#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

The mechanism of Raf activation through

i ") Check for updates ‘
dimerizationt

Cite this: Chem. Sci., 2021, 12, 15609

@ Allpublication charges for thisarticle - Mingzhen Zhang, &2 Ryan Maloney, 2 Hyunbum Jang @2 and Ruth Nussinoy & *°

have been paid for by the Royal Society
of Chemistry Raf, a threonine/serine kinase in the Raf/MEK/ERK pathway, regulates cell proliferation. Raf's full activation
requires dimerization. Aberrant activation through dimerization is an important therapeutic target. Despite
its clinical importance, fundamental questions, such as how the side-to-side dimerization promotes the
OFF-to-ON transition of Raf's kinase domain and how the fully activated ON-state kinase domain is
stabilized in the dimer for Raf signaling, remain unanswered. Herein, we decipher an atomic-level
mechanism of Raf activation through dimerization, clarifying this enigma. The mechanism reveals that
the replacement of intramolecular -7 stacking by intermolecular w—m stacking at the dimer interface
releases the structural constraint of the aC-helix, promoting the OFF-to-ON transition. During the
transition, the inhibitory hydrophobic interactions were disrupted, making the phosphorylation sites in A-
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domain can be stabilized by a newly identified functional N-terminal basic (NtB) motif in the dimer for

DOI: 10.1035/d1sc03444h Raf signaling. This work provides atomic level insight into critical steps in Raf activation and outlines
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Introduction

Raf belongs to the family of serine/threonine kinases in the
mitogen-activated protein kinase (MAPK) pathway, regulating
cell proliferation.” RAF is an oncogene.*®> Mammals express
three Raf isoforms, A-Raf, B-Raf, and C-Raf (Raf-1).® Among
them, B-Raf is mutated in ~50-60% of malignant melanomas,
~80% of which are V600E.”® The Raf isoforms share the
conserved N-terminal tandem Ras binding domain (RBD) and
cysteine-rich domain (CRD) as well as the C-terminal kinase
domain.'*™ The autoinhibition of Raf is maintained by the
interactions between RBD-CRD/KD domains and 14-3-3
proteins.’*'® Raf is a downstream effector of Ras. Active GTP-
bound Ras binds to Raf's RBD, releasing its autoinhibition
and recruiting it to the plasma membrane.>*>**** The gathering
of Raf proteins on the membrane by Ras nanoclusters/dimers
promotes the dimerization of Raf's kinase domain, leading to
full activation.”’® The activated Raf transmits the signals
through the MAPK cascade by phosphorylating the downstream
effector, mitogen-activated protein kinase (MEK) which, in turn,
phosphorylates the extracellular signal-regulated kinase
(ERK).>*
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a new venue for drug discovery against Raf dimerization.

The full activation of Raf requires the dimerization of the
kinase domain.”®*” Raf can homo- and hetero-dimerize.”**®
Dimerization can also occur with the kinase domain of the
closely related kinase suppressor of Ras (KSR) proteins.*** The
B-Raf/B-Raf homodimer and B-Raf/C-Raf heterodimer appear to
be dominant.?® Disruption of Raf dimerization impairs MAPK
signalling.” ERK-induced feedback phosphorylation interferes
with Ras/Raf interactions, reducing Raf dimerization.**** The
aberrant activation of Raf through dimerization modulates the
clinical outcomes.**” Drug resistance in the p61 spliced B-Raf
mutant is due to constitutive Raf dimerization.*® Raf inhibi-
tors are more sensitive to Raf monomers than to dimers.* B-
Raf/C-Raf heterodimerization causes paradoxical activation of
the MAPK pathway in melanoma treatment, resulting in
secondary skin carcinoma.”>****** These observations suggest
that the dimer interface of Raf proteins is a potential thera-
peutic target against cancer,*>** supporting the development of
the next generation paradox breakers targeting the Raf
dimerization.***

