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Ras is a small GTPase, which regulates cellifpration and apoptosis. Its
bifunctional switch is controlled by the nucleot&tate: GTP-bound — switch on; GDP-
bound — switch off. Among the three Ras isoformRall, NRas, and KRas (with two
splice variants of KRas4A and KRas4B), KRas4B ighhy oncogenic, the most
frequently mutated in lung, colorectal, and panticeeancers. However, Ras was
thought to be “undruggable” due to the lack of etifee pharmacological inhibitors
over the past three decades. Most of the currenisfbas been directed at inhibiting
the activation of Ras signaling. Ras proteins tlane signals between cell surface
receptors and multiple intracellular signaling @as. In response to epidermal

growth factor receptor (EGFR) activation, growtlttéa receptor bound protein 2

(Grb2) establishes the connection between EGFR Rad-specific nucleotide



exchange factor (RasGEF), son of sevenless 1 (SOSQp1 activates Ras by
exchanging GDP to GTP. In addition to Ras majaattirs and pathways, e.g. MAPK
and PI3K/Akt, which are cell growth related, GTP-bound Rassociating with
RASSF5 activates the Hippo pathway, which actsippeess cell proliferation. In this
serial study, we use NMR measurement and moledyiaamics (MD) simulation to
investigate the interactions of Grb2-S0OS1, SOS1-94BaKRas4B-RASSF5, and
the EGFR effects on the binding of Grb2-SOS1. @Qulimgs successfully uncovered
(1) a novel Grb2 binding site PKLPPKTYKREH on SO&id the most probable
binding mode of Grb2-S0OS1, (2) strong SOS1 pephiokelers induce a closed
conformation of Grb2 nSH3 domain but unchanged @wnétion of Grb2 cSH3
domain, (3) full length Grb2 performs high affiei for one-site SOS1 peptides, and
the EGFR segment may facilitate the binding of Gibthe particular two-site SOS1
peptide, (4) KRas4B binding to SOS1 allosteric sitduces the conformational
changes of catalytic site and accelerate the KRaad®vation cycle, (5) the
hypothesized mechanism that RASSF5 is a tumor sgppr in vivo but opposite in
vitro, and (6) the dynamic mechanism of RASSF5 -awnitbition. Our effort in
elucidating the mechanism of Ras and Ras effecésidts in 8 publications and offers

a new venues for future therapeutic strategies.



DECIPHERING HOW EGFR-GRB2-SOS1 COMPLEX REGULATES K&4B
ACTIVATION AND LEADS TO HIPPO SIGNALING THROUGH RASF5

by

Tsung-Jen Liao

Dissertation submitted to the Faculty of the Grae&chool of the
University of Maryland, College Park, in partialfflment
of the requirements for the degree of
Doctor of Philosophy
2021

Advisory Committee:
Professor David Fushman, Chair
Professor Ruth Nussinov
Professor Segei Sukharev
Professor Garegin Papoian
Assistant Professor Pratyush Tiwary



© Copyright by
Tsung-Jen Liao
2021



Preface

RASgenes IRAS NRAS andKRAS were first identified in human cancer cells in
1980s. Expression dRASgene activates MAPK and PI3K pathways, inducinidy ce
proliferation, differentiation, and survival. Muiats of RASgene usually render the
continuous MAPK/PI3K signaling and result in celleogrowth — cancer. The cancer
database, catalogue of somatic mutations in cafC&SMIC), indicates that
oncogenic Ras mutants participate 20 to 25% of mumalignant tumors. Moreover,
KRas mutations are the most frequently observeiniso(22%) in cancer compared
to HRas (8%) and NRas (3%). Targeting Ras has beara of the most significant
task in cancer therapy.

While Ras has been considered undruggable overddscaecent progress in
targeting oncogenic Ras invigorated the Ras reseammunity. On May 28, 2021,
the U.S. food and drug administration approved Lknas (sotorasib) as the first
targeted therapy for the genetic mutation KRas GMldch aims to treat the non-
small cell lung cancer. The direct inhibition of ER®mutant is a huge step forward and
raising the hope of future therapeutics for Rasst@ed cancer.

Oncogenic KRas involve multiple mutations such d2G, G12V, G12D, G13C,
G13D, A18D, Q61H, and K117N. These mutations perforarious biological
functions and contribute to different cancer diesa3 herefore, beside the Ras direct
inhibition, more efforts turned to search the al&tive targets from Ras effectors. In
this study, we investigated the serial interacobieGFR-Grb2, Grb2-SOS1, SOS1-

KRas4B, and KRas4B-RASSF5 by using NMR experimants MD simulation. Our



effort in deciphering the interaction mechanismR#s upstream and downstream
effectors provides an insight for future druggitgtegies.

Our past work has yielded 8 publications, whichlested below and following the
reverse-chronological order:
1.TJ. Liao, H. Jang, R. Nussinov, D. Fushm&MR data indicate Grb2 nSH3/cSH3
domains high affinity for SOS1 proline-rich domanotifs 2021. Drafted and will
submit it soon.
2.TJ. Liao, H. Jang, D. Fushman, R. Nussin@0S1 interacts with Grb2 through
regions that induce closed nSH3 conformatign€hem. Phys., 2020, 153(4), 045106.
3. TJ. Liao, H. Jang, R. Nussinov, D. Fushmatigh-affinity Interactions of the
NSH3/cSH3 Domains of Grb2 with the C-terminal Rretrich Domain of SOS1.
Am. Chem. Soc., 2020, 142 (7), 3401-3411.
4. R. Nussinov, M. Zhang, CJ. Tsall. Liao, D. Fushman, H. Jang: Autoinhibition in
Ras effectors Raf, PI3K and RASSF5: A comprehensive review underscotieg t
challenges in pharmacological intervention. Bioptgisreviews, 2018, 1-20.
5.T7J. Liao, H. Jang, D. Fushman, R. Nussin@llosteric KRas4B can modulate SOS1
fast and slow activation cycleBiophysical Journal, 2018, 115 (4), 629-641.
6.TJ. Liao, H. Jang, CJ. Tsai, D. Fushman, R. Nussifde dynamics mechanism of
RASSF5 and MST kinase activation by .Rtsysical Chemistry Chemical Physics,
2017, 19, 6470-6480.
7. R. Nussinov, H. Jang, CJ. Ts&al. Liao, S. Li, D. Fushman & J. Zhantntrinsic
protein disorder in oncogenic KRas signalir@ellular and Molecular Life Science,

2017, 74(17):3245-3261.



8.TJ. Liao, CJ. Tsai, H. Jang, D. Fushman, R. NussiRASSF5: An MST activator
and tumor suppressor in vivo but opposite in vit@urrent Opinion in Structural

Biology, 2016, 41:217-224.
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Chapter 1: Introduction

Ras is a small GTPase, which switches betweenctheed>TP-bound and inactive GDP-bound
states and participates in the regulation of traossl multiple intracellular signaling cascades,
regulating cell proliferation and survival. Rasaidtivated by the Ras-specific guanine nucleotide
exchange factor (RasGEF) and deactivated by GT&aseting protein (GAP). Mutations in Ras
disrupt the GTP/GDP exchange cycle and lock Rélsdractive GTP-bound state, resulting in the
constantly downstream signaling and leading to gnaint tumor. Oncogenic mutations of Ras
proteins were reported approximately 24% in alloesis. Ras family includes three main isoforms:
HRas, NRas, and KRas. KRas has two splice vari&Rsis4A and KRas4B. Among the Ras
family members, KRas4B is recognized the most featjy oncogenic Ras, which results in 86%
pancreatic cancer, 41% colorectal cancer, and 32f$ tancer. Therefore, targeting oncogenic
Ras is of particular importance in Ras-driven cankwever, pharmaceutical approaches to
directly target oncogenic Ras have not been sultdegdternatively, most efforts focus on
inhibiting the Ras upstream and/or the two main miveam signaling pathways: mitogen-
activated protein kinase (MAPK, Raf/MEK/ERK), andhgsphatidylinositide 3-kinase
(PI3K)/Akt/mTOR pathways. An additional Ras dowesim signaling, Hippo pathway, has
recently spurred increasing attention. MAPK sigmglipromotes cell proliferation whereas
Hippo’s abolishes it. The cross-talk between aitjgathways such as MAPK and Hippo points to
the opportunity to exploit it in the search forgets to Ras-induced cancers. Our aim is to reveal
how KRas4B is activated by the upstream signalinghfcell membrane and regulates the Hippo
pathway. Accomplishing the aims of KRas4B activatigill provide a broad view on tumor

proliferation, helping drug discovery efforts.



Ras signaling initiates at the plasma membrane.rithe transmembrane epidermal growth
factor receptor (EGFR) receives the signal of EEGFR dimerizes and undergoes its kinase
domain self-phosphorylation. The phosphorylated EGEgment is capable of grasping growth
factor receptor-bound protein 2 (Grb2). Grb2 bitadthe RasGEF, son of sevenless 1 (SOS1), and
brings SOS1 to plasma membrane. SOS1 thus assowidtethe membrane-anchored Ras and
activates Ras by exchanging GDP to GTP. Active daeerizes and forms nanocluster on the
membrane, transducing Ras signaling through MAPH BIBK pathways. To fully activate
MAPK pathway, the dimeric GTP-bound Ras binds té tReough Ras binding domain (RBD)
and promotes Raf dimerization. However, Ras assogiaomain family 5 (RASSF5), which
competes with Raf for the same Ras binding sitesinailar RBD, is a module of the Hippo
pathway, which acts to suppress cell proliferatibmthis study, we focus on the activation
mechanism of KRas4B. By collaborating NMR experitseand molecular dynamics (MD)
simulation, we elucidated the interactions of KR&as#pstream/downstream effectors: EGFR—
Grb2-S0S1, Grb2-S0S1, SOS1-KRas4B, and KRas4B-RASSF

We first investigated the association of Grb2 w®S1. Grb2 consists of an SH2 domain
flanked by N- and C-terminal SH3 domains (nSH3/cBE8b2 nSH3/cSH3 domains have strong
binding affinity for SOS1 proline-rich (PR) domahmat mediates the Grb2—SOS1 interaction. The
nSH3/cSH3 domains have distinct preferred bindirgifist PxxPxR for nSH3 and PxxxRxxKP
for cSH3 (x represents any natural amino acid)egd#nSH3-binding motifs have been identified
in the SOS1 PR domain but none specific for cSHi@libg. Even though both nSH3 and cSH3
exhibit the strongest binding to the SOS1 peptidPPVPPRRRP, this mutually-exclusive
binding combined with other potential nSH3/cSH3dug regions in SOS1 make understanding

the Grb2-SOSL1 interaction challenging. To identify SOS1-cSH3 binding sites, we selected



seven potential binding segments in SOS1. The sgi#bd peptides were tested for their binding
to nSH3/cSH3. Our NMR data reveal that PKLPPKTYKRg#ptide has strong binding affinity
for cSH3, but very weak for nSH3. The binding speity suggests that the most likely Grb2—
SOS1 binding mode is through nSH3-PVPPPVPPRRRP e&®H3-PKLPPKTYKREH
interactions, which is supported by replica-excleasgnulations for the Grb2-SOS1 complex
models. We propose that nSH3/cSH3 binding peptibs;h effectively interrupt Grb2-S0OS1
association, can serve as tumor suppressors.

To comprehensively explore the nSH3/cSHS3 interactiath linked and truncated SOS1 PR
domain, we constructed the computational modelsSt13/cSH3 with all probable PR segments
and applied MD simulations. Our 248 microseconds) (simulations include 620 distinct
trajectories, each 400 nanoseconds (ns). We canhdtra effective free energy landscape to
validate the nSH3/cSH3 binding sites. The nSH3/cSH3S1 peptide complex models indicate
that strong peptide binders attract the flexiblelB®-Src loop, inducing a closed conformation of
nSH3; by contrast, the cSH3 conformation remairchanged.

While the detail interactions of isolated nSH3/cSKHW8h SOS1 one-site peptides were
elucidated, how full length Grb2 interacting witS1 PR remains unclear. Here, we showed the
unexpected high affinities of full length Grb2 withe nSH3/cSH3 binding peptides of SOS1 and
validates the proposed binding models of Grb2-S@Shapter 2. Four nSH3 binding peptides
and one cSH3 binding peptide were selected. Théefuyth Grb2 associating with these one-site
peptides does not perform the anticipated primadyssecondary bindings for the nSH3 and cSH3.
Instead, the affinities of nSH3/cSH3 binding to leaxf the one-site peptides have the same
magnitude ofKp values, and both nSH3 and cSH3 domains of Grbfoermuch stronger

binding for the one-site peptides than the isolatéEl3/cSH3. Moreover, the interactions of Grb2



with three two-site SOS1 segments resemble thevisairaffinities of isolated nSH3/cSH3-S0OS1
peptides. Lastly, the phosphorylated EGFR segmastlittle influences on the affinities and
interactions of Grb2 binding to the SOS1 one-séptigle but may strengthen association of Grb2
with the particular two-site peptide.

To investigate the complex interactions of SOS1-&Hx we perform MD simulations on
twelve SOS1 systems, scrutinizing each step ingossible KRas4B activation cycles, fast and
slow. To activate KRas4B at the CDC25 catalytie,slte allosteric site in the Ras exchanger motif
(REM) domain of SOS1 needs to recruit a (nucleetidend) KRas4B molecule. Our simulations
indicate that KRas4B-GTP interacts with the REMostiéric site more strongly than with the
CDC25 catalytic site, consistent with its allostewwle in the GDP-to-GTP exchange. In the fast
cycle, the allosteric KRas4B-GTP induces confororal change at the catalytic site. The
conformational change facilitates loading KRas4BFGBt the catalytic site and opening the
KRas4B nucleotide-binding site for GDP release &P binding. GTP binding reduces the
affinity of KRas4B-GTP to the CDC25 catalytic sitesulting in its release. By contrast, in the
slow cycle, KRas4B-GDP binds at the allosteric REik. The limited, altered conformational
change that it induces prevents the exact alignsrarbwitch | and Il of KRas4B. The increasing
binding strength at both binding sites due to extdons of regions other than Switch | & Il retards
GDP release from the catalytic KRas4B, thus KRaaetivation. The accelerated activation cycle
supports a positive feedback loop with allostergnals communicating between the two Ras
molecules, and is the predominant, native funadb80S.

Besides two Ras major signaling pathways MARK BI3K, Ras is involved in the activation
of Hippo signaling. Here, we proposed the highlgng#ficant aim of unraveling the crosstalk

between Ras/Raf-elicited MAPK and Ras/RASSF5-elititippo signaling by deciphering the



enigmatic mechanism of RASSF5 tumor suppressorni@gehanistic view explains how RASSF5
can activate MST1/2 and suppress camgefsivo, but inhibits MST1/2in vitro. Both activation
and inhibition of MST1/2 can take place via SARAldtérodimerization. Our thesis is that
RASSF5 acts as adaptdm. vivo, membrane-anchored Ras dimers (or nanoclustemsprcanote
SARAH domain hetero-dimerization, Raf-like MST1/h&se domain homo-dimerization and
trans-autophosphorylatiom vitro, KRas binding also releases the RASSF5 SARAH détimg
MST1/2's SARAH heterodimerization; however, withaneémbrane, no MST1/2 kinase domain
homodimerization/trans-autophosphorylation.

How KRas4B activating the auto-inhibited RASSF5 walsdated by using MD simulation. We
modeled the RASSF5 Ras association (RA) domain wittovalently connected SARAH to
elucidate the dynamic mechanism of how SARAH medidtetween autoinhibition and Ras
triggered-activation. Our results show that in inecRASSF5 the RA domain retains SARAH,
yielding a self-associated conformation in whichR3 is in a kinked -helical motif that
increases the binding interface. When RASSF5 aBss4B-GTP, the equilibrium shifts toward
SARAH’s interacting with MST. Since the RA/SARAHfiatty is relatively low, whereas that of
the SARAH heterodimer is in the nM range, we sugtiet RASSF5 exerts its tumor suppressor
action through competition with other Ras effecttos Ras effector binding site, as well as
coincidentally its recruitment to the membraneatphiMST activation. Thus, SARAH plays a key
role in RASSF5’s tumor suppressing action by ligkihe two major pathways in tumor cell
proliferation: Ras and the MAPK (tumor cell protégion-promoting) pathway, and the Hippo

(tumor cell proliferation-suppressing) pathway.



Chapter 2: High-affinity interactions of the nSH3K3 domains of Grb2
with the C-terminal proline-rich domain of SOS1

Chapter 2 was adapted from: TJ. Liao, H. Jang, Bsshhov, D. Fushmartiigh-affinity
Interactions of the nSH3/cSH3 Domains of Grb2 wfith C-terminal Proline-rich Domain of

SOS1J. Am. Chem. Soc., 2020, 142 (7), 3401-3411.

2.1 Introduction to chapter 2

Growth factor receptor bound protein 2 (Grt®2an adaptor protein that transmits downward
growth factor signals. In response to epidermanafactor receptor (EGFR) activation, Grb2
establishes a link between an active receptor ityeokinase (RTK) and Ras-specific guanine
nucleotide exchange factor (GEF) such as Son @&fdess 1 (SOS1) at the plasma membrane [1-
5]. SOS1 exchanges GDP by GTP, activating small &&PRas [6, 7]. Ras regulates cell
proliferation through the mitogen-activated proteéimase (MAPK, Raf/MEK/ERK) and
phosphatidylinositide 3-kinase (PI3K)/Akt/mTOR patys [8-11]. Ras oncogenes frequently
result in human somatic malignancies. However,apeutic targeting of oncogenic Ras remains
unsuccessful. Most efforts focus on blocking Ramletors and effectors, such as SOS1, B-Raf,
and PI3K [12-14]. The Grb2-SOS1 interaction has attractedeiasing attention in the clinics,
and recent targeted therapy has shown that sym#tepeptide inhibitors can interrupt the Grb2—
SOS1 interaction, effectively preventing tumor depenent [15-20].

Grb2 (residues 1-217) contains three successiwénomology (SH) domains: N-terminal SH3
(nSH3, residues 1-58), SH2 (residues 60-152), aner@inal SH3 (cSH3, residues 156-215)
domains (Fig. 2-1A). X-ray crystal structure analydlustrated that the adaptor protein forms an
auto-inhibited homodimer [21]. Specific, high affininteractions of the SH2 domain with the
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phosphorylated tyrosine (pY) containing motif pYx§kxrepresents any natural amino acid) of the
RTK [22, 23] suggest that Grb2 can release theighitation upon binding to the pY-containing
motif, liberating its “arms”, the nSH3/cSH3 domaiie released domains recruit SOS1 C-
terminal proline-rich (PR) domain, relocating SO81the plasma membrane [24]. GTP-bound
Ras binding to the exposed SOS1 allosteric sitbteaRas exchange motif (REM) leads to Ras
GDP/GTP exchange at the catalytic site of CDC25.[838S1 activates Ras at the plasma
membrane, which activates MAPK signaling in theopldsm. Thus, the Grb2-SOS1 interaction
activating SOS1 is important for the Ras activation

SH3-binding ligands typically contain the caiwah PxxP motif that tends to fold into a poly-
proline type Il (PPII) helix [26, 27]. Ligands bimd) to Grb2 nSH3 have the consensus PxxPxR
motif with an arginine abutting the PxxP core. Byttast, cSH3-binding ligands do not have the
PxxP motif. Instead, they contain the core sequétoK that stabilizes the cSH3 negatively
charged pockets [28]. The cSH3 binding motif PxxxRR, which contains a proline adjoining
RxxK core, enhances the binding affinity to cSH&re¥hough the exact function of the proline
has been unclear [29]. Grb2-associated-bindingepr@ (Gab2), with an APPPRPPKP motif with
a proline at the last position, has strong bindiffgity (Kp ~ 50 M) for cSH3 [30]. This motif
contains a non-proline residue at the first posiamd folds into a PPII helix. Unlike the nSH3
binding motif PxxP, the cSH3
upon binding cSH3, the PPVYNRNLKP motif (RxxK) of k2aforms a % helix [30, 31], suggesting
that the cSH3 binding motif has distinct bindingdes, rendering the puzzle still unsolved.

Grb2 interaction with SOS1 PR domain is attlé@€ fold stronger than the interactions of the
individual nSH3/cSH3 domains with the truncated SGER peptides [32]. This suggests that

Grb2-SOS1 association likely involves simultaneloinsiing of nNSH3 and cSH3 domains to SOS1



PR domain. However, SOS1 PR domain lacks the cSt8#xxKP binding motif. It was reported
that cSH3 may interact with SOS1 PR domain throtighnSH3 PxxPxR binding motif [33].
Sequence search for PxxPxR shows four distinctimgndites on SOS1: PVPPPVPPRRRP,
DSPPAIPPRQPT, ESPPLLPPREPYV, and IAGPPVPPRQST &Fid3). Both nSH3/cSH3 have
the strongest binding affinity for PVPPPVPPRRRR, ifH3 outcompetes cSH3. Besides, cSH3
has extremely weak binding affinity for the resttloé segmentp > 1000 M). The mutually-
exclusive nSH3/cSH3 binding to PVPPPVPPRRRP sugglest cSH3 may use an additional, still
undiscovered, binding site.

To clarify how Grb2 interacts with SOS1, here @xamine the binding affinity of nNSH3/cSH3
for selected SOS1 PR peptides by NMR measurem@his. analysis reveals a previously
undiscovered strong cSH3 binding motif in SOS1. siiggest likely binding modes of Grb2—
SOS1 based on the analysis of binding affiniti@scé&structural data of the Grb2—SOS1 complex
are unavailable, to verify the concurrent nSH3/cSE3S1 associations, we construct four most
probable Grb2—S0OS1 complex models and sample tifercoational ensembles of complexes by
using replica-exchange molecular dynamics (REMD)usations. The sampling shows that
concurrent nSH3/cSH3 binding is influenced by steconstraints. Clarifying how Grb2
nSH3/cSH3 domains associate with SOS1 may faelitee development of peptide inhibitors to

prevent Ras activation.
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2.2 Results

2.2.1 Candidate nSH3/cSH3 binding sites on SOSdidRain

In order to identify potential nNSH3/cSH3 binding tifg) we analyzed the amino acid sequence
of SOS1 PR and used NMR to confirm and characteheebinding inter-actions. The strong
interaction between nSH3/cSH3 and SOSL1 is dueddrektatics. Unlike the basic SH2 with
isoelectric point, pl=9.11, nSH3/cSH3 are acidithwpl=4.96. The nSH3/cSH3 binding motifs
always involve at least an arginine or lysine. leaample, structural data show that nSH3
associates with SOS1 VPPPVPPRRR and cSH3 with GRIFPRPPKP with high affinity. Four
nSH3 binding peptides PVPPPVPPRRRP, DSPPAIPPRQPEPPELPPREPV, and
IAGPPVPPRQST were characterized. APNSPRTPLTPPPA¥S selected due to its PxxPR,
which is similar to nSH3 binding PxxPxR maotif (widm extra tyrosine present between alanine
and serine). To examine the cSH3 binding siteselected the three R/KxxK-embedding peptides
LEIEPRNPKP, PKPLPRFPKK, and PKLPPKTYKREH. Since tloatinuous arginine are critical
for nSH3/cSH3 binding, we also tested the pept@BIPGTRRHLPSPP. A recent study indicates
Grb2 c¢SH3 binding to Vav nSH3 via the PPPPG m@&f, [35]. Thus, the PSPFTPPPPQTPSP
sequence, which contains four successive Pro, \&s slected. These SOS1 peptides are

designated S1-S10 following the sequential resmuebers (Table 2-1).
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Table 2-1. Candidate of nSH3/cSH3 binding sites

Peptides Residues Segments Motifs
S1 1014-1023 LEIEP RNPKP PRxPKP
S2 1021-1030 PKPLP RFPKK PxPxPRxPKK
S3 1079-1093 A PNSPRTPLTPPPAYS PxxPRxPxxP
S4 1148-1159 PVPPPVPPRRRP PxxPxR
S5 1177-1188 DSHPAI PPRQPT PxxPxR
S6 1209-1220 ESFPLLPPREPV PxxPxR
S7 1253-1266 PS PFTPPPPQTPSP PxxPPPPxxP
S8 1264-1277 PSPHGT RRHLPSPP RR
S9 1287-1298 IAGPPVPPRQST PxxPxR
S10 1303-1314 PKLPPKTYKREH PxxPxKxxKR

The various SOS1 PR peptides are selected byuh&jue motifs and denoted S1 to S10. The

segments are aligned by the critical ‘R/K’ residues

2.2.2 The binding interface on nSH3/cSH3 domains

Structural analysis uncovered the binding srfan nSH3/cSH3 domains (Fig. 2-2A and 2-3A).
SH3 binding motifs usually form a PPII helix andjuee positively charged residues. PPII helix
lacks internal hydrogen bonds, and the backbonptadibe SH3 hydrophobic pockets. The nSH3
hydrophobic pocket is composed of residues Tyrg9Pfirp36, Phed7, Pro49, and Tyr52 [36].
The nSH3-VPPPVPPRRR peptide interaction showsAbpi5 and Asp33 of nSH3 form salt
bridges with peptide’s arginine (Fig. 2-2A). Notitxy, Aspl5 and Glul6 are surrounded by non-
polar residues Phe9, Alall, Alal3, Trp36, and Ph&4is, the VPPPVPPRRR arginine
particularly target the isolated Aspl5 and GlulBe high specificity and strong interaction of
nSH3 with VPPPVPPRRR results in high binding affinBy contrast, the cSH3 hydrophobic
pock-et consists of residues Phel65, Phel67, Trple&205, Pro206, and Tyr209 [37]. For the
cSH3-APPPRPPKP complex, Glul71l and Glul74 of cSid fsalt bridges with the arginine

and lysine from the peptide (Fig. 2-3A) [38]. Urdikhe isolated Aspl5 and Glul6 of nSHS3,
11



Glul71 and Glul74 together with Asp168, GIn170, Asd172 form a large negatively charged
cluster. The arginine and lysine of APPPRPPKP kzafthe interaction with cSH3.

Sequence alignment of nSH3 and cSH3 shows @em@mgnt in the binding interface for the
hydrophobic residues but not for the negativelyrgbd residues (Fig. Al). The hydrophobic
residues Tyr7, Phe9, Trp36, Phe47, Pro50, and Tof5&H3 are aligned with Phel65, Phel67,
Trpl193, Phe205, Pro206, and Tyr209 of cSH3. Howehercritical residues Aspl15 and Glul71
for the salt bridge interaction are not alignedygasting that nSH3 and cSH3 have distinct binding
motifs.

The!H->"N NMR spectra of free nSH3/cSH3 and the as-signeidesignals are shown in Fig.
A2 and A3. During the course of the titration, wieserved strong signal attenuation in nSH3
residues Lys10, Lys26, and Asn35. Apo-nSH3 Lys1d lays26 exhibited slow exchange on the
chemical shift time scale. When SOS1 peptides weeted into nSH3 approximately to the 2:1
molar ratio, the signals of these residues exhdltswitch to the fast exchange regime. Conversely,

Asn35 exhibited significant signal attenuation upoldition of the peptides.
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Table 2-2 Dissociation constants for nSH3/cSH3-SO®gptides interaction

This work Ref.[33]
. nSH3 cSHS3 nSH3 cSH3
Peptides
Ko ( M) BGrax (PPmM) Ko ( M) BGrax(ppm) | Ko ( M) Ko ( M)

S1 *730 + 890 0.05 NBD 0.02 -- -
S2 250 + 96 0.16 440 + 146 0.12 -
S3 *280 + 103 0.05 NBD 0.01 -- -
S4 37+22 0.38 142 + 18 0.39 39+1 123+
S5 - - - -- 56+5 1396 + 8y
S6 - - - - 117+ 2 1718 + 33
S7 *580 + 462 0.04 NBD 0.02 -- -
S8 208 + 42 0.14 *400 + 447 0.05 - -
S9 - - - - 82+1 1318 + 44
S10 660 + 320 0.11 156 + 33 0.46 -- -

The dissociation constant&d, in uM units) in this work (left columns) were abted by
globally fitting experimental NMR titration datarfeelect residues to a single-site binding model.
BGraxis the largest CSP over all analyzed residudseditration endpoint. The asterisks mark the
Kp values determined from a limited number of titvatcurves (hence poor statistics and large
standard deviations) due to the very small obse@88s (maximaBC< 0.05 ppm), reflecting
weak binding. In these cases, the mKarnvalues from the individual fits for the same ress,
are 1250 pM (nSH3-S1), 270 uM (nSH3-S3), 950 pVMHES7), and 650 UM (cSH3-S8). NBD
stands for ‘no binding detected’. See further detai the Methods section. Tl values in the

right columns are published data from the previwask [33].
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2.2.3 The nSH3 shows stronger affinity for PxxPx8tifn

S1 (LEIEPRNPKP) displays weak affinity for nSKiBable 2-2). S1 misses nSH3 binding
PxxPxR motif but involves two Glu followed by a Bomotif embedding ‘RxxK’. Small amide
signal shifts were observed when the titrant red¢he endpoint of titration (Fig. A1B and A5A).
Similar to S1, S2 (PKPLPRFPKK) does not follow fhexPxR motif. S2 has a ‘PxPxP’ motif
followed by ‘RxxK’. The ‘PxPxP’ motif less likelydrms a regular PPII helix. Surprisingly, S2
showed fairly strong binding to nSH3, with KD ~ 250 (Table 2-2) and induced large CSPs in
Glu2, Phe9, Aspl5, Asn35, Tyr37, Phed7, and TyFg. 2-2, and 2-4A), suggesting that nSH3
may alternatively bind to S2 through the PxxPxK ifadthus, a substituted lysine for arginine
reduces the binding affinity but retains the nSH&Img motif.

S4 (PVPPPVPPRRRP) peptide has the strongesityfior nSH3 (Table 2-2). With several
prolines, S4 forms a well-structured PPII helixd &ne three successive arginine ‘RRR’ form salt
bridges with Asp15 and Glul6 (Fig. 2-2A). Asp15rpdhe first arginine, and Asp33 inter-acts
with the last arginine. The middle arginine has lgest binding effect. In addition to Aspl15,
residues Tyr7, Phe9, Trp35, Phe47, and Tyr52 eteuibarge CSPs likely due to the hydrophobic
interactions (Fig. 2-2 and 2-4C). Similarly, S5 @PAIPPRQPT), S6 (ESPPLLP PREPV), and
S9 (IAGPPVPPRQST) peptides also follow the nSH2linig motif PxxPxR, showing smafflp
for nSH3 (Table Al) [33]. Th&p values of nSH3-S5/S6/S9 are 56, 117, andN2Unlike the
strong binding between nSH3 and S4, S5, S6, anGE3$YAPNSPRTPLTPPPAYS) contains a
critical arginine adjacent to multiple prolines Istitl shows weak binding to nSH3 judging by the
overall small CSPs (Fig. A5C, Table 2-2). The amaca sequence of S3 contains PxxPR motif

instead of PxxPxR. A missing amino acid betweenFPard ‘R’ results in the mismatch to the
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peptide binding pocket on nSH3. The weak affinitp®H3—-S3 suggests nSH3 does not favor the
PxxPR motif (Fig. A2D and A5C).

Without any positively charged residues, STRPEPPPPQTPSP) weakly interacts with nSH3
and induces small chemical shifts (Table 2-2, B&F and Fig. ASE), suggesting that to trigger
the association the nSH3-binding motif requiresitical arginine or lysine. Since the positively
charged residues are essential for interactionn®ti3, S8 (PSPHGTRRHLPSPP) involving ‘RR’

* 1 - 15 % 6 - * 0*
prolines proximal to ‘RR’. Nonetheless, even tho&@does not follow the nSH3 binding PxxPxR
motifs, it displays a fair affinity for nNSH36 ~ 210 M) (Table 2-2). Interestingly, Aspl15, Phe47

4/ * o @ # 15 4+ D 1
smaller CSPs. Instead, Glu2, lle4 and Thrl2 exhH@dge CSPs (Fig. A2G and A5G), which
suggests that the nSH3-S8 interaction may haveygical binding interface, resulting in the
binding affinity not as strong as of the typicaH&Sbinding motif.

S10 (PKLPPKTYKREH) has weak affinity for nSH3twKp ~ 660 M (Table 2-2). Even
though this peptide contains a PxxPxK motif, whikimilar to S2, the nSH3-S10 interaction is
much weaker, and the overall signal shifts are lm#ian for S2 (Fig. 2-2 and 2-4E). Except for
Asp1l5, typical interface residues Tyr7, Phe9, Phe#d Tyr52 exhibit relatively smaller CSPs.
Instead, Glu2, lle4, Thrl2, and Serl8 have largeP£ Noticeably, S10 and S8 induce similar

CSP patterns in nSH3, implying similar binding nféee to nSH3-S8, but weaker binding affinity.
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* 1 v, Tl >2 . I(# %, , 1H-15N
NMR spectra of nSH3 in the unbound state (blue)wgpuah saturation with 3-fold molar excess of

S2 (yellow), S4 (red), and S10 (green). Signalsotghg to typical interface residues are

, F * F l@# $D . SA+ ' >#>2 2.2
E/ '$#HE+ '#4 *% 5 r selected residues of nSH3 ([L]) upon additiors&f S4, or
S10 ([P]) are plotted as a function of [L]/[P] V¥ *oox

perturbations, the curves are the results of fit $;ngle-site binding model. The insets show shows
signal shifts during titration for residue D15: fIB] = O (blue), 1 (red), 2 (green), and 3 (yellow)
In Kp calculations, 14 residues (E2, F9, Al11, D15, B1G, S18, Y37, A39, F47, K50, N51, Y52,
and 153) were used for S2 binding, 15 residues KB2A11, A13, D15, E16, L17, S18, G22, D23,
D33, Y37, F47, K50, and N51) for S4, and 7 residiiEs Y7, T12, D15, S18, N51, Y52) for S10.
The buffer condition and the protein concentratians detailed in the Materials and Methods

section.

2.2.4 S4 and S10 display strong and comparableitsffor cSH3

S1 (LEIEPRNPKP) has very weak affinity for cSHable 2-2) and induces small CSPs (Fig.
A3B and A5B). The observed CSPs are too small terdene theKp value. Comparison of S1
sequence with the cSH3 binding PxxxRxxKP motif aades that S1 lacks the first proline and has
a glutamate instead. Even though cSH3 binding fatlee RxxKP motif, the S1 glutamate may
repulsively interact with Asp166, resulting in wesdsociation. Similar to S1, S2 (PKPLPRFPKK)
peptide also has the core ‘RxxK’ motif. Howeveg flont proline is not at the right position. The
‘PxPxP’ motif is not favored to form a stable PRelix. At the rear of S2 there are two consecutive
lysine instead of ‘KP’. Even though S2 barely fallbthe cSH3 binding PxxxRxxKP motif, it

binds cSH3 with &p ~ 400 M, much stronger than in case of S1 (Table 2-Zpréstingly, S2
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RxxK interaction with cSH3 induces small CSPs atb@iul71, but the PxPxP region results in
larger CSPs at Trp193 and Phe205 (Fig. 2-3 and)2-4B

Of all the peptides, S4 (PVPPPVPPRRRP) disglagdighest affinity for cSH3 witkp ~ 138

M (Table 2-2). Unlike the ‘RxxK’ motif interactingith Glu171 and Glul74, the ‘RRR’ motif
strengthens the interaction with Glu171, Asp187 Asp190 [33]. In addition, Trp193, Phe205,
and Tyr209 also have large CSPs due to hydrophotecactions (Fig. 2-3 and 2-4D). Our S4
results are consistent with a previous study [B8wever, without the ‘RRR’ motif, the single salt
bridge [33] formed by cSH3's Glul71l with the argiiin S5 (DSPPAIPPRQPT), S6
(ESPPLLPPREPV), S9 (IAGPPVPPRQST), and possiblyAFBNSPRTPLTPPPAYS), does not
strengthen the cSH3 binding. Our NMR data inditad cSH3—S3 interaction is very weak (Table
2-2), as inferred from the practically negligibigrsal shifts (Fig. A3D and A5D). This is consistent
with the result of the previous study, which fouhdt cSH3 also has very weak affinity for S5, S6,
and S9 Kp> 1000 M). Since ‘RRR’is so important for nSH3/cSH3 bingj alanine scan was
performed for S3, showing that PVPPPVPPRRAPHias 72 M for nSH3 anKp =318 M for
cSH3 [33]. Even though the alanine mutation de@gdse binding affinity, the ‘RR’ still results
in S3 binding to cSH3 stronger than S5, S6, oApart from S4, another ‘RR’ segment also exists
in SOS1 PR domain, and thus S8 (PSPHGTRRHLPSPPSelasted for the test.

S8 (PSPHGTRRHLPSPP) contains an ‘RR’ motifdatibits weak binding affinity for cSH3
(Table 2). Since the ‘RR’ motif lacks the proxinpablines, S8 cannot form a PPII helix and fit
into the cSH3 hydrophobic pocket, resulting therallfsmall CSPs of cSH3 (Fig. A3G and A5H).
The weak affinity suggests that the proximal predimn ‘RR’ are important for cSH3 binding. By
contrast, the S7 (PSPFTPPPPQTPSP) peptide comaltiple prolines and has the ‘PPPP’ motif.

Unlike the strong binding between cSH3 and the PE&Hnotif of Vav nSH3 domain [34, 35], S7
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induced only minor signal shifts in cSH3 (Fig. A@Rd A5F), indicative of very weak binding
(Table 2-2). Even though S7 contains PxxPxxPxxPifmihiree continuous PxxP, most likely
forming a robust PPII helix, without positively elyad residues it is incapable of forming a stable
complex with cSH3.

S10 (PKLPPKTYKREH) has strong binding affinioy cSH3 Ko ~ 154 M), which is a novel
interaction unreported previously. The affinity c6H3-S10 is as strong as the cSH3-S4
interaction (Table 2-2). Noticeably, S10 peptidesiaot follow the cSH3 PxxxRxxKP binding
motif. The first proline is not located in the rigbosition. Like the RxxK motif, S10 contains a
‘KxxK’ motif which, however, is followed by an adtbnal arginine instead of proline. For the
KxxK motif, the substituted first lysine for argime does not result in an expected low binding
affinity of cSH3-S10. Surprisingly, S10 induceswkarrge CSPs near Trp193, Phe205, and Tyr209
but relatively low CSPs around Glul71 (Fig. 2-3 @dF), which suggests that cSH3-S10

complex is characterized by stronger hydropholteractions than the salt bridges.
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(yellow), S4 (red), and S10 (green). Signals bealom¢p the interface residues are emphasized by
rectangles and zoomed on in (C) F205, (D) F167,0p¥193, (E) E171, E174, F209, and (F)
F165. (G) Titration curves for the selected ressdoflecSH3 ([P]) upon addition of S2, S4, or S10
IGHI# % * GHI7G | R al chemical shift
perturbations, the curves are the results of fit $tngle-site binding model. The insets show digna
shifts during titration for W193 indole NH group @®3J): [L]/[P] = O (blue), 1 (red), 2 (green),
and 3 (yellow). IrKp calculation, 6 residues (D168, W1R3V194, F205, R207, and N208) were
used for S2 binding, 16 residues (Y160, F165, D7, D168, Q170, E171, D172, G173,
W193, W193, G196, M204, F205, R207, N208, and Y209) for $dl &5 residues (Y160, V161,
F167, D168, E171, D172, G196, A197, N192, W193, BJ19/194, M204, F205, R207, and
Y209) for S10. The buffer condition and the proteamcentrations are detailed in the Materials

and Methods section.

2.2.5 Construction of Grb2-SOS1 complex models

To probe the Grb2—-SOS1 interaction, we consttlithe models for Grb2-SOS1 complexes
formed by concurrent binding of both nSH3 and c$130S1, based on the (pairwise) affinities
of nSH3/cSH3 binding to individual SOS1 peptidebeTpairwise affinities suggest the most
probable complex models might be nSH3-S4/cSH3-8lloywed by nSH3-S5/cSH3-S4, nSH3-
S5/cSH3-S10, nSH3-S9/cSH3-S4, nSH3-S9/cSH3-S103+#AcSH3-S4, nSH3-S6/cSH3-S10,
and etc. The four most probable Grb2-SOS1 bindindas are nSH3-S4/cSH3-S10 (mode 1),
NSH3-S5/cSH3-S4 (mode 2), NSH3-S5/cSH3-S10 (Mmodm@)NSH3-S9/cSH3-S4 (mode 4).
The corresponding models were initially construatethg the available NMR/crystal structures
and sampled by replica exchange simulation (FigaAé Fig. 2-5). The contact frequencies be-

tween nSH3/cSH3 and SOS1 were analyzed over théocorational ensembles of each mode.
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The high contact frequency of modes 1, 3, and 4esig a stable Grb2—-SOS1 interaction; for
mode 2, nSH3 loses the contact with S5 and tendsstmciate while the cSH3-S4 contact re-
mains stable.

The linkers between two distinct nSH3/cSH3 bindsitgs may play a critical role in stabilizing
Grb2—-S0OS1 interaction. Among the four binding motieslinkers are 143 residues long for mode
1, 17 residues for mode 2, 114 residues for mod@®,127 residues for mode 4. The long linkers
of modes 1, 3, and 4 allow the large structuratttlation needed to relocate nSH3/cSH3. By
contrast, the short linker of mode 2 restrictsdtnactural flexibility between S4 and S5. While S4
contains ‘RRR’, S5 has only a single ‘R’, hence kaanSH3 binding. In addition, linker
fluctuations unstructured S5, which further dedizés the nSH3-S5 association. Thus the nSH3—
S5 interaction is more likely affected by the stanal relaxation of the short linker. The orientati
of NSH3 retains the salt bridge with S5 but losgrdphobic interactions. The simulations suggest
that the Grb2—-SOS1 inter-action may rely on mode% and 4 with a long linker more than on
the less stable mode 2 with the short linker.

The contact frequency shows that the nSH3-SOS1 &id3—-SOS1 interactions are
interdependent. For modes 1 and 3, cSH3 binds@aviile nSH3 binds to S4 or S5, respectively;
nSH3-S4 has higher contact frequency than nSH3e8&$§, desulting in closer cSH3-S10 contact.
Similarly, in the case of modes 2 and 4, unlike BSEP complex that shows stronger interaction
in mode 4, nSH3-S5 complex in mode 2 is weakell@sets contact, leading to the lower contact
frequency of cSH3-S4. Thus, nSH3-S0OS1 binding esd®OSH3-SOS1 interaction, which then
strengthens the nSH3-SOS1 interaction. The mutflaence of nSH3-/cSH3-SOS1 interactions

limits the probable binding modes of Grb2-SOS1.
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Figure 2-4. NMR characterization of the peptide binding inbed on nSH3 and cSH3. Amide

chemical shift perturbations (CSH) at the titration endpoint are

or cSH3 residue number for the following interacfin(A) nSH3-S

shown as a functbnSH3

2, (B) cSH3-S2, (C) NSH3—

S4, (D) cSH3-S4, (E) nSH3-S10, and (F) cSH3-S16.J8Ps for indole NH signals of W36

(nSH3) and W193 (cSH3) are shown as bars at pnsi60 and 220

, respectively, and marked as

W36J and W193. Structure images to the right of the plots shdP€ mapped onto surfaces of

nSH3/cSH3 (PDB: 1GRI) in complexes with the cormegpng modeled peptides, respectively.

