hierarchy of function for phosphorylation of the serine/tyrosine
patch at 338-341.

Phosphorylation of serines 497 and 499 within the activation
loop of CR3 has been proposed to be responsible for Raf-1
activation by protein kinase C (PKC) [23,24]. Phosphorylation
of the Raf-1 activation loop would be a direct means of increasing
kinase activity, analogous to phosphorylation of the ERK
activation loop by MEK. In recent studies, the loss of both of
these residues was observed to have little effect on Raf-1
activation by phorbol esters. In fact, phosphorylation of serine
499 repressed the activity of Raf-1[17,25,26]. The primary effect
of phorbol ester treatment was to promote an increase in Ras-
GTP which then resulted in Raf-1 activation via the same
mechanisms as utilized by epidermal growth factor.

We have recently demonstrated in a mammalian cell-culture
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model that full-length Raf-1 kinase is regulated by a common set
of events, irrespective of the activating stimulus [17]. Among
these controlling events is phosphorylation of the catalytic
domain on residues 338-341. However, since that study involved
only full-length Raf-1, the activating role of these phos-
phorylations could not be determined. Similarly, although we
found that phorbol esters stimulated Raf-1 primarily via Ras-
GTP, regulatory phosphorylation of the kinase-activation loop
could not be ruled out completely due to the presence of the N-
terminal regulatory domain. In the present study, we used a
defined mammalian transient expression system to investigate
the role of phosphorylation and 14-3-3 association in the direct
regulation of the Raf-1 catalytic domain (CR3), in the absence of
the intrinsic inhibition by the regulatory domain. We report that
multiple phosphorylation sites within the catalytic domain of
Raf-1 are required for the direct regulation of Raf-1 catalytic
activity, exclusively through effects on the catalytic domain
rather than disrupting interactions between the -catalytic
domain and the N-terminal regulatory domain. Furthermore, we
confirm that association with 14-3-3 is required to maintain the
activated state of the Raf-1 CR3 catalytic domain in the absence
of the regulatory N-terminus of the protein.

MATERIALS AND METHODS
PCR cloning of the Raf-1 kinase domain (CR3)

Nucleotide sequences encoding residues 307-648 (CR3) of human
c-Raf-1 were PCR-amplified using the 5" primer 5-GGTGGA-
ATTCAGCCGAAAACCCCCGTG-3" and the 3’ primer 5'-
GCCCCTCGAGCTAGAAGACAGGCAGCCTCG-3".  The
amplified CR3 fragment was digested with EcoRI/Xhol and
cloned into the vector pAlter-1 (Promega) to generate pAlter-
CR3, which was used for the mutagenesis of CR3. The DNA
sequence of the cloned CR3 fragment was confirmed by se-
quencing (ThermoSequenase kit, Amersham).

Mutagenesis and plasmid construction

CR3 mutants were generated by site-directed mutagenesis of
pAlter-CR3 using the appropriate oligonucleotides to introduce
the desired base changes (Altered sites™ in vitro mutagenesis
system, Promega). The specific mutations were confirmed by
DNA sequencing.
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The mammalian expression vector pECE [27] was modified for
subcloning and attachment of a Myc-epitope tag to the N-
terminus of CR3. The mutated CR3 fragments generated above
were then subcloned into the modified pECE vector as EcoRI/
HindIlIl inserts. The resulting pECE-CR3 plasmids were used to
transiently express Myc-tagged CR3 proteins in COS-7 cells.

CO0S-7 cell transfections

COS-7 cells were transfected with the pECE-CR3 plasmids by
electroporation using a Bio-Rad Gene Pulser as described
previously [28]. For PMA stimulation, the cells were starved
overnight (Dulbecco’s modified Eagle’s medium with 0.59
bovine calf serum) 24 h after transfection. The cells were then
stimulated with 50 nM PMA for 5 min prior to harvesting.

