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Abstract

RAS and RHO families of small GTPases are vital elements of signal transduction, which control
different biological functions, such as polarity, adhesion, contraction, migration, and
differentiation. Abnormal activation of small GTPases cause different diseases, including cancer,
neurological disorders, and cardiovascular diseases. These proteins, which act as molecular
switches, interact with a variety of effector proteins in their active GTP-bound form and
consequently control diverse signaling pathways and biological functions. The molecular
mechanism of effector-mediated activation of this superfamily is still not well understood. The
aims of this dissertation were to obtain new insight into yet unresolved questions regarding
effector activation by RAS/RHO GTPases, and the interaction selectivity of a variety of effectors
for different GTPases. Deciphering new functional mechanisms and refining novel targets are
important for development of selective drugs, which attenuate signal transduction pathways
rather than inhibiting them.

In the first part of this dissertation, we investigated the interaction between RAS association (RA)
domain family (RASSF), and different members of the RAS family, such as HRAS, RRAS, RHEB,
RALA, RAP1B, and RAP2A. The RASSF family act as non-enzymatic effectors, known as putative
tumor suppressors, which are frequently downregulated in cancers. This family contains two
groups including RASSF1-6 as group one and RASSF7-10 as group two. However, the mechanism
of interaction between this family and RAS proteins is still not clear. By using fluorescence
polarization, equilibrium dissociation constants for their interaction were determined. Obtained
quantitative results in combination with /n silico modeling led to the determination of interaction
selectivity between different RAS proteins and some members of this effector family, particularly
RASSF1 and RASSF5. We found that RASSF group one has higher binding affinities with different
RAS proteins as RASSF group two. Especially, RASSF1 and RASSF5 proteins revealed highest
binding affinities and sequence similarities among RASSF members in interaction with selected
RAS proteins.

In the second part of this thesis, we studied the structure and activation mechanism of ROCK, an
effector for the RHO family member RHOA. This protein is an essential regulator of the actin
cytoskeleton and stress fiber formation, and is involved in different stages of cardiovascular
diseases and is thus a therapeutic drug target. This dissertation provided structural insight into
an elongated parallel dimer of purified ROCK full-length protein via electron microscopy. Its kinase
activity in phosphorylating its substrate MYPT1 was studied in depth in presence and absence of
RHOA. Results suggested that purified ROCK is fully active independent of RHOA. However, we
proposed that scaffold proteins might mechanistically modulate ROCK autoinhibition in the cellular
context.

In the third part, the interaction of the RHO GTPases, RAC1 and RHOA, with the homology region
1 (HR1) a, b and c of the protein kinase N (PKN) was investigated. PKN is a key effector protein
involved in cytoskeleton reorganization and migration. The data indicated that HR1 domains of
PKN proteins (HR1a-c) exhibit, in spite of high sequence similarity, different binding properties
for RAC1 and RHOA. Therefore, the combination of their binding to RHO proteins appears to
control the conformational change and subsequent activation of PKN.

Finally, last part covers a short summary of three papers which focused on comprehensive studies
over RAS family proteins, RAF structural properties, and RRAS2 mutations which cause a Noonan
syndrome disease.
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Zusammenfassung

Die RAS- und RHO-Familien der kleinen GTPasen sind wichtige Elemente der Signaltransduktion,
die verschiedene biologischen Funktionen steuern, wie Apoptose, Migration, Stoffwechsel,
Kontraktion, Proliferation und Differenzierung. Eine abnormale Aktivierung kleiner GTPasen
verursacht verschiedene Erkrankungen, wie zum Beispiel Krebs, neurologische Stérungen und
Herz-Kreislauf-Erkrankungen. GTPasen fungieren als molekulare Schalter und interagieren mit
einer Vielzahl von Effektor-Proteinen. Der molekulare Mechanismus der Effektor-vermittelten
Aktivierung dieser Superfamilie ist noch nicht gut verstanden. Die Ziele dieser Dissertation sind
es, neue Erkenntnisse Uber die molekularen Mechanismen der Effektor-Aktivierung durch
RAS/RHO GTPasen und ihre Interaktion mit verschiedenen Effektoren zu gewinnen. Das
Verstandnis der molekularen Mechanismen zur Aktivierung kleiner GTPase-Effektoren und die
damit verbundene Identifizierung neuer Zielproteine ist wichtig fur die Entwicklung von
zielgerichteten Medikamenten, die Signalwege abschwéchen, anstatt sie zu hemmen. Im ersten
Teil der Doktorarbeit wurde die Interaktion zwischen der RAS Association (RA) Domain Family
(RASSF) und verschiedenen Mitgliedern der RAS-Familie analysiert. Die Mitglieder der RASSF-
Familie wirken als nicht-enzymatische Effektoren und sind mutmaBliche Tumorsuppressoren, die
bei Krebserkrankungen haufig herunterreguliert werden. Diese Familie lasst sich in zwei Gruppen
unterteilen, RASSF1-6 als erste Gruppe und RASSF7-10 als zweite Gruppe. Allerdings ist der
Interaktionsmechanismus zwischen RASSF und RAS-Proteinen wunklar. Mit Hilfe der
Fluoreszenzpolarisation wurden Gleichgewichtsdissoziationskonstanten flr ihre
Wechselwirkungen bestimmt. Die quantitativen Ergebnisse in Kombination mit /in silico-
Modellierung wiesen auf eine Interaktionsselektivitat zwischen verschiedenen RAS-Proteinen und
einigen Mitgliedern dieser Effektor-Familie hin, insbesondere RASSF1 und RASSF5. Wir fanden
generell heraus, dass die RASSF Gruppe eins eine hdhere Bindungsaffinitdt mit verschiedenen
RAS-Proteinen aufwies als Gruppe zwei. In diesem Kontext zeigten RASSF1- und RASSF5-Proteine
aus der ersten Gruppe die hdchsten Bindungsaffinititen und Sequenzdhnlichkeiten in ihrer
Interaktion mit ausgewahlten RAS-Proteinen. Im zweiten Teil haben wir die Struktur und der
molekulare Mechanismus des ROCK-Proteins, eines Effektors flir das RHO-Familienmitglied RHOA
untersucht. Dieses Protein ist ein wesentlicher Regulator des Aktin-Zytoskeletts und der
Stressfaserbildung, ist an verschiedenen Stadien von Herz-Kreislauf-Erkrankungen beteiligt und
bietet sich damit als neue therapeutische Zielstruktur an. Die Struktur-Funktionsbeziehung der
ROCK-Aktivierung durch RHOA ist nicht vollstdndig verstanden. Die Arbeit gibt strukturelle
Einblicke in ein ausgestrecktes, parallel angeordnetes Dimer aus aufgereinigtem, vollldngen ROCK
mittels Elektronenmikroskopie. Im Detail wurde die Aktivitat dieses Proteins Uberprift. Hierbei
wurde die Phosphorylierung des Substrates MYPT1 in Anwesenheit und Abwesenheit von RHOA
mit Hilfe eines Kinase-Assay gemessen. Unsere Daten deuten darauf hin, dass das gereinigte
ROCK voll aktiv ist und das Vorhandensein von RHOA seine Aktivitat nicht weiter erhdht. Im
zelluldren Kontext konnten jedoch Scaffold-Proteine mechanistisch die ROCK-Autoinhibition
modulieren. Im dritten Teil wurde die Interaktion der RHO GTPasen, RAC1 und RHOA, mit der
Homologie-Region 1 (HR1) a, b und c der Proteinkinase N (PKN) untersucht. PKN ist ein
Schlisseleffektor, der an der Reorganisation des Zytoskeletts und der Migration beteiligt ist.
Unsere Daten zeigen, dass die HR1-Domdnen von PKN (HRla-c) trotz hoher
Sequenzahnlichkeiten unterschiedliche Bindungseigenschaften fir RAC1 und RHOA aufweisen.
Mdglicherweise kontrollieren die RHO-Proteine durch ihre unterschiedliche Bindungsaffinitaten die
Konformationsanderung und damit einhergehende Aktivierung von PKN. SchlieBlich umfasst der
letzte Teil eine kurze Zusammenfassung von drei Papieren, die sich auf umfassende Studien Uber
Proteine der RAS-Familie, RAF-Struktureigenschaften und RRAS2-Mutationen konzentrierten, die
ein Noonan-Syndrom-Erkrankung verursachen.
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Chapter I: General Information