The surface coloring is based on the observed G8R¥ and ranges from white (0O ppm) to red

(maximalBC= 0.15 ppm); residues wiBiCgreater than one standard deviation are indicaieel.
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bound peptides are colored based on non-polar yytpblar (green), negatively-charged (red),

and positively-charged (blue) residues. N and @catd the N and C termini of peptide.
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170, 195, and 205 for cSH3. These maps show ctioelaetween nSH3-SOS1 and cSH3-SOS1
interactions. For mode 2, the unfolded S5 tenddigeociate from nSH3, resulting in unstable

Grb2-S0OS1 association.

2.3 Discussions

Activation of Ras by hormone-activated EGFRmiediated by Grb2 adaptor protein, which
recruits SOS1 to the plasma membrane. SOS1 exch&igP by GTP, activating Ras. Ras then
activates its effectors, e.g. Raf, PI3KRASSF5 (NORE1A) and their respective signaling
pathways, MAPK, PI3K/Akt/mTOR and Hippo [39, 40p ®btain a mechanistic insight into how
Grb2 recruits SOS1, we aim to elucidate their atgon which to date is still not entirely
understood. Exploiting NMR experiments and repliechange computer simulations we
examined seven potential SH3 binding sites on S@3%1S2, S3, S4, S7, S8, and S10. Including
the previously tested S5, S6, and S9, the resudjgest that nSH3 has stronger binding affinity
for SOS1 than cSH3 does. SOS1 PR domain involvesraeoccurrences of the nSH3 binding
PxxPxR motif (S4, S5, S6, and S9) but lacks theXBidding motif PxxxRxxKP. Even though
cSH3 has weak binding affinity for the nSH3 bindimgtif, it displays strong binding to S4
(PVPPPVPPRRRP), which contains three successiveirey'RRR’). However, the nSH3-S4
binding is still stronger than cSH3-S4. Therefoi®13—-SOS1 association can outcompete cSH3—
SOS1. Previous studies indicated that cSH3 hasgbimding affinity for Gab1/2, which suggests
that Grb2 is more likely to form a ternary struetwith SOS1/2 and Gab1/2 where nSH3 binds to
SOS1/2 and cSH3 associates with Gab1/2. SOS1/2Gahd/2 transduce MAPK and PI3K
signaling separately [29, 41]. However, Grb2-SOSG&bh1/2 ternary structure does not explain
the high affinity of 1:1 Grb2-SOS1 interaction. \Wetice that the cSH3 core binding motif

‘R/IKxxK’ exists at both N- and C-termini of SOS1 RIemain, which is different from the nSH3
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binding motif PxxPxR that locates in the middle.eTiR/KxxK’ motifs (S2 and S10) provide
alternative binding sites for cSH3. We suggesttisti3—SOS1 binding does not block the cSH3—-
SOS1 binding. The multiple alternative binding siteould allow simultaneous nSH3/cSH3
binding to SOS1 peptides in various binding modes.

Our NMR data (CSPs) point to distinct bindingdas of nNSH3/cSH3 with SOS1 peptides (Fig.
1-4, A4, and A5). For nSH3, S4 (PVPPPVPPRRP) fatld®xPxR, which forms a robust PPII
helix and provides large positively charged ressjueducing high CSPs around Tyr7, Phe9,
Aspl5, Trp35, Tyr37, Phed7, and Tyr52. S2 (PKPLPREPshows weaker affinity albeit
similarly high CSPs at the typical nSH3 bindingeifidice. However, S10 (PKLPPKTYKREH)
contains the PxxPxK motif, which resembles PxxPyRitduces relatively high CSPs at the nSH3
atypical binding interface Glu2, lle4, Thrl2, Aspland Serl8. The nSH3 atypical binding
interface is also involved in nSH3 interaction Wi (PSPHGTRRHLPSPP). Lacking the PxxPxR
motif, S1 (LEIEPRNPKP), S3 (APNSPRTPLTPPPAYS), @l (PSPFTPPPPQTPSP) induce
very small CSPs indicative of low binding affinityherefore, we conclude that the nSH3 binding
motif strictly follows PxxPxR. The R K mutation results in an atypical binding interfaenSH3
and lower binding affinity. For cSH3, even thoughr8gion (PVPPPVPPRRRP) does not follow
the cSH3 binding motif PxxxRxxXKP, it induces lail@8Ps at the typical peptide-binding surface
of cSH3 (Aspl168, GIn170, Glul71, Trpl193, Phe209280, and Tyr209) and displays strong
binding affinity. By contrast, S1 (LEIEPRNPKP) caints the ‘RxxKP’ motif but results in weak
binding likely due to the repulsion between negaivcharged residues of S1 and cSH3. S2
(PKPLPRFPKK) also has the ‘RxxK’ motif and showsosger affinity than S1. The ‘PxPxP’
region of S2 induces higher CSPs in Trp193, Pheaf8,Arg209 than in Asp168 and Glul71.

Unlike S2, S10 (PKLPPKTYKREH) involves the ‘PxxPotif followed by ‘KxxK’ and shows a
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surprisingly strong binding to cSH3. S10 does maluce the same large CSPs at the typical
binding surface on cSH3. The ‘KxxK’ motif forms wea salt bridge interactions than the ‘RxxK’
does, reflected in significantly smaller induced®8%t Asp168 and Glul71. However, large CSPs
are observed for Asn192, Trp193, Trp194, Phe208 Aag207. This implies that KxxK triggers
cSH3-S10 association, in which the weaker saltgesdare compensated by hydrophobic
interactions. Thus, S10 interaction with cSH3 iwesl a binding mode distinct from cSH3-S4 but
exhibits comparable and strong affinity. Notabl§0Ss specific to cSH3, not nSH3. Therefore,
unlike the S4-dependent inhibitors blocking botiHB&SH3-SOS1 interaction, we suggest that a
S10-based inhibitor may only interrupt cSH3-SOSbeisition, suppressing PI3K signaling.
Taken together, the binding affinities of indwal nSH3/cSH3-SOS1 peptides interactions
elucidate how Grb2 may associate with the SOS1 BRath by engaging nSH3/cSH3
concurrently. Among S1-S10, S4 demonstrates tbagdst binding affinity for nSH3. The similar
affinities of nSH3 for S4, S5, S6, and S9 sugdest hSH3 has four alternative binding sites on
SOS1 PR domain. cSH3 shows the strongest bindifd tavhich is an order of magnitude stronger
than to S1, S3, S5, S6, S7, S8, or S9. BecauseaXclusive cSH3 binding at S4, the previous
study suggested that the interaction of Grb2—-S@8§dires cSH3 binding to S4 and nSH3 binding
to one of the other alternative binding sites, nligsty S5, which has the second strongest affinity
Here we identified S10 as another cSH3 binding stenparable to S4 in affinity. Based on our
results, cSH3 also has three alternative binditegsE2, S4, and S10. While cSH3 binding to S4
is about two times stronger than to S2, the cSHB-H#iding is roughly similar. We thus propose
that there are multiple binding modes of Grb2-S@fdraction, and the most probable binding

complex might be nSH3-S4/cSH3-S10.
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To conclude, the nSH3-SOS1 interaction is gorthan cSH3-S0OS1[42]. nSH3 has four
similarly strong binding sites S4, S5, S6, and 850S1 PR. By contrast, cSH3 has three
alternative binding sites S2, S4, and S10, and eSia3s weaker than cSH3-S4/S10 interaction.
NSH3/cSH3 binding to the various SOS1 peptidesstpkace through distinct binding modes. The
cSH3-54 interaction is arginine-dependent, indudarge CSPs at residues involved in salt
bridges and hydrophobic interactions. By contrihgt CSPs of cSH3-S10 are small for salt bridges
but much larger for hydrophobic interactions. Thsipvely charged residues from S10 trigger the
association with cSH3, and the proline segment ¢em@nts the interaction, showing comparable
binding affinity to that of cSH3-S4. Thus, when bbotSH3 and cSH3 are present, nSH3-S4
association is expected to outcompete cSH3-S4ltiresin the cSH3-S10 complex. Based on
the binding affinities for the isolated nSH3 andH8S the four most probable binding modes of
Grb2-S0OS1 were constructed. The simulation suggiestshe long linkers of modes 1, 3, and 4
relocate nSH3/cSH3 and stabilize Grb2-SOS1 interacthe short linker of mode 2, however,
exhibits spatial constraints and large fluctuatjoasulting in nSH3-S5 dissociation. Even though
NSH3 binds S5 strongly, the high affinity of indiual nSH3/cSH3-SOS1 peptides may not favor
Grb2—-S0OS1 association in mode 2. Our experimenthlcamputational results suggest that the
most probable binding mode, nSH3-S4/cSH3-S10, nediG&rb2—-SOS1 association, thus
potentially resolving the Grb2/SOS1 interactiongema to better understand the mechanism of
EGFR-induced Ras activation. Further experimentaliss involving full-length Grb2 and SOS1

PR domain are required to test these predictions.
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2.4 Material and Methods

2.4.1 Sample preparation and NMR measurements

Wild type human Grb2 nSH3/cSH3 plasmids andeciel SOS1 PR peptides were
commercially obtained from Biomatik Corporation €lflasmids encoding Hitagged constructs
were transformed into BL21 competdatcoli cells. The cells were grown in M9 media and
induced with 1 mM IPTG at 16 °C overnight. The selMere then collected and disrupted by
sonication in 50 mM Tris, 100 mM NaCl, 50 mM imidde, pH 7.6 and NaiN0.02%. TheN-
labeled proteins were purified by Ni-NTA chromatggny and eluted with 200 mM imidazole.
The preliminarily purified proteins were buffer éxnged into 50 mM Tris, 100 mM NaCl, 5 mM
DTT, pH 7.6 and Nakl0.02%, followed by the size exclusion chromatobsap

NMR experiments were performed at 298K on Brukeance Ill 600 MHz spectrometer
equipped with a cryoprobe. All samples were prepane20 mM NaHPQi/NaHPQi, 50 mM
NaCl, 5 mM DTT, 10% RO, and 0.02% NaiNat pH 7.6 The initial protein concentrations of
nSH3 were 233, 196, 157, 196, 227, 122, and M2n binding assays with S1, S2, S3, S4, S7,
0 3 ,*5 *- *o* 1 23 32/ 320 +2
and 81 M for binding to S1, S2, S3, S4, S7, S8, and Sh@ Jtock solution concentrations of
various SOS1 peptides were 10 times the correspgnditial nSH3/cSH3 concentrations. The
data were processed in TopSpin 3.6 and analyzed $parky. NMR titrations were performed
by adding unlabeled peptidesfiN labeled proteins and monitored #y->N SOFAST-HMQC
spectra recorded at each titration point. The ¢$sggaunbound nSH3 and cSH3 domains were
assigned based on the published data [43, 44}ir&fqurotein concentrations were ~100-2Q0
the titration continued until the peptide/proteinlar ratio of 3:1 was reached. Signal shifts were

guantitated as amide chemical shift perturbati@®R) calculated as follows:
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, whereBG; andBG, are signal shifts for th#H and°N resonances, respectively.

The titration curves were fitted to a singledinding model using in-house Matlab program
Kdfit [45]. The reporteKp values were determined by global fit for the seddcesidues, and the
reported error was calculated as the standard titaviaf theKp values for the individual fits for
the same residues. For the weak binders such a3+8#53/S7 and cSH3-S8, the overall small
magnitude of the observed CSPs (maxiB@l< 0.05 ppm) and the limited number of titration
curves precluded statistically reliable determimatf theKp values. Thes&p were denoted by
the asterisk in Table 2, and both the globakfitand the meaKp are reported. The cases when
theKp could not be determined due to negligibly smalPE&&re denoted by ‘no binding detected’

(NBD).

2.4.2 Grb2-SOS1 modeling and simulation

To construct Grb2-SOS1 complex, Grb2 structuas extracted from the Grb2 homodimer
structure (PDB: 1GRI). However, full-length SOS1 B#Ructure is unavailable. The structure of
SOS1 S4 peptide was obtained from the nSH3-SOSPRVIPPRRR) complex (PDB: 1AZE)
[36]. By contrast, the cSH3-SOS1 structure is uiabie. We used the backbone conformation
of Gab2 peptide (APPPRPPKP) from the cSH3-Gab2 mmiPDB: 2WO0Z) to construct the
cSH3-SOS1 structure [30]. We built four Grb2-SO&hglexes: nSH3-S4/cSH3-S10 (mode 1),
NSH3-S5/cSH3-S4 (mode 2), nSH3-S5/cSH3-S10 (mModm8)nSH3-S9/cSH3-S4 (mode 4)
(Fig. S6). The side chains of Gab2 APPPRPPKP weitated to the SOS1 peptides accordingly
for the four complexes. The rest of the SOS1 ds@d regions and Grb2 residues 28-33 were

modeled using the Modeller server [46].
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The Grb2-SOS1 structures were sampled by the eepkichange molecular dynamics (REMD)
simulation. The simulation was performed for 10(bgausing Generalized Born implicit solvent
(GBIS) of NAMD2.12 [47] and the force field of CHARMA42 [48]. The temperature range was
300-320K and divided into 4 window§he time step was 1 fs, and 1000 steps for theaggsh
attempt. During the simulation, the temperatures etchanged between trajectories of the 4
windows. After the simulation, the trajectories werganized by combining the same-temperature
frames into the same trajectories. The represgrtabmplex structures (Fig. 2-5) were selected
from the window with temperature 300-305K. The ssial of contact frequency was performed
by measuring the distances betweegarbons (C) of the nSH3/cSH3-SOS1 interfaces. The
contact was counted when the-€ distance was smaller than 12 A. The protocol fedlmur

previous work [40].
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Chapter 3: SOS1 interacts with Grb2 through regtbias induce closed
NSH3 conformations

Chapter 3 was adapted from: TJ. Liao, H. Jang,U8hman, R. Nussino®OS1 interacts with
Grb2 through regions that induce closed nSH3 canédions J. Chem. Phys., 2020, 153(4),

045106.

3.1 Introduction to chapter 3

In chapter 2, our experimental studies uncoveragipte nSH3/cSH3 binding sites on the SOS1
PR domain [33, 49]. We and others tested ten PRigetg, denoting them S1 to S10 (Fig. 2-1B).
Sequence analysis indicated that S1, S2, and Stt@indhe R/KxxK motif, and S4, S5, S6, and
S9 involve the PxxPxR motif. The binding data foege ten segments indicated that nSH3 has
binding affinity for S4, S5, S6, and SRy < 200 uM), while cSH3 displays binding affinityrfo
S4 and S10Kp < 200 uM) [49]. The S4 peptide (PVPPPVPPRRRP)aththe highest affinity
for both nSH3Kp ~ 40 uM) and cSHX[p ~ 140 uM) due to a three consecutive arginine (‘(BRR
sequence [33]. The mutually exclusive nSH3/cSH38libigpto S4 suggested that cSH3 may use an
alternative binding site on the PR region with 80 segment [49]. SOS1 PR domain with
deletion of S4, S5, S6, and S9 segments displagagsbinding affinity for Grban vitro [50].
This suggests that nSH3 and cSH3 can have mulipténg motifs of SOS1 PR domain beyond
the PxxPxR motif of the S4, S5, S6, and S9 segments

While Grb2 SH2 domain contains severstrands flanked by two-helices, nSH3/cSH3
conserve &-barrel-like structure with five antiparallelstrandsL.1 toL5, a short & helix, 1, as
well as three loops including RT, n-Src, and didtaps (Fig. 3-1) [30, 36, 51]. The RT
nomenclature reflects the observations that mutatmf arginine and threonine residues within
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this SH3 loop in Src tyrosine kinase are imporfanttransforming activity. The prominent RT
and n-Src loops as well &8, L4, and 1 are involved in the association of the nSH3/cSktB
the peptides. Even though nSH3/cSH3 have high seguielentity (41%), they prefer distinct
ligand motifs, e.g. PxxPxR for nSH3 and PxxxRxxKP¢SH3 [29, 33, 52]. nSH3/cSH3-binding
partners typically form a polyproline type Il (PPHelix, followed by one or more positively
charged residues, arginine or lysine [26, 27]. Wéearching for the typical nNSH3/cSH3 binding
motifs on the SOS1 PR region, we identified fouxPxR motifs for nSH3, but none of the
PxxxRxxKP motifs for cSH3.

To comprehensively investigate the cryptic nSH3/8%kthding sites on SOS1 PR domain, we
construct computational models of nSH3/cSH3 assogiavith all possible truncated SOS1 PR
segments. Molecular dynamics (MD) simulations gopliad to validate the stability of each
complex. The effective free energy landscape of 3IBEBH3-SOS1 reveals the most probable
nSH3/cSH3 binding sites. The structural detailswstioat the SOS1 PR segments regulate the
nSH3 open/closed conformation, albeit retaining @8H3 conformation. Importantly, the
simulated complexes also provide a structural viefvthe unsolved nSH3/cSH3-SOS1
interactions. By providing the conformational distaif nSH3/cSH3 interacting with the various
SOS1 PR segments, our results may help the develdpof peptide inhibitors to block Grb2—
SOS1 interaction, thus SOS1 recruitment to the nman@) Ras GDP/GTP nucleotide exchange

and consequently activation.
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nSH3-VPPPVPPRRR cSH3-APPPRPPKP
Distal loop Distal loop

B3 o

RT loop

B1 RT loop B2 n-Src B3 Distal B4 a1 B5

nSH3: 1 MEATAKYDFKATADDELSFKRGDILKVLNEECDONWYKAELNGKDGFIPKNYIEMKPH 58
cSH3: 159 TYVQALFDFDPQEDGELGFRRGDFIHVM-DNSDPNWWKGACHGQTGMFPRNYVTPVNR 215

Figure 3-1 Grb2 nSH3/cSH3 domains and the sequence of S@fihgarich (PR) domain. The
available NMR/crystal structures of nSH3 (residiiés8) and cSH3 (residues 159-217) are nSH3—
SOS1 VPPPVPPRRR (PDB: 1AZE) and cSH3-Gab2 APPPRPE@{B: 2WO0Z). Both
NSH3/cSH3 contain fivé-strands (1, L2, L3, L4, andL5) and 3 loop regions (RT, n-Src, and
distal loops). Five modeled amino acids, NEECDn®H3 n-Src loop is indicated. TheyBielix,

1, is unfolded in the nSH3/cSH3 binding complexdse polar, non-polar, positively charged,
and negatively charged residues/atoms are coloyegtden, white, blue, and red, respectively.
The backbone of nSH3/cSH3 binding ligands are atéit by orange tube and the side chains are
shown as sticks. The critical residues, D15, Eh€,[233 of nSH3 and E174 of cSH3, involved in

the interaction with the peptides are marked.
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3.2 Results

3.2.1 Simulations of nSH3/cSH3-SOS1 complexes ddfia binding interfaces

During the MD simulations, we observed thatfoamations of nNSH3/cSH3-favored SOS1 PR
peptides fit into nSH3/cSH3 pockets and form stadel3/cSH3-SOS1 complexes. By contrast,
unfavorable SOS1 peptides dissociated from nSH33cSkstributions of all simulated SOS1 PR
peptides on the surfaces of nNSH3/cSH3 clearly datmhighly populated binding interfaces (Fig.
3-2A). To define interface residues, we calculatedtact probability between nSH3/cSH3 and
SOS1 PR peptides (Fig. 3-2B). As indicated in igare, residues of nSH3/cSH3 with contact
probability greater than one standard deviationdafened as nSH3/cSH3 interface residues. The
binding interfaces are mainly composed of threa@uesclusters: RT loop, n-Src loop It8, and
L4to 1. FornSH3, Y7,T12, A13, D14, and D15 are in Bag; Q34, N35, and W36 are located
in n-Src loop and.3; F47, P49, K50, N51, and Y52 arelih and 1. Similarly, for cSH3, L164,
F165, D166, F167, D168, Q170, and E171 are in théoBp; D190, P191, N192, and W193 are
in n-Src loop and.3; M204, P206, R207, N208 and Y209 arédnand 1. Noticeably, cSH3 has
16 interface residues, which is greater than thént8face residues of nSH3. Even though the
interface residues involved in the cSH3-SOS1 inteya show higher contact probabilities than
those in the nSH3-SOS1 interaction, the larger rmimbcSHS3 interface residues suggests that
cSH3 has less specificity for binding to SOS1 Pptides.

To reveal the interface residues of SOS1 PR domanprojected the nSH3/cSH3 interface
residues onto the PR region. In the projectioncaresidered the contact probabilities between the
SOS1 residues and the nSH3/cSH3 interface residfigs3-2C). The threshold (red horizontal
line) was set as the average plus one standarétaeviof the probability. The high contact

probabilities suggest likely nSH3/cSH3 binding sit®n the probability distribution, we labeled
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the experimentally defined SOS1 PR peptides, S$10, based on our previous work [49].
Regions with high contact probability typically ¢am the PxxP motif followed by R/K, which

facilitates the formation of stable nSH3/cSH3-S@&hplex (Fig. B1). Noticeably, some regions
in the PR domain also exhibit high contact prohgbiespite partial binding of SOS1 peptide to
NSH3/cSH3. These can be seen in the interactior&1pfS3, and S8 with nSH3/cSH3. In the
absence of the non-polar interaction, a salt brid¢eraction of R1019 (S1), R1084 (S3), and
R1270/R1271 (S8) with D15 (nSH3) and E171 (cSHe&kpectively, marginally prevents

dissociation of the peptide (Fig. B2). However,heiit any R/K in S7, we observed complete

dissociation of the peptide from nSH3/cSHS3.
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Figure 3-2 Molecular dynamics (MD) simulations elucidate theerface of nNSH3/cSH3-SOS1.
(A) During the simulation, the SOS1 PR peptides ftdlly bind the nSH3/cSH3, only partially
bind, and dissociate. Superimposing all 309 avesagetures of the nSH3/cSH3-SOS1 complex,
indicate the most frequent contact regions. Thiasarof nSH3/cSH3 is colored from blue (0, low
contact probability) to red (1, high contact proligh). (B) Residues with one standard deviation
above the average contact probability are viewesuasce residues and indicated for nSH3 and

cSH3. (C) The contact probabilities of SOS1 PRdwess are obtained from the interaction with
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the surface residues of nSH3/cSH3. The thresholihefaverage contact probability plus one
standard deviation is shown by the red horizonted, land the residues above the threshold are
colored blue (positively charged residues, argirondysine) and red (non-positively charged

residues). Segments with existing experimental degdabeled S1-S10.

3.2.2 The effective free energy validates the mldtbinding sites on SOS1 PR domain

Our simulations support the NMR data that iated that the interactions of the SOS1 peptides
with the nSH3/cSH3 domains of Grb2 are stable.Heurtwe observed that the peptides with
sequences shifted by one or more residues fromxperimental peptides adjust their nSH3/cSH3
binding sites, converging their conformations te #xperimental peptides. For example, cSH3—
S51*1 complex exhibits a final structure highly simitarcSH3-S5 (Fig. B3). Here, +n represents
the residue number shifts in the N-terminal (-}foe C-terminal (+) direction. Similarly, cSH3—
S61*1 converges to cSH3-S6, and cSH32S%converges to cSH3-S9 (Figs. B4 and B5).

The specific atom-atom interactions were obsgrin multiple NnSH3/cSH3-SOS1 systems.
Based on these observations, we calculated coptabtbilities and derived the effective free
energy. In the calculations, the contact probaediof the same atom-atom interaction in different
systems were converted into the partition functahjch can be applied to the effective free
energy landscape. For the nSH3-SOS1 interactiorex8iits the most negative value of the
effective free energy, followed by S3, S6, S8, S8, S9, S10, S1, and S7 (Fig. 3-3A). The
calculated effective free energy shows a good t@iroa with the experimental Gibbs free energy
[49], extracted from the experimentdb values, with the correlation coefficient of 0.7y
contrast, cSH3 yields distinct effective free epelandscape (Fig. 3-3B). Unlike nSH3, cSH3
exhibits the most negative value of the effectreefenergy with S10, followed by S2, S4, S9, S5,

S6, S3, S1, S8, and S7, with the correlation coiefit of 0.67.
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The calculated free energy predicts the stabilitycomplex formation. However, some
conformations yield a low free energy value wittstable complex formation. For example, S3
has the second negative value of the effectivedreegy, but exhibits partial binding, marginally
attaching to nSH3 D15 through a single salt bridgl R1084 (Fig. B2A). This prompted us to
employ the average structures and the root-meaarsdluctuation (RMSF) of each system in
order to define probable binding modes in the n88BI3—SOS1 interaction. Stable nSH3/cSH3—
SOS1 complexes require hydrophobic matching andiphailsalt bridge formations between
nSH3/cSH3 and SOS1. Based on this, we can desigmataost stable complexes as nSH3-S2

3/S4/S5/S6/S9/S10and cSH3-S2/S4/S5/S6/S9/S10 (Fig. B6).
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Figure 3-3 The effective free energy landscape and the letioa with experimental affinities.

The effective free energy is an approximation, Whdoes not represent the real values of Gibbs

free energy. (A) nSH3-SOS1 shows the most negetffeetive free energy for S4, followed by

S3, S6, S8, S5, S2, S9, S10, S1, and S7. The atddutee energy has a correlation coefficrent

= 0.72 with the available experimental affinity @atB) cSH3-SOS1 exhibits a distinct pattern of

effective free energy landscape compared to nSH$4S&th the most negative energy for S10,
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followed by S2, S4, S9, S5, S6, S3, S1, S8, andI&¥ correlation coefficient to the experimental
affinity is 0.67. Affinity data with poor statisscsuch as nSH3-S1/S3/S7 and cSH3-S8 are

excluded, and cSH3 binding to S1, S3, S7 was rnettk.

3.2.3 The nSH3 n-Src loop strengthens the intemagtith SOS1, inducing closed nSH3
conformation
The nSH3 forms a stable complex with®S84, S5, S6, S9, and S1(4, S5, S6, S9 contain
the typical nSH3 binding PxxPxR motif. $2nd S1¢ have the PxPxPR and PxxPxK motifs,
respectively. Within the PxxPxR motif, S4, S5, 86d S9 use the arginine to form salt bridges
with nSH3 D15 and D16. However, the interactioradetof individual complexes vary (Fig. 3-
4A). For example, only S5 and S9 fit well into titeH3 hydrophobic pocket formed by Y7, W36,
and Y52. S4 lacks the interaction for Y7 but foramsadditional salt bridge with D33. S5 A1181
forms a hydrogen bond (H-bond) with nSH3 N51, aBddSes the non-polar interaction with both
Y7 and Y52. By contrast, S2only has the non-polar interaction with Y52 anthblishes a salt
bridge between K1029 and nSH3 D14. $K1308 forms a salt bridge with nSH3 D15, and its
PxxP motif fits into the nSH3 hydrophobic pocketnfied by Y7, W36, and Y52 (Fig. B6). S10
Y1310 forms an H-bond with nSH3 D33, resulting it loop approaching S0
By superimposing the average structures oh@H3-S2/S4/S5/S6/S9/S1Dcomplexes, we
observed that nSH3 exhibits open/closed conformatiegulated by the n-Src loop (Fig. 3-4B).
The distance between D15 of the RT loop and D33 of the n-Soploan quantify the magnitude
of nSH3 conformational changes. We found tR&t> raP°> rS6> rS5> 59> rS10°> 1S4 (Fig. 3-4C),
where S2* and S10* denote $and S1G, respectively. The reciprocal distance between &b
D33 negatively correlates with the interaction gyenf NnSH3-SOS1, indicating that the closer

conformation tends to have stronger interaction.(Bi4D). Although nSH3-S10exhibits the
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closed conformation, the interaction is reduced tugeplacement of arginine with lysine.
Principal component analysis (PCA) suggests that3isas similar conformations when binding
to S4, S5, and S9 (Fig. 3-4E). However, for S6 (BISFPPREPV) with the PxxPxR motif, the
glutamic acid following arginine induces a repuésferce with D33. As a result, the conformation

of NnSH3-S6 is more similar to that of apo-nSHS3.
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Figure 3-4. Structural details of nSH3-S4/S5/S6/S9 complexas the nSH3 opened/closed
conformations regulated by SOS1 PR peptides. (A d¥erage structures of nSH3 are colored

white, and the peptides S4, S5, S6, and S9 areecbldue, cyan, yellow, and purple, respectively.
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The nSH3 residues with contact probability gretitan 50% for SOS1 peptides are indicated. The
critical nSH3 D15 and E16 form salt bridges withF84156, S4 R1158, S5 R1185, S6 R1217, and
S9 R1295. The additional salt bridge of nNSH3 D384 R1157 results in nSH3 having stronger
affinity for S4 than S5, S6, and S9. (B) By oventmythe average structures, the nSH3 open/closed
conformations modulated by the n-Src loop are olesbrThe average structures of nSH3 are
colored green, blue, cyan, yellow, purple, and pitlen binding to S2, S4, S5, S6, S9, and S10

3, respectively, and the apo-nSH3 is colored wiiite color code applies to the following figures.
While the apo-nSH3 has open conformation, the gegsnhbinding of nSH3-S4 has a closed
conformation. The critical residues D15 on RT l@w D33 on n-Src loop are indicated. (C) The
histogram of distances between D15 and D33 quantifies the magnitude ¢ih8pen/closed
conformations and shows th&¢" > raPo> 6> 55> ¢S9> 510" 4 \where S2* and S10* denote
S23% and S16, respectively. (D) The reciprocal of distanggs.pszagainst interaction energy
shows a negative correlation, suggesting that kbeed conformation induces a more negative
interaction energy. (D) Principal component analy$#CA) for nSH3-S2*/S4/S5/S6/S9/S10*
shows that nSH3 has similar conformations whenibdo S4, S5, and S9. nSH3 binding to
PxxPxR (S4, S5, S6, and S9) is separated from i PxxPxK (S2 and S16). When bound

to S6, nSH3 structure is closer to apo-nSH3.

3.2.4 No conformational change of cSH3 upon bindin§0OS1
In the cSH3-SOS1 interaction, we observedd8at3 stably forms a complex with S2, S4, S5,
S6, S9, and S10, even though none of these cornterigpical cSH3 PxxxRxxKP binding motif.
Among them, S2, S4, and S10 form large number lobsi@ges with cSH3 residues. The cSH3
E171 and E174 form salt bridges with R1026/K1028)(81156/R1158 (S4), and K1308/K1311

(S10) (Fig. 3-5A). For S5, S6, and S9, the argimgsgdue at the end of the sequence only interacts
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with cSH3 E174 (Fig. B6). The interfaces betweeH88nd SOS1 PR segments vary. S4, S5, S6,
and S9 fit well into the cSH3 hydrophobic pockeatied by F165, W193, and Y206. However,
S2 lacks the interaction with F165 and Y209, amdlarly, S10 loses the interaction with F165.
Noticeably, S4 R1157 and S10 R1312 form additicadt bridges with D190 and strengthen the
interaction with cSH3.

Superimposition of the average structures revéalsupon binding to S2, S4, S5, S6, S9, and
S10, cSH3 retains the stable and consistent coattom(Fig. 3-5B). To quantitatively measure
the conformational change in cSH3, we calculateddistance between E174 in the RT loop and
D190 in the n-Src loop. Our calculations show hygsilmilar values of the distance among all
cSH3-S0OS1 systems including apo-cSH3 (Fig. 3-5G§ distance between the RT and n-Src
loops appears to be independent of the interaetn@ngy between cSH3 and SOS1 PR segments
(Fig. 3-5D). PCA fails to separate the differentsters due to the highly consistent conformation
of cSH3 (Fig. 3-5E). Unlike nSH3 exhibiting opestd conformations upon binding to ligand,
cSH3 shows limited conformational changes regasdtgsligands containing the PxxPxR or

R/KxxK motifs.
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Figure 3-5. The structural details of cSH3-S2/S4/S10 compexal the cSH3 conformation. (A)
The average structures of cSH3 are colored whité tlae peptides S2, S4, and S10 are colored
green, blue, and pink, respectively. The cSH3 tessdvith contact probability greater than 50%

for SOS1 peptides are indicated. The cSH3 usesHibid and E171 forming the two-to-two salt
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bridges with S2 R1026 and K1029, S4 R1156 and R1d4%@ S10 K1308 and K1311. S4 R1157
and S10 R1312 could form additional salt bridgethwBEH3 D190, enhancing the interaction of
cSH3-S4 and cSH3-S10. (B) The superposition ofageestructures shows little difference
among cSH3-S2/S4/S5/S6/S9/S10, suggesting that ¢&1#dl3 to retain its conformation. The
critical E174 of RT loop and D190 of n-Src loop aréicated. The average structures of cSH3 are
colored green, blue, cyan, yellow, purple, and pullen binding to S2, S4, S5, S6, S9, and S10,
respectively, and the apo-cSH3 is colored whitee €hlor code applies to the following the
figures. (C) The distance between E174 and D1@%0nserved among apo-cSH3 and all cSH3—-
SOS1 complexes. (D) The reciprocal of distanges-pi9ds independent of the interaction energy.
The interaction energy varies brgi7s.pi90remains similar, and nSH3-S2/S10 have the most
negative interaction energy. (E) Due to the higldpsistent conformation of cSH3, the principal
component analysis (PCA) hardly clusters differgrdups of the cSH3-SOS1 complex. The

higher affinity of cSH3-S4 and cSH3-S10 could henfibat the edge of the diagram.

3.3 Discussion

The effective free energy exhibits higher clatien to experimental affinity data for nSH3—
SOS1 than cSH3-SOS1 interaction due to the batteargf nSH3-SOS1 interface. Through
statistical analysis of the comprehensive simutegjave find that nSH3 has 13 interface residues
(Y7, T12, A13, D14, D15, Q34, N35, W36, F47, PAB0KN51, and Y52), and cSH3 has 16
interface residues (L164, F165, D166, F167, D16 @E171, D190, P191, N192, W193, M204,
P206, R207, N208, and Y209). The large number efititerface residues may result in less
accurate energy estimation. Since the effective &eergy is calculated by specific atom-atom
interactions in the interface, the more interfaagdues cause more energy terms to be added. For

example, when associating with S2, cSH3 has ongsiglues (E171, E174, and W193) with high
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contact probability (> 0.5). The additional enetgyms deviate from the fitted
curve, reducing the correlation coefficient. Furth@ome strong salt bridges are binding-site
specific and are not reflected in the statisticallgsis. For example, within the consensus PxxPxR
motif, the arginine of S4, S5, S6, and S9 interadts nSH3 E16 and cSH3 E174. However, the
low contact frequency excludes nSH3 E16 and cSH34Effom the interface residues.
Nevertheless, the non-empirical approach of thecéffe energy yields a fair correlation with the
experimental affinity and could help explore thgptic binding sites.

Structural convergence is only observed forweak affinity interactions of cSH3-S5/S6/S9
(Ko > 1000 M). This implies that the energy landscape neafhySH, and S9 may form a basin
with shallow depth and large width. When binding&H3, the segments $5, S61*%, and S9
31 could shift the local energy minimum and attaiustiures that are highly similar to cSH3-
S5/S6/S9 (Figs. B3, B4, and B5). By contrast, caxgd with stronger affinity such as nSH3—-
S4/S5/S6/S9 and cSH3-S2/S4/S10 may have deep amavriacal energy minimum, and thus
shifts by one or more residues of these SOS1 sagmeyuld result in partial association for
NSH3/cSH3. S5, S6, and S9 are incapable of formatigbridges with cSH3 E171, resulting in
weak affinities. Similarly, S2 and S10 shows weak#inity for nSH3 due to the lack of salt
bridges with nSH3 D15. nSH3/cSH3 binding ligandsrfealt bridges with both nSH3 D15 and
E16 and both cSH3 E171 and E174, and the additioteahction with nSH3 D33 and cSH3 D190
could further enhance the affinity.

Upon binding to various SOS1 PR segments, nSH3darpen/closed conformations, while
cSH3 preserves its conformation. The nSH3 opereédi@®nformations are modulated by the n-
Src loop. The fact that nSH3 n-Src loop was noeoled in the Grb2 homodimer crystal structure

(PDB: 1GRI), but is present in the nSH3-VPPPVPPR®RRIplex (PDB: 1AZE) in solution,
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suggests that the nSH3 n-Src loop is flexible amdd:be stabilized by the nSH3 binding ligands
(Figs. 3-1A and B7). By contrast, the cSH3 n-Sapldoes not regulate the closed conformation.
However, the cSH3 n-Src loop participates in Grlanb-dimerization. Grb2 dimerizes by
forming H-bonds between SH2 E87 and cSH3 Y160 dkasebetween cSH3 N188 and N214
(Fig. B7) [21]. Y160 and N214 are located in théi83N- and C-termini, and N188 is in the n-Src
loop. Notably, even though cSH3 has comparablengtadfinity for S4 and S10, binding to S4
shows much higher fluctuation of N188 than binding10 (Fig. B8). The n-Src loops in nSH3
and cSH3 have different and critical roles: the BSHSrc loop strengthens the interaction with
nSH3 binding ligands and regulates the nSH3 opese#d conformation; the cSH3 n-Src loop
participates in Grb2 homo-dimerization and coulgbsdially affected by cSH3 binding ligands.
To conclude, here we carried out comprehensive lalions to investigate the interaction
between Grb2 nSH3/cSH3 domains and SOS1 PR doM&rsimulated the nSH3/cSH3 with
continuous and truncated SOS1 PR segments andateltthe effective free energy based on the
specific atom-atom interactions at the interfacen8H3/cSH3-SOS1 segments. The effective
energy landscape together with the structural amahgveal the cryptic nSH3/cSH3 binding sites
on SOS1 and provide a fair correlation with the ekpental affinity data. Notably, the high
affinity interaction requires that nSH3/cSH3 bingliigands form salt bridges with nSH3 D15 and
E16 as well as cSH3 E171 and E174. The additiortataction between nSH3 binding ligands
with nSH3 D33 could further enhance the affinitglaasult in nSH3 closed conformation. Taken
together, our results elucidate the structural raem for nSH3/cSH3 interaction with truncated
SOS1 segments and help peptide design to inhib2 (teractions with SOS1, thereby hindering
SOS1 recruitment to the plasma membrane and blgékas activation. In particular, the multiple

energetically favorable SOS1 segments identifiece hovide essential detailed data of the
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multiple ways SOS1 can be recruited and can aidenpoomising designs of peptidimers for

interrupting Grb2—-SOS1 interaction, blocking Ragaling pathway.

3.4 Methods

3.4.1 Generating initial configurations of nSH3/&130S1 PR segments

To comprehensively investigate the interactidmstween nSH3/cSH3 and SOS1 PR,
NSH3/cSH3-SOS1 models were constructed by takiegetitire sequence of the SOS1 PR
domain. The nSH3/cSH3 structures were extracted the crystal structure of Grb2 (PDB: 1GRI)
[21], and the bound SOS1 peptides were modeledsimguhe backbone conformation of SOS1
VPPPVPPRRR (PDB: 1AZE) [36] for nSH3 and Gab2 APPPRP (PDB: 2W0Z) [30] for cSH3.
The peptide structures were extended to 12 residndssequentially mutated to SOS1 PR
(residues 1014-1333). The missing Grb2 nSH3 n@&rg (residues 28-33) and structure extension
of SOS1 peptide were modeled by Modeller [46], Hredmutations were accomplished with the
CHARMM program [48]. In the modeled n-Src loop, théial structure of nSH3 is in the open
conformation. Sequentially mutating a 12-residusllrig peptide from the entire SOS1 PR (320
residues) yielded 309 different peptides. Supersmmpthe extracted nSH3/cSH3 and the mutated
peptides to the 1AZE and 2WO0Z created 618 modeblfpossible nSH3/cSH3-SOS1 complexes.
The apo-nSH3/cSH3 were also simulated. All com@exere solvated by TIP3P water model
that constitutes the isometric unit cell box 0P6@4 x 64M2. In addition, to neutralize the system,

Na" and Cl were added to satisfy a total ion concentraticar 460 mM.

3.4.2 Atomistic molecular dynamics simulations

To generate the set of starting points foraapction-ready stage, we employed MD simulations

using the updated CHARMM [48] all-atom additive derfield [53]. Our simulations closely
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followed the protocol described in our previous k#ofl1, 25, 54-56]. A series of minimization
and dynamics cycles using the steepest decentogdeattibasis Newton-Raphson algorithms were
performed for the solvents around the harmonicadigtrained protein backbone. The pre-
equilibrium minimization and dynamics simulatiomsler the same conditions were repeated until
the solvent reached 310 K. At the final pre-equilim stage, the harmonic restraints on the
backbone were gradually released with a force emm$tomk = 5 to 0 (kcal/mol#/atom). Each
cycle with differentk value was performed for 500,000 steps with thegdatticle mesh Ewald
(PME) electrostatics calculation. Following the -+aeilibrium stages, each independent
simulation was performed for 400 ns with the Langgemperature control that maintains the
constant temperature at 310 K and the Nosé-Hooaegdvin piston pressure control that sustains
the pressure at 1 atm. With 620 independent sysfms trajectories), and 400 ns each, the time
scales of our simulations reached a total of 2¢l8For the production runs, the NAMD parallel
computing code (version 2.12) [47] with the CHARMMB] force field on a Biowulf cluster at
the National Institutes of Health (Bethesda, MDywanployed. The average structures were taken

for the last 200 ns to ensure equilibration ofghstem.

