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Abstract

Raf kinases are important cancer drug targets. Paradoxically, many B-Raf inhibitors induce the 

activation of Raf kinases. Cryo-EM structural analysis of a phosphorylated B-Raf kinase domain 

dimer in complex with dimeric 14-3-3, at a resolution of ~3.9 Å, shows an asymmetric 

arrangement in which one kinase is in a canonical “active” conformation. The distal segment of 

the C-terminal tail of this kinase interacts with, and blocks, the active site of the cognate kinase in 
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this asymmetric arrangement. Deletion of the C-terminal segment reduces Raf activity. The 

unexpected asymmetric quaternary architecture illustrates how the paradoxical activation of Raf by 

kinase inhibitors reflects an innate mechanism, with 14-3-3 facilitating inhibition of one kinase 

while maintaining activity of the other. Conformational modulation of these contacts may provide 

new opportunities for Raf inhibitor development.

One Sentence Summary:

A B-Raf dimer bound to 14-3-3 has one active kinase inactivating the other, analogous to the 

paradoxical activation of Raf by kinase inhibitors.

Raf proteins are the first kinases to be activated in the Ras/Raf/Mek/Erk kinase pathway, one 

of the key conduits for the transmission of extracellular signals to the nucleus in animal cells 

(1). The activation of Raf is initiated by the release of autoinhibition, through the binding of 

Ras•GTP to the Ras-Binding Domain of Raf (2–5). The phosphorylation of the C-terminal 

tail of Raf then results in its association with the scaffold protein 14-3-3, which promotes 

dimerization of the Raf kinase domains (6–8). B-Raf is the most studied of the three human 

Raf kinases, because more than 50% of human melanomas contain an activating mutation 

(Val600→Glu or V600E) in B-Raf (9). A breakthrough in the treatment of melanoma 

occurred with the development of small-molecule inhibitors that are effective against the 

V600E variant of B-Raf (10, 11). Unexpectedly, these inhibitors were found to activate 

signaling through activation of wild-type Raf isoforms (12–14). This paradoxical activation 

of Raf by a wide range of inhibitors remains puzzling, and has restricted the full potential of 

small-molecule therapy targeting B-Raf.

The paradoxical activating effects of Raf kinase inhibitors have their origin in the homo- and 

hetero-dimerization of Raf isoforms. Drug binding to only one of the Raf proteins in the 

dimer results in activation of the other (12–16). Active Raf kinase domains adopt a canonical 

structure, defined by an open conformation of the activation loop and inward rotation of 

helix αC (identified in Fig. 1). We refer to the active conformation as the “ON-state”, and it 

is stabilized by side-to-side dimerization of the kinase domains (16, 17). Inactive Raf kinase 

domains do not dimerize, either because of increased dynamics, or due to adoption of a 

catalytically unproductive “OFF-state” conformation, common to many kinases and referred 

to as the Cdk/Src OFF-state conformation (16, 18, 19). Many B-Raf inhibitors destabilize 

this OFF-state and, surprisingly, promote activation of the partner kinase in a dimer. At sub-

saturating concentrations of these inhibitors, inhibitor-bound kinase domains can dimerize 

with partner kinases that do not have inhibitor bound, stabilizing the ON-state in the 

inhibitor-free partner (12–14). In contrast, certain sulfonamide inhibitors that favor the 

adoption of the OFF-state conformation result in destabilization of the side-to-side Raf 

dimers, and do not exhibit paradoxical kinase activity (16).

The striking ability of kinase inhibitors to activate Raf leads to questions of fundamental 

interest in cell signaling and the development of effective cancer therapeutics. To help 

answer these questions, we have determined a structure of Raf in an activated state in 

complex with 14-3-3, without kinase inhibitors bound to it. We purified full-length human 

B-Raf in complex with the ε and ζ isoforms of insect cell 14-3-3 (see Methods section for 
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details). The B-Raf protein is produced by intein ligation of the N-terminal regulatory 

segments of B-Raf, expressed in bacteria, to the C-terminal segment, produced in insect 

cells. The purified B-Raf protein is phosphorylated at multiple sites, including the activation 

loop and the C-terminal 14-3-3 binding element (Table S1). The N-terminal segment of B-

Raf contains an autoinhibitory phosphorylation site (Ser365) which is unphosphorylated in 

the B-Raf samples, because the N-terminal segment is produced in bacteria. Thus, the 

complex we have produced appears to have bypassed the necessity of release of 

autoinhibition by interaction with Ras•GTP, is active, and can phosphorylate MEK1 (Fig. 

