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‘The only true wisdom is knowing you know nothing’

Socrates
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Summary

The RAS superfamily is a large group of GTP binding proteins, which share a common
conserved G domain. They are divided into five families, including RHO, RAS, RAB,
ARF, and RAN. RAS signalling is mediated via their physical interaction with two
regulator families, GEFs (Guanine nucleotide exchange factors) and GAPs (GTPase
activating proteins), and a large number of downstream effectors. GEFs accelerate the
RAS activation reaction via GDP/GTP exchange and GAPs increase the rate of GTP
hydrolysis reaction. Among all RAS GEFs in the human genome, SOS1 is the best
studied RAS activator. SOS1 exists in an auto-inhibited structure in the cytoplasm due
to the inter-domain interactions. Its activation takes place through its recruitment to the
plasma membrane via GRB2 adaptor protein. This interaction occurs via SH3 domains
of GRB2 with the proline-rich domain of SOS1. Although SOS1-GRB2 interaction is the
critical step in SOS1 activation, still the biochemical mechanism of the interaction is not
well understood. Here, we shed light on the SOS1-GRB2 interaction and proposed an
allosteric regulation of GRB2-SOS1 interaction that is controlled by GRB2 interaction
with the activated receptor at the plasma membrane. GRB2 is not the only SH3-
containing protein that interacts with SOS1. SOS1 comprises more than 10 proline-rich
motifs. Thus, we hypothesized that there must be other SH3-containing proteins that
interact with and regulate SOS1. Therefore, we characterized the interaction of SH3
domains in the human genome with proline-rich motifs of SOS1. We proved the
interaction of already reported SOS1 binding partners by clarifying the exact binding sites
and also introduced new binding partners of SOS1 including SPD2A, ARHGAP12,
OBSCN, RIMBP3, and SORBS1.

RHO-specific GDP-dissociation inhibitor 1 (GDI1), a different type of small GTPase
regulator, binds to isoprenylated RHO GTPases and extracts them from the membrane.
The mechanism and structural specificity of GDI1 remained unclear. This study provided
unprecedented mechanistic details about the GDI1 function towards RHO GTPases,
especially RAC1. Accordingly, membrane release of RHO GTPases by GDI1 underlies
a 3-step mechanism: (1) A non-specific association of GDI with switch regions of the
RHO GTPases; (2) an electrostatic switch determining the interaction specificity between
the C-terminal polybasic region of RHO GTPases and two distinct negatively charged
clusters of GDI1; (3) a non-specific displacement of geranylgeranyl moiety from the
membrane and its sequestration into a hydrophobic cleft, effectively shielding it from the
aqueous milieu. This study unambiguously challenges the paradigm of RAC1 regulation
by GDI1. Besides understanding the GDI interaction, we identified and characterized the
first small molecule RHO GDI1 inhibitor as a pseudo-natural product (NP) termed
Rhonin. Our data revealed that Rhonin inhibits binding of the GDI1 to RHO GTPases
and consequently inhibits signal transduction through a non-canonical Hedgehog
pathway.

Active, GTP-bound RAS proteins selectively interact with downstream effectors and
transmit signals towards multiple pathways to control diverse cellular processes, such
as proliferation, differentiation and apoptosis. RAS effectors mainly are RAS association
(RA) or RAS binding (RB) domain-containing proteins. Here, we investigated in-depth
the specificity of the interaction of different RAS proteins with the RA domain family,
called RASSFs. We found novel interactions between RRAS1, RIT1, and RALA and
RASSF7, RASSF9, and RASSF1, respectively, which were systematically explored in
sequence-structure-property relationship analysis, and validated by mutational analysis.
These data provided a set of distinct functional properties and putative biological roles
that should now be investigated in the cellular context. Mutations in RAS genes were not
only found in cancers but also developmental disorders, including Noonan syndrome
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(NS). We showed that the NS-causing RRAS2 variants affect highly conserved residues
localized around the nucleotide binding pocket of the GTPase and are predicted to
variably affect diverse aspects of RRAS2 biochemical behaviour, including nucleotide
binding, GTP hydrolysis, and interaction with the effectors. Additionally, all pathogenic
variants increase activation of the MAPK cascade and variably impact cell morphology
and cytoskeletal rearrangement.

Zusammenfassung

Die RAS-Superfamilie ist eine grolte Gruppe von GTP-bindenden Proteinen, die eine
gemeinsame konservierte G-Domane teilen. Sie wird in funf Familien unterteilt, darunter
RHO, RAS, RAB, ARF und RAN. Die RAS-Signaltransduktion wird Uber die
physikalische Interaktion mit den zwei Regulator Familien, GEFs (Guanin-Nukleotid-
Austauschfaktoren) und GAPs (GTPase-aktivierende Proteine), und einer grof3en
Anzahl von nachgeschalteten Effektoren vermittelt. GEFs beschleunigen die RAS-
Aktivierungsreaktion Uber GDP/GTP-Austausch und GAPs erhéhen die Rate der GTP-
Hydrolyse Reaktion. Unter allen RAS-GEFs im menschlichen Genom ist SOS1 der am
besten untersuchte RAS-Aktivator. SOS1 existiert in einer autoinhibierten Struktur im
Zytoplasma, aufgrund von Inter-Doméanen Interaktionen. SOS1 Aktivierung erfolgt durch
die Rekrutierung an die Plasmamembran Uber das Adaptorprotein GRB2. Diese
Interaktion erfolgt Gber die SH3-Domanen von GRB2 mit der Prolin-reichen Domane von
SOS1. Obwohl die SOS1-GRB2-Interaktion der kritische Schritt in der SOS1-Aktivierung
ist, ist der biochemische Mechanismus der Interaktion noch nicht gut verstanden. Hier
haben wir die SOS1-GRB2-Interaktion unter die Lupe genommen und eine allosterische
Regulation der GRB2-SOS1-Interaktion vorgeschlagen, die durch die GRB2-Interaktion
mit dem aktivierten Rezeptor an der Plasmamembran gesteuert wird. GRB2 ist nicht das
einzige SH3-haltige Protein, das mit SOS1 interagiert. SOS1 umfasst mehr als 10 Prolin-
reiche Motive. Daher stellten wir die Hypothese auf, dass es weitere SH3-haltige
Proteine geben muss, die mit SOS1 interagieren und es regulieren. Die
Charakterisierung der Interaktion von SH3-Doméanen im menschlichen Genom mit den
Prolin-reichen Motiven von SOS1 bestétigte die Interaktion von nicht nur bereits
berichteten, sondern auch neuen Bindungspartner von SOS1, darunter SPD2A,
ARHGAP12, OBSCN, RIMBP3 und SORBSH1.

Der RHO-spezifische GDP-Dissoziationsinhibitor 1 (GDI1), ein anderer Typ eines
kleinen GTPase-Regulators, bindet an isoprenylierte RHO-GTPasen und extrahiert sie
aus der Membran. Der Mechanismus und die strukturelle Spezifitdt von GDI1 blieben
unklar. Diese Studie lieferte neue mechanistische Details tber die Funktion von GDI1
gegeniber RHO GTPasen, insbesondere RAC1. Demnach unterliegt die
Membranextraktion von RHO GTPasen durch GDI einem 3-Schritt-Mechanismus: (1)
Eine unspezifische Assoziation von GDI mit der ,Switch region“ der RHO-GTPasen; (2)
ein elektrostatischer Schalter, der die Interaktionsspezifitat zwischen der C-terminalen
polybasischen Region der RHO-GTPasen und zwei unterschiedlichen negativ
geladenen Regionen von GDI1 bestimmt; (3) eine unspezifische Verdrangung der
Geranylgeranyl-Einheit von der Membran und ihre Sequestrierung in einen hydrophoben
Spalt, der sie effektiv vom wassrigen Milieu abschirmt. Diese Studie stellt das Paradigma
der RAC1-Regulation durch GDI1 eindeutig in Frage. Neben dem Verstandnis der GDI-
Interaktion identifizierten und charakterisierten wir den ersten niedermolekularen RHO-
GDI1-Inhibitor als Pseudo-Naturprodukt (NP) mit dem Namen Rhonin. Unsere Daten
zeigten, dass Rhonin die Bindung von GDI1 an RHO GTPasen hemmt und somit auch
die Signaltransduktion Uber den nicht-kanonischen Hedgehog-Signalweg hemmit.



Aktive, GTP-gebundene RAS-Proteine interagieren selektiv mit nachgeschalteten
Effektoren und leiten Signale Uber mehrere Signalwege weiter, um verschiedene
zellulare Prozesse wie Proliferation, Differenzierung und Apoptose zu steuern. RAS-
Effektoren sind hauptsachlich RAS-Assoziations- (RA) oder RAS-Bindungsdoméne (RB)
enthaltende Proteine. Hier untersuchten wir eingehend die Spezifitat der Interaktion
verschiedener RAS-Proteine mit der RA-Domanen-Familie, die sogenannten RASSFs.
Wir fanden neuartige Interaktionen zwischen RRAS1, RIT1 und RALA und RASSF7,
RASSF9 bzw. RASSF1, die systematisch in ihrer Sequenz, Struktur und Bindung
untersucht und durch Mutationsanalysen validiert wurden. Diese Daten lieferten eine
Reihe von unterschiedlichen funktionellen Eigenschaften und mutmalRlichen
biologischen Rollen, die nun im zelluldren Kontext untersucht werden sollten. Mutationen
in RAS-Genen wurden nicht nur bei Krebserkrankungen, sondern auch bei
Entwicklungsstérungen, einschliellich des Noonan-Syndroms (NS), gefunden. Wir
konnten zeigen, dass die NS-verursachenden Mutationen in den RRAS2-Varianten
hochkonservierte Aminosauren betreffen, die um die Nukleotid-Bindungstasche der
GTPase herum lokalisiert sind. Es wurde vorhergesagt, dass sie verschiedene Aspekte
des biochemischen Verhaltens von RRAS2 beeinflussen, einschliel3lich der
Nukleotidbindung, der GTP-Hydrolyse und der Interaktion mit Effektoren. Zusatzlich
erhdhen alle pathogenen Varianten die Aktivierung der MAPK-Kaskade und wirken sich
unterschiedlich auf die Zellmorphologie und die Reorganisation des Zytoskeletts aus.
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Chapter I. Inroduction

1.1 RAS Superfamily

The onset of RAS research dates back to 1964 when Harvey discovered HRAS (1) and
Kirsten discovered KRAS a few years later (2). In 1980 RAS was introduced as an
oncogene in bladder cancer and later in other cancer cell lines (3-5). RAS superfamily
members are small guanosine triphosphatases (GTPases; 21-25 kDa) which act as
binary molecular switches cycling between an active GTP bound and an inactive GDP
bound form. The RAS GTPases comprise over 150 members in the human genome
which are divided into five major groups based on their sequence and functional
similarities, including, RAS, RHO, RAB, RAN, and ARF (Figure 1) (6, 7). The RHO family
members play a role in the control of actin dynamic activities including cell division,
migration and vesicle transportation. RHOA, RAC1, and CDC42 are the best studied
RHO family members (8-70). The RAS family controls cellular proliferation,
differentiation, and apoptosis, comprising three classical RAS paralogs (H-, K-, and N-
RAS), RAP (RAP1A, RAP1B, RAP2A, and RAP2B), ARF, and RAL proteins (RALA and
RALB) (771). The RAB and ARF families regulate vesicle trafficking (72-74). The RAB
family is the largest GTPases family with 61 members (75). The RAN family regulates
nuclear transportation(76, 77). Therefore, small GTPases play a central role in various
signaling pathways and cellular functions (78). They interact with their effectors once
they are located at the membrane in GTP bound form. Posttranslational modifications of
RAS GTPases are required for their membrane association (79).The specific subcellular
localization of RAS GTPases where they are able to interact with different effector
proteins allow them to work as modulators of a remarkably complex and diverse range
of cellular processes (78).

RAS superfamily

RAS RAN  ARF RHO
|
| | | | |
p21 RAS ERAS RHEB RAL RRAS RAP RAC RHO CDC42
I_I_I I_‘_I |
I I b
HRAS NRAS KRAS RALA RALB RAP1A RAP1B RAP2A RAP2B
I I I
RRAS1 RRAS2 MRAS
Vesicle traffiking Meclear fransportatio Actin dynamics

Cellular proliferation, differentiation and apoptosis

Figure 1. RAS superfamily. The RAS superfamily comprises more than 150 family
members and is divided into five major groups by comparing their sequence and
functional similarities. The RAS paralogs (H-, K-, and N-RAS), RAP (RAP1A, RAP 1B,
RAP 2A, and RAP 2B), ARF and RAL proteins (RALA and RALB) are involved in various
cellular behaviors, such as proliferation, differentiation, and apoptosis. The RHO
paralogs, including RAC, RHO and CDC42, control among other processes actin
dynamics.
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Chapter I. Inroduction

1.2 RAS structure

RAS structure consists of six beta-strands and five alpha-helices creating two functional
domains: Guanosine nucleotide binding domain (G domain) and a C-terminal membrane
binding region (known as CAAX box), which is a farnesylation recognition site and
enables membrane binding upon lipid modification. The G domain is a GDP/GTP binding
domain containing five G motifs. The G1 motif or the P-loop binds to the beta phosphate
of GDP and GTP. The G2 motif or Switch | binds to the y-phosphate of GTP with its
threonine 35 residues (H-RAS numbering). The G3 motif or Switch Il contains aspartate
57 and glutamine 61. Aspartate 57 is specific for guanine versus adenine binding and
glutamine 61 activates a catalytic water molecule for hydrolysis of GTP to GDP. The G4
motif interacts with guanine. The G5 motif contains alanine 146, which provides
specificity for guanine rather than adenine (6, 20). RAS proteins include an additional C-
terminal hypervariable (HV) sequence, which is located in front of the CAAX box. The
hypervariable region of N-RAS, H-RAS and KRAS4A, but not KRAS4B, has a cysteine
that can get modified by a palmitate fatty acid which also contributes to membrane
association (Figure 2) (21).

@6

TV -C-C-OMe | s
s,

G domain 5 E—g-oma Rho

PM1 G1 PM2  PM3 G264 @@. .
0 mnumm =scaLT b8,
wie N R(E 1

- — ; -CXC-OMe = Rab

Sl Sii Rho insert °

-C-OMe
6 = C15 famnesy! isoprenoid - } Ran

@ = C20 geranylgeranyl isoprencid
rﬁ = C14 myristate fatty acid
@ = c16 paimitate fatty acid

Figure 2.RAS GTPase structure. RAS GTPases have a guanosine nucleotide binding
domain (G domain) containing five G motifs, a hypervariable region (HVR) and a C-
terminal site (known as CAAX box) (27).

1.3 RAS effectors

RAS in the GTP-bound state undergoes conformational rearrangements of switch | and
switch Il regions that is suitable for the interaction with their effectors (6). Structural
analysis of different RAS effectors in complexes with RAS GTPases have revealed a
common domain to all RAS effectors which are responsible for the interaction with the
RAS proteins. RAS effectors are characterized by presenting a domain with a ubiquitin
(UB-) like topology that can be further subdivided into the RAS association (RA)
domains, the RAS binding (RB) domains, and the PI3K-RB domain subfamilies (22).
RBD and RA domains consists of about 80-100 amino acids (23). RAS effectors were
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Chapter I. Inroduction

defined as enzymes or scaffold proteins that trigger the intracellular signaling leading to
cell growth and proliferation (24). Conversely, a class of RAS effectors has been
discovered that participate rather in growth and tumor suppressive pathways (25, 26).
This type of RAS effectors is termed RAS association domain family (RASSF). RASSFs
interact with RAS by means of a putative RA domain of all RASSF members (26, 27). A
sequence based data analysis has shown that the largest number of UB-like domains
belong to the RA family (65%), followed by the RBD (15%) and PI3K-RBD (12%)
domains (Figure 3). Three UB-like domains cannot be classified due to their sequence
similarity to RA and RB domains (Figure 3) (22).
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Figure 3. Domain composition of putative human RAS effectors. RAS effectors

contain mainly RA, RB, PI3K-RBD and UB domains (in red) (28).

1.4 RAS GTPase regulation
The RAS signaling is dependent on conformational changes of RAS between GTP-
bound and GDP-bound form (Figure 4). GTP-bound RAS GTPases represent the active
state, which interacts with various effectors. The GppNHp-bound and GDP-bound
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Chapter I. Inroduction

structures of RAS were predicted by molecular dynamics simulation in 1997 and later
the crystal structure of the transient state of GTP and GDP RAS GTPases was solved in
1990, which was similar to the predicted structure (29, 30). The activation of RAS
GTPases is catalyzed by guanine nucleotide exchange factors (GEFs), while the
inactivation through GTP hydrolysis is stimulated by GTPase-activating proteins (GAPSs)
(317). The rates of GEF and GAP stimulated reactions are accelerated by several orders
of magnitude (10% in comparison with the intrinsic nucleotide exchange and GTP
hydrolysis reactions (6, 32). Furthermore, there are two levels of RAS GTPase regulation
at the membrane. RHOGDI (RHO GDP-dissociation inhibitor) was reported to be a
specific regulator for RHO GTPase family members and PDE-delta is a specific KRAS
regulator. RHO GTPases are displaced from the membrane and solubilized in the cytosol
by the action of RHOGDIs. There are three RHOGDI isoforms, RHOGDI1, RHOGDI2
and RHOGDI3. RHOGDI1 is ubiquitously expressed. RHOGDI2 is expressed in
hematopoietic tissue, particularly in B- and T-lymphocytes, and RHOGDI3 is
preferentially expressed in the brain, pancreas, lung, kidney, and testis (33-35).
Phosphodiesterase-6 (PDE®; also known as PDE6&, PrBP/5, andPDEGD) sequesters
KRAS4b from the membrane to the cytoplasm and consequently enhancing its diffusion
throughout the cell (36-38).

/—\\ y
\ S
'/,»'\' ( "'u.
\\\'P,%‘ e \
g r u

GAP

Effector

Signal transduction

Figure 4.Schematic view of the RAS and RHO cycles. RAS and RHO cycles between
GDP- and GTP-bound forms, which are regulated via two regulatory proteins, GEFs and
GAPs, which catalyze the otherwise slow intrinsic reactions by several orders of
magnitude. GTP-bound RAS proteins interact with downstream effectors and thus
control various cellular functions. Two regulators PDE® and GDI specifically and
sequesters KRAS and RHO GTPases from the membrane to the cytoplasm,
respectively.
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1.5 Mechanism of GEF stimulated reaction

GEFs interact with the switch regions and the phosphate-binding loop of the RAS
GTPases. The activation of RAS proteins starts with the dissociation of the Mg?* ion,
which generates a low-affinity RAS-GDP-GEF complex followed up by rapid GDP
release. The catalyzed GEF reaction is dependent on the concentration of free
nucleotides, such as GTP, that is required for GDP displacement (39-47). There were
two proposed models for the GEF-catalyzed GTP/GDP exchange, substitution and
displacement of GDP by GTP. In the substituted mechanism, GEF directly leads to a
conformational change in RAS GTPases resulting in GDP release and GTP binding. In
the displacement mechanism, GEF binds to RAS and makes a tertiary complex of RAS-
GDP-GEF and GTP. The GDP is released and GTP binds to RAS (Figure 5) (40). Zhong
Gue et al. clearly rejected this model and proposed a simple allosteric model. The
displacement of the nucleotide by GEF is not the key step in the nucleotide exchange
reaction. Instead, the complex of GTPase with GEF interact with guanine nucleotides
that are present in cells. The excess amount of the displacing nucleotide is needed to be
present over the displaced nucleotide. Usually, under cellular conditions, GTP exists in
an excess amount over GDP, therefore; GTPase-GEF complex bind to GTP resulting in
the release of GDP and consequently dissociation of the GEF (Fig. 5) (42).

A Substituted mechanism: B Displacement mechanism:
Ras-GDP + GEF GEF-Ras-GDP
Ras-GDP + GEF GEF-Ras-GDP < GTP
eP GDP Ras-GTP + GEF = GEF-GTP-Ras-GDP

< GDP
Ras-GTP + GEF Ras-GEF

(<"
10\\ w2 Ras.GXP 6. ,0

s& AP W *\ Ras.GXP.Cdc25

Figure 5. The mechanism of GEF stimulated nucleotide displacement in RAS
GTPases. The substituted mechanism for GEF-catalyzed GDP/GTP exchange on RAS
(A). The nucleotide displacement mechanism for GEF-catalyzed GDP/GTP exchange
on RAS (B). The proposed nucleotide displacement mechanism by the formation of the
quaternary intermediate GEF-(GDP-RAS-GTP) complex. GEF binds to RAS-GDP and
GTP attacks by its phosphate moiety to the RAS nucleotide binding site. A quaternary
intermediate GEF-(GDP-RAS-GTP) complex undergoes a conformation change that is
suitable for the GDP binding dissociation (C). Zhong Guo et al rejected part A and B and
proposed a simple allosteric model. Accordingly, the nucleotide is exchanged in the
present of an excess amount of the displacing nucleotide over the displaced nucleotide
(40, 42).

Ras CchS
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1.6 RASGEFs in human proteome

GEFs regulate activation of RAS signaling through the exchange of GDP to GTP which
enables the interaction of RAS with downstream effectors. RAS GEFs are usually
multidomain proteins containing a CDC25 domain that acts in combination with a RAS
exchange motif (REM) domain as the catalytic machinery. Most of the human GEFs
consist of a REM domain as a catalytic domain, while other domains are involved in
protein-lipid and protein-protein interactions which behave as localization signals or as
scaffold protein complexes. RHO GEFs contain a Dbl homology (DH) domain, playing
the part in combination with a Pleckstrin homology (PH) (43). Some of RASGEFs also
contain a DH-PH domain and are reported to serve also as RHO GEFs, such as SOS1,
S0OS2, RASGRF1, and RASGRF2. The most important and distributed human RAS
GEFs are listed up below (Figure 6) (44, 45).
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Figure 6.The most distributed RAS GEFS in the human genome. The domain
organization of RASGEFs demonstrates that they mostly share a REM-CDC25 tandem
as a catalytic machine. In a few cases, CDC25 alone is responsible for the catalytic
activity of the nucleotide exchange reaction (in red).
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1.7 Son of sevenless

Son of Sevenless (SOS) was discovered in Drosophila melanogaster as a key factor for
normal eye development (46). The development of the Drosophila eye is controlled by
intercellular signaling mechanisms similar to other developmental processes. Activation
of the Sevenless receptor tyrosine kinase is required for the specification of the R7
photoreceptor cell in each of the 800 single eye units (ommatidia) of the developing
Drosophila eye (46). Activation of RAS by SOS is a fundamental step in normal eye
development in Drosophila. SOS1 mutation was reported to disrupt the normal eye
development in this specie. SOS has two human homologs, SOS1 and SOS2. SOS1
protein is a widely distributed RASGEF in human compassing 1333 amino acids (aa).
SOS1 also has been found to be a key player in T-cell development (47-52).

1.8 SOS1 domain organization

SOS1 is a multidomain protein and every single domain has a distinct function. The
regulation of SOS1 activity is governed by the operations of its intra-domain interactions
(563-56). SOS1 holds several domains, for instance, the Histone domain (HD), the Dbl
homology (DH) and the Pleckstrin homology (PH), REM, CDC25, and the proline-rich
domain (Figure 7).

HD accommodates two tandem histone folds. It negatively adjusts SOS1 activity by
stabilizing an auto inhibitory structure of SOS1 (57-59).

DH domains share about ~200 aa and have been proposed to act as RHOGEFs in
different studies (60). Dbl was experimentally identified as an oncogene in the NIHT3T
cell line (61, 62). Later it was reported to be a GEF for CDC42 (63). SOS1 DH domain
has been described to be a specific GEF for RAC1 (45).

DH domain is mostly followed by the PH domain (43), which is well known as a
phosphoinositide recognition domain (64, 65). It was exhibited that DH activity was not
altered by the binding of the PH domain to the liposome (66). The N-terminal domains
of SOS1 including HD, DH, and PH negatively administer the CDC25 activity. Their
interaction with the C-terminus of SOS1 modifies its conformation into an autoinhibited
structure. SOS1 recruitment to the plasma membrane and interaction of its PH domain
with the membrane has been introduced to be a standout step in the SOS1 activation
(57, 67, 68).

SOS1 carries a helical hairpin containing helices aH and al between its PH and REM
domains that displace the switch | region of RAS from the nucleotide binding site (69).
CDC25 is the core region of SOS1 catalytic activity sharing high sequence similarities to
CDC25, a RASGEF in Saccharomyces cerevisiae (70). The catalytic center of SOS1,
CAT, composes of REM and CDC25 domains. The crystal structure of CAT clearly
exhibits two RAS binding sites, with REM as an allosteric binding site and CDC25 as a
catalytic RAS binding site (77). Cooperation of activated RAS to the allosteric binding
site commands a conformational change of CDC25, which in turn catalyzes the
nucleotide exchange of RAS (69).
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The proline-rich domain (PRD) is placed at the C-terminus of SOS1 and exposes binding
sites for SH3 domain-containing proteins, such as GRB2. SH3 domains usually comprise
about 60 aa and commit protein-protein interaction in different signaling pathways (72,
73). Interaction of GRB2 SH3 domains with SOS1 PRD is engaged in the recruitment of
SOS1 to the plasma membrane where RAS GTPases are localized. SOS1 recruitment
to the plasma membrane facilitates the unleash of SOS1 autoinhibition (67, 74, 75).

Catalytic RAC

binding site ~ Phospholipid .
g hinding site Catalytic RAS _
Al «RAg Dinding site SH3 domain
_ llosternc recognition site
Autoinhibition ‘[ binding site T
198 203 363 443 548 €01 782 1020 1049 1333

( HD (3~ DH @-{PH@-—(CDC%G—( PR ()

Figure 7. SOS1 domain organization. SOS1 is a multidomain protein and each domain
has a distinct function in the control of SOS1 activity.

1.9 SOS1 Regulation

SOS1 exists in an autoinhibited structure in the cytoplasm in which DH binds to REM
and conceals the allosteric site of REM (76, 77). HD interacts with the DH PH SOS1
domains and stabilizes the autoinhibited structure of SOS1 (567). Interaction of PH
domain with phosphatidylinositol 4,5-bisphosphate (PIP2), relieves the autoinhibition
(Figure 8) (56, 78). SOS1 recruitment to the plasma membrane is a milestone for its
activation. The GRB2 adaptor protein engages with SOS1 PRD via its SH3 domains and
recruits SOS1 to the plasma membrane.
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Piasma memb

Cytopiasm Inactive SOS1

Figure 8.The mechanism of SOS1 activation at the membrane. SOS1 activation is a
multistep process, mainly regulated via intra-domain interactions. Interaction of SOS1
domains in cytoplasm results in an autoinhibited structure of SOS1. DH domain interacts
with the REM domain and blocks the allosteric binding site of RAS proteins. HD stabilizes
the inhibited structure of SOS1. Upon receptor activation, SOS1 is recruited to the
plasma membrane via adaptor protein GRB2. SOS1 binds to the membrane via its PH
domain which in turn releases its autoinhibited state. The allosteric RAS binding site
consequently is free for association with active RAS leading to activation of CDC25 and
RAS activation.

1.10 Mechanism of SOS1-catalyzed RAS activation

The activity of the CAT domain is supervised by the allosteric effect of activated RAS. It
is disclosed that SOS1 can get activated by its product in a positive feedback regulation
(79). The crystal structure of human HRAS in complex with the CAT domain of SOS1
uncovered HRAS activation by SOS1. SOS1 disrupts the tight interaction of nucleotides
with RAS by the insertion of an a-helix from SOS1 into RAS and altering the chemical
environment of the binding site for the phosphate groups of the nucleotide and
magnesium ion. Insertion of an a-helix from SOS1 into RAS results in a conformational
change in the switch | region of RAS and opening up the nucleotide binding site of RAS.
The side chains of the inserted a-helix also affect the conformation of the switch Il region
of RAS resulting in a change of the binding site for the phosphate groups of the
nucleotide and the magnesium ion. Consequently, SOS1 stimulates the nucleotide
exchange of RAS GTPases by altering the RAS conformation into the active
conformation which allows the release of GDP and rebinding of GTP (77).
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1.11 SOS1 role in various diseases
SOS1 dysregulation, overexpression and mutations have been reported in various
diseases, such as ovarian cancer, prostate cancer, Noonan syndrome, hereditary
fibromatosis type one, and uveal melanoma.

SOS1 overexpression correlates with ovarian cancer metastasis where it was found that
RAC activation was facilitated by SOS1/EPS8/ABI1 complex in metastatic cells. It was
also proven that the integrity of this tri-complex is essential for metastatic cell migration.
coexpression of SOS1, EPS8, and ABI1, but not of any individual member of
SOS1/EPS8/ABI1 complex, leads to advanced stages of ovarian cancer patients (80).
Overexpression of SOS1 was detected in prostate cancer epithelial cells from African-
American men and it was shown that depletion of SOS1 in prostate cancer cells (PC3
and DU145) correlates with a decrease in cell proliferation, migration, and invasion (87).
SOS1 mutations also have been associated with Noonan syndrome (NS) which is a
developmental disorder associated with learning problems, facial dysmorphic, and
cardiac defects. SOS17 was identified as the second major gene underlying NS and 26
mutations in SOS1 were reported to be associated with NS (79, 82-84). Hereditary
gingival fibromatosis type one is an autosomal dominant disease in which patients suffer
from overgrowth of gum. The responsible mutation for HGF1 in SOS17 gene is due to an
insertion of a cytosine between nucleotides 126,142 and 126,143 in codon 1083 (Figure
9) (85, 86). Recently SOS1 overexpression was introduced as a cause of uveal
melanoma, a malignant tumor of the eye (87, 88).

NS HGF1
(HD (3~ BH G—(PHGIq-(CDC%@—-( PR ()
F78C | |T266K D309Y iS548R  |W729L | E846K 3248-3249
(E108K = |M269R|  y3z7c | [L550P  |PG55L | | S1000N Cytosine
M269T| W432R | (R552G | Fg23) insertion

G434R | |R552K | |733F
E433K | |R552S

caaty | 0 LUER
Q477H
P478L
P478R

Figure 9. Human SOS1 mutations. Reported human SOS1 mutations in Noonan
syndrome (NS) and Hereditary gingival fiboromatosis type one (HGF1).

1.12 SH3 domains

SH3 domains are small domains containing about 60 amino acids. It was first identified
as a 50 amino acid similar sequences in CTIO transforming protein (p47gag-ak),
phospholipase C, and the c-SRC and c-ABL gene products (89). The solution structure
of the SH3 domain of SRC was solved in 1992 (90). The binding site of SH3 domains
was defined when the 3BP-1 protein was found to bind to the SH3 domain of ABL via a
nine- or ten-amino acid stretch poly proline region (97, 92). SH3 domain containing
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proteins carry various cellular functions but they can be mostly found in adaptor and
scaffold proteins which facilitates protein complex formation (Figure 10). SH3 domains
manly interact with proline-rich motifs (PRMs). Three major sites of SH3 domains are
important for the interaction with PRMs involving the hydrophobic patch with conserved
aromatic residues, flanked by the RT loop with conserved arginine and threonine
residues and the n-SRC loop of the SH3 domain (93, 94). The residues located at the
variable loops define the specificity and affinity of the SH3-PRMs interactions (95). The
specificity of the SH3-PRMs interaction is generally modest, with a low micromolar range
affinity (93, 94, 96, 97).

SH3 domain mutation was reported in a variety of human diseases, for an instance,
mutation in a-spectrin, MYO7A, SH3TC2, and CASK SH3 domains respectively cause
neurodegenerative diseases (98, 99), deafness (700, 107), peripheral nerve
inflammation (702, 103), and microcephaly and cerebellar hypoplasia (704). Mutation of
the STAMBP SH3-binding motif causes microcephaly-capillary malformation syndrome
(105).
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Figure 10.SH3 domain containing proteins in signaling pathways. The critical role
of SH3 containing proteins is highlighted in different signalling pathways. SH3 domains
are marked in light orange. The presence of SH3 domains in various proteins, especially
as adaptor and scaffold proteins facilitate complex formation resulting in signal
transduction.

1.13 GRB2

The adaptor protein GRB2 play a prominent role in intracellular signal transduction
linking activated receptors to various signaling pathways (706). GRB2 has three
functional domains, an SH2 domain flanked between two SH3 domains. It binds to the
specific phosphotyrosine of activated receptors via its SH2 domain and to the proline-
rich motifs via its SH3 domains (7107). SOS1, guanine nucleotide exchange factor, and
the GAB1, docker, are the best characterized proline-rich motif containing partners of
GRB2 (108). GAB1 comprises an N-terminal PH domain and a C-terminal proline-rich
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domain. It mediates signaling between receptor tyrosine kinases (RTKs) and
downstream molecules, like RAS and Akt (109).

Recruitment of SOS1 via GRB2 to the membrane surface facilitates RAS activation (708,
110). But the recruitment of GAB1 via GRB2 to the membrane provides docking
platforms for the PI3K lipid kinase (708), which respectively activate Akt, a key player in
cell growth and survival (177).

Direct and indirect interaction of GRB2, SHC or FRS2 dependent, to the activated
receptor tyrosine kinases recruit SOS1 to the plasma membrane and consequently
activate RAS GTPases. GRB2 directly, SHC and FRS2 independent, interacts with
TRKA(7172). It indirectly, FRS2 dependent, interacts with FGF receptor (1713). GRB2
could directly or indirectly, SHC dependent, interact with EGF receptor

(714). SHC interaction with GRB2 SH2 domain enhances GRB2-SOS1 association.
Inhibition of SHC-GRB2 interaction abolishes the enhanced association between Grb2
and SOS1. SHC regulates GRB2-SOS1 interaction and is controlling the extend of RAS
activation (775). GRB2 interaction with receptor, scaffold or adaptor proteins has a
specific pattern for various receptors and regulate GRB2-SOS1 interaction and finally
RAS activation.

=

Figure 11. GRB2 role in signaling pathways. Adaptor protein GRB2 links activated
receptors to the downstream signaling pathways and facilitates protein complex
activation in signal transductions. It mostly takes part as an adaptor protein for MAPK
and AKT pathways.
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Aims and objectives

The RAS family GTPases play a decisive role in diverse cellular processes and their
dysregulation is linked to the progression of different diseases, such as developmental
disorders, and cancers. The active GTP-bound state of RAS GTPases goes along with
a conformational change in switch | and Il regions, which is controlled by the GDP/GTP
exchange reaction and accelerated by the interaction with GEFs. Although their crucial
role associated with human diseases have been analysed still there is no effective drugs
on the market over 35 years of research on RAS GTPases. Here, we aimed to investigate
the regulatory processes and the interaction selectivity towards downstream effectors,
which may provide insights as potential therapeutic drug targets.

SOSH1 is a ubiquitously expressed RAS activator. It has been implicated as a drug target
although the molecular mechanism of its regulation is still unclear. The aim of this thesis
was to investigate SOS1 activation and activity under different conditions. Therefore, we
intended to investigate the RASGEF activity of different SOS1 protein fragments towards
RAS GTPases.

GRB2 is an adaptor protein that directly binds SOS1 and recruits it to the plasma
membrane where RAS GTPases are localized, although the significance of this
interaction is still not clear. This thesis aimed to better understand the molecular
mechanism of GRB2-SOS1 interaction, determine and characterize SOS1 binding
regions of GRB2, and study the role of SOS1-GRB2 interaction on RAS activation.

SOS1 appears to interact, beside GRB2, with other SH3-containing proteins by obviously
using ten different proline-rich motifs at its C-terminus. In the context of this thesis, we
focused on the characterization of the 212 SH3-containing proteins in the human
proteome, comprising of 298 different SH3 domains based on their interaction with
proline-rich motifs of SOS1.

Another study should shed light on the selectivity of different RAS paralogs towards 10
members of the RAS domain-containing RASSF family. Therefore, this thesis tried to
define the RAS and RAS effector binding sites and possible RAS binding partners. We
attempted to Intelligibly study the sequence-structure-property relationship of RAS-RAS
effector interaction.

RHO-specific GDP-dissociation inhibitor 1 (GDI1) is a regulator of RHO GTPases which
binds to the isoprenylated RHO GTPases and extracts them from the membrane. The
mechanism and structural specificity of GDI1 remained unclear. Another aim of this study
was to provide insight into the mechanistic details about the GDI1 function towards RHO
GTPases.
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ABSTRACT

Among the signaling molecules indirectly linked to many different cell surface receptors, RAS proteins
essentially respond to a diverse range of extracellular cues. They control activities of multiple signaling
pathways and consequently a wide array of cellular processes, including survival, growth, adhesion,
migration, and differentiation. Any dysregulation of these pathway leads, thus, to cancer, developmen-
tal disorders, metabolic, and cardiovascular diseases. The biochemistry of RAS family proteins has
become multifaceted since the discovery of the first members, more than 40 years ago. Substantial
knowledge has keen attained about molecular mechanisms underlying post-translational modification,
membrane localization, regulation, and signal transduction through diverse effector molecules.
However, the increasing complexity of the underlying signaling mechanisms is considerable, in part
due to multiple effector pathways, crosstalks between them and eventually feedback mechanisms.
Here, we take a broad view of regulatory and signaling networks of all RAS family proteins that extends
beyond RAS paralogs. As described in this review, a lot is known but a lot has to be discovered yet.
Graphical abstract: The RAS paralogs, KRAS4B, NRAS, and HRAS, are the best investigated members of
the RAS family, not only because of their oncogenic capacity. This protein family, however, contains 22
additional isoforms and paralogs, most of which are distantly related, with typically 20-30% amino acid
identity, although they share a conserved GTP-binding domain [the color spectrum gees from white
(for identical) through yellow and orange (for partially conserved) to red (for highly variable amino
acids). RAS family proteins control a wide array of signaling pathways and cellular pracesses distinct
from those controlled by RAS paralogs. This review focuses on common features and differences of
RAS family proteins regarding their structure, function, regulation, signaling, and involvement in
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diseases.

Historical background

The history of the RAS protein family dates back in
1960s, when the highly oncogenic Harvey and Kirsten
murine sarcoma viruses (Ha-MSV and Ki-MSV) were dis-
covered by Jennifer Harvey and later Werner Kirsten to
cause rapid tumor formation in rats (Malumbres and
Barbacid 2003) (Figure 1). These viral oncaogenes, named
Harvey and Kirsten RAS (HRAS and KRAS), along with
their neuroblastoma RAS (NRAS) viral oncogene homo-
log, are activated versions of genes encoding 21-kDa
phospho-protein (p21) with guanine nucleotide (GDP
and GTP) binding and GTP hydrolyzing activities
(Malumbres and Barbacid 2003). Later studies have pro-
vided evidences for the existence of specific regulators
(guanine nucleotide exchange factors or GEFs and
GTPase activating proteins or GAPs) and effector pro-
teins activating individual pathways (Cherfils and
Zeghouf 2013; Hennig et al. 2015; Upadhyaya et al.
2016; Keeton et al. 2017). As the founding members

and prototypes of the RAS superfamily proteins
(Wennerberg 2005; Wittinghofer and Vetter 2011; Rojas
et al. 2012), HRAS, KRAS, and NRAS have become the
subject of intense investigations due to their central
involvements in signal transduction and their critical
contribution to human diseases and disorders (Hobbs
et al. 2016; Simanshu et al. 2017).

In this review, we describe current understanding of
the regulatory mechanisms of individual RAS proteins
and their signaling networks heyond the RAS paralogs.
Phylogenic analysis identified 25 members of the RAS
family out of 35 sequences (van Dam et al. 2011)
(Figure 2). RASL, RERG, and NKIRAS proteins exhibit
strong sequence deviations and thus, excluded from
the list. The RAD family proteins, which are also
excluded, make up together with RAS, RHO, RAB, ARF,
RAN, and RAG the RAS superfamily (Rojas et al. 2012).

By the time passing, new evidences indicate tissue-
and cell-specific function of RAS proteins. The sequence
similarity between RAS proteins, especially in effector
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21-kDa phosphoproteins (p21)

HRAS & KRAS, described as RAP, identified by hybridization RASD1, recognized as a GPCR-
with the Drosophila Dras3

independent activator of G-protein signaling

RAL, isolated from a cDNA

Ha-MSYV, isolated by passaging
Moloney mouse type-C virus

library of simian B-lymphocytes

RIT1/2, first identified
in mouse retina
19 1996

Ki-MSV, isolated from rodent by serial
passage of murine leukemia viruses

[

RRAS, was isolated by hybridization
with a v-HRAS probe

DIRAS1, down-regulated
in human glioblastoma

NRAS, identified by
DNA tranfection in 3T3 cells

RHEB, a RAS homolog rapidly induced in
hippocampal neurons by synaptic activity

ERAS, expressed in undifferentiated
mouse embryonic stem cells

Figure 1. Historical timeline of the discovery of various members of the RAS family.

hinding regions (see next section) was tempting to
speculate overlapping functions for related RAS proteins.
However, we need to consider the timing, subcellular
localization and external stimuli that selectively regulate
individual RAS proteins. This complexity comes in part
because of their hypervariable region at C-terminus and
sequence deviations in the full-length proteins, which
provide additional binding sites for various scaffolding
and adaptors proteins. Therefore, we discuss unique
aspects of each RAS subfamily in term of tissue expres-
sion, upstream stimuli, receptor activation, interactions
with reaulators and effector that collectively fine-tune
individual cellular functions under normal and patho-
logical conditions. A large number of data, which will not
be considered in detail, are summarized in Table 1.

RAS isoforms versus paralogs

The RAS family includes 23 genes coding for at least 25
proteins. Based on sequence identity, structure and
function, the RAS proteins were divided into eight
paralog groups: RAS, RAL, RRAS, RIT, RAP, RHEB, RASD,
and DIRAS (Figure 2). Average sequence homology
among paralogs vary between 30% and 60% while
exceeds 90% within individual paralog groups. We intro-
duced, for more clarity, names of some members, for
example RRAS2 for TC21, RRAS3 for MRAS, RIT2 for RIN,
RASD1 for DEXRAS, RASD2 for RHES, and DIRAS1 for RIG.

While majority of RAS proteins corresponds to one
unique gene, some RAS family members are transcribed
by the same genes. These isoforms, thus, originate from
different mRNA transcripts, produced by alternative
splicing and mostly differ in their subcellular localiza-
tion. One example is HRAS with three isoforms p21,
p19, and HRAS variant, which are designated HRAS1-3.
HRAST (generally known as HRAS) has a stop codon in
exon 4A and is translated to yield a p21-kDa protein
with the canonical sequence with 189 amino acids. An
in-frame stop codon in exon IDX leads to a transcript
translated to produce a novel 170-amino acid protein

called HRAS2 (known as p19HRAS or HRASIDX) (Cohen
et al. 1989). HRAS3, a RASopathy-associated gene with a
de novo 10-nucleotide-long deletion promoting consti-
tutive retention of exon IDX in HRAST gene (Pantaleoni
et al. 2017). These three HRAS isoforms share an identi-
cal G domain and considerably different amino acids
from 152 to 189 (Figure 2). HRAS3 contains an insertion
of 24 amino acids between the residues 151 and 152 of
HRAS1 (Pantaleoni et al. 2017). The other example is the
KRAS gene, which encodes two transcripts, KRAS4A and
KRAS4B, which are processed by alternative splicing of
fourth coding exons 4A and 4R (McGrath et al. 1983)
Also in this case, yielded proteins of 189 and 188 resi-
dues that significantly differ in their very C-terminal end
(Figure 2), which take different ways of membrane traf-
ficking (see below). HRAS and KRAS isoforms are co-
expressed widely in human tissues (Guil et al. 2003;
Plowman et al. 2006). Until now, no isoform of NRAS
has been reported.

Structural fingerprints
The G domain and its molecular switch function

The RAS family proteins are usually known as molecular
switches, cycling between an active GTP-bound state
and an inactive GDP-bound state (Vetter and
Wittinghofer 2001). Accordingly, they share a conserved
GDP/GTP-binding domain (or G domain), which is
responsible for nucleotide-dependent conformational
changes. The structural differences between the two
states are primarily confined to two highly mobile
regions, designated as switch | (residues 28-39) and
switch Il {residues 59-74) (Figure 2). In the active state
Tyr-32 and Thr-35 in switch | and Gly-60 in switch Il
form a hydrogen bonding network with the vy-phos-
phate of GTP. GTP hydrolysis triggers drastic rearrange-
ments of the switch regions, resulting in the
reorientation of these three critical residues away from
the active site. Although the G domain uses a univer-
sally conserved switching mechanism {Wittinghofer and
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Figure 2. Evolutionary conservation of RAS family members. Signature motifs of 25 RAS-related proteins are presented according
to their phylogenetic categorization. These proteins consist of a G domain with the five conserved motifs and a variable
C-terminal membrane anchorage region, divided in hypervariable region (HVR) and the CAAX motif®. HVR contains several cys-
teines and serines for post-translational modifications, positively charged residues and other putative motifs, for example PXXP
motifs as binding sites for SH3 domain-containing proteins. Certain members exhibit extensions at their N-terminal (Nex) and
C-terminal (Cex) ends, which are summarized in Table 2. Conserved residues are shown in gray, homologous residues in orange

and variable residues in olive.

Vetter 2011), its structure, function and GTP hydrolysis
(or GTPase) reaction are adapted to many different sig-
naling pathways and processes (see below).

The G domain consists of five conserved motifs,
termed G1-G5 (Bourne et al. 1991) (Figure 2), which are
central in nuclectide and magnesium binding. G1 is
also known as the phosphate-binding loop or P-loop, as
it is responsible for the binding of the phosphate
groups of GDP and GTP. P-loop exists not only in GTP-
binding proteins but also in ATP-binding proteins
(Saraste et al. 1990) and typically contains several crit-
ical residues followed by a conserved lysine and a serine
or threonine. Gly-12 and Gly-13 (HRAS numbering) are
frequently mutated codons in  human tumors
(Malumbres and Barbacid 2003) leading to impairment
of the GTPase reaction (Ahmadian et al. 1999). The
majority of RAS family members contain a glycine at
position 12 except ERAS, RASD1/2, and DIRAS3. These
GTP-binding proteins do not act as molecular switches
as they are GAP insensitive and thus persist in a consti-
tutive active state (Kontani et al. 2002; Nakhaei-Rad
et al. 2015). RHEB1 and RHEB2 have an extremely slow
GTPase reaction due to an arginine and a serine or a
cysteine instead of Gly-12 and Gly-13, respectively, but
is interestingly switched off by RHEBGAPs, such as
tuberin (also called TSC2) (Scrima et al. 2008). In the
case of ERAS and RASD1/2, there is Ser-12 instead of
glycine, and DIRAS3 harbors alanine in this position. In

contrast to Gly-12 mutation, Ser-17 mutation to aspara-
gine is used as dominant negative RAS mutant.
QOverexpressed RAS (S17N) tightly binds to endogenous
RASGEFs and sequesters them from endogenous RAS
proteins, and thus, interferes with RAS activation (Feig
1998). G2 (also called effector loop) is an integral part of
effector-binding site and contains the highly conserved
Tyr-32 and an invariant Thr-35 (HRAS numbering),
which are critical for the conformational rearrangement
of switch I. RIT1/2 contain histidine at the correspond-
ing position of Tyr-32, which may be the reason for an
accelerated nucleotide dissociation {Shao et al. 1999).
G3 is a part of switch Il and contains the critical catalytic
GIn-61 position. Similarly to Gly-12 mutations, replace-
ment of GIn-61 by virtually any other amino acid signifi-
cantly reduces the intrinsic hydrolysis rate, prevents the
GAP-mediated inactivation and, thus, induces onco-
genic transformation by constitutive activation of RAS
(Malumbres and Barbacid 2003). There is a threonine in
RAP paralogs instead of GIn-61, asparagine in RASD1/2,
glycine in DIRAS3 and serine in DIRAS1/2. In contrast to
RASD1/2 and DIRAS3, which seem to have an impaired
GTPase activity (Kontani et al. 2002), Thr-61 in RAP
paralogs and most interesting Ser-65 in DIRAST and
DIRAS2 (GIn-61 in HRAS1), do not compromise the
GTPase reaction especially in the presence of RASGAPs
(Scrima et al. 2008) (see “Regulatory proteins” section
for more detail). GTPase deficiency of RASD and DIRAS
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Post-trans|ational

Proteins  Synonyme Expression pattemn Upstream signals GEFs GAPs Downstream target modifications
HRAST  p21HRAS Ubiquitous Growth factors, phorbol ~ RASGRF, 505172, P120RASGAP, NF1, C/BRAF, PI3K, RalGDS,  Far, Cm, Palm, Ub,
esters RASGRP1-4, PLC: RASA1-3, PLCe, RASSF, S-Nit
SynGAP1 RGL3, FAK
HRASZ  p19HRAS n.d. n.d n. d. n. d. RACK1 n. d.
HRAS3  HRAS™P* RASopathy gene n. d. n. d. n d. nd. Far, Cm, Palm, Ub
NRAS Ubiguitous Growth factors, phorbol ~ 5051/2, RASGRP1-4 p120RASGAP, NF1, C/BRAF, PI3K, Far, Cm, Palm
KRAS4A esters, LI3, CSF1 RASA1-3, RALGDS, PLCe,
KRAS4E  HRAS2, RASK2 SynGAP1 RASSF, Calmodulin  Far, Cm, P, A, Ub
{KRAS4E)
ERAS KRASZ, HRASP  Embryonic stem cells, n.d n.d. n d. PI3Kas5, RASSFS Far, Cm, Palm
hepatic stellate cells
RALA Ubiquitous Aurora-A, PKA, alpha- RALGDS, RALGPS1/2 RALGAP1/2 RalBP1, SEC5, EXO84,  Ger, Cm
thrombin RGL1-4 PLDI, PLCS, Palm, P, Ub
RALB PKCr, thrombin ZONAB, TBK1
RRAS1 RRAS Ubiguitous Sema4D/3E-plexin RASGRF, (3G, P120RASGAP.GAP1, PLCz, Gridin, FLNa, Ger, Cm, P
B1/D1, EphB2; SRC, CalDAG-GEFIAIAIN PI3K, RAP1, RAF,
TCF8, NOTCHI, IL9, RIN2, VEGF
ORP3/VAP-A
RRAS2 T Heart, placenta, kidney, IL9/IL3 CRAF
ovaries, skeletal
muscle
RRAS3 MRAS Brain 5051, RASGRF SHOC2/PP1C, CRAF, Ger, Cm
RGL3
R RIBB, RIT, ROCT  Ubiquitous NGF/EGF, injury, stress, 5051, GRF SynGAP, GAP1 PARG, RALGDS, RGL2/ P
PACAP38, Guifs/o 3, MKK3/6, SIN1,
BRAF
RIT2 RIN. ROC2 Adult brain NGF/EGF, PACAP38, Guif PARG nd
s/o, Forskolin/KCI
RAP1A  KREV1 Ubiquitous cAMP, PLC, E-cadherin, EPAC1/2, Repac, RapGAP-I/1l, SIPA1, B/CRAF, AF6, KRIT1, Ger, Cm, P
ERM, Glucose, FGF2, CALDAG-GEF, E6TP1/SPAR, SPA- RAPL, PI3K,
GLP1, PARM, integrins PDZGEF1/22, €36, Ls, CAPR | ARAP3, RIAM,
RAP1B  OK/SW-cl11 B/T cells DOCK4, PLC1 RGS14, RPIPY
RAPZA B/T cells, excitatary PLC, cAMP €36, EPAC, INK, MAP4K2, PARG,  Ger, Cm, Plam, P
synapses CalDAGGEFI, TNIK, RPIPS, MINK,
RAP2B Platelet, neutrophils Thrombin, convulxin PDZGEF1 PLCe Ger, Far, Cm, Palm
RAP2C Circulating mononuclear PDZGEF1 nd. TNIK
leukocytes, liver, skel-
etal muscle, prostate,
uterus, rectum, stom-
ach, and bladder
RHEB1 Ubiquitous EGF, NGF, hypoxia, TCIP TSC1/2, RGS10 mTOR, FKBP38, PLD1,  Far, Cm, P
amino acids, forsko- PERK, BACE1,
lin, Low glacuse, CRAF, NIX/LC3-1I,
BDNF, insulin, FGF Dynein, NOTCH1,
RASSF1
RHEB2 Ubiguitous, brain NGF, SPC n.d. T5C1/2 mTOR, AKT1, CAD
RASDT  AGS1, DEXRAST Brain, heart, liver, Corticosteroicls, estragen,  CAPON n. d. Gaifo, PAP7, FE6S5, F.Cm
kidney, skeletal T3, nNOS PLCH
muscle, pancreas,
placenta
RASD2 RHES, TEM2 Corpus striatum, olfac- PAP7
tory tubercle
DIRAST  RIG, GBTS1 Brain, heart n.d n.d. RAPGAP1/2 CRAF, RACT, EPACT, Far, Ger
smgGDS
DIRAS2 Brain RAPGAP1/2 smgGDS
DIRAS3  ARHI, NOEY2, Ovary, breast epithelial n. d. STAT3, CRAF Myr
RHOI cells
Ac: acetylation; Cm: Far: Ger: n. d: not Palm: P: phosphory Ub:

Myr: N-myristoylation; S-nit: S-nitrosylation.

paralogs may even be strengthened by an additional
amino acid deviation at position 59 (Figure 2). G4 and
G5 contain invariant residues and are responsible for
the guanine base recognition. Mutation of Asp-119 in
RAS changes the nucleotide specificity from guanosine
to xanthosine nucleotides (Schmidt et al. 1996) and acts
as dominant negative in a dose dependent manner
(Tuder et al. 1999). G5 provides Ser-145 that stabilizes
Asp-119 of G4. Ala-146 binds the guanine base and is

another determinant for the guanine-binding ability of
the RAS proteins. Lys-147 is replaced in RIT1/2 by ala-
nine and may affect, together with the deviation in G2,
the nucleotide binding affinity (Shao et al. 1999).

Membrane anchorage and subcellular distribution

Interactions between signaling proteins and cellular
membranes are emerging as important modulators of
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cellular signaling. The spatiotemporal organization in
cells is largely dependent on both the nature and the
dynamics of the association of proteins with specific
sites of the cell membranes (Herrero et al. 2016).
Association of RAS proteins with cellular membranes is
mediated through a series of post-translational modifi-
cations and distinct motifs at their very C-terminal end
(Wright and Philips 2006; Omerovic and Prior 2009; Cox
et al. 2015; Nussinov et al. 2016; Wang and Casey 2016).
RAS proteins, except for RIT1/2, serve as substrates for
isoprenyl-transferring enzymes, which covalently and
irreversibly attach a 15-carbon farnesyl or a 20-carbon
geranylgeranyl moiety to the cysteine residue of the
very C-terminal CAAX (C is cysteine, A is any aliphatic
amino acid and X is any amino acid) motif (Figure 2).
This motif is present in more than 100 proteins and
necessary for diverse cellular processes (Lane and Beese
2006).

If the amino acid in the X position of CAAX is a leu-
cine, as in the case of RALA/B, RRAS1/3, RAP1A/B,
RAP2A (Figure 2), then geranylgeranyl transferase modi-
fies the protein with a geranylgeranyl moiety (Benetka
et al. 2006), otherwise the protein is modified with a far-
nesyl moiety by farnesyl transferase (Ahearn et al. 2011;
Berndt et al. 2011). Two post-prenylation enzymatic
steps are critical for proper localization, including pro-
teolytic cleavage of the AAX residues by the endopep-
tidase RCE1 and methylation of the terminal
isoprenylcysteine by the methyltransferase ICMT
(Winter-Vann and Casey 2005; Ahearn et al. 2011;
Berndt et al. 2011).

Due to a relatively weak affinity of isoprenylated pro-
teins for cellular membranes (Silvius and I'Heureux
1994), additional motifs in the hypervariable region
(HVR) are engaged in fine-tuning membrane association
with RAS proteins (Figure 2) and their functions
(Abankwa et al. 2007; Hanzal-Bayer and Hancock 2007;
Omerovic and Prior 2009). Some RAS proteins, e.g.
KRAS4B, RALA, RRAS3, and RIT1/2 (Figure 2), contain a
stretch of positively charged amino acids (called polyba-
sic region or PBR; Figure 2), which has been implicated
to contact negatively charged phospholipids of the cell
membrane (Banerjee et al. 2016; Nussinov et al. 2016).
Membrane association of KRAS4B is modulated in differ-
ent ways (Ashery et al. 2006; Bhagatji et al. 2010;
Alvarez-Moya et al. 2011). PDES binds to farnesylated
KRAS4B (Dharmaiah et al. 2016) and transport it from
perinuclear membranes to plasma membrane (Chandra
et al. 2011; Schmick et al. 2014). ERK1/2 phosphorylates
RRAS1/2 at Ser-186 and Ser-201, but not RRAS3, and
does not affect their subcellular localization but rather
stimulates their activation (Fremin et al. 2016).

A further way of increasing the affinity of isopreny-
lated proteins for cellular membranes is an addition of
one or more lipid anchors. KRAS4A, NRAS, HRAS1, ERAS,
RRAS1, RAP2A/B, and RALA/B are palmitoylated by acyl
protein transferases at cysteines prior to the CAAX motif
(Figure 2) (Hancock et al. 1989; Beranger et al. 1991;
Schroeder et al. 1997; Takahashi et al. 2005; Uechi et al.
2009; Gentry et al. 2015; Tabaczar et al. 2017). In con-
trast to HRAS1, HRAS2 does not have any C-terminal
sites for post-translational modifications (Figure 2), and
appears to be distributed between cytosol and nucleus
(Guil et al. 2003). Another emerging concept in the field
is based on physical interaction of the G domain itself
with lipid membrane. A membrane-based, nuclectide-
dependent conformational switch operates through dis-
tinct regions on the surface of RAS proteins, including
the HVR, which reorient with respect to the plasma
membrane (Abankwa et al. 2010; Cirstea et al. 2010). G
domain-membrane interaction may contribute to the
specificity of signal transduction and may underlay add-
itional control elements. A critical aspect in this context
is the organization of RAS proteins into protein-lipid
complexes. These so-called nanoclusters concentrate
RAS at the plasma membrane. They are the sites of
effector recruitment and activation, and are essential for
signal transmission (Abankwa et al. 2007; Zhou and
Hancock 2015). It is not entirely clear how RAS nano-
clustering is regulated (see “Modulatory scaffold
proteins” section).

Modulatory post-translational modifications

Trafficking of RAS proteins (Wurtzel et al. 2015) have
recently been shown to be highly specific for respective
RAS proteins and dependent on specific post-transla-
tional modifications beyond prenylation and acylation
(Oertli et al. 2000; Berzat et al. 2006; Calvo and Crespo
2009; Jang et al. 2015; Lynch et al. 2015; Schmick et al.
2015), namely, phosphorylation (Bivana et al. 2006; Sung
et al. 2013), ubiquitination (Jura et al. 2006; Rodriguez-
Viciana and McCormick 2006; de la Vega et al. 2010;
Wang et al. 2015), and S-nitrosylation (Shanshiashvili
et al. 2011; Chen et al. 2015). The molecular basis of
these modifications is mostly still unclear.

Acetylation of KRAS at Lys-104 interferes with GEF-
induced nucleotide exchange (Yang et al. 2012, 2013;
Knyphausen et al. 2016). S-nitrosylation of Cys-118 of
HRAS promotes nucleotide exchange (Lander et al. 1595;
Williams et al. 2003; Heo and Campbell 2004).
Ubiquitination of HRAS at Lys-117 accelerates intrinsic
nucleotide exchange, thereby promoting GTP loading,
while KRAS monoubiquitination at Lys-147 leads to an
impaired regulator-mediated GTP hydrolysis (Baker et al.
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2013a, 2013b; Sasaki et al. 2011). RRAS1 phosphorylation
at Tyr-66 by EphB2 receptor and Src blocks its effector
interaction, for example with CRAF (Zou et al. 1999,
2002). In contrast, ERK1/2 phosphorylates RRAS1 and
RRAS2 at the C-terminal HVR at Ser-186 and Ser-201,
respectively and promotes cell adhesion and migration
(Fremin et al. 2016). In addition, phosphorylation of RAS
proteins also modulates their subcellular localization.
KRAS phosphorylation by PKC at the C-terminal Ser-181
promotes its dissociation from the plasma membrane
and translocation to intracellular membranes, including
the outer membrane of mitochondria (Bivona et al.
2006). A similar scenario is RALA phosphorylation at Ser-
194 by Aurora-A, which promotes RALA relocalization
from the plasma membrane to mitochondria leading to
mitochondrial fission (Kashatus et al. 2011).

The concept of family member selectivity

In spite of sharing a conserved G domain, each RAS
family member has specific deviation within and add-
itional features outside the G domain that make them
unigue in regulation and function. In the following, we
compare individual members in the frame of 11 subfa-
milies with HRAS as a prototype of the family. Many
members of the RAS family exhibit unique amino acid
extensions at their N-terminal (Ng,) and C-terminal (Cg,)
ends (Figure 2 and Table 2). The N-terminus of ERAS,
which appears to undergo multiple interaction with
other proteins (H. Nakhaeizadeh, J. Lissy, S. Rezaei
Adariani, S. Nakhaei-Rad, M.R. Ahmadian, unpublished)
and contains putative SH3-binding motifs, like RRAS1
and HRAS2/3 (Table 2). RRAS1 N-terminus, interestingly
is critical for protein targeting and function (Wang et al.
2000). These motifs may provide additional mechanisms
for sorting and trafficking to specific subcellular sites, as
proposed for ERAS (Nakhaei-Rad et al. 2015). RRAS
paralogs contain extended N-termini that seems to be
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critical for cell migration (Holly et al. 2005). RALA N-ter-
minal extension is invelved in SRC-induced PLD activa-
tion (Jiang et al. 1995). Signal-induced recruitment of
DIRAS3 to the plasma membrane appears to be regu-
lated by its N-terminal extension (Klingauf et al. 2013),
which is essential for its interaction with STAT3 and
importin (Nishimoto et al. 2005; Huang et al. 2009).
Notably, DIRAS3 contains a glycine at position 2, which
usually is used as a site for myristoylation (Resh 2004).

Protein interaction networks

RAS proteins are known to undergo interactions with
diverse types of proteins, some of which are summar-
ized as follows.

Regulatory proteins

RAS is believed to persist in its inactive form in resting
cells. This scenario is based on the assumption that its
intrinsic GTPase reaction is faster than its intrinsic GDP/
GTP exchange reaction. A further issue is that these very
slow reactions require catalysis by GEFs and GAPs,
respectively, which are controlled by upstream signals
and locally regulate RAS activity. There are, however,
several RAS family members, including ERAS, DIRAS3,
and RASD1/2, which exhibit distinct amino acid devia-
tions in G1 and G3 motifs (Figure 2). These proteins accu-
mulate themselves in GTP-bound form due to their
impaired GTP hydrolysis and GAP insensitivity (Kontani
et al. 2002; Nakhaei-Rad et al. 2015; Ogita et al. 2015),
and may underlay a different mechanism of regulation.
Unlike classical RAS proteins, these GTP binding proteins
are not ubiquitously expressed (Table 1) and may be
regulated at the level of transcription as recently shown
for ERAS (Nakhaeizadeh et al. 2016). All other members
of the RAS family appear to act as intracellular switches
and to be controlled by GEFs and GAPs (Table 1).
However, no RHEBGEF has been identified so far.

Table 2. Amino acid extensions beyond the G domain and HVR (see text for more detail).

N-terminal extensions

ERAS 'MELPTKPGTFDLGLATWSPSFQGETHRAQARRRDVGRQ
RRAST 'MSSGAASGTGRGRPRGGGPGPGDPPP
RRAS2 TMAAAGWRDGSG -t
RRAS3 TMATSAVPSDN
RALA 'MAANKPKGQNS
RALB TMAANKSKGQSS
RITT "MDSGTRPYGSCCSSPAGL
RIT2 "MEVENEASCSPGSASGG
RASD1 'MKLAAMIKKMCPSDSELSIP
RASD2 "MMKTLSSGNCTLSVPA
DIRAS3 "MGNASFGSKEQKLLKRLRLLPALLILRAFKPHRK
C-terminal extensions B
HRAS2 125 RSGSSSSSGTLWDPPGPM
HRAS3 5 RSGSSSSSGTPROPCDPAAPRAG
RASD1 %7 PSEMSPDLHRKVSVQYCDVLHKKALRNKKLLRAGSGGGGGDPGDAFGIVAPFARR
RASD2 "7 PHEMSPALHRKISVQYGDAFHPRPFCMRRVKEMDAYGMVSPFARR
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Postulated GEF activity of TCTP towards RHEB1 has been
disproved (Rehmann et al. 2008b). There are no specific
GEFs and GAPs described for RIT1/2 yet (Shi et al. 2013).

There are 30 RASGEFs known in human genome (van
Dam et al. 2009) sharing a common catalytic domain,
called CDC25 (Crechet et al. 1990; Quilliam et al. 2002;
Mitin et al. 2005; van Dam et al. 2011). Consistent with
the RHOGEF family (Jaiswal et al. 2013), RASGEFs also
exhibit selectivity profile towards distinct groups of the
RAS family (Popovic et al. 2013), which is a pivotal step
in establishing specific activation of the downstream
signaling pathways (Figure 3). The CDC25 domains of
S0S1, EPAC2 and RALGDS specifically bind HRAS,
RAP2B, dRal, the Drosophila ortholog of RALA, respect-
ively and structurally rearrange critical regions of the
nuclectide-binding site, including P-loop and switch /1l
and consequently catalyze the GDP/GTP exchange
(Boriack-Sjodin et al. 1998, Rehmann et al. 2008z;
Popovic et al. 2016). They apparently operate by a sim-
ple allosteric competitive mechanism (Guo et al. 2005).
In the cell, the specificity of the RASGEFs is obviously
determined by other domains of the respective pro-
teins, for example SOS1 (Gureasko et al. 2008).

Unlike GEFs, GAPs for different groups of the RAS
family are mechanistically rather heterogeneous
(Scheffzek and Ahmadian 2005). RASGAPs provide com-
mon structural fingerprints (Ahmadian et al. 2003),
especially a catalytic arginine, which stabilizes GIn-61 of
RAS and RRAS paralegs and stimulate the very slow
GTPase reaction (Ahmadian et al. 1997; Scheffzek et al.
1997). RAPGAPs as well as the RHEBGAP, tuberin or
TSC2, utilize a catalytic asparagine that substitute for
the non-functional threonine of RAP paralogs and glu-
tamine of RHEB1 in the switch Il regions (Daumke et al.
2004; Yu et al. 2005; Scrima et al. 2008; Marshall et al.
2009). Tuberin requires for its GAP activity a heterodi-
merization with non-catalytic hamartin (also called
TSC1) (Li et al. 2004). GAP1"*®* however, utilizes a cata-
Iytic arginine to inactivate RAP1 (Kupzig et al. 2009).
RALGAPs share a similar catalytic mechanism as
RHEBGAPs. They undergo a complex with a non-cata-
Iytic subunit and stimulate the GTPase reaction of
RALA/B, most likely by supplying a catalytic asparagine,
too (Shirakawa et al. 2009). DIRAS1/2 share GAPs with
RAP paralogs, which also have a serine instead of a
catalytic glutamine (Figure 2) and can be inactivated by
RAPGAPs (Gasper et al. 2010).

Effector selectivity

Signal transduction implies physical association of RAS
proteins with and activation of a spectrum of function-
ally diverse downstream effectors. Effectors specifically

interact with the active, GTP-bound form of the RAS
proteins, usually, in response to extracellular signals,
and link them to downstream signaling pathways in all
eukaryotes (Karnoub and Weinberg 2008; Gutierrez-
Erlandsson et al. 2013). They act as protein or lipid kin-
ases, phospholipase, GEFs, GAPs and scaffold proteins
(Table 1) (Herrmann 2003; Rajalingam et al. 2007;
Castellano and Downward 2010; Ferro and Trabalzini
2010; Bunney and Katan 2011; Chan and Katan 2013;
Nakhaei-Rad et al. 2016; Nakhaeizadeh et al. 2016).
Two major groups of effectors contain RAS hinding (RB)
and RAS association (RA) domains, respectively
(Repasky et al. 2004; Wohlgemuth et al. 2005
Nakhaeizadeh et al. 2016). Mining in the UniProt data-
base led to the identification of 118 distinct human pro-
teins containing RB and RA domains (Rezaei Adariani,
Dvorsky et al, unpublished). Notably, both types of
domains utilize critical determinants for the interaction
with different RAS proteins, particularly the intermo-
lecular B-sheets (Nakhaeizadeh et al. 2016). Structural
studies have provided deep insights into the binding
modes and interaction specificities (Mott and Owen
2015) and yet, the precise mechanism, through which
effector association with activated RAS proteins results
in effector activation, is still unclear. It is, however, gen-
erally accepted that RAS proteins participate directly in
the activation of their downstream effectors and do not
simply mediate recruitment to specific sites of the
membrane.

