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The serine/threonine kinase RAF is a central component of
theMAPKcascade. Regulation of RAF activity is highly complex
and involves recruitment to membranes and association with
Ras and scaffold proteins as well as multiple phosphorylation
and dephosphorylation events. Previously, we identified by
molecular modeling an interaction between the N-region and
theRKTRmotif of the kinase domain inRAF and assigned a new
function to this tetrapeptide segment. Here we found that a sin-
gle substitution of each basic residue within the RKTR motif
inhibited catalytic activity of all three RAF isoforms. However,
the inhibition and phosphorylation pattern of C-RAF and
A-RAF differed from B-RAF. Furthermore, substitution of the
first arginine led to hyperphosphorylation and accumulation of
A-RAF and C-RAF in plasma membrane fraction, indicating
that this residue interferes with the recycling process of A-RAF
and C-RAF but not B-RAF. In contrast, all RAF isoforms behave
similarly with respect to the RKTR motif-dependent dimeriza-
tion. The exchange of the second arginine led to exceedingly
increased dimerization as long as one of the protomers was not
mutated, suggesting that substitution of this residue with ala-
ninemay result in similar a structural rearrangement of theRAF
kinase domain, as has been found for the C-RAF kinase domain
co-crystallizedwith a dimerization-stabilizingRAF inhibitor. In
summary, we provide evidence that each of the basic residues
within the RKTR motif is indispensable for correct RAF
function.

RAFproteins, originally discovered as the oncogenic product
of mouse sarcoma virus (1), belong to the family of serine/thre-
onine-specific protein kinases that control cell proliferation,
transformation, differentiation, and apoptosis (2–5). They
serve as signaling modules for the classical mitogenic pathway,
functioning to connect the receptor tyrosine kinase via MEK
and ERK with nuclear transcription factors. Unlike lower
eukaryotes that express only one RAF gene, vertebrates inherit
at least three members of the RAF family, A-RAF, B-RAF, and
C-RAF (6–9). B-RAF is likely to be the original RAF kinase in

the evolution of vertebrates, as its nucleotide sequence is more
closely related to all other eukaryotic RAF homologues than
either A-RAF or C-RAF. B-RAF also plays an important role in
cancer progression. This is underlined by the fact that in several
cancer types like melanoma and colorectal cancer, a single
amino acid exchange in B-RAF (V600E, formerly termed
V599E) is one of the most commonly found mutations (3,
10, 11).
All RAF isoforms share three conserved regions (CR1, CR2,

and CR3) and can be divided in two functional parts, the N-ter-
minal regulatory domain and the C-terminal kinase domain
(see Fig. 1A). Although CR1 (residues 51–194 in C-RAF) and
CR2 (residues 254–269 in C-RAF) are positioned within the
regulatory domain, CR3 represents the kinase domain extend-
ing in C-RAF from residue 347 to 613. CR1 includes two sub-
domains, the Ras binding domain followed by the cysteine-rich
domain. The serine/threonine-rich CR2 contains a conserved
14-3-3 binding motif (12).
The molecular mechanism of RAF activation is highly com-

plex and, despite intensive investigations, it is not completely
understood. Although experimental support is missing, it has
been generally accepted that in quiescent cells C-RAF exists in
an inactive conformation maintained by autoinhibitory inter-
actions occurring between the N-terminal regulatory and the
C-terminal catalytic domains. This inactive conformation is
supposed to be stabilized by binding of 14-3-3 dimers to the
conserved phosphoserines within the internal and the C-termi-
nal 14-3-3 binding sites of RAF (4, 13). There is evidence that a
fraction of RAFmolecules exists as membrane-prebound being
targeted to the plasmamembrane primarily by association with
cholesterol and ceramides (raft microdomains) (14, 15). Addi-
tionally, the association of RAF with the membranes may be
facilitated through the binding of the RAF catalytic domain to
phosphatidic acid (PA)2 (16, 17). Thus, this model implicates
that RAF association with membrane lipids represents the ini-
tial step in RAF activation (14). Upon stimulation of cell surface
receptors, association with activated small G protein Ras (Ras-
GTP) occurs in the plane of the inner leaflet of the plasma
membrane (18–20). This interaction initiates further activa-
tion events, such asmultiple phosphorylation and dephosphor-* This work was supported by Deutsche Forschungsgemeinschaft Grant SFB
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ylation steps as well as dimer formation (3, 21–23). RAF
dimerization, originally discovered byWeber et al. (21), proved
to be one of the most decisive steps in the regulation of RAF
activity, particularly in light of recent findings concerning the
paradoxical behavior of some RAF inhibitors in cancer treat-
ment (24–29).
Treatment of cells with growth factors induces phosphoryl-

ation at multiple sites. Among others, phosphorylation within
the N-region (the name is derived from negative-charge regu-
latory region) is essential for activation of RAF kinases. The
N-region is a short conserved sequence in front of the kinase
domain (see also Fig. 1A). It contains one highly conserved ser-
ine, which is present in all three RAF isoforms (Ser-299 in
A-RAF, Ser-338 inC-RAF, and Ser-446 in B-RAF) and two con-
served tyrosines (Tyr-301/Tyr-302 inA-RAF andTyr-340/Tyr-
341 in C-RAF) at positions where in B-RAF aspartates are
located (Asp-448/Asp-449). Stimulation-dependent phosphor-
ylation of these sites positively regulates catalytic activity of
RAF kinases (3, 30–32). Recently, we reported that non-con-
served amino acids within the N-region determine low basal
activity and limited inducibility of the A-RAF kinase, as substi-
tution of the non-conserved Tyr-296 to arginine led to a con-
stitutively active kinase, suggesting that Tyr-296 may be
responsible for the low kinase activity towardMEK (33). More-
over, we suggested an interaction between theN-region and the
catalytic domain in A-RAF and C-RAF based on results of
molecular modeling (33). The segment of the kinase domain,
which in our reconstruction model makes contact to the N-re-
gion, is part of the sequence that has been described as the
phosphatidic acid binding region of RAF kinases (17).
The phosphatidic acid binding region is a highly conserved