S1). In the cryo-EM structure of the complex that we determined at an overall resolution of 

3.9 Å (Fig. 1A, S2, and S3), the B-Raf kinase domain dimer arrangement corresponds 

closely to the ON-state dimer seen in many crystal structures of isolated Raf kinase domains 

(Fig. 1B and S4) (20, 21). The N-terminal regulatory segments are not visualized in the 

cryo-EM map, presumably because the release of autoinhibition leads to disorder in these 

segments.

Both of the kinase domains in the dimer are in the ON-state conformation, as shown by 

comparison to the structure of B-Raf in complex with MEK (Fig S4) (22) but, strikingly, the 

active site of one kinase is blocked by insertion of the C-terminal tail (C-tail) of the other 

(Fig. 1A). Thus, the dimer is asymmetric, with only one kinase ready for catalysis. The 

asymmetry in the kinase dimer is due to a close but asymmetric interaction between the B-

Raf kinase dimer and the 14-3-3 dimer, mediated by the C-tails of B-Raf (Fig. 2A). The 

kinase-proximal segment of the C-tail (“proximal tail segment”, see Fig. 1A) makes specific 

interactions with 14-3-3 (Fig. S5), and it is followed by Ser729, which is phosphorylated and 

docks on 14-3-3 in the canonical manner (23). These interactions constrain each kinase 

domain to be near the corresponding 14-3-3 subunit.

While both the kinase dimer and the 14-3-3 dimer are two-fold symmetric, their symmetry 

axes are not aligned, which results in the active site of one B-Raf kinase domain (denoted B-

RafIN, and shown in cyan) being closer to 14-3-3 than that of the other (B-RafOUT, in 

magenta; Fig. 1A and 2A). This unexpected asymmetric disposition of the two kinases with 

respect to 14-3-3 is a consequence of an important difference in the paths of the B-Raf C-

tails as they exit their respective 14-3-3 binding sites. The two B-Raf C-tails run in opposite 

directions, so that the tail of one kinase domain points towards the other kinase domain (Fig. 

1A and 2A). The active site of B-RafIN is positioned close to the 14-3-3 surface, and it 

captures the kinase-distal segment of the C-tail of B-RafOUT (“distal tail segment”) as it 

exits from the 14-3-3 binding site (Fig. 1, 2 and S5C). In contrast, the active site of B-

RafOUT points away from the 14-3-3 surface, and is too far away for a reciprocal interaction 

with the distal tail segment of B-RafIN.

For the C-tail of B-RafOUT, continuous density is seen extending from Leu733 in the 14-3-3 

binding element, towards the active site of B-RafIN (Fig. S6). Strong density is observed for 

the backbone of a seven-residue segment of the distal tail segment (residues Asp742-Cys748), 

within which the sidechains of Phe743, Leu745, and Tyr746 can be resolved clearly (Fig. 2B 

and S6). The distal tail segment forms a helical turn between residues 743 and 747, thereby 

exiting the active site of B-RafIN in a direction that is orthogonal to the direction of entry. In 

this way, the distal tail segment of B-RafOUT makes an L-shaped wedge within the active 
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site of B-RafIN, with marked resemblance to the way in which some kinase inhibitors are 

bound at this site (Fig. S5D). The hydroxyl group of the sidechain of Tyr746 in the distal tail 

segment of B-RafOUT forms hydrogen bonds with the backbone of the hinge connecting the 

N- and C-lobes of the B-RafIN kinase domain (Fig. 2C). The formation of such hydrogen 

bonds is a characteristic feature of the interaction of small-molecule inhibitors with protein 

kinases (24). The tyrosine sidechain occupies the space that is normally occupied by the 

adenine group of ATP in the structures of active kinases (Fig. S5D). The wedge formed by 

the distal tail segment of B-RafOUT prevents closure of the N-lobe of B-RafIN over the C-

lobe, and in this way favors maintenance of the ON-state conformation of B-RafIN (Fig. S7) 

and, as a consequence, is expected to stabilize the B-Raf kinase dimer.

