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            Abstract
RAF family kinases are RAS-activated switches that initiate signalling through the MAP kinase cascade to control cellular proliferation, differentiation and survival1,2,3. RAF activity is tightly regulated and inappropriate activation is a frequent cause of cancer4,5,6; however, the structural basis for RAF regulation is poorly understood at present. Here we use cryo-electron microscopy to determine autoinhibited and active-state structures of full-length BRAF in complexes with MEK1 and a 14-3-3 dimer. The reconstruction reveals an inactive BRAF–MEK1 complex restrained in a cradle formed by the 14-3-3 dimer, which binds the phosphorylated S365 and S729 sites that flank the BRAF kinase domain. The BRAF cysteine-rich domain occupies a central position that stabilizes this assembly, but the adjacent RAS-binding domain is poorly ordered and peripheral. The 14-3-3 cradle maintains autoinhibition by sequestering the membrane-binding cysteine-rich domain and blocking dimerization of the BRAF kinase domain. In the active state, these inhibitory interactions are released and a single 14-3-3 dimer rearranges to bridge the C-terminal pS729 binding sites of two BRAFs, which drives the formation of an active, back-to-back BRAF dimer. Our structural snapshots provide a foundation for understanding normal RAF regulation and its mutational disruption in cancer and developmental syndromes.
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                    Fig. 1: Structure of an autoinhibited BRAF–MEK1–14-3-3 complex.[image: ]


Fig. 2: Conformation of the autoinhibited BRAF kinase domain and location of oncogenic mutations.[image: ]


Fig. 3: The 14-3-3 domain blocks the BRAF dimer interface and occludes the membrane-binding region of the CRD domain.[image: ]


Fig. 4: Structure and activity of active, dimeric BRAF–MEK1–14-3-3 complexes.[image: ]
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                Data availability

              
              Three-dimensional cryo-EM density maps have been deposited in the Electron Microscopy Data Bank (EMDB) with accession codes EMD-0541, EMD-20550, EMD-20552 and EMD-20551. Atomic coordinates corresponding to these cryo-EM reconstructions have been deposited in the Protein Data Bank (PDB) with accession codes 6NYB, 6Q0J, 6Q0T and 6Q0K. Structure factors and atomic coordinates for the BRAF kinase domain–MEK1 crystal structure have been deposited in the PDB with accession code 6PP9.
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Extended data figures and tables

Extended Data Fig. 1 Biochemical characterization of purified BRAF complexes and cryo-EM analysis of the autoinhibited BRAF–MEK1–14-3-3 complex.
a, The full-length, autoinhibited BRAF–MEK1–14-3-3ε,ζ complex used for cryo-EM structure determination. Left, the elution profile from SEC on a Superdex 200 column; centre, Coomassie-stained SDS–PAGE analysis of elution fractions; right, analysis by size-exclusion chromatography with multi-angle light scattering. A molar mass of 196 kDa was indicated; the calculated molecular weight of the complex is 192 kDa. b, Analysis of co-expression of human 14-3-3 isoforms with BRAF and MEK1 in insect cells. Left, Strep-tagged BRAF, MEK1(S218A/S222A) and the indicated Flag-tagged human 14-3-3 isoforms were co-expressed in Sf9 cells and BRAF–MEK1–14-3-3 complexes were affinity-isolated from clarified lysates with either Strep-TactinXT (left four lanes) or anti-Flag (right four lanes) magnetic beads. Right, parallel gels were blotted with an anti-14-3-3 antibody that recognizes all 14-3-3 isoforms (top blot) or with an anti-Flag antibody (bottom blot). Note that even in the presence of robust overexpression of these human isoforms, BRAF preferentially associated with the endogenous insect-cell 14-3-3 proteins (as seen in the Strep-TactinXT-precipitated lanes of the Coomassie-stained gel). c, Mass-spectrometry-based quantification of selected phosphorylation sites in complexes with wild-type BRAF and with BRAF(S365A) purified for structural analysis. Note that the BRAF(S365A) complex was prepared with MEK1(S218A/S222A), whereas the wild-type BRAF complex used in this analysis contained wild-type MEK1. d, Portion of a representative micrograph used for reconstruction of the autoinhibited BRAF–MEK1–14-3-3 complex. e, Representative 2D class averages for reconstruction of the autoinhibited BRAF–MEK1–14-3-3 complex. Scale bar, 10 nm. f, Fourier shell correlation (FSC) curves for the reconstruction. The horizontal line indicates a correlation of 0.143; the FSC curve for two half-maps (blue) crosses this threshold at a resolution of 4.1Å. A correlation curve for the map versus the atomic model is plotted in red. g, The cryo-EM map of the autoinhibited BRAF–MEK1–14-3-3 complex filtered to 5 Å resolution and contoured at a lower level to reveal weaker density corresponding to the RBD domain. The map surface is coloured by domain as in Fig. 1. Unassigned densities (grey) can be ascribed to the RBD domain and other poorly structured elements as indicated. For gel source data, see Supplementary Fig. 1. Experiments in a and b were repeated at least twice with similar results. Imaging experiments in d and e were repeated four times with similar results.


