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Supplementary Information

A structural model of a Ras-Raf signalosome

Supplementary details of model construction

Preparation of simulations by type

Simulations of K-Ras monomer in solvent, on the membrane, and in a lattice

Wild-type K-Ras4B (residues 1-169) was prepared from the crystal structure PDB 4DSN with
either GDP or GTP bound. Multiple simulations were launched, and the simulations in which
GDP or GTP appeared unstable were discarded. For the membrane simulations, wild-type K-
Ras4B (residues 1-169) was prepared from PDB 4DSN, loaded with either GTP or GDP, with
the hypervariable region (HVR) residues 170—185 added to the structure in an initially extended
conformation in which Cys185 was farnesylated (fCys185). The N terminus was charged.
K-Ras was initially positioned in proximity to the membrane. This procedure was adopted for
both the GDP- and GTP-bound K-Ras structures. For the crystal lattice simulation, GTP-bound
K-Ras4B (residues 1-167) was arranged in an orthorhombic lattice, with 24 copies in the

simulation cell, which was constructed based on PDB 3GFT.



Simulations of K-Ras dimerization in solvent and on the membrane

In solvent simulations, two copies of GTP-bound K-Ras proteins were placed in the simulation
box without contact with one another and in arbitrary relative orientations, which differed in
different simulations. In simulations of dimerization on the membrane, two copies of
GTP-bound K-Ras were positioned on the membrane and not in contact with one another, with
their HVR farnesyl groups buried in the membrane; the two K-Ras proteins were in the same
orientation on the membrane initially. The initial membrane orientations were generated from

simulations of monomeric GTP-bound K-Ras on the membrane (snapshots at 1 pus).

The GTP-mediated asymmetric (GMA) K-Ras dimer model was simulated in solvent. At the
beginning of each simulation, the switch I regions in both the GTP donor and acceptor were

adjusted to be consistent with the crystal structure PDB 4DSN.

Simulations of an RBD-bound K-Ras monomer and dimer

A model of monomeric GTP-bound K-Ras, bound in turn with the Ras-binding domain (RBD) of
C-Raf, was constructed based on a crystal structure (PDB 4GON) of H-Ras bound with the C-Raf

RBD. This model was then simulated in solvent and on the membrane.

Based on the crystal structure PDB 4GON, a C-Raf RBD was positioned on each protomer of the
GMA K-Ras dimer and then simulated. At the beginning of each simulation, the switch I region
of each K-Ras protein was adjusted to adopt the active conformation exhibited by the crystal
structure PDB 4DSN. We simulated the RBD-bound K-Ras dimer both in solvent and on the

membrane. In the setup of the simulations of RBD-bound K-Ras dimer on the membrane, the



K-Ras dimer was positioned in the membrane orientation from the simulation of K-Ras

dimerization on the membrane (Figure 1A).

Unbiased binding simulations of Gal-3 and farnesyl

The Gal-3 carbohydrate-binding domain (residues 113-250) was prepared from the crystal
structure PDB 3ZSM. Three copies of farnesylated cysteine, each capped on both ends (with
N-terminal acetyl and C-terminal N-methyl amide residues), were initially placed in solvent at
random positions inside the simulation box; the Gal-3 protein was positioned at the center. This

simulation protocol is similar to one described previously.!

Simulations of a C-Raf RBD and CRD with K-Ras in solvent and on the membrane

Starting from the RBD-bound K-Ras structure, the nuclear magnetic resonance (NMR) structure
of the cysteine-rich domain (CRD) of C-Raf (residues 136-187) (PDB 1FAR) was linked to the
structure of the C-Raf RBD by a short linker (residues 132—135), and positioned in arbitrary

orientations proximal to the K-Ras protein.

Simulations of monomeric and dimeric C-Raf linker in solvent

The C-Raf linker (residues 188—-339) was constructed in an extended conformation and allowed
to collapse in simulations. In simulations that included two copies of the C-Raf linker, a
harmonic flat-bottom distance restraint was employed to restrict the distance between the Ser339
residues of the two strands to ~15 A. This restraint was devised so that the linker dimer would

be geometrically compatible with the C-Raf kinase domain (KD) dimer (residues 340—615), in



which the distance between the two Tyr340 residues is 11.5 A according to the crystal structure
PDB 30MV.

Construction of the Ras-Raf signalosome model

Building the K-Ras octamer

The K-Ras octamer was constructed by repeating the GMA dimer interactions in a string of eight
K-Ras proteins, starting from the K-Ras dimer on the membrane that was formed in the
simulations of K-Ras dimerization, with the donor of the GMA dimer being the head of the
octamer (Figure 1B). The switch I and Il regions in each K-Ras protein were rebuilt to be
consistent with the conformation in PDB 4DSN and to maintain the key interactions between
GTP and Tyr32, Lys16, and Thr35. The interaction between the GTP y-phosphate and either
Argl35 or Lys128 that was observed in the GMA dimer model was conserved in constructing
the octamer model. The switch II conformation was adjusted to create a groove in that region in
the base-tier K-Ras proteins; this groove is important in the stacking interactions (to
accommodate the f2—B3 hairpin of a K-Ras protein from the second tier). The series of polar
interactions at the stacking interface (Lys165—Asp98, Lys172—Glul05, Argl61-Asp91, and

Glul54—Arg88) were also maintained by minor adjustments to the side-chain conformations.

Adding a C-Raf RBD to each K-Ras protein

A C-Raf RBD (residues 54—131) was placed on each K-Ras unit, based on a structure of H-Ras
in complex with the RBD (PDB 4GON).



