BIOPHYSICS AND COMPUTATIONAL BIOLOGY

PNAS

Check for
updates

Structural insights into Ras regulation by SIN1

Yuyuan Zheng®P<', Lei Ding®®", Xianhui Meng®, Meg Potter, Alison L. Kearney?, Jie Zhang®®, Jie Sun®, David E. James®€

Chun Zhou®P?

, Guang Yang®?3, and

Edited by Dafna Bar-Sagi, New York University Langone Health, New York, NY; received November 2, 2021; accepted April 5, 2022

Opver the years it has been established that SIN1, a key component of mTORC2, could
interact with Ras family small GTPases through its Ras-binding domain (RBD). The
physical association of Ras and SIN1/mTORC2 could potentially affect both
mTORC2 and Ras-ERK pathways. To decipher the precise molecular mechanism of
this interaction, we determined the high-resolution structures of HRas/KRas-SIN1
RBD complexes, showing the detailed interaction interface. Mutation of critical inter-
face residues abolished Ras-SIN1 interaction and in SIN1 knockout cells we demon-
strated that Ras-SIN1 association promotes SGKI1 activity but inhibits insulin-induced
ERK activation. With structural comparison and competition fluorescence resonance
energy transfer (FRET) assays we showed that HRas-SIN1 RBD association is much
weaker than HRas-Rafl RBD but is slightly stronger than HRas-PI3K RBD interac-
tion, providing a possible explanation for the different outcome of insulin or EGF stim-
ulation. We also found that SIN1 isoform lacking the PH domain binds stronger to
Ras than other longer isoforms and the PH domain appears to have an inhibitory effect
on Ras-SIN1 binding. In addition, we uncovered a Ras dimerization interface that
could be critical for Ras oligomerization. Our results advance our understanding of
Ras-SIN1 association and crosstalk between growth factor-stimulated pathways.
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The mechanistic target of rapamycin (mTOR) is a master protein kinase that forms
two distinct protein complexes: mTORC1 (mTOR, Raptor, mLST8, and PRAS40)
and mTORC2 (mTOR, Rictor, mLST8, SIN1, and Protor1/2) (1-3). mTORCI1 inte-
grates signals such as amino acids, growth factors, stress, and energy status to regulate
major cellular processes including growth, proliferation, and survival while mTORC2
transduces signals from growth factors to pathways involved in proliferation, cytoskele-
tal organization, and anabolic output. Disturbance of mTOR signaling pathways
results in many human diseases including cancer (2, 4, 5).

It has long been established that various small GTPases like Rheb or Rag directly or
indirectly regulate mTORCI activity (6-10). Early studies in Saccharomyces cerevisiae
and Dictyostelium clearly revealed the association of Ras orthologous with SIN1, an
essential component of TORC2 (11, 12). Later it was shown that human SIN1 con-
tains a Ras-binding domain and colocalizes with HRas and KRas (13). Recently it has
been reported that Ras family small GTPases could directly bind to mTORC2 through
SIN1 and disruption of the mTORC2 association with mutant NRas, HRas, or KRas
impairs Ras-driven tumorigenesis (14). SIN1 is specific to mTORC2 and helps to reg-
ulate mTORC2 kinase specificity toward AGC family kinases (15-19). It has an
N-terminal domain involved in Rictor binding, followed by the CRIM, Ras-binding
(RBD), and pleckstrin homology-like (PH) domains. The latter three domains are flex-
ibly tethered to the N-terminal domain and not observed in the cryo-electron micros-
copy structure of the mTORC2 complex (20). To better understand the molecular
mechanism and functional outcome of SIN1-Ras association, we carried out a series of
biochemical and structural studies of SIN1 and Ras complex.

