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Recent reports have demonstrated the in vivo association of Raf-1 with members of the 14-3-3 protein family.
To address the significance of the Raf-1–14-3-3 interaction, we investigated the enzymatic activity and biolog-
ical function of Raf-1 in the presence and absence of associated 14-3-3. The interaction between these two
molecules was disrupted in vivo and in vitro with a combination of molecular and biochemical techniques.
Biochemical studies demonstrated that the enzymatic activities of Raf-1 were equivalent in the presence and
absence of 14-3-3. Furthermore, mixing of purified Raf-1 and 14-3-3 in vitro was not sufficient to activate Raf-1.
With a molecular approach, Cys-165 and Cys-168 as well as Ser-259 were identified as residues of Raf-1
required for the interaction with 14-3-3. Cys-165 and Cys-168 are located within the conserved cysteine-rich
region of the CR1 domain, and Ser-259 is a conserved site of serine phosphorylation found within the CR2
domain. Mutation of either Cys-165 and Cys-168 or Ser-259 prevented the stable interaction of Raf-1 with
14-3-3 in vivo. Consistent with the model in which a site of serine phosphorylation is involved in the
Raf-1–14-3-3 interaction, dephosphorylated Raf-1 was unable to associate with 14-3-3 in vitro. Phosphorylation
may represent a general mechanism mediating 14-3-3 binding, because dephosphorylation of the Bcr kinase
(known to interact with 14-3-3) also eliminated its association with 14-3-3. Finally, mutant Raf-1 proteins
unable to stably interact with 14-3-3 exhibited enhanced enzymatic activity in human 293 cells and Xenopus
oocytes and were biologically activated, as demonstrated by their ability to induce meiotic maturation of
Xenopus oocytes. However, in contrast to wild-type Raf-1, activation of these mutants was independent of Ras.
Our results therefore indicate that interaction with 14-3-3 is not essential for Raf-1 function.

The Raf family of serine/threonine kinases are central com-
ponents involved in the propagation of proliferative and de-
velopmental signals from the cell surface to the nucleus. Bio-
chemical and genetic studies have demonstrated that Raf
proteins function downstream of activated tyrosine kinases and
Ras and upstream of MEK (also known as MKK1) and mito-
gen-activated protein kinase (MAPK) in many signaling path-
ways (reviewed in references 28, 32, and 38). In addition, Raf
proteins transduce signals in a variety of cell types and devel-
opmental systems (29, 35, 38) and in organisms as diverse as
mammals, Xenopus laevis, Drosophila melanogaster, and Cae-
norhabditis elegans (5, 7, 17, 43).
Understanding how Raf proteins receive signals and become

activated has been a topic of much interest. Structural studies
have indicated that Raf-1 can be divided into two functional
domains, the amino-terminal regulatory domain and the car-
boxy-terminal catalytic domain (19, 40). Present within the
amino-terminal domain are two highly conserved regions,
CR1, which contains cysteine residue repeats, and CR2, which
is rich in serine and threonine residues (18, 36). Deletion of the
amino-terminal domain activates the oncogenic potential of
Raf-1, suggesting that this domain functions to suppress the
catalytic activity of the kinase domain (19, 40). Repression of
the catalytic domain must therefore be relieved for Raf-1 to
become active in response to signaling events. Because the
activation of Raf-1 by mitogens is a transient event, relief of
the regulatory domain’s suppressive effect would be expected
to be mediated by reversible modifications such as phosphor-

ylation or dephosphorylation events or association with one or
more regulatory proteins or lipids.
Consistent with a role for phosphorylation in the regulation

of Raf-1, the activation of Raf-1 in response to many growth
factors is coincident with increased phosphorylation of the
molecule on serine, threonine, and, in some cases, tyrosine
residues (20, 25, 31). Sites of serine and tyrosine phosphory-
lation in vivo have been identified that, when mutated, alter
Raf-1 activity (6, 23, 31). However, while mutational analysis
does suggest that phosphorylation can modulate the catalytic
activity of Raf-1, the precise role of phosphorylation in Raf-1
regulation has not been fully elucidated.
Reversible protein interactions may also mediate Raf-1 ac-

tivation. A prerequisite for Raf-1 activation in many signaling
pathways is an association with the Ras proto-oncogene prod-
uct. The involvement of Ras in Raf-1 function was first dem-
onstrated by studies showing that the activation of Raf-1 in
many cases is dependent on Ras activity (39, 42, 49). Subse-
quently, Raf-1 was shown to interact directly with GTP-bound
Ras, both in vitro and in vivo (10, 16, 22, 27, 44–46, 50). The
interaction with Ras is mediated by sequences found within the
CR1 domain, and mutation of Arg-89 of Raf-1, a residue
required for the Ras–Raf-1 association, prevents Ras-depen-
dent activation of Raf-1 (8). Recent studies suggest that the
role of Ras in Raf-1 activation is to localize Raf-1 to the plasma
membrane (26, 41). However, the event or events that mediate
Raf-1 activation at the membrane are not known. Further-
more, several lines of evidence suggest that Raf-1 requires
more than recruitment to the plasma membrane for its activity
to be maximal. First, in insect cells, coexpression of Raf-1 with
both Ras and Src stimulates Raf-1 activity to a higher level
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than does coexpression with either Ras or Src alone (6, 48),
and membrane fractions from v-Ras- and v-Src-transformed
cells synergistically activate His-tagged Raf-1 in vitro (4). Sec-
ond, Raf-1 constitutively localized at the plasma membrane
can be further activated by treatment with epidermal growth
factor (26). Membrane localization alone, therefore, is not
sufficient for maximal Raf-1 activity, and the molecules respon-
sible for activating Raf-1 upon localization to the membrane
have not been identified.
A protein that has been suggested to be involved in the

