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The serine/threonine kinase activity of the Raf-1 proto-oncogene product is stimulated by the activation of
many yrosine kinases, including growth factor receptors and pp6OV'. Recent studies of growth factor signal
transduction pathways demonstrate that Raf-1 functions downstream of activated tyrosine kinases and p2l'
and upstream of mitogen-activated protein kinase. However, coexpression of both activated tyrosine kinases
and p2l1 is required for maximal activation of Raf-1 in the baculovirus-Sf9 expression system. In this study,
we investigated the role of tyrosine kinases and tyrosine phosphorylation in the regulation of Raf-1 activity.
Using the baculovirus-Sf9 expression system, we identified Tyr-340 and Tyr-341 as the major tyrosine
phosphorylation sites of Raf-1 when coexpressed with activated tyrosine kinases. Introduction of a negatively
charged residue that may mimic the effect of phosphorylation at these sites activated the catalytic activity of
Raf-1 and generated proteins that could transform BALB/3T3 cells and induce the meiotic maturation of
Xenopus oocytes. In contrast, substitution of noncharged residues that were unable to be phosphorylated
produced a protein that could not be enzymatically activated by tyrosine kinases and that could block the
meiotic maturation of oocytes induced by components of the receptor tyrosine kinase pathway. These findings
demonstrate that mutation of the tyrosine phosphorylation sites can dramatically alter the function of Raf-1.
In addition, this is the first report that a transforming Raf-1 protein can be generated by a single amino acid
substitution.

One of the key pathways involved in the transmission of
proliferative, developmental, and oncogenic signals from
receptor tyrosine kinases to the nucleus involves the activa-
tion of p2lmS and the serine/threonine kinases Raf-1 and
mitogen-activated protein kinase (MAPK, also known as
ERK [reviewed in references 28 and 34]). Biochemical and
genetic studies have revealed that this pathway functions in
many cell types in organisms as diverse as Caenorhabditis
elegans, Drosophila melanogaster, Xenopus laevis, and
mammals (8-10, 20, 42). In mammalian cells, activation of
p2lras and Raf-1 by receptors that stimulate cellular tyrosine
phosphorylation results in the sequential activation of the
serine/threonine kinase activities ofMEK (5) (also known as
MKK1 [50]), MAPK, and RSK (28, 34). The activation of
Raf-1 in many cases is dependent upon the activity of p21ras
and can be induced by expression of oncogenic p2lvras,
indicating that Raf-1 may function downstream of p2lras (27,
41, 49). In addition, p2lras enhances the kinase activity of
Raf-1 when these proteins are coexpressed in the baculovi-
rus-Sf9 system (48). However, for maximal activation of
Raf-1 in this system, the presence of activated tyrosine
kinases is also required. Because oncogenic forms of Raf-1
can phosphorylate and activate MEK, thereby activating
MAPK, and RSK, these kinases are thought to function
downstream of Raf-1 (7, 18). In addition, immunoprecipi-
tates of mitogen-stimulated Raf-1 are capable of phosphory-
lating and activating MEK in vitro (13, 20). Raf-1 thus plays
a central role in p21ras-dependent signal transduction path-
ways.
The importance of Raf-1 in mitogenic signalling events has

been demonstrated in three types of studies. First, Raf-1 that
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is activated by mutation can induce gene transcription, DNA
synthesis, and morphological transformation (22, 24, 31).
Second, expression of a dominant inhibitory raf-1 gene can
block the transforming ability of p2lvras and growth factor-
mediated proliferative responses (17). Third, the phosphory-
lation state and kinase activity of Raf-1 are enhanced by the
activation of many growth factor receptors and proto-onco-
gene products (12, 19, 24).
The raf-1 gene was first identified as the normal cellular

counterpart of v-raf, the transforming gene of murine sar-
coma virus 3611 (32), and is ubiquitously expressed in all cell
types examined (38). Subsequently, two related mammalian
rafgenes, A-rafand B-raf, and Xenopus, Drosophila, and C.
elegans raf genes have been identified (1, 10, 15, 21, 29). A
unique characteristic of the Raf family of proteins is the
presence of three conserved domains (CR1, CR2, and CR3)
(33). CR1 is a region rich in cysteine residues and contains a
putative zinc binding region, CR2 is a region rich in serine
and threonine residues, and CR3 contains the protein kinase
domain. Both CR1 and CR2 are located in the amino-
terminal half of the protein, and it is this region that appears
to regulate the catalytic activity of the carboxyl-terminal
kinase domain, because deletion or mutation of the amino
terminus activates the oncogenic potential of Raf-1 (11, 36).

In contrast to oncogenic constitutive activation, Raf-1
activation under mitogenic conditions would be expected to
be mediated by reversible modifications. In mammalian
cells, phosphorylation on serine, threonine, and tyrosine
residues is a common mechanism used to regulate the
function of proteins (14). Phosphorylation also appears to be
involved in the regulation of Raf-1 activity. Treatment of
cells with various growth factors and mitogens results in the
rapid hyperphosphorylation and activation of the Raf-1
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kinase. While the enhancement of Raf-1 phosphorylation in
mitogen-stimulated cells occurs predominantly on serine
residues, increases in threonine and tyrosine phosphoryla-
tion have been observed (12, 24). We have recently identified
that Ser-43, Ser-259, and Ser-621 are the major in vivo sites
of Raf-1 serine phosphorylation (25). The Ser-259 site is
located in the serine/threonine-rich CR2 region and is phos-
phorylated in response to platelet-derived growth factor
(PDGF) treatment of cells. Mutation of Ser-259 results in a
Raf-1 protein that is hyperactivated. In contrast, mutation of
Ser-621 located in the CR3 domain inactivates Raf-1.

Phosphorylation of Raf-1 on tyrosine residues has been
detected in several systems, although the importance of this
modification in vivo has not yet been established. Tyrosine
phosphorylation of Raf-1 has been detected in several sys-
tems, including growth factor-stimulated myeloid cells (4,
16), T cells (40, 43), fibroblasts (26), pp60vS'-"transformed
fibroblasts (27), and Sf9 cells coexpressing Raf-1 and acti-
vated tyrosine kinases (48). However, the extent of Raf-1
tyrosine phosphorylation observed in growth factor-treated
cells varies greatly. For example, approximately 1% of the
phosphate incorporated in Raf-1 in PDGF-treated fibroblasts
is phosphotyrosine (23a), while 20 to 50% of Raf-1 molecules
are phosphorylated on tyrosine in interleukin-2-treated T
cells (43). To determine the significance of tyrosine phos-
phorylation in Raf-1 function requires that the sites of
phosphorylation be identified and mutational analysis be
performed.