Results

In vitro isothermal titration calorimetry (ITC) binding assays demonstrated that SIN1
RBD preferentially binds Ras G domains rather than other small GTPases, such as
RhoA or Racl (Fig. 1 A and B and SI Appendix, Figs. S1 and S2). GST pulldown
experiments further validated that SIN1 RBD could interact with HRas, KRas, and
NRas G domains (S Appendix, Fig. S3). We next determined crystal structures of
GMPPNP-bound HRas wild-type (WT) G domain in complex with SIN1 RBD at
1.6 A resolution (Fig. 1 Cand D and SI Appendix, Fig. S4A4 and Table S1). SIN1
RBD is composed of two a-helices and four P-strands and adopts a ubiquitin-like
fold, similar to other RBDs (Fig. 1C and S/ Appendix, Fig. S2). B-strands 1, 2 from
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Both the mTORC2 and Ras-ERK
pathways respond to growth
factor stimulation and play critical
roles in cell growth and
proliferation, disarray of these
pathways leads to many diseases,
especially cancer. These two
signaling pathways crosstalk at
many levels; recently it's become
clear that the SIN1 component of
mTORC2 could interact with Ras
family small GTPases, but how
these two proteins interact at the
molecular level and the functional
outcomes of this interaction
remain to be addressed. In this
work we determined the high-
resolution structure of Ras-SIN1
complexes and revealed the
detailed interaction mechanism.
We also showed that Ras-SIN1
association inhibits insulin-
induced ERK activation. Insights
from this work could improve our
understanding of the disease-
causing mechanism of errant
mTORC2 or Ras proteins.
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Structure of Ras-SIN1 RBD complexes. (A) Linear domain diagrams of HRas and SIN1. (B) ITC titration results of SIN1 RBD with different small G pro-
teins. (C) The 1.6-A crystal structure of HRas-GMPPNP in complex with SIN1 RBD. Green sphere is Mg?*

, red spheres are water molecules, GMPPNP is shown

as sticks. SI, Switch | region; SlI, Switch Il region. (D) Close-up view of HRas-SIN1 RBD interaction interface. Green dashed lines indicate hydrogen bonds,
black dashed lines denote salt bridges. (E) Superposition of HRas-SIN1 RBD structure with KRas-SIN1 RBD structure. The residues that are different between
HRas and KRas are located in the allosteric lobe and not involved in SIN1 RBD interaction. (F) Superposition of HRas-SIN1 RBD structure with HRas(G12V)-
SIN1 RBD and HRas(Q61L)-SINT RBD structures. The three structures are nearly identical with minor differences.

SIN1 RBD form an antiparallel B-sheet with HRas $-strands 2,
3, mostly through main-chain hydrogen bonding (Fig. 1D).
Above the B-sheet, a few conserved and positively charged resi-
dues from SIN1 RBD al form salt bridges and hydrogen
bonds with residues from the HRas Switch I region. Specifi-
cally, positively charged R311 is sandwiched between D38
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and D33, while R312 forms hydrogen bonds with several
main-chain carbonyl groups and stacks against Y40 through
cation—7 interaction (Fig. 1D). Near the Switch II region, sev-
eral hydrophobic residues from SIN1 RBD (L291, F280) pack
against a hydrophobic patch formed by Y64, M67, and 136
(Fig. 1D).
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We also determined structures of the KRas WT, HRas
G12V, or Q61L G domain in complex with SIN1 RBD (Fig.
1 E and F and SI Appendix, Table S1). KRas interacts with
SIN1 RBD in a similar way to HRas. Alignment of KRas-SIN1
RBD structure with HRas-SIN1 RBD structure yielded an
rmsd of 0.35 A over 241 Co atoms as KRas and HRas share
95% sequence identity (Fig. 1E and S7 Appendix, Fig. S1). Res-
idues that are different between KRas and HRas are located in
the allosteric lobe, which is away from the interaction interface
(Fig. 1F). HRas G12V and Q61L structures are nearly identical
to the WT structure (Fig. 1F). In the mutant structures, the
Y32 side chain is rotated closer and forms a direct hydrogen
bond with the phosphate group of GMPPNP as observed pre-
viously (21) (Fig. 1F). ITC titrations show that HRas G12V
binds SIN1 RBD with higher affinity than WT HRas, while
QG6I1L binding is slightly weaker than that of WT HRas (57
Appendix, Fig. S4B).