As a first step towards validating the interactions seen in our model, we utilized Ba/F3 pro B 

cells that rely on interleukin-3 (IL-3) for growth (25, 26). In agreement with a critical role 

for IL3/B-Raf signaling, we were unable to expand single Ba/F3 clones in which B-Raf was 

deleted by CRISPR/Cas9 (data not shown). We therefore applied heterologous expression of 

B-Raf variants fused to a fluorescent protein (EGFP) coupled to dual parameter flow 

cytometry, simultaneously measuring levels of phospho-ERK (pERK), a downstream 

product of Raf activation, and GFP levels in Ba/F3 cells (Fig. S8). Since Ba/F3 cells express 

endogenous Raf proteins, we restricted the measurement of pERK levels to cells expressing 

a high level of the EGFP-B-Raf fusion protein. Under these conditions, we assume that B-

Raf dimers predominantly contain either two molecules of the heterologous fusion protein, 

or one molecule each of the fusion protein and endogenous Raf kinases. Heterologous 

overexpression of wild-type EGFP-B-Raf resulted in similar pERK levels compared to those 

observed for GFP-negative cells, both at baseline and after IL-3 stimulation, indicating that 

regulation of B-Raf signaling to ERK is intact (Fig. S9). By contrast, EGFP-B-RafV600E 

resulted in uniformly spontaneous phospho-ERK induction in non-stimulated cells relative 

to the untransfected control, as expected (Fig. 3A and B) (20).

Using this platform, we first investigated the importance of the positioning of the C-tails of 

B-Raf onto 14-3-3. Expression of EGFP-B-RafS729A, a variant lacking the phosphorylation 

site that triggers binding to 14-3-3, resulted in impaired pERK induction upon IL-3 

stimulation (Fig. 3C), as expected (27). The cryo-EM structure reveals that Leu721 in both 

proximal tail segments is sandwiched between the kinase domain and the 14-3-3 surface 

(Fig. S5) and a L721G mutation is expected to disrupt these interactions. Expression of 

EGFP-B-RafL721G resulted in lower levels of pERK relative to control (Fig. 3D). We also 

made two variants of B-Raf in which glycine and serine residues were inserted into the 

proximal tail segment to increase flexibility, and to alter the length of the proximal tail 

segment, which is highly conserved in B-Raf (Fig. S10). In one variant, the sequence 

GSGSGS was inserted after the last residue in the kinase domain (Arg719), and in the second 

variant the same six residues were inserted in the middle of the proximal tail, between 

residues Lys723 and Ile724 (denoted Ins-1 and Ins-2, respectively, in Fig. 3A and S5). 

Expression of the Ins-1 and Ins-2 variants of B-Raf resulted in lower levels of pERK relative 

to control, at baseline and following IL-3 stimulation (Fig. 3E and F). Thus, precise 

positioning of the B-Raf dimer onto the 14-3-3 dimer is essential for optimal pERK 

signaling.
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We expressed EGFP-tagged variants of Raf containing mutations that alter or delete the 

distal tail segment. These mutations did not lead to a reduction in activity in this cellular 

assay but, instead, led either to no change, or to a slight increase in pERK levels (Fig. 3G 

and S11A–D). These results suggest that the distal tail segment could also play an 

autoinhibitory role, as has been proposed for the C-tail of C-Raf (28), and discussed further 

below. Only one distal tail segment in a dimer (that of B-RafOUT) is required for activation, 

and endogenous B-Raf can provide this function, prompting our conservative interpretation 

of the results of these cellular signaling assays.

To further investigate the importance of the distal tail segment for B-Raf activity, we carried 

out phosphorylation assays with purified proteins. We prepared two sets of N-terminally 

Flag-tagged B-Raf constructs for mammalian cell expression, one based on full-length B-

Raf (B-Raf-WT), and one without the N-terminal regulatory domain, corresponding to the 

cryo-EM model (B-Raf-ΔN). For these two constructs, we either retained the distal tail 

segment, or deleted it, generating two additional constructs (B-Raf-ΔDTS and B-Raf-

ΔNΔDTS) (Fig. 3A). We purified the B-Raf proteins corresponding to these constructs in 

complex with endogenous mammalian 14-3-3 proteins (Fig. 3H) and used them to 

phosphorylate the Raf substrate MEK1, with phospho-MEK1 detected by western blotting 

(Fig. 3I). Both B-Raf-WT and B-Raf-ΔN phosphorylate MEK1 robustly, and for both, the 

deletion of the distal tail segment resulted in substantially lower levels of MEK1 

phosphorylation, while the binding of ΔDTS mutants to 14-3-3 is unaffected (Fig. 3H, I, 

S11E and F). The reduction of MEK1 phosphorylation by B-Raf-ΔNΔDTS is a particularly 

important result, showing that interactions made by the distal tail segment are crucial, even 

in a stripped-down construct that lacks all of the regulatory domains. The interpretation of 

these mutational data is complicated, however, by a possible autoinhibitory role for the distal 

tail segment (see below). In addition, the distal tail segment contains two highly conserved 

phosphorylation sites (Ser750 and Thr753), whose mutation could alter B-Raf activity (29).

