Article

Structure of the MRAS-SHOC2-PPIC
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RAS-MAPK signalling is fundamental for cell proliferation and is altered in most
human cancers'. However, our mechanistic understanding of how RAS signals
through RAF is stillincomplete. Although studies revealed snapshots for
autoinhibited and active RAF-MEK1-14-3-3 complexes*, the intermediate steps that
lead to RAF activation remain unclear. The MRAS-SHOC2-PP1C holophosphatase
dephosphorylates RAF at serine 259, resulting in the partial displacement of 14-3-3
and RAF-RAS association®*>¢, MRAS, SHOC2 and PP1C are mutated in rasopathies—
developmental syndromes caused by aberrant MAPK pathway activation®**—and
SHOC2itself has emerged as potential target in receptor tyrosine kinase (RTK)-
RAS-driven tumours” 8, Despite its importance, structural understanding of the
SHOC2 holophosphatase is lacking. Here we determine, using X-ray crystallography,
the structure of the MRAS-SHOC2-PP1C complex. SHOC2 bridges PP1C and MRAS
through its concave surface and enables reciprocal interactions between all three
subunits. Biophysical characterization indicates a cooperative assembly driven by
the MRAS GTP-bound active state, an observation that is extendible to other RAS
isoforms. Our findings support the concept of aRAS-driven and multi-molecular
model for RAF activation in which individual RAS-GTP molecules recruit RAF-14-3-3
and SHOC2-PP1C to produce downstream pathway activation. Importantly, we find
thatrasopathy and cancer mutations reside at protein—protein interfaces within the
holophosphatase, resulting in enhanced affinities and function. Collectively, our
findings shed light on a fundamental mechanism of RAS biology and on mechanisms
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of clinically observed enhanced RAS-MAPK signalling, therefore providing the
structural basis for therapeuticinterventions.

The RAS family of proteins consists of highly homologous
membrane-associated small GTPases that, after stimulation by RTK, or
in disease contexts through activating mutations, switch to an active
GTP-bound state resulting in conformational changes that enable
interactions with various effector proteins'* RAF proteins are argu-
ably the mostimportant RAS effectors that, once activated, initiate the
mitogen-activated protein kinase (MAPK) signalling cascade to drive cell
proliferation and survival®. Given the fundamental cell processes con-
trolled, the RAS-MAPK pathway is frequently hijacked throughactivating
mutationsin cancer cells' butalsoin clinically related developmental
syndromes termed rasopathies®. Under normal conditions, signalling
is tightly controlled at various levels to keep RAF kinases in an autoin-
hibited conformation through interactions with a14-3-3 dimer and two
regulatory RAF phospho-residues. Dephosphorylation of Ser259 of
CRAF (Ser365 of BRAF and Ser214 of ARAF) by the MRAS-SHOC2-PP1C

holophosphataseis believed toresultinthe partial dissociation of 14-3-3,
enabling RAF-RAS binding, and represents a crucial step in MAPK signal
initiation®>*. Although we can appreciate the structural compositions
and conformations of RAF-inhibited and RAF-activated complexes®,
structural resolution for the MRAS-SHOC2-PP1C complex involved
in RAF activation is currently lacking. SHOC2 is aleucine-rich-repeat
(LRR) domain-containingscaffold protein of uncharacterized structure
thatis thought tolocalize protein phosphatase 1 catalytic subunit (PP1C)
tothe membrane and possibly provide substrate selectivity to this other-
wise promiscuous enzyme. SHOC2-PP1C is recruited to the cell mem-
brane by MRAS, although several reports have shown binding to other
RAS isoforms. Conflicting theories also exist on whether SHOC2 binds
to RAS in a GDP- or GTP-bound state>*'>?°2, The physiological impor-
tance of this complex is highlighted by activating mutations in MRAS’,
SHOC28%01213 pp1C** as well as CRAF (clustered around Ser259)" found
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in Noonan-like syndrome, a type of rasopathy. Furthermore, SHOC2
depletion—onitsownorin combination with MEK inhibitors—has been
recently proposed as a therapeutic approach for certain RAS-driven
cancers” 8, Togainstructural understanding of the MRAS-SHOC2-PP1C
holophosphatase responsible for RAF-activationand interpret clinically
relevant mutations affecting its components, we aimed to characterize
the subunit association and determine the structure of the complex.
Our results reveal a highly cooperative assembly that is dependent on
the nucleotide-loading state of MRAS, consistent with SHOC2 acting
as a RAS effector. Rasopathy mutations of SHOC2, MRAS and PP1C
map to subunit interfaces and enhance complex formation, driving
RAF dimerization and MAPK flux. Of notable mechanistic importance,
GTP-dependent recruitment of SHOC2 can be extended to canonical
RASisoforms, which formaternary complex with reduced cooperativ-
ity compared with MRAS but with similar activity in vitro. Interestingly,
we found significant co-dependencies of SHOC2 and canonical RAS
proteinsin cancer cells expressing oncogenic RAS with GTP-activating
mutations but no co-dependency to MRAS inthis setting. Takentogether,
these insights suggest that MRAS acts as the preferred component of
the SHOC2-RAS-PP1C holophosphatase, but other RAS isoforms can
substitute (especially when bearing a GTP-locking mutation).

MRAS-SHOC2-PPI1C cooperatively assembles

As a prelude to the structural analysis, we studied the assembly of
the ternary SHOC2 complex from its constituent components. We
individually expressed and purified recombinant SHOC2 (residues
80-582, corresponding to the conserved LRR domain), MRAS (resi-
dues 1-178) and PP1Ca (residues 7-300) and studied their interac-
tions using surface plasmon resonance (SPR). To evaluate its pairwise
interactions, we immobilized MRAS (loaded with either GDP or the
non-hydrolysable GTP analogue GppNHp) and performed SPR analysis
using SHOC2 or PP1Ca as the analyte. Whereas SHOC2 bound to MRAS
in a concentration- and nucleotide-dependent manner, PP1Ca did
not, even at high micromolar concentrations (SHOC2, dissociation
constant (K;) = 6.12 uM; PP1Caq, K;,, no binding; Fig. 1a and Extended
DataFig.1a,b). We were also unable to detect binding of PP1Ca to immo-
bilized SHOC2 (Extended DataFig. 1c), indicating that PP1Ca does not
form individual binary complexes with MRAS or SHOC2 under these
conditions. Notably, the affinity of SHOC2 for immobilized MRAS was
increased 70-fold in the presence of an excess of PP1Ca. These findings
suggest that PP1Ca requires the simultaneous presence of MRAS and
SHOC2 to participate in the ternary complex, whereas SHOC2 and
MRAS can form a weaker, independent binary complex. The strong
positive cooperativity for SHOC2-MRAS binding in the presence of
PP1Caindicates that the ternary complexinvolves reciprocalinterac-
tions among the component proteins, rather than independent scaf-
folding of MRAS and PP1C by SHOC2.

We reasoned that rasopathy-associated gain of function (GOF)
mutations in SHOC2 and/or MRAS might stabilize the ternary com-
plex and therefore facilitate structural analysis. SHOC2 with an M1731
substitution, which is found in some individuals presenting with fea-
tures of Noonan syndrome?, displayed a modest increase in effective
affinity in our SPR assay (2.5%/5% binary/ternary; Fig. 1a). Similarly,
the rasopathy-associated Q71R mutation in MRAS, which is expected
to inhibit nucleotide hydrolysis and stabilize the active GTP-bound
conformation, also resulted in an increase in affinity to the wild-type
(WT) SHOC2 LRR domain (8x/3x binary/ternary; Fig. 1a). The PP1Cx
P50R mutation, which is a substitute for the PP1C3 GOF P49R muta-
tion, similarly improves the affinity of the ternary complex. Combining
MRAS(Q71R) with SHOC2(M173I) further stabilized both the binary and
ternary complexes (12x/7x binary/ternary; Fig.1a). To test whether the
unstructured SHOC2 N terminus could contribute to complex assembly,
we purified full-length SHOC2 (residues 2-582). Whereas binary interac-
tions with MRAS were equivalent or slightly inferior to SHOC2(80-582),
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Fig.1|Cooperative assembly of the SHOC2-MRAS-PP1Ca ternary complex.
a, The affinity (K;,) and associated cooperativity (a) values derived from SPR
sensorgrams with surface-immobilized MRAS-GppNHp (WT or Q71R) and the
indicated analytes. Cooperativity is defined as the ratio of binary and ternary
Kpvalues, a = K,S"0%/K,SHOCPPIC The increase in response units (RU) signal is
consistent with the saturation of MRAS with both proteinsR,,,,, SHOC2,
~-800-1,000 RU; R,,, SHOC2/PP1Cq, ~1,250-1,500 RU). b, Sedimentation
coefficient distributions c(s) derived from sedimentation velocity profiles

of MRAS(Q71R) (black); PP1Ca (bronze); SHOC2(80-582, M1731) (blue);
mixture of MRAS(Q71R) and SHOC2(80-582, M173) (gold); mixture of
SHOC2(80-582, M1731), MRAS(Q71R) and PP1Ca (red). The raw sedimentation
signalwas acquired over time by absorbance at 280 nm at arotor speed
0f42,000 rpmat 20 °C. All proteins were sedimented at equimolar
concentrations of 10 uM. Data are representative of two independent
experiments. ¢, Ultraviolet light absorbance at 280 nm traces from
semi-preparative SEC (top). SDS-PAGE analysis of individual fractions
corresponding to the ternary complex trace (bottom). The SEC experiment
wasindependently repeated three times with similar results. d, Surface
representation of the ternary complex of SHOC2 (pale blue), MRAS (grey)

and PP1Ca (maroon). The phosphate group bound at the active siteis shown as
red spheres,and Mn*"isshown as purple.

ternary complex formation was improved, consistent with the pos-
sibility of a direct PP1Ca interaction with the N terminus of SHOC2.
Bothanalytical ultracentrifugation and semi-preparative size-exclusion
chromatography (SEC) confirmed that equimolar ratios of MRAS(Q71R),
SHOC2(80-582, M173I) and PP1Ca could efficiently form a stable com-
plex (Fig.1b,c). Acomplex comprising the M173I rasopathy mutant of the
SHOC2 LRR domain (80-582), GTPase-deficient MRAS(Q71R) and WT
PP1Cawasisolated and crystalized, diffracting to 1.95 A (Reryse=0.1838;
Rp.. = 0.2209; Fig. 1d, Methods and Extended Data Table 1).
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MRAS-SHOC2-PP1C holophosphatase structure

The holoenzyme exhibits a compact structure in which C-shaped
SHOC2 wraps around both MRAS and PP1Cq, enabling reciprocal
interactions between all three subunits (Fig. 2a). SHOC2 exhibits
the expected LRR fold; the 20 repeats of SHOC2 coil to form a sole-
noid with an extended B-sheet along its inner, concave surface. Both
GppNHp-bound MRAS and PP1Ca are present as globular domains in
their active states, in agreement with published apo structures® .,
Highly conserved residues on the concave surface of SHOC2 engage
MRAS and PP1Ca (Extended Data Fig. 1d,e). MRAS is engaged pri-
marily by the descending loop and 3-strands of LRR domains 2-10,
whereas PP1Ca is coordinated by the ascending loops just C-terminal
to the B-strand of each LRR spanning nearly the entire SHOC2 sole-
noid (Fig. 2b,c). We also determined the structure of the isolated LRR
domain of SHOC2 (residues 80-582) at 1.9 Aresolution (Extended Data
Fig.2a). The unliganded domainadopts asimilar overall structure, but
withamodest changeinits overall curvature compared with SHOC2in
the ternary complex (Extended Data Fig. 2b). This degree of flexibility
is seen for many LRR proteins. In both the apo structure and ternary
complex, the SHOC2 3-sheet is disrupted between strands 9 and 10,
with bridging water molecules inserted into the otherwise regular
hydrogen-bonding pattern between the parallel B-strands (Extended
DataFig. 2c). This appears to be a conserved feature of SHOC2, as it is
accurately predicted by Alphafold®.