36-amino acid sequence containing a cluster of basic residues
(RKTR motif, see Fig. 1A) as well as a short segment of hydro-
phobic residues (405–408 in C-RAF) (17, 34). Mutation of one
of these residues to alanine (R398A)was sufficient to reduce the
ability of C-RAF to associate with PA using a microtiter plate
binding assay as reported by Rizzo et al. (16). An opposing
observation was seen by Ghosh et al. (35), who reported that
single site R398A or R401A replacements did not affect PA
binding when compared with wild type protein, whereas
K399A replacement resulted in reduced C-RAF binding to PA.
Furthermore, developmental defects were observed in zebra
fish embryos microinjected with mutant C-RAF RNA contain-
ing triple substitution R398A/K399A/R401A, underlining the
physiological importance of the RKTR motif (35). In addition,
the crystal structure of a C-RAF homodimer composed of two
kinase domains lacking the N-terminal regulatory part of the
protein revealed that Arg-398, Lys-399, and Arg-401 are parts
of the dimerization interface, assigning a new function to the
RKTR motif (26, 27). Dimerization deficiency of the B-RAF
kinase domain-containing the R509H mutation (residue Arg-
509 is equivalent to Arg-401 in C-RAF; see also Fig. 1A) con-
firmed the involvement of the RKTR motif in dimer formation
(27). On the other hand, based on data of Lu et al. (36), who
reported that mutations in the PA binding site do not alter the
transforming activity of v-RAF, Rizzo et al. (16) concluded that
kinase activity of C-RAF was unaffected by the mutations
within the RKTR motif. Moreover, these mutations did not

alter the ability of the constructs to associate with endogenous
C-RAF and did not disrupt the basal activity of the kinase in the
study of Rizzo et al. (16). Taken together, the overview of the
published data discloses inconsistence and incompleteness of
available information; however, there is a high need for new
insights into regulation of RAF kinases by the RKTRmotif with
respect to development of potent and specific RAF inhibitors.
Therefore, in the present study, we analyzed systematically the
impact of the single mutations within the RKTR motif of all
three RAF isoforms on kinase activity, subcellular distribution,
and dimerization behavior of the full-length proteins in vivo.
Data presented here reveal that each single substitution of

the basic residues within the RKTR motif results in inhibited
kinase activity of RAF isoforms. However, the inhibition and
phosphorylation pattern of C-RAF and A-RAF differs from
B-RAF. We found also that substitution of Arg-398 and Arg-
359 led to hyperphosphorylation and accumulation of A-RAF
and C-RAF, respectively, in plasma membrane fraction, sug-
gesting that this residue is involved in the recycling process of
A-RAF and C-RAF but not B-RAF. Concerning the RKTR
motif-dependent dimerization, all RAF isoforms behave simi-
larly. Whereas substitution of the lysine residue to alanine
resulted in amoderate inhibition of dimer formation, exchange
of the second arginine residue led to a highly increased
dimerization. This implies that substitution of the second argi-
nine residue for alanine may result in similar structural confor-
mation of the RAF kinase domain, as has been found for the
C-RAF kinase domain co-crystallized with a close analog of the
selective RAF inhibitor GDC-0879 (26). Collectively, selective
replacement of the basic residues within the RKTR motif
resulted basically in different phenotypes for A-RAF and
C-RAF versus B-RAF, thereby indicating a multifunctional role
for this regulatory segment.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used: anti-c-Myc
(9E10), anti-pERK (E-4), anti-ERK2 (C-14), anti-Lck (3A5),
anti-A-RAF (C-20), anti-C-RAF (RAF-1, C-12), anti-B-RAF
(C-19), and anti-HA (12CA5) from Santa Cruz; anti-H-Ras
(#R02120) from BD Transduction Laboratories; anti-M2PK
(DF4) from Schebo Biotech; anti-phospho-C-RAF-Ser-338
(56A6, was also used for detection of phospho-Ser-446 in
B-RAF), anti-phospho-A-RAF-Ser-299 (#4431) and anti-phos-
pho-C-RAF-Ser-259 (#9421, was also used for detection of
phospho-Ser-365 in B-RAF and phospho-Ser-214 in A-RAF)
fromCell Signaling Technology; anti-phospho-C-RAF-Ser-621
(6B4, was also used for detection of phospho-Ser-729 in B-RAF
and phospho-Ser-582 in A-RAF) has been described previously
(37).
DNA Constructs and Site-directed Mutagenesis—Cloning of

C-terminal Myc-tagged human RAF cDNA was performed as
described previously (33). The site-specific mutations of RAF
were introduced using QuikChange site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s instructions.
The correctness of the RAF mutant cDNA was confirmed by
DNA sequencing.
Immunoprecipitation and inVitro Kinase Assay—COS7 cells

were transfected withMyc-tagged RAF constructs using jetPEI
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transfection reagent (Polyplus Transfection). Cells were lysed
24 h after transfection with buffer containing 50 mM Tris-HCl,
pH 8.0, 137 mM NaCl, 2 mM EDTA, 2 mM EGTA, 10% (v/v)
glycerol, 0.1% (v/v) �-mercaptoethanol, 25 mM �-glycerophos-
phate, 10 mM sodium pyrophosphate, 1 mM Na3VO4, 25 mM

NaF, 1% Nonidet P-40, and proteinase inhibitors for 45 min at
4 °C. The lysates were clarified by centrifugation at 27,000 � g
for 15 min and incubated for 1 h at 4 °C with the anti-Myc
antibody. After the addition of protein G-agarose, the incuba-
tion was continued for 2 h at 4 °C. The agarose beads were
washed twice with lysis buffer containing 0.2% Nonidet P-40
and once with kinase assay buffer. The kinase assay was carried
out directlywith immunoprecipitated proteins in 25mMHepes,
pH 7.6, 150 mM NaCl, 25 mM �-glycerophosphate, 10 mM

MgCl2, 1 mM dithiothreitol, 1 mM Na3VO4, and 500 �M ATP
buffer (50�l final volume). RecombinantMEK and ERK-2were
used as substrates. After incubation for 30 min at 30 °C, the
kinase assaymixtures were supplementedwith Laemmli buffer,
boiled for 5 min at 100 °C, and applied to SDS-PAGE. After
Western blotting, the extent of ERK phosphorylation was
determined by an anti-phospho-ERK antibody.
Isolation of RAF Dimer Complexes—cDNA encoding Myc-

tagged RAF together with untagged or HA-tagged RAF was
transfected into COS7 cells using jetPEI transfection reagent
(PolyplusTransfection). RAFdimerizationwas amplified by co-
transfectionwithH-RasV12 and Lck. Cells were lysed 24 h after
transfection with buffer containing 10mMTris-HCl, pH 8.0, 50
mM NaCl, 30 mM sodium pyrophosphate, 100 �M Na3VO4, 1%
Triton X-100, and proteinase inhibitors for 45 min at 4 °C. The
lysates were clarified by centrifugation at 27,000 � g for 15 min
and incubated for 1 h at 4 °C with the anti-Myc antibody. After
the addition of protein G-agarose, the incubation was contin-
ued for 2 h at 4 °C. The agarose beads were washed 3 times with
lysis buffer containing 0.1%TritonX-100. The immunoprecipi-
tates were supplemented with Laemmli buffer, boiled for 5 min
at 100 °C, and applied to SDS-PAGE. After Western blotting,
the isolated RAF dimers were visualized by appropriate
antibodies.
Subcellular Fractionation—Cell fractionswere isolated using

the ProteoExtract subcellular proteome extraction kit (Calbi-
ochem). COS7 cells were grown on 10-cm Petri dishes and
transfected with cDNA encoding Myc-tagged RAF variants
together with H-RasV12 and Lck under starvation conditions.
The cells were fractionated into four subproteomic fractions
(cytoplasmic and nuclear fractions, fractions of whole mem-
branes, and cytoskeleton) according to themanufacturer’s pro-
tocol. Proteins were separated by SDS-PAGE and blotted onto
nitrocellulosemembrane. The recombinant RAF proteins were
detected by an anti-Myc antibody. The selectivity of subcellular
extractionwas documented by immunoblotting againstmarker
proteins (M2PK for cytosolic fraction, Lck for membrane frac-
tion, PARP (poly(ADP-ribose) polymerase) for nuclear frac-
tion, and vimentin for cytoskeletal fraction).
MolecularModeling of the N-region Interaction with the Cat-