1. RAS superfamily

The RAS superfamily of small guanosine triphosphatases (GTPases) consists of 167 human
members, which based on their sequence similarities and function are divided into five
major groups: RAS, RHO, RAB, RAN and ARF (Rojas, Fuentes, Rausell, & Valencia, 2012;
Wennerberg, Rossman, & Der, 2005; Wittinghofer, 2014) (Fig. 1.1). The RAS-like proteins
in the brain family (RAB family) comprise the largest group of this superfamily and is
involved in intracellular vesicular transportation and trafficking (Zerial & McBride, 2001).
The ADP-ribosylation factor proteins (ARF), similar to the RAB family regulate vesicular
transportation (Nie, Hirsch, & Randazzo, 2003). The RAS-like nuclear family (RAN family),
is involved in nucleocytoplasmic transportation of RNAs and proteins as well as mitotic
spindle organization. This group is known as one of the most abundant small GTPase
within the cell. RAS homologous proteins (RHO) are well-known for their impact on the
regulation of intracellular actin organization and cytoskeleton, and gene expression. The
RAS sarcoma family (RAS family) regulates a wide range of signaling pathways, gene
expression, and is also involved in cell survival, proliferation and differentiation (Eckert et
al., 2004; Takai, Sasaki, & Matozaki, 2001). In these studies, we focused mainly on the
structural-functional relationship of two families of RAS and RHO proteins, because of

their prominent roles in tumorigenesis and migration, respectively.

RAS superfamily

| | l l l

RAS (40) RHO(27) RAB (67) ARF (29) RAN (1)
H,N,K-RAS RHOA/B/C RAB5 ARF1/2/3 ARL8 RAN
RAP1A/B RAC1/2/3 RAB6 ARF4/5  ARL9/10
RAP2A/B/C CDC42 RAB7 ARF6  ARL11

RRAS RND1/2/3 RAB23 SAR1 ARL13B

MRAS RHOD/F RAB28 ARLA1 ARL14

RHEB RHOG RAB29 ARL2/3 ARL15

DIRAS RHOH RAB34 ARL4 SRBRB

RASD RHOUN RABL2 ARL6  ARD1

RASL10 RHOQ/ ARDRB

ERAS RAYL

NKIiRAS MIRO

REM/GEM RHOBTB1/2

RIT

Figure 1.1: RAS superfamily of small GTPases. RAS superfamily proteins consist of 167 human
proteins which are divided into five subfamilies, including RAS, RHO, RAB, RAN, ARF, and the numbers
indicate the members of each subfamily. Modified from (Wittinghofer, 2014).
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Small GTPase proteins act as a molecular switch between inactive GDP-bound form and
active GTP-bound form. This cycle is conserved in most small GTPases and achieved by
two biochemical reactions; The GDP/GTP exchange reaction and the GTP hydrolysis
reaction (Vigil, Cherfils, Rossman, & Der, 2010) (Fig. 1.2). The Guanine nucleotide
exchange proteins (GEFs) promote the formation of GTP bound form. The GTPase
activating proteins (GAPs) that accelerate the intrinsic GTP hydrolysis (Vetter &
Wittinghofer, 2001). Small GTPase proteins, in their active GTP-bound state, interact
specifically with a large variety of effector proteins and lead to different biological
functions. These proteins share common G domains (G1-G5) and they are around 20 kDa.
The majority of them have additional carboxy-terminal hyper-variable (HVR) which
undergo post-translational modification and is important for membrane interaction

(Konstantinopoulos, Karamouzis, & Papavassiliou, 2007; Vigil et al., 2010).

I‘w' VgV RY:
Small
! GTPase I

Figure 1.2: Small GTPase cycle. GDP-bound form of GTPases is inactive. A GDP/GTP exchange results
in their activation, where the GTP-bound GTPase specifically interacts with its effectors. GEFs and GAPs are
regulatory proteins, which stimulate this cycle.
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1.1 RAS family

1.1.1 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 discovered by
Jennifer Harvey and later Werner Kirsten to cause rapid tumor formation in rats (Harvey,
1964; Malumbres & Barbacid, 2003) (Fig. 1.3). These viral oncogenes, named Harvey and
Kirsten RAS (HRAS and KRAS), along with their neuroblastoma RAS (NRAS) viral oncogene
homolog, are activated versions of genes encoding 21-kDa phosphor-protein (p21) with
guanine nucleotide (GDP and GTP) binding and GTP hydrolyzing activities (Malumbres &
Barbacid, 2003; Nakhaei-Rad et al., 2018).

More recent studies have provided evidences for the existence of specific regulators
(guanine nucleotide exchange factors or GEFs and GTPase activating proteins or GAPs)
and effector proteins activating individual pathways (Cherfils & Zeghouf, 2013; Hennig,
Markwart, Esparza-Franco, Ladds, & Rubio, 2015; Keeton, Salter, & Piazza, 2017;
Upadhyaya, Bedewy, & Pei, 2016). As the founding members and prototypes of the RAS
superfamily proteins (Rojas et al., 2012; Wennerberg et al., 2005; Wittinghofer & Vetter,
2011), 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
disease and disorders (Hobbs, Der, & Rossman, 2016; Simanshu, Nissley, & McCormick,
2017).