The MRAS GTPase adopts an active conformation, and clear den-
sity is observed in the structure for the bound GTP analogue. MRAS
switch1(SWI) and switch Il (SWII) loops that rearrangein the GTP- ver-
sus GDP-bound states are at the core of the complex. In the present
structure, both SWIand SWIlof MRAS interact extensively with SHOC2
(Fig. 2b-d), while SWI, together with MRAS helix a1 and the adjacent
regions, simultaneously engage PP1Ca. SWI and SWIl mediate most
of the interactions recruiting the N-terminal LRR domains of SHOC2
to MRAS. Both electrostatic and hydrophobicinteractions contribute
to the interface, which also contains 16 coordinated waters. Notably,
bound MRAS(Q71R) sits in an especially ‘closed’, active GppNHp con-
formation that differs substantially from the unbound form of Gpp-
NHp-MRAS and NRAS?*? (Protein Data Bank (PDB):1X1S, 1XIR, SUHV;
Extended Data Fig. 3a,b). Importantly, the rearrangement of MRAS
SWilenables additional interactions with SHOC2. This conformational
shift enables SWil residues to mediate direct interactions and fostera
coordinated solvent network at the interface. Direct interactions, high-
lighted by MRAS residues GIn80 and Glu73 and SHOC2 residues Asp106
and Asn265, are supported by numerous water-mediated interactions
between the main chain of SWIl and the 3-sheet of SHOC2 (Fig. 2e).

The SWImotif of unbound GppNHp-MRAS also adopts an open,
inactive conformation but we found that the bound MRAS SWimirrors
that of the active canonical RAS isoforms (Extended Data Fig. 3a,b).
This active conformationis required for proper orientation of SWiresi-
dues at the SHOC2 interface while simultaneously supporting PP1Ca
binding through SWiresidues Glu47 and Asp48. These MRAS SWland
adjacentresidues interact with PP1Ca residues surrounding helix G
of the small helical domain on the opposite surface of the active site.
The interaction between SWI residues and the surrounding solvent
interaction network extending directly tothe SHOC2 interface (Fig. 2d
and Extended Data Fig. 3¢) highlights the MRAS conformational shift
(relative toapo MRAS) that is critical to both SHOC2 and PP1Ca binding.

PP1Ca binds to an extensive composite surface formed by SHOC2 and
MRAS (Extended Data Fig.4a,b) and is oriented such thatits active site
isexposed and fully accessible for substrate binding in the holoenzyme
complex (Fig.3a). PP1C functions as the catalytic subunit for diverse PP1
phosphatase complexes, and it is highly conserved across phylogeny.
PP1Cresiduesthat contact SHOC2 and MRAS are almostidentically con-
servedinthe threeisoforms (a, B andy) expressed in higher eukaryotes
(Extended DataFig. 4c). Thus, we expect that any of the three isoforms
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Fig.2|SHOC2-MRAS-PP1Cainterfacesinclude polar contactsand
coordinated solvent. a, Cartoon view of the complex of SHOC2 (paleblue),
MRAS (grey) and PP1Ca (maroon), illustrating interactions mediated by the
concave surface of SHOC2.SWIand SWIlof MRAS are highlighted in pink and
green, respectively; GppNHp is rendered in ball and stick; and Mg is represented
asagreensphere. The phosphateboundtotheactivesite of PP1Cisrepresented
inred, and the Mn* metals areindicated as orange spheres. This colour scheme
ismaintained throughoutall of the figures. b, Cooperative interface of SHOC2,
PP1Caand MRAS mediated by SWI (pale green) and SWII (pink) of MRAS.
¢,SHOC2 usesits B-sheet surface and descending loops from multiple LRRs to
recruit MRAS while binding to PP1Ca through the ascending loops of numerous
LRRs.Onerepresentative LRR (orange) isshown.MRAS and PP1Ca are shownin
surfacerepresentation.d, Direct and water-mediated interactions at the
cooperative interface highlighting MRAS SWlinteractions with Arg188 of PP1Cax
helix G. Theindicated side chains are colour coded by subunit with representative
water moleculesindicated by red spheres and bonding networks highlighted

by dashed lines. An MRAS-bound magnesiumionisshownasagreensphere.

e, Directand water-mediated interactions at the cooperativeinterfaceasind,
buthighlighting MRAS SWland SWilinteractionswith SHOC2.

canassemble to form the SHOC2 holoenzyme. PP1activity is governed
throughits interaction with many regulatory proteins that target the
phosphatase to specific cellular locations and determine substrate
specificity?>**?-3, Typically, these regulators bind to PP1Ca through
short linear motifs of 4-8 amino acids found within intrinsically dis-
orderedregions of the protein. Common binding sites for anumber of
theseregulatory partners have been mapped onto the surface of PP1C,
distal from the acidic, hydrophobic and C-terminal substrate-binding
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Fig.3|Rasopathy mutations and RAF binding predicted to affect complex
formation. a, Surface representation of the SHOC2-PP1Ca-MRAS
holoenzyme highlighting the active site and accessible acidic (red), C-terminal
(black) and hydrophobic (yellow) substrate-binding grooves of PP1Ca. The
RVXF and other regulatory surfaces of PP1Caare not occupiedinthe
SHOC2(80-582)-MRAS(Q71R, 1-178)-PP1Ca(7-300) ternary complex. b, GOF
rasopathy mutations localize to PPlinterfaces. The indicated GOF and LOF
rasopathy mutations are shown as sticks highlighted in yellow and orange,
respectively; SHOC2 and MRAS are shownin grey with SWland SWllindicated.
SHOC21le173 (Met173in WT SHOC2) fills a hydrophobic space produced by
SWI, SWIland SHOC2 LRR domains. SHOC2 GIn269/His270 resides at the
interface of allthree subunits, whereas SHOC2 Asp175 coordinates awater to
MRAS Tyr81.PP1Ca Pro50 sits at the PPlinterface but cannot make substantial
interactions owingto the limitations of the side chain. ¢, Schematic of the M2H

grooves. All of these substrate-binding grooves are accessible on PP1C
inthe SHOC2 holoenzyme (Fig. 3a). The binding mode of SHOC2 is more
reminiscent to that of SDS22%"%?, aregulatory partner thatis conserved
fromyeast to humans and binds to PP1C through extensive interactions
ofitsLRR domain. Although their binding sites partially overlap, thereis
nodirectstructural correspondenceinthe binding of SHOC2 and SDS22
toPP1C. Theinteractions between SHOC2 and PP1Ca are predominantly
polar, and the binding interfaces among all three subunits contain a
notable amount of ordered solvent. Nonetheless, the extensive inter-
subunitinteractions bury atotal of around 4,966 A2 of solvent-accessible
surface. Of this total, only 1,762 A>are buried between SHOC2 and PP1Ca
(around 881 A2 on the surface of each). The highly polar and solvated
nature of the SHOC2-PP1Ca interface underlies the very low affinity of
their interaction in the absence of MRAS.

Overall, our high-resolution X-ray structure of the MRAS-SHOC2-
PP1Ca holophosphatase sheds light on cooperative complex assem-
bly and enables a detailed dissection of the interacting amino acids
between the three components.

Rasopathy mutations localize to PPIs

GOF mutations causing rasopathies have been reported on SHOC2,
MRAS and PP1CR7 101314193435 Moreover, several SHOC2 loss of function

system (left). The Nlucreporter signal resulting from concurrent expression
andinteraction between GAL4(DBD)-MRAS and SHOC2-VP16(TAD) of WT and
mutantvariants (right). Dataare mean +s.e.m.n=3independentbiological
replicates. The diagram was created with BioRender.com. d, Alignment of the
MRAS-SHOC2-PP1Cternary holophosphatase structure with astructure of
KRAS bound to the CRAF RBD-CRD domain (PDB: 6XHA). Note that the
alignment (using RAS as the key object) results in multiple clashes between
RBD-CRD and PP1C-SHOC2. e, Untagged full-length SHOC2 disrupts the
interaction of MRAS(Q71R)-GppNHp andRBD asassessedina TR-FRET

assay (ICs5,913nM), indicating that SHOC2 and RBD binding to RAS is
incompatible. Technical replicates are shown as individual data points; one of
threeindependent experimentsis shown. Competition IC, values for
additional tested combinations are provided in Extended Data Table 3.

(LOF) mutants unrelated to rasopathy were identified through genetic
screens that abolish RTK-RAS-activated phenotypesin Caenorhabditis
elegans®®***’. We mapped the locations of these various mutants onto
our structure. Notably, almost all reported GOF mutations localize
to PPl interfaces in the SHOC2-MRAS-PP1Ca structure, with the
majority co-localizing to the SWI/SWII-mediated cooperative inter-
face with SHOC2 and PP1Ca (Fig. 3b). Rasopathy-associated muta-
tions SHOC2(M173I) and Q269 _H270delinsHY (Q269H/H270Y); MRAS
G23V, T68land Q71R; PP1Ca P50R (corresponding to PP1C(3 P49R);
and non-rasopathy SHOC2 LOF mutations D175N and E457K allmap to
interactionsites. These observations support the conclusion that GOF
rasopathy mutations could increase MAPK signalling by modulating
the surfaces that drive complex association.

