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Figure 1
A representative protein kinase ATP substrate complex. Shown is the insulin receptor kinase in complex with
ATP and a small peptide substrate (PDB ID 1IR3). (a) The ATP-binding pocket within the protein kinase
domain lies deep within a cleft bound by the N-terminal lobe, hinge regions, and C-terminal lobe: protein
kinase, gray surface; ATP, sticks; Mg2+ ions, green spheres. (b) Active-site magnification: critical H-bonds
between ATP and the main-chain atoms of the hinge are highlighted (dashed lines). The γ-phosphate of ATP
is poised for transfer to the hydroxyl group of the peptide substrate (in this case, the acceptor residue is
tyrosine).
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where phosphorylation
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Gleevec: (trade name,
Imatinib) inhibitor of
Bcr-Abl and the first
approved kinase
inhibitor drug

for inhibitor selectivity against closely related
kinases. In Figure 1 we show the structure
of a representative protein kinase active site.
Although the conserved ATP pocket is where
the majority of kinase inhibitors bind, it has
long been recognized that targeting pockets
outside of the nucleotide region offer a major
discrimination filter because the phospho-
acceptor pocket and domains outside of the
kinase catalytic domain are highly divergent
across the family. Examples of such non-ATP
competitive kinase inhibitors from natural
sources as well as synthetic molecules provide
a functional picture of how regions outside of
the catalytic site of kinases can regulate kinase
function and how next-generation inhibitors
may exploit divergent binding pockets.

We next consider how kinase inhibitors
regulate cellular pathways inside cells. The
goal of most kinase inhibitor discovery is to
block the pathway mediated by the kinase

of interest in cells, animals, and, potentially,
patients. Currently nine kinase inhibitors are
FDA approved (Table 1), providing a wealth of
information about how tumors respond to such
targeted therapy. The two drugs with the most
dramatic success target kinases mutated in par-
ticular cancer types: Gleevec, approved nearly
10 years ago to treat BCR-Abl-driven chronic
myelogenous leukemia cancers, and PLX4032
(currently in phase II trials), a recent investiga-
tional drug, that targets BRAF(V600E) mutant
tumors in metastatic melanoma patients. Both
drugs show dramatic effects in tumor cells con-
taining somatically mutated activated kinases.

Several recent examples of kinase inhibitors
designed initially to antagonize signaling para-
doxically induce pathway activation. PLX4032
exhibits completely unexpected activation of
BRAF signaling in cells lacking mutated BRAF,
which has generated new insights into BRAF
signaling while also complicating the clinical
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Figure 2
Examples of ATP competitive and reversible inhibitors. (a) The natural product and general kinase inhibitor, staurosporine, in complex
with CDK2. The gatekeeper phenylalanine residue in CDK2 is shown as a gray surface (PDB ID 1AQ1). (b) The pyridinyl imidazole
p38 inhibitor SB203580, an analog of SB202190, in complex with the ERK2 mutant Q105T. The gatekeeper mutant threonine residue
is shown as a blue surface (PDB ID 1PME). (c) The Phe gatekeeper in CDK2 obstructs SB203580 binding. Shown is a structural
overlay of both structures from panels a and b.

Gatekeeper: residue
adjacent to N-6 of
adenine in the ATP
pocket of kinases
(corresponds to
Thr-338 in c-Src)

the many other MAP kinases. Structural studies
and sequence alignments of the map kinase
family revealed that a single nonconserved
residue in the ATP pocket, now termed the
gatekeeper residue, is largely responsible for
the high p38α selectivity of the triarylimidazole
(Figure 2b,c) (10). The gatekeeper residue
in p38α is a Thr, whereas in other MAP
kinases, such as JNK, the gatekeeper residue
is a Met. This provides a selectivity filter for
triaryl-imidazole binding to p38 and not JNK,
despite their close homology. The gatekeeper
residue is a critical determinant of inhibitor
selectivity as it is positioned near the N6 amine
of ATP in all kinases and can be either a very
large amino acid such as Phe or a much smaller
residue such as Thr.

The discovery of SB202190 opened the field
of kinase inhibitor development to a wealth
of drug discovery efforts. Not only did this
compound lead to additional inhibitors for p38
such as SB203580 (11), but it also revealed
the possibility of finding completely new het-
erocyclic “drug-like” structures that could dis-
tinguish between closely related kinases. The
importance of small differences in amino acid
identity in kinases could be read out by small
molecules allowing for highly selective kinase
inhibition. A great wealth of chemical synthesis
and screening was pursued, leading to the dis-
covery of potent inhibitors of other kinases such
as PP1 for Src family kinases (12) and other Thr
gatekeeper kinases including PD 153035, which
is directed at EGFR receptor kinases (13). In
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the many other MAP kinases. Structural studies
and sequence alignments of the map kinase
family revealed that a single nonconserved
residue in the ATP pocket, now termed the
gatekeeper residue, is largely responsible for
the high p38α selectivity of the triarylimidazole
(Figure 2b,c) (10). The gatekeeper residue
in p38α is a Thr, whereas in other MAP
kinases, such as JNK, the gatekeeper residue
is a Met. This provides a selectivity filter for
triaryl-imidazole binding to p38 and not JNK,
despite their close homology. The gatekeeper
residue is a critical determinant of inhibitor
selectivity as it is positioned near the N6 amine
of ATP in all kinases and can be either a very
large amino acid such as Phe or a much smaller
residue such as Thr.

The discovery of SB202190 opened the field
of kinase inhibitor development to a wealth
of drug discovery efforts. Not only did this
compound lead to additional inhibitors for p38
such as SB203580 (11), but it also revealed
the possibility of finding completely new het-
erocyclic “drug-like” structures that could dis-
tinguish between closely related kinases. The
importance of small differences in amino acid
identity in kinases could be read out by small
molecules allowing for highly selective kinase
inhibition. A great wealth of chemical synthesis
and screening was pursued, leading to the dis-
covery of potent inhibitors of other kinases such
as PP1 for Src family kinases (12) and other Thr
gatekeeper kinases including PD 153035, which
is directed at EGFR receptor kinases (13). In
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related kinases. As the only approved drug for
treatment of bipolar disorder, Li+ is an impor-
tant clinical agent, even though the basis for its
efficacy is still not clearly understood. The inhi-
bition of GSK-3β is considered to be one of the
prime candidates for the basis of the Li+ mech-
anism of action (although GSK-3β is likely not
the only or sole target for Li+) (29, 30).

Chemical Genetic Kinase Inhibitors
Highly selective kinase inhibitors for particular
kinases are rapidly becoming available, though
the pace of discovery for such important tools is
slow compared with the vast size of the protein
kinase family (518 human kinases). A method
for developing a selective inhibitor for every
kinase in the genome that has been established
relies on the use of protein engineering to alter

the ATP active site of the kinase of interest
(31). The altered ATP site is then targeted by
a common inhibitor that does not bind to any
wild-type enzyme (Figure 5). This approach
relies on the semiconserved nature of the gate-
keeper residue across the yeast, worm, fly, and
human kinomes. There are no kinases in these
organisms with a small Gly or Ala gatekeeper
residue. This natural absence of a small gate-
keeper provides a window of selectivity to be
introduced at will. Inhibitors such as 1NM-PP1
and 1NA-PP1, which are based on the PP1 se-
ries of Thr selective kinase inhibitor, bind only
to kinases with an engineered gatekeeper (Gly
and/or Ala) and not to the wild-type kinases.
Introduction of a Gly gatekeeper kinase in place
of the corresponding wild-type kinase into the
chromosome produces a cell or organism in
which 1NM-PP1 is a monoselective inhibitor

All naturally occurring kinases
(518 in humans)

Gatekeeper
Gly, Ala

Gatekeeper Thr

 Active-site Cys

Rs
k1

,2
,4

11110

O

F
N

N N
N

N

PP1 FMK
1NMPP1

1NAPP1

NH2
N

N N

NH2

N

N N

NH2

N
N

N N
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HO

Figure 5
Venn diagram for naturally occurring (inside gray box) and engineered kinase mutants (red dot). A threonine
gatekeeper residue ( green circle) provides a broad selectivity filter for a subset of kinases that can be targeted
by inhibitors such as PP1. Bioinformatic searches identified only three kinases with both a Thr gatekeeper
and particular active-site cysteine (Rsk1, Rsk2, Rsk4) ( yellow), enabling selective inhibition by FMK. Any
kinase in gray can be moved into the red circle through mutagenesis of the gatekeeper to a glycine or alanine
residue, rendering them sensitive to inhibitors that do not inhibit wild-type kinases, such as 1NMPP1 or
1NAPP1. Red regions of 1NMPP1 and 1NAPP1 fill the space of small gatekeeper pockets (Gly, Ala) but
clash with naturally occurring gatekeepers (most often Thr, Phe, or Leu).
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larger panel of kinases. Of the 220 purified kinases tested,
A-443654 inhibited 47 kinases (490% inhibition at 1 mM), including
kinases that potentially impinge on the PI(3)K-Akt pathway such
as PDK1, S6K, PKA, PKC and GSK3b (Supplementary Table 1
online). The spectrum of kinases inhibited by A-443654, and
especially the targeting of multiple members of the PI(3)K-Akt
pathway, make deciphering the cellular response to this compound
quite challenging.