Later on, other members of RAS proteins (RRASs, RAPs, RHEB, RALs, etc.), which have
sequence similarity, have been investigated (Fig. 1.3). The RAS family contains 23 genes
encoding for at least 25 RAS paralogs. Additionally , phylogenic analysis identified 25
members of the RAS family out of 35 sequences and they can be divided into eight groups:
RAS, RRAS, RAL, RAP, RIT, RHEB, RASD and DIRAS family (Nakhaei-Rad et al., 2018; van
Dam, Bos, & Snel, 2011). RASL, RERG, and NKIRAS proteins exhibit strong sequence

deviation and thus, excluded from the list (van Dam et al., 2011).
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HRAS & KRAS, described as RAP, identified by hybridization RASD1, recognized as a GPCR-
21-kDa phosphoproteins (p21) with the Drosophila Dras3 independent activator of G-protein signaling
Ha-MSV, isolated by passaging RAL, isolated fram a cDNA RIT1/2, first identified
Moloney mouse type-C virus library of simian B-lymphocytes in mouse retina
I
1964 1979 1986 1988 1996 1999
1967 1982 1987 1994 1997 2003
1
Ki-MSYV, isolated from rodent by serial RRAS, was isolated by hybridization DIRAS1, down-regulated
passage of murine leukemia viruses with a v-HRAS probe in human glioblastoma
NRAS, identified by RHEB, a RAS homolog rapidly induced in ERAS, expressed in undifferentiated
DNA tranfection in 3T3 cells hippocampal neurons by synaptic activity mouse embryonic stem cells

Figure 1.3: Historical timeline of the discovery of various members of the RAS family. Modified
from (Nakhaei-Rad et al., 2018).

1.1.2 Structural properties of the RAS GTPases
The RAS family proteins share a highly conserved GDP/GTP binding domain (G domains),

which is responsible for nucleotide-dependent conformational changes (Vetter &
Wittinghofer, 2001). The structural differences between the two states are primarily
confined to two highly mobile regions, designated as a switch I (residues 28-39) and
switch II (residues 59-74). In the active state, Tyr-32 and Thr-35 in the switch I and Gly-
60 in switch II form main chain hydrogen bonds with the y-phosphate of GTP. GTP
hydrolysis triggers drastic rearrangements of the switch regions, resulting in the

reorientation of these three residues away from the active site (Fig. 1.4).

Effector

Effector

RBD/RA

G-domain
“inactive”

“active”

Figure 1.4: The molecular mechanism of GDP-bound form and GTP-bound form of RAS. The left
panel shows the active form of RAS (green), and the right panel (pink) shows an inactive form. The
exchange of GDP/GTP leads to conformational changes in switch regions, which are responsible for effector
binding (blue). Hydrogen bonds between Tyr-35 in the switch I and Gly-60 in switch II with y-phosphate
(red) of GTP cause rearrangement in structure and effector binding.
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Although the G domain uses a universally conserved switching mechanism (Wittinghofer
& Vetter, 2011), its structure, function and GTP hydrolysis (or GTPase) reaction are
adapted to many different signaling pathways and processes (Nakhaei-Rad et al., 2018).
The G domains contain five conserved motifs named G1-G5, which are essential for
nucleotide and magnesium binding (Bourne, Sanders, & McCormick, 1991) (Fig 1.5). G1
is known as the phosphate-binding loop or P-loop (P-10GXXXXGK(S/T)17; HRAS
numbering), 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,
Sibbald, & Wittinghofer, 1990). This region contains several important residues followed
by a conserved lysine and a serine or threonine. Gly-12 and Gly-13 (HRAS numbering)
which are frequently mutated codons in human tumors (Malumbres & 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.
Therefore, they are constitutively active and are GAP insensitive (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,
Thomas, Deaconescu, & Wittinghofer, 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, another critical residue is Ser-17 (HARS numbering). If this residue is
mutated to asparagine, RAS proteins are mainly captured in their inactive form.
Overexpressed RAS (S17N) tightly binds to endogenous RASGEFs and sequesters them
from endogenous RAS proteins, and thus, interferes with RAS activation (Feig, 1999). 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
corresponding position of Tyr-32, which may be the reason for an accelerated nucleotide
dissociation (Shao, Kadono-Okuda, Finlin, & Andres, 1999). G3 is a part of switch II and
contains the critical catalytic GIn-61 position (HRAS numbering). Similarly to Gly-12

mutations, replacement of GIn-61 by virtually any other amino acid significantly reduces
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the intrinsic hydrolysis rate, prevents the GAP-mediated inactivation and thus, induces
oncogenic transformation by constitutive activation of RAS (Malumbres & 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 DIRAS1 and DIRAS2 (GIn-61 in HRAS1), do not compromise the
GTPase reaction especially in the presence of RASGAPs (Scrima et al., 2008). GTPase
deficiency of RASD and DIRAS paralogs may even be strengthened by an additional amino
acid deviation at position 59 (Fig. 1.5). G4 and G5 contain invariant residues and are
responsible for the guanine base recognition and contain invariant residues (Paduch,
Jelen, & Otlewski, 2001). Mutation of Asp-119 in RAS changes the nucleotide specificity
from guanosine to xanthosine nucleotide (Schmidt et al., 1996) and acts as dominant
negative in a dose dependent manner. 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 in replaced in RIT1/2 by alanine and may affect, together
with the deviation in G2, the nucleotide binding affinity (Shao et al., 1999).

RAS proteins associate with membranes via series of post-translational modification at the
very C-terminal CAAX motif (C is the cysteine, A is any aliphatic amino acid and X is any
amino acid)(Lane & Beese, 2006). If the amino acid in the X position of CAAX box is a
leucine, as in the case of RALA/B, RRAS1/3, RAP1A/B, RAP2A, then geranylgeranyl
transferase modifies the protein with a geranylgeranyl moiety (Benetka, Koranda, Maurer-
Stroh, Pittner, & Eisenhaber, 2006), otherwise the protein is modified with a farnesyl
moiety by farnesyl transferase (Ahearn, Haigis, Bar-Sagi, & Philips, 2012; Berndt et al.,
2011). Two post-prenylation enzymetic steps are critical for proper localization, including
proteolytic cleavage of the AAX residues by the endopeptidase REC1 and methylation of
the terminal isoprenylcysteine by the methyltransferase ICMT (Ahearn et al., 2012; Berndt
et al., 2011; Winter-Vann & Casey, 2005). Due to relatively weak affinity of isoprenylated
proteins for cellular membranes (Silvius & I'Heureux, 1994), additional motifs in the
hypervariabel region (HVR) are engaged in fine-tuning membrane association with RAS

