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Abstract The RAF family of kinases are key components
acting downstream of receptor tyrosine kinases and cells
employ several distinct mechanisms to strictly control their
activity. RAF transitions from an inactive state, where the
N-terminal regulatory region binds intramolecularly to the
C-terminal kinase domain, to an open state capable of
executing the phosphoryl transfer reaction. This transition
involves changes both within and between the protein
domains in RAF. Many different proteins regulate the
transition between inactive and active states of RAF,
including RAS and KSR, which are arguably the two most
prominent regulators of RAF function. Recent develop-
ments have added several new twists to our understanding
of RAF regulation. Among others, dimerization of the RAF
kinase domain is emerging as a crucial step in the RAF
activation process. The multitude of regulatory protein—
protein interactions involving RAF remains a largely
untapped area for therapeutic applications.
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Introduction

In metazoans, the archetypical signal transduction pathway
is the RTK-RAS-MAPK module (RTK, receptor tyrosine
kinase; MAPK, mitogen-activated protein kinase), and it
has garnered much attention due to its deregulation in
many human cancers. Upon activation, RTKs recruit the
guanine nucleotide exchange factor (GEF) SOS via the
adaptor proteins Shc and Grb2, and SOS then converts
plasma membrane localized RAS from its inactive,
GDP-bound state to its active, GTP-bound state. Activated
RAS in turn transmits the signal to a three-tiered kinase
cascade consisting of RAF, MEK, and ERK/MAPK. The
most complex step during signal transduction through the
RTK-RAS-MAPK pathway is the activation of RAF, and
this involves several events including membrane recruit-
ment, phosphorylation, and protein oligomerization. A
critical regulator of RTK- and RAS-dependent RAF acti-
vation is KSR (kinase suppressor of RAS).

Since the discovery of the RAF proteins in the mid-
1980s and KSR about a decade later, the interconnections
between them have become ever more intricate. Indeed,
they are structurally related and likely evolved from a
common ancestral gene. Recent advances in our knowledge
of RAF and KSR have indicated that KSR is not only
structurally similar to and acts as a scaffold for RAF sig-
naling, but that KSR plays a more operative role in the
RAF activation process.

The founding member of the RAF family is C-RAF/
RAF-1 (hereafter referred to as C-RAF), which was iden-
tified as the human homolog of a viral oncoprotein [1].
Subsequently, two C-RAF paralogs were identified in
vertebrates, namely A-RAF and B-RAF [2-4]. KSR was
originally identified in the fruitfly Drosophila melanogas-
ter and the nematode Caenorhabditis elegans as a protein
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required for signaling downstream of activated RAS [5-7].
In vertebrates, there are two KSR proteins, KSR1 and
KSR2 [7, 8].

In this review, we focus on recent developments con-
cerning the RAF and KSR proteins that have come to light
over the past few years. For a broader perspective, the
reader is directed to several excellent reviews [9-13]. In
particular, we will highlight advances made in our under-
standing of the requirements for RTK-dependent RAF
activation, including membrane recruitment and relief of
autoinhibition, the role of scaffold proteins in RAF acti-
vation, phosphorylation and dephosphorylation events, as
well as allosteric regulation. Although we will discuss
these issues separately, in many ways they are interde-
pendent. We will also briefly discuss kinase-independent
functions of C-RAF. A common theme throughout is the
role of protein—protein interactions in regulating signal
transduction.

RAF and KSR proteins

The domain organization of the RAF proteins is shown in
Fig. 1a. All RAF proteins contain three conserved regions
(CR1-CR3), with Drosophila RAF being most closely
related to BRAF at the amino acid level. CR1 contains the
RAS-binding domain (RBD) that engages the effector loop
of GTP-bound RAS, in addition to a cysteine-rich domain
(CRD) that is involved in membrane association and also
contributes to RAS binding [14-16]. BRAF and its Dro-
sophila ortholog also contain an extended N-terminus
which is believed to enhance the interaction with RAS [17,
18], and has also been reported to mediate calcium-
dependent RAF dimerization [19]. CR2 is a Ser/Thr-rich
region containing a conserved Ser residue (Ser259 in
C-RAF) that has an important regulatory function. Phos-
phorylation of Ser259 creates a binding site for 14-3-3
proteins, which stabilizes the inactive state of RAF and
prevents plasma membrane recruitment [20-24]. Together,
CR1 and CR2 comprise a regulatory region that inhibits
kinase activity via an intramolecular interaction with the
kinase domain of CR3 [20, 25, 26]. The interaction
between the regulatory region and kinase domain is crucial
for preventing inappropriate activation of RAF, and is
therefore exquisitely regulated. Immediately N-terminal to
CR3 is the negative charge region (N-region), which is
thought to modulate the conformation of the kinase domain
and the interaction with the regulatory region [9, 12, 26,
27]. A second 14-3-3 binding site (centered on Ser621 of
C-RAF) of considerable importance is located C-terminal
to the kinase domain.

