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Activation of c-Raf-1 (referred to as Raf) by Ras is a pivotal step in mitogenic signaling. Raf activation is
initiated by binding of Ras to the regulatory N terminus of Raf. While Ras binding to residues 51 to 131 is well
understood, the role of the RafC1 cysteine-rich domain comprising residues 139 to 184 has remained elusive.
To resolve the function of the RafC1 domain, we have performed an exhaustive surface scanning mutagenesis.
In our study, we defined a high-resolution map of multiple distinct functional epitopes within RafC1 that are
required for both negative control of the kinase and the positive function of the protein. Activating mutations
in three different epitopes enhanced Ras-dependent Raf activation, while only some of these mutations
markedly increased Raf basal activity. One contiguous inhibitory epitope consisting of S177, T182, and M183
clearly contributed to Ras-Raf binding energy and represents the putative Ras binding site of the RafC1l
domain. The effects of all RafC1 mutations on Ras binding and Raf activation were independent of Ras lipid
modification. The inhibitory mutation L160A is localized to a position analogous to the phorbol ester binding
site in the protein kinase C C1 domain, suggesting a function in cofactor binding. Complete inhibition of
Ras-dependent Raf activation was achieved by combining mutations K144A and L160A, which clearly dem-

onstrates an absolute requirement for correct RafC1 function in Ras-dependent Raf activation.

c-Raf-1 (herein referred to as Raf) is a member of a serine/
threonine protein kinase family implicated in the transduction
of signals from the cell surface to the nucleus which occurs via
activation of a mitogen-activated protein kinase module by a
GTPase switch (3, 14, 49). Raf provides an immediate down-
stream target for Ras and is a pivotal regulator of cell prolif-
eration and differentiation (37, 38, 47, 62-64, 70). Signaling
from Ras to Raf is initiated by binding of activated Ras to the
Ras binding domain of Raf (RafRBD). Ras recruits Raf to the
plasma membrane, and the requirement for Ras in Raf acti-
vation can be overcome by fusion of a Ras membrane-targeting
motif to the Raf C terminus (40, 60).

The raf oncogene was initially identified as the transforming
part of murine sarcoma virus 3611. While the Raf protein
kinase consists of an N-terminal noncatalytic region and a
C-terminal kinase domain, the N-terminal part is missing in the
v-Raf oncoprotein. This leads to a constitutive activity of the
kinase domain, indicating that the N-terminal part locks the
kinase in an inactive conformation (14, 49). The noncatalytic N
terminus of Raf contains two regions that are highly conserved
between different members of the Raf family. The first con-
served region (CR1) consists of two structural modules that are
referred to as RafRBD and a Cl-type cysteine-rich domain
(RafC1). RafRBD encompasses amino acids 51 to 131 and has
the ubiquitin superfold (52, 53). RafCl (amino acids 139 to
184) is a structural homologue of the protein kinase C (PKC)
phorbol ester binding domain (26, 30, 50, 67, 69). RafRBD
constitutes an autonomous structural domain sufficient for
GTP-dependent binding of Ras (9, 16, 19, 25, 58). Functional
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analysis of the interaction between Ras and Raf demonstrated
that the single Raf-R89L mutation is sufficient to abrogate
Ras-dependent Raf activation completely and that the activa-
tion of Raf correlates quantitatively with the binding affinity
between Ras and RafRBD (4, 17).

Whereas the role of RafRBD in Ras binding is understood
in great detail, numerous reports have provided conflicting
evidence with regard to the role of RafCl in Ras-Raf interac-
tion and Raf activation. Initial studies showed a decrease in the
binding of Raf fragments to nonfarnesylated Ras in vitro when
a zinc binding cysteine was mutated (C168S) (70) or when the
RafC1 domain was depleted of the zinc ions that are structur-
ally essential (64). The C168S exchange was also shown to
inhibit Ras-dependent Raf activation in vivo, and this mutation
was found to abolish the dominant negative effects exerted by
noncatalytic Raf fragments (6). These results are in agreement
with a report showing that Raf failed to bind to farnesylated
Ras with the double mutation C165S C168S (43). In contrast to
this, it was recently found that this double mutation had no
effect on Ras-dependent membrane targeting of Raf (57). De-
letion of the complete RafC1 domain did not reveal an essen-
tial role of RafCl in Ras binding and Ras-dependent Raf
activation (8, 56). Some reports have shown RafCl1 or parts of
this domain to be involved in binding to nonfarnesylated Ras
(5,9, 11, 15, 20), whereas others were unable to confirm these
results (22, 27, 31). Upon binding to nonfarnesylated Ras, the
RafC1 domain was found to interact preferentially with Ras-
GTP with high affinity (5, 11). In contrast to these reports, the
RafC1 domain has been reported to be involved in binding to
farnesylated Ras exclusively (27, 28, 43). Binding of RafCl to
farnesylated Ras was found to be independent of GTP or GDP
loading of Ras and was inhibited by the C168S mutation (27).

In Drosophila Raf (D-Raf), mutations of residues within the
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D-RafC1 domain (F290I and P308L) have been observed to
rescue signaling by a Drosophila D-Raf mutant that is deficient
in Ras binding (42). Mutations of the corresponding residues
(F163I and P181L) in Raf were shown to induce constitutive
activation, whereas Ras binding was inhibited (13). In addition,
the RafC1 domain has been reported to play a role in binding
to 14-3-3 proteins since either the double mutation C165S
C168S or R143E K144E led to disruption of 14-3-3 binding and
resulted in activation of the kinase (12, 45). In summary, many
reports suggest a role of the RafC1 domain in Ras-dependent
Raf activation. Yet, the contribution of RafC1 to Ras binding
and to Raf activation has remained elusive.

Most of the previous studies have used mutations that alter
structurally important residues within RafC1 and are likely to
cause gross conformational changes. This approach precludes
detailed analysis of the function of RafCl. Analysis of func-
tional epitopes can be performed by mutational scanning anal-
ysis of surface-exposed residues (10, 36, 55, 65, 66). Based on
nuclear magnetic resonance (NMR) analysis of the structure of
RafCl (50), we performed extensive surface scanning mu-
tagenesis to investigate the function of RafCl in Ras binding
and Ras-dependent Raf activation. In our study, we defined a
high-resolution map of multiple functional epitopes within
RafCl1 that are required for both negative control of the kinase
and the positive function of the protein. The effect of each
RafCl mutation was independent of Ras lipid modification.
We were able to assign different functions, such as Ras binding
and cofactor interaction, to individual epitopes, which demon-
strates an essential and highly complex role of the RafCl
domain in Ras-dependent Raf activation.

