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To identify proteins that may participate in the activation of the protein kinase Raf, proteins
that interact with Raf were selected in a two-hybrid screen. Two members of the 14-3-3
protein family were isolated that interacted with both the amino terminal regulatory regions
of Raf and the kinase domain of Raf, but did not compete with the guanine nucleotide—
binding protein Ras for binding to Raf. 14-3-3 proteins associated with Raf in mammalian
cells and accompanied Raf to the membrane in the presence of activated Ras. In yeast
cells expressing Raf and MEK, mammalian 14-3-3 B or 14-3-3 { activated Raf to a similar
extent as did expression of Ras. Therefore, 14-3-3 proteins may participate in or be
required for the regulation of Raf function. These findings suggest a role for 14-3-3
proteins in Raf-mediated signal transduction.

Activation of the mitogen-activated pro-
tein (MAP) kinase pathway is a central
event in the response of cells to mitogenic
factors. MAP kinase activation is essential
for proliferation of fibroblasts in response to
growth factors (1) and is in many cases
dependent on activated Ras (2). The c-
Raf-1 (Raf) protein kinase is a downstream
effector of Ras, which in turn phosphoryl-
ates and activates the enzyme known as
MAP kinase kinase or MEK [MAP kinase
or extracellular signal-regulated kinase
(ERK) kinase] (3), the activator of the
MAP kinases ERK1 and ERK2 (4). Raf
appears to function downstream of Ras be-
cause v-Raf can transform cells in which
Ras function is inhibited (5). Also, anti-
sense Raf RNA and dominant negative mu-
tants of Raf interfere with transformation
by activated Ras (6). Genetic evidence
both in Drosophila and in Caenorhabditis
elegans also indicates that Raf is a down-

Fig. 1. Interaction be- A
tween portions of Raf and
14-3-3 proteins in the two-
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CR2 region. Raf 303-648 includes the entire kinase domain (CR3). (B) Gal4
activation domain fusion plasmids coding for H-Ras (Ser'#¢), 14-3-3 8, and
14-3-3 { were transformed into yeast with DNA-binding domain fusions
containing (a) Raf full-length, (b) Raf 1-197, (c) Raf 186-332, (d) Raf
303-648, and as a negative control, (e) adenomatous polyposis coli (APC)
protein amino acids 1034 to 2130 (40). For each transformation, four
independent colonies were picked from nonselected (+his) plates, patched,
and grown for 3 days before they were tested for production of B-Gal as
described (47). Portions of the cells from each transformation were plated on
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stream element in Ras-mediated signaling
(7). Ras and Raf interact directly both in
vitro and in vivo (8, 9). This association
occurs with higher affinity if Ras is in the
guanosine triphosphate—bound form and is
mediated by the Ras effector domain and a
region of Raf containing part of its CR1
(conserved region 1) in the NH,-terminal
regulatory domain of the protein. Although
Raf can be activated in insect cells by ex-
pression with either v-Src or v-Ras (10, 11),
simple association between Ras and Raf in
vitro does not activate Raf (12).
Activated Ras directs Raf kinase to the
plasma membrane (13, 14). A modified
form of Raf that contains a CAAX motif
[C, cysteine; A, aliphatic amino acid; X,
any amino acid (15)] and is thereby direct-
ed to the plasma membrane (14), becomes
activated without a requirement for activat-
ed Ras. Ras may therefore be dispensable
after plasma membrane localization has
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been achieved. However, the mechanism
by which Raf becomes activated has not yet
been elucidated.

To identify proteins that might partici-
pate in Raf activation, we used a two-hybrid
screen (16, 17) of a HeLa complementary
DNA (cDNA) library fused with the Gal4
activation domain, with full-length Raf pro-
tein kinase fused with the Gal4 DNA-bind-
ing domain as target. Of 10 clones identi-
fied as specific positives, 2 were distinct
members of the 14-3-3 protein family, des-
ignated 14-3-3 B (human 1054) (18) and
14-3-3 £ (19, 20). To address the specificity
of these interactions, we tested other Gal4
DNA-binding domain fusions. We observed
no interaction, as judged by growth on me-
dium lacking histidine (—his) and expres-
sion of B-galactosidase (B-Gal) activity, of
either of the 14-3-3 proteins with the ad-
enomatous polyposis coli (APC) protein
amino acids 1034 to 2130 (Fig. 1B), with
p53, with Ras (Ser'8) (21), or with the
Gal4 DNA-binding domain alone (22). We
have, however, detected an interaction be-
tween 14-3-3 B and the Ber protein (23),
which itself has endogenous protein kinase
activity (24).