Adding a Galectin-3 protein to each K-Ras protein

The farnesylated cysteine (fCys185) of K-Ras was inserted into Gal-3 based on the complex
structure of farnesylated cysteine-bound Gal-3, which was generated by unbiased binding
simulations. The K-Ras HVR (residues 170—184) was built in with an extended conformation
and allowed to relax in simulations. A Gal-3 protein at index n was positioned near K-Ras n
such that it bound to the fCys185 and HVR of K-Ras, and its Lys210, Glu205, and GIn220
residues interacted with the Asp117, Argl00, and Asn74 residues of C-Raf RBD n—1, which
itself made a primary interaction with K-Ras n—7/ (the GTP donor to K-Ras 7). The Gal-3
protein bound to the fCys185 residue of K-Ras / was positioned in a similar orientation,
although it did not interact with an RBD in the same manner. The four Gal-3 proteins that bound
to the fCys185 residues of K-Ras /—4 at the base tier were positioned on the membrane such that
the first (residues 113—126) and last (residues 242-250) B strand of each Gal-3, and the K-Ras
HVRs bound to each Gal-3 protein, were proximal to the membrane. The other Gal-3 proteins
were positioned in an orientation similar to the Gal-3 proteins of the base tier: Gal-3 n+4
stacked onto Gal-3 n, with  strands of the former (residues 242-250) and latter (residues 183—
190) resembling an antiparallel B sheet. We considered only the structurally resolved

carbohydrate-binding domain of Gal-3, not the unresolved N-terminal region.

Adding a C-Raf CRD to each K-Ras protein

We performed 24 simulations (totaling 122 ps) of the three-domain system in solvent (CRD
tethered to a K-Ras—RBD complex), in which the CRD was initially in contact with neither the
K-Ras protein nor the RBD. The simulations generated a set of structural models (Figure S7E).
A CRD pose was considered only if, once positioned on the K-Ras helical assembly, it did not

clash with any K-Ras proteins or the membrane. Based on the successful poses, we constructed



models of membrane-bound K-Ras bound to both the RBD and CRD for further simulation (31
simulations of 140 us in aggregate). In one of these simulations, the K-Ras—CRD structure
adopted a stable pose in which the Glul74, Argl43, Phel51, Lys157, and Leul60 residues of the
CRD were positioned proximally to the Arg41, Asp54, Metl170, Glu76, and Ile163 residues,
respectively, of K-Ras, and a CRD Zn?" interacts with Glu3 of K-Ras. The K-Ras/CRD

interaction with this CRD pose exhibits electrostatic complementarity (Figure S7H).

In our signalosome model we used this K-Ras—CRD structure: The CRDs bound to the K-Ras
proteins of the base tier also interact with the membrane, as do the Zn>" ions bound to the CRDs.
The stability of the Glu76-Lys157 and Glu3-Zn?" interactions in CRD/K-Ras pairs, over the
course of a nearly 100-us long and restraint-free simulation of the complete signalosome model
(Figure S7F), is indicative of the stability of the CRD/K-Ras pose in the model. In this model,
the CRDs of the second tier interact with K-Ras molecules with the same pose, although they do

not contact the membrane.

Adding the C-Raf linkers and kinase domains to the model

Our simulations of the C-Raf linker in solvent suggested that it may adopt a diverse set of
conformations, with a large variation in the distance between the N and C termini. We selected
eight different C-Raf linker conformations from these simulations. In the signalosome model,
each linker was attached to a CRD (ending at Trp187), and the linker of C-Raf n (bound to K-
Ras n) was positioned adjacent to the linker of C-Raf n+4 (bound to K-Ras n+4). (Other C-Raf
pairing patterns may also be possible, as discussed in the following section.) In the model, the
KD of C-Raf n was arranged to dimerize with the KD of C-Raf n+4. The structure of the KD
dimer (PDB 30MV) was placed slightly above the membrane, with the Tyr340 residues facing
inward toward the K-Ras assembly. An ATP and one Mg?" ion were placed at the ATP binding



site of each KD. The C termini of the linkers were adjusted so that linker » and n+4 were
connected to a KD dimer. Steric clashes and interweaving of the linkers were avoided in the
modeling. Phosphorylation of Ser338 and Tyr341 was also introduced. In subsequent
simulations of the model, the two linkers developed extensive contact with one another (Figure

IF).

Constructing an 8-protomer Ras-Raf signalosome model with alternative C-Raf pairing

Although there are no clear experimental observations favoring a particular pattern of C-Raf
pairing, given the length and flexibility of the C-Raf linker, it is structurally feasible for C-Raf n
to pair with C-Raf n+1, C-Raf n+3, or C-Raf n+5, rather than with C-Raf n+4. C-Raf n pairing
with C-Raf n+2 or CRD n+6 can be excluded, because the CRD C-termini separation for such a
pair is too large (~150 A). The separation between the CRD C termini is 80—100 A for an n/n+1,
n/n+3, or an n/n+5 C-Raf pairing, while the separation is only 35-50 A for an n/n+4 pairing.
The signalosome model does not dictate a uniform pattern of Raf dimerization, but the n/n+4
pairing (Figure 1F) would appear more likely if we consider that the other pairings require a
significant part of a C-Raf linker to adopt an extended loop conformation to circumvent the Gal-
3 proteins (Figure S9F, lower right panel). Further investigation is required to clarify whether C-
Raf dimerization follows a uniform pattern and what that pattern might be. To demonstrate that
other C-Raf dimerization patterns may be possible, we developed an alternative Ras-Raf

signalosome model in which C-Raf n is paired with C-Raf n+1 (Figure S9F).



Adding the 14-3-30 dimer to each C-Raf KD dimer

C-Raf was extended C-terminally to residue 625, with Ser621 phosphorylated. A 14-3-3c dimer
was attached to each KD dimer based on the crystal structure PDB 4IEA, in which each 14-3-3c
is bound with a C-Raf phospho-peptide (residues 618—625) including pSer621. The orientation
of the 14-3-3c dimer with respect to the KD dimer is unknown, but limited flexibility is afforded
by the two residues (Ile616 and Asn617) that connect the KD and the phospho-peptide bound to
14-3-30. Under this constraint, together with an assumption of symmetry that ensures the two
14-3-30 proteins interact with the two KDs in the same way, we constructed a model of the
C-Raf KD dimer bound with the 14-3-3c protein. Based on this hetero-tetrameric C-Raf KD—

14-3-36 model, 14-3-3c proteins were incorporated into the signalosome model.