MATERIALS AND METHODS

Expression vectors and site-directed mutagenesis. pSVK3-Ras(G12V) and
pcDNA3-Raf plasmids were constructed as previously described (4). The addi-
tional plasmids used for the reporter gene assay were E745-tk80-luc and tk80-luc
reporter constructs, B-galactosidase expression vector pEQ176 (34), ERK-1 (44),
and pSG-ERS81 (35). The pcDNA3-Raf(K375W) construct was generated by
site-directed mutagenesis. Membrane-targeted Raf kinase was generated by fu-
sion of the sequence coding for the K-Ras membrane-targeting region that
consisted of the 17 C-terminal amino acids of K-Ras to the Raf C terminus (60).

E1(Q371)-Ras(G12V/C181/C184/C186S) [termed QI-Ras(G12V)] was con-
structed by fusion of the 42-amino-acid transmembrane helix from the E1 gly-
coprotein to the Ras N terminus, which contains the Q37I mutation (61). A
linker of 22 amino acids coding for GSS repeats was inserted between the
E1(Q37I) transmembrane helix and the Ras N terminus (23). The QI-
Ras(G12V) construct was cloned into either pSVK3 (Pharmacia) or pcDNA3
(Invitrogen). Lipid modification of QI-Ras(G12V) was prevented by Ras muta-
tions C181S, C184S, and C186S [Ras(C181/C184/C186S)] (41).

The two-hybrid Ras constructs were generated by PCR amplification of Ras
residues 1 to 166 or of full-length Ras by using the Ras(G12V) template (32).
Ras constructs were cloned into the pPC97 DNA binding domain fusion vector
(7). Wild-type Raf [Raf(wt)] and mutant forms thereof, that were generated in
pcDNA3-Raf, were cloned into the pPC86 GAL4 activation domain fusion
vector.

Site-directed mutagenesis was performed by two subsequent PCR amplifica-
tions (1). To facilitate PCR mutagenesis, Xbal and Mfel sites were introduced 5’
and 3’ of the RafC1 domain, respectively, into a Raf construct that does not
contain an Mfel site in the catalytic domain. As a template, we used Raf in
pcDNA3 (Invitrogen) for the first PCR step or Raf in pcDNA3 that was digested
with Xbal for the second PCR step. In the first step, the megaprimer was
generated by oligonucleotide priming within the RBD region of Raf and the
corresponding mutagenesis primer. The megaprimer was used in a second PCR
for which Xbal-digested pcDNA3-Raf was used as the template. Mutant RafC1
domains were cloned into the full-length pcDNA3-Raf(wt), -Raf(K375W), or
-Raf(CAAX) construct after Xbal/Mfel digestion. All constructs were verified by
dideoxy sequencing.

Reporter gene assay. Rabbit kidney epithelium-like RK13 cells were grown to
25% confluency on 6-cm-diameter dishes and then transfected with a total of 10
wg of DNA by the calcium phosphate coprecipitation method. A 2-pg sample of
a reporter construct (E745-tk80-luc or tk80-luc), 0.5 pg of a B-galactosidase
expression vector (pEQ176), 1.5 pg of expression vector ERK-1, 1.5 pg of
pSG-ERSI1, and 1.5 pg of expression plasmid pcDNA3 alone or expression
plasmid pcDNA3 containing the respective Raf construct were used for each
transfection. Where indicated, 80 ng of pSVK3-Ras(G12V) was additionally
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transfected. At 36 h after transfection, cells were harvested and lysed and lucif-
erase and B-galactosidase activities were determined as previously described (4).
Relative luciferase activity was obtained by normalizing luminescence to B-ga-
lactosidase activity.

Raf kinase assay. RK13 cells were grown to 25% confluency on 10-cm-diam-
eter dishes and then transfected with a total of 20 ug of DNA by the calcium
phosphate coprecipitation method. A 10-pg sample of an empty Raf plasmid or
the indicated Raf construct in pcDNA3 was used together with either 100 ng of
pcDNA3-Ras(G12V) or 500 ng of the pcDNA3-QI-Ras(G12V) expression con-
struct. At 36 h after transfection, cells were harvested, lysed in Nonidet P-40
(NP-40) lysis buffer (25 mM Tris-HCI [pH 8.0], 150 mM NaCl, 10 mM Na-
pyrophosphate, 25 mM Na-glycerophosphate, 2 mM EGTA, 2 mM EDTA, 10%
glycerol, 0.5% NP-40), and the lysate was cleared by centrifugation at 12,000 X
g for 30 min. For immunoprecipitation, 1 ng of anti-FLAG serum (Santa Cruz)
was preabsorbed on protein A-agarose beads (Bochringer Mannheim) and
mixed with the lysate for 2 h. Raf kinase assays were performed as previously
described, by using recombinant kinase-dead mitogen-activated protein kinase
kinase (MEK) as a substrate (18). Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted on nitro-
cellulose. MEK phosphorylation was visualized by autoradiography and analyzed
with a Phosphoimager (Fuji). After exposure, membranes were probed with a
monoclonal anti-Raf-1 antibody (Transduction Laboratories) and developed by
using enhanced chemiluminescence (Amersham).

Western blotting. Rabbit kidney epithelium-like RK13 cells were grown to
25% confluency on 10-cm-diameter dishes and then transfected with a total of 20
ng of DNA by the calcium phosphate coprecipitation method and harvested 72 h
after transfection. A 1.3-pg sample of a B-galactosidase expression vector
(pEQ176) and 18.7 ug of expression plasmid pcDNA3 alone or expression
plasmid pcDNA3 containing a respective FLAG-Raf construct were used for
each transfection. After harvesting, the cells were sonicated and sample loading
was normalized according to B-galactosidase activity. Equal proportions of lysate
were then used for blotting. Samples were resolved by SDS-9% PAGE and
transferred to polyvinylidene difluoride membranes. Western blots were probed
with monoclonal M5 anti-FLAG antibody (Eastman Kodak Co.) and developed
by using enhanced chemiluminescence.