proteins and their functions (Abankwa, Gorfe, & Hancock, 2007; Hanzal-Bayer & Hancock,
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2007; Omerovic & Prior, 2009). Some RAS proteins, e.g. KRAS4B, RALA, RRAS3, and
RIT1/2, contain a stretch of positively charged amino acids (called polybasic region or
PBR), which has been implicated to contact negatively charged phospholipids of the cell
membrane (Banerjee, Jang, Nussinov, & Gaponenko, 2016; Nussinov, Tsai, Chakrabarti,
& Jang, 2016). Membrane association of KRAS4B is modulated in different ways (Bhagatji,
Leventis, Rich, Lin, & Silvius, 2010). PDE® binds to farnesylated KRAS4B (Dharmaiah et
al., 2016) and transport it from perinuclear membranes to plasma membrane (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 (Frémin
et al., 2016). A further way of increasing the affinity of isoprenylated 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 cysteine
prior to the CAAX motif (Beranger & Tavitian, 1991; Gentry, 2015; Hancock, Magee,
Childs, & Marshall, 1989; Schroeder et al., 1997; Tabaczar, Czogalla, Podkalicka,
Biernatowska, & Sikorski, 2017; Y. Takahashi et al., 2005; Uechi et al., 2009). In contrast
to HRAS1, HRAS2 does not have any C-terminal sites for post-translational modifications,
and appears to be distributed between cytosol and nucleus (Guil et al., 2003) (Fig 1.5).
Another emerging concept in the field in based on physical interaction of the G domain
itself with lipid membrane. A membrane-based, nucleotide-dependent conformational
switch operates through distinct regions on the surface of RAS proteins, including the
HVR, which reorient with respect to the plasma membrane (Abankwa, Gorfe, Inder, &
Hancock, 2010; Cirstea et al., 2010). G domain-membrane interaction may contribute to
the specificity of signal transduction and may underlay additional control elements. A
critical aspect in this content 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 & Hancock, 2015).



24

G domain Membrane anchorage
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Figure 1.5: Evolutionary conservation of RAS family members. Signature motifs of 25-related
proteins are presented according to their phylogenetic categorization. These proteins consist of a G domain
with five conserved motifs and a variable C-terminal membrane anchorage region, divided into the
hypervariable region (HVR) and CAAX motif. HVR contains several cysteines and series of post-translational
modifications, positively charged residues, and other putative motifs. In G domains and CAAX box,
conserved amino acids are shown in dark grey, homologous residues in white and variable amino acids in
light grey. Modified from (Nakhaei-Rad et al., 2018).

1.1.3 RAS effectors and signaling pathways
Signal transduction implies physical association of RAS proteins and activation of a

spectrum of functionally diverse downstream effectors. These effectors specially 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 (Gutierrez-
Erlandsson et al., 2013; Karnoub & Weinberg, 2008). They act as protein or lipid kinases,
phospholipase, GEFs, GAPs and scaffold proteins (Bunney et al., 2006; Castellano &
Downward, 2011; Chan et al., 2013; Ferro & Trabalzini, 2010; Herrmann, 2003; Nakhaei-
Rad et al.,, 2016; Nakhaeizadeh, Amin, Nakhaei-Rad, Dvorsky, & Ahmadian, 2016;
Rajalingam, Schreck, Rapp, & Albert, 2007). Two major groups of effectors contain RAS
binding (RB) and RAS association (RA) domains, respectively (Nakhaeizadeh et al., 2016;
Repasky, Chenette, & Der, 2004; Wohlgemuth et al., 2005). Notably, both types of

domains (RB and RA domains) use critical determinants for the interaction with different



25

RAS proteins, particularly the intermolecular B-sheets (Nakhaeizadeh et al., 2016).
Structural studies have provided deep insights into the binding modes and interaction
specificities (Mott & Owen, 2015) and yet, the precise mechanism, through which effector
association with activated RAS proteins results in effector activation, is still unclear.
However, it is generally, 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 similar effector binding regions with other
members of the RAS family but also show distinct deviations (residues 30 and 31 in switch
I, and 64, 65, 71, 72, and 73 in switch II) suggesting that they may share downstream
effectors with different affinities. (Cox & Der, 2003; Gentry, Martin, Reiner, & Der, 2014;
Nakhaeizadeh et al., 2016; Nassar et al., 1996). Here some of the well-known effectors
have been described (Fig. 1.6).

CRAF was investigated as a first RAS effector which contains RB domain and belongs to
the serine/threonine protein kinase (Kiel et al., 2005; Rezaei Adariani et al., 2018). Later
on, BRAF and ARAF which are other members of this family, were investigated. RAF
kinases (CRAF, BRAF and ARAF), constitute a small family of serine/threonine kinases,
which control evolutionarily conserved pathways and display essential roles during
development (Su An et al., 2015; Théodora S Niault & Manuela Baccarini, 2010; Sanges
et al.,, 2012). Thus, it is not surprising that their dysregulation is associated with
progression of a variety of human cancers (Su An et al., 2015; Downward, 2003; G
Maurer, Bartek Tarkowski, & Manuela Baccarini, 2011; Michael Roring & Tilman Brummer,
2012), pathogenesis of developmental disorders including Noonan, LEOPARD, and
cardiofaciocutaneous syndromes (Allanson et al., 2011; Tartaglia, Gelb, & Zenker, 2011),
and cardiovascular diseases, such as pulmonary arterial hypertension and heart failure.
Works from many laboratories have shown that RAF kinases are integral elements of the
RAS-MAPK pathway, which is involved in different signaling pathways (Amardeep Singh
Dhillon, Hagan, Rath, & Kolch, 2007; Karnoub & Weinberg, 2008; D. K. Morrison & Cutler
Jr, 1997; Rauch, Rukhlenko, Kolch, & Kholodenko, 2016; P. J. Roberts & Der, 2007; Drieke
Vandamme, Ana Herrero, Fahd Al-Mulla, & Walter Kolch, 2014). Activation of RAF kinases
at the plasma membrane by RAS (Moodie, Willumsen, Weber, & Wolfman, 1993; Van
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Aelst, Barr, Marcus, Polverino, & Wigler, 1993; Vojtek, Hollenberg, & Cooper, 1993;
Warne, Vician, & Downward, 1993; X.-F. Zhang et al., 1993), together with the
identification of their substrates MEK1/2 (MAPK/ERK kinase 1/2) (Kyriakis et al., 1992)
has provided the missing link between growth factor signals and MAPK cascade activation
(Matallanas et al., 2011). The activities of RAF kinases toward MEK differ widely, with
BRAF being the strongest MEK activator, followed by CRAF and ARAF (Angela Baljuls,
Boris N Kholodenko, & Walter Kolch, 2013; Deborah T Leicht et al., 2013; Marais, Light,
Paterson, Mason, & Marshall, 1997). These proteins obviously underlay different
regulatory mechanisms, including binding to membrane-associated RAS proteins,
phosphorylation, and dephosphorylation along with homodimerization and
heterodimerization (Angela Baljuls et al.,, 2013; Freeman, Ritt, & Morrison, 2013;
Matallanas et al., 2011; Rodriguez-Viciana, Oses-Prieto, Burlingame, Fried, & McCormick,
2006; Linda K Rushworth, Alison D Hindley, Eric O'Neill, & Walter Kolch, 2006; Unal, Uhlitz,
& Bliithgen, 2017).