Immunoprecipitation and coupled Raf assay

Cells were lysed in buffer A (20 mM Tris/HCI, pH 8.0/2 mM
EDTA/50 mM p-glycerophosphate/1 mM Na,VO,/19, Triton
X-100/109, glycerol/1 mM PMSF/1 pg/ml pepstatin/1 pg/ml
leupeptin/2.2 ug/ml aprotinin) [29] followed by passage through
a 25-gauge needle. Cell lysates were clarified by centrifugation at
10000 g for 10 min at 4 °C. To immunoprecipitate Myc-tagged
CR3 proteins, the clarified COS-7 cell lysates were incubated
with anti-Myc 9E10 antibody [30] (a gift from Robert Deschenes,
University of Iowa, lowa City, lowa, U.S.A.) prebound to
GammaBind Plus Sepharose (Pharmacia) at 4 °C for 2 h. Com-
plexes were washed with lysis buffer and then used in the coupled
Raf kinase assay described previously [17]. Briefly, the complexes
were incubated with recombinant glutathione S-transferase
(GST)-MEK and GST-ERK; activation of the MEK/ERK
cascade was assayed by the addition of myelin basic protein
(MBP) as the substrate. The extent of MBP phosphorylation was
quantified by scintillation counting of filters spotted with an
aliquot of the reaction mixture. Raf kinase activity was
normalized to the amount of CR3 present in each immuno-
precipitate as determined by Western-blot analysis.

Western blotting

Proteins were resolved by SDS/PAGE (109, gels, NOVEX) and
transferred to Immobilon-P membrane (Millipore). Western
blotting to detect Raf-1/CR3 was performed with anti-Myc
9E10 as the primary antibody and anti-mouse Ig-horseradish
peroxidase (Amersham) as the secondary antibody. Alternatively,
other primary antibodies were employed as indicated. Proteins of
interest were visualized by ECL® (Amersham) and quantified by
densitometry (Imaging Densitometer GS-670, Bio-Rad).

14-3-3/CR3 interaction in COS-7 model system

For 14-3-3/CR3 co-immunoprecipitation experiments, Myc-
tagged full-length Raf-1 or CR3 was transiently expressed in
COS-7 cells together with GST-tagged 14-3-3 [14]. Following
transfection (72 h), cells were harvested for immunoprecipitation
as described above. Lysates were incubated with glutathione-
Sepharose 4B with mixing for 2 h. The complexes were collected
and analysed by Western blotting with anti-GST and anti-Myc
9E10 antibodies (Santa Cruz Biotechnology) to detect GST-
tagged 14-3-3 and Myc-tagged full-length Raf-1/CR3 proteins

respectively. For peptide competition studies, lysates were in-
cubated with the S621 Raf-1 phosphopeptide (Raf-1 residues
613-627, LPKINRSApSEPSLHR, phosphorylated on serine
621) or the control peptide as detailed below prior to mixing with
glutathione-Sepharose beads to purify the complexes for analysis.

For the peptide competition experiments with Myc-tagged
Raf-1/CR3, COS-7 cells were transiently transfected with ex-
pression plasmids for either Myc-tagged full-length Raf-1 or
CR3 proteins as described above. After transfection (3 days),
cells were harvested and lysed in buffer A. Lysates were incubated
with the S621 Raf-1 phosphopeptide or the unphosphorylated
control peptide (final concentrations, 0.5 mM) for 1 h at 4 °C,
followed by the addition of anti-Myc 9E10 antibody prebound to
GammaBind Sepharose beads. The resulting complexes were
assayed for kinase activity as described above.

RESULTS

Intrinsic kinase activity of Raf-1 kinase domain phosphorylation
mutants

Seven residues within the Raf-1 kinase domain (CR3) reported
to be inducibly phosphorylated and important for activation
were altered using site-directed mutagenesis (Figure 1). Ser-
ines were substituted with alanine, and tyrosines were changed to
phenylalanine to eliminate each phosphorylation site. Serines 338
and 339, tyrosines 340 and 341, and serines 497 and 499 were each
substituted in pairs to control for potentially redundant phos-
phorylation of adjacent residues. Tyrosines 340 and 341 were
also changed to aspartic acid residues to mimic the negative
charge of phosphorylated amino acids. Serine 621, the C-terminal
14-3-3-binding site, was also replaced with either alanine or
aspartic acid. These amino acid substitutions were each intro-
duced into CR3, which was then transiently expressed as an
isolated kinase domain (residues 307-648) in COS-7 cells.