The RAS paralogs share a similar effector binding
regions with other members of the RAS family but also
show distinct deviations (residues 30 and 31 in switch |,
and 64, 65, 71, 72, and 73 in switch Il} suggesting that
they may share downstream effectors with different
affinities (Wittinghofer and Nassar 1996). ERAS preferen-
tially interacts with PI3K rather than CRAF as compared
to HRAS. Trp-79 of ERAS (Arg-41 in HRAS) turned out to
be critical for ERAS binding to PI3K, RALGDS, and PLCe
(Nakhaei-Rad et al. 2015). Ser-34 of RHEB1, and Lys-31
in RAP1A (Glu-31 in HRAS1) have been discussed as
specificity determining for their effectors (Wittinghofer
and Nassar 1996). Notably, residues 70-72 (67-69 in
HRAS1) in the switch Il region appear to undergo con-
tacts with Arg-15 and Ser-16 (Gly-12 and Gly-13 in
HRAS1) in P-loop and may contribute to an alternative
mechanism of intrinsic GTP hydrolysis (Karassek et al.
2010).

Modulatory scaffold proteins

Signal transduction of RAS family proteins are main-
tained by at least three classes of interacting partners.
These include regulators (GEFs and GAPs) that control
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Figure 3. Signal transduction pathways downstream of the RAS family proteins, Signaling schemes are divided in different
paralog in red colors (A-l). Reviewed effectors are shown in blue. Other downstream interacting proteins are shown in black.
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the GTPase cycle and a wide spectrum of effectors that
initiate signaling cascades downstream of the RAS pro-
teins. It has become evident that an increasing number
of additional RAS scaffold proteins, including CAM,
GALI1, GAL3, IQGAP1, NCL, NPM1, SHOC2, SHP2, SPRY,
SPRED1, and GAB1, are critical in modulating and inte-
grating RAS proteins in various signaling networks at
the biological membranes. CAM binds to KRAS4B PBR
(Wu et al. 2011; Sperlich et al. 2016) and determines
activation of distinct downstream pathways (Nussinov
et al. 2015; Jang et al. 2017). KRAS4B interaction with
CAM leads to the suppression of the non-canonical
Wnt/Ca’" pathway that strongly contributes to its
tumerigenic properties (Wang et al. 2015). Similarly,
CAM binds to RALA and PLCS and modulates RALA-
mediated PLCS activity (Grujic and Bhullar 2009). RIT2
PBR acting as a docking site for CAM is essential for the
EGF dependent RIT2 signal transduction (Lee et al.
1996). A CAM interaction of Drosophila Ric, a RIT1/2
ortholog, has been shown, however, to negatively regu-
late Ric crosstalk to the RAS-MAPK pathway (Harrison

et al. 2005). SHOC2 (also called SUR-8) in complex with
PP1c links RRAS3 with the inactive CRAF and stimulates
CRAF activity by dephosphorylating of SHOC2, thus,
promotes the RAS-RAF-controlled MAPK activation to
control proliferation and neurite outgrowth (Cordeddu
et al. 2009; Motta et al. 2016). SHOC2 also binds p1102.
subunit of PI3K and regulates cell motility, invasion, and
metastasis (Kaduwal et al. 2015). IQGAP1, which con-
tains an inactive RASGAP domain (Kurella et al. 2009;
Nouri et al. 2017), binds BRAF and ERK1/2, and potenti-
ates their activity in response to EGF (Ren et al. 2007).
An ERK1/2-binding IQGAP1 peptide has been reported
to disrupt IQGAP1-ERK1/2 interactions and inhibit RAS-
and RAF-driven tumorigenesis (Jameson et al. 2013).
GAL1, GAL3, NPM1, and NCL has been suggested to
modulate RAS nanocluster formation and activate the
MAPK pathway but the molecular nature remains to be
determined (Plowman et al. 2008; Inder et al. 2009).
GAL1 has recently been shown to form a complex with
CRAF and potentiate HRAS nanoclustering (Blazevits
et al. 2016). Other scaffold proteins, such as SPRY,
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SPRED1, and GAB1 act differently. SPRY2, for example,
interrupts signal transduction from FGFR to RAS by
binding to GRB2 and disrupting the GRB2-505 complex
if phosphorylated by CK1 (Yim et al. 2015). SPRY2
appears to regulate the specific activation of RACT by
HRAS, which probably would be mediated by TIAM1
and PI3K (Lito et al. 2009). SPRED1 interferes with the
membrane anchorage and signaling of KRAS but not
HRAS (Siljamaki and Abankwa 2016) and modulate the
activity of NF1, a RASGAP, by binding and recruiting it to
the plasma membrane (Dunzendorfer-Matt et al. 2016).
GAB1 modulates, together with the tyrosine phosphat-
ase SHP2, p120RASGAP activity by recruiting it to acti-
vated EGFR at the plasma membrane (Montagner et al.
2005). Future studies will shed light on the underlying
mechanisms of these groups of modulatory proteins,
the total number of which may increase.

Signal integration and transduction

RAS family proteins link the extracellular signals, trans-
duced through their receptors, with multiple signaling
pathways and consequently control a wide array of cel-
lular processes. Different RAS paralogs have unigue
roles in modulating the cellular processes. The specifi-
city comes from several levels: Subcellular localization,
upstream stimuli, interactions with scaffolds, regulators
and target proteins, and downstream signaling. In this
part, we describe more precisely the conditions under
which individual RAS proteins are activated and how
they transduce the signal.

Upstream signals

The convergence of multiple upstream cascades on the
RAS proteins mostly underlay a similar mechanism.
Different types of extracellular signals, transmitted
across the plasma membrane by diverse cell surface
receptors are linked with RAS proteins through differ-
ent, specific GEFs and GAPs (Table 1) (Quilliam et al.
2002; Hennig et al. 2015). Interestingly, activation of dif-
ferent transmembrane receptors, including receptor
tyrosine kinases (RTKs), G-protein coupled receptors
(GPCRs), ion channel receptors (e.g. mGIuR or NMDAR),
cytokine receptors and adhesion receptors, lead to the
activation of distinct RAS proteins in distinct cell types.
For example, IL3, CSF1, and EGF preferentially activate
KRAS4B and RRAS3 over HRAS or NRAS in B and T lym-
phocytes (Ehrhardt et al. 2004), GLP1 and PAR4 peptide
activate RAP1 in islet cells and platelets, respectively
(Trumper et al. 2005), FGF2 activates RAP1A/B in endo-
thelial cells (Yan et al. 2008), IL9/IL3 activate RRAS3 in T-
helper cells (Louahed et al. 1999), EGF, and NGF activate

RIT1 in non-neuronal and neuronal tissues (Shi and
Andres 2005), EGF, NGF, and PACAP38 neuropeptide
activate RIT2 in neuronal tissues (Spencer et al. 2002b;
Shi et al. 2008), EGF and forskolin activate RHEB in rat
pheochromocytoma PC12 cells (Yee and Worley 1997),
while insulin, FGF and BDNF activate the RHEB1 in neur-
onal cells (Yamagata et al. 1994; Zhang et al. 2003;
Takei 2004), and glucocorticoid dexamethasone induces
a RASD1-mediated adipogenesis in adipocytes (Cha
et al. 2013). nNOS activation via NMDR stimulation
results in S-nitrosylation and CAPON adaptor acts as a
GEF to activate RASD1 (Fang et al. 2000; Cheah et al.
2006). L-DOPA, thyroid hormone and Estrogen regulate
RASD2 in striatal tissue (Subramaniam et al. 2017;
Ghiglieri et al. 2015).

The upstream signals specifically activate distinct
GEFs, which in turn selectively activate distinct mem-
bers of the RAS family and ultimately control distinct
cellular processes (Buday and Downward 2008). A nice
example is RAP1-mediated formation of cell-cell junc-
tion regulated by five different RAP1GEFs (Kooistra et al.
2007). Prominent examples are EPAC1/2, which is dir-
ectly activated by cAMP (de Rooij et al. 1998), controls
cellular processes ranging from insulin secretion to car-
diac contraction and vascular permeability (Gloerich
and Bos 2010). A different scenario is CalDAG-GEFIIl
(also called RASGRP3) that operates an multiple RAS
proteins (Rebhun et al. 2000; Yamashita et al. 2000). In
endothelial cells, CalDAG-GEFIIl activates RRAS1 and
interferes with transendothelial permeability and angio-
genesis, respectively (Ichimiya et al. 2015), while it
affects inflammatory response in macrophages by acti-
vating RAP1 (Tang et al. 2014). Other well-studied GEFs
are S051/2, RASGRP1-4, and RASGRF1/2 (Hennig et al.
2015). Collective binding of multiple SOS1 and GRB2
domains to their protein and phospholipid ligands are
finely tuned in order to cooperatively control cellular
processes, including pluripotency and differentiation
factors (Findlay et al. 2013). RASGRP1 opposes EGFR-
SOS1 signals and suppresses proliferation in normal
intestinal epithelial cells (Depeille et al. 2015). RASGRF1/
2 carry out specific roles in three forms of synaptic plas-
ticity in the CA1 region of the hippocampus Uin et al.
2014). RALGDS, an effector of different RAS proteins
(Ferro and Trabalzini 2010; Yoshizawa et al. 2017), acti-
vates RALA to regulate insulin-secretory process in pan-
creatic f-cells in response to intracellular Ca’" and
cAMP (Ljubicic et al. 2009) and to promote exocytosis of
endothelial Weibel-Palade hodies (Rondaij et al. 2008).
The latter, which are also regulated by cAMP-EPAC-
RAP1 (van Hooren et al. 2012), are critical elements of
hemostasis, inflammation or angiogenesis (Mourik and
Eikenboom 2017).
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Contrary to GEFs, only a few reports are known
about the signaling cascades, which control recruitment
and activation of GAPs. In the thymus, p120RASGAP,
the GAP prototype (Trahey and McCormick 1987), acts
for example as a negative regulator of the RAS-MAPK
pathway during positive selection and survival of naive
T cells (Lapinski et al. 2011). The activity of p120 is regu-
lated by ANXA60, which binds p120 and recruit it to
the membrane in a Ca’'-dependent manner (Grewal
et al. 2005; Grewal and Enrich 2006). The much larger
NF1 regulates for example RAS inactivation in dendritic
spines of pyramidal neurons in the CA1 region of the
rat hippocampus (Oliveira and Yasuda 2014). Dual-spe-
cificity RASGAP paralogs, GAP1™*®" and CAPRI, coordin-
ate RAS and RAP signaling pathways (Kupzig et al. 2006;
Sot et al. 2010). Inhibition of GAP1™*®" by an integrin
oypPs outside-in signaling via PI3K leads to sustained
RAP1 activation and platelet spreading (Battram et al.
2017). Ca’'-dependent dimerization of CAPRI, a
GAP1® paralog, switches its specificity from RASGAP
to RAPGAP (Dai et al. 2011). SynGAP is another dual-
specificity GAP, which is a negative regulator of RAS
and RAP proteins in dendritic spines (Jeyabalan and
Clement 2016). It is one of the most abundant post-syn-
aptic density proteins, where it binds as a homao-trimer
to multiple copies of PSD95 (Zeng et al. 2016). SynGAP
requires its C2 domain to catalyze RAP inactivation
(Pena et al. 2008). Spine-associated, classical RAPGAPs,
SPAR1-3, are recruited through their interactions with
Fezzin proteins to the post-synaptic SHANK scaffold and
regulate dendritic spine morphology (Dolnik et al.
2016).

Semaphorins, the plexin family of semaphorin recep-
tors, exhibit GAP activities towards RRAS paralogs (Hota
and Buck 2012). Sema3E-PLXND1 counteracts angiogen-
esis through RRAS inactivation (Sakurai et al. 2010).
However, SEMA4D-PLXNB1-RND1 complex inactivates
RRAS in order to induce growth cone collapse in hippo-
campal neurons (Oinuma et al. 2004), while SEMA4D-
PLXNB1 acts on RRAS3 to regulate actin-based dendrite
remodeling (Tasaka et al. 2012). As the GAP activities of
PLXNs is a matter of debate, a structural, and biochem-
ical study has shown that PLXNs apparently use a non-
canonical catalytic mechanism to act as GAPs on RAP
but not on RRAS paralogs (Wang et al. 2012). In this
study, SEMA3A stimulated the RAPGAP activity of
PLXNA1 to induce neuronal growth cone collapse.

TSC1/TSC2  heterodimerization  facilitates  TSC2
RHEBGAP activity leading to RHEB inactivation and
inhibition of the RHEB-induces mTORC1 activation (Tee
et al. 2003; Long et al. 2005). VPS34, a class Ill PI3K,
upregulates RHEB and mTOR activities via production of
PIP; and recruits PIKFYVE to the plasma membrane,
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where VPS34 forms a complex with PIKFYVE and TSC1
(Mohan et al. 2016), This in turn disengages TSC2 from
the TSC1/TSC2 heterodimer, leading to TSC2 ubiquitina-
tion and degradation. Arginine, a key activator of
mTORC1, cooperates with growth factor signaling,
which suppresses lysosomal localization of the TSC
complex and interaction with RHEB (Carroll et al. 2016).
MCRS1 regulates the lysosome localization of RHEB1 in
an amino acid-dependent manner and inhibits TSC2
binding to RHEB1 (Fawal et al. 2015). In myoblasts, how-
ever, TSC2 phosphorylation and inactivation by ERK
results in activation of the RHEB-mTORC1 axis and regu-
lation of protein synthesis (Miyazaki and Takemasa
2017).

Downstream targets and pathways
Classical RAS signaling

Specific regulation of cellular functions by the members
of the RAS family depends on selective interaction with
downstream targets, the effectors (Mott and Owen
2015; Nakhaeizadeh et al. 2016), which transduce the
signal to distinct pathways (Cox and Der 2003; Bos
2005; Rajalingam et al. 2007; Braun and Shannon 2008;
Karnoub and Weinberg 2008; Castellano and Downward
2010; Dodd and Tee 2012; Gentry et al. 2014). More
than 60 effectors reported for the RAS family proteins
(Table 1) can activate about 49 pathways (Figure 3). RAF
kinases (ARAF, BRAF, and CRAF) are the major and best-
studied effectors for RAS family. These kinases are crit-
ical elements of the MAPK pathway, which control gene
expression and thus, different cellular processes includ-
ing proliferation, apoptosis, and differentiation (Desideri
et al. 2015). RAF kinases phosphorylate MEK, which in
turn phosphorylates ERK kinases and triggers their
translocation into the nucleus, where they activate tran-
scription factors, such as ELK1, ETS1, MYC, FOS, and
DUSP1 (Unal et al. 2017). Rarely analyzed are, however,
a large number of other CRAF substrates, which are
involved in different processes, including adenylyl cycle,
vimentin kinase, Rb, CDC25, troponin T, DMPK, and
MYPT (Galaktionov et al. 1995; Janosch et al. 2000;
Shimizu et al. 2000; Broustas et al. 2001; Hindley and
Kolch 2002; Ehrenreiter et al. 2005; Kaliman and
Llagostera 2008; Davis and Chellappan 2008; Niault and
Baccarini 2010). CRAF directly associates with MST2,
ASK1, ROCK, and calcineurin, and controls proliferation,
apoptosis, contraction, and motility, respectively (Chen
et al. 2001; Niault and Baccarini 2010; Romano et al.
2014; Desideri et al. 2015; Varga et al. 2017).

CRAF and BRAF are apparently downstream of many
different members of the RAS family, including HRAS,
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KRAS4B, NRAS, RAP1A, RRAS1, RRAS2, RRAS3, RHEB1,
RIT1, and DIRAS3 (Figure 3) (Self et al. 2001; Wellbrock
et al. 2004; Jin et al. 2006; Karbowniczek et al. 2006;
Baljuls et al. 2012; Mott and Owen 2015; Yaoita et al.
2016). CRAF activity is known to be directly dependent
on its heterodimer formation with BRAF, which appears
to be stabilized by ARAF as a scaffold protein (Rebocho
and Marais 2013). Also ARAF homodimer seems to pro-
mote MAPK pathway activation (Mooz et al. 2014).
However, due to a lower binding affinity for ARAF,
HRAS seems to preferentially activate CRAF (Weber
et al. 2000). In contrast to HRAS1, HRAS2 dees not inter-
act with two known HRAS effectors, CRAF and RIN1
(Guil et al. 2003). HRAS2 interacts with RACK]1, a scaf-
folding protein that forms multiprotein complexes with
P120RASGAP, MAP kinases, PKCs, and SRC proteins (Guil
et al. 2003). It also regulates telomerase activity through
its interaction with p73 and arrest cell cycle at G1/S
phase (Camats et al. 2009). The RASopathy-associated
HRAS3, which has a 24-amino acid inserticn at Gly-151
and Val-152 with partial similarity to the C-terminus of
HRAS2 (Table 2), is a weak hyperactive RAS protein with
constitutive plasma membrane localization in compari-
son to HRAS1. It has been suggested that it may, due to
its insertion, interact with signaling platforms located at
different subcellular compartments (Pantaleoni et al.
2017).

The second best-characterized RAS effector family,
PI3K (class | PI3K), phosphorylates phosphoinositide
(4,5) bisphosphate (PIP;) and generates the second
messenger phosphoinositide (3,4,5) trisphosphate (PIP3)
that recruits the wide range of protein effectors through
their pleckstrin homology (PH) domain to the mem-
brane. Target proteins could be kinases (e.g. AKT and
PDK1), adaptor proteins, GEFs, or GAPs that regulate dif-
ferent cellular processes (Vanhaesebroeck et al. 2001).
PI3K-AKT pathway is very well known in controlling cell
cycle entry, cell growth, survival, and metabolism
(Castellano and Downward 2011). HRAS1, NRAS,
KRAS4B, ERAS, RRAS, and RAP1A activate PI3Ks. AKT or
protein kinase B (PKB) belongs to AGC subfamily of pro-
tein kinases. AKT is one of the key proteins downstream
of PI3K-PIP3 involved in a wide range of the cellular
processes, such as cell proliferation, metabolism,
growth, autophagy inhibition, and survival {(Andjelkovic
et al. 1997; Pearce et al. 2010; Hers et al. 2011). Upon
extracellular stimuli and the tyrosine receptor activation,
class | PI3K generates the PIP3 that engages both PDK1
and AKT through PH domain to the plasma membrane.
PDK1 phosphorylates AKT at position Thr-308 that is
located on the catalytic domain of AKT (Alessi et al.
1997). This phosphorylation triggers the inhibitory
phosphorylation of TSC1/2 that is a well-known GAP for

RHEB protein. Phosphorylation of TSC1/2 suppresses its
inhibitory effect on mTORC1 (Inoki et al. 2002, 2003).
Second key phosphorylation site for AKT is on the
hydrophaobic motifs of AKT Ser-473 that will be phos-
phorylated through the second mTOR complex
(mTORC2).

Other RAS effectors are RALGDS, PLCs, and RASSF.
RALGDS links RAS with RALA/B, and regulates cellular
processes such as vesicular trafficking, endocytosis
and migration (Ferro and Trabalzini 2010). RPM/RGL3,
another member of the RALGDS family, is an effector
for both HRAS and RRAS3, which has inhibitory effects
on the MAPK pathway (Ehrhardt et al. 2001). Dual func-
tions of PLCe, activated by RAS proteins (Kelley et al.
2001; Seng et al. 2001; Ada-Nguema et al. 2006; Bunney
et al. 2006, 2009), include RAPGEF and PIP, lipase C
activities, which controls endocytosis, exocytosis, and
cytoskeletal reorganization (Bunney and Katan 2006).
RASSF5 (also called NORE1) forms a complex with
MST1/2 kinases, human orthologs of Hippo, and pro-
motes apoptosis and cell cycle arrest (Stieglitz et al.
2008; Chan and Katan 2013). RASSF1 is also potential
tumor suppressor and is required for death receptor-
dependent apoptosis and mediates activation of STK3/
MST2 and STK4/MST1 during FAS-induced apoptosis by
preventing their dephosphorylation (Praskova et al.
2004). Notably, there are many more RAS effectors
reported, e.g. TIAM1, p120RASGAP, RIN, AF6, IMP, GRB7,
and SIN1 (Pamonsinlapatham et al. 2009; Berndt et al.
2011; Stephen et al. 2014; McCormick 2015, 2016).

It is believed that different RAS isoforms can gener-
ate specific biological functions. HRAS has a critical role
in mediating different cellular effects. Focal adhesion
kinase (FAK) is a widely expressed non-receptor tyrosine
kinase and is stimulated by PDGF. HRAS plays as an
intermediate protein regulating PDGF-induced FAK
tyrosine phosphorylation in human hepatic stellate cells
(HSCs) (Carloni et al. 2000). Oncogenic HRAS preferen-
tially activates endogenous CRAF compared to ARAF,
which is due to the reduced binding affinity of HRAS for
ARAF (Weber et al. 2000). In primary hepatocytes, HRAS
is the major mediator of ERK induced proliferation and
survival, while HRAS and KRAS both mediate PI3K-
induced survival (Rosseland et al. 2008). KRAS4A and
KRAS4B share the same effectors but some proteins
are specific for KRAS4B, such as CAM (Villalonga et al.
2001), which facilitates KRAS4B interaction with CRAF,
RASGAP, and plasma membrane. Moreover, it has
been shown that KRAS4B binding to CAM will lead to
the suppression of non-canonical WNT signaling that
strongly contributes to its tumorigenic properties
(Wang et al. 2015).

36



Chapter Il. Structural fingerprints, interactions, and signaling networks of RAS family proteins

RRAS signaling

RRAS binds FLNa and promotes endothelial barrier func-
tion, which is loss if interfering with the RRAS-FLNA
interaction (Griffiths et al. 2011). Another RRAS effector
is gridin that is associated with VE-cadherin and con-
trols transendothelial permeability (Griffiths et al. 2011;
Ichimiya et al. 2015). In response to a wide variety of
inflammatory mediators, RRAS also activates, together
with RAP1, *MB2 integrin in macrophages via a path-
way involving RAP1 (Caron et al. 2000), stimulates the
formation of focal adhesion through FAK and p130CAS
(Kwong et al. 2003), activates PLCe and controls the
actin cytoskeleton arrangement (Ada-Nguema et al.
2006). The RRAS-RIN2-RAB5 axis recruits the RACGEF
TIAM1 to control RAC1-dependent endothelial cell
adhesion (Sandri et al. 2012).

RAP signaling

RAP proteins contribute to several biological processes
which are often related to the cytoskeleton, adhesion
receptors, and cellular trafficking (Frische and
Zwartkruis 2010). RAP1 regulates adhesion to ECM via
activation of RGS14, PKD1, and RAPL (Nonaka et al.
2008; Plak et al. 2016; Zhang et al. 2017), controls cell-
cell junction via interaction with AF6 and KRIT1
(Glading et al. 2007; Kooistra et al. 2007). RAP2 interacts
with MAP4K4, MINK, TNIK, RPIP9, PARG1, and PLCe and,
thus, participates in different pathways (Rebhun et al.
2000; Ohba et al. 2001; Stork 2003; Stope et al. 2004). In
neurons, RAP2 regulates JNK activity leading to depot-
entiation by mediating synaptic internalization of AMPA
receptors (Zhu et al. 2005). The RAP2 effector MAP4K4,
but obviously not TNIK, mediates activation of JNK
pathway (Machida et al. 2004). RAP2 interaction with
TNIK increases the kinase activity and interferes with
the cell spreading. TNIK is a specific RAP2 effector and
is involved in actin cytoskeleton regulation (Taira et al.
2004). PLCe is activated via RAP2B and its activation
increases intracellular level of Ca®'. RAP2B is involved
in Lung cancer development through its interaction
with PLCe (Nonaka et al. 2008; Tyutyunnykova et al.
2017). PARG1 is a specific effector of RAP2 which indu-
ces typical cytoskeletal changes for RHO inactivation in
fibroblasts. RAP2 interacts with ZPH region of PARG1
which mediates suppression of PARG1 action (Myagmar
et al. 2005). RPIP9 is a RAP2 effector and its activation
happens during the malignant breast epithelial trans-
formation and is related to metastatic lymph node inva-
sion (Raguz et al. 2005). Misshapen/NIKs-related kinase
(MINK) is a RAP2 interacting protein whose interaction
with RAP2 is GTP dependent. MINK is enriched in the
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brain and activated MINK phosphorylates the post-
synaptic scaffold protein TANC1 (Nonaka et al. 2008).

RAL signaling

A well-studied function of RAL proteins is the regulation
and assembly of the multiprotein exocyst complex and,
therefore, regulation of exocytosis. Activated RALA, but
none of the other RAS proteins, interacts with SEC5 and
EXO84 in a competitive manner (Moskalenko et al.
2002; Sugihara et al. 2002; Jin et al. 2005). RALA-SEC5
and RALA-EXQ84 interactions are critical regulators of
vesicle trafficking and exocytosis of adhesion molecules,
transporters, and receptors in many cell types and
organisms (de Leeuw et al. 2001; Shipitsin and Feig
2004; Kawato et al. 2008; Lopez et al. 2008; Sanchez-
Ruiz et al. 2011; Teodoro et al. 2013). RAL-exocyst com-
plex regulates the actin cytoskeletal organization by
mediating filopodia formation (Sugihara et al. 2002), cel-
lular motility (Spiczka and Yeaman 2008), autophago-
some formation (Bodemann et al. 2011}, protein sorting
(Shipitsin and Feig 2004), neurite branching (Lalli and
Hall 2005), and cytokinesis (Cascone et al. 2008;
Shirakawa and Horiuchi 2015). RALBP1 (also called
RLIP76), the first RAL effector that have been described,
regulates mitotic progression of cytokinesis (Cascone
et al. 2008), and endocytosis of EGF and insulin recep-
tors through the interaction with active RALA and RALB
(Nakashima et al. 1999; Jullien-Flores et al. 2000). RALA
interaction with PLD1 stimulates together with ARF&
mTORC1 signaling (Xu et al. 2011) and modulates local-
ization of the cell cycle inhibitor, p27 (Tazat et al. 2013).
This interaction, however, appears to be nuclectide-
independent and mediated via the 11 amino acid
extension of RALA (Jiang et al. 1995).

RIT signaling

RIT1/2 interact, among known RAS effectors, with AF6
and RALGDS family proteins, which consists of RALGDS,
RGL, RGLZ2/RIf, and RGL3 (Ferro and Trabalzini 2010),
that directly link RIT1 to RAL signaling pathways (Shao
et al. 1999; Shao and Andres 2000). RIT2 targets the
RAC/CDC42 activation via PAR6 and regulates neurite
outgrowth in PC12 cells (Hoshino and Nakamura 2003;
Hoshino et al. 2005). RIT1 binds SIN1 and may regulate
AKT phosphorylation by mTORC2 (Cai and Andres
2014), This and other studies confirmed the unique role
of RIT1 but no other RAS proteins in protection against
cellular stress (Shi et al. 2011; Cai et al. 2012). In this
context, RIT1 also activates the second survival cascade,
p38-MSK1-CREB, which results in expression of anti-
apoptotic proteins, such as BCL-2 and BLC-XL (Shi et al.
2012). Activation of the RIT1-MKK3/MKK6-p38y axis
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promotes c-JUN transcriptional activity (Sakabe et al.
2002). RIT1 regulates the p38-MK2-HSP27 axis and by
subsequent AKT activation and BAD phosphorylation,
leads to the inhibition of apoptosis induced by ROS (Cai
etal. 2011).

RIT1/2 are also involved in neuron differentiation,
neurogenesis, neurite growth, and branching. RIT1
links NGF signaling to the MEK-ERK signal pathway
(Spencer et al. 2002a) and regulates neurite elongation
and branching via BRAF and p38 but not the AKT path-
way (Hynds et al. 2003; Shi and Andres 2005). RIT1,
however, modulates the proliferation and differentiation
of neuronal progenitor cells via SIN1-mTORC2-AKT axis
in adult brain, which results, among others, in phos-
phorylation of SOX2, a stem cell-specific transcriptional
factor (Mir et al. 2017), RIT2 has been found in different
protein complexes. Downstream of PACAP38-Gus-SRC
axis, RIT2 controls neuronal differentiation via HSP27,
which stabilizes the actin cytoskeleton (Shi et al. 2008).
In addition, RIT2 participates in regulated, PKC-depend-
ent, endocytosis and internalization of DAT1, and termi-
nates dopamine signaling in the brain (Navaroli et al.
2011).

RHEB signaling

RHEB1 plays an essential role in different organs and
regulates various cellular processes ranging from cell
growth to apoptosis (Ehrkamp et al, 2013). A well-
studied pathway is RHEB1-mTORC1 that regulates
translation, autophagy, and cell growth (Heard et al.
2014; Armijo et al. 2016; Potheraveedu et al. 2017).
RHEB1 directly binds and activates mTOR (Long et al.
2005). This activity is obviously modulated by different
proteins. PLD1 binds RHEB1 and potentiates mTOR
activation and presumably leads to cell size regulation
(Sun et al. 2008). PLD1-produced phosphatidic acid dir-
ectly interacts with the mTOR domain that is targeted
by rapamycin (Fang et al. 2001). In contrast, PDE4D
and GAPDH bind to RHEB1 and sequester it from
mTOR activation (Lee et al. 2009; Kim et al. 2010). The
latter is regulated by cAMP and Gly-3-P, which binds
PDE4D and GAPDH, respectively, and release RHEB1 to
bind mTOR and activates mTORC1 (Lee et al. 2009;
Kim et al. 2010). Due to its high similarity to HRAS
within the switch | region, RHEB1 has been shown to
interact with CRAF and BRAF although with a different
binding affinity (Karassek et al. 2010). While RHEB1
binding to BRAF inhibits its kinase activity and pre-
vents BRAF-dependent activation of the MAPK path-
way (Im et al. 2002; Karbowniczek et al. 2004), it
appears to bind CRAF and activates cell transformation
and neurite outgrowth (Yee and Worley 1997). In

addition, RHEB1 hinds dynein and blocks aggresome
formation and autophagy (Zhou et al. 2009), interacts
with FKBP38 and interferes with the BCL2 family pro-
tein association with the pro-apoptotic BAX/BAK pro-
teins (Ma et al. 2010), and RHEB1-NOTCH association is
involved in cell-fate decision (Karbowniczek et al.
2010). In addition, RHEB interaction with [-site amyloid
precursor protein (APP)-cleaving enzyme1 (p-secretase,
BACET) results in its instability and lower level of amyl-
oid B generation (Shahani et al. 2014). Protein kinase-
like ER kinase (PERK) is known as a novel RHEB1
effector and its activation results in an elF2x phos-
phorylation and inhibition of protein synthesis again in
a mTORC-independent manner (Tyagi et al. 2015). In
addition, there is a crosstalk between RHEB1 and
Hippo pathway, where RHEB1 stimulates Hippo signal-
ing via binding to RASSF1. However, the RASSF1 bind-
ing to RHEB has an adverse effect on mTORC activity
(Nelson and Clark 2016).

ERAS signaling

Our knowledge about effector interaction and signal
transduction of ERAS as well as DIRAS and RASD paral-
ags is very limited. The constitutive active ERAS controls
growth of mouse embryonic stem cells and maintains
quiescence in rat hepatic stellate cells via the
PI3K-PDK1-AKT-mTORC1 axis (Takahashi et al. 2003;
Nakhaei-Rad et al. 2016). ERAS may also regulate other
pathways, including MST1/2-LATS1/2-YAP and SIN1-
mTORC2 (Nakhaei-Rad et al. 2016), which remains to be
proved.

DIRAS signaling

DIRAS proteins antagonizes RAS signaling (Bergom
et al. 2016) leading to decreased levels of phosphoryl-
ation of CRAF, MEK, ERK, p90RSK, and BAD (Zhu et al.
2013). In Caenorhabditis elegans, DIRas-1 ortholog binds
to Epac-1 and modulates the synaptic plasticity in neu-
rons (Tada et al. 2012). Zebrafish DIRas increases the
protein levels and activity of Racl and regulates via
Rac1-Pak1-Cdk5-ARP2/3  axis  neurite  outgrowth
(Yeh and Hsu 2016). DIRAS3 interferes with IL6-induced
STAT3 phosphorylation and transcriptional activity
towards ¢cMYC, Cyclin D1, and Bcl-xL (Nishimoto et al.
2005). Moreover, DIRAS3 directly binds CRAF probably
via its N-terminal extension and interferes with MEK-
ERK1/2 activation (Klingauf et al. 2013).

RASD signaling

RASD1 (also called AGS1 or DEXRAS) is a non-receptor
activator of G,; and G, proteins {Cismowski et al. 1999;
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Cistnuwsn € al, 2000, Diuiner and Latienl 2019, 1t
blocks receptor-mediated sensitization of AC1 in a Gyy-
dependent manner (Nguyen and Watts 2005) and
inhibits PMA-induced activation stimulation of AC2 by
interfering with PKCS autophosphorylation (Nguyen
and Watts 2006). RASD2 (also called RHES) binds to
PAP7 in a PKA-dependent manner and activates DMT1
and iron uptake in the striatum (Choi et al. 2013).

Dysfunctions and diseases

As RAS family proteins essentially control a wide variety
of cellular processes, it is obvious that any dysregulation
or dysfunction of the respective signaling pathways
results in the development of human diseases, includ-
ing developmental, hematclogical, neurocognitive and
neurodegenerative disorders, metabolic and cardiovas-
cular diseases, and cancer,

Somatic mutations, frequently identified for example
in KRAS4B, HRAS, NRAS, and RIT1 (COSMIC), contribute
to robust gain-of-function (GoF) effects and to various
types of cancers as well as leukemia and lymphoma
tumors (The Cancer Genome Atlas Research Network
2014; Simanshu et al. 2017). Such oncogenes are consti-
tutive active and thus, strongly contribute to neoplastic
signal transduction (Hobbs et al. 2016). Similarly, GoF
mutations of genes frequently related to BRAF and PI3K,
cause constitutive activation of the MAPK and PDK1-
AKT/PKB pathways (Santarpia et al. 2012; Mandal et al.
2016). In contrast, loss-of-function (LoF) mutations of
tumor-suppressive DIRAS genes is associated with pro-
gression of various cancers, including esophageal, ovar-
ian, breast, and colon cancers and particularly also
glioblastoma (Ligon et al. 1997; Ellis et al. 2002; Reif
et al. 2011; Zhu et al. 2013; Zheng et al. 2017). A pro-
posed mechanism for the tumor suppressive functions
of DIRAST is sequestration of SmgGDS from activation
of KRAS4B, RAP1A, and RHOA (Bergom et al. 2016).
Negative regulation of ERK and p38 by DIRAS1 appears
to induce apoptosis and inhibit invasion and metastasis
(Zhu et al. 2013). DIRAS3 downregulation may underlay
transcriptional mechanisms, involving E2F1 and E2F4,
and also loss of DIRAS3 mRNA binding proteins
(Guénard and Durocher 2010). LoF somatic mutations in
the NFT gene, encoding a RASGAP protein, result in dys-
regulation of the RAS/MAPK pathway and thus, cause
neurofibromatosis, a multisystem disorder, and tumor
predisposition syndrome (Philpott et al. 2017; Postema
et al. 2018). Somatic NFT mutations are associated with
the development of sporadic tumors in children (Brems
et al. 2009; Ratner and Miller 2015; Varan et al. 2016;
Philpott et al. 2017).
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Milld Guil @lects By yenniime mutativne ol KRASS,
HRAS1/2, NRAS, RIT1, and RRAS1/3 genes (NSEuroNet
database) cause a class of developmental syndromes.
These phenotypically overlapping genetic disorders
collectively known as RASopathies are mainly caused
by dysregulation of the RAS-MAPK pathway.
RASopathies include Nocnan syndrome (genes encod-
ing KRAS4B, NRAS, RRAS1/3, RIT1, SOS1, 5052,
RASGAPTM, BRAF, CRAF), cardio-facio-cutaneous syn-
drome (KRAS4B, BRAF, ERK1/2), Costello syndrome
(HRAS1, HRAS2), neurofibromatosis type 1 (neurofibro-
min), Legius syndrome (SPRED1), Noonan syndrome
with multiple lentigines (BRAF, CRAF), and capillary
malformation/arteriovenous  malformation syndrome
(p120RASGAP) (Rauen 2013; Flex et al. 2014; Korf et al.
2015; Lissewski et al. 2015; Acki et al. 2016; Tidyman
and Rauen 2016; Cao et al. 2017; Higgins et al. 2017;
Pantaleoni et al. 2017; Simanshu et al. 2017; Ueda
et al. 2017). RASopathies have pleiomorphic features,
including in part facial anomalies, cognitive impair-
ment, and congenital heart defects (Gelb et al. 2015;
Lissewski et al. 2015; Aoki et al. 2016; Cave et al. 2016;
Mainberger et al. 2016; Simanshu et al. 2017).
Inactivating germline mutations in NF? gene are asso-
ciated with impaired activation of the RAS pathways
and increase risk of neoplasms (Alkindy et al. 2012;
Ratner and Miller 2015).

RAS proteins are also involved in neuropsychiatric
and neurodegenerative disorders, e.g. RIT2 in schizo-
phrenia and autism (Glessner et al. 2010; Navaroli et al.
2011; Liu et al. 2016), RIT2 and DIRAS1T in Parkinson's
disease (Latourelle et al. 2012; Pankratz et al. 2012; Nalls
et al. 2014), RASD2 and RRAST in Huntington's disease
(Miller et al. 2012; Ray et al. 2014; Vahatupa et al. 2016).
Alterations in the expressional control of DIRAS2 also
contribute to the ADHD phenotype of the attention
deficit-hyperactivity ~ disorder (Reif et al. 20171;
Grunewald et al. 2016). RASD1 plays a role in synchro-
nizing circadian rhythms, as its deletion impairs circa-
dian entrainment to light cycles and alters phase shifts
to light (Cheng et al. 2004). The molecular nature of
these (dys)functions are not well understood. However,
several biochemical studies have provided valuable
molecular insights into the roles of RAS protein in these
disorders, The RASD2 activity as a SUMO-E3 ligase
(Subramaniam et al. 2010) on the polyglutamine-
expanded mutant huntingtin protein leading to aug-
mented neurotoxicity and likely to Huntington'’s disease
(Harrison 2012; Thapliyal et al. 2014). S-nitrosylation and
activation of RASD1 by NMDA-nNOS pathway induces
physiological iron uptake through interaction with PAP7
and activation of DMT1, and may be critical for NMDA
neurotoxicity (Cheah et al. 2006; Chen et al. 2013; Choi

39



Chapter Il. Structural fingerprints, interactions, and signaling networks of RAS family proteins

144 (%) 5. NAKHAEI-RAD ET AL.

et al. 2013). The role of RIT2 in neuropsychiatric disor-
ders may be based on its role in the internalization and
downregulation of biogenic amine transporters, which
are discussed to be central to autism (Navaroli et al.
2011).

Conclusions and perspectives

More than 30 years intensive research and tens of thou-
sands of published studies have provided valuable
insights intc biology, biochemistry, and bicphysics of
the RAS family proteins. We have gained deep know-
ledge about their membrane trafficking, structure-
function  relationship, mechanisms of GDP/GTP
binding, and accelerated nucleotide exchange by
GEFs, intrinsic and GAP-stimulated GTP hydrolysis,
interaction with effectors, and activation of diverse
signaling pathways. However, these studies have their
eligible confinement: Cell-free investigations have
been predominantly carried out in the absence of
lipid membrane using defined domains rather than
full-length proteins, and cell-based studies have been
mostly performed using heterologous expression of
tagged genes and their variants in a methodologically
congenial cell lines. As the omics era is coming to an
end and the research becomes decelerated, many
new movements are emerged, especially due to the
accessibility of new technologies. Several novel mech-
anisms have been uncovered that have extended our
understanding the role of protein—protein/protein—-
lipid interactions, and various types of post-transla-
tional modifications in the modulation of the RAS
protein activity. Another issue is the activation mech-
anism of regulators and effectors. Notably, identifica-
tion of additional components of the RAS interaction
networks is a critical step towards understanding
both the relationship between the RAS proteins and
the selective activation of respective effectors, and
the molecular signatures required for spatiotemporal
integration and activation of the GEFs and GAPs.
Identification and functional reconstitution of specific
interaction networks by using appropriate liposomes
and full-length requlators and effector proteins may
eventually provide fundamental insights into the func-
tional characterization of multiprotein complexes of
RAS and the complete identification of regulatory
mechanisms. In this context, an interesting issue,
which is increasingly appreciated, is a RAS-membrane
interaction that appears to generate RAS isoform spe-
cificity with respect to regulator and effector interac-
tions. This is likely achieved by scaffold proteins
which may modulate isoform specificity at specific
site of the cell. Hence, elucidation of the RAS signal

transduction requires not only RAS-effector interac-
tions but alsc additional structures and interplay of
multiprotein complexes. Keeping this in mind, accu-
mulating evidence support a role for cell type-
dependent RAS paralog functions that should prompt
future efforts to examine the respective pathways in
a more context-specific manner. Such efforts could
lead to the identification of disease-specific thera-
peutic opportunities.
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Activating Mutations of RRAS2 Are
a Rare Cause of Noonan Syndrome
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Aberrant signaling through pathways controlling cell response to extracellular stimuli constitutes a central theme in disorders affecting
development. Signaling through RAS and the MAPK cascade controls a variety of cell decisions in response to cytokines, hormones, and
growth factors, and its upregulation causes Noonan syndrome (NS), a developmental disorder whose major features include a distinctive
facies, a wide spectrum of cardiac defects, short stature, variable cognitive impairment, and predisposition to malignancies. NS is genet-
ically heterogeneous, and mutations in more than ten genes have been reported to underlie this disorder. Despite the large number of
genesimplicated, about 10%-20% of atfected individuals with a clinical diagnosis of NS do not have mutations in known RASopathy-asso-
ciated genes, indicating that additional unidentified genes contribute to the disease, when mutated. By using a mixed strategy of func-
tional candidacy and exome sequencing, we identify RRAS2 as a gene implicated in NS in six unrelated subjects/families. We show
that the NS-causing RRASZ2 variants affect highly conserved residues localized around the nucleotide binding pocket of the GTPase and
are predicted to variably affect diverse aspects of RRAS2 biochemical behavior, including nucleotide binding, GTP hydrolysis, and inter-
action with effectors. Additionally, all pathogenic variants increase activation of the MAPK cascade and variably impact cell morphology
and cytoskeletal rearrangement. Finally, we provide a characterization of the clinical phenotype associated with RRAS2 mutations.

Noonan syndrome (NS [MIM: PS163950]) is one of the
most common monogenic disorders affecting develop-
ment and growth." The phenotype of NS comprises a
distinctive facies (e.g., hypertelorism, downslanting palpe-
bral fissures, ptosis, and low-set/posteriorly rotated ears),
cardiac abnormalities (a wide spectrum of congenital heart
defects and cardiomyopathy), postnatally reduced growth,
skeletal defects (chest and spine), cryptorchidism, bleeding
diathesis, as well as variable neurocognitive impairment
and predisposition to malignancies,'* most commonly ju-
venile myelomonocytic leukemia (JMML [MIM: 607785])."’
NS is generally transmitted as an autosomal-dominant trait
and is genetically heterogeneous. So far, pathogenic vari-
ants in more than ten genes have been reported as causa-
tive events underlying this disorder.” While mutations in
PTPNI{ (MIM: 176876), SOSI (MIM: 182530), RAFI
(MIM: 164760), and RIT1 (MIM: 609591) have been docu-

mented to occur most frequently,” ' a smaller proportion
of cases has been ascribed to mutations in other function-
ally related genes, including NRAS (MIM: 164790), KRAS
(MIM: 190070), BRAF (MIM: 164757), MAP2KI (MIM:
176872), SOS2 (MIM: 601247), LZTR1 (MIM: 600574),
MRAS (MIM: 608435), and RASA2 (MIM: 601589).'>%"
Although the causal link between mutations in a subset
of these genes and the disorder still remains to be
confirmed,” the accumulated molecular evidence strongly
supports the view that NS is caused by upregulated intra-
cellular traffic through the RAS-mitogen-activated protein
kinase (MAPK) signaling pathway.”'~* Other disorders
clinically related to NS (e.g., cardio-facio-cutaneous syn-
drome [MIM: PS115150], Costello syndrome [MIM:
218040], neurofibromatosis type 1 [MIM: 162200], Legius
syndrome [MIM: 611431], Mazzanti syndrome [MIM:
607721], and Noonan syndrome with multiple lentigines
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[MIM: PS151100]) are also caused by mutations in genes
encoding key proteins of the RAS-MAPK signaling back-
bone or upstream regulators (i.e., CBL, HRAS, KRAS, NF1,
SPRED1, SHOC2, BRAF, MAP2K1, and MAP2K2).”"** In all
these related conditions, termed RASopathies, increased
signaling through RAS and the MAPK cascade can result
from upregulated activity of RAS proteins, enhanced func-
tion of upstream signal transducers (e.g., proteins
positively controlling RAS function) or downstream RAS
effectors, as well as from the inefficient signaling switch-
off by feedback mechanisms (e.g., neurofibromin and
CBL loss of function). More recently, the use of whole-
exome sequencing (WES) has allowed the discovery of
RASopathy-associated genes encoding signal transducers
or modulators that do not belong to the canonical RAS-
MAPK pathway, but when functionally perturbed, are pre-
dicted to impact RAS signaling by still poorly characterized
circuits.”" 7

A remarkable finding of the molecular genetics of NS and
other RASopathies is the occurrence of conserved themes
in the mechanism of disease. This applies in particular to
mutations affecting genes encoding the various members
of the RAS superfamily of GTPases that have been impli-
cated in these disorders, including KRAS, HRAS, NRAS,
RRAS, MRAS, and CDC42. 1714202572630 N issense muta-
tions in these genes affect a small number of highly
conserved amino acid residues that lead to overactivation
of these proteins by decreasing/impairing their GTPase ac-
tivity in response to GTPase-activating proteins (GAPs),
increasing guanine nucleotide exchange factor (GEF)-inde-
pendent GDP release, altering binding properties to effec-
tors, or a combination of these mechanisms.”' Notably,
while these germline mutations may affect the same resi-
dues that are generally mutated in cancer, multiple lines
of evidence indicate that RASopathy-causing changes are
generally less activating than their respective cancer-asso-
ciated somatic lesions.”’

Despite the large number of genes implicated in NS and
related phenotypes, about 10%-20% of affected individ-
uals with a convincing clinical diagnosis of NS do not
have mutations in currently known RASopathy-associated
genes, indicating that other unidentified genes contribute
to this disorder. Through the use of complementary
approaches based on “functional candidacy” (parallel
sequencing of selected gene panels containing function-
ally related candidate genes) or WES, we identified RRAS2
(MIM: 600098; GenBank: NM_012250.5) as a gene impli-
cated in NS. We provide structural, biochemical, and
functional data to support the causal link between RRAS2
mutations and NS, outline the mechanisms by which
mutations perturb RRAS2 function, and characterize the
clinical phenotype associated with these gene lesions.

Subjects from six unrelated families were included in the
study. Clinical data and DNA samples were collected from
the participating families after written informed consent
was obtained. DNA samples were stored and used under
research projects approved by the Review Boards of the

participating institutions. Because of a suspected
RASopathy, subjects 1, 2, 3-I1I-1, and 5 were referred for
diagnostic genetic testing by sequencing of an “extended”
panel of RASopathy-associated genes designed to include a
set of candidate disease genes selected in the frame
of the NSEuroNet Consortium, while subjects 4 and 6
were analyzed by WES (Supplemental Subjects and
Methods). In five cases, the RRASZ variant (c.68G>T
[p.Gly23Val], c.65_73dup [p.Gly22_Gly24dup], ¢.70_78dup
[p.Gly24_Gly26dup], c.208G>A [p.Ala70Thr], c.215A>T
[p.GIn72Leu]) arose de novo (i.e., it was not identified in
parental blood DNA samples). In family 3, mutation scan
in one affected family member (3-1II-1) identified the het-
erozygous ¢.208G>>A missense change, and subsequent co-
segregation analysis confirmed the occurrence of the
variant in three similarly affected relatives. All variants
were validated by Sanger sequencing. In all cases, no other
candidate variant was identified, further supporting the
clinical relevance of this finding. In subject 4, the RRAS2
variant was detected in both amniocyte and peripheral
blood DNA, at 44% and 46% of reads, respectively, indi-
cating the heterozygous mutation was present in the germ-
line of the subject. The clinical data of the affected subjects
from the six families are shown in Table 1, facial features of
four affected individuals as well as the pedigree of family 3
are presented in Figure 1, and a detailed clinical history is
provided in the Supplemental Note. Taken together, the
identified RRAS2 variants included three different nucleo-
tide substitutions predicting missense changes of highly
conserved amino acid residues (Gly23, Ala70, and GIn72)
among RRAS2 orthologs and paralogs (Figure S1). Alter-
ations to the corresponding positions in other GTPases of
the RAS superfamily have already been reported to cause
RASopathies or to contribute to oncogenesis (Table S1).
In the remaining cases, we identified two small in-frame
duplications  (p.Gly22_Gly24dup, p.Gly24_Gly26dup)
affecting the well-established mutational hotspot of RAS
proteins (Figure 2A). Of note, p.Gly22_Gly24dup had
previously been reported as somatic event in an uterine
leiomyosarcoma specimen,‘” and other similar, but not
identical, small in-frame duplications atfecting these resi-
dues have also been reported in association with different
cancers in the Catalogue of Somatic Mutations in Cancer
(COSMIC database). The two small in-frame duplications
and ¢.68G>T (p.Gly23Val) and ¢.215A>T (p.GIn72Leu)
substitutions were absent from general population data-
bases, while the c.208G>A (p.Ala70Thr) change had
previously been reported in two subjects in gnomAD (het-
erozygous state, frequency < 0.00001) (Table 52). Multiple
in silico prediction algorithms uniformly rated these
changes as deleterious/pathogenic (lable 52).

RRASZ (RAS related 2, also known as TC21, teratocarci-
noma 21) is a member of the RAS superfamily of GTPases,
originally described in 1990.** The protein shares the
same four conserved functional domains with HRAS,
KRAS, and NRAS, and about 55% amino acid sequence
homology with HRAS (Figure 2A), which reaches 80%
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Table 1. Clinical Features and Genotype of Individuals with RRASZ Variants
Family 3
Subject 1 Subject 2 301 3412 311 32 subject 4 Subject 5 subject 6
Origin Algerian Sri Lanka German Indian Serblan Soulh American;
Ashkenazi
Gender M M ¥ ¥ F M M F M
Age at Tast visit 7y ilm 12y 2m 32y 40 y Tylm 1y7m 2 weeks 8y 10m 22 m (last measurement
18 m
HRASZ variant ©.65_73dup C.68G | C.208G=A c.208G=A 208G A c.2 A c215A=1 (p.GIn72Lleud €208G:=A (p.Ala70Thr) e.70_78dup (p.Gly24_
(p.Gly22 Gly24dup) ip.Gly23val) (p.AlaZOThY)  (p.AlTOTIIE  (p.Ala7UThe) (p.Ala70Th) GlyZ6dup)
Inheritance de niovo e nove presumed presumed maternal maternal  de novo de rovo de novy
paternal patemal
Trenatal features NE, TH TH NA NA NA N NF, fetul ventriculo- NE TH, LGA
megaly and cardiac
abnormalilies
Birth measurements: 3,730 g, 50.5 cm, 3,180 g, 46.5 cm, NA 3,740 g, 31108, 2440 g, 2,400 g (33) NA 3,600 g, 51 cm,
weight, length, OFC 37 cm (35) 35 em (35) 51em, 36 em 48 em 48 em, 28 em (35)
(weeks GA) 36 cm (39) 32 em (35)
leeding difficulties  PL PL X NA NA pr N NA N N
Height at last om (+0.3 8SD) 139.5 (-1.5 5D 160 em 170¢m 108 cm 78 em NA 122 cm (=2,1 D) 84.5 cm (40,5 SD)
cxaminalion 85cm (—3.35D)  (—1.35D) (-+0.3 S} i=3.0 810 (—1.850)
Weight 27.5 kg (0.5 5D} 325 kg (-1.45D) NA 39 kg 18.6 kg 11 kg NA 22 kg (-1.98D) 12.5 kg (=0.7 5D)
(10150 1.88M (0 ST
orC S4.cm(11.250) S7em (12,5 5Ty 55.5 cm 52am 49 cm NA 525¢m (0250 545 cm (15050
(+0.2 5D) (+0.4 51 [-
Cryptorchidism N N NA NA NA N hypoplastic scrotum. NA N
Cangenital heart SVAas vsD Vs N N N TOF AVSD, multiple ¥ss N
delect
Lymphatic anomalies N N N N N N N N N
Facial anomalies Lypical N§ typical N§ suggestive NS very mild i Lypical NS typical NS multiple anomalies suggestive N5 typical NS
adulthood
Development N mild MD, mild 1D N N mild MDD, N NA N mild glohal delay
mild LD
Neurology N Chiari malformation N N N N non-obstructive N mild ventriculomegaly,
hydrecephalus hypotonia
Skeletal N N N N N N 11 riby pairs, proximally - pectus excavatum N

placed thumb, spinal
canal stenosis

(Contied ot vext page)
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when considering the region between residues 5 to 120
(i.e., excluding the hypervariable tail at the C termi-
nus).”**> RRAS2 controls multiple cellular processes,
including proliferation, survival, and migration, and its
functional dysregulation has been documented to
contribute to oncugﬂlesis:)"‘“"“‘“7 Indeed, a number of
oncogenic RRAS2 variants have been reported, including
the p.Gly23Val, p.Ala70Thr, and p.GIn72Leu changes, in
a variety of solid tumors (lable 51). More recently, the
p.Gln72Leu change in RRAS2 has been identified in sub-
jects with isolated JTMML,*® which tepresents the arche-
typal somatic RASopathy. Notably, germline mutations in
other RAS genes affecting analogous codons to those
observed in the present cases have also been identified
(Table 51), including the missense mutation p.GIn87Leu
in RRAS (homologous to p.GIn72Leu in RRAS2), previously
reported in individuals having features reminiscent
of N§.**

In order to decipher the consequences of the observed
amino acid changes and the small in-frame duplications
on the molecular structure of RRASZ, we performed struc-
tural modeling. A closer view into the active site of
RRAS2 structure in its active form (Figure 2B, left) revealed
that the identified RRAS2 mutations atfect residues local-
ized around the nucleotide binding pocket of the GTPase.
The corresponding amino acids, including Gly22-Gly26,
Ala70, and GIn72, do not only play a critical role in
GDP/GTP exchange and GTP hydrolysis but also are
involved in stabilization of the switch regions (Figure 2B,
right), which are the binding sites for both RRAS2 regula-
tors (GEFs and GAPs) and effectors.” Specifically, the
amino acid stretch encompassing Gly22 to Gly26 consti-
tutes part of the phosphate-binding loop (P loop; residues
Gly21 to Ser28) that is responsible for binding to the phos-
phate groups of either GTP or GDP. These residues play a
critical role in nucleotide binding and hydrolysis by con-
tacting both the B-y phosphates of GTP (shown as
GppNHp, a non-hydrolyzable GTP analog in Figure 2B)
and residues 67 to 69 of the switch II region (Swll; Asp68
to Arg84). Val25 stabilizes the P loop by contacting
Val92, Ser94, and Serl00. The Gly22-to-Gly24 and
Gly24-to-Gly26 duplications were predicted to destabilize
the P loop and result in increased nucleotide exchange
and decreased GTP hydrolysis reactions. Differently,
Ala70 and GIn72 are located in the switch II region of
the GTPase and are directly involved in Mg>" coordination
and GTP hydrolysis reaction. Additionally, Ala70 and
GIn72 stabilize the switch I region (Swl; Phe39-Ser50) by
contacting Ile47 and Glu48, respectively. Based on these
considerations, the NS-associated amino acid changes
were expected to affect various aspects of RRAS2 biochem-
ical behavior, including a faster nucleotide exchange, an
impaired GTP hydrolysis, and a decrease in GEF, GAP,
and effector interactions. Subsequent biochemical analysis
of RRAS2P-MA70TRT clearly confirmed these structural predic-
tions, as assessment of the intrinsic and stimulated nucle-
otide exchange demonstrated a significantly increased

glabellar hemangioma
strabismic amblyopia,

Subject 6
esotropia

minor hippocampal
malformation on
brain MRI

Subject 5

N
N
N

thrombocytopenia
labyrinth dysplasia,
anteriorly placed anus

Subject 4

3-1-2
N
N
N

3-1-1

atopic dermatitis,
hyperopia,

bilateral ptosis
multiple allergies, N
bronchitis

3-11-2
strabismus
N

unilateral
duplex kidney

311

Family 3

Subject 2
lymphopenia
strabismus
GH deficiency,
GH treatment
from age 4 y

Subject 1
glabellar
heamangioma

N

Continued
none/normal; NA, not applicable/not available; NE, nuchal edema; OFC, occipitofrontal head circumference; PF, poor feeding reported; PH, polyhydramnios; SVAoS, supravalvular aortic stenosis; TF, tube feeding (>4 weeks);

TOF, Tetralogy of Fallot; y, years.

Abbreviations: AVSD, atrioventricular septal defect; F, fernale; GA, gestational age; GD, global delay; GH, growth hormone; LD, learning difficulties; LGA, large for gestational age; M, male; m, months; MD, motor delay; N,

“Before onset of growth hormone treatment at age 3y 6 m.

Table 1.
Hematology &
oncology

Skin and hair
Ocular

Other
malformations/
anomalies
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-1

response of the RRAS2P-7T" protein to GEF as compared
to wild-type RRAS2 (Figure 2C). In contrast, the GTP hy-
drolysis reactions of the mutant were reduced compared
to the wild-type protein. Particularly, the GAP-stimulated
GTPase activity of RRAS2PMZUIET yyaq  significantly
decreased (9-fold) (Figure 2C). Finally, the binding proper-
ties to two RRAS2 effectors, RAF1 (CRAF) and RASSF5, were
assessed. While the affinity of the interaction with CRAF
was comparable to that of wild-type RRAS2, binding to
RASSF5 was abolished (Figure 2C). This suggests the
p.Ala70Thr change leads to a structural rearrangement of
RRAS2 switch II, which is a key binding site for RASSFS
but not for CRAFE. Overall, these data support that the
p-Ala70Thr change leads to an accumulation of RRAS2 in
its GTP-bound active state, which predicts an increase in
signaling activity. The impaired binding to RASSF5, how-
ever, suggest a possible differential impact of the missense
change on downstream signaling pathways.

RRAS2 shares downstream effectors with the other mem-
bers of the RAS subfamily;"’“—’ however, little information ex-
ists about the function of this protein in cellular processes
and development. Similarly, scant data exist on the specific
role of this protein in intracellular signaling as well as on
the extent of functional overlap with the other RAS
proteins implicated in RASopathies. To explore the conse-
quences of NS-associated RRAS2 mutations on the intracel-

Figure 1. Clinical Features of Individuals
with Heterozygous Noonan Syndrome-
Causing RRAS2 Variants

{AY Clinical annearance of subiect 1 at 7
years and 11 months. Note the distinctive
NS features, including bitemporal narrow-
ing, downslanting palpebral fissures, pto-
sis, low-set ears, and low posterior hairline.
{(B) Facial features of subject 2 at 2 years and
6 months. Tacial features overlap those
characterizing subject 1, even though a
“coarse” face is also observed.

(C) Subject 2 brain MRI at 11 years and
9 months showing Chiari type 1 malfor-
mation and bilateral ventricular dilatation.
(D) Pedigree of family 3.

(E) Clinical appearance of subject 3-11-1 at
the age of 11 months and 4.5 years.

(F) Facial features of subject 3-1I-2 at
9 months and 5 years. The NS facial gestalt
of subjects 3-T1-1 and 3-11-2 became less
obvious in adulthood.

-2

lular signaling pathways affected in
NS, the signaling flows through the
MAPK and phosphatidylinostiol-3
kinase (PI3K)-AKT cascades were eval-
uated using transient expression in
HEK293T cells. Expression of all mu-
tants resulted in variably enhanced
ERK  phosphorylation  compared
to cells overexpressing the wild-
type protein (Figure 3A). Notably,
RRAS2P-ARTITR and  RRAS2P-OIN72IeU were observed to
constitutively promote increased ERK phosphorylation,
while only a slight increase was observed basally in cells
expressing the RRAS2PCYZ24y24dup apg pRagop-tily2aval
mutants. However, this slight increase substantially
strengthened after stimulation with EGE This activating
role of p.Gly22_Gly24dup is in line with previous evidence
supporting the gain-of-function role of short insertional
mutations in the P loop of other members of the RAS
family."” Based on previous data indicating that upregu-
lated RRAS2 promotes tumorigenesis in a PI3K-dependent
manner,*! the impact of NS-associated mutants on PI3K-
AKT signaling was also assessed. No significant difference
in the extent of AKT phosphorylation was documented,
indicating a specific functional link between RRAS2 and
the MAPK signaling cascade, at least in the present experi-
mental conditions. In line with these findings, Rras2 KO
mice showed a downmodulation of Erk activation and un-
altered levels of phosphorylated Akt.**

RAS proteins interact with multiple signaling platforms,
which allow these proteins to differentially control multi-
ple signaling pathways.** Such complex behavior is
attained by their dynamic interaction with the plasma
membrane and other intracellular membranes (i.e., endo-
somes, endoplasmic reticulum, and Golgi). To explore
any perturbing effect of mutations on the subcellular
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Figure 2. RRAS2 Structure and Location and Functional Impact of Noonan Syndrome-Causing Variants

(A) Schematic representation of RRAS2 and HRAS proteins. Conserved muotifs critical for tight guanine nucleotide binding and hydro-
lysis, and position of the disease-causing RRAS2 variants are illustrated together with the homologous residues of HRAS, The three res-
idues representing the mutational hotspots of oncogenic HRAS mutations are shown in red.

(B) Structural modeling of RRAS2 variants. A structural model of the active GTP-bound RRAS2 protein highlights the relative position of
the disease-causing missense or insertion mutations, All RRAS2 mutations affect residues that are located in the nucleotide binding active
site region, which contains integral elements involved in GDP/GTP binding, GTP hydrolysis, and interactions with regulators (GEFs and
GAPs) and effectors.

(C) Biochemical assessment of RRAS2P-M470TT RRAS2™T and RRAS2PM*79™ proteins were biochemically characterized regarding their
nucleotide exchange (left), GTP hydrolysis (middle), and effector binding (right) properties. The nucleotide exchange reaction was
measured in the absence (intrinsic) and in the presence of the catalytic RASGEF domain of mouse RASGRF1, while the catalytic activity
of the GTPase was assessed in the absence (intrinsic) and in the presence of the p120 RASGAP GAP domain. The RAS-binding and RAS
association domains of CRAF and RASSFS were used to evaluate the binding behavior of the RRAS2P-M477TN mutant to RAS effectors.
Overall, the data indicate that the p.Ala70Thr change leads to an accumulation of the protein in its GTP-bound active state, resulting
to an increased signaling activity. The missense change, however, is predicted to differentially impact on the diverse downstream

signaling pathways.

localization and distribution of RRAS2, including possible
preferential targeting to specific intracellular domains,
confocal laser scanning microscopy analysis was per-
formed in HEK293T cells transiently expressing Myc-
tagged RRAS2 constructs under starved condition.
Similarly to the wild-type protein, a fraction of all RRAS2
mutant proteins co-localized with GM130, indicating their
targeting to the Golgi apparatus, and the remainder were
largely found at the plasma membrane (Figure 3B, left),
indicating that mutations do not cause any overt subcellu-
lar redistribution of the GTPase. Notably, transient expres-
sion of all mutants was found to variably impact cell
morphology and cytoskeletal rearrangement, with all
mutant proteins promoting spreading and adhesion
(Figure 3B, right). Taken together, these experimental
data suggest that NS-associated RRASZ mutations
variably upregulate MAPK signaling and are likely to affect
cellular processes depending on cytoskeleton rearrange-
ment similar to observations of RASopathy-causing KRAS
mutants.”!

Our findings establish RRASZ germline mutations as a
cause of NS. Although previous screening of a cohort of

116 subjects with a clinical diagnosis of NS without a ge-
netic explanation did not identify germline pathogenic
RRAS2 variants,”’ the present collaborative effort allowed
to identify six unrelated affected individuals. Of the case
subjects reported here, two individuals carrying de novo
germline NS-causing RRASZ2 variants (subjects 1 and 2)
were identified among 1,220 samples addressed to Robert
Debré Hospital, Paris, for diagnostic testing for NS, be-
tween February 2016 and September 2018. Within the
same period, 181 of these subjects were found to carry a
PTPNI11 mutation. At the University Hospital of Magde-
burg, screening of a multigene panel including RRASZ2 in
a cohort of 280 subjects with a tentative diagnosis of NS
and negative results for mutations in previously known
genes yielded two RRAS2 mutation-positive cases. Finally,
no putative RRAS2 mutation was identified among 150
case subjects with a clinical diagnosis of NS from Ospedale
Pediatrico Bambino Gest, Rome. Overall, these findings
indicate that RRAS2 mutations are rare events in NS.

The phenotypes associated with the two RRAS2 mutation
hotspots were found to fit well within the clinical spectrum
of NS even though they appeared variable in terms of
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Figure 3. Biochemical and Functional
Characterization of Noonan Syndrome-
N Causing RRAS2 Variants

& (A) ERK and AKT phosphorylation assays.
_@\ TIEK293T cells were transfected with the

indicated Myc-tagged RRAS2 constructs.

EGF

ussisenslibelipen B 0

D TR R G S ST AP
m Myc

GM130 Merge

p.Gly22_Gly24dup

p.Gly23Val

p.Ala70Thr

p.GIn72Leu

severity. While individuals 1, 2, 5, and 6 had features fitting
typical NS, the phenotype in some affected members of
family 3 was relatively mild. On the other hand, subject 4
showed a complex and particularly severe phenotype with
multiple congenital anomalies and neonatal lethality. Of
note, prenatal features (nuchal edema, polyhydramnios,
and/or cardiomyopathy) were reported in five of six sub-
jects, and none showed pulmonary valve stenosis or hyper-
trophic cardiomyopathy. While the small size of the studied
cohort does not allow us to outline specific genotype-
phenotype correlations, we hypothesize that such variable
expressivity likely reflects the differential strength of indi-
vidual variants to perturb RRAS2 function and intracellular

+ Following starvation (18 h) and EGF stimu-

lation (30 ng/mL for 15 min), ERK and AKT
phosphorylation levels were evaluated us-
ing a mouse monoclonal anti-phospho-
p44/42 ERK (Thr202/Tyr204) antibody
and a rabbit polyclonal anti-phospho-AKT
(Ser473) antibody, respectively. To assess
myc-RRAS2 protein levels, 20 pg of total
lysates were immunoblotted with a mouse
monoclonal anti-Myc antibody. Mem-
branes were re-probed with mouse mono-
clonal anti-GAPDH antibody for protein
normalization. Representative blot of three
performed experiments are shown.

(B) RRAS2 subcellular localization showed
by confocal laser scanning microscopy
(CLSM) observations (left). Assays were
performed on HEK293T cells starved over-
night and stained with an anti-Myc mouse
monoclonal antibody, fcllowed by goat
anti-mouse Alexa Fluor-488 (green), and
an anti-GM130 (Golgi marker) rabbit
pelyclonal antibody, followed by goat
anti-rabbit Alexa Tluor-594 (red). Nuclei
are visualized by DAPI staining (blue). Co-
localization areas were detected in vellow.
CLSM observation were also performed at
the basal level of cells to show the distinc-
tive pattern of adhesion-like structures
and cytoskeletal rearrangement in cells ex-
pressing the RRASZ mutants (right). In all
panels, bars correspond to 21 pm.

pERK1/2

Myc

signaling. Consistent with  the
collected functional data, p.Gln72Leu
(analogous to p.GIn6lLeu in HRAS,
NRAS, and KRAS) is a strong activating
mutation and has not been observed
to occur as a germline event in HRAS,
KRAS, or NRAS. Similar differences
in the biological and phenotypic
consequences have previously been
reported for HRAS, NRAS, and
KRAS,'# 1420514655 yncluding  the
positions corresponding to the presently identified RRAS2
mutations. The genotype-phenotype correlations in HRAS
are illustrative and correlate well with the present findings:
while p.Ala59Thr has been associated with Costello syn-
drome and p.Glyl2Val has been reported with severe
expression of Costello syndrome,*” p.GIné1Leu and other
changes at this codon have only been reported as somatic
events in cancer (Table 51).

