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RAF inhibitors prime wild-type RAF to activate the
MAPK pathway and enhance growth
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Activating mutations in KRAS and BRAF are found in more than
30% of all human tumours and 40% of melanoma, respectively,
thus targeting this pathway could have broad therapeutic effects1.
Small molecule ATP-competitive RAF kinase inhibitors have
potent antitumour effects on mutant BRAF(V600E) tumours but,
in contrast tomitogen-activated protein kinase kinase (MEK) inhi-
bitors, are not potent against RAS mutant tumour models, despite
RAF functioning as a key effector downstream of RAS and
upstreamofMEK2,3. Herewe show that ATP-competitive RAF inhi-
bitors have two opposing mechanisms of action depending on the
cellular context. In BRAF(V600E) tumours, RAF inhibitors effec-
tively block the mitogen-activated protein kinase (MAPK) signal-
ling pathway and decrease tumour growth. Notably, in KRAS
mutant and RAS/RAF wild-type tumours, RAF inhibitors activate
the RAF–MEK–ERK pathway in a RAS-dependent manner, thus
enhancing tumour growth in some xenograft models. Inhibitor
binding activates wild-type RAF isoforms by inducing dimeriza-
tion,membrane localization and interactionwith RAS–GTP. These
events occur independently of kinase inhibition and are, instead,
linked to direct conformational effects of inhibitors on the RAF
kinase domain. On the basis of these findings, we demonstrate that
ATP-competitive kinase inhibitors can have opposing functions as
inhibitors or activators of signalling pathways, depending on the
cellular context. Furthermore, this work provides new insights into
the therapeutic use of ATP-competitive RAF inhibitors.

TheRAS–RAF–MEK–ERKsignalling pathway is an attractive target
for therapeutic intervention in oncology, and several selective RAF
and MEK small molecule inhibitors are being tested at present in
phase I and phase II clinical trials. Although both RAF andMEK (also
known as MAP2K) inhibitors have excellent preclinical activity in
tumour models with BRAF(V600E) mutations, their potencies in
BRAFwild-type (BRAF-WT) andKRASmutant (KRAS-MT) tumour
models unexpectedly diverge. The selective and chemically unrelated
RAF inhibitors GDC-0879 (refs 3, 4) and PLX4720 (ref. 5) both show
specificity towards BRAF(V600E) tumour lines, unlike the MEK
inhibitor PD0325901 that inhibits proliferation of BRAF(V600E),
RAS/RAF-WT and KRAS-MT tumour lines (Fig. 1a). Unexpectedly,
RAF inhibitors cause an increase in viable cell numbers (marked with
an asterisk in Fig. 1a; see also Supplementary Fig. 2) in a subset of
BRAF-WT tumour cell lines (,50%of tested). Furthermore, although
GDC-0879 is able to inhibit growth of BRAF(V600E) tumour xeno-
grafts in vivo, it can increase the growth rate of KRAS-MT lung xeno-
grafts (Fig. 1b). In addition, histopathological examination of mice
treated with GDC-0879 showed hyperkeratosis and acanthosis of
the epidermis, as well as inflammation in the dermis, which was not

evident in controlmice (SupplementaryFig. 3). Interestingly, erythema
has been previously reported inmice treated with chemically unrelated
RAF inhibitors6. Immunohistochemistry of serial skin sections showed
increased staining for the proliferationmarker Ki67 in the keratinocyte
compartment of sections from inhibitor- but not vehicle-treated ani-
mals, co-localized with increased cytoplasmic phospho-ERK staining
(Fig. 1c), which is intriguing in light of the recent clinical reports of

1Genentech, South San Francisco, California 94080, USA. 2Array BioPharma, Boulder, Colorado 80301, USA.
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Figure 1 | RAF inhibitors are selective in inhibiting growth and proliferation
of BRAF(V600E) lines. a, Half-maximum effective concentration (EC50)
values (mM) in cellular proliferation assays of RAF inhibitors (inh.) (GDC-
0879 and PLX4720) and MEK inhibitor (PD0325901) against a panel of
BRAF(V600E), RAS/RAF-WT and RAS-MT cell lines. Cell lines with
hyperproliferation are noted with asterisks. b, Tumour volume
measurements of MEXF514 (BRAF(V600E)), LXFA983 (KRAS-MT) and
LXFA1041 (KRAS-MT) xenograft tumours treated with vehicle or
100mg kg21 GDC-0879 once a day. Error bars represent s.e.m. with n5 10.
P values were obtained by Dunnett’s t-test. c, Ki67 (top) and phospho-ERK
(pERK, bottom) staining of skin sections from mice treated with vehicle or
200mg kg21 GDC-0879 once per day for 21 days. All scale bars, 100 mm.
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cutaneous squamous cell carcinoma and keratoacanthoma for two
selective RAF inhibitors7–9.