Design of analog-sensitive alleles of Akt isoforms
ATP-competitive kinase inhibitors such as A-443654 often inhibit
related protein kinases owing to the conserved nature of ATP binding
sites across the kinome. To circumvent the natural degeneracy in the
kinase family, we used a chemical genetic approach to create a selective
Akt inhibitor. This technique uses the combination of an analog-
sensitive (as) kinase allele with an as allele–specific inhibitor to achieve
selective inhibition of Akt (Fig. 1a)24. The approach exploits a con-
served, large hydrophobic residue in the kinase active site (termed the
gatekeeper), which is in direct contact with the N6 amino group of ATP.
To establish this system for all Akt isoforms, mutations enlarging

the size of the ATP binding pocket were introduced by substituting the
gatekeeper methionine with glycine (that is, M227G, M225G and
M229G, respectively, for asAkt1, asAkt2 and asAkt3). The mutants
were expressed in a myristoylated form to provide constitutive kinase
activation when expressed in human embryonic kidney (HEK) 293T
cells. In vitro immunoprecipitation kinase assays revealed that all
three isoforms of asAkt retained approximately 30% of the activity
of the corresponding wild-type Akt (wtAkt) isoforms (Supplementary
Fig. 1 online).

Design and synthesis of asAkt-specific inhibitors
We next screened inhibitor analogs for potent and selective inhibition
of asAkt isoforms. The pyrazolopyrimidine1 (PP1) scaffold has proven
to be a versatile starting point for development of many analog-
sensitive kinase inhibitors24,25. We screened a structurally diverse series

of PP1 analogs against asAkt1, asAkt2 and
asAkt3. This led to the identification of the
3-iodobenzyl analog 3-IB-PP1 (2)26, which
inhibited asAkt1, asAkt2 and asAkt3 with

good potency, and without inhibition of wild-type Akt1, Akt2 and
Akt3 (Fig. 1b). The in vitro potency and selectivity of 3-IB-PP1 for
asAkt1 (half-maximal inhibitory concentration (IC50) ¼ 28 nM)
versus wild-type Akt1 (IC50 4 10,000 nM) provides a valuable tool
for cellular studies of asAkt1-specific functions. In contrast, the
potency of 3-IB-PP1 for asAkt2 (IC50 ¼ 240 nM) and asAkt3
(IC50 ¼ 120 nM) is low for an ATP-competitive kinase inhibitor27.
Thus, although the availability of a structurally distinct chemical series
of selective Akt inhibitors afforded by 3-IB-PP1 provides a critical tool
for assessing the effects of asAkt1 inhibition, we were concerned about
the weak affinity for the asAkt2 and asAkt3 targets.
We therefore sought to design an analog of A-443654 that targets

asAkt isoforms but does not bind to wild-type Akt isoforms. Evalua-
tion of the cocrystal structure28 of Akt2 with A-443654 suggested the
C7 position on the indazole ring of A-443654 to be a promising
position for introducing large substituents that would clash with the
gatekeeper methionine of wild-type Akt (Fig. 1c). Extensive structure-
activity relationship (SAR) studies of various C7 alkyl–substituted
A-443654 analogs revealed the 7-n-propylindazole analog PrINZ (3) as
a potent inhibitor (low-nanomolar-range IC50 values against all asAkt
isoforms; see Fig. 1b). As predicted, PrINZ did not inhibit wild-type
Akt1, Akt2 or Akt3.

Cellular effects of asAkt-specific inhibitors
Next we validated the use of 3-IB-PP1 and PrINZ in cells. To test the
orthogonality of 3-IB-PP1 and PrINZ, we studied the insulin-like
growth factor-1 (IGF-1)-stimulated activation of Akt in nontrans-
fected HEK 293 cells. We treated HEK 293 cells with A-442654, PrINZ
and 3-IB-PP1, and we measured phosphorylation of Akt and GSK3b,
an immediate downstream target of Akt (Fig. 2a). Treatment with
A-443654 potently inhibited phosphorylation of GSK3b at Ser9, and it
induced Akt phosphorylation at Thr308 and Ser473, as reported20. In
contrast, the phosphorylation level of Ser9 on GSK3b and the two Akt
sites was unperturbed after treatment with PrINZ and 3-IB-PP1.
Collectively, these data suggest that the inhibitors PrINZ and
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Figure 2 Cellular effects of asAkt transfection
and asAkt-specific inhibitor treatment. (a) HEK
293 cells were serum-starved overnight and then
treated with PrINZ, A-443654 or 3-IB-PP1 for
20 min before stimulation with 50 ng ml"1 IGF-1
for an additional 10 min. Cell lysates were
analyzed for Akt (Thr308, Ser473) and GSK3b
(Ser9) phosphorylation by immunoblotting.
(b) HEK 293 cells were transfected with
myr-HA-wtAkt1, myr-HA-wtAkt2, myr-HA-
wtAkt3, myr-HA-asAkt1, myr-HA-asAkt2 or
myr-HA-asAkt3. Cell lysates were analyzed for
Akt (Ser473 and Thr308) and GSK3b (Ser9)
phosphorylation by immunoblotting. (c) HEK 293
cells transfected with HA-asAkt1 were treated for
30 min with serially diluted PrINZ or 3-IB-PP1.
Cell lysates were analyzed for Akt (Thr308,
Ser473) phosphorylation by immunoblotting.
(d) HEK 293 cells transfected with HA-asAkt1,
HA-asAkt2 or HA-asAkt3 were treated for 30
min with 2.5 mM PrINZ or 10 mM 3-IB-PP1. Cell
lysates were analyzed for Akt (Thr308, Ser473)
phosphorylation by immunoblotting.
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larger panel of kinases. Of the 220 purified kinases tested,
A-443654 inhibited 47 kinases (490% inhibition at 1 mM), including
kinases that potentially impinge on the PI(3)K-Akt pathway such
as PDK1, S6K, PKA, PKC and GSK3b (Supplementary Table 1
online). The spectrum of kinases inhibited by A-443654, and
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were expressed in a myristoylated form to provide constitutive kinase
activation when expressed in human embryonic kidney (HEK) 293T
cells. In vitro immunoprecipitation kinase assays revealed that all
three isoforms of asAkt retained approximately 30% of the activity
of the corresponding wild-type Akt (wtAkt) isoforms (Supplementary
Fig. 1 online).
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good potency, and without inhibition of wild-type Akt1, Akt2 and
Akt3 (Fig. 1b). The in vitro potency and selectivity of 3-IB-PP1 for
asAkt1 (half-maximal inhibitory concentration (IC50) ¼ 28 nM)
versus wild-type Akt1 (IC50 4 10,000 nM) provides a valuable tool
for cellular studies of asAkt1-specific functions. In contrast, the
potency of 3-IB-PP1 for asAkt2 (IC50 ¼ 240 nM) and asAkt3
(IC50 ¼ 120 nM) is low for an ATP-competitive kinase inhibitor27.
Thus, although the availability of a structurally distinct chemical series
of selective Akt inhibitors afforded by 3-IB-PP1 provides a critical tool
for assessing the effects of asAkt1 inhibition, we were concerned about
the weak affinity for the asAkt2 and asAkt3 targets.
We therefore sought to design an analog of A-443654 that targets

asAkt isoforms but does not bind to wild-type Akt isoforms. Evalua-
tion of the cocrystal structure28 of Akt2 with A-443654 suggested the
C7 position on the indazole ring of A-443654 to be a promising
position for introducing large substituents that would clash with the
gatekeeper methionine of wild-type Akt (Fig. 1c). Extensive structure-
activity relationship (SAR) studies of various C7 alkyl–substituted
A-443654 analogs revealed the 7-n-propylindazole analog PrINZ (3) as
a potent inhibitor (low-nanomolar-range IC50 values against all asAkt
isoforms; see Fig. 1b). As predicted, PrINZ did not inhibit wild-type
Akt1, Akt2 or Akt3.