Ras-dependent activation of Raf-1 is 14-3-3. 14-3-3 represents
a highly conserved family of proteins found in a broad range of
organisms and tissues (reviewed in reference 1). Numerous
biological activities have been attributed to distinct members
of this family, and 14-3-3 homologs in yeast have been impli-
cated in cell cycle control (1, 11). Recently, 14-3-3 isoforms
have been found to associate with oncogene products such as
Raf-1 (9, 12, 21), Bcr-Abl (37), and the polyomavirus middle T
antigen (33). The interaction of Raf-1 and 14-3-3 was detected
in the yeast two-hybrid interaction system (9, 12, 14, 21), in in
vitro association assays (12, 14), and in Raf-1 immunoprecipi-
tates (9, 12, 14). Studies with yeast and Xenopus systems fur-
ther suggested that 14-3-3 isoforms modulate Raf-1 function in
vivo and might directly activate Raf-1 (9, 12, 21). However,
reported effects of purified 14-3-3 on Raf-1 activity in vitro
were conflicting (14, 21). In addition, 14-3-3 was always asso-
ciated with Raf-1 in vivo, regardless of Raf-1’s subcellular
location or activation state or whether Raf-1 was bound to Ras
(12, 14). Therefore, the precise role that the 14-3-3 proteins
play in Raf-1 activation and the functional significance of the
Raf-1–14-3-3 interaction are not evident.
In this report, we investigate the biochemical and biological

activity of Raf-1 in the presence and absence of associated
14-3-3. Our findings indicate that association with 14-3-3 alone
is not sufficient to activate Raf-1 and that Raf-1 mutants un-
able to stably interact with 14-3-3 are biologically activated in
a Ras-independent manner.

MATERIALS AND METHODS

Antibodies. The Raf-1 antibodies used in this study include a rabbit polyclonal
antibody generated against the last 12 amino acid residues of Raf-1 (Santa Cruz
Biotechnology, Santa Cruz, Calif.) and a mouse monoclonal antibody generated
with a 24-kDa protein fragment corresponding to amino acid residues 162 to 378
of human Raf-1 as an immunogen (Transduction Laboratories, Lexington, Ky.).
14-3-3 antibody was a rabbit polyclonal antibody generated against a synthetic
peptide corresponding to amino acid residues within the b and z isoforms of
14-3-3 (generously provided by D. Pallas, Dana-Farber Cancer Institute [33], or
obtained from Upstate Biotechnology Inc. [UBI], Lake Placid, N.Y.). The hsp90
antibody was an affinity-purified polyclonal rabbit antibody (Affinity BioRe-
agents, Neshanic Station, N.J.).
Construction of expression vectors encoding WT and mutant Raf-1 proteins.

Raf-1 constructs encoding amino acid point mutations were generated by site-
directed mutagenesis as previously described (7) with a human Raf-1 cDNA
clone, pKS:cRaf, and the appropriate oligonucleotides to introduce the desired
base changes. For the FLAG–Raf-1 construct, sequences encoding the FLAG
epitope tag (amino acids DYKDDDDK) were inserted proximal to the amino-
terminal methionine of Raf-1 by site-directed mutagenesis of pKS:cRaf with the
oligonucleotide 59-GGATCCATATTATGGACTACAAGGACGACGATGAC
AAGGAGCACATACAGGGAGC-39. The specific base changes in all mutant
constructs were confirmed by sequence analysis. cDNA fragments encoding the
entire wild-type (WT) and mutant Raf-1 proteins were isolated and inserted into
the pVL941 baculoviral transfer vector for expression in Sf9 cells, the pLNCX
retroviral vector for expression in 293 cells, and the pSP64T transcription vector
for expression in Xenopus oocytes (24). Plasmids encoding Raf-1 proteins con-
taining a lysine-to-methionine substitution at amino acid position 375 of the ATP
binding site (ATPM) (31); an arginine-to-leucine substitution at amino acid
position 89 (R89L) (8); cysteine-to-serine substitutions at amino acid positions
165 and 168 (CRM) (34); a tyrosine-to-aspartic acid substitution at amino acid
position 340 (Y340D) (6); and serine-to-alanine substitutions at amino acid
positions 43 (S43A), 259 (S259A), and 621 (S621A) (31) were generated.
Expression of recombinant proteins in Sf9 and 293 cells. Routinely, for re-

combinant protein production, 2 3 106 Sf9 cells were infected with the desired
recombinant baculovirus(es) at a multiplicity of infection of 10 and lysed at 48 h
postinfection. Sf9 cells were assayed for the expression of the recombinant
proteins by immunoblot analysis. Recombinant baculoviruses encoding WT and
mutant Raf-1 proteins, activated Src (supplied by D. Morgan, University of
California, San Francisco), Ha-RasV12 (obtained from T. Roberts, Dana-Farber
Cancer Institute), and cBcr (provided by A. M. Pendergast, Duke University
Medical Center) were used.
For transient expression of Raf-1 proteins in 293 cells, the pLNCX-Raf con-

structs were transfected into 293 cells by the calcium phosphate method (47).
Forty-eight hours after transfection, cells were placed in serum-free medium and
cultured for an additional 16 h before lysis.
Preparation of cell lysates and immunoprecipitation assays. Infected Sf9 cells