To determine whether the phosphorylation of each specific site
affected the basal, constitutive activity of the free CR3 catalytic
fragment, the intrinsic kinase activity of each phosphorylation
mutant was measured in serum-deprived cells. Myc-tagged wild-
type and mutant CR3 proteins were transiently expressed in
COS-7 cells and immunoprecipitated with an anti-Myc-epitope
antibody. The intrinsic kinase acitivity of the immunoprecipitated
CR3 proteins was determined and expressed relative to v-Src-
stimulated wild-type CR3 activity (Figure 2, white bars). As
reported previously, independent expression of the CR3 fragment
resulted in constitutive activation of the kinase. While alanine
substitution of serines 497 and 499 had no effect on the intrinsic
activity, amino acid substitution of serines 338/339, tyrosines
340/341 and serine 621 decreased the level of constitutive kinase
activity by approx. 40—60 %,. Interestingly, in no case did the
alteration of these individual sites result in a complete loss of
basal kinase activity. When aspartic acid residues were used to
mimic phosphorylated tyrosines 340 and 341, the basal consti-
tutive activity of this mutant increased more than 30-fold above
that of wild-type CR3 fragment (Figure 2B).

v-Src stimulation of CR3 kinase activity

To determine whether any of the phosphorylation sites are
required for stimulation of the intrinsic CR3 kinase activity by
Src, wild-type and mutant CR3 proteins were co-expressed with
v-Src in COS-7 cells and assayed for activity (Figure 2, black
bars). As predicted by the high intrinsic activity of the con-
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Figure 2 Intrinsic and oncogenic v-Src-induced CR3 kinase activity

COS-7 cells were transiently transfected with Myc-tagged wild-type (wt) CR3, mutant CR3 or
co-transfected with v-Src expression plasmids. Myc-tagged CR3 proteins were immuno-
precipitated with anti-Myc 9E10 antibody and Raf kinase activity was measured using a coupled
MEK/ERK/MBP assay. The kinase activities were normalized to the amount of CR3 in the
immunoprecipitates and expressed relative to v-Src-induced wild-type CR3 kinase activity (set
to 100%). (A) The kinase activity profiles of the lower-activity CR3 proteins in the absence (white
bars) or presence (black bars) of v-Src. (B) Kinase activities of the super-active CR3 proteins
in the absence (white bars, note the difference in scale) or presence (black bars) of v-Src.

stitutively active YY340/341DD CR3 mutant, v-Src stimulated
wild-type CR3 kinase activity more than 3-fold. Phenylalanine
substitution of tyrosines 340 and 341 rendered CR3 unresponsive
to v-Src, although some intrinsic activity was detectable. The
extremely high constitutive activity of the YY340/341DD and
the triple mutants was not increased further by v-Src (Figure 2B).
These results confirmed that the phosphorylation of tyrosines
340 and 341 regulates the catalytic domain of Raf-1 directly, not
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Figure 3 PMA-stimulated CR3 kinase activity

C0S-7 cells were transiently transfected with expression plasmids for Myc-tagged wild-type CR3
(wt) or mutant CR3. Following treatment of the cells with PMA (50 nM), the CR3 proteins were
immunoprecipitated and assayed for Raf kinase activity. The kinase activities were normalized
to the amount of CR3 proteins in the immunoprecipitates and standardized to v-Src-induced
wild-type CR3 kinase activity (set to 100%). (A) The kinase activity profiles of the lower-activity
CR3 proteins, unstimulated (white bars) or stimulated (black bars) with PMA. (B) The kinase
activity profiles of the super-active CR3 proteins, unstimulated (white bars, note the difference
in scale) or stimulated (black bars) with PMA.