The domain organization of the KSR proteins is shown
in Fig. 1b. Vertebrate and fly KSR proteins share five

conserved areas called CA1-CAS. The CAl domain in
Drosophila and mammals has been shown to participate in
the formation of a ternary KSR-MEK-RAF complex that
facilitates MEK phosphorylation [28, 29]. The C. elegans
proteins lack the CA1l domain, and so it is not required for
their function or they have evolved a means to compensate
for its absence. The CA2 domain is a proline-rich region of
unknown function. The CA3 domain is similar to the CRD
of RAF and is required for membrane recruitment of KSR1
[30]. However, it does not bind RAS and it cannot sub-
stitute for the CRD of RAF [15, 30]. CA4 is a Ser/Thr-rich
region similar to CR2 of RAF. CA4 contains an FXFP
motif that constitutes a stimulus-dependent ERK docking
site [28, 31-33]. CAS is highly homologous to the kinase
domain (CR3) of RAF proteins. However, KSRI1 and
KSR2 lack the invariant lysine residue in subdomain II of
the kinase domain that is necessary for catalytic activity.
Interestingly, C. elegans KSR-1 and Drosophila KSR
contain the invariant lysine in subdomain II, which would
suggest that they are catalytically competent. While this
remains to be shown, there is compelling evidence to
suggest that KSR proteins do not require catalytic activity
for their function. Mutation of the invariant lysine residue
in Drosophila KSR does not compromise its function [29],
and in C. elegans, ksr-1 transgenes with mutations pre-
dicted to nullify catalytic activity are able to complement
loss of function alleles [34]. The lack of demonstrable
kinase activity has led some to refer to CAS as a kinase-like
or pseudo-kinase domain. The CAS5 domain binds consti-
tutively to MEK, and to RAF following stimulation [29, 32,
33, 35, 36]. A study of KSR1 knockout mice indicates that
mammalian KSR1 plays an important role in growth fac-
tor- and RAS-dependent RAF activation [37, 38]. In
addition to, apparently, regulating growth factor- and
RAS-dependent RAF activation, KSR2 has several func-
tions that are distinct from KSR1 [39, 40]. KSR2 contains a
region of 63 amino acids between CA2 and CA3 that is not
present in the other KSR proteins, and this mediates KSR2-
specific binding to calcineurin and AMPK [39, 40]. The
calcineurin interaction allows KSR2 to activate ERK sig-
naling following an increase in intracellular calcium [40].
KSR2 regulates cellular energy metabolism in part through
its interaction with AMPK, and this contributes to the
obese phenotype of KSR2 knockout mice [39, 41].

RAS-dependent RAF activation

In the inactive state, RAF exists in the cytosol in a closed
conformation with the regulatory region bound to the
kinase domain, and this state is stabilized by the binding of
14-3-3 proteins [20, 22, 25, 26, 42, 43]. The first step in the
RAF activation process is plasma membrane recruitment
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by RAS-GTP [21, 44-47]. RAS-GTP transitions RAF from
a closed to an open state by relieving the interaction
between the regulatory region and kinase domain [20, 26,
42]. Membrane recruitment is associated with dephospho-
rylation of Ser259, dissociation of 14-3-3 from CR2, and
stabilization of the open conformation [21, 23, 42, 48, 49].
Membrane recruitment ultimately brings RAF into the
vicinity of other proteins that will complete the activation
process, which includes phosphorylation events that stabi-
lize the open, active conformation of RAF.

A recent development in RAS-dependent activation of
RAF concerns RAS signaling from plasma membrane
microdomains. Upon activation, the mobility of RAS-GTP
within the inner leaflet of the membrane is observed to
decrease [50]. This decreased mobility results from
sequestration of active RAS in small, densely packed na-
noclusters [50-57]. Although not fully understood, the
formation of these nanoclusters depends on scaffold pro-
teins of the galectin family and possibly also Shoc2/SUR-8
(hereafter referred to as SUR-8) [50, 55, 57-59]. By
manipulating RAS nanocluster formation, it has been
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shown that RAF plasma membrane recruitment and acti-
vation occurs almost exclusively in nanoclusters, and the
amount of nanocluster formation correlates with the level
of ERK activation [50, 53, 55, 56, 58-60]. The different
RAS isoforms (H-, K-, and N-RAS) segregate into distinct
nanoclusters due to their having different C-terminal
membrane anchors [52, 53, 55, 57]. These isoform-specific
nanoclusters have different lipid and protein contents,
which is likely responsible for generating some or all of the
signaling diversity of the RAS isoforms. Artificial tethering
of H-RAS to different membrane microdomains indicates
that RAS membrane localization can regulate ERK sub-
strate specificity [61].