3.4.3 Effective free energy calculations
The calculation of effective free energy focleaystem is based on the atom-atom interaction
between nSH3/cSH3 and SOS1 peptides. The sameattominteraction in different models has
different interaction probabilities. For each mqdkE probability shows the number of contacts
over the trajectory length, obtained over the ledt of the trajectories. The discrete probabtitie
show unnormalized distribution. The total numbecaitactsN, is the sum of the contacts of each

model,
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(3-1)

, where,No is the biggest number of contacts and may repteeermost stable state among the
various models. We use the probability to obtaim plartition function (dividingN by No) and

denote it as the effective partition functis’,

- — (3-2)
In terms ofz®™ the effective free energpe”, can be deduced by

I (3-3)

, Wherekg is the Boltzmann constant, aids the simulation temperature. The total effectree
energy for the-th model is a sum of contributions from salt bridgegirogen bonds, and non-

polar interactions,

$ & s s (3-4)

, wherej denotes the specific atom-atom interaction, ARdA, andAN represent the effective

free energy of electrostatics, hydrogen bond, amdpolar interactions, respectively.
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Chapter 4. NMR data indicate Grb2 nSH3/cSH3 domhigh

affinity for SOS1 proline-rich domain motifs

4.1 Introduction to chapter 4

The Grb2-SOSL1 interaction can be negatively regdléty the MAPK signaling
cascade [57-60]. SOS1 activates Ras by exchandgdf @ GTP [25]. Active GTP-
bound Ras proteins form nanoclusters in the plasrambrane which promote Raf
kinase domain dimerization, leading to Raf actwati{56]. Dimeric Raf kinase
domains gather in large complexes, which includésgan-activated protein kinase
1/2 (MEK1/2) and extracellular signal-regulateddse 1/2 (ERK1/2) dimers [61] and
KSR. Negative feedback occurs when active ERK1Zsphorylates SOS1 residues,
Serl132, Serl167, Ser1178, and Ser1193 in the RRidpdisrupting the association
with Grb2 [59]. Ribosomal S6 kinase 2 (RSK2) knoasithe ERK1/2 effector also
phosphorylates SOS1 residues, Serl1134 and Sert16& PR domain, which create
the 14-3-3 docking sites [62]. The association 313 with the PR domain disrupt
Grb2-S0OS1 association and reduces the SOS1 plagsmdnane localization [62].
Grb2-S0OS1 regulates MAPK signaling, leading to ERXKdctivation, which in turn
inhibits Grb2—SOS1 binding [60]. Other SOS1 resgju#erl078, Serl082, Ser1210,
Serl229, and Serl275 in the PR domain are als@pbogdated [63, 64], but the role
of these phosphorylated serine, if there is oreepaclear [65].

Released from SOS1, Grb2 can bind to Gab2 andtiaR$3K signaling. However,
although Grb2 binding to Gab2 promotes PI3K sigmglithe negative feedback

regulation is also subject to Grb2-Gab2 interac{i®d]. Gab2 contains a highly
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conserved N-terminal pleckstrin homology (PH) dameand an intrinsically disordered
C-terminal tail [67]. In the central region, adjat¢o the PH domain, Gab2 contains
the PR domain with many PxxP motifs for bindingGob2 SH3 domains. The C-
terminal tail retains the phosphorylated tyrosinatifa, recruiting the SH2 domain of
p85 of PI3K [68]. AKT phosphorylates Gab2 residugsr210 and Thr391 in the C-
terminal tail [66]. Binding of 14-3-3 protein todlGab2 phosphorylated Ser210 and
Thr391 promotes the dissociation of Gab2 from Ga&].

Grb2 binds to SOS1 with 1:1 stoichiometry, andgimeultaneous binding of nSH3
and cSH3 domains to SOS1 PR domain shows highitgfohKp ~ 0.3 M [32]. By
contrast, Grb2 nSH3 domain is not involved in thieraction with Gabl, binding of
Grb2 to Gabl exhibits 2:1 stoichiometry with thératfy of Kp ~7 M [69]. Since
Gab family members, Gabl and Gab2 lack the nSH@irmnmotifs but retain the
highly conserved cSH3 binding sites [69], Grb2 nfallow a similar binding
mechanism to Gab1/2, using both nSH3 and cSH3gni SOS1 PR, whereas only
CcSH3 can associate with Gab1/2. Grb2 cSH3 domagorbes a “bridge”, which
communicates between MAPK and PI3K pathways by riatithg the interactions of
Grb2-S0OS1 and Grb2-Gab complexes. However, Grb@irffginto SOS1 exhibits
approximately 20-fold higher affinity than to GabXEven though serine
phosphorylation on SOS1 PR domain blocks part ¢13165H3 binding sites, Grb2
cSH3 binding to SOS1 may still outcompete cSH3—-Gagsbciation. Therefore, why
Grb2 cSH3 domain shifts the binding from SOS1 tdT2, forming a SOS1-Grb2—

Gab ternary structure, remains unclear.
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Binding of the phosphorylated EGFR peptide, EpYINQ® Grb2 SH2 domain
does not change the affinity of SH3 domains fordhe-site SOS1 PR peptides [70,
71]. Regardless of the presence of EpYINQSYV, SCsitige PVPPPVPPRRRPESA
performs the same affinity ¢fp ~ 22 M for the intact Grb2 and the EpYINQSV-
Grb2 complex [71]. However, how the one-site SORLdeptides interact with the
individual nSH3 and cSH3 domain are unknown. Moezpeven though the SH2 and
NSH3/cSH3 bindings seem to be independent, asswtiaf EpYINQSV-Grb2 is
affected by the interaction of Grb2 with the falhbth SOS1 [32]. EpYINQSYV binding
to Grb2-SOS1Kp ~ 0.3 M) is stronger than Grb2 alonk{ ~ 0.7 M). The indirect
interaction between EpYINQSV and SOS1 is mysterious

Here, to clarify how Grb2 nSH3 and cSH3 domainguiédwo separate PR
segments, we examine the interaction of monoment@ @ith the truncated SOS1 PR
segments by NMR measurements. This is the firs# time individual nSH3 and cSH3
bindings of full length Grb2 are elucidated by @sour binding model. Our affinity
data reveal that both nSH3 and cSH3 have much haffiaity for the selected one-
site SOS1 PR peptides than the isolated nSH3/cSH2 binding to the two-site SOS1
peptides shows larger chemical shift perturbati@&R) than to the one-site SOS1
peptides, suggesting that the interaction of cSHth wSH3 binding motif was
promoted. While the binding of Grb2 nSH3/cSH3 to3Opeptides shows high
cooperativity, the EGFR segment binding to Grb2 Sldéhain has zero cooperativity
for Grb2 nSH3/cSH3-SOS1 peptides. Understandingrteehanism of full length
Grb2 interacting with one-/two-site SOS1 peptidesyrfacilitate the development of

inhibitors to prevent MAPK signaling.
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4.2 Results

4.2.1 The one-site and two-site segments of SOSddafin

To examine the interaction of Grb2 with SOS1, werasted five potential
NSH3/cSH3 binding sites from the PR domain of SOBYPPPVPPRRRP (S1),
DSPPAIPPRQPT (S2), ESPPLLPPREPV (S3), IAGPPVPPRQSH), and
PKLPPKTYKREH (S5) (Table 4-1). The SOS1 peptidels,S3 were extended and/or
inserted with a tyrosine in order to obtain acoei@ncentration by measuring the UV
absorption. The modified S1 to S4 peptides weroehS1* to S4* (Table 4-1). In
S1, we inserted three additional residues, glutansa&trine, and a tyrosine between the
serine and alanine, obtaining PVPPPVPPRRRPESYA)(SMe S2 peptide was
elongated by including five more wild-type residuesgenerating
DSPPAIPPRQPTSKAYS (S2*), which contains a tyros@enilarly, The S3 peptide
was elongated by adding two residues tyrosine ahdeohine, vyielding
ESPPLLPPREPVYT (S3*). In S4, a serine was addethéoN-terminus and two
residues tyrosine and serine were added to the rndres, generating
SIAGPPVPPRQSTYS (S4*). Recent data indicate that tifpical SOS1 binding
surfaces include Tyr7, Phe9, Aspl5, Glul6, Trp3&4?, Pro49, and Tyr52 for the
NnSH3 domain, and Aspl168, GIn170, Glul71, Glul74198, Phe205, Arg207, and
Tyr209 for the cSH3 domain [49, 72]. For the maatifipeptides, we ensured that the
additional residues including the tyrosine modiiigas are distal from the nSH3/cSH3
binding surfaces and should not affect the bindafiinities. By considering the
neighbor nSH3/cSH3 binding sites, the two-site SBRkegments, S12, S23, and S45

were selected, which contain 48, 48, and 29 antidsarespectively (Table 4-1). We
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abandoned the two-site segment involving S3 andifde the peptide of the segment
is 90 residues long, indicating that the synthesithe longer peptide has the lower
success rate. The S34 peptide contains two nSH8ngPxxPxR motifs, which is
similar to S23.

Monomeric Grb2 was collected for examining the rattion with the SOS1
peptides. In the dimeric Grb2 GIu8'? interacts with Tyr168%3 which blocks the
binding site on cSH3. When SOS1 peptides bindrwedic Grb2, the cSH3 domain in
the dimer interface competes with the SOS1 intemacsuggesting that the measured
affinity is smaller than the actual affinity foraltSH3-SOSL1 interaction. To verify that
the collected Grb2 was monomeric molecule, we nredsdire transverse >N spin-
relaxation time for the sampled Grb2 and compatedith the EpYINQSV-Grb2
complex. The EpYINQSYV peptide is a phosphorylatechén EGFR segment (residue
1101-1107), which binds to Grb2 SH2 domain, retagrerb2 as a monomer [22, 23].
The averaged:lrelaxation times for the sampled Grb2 and EpYIN@SYb2 complex
are 52.4 and 53.2 ms, respectively. The similaresbf B relaxation time suggest that
the collected sample contains a Grb2 monomer (Flgh).

Attenuation of NMR signals were observed in all experiments (Table C1). Signal
attenuation is usually resulted from the increased of molecular complex and/or the
local electronic environment changes of observedclems due to
association/dissociation. The increased size oeoudar complex generally caused the
signal broadening across all residues. By contrastdues close to binding surfaces
switch between bound and unbound states. Whenxitigarge rate is much slower

than the resonance frequency difference in NMR oreasent, the slow exchange rate
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performs longer residence time in either bound rdyound state, resulting in severe
signal broadening and disappearance. Since thecolateweight of Grb2 is much

greater than the EpYINQSV and the SOS1 one-sitéigeepthe overall changes of
signal intensity upon binding were not significadawever, due to the lack of binding
model to describe the intrinsic interaction of Grizh two-site SOS1 peptides, the
magnitude of signal attenuation was used to ewvaltlag association of Grb2-S12,

Grb2-S23, and Grb2—-S45.

Table 4-1.The selected nSH3/cSH3 binding peptides of SOS1

S1 PVPPPVPPRRRP
S2 DSPPAIPPRQPT
S3 ESPPLLPPREPV
S4 IAGPPVPPRQST
S5 PKLPPKTYKREH

S1* PVPPPVPPRRRPESYA

S2* DSPPAIPPRQPTSKAYS

S3* ESPPLLPPREPVYT

S4* SIAGPPVPPRQSTYS

S12 EVPVPPPVPPRRRPESAPAESSPSKIMSKHLDSPPAIPPRQPTSKAY
S23 DSPPAIPPRQPTSKAYSPRYSISDRTSISDPPESPPLLPPREPVYRTP
S45 SIAGPPVPPROSTSQHIPKLPPKTYKREH

SOS1 peptides, S1-S5 were identified as the3hd3HH3 binding sites. The modified
S1*-S4* were introduced a tyrosine for accuratecemtration measurements. The

segments with two proximal nSH3/cSH3 binding s8&2, S23, and S45 were selected.

4.2.2 Grb2 nSH3 and cSH3 have high affinities fby &2, S3, S4, S5
S1* (PVPPPVPPRRRPESYA) associates with the nSHX&B domains of full
length Grb2 withKp = 3 and 15 M, respectively, which are about 10 fold stronger

than the S1 interacting with the isolated nSK3 € 39 M) and cSH3Kp = 125 M)
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(Table 4-2). However, it is unclear how the atigs of full length Grb2 binding to
S1* are enhanced. Grb2 residues with CSPs grdwarthe average, summing up to
two standard deviations were pointed out (Fig. 4Fhe nSH3 residues Lys10, Alall,
Aspl5, Tyr37, Tyr52, and cSH3 residues Aspl168, A4pIrpl93, Trpl98 Phe205,
and Arg207 show large CSPs (Fig. 4-1A). The epdiemotes the indole NH group of
Tryptophan. Signal attenuations of Lys38 and Lys&re observed in the NMR
spectra. The corresponding CSPs were mapped tongite#3/cSH3 domains.
Noticeably, while Grb2 cSH3 interacting with S1*Hawer affinity than Grb2 nSH3—
S1* cSH3 residues on the binding surface AsplGH1&X1, Trpl93, Trpl®3 and
Phe205 show larger CSPs than the nSH3 residues.

S2* (DSPPAIPPRQPTSKAYS) also shows high affinities Grb2 nSH3 Kp = 3

M) and cSH3Kp =7 M) (Table 4-2). S2 was previously reported to sitgrbind
to the isolated nSHXp = 56 M), but weakly to the isolated cSHRB{ = 1396 M)
(Table 4-2). Grb2 nSH3 exhibits 20 folds strongerding for S2* than the isolated
nSH3 binding to S2. The nSH3 residues Lys38, Phaad, Lys50 exhibit signal
attenuation. Grb2 cSH3 has roughly 200 folds higattinities for S2* than the
interaction of isolated cSH3 with S2. Residues Watige CSPs are nSH3 Tyr7, Asp8,
Lys10, Alall, Alal3, Aspl5, Tyr37, Tyr52, and cSH®193 (Fig. 4-2B). Even
though most nSH3 residues exhibit larger CSPs¢B&iB, the high affinity of nNSH3—
S2* interaction is comparable to the cSH3-S2*.

S3* (ESPPLLPPREPVYT) contains two glutamic acidse $econd, which follows
the critical arginine, interferes with the formatiof salt bridges between the arginine

and the nSH3 Aspl5 and Glul6 as well as the cSHBLAAI and Glul74 [72].
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Therefore, S3 has the weakest binding affinitieste isolated N"SHXp = 117 M)
and cSH3Kp = 1718 M) among S1 to S4. However, similar to Grb2—-S2&rattion,
S3* has high affinities for Grb2 nSHB4{ = 14 M) and cSH3Kp =9 M) (Table 4-
2). Residues Tyr37, Lys38, Phe47 and Lys50 showasigttenuation. While the
affinity of cSH3-S3* is slightly higher than nSH33*S cSH3 residues have overall
small CSPs. Residues with large CSPs are nSH3 RAgig, Alall, Alal3, Aspl5,
Glul6, Serl8, Val27, Asn51, and Tyr52 (Fig. 4-1C).

The affinities of S4* (SIAGPPVPPRQSTYS) to Grb2 &ie= 9 and 13 M for
Grb2 nSH3 and cSH3 domains, respectively, whilaffdities areKp = 82 and 1318

M for the isolated nSH3 and cSH3, respectively (@db2). Similarly, within the full
length Grb2, the interactions of nSH3 and cSH3 84 are much stronger than the
isolated NnSH3/cSH3-S4. The nSH3 residues Tyr7, Asys0, Alall, Tyr37, Phe4d7,
lle48, Tyr52, and cSH3 Trpl93 and Trp&9how larger CSPs (Fig. 4-1D). Only
Lys38 and Lys50 undergo signal attenuation.

S5 (PKLPPKTYKREH) weakly binds to the isolated nSH3 = 620 M) but shows
higher affinity for the isolated cSHE&f§ = 150 M). This suggests that S5 is a cSH3-
specific binding site on SOS1. S5 interacting viith length Grb2 exhibitKp = 21
and 23 M for nSH3 and cSHS3, respectively (Table 4-2). Tig#13 Trp3@ and Lys38
show signal attenuation. The cSH3 residues Asnli@i1,93, Trp194, Lys195, Phe205,
and Arg207 exhibit large CSPs (Fig. 4-1E). Intarggy, even though the affinities of
Grb2 interacting with S5 are also enhanced, they stitl smaller than the Grb2

interacting with S1*, S2*, S3*, and S4*.
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Table 4-2.Binding affinities of SOS1 peptides with Grb2 anaYENQSV- Grb2

Grb2 EpYINQSV-Grb2 Isolated
SOs1 nSH3 CSH3 nSH3 CcSH3 SOS1 nSH3 CSH3
S1* 3+2 15+ 13 4+6 9+7 S1 39+1 125+ 13
S2* 2+3 714 2+2 7+6 S2 56+5 1396 + 87
S3* 14 + 11 9+11 25+ 13 10+ 16 S8 117 2 81% B3
S4* 9+14 13+11 4+4 13+15 S4 82+1 13131+
S5 21+18 23+18 18+19 26+ 13 S5 620 + 240 150+ 30

The reported dissociation constards {n unit M) were obtained by fitting NMR
titration curves for the selected residues, folldwsy averaging the individu&p
values (left column). The errors were calculatethasstandard deviation for the same
residues. Th&p values in right column are published data fromprevious work [33,

49].
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Figure 4-1 NMR characterization of the SOS1 peptides intargowith full length

Grb2. Amide chemical shift perturbation (CE®) at the titration end point are shown
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as function of Grb2 residue numbers for (A) Grb2:58R) Grb2-S2*, (C) Grb2-S3*,
(D) Grb2-S4*, and (E) Grb2—-S5. CSPs of indole Ndshals of Trp36, Trp60, Trpl21,
Trpl193, and Trp194 are denoted as T3Gp6Q:, Trpl2lk, Trpl93, and Trpl94
and located at the residue number 218, 219, 2202a4. The epsilon denotes the
molar extinction coefficient of Tryptophan. Signalgh attenuation during titration are
shown as grey bars (Table C1). Residues ®@greater than two standard deviation
are indicated. CSPs are mapped onto the surfac&iff in complexes with the
corresponding modeled peptides (yellow). Surfaderow based on the observed CSP
is colored from white (O ppm) to red (maxinBC= 0.1 ppm). Residues with signal
attenuation are colored orange. Structure imagt®etaght show the enlarged binding

surfaces of nSH3 and cSH3 in detail.

4.2.3 EGFR segment has limited effect on Grb2 bigptio S1, S2, S3, S4, S5

To investigate how EGFR affects Grb2 interactiothvtihe SOS1 PR peptides S1*,
S2*, S3*, S4*, and S5, the phosphorylated EGFR ssgmEpYINQSYV, was first
added to the Grb2. EpYINQSYV associates with Grb2 8Bmain and has the least
interactions with nSH3/cSH3. The SH2 binding podiseformed by lle65, Ala68,
Leu84, Arg86, Phel08, Leulll, Trpl21, and Vall23-13]. The binding of
EpYINQSV to SH2 domain induces large CSPs at 11868199, Gly102, Phel08,
Leulll, and TrplZ (Fig. C1B). The signals of Lys109, Trp121, and A& are
attenuated. By contrast, EpYINQSV induces small £BPthe nSH3/cSH3 regions,
and similarly, nSH3/cSH3 binding peptides S1*, S38*, S4*, and S5 also induce
small CSPs on SH2 region (Fig. 4-2). The small CiaBgates the specific bindings

of SH2 and nSH3/cSH3 with their binding partners.
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For EpYINQSV-Grb2 interacting with S1Kp = 4 and 9 M for the nSH3 and
cSH3 domains, respectively (Table 4-2). The nSH3dtees Lys10, Alall, Asplb5,
Tyr52, and cSH3 residues Aspl168, Glul71, Trp1982P8f, and Arg207 show large
CSPs (Fig. 4-2A). By subtracting the CSPs of Grd2—&om the CSPs of
EpYINQSV-Grb2-S1*, most of the residues show smladinges of CSBEQ (Fig.
4-3A). Residues witBBG > 0.05 ppm such as Alal3, TreE361et186, and Tyr209
are pointed out. The signal attenuation was evetllay calculating the intensity ratio
of titration end point to the free Grb2. Residugs3be, Lys38, Phe47, and Lys50 show
severe signal attenuation ¢l& 0) while Lys10, Aspl5, Tyr37, Phel25, Aspl133] an
Met186 exhibit high intensity ratio (Y 1.5) (Fig. 4-3A).

Similarly, S2* exhibits high affinities for nSHXH =2 M) and cSH3Kp =7 M)
of the EpYINQSV-Grb2 complex (Table 4-2). The resisl Asp8, Alall, Alal3,
Aspl5, Leu28, Phe37, Tyr52, and Trp&8Bow large CSPs (Fig. 4-2B). Four residues
with largeBBCare Tyr7, Arg21, Trp3§ Cys198, and Tyr209 (Fig. 4-3B). Signals of
Lys38, Phe47, and Lys50 disappeared during titnatsdgnal intensity ratios of Ala3,
Lys10, Thrl2, Aspl5, Glul6, Tyr37, Phel25, Aspl1BBr159, and Tyrl60 were
largely increased in the presence of EpYINQSV (BigB).

By contrast, S3* interaction with EpYINQSV-Grb2 sioweaker affinity for n\SH3
(Kp =25 M) than cSH3 Kp = 10 M) (Table 3-2). However, cSH3 residues show
small CSPs, and nSH3 residues Asp8, Alall, Aspli,85Serl8, Lys50, Asn51, and
Tyr52 exhibit large CSPs (Fig. 4-2C). The oveBH#iCare within £0.05 ppm (Fig. 4-

3C). Aspl5, Tyr37, Lys38, Phe47, and Lys50 showaigttenuation. The increased
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signal intensity ratio of Ala3, Lys15, Thr12, F12%533, Tyr160, Met186, and Asn208
were observed (Fig. 4-3C).

The affinity of S4* associating with EpYINQSV-Grla2eKp = 4 and 13 M for
NSH3 and cSH3 domains, respectively (Table 4-2p n8H3 residues Tyr7, Asp8,
Lys10, Alall, Aspl5, Tyr37, Phe4d7, lle48, and Tyes2well as cSH3 Trp193 and
Trp193 show large CSPs (Fig. 4-2D). Only residues Aspip36e, and Met204 have
[BBG > 0.05 ppm (Fig. 4-3D). Similarly, residues Asplys38, Phe47, and Lys50
perform signal attenuation. While Lys10, Thr12, GdulLys124, Phel25, and Asp133
have I/b > 1.5, the overall signal intensity is reducedha presence of EpYINQSV
(Fig. 4-4).

S5 binding to EpYINQSV-Grb2 hasp = 18 and 26 M for nSH3 and cSH3
domains, respectively (Table 4-2). The cSH3 dorshinws weaker affinity but larger
CSPs on the residues Asn192, Trpl93, Trel938p194, Lys195, Met204, Phe205,
and Arg207 (Fig. 4-2E). Residues wiBB|g > 0.05 ppm are Alal3, Phel65, Met204,
and Tyr209 (Fig. 4-3E). Three residues Aspl15, Tepahd Lys38 were vanished upon
binding, and only Lys10, Lys124, and Phel25 hakgelasignal intensity ratio (Fig. 4-
3E).

Binding of Grb2 with the one-site SOS1 peptidedgrar the signal intensity ratio
I/lo ~ 1.0 £ 0.2 for nSH3, SH2, and cSH3 domains (T4H%. While the deviation is
small, some residues such as Lys10 and Aspl5wanithe nSH3 binding sites exhibit
large signal intensity ratio upon Grb2 binding YENQSV. Therefore, we selected
Lys10 in nSH3 and Aspl168 in cSH3 to examine thatie between affinity and

intensity ratio. Sequence alignment shows that Qysid Aspl168 are the equivalent
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residues in nSH3 and cSH3 domains. These two residwe also close to the
NSH3/cSH3 binding sites. Noticeably, free Grb2 bigdo the one-site SOS1 peptides
increases signal intensity of Lys10 (Table 4-4)eithough the small CSPs of Lys10
induced by Grb2-S5 leads to the unavailable ayfinihe signal intensity is still

increased by 60%. Signal intensities of Lys10 a&rengthened by the interaction of
EpYINQSV-Grb2 with S1*, S2*, and S3; however, theensities are decreased when
EpYINQSV-Grb2 binds to S4*. By contrast, Aspl68whalecreased intensity upon
Grb2 binding to S1*, S2*, S4 and S5. The preserfcEpXINQSV does not show

significant changes on the signal intensity of A&f1For Grb2-S3, the weak binding
keeps the signal intensity ratio of Asp168 equdl.tdhe titration curves of Lys10 and
Aspl68 were fitted to our binding model (Fig. 4-3Most Kp values are inversely

proportional to the signal intensity ratios (TaBid).
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point are shown as function of Grb2 residue numfergéA) EpYINQSV-Grb2-S1*,
(B) EPYINQSV-Grb2-S2*, (C) EpYINQSV-Grb2-S3*, (DpEINQSV-Grb2—S4*,
and (E) EpYINQSV-Grb2-S5. CSPs of indole NH sigmdl3rp36, Trp60, Trpl21,
Trpl193, and Trp194 are denoted as T3Gp6Q:, Trpl2lk, Trpl93, and Trpl94
and located at the residue number 218, 219, 22a0224. Signals with attenuation
during titration are shown as grey bars. Residudis BC greater than two standard
deviation are indicated. CSPs are mapped ontauttieces of Grb2 in complexes with
the corresponding modeled peptides (yellow). Serfasoring based on the observed
CSP is colored from white (O ppm) to red (maxirB&= 0.1 ppm). Residues with
signal attenuation are colored orange. Structusges to the right show the enlarged

binding surfaces of nSH3 and cSH3 in detail.
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Figure 4-3 The influence of EpYINQSV on the interaction ofb@ with one-site
SOS1lpeptides. CSP differencBBQ and signal intensity ratio () between the
interactions of Grb2 and EpYINQSV-Grb2 with (A) $1B) S2*, (C) S3*, (D) S4*,

and (E) S5. NegativdBBC values suggest the residues have greater impact by
EpYINQSV. Residues withBBG > 0.05 ppm are indicated. The individual signal
intensity ratio were calculated by the signal isignin the titration endpoint over the
corresponding signal intensity in unbound Grb2. Titration endpoint of ligand-to-
protein ratio is 2:1. The titrated Grb2 and EpYIN@&rb2 are colored blue and red
respectively. Residues with signal intensity ratibs > 1.5 are pointed out. (F) The
fitted titration curves were shown for the seledtdd and D168 in the association of

Grb2 and EpYINQSV-Grb2 with the one-site SOS1 pkysti The ligand-to-protein
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ratio ranges from O to 2 with interval 0.2. For thieding of S1*, signal shifts with the
same contour level follow the arrow direction shogvthe ligand-to-protein ratio = 0
(blue), 0.2 (red), 0.4 (green), 1.0 (yellow), and @lue).

Table 4-3.Averaged signal intensity ratios of Grb2 nSH3, Sit&] cSH3 domains

Average signal intensity nSH3 SH2 cSH3

&'0r Tt 1.0 08 08

& '0* 0 , 1.0 0.9 0.9

&' 0" for 0.9 0.9 1.0
&0 a0t 1.2 1.0 09
&0 0 09 08 08

&' o 0 0.7 0.8 0.7

&' o 0 05 06 06
&0 0t 05 06 04

g +%0r23 07 0 0.9 0.9 1.0
g 1%0123 (¢ T ' 1.2 0.8 1.0
g %0123 (¢ T * , 1.2 0.9 1.0
g 10123 O T ’ 0.9 0.8 1.0
g 10123 O - , 0.9 0.9 0.9
g #0123 O S0 0.9 0.8 0.8
& 1%/0123  ()* 1O , 0.7 0.7 0.6
g 10123 () NV 0.6 0.7 0.6
& 1%/0123 (O - ' 04 0.5 0.4

Table 4-4.Dissociation constants and signal intensity ratib&10 and D168 in the

bindings of Grb2 and EpYINQSV-Grb2 with the oneesOS1 peptides

Grb2 EpYINQSV-Grb2
psegt? - K10 D168 K10 D168
Kb I/lo Kb I/lo Kb I/lo Kb I/lo
S1* 1.2 2.1 9.5 0.5 2.1 6.0 8.7 0.7
S2* 0.9 3.2 1.2 0.8 0.1 4.3 12.3 0.8
S3* 3.3 2.4 - 1.0 40.1 3.1 - 1.0
S4* 11.1 4.9 1.1 0.8 1.8 2.6 31.2 0.7
S5 - 1.6 29.7 0.7 - 1.6 30.2 0.7
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4.2.4 Grb2 interacting with S12, S23, and S45 ashibifferent complex

conformations

Grb2 associates with the wild type SOS1 PR segi@&at(EVPVPPPVPPRRRP-

ESAPAESSPSKIMSKHLDSPPAIPPRQPTSKAYS) through the BSS2 and cSH3—-

S1 interactions. While both S1 and S2 bind the n®Higling PxxPxR motif, the
additional arginine residues in S1 enhance theitgndffinity for cSH3 [57]. Even
though the isolated nSH3 binding to S1 is aboubl8-tronger than that of isolated
cSH3, the pairwise affinities suggest that onehefmost probable binding modes of
Grb2-S0S1 is through the nSH3-S2 and cSH3-S1 ati@na [49]. To investigate
how Grb2 uses the two binding domains (nSH3 and333#él interact with the two
binding sites (S1 and S2) of SOS1, the S12 peptakeadded to the full length Grb2
with 2:1 stoichiometry. The nSH3 residues Asp8,10ysAspl15, Leu28, lle48, and the
cSH3 residues Aspl68 and Glul71l show large CSRs {-A). Alall, Trp3Q
Tyr37, Lys38, Phe47, Lys50, and Arg207 show siginuation. By comparing the
H-15N NMR spectra of Grb2—-S12 with Grb2-S1 and Grb2-t88,selected nSH3
residues Thrl2, Thrl9, and Gly22 show the signaéxlapping with the signals of
Grb2-S2, while the signal of cSH3 Glul71 shiftsely to the signal of Grb2—S1. The
similar signal shifts suggest the amides might @epee similar changes of electronic
environments. Therefore, the interaction of Grb2-B8Imore likely through nSH3-S2
and cSH3-S1 (Fig. 4-5A).

S23 (DSPPAIPPRQPTSKAYSPRYSISDRTSISDPPESPPLLPPREPRT

contains two nSH3 binding sites. Unlike the S12r8ei3/cSH3 preferred binding site

S1, both S2 and S3 strongly bind to the isolatddBut weakly bind to the isolated
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cSH3 Kp > 1000 M). To verify whether Grb2 binding to S23 is viath®-S2/cSH3-
S3 or nSH3-S3/cSH3-S2, the S23 peptide was addabwith the 2:1 molar ratio.
Grb2 residues Tyr7, Asp8, Lysl10, Alal3, Aspl5, l&uAsn51, Tyr52, Phel65,
Trpl193, and Phe205 show large CSPs (Fig. 4-4B)dRes with signal attenuation are
Alall, Trp3aN Tyr37, Lys38, Phe47, and Arg207. Similarly, byrgmaring thetH-1°N
NMR spectra of Grb2-S23 with Grb2-S2 and Grb2-B8,selected nSH3 residues
Lys10 and cSH3 residue Glul74 have the signals rsnpesing with the
corresponding signals of nSH3-S2 and cSH3-S3, cagply. This suggests Grb2
associating with S23 is through nSH3-S2 and cSH3Fi§34-5B). Interestingly, upon
Grb2 binding to S23, nSH3, SH2, and cSH3 domaionsvsieduced signal intensities,
which are about half of the intensities of free &5{bable 4-3). Noticeably, even though
SH2 domain is not involved in nSH3/cSH3 bindingsbZ5-S23 may have indirect
interactions to the SH2 domain.

S45 (SIAGPPVPPRQSTSQHIPKLPPKTYKREH) contains an 83ihding site

S4 and a cSHS3 binding site S5 with a short linkérich has merely 4 amino acids.
S45 binding to Grb2 induces the large CSPs ongsiduies Tyr7, Asp8, Alall, Aspl5,
Tyr37, Tyrl60, Glul71, Argl78, Gly180, Gly196, axdl210 (Fig. 4-4C). Lys10,

Trp36e, Lys38, Phe47, Lys50, Leul64, Aspl68, Trpl94, AigZzand Asn208 show
severe signal attenuation. By superimposing'thé°N NMR spectra of Grb2-S45,
Grb2-S4, and Grb2-S5, the selected signal of nSEBlAoverlaps the signal of Grb2—
S4, and cSH3 Glul71 shifts to the same directidhesignal of Grb2—-S5. Noticeably,
S4 and S5 have the motifs PxxPxR and PxxPxKxxKpeesvely. Without the same

consensus motif, binding to S4 and S5 resultsanttie amide signals of Grb2 nSH3
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and cSH3 shift to the different directions, andréfere, it is easier to identify the

complex interactions of Grb2 with S45. As expecterh?2 binding to S45 is via nSH3-
S4 and cSH3-S5 (Fig. 3-5C). Similar to Grb2-S2325645 also largely reduces the
signal intensities of nSH3, SH2 and, cSH3 domal@ble 4-3). The S5-bound cSH3
domain only have 40% signal intensity of the unlmbstate. This suggests the binding

of Grb2-S45 may be stronger than Grb2-S12 and G22-
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Figure 4-4. Structural characterization of full length Grb2athw SOS1 two-site
segments. CSP8Q at SOS1/Grb2 molar ratio equal to 2 are showfuastion of
Grb2 residue numbers for (A) Grb2-S12, (B) Grb2-S@3) Grb2-S45, (D)
EpYINQSV-Grb2-S12, (E) EpYINQSV-Grb2-S23, and (BYENQSV-Grb2-S45.
Residues withBC greater than two standard deviation are indicaded, the signal
attenuation are shown by grey bars. The nSH3 akt8 sHuctures are colored from
white (0 ppm) to red (maxim&@C= 0.1 ppm) based on the corresponding CSP values.
Residues with signal attenuation are colored oraage the modeled SOS1 segments
are colored yellow. The selected signals in Grh@gpare superimposed with (A)
Grb2-S1* (green), Grb2-S2* (yellow), and Grb2-Sdgtl); (B) Grb2—-S2* (green),
Grb2-S3* (yellow), and Grb2-S23 (red); (C) Grb2—-%dteen), Grb2-S5 (yellow),
and Grb2-S45 (red); (D) EpYINQSV-Grb2-S1* (greeBpYINQSV-Grb2-S2*
(yellow), and EpYINQSV-Grb2-S12 (red); (E) EpYINQS®rb2-S2* (green),
EpYINQSV-Grb2-S3* (yellow), and EpYINQSV-Grb2-S28d); (F) EpYINQSV-
Grb2-S4* (green), EpYINQSV-Grb2-S5 (yellow), andyBYQSV-Grb2—-S45 (red).
The signal shifts suggest Grb2 associating with, §SI23, and S45 are via nSH3-

S2/cSH3-S1, nSH3-S2/cSH3-S3, and nSH3-S4/cSH3e§®atively.
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A Grb2-S12 B Grb2-S23 C Grb2-S45

nSH3
cSH3

S10

Figure 4-5. Computational modelling of Grb2 with the two-s8©S1 peptides. (A)
Grb2 associates with S12 through nSH3-S2/cSH3-1G(b2 binds to S23 via
NSH3-S2/cSH3-S3, and (C) Grb2-S45 is through nSH8SHI3-S5. The nSH3,
SH2, and cSH3 domains are colored white, blue ga@ein respectively. SOS1 peptides

are shown yellow, and the corresponding nSH3/cSH@ig sites are colored red.

4.2.5 EGFR segment may strengthen the associdtiGnb@-S45

Association of EpYINQSV with Grb2 does not chanlge pairwise interactions of
Grb2-S12, Grb2-S23, and Grb2-S45. For EpYINQSV—G8i2, Grb2 residues
Alall, Aspl5, Ala39, lle48, Tyr52, Asp168, Glul&ahd Tyr209 show large CSPs,
and Trp3@, and Tyr37, Lys38, Phe47, Lys50, and Arg207 unaesgvere signal
attenuation (Fig. 4-4D). By comparing thé-1>N NMR spectra of EpYINQSV-Grb2—
S12, Grb2-S1*, and Grb2-S2*, signals of nSH3 remsdliyr37 and Met204 overlap
the signals in Grb2-S2*, and cSH3 residue Glul%4 lsignal shift close to the signal
in Grb2-S1*. EpYINQSYV induces large changes of C&Pthe interaction of Grb2
with two-site SOS1 peptides. By subtracting the £8PGrb2—-S12 from the CSPs of

EpYINQSV-Grb2-S12, residues Tyr7, Leu28, Trp36, 3bgp Ala39, Phel65,
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Asn208, Tyr209, The211 shoRBQG > 0.07 ppm (Fig. 4-6A). The signal intensity oati
of EpYINQSV-Grb2-S12 is approximate to Grb2—-S12 smdller than Grb2—-S1 and
Grb2-S2 (Table 4-3). Lys10, Glul6, Tyrl60, and PBedhow signal intensity ratios
I/lo > 1.2 (Fig. 4-6A). This suggests that simultanemunslings of nNSH3/cSH3 to S12
are stronger than the one-site peptide S1 and 8&etkr, EpYINQSV may have little
effect on the affinities of nSH3/cSH3. Overlaidreads will be ignored.

EpYINQSV-Grb2 associates with S23 via nSH3-S2 &8id3:-S3. Grb2 residues
with large CSPs are Tyr7, Asp8, Aspl5, Glul6, Lys®&a39, Thrl59, Phel65, and
Tyr209 (Fig. 4-4E). Signal attenuation resultshattresidues Alall, Trp86Tyr37,
Lys38, Phe47, Lys50, Aspl168, Trpl93, and Arg207ircapable to be tracked. The
NSH3 residue Lys10 and cSH3 residue Glul74 supesmfhe corresponding signals
in Grb2-S2 and Grb2-S3 respectively, suggestingirttezaction of nSH3-S2 and
cSH3-S3. By comparing the spectra of Grb2-S23 ap¥INKQSV-Grb2-S23,
residues withBB@ > 0.07 ppm are Alal3, Ala39, Trp193 and Tyr209.(B-6B). Only
Aspl5, Glul6, and Thrl59 exhibited signal intensdtios I/b > 1.2. Since signal
intensity of Grb2 is largely reduced upon bindiads23, the presence of EpYINQSV,
however, slightly increase the intensity ratiosn®H3 and SH2 domains, which
suggests the reduced affinity of Grb2—-S23 (Tab®.4-

EpYINQSV-Grb2 binding to S45 shows the interactdmSH3-S4 and cSH3-S5.
The nSH3 residues lle4, Tyr7, Tyr52, and cSH3 re=sdThrl59, Vall61l, Phel65,
Aspl168, Aspl90, Gly196, Alal97, and Tyr209 perféteange CSPs (Fig. 4-4F). Lys10,
Thrl2, Trp3® Tyr37, Lys38, Phe47, 1le48, Lys50, Leul75, His184n192, Trpl93,

Trpl94 exhibit severe signal attenuation. SignallafL1 overlaps the signal in Grb2—
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S4, and G196 is closer to the signal in Grb2-S®wsiy the interaction of
EpYINQSV-Grb2 with S45 follows nSH3-S4 and cSH3-e85anticipated. Alal3,
Trp36, Tyr52, Argl78, Gly180, Aspl190, Trp193, Tys2@nd Val210 havBB( >
0.07 ppm between the spectra of Grb2-S45 and Ep¥NGrb2 (Fig. 4-6C). Phel25
and Phel65 show larger signal intensity ratiosp&singly, binding of EpYINQSV-
Grb2 to S45 shows slightly small signal intensago of nNSH3 and SH2 domains than
Grb2-S45 (Table 4-3), suggesting EpYINQSV may enbdhe affinity of Grb2—-S45.
EpYINQSV may facilitate the association of Grb2—3#fe to the reduced signal
intensities of Grb2. Grb2—-SOSL1 interaction paradylrelies on the formation of salt
bridges for nSH3/cSH3 bindings [33, 72]. For examjh the binding of Grb2—-S45,
NSH3 Glul6 uses Aspl5 and Glul6 to form salt bsdgéh SOS1 Arg1295, and cSH3
Glul74 interacts with SOS1 Lys1308 (Fig. 4-6D)ehestingly, the signal intensity
ratios of Glul6 and Glul74 in EpYINQSV-Grb2-S12 &pY INQSV-Grb2-S23 are
larger than Grb2—S12 and Grb2-S23 (Table 4-5). Hew&pYINQSV-Grb2 binding
to S45 shows slightly decreased signal intenstipsaf Glul6 and Glul74 in Grb2—
S45 (Fig. 4-6E). The differences of intensity rasioggest that EpYINQSV may

weaken the interactions of Grb2-S12 and Grb2-S23tlengthen Grb2-S45.
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Figure 4-6. Differences in changes of CSP and signal intgrsitios between the
interactions of Grb2 and EpYINQSV-Grb2 with S12,3S2nd S45. The CSP
differences BBQ were calculated by subtracting CSPs of (A) Grid2-So
EpYINQSV-Grb2-S12, (B) Grb2-S23 to EpYINQSV-Grb23Sand (C) Grb2-S45
to EpYINQSV-Grb2-S45. NegativBBC values suggest the residues have greater
impact by EpYINQSV. Residues witBBG > 0.07 are indicated. NMR signal intensity
ratios (I/b) were obtained by calculating the residues’ intgrdf titration endpoint (1)
over the intensity of unbound Grb3)(IThe titration endpoint of ligand-to-protein ati
is 2:1. The titrated Grb2 and EpYINQSV-Grb2 compéee colored blue and red
respectively. Signal intensity ratios withol# 1.2 were indicated. (G) For Grb2—-S45,
the critical nSH3 residue D15 and E16 form saltdgpes with S4 R1295, and cSH3

E174 interacts with S5 K1308. (F) Signal intensiteé E16 and E174 are reduced in
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the titration endpoints of to Grb2—-S45 and EpYINQ@&Vh2-S45. Signals are shown
the same contour level and colored red for S45-8dbBrb2/ EpYINQSV-Grb2 and

blue for the unbound Grb2.

Table 4-5.Maximal CSPs and signal intensity ratios of E18 BA7 in the bindings

of Grb2 and EpYINQSV-Grb2 with the two-site SOSpimes

Grb2 EpYINQSV-Grb2
psegt? dle E16 E174 E16 E174
BC /1o BC /1o BC I/lo BC I/lo
S12 0.08 0.89 0.06 0.78 0.09 1.98 0.06 0.79
S23 0.09 0.58 0.04 0.67 0.11 1.68 0.03 0.74
S45 0.06 0.67 0.05 0.60 0.05 0.51 0.04 0.52

4.3 Discussion

Grb2—-S0OS1 interaction is challenging due to thetipialnSH3/cSH3 binding sites
and the numerous serine phosphorylation on the SZStlomain. Even though the
nSH3 binding sites S1, S2, S3, S4 and the cSH3¢auVoinding sites S1 and S5 were
identified, the association of Grb2 nSH3/cSH3 withse five binding sites result in
multiple possible binding modes of Grb2-S0OS1 sieh®H3-S1/cSH3-S5, nSH3—-
S2/cSH3-S1, nSH3-S2/cSH3-S5, nSH3-S4/cSH3-S1, tan@4@]. However, the
Grb2-S0OS1 interactions can be interfered by sepimesphorylation on SOS1 PR
domain. Noticeably, Ser1161 closely follows S1, &&1178 and Ser1210 locate on
S2 and S3. The phosphorylated Serl161, Serl178Sart210 may result in the
unfavorable interactions of Grb2 nSH3/cSH3 with SR, and S3. The released

NSH3/cSH3 may result in nSH3 searching for altevedbinding sites on SOS1 and
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increase the probability of cSH3 associating with@2. How Grb2 nSH3 and cSH3
domains recruit two individual PR motifs becomepafticular importance.