Adding MEK to each C-Raf KD

Based on a structure of a B-Raf KD bound with MEK1 (PDB 4MNE), we positioned a MEK1
KD (residues 66—-382) abutting each C-Raf KD as a substrate protein in the signalosome model.
This also positioned the N-lobe of MEK 1 against 14-3-3c6. The missing residues of MEK1
(residues 275-305) were modeled as an extended loop, which collapsed towards the C-lobe of

the MEK 1 KD in simulations.

Simulating the eight-protomer Ras-Raf signalosome model

The simulated signalosome model consists of eight protomers, each of which includes a K-Ras, a
Gal-3, a C-Raf, a 14-3-3c, and a MEK protein. These components were incorporated into the
model in a stepwise fashion: 1) by extending the GMA dimer, a K-Ras octamer was constructed

and simulated. A model with consistent K-Ras/K-Ras interactions, and stability in a simulation



of ~10 ps, was used in further modeling; 2) 8 C-Raf RBD domains were added to the K-Ras
octamer based on an RBD-Ras crystal structure, and the resulting model was simulated. The K-
Ras/RBD model was stable in these pus-long simulations; 3) based on our simulation studies of
Gal-3 interactions with the farnesylated K-Ras tail, with full-length K-Ras protein, and with
another Gal-3, 8 Gal-3 proteins were added to the K-Ras/RBD octamer model, and the resulting
model was simulated. At the end, a K-Ras/RBD/Gal-3 model, stable for 20 ps in a simulation,
was chosen for further modeling; 4) after our simulation study of CRD interaction with an RBD-
bound K-Ras, 8 C-Raf CRD domains were added to the model and simulated. In the event that a
Gal-3 molecule or a CRD deviated from the initial modeled position in the simulation, we
manually repositioned the Gal-3 or CRD, and then relaunched the simulation. A model with
consistent CRD/K-Ras and Gal-3/K-Ras interactions, stable in ps-long simulations, was chosen;
5) after simulations of C-Raf linkers and their interaction with one another in isolation, and
modeling of the two-protomer C-Raf/MEK/14-3-36 complex, each C-Raf in the octamer model
was extended to full length, with the linkers paired with one another, and with the kinase
domains dimerized and interacting with 14-3-3¢ dimers and MEK kinases. This model was then
simulated to nearly 100 pus, and remained stable in the simulation without any artificial restraints

(Figure S1B).

In step 5, the simulation of a complete signalosome model consisted of five phases. In the first
phase, weak harmonic positional restraints (with a spring constant of 1 kcal mol ' A™2) were
applied to the backbone atoms of the CRD and the KD domain of each C-Raf for 1 ps. This
allowed the disordered C-Raf linkers to equilibrate. In the second phase, weak harmonic flat-
bottom distance restraints were employed for ~1 s to facilitate structural relaxation at the
predicted protein-protein interfaces, particularly the CRD interface with K-Ras and the Gal-
3/Gal-3 interface. This was designed to allow these protein-protein interactions to equilibrate

after more stringent harmonic positional restraints were removed. In the third phase, all



restraints were removed, and extensive equilibrium MD simulations were performed. In the
fourth phase, the complex was inspected for overall stability and symmetry in the interaction
surfaces. Any Gal-3 protein, C-Raf CRD, or MEK1 kinase that had deviated substantially from
the initial model was remodeled, and then the simulation was relaunched. These four phases
were repeated, until a stable signalosome model was achieved. In the fifth phase, the final
signalosome model was simulated for nearly 100 pus without any restraint applied to any protein-

protein interactions.

Supplementary analyses

Simulations of GTP-bound K-Ras in a crystal packing

In X-ray crystal structures of wild-type Ras, although binding to GTP analogs appears to be more
stabilizing to the active conformation of the switch regions than GDP binding, conformational
heterogeneity remains (Figure S3E and S3F). In crystal structures of the GTP-bound Ras mutant
T35S, the heterogeneity is more pronounced (Figure S3G), consistent with the fact that T35S is
an inactivating mutation. The conformation of Ras bound to GTP analogs in crystals at the
switch regions (Figure S3E) appears much less varied than in our simulations of GTP-bound K-
Ras (Figure S3B). To reconcile this apparent discrepancy, we set up a crystal lattice with 24
copies of wild-type GTP-bound K-Ras in a simulation box, based on the crystal lattice
underlying PDB 3GFT, and simulated this for 4 ps. From the 24 copies, we took a
conformational snapshot every 1 us. We found that K-Ras was significantly less flexible in the
lattice than in solvent; in the lattice the relative population for the active conformation at the

switch one region was 45%, as opposed to 11% in the solvent (Figure S3A and S3H). This result
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suggests that crystal packing may mask the inherent conformational fluctuation of GTP-bound
K-Ras. We also simulated RBD-bound K-Ras, and found that the switch regions were most

stable in the active conformation upon RBD binding (Figure S3D).

Timescale of protein dimerization and the length of our simulations

In the absence of a favorable electrostatic steering force, an upper bound for the “on” rate of
protein-protein binding is ~10° M!s™1.2 At the millimolar protein concentration relevant for our
simulations, the average time required for a binding event is thus ~1 ms. Since the timescale of
our individual simulations of K-Ras dimerization (~10 ps) is significantly shorter than that of
protein-protein, we would not expect most of the simulations to converge to a single dimer
model. Of the tens of K-Ras/K-Ras binding simulations we conducted, indeed only two (one in
solvent and one with membrane) arrived at the GMA K-Ras dimer structure. (We did not obtain
any other dimer from these simulations more than once, although this itself is not sufficient
evidence to support the GMA dimer.) To obtain a Boltzmann ensemble of K-Ras dimer
conformations, the simulations need to sample both the formation and the dissociation of the
GMA dimer adequately. The former event has only been sampled twice, and the latter has not
been sampled. We thus do not expect that the snapshot from all the simulations combined can

generate the Boltzmann ensemble of K-Ras dimers, or a correct relative population of the dimers.