Several models have been proposed to explain the
ability of nanoclusters to facilitate signaling. SOS has an
allosteric binding site for RAS-GTP, creating a positive
feedback loop between RAS and SOS, and the high con-
centration of RAS-GTP in nanoclusters may allow SOS to
remain bound at the plasma membrane even after the
stimulus is removed [62, 63]. RAS nanoclusters have been
proposed to function as a low threshold switch, generating
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the same amount of activated ERK over a wide range of
RAF activity [60, 64, 65]. RAS nanoclusters could accu-
mulate a high local concentration of RAF and KSR-MEK-
ERK, and protect MEK and ERK from negatively acting
cytosolic phosphatases, thus enhancing pathway activation
[60, 64]. One interesting consequence of this switch-like
behavior noted by Tian et al. [60] is that RAF activation
need not be maximal for productive signaling to occur.
They suggest that the complex mechanisms involved in
RAF activation instead generate levels of redundancy that
ensures that at least some of the individual RAF molecules
are activated to a sufficient extent [60]. Of course, the
downside to this is that a relatively minor perturbation in
any one of the mechanisms that regulate RAF activity
could lead to inappropriate pathway activation, such as can
occur in cancer.

Several important questions remain regarding RAS-
dependent RAF activation. It is not known if the different
RAF paralogs have similar affinities for isoform-specific
nanoclusters, although it has been reported that C-RAF is
predominantly recruited to K-RAS nanoclusters following
growth factor stimulation [53]. The extent to which RAS
can activate RAF on intracellular membranes is also not
known. K-RAS appears to localize to and signal exclu-
sively from the plasma membrane [66—68], while active
H-RAS and N-RAS have been observed on intracellular
membranes, including the Golgi apparatus, endoplasmic
reticulum, and endosomes [66, 68—71]. Currently, it has not
been conclusively demonstrated that endogenous, active
RAF is associated with active RAS on these membranes.
Another outstanding question concerns how RAF travels to
the membrane. Does this occur by passive diffusion or active
transport? If active transport is required then uncoupling
RAF from the transport machinery could be explored as an
additional avenue for therapeutic intervention in cancer.
What role does RAF dimerization play in membrane
translocation? RAF inhibitors that induce dimerization
also promote membrane translocation in a RAS-dependent
manner [72], suggesting that RAF dimerization may precede
and facilitate RAS binding.

Scaffold proteins involved in RTK-dependent
RAF signaling

A common feature of MAPK cascades is the utilization of
scaffold proteins to regulate signaling both spatially and
temporally. Scaffold proteins facilitate signaling by coor-
dinating the interaction of two or more components of the
cascade, and they also prevent inappropriate pathway
cross-talk by insulating MAPK cascades from each other.
As we shall see, certain proteins can also inhibit signal
transduction. A myriad of scaffold proteins are believed to

regulate ERK activation under various circumstances, but
we restrict our discussion to those scaffolds involved in
regulating RTK-dependent RAF/MEK/ERK signaling.

KSR is the prototypical metazoan scaffold protein for
the ERK/MAPK cascade, and the simplistic view of KSR is
that of a scaffold protein that facilitates MAPK signaling
by colocalizing RAF, MEK, and ERK. Although this is
partially true, it is far from the whole story. KSR is con-
stitutively bound to MEK, while binding to RAF and ERK
occurs after stimulation [28, 32, 33, 35]. In resting cells,
KSRI is localized to the cytoplasm in a high molecular
weight complex containing MEK, the kinase C-TAKI, the
catalytic and structural subunits of PP2A, a dimer of 14-3-3
proteins bound to phosphorylated serine residues (Ser297
and Ser392 of mouse KSR1), and several chaperone pro-
teins which are required for the stability of KSR1 [31, 34,
35, 38, 40]. C-TAKI1 constitutively associates with mouse
KSRI1 and phosphorylates Ser392 [32]. Upon stimulation, a
regulatory subunit of PP2A is recruited to the complex,
allowing PP2A to dephosphorylate Ser392 and release
14-3-3 from this site [35]. The release of 14-3-3 from this
site exposes the CA3 domain to mediate membrane
recruitment, and may also reveal the ERK docking site in
CA4 [32, 35]. Once 14-3-3 is released from Ser392, KSR1
is able to participate in RAF activation.