A noticeable finding of this study is the observation of a
diverse impact of the p.Ala70Thr on RRAS2 binding to
CRAF/RAF1 and RASSF5. These data suggest the possibility
that multiple signaling pathways downstream of RRAS2
may contribute to dysregulation of cellular processes
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(e.g., cell proliferation). As expected, a variable hyperacti-
vation of the MAPK pathway resulting from the hyperac-
tive state of the GTPase and unaltered binding to CRAF
was observed for the NS-causing RRAS2**7°™" protein.
Remarkably, impaired binding of this mutant to RASSFS,
a known tumor suppressor protein negatively modulating
YAP1 levels through activation of the Hippo pathway, was
also observed. YAP1 is a transcriptional cofactor promoting
cell proliferation, which undergoes RASSF5-mediated
phosphorylation and degradation.” The impaired binding
of RRAS2 to RASSFS raises the possibility that a less effec-
tive Hippo-mediated control of YAP1 levels may contribute
to disease pathogenesis in NS.

Among RAS GTPases, RRASZ exhibits the highest amino
acid identity to HRAS, KRAS, and NRAS.” Somatic mutations
in RRAS2have been established to contribute to oncogenesis,
even though in a substantially restricted tumor type and less
frequently compared to HRAS, KRAS, and NRAS. Consis-
tently, it was originally demonstrated that RRAS2 proteins
containing amino acid substitutions analogous to those
with oncogenic role in HRAS, KRAS, and NRAS have trans-
forming properties comparable to the strong transforming
activity of RAS oncoproteins and similarly promote constitu-
tive activation of the MAPK cascade.”” Our findings, which
are in line with the data presented in an accompanying
report by Niihori et al. published in this issue,”” further
extend these observations by demonstrating the clinical
relevance of a narrow spectrum of germline pathogenic var-
iants in RRASZ as the event underlying a small fraction of NS
cases via upregulation of MAPK signaling. Further studies are
required to more accurately define the precise mechanisms
and circuits linking upregulated RRAS2 function and RAS-
MAPK signaling dysregulation.
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Silencing of the fragile X mental retardation | (FMRJ) gene and conse-
quently lack of synthesis of FMR protein (FMRP) are associated with
fragile X syndrome, which is one of the most prevalent inherited intellec-
tual disabilities, with additional roles in increased viral infection, liver dis-
case, and reduced cancer risk. FMRP plays critical roles in chromatin
dynamics, RNA binding, mRNA transport, and mRNA translation. How-
ever, the underlying molecular mechanisms, incuding the (subjeellular
FMRP protein networks, remain elusive. Here, we employed affinity pull-
down and guantitative LC-MS/MS analyses with FMRP. We identified
known and novel candidate FMRP-binding proteins as well as protein
complexes. FMRP interacted with 180 proteins, 28 of which interacted
with its N terminus. Interaction with the C terminus of FMRP was
observed for 102 proteins, and 48 proteins interacted with both termini
This FMRP interactome comprses known FMRP-binding proteins, includ-
ing the ribosomal proteins FXRIP, NUFIP2, Cuaprin-l1, and numerous
novel FMRP candidate interacting proteins that localize to different sub-
cellular compartments, including CARF, LARPIL, LEOL, NOG2, G3BPL,
NONO, NPMI, SKIP, SNDI1, SQSTMI1, and TRIM2E. Our data consider-
ably expand the protein and RNA interaction networks of FMRP, which
thereby suggest that. in addition to its known functions, FMRP partici-
pates in transcription, RNA metabolism, ribonucleoprotein stress granule
formation, translation, DNA damage response. chromatin dynamics, cell
eyele regulation, ribosome biogenesis, mRNA biogenesis, and mitochon-
drial organization. Thus, FMRP seems associated with multiple cellular
processes both under normal and cell stress conditions in neuronal as well
as non-neuronal cell types. as exemplified by its role in the formation of
stress granuoles.

Abbreviations

CHE, cantral narvous systam; DDR, DA damage response; DSBs, DNA double-strand braaks, FMRP, fragile X mantal retardation protain;
FXR1P, fragile X mantal retardation syndrome-related pratein 1; FXS, fragile X syndrome; G3BP1, RAS GTPase-actvating protein SH3
domain-tinding protein 1; HDF, human dermmal fibroblast; IPSC, induced plunipotent sterm cells; KHO, K homology 0 domain; ncAkA,
nancading RMNA; NES, nuchar export skanal; NLS, nuchear localzation signal; MNalS, nuclealar loealization signal; MPM1, nucleaphasmin; PER,
protein kinasa R REP, RNA-binding pratain; RGG, arginine—ghlcina—glycinasich; BNP, ribonucleoprotein; SGs, strass granules; snRNP, small

nuclaar ANP Tud, tudar damain.
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Introduction

Genetie deficiency of the fragile X mental retardation
protein (FMRP; also known as FRAXA, MGURT45E,
POF, and POF1) results in the most common inherited
form of intellectual disability, fragile X syndrome
(FXS: also known as Escalunte’s syndrome or Martin-
Bell syndrome) [1]. FMRP plays critical roles in perm-
line development during oogenesis [2], spermatogenesis
[3]. regulation of heart rate during development [4].
endothehial cell proliferation, angiogenesis [5]. stem cell
maintenance, differentiation [6], and tumor progres-
sion. FXS patients seem to have a lower risk of devel-
oping cancer [7]. In wview of these numerous and
different, seemingly fundamental functions, it 15 appro-
priate to appreciate commeon roles of FMRP through-
out the body, that is, beyond the brain and spinal
cord. However, how FMRP functions are linked to
these cellular processes and outputs in different cellular
ConLexts Temaing a4s an open question.

FMRP is a wellstudied RNA-binding protein
(RBP) that regulates local translation [8-14] and is
involved in the control of calcium channels [15], actin
cytoskeletal dynamics [16-18], chromatin  dynamics
[19], DNA damage response (DDR) [19.20], and repli-
cation stress response [21]. These cellular functions
presume  physical properties for FMRP, which are
required for both the recognition and localization of
messenper RNA (mRMNA) targets and direct associa-
tion with a multitude of proteins moreover protein
complexes [22.23]. FMRP consists of an N-terminal
domain comprising two Tudor (Tud) domains, and
ong K homology O (KHO) domain, a central region
comprising two KHI1 and KH2 domains, while a C-
terminal domain comprising a4 phosphorylation  site
[24] in addition to an arginine-glycine-glycine (RGG)
region [25]. FMRP displays a nuclear localization sig-
nal (NLS), a nuclear export signal (NES), and two
nucleolar localization signals (NoLSs) [23.26-29], con-
sequently localizing FMRP to different subcellular
compartments in the eytosol and nueleus [23]. Nuclear
FMRP has been suggested to regulate the DDR and
penomic stability as a chromatin-binding protein [19].

The most prominent and studied function of FMRP
is translitional regulation. Moreover, FMRP is a
member of the FXR protein family that includes frag-
ile X-related protein 1 (FXRIP) and fragile X-related
protein 2 (FXR2P). They share high sequence conser-
vition with their N-terminal and central regions, as
well as form heteromeric complexes [30-33]. All three
FMRP family members are RNA-binding proteins
that regulate translation of their cargo mRNAs and
associate  physically  also  functionally  with  the

b, 5. Taha et al

microRNA pathway [34]. FMRP has been shown to
suppress the translation of its target mRMNAs via asso-
ciation with either stalled nontranslating polyribo-
somes or microRNA [35-38]. This can lead to the
formation of cytoplasmic ribonucleoprotein (RNP)
granules, which control the expression, repression, or
decay of specific mRNAs [39]. There are many types
of eytoplasmic RNA granules, which differ markedly
in size, composition, and mode of biogenesis [40]
Some granules, such as processing bodies (P-bodies)
and stress granules (3Gs), which are assembled by
many cell types, transport, store, or degrade mRNAs,
thereby indirectly regulating protein synthesis [39.41-
43]. Accordingly, they contribute to various aspects of
cellular homeostasis. There is increasing evidence sug-
gesting that such RNP granules are associated with
several ape-related newrodegenerative  discases [44].
However, the molecular networks that repulate and
guide FMRP toward these cellular processes need fur-
ther investigations.

We hypothesize that FMRP is involved in numerous
cellular functions in various subcellular compartments.
Therefore, in this study, we addressed novel FMRP-in-
teracting proteins using a proteomic approach. We
deseribed known and numerous novel potential FMRP
interactors and networks that are involved in diverse
subcellular processes, in both neuronal and non-neu-
ronal cells.

Results

Ubiquitous expression of FMRP in human cells

In a previous study, we observed large amounts of
FMRP in different cell lines, that is, COS7, HEK293,
HeLu, MDCKII, MEF, and NIH3T3 [23]. To examine
the existence of FMRP in various types of non-neu-
ronal human cells, we investigated different types of
cells. As depicted in Fig. 1A, FMRP was expressed in
many types of non-neuronal cells, consistent with find-
ings in thrombocytes [45] and human embryonic stem
cells [46]. Mouse brain lysate was used as neuronal tis-
suc control. This suggests that FMRP likely represents
a protein with important and conserved functions
across human tissues.

Identification of novel FMRP-interacting proteins
To identify proteins associated with different regions
of FMRP in a protcomic approach, we used Hela
cells as a cellular model. We conducted affinity pull-
down expeniments using total HeLa cell lysates and
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Fig. 1. FMRP pratein imeraction netwarks linked ta the M- and C-terminal regions of FMRP. [4) Immunoblot analysis depicting the
axpression pattern of FMAP in different human call lines, including apthelial HEK233 calls, bengn prostatic hyparplasia epithalal call line
[BPH1), primary endathelial HUWECs, human dermal fibroblasts (HDF), human induced pluripatant stam calls [MPSCs), ambryonal carcinoma
calls INT2), and cancarous cell lines fram different tissues [Hala, Hep(G2, MCF7, PANCT, and SW480), and total mouse brain lysate as
neuranal tissue contral [n = 3], p-Tubulin sarved as bading contrals. All lysates were adjusted to 50 pg-pl 1 and 20 pg of aach ysate was
used for immunoblotting. Dashed lines indicate that one lane has bean ramaved. (B] Schamatic diagram highlighting major domains and
motifs of FMRP. FCT, FMRP C terminus; KHO, KH1, and KHZ, tandem K homology domain ifirst described for hoRNPKL NES, nuckear
axpart signal; NLS, nuclear losalzation signal; NalS, nuskeolar localzation signal; RGG, arginine—ghysine-glyaine ragion; P, phaspharylation
sites; Tud1 and Tud2, tandem tudor domains. The FMRAP fragments used in this study are the N-tarmunal (M4emi, the cantral, and the C-
tarminal [C-tarm) fragmants. (C) Proteins from total Hala cell lysates were affinity-purified using GST or GST-FMRP beads and analyzed by
SDEPAGE. Blue baxas indicata gal fragmants excised for mass spactromatric (MS) analysis, Rad baxes indicate GST, GET-FMRP™# ™ and
GST-FMAPS ™™ which ware excluded fram MS analysis. Samples from three indepandant experiments were usad for MS analysis. D)
Protains idantified to bind to both N- and C-tarminal damains of FMRP [Table 3) revaaled differant abundances, which ware detarminad
basad on the normalized values of the lsbalfree quantification intensity values, The abundance is sortad from ‘high or 1' ta 'low or 0' based
an cokr codas. The arows are indicatars far slightly higher levels of the protains wath the same color codas. [E) Immunoblot analysis of
newly antfied FMRP-interacting protains. GST pulkdown experiments were conducted by mixing purified GST fusion proteins of
FMRP™&™ ERARP=™S and FMRBPS ™™ as wall as GET [negative contrall immobilzed on GSH agarose beads with total call lysates (TCL)
fram Hela calls in the prasence |+ and in the absence (-) of RMasa A (n = 2. Prateins retained on the beads were resolved by CEB-
stained SDS/PAGE (upper panall and processed for wastern blatting using monoclonal antibodies against GST and vanous FMRP-intaracting
pratains [kawar panals).

purificd GST fusion protein fragments consisting of
the N-terminal (N-term: aa 1-218), central (aa 212-
425), and C-terminal (C-term: aa 444-632) domains of
human FMRP (Fig. 1B).

Since most FMRP protein—protein interactions were
exclusively achieved via the N or C termini and rarely
via the central RNA-binding fragments [47-50], we
excluded the latter from further analysis. Pull-down
samples were separated on SDS pels, which were cut
in different fractions, excluding the bands related to
GST-FMRPY“™, GST-FMRP““™, and the GST
control (Fig. 1C, red boxes). The gel fractions were
reduced, alkylated, and digested with trypsin. The
resulting peptide mixtures were analyzed by mass spec-
trometry as described in the Materials and methods.

All proteins interacting with GST-FMRPN™™ ynd/
or GST-FMRP“™™ ywere detected, individually vali-
dated with a high degree of confidence based on the
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peptide sequences using specific databases and pro-
grams as described in the Materials and methods. The
criteria for considering proteins as significant interac-
tors of FMRP included their presence in all three inde-
pendent pull-down experiments, their absence in the
GST pull-down controls, and P-values of < 0.05.
Collectively, we short-listed a set of 102 FMRP-in-
teracting proteins, 22 of which were associated with
FMRP™™™ 67 were associated with FMRPS=™,
and 13 were found to bind to both termini (Tables 1-
3). Table 4 summarizes 78 isoforms and paralogs,
including the array of ribosomal proteins that were
excluded from the major lists of binding partners. In
our proteomic approach, we found nine previously
reported FMEP interactors, that s, ATXNZL, Caprin-
1. DDX5, FMRP, FXRIP, MOVI0, NUFIP2,
PABPI1, and PARPI [22,38,51-53]. Known FMRP-in-
teracting partners, such as nucleolin and CYFIP [23],
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Table 1. Proteing interacting with tha N tarminus of FMRP (FMRPY™_ Underlined proteins were previously described as direct or indirect
interacting partnars of FMRAP. Proteins highlighted in bokd are RNA-binding proteins, and proteins in talic are components of the SGs. Soma
proteins have mare than ane name (httpdvevae ganecards orgl, and soma altermative names or synonyms ae therefore included n

paranthasas.

Seq.
WY, A Unique cove-rage
Pratain namsa Funstian kDa valus  pap %) Ace. 1D
Actindepolymarizing factar (ADF, Dastring Actin dynamics 18.5 0005 3 224 PE0aa1
AHMAK nuclkoprotein 2 [AHNAK2)* Calcium signaling 616.2 0.004 &6 34 QalvF2
Antarar gradient protain 2 homolog 1AGR2,  Differantiation 200 0016 3 20 095994
AG2)
Cold-inducible RNA-binding protein mRAhA stabilization, translation, SGs 186 0009 6 378 014011
(CIRBP, A18hnRNP)
Caollaborator of ARF [CARF, COKN2ZAIP) DDR, call growth 61.1 Q004 7 214 QaNXVE
DEAD box protein 5 (DDX5, p68) * Transeription, mRNA procassing 69.1 0.005 20 47.6 P17844
DEAH box protein 36 (DHX36 RHAU) * Transeription, mRNA procassing, 114.7 0003 8 11.4 QaHzun
translation, 5Gs
Eukaryatic translation initiation factar 3 Translatian 25,043 0020 7 385 OguBOs
subunit K @lF3K)
Ewing sarcoma breakpoint region 1 Transeription 68.4 0003 4 10.2 Qog44
protein [EWSR1]
Fragile X mental retardation protein DOR, transcription, RNA procassing, 711 0007 42 54 ao67a7
(FMRP, FRAXA, POF1) transpart, translation, SGs
Fused in sarcoma (FUS, TLS) mANA splicing, transeriptian 534 a0m 2 26.6 Paseay
MAPT domain-cartaining pratain 2 Micratubule cytaskalatan arganization 820 0007 3 6.9 Q%17
IMAPTDZ)
Malanoma inhibitary activity protein 3 Trangport, ER-Golgi transpart, 2136 0001 24 16.5 OsJRAG
IMIAZ, TANGO) axacytosis
Mon-POU domain-containing octamer- DDA, transcnption, mANA splicng, ANA - 542 0007 9 278 015233
binding protein (NOMNO) granule, innate immune respanse
Polypyrimidine tract-binding protein- DDA, transcrption, mANA splicng, RMNA 761 0002 2 19.6 P23245
associated splicing factor (SFPQ, PSFI*  granules, nnate immuna aspansea
Pratain FANSEEA Lysosome kocalization, proliferation 5.4 0005 7 204 QanCASs
Protein LSM12 homolog (LSM12) Pasttranscrptional ragulation, circadian n.7 0006 5 335 QamHDz
chacks
Ski-interacting protein [SKIP, SNW 1} mRANA processing, splicing, apoptotic 615 0002 4 9.6 013573
pat bveay
Transkatolasa [TKT) Pantase phosphate pathway, groweth 67.9 001g 9 26.6 P294a0
ragulatian
Tropomyosinrecaptor kinasa-fused gana Protain transpaort, sacretory pathways 434 0011 12 41.5 Q92734
pratein (TFG)
405 ribosomal protein 523 (RPS23)* Translatian, 5Gs 15.8 0003 8 49.7 P62266
605 ribosomal protein L36 (RPLIG)* Translation 12.2 0000 & 305 Qgyaus

"Paralogs or relsted proteins identified are listed in Table 4.

were excluded in this study as they were also present
in the GST pull-down controls. Other FMRP-interact-
ing proteins, including EIF4E [54], AGO1 [55], and B-
catenin [36], were absent in our lists, which may be
based on expression levels in different cell types and for
on experimental pull-down conditions.

A group of 13 proteins was found to be associated
with both N-terminal and C-terminal fragments of
FMRP (Table 3). One obvious explination is that
FMRP may interact with two proteins within the same
protein complex. In this case, components of a protein

complex that do not directly bind to FMRP will be
pulled down. For these candidates, we calculated the
vilues of the exponentially modified protein abun-
dance index (emPAT) [57] by comparing the number of
identifiecd MS/MS spectra from the same protein in
cach of the multiple LC-MS/MS datasets. Therefore,
the term ‘abundance” was used to suggest one possible
interacting domain. Based on the label-free quantifica-
tion intensity value, we measured the abundance of
cach candidate in the FMRPY"™™ ynd FMRP©'e™
pull-down experiments (Fig. 1D). As exemplified for
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Table 2. Proteins intaracting with the C terminus of FMRP [FMRPFS™™). Underlined proteins ware praviously described as direct or indirect
intaracting partners of FMRP. Proteins highlightad in bold are RMA-binding proteins, and proteins in ttalic are companents of the SGs. Some
prateins have mare than one name [httphvwaww genecards.orgl, and same altemative names ar synanyms are therefore included in

paranthesas.

Saq.
MW, A Uniqua  coveraga

Pratain narra Function kDa valua  pep %) Ace. ID
Activating sknal coimtegratar 1 complax 2 Transcriptian 863 0001 7 12.5 agH11s
subunit 2 [(ASCC2)*
ATPasa family AdA domairncontaining protein - Cell growth, apoptosis 713 000 8 13.7 QgkvI?
34 ATADIA)
ATPbinding cassette subfamily F member  Translation, transport 96.0 0.002 10 12.8 OaME?
1 (ABCF1)
Bel-2-associated transcription factor 1 DDA, transeription, apoptosis W61 0000 7 10.4 OanYFa
[BCLAF1, BTF)
Cell division cycle 5-ike protein (CDCSL) DDA, call cycla, mRNA splicing, 822 0002 M 21.3 Q89459

differantiation
Cell division cycle protein 73 (CDC73, Transcription, mANA processing, 605 0019 16 249 asP 1.9
parafibromin} apoptosis
Chromo-domain helicase DMNA-binding Chramatin remadealing, DDR, W66 0007 & 5.8 014646
protein 1 (CHDT) transeription
Elongation factor 2 (eEF2)} Translation 953 0020 27 431 P13639
Eukaryotic translation initiation factor 4 Translation, SGs, mitachandrial 1764 0001 189 155 Q4637
gamma 1 [EIF4G1}* arganization, autophagy cell death, call

granwth
Eukaryatic translation initiation factor & (alF6, Ribasoma biogenasis, transport, 266 0.000 7 K22 PEERAT
p27EEPI* translation
Exosome component 10 (EXOSC10, RRPE)  RMNA processing 1008 0.005 8 10.8 am?7a0
Ghypican-1 [GPCT) Endasorma localization, differentiation 61.7 00068 9 2 P3s052
Helicase-like protein (HLP, Skiz, SKIVZL) Transcription, ribosome bioganasis 137.7 0.000 10 10.9 Q15477
Immuneglobulin mu binding protein 2 Transcriptian, translatan W31 0008 4 6.2 P3sa3s
(IGHMEBP2, SMUBP2)
Insulin-like growth factor 2 mRNA-binding  mRMNA tansport, translation 63.7 0003 12 jer 000425
protein 3 (IGF2BP3)
Karyopherin subunit =2 (KPNAZ2, SRP 1) Muclaar impart 7.8 0006 7 221 P52292
Large subunit GTPase 1 homolg GTPasa 1 Ribosome biogenasis, transport 752 007 9 18.1 asHoEs
[hLEGT
Long-chain 3 hydroxyacyl-CoA RMA silancing, miRNA bioganasis 830 0002 24 42.5 P40933
dehydrogenase [HADHA)
Matrin-2 (MATRZ) Innata immuna raspanse 946 0.008 5 2.9 P43243
Metadherin (MTDH, AEG1, LYRIC) Transcription, NFeB pathwey 638 0001 & 10.8 a8ssUE4
Mitochondrial ribosomal protein 528 Mitachandrial translation 208 0000 6 37 agyz20a
(MRP-528, S2Bmt) *
Myb-binding protein 1A (MYBBP1A, p160)  Transcription, strass msponse, call oycle 1488 0008 9 87 QaEaGo
N-acetyltransferase 10 (NAT10, ALP) RMA processing 157 0000 8 10.9 QaHoAD
Nuclear factors associated with dsRMNA Transcriptian, translaton, antiral 953 0.0 9 1.8 12906
(MFAR, MP30, ILF3) respanse
Nucleolar GTP-binding protein 2 (GNL2, Ribasame ogenasis 436 0001 6 10.8 13823
NOG2)*
Nucleolar protein 2 homolog (NOP2Z, NOL1, RNA processing, ribosoms boganasis 3.2 0000 7 10.9 Pagoa7
MNSUNG)
Nucleophosmin (NPM1, B23, Numartin} Ribosome assambly, blogenasis, mRNA 326 000 8 442 POG748

stability, translation, transcripban
Oxidative stress-associated Src activator Oxidative strass 1218 0.000 10 12.4 OamzZE2
(FAM120A, CSorf10)
Poly [ADP-ribose] polymerase 1 [PARP1, DDR, transeription, mitachondrial 1130 0001 18 4.4 PO 74
ADPRT1) arganization
The FEBS Jownnal {2020) @ 2000 Federation of Ewopsan Biochemical Somatiag 5
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Table 2. (Continuad).
Saq.
MW, B Uniqua  covetage
Pratain namsa Function kDa walue  pap 1%l Ace. D
Pre-rRNA-processing protein [TSR1) Ribasame iogenasis, ANA procassing 918 0008 8 132 a2nLE2
Programmed cell death protein 4 (PDCD4, Transcription, call cycle, apoptosis §1.7 0002 9 243 O53ELE
HI31)
Protein arginine N-methyltransferase 5 Transcription, splicecsoms assambly 726 0010 9 206 014744
(PRMTS, JBP1, SKE1)
Protein FtsJ homolog 3 (FTSJ3, 5B92) RNA procassing, ribosome bioganasis 966 0000 6 9.7 Qalval
Protein kinase RNA-activated [PKR, Transeription, mANA processing, 621 09 N 216 P19525
EIFZAKZ) translation
Pratain LTV1 homalog ILTV) RNA procassing, 405 ribosoma 548 0008 & 1.4 096GA3
biagenasis
Protein PRRC2C Translatian, diffarantiation 267 0002 18 6.8 09Y520
Pumilic homolog 2 (PUFA) Translation 735 03 8 168.5 015397
Putative helicase MOV-10 (MOV10} Transeription, miRNA bioganesis, RNA 1136 0005 & 7.3 OgHCEl
interfarance, RNA granules
Ribonuclease P/MRP protein subunit RN& procassing 1M46 0002 9 118 089575
(POP1}
RMNA polymerase-associated protein (LEQ1)  Transcription, RNA matabalism 754 0001 6 10.5 OsivCo
RMA pabymerase-associated protain CTRS Transcription 1334 0m1 3 73 Q6P DE2
hamalkgous ICTRS)
RRP12-like protein [RRP12) rANA procassing, ribosome boganasis 1436 0003 7 8.1 ORITHS
SDA1 domaincontaining protain 1 1SDADT, Ribosame biogenesis, transport, actin 794 03 3 4.7 Oanvu?
h& D) eytoskalaton arganization
Saquestosomea-1 [SOSTMI, p&2) Mitophagy, strass rasponsa, 477 0.0 g 318 013501
dif farentiation
Serine/arginine-rich protein-specific kinase  RNA splicing, chromosoma segregation 743 0000 4 9.4 0965B84
1 (SRPK1)
Serine/arginine-rich splicing factor 3 RNA splicing, transport 193 0000 7 427 PE4103
{SRSF3, SRP20) *
SERPINE 1 mRNA-binding protein 1 mRMNA stability, apoptosis 4449 0.2 13 336 QaNCs1
(SERBP1, PAIRBPT)
Single-stranded DNA-binding protein Replication, mitachandrion arganization 172 0006 & 338 004837
(S5BP1, 5055)
Staphylococeal nuclease domain- Transeription, RNA interfaranca, 5Gs 1019 000 N 18.7 Q7KZF4
containing protein 1 (SND1, TORD11)
Synaptotagmin-binding cytoplasmic RNA-  RNA processing, sploing, translation 696 0005 M 269 080506
interacting protein (SYNCRIP, hnRNPQ) *
Targating pratein far Xklp2 (TPX2, DIL-2) Micratubule arganization, call cyele, 856 0,020 12 202 aguLwo
apoptosis
Tetratricopeptide repeat protein 37 (TTC37, RNA processing 1754 0000 16 13 QePGF7?
Skiz)
Transeription intermediary factor 1 DDR, transeription B85 0003 6 1.7 013263
(TRIMZE, KAP1)
Transglutaminase-3 TGase-3 (TGM3, TGE Pralifaration, migratian, MNF-kB pathway 766 0010 3 75 008188
Ubiquitin carboxyl-terminal hydrolase 10 DDA, autaphagy 871 0003 6 98 014694
(USP10)
Unzanventional myasin-IC (MYO1C, MiIb) Cytoskalatal rearangaments, matility 1216 0m2 & 7.1 000159
Valosin-containing protein (VCP) DDA, lysosorme transpart, autophagy 833 09 5 9.4 P55072
Vigilin (WGL, HDLBP} Lipid transpaort 1414 0001 9 10.2 000341
X-ray repair cross-complementing protein DDA, transeription, innate immune 694 0,001 328 817 P12958
B [XRCCE, Ku70)* raspansa
Y-box-binding protein 3 [YBX3, CSDA, Transcription, translation, RNA binding 40.1 0.008 7 47 P16989
ZONAB)
¥TH domain-containing 2 [YTHDC2) RNA procassing 160.1 0005 & 49 O9HES0
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Table 2 (Continuad).

FMRF interactions in cell stress

Saq.
W, P Uniqua  coveraga
Pratain nama Function kDa value  pap 1%8] Acc. 1D
Zinc finger CCCH-type antiviral protein 1 Innata immune raspanse W14 0003 5§ 87 Q7224
[ZC3HAN1, ZAP)
Zinc finger protein 622 (ZNF622, ZPRS) Ribasarme Boganeasis, apoptasis 542 0007 1M 30 096953
405 ribosomal protein 519 (RPS19)* Ribasame biogenasis, translation 161 0011 12 26 P39019
405 ribosomal protein S30 (FAU) RMA processing, translation, apoptosis 66 0002 3 12.2 PE2a61
-3’ exoribonuciease 2 (XRMNZ) Transcription, RNA procassing WE5 0007 & kS QaHoDa
B05 ribosomal protein L6 (RPLE, TXREB1)*  RMA processing, rnbosoma assamibly, 327 0.004 1 497 Qazara

translation

"Paralogs or related protains identified are listed in Table 4.

Cloorfl66, CIQBP, and PABPI, some FMRP-inter-
acting proteins were clearly more capable of interact-
ing with one FMRP terminus than the other, while
other interacting partners (e.g., Caprin-1 and NUFIP2)
were found at nearly the same protein levels in both
FMRP™™™ and FMRP™™™ pull-down experiments
(Fig. 1D, arrows). In that case, the arrows were used
to indicate slightly higher levels of these proteins with
the same color codes. This differentiation method was
prominent for some proteins, for example, the highly
abundant protein G3BPl, which was shown by
immunoblotting  analysis  to  interact  only  with
FMRP™"™ (Fig 1E).

Another critical aspect is the oligomerization prop-
erties of FMRP through its N terminus [29]. In this
scenario, GST-FMRP™'™™ binds endogenous, oligo-
meric FMRP and, in this way, proteins interacting
with its C terminus. Moreover, FXRIP and FXRIP
are structural and functional paralogs of FMRP that
undergo  heterotypic interactions with FMRP [32].
Accordingly, we found FXRIP in our analysis associ-
ated with GST-FMRP™"“™ FXRIP and FXR2P have
been shown to increase the connectivity of FMRP with
a large number of protens among them  also
ATXNMIL, Caprin-1, EIF3A, EWSRI1, NONOQO, and
SFPQ [31], which were also detected in our study.

Interestingly, the wvast majority of  interactions
involve the C terminus of FMRP (Table 2) and not its
N terminus, as we and others previously proposed
[23,48]. A striking characteristic of FMRPT™ is the
presence of unstructured regions, including arginine—
glycine—glycine-rich (RGG) motifs, phosphorylation
sites, a nuclear export signal (NES), and two newly
identified NoLSs [23,58]. It has also been reported that
many FMRP-binding proteins contain RGG motifs
[59], which may interact not only with proteins but
also with RNAs [59-61]. A large number of the identi-
fied FMRP interaction partners were RNA-binding

The FEBS Jownal {2020) @ 2000 Federation of Ewopean Biochemical Somatiag

proteins, processing, and/or transporting  proteins,
including components of the translation machinery,
different helicases, and transcription factors (Tables 1-
4; highlighted in bold). Thus, we tested three different
FMRP-interacting proteins such as nucleophosmin-1
(NPM]1), protein kinase R (PKR). and RAS GTPase-
activating protein - SH3  domain-binding protein |
{G3BP1) for their RNA dependency on interacting

with purified FMRP in the presence and absence of

RMNase A. As shown in Fig. 1E, FMRP interacts with
endogenous FMRP and G3BP1 wvia its N-terminal
region, while it interacts with NPMI1 as well as PKR
via its C-terminal region. None of these interactors
bind to the central region of FMRP. RNuse A treat-
ment of the lysates for 45 min at 4 °C did not affect
the interaction of FMRPS™™ with NPM1 and PKR.
In contrast, G3BP1 binding to FMRP™"™ appears to
be facilitated.

Functional categorization of the FMRP
interactome

The FMRP-interacting proteins wdentified in this study
were classified into three ontologies: biological proocss,
molecular  function, and  subcellular  component
(Fig. 2). These functions imply an intracellular shut-
tling of FMRP into/between different subcellular com-
partments of the cell. FMRP has been previously
deseribed to be predominantly eytoplasmic [62].

Biological processes

FMPRP-interacting RNA helicases comprise DDXS5,
DHXY, and CHDI] (which are involved in the DNA
damage response) as well as DDXI1, DDX3X,
DHXI15 DDXI17. DHX36, IGHMBP2, MOV,
HLP/SKI2, YTHDC2, and YBX3 (Fig. 3B). The
FMRP-associated proteins AGR2 and ATAD3A are
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Table 3. Prateins |directly ar indirectly] interacting with bath FRRP™=™ and EMBPT™ ™ Undarlined protaine ware praviously describad as
direct or indirect interacting partners of FMRP. Protains highlighted in bokd are RBNA-binding proteins, and proteins in ialic are components
af the 5Gs. Same proteins have mare than one name (htip:fwaww genecards.argl, and some altlematve names ar synanyms are therefane

mnecluded in paranthases.

Saq.
cove-
BV, Uniue  rage
Pratain name Funetion kDa Povalua pap. %) Ace. 1D
Ataxin-2-like protein [ATXN2L) RNA metabalism, processing, SGs, phody 1133 0.0060004 13 16.2 a8
Complement component 1 Q Transeription, mRANA processing, ribosomsa 313 00120000 9 429 Qar21
subcomponent-binding protein assambly, mitachandrial translation
(C1QBP, HABP1) apoptosis, iNnate ImMmune respansea
Cytoplasmic activation/ Translation, differentiation 782 0.0000.000 17 341 Q14444
proliferation-associated protein
1 iCaprin-1, GPIAP1, RNG105)
Enhancer of rudimentary Call cycle 123 0.000/0000 3 375 Pa4080
homolog (ERH)
Fragie X mental retardation RMA binding, translation, apoptasis, 697 0.00000003 23 52.7 P51114
syndrome-related protein 1 diffarentiation
(FXR1, hFXR1P)
Heterogeneous nuclear Transeription, DDR, RNA pracessing, 905 0.0000000 8 14.4 Q00839
ribonuclecprotein U, hnRNPU granules, mitatic spindle assambly
(HNRNPLU, SAF-A) *
La-related protein 1 (LARP1)* Translation, cell prolfaration 1234 000000000 23 2558 O6PKGO
Nuclear fragile X mental RNA binding, transpart, 565 761 007600058 5 14.4 arzaz?
retardation-interacting protein 2
(NUFIPZ, 82-FIP)
Polyadenylate-binding protein 1 RNA splicing, mRNA silencing, translation 706 000200068 16 343 P11840
(PABPC1, PAB1) *
RAS G TPase-activating protein 5Gs, innate immune responsea 5§21 0.000/0.000 14 47.2 013283
SH2 domain-binding protein 1
(G3BP1)*
RMNA transcription, translation, RhA metabolism, transport 281 0.0000000 21 75.4 Qay2z4
and transport factor protein
(C140rf166, CGI-99, hCLE)
Ubiquitin-associated protein 2- RNA binding 1145 0.00000000 8 12 014157
like (UBAP2L, NICE4)*
Uncharacterized protein CTorf50 Uncharactanzad 221 0.0140.00 ] 418 O9BRJE

“Paralags or related proteins identified are listed in Table 4.

involved in differentiation, cell growth, and apoptosis.
Several FMRP-interacting proteins are well-studied
splicing factors, such as ERH, NONQO, PRMTS, PSF,
SKIP, SRSF3, and SRPKI (Fig. 3B).

Molecular function

The wvast majority of FMRP-interacting proteins are
involved in binding nucleic acids, especially mRNA,
rRNA, and miRNA (Tuables 1-4; bold), and thereby
participate in transcription, RNA  metabolism, SG
formation, and translation (Fig. 3). FMRP was found
in complex with several RNAP [l-associated factors,
including  Cldorfle6, CTRY, CDCT73, and LEOI
(Fig. 3A). FMRP interacts with transcription and
chromatin - remodeling  components,  such  as  its

interaction with PSF, NONO, and hnRNPU. Various
FMRP-associated proteins modulate NFxkB-, Rb-,
and p53-controlled transcription (Fig. 3A).  Major
FMREP-interacting  proteins involved in  translation
include initiation factors cEF2. elF3A, ¢lF4Gl1, and
elF6, clF4-interacting PDCD4,  ribosome-associated
helicuses IGHMBP2 and YBX3, and the SG proteins
ATXNIL, Caprin-1. SYNCRIP, and VGL (Fig. 3D
Tables 1-4).

FMRP is associated with multiple cellular
processes

The FMRP-interacting proteins identified in this study
were clussified into three ontologies: biological process,
molecular function, and cellular component (Fig. 2).
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Table 4. |soforms and paralbogs of FMRP-nteracting protains
depicted in Tables 1-3. Gene namas laccassion numbers) of
diffarant paralags ar ralated proteins, including ribasomal pratains
[RPs) associated with FMRPY ™ snd FMRPE®™, sra collactad;
one axampl each is highlighted wath asterisks {*) in Tables 1-3.
Pratains highlightad in bold are RNA-binding protains,

Intaraction with FMAP=™

AHMNAKT (009666, RPLI3A (PA0423), RPL1BA (002543),

RPS12 (P25338), SF1 (Q715637), UBAPZ (Q5TEF2)
Intaraction with FMAPS*™

ASCC3 (O8N3CH), ATAD3E (06T9A4], DHX9 (008211),
DHX15 (043743), DHX20 (Q7L2E3), DHXS7 Q6P 158),
elF2A (0714152, elF3B [PE5354), elF3C (099673), elF3D
13153717, GNL3 (O9BVP2I, haRNPM (P52272], hnRNPULY
[09BUUZ), LARPS (07 TRC2), MRPL12 (P52315), MRPS2
(Q8Y399), MRPST 1Q9Y2RY), NOGT IQ9BZE4), RPLP1
|PO5336), RPLP2 [PO5387), RPLS (P35578), RPLE (PE2917),
RPL9 [P32969), RPL10 |IP27635), RPL10A (P52905], RPL13
|P263732), RPL12A P40429), RPL14 [P50914), RPL19
|PE4098), RPL2Z3A IP62750), RPL29 (P47914), RPL3SA
[P18077], RPL3TA IPE1513), RPSS (P45782), RPSZTL
Q7 1UME), SRSFE (013247], XRCCS (P12070)

Interaction with bath FMRP™=™ and FMRP=®™

DDX1 1092499, DDX17 (092847), DDX3X (000571, DDX3Y
1015623, DHX36 (O9H2U1), GIBP2Z (09UNIE). PABP3
(0320541, RPLS (P32969), RPL10 (P27635), RPL10A
|PE2306), RPL1S (PS51373), RPL1T (P18627), RPL18
12070201, RPL21 (P457781, RPL23 (PG2823), RPL24
|PE3731), RPL26 (PG1254), RPL26LY (PG1254), RPLZ7A
P46 776), RPL28 (P46779), RPL30 (PG2888), RPL38
[PE3173), RPS8 (P62247), RPSS IP4G781), RPS14 (PE2263),
RPS16 |P62249), RPS17 (PO3708), RPSI1TL (POCW22),
RPS18 (PE2269), RPS20 (PE026E), RPS21 IPE3220), RPS24
|PE2847), RPS26 IPG2854), RPSZY (P42677), RPS28
|PE2857)

The vast majority of these proteins are involved in
binding nucleic acids, especially mRNA, rRNA, and
miRNA (Tables 1-4; bold), and thereby participate in

" 3 B Matabolic process

A Biological process . Cail cyciaimitosis

B Chromatinicytoskekiban organization

W Cellular component esis

2 Call communicationsignal fransduction

mm Cellular component movemant

Bl ProlenBNA lecalizalion

Sirass response

o CDewn loprnent proncsﬁm

£ Chromosome segragaton

B Cylokinasis

 Multicaliwar organismal procass

I Bickgical regulation

B MMUNE SySlEm process
Reproduction

B Maolecular function

FMRF interactions in cell stress

transcription, RNA metabolism, SG formation, and
translation (Fig. 3). These functions imply a continu-
ous intracellular transport of FMRP into/between dif-
ferent subcellular compartments of the cell. Notably,
LTVl and KPNA2, which were found in our pro-
teomic analysis (Table 2), may be involved in the
nucleocytoplasmic shuttling of FMRP.

FMRP colocalization and interaction with stress
granule components

FMRP repulates as RNA-binding protein translation
that results from the formation of cytoplasmic ribonu-
cleoprotein (RNP) granules, that is, P-bodies and SGs
[28]. Therefore, to obtain mechanistic insights into
FMREP function in this process, we sclected NONO
and G3BPI two interacting partners of FMRP for fur-
ther analysis. We performed co-immunoprecipitation
of endogenous FMRP interactors from HeLa cell
lysates. Consistent with Fig. 1E, we observed NONO
and G3BPl as interacting proteins in immunoblot
analysis (Fig. 4A). Notably, NONO and G3BPI have
been previously described as components of neuronal
cytoplasmic RNP granules [63].

A different type of cytoplasmic RNA granules repre-
sents stress granules (SGs), which have been shown to
contain FMRP [64] and G3BP1 [65]. However, a dircct
interuction between FMRP and G3BP1 has not yet
been reported. Thus, we performed pull-down experi-
ments employing different G3BP1 fragments (Fig. 4B)
thit were overexpressed in HeLa cells wsing purified
GST-FMRP™"™™  As depicted in Fig. 4C, G3BPI
full-length (FL) and the fragment M3, but not M1,
M2, or M4, bound to FMRP™"=™, indicating that the
proline-rich region (PXXP) of G3BP1. which is located
between the acidic region and the RRM/RGG, may be
involved in interaction with FMRP™"™ The acidic

] plasm

B RNP comphixes
B Nucdeotar

B Nudeoplasm

[ Proten complesas
W Mtochondrion

C Callular component

B RMADNA Binding
0 Ribosomal protains
W Catalytic actity
B Pratzin bading

[ Tra.nsI:m at_llulli( B Endoplagmic reticulum
M Translatienal sclivity Chromasome

W Cytoskalaton N Vacuoke

W Nucleatide bnding M Plasma membrane

m Chromatin binding I Synapsa

M Nuclaar membrane

I Maurerisl eel bady

M Call projection
Engasnme

Fig. 2. Gana Omology analysis of the dentified FMRP-interacting protains categonzed according to biological process, molecular function,
and subcsllular localzation. |A] FMRP-associated partners were sorted into 15 bolbgical processes with a pradominance of metabolic
pathways (31% of all interactors). [B] From the maolecular functions, nuclaic acd [RNA/DNA)binding protains [36%) and nbosomal assambly
factars (30%) are the major groups of FMRBP intaractars, (C) Callular companant classification revealad that FMRP is localized in diffarant
subcallular compartmeants, predominantly in tha cytasal [35%)
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Fig. 3. Functional interaction map for FMRP. Intaraction networks

of FMRAP-interacting protaing invobeed in transcoption A, RNA

matabalism (Bl RNA granules (C), and translation (D) ware visualzed by STRING. Black circle nodes ndicate proteins dentified in this
study. Blue ne edges indicate proten—praten intaraction natwarks. The funchions of the pratains highlighted in larger font were descnbad

n mara detail in this study.

region of G3BPI has been shown to have an inhibitory
effect on GABP1/2 protein interactions [65.66]. There-
fore, we assume that G3BPI has a similar effect when
expressed  without the NTF-like domain. Conse-
quently, it may counteract the binding of G3BP1 M2
to FMRP™E™ Lyt not G3BP1 FL.

To examine whether FMRP  dircctly binds to
G3IBPL, we have expressed three fragments of G3BPI
(M1, PXXP, and M3; Fig. 4B) and FMRP (N-term.
central, und C-term) and combined them in cell-free
affinity pull-down experiments. Virtually, no binding
wis observed uwsing reciprocal GST-FMRP and GST-
G3BPI fragments, respectively, to GST control protein
under similar conditions (data not shown). Notably,
FMRP™"™ was pulled down not only by GST-MI
protein but also by GST control protein under similar
conditions (data not shown).

To investigate the functional relevance of this inter-
action, we next analyzed the relabive levels of FMRP
and G3BP1 as well as thar assocation and

10

localization in different cell lines treated with the
oxidative stress agent sodium arsenite. The expression
levels of FMRP and particularty G3BP| increased in
cells under stress conditions, as indicated especially for
HEK293 cells and human dermal fibroblasts (Fig. 4D),
which further suggest that these two proteins have crit-
ical functions under stress conditions.

We next analyzed the interaction of G3BP1 with the
N-terminal, central, and C-terminal fragments of
FMRP purified as GST fusion proteins and mixed
with lysates of Hela cells which were subjected to
treatment with sodium arsenite. As shown in Fig. 4E,
GIBP was equally associated with FMRPN"™™ inde-
pendent of sodium arsenite treatment even so the
amounts of FMRPY "™ hound FMRP were increased
under stress conditions. It is important to note that
FMRP was strongly associated with the RNA-binding
central fragment, but not the C-terminal fragment.
This prompted us to examine the subcellular distribu-
tions of FMRP and G3BP] in different cell lines in
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the presence and absence of sodium arsenite. Confocal
and super-resolution microscopy imaging revealed that
both FMRP and G3BPI are recruited to and accumu-
lated in 5Gs (Fig. 4F), presumably in large protein
complexes [67]. In contract, G3BP1 and FMRP hardly
colocalized subcellularly in untreated cells (Fig. 4F,
magnificd images). Taken together, our findings rather
favor an indirect interaction between FMRP and
G3IBPL

Discussion

This comprehensive study was based on several factors
such as reproducible culture conditions, available sub-
cellular fractionation and subcellular localization data
[23], possible roles of FMRP in cancer progression
[68], and the fact that FMRP, as a multifunctional
protein, 1% expressed in many types of non-neuronal
cells (Fig. 1A).

FMRP has been previously linked to different bio-
logical functions, for example. RNA transport, protein
translation, actin cytoskeleton remodeling, and 8G for-
mation [1,12,14,19.35,36,69-76]. Most of these func-
tions have been linked to the ability of FMRP to
control the translation of numerous different mRNAs
[77], potentially expliining why FMRP is expressed in
severil tissues and cell lines, including iPSCs (Fig. 1A)
[6]. Moreover, FMRP has been reported to be pre-
dominantly cytoplasmic [62]. However, in recent years,
it has become increasingly evident that FMRP translo-
cates into the nucleus due to sequence motifs responsi-
ble for its nuclear import and export as well as
nuecleolar localization [19,21,23 28, T8-84].

In the following section, we discuss selected fune-
tional relationships of newly identified proteins that
potentially interact with FMRP in selected cellular

Transcription

Eukaryotic gene transcription is evolutionarily highly
conserved between budding yeast and humans. This is
based on deep structural and functional homologies
among promoter factors, regulatory proteins, and
RMNA polymerases [85]. The latter are divided into
three different enzyme systems: RNA polymerase [
(RNAP 1) synthesizes ribosomal RNA  (rRNA);
RNAP II synthesizes mRNAs and different types of
noncoding RNA (ncRNA); and RNAP IIT synthesizes
IRNA and some types of ncRNA. The fact that more
than 400 different mRNAs are associated with FMRP
[9.68.86] strongly indicates that FMRP may be
involved in diverse  processes, including mRNA

12
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synthesis by RNAP II, processing by the spliceosome,
and trunsport. These proteins, together with PAF]
and RTFI, belong to the highly conserved and broadly
utilized PAF] complex (PAF1C), which regulates a
variety of processes, such as transcription-coupled his-
tone maodifications; initintion, clongation, and termini-
tion of transcription by RNAP II; and RNA
processing [87]. Another possible role of FMRP is in
transeription and chromatin remodeling. Some of its
interacting proteins are together with RNAP I, p-
TEFb, NWASP, and nuclear actin key elements in cell
reprogramming and differentiation [88]. P-TEFb also
regulates transeription termination by promoting chro-
matin recruitment and activating the FMRP-associat-
ing cotranscriptional RNA processing enzyme XRNZ
[67]. SKIP potentiates the activity of various transcrip-
tion factors, including the vitamin D receptor, CBF1,
SMADZ/3, and MYOD, and synergizes with SKI in
overcoming pRb-mediated cell cycle arrest [89].

BCLAFI, which also binds FXRIP [90], controls
p53 expression in 4 PKCd-dependent manner [91)
MYBBFIA has been reported to  enhance p33
tetramerization and acetylation in response to nucleo-
lar disruption [92]. NATI0 regulates p53 activation
through p53 acetylation and MDM2 ubiquitination
[93]. In contrast, EWSRI induces acute myeloid leu-
kemia by inhibiting the p53/p2]l pathway [%4]. The
interaction of the nuclear corcpressor TRIM2R with
MDM2 contributes to p53 inactivation [9596]
ASCC2 and ASCC3 are components of the ASC-1
complex  that stimulate transactivation by NFxB,
SRF, and APl through direct binding to SRF, c-
JUN, p50, and p65 [97]. PRMTS dimethylates the
p65 subunit to activate NFxB [98]. whercas the
tumor suppressor PDCD4  inhibits NFxB-dependent
transeription, for example. in human  glioblastoma
cells by direct interaction with pb5 [99] XRN2 inter-
acts with the NFxB-repressing factor and regulates
transcription elongation [100]. MYBBPIA appears to
be un NFxB corepressor of transcription by compet-
ing with p300 [101]. In this context, TGM3, a candi-
date tumor suppressor [102], appears to interfere with
the NFxB signaling pathway and promote prolifera-
tion [103].

The FMRP-associated proteins AGR2, ATAD3A,
DHXI135, and RPLIT were identified in a proteome-
wide analysis of hepatocellular carcinoma as binding
partners of AGR2 [104]. Their FMRP-associated roles
in transcriptional control remain to be investigated.
Thus, FMRP appears to contribute the RNAP II-asso-
ciated synchronization of biosynthesis, processing,
transport, stability, and translational control of
mRNAs through protein binding and RNA binding.
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RNA metabolism

The majority of FMRP-interacting proteins are RBPs
and are involved in RNA metabolism, which refers to
any event in the life eycle of RNA molecules, including
their synthesis, folding/unfolding, splicing, modifica-
tion, processing, nuclear export, transport, storage,
translation activation or inhibition, and degradation.
RNA helicases are RBPs, which represent a large fam-
ily of proteins that play central roles in almost all bio-
logical processes in living cells [105]). The majority of
FMRP-associated proteins are involved in RNA meta-
bolism and include RNA helicases and splicing fac-
tors.

DDXI has been found together with the FMRP-us-
sociating proteins PSF, Caprin-1, and PQBP1 in a pro-
tein complex that interacts in an RNA-dependent
manner [106]. PQBPL has been shown to colocalize
with FMRP at 5Gs [106]. DDX3X has been shown to
stimulate the translation of a subset of mRNAs with
long and structured 5 UTRs, such as RACI [107]. On
the other hand, DDX3X promotes cell migration and
spreading by physically interacting with PABPl and
Caprin-1 [108], two other FMRP-associated proteins.

The FMRP-associated proteins AGR2, ATAD3A,
DHX15, and RPL17 were identified in a protecome-
wide analysis of hepatocellular carcinoma as binding
partners of AGR2 [104]. A common function of
FMRPF and DHX36 is binding to RNA G-gquadru-
plexes, which are stable secondary structures that play
key roles in RNA metabolism [109]. In this way,
DHX36 regulates p53 premRNA 3-end processing
following UV-induced DNA damage [110], while
CDCT3 argets and destabilizes p53 mRNA [111].
IGHMBP2 was suggested to be a component of the
translational machinery by physically associating with
tRNAs [112]. Among other functions, DDXI,
DDX3X, DHX9, and MOVID are involved in nuclear
RNA export [105]. Similar to FMRP, SKIP localizes
in both the nucleolus and eytoplasm. It may be
involved in ribosome biogenesis and translation [113).
The functional relation of the RNA helicase YTHDC2
to FMRP remains unclear.

The removal of introns from pre-mRNA transcripts
is a critical intermediate step in the expression of pro-
tein-coding genes. This process takes place in the
nucleoplasm and is catalyzed by a large and dynamic
small nuclear RNP (snRNP) complex called the
spliceosome [114,115]. PSF and NONO form heterodi-
miers and participate in various aspects of RNA meta-
bolism, including transcription, pre-mRNA splicing, 3
polyadenylation of mRNA, and nuclear retention of
mRNA [116,117]. The splicing of mRNA requires a
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group of essential factors known as SR proteins, which
undergo cytoplasmic-nuclear shuttling upon phospho-
rylation by SRPK1 [116,117]. Interestingly, the AKT-
SRPKI-SR axis constitutes a major pathway in trans-
ducing EGF signualing to regulate alternative splicing
in the nucleus. SRPK I-mediated phosphorylation of
SRSF1 has been shown to regulate alternative splicing
of RACIB [118], which 15 a hyperactive form of
RACL [119]. Morcover, ERH appears to regulate
SRPKl-mediated phosphorylation of the lamin B
receptor and SR proteins [120). ERH i also assoaated
with RNA processing complexes. It binds to the
spliceosomal Sm complex and is required for splicing
various mRNAs, including the mitotic motor protein
CENP-E [121] and the DDR protcin ATM [122]. PSF
interacts with snRNA components of the sphceosome,
15 8 component of the 3 polyadenylation complexes
SF-A, and binds together with MATR3 and NONO
to hyper-edited RNA [117]. SKIP counteracts p53-in-
duced apoptosis by recruiting the 3" splice site recogni-
tion factor UZAFG5 to the p21 pre-mRNA [123]. The
methylation of arginines, for example, by PRMTS,
enhance interactions with the tudor domains of the
splicing factors SMN and SPF30 [124]. SRSF3 links
pre-mBRNA processing to mRMNA export by recruiting
the nuclear export factor NXF1 [125]. The FMRP-in-
teracting proteins Cl4orf166 and DDXI1 form a com-
plex with both HSPC117 and FAM9EB, underlay a
nucleocytoplasmic shuttling in response to transcrip-
tional activity, and may play a role in nuclear and
cytoplasmic RNA fate [126]. Notably, Cl4orf166 inter-
acts with RNAP 11, modulates nuclear RNA metabo-
lism, participates in RNA splicing, and is present in
cytoplasmic RNA pranules involved in localized trans-
lation [126]).

RNA granules

Cytoplasmic RNP granules in germ cells (polar and
germinal granules), somatic cells (SGs and processing
bodies), and neurons (neuronal granules) have emerged
as important players in the posttranscriptional regula-
tion of gene expression. RNA granules contain various
ribosomal subunits, translation factors, decay enzymes,
helicases, scaffold proteins, and RNA-binding pro-
teins, and they control the localization, stability, and
translation of their RNA cargo (Fig. 3C) [127,128]. A
very recent report has demonstrated a central role of
FMRP in granule biology by monitoring the transport
and fusion of RNA granules throughout neuronal pro-
cesses [43]. Most interestingly, RNA pranules, solated
and purified from mouse brain homogenates [43], con-
tain more than 20 FMRP-interacting proteins. Three
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FMREP-associuted proteins, GIBPI, NONO, and PSF,
have been detected m RNA  pranules [63). FMRP
immunoprecipitation revealed that G3BP1 and NONO
co-immunoprecipitated with FMRP in HeLa total cell
Iysates (Fig. 4A). sugpesting thar crtical interrelated
roles in the formation, integrity, and/or transport of
cytoplasmic RNP granules. This and the fact that
FMRP exists in almost every cell type (Fig. 1A)
strongly indicate the existence of such RNA granules
as the regulatory machinery for local translation in the
cell.

The activation of stress response pathways ofien
promotes SG formation throughout the cytoplasm of
stressed cells [129]. 3Gs are dynamic aggregates of
untranslited mRNAs that are sorted between decay,
storage, or polysome assembly [129,130]. 5Gs also con-
tain many signaling proteins [130]. The association of
FMRP with the translation machinery and polysomes
in SGs has been desceribed frequently in several labora-
tories [11,64,131-134]. Thus, it was not surprising that
FMRP itsell and many FMRP-interacting proteins
have been shown to localize in SGs [135-142], the vast
majority of which are RBPs (Tables 1-4). Inhibition of
translation initiation, achieved by the phosphorylation
of elF2x or by blocking assembly of the ¢IF4F com-
plex (sec below), results in the formation of SGs
[130,143]. NFAR, a double-stranded RMNA-binding
nuclear protein, that is, similar to eIlF2a, a PKR sub-
strate [144], undergoes a heterodimeric complex with
NF45 and thereby modulates RNA granule assembly
and disassembly [145]. NFAR was identified in this
proteomic study as one of many Caprin-1- and
G3BPl-associated proteins, which we also found to be
associated with FMRP [145] 53Gs regulate double-
stranded RNA-dependent PKR activation through a
complex containing G3BPl and Caprin-1 [146], and
probably also FMRP. It has been reported that PKR
recruitment  to SGs requires the PXXP region of
G3BPL [147], which appears to be essential for the
nteraction with FMRP (Fig. 4B,C). The role of
FMRP in 8G formation has been discussed in several
studies [64.131,148], but the molecular mechanism of
FMRP function awaits further investigation.

Translation

Translational control has an impact on many cellular
and developmental processes, and most steps of trans-
lation are subjected to specific regulation. The role of
FMRP as a regulator of local translation has been best
investigated for neurons [1038). FMRP transports
coding and noncoding RNAs to the synapse and par-
ticipates in local protein synthesis in dendrites. Thus,

14
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FMRFP potentially influences signuling  pathways
involved in spine morphogenesis [10.76,149]. Increasing
evidence suggests that FMRP interferes with the trans-
lation of its target mRNAs in two different ways: sup-
pression of translational initiation and translocation
and/or activation of miRNA  pathways [1,34.71-
73,1491

In neurons, the vast majority of FMRP 1 assocated
with both its tarpet mRNAs [11] and stalled, nontrans-
lating polyribosomes [134,150]. This process appears to
be regulated by FMRP phosphorylation [24.151]
elF4G plays a key functional role in the initiation of
cap-dependent translation by acting as an adapter to
nucleate the assembly of the heterotrimeric elF4F
complex [152]. The latter consists of cIF4G, e¢lF4E,
and clF4A. Together with poly(A)-binding protein
and eIF3, elF4F subsequently triggers the recruitment
of the 438 nbosomal premitiation complex to the mes-
senger RNA template [143]. PDCD4 suppresses cap-
dependent translation initiation. PDCD4 tightly binds
clF4A in its inactive conformation and blocks its
incorporation into the eIF4F complex, which consists
of elF4A, elF4E, and elF4G1/eIF4G3 [153), that then
recruits the 408 ribosomal subunit to sturt translation
imitiation [154]. Analogous to PDCD4, LARP] is also
an FMRP-interacting protein and directly binds the
cap and region adjacent to the 5-TOP motif of TOP
mRNAs, thereby effectively impeding access of eIF4E
to the cap and preventing elF4F assembly [155]. Inter-
estingly, IGF2BP3 in complex with the ribonuclease
XRN2 (two FMRP-interacting proteins) destabilizes
eIF4E-BP2, a negative regulator of <IF4E [136]
Cuaprin-1 binds G3BPl and induces phosphorylation
of elF2x most likely through the activation of PKR,
the inhibition of translation, and the formation of
cytoplasmic 8G [157].

Several other FMRP-associated proteins act on
translation at different levels and in different ways.
The multi-KH protein VGL assocates with free and
membrane-bound ribosomes and s generally necessary
for the localization of mRNAs to actively translating
ribosomes [158). IGHMBPF2 is a component of the
translitional machinery, which physically associates
with tRNAs [159]. Brain cytoplasmic RNA of 200
nucleotides (BC200 RNA) is a brain-specific, small
noncoding RNA with a somato-dendritic distribution
in primate neurons. SYNCRIP interacts specifically
with BC200 RMNA and may recruit it to mRNA trans-
port complexes involved in the regulation of localized
translation in dendrites [43.160]. Remarkably, several
other known translational regulators, including FMRP
and PABPL, arc components of the BC200 RNP com-
plex [160]. FMRP promotes the translation of specfic
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mRNAs in a complex with NATI, elF2, and PRRCIC
[161]. In this context, we identified PRRC2ZC and
NATIO, but not NATI, as FMRP-interacting proteins
(Fig. 3D).  Another FMRP-associated protein s
ABCF1, which influences the accuracy of initiation
codon selection by binding ¢IF2 and efficiently initi-
ates translation [162].

Domain-dependent interactions of FMRP

The N terminus of FMRP harbors different protein-
binding characteristics due to various subdomains
(Fig. 1B). Two conserved Tudl,2 domains (also called
the N-terminal domain of FMRP | and FMRP 2 or
NDFI1 and NDF2, respectively) [23,48] are within the
‘Royal Family” of proteins, which includes Agenet,
MBT, PWWP, und chromo-domains [163]. FMRP and
Tudl/2 hawve been shown to sclectively associate with
trimethyl-lysine peptides derived from histones H3K9
and H4K20 [48,78] together with chromatin [19]. The
N terminus of FMRP has been proposed to be a plat-
form for multiple protein-protein interactions [48].
However, we detected only a relatively small number
of binding proteins for FMRP™"™™ compared with
FMRP“™™ A recent structure of the flexible
FMRPM=™ has revealed that this domain resembles a
K homology (KH) domain [164] that is directly linked
to the tandem KH domains of FMRP&="™ (Fig. 1B).
KH domains are typically RNA and single-stranded
DNA-binding modules; these molecules were  first
deseribed for the heterogencous nuclear RNA-binding
protein (hn RNPK) [165,166]. A similar scenario as dis-
cussed above for FMRPY'™ may apply for FMRP™
S that is. its interactions may not all be direct pro-
tein—protein  interactions but rather mediated wvia
RMAs. G1BP] belongs to the evolutionarily conserved
hnRNP family. It is involved in an array of biological
activities, ranging from cell cyele regulation to mRNA
metabolism and SG assembly [65,167] However, our
data indicate that G3BP1 associates with FMRPY =™
in an RNA-independent manner but most likely
dependent on other proteins.

At this stage, it is important to note that the identi-
fication of protein—protein interactions by a combina-
tion of affinity purification and mass spectrometry has
one drawback: Direct (physical) interactions are mixed
with indirect interactions. The same is also true for co-
IP experiments. There are strikingly a number of
mathematical modeling and algorithmic efforts for pre-
diction and assessment of direct interactions [168].
These approaches will, however, not displace direct
biophysical measurements of two proteins or protein
domains  punfied from heterologous systems. This
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study opens the door to further explore the involve-
ment of FMRP in unknown and new cellular func-
tions.

Conclusions

The data presented in this work considerably expand
the physical and functional candidate protein and
RNA interaction networks of FMRP and suggest its
participation in various fundamental cellular processes
throughout the body beyond the central and peripheral
nervous systems. Accordingly, FMRP functions may
start in the nucleolus following cytoplasmic—nuclear
translocation, where it may be involved in the biogene-
sis of ribosomal subunits and most likely their nuclear
export. FMRP may be part of the transcriptional fac-
tory by regulating gene expression via interaction and
orchestration of RNA polymerase 11, where it dircctly
binds to a large set of mRNAs and transports them to
sites of local translation. Upon any kind of cellular
stress, FMRP accumulates at sites of stress responses
and facilitates, for example, the stabilization of dou-
ble=stranded RNA binding and the activation of PKR,
leading to SG formation. Moreover, our novel FMRP
interactome analysis indicates that FMRP may play
central roles in the DNA damage response, cell ovele
regulation, intracellular transport, and actin dynamics,
and that FMRP wirally triggers innate immune
responses. Of note, FMRP may also be involved in
mitochondrial quality control and mitophagy, func-
tions that are dircetly related to neurodegencrative and
cognitive disorders, including FXS, Huntington™s dis-
case, Alzheimer’s disease, Down syndrome, and pro-
gressive  supranuclear  palsy. Our  work  provides
valuable insights and constitutes a useful starting point
for future studies of the cellular functions of FMRP in
both non-neuronal and neuronal cells.

Materials and methods

Constructs and proteins

Amino-terminal (N-term: aa 1-218), central (aa 212-425),
and carboxy-terminal (C-term: aa 444-632) fragments of
human FMRP, as well as NTF2-like/acidic (or M1; aa 1

122). PXXP (aa 123-338), and PXXP-RRM/RGG (or M3;
an 123-466) fragments of human G3BP 1. were amplified by
standard PCR and cloned into pGEX-4T1. Escherichia coli
BL21 Rosetta was transformed with the respective FMRP
and G3BP1 plasmids. The expression and purification of
the proteins were performed as previously deseribed
[169.170). pFLAG-CMY2 was used for G3IBP1 constructs
comprising full-length (FL). NTF2.like/acidic or MI
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(1-138),  acidic-PXXP-RREM/RGG  or M2 (139-466),
PXXP-RRM/RGG or M3 (222-466), and RRM/RGG or
M4 (338-466), as reported previously [63].

Antibodies and other reagents

The antibodies used in this study were as follows: Anti-
Caprin-1 {ab241071), anti-FMRP (ab17722). and anti-nu-
cleophosmin {ab10330) (purchased from Abcam, Boston,
MA, USA) anti-FMRP (F6072), anti-G3BP (611126), and
anti-PKR (8c-6282). (purchased from BD Biosciences. San
Jose, CA, USA): and anti-y-tubulin (T53326) (purchased
from Sigma-Aldrich, Taufkirchen, Germany). The anti-
GST antibody was made in our laboratory. 4'.6-Diami-
dino-2-phenylindole {DAPI) was purchased from Thermo
Fisher (Waltham, MA, USA), and sodium arsenite was
purchased from Merck. Anti-FLAG (F3163) antibody, and
secondary antibodies (1gG) Alexa Fluor 488 and 364 were
obtained from Thermo Fisher. RNase treatment was per-
formed wsing RMase A (Qiagen, Hilden, Germany) as
described previously [23].

Cell culture

HEK293 (human embryonic kidney cells). HDF (human
dermal fibroblasts), and cancer cell lines such as HepG2,
HelLa, PANCI. and MCF7 were cultured in DMEM
(Thermo Fisher, 11965092). whereas NT2, BPHI., and
SW4B0 cells were cultured in RPMI (Thermo Fisher,
11875093 all media were supplemented with 10% FBS
{Thermo Fisher, 10270-106). Human iPSCs were cultured
as previously described [171]: briefly, cells were cultured in
irradiated mouse embryonic fibroblast (iIMEF) conditioned
medium supplemented with 100 ng-mL ' bFGF (Pepro-
Tech, 100-18B; Cranbury, NJ, USA). HUVECs were cul-
tured in endothelial cell growth mediom (PromoCell,
GmbH, Heidelberg, Germany) containing 100 U-mL '
penicillin_~ and  streptomyein  (Genaxxon  bioscience,
M3140.010: GmbH, Ulm, Germany).

Immunofluorescence microscopy

Confocal imaging of Hela cells was performed as
described previously [23). Imapes were obtained as single
optical slides using an LSM310 Meta confocal (ZEISS,
Jena, Germany) microscope equipped with a 40x/1.3
immersion objective and excitation wavelengths of 364,
488, and 546 nm. Super-resolution structured illumination
microscopy (SR-SIM) was performed as described recently
[172] using the ELYRA microscope (ZEISS, Jena, Ger-
many) with an alpha Plan-Fluor 100:x/1.45 M27 oil-immer-
sion objective and immersion oil type 518 F/30 °C (ZEISS,
Jena, Germany). Images were acquired using zen 2.0 soft-
ware (ZEISS. Oberkochen, Germany).
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Transfection and pull-down assay

GST pull-down experiments were conducted as described
previously [23]. GST-FMRP™"™™, GST-FMRP™'™™, and
GST as a negative control were immobilized on GSH agar-
ose beads. subsequently mixed with Hela total cell lvsate
and incubated for 1 h, at 4 °C to pull-down associating
proteins and protein complexes. The beads from three inde-
pendent experiments were washed four times, boiled in [ x
SDS loading buffer for 5 min, and separated on 10% tri-
cine sodium dodecyl sulfate (SDS)/polyacrylamide gels.
Lanes of Coomassie Brilliant Blue (CBB)-stained SDS pels
were cut in different sections, excluding the bands related
to GST-FMRP™"™ GST-FMRP" "™ and the GST con-
trol. Gel sections were subjected to mass spectrometry. The
pull-down of flag-tagged G3BP1 protein fragments that
were overexpressed in Hela cells was performed using
purified GST-FMRP™"*™ and visualized by immunoblot-
ting using anti-Flag and anti-GST antibodies. HeLa cells
were transfected using TurboFect Transfection Reagent
(Thermo Scientific) as previously described [23].