Analogous Arg-GTP interaction in Toc33-Toc34 dimers

A trans interaction similar to that in the GMA K-Ras dimer model has been reported? between

arginine and GTP phosphate in GTP-mediated dimers of Toc33 and Toc34 (Figure S2H, PDB
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3BBI), two isoforms of a GTPase receptor protein in the outer envelope of chloroplasts; indeed,

these homodimers do not promote GTP hydrolysis.*

SN-HSQC broadening profile of K-Ras and K-Ras dimerization

Twelve residues exhibited broadening of '’N-HSQC spectra upon sample dilution of GTP-yS-
bound truncated K-Ras-4B (Residue 1-166).> Eight of the twelve residues (Lys16, Asp30,
Glu31, Asn86, Aspl19, GInl31, Argl35, Lys147) are located at the GMA dimer interface, and
four are not (Ile24, Glu37, Ser39, Val44) (Figure 2E). The broadening of the eight residues can
be easily explained by the dimerization. The broadening of Ile24 (immediately N-terminal to
switch I) and Glu37 and Ser39 (immediately C-terminal to the switch I) is consistent with the
notion that GMA dimerization stabilizes the donor’s active conformation of switch I. Val44 is
adjacent to the a5 helix of the acceptor interface, and the broadening may be a result of the

altered a5 dynamics in the GMA dimer.

NMR chemical shift perturbations (CSPs) were also observed upon sample dilution of full-length
GTP-yS-bound K-Ras4B for nine residues. The CSP profile of the full-length construct is not
identical to that of the tail-truncated construct (residues 1-166), potentially because in solution
the HVR tail interacts with the catalytic domain and affects K-Ras dimerization.® The CSPs are
broadly consistent with the GMA dimer as well. Of the nine CSP residues, six residues are part
of the GTP-acceptor interface (Ile84, Val125, Alal130, and Glul43) or immediately adjacent to
the interface (Vall14 and Tyr157); Glu91 is adjacent the GTP-donor interface; Asp38 is
immediately C-terminal to the switch [; Alal8 is secluded and interacts intimately with the

mediating GTP, and may be indirectly affected by the GTP-mediated dimerization.
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The GMA K-Ras dimer has not been captured by X-ray crystallography

Notably, in our survey of crystal structures we did not find a Ras GMA dimer. We believe that
this could be attributable to the fact that GMPPNP is a poor mimic of GTP with respect to
mediating Ras dimerization as shown by NMR analysis.> To understand why GMPPNP is a poor
mimic of GTP in Ras dimerization, we simulated the GMA K-Ras dimer with GMPPNP
replacing GTP for 8 us. We observed that the interactions at the GMPNP-mediated interface
resembled those in the GTP-mediated interface, with one important exception: In the case of
GTP, the amide group of the receiver GIn131 side chain was favorably positioned next to the
GTP ether group linking the 3 and y phosphates. In the simulation of GMPPNP, the GIn131
amide was similarly positioned next to the linking nitrogen atom of GMPPNP, but the polar
hydrogen bonded to this linking nitrogen is separated by only 2.5 A from a polar hydrogen on
GInl131, a collision making this conformation clearly unfavorable (Extended Data Fig. 2D). This
observation is also consistent with the finding® that GTPyS, which like GTP bears an ether
linker, is a better mediator of Ras dimerization. Another potential explanation for the absence of
the Ras GMA dimer in crystal structures is that the constraint of membrane association, which is

missing in crystal structures, may be required to stably form this interaction.

Intriguing questions with regard to G13D and G13R oncogenic mutations

Unlike the other oncogenic mutations we tested, in our simulations G13R and G13D disrupted
the GMA K-Ras dimer (Figure S2K). This is corroborated by our preliminary BRET data, which

showed that G13D disrupts K-Ras assembly (Figure S5F). Further investigation is required to
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address whether these two mutations indeed are incompatible with the GMA dimer and if so,

what might be the biological implications.

Complicating factors associated with the R135A mutation in K-Ras

In light of the interaction between Argl35 and GTP predicted by the GMA dimer model, we
tested the R135A mutation, with the expectation that its effect would be similar to the other four
mutations we tested. We did not, however, observe increased CFP emission after YFP bleaching
for R135A (Figure SSE), and its effect on K-Ras/K-RASMUT cell growth was moderate (Figure
3F and Figure S4B). R135A also did not disrupt ERK phosphorylation, although it boosted AKT
phosphorylation (Figure 3G and Figure S4C). To reconcile these results, we considered the
possibility that R135A might alter the biochemical properties of K-Ras. Indeed, although
Argl35 is distal from the nucleotide binding site, we found that in the absence of any GEF
protein, the inherent nucleotide exchange rate of R135A was significantly higher than that of the
wild-type (Figure S5D). This may have increased the population of GTP-bound K-Ras in the

cells and masked the effect of R135A on K-Ras dimerization.

RI1354/R128A double mutation

The double mutation R135A/R128A attenuates H-Ras nanoclustering.” In addition to reducing
effector recruitment and MAPK signaling, the double mutation is thought to affect
nanoclustering primarily by altering the orientation of Ras on the membrane.® If similar helical
assemblies of H-Ras underlie the nanoclustering, our model suggests that the R135A/R128A
mutation would attenuate H-Ras nanoclustering and signaling by disrupting GMA H-Ras dimers.