To probe the function of SIN1-Ras interaction, we generated
several mutations of R311 and R312. ITC binding assays, GST
pulldown, and fluorescence resonance energy transfer (FRET)
experiments demonstrated that these mutations partially or
near completely abolished SIN1 RBD/HRas binding in vitro
(Fig. 24 and SI Appendix, Fig. S5 A and B). The pivotal role of
R311 in the interaction of SIN1 RBD and Ras was further vali-
dated by Co-immunoprecipitation (Co-IP) of SIN1 and HRas
in cells (Fig. 2B). To clarify the consequence of the SIN1-Ras
association, we expressed SIN1 WT and R311 mutants in
SIN1 knockout mouse embryonic fibroblasts (MEFs). While a
recent study showed that Ras interaction with SIN1 is dispens-
able for mTORC2 activity in regard to Akt and PKCa phos-
phorylation (22), in SIN1 knockout MEFs, we found that
reexpression of SIN1 R311K or R311A mutant led to less
phosphorylation of NDRGI (a substrate of SGK1 kinase) than
reexpression of SIN1 WT despite less WT SINI expressed
(Fig. 2 Cand D), indicating Ras interaction with SIN1 could
promote SGKI1 activity. SIN1 protein contains a CRIM
domain (Fig. 14), which was demonstrated to bind Akt (23).
With purified proteins, we showed that GST-tagged SINI
CRIM domain pulled down a significant amount of SGK1
kinase domain while a poly NQ mutant in the CRIM domain
nearly abolished the interaction between CRIM and SGKI1 (87
Appendix, Fig. S6A). The poly NQ mutant was previously
shown to disrupt interaction between CRIM and Akt (23). The
presence of the RBD and the PH domain appears to have little
effect on the interaction between CRIM and SGK1 (S7
Appendix, Fig. S6A4). To see whether Ras-RBD binding could
promote CRIM-SGKI1 association, we used GST-tagged WT
and mutant CRIM-RBD to pull down SGK1 and HRas-
GMPPNP (87 Appendix, Fig. S6B). HRas did not cause signifi-
cant change to CRIM-SGKI interaction. So the increased
SGKI1 activity is not likely due to synergistic binding of Ras
and SGK1 to SINI. The interpretation of the effect of Ras-
SIN1 association on Akt is complicated by less WT SIN1
expression than mutants in our stably transfected MEF cells
(Fig. 2 Cand E).

We also found that under insulin stimulation, reexpression
of WT SIN1 substantially suppressed phosphorylation of
ERK, but R311-mutated SIN1 partially lost this inhibitory
effect. Intriguingly, SIN1 does not suppress EGF-induced
ERK phosphorylation (Fig. 2E). The time course experiments
demonstrated that SIN1 indeed inhibits the maximum phos-
phorylation of ERK induced by insulin rather than delays its
activation (Fig. 2 F-1). These data indicate that the interaction
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of SIN1 and Ras inhibits MAPK signaling only in response to
specific growth factors.

Raf, a well-established Ras effector, plays critical roles in
growth factor-stimulated ERK phosphorylation (24). To see
whether there is any competition between SIN1-HRas interac-
tion and Rafl-HRas interaction, which would in theory inhibit
ERK phosphorylation, we first compared HRas-SIN1 RBD
interaction with the HRas-Rafl RBD complex (25). In vitro,
HRas interacts with the Rafl RBD with much higher affnity
(Kd ~ 0.2 to 0.3 pM), 40 times higher, than with the SIN1
RBD (Figs. 1B and 3 (). After superposition of the structures,
we found that the Rafl RBD interacts with the Switch I loop
of HRas similarly to SIN1 RBD, with K84, R89 on Rafl inter-
acting with E31, D33, D38, and Y40 on HRas (Fig. 34).
However, at the rear of the p-sheet formed between the HRas-
Rafl RBD, Rafl R67 and R59 formed strong electrostatic
interactions with HRas E37. In the SIN1 RBD, R282 (R59
equivalent) is 5.4 A away from E37, and RG7 in Rafl is
replaced with F289 (Fig. 3B). Furthermore, the existence of a
shorter valine (V69) in Rafl instead of a longer leucine (L291
in SIN1) allowed close contact of E37 with R59 (Fig. 3B).
Although replacing R67 with F in Rafl RBD only slightly
weakened the binding affinity for HRas, further mutation of
Raf V69 to L greatly reduced HRas-Rafl RBD affinity (15-fold
reduction, Fig. 30). In a FRET competition assay, an equal
molar amount of WT Rafl RBD strongly competed with SIN1
RBD and nearly abolished the FRET between SIN1 RBD-ECFP
and YPet-HRas, and double-mutant Rafl RBD could still com-
pete with SINI RBD but to a lesser extent (Fig. 3D). So it is
unlikely that SINT directly competes with Rafl for Ras binding,.

