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Knock-in(g) RAF for a loop

Andrea Varga & Manuela Baccarini

Phosphorylation of the activation loop in
RAF kinases has been suggested to be crit-
ical for changes in activity. The extent to
which the activation segment is phospho-
rylated, the specific structural conse-
quences, and the in vivo relevance have
however remained elusive. In this issue of
the The EMBO Journal, Kdhler et al (2016)
addressed these questions by generating a
knock-in mouse expressing a B-Raf mutant
with a non-phosphorylatable activation
loop. The mutant causes a range of devel-
opmental phenotypes; intriguingly, it also
impairs the tumorigenic potential of a
subset of BRAF mutants, suggesting poten-
tial new strategies for RAF inhibition.

See also: M Kéhler et al (January 2016)

he RAS/RAF/MEK/ERK pathway is
one of the oldest paradigms of a
cytosolic signal transduction cascade.
Many studies have implicated the pathway
in the control of cell proliferation, and two
of its components, RAS and BRAF, are
mutated with different frequencies in human
tumors. As a consequence, major efforts are
being made to target the “druggable” nodes,
that is, the kinases RAF, MEK, and ERK,
using both ATP-competitive and allosteric
inhibitors to block pathway activation. A
better understanding of kinase regulation
will be instrumental in reaching this goal.
Protein kinases can be considered molec-
ular switches oscillating between inactive
and active conformations. For many
enzymes, including RAF, these changes in
activity correlate with the phosphorylation
status of crucial residues and with the
formation of protein—protein complexes that
enable productive signaling. A growing
number of structural studies show that
protein  kinase governed
essentially by the status of two hydrophobic
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“spines” in the kinase domain, the “C” or
catalytic spine, and the “R” or regulatory
spine. These arrays of hydrophobic residues
are “broken”, or disordered, in the inactive
state, and aligned in the active state. When
the spines are aligned, the N and C lobes of
the kinase are in close proximity, and the
kinase is in a stable, active conformation.
The C spine is completed by ATP, while the
alignment of the “R” spine can be brought
about by different mechanisms (Shaw et al,
2014; Lavoie & Therrien, 2015). In a recent
structure of monomeric BRAF, the activation
loop was found organized in a helical
conformation (AS-H1), which blocked both
the catalytic site and the essential inward
motion of the oC helix. Side-to-side RAF
dimerization is predicted to stabilize the
“in” conformation of the aC helix structure;
similarly, phosphorylation of the activation
segment (or loop as in Kdohler et al, 2016)
would promote an extended conformation,
stabilizing an active, dimeric kinase struc-
ture (Thevakumaran et al, 2015). Based on
structure—function studies, phosphorylation
of the activation loop is proposed to occur in
cis, upon allosteric activation of one RAF
molecule (receiver) by another (activator),
which may or may not be catalytically active
(Hu et al, 2013). Indeed, allosteric activation
of a receiver RAF molecule by an activator
bound to a chemical inhibitor (therefore
catalytically inactive) is the basis for the
paradox activation of the ERK pathway by
drugs favoring RAF dimerization (reviewed
in Gibney et al, 2013).

The model is very attractive and it is
supported by elegant structural data and
mutational analysis. It is also worth noting
that the AS-H1 is the element of BRAF most
frequently mutated in disease and that the
activation segment, in particular the phos-
phoacceptor sites, is evolutionary conserved
in RAF orthologues from human to the
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sponge Amphimedon (Kohler et al, 2016).
Both facts strongly suggest an important
function of these residues in RAF signaling.
Nevertheless, activation loop phosphoryla-
tion has remained elusive, possibly because
of technical limitations, and evidence of its
relevance in vivo was so far missing.

Kohler et al (2016) now close the latter
gap by showing the consequences of mutat-
ing both phosphorylation sites in the activa-
tion loop of BRAF to alanine. Both mouse
development and tumorigenic potential of
BRAF mutants in cells in culture are affected
in the presence of this mutant (Fig 1).