(2 3 106) or transfected 293 cells were washed twice with ice-cold phosphate-
buffered saline (PBS) and lysed for 20 min at 48C in 500 ml of Nonidet P-40
(NP-40) lysis buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl, 10%
glycerol, 1% NP-40, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, apro-
tinin (0.15 U/ml), 20 mM leupeptin, and 5 mM sodium vanadate. Alternatively,
Sf9 cells were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer con-
taining 20 mM Tris (pH 8.0), 137 mM NaCl, 10% glycerol, 1% NP-40, 0.1%
sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, aprotinin (0.15 U/ml), 20 mM leupeptin, and 5
mM sodium vanadate. Insoluble material was removed by centrifugation at 48C
for 10 min at 16,000 3 g, and cell lysates were equalized for Raf-1 protein
expression by immunoblot analysis. Immunoprecipitation assays were performed
by incubating cell lysates with the appropriate antibody for 3 h at 48C. The
antigen-antibody complexes were collected with protein A/G agarose beads
(Santa Cruz Biotechnology, Inc.). The immunoprecipitates were then washed
four times with cold NP-40 lysis buffer before analysis by SDS-polyacrylamide gel
electrophoresis (PAGE).
In vitro protein kinase assay. Raf-1 immunoprecipitates were washed three

times with NP-40 lysis buffer containing 1 mM sodium vanadate and once with
kinase buffer (30 mM HEPES [N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
acid; pH 7.4], 10 mM MnCl2, 5 mM MgCl2, 1 mM dithiothreitol, 5 mM ATP).
The complexes were then incubated at 258C for 15 min in 40 ml of kinase buffer
containing 20 mCi of [g-32P]ATP and 0.1 mg of purified 59-p-fluorosulfonyl-
benzoyladenosine (FSBA)-treated MKK1 (3). Kinase assays were terminated by
the addition of gel loading buffer (4% SDS, 80 mM dithiothreitol, 10% glycerol),
the samples were resolved by SDS-PAGE, and phosphoproteins were visualized
by autoradiography.
Purification of FLAG epitope-tagged Raf-1. Sf9 cells infected with a recombi-

nant baculovirus encoding FLAG–Raf-1 were lysed 48 h postinfection in RIPA
buffer as described above. The FLAG–Raf-1 was then batch purified by incu-
bating the lysates with an anti-FLAG affinity resin for 2 h at 48C on a rocking
platform. After the binding reaction, the resin was washed three times with RIPA
buffer and three times with NP-40 lysis buffer. The Raf-1 protein was then eluted
from the resin by using a synthetic peptide encoding the FLAG epitope. To
accomplish this, the FLAG–Raf-1-containing resin was incubated with the
FLAG peptide in NP-40 lysis buffer for 2 h at 48C on a rocking platform. The
resin was then pelleted, and the supernatant containing the eluted FLAG–Raf-1
was collected.
Phosphatase treatment and in vitro binding assays. For phosphatase experi-

ments, 2 3 106 Sf9 cells were lysed in 700 ml of NP-40 lysis buffer lacking sodium
vanadate. A 100-ml aliquot of lysate was then taken and diluted with 300 ml of 40
mM PIPES [piperazine-N,N9-bis(2-ethanesulfonic acid)] buffer (pH 6.0) contain-
ing 1 mM dithiothreitol, aprotinin (0.15 U/ml), 20 mM leupeptin, and 1 mM
phenylmethylsulfonyl fluoride. Three units of type VII potato acid phosphatase
(Sigma, St. Louis, Mo.) were added, and the samples were incubated at 308C for
various times. After phosphatase treatment, 0.7 ml of NP-40 lysis buffer was
added and the samples were placed on ice. For in vitro binding assays, glutathi-
one S-transferase (GST)–14-3-3–Bap-1 fusion protein (37) was expressed in
bacteria and affinity purified on glutathione-agarose beads (2). Twenty to 30 ml
of agarose beads containing immobilized GST–14-3-3–Bap-1 fusion protein
(;10 mg) was then added to the phosphatase-treated lysates, and the samples
were incubated with rocking for 2 h at 48C. The agarose beads were pelleted by
centrifugation, washed three times with NP-40 lysis buffer, resuspended in gel
loading buffer, and examined by immunoblot analysis.
Oocyte injection and analysis. For protein expression in Xenopus oocytes,

RNAs encoding the various Raf-1 proteins were transcribed in vitro from the
pSP64T-Raf-1 plasmids. The Ha-RasV12 construct used for in vitro transcription
was described previously (7). All plasmids were linearized with the appropriate
restriction enzyme, and capped RNA transcripts were synthesized as specified by
the vendor (Ambion, Austin, Tex.) with SP6 RNA polymerase.
Oocytes were surgically removed from X. laevis females (Xenopus I, Ann

Arbor, Mich.) and manually defolliculated in modified Barth solution (88 mM
NaCl, 1 mM KCl, 2.5 mM NaHCO3, 10 mM HEPES [pH 7.5], 0.82 mM MgSO4,
0.33 mM [CaNO3]2, 0.4 mM CaCl2). Oocytes were then washed several times in
modified Barth solution and cultured in 50% Leibovitz-15 medium. Within 6 h of
isolation, oocytes were injected with approximately 30 ng of in vitro-transcribed
RNA encoding the various Raf-1 proteins. In some cases, the oocytes were
injected 4 h later with 30 ng of Ha-RasV12 RNA. Oocytes were scored for
germinal vesicle breakdown (GVBD), as evidenced by the appearance of a white
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spot at the animal pole. This observation was verified by manual dissection of
oocytes after fixation in 8% trichloroacetic acid. For Raf-1 kinase assays, oocytes
were lysed by titration with a pipette tip in NP-40 lysis buffer (10 ml per oocyte).
Insoluble material was pelleted by centrifugation at 14,000 3 g for 5 min at 48C.
Lysates from three to five oocytes were then diluted with 700 ml of RIPA lysis
buffer, and the Raf-1 proteins were immunoprecipitated and analyzed with in
vitro protein kinase assays.