Immunoprecipitation

For co-immunoprecipitation, Hela cells were lvsed in
immunoprecipitation  buffer (20 mm  Tris'HCl pH 7.4,
150 mm NaCl 5 mw MgCla, 00.5% NP-40, 10 ms f-glye-
erophosphate, 0.5 mm NazVO,, 10% glyeerol, and EDTA-
free protease inhibitor). IP from total cell lysates was car-
ried out for 2h at 4 °C with an anti-FMRP antibody
{ab17722; Abecam). The beads were washed five times with
IP buffer lacking NP-40, and eluted proteins were heated in
SDS/Laemmli  buffer at 95 °C and analyzed by
immunoblotting.

Immunoblotting

Cell lysates were prepared using lvsis buffer [50 mwm Tris/
HCl pH 7.5, 100 mm NaCl 2 mm MgCly, 1% IGEPAL
CA-630, 10% glycerol, 200 mwm P-glycerophosphate, 1 mm
Na;V0s. EDTA-free protease inhibitor (Roche, Basel.
Switzerland)]). and protein concentrations were measured by
Bradford assay (Bio-Rad, Irvine, CA. USA). Equal
amounts of total cell lyvsates (40 pg) were loaded on SDS/
PAGE gels. After electrophoresis, proteins were transferred
to nitrocellulose membranes and blocked for 1h in 3%
nonfat dry milk (Merck., Taufkirchen, Germany)TBST
(Tris-buffered saline, 0.05% Tween 20). Membranes were
probed with primary antibodies at 4 °C overnight and later
stained For 1 h at room temperature with both horseradish
peroxidase  (HRP)conjugated  secondary  antibodies
(1 : 5000 dilution) and fAuvorescent secondary antibodies
(1 @ 10 (W dilution) (Agilent, Santa Clara, CA, USA). Sig-
nals were visualized wsing ECL (enhanced chemilumines-
cence) reagent (GE Healthcare, Menlo Park. CA. USA)
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RAS effectors specifically interact with
the GTP-bound RAS proteins to link
extracellular signals to downstream
signaling pathways. Physical interactions
of the effectors are achieved by two types
of domains, called RAS binding (RB) and
RAS association (RA) domains, which
share common structural characteristics.
Searching through the human proteome

databases, we extracted 41 RA domains in
39 proteins and 16 RB domains in 14
proteins in the human proteome, each of
which can specifically select one of the 25
members in the RAS family. Most of the
RA/RB domain containing proteins have
remained largely uncharacterized,
although the molecular nature of RAS-
effector interactions is well-studied for
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some proteins. Here, we comprehensively
investigated the  sequence-structure-
function relationship between different
representatives of the RAS family,
including HRAS, RRAS, RALA, RAP1B,
RAP2A, RHEB1, and RIT1, with all members
of RA domain family proteins (RASSFs) and
the RB domain-containing CRAF. The
binding affinity for RAS-effector
interactions, determined using
fluorescence polarization, broadly ranges
between high (0.3 pM) and very low (500
MM) affinities, which raised a central
question about the relevance of variable
binding affinities in the regulation of
signaling events. Our study determined
mainly two hotspots throughout the RA/RB
domains from an average of 19 RAS-
binding residues. Moreover, we found
novel interactions of RRAS1, RIT1, and
RALA for RASSF7, RASSF9, and RASSF1,
respectively, which were systematically
explored in sequence-structure-property
relationship analysis, and validated by
mutational analysis. Distinct functional
properties and possible biological roles of
these interactions remain to be
investigated in the cellular context.

Introduction

RAS family proteins control activities of
multiple signaling pathways and consequently
a wide array of cellular processes, including
survival, growth, adhesion, migration, and
differentiation (776). Any dysregulation of

these pathways leads, thus, to cancer,
developmental disorders, metabolic, and
cardiovascular  diseases (717). Signal

transduction implies a physical association of
RAS proteins with and activation of a spectrum
of functionally diverse downstream effectors,
e.g., CRAF, PI3Ka, TIAM1, RALGDS, PLCe,
and RASSF5 (23, 118-125). RAS-effector

interaction essentially requires RAS
association with membranes (726), and its
activation by specific regulatory proteins (e.g.,
guanine nucleotide exchange factors or
GEFs), leading to the formation of GTP-bound,
active RAS (127-129). Notably, RAS proteins
change their conformation mainly at two
mobile regions, designated as a switch |
(residues 30-40) and switch Il (residues 60-68)
(6, 130, 137). Only in GTP-bound form, the
switch regions of the RAS proteins provide a
platform for the association of the effector
proteins (132, 133).

To date, two types of domains, the RAS
binding (RB) and RAS association (RA)
domains, have been defined for various
effectors. They are comprised of 80-100 amino
acids and have a similar ubiquitin-like topology
(122, 134-137). Considering different RAS
effectors, RB, and RA domain interactions with
RAS proteins do not exhibit the same mode of
interaction between different RAS effectors.
However, CRAF RB and RALGDS RA
domains share a similar structure and contact
the switch | region via a similar binding mode
(138, 139). In contrast, PI3Ka. RB, RASSF5
RA, and PLCe RA domains do not share
sequence and structural similarity but
commonly associate with the switch regions,
particularly switch | (7140-142). RAS-effector
interaction strikingly shares a similar binding
mode adopted by three components: Two
antiparallel -sheets of the RA/RB domains
and the RAS switch | region, respectively, and
the first a-helix of the RA/RB domains (743).

In this study, we conducted an in-depth
database search in the human proteome and
extracted 57 RA/RB domains. We used 10
RASSF RA domains to analyze their
interactions with 7 representatives of the RAS
proteins family, including HRAS, RRAS1,
RAP1B, RAP2A, RALA, RIT1, and RHEB1.
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CRAF RB domain was used as control. The
binding analysis was performed under the
same conditions using  fluorescence
polarization. Obtained dissociation constants
(Kq) with a broad range (0.3 — 500 uM) along
with a matrix for a potential interaction of 25
RAS proteins and 57 RA/RB domains provide
us a detailed view of the sequence-structure-
property relationships of RAS-effector binding
capabilities.

Results

Human proteome contains 39 RA and 14 RB
domain-containing proteins

Mining in the UniProt database led to the
extraction of 130 RB and 145 RA domain-
containing proteins, respectively. In a parallel
search using HMMER, 127 RB and 164 RA
domain-containing proteins were extracted.
These numbers were reduced to 46 RB and 97
RA domain-containing proteins by excluding
proteins containing RHO binding domains,
mitochondrial proton/calcium antiporter
domain, and receptors. In the last step, all
isoforms with identical sequences of the RB
and RA domains were excluded using multiple
sequence alignments generated with the
ClustalW algorithm. This approach identified a
total number of 16 RB domains in 14 RB
domain-containing proteins and 41 RA
domains in 39 RA domain-containing proteins,
(Fig. S1; Tables S1, S2). Both types of RAS
effector domains share sequence identity
10.5% and 9.2% and sequence similarity of
25.5% and 20.2% (Fig. S2 and S3).

The direct interaction of different RA
domain-containing proteins with RAS proteins
has been comprehensively analyzed (736,
144). However, the majority of proteins with a
RA domain, remain uncharacterized (Table
S1). The RAS association domain family

(RASSF), which controls a broad range of
signaling pathways (722, 145), is the largest
RA domain-containing protein family (Fig. 1).
Their RA domains differently interact with
classical RAS proteins (7122, 137). Among
them, only the interaction of RASSF1 and
RASSF5/NORE1 RA domains have been
characterized quantitatively so far (136, 144).
Other characterized RA domain-containing
proteins, including RALGDS-like proteins,
PLCg, AF6, RIN1/2, and PDZGEF1/2, regulate
diverse cellular processes. They share high
structural similarity and exhibit differential
selectivity for HRAS and RAP1B (136, 144).

RB domain-containing proteins are mostly
kinases (Table S2). The serine/threonine RAF
kinase family proteins (A/B/CRAF; (7146))
activate the MEK-ERK axis and controls cell
proliferation and differentiation (747, 148).
PI3Ka generates phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) and regulates cell growth,
cell survival, cytoskeleton reorganization, and
metabolism (749). RGS12/14, which usually
act as inactivators of Ga proteins (7150),
physically interact with various members of the
RAS family. They appear to facilitate the
assembly of the components of the MAPK
pathway through direct association with
activated HRAS (757). TIAM1/2, which act as
specific GEFs for the RHO family proteins and
control cell migration (752, 153), have been
suggested to recognize activated RAS proteins
(754). However, their direct interaction with
RAS proteins has not been shown to date
(736). Moreover, a few proteins, reported as
RAS effectors, do not apparently contain a
RA/RB domain (Table S3).

Variable affinities for the RAS-effector
interactions

To determine the binding capability
between the effector domains and diverse
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proteins of the RAS family, the following
proteins were selected for this study: (i) All 10
RASSF family proteins as representative RA
domain-containing effector proteins; (i) CRAF
RB domain (Fig. 1) was used as a
representative of the RB domain-containing
proteins; and (iii) The RAS family includes 23
genes coding for at least 25 proteins, which
share, considering their G domains, sequence
identity of 48.6% and sequence similarity of
61.5% (Fig. S4). Based on sequence identity,
structure and function of their G domains, the
RAS proteins were divided into eight paralog
groups: RAS, RRAS, RAP, RAL, RIT, RHEB,
RASD and DIRAS (755). RAS-related proteins
RASLs, RERG, RERGL, NKIRAS1/2 were
excluded from this list and study due to their
major sequence deviations.

To monitor binding we applied a
fluorescence polarization assay (734) to
determine the dissociation constants (Kq) for
the RAS-effector interactions. For this, we
prepared HRAS, RRAS, RAP1B, RAP2A,
RALA, RIT1 and RHEB1 in complex with a
non-hydrolysable, fluorescent analog of GTP,
called mGppNHp. Representatives of RASD
and DIRAS groups were not applied due to
their physical instability in vitro. Small-sized RB
and RA domains were fused to maltose-
binding protein (MBP, 42 kDa) to increase their
overall molecular weight, and to ensure a
homogeneous monomeric form of the fusion
proteins. Figure 1 shows an SDS gels for all
purified proteins used in this study.

Increasing concentrations of MBP-fused
effector proteins were titrated to
RAS*mGppNHp proteins to assess the binding
capability of the respective interaction pairs.
We observed a significant change in
fluorescence polarization for the majority of the

measurements (Fig. S5 and S6A). However,
evaluated Ky values ranged from 0.3 to more
than 500 uM. These data are summarized in
Table S5 and illustrated in Figure 2. Under
these experimental conditions, the CRAF RB
domain revealed the highest affinity for HRAS
and RRAS1 while RASSF5 RA domain
exhibited a relatively high affinity for HRAS,
RAP1B and RAP2A (Fig. 2A, B, green bars).
The intermediate affinities were obtained for
the interaction of CRAF RB domain with
RAP1B as well as RASSF1 with RAP1B,
RAP2A and RALA, RASSF9 with RIT1 and
RASSF7 with RRAS1 (Fig. 2A, B; blue bars).
The majority of the interaction pairs showed,
however, low and very low affinities (Fig. 2B,
red and black bars, respectively). Among
them, RHEB notably revealed the maijority of
low affinity interactions. No binding was
observed for twelve pairwise interactions.

Purified MBP, which was titrated to
HRAS'mGppNHp as a negative control,
exhibited no interaction (Fig. S7A). The
reproducibility of the fluorescence polarization
measurements was assessed by determining
the Kq value for the interaction between
HRAS*mGppNHp with RASSF1-RA in three
different experiments

Identification of common RAS binding site
pattern in RAIRB domains

To understand the atomic interactions
between RAS and effector proteins, and
explain observed variable affinities, we
analyzed various structures of RAS-effector
protein complexes. To date, 13 structures of
RAS-effector protein complexes exist in the
PDB (Table S6). As some of them contain
more than one complex in the unit cell, there
were altogether 19 complexes available for the
analysis. In order to map atomic interactions
responsible for observed variable affinities, we
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have extracted information about interacting
interface from all of the above mentioned
complex structures (Fig. S8 and S9) and
combined them with their sequence
alignments (Fig. S2-S4). It is important to note
that some amino acids, aligned according to
the sequence, were quite distant in the space.
Therefore, we edited the sequence alignment
to synchronize it with the structural alignment.
Our python code finally took sequence
alignments with PDB files of complex
structures as inputs and calculated all
interaction pairs in analyzed complex
structures in the form of an interaction matrix.
The resultant matrix comprehensively relates
the interacting residues on both sides of the
complexes, with RAS paralogs as rows and the
RA/RB domains as columns (Fig. 3). All
numbering in this study is based on HRAS on
the one side and CRAF and RASSF5, for RB
and RA domains respectively, on the other
side.

Each element of the matrix that can be
accounted for a ‘“hotspot’, relates one
homologous residue from RAS proteins to one
homologous residue from the RA/RB domains.
The number value of this element, ranging
from 0 to 19, represents the number of
complex structures in which these residues
interact (Fig. 3). Thus, zero means that these
two residues do not contact each other in any
structure while a maximal value 19 means that
this particular interaction exists in all analyzed
complex structures of the RAS-RA/RB
domains. We have sorted the residues at both
sides of the matrix according to their
conservation vs. variability. As can be seen in
Figures S4 and S9, the majority of the residues
(14 out of 20) on the side of 25 RAS proteins
are conserved, nine of which (Q/N25, D/E33,
I/V36, E37, D38, S/T39, Y40, R/K41 in switch
I, and Y64 in the switch Il; HRAS numbering)
account for major hotspots (Fig. 3). On the

other side, and in contrast, the majority of 19
RAS interacting residues in RA/RB domains
are variable and only 2 distant residues are
conserved (R/K59 and K/R84; CRAF
numbering; R/K241 and K/R308; RASSF5
numbering) (Fig. 3 and S9).

However, what is striking is the middle
cluster of the matrix with the most frequent
interactions between the conserved residues
in the switch | region of the RAS proteins (32-
strand residues 36-41; HRAS numbering) and
the variable residues of the RA/RB domains
(B2-strand residues 64-71; CRAF numbering;
residues 284-291; RASSF5 numbering) (Fig. 3
and S9). This cluster adopts an arrangement
of intermolecular B-sheet interactions in an
anti-parallel fashion (Fig. S8). A substantial
number of the contacts in this cluster are
mediated by main-chain/main-chain
interactions, which typically involve hydrogen
bonds between the N-H group and the
carbonyl oxygen of the amino acids 37-39 from
the RAS side and positions 66-69 (CRAF
numbering) and 286-289 (RASSF5
numbering) from the side of the RA/RB
domains.

Switched RASSF binding selectivity by
hotspots residue-swapping

To prove the impact of the hotspot residues on
the selectivity of the RASSF RA domain
interactions with RAS family proteins, we
selected the weak and strong RAS-RASSF
interactions, and substituted 4-5 amino acids in
the hotspot region (Fig 3, boxed residues)
RASSF2 to RASSF1 as well as RASSF4 and
RASSF9 to RASSF5. The variants, RASSF2-to-
1, RASSF4-to-5, and RASSF9-to-5 (Fig. 1), were
successfully expressed and purified. Their
binding affinities for HRAS, RIT1, RALA, RAP2A
and RRAS1 were measured using fluorescence
polarization (Fig. S10).
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Remarkable differences in binding affinities of
the analyzed RASSF variants are summarized in
Figure 4 for comparison. RASSF2-to-1 variant
revealed a significant increase of RALA (p<.006)
and RRAS1 (p<0.074) binding affinity compared
to RASSF2 but declined compared to RASSF1.
In contrast, RIT1, which did not show any binding
to RASSF2 and a very low affinity to RASSFA1,
now exhibited a reasonable Ky value of 65 yM for
RASSF2-to-1. The RASSF4-to-5 variant, on the
one hand, showed a tremendous increase in
affinity for HRAS of about 20-fold (p<.07118), and
on the other hand, diminished RIT1 property to
bind RASSF4 by 3-fold (p<.0357). These data
suggest that the hotspot residues favor RASSF4
binding to RIT1 whereas those residues of
RASSF5 counteract RIT1 binding. Similarly, the
RASSF4-to-5 affinity for RAP2A was increased
by 2.5-fold (n.s., p<.087), which emphasizes the
high affinity RAP2A-RASSF5 interaction. The
RASSF9-to-5 variant showed a 4.5-fold increase
in HRAS binding affinity as compared to RASSF9
(p<.008) that can be attributed to the high affinity
interaction of HRAS with RASSF5. The
intermediate affinity of RASSF9 for RIT1 of 27 yM
is validated by the RASSF9-to-5 variant, which
revealed a 5.5-fold higher K4 value (p<.005). The
interaction of the RASSF9-to-5 variant with RALA
was drastically enhanced (K¢ = 35 uM)
considering the lack of RASSF9 binding to RALA.

Our data on residue-swapping in RASSF
proteins successfully validated the key role of
hotspot residues in the RAS-RASSF interaction,
particularly RASSF1-RALA, RASSF5-HRAS,
and RASSF9-RIT1.

RIT1 pull-down from cell lIysates by
RASSF7 and RASSF9

To prove physiological relevance of identified
RIT1 interactions with RASSF7 and RASSF9, we
transfect Human Embryonic Kidney (HEK) 293T
cells with human RIT1 and used His-tagged RA

domains of RASSF7 and RASSF9 to pull down
HA-tagged RIT1 from the cell lysates. As control,
we used lysates of HRAS-transfected cells and
His-tagged RASSF5 RA domain to pull down
FLAG-HRAS. As shown in Figure 5A, RIT1
bound to RASSF7 and RASSF9 but not to
RASSF5, which was, in contrast, able to pull
down HRAS. Data of three independent
experiments, were quantified by a Li-Cor
Odyssey imaging system and expressed as
signal intensity (Fig. 5B), confiimed the
significance of the RIT1 interaction with RASSF7
and RASSF9 (p < 0.01).

Discussion

Effector selection and activation by a RAS
protein in a proper cellular context and
appropriate protein network are known to
initiate a cascade of biochemical reactions and
thus controls defined cellular functions in all
types of cells. It is also increasingly clear that
functionalization of the effectors with various
modular building blocks, mainly the RA/RB
domains, is a prerequisite for successful
orchestration of a series of spatiotemporal
events, including recruitment, subcellular
localization, assembly of proactive protein
complexes, and ultimately association with and
activation via the RAS protein. An issue that is
investigated in-depth in this study is how many
effectors for RAS proteins exist in the human
proteome and how they achieve the desired
affinity and selectivity for their cognate RAS
protein.

The total numbers of RAS effectors differ
from study to study. A SMART database
search has provided 108 RA and 20 RB
domain-containing proteins in one of the early
and first comprehensive studies on RAS-
effector interactions (736). These numbers
have been slightly reduced to 100 RA domains
and only a few members of RB domain-
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containing proteins, including A/B/CRAF,
TIAM1/2 and RGS12/14 proteins (144). In the
next studies, Kiel et al. has come to around 70
human proteins, containing RA and RB
domains (7156). Ibanez Gaspar et al. have
analyzed in their very recent, comprehensive
study 56 established and predicted RAS
effectors with the potential ability to bind to
RAS oncoproteins (28). Our search, using the
UniProt database and the program HMMER,
alongside with a cross-check of each individual
sequence, ended up with 41 RA in 39 RA
domain-containing proteins and 16 RB in 14
RB domain-containing proteins (Fig. S1).
Thus, our lists contain 53 proteins, also
including RALGDSL2 and SNX17 (Tables S1
and S2). SNX17 along with SNX27 and
SNX31, which possess a FERM-like domain,
have been shown to directly bind to GTP-
bound HRAS (7157), and may thus be involved
in endosomal RAS signaling processes (758).
However, we exclude RASGEF3-5, KRIT1,
and RGL4. Sequences, related to RA or RB
domains, were not found in other proteins
(Table S3), such as SIN1, SNX31, HK1
(Hexokinase 1), and SHANK2-3, which have
been recently described as new RAS effector
proteins (157, 159-162).

In order to refine a comprehensive list of
RAS proteins and their effectors regarding
their capabilities of mutual binding, we have
investigated pairwise interaction between
selected proteins (Fig. 2), related them to
available structural data (Fig. 3), and combined
them with data described in previous studies
(Fig. S9).

The RASSF family contains 10 members
and is divided into two groups; RASSF1-6
typically have C-terminal RA and SARAH
domains and RASSF7-10 an N-terminal RA
domain (Fig. 1) (7163). However, RAS-binding
residues are not conserved in group two of the

RASSF family and overall, the RA domains of
these two RASSF groups are about 25%
identical. Our data showed a much lower
binding affinity between RAS family members
and RA domains of group two (Fig. 2).

In a very recent study, Dhanaraman et al.
have performed RASSF pull-down
experiments under similar conditions as
previously published by Chan et al. (122, 137).
As already stated by the reviewer, this
approach has limitations to detect affinities
lower than 10-30 uM, which is dependent on
several variables like the buffer and
centrifugation speed. Chan et al. have
observed HRAS interactions with RASSF6 and
RASSF7 as well, which were determined in the
present study, although with very high Kgy
values (Fig. 2). RASSF5 binding to KRAS and
HRAS, as reported by Dhanaraman et al., also
confirms a previous study by Nakhaeizadeh et
al., which has shown similar binding affinities
of the effector domains, including RASSF5-
RA, towards the RAS paralogs, HRAS, KRAS
and NRAS (734). In contrast, Dhanaraman et
al. have examined RAP1A and RASSFS5,
consistent with our study with RAP1B and
RAP2A (Fig. 2), but did not consider them as
interactions, again due to the approach
limitation of 10 uM (see below).

RASSF1 and RASSF5 RA domains share
the highest sequence homology and several
residues, including L282, D285, A286, 1/V287,
K288, H291, K308, V311, V312, and D313
(RASSF5 numbering), involved in RAS
interaction (Fig. 3), are almost identical. These
RASSFs have been described in many studies
as effectors for H/K/NRAS, RRAS1, and
RAP1A (25, 132, 145, 164). Accordingly, we
have determined high and intermediate
affinities for their association with RAS family
members in this study (Fig. 2) and in part also
in a previous report (7134). Interestingly,
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RASSF proteins turned out to interact with
several other RAS-related proteins, beyond
the classical RAS paralogs. Shifman and

colleagues have recently shown by
immunoprecipitation experiments that
RASSF1 also interacts with ERAS and

DIRASS (765), which are atypical members of
the RAS family (755). Similarly, Dhanaraman et
al. have very recently demonstrated the
interaction of RASSF1 with GEM, REM1, REM2
and RASL12 GTPase proteins (737). These
GTPases, which belong to the RGK GTPase
family, regulate voltage-dependent calcium
channels and cell shape (737). The present
study showed that RIT1 interacts RASSF7 and
RASSF9, and RALA with RASSF1. These
interactions, which successfully validated the key
role of hotspot residues in the RAS-RASSF
interaction (Fig. 4), confirmed our predicted
interaction model (Fig. 3). The RALA-RASSF1
interaction seems rather relevant since the
presence of four RASSF1 hotspot residues in
RASSF2 considerably enhanced RALA
binding (Fig. 4). RALA, as well as RALB,
contain lysine and alanine at positions 36 and
37, respectively (HRAS numbering), rather
different residues than isoleucine and
glutamate in other RAS proteins, which are
known to be critical for the RAS-effector
interactions (766). RALA-RASSF1 interaction
has not been reported to date and awaits
further cell-based investigations, especially
because the RASSF2-to-1 variant gained
binding affinity towards RALA (Fig. 4).
Similarly, RALA-RASSF5 interaction appears
rather relevant as the RASSF9-to-5 variant
affected the binding of RALA. This has been
also demonstrated by hotspots residue-
swapping of RASSF9 to RASSF5. While RALA
showed a Ky value of 35 uM for RASSF9-to-5
while it did not show any binding to RASSF9,
suggesting that very few key residues are
sufficient to generate the appropriate binding

surface. This notion presumes that analyzed
RA domains share a conserved mode of RAS
recognition based on the formation of an
intermolecular, antiparallel g sheet (134, 137).

Among all RASSF family members, only
RASSF1 and RASSF5 interact in high or
intermediate affinities with all investigated RAS
family members, with an exception of RIT1
(Fig. 2). RASSF7-9 RA domains share high
sequence similarity and are different from
RASSF10 (Fig. S2). A common signature of
the RASSF members is the existence of the
K/R241 and K/R308 hotspots (Fig. 3). They
revealed, with a few exceptions, comparable
Kq values for different representatives of the
RAS family (Fig. 2). RIT1-RASSF7 and RIT1-
RASSF9 interactions with affinities of 34 and
27 PM are quite remarkable, especially
because these proteins have not been
reported yet as RAS effectors. RIT1 contains
an alanine instead of the conserved S/T39
(HRAS numbering) and RASSF9 contains two
negatively charged glutamic acids instead of
the positively charged lysine residues at 307
and 308 (RASSF5 numbering; Fig. S2). These
two drastic deviations may be responsible for
the very low affinity of RASSF9 for HRAS due
to electrostatic repulsion with D33. However,
RIT1 contains also an aspartic acid at the
corresponding position and yet shows an
intermediate  affinity for RASSF9. The
relevance of RIT1-RASSF9 interaction was
successfully validated by residue-swapping.
Substitution of five RASSF9 to RASSF5
residues, which did not bind RIT1, significantly
impaired the interaction (Fig. 4). Moreover, cell-
based pulldown experiments confirmed the
relevance of RASSF7 and RASSF9 as potential
RIT1 effectors, and support the notion that Ky
values of about 30 yM can be considered
physiologically relevant. Itis important to note that
GTPase-effector interactions in the cell take
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place in a context of multivalent platform very
different from the isolated domains and
bimolecular interaction under cell-free conditions.
Effectors are full-length, associated with
accessory proteins, and eventually the cell
membrane, and are subjected to distinct control
mechanisms, including posttranslational
modifications. Validated antibodies against these
proteins will enable us in near future to take the
next step namely determining the appropriate cell
type that endogenously expresses the desired
proteins and to unambiguously verify RIT1-
RASSF interaction.

RHEB broadly exhibited low-affinity
interaction with RASSF1-7, particularly
RASSF1 (Fig. 2), which may be based on a
large number of amino acid deviations in both
switch regions (Fig. 3 and S4). It has been
proposed that RHEB may complex with
RASSF1 to coordinate signaling pathways,
after processing by MST/LATS and TOR
kinases (767). In the presence of RASSF1,
RHEB has been shown to stimulate the
MST/LATS/YAP pathways but is suppressed
in its ability to activate the TOR pathway. The
physical interaction of RHEB with RASSFs
remains to be shown in cells, like it has been
shown for other RAS and RAS-like proteins
(165).

CRAF RB domain is one of the most and
best-studied RAS effectors with the highest
selectivity for the H/K/NRAS paralogs and to a
certain extent also for the RRAS proteins
(134). CRAF RB domain revealed an
intermediate affinity for RAP1B and RHEB1
but not for RIT1 or RAP2A (Fig. 2). The RAP1
and RAP2 subgroups differ at positions 25 and
39 (HRAS numbering), which are in the case
of RAP1 proteins occupied by favorable
glutamine and serine (Fig. 3). The two orders
of magnitude lower affinity of RAP1B for CRAF
RB domain stems from the drastic deviation at

position 31 (HRAS numbering). K31 in RAP
proteins obviously collides with the K84 in
CRAF and disfavors a RAP-CRAF interaction
(Fig. S9); this was the reason why RAP1A
mutated at this site was used for successful
determination of the complex structure
between RAP1A and the CRAF RB domain
(739). Phosphorylation of RAP1A at S11 has
been recently proposed to promote RAP1A-
CRAF RB domain interaction (7168). Devanand
and colleagues have proposed that
phosphorylation of S11 allosterically modulates
the dynamics of RAP1A switch regions, which
consequently promotes the RAP1A-CRAF
complex formation and downstream signaling
(169).

An intermediate affinity for CRAF RB
domain interaction with RHEB G domain (Fig.
2) points to previous reports of a direct
relationship between these two crucial
signaling molecules. PKA-dependent
phosphorylation of CRAF at S43 has been
shown to reciprocally potentiate RHEB-CRAF
interaction and to decrease CRAF interaction
with HRAS (770). An asparagine instead of
D38 (HRAS numbering) in the switch | region
seems to be critical for the unique CRAF
binding properties of RHEB. In a different
study, Henske and coworkers have shown that
RHEB interacts with and inhibits BRAF (777).
In this context, RHEB not only hinders the
BRAF association with HRAS but also
interferes with BRAF activation and its
heterodimerization with CRAF. As the RB
domains of the RAF paralogs are conserved
(746), mainly regarding their RAS binding
residues (Fig. S3), differences between BRAF
and CRAF interactions with RHEB may stem
from deviations outside the RB domains or
from different phosphorylation states. Heard et
al. have recently reported a strong interaction
between RHEB-GTP and BRAF (but not with

CRAF) and that RHEB overexpression
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decreases and RHEB knockdown increases
RAF/MEK/ERK activation (172). They have
shown that a variant of RHEB (Y35 to
asparagine; Y32 in HRAS) impedes RHEB
interaction with BRAF leading to an increased
BRAF/CRAF heterodimerization and thus
activation of the MAPK pathway. Accordingly,
they have proposed a dual function for RHEB,
suppression of the MAPK pathway and
mTORC1 activation (172).

RIT1-CRAF interaction has been frequently
proposed due to their critical roles in
developmental disorders, collectively called
RASopathy (773), but not directly shown. We
observed a very low affinity for these two
proteins (Fig. 2), which may stem from the
sequence deviation between RIT1 and HRAS
in their switch | region (Fig. 3). In an early study
on biochemical characterization of RIT, Andres
and coworkers have shown that RIT1 interacts
with RA domains of RALGDS and AF6 but not
with the CRAF RB domain (774). In a different
study, they have shown that RIT1 binds and
activates BRAF but not CRAF (775). This may
again implicate those additional regions may
exist outside the conserved RB domains of the
RAF paralogs, which differently facilitate the
interaction with the RAS proteins, like RIT1 or
RHEB.

An ever-present central concern in the
biophysical investigation of protein-protein
interactions is the relevance of low (10-30 uM) to
very low (>> 30 uM) affinity interactions in the
regulation of signaling events. These protein
complexes rely on weak, transient interactions
that are emerging as important components of
large signaling complexes at the plasma
membrane that are required to respond to
external stimuli. Cellular membranes play a
critical role in the localization and orientation of
protein complexes and in fine-tuning of protein
functions (776). The activity of RAS and RAF

paralogs is regulated through different
parameters, including membrane association.
Analysis of dynamic interactions between
KRAS4B and lipid bilayer membrane has
revealed that association of ARAF RB domain
with active KRAS4B not only reorients KRAS4B
at the membrane surface but also facilitates
membrane binding of ARAF RBD itself (177).
Four basic residues, K28, K66, R68, and K69,
are engaged in lipid binding. Another emerging
concept is based on the physical interaction of
the G domain itself with a lipid membrane. A
membrane-based, nucleotide-dependent
conformational switch operates through distinct
regions on the surface of RAS proteins, including
the hypervariable region (HVR), which reorients
with respect to the plasma membrane (7178-192).
Mazhab-Jafari and colleagues have proposed
two different orientations of KRAS4B facing
toward the membrane (777, 193). KRAS4B in an
exposed GDP-bound form favors a4/a5 helices,
which considerably reorients upon activation, and
favors B1-B3 sheets and a2/a3 helices from the
G domain, and K167/K172 from HVR, in an
occluded GTP-bound form. G domain-
membrane interaction may not only stabilize
protein complexes but may also contribute to the
specificity of signal transduction. A critical aspect
in this context is the organization of RAS proteins
into protein-lipid complexes. These so-called
nanoclusters concentrate RAS at the plasma
membrane. They are the sites of effector
recruitment and activation and are essential for
signal transmission (178, 181, 194, 195).

A frequently encountered issue in the
enhancement of RAS-effector interaction is
posttranslational modification. Thurman et al.
have recently demonstrated that the
ubiquitylation of KRAS at L147 impairs RAS-
RASGAP interaction and facilitates RAS-
CRAF association and MAPK signaling (796).
Barcelo et al. have shown that PKC-catalyzed

phosphorylation of KRAS at S181 results in an
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increased interaction of KRAS with CRAF and
PI3Ka (797). Several studies have previously
shown that the CRAF CR domain undergoes
direct interaction with HRAS, which appears to
be enhanced by the farnesyl moiety if using
farnesylated RAS (129, 198-203). A possible
HRAS-CRAF CR domain interaction has been
proposed to be, contrary to the CRAF RB
domain, outside of the switch regions of HRAS
and thus independent of its nucleotide-bound

state. In contrast, Y32 and Y64
phosphorylation by SRC alters the
conformation of switch | and |1l regions,

markedly reduces RAS binding to CRAF and
concomitantly increases binding to RASGAPs
and the rate of GTP hydrolysis (204, 205)

Another aspect related to very low affinity
interactions involves a secondary RAS binding
site, in addition to the RA/RB domain, in terms
of a two-step, two-domain binding model. The
two-domain model accommodates at least two
different enhancer mechanisms. One is the
direct enhancement of a selective RAS-
effector interaction required for effector
activation, proposed for the interactions of
yeast RAS2 with two sites in adenylyl cyclase
(206), HRAS with RB and CR domains of
CRAF (746), and HRAS with two RA domains
of PLCe (207). The latter may involve a high-
affinity, GTP-dependent binding of the RA2
domain accompanied by low-affinity, GTP-
independent binding of the RA1 domain. The
deletion of one of the RA domains inhibits
HRAS-induced PLCg activation (207). Notably,
AF6 also possesses two RA domains and
RGS12/14 two RB domains, respectively (28).
Such a tandem arrangement of RA respective
RB domains may enhance their affinity
towards RAS, increase effector occupancy by
additional endogenous events and thus the
signaling output. An emerging concept,
therefore, is the action of membrane binding

CR domain that stabilizes RAS-CRAF RB
domain interaction accompanied by S621
phosphorylation, and 14-3-3 binding that
collectively facilitates RAF activation (799,
200, 208-211).

The formation of multiprotein complexes
underlies a multistep assembly mechanism
that follows a defined and probably short path
from the cytoplasm, just underneath the
membrane, to the membrane where
membrane-associated proteins, for example,
RAS proteins, are anchored. The first step,
which has been designated as the piggyback
mechanism (212), most likely increases local
concentrations of protein components in a
small volume and may drive cytoplasmic
phase separations (213-215). The second step
is the site-specific association of assembled
protein complex with membrane-associated
components, such as RAS proteins, which in
turn are connected to receptors and co-
receptors (28, 214, 215). In this way, a
machinery of signaling molecules is
orchestrated before the ligand activates the
receptor. This is fine-tuned and prepared for an
efficient signal transduction. Of course, it
remains to be figured out why some
interactions are in the nanomolar range (e.g.,
20 nM) and some in the micromolar range
(e.g., 20 uM or more). Given that the latter is
involved in the initiation of multivalent
macromolecular interactions, the final complex
formation comes along after multivalent
interactions have proceeded (216). This
obviously increases significantly both the
number of interacting complexes and overall
binding affinity by orders of magnitude (28).
The nanomolar affinity, however, may
determine the selectivity for a sequential
formation of two complexes. These
interactions are often characterized by fast
association and slow dissociation rates,
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indicating the formation of stable complexes
(217-219).

Experimental procedures
Constructs

Gene fragments encoding RAs of RASSF1
(accession number Q9NS23; amino acids or
aa 194-288), RASSF2 (P50749; aa 176-264),
RASSF3 (Q86WH2; aa 79-187), RASSF4
(Q9H2L5; aa 174-262), RASSF5 (Q5EBH1; aa
200-358), RASSF6 (Q6ZTQ3; aa 218-306),
RASSF7 (Q02833; aa 6-89), RASSFS8
(Q8NHQ8, aa 1-82), RASSF9 (075901, aa 25-
119), and RASSF10 (A6NK89; aa 4-133) as
well as CRAF RB domain (P04049, aa 51—
131) were cloned into pMal-c5X-His vector.
The variants RASSF2-to-1
(A186K/Y187D/V190K/T191H), RASSF4-to-5
(Y185D/S1871/V188K/N188L) and RASSF9-
to-5 (V40D/G42I/L43K/K45L/R46H)  were
generated by BioCat Gene Synthesis (BioCat
GmbH) in pMal-c5X-His vector. Constructs for
the prokaryotic expression of human HRAS,
RRAS, RALA, RHEB1, RIT1, RAP2A and
RAP1B isoforms were described previously
(720). For mammalian expression, human
HRAS and RIT1 were cloned in pcDNA3.1-
Flag and pMT2-HA vectors, respectively.

Proteins

All RASSF and RAS proteins were expressed
in Escherichia coli using the pMal-His and
pGEX expression systems and purified using
Ni-NTA and glutathione based affinity
chromatography as described previously
(220). RAS'mGppNHp was prepared as
described (220). mGppNHp is a fluorescent,
non-hydrolysable analog of GTP; m stands for
the methylanthraniloyl (m) and GppNHp for
Guanosine-5'-[( B,y )-imido]triphosphate.

Fluorescence polarization

Increasing concentrations of RA/RB domains
(0.002-300 uM) were added to the solution of
mGppNHp-bound RAS family proteins (1 uM) in
a buffer, containing 30 mM Tris-HCI, pH 7.4, 100
mM NaCl, 5 mM MgCl,, 3 mM DTT) using
fluorescence polarization on a Fluoromax 4
fluorimeter as described previously (789). The
excitation wavelength was 360 nm and the
emission wavelength 450 nm. The dissociation
constants (Kq) for the RAS-effector interaction
were evaluated using a quadratic ligand binding
equation.

Bioinformatics

Information about RB and RA domains were
obtained either from annotations in the UniProt
database or in parallel using the program suite
HMMER [http://hmmer.org/]. HMMER uses a
Hidden Markov Model to compare sequences.
Unlike CLUSTAL, which directly compares
corresponding amino acids in the alignment,
HMMER also takes adjacent amino acids into
account. To do so, it calculates a Profile HMM
before sequence comparison. It determines
which amino acids are suitable at a given
position. In the context of some protein domain,
Profile can be viewed as a mapping of its
characteristic features required for the domain
structure, function or interaction. Sequence
alignments were performed in the Bioedit
program using the ClustalW algorithm (227).
By using Chimera, the sequence alignments
were adjust with superimposed structures
(738). An interaction matrix is based on
intermolecular contacts in complex structures
(734). A python code was written to match
sequence alignments with complex structures
(Table S7) and calculated intermolecular
contacts were put in the form of the interaction
matrix. The intermolecular contacts were
defined as pair residues with a distance of 4.0
A between effectors and RAS proteins in
available complex structures in the protein
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data bank (http://www.pdb.org). Biopython
modules (222) were also used to elucidate
corresponding residues in all available
complex structures. The structural
representation was generated using Pymol
viewer (223).

Cell-based assays

3.2 millions of HEK 293T cells were seeded
in 10 cm plates in DMEM supplemented with
10 % fetal bovine serum (FBS) 14 h prior to
transfection. The cells were transfected at 80%
to 90% confluency using TurboFect
transfection  reagent (R0532, Thermo
Scientific), with Flag-tagged HRAS and HA-
tagged RIT1 constructs, or no plasmid as a
negative control. At 24 h post-transfection,
cells were washed in ice-cold Phosphate-
buffered saline (PBS) and lysed in ice-cold
lysis buffer, containing 50mM Tris/HCI pH 7.5,
5 mM MgCl,, 100 mM NaCl, 1% Igepal CA-
630, 10% glycerol, 20 mM 3-
glycerolphosphate, 1 mM Na-orthovanadate,
EDTA-free inhibitor cocktail 1 tablet/50 ml. 200
Mg cell lysate were added to 20 pug His-tagged
MBP-RASSF proteins coupled with 100 pl Ni-
NTA beads. The samples were incubated for
30 min on the rotator at 4°C. After 3 washing
with the lysis buffer and centrifugation steps
(30 sec at 300xg), the samples were subjected
to SDS-PAGE (12.5% polyacrylamide). HRAS
and RIT1 were detected by immunoblotting
using a rabbit anti-His (RM146) antibody
(Thermo Fisher), a rabbit polyclonal anti-FLAG
(F7425) antibody (Sigma), and a rabbit
polyclonal anti-HA (SC-805) antibody (Santa
Cruz), respectively. The immunoblots were
evaluated using an Odyssey Fc Imaging
System (LI-CORE Biosciences).

Data availability statement

All the data are in the manuscript.
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Abbreviations and nomenclature

AF6, ALL1-fused gene from chromosome 6; CR domain, cysteine-rich domain; ERK, extracellular
signal-regulated kinase; GAP, GTPase-activating protein; GEF, guanine nucleotide exchange
factor; GTP, guanosine triphosphate; GTPase, guanosine triphosphatase; HK1, hexokinase-1;
HRAS, Harvey rat sarcoma; KRAS, Kristen rat sarcoma; MAPK, mitogen-activated protein kinase;
MBP, maltose binding protein; MEK, MAPK/ERK kinase; NKIRAS, NF-kappa-B inhibitor-
interacting RAS-like protein; NORE1, novel RAS effector; NRAS, neuroblastoma RAS; PDZGEF,
PDZ domain-containing guanine nucleotide exchange factor; PI3K, phosphoinositide 3-kinase;
PKC, protein kinase C; PLCg, phospholipase C epsilon; RA, RAS association domain; RAF,
rapidly accelerated fibrosarcoma; RALA, RAS-like protein A; RALGDS, RAL guanine nucleotide
dissociation stimulator; RAP, RAS proximate; RAS, rat sarcoma; RASD, Dexamethasone-
induced RAS-related; RASSF, RAS association domain family; RB, RAS binding domain; RERG,
RAS-related and estrogen-regulated growth inhibitor; RERGL, RAS-related and estrogen-
regulated growth inhibitor-like protein; RGL, RAL guanine nucleotide dissociation stimulator-like;

RGS, regulator of G protein signaling; RHEB, RAS homologous enriched in brain; RHO, RAS
homologous; RIN, RAS and RAB interactor; RIT, RAS-like protein expressed in many tissues;
RRAS, RAS-related protein; SARAH, Salvador-RASSF-Hippo domain; SHANK, SH3 and multiple
ankyrin repeat domain; SIN1, stress-activated protein kinase-interacting protein 1; SNX17, sorting
nexin-17; TIAM, T-lymphoma invasion and metastasis protein.

113



Chapter V: The binding selectivity of effectors for RAS proteins

Figure legends

Figure 1. Domain organization of effector proteins. Schematic representation of RASSF1-10
proteins, and CRAF. Different domains are highlighted, including RAS Association domain (RA)
in red, RAS Binding domain (RB) in yellow, and other domains in blue. Based on their domain
organization, the RASSF family proteins are divided in group 1 (RASSF1-6) and group 2 with N-
terminal RA domains (RASSF7-10). Coomasssie brilliant blue stained SDS-gels show purified
RAS proteins as well as the RA/RB domains purified as MBP fusion proteins.

Figure 2. Differential binding affinities for the RA/RB domain interactions with various RAS
subfamily members. The interactions between 7 RAS subfamily members with 12 effector
proteins (10 RA domains of the RASSF protein family and CRAF RB domain) were determined
by titrating mGppNHp-bound, active forms of RAS proteins (1 uM, respectively) with increasing
concentrations of the respective effector domains as MBP fusion proteins (Fig. S5 and S6). (A)
Data of four representative experiments are shown for the interaction of RALA, RAP2A,
RRAS1and RIT1 with RASSF1, 5, 7 and 9, respectively. (B) Evaluated Ky values (above the bars;
Table S5) were divided in high affinity (0.1 — 5 uM; green), intermediate affinity (6 — 30uM; blue),
low affinity (31 — 90 uM; red) and very low affinity (91-510 uM; black). No binding (n.b.) stands for
Kq values higher than 500 uM. The error bars were derived from the fitting errors.

Figure 3. Interaction matrix adapted for the structures of RAS complexes with effector
domains. Interaction matrix of RAS family proteins with the RA/RB proteins used in this study is
generated to demonstrate interacting residues in respective structures (see Table S6). It
comprises the amino acid sequence alignments of the RAS proteins (lower left panel) and the
effector domains (upper right panel), respectively, extracted from the complete alignments in Fig.
S2-S4. Each element corresponds to a possible interaction of RAS residues (row; HRAS
numbering) and effector (column; CRAF and RASSF5 numbering, respectively). The number of
actual contact sites between RAS and the effector domains (with distances of 4 A or less) were
calculated and are indicated with positive numbers for matrix elements. Extracted structures of
HRAS (in orchid) and the RA domain of RASSF5 and RB domain of CRAF (in olive) from their
surface complexes are presented (top left panel). Key interaction hotspots with the same color
codes are highlighted on the surface structures as well as in the interaction matrix and the
secondary structures, respectively. Boxed residues in RASSF2, 4 and 9 were replaces to
RASSF1 and 5, respectively, to validate the impact of these hotspot residues on the interaction
with RAS family proteins (Fig. 4).

Revised Figure 4. Validation of RAS-RASSF selectivity by hotspots residue-swapping in
RASSF RA domains. The interactions of the RASSF hotspot variants (RASSF2-to-1:
A186K/Y187D/V190K/T191H, RASSF4-to-5: Y185D/S1871/V188K/N188L and RASSF9-to-5:
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V40D/G42I1/L43K/K45L/R46H; see Fig. 3, boxed residues) with various RAS family proteins (RIT1,
RALA, RRAS1, HRAS, and RAP2A) were determined by fluorescence polarization (see Fig. S10),
and evaluated K4 values were plotted as bar charts together with Kq values of wild type RASSF1,
2,4,5and 9. (* p < 0.05; *™ p <0.01). Color codes highlight RASSF wild types (red and black)
and RASSF variants (green). The error bars were derived from the fitting errors.

Figure 5. Binding analysis of RIT1 and HRAS with RASSF1-RA, RASSF7-RA and RASSF9-
RA using pulldown assay. (A) HA-RIT1 and FLAG-HRAS, overexpressed in HEK 293T cells,
were pulled down using the His-tagged MBP-RA domains of RASSF5, RASSF7 and RASSF9,
respectively, and immunoblotted (IB) using anti-HA and anti-FLAG antibodies. Immunoblots of
total cell lysates (TCL) were served as loading control to detect HA-RIT1 and FLAG-HRAS. An
anti-His antibody was used for detection of the His-tagged MBP-RA domains of RASSF5,
RASSF7 and RASSF9 as an input loading control (more detail in Fig. S11). (B) The graphs
represent densitometric analysis of three independent experiments under the same conditions as
shown in (A). All values were normalized to the loading control. All data are expressed as the
mean of triplicate experiments + standard deviation (unpaired t-test, *p < 0.05, **p < 0.01 and ***p
< 0.001).
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Figure 2

- 8 4¥HD S A0
= 8 e i 3 @ o
@ g 2 AxXrezonnao
o[ e <xwozZoOWZOo
~ (=1 a)
sl ~ To . KO- WS> 0
5 B3k sl | 5 O b 2> — > £ £
qu| 0 2 ol A >SN % B
g - KX XXX XY @88
qu| e Sl - x>0z IT>0>T )
qu| e Il W we AZ- 2z . 5 i
= T “ Sl - NV ZoE-zHT 2= &
_ ﬁ A R | > >> xHE B 222
o A KA I o S0 oo ox —@Ho n > ET®
2 3 s MOOV>COOOC 8 EE
&« = >E>>x oFzEHo 0O O
- Al = > agnEy Sog
W w XYrruwoonan
5] o B n o o
2 ol @ XXX NENXXYNY N N = <
= = Nk WWW > w2 120 -
© PR LeRTDL] 2 %l ¢ PRl © T ot ou SyuH
- 5882288899 o . eva
B b Ciitresese b |8 o
: p— . . | Srr I [ x5
@ dvdd qu] dvuo =
2 - m 5 - M m
JE m ] oy
: N— i m .
3 ~ ©
L
W b quSw W, Mm
4 < 2w < <
1 o P c 3
8 < © %
2 = @ =
= S
= °
Sl - U]
o : T T Ca. n |
= 2l dvao M
o = cfll 2 T
2 < N » -
D~ 0 T © o o ©
TR TS 2 8
% %% & E o -
LI o = o L
rore. S e 8 wl B
2= 2 o] £
NoE- B ® < ¥
LIFs 5 5 «
< o C o
E re 3 2 © c
e & £
g3 B o~ Hm
@l - o Ne X O e > e > [y L
¥ o T T T T T T Q - HDE!QDSYWH
g 8§ & 8 § 8 58 g 88888 -° 5 =
= 2 <« o & N P - S S T S
= R < = - o0 m ulewop o
<< uonezie|od sane|ay ()™ i




Chapter V: The binding selectivity of effectors for RAS proteins

Figure 4
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Abstract

For the discovery of novel chemical matter, in general endowed with bioactivity strategies may be
particularly efficient that combine previous insight about biological relevance, e.g. natural product
(NP) structure, with methods that enable efficient coverage of chemical space, such as fragment
based design. We describe the de novo combination of different 5-membered NP-derived N-
heteroatom fragments to structurally unprecedented “pseudo natural products” in an efficient
complexity-generating and enantioselective one-pot synthesis sequence. The pseudo NPs inherit
characteristic elements of NP structure but occupy areas of chemical space not covered by NP-
derived chemotypes, and may have novel biological targets. Investigation of the pseudo-NPs in
unbiased phenotypic assays and target identification led to the discovery of the first small-
molecule ligand of the RHO GDP-dissociation inhibitor1 (RHOGDI1), termed Rhonin. Rhonin
inhibits binding of the RHOGDI1 chaperone to GDP-bound Rho GTPases, induces activation of

the GTPases and inhibits signal transduction through a non-canonical Hedgehog (Hh) pathway.
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Introduction

The discovery of novel chemical matter, in general endowed with bioactivity and biological
relevance is at the heart of chemical biology. Such compound classes may have new biological
targets and modes of action, and, therefore, their bioactivity will best be evaluated in unbiased

target-agnostic phenotypic assays, followed by target identification and validation.(224-226)

Strategies for the design of such novel compound classes can draw from previous insight about
biological relevance of compound classes as for instance gained by Biology Oriented Synthesis
(BIOS). In BIOS, complex natural product (NP) scaffolds are reduced to less complex,
synthetically better accessible structures retaining the characteristic properties of the guiding
NPs.(227) However, BIOS covers only a small fraction of natural product-like chemical space and
arrives at compound classes that may retain the kind of bioactivity of the guiding NPs. These
limitations can be overcome by the design and synthesis of “pseudo-natural products”.(228) In
pseudo-NPs natural product fragments that represent NP structure and properties(229) are
combined de novo to unprecedented NP-inspired compound classes not accessible by known
biosynthesis pathways. Pseudo-NPs inherit characteristic NP structures and properties but go
beyond the chemical space explored by nature and, therefore, promise to have unexpected

bioactivity and targets.

Five-membered N-heterocycles are defining structural units of numerous natural products with
diverse bioactivity. Thus, succinimides occur for instance in the haterumaimides, which have
antitumor activity(230), and the fungal metabolite hirsutellone, which is active against
Mycobacterium tuberculosis (Figure 1a).(231) Pyrrolines are characteristic structural elements of
eudistomin alkaloids with calmodulin antagonist activity (Figure 1a)(232) and the tobacco alkaloid
myosmine(233) (Figure 1a). Pyrrolidines occur as isolated scaffolds in various structurally simple

alkaloids like nicotine or fused to other scaffolds in structurally more complex alkaloids, such as
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dendrobine (Figure 1a). In addition, in the nicotin receptor agonist epibatidine two pyrrolidines are

fused in a bicyclic [2.2.1] arrangement (Figure 1a).

In light of this diverse occurrence of five-membered N-heterocycles in NPs, we designed and
synthesized a pseudo-NP collection which combines these fragments in different connectivities.
Phenotypic investigation of bioactivity and target identification led to the discovery of the novel
Hedgehog pathway inhibitor Rhonin. Rhonin is the first small-molecule ligand of the RHO GDP-
dissociation inhibitor1 (RHOGDI1), and inhibits binding of this chaperone to GDP-bound Rho
GTPases. Its discovery establishes a link between RHOGDI1 and Hh signaling through a non-

canonical pathway.
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Results

Establishment of a tandem catalysis sequence

For the synthesis of a pseudo-NP collection we considered to combine 5-membered N-
heterocycle fragments in a complexity-generating manner and by different connectivities (Figure
1b), i.e. such that (i) the fragments do not share atoms and are linked via one bond (monopodal
connection; green bonds, Figure 1b), (ii) they share two atoms linked via a common bond (edge
fusion; red bonds, Figure 1b) or they may be linked in a bicyclic arrangement sharing three atoms
and two bonds (bridge fusion; magenta bonds, Figure 1b). Thereby related but different pseudo-

NPs could be synthesized based on a limited set of fragments.

It was planned to initially construct pyrrolidines by means of an enantioselective dipolar
cycloaddition of azomethine ylides with maleimides. This would yield an edge-fused pyrrolidine-
succinimide pseudo-NP class, i. e. 3. Subsequent oxidation of the pyrrolidine to an imine would
give rise to a succinimide-pyrroline combination 4 which can undergo further transformations. The
imine could be converted to a new azomethine ylide which might react with maleimides in a
second 1,3-dipolar cycloaddition to yield a double fused pseudo-NP class 5 combining two
succinimides with a bicyclic azabicyclo[2.2.1] scaffold characteristic for epibatidine. Nucleophilic
addition to maleimides will generate a pseudo-NP class 6 containing two fragments linked by an
edge fusion to a second succinimide fragment via a monopodal connection. Finally, conjugate
addition to different l1[1-unsaturated electrophiles would yield pseudo-NPs 7 in which a
succinimide and a pyrrolidine are combined. The side chain may contain additional natural

product fragments.

By means of this divergent synthesis approach several different pseudo-NP types would be
accessible efficiently making use of a unified strategy. This synthesis strategy offers several

attractive features. The metal-catalyzed 1,3-dipolar cycloaddition and the subsequent regio- and
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chemoselective oxidation could potentially be coupled in a novel tandem catalytic approach in
which the metal catalyst used for the cycloaddition could be employed in combination with an
oxidizing agent. Such tandem catalysis sequences combining two or more mechanistically distinct
chemical reactions are considered to be particularly attractive, since they enable expedient
generation of molecular complexity and efficiency of the reaction sequence.(234) Hitherto A'-
pyrrolines have been synthesized by means of cycloaddition of Miinchnones to electron-deficient
alkenes.(235, 236) Thus, the tandem catalysis strategy outlined in Figure 1b also represents a

novel method for the synthesis of this compound class.

In order to identify suitable reaction conditions for the tandem catalysis sequence, azomethine
ylide 2a (Figure 2a; R?= 4-Br) was reacted with N-methylmaleimide 1a (R'= Me) in CH:Cl; in the
presence of Cu(CH3CN)sPFe as catalyst and (R)-Fesulphos [(Ry)-2-(tert-butylthio)-1-
(diphenylphosphino)ferrocene)] as chiral ligand for the 1,3-dipolar cycloaddition.(237):(238)
Subsequent addition of TBHP as terminal oxidant for the Cu(l) catalyzed oxidation gratifyingly
yielded the desired pyrroline 4a (Figure 1b; R' = Me, R? = 4-Br) in good yield (82%) and with
complete regio- and chemoselectivity. Combination of these two steps with the envisaged
additional cycloaddition and conjugate addition required careful optimization of the reaction
conditions (see the Supplementary Information for details). After substantial experimentation, use
of 1.5 equivalents of each EtsN and maleimide in CH2Cl; was found to be best for the formation
of Michael addition products 6. The double cycloaddition to tricyclic products 5 proceeded best in
the presence of 0.5 equiv of DBU in THF. In CH.CI,; and in the presence of DBU, instead
nucleophilic addition to acyclic Michael acceptors occurred and products 7 were obtained (see

the Supplementary Information for details).

Synthesis of a pseudo-NP collection.
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The successful identification of conditions for the selective formation of the three envisaged
compound classes enabled the assembly of a pseudo-NP collection. In the synthesis of double
cycloadducts 5 (Figure 2a, conditions A) the aromatic ring of the azomethine ylides 2 can be
varied (Figure 2a, 5a-5d). Electron-donating and -accepting substituents on the phenyl ring were
well tolerated and gave the cycloadducts 5a-d in good yields and with generally excellent
enantioselectivity (see Figure 2a). In addition, both aryl and alkyl maleimides could be

successfully employed in the reaction in different order and combination (Figure 2a, 5e, 5f).

Under the conditions identified for the Michael addition to unsaturated cyclic electrophiles a variety
of azomethine ylide precursors embodying electron-donating or —withdrawing substituents gave
the corresponding products 6 in excellent yield and with high diastereo- and enantioselectivity
(Figure 2a, 6a-6e) and independent of the electronic nature and the position of the substituents
on the phenyl ring in the dipole. Acyclic electrophiles like chalcone and different vinyl- and ethynyl
ketones gave the corresponding products 7 in good yields and with high ee (Figure 2a, 7a-7i).
Notably, in the case of styryl-vinyl ketone, a single regioisomer 7e was obtained in 72% vyield.

Ethynyl-phenyl ketone yielded the E-isomer 7g in 71% yield.

The relative configuration of the cycloadducts was unambiguouly assigned by means of a crystal
structure obtained for rac-6a. By means of VCD spectroscopy, the absolute configuration of the
major diastereomer of 7a was determined as (S)-7a. For 7h a crystal structure analysis
established the E-configuration (see the Supplementary Information for details). Since the
diastereoselectivity of the last functionalization is determined by the two stereocenters established
in the first cycloaddition, the absolute configuration of all other compounds was assigned by
analogy. For a mechanistic proposal to rationalize the observed direction and level of

stereochemical induction see Supplementary Scheme S1.
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These results demonstrate that the synthesis strategy efficiently yields a pseudo NP collection
including the formation of three stereocenters and a tetrasubstituted carbon atom, in a highly

efficient one pot reaction.

Cheminformatic analysis

The chemical space occupied by the new pseudo-NPs was analyzed by employing the natural-
product score (NP-score) distribution(239) as measure. Since the maijority of the collection is
defined by pyrrolines fused to succinimides, the NP-score was calculated for the sub-library
defined by this scaffold and compared with both the score calculated for NPs in ChEMBL(240)
and the score calculated for marketed and experimental drugs listed in DrugBank.(247) The
pyrroline-derived pseudo-NPs display a narrow distribution in a region of the NP-Score graph
which is sparsely covered by NPs (Figure 2b). The fact that the combination of NP-derived
fragments yields compounds with properties diverging from NPs may be counterintuitive.
However, the fragment combination generated here is not encountered in nature, such that the
NP-score distribution of these pseudo-NPs should be different to NPs themselves. Comparison
to the set of compounds in DrugBank which represent approved and experimental drugs,
demonstrates that the pseudo-NPs display NP-scores in an area populated by synthetically
accessible biologically relevant molecules. However, an additional analysis of the principal
moments of inertia (PMI)(242), used as a measure of molecular shape, revealed that the pseudo-
NPs described here have a high degree of three-dimensionality (Figure 2c) compared to typical
synthetically accessible compound collections.(243) Further analysis using Lipinski-rule-of-5
(Lipinski-Rob5) criteria showed that only 42 % of the newly synthesized collection is included within
the limits of drug-like space (Figure 2d), indicating that de novo combinations of NP-derived
fragments may result in compound collections with enhanced biological relevance even when

deviating from established metrics.
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The analysis indicates that the succinimide-pyrroline pseudo-NPs may occupy a previously not
accessible fraction of NP-inspired chemical space, reflecting the fact that they are not obtainable
via current biosynthetic pathways. This novel scaffold may be endowed by design with
advantageous physiochemical properties, as the pseudo-NP collection displays a NP-score
distribution closer to the region occupied by approved drugs, even if the majority of the collection

falls outside the limits of Lipinski-Ro5 space.

Biological evaluation of the pseudo NP collection

Investigation of biological activity of the pseudo NP collection in several cell-based assays
monitoring modulation of autophagy, Wnt signaling, reactive oxygen species (ROS) induction,
Notch signaling, and Hedgehog (Hh) signaling revealed that the pyrroline-derived compounds are
potent and selective inhibitors of Hh pathway-dependent osteogenesis in pluripotent mouse
mesenchymal C3H/10T1/2 cells (see Supplementary Table S6). Despite the limited number of
compounds, trends for structure-activity correlation became apparent. Thus, extension of the
ketone part of the most potent hit 7a, e.g. by introduction of a para-Br substituent into the aryl
ketone part (to yield 7b), or by a para-F into the phenyl ring (Figure 2a, compare 7a and 7d)
abolished activity. The configuration of the stereocenter generated in the final conjugate addition
to yield e.g. 7a has only minor impact on the bioactivity (Supplementary Table S6, compare 7a
and its epimer 7a-epi). A phenyl group is not strictly required in the electrophile for activity, since
methyl-vinyl ketone yielded active compound 7¢c (Figure 2a and Supplementary Table S6, 7c).
However, in the presence of a phenyl group derived either from the aryl ketone part or the aryl-
vinyl part of the electrophile, activity is higher (compare 7c¢ to 7a, 7g and 7e). All active
cycloadducts were derived from N-methyl maleimide. If the methyl group was replaced by a
phenyl substituent, activity was lost (compare 7c¢ and 7f). The most potent compound 7a (Figure
3a; ultimately termed Rhonin, see below) showed an ICso value of 1.60 £ 0.15 uM in the orthogonal

GLI-dependent reporter gene assay in Sonic hedgehog (Shh)-LIGHT2 cells (see Supplementary
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Table S6 and Figure 3b) and was selected for in-depth biological characterization. Rhonin dose
dependently suppressed the expression of the Hh target genes Ptch1 and Gli1 to approx. 20 %

(Figure 3c), thus confirming Hh pathway inhibition.

Most Hh pathway inhibitors target the seven pass transmembrane protein Smoothened (SMO)
and often affect SMO ciliary localization(244). However, Rhonin did not displace the SMO binder
BODIPY-cyclopamine from SMO (Figure 3d and Supplementary Figure S1). In addition, Rhonin
did not affect localization of SMO to cilia as indicated by the co-localization of acetylated tubulin
(as a ciliary marker) and SMO (Figure 3e). These findings indicate that Rhonin acts downstream

of SMO.

Rhonin targets RHOGDI1

For target identification, affinity probes 8 and 9 (Figure 4a) were synthesized based on the
structure-activity relationship. The corresponding Boc protected analogue of 8 retained significant
Hh pathway inhibiting activity (810a, 1Cso = 12.0 + 1.2 yM, Supplementary Table S6), whereas
the Boc-protected analogue of 9 was inactive (S10b, Supplementary Table S6). After
immobilization of the probes and affinity-based target enrichment (pulldown), label-free
quantification of proteins that selectively bound to the active probe 8 as compared to the control
probe 9 indicated RHO GDP-dissociation inhibitor 1 (RHOGDI1), Filamin-B and Filamin-C as
potential targets (Supplementary Table S7). Subsequent immunoblotting after the pulldown
confirmed the selective enrichment of RHOGDI1 but not of Filamin-B and Filamin-C (Figures 4b

and 4c and Supplementary Figure S2) such that RHOGDI1 was further evaluated as target.

RHOGDI1 is a chaperone for geranylgeranylated (GerGer) proteins, in particular the RHO
GTPases.(245) The major fraction (90 - 95%) of prenylated RHO GTPases are maintained in

stable soluble state in the cytosol by RHOGDI1.(246) Rhonin directly binds to RHOGDI1 as
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demonstrated for the fluorescent Rhonin derivative 10 which displays a dissociation constant (Kq)
of 7.2 uM (Figures 4d and 4e). RHOGDI1 can extract GDP-bound inactive RHO GTPases from
membranes and sequesters them in the cytosol. In an in vitro liposome sedimentation assay,(247)
addition of RHOGDI1 to liposomes loaded with prenylated GDP-bound RAC1 resulted in
extraction of RACH1, i.e., RAC1 was detected in the soluble fraction (Figure 4f). However, in the
presence of Rhonin and RHOGDI1, RAC1 remained bound to the liposomes, i.e., RAC1 was
detected in the insoluble fraction. This finding indicates that Rhonin inhibits the extraction of RAC1
by RHOGDI1. The structurally similar Rhonin analog 7d (Figure 2a), which did not inhibit Hh
signaling, also did not inhibit extraction of RAC1 from liposomes (Figure 4f). Similar results were
obtained in a liposome flotation assay(248) (Supplementary Figures S3a and S3b). In addition to
RAC1, Rhonin also inhibited the RHOGDI1-mediated extraction of RHOA and CDC42
(Supplementary Figure S3c and S3d). Rhonin slowed down the kinetics of geranylgeranylated
RAC1 extraction mediated by RHOGDI1 in an surface plasmon resonance (SPR) setup using
immobilized synthetic PI(4,5)P2-rich liposomes loaded with geranylgeranylated GDP-bound
RAC1, whereas the inactive derivative 7d did not (Supplementary Figures S4a-c). These results
suggest that Rhonin may directly modulate the RHOGDI1-RAC1 interaction. Whereas non-
prenylated TAMRA-GDP-RAC1 bound to RHOGDI1 with a Ky of 14 uM, which is in agreement
with previous reports,(249) in the presence of Rhonin the Ky value for the RHOGDI1-RACA1
interaction increased to 134 yM, which indicates that Rhonin does interfere with RHOGDI1-RAC1-

GDP complex formation (Supplementary Figures S4d and S4e).

To gain insight into the binding site for Rhonin on RHOGDI1, competition between fluorescent
derivative 10 and prenylated RAC1 was monitored. Addition of prenylated RAC1 to a pre-formed
10-RHOGDI1 complex reduced fluorescence polarization, indicating displacement of 10 from
RHOGDI1 (Figure 4g). However, non-prenylated RAC1 was able to bind RHOGDI1 but could not

displace the ligand. Moreover, increasing concentration of Rhonin competed with the binding of
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RHOGDI1 to a GerGer-RAB1 peptide, which was previously shown to bind to the prenyl binding
pocket of RHOGDI1 (Figure 4h).(250) Based on the obtained results, the measured affinity
between Rhonin and RHOGDI1 (Kq = 7.2 uM from Fig. 4e, 6 yM from Figures S4d and S4e) might
initially appear to be too low to interfere with the extremely high affinity GerGer-RAC1/RHOGDI1
interaction (Kq = ca. 10" M (257)), and this would be true if Rhonin and GerGer-RAC1 were
competing directly for binding to RHOGDI1 in the absence of other factors. However, as shown
in Figure 4f, there is clear displacement of RAC1 from its complex with RHOGDI1 in the presence
of liposomes. The reason for this is that there is already substantial competition for RAC1 binding
to RHOGDI1 from the high concentration of lipids that are able to bind RAC1 with relatively high
affinity, and this competition can be modified by Rhonin. We have simulated the effect of Rhonin
on the distribution of RAC1 between RHOGDI1 and the liposome surface under the conditions of
Figure 4f in the form of a titration with increasing Rhonin concentration using the values of the
affinities already mentioned and an effective Kq for binding of a geranylgeranyl group to liposomes
of 0.2 uM (defined with respect to the total exposed lipid concentration(252)). As shown in
Supplementary Figure 4f, there is a predicted displacement of RAC1 from RHOGDI1 in the
micromolar to hundreds of micromolar range of Rhonin concentration, and at 50 yM Rhonin, the
concentration used for the experiment of Figure 4f, ca. 40% of RAC1 is bound to liposomes, in
approximate agreement with the results of Figure 4f. Effectively, Rhonin acts as a buffer that
reduces the free concentration of RHOGDI1 and this leads to the effects seen. These results
show that Hh-pathway inhibitor 7a targets RHOGDI1 and inhibits its RHO GTPase binding activity
most likely by binding to the geranylgeranyl binding site of RHOGDI1. Hence, the compound was
termed Rhonin. In order to determine selectivity for binding to RHOGDI1, displacement of
fluorescein-labelled atorvastatin Kp = 58 nM from the prenyl-binding pocket of the lipoprotein
chaperone PDEllwas investigated.(2563) PDEl[Tbinds preferably binds farnesylated

lipoproteins like the Ras- and Rheb GTPases. Rhonin does not compete with fluorescein-labelled
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atorvastatin for binding to PDE[[] indicating selectivity for RHOGDI1 (Supplementary Figure

S4q).