Cellular effects of asAkt-specific inhibitors
Next we validated the use of 3-IB-PP1 and PrINZ in cells. To test the
orthogonality of 3-IB-PP1 and PrINZ, we studied the insulin-like
growth factor-1 (IGF-1)-stimulated activation of Akt in nontrans-
fected HEK 293 cells. We treated HEK 293 cells with A-442654, PrINZ
and 3-IB-PP1, and we measured phosphorylation of Akt and GSK3b,
an immediate downstream target of Akt (Fig. 2a). Treatment with
A-443654 potently inhibited phosphorylation of GSK3b at Ser9, and it
induced Akt phosphorylation at Thr308 and Ser473, as reported20. In
contrast, the phosphorylation level of Ser9 on GSK3b and the two Akt
sites was unperturbed after treatment with PrINZ and 3-IB-PP1.
Collectively, these data suggest that the inhibitors PrINZ and
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293 cells were serum-starved overnight and then
treated with PrINZ, A-443654 or 3-IB-PP1 for
20 min before stimulation with 50 ng ml"1 IGF-1
for an additional 10 min. Cell lysates were
analyzed for Akt (Thr308, Ser473) and GSK3b
(Ser9) phosphorylation by immunoblotting.
(b) HEK 293 cells were transfected with
myr-HA-wtAkt1, myr-HA-wtAkt2, myr-HA-
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myr-HA-asAkt3. Cell lysates were analyzed for
Akt (Ser473 and Thr308) and GSK3b (Ser9)
phosphorylation by immunoblotting. (c) HEK 293
cells transfected with HA-asAkt1 were treated for
30 min with serially diluted PrINZ or 3-IB-PP1.
Cell lysates were analyzed for Akt (Thr308,
Ser473) phosphorylation by immunoblotting.
(d) HEK 293 cells transfected with HA-asAkt1,
HA-asAkt2 or HA-asAkt3 were treated for 30
min with 2.5 mM PrINZ or 10 mM 3-IB-PP1. Cell
lysates were analyzed for Akt (Thr308, Ser473)
phosphorylation by immunoblotting.
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3-IB-PP1 are sufficiently selective against wild-type Akt, and the off-
target effects of these compounds (if there are any) do not have
observable effects on the upstream and downstream signaling of Akt.
We next tested the effect of 3-IB-PP1 and PrINZ on asAkt function

in cells to assess whether the specific inhibition of Akt downstream
signaling and/or specific binding of the Akt inhibitors would result in
Akt hyperphosphorylation on Thr308 and Ser473. Accordingly, we
first determined the level of asAkt1, asAkt2 and asAkt3 activity in cells.
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pan-PI(3)K inhibitor31. Pretreatment of HA-asAkt1–, HA-asAkt2–
and HA-asAkt3–transfected HEK 293 cells with PIK90 substantially
attenuated hyperphosphorylation of all three asAkt isoforms induced
by PrINZ (Fig. 3b). These results are consistent with previous studies
of the role of PIP3 in both canonical Akt activation1 and A-443654–
induced Akt hyperphosphorylation21.
The pharmacological blockade of PI(3)K may influence

multiple downstream pathways, thus complicating interpretation
of the requirement for PI(3)K activity in inhibitor-induced
hyperphosphorylation. As a direct test of the requirement for PIP3
binding by Akt, we used an Akt mutant (R25C) that exhibits
substantially decreased affinity for PIP3 (Fig. 3c)32. Transfection of
HA-asAkt1 and HA-asAkt1 R25C into HEK 293 cells, followed by
treatment with PrINZ, showed that the R25C mutation greatly reduces
the PrINZ-induced phosphorylation levels on both Thr308 and
Ser473, which confirms the requirement of Akt membrane transloca-
tion through Akt binding to PIP3 to achieve hyperphosphorylation.
We next investigated whether membrane localization was

sufficient to cause Akt hyperphosphorylation. In cells transfected
with constitutively membrane-localized myr-HA-asAkt1,
treatment with PrINZ resulted in hyperphosphorylation of
myr-HA-asAkt1 (Fig. 3d). These data suggest that membrane
localization of Akt is not sufficient to produce hyperphosphoryla-
tion of the kinase and that Akt localized to the membrane
is still subject to drug-induced regulation of Thr308 and
Ser473 phosphorylation.

We sought to discover whether the constitutively membrane-
localized constructs myr-HA-asAkt1 and myr-HA-asAkt2 still
require PIP3 binding to be hyperphosphorylated. In other words,
Akt hyperphosphorylation may require Akt binding to PIP3, but
membrane localization itself would not be essential. We investi-
gated whether treatment with PIK90 or introduction of the R25C
mutation in the PH domain affected hyperphosphorylation
on myr-HA-asAkt. Pretreatment with PIK90 reduced hyper-
phosphorylation on HA-asAkt induced by PrIDZ (Fig. 3b),
whereas hyperphosphorylation on myr-HA-asAkt was not inhibited
by PIK90 (Supplementary Fig. 3a online). The constitutively
membrane-localized myr-HA-asAkt combined with the R25C
mutation was also studied, with similar results (Supplementary
Fig. 3b). These results reveal that hyperphosphorylation of myr-
HA-asAkt does not require PH domain binding to PIP3.

PDK1 and mTORC2 are responsible for phosphorylation
We next explored the mechanistic basis for the regulation by inves-
tigating whether the upstream kinases (PDK1 and mTORC2) are
required for drug-induced Akt hyperphosphorylation. The phosphoryl-
ation of Akt has been the subject of intense study in part because of
the fact that full activation requires phosphorylation by two kinases
on two sites at distant segments of the polypeptide. The kinase PDK1
is responsible for phosphorylation at Thr308 during normal growth
factor stimulation4,5. The kinase responsible for Ser473 phosphoryl-
ation has been the subject of significant controversy, although
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or 10 mM 3-IB-PP1. Cell lysates were analyzed
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causing Akt hyperphosphorylation (kinase
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was the only determinant of hyperphosphorylation
(kinase intrinsic), then only the Akt capable
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and HA-asAkt3–transfected HEK 293 cells with PIK90 substantially
attenuated hyperphosphorylation of all three asAkt isoforms induced
by PrINZ (Fig. 3b). These results are consistent with previous studies
of the role of PIP3 in both canonical Akt activation1 and A-443654–
induced Akt hyperphosphorylation21.
The pharmacological blockade of PI(3)K may influence

multiple downstream pathways, thus complicating interpretation
of the requirement for PI(3)K activity in inhibitor-induced
hyperphosphorylation. As a direct test of the requirement for PIP3
binding by Akt, we used an Akt mutant (R25C) that exhibits
substantially decreased affinity for PIP3 (Fig. 3c)32. Transfection of
HA-asAkt1 and HA-asAkt1 R25C into HEK 293 cells, followed by
treatment with PrINZ, showed that the R25C mutation greatly reduces
the PrINZ-induced phosphorylation levels on both Thr308 and
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tion through Akt binding to PIP3 to achieve hyperphosphorylation.
We next investigated whether membrane localization was

sufficient to cause Akt hyperphosphorylation. In cells transfected
with constitutively membrane-localized myr-HA-asAkt1,
treatment with PrINZ resulted in hyperphosphorylation of
myr-HA-asAkt1 (Fig. 3d). These data suggest that membrane
localization of Akt is not sufficient to produce hyperphosphoryla-
tion of the kinase and that Akt localized to the membrane
is still subject to drug-induced regulation of Thr308 and
Ser473 phosphorylation.