RAF inhibitor treatment of tumour cell lines in vitro resulted in the
inductionofphospho-MEKandphospho-ERK levels in theRAS/RAF-
WT (MeWo) and KRAS-MT (H2122) lines, versus their sustained
inhibition in BRAF(V600E) (A375) cells (Fig. 2a). Knockdown of
CRAF (also known as RAF1), but not BRAF, in HCT116 (KRAS-
MT) cells10 was able to reverse the phospho-MEK induction observed
after RAF inhibitor treatment, indicating that CRAF has the major
role in signalling to MEK (Fig. 2b). Notably, both BRAF and CRAF
kinase activities increased in a dose-dependent manner after GDC-
0879 treatment, selectively in non-BRAF(V600E) lines (Fig. 2c). The
PLX4720 RAF inhibitor showed more modest effects, inducing
moderate CRAF activity at a high concentration. Activation of ARAF
was also observed selectively after GDC-0879 treatment, and dual
ARAF and CRAF knockdown was synergistic in decreasing inhibitor-
induced phospho-MEK levels in HCT116 (KRAS-MT) cells (Sup-
plementary Fig. 5).

RAF activation proceeds through the formation of homo- and
heterodimers11–13. The RAF inhibitor GDC-0879 induced B–C and
A–B heterodimers together with the induction of A-, B- and CRAF
kinase activities (Fig. 2c and Supplementary Figs 5 and 6). Because
RAFheterodimers are expected tohave higher specific kinase activity12

and low activity BRAF mutants can cause CRAF activation through
heterodimerization11,14, we testedwhether BRAF is required for CRAF
activation and MEK phosphorylation. Treatment of isogenic
BRAF

1/1 and BRAF
2/2 cell lines15,16 with RAF inhibitors resulted in

a similar induction of CRAF specific activity as well as phospho-MEK
and phospho-ERK levels, demonstrating that BRAF is not essential
(Supplementary Figs 7 and 8). Notably, in addition to heterodimers,
RAF inhibitors induced CRAF homodimers (Supplementary Fig. 7c),
providing a further mechanism for priming of CRAF activity17 when
other isoforms are not expressed or heterodimer formation is
impaired, as is the case for PLX4720 treatment. Kinase activation of
CRAF(T421N), a gatekeeper mutant that does not bind either GDC-
0879 or PLX4720, was markedly impaired and phospho-MEK induc-
tion after RAF inhibitor treatment inCRAF(T421N) transfectants was
similar to untransfected controls, demonstrating that inhibitor bind-
ing to the CRAF nucleotide-binding pocket is required for effective
CRAF activation and downstream signalling (Fig. 2d, e and Sup-
plementary Fig. 9b, c).

To address the question of whether CRAF kinase activity was
required for phospho-MEK induction by RAF inhibitors, we charac-
terized the chemically unrelated ATP-competitive RAF inhibitor AZ-
628 (ref. 18), which binds to the inactive conformation of the RAF
kinase active site motif Asp-Phe-Gly (DFG-out conformation), has
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Figure 2 | RAF inhibitors activate the MAPK