The second best-characterized RAS effector family, PI3K (class I 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 membrane. Target
proteins could be kinases (e.g. AKT and PDK1), adaptor proteins, GEFs, or GAPs that
regulate different cellular processes. PI3K-AKT pathway is very well known in controlling
cell cycle entry, cell growth, survival, and metabolism (Castellano & Downward, 2011).
HRAS1, NRAS, KRAS4B, ERAS, RRAS, and RAP1A activate PI3Ks. AKT or protein kinase B
(PKB) belongs to the AGC subfamily of protein 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 (Franke, Kaplan, &
Cantley, 1997; Hers, Vincent, & Tavaré, 2011). Upon extracellular stimuli and the tyrosine
receptor activation, class I 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 (Dario R Alessi et al., 1997). This
phosphorylation triggers the inhibitory phosphorylation of TSC1/2 that is a well-known
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GAP for RHEB protein. Phosphorylation of TSC1/2 suppresses its inhibitory effect on
mTORC1 (Inoki, Li, Zhu, Wu, & Guan, 2002). The second key phosphorylation site for
AKT is located on the hydrophobic motifs of AKT Ser-473 that will be phosphorylated
through the second mTOR complex (mTORC?2).

Phospholipase C epsilon (PLCe) contains C-terminal RA domains, RASGEF domain, and
PIP, lipase C activities, which controls endocytosis, exocytosis, and cytoskeletal
reorganization (Bunney et al., 2006; Erijman & M Shifman, 2016; Kelley, Reks, Ondrako,
& Smrcka, 2001). RAL guanine nucleotide dissociation stimulator (RALGDS) links RAS with
RALA/B and regulates cellular processes such as vesicular trafficking, endocytosis, and
migration (Ferro & Trabalzini, 2010; Neel et al., 2011). RASSF family is responsible for
inhibition of cell growth as well as induction of apoptosis (Chan et al., 2013; Katz &
McCormick, 1997), and are known as a tumor suppressor which their binding affinities
with different RAS proteins, were investigated in this thesis. In the following section more

details about this family of the RAS effector is presented.

RB containing protein ‘ RA containing protein
TIAM1 PIBK B/CRAF RASSF5 RALGDS PLCs
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Figure 1.6: RAS effectors and downstream pathways. RAS proteins in active form are capable of
interaction with a variety of effectors (blue) and lead to different signaling pathways (black). The majority
of these pathways are involved in differentiation, proliferation, apoptosis and gene expression.
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1.1.3.1 RAS association containing protein family (RASSF family)
RASSF family comprises as a group of ten proteins, which interact with RAS proteins via

their RA domain. Based on the position of their RA domain, they are divided into two
groups; RASSF1-6 which is known as group one, and their RA domain is located in C-
terminus. Also, they have SARAH domain (Salvador-RASSF-Hippo), which involves in
hetero- and homo- dimerization of the RASSF isoforms and interacts with other proteins
such as MST1/2. The second group is RASSF proteins (RASSF7-10) with an N-terminal RA
domain (Chan et al., 2013) (Fig. 1.7).
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Figure 1.7: Domain organization of RASSF family proteins. Different domains are highlighted,
including RAS association domain (RA) in red, C conserved region (C1) in green, the Salvador-RASSF-Hippo
domain (SARAH) in blue. Group one contains RASSF1-6 and group two with N-terminal RA domains includes
RASSF7-10.

It has been shown that group one of RASSF family, especially RASSF1 and RASSF5 often
promote activation of pro-apoptotic kinases, such as MST1/2 which are the mammalian
ortholog of the Drosophila Hippo kinase, a serine/threonine kinase that plays important
roles in cell proliferation, organ size control and apoptosis and exists in two forms: 36kDa
caspase cleaved version and 54 kDa full-length protein (Bitra, Sistla, Mariam, Malvi, &
Anand, 2017). The full-length protein contains a kinase domain, a C-terminal regulatory
region and SARAH domain; however, the truncated version of MST1 only has kinase
domain. Crystal structure of SARAH-SARAH domains of MST1 and RASSF showed their
interaction leads to form helical antiparallel homo- or hetero-dimers and hydrophobic

residues stabilizing the interface (Sanchez-Sanz et al., 2016). MST1/Hippo kinases are
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vital in activation of the downstream kinase LATS1/2, as well as warts in Drosophila.
LATS1/2 stimulates inactivating phosphorylation and cytoplasmic sequestration of the
YAP/Yorkie transcription factor which leads to a reduction in proliferation of the cell and
increases apoptosis and also interaction with P53 family member (Ferraiuolo, Verduci,
Blandino, & Strano, 2017). The RASSF family genes are frequently inactivated by promoter
hypermethylation in different human tumors such as lung cancer or hepatocellular
carcinoma (L. van der Weyden & D. ]. Adams, 2007). They are involved in post-
transcriptional inactivation via calpain-mediated proteolysis. Moreover, aberrant
epigenetic modifications of RASSF family is the most common aberration of the signaling
pathway in human tumors. For example, RASSF6 is strongly reduced in sporadic
colorectal cancer tissues, gastric cancer and pancreatic cancer (Barnoud, Schmidt,
Donninger, & Clark, 2017; Younesian et al., 2017). Additionally, RASSF4 overexpression
inhibits proliferation and signaling pathways in osteosarcoma cells, which is the most
prevalent bone tumor (M. Zhang, Wang, Zhu, & Yin, 2017). RASSF proteins are involved
not only in tumorigenesis, proliferation, and apoptosis but also in other cellular functions.
For example, RASSF1A protein is involved in the regulation of cardiac function, and
RASSF5 protein applies lymphocyte adhesion and trafficking (Pfeifer, Dammann, &
Tommasi, 2010).

There are many aspects of RASSF proteins, which require further investigation. The
activation mechanism of RASSF family via RAS proteins is still unclear. Among all the
members of this family, the X-ray structure of RA RASSF5 (also is known as NORE1 and
RAPL) with HRAS has been investigated. The RA domain in this protein is two times larger
(around 160 aa) than the enzymatic effectors such as RAF RBD, which explains the long
lifetime of the complex between this domain and HRAS (Stieglitz et al., 2008). In this
complex formation, both electrostatic and hydrophobic interactions are involved (Chan et
al., 2013). This feature is a specific attribute characterizing RASSF function as a scaffold
protein. There are various studies that indicated the binding of RASSFs to different RAS
family proteins, such as ITC measurement, pull-down assay and /n vivo studies on
different cell lines and etc. (Chan et al., 2013; Dallol et al., 2009; Miertzschke et al., 2007;
Vos, Ellis, Bell, Birrer, & Clark, 2000).



30

Although, by definition, all RASSF proteins contain RA domain, but the presence of this
domain does not guarantee that this protein directly interacts with RAS proteins with the
same affinity. Therefore, we need to understand, how RAS proteins regulate the RASSF
family activation and how activated RASSF proteins modulate downstream signaling

pathways.