We sought to discover whether the constitutively membrane-
localized constructs myr-HA-asAkt1 and myr-HA-asAkt2 still
require PIP3 binding to be hyperphosphorylated. In other words,
Akt hyperphosphorylation may require Akt binding to PIP3, but
membrane localization itself would not be essential. We investi-
gated whether treatment with PIK90 or introduction of the R25C
mutation in the PH domain affected hyperphosphorylation
on myr-HA-asAkt. Pretreatment with PIK90 reduced hyper-
phosphorylation on HA-asAkt induced by PrIDZ (Fig. 3b),
whereas hyperphosphorylation on myr-HA-asAkt was not inhibited
by PIK90 (Supplementary Fig. 3a online). The constitutively
membrane-localized myr-HA-asAkt combined with the R25C
mutation was also studied, with similar results (Supplementary
Fig. 3b). These results reveal that hyperphosphorylation of myr-
HA-asAkt does not require PH domain binding to PIP3.

PDK1 and mTORC2 are responsible for phosphorylation
We next explored the mechanistic basis for the regulation by inves-
tigating whether the upstream kinases (PDK1 and mTORC2) are
required for drug-induced Akt hyperphosphorylation. The phosphoryl-
ation of Akt has been the subject of intense study in part because of
the fact that full activation requires phosphorylation by two kinases
on two sites at distant segments of the polypeptide. The kinase PDK1
is responsible for phosphorylation at Thr308 during normal growth
factor stimulation4,5. The kinase responsible for Ser473 phosphoryl-
ation has been the subject of significant controversy, although
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contrast, if the occupancy of the ATP site
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(kinase intrinsic), then only the Akt capable
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RAF inhibitors transactivate RAF dimers and ERK
signalling in cells with wild-type BRAF
Poulikos I. Poulikakos1, Chao Zhang2, Gideon Bollag3, Kevan M. Shokat2 & Neal Rosen1

Tumours with mutant BRAF are dependent on the RAF–MEK–
ERK signalling pathway for their growth1–3. We found that ATP-
competitive RAF inhibitors inhibit ERK signalling in cells with
mutant BRAF, but unexpectedly enhance signalling in cells with
wild-typeBRAF.Herewedemonstrate themechanisticbasis for these
findings. We used chemical genetic methods to show that drug-
mediated transactivation of RAF dimers is responsible for para-
doxical activation of the enzyme by inhibitors. Induction of ERK
signalling requires direct binding of the drug to the ATP-binding site
of one kinase of the dimer and is dependent on RAS activity. Drug
binding to one member of RAF homodimers (CRAF–CRAF) or
heterodimers (CRAF–BRAF) inhibits one protomer, but results in
transactivationof thedrug-freeprotomer. InBRAF(V600E) tumours,
RAS is not activated, thus transactivation is minimal and ERK sig-
nalling is inhibited in cells exposed to RAF inhibitors. These results
indicate that RAF inhibitors will be effective in tumours in which
BRAF is mutated. Furthermore, because RAF inhibitors do not inhi-
bit ERK signalling in other cells, the model predicts that they would
have a higher therapeutic index and greater antitumour activity than
mitogen-activated protein kinase (MEK) inhibitors, but could also
cause toxicity due to MEK/ERK activation. These predictions have
been borne out in a recent clinical trial of the RAF inhibitor PLX4032
(refs 4, 5). The model indicates that promotion of RAF dimerization
byelevationofwild-typeRAFexpressionorRASactivity could lead to
drug resistance in mutant BRAF tumours. In agreement with this
prediction, RAF inhibitors do not inhibit ERK signalling in cells that
coexpress BRAF(V600E) and mutant RAS.

Six distinct ATP-competitive RAF inhibitors induced ERK activa-
tion in cells with wild-type BRAF but inhibited signalling in mutant
BRAF(V600E) cells (Fig. 1a, b, Supplementary Fig. 2a, b and data not
shown; structures of compounds are shown in Supplementary Fig. 3,
except that of PLX4032, which is unavailable). PLX4720 (ref. 6), and
its analogue in clinical trial PLX4032, were studied in more detail.
PLX4032 inhibited ARAF, BRAF and CRAF immunoprecipitated
from293Hcells (Supplementary Fig. 4) andpurified catalytic domains
of BRAF(V600E), wild-type BRAF and CRAF (half-maximum inhibi-
tory concentration (IC50) values of 35, 110 and 48nM, respectively)
(Supplementary Table 1). PLX4032 was assayed against 62 additional
kinases that span the kinome, and had IC50 values of 1–10mM against
eight of these and greater than 10mM against the rest (G.B., un-
published data). Induction of ERK signalling by PLX4720 was rapid
(Fig. 1c), reversible (Fig. 1d) and associated with increased phosphor-
ylation of the ERK substrate RSK (Fig. 1b). MEK and ERK phosphor-
ylation were induced at intermediate concentrations of RAF inhibitor,
and inhibited at much higher doses (Fig. 1a).

Physiological induction of ERK signalling depends on upstream
activation of RAS by receptor-induced signalling7,8. PLX4032 induced
ERK signalling in SKBR3 breast cancer cells, in which RAS activation is

HER2 dependent9. The HER2 inhibitor lapatinib abolished basal and
PLX4032-inducedERK signalling in these cells (Supplementary Fig. 5a).
In 293H cells, induction of MEK and ERK phosphorylation by either
PLX4032 or PLX4720 was barely detectable (referred to hereafter as
PLX4032/PLX4720 to indicate data obtained with both compounds).
Haemagglutinin (HA)-tagged wild-type RAS overexpression resulted
in enhanced MEK/ERK activation by RAF inhibitor, which was more
pronounced when mutant RAS was overexpressed (Fig. 2a and Sup-
plementary Fig. 5b). The results indicate that RAS activity is required for
MEK/ERK activation by RAF inhibitors. In contrast, in 293H cells
expressing Flag-tagged BRAF(V600E), ERK signalling was inhibited
by PLX4032 (Supplementary Fig. 5c). These results indicate that RAF
inhibitorswill inhibit the growthof tumourswithmutantBRAF,butnot
those with wild-type BRAF, including those with RASmutation. This is

1Program in Molecular Pharmacology and Chemistry and Department of Medicine, Memorial Sloan-Kettering Cancer Center, New York, New York 10065, USA. 2Howard Hughes
Medical Institute & Department of Cellular and Molecular Pharmacology, University of California San Francisco, California 94158, USA. 3Plexxikon Inc., 91 Bolivar Drive, Berkeley,
California 94710, USA.
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Figure 1 | RAF inhibitors rapidly activate MEK/ERK in cells with wild-type
BRAF. a, Calu-6 cells (wild-type BRAF (BRAF(WT))/KRAS(Q61K)) were
treatedwith increasing doses of the indicatedRAF inhibitors and the effects on
ERK signallingwere determined by immunoblotting for phosphorylatedMEK
(pMEK) and phosphorylated ERK (pERK). b, Cells with wild-type BRAF
(Calu-6) ormutant BRAF (Malme-3M) were treated with vehicle or PLX4720
(1mMfor 1 h). Phosphorylation and expression of the indicated proteins were
assayed by immunoblotting. c, Calu-6 cells treatedwith 1mMPLX4720 for the
indicated time points. d, Calu-6 cells were treated with 1mM PLX4720 for
60min, then medium was replaced with medium containing 1mM PLX4720
(lanes 3–5) or vehicle (lanes 8–10) for the indicated time points.

Vol 464 | 18 March 2010 |doi:10.1038/nature08902

427
Macmillan Publishers Limited. All rights reserved©2010



LETTERS

RAF inhibitors transactivate RAF dimers and ERK
signalling in cells with wild-type BRAF
Poulikos I. Poulikakos1, Chao Zhang2, Gideon Bollag3, Kevan M. Shokat2 & Neal Rosen1

Tumours with mutant BRAF are dependent on the RAF–MEK–
ERK signalling pathway for their growth1–3. We found that ATP-
competitive RAF inhibitors inhibit ERK signalling in cells with
mutant BRAF, but unexpectedly enhance signalling in cells with
wild-typeBRAF.Herewedemonstrate themechanisticbasis for these
findings. We used chemical genetic methods to show that drug-
mediated transactivation of RAF dimers is responsible for para-
doxical activation of the enzyme by inhibitors. Induction of ERK
signalling requires direct binding of the drug to the ATP-binding site
of one kinase of the dimer and is dependent on RAS activity. Drug
binding to one member of RAF homodimers (CRAF–CRAF) or
heterodimers (CRAF–BRAF) inhibits one protomer, but results in
transactivationof thedrug-freeprotomer. InBRAF(V600E) tumours,
RAS is not activated, thus transactivation is minimal and ERK sig-
nalling is inhibited in cells exposed to RAF inhibitors. These results
indicate that RAF inhibitors will be effective in tumours in which
BRAF is mutated. Furthermore, because RAF inhibitors do not inhi-
bit ERK signalling in other cells, the model predicts that they would
have a higher therapeutic index and greater antitumour activity than
mitogen-activated protein kinase (MEK) inhibitors, but could also
cause toxicity due to MEK/ERK activation. These predictions have
been borne out in a recent clinical trial of the RAF inhibitor PLX4032
(refs 4, 5). The model indicates that promotion of RAF dimerization
byelevationofwild-typeRAFexpressionorRASactivity could lead to
drug resistance in mutant BRAF tumours. In agreement with this
prediction, RAF inhibitors do not inhibit ERK signalling in cells that
coexpress BRAF(V600E) and mutant RAS.