We used molecular dynamics simulations to test whether engagement of the distal tail 

segment of B-RafOUT in the active site of B-RafIN is required to maintain the asymmetric 

interaction between the B-Raf dimer and 14-3-3. We initiated two sets of trajectories starting 

from the cryo-EM model. In one set, an intact B-Raf:14-3-3 complex, with the distal tail 

segment of B-RafOUT inserted into the active site of B-RafIN, was used to generate three 

trajectories, each for 500 ns. In the other set, the distal tail segment was deleted, and three 

trajectories, each for 500 ns, were generated (see Methods). For simulations with the distal 

tail segment of B-RafOUT left intact, the interaction between this segment and the active site 

of B-RafIN is stable in the three independent simulations, supporting our interpretation of the 

density for the distal tail segment of B-RafOUT (Fig. S12A). The asymmetric organization of 

the complex was maintained throughout each of these simulations (Fig. S12B). A strikingly 

different result was obtained in the simulations in which the distal tail segment of B-RafOUT 

was deleted – here, the quaternary structure was disrupted rapidly, within a few nanoseconds 

in each simulation, and the N-lobe of the kinase domain of B-RafIN moved away from the 

close association with 14-3-3 seen in the cryo-EM model (Fig. 4A and S12B). These 

simulations indicate that the interaction made by the distal tail segment of B-RafOUT and the 

kinase domain of B-RafIN is the principal determinant of the asymmetric orientation of B-

Raf and the 14-3-3 proteins.
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The aspect of the Raf kinase dimer that is critical for maintenance of the ON-state is a tight 

interaction between the N-lobes of the two kinases (17). Key interactions are made by the 

sidechains of Arg509 in each kinase, which form two hydrogen bonds each with the last 

helical turn of helix αC in the other kinase, a structural element that plays an important 

regulatory role (Fig. 4B) (17). Notably, in one of the simulations with the distal tail segment 

deleted, the reciprocal interactions between the N-lobes of the two kinases, centered on 

Arg509, are disrupted within ~350 ns (Fig. 4B, and S13). Within each kinase, we do not see 

conformational transitions that correspond to marked departure from the ON-state, such as a 

reorientation of helix αC or refolding of the activation loop. Nevertheless, the disruption of 

the interactions pinning down helix αC point to the release of a brake on such transitions, 

which presumably require much longer simulations to be sampled.

The last 15 residues in each 14-3-3 molecule are not visible in the cryo-EM map, and 

include several negatively charged residues (Fig. S14). The cryo-EM structure positions 

positively charged regions in the C-lobes of the kinase domains in the general vicinity of the 

C-terminal tails of 14-3-3. The molecular dynamics simulations show the formation of 

transient ion pairs between the 14-3-3 tails and the C-lobes of the kinase domains, resulting 

in persistent interactions over the course of each of the simulations. This suggests that the 

14-3-3 tails may provide additional stabilization to the complex with Raf kinase domains 

(Fig. 4C, S15).

ATP-bound kinases in the ON-state contain a stack of hydrophobic sidechains termed the 

catalytic spine (C-spine), which pack on either side of the adenine group of ATP (15, 30). 

Small-molecule inhibitors of Raf that result in paradoxical activation substitute for the 

adenine group of ATP, and stabilize the active-like configuration of the C-spine. Our 

findings are consistent with an asymmetric activation model for B-Raf proposed earlier, in 

which stabilization of the C-spine by mutation results in activation, even though ATP 

binding is blocked (31, 32). The distal tail segment of B-RafOUT converts B-RafIN into an 

“activator” of B-RafOUT, by stabilizing the C-spine during the innate activation process (Fig. 

2D). From this we infer that this natural mechanism of activation through stabilization of an 

asymmetric kinase dimer is mimicked by mutations that introduce bulky sidechains into the 

active site, or by some small-molecule inhibitors.