Extended Data Fig. 2 14-3-3 domain sequence alignment and interactions of the CRD domain in the autoinhibited state.
a, Sequence alignment of insect-cell (S. frugiperda) and human 14-3-3 isoforms. Secondary structure is indicated above the alignment. Identically conserved residues are shaded red. Symbols above the alignment indicate contacts with the BRAF CRD domain (purple squares), kinase domain (blue triangles), and pS365 or pS729 segments (black circles). b, Interactions of the CRD domain. Domains that contact the CRD are shown with a transparent surface and the CRD domain is shown as a purple ribbon with grey spheres representing bound zinc atoms. Sidechains are shown for CRD residues that correspond to 7 (of 11 total) residues identified in an alanine scanning mutagenesis study of the CRAF CRD domain27. Alanine mutations in the corresponding residues increased RAS(G12V)-dependent activation of CRAF. Two mutations in this study fully activated CRAF in the absence of RAS(G12V); the corresponding BRAF residues are F247 and D249. F247 makes hydrophobic contacts with both the kinase C-lobe and the 14-3-3 domain, whereas D249 is positioned to form a salt bridge with R691 in the kinase C-lobe. The remaining four residues are also at sites of interdomain contacts but are not illustrated (T241, K253, Q262 and K267).


Extended Data Fig. 3 Interactions of the 14-3-3 dimer with BRAF in the autoinhibited state.
a–d, Cryo-EM density is shown at key sites of interaction that stabilize the autoinhibited complex, and domains are coloured as in Fig. 1. a, A portion of the interface between the CRD and 14-3-3 domain. b, The pS365 segment (CR2) bound in the recognition groove of the 14-3-3 domain. c, Contact between the α8–α9 loop of the 14-3-3 domain and the BRAF kinase domain. d, The C-terminal pS729 segment coordinated in the opposite recognition groove of the 14-3-3 dimer. The map is contoured at the same level in a–d. e, Front and back views of the reconstruction. We observe continuous density connecting the C terminus of the BRAF kinase and the pS729 14-3-3 binding site (inset). f, Comparison of the binding mode of the pS365 segment in the present structure with that in a previously determined crystal structure of an isolated CRAF peptide bound to 14-3-3ζ (PDB ID: 3NKX). The corresponding region of the present structure (the pS365 segment is shown with orange carbon atoms and the 14-3-3 domain is shown in tan) is superimposed on the 3NKX crystal structure (shown in blue and cyan), revealing a close correspondence in conformations of the bound peptides. g, The BRAF CRD is a hot spot for RASopathy mutations, which map to sites of contact between the CRD (purple), kinase (blue) and 14-3-3 domains (tan), and are expected to destabilize the autoinhibited assembly. Sites of RASopathy mutations are shown in stick form and are labelled. RASopathy mutations in the BRAF kinase domain (Q709) and CR2 region (red, S365) are also expected to destabilize these inhibitory intramolecular contacts.