RESULTS

Association of Raf-1 with 14-3-3 proteins in Sf9 cells. Pre-
vious reports have demonstrated that Raf-1 produced in the
baculovirus expression system is complexed with endogenous
insect 14-3-3 proteins and that an association of these two
proteins can be detected in coimmunoprecipitation experi-
ments (12, 14). Consistent with these published reports, we
also found that 14-3-3 could be specifically coimmunoprecipi-
tated with baculovirus-expressed Raf-1. However, 14-3-3 was
not complexed with all mammalian signaling proteins ex-
pressed in this system, because it was not detected in immu-
noprecipitates of baculovirus-expressed phospholipase C-g
(PLCg) under any conditions evaluated (Fig. 1). With two
different Raf-1 antibodies (C9 and 24K), 14-3-3 was detected in
Raf-1 immunoprecipitates prepared from cells lysed in NP-40
lysis buffer (Fig. 1). In contrast, 14-3-3 was not present in Raf-1
immunoprecipitates prepared from cells lysed in RIPA buffer
(Fig. 1). This finding suggests that the more stringent lysis of
cells in RIPA buffer containing SDS and sodium deoxycholate
disrupted the Raf-1–14-3-3 interaction.

The in vitro catalytic activity of Raf-1 is not altered by
association with 14-3-3. To evaluate the significance of the
Raf-1–14-3-3 interaction, we first examined the effect that 14-
3-3 binding has on the enzymatic activity of Raf-1. Because cell
lysis conditions which would disrupt the interaction of Raf-1
and 14-3-3 were available, we began our analysis by comparing
the in vitro kinase activities of Raf-1 in the presence and
absence of associated 14-3-3. Sf9 cells were infected with Raf-1
alone or were coinfected with Raf-1, Ras, and Src, conditions
that have been shown to activate Raf-1 (6, 48). Cells were then
lysed either in NP-40 lysis buffer or in RIPA lysis buffer. Raf-1
proteins were immunoprecipitated, and their kinase activity
was measured with MKK1 as an exogenous substrate. This
analysis showed that the catalytic activity of Raf-1 associated
with 14-3-3 was the same as that of Raf-1 lacking associated
14-3-3 (Fig. 2).
We next examined whether the addition of purified 14-3-3

could modulate the catalytic activity of Raf-1. For these exper-
iments, Raf-1 containing a FLAG epitope tag was expressed in
Sf9 cells either alone or together with activated Ras. The Sf9
cells were then lysed in RIPA buffer, and the Raf-1 protein was
purified with an anti-FLAG affinity resin. The soluble Raf-1
protein generated by this protocol was .90% pure by silver
staining (Fig. 3B) and did not contain any detectable 14-3-3
protein (Fig. 3A). When either of two preparations of purified
14-3-3 was added to the purified Raf-1 in vitro, no change in
kinase activity was observed (Fig. 3C). The presence of exog-
enously added 14-3-3 did not activate inactive Raf-1 (Raf-1
alone) and did not further stimulate active Raf-1 (Raf-1 plus

FIG. 1. Coimmunoprecipitation of 14-3-3 with baculovirus-expressed Raf-1.
Sf9 cells expressing Raf-1 or PLCg were lysed in NP-40 or RIPA lysis buffer.
PLCg proteins were immunoprecipitated with antibodies to PLCg (aPLCg), and
Raf-1 proteins were immunoprecipitated with either of two Raf-1 antibodies
(aC9 or a24K). The immunoprecipitates (IP) were washed with NP-40 lysis
buffer or PBS, resolved by electrophoresis on an SDS–10% polyacrylamide gel,
and examined by immunoblotting with antibodies to 14-3-3. The immunopre-
cipitated Raf-1 and PLCg proteins were subsequently detected by immunoblot-
ting with antibodies to Raf-1 (aRaf-1) and PLCg. Molecular mass markers are
shown to the left in kilodaltons. IgG, immunoglobulin G.

FIG. 2. Comparison of Raf-1 activity in the presence and absence of associ-
ated 14-3-3. Sf9 cells expressing Raf-1 alone (Raf-1) or coexpressing Raf-1, Ras,
and Src (Raf-11) were lysed either in NP-40 or in RIPA lysis buffer. The Raf-1
protein was immunoprecipitated from the lysates, and in vitro protein kinase
assays were performed. Purified FSBA-treated MKK1 was added as an exoge-
nous substrate. Assays were terminated by the addition of gel loading buffer, the
samples were resolved by electrophoresis on SDS–10% polyacrylamide gels, and
the phosphoproteins were visualized by autoradiography. The immunoprecipi-
tates were subsequently examined for the presence of Raf-1 and 14-3-3 by
immunoblotting with antibodies to Raf-1 (aRaf-1) and 14-3-3 (a14-3-3). Molec-
ular mass markers are shown to the left in kilodaltons.
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Ras). However, both purified 14-3-3 batches did have factor
activating exoenzyme S activity (13). These results suggest that
the mixing of purified Raf-1 and 14-3-3 in vitro is not sufficient
to activate Raf-1.
The Raf-1–14-3-3 interaction requires Raf-1 phosphoryla-

