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Proximally located in the membrane, oncogenic Ras dimers (or nanoclusters) can recruit and promote Raf
dimerization and MAPK (Raf/MEK/ERK) signaling. Among Ras isoforms, KRas4B is the most frequently
mutated. Recent data on the binary KRas4B-Raf-1 complex suggested that Raf-1 CRD not only executes
membrane anchorage, but also supports the high-affinity interaction of Raf-1 RBD with KRas4B catalytic
domain. For a detailed mechanistic picture of Raf activation at the membrane, we employ explicit MD
simulations of the quaternary KRas4B-Raf-1 complex. The complex contains two active GTP-bound
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KRas4B proteins forming a dimer through the allosteric lobe interface and two tandem RBD-CRD seg-
ments of Raf-1 interacting with the effector lobes at both ends of the KRas4B dimer. We show that
Raf-1 RBD-CRD supports stable KRas4B dimer at preferred interface and orientation at the membrane,
thereby cooperatively enhancing the affinity of the KRas4B-Raf-1 interaction. We propose that a Ras
dimer at the membrane can increase the population of proximal Raf kinase domains, promoting kinase
domain dimerization in the cytoplasm. Collectively, the dynamic Ras-Raf assembly promotes Raf activa-
tion not by allostery; instead, Ras activates Raf by shifting its ensemble toward kinase domain-accessible

Anionic bilayer
Molecular dynamics

states through enhanced affinity at the membrane.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Membrane-anchored Ras controls cell survival and prolifera-
tion. It activates Raf and stimulates the mitogen-activated protein
kinase (MAPK, Raf/MEK/ERK) signalling pathways [1-3]. Ras pro-
teins also activate other effectors, such as phosphatidylinositide-
3-kinase (PI3K), Ras association domain family 5 (RASFF5), and
Ras-Ral guanine nucleotide dissociation stimulator (RalGDS) [4-
9]. All events occur at the membrane when the C-terminal tail of
the hypervariable region (HVR) with the post-translational modifi-
cations (PTMs) anchors to it [10,11] (Fig. 1A). The PTMs involve
methylation and hydrophobic prenyl modifications including far-
nesylation and palmitoylation. Ras isoforms HRas, NRas, and KRas
(with two splice variants KRas4A and KRas4B) contain a farnesy-
lated/methylated cysteine at the C-terminus, but the palmitoyl
modifications at other cysteine residues in the HVR differ [12,13].
Membrane anchorage is necessary for formation of Ras nanoclus-
ters, which are required for Raf’s kinase domain dimerization and
activation [14-16]. Ras side-to-side dimers (and higher oligomers)
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in the nanoclusters effectively promote Raf dimerization [17,18].
Blocking Ras dimerization and nanoclustering abolishes MAPK sig-
nalling, albeit not the PI3K/Akt/mTOR pathway [16,19].

Nuclear magnetic resonance (NMR) and computational studies
have recently demonstrated that KRas4B can form a dimer with
two distinct dimeric interfaces, symmetrically facing each other
at the allosteric and effector lobes of the catalytic domain
[17,20]. Since they are located at opposite surfaces of the catalytic
domain, dimer-to-dimer or multimeric combinations of Ras mole-
cules are possible in the nanocluster, pointing to nanoclustering as
a dynamic molecular assembly at the membrane [21]. When Raf is
recruited to the membrane, its Ras binding domain (RBD) only tar-
gets the effector binding site of the Ras catalytic domain. Measure-
ments of affinity between Ras and Raf’s RBD in solution show that
it is high, in the low nanomolar range [22]. Raf RBD is expected to
easily compete with Ras molecules assembled through the effector
lobe dimer interface. Thus, when two Raf kinases interact with two
adjacent Ras proteins, only the allosteric lobe dimer interface is
available for the Ras side-to-side dimeric interaction. Recent ato-
mistic models of KRas4B dimer at the anionic membrane provided
detailed information of the dimeric interface. They indicated that
in this environment KRas4B forms a dimer with the helical inter-
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Fig. 1. Sequences and structures. (A) KRas4B sequence and the modeled structure with the post-translational modifications including farnesylation and methylation at the C-
terminal Cys185. (B) Raf-1 RBD-CRD sequence and the domain structure. All Raf kinases share three conserved regions; conserved region 1 involves the tandem RBD-CRD
segment, conserved region 2 contains the Ser/Thr-rich region at the flexible linker, and conserved region 3 is the kinase domain. In the sequence, hydrophobic, polar/glycine,

positively charged, and negatively charged residues are colored black, green, blue, and

red, respectively. In Raf-1 RBD-CRD sequence, gray denotes the unstructured loop

region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

face involving o3 and o4 helices, but the population of a dimer
with the o4 and o5 helical interface is low [17].