The first set of data shows that mutating
the phosphorylation sites in the activation
loop reduces ERK signaling in the brain and
in astrocytes and that this correlates with
neurological defects. These data are reminis-
cent of those obtained in B-Raf knockout
mice (Zhong et al, 2007; Galabova-Kovacs
et al, 2008). Interestingly, the biochemical
defects were associated with a reduction in
the ability of the mutant to dimerize with
kinase suppressor of RAS (KSR) rather than
with RAF1. This particularity is noteworthy
because Galabova et al had already shown
that MEK can bind to RAF1, but not to KSR,
in BRAF-deficient glial cells. Together, the
data point to a pivotal role of the BRAF:KSR
complex in the implementation of strong,
sustained ERK signaling in the CNS, in
agreement with the function of this complex
demonstrated by the Morrison laboratory in
MEFs (McKay et al, 2009). In addition, the
structure of KSR2 in complex with MEK
shows tetramers comprising two KSR2 mole-
cules involved in side-to-side dimers, with
both subunits bound to MEK in a face-to-face
manner (Brennan et al, 2011). The authors
propose that KSR2, via the interaction with a
regulatory RAF molecule, may promote the
repositioning of the activation segment of MEK
in a conformation accessible to catalytically
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Figure 1. Preventing BRAF activation loop phosphorylation reduces MEK phosphorylation in mouse brain and impairs the transforming potential of a subset

of BRAF mutants in vitro.

Brain lysates of BRAF*Y*A knock-in mice show reduced BRAF—KSR1 interaction, which might be responsible for the reduced MEK phosphorylation in the tissue. Activation
loop phosphorylation can potentially influence the conformation of the activation segment helix 1 (AS-H1) and contribute to the alignment of the R-spine residues important
for the active conformation of BRAF, which is necessary for the transactivation of the receiver kinase within the RAF dimer.

active RAF. While this model needs further
testing, it would explain how a reduction in
BRAF:KSR binding can impact ERK signaling
despite the continuing presence of BRAF:
RAF1 dimers. Why the phosphorylation of
the activation loop would have a higher
impact on the formation of BRAF:KSR
dimers rather than BRAF:RAF1 dimers
remains to be determined.

A second significant outcome of this
study is the mechanistic aspect. The authors
show that mimicking activation loop phos-
phorylation in BRAF promotes ERK activa-
tion (Roring et al, 2012) and induces cell
proliferation to the same levels as the highly
oncogenic V600E BRAF mutant. V600E
BRAF, in turn, is refractory to the ablation of
phosphorylation in the activation loop.
Thus, activation loop phosphorylation and
the V600OE mutation have the same purpose,
namely repositioning the activation loop in
the “out” conformation. The authors further
show that a BRAF mutant tethered to the
membrane by a CAAX motif still requires

© 2015 The Authors

phosphorylation of the activation loop.
However, dimerization interface BRAF
mutants (i.e., those which owe their onco-
genic potential to the increased interaction
with other RAF or KSR molecules) are dif-
ferentially sensitive to the ablation of activa-
tion loop phosphorylation: the kinase-dead
D594 A mutant is refractory and the hyperac-
tive E5S86K mutant is sensitive to phospho-
ablation. This is consistent with the idea
that phosphorylation of the activation loop
is still necessary after membrane recruit-
ment and that it occurs mostly in cis.
Therrien and colleagues recently showed
that the destabilization of the activation loop
favors a dimer-competent conformation
(Thevakumaran et al, 2015). This suggests
that a non-phosphorylatable protomer may
have a dominant negative effect on the
dimer. However, Kohler et al (2016) show
that the ablation of the activation loop phos-
phorylation sites does not impact ERK acti-
vation by the kinase-dead mutant—although

it reduces its dimerization with RAFI.

Similarly, heterozygous mice do not show a
phenotype, which would be expected from a
dominant negative allele. Be that as it may,
the hypothesis of a dominant negative effect
is further testable. We will certainly learn
more about RAF regulation via phosphoryla-
tion of the RAF activation loop in the future.
A very important milestone in this context
would be the availability of methods allow-
ing the detection of activation loop sites
phosphorylation in tissues, which would
clarify their relevance as well as their poten-
tial use as biomarkers or druggable targets.
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