SHOC2(M173I), which shows a mild increase in affinity towards WT
MRAS in our SPR as well as in cellular two-hybrid assays (discussed
below), is resolved in our structure and lies at the surface of a critical
hydrophobic patch formed by SHOC2 Thr150, Asp175 and Thr196, and
SWII MRAS residues Ala76 and Met77. Moreover, the affinity of the
SHOC2(M1731)-MRAS(Q71R)-PP1Ca(WT) complex is clearly higher
than that of the SHOC2(WT)-MRAS(WT)-PP1Ca(WT) complex as meas-
ured by SPR (Fig.1a). Torationalize the latter difference in affinity from
astructural standpoint, we ran molecular dynamics simulations of our
mutant structure and the corresponding WT ternary complex. For the
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WT complex, we back-mutated SHOC2 lle173 and MRAS Arg71 on our
structureto the corresponding WT residues (SHOC2 Met173 and MRAS
GIn71). Although the conformational ensemble obtained from molecu-
lar dynamics simulations of our mutant structure closely resembles the
crystallographic state, the simulations of the WT complex show three
distinct states of the MRAS-SHOC2 interface (Extended Data Fig. 5a).
The dominant state of the WT simulations (67% of the ensemble) shows
direct protein—-protein hydrogen bonds between MRAS and SHOC2
inthe vicinity of Met173, whereas the less prevalent states (33% of the
ensemble) show water-mediated hydrogen bonding around this region.
This local loss of ‘tightness’ between MRAS WT and SHOC2 WT may
entail an entropic cost resulting from an increased presence of water
at the interface, providing support for the lower affinity observed in
the SPR analysis for the SHOC2(WT)-MRAS(WT)-PP1Ca(WT) complex
relative to the SHOC2(M1731)-MRAS(Q71R)-PP1Ca(WT) complex.
We next examined the effect that the GOF and LOF mutations had on
the SHOC2-MRAS interaction in cells. We developed a mammalian
two-hybrid (M2H) assay in which the GAL4 DNA-binding domain was
fused to MRAS WT or MRAS(Q71R), and we monitored luciferase activ-
ity proportional to SHOC2-VP16/TAD binding (Fig. 3c). Given that
a substantial fraction of WT MRAS in cells was in the GDP state, the
MRAS(Q71R) mutation was used to lock GTP-induced RAS conforma-
tional changes, which we found was necessary to detect strong inter-
actions with SHOC2. We investigated the validity of our M2H assay by
mutating critical SHOC2-MRAS interacting residues inferred from our
X-ray ternary structure. We found that mutation of SHOC2 away from
the PPIs (V146A) does not alter the SHOC2-RAS interaction. By contrast,
SHOC2 mutations at the MRAS SWI-SWil interface (R200E or M219E)
resulted in the loss of SHOC2-MRAS binding, and T242V produced a
notable gain of affinity. We next showed that rasopathy-derived SHOC2
GOF mutant M173I results in atwofold increase in MRAS recruitment,
whichisreverted whentheisoleucineis replaced by aglutamicacid. In
the same hot-spot PPIregion, LOF mutation D175N abolished the bind-
ing between SHOC2 and MRAS (Fig. 3¢). Given the non-native (nuclear)
localization of the proteinsin this assay signal, we used an orthogonal
SHOC2-eGFP bipartite system which enabled quantitative assessment
of SHOC2-eGFP abundance compared with an mCherry expression
control. We show that mutations did not alter SHOC2 abundance or
resultin aggregationin cells (the precise distribution in cellular com-
partments was not analysed) (Extended Data Fig. 6a,b).

Overall, our findings here validate the structural observations and
reveal that disease-relevant mutations, such as those found in raso-
pathies, localize to PPIs and modulate complex assembly to affect the
function of the resulting complex.

SHOC2 and RAF RBD compete for RAS binding

MRAS SWiresidues at the core of the SHOC2-PP1Ca interface are also
responsible for recruitment of the RAS-binding and cysteine-rich
domains (RBD-CRD) of RAF to the plasma membrane. We note that
C-terminal residues of SWlextending into strand 2 are critical toboth
the RBD and PP1Ca interfaces. Alignment of MRAS in the phosphatase
ternary complex to KRAS of the previously solved KRAS-RAFRBP€RP
co-structure isincompatible with the recruitment of RAF by SWl of this
MRAS subunitinto asingle holoenzyme complex (PDB: 6XHA; Fig. 3d),
suggesting that RAS cannot simultaneously engage SHOC2-PP1C«x
and RAF kinases. To confirm this experimentally, we first measured
the affinity of MRAS to theisolated cRAF1RBD (hereafter RBD) by SPR
and confirmed that the affinities are similar between the MRASWT and
Q71R mutant and comparable to the canonical NRAS(Q61R) variant
(Extended Data Table 2).

To confirm that RBD binding would be incompatible with
SHOC2-mediated complex formation, we established a time-resolved
fluorescence energy transfer (TR-FRET) assay between RBD and
GppNHp-loaded MRAS(Q71R) and assessed the ability of untagged
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full-length SHOC2 (residues 2-582) to disrupt thisinteraction. Consist-
ent with the expectation of competition with RBD binding for RAS, we
obtained full inhibition in this assay with a half-maximum inhibitory
concentration (ICs,) of 913 nM (Fig. 3e), consistent with the affinity of
SHOC2 to MRAS(Q71R). To confirm and further expand on this initial
result, we wanted to assess whether this observation is transferrable
to other RAS proteins and established the analogous competition
assays with MRAS WT and NRAS(Q61R) and included the GOF mutant
SHOC2(M173I) (Extended Data Table 3). As in the MRAS(Q71R)-RBD
setting, full-length SHOC2 also displaced RBD from MRAS WT with ICs,
values in line with the SPR data. The higher affinity of SHOC2(M173I)
to MRAS (as observed in SPR) was also recapitulated in the TR-FRET
system, showingalower IC,, for SHOC2(M173I) compared with SHOC2
WT. Interestingly, SHOC2 also showed very similar competition towards
NRAS(Q61R)-RBD suggesting that SHOC2 also interacts with canonical
RAS proteins (Extended Data Table 3).

NRAS and KRAS form functional holophosphatases

MRAS residues that interact with SHOC2 are highly conserved across
phylogeny in non-canonical MRAS and RRAS as well as the canonical
RAS proteins (Extended Data Fig. 7a). By contrast, a subset of MRAS
residues that contact PP1C are not conserved in RRAS1, RRAS2 or the
canonical RAS proteins. These unique interactions may underpin the
preferential assembly of active MRAS in the holophosphatase complex.
Tomechanistically investigate whether the canonical RAS isoforms can
bindto SHOC2 and form aternary complex, we performed SPR analysis
using NRAS and KRAS bound to SPR chip surfaces (Fig. 4a). We found
that GppNHp-loaded NRAS and KRAS are capable of binary interaction
withSHOC2 at levels comparable to MRAS (Fig. 1a), consistent with the
high degree of conservation of sequences responsible for binding to
SHOC?2. Notably, although we could observe the clear formation of
the ternary complex after addition of PP1C, the cooperativity of the
interaction was almost completely lost. We found that these NRAS-and
KRAS-containing ternary complexes exhibit between 4-fold and 33-fold
lower overall affinity compared with the MRAS counterparts. We further
observed that GTP-locking Q61R mutations positively affect NRAS-
and KRAS-containing complexes compared with GppNHp-loaded WT
proteins. This suggests that, like in MRAS, the Q61R mutation could
add aresidue that can not only rigidify active conformations but also
actively participate inthe RAS-SHOC2 PPI. Although these mutations
significantly improved overall complex affinity, this could not fully
restore binding to the levels of the complex containing WT MRAS. To
directly test whether MRAS can outcompete other RAS isoforms for
holophosphatase binding, we mixed recombinant KRAS and MRAS
together with one equivalent each of SHOC2 and PP1Cq, and purified
the complex using SEC. We found that the KRAS-containing complex
can be readily isolated (Extended Data Fig. 7b), but MRAS is able to
fully outcompete KRAS under equimolar conditions. This indicates
that GTP-bound MRAS is the optimized RAS isoform within the hol-
ophosphatase, whereas the other RAS isoforms can substitute in the
absence of MRAS.

Totest whether our purified complex was active and specific for the
RAF Ser259 phosphorylation site, we purified complexes containing
MRAS, PP1Caand WT, or the GOF SHOC2(M173I) mutant. We found that
allholophosphatase complexes were capable of site-specific dephos-
phorylation of recombinant BRAF in an active, dimeric state. The
assembled complex specifically dephosphorylated BRAF Ser365 (the
equivalent to CRAF Ser259) while showing no activity towards BRAF’s
C-terminal 14-3-3-binding site Ser729 (the equivalent to CRAF Ser621)
invitro. The rasopathy GOF SHOC2(M1731) mutationboosted this activ-
ity (Fig. 4b). Furthermore, we could show that complex containing
PP1Ca, SHOC2(M173I) and KRAS instead of MRAS was still capable of
this selective dephosphorylation, indicating that, once formed, the
holophosphatase activity is not dependent on RAS isoform.
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Fig.4|Canonical RASisoforms canformactive holophosphatases. a,
SPR-derived affinity and cooperativity immobilizing NRAS-GppNHp,
NRAS(Q61R)-GTP,KRAS-GppNHp or KRAS(Q61R)-GTP with theindicated
analytes. a = KSHOC?/KSHOCZPPIC Affinity values over 10,000 nM are highlighted
inred.b, Invitro dephosphorylation of autoinhibited and active-state BRAF-
MEK1-14-3-3 complexes by the SHOC2 holophosphatase. Purified full-length
BRAF complexesin the autoinhibited state (left) or active dimeric state (right)
wereincubated withlambda phosphatase (PPase), PP1Ca or ternary SHOC2
complexes, and were blotted with phospho-specific antibodies for BRAF
phosphorylated at Ser365 and Ser729. Equivalent loading of BRAF complexes
isshown by Coomassie staining. Phosphorylated Ser365is selectively
dephosphorylated relative to Ser729 in the active dimer, whereas both are
relatively protected in the autoinhibited (14-3-3-bound) state. Experiments
were conducted twice with similar results. ¢, Therelationship between the
knockdown of SHOC2and MRAS, HRAS, NRAS and KRAS. The dependency
scores of each RAS gene and SHOC2 are shown onthexandyaxes, respectively.

Together our datashow that RAS mutations that favour GTP-locked
states can facilitate complex formation and, independently, that RAS
canonical isoforms can substitute for MRAS. Notably, in cancer, canoni-
cal RAS proteins but not MRAS are frequently subjected to activat-
ing mutations that drive cancer cell survival and proliferation. An
analysis of a large dataset of cancer functional screens (more than
1,000 celllines) available from DepMap (https://depmap.org/portal/)
shows that SHOC2is necessary for the survival of cell models carrying
GTP-activating mutationsin canonical RAS proteins, underlying func-
tional interaction. Interestingly MRAS depletion has no influence on
cellfitnessin modelsinwhich SHOC2is essential (Fig.4c). SHOC2 and
RAF1(CRAF) dependency profiles correlate well across all cell models,
highlighting their fundamental functional interaction, which is inde-
pendent of agiven RAS partner (Extended Data Fig. 7¢).

To validate these findings, we performed experiments in KRAS®%¢-
mutated MiaPaca2 cellsinthe presence of the MEK inhibitor trametinib.

Dashed linesindicate adependency score of zero. A highly negative
dependency scoreimpliesthatagiven celllineis highly dependent on that
gene. Celllines dependentonbothSHOC2 and RAS are indicated at the bottom
left. Right, the calculated Pearson correlation coefficient (y axis) applied to
eachmutation group (group of cell lines containing the associated mutation).
Ahigher positive valueindicates astronger positive relationship: the
dependency score of SHOC2 decreases/increasesinthe samelines as the
dependency scores ofthe RAS genes. The nvalues above each bar show

the number of celllines in each mutation group. d, Immunoblot analysis of
MiaPaca2 parental cells (Par), SHOC2-KO (KO) and stable cell lines reconstituted
with SHOC2 mutants after 10 nM trametinib (Tram) treatment for1hor24 h (+).
Densitometry quantification (percentage variation) of pCRAF/CRAF and
PERK/ERK levels from the immunoblot analysis normalized to untreated
MiaPaca2 parental cells. The samples were derived from the same experiment
and blots were processed in parallel. Theimages are representative of two
independent experiments.