Comparison of Ras(G12V) and QI-Ras(G12V) expression was performed by
transient transfection by using 100 ng of pcDNA3-Ras(G12V) or 500 ng of
QI-Ras(G12V), respectively, under conditions identical to those used for Raf
kinase assays. After 36 h, cells were harvested and sonicated, and sample loading
was normalized according to B-galactosidase activity. Samples were resolved by
SDS-15% PAGE and transferred to polyvinylidene difluoride membranes. West-
ern blots were probed with anti-Ras monoclonal antibody Y13-259 (Santa Cruz)
and developed by using enhanced chemiluminescence.

For control of expression of pPC86-Raf constructs in the two-hybrid system,
yeast cells were grown in selective medium as already described, and equivalent
amounts of cells, as determined by optical density at 600 nm (ODg), were lysed
in yeast lysis buffer containing 50 mM phosphate (pH 7.4), 1 mM EDTA, 5%
glycerol, 1% SDS, and 1 mM phenylmethylsulfonyl fluoride using a glass bead
mill. Cell lysate was normalized according to protein concentration for SDS-
PAGE. Samples were resolved by SDS-9% PAGE and transferred to polyvinyli-
dene difluoride membranes. Western blots were probed with anti-Raf-C20 serum
(Santa Cruz) and developed by using enhanced chemiluminescence.

Yeast two-hybrid assays. The two-hybrid system employed in this study was
developed by Chevray and Nathans (7) and modified here by using yeast strain
Y190. For binding studies with Raf and Ras(G12V_,4), competent yeast cells
prepared as described by Klebe et al. (37) were cotransformed with 1 wg of each
of the two-hybrid vectors and grown on synthetic medium lacking leucine, tryp-
tophan, and histidine and containing 25 mM 3-amino-1,2,3-triazole (Sigma) to
monitor interaction between the fusion proteins. Glucose was used as the carbon
source. B-Galactosidase activity was detected by filter lifting cells grown on
selective medium and staining the yeast colonies by incubation in 0.75-mg/ml
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) at 37°C for 1 h.

Quantitative two-hybrid assays were performed by using a modified protocol
based on the procedure previously described (32). Original transformants were
restreaked on selective plates. From these plates, colonies were inoculated in
selective medium. The liquid cultures were incubated at 30°C until they reached
an ODg of 0.5 to 1.0. Lysis of yeast cells was performed as described by Bartel
and Fields (2) by adding 50 wl of CHCl; and 50 pl of 0.1% (wt/vol) SDS to 800
wl of resuspended cells. The B-galactosidase activity in this lysate was measured
by using the Galacto-Star kit in accordance with the instructions of the manu-
facturer (Tropix). Relative B-galactosidase activity was obtained by normalizing
luminescence to the ODg.

RESULTS

Distinct types of RafCl surface mutations. For epitope
mapping mutagenesis, we changed 26 amino acids of RafCl1 to
alanine, since these residues have surface-exposed side chains,
according to the structure of the RafC1 domain (50) (Fig. 1).
Residues that contribute to the structural integrity of RafCl,
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FIG. 1. Schematic representation of Raf and the RafC1 domain. Amino acids that represent ligands involved in binding of the structural zinc ions are shaded. Zn1
and Zn?2 are the zinc ions to which these ligands are bound. Hydrophobic residues that contribute to the structural core of the domain and which are completely or
partially buried in the interior of the domain are indicated by full and half circles, respectively. Residues that did not affect Raf activity and Ras-dependent Raf
activation upon mutation are marked with asterisks. Activating and inhibitory mutations are indicated by upward- and downward-pointing arrows, respectively.

Mutations leading to a large increase in basal activity are marked by triangles.

such as histidine or cysteine zinc ligands or side chains that
constitute the hydrophobic core, were left unchanged. Also,
glycine, alanine, and proline residues were not altered. P181
was not mutated, since it was found to constitute a cis proline
in the RafCl structure determined by NMR analysis (50) and
a cis proline mutation is likely to result in gross conformational
changes due to main chain isomerization.

To determine the effect of the RafCl surface mutations on
Ras-dependent Raf activation, we used a transient transfection
assay with RK13 cells that measures transactivation induced by
the Ras/Raf/MEK/ERK pathway (4). This assay utilizes a lu-
ciferase reporter gene driven by three E74 binding sites. The
E74 binding site is a high-affinity site for Ets transcription
factors (33), and Ras/Raf/MEK/ERK-dependent signaling in
this assay has been shown to correlate quantitatively with Ras-
Raf interaction affinity (4). In addition, we confirmed the re-
sults of the reporter gene assay by performing Raf kinase
assays (18) with activating and inhibitory mutant forms of
RafC1. Six amino acid exchanges decreased Ras/Raf-induced
transactivation, whereas mutation of 11 residues to alanine
positively affected Ras-dependent Raf activation (Fig. 1; for
results, see Fig. 2 and 4). Two of the activating mutations led
to a drastic increase in Raf basal activity. The exchange of nine
residues had no effect on Raf activation by Ras. This demon-
strates that different types of mutations can be distinguished
upon surface scanning mutagenesis of the RafCl domain. In
addition, a significant number of surface mutations can be
tolerated by the RafCl domain without any effect on Ras-
dependent Raf activation.

Activating RafC1 mutations are localized in three distinct
epitopes. Different types of activating RafC1 mutations could
be distinguished by using the E74-driven reporter gene assay.
Exchange of T145, Q156, K157, Q166, T167, K171, or H175 for
alanine enhanced transactivation by Raf basal activity 1.5- to
2.5-fold and increased Ras(G12V)-induced Raf activation ac-
cordingly, to 1.5- to 2-fold over the activity achieved by acti-
vation of Raf(wt) by Ras(G12V) (Fig. 2A). N140A and R143A
had a slightly stronger effect on basal Raf-induced transacti-
vation and led to a four- to fivefold increase in basal Raf
activity. Exchange of F151 or D153 for alanine enhanced the
basal Raf-induced transactivation 15- to 20-fold, which is com-
parable to the level of activation of Raf(wt) by Ras(G12V).