PI3K is another well-described Ras effector (26, 27). Analysis
of the PI3Ky-HRas complex structure showed that PI3Ky mostly
uses its RBD region to interact with HRas (28) and the interac-
tion mode is analogous to that of Rafl RBD or SIN1 RBD (Fig.
3 Eand Fand SI Appendix, Fig. S7A). PI3Ky RBD uses K255,
K251 to coordinate HRas D33 while Q231 forms two hydrogen
bonds with Y40 and D38. HRas E31 appears to be not involved
in the interaction with PI3Ky RBD (Fig. 3E). At the rear side of
the B-sheet, due to the smaller size of PI3Ky S$230 side chain,
PI3Ky K223 was able to form a salt bridge with HRas E37 (Fig.
3F). Alignment of Rafl RBD-HRas and PI3Ky RBD-HRas
structures with SIN1 RBD-HRas revealed that HRas conforma-
tion is quite similar in all three structures while different RBDs
bind to HRas with slightly rotated angles (SI Appendix, Fig.
S7A4). In vitro, PI3Ky RBD displayed a Kd around 6.2 uM for
HRas-GMPPNP, slighty stronger than SIN1 RBD (8.1 pM)
(Fig. 3G). On the other hand, PI3Ka is measured to bind HRas-
GMPPNP with a Kd around 14 pM (Fig. 3G). In FRET compe-
tition assays we found that either SIN RBD or PI3K RBDs could
compete with each other (Fig. 3 H and [ and S/ Appendix, Fig.
S7 Band C). However, in all experiments, SIN1 RBD inhibits
the FRET signal more than PI3Ka, PI3Ky RBDs, indicating
SIN1 RBD is preferred for HRas binding under similar condi-
tions. Importantly, SIN RBD R311A mutant failed to compete
with SIN RBD or PI3K RBDs (Fig. 3 H and J), in agreement
with our findings in Fig. 2. An equal amount of Rafl RBD sig-
nificantly inhibited HRas binding to SIN1 RBD or PI3K RBDs
due to its high affinity (Fig. 3 D, H, and [ and SI Appendix, Figs.
S7 B and ). These in vitro observed affinity differences might
help to explain how Ras differentiates its effectors and provide
important clues about the crosstalk between different pathways.
A previous study showed that insulin-induced ERK1/2 phosphor-
ylation was very sensitive to PI3K-specific inhibitors, wortmannin
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Fig. 2. Ras-SIN1 RBD interaction inhibits insulin-induced Ras signaling. (A) ITC titration results of WT or mutant SIN1 RBD with HRas-GMPPNP. (B) Coimmu-
noprecipitation of HRas G12V with WT or mutant full-length SIN1 in MEF cells. (C) Immunoblot analysis of MEFs for mTORC2 downstream targets. (D) Graph
shows means + SEM of densitometry analyses of the immunoblots in C normalized to total protein from three independent experiments, respectively.
**P < 0.01, ***P < 0.001; two-tailed Student's ¢ test. (E) Expression of SIN1 suppresses insulin-induced but not EGF-induced ERK phosphorylation. (F and G)
Immunoblot analysis of MEFs following different EGF (F) or insulin (G)-stimulated time points for proteins known to belong to the Ras pathway. (H and /)
Graph shows means + SEM of densitometry analyses of the immunoblots in F and G normalized to total protein from three independent experiments,
respectively.
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Fig. 3. Comparison of HRas-Rafl RBD, HRas-PI3Ky RBD, and HRas-SIN1 RBD interactions. (A and B) Superposition of HRas-GMPPNP-Raf1 RBD structure
(Protein data bank (PDB): 4GON) with HRas-GMPPNP-SIN1 RBD structure. The rmsd between the two structures is 1.56 A over 219 aligned Ca atoms. Black
dashed lines indicate salt bridges formed between HRas and Raf1 RBD, yellow dashed lines indicate salt bridges formed between HRas and SIN1 RBD, and
orange dashed lines represent the distance (A) between atoms. (C) ITC titration of Raf1 RBD with HRas GMPPNP. WT Raf1 RBD binds HRas with high affinity;
R67F mutation (M1) slightly reduced the binding affinity; while R67F, V69L double mutation (M2) mimicking SIN1 RBD greatly weakened the interaction. (D)
FRET competition assays with SIN1 RBD-ECFP and YPet-HRas-GMPPNP. Addition of equal molar amounts of nonfluorescent proteins (SIN1 RBD, Raf1 RBD, or
Raf1 RBD M2) reduced the FRET between SIN1 RBD-ECFP and YPet-HRas-GMPPNP to different degrees. The blue line is the basal FRET between ECFP and
YPet-HRas-GMPPNP. (E and F) Superposition of HRas-GMPPNP-PI3Ky structure (PDB: 1HE8) with HRas-GMPPNP-SIN1 RBD structure. The rmsd between the
two structures is 1.35 A over 205 aligned Ca atoms. Black dashed lines indicate salt bridges or hydrogen bonds formed between HRas and PI3Ky RBD, yellow
dashed lines indicate salt bridges formed between HRas and SIN1 RBD, and orange dashed lines represent the distance (A) between atoms. (G) ITC titration
of PI3Ky RBD (216 to 312) or PI3Ka RBD (152 to 300) with HRas-GMPPNP. (H) FRET competition assays with PI3Ky RBD-ECFP and YPet-HRas-GMPPNP. Addi-
tion of equal molar amounts of nonfluorescent proteins (SIN1 RBD, SIN1 RBDR311A, PI3Ky RBD, Raf1 RBD) reduced the FRET between PI3Ky RBD-ECFP and
YPet-HRas-GMPPNP to different degrees. (/) FRET competition assays with SIN1T RBD-ECFP and YPet-HRas-GMPPNP. Addition of equal molar amounts of non-
fluorescent proteins as in H reduced the FRET between SIN1 RBD-ECFP and YPet-HRas-GMPPNP to different degrees.