Raf kinase domain has the conserved protein kinase fold,
with the N- and C-lobes.*****® However, the dimerization of Raf
is unique. Different from other protein kinases, Raf is the only
known kinase that dimerizes in a transverse side-to-side
manner for cis-autophosphorylation.”® The dimerization in
other protein kinases via face-to-face (symmetric) or face-to-side
(asymmetric) can direct the phosphorylation sites in one kinase
domain to another, promoting the trans-autophosphor-
ylation.**** The side-to-side dimerization in Raf puts the phos-
phorylation sites in the A-loop in the protomers further apart. It
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has been elusive as to why Raf proteins evolved the transverse
side-to-side dimerization strategy and, importantly, how this
strategy promotes Raf's cis-autophosphorylation for full activa-
tion. Efforts focused on Raf dimer interface. It has been shown
that B-Raf mutations R509H and W450A at the interface reduce
dimerization, while E586K promotes it.>>** Another (potential)
key component for Raf dimerization involves the phosphory-
lated N-terminal acidic (NtA) motif (pSSDD in B-Raf) shown to
generate electrostatic interactions with the basic RKTR segment
in the aC-helix at the interface.***

Despite the biological and clinical significance of knowledge
of the interface, fundamental questions relating to Raf dimer-
ization, ie., how the side-to-side dimerization promotes the
OFF-to-ON transition of Raf's kinase domain and how the fully
activated ON-state kinase domain is stabilized in the dimer for
Raf signaling, remain unresolved. In this work, we modeled and
simulated B-Raf monomers, C-Raf monomers, B-Raf/B-Raf
homodimers, and B-Raf/C-Raf heterodimers, striving to under-
stand Raf dimerization. We decipher a detailed mechanism,
showing that the disruption of the intramolecular -7 stacking
by intermolecular w-m stacking at the dimer interface can
induce significant conformational changes in the kinase
domain for the OFF-to-ON transition. The disruption of the
intramolecular - stacking between Y566 and H510 releases
the structural constraint of the aC-helix in the kinase domain.
This promotes (i) the disruption of the inhibitory hydrophobic
interactions of the OFF-state conformation and (ii) the move-
ment of the A-loop phosphorylation sites towards the catalytic
HRD motif (574-576 in B-Raf) for cis-autophosphorylation.
These collective conformational changes drive the Raf kinase
domain towards the fully activated ON-state conformation. We
also show that once the kinase domain is fully activated, the
ON-state conformation can be stabilized by the N-terminal basic
(NtB) motif (435-444 in B-Raf). This NtB motif is adjacent to the
NtA motif, is highly basic, and is conserved in the Raf family.
The overall conformational changes upon dimerization seen in
these simulations are consistent with experiments,®® and
explain drug resistance by constitutive Raf dimerization. This
work outlines a new venue for Raf drug discovery against
dimerization.

Results

The monomer is OPEN and becomes CLOSED upon
dimerization

Like other protein kinases, the inactive OFF conformation of the
Raf kinase domain features an OUT aC-helix and collapsed A-
loop. In the active ON conformation, the aC-helix is IN and
the A-loop is extended (Fig. S17). In the fully activated ON state,
the A-loop is phosphorylated. Two phosphorylation sites in the
A-loop are conserved in Raf isoforms (pT599 and pS602 in B-Raf,
pT491 and pS494 in C-Raf). The NtA motif in B-Raf is consti-
tutively phosphorylated at pS446, while that in C-Raf is
unphosphorylated prior to full activation.” Following these
conventions, we modeled and simulated the B-Raf monomers,
C-Raf monomers, B-Raf/B-Raf homodimers, and B-Raf/C-Raf
heterodimers. Configurations that began with an active
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conformation are denoted as BA (B-Raf with active conforma-
tion) and CA (C-Raf with active conformation), while inactive
configurations are denoted as BI (B-Raf with inactive confor-
mation) and CI (C-Raf with inactive conformation), where B and
C stand for B-Raf and C-Raf respectively, as summarized in
Table S1.}

Raf kinase domain consists of two lobes, the N-lobe
composed of a B-sheet with five stacking B-strands and aC-
helix, and the C-lobe containing a bundle of a-helices
(Fig. S17). The center of mass distances between the N-lobe and
C-lobe (NC distances) were measured to characterize the overall
conformational changes upon the dimerization (Fig. 1A and B).
In the calculations, the center of masses of the N-lobe B-sheet
and C-lobe helices involving aE, oF, aH, and ol were consid-
ered, since these regions were conserved during the simula-
tions. In contrast, other regions, such as the aG region in the C-
lobe, showed high flexibility. The NC distances in the mono-
mers are larger than those in the dimers, which appears to be
more significant for B-Raf systems than C-Raf systems (Fig. 1B).
The residue-based distances between the N-lobe (K483 in B-Raf,
K375 in C-Raf) and C-lobe (aE, oF, aH, and I helices) were also
calculated. These suggest the rotational motions of the oE, oF,
oH, and oI helices in the C-lobe relative to the N-lobe (Fig. S2).
Conformational switches between the OPEN conformation with
the longer N-lobe and C-lobe distance and the CLOSED
conformation with the shorter N-lobe and C-lobe distance
during the activation cycle have been observed in other protein
kinases.*>** We sampled the similar conformational changes,
suggesting that Raf proteins also follow the structural conver-
sion of the kinase domain between the OPEN conformation in
the monomers and the CLOSED conformation upon
dimerization.