alytic Part of RAF Kinases—For modeling the published crystal
structure of B-RAF catalytic domain was used (38). The N-ter-
minal extension (residues Gly-442 to Ser-447 in B-RAF) was
first built with an extended �-strand conformation for the

backbone atoms. Backbone and side-chain atoms of the N-ter-
minal extension were then optimized by energy minimization
using 500 steps of AdoptedRaphson Newton algorithm and the
Charmm22 force field employing only geometrical energy
terms and no electrostatics. For the final step, a full energy term
minimizationwas performed for theN-terminal extension, and
all other residues were kept fixed, employing a distance-depen-
dent dielectric treatment for the electrostatics. The structure
model for the C-RAF kinase domain was adopted from our
previous study (33).

RESULTS

Molecular Modeling Reveals Substantial Differences with
Respect to the Interaction between the N-region and the RKTR
motif in B-RAF and C-RAF—Based on molecular modeling we
proposed previously contact points between the catalytic
domain and the N-region of C-RAF and A-RAF protein (33).
Notably, in our model the N-region interacts with the highly
conserved RKTR tetrapeptide segment. The amino acid
sequences of these regulatory motifs in A-RAF, B-RAF, and
C-RAF are depicted in Fig. 1A. Contrary to the highly conserved
phosphatidic acid binding region, which includes RKTR motif,
theN-region of B-RAF reveals only 60% identity comparedwith
the N-region of A-RAF and C-RAF (Fig. 1A). Of note, B-RAF
Ser-446 (equivalent to C-RAF Ser-338 and A-RAF Ser-299)
within theN-region was found to be constitutively phosphoryl-
ated. Together with aspartic acids at positions 448/449 (equiv-
alent to Tyr-340/Tyr-341 in C-RAF and Tyr-301/Tyr-302 in
A-RAF), the phosphorylated Ser-446 contributes to the high
basal activity of B-RAF (30–32, 39). Having in mind these spe-
cial features of B-RAF, we asked whether the putative interac-
tion between the RKTR and the N-region in B-RAF may differ
from those found in A-RAF and C-RAF. To address this ques-
tion, we analyzed the spatial orientation of the B-RAFN-region
relative to the RKTR peptide by molecular modeling and com-
pared it with the model for C-RAF and A-RAF recently pub-
lished by our group (33). As shown in the Fig. 1B, the spatial
orientation of the N-region peptide relative to the RKTR seg-
ment differs significantly from that predicted for C-RAF and
A-RAF (Fig. 1C (33)). In contrast to C-RAF and A-RAF, the
orientation of the N-region in B-RAF is shifted relative to the
RKTR motif. Moreover, as the number of contact points
between the N-region and the catalytic domain in B-RAF is
much larger than in C-RAF and A-RAF, a tighter binding
between theN-region and the catalytic domain inB-RAF can be
proposed. In our model the negatively charged 445DpSSDD449

motif of the N-region in B-RAF interacts with several basic
amino acids from the �Chelix: e.g.Asp-449 with Arg-506, Asp-
448 with Lys-499, pSer-446 with Lys-507, and Asp-445 with
Gln-496, whereas the positively charged Arg-443 of the N-re-
gion interacts with Asp-594 and the backbone carbonyl of Val-
600 from the activation loop (Fig. 1B). Thus, the interactions
that have been proposed to interfere with phosphorylation of
Ser-338 in C-RAF and Ser-299 in A-RAF are lacking in B-RAF
(33).
In this regard Garnett et al. (22) suggested that negatively

charged N-region may stabilize the active conformation of the
small lobe of the kinase domain. In fact, according to the steric
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constellation shown in Fig. 1B, an interaction between the
N-region and the residues of the �C helix as well as the amino
acids Asp-594 and Val-600 of the activation segment could be
established. Both structural elements of the kinase domain are
of essential importance for RAF kinase activity. Asp-594 and
Val-600 are frequently mutated in cancer; thereby Val-600 is
themost commonly mutated residue (3).Whereas Asp-594 is a
part of the so-calledDFG (Asp-Phe-Gly)motif and bindsMg2�,
which coordinates �- and �-phosphates of ATP, Val-600 is a
part of the regulatory motif 599TVKS602 that has been found to
become phosphorylated upon B-RAF activation (40). The �C
helix is predicted to rotate and translate with respect to the rest
of the lobe,making or breaking part of the active site (12). Given
that the proposed mode of interaction between the N-region

and the catalytic domain is valid for the full-length B-RAF, a
stabilization of the active conformation by this interaction is
indeed conceivable.
Single Substitutions of Basic Residues within the RKTRMotif

Inhibit Catalytic Activity of C-RAF—The RKTR motif has been
described previously as a part of the phosphatidic acid binding
region and recently also as a part of the RAF dimerization surface
(17, 26, 27, 34). As the importance of these basic residues within
the RTKR motif for RAF activation has not been clearly defined
yet, we examined the impact of substitutions for alanine on cata-
lytic activity, subcellular localization, and dimerization of RAF
kinases.
At first, we examined kinase activity of the C-RAF mutants

R398A, K399A, and R401A and compared the activities with

FIGURE 1. Molecular model for interaction between the N-region and the catalytic domain in B-RAF and C-RAF. A, shown is a schematic presentation of
A-, B-, and C-RAF proteins and sequence alignment of the N-region and the RKTR motif. Conserved regulatory phosphorylation sites within the N-region and
14-3-3 binding segments are indicated. Light-shaded boxes, non-conserved parts of the sequence; dark-shaded boxes, conserved regions. CR1 comprises the
Ras binding (RBD) and the cysteine-rich domain (CRD). CR2 is the serine-threonine rich domain, and CR3 is the kinase domain. The position of the N-region is
highlighted in blue, whereas that of the RKTR motif is in red. B and C, modeling of the spatial orientation of the N-region relative to the RKTR motif of the kinase
domain in B-RAF (A) and C-RAF (B). Although the structure of the kinase domain is highlighted in green, the N-region peptide is highlighted in light blue. Positions
of the amino acids within the N-region and the amino acids of the kinase domain making interactions with the N-region are indicated.
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that of wild type RAF. To this end, Myc-tagged C-RAF cDNA
was expressed in COS7 cells in the presence or absence of
H-RasV12 as a cascade activator and isolated by anti-Myc
immunoprecipitation. Subsequently, kinase activity was tested
using purified MEK and ERK as coupled substrates. In all three
mutants substitution of the basic residues for alanine resulted
in considerable reduction of the kinase activity (Fig. 2). To
address the question, whether the reduced kinase activity was
due to the changes of the regulatory phosphorylation, we
probed the phosphorylation status of the N-region Ser-338 and
the 14-3-3 binding sites Ser-259 and Ser-621with appropriate
antibodies. Surprisingly, phosphorylation status of the RKTR
mutants was not consistent with the observed inhibition of
their kinase activity, as phosphorylation of the N-region Ser-
338 is thought to indicate the active state of C-RAF kinase.
Whereas phosphorylation status of the C-RAF-K399A was
almost unchanged, Ser-338 and Ser-621 phosphorylation was
highly increased in C-RAF-R398A and to a lesser extent in
C-RAF-R401A (Fig. 2). To test whether under physiological
conditions the C-RAF mutants R398A, K399A, and R401A
show similar effects as observed upon co-transfection with
H-RasV12, we activated the cells with epidermal growth factor
(EGF) as well. As depicted in supplemental Fig. S1., the impact
of the substitutions on EGF-induced activation of C-RAF was
similar to that foundwithH-RasV12-activated kinase (compare
with Fig. 2). In contrast, the phosphorylation status of the
RKTR mutants was almost unaltered (supplemental Fig. S1.).