An additional scaffold/adaptor protein involved in RAF
activation is CNK (connector enhancer of KSR). In Dro-
sophila, CNK associates with KSR and the two cooperate
in activating RAF [73-76]. The interaction between CNK
and KSR depends on the adaptor protein HYP (Hyphen,
also known as Aveugle), which binds to CNK via hetero-
dimerization of their sterile alpha motif (SAM) domains
[74, 75, 77]. SAM domain heterodimerization may create a
composite binding site for KSR, or alternatively it could
alter the conformation of CNK and reveal the KSR binding
site [77]. CNK also binds to RAF and has opposing roles in
RAF regulation [76, 78, 79]. In unstimulated cells, CNK
maintains RAF in the inactive state through binding of
RAF to the RAF-inhibitory region (RIR) in the C-terminus
of CNK [78]. Upon stimulation, repression is relieved and
CNK converts to a potent activator of RAF [78, 79].
Compared to Drosophila, relatively little is known about
mammalian CNK proteins. CNK1 and CNK2 have been
shown to regulate ERK activation in a concentration-
dependent manner, which is characteristic of scaffold
proteins [80, 81]. However, mammalian CNK proteins lack
a RIR, and if they repress RAF in resting cells they might
do so by a mechanism different than Drosophila CNK.
CNK1 interacts with B- and C-RAF, and contributes to
C-RAF activation by promoting Src-dependent phosphor-
ylation of Tyr340 and Tyr341 [81]. CNK2 also interacts
with B- and C-RAF, but the same report failed to detect an
interaction between CNK2 and KSR1 or MEK [80]. Much
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work remains to be done to understand the role of mam-
malian CNK in RAF activation, and further studies may
reveal additional similarities between mammalian and
Drosophila CNK proteins.

SUR-8 is a leucine-rich repeat protein originally iden-
tified in C. elegans that acts downstream of RAS, but
upstream of RAF in the RTK-RAS-MAPK pathway [82].
Several mechanisms have been proposed to account for the
positive effect of SUR-8 on RAF activation. It has been
reported that SUR-8 forms a ternary complex with RAS
and RAF, and thus acts as a scaffold to facilitate
RAS-dependent RAF activation [83, 84]. However, another
group failed to detect an interaction between SUR-8 and
C-RAF, or SUR-8 and H-, K-, and N-RAS [85]. Instead,
these authors report that SUR-8 binds to M-RAS and
recruits the catalytic subunit of the PP1 phosphatase, which
then dephosphorylates inhibitory sites on RAF that is
bound to other molecules of RAS [85]. As noted previ-
ously, SUR-8 may participate in the formation of RAS
nanoclusters [50, 55], and a recent report indicating that
SUR-8 increases the rate of RAS binding to RAF following
EGF treatment is consistent with this [86]. Using a syn-
thetic and inducible RAS-specific GEF, Yoshiki et al. [87]
have shown that RAS activation alone is insufficient to
achieve maximal ERK activation. They found that plasma
membrane recruitment of C-RAF and maximal ERK acti-
vation also requires calcium signals, and this was
dependent on SUR-8 [87]. These observations lead to the
intriguing possibility that calcium signals, acting through
SUR-8, play a role in the formation of RAS nanoclusters.
Regardless of the mechanism, the importance of SUR-8 in
RAF activation is underscored by the discovery of SUR-8
mutations in a Noonan-like syndrome [88]. In Noonan-like
syndromes, mutations are frequently observed that dereg-
ulate the RAS-MAPK pathway, and the mutations
identified in SUR-8 result in constitutive membrane
recruitment of SUR-8 and enhanced ERK activation [88].

Two additional scaffold proteins implicated in
RTK-dependent ERK signaling are IQGAP1 and paxillin.
IQGAPI1 binds to all three kinase components of the
ERK/MAPK cascade, and IQGAP1 regulates ERK acti-
vation in a concentration-dependent manner, which
suggests that it is a bona fide ERK pathway scaffold [89—
92]. Paxillin associates with RAF, MEK, and ERK fol-
lowing growth factor stimulation, and colocalizes with
active ERK [93, 94]. However, its role as a scaffold for the
ERK/MAPK pathway remains to be formally tested.