The five potential nNSH3/cSH3 binding peptides S32F, S3*, S4*, and S5 were
selected to examine the interactions with Grb2pBsingly, as a full length Grb2,
nSH3 and cSH3 have much higher affinities for thasecated SOS1 peptides than the
isolated nSH3/cSH3. Besides, S1*, S2*, S3*, S4t &b are either nSH3- or cSH3-
favored binding motifs. However, none of these fpeptides shows the expected
primary and secondary bindings for the nSH3/cSH&df2. Instead, both nSH3 and
cSH3 domains of Grb2 always show strong bindingsStt*, S2*, S3*, S4*, and S5
with the same magnitude &fp values. However, it remains puzzling that Grb2
nSH3/cSH3 binding to the one-site SOS1 peptidewsismmilar high affinities.

The phosphorylated EGFR segment, EpYINQSV, hastdunieffects on Grb2
binding to the one-site SOS1 peptides. The compleXINQSV-Grb2 association
with S1*, S2* S3* S4* and S5 shows affinitiesatrare similar to Grb2 binding to
these SOS1 one-site peptides. The differencedimtgfre within the calculated error;
the differences of CSPs and the deviation of sigmahsity ratios are mostly small.
Noticeably, some particular residues on the bindungace such as Lys10 and Aspl15
perform higher intensity ratio in the presence @YENQSV, and the change of
intensity ratios are inversely proportional to Kevalues.

Grb2 binding to the two-site SOS1 peptides S12, @8 S45 indicates distinct
complex conformations and induces larger CSPsliivating to the one-site peptides.
Grb2 binds to S12 through the association of nSR23+& cSH3-S1 even though the

isolated nSH3-S1 binding is stronger than the iedlaSH3-S1. The actual binding
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modes of Grb2-SOS1 complex are based on the pairafnities of isolated
NSH3/cSH3 with SOS1 peptides. Grb2 binds to S23Sdthrough nSH3-S2/cSH3-
S3 and nSH3-S4/cSH3-S5, respectively. Noticeablythie Grb2—-S23 complex, the
CSPs of cSH3-S3 are much larger than the CSPs l#8-€5%3* of the Grb2-S3*
complex. This suggests that nSH3 binding to S2ifaigs the recruitment of cSH3 for
S3 even though cSH3 does not favor the nSH3 binditg The simultaneous
NSH3/cSH3 bindings lead to the strong associatimh show the highly decreased
signal intensities of nSH3 and cSH3 domains. listargly, signal intensity of SH2
domain is also decreased while SH2 is not involwetSH3/cSH3 bindings. The two-
site SOS1 peptides binding to nSH3/cSH3 may prowddeindirect link between
NSH3/cSH3 and SH2 domain.

EpYINQSV-Grb2 binding to S12, S23, and S45 follo®e same complex
conformation of Grb2 interacting with these twaesg80S1 peptides. However, the
affinity of Grb2-S12/S23/S45 may be affected by BYJSV. Since Glul6é and
Glul74 dominate the nSH3 and cSH3 bindings respytibinding of EpYINQSV
results in the increased signal intensity ratioshesSe two critical residues in Grb2—
S12 and Grb2-S23. By contrast, for EpYINQSV-Grb%;%3lul6 and Glul74 show
slightly decreased signal intensity ratios. Thiggasts that EpYINQSV binding to SH2
domain is not independent of the simultaneous hg®liof NSH3/cSH3 and may
facilitate the specific two-site peptide such a8.54

Taken together, we investigated the interactiofulbtength Grb2 with the selected
SOS1 one-site peptides S1*, S2*, S3*, S4*, S5, thiedtwo-site peptides S12, S23,

and S45. Even though previous data suggested 88 favors S1*, S2*, S3*, S4*,
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and cSH3 prefers S5*%, the full length Grb2 assougtwith these one-site peptides
does not perform the anticipated primary and seagndindings for the nSH3 and
cSH3. Instead, the affinities of nSH3/cSH3 bindingeach of the one-site peptides
have the same magnitude kK$ values, and both nSH3 and cSH3 domains of Grb2
perform much stronger binding for the one-site [igstthan the isolated nSH3/cSHS3.
Moreover, Grb2 binding to the two-site peptides ,S$23, S45 follows pairwise
association of nSH3-S2/cSH3-S1, nSH3-S2/cSH3-S4d, rH3-S4/cSH3-S5
respectively. Even though S23 lacks any cSH3 bmdites, cSH3-S3 interaction
could be largely strengthened by the nSH3-S2 astsaci Lastly, the phosphorylated
EGFR segment, EpYINQSYV has little influences on dffenities and CSPs of Grb2
binding to the SOS1 one-site peptide but may stheEmgassociation of Grb2 with the
particular two-site peptide S45.

To conclude, strong association of Grb2-SOS1 irettty MAPK signaling will be
subsequently inhibited by the ERK1/2 and RSK2 imduserine phosphorylation on
SOS1 PR domain. Grb2 released from SOS1 capabiyiteGabl/2, forming SOS1-
Grb2—-Gab1/2. Our findings suggest the high coopatnatof nSH3/cSH3 bindings
may strengthen the complex of SOS1-Grb2-Gabl/2gefiag the individual
NSH3/cSH3 could be more difficult than that usingwa-site peptide inhibitor
simultaneously blocks nSH3 and cSH3. In the sub=@gMAPK signaling, while S1,
S2, and S3 are probably blocked, S4 and S5 remmaltenmed and vacant. Grb2—-S45
becomes the most probable binding mode of Grb2—-S08plex. Our results suggest
the peptide inhibitor that prevents Grb2—-S45 irdoa could be a potential clinical

therapy in the subsequent MAPK signaling phase.
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4.4 Material and Methods

4.4.1 Protein expression and purification

The plasmid of wild type human Grb2, the synthesEZ&FR peptide EpYINQSV,
and the synthesized SOS1 peptides S1*, S2*, S3*, &8, S12, S23, and S45 were
purchased from Biomatik Cooperation. The Grb2 pldssiencoded by the His6-tag
and transferred into the BL21 competent E. coliscélhe cells were grown in M9
media and induced with 1 mM IPTG at 16 °C overnigihe cells were then collected
and disrupted by sonication in 20 mM N#&u/NaHPQy, 50 mM NaCl, pH 7.4, NaN
0.02%, and 10 mM imidazole. The cell debris wasaesd by the ultracentrifuge, and
the supernatant was collected and purified by NANhromatography, followed by
the elution of 20 mM NakPQ/NaHPQs, 50 mM NaCl, pH 7.4, NaiN0.02%, and 200
mM imidazole. The preliminary purified proteins webuffer exchanged to 20 mM
NaHPQW/NaHPQi, 50 mM NaCl, pH 7.4, NaiNJ.02%, and 5 mM DTT, followed by

the size exclusion chromatography.

4.4.2 NMR spectroscopy
NMR experiments were performed at 298 K on Brukemarce Il 600 MHz
spectrometer equipped with a cryoprobe. All samplese prepared in 20 mM
NaH.PQi/NaHPQy, 50 mM NacCl, 10% BO, and 0.02% NaiNat pH 7.4. The initial
protein concentrations dPN-labeled Grb2 were 80, 66, 66, 67, 67 60, 60, B0in
association with S1*, S2*, S3*, S4*, S5, S12, S&3] S45, respectively. Samples for
Grb2-S12 were added 3 mM TCEP, and others incl&ded DTT. EpYINQSV-

Grb2 complex was formed by adding the unlabeled IS®SV to the!®N-labeled
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Grb2 with 1:1 stoichiometry. The initial concentogis of EpYINQSV-Grb2 complex
were 92, 75, 75, 75, 75, 60, 60, @@ for binding to S1*, S2*, S3*, S4*, S5, S12, S23,
and S45. Samples for EpYINQSV-Grb2-S1*/S2*/S3*/&%/and EpYINQSV-
Grb2-S12/S23/S45 were added 3 mM TCEP and 5 mM BESpectively. The
concentrations of all SOS1 peptides were prepa@efbltls the corresponding initial
concentration of Grb2 and EpYINQSV-Grb2 complexe Bignals were assigned by
the reported spectra of Grb2 (Figure C5) [76]. Titration was proceeded by adding
the unlabeled SOS1 peptides to tiN-labeled proteins and monitored fig-°N
SOFAST-HMQC spectra at each titration point (FigG8 C4, and C5). The titrations
ended when the molar ratio of peptide and proteaches to 2. NMR data were
processed using TopSpin3.6 and analyzed with SppfK}. The chemical shift

perturbations (CSPs) for each residues were cadulibs follows:

4

, Wwhere B(H and BAN correspond to chemical shift difference for 1HdabbN
resonances.

The dissociation constaiip was calculated by fitting the CSP values of titnat
points. The titration data were analyzed usingnioelel assuming that the two nSH3
and cSH3 domains of Grb2 have independent nonikguih affinities for binding to
the SOS1 peptides S1* S2* S3* S4* and S5. Themgtides were partitioned
between nSH3 and cSH3 at each titration pointsrdoug to the individual affinity.
Our two-site binding model illustrate the direabdbing on the first binding site, which
reflects the indirect binding on the second bindsitg. For example, the program fits

the CSP of nSH3 and yields the values for both nSH3 and cSH3 domains. The
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putative Kp for cSH3 are not subjected to any specific cSH3drees but merely
reflected the indirect binding by nSH3. Similartiie fits of cSH3 also perform the
putativeKp for nSH3. The model was discussed in our prevpudication [78], and
the analysis was performed using our in-house MafeogramKp_fit_2s [78].
Residues with maxim@&C> 0.03 ppm were selected to fit, and the fitteres with
G > 0.05 were ignored. The individulib values and the fitted titration curves were
shown in the supplementary (Table C3 to C6 andreEig6 to C15). The reportéh
were determined by averaging the individial values, and the reported error was
calculated as the standard deviation of the indai&p values for the same residues.
Signal intensity ratios were calculated by usimgitidividual residue intensity in the
titration endpoint over the corresponding residuensity in the free Grb2. If multiple
signals overlapped in the spectra of titration emalp the superimposed signals would
be ignored. Signal intensity ratio of each residbewn in the supplementary (Table

C7 to C23).

4.4.3 TransverséN spin-relaxation measurement
15N Carr—Purcell-Meiboom-Gill (CPMG) experiment wasfprmed to determine
the transverse gJ relaxation of Grb2 and EpYINQSV-Grb2 complex witho
relaxation delays 8 and 56 ms. The standard pelgeesice was described previously
[79]. The concentrations 8fN-labeled Grb2 and EpYINQSV-Grb2 were 96 and 121

M. T2 was calculated by the following equation:

56

“H—
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, WhereBPis the difference of the two relaxation delays 8, and 14 represents to
the ratio of signal intensity between the two dslalhe intensity data were obtained
by Sparky [77]. The Tvalues and the intensity ratios of each residgesaown in

Figure C1, Table C2, and Table C15.

4.4.4 Computational modeling of EGFR—-Grb2—-SOS1 dernp

To construct the EGFR-Grb2-SOS1 complex, Grb2 wiacted from the dimeric
Grb2 structure (PDB: 1GRI) [21]. The EGFR segmepY NQSYV was modeled by
the using the peptide KPFpYVNVEF, which also camsaihe SH2 binding pYxNXx
motif and forms the complex with SH2 domain (PDBBMB) [23]. The
KPFpYVNVEF was sequentially replaced its residues EpYINQSV, and the
additional N-terminal residues lysine and prolinerevremoved. The structure of full
length SOS1 PR domain is unavailable. The mere MR tural data of SOS1 peptide
is VPPPVPPRRR, which associates with nSH3 (PDB: HA[B6]. By contrast, the
structure of cSH3-SOS1 complex is also unavailab& used the backbone
conformation of the Gab2 peptide APPPRPPKP, whocm$ the cSH3—-Gab2 complex
(PDB: 2WO0Z) [30]. Peptides VPPPVPPRRRP and APPPHPR¥ere used to
construct S12, S23, and S45. The side chain resicheee mutated accordingly for
these three two-site peptides. The linkers betwithemSH3 and cSH3 binding sites

were constructed by the CHARMM program [48] and eled by Modeller [46].
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Chapter 5: Allosteric KRas4B can modulate SOS1 dast slow
Ras activation cycle

Chapter 5 was adapted from: TJ. Liao, H. JBngrushman, R. Nussinogdlosteric
KRas4B can modulate SOS1 fast and slow activaticles Biophysical Journal, 2018,

115 (4), 629-641.

5.1 Introduction to chapter 5

Small GTPase Ras proteins anchor to the plasemabrane through their C-terminal

hypervariable regions (HVRs) [4]. Active GTP-boumhs binds and activates
downstream effectors, such as Raf kinase, phospfiavsitide 3-kinase (PI3K),
NORE1A (RASSF5) [39] and Ral guanine nucleotidesaltsation stimulator
(RalGDS). Among the three, HRas, NRas, and KRafnsis, KRas is the most
frequently mutated irRASdriven cancers [80, 81]. Wild type KRas gene has t
splicing protein isoform products, KRas4A and KR&sthus, mutations in KRas will
be observed in both KRas4A and KRas4B. Mutant KBas4the most abundant in
RASdriven cancers. KRas isoforms have 98% sequersetiig at the G-domain
(residue 1-166) but differ in their C-terminal hypa&riable region (HVR) (residue 167-
189). The HVRs of both KRas4A and KRas4B are higiagitively charged and avidly
interact with the anionic membranel 5 A(
KRas4A’s. KRas4A has two states: in state 1 the H3/&ly farnesylated, but in state
2 itis also palmitoylated. The KRas4B HVR is ofdynesylated. Anchored, prenylated
HVR mediates assembly of active Ras moleculesnatmclusters [82, 83], promoting
signaling through the mitogen-activated proteinakm (MAPK, Raf/MEK/ERK)
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pathway, leading to cell proliferation [9, 10]. Sohsevenless 1 (SOS1) is a guanine
nucleotide exchange factor (GEF) that specificaliiivates Ras proteins by exchange
of GDP to GTP [6, 7]. SOSL1 is a large multidomaiotein with atomic mass of ~153
kDa [84, 85]. It consists of the membrane interagti-terminal and Ras activating C-
terminal regions. The N-terminal region containstdme-like fold (HF, residues 1—
198), Dbl-homology (DH, residues 200—390), and kd&mn-homology (PH, residues
444-548) domains. The C-terminal catalytic regisrcomposed of Ras exchanger
motif (REM, residues 567—-741) and CDC25 (residu&3-1019) domains, followed
by a C-terminal SH3 binding motif tail (residues2081333). The N-terminal
regulatory domains act in SOS1 recruitment to t#asmpa membrane [86], which is
mediated by an EGFR phosphorylated tyrosine m8ii.[The C-terminal catalytic
region contains two Ras binding sites, one locatethe REM and the other at the
CDC25 domain, corresponding to the allosteric aathlgtic Ras binding sites,
respectively (Fig. 5-1).

The solved Ras-SOS1-Ras ternary complex [8Bre8@aled that the Switch |
(residues 30-38) and Il (residues 60-76) regiortketwo Ras proteins are involved
in both allosteric and catalytic sites SOS1 bindiBgsed on the ternary complex, the
mechanism of Ras activation postulated that Radignto the REM allosteric site is
crucial for activating GDP-bound Ras at the CDC2%alytic site (hereafter, Ras
interacting with SOS at the allosteric and catalgites refers to as allosteric and
catalytic Ras, respectively). GTP-bound Ras attlusteric site is known to facilitate
GDP Q GTP exchange at the catalytic site [90-92]. THes&tric Ras-GTP elicits

conformational changes of the tandem REM-CDC25 dasnaf SOS1, leading to
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displacement of the helix-hairpin motif formed by¥-LA-LB- G at the CDC25
catalytic site [89, 93, 94] (domain structures shawFig. 5-1). The large movement
of the helix-hairpin motif causes thé helix to sterically interfere in the Switch |
region of Ras-GDP at the CDC25 catalytic site, sxppthe nucleotide-binding site of
Ras. The Switch | open conformation of Ras-GDPlifates GDP’s exit from the
nucleotide-binding site, thus permitting loadingasplic GTP. The crystal structures
of the ternary complex depict nucleotide-free Ragha CDC25 catalytic site with
widely opened Switch I, implicating a snapshot confation caught in the midst of an
exchange event. Fully active SOS1 promotes hetecteatide exchanges rather than
homo-nucleotide exchanges [92, 95] because thesaytocellular concentration of
GTP is ten times higher than GDP [96]. Upon excledmg GTP, Switch | shifts to the
closed state, completing Ras activation. The weatkanteraction with SOS of the
activated Ras, culminates in Ras release. Thus|ezated Ras activation requires Ras-
GTP at the allosteric SOS1 site. This is a fasvatibn cycle via a positive feedback
loop [91, 92].

SOS1 was crystallized in complex with HRas [, Structural data relating to the
highly oncogenic KRas are currently unavailablel datails of SOS1 conformational
changes in KRas activation are missing. Here, wdiatl the wild type KRas4B
interacting with SOS1. Since the HVR is long, dised, and not involved in the Ras-
SOS interactions, it is not considered in our w@liace the G-domains of the KRas
isoforms are almost identical, our observationslma@applicable to both KRas4A and
KRas4B. Using all-atom molecular dynamics (MD) slations, we examine the

mechanism of KRas4B activation to clarify how testeric site in the REM domain
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selectively accommodates GDP- and GTP-bound KRaddB. comprehensive
analysis, we constructed SOS1 systems with confoomal ensembles representing
the sequence of steps in Ras activation cyclesnVéstigated SOS1 systems including
the SOS1-KRas4B dimers and the KRas4B-SOS1-KRase#fary complexes
modeled with GDP- and GTP-bound, and nucleotide-fr€Ras4B. Using
complementary techniques of conformational analysee energy calculations, and
allosteric pathway elucidation, we show that abostKRas4B-GTP supports the fast
cycle with positive feedback activation of SOS1, iskh mediates accelerated
activation. By contrast, allosteric KRas4B-GDP imge SOS1 in Ras activation, and
regulates a limited, slow activation cycle. The &dund Ras at the REM allosteric
site promotes allosteric signals, which propaghteugh the REM-CDC25 tandem
domains, shifting the SOS1 landscape, with theltieaguconformational changes
stimulating KRas4B activation. Clarifying how theREs4B-SOS—-KRas4B ternary
complex influences SOS1 catalytic action may hedpetbpment of small molecule

drugs to inhibit allosteric activation [14, 88, 200].
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Structure of C-terminal catalytic region of SOS1
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Figure 5-1. SOS1 sequence and structure. (A) The amino-acjdesee of the C-
terminal catalytic region of SOS1. In the sequenwglrophobic, polar/glycine,
positively charged, and negatively charged residue£olored black, green, blue, and
red, respectively. The cyan and blue underlinekligigt the REM (residues 567—-741)
and CDC25 (residues 780-1019) domains of SOS1A (&)stal structure of the C-
terminal catalytic region of SOS1 (PDB code: 4NYlhe REM and CDC25 domains

are colored cyan and blue, respectively.
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5.2 Results

5.2.1 The C-terminal catalytic region of SOS1 ekhibonformational changes upon
binding to KRas4B
To decipher how SOS1 conformations with differeasfinding modes delineate
the activation cycle, we performed all-atom MD slations on SOS1 N-terminal
truncated, C-terminal catalytic region (hereaftderred to as SOS1) in complex with
KRas4B in solution. The simulations were perforni@dSOS1 systems including a
Ras-free apo-SOS1 monomer, four KRas4B-SOS1 diredsseven KRas4B—-SOS1—-
KRas4B ternary complexes. To abbreviate the systations throughout the text, we
introduce two superscripted letters on SOS1. Fstiairce, SOS?P denotes GTP- and
GDP-bound KRas4B interacting with SOS1 at the REbsteric and CDC25 catalytic
sites, respectively. Here, “T” and “D” denote GTiRI&DP, with the former and latter
superscripts corresponding to Ras interacting sitd3EM and CDC25, respectively.
Thus, for an apo-SOS1 monomer, we have $6)3mere “0” denotes Ras-free. For
the dimeric systems, we have SB$B50S1° SOS?P, and SOSY. For the ternary
systems, we have SO%1 SOSPT, SOSIP, and SOSH. To express ternary systems
in the exchange event, we introduce S&®51SOSIR, and SOST", where “R”
denotes nucleotide-free Ras, and “*” highlights Réth Switch | open conformation
as in the crystal structure. A total of twelve SG$4tems were constructed (Fig. D1).
During the simulations, we observed that SOS1 etehgignificant conformational
adjustments, especially for the REM domain, depssndn the KRas4B binding modes
with respect to both allosteric and catalytic s(féig. D2). The inter-domain interface

between REM and CDC25 can be divided into two megjigegion 1 is formed by
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2/ G andL2/LB interfaces, and region 2 is formed by tf¢ A interface (Fig. 5-1).
Hydrophobic contacts drive the tandem domain-dorma@araction in region 1 and salt
bridge/hydrogen-bond (H-bond)/polar interactiongagion 2 (Table D1). All SOS1
systems yield generally similar hydrophobic intéragresidue pairs at the interdomain
interface (Fig. 5-2A), whereas the residue pairsthed salt bridge/H-bond/polar
interactions vary (Fig. 5-2B), indicating that alleric KRas4B binding mostly affects
region 2 rather than region 1 of the interface.

SOS1 function relies on REM dynamic motion thag¢etff§ the stability of the CDC25
helix-hairpin motif [93, 101]. To observe the REMowement, we superimposed the
average structure of CDC25 of apo-SOS1 (Fig. D8)mnjected the protein backbone
trace onto the two-dimensional XY plane (Fig. 5-3A)compare the entire SOS1
conformations. In the absence of REM-bound allosté&Ras4B, SOS1 barely
activates the catalytic KRas4B at CDC25. SOS1 acomditional ensembles for this rare
activation cycle follows SO$4Q SOS?° Q SOS?". For SOS% and SOSY, the
center of mass (COM) of REM is projected verticdiglow the reference position of
Leu-670 (top row of Fig. 5-3A and Fig. D3), which opposite to SOS1 systems
containing allosteric KRas4B. While the REM struetin SOSSP deviates from that
in SOS?°, SOS?T presents tandem domain conformations as in $0%he SOS1
system with catalytic KRas4B-GDP represents a gondition in the beginning of the
nucleotide exchange, and with catalytic KRas4B-@&TiRplicates the completion of
nucleotide exchange. The exit of GTP-bound Ras fitmercatalytic site indicates that
SOS1 conformation with catalytic Ras-GTP can belamo that with Ras-free at the

catalytic site. For SOS1 systems with allostericak#B-GDP, the COM of REM is
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projected slightly above the reference position tuBREM dynamic motion (middle
row of Fig. 5-3A and Fig. D3). However, in the pase of allosteric KRas4B-GTP,
with large conformational changes in SOS1, REM'S\CIG projected high above the
reference position (bottom row of Fig. 5-3A and.A@). The allosteric KRas4B-GDP
induces insufficient conformational change in S@&inodulate the catalytic CDC25
conformation. In this case, SOS1 delays KRas4Bratobin in the limited activation
cycle through SOS? Q SOSPP Q SOSP". In contrast, with allosteric KRas4B-
GTP, the catalytic activity of SOS1 is enhanceddieg to an accelerated activation
cycle through SOS2Q SOSIP Q SOST'. In SOSTC, the allosteric KRas4B-GTP
induces large conformational change in the REM-CBb&hdem domains, enabling
the CDC25 catalytic site to recruit KRas4B-GDP. Tieleotide exchange begins in
SOS1TP, and conversion of the catalytic Ras to the GTRabostate is completed in
SOST'™. SOS1 conformation in SO81resembles the conformation in SA%1
indicating that the backward conformation chang8@61 facilitates GTP-bound Ras
exit from the catalytic site. With allosteric KR&&GDP, SOS1 increases the
hydrophilic interaction at the tandem domains ifsies preventing the dynamic motion
of REM, while SOS1 decreases the hydrophilic irdoa at the interface with the
allosteric KRas4B-GTP allowing the movement of REMg. 5-2B). To measure
guantitatively the conformational change in thedim domains, we projected the
protein backbone trace onto the YZ plane (middtkraght panels of Fig. 5-3B). In the
projection, the relative orientation of both Rastpms due to the movement of REM
is clearly visible. For SO$? and SOSA"T with allosteric KRas4B-GDP, the

interaction between REM and CDC25 is relativelyosgier (Fig. D4), and the
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orientation angle between the two Ras proteins elatively smaller than the
corresponding systems of SO81and SOSHT with allosteric KRas4B-GTP. The
strong domain-domain interaction between REM andC€® may impede SOS1’s

catalytic activity.

Switch | region
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Switch | region

Figure 5-2. The interacting residue pairs with high occurrerete (>50%) for the

SOSL1 interaction with KRas4B at (A) the allostend (B) catalytic sites. The sticks
with labels highlight the interacting residues. Timéermolecular residue-residue
interactions include the hydrophobic, salt bridgeqond, and polar interactions. Table

S2 summarizes a list of the residue pairs in ttermmolecular interaction.
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Figure 5-3 (A) The projection of protein backbone trace ontatte-dimensional XY

plane for average structures of different SOSlesyst In each panel, the purple dots
from left-hand side correspond to the projectedtjpos of the center of mass for the
residue Leu-670, REM, and CDC25, respectively. 2DS1 systems were oriented

with respect to CDC25 of SO%®1as a reference with Y = 0 for all dots. The arrows
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indicate directions of the relative movement of¢kater of mass along the Y axis. The
solid and dotted arrows denote large and small mewts. B) The rotation of the
projected protein backbone trace into the YZ plan¢he SOS1 systems on the limited
(SOSPP Q SOSPT) and accelerated (SO®1Q SOSTT) activation cycles. In the
trace, the REM and CDC25 domains are colored cymhldue, respectively, and

KRas4B is colored red.

5.2.2 Competing interactions of KRas4B at the SGiIfding sites

KRas4B mainly involves its Switch | and Il regs in the interaction with SOS1.
The SOS1-KRas4B interacting residue pairs depertdeol{Ras4B states at the SOS1
binding sites (Table D2). More Switch | and Il regs residues of the allosteric
KRas4B interact with SOS1 compared to catalytic 88a(Fig. D5). To quantify their
contributions to the interaction, we calculatedlivaling free energies of the complex
using molecular mechanics combined with the gerze@lBorn and surface area
continuum solvation (MMGBSA). The generally lowending free energy values
indicate that the allosteric KRas4B binds SOS1 msirengly than the catalytic
KRas4B (Fig. 5-4). The relative changes in the ingdree energy among different
SOS1 systems suggest that allosteric KRas4B engdaegnition of other Ras binding
at the catalytic site. At the catalytic site, KRBSEGDP with low values of the binding
free energy interacts with SOS1 more strongly tkRas4B-GTP, reflecting the status
of the SOS1 conformations before and after theauiitle exchange. For example, in
SOSITP the strong interaction of the catalytic KRas4B-Gl@Rh SOS1 promotes
nucleotide exchange, while in SOS$1he weak and unstable interactions of catalytic

KRas4B-GTP with SOS1 cause the catalytic Ras teleased. The relative changes
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in the binding free energies for catalytic KRas4Boag the different possible
activation cycles also suggest an allosteric comoation between the two Ras
binding sites. When SOSL1 is recruited to the PM, dhosteric site provides higher
binding affinity for KRas4B than the catalytic sitaiggesting that KRas4B first binds
to the allosteric site. At the allosteric site, KRB-GTP with high binding affinity
easily competes with KRas4B-GDP as observed ibitiging free energies for SO81
and SOSH. When SOSL first recruits allosteric KRas4B-G Tenters the accelerated
activation cycle with a positive feedback loop [92]. However, in the case of SOS1
with allosteric KRas4B-GDP, the induced catalyti@8l conformation prevents exact
alignments of Switch | and Il of KRas4B in the iratetion. As a result, the increasing
binding strength at both binding sites due to imeatents of other KRas4B regions

retard the SOS1 system activation cycle.
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Figure 5-4. The binding free energy of KRas4B interactinghw80S1 at theA)
allosteric and B) catalytic sites. The binding free energy was ulaked using the
equation,7 7 (g 7 . ! < .The MMGBSA method was used to calculate
the gas and solvation contributions, and the gqaasibnic mode analysis was used to
calculate the entropic contribution. The mean ardlian values are denoted by red

square and red horizontal line, respectively. Tloe boxes represent the quartiles, and
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the vertical dashed lines are determined by the &&8tidence intervals. This binding

free energy does not reflect the real values ob&fbee energy.

5.2.3 Conformational changes of KRas4B at the S€lytic site during activation

During the nucleotide exchange, catalytic KHBasdramatically changes its
conformation as the exchange event progressesfleetrthe conformational change
of the catalytic KRas4B during the exchange, wéneef the SOS1 systems in the
accelerated activation cycle including the exchaagent, SOS? Q SOSIP Q
SOSTP" Q SOSIR Q SOSTI™ Q SOSTI'. At the beginning of the nucleotide
exchange, SOS1 begins to pull the Switch | loopth&f catalytic KRas4B-GDP
(SOSTP), exposing the nucleotide binding pocket of KRas3BP with the Switch |
in an open conformation (SO®1). GDP now escapes, and the catalytic Ras becomes
nucleotide-free (SOS®). GTP fills in the void in the binding pocket, atik catalytic
Ras turns into a GTP-bound Ras with the Switchariropen conformation (SOS1).
Finally, the catalytic Ras closes the Switch | l@oyl prepares to leave SOS1 catalytic
site (SOS1"). To grade the conformational ensembles of catal§fRas4B during the
nucleotide exchange, we calculated the binding éreergy of the catalytic K-Ras4B
with SOS1 (Fig. 5-5A, left panel). We observed ttathlytic KRas4B with the Switch
| open conformation (SO$H’, SOSIR, and SOST) binds SOS1 more strongly than
with the Switch | closed conformation (SO8k&nd SOST). At the catalytic site, the
nucleotide-free Ras has a high binding affinityhmhe dissociation constarip,
thousand times smaller than the nucleotide-loadad B9, 92, 102]. In contrast,
catalytic KRas4B with the Switch I in the closechfarmation binds the nucleotides,

GDP and GTP, more strongly than with the Switclpém conformation. Nucleotide
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binding to catalytic KRas4B is strongly correlatedhe catalytic KRas4B binding to
SOS1 with a correlation coefficient of= -0.98 (Fig. 5-5A, right panel), suggesting
that the increasing binding strength of K-Ras4B@S1 compensates for the decrease
in nucleotide interaction with the Ras catalytite sStrong binding of GTP to Ras at
the catalytic site suggests that GTP easily conspstdh GDP when the Ras catalytic
site is exposed. To activate Ras, SOS1 usef& ikelix to intrude into the Switch I loop
of KRas4B-GDP generating the open conformation.(bi§B). For KRas4B in the
Switch | closed state (SO®1land SOST), relatively large fluctuations in the Switch
Il region can be observed (Fig. D6). However, f&d§4B in the Switch | open state,
the fluctuations in the Switch Il region disappead instead large fluctuations in the
G2 region (residues 26—37) containing Switch | barobserved (SO$1, SOSIR,
and SOSI™). Essentially, the Switch Il of K-Ras4B acts gsivwt when SOS1 opens
Switch 1[89, 91, 102, 103]; however, for KRas4Btie nucleotide-free state (SOS),
the fluctuations in the G4 region (residues 117}1#6 due to the lack of stability

which is established by the guanine group of theeutide.
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Figure 5-5.(A) The binding free energy of catalytic KRas4B & 80S1 catalytic site
during the nucleotide exchange for the system$iemtcelerated activation cycle (left
panel). The correlation of the binding free endrgiiveen the catalytic KRas4B—SOS1
and KRas4B-nucleotide interactions (right pandé).Average structures of catalytic
KRas4B with the CDC25 helix-hairpin motif depictimgervention of the motif in the
Switch | region during the exchange event for tii&S$ systems on the accelerated

activation cycle.
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Figure 5-6. Allosteric pathways (yellow lines) between théosteric and catalytic
KRas4B propagating through the REM-CDC25 tandemaionstfor the SOS1 systems
on the p) accelerated (SO$1 Q SOSI™) and B) limited (SOSPP Q SOSPT)
activation cycles. In tube representation of SGB8&,REM and CDC25 domains are
colored cyan and blue, respectively. For K-Ras4t® GTP- and GDP-bound are
colored green and pink, respectively. The blue beadthe pathways represent high

occurrence residues (> 50%) in the pathway caliculat

5.2.4 Allosteric signaling from KRas4B at the allric site to that at catalytic site in

SOS1 activation
We hypothesized that KRas4B binding to the stédloc site may affect the
conformation of the catalytic site allostericallyomoting the activation of SOS1. To
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test this hypothesis, a dynamical network analys®ss conducted using the
NetworkView plugin in VMD. The dynamical network agsis can identify signal
propagation pathways through the protein by catmgahe weighted implementation
of suboptimal paths (WISPs) [104]. We calculatedimnber of optimal and suboptimal
pathways between two selected residues on KRas#Babthe allosteric site and the
other at the catalytic site (Table D3), to obtdie best pathways through the REM-
CDC25 tandem domains of SOS1. The allosteric ssggadse from Switch | and Il of
allosteric KRas4B, propagate through the SOS1 dasnand terminate at Switch | and
Il of the catalytic KRas4B. The Switch | and Il regs are involved in the binding
interface when KRas4B interacts with SOS1. Foraiteelerated activation cycle (Fig.
5-6A), the allosteric signals mostly propagate tigto the REM domain (vial, 2,
andLl). In CDC25, the most frequently occurring resgl(ilEhr-940, Ser-959, and Lys-
960) are in the helix-hairpin motif formed byF-LA-LB- G at the catalytic site.
Allosteric dislocation of the helix-hairpin motiésults in the F helix pushing against
the Switch | region of the catalytic KRas4B, inchgithe open conformation. For the
limited activation cycle (Fig. 4-6B), although S(81shows allosteric signals
transmitting through the REM domain to the helixrpim motif, SOSPT shows
allosteric signals passing through thi2 and E regions of CDC25, which are far from

the helix-hairpin motif at the catalytic site.
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Figure 5-7. (A) The KRas4B activation cycles by SOS1. Theatbtines denote the
rare activation cycle, SO1Q SOS?", in the absence of allosteric Ras. The thin
solid lines represent the limited activation, S&/3Q SOSPP Q SOSP'. The thick
solid lines denote the accelerated activation ¢y@@SI°Q SOSIP Q SOSIT, with
high level of Ras activationBf A schematic diagram illustrates SOS1 activityhat
plasma membrane. SOS1 activates KRas4B, and abtivas4B leads to cell
proliferation regulating through the MAPK pathway.
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5.3 Discussion

Here, we aimed to decipher the structural cexipl of KRas4B activation by
SOS1. To efficiently activate KRas4B at the CDCatalbytic site, the allosteric site in
the REM domain needs to recruit an active KRas4B ®2, 105]. Our simulations
illustrate that KRas4B-GTP binding to the REM aléo& site induces movement of
the REM domain, translocating the CDC25 helix-hairpotif (Fig. 5-3), which causes
displacement of the Switch | region of KRas4B-GDQRh& catalytic site, yielding a
Switch | open state [89, 93, 94]. Allosteric patlyvemalyses show that at the allosteric
site, KRas4B-GTP generates signals propagating¢fr&OS1's residues in the helix-
hairpin motif (Fig. 5-6). These allosteric signtigger large conformational changes
in the tandem domains which accelerate SOS1 aictivatvith positive feedback
through binding cycles of the allosteric active RBgy. 5-7A). By contrast, in the
limited activation cycle, the allosteric KRas4B-GDB&es not induce proper allosteric
signals, impeding SOS1 activation of KRas4B. Theding free energies of the
allosteric GDP- and GTP-bound KRas4B are relatigatyilar. However, the binding
free energies of the catalytic KRas4B vary basedhentypes of nucleotide and the
allosteric effects. Due to the allosteric signtig, catalytic KRas4B-GTP becomes less
stable when the allosteric KRas4B is free, GDP-lpamd GTP-bound. For all three
different activation cycles, the catalytic KRas4B¥&is more stable than the catalytic
KRas4B-GTP. The relative change in the binding &eergy of the catalytic KRas4B
between SOSPQ SOSITis the largest, followed by SOFIQ SOSPT and SOS%®

Q SOs?T.
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Our simulations elucidate the mechanism of KBasctivation by SOS1 in
structural detail. They indicate that KRas4B intésavith the REM allosteric site more
strongly than with the CDC25 catalytic site, sudigpes that SOS1 first recruits
allosteric Ras then the catalytic Ras. The bindiiag energy confirms that apo-SOS1
first loads an active KRas4B-GTP at the allosteite which primes SOS1 for an
inactive KRas4B-GDP at the catalytic site (Fig.)5#he interaction of KRas4B-GTP
with SOS1 at the allosteric site induces a localfaonation change at the catalytic
site, facilitating the accommodation of the inaetiRas. The conformational change
further involves opening of the nucleotide-bindsitg of GDP-bound Ras. During this
feedback process, the interaction between SOStharwhtalytic Ras gets tighter, while
the interaction between Ras and the nucleotidevgesker (Fig. 5-5). The nucleotide-
free Ras shows the strongest binding strength &@%1 catalytic site, indicating a
widely opened conformation of the nucleotide-bimdisite. GTP binds Ras more
strongly than GDP, and thus is easily loaded tonihhgeotide-free Ras. GTP-loaded
Ras closes its nucleotide-binding site, becomirggattive form. SOS1 releases the
active Ras-GTP due to weak interaction at the giatasite, resetting for the next
activation cycle.

The CDC25 domain is found in the family of GEFs Ruas-like small GTPases.
Proteins containing this domain include Kndcl, R285 RapGEF1-6, and SOS1-2,
which have both REM and CDC25 domains. Our workictvshows how multiple Ras
GTPases communicate with each other via formingraptex with GEF's tandem
domain, can be applied to most Ras-like small G&Rageracting with GEF. For

example, the basic subunits of GEF for the Rho lfaprbteins (RhoGEF) are DH and
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PH domains: the DH domain catalyzes Rho, Rac, atelZ by exchanging GDP to
GTP, and the PH domain mainly interacts with plasmembrane. However, one of the
RhoGEF members, Dbs protein, forms a dimer thratsgdbH-PH interface [106]. Two
catalytic Cdc42 may also transmit allosteric signaa a Dbs dimer. Consequently, the
PH domain participates in the DH-Cdc42 associagioth may induce conformational
changes, promoting the nucleotide exchanges. Exrrgh there is no allosteric Cdc42
binding to Dbs, this is a similar case, but mormptex than our model, where the PH
domain may play a role similar to the REM domaiiResGEF.

Oncogenic KRas4B mutants in the GTP-bound {teRas4B"“GTP) present a
conformation with tightly closed Switch I and Iigiens, while the GDP-bound mutants
have large fluctuations in both Switch regions,vging more widely open nucleotide-
binding site than wild-type KRas4B-GDP [107, 108]ith distinct Switch | and I
conformations, mutant KRas4B interacting with S@8&a shift the equilibrium of Ras
activation. Because oncogenic KRas4B mutants bt hydrolysis by GTPase-
activating protein (GAP), there is a large popuoiatof active KRas4B'“GTP. The
highly populated, active KRas4B mutant can occupy aéllosteric site of SOS1,
sending the activation signal to the catalytic.s#®S1 catalytic site does not favor the
tightly closed Switch | and Il conformation of a@iKRas4B"“'-GTP. Instead, inactive
KRas4B"'“GDP conformers with pre-opened Switch | and IIfoomation can easily
select and associate with the SOS1 catalytic Blteant KRas4B highly accelerates
the action of SOS1 in Ras activation cycle, whilBRGhydrolysis by GAP to produce
the inactive GDP-bound form is abolished or extrignstow. The imbalanced Ras

activation/deactivation cycle due to the extrem&gt activation by SOS1 and
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extremely slow or halted deactivation by GAP, culate in a highly populated active
mutant KRas4B-GTP state in cancer.

The major Ras activation cycle is fast andhes predominant, native function of
SOS. To regulate the MAPK pathway (Fig. 5-7B), epmal growth factor (EGF) first
binds to EGF receptor (EGFR) promoting phosphaitatlhe phosphorylated EGFR
recognizes and interacts with the SH2 domain ofvgrdactor receptor bound protein-
2 (Grb2). Subsequently, two SH3 domains of Grballime proline-rich SOS1 C-
terminal tail [3, 27, 30, 33], recruiting SOS1 ke tcell membrane. The PH domain in
the N-terminal region of SOS1 is responsible fa thembrane anchorage, and the
activity of the SOS1 catalytic unit is enhanced wheteracting with membrane-
anchored Ras [109]. The REM allosteric site of S@S1 binds membrane-anchored
GTP-bound KRas4B with lower binding free energwartlthe CDC25 site binds the
GDP-bound Ras. It was suggested that Ras-GTP thedslosteric site tenfold tighter
than the Ras-GDP [102]. We also observe tightediba The binding of KRas4B-
GTP to the allosteric site induces the dynamicREBM, with allosterically-promoted
conformational changes displacing the CDC25 hedixgin motif, resulting in the
Switch | open conformation of KRas4B-GDP at the $@&talytic site. A grasp of the
allosteric motion of REM-CDC25 tandem domains addntification of allosteric
pathways through the SOS1 domains, are crucialtferapeutics to control Ras
activation and signaling in cancer. Our comprehensimulations clarify SOS1
allosterically-linked conformational change, deéitee the key steps in KRas4B
activation cycle, and provide detailed allostergnal propagations upon associating

with different forms of KRas4B.
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5.4 Material and Methods

5.4.1 Generating initial configurations of KRas4B&1 complex

To construct initial configurations, we obtadnté&e crystal structures of SOS1 (PDB
code: 4NYJ) [88], GDP-bound KRas%B85(PDB code: 4EPT) [97], and GTP-bound
KRas4B*®" (PDB code: 3GFT) from the Protein Data Bank. InYANboth Ras
binding sites (allosteric and catalytic) in SOS4& accupied by HRas. At the allosteric
site, the Ras protein is a GNP-bound HRas, asdiniucleotide-free HRas at the SOS1
catalytic site. After replacing the mutants witle twild-type residues, KRas4B was
superimposed onto HRas in complex with SOS1, géngréhe coordinates for the
KRas4B-SOS1 complex. At the catalytic site of SOB#&, Switch | region of both
GDP- and GTP-bound KRas4B clashed with tikehelix, due to the Switch | open
conformation of the nucleotide-free Ras. To avbid steric clash, we re-modeled the
Switch | region using the Modeller server [110]senng that the modeling of Switch
| does not affect the positions of GDP, GTP, and' v total of twelve SOS1 systems
were constructed: an apo-SOS1 monomer, $®$dur dimeric systems, SO%1
SOST° SOS#P, and SOSY; four ternary systems, SO%¥1 SOS?P", SOSIP, and
SOSIT; and four ternary systems in the exchange evedS1®", SOSIR, and

SOST™.
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5.4.2 Atomistic molecular dynamics simulations

The initial configurations were subject to MDmslations in an aqueous
environment. The modified TIP3P water model [11HAswised to create the isomeric
unit cell box containing the Ras—SOS complex. Hitgal systems were neutralized by
adding counter ions and soaked additional Mad Cli to satisfy a total ion
concentration near 100 mM. The updated CHARMM tdhaadditive force field [48]
was used to construct the set of starting poindstamelax the systems to a production-
ready stage, closely following the same protocohamsir previous works [39, 40, 107,
108, 112-118].