Still, these mutant Raf proteins could be further activated by
Ras(G12V) about two- to threefold compared to Ras activa-
tion of Raf(wt). To test whether the increase in Raf-induced
transactivation due to these mutations was caused by enhanced
Raf expression, we fused an N-terminal FLAG epitope to
these constructs. Control of protein expression showed that
mutant RafC1 did not affect protein expression significantly
(Fig. 2B). Combination of different activating mutations that
elicited only a slight increase in basal activity when exchanged
individually, such as N140A R143A or R143A Q156A, resulted
in significantly enhanced basal transactivation, whereas
Ras(G12V)-dependent Raf activation was not altered com-
pared to that achieved with the single mutant proteins (Fig.
2C). The F151A D153A double mutation also produced in-
creased basal activity. Yet, with this double mutation,
Ras(G12V)-induced activation was less efficient than with the
single mutation F151A or D153A, which led to only a 1.5-fold
increase compared with Raf(wt) activation. This shows that
additional activating mutations can even reduce the effect of a
single mutation on Ras-induced Raf activation. Adding one
additional mutation (F151A D153A Q156A) did not further
alter activation compared to that achieved with the double
mutation. Multiple amino acid exchanges in the RafC1 domain
also did not affect protein expression (Fig. 2D).

To test whether the transactivation induced by RafC1 mu-
tations was due to genuine Raf kinase activity, we combined
activating RafC1 mutations with the K375W mutation located
in the kinase domain. Raf(K375W) abolishes kinase activity
and acts as a dominant negative mutant protein in Ras-induced
signaling (6, 24, 39). No kinase activity was observed when
RafC1 mutations were combined with the kinase-negative
K375W mutation (Fig. 2E). This clearly shows that the en-
hanced transactivation induced by mutant RafC1 required Raf
kinase activity. In addition, the RafC1 mutations, in combina-
tion with K375W, appeared to reduce transactivation induced
by Ras(G12V) alone (compare to pcDNA3 in Fig. 2E), possi-
bly by sequestration of Ras(G12V) by our inactive mutant Raf
kinases. The activation observed in these experiments was spe-
cific to the E74 binding site, since no effects were detected with
a luciferase reporter gene lacking E74 binding sites (data not
shown).

Activating RafC1 mutations can be assigned to three differ-
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FIG. 2. Activating effect of mutations in RafC1 on Ras/Raf/MEK/ERK-me-
diated transactivation in RK13 cells. (A) Transactivation mediated by Raf(wt)
and single mutant RafCl proteins was measured with a luciferase reporter
construct driven by three E74 binding sites in transient transfection assays.
Where indicated, the Ras(G12V) plasmid was cotransfected. (B) Control of the
expression of Raf(wt) and mutant RafC1 proteins by fusion to an N-terminal
FLAG epitope. RK13 cells were transfected with the pcDNA3-FLAG-Raf con-
structs indicated. After harvesting of cells, normalized amounts of cell lysate
were resolved by SDS-PAGE and proteins were transferred to polyvinylidene
difluoride membranes. Immunoblotting was performed by using a monoclonal
anti-FLAG antibody and developed by using enhanced chemiluminescence. (C)
Transactivation mediated by multiple RafC1 mutants. (D) Control of expression
of multiple RafC1 mutants fused to an N-terminal epitope as described for panel
B. (E) Transactivation using mutant RafCl proteins in combination with the
kinase-negative K375W mutation. The data shown are averages of three inde-
pendent experiments.

ent epitopes. One epitope consists of residues N140, Q166, and
T167, which are all immediately adjacent to zinc ligands of the
first zinc binding site (Fig. 1 and 3A). A small epitope is
located on strand B1 and consists of R143 and T145. A large
epitope comprises residues F151, D153, Q156, K157, K171,
and H175 from strands B2, B3, and B5 and helix a1, which form
a mostly contiguous surface (Fig. 1 and 3B). In summary,
RafC1 plays an important role in the negative control of kinase
activity by the regulatory N terminus, since mutations within
these functional epitopes loosen the control over Raf basal
activity and facilitate Ras-induced Raf activation.

Cooperative effects of inhibitory RafC1 mutations. Mutation
of K144, 1160, R164, S177, T182, or M183 to alanine slightly
decreased Ras(G12V)-induced Raf activation to 70 to 80% of
the activity of Raf(wt) (Fig. 4A), while expression of FLAG
epitope-tagged RafCl mutant proteins was not altered (Fig.
4B). These inhibitory mutations are also found in three differ-
ent epitopes (Fig. 3C). One epitope comprises residues S177,
T182, and M183. The side chains of K144 and R164 also form
a contiguous surface. L160, which is found as a single inhibi-
tory residue, is localized to a position analogous to the phorbol
ester binding site in the C1 domain of PKC.

Combining mutations within one epitope reinforced the ef-
fect of inhibitory mutations on Ras-dependent Raf activation
(Fig. 4C). The mutations T182A M183A and S177A T182A
M183A reduced Raf activation to 60 and 35% compared to
Raf(wt) activation, respectively. The K144A R164A double
mutation affected Raf activation even more drastically, reduc-
ing Raf activation to about 30% of the activity of Raf(wt).
While inhibition by mutations within a single epitope can be
attributed to disruption of a single function of RafCl, this
raised the question of whether different functional epitopes
may cooperate in Ras-dependent Raf activation. Thus, we
combined the L160A mutation, which is localized to a position
equivalent to the phorbol ester binding site in PKC, with the
K144A mutation. Remarkably, the activation of this double
mutant Raf was inhibited to the vector control level. Also, the
combination of K144A, R164A, T182A, and M183A led to
complete inhibition of Raf activation. Even mutations that
completely inhibited Raf activation did not reduce Raf expres-
sion (Fig. 4D). Thus, the complete inhibition that was elicited
by combination of inhibitory RafC1 mutations from different
epitopes clearly demonstrates that RafC1 function is essential
in Ras-induced Raf activation.