Given the connection between the GMA dimerization and the orientation of Ras on the
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membrane (Figure 2G), the observed change in Ras orientation may in part be associated with a

double mutation—-induced change in Ras dimerization.

The E62R mutation abolishes AKT phosphorylation

The E62R mutation is unique among the mutations we tested in this study, in that it abolishes
AKT phosphorylation (Figure 3G) and is located at the switch II region. Raf primarily binds at
the switch I region, but PI3K kinase binds with both the switch I and II regions.” Although E62R
may disrupt the GMA dimerization and hinder ERK phosphorylation, it may more effectively
disrupt Ras-PI3K binding and affect AKT phosphorylation in the PI3K-AKT pathway. Further
investigation is needed to understand the effect of the E62R mutation on this pathway. Basal
expression levels of the E62R mutant were lower than those of the other mutants, in agreement
with previous reports that demonstrated that some mutations in the switch II region of K-Ras are

hypomorphic.'®!!

Simulations investigating membrane orientations of K-Ras

In the NMR-identified a orientation, a bound GTP tends to have the guanine moiety closer than
the phosphates to the membrane, but in the NMR-identified 3 orientation the opposite is the case,
and the GTP is also further removed from the membrane. We thus used the guanine and
phosphate distances to the membrane to represent a K-Ras orientation (Figures S2E and S2F).
We simulated a GTP-bound K-Ras monomer on the membrane for 67 ps in total and a (GTP-
bound) K-Ras monomer bound with a C-Raf RBD on the membrane for 50 ps in total, and
compared the distributions of K-Ras orientations in these simulations with the distribution in a

simulation of the GMA dimer. The RBD-free monomer adopted two clusters of orientations, one
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in the RBD-compatible o region, and one in the RBD-occluding B region (Figure 2G). In
contrast, the RBD-bound monomer only adopted orientations of the a region, as did the two K-
Ras proteins in the simulations of a GMA dimer. In the o orientation, as suggested by a previous
study,'? Met170 at the C terminus of the a5 helix tended to be partially buried in the membrane
in our simulations. This analysis indicates that the membrane interaction of K-Ras may promote
GMA dimerization by restraining the K-Ras orientation, and that GMA dimerization may
promote K-Ras recruitment of Raf proteins by imposing membrane orientations favorable to

RBD binding.

Comparison to previously reported Ras dimer and oligomer models

A number of Ras dimer structures have been proposed,'*~'¢ including symmetric models that use
either the a4-a5 helices or the a3-04 helices as the dimer interface. A pentamer model has also
been proposed!” that uses both interfaces. Because our signalosome model also involves Ras-
Ras interfaces at these two locations, the mutagenesis data that support those models are also
consistent with the signalosome model. Specific mutations have included K101E, E107K,
K101A/R102A, H94A/H95A," E98K/D105K, K165E/K172D,'* K147, D154, and R161."
These mutations were found to disrupt Ras nanoclustering. Combinations of mutations that
recover nanoclustering include K101E/E107K!7 and the E98K/D105K/K165E/K 172D quadruple
mutation.'* In our analysis of the GMA dimer interface we found that K147 and D154
participate in acceptor interactions, H94, H95, E98, K101, K102, D105, E107, K165, and K172
participate in stacking interaction (Figure S6A), and R161 participates in both. Because of
potential interface overlaps with the previous models, it is difficult to use a single mutation to
discriminate between the GMA and other models. The combination of K101E and E107K single
mutations, and the combination of E98K/D105K and K165E/K 172D double mutations, are
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shown to restore Ras nanoclustering.!” This was explained by the pentamer model, but it can
also be explained by the helical assembly model, since the residues belonging to these two sets

of mutations participate the stacking interaction (Figure S6A).

One important distinction is that previously reported models do not place switches I and II,
which are modulated by GTP binding, at Ras-Ras interfaces. This makes it difficult to explain
the effects of GTP on K-Ras dimerization, whereas the GMA dimer provides a straightforward
explanation. In the previous dimer and pentamer models, each Ras-bound Raf RBD is in contact
with one Ras. By contrast, in our model each RBD is in contact with at least two K-Ras
protomers, offering a structural explanation for the finding that RBD binding promotes K-Ras
dimerization.'® Our GMA model and the previous models also differ in that they impose
different membrane orientations on the Ras molecules. The a3—a5 helices, which are parallel or
anti-parallel to one another, are parallel to the membrane surface in the GMA model (o
orientation), but are nearly perpendicular (B orientation) in the previous models. As a result, the
switch III region,® which regulates Ras membrane orientation, is in contact with the membrane in
the GMA dimer but not in earlier models. The previous models leave no room for involvement
of Gal-3 in the dimerization. We think that this connection between K-Ras orientation,
dimerization structure, and Gal-3 involvement is important, and suggests that the presence of
Gal-3 may regulate the membrane orientation and dimerization structure of K-Ras. Because
experimental data suggest that Gal-3 is crucial to Raf signaling,'? it is not likely that the Ras
assembly underlying Raf signaling is incompatible with Ras/Gal-3 interaction, as the previously

reported dimer and oligomer models of K-Ras are.
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Estimate of the local concentration of constituent proteins in the Ras-Raf signalosome

Our modeled eight-protomer signalosome is approximately 140 A in radius and 80 A in height,
and thus about 5 x 10° A® in volume. This translates to a local concentration of approximately

2.7 mM for each of the eight proteins constituent to the signalosome.