The overall conformational changes upon dimerization help
assemble the catalytic spine (C-spine) in the kinase domain.
The C-spine regulates the ATP binding in the kinase domain.**
In the C-spine, the VA residues, V471 and A481 (V363, A373 in C-
Raf) in the N-lobe, and F583 (F475 in C-Raf) in the C-lobe
stabilize the ATP's adenosine ring in the ATP pocket (Fig. 1A).
The A481-F583 and V471-F583 distances were measured to
characterize the C-spine upon dimerization. The results show
that the VF and AF distances in the C-spine were considerably
reduced upon dimerization (Fig. 1C and S3Af). The larger
residue distances indicate that the VA residues are further apart
from the F residues in the Raf monomers than in the dimers.
The opening of the active site cleft indicates that the ATP
pockets in the monomers are less compact than those in the
dimers. In the B-Raf monomer (BI), the ATP molecule was still
loaded in the pocket, but the adenosine ring was not fully
buried (Fig. 1A). In the dimers, the distances between the VA
and F residues in the C-spine were smaller. ATP can be confined
tightly by well assembled C-spine residues. Conformations with
the adenosine ring of the ATP exposed are much less populated.
Dimerization can enhance ATP binding in the kinase domain by
assembling the C-spine. The R-spine is the signature of the
active ON-state conformation.”® The distances between H574
(H466 in C-Raf) and F595 (F487 in C-Raf) in the R-spine were
also considerably reduced upon the dimerization (Fig. S3BY),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Overall conformational change of Raf kinase domain upon dimerization. (A) The superimposed structures of the inactive B-Raf kinase
domains in the monomeric (Bl) and dimeric state (Bl in BI/BI). Violin plots representing (B) the center of mass distance between the N-lobe and C-
lobe (NC distance) of the Raf kinase domain and (C) the Ca. distance between C-spine residues, A481 in the N-lobe and F583 in the C-lobe. In the
violin plots, the white dots denote the median, the thick black lines denote the data ranging from 25% to 75%, and the curves denote the
probability density of the data. Staples in x-axis denote the dimeric configurations. Bl refers to B-Raf with inactive conformation, Cl refers to C-
Raf with inactive conformation, where B and C stand for B-Raf and C-Raf respectively. BA, CA refer to the respective active conformations.

which indicates that dimerization also facilitates the assembly
of the R-spine.

Dimerization disrupts inhibitory hydrophobic interactions in
the kinase domain

interactions, enabling the aC-helix and A-loop to become IN and
extended®® (Fig. 2A). Located at the center of these inhibitory
hydrophobic interactions, the V600 (V492 in C-Raf) residue plays
a major role in stabilizing the OFF-state conformation (Fig. 2B).
The hotspot B-Raf mutation, V600E, disrupts the inhibitory

hydrophobic interactions, replacing hydrophobic valine with
negatively charged glutamic acid, and activates Raf.>”

The V600/N-lobe distance, defined as the minimal distance
between any atom of V600 (V492 in C-Raf) and any atom of N-