For determining the region of Raf that
participates in the interaction with 14-3-3
proteins, constructs encoding portions of
Raf (Fig. 1A) were transformed into yeast
with either of the two 14-3-3 family mem-
bers or with Ras (Ser'®¢). The Ras (Ser!8%)
fusion interacted with full-length Raf and
with the NH,-terminal region including
CR1, but not with the middle region con-
taining CR2 or with the COOH-terminal
kinase domain (Fig. 1B). Both of the 14-3-3
proteins also interacted with the NH,-ter-
minal domain of Raf, and 14-3-3 B dis-
played a similar interaction with the middle

portion of Raf and with the COOH-termi-
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nal kinase domain. 14-3-3 { interactions
with both the middle portion of Raf and the
COOH-terminal kinase domain, although
barely detectable with the B-Gal assay, were
evident with the more sensitive measure of
growth on medium lacking histidine (Fig.
1B) (25). Thus, taking into account the
overlap between the Raf fusions, we con-
clude that the interaction between Raf and
14-3-3 proteins is mediated by at least two
distinct regions of the Raf protein.

Given the interaction of the 14-3-3 pro-
teins with the CR1 region, it was possible
that these proteins interacted with the Ras-
binding domain and might compete for Ras
binding. In an in vitro binding assay, re-
combinant 14-3-3 B did not bind directly to
the Ras-binding domain (RBD) of Raf, nor
did it compete with Ras for binding to the
RBD (26). We found no evidence for asso-
ciation between 14-3-3 8 and K-Ras in the
in vitro assay. These data suggest that the
binding site on Raf for 14-3-3 proteins is
distinct from the Ras-binding domain and
that Raf molecules bound to 14-3-3 protein
may simultaneously be bound to Ras:

For investigating in vivo association be-
tween Raf and 14-3-3 proteins, Raf was
immunoprecipitated from insect Sf9 cells
expressing catalytically inactive Raf, wild-
type Raf, and wild-type Raf with v-Src, and
the resultant samples were analyzed by pro-
tein immunoblotting with antiserum to 14-
3-3 proteins. We observed 14-3-3 proteins
in all of these Raf preparations (Fig. 2A).
Preparations of unrelated proteins, such as
H-Sos and human papilloma virus (HPV)
E2, similarly isolated from Sf9 cells, did not
contain 14-3-3 proteins.

For determining whether 14-3-3 pro-
teins associated with Raf in mamma-
lian cells, Raf tagged with the epitope
MEYMPME [(Met-Glu-Tyr-Met-Pro-Met-
Glu), Glu-Glu Raf] was expressed in COS
cells or coexpressed with 14-3-3 B, and
immunoprecipitated with Sepharose-bound
antibody to the Glu-Glu tag (anti-Glu-
Glu). Cells that expressed Glu-Glu Raf
yielded coimmunoprecipitated 14-3-3 pro-
teins whether or not 14-3-3 B was also
overexpressed (Fig. 2B). Cells that ex-
pressed 14-3-3 B alone did not yield Raf or
14-3-3 proteins in the anti-Glu-Glu immu-
noprecipitates (Fig. 2B). Thus, Raf also
formed a complex with members of the
14-3-3 family in mammalian cells.

Raf directed to the membrane by the
addition of a CAAX motif becomes acti-
vated without the need for activated Ras;
therefore, other proteins that participate
in Raf activation must either be localized
in the plasma membrane or be translo-
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cated there under conditions that trans-
locate Raf. The association between 14-
3-3 proteins and inactive Raf suggested
that 14-3-3 proteins might accompany
Raf to the plasma membrane upon Ras
activation. We addressed the localization
of 14-3-3 in COS cells by immunoprecipi-
tation of Raf overexpressed alone or in
combination with activated Ras. When
Raf was expressed alone, it was found
mainly in the soluble or supernatant frac-
tion (S100) and was accompanied by 14-
3-3 protein (Fig. 3). When Raf was ex-
pressed with activated Ras, a larger pro-
portion was recovered in the membrane
or pellet fraction (P100) and was also
accompanied by 14-3-3 protein (Fig. 3)
(27). Consistent with these fractionation
data, immunofluorescence microscopy in-
dicated that when 14-3-3 B was expressed
alone in MDCK cells it was localized in
the cytosol, whereas when it was ex-
pressed together with activated Ras, par-
tial redistribution to the plasma mem-
brane was observed (28). These data in-
dicate that 14-3-3 protein accompanies
Raf to the plasma membrane and is there-
fore associated with Raf in the membrane
where activation occurs.