by affecting intramolecular interactions between the regulatory
N-terminus of Raf-1 and its catalytic domain. The SS338/339AA
mutant had greatly reduced Src-stimulated activity, below the
constitutive activity measured for wild-type CR3. Nevertheless,
v-Sre stimulated the lower intrinsic activity of the SS338/339AA
mutant 2-fold, suggesting a possible co-operative effect between
the phosphoserines and phosphotyrosines at this site. Elimination



Raf-1 regulation by phosphorylation and 14-3-3 association 155

; 14-3-3
Expressed

proteins: P Rat-1

CR3 CR3

wiCR3 A621 D62l

Je——g

Total cell lysate,
Anti-mye blot

¢ Full-length
| Raf-1

<4— CR3

Glutathione sepharose
complexes,
Anti-GST blot

. T ————

a— Bound [14-3-3

Glutathione sepharose
complexes,
Anti-myc blot

«f— Bound Raf-1

“— Bound CR3

Figure 4 In vivo complex formation between CR3 and 14-3-3 proteins

C0S-7 cells were transiently co-transfected with plasmids expressing GST-tagged 14-3-3¢ and either Myc-tagged full-length Raf-1 or wild-type/mutant CR3 proteins as indicated (c = control, vector
alone transfected). Following purification of the complexes by glutathione-Sepharose, full-length Myc-Raf-1, Myc-CR3 or GST-14-3-3 proteins present in the complexes as well as total Myc-tagged
Raf/CR3 in the cell lysates were detected by Western blotting analysis using the appropriate primary antibodies as indicated.

of the serine 621 site completely blocked stimulation of the basal
kinase activity of this mutant by v-Src. In contrast, loss of the
PKC phosphorylation sites in the SS497/499A A mutant had no
effect upon the ability of v-Src to fully induce the activity of CR3.

Phorbol ester stimulation of CR3 activity

PMA is a potent tumour-promoting phorbol ester that activates
PKC. PKC has been proposed to activate Raf-1 through direct
phosphorylation of serines 497 or 499 in the activation loop
[23,24]. We and others have reported that phorbol esters can
stimulate full-length Raf-1 by increasing the amount of in-
tracellular Ras-GTP [17,31,32]. By testing CR3 alone, it should
be possible to distingush between phorbol ester activation of
Raf-1 activity mediated through either Ras binding or direct
phosphorylation of the catalytic domain. As shown in Figure 3,
treatment of COS-7 cells expressing CR3 with PMA for 5 min
resulted in a significant stimulation of Raf activity (7-fold). PMA
also stimulated the SS497/499A A mutant, although less robustly.
This result further argues against the model that PKC activates
Raf-1 exclusively through phosphorylation of serines 497 or 499
in the activation loop.

The SS338/339AA, YY340/341FF, S621A and S621D CR3
mutants were also examined for inducibility by PMA (Figure 3,
black bars). The PMA-induced kinase activities of these mutants
were significantly lower than that of wild-type CR3, although
some stimulation was measured above their intrinsic activities.
The S621A and S621D mutants were the least responsive to
PMA stimulation. The superactive CR3 mutants, YY340/341DD
and SYY338/340/341DDD, were further activated upon PMA
stimulation (Figure 3B). However, the SYY338/340/341ADD

mutant lost its ability to respond to PMA stimulation. Taken
together, these results confirm that phosphorylation of serines
338/339, tyrosines 340/341 and serine 621 is required for full
Raf catalytic activation in response to a variety of stimuli.

14-3-3 and activation of the CR3 catalytic kinase domain

As discussed in the Introduction, several models exist to explain
the role of 14-3-3 in Raf-1 regulation. One model proposes that
14-3-3 maintains Raf in an inactive conformation that is com-
petent to associate with Ras localized in the plasma membrane.
According to this hypothesis, 14-3-3 dissociates from Raf-1
following kinase activation and is not necessary for maintaining
activity. This model predicts that the isolated CR3 kinase domain
should function independently of 14-3-3. A second model pro-
poses that in addition to maintaining Raf-1 in an inactive
conformation, 14-3-3 plays an essential role during and following
activation by maintaining the Raf-1 catalytic domain in an active
conformation. This model predicts that an independent CR3
domain would require 14-3-3 for activity.