RHOGDI is a negative regulator of Hh signaling

To examine the role of RHOGDI1 in Hh signaling we depleted RHOGDI1 using two different small
interfering RNAs with a knockdown efficiency of 88 % for siRNA-1 and 64 % for siRNA-2 (Figure
5a). siRNA-1-mediated knockdown of RHOGDI1 along with simultaneous activation of the Hh
pathway increased the levels of the Hh target genes Ptch1 and Gli1 (Figure 5b). By analogy,
purmorphamine-mediated osteoblast differentiation was increased upon RHOGDI1 depletion
(Figure 5¢). Conversely, RHOGDI1 overexpression decreased Hh pathway activity (Figure 5d and
Supplementary Figure S5b). These results indicate that, in principle, RHOGDI1 is a negative

regulator of Hh signaling.

The different RHOGDI1 knockdown efficiencies achieved with siRNA-1 and siRNA-2 allow to
explore the activity of Rhonin under graded depletion of RHOGDI1. Decreasing RHOGDI1 levels
correlated with a decrease in Rhonin’s ability to suppress Hh signaling, i.e., the compound had
no (for siRNA-1, 88% knockdown) or only a weaker (for siRNA-2, 64% knockdown) influence on
Hh target gene expression upon stimulation with purmorphamine (Figure 5b and Supplementary
Figure S6). This result provides strong evidence that Rhonin inhibits Hh signaling by targeting
RHOGDI1, as depletion of the entire target protein pool, e.g., by knockout or efficient knockdown,

is expected to lead to full inactivity of the compound.

Rhonin activates RHO GTPases by inhibiting RHOGDI1

Since RHOGDI1 is a negative regulator of RHO GTPases, it is to be expected that an inhibitor of
RHOGDI1 should positively affect the activity of RHO GTPases. Depletion of RHOGDI1 lowered
the total level of RHOA and increased the level of RHOA-GTP by two fold (Figure 6a and 6b),
which is in agreement with previous reports.(246) Stimulation of Hh signaling with purmorphamine

131



Chapter VI. The Pseudo Natural Product Rhonin Targets RHOGDI1

slightly increased the RHOA-GTP level. Notably, in the presence or absence of purmorphamine,
treatment with Rhonin led to increased levels of GTP-bound RHOA. This finding indicates that
RHOGDI1 inhibition by Rhonin phenocopies RHOGDI1 depletion. A similar but weaker trend was

observed for RAC1 and CDC42 (Figure 6b).

RHO GTPases regulate formation of the actin cytoskeleton in fibroblasts and endothelial
cells.(254) Serum starvation inhibits RHO GTPases and leads to disruption of the actin
cytoskeleton (Figure 6¢).(255, 256) Treatment of serum-starved cells with Rhonin for 24 h resulted
in a dense network of actin stress fibers. The onset of stress fiber formation was observed as
early as 2 h after treatment with Rhonin, indicating activation of RHOA (and most likely RHO
associated kinase, ROCK). Interference with RHOGDI1 function should alter the subcellular
localization of RHO GTPases.(246) Indeed, treatment with Rhonin led to a shift of the three RHO
GTPases from the cytosolic to the heavy membrane fraction with the strongest influence on
RHOA (Figure 6d and 6e and Supplementary Figure S7). The heavy membrane fraction contains
the plasma membrane and the rough endoplasmic reticulum (rER). Thus, upon treatment with
Rhonin the amount of RHO GTPases at the plasma membrane increases, i.e. the site of RHO-
GTPase activation. Alternatively, the GTPases are mislocalized and trapped at the rER, thus
preventing their activation. These findings show that Rhonin leads to activation and change in the

subcellular localization of RHO GTPases.

Discussion

Efficient strategies for the discovery of new bioactive compounds with novel chemotypes may
best build on established biological relevance of compound classes and their underlying scaffolds.
In particular, natural product (NP) structure and activity have provided inspiration (227) for
strategies like Biology Oriented Synthesis (257, 258) and natural product ring-distortion and
modification (259, 260). However, NP-related compound collections usually represent only
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focused areas of chemical space, and also of biological target space. Thus, strategies that enable
efficient and wider coverage of biologically relevant, NP-related chemical space, like fragment

based design, are highly desirable and in high demand.

Application of fragment-based design to the synthesis of NP-inspired compound collections, calls
for de novo combinations of NP fragments.(229) The resulting novel compound classes will inherit
characteristic NP-structures, properties and relevance but go beyond the chemical space
explored by nature because they will not be accessible by known biosynthesis pathways. Thus,
they may be regarded as “pseudo natural products”.(228) This term has been previously used by
Suga et al., (261, 262) to describe cyclopeptides synthesized in vitro, as well as by Oshima et al.
(263, 264) to characterize hybrid compounds obtained by biosynthetic pathway interception. Due
to the unprecedented combination of NP fragments pseudo-NPs may have unexpected and novel
targets which may not be related to the bioactivity of the guiding NPs. Hence their bioactivity
should be analyzed in unbiased, target-agnostic phenotypic assays to widely cover biological

target space.

We validate the “pseudo natural product” concept by the design, synthesis and evaluation of a
compound collection that combines five-membered N-heterocycles (i.e. pyrrolidines, pyrrolines
and succinimides) characteristic for NP classes with different structure and different biosynthetic

origin, in novel arrangements and with different connectivities.

Cheminformatic analysis, employing the NP-score as measure for NP-likeness, indicated that the
pyrroline-derived pseudo-NPs occupy an area of chemical space previously not accessible to
and, therefore, only sparsely covered by NPs. Rather the pseudo-NPs display NP scores
characteristic for drug-like compound classes, such that they may be endowed by design with

advantageous physiochemical properties.
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The novel pseudo-NP Rhonin proved to be an inhibitor of Hh signaling. The Hh signaling pathway
is vital for organ development and body patterning during embryogenesis and its inappropriate
activation is linked to several types of cancers. SMO is the most druggable target in Hh signaling,
however, there is a need to impinge the pathway downstream of SMO due to recently discovered
drug-resistant mutations in SMO.(265) In addition, there are SMO-dependent and —independent
non-canonical Hh-pathways for which small molecule modulators have rarely been
developed.(266, 267) We demonstrate that Rhonin binds to RHOGDI1, which translates to
displacement of RHOGDI1-bound RHO GTPases, results in enrichment of GTP-bound RHO
GTPases in membranes and establishes a link between RHOGDI1 and Hh signalling. The
compound most likely directly binds into the prenyl binding pocket. Efficient depletion of RHOGDI1
completely abolished the pathway inhibitory activity of Rhonin and validates RHOGDI1 as the
target protein with regard to Hh pathway inhibition. To the best of our knowledge, no direct
RHOGDI1 inhibitor has been described to date. The only reported small molecule related to
RHOGDI1 function is secramine A, which inhibits CDC42-mediated actin polymerization in a
RHOGDI1-dependent manner.(268) However, a direct interaction between secramine A and

RHOGDI1has not been shown.

RHOGDI1 is a chaperone and negative regulator of the geranylgeranylated RHO GTPases
RHOA, RAC1 and CDC42(269) which regulate the actin cytoskeleton and, thus, processes like
cell adhesion, establishment of cell polarity and cell migration.(269) RHOGDI1 binds and buries
the membrane-anchoring geranylgeranyl moiety of the GTPases in a hydrophobic pocket and,
thereby, increases their solubility in the cytosol.(245) It extracts RHO GTPases from membranes
and sequesters them in the cytosol, thus preventing their activation at the target membrane.(245)
In the absence of RHOGDI, the cytosolic pool of the geranylgeranylated RHO GTPases,
constituting 90-95% of total RHO GTPases, is rapidly degraded by the proteasome, while the

levels of membrane-bound GTP-bound RHO GTPases increase.(270, 271) However, these
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activated RHO GTPases may fail to properly localize to their target membranes and accumulate
at the endoplasmic reticulum , thus effectors may not be activated.(246) As opposed to activation
of all GTPases, in RHOGDI 1" mice activation of only RHOA but not RAC1 and CDC42 was
observed along with hyper-phosphorylation of myosin light chain.(272) Activation of only RHOA
was also evident in the detection of stress fiber formation upon RHOGDI knockdown in HUVEC
cells.(272) Interestingly, Rhonin increases the level of GTP-bound RHOA and induces stress fiber

formation, which is in line with increased activity of RHOA.(273)

Direct involvement of RHOGDI1 in Hh pathway regulation has not been reported before. However,
RHO GTPases have been linked to Smo-dependent, non-canonical Hh signaling(266, 267)
(Supplementary Figure S8a). SMO can signal through Gai to activate RHOA and RAC1 and
modulate the actin cytoskeleton in a non-canonical fashion.(274-277) In addition, RHOA has been
linked to GLI-mediated transcription. However, the signal to RHOA was transmitted via by Gai»
or Gaszand did not include SMO or SHH.(278, 279) In hematopoietic stem cells, a constitutively
active mutant of RAC1 induced higher expression of GLI-2 and SHH. Conversely, dominant
negative RAC1 decreased the expression of GLI-2 and SHH, therefore suggesting a GLI-
dependent regulation of Hh signaling by RHO GTPases.(280) Furthermore, IFT80 (Intraflagellar
transport protein 80) deletion causes cilia defects and leads to suppression of Hh-GLI signaling
and osteoblast differentiation while increasing Hh-SMO-Gai-RHOA-stress fiber signaling.(287)
The resulting RHOA activation and its suppressive influence on Hh-induced osteogenesis was
partially or fully reverted by RHOA or ROCK inhibition or by disrupting the actin cytoskeleton.(287)
Inhibition of actin assembly positively influences ciliogenesis, (287, 282) and RHO GTPases have
also been linked to ciliogenesis, i.e. CDCA42 restricts the frequency of ciliated cells and axoneme
length by recruiting the regulators of actin dynamics.(283) However, although depletion of CDC42
increases axoneme length and ciliation, it suppresses canonical Hh signaling.(283) Thus, an

intricate interplay between RHO GTPases and GLI-mediated transcription exists and genetic or
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pharmacological modulation of RHOGDI1 is expected to have a pleiotropic influence with not

readily predictable outcome with regard to osteogenesis and Hh-SMO-GLI signaling.

The non-canonical SMO-RHOA pathway suppresses the SMO-GLI pathway(287), and RHOGDI1
knockdown should positively modulate the SMO-GLI axis because the amount of GTP-bound
RHO GTPases will increase but downstream effectors may not be activated. Indeed, we observed
increased Hh-mediated osteogenesis upon depletion of RHOGDI1. However, knockdown of
RHOGDI1 should also impair CDC42-controlled ciliation that may negatively influence Hh-GLI-
related processes. The Gai2/Gai3-RHOA-GLI axis, if active during osteogenesis in the employed
cell line, would likewise be inhibited by RHOGDI1 depletion. We observe, most likely as net sum
of all effects on RHO GTPases, an increase in osteogenesis upon RHOGDI1 knockdown.
Pathway perturbation and RHOGDI1 inhibition by Rhonin have effects on Hh signaling opposite
to RHOGDI1 depletion. Such divergence between chemical and genetic perturbations has been
observed before and, actually, may differentiate a chemical-biological analysis form a genetic
investigation.(284, 285) Genetic knockout or knockdown remove or reduce the target protein,
whereas small molecules modulate individual binding sites or functions. RHOGDI1 recognizes its
target GTPases via two binding sites. While Rhonin affects binding to the prenyl binding pocket,

RHOGDI1 knockdown abolishes binding to both sites.

Our findings suggest that Rhonin influences canonical Hh signaling via a non-canonical route.
They are in agreement with a mode of action in which Rhonin binds to RHOGDI1, prevents the
extraction of RHO GTPases from membranes and, thereby, leads to increased pools of active,
GTP-bound RHO GTPases. Whether all three GTPases are activated or not, would depend on
the employed system since activity of RHO GTPases will depend on different factors, i.e.
phosphorylation, ubiquitination, GEFs and GAPs etc.(269). Our data indicate that, in contrast to

RHOGDI1 depletion, inhibition of RHOGDI1 with Rhonin increases RHOA activity, thus causing
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stress fiber formation. Increased actin polymerization has been linked to impaired cilia-related
function(281, 286) and may be the causal link between RHOA activity and Hh-GLI pathway

inhibition (Supplementary Figure S8b).
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Figure 2. Synthesis of a pseudo-NPs that occupy a distinct portion of chemical space. (a)
Reaction conditions: A) 1a-d (3 equiv), DBU (0.5 equiv), THF, rt; B) 1a-d (1.5 equiv), EtsN (1.5
equiv), DCM, rt; C) 1e (1.5 equiv), DBU (0.5 equiv), DCM, rt. For 7a the yield represents the
epimeric mixture of the phenylethyl ketone. ODA: Osteoblast differentiation assay. RGA: Reporter
gene assay. All ODA and RGA data are mean values of three independent experiments (n = 3) +
s.d. (b) NP-likeness score comparison of NPs represented in ChEMBL (dashed curve), Drugbank
(dotted curve) and succinimide-pyrroline pseudo NPs (solid curve). (¢) PMI plot for succinimide-

pyrroline pseudo-NPs. (d) ALogP vs MW plot of succinimide-pyrroline pseudo NPs.
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Figure 3. Rhonin inhibits GLI-dependent Hh signaling and acts downstream of SMO. (a)
Structure of Rhonin (7a). (b) Rhonin inhibits GLI-dependent reporter gene expression in Shh-
LIGHTZ2 cells. Cells were treated with 1.5 yM purmorphamine and different concentrations of the
compound for 48 h. Firefly (fluc) and Renilla luciferase (rluc) activities were determined and ratios
of fluc/rluc signals were calculated as a measure of Hh pathway activity. Nonlinear regression
analysis was performed using a four parameter fit. Data of three independent experiments (n = 3)

are shown. (c¢) C3H/10T1/2 cells were treated with purmorphamine (1.5 uM) and different
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concentrations of Rhonin or DMSO as a control for 48 h prior to isolation of total RNA. Following
cDNA preparation, the relative expression levels of Ptch1, Gli1 and Gapdh were determined by
means of RT-qPCR. Expression levels of Ptch1 and Gli1 were normalized to the levels of Gapdh
and were related to the value of purmorphamine-treated cells (set to 100 %). Data are mean
values of three independent experiments (n = 3) = s.d. (d) HEK293T cells were transiently
transfected with SMO expressing plasmid or empty vector. 48 h later cells were treated with
BODIPY-cyclopamine (5 nM, green) followed by addition of 10 uM of Rhonin or 5 yM vismodegib
and DMSO as controls and incubation for 1 h. Cells were then fixed and stained with DAPI to
visualize the nuclei (blue). Scale bar: 20 ym. (e) NIH/3T3 cells were serum starved to induce
ciliation and treated with 1.5 yM purmorphamine for 2 h followed by addition of 2 yM vismodegib
or 5 yM Rhonin, and further incubation for 12 h. Cells were then fixed and stained with DAPI to
visualize the nuclei (blue), SMO was stained with an anti-SMO antibody (red) and cilia stained
with an antibody against acetylated tubulin (Ac-tubulin, green). Insets: representative single cilia.

Scale bar: 10 pym.
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Figure 4. Rhonin is a RHOGDI1 inhibitor. (a) Structure of the affinity probes 8 and 9.
(b) Affinity-based enrichment of RHOGDI1 by probe 8 as compared to probe 9. Active
probe 8 and inactive probe 9 were immobilized on NHS ester magnetic beads and
exposed to NIH/3T3 lysates. Bound proteins were eluted and analyzed by immunoblotting
using a RHOGDI1-specific antibody. (¢) Densitometric analysis of (b) for quantification of
RHOGDI1 enrichment. Data is representative for three biological replicates. (d) Structure
of the fluorescent Rhonin derivative 10. (e) Binding of the Rhonin derivative 10 to
RHOGDI1. Fluorescence polarization measurements were performed using 10 and
titrating increasing concentrations of RHOGDI1. Data is representative of three
independent experiments. (f) Displacement of prenylated GDP-bound RAC1 (1 yM) from
synthetic liposomes (2.7 mM lipids) by GST-RHOGDI1 (1.5 yM) in the presence or
absence of 50 yM Rhonin or inactive derivative 7d was determined using a liposome
sedimentation assay. Data is representative of three independent experiments. P: pellet;
S: supernatant. (g) Competition of the Rhonin derivative 10 with RAC1. Fluorescence
polarization measurements were performed by adding 2 uyM prenylated RAC1 or non-
prenylated RAC1 into a mixture of 2 yM compound 10 and 5 uM RHOGDI1. Data is
representative of three independent experiments. (h) Interference of Rhonin with the
binding of RHOGDI1 to a GerGer-RAB1 peptide. Fluorescence polarization
measurements were performed by titrating Rhonin into a mixture of 5 uyM FITC-labelled

GerGer-Rab1 peptide and 50 yM RHOGDI1.
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Figure 5. RHOGDI1 is a negative regulator of Hh signaling. (a) RHOGDI1 knockdown
efficiency for siRNA-1 and siRNA-2 as used in b and Supplementary Figure S5. (b)

NIH/3T3 cells were transfected with RHOGDI1 siRNA-1 or control siRNA. After 48 h cells
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were treated with purmorphamine (1.5 yM) and 20 uM of Rhonin or DMSO as a control
for 48 h before isolation of total RNA. Following cDNA preparation, the relative expression
levels of Ptch1, Gli1 and Gapdh were determined by means of RT-qPCR. Expression
levels of Ptch1 and Gli1 were normalized to the levels of Gapdh and are depicted as
percentage of gene expression in cells activated with purmorphamine (100 %). All data
are mean values of three independent experiments (n = 3) * s.d. (¢) C3H/10T1/2 cells
were transfected with RHOGDI1 siRNA-1 and control siRNA. After 48 h the cells were
treated with 1.5 yM purmorphamine and DMSO and osteoblast differentiation was
monitored after 96 h. The Hh pathway activity in cells treated with purmorphamine and
control siRNA was set to 100%. All data are mean values of three independent
experiments (n = 3) £ s.d. See also Supplementary Figure 5a. (d) C3H/10T1/2 cells were
transfected with 800 ng FLAG-RHOGDI1 plasmid or empty vector. After 24 h the cells
were treated with 1.5 yM purmorphamine and DMSO and osteoblast differentiation was
monitored after 72 h. The Hh pathway activity in cells that were transfected with the empty
vector and treated with purmorphamine was set to 100%. All data are mean values of

three independent experiments (n = 3) £ s.d. See also Supplementary Figure 5b.
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Figure 6. Influence of Rhonin on RHO GTPases in cells. (a) GST pull-down of GTP-bound
RHOA, RAC1 and CDC42 by GST-fused effector proteins. GST-fused effector proteins of RHOA
(Rhotekin) or RAC1 and CDC42 (PAK) were employed to enrich the GTP-bound GTPases in
NIH/3T3 cells after RHOGDI1 knockdown by siRNA-1 and non-targeting siRNA (NT) or treatment
with DMSO, Rhonin or purmorphamine. Proteins were detected by means of immunoblotting
using specific antibodies for RHOA, RAC1 and CDC42. Data is representative of three
independent experiments. (b) Densitometric quantification of the relative levels of RHOA-GTP,
RAC1-GTP and CDC42-GTP after normalization to the total levels (t) of each GTPase and as
compared to DMSO (set to 1). Data are mean values of three independent experiments (n = 3) =
s.d. (¢) NIH/3T3 cells were serum starved for 48 h to inactivate RHO GTPases. Cells were then
treated with DMSO or Rhonin for 24 h. Cells were fixed and stained with DAPI and phalloidin-
rhodamine to visualize the nuclei (blue) and actin filaments (grey), respectively. Images are
representative of three biological replicates. Scale bar: 10 ym. (d and e) NIH/3T3 cells were
treated with DMSO (d) or 10 yuM Rhonin (e) and fractionated into six distinct fractions using
ultracentrifugation. The fractions were analyzed using antibodies for RHOA, RAC1, CDC42 and
for specific markers of each fraction including Na+/K+-ATPase (plasma membrane), EEA1
(endosomes), GAPDH (cytoplasm) and histone H3 (nuclear fraction). Data are representative of

three independent experiments.
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Online Methods
Chemistry
General information

Unless otherwise noted, all commercially available compounds were used as provided without
further purifications. Dry solvents (THF, toluene) were used as commercially available; CH.Cl,
was purified by the Solvent Purification System M-BRAUN Glovebox Technology SPS-800.
Solvents for chromatography were technical grade.

Analytical thin-layer chromatography (TLC) was performed on Merck silica gel aluminium plates
with F-254 indicator. Compounds were visualized by irradiation with UV light or potassium
permanganate staining. Column chromatography was performed using silica gel Merck 60
(particle size 0.040-0.063 mm). Solvent mixtures are understood as volume/volume.

"H-NMR and "®C-NMR were recorded on a Bruker DRX400 (400 MHz), Bruker DRX500 (500
MHz) and INOVA500 (500 MHz) using CDCls or (CD3)>.SO as solvent. Data are reported in the
following order: chemical shift (8) values are reported in ppm with the solvent resonance as
internal standard (CDCI3: & = 7.26 ppm for 'H, & = 77.16 ppm for *C; (CD3).SO: & = 3.30 ppm for
H, & = 39.52 ppm for C); multiplicities are indicated br s (broadened singlet), s (singlet), d
(doublet), t (triplet), q (quartet) m (multiplet); coupling constants (J) are given in Hertz (Hz).

High resolution mass spectra were recorded on a LTQ Orbitrap mass spectrometer coupled to an
Acceka HPLC-System (HPLC column: Hypersyl GOLD, 50 mm x 1 mm, particle size 1.9 ym,
ionization method: electron spray ionization). Fourier transform infrared spectroscopy (FT-IR)
spectra were obtained with a Bruker Tensor 27 spectrometer (ATR, neat) and are reported in
terms of frequency of absorption (cm™). Optical rotations were measured in a Schmidt + Haensch
Polartronic HH8 polarimeter. The enantiomeric excesses were determined by HPLC analysis
using a chiral stationary phase column (column: CHIRALCEL IC, eluent: (DCM/EtOH = 100/2) /
iso-hexane). The chiral HPLC methods were calibrated with the corresponding racemic mixtures.
The ratio of diastereomers was determined by 1H-NMR analysis. Chemical yields refer to pure
isolated substances. Yields, enantiomeric excesses, and diastereoselectivity are given in the
tables.

The chemicals and solvents were purchased from the companies Sigma-Aldrich, Acros Organics,
ABCR and Alfa Aesar. (Rp)-2-(tert-Butylthio)-1-(diphenyl-phosphino)ferrocene (purity: 98%),
Tetrakis(acetonitrile)copper(l) hexafluorophosphate (purity; 97%) and
Tetrakis(acetonitrile)copper(l) tetrafluoroborate (purity: 97%) were purchased from Sigma-
Aldrich.

General procedures

GP-1: General Optimized Procedure for the formation for double cycloaddition product 5:

Cu(CH3CN)4PF¢ (5 mol%) and (R)-Fesulphos (5 mol%) was transferred to a dry reaction vial with
a stir bar and 0.5 mL of dry CH2Cl, was added and stirred for 10 mins at rt. Then, first maleimide
1 (1 equiv) and azomethine ylide 2 (1.05 equiv) was successively added followed by the addition
of EtsN (20 mol%). The reaction mixture was left to stir at 0°C till the completion (0.5 — 1h) as
monitored by TLC. After the completion of the cycloaddition, TBHP (70% ag. soln) (1.2 equiv) was
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added to the reaction mixture and left to stir at rt till completion (monitored by TLC). Then, all the
volatiles were removed in vacuo and THF (1mL/0.1 mmol) was added to the reaction vial. To this
solution, DBU (0.5 equiv) was added and finally, N-phenylmaleimide (3 equiv as solution in 0.5
mL THF) was added dropwise and stirred at rt till completion. The crude reaction mixture was
directly put on the column and separated using EA/PE (40-80%) mixture. The products 5 are very
weakly UV active but can be visualized using KMnOQy stain.

GP-2: General Optimized Procedure for the formation for Michael Addition product 6 and
7:

Cu(CH3CN)4PF¢ (5 mol%) and (R)-Fesulphos (5 mol%) was transferred to a dry reaction vial with
a stir bar and 0.5 mL of dry CH.Cl, was added and stirred for 10 mins at rt. Then, maleimide 1 (1
equiv) and azomethine ylide 2 (1.05 equiv) was successively added followed by the addition of
EtsN (20 mol%). The reaction mixture was left to stir at 0°C till the completion (0.5 — 1h) as
monitored by TLC. After the completion of the cycloaddition, TBHP (70% ag. soln) (1.2 equiv) was
added to the reaction mixture and left to stir at rt until completion (monitored by TLC). Finally to
this solution, base and electrophile was added and the mixture was stirred at rt until completion.
The crude reaction mixture was directly put on the column and separated using EA/PE (30-60%)
mixture. The products 6/7 are UV active and can be visualized under standard UV lamp.

Biology
Materials

Dulbecco’s  Modified Eagle’s medium  (DMEM), L-glutamine, sodium  pyruvate,
penicillin/streptomycin, fetal bovine serum (FBS) and fetal calf serum (FCS) were obtained from
PAN Biotech, Germany. The chemiluminescent substrate CDP-Star was purchased from Roche,
Switzerland. Dual-Luciferase Reporter Assay System was obtained from Promega, USA. Anti-
SMO rabbit Ab (#ab38686) and anti-B-actin rabbit polyclonal Ab (#ab8227) were purchased from
Abcam, USA. Anti-N-acetylated tubulin mouse Ab (#T6793) was purchased from Sigma Aldrich,
Germany. Anti-RHOGDI-1 mouse Ab (#sc-373724) was purchased from Santa Cruz
Biotechnology, USA. Anti-Filamin-B polyclonal Ab (# PA5-21345) and anti-Filamin-C polyclonal
Ab (# PA5-45573) were purchased from Thermo Fisher Scientific, Germany. Phalloidin coupled
to TRITC was obtained from Sigma, Germany. Anti-rabbit-Alexa594 goat Ab (#A11012) and anti-
mouse-Alexa488 donkey (#A21202) were purchased from Invitrogen, Germany. Anti-mouse-
IR800 donkey Ab (#926-32212) and anti-rabbit-IR680 donkey (#926-68072) antibodies were
obtained from LI-COR, Biosciences, USA. Anti-Histone H3 rabbit Ab (#9715), anti RhoA (67B9)
Rabbit Ab (#2117), EEA1 rabbit Ab (#2411), and Anti GAPDH (14C10) Rabbit Ab (#2118 S) were
purchased from Cell Signaling Technologies. Anti-CDC42 Clone 44/CDC42 (RUO) mouse (#
610929) was purchased from Bioscience. Anti-Rac1 mouse Ab, clone 23A8 (# 05-389), and Anti-
Na+/K+ ATPase (a Subunit) mouse Ab (#A276) was purchased from Merck.

pPGEN-mSMO, was a gift from Philip Beachy, Addgene plasmid # 37673, Addgene, USA."
pCMV3-N-FLAG-mArhgdia (MG52485-NF) and pCMV3-N-Flag-NCV (CV016) were
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purchased from Sino Biologicals, Beijing, China. pGEX-4T1-Rhotekin-HR1 (aa. 1-89) and
pPGEX-2TK-PAK1-RBD (aa 57-141) were used as previously described.? siRNA duplexes
(mouse Arhgdia (192662) siRNA 1 - CGACUGACCUUGGUAUGCA, J-064240-05-0002;
mouse Arhgdia (192662) siRNA 2 — UCAAGUCGCGCUUCACAGA, J-064240-06-0002;
non-targeting siRNA - UGGUUUACAUGUCGACUAA, D-001810-01-05) were purchased
from GE Healthcare Europe GmbH, Germany.

Cell lines

NIH/3T3 cells were obtained from DSMZ, Germany (DSMZ ACC 59) and were cultured in DMEM
(high glucose) supplemented with 10% heat-inactivated FCS, 2mM L-glutamine and 1 mM
sodium pyruvate. Shh-LIGHT2 cells (NIH/3T3 cells stably transfected with a Gli-responsive firefly
luciferase reporter plasmid and a pRL-TK constituitive Renilla luciferase expression vector)' were
cultured in the same culturing medium supplemented with 400 ug ml™' G418 and 150 ug ml™
Zeocin as selecting agents. The murine osteoblasts C3H/10T1/2 (ATCC CCL-226) were obtained
from ATCC, USA and were cultured in DMEM (high glucose) supplemented with 10% heat-
inactivated FCS, 6 mM L-glutamine, 1 mM sodium pyruvate. HEK293T cells (ATCC, England)
were grown in DMEM containing 10% FBS, 100 U miI~" penicillin and 0.1 mg ml~! streptomycin. All
cell lines were maintained at 37 °C and 5% CO: in a humidified atmosphere. All the cell lines were
regularly assayed for mycoplasma and were confirmed to be mycoplasma-free. Transfection of
DNA constructs and siRNAs were performed using Fugene HD (Promega), Lipofectamine® LTX
(Invitrogen) and DharmaFECT™ (GE Healthcare) transfection reagent according to the
manufacturer’s directions.

Osteoblast differentiation assay

The osteoblast differentiation assay was performed by the Compound Management and
Screening Center (COMAS) in Dortmund, Germany. C3H/10T1/2 cells were seeded (800 per well)
in white 384-well plates. After incubation for 16 h, compounds or DMSO were added to a final
concentration of 10 uM using the acoustic nanoliter dispenser ECHO 520 (Labcyte). One hour
later, osteogenesis was induced with 1.5 yM purmorphamine. Plates were incubated for 96 h at
37 °C and 5% CO.. Alkaline phosphatase activity was measured by replacing the medium with
35 uL osteogenesis-lysis buffer (lysis buffer: 100 mM Tris pH 9.5, 250 mM NaCl, 25 mM MgCl,,
1% Triton X-100, sterile filtered) containing 1:100 chemiluminescent substrate CDP-Star®
(Promega) for one hour in the dark at 25 °C. The luminescence was monitored using the Paradigm
plate reader (Molecular Devices, USA). Dose-response analyses were performed for all hit
compounds using a three-fold dilution series starting from a concentration of 30 yM. Half-maximal
inhibitory concentrations (ICso) were calculated using the Quattro software suite (Quattro
Research, Planegg, Germany).

The effect of test compounds on the viability of C3H/10T1/2 cells was determined by CellTiter-
Glo Luminescence cell viability assay (Promega). Cells were treated as described for the
osteogenesis assay prior to addition of the CellTiter-Glo® reagent according to manufacturer’s
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protocol. Compounds causing at least a 50% reduction in the osteogenesis assay and retaining
cell viability of at least 80% were considered as hits. Dose-response analyses were performed for
all hit compounds using a three-fold dilution series starting from a concentration of 30 uM. Half-
maximal inhibitory concentrations (ICso) were calculated using the Quattro software suite (Quattro
Research GmbH).

GLI-dependent reporter gene assay

Shh-LIGHT2 cells were seeded (2.5x10* per well) in 96-well plates. After incubation for 16 h,
medium was replaced by low serum-containing medium (0.5% FCS) supplemented with 1.5 yM
purmorphamine. One hour later, various concentrations of the compounds or DMSO as a control
were added and cells were further incubated for 48 h. Firefly and Renilla luciferase activities were
determined by means of the Dual-Luciferase® Reporter Assay System (Promega) according to
the manufacturer’s protocol and luminescence was measured using the Infinite® M200 plate
reader (Tecan, Austria).

SMO binding assay

HEK293T cells were seeded (1.5x10* per well) on poly-D-lysine-coated coverslips placed in a 24-
well plate. 16 h later cells were transfected with the SMO expressing plasmid (pGEN-mSMO)
using Fugene HD (Promega) according to the manufacturer’s protocol. After 48 h of incubation at
37 °C, cells were washed once with PBS and incubated further in fresh DMEM medium containing
0.5% FBS, 5 nM BODIPY-cyclopamine and various concentrations of the test compounds or
DMSO as a control. One hour later cells were washed twice with PBS and fixed with 3%
paraformaldehyde for 10 min at room temperature and subsequently permeabilized with 0.1%
(v/v) triton X-100 in PBS for 5 min at room temperature. Cells were then stained with 1 ug/ml DAPI
for 10 min and were mounted on glass slides using Aqua Polymount (Polysciences Inc). Images
were acquired on an Axiovert Observer Z1 microscope (Carl Zeiss, Germany) using a Plan-
Apochromat 63x/1.40 Oil DIC M27 objective.

Additionally, SMO binding was confirmed by flow cytometry. HEK293T cells were seeded (3x10°
per well) in 6-well plate and transfected with the SMO expressing plasmid pGEN-mSMO as
described above. After 48 h of incubation the medium was replaced by DMEM containing 0.5%
FBS, 5 nM BODIPY-cyclopamine and various concentrations of the test compounds or DMSO as
a control. Following incubation for 5 h cells were washed once with PBS, detached using
trypsin/EDTA (0.05/0.02% (v/v) in PBS), and collected by centrifugation at 250 x g for 5 min at
room temperature. Cells were washed twice and then suspended in ice-cold PBS. Cell
suspensions were subjected to flow cytometry analysis employing the BD LSR Il Flow Cytometer
(laser line: 488 nm, emission filter: 530/30) to detect the presence of BODIPY. Data analysis was
performed using the Flowing software, version 2.5.1 (Perttu Terho, Centre for Biotechnology,
Turku, Finland, http://flowingsoftware.btk.fi).

Immunofluorescence
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To detect ciliary localization of SMO, NIH/3T3 cells (3x10* per well) were seeded on coverslis in
24-well plates and cultured for 16 h. Cells were then incubated for 12 h in DMEM containing 0.5%
FCS to induce ciliation followed by treatment with 1.5 uM purmorphamine and various
concentrations of the test compounds or DMSO as a control. 12 h later cells were washed with
PBS followed by fixation in 4% ice-cold paraformaldehyde for 10 min. Permeabilization and
blocking was performed with a solution containing 0.1% Triton X-100 and 1% heat-inactivated
horse serum in PBS for 30 min at room temperature. Samples were then incubated with mouse
anti-N-acetylated tubulin antibody (dilution 1:5000) as a marker for cilia and rabbit anti-SMO
antibody (dilution 1:200) overnight at 4 °C followed by washing and subsequent incubation with
Alexa Fluor 594-conjugated goat anti-rabbit and Alexa Fluor 488-conjugated donkey anti-mouse
antibodies (1:500 dilutions) and DAPI (0.1 pg/mL) for 45 min at room temperature. Coverslips
were washed and mounted using Aqua Polymount (Polysciences Inc). Images were acquired with
Axiovert Observer microscope Z1 (Carl Zeiss, Germany) using a Plan-Apochromat 63x/1.40 Oil
DIC M27 objective.

For stress fiber staining, NIH/3T3 cells were cultivated in medium containing 0.5 % FCS for 24 h.
Cells were then serum-starved for 24 h in serum-free medium to inactivate RHO GTPases. Cells
were then treated with DMSO or 20 pM Rhonin for 24 h and incubated at 37 °C. Cells were
washed and fixed with 3% paraformaldehyde for 10 min at room temperature and subsequently
permeabilized with 0.1% (v/v) triton X-100 in PBS in 1x PBS for 5 min at room temperature. Cells
were stained with 0.5ug/mL Phalloidin-TRITC and 1 pg/mL DAPI for 30 min and were mounted
on glass slides using Aqua Polymount (Polysciences Inc). Images were acquired on an Axiovert
Observer Z1 microscope (Carl Zeiss, Germany) using a Plan-Apochromat 63x/1.40 Oil DIC M27
objective.

Reverse transcription- quantitative PCR (RT-qPCR)

C3H10T1/2 cells were seeded (2 x 10* per well) in 24-well plates. 16 h later cells were treated
with 1.5 yM purmorphamine and the test compounds or DMSO for 48 h. Total RNA was isolated
using the RNeasy mini kit (Qiagen) according to the manufacturer’s protocol. The concentration
of purified RNA was determined by means of the Nanodrop 2000. 500 ng total RNA was used to
prepare complementary DNA (cDNA) using QuantiTect Reverse Transcription Kit (Qiagen)
according to the manufacturer’s protocol. The expression of Hh target genes Ptch1 and Gli1 and
the reference gene Gapdh was determined by means of quantitative PCR using the QuantiFast
SYBR Green PCR Kit (Qiagen) and iQ 5 Real-Time PCR Detection System (Bio-Rad) and the
following  oligonucleotides:  Ptch1:  5-CTCTGGAGCAGATTTCCAAGG-3' and 5-
TGCCGCAGTTCTTTTGAATG-3, Gli1: 5-GGAAGTCCTATTCACGCCTTGA-3' and 5
CAACCTTCTTGCTCACACATGTAAG-3', Gapdh: 5'-AGCCTCGTCCCGTAGACAAAAT-3" and
5-CCGTGAGTGGAGTCATACTGGA-3. The expression levels of Ptch1 and Gli1 were
determined using the 2722Ct method.?

Knockdown of RHOGDI1
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Which cells were transiently transfected with RHOGDI1 siRNA-1 or siRNA-2 and non-targeting
siRNA using DharmaFECT™ reagent by employing the manufacturer’s protocol. Briefly, NIH/3T3
cells were seeded in T25 cell culture flask. Upon reaching ca. 70 % confluence, cells were
transiently transfected with DharmaFECT™ transfection reagent. For the transfection, siRNAs
and DharmaFECT™ transfection reagent were independently mixed with Opti-MEM® serum-free
media in low-binding tubes and incubated for 5 min at room temperature. Subsequently, the lipid
solution was added to the siRNA solution in the ratio 1:1 and incubated for 20 min at room
temperature. The corresponding lipid:siRNA solution was diluted 1:5 with the respective cell
culture medium and was added to cells , which were seeded on the previous day, by replacing
the old medium and incubated for 48 h at 37 °C. Cells were detached and reseeded at 20,000
cells per well in 24-well plate for determining the target gene expression upon RHOGDI1
knockdown. Knockdown efficiency was determined by immunoblotting using anti-RHOGDI1
specific antibodies.

Immunoblotting

Unless otherwise mentioned, the cells were lysed in 1X SDS buffer without bromophenol blue.
The resulting lysates were analyzed by DC Assay (Bio-Rad) for protein concentrations
determination. The cell lysates were then supplemented with bromophenol blue and boiled at 95
°C for 10 min. The cooked proteins were loaded on 10% polyacrylamide gels and run at a constant
voltage of 80 V for 15 min followed by 120 V for approximately 1.5 h. Protein were transferred on
PVDF membrane using semi-dry transfer at 25 V for 45 min alternatively by using tank blotting at
100 V for 60 min. Membrane were washed and blocked in LI-COR blocking buffer for 1 h at room
temperature. The blocking buffer was replaced with fresh LI-COR blocking buffer containing
primary antibodies and incubated overnight at 4 °C. Membranes were washed with TBS-T (3 x 5
min) and incubated with the secondary antibody in blocking buffer for one hour at room
temperature. Signals were visualized using Odyssey Fc imaging system (LI-COR Biosciences).
Quantification of band intensities was performed by densitometry of scanned signals with the aid
of image studio software (Version 4.0.21, LI-COR Biosciences, ©2014).

RHOGDI1 overexpression

C3H10T1/2 cells were transiently transfected with pCMV3-N-FLAG-mArhgdia or pCMV3-N-Flag-
NCV using Lipofectamine® LTX & PLUS ™ reagent according to manufacturer’s protocol. Briefly,
C3H10T1/2 cells were seeded in a T25 cell culture flask and incubated overnight at 37 °C and
5% CO.. For the transfection, plasmid DNA and PLUS reagent were diluted in Opti-MEM®
medium and incubated for 5 min at room temperature. Lipofectamine® LTX reagent was directly
added to this mixture and incubated for 30 min at room temperature. The DNA-lipid complex was
added dropwise to the cells in the flask and incubated for 24 h. Cell were then detached and
reseeded at 5,000 cells per well in 96-well plate for determining the effect of RHOGDI1
overexpression on osteoblast differentiation as described above.
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Cell lysate preparation for chemical proteomics

NIH/3T3 cells were grown to 90-95% confluence and were then detached using cell dissociation
solution for 5 min at 37 °C and 5% CO.. Cells were suspended in cell culture medium and pelleted
by centrifugation at 250 x g, 5 min at 4 °C. Cell pellets were then washed thrice with ice-cold PBS
and lysed in lysis buffer containing 50 mM PIPES, 50 mM NaCl, 5 mM MgCl,, 5 mM EGTA, 0.1
% NP40, 0.1 % Triton X-100, 0.1 % Tween®20, with freshly added 1 mM DTT, EDTA-free
protease inhibitors (Complete EDTA-free, Roche) and phosphatase inhibitors (PhosphoSTOP,
Roche). To assure complete cell lysis, the suspension was passed through 0.9 uym and 0.45 pym
cannula 10 times each and incubated on ice for 40 min with intermittent vortexing every five
minutes until a homogeneous mixture was obtained. The resulting homogenate was centrifuged
at 18,000 x g for 30 min at 4 °C and the supernatant was subsequently snap frozen in liquid
nitrogen and stored at -80 °C. Total protein content was determined by DC protein assay (Bio-
Rad, Germany).

Affinity chromatography enrichment of compound-bound proteins

25 pL N-hydroxysuccinimide magnetic beads (GE Healthcare) were activated with 500 yL 1 mM
HCI for 1 min. HCI was replaced by 500 L coupling buffer (0.15 M triethanolamine, 0.5 M NaCl,
pH 8.3) containing 10 uM of free amine affinity probes (S11a and S11b) and incubated for 2 h at
room temperature with overhead rotation. The residual active groups of N-hydroxysuccinimide
magnetic were quenched by alternating incubation with 500 pL block A buffer (0.5 M
ethanolamine, 0.5 M NaCl, pH 8.3) and block B buffer (0.1 M sodium aceate, 0.5 M NaCl, pH 4.0)
for 5 min three times each. For protein binding, the magnetic beads were equilibrated with 500
pL lysis buffer followed by incubation with 500 pL lysate (protein concentration: 2 mg/mL) 2 h at
4 °C with overhead rotation. In order to wash out non-specifically bound proteins, the beads were
first washed with 500 uL lysis buffer containing 25 mM MgCl. followed by three times washing
with 500 uL PBS. Tryptic digestion of bead-bound proteins was carried out in two stages. First,
bound proteins were reduced by incubating the beads with 50 pL reducing buffer (1 mM DTT, 8
M urea in 50 mM Tris (pH 7.5)) at 30 °C for 30 min with shaking. Later, the reduced proteins were
alkylated by addition of 5.5 L alkylating solution (1 mM DTT, 50 mM chloroacetamide, 8 M urea
in 50 mM Tris pH 7.5) and further incubation in the dark at 30 °C for 30 min while shaking at 350
rpm. The reduced and alkylated proteins were digested by adding 1 ug LysC at 37 °C for 1 h while
shaking at 350 rpm. The supernatant was transferred to a new tube and the beads were further
incubated with 50 mM Tris-HCI (pH 7.5) containing 1 ug trypsin at 37 °C for 1 h while shaking at
350 rpm. Both supernatants were combined together and further digested by adding 2 ug trypsin
for 16 h at 37 °C with continuous shaking. The enzymatic digestion was stopped by addition of 2
ML proteomics grade trifluoroacetic acid (TFA). In order to purify the resulting peptides, STAGE
tips were prepared by loading the 200 pL microtips with two layers of C18 (octadecyl) disks. The
tips with C18 disks were activated by addition of 100 yL methanol. Furthermore, the tips were
calibrated by washing with 100 yL Buffer B (20% H>O / 80% acetonitrile with 0.1% formic acid)
and 100 pL Buffer A (H2O with 0.1% formic acid). The peptide purification was achieved by
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passing the digestion solution over the activated STAGE tips. Bound peptides were eluted twice
using 20 pyL Buffer B and the solvent was evaporated by means of rotary speed vacuum
evaporator.

Mass spectrometry and data evaluation

In order to analyse the tryptic peptides, the samples were purified by UltiMateTM 3000 RSLC
nano system (Dionex, Germany) and MS/MS analysis was carried out using Q Exactive™ HF
Hybrid Quadrupole-Orbitrap Mass Spectrometer equipped with a nano-spray source (Nanospray
Flex lon Source, Thermo Scientific). Briefly, the tryptic peptides were solubilized in 20 yL 0.1%
(v/iv) TFA in water and 3 pL were injected onto a pre-column cartridge (5 um, 100 A, 300 um ID *
5 mm, Dionex, Germany) using 0.1% (v/v) TFA in water as eluent with a flow rate of 30 pL/min.
Desalting was performed for 5 min with eluent flow through followed by back-flushing of the
sample during the whole analysis from the pre-column to the PepMap100 RSLC C18 nano-HPLC
column (2 um, 100 A, 75 um ID x 50 cm, nanoViper, Dionex, Germany) using a linear gradient
starting with 95% water containing 0.1% (v/v) formic acid / 5% (v/v) acetonitrile containing 0.1%
(v/v) formic acid and increasing to 70% water containing 0.1% (v/v) formic acid / 30% (v/v)
acetonitrile containing 0.1% (v/v) formic acid after 95 min using a flow rate of 300 nL/min. The
nano-HPLC was coupled to the Quadrupole-Orbitrap Mass Spectrometer using a standard coated
SilicaTip (ID 20 um, Tip-ID 10 uM, New Objective, Woburn, MA, USA), mass range of m/z 300 to
1650 was acquired with a resolution of 60000 for a full scan, followed by up to ten high energy
collision dissociation (HCD) MS/MS scans of the most intense at least doubly charged ions with
a resolution of 15000.

Data evaluation was performed using MaxQuant software* (v.1.5.3.30) including the Andromeda
search algorithm and searching the mouse reference proteome of the Uniprot database. Briefly,
the search was performed for full enzymatic trypsin cleavages allowing two miscleavages. For
protein modifications carbamidomethylation was chosen as fixed and oxidation of methionine and
acetylation of the N-terminus as variable modifications. The mass accuracy for full mass spectra
was set to 20 ppm for the first and 4.5 ppm for the second search. The mass accuracy for MS/MS
spectra was set to 20 ppm. The false discovery rates for peptide and protein identification were
set to 1%. Relative quantification of proteins was carried out using the label-free quantification
algorithm implemented in MaxQuant. Further data evaluation was performed using Perseus
software® (v. 1.5.2.6). Proteins not identified with at least two peptides in at least one of the
samples and known contamination were filtered off. Samples resulting from pulldown using the
active probe were grouped together and those from the pulldown using the inactive one as well.
Label-free quantification (LFQ) intensities were logarithmized (log2) and proteins, which were not
three times quantified in at least one of the groups, were filtered off. Missing values were imputed
using small normal distributed values (width 0.3, down shift 1.8) and a two sided t-test (sO = 1,
FDR 0.05) was performed. Proteins which were statistically significant enriched by the active
probe compared to the inactive one were considered as hits.

Fluorescence polarization
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The binding of Rhonin to RHOGDI1 was confirmed by fluorescence polarization experiments.
RHOGDI1 was titrated against 1 uM of the fluorescent Rhonin derivative 10 in buffer containing
20 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM MgCl;, 3 mM DTT and incubated for 30 min. The
change in fluorescence polarization was monitored at an excitation / emission wavelengths of 540
nm and 590 nm, respectively. To understand the impact of geranylgeranyl moiety on the
interaction of RHOGDI and RAC1, 5 yM RHOGDI was added to 2 uM fluorescent Rhonin in buffer
containing 20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl;, 3 mM DTT, led to increase in
anisotropy signal. 2 uyM of prenylated/ or non-prenylated RAC1 were added in two independent
experiments. Geranygeranylated RAC1 (GerGer-RAC1) was dissolved in a buffer containing 1%
CHAPS and 0.5% sodium cholate in order to remain stable.

To determine the effect of Rhonin on the binding of RHOGDI1 to non-prenylated RAC1-GDP,
fluorescence polarization measurements were performed by titrating 1 yM TAMRA-GDP-bound
RAC1 with increasing concentrations of RHOGDI1 in the presence and absence of 50 uM Rhonin
in buffer containing 30 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1% DMSO. The change
in the fluorescence polarization was monitored at an excitation and emission wavelengths of 557
nm and 583 nm, respectively.

Competition-based fluorescence polarization were performed by titrating Rhonin with 30 nM
fluorescein-labelled atorvastatin and 60 nM GST-PDEGD [lin PBS buffer containing 0.05%
CHAPS,1% DMSO.

Liposome sedimentation assay

Liposomes were prepared by self-assembly of the lipids (500 pg) containing 20% (w/w)
phosphatidylethanolamine, 45% (w/w) phosphatidylcholine, 20% (W/w)
phosphatidylserine, 10% (w/w) cholesterol, and 5% (w/w) phosphatidylinositol 4,5-
bisphosphate. Liposome assays were performed by mixing, sonicating (20 s with minimal
power, 50% off and 50% on) and extruding (0.2 pM filter) the lipids in 300 ul of a buffer,
containing 20 mM HEPES-NaOH pH 7.4, 50 mM NaCl, 3 mM DTT, 5 mM MgClz. 1 yM
GerGer-RAC1-GDP was added to the liposomes and incubated for 20 min on ice. 1.5 uM
GST-RHOGDI-1 and the compounds or DMSO were added to the liposome-GerGer-
RAC1-GDP complex prior to incubation on ice for 30 min. The samples were centrifuged
at 20,000 x g for 30 min at 4 °C. The resulting pellet and supernatant fractions were
collected and analyzed by immunoblotting. 10 pl of each sample were loaded on a SDS-
PAGE gel for Western blotting. Specific antibodies were used to visualize RAC1, CDC42

and RHOA.
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Liposome flotation assay

10 M of GerGer-RAC1-GDP was added to liposomes suspended in flotation assay buffer
containing 20 mM HEPES-NaOH pH 7.4, 50 mM NaCl, 3 mM DTT, 5 mM MgCl,, and incubated
for 20 min on ice. The liposomes were prepared by using self-assembling the lipids (500 ug lipids
in 300 pl buffer), containing 15% (w/w) phosphatidylethanolamine, 0.5% (w/w) NBD-PE (N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt), 45% (w/w) phosphatidylcholine, 20% (w/w) phosphatidylserine, 10%
(w/w)cholesterol, and 5% (w/w) phosphatidylinositol 4,5-bisphosphate. 15 pM of GST-RHOGDI-
1 and compounds or DMSO was added to liposome-GerGer-RAC1-GDP complex and samples
were further incubated on ice for 30 min. The samples were added to 30% (w/v) sucrose solution.
The resulting suspension was overlaid with protein buffer containing 25% (w/v) sucrose and finally
with 50 ul of buffer without sucrose. The resulting samples were centrifuged at 140000 x g for 1
h at 4 °C. The upper liposome-containing phase (detected by fluorescent NDB-PE) was collected
and analyzed by immunoblotting.

Surface plasmon resonance (SPR)

Biacore® X100 instrument (Biacore, now GE Healthcare) was used to analyze the effect of
Rhonin on the GerGer-RAC1-GDP and RHOGDI-1 interaction. Liposomes suspended in SPR
buffer (20 mM HEPES, pH 7.4, 50 mM NaCl, 5 mM MgCI2, 3 mM DTT) were immobilized by
injecting 0.5 mM liposomes with flowrate of 5 yL/min on the surface of a Pioneer® L1 sensor chip
(GE Healthcare) for the period of 900 s, as indicated by a constant signal. Unbound liposomes
were removed by passing the buffer and 10 mM NaOH with flowrate of 5 pL/min for 30 s over the
sensor chip. Buffer containing 15 yM GerGer-RAC1-GDP was passed with flowrate of 5 yL/min
over the immobilized liposomes to facilitate the loading of GerGer-RAC1-GDP on to the
liposomes. The effect of compounds on the association of GerGer-RAC1-GDP with liposomes
and the resulting dissociation of GerGer-RAC1 upon passing 25 yM of RHOGDI-1 was monitored
by the change in the response unit signal.

Protein expression and purification

Human Rhotekin HR1 (aa. 1-89) and human PAK1-RBD (aa. 57-141) encoded on pGEX vectors
were expressed over night as GST fusion proteins in E. coli BL21 (DE) after induction of 0.2 mM
IPTG. These RHO effectors were extracted by cell lysis performed by sonication of the cells. After
centrifugation of the cellular debris the supernatant was used to attach the GST-fused effector
proteins to the GSH Sepharose beads.?
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Insect cell purification system was used for expression and purification of prenylated proteins
based on an established protocol.® Sf9/or TNAO38 insect cells (SR used only for virus geeration
and amplification) were grown to the level of 1.5x10° cells/ml before they were transduced with
Baculoviruses encoding genes related to the RHO GTPases. Cells were resuspended in lysis
buffer, containing 20 mM HEPES-NaOH pH 7.4, 150 mM NaCl, 2 mM 3-mercaptoethanol, 5 mM
MgClz, 0.1 mM GDP, 10 mM imidazole and the optimized detergents including 1% CHAPS and
0.5% sodium cholate.® Cells were lysed by sonication in ice. After centrifugation for 20 min in
20000 x g, supernatants were collected and loaded on a Ni-NTA column (Qiagen, Hilden,
Germany). The protein was eluted by passing a buffer containing 300 mM imidazole into the Ni-
NTA column. The eluted solution was further purified on an analytical Superdex 75 column
(10/300 GL, GE-Healthcare, Uppsala, Sweden) using 20 mM HEPES-NaOH pH 7.4, 150 mM
NaCl, 3mM DTT, 5 mM MgCl, and 0.5% (w/v) Na-cholate as buffer system. Non-prenylated RAC1
and human RHOGDI1 were prepared from E. coli as a GST recombinant protein as described
previously.®

For expression of GST-PDES, E. coli RosettaTM2 cells transformed with PDEGD expression
plasmid (pGex4T5) were inoculated in TB medium containing 100 ug/ml ampicillin and 30 pg/ml
chloramphenicol to a total volume of 10 L. The protein expression in E. coli was induced with 0.2
mM IPTG at OD600 = 1.33. Cells were cultivated overnight at 18 ° C with shaking. Cells then
were pelleted by centrifugation at 4000xg for 20 min at 4 ° C and stored at -20 ° C. To purify the
proteins, the pellet

was resuspended in lysis buffer (30 mM TRIS-HCI pH 7.5, 100 mM NaCl, 1 mM 2-
mercaptoethanol and 1 mM PMSF. DNasel (10 ug / ml) was added to the cell suspension and the
sample was sonicated three times for 1 min on ice and disrupted three times with Microfluidizer.
To separate the cell debris, the lysate was centrifuged for 35 min at 20000xg. GST-PDES was
purified by affinity chromatography via binding to GSH-Sepharose using FPLC. The lysate purified
from cell debris was slowly pumped onto a GSH column using a peristaltic pump (the column was
previously washed with 3 column volume lysis buffer) and washed with 5 column volume lysis
buffer (until absorption at 280 nm was constant). The elution occurred with 4 column volume
elution buffer (30 mM TRIS-HCI pH 7.5, 100 mM NaCl, 1 mM 2-mercaptoethanol, 200 mM
glutathione). The GST-PDES containing fractions were concentrated by ultrafiltration and then
slowly using a 5 ml Superloops on a gel filtration column (HiLoad Superdex 26/60 Superdex 75
prep grade, GE Healthcare) equilibrated with 1 column volume gel filtration buffer (20 mM TRIS-
HCI pH 7.5, 300 mM NaCl, 1 mM 2-mercaptoethanol).

Pull down of active RHO GTPases
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Pull-down of active (i.e., GTP-bound) RHO GTPases was performed by using GSH sepharose
beads (GE Healthcare, UK) from NIH/3T3 total cell lysates. NIH/3T3 cells were treated with
DMSO, purmorphamine and/or, Rhonin for 24 h or transfected with RHOGDI1 siRNA-1 or non-
targeting siRNA. RHO GTPases were obtained by lysis of 15 cm cell dishes with 500 ul Fish buffer
(50 mM Tris/HCI pH 7.4, 100 mM NaCl, 2 mM MgCl,, 1% Igepal Ca-630, 10% glycerol, 20 mM
beta-glyceolphosphate, 1 mM sodium orthovanadate, cOmplete™, EDTA-free Protease Inhibitor
Cocktail (Roche, Basel, Switzerland)). GSH Sepharose beads were washed three times with 1 ml
Fish buffer. Equal amounts of bacterial lysates containing GST (negative control) or GST-fused
effector proteins were added to the GSH Sepharose beads and incubated at 4°C for 1 h followed
by another three times washing with 1 ml of Fish buffer. Thereafter, the total cell lysate obtained
from one 15-cm dish was added to the GST beads and incubated for 30 min at 4°C. Samples
were washed three times with 1 ml Fish buffer. Laemmli buffer was added into the samples before
heat denaturation for 10 min at 95°C. The protein-protein interaction was analyzed by SDS-PAGE
and immunoblotting.

Sub-cellular fractionation

NIH/3T3 cells were treated with 10 uM Rhonin or DMSO for 24 h. The cells were collected by
trypsinization and scraping out the cells. After centrifugation step, the pellet was washed three
times with PBS and was resuspended in a detergent-free lysis buffer containing 10 mM Tris/HCI
(pH 7.4), 10 mM NaCl, 0.5 mM MgCl,, and EDTA-free protease inhibitor. The total cell lysate was
centrifuged at 1200 x g for 5 min at 4 °C after homogenization by using an insulin syringe. The
supernatant was collected and further subjected to a 16,000 x g centrifugation to isolate the heavy
membrane pellet and cytoplasm and light membrane in the supernatant. The cytosolic
supernatant was divided into light membrane and cytoplasm by applying 130,000 x g
centrifugation for 90 minutes. The nuclear pellet was resuspended in 250 mM sucrose solution
containing 10 mM MgCl, which were layered on top of an 880 mM sucrose cushion containing
0.5 mM MgCI2. Nuclear fraction was centrifuged at 1,200 x g for 10 minutes to obtain the intact
nuclear. The intact nuclear was homogenized using a Balch homogenizer (clearance of 8 mm)
and 8-10 up-and-down strokes and later were separated to nucleoli and nucleoplasm fractions.”
The nucleoplasm and nuclear membrane were separated by centrifugation of nuclear fraction at
130,000 x g for 90 minutes. The resulting pellet contained the nuclear membrane and the
supernatant contained the nucleoplasm fraction. All subcellular fractionation steps were carried
out at 4°C. Protein concentrations of all fractions were determined by the Bradford assay and all
fractions were mixed with 5x SDS-PAGE loading buffer. The separated fractions were analyzed
by specific marker for each fraction and the protein localization was analyzed by applying
immunoblotting.

Data availability

All data generated or analyzed during this study are included in this published
article (and its supplementary information).
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Three decades of research document the
spatiotemporal dynamics of RHO family
GTPases regulated by guanine nucleotide
dissociation inhibitors (GDIs). To address
the yet unresolved interplay of the kinetic
mechanism and structural specificity, the
GDI-controlled spatial segregation of
geranylgeranylated RAC1 was
reconstituted in vitro. Various biochemical
and biophysical measurements, including
on and off rate from biomimetic liposomes
immobilized on the sensor surface of a
surface plasmon resonance instrument,
provided unprecedented mechanistic
details for GDI function over RHO proteins.
Accordingly, membrane release of RHO
GTPases by GDI underlies a 3-step
mechanism: (1) A non-specific association
of GDI with switch regions of the RHO
GTPases; (2) an electrostatic switch
determining the interaction specificity
between the C-terminal polybasic region of
RHO GTPases and two distinct negatively
charged clusters of GDI1; (3) a non-specific
displacement of geranylgeranyl moiety
from membrane and its sequestration into
a hydrophobic cleft, effectively shielding it
from the aqueous milieu. This study
unambiguously challenges the paradigm of
RAC1 regulation by GDI1.

The RHO family GTPases, most prominently
RAC1, CDC42, and RHOA, share two
common functional characteristics, membrane
anchorage and an on/off switch cycle(1). They
typically contain a conserved GDP/GTP
binding domain, called G domain, and a C-
terminal hypervariable region (HVR) ending
with a consensus sequence known as CAAX
(C is cysteine, A is any aliphatic amino acid,
and X is any amino acid). Subcellular
localization, that is known to be critical for
biological activity of Rho GTPases, is achieved

by a series of posttranslational modifications at
a cysteine residue in the CAAX maitif, including
isoprenylation (geranylgeranyl or farnesyl),
endoproteolysis and carboxyl methylation (2).
Thus, membrane-associated RHO GTPases
act, with some exceptions(3), as molecular
switches by cycling between an inactive GDP-
bound state and an active GTP-bound state.
This cycle underlies two critical intrinsic
functions, GDP-GTP exchange and GTP
hydrolysis, which induce structural
rearrangements of two regions of the protein,
called switch | and Switch II (3), and is

controlled by two classes of regulatory
proteins, including guanine nucleotide
exchange factors (GEFs), and GTPase

activating proteins (GAPs) (4). The formation
of the active GTP-bound state of RHO
GTPases is accompanied by a conformational
change in two regions, known as switch | and
Il (encompassing amino acids or aa 29-42 and
62-68, respectively) (4). Thus, RHO GTPases
act as dynamic switches in many
developmental and cellular contexts (5) by
selectively binding to and activating structurally
and functionally diverse effectors. This class of
proteins activates a wide variety of
downstream signaling cascades (6-9)thereby
regulating many important physiological and
pathophysiological processes in eukaryotic
cells (10-12)

The spatial and temporal activation of RHO
GTPases inside a cell is fundamental, for
example, to the regulation of local movements
and cell-cell contacts that are required for
morphogenesis (12). They are commonly
found to cycle between two pools, a
membrane-associated and a cytosolic pool.
Given the fact that membrane attachment is a
prerequisite for the signaling roles of this
protein family, it is clear that reversible
membrane translocation offers cells a means
to regulate the location of the activation event.

168



Chapter VII. Novel insights into the regulation of the RAC1-membrane interaction by RHOGDI 1

However, there is a serious handicap to such
physical cycling for RHO GTPases. The highly
hydrophobic geranylgeranyl moiety of RHO
proteins renders them energetically
unfavorable to partition into the cytosol as
individual monomers.  Posttranslationally
modified RHO proteins can only detach from
membranes if they are assisted by a
chaperone that shields the bulky lipid moieties
from the aqueous environment of the cytosol.
The chaperone role is played by a RHO-
specific, ubiquitous guanine nucleotide
dissociation Inhibitor (GDI) proteins, RHOGDI
(4, 13).

In contrast to the tremendous number of the
other regulatory proteins of the RHO family (74
GEFs and 66 GAPs) (14, 15) only 3 GDls
exists in the human genome. The RHOGDI
family includes the ubiquitously expressed
GDI1 (or RhoGDla)(16), GDI2 (GDIB, LY-GDI
or D4-GDI) mainly in hematopoietic tissue(17),
and GDI3 (or GDly) that is usually expressed
in human cerebral, lung and pancreatic tissue
(18). Unlike the other two GDIs, GDI3 contains
an N-terminal extension that confers
anchorage into the membranes of Golgi
vesicles (19). GDI1 and GDI2 contain at their
very N-terminus are a large number of acidic
residues, which have been proposed to be
essential for their function in cell (20). In
addition to their physiological expression, GDls
are also expressed in several human cancers,
including breast, liver, ovarian, pancreatic
cancers, and myeloid leukemia(13, 17, 21, 22).
Changes in GDI expression levels have shown
pro- or anti-tumorigenic effects that depend on
the cell type and tissue. One reason for this
debate is most probably due to the lack of our
understanding of the basic mechanism of the
GDI function and their binding specificities to
the different Rho proteins.

Understanding the mechanisms by which
signaling events are localized and the
physiological consequences of spatial
restriction are major questions in cell biology.
Comprehensive studies in the last three
decades have provided insight into structure
and function of these regulators acting as a
shuttle for the RHO GTPases(13, 23-25) . The
shuttling process, which considerably differs
from the KRAS4B-PDEJ (26—-29), involves
release of RHO GTPases from donor
membranes, formation of inhibitory cytosolic
GDI-RHO GTPases complexes, and delivery
of RHO GTPases to target membranes(13,
25). Accordingly, it has been proposed that
GDI regulates the isoprenylation process in the
cell(30). GDI is known to release RHO
GTPases from the membrane, maintains them
in an inactivated state, and protects against
both degradation and unspecific activation by
Rho-specific GEFs(13, 31, 32). Structural
studies by different groups have revealed two
sites of interaction between GDI and RHO
GTPases(33-37). First, an  N-terminal
regulatory arm of the GDI binds to the switch
regions of RHO GTPases leading to the
inhibition of both GDP dissociation and GTP
hydrolysis. Second, the geranylgeranyl moiety
of RHO GTPases inserts into a hydrophobic
pocket of the GDI molecule leading to
membrane release. Collectively, these studies
have clearly demonstrated how GDlIs interact
with and serve as negative regulators of RHO
GTPases but the basic mechanisms of how
they pull the isoprenoid moiety from the
membrane.

In this study, we propose a molecular
interaction model for RHO GTPase membrane
release by GDI supported by structure-function
correlation and kinetic analysis of RHO
GTPase interaction with and release from
biomimetic liposomes in the presence and
absence of GDI SPR sensors.
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RESULTS AND DISCUSSION

Geranylgeranyl moiety is dispensable for
RAC1-GDI1 interaction. To understand the
impact of isoprenyl moiety of RAC1 on GDI
binding, we determined the rates of GDI
association with both geranylgeranylated
RAC1 (RAC1¢¢) from insect cells and non-
isoprenylated RAC1 full-length (RAC1FY) from
Escherichia coli using stopped-flow
fluorometric assay. Figure 1A shows a rapid
decrease in fluorescence after mixing GDI1
with the RAC1 proteins, which is directly
related to the association reaction between the
RAC1-GDI1 pairs. Observed rate constants
(kobs) Obtained by a single exponential fitting
increased in a linear fashion as a function of
the GDI1 concentrations (Fig. 1B), yielded
similar association rate constants (kon) for both
RAC1¢¢ and RAC1t. The dissociation of the
GDI1 from mdGDP-bound RAC1 proteins was
measured in a displacement experiment.
Observed single exponential fluorescence
increase yielded respective dissociation rate
constants (ko), which differ only 3-fold (Fig.
1C). Calculated dissociation constants (Kq)
from the ratio of the korr and kon values (Fig. 1D)
unexpectedly revealed only a 7-fold higher
affinity for RAC1°€ versus RAC1FL. This result
clearly contradicts existing models which have
suggested that the isoprenyl moiety of the
RHO GTPases contributes to orders of
magnitude higher binding affinity for GDI as
compared to non-isoprenylated RHO
GTPases(38—41).

To confirm the kinetic data obtained with the
stopped-flow fluorimetry, we next used two
other methods, fluorescence polarization and
surface plasmon resonance (SPR), to further
investigate the impact of geranylgeranyl
moiety on the RAC-GDI1 interaction.
Equilibrium Ky values of 0.96 and 0.38 uM,
determined in fluorescence polarization mode
by titrating increasing concentrations of GST-

GDI1 to RAC16CemdGDP and
RAC1FLemdGDP, respectively (Fig. 1E). These
affinities are in good agreement with the values
determined by stopped-flow fluorimetric
analysis shown in Figure 1D. To extend above
experiments with a label-free real-time assay,
we employed SPR Biacore to study the RAC1-
GDI1 interaction. Therefore, we injected
different  concentrations of GDP-bound
RAC16¢ and RAC1™ to immobilized GST-
GDI1 (Fig. 1F and 1G). The evaluated Ky of
0.065 and 0.3 uM, respectively, revealed again
a slightly higher binding affinity of GDI1 for
isoprenylated RAC1 vs. non-isoprenylated
RAC1.

Kinetic and equilibrium data clearly revealed
that the RAC1-GDI1 interaction is not really
dependent on the presence of the
geranylgeranyl moiety. The binding affinities
determined for the RAC1-GDI1 interaction by
three different methods clearly indicate that
GDI1 binds to non-isoprenylated RAC1 as
efficiently as it does to isoprenylated RACH1;
RAC1¢¢ exhibited only 2.5 to 4.6-fold lower Kq
values as compared to that of RAC1-
Collectively, these data clearly challenge the
current regulatory model that the isoprenyl
moiety at the C-terminus of RHO GTPases
contributes to several orders higher binding
affinity of GDI1.