pathway in non-BRAF(V600E) cells in a CRAF-

dependent manner. a, Immunoblot of lysates
from A375, MeWo and H2122 cells treated with
0.1, 1 and 10 mM GDC-0879 or PLX4720. pMEK
(and pERK) refer to phospho-MEK (and -ERK)
levels, whereas tMEK (and tERK) refer to total
MEK (and ERK) levels. b, Immunoblot of lysates
from HCT116 (KRAS-MT) cells carrying
doxycycline (dox)-inducible short hairpin RNA
(shRNA) directed against BRAF or CRAF. Cells
were treated with 0.1, 1 and 10 mM inhibitors for
1 h in the absence (2shRNA) or presence
(1shRNA) of dox. c, CRAF and BRAF
immunoprecipitation kinase assays from lysates
of A375, MeWo and H2122 cells treated with
inhibitor for 1 h. Error bars represent s.d. with
n5 3; *P, 0.001 using a Student’s t-test.
d, e, HCT116 cells transiently transfected with
control vector, Venus–CRAF-WT or
Venus–CRAF(T421N) were treated with 1 and
10mMGDC-0879 for 1 h. d, Venus-tagged CRAF
immunoprecipitation kinase assay (data
normalized to DMSO control with error bars
representing s.d. of n5 3). e, Immunoblot of
lysates detecting endogenous CRAF,
Venus–CRAF and phospho-MEK. Data are
representative of at least two independent
experiments.
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high potency against CRAF and a very slow/irreversible off-rate
(Supplementary Figs 10 and 12). We proposed that, when primed
CRAF is blocked throughprolongedbindingof a potentRAF inhibitor
to its active site, there should be no MEK phosphorylation if CRAF
kinase activity is required. Indeed, CRAF complexes purified from
AZ-628-treated cells show no in vitro kinase activity, and AZ-628-
treated cells show no phospho-MEK induction or hyperproliferation
(Supplementary Figs 2 and 10d–f). In comparison, both GDC-0879
andPLX4720 showvery rapidoff-rates and cannotpersistentlyoccupy
the ATP-binding pocket to effectively block CRAF kinase activity and
phospho-MEK induction (Supplementary Fig. 10). This series of
experiments suggests that CRAF kinase activity is required for both
phospho-MEK induction and cellular hyper-proliferation.

To gain a better understanding of the RAF activation sequence in
response to inhibitor priming, we characterized the topology of the
events and the role of RAS–GTP. Fractionation experiments demon-
strated that all RAF inhibitors tested, except PLX4720, induced a
dose-dependent translocation to the membrane fraction of BRAF
and CRAF, accompanied by increased CRAF(S338) phosphoryla-
tion19, selectively in non-BRAF(V600E) lines (Fig. 3a and Sup-
plementary Fig. 11). Membrane targeting was RAS–GTP dependent,
because expression of dominant-negative KRAS(S17N) led to cyto-
plasmic retention of CRAF after inhibitor treatment, versus the
membrane localization observed with KRAS-WT (Fig. 3b). RAF inhi-
bitors induce membrane and/or cytosolic phospho-MEK levels,
together with their effects on CRAF localization, with the exception
of AZ-628 as previously discussed (Fig. 3a and Supplementary Figs 10
and 11). After KRAS(S17N) transfection, the induction of both

membrane and cytosolic phospho-MEK levels is significantly impaired
(Supplementary Fig. 11b).Thus, as a consequence of inhibitor binding,
CRAF gets activated in a RAS–GTP-dependent manner, through
membrane translocation, Ser 338 phosphorylation and dimeriza-
tion20–22. The important role of RAS–GTP is further underscored by
the fact that transfection of BRAF(V600E) A375 cells with activated
mutant KRAS(G12D), but not wild-type KRAS, leads to CRAF–BRAF
heterodimerization and CRAF kinase activation after inhibitor treat-
ment (Supplementary Fig. 11d).

The conformation of the ATP-binding pocket is crucial for kinase
maturation and has an important role in the ability of smallmolecules
to prime and induce the translocation of their target kinases to the
membrane23–25.Membrane targetingofCRAF requires inhibitor bind-
ing to the ATP-binding pocket, because the gatekeeper threonine
mutant CRAF(T421N) (which does not bind to GDC-0879 and
weakly to AZ-628; Supplementary Fig. 9a) remains in the cytoplasm
after inhibitor treatment (Fig. 3c). Furthermore, membrane targeting
of CRAF does not seem to require kinase activity, as CRAF(D486A), a
DFG-loop aspartate mutant devoid of kinase activity, is still able to
translocate to themembrane (Fig. 3c) as long as it can bind the inhibi-
tor, as is the case for AZ-628 but not GDC-0879 (Supplementary
Fig. 12a). Thus,membrane targeting is not due toCRAFkinase inhibi-
tion and does not proceed through an extrinsic mechanism, such as
feedback, but instead relies on inhibitor occupancy of the ATP-bind-
ing pocket.