1.2 RHO family
RHO (RAS homologue) GTPases, are another member of RAS superfamily and are involved

in different cellular processes such as modulation of cytoskeletal organization,
transcription, cell cycle progression, and cell polarity (Zong, Kaibuchi, & Quilliam, 2001).
Additionally, it has been indicated that dysregulation and dysfunction of RHO proteins
result in different diseases; for example, cardiovascular disease, neurological disorders
such as Alzheimer’s disease or Parkinson’s disease, tumor invasion, and human
immunodeficiency syndrome (Jaffe & Hall, 2005; Raftopoulou & Hall, 2004). In human,
this family has 22 protein members, which can be divided into six subgroups: (1) RHO-
related proteins such as RHOA, RHOB and RHOC; (2) the RAC-related proteins for
example, RAC1, RAC2, RAC3, and RHOG; (3) the CDC42-related proteins including,
CDC42, TC10, TCL, RHOV; (4) RHOD-related proteins such as, RHOD, RIF; (5) RND
proteins including RND1, RND2, RND3; (6) RHOBTB group, for example, RHOBTB1,
THOBTB2, RHOH (Piekny, Werner, & Glotzer, 2005). In terms of structure, RHO proteins
compared to the RAS family have an extra a-helix between a3 and 5, which is known as
an insert region and is required for RHO kinase effector activation but not for binding
(Zong et al., 2001).The best characterized members of this family are: RHOA, RAC1, and
CDC42 (Etienne-Manneville & Hall, 2002). Activation of RHOA protein results in the
formation of actin stress fibers and focal adhesion assembly, while RAC1 leads to the
formation of lamellipodia and membrane ruffling, and CDC42 promotes the formation of
filopodia (Jaffe & Hall, 2005; Nobes & Hall, 1999; Wherlock & Mellor, 2002). Moreover,
other RHO GTPase proteins including, RHOU, RHOD, RHOF, and RHOQ also lead to
filopodia formation. Additionally, RHO GTPases are involved in different aspects of

neuronal development, such as axon guidance, axon specification, and neurite extensions,
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and disturbed RHO GTPase signaling might lead to cognitive disorders (Aspenstrom,
Fransson, & Saras, 2004; Govek, Newey, & Van Aelst, 2005; Neudauer, Joberty, Tatsis, &
Macara, 1998; Tao, Pennica, Xu, Kalejta, & Levine, 2001).

Similar to RAS proteins, RHO GTPase also cycle between an inactive GDP-bound form and
an active GTP-bound form. However, they are regulated by three groups of proteins:
RHOGAPs, enhance the RHO intrinsic activity to its inactive form, RHOGEFs promote the
exchange between the inactive to active form, and GDP-dissociation inhibitors (GDIs)
block RHO GTPase activity by sequestering the GDP-bound form from the membrane
(Dovas & Couchman, 2005). When RHO proteins are activated, they interact with a variety

of target proteins (effectors) which leads to activation of downstream signal transduction.

1.2.1 RHO effectors
RHO proteins interact with different effectors and regulate variety of cellular pathways

(Bishop & Alan, 2000). So far, more than 100 effectors for the RHO family have been
investigated which are either Kinase proteins or scaffold proteins. Kinase proteins
including, RHO-associated coiled-coil kinase (ROCK), protein kinase novel (PKN), citron
kinase (CRIK), and P21-activated kinase (PAK) are involved in different downstream
phosphorylation cascades (Amin et al., 2013; Dvorsky, Blumenstein, Vetter, & Ahmadian,
2004; Jaiswal, Fansa, Dvorsky, & Ahmadian, 2013; Narumiya, Tanji, & Ishizaki, 2009;
Zhao & Manser, 2005). Additionally, scaffold proteins, such as IQ motif containing GTPase
activating proteinl (IQGAP1), Wiskott-Aldrich syndrome protein (WASP), Drosophila
diaphanous (mDial), and Rhotekin (RTKN), are important interacting partner for RHO
family and they are involved in coordinating many signaling pathways (Hedman, Smith,
& Sacks, 2015; Liu, Wang, Chi, Wu, & Chen, 2004). However, the exact function of many
of these effectors is still not clear. In the following parts, some of them are described in
detail.

1.2.1.1 RHO-associated coiled-coil kinase (ROCK)
ROCK proteins are one of the best investigated groups of the RHO effector proteins which

contain two isoforms, ROCK1 (is also named ROKB and p160ROCK) and ROCK2 (also is

called ROKa), they share 65% in their full-length sequence and in their kinase domain
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95% identity (Matsui, Yonemura, Tsukita, & Tsukita, 1999; Nakagawa et al., 1996). They
act as key regulators of actin cytoskeleton reorganization, cell morphology, motility,
division, contraction, polarity and gene expression (Amin et al., 2013). Although, both
ROCK isoforms are important in different biological functions, ROCK1 is expressed mainly
in lung, testes, liver, spleen, and kidneys, whereas the expression of ROCK2 is mostly
limited to the brain and heart (Morgan-Fisher, Wewer, & Yoneda, 2013). It has been
shown that ROCK proteins are involved at different stages of cardiovascular diseases,
such as cerebral and coronary vasospasm, hypertension and heart failure. Therefore,
ROCK proteins are considered as a therapeutic target in cardiovascular medicine (Satoh,
Fukumoto, & Shimokawa, 2011). ROCK proteins contain the N-terminus kinase domain,
followed by a central amphipathic a-helical segment and a C-terminus pleckstrin
homology (PH) domain which is split by insertion of C1 domain (Wen, Liu, Yan, & Zhang,
2008). However, this insertion does not change the structure of the PH domain, which
has the ability to interact with 3-phosphate phosphinositides and regulates the localization
of the protein. Central coiled-coil region contains, an N-terminal homology region 1 (HR1),
RHO interaction domain (RID) and RHO binding domain (RBD), which are responsible for
RHOA binding. RID overlaps with the shroom binding domain (SBD) which mediates
ROCK-shroom complex formation and has been proposed that regulate ROCK cellular
distribution and morphology (Mohan et al., 2013) (Fig. 1.8).

- Coiled-coil -
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Figure 1.8: Domain organization of ROCK protein. Different domains of ROCK are highlighted in
different colors, including kinase domain in blue, coiled-coil region in pink, which contains HR1 (light green),
SBD (brown), RID (orange) and RBD (red) and PH domain in green, which is split via CRD (dark green).

It has been shown that ROCK is in the autoinhibited state which inhibits the activity of the
kinase domain of a dimeric protein (Couzens, Saridakis, & Scheid, 2009). Interaction of
RHOA-GTP to ROCK-RBD has been proposed to release this autoinhibited state and

therefore, the kinase domain is able to interact with the substrate (Schofield, Gamell,
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Suryadinata, Sarcevic, & Bernard, 2013). So far, different phosphorylation sites on ROCK

have been reported but the exact roles of them are not well understood.

