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CRAF (RAF1) is one of three RAF-family kinases that initiate MAP kinase sig-

naling in response to activated RAS and is essential for oncogenic signaling

from mutant KRAS. Like BRAF, CRAF is regulated by 14-3-3 engagement and by
intramolecular autoinhibitory interactions of its N-terminal regulatory region.
Unlike BRAF, it is thought to require tyrosine phosphorylation in its N-terminal
acidic (NtA) motif for full catalytic activation. Here we describe cryo-EM
reconstructions of full-length CRAF in complex with MEK1 and a 14-3-3 dimer.
These structures reveal a fully autoinhibited conformation analogous to that
observed for BRAF and two “open monomer” states in which the inhibitory
interactions of the CRD and 14-3-3 dimer are released or rearranged, but the
kinase domain remains inactive. Structure-function studies of the NtA motif

indicate that phosphorylation or acidic mutations in this segment increase
catalytic activity by destabilizing the inactive conformation of the kinase
domain. Collectively, these studies provide a structural foundation for
understanding the shared and unique regulatory features of CRAF and will
inform efforts to selectively block CRAF signaling in cancer.

RAF family kinases ARAF, BRAF, and CRAF (Raf-1) are critical compo-
nents of the RAS-RAF-MEK-ERK signaling pathway, which governs
essential cellular processes including proliferation, differentiation, and
survival'>. This pathway is activated by growth factor receptors at the
cell surface, leading to the activation of RAS proteins, which in turn
recruit and activate RAF kinases*. Once activated, RAF kinases phos-
phorylate and activate MEK1/2, which subsequently phosphorylate and
activate ERK1/2, culminating in the regulation of gene expression and
cellular responses. The three RAF isoforms have both shared and dis-
tinct regulatory mechanisms®. BRAF has higher catalytic activity and is
generally considered to have a simpler activation mechanism

compared to CRAF and ARAF®. This difference may explain why BRAF
mutations are prevalent in many types of cancers, whereas mutations
in CRAF and ARAF are comparatively rare”®.

RAF kinases share three conserved regions: CR1, CR2, and CR3
(Fig. 1a). CR1 contains the Ras-binding domain (RBD) and the cysteine-
rich domain (CRD), which together interact with Ras and the plasma
membrane to mediate membrane localization*”'°, CR2 consists of a
key autoinhibitory phosphorylation site (pSer259 in CRAF, pSer365 in
BRAF) and CR3 contains the serine/threonine kinase domain. RAF is
regulated by multiple mechanisms to ensure tight control of its cata-
lytic activity. In its mature autoinhibited state, RAF forms a complex
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Fig. 1| Domain organization, expression, and characterization of CRAF/MEK1/
14-3-3 complexes. a, Schematic showing the domain organization of CRAF and
MEKI. Residue numbers for domain boundaries are shown below and selected
regulatory phosphorylation sites for ARAF, BRAF, and CRAF are indicated above the
schematics. b Rationale for the engineered salt-bridge in CRAF. The autoinhibited
BRAF/MEK1/14-3-3 complex (PDB ID: 6NYB) is superimposed on an AlphaFold3
model of an autoinhibited CRAF/MEK1/14-3-3 complex. The BRAF kinase domain
and CRD are shown in dark blue and dark red, respectively, and the corresponding
domains of CRAF in light blue and pink. The Q156R/D587E mutation in CRAF
introduces a salt-bridge between the CRD and kinase domain analogous to the R252
to E695 salt-bridge observed in autoinhibited BRAF. ¢ Coomassie-stained SDS-PAGE
analysis of purified CRAF*YY/MEK1/14-3-3 and CRAF>°°/MEK1/14-3-3 complexes.
The Q156R and D587E mutations (QRDE) are incorporated in both CRAF constructs.

[enzyme] nM

Staining is consistent with a stoichiometric complex of CRAF, MEK1, and a 14-3-3
dimer. Sf9 cells express two 14-3-3 isoforms, € and C. The experiments were inde-
pendently repeated twice with similar results. d Kinase activity of purified RAF
complexes measured in a time-resolved (TR)-FRET-based biochemical assay (see
Methods for details). The FRET ratio at 665/620 nm is plotted for increasing con-
centrations of each RAF protein. RAF dimers were generated using N-terminally
truncated (AN) constructs lacking the RBD and CRD, while RAF monomers were
obtained with full-length constructs. Data are presented as mean values + standard
deviation (SD); experiments were conducted three times independently, each time
in triplicate, with similar results. Source data are provided as a Source Data file. NtA
N-terminal acidic motif, RBD RAS-binding domain, CRD cysteine-rich domain, KD
kinase domain, CR1-CR3 conserved regions 1-3.

with two additional proteins, its substrate MEK1/2 and a 14-3-3
dimer" ", 14-3-3 s are abundant proteins that participate in many sig-
naling pathways via their ability to bind to specific phosphoserine- or
phosphothreonine-containing motifs'®”. RAFs contain two 14-3-3
binding motifs, the CR2 site noted above and an additional site just
C-terminal to the kinase domain. Structural studies of BRAF in its
autoinhibited state have shown how a 14-3-3 dimer binds simulta-
neously to the CR2 and C-terminal (pSer365 and pSer729, respectively,
in BRAF) recognition sites in a manner that blocks the ability of the
kinase domain to dimerize, a key requirement for its activation'". The
BRAF CRD domain stabilizes this autoinhibited state via interactions
with the BRAF kinase domain, the 14-3-3 dimer, and both 14-3-3 binding
sites. The RBD domain may also contribute to autoinhibition via
interactions with 14-3-3, but unlike the CRD, which is shielded from
interactions with the membrane, the RBD is largely exposed and
accessible for binding to GTP-bound RAS™",

RAFs are activated by dimerization upon recruitment to the
plasma membrane by GTP-bound RAS'*****, In contrast to the auto-
inhibited state in which the 14-3-3 blocks RAF dimerization, in the
active state, the 14-3-3 dimer promotes dimerization by binding the
C-terminal recognition sites of two RAFs, stabilizing formation of the
active “back-to-back” dimer of two RAF kinase domains'®"****, Acti-
vation also involves dephosphorylation of the CR2 14-3-3 binding site
by the SHOC2 phosphatase complex, a ternary complex containing
SHOC2, the RAS-related GTPase MRAS, and a protein phosphatase 1

catalytic subunit (PP1C)**"*. Dephosphorylation is thought to occur
subsequent to “opening” of autoinhibited RAF at the plasma mem-
brane, as the CR2 site is protected from dephosphorylation in the fully
autoinhibited state*®*.

While the regulatory features above are common to all RAFs, the
three isoforms differ in their requirements for phosphorylation on a
site known as the N-terminal acidic motif (NtA), which lies immediately
N-terminal to the kinase domain®. This site bears the sequence
“SSDD” in BRAF, “SSYY” in CRAF, and “SGYY” in ARAF (Fig. 1a). In BRAF,
one or both of the serine residues in this motif are constitutively
phosphorylated. In CRAF and ARAF, full activation is thought to
require phosphorylation at both the first serine and the last tyrosine
within this motif. p21-Activated Kinases (PAK) and Protein Kinase C
have been identified as responsible for phosphorylating the first ser-
ine, while Src family kinases phosphorylate the last tyrosine of the
SSYY or SGYY motif**,

CRAF has long been known to mediate oncogenic signaling*®*%
An early study by Blasco et al. highlighted the essential role of CRAF in
the development of KRAS-driven non-small cell lung cancers, distin-
guishing it from other RAF family members like BRAF, which were
found to be dispensable*’. More recent work has extended these
findings*~*°. Interestingly, the kinase activity of CRAF is not required
for its oncogenic activity, but its ability to dimerize is essential***¢. This
is consistent with long-standing observations that mutant RAF pro-
teins with impaired catalytic activity can nevertheless drive oncogenic
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transformation by dimerizing with catalytically competent RAF alleles
and inducing their trans-activation®’.

CRAF itself is recurrently mutated or activated as a fusion onco-
protein in cancer (-1%), though far less frequently than BRAF (-7%)%*%.
The most common point mutations occur in the CR2 region (5257,
$259, and P261), where they interfere with phosphorylation of $S259 as
required for 14-3-3-mediated autoinhibition*®. Beyond cancer, numer-
ous mutations in the RAF1 gene have been identified in Noonan Syn-
drome and other RASopathies, a spectrum of developmental
syndromes caused by germline mutations in components of the RAS/
MAP kinase pathway*’~'. Like somatic mutations in cancer, these
mutations also cluster in the CR2 region.