In summary, these results suggest that (i) basic amino acids of
the RKTRmotif are crucial for the kinase activity of C-RAF, (ii)

the low kinase activity of the RKTR mutants cannot be traced
back to the changes in phosphorylation status, and (iii) different
phosphorylation patterns of the RKTR mutants indicate alter-
native regulatory mechanisms for C-RAF-R398A and C-RAF-
R401A versus C-RAF-K399A.
Mutation of the Putative PA Binding Sites Arg-398 and Arg-

401 in C-RAF Results in Enhanced ERK-mediated Feedback
Phosphorylation—To test whether replacement of the basic
residues within the C-RAF RKTR motif influences the subcel-
lular distribution, we transfected COS7 cells with appropriate
C-RAF constructs. The cells were activated by co-transfection
with H-RasV12 and Lck. Subcellular fractions (cytosolic, mem-
brane, nuclear, and cytoskeletal fractions) were collected 24 h
after transfection. The results revealed that C-RAF proteins
were absent from the nuclear fraction, and the cytoskeletal frac-
tion contained only a small portion of the C-RAF protein (data
not shown). Most of the C-RAF protein was distributed
between the cytosol and the membrane fraction (Fig. 3A). Sub-
stitution of Lys-399 for alanine did not alter the distribution of
activated C-RAF (about 56% of WT and K399A in the mem-
brane faction), whereas exchange of Arg-398 or Arg-401 to ala-
nine significantly increased the membrane-located portion of
C-RAF up to 73% or 67%, respectively (Fig. 3A). This observa-
tion suggests that the residues Arg-398 and Arg-401 are
involved in the membrane interaction and potentially also in
the lipid binding of C-RAF.
The most intriguing finding disclosed by cell fractionation

was that the RKTR mutants display differences in the electro-
phoretic mobility. A portion of the membrane-located mutant
C-RAF-R398A and to a lesser extent themutant C-RAF-R401A
was shifted to higher molecular weight as detected by SDS-
PAGE. This electrophoretic mobility shift was not found either
in the sample ofC-RAFWTorC-RAF-K399A.Numerous stud-
ies have reported a shift in electrophoretic mobility of RAF
kinases uponmultiple phosphorylation events (41–45). To find
the cause of themobility shift observed in Fig. 3A, we examined
the phosphorylation status of activating Ser-338 and inhibiting
Ser-259 in C-RAF-R398A compared with WT in cytosolic and
membrane fractions. The immunoblotting analysis revealed
that in bothC-RAFWTandC-RAF-R398A,most of the protein
phosphorylated at Ser-338 was located in the membranes frac-
tion, whereas the cytosolic portion of C-RAF was preferentially
phosphorylated at the inhibitory site Ser-259 (Fig. 3B). Interest-
ingly, in the case of the mutant R398A, both the upper and the
lower band of the membrane-located C-RAF was phosphoryl-
ated at Ser-338, whereas the inhibitory Ser-259 phosphoryla-
tion was present only in the protein located in the upper band.
These results combinedwith the activitymeasurements (Fig. 2)
suggest that the shifted portion of the C-RAF represents the
kinase-inactivated form. As C-RAF has been shown to be a
target for negative feedback hyperphosphorylation, which is
mediated by ERK (41, 44, 46–48), we treated the cells with the
highly potent MEK inhibitor PD0325901 before fractionation.
The PD0325901-induced reduction of ERK activity was vali-
dated by use of an anti-phospho-ERK antibody. As shown in
Fig. 3C, inhibition of the MEK/ERK pathway abolished the
shifted portion of the C-RAF-R398A and C-RAF-R401A com-
pared with untreated samples, suggesting that mobility shift

FIGURE 2. Single substitution of basic residues within the RKTR motif
impairs catalytic activity of C-RAF. Kinase activity and phosphorylation sta-
tus of the C-RAF RKTR mutants are shown. Myc-tagged C-RAF was expressed
alone or together with H-RasV12 in COS7 cells. The kinase was immunopre-
cipitated by anti-Myc antibody, and catalytic activity was analyzed in an in
vitro kinase assay using purified MEK and ERK as substrates. Phosphorylation
status of C-RAF was analyzed by use of appropriate phosphospecific anti-
bodies. Expression efficiency of H-RasV12 was determined by anti-H-Ras
antibody.
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observed for themutantsC-RAF-R398AandC-RAF-R401Awas a
result of the ERK-mediated feedback hyperphosphorylation.
RKTR Motif of A-RAF and C-RAF Shares Analogous Regula-

tory Functions—Previously, we and others reported that the
RAF isoforms differ significantly in their regulation by the N-
region (30, 32, 33, 49). In our recently published model, the
residues of the kinase domain, which are involved in interaction
with the N-region, are conserved in both A-RAF (Arg-359 and
Lys-360) andC-RAF (Arg-398 and Lys-399) (33). Therefore, we
assumed a similar regulation of A-RAF by Arg-359 and Lys-360
as found for analogous positions inC-RAF (see Fig. 2). To prove
this assumption, we examined the catalytic activity, phosphor-
ylation pattern, and subcellular distribution of A-RAFWT and
A-RAF mutants R359A, K360A, and R362A. With respect to
kinase activity, the results presented in Figs. 4A and S1B
revealed that, similar to C-RAF, all three substitutions in
A-RAFproved to be inhibitory upon activationwithH-RasV12/
Lck or EGF. Moreover, analogous to C-RAF-R398A, the phos-
phorylation of Ser-299 and Ser-582 of A-RAF-R359A was
markedly increased compared with A-RAF WT (Fig. 4A).
Remarkably, subcellular fractionation of the cells expressing
A-RAFWT or A-RAF mutants with the modified RKTR struc-
ture also showed a shift in electrophoretic mobility for the
A-RAF-R359A mutant (Fig. 4B). Furthermore, the membrane-

located portion of A-RAF-R359Awas increased comparedwith
WT and other A-RAFmutants. These results suggest that sim-
ilar to C-RAF, substitution of Arg-359 for alanine leads to
hyperphosphorylation of the kinase upon activation with
H-RasV12 andLck. To testwhether themobility shiftwas result
of the feedback phosphorylation by ERK, as observed for
C-RAF-R398A andC-RAF-R401A, we treated the cells with the
MEK inhibitor PD0325901 before fractionation. Surprisingly,
inhibition of theMEK/ERK pathway did not abolish the shifted
portion of the A-RAF-R359A, revealing that the origin of the
mobility shift observed for A-RAF-R359A is not the same as for
the C-RAF-R398A and C-RAF-R401A mutants. In summary,
these data show that the regulation of A-RAF by the RKTR
motif is similar to this of C-RAF.
Mutation Analysis of the RKTR Motif in B-RAF Supports the