In this report, we identify, using the baculovirus-Sf9
expression system, in vivo sites of Raf-1 tyrosine phosphor-
ylation. In addition, we examine the biochemical activity of
Raf-1 proteins that contain mutations at these phosphoryla-
tion sites. Finally, we demonstrate the importance of the
tyrosine sites in regulating the biological activity of Raf-1 in
mammalian cells and in Xenopus oocytes.

MATERIAILS AND METHODS

Phosphorylation site mapping and phosphoamino acid anal-
ysis. 32P-labeled Raf-1 protein was isolated from Sf9 cells
coexpressing Raf-1, p2ll"S, and activated pp6O5 as previ-
ously described (25). 32P-labeled Raf-1 was then separated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), eluted from the gel matrix, precipitated
with trichloroacetic acid, and subjected to enzymatic diges-
tion with trypsin or Lys-C proteases. Labeled peptides were
separated and isolated by reversed-phase high-performance
liquid chromatography (HPLC) with a C-18 column (25). To
identify the residue phosphorylated within the isolated pep-
tides, semiautomated amino-terminal sequence analysis was
performed as previously described (25). For phosphoamino
acid analysis, labeled protein and peptides were hydrolyzed
with 5.7 N HCl for 70 min at 110°C. The recovered phos-
phoamino acids were analyzed at pH 1.9 and 3.5 (2).

Construction of Raf-1 mutants and expression constructs.
The full-length pKS:cRaf and truncated pKS:A-N'Raf hu-
man Raf-1 constructs were used for mutagenesis (9). Site-
directed mutagenesis was performed according to the pro-
cedure described by the vendor (Bio-Rad Mutagenesis Kit;
Bio-Rad, Richmond, Calif.), with custom oligonucleotide
primers to introduce the desired base changes. The resulting
mutant constructs were subsequently sequenced to confirm
the specific base changes. Sequences encoding the entire
full-length wild-type (WT) and mutant Raf-1 proteins (amino
acids 1 to 648) were inserted into the pVL941 baculoviral
transfer vector, the pLJ retroviral vector, and the pSP64T

transcription vector. Sequences encoding the truncated WT
and mutant A-N'Raf proteins (amino acids 305 to 648) were
inserted into the pAcC4 baculoviral transfer vector, the
pLNC retroviral vector, and the pSP64T transcription vec-
tor.

Expression of Raf Proteins in S19 and BALB/3T3 cells. To
generate recombinant baculoviruses expressing the various
Raf proteins, WT Autographa californica nuclear polyhe-
drosis virus (AcNPV) DNA and each of the recombinant
vectors were cotransfected into Sf9 cells, and recombinant
baculoviruses were isolated by plaque purification as previ-
ously described (39). Routinely, for recombinant protein
production, 2 x 106 Sf9 cells were infected with the desired
virus(es) at a multiplicity of infection of 10 and were lysed at
48 h postinfection. Sf9 cells were assayed for the expression
of the recombinant proteins by Western blot (immunoblot)
analysis. Recombinant baculoviruses encoding PDGF recep-
tors (PDGFr) (26), pp60 (supplied by D. Morgan, Univer-
sity of California-San Francisco), p21rs (provided by N.
Williams, Dana-Farber Cancer Institute), p56Ck and NGF/
TrkA receptor (provided by D. Kaplan and B. Stephans,
National Cancer Institute-Frederick Cancer Research and
Development Center, respectively) were also used.
To generate cell lines expressing the various Raf proteins,

the pLJ/Raf and pLNC/A-N'Raf constructs were transfected
in I2 cells and virus stocks were derived. Expression of the
raf alleles in the pLJ and the pLNC vectors is promoted by
the murine sarcoma virus long terminal repeat and cytomeg-
alovirus promoter, respectively, and both vectors encode
resistance to G418 (G418r). For focus-forming assays,
BALB/3T3 cells were infected with virus stocks encoding
the various raf alleles. The cells were trypsinized 24 h after
infection, and 50% of the cells were grown in the absence of
any drug selection and 50% were grown in the presence of
400 ,ug of G418 per ml. After 3 weeks, cells were fixed and
stained with 0.2% methylene blue, and the foci and G418'
colonies were counted.

Immunoprecipitation and in vitro protein kinase assays.
Infected Sf9 cells were lysed on ice in radioimmunoprecipi-
tation assay (RIPA) buffer containing 20 mM Tris (pH 8.0),
137 mM NaCl, 10% glycerol, 1% Nonidet P-40, 0.1% SDS,
0.5% sodium deoxycholate, 2 mM EDTA, 1 mM phenylme-
thylsulfonyl fluoride, 1 mM aprotinin, 20 ,M leupeptin, and
5 mM sodium vanadate. Insoluble material was removed
by centrifugation, and cell lysates were normalized for
Raf protein expression. Raf-1 proteins were immunoprecip-
itated with a specific anti-Raf-1 antibody (35), and the
antigen-antibody complexes were collected with protein
A-Sepharose beads. The Raf-1 immunoprecipitates were
washed three times with lysis buffer and once with kinase
buffer (30 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid, pH 7.4], 1 mM dithiothreitol, 7 mM
MnCl2, 5 mM MgCl2, 15 ,uM ATP) and then were incubated
in 40 RI of kinase buffer containing 20 ,Ci of [.y-32P]ATP for
20 min at 25°C in the presence or absence of 5'-p-
fluorosulfonyl-bezoyladenosine-treated MKK1. The 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 the phosphoproteins were
visualized by autoradiography.