The OFF-state conformation of the Raf kinase domain is stabi-
lized by the inhibitory hydrophobic interactions between the A-
loop and the N-lobe hydrophobic surface. The OFF-to-ON tran-
sition requires the disruption of the inhibitory hydrophobic
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Fig. 2 Hydrophobic interactions in Raf OFF-state conformation. (A) The OFF-state kinase domain [cyan] is stabilized by the inhibitory hydro-
phobic interactions between the collapsed A-loop and the hydrophobic surface in N-lobe. Upon dimerization, the inhibitory hydrophobic
interactions are disrupted to enable the A-loop and aC-helix to become extended and IN [red]. (B) The V600 in the A-loop locates at the center
and plays a major role in the OFF-state hydrophobic interactions. The V600/N-lobe inhibitory hydrophobic interactions are maintained in (C) B-
Raf and (D) C-Raf monomers.
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Fig. 3 Time series of the S602-D576 distances [top panel]l, V600/N-lobe distances [middle panel] and intramolecular -1t stacking at the dimer
interface [bottom panel] for (A) Bl [chain Al in BI/BI, (B) Bl [chain B] in BI/BI, (C) Bl in BI/BA, (D) Bl in BI/CI, (E) Cl in BI/Cl and (F) Bl in BI/CA. The
S602-D576 distance is defined as the minimal atom pair distance between the hydrogen atom (HG1) in the hydroxyl group of S602 (S494 in C-
Raf) and the oxygen atom (OD1 and OD?2) in the carboxyl group of D576 (D468 in C-Raf). The V600/N-lobe distance is defined as the minimal
distances between any atom of V600 (V492 in C-Raf) and any atom of N-lobe's hydrophobic residues (L485, F498, V502 and 1527 in B-Raf and
L377, F390, V394, 1419 in C-Raf). The intramolecular -7 stacking is characterized by the atom pair distances of CZ:Y566-CG:H510 and
CG:Y566—-NE2:H510. Bl refers to B-Raf with inactive conformation, Cl refers to C-Raf with inactive conformation, where B and C stand for B-Raf
and C-Raf respectively. BA, CA refer to the respective active conformations. The blue boxes highlight the conformational changes upon

dimerization.

lobe’s hydrophobic residues (L485, F498, V502 and 1527 in B-
Raf; L377, F390, V394, 1419 in C-Raf), was calculated to char-
acterize the hydrophobic interactions in OFF-state Raf. In Raf
monomers, the inhibitory hydrophobic interactions appear to
be well maintained with the V600/N-lobe distances less than
~3.5 A (Fig. 2C and D). However, upon dimerization, notable
disruptions of the inhibitory hydrophobic interactions can be
observed, particularly for two systems: BI in BI/BA and BI in BI/
CI. In the dimeric systems, the V600/N-lobe distances can be up
to ~6 A and ~9 A (Fig. 3). We observed that upon dimerization
V600 moved out from the N-lobe hydrophobic surface (Fig. S47),
suggesting that the side-to-side dimerization can disrupt the
inhibitory hydrophobic interactions in the kinase domain OFF-
state.

Dimerization promotes cis-autophosphorylation for OFF-to-
ON transition

A-loop phosphorylation (cis-autophosphorylation) is a hallmark
for full Raf activation.’®* Based on the catalytic scenario of
protein kinases, A-loop phosphorylation consists of two steps:
(i) the deprotonation of the phosphorylation sites in the A-loop
and (ii) the phosphorylation of the deprotonated residues in the
A-loop by ATP.*>*° The deprotonation is executed by the catalytic
HRD motif in the kinase domain. The aspartic acid, D576 (D468
in C-Raf) in the catalytic HRD motif removes the proton from
the serine/threonine residues.*>* In Raf, the phosphorylation
sites in the A-loop, T599 and S602 (T491 and S494 in C-Raf), are
conserved. Our results show that S602 (S494) was consistently
closer to the catalytic HRD motif than T599 (T491) in all systems

15612 | Chem. Sci, 2021, 12, 15609-15619

(Fig. S5AT), suggesting that S602 is more likely to be phos-
phorylated first, followed by T599.

The time-dependent distances between the hydrogen atom
(HG1) in the hydroxyl group of S602 (S494 in C-Raf) and the
oxygen atoms (OD1 and OD2) in the carboxyl group of D576
(D468 in C-Raf) in the HRD motif, the key atomic contacts for
the deprotonation, were calculated (Fig. 3). In the monomers,
the distances between S602 and D576 of the HRD motif fluc-
tuated by ~4-17 A, which are too far to allow for the deproto-
nation (Fig. S5Bt). It is interesting to observe that in systems
with disrupted inhibitory hydrophobic interactions (BI in BI/BA
and BI in BI/CI), the $602-D576 distances went as low as ~1.6 A,
at which the deprotonation can be executed (Fig. 3C and D). We
observed that the A-loop was released from the structural
constraint of the N-lobe in the kinase domain and rotated
towards the catalytic HRD motif when the inhibitory hydro-
phobic interactions were disrupted (Fig. S4t). This effectively
reduced the S602-D576 distances to allow for cis-autophos-
phorylation. These results suggest that the disruption of the
inhibitory hydrophobic interactions upon dimerization can
make the A-loop phosphorylation sites approach the catalytic
HRD motif for cis-autophosphorylation, promoting the OFF-to-
ON transition.