Raf kinase assays confirm the inhibitory and activating ef-
fects of mutant RafC1. To confirm further that both the acti-
vation and inhibition of Raf-dependent transactivation ob-
served in the reporter gene assay were due to changes in Raf
activity, we tested inhibitory and activating mutant RafCl1 by
using a Raf kinase immunoprecipitation assay (18) after tran-
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sient transfection of RK13 cells. Phosphorylation of kinase-
inactive MEK as a substrate was increased 15-fold upon acti-
vation of Raf(wt) by Ras(G12V), while Raf(R89L) could not
be activated by Ras (Fig. 5, upper and lower panels). The basal
activity of K157A mutant RafC1 was enhanced 1.7-fold and
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FIG. 3. Functional epitopes of the RafC1 domain. The surface was calcu-
lated by using GRASP (54) and the RafCl structure determined by NMR
analysis (50). (A) View of the N-terminal part of RafC1 displaying one activating
epitope formed by residues that are all immediately adjacent to ligands of the
first zinc binding site (N140, Q166, and T167) and one epitope localized on
strand B1 (R143 and T145) (in yellow). (B) View of an activating epitope formed
by residues localized on strands 2, 3, and 35 and helix a1 (F151, D153, Q156,
K157, K171, and H175). (C) Distinct inhibitory epitopes formed by residues
located either at the C terminus of RafC1 (S177, T182, and M183), on strands 1
and B4 (K144 and R164), or at a position (L160) analogous to that of the phorbol
ester binding site of the PKC C1 domain (in red).

corresponded to 23-fold activation of Raf(K157A) by
Ras(G12V). Surprisingly, inhibition of Raf activation by the
L160A mutation reduced Raf activation to only 15% of the
Raf(wt) level. Control of Raf protein levels ruled out the
possibility that the strong inhibition by the L160A mutation
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FIG. 4. Inhibitory effect of RafC1 mutations on Raf-mediated transactiva-
tion. (A) Transactivation mediated by Raf(wt) and single mutant RafC1 proteins
was measured with an E74 binding site-driven promoter as described in the
legend to Fig. 2A. (B) Control of expression of RafC1 mutant proteins fused to
an N-terminal epitope as described in the legend to Fig. 2B. (C) Transactivation
mediated by multiple mutations of RafC1. The data shown are averages of three
independent experiments. (D) Control of the expression of RafCl multiple
mutant proteins fused to an N-terminal FLAG epitope as described in the legend
to Fig. 2B.

was due to reduced Raf protein levels (Fig. 5, middle panel).
While we cannot explain the stronger inhibitory effect of the
mutant Raf(L160A) in the Raf kinase assay compared to the
reporter gene assay, these results clearly confirm that the ac-
tivation and inhibition of Raf-dependent transactivation by
mutant RafCl1 observed in the reporter gene assay were due to
alterations in Raf kinase activity.

RafC1 mutations affect Raf activation independently of Ras
lipid modification. Different studies have suggested that lipid
modification of Ras is required for the interaction between Ras
and the RafC1 domain and for Raf activation (27, 28, 43). It
has been shown that C-terminal lipid modification of Ras is not
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FIG. 5. Effect of mutant RafC1 on Raf kinase activation. MEK phosphory-
lation by Raf(wt) and by mutant Raf proteins is shown in the upper panel, and
quantification of MEK phosphorylation is displayed in the lower panel. Immu-
nodetection of Raf proteins is shown in the middle panel. Activation of Raf(wt)
and Raf mutant proteins was measured by using phosphorylation of kinase-
inactive MEK by immunoprecipitated FLAG epitope-tagged Raf(wt),
Raf(R89L), Raf(K157A), and Raf(160A) proteins that were transiently ex-
pressed in RK13 cells. The FLAG antibody was used to immunoprecipitate
tagged Raf protein from cells lysed in NP-40 lysis buffer. Proteins were separated
by SDS-PAGE and blotted onto nitrocellulose. MEK phosphorylation was visu-
alized by autoradiography and analyzed with a Phosphoimager. After exposure,
membranes were probed with a monoclonal anti-Raf antibody and developed by
using enhanced chemiluminescence. The data shown are representative of two
independent experiments.
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cell lysate were resolved by SDS-PAGE and proteins were transferred to polyvinylidene difluoride membranes. Immunoblotting was performed by using anti-Ras

monoclonal antibody Y13-259 and developed by using enhanced chemiluminescence.

needed for oncogenic transformation when Ras was targeted
to the plasma membrane farnesylation independent by an N-
terminally fused transmembrane helix (23). Therefore, we
wanted to determine if membrane targeting of Ras is sufficient
to activate Raf kinase. We used QI-Ras-(G12V), which cannot
be farnesylated (41) and which is targeted to the plasma mem-
brane by the E1(Q37I) transmembrane helix (23, 61). In com-
parison to Raf activation by farnesylated Ras, the QI-
Ras(G12V) construct required a fivefold larger amount of
vector to increase Raf-stimulated transactivation to 90% of the
level that was achieved with farnesylated Ras(G12V) (Fig. 6A).
In the absence of cotransfected Raf, QI-Ras(G12V) increased
transcriptional activity only 1.4-fold over the vector control
level. We also tested the ability of QI-Ras(G12V) to activate
Raf in the direct Raf kinase assay. Activation of Raf by QI-
Ras(G12V) was 7-fold, while Ras(G12V) induced a 17-fold

increase in Raf activity when a 5-fold greater amount of QI-
Ras(G12V) plasmid compared to Ras(G12V) was transfected
(Fig. 6B). Since QI-Ras(G12V) is about 10 kDa larger than
Ras(G12V), Ras expression could be controlled by direct com-
parison of overexpressed protein independently of the back-
ground of endogenous Ras. Immunoblotting of transfected
Ras showed that even when a fivefold excess of the QI-
Ras(G12V) plasmid was transfected, expression of this protein
was not higher than expression of Ras(G12V) (Fig. 6C). Under
these conditions, the endogenous Ras was not detected. It
appears that a greater amount of the QI-Ras(G12V) plasmid is
necessary to achieve expression of QI-Ras(G12V) similar to
that of Ras(G12V). In summary, while the efficiency of Raf
activation by QI-Ras(G12V) appears to be reduced, Ras acti-
vation of Raf does not require any lipid modification.
Transactivation induced by mutant RafCl was tested by
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using 400 ng of QI-Ras(G12V) to achieve a Raf(wt)-induced
transactivation signal that was suitable for testing of both ac-
tivating and inhibitory mutant RafCl. When stimulated by
QI-Ras(G12V), all of the activating mutant RafCl proteins
displayed 1.5- to 2-fold-increased transactivation compared to
the activation of Raf(wt) by QI-Ras(G12V) (Fig. 7A). These
results are similar to those obtained upon activation of these
mutant proteins by farnesylated Ras(G12V). The inhibitory
effect of the RafCl single mutations S177A, T182A, and
M183A was slightly stronger when they were activated by QI-
Ras(G12V) than when they were activated by farnesylated
Ras(G12V) (Fig. 7B). The combination of the S177A, T182A,
and M183A mutations reduced Raf-mediated transactivation
to 35% regardless of the Ras construct used for activation (Fig.
4C and 7B). The inhibition by the K144A, L160A, and R164A
single mutations was stronger upon stimulation with QI-
Ras(G12V), reducing the level of transactivation to 20 to 30%,
compared to the 70 to 80% induced by Ras(G12V). In this
case, all of the combined mutations completely inhibited QI-
Ras(G12V)-induced transactivation. In summary, the inhibi-
tory or activating effects of RafC1 mutations were similar re-
gardless of whether Ras(G12V) or QI-Ras(G12V) was used.
Therefore, we conclude that the RafC1 interaction with Ras is
independent of Ras farnesylation.