Despite intense interest in CRAF as a therapeutic target in
cancer*, no structures are available for intact CRAF, and structures of
its C-terminal region, including the kinase domain, have only recently
emerged®>**. To better understand CRAF structure and regulation,
including similarities and differences with respect to BRAF, we deter-
mined structures of full-length CRAF in complex with MEK1 and a 14-3-
3 dimer using electron cryomicroscopy (cryo-EM). Single-particle
reconstructions of this CRAF/MEK1/14-3-3 complex reveal three dis-
tinct structural states: i) an autoinhibited assembly analogous to that
observed previously with BRAF, ii) an “open monomer” state in which
the CRD domain is released and interactions of the RAF/MEK kinase
domain module with the 14-3-3 dimer are rearranged, and iii) a second
open monomer in which there is no defined interaction of the RAF/
MEK kinase module with the 14-3-3 dimer. In both open monomer
states, the CRAF kinase domain is maintained in an inactive con-
formation but exposed for dimerization. Additionally, the pSer259 site
is released from the 14-3-3 domain and exposed for dephosphorylation
by the SHOC2 phosphatase complex in the open monomer states.
Structure-function studies of the NtA regulatory motif suggest that this
segment contributes to regulation by stabilizing the autoinhibited
conformation of the RAF kinase domain in the absence of
phosphorylation.

Results

Expression and characterization of the full-length CRAF/MEK1/
14-3-3 complexes

Despite repeated attempts, we were unable to obtain a CRAF/MEK1/14-
3-3 complex suitable for structural studies by co-expressing full-length
wild-type CRAF with MEK1 in insect (Sf9) or mammalian cells due to
low expression levels and protein aggregation during purification.
Incorporation of a double Y340D/Y341D mutation in the CRAF NtA
motif (which we refer to here as CRAFS" because the SSYY sequence
in CRAF is mutated to match the SSDD sequence of the corresponding
region of BRAF, Fig. 1a) has been found to improve expression and
increase catalytic activity of C-terminal fragments of CRAF**¢, but was
not similarly enabling with full-length CRAF in our hands. In each of
these efforts, we co-expressed a variant of MEK1 in which the activation
loop is mutated (S218A/S222A, MEK1I**) to prevent phosphorylation
by RAF and thereby trap the complex’®.

Sequence analysis and comparison of the structure of auto-
inhibited BRAF (PDB ID: 6NYB) with an AlphaFold-predicted model*’ of
autoinhibited CRAF indicated that a salt-bridge that stabilizes auto-
inhibited BRAF was not conserved in CRAF. This salt bridge in BRAF is
formed between Arg252 in the CRD and Glu695 in the kinase domain
(Fig. 1b). The corresponding residues in CRAF are GIn156 and Asp587.
With the goal of enhancing the expression and stability of CRAF, we
engineered this salt bridge into CRAF with a double Q156R/D587E
mutation. We incorporated this salt bridge both in the context of the
wild-type NtA motif (CRAFY) and with the CRAFS°® variant to obtain
CRAPSSYYQROE and  CRAFSSPPRE - Co-expression of CRAFSSYYRDE o
CRAFSSPP®ROE with MEKIS*A in Sf9 insect cells allowed co-purification of
the corresponding CRAF variant with MEK1**** and an endogenous 14-
3-3 dimer derived from the insect cells (Fig. 1c). On size-exclusion

chromatography, these CRAF complexes eluted at a volume consistent
with a “monomeric” complex - i.e., a single chain of each component,
as expected for the autoinhibited state based on prior work with BRAF
(Supplementary Fig. 1). Because we incorporate the Q156R/D587E
mutation in all of the full-length CRAF and the S218A/S222A mutation
in the MEK1 constructs used in our structural studies, we omit the
“QRDE” and “SASA” superscript notations from hereon.

To compare the kinase activity of these full-length CRAF/MEK/14-
3-3 complexes with that of other RAF complexes, we prepared the full-
length autoinhibited BRAF complex (BRAF/MEK1/14-3-3) and
N-terminally truncated dimeric CRAF and BRAF complexes as pre-
viously described*. The N-terminal truncations remove the RBD and
CRD and therefore yield active, dimeric complexes (CRAF*°5*8/MEK1/
14-3-3, BRAF*®7¢¢/MEK1/14-3-3)°°. We measured the kinase activity of
these constructs using a time-resolved FRET (TR-FRET) assay that
reports on phosphorylation of an exogenous wild-type MEK1 substrate
(on S218/S222)%. As anticipated, the full-length BRAF and CRAF*YY
complexes exhibit a low level of activity, presumably because they are
monomeric and adopt an autoinhibited conformation (Fig. 1d). By
contrast, the dimeric complexes were highly active, with the CRAF**°®
dimer exhibiting the highest activity, followed by dimeric BRAF and
CRAF*YY (Fig. 1d). Interestingly, the monomeric CRAF**°® complex was
also highly active, approaching that of the dimeric N-terminal deletion
complexes (Fig. 1d). Activity assays of freshly collected size-exclusion
fractions revealed increased catalytic activity in fractions containing
the monomeric CRAFSS®® complex, suggesting that the Y340D/Y341D
mutation in the CRAF NtA motif can at least partially activate CRAF in
its monomeric state (Supplementary Fig. 2a-d). To further probe
whether CRAFSS®® is dependent on dimerization for its catalytic activ-
ity, we prepared a CRAF*" complex with an R401H mutation in the
CRAF kinase domain (CRAFSSPP R40H/NMEK1/14-3-3). This mutation cor-
responds to the R509H substitution in BRAF and has been previously
shown to prevent dimerization-driven activation of CRAF*®. While the
CRAFSSPD: R40H complex was modestly more active than the CRAFSYY
complex, it was far less active than the corresponding CRAF*"° com-
plex, confirming that CRAF**°® remains dependent on dimerization for
the bulk of its activity (Supplementary Fig. 2e). Taken together, these
results suggest that the activity of the CRAF**"® complex arises from
transient dimerization that is not evident on size-exclusion
chromatography.

Cryo-EM structures of CRAF/MEK1/14-3-3 complex in auto-
inhibited and open-monomer states

We imaged monomeric fractions of both CRAF**°°/MEK1/14-3-3 and
CRAFYY/MEK1/14-3-3 complexes using single particle cryo-EM. Both
complexes were stabilized by the addition of ATPyS and MEK inhibitor
GDC-0623. To our surprise, ab-initio 3D reconstructions revealed three
distinct conformational states in both the CRAF*Y and CRAF*"®
complexes; an autoinhibited conformation closely resembling that we
observed with BRAF (Fig. 2a) and two “open monomer” states in which
inhibitory interactions of the kinase domain with the CRD and 14-3-3
are released or rearranged. We refer to these as open monomer states
because they contain a single CRAF chain and retain an inhibited
conformation of the CRAF kinase domain, in contrast to active CRAF/
14-3-3 complexes that contain two CRAF kinases that form the active
kinase dimer. In one of these open monomer states, the CRAF and
MEK1 kinase domains adopt a defined orientation with respect to the
14-3-3 dimer (Fig. 2b). In the other there is no-defined orientation with
respect to the 14-3-3, allowing reconstruction of the “isolated” CRAF/
MEK]1 kinase domain module (Fig. 2c). We refer to this configuration as
the “kinase domain open monomer” complex.

We describe here single-particle reconstructions and models
for a total of four structures derived from four datasets recorded
from three cryo-EM grids (Supplementary Figs. 3-7, Supplementary
Tables 1 and 2). Although the autoinhibited conformation and both
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(MEK1)

Trp423

Fig. 2 | Cryo-EM structures of CRAF/MEK1/14-3-3 complexes in autoinhibited
and open monomer states. Overall architectures of CRAF/MEK1/14-3-3 complexes
in a the autoinhibited configuration, b the open monomer configuration, and (c)
the kinase domain open monomer configuration. Cryo-EM maps in a and ¢ were
obtained with the CRAF*'Y complex, the open monomer map in b was obtained
with the CRAFS® complex. Structures are shown in ribbon representations with
(left) and without (right) their respective transparent cryo-EM density maps and are

CRAE kinase A,
domain —\ A

GDC-0623

|

colored as in Fig. 1a. ATP analog ATPyS and MEK inhibitor GDC-0623 are depicted in
stick representation. d A close-up view of the active-site cleft of CRAF, overlaid with
the cryo-EM density map at 2.3 A resolution. e Detailed view of the inactive con-
formation of the CRAF kinase domain. The C-helix (red) is stabilized in an outward,
inactive conformation by the inhibitory turn within the activation segment
(orange). Selected active site residues are shown in stick form.

open monomer states were present in each dataset, we describe
here only the best-resolved structures for the autoinhibited and
open monomer states, which were determined with the CRAF*YY and
CRAF*"® datasets, respectively. For the kinase domain open
monomer, we describe structures determined with both CRAFS'Y
and CRAF*"® preparations. Datasets used for the CRAF?® kinase
domain open monomer and CRAF*"® open monomer were recorded
from the same grid, the latter at a 30° tilt to mitigate the effects of a
preferred orientation of these particles.