To address the question of whether CR3 requires 14-3-3
association for activity, we followed three experimental ap-
proaches. The first approach involved evaluating the activity of
a CR3 mutant which lacked the serine 621 binding site for 14-3-
3 (Figures 2 and 3). Alanine substitution at serine 621 partially
reduced the basal constitutive activity of the CR3 fragment and
completely blocked further stimulation of the kinase by v-Src or
phorbol ester, suggesting that 14-3-3 association is critical for
CR3 activation by v-Src or phorbol esters.

The second approach involved comparing the association
between 14-3-3 and the different CR3 proteins relative to full-

© 2000 Biochemical Society
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Figure 5 Displacement of Raf-1 and CR3[YY340/341DD] from 14-3-3 by the phosphoserine 621 Raf-1 peptide

Cell lysates prepared from COS-7 cells transiently expressing GST-tagged 14-3-3¢ and either Myc-tagged Raf-1 or CR3[YY340/341DD] were incubated for 1 h with 0.5 mM S621 Raf-1
phosphopeptide or the corresponding unphosphorylated peptide. Complexes were purified by binding to glutathione-Sepharose and subsequently analysed by Western blotting with the

indicated antibodies.

Table 1

Inhibition of CR3 kinase activity by the phosphoserine 621 Raf-1 peptide

C0S-7 cells transiently expressing Myc-tagged full-length Raf-1 or wild-type CR3 together with v-Src, wild-type CR3 or the constitutively active YY340/341DD mutant CR3 proteins were lysed and
incubated at 4 °C for 1 h with 0.5 mM S621 phosphopeptide corresponding to Raf-1 sequence 613—627 or the identical unphosphorylated peptide (control). Myc-tagged Raf-1/CR3 proteins were
immunoprecipitated and assayed for kinase activity, which was normalized to the amount of Raf-1/CR3 in the immunoprecipitates and standardized to v-Src-stimulated Raf-1 activity in the presence
of the control peptide (set to 100%). Average counts from a representative experiment performed in duplicate are also shown. Percentage inhibition for each sample was calculated from the percentage

activities in the presence of the phosphopeptide relative to the control peptide.

Percentage activity relative to

Protein(s) expressed Raf-14-v-Src (+ control peptide)

Percentage activity relative to
Raf-14-v-Src (4 S621 phosphopeptide)

Percentage inhibition
by phosphopeptide

Raf-1 +V-Src 100% (457360 c.p.m.) 46.84+8.6% (239800 c.p.m.) 53%
Wild-type CR3 +v-Src 101 +2.7% (35120 c.p.m.) 2.6+0.2% (7880 c.p.m.) 74%
Wild-type CR3 1340.2% (6047 c.p.m.) 0.01540.1% (422 c.p.m.) 99%
CR3[YY340/341DD] 121.84+13.0% (548830 c.p.m) 11.841.3% (60060 c.p.m.) 90%

length Raf-1. Cell lysates were prepared from COS-7 cells co-
expressing GST-tagged 14-3-3 and Myc-tagged full-length Raf-1
or CR3. The complexes were purified by incubation with
glutathione-Sepharose, and the relative amounts of epitope-
tagged Raf-1, CR3 and 14-3-3 proteins present in the isolated
complexes were determined by immunoblotting (Figure 4).
Similar amounts of Myc-tagged Raf and CR3 proteins were
detected in the total cell lysates, and also equivalent amounts of
GST-14-3-3 were present in the complexes. We observed that 14-
3-3 associated strongly with full-length Raf-1 but only weakly
with wild-type CR3, possibly due to the instability of the
complexes in the absence of the phosphoserine 259 site in CR3.
Furthermore, no binding of 14-3-3 was detected to either the
CR3 S621A or S621D 14-3-3-binding-site mutants, confirming
that serine 621 is required by CR3 for 14-3-3 association.