Dimerization activates Raf through the -7 stacking at the
dimer interface

To understand the underlying mechanism of the dimerization-
induced conformational changes, comprehensive comparisons
were performed. The results point to the important role of w-m

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Collective conformational changes upon dimerization promoting the OFF-to-ON transition. (A) In B-Raf, the intramolecular t—1t stacking
between Y566 and H510 is surrounded by H477 from the partner kinase at the dimer interface. The H510 is at the C-terminal end of the aC-helix.
Red letters in the vertical label denote the His residue from the partner kinase. (B) A snapshot of the collective conformational change shows that
the disruption of the intramolecular w—t stacking by intermolecular =—m stacking at the dimer interface induces the conformational changes of
the aC-helix and the A-loop, promoting the approach of the phosphorylation site, S602, in the A-loop to the HRD motif for cis-autophos-
phorylation [left panell. The replaced H510 forms the hydrogen bonds with H477 and Y566 [bottom-right panell. The key residues for the
collective conformational changes are conserved in the Raf isoforms and KSR proteins [top-right panel].

stacking at the dimer interface in promoting the OFF-to-ON
transition. In Raf's kinase domain, Y566 (Y458 in C-Raf) in
oE-helix and H510 (H402 in C-Raf) at the C-terminal end of the
aC-helix form intramolecular -7 stacking. Upon the side-to-
side dimerization, the Y566-H510 intramolecular - stack-
ing is approached by another aromatic residue, H477 (H369 in
C-Raf), from another protomer at the dimer interface (Fig. 4A).
The Y566-H510 intramolecular -7 stacking competes with,
and is disrupted by, the intermolecular Y566-H477 w- stack-
ing, facilitating the OFF-to-ON transition.

The atom pair distances between the aromatic rings of Y566
and H510 were measured to quantify the intramolecular -7
stacking. While not all inactive systems disrupted this stacking,
two systems (BI in BI/BA and BI in BI/CI) with disrupted
inhibitory hydrophobic interactions and reduced S602-D576
distances exhibited more unstable and separated atom pair
distance profiles than other systems, which confirmed the
disruption of the intramolecular -7 stacking in the systems
(Fig. 3). In the BI of the BI/BA dimer, the Y566-H510

© 2021 The Author(s). Published by the Royal Society of Chemistry

intramolecular stacking can be completely broken and replaced
by the Y566-H477 intermolecular -7 stacking at the dimer
interface. The replacement of the intramolecular by the inter-
molecular -7 stacking leads to the favorable local residue
contacts. The replaced H510 formed the hydrogen bonds with
Y566 and H477 at the dimer interface (Fig. 4B), which indicates
that the conformational changes upon dimerization may
generate local energy minimum along the reaction coordinates
for Raf's activation. Similar phenomena, including the intra-m—
7 disruption and replacement, can also be observed in the
active Raf in the dimer and in the replicate systems, confirming
the behaviors (Fig. S61). The consequence of the disrupted
intramolecular -7 stacking is the release of the H510 from the
aromatic interactions. The time-dependent distance profiles in
Fig. 3 show that the disruption of the intramolecular w-7
stacking at the dimer interface may precede the V600/N-lobe
disruption and the S602-D576 interactions. H510 is at the C-
terminal end of the aC-helix (Fig. 4A). Its release from the
intramolecular -7 stacking removed the structural constraint

Chem. Sci., 2021, 12, 15609-15619 | 15613
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of the aC-helix at the C-terminal end, which promoted the
conformational changes of the aC-helix in the kinase domain.
This facilitated the movements of the V600 out from the N-lobe
hydrophobic surface and the approach of S602 in the A-loop to
the catalytic HRD motif in the Raf kinase domain. These actions
collectively promote the structural transition of Raf's kinase
domain towards the ON-state conformation, explaining how it
is activated through the side-to-side dimerization (Fig. 4B). The
sequence analysis shows that the key residues in the collective
conformational changes are conserved in the Raf family and
KSR proteins (Fig. 4B), which implies that the observed mech-
anism can be applied to diverse Raf homo- and hetero-
dimerization scenarios.