To address the functional consequences
of the interaction between Raf and 14-3-3
proteins, we used a yeast system in which
Raf activation is coupled to growth. In Sac-
charomyces cerevisize, mating signals are
transduced through a series of kinases that
are homologous to the members of the

MAP kinase pathway. They include Stell,
homologous to MEK kinase (29), Ste7, the
MEK counterpart, and two redundant MAP
kinases, Fus3 and Kss1 (30). One target of
the Fus3 kinase is the Stel2 transcription
factor, which promotes transcription from
promoters upstream of mating-inducible
genes (31). Fusion of one such promoter,
that of the FUSI gene, to the HIS3 gene
renders the cells dependent on activation of
the mating pheromone pathway for viabil-
ity in the absence of exogenous histidine
(—his). We used a strain that is also mutat-
ed in one of the signaling components, the
STEII gene, and is therefore impaired for
signaling and growth on medium lacking
histidine. This defect can be complemented
by introduction of an active form of Raf,
such as its constitutively active kinase do-
main, together with MEK (32). Full-length
Raf does not signal in this system, but can
be activated by overexpression of Ras (Fig.
4A). Introduction of the 14-3-3 B or 14-3-3
{ gene into the stel | mutant strain carrying
full-length Raf integrated into the genome
and the MEK gene on a plasmid, resulted in
stimulation of growth on —his medium
(Fig. 4A). This phenotype was not observed
in cells that contained either Raf or MEK
alone, indicating a specific effect on Raf.
The degree of growth observed with the
14-3-3 clones was comparable to that ob-
tained with Ras. Raf purified from cells
expressing 14-3-3 proteins had a kinase ac-
tivity that was two to three times that of
Raf from cells not expressing 14-3-3 (Fig.

Fig. 2. Binding of Raf to 14-3-3 proteins in insect cells and
COS cells. (A) Raf tagged at the COOH-terminus with the
sequence  MEYMPME [(Met-Glu-Tyr-Met-Pro-Met-Glu),
Glu-Glu] was purified from insect Sf9 cells with antibody to
Glu-Glu coupled to Sepharose (anti-Glu-Glu Sepharose)
as described (77) and eluted with Glu-Glu peptide. Pro-
teins were resolved by polyacrylamide gel electrophoresis
(PAGE) on 10% gels (NOVEX), transferred to Immobilon
membrane, and blotted with antiserum to 14-3-3 proteins
purified from bovine brain (42). Samples containing roughly
equal amounts of Raf on the basis of Coomassie staining
were loaded in lanes 3 to 5 (43). Lane 1, whole-cell lysate
from MDCK cells; lanes 2 and 5, two different preparations
of Glu-Glu Raf coinfected with v-src baculovirus; lane 3,
catalytically inactive (Lys3"5Ala) Glu-Glu Raf; lane 4, cata-
Iytically competent Glu-Glu Raf infected alone. The second
antibody was horseradish peroxidase (HRP)-conjugated
goat antibody to rabbit immunoglobulin G (IgG). Bands
were visualized with enhanced chemiluminescence (ECL)
reagents (NEN). (B) COS cells were transiently transfected
(44) with Glu-Glu-tagged Raf with (lanes 3 and 6) or with-
out (lanes 1 and 4) 14-3-3 B or with 14-3-3 B alone (lanes
2 and 5), grown for 2 days, and serum-deprived for approx-
imately 16 hours before lysis in MAP kinase immunopre-
cipitation buffer (38). After centrifugation the lysates were
immunoprecipitated with anti-Glu-Glu Sepharose, re-
solved by SDS-PAGE (10% gels), and blotted with alkaline
phosphatase—conjugated antibody to Glu-Glu (lanes 1 to
3) or with rabbit polyclonal antiserum to 14-3-3 followed by
HRP-conjugated goat antibody to rabbit IgG (lanes 4 to 6)
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as in (A). The anti-Glu-Glu blot was visualized with the Western light protein detection kit ( Tropix, Inc.).
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4B). This amount of activation was suffi-
cient for a biological stimulation of the
pathway and was similar to the approxi-
mately twofold stimulation of Raf activity
observed with Ras.