Phosphatase assays. Phosphatase assays were performed
by incubating washed Raf-1 immunoprecipitates with 5 ,g of
placental tyrosine phosphatase per ml (kindly provided by
N. Tonks, Cold Spring Harbor Laboratories) in 50 RI of
reaction buffer containing 25 mM HEPES (pH 7.2), 2 mM
dithiothreitol, 0.05% Triton X-100, 5 mM EDTA, 5% glyc-
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FIG. 1. Tyrosine phosphorylation of Raf-1 by activated tyrosine kinases. (A) In vitro autokinase assay (autophosphorylation), in vitro
kinase assays with MKK1 as an exogenous substrate (phosphorylation of MKK1), anti-P-Tyr (aP-Tyr) and anti-Raf-1 (aRaf-1) Western blot
analysis with Raf-1 immunoprecipitated from Sf9 cells infected with baculoviruses expressing Raf-1 proteins (Raf-1 alone), Raf-1 and p2l"aS
proteins (Raf-1 + ras), Raf-1 and activated pp6O"' proteins (Raf-1 + src), or Raf-1, p2lrnS, and activated pp60 (Raf-1 + ras + src). (B)
Anti-P-Tyr and anti-Raf-1 Western blot analysis of Raf-1 immunoprecipitated from Sf9 cells infected with baculoviruses expressing Raf-1 and
kinase-inactive pp60' proteins (Raf-1 + srcM), Raf-1 and activated pp60Y' proteins (Raf-1 + src), Raf-1 and p56lck proteins (Raf-1 + lck),
Raf-1 and activated NGF/Trk receptors (Raf-1 + Trk), or Raf-1 and activated PDGF receptors (Raf-1 + PR). All samples were resolved by
electrophoresis on SDS-7.5% polyacrylamide gels, and the phosphoproteins were visualized by autoradiography. Migration of molecular
mass standards (in kilodaltons) is shown on the left. For Western blot analysis, antigen-antibody reactions were visualized with secondary
antibodies coupled to horseradish peroxidase and the ECL detection system.

erol, and 1 mg of bovine serum albumin per ml for 1 h at
30°C. For some experiments, 1 mM sodium vanadate was
added to inhibit the tyrosine phosphatase activity. Prior to
kinase assays, the treated immunoprecipitates were washed
three times with RIPA buffer and once with kinase buffer.

Oocyte injection and analysis. X. laevis females were

purchased from Xenopus I (Ann Arbor, Mich.). Oocytes
were removed and defolliculated by incubation in modified
Barth solution (88 mM NaCl, 1 mM KC1, 2.5 mM NaHCO3,
10 mM HEPES [pH 7.5], 0.82 mM MgSO4, 0.33 mM
[CaNO312, 0.4 mM CaCl2) containing collagenase A (1.5
mg/ml) for 2 h. Oocytes were then washed several times in
modified Barth solution and cultured overnight in 50%
Leibovitz-15 medium. Eighteen hours after isolation,
oocytes were injected with 30 ng of in vitro-transcribed RNA
encoding the various Raf-1 proteins. Oocytes were scored
for germinal vesicle breakdown (GVBD), as evidenced by
the appearance of a white spot at the animal pole. This
observation was verified by manual dissection of oocytes
after fixation in 8% trichloroacetic acid.
To examine protein expression, oocytes were homoge-

nized in lysis buffer containing 137 mM NaCl, 20 mM Tris
(pH 8.0), 2 mM EDTA, 1% Nonidet P-40, 1 mM phenyl-
methylsulfonyl fluoride, aprotinin (0.15 U/ml), 20 ,uM leu-
peptin, and 0.5 ,uM sodium vanadate (10 ,ul per oocyte).
Insoluble material was removed by centrifugation at 14,000
x g for 10 min at 4°C. Lysates (1.5 oocyte equivalents per
lane) were resolved by SDS-PAGE, transferred to nitrocel-
lulose filters, and examined by Western blot analysis with
anti-Raf-1 or anti-phosphotyrosine antibodies. Antigen-anti-
body reactions were visualized with secondary antibodies

coupled to horseradish peroxidase and the enhanced
chemiluminescence (ECL) detection system. Histone Hi
kinase assays were performed on extracts prepared from 10
oocytes as previously described (6).

RESULTS

Identification of in vivo tyrosine phosphorylation site(s) of
Raf-1. When the Raf-1 protein is coexpressed with pp6fyrc
and p2lras in the baculovirus-Sf9 system, it is tyrosine
phosphorylated and highly active (48). As reported by Wil-
liams et al. (48), we found that maximal activation of Raf-1
autophosphorylation in this system required the presence of
both activated tyrosine kinases and p2lras (Fig. 1A). Similar
results were obtained when MKK1 was used as an exoge-
nous substrate to measure Raf-1 activity (Fig. 1A). The
tyrosine phosphorylation of Raf-1, though, was not en-

hanced by the presence of p2lras in Sf9 cells coexpressing
Raf-1 and pp60 (Fig. 1A [48]). In addition, a functional
tyrosine kinase was required for Raf-1 tyrosine phosphory-
lation in Sf9 cells, because kinase-inactive pp60 (srcM)
could not mediate this effect (Fig. 1B). Coexpression of
Raf-1 with p561ck and activated PDGFr also resulted in the
tyrosine phosphorylation of Raf-1 (Fig. 1B), and both ty-
rosine kinases were able to cooperate with p21ras in inducing
Raf-1 activity (data not shown). However, the tyrosine
phosphorylation mediated by the PDGFr was significantly
less than that induced by the src family tyrosine kinases,
perhaps because of the low specific activity of the baculo-
virus-expressed PDGFr (Fig. 1B and data not shown). In
mammalian cells, activation of these tyrosine kinases also
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induces the activity and tyrosine phosphorylation (to various
extents) of Raf-1. In contrast, coexpression of Raf-1 with
activated nerve growth factor (NGF)/TrkA receptors in Sf9
cells did not result in the tyrosine phosphorylation of Raf-1
(Fig. 1B), indicating that the effect on Raf-1 is not simply due
to the overexpression of an activated tyrosine kinase in this
system. Similarly, in PC12 cells expressing TrkA, NGF does
not stimulate the tyrosine phosphorylation or kinase activity
of Raf-1 (37).
To determine the significance of tyrosine phosphorylation