The way in which the distal tail segment of one B-Raf kinase inserts into the active site of 

the cognate kinase in the dimer has parallels to inhibition mechanisms of other kinases. For 

example, there is a striking similarity between the binding of the distal tail segment to B-

RafIN and the way the cell-cycle inhibitor p27Kip1 blocks the active site of cyclin-dependent 

kinase 2 (CDK2) (Fig. 2D) (33). A segment of the p27Kip1 protein inhibits CDK2 by 

entering the ATP-binding site near the hinge region, as does the B-RafOUT distal tail 

segment. Within the active site, p27Kip1 forms a single helical turn, which is capped by the 

sidechain of the active site lysine residue. In the B-Raf complex, the corresponding residue 

(Lys483) is positioned similarly. The helical turn of p27Kip1 presents the sidechain of Tyr88 

for hydrogen bonding with the kinase hinge, just as is seen in the B-RafOUT distal tail 

segment. Although the details are different, Tyr88 of p27Kip1 is flanked by hydrophobic 

sidechains that fill the space normally occupied by the adenine group of ATP. In twitchin 

kinase, an autoinhibitory segment follows the last helix in the kinase domain (αI), and the 
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distal portion of this segment enters the ATP-binding site while adopting a helical structure 

(Fig. 2D) (34). In twitchin kinase, Ile345 replaces the tyrosine residues that form hydrogen 

bonds with the kinase hinge regions in the B-Raf:14-3-3 and CDK2:Cyclin A:p27Kip1 

complexes. These variations may explain the absence of a corresponding tyrosine residue in 

the distal tail segments of A-Raf and C-Raf, which have other hydrophobic residues in this 

region but may still be able to form such an interaction (Fig. S10).

These examples of molecular mimicry emphasize the fact that the distal tail segment of B-

RafOUT is actually an inhibitor of B-RafIN, and it is the asymmetry of the B-Raf:14-3-3 

complex that leaves one of the two active sites in the dimer open and ready for catalysis 

(Fig. 1 and 2A). The comparison also shows that the interaction of pSer729 with 14-3-3, 

coupled with dimer formation, forces each distal tail segment of B-Raf to be positioned 

away from the active site of its own kinase domain, preventing cis-autoinhibition. In B-

RafOUT, 20 residues separate the end of helix αI and the part of the distal tail segment that is 

inserted into the active site of B-RafIN. Thus, it is plausible that in monomeric forms of Raf 

the C-tail acts as a cis-autoinhibitor, as the corresponding segment does in twitchin kinase 

(Fig. 2D).

The structure of the B-Raf:14-3-3 complex identifies the importance of the interaction 

between the proximal tail segment of B-Raf and 14-3-3 for activation. The geometry of this 

interaction depends on the conformation of the C-terminal helix αI of the kinase domain, 

suggesting that small molecules that bind to this region of the kinase and alter the 

disposition of αI could interfere with B-Raf activity. That such an approach might be 

feasible is suggested by the successful development of drugs that inhibit Abl by altering the 

conformation of helix αI (35). Abl is regulated differently than B-Raf (36), but in both cases 

an interaction that is critical for regulation depends on the conformation of helix αI. Our 

discovery of a natural counterpart to the paradoxical activation of Raf by inhibitors suggests 

new avenues to explore for inhibition of the Ras-MAP kinase pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of the B-Raf:14-3-3 complex.
(A) Left, schematic diagram of the structure. Middle and right, two orthogonal views of the 

molecular surface of the cryo-EM model. The two B-Raf kinases in the dimer are shown in 

cyan and magenta, respectively, and the 14-3-3 dimer is shown in gray. B-RafIN (cyan) is 

positioned closer to 14-3-3 than is B-RafOUT (magenta). The schematic diagrams at the 

bottom of the panel denote the boundaries of the kinase domains and the C-tails of B-Raf 

that are included in the structural model, and the terms used to identify segments of the C-

tails. The kinase domains and the C-tails are not to scale, and that is indicated by the breaks. 

Dashed lines indicate regions for which there is no interpretable density. (B) A view of the 

B-Raf:14-3-3 complex, looking down the 2-fold symmetry axis of the B-Raf kinase dimer. 