tion. To further evaluate the association between Raf-1 and
14-3-3, we next performed experiments to characterize the
biochemical basis of this interaction. In addition to Raf-1,
14-3-3 interacts with polyomavirus middle T antigen (33), Bcr,
and Bcr/Abl (37). Each of these proteins is phosphorylated on
serine residues and contains serine-rich regions in their pre-
dicted 14-3-3 binding domains (30, 37). Therefore, to deter-
mine whether phosphorylation might be involved in the Raf-
1–14-3-3 interaction, we examined the ability of phosphatase-
treated Raf-1 to interact in vitro with 14-3-3. For these assays,
GST–14-3-3 fusion proteins were expressed in bacteria and
affinity purified with glutathione-agarose beads (37). The im-
mobilized GST–14-3-3 fusion protein was then incubated with
Raf-1 lysates that had been treated for various times with
potato acid phosphatase. The association of Raf-1 with GST–
14-3-3 was detected by immunoblot analysis. As shown in Fig.
4A, increased phosphatase treatment of Raf-1 reduced and
ultimately prevented the interaction with the GST–14-3-3. The
decrease in association was not due to proteolysis of Raf-1,
because equivalent amounts of Raf-1 were present in all sam-
ples after phosphatase treatment (Fig. 4A). GST–14-3-3 has
also been shown to interact in vitro with the Bcr protein kinase
(37). To determine whether phosphorylation plays a role in the
Bcr–14-3-3 interaction, we performed in vitro binding studies
with phosphatase-treated Bcr lysates. As was observed for
Raf-1, phosphatase treatment eliminated the binding of Bcr to
14-3-3 (Fig. 4B).

Identification of Raf-1 mutant proteins unable to stably
interact with 14-3-3. The observation that phosphatase-treated
Raf-1 was unable to associate with 14-3-3 in vitro suggests that
phosphorylation does play a role in the Raf-1–14-3-3 interac-
tion. Previous studies in our laboratory have identified several

FIG. 3. Analysis of the in vitro kinase activity of purified FLAG–Raf-1 in the presence or absence of purified 14-3-3. Sf9 cells expressing FLAG–Raf-1 alone (Raf-1)
or coexpressing FLAG–Raf-1 and Ras (Raf-1 1 Ras) were lysed in RIPA buffer, and the FLAG–Raf-1 proteins were purified as described in Materials and Methods.
(A) Crude Sf9 cell lysates and purified FLAG–Raf-1 proteins were resolved by electrophoresis on SDS–10% polyacrylamide gels and examined for the presence of
Raf-1 and 14-3-3 by immunoblotting with antibodies to FLAG–Raf-1 (aFLAG) and 14-3-3 (a14-3-3). (B) Analysis of purified FLAG–Raf-1 by silver staining. Molecular
mass markers are shown to the left in kilodaltons. (C) In vitro protein kinase assay of purified FLAG-Raf-1 proteins incubated in the absence (Alone) or presence of
two purified preparations of 14-3-3z (14-3-3P1 and 14-3-3P2 [14]). Purified FSBA-treated MKK1 was added as an exogenous substrate. Assays were terminated by the
addition of gel loading buffer, the samples were resolved by electrophoresis on SDS–10% polyacrylamide gels, and the phosphoproteins were visualized by
autoradiography. 14-3-3z added to the assayed samples was detected by immunoblotting with antibodies to 14-3-3.

FIG. 4. Phosphatase treatment of Raf-1 and Bcr prevents in vitro association
with 14-3-3. (A) Lysates of Sf9 cells expressing Raf-1 were treated with potato
acid phosphatase (PAP) for various times (shown in minutes above the lanes)
and incubated with GST–14-3-3. Raf-1 protein associated with GST–14-3-3 was
detected by immunoblot analysis with antibodies to Raf-1. After phosphatase
treatment, an aliquot of each lysate was examined by immunoblotting with
antibodies to Raf-1. (B) Same as panel A, except lysates of Sf9 cells expressing
Bcr were phosphatase treated and immunoblotting was performed with antibod-
ies to Bcr.
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in vivo sites of Raf-1 phosphorylation, and Raf-1 proteins con-
taining mutations in these sites have been generated (6, 31).
Therefore, we tested whether any of our phosphorylation site
mutants might be defective in 14-3-3 binding. In addition,
because previous studies indicated that 14-3-3 associates with
Raf-1 at multiple sites, with the primary interaction site located
in the amino-terminal regulatory domain, we also tested other
Raf-1 proteins containing mutations in this domain. The Raf-1
mutant proteins were expressed in Sf9 cells, and the associa-
tion with 14-3-3 was examined in coimmunoprecipitation ex-
periments. By immunoblot analysis, 14-3-3 was not detected in
immunoprecipitates of two mutant proteins, S259A–Raf-1 and
CRM–Raf-1 (Fig. 5). An interaction with 14-3-3 was observed
for all other mutants but was somewhat reduced in immuno-
precipitates of S621A–Raf-1 (Fig. 5). However, all of the Raf-1
mutant proteins associated to similar extents with hsp90, an-
other protein which has been shown to coimmunoprecipitate
with Raf-1 (Fig. 5). In addition, we found that S259A–Raf-1
and CRM–Raf-1 were able to interact with Ras (see Fig. 8);
however, they were unable to associate in vitro with GST–14-
3-3 (data not shown), suggesting that these proteins contain
mutations which specifically inhibit the Raf-1–14-3-3 interac-
tion. S259A–Raf-1 contains a serine-to-alanine substitution at
amino acid position 259, a site of in vivo phosphorylation
located in the conserved serine- and threonine-rich CR2 do-
main (31). CRM–Raf-1 contains cysteine-to-serine changes at
amino acids 165 and 168, and mutation of these residues dis-
rupts a conserved cysteine repeat located in the CR1 domain
(19, 36).
To further evaluate the S259A–Raf-1 and CRM–Raf-1 mu-