Extended Data Fig. 4 Additional views and analysis of the BRAF and MEK kinase domains in the autoinhibited BRAF–MEK1–14-3-3 complex.
a, Cryo-EM density map in the region of the BRAF active site showing bound ATP-γ-S. b, Cryo-EM density map in the region of the MEK1 active site indicating bound ADP, which is probably hydrolysed from ATP-γ-S. Maps in a and b are contoured at the same level. c, Superposition of the BRAF–MEK1 component of the present autoinhibited cryo-EM structure (green and dark blue) with the previously reported crystal structure of a BRAF and MEK1 kinase domain complex (yellow and light blue; PDB ID: 4MNE). The superposition is based on the MEK component of the structures, and it reveals a relative rotation of BRAF of approximately 5° about the C-lobe contact. d, Superposition of the BRAF kinase domain from the present structure with that of previously isolated BRAF–MEK kinase complex (PDB ID: 4MNE). Note that the present structure (dark blue, with C-helix coloured purple and the activation segment orange) exhibits key features of an autoinhibited state (C-helix out, with an inhibitory turn in the activation segment), whereas the previous structure (light blue) adopts an overall active conformation. e, Detailed view of a portion of the C-lobe contact between BRAF (blue) and MEK1 (green). f, Portions of the BRAF (blue) and MEK1 (green) activation segments interact in an anti-parallel orientation. Activating phosphorylation sites in the MEK1 activation loop are substituted with alanine in this structure (S218A/S222A), but neither residue is positioned appropriately for phosphorylation by BRAF. Note that our discussion of these interactions relies in part on the crystal structures referenced to build the atomic model, as the cryo-EM map in this region does not unambiguously define all sidechain conformations. g–j, Comparison of BRAF kinase domain conformations and relative N- and C-lobe orientations. g, Sulfonamide-containing BRAF inhibitors perturb the inactive conformation of BRAF. The BRAF kinase domain in the present structure (blue ribbon, with C-helix coloured red and the activation segment orange) is superimposed on the structure of the BRAF kinase domain crystallized as a monomer with PLX4720 (grey, PDB ID: 4WO5). The superposition is based on the C-lobes of both kinases, revealing an altered orientation of the N-lobe in the inhibitor-bound structure (a rotation of around 15°). Note also that the inhibitory turn in the activation segment helix is replaced by a short helix in the PLX4720 complex. h, Alternative view of the superposition shown in g, highlighting the axis of rotation (pink arrow) between the N-lobes. i, As in h, but with a representative inhibitor-bound dimeric BRAF structure superimposed (PDB ID: 5CSW, a dabrafenib complex). The rotation axes for N-lobe rotations of dimer structures are shown as green arrows. Note that the orientation of the rotation axis is similar for all of the dimer structures, but almost orthogonal to that of the monomer structure in h. In both h and i, the Cα atoms of K522 are shown as spheres as a point of reference. j, Relative N-lobe rotation of wild-type and BRAF(V600E) crystal structures available in the Protein Data Bank (PDB) are compared with the present nucleotide-bound, autoinhibited structure. As illustrated in h and i, C-lobes of the BRAF kinase domains were superimposed, and the rotation required to bring the kinase N-lobes into register were calculated using PyMOL. With the exception of 4MNE, all structures compared were determined in complex with inhibitors.


Extended Data Fig. 5 Additional analysis of the crystal structure of the autoinhibited BRAF–MEK1 kinase domain complex.
a, Crystallographic data collection and refinement statistics for the structure of the BRAF kinase domain (BRAFKD) in complex with MEK1(S218A/S222A), AMP-PNP and MEK inhibitor GDC-0623. Data were recorded from a single crystal. b, The crystal structure of the autoinhibited BRAF–MEK1 kinase domain complex is superimposed on the corresponding region of the autoinhibited cryo-EM structure. c, ATP-analogue AMP-PNP is extensively coordinated in the autoinhibited state. Hydrogen bonds from coordinating residues are indicated by dashed lines. d, MEK1 residue E102 in the β3–αC loop is positioned to form a hydrogen bond with a ribose hydroxyl of the nucleotide bound in the BRAF active site. e, Rare but recurrent oncogenic mutations in MEK1 map to the region of the N-terminal helix. A small, in-frame deletion of two residues (E102, I103) in the β3–αC loop maps to the region of the interface between BRAF and MEK1. f, RASopathy mutations in BRAF illustrated in the inactive conformation of the kinase domain. As with oncogenic mutations in many of the same residues, RASopathy-associated mutations will perturb nucleotide binding and/or the stability of the inhibitory turn. Notably, residues E501 and T599 form a hydrogen bond (dashed line) that appears to contribute to the stability of the inhibitory turn.


Extended Data Fig. 6 RAF sequence alignment.
Human ARAF, BRAF and CRAF sequences are aligned and identically conserved residues are shaded red. Secondary structure elements are indicated above the alignment. Symbols above the alignment indicate residues that, in the autoinhibited structure, lie at the interface with MEK1 (cyan circles), the CRD/14-3-3 interface (violet squares), the CRD/kinase domain interface (blue triangles), and the 14-3-3/kinase domain interface (yellow stars).