Identification of the Ras binding RafC1 epitope. The fact
that Raf activation by Ras could be inhibited by RafC1 surface
mutations raised the question of whether this inhibition was
due to disruption of the Ras-Raf interaction. To address this
question, we used a two-hybrid assay for which we have shown

a quantitative correlation between the Ras binding affinities of
point mutant RafRBDs measured in vitro and 3-galactosidase
activity determined with the two-hybrid assay in vivo (32).
When tested qualitatively in the context of full-length Raf, all
of the mutant RafCls showed equal growth on selective me-
dium and displayed (-galactosidase activity in combination
with Ras(G12V,_;46) (Fig. 8A). Even the K144A L160A and
K144A R164A T182A M183A mutations, which inhibited Raf
activation completely, did not affect Ras-Raf interaction, which
is in marked contrast to the RafRBD mutation R89L. In the
quantitative assay, the K144A and R164A single mutants and
K144A L160A and K144A R164A double mutants retained 60
to 80% of the B-galactosidase activity of Raf(wt) (Fig. 8B).
This indicates that these mutations only exert minor effects on
Ras-Raf interaction compared to the effect of mutations within
RafRBD (32). Mutations T182A and M183A reduced B-galac-
tosidase activity to about 30% of that of Raf(wt). S177A pro-
duced the strongest decrease in B-galactosidase activity elicited
by a RafC1 single mutation, reducing it to 20% of the wild-type
level. The T182A M183A double mutation and the S177A
T182A M183A triple mutation further decreased B-galactosi-
dase activity to about 15 and 10% of the wild-type activity,
respectively. To compare these mutations to those of RafRBD
in the context of full-length Raf, Raf(R67A) was also tested
and found to have 10% of the wild-type activity. Thus, the
activity of the triple mutation in both Raf activation and Ras
binding is equal to that of R67A. Combining the exchanges of
K144 and R164 with the T182A M183A mutations did not
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FIG. 8. Effect of RafC1 mutations on Ras binding. (A) Qualitative investigation of the effect of RafC1 mutations on Ras binding using the two-hybrid system. Yeast
cells were cotransformed with pPC97-Ras(G12V),_;4, and pPC86-Raf constructs containing the mutations indicated in the context of full-length Raf. After 3 days of
growth on selective plates, indicated as —His (minus Leu, Trp, and His in the presence of 25 mM 3-amino-1,2,3-triazole), the B-galactosidase (B-Gal) assay was
performed as described in Materials and Methods. (B) Quantitative measurement of Ras-Raf binding in vivo using the two-hybrid system. Yeast cells were
cotransformed with pPC97-Ras(G12V_,4¢) and pPC86-Raf constructs containing the mutations indicated in the context of full-length Raf. The assay for p-galactosidase
activity was performed as described in Materials and Methods. (C) Quantitative measurement of Ras-Raf binding using full-length pPC97-Ras(G12V) and the
pPC86-Raf construct as for panel B. The quantitative data shown are averages of three independent experiments using different clones each time. (D) Control of
expression of pPC86-Raf(wt) and mutant pPC86Raf constructs. After 3 days of growth on selective plates, cells were lysed in yeast lysis buffer. Cell lysate was resolved
by SDS-PAGE, and proteins were transferred to polyvinylidene difluoride membranes. Immunoblotting was performed by using anti-Raf-C20 serum and developed by

using enhanced chemiluminescence.

affect B-galactosidase activity compared to the T182A M183A also employed a full-length Ras(G12V) construct. When full-

double mutation.

length Ras(G12V) was used, a reduction of B-galactosidase

To test for a possible contribution of the Ras lipid modifi- activity to about 60% of the activity obtained with C-terminally
cation to the Ras-Raf interaction in the two-hybrid system, we truncated Ras(G12V,_;4,) was observed (Fig. 8C), indicating
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that the Ras lipid modification does not contribute to Ras-Raf
interaction. Furthermore, the RafC1 mutations S177A, T182A,
and M183A strongly decreased B-galactosidase activity; K144A,
L160A, and R164A did not (data not shown). Since yeast cells
do not contain endogenous Raf, we controlled the expression
of mutant Raf by immunoblotting of pPC86-Raf constructs by
using an anti-Raf antibody (Fig. 8D). Since Raf expression was
not altered by the mutant RafCl, the reduction in B-galacto-
sidase activity clearly reflects a decrease in Ras-Raf binding
affinity. The additive effects of the S177A, T182A, and M183A
mutations on Ras-Raf interaction strongly suggest that this
epitope mediates interaction of the RafCl domain with Ras,
while the other inhibitory epitopes do not contribute to Ras
binding.

Different effects of RafC1 mutations on transactivation in-
duced by Raf membrane targeting. Raf(R89L), which does not
bind Ras, can be activated by targeting Raf to the membrane
by fusing a CAAX motif to the C terminus of Raf. The level of
activation of Raf(R89L-CAAX) was equal to that of activation
of Raf(wt-CAAX) (57). For mutant RafCl, the inhibitory ef-
fect of the T182A MI183A mutations and the S177A T182A
M183A mutations was completely overcome by fusing a CAAX
motif to the C terminus of these constructs (Fig. 9A). In con-
trast, the activation of the K144A R164A mutation was
strongly reduced, to 15% of Raf(wt-CAAX) activity. The
K144A L160A-CAAX and K144A R164A T182A MI183A-
CAAX mutant retained 40% of Raf(wt-CAAX) activity. Con-
trol of the expression of mutant RafC1 proteins showed that
the inhibition of Raf(CAAX) activation by these amino acid
exchanges was not due to inhibition of protein expression (Fig.
9B). Importantly, the K144A R164A mutation inhibited
CAAX-mediated Raf activation much more strongly than did
the K144A L160A and K144A R164A T182A MI183A muta-
tions, while the latter inhibited Ras(G12V)-mediated activa-
tion much more strongly than did the K144A R164A mutation.
The different inhibitory potencies of the K144A RI164A,
K144A L160A, and K144A R164A T182A M183A mutations
activated either by CAAX fusion or by Ras reveals that acti-
vation by these two stimuli is at least in part mechanistically
different. Therefore, these data demonstrate that the inhibitory
epitopes in the RafCl domain have distinct functions in Ras-
dependent Raf activation and may even act differently with
respect to related stimuli that activate Raf.