SHOC2 has shown synthetic lethality in KRAS-mutant cancer lines,
such asin MiaPaca2 cells treated with MEK inhibitors, which, after ini-
tial pathway inhibition, cause pathway rebound and increased RAS
GTPloading'®. Consistent with these reports, we found that knockout
(KO) of endogenous SHOC2 prevents MAPK pathway reactivation (24 h
trametinib treatment) resulting in increased phosphorylated CRAF
Ser259 (inhibited RAF) and reduced phosphorylated ERK and phos-
phorylated MEK, which measure MAPK-pathway downstream activity
(Fig.4d).Under the same conditions, knockdown of MRAS expression
did not produce any significant change in the phosphorylation of CRAF
Ser259 nor downstream markers (Extended Data Fig. 7d; compare lanes
1-2for MRAS knockdown with lanes 3-4 for SHOC2KO). These and pre-
vious results agree with the data from cancer functional screens and
suggest that, in RAS-GTP-locking conditions, such as those resulting
from oncogenic mutations, canonical RAS proteins can substitute for
MRAS within the SHOC2-PP1C complex.
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Finally, we used the context of the MiaPaca2 SHOC2-KO model to
study the functional effects of SHOC2 mutants on MAPK activation
markers (Fig.4d). Although reconstitution with WT SHOC2 and neutral
or GOF mutations restored pCRAF (Ser259), pMEK and pERK levels
to that of the parental cell line, SHOC2 LOF mutations such as D175N
were comparable to the KO, indicating that SHOC2 holophosphatase
associationinfluences the activity of the MAPK pathway. Together with
the previously presented interaction data in M2H (Fig. 3¢), rational
mutagenesis at the MRAS-SHOC2 PPl enabled us to direct the affinity
and activity of these components in cells, confirming the fidelity of
these interaction surfaces in our structure.

Discussion

Here we characterized the assembly and structure of the SHOC2-
MRAS-PP1Ca holoenzyme, whichis thought to be critical to regulating
the phosphorylation state of RAF and the activity of the MAPK pathway.
Usingindividually purified subunits, we demonstrate that the compo-
nents assemble with high cooperativity, displaying a 70x increase in
the affinity of the LRR domain of SHOC2 for GppNHp-loaded MRAS in
the presence of PP1Ca. Furthermore, we were able to demonstrate a
stableinteraction between PP1Cocand SHOC2 or MRAS and PP1Ca only
inthe presence of the third member of the holoenzyme. Our structure
explains the observed cooperativity, whereby the SHOC2 LRR acts
as lynchpin recruiting both MRAS and PP1Ca through an extensive
concave surface while creating an interdependent protein-protein
and water-mediated interaction network simultaneously involving all
three subunits. GppNHp-loaded MRAS is at the core of the complex and
SHOC2behaves asaRAS effector molecule, interacting withboth SWI
and SWIlin their active conformations, enabling SWI to interact with
PP1Ca.SWI's central role at the interface, mediating interactions with
both SHOC2 and PP1Ca, and our alignments and competition experi-
mental data are not consistent with direct recruitment of the RBD-CRD
and the downstream Ser259 phosphorylation site of RAF through the
RAS protomer found in our complex. Our recruitment studies with
full-length SHOC2 containing anintact N terminus show anincreased
affinity toward MRAS only in the presence of the phosphatase (Fig. 1a),
suggesting a direct interaction of SHOC2’s N terminus with PP1Ca.
PP1Caisfrequently found in complex with multiple regulators through
shortlinearinteraction motifs and, while this Article was under review,
apreprintwas published with the crystal structure of the holoenzyme
containing full-length SHOC2, displaying a direct interaction between
the RVXF motif of SHOC2 and the RVXF-binding pocket of PP1Ca*8. An
existing conflictin the SHOC2 field is whether SHOC2 interacts exclu-
sively with MRAS or promiscuously with multiple RAS isoforms. Origi-
nal cellularimmunoprecipitation studies identified SHOC2 and PP1C
as effectors unique to MRAS. However, recent studies have displayed
asyntheticlethalinteraction of SHOC2 depletion, but not MRAS, with
MEK inhibitors in KRAS-mutant pancreatic or lung cancer cell lines'.
Our recruitment studies indicate that all of the RAS isoforms studied
recruit SHOC2 with a similar affinity and show the same GTP-loading
dependence found in other RAS effector interactions. However, the
divergent RAS-PP1C interface appears to favour MRAS as a preferred
component of this complex—as evidenced by the comparatively low
affinity and cooperativity of ternary complexes bearing NRAS or
KRAS'. DepMap analysis and our cellular experiments are consistent
with the dispensability of MRAS suggesting that, in certain cellular
contexts, MRAS could be replaced as the dominant RAS species in the
holophosphatase complex, such asin presence of oncogenic mutations
that significantly shift the GTP-loading state of these RAS proteins®.
The exact contribution of each RAS isoform in the holoenzyme and
the underlying biological context remains an outstanding question.
Notably, the extensive interface mediated by the concave surface of
SHOC2 and SWI of MRAS is similar to other PP1or PP2A holoenzymes
containing scaffolding subunits with HEAT (Huntingtin, elongation
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factor 3, protein phosphatase 2A, yeast kinase TOR1) or LRR repeats.
The three substrate grooves of PP1Ca and active-site metal ions point
away from the core of the complex, whereas the interface of PP1Ca
and MRAS extends the phosphatase’s hydrophobic groove leading
to the active site. Extension of the hydrophobic binding groove has
been postulated as a substrate-recruitment mechanism of the simi-
lar PP2A holoenzyme containing both a scaffolding and regulatory
subunit. It is possible that RAS has a similar recruitment mechanism
for RAF phosphorylated at Ser259. Regardless, we demonstrate that
the assembled holophosphatase hasincreased activity and specificity
towards RAF Ser259 in vitro (Fig. 4b), suggesting direct recognition
before dephosphorylation.

Together, the RAS GTP-binding specificity along with the mutually
exclusive RAS interaction to either SHOC2-PP1C or RAF allows specula-
tion of the existence of a multi-molecular RAS signalosome model with
distinct complexes, in which at least two individual RAS molecules,
afteractivation, simultaneously recruit RAF-14-3-3 and the holophos-
phataseto enable RAF activation. Whether such a coordinated mecha-
nism requires direct interaction between the two distinct complexes
through, for example, the RAS units, or simple co-localization at the
cytoplasmic membrane remainsto be established. Finally, we provide
insights for the relevance of such active RAS-SHOC2-PP1C holophos-
phatase complexes in rasopathy and cancer settings. Our structural
mapping of disease-relevant rasopathy mutationsin SHOC2, MRAS and
PP1C, aswell as structure—function studies on specific SHOC2 GOF and
LOF variants, establish amechanistic basis for their function. Namely,
the modulation of protein-proteininteraction affinities translatesinto
enhanced pathway activation when strengthening PPIs and reduced
pathway activation when weakening PPIs in the holophosphatase com-
plex, respectively. Collectively these results provide molecular insights
onimportantaspects of RAS biology and offer aresource for possible
therapeutic interventions.
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Methods

Recombinant expression vectors
Vectors used for recombinant expression were prepared using tradi-
tional cloning methods with custom synthesized inserts (Genewiz).

Recombinant protein production

MRAS, biotinylated/Avi-tagged MRAS and RAS isoforms. All recom-
binant RASisoforms were expressed and purified essentially identically.
RAS vector (pET15b-6xHis-HRV3C-MRAS (1-178)) was transformed
into BL21 star (DE3) competent Escherichia coli cells (Thermo Fisher
Scientific) and inoculated into TB broth supplemented with100 pg ml™
carbenicillinovernight at 37 °C. Starter cultures were diluted into flasks
containing1litre TB broth with antibiotic selectionand grownat37 °C
with shaking until an optical density at 600 nm (OD,,) of around 1.0.
The temperature was reduced to 17 °C, allowed to cool for around
45 min and the cultures were then induced with 0.5 mM final concen-
tration IPTG overnight (18 h) before collecting and flash-freezing the
bacterial pellets.

All of the steps were performed at 4 °C. Bacterial pellets were thawed
and resuspended in lysis buffer (50 mM HEPES pH 7.5, 500 mM Nacl,
5 mMimidazole,1 mM TCEP,1 mM MgCl,) supplemented with protease
inhibitor tablets (Millipore Sigma, 11697498001, 1 tablet per 40 ml),
DNase (10 pg ml™), and 100 mM GTP or GDP. Homogenously resus-
pended lysate was disrupted in a microfluidizer (Microfluidics M110L)
at~15,000 p.s.i.twice and clarified at 16,000 rpmfor1hinaJLA16.250
rotor (Beckman). A pre-equilibrated column (lysis buffer) of Ni-NTA
resin (Qiagen, 30450,1 mlresin bed per litre expressed) was prepared
and the clarified lysate was batch-bound for1-2 hbefore being drained
by gravity. Beads were washed thoroughly with lysis buffer and eluted
with30 mlelution buffer (lysis buffer supplemented with 400 mM imi-
dazole). Eluted protein was cleaved overnight by His HRV3C protease
(custom preparation, 1:50 molar ratio). Cleavage was confirmed by lig-
uid chromatography coupled with mass spectrometry (LC-MS) and the
solutionwas passed over another Ni-NTA column pre-equilibrated with
lysis buffer, collecting the flow-through. The flow-through was pooled
and concentrated before loading onto a Superdex 75 HiLoad 26/600
size-exclusion column (Cytiva) in SEC Buffer 20 mM HEPES pH 7.5,
150 mM NacCl, 40 uM GDP, 5 mM MgCl,). Eluting protein was evaluated
by SDS-PAGE and LC-MS, pooled and frozen at around 20 mg mi™.

Avi-tagged versions were prepared by co-transformation of RAS
(pET15b-6xHis-HRV3C-RAS-Avi; MRAS 1-178, NRAS/KRAS 1-168) and
BirA (pACYC184-BirA) vectors into BL21 star (DE3) competent cells,
according to the RAS expression protocol with the addition of 34 pg mI™*
chloramphenicol to the medium for selection of BirA. Invitro biotinyla-
tionwas performed by the addition of biotin (100 mM final concentra-
tion) and ATP (1 mM final concentration) during cell pellet resuspension
to the above protocol, retaining all of the steps described above.

RAS nucleotide exchange. GppNHp-bound RAS isoforms were
generated by exchanging GDP-bound versions purified above with
non-hydrolysable GTP analogues. In brief, EDTA (25 mM final) and
24-fold molar excess GppNHp (Jena Biosciences, 100 mM solution
in 0.1 M Tris pH 8) were added to 0.5-1 umol of purified RAS to obtain
a final volume of 2.5 ml, and incubated 1 h at room temperature.
PD-10 size-exclusion gravity columns (Cytiva) were equilibrated with
nucleotide-exchange buffer (40 mM Tris pH 8,200 mM (NH,),SO,,
0.1 mM ZnCl,) according to the manufacturer’s instructions. The RAS
sample was loaded onto the column and eluted with 3.5 ml of nucleotide
exchange buffer. A fresh 24-fold excess of GppNHp was added, along
with 50 pl of shrimp alkaline phosphatase (rSAP, NEB, MO371S). The
solution was incubated for1 hat4 °C. To quench, 210 pl of 1 MMgCl, was
addedtoafinal concentration of 30 mM. The solution was then diluted
with SEC buffer (20 mM HEPES pH 7.5,150 mM NaCl, 10 pM GppNHp,
5 mM MgCl,) to about 10 ml, before final purification on a Superdex

75HiLoad 26/600 size-exclusion column. Pure fractions were pooled,
concentrated and frozen at10-20 mg ml™.