Alternative Regulatory Mechanism of This Isoform—As the
RKTR motif is highly conserved in all three RAF isoforms, it is
very likely that this motif also plays an important role in the
regulation of B-RAF. To address this issue, we tested the kinase
activity of B-RAF proteins with modified RKTR sequence.
We found that single substitutions of basic residues within the
RKTRmotif impair the kinase activity in all three cases (R506A,
K507A, and R509A; see Fig. 5A), consistent with the results
obtained for A-RAF and C-RAF (Figs. 2 and 4A). However, the

FIGURE 3. Membrane-located fraction of C-RAF-R398A and C-RAF-R401A display electrophoretic mobility shift. A, shown is subcellular distribution of
the C-RAF RKTR mutants (immunoblot and quantification). Myc-tagged C-RAF WT and mutants were transfected together with H-RasV12 and Lck into COS7
cells. 24 h after transfection, cytoplasmic, membrane, nuclear (not shown), and cytoskeletal (not shown) fractions were collected. Data from three independent
experiments were quantified by optical densitometry. Values represent the % ratio of C-RAF protein in each fraction relative to the total C-RAF protein detected
in both cytosolic and membrane fractions together. B, phosphorylation status of the cytosol versus membrane-located C-RAF WT and C-RAF-R398A (close-up
view) is shown. C, electrophoretic mobility of C-RAF-R398A and C-RAF-R401A upon treatment with the MEK inhibitor PD0325901 is shown. COS7 cells
expressing Myc-tagged C-RAF-R398A and C-RAF-R401A together with H-RasV12 and Lck were treated with PD0325901 (10 �M) for 3 h before cytoplasmic, and
membrane fractions were collected. PD0325901 mediated inhibition of ERK activity was confirmed by anti-pERK immunoblot. Although anti-ERK immunode-
tection was used as a loading control, anti-M2PK and anti-Lck were used as a control for cytosolic and membrane fraction, respectively. Expression efficiency
of H-RasV12 and Lck were confirmed by appropriate antibodies.
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inhibition pattern differed from that observed for A-RAF and
C-RAF. Whereas in the case of A-RAF and C-RAF, the kinase
activitywas reduced to the similar extent in all threemutants, in
B-RAF substitution of Arg-506 for alanine led to the highest
reduction of activity. Furthermore, in contrast to A-RAF and
C-RAF, neither phosphorylation of Ser-446 nor of Ser-729 was
altered in any of the mutants (Fig. 5A). Also, the results of the
subcellular fractionation revealed significant differences for
B-RAF comparedwithA-RAF andC-RAF. Upon co-expression
with H-RasV12 and Lck, B-RAFWT as well as all three B-RAF
mutants were preferentially located in the cytosolic fraction
(Fig. 5B). Furthermore, activation of B-RAF by H-RasV12
resulted in a shift of electrophoretic mobility compared with
the non-activated kinase (Fig. 5,A and B). However, in contrast
to C-RAF and A-RAF, this shift in mobility was observed for all
B-RAF samples. Notably, the distribution of B-RAF between
cytosol and membrane fractions was not altered by single
amino acid exchanges within the RKTR motif, suggesting that
in the case of B-RAF the basic residues within the RKTR motif
play only a minor role with respect to their interaction with
phospholipids or this interaction is not significant for subcellu-
lar distribution of this isoform. In summary, regulation of

B-RAF by the RKTR motif differs fundamentally from that of
A-RAF and C-RAF.
RAFDimer Formation Is Strongly Increased uponMutation of

the Second Arginine within the RKTR Motif—Basic residues of
the RKTRmotif have been reported to be part of the RAF dimer
interface (26, 27). In the case of the isolated catalytic domain,
the second arginine residue of this motif (Arg-362 in A-RAF,
Arg-401 in C-RAF, and Arg-509 in B-RAF) has been suggested
to be crucial for dimer formation due to the observation that
mutation of this arginine abolished the homodimerization of
this moiety (27). To investigate the dimerization properties of
the kinase-impaired RAF mutants of the present study, we
immunoprecipitated RAF dimers with an anti-Myc antibody
after Myc-tagged full-length RAF proteins were expressed in
COS7 cells. AsWeber et al. (21) reported that dimer formation
of RAF proteins is induced by active Ras, we additionally co-
transfected the cells with H-RasV12 as well.
Homodimerization of C-RAF—To monitor homodimer for-

mation of C-RAF, C-RAF-Myc WT or its RKTR mutants were
expressed together with a GST fusion of wild type C-RAF. As
shown in Fig. 6A, full-length C-RAF WT dimerizes effectively
upon activation with H-RasV12. However, dimerization was

FIGURE 4. Regulation of A-RAF by RKTR motif is similar to C-RAF. A, shown are kinase activity and the phosphorylation status of the A-RAF RKTR mutants.
Myc-tagged A-RAF WT and indicated mutants were expressed alone or together with H-RasV12 and Lck in COS7 cells. The A-RAF proteins were immunopre-
cipitated by anti-Myc antibody, and catalytic activity was analyzed in an in vitro kinase assay using purified MEK and ERK as substrates. Phosphorylation status
of A-RAF was analyzed by use of appropriate phosphospecific antibodies. B, subcellular distribution of the A-RAF RKTR mutants (immunoblot and quantifica-
tion) is shown. Myc-tagged A-RAF WT and mutants were transfected together with H-RasV12 and Lck into COS7 cells. 24 h after transfection, cytoplasmic,
membrane, nuclear (not shown), and cytoskeletal (not shown) fractions were collected. Data from three independent experiments were quantified by optical
densitometry. Values represent the % ratio of A-RAF protein in each fraction relative to the total A-RAF protein detected in both cytosolic and membrane
fractions together. Anti-M2PK and anti-Lck immunodetection was used as a fractionation control for cytosolic and membrane fraction, respectively. Expression
efficiency of H-RasV12 and Lck were confirmed by appropriate antibodies. C, electrophoretic mobility of A-RAF-R359A upon treatment with the MEK inhibitor
PD0325901 is shown. COS7 cells expressing Myc-tagged A-RAF-R359A together with H-RasV12 and Lck were treated as described in Fig. 3C.
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impaired when one of the protomers (C-RAF-Myc) was
mutated at Arg-398 or Lys-399. Surprisingly, substitution of
Arg-401 to alanine in one of the protomers led to a strong
enhancement of homodimer formation (approximately up to
4-fold; see Fig. 6A).
Heterodimerization of C-RAF with B-RAF—To investigate

heterodimer formation between C-RAF and B-RAF, we tried
two different approaches; we expressed either Myc-tagged
C-RAFmutants with untagged B-RAFWT or, vice versa, Myc-
tagged B-RAFmutants withHA-taggedC-RAFWT. Both com-
binations yielded similar results with respect to C-RAF-K399A
and C-RAF-R401A mutants; similar to homodimerization,
dimer formation of C-RAF-K399A with B-RAF WT was
reduced, whereas heterodimerization of C-RAF-R401 with