Raf kinase consists of the N-terminal tail, RBD, cysteine-rich
domain (CRD), Ser/Thr-rich flexible linker, kinase domain, and
the C-terminal tail [23] (Fig. 1B). All Raf kinases share three con-
served regions; conserved region 1 contains the RBD-CRD segment,
conserved region 2 involves the Ser/Thr-rich segment, and con-
served region 3 is the kinase domain. Raf dimerization occurs at
conserved region 3, while conserved region 1 is responsible for
Ras binding and membrane anchorage [24,25]. Using molecular
dynamics (MD) simulations of farnesylated/methylated KRas4B-
GTP in complex with tandem Raf-1 RBD-CRD at the anionic mem-
brane, we identified key basic CRD residues that are responsible for
Raf-1 membrane attachment [26], consistent with earlier experi-
mental observations [27,28]. We observed that Raf-1 CRD uses an
insertion loop comprising positively charged and hydrophobic resi-
dues to engage in membrane attachment. These intrinsic features
suggest that it serves as a membrane binding segment [26,29,30].
Acting as an anchor point in the membrane, the role of Raf-1
CRD resembles that of KRas4B HVR. For the binary KRas4B-Raf-1
complex attached to the membrane, two anchor points, one from
the KRas4B HVR and the other from the Raf-1 CRD, can restrict
the fluctuations (including mobility [21]) of the catalytic domain
of KRas4B, increasing the affinity of KRas4B to the RBD of Raf-1,
which is expected to be lower than that measured in solution [22].

Our previous model of the KRas4B dimer at the membrane was
constructed in the absence of Raf [17]. Subsequent studies of the

Ras-Raf interaction at the membrane were only conducted for
the binary KRas4B-Raf-1 complex [26]. To obtain a complete
mechanistic picture of the Ras-Raf interaction, we model the far-
nesylated/methylated KRas4B-GTP dimer interacting with two
Raf-1 conserved region 1 segments at both sides of the KRas4B
dimer. In the quaternary KRas4B-Raf-1 complex, the KRas4B dimer
is aligned through the allosteric lobe interface, and the covalently
connected tandem Raf-1 RBD-CRD structures interact with KRas4B
catalytic domain and the membrane. Our comprehensive explicit
solvent simulations and detailed analyses reveal that the tethered
KRas4B-Raf-1 organization increases the residence times of
KRas4B orientation with the o3 and o4 helical interface. However,
it loses its integrity at the a4 and o5 helical interface, since the o4-
o5 dimer orientation hampers Raf-1 CRD contact with the mem-
brane. With the separation into two binary complexes, Raf-1 CRD
can anchor to the membrane, stimulating a reorientation of KRas4B
catalytic domain toward a dimerization- and membrane-
interaction-favored state. We suggest that Raf-1 conserved region
1 actions enrich the population of the KRas4B active signalling
complex. Concomitantly, Ras dimerization further increases the
affinity of KRas4B interaction with Raf-1 RBD-CRD. In oncogenic
Ras nanoclusters, Ras binding to Raf's RBD recruits Raf to the
plasma membrane [22,31]. CRD’s anchorage to the membrane
reduces the Ras—-RBD fluctuations. This enhanced stability at the
membrane promotes Raf-1 kinase domain dimerization in the
cytoplasm, thus MAPK signalling. Because the affinity of the Raf
kinase domain interaction with the RBD-CRD segment in the
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autoinhibited state is low, the cooperatively increased Ras-Raf-1
affinity intensifies the shift of the Raf-1 population toward reliev-
ing Rafs autoinhibition [23]. Taken together, population shift,
rather than allostery via the long linker between the RBD-CRD
and the kinase domain, is the key in Raf’s activation by Ras [32].