in regulating Raf-1 activity, we initiated experiments to
identify the site of tyrosine phosphorylation. For this anal-
ysis, 3 P-labeled Raf-1 proteins were isolated from Sf9 cells
coexpressing Raf-1, activated pp6QS", and p2l'. This sys-

tem was chosen because it is amenable to the production of
quantities of Raf-1 protein sufficient to allow determination
of the phosphorylated residues. The amount of Raf-1 ex-

pressed in mammalian cells, in which this protein is tyrosine
phosphorylated, such as T cells and 3T3 cells, has not been
adequate for the identification of the in vivo tyrosine phos-
phorylation sites (data not shown). Raf-1 protein produced in
Sf9 cells coexpressing Raf-1, activated pp6O', and p2lras
was phosphorylated on serine, threonine, and tyrosine resi-
dues (Fig. 2A). The isolated Raf-1 protein was digested with
trypsin, and the tryptic phosphopeptides were separated and
eluted from a reverse-phase HPLC-C-18 column. The profile
of the radioactivity released from the C-18 column revealed
the presence of six distinguishable peaks (Fig. 2A). We have
previously identified the peptides present within fractions 5,
21, and 36 and have found that they contain the serine-
phosphorylated residues Ser-43, Ser-621, and Ser-259, re-

spectively (25). By phosphoamino acid analysis, the peptide
found in fraction 32 was determined to be phosphorylated
exclusively on tyrosine (Fig. 2B). To identify which tyrosine
residue was labeled, the phosphopeptide isolated in fraction
32 was subjected to automated Edman degradation in a

spinning cup sequenator. This analysis revealed that the
phosphate group was released on cycle four (Fig. 2B). When
32P-labeled Raf-1 protein was digested with the proteolytic
enzyme Lys-C, a tyrosine-phosphorylated peptide was iden-
tified in which the label was released on cycle 11 (Fig. 2C).
From these data, we determined that Tyr-340 was the major
site of phosphorylation because this was the only tyrosine
residue in the Raf-1 protein that was 4 and 11 residues from
a trypsin and Lys-C cleavage site, respectively (Fig. 2D).
However, because of the technical limitations of this analy-
sis, we could not distinguish whether the adjacent tyrosine,
Tyr-341, was a minor site of phosphorylation. By protein
sequencing analysis, Tyr-340 was also determined to be the
predominant tyrosine residue phosphorylated when Raf-1
was coexpressed with p2lras andp56lck or PDGFr (data not
shown). Examination of the residues surrounding Tyr-340
(RDSSY) indicate that XD/EXXY may be a consensus motif
for tyrosine phosphorylation at this site (30).

Expression and characterization of Raf-1 tyrosine phosphor-
ylation site mutant proteins in the baculovirus-Sf9 system. By
site-directed mutagenesis, Tyr-340 and Tyr-341 were either
changed to noncharged phenylalanine residues or were mu-

tated to negatively charged aspartic acid residues. The
mutant Raf-1 proteins were expressed in the baculovirus-Sf9
cell system in the absence or presence of activated pp6Q'
and p2lras proteins, and their phosphorylation state in vivo
and enzymatic activity in vitro were examined (Fig. 3). By
Western blot analysis with anti-phosphotyrosine (anti-P-Tyr)
antibodies, theWT/Raf-1, kinase-inactive Raf-1 (ATP ),
and Raf-1 with an aspartic acid residue at the 340 (Y340D/
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FIG. 2. Identification of a Raf-1 peptide containing phosphoty-
rosine. (A) Reverse-phase HPLC analysis and phosphoamino acid
analysis of in vivo32P-labeled Raf-1 phosphopeptides. In vivo-
phosphorylated Raf-1 isolated from Sf9 cells coexpressing Raf-1,
p2l' , and activated pp60O' was either subjected to phosphoamino
acid analysis (PAA) or was digested with trypsin. The tryptic
phosphopeptides were then separated and eluted from a reverse-
phase HPLC-C-18 column. The amount of32P radioactivity col-
lected in each column fraction is shown. Phosphorylated residues
found in fractions 5, 21, and 36 have been previously identified (25)
and are indicated. (B) Edman degradation (left panel) and phos-
phoamino acid analysis (right panel) of the tryptic phosphopeptide
isolated in HPLC fraction 32 (shown in panel A). The amount of32P
radioactivity released during each cycle of Edman degradation is
shown. (C) Edman degradation and phosphoamino acid analysis of
a Lys-C-digested Raf-1 phosphopeptide. In vivo-phosphorylated
Raf-1 was isolated and digested with the Lys-C proteolytic enzyme.
Shown are the Edman degradation profile (left panel) and the
phosphoamino acid analysis (right panel) for theHPLC-isolated
Lys-C peptide containing phosphotyrosine. The amount of32p
radioactivity released during each cycle of degradation is depicted.
S, phosphoserine; T, phosphothreonine; Y, phosphotyrosine. (D)
Amino acid sequence of the residues surrounding the identified
Tyr-340 phosphorylation site. The predicted trypsin and Lys-C
proteolytic cleavage sites are indicated.

VOL. 13, 1993

Se, 43



7174 FABIAN ET AL.

ATPM WTRaf-1 Y340D Y341 D YY-FF WY-DD

ISTFS-T 1<Ts-- ElSTFIS--T 11STI

A
Rat-l

ATP M WT Y340D YY-FF

S S TTST S T

B
AN-Raf

WI ATPM YY-FF

s TV S T " S T I

200 -

o-__40_wftw - MKKi

_ _

97 -

W68 -

45 -

B
a U1

C

FIG. 3. Analysis of the in vivo phosphorylation state and in vitro
kinase activity of WT and mutant Raf-1 proteins. Shown are an in
vitro autokinase assay (A) and anti-P-Tyr (B) and anti-Raf-1 (C)
Western blot analyses of WT and mutant Raf-1 proteins immuno-
precipitated from Sf9 cells either singly infected with baculoviruses
expressing Raf-1 proteins (S) or triply infected with baculoviruses
expressing Raf-1, p21lS, and activated pp6O'" (T). WT/Raf-1 and
mutant Raf-1 proteins containing a lysine-to-methionine substitution
at amino acid position 375 of the ATP binding site (ATPM), a

tyrosine-to-aspartic acid substitution at amino acid position 340
(Y340D), a tyrosine-to-aspartic acid substitution at amino acid
position 341 (Y341D), tyrosine-to-phenylalanine substitutions at
amino acid positions 340 and 341 (YY-FF), or tyrosine-to-aspartic
acid substitutions at amino acid positions 340 and 341 (YY-DD) were
examined. All samples were resolved by electrophoresis on SDS-
7.5% polyacrylamide gels, and the phosphoproteins were visualized
by autoradiography. Migration of molecular mass standards (in
kilodaltons) is shown on the left. For Western blot analysis, antigen-
antibody reactions were visualized with secondary antibodies cou-
pled to horseradish peroxidase and the ECL detection system.