A series of minimization steps using steepestedt (SD) and the adopted-basis
Newton-Raphson (ABNR) methods and dynamic relaratieles were performed for
the solvent around the harmonically restrained derpAt the final pre-equilibrium
stage, the SOS1 systems were gradually relaxed@ragving the harmonic restraints
through dynamic cycles with the full particle meBwald (PME) electrostatics
calculation. In the production runs, the constamperature at 310 K was maintained
by the Langevin temperature control, and the presatil atm was sustained by the
Nosé-Hoover Langevin piston pressure control. 40@noduction run was performed
using the NAMD parallel computing code [47] on aWBulf cluster at the National
Institute of Health (Bethesda, MD). Analysis wagsfpened with the CHARMM

programming package [119].
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5.4.3 Binding free energy calculation
The binding free energy was estimated by thehlsonation of molecular mechanics
combined with the generalized Born (GB) and surfacea continuum solvation
(MMGBSA). In the calculation, we closely followethe protocol reported in our
previous studies [39, 116-118]. The average binflieg energy was calculated as a
sum of the gas phase contribution, the solvati@rgyncontribution, and the entropic

contribution,

=7 +> =7 959> =7 9.3 < (5-1)

, Where=ftlenotes an average along the MD trajectory. Theplgase contribution to
the binding free energy is a sum of the internalrgy, the vdW interaction, and the

electrostatic energy,

Tog @ pg @pep @ . . (5-2)

The solvation contribution is a sum of the #lestatic and non-polar contribution,

7 9; 7 9;:; 7 9::;/:;8) ) (5_3)
The solvation free energy was obtained from@Gecalculation using the GBSW

module [120] of the CHARMM program [119]. The emyaterm can be divided into

the translational, rotational, and vibrational cdmttion,

< < a8 < ya < B, (5-4)
The translational and rotational contributiovexe obtained from the calculation of

principal moment of inertia. The vibrational entyowas obtained from the quasi-

harmonic mode calculation in the VIBRAN module loé tCHARMM program [119].
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The number of vectors (mode) to calculate the wibmnal analysis was set to
NATOMx3, where NATOM denotes the number of atommaky, the change in

binding free energy due to the complex formatioms walculated using the equation,

7. 7. 5F 1 76 7 He9 (5-5)
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Chapter 6: RASSF5 is an MST activator and tumopBsegsor in
vivo but opposite in vitro

Chapter 6 was adapted from: TJ. Liao, CJ. Halang, D. Fushman, R. Nussinoc:
RASSF5: An MST activator and tumor suppressona bt opposite in vitroCurrent

Opinion in Structural Biology, 2016, 41:217-224.

6.1 Introduction to chapter 6

Ras association domain family member 5 (RAS@F®, known as NORE1A) is an
effector of the Ras protein . It also binds to mabage-stimulating protein 1/2
(MST1/2) kinases in the Hippo pathway. Hippo’s silymg promotes phosphorylation
of Yes-associated protein 1 (YAP1) [122-124]. Plmsplation is an essential signal
that tags YAP1 for degradation. Overexpression APY is often observed in cancer,
including those cancers where the mitogen-activatetein kinases (MAPK) pathway
(Ras/Raf/MEK/ERK) is also mutated [125-129]. THR&SSF5 is a key network node
linking active, GTP-bound Ras, including the highhcogenic KRas4B, to the Hippo
pathway and YAP1 abundance in cand€RAS4Bis the most abundant mutated
oncogene in cancer, particularly of the pancreasr(85%), lung and colorectal [4, 80,
130].The clear importance of RASSF5 as a potedtiad) target has recently led to
increasing interest in the community. Signalingotlgh the Hippo pathway, a
conserved kinase cascade that controls organ sizedulating cell proliferation,
apoptosis, and stem cell self-renewal, is modulati@conly by the RASSF5, but also
by cell contact inhibition [131]. Dysregulation tie Hippo pathway can result in

higher levels of YAP1 and cancer development.
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Here we focus on the linkage between KRas apdds signaling through RASSF5.
From the mechanistic standpoint, RASSF5 has raasedmber of fundamental and
perplexing questions. Among these is first, how Re®ss/ates RASSF5; second, can
RASSF5 act as both a suppressor and activator méecawhich is what some
experimental reports suggest and if so how; tiM8T1/2 trans-autophosphorylation
requires that the kinase domain homodimerizefidsromodimerization promoted by
MST1/2 homo- or hetero- SARAH (Sav-RASSF-Hippo) @om dimerization
involving RASSF5 and MST1/2? Understanding how RES8nks Ras to MST1/2,
and via Hippo signaling to YAP1, will provide a gbgrasp of a key linkage in cancer
cell biology, and thus in drug discovery. Here wél somment on these questions
from the structural standpoint, as well as throtigh lens of our views of pathway-
driven tumor proliferation.

Below we provide a mechanistic perspective ASBF5 inKRAS4Bdriven cancer.
We describe how KRas4B activates RASSF5, whichiin tan promote — or as some
experimental data suggest — inhibit MST1/2 actoratWe argue than vivo activated
RASSF5 can function to activate MST1/2 and suppeasser (Fig. 6-1A) whereas
vitro, activated RASSF5 can function to inhibit MST1/Righ in a cell scenario would
activate cancer (Fig. 6-1B). We also overview KRathway-driven tumor initiation
and the RASSFS5 linkage to the Hippo pathway in ligist. The Hippo and MAPK
signaling have similar roles in tumor cell prolé&on, and the Hippo pathway, as well
as YAP1, are frequently mutated or overexpresseRas-driven cancers and drug
resistance. Hippo and MAPK are independmre pathways fulfilling similar roles in

the cell cycle [128].
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6.2 Hypothesis

6.2.1 RASSF5 is an adaptor protein

How can RASSF5 act as both suppressor and actiwdtocaincer as some literature
reports sugge8tFigure 1 provides a schematic diagram of ouishBaASSF5 is a Ras
effector. It interacts with Ras via its Ras assomm|(RA) domain. The interaction is at
the same effector site where other Ras effectad) as the serine-threonine protein
kinase Raf, the lipid kinase phosphatidylinosit@-Bisphosphate 3-kinase (PI13K) and
Ral guanine nucleotide dissociation stimulator (f28), the exchange factor for other
GTPases, also interact [132-135]. The interfaces Rafs/Raf, Ras/PI3K and
Ras/RalGDS overlap that of Ras/RASSF5, and thelitabng domains (RBDs) of
Raf, PI3K and the RA domains of RalGDS and RASSiESa#l similar to each other
(Fig. 6-2) [4]. GTP-bound Ras activates all iteeetbrs. Among Ras effectors, Raf's
activation involves the homodimerization of itsatgtic kinase domain and trans-
autophosphorylation, where the catalytic domainssiphosphorylate each other [136,
137]. A long, ~165-residue linker, characteristicalb Raf proteins, connects Raf's
RBD with Raf's catalytic domain. Allosteric effecticited by the binding of the RBD
to Ras, and 14-3-3 recognition of a phosphorylatedf in the highly flexible hinge
region (Ser259 in human c-Raf), result in the homedization of the catalytic kinase
domain, Raf’s activation, and MAPK — also a phosplation cascade — signaling.
MAPK signaling acts in the early phase of the GA{Q@) into the S (Synthesis) cell
cycle stage [132]. Ras dimers (and nanoclustersjease the effective local
concentration of Raf and may restrain its orieotatpreconditioning it for productive

binding [54, 138, 139].
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Figure 6-1.As an adaptor, RASSF5 binds to Ras and MST thrdsd®A domain and
SARAH domain respectively. (An vivo, active Ras is anchored into the membrane,
forming dimers and nanoclusters. The C1 domainAB8F5 attaches to the membrane
as well. The interaction with Ras leads to a canftional change in RASSF5,
allosterically activating it, shifting the landseapoward an open SARAH domain,
which makes it available for interaction with th&FPAH domain of MST. The
RASSF5/MST SARAH heterodimer has a higher affinitgn RASSF5/RASSF5 or
MST/MST SARAH homodimers. Membrane-anchored RasidolRASSF5 has
increased effective local concentration and is meaeted for productive MST
homodimerization, with trans-autophosphorylatiothWRASSF5 acting as an adaptor
linking active GTP-bound Ras and MST. The activeTMBen activates the Hippo
pathway which results in phosphorylation of YAPdading to its degradation, thus
suppressing cancer. By contrast (B),vitro, without the benefits of the membrane,
active Ras lacks anchoring and its effective lamaicentration is low. Due to the
stronger interaction of the RASSF5/MST SARAH hetimeer than the MST/MST
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SARAH homodimer, the MST/RASSF5 complex is stileferred, which prevents
MST kinase domain homodimerization and MST trangatubsphorylation. The
inactive MST inactivates the Hippo pathway. YAP bv&rexpressed, which promotes

cell proliferation.

Figure 6-2 Ras binds to its effectors through the same &ffdnding site of catalytic
domain. The interactions are all highly similarsReolored in blue, binds to the Ras
association (RA) domain of RASSF5, colored in ywli@DB ID: 3DDC), to the Ras
binding domain (RBD) of Raf, colored in gray (POB: UGON), to the RA of RalGDS,
colored in green, and to the RBD of PI3K’s P11@lyditc subunit.

MST1/2 does not have a Ras binding domain; RAS®es, and like MST1/2 it has
a SARAH domain [140]. The RA domain of RASSF5 rkéd to the SARAH coiled-
coil domain via a flexible 3-residue segment [14Rhs activates RASSF5 [142].

Activation allosterically shifts the equilibrium &@ASSF5 toward a state where the
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SARAH domain shifts away from the Ras-bound RA domeanaking it available to
bind to the SARAH domain of MST1/2, resulting iISARAH antiparalleheterodimer
(Fig. 6-1). The consequent increased populatiorthef open conformation of the
MST1/2 makes the kinase domain available for homedization and trans-
autophosphorylation. Similar to Raf [54, 133, 1388, 143, 144], Ras dimerization
and nanocluster formation [82, 145] play a key mIl#MST1/2 dimerization. Figure 3
depicts the two mechanisms — Raf's and RASSF5/M&3 bomodimerization — side-
by-side, illustrating the mechanistic similaritytlveen them and RASSF5 adaptor role.

As in Raf's dimerization and activation, memigaattachment is crucial to this
mechanism of MST1/2 activation. Thus, we believat tfhis mechanism is the one
underlyingin vivo experimental observations. By contrastyitro, in the absence of
the membrane and Ras dimerization or nanoclustesimdj with a higher hetero- than
homo- SARAH domain affinity [141], RASSF5 SARAH dam outcompetes MST1/2
SARAH homodimerization to also form a SARAH dombgterodimer; however, in
the absence of other nearby favorably preorient&ir M2 catalytic domains, the
chance of productive kinase domain dimerizatiohos. The outcome is MST1/2
inhibition by RASSF&n vitro. In this scenario, RASSF5 acts as activator otean
Suppression of cancer requires MST1/2 activati@hkippo pathway signaling.

So how can RASSF5 act as both suppressor and tactieh cancer as some
literature reports sugge®tAs an adaptor its action depends on the conditiorvivo,
with the membrane present, membrane-anchored Rasrsginanoclusters promote
SARAH domain heterodimerization, and MST1/2 kindsenain homodimerization

and trans-autophosphorylation. By contrasyitro, no membrane; KRas binding still
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releases the RASSF5 SARAH stimulating MST1/2’s SARRAeterodimerization;
however, without membrane and thus Ras dimers/mastecs, no MST1/2 kinase

domain dimerization/trans-autophosphorylation.

Figure 6-3 Raf and RASSF5 are Ras effectors, binding atdinge site. Raf is a kinase;
RASSF5 is an adaptor protein whighvivo can activate the MST kinase. Here we
suggest that RASSF5 plus MST resemble Raf. MSTimegjiRASSF5’s help since it
does not contain a Ras binding domain. The figurews the similarity in the
mechanisms of Raf and RASSF5 in the cell. (A) Raflb to Ras and gets activated
through its Ras binding domain (RBD). Its cystaich domain (CRD), which attaches
to the membrane helps in Raf's dimerization. Theake domain dimerization is
required for its autophosphorylation; (B) RASSF5/MShows similar scenario.
Without an RBD, MST cannot interact with Ras. There, RASSF5 plays an adaptor
role to bridge Ras and MST. The Ras association) (®#ain and the C1 domain

behave like the RBD and the CRD of Raf. RASSF3 hiads to Ras through its RA

121



domain, and its C1 domain anchors into the membréhemugh the RASSF5/MST
SARAH domain heterodimerization, the MST kinase domis able to link to Ras,
inducing the MST kinase domain dimerization and gphorylation just like Raf's
kinase domain. This scheme argues for simplicigs Bffectors behave similarly, and

there is no need to invoke new schemes.

6.2.2 How activated RASSF5 can act to activate M3®hd suppress cancer in vivo

MST1/2 can homodimerize through the C-term8&RAH domain, with activation
taking place through autophosphorylation of thévation loop (Thr183 for MST1 and
Thr180 for MST2) [146-148] in the N-terminal kinademain homodimer. Savl and
RASSF proteins also contain SARAH domains. The M3T3ARAH domain can
heterodimerize with the RASSF [149] and with the S&ARAH domain. SARAH
domain dimerization is necessary for homodimeraratind autophosphorylation of
the kinase domain. The mechanisms and scenarit®mb- and hetero- SARAH
domain dimerization and activatimersusinhibition have been elusive [146].

RASSFs, such as RASSF1A and RASSF5, have bleewnsto act as tumor
suppressors [150-152]. They were observed to detiwdST1/2 [153, 154], for
example by coexpression of RASSFs with Ras, whidharces the MST1 kinase
activity in cells. However, in what has been sesnaaparadoxical behavior, in
mammals, RASSF1, RASSF5, and RASSF6 blocked MSaut@phosphorylatiom
vitro [146, 155-157]. The kinetics of MST2 activationshiaeen monitoreth vitro.
Addition of purified RASSF5 to full-length MST2 alighed its autophosphorylation
and activation. Binding of RASSFs to the alreadiivated MST1/2 did not inhibit

their kinase activities [146]. These observatiomgpted with additional ones, e.g. that
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RASSF1A promotes apoptosis through the Hippo pagljis7] and that RASSF2 and
MST1/2 form a SARAH heterodimer which activates M&T [158, 159]. Further
support for the tumor suppressor role of RASSFS5ec&imm exogenous expression
which potently inhibits tumor cell growth [121, J6ihd from inhibition of NORE1A
expression which enhanced cell proliferation [16CElls lacking NORE1A and
myocyte-specific enhancer factor (MEF), a transmimal activating member of the
E26 transformation-specific (ETS) family of tranption factors were readily
transformed by Ras, which normally require p53 dv Ractivation for Ras
transformation [162]. NOREL1A is often inactivateddancer and its loss has been
identified in more aggressive primary tumors [16&4]. Inactivation of NORE1A has
been associated with clear cell renal cell carca®rfl64]. Taken together, these
observations led to the assumption that RASSF o#mndxtivate and inhibit the Hippo
pathway, and various hypotheses have been offeredplain these perplexing dual
function observations [165]. Even though it hasthsaticed that its cancer suppression
action takes place vivo, how to explain these observations has been bgffli
Recently the crystal structures of the humanTRI&inase domain and MST2 in
complex with the SARAH domain of RASSF5 were obgdirpermitting in-depth
mechanistic studies [146]. SARAH-mediated homodination of the MST2 kinase
domain is essential for its autophosphorylation activation. The SARAH domains
can homo- and hetero- dimerize. The heterodimehigger affinity [141], suggesting
that the RASSF5 SARAH can outcompete the MST1/2 SARomodimer. Figure 1a
outlines how Ras-activated RASSF5 can activate M&&hd suppress cancer, and

Figure 1b illustrates how Ras-activated RASSF5 carhibit MST1/2
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autophosphorylation and thus the Hippo signalingrtamote cancer. In both cases the
SARAH domains heterodimerize. We propose that thefferdntial
activation/suppression action reflects the condgionder which the experiments were
carried out. As depicted in the Figure 1 cartoomshe inactive state of RASSF5, the
SARAH domain is likely to be loosely associatedvtie RA domain. This relatively
unstable association is indicated by the unsucgkssfempts to co-crystallize the
MST1/2 RA with the SARAH domain and by our modelitipon binding to Ras, in
both in vivo and in vitro scenarios, the SARAH domain allosterically shittsa
predominantly open conformation afforded by theeSidue flexible RA-SARAH
junction. In vitro, in the absence of the membrane and Ras dimer§LM&nd thus
Hippo signaling will be inhibitedn vivo, due to the increasing proximity of Ras dimers
and nanoclusters [4, 54, 133, 135, 138, 143-146], MST1/2 will be activated, now
poised to inhibit cancer. Thus in the cell RASSE5ai cancer suppressor. This
mechanistic outline and rational are of fundamemtgdortance and may provide a
blueprint for drug discovery efforts. Ras functiomben it is membrane-anchored,
forming dimers and nanoclusters; this Ras statemptes RASSF5 activation as well
as Raf's activation and MAPK signaling. This argtiest to enhance RASSF5 cancer
suppressor power, drug discovery efforts shouldugoon restored or increased
expression levels. Agents that enhance nanoclogtewill promote RASSF5
activation; but will also boost MAPK proliferativaetion and cancer [167].

We have undertaken modeling and initiated NMpeeiments to follow Ras-elicited

RASSF5 activation with subsequent MST activatiamaigh hetero-SARAH domain
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dimerization, as well as other components esseotidull understanding of RASSF5

actions.

6.2.3 The similar roles of MAPK and Hippo signalinghe cell cycle

Like the MAPK, the Hippo pathway [122-124]dakinase cascade (Fig. 6-4). The
complex of MST1/2 kinases and SARAH domains-commaginprotein Salvador
homolog 1 (Savl, also known as 45 kDa WW domaintemmo or WW45)
phosphorylates and activates the large tumor sapprel/2 (LATS1/2) kinases.
LATS1/2 activity is also regulated by the cytoskete LATS1/2 phosphorylate YAP1
marking it for degradation. Unphosphorylated YAPhds its transcriptional co-
activator with PDZ-binding motif (TAZ), translocagl the complex to the nucleus to
interact with transcription factors such as TEA @omfamily member 1-4 (TEAD1-
4), which turns on expression of genes involvegdroiiferation and in suppression of
apoptosis. MST1/2 and YAP/TAZ phosphorylation a@doriated by phosphatases.

MAPK and PI3K pathways act at the G1 phaskcgele restriction [128, 132, 168-
171]. MAPK inhibition is often accompanied by ovepeessed YAP1 [125, 126].
Recent observations provide compelling evidencatpa to overexpression of YAP1
in proliferating cells treated with MAPK inhibitgrand of proteins upregulatindYC
(such ad.-catenin [172-174], Notch [175, 176], Hedgehog FlL7B], and elF4E [180-
183]) in cancer cells treated with PI3K inhibitoffiese and additional data [128, 129]
led us to suggest that oncogenic MAPK and PI3Kd-¥AP1 and c-Myc — play similar
roles in cell cycle control in cell proliferatio®verexpression of YAP1 and c-Myc can
rescue tumor cells in Ras drug resistance. MAPK/E&HK PI3K/Akt function

consecutively in the G1 phase into the S cell cyesgriction point similar to YAP1
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and c-Myc, which explains why YAP1 overexpressicam aescue MAPK/ERK
inhibition and L-catenin, and c-Myc overexpression can rescue RBIK/The
correspondence of the two core pathways clarifieg when combined they can result
in more aggressive tumors. Such corresponding gthvean be prophylactically
targeted to hinder the emergence of drug resistdras].

RASSFS5 is an important Ras effector becaubekis the two core pathways (Fig.
6-4). Its actionn vivo opposes that of Raf which binds at the same RagFD. 6-2).
Raf’s activation promotes MAPK signaling thus galliferation; by contrast RASSF5
activation and consequently MST1/2 results in Hippthosphorylation of YAP1 thus
opposing proliferation. To be activated, both Red RASSF5 require Ras dimerization
(or nanoclustering). Raf’s affinity to Ras is irethanomolar range, and its association
with the membrane is further enhanced by the CRBtéin rich domain); RASSF5
has the C1 domain, fulfilling an analogous CRD meanb-attaching role. Given this
tug-of-war competition between Raf and RASSF5, RASSF5 to suppress cell

proliferation its expression level — as well ag faVIST1/2 — should be high.
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Figure 6-4.The two independent core signaling pathways ineaMdAPK and Hippo,
are connected by RASSF5. The two Ras effectorsaR&afRASSF5, are competitive
because the RBD of Raf and the RA of RASSF birfdas at the same interface. They
undergo the activation of the kinase domain of &ad MST1/2 in a similar way.
However, active Raf induces the cell proliferatibg;contrast, active MST1/2 leads to
cell apoptosis. The point advocated by this reviewhat the opposite functionalities

are fulfilled by similar mechanisms.
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6.3 Discussion

Ras activates RASSF5 and Raf kinase. Raf deswhe MAPK pathway; RASSF5
provides an allosteric docking platform to actividte MST1/2 kinase that activates the
Hippo pathway. Raf has a Ras binding domain, a &rdyhighly flexible linker and a
kinase domain. Two Raf molecules can attach toalyacent molecules of Ras through
their RBD domains, and their kinase domains camrmfoa homodimer and
transphosphorylate each other to transmit the epiae growth factor receptor
(EGFR)-Ras signal down the MAPK pathway. This actaannot be mimicked by
MST1/2 which lacks a Ras binding domain; but RAS86&s and can step in to fulfill
this role [184]. Its SARAH domain, connected bylexible hinge to the RA domain
lends the flexibility for the two MST1/2 kinase dams to homodimerize and
autophosphorylate, much like Raf. MechanisticdRgf is equivalent to RASSF5 plus
MST1/2. For both, membrane anchoring is essentialattivation. The functional
outcome differs: Raf promotes proliferation wherBaSSF5 suppresses it. Evolution
may have selected this RASSF5+MST1/2 scenarior#the attaching an RA domain
to MST1/2 to allow the MST1/2 SARAH domain - Santeraction.

Like Raf, RASSF5 is activated by an incomingAEGsignal. Since both Raf and
RASSF5 bind at the same Ras surface, a sufficidnmgly expression of RASSF5 can
provide another cellular control against proliferatgrowth.

Ras cancer biology is challenging to underst&vie believe that a structural grasp
together with insight into the cellular pathways$8%]l may go a long way toward

cracking its code and solving its mysteries.
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Chapter 7: The dynamic mechanism of RASSF5 and M&ase
activations by KRas4B

Chapter 7 was adapted from: TJ. Liao, H. J&dg,Tsai, D. Fushman, R. Nussinov:
The dynamics mechanism of RASSF5 and MST kinaisatiet by Ras Physical

Chemistry Chemical Physics, 2017, 19, 6470-6480.

7.1 Introduction to chapter 7

The classical Ras association domain family $8K) proteins such as RASSF1A
and RASSF5 (also known as NORE1A) are tumor supprss promoting cell
apoptosis [151, 186]. RASSF5 activates mammaliarilest 20-like kinase 1/2
(MST1/2) in the Hippo pathway [140, 157-159, 168,/,1188]. Hippo’s signaling
stimulates phosphorylation and thereby activatiba oore kinase cascade including
MST1/2 and large tumor suppressor 1/2 (LATS1/3dieg to phosphorylation of Yes
associated protein 1 (YAP1) [122, 189]. YAP1l's phlumrylation encodes its
degradation, thus abolishing its transcriptionévay [190]. Overexpression amplifies
oncogenic signaling through YAP1'’s association whik TEA domain (TEAD) family
of transcription factors [126, 191-193]. RASSFX#rRas and the Hippo pathway [39].
Ras activates Raf kinase, thus the mitogen-activattetein kinases (MAPK) pathway
(Ras/Raf/MEK/ERK). Hippo and MAPK are independentecpathways with similar
actions; drug resistance mutations in the MAPK wathand inactivating mutations in
the Hippo pathway lead to similar consequencesritot cell proliferation [192, 193].

In vitro, in the absence of cell membrane, RASSF5 pronuateser;n vivo, it acts as
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a tumor suppressor. RASSF5 can be considered adagor protein, connecting Ras
to the MST1/2 kinase through a conformational cledi39].

RASSF5 interacts with MST1/2 through heterodimeimra of the C-terminal
SARAH (Sav-RASSF-Hippo) domains [146, 148]. The F&S-MST1/2 SARAH
heterodimer promotes homodimerization of the N-teatkinase domain of MST1/2,
followed by trans-autophosphorylation. The C-terahnegion of RASSF5 contains the
Ras association (RA) and SARAH domains (Fig. 7Fhe structure of the N-terminal
region, including the putative membrane bindingd®inain, is currently unavailable.
MST1/2 also contains the SARAH domain, structurailyilar to that of RASSF5.
RASSF5 connects Ras to MST1/2; its RA domain bthdsRas catalytic domain and
the SARAH domain forms an antiparallel coiled eath MST1/2 SARAH. The coiled
coil conformation illustrates that SARAH is a loagetched -helix. The coiled coil
can be also observed in the crystal structureBseRASSF5-RASSF5 and MST-MST
SARAH homodimers. The affinity of the RASSF5-MSTBAH heterodimer is higher
than those of either homodimers, RASSF5-RASSF5 STNST [141].

RASSF5 is of particular importance since itkinthe MAPK and the Hippo
pathways, two core pathways in tumor cell prolifiera[39]. Drug resistant mutations
in Ras or MAPK proteins are often accompanied byatnans in the Hippo pathway
or YAPL. Ras is still undruggable, currently with drug in the clinic. There is also a
lack of structural information about RASSFS5 funo@bstates and thus the mechanism
relating to how exactly Ras activates RASSF5 al RASSF5 activation stimulates
activation of the MST1/2 kinase whose action staied the Hippo pathway and thus

YAP1 degradation. Currently, crystal structuresha functional regions of RASSF5
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are only available for the unlinked SARAH and RArgons due to high fluctuations
of the domains connected by a flexible linker. Tdrgstal structures of SARAH
RASSF5-MST2 heterodimer and the RASSF5-RASSF5 an&TMMST?2
homodimers exhibit the coiled coil motif. As to tR& domain, the available crystal
structure is of murine RASSF5 in complex with a Giralog-bound H-Ras. Thus, we
conclude that in the active state, RASSF5 promttesSARAH and RA domains
interaction with their binding partners, Ras andTMSrather than with each other.
Data are unavailable for the inactive state; howene reasoned that RASSFS5 retracts
both domains, without Ras and MST2, yielding a-asHociated conformation. That
inactive ‘closed’ RASSF5 conformation can be regdrds the autoinhibited state. The
lack of crystal structure data for such closed iabibited conformation suggests that
the RA-SARAH inter-domain interaction is transiembt sufficiently stable to permit
its crystallization; however, we can expect it te Ipresent in the dynamic
conformational ensembles, in which case it coulddygured by sampling the broadly
dispersed structures populating the free energislzape of the inactive states. Ras can
activate RASSF5 and by crossing over the free gneagier from the closed toward
the open, active state, shift the equilibrium befiate the SARAH domain.

To corroborate RASSF5 structure in the inactstate, we modeled the self-
associated RASSF5 conformation with SARAH covalerdbnnected to the RA
domain. Since no crystal structure of the combifeedh is available, we exploited
docking programs to predict possible modes of theraction between SARAH and
the RA domain. In the initial prediction, both lostyaight -helical SARAH extracted

from the crystal coiled coil, and kinked SARAH sdath from replica-exchange
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molecular dynamics (REMD) simulations were usede Tprediction programs
generated multiple decoys of self-associated RASS/& a screening process based
on the energy score was performed in order to sathplbest initial configurations for
standard atomistic molecular dynamics (MD) simolasiin solution. Our results verify
that in the inactive state RASSF5 persists in éfieassociated conformation, in which
SARAH contacts the RA domain through various irgees. However, when those
same RASSF5 structures interact with GTP-bound B4Ba SARAH tends to
disengage from the RA domain, demolishing the wes&lf-associated conformation.
RASSF5 activation by GTP-bound Ras points to & shihe RASSF5 ensemble from
the inactive to the active state toward the strpragisociated SARAH heterodimer.
Variants of the RASSF5 conformation suggest that gihotein acts as an adaptor
between Ras and MST1/2. Scaffolding proteins tylyicazontrol regulation
dynamically [184]. Our simulated RASSF5 structurestomic detail reveal how the
protein accomplishes the conformational adjustmevtisch are required for MST
activation and Hippo pathway signaling, and offer tational and target for Ras-driven

cancer.
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Figure 7-1L RASSF5 sequence and structure. Human RASSF5ioemta8 residues
involving the RA domain (residues 274-364) and SAR@esidues 366-413). (A) The
sequence of N-terminal truncated RASSF5 proteinh vaach domain structure
embedded in a cartoon representation. In the segquérydrophobic/glycine, polar,
positively charged, and negatively charged residue<olored black, green, blue, and

red, respectively. Similarly, in the ribbon repnetsgion for the secondary structures,
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the same colors were used, except for the hydraplybyxrine residues which are
colored white. (B) Crystal structures of murine B8main (PDB code: 3DDC) and
human SARAH domain (PDB code: 4LGD) as a long ghti -helix defined in a

coiled coil with MST2 SARAH domain. In the RA domaithe missing flexible loop

(residues 254-278) was constructed by using thediexdserver.

7.2 Results

7.2.1 Strong interaction of the RASSF5-MST2 SARA¢idnodimer compared to the
SARAH homodimers
The SARAH domain plays a key role in RASSF5 and SEsociation. The
formation of RASSF5-MST2 SARAH heterodimer factiéa the MST2 kinase domain
dimerization and trans-autophosphorylation, leadmgell apoptosis. The SARAH-
SARAH interaction involves an antiparallel coiledildormation. Both the RASSF5
and MST2 SARAHSs can form heterodimeric and homoditneoiled coils, but the
heterodimeric coiled coil has a stronger dimeriernface [141]. The RASSF5 SARAH
domain is very similar to the MST2 SARAH; both dpeg straight -helices of ~50
residues in a coiled coil organization (Fig. 7-BA, To decipher the relative interface
interaction strength for different SARAH dimers, gienulated three SARAH dimers
observed in crystals: RASSF5-MST2 SARAH heterodinleDB code: 4LGD),
MST2-MST2 SARAH homodimer (PDB code: 40H9), and FA&S-RASSF5
SARAH homodimer (PDB code: 2YMY). As expected, waserved that RASSF5
SARAH strongly interacts with MST2 SARAH, while itsteraction with the same

RASSF5 SARAH is weaker (Fig. 7-2C). Similarly, M&T2 SARAH interaction with
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the same SARAH is weaker than the heterodimeric AARnteraction, but it is
relatively stronger than the homodimeric RASSF5 3ARinteraction. The strong
heterodimeric SARAH interaction is due to strongc#lostatic contribution, since
RASSF5 SARAH is acidic with the isoelectric poipt,< 7, while MST2 SARAH is
basic with pl > 7. These bipolar characteristis®faneterodimer formation with strong
electrostatic attraction. To corroborate the SARdiker interface, we examined key
residues involved in dimer formation. For the RASS#ST2 SARAH heterodimer,
salt bridge interactions between residues E385-RE388-R467, E388-R474, K398-
E462, and R403-D456 (former and latter residuesoeiRASSF5 and MST2,
respectively) strongly retain the dimer interfaSemilarly, the salt bridge interactions
between the residues, D456-R474, E462-R469, R462-Eand R474-D456 for the
MST2-MST2 SARAH homodimer and E385-R403, E388-R4B303-E388, and
R403-E385 for the RASSF5-RASSF5 SARAH homodimed tioé dimer interface. In
the salt bridge interactions, we found that ressd&885, E388, and R403 in the
RASSF5 SARAH domain, and R474 and D456 in the MSPRRAH domain are
frequently involved in the dimer interface. In c@st, for both MST2-MST2 and
RASSF5-RASSF5 SARAH homodimers, relatively strongdrbphobic and
hydrophilic interactions can be observed (Table, Blthough the contributions from
these interactions to the total interaction enexgyrelatively weak. The E388A and
E388K mutations in RASSF5 weaken both the heteredomand homodimeric
SRARAH interactions (Fig. 7-2B, C). The E388A midatreduces the salt bridge
interactions, and the E388K mutation introducesauvofable electrostatic repulsion

with its binding partners (Table E1). Of particutaste, based on the data from the
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catalogue of somatic mutations in cancer (COSMiit®,mutation E388K in RASSF5

can cause cancer.
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Figure 7-2 The SARAH-SARAH interaction in the coiled coilnder. (A) Averaged
structures of RASSF5-MST2 SARAH heterodimer (lef)ST2-MST2 (center) and
RASSF5-RASSF5 (right) homodimers. (B) Averaged dtrres of RASSF5-MST2
SARAH heterodimers with the E388A (far left) and8B& (second left) mutations in
RASSF5, and RASSF5-RASSF5 SARAH homodimers withBB88A (second right)
and E388K (far right) mutations in RASSFb5. In thibon representation, RASSF5 and
MST2 are colored cyan and yellow, respectively. $&lebridge pairs are shown in the
average structures of each SARAH-SARAH dimer. (@daction energy gauging the
SARAH-SARAH association in the coiled coil dimervéaged total interaction
energy (blue bars), and the contributions fromeleetrostatic (green bars) and vdw

(red bars) interactions for three different SARAlhdrs are shown.

7.2.2 A kinked helical motif predominantly observéd the RASSF5 SARAH
monomer
In the antiparallel coiled coil motif, SARAH exists a long straight-helix. When

dissociated from the coiled coil, monomeric SARAbkd not persist in a straight
helical motif. We observed incidents of a kinkedida motif of monomeric RASSF5
SARAH emerging during the simulation (Fig. 7-3A) Verify the kinked SARAH
structure as a representative of the monomericocordtional ensemble and its relative
population, we employed HingeProt [194], an aldmitfor protein hinge prediction
using elastic network models, to predict the positf the kink. The results showed
that a kink takes place at Q389. To obtain ensesmblie monomeric SARAH
conformations, we performed replica-exchange maddecwdynamics (REMD)

simulations of the RASSF5 SARAH monomer. During $iraulations, we observed
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that about 90% of the SARAH domain structures dargaro and one kink (Table E2).
The location of the kink can be identified by amahg the secondary structure, since
residues at the kink have a lowhelical probability. Using STRIDE [195], we found
that the kink occurs at the region involving regsll887-389 (Fig. 7-3B), which is
consistent with the predicted location at Q389 hyngdProt [194]. We sampled
SARAH conformations over trajectories generatednfitbe REMD simulations and
sorted SARAH into several groups with similar condations based on population
maps for different SARAH topologies (Fig. 7-3C). Glassify the conformations, we
monitored the occurrence frequency of the inteoactenergy of two -helical
segments, separated at the hinge point, as a dmnofi the distance between two
residues located at both ends of SARAH. Thus higimked SARAH has a shorter
residue pair-distance and stronger interaction.tioedimensional contour surface of
the population map provides highly populated statedosed by many contour lines.
The highly populated state located at the uppentrmn the map represents the
monotonic conformation of straight SARAH, while wig dispersed kinked SARAH
states indicate various SARAH conformations. Frobmdontour surface, we extracted
five different SARAH conformations with a singlenki, from a highly kinked SARAH

1 (KS1) to less kinked SARAH 5 (KS5) (Fig. 7-3Chel'sampled kinked SARAH
conformations, as well as the straight SARAHSs, wesed in the construction of the

self-associated RASSF5 model.
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Figure 7-3. The analysis of RASSF5 SARAH monomer. (A) Timeeseof the C
atoms root-mean-squared deviation (RMSD) from thadiag point and the radius of
gyration of SARAH monomer in the standard MD sintiola. The SARAH structure

in the graph reflects the kinked motif occurredre event indicated by arrow. (B)
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Probability of the secondary structure analyzedtiy STRIDE [195] along the
SARAH residues for the ensembles of SARAH mononeregated from the REMD
simulation. (C) Two-dimensional contour map repnéisg the occurrence frequency
of the residue pair-distance dependence of theaictien energy between twehelical
segments in the kinked SARAH conformations samfilech the REMD simulation.
Five selected kinked SARAH conformations from tlugylation map. The SARAH
configurations from KS1 with highly kinked to KSb5ittv less kinked, where KS
denotes kinked SARAH, are marked on the map. Inribleon representation of
SARAH, hydrophobic/glycine, polar, positively chady and negatively charged

residues are colored white, green, blue, and esgectively.

7.2.3 The self-associated RASSF5 conformationenriactive state

We constructed the N-terminal truncated RASSFRcture (residues 205-418) with
SARAH covalently connected to the RA domain. Sitloe structure of the human
RASSF5 RA domain is currently unavailable, we addphe murine RASSF5 RA
domain (PDB code: 3DDC) converting its sequendautman. The murine and human
RA have 96% sequence identity. The disordered negith missing coordinates for
the residues 254-278 was constructed as a flelable by using the Modeller server
[196]. In the covalently connected SARAH with th& Bomain, we considered two
possible SARAH conformations; straight and kinkeldelix. Since the linker between
the SARAH and RA domains can serve as a hinge jbiate are a limited number of
modes of SARAH binding to the RA domain. To obtHie self-associated inactive
RASSF5 conformation, we exploited a powerful tertgslaased protein-protein

complex structure prediction algorithm (PRISM) [19B8]. By using a straight-
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helical SARAH, defined from the crystal structunes obtained four possible modes of
the SARAH interaction with the RA domain (Fig. E1A)ith the kinked SARAH
models (KS1-5 from the REMD simulations in Fig. €)3we were able to obtain many
possible decoys representing the RA-SARAH assacially using the Patchdock
server.[199, 200] For each kinked SARAH, the dogkinogram generated 12 decoys
of the RASSFS5 structure (Fig. E1B, C, D, E, F).&hen the energy scoring function,
we selected the first two decoys for each kinkedR8A model, gathering 10
additional configurations. Thus, a total of 14 eguafations representing the possible
ensembles of self-associated RASSF5 were subjeztadall-atom MD simulation in
aqueous environment. During the simulations, no éaiate dissociation of SARAH
from the RA domain was observed. Occasionally, weseoved a structural
convergence between the configurations. For exaropldigurations 6 and 7 present
similar conformational ensembles, and the struciareonfiguration 2 resembles
configuration 14 (Fig. 7-4A). To quantify the RA-8AH interaction, we calculated
the interaction energy of SARAH with the RA dométing. 7-4B). Here, we found that
the kinked SARAH interaction with the RA domainrglatively stronger than the
straight SARAH interaction. The straight SARAH wbhalknteracts with the RA
domain with fewer residues involved in the integaahile the kinked SARAH with
conformational change folds onto the interfaceeasing the interaction surface. The
weaker interaction of straight SARAH indicates ttteg RA domain does not have a
comparable long helix. The long straighbelical SARAH favors a coiled coill.

To grade the self-associated RASSF5 conformatwesnvestigated the interacting

residue types at the RA-SARAH interface. Unlike 8&RAH residues involved in
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coiled coil formation, we found different residugarticipating in the RA-SARAH
association (Table E3). In particular, for all l@nfigurations we observed that the
SARAH residues, E366, D370, E376, and E387, an&theesidues, R323, K334, and
E353, are commonly involved in strong salt bridgesiactions. A number of residue
pairs are involved in hydrophobic interactions, iddally supporting the self-
associated conformation, but no common residues pagre observed, nor were
hydrophilic interacting residue pairs. However, tie RA domain, hydrophobic
residues, P283 and 1337, and the hydrophilic resdy281, H325, Q329, and Q333,
significantly contribute to the interaction with 8AH. Hydrogen bonding (H-bond)
residue pairs were rarely observed during the sitraris. To delineate the RA domain
residues interacting with SARAH, we calculated blaekbone amide NMR chemical
shift perturbations (CSPs) for the RA domain usheShiftX2 server[201] (Fig. 7-5).
These CSPs represent the difference in predictenhicial shifts for the trajectory of
RA domain alone and as part of the various RASSFBigurations shown in Figure
4b. For all configurations, strong CSPs are commahe region containing residues
254-278, which represent the flexible loop of the ddmain. In addition, we observed
large CSPs for RA residues which are in contach MARAH, consistent with the
interaction pair analysis. We noticed that eachfigaration has distinct residue pair
interactions as reflected in the inhomogeneousiligtons of the strong CSPs among
the configurations, suggesting that the SARAH &téon with the RA domain might
be transient, and multiple modes of interaction @oesible, in agreement with the

absence of a crystal structure of the self-assetistate.
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Figure 7-4. Self-associated RASSF5 conformation. (A) Averagdductures of
RASSF5 after 200 ns molecular dynamics simulati®*&8SF5 configurations 1 — 4

contain straight SARAH, and configurations 5 — 14rev modeled with kinked
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SARAH. In the cartoon, the RA and SARAH domains eotored orange and light
blue, respectively. (B) Interaction energy of SARA¥th the RA domain for the
RASSF5 configurations. Averaged total interactiamergy (blue bars), and the
contributions from the electrostatic (green bang) edW (red bars) interactions for the
RASSF5 configurations are shown.