A third, more sensitive experimental approach was taken to
further clarify the role of 14-3-3 in maintaining CR3 activity.
Incubation of full-length Raf-1 with a phosphopeptide containing
Raf-1 residues 613-627 (LPKINRSApSEPSLHR, phospho-
serine at position 621) has been demonstrated previously to
efficiently compete with 14-3-3 for binding to phosphoserine 621
[14,33]. We also observed that the phosphoserine 621 peptide
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displaced approx. 709, of bound Raf-1 and 859%, of bound
CR3[YY340/341DD] from GST-tagged 14-3-3 when these pro-
teins are co-expressed in COS-7 cells (Figure 5). Displacement of
wild-type CR3 was also achieved following incubation with the
phosphopeptide (results not shown). We subsequently used this
phosphoserine 621 peptide to displace endogenous 14-3-3 from
activated CR3 and measured the net effect on kinase activity.
Wild-type or superactive YY340/341DD mutant CR3 proteins,
or v-Src with either full-length Raf-1 or wild-type CR3 were
transiently expressed in COS-7 cells. Cell lysates were incubated
with either the phosphoserine 621 peptide or the identical
unphosphorylated peptide. The Raf-1 and CR3 proteins were
then immunoprecipitated and assayed for kinase activity. As
shown in Table 1, the phosphoserine 621 peptide inhibited the
activity of all the Raf proteins tested; in contrast, incubation
with the control peptide did not inhibit kinase activity (results
not shown). As reported previously, the phosphopeptide sig-
nificantly reduced v-Src-stimulated activity of full-length Raf-1
[14]. Similarly, the phosphopeptide reduced the kinase activity of
v-Src-stimulated wild-type CR3 by more than 709,. Further-
more, greater than 90 9, inhibition of the intrinsic kinase activities
of wild-type CR3 and the superactive YY340/341DD mutant
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proteins was observed in the presence of the phosphopeptide,
demonstrating the importance of serine 621 phosphorylation for
activity. Taken together, these results demonstrate that binding
of 14-3-3 to serine 621 is required for maintaining the activities of
full-length Raf-1 and wild-type CR3 as well as the consti-
tutively active CR3[Y'Y340/341DD)] proteins.

DISCUSSION

Despite laborious efforts to identify the mechanisms that govern
the regulation of Raf-1, an unambiguous model of control
remains elusive. The available information is often considered
controversial and dependent upon the particular experimental
system employed. Conclusions are complicated further by the
fact that Raf-1 regulation is a complex, multi-step process, which
involves relief of the inhibitory effect of the regulatory domain as
well as activation of the catalytic kinase domain. In addition,
each of these steps apparently involves multiple protein—protein
interactions and phosphorylations. In this study, we specifically
addressed how the catalytic domain of Raf-1 is regulated by
phosphorylation and 14-3-3 association in the absence of the N-
terminal regulatory domain. The individual phosphorylation
sites examined within the Raf-1 catalytic domain were those
shown previously to be inducible by growth signals or required
for 14-3-3 association. Specifically, we examined the role of
serines 338, 339, 497, 499, 621 and tyrosines 340 and 341 in the
regulation of the Raf-1 CR3 fragment.

When expressed as a catalytic fragment, CR3 has detectable
catalytic activity, which in fibroblasts is sufficient to induce
morphological transformation. This low constitutive activity may
reflect the unrepressed, basal catalytic activity of Raf-1 or
may be the result of stimulation by the normal cellular signalling
machinery already active in growing cells. We observed that the
basal activity of CR3 was moderately impaired, but not elimin-
ated, by the loss of the serine 338/339 or tyrosine 340/341
phosphorylation sites. This is consistent with a prior report that
a CR3[YY340/341FF] mutant remained capable of transforming
fibroblasts [12]. Loss of serine 621 also resulted in only a partial
reduction in basal CR3 activity. Alanine substitution of serines
497 and 499 in the activation loop had no effect on the basal CR3
activity. Taken together, these results suggest that a significant
portion of the basal CR3 activity measured in COS-7 cells
depends upon phosphorylation of residues 338-341 and 621, but
not activation-loop phosphorylation.