In the fully autoinhibited structure, determined at 3.4 A resolu-
tion, the phosphorylated pSer259 and pSeré621 sites that flank the
CRAF kinase domain are bound in recognition grooves on opposite
sides of the 14-3-3 dimer (Fig. 2a). The CRD is nestled in the cradle of
the 14-3-3 dimer, where it contacts both protomers of the 14-3-3, both
phosphoserine segments, and the C-lobe of the CRAF kinase domain.
Argl56 in the CRD, introduced with the GIn156Arg substitution, is
positioned to form a salt-bridge with mutant Glu587 in the kinase
domain as predicted (Supplementary Fig. 8b). While this engineered

salt-bridge likely stabilizes the autoinhibited state, these mutations do
not appear to affect interactions in the open monomer states descri-
bed below. A prior mutagenesis study identified 11 substitutions in the
CRAF CRD domain that led to increase CRAF activity*’. All 11 of these
residues participate in interdomain interactions in the autoinhibited
structure and one, Argl43, hydrogen bonds with GIn15 and is the site of
rare but recurrent mutations in cancer (Supplementary Fig. 8a, c).
While there was insufficient density to allow modeling of the RBD, a
reconstruction low-pass filtered to 6 A and contoured at a lower
threshold showed additional density corresponding to the RBD adja-
cent to the CRD (Supplementary Fig. 8d). The disorder of the RBD is
reminiscent of BRAF, where this domain is variably ordered in the
autoinhibited state'".

The CRAF kinase domain exhibits a characteristic “C-helix-out”
inactive conformation and is oriented with its active site facing away
from the 14-3-3, where it is closely juxtaposed with MEK1. MEK1 also
adopts its characteristic inactive conformation as expected. This
mutually autoinhibited RAF/MEK kinase domain module is essentially

Nature Communications | (2025)16:8150


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63227-2

identical to that of the kinase domain open monomer as we describe in
more detail below. Overall, the autoinhibited CRAF conformation is
closely similar to that of autoinhibited BRAF (PDB ID: 6NYB) and the
two structures superimpose with a root-mean-square deviation
(RMSD) of 1.5 A over 1074 aligned Ca atoms (Supplementary Fig. 9a).
The interaction networks involving pSer259 in CRAF and pSer365 in
BRAF with the CRD and 14-3-3 are largely conserved (Supplementary
Fig. 9b). However, comparison of the two structures reveals a few
significant differences. Structure-based superposition aligned on RAF
reveals that MEK1 is rotated by approximately 5° in the CRAF structure,
but in a manner that maintains key interactions with the CRAF kinase
domain (Supplementary Fig. 9c). The MEK1 activation loop makes a
short anti-parallel 3-strand interaction with the CRAF activation loop
centered on Phe223 in MEK1 and Ser508 in CRAF, and this structural
element is shifted toward the CRAF C-lobe as compared with its
position in the BRAF autoinhibited structure. However, this alternate
conformation has been seen previously in a subset of BRAF/MEK
crystal structures®®. Finally, the interface between the CRD and 14-3-3
appears to be somewhat more tightly packed in BRAF than in CRAF.
The BRAF contact buries 4,803 A2 of surface area for 14-3-3, while the
CRAF buries 4,435 A% This difference is due in part to two phenylala-
nine residues in BRAF (Phe243 and Phe256) that are replaced by leu-
cine in CRAF (Leul47 and Leul60) near the CRAF pSer259 phosphosite
(Supplementary Fig. 9b). This difference may account in part for the
apparent instability of the autoinhibited state in CRAF as compared
with BRAF. In all four CRAF cryo-EM datasets analyzed here, particles
corresponding to the open monomer states were far more abundant
than those representing the fully autoinhibited complex (Supple-
mentary Figs. 3-6).

As noted above, we observed two open monomer configurations
on the same EM grids with the fully autoinhibited complex. While an
open monomer state has been hypothesized for RAFs, to our knowl-
edge it has not been previously observed®*?. The CRAF**°°/MEK1/14-3-3
open monomer cryo-EM map has a nominal resolution of 3.9A
(unmasked), and despite use of a 30° tilt in data acquisition, still suffers
somewhat from missing orientations (Supplementary Table 2, Sup-
plementary Fig. 7c). Nevertheless, the map clearly reveals key struc-
tural features — the CRAF pSer621 phosphosite is bound on one side of
the 14-3-3 dimer, and the MEK1 kinase domain contacts the opposite
protomer of the 14-3-3 (Fig. 2b). The phosphopeptide recognition
groove on this side of the 14-3-3 is unoccupied, confirming that the
CRAF pSer259 motif is not engaged in this state (Fig. 2b). Notably,
there is a visible gap between the CRAF and MEKI1 kinase domains and
the 14-3-3 dimer with no apparent density for the CRD, indicating that
it is released and does not interact with 14-3-3 in the open monomer
state. (Fig. 2b). The 14-3-3 contacts the C-lobe of MEK1 in a loop region
(MEK1 residues 238-241) and makes a glancing contact at Pro346
(Supplementary Fig. 10a).

Single-particle reconstruction of the kinase domain open mono-
mer yielded a high-resolution reconstructed map (2.9 A unmasked,
2.3 A masked) for the CRAF**"Y/MEK1 complex (Fig. 2c), which enabled
us to model ligands including ATP analogs and the allosteric MEK
inhibitor (Fig. 2d and Supplementary Fig. 10b). It appears that the 14-3-
3 dimer still associates with the pSer621 site in the C-terminus of CRAF
in this state, but due to the highly variable orientation of the 14-3-3
dimer, particles are aligned based on the larger CRAF/MEKI1 kinase
module, resulting in a 3D reconstruction that reveals only the CRAF
and MEK1 kinase domains (Supplementary Fig. 11). This interpretation
is further supported by counterexamples; we observed a few 2D clas-
ses where particles aligned based on the 14-3-3 dimer, causing the
CRAF-MEKI1 kinase monomer not to align properly and appear blurry
(Supplementary Fig. 11).

The conformation of the CRAF kinase domain in the autoinhibited
state is closely similar to that observed in autoinhibited BRAF>. The
activation loop forms an autoinhibitory turn that locks the C-helix in an

outward inactive position (Fig. 2e). As in BRAF, binding of ATP or a
close analog appears to be important for stabilization of this closed,
inactive conformation. Key residues that stabilize this state are con-
served between CRAF and BRAF, including Val492 and Lys493 in the
inhibitory turn (corresponding to Val600 and Lys601 in BRAF) and
Phe360 in the P-loop (corresponding to Phe468 in BRAF, see Supple-
mentary Fig. 12a, b). The inactive conformation of MEKI1 is essentially
identical to that seen in previous structures of MEK1 bound to RAF
kinase domains'®'**¢°, as are the interactions between CRAF and MEK1
- the C-lobe of the two kinases interact via their oG helices in the C-
lobe, a short antiparallel 3-strand interaction formed by their activa-
tion loops, and an N-lobe contact in which Glul02 in MEK1 is posi-
tioned to hydrogen bond with the ribose of the ATPyS bound to CRAF
(Supplementary Fig. 12c). As noted above, these interactions are
maintained despite at 5° rotation of MEKI1 relative to its position in
autoinhibited BRAF structures. We also obtained a kinase domain open
monomer reconstruction for the CRAF**® complex, and the resulting
structure was essentially the same as that obtained with the CRAF*SYY
complex (RMSD = 0.42 A over 524 aligned Ca atoms). While the nom-
inal resolution of the CRAF**°° kinase domain open monomer map was
33 A (unmasked, 2.8 A masked), the level of structural detail was
somewhat less than could be expected at this resolution due to miss-
ing/poorly represented orientations for this particle class (Supple-
mentary Fig. 7d).

The open monomer state is poised for activation

The direct mechanism of RAF activation is the formation of the back-
to-back dimer of the kinase domain, which rearranges the C-helix to its
inward active position to complete the kinase active site®. Activation is
promoted by dephosphorylation of the pSer259 site, which is thought
to favor dimerization and activation by precluding return to the fully
autoinhibited state, which requires phosphorylation on both Ser259
and Ser621*”. In the fully autoinhibited state of CRAF, the kinase
domain is protected from dimerization by the 14-3-3 dimer, and the
pSer259 site is expected to be inaccessible for dephosphorylation by
the SHOC2 phosphatase complex (Fig. 3a).