Despite the fact that the interaction of SARAH wiite RA domain is transient, we
attempted to capture the most reliable models ek#if-associated inactive RASSF5.
Based on the combined residue pair interaction @&#P analyses, we selected
configurations 1, 4, 6, 9, 10, 11, and 14 for theresentative RASSF5 conformation
(Fig. 7-4A). These configurations ensured thatSA&AH domain does not block the
Ras binding site at tHe3 region. Without blocking the Ras binding site, were able
to construct initial models of RASSF5/KRas4B comyaea later stage. For the straight
SARAH model, only configurations 1 and 4 were s&dgcsince in configurations 2
and 3 the SARAH domain interferes with Ras bindkgy. the kinked SARAH model,
configurations 8, 12, and 13 were not consideredhe same reason. Configurations
5 and 7 were also omitted, since they have the est&ARAH interaction among the
kinked models (Fig. 7-4B). We noticed that SARAHdoantly interacts with the
flexible loop (residues 254-278) in the RA domaijch may contribute to the RA-
SARAH association. Among the representative RAS®B8els, configurations 6, 9,
and 10 show strong interaction between the loop SARAH (Fig. 7-6). In the
configuration 6, the loop marginally holds the SARAomain through the salt bridge
interaction of R277 with D370 and the catiBrnteraction of Y262 with K416.

However, RA residue Y281, near the loop, sequeSARAH by forming H-bonds

144



with E408 and L410 (Table E3). In the RA-SARAH iratetion, configuration 6

contains most of the common salt bridge residumslving R323, K334, and E353 in
the RA domain and E366, E368, E370, K386, and EB&FARAH. Configuration 9

shows the most abundant interactions between the amd SARAH, including the
strong salt bridge interactions of E267-K391, ER&ESB3, K276-D400, and K276-
E407, and the H-bond formation between T274 andBR#Able E3). The hydrophobic
and hydrophilic interactions also stabilize thegaateraction with SARAH. Similarly,

configuration 10 contains abundant hydrophobic laydtophilic interactions, as well
as strong salt bridge interactions, K266-E407 ar&67/ER403, but no H-bond
formation. In configurations 11 and 14, the looracting with SARAH only involves

weak hydrophobic interactions. The residue paeraxttions illustrate that the flexible
loop commonly interacts with the C-terminal port@SARAH, except configuration
11. We speculate that the loop may act as a hakrdnsiently holds SARAH onto
the RA domain. Figure 6 helps deduce the self-gst®ut inactive RASSF5
conformation. As we noted above, the autoinhibit®%-SARAH interaction is

transient, since SARAH has to be released when ASSactivated by Ras, forming
a coiled coil with another SARAH. Thus, the ‘hook8&RAH configurations can be

candidates RASSF5 conformations in the inactiviesta
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Figure 7-5. Calculated amide chemical shift perturbationsR€)Sor RA residues in
the RASSF5 configurations shown in Fig. 4. The X@fprogram[201] calculatetH,
13C, and'™®N chemical shifts. The combined amide CSPs foRB&F5 configurations

with respect to the RA domain alone trajectory weakeulated during the simulations

using the equation,; KL LM, where and denote the
4 and >N chemical shift differences, respectively, betwdba RSSF5 and RA
domain trajectories. The predicted chemical shittse averaged over 1500 trajectory
snapshots. A scaling factox = 0.17 was applied to tHé&N chemical shift difference.
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7.2.4 RASSFS5 in complex with GTP-bound KRas4B

Active Ras recruits RASSF5, resulting in a dimeomplex at the plasma membrane
(PM). This conduces to the MST1/2 kinase being &blganslocate to the PM [39].
RASSF5 connects between Ras and MST1/2. The RA idoohid&ASSF5 binds the
catalytic domain of Ras, and at the same time &R/ domain forms an antiparallel
coiled coil with the MST1/2 SARAH. Ras dimerizatiovould further facilitate the
dimerization of MST1/2 kinase domains and the tam®phosphorylation. Each Ras
molecule requires an active RASSF5 to connect tofM& In inactive RASSF5,
SARAH clings to the RA domain, biding its time urthe RA domain is enlisted to
reside on the Ras catalytic domain. SARAH is reddasnce RASSF5 binds and gets
activated by Ras. To understand the mechanism edfctimformational aptness of
RASSF5, we simulated it in complex with the GTP+hdUKRas4B. We adopted the
crystal structure of murine RASSF5 RA domain in pter with HRas (PDB code:
3DDC) as a template for the MD simulations. In thigal construction, those self-
associated inactive RASSF5 conformations (configoma 1, 4, 6, 9, 10, 11, and 14 in
Fig. 4a) were used to generate dimeric complex#skvRas4B-GTP. This resulted in
seven different dimeric configurations, DC1(1), @2 DC3(6), DC4(9), DC5(10),
DC6(11), and DC7(14), where DC represents dimevidiguration and the numbers
in the parenthesis denote the self-associated RB$8Rfiguration. Remarkably, we
observed that the SARAH domain tends to dissodiaen the RA domain upon
binding to KRas4B (Fig. 7-7A). The release generateight SARAH conformations,

which suggests a clan of coiled coils. The inteoscstrength of SARAH with the RA
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domain is significantly reduced as compared to tbhatthe Ras-free RASSF5
configurations (Fig. 7-7B). In DC6(11), SARAH stiiblds the RA domain strongly
even when bound with K-Ras4B, suggesting that tha&iguration may not have

reached relaxation in the simulation. NevertheléSARAH loses a number of
interacting residue pairs including DC6(11), as Résidues participate in the
interaction with K-Ras4B (Table E4). The mechantdrfBARAH release suggests that
K-Ras4B promotes RASSF5 activation, allostericaltyfting the protein from the

fluctuating loosely associated inactive to thersglg bound active state.

To elucidate how K-Ras4B allosterically affects RASSF5 conformation, we
conducted a dynamical network analysis using thsvbidView plugin in VMD. The
dynamical network analysis can identify the shdrsignal propagation pathway
through nodes, represented as residues in a pr@ethedges connecting between
nodes. In this analysis, weighted implementatiosudoptimal paths (WISPs) [104]
for the allosteric signal transmitted from KRas4BRASSF5 were calculated based on
the sum of the shortest edge distances definedhbyptirwise dynamic cross-
correlation. We calculated over 100 optimal andogtimal pathways between two
selected residues on K-Ras4B and RASSF5 SARAHpeamdded two best pathways
for the dimeric configurations with the kinked SARAnodel (Fig. 7-8). It can be seen
that most of the signaling pathways are connedtemigh the effector binding region
of Ras (residues 32-40 of the Ras catalytic domBamle E5). Interestingly, some
pathways pass through GTP, implying that only th&P@ound state induces
conformational changes in RASSF5, facilitatingaitsivation. We noted that the GTP-

bound, not the GDP-bound, Ras preferentially bitsdsffectors, such as Raf and PI3K.
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The dynamical cross-correlation map (DCCM) revaalsarent residue motions across
the K-Ras4B and RASSF5 domains in the highly-kins®RAH dimeric complex
model, with positive €(i,j)) Q 1) and negatived(i,j) Q -1) correlations (Fig. E2). In
contrast, the dimeric complex with the straight $2%Rmodel yields uncorrelated
residue motions witlc(i,j) Q 0, suggesting that no allosteric signal is reqlfoe the
unconstrained straight SARAH. The dimeric configiaras can be ranked from more
to less kinked SARAH in the order of DC3(6) > DCh(> DC4(9) > DC5(10) >
DC7(14) > DC1(1) > DC2(4), which is consistent wilte highly correlated residue

motions.
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Figure 7-6. Snapshots representing average conformations ABSR5. Selected

RASSF5 configurations 6, 9, 10, 11, and 14 are shawthe top of each panel. In the
cartoon representing the secondary structure, thelix andL-sheet structures are
colored cyan and red, respectively. The SARAH donsahighlighted by blue, and the
flexible loop is shown as yellow tube. Highlightederfaces between SARAH and
flexible loop are shown in the bottom of each paRekidues involving the interactions

are marked.
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Figure 7-7. RASSF5 in complex with the GTP-bound K-Ras4B. (&eraged

structures of RASSF5 interacting with K-Ras4B-GTtera200 ns molecular dynamics
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simulations. Seven dimeric complexes, DC1(1), DG2pC3(6), DC4(9), DC5(10),
DC6(11), and DC7(14), where DC denotes dimeric igomation and the numbers in
the parenthesis correspond to the self-associad&BR5 configuration, were selected
for the simulations. DC1(1) and DC2(4) containiglittSARAH, and other DCs have
the kinked SARAH model. In the cartoon representirggysecondary structure, the
helix andL-sheet structures are colored cyan and red, regegctThe SARAH
domain is highlighted by blue, and the flexible gois shown as yellow tube. (B)
Interaction energy of SARAH with the RA domain tbe dimeric configurations of
RASSF5/K-Ras4B-GTP complex. Averaged total inteoaicenergy (blue bars), and
the contributions from the electrostatic (greerspand vdW (red bars) interactions for

the dimeric configurations are shown.
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Figure. 7-8 The allosteric pathways induced by the GTP-bouiiRbBs4B. The
allosteric pathways were calculated by the weightgdementation of suboptimal path
(WISP) [104] methods for the dimeric configuratioi®C3(6), DC4(9), DC5(10),
DC6(11), and DC7(14) with kinked SARAH. Blue beausthe paths highlight the
residues with high occurrence rate, >50% (Table EB¢ source residue on KRas4B-

GTP (left) and sink residue on RASSF5 (right) asekad.
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7.3 Discussion

RASSF5 is a mediator that links Ras and MST1&7]. Its SARAH domain binds
its partners, including the RA and other SARAH doreavith varied affinities, thereby
playing a critical role in RASSF5’s functions [14188]. RASSF5’'s SARAH can
interact with the RA domain resulting in autoinhidn and also associate with a
cognate SARAH [39]. The SARAH-SARAH interaction fies an antiparallel coiled
coil, since SARAH adopts a longhelical motif [202]. The RASSF5-MST2 coiled coil
SARAH heterodimer has the highest binding affintlyynpared to both MST-MST and
RASSF5-RASSF5 SARAH homodimers [141]. Thus, RASSARAH can easily
compete with the MST-MST SARAH homodimer. Our MDbnsiations also verified
the strong interaction of RASSF5 SARAH with MST2 ISAH, compared to the
homo-dimeric SARAH-SARAH interactions. We suspéettithe high binding affinity
of the SARAH heterodimer is due to the strong etestatic attraction originating from
the bipolar characteristics between RASSF5 and MSARAHS. The isoelectric point
calculations of the SARAH domains illustrated tR&SSF5 SARAH is acidic, while
MST2 SARAH is basic. In the SARAH-SARAH interact&ynwe observed that
RASSF5 SARAH residues, E385, E388, and R403, aremamnly involved in both the
heterodimer and homodimer. Of particular note i8&3he residue at the kink in the

-helix when dissociated from the coiled coil. COSMlata showed that the E388K
mutation in RASSF5 can cause cancer. We specuiateB388K can disrupt the
RASSF5-MST2 SARAH heterodimer, since the opposasidresidue can introduce

unfavorable electrostatic repulsion in the SARAHFRS¥H interaction. Without
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activation of MST1/2, Hippo signaling can be suggesl, and as a result, the oncogenic
YAP1 signal is amplified.

It is clear that RASSF5 assists in MST1/2 kénastivation [39, 140, 149]. In the
inactive state, MST1/2 SARAH blocks its kinase domareventing dimerization of
the kinase domain with other MST1/2. For MST1/hase domain dimerization is
required to conduct trans-autophosphorylation, ifeatb phosphorylation of YAP1.
RASSF5 enables kinase domain dimerization, sinc€&2 SARAH can sequester
MST1/2 SARAH, thereby shifting the equilibrium ta axposed kinase domain. The
dynamic mechanism of the MST1/2 SARAH can be alppliad to RASSF5
SARAH.[39] In the inactive state, similar to MST1the RASSF5 SARAH engages
the RA domain, resulting in autoinhibition of RASSH he engagement of RASSF5
SARAH is dislodged when Ras interacts with the Rémdin. To elucidate the
mechanism, we modeled the inactive self-assocRESSF5 conformation in atomic
detail. We obtained several possible RASSF5 strestwith multiple modes of
interaction of SARAH with the RA domain, suggestitigat the inactive RASSF5
conformation is transient. In the RASSF5 structurdee SARAH domain was
dominantly defined as a kinkedhelix. It is reasonable that the longnhelical motif of
SARAH can be stabilized in a coiled coil with aretSARAH, and that the RA domain
does not contain a compatiblehelix to form the coiled coil. Our modeling sugtges
that the RASSF5 RA domain marginally holds the SAR#omain through the salt
bridge interactions. Especially, the interactiohshe flexible loop in the RA domain

with the C-terminal portion of the SARAH domain strain the fluctuations of
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SARAH’s C-terminus. The loop acts a hook that setratges SARAH to the RA
domain.

The autoinhibited RASSF5 becomes active when Radshlipb the RA domain. Ras
induces a conformational change in RASSFS5, libegsHARAH from the RA domain.
To capture the event, we simulated RASSF5 intargatith the GTP-bound K-Ras4B
and monitored allosteric pathways propagating fidRas4B-GTP to the RASSF5
SARAH domain. With KRas4B-GTP, we observed that BAS generally released
the SARAH, removing the autoinhibition. The intdran strength between SARAH
and the RA domain is dramatically reduced, compacethat of RASSF5 without
KRas4B-GTP. We reasoned that KRas4B-GTP transhetaltosteric signal releasing
SARAH. This shifts the energy landscape of RASSBifthe inactive to the active
state. For KRas4B-GTP/RASSF5 complex with kinked R&M, the DCCM
calculations showed that the residue motions betwé&tas4B and RASSFS5 are highly
correlated. The allosteric signals are promoted éwmeg range, stretching from the
KRas4B allosteric lobe to the SARAH domain. In cast, for the complex with
straight SARAH, the DCCM shows less correlated dwsi motions, with weak
allosteric signals transmitted over the short distafrom the KRas4B effector lobe.
This suggests that in the case of straight SARAMa@a RASSF5 is more likely to be
found in or near the active state.

To conclude, here we aim to figure out the na@tdm on the conformational level
of how Ras binding results in MST1/2 activation king RASSF5 a tumor suppressor.
Ras activates RASSF5, and the activated RASSFgatesi MST1/2. The mechanism

of RASSF5 activation deploys the conformational atywics of the SARAH domain,
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switching it between states. SARAH’s dynamics cb@dzes its conformational
plasticity: in the active state of RASSF5, SARAHaiselongated-helix stretching to
form a coiled coil with MST1/2 SARAH; in the inaeé state, SARAH becomes
flexible converting to a kinked-helix and receding toward the RA domain. The aliose
self-associated RASSF5 conformation with the ré#hcSARAH implies an
autoinhibition of the protein; Ras can however lgasompete with SARAH,
allosterically altering the autoinhibited conformeat Our structural modeling of
RASSF5 in atomic detail provides insight into theamanism of how the structural
dynamics of RASSF5 with SARAH can be related tdutsctional role - connecting
oncogenic Ras proteins to cancer, here by suppges Hippo pathway. Noteworthy,
like other Ras binding proteins, such as Raf, P&kJ RalGDS, RASSF5 contains a
largely undefined N-terminal portion, including tpetative membrane binding C1
domain [4, 203]. A more complete understanding khawolve these segments, as
well as a mechanistic structural grasp of how M§&iivates the Hippo pathway and
exactly how the Hippo pathway and YAP1 can rescas Bhd MAPK inhibition.
Mutations in YAP1 are frequently observed in Raseir cancers [122, 125-127, 189],
and more [192, 193]. RASSF5 tumor suppressor reatly among the key drug targets
in Ras-related cancers due to its role in linkiragMIAPK and YAPL.

Taken together, we suggest that when RASSFsiiRas4B-GTP, the equilibrium
shifts. SARAH’s fluctuations increase predominantbward the open state and
heterodimer formation with MST's SARAH. Since theA/BARAH affinity is
relatively low, whereas that of the SARAH heterodims in the nM range, the

emerging mechanism of RASSF5 action as a tumorreapgr is through competitive
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association with the Ras-GTP effector interactiote, sand recruitment to the
membrane, where it supports MST kinase domain dpagon and trans-

autoactivation. Such a conformational dynamic viswggests how RASSF5 can
suppress cell proliferation. Its two domains linksRand the MAPK and the Hippo
pathways, the two major pathways in tumor cell ifgohtion — the first promoting the
second suppressing — thereby enabling RASSF5’s rtsmgpressing action. At the
same time, its N-terminal region, including its ggite C1 domain, anchor it in the
membrane, further stimulating MST1/2 activationswing RASSF5 action emerges

as an important cancer drug discovery strategy.

7.4 Materials and Methods

For the SARAH dimer simulations, the crystalustures of SARAH dimers,
RASSF5-MST2 SARAH heterodimer (PDB code: 4LGD), MSWIST2 SARAH
homodimer (PDB code: 40H9), and RASSF5-RASSF5 SAR#hodimer (PDB
code: 2YMY) were obtained from the Protein Data B4RDB). The CHARMM
program [48] was used to construct the set ofahitbnformations and to relax the
systems for the atomistic molecular dynamics (MiD)udations. Using the same MD
protocols as in our previous work [54, 107, 1082-115], the dimer systems were
solvated by the modified TIP3P water model and sgbently minimized using the
steepest descent (SD) and adopted-basis NewtonsBagABNR) methods, followed
by consecutive cycles of dynamics in the pre-euiim stage. During the pre-
equilibrium simulations, the initial crystal strucés of SARAH dimers were gradually

relaxed after solvation.
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To sample ensembles of monomeric SARAH, thedinates of RASSF5 SARAH
were extracted from the RASSF5-MST2 SARAH heter@i(PDB code: 4LGD). The
isolated RASSF5 SARAH monomer was subjected toiaaxchange molecular
dynamics (REMD) simulations for 50 ns. Twelve reps of the SARAH monomer
were simulated at temperatures in the range frof BOto 360 K, incremented
gradually for each replica. During the simulatidemperatures were exchanged
between trajectories according to a Metropolisedan. After the simulations,
ensemble configurations of the SARAH monomer wighkinked -helical motif were
determined by analyzing replica trajectories, didicey the high-temperature replicas.
Based on the population distribution of the intéacenergy as a function of residue
pair-distance, five initial kinked SARAH configurans (KS1 to KS5) were obtained.

To construct the N-terminal truncated RASSKESsiftues 205 — 418) structure, the
SARAH domain was covalently connected to the RA diomThe crystal RA domain
structure of murine RASSF5 (PDB code: 3DDC) wasamigld from the PDB server
and subsequently used to model the human RA dorRaisidue modifications were
made to obtain the human sequence, and the flekdbfe with missing coordinates
(residues 254 — 278) was constructed by using theeller server [196]. Both straight

-helical SARAH extracted from the crystal structared kinked SARAH defined by
the REMD simulations were used to predict the asHfeciated RASSF5 conformation
by using the PRISM [197, 198] and Patchdock [1990]Zervers. All-atom MD
simulations were prepared for the best fourteerfigorations of the initial RASSF5
structure predicted from the docking programs. Byithe simulations, ensembles of

the self-associated RASSF5 conformations in an@egienvironment were obtained.
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For the simulations of RASSF5 in complex with Rasyen different RASSF5
conformations among the fourteen configurationsewgsiected to model the dimeric
RASSF5/Ras complex. The crystal structure of 3DD6tains the murine RASSF5
RA domain in complex with the GNP-bound HR¥5531K By replacements of HRas
with the GTP-bound K-Ras4B (PDB code: 3GFT) anchtiheine RASSF5 RA domain
with the selected RASSF5 configurations, severedbfit dimeric configurations for
the RASSF5/K-Ras4B-GTP complex, DC1(1), DC2(4), p833DC4(9), DC5(10),
DC6(11), and DC7(14), where DC represents dimevidiguration and the numbers
in the parenthesis denote the monomeric RASSFSgroation, were obtained. The
structure of 3GFT contains a point mutation, Q6&Hich was replaced with the wild-
type residue, and the GNP in 3GFT was replaced®.G

The initial fourteen configurations of monomeric 88F5 and seven dimeric
configurations of RASSF5 in complex with KRas4B-GWere solvated by the TIP3P
water model and subsequently minimized with theginobackbone rigid for 10,000
steps, followed by a dynamic cycle of 50,000 titeps. All systems were subsequently
neutralized, with the number of counter ions neettedieutralize the systems. In
addition, a number of ions, Nand Cl, were added to the systems to satisfy a total
cation concentration near 100 mM, followed by taene minimization and dynamic
protocols of previous stage. In the pre-equilibrigtages, harmonic restraints were
applied to the heavy atomk £ 5 kcal/mol/R/atom) and gradually relaxed ko= 0
with a full particle mesh Ewald (PME) calculatioorflong-range electrostatic
interactions and a constant temperature (Nosé Hoowermostat/barostat at 310 K.

Following pre-equilibrium, a 200 ns production rwas performed with the NAMD
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2.10 code [47] and the CHARMM program [48] with sien 36 [53] on the Biowulf
cluster at the National Institutes of Health (Betltee MD). Averages were taken after

30 ns, discarding initial transients.
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Chapter 8: Conclusion

In this study, we comprehensively investigateditiieraction of KRas4B with its
upstream effectors (SOS1, Grb2, and EGFR) and dosam effector RASSF5 of
Hippo pathway. We used NMR experiments to measwgaffinity of Grb2-SOS1 via
the isolated Grb2 nSH3/cSH3 domains and the seleS8S1 PR segments. We
successfully uncovered a novel cSH3 binding sité PFIRKTYKREH on SOS1 PR
domain. This alternative cSH3 binding site leadght® multiple binding modes of
Grb2-SOS1 interaction. Subsequently, we used MDulsiton to search all other
probable PR segments on SOS1. The simulation eye¢bht NnSH3 would perform
open/closed conformation when binding to a weabgtbinding partner while cSH3
always retains a consistent and stable conformaiitis implies nSH3 and cSH3
might have distinct biological roles: nSH3 adaptsassociation with SOS1, and cSH3
helps Grb2 dimerization.

The full length Grb2 performs much stronger bindafignities for the selected one-
site SOS1 peptides than the isolated nSH3/cSH&dsiingly, these affinities have the
same magnitude for both nSH3 and cSH3. We alseddbket interaction of Grb2 with
the two-site SOS1 peptides. These bindings folldwe Ppairwise affinities of
NSH3/cSH3 with one-site SOS1 segments. In ordev&duate the EGFR effect, the
phosphorylated EGFR segment was added to theeindjth Grb2. The EGFR-Grb2
complex and Grb2 perform the same interactions witb-site and two-site SOS1
peptides. This suggests EGFR has limited influemc&rb2-SOS1 interactions.

SOS1 activate KRas4B at the CDC25 catalytic sitagsociating with KRas4B at

the REM allosteric site. Either GTP or GDP boundasBB at the REM domain is
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capable to fully activate SOS1. The allosteric algrare roused from switch I/l of
allosteric KRas4B and ended at the switch I/l efatytic KRas4B. At the REM
domain, KRas4B-GDP renders limited activation cyweldle KRas4B-GTP induces
accelerated activation cycle.

Regarding Ras/RASSF5 interactions, we reviewedptiegious publications and
proposed that membrane-anchored Ras is essemiBASSF5 activation. Dimeric
Ras activates RASSF5 by releasing its SARAH domBiSSF5 SARAH hetero-
dimerize with MST1/2 SARAH, transmitting Hippo s&jmg. Without membrane,
MST1/2 kinase domains is unable to dimerize ancetgal self-phosphorylation. By
simulating KRas4B with the modeled RASSF5 autohitd complex, we suggested
KRas4B binding to RASSF5 RA domain releases RASS&BAH domain.

To conclude, chapter 2 to 6 decipher and summaénzeénteraction mechanism of
EGFR-Grb2, Grb2-SOS1, SOS1-KRas4B, and KRas4B-RAS®F elucidated the
wild type KRas4B with part of its upstream and deweam effectors. While my work
temporarily ends here due to the limited time, R&s research is endless. As one of
the most oncogenic proteins, inhibiting Ras sigmals the major attempt that many
scientists have been working on. In the futurepuld suggest to look into the detail
of Grb2-SOS1 complex. The complex interaction ddZz50S1 is dynamic. The wild-
type Grb2 interacting with wild-type SOS1 PR mayyoreflect early stage of Ras
signaling. In the subsequent Ras signaling, SOS1uRdergoes multiple residue
phosphorylation and enforce the nSH3/cSH3 shifther binding sites. Understanding
the Grb2-SOS1 interactions in different stage of Bignaling will be beneficial for the

development of peptide inhibitors.

163



Appendix A

A

Figure Al. (A) Sequence alignment of Grb2 nSH3 and cSH3 dwendhe interface
residues Y7, F9, D33, W36, F47, and Y52 of nSH3#gmned with F165, F167, D190,
W193, F205, and Y209 of cSH3. The unaligned ciitieaidues D15 and E171 result

in the nSH3/cSH3's distinct binding motifs. (B) rEtion curves for the selected
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residues of nSH3/cSH3 ([P]) upon addition of vasioBOS1 peptides ([L]): the
observed CSPs are plotted as a function of [L]ffRijo and fitted to a single-site
binding model. InrKp calculations of nSH3, 3 residues (D15, L17, and)Y&e used
for S1, 4 residues (F9, N35, F47, and N51) for S&sidues (L17 and N51) for S7,
and 7 residues (E2, D15, L17, S18, F47, N51, ar?) & S8. For cSH3-S8, 3 residues
(E171, W193, and K195) are used to calcukate For nSH3-S2/S4/S10 and cSH3-

S2/S4/S10, the selected residues are indicatdeeifigure 2 and 3.
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Figure A2. 1H-1>N SOFAST-HMQC spectra of nSH3 in the unbound staliee) and

at the endpoint of titration (red) with the SOShtdes S1, S2, S3, S4, S7, S8, and
S10. (A) Spectrum of unbound nSH3. (B-H) Overlayhaf spectra of free nSH3 (blue)
and of (B) nSH3-S1, (C) nSH3-S2, (D) nSH3-S3, &)18-S4, (F) nSH3-S7, (G)
nNnSH3-S8, and (H) nSH3-S10. The peptide:nSH3 raa® vl at endpoint.
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Figure A3. 1H-®N SOFAST-HMQC spectra of cSH3 in the unbound Sfaltee) and

at the endpoint of titration (red) with the SOSptdes: S1, S2, S3, S4, S7, S8, and
S10. (A) Spectrum of unbound cSH3. (B-H) Overlayhaf spectra of free nSH3 (blue)
and of (B) cSH3-S1, (C) cSH3-S2, (D) cSH3-S3, @)18-S4, (F) cSH3-S7, (G)

cSH3-S8, and (H) cSH3-S10. The peptide: cSH3 mater at endpoint was 3:1.
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Figure A4. The overlaidH->N SOFAST-HMQC spectra of (A) nSH3 in the unbound
state (blue) and at the endpoint of titration wite SOS1 peptides S2 (yellow) and S4
(red) and (B) cSHS3 in the unbound state (blue) th(red) and S10 (green). The

molar ratio of peptide to nSH3/cSH3 at the titratemdpoint was 3:1.
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Figure A5. Amide chemical shift perturbations (CSH3) in nSH3/cSH3 at the
endpoint of titration with various SOS1 peptide&) ASH3-S1, (B) cSH3-S1, (C)
nSH3-S3, (D) cSH3-S3, (E) NSH3-S7, (F) cSH3-S7n®&)3-S8, and (H) cSH3-
S8. Structure images to the right of the plots sl&®Ps mapped onto surfaces of
nSH3/cSH3 (PDB: 1GRI) in complexes with the cormesping modeled peptides,
respectively. The red bar indicates the signaltshdf W36/W193 side chain
(W36HN/W193HN). The surface coloring is based om divserved CSP values and

ranges from white (O ppm) to red (maxinixd =0.15); select residues are indicated.
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The nSH3- or cSH3-bound peptides are colored basedon-polar (white), polar
(green), negatively-charged (red), and positivdigrged (blue) residues. The residues

with shifts greater than one standard deviationratieated.
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Mode Mode

Mode Mode

S10

/ s4

59\ /

S5

Figure A6. The initial structures of four Grb2-SOS1 compterdels: (A) nSH3-

S4/cSH3-S10, (B) nSH3-S5/cSH3-S4, (C) nSH3-S5/cSH3—-and (D) nSH3-
S9/cSH3-S4. Grb2 nSH3, SH2, cSH3 domains, and FB&3fomain are colored blue,
white, green, and yellow, respectively. The SOSilinig sites are highlighted by the

thick red tubes and pointed out by the black arrows
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Table Al

Pairwise affinities of nSH3-S2/S4/S5/S6/S9 and ¢cS52354/S10

cSH3/NSH3 S2250 | S435 |S556(M)| S6117 |S982 (M)
(M) (M) (M)

S2 400 (M) 100,000 14,000 22,400 46,800 32,80(
S4 140 (M) 35,000 X 7840 16,380 11,480
S10 150 (M) 37,500 5250 8400 17,550 12,300

Summing up th&p values for nSH3-S2/S4/S5/S6/S9 and cSH3-S2/S4&jgests
the probable combination of nSH3/cSH3 with SOSltigep. The smaller values may
represent the higher probabilities. The nSH3-S4BSIH has the smallest values,
followed by nSH3-S5/cSH3-S4, nSH3-S5/cSH3-S10, RSAIRSH3-S4, nSH3-
S9/cSH3-S10, nSH3-S6/cSH3-S4, nSH3-S6/cSH3-S1B-+8&tSH3-S4, nSH3-
S2/cSH3-S10, nSH3-S4/cSH3-S2, nSH3-S5/cSH3-S2, +&§HSH3-S2, and

NSH3-S6/cSH3-S2.
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Appendix B

Figure B1. The average structures of (A) nSiI323/S4/S5/S6/S9/S1dand (B) cSH3
S2/S4/S5/S6/S9/S10 complexes. Each SOS1 PR péptadeye) contains 12 residues;

the structures of residue side chains are shown.
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Figure B2. The average structures of (A) nSI33/S3/S7/S8 and (B) cSH3

S1/S3/S7/S8 complexes. S1, S3, and S8 form arsddigbwith nSH3/cSH3. Due to the
lack of interactions with nSH3/cSH3 hydrophobic let¢ S1, S3, and S8 hardly retain
the secondary structures and partially associath wSH3/cSH3. S7 is totally

dissociated from nSH3/cSH3.
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Figure B3. The average structures of cSH31S&SH3-S5 and cSH3—-S5re highly
similar while S5, S5, and S5 have different initial structural models. The cerged

structure suggests the probable model of the nSEl8e8plex.
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Figure B4. The average structures of cSi88%, cSH3-S6 and cSH36™ are highly
similar while S6', S6, and S8 have different initial structural models. The cerged

structure suggests the probable model of the ASBI8omplex.
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Figure B5. The average structures of cSH3=S€SH3-S9 and cSH3—-S%re highly
similar while S9', S9, and S have different initial structural models. The cerged

structure suggests the probable model of the nSei8e8plex.
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Figure B6. The average structures of (A) nSiI323/S4/S5/S6/S9/S1dand (B) cSH3
S2/S4/S5/S6/S9/S10 complexes. The residues of ®SH3/with contact probability
greater than 50% are indicated. SOS1 peptidesoéweed orange, and the residue side
chain structures are shown in stick representation.
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Figure B7. The crystal structure of Grb2 homodimer (PDB: 1)Ggbntains nSH3
(blue), SH2 (white), and cSH3 (green). (A) The geamashed line represents the
unstructured nSH3 n-Src loop (LNEECD, residues 2B-8B) Grb2 is dimerized
through the hydrogen bond (H-bond) formations o 860 and N188-N214. The

cSH3 n-Src loop is colored red.
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Figure B8. The root-mean-square fluctuations (RMSF) of (ABH3-S2
3/S4/S5/S6/S9/S1Dand (B) cSH3S2/S4/S5/S6/S9/S10 complexes. The nSH3/cSH3
bound to S2/S2, S4, S5, S6, S9, and S1910 are colored green, blue, cyan, yellow,
purple, and red. The RT, n-Src, and distal loopselkas the critical residues involved
in the interaction for SOS1 PR domain are indicatBde cSH3 N188 which is

responsible for Grb2 homo-dimerization shows highatuation when bound to S4.
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Appendix C

Figure C1. (A) T2 relaxation of Grb2 and EpYINQSV-Grb2. The averaged
relaxation times (unit in ms) of Grb2 (blue) andYlERQSV-Grb2 (red) are 52.4 and
53.2 ms, respectively. (B) CSP of Grb2 interaciwith EpYINQSV. Residues with
large CSPs are indicated. (C) Signal intensityratiresidues intensity in EpYINQSV-
Grb2 over Grb2. Residues withol# 1.2 are pointed out.
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Figure C2. 'H-1°>N SOFAST-HMQC spectra of (A) full length Grb2 am) (he middle
signal-crowded region. The signal assignments ased on the published data. The

corresponding residues are indicated above thalsign
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Figure C3. 'H-®N SOFAST-HMQC spectra of Grb2 in the unbound statee) and
at the endpoint of titration (red) with the SOSDhtmes S1*, S2*, S3* S4* and Sb5.
Overlay of the spectra of free Grb2 (blue) andAf Grb2-S1*, (B) Grb2-S2*, (C)
Grb2-S3*, (D) Grb2-S4*, and (E) Grb2—-S5. The mo#io of SOS1/Grb2 is 2:1 at

the titration endpoint.
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Figure C4. H->N SOFAST-HMQC spectra of EpYINQSV-Grb2 (blue) andhe
endpoint of titration (red) with the SOS1 pepti@ds, S2*, S3*, S4*, and S5. Overlay
of the spectra of EpYINQSV-Grb2 (blue) and of (AYp@&-S1*, (B) Grb2-S2*, (C)
Grb2-S3*, (D) Grb2-S4*, and (E) Grb2—-S5. EpYINQSWds to Grb2 with 1:1

stoichiometry, and the molar ratio of SOS1/Grb2:kat the titration endpoint.
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Figure C5. 'H-1>N SOFAST-HMQC spectra of Grb2 and EpYINQSV-Grb2
interacting with SOS1 two-site peptides. Overlayhef spectra of Grb2 (blue) with (A)
Grb2-S12, (C) Grb2-S23, and (E) Grb2—-S45; the spettEpYINQSV-Grb2 (blue)
superimposes (B) EpYINQSV-Grb2-S12, (D) EpYINQSVB&+S23, and (F)
EpYINQSV-Grb2-S45. SOS1 peptides bind to Grb2 amdptex of EpYINQSV-

Grb2with 2:1 stoichiometry.
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Figure C6. Titration curves for the selected residues ofZ3) nSH3 and (B) cSH3
upon addition of S1* peptide and fitted to a twte §iinding model. The observed CSPs
are plotted as a function of peptide/protein rafibe vertical axis is fractional bound
of protein. The corresponding residue number igatdd above each subplot. (A) The
fits of CSPs observed in nSH3 domain (upper) réflee corresponding binding events
for cSH3 domain (lower), which are not directly ebged. (B) Similarly, the fits for
cSH3 domain (lower) also reflect the indirect bimgh for nSH3 domain (upper).
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Figure C7. Titration curves for the selected residues ofZ3) nSH3 and (B) cSH3
upon addition of S2* peptide and fitted to a twte fiinding model. The observed CSPs
are plotted as a function of peptide/protein rafibe vertical axis is fractional bound
of protein. The corresponding residue number igatdd above each subplot. (A) The
fits of CSPs observed in nSH3 domain (upper) réflez corresponding binding events
for cSH3 domain (lower), which are not directly ebged. (B) Similarly, the fits for

cSH3 domain (lower) also reflect the indirect bimgh for nSH3 domain (upper).
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Figure C8. Titration curves for the selected residues ofZ3) nSH3 and (B) cSH3
upon addition of S3* peptide and fitted to a twte fiinding model. The observed CSPs
are plotted as a function of peptide/protein rafibe vertical axis is fractional bound
of protein. The corresponding residue number igatdd above each subplot. (A) The
fits of CSPs observed in nSH3 domain (upper) réflez corresponding binding events
for cSH3 domain (lower), which are not directly ebged. (B) Similarly, the fits for

cSH3 domain (lower) also reflect the indirect bimgh for nSH3 domain (upper).
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Figure C9. Titration curves for the selected residues ofZ3) nSH3 and (B) cSH3
upon addition of S4* peptide and fitted to a twte fiinding model. The observed CSPs
are plotted as a function of peptide/protein rafibe vertical axis is fractional bound
of protein. The corresponding residue number igatdd above each subplot. (A) The
fits of CSPs observed in nSH3 domain (upper) réflee corresponding binding events
for cSH3 domain (lower), which are not directly ebged. (B) Similarly, the fits for

cSH3 domain (lower) also reflect the indirect bimgh for nSH3 domain (upper).
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Figure C10. Titration curves for the selected residues ofZ3#) nSH3 and (B) cSH3
upon addition of S5 peptide and fitted to a twe-biihding model. The observed CSPs
are plotted as a function of peptide/protein rafibe vertical axis is fractional bound
of protein. The corresponding residue number igatdd above each subplot. (A) The
fits of CSPs observed in nSH3 domain (upper) réflee corresponding binding events
for cSH3 domain (lower), which are not directly ebged. (B) The fits for cSH3

domain (lower) also reflect the indirect bindings "SH3 domain (upper).