ON-state conformation is stabilized by the NtB motif in the
dimer

Another important question related to Raf dimerization is how
the fully activated, ON-state kinase domain can be stabilized in
the dimer for Raf signaling. Here, we show that the stabilization
of the ON-state kinase domain can be achieved through the N-
terminal basic (NtB) motif. The NtB motif is at the N-terminal
end of the NtA motif. Sequence analysis shows that the highly
basic NtB motifs in the Raf family are conserved (Fig. 5A).
Extensive work has shown the significance of the NtA motif in
Raf dimerization,”>* but the nearby NtB motif is much less
studied. As shown in Fig. S7,1 the tandem NtB-NtA motif can
cover another protomer in the dimer, indicating that the NtB
motif holds the potential to interact with the kinase domain
upon dimerization. In the OFF state, the NtA motif interacts
with the basic residues (***RKTR" in B-Raf) in the aC-helix of
the partner Raf (Fig. 5B). In the ON state, the NtB motif interacts

NtB
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with the exposed pS602 in the extended A-loop of the partner
Raf (Fig. 5C).

The role of the NtB motif is to stabilize the fully activated ON-
state kinase domain in the dimer for Raf signaling. Our results
show that at the early stage of the dimerization, before the
kinase domain was fully activated, the interactions of the NtB
motif with the OFF-state kinase domain were dynamic.
However, once the kinase domain is fully activated (BA in BI/BA,
BA in BA/BA and CA in BI/CA), the NtB motif showed strong
interactions with the extended A-loop, stabilizing the ON-state
conformation of the kinase domain in the dimer (Fig. 6A-E).
In the ON-state kinase domain, the A-loop is phosphorylated
and extended. We observed that the extended A-loop exposed
the pS602 to the dimer interface. The acidic pS602 can be
captured by the basic NtB motif, generating strong electrostatic
interactions. These interactions stabilized the ON-state
conformation of the kinase domain in the dimer. The pS602-
NtB interactions can be observed in all the ON-state kinase
domains in the Raf dimers (Fig. 6A-E). Other residue contacts,
including those between R603 (K492 in C-Raf) and NtA motif,
and between pS602 and RKTR residues in aC-helix, also
contributed to the stabilization of ON-state kinase domain in
the dimer. The interaction energies at the dimer interface
increased when more kinase domains are fully activated
(Fig. 6F), which confirms that the NtB motif and nearby residues
provided additional interactions to stabilize the ON-state kinase
domain in the dimer.

Discussion

In this work, we showed that the N- and C-lobes are further
apart in Raf monomers than in the dimers. The side-to-side

a4 145 NA 450

435
A B-Raf : —-RNRMKTLGRR-DSSDDW—(
C-Raf: —KNKIRPRGQR—DSSYYW-[
A-Raf: —KKKVKNLGYR—DSGYYW—{

Kinase Domain

)
Kinase Domain )
Kinase Domain )

B

Collapsed Aﬁ&op j

~— OUT aC-helix

NtB——

OFF-state

ON-state

Fig. 5

Interactions between the NtB motif and the kinase domain in the Raf dimers. (A) The N-terminal basic (NtB, 435-444 in B-Raf) motif is at

the N-terminal end of the N-terminal acidic (NtA) motif. The NtB motifs are highly basic and conserved in Raf family. Snapshots representing (B)
the interaction of the NtA motif with the kinase domain of partner Raf in the OFF state and (C) the interaction of the NtB motif with the kinase
domain of partner Raf in the ON state. Key residues involved in the interactions are marked.
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Fig. 6 Key residue contacts at the dimer interface. The residue contacting maps for (A) the Bl/BI homodimer, (B) the BI/BA homodimer, (C) the
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KD interfaces, where KD denotes kinase domain. Bl refers to B-Raf with inactive conformation, Cl refers to C-Raf with inactive conformation,
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dimerization leads to the CLOSED kinase domain conforma-
tion. The conformational changes upon dimerization help
assemble the C-spine, leading to a more compact ATP pocket in
the Raf dimers than in the monomers. The less compact ATP
pocket in Raf monomers can be more readily outcompeted by
inhibitors. These results are consistent with experimental
observations, explaining the drug resistance in the constitutive
Raf dimerization by p61 spliced B-Raf mutant.’*3*¢*