1.2.1.2 Protein kinase N1 (PKN)
PKN is another type of effector for the RHO family which belongs to the family of

serine/threonine kinase and has three isoforms; PKNa/PRK1, PKNB and PKNy/PRK2 (Ono
& Mukai, 2002). PKN protein is involved in various biological functions such as regulation
of the cytoskeleton, control of transcription factor, migration and apoptosis (Matsuzawa
et al., 1997; Mukai et al., 1997). The N-terminal region of PKN protein contains three
homology domains which are called HR1a, HR1b and HR1c and each of them is relatively
rich in charged amino acids, followed by a Leu zipper-like sequence. Structural analysis
of the HR1a shows that it contains two long a helices, which form an antiparallel coiled-
coil (ACC finger) structure which is able to interact with RHOA protein (Ono & Mukai,
2002). The homology regions, are followed by C2 like domain and C-terminal kinase
domain (Mukai, 2003) (Fig. 1.9). Among other RHO family effectors, HR1 domains of PKN
(HR1a, HR1b, and HR1c) have been first described to interact with active RHO proteins
(Palmer, Ridden, & Parker, 1995). Later on, this domain has been investigated in other
RHO effector proteins such as Rhotekin, Rhophilin, Citron kinase and Kinectin, which have
only one HR1 domain. In contrast to the intermolecular parallel coiled-coil structure of
HR1 in ROCK protein, the HR1 domains in PKN are form an intermolecular antiparallel
coiled-coil (Dvorsky et al., 2004; Flynn, Mellor, Palmer, Panayotou, & Parker, 1998;
Hutchinson, Lowe, McLaughlin, Mott, & Owen, 2011). Both HR1a and HR1b form anti-
parallel coiled-coil dimer (ACC), but HR1a interacts with RHOA via two different contact
sites (I and II) which only contact site II overlap with switch II of RHOA (Maesaki et al.,
1999). It has been shown HR1b is also able to interact with RAC1, to the region that is
corresponding to the contact site I of RHOA (Owen et al., 2003).

e N

Figure 1.9: Schematic representation of PKN1 protein. The domains of PKN are homology region
domains (HR1a-c) in red, protein kinase C conserved region (C2) in green, and the kinase domain in blue.
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2. Aims of this study

Small GTPases are key factors in diverse cellular processes and the progression of various
human diseases, such as neurological disorders, cardiovascular disease, and cancer. They
act as molecular switches between inactive GDP-bound form and active GTP-bound form.
The formation of the active form leads to conformational changes in switch regions and
provide selectivity effector interaction, which activates different signalling pathways and
biological function. The aim of this thesis is to better understand the mechanism of

effector interaction with different GTPases including, RAS and RHO proteins.

As a prerequisite to achieve, this aim was a selection of representative proteins from
different subfamilies: HRAS from classical RAS protein, RRAS from RRAS family, RALA
from RAL proteins, RAP2A and RAP1B from RAP family and RHEB1 from RHEB family.
Moreover, the RAS association domain family (RASSF) has been investigated as the first
RAS effector with non-enzymatic function, which interacts with RAS proteins via RA
domain. They act as key apoptotic activators and tumor suppressors. They are
downregulated in many human cancers, although their exact regulatory roles are still
unclear. Therefore, the interaction of RAS proteins with RASSF1-10 proteins have been
studied.

Furthermore, the molecular mechanism by which ROCK activity is regulated, is not
understood. Therefore, the activity of ROCK protein and its kinase domain to
phosphorylate MYPT1, one of its substrate, in the present and absence of RHOA was
studied. Full-length ROCK was subjected to electron microscopy (EM) studies, which
together with biochemical analysis should provide insights into the structure-function
relationship of ROCK structure and activity.

The binding mode of how RHO GTPases interact with the homology regionl (HR1) PKN,
which has been proposed to regulated PKN activation, is unknown. Therefore, a detailed
study of various HR1 domains of PKN with RHOA and RAC1 was the focus of this work.
Moreover, despite the long history, investigations of the fundamental mechanisms of RAF
kinase activation have substantially lagged far behind the development of kinase inhibitors

and inhibitor technologies. In this review, we summarized all the emerging mechanism
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gained from structural, biochemical and computational studies on functional interaction
networks of RAF proteins.

RAS proteins are essential factor in activation of multiple signaling pathways and
dysregulation from these pathways leads to different diseases such as cancer,
developmental disorders, and Noonan syndrome. We described in this review, the current
understanding of the regulatory mechanisms of individual RAS proteins and their signaling
networks beyond the RAS paralogs.

The last but not the least, Noonan syndrome is one of the most common developmental
disorders and it is genetically heterogeneous. The mechanism of this disease is not well
understood. We provided structural, biochemical, and functional data support the causal
link between RRAS2 mutations and Noonan Syndrome, and characterized the clinical

phenotype associated with these gene lesions.
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Chapter II: Material and Methods

2.1 Materials
2.1.1 Antibody

2.1.1.1 Primary Antibody
GST (26H1)

His (27E8)
p-MYPT1 (THR853)
p-ROCK

RHOA

2.1.1.2 Secondary antibody
Licor IRDye 680 RD

Licor IRDye 800CW

Alexa fluor 488-conjugated goat anti-mouse IgG
Alexa fluor 488-conjugated donkey anti-rabbit IgG
Alexa fluor 488-conjugated donkey anti-goat IgG

2.1.2 Chemicals
ATP

Dithiothreitol (DTT)
DMEM

DNasel

Falcon Tubes

FBS

GDP

GppNHp

Glutathion (Reduced)
Glycerol

Cell signalling technology
Cell signalling technology
Cell signalling technology
Sigma Aldrich

Cell signalling technology

Bioscience
Bioscience
Invitrogen
Invitrogen

Invitrogen

Merck

Gerbu

Thermo Fisher Scientific
Roche

Becton Dickinson Labware
Biological Industries

Jena Bioscience

Jena Bioscience

Merck

Roth



Glycine Merck
Guanidium/HCl Roth

Yeast -Extract Roth

HEPES Carl-Roth
Imidazole Fluke Chemika
IPTG Gerbu

KCI Roth

K2HPO4 Roth

KH2PO4 Jena Bioscience
mantGppNHp Merck
Methanol Merck

MgCl, Merck
Odyssey Blocking Buffer Abcam

Page Ruler Prestained Protein Lader Fermentas
Petri dish Merck

ROCK inhibitor (Y-27634) Sigma Aldrich
Sf-900 medium Thermo fisher
Sodium Azide StarLab
Sodium Chloride Roth

SDS Roth

TEMED Roth

TEV MPI

Tris Merck

Triton X-100 Merck
Tween-20 Sigma Aldrich
DNA and protein standards Fermentas
2.1.3 Enzyme

phusion polymerase NEB

Tag DNA polymerase Qiagen

T4 DNA ligase New England Biolabs



Restriction endonuclease
Thrombin
Alkaline Phosphatase

Phosphodiesterase

2.1.4 kits
Taq PCR kit

QIAprep spin miniprep kit
QIAprep spin gel extraction kit
QIAprep spin PCR purification kit

QuikChange mutagenesis kit

2.1.5 Buffers and solutions
Acrylamide solution

Exchange buffer (10x)

dNTP solution

Destaining solution (SDS-PAGE)

Staining solution (SDS-PAGE)