The 14-3-3 proteins comprise a well-con-
served family of proteins present in' mamma-
lian cells as well as in flies, yeast, and plants
(33). Several members of the family have
been described in mammalian cells. These
proteins have been implicated in biochemical
processes such as inhibition of protein kinase
C (PKC), activation of tyrosine and trypto-
phan hydroxylases, and stimulation of exocy-
tosis from adrenal chromaffin cells. Distinct
members of the 14-3-3 family may serve di-
verse regulatory roles in the cell.

Our data suggest that one of the regions
of Raf that interacts with 14-3-3 proteins
may be the zinc finger-like region just
COOH-terminal to the RBD. PKC, which
contains similar zinc finger-like regions,
binds to receptors for activated PKC
(RACKs) (34), to annexin I, and to kinase
C inhibitor protein (KCIP), a member of
the 14-3-3 protein family (33, 34). The
region of these proteins thought to mediate
this interaction is similar to a region present

Fig. 3. Association of 14-3-3 protein with Raf at the plasma membrane. COS
cells transiently transfected with either Glu-Glu-tagged Raf alone (lanes 1, 2,
5, and 6) or Glu-Glu-tagged Raf in combination with H-Ras (Val'?) (lanes 3, 4, 7,
and 8) were subjected to hypotonic lysis and fractionation (27). The soluble or

in all the members of the 14-3-3 protein
family and to a sequence in the COOH-
terminus of proteins of the annexin family
(35). Therefore, this annexin-like domain
may take part in an association with the
zinc finger-like region of Raf.

Association with 14-3-3 proteins alone
is not sufficient to activate the kinase ac-
tivity of Raf. 14-3-3 proteins are associated
with both inactive Raf in the cytosol and
active Raf in the membrane fraction, and
thus may be a necessary structural compo-
nent of the Raf kinase. When BMH1 (36)
(a yeast 14-3-3 homolog) is deleted, Ras can
no longer stimulate the activity of Raf in
the yeast system (37). These observations
suggest that Ras and 14-3-3 may both be
required in a common process of Raf acti-
vation. In the yeast system, overexpression
of 14-3-3 B or 14-3-3 { is sufficient to
activate Raf kinase. When Raf is expressed
in yeast, in which no known homolog ex-
ists, Raf plasma membrane localization and
activation may be limited by the endoge-
nous levels of Ras and 14-3-3 proteins,
and therefore increased when exogenous
Ras and 14-3-3 proteins are expressed. In
mammalian cells, 14-3-3 proteins may

supernatant (S100) (anes 1, 3, 5, and 7) fraction and the detergent-soluble pellet ;*. &

(P100) (lanes 2, 4, 6, and 8) fraction were immunoprecipitated with ant—Glu-Glu

Anti-Raf

Sepharose, and proteins were resolved by SDS-PAGE on 10% gels (NOVEX),

transferred to Immobilon membrane, and blotted with either polyclonal antibody
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to c-Raf (C20, Santa Cruz Biotech.) (lanes 1 through 4) or with polyclonal RS

antibodies to 14-3-3 proteins (lanes 5 through 8). Both blots were incubated with
HRP-conjugated goat antibody to rabbit IgG and bands were visualized with

ECL reagents (NEN).

Fig. 4. Activation of Raf by 14-3-3 proteins in yeast. Strain
SY1984R-L (MATa ste11A pep4A his3A FUS1::HIS3 leu2
ura3 trp1 can1 RAF::LEUZ2) (45) was transformed with plas-
mid YEpMEK (46). The resulting strain was transformed with
one of the following plasmids: the AAH5 vector (control),
AAH5-Ha-Ras (H-Ras) (47), AAH5-14-3-3 B, or AAH5-14-
3-3 {. (A) Four independent isolates of each derivative were
plated on medium lacking histidine, and growth was moni-
tored after 3 days. (B) The Raf protein was affinity purified on
anti-Glu-Glu Sepharose from solubilized P100 fractions (48)
prepared from each of the above derivatives. A portion of
each preparation was incubated with saturating amounts of
recombinant MEK (8 ng) and [y3?PJadenosine triphosphate B
(5 p.Ci) for 20 min at 30°C. The reactions were stopped by
addition of Laemli buffer and boiled for 5 min. The phospho-
rylated products were separated by SDS-PAGE and then
quantitated with an AMBIS radiocisotope detector. The
counts incorporated into MEK were corrected for the amount
of Raf proteins as measured by protein immunoblotting as
described (Fig. 2) (49). The relative Raf activity was normal-
ized to the basal activity of the control. Vertical bars represent
standard errors calculated on means of three experiments.
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participate in the Raf activation process
after membrane localization has been
achieved.
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Stimulatory Effects of Yeast and Mammalian
14-3-3 Proteins on the Raf Protein Kinase