190



191



Figure C11 Titration curves for the selected residues of Bf)SV-Grb2 (A) nSH3
and (B) cSH3 upon addition of S1* peptide and ditte a two-site binding model. The
observed CSPs are plotted as a function of peptioi@in ratio. The vertical axis is
fractional bound of protein. The correspondingdasinumber is indicated above each
subplot. (A) The fits of CSPs observed in nSH3 dom@upper) reflect the
corresponding binding events for cSH3 domain (IQwevhich are not directly
observed. (B) Similarly, the fits for cSH3 domaiower) also reflect the indirect

bindings for nSH3 domain (upper).
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Figure C12 Titration curves for the selected residues of BfSV-Grb2 (A) nSH3
and (B) cSH3 upon addition of S2* peptide and ditie a two-site binding model. The
observed CSPs are plotted as a function of peptioi@in ratio. The vertical axis is
fractional bound of protein. The correspondingdaesinumber is indicated above each
subplot. (A) The fits of CSPs observed in nSH3 dom@upper) reflect the
corresponding binding events for cSH3 domain (IQwevhich are not directly
observed. (B) Similarly, the fits for cSH3 domaiower) also reflect the indirect

bindings for nSH3 domain (upper).
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Figure C13 Titration curves for the selected residues of Bf)SV-Grb2 (A) nSH3
and (B) cSH3 upon addition of S3* peptide and ditte a two-site binding model. The
observed CSPs are plotted as a function of peptioi@in ratio. The vertical axis is
fractional bound of protein. The correspondingdasinumber is indicated above each
subplot. (A) The fits of CSPs observed in nSH3 dom@upper) reflect the
corresponding binding events for cSH3 domain (IQwevhich are not directly
observed. (B) Similarly, the fits for cSH3 domaiower) also reflect the indirect

bindings for nSH3 domain (upper).
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Figure C14. Titration curves for the selected residues of Bf)SV-Grb2 (A) nSH3
and (B) cSH3 upon addition of S4* peptide and ditte a two-site binding model. The
observed CSPs are plotted as a function of peptioi@in ratio. The vertical axis is
fractional bound of protein. The correspondingdasinumber is indicated above each
subplot. (A) The fits of CSPs observed in nSH3 dom@upper) reflect the
corresponding binding events for cSH3 domain (IQwevhich are not directly
observed. (B) Similarly, the fits for cSH3 domaiower) also reflect the indirect

bindings for nSH3 domain (upper).
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Figure C15. Titration curves for the selected residues of BfSV-Grb2 (A) nSH3

and (B) cSH3 upon addition of S5 peptide and fitted two-site binding model. The
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observed CSPs are plotted as a function of peptioi®in ratio. The vertical axis is
fractional bound of protein. The correspondingdasinumber is indicated above each
subplot. (A) The fits of CSPs observed in nSH3 dom@upper) reflect the
corresponding binding events for cSH3 domain (IQwevhich are not directly
observed. (B) Similarly, the fits for cSH3 domaiower) also reflect the indirect

bindings for nSH3 domain (upper).
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Table C1. Signal attenuation while the titratiorS@S1 peptides with Grb2 and
EpYINQSV-Grb2

SOS1 Grb2 EpYINQSV-Grb2

S1* K38, K50 W36e, K38, F47, K50

S2* K38, F47, K50 K38, F47, K50

S3* Y37, K38, F47, K50 D15, Y37, K38, F47, K50

S4* K38, K50 D15, K38, F47, K50

S5 W36e, K38 D15, W3e, K38

S12 All, W36\ Y37, K38, F47, K50, R20VYW36e, Y37, K38, F47, K50, R207

S23 All, W36 Y37, K38, F47, R207 All, W36, Y37, K38, F47, K50
D168, W193, R207

S45 | K10, W36, K38, F47, K50, L164, K10, T12, W3&, Y37, K38, F47, 148

D168, W194, R207, N208

K50, L175, H184, N192, W193, W19
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Table C21°N T2 relaxation measurements for Grb2 and EpYINQSNs2

EpYINQSV— EpYINQSV— EpYINQSV—
Grb2 | EP GerZ Grb2 | EP GerZ Grb2 | EP Grt?Z
M1 | 439.75|  297.78 R78] 22.1b 4273 Di%0  40.66 3081
E2 | 358.11] 52531 H79|  43.62 4518 T159  30.06 44.3Q
A3 | 60.64 2074 D80| 4598 43.46 Y160  36.43 43.75
14 | 51.44 35.84 Gs1| 4210 29.77 Vel 5444 43.26
A5 | 54.77 58.76 AB2 | 34.0: 39.82 0182 64533 11.42
K6 | 37.18 3651 F83|  34.30 37.01 AlG3 4692 29.78
Y7 | 49.50 48.92 84| 42.6¢ 4261 L6l 87.65 52.94
D8 | 35.90 42.86 185 | 27.7% 35.08 F165 4353 59.46
Fo | 47.58 5557 R86| 3950 2931 D166  54.83 56.55
K10 | 57.98 38.23 Ea7|  42.19 46.77 F167  46.03 47.74
All | 86.94 73.45 AOL| 6057 51.26 D168 6247 65.79
T12 | 4721 38.68 Go3| 3351 36.66 0170 4546 48.87
D15 | 5547 88.25 S96|  37.98 33.18 E171 6502 62.81
D16 | 39.44 39.02 Lo7| 38.25 56.49 DIf2 4946 49.08
S18 | 6238 46.85 So8| 23.96 3537 G173 4521 82.8¢
F10 | 40.65 42.20 Vool 4258 4505 E1f4 5164 48.30
K20 | 26.71 3434 K100 4239 43.50 L1745 47.10 50.87
R21 | 64.53 41.42 F101 5841 45.92 G176 5617 60.3¢
G22 | 28.84 38.02 G102 42.04 38.17 F1f7 41,78 48,00
D23 | 44.74 4022 D104 945D 51.76 R1T8  34.08 47 28
24 | 52.80 20,86 0108  37.0D 48.26 R1T9 4546 49,53
125 | 5853 16.74 H107|  41.94 56.42 F180 5004 57.11
V27 | 4359 3152 F108  33.64 27.45 F182  46.40 47 49
128 | 19.81 35.79 K109 39.76 - 1183 34.7b 55.79
Y37 | 16.47 21.38 V110 5L4% 7531 H184 4955 64.71
K38 | 37.43 45.05 1111 36.89 46.08 Vid5 5417 58.76
A39 | 3582 34.20 R112 681D - M186  38.49 44.06
E40 | 42.79 51.06 AL1S 4400 53.17 D187  46.00 4587
L4l | 44.76 48.18 G116  39.4b 4028 Ni88 4963 64.71
G43 | 55.83 43.96 vilg  33.2D 4112 S189 465 50.94
Kad | 4502 22.82 F119 503 5036 D190 5163 52.72
D45 | 46.67 44.90 Wiz 39.1D - NI92 4447 2958
G46 | 36.58 44.90 Vi2d  81.98 - Wid3 4989 50.58
F47 | 4154 32.99 Vi2d 6468 7772 Wibd  42.66 4417
148 | 22.15 32.85 K124 40.1% 42.35 Kid5 ~ 42.90 38.06
K50 | 52.79 2051 F125  24.0D 43.96 G106 46.79 45.97
N51 | 37.78 37.43 N1268  50.8 38.82 AL97  47.04 41.95
Y52 | 43.18 2457 S127 462D 39.42 C168 4385 44.43
53 | 42.43 21.05 L128]  44.41 39.74 0201 57.93 65.46
E5d | 43.85 44.45 E13d  37.21 39.80 T202 5181 55.89
K64 | 4514 29.78 [131]  40.97 12.40 G203 49.91 57.55
165 | 58.79 54.77 D133 37.28 48.63 M204  44.96 45.40
AG8 | 39.32 2112 Y134 4381 4411 F205 4487 44.97
K69 | 40.80 41.95 R136 3550 30.74 R207 4904 62.64
E71 | 41.23 71.03 513/ 24.89 61.48 N2D8 3589 4517
M73 | 39.50 42.95 T138] 4450 33.60 Y249 54.00 43.96
L74 | 4253 48.85 S141  56.08 54.15 V210 45017 4783
S75 | 4813 41.02 0144 4172 4935 T211 4546 56.5(
K76 | 47.57 34.98 1146 4001 43.71 V213 10208 341
Q77 | 4736 49.95 F147  42.89 33.36 V2i7 33600 28,
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Table C3. Direct binding affinities<p in unit M) of individual residue for
interaction of Grb2 with one-site SOS1 peptides

nSH3 | S1*| S2*| S3*| S4* S5 CSH3 S1* S2* S3* S4* S5
Y7 0.8 6.8 | 0.01 8.9 T159 7.8 268 306
K10 1.2 0.9 3.3 11.1 V161 12.2
All 1.4 6.7 0.9 Al163 1.3 43.8
T12 1.6 F165 1.3 9.2
E16 2.1 30.7 D166 51.3
S18 30.2 36.8 Fl67 63.8
F19 6.9 24| 16.8 45.3 D168 9.% 1.p 11 29.7
G22 43.4 E1l71 35.§ 10.2 1.0 0.8
Y37 0.1 1.0 D172 5.9
E40 10.6 G173 0.2 31.4
L41 5.2 1.0 0.6 El74 30.2
D45 11 7.5 L175 24.71
G46 2.7 1.8 4.4 G176 0.9
F47 9.8 G180 24.3
148 2.9 27.6 S189 10.9
N51 01 ] 259 6.1] 34.1 D190 24.8
Y52 1.3 4.0 7.4 9.1 N192 1.1 7.9
153 3.6 8.8 W193 119 114 225
W19 11.8 1.3 10.6
W194 7.0
WI194N | 1.0
K195 21.0
G196 13.9 7.9
C198 8.1
1202 9.4 0.4
G203 12.1
M204 8.1
R207 14.1 1.2 16.6 13.3 326
N208 26.6 7.9
V210 27.8
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Table C4. Indirect binding affinitie«6 in unit M) of individual residue for
interaction of Grb2 with one-site SOS1 peptides

nSH3 | S1* S2* S3* | S4* S5 cSH3 S1* | S2*| S3*| S4* S5
Y7 107 137 0.1 7.0 T159 12.y  11b 66
K10 2522 142 14.7| 129 V161 3.6
All | 6 10° 147 2.7 Al163 0.5 95.4
T12 6 10° F165 0.3 8.2
E16 189 1891 D166 7.1
S18 154 2 10° F167 5 10°
F19 540 249 | 3 10° 113 D168 221 0.5 0.7 112
G22 116 E171 5.1 2.8 0.4 2.2
Y37 2.8 240 D172 2.0
E40 2 10° G173 111 113
L41 130 99 1.6 E174 9.6
D45 96 154 L175 115
G46 112 313 18.7 G176 1.4
F47 6.8 G180 3 10°
148 204 4 10° S189 32
N51 26 | 3710° | 137 | 1" 10° D190 0.7
Y52 2418 24.7 | 13.1 7.4 N192 7.0 13.1
153 1106 | 130 W193 5.6 2.5 36.(
W19 2.5 0.8 3.0
W194 14.3
WI194N | 7.2
K195 27.5
G196 8.5 12.0
C198 131
T202 5.6 35
G203 11.2
M204 5.5
R207 453| 0.7]310°| 3.2 | 605
N208 1.0 2.9
V210 116
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Table C5. Direct binding affinitied<p in unit M) of individual residue for

interaction of EpYINQSV-Grb2 with one-site SOS1 fegs

nSH3 | S1*| S2*| S3*| S4* S5 CcSH3 S1* S2* S3* S4* S5
14 21.1 0.4 T159 0.6 42.6
K6 1.6 V161 12.7 0.7 1.0
Y7 1.8 11.7 43.1 Q162 10.6
K10 2.1 01| 40.1] 1.8 A163 14.C 13.6
All 0.7 2.4 F165 9.3 1.3 36.3
T12 145 D166 0.2
E1l6 13.5 F167 0.2
S18 2.2 16.7 0.3 D168 8.7 12.3 31.2 30.2
F19 0.7 121 E1l71 17.0 1.3 41.0 35(2
R21 10.6 D172 0.7 17.7
G22 1.0 G173 13.0 45.2
V27 38.7 E1l74 8.6
Y37 6.5 L175 7.2 15.7
E40 0.1 G176 1.0 8.1
L41 5.1 | 34.2 30.1 G180 5.9
D45 17.6 F182 6.7
G46 4.4 0.4 0.9 S189 0.4
148 1.1 2.8 D190 8.6
N51 0.8 37.8 N192 11.5 25.7
W193 11.7 1.3 1.0 0.6 31.3
WI19N 13.2 11 2.8
W194 31.1
WI194N 0.9 33.4
K195 0.9 0.6
G196 8.8 30.9
A197 30.1
C198 0.4 20.1
T202 8.7
G203 0.8
M204 23.9
R207 10.6 9.6 35.0 8.0 32.4
N208 19.9 15.5 9.2
Y209 13.1 1.3 0.3 33.5
V210 30.9
T211 14.8
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Table C6. Indirect binding affinitie«k6 in unit M) of individual residue for
interaction of EpYINQSV-Grb2 with one-site SOSL s

nSH3 | S1* S2* S3* S4* S5 cSH3 S1* S2* S3* S4* S5
14 3 10° 2.1 T159 1.4 1080
K6 1288 V161 10.4 2.1 0.9
Y7 165 128 2 10° Q162 6.3
K10 1680 26 | 2710° | 8 10° A163 8.5 2 10°
All 1956 1 10° F165 7.8 0.3 4 10°
T12 13.3 D166 2.1
E16 3 10° F167 2.7
S18 148 2 10° 1.6 D168 10.4 1.9 113 112
F19 126 169 E171 57.6 0.4 160 1100
R21 6.3 D172 1.8 3 1¢°
G22 3.0 G173 220 1080
V27 418 E174 10.5
Y37 | 2 1¢° L175 15.3 31¢°
E40 1.5 G176 1.0 11.3
L41 2100 | 224 10.1 G180 171
D45 3 10¢° F182 2.9
G46 167 141 95.6 S189 1.5
148 151 768 D190 10.2
N51 271 619 N192 5.1 47.8
W193 8.4 0.6 1.0 1.1 86.7
W19N 3.3 0.6 3.9
W194 112
WI194N | 1.1 116
K195 1.2 1.5
G196 9.6 114
A197 114
C198 1.3 2 1P
T202 11.2
G203 1.2
M204 10.2
R207 5.8 4.2 115 11.9 119
N208 | 4 10° | 8.6 122
Y209 3.5 1.0 1.8 110
V210 2 10°
T211 3.4
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Table C7. Signal intensity ratios of Grb2—-S1*

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.81 47 0.97| 102 0.92 164 0.77), 203 0.80
2 0.96 48 1.02| 106 0.84| 165 0.54| 204 1.02
3 0.95 50 0.00| 107 0.97, 167 0.78] 205 0.40
4 0.83 51 0.91| 108 0.75| 168 0.49, 207 0.56
6 0.95 52 0.68| 110 0.65 170 0.58, 208 0.89
7 0.71 53 0.79| 111 0.72| 171 0.75 209 0.62
8 1.19 65 0.78| 115 0.82] 173 0.62| 210 0.74
9 0.81 68 0.84| 116 0.75| 174 0.89, 211 0.84
10 2.05 69 0.62| 118 0.86| 175 0.83] 213 0.84
11 0.71 73 0.79| 119 0.69] 176 0.72| 217 0.86
12 1.15 74 0.75] 123 0.85| 177 0.82] 60e 0.82
15 3.09 75 0.65| 124 0.73] 178 0.78] 221 0.11
16 0.89 76 0.65| 125 0.94/ 179 0.6 222 0.8%
18 1.08 78 1.28| 126 0.76] 180 0.74
19 1.04 79 0.84| 127 0.70, 181 0.75
20 0.92 80 0.8 130 0.57 183 0.81
22 0.95 81 0.73| 131 0.73| 184 0.97
23 0.83 82 0.73| 133 0.74) 186 0.88
24 0.81 84 0.82| 134 0.81] 187 0.73
25 0.99 85 0.73| 136 0.72| 188 0.91
27 0.77 86 0.73| 137 0.81] 189 1.15
28 1.22 87 0.98| 138 0.84 190 0.75
37 1.51 91 0.72| 141 0.76] 192 0.85
38 0.00 93 0.78| 144 0.86 193 0.76
39 0.96 96 0.76| 146 0.74) 194 0.90
40 0.98 97 0.92| 147 0.69] 195 0.94
43 0.81 98 0.77| 150 1.17| 196 0.86
44 0.78 99 0.82| 159 1.18, 197 1.02
45 0.76| 100 0.87| 160 0.77, 201 0.88
46 0.86| 101 0.76] 161 1.24) 202 0.89
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Table C8. Signal intensity ratios of Grb2—-S2*

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.80 51 0.69| 107 0.89| 165 0.63| 207 0.95
2 0.80 52 0.66| 108 0.85| 167 0.9 208 1.1(
3 1.37 53 0.70| 110 1.03] 168 0.82 209 0.76
4 0.52 64 0.98| 111 0.70, 170 0.78 210 0.97
6 1.03 65 0.83| 115 0.77, 171 0.92] 211 0.98
7 0.76 68 0.85| 116 0.90, 173 0.91, 213 0.78
9 0.93 69 0.81| 118 0.94, 174 0.93] 217 0.70
10 3.19 71 0.77| 119 0.79| 175 0.99 219 0.83
12 1.39 73 0.80| 123 0.84) 176 0.90, 221 0.35
15 2.80 74 0.75| 124 0.80] 178 0.88] 222 0.90
16 1.47 75 0.76| 125 0.86| 179 0.80
18 1.07 76 0.88| 126 0.91) 180 0.90
19 1.16 78 1.21] 127 0.86 181 0.95
20 1.12 79 0.82| 130 0.89 183 0.93
22 1.06 80 0.97| 131 0.92| 184 1.08
23 0.86 81 0.91| 133 0.79, 186 0.97
24 0.81 82 0.88] 134 0.83] 187 1.04
25 0.89 84 0.88| 136 0.83] 189 1.14
27 1.04 85 1.05| 137 0.89 190 0.90
28 0.94 86 0.95| 138 0.91, 192 0.99
37 1.43 87 0.89| 141 0.83] 193 0.9
38 0.00 91 0.78| 144 0.94, 194 1.10
40 0.88 93 0.88| 146 0.87| 195 0.84
43 0.89 96 0.71| 147 0.90, 196 0.84
44 0.91 97 0.82| 150 0.91, 197 0.80
45 0.83 98 0.84| 159 1.34) 201 1.00
46 0.92 99 0.86| 160 1.59] 202 0.93
47 0.00| 101 0.90| 161 1.01] 203 0.88
48 0.81| 102 0.90, 163 0.91, 204 0.96
50 0.00| 106 0.89| 164 1.01] 205 0.88
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Table C9. Signal intensity ratios of Grb2—-S3*

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.87 48 0.88| 102 0.94/ 163 1.18| 203 1.02
2 0.78 50 0.00| 106 0.83] 164 0.99| 204 1.10
3 1.29 51 0.57| 107 0.98, 165 0.90, 205 1.10
4 0.64 52 0.96| 108 0.92| 167 0.93] 207 1.14
6 0.84 53 0.66| 110 0.83] 168 1.02 208 1.24
7 0.69 64 0.99| 111 0.87, 171 1.05| 209 0.94
9 1.11 65 0.88] 115 0.84, 172 1.16) 210 1.13
10 2.35 68 0.93| 116 0.87| 173 1.10; 211 0.99
11 0.58 69 0.92| 118 0.90, 174 1.13] 213 0.87
12 1.55 73 0.95| 119 0.85] 175 1.00, 217 0.82
15 2.11 74 0.80| 123 0.97, 176 0.95 218 0.34
16 1.01 75 0.87] 124 0.94, 177 1.01, 219 0.82
18 1.00 76 1.08| 125 0.90, 178 1.03| 220 0.90
19 1.02 78 1.17| 126 1.03] 180 1.09, 221 0.90
20 0.93 79 0.88| 127 0.82] 181 1.12) 222 0.92
22 0.88 80 0.90| 130 0.98, 183 1.08
23 0.92 81 0.92| 131 0.86| 184 1.17
24 0.86 82 0.89| 133 0.82| 186 0.98
25 0.87 84 0.92| 134 0.86] 187 1.13
27 0.72 85 0.93| 136 0.88 188 1.32
28 0.88 86 0.93| 137 1.00, 189 1.04
37 0.00 87 0.81| 138 1.03] 190 1.06
38 0.00 91 0.91| 141 0.84) 192 1.05
39 0.42 93 0.93| 144 0.98, 193 1.09
40 0.82 96 1.01] 146 0.92] 194 0.91
43 0.94 97 0.78| 147 1.11] 195 1.04
44 0.88 98 0.92| 150 0.98) 196 1.02
45 0.84 99 0.97| 159 1.39] 197 0.95
46 0.88| 100 0.88) 160 1.58, 201 1.12
47 0.00| 101 0.92| 161 1.19] 202 0.97
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Table C10. Signal intensity ratios of Grb2—S4*

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.93 48 1.06] 102 0.96/ 163 0.83] 203 1.01
2 1.07 50 0.00| 106 0.92| 164 0.88] 204 1.13
3 1.24 51 0.98| 107 1.07| 165 0.83] 205 0.78
4 0.94 52 0.89| 108 0.90, 167 0.86| 207 0.88
6 0.77 53 0.82| 110 1.06/ 168 0.76] 208 1.11
7 0.70 64 1.11] 111 0.95 171 0.87, 209 0.93
9 0.88 65 0.91| 115 0.99] 172 1.15 210 1.00
10 4.86 68 0.99| 116 1.04| 173 1.10; 211 0.79
11 0.96 69 0.98| 118 1.06| 174 1.04| 213 1.01
12 2.19 73 0.96| 119 0.94] 175 1.08 217 0.74
15 3.66 74 0.96| 123 0.85| 176 0.93 219 1.08
16 2.25 75 0.83] 124 1.03| 177 0.98] 221 0.34
18 1.34 76 0.90| 125 1.01] 178 1.06| 222 0.95
19 1.21 78 1.38| 126 0.97, 180 0.35
20 1.19 79 0.95| 127 1.02| 181 0.86
22 0.62 80 0.94| 130 0.95 183 0.93
23 0.95 81 0.93| 131 1.17, 184 0.98
24 0.99 82 1.03] 133 0.93| 186 1.22
25 1.03 84 1.03| 134 0.99] 187 1.04
27 0.87 85 1.07| 136 1.02| 188 1.24
28 1.21 86 1.06| 137 0.98 189 1.22
37 1.84 87 1.06| 138 1.04] 190 0.95
38 0.00 91 0.85| 141 0.85| 192 0.98
39 0.94 93 0.98| 144 1.05] 193 0.88
40 1.04 96 1.06| 146 0.96| 194 1.10
43 1.02 97 0.89| 147 0.99 195 0.92
44 1.01 98 1.04| 150 1.09] 196 1.02
45 1.01 99 1.00{ 159 0.92| 197 0.96
46 1.05| 100 1.06| 160 0.50, 201 1.08
47 1.30| 101 0.99| 161 1.12| 202 0.92
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Table C11. Signal intensity ratios of Grb2—S5

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.93 48 0.85| 102 0.88) 164 0.91, 204 0.74
2 1.14 50 0.80| 106 0.80 165 0.54) 205 0.36
3 0.93 51 0.68| 107 0.81) 166 0.81] 207 0.14
4 0.81 52 0.93| 108 0.79| 167 0.75 208 0.88
6 0.97 53 0.79| 110 0.76| 168 0.68, 209 0.64
7 0.71 64 1.01] 111 0.72| 171 0.72 210 0.82
8 1.31 65 0.75| 115 0.88/ 173 0.64| 211 0.85
9 0.93 68 0.85| 116 0.78 174 0.86 213 0.81
10 1.63 69 0.70| 118 0.76| 175 0.72| 217 0.78
11 0.95 73 0.76] 119 0.68| 176 0.70] 218 0.70
12 1.06 74 0.81| 123 0.83| 177 0.80, 219 0.83
16 0.77 75 0.80| 124 0.85] 178 0.90] 222 0.72
18 0.90 76 0.68| 125 0.70, 180 0.87
19 1.01 78 0.95| 126 0.86 181 0.76
20 1.00 79 0.80| 127 0.72] 182 0.85
22 1.06 80 0.84| 130 0.64| 183 0.94
23 0.86 81 0.78| 131 0.53] 184 0.90
24 0.90 82 0.72| 133 0.90, 186 0.88
25 0.91 84 0.78| 134 0.80] 187 0.57
27 0.71 85 0.84| 136 0.71) 188 0.77
28 0.99 86 0.78| 137 0.81 190 0.73
37 1.01 87 0.94| 138 0.82| 192 0.66
38 0.00 91 0.69| 141 0.69| 193 0.58
39 0.71 93 0.76| 144 0.85| 194 0.48
40 0.86 96 0.79| 146 0.78, 195 0.88
43 0.91 97 0.81| 147 0.76] 196 0.78
44 0.82 98 0.81| 159 0.95 197 0.79
45 0.77 99 0.83| 160 0.93 201 0.93
46 0.72| 100 0.78| 161 0.83] 202 0.77
47 0.59| 101 0.82| 163 0.88 203 0.76
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Table C12. Signal intensity ratios of Grb2-S12

Residue| I/lo | Residue| I/lo | Residug| /1o | Residue| I/lo | Residue /1o
1 0.76 69 0.78 123 0.79 182 0.72
2 0.82 73 0.75 124 0.75 183 0.67
3 1.24 74 0.66 127 0.76 184 0.68
4 0.63 75 0.69 130 0.77 186 0.566
6 0.87 76 0.79 131 0.79 187 0.67
9 0.85 77 0.77 133 0.7 188 1.36
10 2.12 78 1.23 134 0.67 190 0.p4
11 0.00 79 0.71 136 0.7 192 0.60
12 0.69 80 0.71 137 0.78 194 0.[73
16 0.89 81 0.61 138 0.66 196 0.46
18 0.73 82 0.63 141 0.81 197 0.67
19 0.78 83 0.7 144 0.82 201 0.8
20 0.78 84 0.7 146 0.84 202 0.74
22 0.72 85 0.63 147 0.76 203 0.b3
23 0.72 86 0.69 150 1.38 207 0.00
24 0.75 87 0.76 159 1.61 208 0.[78
25 0.56 91 0.74 160 0.50 210 0|7
27 0.24 96 0.57 161 0.73 211 0.[73
38 0.00 97 0.78 164 0.63 213 0.67
40 0.85 98 0.69 167 0.64 217 0.89
43 0.74 99 0.67 168 0.00 219 0.90
44 0.8 101 0.75 171 0.47 222 0.78
45 0.67 102 0.78 173 0.39
46 0.64 106 0.66 174 0.718
47 0.00 107 0.75 175 0.52
50 0.00 108 0.57 176 0.55
51 0.48 111 0.62 177 0.68
53 0.54 115 0.78 178 0.68
65 0.85 116 0.7% 180 0.32
68 0.76 119 0.67 181 0.64
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Table C13. Signal intensity ratios of Grb2-S23

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.88 51 0.31| 110 0.59, 172 0.69, 218 0.39
2 0.93 53 0.28| 111 0.56| 174 0.67| 219 0.66
3 0.90 65 0.64| 115 0.70] 175 0.42| 222 0.73
4 0.43 68 0.59| 116 0.57| 176 0.49
6 0.65 69 0.62| 118 0.54| 177 0.39
7 0.67 73 0.60| 119 0.54) 178 0.58
8 0.22 74 0.54| 123 0.69| 180 0.40
9 0.68 75 0.55| 124 0.65| 181 0.68
10 0.56 76 0.54| 125 0.55| 183 0.44
11 0.00 77 0.65| 127 0.58] 184 0.41
12 0.53 78 0.78| 130 0.42| 186 0.60
15 1.22 79 0.63| 131 0.55| 187 0.51
16 0.58 80 0.66| 133 0.52| 188 1.35
18 0.41 81 0.54| 134 0.61) 189 0.86
19 0.49 82 0.54| 136 0.50, 190 0.49
20 0.55 83 0.49| 137 0.51) 192 0.57
22 0.52 84 0.59| 138 0.53] 194 0.39
23 0.59 85 0.62| 141 0.53| 195 0.45
24 0.50 86 0.61| 144 0.69] 196 0.54
25 0.42 87 0.58| 146 0.55| 197 0.47
37 0.00 91 0.61| 147 0.55| 201 0.71
38 0.00 93 0.57| 150 0.71] 202 0.48
40 0.54 96 0.52| 159 1.62| 203 0.32
43 0.50 97 0.50| 160 0.58| 204 0.42
44 0.54 98 0.51| 161 0.70, 207 0.00
45 0.48 99 0.54| 164 0.45 208 0.23
46 0.42| 101 0.53| 165 1.22| 210 0.39
47 0.00| 102 0.67| 167 0.67, 211 0.45
48 0.43| 107 0.61| 168 0.15] 213 0.87
50 0.50| 108 0.57 171 0.28, 217 0.68
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Table C14. Signal intensity ratios of Grb2—-S45

Residue| I/lo | Residue| I/lo | Residug| /1o | Residue| I/lo | Residue /1o
1 0.89 51 0.53 108 0.538 176 0.41
2 0.80 52 0.27 110 0.60 177 0.32
6 0.69 53 0.37 111 0.60 178 0.84
7 0.75 65 0.56 115 0.74 181 0.45
8 0.26 68 0.61 116 0.61 183 0.36
9 0.57 69 0.59 119 0.58 186 0.34
10 0.00 73 0.62 123 0.50 187 0.p6
11 0.45 74 0.55 124 0.70 188 0.74
12 0.19 75 0.65 125 0.53 189 0.[78
15 0.66 76 0.66 127 0.7 192 0.0
16 0.67 77 0.67 130 0.63 194 0.00
18 0.42 79 0.6( 131 0.51 195 0.p3
20 0.61 80 0.59 133 0.63 196 0.38
22 0.42 81 0.6( 134 0.60 197 0.46
23 0.68 82 0.61 136 0.60 201 0.67
24 0.56 83 0.55 137 0.64 202 0.38
25 0.55 85 0.51 138 0.56 203 0.p3
27 0.51 86 0.5( 141 0.63 207 0.00
28 0.59 87 0.67 144 0.69 208 0.00
37 0.39 91 0.67 146 0.57 209 0.p4
38 0.00 93 0.589 147 0.65 210 0.71
39 0.50 96 0.56 159 0.41 211 0.5
40 0.47 97 0.56 164 0.00 213 0.68
43 0.61 98 0.63 165 1.51 217 0.835
44 0.62 99 0.59 167 0.59 218 0.33
45 0.51 100 0.54 168 0.00 219 0.49
46 0.17 101 0.63 171 0.20 222 0.36
47 0.00 102 0.64 173 0.31
48 0.23 106 0.60 174 0.60
50 0.00 107 0.64 175 0.00
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Table C15. Signal intensity ratios of Grb2—EGFR

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.95 47 0.95| 99 0.91| 161 0.96/ 196 1.03
2 1.01 48 0.88| 100 0.97| 163 1.10, 197 1.00
3 1.22 50 0.79| 101 1.00, 164 1.05/ 201 1.01
4 1.14 51 0.92| 102 0.57| 165 0.99, 202 0.98
6 0.74 52 0.80| 106 0.56| 166 1.00{ 203 0.99
7 0.96 53 0.89| 107 0.90, 167 0.99 204 1.07
8 0.98 64 1.22| 108 0.49, 168 0.99, 205 1.09
9 1.08 65 0.91| 110 0.81) 170 1.13] 207 1.02
10 0.89 69 0.89| 111 0.54) 171 0.99, 208 1.32
11 0.99 71 0.35| 115 0.86] 173 1.25 209 0.21
12 0.90 73 0.90| 116 0.97, 174 0.98 210 0.98
15 0.98 74 1.06| 119 0.84| 175 0.95| 211 1.03
16 0.62 75 0.95| 123 0.73| 176 0.96, 213 1.09
18 0.89 76 0.92| 124 1.80, 177 1.05 217 0.95
19 0.89 77 0.81] 125 2.20] 178 0.96, 218 0.80
20 0.81 78 1.13] 126 1.14 179 0.87, 219 0.91
22 1.09 79 0.94| 127 0.91] 180 0.93 220 0.15
23 0.93 80 0.92| 128 0.34 181 0.99, 221 0.92
24 0.87 81 1.09| 130 1.21, 182 0.95| 222 0.92
25 1.07 82 0.91| 131 0.00, 183 0.87
27 0.61 83 0.66| 133 1.75| 184 0.95
28 1.21 84 0.93| 136 0.58, 186 1.02
37 0.73 85 0.84| 137 0.75| 187 0.88
38 0.00 86 1.00{ 138 0.67| 188 1.05
39 0.89 87 0.97| 141 0.46| 189 1.34
40 0.91 91 0.78| 144 0.94| 190 0.82
43 1.02 93 0.00| 146 0.57 192 0.84
44 1.03 96 0.79| 147 0.51) 193 1.02
45 0.94 97 0.89| 159 0.94, 194 1.01
46 0.93 98 0.69| 160 0.86 195 1.16
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Table C16. Signal intensity ratios of EpYINQSV-GH3A *

Residue| I/lo | Residug I/l | Residue I/lo | Residue I/l | Residug I/lo
1 0.86 47 0.00 97 0.88 147 0.53] 197 1.04
2 0.99 48 1.18 98 0.71 159 1.50, 198 1.01
3 1.25 50 0.00 99 0.81 160 0.95 201 1.18
4 0.81 51 1.1.0f 100 1.08| 161 1.30] 202 0.96
6 0.94 52 0.92 101 1.02 162 1.08, 203 0.87
7 0.67 53 0.87 102 0.52 163 1.06| 204 0.91
8 1.47 54 0.50 106 0.4% 164 1.06| 205 0.53
9 0.98 64 1.07 107 0.91 165 0.57 207 0.73
10 5.97| 65 0.87 108 0.38 167 0.85 208 1.20
11 1.05| 68 0.35 110 0.54 171 0.89] 209 0.22
12 2.01| 69 0.86 111 0.42 173 0.93 210 0.98
15 3.94 71 0.47 115 0.86 174 1.09] 211 1.08
16 1.75| 73 0.87 116 0.82 175 0.82 213 1.14
18 1.31 74 0.90 118 0.80 176 0.93] 217 0.91
19 1.36| 75 0.76 119 0.79 177 1.04) 218 0.38
20 0.93] 76 0.79 123 0.78 178 0.90, 219 1.00
22 1.00{ 77 0.79 124 1.37 180 0.88 220 0.16
23 0.79 78 1.35 125 216 181 0.89, 221 0.00
24 0.73| 79 0.79 126 1.13 183 1.07, 222 0.93
25 1.17| 80 0.88 127 0.98 184 1.19
27 0.27, 81 0.85 128 0.42 186 3.39
28 1.44| 82 0.88 130 1.04 187 0.97
37 2.05| 83 0.45 131 0.30 188 1.28
38 0.00| 84 1.10 133 1.81 189 1.43
39 0.98| 85 0.82 136 0.59 190 0.74
40 1.02| 86 0.91 137 0.72 192 1.03
43 1.06| 87 0.83 138 0.70 193 0.87
44 0.97| 91 0.68 141 0.39 194 1.03
45 0.99| 93 0.59 144 0.90 195 1.16
46 0.95| 96 0.81 146 0.70 196 0.89
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Table C17. Signal intensity ratios of EpYINQSV-GH®2*

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.80 50 0.00| 100 0.99/ 163 1.34| 203 1.06
2 0.87 51 0.89| 101 1.05 164 1.25 204 1.20
3 1.89 52 0.95| 102 0.51, 167 0.89) 205 0.84
4 0.80 53 0.97| 106 0.52| 168 0.83| 207 1.12
6 0.92 54 0.66| 107 0.93 170 0.94, 208 1.35
9 1.01 64 1.15| 108 0.47, 171 0.98 209 0.26
10 4.25 65 0.93| 110 0.85] 173 1.25 210 1.08
12 2.66 69 0.84| 111 0.43| 174 1.15] 211 1.22
15 5.16 71 0.21| 115 0.80 175 0.95 213 1.04
16 1.68 73 0.86| 116 0.94, 176 1.01, 217 0.76
18 1.28 74 0.98| 119 0.85 177 1.06| 218 0.26
19 1.47 75 0.68] 123 0.83] 178 1.18 219 1.11
20 1.02 76 0.93| 124 1.47, 179 0.86 220 0.15
21 0.75 77 0.78| 125 2.10] 180 1.10, 221 0.32
22 1.42 78 1.48| 126 1.05 181 1.02| 222 0.97
23 0.88 79 0.87| 127 0.92| 183 1.11
24 0.78 80 0.91] 128 0.34| 184 1.29
25 1.12 81 1.01] 130 1.12| 186 1.21
27 0.93 82 0.86| 133 1.72| 187 1.19
28 1.05 83 0.57| 136 0.51) 189 1.50
37 1.59 84 1.08] 137 0.88| 190 0.84
38 0.00 85 1.09] 138 0.69 192 1.08
39 0.26 86 0.91| 141 0.44) 193 1.18
40 1.05 87 1.08| 144 0.89] 194 1.29
43 1.08 91 0.72| 146 0.64| 195 1.21
44 1.12 93 0.68| 147 0.60, 196 1.15
45 0.92 96 0.81| 159 1.72| 197 1.10
46 0.97 97 0.92| 160 1.99] 198 0.44
47 0.00 98 0.82| 161 1.29, 201 1.18
48 0.91 99 0.81| 162 0.81 202 1.06

214




Table C18. Signal intensity ratios of EpYINQSV—-GH:3*

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.89 50 0.00| 101 0.97 163 1.26| 197 1.06
2 0.80 51 0.62| 102 0.54, 164 1.15{ 198 0.96
3 1.62 52 0.85| 106 0.48) 165 0.83] 201 1.11
4 0.81 53 0.91| 107 1.12| 167 0.89) 202 1.01
5 0.88 54 0.30| 108 0.42| 168 0.99, 203 1.01
6 0.99 65 0.87| 110 0.43| 170 0.75 204 1.29
7 0.74 69 0.89] 111 047, 171 1.15 205 1.18
9 1.42 71 0.30| 115 0.75 173 1.20| 207 1.13
10 3.05 73 0.89| 116 0.82 174 1.16| 208 1.63
11 0.59 74 1.13| 119 0.84| 175 0.93] 209 0.24
12 1.87 75 0.76| 123 0.85| 176 0.99 210 0.99
16 1.14 76 0.85| 124 1.37 177 1.07] 211 1.13
18 0.93 77 0.84| 125 2.08 178 1.10| 213 0.97
19 1.08 78 1.01| 126 1.22| 179 0.81] 217 0.79
20 0.95 79 0.85| 127 0.95| 180 1.17, 218 0.28
22 0.99 80 0.96| 128 0.45 181 1.05| 219 1.05
23 0.91 81 1.01| 130 1.18, 182 1.13) 220 0.15
24 0.84 82 0.82| 131 0.28/ 183 1.18] 221 0.79
25 1.14 83 0.60f 133 1.84) 184 1.16) 222 1.01
27 0.86 84 1.10| 136 0.52| 185 0.95
37 0.00 85 1.03] 137 0.92| 186 1.07
38 0.00 86 0.87| 138 0.64| 187 1.09
39 0.57 87 1.06] 141 0.42| 188 1.30
40 0.94 91 0.70| 144 0.96/ 189 1.51
43 1.07 93 0.50| 146 0.54/ 190 0.85
44 0.96 96 0.85| 147 0.56| 192 1.03
45 0.90 97 0.98| 150 0.62| 193 1.07
46 1.02 98 0.79| 159 1.50| 194 1.04
47 0.00 99 0.78| 160 1.36| 195 1.17
48 0.77| 100 0.91| 161 1.42 196 0.98
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Table C19. Signal intensity ratios of EpYINQSV-GH$2*

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.86 50 0.00| 101 1.04| 164 0.73] 203 0.93
2 0.98 51 1.08/ 102 0.53] 165 0.64| 204 1.13
3 1.38 52 0.81| 106 0.38) 167 0.75 205 0.70
4 0.83 53 0.85| 108 0.37| 168 0.74, 207 0.93
5 0.74 54 0.31] 110 0.73] 171 0.82| 208 1.26
6 0.64 64 1.18| 111 0.43| 173 1.06| 209 0.20
7 0.63 65 0.94| 115 0.92| 174 0.99] 210 1.01
9 0.87 69 0.86| 116 0.91, 175 0.93 211 0.84
10 2.63 73 0.89| 119 0.91, 176 0.91, 213 1.06
11 0.95 74 0.92| 123 0.68| 177 0.88] 217 0.73
12 2.29 75 0.68| 124 1.56] 178 0.95 218 0.33
16 1.55 76 0.86| 125 2.03| 180 0.39] 219 1.07
18 1.35 77 0.88| 126 1.00f 181 0.86 220 0.14
19 1.32 78 1.15| 127 1.00, 183 1.20, 221 0.29
20 1.07 79 0.84| 128 0.45| 184 0.88] 222 0.92
22 0.62 80 0.82| 130 1.08| 185 0.93
23 0.85 81 0.89| 131 0.28/ 186 1.15
25 1.19 82 0.79| 133 1.80] 187 0.82
27 0.97 83 0.64| 136 0.47 188 1.14
28 1.35 84 1.08] 137 0.83] 189 1.30
37 0.00 85 0.84| 138 0.59 190 0.79
38 0.00 86 0.67| 141 0.44| 192 0.92
39 0.93 87 0.84| 144 0.93] 193 0.89
40 1.04 91 0.75| 146 0.63] 194 0.82
43 1.04 93 0.50| 147 0.63| 195 1.16
44 0.98 96 0.74| 150 1.49] 196 1.06
45 0.93 97 0.81| 159 0.98, 197 0.98
46 0.94 98 0.83| 160 0.75| 198 0.79
47 0.00 99 0.77 161 1.13] 201 1.15
48 1.02| 100 0.93| 163 0.99 202 0.92
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Table C20. Signal intensity ratios of EpYINQSV-GHS5

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.79 51 0.82| 102 0.52| 167 0.71, 205 0.40
2 1.07 52 0.78| 106 0.49] 168 0.74| 207 0.27
3 1.25 53 0.92| 108 0.31 171 0.94| 208 1.12
4 0.72 54 0.26| 110 0.36| 173 0.69, 209 0.23
6 0.69 65 0.77, 111 0.41 174 0.90] 210 0.91
7 0.83 69 0.79| 115 0.78, 175 0.93 211 0.77
8 1.17 71 0.28| 116 0.76] 176 0.83] 213 0.81
9 1.07 73 0.74| 119 0.88 177 0.88 217 0.88
10 1.55 74 0.70| 123 0.62| 178 0.88 219 0.86
11 0.92 75 0.89] 124 1.80, 180 0.88] 220 0.11
12 0.86 76 0.80| 125 1.81] 181 0.88 222 0.76
16 1.17 77 0.77) 126 0.79] 182 0.73
18 0.96 78 1.05| 127 0.77 183 0.83
19 0.97 79 0.82| 128 0.39, 184 0.98
20 0.91 80 0.77| 130 0.80, 186 0.71
22 1.05 81 0.86| 133 1.39] 187 0.80
23 0.88 82 0.75| 136 0.51) 188 0.90
25 0.93 83 0.45| 137 0.64| 189 1.18
27 0.62 84 0.99| 138 0.67 190 0.74
37 0.89 85 0.89| 141 0.35| 192 0.63
38 0.00 86 0.81| 144 0.82] 193 0.49
39 0.90 87 0.87| 146 0.71] 194 0.41
40 1.01 91 0.67| 147 0.40, 195 0.94
43 0.90 93 0.42| 159 0.88 196 0.74
44 0.95 96 0.88| 160 1.13] 197 0.79
45 0.94 97 0.75| 161 1.17) 198 0.88
46 0.85 98 0.68| 163 0.94/ 201 0.90
47 0.98 99 0.75| 164 0.99 202 0.85
48 0.89| 100 0.91) 165 0.64) 203 0.83
50 0.84| 101 0.91| 166 0.78 204 0.93
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Table C21. Signal intensity ratios of EpYINQSV-GH$42

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.86 51 0.32| 104 0.69| 165 1.35| 210 0.65
2 0.83 52 0.60| 106 0.48, 167 0.57] 211 0.56
3 0.95 53 0.47| 107 0.72| 168 0.00, 213 0.80
4 0.69 65 0.72| 108 0.48, 171 0.93 217 0.70
5 0.67 69 0.62| 110 0.77, 173 0.49| 218 0.50
6 0.48 71 0.64| 111 0.55| 174 0.79, 219 0.71
7 0.55 73 0.67| 115 0.88] 175 0.40; 220 0.57
9 0.76 74 0.62| 116 0.65| 176 0.58 221 0.00
10 2.97 75 0.57| 119 0.66| 177 0.60, 222 0.73
12 1.07 76 0.59| 123 0.74, 178 0.48
16 1.93 77 0.68| 124 0.63| 180 0.31
18 0.87 78 0.84| 125 0.61) 181 0.55
19 0.63 79 0.60| 127 0.59, 183 0.55
20 0.75 80 0.67| 128 0.71] 184 0.52
22 0.52 81 0.61| 130 0.77) 185 0.60
23 0.71 82 0.62| 131 0.69| 187 0.54
24 0.57 83 0.49| 133 0.65 190 0.49
25 0.56 84 0.69| 134 0.72| 192 0.00
27 0.59 85 0.71| 136 0.71] 193 0.16
37 0.00 86 0.62| 137 0.63| 194 0.32
38 0.00 87 0.59| 138 0.71 195 0.80
39 0.84 91 0.68| 141 0.64| 196 0.47
40 0.64 93 0.65| 144 0.65| 197 0.51
43 0.64 96 0.58| 146 0.62| 201 0.80
44 0.67 97 0.53| 147 0.70, 202 0.65
45 0.65 98 0.59| 159 1.17, 203 0.52
46 0.51 99 0.56| 160 1.96] 204 0.42
47 0.00| 100 0.55| 161 1.08] 207 0.00
48 0.37| 101 0.62| 163 0.36| 208 0.51
50 0.00| 102 0.66| 164 0.49, 209 0.84
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Table C22. Signal intensity ratios of EpYINQSV-GH$23

Residue| /1o | Residue| I/lo | Residue| I/lo | Residug I/lo | Residue /1o
1 0.87 51 0.38| 104 0.70, 165 0.84) 208 0.51
2 0.86 53 0.43| 106 0.51, 167 0.62 210 0.56
4 0.70 54 0.25| 107 0.74] 168 0.00] 211 0.54
6 0.64 65 0.68| 108 0.50, 173 0.51, 213 0.82
7 0.73 68 0.61| 110 0.72| 174 0.74| 217 0.68
9 0.84 69 0.70| 111 0.51) 175 0.40, 218 0.60
10 0.91 73 0.68| 115 0.79] 176 0.54| 219 0.74
11 0.00 74 0.47| 116 0.69| 177 0.44, 220 0.75
12 1.08 75 0.51| 118 0.61f 178 0.58 221 0.00
15 2.15 76 0.64| 119 0.60] 180 0.35 222 0.76
16 1.63 77 0.67| 123 0.79| 181 0.65
18 0.57 78 0.80| 124 0.62| 183 0.60
19 0.76 79 0.63| 125 0.61] 184 0.67
20 0.58 80 0.77| 126 0.73| 186 0.65
22 0.50 81 0.69| 127 0.67| 187 0.57
23 0.62 82 0.60| 128 0.71) 188 1.13
24 0.57 83 0.59| 130 0.74) 189 0.69
25 0.65 84 0.58| 133 0.71 190 0.49
27 0.74 85 0.79| 134 1.01, 192 0.61
37 0.00 86 0.59| 136 0.70, 194 0.18
38 0.00 87 0.65| 137 0.58, 195 0.55
39 1.01 91 0.69| 138 0.84) 196 0.46
40 0.53 93 0.64| 141 0.52| 197 0.41
43 0.60 96 0.63| 146 0.54/ 198 0.45
44 0.66 97 0.53| 147 0.60, 201 0.74
45 0.57 98 0.69| 150 0.49, 202 0.63
46 0.47 99 0.46| 159 1.33] 203 0.37
47 0.00| 100 0.54| 161 0.80, 204 0.66
48 0.50| 101 0.57| 163 0.51) 205 0.73
50 0.00| 102 0.61| 164 0.39| 207 0.00
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Table C23. Signal intensity ratios of EpYINQSV-GH$25

Residue| I/lo | Residue| I/lo | Residug| /1o | Residue| I/lo | Residue /1o
1 0.83 53 0.38 119 0.62 189 0.80
2 0.84 65 0.52 123 0.37 192 0.00
6 0.32 69 0.60Q 124 1.00 194 0.00
7 0.48 71 0.29 125 1.34 195 0.96
8 0.21 73 0.56 127 0.62 196 0.80
9 0.48 74 0.58 128 0.19 201 0.59
10 0.00 75 0.589 130 0.78 202 0.82
11 0.35 76 0.63 133 1.05 203 0.15
15 0.66 77 0.63 136 0.35 207 0.00
16 0.51 79 0.55 137 0.55 208 0.88
18 0.44 81 0.6( 138 0.57 209 0.08
19 0.59 82 0.55 141 0.28 210 0.39
20 0.45 83 0.31 146 0.29 211 0.32
22 0.44 85 0.48 147 0.34 213 0.83
24 0.54 86 0.6(Q 159 0.54 217 0.p7
25 0.55 87 0.7( 164 0.26 218 0.48
27 0.51 91 0.5§ 165 1.30 219 0.46
37 0.00 96 0.54 167 0.53 220 0.12
38 0.00 97 0.51 168 0.14 221 0.0
39 0.38 98 0.45 173 0.42 222 0.p8
40 0.54 99 0.47 174 0.52
43 0.61 100 0.51 176 0.42
44 0.64 102 0.43 177 0.27
45 0.58 106 0.34 178 0.42
46 0.18 107 0.69 180 0.23
47 0.00 108 0.24 181 0.52
48 0.00 110 0.64 183 0.38
50 0.00 111 0.32 186 0.41
51 0.51 115 0.76 187 0.30
52 0.33 116 0.56 188 0.70
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Appendix D

Figure D1. Initial structures of KRas4B-SOS1 complex. In theitures, the REM
and CDC25 domains are shown in cyan and blue. KR&MP, KRas4B-GDP, and
nucleotide-free KRas4B are represented in greeh,amrd yellow, respectively. The

rest regions of SOS1 is shown in gray.
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Figure D2. Average structures of KRas4B—-SOS1 complex. In thetsires, the REM
and CDC25 domains are shown in cyan and blue. KR&MP, KRas4B-GDP, and
nucleotide-free KRas4B are represented in greeh,amrd yellow, respectively. The

rest regions of SOS1 is shown in gray.
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Figure D3. Superimpositions of average structure of SOSlemystwith respect to
CDC25 of the apo-SO$3system. The averaged REM domains (colored cartan)

only shown and superimposed onto the referencemy&ray cartoon).
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Figure D4. Interaction energy between the REM and CDC25 dosnaithe vdW
interaction is mainly conserved, while the eledtbs interaction varies among different

systems.
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Figure D5. The root mean squared fluctuation (RMSF) for easidue of KRas4B at

the catalytic site.