Six distinct ATP-competitive RAF inhibitors induced ERK activa-
tion in cells with wild-type BRAF but inhibited signalling in mutant
BRAF(V600E) cells (Fig. 1a, b, Supplementary Fig. 2a, b and data not
shown; structures of compounds are shown in Supplementary Fig. 3,
except that of PLX4032, which is unavailable). PLX4720 (ref. 6), and
its analogue in clinical trial PLX4032, were studied in more detail.
PLX4032 inhibited ARAF, BRAF and CRAF immunoprecipitated
from293Hcells (Supplementary Fig. 4) andpurified catalytic domains
of BRAF(V600E), wild-type BRAF and CRAF (half-maximum inhibi-
tory concentration (IC50) values of 35, 110 and 48nM, respectively)
(Supplementary Table 1). PLX4032 was assayed against 62 additional
kinases that span the kinome, and had IC50 values of 1–10mM against
eight of these and greater than 10mM against the rest (G.B., un-
published data). Induction of ERK signalling by PLX4720 was rapid
(Fig. 1c), reversible (Fig. 1d) and associated with increased phosphor-
ylation of the ERK substrate RSK (Fig. 1b). MEK and ERK phosphor-
ylation were induced at intermediate concentrations of RAF inhibitor,
and inhibited at much higher doses (Fig. 1a).

Physiological induction of ERK signalling depends on upstream
activation of RAS by receptor-induced signalling7,8. PLX4032 induced
ERK signalling in SKBR3 breast cancer cells, in which RAS activation is

HER2 dependent9. The HER2 inhibitor lapatinib abolished basal and
PLX4032-inducedERK signalling in these cells (Supplementary Fig. 5a).
In 293H cells, induction of MEK and ERK phosphorylation by either
PLX4032 or PLX4720 was barely detectable (referred to hereafter as
PLX4032/PLX4720 to indicate data obtained with both compounds).
Haemagglutinin (HA)-tagged wild-type RAS overexpression resulted
in enhanced MEK/ERK activation by RAF inhibitor, which was more
pronounced when mutant RAS was overexpressed (Fig. 2a and Sup-
plementary Fig. 5b). The results indicate that RAS activity is required for
MEK/ERK activation by RAF inhibitors. In contrast, in 293H cells
expressing Flag-tagged BRAF(V600E), ERK signalling was inhibited
by PLX4032 (Supplementary Fig. 5c). These results indicate that RAF
inhibitorswill inhibit the growthof tumourswithmutantBRAF,butnot
those with wild-type BRAF, including those with RASmutation. This is

1Program in Molecular Pharmacology and Chemistry and Department of Medicine, Memorial Sloan-Kettering Cancer Center, New York, New York 10065, USA. 2Howard Hughes
Medical Institute & Department of Cellular and Molecular Pharmacology, University of California San Francisco, California 94158, USA. 3Plexxikon Inc., 91 Bolivar Drive, Berkeley,
California 94710, USA.
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and yet did not interfere with its ability to bring MEK to RAF7

(Supplementary Fig. 1c). Because the kinase domain of KSR is most
similar to that of RAF4, we proposed that the previously determined
crystal structure of the kinase domain of human BRAFmight provide
a good model to discern the mechanism of action of the
KSR(Arg732His) mutation. Indeed, Arg 732 is not only invariant
across all KSR proteins, but it is invariant across the larger KSR
and RAF family (but not all kinases; Supplementary Fig. 2).
Intriguingly, although the structure of the kinase domain of BRAF
was reported as a monomer11, the asymmetric unit of the crystal in
fact contains two RAF kinase domains that interact in a unique side-
to-side fashion involving the N-lobe of their kinase domains
(Supplementary Fig. 3a). This mode of dimerization, which was
not appreciated to date, can be observed in a total of five other
RAF structure analyses11–14, suggesting that the mode of dimerization
is functionally relevant rather than an artefact of crystal packing
(Supplementary Fig. 3b). Side-to-side dimerization of the RAF kinase
domain provocatively engages helix aC, a key structural element
whose conformation acts a regulatory function in several protein
kinases15 (Supplementary Fig. 3a). Most notably, a specific mode of
dimerization involving helix aC underlies an allosteric mechanism
for kinase activation for both PKR16 and EGFR17 kinase domains
(Supplementary Fig. 3c). As helix aC of the RAF kinase domain
adopts a productive conformation in the dimeric crystal configura-
tion11, we reasoned that side-to-side dimerization itself might
directly modulate the attainment of an active kinase conformation
of RAF.

Projection ofKSRandRAF conserved residues onto theRAF crystal
structure showed that nearly the entire side-to-side dimer contact
surface of RAF, but no other extended surfaces, are conserved across
the larger KSR and RAF family (Fig. 2a). This suggested that KSR
might form an analogous dimer structure. Moreover, the position
of Arg 481 (the equivalent of Arg 732 in KSR; Supplementary Fig. 2)
at the centre of the side-to-side dimer interface of the RAF crystal
structure (Supplementary Fig. 4) indicated the basis by which the
mutation ofArg 732 inKSRmight exert a functional effect by perturb-
ing dimerization (for simplicity, we use the Drosophila Raf (also
known as Phl) numbering scheme for discussion of human BRAF
positions; see Supplementary Table 1 for list of residue equivalence
between BRAF and Drosophila Raf).

To investigate the potential of the RAF kinase domain to form
dimers in solution, we performed analytical ultracentrifugation
experiments. Equilibrium sedimentation analysis confirmed that
RAF can form dimers, whereas mutation of Arg 481 at the dimer
interface converted it to a predominant monomer in solution
(Fig. 2b). Given the conserved nature of the dimer interface between
RAF and KSR, we reasoned that the Arg732His mutation in KSR
might similarly perturb the ability of KSR to form an analogous
side-to-side homodimer or to form a side-to-side heterodimer with
RAF. This in turn could explain how the KSR(Arg732His) mutation
abolishes RAF activation.

If KSR mediates RAF activation by a mechanism involving
the formation of a specific side-to-side homodimer with itself or a
heterodimer with the kinase domain of RAF, then mutation of
other dimer interface residues on KSR in addition to Arg 732 should
also impair RAF activation. Using our minimal KSR–RAF–MEK
co-overexpression activation assay, we found this to be the case.
Specifically, individual mutation of four other residues (Gly700Trp,
Phe739Ala, Met740Trp and Tyr790Phe) on KSR impeded its ability
to induce RAF activation (Fig. 3a). Notably, none of the dimer
interface mutations in KSR detectably affected the KSR–MEK inter-
action (not shown). If KSR mediates RAF activation by forming a
specific side-to-side heterodimerwith the kinase domain of RAF, then
mutations of the corresponding residues on RAF (Gly450Trp,
Phe488Ala, Met489Trp and Tyr538Phe) should equally impair RAF
activation. As shown in Fig. 3a, we also found this to be the case. In
contrast, control mutations remote from the dimer interface on the

kinase domains of both KSR and RAF showed no significant effect on
RAF activation (Fig. 3a). These results confirm that the integrity of the
side-to-side dimer interface on KSR and on RAF is essential for RAF
activation.