The structures of the CRAF open monomer complexes show that
both of these hindrances to activation are removed in this state. As
compared with the intact autoinhibited state, the 14-3-3 domain in the
open monomer is re-oriented to expose the dimerization interface of
the kinase domain (Fig. 3b, c). Although the 14-3-3 remains bound to
the pSer621 site, it rotates by ~180° and shifts by ~35 A such that it no
longer sterically occludes the kinase dimerization interface. Obviously
the dimerization interface is also fully exposed in the CRAF/MEK1
kinase domain open monomer, in which the 14-3-3 has no defined
orientation with respect to the kinase domain. We do not ascribe a
particular significance to the open monomer state as compared with
the kinase domain open monomer; in both the CRD and pSer259
interactions are released and the CRAF kinase domain is exposed for
dimerization.

The open monomer structures also indicate that the pSer259 site is
exposed for dephosphorylation in this state. Mass spectrometry con-
firms that CRAF Ser259 is phosphorylated to a high stoichiometry in our
protein preparations (Supplementary Table 3), but there is no density
visible for this phosphosite in the binding cleft of the 14-3-3 domain in
the open monomer. To test accessibility pSer259 to dephosphorylation,
we examined dephosphorylation of this site and compared it with
dephosphorylation of the corresponding site in BRAF (pSer365), which
we previously found to be relatively resistant to dephosphorylation in
the autoinhibited state (as compared with the active dimeric state in
which this site in not engaged with the 14-3-3)*®. We incubated the
autoinhibited CRAF/MEK/-14-3-3 and BRAF/MEK/14-3-3 preparations
with increasing concentrations of the SHOC2-MRAS-PP1C complex and
measured the remaining levels of CRAF pSer259 or BRAF pSer365 by
western blotting with a phospho-specific antibody directed against the
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Fig. 3 | The open monomer state is poised for activation. The comparison of the
autoinhibited (a), open monomer (b), and active dimer (c) states of the CRAF/
MEK1/14-3-3 complex. Structures are shown in a surface representation and with
the same orientation of the CRAF and MEK1 kinase domains. Residues of the CRAF
kinase domain that form the dimer interface in active CRAF dimers is shaded violet
in each structure. a In the autoinhibited state, the 14-3-3 blocks the CRAF dimer
interface and also sequesters the CRD (purple). b In the open monomer state, the
pSer259 segment and the CRD are released from the 14-3-3 and are therefore not

Open monomer C

Active dimer (8CHF)
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visible in the cryo-EM maps. The pSer621 site remains engaged with the 14-3-3
dimer, which has reoriented to expose the CRAF dimer interface. c In the active,
dimeric state, the 14-3-3 dimer engages the pSer621 sites of two CRAFs, stabilizing
the activating back-to-back interaction of the CRAF kinase domains. The active
dimer is drawn from a previously reported cryo-EM structure (PDB ID: 8CHF) that
was obtained with a truncated CRAF construct lacking the RBD, CRD and pSer259
regions.

pSer259/pSer365 site (Fig. 4a—c). Consistent with our prior studies®, we
observed a modest degree of dephosphorylation of BRAF pSer365
(Fig. 4a). By comparison, the CRAF pSer259 site was more completely
dephosphorylated in both the CRAF*°°/MEK1/14-3-3 and CRAF*YY/
MEK1/14-3-3 complexes (Fig. 4b, c).

We next tested the effect of SHOC2-mediated dephosphorylation
of these RAF complexes on their kinase activity. To do this, we sampled
CRAF and BRAF proteins after dephosphorylation by increasing con-
centrations of the SHOC2-MRAS-PP1C complex and measured MEK1 or
ERK2 phosphorylation levels in the presence of ATP and phosphatase
inhibitors (Fig. 4a-c, lower panels and Supplementary Fig. 13). We
observed that BRAF kinase activity significantly increased with higher
SHOC2-MRAS-PPIC  concentrations, correlating with  depho-
sphorylation of pSer365 (Fig. 4a and Supplementary Fig. 13). This
indicates that although pSer365 is not efficiently dephosphorylated by
the SHOC2-MRAS-PP1C complex, BRAF transitions into its active con-
formation upon dephosphorylation of this site. CRAF, however,
behaved differently. We did not observe a significant change in CRAF
activity following dephosphorylation by the SHOC2-MRAS-PP1C com-
plex. The CRAFYY complex exhibited little kinase activity and the
CRAF*™ complex remained similarly active despite a substantial
degree of dephosphorylation of pSer259 in both proteins (Fig. 4b,c
and Supplementary Fig. 13). While this lack of catalytic activation may
seem surprising, it is consistent with the notion that depho-
sphorylation of this site favors activation by increasing the abundance
of open monomers (by precluding the kinase domain from adopting
the fully autoinhibited state), rather than by directly driving formation
of active dimers. Given that a majority of molecules in our CRAF pre-
paration are already in the open monomer state and do not sponta-
neously convert to active dimers, there is no reason to expect that
dephosphorylation of pSer259 would result in catalytic activation.

The role of NtA motif in CRAF regulation

Although CRAF has long been known to be activated by phosphor-
ylation on Ser338 and Tyr341 in its NtA motif (-***SSYY?*-)**" to our
knowledge the effect of these phosphorylations has not been studied

with purified full-length CRAF in vitro. To explore this further, we co-
expressed CRAF and MEKI1 with activated variants of PAK1 (PAK1
T423E) and c-Src (c-Src Y530F), which are reported to phosphorylate
Ser338 and Tyr341 in the CRAF NtA motif, respectively** . After pur-
ification of the CRAF/MEK1/14-3-3 complex, we assessed phosphor-
ylation of the SSYY motif by western blotting with phospho-specific
antibodies directed against pSer338 and pTyr341. With the pSer338-
directed antibody, we observed robust reactivity with the CRAF*"Y and
CRAF*SP® complexes prepared without co-expression of Src and PAKI,
but reactivity was markedly greater in the CRAF complex prepared by
co-expression with Src and PAK1 (Fig. 5a). Blotting with the pTyr341-
specific antibody revealed phosphorylation of this tyrosine only in the
CRAF complex prepared by co-expression with Pakl and Src (Fig. 5a).
The catalytic activity of this Src/PAK1-phosphorylated CRAF*YY com-
plex was higher than that of the corresponding complex prepared
without Src and PAK1 co-expression, but markedly less than that of the
CRAF* complex (Fig. 5b). To date we have not been able to quanti-
tate this Tyr341 phosphorylation using mass spectrometry, so it is
unclear whether the lower level of activity arises from a low stoichio-
metry of phosphorylation or whether the SSDD mutant is hyper-
activated as compared with the tyrosine-phosphorylated protein.
Phosphorylation of the NtA motif is thought to activate CRAF by
promoting dimerization, and multiple studies report increased
dimerization/heterodimerization by the CRAF**"® phospho-mimetic
mutant’*>*2, One model suggests that the phosphorylated segment
interacts in trans with a basic patch on N-lobe of the kinase™*>,
Phosphorylation or mutation of the NtA motif could promote activa-
tion via one or both of two general mechanisms - destabilizing the
inactive conformation of the kinase to activate the monomer and/or
directly stabilizing the active dimeric state. The former could also favor
dimer formation by lowering the energetic barrier to dimerization.
Notably, the proportion of fully autoinhibited particles is markedly less
in our CRAF*™ dataset as compared with the CRAF*"Y dataset (Sup-
plementary Figs. 3-5), but we do not observe 2D or 3D classes corre-
sponding to active dimers. We also had the subjective impression that
the kinase domain open monomer particles were more heterogeneous
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Fig. 4 | Differential responses of RAF proteins to dephosphorylation by the
SHOC2-MRAS-PP1C complex. In vitro dephosphorylation of autoinhibited BRAF/
MEK1/14-3-3 (a), CRAF**"Y/MEK1/14-3-3 (b), and CRAF*"°/MEK1/14-3-3 (c) com-
plexes by the SHOC2-MRAS-PPIC holophosphatase complex. The purified full-
length RAF complexes were incubated with increasing concentrations of the
SHOC2-MRAS-PP1C complex. Aliquots of the dephosphorylation reactions were
analyzed for phosphorylation at pSer365 (BRAF) or pSer259 (CRAF) by Western
blotting with a phosphospecific antibody for this site and for total BRAF or CRAF as
a loading control (upper panels). The kinase activity of aliquots of the

dephosphorylation reactions was assessed using a TR-FRET-based assay (lower
panels). Dephosphorylation reactions were stopped by addition of a phosphatase
inhibitor and samples were then diluted in reaction buffer for the kinase assay. The
FRET ratio at 665/620 nm is plotted over the time course upon addition of the
reaction mixture containing wild-type MEK1 as a substrate and ATP. Each data point
represents the mean of triplicates from one representative experiment. The
experiments were independently repeated twice with similar results. Source data
are provided as a Source Data file.

in the CRAFS®® dataset; these particles resolved into multiple classes in
early stages of processing in the CRAF*S®® dataset as compared with a
single class in the CRAF*YY dataset (Supplementary Figs. 3-5). How-
ever, we were only able to reconstruct a single conformation from the
CRAF*™ jmages and as noted above, the resulting structure was
essentially the same as that obtained with the CRAF*Y images.