2. Methods

2.1. Preparing the quaternary KRas4B-Raf-1 complex interacting with
the anionic membrane

To generate the initial configurations of quaternary KRas4B-
Raf-1 complex, we adopted three different KRas4B membrane ori-
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entations, states I, II, and Il from previous studies [26] (Fig. 2A). In
our previous studies, the crystal structure of the catalytic domain
of KRas4B (PDB ID: 3GFT) was used to model the full-length
KRas4B protein (Fig. 1A). For Raf-1, the solution structure of Raf-
1 CRD (PDB ID: 1FAR) and the crystal structure Raf-1 RBD (PDB
ID: 4GON) were used to model the tandem RBD-CRD segment
(Fig. 1B). As a building block towards construction of a tetrameric
assembly, we extracted three binary complexes of KRas4B interact-
ing with Raf-1's RBD-CRD from previous simulations. These binary
complexes depict the final conformations of membrane anchored
KRas4B-RBD-CRD from three independent trajectories, represent-
ing three different KRas4B membrane orientations states as
described in Fig. 2A. Since the Raf-1 RBD-CRD interaction with
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Fig. 2. Initial configurations of the KRas4B-Raf-1 systems at the membrane. (A) Three initial configurations of the binary KRas4B-Raf-1 complex with three different KRas4B
membrane orientational states I, II, and IIl. Molecular topologies for each binary system are shown below. (B) Snapshots representing the starting points for four different
initial TCs (1-4) of quaternary KRas4B-Raf-1 complex at the anionic bilayer composed of DOPC:DOPS (molar ratio 4:1). TCs 1-3 were constructed by symmetric o3-04/a3-04
helical alignment of each binary complex with the orientational states I, I, and III, respectively. TC 4 was obtained by symmetric a4-05/o4-05 helical alignment. In the bilayer

structure, DOPC and DOPS are shown as white and grey surfaces, respectively.
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KRas4B occurs at the effector lobe of the catalytic domain, the
allosteric lobe opposite to the Raf-1 binding site is only available
for KRas4B dimerization. Thus, we performed a 2-fold rotational
symmetry operation for the binary complex with respect to the
allosteric lobe of KRas4B one at a time, obtaining three different
quaternary configurations. Each quaternary complex contains
two identical binary complexes symmetrically assembled through
the allosteric lobe dimer interface of KRas4B. The initial construc-
tion reveals a linear shape of the quaternary complex that contains
two farnesylated/methylated GTP-bound KRas4B in the central
region, forming a dimer with the symmetric o3-04/a3-04 helical
alignment. At both ends of the KRas4B dimer, two Raf-1 conserved
region 1 with covalently connected tandem RBD-CRD structure are
placed in the effector lobes of the KRas4B dimer. To test stability of
the helical interfaces of KRas4B dimer (Fig. S1), the fourth quater-
nary complex was generated by the superimposition of two iden-
tical binary complexes into the symmetric a4-05/a4-o5 helical
alignment of KRas4B dimer. We employed the binary complex with
the KRas4B membrane orientation in state IIl in the fourth quater-
nary construction. In the initial construction, the positions of RBD
and CRD are highly restricted due to the a4-o5/a4-a5 helix align-
ment of KRas4B, resulting in none of the Raf-1 RBD-CRD models
satisfying the CRD-membrane interaction. A total of 4 different ini-
tial configurations were prepared for explicit MD simulations with
anionic lipid bilayer containing 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-
phosphoserine (DOPS) in 4:1, molar ratio.

2.2. Atomistic molecular dynamics simulations

We performed MD simulations using the updated CHARMM
[33] all-atom additive force (version 36) [34] for constructing the
set of starting points and relaxing the systems to a production-
ready stage. Our simulations closely followed the same protocol
as in our previous works [5,7,10,17,35-47]. The membrane simula-
tions were performed with the anionic lipid bilayer generated by
the bilayer-building protocol involving the interactions of pseudo-
spheres through the vdW (van der Waals) force field [48,49]. A unit
cell containing a total of 500 lipids (400 DOPC and 100 DOPS) con-
stitutes the bilayer with TIP3P waters, added at both sides with
lipid/water ratio of ~1/140. The cross-sectional areas per lipid for
DOPC and DOPS are 72.4 A% and 65.3 A2, respectively [50]. With
a choice for the number of lipid molecules, the optimal value of lat-
eral cell dimension of 133.2 A x 133.2 A for the unit cell can be
determined. To electrically neutralize the system, 15 Mg?* and 46
Na* were inserted. To obtain a physiological salt concentration
near 100 mM, additional 45 Na* and 45 CI- were added. The initial
placement of the ions is at the bulk water regions at both sides of
the bilayer, far from the protein complex and the bilayer surfaces.
The bilayer system containing a quaternary KRas4B-Raf-1 com-
plex, lipids, salts, and water has almost 283,000 atoms.