Raf-1) or 341 (Y341D/Raf-1) site were tyrosine phosphory-
lated only when coexpressed with activated pp6Q'rc (Fig.
3B). Interestingly, the Y340D/Raf-1 was highly tyrosine
phosphorylated. Protein sequencing analysis of this mutant
revealed that Tyr-341 was the site of phosphorylation (data
not shown). This phosphorylation presumably occurs be-
cause the introduction of a negative charge at residue 340
generates an XD/EYX consensus motif for tyrosine phos-
phorylation at Tyr-341 (30). However, Raf-1 proteins con-

taining a noncharged phenylalanine residue at the 340 site
were only weakly tyrosine phosphorylated when coex-
pressed with activated pp60 (data not shown). Mutation of
both the 340 and 341 sites to either phenylalanine (YY-FF/
Raf-1) or aspartic acid residues (YY-DD/Raf-1) produced
proteins that were unable to be tyrosine phosphorylated in
this system (Fig. 3B), confirming the direct sequencing data
showing that Tyr-340 was the major tyrosine phosphoryla-
tion site of Raf-1.
To measure the catalytic activity of the Raf-1 mutant

proteins, in vitro autokinase assays were performed. To

_--w4w -MKK!

FIG. 4. In vitro phosphorylation of MKK1 by WT and mutant
Raf-1 and A-N'Raf proteins. The in vitro kinase assay was per-

formed with WT and mutant Raf-1 (A) and A-N'Raf (B) proteins
immunoprecipitated from Sf9 cells either singly infected with bacu-
loviruses expressing Raf-1 proteins (S) or triply infected with
baculoviruses expressing Raf-1, p2lras, and activated pp6O' (T).
Purified recombinant MKK1 (0.1 jLg) that had been treated with
5'-p-fluorosulfonyl-benzoadenosine (to inactivate MKK1 autokinase
activity) was added as an exogenous substrate. All samples were

resolved by electrophoresis on SDS-7.5% polyacrylamide gels, and
the phosphoproteins were visualized by autoradiography. The mi-
gration of MKK1, Raf-1, and A-N'Raf is indicated.

ensure that the kinase activity was due to Raf-1, the kinase-
inactive ATPM/Raf-1 was included as a control. Compared
with WT/Raf-1, all mutants containing aspartic acid substi-
tutions displayed enhanced basal kinase activity (activity of
Raf-1 proteins expressed alone) (Fig. 3A), with Y34OD/Raf-1
being most active (Y340D incorporated 15- to 30-fold more
label than the WT, Y341D incorporated 5-fold more, and
YY-DD incorporated 4-fold more). The induced activity
(activity of Raf-1 proteins coexpressed with activated
pp6frrc and p2lras) of Y340D/Raf-1 was also enhanced, while
the activity of Y341D/Raf-1 was equivalent to that of the WT
(Fig. 3A). In contrast, the activity of the YY-DD/Raf-1 did
not significantly increase above the already elevated basal
levels, despite the presence of p2lras and pp60 (Fig. 3A).
Further analysis revealed that the autophosphorylation of
the YY-DD mutant could be increased 1.5-fold by coexpres-
sion with p21ras but could not be further activated by
coexpression with activated pp60 (data not shown). Raf-1
containing phenylalanine residues at the 340 and 341 sites
(YY-FF/Raf-1) had a low level of basal kinase activity that
could not be induced by coexpression with p2lras and
pp6fyrc (Fig. 3A).
To determine whether substitution of phenylalanine resi-

dues at the 340 and 341 sites had inactivated the Raf-1 kinase
domain, these mutations were incorporated into an amino-
terminal-truncated protein (A-N'Raf). The proteins were
then expressed in Sf9 cells in the absence or presence of
activated pp6Q" and p2lras proteins, and their ability to
phosphoxylate purified recombinant MKK1 was determined.
MKK1 was chosen as the exogenous substrate because it
has been reported to be a physiological substrate of Raf-1
and because the major site of Raf-1 autophosphorylation
(Thr-268) is deleted in A-N'Raf (25). In these assays, phos-
phorylation of MKK1 paralleled Raf-1 autophosphorylation
for the full-length Raf-1 proteins (Fig. 4A) and again demon-
strated that the YY-FF/Raf-1 was not activatable in this
system. Furthermore, the addition of MKK1 did not inhibit
Raf-1 autophosphorylation. For the truncated A-N'Raf pro-
teins, the kinase-inactive ATPM/A-N'Raf did not phos-
phorylate MKK1. In contrast, both WT/A-N'Raf and YY-
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FF/A-N'Raf efficiently phosphorylated MKK1 even when
expressed in the absence of pp60 and p2lr"S (Fig. 4B).
These results demonstrate that the phenylalanine substitu-
tions at residues 340 and 341 did not inactivate the catalytic
domain of Raf-1.