To demonstrate that the formation of side-to-side kinase domain
heterodimers by KSR and RAF per se leads to RAF activation, we used
the FRB and FKBP fusion protein system to inducibly promote KSR–
RAF side-to-side heterodimer formation by the addition of rapamy-
cin in vivo18. Towards this end, we fused a region encompassing the
minimal kinase domains of KSR and RAF to the FRB and FKBP
fragments, respectively8 (see Supplementary Fig. 5 for schematic of
assay). In this set-up, we observed that promoting a heterodimer
between KSR and RAF by addition of rapamycin was indeed suf-
ficient to potently activate RAF as evidenced by the increased levels
of phosphorylated MEK (Fig. 3b). RAF activation was selectively
perturbed by ten specific mutations at the side-to-side dimer inter-
face on KSR and on RAF, but not by control mutations outside the
interface (Fig. 3b and Supplementary Fig. 5). These results indicate
that formation of the side-to-side heterodimer between KSR and
RAF kinase domains is necessary for RAF activation under the con-
ditions tested.

If RAF activation and downstream signalling is solely dependent
on forming the kinase domain side-to-side dimer, then we wondered
whether RAF kinase domain homodimers (in contrast to KSR–RAF
heterodimers) might also promote RAF activation. To investigate
this possibility, we used the FRB–FKBP–rapamycin system to drive
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indeed the case: MEK-dependent tumours with RAS mutation are un-
affected by PLX4032 (N.R., unpublished data).

BRAF and CRAF kinases form homo- and heterodimers on RAS
activation10–12. PLX4032/PLX4720 induced pronounced phosphory-
lation of MEK and ERK in wild-type mouse embryonic fibroblasts
(MEFs) andBraf2/2MEFs. The responsewas diminishedmarkedly in
Craf2/2 (also called Raf1) MEFs (Fig. 2b and Supplementary Fig. 6a).
Coexpression of CRAF and active RAS inCraf2/2MEFs reconstituted
thewild-type phenotype (Supplementary Fig. 6b, c).We conclude that
BRAF is dispensable for MEK/ERK activation by PLX4032/PLX4720,
and that CRAF expression is required for significant induction. We
therefore investigated the mechanism of CRAF-dependent induction
of ERK signalling in response to the drug.

Autoinhibition of RAF by its amino-terminal domain13 is relieved
on binding to activated RAS7.We askedwhether overexpression of an
N-truncated form of CRAF would bypass the requirement for RAS
activity. In 293H cells expressing the catalytic domain of CRAF
(catC), PLX4032/PLX4720 caused marked induction of MEK and
ERKphosphorylation (Fig. 2a andSupplementary Fig. 7a).We focused
mechanistic investigations on catC, in which PLX4032/PLX4720-
induced MEK/ERK activation is RAS independent. To test whether
direct binding of PLX4032/PLX4720 to CRAF is required for induc-
tion of signalling, we generated a catC carrying a mutation at the
gatekeeper position (T421) in the kinase domain (mutations used
and their properties are in Supplementary Fig. 1a). Structural studies6

predict that the T421M mutation should prevent drug binding and
catC(T421M)was indeed resistant to inhibition by PLX4032/PLX4720
in vitro (Supplementary Fig. 8a, b). ERK signalling was not induced by
PLX4032/PLX4720 in cells expressing catC(T421M) (Fig. 2a and
Supplementary Fig. 7b). Thus, activation of MEK/ERK by PLX4032/
PLX4720 depends on its direct binding to the RAF kinase active site.
Sorafenib inhibited catC(T421M) in vitro (Supplementary Fig. 8c) and
induced ERK signalling in cells expressing catC(T421M) (Fig. 2c),
demonstrating that this mutant is capable of inhibitor-induced
MEK/ERK activation. Thus, direct binding of an ATP-competitive
inhibitor to CRAF is required for induction of ERK signalling.

Recent work shows that binding of ATP-competitive inhibitors to
AKTandprotein kinaseC inhibits their activity, but induces the active,
phosphorylated state of these kinases14,15. Washed catC immuno-
precipitated from PLX4032/PLX4720-treated cells was more active
than that isolated from untreated cells (Fig. 3a and Supplementary
Fig. 9a). The samewas true for endogenousBRAFandCRAF immuno-
precipitated from Calu-6 cells (Fig. 3b and Supplementary Fig. 9b).
Phosphorylation of CRAF at S338 and S621 has been correlated with
its activation7. PLX4032/PLX4720 caused increased phosphorylation of
both sites onwild-type andkinase-deadCRAF in 293Hcells. In contrast,
it did not affect the phosphorylation of the PLX4032/PLX4720-resistant
CRAF(T421M) mutant (Fig. 3c and Supplementary Fig. 9c). All RAF
inhibitors tested inducedphosphorylation atp338of endogenousCRAF

(Fig. 3d). The data suggest that binding of PLX4032/PLX4720 to CRAF
induces activationof the enzyme and, subsequently, ERK signalling. The
result seems paradoxical: binding of ATP-competitive inhibitors to the
catalytic domain of CRAF activates its function.

RAF isoforms form dimers in cells10–12,16. Because binding of both
the drug and ATP to the catalytic domain would be required for
activation and cannot occur simultaneously on the same molecule,
we hypothesized that RAF inhibitors activate CRAF dimers in trans
(Supplementary Fig. 1b). To test this model, we generated mutant
catC(S428C) that binds to 6-acrylamido-4-anilinoquinazolines17,
whereas catC does not. Two inhibitors, JAB13 (ref. 17) and JAB34
(also called PD-168393)18, both inhibited catC(S428C), but up to
30mM had no effect in vitro on catC (Supplementary Fig. 10a, b).
JAB13 and JAB34 selectively affected ERK signalling in cells expressing
catC(S428C) and were inactive in those expressing catC (Supplemen-
tary Fig. 11). Like the other inhibitors (Fig. 1a), lower doses (40 nM to
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indeed the case: MEK-dependent tumours with RAS mutation are un-
affected by PLX4032 (N.R., unpublished data).

BRAF and CRAF kinases form homo- and heterodimers on RAS
activation10–12. PLX4032/PLX4720 induced pronounced phosphory-
lation of MEK and ERK in wild-type mouse embryonic fibroblasts
(MEFs) andBraf2/2MEFs. The responsewas diminishedmarkedly in
Craf2/2 (also called Raf1) MEFs (Fig. 2b and Supplementary Fig. 6a).
Coexpression of CRAF and active RAS inCraf2/2MEFs reconstituted
thewild-type phenotype (Supplementary Fig. 6b, c).We conclude that
BRAF is dispensable for MEK/ERK activation by PLX4032/PLX4720,
and that CRAF expression is required for significant induction. We
therefore investigated the mechanism of CRAF-dependent induction
of ERK signalling in response to the drug.

Autoinhibition of RAF by its amino-terminal domain13 is relieved
on binding to activated RAS7.We askedwhether overexpression of an
N-truncated form of CRAF would bypass the requirement for RAS
activity. In 293H cells expressing the catalytic domain of CRAF
(catC), PLX4032/PLX4720 caused marked induction of MEK and
ERKphosphorylation (Fig. 2a andSupplementary Fig. 7a).We focused
mechanistic investigations on catC, in which PLX4032/PLX4720-
induced MEK/ERK activation is RAS independent. To test whether
direct binding of PLX4032/PLX4720 to CRAF is required for induc-
tion of signalling, we generated a catC carrying a mutation at the
gatekeeper position (T421) in the kinase domain (mutations used
and their properties are in Supplementary Fig. 1a). Structural studies6

predict that the T421M mutation should prevent drug binding and
catC(T421M)was indeed resistant to inhibition by PLX4032/PLX4720
in vitro (Supplementary Fig. 8a, b). ERK signalling was not induced by
PLX4032/PLX4720 in cells expressing catC(T421M) (Fig. 2a and
Supplementary Fig. 7b). Thus, activation of MEK/ERK by PLX4032/
PLX4720 depends on its direct binding to the RAF kinase active site.
Sorafenib inhibited catC(T421M) in vitro (Supplementary Fig. 8c) and
induced ERK signalling in cells expressing catC(T421M) (Fig. 2c),
demonstrating that this mutant is capable of inhibitor-induced
MEK/ERK activation. Thus, direct binding of an ATP-competitive
inhibitor to CRAF is required for induction of ERK signalling.