Additional details of the secondary and tertiary Ras-Ras interactions

In the secondary Ras-Ras (stacking) interaction, the a3 helix and N-terminal part of the switch II
region of a K-Ras protein at position n packs with the a5 helix and f2-B3 hairpin of K-Ras n+4
(Figure 4C). The stacking interface of K-Ras n+4 largely overlaps with the membrane interface
of a K-Ras protein in the base tier (Figure 1B). The stacking interaction of two K-Ras proteins
involves a buried interface with an area of about ~1450 A? and a number of salt bridges at the
interface, including Glu98-Lys165 and Asp105-Lys172 (Figure S6A). This may explain a recent
report that E98K/D105K and K165E/K 172D mutations individually disrupt K-Ras

t.!'” The stacking is also consistent with K-Ras

nanoclustering but together rescue i
nanoclustering being disrupted by K101A/R102A and H94A/H95A mutations, ' as these
residues are also located at the stacking interface in the helical assembly. The tertiary interface
is smaller, with a buried interface area of ~660 A2, and involves the a4 helix of K-Ras » and the

al helix and switch I region of K-Ras n+3 (Figures 4C, right panel, and Figure S6B).

The locations of various reported Ras mutations in the signalosome model

The surface of a K-Ras protein in the signalosome model is almost entirely covered by

interactions with other proteins, and so it is not surprising that many mutations affecting the
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function of K-Ras are located at the interfaces between Ras and other proteins in the signalosome
model. We did not consider these mutations in the modeling. Both the K-Ras helical assembly
and interactions of K-Ras with the membrane were determined by the membrane-anchored GMA
K-Ras dimer model generated by simulations, and the RBD interactions with the Ras assembly

were determined by the resolved crystal structure of the Ras-RBD complex.

Many cancer mutations and RASopathy mutations, including T501, C51Y, R164Q, G48R, E49K,
D47A/E49A,E153V, and F156L, are located at the $2-B2 turn and the a4 and a5 helices (the so-
called “switch I1I” region®) and alter Ras nanoclustering.?’ At the base tier of the signalosome
model, these mutations are involved in the Ras-membrane interaction (Figure S8A). This is
consistent with the possibility that the adverse effect of these mutations comes from altering the
interactions of Ras with the membrane.?®?! Additionally, in the signalosome model these
mutations are located at the upper interface of the Ras-Ras stacking (i.e., the interface of Ras
n+4 stacked with Ras n), which primarily involves the f2-B2 turn and a5 helix (Figure 4C, right
panel). The functional effects of these mutations and their connections with RASopathy and
cancer thus may partially arise from their effects on Ras-Ras stacking in addition to Ras-
membrane interactions. Two H-Ras mutations, G48R and D92N, are found together in spitzoid
tumor samples and are known to elevate H-Ras nanoclustering.?’ Assuming the signalosome
model is broadly applicable to H-Ras, we suggest that Gly48 and Asp92 may be adjacent to one
another in trans in Ras stacking (Gly48 at the upper stacking interface of Ras n+4 and Asp92 at
the lower stacking interface of Ras n (Figure S6A)), and these two mutations may interact with
one another, potentially strengthening the stacking and promoting the formation of the Ras

signalosome.
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Modeling of Gal-3 and Raf-CRD

In the modeling, we attempted to accommodate the findings that the RBD mutations D117A and
D117R weaken the nanoclustering and RBD-galectin binding;?* that the Gal-3 mutation V126A
does not appear to affect the farnesyl binding, but does affect Gal-3 colocalization with K-Ras at
the membrane;'® and that a thiodigalactoside-derived Gal-1 inhibitor does not affect the
interaction between Gal-1 and the C-Raf RBD.?? In the resulting signalosome model, the
Aspl17 residue of the RBD is located at the Gal-3—RBD interface, the thiodigalactoside inhibitor
binding site of Gal-3 is positioned away from that interface, and Val126 is proximal to the
membrane (Figure S7A). At the base tier, the Gal-3 position relative to K-Ras is broadly
consistent with the position of similar farnesyl capping proteins (such as PDE69) relative to
small G proteins (Figure S7C). The unstructured N-terminal segment of Gal-3 may be crucial to
Gal-3 oligomerization; although we did not include this in our model, ample space is available

to accommodate it.

A number of Gal-3 mutations have been reported to disrupt Gal-3 dimerization (W181L),** Gal-3
co-localization with K-Ras (G182A),?* and K-Ras nanoclustering (V126A).!"° Additionally, the
Gal-1 quadruple mutation C3S/L5Q/V6D/A7S——corresponding to Gal-3 residues Pro113, Ile115,
Vall16, and Prol17—has been reported to disrupt Gal-1 dimerization and H-Ras
nanoclustering.’> We accommodated these findings in our modeling of Gal-3—Gal-3

interactions, and in the signalosome model these Gal-3 residues are located at the Gal-3 stacking

interfaces (Figure S7B).

A CRD is connected with an RBD by a linker of only four residues, and limited exposed K-Ras
surface area is available for interacts with a CRD in the helical assembly after RBD binding.

The CRD pose is largely constrained by RBD-CRD connectivity, the interactions of the two zinc
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ions in contact with the membrane, and the limited available space. CRD mutations at Ser177,
Thr182, Met183,% Phel51, Leul49,%® and Ras mutation at Val45%7 have been shown to affect
CRD-Ras binding. In the Ras-CRD pose adopted in the model, these mutations are located at or
near the Ras-CRD interface (Figure S7F) or at the CRD interface with the membrane. Further, in
the model the CRD directly interacts with the switch II region of Ras, which is consistent with
the finding that mutations in the switch II regions (G60A and Y64W) may disrupt CRD
binding.”® Although the Ras-CRD pose in the model is consistent with existing experimental
data, it remains to be experimentally validated; we note, however, that this pose is not an

essential element of the overall structure of the Ras-Raf signalosome model.