225



Table D1.The intramolecular interacting residue pairs betwthe REM and CDC25
domains. The percentage in parenthesis denotesoc¢barrence rate based on

cumulative occurrence of the interaction for theidee pairs during the simulations.

The pairs with high occurrence rate (>50%) aredist

— Region | — Region Il
Configuration Hydrophobic Salt bridge H-bond Polar
1601 - F958 (66%), AGO3 - VI48 (82%)
A603 - VI55 (58%), AGO3 - 1956 (72%) T629 - S802 (55%)
5 AGO3 - F958 (94%), V606 - 1956 (56%) ] ) T629 - T968 (55%)
SOs? V609 - 1956 (58%), V609 - F958 (6706) | /06 - E803 (99%) | G604 -1956 (30%) Y702 - Q800 (72%)
F623 - F958 (71%), F627 - FI58 (62%) Y702 - S802 (81%)
F634 - 1956 (53%), F634 - F958 (97%)
1601 - F958 (76%), A6O3 - V948 (61%) ) ,
AB03 - V955 (99%), AGO3 - 1956 (70%) Iggg : ?ggg ggﬁ?
SOSTP AB0S - P9S8 (91%), VBOG - 1956 (56%) | 706 Ego3 (550) | G604 - 1956 (90%) H700 - S802 (51%)
V609 - 1956 (73%), V609 - FI58 (53%) Y105 - 0800 (250
F623 - F958 (93%), F627 - FI58 (88%) Yron - 2603 (oot
F634 - 1956 (62%), F634 - FI58 (54%) o
1601 - F958 (58%), AGO3 - V948 (78%)
A03 - VI55 (51%), AGO3 - 1956 (56%) T629 - S802 (54%)
. A603 - FO58 (94%). V606 - 1956 (53%) ] ) T629 - T968 (70%)
Sost V609 - 1956 (51%), V609 - F958 (63%) | /06 - E803 (51%) [ G604 -1956 (89%) H700 - S802 (54%)
F623 - FI58 (70%), F627 - FI58 (76%) Y702 - Q800 (55%)
F634 - 1956 (53%), F634 - F958 (74%)
1601 - F958 (76%), A6O3 - VO48 (72%) ) ,
AB03 - V55 (54%), AG03 - 1956 (52%6) Iggg : ?ggg ((58102’))
SOSP° AB03 - P9S8 (95%), V606 - 1956 (56%) | 706 . E803 (53%) | G604 - 1956 (82%) H700 - S802 (74%)
V609 - 1956 (52%), V609 - FI58 (51%) 105~ ato waot)
F623 - F958 (53%), F627 - FI58 (68%) Y7o - 205 (oa00)
F634 - 1956 (54%), F634 - FI58 (54%)
T629 - S802 (76%)
T629 - T968 (62%)
1601 - F958 (73%), Al - Vo4 7% T - %
601 - F958 (73%), AGO3 - V948 (87%) 630 - S802 (62%)
A03 - VI55 (51%), AGO3 - 1956 (51%) Y631 - S802 (65%)
5 A603 - F58 (97%), V606 - 1956 (56%) | R706 - E803 (75%) HB99 - Q800 (54%)
sos?r V609 - 1956 (56%), V609 - F958 (59%) | R706 - D813 (750%) | 6041956 (87%) H700 - Q800 (69%
( ) ( ) ( ) Q ( )
F623 - F958 (62%), F627 - FI58 (69%) H700 - S802 (61%)
F634 - 1956 (68%), F634 - FI58 (72%) Y702 - Q800 (61%)
Y702 - N817 (59%)
Y702 - S818 (63%)
1601 - F958 (67%), AGO3 - V948 (72%)
A03 - VI55 (50%), AGO3 - 1956 (70%) T629 - TI68 (74%)
. A603 - F58 (95%). V606 - 1956 (52%) H700 - Q800 (54%)
Sos? V609 - 1956 (54%), V60 - F958 (5106) | /06 - E803(61%) | G604 - 1956 (90%) Y702 - Q800 (57%)
F623 - FI58 (62%), F627 - FI58 (77%) Y702 - S802 (61%)
F634 - 1956 (50%), F634 - F958 (97%)
1601 - F958 (51%), A603 - V948 (73%) ) ,
AB03 - V55 (53%), A603 - 1956 (56%) Iggg : ?ggg ((Sgo//;’))
S0S{® AB03 - F958 (91%), VBOG - 1956 (52%) | 706 Ego3 (550) | G604 - 1956 (88%) H700 - S802 (58%)
V609 - 1956 (58%), V609 - FI58 (60%) Y105 - 0800 (200
F623 - F958 (50%), F627 - FI58 (75%) Vron - 2603 tooon)
F634 - 1956 (70%), F634 - FI58 (57%) o
1601 - F958 (87%), AGO3 - V948 (78%)
AO3 - VI55 (54%), AGO3 - 1956 (60%)
o A603 - F958 (93%), V606 - 1956 (60%) ) ) H700 - S802 (61%)
Sost V609 - 1956 (54%), V609 - F958 (5206) | 962 - D620 (74%) [ G604 -1956 (84%) Y702 - N817 (51%)
F623 - F958 (65%), F627 - FI58 (68%)
F634 - 1956 (59%), F634 - F958 (56%6)
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SOSIT

1601 - F958 (61%), ABO3 - V948 (78%)
ABO3 - V955 (55%), A6O3 - 1956 (63%)
AB03 - F958 (93%), V606 - 1956 (77%)
V609 - 1956 (58%), V609 - FI58 (65%)
F623 - FO58 (56%), F627 - F958 (66%)
F634 - 1956 (60%), F634 - FO58 (97%)

N/A

G604 - 1956 (94%)

T629 - T968 (51%)
Y702 - S802 (52%)
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Table D2. The intermolecular interacting residue pairs betw8&80S1 and KRas4B.

The percentage in parenthesis denotes the occerreate based on cumulative

occurrence of the interaction for the residue pdursng the simulations. The pairs with

high occurrence rate (>50%) are listed.

— CDC25/switch | — CDC25/switch 1l — Others
Configuration Site Hydrophobic Salt bridge H-bond Rolar
W809 - 136 (58%) T829 - Y64 (94%), T829 - S65 (82%)
V875 - M67 (66%) _ T832 - S65 (94%), S876 - S65 (81%)
SOSPP Catalytic V934 - 136 (53%) Fégﬁg ) Dégfgﬁj/")) T829 - S65 (90%) N879 - Q70 (56%), S880 - Q70 (71%)
V938 - P34 (92%) 0 Y884 - Q70 (55%)H911 - S39 (53%)
V938 - 136 (68%) HO11 - Y40 (68%)Y912 - Y71 (56%)
S881 — Y64 (64%), S881 — S65 (63%)
T . P45 — F28 (70%) K811 — D33 (53%) Y884 — Y64 (51%), Y884 — Q70 (54%)
Sos? Catalytic P45 — V29 (59%) K1003 — E63 (55%) NIA H911 — S39 (60%)T935 — T35 (79%)
N944 — H27 (53%)
H699 - Y40 (52%);
SOSP° Allosteric A917 - V45 (66%) N/A Q973 - Q25 (52%), N976 - Q25 (52%)
N976 - N26 (61%), N976 - H27 (54%)
Q977 - N26 (61%), Q977 - H27 (50%)
N622 - S39 (57%),
Allosteric Y974 - Q43 (51%) Q973 - Q43 (51%)
Y974 - Q43 (69%), N976 - Q25 (59%)
Q977 - Q25 (54%), Q977 - N26 (59%)
SOSPP
T829 - S65 (59%), S876 - Q70 (53%)
F929 - M67 (64%) . _ N879 - Q70 (57%), S880 - Q70 (56%)
Catalytic 1932 - M67 (50%) s B%s(?é?)}) Von {?59 ((ggf//“)) HO11 - S39 (76%)4911 - Y71 (53%)
P45 - V29 (62%) 0 o HO11 - T74 (56%), Y912 - Q70 (83%)
Y912 - Y71 (62%), T935 - Y71 (84%)
N751 - H27 (53%), T753 - Q22 (70%)
G749 - H27 (66%) T753 - N26 (56%), T753 - H27 (54%)
Allosteric T753 - N26 (94%) 5921 - Q43 (53%), S921 - T50 (50%)
1922 - V45 (66%) V919 - Q43 (54%) N923 - Q43 (60%), Q973 - Q43 (50%)
Pr PO24 - Va4 (77%) N923 - V45 (57%) Y974 - Q43 (65%), N9T76 - Q25 (54%)
Slo) P924 - V45 (87%) Q977 - Q25 (56%), Q977 - Q43 (52%)
R885 - D105 (79%) N879 - Q70 (56%), Y884 - Q70 (65%)
Carabtic V872 - M67 (55%) K913 - D38 (75%) A H905 - Q70 (57%), S908 - Y71 (60%)
V875 - M67 (67%) K939 - E37 (53%) HO11 - Y40 (51%)H911 - Y71 (78%)
D910 - R41 (56%) Y912 - Y71 (66%)N944 - Y32 (50%)
N622 - S39 (52%)
H695 - 539 (63%), S921 - T50 (65%)
SOSTo Allosteric A19 - Q70 (56%) N923 - Q43 (53%), N923 - T50 (50%)
W729 - AS9 (62%) Q973 - Q43 (51%), Y974 - Q43 (66%)
P24 - V44 (62%), P924 - V45 (54%) NO976 - Q25 (52%), Q977 - N26 (62%)
5921 - T50 (58%)
Allosteric N/A N923 - Q43 (64%), Q973 - Q43 (63%)
W729 - P34 (51%)/ Y974 - Q43 (65%), N976 - Q25 (58%)
SOSTP P24 - Va4 (52%) Q977 - N26 (51%)
T829 - Y64 (53%), N879 - Q70 (66%)
. V875 - M67 (64%) ) Y884 - Q70 (53%)HI11 - S39 (56%)
Catalytic P945 - V29 (70%) K939 - D57 (94%) NIA HO11 - Y71 (58%), Y912 - Y71 (50%)
T35 - T35 (52%)
S921 - Q43 (67%)
V919 - Q43 (95%)
T ) ) S921 - T50 (58%), N923 - Q43 (99%)
SOst Allosteric v _%‘;3‘3((%51"@)) Y974 - Q43 (59%), NO76 - Q25 (54%)
P924 - V44 (53%) 6 Q977 - N26 (54%)
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Catalytic

V934 - 136 (50%)
1937 - 136 (53%)

V938 - P34 (67%)
V938 - 136 (53%)
P945 - F28 (60%)

K814 - E63 (53%)
R826 - E63 (99%)
K939 - D57 (100%)
K960 - D30 (99%)
R1019 - D105 (57%)
E836 - R68 (56%)
D1007 - R102 (97%)

W809 - T35 (75%)
T935 - 136 (53%)

T810 - T35 (95%)T810 - Q61 (80%)
T829 - Y64 (68%), N830 - Y64 (60%)
S876 - Q70 (54%), N879 - Q70 (65%)
T935 - T35 (61%)T1006 - Q99 (63%)
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Table D3. The allosteric pathways between the KRas4B prstairthe allosteric and
catalytic sites. The percentage in parenthesistdenihe occurrence rate based on
cumulative occurrence for the residues involvetheoptimal pathways. The residues

with high occurrence rate (>50%) are listed.

— switch | — switch I — Others
Configuration Allosteric SOS1 Catalytic

s1 E37 (69%) P34 (55%) s1
s1 E37 (79%) 136 (55%) s2

SOSPP
) D69 (57%) P34 (55%) s1
s2 N/A N/A s2
s1 N/A N/A NIA s1
s1 N/A S65 (82%) S2

V44 (93%), V45 (75%)
T 0, 0,
sosP ) T74 (58%),L159 (52%) D33 (263?)(525’/?) (67%) | g1
V160 (52%)
Va4 (88%), V45 (80%)

S2 T74 (57%)L159 (67%) S65 (65%) s2
s1 136 (61%) N/A s1
s1 N/A N/A s2

SOs1®
s2 N/A D30 (51%) s1
s2 N/A E37 (53%), D38 (51%) | S2
s1 N/A N/A s1

SOsIT
s1 N/A N/A s2
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S2

E37 (61%)

N/A

S1

S2

136 (61%), E37 (78%)

D33 (68%)

S2
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Figure E1.Predicted RASSF5 decoys from (a) the PRISM senmitbrstraight SARAH
and the Patchdock server with the kinked SARAH nwdé (b) KS1, (c) KS2, (d)

KS3, (e) KS4, and (f) KS5.
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Figure E2. The configurations with highly kinked SARAH shdte strong residue
correlations with K-Ras4B-GTP. In contrast, strai§ARAH (the least kinked) has
less correlation with K-Ras4B-GTP. The RASSF5 dtmes with K-Ras4B-GTP are

shown in the order of highly kinked on the left (B(6)) to less kinked or straight on
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the right (DC1(1), DC2(4)) SARAH. For the kinked BAH models, the dynamical
cross-correlation maps (DCCMs) shows strong residueslations between K-Ras4B
allosteric lobe and SARAH, which suggests thatahasteric signals are transmitted
to release SARAH, activating RASSF5. With less kimhlor straight SARAH, the
signals from either allosteric lobe or effectivdbdobecome weaker and eventually

disappear when SARAH is fully stretched.
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Table E1. Types of atomic interactions in the SARAH dimeffie atomic pair
indicates monomer 1 — monomer 2 residue pair ininterface. The pairs will be

viewed effective and counted when the residue peive more than 50 % occurrence

rate.

Configuration

Salt bridge

Nonpolar

Polar

H-bond

RASSF5-MST2
hetero-SARAH

E385 - R474, E388 - R467,
E388 - R474, K398 - E462,
R403 - D456

1374 - M481, L377 - 1477,
L377 - A480, L377 - M481,
F380 - 1477, L.381 - 1477,
L381 - L478, L381 - M481,
L384 - 1477, 1392 - M459,
1392 - 1463, 1392 - L466,
V395 - M459, V395 - 1463,
V395 - L466, F402 - F437,
F402 - FA439, F402 - L440,
F402 - L455, F402 - M458,
L406 - F437, L406 - L440,
L406 - L443, L406 - L448,
L406 - L452, L406 - L455,
A409 - L440, A409 - L443,
A409 - L448

S373 - Q489

NA

MST2-MST2
homo-SARAH

D456 - R474, E462 - R469
R469 - E462, R474 - D456

FA37 - P476, FA37 - 1477,
F437 - A480, L440 - P476,
L440 - 1477, L440 - A480,
L443 - 1477, L443 - A480,
L445 - M481, L448 - 1477,
L448 - A480, L448 - M481,
L452 - 1477, L452 - LATS,
L452 - M481, L455 - 1477,
M459 - 1463, M459 - L466,
1463 - M459, 1463 - 1463,
1463 - L466, L466 - M458,
L466 - M459, L466 - 1463,
L466 - L466, P476 - F437,
P476 - L440, 1477 - FA37,
1477 - L440, 1477 - L443,
1477 - LA48, 1477 - L452,
1477 - L455, L478 - L452,
A480 - F437, A480 - L440,
A480 - L443, A480 - L448,
M481 - L445, M481 - L448,
M481 - L452

NA

NA
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RASSF5-RASSF5
homo-SARAH

E385 - R403, E388 - R403,
R403 - E388

L377 - L406, L377 - A409,
F380 - F402, F380 - L406,
F380 - A409, L381 - L406,
L384 - F402, L384 - L406,
1392 - 1392, 1392 - V395,
V395 - 1392, V395 - V395,
F402 - F380, F402 - L384

Q389 - Q396,
Q396 - Q389

NA

RASSF5(E388A)-
MST2
hetero-SARAH

E385 - R474, K398 - E462,
R403 - D456

1374 - M481, L377 - 1477,
L377 - A480 L377 - M481,
F380 - 1477, L381 - 1477,
L381 - L478, L381 - M481,
L384 - 1477, A388 - L466,
1392 - M459, 1392 - 1463,

1392 - L466, V395 - M459,
V395 - 1463, V395 - L466,
F402 - F437, F402 - F439,
F402 - L440, F402 - L455,
F402 - M458, L406 - F437,
L406 - F439, L406 - L440,
L406 - L443, L406 - L448,
L406 - L452, L406 - L455,
A4009 - L440, A409 - L443,
A409 - L448, L410 - L445,
L410 - L448, L410 - L452

S373 - N490

NA

RASSF5(E388K)-
MST2
hetero-SARAH

E385 - R474, K398 - E462,
R403 - D456

1374 - M481, L377 - 1477,
L377 - A480, L377 - M481,
F380 - 1477, L381 - 1477,
L381 - L478, L381 - M481,
L384 - 1477, 1392 - M459,
1392 - 1463, 1392 - L466,
V395 - M459, V395 - 1463,
V395 - L466, F402 - F437,
F402 - F439, F402 - L440,
F402 - L455, F402 - M458,
L406 - F437, L406 - L440,
L406 - L443, L406 - L448,
L406 - L452, L406 - L455,
A409 - L440, A409 - L448,
L410 - L445, L410 - L448,
L410 - L452

S373 - N490

NA

RASSF5(E388A)-
RASSF5(E388A)
homo-SARAH

R403 - E385

1374 - LA410, L377 - L4O6,
L377 - L410, F380 - F402,
F380 - L406, F380 - L410,
L381 - L406, L381 - L410,
L384 - F402, L384 - L406,
A388 - V395, 1392 - 1392,
1392 - V395, V395 - A388,
V395 - 1392, V395 - V395,
F402 - F380, F402 - L384,
L406 - 1374, L406 - L377,
L406 - F380, L406 - L381,
L406 - L384, A409 - 1374,
A409 - L377, A409 - F380,
L410 - 1374, L410 - P375,
L410 - L377, L410 - F380,
L410-L381

Q389 - Q396,
Q396 - Q389

NA

238




RASSF5(E388K)-
RASSF5(E388K)
homo-SARAH

E385 - R403, D400 - K388,
K388 - D400

1374 - LA06, 1374 - A409,
1374 - L410, P375 - L410,
L377 - L406, L377 - A409,
L377 - L410, F380 - F402,
F380 - L406, F380 - L410,
L381 - L406, L381 - L410,
L384 - F402, L384 - L406,
1392 - 1392, 1392 - V395,
V395 - 1392, V395 - V395,
F402 - F380, F402 - L384,
L406 - 1374, L406 - L377,
L406 - F380, L406 - L381,
L406 - L384, A409 - L377,
A409 - F380, L410 - 1374,
L410 - P375, L410 - L377,
L410 - F380, L410 - L381

Q389 - Q396,
Q396 - Q389

NA
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Table E2. Types of atomic interactions in the SARAH diméFke results of replica
exchange molecular dynamics (REMD) simulations AR8H monomer show that
the sum of straight and one kinked SARAH domainehavout 90% population across
300 K to 360 K. To consider the most probable RAS8Bnfigurations, we used

straight and one kinked SARAH for docking and mougl

Number of kink Number of structure Percentage kink residue

Fully unfolded 646 1.077% NA
0 23945 39.908% NA

1 30512 50.853% E388

2 4677 7.795% oo

Q378

3 219 0.365% E388

Y399
4 1 0.002% NA
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Table E3.Types of atomic interactions in the RA-SARAH asation for the RASSF5
configurations 1-14. The atomic pair indicates RASARAH residue pair in the
interface. The pairs will be viewed effective amisted when the residue pairs have

more than 50 % occurrence rate. Letters in itadicade the catiofRinteraction.

RASSF5
configuration

Salt bridge

Nonpolar

Polar

H-bond

Config. 1

K214 - E387, R221 - D370,

R221 - E376, K223 - D370,

K223 - E376, K241 - E366,
K241 - E368

1215 - L381, 1215 - L384,

M228 - L377, L230 - 1383,

L230 - L384, 1287 - V367,
V354 - F380

Q209 - Q394,
Q213 - Q394,
T220 - Q378,
T220 - N379,
T220 - T382

NA

Config. 2

R257 - D400, R257 - E407,
K307 - E387, K307 - D390,
K334 - E366, K334 - E368

V252 - F402, V252 - L406,
P253 - F402, P253 - L406,
A254 - F402, A254 - L406,
1256 - L406, 1256 - A409,
1256 - L410, P258 - F402,
P258 - L406, P258 - L410,
1261 - 1392, 1261 - V395,
V298 - W369, 1302 - W369,
M310 - V395, M310 - F402,
V311 - V395, V312 - 1392,
V312 - V395, P315 - F380,
P315 - L384, A319 - V367,
A319 - W369, 1337 - V367,
1337 - W369, 1337 - A371,
1337 - F372, 1337 - F380,
A338 - W369, A338 - A371,
A338 - F372, A338 - F380

Q259 - Q396,
Q259 - Y399,
S260 - Q396,
S260 - Y399,
Y262 - Y399

NA

Config. 3

R257 - E388, K266 - E385,
K266 - E388, K307 - E387,
K308 - E387, K334 - E368

1256 - 1392, 1256 - V395,
P258 - 1392, P258 - V395,
V268 - F372, V268 - 1374,
V268 - L377, V268 - F380,
V268 - L381, V268 - L384,
L270 - V367, L270 - W369,
L270 - A371, L270 - F372,
L270 - 1374, L270 - L377,

A272 - V367, A272 - W369,
V298 - W369, 1302 - W369,
L306 - W369, L306 - F380,
L306 - L384, M310 - L384,
V311 - F380, V311 - L384,
V312 - F380, V312 - L381,
V312 - L384, P315 - W369,
P315 - A371, P315 - F372,
P315 - L377, P315 - F380,
F318 - W369, A319 - W369,
L320 - W369, 1337 - W369

NA

NA
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K212 - E387, E232 - K391,

L208 - L377, L208 - F380,
L208 - L381, L208 - 1383,
L208 - L384, 1211 - 1383,
L230 - 1383, V298 - W369,
1302 - V367, 1302 - W369,

Config. 4 D L Koot B3, P315-W369, F318- V367, | (20> N7 NA
' A319 - V367, L331 - W3609,
1337 - V367, 1337 - W3609,
1337 - A371, 1337 - F372,
A338 - W369, A338 - A371,
A338 - F372, A338 - L377
F321 - V367, F321 - W369,
F321 - P417, F332 - V367,
L335 - W369, 1337 - W369,
1337 - F372, 1337 - L377, v gggg'
K214 - E387, K322 - D370, 1337 - F380, 1337 - 1383, Togy - et
Config. 5 K326 - E376, K334 - D370, 1337 - L384, 1337 - V395, 1297~ Q389 NA
R340 - E387 A338- F380, A338-1383, | Hoo0” 05T
A338 - L384, 347 - F380, N Qe
L347 - 1383, L347 - F402,
A348 - 1383, P350 - 1383,
V354 - 1383
L246 - W369, L246 - P375,
V250 - L410, F280 - A409,
F280 - L410, L282 - A409,
L282 - L410, P283 - 1374,
P283 - P375, P283 - L406, | HoA3- W37
K245 - E376, R247 - D370 P283 - 409, P283 - L410. | y767 - k416,
R277 - D370, R323 - E387, L284 - P375,F321-W369, | 281 - 5373,
Config. 6 K334 - E366, K334 - E368, F321 - £872, V330 - F372, v281-Qaoa, | Y281-E408,
' K334 - D370, K360 - E376, V330 - F380, V330 - 1383, H325 - N379, | Y281-L410
D R, 376 V330- L34, V330 - FA02, | 152" L0
L331-W369, L33L - Fa72, | 320" 3500
L331 - F380, L331 - F402, o0 - 7300
F332 - V367, F332 - W369,
F332 - F372, F332 - F380,
F332 - 1383, F332 - F402,
V358 - W369
T273 - Q378,
T274 - Q378,
1265 - F372, V268 - F372, | Q329 - Q393,
L270 - A371, 1270 - F372, | Q329 - Q394,
L270 - 1374, 1270 - P375, | Q333 - Q389
: Daoo, K338 - 385, A272 - P375, F280 - A409, | Q333 - Q396,
L282 - A409, P283 - L406, | Q333 - Y399,
P283 - A409, F321 - F380, | N362 - Q378,
L331 - 1392, 1337 - L381 N362 - Y399,
T364 - S373,
T364 - Q378
V250 - F372, V250 - L406,
V250 - A409, V250 - L410,
V252 - F372, V252 - L406,
V252 - A409, V252 - L410,
K223 - E388, R247 - E368, P253 - F372, P253 - L406,
Conig. 8 R248 - E407, R257 - E366, P253 - A409, P253 - L410, gggg - 83;2’ Nty
: R257 - D370, R323 - E385, A254 - F372,A254 - Ad0o, | 32007 200 | 2R TRTE

E353 - K386

A254 - 1410, 1256 - W369,
P258 - W369, P258 - A409,
F280 - W369, F280 - A371,
F280 - F372, F280 - L406,
F280 - L410, L282 - A371,
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L282 - F372, L282 - L377,
L282 - F402, L282 - L406,
L282 - L410, P283 - A371,
P283 - F372, P283 - 1374,
P283 - L377, P283 - F380,
P283 - L381, L284 - F380,
L284 - F402, A286 - F380,
A286 - L381, A286 - L384,
A286 - 1392, 1287 - L381,
1287 - L384, 1287 - 1392

Config. 9

E267 - K391, E267 - K398,
K276 - D400, K276 - E407,
K307 - E376, K334 - E366

P249 - F402, P249 - L406,
P249 - 1410, V250 - L406,
V250 - L410, V252 - F402,
V252 - L406, V252 - A409,
V252 - L410, P253 - L406,
P253 - A409, P253 - L410,
A254 - L410, 1256 - A409,
1256 - L410, 1261 - F402,
1261 - L406, 1261 - A409,
1261 - L410, A264 - F402,
1265 - V395, 1265 - F402,
V268 - F372, V268 - F380,
V268 - 1383, V268 - L384,
V268 - 1392, V268 - V395,
L270 - F372, L270 - L377,
L270 - F380, L270 - L381,
L270 - 1383, L270 - L384,
L270 - 1392, L270 - V395,
A271 - F380, A271 - L381,
A271 - 1383, A271 - L384,
A271 -1392, A271 - V395,
A272 - F380, F280 - L406,
F280 - L410, V298 - W369,
1302 - W369, 1302 - A371,
L306 - F372, V312 - F380,
P315 - W369, P315 - A371,
P315 - F372, F318 - W369,
A319 - W369, L320 - W369,
1337 - V367, 1337 - W369,
1337 - A371

Y262 - Y399,
N269 - Q396,
N269 - Y399,
T273 - Q396,
T273 - Y399,
T274 - Q396,
T274 - Y399,
T278 - Q404,
S279 - Q404,
Y281 - Y399,
T297 - S373,
S§299 - S373,
Q303 - S373,
N314 - Y399

T274 - R403,
Q316 -W369,
N362 - E366

Config. 10

K245 - D370, K245 - E376,

R247 - E366, K266 - E407,

E267 - R403, E300 - K405,

R323 - E376, K334 - E387,
K360 - E376,

L246 - W369, A264 - L406,
A264 - LA10, 1265 - F402,
1265 - L406, 1265 - L410,
V268 - L406, V268 - L410,
L270 - 1392, L270 - L406,
L270 - L410, A272 - 1392,
F280 - V367, F280 - F372,
L282 - F372, P283 - W369,
P283 - F372, P315 - F402,
P315 - L406, A319 - L384,
F321 - F380, F321 - 1383,
F321 - L384, V330 - P375,
L331 - 1383, F332 - F380,
F332 - 1383, 1337 - V395,
1337 - F402, A338 - F402,
V358 - F380

T235 - Q414,
N269 - Q393,
T274 - Q389,
Y281 - S373,
T295 - Q414,
$299 - Y399,
Q303 - Y399,
N314 - Q396,
N314 - Y399,
Q316 - Q396,
Q316 - Y399,
Q329 - N379,
Q333 - N379,
N362 - Q389,
N362 - Q396,
T364 - Q389,
T364 - Q393

NA
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Config. 11

K214 - E385, R221 - E388,
K241 - E412, R247 - E366,
R323 - E412, K326 - E376,
K326 - E387, D327 - K386,
K334 - E366, K334 - D370,
D351 - K391, D351 - K398,
D351 - K401, E353 - K391,
E353 - K397, E353 - K398,
E353 - K401, E353 - K405,
K360 - E366, K360 - E368

P206 - L381, V268 - W369,
L270 - V367, L270 - W369,
L270 - F372, A271 - V367,
A271 - F372, A272 - V367,
1287 - F402, 1287 - L406,
1287 - A409, 1287 - L410,
V298 - W369, 1324 - L377,
1324 - F380, 1324 - 1383,
1324 - L384, L331 - W369,
L331 - F380, L331 - 1383,
F332 - V367, F332 - W369,
L335 - F372, L335 - F380,
1337 - W369, L344 - L377,
L344 - F380, L344 - L381,
L344 - L384, L347 - L381,
L347 - L384, A348 - L384,
P350 - V395, V354 - 1383,
V354 - L384, L355 - F380,
L355 - L384, F357 - F380

Q333 - S373

T364 - E368

Config. 12

K245 - E412, K308 - E385,

K308 - E388, R323 - E412,

K334 - E366, E222 - K398,
E353 - K405

L226 - V395, F239 - 1383,
F239 - L384, V268 - 1374,
L270 - A371, L270 - F372,
A271 - V367, A272 - V367,
A272 - W369, A286 - F402,
A286 - L406, 1287 - F402,
1287 - L406, 1287 - L410,
L290 - L377, L290 - F380,
L290 - L381, L290 - L384,
1292 - L377, 1292 - F380,
V301 - L377, 1302 - W369,
L305 - L381, L306 - W369,
P315 - W369, P315 - A371,
P315 - 1374, F318 - W369,
A319 - W369, F332 - L410,
1337 - V367, 1337 - W369,
1337 - F372, A338 - F372,
V358 - L410

N224 - Q394,
C225 - Q394,
Q289 - Y399,
Q303 - S373,
H325 - S413,
Q329 - 5413,
T352 - S413

Q316 - W369

Config. 13

K223 - E408, K245 - E387,
R247 - D370, R257 - E385,
R323 - E387, R323 - E388,
E222 - K398, D285 - K386,
D351 - K401, E353 - K401

P253 - P375, A254 - P375,
1256 - 1374, 1256 - P375,
P258 - 1383, 1261 - 1383,

A272 - V367, F280 - P375,
L282 - F380, L282 - 1383,

P283 - F380, P283 - 1383,
L284 - 1383, V330 - V395

N224 - S413,
H243 - Q394,
Q259 - N379,
Q259 - T382,
Y281 - N379,
H325 - Q394,
H325 - Y399,
T352 - Q394,
S356 - Q394

Y281 - E376,
Y281 - N379

Config. 14

K307 - E387, K307 - E388,
K307 - D390, K334 - E366,
R340 - E376

1256 - L406, 1256 - A409,
1256 - L410, P258 - F402,
P258 - L406, P258 - A409,
P258 - L410, 1261 - V395,

1261 - F402, 1261 - L406,
1261 - A409, A264 - V395,
A264 - F402, 1265 - V395,
1265 - F402, V268 - 1392,
V268 - V395, L270 - L384,
L270 - 1392, L270 - V395,
V312 - V395, P315 - L384,
L335 - V367, L335 - W369,
1337 - V367, 1337 - W369,

1337 - F372, 1337 - L377,

1337 - F380, 1337 - L381,
1337 - L384, A338 - W369,
A338 - A371, A338 - F372,
A338 - L377, A338 - F380,

A338 - L381

T297 - N379

NA
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Table E4. Types of atomic interactions in the RA-SARAH asabon for the K-

Ras4B-GTP/RASSF5 dimeric configurations. The atgoaic indicates RA — SARAH

residue pair in the interface. The pairs will bewed effective and counted when the

residue pairs have more than 50 % occurrence rate.

D.'me”(.: Salt bridge Nonpolar Polar H-bond
configuration
K223 - E376, R323 - E366, 1287 - V367, 1287 - W369, N219 - Q378,
DC1(1) R323 - E368, R323 - D370, V330 - V367, V330 - W369, | T220- Q378 NA
K360 - E368 F332 - V367, P350 - F372 N224 - S373
P205 - F372, P205 - 1374,
P205 - 1392, P206 - F372,
P206 - 1374, L208 - L381, e gggg'
L270 - V367, L270 - W369, ooy - Sa0e
A272-V367, V298 -W369, | (200 S50
1302 - W369, F318 - V367, 0205 - 0095
bC2(4) K322 - E376, K334 - E368, A319- V367, A3L9 - W39, | 3200 3558 \A
E210 - R411 1337 - V367, 1337 - W369, ’
1337 - A371, 1337 - F372 Q209 - Q404,
: ' $336 - S373
1337 - 1374, A338 - W369, S350 Ours
A338 - A371, A338 - F372, V343 Oare.
A338 - 1374, L344 - P375, (e 378,
L347 - P375, L347 - L377,
L347 - L381, A348 - L377
P283 - P375, 1287 - 1383, ?g;‘g : gﬂg
K276 - E408, K276 - E412, ngé - 'Eg;i ﬁgg : \F/ggg, T278 - Q414,
DC3(6) R323 - E387, K334 - D370, V330 - L300 V30 - o S279- Q414 | F332-Y399
K360 - E376, D327 - K398 ' ' H325 - 0389,
F332 - F372, F332 - L377. Oass - Guod
F332 - F380, V358 - F372 a5 - Y206
P249 - L410, V250 - L410,
V252 - A409, V252 - L410,
A254 - A409, A254 - LA10, Egi - Sﬁi’
1256 - A409, 1261 - A409, oo
1261 - L410, A264 - FAQ2, ey
A264 - LA0B, 1265 - F402, Note - Oaoe
1265 - L406, V268 - F372, N2 Q3o
K276 - E407, K276 - EAQS, V268 - F380, V268 - 1383, Tao3 - 0306
DC4(9) K317 - E368, K334 - E366 L270 - F380, L270 - 1383, | T274-v399
T273 - Y399,
L270 - L384, 270 - 1392, o 030
L270 - V395, A271 - F380, LEXhaavsne
A271 - 1392, A271 - V395, LIRS
F280 - L410, 1302 - A371, oar s,
P315 - A371, P315 - F372, o503 - Sars
1337 - W369, 1337 - A371, 303 Sars

1337 - F372, 1337 - 1374,
A338 - 1374
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S299 - Y399,

L282 - V367, P283 - V367, | 9300 5232'
K245 - E366, K245 - D370, P283 - F372, P315 - F402. . Daoe,
DCS(10) K245 - E376, R323 - E376, F321 - F380, F321 - 1383, 016 - a0t \A
K334 - E387, K360 - E366, V330 - F372, V330 - P375, Sala - Vass,
K360 - E376 F332 - F380, F332 - 1383, :
1337 - V395 Q333 - N379,
Q333 - T382,
N362 - 389,
1226 - L406, 1287 - LAOS,
1287 - A409, F321 - W369,
1324 - L377, 1324 - F380,
1331 - W369, 1331 - A371,
F332 - V367, F332 - W36,
L344 - L377, L344 - F380,
K214 - E385, K214 - E388, L344 - 381, L344 - 1384,
K241 - E407. K245 - E366, L347 - F380, L347 - L381.
DCé(11) K326 - D370, K326 - E376, L347 - 384, A348 - F380, NA NA
K360 - E366 A348 - 381, A348 - 384,
G349 - 1384, G349 - 1392,
P350 - 1392, V354 - F380,
V354 - 1383, /354 - 1384,
L355 - L377, L355 - F380,
L355 - L381, 355 - 384,
F357 - L406
P205 - A371, P205 - F372,
P205 - 1374, P205 - P375,
L208 - P375, 1211 - P375,
P253 - L410, P253 - P417, T235 - 373,
A254 - P417, P258 - FAO2, T235 - N379,
P258 - L406, P258 - A40Q, T251 - S413,
P258 - L410, 1261 - V395, T251 - Q414,
K307 - D390, K334 - E366, 1261 - FA02, 1261 - L406, 0259 - Q414,
DC7(14) R340 - D370 1261 - L410, V268 - 1392, S260 - Y399, | S336-W369
L306 - 1392, M310 - V395, S294 - S373,
M310 - F402, V311 - V395, | S294 - N379,
V312 - 1392, V312 - V395, T205 - S373,
P315 - 1392, 1335 - V367, T295 - N379

1337 - V367, 1337 - W369,
A338 - W369, A338 - A371,
A338 - F380, L344 - W369
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Table E5.The WISP calculates 100 desirable allosteric pattsbetween two selected
residues for K-Ras4B-GTP/RASSF5 dimeric configurasi DC3(6), DC4(9),
DC5(10), and DC7(14). The table shows the occugeaate of each residue on the
allosteric pathway. Except the source and sinklteswhich have the 100% occurrence

rate, based on the results, the higher occurreateaway imply the more importance.

o K-Ras4B RASSF5
Dimeric
configuration Residue Rate (%) | RAresidue Rate (%) SARAH Rate (%)
residue
G13 12
V14 20
K16 3
s17 1
Q22 4
L23 4
F28 1
V29 4
Y32 44
D33 66 K2ae > N379 34
P34 8 D28t " L381 34
T35 24 V301 o T382 4
D38 25 G304 60 L384 14
S39 25 K308 66 Eoeo o
Ra1 4 M310 5 el %
DC3(6) K42 4 V311 5 oo .
D57 1 R303 o6 Q389 30
A83 25 Q320 ; D390 30
184 58 V330 7 1392 59
N85 23 P341 66 o o
N116 1 R345 o Q396 100
K117 79 L3en 60 D400 100
D119 2
T124 15
V125 99
D126 100
S145 3
A146 1
K147 1
GTP 81
M92+ 15
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G13 28
V14 63
G15 4 T237 58
S17 44
G238 85
Y32 54
e o F239 87
P > 0289 100 S373 100
o e £290 13 P375 100
DC4(9) 3 o H291 2 N379 100
o " 1292 68 1383 100
$203 75 E387 100
N86 2
T296 100
S89 100
T207 32
N116 2 E300 68
K117 37
GTP 78
Mg?* 44
G15 8
K16 30 L306 6 Egg; 19080
S17 78 F309 100 Sa50 :
Y40 100 V311 97
I55 2 V312 33 D390 18
DC5(10) L56 100 D313 94 K391 93
D57 77 N314 4 (533%%1 298
T58 18 P315 98 o3 2
GTP 16 Q316 100
Vi - Q396 11
V242 29
H243 67
S17 7 oo " D390 100
T20 100 oo oo K391 93
123 100 e ; 1392 2
T35 7 e 1 0393 3
Y40 93 Rz 5 Q394 8
DC6(11) A59 7 b b V395 4
R68 4 0396 3
E353 37
D69 1 Y399 4
V354 59
Q70 7 D400 5
L355 76
Y71 3 R403 2
Mg2* 7 S356 86 Q404 7
9 F357 63
V358 54
L359 5
Y236 17
T237 25
G238 31
1240 50
V242 86 S373 100
H243 2 P375 14
1287 86 E376 100
K288 11 Q378 1
L290 a1 N379 6
D38 1
H291 4 T382 3
DC7(14) S39 100 - o 1302 >
Y40 4 $203 31 K386 3
$204 92 E388 3
T295 8 K391 3
T206 12 1392 3
T207 1 V395 3
V301 9
F309 3
M310 3
1342 18
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