Recent work shows that binding of ATP-competitive inhibitors to
AKTandprotein kinaseC inhibits their activity, but induces the active,
phosphorylated state of these kinases14,15. Washed catC immuno-
precipitated from PLX4032/PLX4720-treated cells was more active
than that isolated from untreated cells (Fig. 3a and Supplementary
Fig. 9a). The samewas true for endogenousBRAFandCRAF immuno-
precipitated from Calu-6 cells (Fig. 3b and Supplementary Fig. 9b).
Phosphorylation of CRAF at S338 and S621 has been correlated with
its activation7. PLX4032/PLX4720 caused increased phosphorylation of
both sites onwild-type andkinase-deadCRAF in 293Hcells. In contrast,
it did not affect the phosphorylation of the PLX4032/PLX4720-resistant
CRAF(T421M) mutant (Fig. 3c and Supplementary Fig. 9c). All RAF
inhibitors tested inducedphosphorylation atp338of endogenousCRAF

(Fig. 3d). The data suggest that binding of PLX4032/PLX4720 to CRAF
induces activationof the enzyme and, subsequently, ERK signalling. The
result seems paradoxical: binding of ATP-competitive inhibitors to the
catalytic domain of CRAF activates its function.

RAF isoforms form dimers in cells10–12,16. Because binding of both
the drug and ATP to the catalytic domain would be required for
activation and cannot occur simultaneously on the same molecule,
we hypothesized that RAF inhibitors activate CRAF dimers in trans
(Supplementary Fig. 1b). To test this model, we generated mutant
catC(S428C) that binds to 6-acrylamido-4-anilinoquinazolines17,
whereas catC does not. Two inhibitors, JAB13 (ref. 17) and JAB34
(also called PD-168393)18, both inhibited catC(S428C), but up to
30mM had no effect in vitro on catC (Supplementary Fig. 10a, b).
JAB13 and JAB34 selectively affected ERK signalling in cells expressing
catC(S428C) and were inactive in those expressing catC (Supplemen-
tary Fig. 11). Like the other inhibitors (Fig. 1a), lower doses (40 nM to
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Figure 2 | MEK/ERK activation requires binding of drug to the catalytic
domain of RAF. a, 293H cells transfected with EGFP (control), HA-tagged
RAS(G12V), the catalytic domain of CRAF (V5-tagged catC) and catC
carrying a mutation at the gatekeeper residue (V5-tagged catC(T421M)),
treated with vehicle or PLX4720 (1mM for 1 h). Lysates were subjected to
immunoblot analysis for pMEK and pERK. b, Wild-type (1/1), BRAF

knockout (Braf2/2) or CRAF knockout (Craf2/2) MEFs were treated with
the indicated concentrations of PLX4720 for 1 h. c, Sorafenib inhibits the
gatekeeper mutant catC(T421M) protein in vitro (Supplementary Fig. 8c)
and activates MEK/ERK in cells expressing it. 293H cells overexpressing
catC(T421M)were treatedwith the indicated concentrations of sorafenib for
1 h. Lysates were subjected to analysis for pMEK and pERK.
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Figure 3 | RAF inhibitor induces the active, phosphorylated state of wild-
type and kinase-dead RAF. a, 293H cells overexpressing catC were treated
with the indicated amounts of PLX4720 for 1 h. Cells were lysed, catC was
immunoprecipitated (IP), washed extensively and subjected to kinase assay.
Kinase activity was determined by immunoblotting for pMEK. b, Calu-6 cells
were treatedwithPLX4720 (1mMfor 1 h). EndogenousBRAFandCRAFwere
immunoprecipitated, washed and assayed for kinase activity. c, Treatment
with RAF inhibitor results in elevated phosphorylation at activating
phosphorylation sites on RAF. V5-tagged wild-type CRAF or kinase-dead
CRAF(D486N)were overexpressed in 293H cells. After 24 h cells were treated
with vehicle or PLX4720 (5mM for 1 h) and lysates were immunoblotted for
p338-CRAF and p621-CRAF. The gatekeeper mutant CRAF(T421M) was
used as negative control. d, Samples as in Fig. 1a, immunoblotted for pS338-
CRAF. Note that phosphorylation at S338 steadily increased, even when
concentrations were reached that inhibited MEK/ERK.
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indeed the case: MEK-dependent tumours with RAS mutation are un-
affected by PLX4032 (N.R., unpublished data).

BRAF and CRAF kinases form homo- and heterodimers on RAS
activation10–12. PLX4032/PLX4720 induced pronounced phosphory-
lation of MEK and ERK in wild-type mouse embryonic fibroblasts
(MEFs) andBraf2/2MEFs. The responsewas diminishedmarkedly in
Craf2/2 (also called Raf1) MEFs (Fig. 2b and Supplementary Fig. 6a).
Coexpression of CRAF and active RAS inCraf2/2MEFs reconstituted
thewild-type phenotype (Supplementary Fig. 6b, c).We conclude that
BRAF is dispensable for MEK/ERK activation by PLX4032/PLX4720,
and that CRAF expression is required for significant induction. We
therefore investigated the mechanism of CRAF-dependent induction
of ERK signalling in response to the drug.

Autoinhibition of RAF by its amino-terminal domain13 is relieved
on binding to activated RAS7.We askedwhether overexpression of an
N-truncated form of CRAF would bypass the requirement for RAS
activity. In 293H cells expressing the catalytic domain of CRAF
(catC), PLX4032/PLX4720 caused marked induction of MEK and
ERKphosphorylation (Fig. 2a andSupplementary Fig. 7a).We focused
mechanistic investigations on catC, in which PLX4032/PLX4720-
induced MEK/ERK activation is RAS independent. To test whether
direct binding of PLX4032/PLX4720 to CRAF is required for induc-
tion of signalling, we generated a catC carrying a mutation at the
gatekeeper position (T421) in the kinase domain (mutations used
and their properties are in Supplementary Fig. 1a). Structural studies6

predict that the T421M mutation should prevent drug binding and
catC(T421M)was indeed resistant to inhibition by PLX4032/PLX4720
in vitro (Supplementary Fig. 8a, b). ERK signalling was not induced by
PLX4032/PLX4720 in cells expressing catC(T421M) (Fig. 2a and
Supplementary Fig. 7b). Thus, activation of MEK/ERK by PLX4032/
PLX4720 depends on its direct binding to the RAF kinase active site.
Sorafenib inhibited catC(T421M) in vitro (Supplementary Fig. 8c) and
induced ERK signalling in cells expressing catC(T421M) (Fig. 2c),
demonstrating that this mutant is capable of inhibitor-induced
MEK/ERK activation. Thus, direct binding of an ATP-competitive
inhibitor to CRAF is required for induction of ERK signalling.

Recent work shows that binding of ATP-competitive inhibitors to
AKTandprotein kinaseC inhibits their activity, but induces the active,
phosphorylated state of these kinases14,15. Washed catC immuno-
precipitated from PLX4032/PLX4720-treated cells was more active
than that isolated from untreated cells (Fig. 3a and Supplementary
Fig. 9a). The samewas true for endogenousBRAFandCRAF immuno-
precipitated from Calu-6 cells (Fig. 3b and Supplementary Fig. 9b).
Phosphorylation of CRAF at S338 and S621 has been correlated with
its activation7. PLX4032/PLX4720 caused increased phosphorylation of
both sites onwild-type andkinase-deadCRAF in 293Hcells. In contrast,
it did not affect the phosphorylation of the PLX4032/PLX4720-resistant
CRAF(T421M) mutant (Fig. 3c and Supplementary Fig. 9c). All RAF
inhibitors tested inducedphosphorylation atp338of endogenousCRAF

(Fig. 3d). The data suggest that binding of PLX4032/PLX4720 to CRAF
induces activationof the enzyme and, subsequently, ERK signalling. The
result seems paradoxical: binding of ATP-competitive inhibitors to the
catalytic domain of CRAF activates its function.