To test further whether priming was mediated by the inhibitors’
conformational effects on the RAF kinase domain, we assayed BRAF–
CRAF heterodimerization biochemically. The CRAF kinase domain
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forms a stable complex with the BRAF kinase domain in the absence
of any inhibitor in an immunoprecipitation and western blot assay
using purified recombinant proteins (Fig. 4a). Notably, both a
non-hydrolysable analogue of ATP and PLX4720 destabilize, whereas
AZ-628 and GDC-0879 significantly stabilize, the CRAF–BRAF
heterodimer kinase domain interaction (Fig. 4a). This result is con-
sistent with our findings from the cellular immunoprecipitation and
western blot experiments in non-BRAF(V600E) cell lines (Sup-
plementary Figs 6 and 10), and supports the model that dimerization
is mediated directly through the inhibitors’ effects on the RAF kinase
domain, rather than being a secondary effect. The inhibitors had no
effect on the basal interaction between the CRAF and BRAF(V600E)
kinase domains (Fig. 4a), in agreement with the cellular data demon-
strating lack of priming in BRAF(V600E) mutant lines (Fig. 2 and
Supplementary Fig. 6). In summary, our biochemical and cellular
data suggests that inhibitor occupancy of the ATP-binding pocket
can effect RAF dimerization and that the inhibitors’ effects are dif-
ferent from ATP itself.

To probe further the structural basis of the inhibitors’ effects on
CRAF we solved the crystal structure of the CRAF kinase domain
complexed to a close analogue of GDC-0879 (ref. 4) (Supplemen-
tary Fig. 13 and Supplementary Table 1). The CRAF–inhibitor com-
plex adopts a dimer conformation in the asymmetric unit, as previ-
ously described for BRAF26. Comparison of the CRAF and BRAF
homodimers shows an extremely well-conserved interface, the single
difference among them residing in the most amino-terminal residue
of CRAF resolved in the crystal structure, CRAF(Y340), within its
negative-charged regulatory region27 (Fig. 4b and Supplementary
Table 2). Further amino acid residues that differ between BRAF and
CRAF are highlighted in Fig. 4b. A heterodimer model of BRAF–
CRAF illustrates that, in contrast to the conformation induced by

GDC-0879 and AZ-628 when bound to BRAF, PLX4720 induces a
shift in the aC-helix in BRAF (cyan), bringing it closer to the dimer
interface, which may affect priming (Fig. 4c).

Finally, to demonstrate formally that modulation of kinase
domain dimerization by ATP-competitive RAF inhibitors underlies
their ability to activate CRAF and downstream signalling toMEK, we
generated CRAF and BRAF dimer interface mutants that either con-
stitutively heterodimerize (CRAF(E478K) and BRAF(E586K)) or are
defective in dimerization (CRAF(R401H) and BRAF(R509H))26. Co-
transfection of CRAF(E478K) and BRAF(E586K) in HCT116 KRAS-
MTcells resulted in a basal increase of exogenousCRAFkinase activity
compared to wild-type controls (Fig. 4d). No further induction was
observed after RAF inhibitor treatment, confirming that dimerization
is the main driver for the inhibitors’ effects on CRAF kinase activity.
Constitutive heterodimerization by these mutants was confirmed
(Fig. 4d), suggesting that the interactions characterized by our assays
were mediated at the level of kinase domain dimer interface. In con-
trast, co-transfection of CRAF(R401H) and BRAF(R509H) lead to
decreased levels of basal CRAF activity and a significant impairment
of CRAF activation by RAF inhibitors, consistent with the mutants’
defective heterodimerization properties (Fig. 4d). Phospho-MEK
level induction by RAF inhibitors correlated with the efficiency of
heterodimer formation and CRAF activation in all cases (Supplemen-
tary Fig. 15).

In conclusion, we have discovered that ATP-competitive RAF inhi-
bitors have opposing roles as inhibitors and activators of the RAF–
MEK–ERK pathway, and that the outcome is dependent on cellular
context andgenotype. InBRAF(V600E) cells, the pathway is sensitized
toATP-competitive RAF inhibitors owing to the higherATP apparent
Km (Km(app)) of the mutant BRAF(V600E) protein (Supplemen-
tary Fig. 4) and lack of CRAF activation (Supplementary Fig. 1). In
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Error bars represent s.d. of n5 3. Data are
representative of two independent experiments.