The NtA motif is not resolved in any of our structures, and to our
knowledge, it has not been observed in any previously reported RAF
structure, active or inactive. This motif is immediately N-terminal to
Trp342, a residue that is conserved as a large hydrophobic amino acid
in many kinases that are regulated by C-helix movements. In Src-family
kinases, the corresponding tryptophan interdigitates between the
C-helix and the 4 strand in the N-lobe to help maintain the inactive
C-helix out conformation®*. Trp342 in our CRAFSY structure assumes
the corresponding position, and the C-helix and adjacent inhibitory
turn portions of the activation segment are clearly resolved (Fig. 5c).
By contrast, these regions are poorly resolved and exhibit high
B-factors in a recently reported inactive-state crystal structure of
CRAF*™ kinase domain with MEK (Fig. 5d)**. As described above, the
SSDD substitution increases the catalytic activity of monomeric CRAF
complexes, but has little effect in the context of 14-3-3-bound CRAF
dimers (Fig. 1d). Although the CRAF**® complexes do not form stable
dimers, the effect of the R401H mutation indicates that they rely on
transient kinase domain dimerization for the bulk of their catalytic
activity (Supplementary Fig. 2e). Collectively, these observations and
those above lead us to propose that the NtA motif contributes to CRAF
regulation by helping to stabilize the “C-helix-out” inactive con-
formation of the CRAF kinase domain. Phosphorylation of the native
SSYY sequence or its mutation to SSDD promotes activation by
destabilizing this state, leading to increased catalytic activity via an
increased propensity to dimerize.

Discussion

We have used cryo-EM to determine the first structures of intact CRAF
in complex with MEK1 and a 14-3-3 dimer, with a focus on the auto-
inhibited state. Together with recently reported structures of
C-terminal fragments of CRAF in the active dimeric state”, these
structures reveal the outlines of CRAF regulation. In the autoinhibited
state, the 14-3-3 dimer binds the pSer259 and pSer621 sites of one CRAF
kinase, protecting it from dimerization and also sequestering the CRD
to prevent membrane-localization in the absence of RAS activation. By
contrast, in the active state, a 14-3-3 dimer binds the pSer621 site of two
CRAFs, bringing them together to form the active back-to-back
dimer®. Unexpectedly, we found that a large fraction of the CRAF
complexes in our preparations assume one of two open monomer
configurations in which the pSer259 site and CRD are released from the
14-3-3 dimer (Fig. 2b, c¢). Open monomer states have not been pre-
viously structurally characterized for any RAF. Autoinhibited, open
monomer and active dimer states of CRAF are depicted in Fig. 3.

We propose that the open monomer state represents an inter-
mediate between the closed, autoinhibited state and the active dimer
configuration. Although the kinase domain remains in the inactive
conformation in the open monomer, the RBD and CRD are free to
interact with active RAS at the membrane, restraints on the 14-3-3
dimer are released such that it can rearrange to engage the pSer621 site
of two RAFs, and the steric block of the dimerization surface of the
CRAF kinase domain by the 14-3-3 domain is removed. In addition, the
pSer259 becomes exposed such that it can be readily depho-
sphorylated by the SHOC2 phosphatase complex. MEK1 adopts
essentially the same conformation in the autoinhibited and both open
monomer states, with its activation segment forming a helix that
would appear to prevent ready access of Ser218 and Ser222 to the RAF
active site. It remains a puzzle how this inhibitory feature may be
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Fig. 5 | Effects of NtA motif phosphorylation or mutation on structure and
activity of CRAF. a Full-length CRAF*"Y and MEK1 were co-expressed in Sf9 cells
with or without accompanying co-expression of activated Src and PAK1. After
purification, the phosphorylation status of the NtA motif of the resulting CRAFSS"Y/
MEK1/14-3-3 complexes was assessed by western blotting with phosphospecific
antibodies directed against pSer338 (Cell Signaling Technology, #9427) and
pTyr341 (Abcam, #ab59223) (upper panels) and against total CRAF as a loading
control (lower panels). b Kinase activity of CRAF*"°/MEK1/14-3-3 and CRAF>YY/
MEK1/14-3-3 complexes prepared with or without co-expression of activated Src
and PAKI1 was assessed in the TR-FRET assay. The FRET ratio at 665/620 nm is
plotted for increasing concentrations of each RAF complex. Each data point
represents the mean + SD of triplicate measurements. The decrease in activity at
high enzyme concentrations is due to competition from the non-phosphorylatable
MEKI1%** in the enzyme complex, which becomes significant as its concentration

Inhibitory turn

approaches that of the WT MEK1 substrate (200 nM). Density maps in the region of
the C-helix in cryo-EM structure of the CRAFSYY/MEK1/14-3-3 kinase domain open
monomer (c) and the crystal structure of CRAF*®® and MEK1 kinase domains (PDB
ID: 9AY7) (d). In the CRAFS" structure in ¢, there is clear side chain density for
residues in the C-helix and inhibitory turn, and for W496 in the activation loop and
W342, the first residue following the NtA motif. By contrast, there is evidence of
local disorder in this region in the crystal structure in (d). W342 and W496 are not
modeled in the structure and are superimposed from the CRAF*" structure (and
colored purple) to indicate their positions. In addition, several large residues in this
region of the CRAFSS™ structure were modeled as alanine owing to a weak or no
density for their sidechains (including Q386, F387, R391, and R398). The density
map for the cryo-EM structure is shown in ¢, and the 2Fo - Fc map for the crystal
structure in d is contoured at 1.0 o.

released, but it is possible that the helix is unstable and that transient
unfurling is sufficient to allow its phosphorylation by RAF.

It is unclear why the open monomer states do not spontaneously
progress to form active dimers in our preparation. As with BRAF,
binding of ATP to the CRAF kinase domain stabilizes its inactive con-
formation (Fig. 2e), disfavoring dimer formation, but we would expect
14-3-3-driven dimerization to overcome this effect as described for
BRAFZ. One possibility is that this is a limitation of our in vitro system.
In cells, the higher local concentration of open monomers engaged
with active RAS at the membrane would be expected to favor dimer-
ization. CRAF may also be intrinsically less prone to homodimerize,
which could explain its lower catalytic activity in the absence of
phosphorylation of its NtA motif as compared with BRAF. We have not
explored whether CRAF would more readily form active heterodimers
with BRAF or ARAF. This is an important area for further study, as
heterodimerization is a prominent feature in RAF activation"®>°5,

Obtaining sufficient CRAF complex suitable for cryo-EM imaging
required the introduction of a salt-bridge designed to stabilize the
autoinhibited state. This salt bridge lies in the interface between the
CRD and kinase C-lobe, and mimics one found in BRAF but not

conserved in CRAF and ARAF. Unlike BRAF, CRAF is known to depend
heavily on the HSP90/CDC37 chaperone complex®*~”.. Garcia-Alonso
et al. have recently determined cryo-EM structures of CRAF bound to
HSP90 and CDC37, showing how the CRAF kinase domain is engaged
with the chaperone in a partially unfolded state’. By stabilizing the 14-3-
3-bound autoinhibited state, the engineered salt bridge may decrease
the proportion of CRAF engaged with HSP90/CDC37, yielding more of
the fully folded and assembled complex with MEK1 and 14-3-3.

The preponderance of the open monomer in our preparations is
consistent with recent work showing that CRAF is less tightly regulated
by CRD-mediated autoinhibition as compared with BRAF”. Despite the
abundance of the open monomer, it is clear that the fully closed auto-
inhibited state is relevant to CRAF regulation - most oncogenic and
rasopathy mutations in CRAF perturb phosphorylation of the S259 14-3-3
binding site**”', and truncations of the CRD region have long been
known to result in CRAF activation’. Thus, it appears that CRAF is simply
less tightly regulated via this mechanism as compared with BRAF.