Conserved G domain is not rate-limiting for
the GDI1 binding. The above findings
prompted us to unambiguously challenge the
paradigm of RAC1 regulation by GDI1. To this
end, we investigated the interactions of the
three GDI paralogs, GDI1, GDI2 and GDIS3,
with various non-isoprenylated members of the
RHO GTPase family (Table S1). GDI3 was
purified as an N-terminal truncated variant
lacking the amphipathic helix (amino acids or
aa 1-20). Kinetics of association of the GDIs (2
pM) with 0.2 yM mdGDP-bound RHO GTPase
was monitored under the same conditions as
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described above for RAC1. Calculated Kkobs
values for each measurement (Fig. S1) was
plotted as bar charts in Figure 2A, which clearly
shows that all three GDIs associated with
RAC1, RAC3, RHOG and RHOA under the
experimental conditions but apparently not
with RAC2, CDC42, TC10, TCL, RHOB,
RHOC, RHOD and RIF. GDI2 and GDI3
showed significantly faster association with
RAC3 as compared to GDI1. Most remarkably,
GDI2 was able, unlike GDI1 and GDI3, to bind
RAC2. This result clearly indicate for the very
first time that GDIs can discriminate between
the RHO GTPases by interacting with some
but not all Rho proteins.

To examine binding properties, the
respective association rate constants (kon) and
the dissociation rate constants (ko) were
determined for the interaction of GDI1 with
RAC1, RAC3, RHOG and RHOA, and GDI2
with RAC2 under conditions described above
(Fig. 1A-D, and S2). All kinetic parameters
along with calculated dissociation constants
(Kg) are summarized in Figure 2B. The data
are very similar for the GDI1 interaction with
RAC1, RAC3, RHOG and RHOA with Ky
values between 0.9 and 3.2 yM. RAC2-GDI2
interaction, however, exhibited a binding
affinity that is 19-fold lower as compared to
RAC1-GDI1 interaction, which stems from a
10-fold faster dissociation rate of GDI2 from
RAC2 (Fig. 2B).

The biochemical characterization described
previously together with structural studies have
shown that the RAC paralogs exhibit different
properties concerning ligand— and protein—
protein interactions (42). Whereas RAC1 and
RAC3 behave almost identically, RAC2
revealed a 25-fold lower nucleotide affinity
because of a decreased nucleotide association
rate, a slightly higher PAK binding affinity, and
a significant increase in GEF-catalyzed
nucleotide dissociation. These aberrant

properties most likely are the consequence of

different conformational flexibilities in the
switch | region (43).
To wunderstand this result, integrated

sequence-structure analysis extracted from all
available GDI structures in complex with RHO
GTPases (Table S2) and depicted in an
interaction matrix (Fig. 2C) revealed that
almost all amino acids of the G domain (aa 1-
176) involved in RHO GTPase-GDI
interactions are the same in different RHO
GTPases. GDlIs appear to mainly contact RHO
GTPases through the switch | and Il regions,
and the a-helix 3 (shown in grey). Same is true
also for the GDIs, which apply identical
residues, with a few exceptions, to contact
RHO GTPases. Major part of the contacts
stem from the N-terminal switch bind domain
(SWBD in green) and some from the C-
terminal geranylgeranyl binding domain
(GGBD in orange; Fig. 2D and 2E). So,
identical contact sites do not explain observed
differences of kinetic measurements and
rather suggests a GDI1 modulatory region
outside the G domain, namely HVR.

A comparison of available structures of the
RAC1-GDI1 and RAC2-GDI2 complexes
revealed a rather high sequence identity (33,
34). An inspection of the interaction matrix
revealed very few amino acid deviations within
the RAC G domains (Y/F89) and GDI paralogs
(A/P/IG31, E/K/RS3, A/T/V54; Fig. S3).
However, Y89 in RAC1 and RAC3 undergoes
contacts with H23 and V25 of GDI1 which may
not be achieved by F89 in RAC2 that may only
contact V25 but not with S23. Among the
deviations in GDIs, the loop containing A/G31
in GDI1 and GDI3 is in close vicinity of
D65/R66 of RAC paralogs, which may, in the
case of P31 in RAC2, adopt a different
orientation and thereby influence RAC2-GDI2
binding. Residues in SWBD, such as E53 and
A54 (GDI1 numbering) appear to be critical for
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RHO-GTPase-GDI interaction. The double
mutation L55/L56 to serines in GDI1 has been
shown to drastically decrease its affinity for
RAC1 (44).

The interaction matrix showed a conserved
interface between RHO GTPases and GDls
but the missing parts of most structures are, on
the one hand, t the C-terminal HVR (178-190
aa in RAC1; Fig. 2E) (45), and on the other
hand, the N-terminal of the GDIs (1-25 aa in
GDI1; Fig. 2D)(20). The crystal structure of the
RAC1¢€«GDP+GDI1 complex (PDB code:
1HH4) has remarkably provided the first
revealed evidence for the existence of a
network of electrostatic interactions between
these otherwise highly flexible regions (33).
Accordingly, GDI1 obviously supplies two sets
of negatively charged residues to grasp the
polybasic motif of RAC1 HVR. These are
E109, D140, D143, E163 and E164 of GDI1
GGBD across from E17, E19, E20, D21 and
E22 at the flexible NTA of GDI1 (Fig. 2E).
Thus, it seems that GDI1 applies an
electrostatic pincer towards the polybasic motif
of RAC1 and extract it from the membrane.
This mechanistic model is now investigated in-
depth.

RAC1 polybasic motif dictates GDI1
binding. A sequence analysis of HVRs of
GDI1 associating RHO GTPases (‘binders”)

versus those with no observed GDI1
association (‘non-binders’) showed clear
differences in both numbers and relative

positions of positively charged residues (Fig.
3A). To examine the impact of HVR on the
RHO GTPase-GDI1 interaction we measured
the kinetics of GDI1 association with different
HVR variants of RAC1 and RAC2.
Remarkably, a loss of RAC1 association was
observed with a C-terminal truncated variant
lacking HVR-CAAX (RAC14¢"%) as well as
KRKRK-to-EEEEE (RAC1>€; charge-reversal
variant) and KRKRK-to-QQKRA (RAC1-to-

RAC2 or RAC1RAC2 variant). In contrast, a gain
of GDI association with RAC2 was observed
with  QQKRA-to-KRKRK (RAC2-to-RAC1 or
RAC2RACT variant; Fig. 3B). These findings
were verified by using fluorescence
polarization experiments (Fig. S2). These data
are summarized in Figure 3C and revealed that
(i) RAC14¢1° yet bound GDI1 with a 26-fold
lower affinity as compared to RAC1WT, (ii)
RAC1%E, binding to GDI1 was yet observed
with a very low affinity while this was not
possible for RAC1RAC2 and (iii) RAC2RAC! did,
in contrast to RAC2"T, bind GDI1 with an
almost similar affinity as determined for
RAC1WT, HVR alteration completely abolished
GDI1 association with RAC1 but achieved
GDI1 association with RAC2.

Result clearly demonstrates that the critical
role of polybasic motif of RAC1 in dictating
GDI1 binding. It seems that both an increase
of overall positive charge in HVRs of RAC2 and
the distance of the basic residues from the
geranylgeranyl site strongly reinforce GDI1
binding affinity. We hypothesize that RAC1
polybasic motif enables GDI1 to pull the GG
moiety from the plasma membrane and direct
it into the hydrophobic cavity of its GG binding
domains (GGBD).

The relative position and the order of the basic
residues in HVR seem to contribute to the
formation of an electrostatic network (Fig. 2E)
that may significantly stabilize GDI1 interaction
with for example RAC1 and RAC3 but not
RAC2. Synthetic peptides containing the
polybasic motifs of RAC1 (aa 178-188), but not
RAC2 (178-188), has been shown to inhibit
NADPH oxidase activity in a RAC1-dependent
system, and interfere with the translocation of
RAC1 proteins to the plasma membrane (46)
While the geranylgeranyl moiety mediates
membrane anchorage, polybasic motif of
RAC1 interacts with plasma membrane
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phosphoinositides and stabilizes its proper
orientation (47).

Electrostatic pincer residues of GDI1 grasp
RAC1 HVR. GDI1 function appears to be
driven by a mechanism that generates
electrostatic force, attracting the polybasic
motif of RAC1. To examine this mechanism,
we generated different deletion and change
reversal variants of GDI1and measured both
their binding capabilites to RAC1°¢ and
RAC1FL, and their functional properties to
displace RAC1¢¢ from PIP-enriched synthetic
liposomes. GDI1E'?'K which does not contact
RAC1 HVR but switch 2 region (Fig. 2E), was
used as a control. Kinetic analysis showed that
the GDI most variants are disabled in
associating with RAC1 (Fig. 4A). Substitutions
of D140, E163 and E164 for lysines or deletion
of the N-terminal and very C-terminal amino
acids significantly impaired GDI1 binding to
isoprenylated and non-isoprenylated RAC1, as
compared to GDI1"T. Most drastic effects were
observed with the N-terminal deletion variants
with 25 and 58 amino acids (AN25 and AN58),
on the one hand, and double (E163K and
E164K or 2E>2K) and triple (E140K, E163K
and E164K or 3E>3K) mutations, on the other,
which did not bind the RAC proteins under the
experimental conditions. Fluorescence
polarization measurements verified most GDI1
variants were yet able to bind RAC1™, but with
up to three orders of magnitude lower binding
affinities (Figure 4B). RAC1 binding was
completely abolished in the case of AN58 and
3E>3K variants. GDI14N%® not only lacks the
very N-terminal acidic resides, that are integral
element of the electrostatic pincer function, but
also the switch binding domain (SWBD), which
undergoes multiple contacts to RAC1 switch
regions (Fig. 2C-D). GDI13%E>3 mostly likely
creating intermolecular charge repulsion
towards positively changed HVR.

To analyse the function of the GDI variants in
extracting RAC1¢C¢ from the liposomes, we
performed a liposome sedimentation assay, as
established previously (32). Therefore, we
mixed PIP-enriched liposomes (200 pm in
diameter)  with  GDP-bound  RAC1¢€,
sedimented, and isolated liposome-bound
RAC1€¢ from the pellet fraction (Fig. 4C, first
lane). Next, 1 uM RAC1¢¢-GDP bound to
liposomes was mixed 2 yM GDI1 WT and
variants (2 uM, respectively) to measure their
ability to displace RAC1¢€ from the liposomes.
Figure 4C shows that GDIMWT quantitatively
displaced RAC1¢¢ from the liposomes. In
contrast, the majority of the GDI1 variants
revealed significant reduction in their activities
that is consistent with the kinetic and
equilibrium measurements (Fig. 4A and 4B).
Particularly, GDI1*N® and GDI1*3¢ were
completely disabled in binding and extracting
RAC1¢¢  from the liposomes, strongly
supporting the notion that GDI1 supplies an
electrostatic pincer to grasp RAC1 and pull it
out from the plasma membrane. Moreover,
GDI1E™2™® and GDI1?5*2K remained partially
associated with liposomes and were
sedimented in the pellet fraction (Fig. 4A and
4B). In fact, these mutants were able to bind to
the RAC1¢¢ on the liposomes but could not
extract from the liposomes.

YFP-RAC1 and FLAG-GDI1 variants were
ectopically expressed in HUVECs to analyze
the molecular basis of their interactions using
immunofluorescence (Fig. 4D and S8). In the
absence of FLAG-GDI1, YFP-RAC1"T was
both localized in the cytoplasm and at the
plasma membrane (arrow head). When either
GDIMWT  or GDI*N'®  were co-expressed,
RAC1WT was displaced from the plasma
membrane and resided in the cytoplasm. In
contrast, GDI*N?® and GDI?®** interestingly co-
localized with RACIWT at the plasma
membrane (arrow head), supporting above
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data that they still bind RAC1WT but were
disabled in displacing it from the membrane
(Fig. 4C). The RAC1WT localization pattern in
co-expression with GDI*N?5 and GDI*®*?K was
similar to the RAC1YT localization in the
absence of GDI. In contrast, RAC1>€ was
exclusively cytosolic both in the absence of
GDIMYT and in the presence of RAGAVT,
GDI*N'S, GDI*N?5, and GDI?&*2X, Co-expression
of GDIM™WT and RAC1¥E seemed to result in
localization of RAC1%€in perinuclear structure.
to—endosomes. Similar to RACIYT, co-
expression of RAC1>E without GDI or with
GDI*N% and GDI?&*%X resulted in similar RAC1
localization.  Furthermore, GDI*N?®  was
stronger in comparison with RAC1"T, which is
due to the reduction of repulsion between exist
between 25 N-terminal of GDI and HVR of
RAC1%€E,

The results above are consistent with previous
findings, and support the concept of an
electrostatic pincer mechanism on a subset of
RHO family GTPases. An early NMR study has
shown that deletion of the highly flexible N-
terminal region of GDI1 impairs its activity to
displace RAC1 from the plasma membrane in
HelLa cell (48). Mutations of R186 to cysteine
in CDC42 HVR of CDC42 has been very
recently shown to disrupt its interaction with
GDI1 in patients with a novel autoimmune
hematological disorder (49). Thus,
electrostatic complementarity between GGBD
with the corresponding negative potentials, as
shown in this study, and the polybasic region
of RAC1, on the one side, and the negative
potentials of the N-terminal, rather flexible NTA
moving towards the the polybasic region from
the other side, obviously provide the required
forces to facilitate RAC1 displacement from the
membrane(33, 34, 48, 50).

GDI1 buckles RAC1 into its site. A closed
look into the RAC1°6-GDP-GDI1 complex
(PDB code: 1HH4) revealed that the very
terminal regions of GDI1 may undergo
electrostatic interaction and thus tighten the
complex and avoid dissociation. To examine
this hypothesis, we functionally analyzed two
flanking deletion variants of GDI1 regarding
RAC1 binding and membrane extraction.
Kinetic analysis showed that the association
rate of GDI12N'S and GDI14¢¢ were drastically
slowed down up to 24-fold especially for
mGDP-bound RAC1¢¢ (Fig. 4A). Equilibrium
measurements of these terminally deleted
variants revealed massive reduction in the Kq
values of 440- and 140-fold, respectively, as
compared to GDIMWT (Fig. 4B). These GDI1
variants, also exhibited a reduced activity in
RAC1GG displacement form the liposomes
(Fig. 4B).

These data about the roles of the terminal
regions of GDI1, which may hold true for GDI2
and GDI3 due to sequence similarities (Fig.
2D), strongly suggest that these regions may
act as a ‘buckle” that connects them and
safeguards RAC1-bound state of the GDI.

CONCLUSIONS

This study elucidated a distinct and specific
mode of GDI interaction that holds for only a
subset of RHO GTPases. Our data uncovered
a latent set of interactions between RAC1 and
GDI1, which add additional insight into the
multi-step process that facilitates membrane
extraction and inhibition of RAC1 activation, by
for example TIAM1(32). Thereby, GDI1 binds
with its SWBD to the highly conserved switch
regions (ref) of RAC1°® on the membrane,
followed by the GGBD binding that attracts
RAC1 HVR associated with the negatively
charged phospholipids(47) . This step may
initiate an electrostatic steering mechanism,
which, resulting from long-range charge-
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charge interactions, dictates selective
recognition of the HVR positive potentials by
the GDI1 NTA negative potentials. This
process may generate the required force to
pull the geranylgeranyl moiety from membrane
and place it into GGBD hydrophobic cleft. A
last step may be locking RAC1¢¢-GDI1
interaction through the very terminal residues
od GDI1 NTA and CT.

Electrostatic steering mechanism has been
previously demonstrated for the interaction
between CDC42 and WASP(51, 52), VWF and
GPIba(53). It results from long-range charge-
charge interactions, and dictates selective
bimolecular recognition. Notably, electrostatic
steering forces control the accelerated
association reaction of two molecules but not
the association reaction (51). This small list of
interactions may now be extended to
interactions between GDIs and RHO
GTPases, such as RAC1.

Spatiotemporal activation of RHO proteins
needs that various regulators communicate
together. GDI as a membrane cycling factor
regulates the state of activation of RHO
proteins by displacing them from different
membranes and masking them from their
activation by GEFs or proteasomal
degradation (13). Specific binding of the GDI
proteins toward RAC1 in the term of fast-
kinetic elucidate a new mechanism through
electrostatic switched between HVR of RAC
and N-terminal negatively charged motif of
GDI. Nevertheless, HVR determines the
kinetic of membrane localization of RHO
GTPases(47). In this context, high affinity of
RAC1 membrane binding calls for a tighter
interaction with GDI in order to displace it from
membranes.

The molecular mechanisms that control the
formation of the RAC1-GDI1 complex and the
dissociation of RAC1 from GDI1 and its

(re)association with the cell membrane still
remain unclear. Various factors and activities
have been implicated to modulate these
mechanisms. These are proteins, including
p75NTR ezrin, radixin and merlin of the ERM
family, coronin-1A, synectin, and also
phospholipids, such PIPs, or posttranslational
modifications, phosphorylation, acetylation,
and sumoylation.

While RAC1 G domain mediates regulation
and signaling(4), its HVR, modulated various
posttranslational  modifications, finetunes
intracellular trafficking, compartmentalization,
subcellular localization, interactions, and
membrane association by interacting with a
variety of proteins(45). Given this and the
results presented in this study, it seems crucial
and an interesting area for future research to
examine modulatory mechanisms, controlling
RAC1 function, impinge on its C-terminal
region. And last but not least because of
understanding the molecular basis of RAC1
deregulation and dysfunction, implicated in a
variety of diseases, such as atherosclerosis,
diabetes and cancer (54).

Materials and methods
Constructs

For bacterial expression, RHO GTPase and
GDI1 variants, and different GDI variants were
cloned into pGEX vectors. For baculovirus-
insect cell expression, human RAC1 was
subcloned into pFastBacHTB vector
(Invitrogen, Carlsbad, CA). For expression in
human cells RAC1 and GDI1 variants were
cloned in pEYFP and pcDNA-FLAG vectors.

Proteins

All proteins produced using Escherichia coli
and baculovirus-insect cell expression system
as described. (32)
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Liposome assays

The liposomes were freshly prepared to
perform Liposome  sedimentation as
described.(32)

Surface plasmon resonance

Surface plasmon resonance (SPR) (Biacore
X100 system) was carried out as
described(55) .

Fluorescence measurements

Kinetics and equilibrium measurements were
performed as described. (56)

Sequence and Structural Analysis

Sequence alignments were performed with
BioEdit program using ClustalWW algorithm
(57). The intermolecular contacts were
determined (<4.0 A) between the GDIs and
RHO GTPases using available RHO GTPase-
GDI complex structures in the Protein Data
Bank. A python code has been written
including BioPython modules (pairwise2 and
SubsMat.MatrixInfo) (58) to get PDB and
alignment files and returns corresponding
interaction pairs in a matrix form. All structural
representations were generated using PyMOL
viewer(59) .

Nucleofection

pEGFP-RAC1 and pcDNA3-FLAG-GDI1
plasmids were microporated into HUVECs to
perform confocal imaging according to
standard protocol as described(60).

Data availability statement

All the data are in the manuscript.
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Figure legends

Figure 1. RAC1¢¢ and RAC1™- bind with a similar affinity to GDI1. (A) Association of GDI1 (4
puM) with RAC1¢¢ and non-isoprenylated RAC1f- (0.2 uM, respectively). (B-D) Quantitative
measurements of GDI1 interaction with RAC1® and RAC1F led to the calculation of the individual
binding constants, association rate constant or kon (B), dissociation rate constant or ke (C), and
dissociation constant or Ky directly from the Kofi/kon ratio (D). (E) Titration of increasing GDI1
concentrations to RAC1¢¢ and non-isoprenylated RAC1™ (0.2 uM, respectively), using
fluorescence polarization, resulted in in the determination of the equilibrium Kq values. (F-G) SPR
kinetics of the interaction of immobilized GST-GDI1 (0.2 uM) with increasing concentrations of
RAC1€¢ (F) and RAC1™ (G). Note, the substantial difference in signal intensity between RAC1¢¢
and RAC1 can be attributed to the presence of geranylgeranyl moiety in RAC1¢€, that may be
in close vicinity to the fluorescence reporter of mdGDP.

Figure 2. Biochemical and structural view into the RHO GTPase-GDI interactions. (A)
Kinetics of association of 2 yM GDI proteins (GDI1, GDI2 and GDI3AN20) with 0.2 yM mdGDP-
bound RHO GTPases (twelve different proteins) was only monitored for RAC1, RAC3, RHOG
and RHOA using stopped-flow fluorimetry. GDI2 but not GDI1 and GDI3 associated with RAC2.
No binding (n. b.) was observed for the other GTPases. The obtained data are the average of
four to six independent measurements (mean £S.D.). Kinetic data are shown in Figure S1. (B)
Individual rate constants were determined, under the same conditions as shown in Figure 1A-C,
for the interaction of GDI1 with RAC1, RAC3, RHOG and RHOA, and GDI2 with RAC2. Kinetic
data are shown in Figure S2, were derived from the average of four to six independent
measurements (mean +£S.D.). (C) Interaction matrix of the GDI proteins with twelve RHO family
GTPases is generated to determine the frequency of contacts in respective structures (see Table
S2; for more detail see Fig. S3). It comprises the amino acid sequence alignments of the RHO
proteins (lower left panel) and the GDIs (upper right panel), respectively. Each element
corresponds to a possible interaction of RHO residues (row; RAC numbering) and GDI residues
(column; GDI1 numbering). The number of actual contact sites between RHO and GDI proteins
(with distances of 4 A or less) were calculated and are indicated with numbers for matrix elements
between 1 and 9. (D) Schematic diagrams of the domain organizations of GDI1 and RAC1¢¢
illustrate their detailed boundaries. Amino acid sequence alignments of the N-terminal 25 amino
acids and the C-terminal six residues of the GDI proteins (boxed) highlight negatively and
positively charged residues (red and blue). (E) A detailed view into the structure (PDB code:
1HH4) of GDP-bound RAC1CC (grey ribbon) in complex with GDI1 (surface representation)
revealed that the basic HRV (blue) is sandwiched between a series of acidic residues of GDI1
supplied by NTA (purple) and GGBD (orange). Colors are the same in D.

Figure 3. RAC1 HRV generates a selective and high affinity interaction toward GDI1. (A) A
sequence alignment of hypervariable region (HRV) of RHO GTPases shows significant
differences in the frequency of the basic residues (blue). GDI-binding protein are shown in bold.
Critical amino acid deviations in RAC2 are shown in magenta. The isoprenylation site (cysteine
198 in RAC1) is highlighted in bold. (B) Kinetics of GDI1 association were measured by mixing
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RAC1 and RAC2 variants (0.2 pM, respectively) with 2 yM GDI1. (C) K4 values for the RHO
GTPase-GDI1 interaction were determined by titrating RAC1 and RAC2 variants (0.2 uM,
respectively) with increasing concentrations of GDI1 using fluorescence polarization (see Figure
S4 for more details).

Figure 4. RHOGDI1 grasps basic HVR of RAC1 with multiple negatively charged residues.
(A) Kinetics of association of 2 yM GDI1 variants with 0.2 yM mdGDP-bound RAC1 was
monitored using stopped-flow fluorimetry. The obtained data are the average of four to six
independent measurements (mean £S.D.). Kinetic data are shown in Figure S5. (B) Kq values for
the interaction between the GDI1 variants and mdGDP-bound RAC1 were determined by
fluorescence polarization (see Figure S6 for more details). (C) GDI1 variants are, in contrast to
GDI1 WT, impaired in extracting RAC1¢¢ from PIP-enriched synthetic liposomes. The graphs
represent densitometric analysis of three independent liposome sedimentation experiments (Fig.
S7). Data are shown as mean £ SD. (D) FLAG-GDI1 variants were not able to extract GFP-RAC1
from the plasma membrane of HUVECSs. All individual images are illustrated in Figure S8. Arrow
point to colocalization of RAC1 and GDI1 at the plasma membrane.
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Abstract

The growth factor receptor-bound protein 2 (GRB2) is a trivalent adaptor protein, and a key
element in signal transduction. It interacts via its flanking SH3 domains with the proline-rich
domain (PRD) of RAS activator SOS1, and via its central SH2 domain with phosphorylated
tyrosine residues of receptor tyrosine kinases (RTKs; e.g., HER2). The elucidation of structural
organization and mechanistic insights into GRB2 interactions, however, remain challenging due
to its inherent flexibility. This study represents an important advance in our mechanistic
understanding of how GRB2 links RTKs to SOS1. Accordingly, it can be proposed that (1) HER2
pYP-bound SH2 allosterically potentiates GRB2 SH3 domains interaction with SOS1 (an allosteric
mechanism), (2) SH2 domain blocks cSH3 enabling nSH3 to bind SOS1 first before cSH3 follows
(an avidity-based mechanism), and (3) allosteric behavior of cSH3 to other domains appears
unidirectional although there is an allosteric effect between the SH2 and the SH3 domains.

Keywords: GRB2, HER2, proline-rich domain, proline-rich motif, RAS, SH2, SH3, SOS1
Introduction

Allosteric regulation of multivalent proteins is widespread in a variety of biological processes
(287). In multivalent proteins, the signal can be propagated from one site to other sites by
allosteric mechanisms. Allosteric sites facilitate the effectors binding to the protein, often by
controlling the conformational changes within the protein enabled by protein dynamics (288, 289).
The exact mechanism of allosteric regulation of proteins is still elusive, therefore, we aim to shed
light on the allosteric behavior of the multivalent growth factor receptor-bound protein 2 (GRB2)
and the impact on its interaction with Son of Sevenless 1 (SOS1).
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GRB2 is a ubiquitously expressed and evolutionary conserved adaptor protein (290), which links
extracellular signals to a variety of pathways, including the RAS signaling pathways, with diverse
signaling molecules, including SOS1 (706). It is a 25-kDa protein and consists of three protein
interaction modules, one SRC homology 2 (SH2) and two terminal SRC homology 3 domains
(nSH3 and cSH3). The SH3 domains typically bind to the proline-rich motifs (PRMs) of target
proteins, e.g., RAS-specific exchange factor SOS1 and GRB2-associated-binding protein 1
(GAB1) (106-108, 291-295). The SH2 domain specifically binds to the tyrosylphosphate (pY)-
containing proteins, such as activated receptor tyrosine kinases (RTKs; e.g., human epidermal
growth factor receptor or HER2), and other transmembrane (296-298). The GRB2 SH2 domain
has been shown to bind to a pY-®-N-® consensus motif (where ® represents a hydrophobic
residue) of activated receptors (299). The binding of the GRB2-SOS1 complex to the tyrosine
phosphorylation sites on cell surface proteins has been proposed to translocate SOS1 to the
plasma membrane in the vicinity of RAS. This enables the GDP/GTP exchange on RAS leading
to activation of the mitogen-activated protein kinase (MAPK) cascade (300, 301). The GRB2-
GAB1 complex is known to activate the protein tyrosine phosphatase SHP2. GRB2-GAB1-SHP2
complex downregulates the PI3K pathway and induces RAS activation (770, 302).

GRB2-SOS1 complex formation requires the interaction of GRB2 SH3 domains with the C-
terminal proline-rich domain (PRD) of SOS1 (303, 304). SOS1 PRD contains more than ten
PRMs, most of which seem not to bind GRB2 SH3 domains (305-308). The best-investigated
SOS1 PRM is VPVPPPVPPRRR (here called reference peptide 1 or RP1). RP1 has been
reported to bind GRB2 nSH3 more tightly than cSH3 (293, 305, 309, 310). RP1 binding has been
recently shown to induce a closed conformation of nSH3 (305). Loss of PRM-binding variants of
GRB2 SH3 domains (substitution of W36 and/or W193 for K) have been shown to abolish the
critical role of GRB2 in ERK activation via the SOS1-RAS-RAF-MEK axis (371, 372). These
mutations disrupt nSH3/cSH3 binding to SOS1. Thus, GRB2-SOS1 interaction is a key step
towards proliferation in normal and cancer cells (3713). Targeting GRB2-SOS1 interaction has
been suggested to offer new venues for future therapeutic strategies for upstream mutations in
cancer, such as in EGFR (308).

The notion that protein function is allosterically regulated by structural or dynamic changes in
proteins has been extensively investigated for several proteins in solution (287). A quantitative
description of the communication between two distinct sites in a multivalent protein is still very
challenging. In the case of SH3 domains, whilst they have been often associated with allosteric
mechanisms, the intra-domain communication between residues has been poorly explored to
date (374). In this study, we have investigated GRB2 and its interaction with proline-rich peptides
of SOS1 in the presence and absence of HER2 phosphotyrosine peptide (pYP). Our data clearly
indicate an allosteric modulation of the GRB2-SOS1 interaction by HER2 pYP and a cooperative
mechanism between cSH3 and nSH3 regarding binding to SOS1.

Results

Both functional GRB2 SH3 domains are required for the interaction with SOS1. The
interaction of His-tagged SOS1 PRD with GST fusion proteins of GRB2 was analyzed in a pull-
down assay. PRD equally bound to GRB2 FL, nSH3, and cSH3 but not at all if a conserved
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tryptophan (W36 in nSH3 and W193 in cSH3; Fig. 1) was mutated to a lysine (K); W36K in nSH3,
W193K in ¢SH3, and W36K/W193K in GRB2 FL abrogated their binding to SOS1 PRD (Fig. 2).
Interestingly, however, single mutations in GRB2 FL (W36K or W193K) led also to a significant
impairment of GRB2-RP1 interaction (Fig. 2). This was surprising because both GRB2 FLV36K
respectively GRB2 FLW'®K had one SH3 domain intact. This result indicates that functional
interdomain interactions exist for GRB2.

GRB2 FL and isolated SH3 domains exhibit varying affinities for distinct sites of SOS1
PRD. Next, we analyzed the binding capacity of individual PRMs within SOS1 PRD. Binding of
ten FITC-labelled peptides (P1 — P10; Table S1 and Fig. 3a) and two reference peptides (RP1
and RP2) to GST fusion proteins of GRB2 FL, nSH3, and cSH3, respectively, were qualitatively
analyzed by combining GST pull-down and dot-blot assays. As shown in Figure 3b, SOS1
peptides P3, P4, and to a certain extent also P5, as well as the reference peptides PR1 and PR2,
bound strongly GRB2-derived proteins. Signals observed for the other peptides were rather weak.

We next conducted fluorescence polarization measurements to obtain the affinities for the
interaction between GRB2 and SOS1 PRMs. For this, increasing concentrations of the GRB2
proteins, FL, nSH3, and cSH3, respectively, were titrated to the fluorescent peptides at a constant
concentration of 1 uM. We monitored an increase in polarization for P3, P4, P5, and the reference
peptides (Fig. S2a) but not for the other SOS1 peptides (data not shown). All equilibrium
dissociation constants (Kq) for the respective GRB2-SOS1 interactions are summarized in Table
S3 and shown in Figure 3a as bar charts. The highest affinity exhibiting a Ky value of 1.2 uM was
obtained for P3 binding to cSH3 which was 12.5-fold higher than that to nSH3. Relatively weak
interactions with intermediate and low affinities were determined for P4 and P5 binding to cSH3
and nSHS3, respectively. However, their dissociation constants of 15.5 uyM and 13.2 uM,
respectively, for GRB2 FL are still reasonable and suggest that P4 and P5 might constitute—in
addition to P3—secondary binding sites for GRB2.

Isothermal titration calorimetry (ITC) measurements revealed that GRB2-SOS1 interaction
exhibits a two-sites binding characteristic, with a first Ky of 1.2 yM and a second Ky of 4.0 uM,
respectively (Fig. 5a). These observations provided two new insights on the GRB2-SOS1
interaction. First, GRB2 uses both SH3 domains to bind SOS1. Second, the binding affinity of the
SH3 domains is considerably higher in the context of GRB2 FL as compared to the isolated
domains suggesting intramolecular interaction and allosteric coupling between the domains.

Both functional SH3 domains of GRB2 FL are affected upon the interaction with SOS1.
Based on our previous observation, the SOS1 PRD interaction with GRB2 FL was sufficiently
compromised when only one of its two SH3 domains contained a loss of function mutation (W36K
or W193K; Fig. 2 and Table S2). We set out to investigate the impact of additional mutations that
are likely to alter the interaction with SOS1 as well as those that indirectly affect the affinity of
GRB2 towards fluorescent SOS1 RP1. We hypothesized that such variations reside in the
intramolecular and/or inter-domain interactions within the GRB2. To this end, we determined the
Kq values for the binding of various GRB2 variants to SOS1 RP1 using fluorescence polarization
under the same conditions as described above. The first analysis showed that indeed not only a
double but also a single tryptophan mutation of GRB2 SH3 domains completely abolished SOS1
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RP1 binding (Fig. 4a). In contrast, isolated nSH3 and cSH3 domains of GRB2 did bind strongly
RP1 with Ky values of 3.4 and 11.5 yuM, similar to the ITC results (Fig. 5a), respectively, but not
their tryptophan to lysine mutations (Fig. 4b). Substitution of Trp193 for alanine and glutamic acid
(W193A and W193D), respectively, also completely impaired RP1 interaction with cSH3 (Fig. 4b).
Thus, a tryptophan at this position is essential for the interaction of SH3 domains with the RPMs.

These data indicate that there is a mutual influence of the two SH3 domains in the context of
GRB2 FL. Hence, we systematically investigated in the following the impacts of the
interconnecting regions, namely (i) the SH2 domain including its association with HER2, (ii) the
linker regions of GRB2, and (iii) the allosteric interdomain communication of GRB2 on GRB2-
SOS1 interaction.

GRB2 SH2 domain allosterically regulates GRB2-SOS1 interaction. Possible upstream
effects of HER2 on GRB2-SOS1 interaction were examined. For mimicking such a signaling
event, we designed fluorescent peptides, containing Tyr1193 (YP) and phospho-Tyr1193 (pYP)
of human HER2 (Table S1), and determined their binding affinities for both GRB2 FL and its SH2
domain. Isolated SH2 and GRB2™ bound fluorescent pYP 16- and 106-fold more strongly than
non-phosphorylated fluorescent YP (Fig. 4C). The intradomain interaction in GRB2™ strikingly
enhances the HER2-GRB2 interaction, not only because of the high affinity of GRB2 FL for pYP
but also because of the binding selectivity of pYP vs. YP.

Next, we addressed the impact of HER2 pYP binding to GRB2 FL on the SH3 interaction
properties with SOS1 RP1. The experiments were conducted under the same conditions as
before but in the presence of non-fluorescent HER2 pYP. Figure 4d shows that HER2 pYP binding
to the GRB2 SH2 domain did not have any obvious effect on RP1 interaction with GRB2 FL.
Remarkably, HER2 pYP induced a tight interaction of RP1 with GRB2"**K (Fig. 4d). As shown
before, this GRB2 variant with one intact cSH3 domain was unable to bind SOS1 RP1 in the
absence of HER pYP (Fig. 4a). This effect of pYP was marginal for GRB2"™ and even absent for
GRB2W'%3K and subsequently also for GRB2W3KW19K (Fig 4d). It seems that pYP association
with SH2 uncouples potential interdomain interaction(s) within GRB2 suggesting, for the first time,
an allosteric mechanism underlying the RTK-mediated regulation of SOS1 interaction with GRB2.

To further examine the impact of the SH2 domain on SOS1 RP1 binding affinity, we generated
GRB2 ASH2 variants (Table S2) and measured their RP1 binding ability. The results showed that
not only GRB2 ASH2 bound RP1 with a high affinity—higher than GRB2 FL in the absence and
the presence of HER2 pYP (Fig. 4a and 4d)—but most remarkably also ASH2"3®K (Fig. 4e).
Consistent with the data obtained with GRB2 FL, ASH2V'9K and ASH2W3KW193K did not show
any RP1 binding.

These data indicate a modulatory impact of the pYP-SH2 complex on GRB2-SOS1 interaction
and may rather challenge the existing paradigm of GRB2-mediated SOS1 activation.

Physical interdomain interactions control a structural and functional switch of GRB2. To
inspect more deeply the interdependency between the three GRB2 domains associated with
GRB2-SOS1 interaction we generated GRB2 variants lacking either cSH3 or nSH3 (Table S2)
and performed fluorescence polarization experiments at the same setup as before. Figure 4f
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shows that GRB22°5"3 exhibited almost the same affinity for SOS1 RP1, as determined for
GRB2f' and that the presence of HER2 pYP did not show any meaningful increase in GRB22SH3-
SOS1 interaction (Fig. 4f). In contrast and interestingly, a loss of SOS1 RP1 binding was observed
for GRB22"SH that was also disabled in SOS1 RP1 binding even in the presence of HER2 pYP
(Fig. 4f).

To follow up on this observation, we next measured the impact of possible direct SH2-SH3
interactions on RP1 binding to individual SH3 domains. We carried out the fluorescence
polarization measurements for the interaction of isolated cSH3 and nSH3 with SOS1 RP1 under
the same condition as shown in (Fig. 4b) but in the presence of excess amounts of the SH2
domain. Figure 4g shows that the SH2 domain “in trans” significantly interfered with the binding
of RP1 to both nSH3 and cSH3 domains. Whereas no binding was observed for nSH3, the binding
affinity of cSH3 for SOS1 RP1 was reduced by 15-fold by the SH2 domain. Most remarkably, the
presence of excess amounts of HER2 pYP-SH2 (200 uM respectively) actually enabled the nSH3
to bind RP1 (Kq = 11.3 yM) and strongly improved the cSH3-SOS1 RP1 interaction by 24-fold

(Fig. 49).

These data suggest that binding of activated RTK and possibly other transmembrane proteins to
the SH2 domain change the overall conformation of the SH3 domains—most likely cSH3—and
favor the association with SOS1.

As above data indicated unexpected interrelationship between GRB2 domains we have
conducted a series of ITC experiments to uncover the direct or indirect interplay between isolated
SH2 and SH3 domains as well as between isolated SH3 domains and SOS PR1 in the presence
of the isolated SH2 domain. Data summarized in Figures 5d-g shows that the isolated SH3
domains bind with very low-affinity to the isolated SH2 of GRB2 and that the presence of HER2
pYP slightly attenuated these SH3-SH2 interactions. Moreover, in the presence of SOS1 RP1 the
SH2 domain neither binds nSH3 nor cSH3 (Fig. 5h-i). Interestingly, a different scenario emerged
from titrating SOS RP1 to a mixture of isolated SH3 and SH2 domains (Fig. 5j-m). While RP1 did
not bind to the nSH3-SH2 complex, it exhibited a high affinity binding for the mixture of nSH3,
SH2, and HER pYP (Fig. 5] and 5k). These results are consistent with the fluorescence
polarization data (Fig. 3g) and support the idea that activated RTK or other phosphotyrosyl-
containing proteins binding to GRB2 facilitates its interaction with SOS1. In contrast, cSH3 bound
RP1 with a slightly higher affinity in the presence of SH2 as compared to the measurement in the
absence of SH2 and the addition of pYP did not significantly strengthen the binding (Fig. 51 and
5m).

Taken together, above findings expand our understanding of the principles of modular domain
organizations and the interdomain relationships of GRB2 and suggest a structural and functional
switch that favors intramolecular interactions and allosteric coupling between its domains.

Interdomain linkers of GRB2 confer highly dynamic interactions with SOS1. We next
addressed the question of whether the short linker segments of GRB2 interconnecting its globular
domains (amino acids 54-63 and 149-159) plays a role in the allosteric mechanism of GRB2
action. A closer look at the structure of GRB2 (PDB ID: 1GRI) revealed a kind of antiparallel
structural arrangement of these two linkers, especially in the central regions with sequences
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S"PHP® and "2EQV'** (Fig. 1). To examine their impact, we generated deletion variants of GRB2,
lacking both PHP and EQV, respectively. This variant was then combined with single and double
tryptophan substitutions in the SH3 domains (Table S2). The data shown in Figure 4h indicate
the critical role of the GRB2 linkers in the structural and functional features of GRB2 SH3 domains.
Double truncation of the linkers, GRB24PHP/AEQV |ed to an immense decrease of SOS1 RP1
binding affinity by 22.5-fold. This impairment was not reversed in the presence of HER2 pYP (Fig.
4h). In contrast to experiments with GRB2 FL shown in Figure 4a, PHP/EQV deletion restored
SOS1 RP1 binding to GRB2"* and GRB2V'*3X, These observations clearly underscore the
critical role of the linker in the SH3-mediated interaction with SOS1.

To further analyze the effect of single linker truncation, we generated GRB2*"H" and GRB2EV,
respectively. Most remarkably, SOS1 RP1 binding was completely abolished upon PHP but not
EQV deletion. GRB2?V interaction with RP1 notably remained unchanged in the absence of
HER2 pYP but 5-fold reduced in the presence of pYP (Fig. 4i).

These data emphasize the critical role of the linker segments, which give GRB2 domains freedom
and space to move and to orient to each other in a most suitable way. This becomes more difficult
when the linkers are shorter.

GRB2-SOS1 interaction underlies an allosteric mechanism. An inspection of the GRB2
structure (PDB ID: 1GRI) showed that Y37, K50, K195, T202 create an intra-molecular interaction
network between the two SH3 domains (Fig. 1). We thought that replacing them with negatively
charged aspartate residues may generate repulsive forces and thus abolish this interaction
network. Another interesting contact site between the two SH3 domains is achieved by M1 in
nSH3 and M186 in cSH3 (Fig. 1). The nature of this methionine interaction is more Van der Waals
(hydrophobic) and their substitution by arginine or lysine may induce an interdomain electrostatic
repulsion. To investigate possible allosteric effects of these sites on SOS1 RP1 binding we
generated three sets of GRB2 variants, which are apart from the PRM binding site of the SH3
domains (Fig. 1; Table S2): (i) A sextuple variant with M1R, Y37D, K50D, M186R, K195D, and
T202D substitutions (6allo); (ii) two triple variants with M1R, Y37D, and K50D substitutions
(n3allo), and with M186R, K195D, and T202D (c3allo) substitutions, respectively; (iii) a triple
variant with the substitutions of Met1, Met186, and Thr202 to arginines (M1R/M186R/T202R;
called 1-2allo).

Fluorescence polarization data revealed that 6allo substitutions drastically impaired GRB2 SOS1
binding sites such that no RP1 association with GRB2%° was observed (Fig. 4j). This deficiency
was slightly recovered in the presence of HER pYP. Curiously, isolated SH3 domains with the
respective substitutions (3allo and 3allo, respectively) showed no binding with SOS1 RP1 either
(Fig. 4k). This raises the question of whether a physical interaction between two SH3 domains in
GBR2ft is a prerequisite for their interactions with SOS1 RP1. The ITC measurements were
performed to examine possible physical nSH3-cSH3 interaction. We observed that the two SH3
domains undergo a very low affinity binding (Kq = >200 uM), which was abolished when the 3allo
variants of nSH3 and cSH3 were used (Fig. 5n, 50, and S4). Moreover, analytical size exclusion
chromatography of the SH3 proteins revealed that cSH3"T, in contrast to monomeric nSH3"™ and
nSH3%"° is a dimer and tetramer, and is shifted to monomeric/dimeric populations in the case of
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monomeric 3allo variant (Fig. S5). These observations confirmed the notion that an inter-SH3
domain interaction forms an alliance of its own. Certainly, these allosteric sites are not primary
binding sites but are obviously critical in the optimal control of SOS1 association with GRB2.

To further follow up on the impact of the allosteric site, we measured the RP1 binding activity of
GRB2™%2lle gnd GRB2%4°, respectively. GRB2m™4° showed a 30-fold reduced Kq value for SOS1
RP1. However, it was, contrary to GRB2"3®K yet able to bind RP1 with a similar affinity in the
background of W36K (Fig. 4l). RP1 binding was not observed for GRB2"3al/W193K — Most
remarkably, GRB2"3°-SOS1RP1 interaction was greatly improved in the presence of HER pYP.
This clearly supports the notion that HER pYP-SH2 interaction induces a reorientation of the SH3
domains and optimizes SH3-SOS1 interaction. In contrast, GRB2%@"° was able to efficiently bind
RP1 with a K¢ value of 1 uM, which remained unchanged in the background of W193K but was
completely abolished in the background of W36K (Fig. 4m).

In order to reduce the number of substitutions at the allosteric sites, we generated and analyzed
GRB2'"2° ysing fluorescence polarization. As shown in Figure 4n, this protein binds SOS1 RP1
with high affinity but it is in comparison to GRB2"T able to bind RP1 with intermediate affinities in
the background of W36K. The presence of HER pYP did not change these binding affinities.
GRB21"-2aloW193K " however, exhibited Ky values of 2.2 for RP1 binding (Fig. 4N), which interestingly
resembles the high binding affinities of GRB22E?V and GRB2¢%a0W193K) ' regpectively (Fig. 4i and
4m).

These data strongly suggest that a cooperative nSH3-cSH3 interaction is required to facilitate
SOS1 binding, and further support the idea of opposed impacts of the SH3 domains on their RP1
binding capabilities. It seems that nSH3 allosterically facilitates RP1 association with cSH3, and
cSH3 allosterically precludes nSH3-RP1 interaction.

The unique C-terminal NRNV motif leverages GRB2 allostery. An inspection of the GRB2
structure revealed that the very C-terminal four amino acids consisting of NRNV undergoes
contacts with the linker 2 and possibly also with the SH2 domain. It was tempting to investigate
its impact on GRB2 interaction with SOS1 RP1 in the presence and absence of HER pYP. This
was addressed by deleting this motif. As shown in Figure 40, NRNV deletion led to a drastic
attenuation of GRB2-RP1 interaction by more than 28-fold as compared to GRB2™ (Fig. 4a),
which was recovered in the presence of HER2 pYP to the same extent as GRB2™ (Fig. 4d). Most
remarkably, GRB2*NRNY variants with W36K or W193K substitutions were, in contrast to GRB2™,
able to bind RP1 even with higher affinities than without the tryptophan substitutions (Fig. 40).
Moreover, the addition of HER2 pYP resulted in loss of RP1 binding to GRB2ANRNVIW38K) gnd gain
of RP1 binding to GRB22NRNVW193K) The very high affinity of the latter rather resembles the wild
type GRB2 in the presence of pYP (Fig. 4d).

With the very C-terminal NRNV, we have identified a sequence motif that seemingly leverages
GRB2 allostery to direct RTK signaling towards SOS1 activation.
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Discussion

One of the key steps in RAS activation at the plasma membrane is the bimodal interactions of
GRB2 adaptor protein with the activated RTK and the RASGEF SOS1. GRB2 carries one SH2
domain for the association with a specific phosphotyrosine site of the activated RTK or non-
receptor tyrosine kinases, and tyrosine-phosphorylated proteins, and two SH3 domains
responsible for binding to proline-rich motifs, such as SOS1 PRD. This study provides
comprehensive data on molecular interactions of PRD, PRMs, Y-/pY-peptides with GRB2 in an
attempt to shed light on the mechanism underlying the linking RTKs with RASGEFs by GRB2. It
demonstrates that the mechanism with which the GRB2 functions as adaptor protein is not based
on a simple binding model. Using a systematic and unbiased approach we found that: (1) GBR2
binds, with P3, P4, and P5, the three out of ten SOS1 PRMs; (2) both functional GRB2 SH3
domains are required for the interaction with SOS1; (3) physical interdomain interactions of GRB2
structurally and functionally modulate a tight association with SOS1; (4) the two GRB2 linkers
allow for highly dynamic interactions of the SH3 domains; (5) there is a reciprocal relationship
between the two SH3 domains that determine their alternate interactions with SOS1; (6) the
GRB2-SOS1 interaction underlies an allosteric mode of regulation that is leveraged by a unique
C-terminal NRNV motif. Thus, GRB2 rather appears to undergo, upon upstream ligand binding
(e.g., HER2 pYP), a series of structural transitions from one site to a physically distinct site that
may reinforce a stepwise association of downstream ligands (e.g., SOS1 PRMs). Such a signal
propagation is achieved via both intradomain structural changes and allosteric networks, on the
one hand, induced by HER2 pYP binding to the SH2 domain, and on the other hand, modulated
by specific domain—domain rearrangements, which ultimately results in the engagements of both
SH3 domains in binding and eventually activating SOS1.

The interaction of GRB2 with SOS1 was first described in the early 1990s (304, 315). The first
study by Lemmon et al. has shown that GRB2 undergoes a 1:2 complex with a SOS1 peptide,
similar to P3, with a Ky value of 22 yM, and a 1:1 complex with a HER1 pYP with a K4 value of
0.4 uM (316). This study and Cussac et al. have proposed an independent ligand binding to the
SH2 and SH3 domains of GRB2 (370, 316). Since then, many different groups have investigated
GRB?2 interactions with various SOS1 peptides with nanomolar to millimolar binding affinities for
GRB2f, nSH3, and cSH3 using different methods and varying conditions (293, 305-307, 317-
320). A detailed inspection of SOS1 PRD sequence revealed that the ten peptides, selected for
this study (P1-P10; Fig. 6a), cover 13 out of 14 identified types of proline-rich consensus
sequence motifs (Table S4). However, the majority of the studies have analyzed peptides with
PXXPXR motif that were derived from P3 or quite similar to RP1 (see Table 1), and which has
been proposed as a canonical GRB2-binding site. Moreover, GRB2 nSH3 has been generally
appreciated as the main SOS1 binding module and the cSH3 may increase the overall stability of
this protein complex. GRB2-SOS1 interaction has been very recently proposed to induce a closed
conformation in nSH3 while the cSH3 conformation remains unchanged (327). McDonald et al.
have proposed the formation of SOS1-GRB2-GAB1 complex (708, 110). Accordingly, SOS1
binding to nSH3 induces a conformational change in GRB2 allowing GAB1 to access the cSH3
domain in a non-competitive manner. This means that the association of one molecule GRB2 with
its upstream ligands, e.g., HER2 or LAT leads to activation of two distinct pathways, namely PI3K
and MAPK pathways (7710, 300-302).

In an NMR structural study, Yuzawa et al. have shown that GRB2 exists in multiple conformations
in which two SH3 domains take different positions and orientations relative to the central SH2
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domain (322). Figure 6b shows the randomly selected conformation of GRB2 with the tendency
to form an inter-SH3 domain interaction, which is proposed in this study to be a prerequisite for
SOS1 interaction. Disrupting the nSH3-cSH3 interaction by substitution of the interface residues
(n3allo, c3allo or both) completely abolished their SOS1 binding capability. Moreover, there is
reciprocal functional interdependence between SH3 domains that is required for SOS1 binding
(Fig. 6b, 3ii). Substitution of one of the conserved tryptophan residues of the binding sites (W36K
and W193K) has not only abolished own SOS1 binding activity but unexpectedly also SOS1
binding by WT SH3 domain.

Sehti et al. have calculated the intramolecular equilibrium constants for the interaction of GRB2
with SOS1 and determined a Ky value of 0.4 yM for GRB2-SOS1 complex with a stoichiometry of
1:1 (323). Liao et al. have very recently proposed two PRMs in SOS1 PRD, corresponding to P3
and P10 (Fig. 3a), as binding sites for GBR2 nSH3 and cSH3 domains, respectively (305). They
have also considered but not favored P4 and P3 by reason of restricted structural flexibility as
compared to the distance between P3 and P10 (Fig. 6¢, 1-3). We found only P3, P4, and P5
peptides interacting with GRB2 SH3 domains confirming only partially this proposed model. We
agree that GRB2-SOS1 interaction involves the successive binding of both SH3 domains and that
GRB2 binding to one site may enhances its binding to the other. However, we think that the
process of protein-protein interaction and complex formation correlates with the
restricted/reduced structural flexibility, which is rather facilitated by adjacent or even tandem
binding sites, such as P3-P5 or P3-P4 (Fig. 6¢, 4-6). In this context, Vidal et al have demonstrated
that the interaction of RP1 with GRB2 can be increased by 360- and 60-fold when RP1 covalently
linked to identical RP1 (a double RP1) or to the different peptide (actually to PESPPLLPPR, the
central part of P5; see Fig. 3a) was used (324). Similarly, Yuzawa et al. have shown that
generated tandem peptides, consisting of RP1-RHY peptide with varying number of linker
residues, exhibited much higher affinities, with K4 values between 0.01 and 0.5 uM, for GRB2f*
as compared to single peptides (322). Accordingly, it has been suggested that GRB2 changes
the relative position and orientation of the SH3 domains to enable efficient bivalent binding to non-
continuous binding sites, and that binding affinity depends on the length of the linker between
PRMs. We, thus, propose that GBR2 undergoes a stepwise, cooperative binding with SOS1, such
as P3-P4 (Fig. 6¢, 6).

Most multidomain proteins have at least some degree of segmental mobility facilitated by the
flexibility of the interdomain linkers. This allows conformational changes that in some instances
can be brought about by concerted domain movement from one distinct arrangement to another.
The orientation of the globular domains in an SH3-SH2 or SH2-SH3 tandem may allow the
formation of a compact rearrangement between them. Nussinov and colleagues have proposed
that linker sequences and lengths are optimized in the course of evolution for efficiency of protein
functions (325). They further argue that allosteric propagation of the energy that is generated by
such perturbation events via flexible linkers can lead not only to conformational changes of a
second binding site in another domain but also to a relatively large, allosterically driven
reorientation of protein domains with respect to each other. A number of studies have shown that
linker segments between SH3 and SH2 domains in various proteins, including ABL (326), CRK
(327), FAK (328), LCK (329), NCK (330), and PLCy (3317), modulate the binding of these domains
to their targets and thus regulating corresponding cellular processes. Accordingly, the present
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study adds GRB2 to this list of proteins, whose domain arrangements and interaction dynamics
are controlled, among others, by the flexibility of the linker segments. Our data revealed that
truncation of one of the linkers or both affects GRB2 interaction with SOS1 most probably due to
limited interdomain flexibility. An inspection of GRB2 structures (322, 332), revealed that both
cSH3 and the very C-terminal NRNV motif are located in close proximity of linker 2, and may form
stable intramolecular hydrogen bonds. GRB2 SUMOylation by SUMO1 at K56, which is located
in the first linker segment, has been shown to result in an increase in the formation of the GRB2-
SOS1 complex, sequentially in the activation of Ras/MEK/MAPK pathway (333). So, the linkers
are not only flexible but are allosterically regulated. (325).

The crystal structure of GRB2-, determined by Maignan et al. (332), has revealed that it exists
as a homodimer with accessible binding sites for both SH2 and SH3 domains. Ladbury and
coworkers have found that monomer-dimer equilibrium determines its function in cells (334).
Accordingly, the monomeric GRB2, the active form, associates with SOS1 whereas dimeric GRB2
represents its inactive inhibitory form. It has been suggested that dissociation of the dimer is
facilitated by either phosphorylation of Y160 or through the binding of a tyrosylphosphate-
containing ligands (334). Liao et al. have also proposed recently that the autoinhibited GRB2
dimer undergoes a conformational change, upon binding of its SH2 domain to a pYP, that releases
the flanking SH3 domain for binding and recruiting SOS1 to the plasma membrane (305). Two
assumptions are implied in this study (Fig. 6d, 1): (1) the autoinhibited GRB2 is disabled in binding
PRM-containing ligands, including SOS1; (2) GRB2-SOS1 complex forms upon stimulation of
cells by growth factor and the association of GRB2 with tyrosylphosphate-containing ligands.

The prevailing paradigm, however, suggests that SOS1 undergoes a stable interaction with GRB2
and resides in the cytoplasm and translocates to the plasma membrane upon stimulation (Fig.
6d, 2) (335-341). Chook et al. have shown that the GRB2-mSOS1 complex, co-purified from
insect cells, forms a molar ratio of 1:1 and binds pY peptides with higher affinity than GRB2 alone,
suggesting that the proximity of SOS1 to GRB2 facilitates the interaction of the GRB2 SH2 domain
with the activated tyrosyl phosphorylated ligands (342). Welham et al. have yet reported that they
did not detect GRB2 and SOS1 translocation to the plasma membrane upon cell stimulation by
the different growth factors, including EGF (343). This raises the possibility of additional, yet
unknown mechanisms by which GRB2 and SOS1 form a complex that ultimately results in SOS1
activation at the plasma membrane.

Whilst allosteric effects in SH3 domains have been previously explored to investigate the
structural communication between contiguous domains in complex multidomain proteins (374),
there is a lack of information regarding the interdomain allosteric crosstalk within the GRB2
molecule. Groves and coworkers have proposed an allosteric mechanism in which the binding
affinity of LAT-GRB2 depends on the phosphorylation at remote tyrosine sites (344). As discussed
above, it is still a matter of debate whether GRB2 association with its upstream pY molecules,
such as HER2 or LAT, brings SOS1 "piggyback” to the plasma membrane, where it binds and
activates membrane-associated RAS. In another study, Groves and coworkers have
demonstrated that the SOS1 catalytic RASGEF domain is inhibited by the PRD (345) suggesting
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that GRB2 binding to the PRD may induce SOS1 activation. This autoinhibitory role of the PRD
limits GRB2-independent recruitment of SOS to the membrane through binding of RAS*GTP in
the SOS1 allosteric binding site (346, 347). Spatiotemporal specificity is further conferred by
multiple intermolecular interactions on the membrane such as with lipids and GRB2 that bind to
the N- and C-terminal domains, respectively (53, 345).

Taken together, three scenarios for GRB2-mediated SOS1 translocation to the plasma membrane
can be postulated under growth factor-stimulated conditions (Fig. 6d): (1) A dimer-monomer
equilibrium of GRB2 results in the SH2 association first with the tyrosylphosphate-containing
ligands, and then upon a conformational change with the membrane phospholipids via surface
cationic patches separate from pY-binding pockets (348), and ultimately with SOS1 PRD. (2) A
cytoplasmic bivalent GRB2-SOS complex binds to its activated ligands (pYP and phospholipids),
and thereby recruits SOS1 to the plasma membrane-associated RAS. This model may represent
simple recruitment of cytoplasmic SOS1 to the plasma membrane. (3) A cytoplasmic monovalent
GRB2-SOS complex binds to its activated ligands (pYP and phospholipids), which in turn
allosterically induces a structural rearrangement and the release of a second SH3 domain of
GRB2, its interaction with a second binding site on SOS1 PRD, and ultimately SOS1 activation.
In this model, SOS1 recruitment to the plasma membrane is accompanied by the release for its
autoinhibition.

Materials and Methods

Peptides. Peptides used in this study are listed in Table S1.
Constructs. Constructs used in this study are listed in Table S2.

Proteins. All proteins used in this study are listed in Table S2.

All methods are described in Supplementary information.
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Figure legends

Figure 1 | GRB2 structure highlights different regions, sites, and motifs investigated in
this study. The upper panels represent the GRB2 structure (PDB code: 1GRI) from the front (left)
and back side (right). The lower panels represent an open-book view of the two SH3 domains
with the six interfacing residues. The SH2 domain (cyan) in complex with HER2 pYP peptide
(magenta) links via linkers 1 (black pellets), and 2 (grey pellets) the flanking nSH2 (yellow), cSH3
(green), and the very C-terminal NRNV motif (brown). The SH3 domains are in complex with
SOS1 RP1 peptide (blue). Different sites, relevant for this study, are the two tryptophans W36 in
nSH3 and W193 in cSH3 (both in orange) at the SH3-RP1 interface, the two triplets, PHP from
linker 1 and EQV from linker 2 (both in red), and the six residues in the nSH3-cSH3 interface.

Figure 2 | Inactivating mutation in one of the GRB2 SH3 domains also impairs SOS1 PRD
interaction of the other SH3 domain. Purified SOS1 PRD was almost equally pulled down by
GST fusion proteins of GRB2 FL, nSH3, and cSH3 but not by their mutants W36/W193, W36, and
W193, respectively, or GST alone (negative control) and mmunoblotted with a polyclonal anti-
SOS1 antibody (lower panel, output). Only single-point mutants of GRB2, either in nSH3 (W36K)
or cSH3 (W193K) showed very weak binding to SOS1 PRD. The bottom panel (input) shows that
equal amounts of SOS1 PRD proteins were used. Upper panel shows quantification of GRB2-
PRD interaction (meanzs.e.m.; n = 3); ***, p < 0.0001(Student’s t-test).

Figure 3 | The GRB2 binding properties for SOS1 PRMs. (a) The C-terminal PRD of SOS1
contains several PRMs, ten of which were investigated in this study, designated as peptide P1 to
P10. As control was used the reference peptides RP1, a derivative of SOS1, and part of P1, and
RP2, a derivative of the RHO GTPase WRCH1. Note that RP1 is part of P3. (b) GRB2 selectively
interacts with three out of ten PRMs of SOS1. Dot-blot analysis of fluorescent SOS1 PRMs pulled
down with GST-GRB2 proteins revealed high binding selectivity especially for GRB2 cSH3. (¢)
SOS1 P3 revealed the highest binding affinity for cSH3. Evaluated dissociation constants (Kq) of
fluorescence polarization measurements for the SOS1 PRM-GRB2 interactions (Fig. S2A) are
shown as bar. The colors of the bar charts highlight the K4 values (above the bars) for the SH3-
PRM interaction, which are divided into high affinity (1 — 5 uM; green), intermediate affinity (6 —
20 uM; blue), and low affinity (>21 uM; red).

Figure 4 | sos1 peptide binding by GRB2 FL depends on multiple factors. K4 values (in uM)
for the interaction of various GRB2 variants with SOS1 RP1 in the presence and absence of HER2
pY peptide were obtained using fluorescence polarization and FITC-labelled peptides(a-o).
Determined Ky values for the data shown in Figures S3, including the calculated error bars, were
divided in high affinity (1 — 5 pM), intermediate affinity (6 — 20uM), and low affinity (21 — 90 uM).
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Figure 5 | ITC measurements of the interdomain interactions of GRB2. Evaluated Kq values
(a-o0) for the data shown in Figure S4 were divided in high affinity (1 — 5 yM), intermediate affinity
(6 — 20uM), and low affinity (21 — 90 uM) and very low-affinity (91 — >200 uM). The standard
deviations for the whole Ky values ranged from 3 to 5%.

Figure 6 | Schematic models of GRB2 association with SOS1 and HER2. (a) Color-coded
SOS1 PRD peptides P1-P10. (b) Selected GRB2 models (322), where the relative position and
orientation of nSH3 and ¢cSH3 domains are different. nSH3-cSH3-interaction (i) and the PRM
interaction capability of the SH3 domains (ii) are likely to be a functional prerequisite. (¢) The
selectivity of GRB2-SOS1 PRD interaction. (d) HER2-GRB2-SOS1 complex formation at the
plasma membrane (PM). (1) In this scenario, GRB2 exists in an autoinhibited state and does not
bind SOS1. Growth factor stimulation induces a sequential interaction of GRB2 with HER2 (i) and
PM (i), which leads to GRB2 monomerization and subsequent binding to and translocation of
SOS1 (iii). (2) Cytosolic GRB2-SOS1 complex translocates to phosphorylated HER2, where pYP
binding of the SH2 domain (i) induces its association with the PM phospholipids (ii). (3) Another
possible scenario, a cytosolic GRB2-SOS1 complex, formed only by one SH3 domain while the
other SH3 domain (e.g., cSH3) is blocked intramolecularly. The complex translocates to the
membrane upon phosphorylation of HER2. pYP binding of the SH2 domain (i) induces not only
the SH2-PM interaction (ii) but additionally induces a conformational change in GRB2 that
releases cSH3, and is now able to contact SOS1 PRD at a second site (iii). In this model, HER2-
GRB2 association may also confer to SOS1 activation.

Figure 1
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Supplementary Information

The intramolecular allostery of GRB2 governing its interaction with SOS1 is modulated by
phosphotyrosine ligand

Neda S. Kazemein Jasemi, Christian Herrmann, Eva Magdalena Estirado, Radovan Dvorsky, Luc
Brunsveld, Mohammad R. Ahmadian

Institute of Biochemistry and Molecular Biology Il, Medical Faculty of the Heinrich-Heine University, 40225
Disseldorf, Germany

Supplementary Methods

GST pull-down assay. Pull-down of SOS1 PRD was performed with GST fusion proteins of
various GRB2 variants as previously described(349). Purified GST was used as a negative
control. Briefly, 20 yM GST-GRB2 FL and the respective SH3 domains were incubated with 30
MM SOS1 PRD and GSH Sepharose beads (GE Healthcare, UK), in a buffer, containing 30mM
Tris-HCI pH 7.5 pH 7.5, 3 mM Dithiothreitol, 5 mM MgCl,, for 1 h, at 4°C. After 3x washing with
the same buffer, the samples were denatured in Laemmli buffer for 10 min, at 95°C, and analyzed
by SDS-PAGE and immunoblotting.

Fluorescence dot-blot analysis. Pull-down of 10 uM FITC-labelled peptides with 5 yM GST
fusion proteins of various GRB2 variants was performed under the same conditions as described
for GST pull-down assay. Purified GST was used as a negative control. After 3x washing, bound
proteins were eluted by incubating in the same buffer, additionally containing 2 mM GSH, for 15
min, at 4°C, and the beads separated by centrifugation. Bound FITC-labelled peptides were
detected by dot-blot analysis using 1uL eluent at an emission wavelength of 600 nm using
Odyssey Fc Imaging System (LI-COR Biosciences). Detected signals were densitometrically
quantified using the LI-COR Biosciences Image Studio version 5.2 imaging software.

Fluorescence polarization (FP). The interaction of FITC-labelled peptides (0.2 and 1 yM) with increasing
concentration of the SH3 domains (0.2 to 200 uM) was measured by fluorescence polarization using a
Fluoromax 4 fluorimeter as described (789). Excitation wavelength was 470 nm and emission wavelength
560 nm. The dissociation constants (Kd) were obtained by fitting the concentration dependent binding curve
using a quadratic ligand binding equation.

Isothermal titration calorimetry (ITC). The thermodynamic parameters of GRB2-SOS1 and GRB2-GRB2
interactions were determined using an isothermal titration calorimeter (VP-ITC, MicroCal, Inc.) as described
(350). In all experiments, the GRB2 proteins, including nSH3, cSH3, SH2, and FL, were placed into the
sample cell at a concentration of 100 uM. The concentration of the proteins in the syringe was tenfold higher
(1 mM) as compared to the protein concentrations in the cell. For data evaluation, the manufacturer’s
software was used as described (357). For all experiments a buffer, containing 50 mM Tris-HCI pH 7.4, 5
mM MgCl2 and 2 mM dithiothreitol was used.

Analytical size-exclusion chromatography. The homogeneity of purified proteins was
determined using a Superdex 200 (10/300) column (GE Healthcare), an AKTA purifier (GE
Healthcare), and a buffer, containing 30mM Tris-HCI pH 7.5, 3 mM Dithiothreitol, 5 mM MgCly, in
the presence and absence of 15 mM NaCl. The flow rate was sustained at 0.5 ml/min. The column
was calibrated with a set of molecular weight protein standards (GE healthcare), comprising
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aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44 kDa), Carbonic anhydrase (29 kDa) and
RNase A (13.7 kDa). Fractions were collected at a volume of 0.5 ml and then peak fractions were
visualized by 12.5% SDS-PAGE gel and staining using coomassie brilliant blue.

Table S1 | Peptides used in this study.