and LY294002, but EGF-induced ERK1/2 phosphorylation was ~ known to negatively regulate the Ras-ERK pathway (30-32).
resistant to these inhibitors (29). Indeed, treatment with PI3K  Thus, it is possible that SIN1-Ras interaction perturbed PI3K-
inhibitor, wortmannin, inhibited insulin-induced ERK phosphor-  related activities but not directly through Rafl.

ylation and blunted the inhibitory effect of SIN1 (SI Appendix; It has been reported that SIN1 has multiple isoforms, one of
Fig. S7 D and E). In contrast, Akt inhibidon by MK2206 which (SIN1-a) lacks amino acids 321 to 355, causing an incom-
enhanced insulin-mediated ERK phosphorylation because Akt is plete RBD (33) (SI Appendix, Fig. S2). However, according to
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our structural analysis, the key residues that play important roles
in the Ras-SIN1 RBD interaction, such as R311 and R312, still
exist in SIN1-a, indicating this isoform might still be able to
interact with Ras. Indeed, SINI1-a was coimmunoprecipitated
with HRas as much as full-length SIN1 (SIN1-f) (Fig. 44). Sur-
prisingly, compared to the two longer forms of SINI, much
more SIN1-y, the shortest isoform with PH deletion, is precipi-
tated together with Ras, either WT or G12V mutant (Fig. 44).
These data suggest the existence of autoinhibition on the Ras-
SIN1 interaction by the SIN1 PH domain. To test this possibil-
ity, we generated a SIN1 fragment, RBD-PH containing both
RBD and PH domains. As expected, this fragment binds to Ras
with a much lower affinity (Kd > 100 pM) and GST-RBD-PH
coprecipitates much less HRas than GST-RBD (Fig. 4 B and Q).
It has been reported that the SIN1 PH domain suppresses

mTOR activity via interacting with the mTOR kinase domain
(34). We hypothesized that the autoinhibition by PH is likely
due to an intramolecular interaction with the RBD domain.
Indeed, the results of the GST pulldown experiments showed
that the PH, but not the CRIM domain can bind to the RBD
in vitro (Fig. 4D). These data further validate the inhibitory effect
of the SIN1 PH domain on Ras binding.

A large body of data have demonstrated that Ras proteins
could form dimers or oligomers (nanoclusters) on the mem-
brane and the oligomerization is critical for Ras function
(35-39). Ras dimerization is mainly mediated by residues in a4
and o5 as shown by several groups and mutation in this region
(e.g., D154QQ) led to less ERK phosphorylation (35, 36, 40).
In the crystals of HRas-SIN1 RBD, we found that HRas
makes specific contacts with a symmetry-related HRas molecule
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Fig. 4. SIN1 PH inhibits Ras-SIN1 RBD interaction. (A) Coimmunoprecipitation of SIN1 isoforms with WT or G12V HRas in MEF cells. (B) GST pulldown analy-
sis of SINT RBD or RBD-PH (RP) with HRas-GMPPNP. RBD-PH binds HRas much weaker than RBD alone. Addition of 60 uM IP4 (the head group of PIP3)
to the mixture had little effect on HRas RBD-PH interaction. (C) ITC titration of SIN1 RBD-PH (RP) with HRas-GMPPNP yielded a Kd greater than 100 pM,
indicating the affinity between the two is quite low. (D) GST pulldown assay showed that SINT RBD could associate with the PH domain but not CRIM.
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sentation of KRas-KRas contacts. Green dashed lines indicate hydrogen bonds, black dashed lines denote salt bridges, and orange dashed lines represent

the distance (A) between atoms.