RAS-driven membrane recruitment and phosphorylation of the
NtA motif by Src kinases can independently activate CRAF, but both
are required for maximal activation®”>’®, Beyond a role as an
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intermediate in RAS-dependent activation, the open monomer state
may set the stage for this two-part regulatory mechanism. We spec-
ulate that the open monomer state, as opposed to the fully auto-
inhibited state, is a substrate for NtA phosphorylation. Because we
have not been able to separate open monomers from fully auto-
inhibited CRAF/MEK/14-3-3 complexes, we have not tested this notion
directly. However, phosphomimetic mutations in the CRAF NtA have
previously been shown to interfere with autoinhibition mediated by
the N-terminal RBD/CRD region”, and consistent with this our
CRAF™ preparations have a very low fraction of particles in the fully
autoinhibited state (Supplementary Fig. 5). And while open monomers
that are phosphorylated on the NtA motif (or that bear the SSDD
mutation) are catalytically active, they are less active than CRAF dimers
(Fig. 1d). Thus it is reasonable to expect that in a cellular context, NtA-
phosphorylated open monomers could be further activated by RAS-
driven, 14-3-3 stabilized dimerization at the plasma membrane.

The phosphorylated NtA motif has been suggested to promote
kinase domain dimerization and activation via binding in trans to the
opposite protomer™>®>%*>, While we do not exclude a possible con-
tribution to activation via this mechanism, our data suggest that
phosphorylation of this segment or its replacement with the SSDD
sequence found in the corresponding region of BRAF destabilizes the
autoinhibited conformation of the kinase domain in a manner that
involves repositioning of Trp342. Trp342 has previously been shown to
be important for stabilizing RAF in the active dimeric state®’. Analo-
gous to the role of the corresponding residue in Src-family kinases®*,
we see that Trp342 is also important for stabilizing the inactive, C-
helix-out conformation of CRAF. Phosphorylation or mutation of the
adjacent NtA motif apparently releases Trp342 from its inhibitory
position. Phosphorylation of the NtA motif could be expected to
promote kinase domain dimerization simply by destabilizing the
inactive conformation, thereby lowering the energy barrier to dimer-
ization, irrespective of a potential effect via direct binding interactions
of the phosphorylated motif.

In part due to its role in KRAS-driven cancers, CRAF is a prominent
target for development of anti-cancer therapeutics*®. Because the
kinase activity of CRAF is not essential for its role in oncogenesis,
simply inhibiting CRAF is not expected to be a viable approach**°,
Targeted degradation of CRAF has been suggested as one
alternative***, Although CRAF kinase activity is dispensable, its ability
to dimerize is required®. The autoinhibited state blocks dimerization
and holds CRAF in an inactive state, but is relatively unstable. Thus,
small molecules that stabilize the fully autoinhibited state, perhaps by
cementing interactions of the CRD with the kinase domain and/or 14-3-
3 dimer, would be an attractive route to blocking both the catalytic
activity and scaffolding/dimerization functions of CRAF.

Methods

Protein expression and purification

Full-length CRAF**"Y/MEK1/14-3-3, CRAF**°°/MEK1/14-3-3, and
BRAF/MEK1/14-3-3 complexes. Recombinant baculovirus expressing
full-length CRAF with the Q156R and D587E mutations and either the
wild-type (**¥SSYY**!) NtA motif or the Y340D/Y341D (SSDD) mutant
was prepared using the pAC8 baculoviral transfer vector, which con-
tains an N-terminal Hisgs-tag and a C-terminal Strep-tag. The baculo-
virus for the full-length wild-type BRAF was prepared as previously
described'™. For protein expression using the baculovirus system and
Sf9 cells, liter-scale cultures of Sf9 cells were infected with high-titer
baculoviral stocks expressing the RAF construct of interest at 0.5% of
the final culture volume. Co-expression with MEKI*** was accom-
plished by co-infection with a second recombinant baculovirus
expressing full-length MEK1 with the S218A/S222A mutation and an
N-terminal Hisg-tag at an equal volume. After 72 hours post-infection,
cells were harvested by centrifugation at 1500 g, then lysed in buffer
containing 50 mM Tris, pH 7.4, 150 mM NaCl, 2mM MgCl,, 0.5 mM

TCEP, 15 mM imidazole, 20 uM ATPYS, 1uM GDC-0623, and protease
inhibitor cocktail (Thermo Fisher Scientific) using sonication. The
lysates were subjected to ultracentrifugation at 40,000 rpm (186,010 g
at the max radius) for 1.5 hours and applied to a HisTrap HP column
(Cytiva) equilibrated with Buffer A (50 mM Tris, pH 7.5, 150 mM NaCl,
2 mM MgCl,, 0.5mM TCEP, 2 uM ATPYS, 1uM GDC-0623). After wash-
ing with Buffer A supplemented with 30 mM imidazole, the proteins
were eluted with Buffer B (50 mM Tris pH 8.0, 150 mM NacCl, 2 mM
MgCl,, 0.5mM TCEP, 300 mM imidazole, 2uM ATPyS, 1M GDC-
0623). The eluted proteins were then applied to a StrepTrap HP col-
umn (Cytiva) equilibrated with Buffer A. Following a wash with Buffer
A, the bound proteins were eluted with Buffer A supplemented with
10 mM desthiobiotin at pH 7.5 and subsequently injected onto a
HiLoad 16/600 Superose 6 pg column (Cytiva) equilibrated with Buffer
A. The proteins from the main peak were concentrated and applied to a
Superdex200 Increase 10/300 GL column (Cytiva), also equilibrated
with Buffer A. The final protein solution was concentrated to
approximately 1 mg/ml using an Amicon Ultra concentrator (50 kDa
MWCO, Millipore). Purified proteins were analyzed by SDS-PAGE,
which confirmed that the co-expressed RAF and MEK1 proteins were
co-eluted with stoichiometric amounts of endogenous insect 14-3-3¢
and 14-3-3¢, forming the desired CRAF/MEK1/14-3-3 or BRAF/MEK1/14-
3-3 complex.

CRAF~VSYY/MEK1/14-3-3, CRAF"V$S°®/MEK1/14-3-3, and BRAF""/
MEK13*%4/14-3-3. Expression and purification of the N-terminally
truncated active RAF dimers was performed as previously
described®®. Briefly, N-terminally truncated wild-type CRAF
(CRAFANSYY: residues 308 - 648) or Y340D/Y341D mutant CRAF
(CRAF*¥SSPP: residues 308 - 648), or N-terminal truncated wild-type
BRAF (BRAF*": residues 419 - 766) were co-expressed with full-length
MEK1. CRAF*NSSPP and BRAF*N were co-expressed with mutant MEK1
(S218A/S222A) and CRAF*¥S"Y was co-expressed with wild-type MEK1.
Sf9 cells were harvested by centrifugation and lysed by sonication in
Ni?*-binding buffer (pH 8.0, 50 mM Tris, 150 mM NaCl, 10 mM MgCl,,
1mM TCEP, 1uM AMP-PNP, and protease inhibitor cocktail (Thermo
Fisher Scientific). The lysate was applied to Ni**“NTA agarose beads
(Qiagen) equilibrated with Ni**-binding buffer, followed by washing
with Ni?*-binding buffer supplemented with 30 mM imidazole. Bound
proteins were eluted with Ni?-binding buffer supplemented with
250 mM imidazole. The eluted fractions were concentrated by Amicon
Ultra concentrator (30 Kda MWCO, Millipore) and injected onto a
Superdex 200 Increase 10/300 column (Cytiva). Purified proteins were
analyzed by SDS-PAGE, which confirmed that the co-expressed RAF
and MEK1 proteins were co-eluted with stoichiometric amounts of
endogenous insect 14-3-3¢ and 14-3-3(, forming the desired dimeric
CRAF/MEK1/14-3-3 or BRAF/MEK1/14-3-3 complexes.