Source Peptide? Peptide sequence and position®
SOs1 P1 1078SAPNSPRTPLTPPPAS093
P2 1124y TLPHGPRSA'33
P3 1146EVPVPPPVPPRRRPESAPAESSPSK|'
P4 1176 DSPPAIPPRQPTSK?190
P5 1204)SDPPESPPLLPPREPVRTPDV225
P6 12273SSPLHLQPPPLGKK1241
P7 1247AFFPNSPSPFTPPPPQTPSPHGT 1269
P8 12IMRHLPSPPLTQ'280
P9 1287AGPPVPPRQS 27
P10 1300QHIPKLPPKTY1310
HER2 HER2 YP? 1133CSPQPEYVNQPDV 114
HER2 pYP" 1133CSPQPEpPYVNQPDV'145
Reference (SOS1) RP1¢ 1147VPVPPPVPPRRR1158
Reference (WRCH1) RP2 SRCEAPPVPPRRERG?

aAll peptides were synthesized with and without fluorescein isothiocyanate (FITC) label using standard
Fmoc solid-phase peptide synthesis (SPPS), by means of an automated peptide synthesizer (Intavis
MultiPep Rsi) analogous to as described (Stevers et al. (2018) J Am Chem Soc. 140:14498-14510).

bThese peptides were purchased from GenScript (Piscataway, USA).
¢Reference peptide 1 (RP1) is derived from P3 (underlined).

dPeptides were selected according to all known proline-rich consensus sequence motifs and their incidence
found in SOS1 PRD (see Table S4).
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Table S2. | Constructs and proteins used in this study

Protein? Nomenclature® Construct/proteins®
S0s1 SOS1PRD aa 1049-1333
GRB2 GRB2F- aa 1-217
GRB2Ws6tK aa 1-217, W36K
GRB2W19sK aa 1-217, W193K
GRB2W193D aa 1-217, W193D
GRB2W193A aa 1-217, W193A

GRB2W36K/W193K

G RBZGaIIo

G RBZGaIIo/\N36K
G RBZGaIIoNV193K
GRB2n3allo

G RBZn3aIIoIVV36K
G RanSaIIo/\N'] 93K
GRB2cllo

G RBZC3aIIONV36K
G RBZc3aIIONV1 93K
G R821-2allo

G RBZ1—2aIIoNV36K
GRB21-2allo/W193K

GRBzAPHP/AEQV

GRBzAPHP/AEQV/VVBGK
GRB2APHP/AEQV/W193K

GRB2APHP/AEQV W3BK/W193K

GRBzAPHP
GRB24EQV

G RBZASHZ

aa 1-217, W36K/W 193K

aa 1-217, M1R/Y37D/K50D/M186R/K195D/T202D

aa 1-217, M1R/Y37D/K50D/M186R/K195D/T202D/W 36K
aa 1-217, M1R/Y37D/K50D/M186R/K195D/T202D/W 193K
aa 1-217, M1R/Y37D/K50D

aa 1-217, M1R/Y37D/K50D, W36K

aa 1-217, M1R/Y37D/K50D, W193K

aa 1-217, M186R/K195D/T202D

aa 1-217, M186R/K195D/T202D, W36K

aa 1-217, M186R/K195D/T202D, W193K

aa 1-217, MIR/M186R/T202R

aa 1-217, MIR/M186R/T202R, W36K

aa 1-217, MIR/M186R/T202R, W193K

aa 1-217, A57PHP/A152EQV

aa 1-217, A57PHP/A152EQV, W36K

aa 1-217, A57PHP/A152EQV, W193K

aa 1-217, A57PHP/A152EQV, W36K, W193K

aa 1-217, A57PHP

aa 1-217, A152EQV

A61-150
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GRB2ASH2/W3sK A61-150, W36K
GRB2ASH2/W 193K A61-150, W193K
GRB2ASH2W3BK/W 193K A61-150, W36K/W 193K
GRB24AnSH3 aa 61-217

GRB2ACSHS aa 1-149

GRB2sH2 aa 61-150

GRB2nsH3 aa 1-55

GRB2nSH3/W3eK aa 1-55, W36K
GRB2nsH3/3llo aa 1-55, M1R/Y37D/K50D
GRB2¢sH3 aa 160-217

GRB20SH3/W 193K aa 160-217, W193K
GRB2¢cSH3/3allo aa 160-217, M186R/K195D/T202D

aProteins used in this study were derived from human SOS1 (Acc. No.: Q07889), human RASGRF1 (Acc.
No.: Q13972), and human GRB2 (Acc. No.: P62993).

bAll GRB2 constructs were cloned into pGEX4T-1 via BAMH1 and SALI restriction sites. SOS1 CAT and
PRD constructs were cloned in PET23A via SALI and NOTI restriction sites. RASGRF1 construct was
cloned in pGEX4T1 via BAMH1 and SALI restriction sites. SOS1 CAT-PRD was cloned in pFASTbac via
SALI and NOTI for a baculovirus-insect cell expression system. C, C-terminal; N, N-terminal; RDD,
allosteric arginine-aspartic acid-aspartic acid variants of either nSH3, cSH3 or both; APHP and AEQV,
deletions in linker region 1 and 2; W36 and W193, residues critical for the PRM binding.

¢ All proteins were expressed in Escherichia coli and isolated as glutathione S-transferase (GST) fusion
proteins via a glutathione (GSH) Sepharose column (GE Healthcare) and purified by size exclusion
chromatography (Superdex 200; GE Healthcare) after thrombin cleavage of GST. Protein concentration of
all fractions was determined by the Bradford assay (Bio-Rad, Hercules, CA). All proteins were stored at -
80°C after analyzing by SDS-PAGE.
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Table S3 | Dissociation constants (Kq)? determined for the SH3-

PRP interactions.

GRB2 proteins FL nSH3 cSH3
S0S1 P1 - - -
Peptides® o, ) ) )

P3 4.2 2 15.0 £2 1.2 £0.25

P4 15.5 £8 60.0 £8 20.0 £2

P5 13.2 17 62.0 £10 35.0 £3

P6 - - -

P7 - - -

P8 - - -

P9 - - -

P10 - - -
Reference RP1 1.2 £01 11.510.8 3.4 +0.21
peptides®  ppy 1427 20 £9 12.9 £3

a Dissociation constant (K4 values in uM) were determined by evaluating
the fluorescence polarization data (Figures S2) shown in Figure 3C as

bar charts.

® The amino acid sequences of the peptides are listed in Table S1.

¢ RP1 is the best-studied peptide derivative of SOS1. RP2 is a derivative
of the N-terminal extension of WRCH1.
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Table S4 | Classification of published proline-rich consensus sequence motifs and their incidence
found in SOS1 PRD.

No. | ID Consensus | Ref. | Peptides?®
sequences P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 | RP1 RP2

1 0X1 | PPPP (352) | - - - - - - + - - - - -
2 0X2 | XPPX (353) | + - + + + + + + + + + +
3 1X1 | PXP (3549) | + - + - - + o+ o+ o+ - + +
4 1X2 | PXPXP (355) | - - + - - - - - - - + -
5 1X3 | PPXPP (356) | - - + o+ o+ - - - + - + +
6 2X1 | PXXDY (357) | - - - - - - - - - - - -
7 2X2 PXXP (358) | + + + + + - + + + + + +
8 2X3 | PXXPXIKR] | (359) | - - + o+ o+ - - - + - + +
9 2X4 | [KRIXXPXXP | (359) | - - - - - - - + - - - -
10 | 2X5 PXXPXXP (360) | + - + - - - - - - - + -
11 | 3X1 | PXXXP (361) | + - + 0+ o+ o+ o+ - + o+ + +
12 | 3X2 | PXXXPXXXP | (362) | - - + o+ o+ - - - - - - -
13 | 3XP | PXXXPR (363) | - - + o+ o+ - - - + - + +
14 | 4XP | PXXXXP (364) | + - + 0+ o+ - + - - - + -

aThe amino acid sequences of the peptides P1-P10 as well as PR1 and PR2 are listed in Table S1.
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Figure S1 | sos1 PRD recognition by an anti-SOS1 antibody. Various purified proteins,
containing different SOS1 domains (a) along with the endogenous SOS1 FL in SK-BR-3 breast
cancer cell line (b) were immunoblotted using a polyclonal anti-SOS1 antibody (#5890; Cell
Signaling Technology). This antibody recognizes the proline-rich domain (PRD) of human SOS1
but not the other regions or domains (c).
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Figure S2 | Fluorescence polarization measurements of the interactions of the GRB2
proteins with the SOS1 and reference peptides. Fluorescence polarization experiments were
performed to determine the dissociation constants (Ky) for the interactions of GRB2 FL, nSH3,
and cSH3, respectively, (a) with FITC-peptides (green) from SOS1 PRD (P3, P4, P5, RP1 and
RP2; See Fig. 3A and Table S1), and (b) with two different RP1 concentrations. The X-axis
represents the concentration of GRB2-derived proteins in yM and Y-axis represents relative
fluorescence polarization. Equilibrium Ky values for respective interactions were calculated by
fitting data to a quadratic ligand-binding equation (solid lines). The Ky values are summarized in
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Figure S3 | Fluorescence Polarization measurements of GRB2 interactions with the SOS1
and reference peptides. Fluorescence polarization experiments were performed to determine
the dissociation constants (Kq) for the interactions of different GRB2 variants (see Table S2) with
FITC-peptides (green) derived from SOS1 (RP1) and HER2 (YP and pYP; see Table S1). The X-
axis represents the concentration of GRB2-derived proteins in yM and the Y-axis represents
relative fluorescence polarization. Equilibrium Ky values for the respective interactions were
calculated by fitting data to a quadratic ligand-binding equation (solid lines). The K4 values are
summarized in Figure 4. The error bars were derived from the fitting errors.
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Figure S4 | ITC measurements of GRB2-SOS1 RP1 and GRB2 interdomain interactions.
Isothermal titration calorimetry (ITC) was used as an independent method to measure the binding
affinity and particularly also the stoichiometry of the SOS1 RP1 interaction with GRB2 FL, nSH3,
and cSH3, respectively (a-0). The experiments were conducted by titrating protein or peptide
solutions of 0.1 mM in the cell with a solution of 1 mM in the syringe as indicated in each panel.
The buffer contained 30 mM Tris-HCI pH 7.4, 5 mM MgCl,, and 2 mM dithiothreitol, at 25°C. The
injection volumes were 10 ul (except for the first injection with a volume of 2 pl) and a delay of
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150 s was set between the injections. The upper panels show heating power changes plotted
versus the time. The lower panels represent the integrated heat changes referred to the
concentration of injected protein and plotted against the increasing molar ratio of the interacting
proteins. The solid lines in the lower panels represent the fit to the data by the manufacturer’s
software according to a one site binding model, except for a where a two-sites binding model was
applied. These fits yielded the Ky values of the complexes as indicated in the lower panels. The
stoichiometry values (n) obtained from the fits range between 0.5 — 1.5 and particularly for the
low affinity complexes these values exhibit large uncertainties. In addition, errors in the
concentrations of proteins and peptides account for another contribution to this uncertainty. A
reasonable fit using the two-sites binding model in panel a could only be obtained with the n-value
for each of the two binding sites close to 1.
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Figure S5 | ITC control measurements. Only small and constant heat changes were observed
in the control experiments, which were conducted under the same condition as described in
Figure S4. (a) nSH3 titrated to buffer; (b) cSH3 titrated to buffer; (¢) RP1 titrated to buffer; (d)
SH2 titrated to buffer. See Figure S4 legend for more information.
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Figure S5 | Dimer-monomer shift of GRB2 HS3 domains upon allosteric substitution.
Analytical size exclusion chromatography analysis of WT and 3allo nSH3 and cSH3 as GST
fusion proteins on a Superdex 75 (10/300) revealed different elution profiles. nNSH3 domains (WT
and 3allo) predominantly eluted at monomers at 10-10.5 ml, which correspond to molecular
weight (MW) of 32 kDa, respectively. A small dimeric population of nSH3"T eluted at 8 ml (64
kDa; 8.98 % population), which was not observed for nSH33%!°_|n contrast, cSH3"T eluted at 8.3
and 7. 3 ml, which correspond a dimer (64 kDa; 86% population) and tetramer (128 kDa; 14%
population). Interestingly, cSH3%¥° is mainly monomeric (32 kDa; 64% population) and showed
under this condition also a dimeric (64 kDa) of 36%. Obtained MWs matches the theoretical MW's
of 4,96 kDa for nSH3 and cSH3. The MWs of eluted peak fractions have calculated from
calibration peaks (right panel) of conalbumin (75 kDa), ovalbumin (44 kDa), and carbonic
anhydrase (29
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Abstract

SRC homology 3 (SH3) domains are critical for a wide range of biological processes. They
selectively interact with a pool of ligands, the so-called proline-rich motifs (PRMs). A database
search revealed a total of 298 SH3 domains in 221 reviewed SH3 domain-containing proteins in
the human proteome. Phylogenetic analysis of all human SH3 domains, which can be obtained
from the multiple sequence alignment, appeared to be most practical to classify them and
determine their selectivity for defined proline-rich peptides (PRPs). Contrary to the whole-domain
sequence analysis, the tree merely derived from the PRM-interacting residues extracted from
SH3-PRP complex structures provided the proper functional classification of the SH3 domains
into 11 families. The interaction of 25 representative SH3 domains with 12 peptides was
determined using fluoro-dot blotting and fluorescence polarization. The peptides were derived
from the proline-rich domain of the RAS activator SOS1 and also WRCH protein, and cover all 13
out of 14 reported proline-rich consensus sequence motifs. 41 out of 300 SH3-peptide pairs
exhibited binding affinities ranging from 0.2 to 125 micromolar. Here, we provide an overview of
the published structural and biochemical data of the peptide recognition specificity of the SH3
domain in human genome and we classified SH3 domains into ten classes regarding their
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interaction with proline-rich motifs. This study provides a framework for bridging gaps between
SH3-PRP pairs, and provides testable predictions about possible interaction of SH3 domains with
proline rich motifs considering their sequence specifies. Our bioinformatics analysis was
confirmed by the experimentally determined interactions, showing the effectiveness of our
approach. This may serve as a framework for further/deeper understanding protein networks
involving SH3-PRP interactions. This study could be considered as a general approach to be
applicable to other domain-peptide interactions.

Keywords: ARHGAP12, GRB2, NCK1, proline-rich motifs, protein interaction, SH3 domain,
signal transduction, SOS1, SRC homology 3
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Introduction

SRC homology 3 (SH3) domain — was first described in 1988 (365, 366) — certainly belongs to
the best-investigated modular building blocks across all five kingdoms of life and also viruses.
They evidently provide, among other peptide-binding modules, multivalency by increasing the
avidity of interactions and promoting phase transition upon physical interactions with a pool of
ligands, the so-called proline-rich motifs (PRMSs)(367-369). As selective SH3 domain-PRM
interactions are fundamental to the assembly of multiprotein complexes, it is logical that the SH3-
containing proteins are involved in a wide range of biological processes (370-372). Thus, they
have a major influence on diseases, such as cancers, leukemia, osteoporosis, inflammation,
Alzheimer disease, various infections(373-379).

A subset of five types of PRM-binding modules, including SH3, WW, EVH1, GYF, and UEV, have
been reported to date (371, 380-383). Proline is a non-essential amino acid with an exceptional
conformational rigidity due to its pyrrolidine ring as a side chain. Proline-containing sequences
are often located on the surface of a protein, such as loops, turns, and random coils, which makes
them accessible for the interaction with other proteins. The outstanding feature of PRMs is most
probably the actual degree of combinatorial diversity that is determined by the presence of one
or more proline residues(96, 384). They can bind in two opposite orientations defined by the
relative positioning of non-proline residues, mostly a positively charged residue(94, 97). A
canonical SH3 domain-PRP interaction describes a specific contact recognition of a positively
charged PRP residue by a negatively charged residues of the SH3 domain (385).

SH3 domains are relatively short (~60 residues) protein modules and comprise a compact j3-
barrel made of five antiparallel B-strands(386). The amino acids that are conserved in the SH3
sequences are located close to each other on one side of the molecule. The PRM binding occurs
on the surface at three major sites, involving the hydrophobic patch with conserved aromatic
residues, flanked by the RT loop with conserved arginine and threonine residues and the n-SRC
loop of the SH3 domain(93, 94). These variable loops account for the specificity and affinity in
PRM binding(95). The specificity of the domain for particular short proline-rich peptides (PRPSs) is
generally modest, with affinities usually in the low micromolar range(93, 94, 96, 97). A
comprehensive study on binding specificities for 115 SH3 domains has nicely shown that roughly
half of the SH3 domains exhibit non-canonical specificities and collectively recognize a wide
variety of peptide motifs (387).

Disruption of SH3-PRM interaction is associated with a variety of human diseases. This includes
mutations in the SH3 domains of for example a-spectrin, MYO7A, SH3TC2, and CASK
respectively cause neurodegenerative diseases caused by amyloid fibril formation (98, 99),
deafness (700, 101), peripheral nerve inflammation (702, 103), and microcephaly and cerebellar
hypoplasia(704). A missense mutation in the SH3-binding motif of STAMBP causes
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microcephaly-capillary malformation syndrome(705). SH3-containing proteins, such as GBR2
and CRK/CRKL, are frequently associated with cancer(388). Moreover, proline-rich proteins that
bind host-cell SH3 domains, such as GRB2, CRK/CRKL, C3G, have been identified in a variety
of pathogenic microorganisms(389, 390). An intact PRM in viral proteins, such as HIV Nef, is
essential for inducing an AIDS-like disease(379, 391, 392). Several SH3-containing proteins,
including GRB2, FYN and NCK1, and HCK and ARHG?7, has been suggested to play crucial roles
in the host-virus relationship(393). Thus, SH3-PRM interaction has emerged as attractive
therapeutic targets(388, 390, 394, 395).

Thus, biochemical processes regulated by SH3 domains raise important questions about the
nature of specificity and the overall logic governing networks of protein interactions. Although SH3
domains share 25% sequence homology, still prediction of the PRM recognition specificity of SH3
domains has been challenging (97, 372, 396). The various number of SH3 domains in SH3-
containing proteins and their sequence similarity raise the question of how specific is the SH3
domains-PRM interactions. In this study, we analyzed SH3 domains-PRMs interactions in human
proteome and propose a specific interaction of SH3 domains with PRPs as a matrix which is an
experts approach for prediction of SH3 domain-PRP interactions. In the present study, we
analyzed the protein characteristics, structures, phylogenetic relationships, and gene ontology
(GO) annotations of SH3 domains to explain the evolution of SH3-PRMSs interaction in the Human
kingdom. Furthermore, we proposed the potential binding partners of SOS1 in the human
proteome and may construct the SH3-mediated SOS1 function in signaling networks.

Results
The SH3-containing proteins belong to versatile superfamily

SH3 domains are quite frequently identified in proteins by sequence similarity. 226,538 proteins
contain SH3 domains in all organisms from which 1,171 are reviewed; in humans, a set of 244
out of 964 proteins are reviewed (https://www.uniprot.org). An advanced search combined with a
detailed sequence comparison using multiple sequence alignments generated with the ClustalW
algorithmyielded, in this study, 221 human SH3 domain-containing proteins with a total number
of 298 SH3 domains (Table S1).

The presence of SH3 domains in a wide variety of proteins ranging from cytoskeletal components,
such as myosin | and the chain of spectrin, to signal-transduction enzymes, such as non-receptor
tyrosine kinases and phospholipase C suggest that they link signaling proteins (Fig. S7). SH3
domains mainly exist in adaptor proteins, docking proteins and scaffolding proteins with the role
of complex formation and linker in signaling pathways (707, 397). SH3 domain-containing proteins
mostly integrate in signaling pathways related to proliferation, differentiation, apoptosis and
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cytoskeletal reorganization. Moreover, the interaction of the SH3 domains with their target PRMs
also provide the basis the mechanism for compartmentalization in cells through liquid-liquid phase
separation(398-400). The SH3 domain-containing proteins were classified into three ontologies:
cellular component, molecular function, and biological process (Fig. S1). The vast majority of
these proteins act at the interface between cytosol and membranes, especially plasma
membranes, such as junctions and synapses. They are involved mostly in protein-protein
interactions, particularly in signal transduction. They also control the enzyme and receptor
activities, as well as transport processes. Their biological functions are versatile ranging from
intracellular processes, biogenesis, regulatory and metabolic processes, subcellular localization
and motility (Fig. S1).

The human SH3 domain-containing proteins can be classified based on their domain organization
into the following three major groups: (i) lipid and membrane binding domains; (ii) peptide and
protein interacting domains; and (iii) catalytic domains with enzyme activities (Fig. 1). They
encompass a wide variety of protein families that are highly divergent in size and functions, and
only partially well-characterized. The majority of the SH3 domain-containing proteins belong, for
example, to the scaffold protein family (Intersectin1,SCHANK3, SH3RF3, CASKIN2 and
Membrane-associated guanylate kinases (MAGUKS);(407-405)), the RHOGEF family (VAV1,
TRIO, CZH, intersectin1 (43, 406, 407)), the RHOGAP family (SRGAP2, ARHGAP4, ARHGAP26,
ARHGAP10, ARHGAP12, SNX26, RHOGAP10L, RHOGAQO9 and RICS (349, 408)), adaptor
protein family (CRK, GRB2 and NCK (409, 410)), and tyrosine kinase protein family (SRC, CSK,
ABL, ITK, BTK, TEC, TXK, and BMX (417-413)). Thus, the numbers of other domains in many
proteins are conspicuous, particularly the frequency of lipid membrane binding domains along
with protein interaction domains, such as SH2, WW, and Ig-like domain, and the large number of
catalytic and regulatory domains, such as kinase, REM, GAP and GEF domains. Notably, TUBA,
a CDC42 guanine-nucleotide-exchange factor (GEF; also known as ARHGEF36 and DNMBP)
contains six SH3 domains. It represents an important link between endocytosis, actin dynamics,
and small GTPase signaling (474). Association of the very C-terminal SH3 domain of TUBA with
the N-terminal cytoplasmic PRN of tricellulin (PLPPPPLPLQPP; aa 46-57) results in TUBA-
mediated CDC42 activation that is required for the regulation the junctional tension of epithelial
cells(415). Intersectin 1 and 2 (ITSN1/2) as well as SH3D19 and SH3PXD2A compose of five
SH3 domains. These proteins are also involved in activities at the plasma membrane, such as
endocytosis, podosome formation and transmembrane receptor processing (Table S1). The
largest SH3 domain-containing protein is Obscurin (OBSCN; 868.5 kDa), a giant sacromeric,
RHOGEF protein that interacts with calmodulin and titin (476).The smallest SH3 domain-
containing protein are GRAPL (13.4 kDa) and OTOR (14.3 kDa). GRAPL is a GRB2-like protein
with one SH3 and one SH2, respectively. OTOR (also known as MIAL1) belongs to a number of
extracellular SH3 domain-containing proteins of the MIA family, including MIA1-3 proteins(4717,
418).
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Sequence-structure-function relationships of human SH3 domains

Comparative sequence-structure-function relationships of human SH3 domains can be obtained
at three levels, that is, amino acid sequence, three-dimensional structures, and spatial
configuration of the active site regions using in silico techniques. We first conducted a
phylogenetic analysis of all human SH3 domains to delineate their PRM binding characteristics.
Therefore, we retrieved the amino acid sequences of a collection of 298 human SH3 domains
from the UniProt database, and used it to construct a phylogenetic tree of such a large domains
family using MEGA 7 software (Version 7.0). The evolutionary relationship of human SH3
domains is illustrated in Figure 2A. An amino acid sequence alignment related to the first
phylogenetic tree (tree #1) showed that major regions required for three-dimensional fold of the
SH3 domains are highly conserved (Fig. S2). Thus, there is a strong sequence-structure
relationship between different families. In contrast, we did not find a structure-function relationship
when we extensively studied SH3-PRP interactions deduced from both SH3-PRP structures
available in the protein data bank (Table S2) and published biochemical data about the SH3-PRP
interactions (Table S3). So, PRPs do not cluster to defined SH3 domain family but rather
distributed between the families that are distant to each other.

For this reason, we ran a separate phylogenetic analysis by focusing spatial configuration of the
active site regions of the SH3 domain, which did not consider the full SH3 domain sequences as
before but merely those residues of the SH3 domains that interact or are likely to interact with
PRPs. Therefore, the sequence of 54 published structures of SH3 domains in complex with PRP
(Table S2) were analyzed and the PRP interacting residues were extracted using an algorithm.
The second phylogenetic tree, only constructed with PRP interacting residues (tree #2), now
revealed 10 families/clusters of SH3 domains, and each family/cluster shares physiologically
similar residues that determine a molecular environment responsible for recognizing particular
PRPs (Fig. 2B; Table S3). Residues in another family/cluster define different environment suitable
for interaction with another type of PRP. Such approach enabled us to decipher the way in which
particular SH3 domains associate with particular PRPs (see below).

Verification of SH3 family/cluster-based PRP selectivity

To verify the functional classification of human SH3 domains assigned with studied PRPs, 25 SH3
domains from different SH3 families/clusters (Fig. 2B) were selected, cloned, purified as GST
fusion proteins, and used for PRP binding analysis (see Materials and Methods).

To select PRPs, we reviewed the reported interactions between the SH3 domains and PRP-
containing peptides. Specific SH3-PRP interactions were found within the phylogenic tree based
on PRP interacting residues (Fig. 2B). Recently, a total of 154 peptide-binding specificities for 115
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SH3 domains were grouped in nine classes (387). Accordingly, the SH3 domains of one family
require similar pattern of PRP sequences for interaction. We collected 14 PRMs that have been
identified in the previous studies (Table S4). Most of them belong to well-known PXXP motif. For
this study, we selected 10 different PRPs from SOS1 proline-rich domain (RPD) because it
encompasses all types of PRMs (Table S5). Two reference peptides RP1, a derivative of SOS1,
and part of P3, and RP2, a derivative of the RHO GTPase WRCH1, were used a control peptide
(Table S5). FITC-labelled derivatives of these 12 PRPs were used to analyze their binding
capabilities to purified SH3 domains.

Binding of 10 FITC-labelled SOS1 peptides (P1—P10; Table S2) and two reference peptides RP1
and RP2 to GST fusion proteins of 25 SH3 domains was qualitatively analyzed by combining GST
pull-down and dot-blot assays. GST was used as a control protein. As shown in Figure 3A,
peptides P2, P3, P4, P7 and P9 differentially associated with about 17 SH3 domains.

We next conducted fluorescence polarization measurements to determine the binding affinities
for SH3-PRP interactions, which were observed in the GST pull-down and dot-blot analysis. For
this, increasing concentrations of the SH3 proteins were titrated to the fluorescent peptides (1uM,
respectively). We monitored increase in polarization for FITC tag of the proline rich peptides. (Fig.
3B; Table S6). The interaction of peptides P2, P3, P4, P7 and P9 associated with about 17 SH3
domains were confirmed using Fluorescent polarization. Despite all reported SH3-PRMs
interaction which were shown to be in uM affinities, here we detected two interactions in nM
affinity. The highest affinities were obtaining from the interaction of RHOGEF12 SH3 domain_ P7
SOS1 with 200 nM affinity and also the interaction of NCK1 SH3.3_ P9 with affinity of 900 nM.
The newly reported SH3_PRM s interaction in nm range rai

SOS1 binding partners

Herein, using a battery of biophysical and bioinformatical tools, we provide evidence that PRMs
of SOS1 interacts with CRK, SRC, GRB2, NCK1, Intersectin, ABI1, ABL2, BIN1, DLG2, SRBS1,
SPD2A, Obscurin, RIM3B1 and RGH12. From those ABI1(419), intersectin (420), SRC (421),
NCK1 (422) and GRB2 (423) were already clarified as a SOS1 binding partner in eukaryotic cell.
Among them only the binding site GRB2 was reported before but not others. Here we clarified the
binding site of known SOS1 binding partners and also reported a newly found SOS1 binding
partners such as CRK, ABL2, BIN1, DLG2, SRBS1, SPD2A, and Obscurin. Although the
interaction of the new SOS1 binding partners needs to be verified under cell-based condition.

Discussion

SH3 domains are the main player in various signaling pathways and they exist in divergent
signaling proteins such as protein tyrosine kinases (PTKs) of the Src-family, myosin, cortactin,
amphiphysin and spectrin (701, 370). Regulation of a broad of cellular functions by SH3 domains
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raises the question about the specificity networks of SH3 domain interactions. Proline is the only
N-substituted amino acid in Nature and it can form the PPII helix which forms a binding site packet
for residues primarily from the RT and n-Src loops of SH3 domains (382, 424, 425). A couple of
studies showed that SH3 domains binding motifs are proline-rich and identified PxxP motif (92).
14 proline-rich motifs are identified in human proteome and still, the specificity of the interaction
of the SH3 domains with proline-rich motifs are unclear. Understanding the molecular basis
representing the specific and diverse binding of SH3 domains to the PRMs would provide insights
into the regulation of signaling pathways. To understand the specificity networks of SH3 domain
interactions, we screened the published biochemical and structural analysis and by doing so, we
reached hints on how to characterize the SH3 domains in human proteome based on their
interaction with proline-rich motifs.

Different studies showed that SH3-PRMs interaction is transient and weak in micromolar range
affinity(426). In some cases, SH3 containing protein increases the affinity of the interaction using
multiple SH3 domains in an avidity based mechanism e.g. NCK1adaptor protein(427). Evanics
et al. clarified that the Fyn SH3 domain-PRM (Arg-Ala-Leu-Pro-Pro-Leu-Pro) had an average
exchange rate of 5200 s-1 between the free and bound states(428). Perfuming a molecular
dynamics simulation of SH3-PRMs, Ahmad et al. proposed that SH3 domain-PRMs represent a
bimodal binding mechanism to reduce the dimensionality. They also reported that electrostatic
effects increase the complex formation and stabilize the transient of the SH3-PRMs
complex(429). Mayer & Saksela reported that the limited specificity of peptide-SH3 binding means
that SH3-mediated interactions can be highly dependent on their environment. As detailed below,
additional surfaces on the peptide or SH3 domain, or other domains on the two potential binding
partners or even on other members of a multiprotein complex, can all confer much greater overall
specificity to a SH3-peptide interaction. They also reported that the moderate affinities also imply
that the interactions they mediate are highly dynamic because off-rates are necessarily very rapid.
This means that SH3-mediated interactions have the potential to quickly remodel, depending on
subcellular localization and available binding partners(430).

Sequence-structure-function analysis using full-length SH3 domains was not successful because
some SH3 containing protein include more than one SH3 domains. Each SH3 domain has a
distinct binding specificity towards proline-rich motifs; therefore, characterization of SH3 domain-
containing proteins was not possible. Consequently, the second generation of the phylogenetic
tree was generated by aligning the SH3 domains sequences. The idea was to define the groups
of SH3 domains within the phylogenetic tree as different subfamilies and each subfamily interacts
with a specific sequence of proline-rich motifs. By comparing the distribution of published
structural and biochemical data, the phylogenetic tree of SH3 domains failed to support our idea.
Literature also revealed that certain proline rich containing proteins could have different binding
sites e.g. amphiphysin SH3 domain recognizes the PxRPxR motif; the ltch proline-rich region
(containing the “PSRPPRPSR” sequence) has two binding sites for the amphiphysin SH3
domain(431). The peptide library investigations also have reported that the recognition sites of
SH3 domains are highly overlapping for proline-rich motifs(384, 432, 433). This shows that SH3
domains could interact differentially with different proline-rich motifs. Therefore, to have a
comprehensive understanding of the interaction of the SH3 domains with PRMs, the principle of
the phylogenetic tree was limited to the predicted interfacing residues instead of the complete
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sequence of the SH3 domains. The interfacing residues of SH3 domains interacting proline-rich
motifs were detected by comparing sequence alignment of published SH3 domains structure in
complex with proline-rich motifs. The last version of the phylogenetic tree generated by alignment
of interfacing residues of SH3 domains interacting proline-rich motifs were considered for further
analysis. To define different subfamilies within the phylogenetic tree, we considered published
structural and biochemical analysis of SH3 domains interacting proline-rich motifs. The structural
and biochemical data were collected within the published papers and their distribution were
studied within the phylogenetic tree.

10 subfamilies are made out of the SH3 domains in human by comparison of the distribution of
the reported SH3 domains-PRMs structures and interactions. Insights gained from studies on
show that each family interacts with a specific sequence of proline-rich motifs. To prove the in
silico analysis and specificity of each family, we selected 25 representatives from the phylogenic
tree and different proline-rich motifs for further in vitro investigation of their interaction.

Considering the general complex formation is crucial for the description of protein-protein
interactions in complexes, and especially weak or transient protein complexes such as SH3
domain-PRMs(426). Zarrinpar mentioned that isolated SH3-domains are sufficient to encode
interaction specificity among SH3 domains in yeast(434).

Having a protein model comprising different types of proline-rich motifs could explain the
specificity of the various interactions with SH3 containing proteins because domain-ligand
interactions take place in the context of folded proteins instead of binding to a short peptide
sequence. SOS1 RAS GEF includes a variety of proline-rich motifs and it covers all yet known
proline-rich motifs in the human proteome. Interaction of SOS1 with SH3 containing proteins
including GRB2, Intersectin, NCK1, NCK2, and ABI1 was reported to be critical in various
signaling pathways (1071, 315, 342, 355, 419, 423). Therefore, SOS1 was selected as a poly-
proline model.

Cesareni and coworkers have taken advantage of the high throughput analysis of the recognition
specificity of a large number of human SH3 domains using new chip technology. They could
characterize SH3 domains in three main families, 1)classical SH3 domains interacting with PXXP
motifs, 2) Positive charge binders and 3)atypical SH3 domains using Insilco and high throughput
qualitative measurements (384, 417). A comprehensive analysis of the SH3 domains interactions
in evolution among four yeast species, Saccharomyces cerevisiae, Ashbya gossypii, Candida
albicans, and Schizosaccharomyces revealed that each SH3 family within the generated
phylogenic three had ~75% sequence homology over a large evolutionary distance. Furthermore,
the SH3 domain family were predicted to interacts with the conserved binding specificity. (435).
In this study, we covered all reviewed SH3 domains and also known proline-rich domains in low
throughput analysis of pulldown assay combined with dot blotting. The interactions were providing
via fluorescence polarization and the affinity of the interactions are determined. We reported novel
SH3-PRMs interactions in nM affinities which were systematically explored in sequence-structure-
property relationship analysis, and validated by mutational analysis.

Presence of the more than one proline in proline-rich motifs makes it complicated to find the key
proline defining specificity. The current result shows that the residues -2, -1, +1, +2 are decisive
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for the SH3-PRMs specificity. We found that the location of the proline residues is important for
the SH3 domain recognition and provide a frame for the interaction and residues juxtapose the
prolines act as a signature defining specificity. The importance of the juxtapose residues of the
proline is not clearly described. Non proline residues consisting of combinations of arginine and
leucine appeared to confer ligand specificity(358). Arginine was shown to be a crucial residue in
proline-rich motifs for their interaction with SH3 domains. A single properly-positioned arginine is
necessary and sufficient for Peptide recognition specificity of the SH3 domains(436). Although
most of the SH3 domains interact with proline-rich motifs, there are some cases that are not
associated with proline-rich motifs. Interaction of SH3 domain of p120, RHOGAP with the DLC1
RHOGAP domain was reported to not follow the classical PXXP-directed interaction. p120 SH3
domain targets the catalytic arginine finger of DLC1 and in a completion manner inhibits RHOGAP
activity of DLC1 (437). SRC kinase-associated protein of 55 kDa (SKAPS5) is an adaptor protein
associated with the immune system. Its SH3 domains have been shown to bind to the
RKxxYxxYP motif in a PRM-independent interaction(385).

Our study covers the SH3 domains-PRMs interactions in the human genome but the specificity
and the mechanism of the PRM-independent interaction of SH3 domains remain to be
investigated.

Materials and Methods

Peptides. Peptides used in this study are listed in Table S5.

Constructs. Constructs used in this study are listed in Table S7.

Bioinformatics and data bases. All sequences of the SH3 domains were obtained from Uniprot
databank using the combination of full text search, information about available structures
(https://www.uniprot.org). Sequences of SH3 domains were aligned using Bioedit
(https://bioedit.software.informer.com/7.2/) and corresponding phylogenic tree was generated
with the help of MEGA 7 software (https://www.megasoftware.net/dload win_gui). The structural
data were obtained from Protein data bank website ( https://www.rcsb.org/ ). Pymol software was
applied to analysis the SH3 domains structure and define their interface residues for the
interaction with PRMs (https://pymol.org/2 /). An ontology classification of SH3 domains in human
genome via online panther classification system (http://pantherdb.org ).Proline rich motifs were
collected within published articles from NCBI website (https://www.ncbi.nlm.nih.gov/protein).

Proteins. GST-SH3 domain proteins were isolated as glutathione S-transferase (GST) fusion
proteins by affinity chromatography on a glutathione Sepharose column and purified in a second
step, after proteolytic cleavage of GST, by size exclusion chromatography. His-tagged SOS1
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PRD was purified via Ni-NTA affinity purification. All proteins were stored at -80°C after
analyzing by SDS-PAGE.

Fluorescein labeled Proline-rich peptides. (see Table S5) P1: FITC-bAla-
SAPNSPRTPLTPPPAS, P2: FITC-bAla-VTLPHGPRSA, P3: FITC-bAla-
EVPVPPPVPPRRRPESAPAESSPSKI, P4: FITC-bAla-LDSPPAIPPRQPTSK, P5: FITC-bAla-
ISDPPESPPLLPPREPVRTPDV, P6: FITC-bAla-SSSPLHLQPPPLGKK, P7: FITC-bAla-
AFFPNSPSPFTPPPPQTPSPHGT, P8: FITC-bAla-RHLPSPPLTQ, P9: FITC-bAla-
IAGPPVPPRQS, Pref1: FITC-bAla-VPVPPPVPPRRR, Pref2: FITC-bAla-RCEAPPVPPRRERG
were synthesized using standard Fmoc solid-phase peptide synthesis (SPPS), by means of an
automated peptide synthesizer (Intavis MultiPep Rsi) (438).

Cell based assay and GST-pull down assay. Pull-down of SOS1 in SKBR3 cell line were
performed using GST-SH3 domains RHG12 and NCK1.3 coupled to the GSH sepharose beads
(GE Healthcare, UK). After washing the beads three times with 1 ml buffer, containing 30 mM
Tris/HCI pH 7.5, 3 mM DTT, 5mM MgCI2, 5 uM, 20 uM GST-SH3 and 600 ug SKBR3 cell lysate
were added to the GSH Sepharose beads and incubated at 4°C for 1 h followed by three times
washing step with 1 ml of Fish buffer. Purified GST was used as a negative control. Incubated at
4°C for 1 h followed by another three times washing with 1 ml of Fish buffer. Laemmli buffer was
added into the samples followed by heat denaturation for 10 min at 95°C. All samples were
analyzed by a 12.5 % SDS-PAGE and subsequent immunoblotting using monoclonal SOS1
antibody (5890s-cell signaling) recognizing proline rich domain.

Fluorescence dot-blot analysis. Pull-down of SOS1 PRM peptides using different GST-SH3
domains was performed by using GSH Sepharose beads (GE Healthcare, UK). After three
times washing with a buffer, containing 30mM Tris pH 7.5, 3mM DTT, and 5mM MgCl,, the GSH
Sepharose beads were mixed with 5 yM GST-SH3 and 10 uM IL10R-peptides and incubated for
1 h, at 4°C. Purified GST was used as a negative control. After three times washing with 1 ml of
above buffer bound proteins were eluted using a buffer, containing 30mM Tris pH 7.5, 100 mM
NaCl, 3mM DTT, 5mM MgClz and 2 mM glutathione for 15 min at 4°C. The SH3 domains—
peptide interactions were analyzed by dot blotting using 1uL supernatant without beads and
detected the fluorescence signal of FITC-labeled peptides at an emission wavelength 600 nm
using Odyssey Fc Imaging System (LI-COR Biosciences]). Densitometric quantification of
detected signals was performed on the LI-COR Biosciences Image Studio version 5.2 imaging
software.
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Fluorescence polarization. The interaction of Fluorescein labeled Proline rich peptides (1 uM) with
increasing concentration of the SH3 domains (0_200 uM) were measured in a buffer containing 30 mM
Tris/HCI (pH 7.5), 5 mM MgClz, and 3 mM DTT at 25°C using a Fluoromax 4 fluorimeter in polarization
mode. Excitation wavelength was 470 nm and emission wavelength 560 nm. The dissociation constants
(Ka) were obtained by fitting the concentration dependent binding curve using a quadratic ligand binding

equation.
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Figure legends

Figure 1/ Graphical representations of overall structure and domain organization of SH3
domain-containing proteins. Domain composition and organization of 221 human SH3-
containing proteins is presented in an alphabetical order. Functional domains other than SH3
(red) are membrane lipid binding domains (blue), peptide and protein interaction domains
(green), and domains with enzymatic and regulatory activities (orange).

Figure 2/ Evolutionary sequence-structure-function relationships of the SH3 domains.
Whole-sequence phylogenetic tree of 298 human SH3 domains was generated using MEGA7
program. The specificity of the SH3 domains for distinct PRMs (colored dots) is highlighted
according to available structural and biochemical studies [28] (Table S2). The tree shows a well
distributed of published structures (Table S2) of the SH3 domains (red) in complex with the
assigned proline-rich peptides.

Figure 3/ Evolutionary sequence-structure-function relationships of the PRM interfacing
residues of SH3 domains. (A) The phylogenic tree of extracted PRM-interacting residues of
298 human SH3 domains was generated using MEGA7 program. The specificity of the SH3
domains for distinct PRMs (colored dots) is highlighted according to available structural and
biochemical studies [28] (Table S2). The tree shows a well distributed of published structures
(Table S2) of the SH3 domains (red) in complex with the assigned proline-rich peptides. The
SH3 domains are grouped in ten different families to which were defined PRMs are assigned.
(B) The interfacing residues of the representatives were aligned using ClustalW multiple
alignment in BioEdit software. The order of the sequences starts with family 1 in yellow and
ends with family 10 in brown. The identical sequences are shown in light orange boxes.

Figure 4/The binding selectivities of SH3 domain representatives to different PRP types.
(A) Dot-blot analysis of 12 fluorescent PRPs pulled down with GST-SH3 domains. The PRPs P1
to P10 were derived from SOS1 PRD. The reference peptide RP1 is a derivative of SOS1, and
RP2 a derivative of the RHO GTPase WRCH1. Note that RP1 is part of P3. The dot intensities
were divided in five groups from 10 (red) to 100 (green). (B) Bar charts illustrating evaluated
dissociation constants (Ky) for the SH3-PRP interactions (Table S6; Fig. S5). The colors of the
bar charts highlight the Ky values (above the bars), which are divided in high affinity (0.2 — 5 yM;
green), intermediate affinity (6 — 20 yM; blue), and low affinity (>21 uM; red).

Figure5/ The conserved residues of SH3 domain subfamilies defines their specificity
towards proline-rich motifs. (A) The conserved residues between SH3 domains interacting
with specific proline-rich peptide were defined by aligning of interfacing residues. (B) Mutational
analysis of the conserved residues defining specificity were perfumed considering the higher
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affinities in the SH3-PRMs interactions. NCK1.3 and RHG12 were selected for the mutational
analysis. The reported residues important for the interaction of RHG12 and NCK1 with P7 and
P9, respectively, were mutated to alanine. (C) The physiological relevance of the SH3-PRMs
with affinities in nM range were investigated in HEK293. HA. SOS1 were transfected into
HEK293. GST pulldown assay was performed for the interaction analysis of the His-tagged
MBP-RA domains of RASSF proteins with HA-SOS1 and GST-RHG12 and GST-NCK1.3. GST-
SH3 proteins were coupled to the bead and after incubation for one hour and washing steps, the
HA-SOS1, overexpressed in HEK 293T cells as cell lysate was added to the GST-SH3 domains
coupled to the beads. Anti-GST antibody was used for the detection of GST-tagged SH3
domains of RHG12 and NCK1.3 as input and output control. Input and output samples on one
gel helps to show the functionality of the pulldown assay and having comparable levels of
RASSF5 vs RASSF7 vs RASSF9 in input samples and also having comparable levels of
RASSF5 vs RASSF7 vs RASSF9 bound to the beads in output samples. Immunoblots of total
cell lysates (TCL) were served as a loading control to show the equal amount of used cell lysate
for each pulldown. SOS1 level were analyzed by immunoblotting (IB) using anti-HA antibody.
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Figure 5
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Chapter IX. SH3 superfamily

Table S1. The superfamily of human SH3 domain-containing protein (1-50)

Entry name Aliases, interactions & functions Uniprot
(No. of SH3) ID
ABI1 (1) E3B1; binds Abl, spectrin & EPS8; regulate the dendritic outgrowth & branching Q8IZP0
ABI2 (1) ArgBP1; component of the WAVE complex; involved in cell motility & adhesion QINYB9
ABI3 (1) NESH; component of the WAVE complex, regulates dendritic Spine Morphology Q9P2A4
ABL1 (1) Proto-oncogene tyrosine-protein kinase; regulates adhesion, motility & differentiation P00519
ABL2 (1) Proto-oncogene tyrosine-Protein kinase; regulates adhesion, motility & differentiation P42684
ACK1 (1) TNK2; phosphorylates AKT1, AR, WASP; mediates CDC42-dependent cell migration Q07912
AHI1 (1) JBTSS3; involved in vesicle trafficking, ciliogenesis & WNT signaling Q8N157
AMPH (1) Amphiphysin; involved in regulated exocytosis P49418
ANM2 (1) PRMT2; methylates the arginines in STAT3, FBL, & H4; involved in growth regulation P55345
ARAP (1) 2 FYB2; T-cell receptor signaling & integrin-mediated adhesion Q5VWT5
ARHGAP4 (1) RGC1; SRGAP4; acts as RHOGAP in hematopoietic cells P98171
ARHGAP9 (1) RGL1; acts as a CDC42/RAC1 GAP; regulates matrix adhesion of hematopoietic cells Q9BRR9
ARHGAP10 (1)  GRAF2; PSGAP; acts as a GAP on CDC42 & RHOA; involved in actin organization A1A4S6
ARHGAP12 (1)  Acts as a GAP on RHO family proteins, maybe downstream of the GPCR Signaling Q8IWW6
ARHGAP13 (1)  SRGAP1; Acts as RhoA/CDC42GAP in neuronal migration Q7z6B7
ARHGAP14 (1)  SRGAP3; WRP; MEGAP; WAVE-associated Rac1/CDC42GAP 043295
ARHGAP26 (1)  GRAF1; acts as a GAP on RHO family proteins in pathways related focal adhesion QIUNA1
ARHGAP27 (1)  CAMGAP1; SH3D20; acts as a GAP on RHO family proteins in endocytosis Q6zUM4
ARHGAP32 (1)  p200; GRIT; acts as a RHOGAP in the differentiation of neuronal cells A7KAX9
ARHGAP33 (1)  SNX26; TCGAP; acts as a GAP on RHO family proteins in intracellular trafficking 014559
ARHGAP34 (1)  SRGAP2; regulates as a RAC1GAP cell migration and differentiation 075044
ARHGAP42 (1)  GRAFS3; acts as a GAP on RHO family proteins in vascular smooth muscle ABNI28
ARHGEF4 (1) ASEF1; STM6; a CDC42 GEF, involved in cell-cell adhesion & migration Q9NR80
ARHGEFS5 (1) Ephexin-3; p60TIM; RHOAGEF; involved in SRC-induced podosome formation Q12774
ARHGEF6 (1)  aPIX; COOL2; RAC/CDC42GEF; associated with X-linked intellectual disability Q15052
ARHGEF7 (1) BPIX, CCOL1; RAC/CDC42GEF; cell adhesion, spreading & migration Q14155
ARHGEF9 (1)  HPEM1; Collybistin; RAC/ICDC42GEF; formation of GABAergic & glycinergic synapses 043307
ARHGEF14 (1)  MCF2L; RHOA/CDC42GEF associated with osteoarthritis 015068
ARHGEF16 (1)  Ephexin4; RHOG/CDC42GEF; cell migration Q5VV41
ARHGEF19 (1)  Ephexin2; WGEF; RHOAGEF; interacts with BRAF & activates MAPK pathway Q8IW93
ARHGEF23 (2)  TRIO, MRD44; acts as a dual RAC1/RHOAGEF in hippocampal neurons 075962
ARHGEF24 (2)  KALRN; DUO; TRAD; regulate as a RHOGEF neuronal shape, growth & plasticity 060229
ARHGEF26 (1)  SGEF; RHOGGEF; macropinocytosis; trans-endothelial migration of leukocytes Q96DRY7
ARHGEF27 (1)  NGEF; EPHEXIN1; acts as a RHOGEF ephrin-induced axon & spine morphogenesis Q8N5V2
ARHGEF29 (1)  ASEF2; SPATA13; acts as a CDC42GEF in cell migration & adhesion Q96N96
ARHGEF30 (1)  OBSCN; Obscurin; a giant sacromeric protein; calmodulin and titin binding Q5VST9
ARHGEF36 (6) TUBA; DNMBP; links dynamin to actin regulatory proteins & is involved in adhesion Q6XZF7
ARHGEF37(2) 3  FLJ41603; RHOGEF; clathrin-mediated endocytosis, GPCR & p75-NRT A1IGU5
signaling
ARHGEF38 (1)  FLJ20184; RHOGEF; GPCR & p75-NRT signaling QINXL2
ASAP1 (1) AMAP1; Centaurinp4; ARF1/ARF5GAP; coordinate membrane trafficking; ciliogenesis Q9ULH1
ASAP2 (1) AMAP?2; Centaurinf33; ARFGAP; PYK2 & SRC substrate; regulates vesicular transport 043150
ASPP1 (1) PPP1R13B; regulates the DNA binding & transactivation function of p53 QI6KQ4
ASPP2 (1) TP53BP2; P53BP2; regulates cell growth & apoptosis by binding to p53 & BCL2 Q13625
BAIAP2 (1) IRS58; links RAC1/CDC42 to downstream effectors; promotes filopodial protrusions QoUQB8
BAIAP2L1 (1) IRTKS; IR substrate; RAC1 binding; promotes actin assembly & membrane protrusions Q9UHR4
BAIAP2L2 (1) Pinkbar; formation of curved membrane structures Q6UXY1
BCAR1 (1) p130CAS; CAS1; CASSH1; regulates cell adhesion & migration P56945
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Chapter IX. SH3 superfamily
BIN1 (1) AMPHL; SH3P9; membrane curvature & remodeling; negative regulator of endocytosis 000499
BLK (1) MODY11; p55; B-cell receptor signaling & development P51451
BTK (1) ATK; BPK; XLA; B-cell development & differentiation & signaling Q06187
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Chapter IX. SH3 superfamily

Table S1. The superfamily of human SH3 domain-containing protein (51-100)

Entry name Aliases, interactions & functions Uniprot
(No. of SH3) ID
CACNLBT1 (1) CAB1; CCHLBH1; regulates the activity of L-type calcium channels Q02641
CACNLB2 (1) CAVB2; MYSB; a subunit of voltage-dependent calcium channels Q08289
CACNLB3 (1) CAB3; a regulatory subunit of the voltage-gated calcium channel P54284
CACNLB4 (1) CAB4, EJM4; EIG4; a dihydropyridine-sensitive subunit of L-type calcium channel 000305
CASL (1) CAS2; NEDD9; CASS2; regulates cell adhesion & migration Q14511
CASS4 (1) CAS4; HEFL; regulates focal adhesion integrity & cell spreading QINQ75
CD2AP (3) CMS; involved in receptor clustering & cytoskeletal polarity Q9Y5K6
CIP4 (1) TRIP10; STP; promotes CDC42(WASP-induced actin polymerization Q15642
CRK (2) CRKIl; regulates cell adhesion, spreading & migration P46108
CRKL (2) CRK-like adaptor protein that activate the RAS & JUN kinase signaling pathways P46109
CSK (1) CYL; regulates cell growth, migration & immune response P41240
CSKI1 (1) CASKIN1; ANKS5A,; links CASK to downstream intracellular effectors Q8WXD9
CSKI2 (1) CASKIN2; ANKS5B; links CASK to downstream intracellular effectors Q8WXEQ
CSKP (1) CASK; FGS4; LIN2; HCASK; a Ca2+/CAM-dependent kinase involved in neurogenesis 014936
DBNL (1) SH3P7; ABP1; CMAP; HIP55; involved endocytic pathways & podosome formation QouUJU6
DESP (1) DSP; Desmoplakin; is part of the desmosomal cadherin-plakoglobin complexes P15924
DLG1 (1) SAP97; DLGH1; involved in synaptogenesis & lymphocyte activation Q12959
DLG2 (1) PSD93; binds NMDA receptor subunits & regulates excitatory synapses Q15700
DLG3 (1) MRX90; SAP102; XLMR; involved in NMDA receptor-mediated synaptic plasticity Q92796
DLG4 (1) PSD95; SAP90; required for synaptic plasticity associated with NMDA receptor signaling P78352
DLG5 (1) PDLG; involved in dendritic spine formation & synaptogenesis as well as ciliogenesis Q8TDM6
DOCK1 (1) DOCK180; as a GEF regulates cell spreading & migration Q14185
DOCK2 (1) IMD40; involved as RAC1/2 GEF in lymphocyte migration Q92608
DOCK3 (1) MOCA; PBP; activates as a RACGEF the WAVE complex & induces axonal outgrowth Q8I1zD9
DOCK4 (1) KIAAQ716; with its RHOGEF function regulates cell migration Q8N1I0
DOCKS5 (1) Associates with CRK/CRKL, & regulates epithelial cell spreading & migration Q9H7DO
DST (1) BP240; HSANG; MACF2; acts as a cytoskeletal linker protein on axonal transport Q03001
EFS (1) HEFS, CAS3; SIN; acts as SRC activator on cell adhesion 043281
EMP55 (1) MPP1; AAG12; EMP55; as a MAGUK family proteins regulates neutrophil polarity Q00013
EPS8 (1) DFNB102; regulates in complex with SOS1/ABI1 cell migration & invasion Q12929
EPS8L1 (1) DRC3; EPS8R1; involved in membrane ruffling & remodeling of the actin cytoskeleton Q8TE6S
EPS8L2 (1) DFNB106; required for stereocilia maintenance in adult hair cells QOH6S3
EPS8L3 (1) EPS8R3; function unknown Q8TE67
FCHSD1 (2) NWK2; promotes SNX9WASL-mediated actin polymerization. Q86WN1
FCHSD2 (2) NWK1; SH3MD3; promotes actin polymerization & internalization of surface receptors 094868
FGR (1) SRC2; regulates immune responses via AKT1, ABL1, CBL, CTTN, FAK1, PYK2 & VAV2 P09769
FNBP1 (1) FBP17; Rapostlin; links RND2 signaling to F-actin & spine morphogenesis Q96RU3
FNBP1L (1) TOCAT1; binds CDC42/WASP; promote membrane tubulation & F-actin reorganization Q5TONS
FRK (1) PTK5; RAK; GTL; stabilizes PTEN & negatively regulates cell proliferation P42685
FUT8 (1) CDGF1; a Golgi associated enzyme regulates adhesion, migration & invasion Q9BYC5
FYB (1) SLAP130; THC3; binds FYN and LCP2 & regulates actin cytoskeleton in T-cells 015117
FYN (1) SLK; SYN; regulates cell growth and survival, adhesion, motility, & axon guidance P06241
GAS7 (1) KIAA0394; promotes maturation & morphological differentiation of cerebellar neurons 060861
GRAP (2) DFN114; a BCR-ABL binding enzyme involved in RAS signaling pathway Q13588
GRAP2 (2) GRID; MONA; binds SHC, GAB1, LCP2, SLP76; involved in NF-AT activation 075791
GRAPL (1) Involved in GPCR & RET signaling Q8TC17
GRB2 (2) ASH; NCKAP2; binds SHC, GAB1, FRS2, CBL; links surface receptors to RAS signaling P62993
HCK (1) p59; targets ADAM15, BCR, ELMO1, GAB1”, RAPGEF1, STAT5B, TP73, VAV1 & WAS P08631
HCLS1 (1) LCKBP1; HS1; CTTNL; involves in antigen receptor signaling in lymphoid cells P14317
IASPP (1) PPP1R13L; NKIP1; RIA4; inhibits p53 & NF«B; regulates apoptosis and transcription Q8WUF5
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Chapter IX. SH3 superfamily

Table S1. The superfamily of human SH3 domain-containing protein (101-150)

Entry name Aliases, interactions & functions Uniprot
(No. of SH3) ID

ITK (1) LYK; EMT; binds GATAS; regulates T-cell development, function & differentiation Q08881
ITSN1 (5) SH3D1A; SH3P17; acts as a CDC42GEF on actin nucleation & endocytosis Q15811
ITSN2 (5) SH3P18; SH3P18; SWAP; acts as a CDC42GEF on actin nucleation & endocytosis QINZM3
JIP1 (1) MAPKS8IP1; I1B1; involved as MAPK component in survival response Q9UQF2
JIP2 (1) MAPK8IP2; IB2; involved as MAPK component in survival response Q13387
LASP1 (1) MLN50; LASP1; regulates actin-associated ion transport activities Q14847
LCK (1) LSK; YT16; targets RUNX3, PYK2, MAPT, RHOH and TYROBP in T-cell regulation P06239
LYN (1) JTKS; regulates growth factor/cytokine/integrin-mediated innate immune responses P07948
MACC1 (1) SH3BPA4L; 7A5; promotes HGF-MET signaling & cell motility, proliferation & metastasis Q6ZN28
MACF1 (1) ACF7, LIS9; OFC4; involved in AXIN1/APC/CTNNB1/GSK3B complex translocation QOUPN3
MAP3K9 (1) MLK1; MEKK9; activates JNK pathway; involved in the cyt ¢ release & apoptosis P80192
MAP3K10 (1) MLK2; MST; MEKK10; activates JNK & SEK1 pathways Q02779
MAP3K11 (1) MLK3; PTK1; MEKK11; SPRK; activates BRAF, ERK, p38 and JNK1 pathways Q16584
MAP3K21 (1) MLK4; negative regulator of TLR4 signaling Q5TCX8
MATK (1) CHK; CTK, HYL; LSK; has an inhibitory role in the control of T-cell proliferation P42679
MIAT (1) Associated with melanoma, glioma and neuroectodermal tumors Q16674
MIA2 (1) MGEA11; TALI; MEAG; involved in cholesterol & TAG homeostasis, & OL7A1 secretion Q96PC5
MIA3 (1) TANGO; ARNT; required for membrane-bound ER-resident complexes consisting of MIA2 ~ Q5JRAG
MPP2 (1) DLG2; negatively regulates SRC function in epithelial cells Q14168
MPP3 (1) DLGS3; interact with the cytoskeleton & regulates intracellular junctions & cell proliferation Q13368
MPP4 (1) DLG6; plays a role in retinal photoreceptors development. Q96JB8
MPP5 (1) PALS1; involved in adherens junction biogenesis & localization of the exocyst complex Q8N3R9
MPP6 (1) PALS2; VAM1; act on receptor clustering by forming multiprotein complexes QINZW5
MPP7 (1) Promotes epithelial cell polarity and tight junction formation Q5T2T1
MYO15A (1) DFNB3; unconventional MYO15 required for stereocilia formation in mature hair bundles. ~ Q9UKN7
MYO15B (1) MYO15BP; no functional motor domain Q96JP2
MYO1E (1) FSGS6; HUNCM-IC; controls the movement of class ll-containing cytoplasmic vesicles Q12965
MYO1F (1) Acts with MYO1E on innate immunity in cell migration & phagocytosis 000160
MYOT7A (1) DFNB2; NSRD2; mediates in complex with USH1C/G & CDH23 mechanotransduction Q13402
MYO7B (2) MYOVIIb; acts in the intermicrovillar adhesion complex on microvilli organization & length ~ Q6PIF6
NCF1 (2) p47phox; NOXO2; NCF1A; required for activation of the latent NADPH oxidase P14598
NCF1B (2) NCF1B; required for activation of the latent NADPH oxidase A6NI72
NCF1C (2) NCF1C; required for activation of the latent NADPH oxidase A8MVU1
NCF2 (2) p67phox; NOXAZ2; required for activation of the latent NADPH oxidase P19878
NCF4 (1) p40phox; SH3PXD4; involved assembly & activation of the NADPH oxidase complex Q15080
NCK1 (3) Acts as an RTK-associated protein on RAS signaling & dsRNA-induced PKR activation P16333
NCK2 (3) GRB4; acts as an RTK-associated protein on RAS signaling & translational initiation 043639
NEBL (1) LASP2; LIM-Nebulette; links sarcomeric actin to desmin around the Z-disk 076041
NEBU (1) NEM2; NEB177B; binds & stabilize F-actin; involved in sarcomeric integrity P20929
NOSTRIN (1) Multivalent adapter protein involved in NO metabolism by sequestering NOS3 Q8IVI9
NOXA1 (1) p51NOX; activates as a p67phox-like factor NOX1/3 in the host defense & oxygen sensing Q86UR1
NOXO1 (2) SH3PXD5; p41NOX; activates together with NOX2 NOX1/3 Q8NFA2
NPHP1 (1) NPH1; Nephrocystin-1; control together with PTK2B/PYK2 the epithelial cell polarity 015259
OSTF1 (1) SH3P2; OSF; induces bone resorption & enhances osteoclast formation & activity Q92882
OTOR (1) Otoraplin; MIAL1; FDP; functions in cartilage development and maintenance QINRC9
p85a. (1) PIK3R1; AMG7; regulates membrane binding & activity of p110 catalytic subunit of PI3K P27986
P85 (1) PIK3R2; MPPH1; regulates membrane binding & activity of p110 catalytic subunit of PI3K 000459
PACSIN1 (1) SYNDAPIN1; recruits DNM1/2/3 to membranes; regulates neurite formation & branching Q9BY11
PACSIN2 (1) SYNDAPINZ; involved in plasma membrane protein internalization by endocytosis QIUNFO
PACSIN3 (1) SYNDAPINS; involved in cell-surface receptor internalization by endocytosis QIUKS6

255



Chapter IX. SH3 superfamily

Table S1. The superfamily of human SH3 domain-containing protein (151-200)

Entry name Aliases, interactions & functions Uniprot
(No. of SH3) ID
PEX13 (1) PEROXIN13; NALD; involved in the import of peroxisomal biogenesis factors PTS1/2 Q92968
PLCG1 (1) PLC1; PLC148; NCKAP3; catalyzes DAG & IP3 production P19174
PLCG2 (1) PLCIV; APLAID; FCASS; catalyzes DAG & IP3 production P16885
PRAM (1) PRAM1; PMLRAR; involved in myeloid differentiation & integrin signaling in neutrophils Q96QH2
PSTPIP1 (1) CD2BP1L; PAPAS; regulates WAS actin-bundling activity, endocytosis and cell migration 043586
PTKG6 (1) BRK; controls the differentiation and maintenance of normal epithelia & tumor growth Q13882
RASA1 (1) p120RASGAP; CMAVM1; acts as a GAP of RAS P20936
RIMBP1 ( RBP1; PRAX1; synchronizes and couples cynaptic vesicle to the sites of exocytosis 095153

3)
RIMBP2 (3) RBP2; PPP1R133; synchronizes and couples cynaptic vesicle to the sites of exocytosis 015034
RIMBP3A (3) Plays a key role in sperm head morphogenesis during late stages of sperm development Q9UFD9
RIMBP3B (3) Plays a key role in sperm head morphogenesis during late stages of sperm development AGNNM3
3

RIMBP3C (3) Plays a key role in sperm head morphogenesis during late stages of sperm development AGNJZT
RUSC1 (1) NESCA; regulates MAPK & NF«B pathways, & NGF-dependent neurite outgrowth Q9BVN2
RUSC2 (1) MRT61; IPORIN; acts as a RAB35 effector on intracellular vesicular trafficking Q8N2Y8
SAMSN1 (1) HACS1; SH3D6B; acts on RAC1-dependent cell spreading & polarization QINSI8
SASH1 (1) PEPE1; SH3D6A; Acts on TLR4/NF«B signaling & LPS-induced endothel. cell migration 094885
SASH3 (1) HACS2; SH3D6C; functions as a signaling adapter protein in lymphocytes 075995
SGSM3 (1) MAP; RUSC3; RABGAP5; involved in NF2-mediated growth suppression of cells Q96HU1
SH3BP4 (1) EHB10; TTP; BOG25; controls clathrin-mediated endocytosis Q9POV3
SH3D19 (5) EBP; EVE-1; acts on ADAMS/EGFR axis & suppresses RAS-induced cell transformation Q5HYK?7
SH3D21 (3) Unknown function A4FU49
SH3GL1 (1) Endophilin A2; SH3D2B; acts on membrane shaping & clathrin-independent endocytosis Q99961
SH3GL2 (1) Endophilin 1; SH3D2A; acts on membrane shaping & synaptic vesicle endocytosis Q99962
SH3GL3 (1) Endophilin 3; SH3D2C; implicated in membrane shaping & endocytosis Q99963
SH3GLB1 (1) BIF1; involved in membrane fusion & in the regulation of autophagy QIY371
SH3GLB2 (1) RRIG1; Endophilin-B2; involved in endocytosis QINR46
SH3KBP1 (1) CD2BP3; CIN85; HSB1; controls cell shape & migration, & stimulates B cell activation Q96B97
SH3PXD2A (5)  TKS5; SH3MD1; involved in ROS generation, podosome formation & ECM degradation Q5TCZ1
SH3PXD2B (4)  TSK4; FAD49; involved in ROS generation, podosome formation & ECM degradation A1X283
SH3RF1 (4) POSH1; SH3MD2; involved in dynamin-dependent endocytosis & JNK activation Q726J0
SH3RF2 (3) POSH3; HEPP1; mediates TNF o signaling & proteasomal degradation Q8TECS
SH3RF3 (4) POSH2; SH3MD4; is a RAC effector & mediates proteasomal degradation Q8TEJ3
SH3TC1 (1) Unknown function Q8TES2
SH3TC2 (1) CMT4C; MNMN; involved as a RAB11 effector in axoglial interactions myelination Q8TF17
SH3YL1 (1) RAY; involved in hair follicle development, cell migration, & dorsal ruffle formation Q96HL8
SHANKT1 (1) SSTRIP; acts in GKAP/PSD95/HOMER complex on dendritic spine organization Q9Y566
SHANK2 (1) CORTBP1; involved in structural and functional organization of the dendritic spine QIUPX8
SHANKS (1) PSAP?2; acts on th dendritic spine and synapse formation, maturation and maintenance Q9BYBO
SKAP1 (1) SCAP1; positively regulates T-cell receptor signaling by enhancing the MAPK pathway Q86WV1
SKAP2 (1) SCAP2; PRAP; SAPS; involved in B-cell and macrophage adhesion processes 075563
SLAP1 (1) SLAT1; links ZAP70 with CBL & negatively regulates T-cell receptor signaling Q13239
SLAP2 (1) SLA2; MARS; links ZAP70 with CBL & negatively regulates T-cell receptor signaling Q9H6Q3
SNX9 (1) SH3PX1; SDP1; WISP; stimulates DNM2 GTPase activity; involved in endocytosis QIY5X1
SNX18 (1) SNAG1; SH3PX2; stimulates DNM2 GTPase activity; involved in endocytosis Q96RFO
SNX33 (1) SH3PX2; reorganizes the cytoskeleton, endocytosis and cellular vesicle trafficking Q8WV41
SORBS1 (3) SH3P12; FLAF2; CAP; involved in formation of actin stress fibers and focal adhesions Q9BX66
SORBS2 (3) ARGBP2; forms complex with ABL1/CBL & promotes ABL1 ubiquitination & degradation 094875
SPIN90 (1) NCKIPSD; WISH; WASLBP; stimulates N-WASP-induced ARP2/3 complex activation QINZQ3
SPTA1 (1) SPH3; EL2; forms the cytoskeletal superstructure of the erythrocyte plasma membrane P02549

SPTAN1 (1) NEAS; EIEES5; involved in calcium-dependent cytoskeleton movement at the membrane Q13813
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Table S1. The superfamily of human SH3 domain-containing protein (201-221)

Entry name Aliases, interactions & functions Uniprot
(No. of SH3) ID

SRC (1) THCG; ASV; participates in transcription, immunity, adhesion, apoptosis, migration P12931
SRC8 (1) CTTN; EMS1; Amplaxin; involved in the formation of lamellipodia and in cell migration Q14247
SRMS (1) PTK70; phosphorylates DOK1, KHDRBS1/SAM68 and VIM Q9H3Y6
STAC (1) Involved in the modulation of calcium channel at the cell membrane Q99469
STAC2 (1) 24B2; involved in the modulation of calcium channel at the cell membrane Q6ZMT1
STAC3 (1) MYPBB; NAM; Required for excitation-contraction coupling in skeletal muscle Q96MF2
STAM1 (1) HSE1H; involved in signal transduction mediated by cytokines and growth factors Q92783
STAM2 (1) HBP; involved in signal transduction mediated by cytokines and growth factors 075886
TEC (1) PSCTK4; regulates the development, function and differentiation of diverse cell types P42680
TNK1 (1) Negative regulates the RAS-MAPK pathway; utilized broadly during fetal development Q13470
TXK (1) PTK4; BTKL; RKL; regulates the development and differentiation of conventional T-cells P42681
UBASH3A TULA1, STS2; as a T-cell ubiquitin ligand family member negatively act on T-cell signaling  P57075
UBASH3B (1) TULA2; STS1; as a T-cell ubiquitin ligand family member negatively act on T-cell signaling  Q8TF42
VAV1 (2) Acts as a RAC1/RHOAGEF; involved in cell differentiation & proliferation P15498
VAV2 (2) Acts as a RAC1GEF; involved in angiogenesis & endothelial cell migration P52735
VAV3 (2) Acts a RHOA/RHOGGEF; involved in angiogenesis & endothelial cell migration Q9UKW4
VINEXIN (3) SORBS3; SH3D4; SCAMT; plays a role in cell spreading 060504
YES (1) HST441; regulates cell growth, adhesion, cytoskeleton remodeling, and differentiation P07947
Z01 (1) TJP1; involved in tight junction organization, epithelial polarization and barrier formation Q07157
202 (1) TJP2; PFIC4; DFNA51; plays a role in tight junctions and adherens junctions Q9UDY2
Z03 (1) TJP3; links tight junction transmembrane proteins 095049
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Table S2. Published structures of the SH3-PRM complexes.