B-RAFWTwas about 3-fold the level observed for C-RAFWT
(Fig. 6B). Similar results were obtained if C-RAF WT was pre-
cipitated with B-RAF-K507A and B-RAF-R509A (Fig. 6C). In
contrast, the heterodimerization of C-RAF-R398A and B-RAF-
R506A mutants was different. Whereas the ability of the
mutant B-RAF-506A to dimerize with C-RAF-WT was
decreased (Fig. 6C), dimer formation of the corresponding
C-RAF-R398A with B-RAF WT was not impaired but, rather,
slightly increased (Fig. 6B).
Heterodimerization of A-RAF with B-RAF—To complete our

analyses, we tested the dimerization ability of A-RAF WT and
its RKTR mutants. To this end we expressed Myc-tagged
A-RAF mutants together with untagged B-RAF WT. The
results of the anti-Myc immunoprecipitation revealed that

FIGURE 5. Regulation of B-RAF by RKTR motif differs significantly from C-RAF and A-RAF. A, kinase activity and phosphorylation status of the B-RAF RKTR
mutants are shown. Myc-tagged B-RAF WT and the indicated mutants were expressed alone or together with H-RasV12 in COS7 cells. The B-RAF proteins were
immunoprecipitated by anti-Myc antibody, and catalytic activity was analyzed in an in vitro kinase assay using purified MEK and ERK as substrates. Phosphor-
ylation status of B-RAF was analyzed by use of appropriate phosphospecific antibodies. B, shown is subcellular distribution of the B-RAF RKTR mutants
(immunoblot and quantification). Myc-tagged B-RAF WT and mutants were transfected together with H-RasV12 and Lck into COS7 cells. 24 h after transfection,
cytoplasmic, membrane, nuclear (not shown), and cytoskeletal (not shown) fractions were collected. Data from three independent experiments were quan-
tified by optical densitometry. Values represent the % ratio of B-RAF protein in each fraction relative to the total B-RAF protein detected in both cytosolic and
membrane fractions together. Anti-M2PK and anti-Lck immunodetection was used as a fractionation control for cytosolic and membrane fraction, respectively.
Expression efficiency of H-RasV12 was confirmed by appropriate antibody.
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dimer formation between A-RAF WT and B-RAF WT was
much lower than observed between C-RAF WT and B-RAF
WT (data not shown). Apart from that, the heterodimerization
properties of A-RAF RKTR mutants were similar to C-RAF
(compare Fig. 6, B and D). Again, the mutant A-RAF-R362A,
which is analogues to C-RAF-R401A and B-RAF-R509A, dis-
played an extremely strong heterodimerization potency com-
pared with A-RAFWT (Fig. 6D).

To investigate the dimerization properties of the RAF RKTR
mutants under physiological conditions, we expressed C-RAF-
MycWTandmutants with untagged B-RAFWT inCOS7 cells.
The dimer complexeswere isolated either fromnon-stimulated
cells or cells activated with EGF for 5 min. Whereas dimeriza-
tion of C-RAF-R398A and C-RAF-K399A under these condi-
tions was similar to wild type, C-RAF-R401A mutant revealed
strongly increased dimerization even in non-stimulated cells,

FIGURE 6. Substitution of the second arginine within the RKTR motif in one of the RAF protomers leads to a strongly increased homo- and heterodimer
formation. Myc-tagged RAF WT or the indicated RKTR mutants were transfected into COS7 cells together with either untagged B-RAF WT, HA-tagged C-RAF
WT, or GST-tagged C-RAF WT. Dimerization of RAF proteins was induced by co-transfection with H-RasV12 and Lck. RAF dimers were isolated from cell lysates
by anti-Myc immunoprecipitation. Expression efficiency of H-RasV12 and Lck was confirmed by appropriate antibodies. For each part of the figure, data from
three independent experiments were quantified by optical densitometry. The quantification results are expressed in terms of -fold dimer formation, where
1-fold represents the amount of immunoprecipitated dimer complexes for RAF WT. A, shown is homodimerization of Myc-tagged C-RAF WT and the indicated
mutants with GST-tagged C-RAF WT. A.U., absorbance units. B, shown is heterodimerization of Myc-tagged C-RAF WT and the indicated mutants with untagged
B-RAF WT. C, shown is heterodimerization of Myc-tagged B-RAF WT and the indicated mutants with HA-tagged C-RAF WT. D, shown is heterodimeriza-
tion of Myc-tagged A-RAF WT and the indicated mutants with untagged B-RAF WT. E, shown is heterodimerization of Myc-tagged C-RAF WT and the
indicated mutants with untagged B-RAF WT in non-stimulated cells, cells activated with EGF (100 ng/ml) for 5 min, and cells co-transfected with
H-RasV12 and Lck.
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and the dimerization of thismutant wasmore enhanced in cells
activated with EGF (Fig. 6E).
As the dimerization behavior of the C-RAF-R401A and the

corresponding A-RAF and B-RAF was kind of unanticipated
and in conflict with the published data (27), we tested homo-
and heterodimer formation of C-RAF-R401A and B-RAF-
R509A under conditions, where both protomers weremutated.
The results of this experiment revealed that the strikingly
increased dimerization ability of themutant was reduced to the
level of the wild type proteins if both promoters comprised the
same mutation (Fig. 7A). Of note, the dimerization behavior of
C-RAFmutants R398A and K399A and B-RAFmutants R506A
and K507A under conditions where both protomers were
mutatedwas similar to the situation observedwith onemutated
and one wild type protomer (Fig. 7, B and C). Together, these
results indicate that under physiological conditions and using
full-length RAF proteins, each basic amino acid of the RKTR
motif influences the formation of RAF homo- and het-

erodimers and that the second arginine residue plays the most
striking and controversial role in this process.