SHOC2-PP1C-MRAS complex. The SHOC2-PP1C-MRAS phosphatase
complex was expressed and purified as previously described’. Briefly,
recombinant baculoviruses expressing full-length SHOC2, MRAS
(residues 1-178), and full-length PP1C fused to a Hise-tag and maltose
binding protein (MBP) were individually prepared and co-infected into
liter-scale cultures of sf9 cells. A recombinant baculovirus expressing
full-length SUGT1, a chaperone protein, was also co-infected to
enhance the production yield and quality of the SHOC2-PP1C-MRAS
complex. Cells were harvested 72 hours post-infection and lysed using
sonication in buffer A (20 mM HEPES, pH 7.5, 300 mM NaCl, 1mM
TCEP, and 1uM GMPPNP) supplemented with 10 uM GMPPNP and
protease inhibitor cocktail (Thermo Fisher Scientific). The lysates were
clarified by ultracentrifugation at 40,000 rpm (186,010 g at the max
radius) for 1.5 hours and loaded onto a HisTrap HP column (Cytiva).
After washing with buffer A supplemented with 40 mM imidazole,
bound proteins were eluted using a linear gradient of buffer B (20 mM
HEPES, pH 7.5,300 mM NaCl, 1 mM TCEP, 500 mM imidazole, and 1 M
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GMPPNP). The eluted proteins were subsequently buffer-exchanged to
buffer A using HiPrep Desalting columns packed with Sephadex G-25
resin (Cytiva) and treated with TEV protease at a 1:50 ratio at 4 °C
overnight. His-tagged TEV protease and cleaved His-MBP were
retained on a HisTrap HP column (Cytiva), while the cleaved proteins
were eluted using buffer A supplemented with 40 mM imidazole. The
eluted fractions were concentrated by Amicon Ultra concentrator
(50 kDa MWCO, Millipore) and injected onto a Superdex 200 Increase
10/300 column (Cytiva) equilibrated with buffer C (20 mM HEPES pH
7.5, 150 mM NaCl, 1 mM TCEP, and 1uM GMPPNP). SDS-PAGE analysis
confirmed the formation of the SHOC2-PPIC-MRAS complex in a
stoichiometric ratio.

Cryo-EM grid preparation and data acquisition

To prepare grids for cryo-EM, CRAFYY/MEK1***/14-3-3 or CRAF**"®
/MEK1%*%%/14-3-3 complex at a concentration of 0.4 mg/ml was pre-
pared in buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM
MgCl,, 0.5 mM TCEP, 10 uM ATPYS, and 2 uM GDC-0623. The protein
complexes were applied to holey gold grids (UltrAuFoil R 0.6/1.0, 300
mesh), which had been glow-discharged for 2 min at 20 mA using
GloQube Plus (Quorum). Grids were blotted for 2-3 s, post-blotted for
an additional 2 s using LEICA EM GP (Leica Microsystems) at 11 °C and
95% relative humidity, and then immediately plunged into liquid
ethane.

The data collection was conducted on a Titan Krios (Thermo
Fisher Scientific) at 300 keV equipped with a Falcon4i direct electron
detector and Selectris Energy Filter operated using EPU. Approxi-
mately 50 frames per movie were collected at a magnification of
165,000x (corresponding to 0.73 A per pixel) with a total exposure
dose of ~50 electrons and a defocus range of 0.8 to 1.8 um. For the
kinase domain open monomer CRAFSSYY/MEK1%*%%/14-3-3 complex, a
total of 9,198 micrographs were collected on one grid. For the fully
autoinhibited CRAF*YY/MEK1****/14-3-3 complex, a total of 11,510
micrographs were collected on one grid. For the CRAFS®® MEK154%%/14-
3-3 complex, a total of 13,349 micrographs were collected on one grid,
with 6060 of these acquired at a 30° tilt to increase observed orien-
tation. Details of the data collection and dataset parameters are sum-
marized in Supplementary Tables 1 and 2.

Cryo-EM data processing and model building

For the CRAFYY/MEK1*%/14-3-3 complex, 9198 movies were pro-
cessed using Patch motion correction and Patch CTF estimation in
CryoSPARC”. Initial particle picking with crYOLO® yielded 1,320,979
particles, which were reduced to 905,495 through iterative 2D classi-
fication. Micrographs with CTF resolutions poorer than 4.8 A were
excluded, resulting in 6634 retained micrographs. New particles were
picked using a Topaz® model trained on the previous particles,
yielding 1,213,559 particles, which were reduced to 967,637 particles
through iterative 2D classification. To remove junk particles and dis-
tinguish between different conformations, ab initio reconstruction
and heterogeneous refinement were carried out, specifying six 3D
classes. This approach yielded three distinct classes representing dif-
ferent RAF complex configurations (177,653 particles for the auto-
inhibited complex, 258,542 particles for the kinase domain open
monomer complex, and 176,231 particles for the open monomer
complex). Each of the three classes was further refined individually via
homogeneous refinement followed by non-uniform refinement. Par-
ticle orientations were well-distributed for the reconstruction of the
kinase domain open monomer complex, but the autoinhibited com-
plex and the open monomer complex reconstructions exhibited sig-
nificant preferred orientations. To refine the kinase domain open
monomer complex, multiple rounds of heterogeneous refinement
using decoy volumes were conducted to remove residual junk parti-
cles. Following reference-based motion correction of the remaining
particles, a final homogeneous refinement followed by non-uniform

refinement yielded a map at 2.9 A (unmasked). The overall scheme for
the data processing is summarized in Supplementary Fig. 3.

To improve the map of the autoinhibited CRAFSYY/MEK1%*/14-3-
3 complex, 11,510 movies were collected using a new grid and pro-
cessed using a similar strategy as described above. Initial particle
picking with crYOLO®* yielded 1,810,081 particles, which were reduced
to 1,717,003 through 2D classification. New particles were picked with
a Topaz® model trained on the previous particles, yielding 1,749,602
particles, which were reduced to 1,742,278 particles through 2D clas-
sification. Ab initio reconstruction and heterogeneous refinement
were performed with eight 3D classes, resulting in three distinct clas-
ses corresponding to the previously observed RAF complex config-
urations. Particle orientations were well-distributed for the
autoinhibited complex and kinase domain open monomer complex,
whereas the open monomer complex still exhibited substantial pre-
ferred orientations. To further refine the autoinhibited complex,
multiple rounds of heterogeneous refinement using decoy volumes
were used to remove residual junk particles. Following reference-
based motion correction of the remaining particles, a final homo-
geneous refinement followed by non-uniform refinement yielded a
map at 3.4 A (unmasked). The overall scheme for the data processing is
summarized in Supplementary Fig. 4.

For the CRAFSP°/MEKI®**/14-3-3 complex, 7289 movies were
processed using Patch motion correction and Patch CTF estimation in
CryoSPARC”. Particles were picked using a Topaz® model trained on
manually selected particles, yielding 2,814,493 particles. After remov-
ing junk particles through iterative 2D classification, 2,397,630 parti-
cles were used for ab initio reconstruction with five 3D classes.
Particles of three 3D classes corresponding to the kinase monomer
complex were further refined through additional rounds of 2D classi-
fication and ab initio reconstruction. A subset of 451,072 particles from
the best 3D class was refined using homogenous refinement and non-
uniform refinement. However, the resulting map still exhibited pre-
ferred orientation issues. To address this, template-based particle
picking was carried out using the intermediate map, which yielded
2,647,126 particles. Extensive particle sorting was then conducted
through iterative 2D classification, heterogeneous refinement with
decoy volumes, and rebalance orientation in CryoSPARC”. The
remaining 175,813 particles were subjected to reference-based motion
correction, followed by homogenous refinement and non-uniform
refinement, resulting in a final map at 3.3 A (unmasked). The overall
scheme for the data processing is summarized in Supplementary Fig. 5.

In this dataset, maps for both the autoinhibited complex and the
open monomer complex were reconstructed. However, the number of
particles corresponding to the autoinhibited complex was insufficient,
and the open monomer complex exhibited severe preferred orienta-
tion. In order to mitigate the preferred orientation of particles in the
open monomer state, 6060 additional movies were collected from the
same grid at a 30° tilt. These tilted movies were processed using Patch
motion correction and Patch CTF estimation in CryoSPARC”. Particle
picking with crYOLO®® yielded 1,170,212 particles. Although data
quality was reduced due in part to increased ice thickness, 101,829
particles for the open monomer complex were successfully isolated
through 2D classification. These particles were subjected to ab initio
reconstruction and heterogeneous refinement, resulting in the inter-
mediate map with 76,924 particles. Using this map, template-based
particle picking was performed, resulting in 2,223,388 particles.
Extensive particle sorting was then carried out through iterative 2D
classification and heterogeneous refinement with decoy volumes. The
remaining 131,440 particles were subjected to reference-based motion
correction, followed by homogenous refinement and non-uniform
refinement, resulting in a final map at 3.9 A (unmasked). The overall
scheme for the data processing is summarized in Supplementary Fig. 6.

Local resolution estimates for all reconstructions, calculated in
RELION®?, are color-coded in the corresponding cryo-EM maps. Gold-
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standard Fourier shell correlation (GSFSC) curves and conical FSC
curves assessing directional resolution are shown in Supplemen-
tary Fig. 7.