employing a different interface (Fig. 5 A and B). E143-R123-
E49-R164-E126-R128 formed a continuous electrostatic chain
between two adjacent HRas molecules, while S127 and Y4
also contributed to the interaction through hydrogen bonds
(Fig. 5B). Previous studies showed that residues around a4
(R128) might be involved in membrane lipid binding or
protein—protein interaction while the loop between f2 and p3
where E49 was located is involved in Ras dimerization (35,
36). Compared to the canonical HRas dimer (with a4 and o5
buried in the interface) observed in the HRas-Rafl RBD
(4GON) crystal packing, the loop between B2 and B3 is rotated
120° to interact with a4 and the loop region before a4, over-
lapping with the calcium ion coordinated by E126 in 4GON
(Fig. 50), and the resulting side-by-side dimer is much more
open compared to the previously described dimer (Fig. 50).
The same Ras-Ras interface is also observed in KRas-SINT1 crys-
tals; however, several residues here are different between KRas

PNAS 2022 Vol. 119 No.19 e2119990119

and HRas. E49 in KRas is farther away from R123 and K128
is exposed to solvent (Fig. 5D). Similar to the findings of sev-
eral other groups (35, 37), we did not detect HRas G-domain
dimers in solution due to the weak Ras-Ras affinicy (87
Appendix, Fig. S8). Nevertheless, in 293T cells, overexpression
of HRasG12V or KRasG12V with additional mutations in the
dimer interface we observed (E49A, E126A in HRas; E49A,
D126A in KRas4A) resulted in more ERK phosphorylation (87
Appendix, Fig. S9 A and B). It appears Ras dimerization
through this interface plays a negative role for EGF-induced
ERK activation.

Discussion

Ras proteins are key regulators of both the Ras/Raf/MEK/ERK
and the PI3K/Akt/mTOR pathways and play a critical role in

controlling cell growth. Oncogenic Ras proteins are found to
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be in more than 25% of all cancer types (41). Under growth
factor stimulation, Ras is able to directly bind to its effectors
like Raf kinases or PI3Ks and activate their kinase activity.
Although several studies confirmed the binding of SIN1 and
Ras (11-13, 32), the function of this interaction remains con-
troversial. Schroder et al. (13) reported that SIN1 suppressed
Ras signaling, whereas a recent study showed the SIN1
mutant’s inability to bind Ras does not affect MAPK signaling
upon EGF stimulation (22). Here we found that SIN1 binding
to Ras inhibits insulin-stimulated ERK activation but not
EGF-stimulated ERK activation, which gives an explanation
for previous controversial observations.

The different effect observed for insulin and EGF is surpris-
ing as both insulin and EGF could lead to the activation of the
Ras/Raf/MEK/ERK pathway by recruitment of Grb2-SOS
(guanine-nucleotide-exchange factor for Ras) through receptor
kinase or adapter protein phosphorylation (30, 31, 42). The
other common pathway activated by insulin/EGF is PI3K/AKT
(30, 31, 43). The two dynamic signaling pathways are regulated
by many context-dependent crosstalk and feedback loops (30,
31, 44). One critical crosstalk route is through phosphatidyli-
nositol (3,4,5)-trisphosphate (PIP3) produced by activated
PI3K. PIP3 recruits PH-domain—containing proteins like GAB
(Grb2-associated binding partner) and IRS to the membrane,
which recruits more Grb2-SOS to produce GTP-bound Ras
(30, 31). Activated Ras could bind to PI3K and help stabilize
PI3K at the membrane, resulting in more PI3K activation (44).
A previous study with PI3K inhibitors in cancer cell lines
showed that PI3K is required for insulin-stimulated but not
EGF-stimulated ERK1/2 activation (29). It was also reported
that in 293 cells EGF acts as a potent activator of the Ras/ERK
pathway while the Ras/ERK pathway is poorly activated by
insulin (45). It is plausible that insulin-mediated ERK activa-
tion relies more on a PI3K-dependent positive feedback loop
(S Appendix, Fig. S10). Our results in Fig. 3 show that SIN1
RBD could compete with PI3K RBDs for Ras binding in solu-
tion, and it is possible that SIN1 reduces PI3K activation by
competitively binding to Ras and subsequently impairing the
effect of the positive feedback loop of PI3K on Ras/Raf/ERK
activation (S/ Appendix, Fig. S10). Further studies will be
required to pinpoint the exact extent of SIN1 on PI3K activi-
ties in cells. There are also possibilities that an insulin-specific
outcome could be mediated by IRS1 phosphorylation level and
its association with the Grb2-SOS or PI3K p85 subunit (30,
31, 45). The insulin receptor requires IRS proteins to interact
with PI3K while some EGFR members like ERBB3 and
ERBB4 directly bind and activate PI3K (43, 46). How IRS
proteins are changed when SIN1/mTORC2 binds to Ras is
also worth looking into in future studies.