LETTERS NATURE |Vol 464 | 18 March 2010

434

Macmillan Publishers Limited. All rights reserved©2010



BRAF-WT cells, inhibitors trigger the CRAF activation sequence,
which can lead to MEK/ERK phosphorylation and in some cases to
enhanced growth (Supplementary Fig. 1). This suggests that careful
assessment should be made of the functional consequences of other
ATP-competitive inhibitors with respect to priming, whichmay affect
the inhibitors’ efficacy and safety profiles. On the basis of our findings,
we propose that preventing activation of CRAF could potentially pre-
vent undesirable effects of RAF inhibitors on normal tissue and non-
BRAF(V600E) tumours. This could be attained by an allosteric non-
ATP competitive mechanism that would prevent RAF dimerization,
or RAS–RAF RAS-binding domain (RBD) interaction. This data also
highlights the need for BRAF(V600E) patient selection in V600E-
selective RAF inhibitor clinical trials.

METHODS SUMMARY
Chemicals and cell culture. PLX4720 and PD0325901 were purchased from
Symansis, and EMD from CalBiochem. AZ-628 was synthesized according to
the procedure described in patent number WO2006024834 (http://www.wipo.
int/pctdb/en/wo.jsp?wo52006024834).
Fluorescence microscopy. For CRAF sub-cellular localization experiments,
HEK293T cells were transiently transfected with relevant cyan fluorescent
protein (CFP)–KRAS and Venus–CRAF constructs and TagBFP or mCherry–
H2B to identify nuclei. Compounds were added 20 h after transfection and live
cells were imaged 24 h after transfection.
Tumour xenograft studies and immunohistochemistry. Tumour fragments
were obtained from MEXF514, LXFA983 and LXFA1041 xenografts. In vivo

studies were conducted at Oncotest. Immunohistochemistry were conducted
as described previously3.
In vitro kinase assays. Cell lysates were immunoprecipitated with anti-CRAF,
anti-BRAF or anti-GFP antibody (Millipore) and then incubated with 0.4mg
unactive MEK1 (Millipore) in 40 ml of kinase buffer (20mM MOPS, pH7.2,
25mM b-glycerol phosphate, 5mM EGTA, 1mM sodium orthovanadate,
1mM dithiothreitol (DTT), 120 mM ATP, 18mM MgCl2) for 30min at 30 uC.
Samples were then loaded onto the Meso Scale Discovery Phospho (Ser 217/
221)/Total MEK1/2 assay plates and quantified.
Expression and crystallization of CRAF. The dual expression baculovirus con-
struct pBac4x-1-HTH-CRAF(324-618):CDC37 was expressed in Hi5 cells.
CRAF was co-crystallized with inhibitor in hanging drops (12% PEG 8K,
100mM Tris, pH 8.0, 10% tacsimate, grown at 12 uC).
RAF dimerization.His–BRAF-WT kinase domain or His–BRAF(V600E) kinase
domain and glutathione S-transferase (GST)–CRAF kinase domain (Invitrogen)
were incubated in the presence of a fixed concentration of compound or
dimethylsulphoxide (DMSO) for 1 h and immunoprecipitated with a rabbit
anti-GST antibody.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Chemicals and cell culture. PLX4720 and PD0325901 were purchased from
Symansis, and EMD from CalBiochem. AZ-628 was synthesized according to
the procedure described in patent number WO2006024834 (http://www.wipo.
int/pctdb/en/wo.jsp?wo52006024834). All cells lines were obtained from the
American Type Culture Collection (ATCC) except for the isogenic pairs of cell
lines. Hec1a BRAF1/1 and Hec1a BRAF2/2 were obtained from T. Waldman’s
laboratory. HCT116 BRAF