No.  SH3/PRM structures PRM sequence PDB code Ref.
1 GRB2-1(Y7V,C32S)/SOS1 PVPPPVPPRRRP 1AZE (439)
2 GRB2-2/synthetic peptide RHYRPLPPLP 1106 tbp

3 DOCK2/ELMO1 RLLDLENIQIPDAPPPIPKEPSNYDFVY 2RQR (440)
4 ITSN2-2/synthetic peptide ACEWRGSLSYLKGPL 4110 tbp

5 ABL/synthetic peptide ACEAPTYSPPLPP 4J9E tbp

6 CD2AP-2/ARAP1 PTPRPVPMKRHIFR 4X1v tbp

7 CRKII-1/RAPGEF1 DNSPPPALPPKKRQS 5L23 tbp

8 p67Phox-¢/p4 7phox SKPQPAVPPRPSADLILNRCSESTKRKLASAV 1K4U (441)
9 NCF4/NCF1 KPQPAVPPRPS 1W70 (442)
10 betaPIX/alphaPAK DATPPPVIAPRPEHTKSVYTRS 128G (443)
11 betaPIX/CBL-b RPPKPRPRR 2AK5 (444)
12 CIN85/CBL-b PARPPKPRPR 2BZ8 (444)
13 Cortactin/ ASAP1 KRPPPPPPG 2D1X (445)
14 CMS-1/CD2 PLPRPRV 2J60 (446)
15 NCK2-1/CD3epsilon KERPPPVPNPDYEPIRKGQRDLYS 2JXB (447)
16 IRTKS/EspFu-R47 HIPPAPNWPAPTPPVQN 2kxc (448
17 SRBS1-2/ Paxillin VPPPVPPPPSS 209V (449)
18 HCKI/synthetic peptide ACEHSKPLPPLPSL 20J2 (450)
19 betaPIX/AIP4 RPPRPSRPPPPTPRRP 2P4R (451)
20 betaPIX/AIP4 PSRPPRPSRPPPPTPR 2P4R (451)
21 EPS8L1/CD3epsilon PPVPNPDYEPIR 2ROL (357)
22 DOCK2/ELMO1 PDAPPPIP 3A98 (440
23 DOCK2/ELMO1 EIKLRLLDLENIQIPDAPPPIPKEPSNYDFVYDCN 3A98 (440
24 ARC4/SH3BP2 LQRSPPDGQSFR 3TWR (452)
25 ARC4/SH3BP2 QRSPPDGQSFR 3TWR (452)
26 CD2AP-2/ RIN3 QPPVPPPRKKRIS 3U23 (453)
27 TUBA-3/NWASP PPALPSSAPSG 4CC2 (454)
28 TUBA-3/MENA PPPPLPSGPAYA 4CC3 (454)
29 TUBA-3/MENA PPPPALPSSAPSG 4CC7 (454)
30 FYN/synthetic peptide SLARRPLPPLP 4EIK (455)
31 NEBEL/XIRP2 PPPTLPKPKLP 4F14 (456)
32 SRBS1-2/Vinculin LAPPKPPLPE 4LN2 (457)
33 CBL/Vinculin VPPPRPPPPE 4LNP (457)
34 SRBS1-1/Vinculin VPPPRPPPP 4LNP (457)
35 CD2AP-1/RIN3 KNLPTAPPRR 4WCI (453)
36 FYN/synthetic peptide APPLPPRNR 4ZNX (458)
37 SGIP1/Eps15 DPFGGDPFK 5AWT (459)
38 CRKII-n/ABL SEKPALPRKR 5IH2 (460)
39 STAM2/AMSH AKPPVVDRSLKPG 5IXF (461)
40 betaPIX/ITCH RPPRPSRPPPPTPRRP 5SXP (462)
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Table S3. Published dissociation constants (Kq) determined for the SH3-PRP interactions.

GRB2 SOS peptide Ka (LM) Method Reference
FL GTDEVPVPPPVPPRRRP 22 (316)
GRB2 injection into SOS1 170 nM ITC (317)
SOS1 injection into GRB2 480 nM ITC (317)
SOS1 proline rich domain 360 nM ITC (318)
N-Terminal PR SOS1 260 nM ITC (317)
C-Terminal PR SOS1 510 nM ITC (317)
SOS1 1.48 nM SPR (463)
nSH3 VPVPPPVPPRRR (RP1) 39 ITC (307)
LDSPPAIPPRQPTSK (P4) 56 ITC (307)
ISDPPESPPLLPPREPVRTPDV/(P5) 182 ITC (307)
VPVPPPVPPRRR (RP1) 1.68 nM SPR (463)
VPVPPPVPPRRR (RP1) 38.64 ITC (306)
SOS1 proline rich domain 7.8nM SPR (320)
cSH3 VPVPPPVPPRRR (RP1) 125 ITC (307)
LDSPPAIPPRQPTSK (P4) 1396 ITC (307)
ISDPPESPPLLPPREPVRTPDV/(P5) 1718 ITC (307)
VPVPPPVPPRRR (RP1) 142 NMR (305)
VPVPPPVPPRRR (RP1) 117.10 ITC (306)

259



Chapter IX. SH3 superfamily

Table S4. Classification of published proline-rich consensus sequence motifs and their
incidence found in SOS1 PRD.

No. | ID Consensus Ref. Peptides?
sequences P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 | RP1 RP2

1 0X1 PPPP (352) | - - - - - - - - - R R
2 0X2 XPPX (353 | + -+ o+ 4+ o+ 4+ o+ 4+ + + +
3 1X1 PXP 34| + - o+ - -+ o+ o+ 4 - + +
4 1X2 PXPXP (355) | - -+ - - - - - - - + -
5 1X3 PPXPP (356) | - R - - -t - + +
6 2X1 PXXDY (357) | - - - - - - - - - - . .
7 2X2 PXXP (358) | + + o+ o+ o+ -+ o+ 4+ + + +
8 2X3 PXXPXIKR] (359) | - -+ o+ 4 - - -+ - + +
9 2X4 [KRIXXPXXP (359) | - - - - - - -+ - - - .
10 | 2X5 PXXPXXP 360) | + - o+ - - - - - - - + -
11 | 3X1 PXXXP (361) | + -+ o+ 4+ o+ 4 - + + +
12 | 3X2 PXXXPXXXP (362) | - -+ o+ 4 - - - - - . .
13 | 3XP PXXXPR (363) | - -+ o+ 4 - - -+ . + +
14 | 4XP PXXXXP (364 | + - + o+ o+ -+ - - - + -

aThe amino acid sequences of the peptides are listed in Table S5.

260



Chapter IX. SH3 superfamily

Table S5. Peptide used in this study

Peptide name

Peptide sequence

P1e

P2

P3

P4

B9

P6

P7

P8

P

P10

RP1b

RP2¢

1076SAPNSPRTPLTPPPAST0%
1124\ TLPHGPRSA!13:
1145EVPVPPPVPPRRRPESAPAESSPSKI! !
1176 DSPPAIPPRQPTSK! 190
1204|SDPPESPPLLPPREPVRTPDV1225
1227$SSPLHLQPPPLGKK 21

1247 AFFPNSPSPFTPPPPQTPSPHGT 269
1271RHLPSPPLTQ!280

1267 AGPPVPPRQS 27
1300QHIPKLPPKTY?310
1147/PVPPPVPPRRR!158

1SRCEAPPVPPRRERG%

a P stands for peptides derived from SOS1.

b Reference peptide 1 (RP1) is derived from peptide 3 (P3).

¢Reference peptide 2 (RP2) is derived from WRCH.

Table S6. Dissociation constants (Kq)? determined for the SH3-PRP interactions.
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SH3 Peptidese

Domains® P1 P2 P3 P4 P5 P6 P7 P8 ) P10 | RP1  RP2

ABI1 - 607 - 246 - - - - - - - B

ABL2 e V. - 673 - . - 11 }

ARHGAP12 - - 138 - - - 0.2 - - - 16.7 155

Obscurin - - - - - - 8.9 - - - - R

BIN1 - - - - - - 12.0 - 47.0 - - 48.0

CRK-1 - - 129 - - - 18.1 - - - - -

DLG2 - - - - - - 58.5 - - - - -

GRB2-1 - - 150 60 62 - - - - - 1.0  20.0

GRB2-2 - - 120 20 35 - - - - - 34 12.9

INTS1-1 - - - 6.6 - - - - - - 39 11.0

INTS1-2 - - - - - - - - - - - -

INTS1-3 - - - - - - - - - - - -

INTS1-4 - - - - - - - - - - - -

INTS1-5 230 - - 120 - - - - - - - 23.0

NCK1-1 - - - - - - - - - - - -

NCK1-2 - - - - - - - - - - 20 1.0

NCK1-3 - - - - - - - - 0.9 - 24.6 2.5

NPHP1 - e - - - - - - -

RASA1 - - - - - - - - - - - -

RIMBP3B-1 - 210 - - - - 15.0 - - - - -

SH3GLB1 - - - - - - - - - - - -

SH3PXD2A- - 440 180 - - - - - - - - 21.0
1

SNX9 - - - - - - - - - - - -

SORBS1-1 - - - - - - 13.2 - - - - -

SRC - - 2.0 - - - 13.3 - - - - -
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Chapter IX. SH3 superfamily

a Dissociation constant (Kq values) were determined by evaluating the fluorescence polarization data (Figures x, xx) shown in
Figure x as bar charts. Evaluated Kq values were divided in high affinity (0.1 to 1.0 uM; green), intermediate affinity (1.1 to 5 uM;
blue), low affinity (5 to 25 uM; red) and very low affinity (26 to 125 uM; black). No binding (-) stands for Kq values higher than

126 uM.

b SH3 domains from SH3-containing proteins with two or more SH3 domains are highlighted with a dash and the number of the
SH3 domain.

¢ The amino acid sequences of the peptides are listed in Table S3.
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Table S7. Constructs used in this study

Domains Protein Construct (aa) UniProt ID

SH3a ABI1 446-505 Q8IZP0
ABL2 107-167 P42684
ARHGAP12 12-74 Q8IWWe6
ARHGAP12(K28S, R30N, F62G, Y63W) 12-74
ARHGAP12(K31T, T46Q,A66S, Q67N) 12-74
ARHGAP30 5600-5667 Q5VST9
BIN1 520-593 000499
CRK 132-192 P46108
DLG2 536-606 Q15700
GRB2-1 1-58 P62993
GRB2-2 158-215 P62993
ITSN1-1 740-806 Q15811
ITSN1-2 913-971 Q15811
ITSN1-3 1002-1060 Q15811
ITSN1-4 1070-1138 Q15811
ITSN1-5 1155-1214 Q15811
NCK1-1 2-61 P16333
NCK1-2 106-165
NCK1-3 190-252
NCK1-3(N205D, D206T,D226Q, P227D) 190-252
NCK1-3(N225E, W229G, K244E) 190-252
RASA1 279-341 P20936
RIMBP3B-1 832-899 ABNNM3
SRC 218-306 P12931
SH3GLB1 305-365 QIY371

264



Chapter IX. SH3 superfamily

SH3PXD2A-1 166-225 Q5TCZ1
SORBS1-1 793-852 QI9BX66
SNX9 1-62 QIY5X1

SOS1 SOS1(FL)P 1-1333 Q07889
SOS1(PRD) 1049-1333

a These are in pGEX4T-1 vector for an expression in E. coli.

bThese are in pFastbac vector for expression in insect cells
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Figure S1. Gene Ontology analysis of the superfamily of human SH3 domain-containing
protein. Gene Ontology (GO) terms for the biological process, molecular function, and cellular
components of human SH3 domain-containing protein were identified using the PANTHER
database (Mi H, Huang X, Muruganujan A, Tang H, Mills C, Kang D & Thomas PD (2017)
PANTHER version 11: expanded annotation data from Gene Ontology and Reactome
pathways, and data analysis tool enhancements. Nucleic Acids Res 45, D183-D189.)
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Chapter IX. SH3 superfamily

Figure S31 SH3 domain sequence alignment. The multiple sequence alignment of SH3
domains is generated using BioEdite program. The identical residues are shown in green.
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Figure S4. PRM binding residues of all human SH3 domains. The multiple sequence
alignment of interfacing residues of SH3 domains responsible for their interaction with proline-
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rich motifs is generated using BioEdite program. The identical residues are shown in green. H
repeats shows the deletion part of the SH3 domains.
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Figure S5. Specificity of the SH3-PRMs interaction analyzed for different SH3 domains
families in human genome. The specific of proline-rich motifs that may interact with each
family are defined for each family by comparing the sequence-structure and functional analysis

of SH3 domains in complex with PRMs.
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Figure S6. Fluorescence Polarization measurements of SH3 domain interactions with the
S0S1 and reference peptides. Fluorescence polarization experiments were conducted to
determine the dissociation constants (Kg) by titrating fluorescent peptides (0.2 uM, respectively)
with increasing concentrations of the respective SH3 domains. The X-axis represents the
concentration of the SH3 domain as GST fusion proteins in yM and Y-axis represents
fluorescence polarization. The lines through the data points indicate that equilibrium Kq values
have been determined for the respective measurements. The Ky values are summarized in
Figure 3b and Table S6.
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Figure S7. Schematic diagram of SH3 domain-containing proteins in transduction
signaling pathways. SH3-containing proteins are important signaling proteins including
adaptor proteins, kinases, RAS GEFs, RAS GAPs, scaffold proteins and effectors. SH3
containing proteins are involved in the processes of various transduction pathways in the cell
(ERK, p38, JUNK, PKC). See Discussion for more details!
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Abstract. Health and disease are directly related to the RTK-RAS-MAPK signalling cascade.
After more than three decades of intensive research, understanding its spatiotemporal features
is afflicted with major conceptual shortcomings. The compilation of a vast array of accessory
proteins may resolve some parts of the puzzles in this field, as they safeguard the strength,
efficiency and specificity of signal transduction. Targeting such modulators, rather than the
constituent components of the RTK-RAS-MAPK signalling cascade may attenuate instead of
inhibit disease-relevant signalling pathways.

General introduction

Nature has evolved sophisticated, cell type-specific mechanisms to sense, amplify and integrate
diverse external signals, and ultimately generate the appropriate cellular response. Signals are
processed by evolutionary conserved signalling cassettes that comprise specific constituent
components that act as receptors, mediators, effectors, and regulatory proteins. Activated
receptor tyrosine kinases (RTKs), for instance, link the RAS activator SOS1 to RAS paralogs,
e.g., the protooncogene KRAS4B, which in turn regulate various signalling pathways, including
the mitogen-activated protein kinase (MAPK) pathway.! This pathway contains a three-tiered
kinase cascade comprising the serine/threonine kinases BRAF/CRAF, the dual specificity kinase
MEK1/2, and the serine/threonine kinases ERK1/2."? The RTK-RAS-MAPK axis is a highly
conserved, intracellular signalling pathway that plays an essential role throughout mammalian
development, from embryogenesis to tissue-specific cellular homeostasis in the adult.’
Dysregulation of components or regulators of this cascade is frequently associated with tumour
growth and a distinct subset of developmental disorders called the RAS-MAPK syndromes or
RASopathies.*® This signalling cascade has rapidly taken centre stage in cancer and RASopathy
therapies (see below).

However, the strength, efficiency, specificity and accuracy of signal transduction are controlled
by mechanisms that increase the connectivity of the signalling molecules and thus increase their
local concentration and reduce their dimensionality. This state can be achieved by liquid-liquid
phase separation (LLPS), a mechanism in which two separate liquid phases with different protein
composition emerge from one mixed solution.” A large number of proteins, hereafter collectively
designated as the “accessory proteins’, fulfil the requirements to drive LLPS and have been
reported to act as adaptor, anchoring, docking or scaffold proteins. Accessory proteins link
constituent components of individual signal transduction pathways by forming physical
complexes. What the functions of the accessory proteins are, why they are crucial for signal
transduction, and whether they represent better therapeutic targets for different human diseases
are questions which we will address in this article mainly in the context of the RTK-RAS-MAPK
signalling pathway.
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Structural and functional variety of accessory proteins

Rapidly emerging reports on signalling networks support the idea that various signalling
molecules operate together in functional protein complexes. For example, activated protein
nanoclusters in specialized membrane microdomains selectively connect with and subsequently
turn on cytosolic signalling components or complexes.?® Also RAS-nanoclusters form and locally
increase the concentration of RAS paralogs in membrane microdomains.°

Membrane-resident signalling proteins, such as transmembrane and membrane-associated
proteins, are predominantly trafficked to the plasma membrane via the secretory pathway.' But
how are the cytosolic proteins trafficked to their cognate membrane nanoclusters? Mounting
evidence has emerged recently that a large number of membraneless compartments (also called
non-membrane-bound organelles or biomacromolecular condensates) are assembled via LLPS.'?
The formation of cytosolic signalling condensates is based on two processes. First multivalent
molecules undergo phase separation, while in a second step other proteins are able to diffuse
into the phase without considerably contributing to the stability of the phase. This process can
increase local concentrations of molecules manifold. One example is the enrichment of kinases
in membrane-associated liquid droplets around T-cell receptors while phosphatases are
excluded.™

An essential group of proteins that are themselves not constituent components of signal
transduction but allow assembly and spatiotemporal organization of a signalling cascade are
accessory proteins. These proteins have the features to interact with and assemble other
biomolecules, ranging from lipids, over proteins to nucleic acids. They mostly lack enzymatic
activity, but are equipped with different types of protein-protein interaction domains, motifs, and
intrinsically disordered regions (IDRs). Thus, accessory proteins dictate the local formation of
macromolecular protein complexes through modular multivalent interactions, and thereby
organize and facilitate signal transduction.

Accessory proteins bind and connect at least two constituent components to orchestrate their
spatiotemporal localization and enhance their assembly via reducing dimensionality of
interactions and/or increasing local concentrations of interacting proteins.'*'® They can be
categorized in four distinct groups based on their structure and mode of action: (1) Scaffold
proteins are cytosolic multi-domain proteins that bind two or more distinct components to
organize them in a functional unit and modulate their function. (2) Adaptor proteins link two
partners usually via SH2 and/or SH3 domains and may also regulate their specific downstream
signalling pathways. (3) Anchoring proteins bind to the membrane and other proteins, which are
usually protein kinases, and therefore, bring them to their site of action. (4) Docking proteins
assemble signalling complexes by binding to effectors and receptor tyrosine kinases or G-proteins
at the membrane.

Accessory proteins of the RTK-RAS-MAPK pathway

New discoveries and concepts regarding the receptor-driven RAS-MAPK signal transduction
have emerged during the last three decades: Novel pathway components, structure elucidation,
biophysical principles, biomimetic strategies, and clinical drug candidates. By focusing particularly
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on the signalling process itself, the emphasis of this article is on the implementation of the
accessory proteins, which bind molecular components and orchestrate their assembly and
eventually activity in a context-dependent manner. We believe that the spatial arrangements of
such biophysical features over time determine specificity, efficiency, fidelity of signal transduction,
and safeguard against any deleterious effects.

A multitude of accessory proteins, which largely vary in size and domain architecture (Figure 1),
are involved in orchestrating RTK-RAS-MAPK signal transduction (Supplemental Table S1). The
high variability of scaffold proteins is—due to their high interaction specificity—comprehensible.
Certain domains or repeats frequently exist in individual proteins, for example LDs (repeated
leucine-rich sequence) in Paxillin, WDs (WD-repeat) in MORG1, RRMs (RNA recognition motif)
in NCL, and LIMs in FHL1/2. Furthermore, IDRs are found in several proteins, which may fold
upon interaction with their binding partner. IDRs are also involved in oligomerization for example
in Galectin-3."” Anchoring proteins contain membrane-binding domains, such as the PH domain
in CNK1 and GAB1/2, and transmembrane (TM) segment, e.g., in LAT, NTAL and SEF1.
PAQR10/11 contain 7 TM segments and anchor RAS to the Golgi apparatus via their N-terminal
cytoplasmic tail."® The PHB domain of FLOT1 has been reported to be a membrane association
domain as it is post-translationally modified by palmitoylation.'® This leads to FLOT1 association
with lipid rafts of phagosomes and the plasma membrane. Docking proteins frequently possess
both PH domains, which increase their residence time at the membrane, and PTB domains, which
enable them to interact specifically with activated RTKs. Adaptor proteins are specialized in linking
usually activated RTKs via SH2 domains with their downstream signalling molecules, in most
cases, via SH3 domains.

Linking transmembrane receptors to RAS

GRB2 links activated RTKs or anchoring proteins, such as LAT, with SOS1/2 to activate RAS
paralogs (Figure 2a). The adaptor protein function of GRB2 is accomplished by a central SH2
domain that binds to the tyrosine-phosphorylated RTK and two flanking SH3 domains, which bind
to the C-terminal proline-rich domain of SOS1 and translocate it to the plasma membrane.?%?
Activated SOS1, in turn, stimulates, as a RASGEF, the GDP/GTP exchange of RAS paralogs and
thereby activate amongst others the MAPK cascade.?

Furthermore, direct GRB2 association with activated RTKs leads to the recruitment of GAB1 and
CBL. GAB1 provides a docking platform for several signalling molecules, e.g., SHP2, PLCy, and
PI3K, thereby cross-linking different signalling pathways.?®> CBL was originally described to acts
as an adaptor protein as it contains several domains and motifs for protein-protein interactions
(Figure 1). Later it was identified as an RING-dependent E3-ubiquitin-protein-ligase that transfers
the ubiquitin to RTKs for endocytic internalization, and recycling or degradation.?* It also regulates
signalling processes of the non-receptor tyrosine kinases SYK, ZAP70, and SRC.?® CBL
constitutively interacts with GRB2, mediating hematopoietic cell proliferation®, and T cell and B
cell receptor and cytokine receptor signalling via interaction with CRKL SH2 domain.?” As CBL
and SOS1 bind to the same region of GRB2, the overexpression of CBL inhibits complex
formation between SOS1 and GRB2 underlining the fine-tuning mechanism of accessry proteins
by binding other pathway modulators.?
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Engagement of GRB2 is versatile and depends on the cellular context. GRB2 can bind indirectly
to RTKs via interaction with the tyrosine-phosphorylated adaptor proteins and FRS2. SHC links
activated TRKA receptors to GRB2 in PC12nnr5 cells,?%2"2® which can recruit SOS to the PM and
control the extend of RAS activation.?? Upon activation of the B-cell antigen receptor (BCR) in B-
lymphocytes, the tyrosine kinase SYK phosphorylates SHC which leads to translocation of GRB2-
SOS1 and activation of membrane-associated RAS signalling.®® The SHC-GRB2 complex,
downstream of cytokine receptors, also activates the PI3K pathway to control cell survival and/or
proliferation.3" A similar mechanism of GRB2-SOS-RAS activation is operated via FRS2, which
acts downstream of TRKA in neurons,?® and FGFR in embryonic stem cells.??3* FRS2 has multiple
tyrosine phosphorylation sites to activate, in response to a wide range of agonists, PI3K and RAS-
MAPK pathways in various cell types via binding to GRB2 and SHP2, respectively.3*38 Binding
of the ubiquitous protein tyrosine phosphatase SHP2 to GRB2, induces recruitment by the FRS2-
SHP2 complex which controls retinal precursor proliferation and lens development.3®

Modulating the RAS cycle

The RAS cycle between an inactive, GDP-bound state and an active, GTP bound state is strictly
controlled by multidomain regulatory proteins.**® Unlike the well-understood cellular process of
RAS activation by RASGEFs, such as SOS1 little is known about the recruitment and activation
of RASGAPs. The first evidence has emerged that the RASGAPs Neurofibromin and p120 are
recruited to the plasma membrane and RAS*GTP by two distinct scaffold proteins, SPRED1 and
Merlin (Figure 2b). The EVH domain of SPRED1, a member of the sprouty family, binds the GAP
domain of Neurofibromin without interfering with its GAP function.**45 SPRED1 appears to directly
contact BRAF and thus to interfere with KRAS signalling.*¢ Merlin, a member of the ERM family,
directly binds to, on the one hand, p120 and RAS (probably KRAS4B), a mechanism that
potentiates RAS inactivation in Schwann cells, and on the other hand, CRAF and blocks its
interaction with RAS.4"4¢ p120 modulates many regulatory and signalling proteins via its N-
terminal protein interaction domains, apparently independent of its GAP function.*%%

RAS-RAF connection

Lipidation and clustering of the RAS paralogs are critical steps for a tight control of signal
transduction through the MAPK pathway. This process connects two distinct macromolecular
clusters, plasma membrane-associated RAS-containing clusters® and cytosolic RAF/MEK/ERK-
containing clusters.®'

The scaffold proteins are Galectin 1 and 3 are carbohydrate-binding proteins that are involved in
many physiological functions. While Galectin 1 homodimer binds to HRAS-RAF complex and
stabilizes HRAS*GTP at the plasma membrane,’®%? Galectin 3 selectively binds and clusters
KRAS4B+GTP (Figure 2c).%® The nucleolar phosphoproteins Nucleophosmin and Nucleolin
shuttle between nucleus and PM and are different types of RAS scaffold proteins, which have
been reported to stabilize KRAS4B levels in a nucleotide-independent manner at the plasma
membrane. Nucleophosmin also increases the KRAS4B*GTP clusters and enhances MAPK
signal transduction.>
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Another type of clustering is performed by the scaffold protein SHOC2 (also known as SURS),
which connects activated RAS with the RAF kinases (Figure 2d). SHOC2 is an integral element
of a heterotrimeric holoenzyme complex with PP1 and MRAS, which dephosphorylates and
releases RAF from its inhibited state,’>°¢ and subsequently activates the MAPK pathway.%” The
scaffold protein Erbin interferes with this process.%® It binds and sequesters SHOC2 from its
RAS/RAF complex, and inhibits ERK activation.®® Erbin is a large scaffold protein (Figure 1). As
such, it links different pathways by binding, besides SHOC2, also various other accessory
proteins, including GRB2,%° CBL,*" Merlin,®? and KSR1.253

RAF/MEK/ERK cascade

RAF kinase translocation to the plasma membrane and activation by direct interaction with
RAS-GTP is well described.?54-% Activated BRAF/CRAF heterodimer phosphorylates MEK1/2,
which in turn phosphorylates ERK1/2 at the TEY motif in the activation loop.”-%8 Activated ERK1/2
are ultimately recruited to their substrates in various subcellular compartments.®®’° The assembly
of macromolecular complexes of the MAPK components and their connection with RAS
nanoclusters at the membrane, which constitutes the RAS-ERK axis, is arranged by homo- and
hetero-dimerization of the members of this pathway.®” To achieve signal diversity, specificity, and
fine-tuning, the spatiotemporal flux through the pathway is organized by various distinct accessory
proteins, which bind either ERK, MEK/ERK or RAF/MEK/ERK. 6971

PEA15 modulates ERK activity towards its cytosolic substrates, including RSK2. It enhances
ERK-dependent phosphorylation of RSK2 by binding both of them independently (Figure 2e).”?
PEA15 phosphorylation by PKC, AKT or CaMKII inhibits this process. In addition, PEA15 steers
subcellular localization of ERK by facilitating its nucleocytoplasmic export.”

The MEK/ERK accessory proteins are illustrated in Figure 2f. GIT1 binds MEK1 and ERK1 in
response to integrin, RTK and GPCR activation. Its activity is directly regulated by different
downstream effectors, such as PIX/PAK complex.” MP1 binds and translocates MEK1 and ERK1
to late endosomes by associating with p14 and p18.>7® The anchoring protein SEF binds
activated MEK on the Golgi apparatus, and subsequently ERK, leading to activation of ERK and
finally its cytosolic substrates such as RSK2.”” The latter phosphorylates SEF and induces its
translocation to the plasma membrane, where it directly inhibits FGFRs, and enhances EGFR
signalling instead.”® RKIP acts as a competitive inhibitor of MEK phosphorylation. It binds ERK
and mutually exclusively RAF or MEK, and thus, dissociates active RAF/MEK complexes.” The
phosphorylation of RKIP by PKC results in release of RAF1 and enable the activation of MAPK
pathway.®°

The scaffolding of RAF/MEK/ERK is dependent on several factors, including the tissue specificity,
cellular localization of the signalling complexes and the type of upstream signals (Figure 2g).
KSR1 is one of the best studied scaffolds that binds to all three members of the RAF/MEK/ERK
cascade.”’ KSR1 translocates, upon RTK-RAS activation, in a complex with MEK to CAV1-rich
microdomains in the plasma membrane to bind activated RAF and modulate MEK and ERK
activation. Feedback phosphorylation of KSR1 and BRAF by ERK promotes their dissociation and
results in the release of KSR1/MEK from the plasma membrane.?' In this way, MEK is
sequestered from upstream signals and cannot itself regulate ERK activation.
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The multidomain protein IQGAP1 scaffolds and activates the RAF/MEK/ERK kinases by directly
associating with the EGF receptor.8282 With over one hundred binding partners, the localization
and effect of IQGAP interaction reaches from actin cytoskeleton reorganization in the context of
neurite outgrowth, migration or vascular barrier integrity to insulin secretion via exocytosis or cell
proliferation and differentiation via ERK signalling. The extensive interactions of IQGAP vary
according to cell types and environmental conditions.® In contrast, MORG1, FHL1, Paxillin and
B-Arrestin act EGF-independent (Figure 2g). MORG1 exists in a complex with MP1, and facilitates
ERK1/2 activation in response to LPA and PMA, and GPCR activation.®® The focal-adhesion
protein Paxillin modulates the activation of the RAF/MEK/ERK complex through binding of other
proteins, controlling the remodelling of the actin cytoskeleton.®® FHL1 scaffolds RAF/MEK/ERK
on the N2B domain of the giant protein titin at the sarcomere of the mammalian muscle cells.?’” -
Arrestin stimulates ERK signalling in response to receptor activation, including GPCRs on the
plasma membrane but also endosomes. FLOT1/2 are membrane raft associated proteins which
form heterodimers. They are not only involved in the EGF receptor clustering and activation, but
also directly bind CRAF, MEK and ERK enhancing their activity upon stimulation.®® CNK1
physically interacts with RAF facilitating its activation through assisting RAF membrane
localization and oligomerization upon RAS activation,® while being able to interact with RAS as
well via the N-terminal regions.*®

Accessory proteins as in human disease

Even if dysregulated constituent components of the RTK-RAS-MAPK pathway are amongst the
most intensively studied target structures for disease treatment, new emphasis should be laid on
accessory proteins (Figure 3). Their loss-of-function or gain-of-function mutations are mostly and
frequently associated with the initiation and progression of human diseases and disorders. The
hyperactivation of the RTK-RAS-MAPK pathway is a known cause of many diseases, including
cancer and developmental disorders, including RASopathies.

Cancer

The upregulation of activating proteins or the downregulation of inhibiting proteins lead to gain-
of-function of the RTK-RAS-MAPK pathway in almost all types of cancer (Figure 3a). The
expression of accessory proteins is tightly controlled and often dysregulated in tumours. Paxillin
is a scaffold protein, which is involved in focal adhesion. A gain-of-function mutation in Paxillin
has been found in 9% of all non-small-cell lung cancers (1).°! Furthermore, amplification of Paxillin
gene in lung cancer promotes tumour growth, invasion and migration.®> SPRED1/2, negative
modulators of RAS signalling, are downregulated in 84% of patients with hepatocellular carcinoma
(2).%* The scaffold protein IQGAP1 promotes tumour formation, transformation, invasion and
metastasis in various cancer types (3).%* A study of a KSR “~ mouse model proves the resistance
against RAS-dependent tumour formation,® highlighting the pro-oncogenic function of KSR in
RAS-driven cancers (4). SHOC2 mediates tumourigenesis and metastasis in different cancer
types via tethering RAS and CRAF proteins in close proximity and thus promoting RAS-mediated
CRAF activation.?¢%” Knock-out models of SHOC2 in KRAS mutated lung adenocarcinoma in
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mice have revealed a significant reduction of tumour growth, as well as a prolonged survival,
accentuating the scaffold protein as a potential therapeutic target (5).° GAB2 has been implicated
as a central modulator for oncogenic BCR-ABL signalling.®®* GAB2 deficient mice have exhibited
resistance against cancer cell transformation of myeloid progenitors in the presence of BCR-ABL,
which is found in 90% of patients with chronic myeloid leukaemia (6).°%1%° SHP2 is not only
associated with a large number of cancers but plays a central role PD-L1/PD-1 singling that
inhibits the TCR-activated pathways, including RAS-MAPK, in T-cells (Figure 3b (7))."°" Thus,
SHP2 inhibitors provide a possible effective therapy against these cancers.

RASopathies

RASopathies or RAS-MAPK syndromes are defined as a group of developmental disorders that
are caused by mild gain-of-function germline mutations in genes related to not only the constituent
members of the RTK-RAS-MAPK pathway'%? but also various accessory proteins, including CBL,
SHP2, SPRED1, and SHOC?2 (Figure 3a)."%?

Germline CBL mutations exhibit a wide phenotypic variability related to Noonan syndrome, which
is characterized by a relatively high frequency of neurological features, predisposition to juvenile
myelomonocytic leukaemia, and low prevalence of cardiac defects, reduced growth, and
cryptorchidism. ' The mutations are mainly located in the central region of CBL, which is known
to abolish the ubiquitination of RTKs by impairing CBLs E3 ligase activity .'% Legius syndrome-
associated mutations in SPRED1, mostly result in loss-of-function of the scaffold protein, and
gain-of-function of the RAS-MAPK pathway.'41% |n contrast, mutations in genes encoding SHP2
and SHOC?2 lead to a gain of function and contribute to MAPK signalling upregulation that causes
diverse developmental phenotypes.®>%81% A recurrent activating mutation at the very N-terminus
of SHOC2 (Ser-2 to Gly) leads to N-myristoylation of SHOC2, confers continuous membrane
association and consequently causes Mazzanti syndrome, a RASopathy characterized by
features resembling Noonan syndrome.'%1%” Another RASopathy-causing SHOC2 mutation (GIn-
269 to His and His-270 to Tyr) has been recently identified to be associated with prenatal-onset
hypertrophic cardiomyopathy.'% This mutation changes the relative orientation of the two leucine-
rich repeat domains of SHOC2 and enhances its binding to MRAS and PPP1CB, two other
RASopathy genes,'® and thus, increased signalling through the MAPK cascade.'%

Other diseases

Moyamoya angiopathy (MMA) is characterized by progressive stenosis of the terminal portion of
the internal carotid arteries and the development of a network of abnormal collateral vessels. This
is a rare condition that is caused by de novo CBL mutations even in the absence of obvious signs
of RASopathy.'® Evidence linking CNK1 dysfunction to autosomal recessive intellectual disability
(ARID) in patients emphasizes the importance of this anchoring protein in the orchestration of the
RTK-RAS-MAPK signalling in brain development and cognition.'™® The scaffold proteins FHL1/2
link RAS-MAPK signalling to the sarcomere and is a critical component of the hypertrophy
signalling in cardiac cells (Figure 3c).%” FHL mutations are associated with cardiac diseases."
FLOT1 has been implicated in the development of Alzheimer and type 2 diabetes and could be a
promising proteomic biomarker.2113
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Accessory proteins as therapeutic targets

Direct targeting of constituent members of the RTK-RAS-MAPK axis in the context of disease
treatment, such as cancer, is a big challenge. Therapies for KRAS cancers remain a major clinical
need, despite allele-specific inhibitors that trap and inactivate mutant KRAS(G12C).""*'"5 Three
decades of research led to significant advances in tumour treatment.’'® However the side-effects
can still be severe and more specific treatments could ease patient suffering. Unfortunately, many
of the expectations for RAS pathway-targeted drugs have not been fulfilled. High toxicity and
resistance acquisition have hampered many of the drugs developed to date.''®'"” An alternative
therapeutic strategy to treat KRAS mutant cancers aims at protein degradation via proteolysis
targeting chimeras (PROTACSs)."'® The ablation of CRAF in advanced tumours driven by KRAS
oncogene leads to significant tumour regression with no detectable appearance of resistance
mechanisms and limited toxicities.'® In this context, a recent study has reported first progress to
develop degrader molecules that target KRAS oncogene in non-small-cell lung carcinomas.'?°

Emerging evidence suggests that constituent signalling proteins assemble into macromolecular
complexes and co-operate in clusters at specific sites of the cell. Therefore, it is important to note
that the stoichiometric imbalance of each subunit of a complex—either by gene overexpression
on the one side, and depletion, knockout or targeted protein degradation on the other—perturbs
the equilibrium, and interferes at some level with the function of the protein or its complex.'! With
accessory proteins being of immense relevance for the whole signalling machinery and operating
particularly from the sideline, we propose that functional interference with a defined site of
accessory proteins may attenuate rather than inhibit the signalling of hyperactivated RTK-RAS-
MAPK axis.

The knock-out or knock-down of accessory proteins in cell-based or animal models could already
show the importance of these modulators in cancer signalling. The scaffold protein SHOC2 has
an important role in embryogenesis, therefore, loss of SHOC2 is embryonically lethal. In contrast,
the systemic knock-out in adult mice as well as in human cell lines is quite well tolerated and leads
to growth inhibition of RAS-mutated NSCLC cell lines.®® Furthermore, the depletion of SHOC2
leads to a sensitization towards MEK-inhibitor treatment, by interfering with the feedback-loop of
MEK inhibition via BRAF/CRAF dimerization, which is SHOC2 dependent.®® Therefore, dual
targeting of SHOC2 and MEK appears as a promising treatment strategy in RAS-mutated
cancers. Another approach deals the scaffold protein GIT1. The knock-down of GIT1 in human
osteosarcoma cells has shown in vivo and in vitro reduced tumour cell growth, invasion and
angiogenesis, which could make GIT1 a potential target in gene therapy.'?

There is a number of approaches of targeting specific functions of accessory proteins. The CNK1
inhibitor PHT-7.3 binds to its PH domain and prevents the co-localization with prenylated KRAS4B
on the plasma membrane.'?® PHT-7.3 successfully inhibits growth of tumour cells incudes by
mutated but not wild type KRAS4B. The interference of GRB2 mRNA by liposome-incorporated
nuclease-resistant antisense oligodeoxynucleotides in BCR-ABL fusion protein positive cancer
cells, leads to reduced tumour growth in Xenograft models.'?* It interferes with RAS/MAPK
pathway and the cross-talk towards AKT pathway via GAB2. A WW-peptide of IQGAP1 binds
ERK and competes with endogenous IQGAP1, which leads to attenuation of ERK activation.'?
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This treatment together with the BRAF inhibitor Vemurafenib (PLX-4032), was very successful in
tumour mouse models.'® It has been later shown that not the WW-domain but the IQ domain is
necessary to bind ERK."?® The effects on the tumour growth suppression may stem from the
interference with another yet unknown binding partner of IQGAP1 as an integral elements of its
complex scaffolding function. Another interesting example of an accessory proteins as therapeutic
target is the small molecule APS-2-79, which binds KSR in its inactive state and interferes with
RAF binding and thus block MEK phosphorylation.'?” The cell-based experiments with APS-2-79
have shown not only reduced ERK activation and growth inhibition in combination with the MEK-
inhibitor Trametinib, but also antagonizing its resistance mechanism.'?® Besides active site
inhibitors, an allosteric inhibitor of SHP2 SHP099 stabilizes the autoinhibited state and interferes
with the enzyme activity as well as its adaptor protein function to bind, for example, GRB2-SOS
complex.'® A combination of SHP099 with a MEK inhibitor and has been shown to interfere with
the feedback mechanism via SHP2 and to block the resistance initiation observed in KRAS4B-
driven cancer therapy.'?%-13" Additionally, SHP2 inhibition by SHP099 has been shown to have a
positive effect on anti-tumour immunity in colon cancer xenograft models, especially in a co-
treatment with anti-PD-1 antibody.'3?

Given that the majority of accessory proteins are now emerging as attractive therapeutic targets,
still a very small number of accessory inhibitors are discovered yet.

Concluding remarks

Accessory proteins tightly control signal transduction by finetuning spatiotemporal organization of
signalling components and maintaining specificity and function of the pathway. They operate from
the sideline, from which they specifically leverage their multivalent domains on the formation of
macromolecular clusters, as highlighted in this article. Even though interest in accessory proteins
has grown in the past few years, the possibilities to practically visualize them, track their pathway,
and experimentally and selectively affect their functions in human cells are keys to addressing
questions about their cell type specificities, subcellular distribution, and interactions in a context-
dependent manner at the “endogenous’ levels. The major challenges faced and likely to be faced
in near future are the difficult task of the direct use of antibodies post-purchase without careful
validation, '3 and the overexpression studies in spite of their experimental advantages.'?' A barrier
that is even more difficult to assess is the misinformed opinion that it is difficult to glean meaningful
biological insights when genes are expressed at nonphysiological levels. A prominent example is
KSR overexpression that has been erroneously identified as a suppressor of RAS signalling.
Thus, exploring these concepts in greater detail will provide the framework for the future research
that will fill existing gaps in our knowledge and expand our understanding of more effective
therapies.
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ERM, ezrin-radixin-moesin

EVH, Ena-VASP homology
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LRR, leucine-rich-repeats

MAPK, mitogen activated protein kinase
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Q, glutamine-rich

RAF, rapidly accelerated fibrosarcoma

RAS, rat sarcoma

RBD, RAS binding domain

RGCT, RASGAP C-terminus

RGS, regulators of G protein signalling

RING, Really Interesting New Gene finger domain
RKIP, RAF kinase inhibitor protein

RNA-BD, RNA binding domain

RRM, RNA recognition motif

RTK, receptor tyrosine kinase

S, serine-rich

SAM, Sterile alpha motif

SEFIR, SEFs and IL17Rs domain

SH, SRC homology domain

SH2, SRC homology 2

SH3, SRC homology 3

SHC, SRC homology and collagen domain protein
SHD, SPA2 homology domain

SHP2, SH2 domain-containing tyrosine phosphatase 2
SID, SIN3 interaction domain

SOS, Son of sevenless homolog protein
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TM, transmembrane domain
TRKA, tyrosine kinase receptor A
UBA, ubiquitin associated domain
UBL, ubiquitin-like domain

WDs, WD repeats

WH1, WASP Homology domain 1

WW, two tryptophan containing 3-sheets

4H, four-helix bundle

Table 1. Accessory proteins as attractive therapeutic targets.

Accessor Disease Drug State of Comment Ref
y protein art
CNK1 Cancers with PHT-7.3 Cell- PHT-7.3 binds selectively to CNK1 123
KRAS4B based PH domain, interferes its co-
mutations model localisation with  KRAS4B on the
plasma membrane, and dimishes
RAF/MEK/ERK signalling
GRB2 BCR-ABL- Anti-miDNA  Xenograft L-GRB2 selectively targets GRB2 124
positive L-GRB2 model mRNA and inhibits its translation
leukaemia
IQGAP1 Cancers with  WW- Mouse WW competitive peptide antagonist 125
KRAS4B competitive  model of IQGAP1 is applied in combination
mutations peptide with the BRAF inhibitor Vemurafenib
(PLX-4032) against KRAS4B
oncogene
KSR Cancers with APS-2-79 Cell- APS-2-79 binds and stabilizes KSR 1271
KRAS4B based in its inactive state, interferes with 28
mutations model KSR/RAF heterodimerization, and
inhibit oncogenic KRAS4B signalling
SHP2 Cancers SHP099 Xenograft SHP099 binds SHP2 as an allosteric 129~
model inhibitor, stabilizes its autoinhibited 132

state, and inhibit oncogenic Ras
signalling
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Figure legends

Figure 1. Domain organization and crucial interactions of RTK-RAS-MAPK accessory
proteins. Schematic representation of relevant domains. Direct binding partners, which are part
of the RTK-RAS-MAPK pathway, are mentioned next to the amino acid numbers at the right side
of the proteins. Please check list of abbreviations for more details.

Figure 2. Involvement of RTK-RAS-MAPK accessory proteins in signal transduction.

Accessory proteins are involved in every step of the RTK-RAS-MAPK pathway and increase the
connectivity between signalling components. Docking proteins like FRS2 and adaptor proteins
like SHC, GRB2 and SHP2 interact with receptors at the plasma membrane and facilitate the
transmission of extracellular signals. Anchoring proteins like LAT and PAQR10/11 localize the
RAS/MAPK signalling members towards specific cellular compartments (a). The scaffold proteins
SPREAD1 and MERLIN recruit their binding partner to the PM by binding RAS-GTP and BRAF
or CRAF respectively (b). Nanoclustering can be induced by Galectin1 or Nucleophosmin and
Nucleolin, which increase the concentration of HRAS-GTP or KRAS-GDP in membrane rafts (c).
RAS scaffold proteins like SHOC2 enhance RAS-RAF interaction, which can be antagonized by
the other accessory proteins like ERBIN (d). Other docking, scaffold and anchoring proteins bind
one, two or all three members of the MAPKSs, bringing them close together, regulate their activity
and determine their localization (e-f). For more detailed information, please see text.

More general: Accessory proteins are involved in every step of the RTK-RAS-MAPK pathway
and increase the connectivity between signalling components. Adaptor proteins and docking
proteins interact with phosphorylated receptors, in contrast to anchoring proteins, which are
directly associated with the membrane (a). Recruiter translocate binding partner towards the site
of action, e.g. a GTPase activating protein to activated RAS at the plasma membrane (b). Scaffold
proteins which induce nanoclustering, increase the local concentration of their binding partner in
lipid rafts (c). RAS scaffold proteins, bind RAS and other components of the RTK-RAS-MAPK
pathway (d), whereas ERK binder (e), MEK/ERK binder (f), and RAF/MEK/ERK binder can
connect one, two or all three members of the MAPKSs, bringing them close together, regulate their
activity and determine their localization. For more detailed information, please see text and list of
abbreviations.

Figure 3. Involvement of accessory proteins in diseases. The canonical RAS/MAPK-pathway
is tightly regulated by many proteins, attenuators and negative feedback mechanisms. Mutations
in regulators like accessory proteins can lead to a dysregulated RAS/MAPK-pathway and
therefore to a variety of diseases as cancer and RASopathies (a).

The genomic amplification of Paxillin is found in many non-small cell lung cancer (NSCLC)
patients and activates the focal adhesion complex downstream of intergins (1). Loss-of-function
mutations of SPRED1 activates the RAS-MAPK pathway and leads to Legius syndrome
(germline) and hepatocellular carcinoma (somatic) (2). IQGAP1 mutations are often associated
with tumour formation and metastasis (3), whereas KSR is a central player in KRAS-driven
cancers inducing proliferation and survival (4). Mild gain-of-function mutations of SHOC2 lead to
Noonan-like syndrome with loose anagen hair or Mazzanti syndrome, other somatic mutations
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can lead to hypertrophic cardiomyopathy or tumourigenesis (5). The signalling of BCR-ABL
positive cells in chronic myeloid leukaemia is also dependent on GAB2 activation, cross-linking
AKT and RAS pathway (6). The adaptor protein SHP2 is of major importance in the activation of
T-cells, connecting the programmed death 1 receptor (PD-1) with ZAP-70 at the T-cell receptor
(TCR) (b). FHL1 is involved in the development of cardiac hypertrophy. which is caused by a gain-
of-function mutation, leading to increased ERK signalling (c).
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Chapter X. Accessory proteins of the RAS-MAPK pathway

Figure 2

a. Receptors and membrane b. Recruiter

e. ERK binder

cytosolic

cytosolic
targets

targets
o e <

g. RAF/MEK/ERK binder
GPCR

RTK, RAS Plasma membrane PM, sndosomes
\L @ Serum, LPA
- Stretch

and PMA signal Integrins
sensor l
o

Focal adhesion

recruit-
ment

Figure 3

a. Cancer / RASopathy

Integrin RTK
receptor

st f o sitidststs SHBISRs et
AT ot fanction ¢ ¢ ¢ ceec Koot LH e 46 ¢ (Gain-of-function | (§ ({645 404 (404
- o ; 565 o tion oD >

L @o®
Fusian protein

(Philadelphia AKT

chramosome) i(

‘mutation \, ) .
Proliferation <«—
Differentiation

Proliferation Proliferation Migration

b. T cell activation c. Cardiac hypertrophy
(D Focal adhesion in NSCLC

(2 Hepatocellular carcinoma, Legius syndrome

f (@ Cancer and metastisis
| @ RAS-driven cancer

(B Noonan-like syndrome, Hypertrophic cardiomyopathy,
Mazzanti syndrome, Tumourigenesis

(& Chronic myeloid leukeamia

@ T cell activation
Hypertrophic cardiomyopathy

302



Discussion

Discussion

Small G-proteins, or the RAS superfamily proteins control different cell biology aspects. They are
influenced by upstream regulatory signals and they regulate broad effector outputs. RAS is a
member of RAS superfamily and regulates mainly proliferation and apoptosis, respectively, by
cycling as molecular switches between active and inactive states (23).

Dys-regulation of RAS activation has been notably associated with human diseases especially;
cancer, neurodegenerative diseases, and major cardiovascular disorders (464-466). The
development of pharmacological inhibitors interfering with RAS signal transduction is well
investigated in the last 30 years. A wide range of studies has suggested different RAS MAPK
pathway inhibitors such as geranyl geranyl transferase inhibitors (GGTIs), farnesyl transferase
inhibitors (FIs) and RAS, RAF, MEK and ERK inhibitors (467). Nevertheless, none of the
approaches of RAS inhibition was successful and specific targeting of RAS signal transduction
remained to be investigated. Identification of the upstream mechanism of RAS activation or
downstream mechanisms of RAS interactions may offer great potential for a more selective
therapeutic intervention of RAS GTPases. In this work, we have tried to understand the
mechanism of Receptor triggered activation of SOS1 RAS GEF, consequently RAS GTPases
regulation, activation and RAS-effector interactions.

3.1 Mechanism of receptor triggered SOS1 activity

GRB2 adaptor protein interaction with the activated RTK and the RAS GEF SOS1 is one of the
key steps in RAS activation at the plasma membrane (707). GRB2 comprises one SH2 domain,
interacting with a specific phosphotyrosine site of the activated receptor tyrosine kinases (RTKs)
or non-receptor tyrosine kinases and tyrosine-phosphorylated proteins, and two SH3 domains
responsible for the binding to the Proline-rich motifs e.g. SOS1 RAS GEF. The mechanism of
GRB2_SO0S1 interaction is not clearly understood so far. Here, we shed light on the mechanism
underlying the role of GRB2 in linking RTKs with RAS GEF and show that the GRB2 interaction
with SOS1 is not based on a reported simple binding model (304, 305). Our findings showed that:
(1) GBR2 interacts with three PRPs (3, 4 and 5) out of ten SOS1 PRPs; (2) Both GRB2 SH3
domains are needed for GRB2 interaction with SOS1; (3) Interdomain interactions of GRB2
controls GRB2-SOS1 interaction; (4) Dynamic interactions and flexibility of the GRB2 SH3
domains are caused via GRB2 linkers; (5) SH3 domains reciprocal relationship effect SH3
domains interactions with SOS1; (6) A unique C-terminal NRNV motif of GRB2 allosterically
affects the GRB2-SOS1 interaction. Our results proposed that upon upstream ligand binding (e.qg.,
HER2 pYP), GRB2 undergoes a series of structural transitions from one site, SH2 domain, to a
physically distinct site, SH3 domains, that bolster up a stepwise association of downstream
ligands (e.g., SOS1 PRMs). Intradomain structural changes and allosteric networks are induced
by HER2 pYP binding to the SH2 domain. Eventually, both SH3 domains are engaged in binding
and activating SOS1. GRB2 interaction with SOS1 was described for the first time in the 1990s
(304, 315). Lemmon et al. for the first time has shown that GRB2 forms a 1:2 complex with a
SOS1 peptide, Kd value of 22 uM, and a 1:1 complex with a HER1 phosphorylated peptide with,
Kd value of 0.4 uM (376). In this study, we showed that both SH3 domains of GRB2 interact with
S0OS1 and CSH3 has a higher affinity, and we proposed that GBR2 undergoes a stepwise binding
with SOS1, most likely it interacts mainly with P3-P4 of SOS1. Yuzawa et al. provided the crystal
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structure of GRB2 and showed that GRB2 exists in multiple conformations with different positions
of SH3 domains and their orientations relative to the central SH2 domain (322). A closer look at
the GRB2 structure provides us with more information on which there could be interdomain
interactions between SH3 domains. We proposed that SH3 domains interactions are a
prerequisite for SOS1 interaction. The capability of GRB2 interaction with SOS1 was completely
abolished by substitution of the interface residues of SH3 domains.

Most of the mobility of the multidomain proteins is facilitated by the flexibility of the interdomain
linkers. Mobility of the proteins allows the conformational changes which are the regulator of
proteins functions (468). The present study showed that truncation of one of the linkers or both
affects GRB2 interaction with SOS1. All in all, GRB2 undergoes allosteric intradomain interactions
which are required for the overall function and interaction of GRB2 with SOS1.

3.2 Genome-wide identification, functional classification and interaction selectivity
analysis of human SH3 domain superfamily

SRC homology 3 (SH3) domain was introduced in 1988 (365, 366). SH3 domains are one of the
best-investigated modular building blocks across all five kingdoms. They provide peptide-binding
modules for proline-rich motifs (PRMs) (367-369). SH3-containing proteins are involved in a wide
range of biological processes because of their critical interaction with PRMs which are
fundamental to the assembly of protein complexes (Figure S7) (370-372). Mutations in the SH3
domains have been reported to be associated with human diseases, such as cancers, leukemia,
osteoporosis, inflammation, Alzheimer disease, and various infections (373-379).

The wide contribution of SH3 domains in signaling pathways prompted us to perform sequence-
structure-function analysis using 298 different SH3 domains. Therefore, we aimed to characterize
the SH3 domain-PRM interactions by considering their sequences, structures and interaction
specificities. Phylogenetic analysis of complete amino acid sequences of these SH3 domains (65
amino acids in average) was conducted to generate a first phylogenetic tree. To further define the
SH3 families from this tree, we collected published structural and biochemical data about the SH3
domains and their interactions with different PRMs. Accordingly, our analysis with the full-length
SH3 domains was not successful in assigning studied SH3-PRM interactions to the respective
families derived from the first phylogenetic tree. Therefore, we generated a second phylogenetic
tree based on the interfacing residues between the SH3 domains and the PRMs, which were
defined by comparing the sequence alignment of published structures of the SH3 domain-PRM
complexes. The distribution of the published SH3-PRMs structures within the second tree enabled
us to classify human SH3 superfamily into 10 families based on their interaction with PRMs. The
orientation of the prolines and also specific amino acids other than prolines within the PRMs
appeared to define the specificity of the SH3 domain-PRM interactions. Our data explain why one
peptide uses different residues to interact with different groups of SH3 domains. To prove our
findings and further specify the SH3-PRM interactions, we generated 10 peptides from the C-
terminal region of SOS1 and analyzed their binding capabilities with 25 selected representatives
from each SH3 domain family. Two methods were established for these analysis. One was
combined pulldown and dot blot analysis and the other fluorescence polarization using
fluoresceinated SOS1 PMR peptides. In this study, we found several new SOS1 binding partners,
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including ARHGAP12 and NCK1, which showed unexpectedly high affinities of 0.9 and 0.2 yM
towards P7 and 9, respectively.

3.3 The RAS binding selectivity of the RAS-association domain family proteins

RAS GTPases regulate a variety of cellular processes, including survival, growth, adhesion,
migration, and differentiation. Signal transduction relies on a physical association of activated
RAS proteins with and activation of assorted downstream effectors, e.g., CRAF, PI3Ka, TIAM1,
RALGDS, PLCe and RASSF5 (23, 119, 122-125, 469-471). Interaction of the effectors with the
activated RAS essentially requires RAS binding domains of effectors interaction with the switch |
and switch Il regions in RAS GTPases. RAS-effector interaction only occurs when RAS proteins
are in GTP-bound form. In GTP-bound form, the switch regions of the RAS proteins have a
suitable conformation acting as a platform for the association of the effector proteins(6, 130-133).

There are two types of RAS binding domains, called RAS binding (RB) and RAS association (RA)
domains, in RAS effectors which share common structural characteristics (7122, 134-136). In this
study, 41 RA domains in 39 proteins and 16 RB domains in 14 proteins were extracted using
database searches in the human proteome. Most of the RA domain containing proteins interaction
with RAS GTPases still are uncharacterized. Therefore, we analyzed the sequence-structure and
interaction relation between the different representative’s RA domain family proteins (RASSFs)
and two RB domain-containing proteins, CRAF and TIAM1 with the representative of the RAS
family, HRAS, RRAS, RALA, RAP1B, RAP2A, RHEB1, and RIT1.

The best investigated RB domain containing RAS effector is CRAF which interact with classical
RAS proteins; HRAS, NRAS and KRAS (7134). This study showed interaction of CRAF RB domain
with RAP1B and RHEB1 but not for RIT1 or RAP2A. CRAF interaction with RIT1 has been
proposed to be associated with RASopathy (173). We observed a very low affinity for these two
proteins and it could be because of the sequence deviation between RIT1 and HRAS in their
switch | region. Andres and coworkers have shown that RIT1 does not interact with the CRAF RB
domain (774). It was also reported that RIT1 binds and activates BRAF but not CRAF (775).
Therefore, additional regions may exist outside the conserved RB domains of the RAF paralogs,
which differently facilitate the interaction with the RAS proteins.

We determined the hotspots (distinct regions at the interface of RAS-effector complexes)
throughout the RA/RB domains from an average of 19 RAS-binding residues considering the
sequence and structural analysis of the available structural data, RAS-effector interactions. We
could also show new interactions of RRAS1, RIT1, and RALA for RASSF7, RASSF9, and
RASSF1, which were proposed to have the possibility of the interaction in our sequence-structural
analysis. Although the RAS-effector interaction in biological conditions remained to be analyzed.
RASSF1 and RASSF5 are the only member of RASSF family which interact in high or
intermediate affinities with all investigated RAS family members but not RIT1 (472, 473).
Sequence analysis shows that the sequence similarity of RASSF7-9 RA domains is close to each
other and different from other RASSFs RA domains. K/R241 and K/R308 hotspots are the
common residues in RASSF RA domains

We reported the affinity for RAS-effector interactions, ranged between high (0.3 uM) and very
low (500 pM) affinities. The central concern of the biophysical investigation in protein-protein
interactions is the biological relevance of low (> 10 uM) affinity interactions in the regulation of cellular
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processes. Protein complexes formation requires weak and transient interactions to be controllable in
response to external stimuli. Cellular membranes are an important place for the protein complexes
orientation and consequently signal transduction (776). RAS activity implies by RAS interaction with
membrane. KRAS4B interaction analysis with the lipid bilayer membrane has shown that the
association of the ARAF RB domain with active KRAS4B facilitates membrane binding of ARAF RBD
(177). Protein complex formation is a multistep process in which the first step could be the increase
of local protein concentrations in a complex and driving the cytoplasmic phase separations (273-
215). In the second step, specific sites of proteins interact and assemble protein complex
associated with the membrane, such as RAS proteins (28, 214, 215). Since the final complex
formation comes among multivalent interactions (216); therefore, it increases significantly the uM
affinity by orders of magnitude (28). The nanomolar affinity is often characterized by fast
association and slow dissociation rates forming stable protein complexes (217-219).

3.4 Activating mutations of RRAS2 are a rare cause of Noonan syndrome
RAS and MAPK signaling control a variety of cell decisions in response to extracellular stimuli
(474). Aberrant MAPK signaling and its upregulation constitute a central theme in disorders
affecting the development such as; Noonan syndrome (NS) (475). Noonan syndrome is a
developmental disorder characterized by cardiac defects, short stature, variable cognitive
impairment, and predisposition to malignancies (476). Mutation in more than ten genes have been
reported to underlie this disorder which is mostly related to the MAPK pathway and only about
10%-20% of affected individuals of NS do not have mutations in known RASopathy-associated
genes (477). By using exome sequencing and functional candidacy, we introduced RRAS2 as a
gene associated with NS. RRAS2 mutations causing NS occurs highly in conserved residues
localized around the nucleotide binding pocket which display variably effect on RRAS2
biochemical behaviors, comprising nucleotide binding, GTP hydrolysis, and is effector
interactions. Increased activation of the MAPK cascade was observed in all pathogenic variants
but their impact on cell morphology and cytoskeletal rearrangement was variable.

RRAS?2 reveals the highest amino acid identity to the classical GTPes (HRAS, KRAS, and NRAS)
compare to other GTPases (478). RRAS2 Somatic mutations like classical RAS proteins have
been contributed to the oncogenesis but less frequently compared to HRAS, KRAS, and NRAS
(479). A noticeable finding of this study is that hyperactivation of the MAPK pathway resulting in
the unaltered binding to CRAF and impaired binding of this mutant to RASSF5 was observed for
the NS-causing RRAS2 Ala70Thr protein. RASSF5 is known as a tumor suppressor protein that
negatively modulates YAP1 levels by activation of the Hippo pathway. YAP1 is a transcriptional
cofactor promoting cell proliferation, which undergoes RASSF5-mediated phosphorylation and
degradation (480). Therefore, impaired RASSF5 interaction with RRAS2 increases the possibility
of a less effective Hippo-mediated control of YAP1 levels. Further studies are demanded
investigating the precise mechanisms linking upregulated RRAS2 function with the RAS MAPK
signaling dysregulation.

3.5 The Pseudo Natural Product Rhonin Targets RHOGDI1

The discovery of new bioactive compounds controlling protein function and their interaction is a
challenging topic that requires efficient strategies. The structure and activity of natural products
(NP) have proven their efficiency as Biology Oriented Synthesis compounds (487, 482). The NP-
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related compound is only focused on areas of chemical space and biological target space. While
fragment-based design enables efficient and wider coverage of biologically relevant which is
highly desirable. Combination of fragment-based design and the synthesis of NP-inspired
compound collections are called de novo combinations of NP fragments (483). Here we designed,
synthesised and evaluated “pseudo natural product Rhonin” from a compound collection that
combines five-membered N-heterocycles (i.e. pyrrolidines, pyrrolines and succinimides). The
compound collection had a different structure and a different biosynthetic origin with different
connectivities.

We found that the novel pseudo-NP Rhonin is an inhibitor of the Hedgehog (Hh) signalling. The
Hh pathway is involved in organ development during embryogenesis. The Hh dysregulation is
associated with different types of cancers. SMO is the main player of Hh signalling and the most
druggable target in Hh signalling and most of the drugs often affect SMO ciliary localization (484-
486). There are two types of Hh signalling, SMO-dependent and —independent non-canonical Hh-
pathways which drugs have rarely been developed (485, 486). We showed that Rhonin targets
RHOGDI1, which RHO GTPases regulator and displace RHO GTPases from the membrane to
the cytoplasm. Interaction of Rhonin with RHOGDI1 causes the stability of GTP-bound RHO
GTPases in membrane and link between RHOGDI1 and Hh signalling. Deletion of RHOGDI1
completely abrogated the inhibitory effect of Rhonin on Hh signaling and proved that RHOGDI1
is a potential target of Hh pathway inhibition. Till now, there is only one reported small molecule
related to RHOGDI1 function is secramine A, which inhibits CDC42-mediated actin
polymerization. The only reported small molecule related to RHOGDI1 function is secramine A,
which inhibits CDC42-mediated actin polymerization in a RHOGDI1-dependent manner (487).

RHOGDI1 negatively regulates the RHO GTPases RHOA, RAC1 and CDC42 (488) which
eventually affect the actin cytoskeleton and cell adhesion (488). RHOGDI1 interacts and
translocates RHO GTPases from the membrane to the cytosol and preventing their activation. It
extracts RHO GTPases from the membrane and sequesters them to the cytosol, thus preventing
their activation at the target membrane (489). RHO GTPases act in a SMO-dependent manner
as a non-canonical Hh signalling and SMO-RHOA pathway suppresses the SMO-GLI pathway
(485).

Our study provided evidence that Rhonin affects the canonical Hh signaling via a non-canonical
route. Our findings are in agreement that Rhonin binds to RHOGDI1 and prevents the extraction
of RHO GTPases from membranes resulting in an increase of GTP-bound RHO GTPases and
bound to the membrane. We show that inhibition of RHOGDI1 with Rhonin increases RHOA
activity causing stress fiber formation. We could also clarify the link between Increased actin
polymerization and impaired cilia-related function (490) and this link could explain the link
between RHOA activity and Hh-GLI pathway inhibition.

3.6 Novel molecular and functional insights into the regulation of the

RAC1-membrane interaction by GDI1
RHO proteins regulation is dependent on a variety of regulators which act together. GDI is one of
RHO GTPases regulator that displace them from membrane and inhibit their activation at plasma
membrane or proteasomal degradation
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(13). HVR of RHO GTPases associate with the membrane and determines the kinetic of
membrane localization of RHO GTPases (47) and promote various intracellular trafficking,
compartmentalization, subcellular localization, interactions, and membrane association by
interacting with a variety of proteins (45). The specific mechanism of RHO GDI interaction and
function towards RHO GTPases is not elucidated so far. Here we revealed the multi-step
mechanism of the RHOGDI1 interaction with RAC1 that smooth the path of membrane extraction
and inhibition of RAC1 activation, by for example TIAM1 (32). We showed that GDI1 interact with
switch regions of RAC1¢C¢ on the membrane (247) next it interacts with RAC1 HVR associated
with the negatively charged phospholipids (47) as an electrostatic steering mechanism.
Electrostatic steering mechanism has been already reported for different protein-protein
interactions such as, the interaction of CDC42 and WASP(51, 52), VWF and GPlba(53).
Electrostatic steering forces control the fast association reaction of two molecules but not the
association reaction (51). The electrostatic steering interactions between GDI1 and RAC1 pull the
geranylgeranyl moiety of RAC1 from the membrane and keep it into the GGBD hydrophobic
pocket of GDI1. And at the end, RAC1¢¢-GDI1 interaction is locked by the last interaction between
the very terminal residues of GDI1 NTA and CT. Our study revealed crucial and modulatory
mechanisms, controlling RAC1 regulation and function via GDI1. Understanding the molecular
mechanism of RAC1 regulation could be considered as a therapeutic target of RAC1 which its
deregulation and dysfunction is implicated in a variety of diseases, such as atherosclerosis,
diabetes and cancer (54).

3.7 Novel FMRP interaction networks linked to cellular stress

Silencing of the fragile X mental retardation 1 (FMR1) gene is associated with fragile X syndrome,
an inherited intellectual disability (497). FMRP also is involved in the increased viral infection, liver
disease, and reduced risk of cancer (492-495). FMRP has a broad biological role in RNA binding,
chromatin dynamics, mRNA transport, and translation (496-499). The molecular mechanisms of
FMRP and its protein networks remained elusive. Therefore, we analyzed the protein complexes
of FMRP. We found that FMRP interacts with 180 proteins by employing affinity pull-down and
quantitative LC-MS/MS analyses. Of these, 28 proteins interacted with its N-terminus ,102
proteins with the C-terminus, and 48 proteins interacted with both terminuses of FMRP. Although
some of the FMRP binding partners were already known, including the ribosomal proteins FXR1P,
NUFIP2, Caprin-1, but the rest were novel FMRP candidate interacting proteins. Here we reported
that CARF, LARP1, LEO1, NOG2, G3BP1, NONO, NPM1, SKIP, SND1, SQSTM1, and TRIM28
are novel FMRP candidate interacting proteins. Our data related to the new binding partner of
FMRP suggest that FMRP could play role in transcription, RNA metabolism, ribonucleoprotein
stress granule formation, translation, DNA damage response, chromatin dynamics, cell cycle
regulation, ribosome biogenesis, miRNA biogenesis, and mitochondrial organization.
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