RKIP (RAF kinase inhibitory protein) presents an
interesting case of a protein that can bind to two compo-
nents of the MAPK cascade, C-RAF and MEK. However,
RKIP is not a scaffold, but instead uncouples signaling
between C-RAF and MEK. RKIP behaves as a competitive
inhibitor of MEK phosphorylation by disrupting the

association between C-RAF and MEK [95, 96]. RKIP
binds to C-RAF and MEK in a mutually exclusive manner
[95, 96]. However, the binding sites for RKIP and MEK on
C-RAF do not overlap, nor do the binding sites for RKIP
and C-RAF on MEK, indicating that RKIP is not a direct
competitor of the C-RAF/MEK interaction [95, 96]. This
suggests that RKIP induces a conformational change in
C-RAF and/or MEK that prevents their interaction. It is not
clear if C-RAF is the only RAF isoform targeted by RKIP.
One report showed that RKIP could bind to B-RAF, but did
not inhibit its kinase activity [97]. Another report showed
that RKIP could inhibit growth of melanoma cells with
activated B-RAF, and B-RAF-induced differentiation of
PC12 cells [98]. However, in the latter case, it is possible
that RKIP was actually inhibiting C-RAF that had been
transactivated by B-RAF. Several studies have mapped the
RKIP binding site on C-RAF to the N-region, and the
introduction of a negative charge in this region by phos-
phorylation or aspartic acid substitutions reduced RKIP
binding [95, 97, 99, 100]. B-RAF bears a constitutive
negative charge in the N-region, and is likely refractory to
inhibition by RKIP. RKIP activity is inhibited by phos-
phorylation, including PKC-dependent phosphorylation of
Ser153 and ERK-dependent feedback phosphorylation of
Ser99 [101, 102]. Additional studies of RKIP are war-
ranted, as this could aid the development of inhibitors of
the RAF/MEK interaction with clinical benefit.

Phosphorylation of RAF

RAF phosphorylation sites are shown in Fig. la. Unless
specified otherwise, we will refer to these sites based on the
numbering of C-RAF. Phosphorylation of Ser259 mediates
binding to 14-3-3 proteins, and this has a negative regu-
latory role because substitution of alanine at this position
increases basal RAF activity [21-24, 103, 104]. Binding of
14-3-3 at this site maintains RAF in the closed conforma-
tion, and may also mask the CRD and prevent spurious
interactions with RAS at the plasma membrane [20, 22, 25,
26, 42, 43, 105, 106]. The impact of this site on RAF
activity is highlighted by the discovery of gain-of-function
C-RAF mutations in Noonan syndrome that decrease
phosphorylation of Ser259 and binding to 14-3-3 [107,
108]. Two kinases have been reported to phosphorylate
Ser259, PKA and Akt. There is strong evidence that PKA
phosphorylates Ser259 directly [22, 103], while the effects
of Akt could be direct or indirect [109-111]. Upon growth
factor stimulation Ser259 dephosphorylation is mediated
by either PP2A or PP1 [21, 35, 85, 112].

Ser621 is conserved in all RAF proteins and is also a
docking site for 14-3-3 proteins [113, 114]. Binding of 14-
3-3 to phospho-Ser621 appears to have multiple roles in
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RAF regulation. In resting cells, dimerization of 14-3-3
monomers bound to phosphorylated Ser259 and Ser621 is
thought to stabilize the closed, inactive conformation of
RAF [20, 42, 114]. However, 14-3-3 binding to Ser621 is
required for RAF activation following stimulation, because
mutants with an alanine substitution at this position are
inactive [113-115]. Several observations have been made
regarding the requirement of Ser621 for RAF activity.
Phosphorylation of Ser621 increases the stability of RAF
by preventing proteasomal degradation [116], binding of
14-3-3 to Ser621 enhances dimerization of RAF [117-
121], and RAF requires binding of 14-3-3 to Ser621 in
order for the catalytic domain to bind ATP [122]. Ser621
phosphorylation is largely mediated by autophosphoryla-
tion [116, 122]. However, kinase-inactive RAF retains
some Ser621 phosphorylation in vivo [122], indicating that
other kinases can phosphorylate this residue. The phos-
phatase(s) responsible for dephosphorylating Ser621 are
currently unknown.