tants, we transiently transfected FLAG epitope-tagged ver-
sions of these proteins into human 293 cells. Epitope-tagged
proteins were used such that the mutant transfected proteins
could be distinguished from the endogenous Raf-1 present
within the cells. By immunoblot analysis, anti-FLAG immuno-
precipitates of WT Raf-1 and R89L–Raf-1 did contain 14-3-3
(Fig. 6A). In contrast, CRM–Raf-1 and S259A–Raf-1 again
failed to efficiently coimmunoprecipitate 14-3-3 (Fig. 6A).

When the enzymatic activities of these proteins were mea-
sured, both S259A–Raf-1 and CRM–Raf-1 had approximately
threefold increased kinase activity compared with WT Raf-1
(Fig. 6B).
Raf-1 mutant proteins defective in the ability to interact

with 14-3-3 are biochemically and biologically activated in
Xenopus oocytes. To assess the biological activities of S259A–
Raf-1 and CRM–Raf-1, we examined the ability of these pro-
teins to induce the meiotic maturation of Xenopus oocytes. As
we have previously reported, WT Raf-1 was not enzymatically
activated or capable of inducing maturation when expressed
alone in stage VI oocytes (6–8) (Fig. 7A). However, expression
of Ha-RasV12 in oocytes did induce meiotic maturation result-
ing in GVBD (7) (Fig. 7A). Furthermore, coexpression of
Ha-RasV12 with WT Raf-1 activated the kinase activity of the
WT Raf-1 protein (Fig. 7B). When the Raf-1 mutant proteins
were expressed in oocytes, we found that S259A–Raf-1 in-
duced GVBD in 96% of the oocytes and CRM–Raf-1 induced
GVBD in 98% of the oocytes (Fig. 7A). In addition, CRM–
Raf-1 and S259A–Raf-1 proteins isolated from oocyte lysates
were enzymatically activated and coexpression with Ha-RasV12

did not further stimulate the kinase activity of these proteins
(Fig. 7B).
Activation of CRM–Raf-1 and S259A–Raf-1 is independent

of Ras. Because CRM–Raf-1 and S259A–Raf-1 were biologi-
cally and biochemically activated in the oocyte system and
because their activity was not influenced by coexpression with
Ha-RasV12, we examined whether these proteins function in a
Ras-independent manner. For these studies, we generated mu-
tant Raf-1 proteins which were not only defective in their
ability to bind 14-3-3 but which were also defective in their
ability to interact with Ras. Previously, we have shown that
mutation of a single amino acid in Raf-1 (R89L) disrupts the
interaction with Ras in vitro and in vivo (8). Therefore, we
constructed Raf-1 proteins that contained the R89L mutation
together with either the CRM or S259A mutation. To confirm
that the Raf-1 proteins containing the R89L mutation were
defective in their ability to interact with Ras, these mutants
were expressed in Sf9 cells and the association with Ras was
examined in coimmunoprecipitation experiments. By immuno-
blot analysis, we found that while CRM–Raf-1 and S259A–

FIG. 5. Association of Raf-1 mutant proteins with 14-3-3 in Sf9 cells. WT and
mutant Raf-1 proteins were immunoprecipitated from Sf9 cells lysed in NP-40
lysis buffers. The immunoprecipitates were resolved by electrophoresis on an
SDS–10% polyacrylamide gel and examined by immunoblotting with antibodies
to Raf-1 (aRaf-1), 14-3-3 (a14-3-3), and hsp90 (ahsp90). Raf-1 proteins ATPM

(ATP) (31), R89L (8), CRM, Y340D (6), and S43A, S259A, and S621A (31)
were examined. IgG, immunoglobulin G.

FIG. 6. Raf-1 mutants unable to stably interact with 14-3-3 have enhanced
kinase activity in human 293 cells. Constructs encoding WT, R89L–, CRM–, and
S259A–FLAG–Raf-1 proteins were transiently transfected into 293 cells. Twen-
ty-four hours after transfection, cells were placed in serum-free medium and
incubated 18 h before lysis. (A) FLAG–Raf-1 proteins were immunoprecipitated
from cell lysates and examined for the presence of Raf-1 and 14-3-3 by immu-
noblotting with antibodies to Raf-1 (aRaf-1) and 14-3-3 (a14-3-3). (B) In vitro
protein kinase assays with FSBA-treated MKK1 as an exogenous substrate were
performed on the FLAG–Raf-1 immunoprecipitates. The amount of 32P incor-
porated into MKK1 was determined, and the results are expressed relative to the
Raf-1 kinase activity present in immunoprecipitates of WT FLAG–Raf-1.
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Raf-1 did associate with Ras, R89L–CRM–Raf-1 and R89L–
S259A–Raf-1 did not (Fig. 8). To next examine the biological
activity of these Raf-1 mutants, the ability of these proteins to
induce the meiotic maturation of Xenopus oocytes was as-
sessed. We found that both R89L–CRM–Raf-1 and R89L–
S259A–Raf-1 efficiently induced GVBD in oocytes (Fig. 9A)
and were catalytically activated (Fig. 9B). These results suggest
that the biologically activated CRM–Raf-1 and S259A–Raf-1
proteins have bypassed the requirement for Ras association.