RAF isoforms form dimers in cells10–12,16. Because binding of both
the drug and ATP to the catalytic domain would be required for
activation and cannot occur simultaneously on the same molecule,
we hypothesized that RAF inhibitors activate CRAF dimers in trans
(Supplementary Fig. 1b). To test this model, we generated mutant
catC(S428C) that binds to 6-acrylamido-4-anilinoquinazolines17,
whereas catC does not. Two inhibitors, JAB13 (ref. 17) and JAB34
(also called PD-168393)18, both inhibited catC(S428C), but up to
30mM had no effect in vitro on catC (Supplementary Fig. 10a, b).
JAB13 and JAB34 selectively affected ERK signalling in cells expressing
catC(S428C) and were inactive in those expressing catC (Supplemen-
tary Fig. 11). Like the other inhibitors (Fig. 1a), lower doses (40 nM to
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Figure 2 | MEK/ERK activation requires binding of drug to the catalytic
domain of RAF. a, 293H cells transfected with EGFP (control), HA-tagged
RAS(G12V), the catalytic domain of CRAF (V5-tagged catC) and catC
carrying a mutation at the gatekeeper residue (V5-tagged catC(T421M)),
treated with vehicle or PLX4720 (1mM for 1 h). Lysates were subjected to
immunoblot analysis for pMEK and pERK. b, Wild-type (1/1), BRAF

knockout (Braf2/2) or CRAF knockout (Craf2/2) MEFs were treated with
the indicated concentrations of PLX4720 for 1 h. c, Sorafenib inhibits the
gatekeeper mutant catC(T421M) protein in vitro (Supplementary Fig. 8c)
and activates MEK/ERK in cells expressing it. 293H cells overexpressing
catC(T421M)were treatedwith the indicated concentrations of sorafenib for
1 h. Lysates were subjected to analysis for pMEK and pERK.
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Figure 3 | RAF inhibitor induces the active, phosphorylated state of wild-
type and kinase-dead RAF. a, 293H cells overexpressing catC were treated
with the indicated amounts of PLX4720 for 1 h. Cells were lysed, catC was
immunoprecipitated (IP), washed extensively and subjected to kinase assay.
Kinase activity was determined by immunoblotting for pMEK. b, Calu-6 cells
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immunoprecipitated, washed and assayed for kinase activity. c, Treatment
with RAF inhibitor results in elevated phosphorylation at activating
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CRAF(D486N)were overexpressed in 293H cells. After 24 h cells were treated
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1mM) induced ERK signalling (Supplementary Fig. 11), whereas
higher doses (10mM) caused inhibition (Fig. 4a). The specificity of
this system allows us to test the dimer transactivation model.

We coexpressed a V5-tagged, JAB-sensitive, kinase-dead catC, V5–
catC(S428C/D486N), and Flag-tagged catC in 293H cells. V5–
catC(S428C/D486N) is deficient in catalytic activity; it can bind to
the inhibitor (JAB34) but cannot phosphorylateMEK, whereas Flag–
catC is catalytically active, but cannot bind JAB34. Treatment of
cells expressing both constructs with a concentration of JAB34 that
inhibited ERK signalling in cells expressing catC(S428C) alone
(10 mM JAB34, Fig. 4a) resulted in marked induction of ERK signal-
ling (Fig. 4b, lanes 5, 6). Thus, binding of JAB34 to kinase-dead,
V5–catC(S428C/D486N) transactivated the catalytically competent
Flag–catC. When the catalytically active drug-binding mutant V5–
catC(S428C) is coexpressed with catalytically inactive catC (Flag–
catC(D486N)), 10mM JAB34 inhibited, rather than activated, ERK
signalling (Fig. 4b, lanes 9, 10).When both constructs were insensitive
to JAB, JAB34 had no effect on ERK signalling (Fig. 4b, lanes 1, 2).
When both constructs were catalytically active, we observedmoderate
MEK/ERK activation, probably resulting from inhibition of V5–
catC(S428C) and transactivation of Flag–catC (Fig. 4b, lanes 3, 4).

Transactivation from CRAF to BRAF can occur as well. JAB34
activated ERK signalling in cells coexpressing Flag–BRAF and V5–
catC(S428C/D486N) (Fig. 4c). Finally, JAB34 induced ERK activa-
tion in cells coexpressing full-length V5–CRAF(S428C/D486N) and
full-length Flag–CRAF, confirming that our model is valid in the
context of full-length CRAF (Supplementary Fig. 12).

Thus, activation of RAF by ATP-competitive inhibitors can be
explained by transactivation: binding of drug to one RAF in the dimer
activates the other. This is consistent with the enhancement of induc-
tion by active RAS, which promotes homo- and heterodimerization of
BRAF and CRAF10,12. Our model suggests that transactivation will be
dependent on formation of RAF dimers. A side-to-side dimer of the
kinase domain is observed in crystal structures of BRAF11, and the
residues at the dimer interface are conserved in all RAF isoforms. On
the basis of the BRAF crystal structures, we identified a conserved Arg
(R509) at the centre of the dimer interface. Structural analysis predicts
that mutation of R509 will diminish contacts between the two interact-
ing proteins and reduce dimer formation, as also recently reported19. In
that study, mutation of BRAF at R509 to histidine resulted in a marked
loss of activity. The corresponding mutation in catC (R401H) results

in severe loss of both expression and activity (data not shown). We
therefore mutated R401 to alanine in V5–catC(S428C) and Flag–
catC. This mutation diminished dimerization (Supplementary Fig. 13)
but retained expression and activity. In cells coexpressing thesemutants,
JAB34 failed to induce ERK signalling (Fig. 4b, lanes 7, 8). Thus, a
mutation that affects dimerization prevents transactivation.

The transactivation model explains the observation that inhibitors
of RAF activate ERK signalling at low concentrations, but inhibit at
higher concentrations in wild-type BRAF cells. Binding of an ATP-
competitive inhibitor to one protomer within a RAF dimer results in
both abolition of the catalytic activity of the inhibitor-bound RAF
and transactivation of the other. Transactivation of RAF homo- and
heterodimers is therefore responsible for induction of MEK/ERK
phosphorylation by RAF inhibitors in cells with wild-type BRAF.
Our model explains the paradoxical phenomenon of ERK activation
by RAF inhibitors, previously reported by others20–22. Other kinases
that exist in dimeric ormultimeric complexesmay behave in a similar
manner. Recently, another model to explain these phenomena has
been proposed23. That study reports that only selective BRAF
inhibitors activate CRAF and ERK signalling, whereas pan-RAF
inhibitors do not. Our data that all RAF inhibitors activate ERK
signalling at low concentrations, that the phenomenon occurs in
BRAF-null cells and that binding to CRAF activates CRAF- and
BRAF-dependent ERK signalling render that model unlikely.

Nevertheless, the clinical utility of these inhibitors depends on their
inhibition of ERK signalling in tumour cells with BRAF(V600E).
Because transactivation of wild-type RAF requires dimerization and
depends on RAS activity, we hypothesized that the levels of RAS
activity in BRAF(V600E) mutant tumours may not be sufficient to
support transactivation. If so, activation of RAS in BRAF(V600E) cells
should prevent inhibition of ERK signalling by RAF inhibitors. In
293H cells overexpressing BRAF(V600E) and in HT29 tumour cells
with endogenous BRAF(V600E), ERK signalling was inhibited by
either PLX4032/PLX4720 or a MEK inhibitor. In contrast, when
mutant RAS was coexpressed with BRAF(V600E) in either cell, ERK
signalling became resistant toPLX4032/PLX4720, but remained sensi-
tive to the MEK inhibitor (Fig. 4d and Supplementary Fig. 14a, b).

The data are consistent with the idea that RAF inhibitors suppress
ERK signalling in BRAF(V600E) tumours because the level of RAS acti-
vation in these cells is insufficient to support transactivation ofwild-type
RAF and inhibition of BRAF(V600E) activity becomes the dominant
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Figure 4 | MEK/ERK activation occurs via transactivation of RAF dimers.
a, Similarly to RAF inhibitors, JAB34 inhibits MEK/ERK at higher
concentrations. 293H cells expressing V5-tagged catC or catC(S428C) were
treated with either vehicle or 10 mM JAB34 for 1 h. b, Coexpression of drug-
sensitive V5-tagged catC with drug-resistant Flag–catC reveals that
activation in the homodimer occurs in trans. 293H cells expressing the
indicated mutants V5-tagged catC and Flag-tagged catC were treated with a
dose of JAB34 (10 mM for 1 h) that inhibits catC(S428C) when expressed

alone. c, Activation in the context of the heterodimer BRAF–CRAF occurs in
trans. 293H cells coexpressing Flag-tagged wild-type BRAF and V5-tagged
kinase-dead catC (catC(D486N)) (lanes 3, 4) or JAB34-sensitive/kinase-dead
catC (catC(S428C/D486N)) (lanes 5, 6) treated with vehicle or 10 mM JAB34
for 1 h are shown. d, HT-29 cells (colorectal; BRAF(V600E)) were transfected
with EGFP or HA-tagged NRAS(G12V) and treated with PLX4720 (1mM for
1 h). Lysates were blotted for pMEK and pERK.
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