1/1 and HCT116 BRAF
2/2 were obtained from

Horizon Discovery.
Enzymology assays. Full-length 63His-tagged human BRAF(V600E) co-
expressed with human CDC37 (1–378), full-length 63His tagged human
BRAF-WT, and full-length Flag-tagged human wild-type CRAF were expressed
in baculovirus-infected insect cells and purified using standard affinity tag chro-
matographic methods. The enzymatic activity of was quantified by measuring
the incorporation of radiolabel from [c-33P]ATP into full-length 63His-tagged
human MEK covalently modified with 59-p-fluorosulphonylbenzoyladenosine
(FSBA). Standard enzyme reaction conditions have been described previously28.
ATP Km(app) values were determined by monitoring the enzymatic activity over
120min at a constant amount of [c-33P]ATP (33mCiml21), while varying ATP.
ATPKm(app)valueswere determinedby fitting a hyperbolicmodel to the enzymatic
rate versus [ATP] data. Half-maximum inhibitory concentration (IC50) values
were calculated by fitting a standard four-parameter logistic model to the dose
response curve plotted as the per cent of control versus concentration of com-
pound. The apparent inhibition constant (Ki(app)) and predicted IC50 values at
1mMATPwere calculated using theCheng–Prusoff relationship29 assuming com-
pounds are competitive with ATP. For off-rate experiments, BRAF(V600E)
protein was pre-incubated with 100-fold excess of enzyme and compound and
the mixture was diluted 100-fold at the initiation of the kinase activity assay for
BRAF(V600E). The inhibitor off-rates were calculated frommeasuring the rate of
kinase activity rebound of the inhibitor-preincubated BRAF(V600E) compared to
non-preincubated control.
Fluorescent protein-fusion constructs. KRAS, BRAF, CRAF and H2B were
amino-terminally tagged with fluorescent proteins using multisite Gateway
cloning (Invitrogen). Relevant point mutations were introduced using site-
directed mutagenesis. Each fusion was inserted into the CMV-driven pcDNA-
DEST vector, in which the carboxy-terminal GFP tag was not translated owing to
a stop codon following the inserted genes. Cells were transfected with
Lipofectamine2000 (Invitrogen), according to the manufacturer’s instructions.
Microscopy. For CRAF sub-cellular localization experiments, HEK293T cells
were transiently transfected with relevant CFP-KRAS and Venus-CRAF con-
structs and TagBFP or mCherry-H2B (Clontech)30,31 to identify nuclei.
Compounds were added 20 h after transfection and live cells were imaged 24 h
after transfection using an SP5 point-scanning confocal microscope with a340
1.25 numerical aperture (NA) HCX PL APO CS oil-immersion objective (Leica
Microsystems).
Tumour xenograft studies and immunohistochemistry. Tumour fragments
obtained from MEXF514, LXFA983 and LXFA1041 xenografts (conducted at
Oncotest) were cut into 1–2-mm3 pieces and implanted subcutaneously into
NMRI nu/nu mice (Taconic). GDC-0879 compound was prepared fresh weekly
in 0.5%methylcellulose and 0.2%Tween-80 inwater, stored at 4 uC, and adminis-
tered daily by oral gavage. Tumours were staged andmeasured as described previ-
ously3. Xenograft tissues were fixed for 24h in 10% neutral buffered formalin and
were then processed and paraffin embedded. Immunohistochemistry was con-
ducted as described previously3.
Cell viability assays. Cell viability assays were carried out as described previ-
ously3. In brief, cells were seeded at 2,000 per well and treated with compound on
day 2. The relative numbers of viable cells were measured by luminescence using
CellTiter-Glo (Promega).
Membrane fractionation.Cells were lysed in bufferA (25mMTris, pH7.5, 1mM
EDTA, 1mM DTT, 10mMNaCl, 25mMNaF, protease inhibitors and phospha-
tase inhibitors) and mechanically disrupted using a Dounce homogenizer.
Cytosolic (S100) and membrane (P100) fractions were separated as described
previously32.
Immunoblotting. Cells lysed in lysis buffer (0.5% NP40, 20mM Tris, pH7.5,
137mM NaCl, 10% glycerol, 1mM EDTA) plus protease inhibitor mixture-
complete mini (Roche Applied Science) and phosphatase inhibitor mix
(Pierce). Ten-to-twenty micrograms of protein from each sample was separated
by SDS–PAGE and transferred to nitrocellulose membranes. Membranes were
incubated with the indicated primary antibodies and analysed either by the
enhanced chemiluminescence (ECL) detection system (Amersham) or by the
addition of Alexa Fluor 647 goat anti-mouse (Molecular Probes Inc.).

In vitro kinase assays. Cells were plated and lysed as described in immunoblot-

ting method. Cell lysates were incubated with anti-CRAF, anti-BRAF, or anti-

GFP antibody (Millipore) and 50 ml of Protein A agarose beads (Millipore) for

2 h at 4 uC. After washing with lysis buffer plus protease and phosphatase inhibi-

tor mixtures, proteinA beads were incubated with 0.4mg of unactive MEK1

(Millipore) in 40ml of kinase buffer (20mM MOPS, pH7.2, 25mM b-glycerol

phosphate, 5mM EGTA, 1mM sodium orthovanadate, 1mM DTT, 120 mM

ATP, 18mM MgCl2) for 30min at 30 uC. Samples were then loaded onto the

Meso Scale Discovery Phospho (Ser 217/221)/Total MEK1/2 assay plates and

quantified.