Comparison with the recently reported Ras-CRD structures

We compared our Ras-CRD model with the recently reported crystal and NMR Ras-CRD
structures.?’>! In these experimentally determined structures the CRD is positioned between the
B2-B3 strands and the N-terminal half of the a5 helix, whereas in our model the CRD is
positioned between the same strands and the C-terminal half of the helix. Although the CRD
positions are similar, the CRD pose in the NMR structure on lipid nanodiscs differs substantially
from the crystal structures. It is worth noting that the NMR structure was solved in the presence
of lipids, whereas the crystal samples were not. In our simulations, analysis of K-Ras/CRD
interactions showed populations of both CRD positions, although the poses varied. The NMR
and crystal conformation corresponds to cluster 2 in Figure S7E. This variability in CRD
positions and poses seen in a crystal lattice (crystal structure), solvent (NMR), and in simulations
is consistent with the notion that CRD interactions with Ras are very weak and likely malleable,
depending on Ras dimerization and membrane orientation. The CRD position in the crystal

structures, for example, is incompatible with the o« membrane orientation of Ras, and thus not
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adopted in our signalosome model, as GMA dimer formation imposes the o orientation. Such a
CRD position should be possible in potential assemblies involving K-Ras dimers and oligomers

that impose a B orientation.'>!*#-1¢

Opposing role of Gal-3 and PDEJ with respect to K-Ras membrane localization

Both PDES and Gal-3 are known to cap the farnesyl group of K-Ras, and our modeling of K-Ras
interactions with Gal-3 are informed by the crystal structures of K-Ras/PDES.*?> We are not,
however, aware of any evidence that PDEJ plays a similar role to Gal-3 or Gal-1 in promoting
Ras nanoclustering. Whereas Gal-3 is found to be localized to membrane rafts** and mediate
membrane localization of K-Ras,** PDES§ was found to return K-Ras from the cell membrane to
the cytosol,*> and likewise the K-Ras/PDES complex tends to dissociate upon contact with
membrane.*® It thus appears that PDES and Gal-3 play opposing roles with respect to K-Ras

membrane localization.

Modeling of the C-Raf kinase dimer in complex with a 14-3-30 dimer

A dimer structure of 14-3-3c, in which each monomer is bound to a peptide representing the
phosphorylated C-terminal loop (residues 618-625) of C-Raf, has previously been resolved.*’
We modeled a complex of the 14-3-36 dimer and C-Raf kinase domain dimer (PDB 4IEA).8
This was largely constrained by the fact that only two unresolved C-Raf residues connect the
kinase domain and the resolved 14-3-3c-bound C-terminal loop. Based on a crystal structure of
MEK 1-bound C-Raf kinase domain,** we added two MEK 1 kinases to the complex structure as
substrates of C-Raf (Figure 1F). (A Raf/MEK/14-3-3 complex structure was reported by Eck

and colleagues*® while this manuscript was under revision. Our model, at a high level, is largely
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consistent with this cryo-EM structure (Figure S9A), although in our model the Raf kinase

domains make more direct contact with 14-3-3 proteins than in the cryo-EM structure.)

The signalosome model may not be applicable to other Ras effectors

It is far from clear whether the Ras-Raf signalosome model is applicable to other effectors
beyond Raf kinases. This model is almost certainly not applicable to PI3K signaling: A PI3K
protein would clash with the membrane at the base tier of the Ras helical assembly and lose
access to its phosphatidylinositol 4,5-bisphosphate (PIP2) substrate lipid at any higher tiers of the
helical assembly. Raf and PI3K are laterally segregated on the membrane in nanoclusters.*! An
increase in the concentration of Gal-1 has been shown to lead to an increase in C-Raf activation
by H-Ras** but a decrease in PI3K activation.*’ In light of PI3K preferentially binding to Ras
nanoclusters in which Ser181 is phosphorylated,** we conjecture that distinct complex structures
underlie Ras-Raf and Ras-PI3K nanoclusters. Consistent with this notion, with the exception of
E62R, the mutations we designed to disrupt GMA K-Ras dimerization do not reduce

phosphorylation of AKT in the PI3K pathway (Figures 3G and S4C).

Lys128 and Argl35, two key residues at the putative GMA dimer interface, are conserved in H-
Ras and N-Ras, and in 6 of the 13 human Ras isoforms.* Homology analysis (Figure S2L)
shows that these two residues are not well conserved evolutionarily, suggesting that the
signalosome structure is not general to small G-proteins. Lys128 and Argl35, however, are
conserved in mammals, suggesting that the signalosome model may be broadly relevant to
mammalian MAPK signaling. In many respects, findings on H-Ras nanoclustering echo those
on K-Ras, and the signalosome model is consistent with the structures of other Ras and Raf

proteins (such as N-Ras, H-Ras, A-Raf, and B-Raf) involved in MAPK signaling. With local
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alterations, the model may be extendable to those Ras and Raf proteins and provide a framework

for understanding their overlapping yet distinct roles in MAPK signaling.

Interactions involving the switch II pocket of K-Ras

SOSI1 carries four basic residues (Lys949, Arg950, His951, and Lys953) at the turn of the helical
hairpin that are not conserved beyond the SOS family. The helical hairpin is inserted into the
switch II pocket of K-Ras in the putative secondary SOS1 interaction with K-Ras in the helical
assembly. This could potentially explain the specificity of SOS1 in up-regulating MAPK

signaling.

The effect of the D154Q/R161E double mutation

Ambrogio et al. reported? that D154Q and R161E single mutations disrupt K-Ras dimerization.
These findings were used to support a symmetric K-Ras dimer model that uses the a4-a5 helices
as the dimer interface. Because the GTP acceptor in the GMA dimer model uses the same
interface, and D154 and R161 are involved in salt bridges at the GMA dimer interface (Figure
3B), the findings are highly consistent the GMA dimer model. The previous study also showed
that D154Q/R161E recovers K-Ras nanoclustering, and this was interpreted as supporting
evidence for the symmetric K-Ras dimer model. Our simulation of an octameric D154Q/R161E
helical assembly showed that these two mutations may be compensatory in the K-Ras helical
assembly. The simulation showed that D154Q disrupts the D154-K 147 salt bridges at the
primary interfaces, but repositions the a5 helix, enabling the formation a compensatory E161-

R102 salt bridge at the secondary interface (Figure S6G).