Keniji Irie, Yukiko Gotoh, Beverly M. Yashar, Beverly Errede,
Eisuke Nishida, Kunihiro Matsumoto*

Intracellular signaling from receptor tyrosine kinases in mammalian cells results in acti-
vation of a signal cascade that includes the guanine nucleotide—binding protein Ras and
the protein kinases Raf, MEK [mitogen-activated protein kinase (MAPK) or extracellular
signal-regulated kinase (ERK) kinase], and MAPK. MAPK activation that is dependent on
the coupling of Ras and Raf was reconstituted in yeast. Yeast genes were isolated that,
when overexpressed, enhanced the function of Raf. One of them is identical to BMH1,
which encodes a protein similar to members of the mammalian 14-3-3 family. Bacterially
synthesized mammalian 14-3-3 protein stimulated the activity of Raf prepared from yeast
cells expressing c-Raf-1. Thus, the 14-3-3 protein may participate in or be required for

activation of Raf.

Extracellular mitogenic agents, including a
number of growth factors, impart their
growth signal to the cell by stimulating an
intracellular pathway consisting of kinases
that are members of the Raf, MEK, and
MAPK families. Raf activation appears to
occur downstream of Ras, which is in turn
activated by growth factors that signal
through receptor protein tyrosine kinases
(1). Thus, Ras and Raf are essential com-
ponents of the MAPK pathway that con-
trols cell proliferation. Raf binds to Ras
when Ras is in its active, guanosine triphos-
phate—bound state, suggesting that Raf is a
direct effector of Ras (2, 3). However, Ras
by itself does not activate Raf in vitro, so
there must be other molecules or mecha-
nisms that are required for Raf activation.
Ras may function in the activation of Raf

K. Irie and K. Matsumoto, Department of Molecular Biol-
ogy, Faculty of Science, Nagoya University, Chikusa-ku,
Nagoya 464-01, Japan.

Y. Gotoh and E. Nishida, Department of Genetics and
Molecular Biology, Institute for Virus Research, Kyoto
University, Sakyo-ku, Kyoto 606-01, Japan.

B. M. Yashar and B. Errede, Department of Biochemistry
and Biophysics, University of North Carolina, Chapel Hill,
NC 27599, USA.

*To whom correspondence should be addressed.
E-mail: g44177a@nucc.cc.nagoya-u.ac.jp

SCIENCE e« VOL.265 -

16 SEPTEMBER 1994

by recruiting Raf to the membrane (4).

Elements of the MAPK signaling path-
way appear to have been conserved during
evolution, because Ras and homologs of
each of the kinases, except Raf, have been
identified in Saccharomyces cerevisiae and
Schizosaccharomyces pombe (5). One of the
MAPK pathways in S. cerevisize controls
the response to mating pheromone (5).
This signaling cascade consists of the Stell,
Ste7, and Fus3 or Kss1 kinases whose equiv-
alents in mammals are MEK kinase (or
Raf), MEK, and MAPK, respectively.
Stell, Ste7, and Fus3 or Kssl act sequen-
tially to transmit a signal to the transcrip-
tion factor Stel2, which is required for the
expression of mating-specific genes.

We identified a gain-of-function muta-
tion of STE7, STE73%8 (6). Without pher-
omone stimulation, Ste7"3%® has increased
kinase activity and induces some mating
responses. However, this activity is still de-
pendent on the presence of the upstream
kinase, Stell. An activated form of mam-
malian Raf (RafAN), but not normal c-Raf-
1, can substitute for Stell activity in vivo
(6). However, when c-Raf-1 and Ste77368
are expressed together with mammalian H-
Ras, the Stell deficiency is rescued by c-