We determine an atomic-level mechanism of Raf activation
through dimerization, which reveals that the disruption of the
intramolecular -7 stacking by the intermolecular stacking at

Intra TT-11

the dimer interface can release the structural constraint of the
aC-helix and initiate the OFF-to-ON transition in the kinase
domain (Fig. 7). The released aC-helix promotes the disruption
of the inhibitory hydrophobic interactions in the OFF state,
making the phosphorylation sites in the A-loop approach the
catalytic HRD motif for cis-autophosphorylation. These results
show how the transverse side-to-side dimerization in Raf
promotes cis-autophosphorylation for full activation. The
dimerization makes the overall structure of the kinase domain
more compact. In the compact dimer structure, the local
conformational changes in kinase domain promotes the OFF-

Inter -1

Raf transverse side-to-side dimerization

Fig. 7 Schematic figure for the side-to-side dimerization induced Raf full activation through the destabilization of the intramolecular -7
stacking at the dimer interface. The H477 (H369 in C-Raf) may interfere with and replace the intramolecular =—m stacking for the Raf full
activation. The NtB and NtA motifs form the electrostatic interactions at the dimer interface.
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to-ON transition. Both are required for Raf's full activation
(Fig. 7). These actions promote the phosphorylation of the A-
loop, which further induces the conformational changes to
allow a-C helix moving IN and the A-loop to become extended.
The sequence analysis shows that the key residues in the
mechanism, including the Y566, H510 and H477 for the m-m
stacking at the dimer interface and S602 and D576 for cis-
autophosphorylation, are fully conserved in Raf family and KSR
proteins, which implies that the mechanism sampled in this
work can be general for diverse dimerization scenarios in the
Raf family. The Y-H intramolecular -7 stacking can be also
found in many other protein kinases, including Src, JAK and
ERK. This suggests that the intramolecular w-7 stacking is an
evolutionally conserved feature in protein kinases. However,
whether other protein kinases also adopt a similar strategy to
control aC-helix for the full activation requires further studies.

The mechanism in this work is supported by the B-Raf Y566C
oncogenic mutation. This missense mutation removes the
aromatic ring of Y566 and disrupts the intramolecular w—m
stacking, resulting in cutaneous melanoma.®* Since this muta-
tion is located at the dimer interface, it could also interfere with
dimerization, weakening its activation potential in cancer and
making it less frequent. The disruption of the intramolecular -
7 stacking at the dimer interface can be also observed in the Raf
crystal and cryo-EM structures (Fig. S87), however the disrup-
tions observed there are less significant than those in the
simulations. This is possibly because the conformational
changes during the OFF-to-ON transition sampled in this work
are intermediate states, which cannot fully represent the energy
minimum in the full free energy landscape.

Different from previous computational works,>** we
modeled the NtB motif based on structural analysis and
included both OFF-state and ON-state kinase domains in the
dimers. This protocol allows us not only to understand Raf
activation by dimerization, but also to study how the fully
activated ON-state kinase domain is stabilized in the dimer for
Raf signaling. The results suggest that the NtB motif near to
the NtA motif is functionally important for Raf dimerization.
The NtB motif can capture the exposed pS602 in the extended
A-loop, stabilizing the ON-state kinase domain in the dimer
for Raf signaling. This is consistent with experimental obser-
vations that the removal of NtB-NtA motif attenuated Raf
signalling.**

The dimer interface in Raf has been a major therapeutic
target.*® The consensus has been reached that effective Raf
inhibitors should target both the mutations and dimeriza-
tion.*>*64-%¢ The next-generation inhibitor, PLX8394, that
evades the paradoxical MAPK activation by disrupting the Raf
dimerization, has been in clinical trials.*>*” The insights gained
from this work lead us to propose a drug-peptide conjugate.
The NtB and NtA motifs are adjacent. The single conjugate with
the drug that is specific to the Raf mutant and the conjugated
peptide with charged residues that can disrupt the electrostatic
forces at the dimer interface by the NtB and NtA motifs may
destabilize the NtB-enhanced ON-state conformation and
prevent NtA-induced dimerization.
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Conclusions