SGKI1 protein lacks the PH domain and is reported to local-
ize to many cellular compartments including the plasma mem-
brane, the nucleus, the endoplasmic reticulum, mitochondria,
and cytoplasm (47, 48). Through analysis of NDRG1 phos-
phorylation, we found that SIN1 RBD mutations reduced
SGKI1 activity. This could be due to the combined but inde-
pendent action of CRIM and RBD domains of SIN1. CRIM
recruits SGK1 while RBD binds to Ras, and Ras in turn could
stabilize SIN1/mTORC2-SGK1 at the plasma membrane. This
is in agreement with previous studies showing SIN1/mTORC2
colocalized with activated HRas/KRas (13) and deletion of the C
terminus of SIN1 (193-522) greatly reduced NDRG1 phosphor-
ylation (14).

SIN1 PH domain is proposed to bind PIP3 and mediate
mTORC2 membrane association and activation (34).
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However, its exact role in regulating mTORC2 function is still
debatable as it was reported that SIN1 PH domain could
bind several kinds of phosphatidylinositol (13) and target
mTORC2 to the membrane in a PIP3-independent manner
(49). We showed that the PH domain has an inhibitory effect
on SIN1-Ras binding. Castel et al. (22) reported the same con-
clusion. Further studies would be required to reveal what trig-
gers the PH domain to release its inhibitory effect on Ras-SIN1
interaction.

Recently Senoo et al. (50) found that in response to insulin,
phosphorylated GTP-KRas4B and GDP-RhoA form a super-
complex (KARATE) with mTORC2, and the association with
mTORC2/SINTI is proposed to be through GDP-RhoA while
GTP-KRas4B binds to GDP-RhoA. However, it is not clear
whether GTP-KRas4B directly associates with mTORC2 in
their results. In our in vitro experiments we failed to detect
binding between SIN1 RBD and the G domain of RhoA-
GMPPNP or RhoA-GDP (Fig. 1B). It is possible that the
intact mTORC?2 is required for binding RhoA and the detailed
interaction mechanism would require further investigation.

During preparation of this paper, Castel et al. (22) reported
the structures of KRas4B(Q61R) mutant in complex with SIN
RBD (PDB: 7LC2) and KRas4B(Q25A) mutant in complex
with the SIN1 RBD-PH (PDB: 7LC1). Superposition of WT
KRas4A-SIN1 RBD structure (this study) with KRas4B
(Q61R)-SIN1 RBD structure (PDB: 7LC2) produced an rmsd
of 0.81 A over 240 aligned Ca atoms (S/ Appendix, Fig. S11A4).
The positions of residues involved in intermolecular interaction
are almost identical. Superposition of WT KRas4A-SIN1 RBD
structure (this study) with KRas4B(Q25A)-SIN1 RBD-PH
structure (PDB: 7LC1) produced an rmsd of 0.88 A over 241
aligned Co atoms (87 Appendix, Fig. S11B). In 7LC1 structure,
the a2 helix of KRas is in contact with the linker helix between
the RBD and PH domains in SIN1 (the linker helix is where
KRas interacts with SIN1 besides the RBD domain). In our
WT KRas4A structure, the a2 helix of KRas has the same
sequence as KRas4B in 7LC1 and adopts nearly identical con-
formation (SI Appendix, Figs. S1 and S11B). The a2 helix in
HRas also has the same sequence as KRas and adopts a similar
conformation (S Appendix, Figs. S1 and S110), so it is very
likely that HRas interacts with the linker helix the same way as
KRas. As mentioned earlier, the effector lobe for HRas or KRas
to interact with SIN1 RBD has the same sequence, and it
makes sense that HRas and KRas G domains both interact
with SIN1 in vitro.