DISCUSSION

Several groups previously reported that the highly conserved
RKTRmotif is involved in PA binding and dimerization of RAF
proteins (16, 17, 26, 27, 34, 50). However, there are some incon-
sistencies and incompleteness of available information with
respect to possible consequences of single amino acid
exchanges within this motif for catalytic activity, subcellular
distribution, and dimerization properties of the full-length RAF
isoforms. Our study demonstrates that single substitutions of
the basic residues in the RKTR motif result in impaired kinase
activity of the full-length RAF isoforms (Figs. 2–5 and supple-
mental Fig. S1). However, these results are contradictory to the
data published by Lu et al. (36), who tested the transformation
capabilities of rat fibroblast cells transfected with N-terminal-
truncated C-RAF constructs that correspond to isolated kinase

FIGURE 7. Increased dimerization of the C-RAF-R401A and B-RAF-R509A was reduced to the level of the wild type if both protomers were mutated. A,
homo- and heterodimerization of C-RAF-R401A mutant is shown. For homodimerization, Myc-tagged C-RAF WT or C-RAF-R401A mutant were transfected into
COS7 cells together with HA-tagged C-RAF WT or C-RAF-R401A, whereas for heterodimerization, Myc-tagged B-RAF WT or B-RAF-R509A mutant were trans-
fected together with HA-tagged C-RAF WT or C-RAF-R401A. B, homodimerization of C-RAF-R398A and C-RAF-K399A mutants is shown. For homodimerization,
Myc-tagged C-RAF WT, C-RAF-R398A, or C-RAF-K399A mutants were transfected into COS7 cells together with GST-tagged C-RAF-R398A or C-RAF-K399A. C, for
heterodimerization, Myc-tagged B-RAF WT, B-RAF-R506A, or B-RAF-K507A mutants were transfected into COS7 cells together with GST-tagged C-RAF-R398A
or C-RAF-K399A. Dimerization of RAF proteins was induced by co-transfection with H-RasV12 and Lck. RAF dimers were isolated from cell lysates by anti-Myc
immunoprecipitation. Expression efficiency of H-RasV12 and Lck were confirmed by appropriate antibodies.
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domain and contain either C-RAF-R398A/K399A or C-RAF-
K399A/R401A double amino acid exchanges. Analysis of focus
formation and growth in soft agar revealed no differences
between WT and the RKTR mutants (36). This suggests that
either the regulation of C-RAF activity by the RKTRmotif is not
relevant for the isolated kinase domain-lackingN-terminal reg-
ulatory part as used in the study of Lu et al. (36) or the kinase
domain per se (even activity-impaired) is sufficient for fibro-
blast transformation. The second explanation seems more
plausible, as several recent studies reported that kinase-inactive
C-RAF can still activate ERK signaling in cells via wild type
C-RAF or B-RAF through homo- or heterodimer formation,
respectively (24–29). Dimerization analysis in our study
revealed that only C-RAF-K399A mutant was impaired in its
ability to form heterodimers with wild type B-RAF, whereas
C-RAF-R398A and C-RAF-R401A heterodimerized even bet-
ter than wild type C-RAF (Fig. 7B). These observations suggest
that mutations R398A and R401A may compensate for the
dimerization defective substitution of Lys-399 in C-RAF-
R398A/K399A and C-RAF-K399A/R401A, respectively. Con-
sequently, it is more likely that the double mutants C-RAF-
R398A/K399A and C-RAF-K399A/R401A are in fact impaired
in their kinase activity, as also observed for the corresponding
single mutants (Figs. 2, 4A, and 5A and supplemental Fig. S1);
however, Lu et al. (36) did not observe any differences in the
transforming ability of thesemutants compared with wild type,
possibly due to an unaltered dimerization with endogenous
B-RAF.This considerationmight be supported by the finding of
the same study that the transforming ability of the C-RAF dou-
ble mutant containing R401A/H402A substitutions was com-
pletely abrogated (36).
To address the question, whether the reduced catalytic activ-

ity of the RKTR mutants is caused by an altered phosphoryla-
tion status, we analyzed the activating phosphorylations of Ser-
338 and Ser-621 and the inhibiting phosphorylation of Ser-259
in C-RAF as well as the effect of the corresponding sites in
A-RAF and B-RAF. The most striking observation was a
strongly increased phosphorylation of Ser-338 and Ser-621 in
the mutant C-RAF-R398A, although the kinase activity was
considerably reduced (Fig. 2 and supplemental Fig. S1A. Simi-
larly, the corresponding A-RAF mutant R359A also showed
increased phosphorylation of Ser-299 and Ser-582 (Fig. 4A). As
the reduced kinases activity of the RKTRmutants could not be
entirely explained by changes in the phosphorylation status, we
analyzed their subcellular distribution. It has been shown that
the membrane lipid PA is involved in endocytic trafficking as
well as in the recruitment of proteins to endosomes (34). In
addition, Rizzo et al. (16) reported that insulin stimulated the
accumulation ofC-RAF in endocytic vesicles containing insulin
receptors, whereas substitution of Arg-398 for alanine inhib-
ited insulin-dependent recruitment of this mutant to vesicles,
possibly due to disruption of the C-RAF/PA interaction. Our
results of cell fractionation revealed that the membrane-lo-
cated portions of C-RAF-R398A and A-RAF-R359A were sig-
nificantly elevated when compared with wild type (Figs. 3A and
4B). Membrane localization of C-RAF-R401A was also
increased; however, to a lower extent (Fig. 3A). Of note, the
early endosomeswere detected exclusively in the cytosolic frac-

tion, as verified by an anti-EEA-1 (an early endosome marker
(51)) antibody (data not shown), suggesting that the increased
membrane localization is not due to accumulation of the
mutants in endocytotic vesicles. Moreover, as shown in Figs. 3
and 4B, we observed a shift in electrophoretic mobility in the
SDS-PAGE pattern of the mutants with the increased mem-
brane localization. The shift in mobility appears preferentially
in the membrane-localized portion of the mutants. Several
groups observed such a mobility shift of wild type C-RAF in
response to stimulation by mitogens (41–45). In all cases, the
decreased electrophoretic mobility was a result of hyperphos-
phorylation. Wartmann and Davis (43) and Dougherty et al.
(41) reported that themobility shift-associatedhyperphosphor-
ylation of C-RAF correlates with the reduction of the mitogen-
stimulated C-RAF kinase activity. These data and the observa-
tion that C-RAF activation was prolonged by pharmacological
inhibitors blocking ERK activation (46) or by an inhibitor of
KSR that disrupts the RAF-MEK interaction (47) led to the
conclusion that C-RAF is a target for ERK-mediated feedback
inhibition. The mobility shift of C-RAF-R398A and C-RAF-
R401A observed in our study is most likely a result of such a
negative regulation through ERK-mediated phosphorylation,
because treatment with the MEK inhibitor PD0325901 abol-
ished the fraction of the C-RAF-R398A and C-RAF-R401A
mutants that exhibits the mobility shift (Fig. 3C). A phosphor-
ylation pattern of the mutant C-RAF-398A supported this
assumption: whereas both the shifted and the non-shifted pro-
tein band was phosphorylated on the activating residue Ser-
338, only the shifted protein band was phosphorylated on the
inhibiting residue Ser-259, suggesting that the shifted portion
of the protein represents the inactivated one (Fig. 3B). Consid-
ering the results published by Rizzo et al. (16) and the data of
our study, we suggest that C-RAF-R398A as well as C-RAF-
R401A are incapable to translocate to early endosome and,
therefore, cannot be efficiently recycled. Consequently, these
mutants accumulate at the plasma membrane in a hyperphos-
phorylated state, which is a result of the feedback phosphoryl-
ation by ERK and the enhance phosphorylation of residue
Ser-259.
In the case of A-RAF-R359A, which is analogous to C-RAF-