The B-Raf kinase dimer seen in the cryo-EM structure closely resembles the dimeric 

structure of ON-state B-Raf bound to MEK (PDB ID: 4MNE) (22) (Fig S4). Helix αG of B-

RafOUT has weaker density compared to the rest of the complex, and is shown in gray.
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Figure 2. Interaction of the distal tail segment of B-RafOUT with the active site of B-RafIN.
(A) Orthogonal views of the cryo-EM structure of the B-Raf:14-3-3 complex. On the left, 

the C-tail of B-RafOUT (magenta) is seen bound to 14-3-3 (gray) and the distal tail segment 

enters the active site of B-RafIN (cyan). (B) View of the ATP binding site of B-RafIN (cyan), 

with cryo-EM density shown in gray. Residues in the distal tail segment of B-RafOUT 

(magenta) are identified by asterisks. (C) The hydrophobic sidechains of the C-spine of B-

RafIN are shown as yellow spheres, with two sidechains of the B-RafOUT distal tail segment 

(magenta) completing the C-spine. (D) Comparison of the structure of the B-Raf:14-3-3 

complex with that of the CDK2:Cyclin A:p27Kip1 complex (PDB ID: 1JSU) (33), and the 

autoinhibited form of twitchin kinase (PDB ID: 1KOB) (34). In the B-Raf:14-3-3 complex, 

the distal tail segment of B-RafOUT (magenta) enters the ATP-binding site of B-RafIN 

(cyan). In the CDK2:Cyclin A:p27Kip1 complex, the p27Kip1 inhibitor (magenta) enters the 

ATP-binding site of CDK2 (cyan). In twitchin kinase, the C-terminal tail of the kinase 

(magenta) enters the ATP-binding site. Selected hydrophobic sidechains in the inhibitory 

segments are shown as spheres.
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Figure 3. Mutational analysis of B-Raf.
(A) Left, schematic diagram of the cryo-EM structure, indicating the B-Raf variants that 

were analyzed. Right, schematic diagram of the B-Raf-ΔNΔDTS:14-3-3 complex, which 

lacks the N-terminal region and the distal tail segment (dotted circle). (B-G) Relative levels 

of phospho-ERK (pERK) for cells expressing B-Raf variants. Mean values for relative 

pERK levels and standard deviations were plotted from three flow cytometry experiments 

(the complete histograms for pERK levels in the experiments are shown in Fig. S9B). For 

each experiment, the pERK level for unstimulated wild-type EGFP-B-Raf transfected cells 

at 0 min was set to 1, and all other values were normalized to this. The statistical 

significance of each measurement is indicated by ns (p value>0.05), * (p value <=0.05), ** 

(p value<=0.01), *** (p value<= 0.001). (H) SDS-PAGE gel analysis of B-Raf constructs 

purified from HEK293T cells. M – Precision Plus Protein Unstained Standards (Bio-Rad); 1 

– B-Raf-WT; 2 – B-Raf-ΔDTS; 3 – B-Raf-ΔN; 4 – B-Raf-ΔNΔDTS. (I) Western blot 

analysis of MEK1 phosphorylation by B-Raf constructs with the N-terminal regulatory 

region present and without the N-terminal regulatory region. Coomassie brilliant blue 

staining of the membrane shows the total amount of MEK1 protein loaded to each lane on 

the gel.

Kondo et al. Page 13

Science. Author manuscript; available in PMC 2020 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Molecular dynamics simulations of the B-Raf:14-3-3 complex.
(A) Instantaneous structures from two representative simulations are shown. Left, initial 

structure. Middle, structure after 500 ns, for one of the simulations with the distal tail 

segment intact. Right, structure after 6 ns, for one of the simulations with the distal tail 

segment deleted. Orange dashed circles indicate a region of close contact between B-RafIN 

and 14-3-3 in the initial structure. (B) Disruption of the B-Raf dimer interface in one of the 

simulations in which the distal tail segment of B-RafOUT was deleted. The interface between 

the kinases is shown for the initial structure (left) and the structure after 500 ns of simulation 

(right). (C) Interactions between the C-terminal tails of 14-3-3 and the B-Raf kinase 

domains. Shown here is a superposition of the backbone structures of the 14-3-3 tails 

(yellow) for three simulations with the distal tail segment of B-RafOUT intact, sampled every 

nanosecond over 500 ns. The 14-3-3 tails cluster around the C-lobes of the two B-Raf kinase 

domains. This occurs due to electrostatic complementarity, with each instantaneous structure 

forming two to three ion pairs between each tail segment and the adjacent kinase domain 

(Fig. S15).
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