While the recent study found only KRas G12V interacts
with SIN1 RBD in cells (22), we demonstrated that in cells
HRas also interacts with the SIN1, in agreement with the
results from previous studies (13, 14). It is notable that in cells
HRas interacts weakly with full-length SIN1 as shown by the
Co-IP results, and in vitro HRas has a weak affinity for RBD-
PH. However, it is evident that the SIN1-y isoform associates
strongly with HRas (Fig. 44), indicating the PH domain might
serve a critical regulation role for Ras association with SIN1. It
is also worth mentioning that the allosteric lobe and especially
the HVR region are quite divergent among different Ras iso-
forms, which might contribute to isoform-specific functions.

A plethora of biochemical, structural, single-molecule, and
molecular dynamic simulation studies of the Ras-Raf signaling
complex revealed that Raf kinase complex binding to Ras pro-
motes Ras dimerization and subsequent binding of Galectin
dimers to form an intricate signalosome to activate a down-
stream kinase cascade (35-40, 51-54). Strong evidence sup-
ports the notion that both HRas and KRas could dimerize
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through the a4 and a5 interface and disruption of the interface
residues leads to reduced Raf activity (35-37, 40). However,
the high-order Ras assembly on membrane remains vague
because of the dynamic nature of the signaling events. As often
seen in studies of membrane-bound proteins, even very weak
interactions in solution could have a huge impact on protein
activity on the two-dimensional (2D) membrane. A recent
structural and molecular dynamics simulation study of
KRas4B-Rafl RBDCRD (CRD, cysteine-rich domain) showed
that monomeric KRas-Rafl RBDCRD complex could use o4
and o5 to interact with membrane (55-57). This is different
from previously proposed modes of KRas dimerization involv-
ing a4 and o5 and might reflect membrane-induced Ras reor-
ganization. Interestingly, the dimerization interface we observed
in this study is actually compatible with a4 and a5 interacting
with membrane while maintaining dimer conformation (Fig. 5
A and C). The a4 and a5 helices in both Ras molecules are
now exposed.

The results of the mutational study we carried out in S/
Appendix, Fig. S9 are in line with previous studies demonstrat-
ing that HRas E49, together with D47, could affect Ras mem-
brane orientation and E49A D47A double mutation enhanced
ERK phosphorylation while D47A alone led only to minor
changes in ERK phosphorylation (58-60). Investigation of
KRas4B interaction with phosphatidylinositol (4, 5)-phosphate
(PIP2) containing lipid found that KRas E49K showed reduced
lipid association and increased transforming activity (61). So it
is likely the dimerization interface we observed might be linked
to Ras membrane association.

Intriguingly, the dimer we observed is in a head-to-tail fash-
ion and if the oligomerization is extended further, we get a
right-handed helical assembly, with six Ras molecules per turn
and a helical pitch around 124 A (SI Appendix, Fig. S12 A-C).
The inside diameter is around 50 A and lined with o4, ®5, and
6 residues (SI Appendix, Fig. S12° A-C). SIN1 RBD or SIN
RBD-PH can be fitted to this assembly with no steric clashes
(SI Appendix, Fig. S12 A-D). Similarly, we superposed the
KRas-Rafl RBDCRD structure (PDB: 6XI7) to the KRas
dimer we observed in Fig. 5D and found there is no obvious
clash in the helical assembly either (SI Appendix, Fig. S13
A-CO). Mysore et al. (38) recently proposed a helical assembly
model for KRas, in which the GMA (GTP-mediated asymmet-
ric) KRas dimer they used as a starting model for simulation
led to a left-handed helix. The GMA dimer itself is rare and
formed in only 5% of simulations (38). The negative stain elec-
tron microscopy results from Mysore et al. (38) with full-length
KRas on lipid monolayer indeed displayed ring-shaped 2D clas-
ses, compatible with a helical arrangement. However, it is not
possible to distinguish the handedness from top view 2D
projections. These discrepancies and the importance of Ras
high-order organization definitely warrant further investigation
of full-length proteins on membranes or lipid bilayers.
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