Tyrosine-phosphorylated Raf-1 has enhanced autokinase
activity. To determine the effect that tyrosine phosphoryla-
tion has on the biochemical activity of Raf-1, we measured
the autokinase activity of tyrosine- and non-tyrosine-phos-
phorylated Raf-1 isolated from Sf9 cells coexpressing Raf-1,
p2lras, and pp6O' proteins. For these assays, tyrosine-
phosphorylated Raf-1 proteins (which represent -30 to 40%
of the total Raf-1 protein produced in this system) were
isolated from Sf9 lysates with a phosphotyrosine (P-Tyr)
antibody column. The tyrosine-phosphorylated Raf-1 pro-
tein was then eluted from the column with phenyl phosphate
and immunoprecipitated with anti-Raf-1 antibody. Non-ty-
rosine-phosphorylated Raf-1 protein was obtained from the
Sf9 lysate that had been precleared of tyrosine-phosphory-
lated proteins. In autokinase assays, we found that tyrosine-
phosphorylated Raf-1 incorporated 5- to 10-fold more 3p
than did equivalent amounts of non-tyrosine-phosphorylated
Raf-1 (Fig. 5A). In addition, if tyrosine-phosphorylated
Raf-1 was treated with a tyrosine-specific phosphatase prior
to autokinase assays, the induced autokinase activity of
Raf-1 was decreased (Fig. SB). However, this decrease
could be prevented by adding the phosphatase inhibitor,
sodium vanadate, to the phosphatase reaction (Fig. SB).
These findings indicate that tyrosine-phosphorylated Raf-1
has higher autokinase activity.
To provide further evidence that phosphorylation of Tyr-

340 and Tyr-341 is involved in modulating Raf-1 activity, we
constructed a Raf-1 protein containing a mutation at Asp-
337. This residue is part of a consensus sequence motif
surrounding certain tyrosine phosphorylation sites (XD/
EXXY) (30). Raf-1 encoding an alanine residue at the 337
site failed to become tyrosine phosphorylated or activated
by pp6Q' in Sf9 cells (Fig. SC). However, this mutant was
able to be activated by coexpression with p2lr' (data not
shown).

Examination of the transforming potential of the Raf-1
tyrosine phosphorylation site mutant proteins. To assess the
biological activities of the mutant Raf-1 and A-N'Raf pro-
teins, we examined the ability of these proteins to transform
BALB/3T3 cells (Fig. 6). As expected, infection of BALB/
3T3 cells with retroviruses encoding WT/Raf-1 or kinase-
inactive ATPM/Raf-1 proteins did not induce focus formation
in BALB/3T3 cells (0%), while infection with WT/A-N'Raf-
encoding viruses did (98%). Expression of the Y34OD/Raf-1
in BALB/3T3 cells efficiently (96%) gave rise to foci, while
the Y341D/Raf-1 induced focus formation much less effi-
ciently (22%). Further examination revealed that the foci and
G418r cells expressing the Y340D protein displayed a highly
refractile transformed morphology (Fig. 6). When phenylala-
nine residues were introduced at positions 340 and 341, the
transforming potential of full-length Raf-1 was not activated.
However, A-N'Raf protein encoding these mutations (YY-
FF/A-N'Raf) was able to transform BALB/3T3 cells (95%),
indicating that mutation of these sites did not impair the
transforming potential of A-N'Raf.

Effects of Raf-1 tyrosine phosphorylation site mutant pro-
teins on the meiotic maturation ofXenopus oocytes. To further
characterize the biological activities of the mutant Raf-1 and
A-N'Raf proteins, we examined the ability of these proteins
to induce the meiotic maturation of Xenopus oocytes (Fig.
7A [9]). Expression of WT/Raf-1, ATPM/Raf-1, YY-FF/
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FIG. 5. Examination of the autokinase activity of tyrosine-phos-
phorylated Raf-1. (A) In vitro autokinase assay and anti-P-Tyr
(aP-Tyr) and anti-Raf-1 (aRaf-1) Western blot analysis of tyrosine
(+ Tyr) and non-tyrosine (- Tyr)-phosphorylated Raf-1 immuno-
precipitated from Sf9 cells triply infected with baculoviruses ex-
pressing Raf-1, p21lS, and activated pp6Wc (T). (B) In vitro
autokinase assay and anti-P-Tyr and anti-Raf-1 Western blot analy-
sis of tyrosine phosphatase-treated Raf-1. WT/Raf-1 was immuno-
precipitated from Sf9 cells singly infected with baculoviruses ex-
pressing Raf-1 proteins (S) or triply infected with baculoviruses
expressing Raf-1, p21'1, and activated pp6('s' (T). The Raf-1
immunoprecipitates from triply infected cells were treated with
placental tyrosine phosphatase in the presence (PTP + V) or
absence (PTP) of the phosphatase inhibitor sodium vanadate and
were washed extensively before analysis. (C) In vitro autokinase
assay and anti-P-Tyr and anti-Raf-1 Western blot analysis of WT/
Raf-1 (WT) and Raf-1 containing an aspartic acid-to-alanine substi-
tution at amino acid position 337 (D337A) proteins immunoprecipi-
tated from Sf9 cells either infected with baculoviruses expressing
Raf-1 proteins alone or infected with baculoviruses expressing Raf-1
and activated pp60"c (+ src). All samples were resolved by electro-
phoresis on SDS-7.5% polyaciylamide gels, and the phosphopro-
teins were visualized by autoradiography. Migration of Raf-1 is
indicated by arrows. For Western blot analysis, antigen-antibody
reactions were visualized with secondary antibodies coupled to
horseradish peroxidase and the ECL detection system.

Raf-1, and ATPMIA-N'Raf was unable to mediate oocyte
maturation. In contrast, expression of WT/A-N'Raf induced
M-phase promoting factor activation and the resultant
GVBD in 94% of injected stage VI oocytes. Likewise,
expression of the Y340D mutant induced GVBD in 85% of
oocytes, while the Y341D mutant only induced GVBD in
39% of oocytes. Expression of the YY-FF/A-N'Raf also
efficiently induced oocyte maturation (95%), indicating again
that mutation of the 340 and 341 sites did not impair the
biological activity of A-N'Raf. However, GVBD mediated
by the introduction of Tpr-Met (an oncogenic activated form
of hepatocyte growth factor) or H-rasV-12 was blocked in
oocytes expressing YY-FF/Raf-1 but not in oocytes express-
ing WT/Raf-1 (Fig. 8), indicating that YY-FF/Raf-1 can act in
a dominant-inhibitory manner to block oocyte maturation
induced by the receptor tyrosine kinase pathway.
By Western blot analysis, all Raf-1 and A-N'Raf proteins

capable of inducing oocyte maturation exhibited a shift in
their electrophoretic mobility and a complete shift in Y340D/
Raf-1 was observed (Fig. 7B). In addition, all Raf-1 and
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FIG. 6. Examination of the transforming potential of WT and mutant Raf-1 and A-N'raf proteins. BALB/3T3 cells were infected with