Extended Data Fig. 7 Purification and characterization of wild-type and BRAF(S365A) complexes.
a, BRAF(S365A) was co-expressed with MEK1(S218A/S222A) in insect cells, purified by serial Ni-NTA agarose and StrepTrapHP affinity chromatography, and subjected to SEC on Superose 6 column. The SEC elution trace is shown on the left with a Coomassie-stained SDS–PAGE gel of elution fractions on the right. A parallel gel was blotted with an antibody against pS729 (bottom right). BRAF activity in each fraction was measured in a MEK phosphorylation assay (top right; see Methods for assay details.). b, c, Side-by-side comparison of wild-type BRAF complexes isolated from insect cells without (b) and with (c) co-expression of MEK1(S218A/S222A). Complexes were purified by serial Ni-NTA agarose and StrepTrapHP affinity chromatography and subjected to SEC on Superose 6. The SEC elution traces are shown on the left with Coomassie-stained SDS–PAGE gels of elution fractions on the right. BRAF activity in each fraction was measured in a MEK phosphorylation assay as described above (top right). Note that co-expression of MEK1 markedly decreases the void peak and enables the isolation of a late-eluting peak (around 15 ml) with little MEK-phosphorylation activity that corresponds to the autoinhibited BRAF–MEK1–14-3-3 monomer complex (c, fractions B8–C3). d, Wild-type BRAF was expressed in mammalian HEK293 cells, purified by serial Ni-NTA agarose and StrepTrapHP affinity chromatography, and subjected to SEC on Superdex 200. e, Elution fractions from the wild-type BRAF–14-3-3 SEC run in d are analysed by SDS–PAGE and western blotting, revealing that BRAF co-purifies with endogenous human 14-3-3 proteins. Fractions were also blotted for total BRAF (anti-StrepII), pS365 and pS729. f, Mass spectrometry analysis of trypsin and Lys-C protease digests of peak fractions of the BRAF–14-3-3 complex from HEK293 cells revealed multiple peptide sequences that mapped uniquely to six of the seven human 14-3-3 isoforms. The δ and α isoforms are phosphorylation variants of ζ and β, respectively. For gel source data, see Supplementary Fig. 1. SEC experiments were repeated at least three times (a–e), activity assays twice (a) and once (b, c), and blotting twice (e) with similar results.


Extended Data Fig. 8 Cryo-EM imaging of dimeric, active-state BRAF complexes and mass-spectrometry-based measurement of phosphorylation stoichiometry in BRAF–14-3-3 and BRAF–MEK1–14-3-3 complexes.
a, Representative 2D class averages for the BRAF(S365A)–MEK1–14-3-3 complex. Scale bar, 10 nm. b, FSC curves for the BRAF(S365A)–MEK1–14-3-3 reconstructions presented in Fig. 4. c, SEC (Superose 6) traces for the indicated affinity-isolated BRAF complexes, prepared using insect or mammalian cells as described in Extended Data Fig. 7 and Methods. SEC experiments were repeated at least three times with similar results. d–f, Per cent phosphorylation of selected BRAF sites in successive elution fractions is plotted for each sample analysed in c. Fractional phosphorylation of these sites was measured using a mass-spectrometry-based assay (see Methods). d, Wild-type BRAF–14-3-3 complex produced by insect cells. e, Wild-type BRAF–14-3-3 complex produced by mammalian cells. f, BRAF–MEK1–14-3-3 complex produced in insect cells, prepared by co-expression of wild-type BRAF and MEK1(S218A/S222A). In d–f, note the high fractional phosphorylation of S729 in all samples, and the negligible phosphorylation of activation segment sites T599 and S602. g, Representative 2D-class averages for wild-type BRAF–14-3-3 complexes prepared from mammalian cells with (top) and without (bottom) the addition of BRAF inhibitor GDC-0879 (1 μM). Both samples yielded class averages indicative of the same particle architecture, but those of the drug-treated sample revealed better-defined secondary structure. Scale bar, 10 nm. h, FSC curve for the wild-type BRAF–14-3-3 reconstruction. i, Single-particle reconstruction of the wild-type BRAF–14-3-3 complex produced in mammalian cells treated with GDC-0879. The reconstruction reveals a back-to-back BRAF kinase domain dimer with a 14-3-3 dimer bridging between its C-terminal pS729 tails. Comparison of these front and back views reveals the highly asymmetric position of the 14-3-3 dimer with respect to the dimerized kinase domains. Imaging experiments in a and g were repeated twice with independent preparations, and gave similar results.


Extended Data Fig. 9 Structural snapshots outline a model for RAF activation.
The RBD domain is exposed in the context of the autoinhibited BRAF–MEK1–14-3-3 monomer complex, enabling high-affinity binding to farnesylated, GTP-loaded RAS at the plasma membrane. We propose that ‘extraction’ of the CRD domain upon binding to prenylated RAS at the membrane is a key step in RAF activation. Without the stabilizing interactions of the CRD domain, the 14-3-3 domain can release from the BRAF kinase domain and pS365 segment to form an ‘open’ monomer. We expect the RAF–MEK kinase module of the open monomer to maintain its inactive, ATP-bound conformation as observed in the crystal structure described here. Finally, the 14-3-3 domain can rearrange to bind the C-terminal pS729 sites of two open RAF molecules, driving formation of the active, back-to-back RAF dimer. As illustrated here, the stoichiometry of 14-3-3 binding changes upon activation, but we do not exclude the possibility that a second 14-3-3 dimer remains associated with the complex, for example by bridging the pS365 segments. KD, RAF kinase domain; red circles (pSer) represent the pS365 and pS729 14-3-3 binding segments.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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