SHOC2.SHOC2 and the M1731 point mutant were prepared identically.
SHOC2vector (pFastBac-10xHis-SHOC2) was transformed into DH10«a
competent £. coli cells and bacmid DNA was isolated according to the
Bac-to-Bac Baculovirus expression system (Gibco). Bacmid DNA was
transfected into a SF9 insect cell culture according to the user guide-
lines and high-titre P2 virus stocks were produced as described. Protein
expression was carried out in SF21 insect cell culture by addition of
10 ml 1! P2 viral solution to log-phase SF21 cells in suspension. After
3 days, cells were collected and flash-frozen. SF9 and SF21 cells were
obtained from expression systems and were not tested for mycoplasma.

All of the purification steps were performed at 4 °C. Frozen cell
paste was thawed and resuspended in lysis buffer (50 mM Tris pH 8,
300 mM NaCl, 10% glycerol, 20 mM imidazole, 1 mM TCEP) supple-
mented with protease tablets, 2 mM MgCl, and 200 pg ml™ DNase.
Homogenously resuspended cells were lysed twice in amicrofluidizer
ataround 15,000 p.s.i.and thelysate was clarified for1h at16,000 rpm
inaJLA16.250rotor. A pre-equilibrated column of Ni-NTAresin (Qiagen,
30450, 1 ml resin bed per litre expressed) was prepared and clarified
lysate was batch-bound for1-2 h before being drained by gravity. The
beads were washed thoroughly with lysis buffer, and eluted with 30 ml
elution buffer (lysis buffer supplemented with 300 mM imidazole).
Eluted protein was cleaved overnight by HRV3C protease (1:50 molar
ratio) while dialysing into dialysis buffer (50 mM Tris pH 8,300 mM
NaCl, 10% glycerol,1 mM TCEP). After LC-MS confirmation of cleavage,
the solution was diluted to 50 mM NaCl with dilution buffer (50 mM
TrispH 8,10% glycerol,1 mM TCEP), and applied to a pre-equilibrated
5 mlHiTrap SP cation-exchange column using asample pump. Protein
was eluted through a twenty-column volume gradient between 50 mM
and 1M NaCl, evaluated by SDS-PAGE and pooled. The sample was
concentrated to around 12 ml and injected into a Superdex 75 HiLoad
26/600 for final SEC purificationin SEC buffer (50 mM Tris pH 7,150 mM
NaCl,1mM TCEP). Pure fractions were identified by SDS-PAGE, pooled,
concentrated and flash-frozen at 5-15 mg ml ™.

PP1Ca. PP1Ca(7-300) was produced based on previously pub-
lished protocols”*°. In brief, PP1Ca (pET15b-6xHis-PP1Ca) was
co-transformed with pGRO7 plasmid encoding GroEL/GroES (Takara
Bio). Transformants were grown in an LB starter culture with 100 pg ml™
carbenicillin, 34 pg ml™ chloramphenicol and 1 mM MnCl,. This was
used to inoculate larger 11 cultures with the same supplements and
grown untilan 0D, 0f ~0.5. At this point, arabinose (2 g I final concen-
tration) was added to induce chaperone production and the cultures
were grown until an ODy, of ~1.0, after which 0.1 mM final IPTG was
addedtoinduce protein production (overnight at10 °C). Cultures were
thenindependently centrifuged to collect pellets and resuspendedin
fresh LB with 200 pg mi™ chloramphenicol (to prevent further ribo-
somal synthesis) and 1 mM MnCl,. These resuspensions were shaken
at10 °Cfor2 htoallow forinvivo refolding, and cell pellets were then
collected by centrifugation and flash-frozen.

All of the purification steps were performed at 4 °C. Frozen cell
paste was thawed and resuspended in lysis buffer (25 mM Tris pH 7,
700 mMNacCl, 5 mMimidazole,1 mM MnCl,, 0.1% Triton X-100) freshly
supplemented with protease tablets. Homogenously resuspended
cells were lysed twice in a microfluidizer at around 15,000 p.s.i. and
the lysate was clarified for 1h at 16,000 rpmin aJLA 16.250 rotor. A
lysis-buffer-pre-equilibrated column of Ni-NTA resin (Qiagen, 30450,
1 mlresinbed per litre expressed) was prepared and clarified lysate
was batch-bound for1-2 hbefore being drained by gravity. The beads
were washed thoroughly with consecutive PP1Ca buffer A (25 mM
Tris pH 7,700 mM NaCl, 5 mM imidazole, 1 mM MnCl,) and PP1Ca
wash buffer (25 mM Tris pH 7, 700 mM NaCl, 15 mM imidazole, 1 mM
MnCl,), and eluted with 15 ml elution buffer (25 mM Tris pH 7,700 mM



NacCl, 250 mM imidazole, 1 mM MnCl,). Eluate was applied directly to
apre-equilibrated Superdex 75 HiLoad 26/600 for initial purification
in PP1Ca buffer A. Fractions were evaluated for PP1Ca by SDS-PAGE,
pooled and His-TEV protease was added to cleave purification tags (1:20
molar ratio, produced in house) overnight. We consistently observed
precipitation at this step, which did not prevent us from obtaining
a pure final product. The cleaved solution was confirmed by LC-MS
andthen applied to afreshbuffer-A-equilibrated Ni-NTA column from
which the flow-through was collected. The flow-through was concen-
trated to15 mland injected again into a pre-equilibrated Superdex 75
HiLoad 26/600 for final purification into either SEC buffer (50 mM
Bis-Tris pH 6.5,500 mM NaCl,1 mM TCEP) or directly into SPR running
buffer (20 mM Bis-Tris pH 6.5,200 mM NaCl, 2.5% glycerol,1 mM TCEP,
0.5 mM MgCl,, 5 uM GppNHp, 0.005% Tween-20). The fractions were
pooled, concentrated and used fresh for downstream binding studies
and ternary complex formation.

cRaf1 RBD with and without an N-terminal His tag. The E. coli expres-
sion construct used in this study was based on the pET system and was
generated using standard molecular cloning techniques. The DNA en-
coding the cRAF RBD (amino acids 51-131 of the full-length protein) was
inserted after acleavable N-terminal hexa histidine-tag. The insert was
codon-optimized and synthesized by GeneArt (Thermo Fisher Scien-
tific). The final expression construct was verified by Sanger sequencing.

Two litres of culture medium were inoculated with a pre-culture of
E. coli BL21(DE3) freshly transformed with the expression plasmid,
and protein expression was induced with 1 mM IPTG (Sigma-Aldrich)
forl6hat18°C.

The bacterial cells were collected by centrifugation and the pellets
were frozenondryice. The cell pellets were then resuspended in buffer
A (50 mMHEPES, 300 mM NacCl, 20 mMimidazole,1 mM TCEP, pH 7.8)
supplemented with Turbonuclease (Merck) and complete protease
inhibitortablets (Roche). The cells were lysed by three passages through
ahomogenizer (Avestin) atabout1,000 bar and the lysate was clarified
by centrifugation at 40,000g for 40 min.

The lysate was loaded onto the HiFliQ 5 ml Ni Advance column
(ProteinArk), mounted on an AKTA Pure 25 chromatography system
(Cytiva). Contaminating proteins were washed away with buffer Aand
bound protein was eluted with a linear gradient to buffer B (buffer A
supplemented with 400 mM imidazole).

Constructs without an N-terminal His tag were obtained by HRV
3C protease cleavage during dialysis overnight against buffer A. The
protein solution was reloaded onto the Ni Advance column and the
flow through containing the target protein was collected.

Bothtagged and untagged proteins were then further purified over
aHiLoad 26/600 Superdex 75 pg column (Cytiva) pre-equilibrated
with storage buffer (50 mM HEPES, 300 mM NaCl, 1 mM TCEP, 10%
glycerol, pH7.4).

The purity and concentration of the protein was determined by
reversed-phase high-performance liquid chromatography, and its
identity was confirmed by LC-MS.

SPRbinding studies

Binary MRAS-SHOC2 and ternary complex SPR. Ternary complex
binding studies were carried out on a Biacore 8K SPR instrument
(Cytiva) at 25 °C using modified buffer for PP1Ca stability (20 mM
Bis-Tris pH 6.5,200 mM NaCl, 2.5% glycerol, 0.5 mM MgCl,,1 mM TCEP,
5 uM GppNHp or GTP, 0.005% Tween-20). Biotinylated MRAS-avi,
NRAS-avi, KRAS-avi or SHOC2-avi protein was immobilized onto
series SA streptavidin chips ata flow rate of 5 ul min™to a surface den-
sity of 500 RU. Parallel kinetics runs were used to evaluate seven-point
dose-response curves simultaneously with 90 s association time and
600 s dissociation time at a flow rate of 20 pl min™. PP1Ca was not
observed to interact with either MRAS or SHOC2 independently and
was held in constant excess of the analyte for dose-response curves.

Data were analysed for steady-state affinity using the Biacore evalu-
ation software.

MRAS nucleotide loading state binding experiments (Extended Data
Fig.1aonly) werecarriedoutonaBiacore T200SPRinstrument (Cytiva) at
25 °Cusingstandard running buffer 20 mMHEPES pH 7.5,150 mM Nacl,
0.5 mM MgCl,,1mM TCEP, 5 uM GppNHp or GDP, 0.005% Tween-20).
Biotinylated MRAS (500 RU) was immobilized onto a series S SA chip.
Multi-cycle runs were performed with a 60 s association time and a
1,200 s dissociation time.

Binary RAS-RBD SPR. Binding studies were performed on the Bi-
acore 8K SPR instrument (Cytiva) at 25 °C. Biotinylated WT and mu-
tant MRAS-avi proteins were diluted to 0.04 pg ml™in assay buffer
(50 MM HEPES pH 7.5,150 mM NacCl,1 mM MgCl,, 10 pM GppNHp, 0.1%
Tween-20) and immobilized on a SA streptavidin chip at a flow rate of
5 ul min™to a surface density of about 100 RUs. Raf1 RBD (residues
51-131) was injected in multi-cycle runs up to 4 uM, at a flow rate of
50 pl min™ over all flow cells with 90 s association and 100 s dissocia-
tion times. Data were analysed using the Biacore evaluation software
using al:1binding model.

Sedimentation velocity analytical ultracentrifugation
Sedimentation velocity experiments were performed in the
Beckman-Coulter Optima AUC analytical ultracentrifuge. Samples
were dialysed into analytical ultracentrifugation buffer (20 mM Bis-Tris
pH 6.5,500 mM NacCl, 0.5 mM MgCl,, 1 mM TCEP, 5 uM GppNHp) and
were loaded into dual-sector centrifuge cells equipped with 1.2 cm
centrepieces and sapphire windows. The cells were loaded into an
AN-50 Ti rotor and allowed to equilibrate to 20 °C for 2 h before the
start of high-speed sedimentationat 42,000 rpm. Data were collected
at280 nmand examined using c(s) analysis* (SEDFIT v.5.01b). Results
in the form of a c(s) plot were visualized with Gussi*%.