A series of minimization cycles were performed for the solvents
including lipids around the harmonically restrained protein com-
plex. The preequilibrium simulations for 5 ns were performed on
each quaternary system with the restrained backbones of KRas4B
and Raf-1 RBD-CRD until the solvent reached 310 K. The harmonic
restraints on the backbones of KRas4B-Raf-1 complex were gradu-
ally removed through dynamic cycles with the particle mesh Ewald
electrostatics calculation [51], completing the final preequilibrium
stage. A total of 4.0 us simulations were performed for the 4 sys-
tems, each with 1 ps, and additional simulations for selected sys-
tems were also performed to check reproducibility. In the
production runs, the Langevin temperature control maintained
the constant temperature at 310 K [52], and the Nosé-Hoover Lan-
gevin piston pressure control sustained the pressure at 1 atm. The
SHAKE algorithm was applied to constrain the motion of bonds

involving hydrogen atoms [53]. Two Zn?* in each CRD were coordi-
nated throughout the simulations by employing the collective
variable-based calculations (Colvars) [54] in the NAMD code [55].
The production runs were performed with the NAMD parallel-
computing code [55] on a Biowulf cluster at the National Institutes
of Health (Bethesda, MD). In the analysis, the first 100 ns trajecto-
ries were removed, and thus averages were taken afterward.

3. Results

3.1. Raf-1 supports KRas4B dimerization through the o3 and o4 helical
interface

In our previous simulations [26], we provided highly populated
membrane orientations of KRas4B-GTP in complex with tandem
RBD-CRD of Raf-1. To model the quaternary KRas4B-Raf-1 com-
plex, we extracted three dimeric configurations from previous
studies [26]. These configurations represent three different KRas4B
membrane orientations in states I, I, and III (Fig. 2A). To construct
tetrameric configurations (TCs), the binary KRas4B-Raf-1 complex
in each dimeric configuration and its copy were symmetrically
aligned with respect to the allosteric lobe dimer interface of
KRas4B [17,20] (Fig. S1). Three TCs 1, 2, and 3 with the KRas4B ori-
entation in the states I, I, and III, respectively, contain the symmet-
ric o3-04/a3-04 helical alignment at the KRas4B dimer interface
(Fig. 2B). It was observed earlier that KRas4B dimer favors the a3
and o4 helical interface [17]. To corroborate this helical interface
as a major KRas4B dimeric interface, an additional quaternary
complex was constructed by the symmetric a4-a5/04-05 helical
alignment at the KRas4B dimer interface (TC 4).

To validate the tetramer KRas4B-Raf-1 conformation in the
lipid environment, we performed MD simulations on the quater-
nary complex at an anionic lipid bilayer composed of DOPC and
DOPS lipids in 4:1, molar ratio. During the simulation, we observed
that TC 1 preserved the symmetric a3-04/a3-04 helical alignment
(Fig. 3A), while both TCs 2 and 3 slightly altered their dimer-to-
dimer interfaces, shifting to an asymmetric o3-04/a3 interface
(Fig. 3B, C). Superimpositions of the final conformation onto the
starting point clearly denote the differences in the KRas4B dimer
interfaces (Fig. S2). For TC 4, the quaternary conformation was
completely dissociated, reducing into two separated binary com-
plexes (Fig. 3D). The dissociation occurred immediately at the early
stage of the simulation (Fig. 3E), suggesting that Raf-1 predomi-
nantly supports the a3 and o4 helical interface. To quantify the
dimeric interface, we calculated the interface area by using the
Proteins Interfaces Structures and Assemblies (PISA) program
[56]. For the Ras-Ras interface area, we obtained ~380 A2
~370 A%, and ~330 A? for TCs 1, 2, and 3, respectively. These values
are very close to the crystal interface area in the range of ~350-
450 A? for Ras dimers involving the o3 and o4 helices (PDB IDs:
4EFL, 4EFM, 3KKN). For TC 4, no interface area was obtained due
to dissociation. In the Ras-Raf interaction, the interface area was
in the range of ~700-810 A2, which is slightly larger than the crys-
tal interface area of 614 A? for the Ras-RBD assembly (PDB ID:
4GON). The larger values indicate that CRD partially contributes
to the interface area.