Several additional phosphorylation sites contribute to
RAF activation. These include Ser338 and Tyr340/341 in
the N-region, as well as two putative sites in the activation
segment of the kinase domain. Growth factor-stimulated
phosphorylation of Ser338 is RAS-dependent and required
for maximal C-RAF activation [123—-126]. Substitution of
Ser338 with alanine or dephosphorylation of Ser338 by
PP5 results in C-RAF inactivation [123—-127]. The kinase
that mediates RTK-induced phosphorylation of Ser338
remains elusive. Members of the PAK family have been
identified as Ser338 kinases [128—-131], but several obser-
vations make it unlikely that they are involved in
RTK-dependent Ser338 phosphorylation. PAK-mediated
Ser338 phosphorylation is independent of RAS and neither
dominant-negative PAK3 nor PAKIl siRNA blocks
RTK-dependent Ser338 phosphorylation [132, 133]. In
mammalian cells, Ser338 phosphorylation requires
KSR1-mediated recruitment of CK2 [134], but in Dro-
sophila, CK2 is dispensable for KSR-dependent RAF
activation [118]. A recent report suggests that Ser338
phosphorylation occurs as a result of autophosphorylation,
and this requires homodimerization of C-RAF or hetero-
dimerization of C-RAF and B-RAF [133]. Ser338
phosphorylation appears to synergize with phosphorylation
of Tyr340/341. Growth factor-stimulated phosphorylation
of Tyr340/341 requires RAS-dependent membrane
recruitment and Src family tyrosine kinases [46, 47, 126,
135], and phosphorylation of Tyr340/341 and Ser338 is
required for maximal RAF activity [27, 123, 125, 126].
Mutation of Tyr340/341 to aspartic acid increases basal
Ser338 phosphorylation and activity of C-RAF [133].
Phosphorylation of the equivalent residues in A-RAF
appears to play a similar role, but for reasons unknown,
inducible kinase activity of A-RAF is much lower than

C-RAF [26, 47]. In contrast, B-RAF contains aspartic acid
residues at the equivalent sites of Tyr340/341 (Asp448/
449), and B-RAF is constitutively phosphorylated on
Serdd6 [26, 126]. This is believed to account for the
increased basal activity of B-RAF. Phosphorylation of
the N-region cooperates with RAS-GTP in disrupting the
inhibitory interaction between the regulatory region and
kinase domain [26, 27]. Phosphorylation of the N-region is
necessary for maximal RAF activation but not sufficient,
which is illustrated by the fact that B-RAF responds to
RAS activation [26, 47]. Maximal activation of RAF is also
thought to require phosphorylation within the activation
segment of the kinase domain [74, 123, 125, 133, 136].
Crystallographic studies of B-RAF indicate that, in the
inactive state, the kinase domain adopts a conformation in
which an intramolecular interaction between the P loop and
the DFG motif prevents catalysis, and it is possible that
phosphorylation of the activation segment disrupts this
interaction [137].

RAF is also subject to ERK-mediated feedback phos-
phorylation, which was proposed to have both positive and
negative effects on C-RAF kinase activity [104, 138].
However, several recent studies have convincingly dem-
onstrated that ERK-mediated feedback phosphorylation of
C-RAF and B-RAF has a negative impact on kinase
activity. Five residues in C-RAF (Ser29, Ser289, Ser296,
Ser301, and Ser642) are phosphorylated by ERK following
growth factor stimulation [104, 138]. Phosphorylation of a
sixth residue (Ser43) is also ERK-dependent, but it does
not match the consensus for ERK phosphorylation sites and
so it is unclear whether ERK phosphorylates Ser43 directly
[104]. Phosphorylation of these sites on C-RAF, which we
refer to as hyperphosphorylated C-RAF, has a negative
regulatory role because mutation of the six serine residues
to alanine results in sustained growth factor-stimulated
C-RAF activity, membrane localization, and Ser338
phosphorylation [104]. The timing of hyperphosphoryla-
tion is delayed relative to the activating phosphorylation on
Ser338, and correlates with low C-RAF activity that cannot
be restimulated by an additional challenge with growth
factor [104]. It was also shown that hyperphosphorylated
C-RAF is unable to bind RAS and relocalizes to the
cytoplasm where it is recycled for activation by PP2A and
the Pinl prolyl isomerase [104]. In mammalian cells,
B-RAF and KSR1 have also been shown to be subject to
growth factor-stimulated, ERK-dependent feedback phos-
phorylation [28, 31, 121]. B-RAF is phosphorylated on four
sites (Ser151, Thr401, Ser750, and Thr753) as is KSR1
(Thr260, Thr274, Ser320, and Ser443), and phosphoryla-
tion of both B-RAF and KSR1 requires the ERK docking
site in KSR1 [28]. Hyperphosphorylation of B-RAF pre-
vents binding to activated RAS, and has also been shown to
disrupt the B-RAF/KSR1 interaction and relocalize B-RAF
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and KSR1 to the cytoplasm [28, 121]. Like C-RAF, B-RAF
is recycled for activation by PP2A and Pinl [121].
Although it has not been demonstrated that KSRI1 is
recycled by the same mechanism as RAF, given the simi-
larity between the two this is likely the
ERK-dependent feedback phosphorylation has also been
shown to disrupt heterodimerization of B-RAF and C-RAF
[119, 121].