Semi-preparative SEC and MRAS/KRAS competition

Ternary complex was formed and evaluated using SEC on a Superdex
20010/300 GL column (Cytiva). MRAS(1-178)-GppNHp, SHOC2(M173I,
80-582) and PP1Ca(7-300) were combined simultaneously into a
~500 plreactionatafinal concentration of 30-50 pM. To avoid SHOC2
or PP1Ca monomers (which cannot be fully separated from ternary
complex), 1.2-fold molar ratios were used for MRAS. After 10 min, the
mixture was dialysed against SEC buffer 20 mMHEPES pH 7.5,150 mM
NaCl,1 mMMgCl,,1 mMTCEP) for 2-4 hat 4 °C. Dialysed solution was
appliedtothe Superdex20010/300 column and astrongternary com-
plex (and weak monomeric RAS) peak was observed. Fractions corre-
spondingto the ternary complex were assessed by SDS-PAGE, pooled
and concentrated to ~6.5 mg ml™ for crystallization trials.

In the competition SEC experiment with MRAS and KRAS, SHOC2,
PP1Ca, MRAS(1-178) and KRAS(1-169) were combined at a1:1:1.2:1.2
molar ratio. Toavoid concerns with the order of addition, MRAS-Gpp-
NHp and KRAS-GppNHp were first combined together before add-
ing to a mixture of SHOC2(M173Il, 80-582) and PP1Ca(7-300). After
around 2 hincubation at 4 °C, the mixture was applied to a Superdex
20010/300 GL column (Cytiva) that had been equilibrated with SEC
buffer (20 mM HEPES pH 7.5,150 mM NaCl, 1 mM MgCl,, 1 mM TCEP,
5 UM GppNHp). The ternary complex of SHOC2-KRAS-PP1Ca was
prepared in the same manner but without MRAS. Fractions across the
elution profile were analysed by SDS-PAGE with Coomassie staining.

Crystallization

The sitting-drop vapour-diffusion method was used for crystalliza-
tion of both SHOC2(80-582) apo and SHOC2(80-582) in complex
with MRAS(1-178) and PP1Ca(7-300). ApoSHOC2 was crystallized
using a 1:1 volume of protein and well solution (0.1 M Tris-CI, pH 8.0,
0.2 M MgCl,, 11% PEG 4000, 2.5% 1,5-diaminopentane). Crystals were
cryoprotected using the crystallization solution with the addition of
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20% glycerol followed by flash-freezing directly into liquid nitrogen.
Theternary complex was co-crystallized using a1:1volume of protein
and well solution (0.1 MNaH,PO, pH 6.5,12% PEG 8000). Crystals were
cryoprotected using the crystallization solution with the addition of
20% glycerol followed by flash-freezing directly into liquid nitrogen.

Structure determination

Diffraction datafor both apoSHOC2 and the ternary complex were col-
lected on the Dectris Pilatus 6M Detector at beamline 171D (IMCA-CAT)
at the Advanced Photon Source at Argonne National Laboratories.
The data were measured from a single crystal maintained at 100 K
and exposed to a wavelength of 1 A, and the reflections were indexed,
integrated and scaled using XDS*. The space group of apoSHOC2 was
C121 with two molecules in the asymmetric unit. The structure was
determined by molecular replacement using Phaser*, using Leptospira
interrogansLRR protein LIC12234 (PDB:4TZH) as asearch model. The
final model was built in the Coot molecular graphics application**
and refined in Phenix®. The space group of the ternary complex was
P1211, with two complexes in the asymmetric unit. The structure was
determined by molecular replacement, using the protein phosphatase
1(PP1) T320E mutant (PDB: 6ZK6), MRAS in complex with GppNHp
(PDB:1X1S) and apo SHOC2 as search models with all solvent molecules
removed. The final model was built in the Coot molecular graphics
application and refined using Buster*® and Phenix. The final model
had geometry within the acceptable limits (Extended Data Table 1)
with 0.05% of residues in Ramchandran disallowed regions. Data col-
lectionand refinement statistics are shownin Supplementary Table 1.

Molecular dynamics simulations and modelling

Molecular dynamics simulations. The starting structure for modelling
efforts was the solved ternary complex of GppNHp-bound MRAS(Q71R),
SHOC2(M1731) and PP1Ca withMn, phosphateionsinthe PP1Ca active
site. Other cofactors were removed, and high-occupancy crystal waters
were retained for subsequent processing in Schrodinger through
the protein preparation feature, followed by manual curation of rota-
meric and protonation states for consistency of the hydrogen bonding
network. Free ends were capped with neutral ACE and NME residues.
To model the WT states of both MRAS and SHOC2, residues at MRAS
position 71and SHOC2 position 173 were mutated back to their corre-
sponding WT counterparts. For both mutant and WT versions of the
ternary complex, supplemental waters were placed using 3D-RISM*4,
Proteins were modelled using the AMBER ff19SB protein force field*®,
GppNHp was parameterized via the parm@Frosst force field* and
water was modelled as TIP3P*,

Molecular dynamics simulations were carried out using AMBER
16% and PMEMD CUDA’**¢ starting from both the mutant and WT
(modelled) structures. Each system was first minimized (keeping sol-
ute molecules fixed) starting with 10,000 steps of steepest descent
followed by 10,000 steps of conjugate gradient minimization using
constant-volume periodicboundaries. The system was heated to100 K
over 2,500 steps (5 ps) using Langevin dynamics® with a constant vol-
ume. At a constant pressure, the system was then warmed from 100 K
to 303 K over a period of 100 ps, using a time step of 2 fs. Minimiza-
tion and heating steps were run with fixed solute molecules using a
force constant of 5.0 kcal mol™ A% Next, the system was runat 303 K for
100 ps, inwhich all Cacatoms, GppNHp, Mg, Mn, phosphate ions were
restrained by a force constant of 10.0 kcal mol™ A% Three replicates
of final 1 pus production runs at a constant pressure and temperature
(NPT) were submitted.

Clustering simulation data. The first 1,000 frames (50 ns) were re-
moved from each trajectory to minimize the inclusion of insufficiently
equilibrated framesin the analysis. The remaining 19,000 frames were
pooled from each of the three trajectory replicates, and clustered us-
ing CPPTRAJ®® on the basis of interface residues between SHOC2 and

MRAS about MRAS residue 71 and SHOC2 residue 173. Clustering was
performed using the k-means algorithm and the optimal number of
clusters, n =6, was determined using the elbow method. An average
structure for eachreplicate was generated using CPPTRAJ, and repre-
sentatives were pulled for each cluster as examples of key conforma-
tions of both the WT and mutant simulations. Analysis of protein—-pro-
tein and protein-water interactions was performed using acombina-
tion of CPPTRA]J scripts and the getcontacts software package®.

TR-FRET assay to assess competition of Ras/cRaf1-RBD binding
A panel of TR-FRET assays scoring for interaction of different Ras con-
structs (amino acids1-168 for NRAS, 1-178 for MRAS constructs) with
cRafl RBD (amino acids 51-131, RBD) were set up. The final concentra-
tionsinthe assay were 25 nM C-terminally avi-tagged and biotinylated
RAS, 6.25 nM Cy5-streptavidin (VWR), 50 nMRBD and 1 nM anti-6xHis
Europium (LANCE Eu-W1024 Anti-6xHis, Perkin ElImer) in assay buffer
(50 mM Tris pH 7.5,100 mM NaCl,1 mM MgCl,, 50 uM GppNHp, 0.5 mM
DTT, 0.005% Tween-20).

RAS constructs were pre-incubated for 30 min with Cy5-streptavidin
(VWR) in assay buffer at 2.2x final concentration. In parallel, His—RBD
(51-131) was pre-incubated for 30 min with anti-6xHis Europium at
2.2x final concentration. Twofold serial dilutions of untagged protein
competitors were added to the RAS/Cy5-streptavidin mix and incu-
bated for 30 min before adding the RBD/anti-His Europium mixture.

After an additional 1 h incubation at room temperature, the plates
were measured onthe PHERAstar FSX plate reader (BMG Labtech) with
excitation at 320 nm and emission at 620 nmand 665 nmwavelengths.
TR-FRET ratios were calculated by dividing counts at 665 nm by counts
at 620 nm and multiplying by 100. Data were normalized to percent-
age activity and plotted in GraphPad Prism (v.9.2.0, GraphPad; www.
graphpad.com). Curves were fitted using the equations for non-linear
regression, log[inhibitor] versus response, variable slope (four param-
eters), fixing the lower plateauto O.

M2H assay

The NanoLuciferase reporter cell line (HEK293A-M2H-NLuc, tested neg-
ative for mycoplasmacontamination) was generated by lentiviral trans-
duction ofacustomvector (pNGX_LV_017_GAL4 _NLuc) bearing 5x GAL4
motifs upstream of aminimal promoter and the NanoLuciferase open
reading frame (ORF). GAL4-DBD or VP16-TAD ORFs were cloned into
custom lentiviral vectors (named pXP1510 and pXP1512) under an EFla
promoterandinframe with accdb cassette flanked by type lIS enzymes
to enable golden-gate cloning of SHOC2 or MRAS cDNA (obtained by
gene synthesis). Mutants were obtained by site-directed mutagenesis
(Agilent QuickChange Lightning kit). HEK293A-M2H-Nluc cells were
maintained in DMEM (Gibco) supplemented with 10% FBS (Gibco). Cells
were plated at 1.25 x 10* cells per well in a white transparent-bottom
96-well plates and transfected the next day with combinations of
GAL4-MRAS and VP16-SHOC2 constructs using X-tremeGENE 9
(Roche) ataratio1:3 (DNA:transfection reagent). Then, 72 hafter trans-
fection, Nano-Glo cell reagent (Promega) was added and luminescence
was measured using the Synergy HT reader (BioTek). The drawing in
Fig. 3cillustrating the set-up of the M2H assay was generated using
Biorender (www.biorender.com).

SHOC2-eGFP flow cytometry and imaging

All SHOC2-eGFP experiments were performed in HEK293T
cells maintained in DMEM (Gibco) supplemented with 10% FBS
(Gibco) and confirmed negative for mycoplasma contamination.
SHOC2-eGFP-chy-mCherry constructs were custom synthesized
(Vectorbuilder); the bicistronic SHOC2-eGFP-chy-mCherry cassette
is expressed through a hPGKI promoter, and the self-cleaving chysel
(chy) peptide sequence between SHOC2-eGFP and mCherry enables1:1
expression of both proteins and enables monitoring of SHOC2-eGFP
turnover on the basis of eGFP/mCherry ratio measurements® using
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flow cytometry or imaging for SHOC2 localization studies. For both,
16,000 HEK293T cells were transfected with120 ng of plasmid in 96-well
format1day after seeding using the FuGene6 (Promega) standard pro-
tocol. Then, 48 h after transfection, cells were prepared from 96-well
standard tissue culture plates for flow cytometry, datawere acquired
with a CytoFLEX S instrument (Beckman Coulter) and analysed using
FlowJov.10.7.1software. Imaging studies for SHOC2 localization were
performed with an InCell analyser6500 (GE Healthcare) from 96-well
cell-culture-treated black-wall chambers (Ibidi), using a Nikon 40x/0.95
Plan Apo, Corr Collar 0.11-0.23, CFI/60 lambda objective and the fol-
lowing conditions and filter-set (green: Exc 488/10, Emi 524/48,0.2 s
exposure, 2 x 2binning; orange: Exc 561/1, Emi 605/51, 0.2 sexposure,
2 x 2 binning).