DISCUSSION

In this study, we examined the role of 14-3-3 in modulating
the enzymatic activity and biological function of Raf-1. Our
results identify residues of Raf-1 required for the association
with 14-3-3 and suggest a mechanism whereby 14-3-3 interacts
with Bcr and Raf-1. In addition, our findings indicate that
association with 14-3-3 alone is not sufficient to activate Raf-1
and that Raf-1 mutants unable to stably interact with 14-3-3
are biologically activated in a Ras-independent manner. These

data argue that 14-3-3 alone is not a direct activator of Raf-1
and suggest that 14-3-3 proteins influence Raf-1 function by
other mechanisms.
The 14-3-3 family of proteins recently received much atten-

tion when they were found to associate with several proto-
oncogene and oncogene products. The initial reports demon-
strating the interaction between 14-3-3 isoforms and Raf-1
were definitive, with the interaction detected with numerous
techniques and approaches (9, 12, 14, 21). However, what was
not evident from these studies was the functional significance
of the interaction. Several lines of evidence suggested that
14-3-3 modulated Raf-1 function and raised the question of
whether 14-3-3 directly activated Raf-1. Overexpression of

FIG. 7. Raf-1 mutants defective in 14-3-3 association are enzymatically and biologically activated in Xenopus oocytes. (A) Induction of meiotic maturation by the
expression of WT and mutant Raf-1 proteins in stage VI Xenopus oocytes. RNA (;30 ng) encoding WT, S259A–, or CRM–FLAG–Raf-1 was injected into
defolliculated stage VI oocytes. Four hours later, oocytes were injected (1) or not injected (2) with H-RasV12 RNA. Oocytes were scored for GVBD within 24 h of
the first injection. (B) In vitro kinase activity of WT and mutant Raf-1 proteins expressed in Xenopus oocytes. Lysates were prepared at GVBD, and FLAG–Raf-1
proteins were immunoprecipitated from the lysates of three infected oocytes. In vitro protein kinase assays were performed with purified FSBA-treated MKK1 as an
exogenous substrate. Assays were terminated by the addition of gel loading buffer, the samples were resolved by electrophoresis on SDS–10% polyacrylamide gels, and
the phosphoproteins were visualized by autoradiography.

FIG. 8. Association of Raf-1 mutant proteins with Ras in Sf9 cells. Sf9 cells
coexpressing Ras and R89L–, CRM–, S259A–, R89L–S259A–, or R89L–CRM–
Raf-1 proteins were lysed in NP-40 lysis buffer, and the Ras proteins were
immunoprecipitated. The immunoprecipitates (IP) were resolved by electro-
phoresis on an SDS–10% polyacrylamide gel and examined for the presence of
Raf-1 by immunoblotting with antibodies to Raf-1. Total lysates were examined
for the expression of the mutant Raf-1 proteins and Ras by immunoblotting with
antibodies to Raf-1 and Ras.

FIG. 9. Raf-1 mutants defective in 14-3-3 and Ras association are enzymat-
ically and biologically activated in Xenopus oocytes. (A) Induction of meiotic
maturation by the expression of WT and mutant Raf-1 proteins in stage VI
Xenopus oocytes. RNA (;30 ng) encoding WT, R89L-S259A–, or R89L–CRM–
Raf-1 proteins was injected into defolliculated stage VI oocytes. Oocytes were
scored for GVBD within 24 h of injection. (B) In vitro kinase activity of WT and
mutant Raf-1 proteins expressed in Xenopus oocytes. Lysates were prepared at
GVBD, and Raf-1 proteins were immunoprecipitated from the lysates of three
injected oocytes. In vitro protein kinase assays were performed with purified
FSBA-treated MKK1 as an exogenous substrate. Assays were terminated by the
addition of gel loading buffer, the samples were resolved by electrophoresis on
SDS–10% polyacrylamide gels, and the phosphoproteins were visualized by au-
toradiography.
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BMH1, the yeast homolog of 14-3-3, enhanced the function of
mammalian Raf-1 in Saccharomyces cerevisiae and was re-
quired for Raf-1 to be activated by Ras in this system (21).
Overexpression of human 14-3-3b or z in yeast cells rescued a
defect in a signaling pathway required for Raf-dependent
growth, and Raf-1 immunoprecipitated from rescued yeast
cells overexpressing 14-3-3 had three- to fourfold more activity
than cells lacking 14-3-3 (12). Finally, injection of mRNA en-
coding mammalian 14-3-3 into Xenopus oocytes induced mei-
otic maturation and increased Raf-1 kinase activity in immu-
noprecipitates (9). However, several observations argued that
14-3-3 enhanced Raf-1 function in ways other than through
direct activation. In vivo, 14-3-3 proteins are constitutively
associated with Raf-1 regardless of the cellular location or
activation state of Raf-1 (12, 14). In addition, while Irie et al.
(21) found that the addition of purified 14-3-3 enhanced the
activity of mammalian Raf-1 immunoprecipitated from yeast,
Fu et al. (14) found that most preparations of purified 14-3-3
(four out of five) had no effect on Raf-1 activity. Therefore, the
published reports were unclear as to the biological role of the
Raf-1–14-3-3 interaction.
To begin our analysis of the functional significance of the