While there is a considerable wealth of knowledge
regarding phosphorylation of the RAF proteins, much
remains to be learned. With the exception of ERK and Src,
we know little about the kinases that phosphorylate RAF.
Several candidates have been proposed to phosphorylate
Ser259 and Ser338 (and their equivalents in A-RAF and
B-RAF), but their requirement in vivo has not been rigor-
ously tested, nor is it clear how these kinases are
themselves regulated with respect to phosphorylation of
RAF. In addition, individual phosphorylation sites are not
insulated from each other, yet our understanding of the
spatial and temporal coordination of these phosphorylation
events is limited. Phosphorylation of Ser259 and Ser338 on
C-RAF is thought to be mutually exclusive. In contrast,
B-RAF is constitutively phosphorylated on Ser446, but
remains sensitive to the phosphorylation state of Ser365
(the equivalent of Ser259). Existing data would also sug-
gest that Ser338 phosphorylation occurs at the plasma
membrane subsequent to phosphorylation of Tyr340/341,
yet Ser338 phosphorylation can occur in the cytosol in the
absence of phosphorylation at Tyr340/341. The ability to
track multiple phosphorylation events simultaneously in
living cells would go a long way towards resolving these
issues.

case.

Allosteric regulation of RAF activity

In recent years, it has become increasingly apparent that
allosteric mechanisms play a crucial role in RAF activa-
tion, and we have already noted several instances where
protein—protein interactions can impinge on RAF to mod-
ulate its catalytic activity. Here, we will focus on the role
of dimerization in the allosteric regulation of RAF activity.
Earlier studies reported the intriguing phenomenon that the
physical juxtaposition of RAF proteins with each other
could stimulate their kinase activity [120, 139-142].
Indeed, subsequent experiments showed that even a cata-
Iytically compromised B-RAF was capable of switching on
C-RAF activity in trans in a manner dependent on a
physical interaction between B-RAF and C-RAF, sug-
gesting that the underlying mechanism is independent of
a simple transautophosphorylation route [119, 137].
Most recently, several groups have demonstrated that
ATP-competitive B-RAF inhibitors can induce B-RAF/C-

RAF complex formation and the resultant stimulation of
C-RAF activity in trans, underscoring the relevance of
RAF/RAF interactions in modulating kinase activity
[72, 143, 144].

The precise mechanism by which the juxtaposition of
RAF molecules stimulates kinase activity was recently
elucidated [118]. Activation of the kinase domain of RAF
is controlled principally by an allosteric interaction
between two kinase domains in a specific side-to-side
dimer configuration (Fig. 2). The dimer state is thought to
position a critical helix in the kinase domain (helix «C) in a
productive conformation necessary for catalytic activity.
Most notably, the kinase domain in KSR can also serve the
role of an allosteric activator of RAF by forming KSR/RAF
side-to-side heterodimers [118]. The intrinsic ability of
KSR to allosterically modulate RAF activity is a departure
from the conventional dogma that KSR is yet another
passive scaffold in RAF signaling.

The question still remains as to how RAF dimerization
is regulated. Removal of the N-terminal regulatory region
causes constitutive activation of RAF, suggesting that, in
addition to maintaining inactive RAF in a closed state
inaccessible to MEK, the regulatory region may also
prevent side-to-side dimer formation. Interestingly, RAS
has also been reported to form dimers [145], raising the
intriguing possibility that RAS activates RAF by relieving
autoinhibition and directly promoting RAF dimerization.
Additional proteins may also participate in RAF dimer-
ization. The aforementioned 14-3-3 proteins are candidates
for promoting RAF side-to-side dimers [118]. Two kinases,
MLK3 and DGKy, have both been shown to facilitate
B-RAF/C-RAF complex formation independently of their
kinase activity [146, 147]. However, whether this com-
plex formation is as a result of direct B-RAF/C-RAF
side-to-side dimerization was not specifically demon-
strated in either case, and it would be interesting to see if
MLK3 and DGKpy regulate dimerization of the RAF
kinase domain.