24



SOS1 and GAP access to K-Ras molecules beyond the base tier

Our structural analysis of SOS1 suggests that the linker connecting the GEF and the PH domains
of SOSI1 (residues 546—579) is sufficiently long and flexible to allow the SOS1-GEF domain to
dock to any K-Ras of at least the second tier of the helical assembly while the SOS1-PH domain
is anchored to the membrane in a favorable membrane orientation®’ (Figure S9G). This analysis
suggests that the helical assembly cannot grow beyond the second tier, which is consistent with a
previous estimate that a K-Ras nanocluster contains 5-8 K-Ras proteins.*® It is conceivable,
however, that the helix portion of the PH-GEF linker (PDB entry 1XD4) could unwind, allowing
greater reach for the GEF domain and thereby larger K-Ras assemblies. Similar analysis also
suggested that the linker connecting the GAP domain and the membrane-anchoring C2 domain
of Ras-GAP protein (residues 677-747) is amply long to allow the GAP domain access to K-Ras

proteins in the second (and possibly higher) tiers of the helical assembly.
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Supplementary Table

Table S1. List of simulations.

Description Number of atoms

Total Simulation Time (ps)

K-Ras monomer

K-Ras (1-169) — GDP in solvent 32k 75.4 (7 Simulations)
K-Ras (1-185) — GDP on membrane 189k 68.4 (12 Simulations)
K-Ras (1-169) — GTP in solvent 32k 75 (5 Simulations)
K-Ras (1-185) — GTP on membrane 189k 67.2 (13 Simulations)
K-Ras (1-167) — GTPCicl;lpe:ecSrystal lattice with 24 126k 10
K-Ras (1-169) — GTP with C-Raf RBD (54-131) 28k 50

Dimerization of GTP-bound K-Ras

Two GTP-bound K-Ras (1-169) monomers

RBD (54-131) on membrane

. L 166k 700 (20 Simulations)
separated in solvent initially
Two GTP-bound K-Ras (1-185) monomers 191k 363.3 (40 Simulations)
separated on membrane initially
GTP-bound K-Ras (1-169) dimer in solvent 86k 100
GTP-bound K-R - i -
oun as (1-169) 'dlmer bound to C-Raf 153k 10
RBD (54-131) in solvent
GTP-bound K-Ras (1-185) dimer bound to C-Raf 201k 11.7 (2 Simulations)

Gal-3 and Farnesylated Cysteine

Gal-3 (113-250) binding with capped farnesylated

L 28k
cysteine in solvent

30

GTP-bound K-Ras with C-Raf RBD and CRD

GTP-bound K-Ras (1-169), C-Raf RBD and CRD

(54-187) in solvent 94k 122.1 (25 simulations)
K-Ras (1-185) ;S:;rgiaf (54-187) on 101k 139.9 (32 Simulations)
C-Raf Linker in Solvent
One copy of C-Raf linker (188—339) 124k; 217k; 1,017k 53 (8 Simulations)
Two copies of C-Raf (188-339) 426k; 427k; 1,014k 84.1 (7 Simulations)

33



GTP-bound K-Ras, C-Raf, Gal-3, 14-3-3c and MEK1 Octamer on the Membrane

Eight units of K-Ras (1-185) — GTP, C-Raf (54-625)
—ATP, Gal3 (113-250), MEK1 (66—382), 14-3-3¢
(2—231), with C-Raf n, n+4 dimerized

1,708k-2,854k

104.1 (13 Simulations)

Eight units of K-Ras (1-185) — GTP, C-Raf (54—625)
—ATP, Gal3 (113-250), MEK1 (66—382), 14-3-3¢
(2-231), with C-Raf n, n+1 dimerized

1,741k

114.4 (3 Simulations)
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Supplementary Movie Legends

Movie S1, related to Figure 1. The architecture of the Ras-Raf signalosome model.
[lustration of the 16-protomer signalosome, in which a 16-member helical assembly of K-Ras on
the membrane was assembled, followed by sequential addition of Gal-3, the RBD, CRD, the
linker and KD of C-Raf, the 14-3-3c dimer, and finally MEK1 kinase. Colors are consistent

with those in Figure 1D.

Movie S2, related to Extended Data Figure 2A (left panel). Simulation of K-Ras dimer
formation in solvent. An unbiased simulation starting with two spatially separated GTP-bound
K-Ras proteins in solvent, in which the GTP-mediated asymmetric dimer formed spontaneously
at approximately 16 ps. The simulation time is marked. The GTP donor is colored in cyan and
the GTP acceptor in pink. At the end of the movie, this dimer is superimposed with the GTP-
mediated asymmetric dimer that was generated by simulating K-Ras dimerization on a

membrane.

Movie S3, related to Figure 2A. Simulation of K-Ras dimer formation on a membrane. An
unbiased simulation starting with two spatially separated GTP-bound K-Ras proteins on a
membrane, in which the GTP-mediated asymmetric dimer formed spontaneously at
approximately 6.5 us. The simulation time is marked. The GTP donor is colored in cyan and the
GTP acceptor in pink. The membrane is shown in gray in the background; GTP molecules are

also shown.
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Supplementary Dataset Legends

Dataset S1, related to Figure 1D. Atomic coordinates of the structural model of the eight-
protomer Ras-Raf signalosome with K-Ras (chains A, B, P, Q, W, Y, E, G), C-Raf (chains C, D,
R, S, X, Z, F, H), Gal-3 (chains N, O, V, U, 1, J, K, T), 14-3-3c (chains n, o, v, u, 1, j, k, t), and
MEKI1 (chains ¢, d, 1, s, X, z, f, h).

Dataset S2, related to Figure 1A. Atomic coordinates of the GMA K-Ras dimer on a

membrane.
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