retroviruses expressing WT/Raf-1 or full-length mutant Raf-1 proteins containing a lysine-to-methionine substitution at amino acid position
375 of the ATP binding site (Raf ATPM), a tyrosine-to-aspartic acid substitution at amino acid position 340 (Raf Y340D), a tyrosine-to-aspartic
acid substitution at amino acid position 341 (Raf Y341D), or tyrosine-to-phenylalanine substitutions at amino acid positions 340 and 341 (Raf
YY-FF) or A-N'Raf and A-N'Raf mutant proteins containing a lysine-to-methionine substitution at amino acid position 375 of the ATP binding
site (A-N'Raf ATPM) or tyrosine-to-phenylalanine substitutions at amino acid positions 340 and 341 (A-N'Raf YY-FF). The transforming
potential of the proteins was determined in focus formation assays. (The numbers listed represent the results of two experiments.) A
schematic depiction of the Raf-1 protein is shown. The shaded areas depict the cysteine-rich CR1 region; the solid areas depict the
serine/threonine-rich CR2 region; and the hatched areas depict the CR3 kinase domain. Photographs of control BALB/3T3 cells and typical
foci induced by expression of the Y340D mutant Raf-1 protein (pLJ-Y340D) are also shown.

A-N'Raf proteins capable of mediating oocyte maturation
were able to induce the tyrosine phosphorylation associated
with the activation of MAPK (Fig. 7C).

DISCUSSION

In mammalian signalling pathways, the activity of Raf-1
may be regulated by multiple mechanisms, including phos-
phorylation or alteration of the amino-terminal regulatory
domain through truncation or binding to a putative activator
molecule (3, 11, 12, 23, 36, 45-47, 51). The involvement of
serine phosphorylation in the regulation of Raf-1 is sup-
ported by experiments showing that, in response to many
mitogens, the enhancement of Raf-1 activity correlates with
increases in serine phosphorylation. Furthermore, mutation
of two in vivo serine phosphorylation sites (Ser-259 and
Ser-621) can alter the activity of Raf-1 (25). In this study, we
demonstrate that the function of the Raf-1 kinase can be
modified by mutation of critical tyrosine phosphorylation
sites, suggesting that tyrosine phosphorylation can also
regulate the activity of Raf-1. The sites of Raf-1 tyrosine
phosphorylation were identified in Sf9 cells coexpressing
tyrosine kinases and p2lras. In this system, both tyrosine
kinases and p21ras are required for full activation of Raf-1.
Similarly, in mitogen-treated T cells and 3T3 cells, both
tyrosine kinases and p2lras may contribute to the efficient
induction of Raf-1 kinase activity. Unfortunately, because of

the level of Raf-1 expression, we have been unable to obtain
definitive information about the location of the tyrosine
phosphorylation sites in mammalian cells. However, muta-
tion of the sites identified in the baculovirus-Sf9 system had
dramatic effects on the activity and function of Raf-1 when
these mutant proteins were expressed in mammalian cells
and in Xenopus oocytes.
The sites of Raf-1 tyrosine phosphorylation identified with

the baculovirus-Sf9 expression system were two adjacent
tyrosine residues, Tyr-340 and Tyr-341, located in the kinase
domain of Raf-1. From protein sequencing data, Tyr-340 was
the major site of tyrosine phosphorylation and Tyr-341 was a
minor phosphorylation site. However, if Tyr-340 was

changed to a negatively charged aspartic acid residue, Tyr-
341 became a major site of phosphorylation. To elucidate the
significance of Raf-1 tyrosine phosphorylation, the sites of
tyrosine phosphorylation were mutated and the biological
and enzymatic activities of the mutants were examined. Our
findings indicate that substitution of a negatively charged
amino acid for the Tyr-340 or Tyr-341 residue activated the
in vitro and in vivo activity of Raf-1, perhaps by mimicking
constitutive phosphorylation of these sites. In BALB/3T3
cells, expression of either Y34OD/Raf-1 or Y341D/Raf-1
mutant proteins resulted in morphological transformation.
The extent of transformation, as measured by focus forma-
tion, induced by the Y340D mutant was equivalent to that of
amino-terminally truncated Raf-1 (A-N'Raf). Interestingly,

51/53 (96%)

MOL. CELL. BIOL.



TYROSINE RESIDUES CRITICAL IN REGULATING Raf-1 KINASE 7177

Raf-1

Histone Hi

100

a
an
CO

A-N'Raf 100

75.

a

o 50-

25
m L a a

0

L

200 -

Probe: aRaf-1

97 -

68-...
] Raf-I

45 -

C Probe: aP-Tyr
--MAPK

FIG. 7. Expression of WT and mutant Raf-1 and A-N'Raf pro-
teins in Xenopus oocytes. (A) Induction of meiotic maturation by
expression of WT and mutant Raf-1 and A-N'Raf proteins in
Xenopus stage VI oocytes. Eighteen to 24 h after injection with
RNA encoding Raf-1 and A-N'Raf proteins, oocytes were scored for
GVBD, as evidenced by the appearance of a white spot at the animal
pole. The ratio of the number of oocytes with GVBD to the total
number injected is displayed above each bar (each number listed
represents the results of three experiments). Histone Hi kinase
assays were performed with extracts from five injected oocytes, and
the autoradiograph is displayed above each bar. (B) Anti-Raf-1
(aRaf-1) Western blot analysis of Raf-1 and A-N'Raf proteins
produced inXenopus oocytes. (C) Anti-P-Tyr (axP-Tyr) Western blot
analysis of MAPK from Xenopus oocytes expressing Raf-1 and
A-N'Raf proteins. Oocytes examined in this analysis were injected
with RNA encoding the full-length Raf-1 proteins (WT, ATPM,
Y340D, Y341D, and YY-FF) and the truncated A-N'Raf proteins
(WT, ATPM, and YY-FF). A schematic depiction of the raf alleles
is shown in Fig. 3.