MiaPaca2 cell line generation

All MiaPaca2 cell lines were grown in DMEM (Gibco) supplemented
with 10% FCS (Bioconcept), 1% sodium pyruvate (Bioconcept) and 1%
glutamine (Bioconcept). MiaPaca22 SHOC2-KO cells were generated in
MiaPaca2 cells stably expressing Cas9 (MiaPaca2 Cas9) generated by
lentiviral transduction of a custom vector expressing spCas9 under an
EF1A promoter (named pNGX_LV_c028). MiaPaca2 lines tested nega-
tive for mycoplasma contamination. In summary, 30,000 MiaPaca2
CASO9 cells were seeded in 6-well plates and, the next day, were trans-
fected with2 pMSHOC2 sgRNA (5-TAGTTATACGATTAAAGCGA-3' (18))
using 6 pl Dharmafect (Dharmacon) according to the manufacturer’s
manual. Then, 6 days after transfection, cells were prepared for clonal
selectionfromthe transfected pool. Clones were screened for SHOC2
levels by western blotting with an anti-SHOC2 antibody (Cell Signal-
ing Technology, 53600) and successful KO clones were validated by
sequencing, one validated SHOC2-KO clone (MiaPaca2 SHOC2-KO)
was subsequently used for re-expression of various SHOC2 mutants
using lentiviral transduction. For lentivirus production, HEK293FT
cellswere seeded in T175 cell culture flasks and transfected with 12 pg
pVPR-Gag-Pol, 4.8 pg pMD2-VSV-G and 1 pg of a custom lentiviral vector
pXP1510 expressing various SHOC2 mutants (pXP1510-SHOC2 mutants)
using Mirus TransIT (Mirus, MIR2700). The virus-containing super-
natant was collected and filtered using 0.45 pum syringe filters 48 h
later and subsequently used for MiaPaCa-2 SHOC2-KO transduction.
Then, 24 hafterinfection, cells were selected with neomycin (1 mg ml™,
Thermo Fisher Scientific, 10131027).

Western blotting

Whole-cell lysates were prepared in RIPA buffer (Thermo Fisher Sci-
entific, 89901) supplemented with protease and phosphatase inhibi-
tor cocktail (Sigma-Aldrich, PPC1010) and quantified using the BCA
Protein Assay Kit (Thermo Fisher Scientific, 23225). Samples were
loaded on 4-12% Bis-Tris gels (Invitrogen, WG1403A) and transferred
to nitrocellulose membranes (Bio-Rad, 1704159) using the Trans-Blot
Turbo system (Bio-Rad, 1704150). All membranes were blocked with
5% bovine serum albumin (Sigma-Aldrich, A2153-100G) and incubated
with primary antibodies overnight. Immunoblots were imaged using
the FUSION FX7 Imaging System (Vilber) and densitometry analysis
was performed using its integrated quantification software.

Analysis of dependency map data

We used the DepMap package (v.1.8) and experiment hub package
(v.2.2), available on Bioconductor, to access the datasets from the
Broad Institute DepMap cancer dependency study®"®?. Datasets from
the Q4 2021 release were used, specifically, the CRISPR-Cas9 gene KO
screens quantifying the genetic dependency of 1,052 cancer cell lines
(datasetID EH7290 in experiment hub). Additional datasets available
inthe package pertaining to the metadata and mutation calls were used
(experiment hub IDs EH7294 and EH7293, respectively). The depend-
encyscores of genesin the cell lines are the features of primary interest.
These canbeinterpreted as an expression of how vital aparticular gene

isforagiven cancer cellline. For example, a highly negative dependency
scoreis derived from a large negative log-transformed fold change in
the population of cancer cells after gene KO, implying that a given cell
lineis highly dependent on that gene.

Toinvestigate the relationship between the knockdown of a RAS gene
and of SHOC2, we calculated the Pearson correlation of the depend-
ency scores using the stats library core R package®. Specifically, we
calculated the Pearson correlation between the dependency score of
SHOC2and the dependency score of each RAS gene (MRAS, KRAS, NRAS,
HRAS) ineachgroup of cell lines which contained the mutation of inter-
est (p.G12-, p.G13-, p.Q61-, other, WT). We did not distinguish between
what the amino acid changed to, for example, between p.G12C, p.G12V).
This enabled us to investigate the linear relationship of the two genes
in each of the mutation groups. The significance of the correlationin
each group was assessed. A Pvalue on the t-test of each correlation
(testing the alternative hypothesis that the population correlation is
significantly greater than 0) was calculated. All analysis was performed
usingRv.4.1.1.

Recombinant BRAF dephosphorylation assay

Purified autoinhibited and active BRAF-MEK1-14-3-3 complexes were
prepared as previously described*. BRAF complexes (at a concentra-
tion of 500 nM BRAF) were incubated with an equimolar ratio of the
WT or mutant MRAS-SHOC2-PP1Ca complex, KRAS-SHOC2-PP1Ca
complex, PP1Ca alone, or lambda phosphatase for 90 min at 30 °C
in a buffer containing 100 mM HEPES (pH 7.4),150 mM NaCl, 2 mM
MnCI, 1 mM TCEP and 0.02% Brij 35. Reaction products were analysed
using western blotting using phosphospecific antibodies for the
BRAF phosphorylated at Ser365 (Cell Signaling Technology, 9421S)
orSer729 (Abcam, ab124794). Aliquots of each reaction were resolved
onaCoomassie-stained SDS-PAGE gel to provide aloading control for
the BRAF complexes.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon reasonable request. Structural factors
and coordinates have been deposited at the PDB under accession
codes 7TYG for the SHOC2(80-582) apo structure and 7TXH for the
SHOC2(M1731, 80-582)-MRAS(Q71R, 1-178)-PP1Ca(7-300) ternary
complex structure.
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Extended DataFig.1|SHOC2binds MRAS and PP1through the highly
conserved concave face.a.Recombinant MRAS loaded with either GDP or
non-hydrolysable GTP analogue GppNHp wasimmobilized on astreptavidin
(SA) chip and recombinant SHOC2 80-582 was flowed over in dose response.
Representative sensorgrams are shown, where only active GppNHp

loaded MRAS could bind to SHOC2. b. Recombinant MRAS loaded with
non-hydrolysable GTP analogue GppNHp wasimmobilized on a streptavidin
(SA) chipand recombinant PP1Ca, SHOC2 80-582 or FLSHOC2 was flowed
overindoseresponsein presence of excess PP1Ca. Representative sensorgrams
areshown, where PP1Cabinds to active GppNHp loaded MRAS only on the
presence of SHOC2 80-582. c. Recombinant SHOC2 80-582 was immobilized
onastreptavidin (SA) chip and recombinant PP1Cawas flowed over in dose
response.d.PP1Cand MRAS bind a highly conserved surface on SHOC2.
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Frontand back views of the ternary SHOC2/MRAS/PP1C complex. Note that
SHOC2 engages PP1Cand MRAS with a highly conserved regiononits concave
surface. By contrast, the outer, convex surface of SHOC2is poorly conserved.
The surface of SHOC2is coloured according to conservation from magenta
(most conserved) to teal (most variable) as analysed with the CONSURF server
(PMID:27166375).e.SHOC2 sequence alignment. Amino acid sequences of
human, frog, flyand worm SHOC2 are aligned and identically conserved
residues areshadedred. The site of the M173I mutationin the present structure
isshaded yellow. Secondary structure elements of SHOC2 areindicated above
the alignment. Symbols above the alignmentindicate residues thatin the
holoenzyme complexlie in the interface with PP1Ca (green dots) or MRAS
(yellow stars).
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Extended DataFig.2|Crystal structure of SHOC2 80-582. a. Crystal
structure of recombinant SHOC2 80-582 reveals afolded domain of 20 leucine
richrepeatsinexcellentagreement with structure predictions.BothNand C
terminal capping motifs are resolved, without density for the portion of the
unstructured N terminus retained. LRR repeats arenumbered. b. Alignment of
theSHOC2apo sstructure (grey) and SHOC2 from the ternary complex

10 1

structure (palegreen). The SHOC2 overall fold isidentical, and the curvature of
the solenoid shows only minor change to accommodate binding of the other
complex members. c. The hydrogen bond network characteristic of the beta
sheet traversing the concave faceis disrupted between LRR9 and 10, whichis a
component of slightly atypical LRR fold in the mid-range repeats of SHOC2.
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Extended DataFig.3 | MRAS SWI/SWIlloopsadoptaclosed conformation. active NRAS (purple, pdb: Suhv). MRAS SWII (pale green) is conformationally
a.MRAS shiftstowards aclosed conformationin the ternary complex. Zoomin shifted relative to NRAS-GppNHp as well. Movement of SWII F74 from NRAS

of SWland SWIlregion of bound MRAS-GppNHp (grey) aligned with apo counterpart Y64 is shown. MRAS-GppNHp isshowningrey. c. Cutout view of
MRAS-GppNHp (teal pdb: 1x1s). Movement of SWII F74 from unbound open the water network mediated by critical residues: PP1ICR188 and MRAS SWIE47,
(teal) to closed bound (pale green) isillustrated. SWlof bound MRAS is shown D48 and S49 mediate a coordinated network that connects all subunits of the

in pink.b.Bound MRAS SWI (pink) exhibits a closed conformation similar to complex.



Article

b, B
e © 0 06 o

PP1Ca 1 MSDSERLELH: BIgLC@KSREIFLSQPILLELEAP LK/

PPICP 1 .MADGELEVE L clksREIFLSOPILLELEAP LKD)

PPICy 1 MADLDKLIIE YLK SREIFLSQPILLELEAP LKJNETS
X.laevis 1 DGEKLATEY B8 clkSREIFLSQPILLELEAP LK/

D 1 ..uspIMYTH: BE¥ . cllksrRe1FLsoPILLELEAP LK
C.el 1 . mpvEekeiL; BS%er cksrRETFLSoPILLELEAP LKINT)

B4
L 20000000000 e £0000000000000

PP1Ca 61 !CGDHGDYDLLRLFEYGGFPPENYLFLGDYVDRGKOSLETXCLLLA\'RXI(YEHFFL 120

119

b4 SN 1 CG DI GO YWD LLRLFEYGGFPPENYLFLGDYVDRGKOSLETICLLLAYKIKYJENFFL]
Tl 1 C G DI GO ¥ iDL LRLFEYGGFPPERNYLFLGDYVDRGKOSLETICLLLAYKIKYHENF F L JRPY]

3 B Wl 1 CG DGO YD LLRLFEYGGFPPEENYLFLGDYVDRGKOSLETICLLLAYKIKYHENF FLiEP]

R e T3l 1 C G DJ{HG O YWD LLRLFEYGGFPPERNYLFLGDYVDRGKOSLETICLLLAYKIKYNENF F L JREE]
RS PRI 1 c G DlEGOYMIDLLRLFEYGGFPPERNYLFLGDYVDRGKOSLETICLLLAYKIKYISENF FLEEET)

. e e o e o o . ° . *”
LRGNHECAS INRIYGFYDECKRREIKLWKTFTDCFNCLPHAAIDEKIFCCHGGLSPDL
LRGNHECAS INRIYGFYDECKRRIGYIKLHKTFTDCFNCLPIAAINDEKIFCCHGGLSPDL