DISCUSSION

The RafC1 domain is part of the CR1 region in the regula-
tory Raf N terminus and is localized immediately adjacent to
RafRBD. Although numerous studies have provided evidence
regarding a contribution of RafCl to the Ras-Raf interaction
and to Ras-induced Raf activation (5, 6, 8, 11-13, 15, 20, 27, 28,
43,57, 64, 70), its function has remained elusive. We set out to
elucidate the function of the RafC1 domain in detail by per-
forming complete surface alanine scanning mutagenesis, since
this approach has been used successfully to define functional
epitopes in different protein-ligand interactions (10, 36, 55,
65).

To measure Ras-induced Raf activation, we used an E74-
driven reporter gene assay. We have shown previously that the
activity measured with this assay correlates quantitatively with
Ras-RafRBD binding affinity (4). Results of these assays were
supported by results of Raf kinase immunoprecipitation assays
(18). In addition, we employed a quantitative two-hybrid assay
to measure Ras-Raf interaction by using full-length Raf. We
have demonstrated that B-galactosidase reporter gene activity
measured in this assay correlates quantitatively with changes in
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FIG. 9. Effect of RafC1 mutations on transactivation by membrane-targeted
Raf. (A) Transactivation induced by 50 ng of pcDNA3-Raf-CAAX containing
the mutations indicated was measured with an E74 binding site-driven promoter
as described in the legend to Fig. 2. The data shown are averages of three
independent experiments. (B) Control of expression of Raf(C1-CAAX) mutant
proteins fused to an N-terminal FLAG epitope as described in the legend to Fig.
2B.

the Ras-Raf binding affinity elicited by RafRBD mutations
(32).

Here, we reveal by alanine scanning mutagenesis of surface-
exposed residues of RafCl that multiple distinct functional
epitopes are present within this domain. These epitopes are
required for both the negative control of the kinase activity and
the positive function of the protein. For activating, as well as
inhibitory, mutations, three different epitopes were identified.
Activating mutations primarily enhanced Ras-dependent acti-
vation of Raf, except mutations F151A and D153A, which led
to a drastic increase in basal Raf activity. Characteristically, the
combination of different activating mutations did not potenti-
ate the effect of the single mutations on Ras-dependent acti-
vation but rather resulted in an increase in basal Raf activity.
These findings argue in favor of a general role of these residues
in the negative control of Raf activity. Nevertheless, some of
these residues may also be important for maintaining the ac-
tivated state of the kinase, since the double mutation F151A
D153A even diminished Ras-induced activation compared to
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the F151A and D153A single mutations. Since the mutations
that led to enhanced activation of the kinase are organized in
three distinct epitopes, multiple intramolecular interactions, as
well as interactions with other regulatory proteins, may be
involved in the regulation of kinase activity via these sites.
One possible explanation for activation of Raf via alterations
within these epitopes is the dissociation of inhibitory proteins
that bind to Raf, which results in activation of the kinase (12,
45). Alternatively, or in addition, these epitopes may play a
role in intramolecular interactions. The structures of the pro-
tein kinases Src and Hck, which contain different regulatory
modular domains in their noncatalytic part, have revealed how
their inhibitory regulatory modules act via functional interdo-
main contacts that retain these kinases in the inactive state (59,
68). In addition, these regulatory modules also provide binding
sites for additional protein ligands (48). The weak interactions
that are mediated by these negative control domains can be
released by competing protein ligands, which leads, in turn, to
activation of the kinase (48). Since Raf apparently contains
multiple structural modules in the noncatalytic N-terminal
part, it is conceivable that these principles also apply to the
regulation of Raf kinase activity. In analogy to Src and Hck,
the residues in the RafC1 domain that led to enhanced acti-
vation of the kinase upon mutation may be part of a complex
and interdependent network of intramolecular interactions.
Binding of an additional ligand to these sites might release
inhibitory intramolecular interactions and activate the kinase.
Simultaneously, binding of additional ligands could play a role
in correct cellular targeting or stabilize the activated state of
the kinase. This model would explain the observation that the
activation of the F151A D153A double mutant Raf was lower
than the activation of Raf carrying single mutations. The dou-
ble mutation might weaken the interaction with factors that
stabilize the activated state of the kinase further compared to
an FI151A or D153A single mutation, whereas weak interac-
tions responsible for the negative control of kinase activity by
RafC1 may already be disrupted by single mutations. This
model is further supported by the recent finding that part of
the regulatory domain of the kinase suppressor of Ras stimu-
lates Raf activity in a kinase-independent manner (46).
Inhibitory mutations only had moderate effects when tested
as single mutations in the reporter gene assay. In contrast to
the mutations that led to activation, the effect of the inhibitory
mutations was enhanced when multiple mutations were
present. Residues S177, T182, and M183 form a distinct
epitope, and mutation of these residues inhibited both Ras-
dependent Raf activation and Ras binding. Comparing the
decrease of Raf activation with the reduction of Ras binding
showed that these two effects correlate closely. The overall
inhibition of Ras binding is the same as in the R67A single
mutant form of RafRBD. Also, the inhibition of Raf activation
caused by the S177A T182A M183A mutation in this study is
equal to the effect of the Raf(R67A) mutant described in our
previous work (4). Furthermore, inhibition of Raf activation by
the S177A T182A MI183A mutation (Fig. 9) and by the
RafRBD R67A contact surface residue mutation could be
overcome completely by fusion of a CAAX motif to the Raf C
terminus. This strongly suggests that the epitope consisting of
S177, T182, and M183 represents the Ras binding site of
RafCl. In comparison with the contact surface of the Ras
binding of RafRBD, this epitope is relatively small. In
RafRBD, eight amino acid side chains are involved in interac-
tion with Ras, and three of these residues are most important
for Ras-dependent Raf activation (4). In RafC1, we identified
an interacting epitope of only three side chains that inhibits
Ras binding and Raf activation when mutated. Since the de-
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crease of Ras binding energy by mutation of this epitope is
equal to the effect of mutation of the single Raf(R67A) side
chain, this demonstrates that the contribution of this domain to
Ras binding is not equivalent to that of RafRBD.