Y34OD/Raf-1 is the first demonstration that a highly trans-
forming Raf-1 protein can be generated by a single amino
acid substitution. All other transforming Raf-1 proteins have
been generated by more extensive mutations, such as amino-
terminal truncation, linker insertion, and fusion to other
protein sequences (11, 36). Expression of the Y340D/Raf-1
was able to induce GVBD, Hi kinase activity, and the
activation of MAPK in Xenopus oocytes. In both systems,
Y340D/Raf-1 was considerably more active than Y341D/
Raf-1, reflecting the higher relative enzymatic activity of the
Y340D mutant. In contrast, replacing the Tyr-340 and Tyr-

14/16
1

7/10

.- U.

U- U~~~~-

FIG. 8. YY-FF/Raf-1 blocks oocyte maturation induced by the
receptor tyrosine kinase pathway. Uninjected oocytes or oocytes
preinjected with capped transcripts encoding WT/Raf-1 or YY-FF/
Raf-1 were microinjected with the capped transcripts (30 ng per
oocyte) encoding H-rasVl2 or Tpr-Met. GVBD was examined 12 to
18 h later. The ratio of the number of oocytes with GVBD to the
total number injected is displayed above each bar.

341 residues with noncharged amino acids that were unable
to be phosphorylated generated a Raf-1 protein that could
not be enzymatically activated by tyrosine kinases or p2lr"s.
Furthermore, expression of the YY-FF/Raf-1 in Xenopus
oocytes prevented the meiotic maturation induced by signal-
ling components of the receptor tyrosine kinase pathway.
The phenotypic effects of mutation of Tyr-340 and Tyr-341

suggest that the tyrosine residues themselves may perform a
critical role in Raf-1 function. Therefore, mutation of these
residues would result in the inactivation or deregulation of
Raf-1 kinase activity. Alternatively, it could be that phos-
phorylation of the tyrosine sites regulates the activity of
Raf-1. Our experiments suggest that in the baculovirus-Sf9
expression system, tyrosine phosphorylation can alter Raf-1
activity. First, the autokinase activity of tyrosine-phosphor-
ylated Raf-1 was 5- to 10-fold higher than that of Raf-1
lacking this phosphorylation. Second, dephosphorylation of
Raf-1 by a tyrosine-specific phosphatase decreased the ele-
vated levels of Raf-1 autokinase activity induced by tyrosine
kinases and p2l1. Third, mutation of Asp-337, which is part
of a consensus sequence motif for certain substrates of
tyrosine kinases (XD/EXXY), prevents the tyrosine phos-
phorylation and activation of Raf-1 by tyrosine kinases.

In quiescent mammalian cells, the activity of the kinase
domain of Raf-1 appears to be suppressed by the amino-
terminal regulatory domain. Therefore, the function of Raf-1
tyrosine phosphorylation may be to alter the conformation of
the protein such that the kinase domain is released from the
suppression exerted by the amino-terminal domain. This
model is supported by the observation that if tyrosine
phosphorylation was prevented, the enzymatic activity of
full-length YY-FF/Raf-1 failed to be induced by tyrosine
kinases. However, the catalytic activity of truncated YY-
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FF/A-N'Raf was constitutively activated and was unaffected
by mutation at the tyrosine residues, demonstrating that the
tyrosine-to-phenylalanine mutations did not impair kinase
activity. Furthermore, expression of YY-FF/Raf-1 in
oocytes inhibited the meiotic maturation induced by the
Tpr-Met tyrosine kinase and H-rasVl2, while truncated
YY-FF/A-N'Raf stimulated meiotic maturation. These re-
sults indicate that mutation of Tyr-340 and Tyr-341 to
phenylalanine residues does not prevent the interaction of
the kinase domain of A-N'Raf with downstream targets.
Rather, the functional defect of the YY-FF/Raf-1 appears to
be caused by constitutive suppression of the kinase domain
by the amino-terminal regulatory domain, thereby inhibiting
the interactions of this protein with its substrates. As a
result, the dominant inhibitory effect observed for YY-FF/
Raf-1 may be caused by the binding of upstream Raf activa-
tors, preventing the activation of the endogenous Xenopus
raf. These activators may include p2lras, which has recently
been shown to bind to Raf-1 in vitro (23, 45-47, 51).

In mammalian cells, the tyrosine phosphorylation of Raf-1
has been observed in four types of cell systems: PDGF-
treated fibroblasts, v-src-transformed cells, interleukin-3 and
granulocyte macrophage-colony-stimulating factor-treated
myeloid cells, T cells cross-linked with anti-CD4 antibodies,
and interleukin-2-treated T cells. The amount of tyrosine
phosphorylation of Raf-1 seen in these cells varies from
approximately 1 to 50% of total incorporated phosphate. In
systems in which Raf-1 tyrosine phosphorylation is substan-
tial, such as interleukin-2-treated T cells, this event may play
an important role in regulating Raf-1 activity, as has been
suggested by in vitro tyrosine phosphatase experiments (44).
In systems in which only small amounts of Raf-1 tyrosine
phosphorylation are detected, the effect of tyrosine phos-
phorylation may be obscured by other mechanisms of Raf-1
regulation. Alternatively, the tyrosine phosphorylation may
induce the kinase activity of a few Raf-1 molecules, which
then catalytically activate the remainder of the Raf-1 popu-
lation by serine phosphorylation events. This model would
be similar to the activation of calmodulin-dependent kinases,
in which the binding of Ca2+-calmodulin to a small number
of molecules stimulates the autophosphorylation of the pro-
tein which activates the kinase and renders it independent of
Ca2+-calmodulin.
Sequence alignment of the catalytic domains for Raf

proteins reveals that all Raf-1 and A-Raf proteins have
tyrosine residues at the positions analogous to Tyr-340 and
Tyr-341, while B-Raf, Drosophila Raf, and C. elegans Raf
have negatively charged residues at these positions. Because
substitution of a charged amino acid at Tyr-340 or Tyr-341
activates Raf-1 catalytic activity, the Raf proteins encoding
charged residues at these sites may be partially activated.
Alternatively, the mechanism of the regulation of B-Raf,
Drosophila Raf, and C. elegans Raf activity may differ from
that of Raf-1 and A-Raf. Interestingly, the amino-terminal
domains of B-Raf, Drosophila Raf, and C. elegans Raf are
much larger than those of Raf-1 and A-Raf. The additional
sequences may encode a novel regulatory domain.
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