Raf-1–14-3-3 association, we examined the effect of 14-3-3
binding on the enzymatic activity of Raf-1 in vitro. Because
Raf-1 is constitutively associated with 14-3-3 in vivo, we first
identified conditions that would disrupt the Raf-1–14-3-3 in-
teraction (cell lysis in buffers containing SDS and sodium de-
oxycholate). Raf-1 isolated in the absence of 14-3-3 was then
evaluated for enzymatic activity. In our experiments, the in
vitro kinase activity of Raf-1 associated with 14-3-3 was equiv-
alent to that of Raf-1 not associated with 14-3-3. We also found
that the addition of purified 14-3-3 to purified Raf-1 in vitro
did not alter the catalytic activity of Raf-1, regardless of
whether the purified Raf-1 was inactive or partially activated
by Ras. Therefore, with purified components and MKK as a
Raf-1 substrate, our biochemical studies failed to demonstrate
that the Raf-1–14-3-3 interaction was an activating event in
vitro. In contrast, previous studies showing an effect of 14-3-3
on Raf-1 activity in vitro were performed with Raf-1 immuno-
precipitated under conditions that preserved the endogenous
association of 14-3-3 with Raf-1 (14, 21). Thus, the activational
effects observed might reflect the modulation of some other
factor present within the immunoprecipitates. Furthermore, in
one report, the Raf-1 activity was assayed indirectly in a cou-
pled reaction measuring the phosphorylation of kinase-inactive
MAPK (21). When Raf-1 activity is measured in an indirect
assay, small variations in activity may appear larger because of
signal amplification, leading to an overestimation of Raf-1
activity. Our results, however, do not rule out the possibility
that 14-3-3 might be a cofactor required for Raf-1 activation in
some circumstances and cell contexts.
To address the biological role of the Raf-1–14-3-3 interac-

tion in vivo, we performed experiments to identify Raf-1 mu-
tant proteins that fail to stably interact with 14-3-3. From these
studies, we found that Cys-165 and Cys-168 as well as Ser-259
are residues of Raf-1 required for 14-3-3 association and con-
stitute two separate sites of interaction. Both Cys-165 and
Cys-168 and Ser-259 were required for this interaction, but
mutation of either prevented stable association with 14-3-3.
This finding is consistent with previous yeast two-hybrid exper-
iments and in vitro binding studies indicating that 14-3-3 in-
teracts with Raf-1 at multiple sites (12, 14, 21). Cys-165 and
Cys-168 are located in the CR1 domain downstream of se-
quences required for Ras interaction and are part of a con-
served cysteine repeat that forms a zinc binding motif (18, 45).
Ser-259 is a conserved site of in vivo phosphorylation located in

the CR2 domain (18, 31). Consistent with the observation that
a serine phosphorylation site is required for the interaction
with 14-3-3, we found that dephosphorylated Raf-1 was unable
to bind GST–14-3-3 in vitro. Phosphatase treatment also pre-
vented the association of GST–14-3-3 and the Bcr protein. In
addition to Raf-1, Bcr, Bcr/Abl, and polyomavirus middle T
antigen have recently been shown to be complexed with 14-3-3
in vivo (33, 37). Both cysteine- and serine-rich regions are
common elements present within these proteins and have been
proposed to be determinants for 14-3-3 binding (30, 37). Pre-
vious studies have also shown that 14-3-3 binds to phosphory-
lated but not dephosphorylated tryptophan hydrolase (15).
These findings, together with our results, suggest that binding
to phosphorylated residues may be a common mechanism
whereby 14-3-3 interacts with other proteins.
If 14-3-3 does play a role in modulating Raf-1 function, then

mutational analysis should show a correlation between 14-3-3
association and the biological and enzymatic activity of Raf-1.
After the identification of residues required for the Raf-1–14-
3-3 interaction, we then examined whether mutation of these
sites altered Raf-1 function. When expressed in human 293
cells, epitope-tagged versions of S259A–Raf-1 and CRM–
Raf-1 had increased catalytic activity compared with WT
Raf-1. S259A–Raf-1 and CRM–Raf-1 proteins were also ca-
pable of inducing the meiotic maturation of Xenopus oocytes.
In addition, the biological activity of the S259A–Raf-1 and
CRM–Raf-1 proteins did not require an interaction with Ras,
as shown by the observation that mutation of a residue re-
quired for Ras binding (R89L) had no effect on the ability of
these mutants to induce oocyte maturation. Furthermore, co-
expression with Ha-RasV12 did not enhance the kinase activity
of S259A–Raf-1 and CRM–Raf-1 in oocytes. Therefore, our
analysis indicates that Raf-1 proteins defective in their ability
to interact with 14-3-3 were biologically and biochemically
activated in a Ras-independent manner.
In conclusion, our studies of the Raf-1–14-3-3 interaction

indicate that the association with 14-3-3 is not an activating
event or essential for Raf-1 activity. Previous data suggesting
that 14-3-3 modulates Raf-1 function in vivo were from studies
performed with systems overexpressing 14-3-3 or with a yeast
system, in which Raf-1 is not normally expressed. Several ex-
planations could account for the observed effects of 14-3-3.
14-3-3 may play a structural role in stabilizing the conforma-
tion of Raf-1 or in facilitating the interaction of Raf-1 with
other signaling proteins or activators. Alternatively, 14-3-3 may
mediate intracellular trafficking involved in the translocation of
Raf-1 from the cytosol to the membrane, where it becomes
activated. In these cases, the overexpression of 14-3-3 may
increase the amount of Raf-1 that becomes functionally com-
petent. A hypothesis consistent with our data is that 14-3-3
functions to keep Raf-1 in an inactive state in quiescent cells
and that in response to signaling events may participate in the
activation of Raf-1. Further experimentation will be necessary
to fully elucidate the precise biological role of the Raf-1–14-3-3
interaction.
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