The asymmetry in the dimeric interface was also observed for
the membrane-attached KRas4B dimer in the absence of Raf [17].
The KRas4B dimeric interface is stabilized by several salt bridge
and hydrophilic interactions between residues at the o3 and o4
helices (Fig. 4). The most common residues involved in the interac-
tion are His94, Arg97, Glu98, and Lys101 at the a3 helix. The resi-
dues, Lys128, GIn129, Asp132, Arg135, and Ser136 at the o4 helix
also contribute to the interaction. Note that both TCs 2 and 3 exhi-
bit the asymmetric helical alignment, but the helices cross each
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Fig. 3. Simulated configurations of the KRas4B-Raf-1 systems at the membrane. (A-D) Snapshots representing the final structures for four different TCs (1-4) of quaternary
KRas4B-Raf-1 complex at the anionic bilayer composed of DOPC:DOPS (molar ratio 4:1). Boxes highlight the KRas4B allosteric lobe dimer interface. (E) Shown is the time
series of the center of mass distance between two KRas4B molecules as a function of time for TCs 1 - 4.

other with different orientations. This is mainly due to the different
conformations of Raf-1 RBD-CRD (Fig. 2A) that support the active
KRas4B membrane orientation [26]. In our previous studies of
KRas4B dimer with the same o3 and o4 helical interface, we
obtained the interaction energy of ~—470 kcal/mol between the
catalytic domains in the absence of Raf-1 [17]. Here, we obtained
similar values of the interaction energies, —480 + 104 kcal/mol,
—432 + 108 kcal/mol, and —412 + 110 kcal/mol for TCs 1, 2, and
3, respectively. These similar values of the interaction energies
between Ras proteins reflect that the residues involved in the
interaction are highly conserved at the same o3 and o4 helical
interface.

3.2. Raf-1 promotes active KRas4B membrane orientation

For membrane-attached Ras, the accessibility of the effector
binding site is crucial for function. In the absence of effectors, an
active KRas4B exhibits multiple orientations resulting in large fluc-
tuations of the catalytic domain at the membrane [10]. Effectors
can restrain the fluctuations when attached to Ras binding site,
restricting the orientation and location of the catalytic domain on
the membrane surface. To observe how the quaternary association
is influenced by membrane localization of the KRas4B-Raf-1 com-
plex, we calculated the average positions of each protein domain
and lipid group over the simulation trajectories (Fig. 5). Position
probability distribution functions for phosphate (PO4) and the ter-
minal methyl (CH3) groups of DOPC and DOPS lipids, for RBD and
CRD of Raf-1, and for the catalytic domain, HVR, and farnesyl of
KRas4B were calculated as a function of distance from the bilayer

center. The peaks in the distribution curves reflect the highly pop-
ulated locations of each component. The symmetric distributions
of the PO, group at both leaflets at d = ~ +20 A (where d is the dis-
tance from the bilayer center) constitute the lipid bilayer, and a
CHs peak between them denotes the bilayer center at d = 0. For
convenience, since the protein complex is located at the one side
of the bilayer, we set the bilayer surface at d = ~20 A to z = 0. For
all configurations, high distribution peaks below the bilayer sur-
face indicate that the farnesyl is located at z = ~—10 A, where the
arrow in the figure indicates the bilayer surface at z = 0. All farne-
syls stably anchor to the interior of the bilayer. For the quaternary
complexes (TCs 1, 2, and 3), the catalytic domain of KRas4B and
Raf-1 RBD are elevated from the bilayer surface as TC 1 — TC 3
(Table S1). In contrast, the HVR locates slightly toward the bilayer
surface as TC 1 — TC 3, but the location of Raf-1 CRD is rather sim-
ilar. The RBD is located at a position below the catalytic domain in
TCs 1 and 2, but it is located at the same position as the catalytic
domain in TC 3. For TC 4, the distributions of the first monomeric
units, KRas4BM! and Raf-1M!, are similar to those in TC 3, but this
is not the case for the second monomeric units. In the KRas4B
dimer with the o4 and a5 helical interface, Raf-1 RBD needs to
be positioned above the catalytic domain due to the effector bind-
ing site of KRas4B facing opposite to the bilayer surface (Fig. 2B).
Thus, the o4-05/a4-a5 helix alignment disfavors CRD effectively
contacting the lipid bilayer. However, after separation into two
binary complexes, we observed that the first binary complex
quickly adjusted its orientation and attached the CRD to the bilayer
at t ~ 150 ns (Fig. S3). Although the second binary complex exhib-
ited large fluctuations, it also attached the CRD to the bilayer later.
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Fig. 4. Topological diagrams representing the allosteric helices, &3 and o4 (left panels), and snapshots highlighting the allosteric lobe dimer interface (right panels) for TCs 1,
2, and 3. No dimer interface was observed for TC 4 due to separation. Residues involving in the salt bridge and hydrophilic interactions are marked.