Assignment of the Ras binding epitope to residues S177,
T182, and M183 is in agreement with the strong inhibitory
effect of Raf(C165S) and C165S C168S or of the P181L mu-
tation on Ras binding which has been observed in many studies
(6, 13, 27, 28, 43, 70). Mutation of C165 and C168 disrupts the
first zinc binding site, which will clearly disrupt the conforma-
tion of this epitope. These mutations may even lead to steric
hindrance of the Ras-RafRBD interaction due to misfolding of
parts of the RafC1 interaction surface. Furthermore, mutation
of the cis proline at position 181 will cause conformational
changes due to cis-trans isomerization and, as a result, will
lower Ras-Raf binding. In addition, the C165S C168S mutation
will also affect the activating epitope consisting of N140, Q166,
and T167, since these residues are localized immediately ad-
jacent to ligands of the first zinc binding site. Thus, the C165S
and C168S mutations do affect positive and negative regulatory
interactions simultaneously. This strongly supports the notion
that it is mandatory for a functional analysis of the RafC1
domain to investigate the effects of mutations within individual
regulatory epitopes, thus avoiding gross conformational
changes within this domain.

We clearly demonstrate that Raf can be activated by
Ras(G12V), even in the absence of lipid modification of Ras,
when Ras is targeted to the plasma membrane by fusion to an
N-terminal E1(Q37I) transmembrane helix. Thus, Raf activa-
tion does not require farnesylated Ras, as membrane targeting
of Ras by fusion to an E1(Q37I) transmembrane helix to the
Ras N terminus efficiently activates Raf kinase. Furthermore,
testing of the Ras-Raf interaction by using full-length Ras in a
two-hybrid assay did not provide evidence for a contribution of
Ras prenylation to the Ras-Raf interaction. The less efficient
activation of Raf by QI-Ras(G12V) could be explained by the
insufficient spatial orientation of Ras at the plasma membrane
caused by the artificial transmembrane helix and the 22-amino-
acid linker. Nearly all RafC1 mutant proteins showed the same
effect on Raf activation, regardless of whether Ras(G12V) or
QI-Ras(G12V) was used. Inhibition by mutation of K144,
L160, and R164 was stronger when QI-Ras(G12V) was used
for Raf activation. This indicates that this group of mutations
responds systematically differently to membrane targeting of
Ras by either farnesylation or fusion of a transmembrane helix.
However, if these residues are part of a farnesylation-depen-
dent Ras binding site, the inhibitory effect of these mutations
should be abolished when nonfarnesylated QI-Ras(G12V) is
used for Raf activation. In summary, we conclude that mem-
brane localization of Ras is required for Raf activation, while
farnesylation of Ras is not.

Complete inhibition of Raf activation was caused by com-
bining surface mutations of different epitopes such as K144A
L160A or K144A R164A T182A M183A, which demonstrates
an essential role of RafC1 in Ras-dependent Raf activation.
Mutation K144A R164A or K144A L160A did not interfere
with Ras binding significantly but did inhibit Raf activation,
even in the presence of a membrane-targeting motif fused to
the Raf C terminus. This demonstrates that these residues are
essential in the activation of Raf subsequent to membrane
targeting of Raf by Ras. Importantly, the potency of the inhi-
bition of Raf activation by these double mutations was inter-
changed when Raf was activated either by CAAX fusion or by
a Ras stimulus. This reveals that Raf activation by CAAX
fusion is in part mechanistically different from Ras activation
of the kinase. Analogous to the C1 domain of PKC, RafCl1
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binds to phospholipid vesicles (21). It has been suggested that
the C1 domain of PKC is partially inserted into the plasma
membrane when bound to phorbol ester (69), and the residues
around the phorbol ester binding site have been found to
interact with phospholipids (67). The localization of K144 and
R164 is in agreement with a possible role of these residues in
phospholipid binding, since in the PKC C1 domain, residues
localized at these positions were also involved in phospholipid
binding (67).

Mutation L160A also resulted in decreased Raf-dependent
transactivation. Surprisingly, the L160A exchange inhibited
Raf activation more potently in the Raf kinase assay. This is
especially intriguing because L160 is localized to a position
analogous to the phorbol ester binding site in the C1 domain of
PKC. The unlikelihood that the small change of leucine to
alanine would result in a general decrease in membrane bind-
ing, raises the question of whether L160 is involved in the
binding of a lipid messenger that is important for Raf activa-
tion. Although it is tempting to speculate that ceramide might
be a ligand that binds to the RafC1 domain (29), we have been
unable to observe a direct effect of ceramide on Raf activation
(data not shown), which is in agreement with a recently pub-
lished study (51). Surprisingly, in RafCl1, only the single resi-
due L160 was found to affect Ras-dependent Raf activation.
However, in the case of phorbol ester binding to the C1 do-
main of PKC, most interactions between the C1 domain and
the phorbol ester ligand are mediated via main chain interac-
tions (69). If these characteristics also applied to lipid cofactor
binding to RafCl accordingly, our mutational analysis may
underestimate the importance of lipid cofactor binding for Raf
activation. However, the complete inhibition of Raf activation
by the combination of K144A and L160A strongly suggests that
L160 is part of a cofactor binding site that plays an essential
role in Raf activation.

In summary, the RafC1 domain displays multiple functional
features. (i) It appears to be part of a complex intramolecular
network of interactions that control the maintenance of the
inactive state of the kinase. (ii) It may represent the binding
site for inhibitory proteins. (iii) It is involved in mediating Ras
binding. (iv) It contains an epitope of charged residues that
may be involved in phospholipid binding. (v) It contains a
putative binding site for a lipid messenger that is localized to a
position analogous to that of the PKC phorbol ester binding
site.

This striking complexity of RafCl function in Raf kinase
regulation immediately demonstrates that unravelling of the
complete function of RafC1 necessitates the identification of
its protein and lipid interaction partners and requires detailed
structural and functional characterization of their individual
roles in Raf activation.
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