Full-length Raf-1 can be activated by plasma-membrane-
associated Src-family non-receptor tyrosine kinases. Src ac-
tivation of Raf-1 requires association with Ras at the plasma
membrane [21]. It has been suggested that the primary role of
Ras in this pathway is to co-localize Raf-1 with active Src-family
protein kinases. How tyrosine phosphorylation of Raf-1 actually
functions to activate the kinase is unclear. Tyrosines 340 and 341
are distant from the catalytic cleft of the enzyme, suggesting an
indirect effect on the catalytic domain, possibly through
accessory-protein interactions or distinct conformational effects.
Our observation that v-Src is capable of stimulating the free
catalytic fragment demonstrates that phosphorylation of one or
both of these tyrosines regulates the Raf-1 catalytic domain
directly rather than indirectly by promoting the release of
the inhibitory N-terminus. The inability of Src to stimulate the
activity of the CR3[Y'Y340/341FF] mutant confirmed that these
tyrosines are in fact the critical substrate residues of Src (or a Src-
dependent tyrosine kinase) within the CR3 domain. We also
observed that the presence of the serine 338/339 and serine 621
phosphorylation sites were required for full v-Src stimulation of
CR3. The CR3[SS338/339AA] mutant was in fact partially

stimulated by vSrc. This result and others indicate that the effects
of phosphorylation on serine 338 and tyrosines 340/341 are
additive or synergistic. As observed with full-length Raf-1,
substitution of tyrosines 340 and 341 with aspartic acids, which
mimic constitutively phosphorylated tyrosines, increased the in-
trinsic activity of the CR3 fragment more than 30-fold. The
striking basal activity of this mutant in the absence of any overt
external stimulus suggests that tyrosine phosphorylation is the
limiting factor for full activation of CR3 in the COS-7 system.
How the phosphorylation of serines 338/339 and tyrosines
340/341 mechanistically contribute to Raf-1 regulation remains
unknown. Although genetic analysis suggests distinct functions
for each of these phosphorylation sites, it is possible that the
sequential phosphorylation of these residues is required. In
support of this idea, phosphorylation of serine 338 in full-length
Raf-1 activated by co-expression of oncogenic Ras and activated
Src was recently found to require prior phosphorylation of
tyrosine 341 [22]. Once phosphorylated, residues 338-341 might
then participate in intra- or intermolecular protein interactions.
The CR3[S621A] mutant was observed to be completely in-
sensitive to Src stimulation, even though it possessed moderate
basal activity. If the primary function of serine 621 is to provide
an anchor point for 14-3-3, this result suggests that the presence
of 14-3-3 is essential for stimulation of the basal activity of CR3
by Src.

The phorbol ester PMA is a potent tumour promoter that can
generate mitogenic signals through the activation of PKC. Both
in vivo and in vitro studies have shown that PMA activates
mitogen-activated protein kinase through PKC and Raf [34,35].
Activation of full-length Raf-1 by PMA requires Ras association
[17] and may be only partially affected by phosphorylation of the
activation loop. In this study, PMA was shown to be a potent
activator of CR3, indicating that phorbol esters can activate Raf-
1 directly as well as by increasing Ras-GTP levels. Treatment
of CR3-expressing COS-7 cells with PMA increased the wild-
type CR3 kinase activity more than 7-fold, which is twice the
stimulation achieved by v-Src co-expressed with CR3. PKC was
reported previously to activate Raf-1 by directly phosphorylating
Raf-1 at serines 497 and 499, located in the L12 activation loop
[23,35]. Phosphorylation of the activation loop has been observed
to activate many protein kinases, including PKA (cAMP-de-
pendent protein kinase), CDK (cyclin-dependent kinase), RSK
(ribosomal S6 kinase) and ERK2 [36,37]. In this study, the
CR3[SS497/499AA] mutant had the same intrinsic and v-Src-
stimulated activity as wild-type CR3, indicating that phos-
phorylation of these sites is not universally required for Raf-1
activity. We expected to see a dramatic reduction of PMA-
induced activity with this mutant since eliminating these two
phosphorylation sites removed the only known PKC sites in the
activation loop. Surprisingly, these substitutions only partially
reduced the ability of PMA to stimulate CR3 activity, implicating
the involvement of other critical residues. Accordingly, the loss
of either serines 338/339 or tyrosines 340/341 greatly reduced
the ability of PMA to stimulate CR3. We recently reported
similar results for full-length Raf-1. As observed with v-Src, the
CR3[S621A] mutant was not significantly stimulated by PMA,
suggesting dependence upon 14-3-3 or another S621 function.
These results are indicative of additive effects of multiple
phosphorylation sites within the catalytic domain of Raf-1, all
contributing to the total measured catalytic activity. Confirming
that PMA was not simply increasing phosphorylation of CR3 by
endogenous Src, we found that the activated CR3[YY340/
341DD] mutant was further activated 2-fold by exposure to
PMA. However, PMA did not further stimulate the CR3-
[SYY338/340/341ADD] mutant, raising the possibility that