Raf-1 RBD’s position at the bilayer with respect to the catalytic
domain is highly correlated with the variation in the catalytic
domain orientation at the membrane. To quantify the orientation,
we generated two vectors connecting the atom pairs in GTP,

PA - O3A (ﬁ) and C6 — 06 (H)’), and then measured the angle
between each vector and the bilayer normal. The ensembles of
the KRas4B orientation were sampled from the population distri-
bution of the angles of the two vectors. In our previous studies
|26], we applied this protocol to the binary KRas4B-Raf-1 complex
and defined the KRas4B active-state orientation when the angles
were populated in the ranges of 60° < 0Opg < 90° and 40° <
0co < 100°. For the quaternary complex, we observed that except
TC 4, KRas4B catalytic domain roughly retains the active-state ori-

entation, although its orientation drifted slightly from the initial
setting (Fig. S4). Each monomer in the KRas4B dimer evolves into
different orientational states even if the monomers start from the
same orientation. TC 1 highly populates the KRas4B orientation
in states II and III, converging from state I. TC 2 also populates
the KRas4B orientation in states II and III, which are near its initial
orientation. However, TC 3 appears to yield the KRas4B orientation
in states V with (0po, 0co) ~ (90°, 50°) and VI with (0po, 0co) ~
(120°, 40°), which are less populated states for the binary complex,
even though the initial configuration was assigned to the highly
populated active-state orientation in state IIl [26]. In TC 4, the first
binary complex approaches the KRas4B orientation to (6pg, 0co) ~
(700, 60°) after separation, which is the highly populated state III
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for the binary complex, while the second binary complex lags
toward the active-state orientation. It can be seen that the quater-
nary complex shifts the population of KRas4B orientation from
monomer-specific to dimer-specific catalytic domain orientation.
This prompts us to modify the definition of the landscape for
highly populated catalytic domain orientation for the KRas4B
monomer in the binary complex [26].

To better quantify dimer-specific KRas4B orientations, we con-
sidered the angles of two vectors connecting the atom pairs,

Leu79 — Tyr96 (W) and Leu79 — Val8 (L‘\/), in the catalytic
domain of KRas4B. The selected atoms are highly stable in the pro-
tein core, and the vectors are almost perpendicular to each other.
The population distribution of the angles of these two vectors with
respect to the membrane normal can provide information of the
Ras membrane orientation and, at the same time, the direction of
the catalytic domain inclination (Fig. 6A). In the figure, the red cir-
cle measures the degree of the catalytic domain inclination. For
example, if the orientational distribution map is located outside

the red circle, Ras can be regarded as occluded. We note that the
limit of the red circle was roughly assigned, and that it does not
quantitatively represent the measure of Ras membrane occlusion.
It is based on the observation that the catalytic domain begins to
contact with the membrane surface when the map is located out-
side the red circle. The radial direction of blue dots characterizes
the direction of the catalytic domain inclination. For instance, if
the distribution map is located at the 4th quadrant, Ras’ B2 strand
(or Switch I) faces toward the bilayer surface. We observed that
TCs 1, 2, and 3 populate the distribution map of KRas4B orientation
within the red circle, suggesting that the catalytic domains repre-
sent the active-state orientation (Fig. 6B-D). For KRas4B catalytic
domain, any orientational state within the red circle can facilitate
both Raf binding at the effector lobe and dimerization with another
Ras at the allosteric lobe. That is, Raf binding and Ras dimerization
restrict the distribution map of the catalytic domain orientation to
be populated within the red circle. Our simulations showed that
these quaternary complexes were highly stable with confined
KRas4B membrane orientation, supported by the Raf-1 interactions
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with both KRas4B and membrane. For TC 4, KRas4BM! in the first
binary complex exhibits the active-state orientation just after the
separation (Fig. 6E), suggesting that Raf-1 promotes active KRas4B
membrane orientation. However, KRas4B™? in the second binary
complex slowly recovers the active-state orientation from the
occluded orientation after the separation.