PP1Cx 121
PPICP 120

P TRt RGNHECAS INRIYGF YDECKRRIYIKLWKTFTDCFNCLPHAAINDERIFCCHGGLSPDLIEREY

B P Pl L RG NHECAS INRIYGF YDECKRRIUIKLWKTFTDCFNCLPYAAINDERIFCCHGGLS PDLJEEETY

I P P Pl . R G NHECAS INRIYGF YDECKRRYGNIKLWKTFTDCFNCLPWAAINDERIFCCHGGLSPDLIEETS
P P . R G NHECAS INRIYGFYDECKRRMUIKLWKTFTDCFNCLPWAAIMDEKIFCCHGGLSPDLIEEE

7 23 B
2000 2000000 =» = = 0000000000
* * .‘00 ¢ 0 ‘e *
® .
PP1Ca 181
PP1CP 180

PPICY 181
X.laevis 181
D.melanogaster 179
C.elegans 180 flGHWGENDRGVSFTF GI3SV V|

10 1L 12 p13 pl4
—_— —_— _— —_— —_—

22l IS L. ICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGLIMMEVDERLMCS FO I LK PEVEEETT]

P22 B AD L ICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGEMMEIVDELMCS FO I LK PRI T]
2LV IR AD L. ICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGIIMMEVDESNLMCS F O I LK PLY-EET1]
PR P IR AD L ICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGEMMEVDEEILMCSFQILKPLYEEET]

I P T R iDL I CRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGIRMME VDRI MCSFO LK P [ INPTY]
LIS B R 0 1 1 CRAHOVVEDGYEFFAKROLVTLFSAPNYCGEFDNAGHMMEVDERLMC S F o 1L K PENNPTT]

PP1Ca 301 330

PPI1CB 300 . 227

PP1Cy 301 . e 323

X.laevis 301 . . 326

D.melanogaster 299 . ﬁ ceee I

C.elegans 300 K .YPY|GAG. .GVGSNLIJVESSIINAPAAQPKKGAKK 333
Extended DataFig. 4 |PP1C makes extended interactions with SHOC2 and interactingresidues arelabelled. c. PP1C sequence alignment. Amino acid

the MRAS effector surface. a. PP1Ca interacts withSHOC2 acrossanextended  sequencesof human PP1Ca, PP1CB, and PP1Cy are aligned with PP1IC sequences

arcofresiduesthatlocalize totheascendingloop of SHOC2LRRs. These from frog, fly and worm. Identically conserved residues are shadedinred.
interactionsare primarily hydrophilicand become more networked near the Secondary structure elements of PP1C are indicated above the alignment.

N-terminal SHOC2 LRRs. Selected residues with saltbridge and hydrogenbond ~ Symbols above the alignmentindicate residues thatin the holoenzyme
interactions arelabelled. b. Helix G of PP1(purple) and SWI(pink)/Strandbeta2  complexlieintheinterface with SHOC2 (green dots) or MRAS (blue diamonds).
(grey) are the primary interaction surfaces of the MRAS/PP1Ca PPI. Key
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Extended DataFig. 5|Effects of M173I mutation onthe SHOC2-RAS-PP1C
interface. Threelpstrajectories were submitted starting from the crystal
structure of SHOC2 M1731/MRAS Q71R/PP1Ca as ameans of validating the
crystal complex. Toinvestigate the impact of the mutationsin SHOC2 and
MRAS, the WT complex was simulated by mutating SHOC2 and MRAS residues
(1173,R71) to their wild type residues (M173, Q71) and submitting three
additionallustrajectories. Frames fromeach of the three trajectories were
pooled and clustered. Examining the cluster centres as representative
structures revealed threedistinct states ofthe MRASWT and SHOC2WT
interface. Cluster populations approximate the frequency that each state s
observed, revealing state1as occurring roughly 67% of the time, followed by
state2at29%, and state 3 at4%. Inthe crystal complexand across the mutant
trajectories, Y198 most frequently interacts with MRAS through hydrogen
bondingtoA76 and E73 backbone atoms. Y198, A76,and E73 contacts are
conservedin WT runs1and 3. ConverselyinWTrun 2, inwhichstates2and 3 of
the MRASWT/SHOC WT interface are most often sampled, the displacement of
Y198 and MRAS switch Il resultsin an altered hydrogen bonding network,

where Y198 interfaces MRAS mostly through water-mediated interactions to
D43, P44,T45,0r Q71.a.Representative structures of the SHOC2-MRAS
interface from simulated SHOC2 WT/MRAS WT/PP1Ca WT ternary complex.
Threedistinct states of the MRAS (dark blue) - SHOC2 (purple) interface are
observed fromthe clustered MRAS WT/SHOC2 WT/PP1Ca WT trajectories and
aligned tothe crystal structure of the ternary SHOC2 M173I (pale green), MRAS
Q71R (grey), PP1Ca (not shown) complex. (1) Instate 1, SHOC2 M173 pushes the
sidechain of MRAS M77 away from the interface, while leaving SHOC2 Y198
unperturbed. (2) Instate2, M173is buried, resulting in the displacement of
Y198, altering the hydrogen bonding network compared to that of the crystal
structure. (3) Instate 3, M173 directly pushes the MRAS switch Il loop away from
theSHOC2 interface.b.Frequency of observed contacts with SHOC2Y198
acrossreplicate MD simulations. Y198 hydrogen bonds between E73 and A76
arelostinthesecond SHOC2 WT/MRAS WT/PP1Ca WT trajectory. Replacement
contactsbetween Y198 and MRAS residues are mostly water-mediated
(indicated as ‘wat’).
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Extended DataFig.7|See next page for caption.



Extended DataFig.7| The RAS-PP1Cinterface favours MRAS while N/KRAS
compensate for MRAS loss.a. RAS and RAS-related proteins sequence
alignment. Amino acid sequences of human RAS-related proteins MRAS Q71R,
RRAS,RRAS2 and aligned with KRAS, NRAS and HRAS. Identically conserved
residues are shaded red. The site of the Q7IR mutationin the present structure
isshaded yellow.Secondary structure elements of MRAS areindicated above
the alignment. Symbols above the alignmentindicate residues thatin the
holoenzyme complexliein the interface with SHOC2 (yellow stars) or PP1Ca
(bluediamonds).b. SHOC2, PP1Ca, and KRAS (GppNHp) were mixedinal:1:1.2
molar ratio and subjected to size-exclusion chromatography using a Superdex
200 Increase10/300 GL column. Inthe absence of MRAS, the ternary complex
formed with KRAS (left). SHOC2, PP1Cax, MRAS and KRAS were combined
(right) ina1:1:1.2:1.2 molar ratio, respectively, before SEC analysis. MRAS and
KRAS were both charged with non-hydrolyzable GTP analogue GppNHp prior
to combining withSHOC2 and PP1C. Theresulting UV280 absorbancetraceis
showninthetop panel, and Coomassie-stained SDS-PAGE gel of the

corresponding fractions is shownin the lower panel. Note that the ternary
complex assembles with MRAS, while KRAS and excess MRAS elutes as
expected for theunbound GTPases. The dataare representative of two
independent experiments. c. Ascatter plot with the dependency score of RAF1
onthe xaxisand the dependency score of SHOC2 on they axis. The dashed lines
indicateadependency score of zero (no dependency). A highly negative
dependency scoreimpliesthatagiven celllineis highly dependent on that
gene. Celllines dependentonbothSHOC2 and RAF1areindicated in the lower
left of the scatter plot.d. Western Blot analysis of MiaPaca2 parental cells or
SHOC2KO cells treated with trametinib (10 nM) for 24 hand siRNA targeting
MRAS (100 nM) for 48 h. Densitometry quantification of pCRAF(S259)/CRAF
and pERK/ERK levels from Western Blot analysis normalized to trametinib
treated parental cells. Samples were derived from the same experiment and
blots were processed in parallel. Representative images shown are from two
independent experiments.
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Extended Data Table 1| Data collection and refinement statistics (molecular replacement) for structures 7TXH and 7TYG

Apo SHOC2(80-582) SHOC2(80-582)-MRAS-PP1Ca.

Data collection

Space group

Cell dimensions
a, b, c(A)

o, B,y (°)
Resolution (A)

Rsym or Rmerge

c121

91.4,102.9, 120.9;

90, 101.7, 90

118.3-1.9 (1.902-1.895)

0.051 (0.539)

P1211

73.0, 115.8, 137.8;

90, 100.3, 90

88.0-1.95 (1.958-

1.951)
0.077 (0.740)

I/cl 13.0 (2.0) 10.4 (1.9)
Completeness (%) 94.7 (100.0) 99.9 (100.0)
Redundancy 3.3(3.3) 4.3(4.4)
Refinement

Resolution (A) 39.27-1.9 36.34-1.95
No. reflections 81447 163269

Rwork | Riree 0.1881/0.2254 0.1687/0.2103
No. atoms 8414 17349
Protein 7788 15418
Ligand/ion 1 186
Water 625 1715
B-factors 40.44 36.29
Protein 40.27 35.60
Ligand/ion 30.68 40.79
Water 342.54 42.0

R.m.s. deviations

Bond lengths (A) .007 .008
Bond angles (°) .86 .90
Ramachandran Favored 95.55 93.0

Regions (%)
Additional Allowed Regions 4.40 6.1
(%)

Ramachandran Outliers (%) 0.05 0.9

*Values in parentheses are for highest-resolution shell.



Extended Data Table 2 | Affinity of CRAF RBD to different RAS constructs by SPR

NRAS Q61R  MRAS WT MRAS Q71R

CRAF RBD SPR KD (nM) 147/197 322/374 213/266

Affinity of cRAF1-RBD (aa 31-151) to different avi-tagged and GppNHp -loaded MRAS constructs (immobilized on chip) was quantified
by SPR to confirm similar affinity as to canonical RAS isoforms, validating the approach to set up respective TR-FRET assays.
Individual results for N=2 independent experiments are given.
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Extended Data Table 3 | Competition IC50 values for untagged proteins in different RAS/RBD TR-FRET assays

IC50 obtained for untagged proteins (nM)

TR-FRET Pair RBD FL SHOC2 FL SHOC2 M173I MRAS WT MRAS Q71R NRAS Q61R
MRAS WT/RBD 351 (66) 1920 (568) 1897 / 947 981 /800 638 /409 462 (75)
MRAS Q71R/RBD 311 (59) 913 (307) 550 / 539 1275/1043  731/540 537 (111)
NRAS Q61R/RBD 260 (60) 1593 (307) 512/ 551 1162/963v 660 /533 589 (119)

n 3 3 2 2 2 3

Competition IC50 values obtained by titrating untagged proteins in TR-FRET assays set up between different avi-tagged/ biotinylated and GppNHp -loaded RAS constructs (NRAS Q61R, MRAS
and MRAS Q71R) and His-tagged cRAF1-RBD (aa 31-151), using anti-His-Eu as donor and streptavidin-Cy5 as acceptor dyes. IC50 values for untagged RBD and RAS constructs are in line with
RAS-RBD affinities as quantified by SPR, validating the sensitivity of the assays. Untagged SHOC2 and SHOC2 M173I constructs displace the RAS-RBD interaction with IC50 values in line with
their respective affinities to RAS, confirming that RBD and SHOC2 are competing for binding to RAS. For experiments run N=2, both IC50 values are given. For N=3, the mean value is given with
S.D. in brackets.
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