© 2000 Biochemical Society
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PMA treatment might lead to an increase in the phosphorylation
of S338 through the activation of Pak.

As stated above, we observed that the mutational loss of the C-
terminal 14-3-3-binding site, serine 621, resulted in a CR3 mutant
with moderate basal activity that was not stimulated further by
either v-Src or PMA. Phosphorylation of serine 621 has also
been reported to be necessary for the phosphorylation of the
adjacent serine at 624, which may also be necessary for full Raf-
1 activation [38]. The role of phosphorylated serine 624 is
unknown and may in fact be distinct from 14-3-3 association. In
our efforts to determine whether or not 14-3-3 was essential for
regulation of CR3 in the absence of the N-terminus of the kinase,
we directly compared the association of 14-3-3 with CR3 proteins
relative to full-length Raf-1. We found that 14-3-3 associated
strongly with full-length Raf-1, weakly with wild-type CR3 and
not at all with the CR3 14-3-3-binding-site mutants, S621A
and S621D. As depicted in Figure 4, the molar ratio of 14-3-3/
Raf-1 would be at the most 2: 1 assuming that 14-3-3 binds to Raf
as a dimer. By densitometric analysis, the molar ratio of 14-3-
3/CR3 is approx. 10-fold less or maximally 0.2:1, suggesting
that the absence of the high-affinity S259 binding site in CR3
decreases the stability of the CR3-14-3-3 complex, thus com-
promising detection. This conclusion is supported by earlier
evidence showing that 14-3-3 associated strongly with the full-
length Raf-1 S621A mutant but not with the Raf-1 S259A
mutant [39,40]. We observed that the phosphorylated Raf-1
613-627 peptide (S621), shown previously to displace 14-3-3
from full-length Raf under a variety of conditions and which we
showed displaced Raf-1 or CR3[YY340/341DD] from 14-3-3
when the proteins were co-expressed in COS-7 cells, inactivated
Src-stimulated CR3 and the active CR3[YY340/341DD] mutant,
suggesting a functional role for phosphorylation at the S621 site.

In summary, we have shown that in the absence of the
inhibitory N-terminal regulatory domain, phosphorylation sites
shown previously to be important for the activation of full-length
Raf-1 are required for regulating the Raf-1 catalytic kinase
domain. Specifically, serines 338, 339 and 621 and tyrosines
340/341, but not serines 497/499, were found to be required for
the intrinsic, v-Src and phorbol ester-stimulated activity of CR3,
suggesting that phosphorylation of these sites may regulate kinase
activity directly. Alternatively, these sites may affect the in-
teraction of CR3 with regulatory proteins or be required for
maintaining an active conformation through intramolecular
interactions. It will be important to identify the specific functions
of these critical phosphorylation residues to gain more insight
into the many complexities of Raf-1 regulation.

We are grateful to Bruce Diaz for his suggestions and technical assistance and to
Joseph Avruch for helpful discussions. This study was supported by the American
Cancer Society and a research grant from Eli Lilly Co.
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