3.3. Membrane interaction of Raf-1: both RBD and CRD involve in the
interaction with the membrane

To quantify how Raf-1 effectively localizes on the membrane
and supports the KRas4B orientation in the quaternary complex,
we measured probability distribution functions of membrane con-
tacts for Raf-1 residues. As expected, the quaternary complexes,
TCs 1, 2, and 3, show high contact probability for the CRD residues
(Fig. 7), indicating that CRD acts as a membrane binding domain of
Raf-1. Interestingly, although RBDs in TC 3 hesitate to interact with
the membrane, RBD residues nearby Lys106 in TCs 1 and 2 yield
high contact probability, indicating that Raf-1 RBD involves in
the interaction with the membrane. For TC 4 with two separated
binary complexes, the Raf-1M! RBD shows high membrane contact
probability, suggesting that RBD anchoring to the membrane can
promote membrane attachment of CRD. We observed that the
RBD residue Lys106 first touches the membrane at t ~ 110 ns and
CRD residue Lys148 follows at t ~ 350 ns (Fig. S5). Once the CRD
establishes membrane attachment, the RBD-membrane interac-
tion becomes sporadic, depending on KRas4B catalytic domain ori-
entation at the membrane.

Raf-1 RBD contains twelve positively charged residues; seven
basic residues (Arg59, Lys65, Arg67, Arg73, Lys84, Lys87, and
Arg89) are located near the Ras binding interface in the N-lobe
and five basic residues (Argl00, Lys106, Lys108, Lys109, and
Arg111) are found at a loop in the C-lobe. Among the C-lobe basic

residues, three lysine residues Lys106, Lys108, and Lys109 are
involved in the interaction with the anionic lipid bilayer (Fig. S6).
The similar profiles in the membrane of the deviation of these basic
residues among all RBDs in TCs suggest that membrane localiza-
tion and orientation of Raf-1 RBD in complex with KRas4B are
highly conserved. For example, Lys106 has the lowest deviation
from the bilayer surface for all RBD conformations. In our previous
simulations [26], for Raf-1 CRD we defined the membrane insertion
loop at 144KTFLKLAFCDICQKFLLN;g; and discovered that three key
basic residues, Lys144, Lys148, and Lys157 are responsible for
CRD-membrane binding. Lys148 has a high probability of inserting
into the membrane. Surface scanning mutagenesis showed that
mutations in the insertion loop, K144A/R164A or K144A/L160A
inhibits Raf-1 activation but did not interfere significantly with
Ras binding [57]. This indicates that the insertion loop is crucial
for Raf activation targeting membrane attachment. Here, for Raf-
1 RBD we designate the region with ;o;LLHEHKGKKA{o as a
“membrane contact loop” and suggest that three key basic resi-
dues, Lys106, Lys108, and Lys109 lead to RBD-membrane contacts
(Fig. 8). Unlike the CRD’s membrane insertion loop, which contains
the hydrophobic residues next to Lys148, the RBD’s membrane
contact loop does not have hydrophobic residues next to the key
basic residue Lys106. This suggests that the membrane contact
loop has an auxiliary role in the Raf-1 membrane interaction, while
the membrane insertion loop has an intrinsic role in the membrane
attachment.

4. Discussion

Here, we provide a mechanistic picture detailing how two Raf
molecules attach to the membrane and interact with Ras dimer,
and how this can activate Raf using explicit MD simulations. In
the quaternary KRas4B-Raf-1 complex at the anionic bilayer,
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GTP-bound KRas4B proteins form a dimer through the allosteric
lobe interface, and two tandem Raf-1 RBD-CRD bind to the exposed
effector lobes at both ends of the dimer. Previous models only pro-
vided the binary KRas4B-Raf-1 complex at the membrane [26,29].
However, to activate Raf, two Raf molecules are required for kinase
domain dimerization, and proximal, nanoclustered or dimeric, Ras
molecules are needed to accomplish this aim. Physiological Raf
activation can be via kinase domain homodimerization or
heterodimerization with other Raf isoforms with the kinase
domains catalysing cis autophosphorylation of each activation loop
[58-61]. However, autoinhibited, full-length Raf may not achieve a

sufficiently high local concentration to accomplish dimerization in
the cytoplasm. Raf interaction with Ras molecules organized in
nanoclusters [14,62], coupled with the strong Ras—RBD interaction
and further enhanced by CRD, significantly increases Raf’s effective
concentration at the membrane, essentially scaling down Raf’s dis-
tribution from 3-dimentional to 2-dimentional organization.