R398A, treatment with the MEK inhibitor did not prevent its
mobility shift (Fig. 4C). This suggests that ERK is not the only
kinase involved in hyperphosphorylation of A-RAF. Indeed, in
our previous study we reported that the IH-region of A-RAF,
which is target for ERK-mediated feedback phosphorylation,
contains, besides putative ERK phosphorylation sites, several
other sites that do not feature the ERK targeting motif SP/TP
(52).
Remarkably, analysis of the B-RAF RKTR mutants did not

reveal the mutant-specific shift in electrophoretic mobility and
a similar accumulation in the membrane fraction as observed
for A-RAF and C-RAF (compare Figs. 3A, 4B, and 5B). These
results suggest that in the case of B-RAF, the basic residues
within the RKTRmotif either play a minor role for the interac-
tion with PA or this interaction does not play an important role
for regulation of B-RAF activation/deactivation. In fact, the
RKTR motif has been implicated in binding to PA only for
C-RAF and A-RAF (16, 17, 50) but not for B-RAF so far.
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Accordingly, endosome localization has been described for
C-RAF and A-RAF (16, 53–55) but not for B-RAF. Moreover,
our group has previously reported that C-RAF requires exclu-
sively farnesylated H-Ras, whereas B-RAF associates effectively
andwith significantly higher affinity with both farnesylated and
non-farnesylatedH-Ras, suggesting that activation of B-RAF, in
contrast to C-RAF, may take place both at the plasma mem-
brane and in the cytosolic environment (56).
As the hyperphosphorylation of C-RAF-R398A and A-RAF-

R359A was not found for the corresponding B-RAF mutant,
although its kinase activity was similarly impaired, we con-
cluded that an additional regulatory mechanism was involved.
The recently published crystal structure of a C-RAF
homodimer revealed that Arg-398, Lys-399, and Arg-401 are
part of the dimerization interface, assigning a new function to
the RKTR motif (26, 27). Supposing that the reduced kinase
activity of the RKTR mutants may derive from an impaired
dimer formation, we tested their dimerization ability in an co-
immunoprecipitation assay. Surprisingly, only substitution of
the lysine residue for alanine resulted in reduced het-
erodimerization if one of the protomers was wild type (Fig. 6,
A–D). In contrast, heterodimer formation was slightly
increased for the construct in which the first arginine was
mutated, and it was exceedingly increased if the second argi-
nine was exchanged in only one of the protomers (Fig. 6, A–D).
At first glance these findings seem to be in conflict with the data
of Rajakulendran et al. (27), who reported that substitution of
Arg-509 for histidine resulted in a dimerization-deficient
B-RAF mutant. However, the data of Rajakulendran et al. (27)
and results of our study are not directly comparable due to the
differences in experimental settings. (i) Whereas Rajakulen-
dran et al. (27) tested dimerization of the truncated kinase
domain, which lacks the N-terminal regulatory part as well as
the C-terminal 14-3-3 binding site (the latter is reported to be
important for RAF dimerization (21, 23, 57)) and contains
numerous additional mutations that increase the level of solu-
ble protein expression in Escherichia coli, we analyzed the
dimerization properties of the full-length protein. (ii) Rajaku-
lendran et al. (27) isolated RAF dimers from E. coli, which
implicates a lack of phosphorylation. In contrast, in our study
we isolated RAF dimers from mammalian cells. (iii) Finally,
substitution for alanine is different compared with the
exchange by histidine, as the latter can result in steric hindrance
due to the larger side chain of histidine compared with alanine.
On the other hand, Hatzivassiliou et al. (26) did not observe a
significant inhibition of the heterodimer formation between
B-RAF-R509H and C-RAF-R401H compared with wild type
using full-length proteins expressed in HCT116 cells. An
apparent inhibition of the heterodimerization appeared only if
bothwild type andmutant samples were treatedwith dimeriza-
tion promoting drug GDC-0879 (26). In accordance with the
data of Hatzivassiliou et al. (26), the results of our study dem-
onstrate that the strikingly increased dimerization ability of the
mutants B-RAF-R509A, C-RAF-R401A, and A-RAF-R362A
was reduced to the level of wild type only if both protomers
contained the same mutation (Fig. 7A). Thus, substitution for
alanine in position Arg-509 in B-RAF, Arg-401 in C-RAF, and
Arg-362 in A-RAF seems to mimic the situation that was

observed for some structurally related ATP-competitive RAF
kinase inhibitors; drug binding to one member of RAF
homodimer or heterodimer inhibits one protomer but results
in transactivation of the drug-free protomer (25–29). This sug-
gests that substitution of the second arginine residuewithin the
RKTR motif for alanine may result in a similar structural rear-
rangement of the RAF kinase domain, as was found for the
C-RAF kinase domain co-crystallized with a GDC-0879 analog
(26). Furthermore, the discrepancy between the data of Rajaku-
lendran et al. (27) on the one hand and the data of Hatzivassil-
iou et al. (26) and data presented here on the other hand may
indicate that severe dimerization problems of the isolated RAF
kinase domains containing mutations within the RKTR motif
and lacking C-terminal 14-3-3 binding site can be corrected by
binding of 14-3-3 proteins to the full-length mutant and stabi-
lizing the dimer. In fact, several groups reported that the pres-
ence of the C-terminal 14-3-3 binding sites surrounding Ser-
621 in C-RAF and Ser-729 in B-RAF are indispensible for
heterodimerization of C-RAF and B-RAF (21, 23, 57). Accord-
ingly, the structural model of a RAF side-to-side dimer is com-
patible with the spatial requirements for binding to dimeric
14-3-3 proteins (27).
In conclusion, the results of the present study clearly show

that the RKTR motif is a cross-point of multiple regulatory
mechanisms. According to our model, this motif is located
close to the regulatory N-region in all three RAF isoforms (Ref.
33 and Fig. 1B and C), and this close proximity may influence
phosphorylation of Ser-338 in C-RAF and Ser-299 in A-RAF
and activation of these kinases. Furthermore, due to the fact
that the RKTR motif is a part of the �C helix, a key structural
element whose conformation executes a regulatory function in
several protein kinases (58), structural modifications within
this motif per semay impair the catalytic efficiency of the RAF
kinase domain. The proposed position of theN-region suggests
that the RKTR motif is masked in the full-length RAF mono-
mer, and intramolecular rearrangements are required to dis-
place the N-region and to expose the RKTR tetrapeptide seg-
ment to exert its intrinsic functions in dimerization and PA
binding. The mode of interactions between the N-region and
the RKTR motif predicted for B-RAF may stabilize the active
form of the monomeric RAF kinase, whereas in the RAF dimer
the stabilizing function of the N-region would be adopted by
the complimentary RKTR motif of the dimerization partner.
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