Atomic models were fit into cryo-EM maps using ChimeraX®** and
were further refined with PHENIX®** and Coot®. PDB entry 9AY7 was
used as an initial model for the CRAF**YY and MEK1**** kinase domains
in the kinase domain open monomer, which was manually rebuilt and
refined in the corresponding cryo-EM map. This refined CRAF*"Y/MEK1
model was used as an initial model for the autoinhibited CRAF*YY/
MEK1/14-3-3 complex, together with the 14-3-3 portion of PDB entry
6NYB and an Alphafold3-generated model for the CRD, pSer259, and
pSer621 segments. The refined CRAF"Y/MEK1 model was also used as
an initial model for the CRAF*®® and MEK1%*** kinase domains in the
kinase domain open monomer, which was manually refined in the
corresponding cryo-EM map. The refined CRAF®"Y/MEK1 mode,l
together with the 14-3-3 portion of PDB entry 6NYB was used as an
initial model for the CRAF*’°/MEK1/14-3-3 open monomer, with
reference to an Alphafold3 model for fitting of the pSer621 segment.
Final refinement statistics for the CRAFSYY/MEK1**%/14-3-3 and
CRAF*"°/MEK15*/14-3-3 complex structures are presented in Sup-
plementary Tables 1 and 2, respectively.

RAF kinase activity assay

A time-resolved FRET (TR-FRET) assay was performed to measure RAF
complex kinase activity using a modified HTRF KinEASE assay kit
(Cisbio) essentially as previously described*®. Briefly, RAF complexes
were prepared at concentrations ranging from 100nM to 49 pM
through 2-fold serial dilutions in kinase buffer supplemented with
25mM MgCl, and 0.25mM TCEP, along with 250 uM biotinylated-
MEK1 as the substrate. The reactions were initiated by adding 200 uM
ATP and incubated for 40 min at room temperature. The reactions
were then quenched using detection buffer, supplemented with an
anti-phospho MEK1/2 antibody coupled to Eu** as the FRET donor and
XL665-streptavidin conjugate as the FRET acceptor. Following a 30-
minute development, FRET signal ratios were measured at 665 and
620 nm using a PHERAstar microplate reader (BML).

RAF dephosphorylation assay

RAF complexes at a concentration of 200 nM were incubated with the
SHOC2-PP1C-MRAS complex at concentrations of 400 nM, 200 nM,
100 nM, 50 nM, and 25 nM for 90 min at 37 °C in a buffer containing
20 mM HEPES pH 7.5, 150 mM NacCl, 2 mM MgCl,, 2 mM MnCl,, 1mM
TCEP, 0.02% Brij 35. Reaction products were analyzed by Western blot
using phospho-specific antibody for CRAF phosphorylated at Ser259
or BRAF phosphorylated at Ser365 (Cell Signaling Technology, #9421).
For a loading control, the membranes were stripped using stripping
buffer (Thermo Scientific) and re-probed with antibodies for against
CRAF or BRAF (Cell Signaling Technology, #53745 for CRAF and
#14814 for BRAF).

Following dephosphorylation, RAF complex activity was assessed
using two approaches: the first measuring phosphorylation of MEK1 in
an HTRF assay (Cisbio) and the second measuring phosphorylation of
ERK in a cascade assay via Western blot. For the HTRF assay, reaction
products were diluted to 20 nM RAF complex in kinase buffer sup-
plemented with 25 mM MgCl,, 0.25 mM TCEP, and 1 mM NasVO,, along
with 250 uM biotinylated-MEK1 as the substrate. Reactions were initi-
ated by adding 200 uM ATP and incubated at the indicated time points.
At each time point, the reactions were quenched using detection
buffer, supplemented with an anti-phospho MEK1/2 antibody coupled
to Eu** as the FRET donor and XL665-streptavidin conjugate as the
FRET acceptor. Following a 30-minute development, FRET signal ratios
were measured at 665 and 620 nm using a PHERAstar microplate
reader.

In the ERK cascade assay, reaction products were diluted to 5nM
RAF complex in a buffer containing 20 mM HEPES pH 7.5, 150 mM

NaCl, 2 mM MgCl,, 1 mM TCEP, and 1 mM Na;VOy,, and incubated with
10nM MEK1 and 4 uM ERK2 in the presence of 1mM ATP. At the
indicated time points, reactions were quenched by adding 2x SDS
sample buffer followed by heat inactivation for 5min at 85°C. Assay
results were analyzed by Western blot using a phospho-ERK1/2 anti-
body (Cell Signaling Technology, #45899). For a loading control, the
membranes were stripped using stripping buffer (Thermo Scientific)
and re-probed with an anti-ERK1/2 antibody (Cell Signaling Technol-
ogy, #9102).

Mass spectrometry analysis

Proteins were denatured in 8 M urea in HEPES pH 8. Disulfide bonds
were reduced in 5 mM TCEP for 30 minutes and alkylated with 10 mM
iodoacetamide for 45 minutes in the dark. Reactions were quenched
with DTT. Urea was diluted to 1M with 50 mM HEPES, pH 8, prior to
digestion with trypsin (1:50 enzyme: protein) for 16 hours at 32 °C.
Digests were acidified and desalted over C18 resin (SOLAp, Thermo
Fisher Scientific).

Digested peptides were analyzed on an Orbitrap Eclipse mass
spectrometer coupled to an Ultimate 3000 RSLCnano (Thermo Fisher
Scientific). Peptides were separated over a 50-cm C18 column (ES903,
Thermo Fisher Scientific) with a 70-min gradient of 6-30% acetonitrile
in 0.1% formic acid and electrosprayed (1.9 kV, 300 °C) with an Easy-
Spray ion source. Precursor ion scans (375-1,325 m/z) were obtained in
the Orbitrap (120,000 resolution, profile). Data-dependent MS? scans
(n=2in15s, exclusion duration = 30 s) were acquired in the Orbitrap
following HCD fragmentation (35% NCE, 0.7 m/z isolation, 30,000
resolution).

Raw data were searched against a sequence database containing
the engineered protein sequences and common contaminants using
SEQUEST in Proteome Discoverer 2.4, permitting a mass tolerance of
+10 ppm, 2 missed cleavages by trypsin, static carbamidomethylation
of Cys, and the following variable modifications: oxidation of Met,
phosphorylation of Ser/Thr/Tyr. Peptide spectral matches were vali-
dated using a target/decoy approach (1% FDR). Spectra of identified
phosphopeptides were manually validated to confirm accurate site
localization. Precursor ions were quantified with the Minora Feature
Detector, Feature Mapper, and Precursor lon Quantifier nodes. Phos-
phorylation site occupancy was estimated from the ratio of phos-
phopeptide abundance to the summed abundance of all species,
phosphorylated and unphosphorylated, containing each site of
interest.

Size-exclusion chromatography with multiangle light scattering
The CRAFS®®/MEK1/14-3-3 complex was applied to a Superdex 200
Increase 10/300 column (Cytiva) in the buffer containing 50 mM Tris-
HCI pH 7.5,150 mM NaCl, 2 mM MgCl,, 0.5 mM TCEP, 2 uM ATPyS, and
1M GDC-0623. In-line multi-angle light scattering analysis was per-
formed with an OptiLab rEX refractive index detector followed by a
miniDAWN TREOS light scattering detector, and data were analyzed
with ASTRA (Wyatt Technology).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM maps of the CRAFSSYY/MEK1%**/14-3-3 complex in the
autoinhibited conformation and kinase domain open monomer con-
formation were deposited to the EM Data Bank (https://www.ebi.ac.uk/
emdb/) under accession codes EMD-48397 and EMD-48399, respec-
tively. Cryo-EM maps for the CRAF***°/MEK1°*5%/14-3-3 complex in the
open monomer conformation and kinase domain open monomer
conformation were deposited to the EM Data Bank under accession
codes EMD-48401 and EMD-48402, respectively. Atomic models for
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the CRAFSYY/MEK15%%/14-3-3 complex in the autoinhibited conforma-
tion and kinase domain open monomer conformation were deposited
to the Protein Data Bank (PDB) and are available at www.rcsb.org under
accession codes 9MMP and 9MMQ. Atomic models for the CRAFSP?/
MEK1%*%/14-3-3 complex in the open monomer conformation and
kinase domain open monomer conformations were deposited to the
PDB under accession codes 9MMR. and 9MMS, respectively. Detailed
information for all maps and models generated in this work is provided
in Supplementary Tables 1 and 2. Source data including mass spec-
trometry analysis and unprocessed western blots are provided with
this paper. Source data are provided with this paper.
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