It was reported that the lateral diffusion of Ras in the plasma
membrane is as fast as lipid probes and significantly faster than
a typical membrane protein [63,64]. In a nanocluster, Ras mole-
cules congregate in specific membrane microdomains with favored
lipid composition [11,65]. A major driving force gathering the Ras
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molecules is the interactions between their catalytic domains, with
the prenylated HVR engaging in the membrane association.
Membrane-unbound Ras catalytic domain can obtain fast lateral
diffusion and facilitate nanocluster formation. In contrast, highly
occluded Ras with membrane-bound catalytic domain dampens
its lateral mobility, restricting nanocluster formation. Ras nan-
ocluster is the active signalling platform for the MAPK pathway,
and GTP-bound Ras molecules with membrane-unbound catalytic
domain are likely to exist in the cluster. Monomeric Ras with
membrane-unbound catalytic domain exhibits high fluctuations
unless lipid interactions secure the catalytic domain at the mem-
brane surface [10]. When gathered, the continuous network of
the catalytic domain interactions decreases the fluctuations. Ras
catalytic domain interactions are transient with low affinity
[17,20], suggesting that the Ras nanocluster is a dynamic, lateral
assembly of Ras molecules in the membrane. In the nanocluster,
Ras can associate through the allosteric and effector lobe inter-
faces. The allosteric lobe dimer interface involves o3, o4, and o5
helices, while the effector lobe dimer interface contains a shifted
B-sheet extension with relatively higher affinity [20].

KRas4B forms a dimer in a GTP-dependent manner [17,20], and
assembles into higher order nanoclusters [15], which can contain 6
to 8 Ras proteins [66,67]. Thus, a KRas4B nanocluster may be an
array of multiple combinations of molecular interactions through
two distinct dimeric interfaces, or consist of spatially adjacent,
albeit loose monomers. When Raf-1 is recruited to the membrane,
its RBD targets the effector lobe. Two Raf-1 RBDs can bind to the
exposed effector lobes of an allosteric lobe interface-mediated
KRas4B dimer. The reduced fluctuations secure the weakly aligned
KRas4B allosteric lobe dimer interface, enhancing the KRas4B-Raf-
1 interaction at the membrane. Our simulations provide atomistic
description of this cooperative mechanism and the favored mode
of attachment of the quaternary assembly to the membrane. The
simulations show that the populated asymmetric membrane-
bound allosteric lobe KRas4B dimer interfaces are mainly through
the o3 and o4 helices. Helical interface asymmetry results in a bent
tetrameric conformation. This delineates the shape of the nan-
ocluster as less likely linear, and more probably curved or
circular-like, accommodating, or promoting, local membrane cur-
vature [68]. An additional anchor point provided by Raf-1 RBD’s
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membrane contact loop further secures Raf-1's membrane attach-
ment. The quaternary complex is highly stable at the membrane
with a total of six anchor points; two by HVRs, two by CRDs, and
two by RBDs. However, unlike the Raf-1 CRD’s membrane insertion
loop containing both key basic residues and hydrophobic residues
[26-28], the membrane contact loop of RBD lacks hydrophobic
residues, suggesting its auxiliary role in the Raf-1 membrane
anchorage.

Does Ras dimerization promote Raf dimerization or vice versa as
has sometimes been hypothesized? Our studies suggest that
KRas4B dimer may promote Raf-1 kinase domain dimerization,
possibly yielding a proximity of two Raf kinase domains in the
cytoplasm, by cooperatively amplifying the affinity of the Ras-
Raf-1 RBD-CRD interaction. The enhanced affinity acts to shift the
Raf-1 ensemble thereby relieve its autoinhibition toward a kinase
domain-accessible state. We propose that Raf-1 RBD-CRD binds
to the effector lobes of the Ras dimer with high affinity. This bind-
ing reduces the fluctuations of the Ras dimer in the membrane,
which further promotes Ras—Raf-1 affinity to effectively accom-
plish the population shift. Reduced fluctuations in the membrane
of spatially proximal Raf-1 binding to Ras monomers can similarly
cooperatively accomplish this role. The reduced fluctuations of the
dimer (or of spatially proximal Ras monomers) at the bilayer coop-
eratively enhances it. The quaternary assembly promotes Raf acti-
vation by shifting its equilibrium to the kinase domain accessible
state [32] thereby enhancing active Ras signalling.
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