Expression and purification of CRAF for crystallization. The dual expression

baculovirus construct pBac4x-1-HTH-CRAF(324-618):CDC37was expressed in

Hi5 cells. Baculovirus pellets were homogenized in 25mM Tris, pH 7.5, 0.5M

NaCl, 10% glycerol, 10mM imidazole, 10mM b-mercaptoethanol, 0.035% Brij-

35COMPLETEEDTA-free (Roche) and solubilizedwith a PANDAhomogenizer.

After centrifugation, the soluble fraction was mixed with Talon (Clontech) resin

for 16 h at 4 uC. The protein was eluted with an imidazole-containing buffer and

applied to a Q Sepharose column, followed by aMono S column and then loaded

onto a Superdex 75 10/30 equilibrated with 25mMHEPES, pH7.0, 0.3 M NaCl,

15% glycerol, 0.25% CHAPS, 1mM EDTA, 1mMTCEP buffer. The monomeric

CRAF pool was concentrated to 2.3mgml21 for crystallization trials.

Crystallization and structure solution of CRAF.CRAFwas co-crystallized with

Inhibitor 18 (ref. 4) in hanging drops (12% PEG 8K, 100mM Tris, pH 8.0, 10%

tacsimate, grown at 12 uC). Crystals were cryoprotected in 10% PEG 8000, 10%

tacsimate, 0.1M Tris, pH 8.0, 25% glycerol and flash-frozen on an Oxford

Cryosystems coldstage. The crystal was frozen at 100K and data were collected

in-house on an FR-E generator and Raxis-IV11 detector (Rigaku). The crystals

diffracted to 4.0 Å. Diffraction data were processed with the CCP4 suite33.

Molecular replacement searches were carried out with Molrep, using a previous

structure of BRAF co-crystallized with Inhibitor 18 (Protein Data Bank (PDB)

accession code 3D4Q). Molrep successfully found solutions for two monomers,

in space group P41212. This gave a fractional occupancy 0.498 and no other

monomers could be found. Because the crystal only diffracted to 4.0 Å, further

precautions were taken during refinement in Refmac: non-crystallographic sym-

metry (NCS) restraints were enforced on all residues of both chains and a low

X-ray weighting term of 0.0025 was used. Also, all atoms were given a fixed

isotropic B-factor or 68.0. No water atoms were added to the structure and,

although there was weak density visible for the ligand, it was not modelled in.

The final structure had reasonably good geometry (see Supplementary Table 1),

and in the Ramachandran plot of the final structure only 8 out of 468 residues

(1.7%) are in disallowed regions.

Immunoprecipitation and western blots for dimerization. In assay buffer

(25mM HEPES, pH7.4, 10mM MgCl2, 0.01% (v/v) Triton X-100, 2mM DTT,

0.25% DMSO), 500nM of enzyme: Flag–CRAF full-length, His–BRAF-WT or

B-RAF(V600E) kinase domain, or GST–CRAF kinase domain (Invitrogen) in the

presence of a fixed concentration of compound or vehiclewas incubated for 1 h at

room temperature. AMP-PCP was purchased from Sigma. Proteins were immu-

noprecipitated with rabbit anti-Flag (Sigma, F7425) or rabbit anti-GST (Cell

Signaling Technology, 2622) antibodies bound to protein A agarose beads

(Millipore). Each sample was separated by SDS–PAGE and transferred to nitro-

cellulose membranes. Membranes were incubated with anti-CRAF (BD

Biosciences, 610152) or anti-BRAF (Sigma,WH0000673M1) primary antibodies,

and analysed by the addition of a secondary Alexa Fluor 488 goat anti-mouse IgG

(H1L) antibody (Invitrogen Molecular Probes, A11029). Images were acquired

on the TyphoonTM Scanner (Amersham Bioscience), and quantified using

ImageQuant TL v2005 Software.

28. Wallace, E. M. et al. Potent and selective mitogen-activated protein kinase kinase

(MEK) 1,2 inhibitors. 1. 4-(4-bromo-2-fluorophenylamino)-1- methylpyridin-
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