Here we modeled and simulated B-Raf monomers, C-Raf
monomers, B-Raf/B-Raf homodimers, and B-Raf/C-Raf hetero-
dimers to decipher the detailed mechanism of Raf activation
through the transverse side-to-side dimerization. The results
show that Raf monomers are OPEN with the N- and C-lobes
drifting further apart. The ATP pockets are less tightly assem-
bled in the monomers than in the dimers, which can explain
drug resistance to constitutive Raf dimerization. The unraveled
atomic-level mechanism clarifies how the transverse side-to-
side dimerization promotes the OFF-to-ON transition of Raf's
kinase domain through the - stacking at the dimer interface,
a long-standing enigma. Our simulations observe that the
disruption of the intramolecular -7 stacking by the intermo-
lecular -7 stacking at the dimer interface can release the
structural constraint of the «C-helix in the kinase domain,
facilitating the disruption of the inhibitory hydrophobic inter-
actions in the OFF state and decreasing the distance of the
phosphorylation sites in the A-loop to the HRD motif for the cis-
autophosphorylation. Our results also suggest that the under-
explored NtB motif can be functionally important. It stabilizes
the fully activated ON-state kinase domain in the dimer for Raf
signaling. Finally, it further leads us to suggest a new structural
strategy for drug discovery targeting Raf dimerization.

Methods and materials
Modeling of B-Raf monomers and C-Raf monomers

The inactive conformations of B-Raf and C-Raf kinase domains
were modeled based on the crystal structure (PDB ID: 3SKC). In
the inactive kinase domains, the A-loops were collapsed, and
the aC-helices were OUT. The active conformation of B-Raf
kinase domain was modeled based on the crystal structure
(PDB ID: 4E26), and for C-Raf (PDB ID: 30MV). In the active
kinase domains, the A-loops were extended, and the aC-helices
were IN. The N-terminal motifs, residues 432-450 in B-Raf and
residues 324-342 in C-Raf, were modeled into the Raf mono-
mers. The B-Raf NtA motif was phosphorylated at S446, while
the C-Raf NtA motif was unphosphorylated. The modeled NtA
motifs had no initial contact with the kinase domain. For B-Raf
and C-Raf monomers in the active conformation, the A-loop
residues were unphosphorylated. The ATP molecule with the
magnesium ion (Mg>*) were included in all the systems.

Modeling of B-Raf/B-Raf homodimers and B-Raf/C-Raf
heterodimers

As summarized in Table S1,7 we modeled the B-Raf/B-Raf
homodimers and the B-Raf/C-Raf heterodimers. Here, BI and
CI denoted inactive B-Raf and C-Raf, respectively. Since the
dimer interfaces are identical, the modeled dimer systems with
different isoforms and initial conformations were considered as
the replicates to understand the Raf activation through dimer-
ization. The replicate simulations for BI/BA and BI/CI were also
performed for checking the behaviors. Likewise, BA and CA
denote active B-Raf and C-Raf with the phosphorylated A-loop,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively. By combining the inactive/active B-Raf and C-Raf,
we obtained BI/BI, BI/BA, and BA/BA homodimers, and BI/CI
and BI/CA heterodimers. The dimer interface in the modeled
Raf dimers was identical to that in the crystal structures. The N-
terminal motifs were included in all the systems.

MD simulation protocol

The all-atom MD simulations were conducted with the NAMD
package®® using the CHARMM all-atom additive forcefield
(version C36).* The systems were solvated by the explicit TIP3
water model. Water molecules within 2.4 A of the proteins were
removed to avoid unreasonable atom collapse. The ions, Na*
and Cl, were used to neutralize the systems and generate
a ~0.15 mol L™ " jonic strength. The MD simulations were per-
formed at 310 K. Covalent bonds involving hydrogen atoms
were constrained. Short-range van der Waals (vdW) and long-
rang electrostatic interactions were calculated by the switch
function and the particle mesh Ewald (PME) algorithm. The
time-step of 2 fs was used in the MD simulations. The VMD"®
and NAMD®® programs were used for modeling and analyzing
the systems. 1 ps simulation was performed for each generated
system. The statistics of the NC distances, NC residue distance,
the C-spine distances, the R-spine distances, the interaction
energies, and the residue contacting maps were calculated
based on the last 500 ns trajectories.
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