Equally intriguing is the question of how the cell regu-
lates specific dimer formation between the multiple
isoforms of RAF and KSR proteins that are present in
higher-order metazoa. Given that all isoforms of RAF and
KSR share a nearly identical dimer interface, the cell must
have a separate mechanism in place for selectively driving
dimer formation between any two specific isoforms. What is
the relative activity of the different dimer combinations?
The heterodimers comprising KSR/RAF are thought to be
more active by virtue of KSR’s specific capacity to function
as both an allosteric activator of RAF and to simultaneously
recruit and present the RAF substrate MEK [118]. If pro-
motion of side-to-side dimers activates RAF, then it follows
that the disruption of the dimers must lead to inactivation.
While the exact mechanisms of disrupting the specific
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Fig. 2 An allosteric mechanism for activation of the kinase domain
of RAF. RAF exists in an inactive conformation characterized by the
monomeric state of its kinase domain. This monomeric state
represents a kinase domain isolated from neighbouring kinase
domains, but maintains other regulatory interactions that stabilize
the inactive state as described in the text (for simplicity, only the
C-terminal kinase domain of RAF is diagrammed; the N- and
C-terminal lobes of the kinase domain are indicated). Upon RAS
activation, the kinase domain of RAF transitions from an inactive

dimers might be diverse, a common theme likely involves
the triggering of negative-feedback loops [121, 148].

Kinase-independent functions of C-RAF

Characterization of C-RAF knockout mice showed that
C-RAF protects against apoptosis [149, 150]. However,
MEK/ERK activation is normal in these mice, presumably
due to B-RAF activity, and kinase activity is not required
for C-RAF to confer protection against apoptosis [149,
150]. It is now known that C-RAF can negatively regulate
the activity of several proapoptotic kinases, including
Rok-a, MST2, and ASK1. While kinase activity of C-RAF is
dispensable for this regulation, a direct interaction between
C-RAF and the target kinase is requisite. In the case of
Rok-u, growth factor stimulation induces an intermolecular
interaction between the regulatory region of C-RAF and
the kinase domain of Rok-u, resulting in inhibition of
Rok-o kinase activity [151]. Inhibition of Rok-o. promotes
cell migration, reduces sensitivity to Fas-induced apopto-
sis, and is required for RAS-induced tumorigenesis in the
epidermis [152—-154]. In the case of MST2, C-RAF binds to
MST?2 in resting cells and this correlates with reduced
oligomerization of MST2 and dephosphorylation at acti-
vating sites [155]. Stress signals and mitogens disrupt the
C-RAF/MST?2 interaction, with the former promoting
apoptosis and the latter rendering cells permissive to
apoptotic stimuli [155, 156]. Interestingly, there appears to

Cellular pool of
RAF and KSR proteins

monomer to an active side-to-side dimer state characterized structur-
ally by the juxtaposition of a critical helix (helix «C) in the N-lobe
that is thought to lock the kinase domain in a productive conformation
competent for catalytic activity. A ribbons representation of the side-
to-side dimer is shown (based on PDB ID 1UWH; ref. [137]). The
cellular pool of RAF/KSR proteins in higher-order metazoa comprises
multiple isoforms and the mechanism by which the cell selectively
drives dimer formation between two given isoforms remains unknown

be a reciprocal relationship between C-RAF and MST2,
with MST2 being required for full activation of C-RAF
following growth factor stimulation [157]. MST2 is
required to maintain the expression level of the catalytic
subunit of PP2A, and depletion of MST?2 increases Ser259
phosphorylation on C-RAF [157]. C-RAF also binds to
ASK1, and by an unknown mechanism inhibits its kinase
activity and protects cells from ASK1-dependent apoptosis
[158-160]. These kinase-independent functions of C-RAF
again illustrate the potential therapeutic benefits of target-
ing protein—protein interactions.

Conclusions and future perspectives

The past several years have seen exciting advances in our
understanding of the molecular mechanisms that operate
during activation of RAF kinases and signaling events
regulated by the KSR proteins. In particular, we note the
prominence of protein—protein interactions in all facets of
signal transduction involving RAF and KSR. We expect
that continued molecular modeling and biophysical studies
will elucidate the architecture of these protein binding
interfaces, and future studies may reveal novel protein—
protein interactions in which RAF or KSR participate.
Targeting protein interactions related to RAF and KSR
would aid the treatment of many human ailments, includ-
ing cancer, developmental disorders, and obesity. While
the development of protein interaction inhibitors is
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technically more challenging than inhibitors of enzyme-
catalyzed reactions, we feel this is offset by the flexibility
and specificity afforded by the multitude of potential
targets.
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