HPLC buffer

Laemmli sample buffer (5x)
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Fermentas
Serva
Roche Diagnostics

Roche Diagnostics

Qiagen
Qiagen
Qiagen
Qiagen
Stratagene

30% (w/v) acrylamide, 0.8% (w/v)
bisacrylamide

2 M (NH4)2504, 10 mM ZI"IC|2

dGTP, dCTP, dATP, dTTP (0.5 mM
respectively)
40% (v/v) ethanol, 10% (v/v) acetic acid

40% (v/v) methanol, 10% (v/v) acetic acid
0.4% (w/v) Coomassie brilliant blue R250
0.4% (w/v) Coomassie brilliant blue G250
10 mM tetrabutylammonium, 100 mM
potassium phosphate, pH 6.5, 7. 5% -
25% (v/v) acetonitrile

5M Tris/HCI pH 8.8, 50% (v/v) glycerol,
500 mM DTT, 20% (w/v) SDS, 5% (w/v)

bromophenol



Resolving buffer (SDS-PAGE)

Stacking buffer (SDS-PAGE)
Running buffer (SDS-PAGE)

TAE buffer
TBS-T buffer

Transfer buffer

Tris buffer (standard buffer for

protein)

GTPase

Tris buffer (high-salt for GTPase protein)

Tris buffer (Glutathione)

Tris buffer (Standard buffer for His-tag
protein)

Tris buffer (high-salt for His-tag protein)

Tris buffer (Imidazole)

2.1.6 Chromatography materials

GSH-Sepharose fast flow
Ni-NTA fast flow
Hi-Load Superdex
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30 mM Na phosphate pH 7.5, and 8.5, 100
mM NaCl

500 mM Tris/H3PO4 pH6.8, 4% (w/v) SDS
25 mM Tris pH 8.3, 192 mM glycine, 2%
(w/v) SDS

40 mM Tris/acetate pH 8.5, 1 mM EDTA
20 mM Tris/HCI pH 7.4, 150 mM NacCl
0.1% (v/v) Tween-20

25mM Tris, 190 mM Glycine,
Methanol

30 mM Tris/HCl pH 7.5, 5 mM MgCl, 100
mM NaCl, 3 mM DTT, 0.1 mM GDP

30 mM Tris/HCI pH 7.5, 5 mM MgCl, 500
mM NaCl, 3 mM DTT, 0.1 mM GDP

30 mM Tris/HCl pH 7.5, 5 mM MgCl,, 100
mM NaCl, 3 mM DTT, 20 mM Glutathion
(pH 7.5 adjusted with NaOH)

30 mM Tris/HCI pH 7.5, 5 mM MgCl>, 100
mM NaCl, 2 mM B-ME

30 mM Tris/HCI pH 7.5, 5 mM MgCl,, 500
mM NaCl, 2 mM B-ME

30 mM Tris/HCI pH 7.5, 5 mM MgCl>, 100
mM NaCl, 2 mM B-ME, 500 mM Imidazole
(pH 7.5 adjusted)

20%

Amersham Biosciences
Amersham Biosciences

Amersham Biosciences



Hi-Load Superdex S200
Superdex 75 HR 10/ 30
Superdex 200 HR 10 / 30

Amersham Biosciences
Amersham Biosciences

Amersham Biosciences

PD 10

NAP columns

Amersham Biosciences

Amersham Biosciences

2.1.7 Expression vectors

PGEX-4T1

pGEX-4T1-N-Tev

pMal-c5X-His
pFastBac HTb

2.1.8 Expression strains

Amersham Biosciences

EMBL
NEB

Invitrogen

Strains Genotype References
BL21 (DE3) ompT, hsdSg (rs",mg’), gal(rcIts857 | (Studier &
ind1, Sam7, nin5, lacUV5-T7genel), | Moffatt, 1986)
dcm (DE3)
pLysS F—, ompT, hsdSs (rs—, ms—), dcm, (Studier &
gal, N(DE3), pLysS, Cm"’ Moffatt, 1986)
Rosetta ompT, hsdSsg (rs",ms’), gal(rcIts857 | Novagen,
ind1, Sam7, nin5, lacUV5-T7genel), | Product
dcm (DE3), pRARE? (CmR) Information

CodonPLUS RIL

ompT, hsdSg (rs",ms’), gal(rcIts857
ind1, Sam7, nin5, lacUV5-T7genel),
dcm (DE3), Tet", endA, HTE (argy,

ileY, leuw, Cam")

(Carstens &
Waeshe, 1999)
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2.1.9 Culture media
Luria-Bertani (LB) full medium

LB-agar plates

2.1.10 Antibiotics
Ampicillin
Chloramphenicol
Kanamycin
Penicillin

Streptomycin

2.1.11 Instruments
Akta Prime FPLC

Akta Purifier

Biophotometer (G131)

Centrifuge (5810R, 5317R, 5415D)
Centrifuge (3K30)

Centrifuge Optima LE-80 K, Avanti J-20 XP
Centrifuge LaboFuge 400R

HPLC System Gold 166

Fluoromax 4

Isotermal titration calorimetry
Licor Odyssey

LSM 510-Meta microscopy
Millipore Water System

PAGE Chamber

PCR-Master cycler
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10 g/l Bacto-Tryptone, 10 g/l NaCl,

5 g/l yeast extract, 1 tablet NaOH

10 g/l Bacto-Tryptone, 10 g/l NaCl,

5 g/l yeast extract, 7.5 g/| Bacto-agar

100 mg/I
25 mg/I
50 mg/I
100 mg/I
100 mg/I

Amersham Pharmacia
Amersham Pharmacia
Eppendorf

Eppendorf

Sigma

Beckman

Heraeus

Beckman

Horiba

MicroCal

Bioscience

Carl Zeiss

Millipore

BioRad

Eppendorf
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pH-meter NeolLab
Pippetts Eppendorf
Precision quartz cells Hellma
Rotors (JLA 8.1, JA 10, 14 and Type 45Ti) Beckman
Stirrer (SB-161) Stuart
Sonicator UW-70 Bandelin

2.2 Molecular genetics methods

2.2.1 Isolation of plasmid DNA

In order to isolate the DNA plasmid from E. colj, around 5 ml of an overnight culture was
used. The preparation of the plasmid was done with the Plasmid Mini-Prep Kit system
from Qiagen as given by the manufacturer's instructions. The isolation is based on the
principle of the alkaline lysis (Birnboim, 1992), and then the plasmids precipitate by water

and the concentration measured.

2.2.2 Agarose gel electrophoresis
Horizontal gel electrophoresis is able to analytically and preoperatively separate DNA

fragments (McDonell, Simon, & Studier, 1977). By applying the electric field, the
negatively charged DNA migrates through the pore-like gel material. The DNA molecules
that are shorter move faster and migrate farther than longer ones. The length of
fragments is determined, based on a DNA standard marker. 1% agarose gel in 1x TAE
buffer was used for analytical separation. For the detection of DNA fragments, in the
agarose solution 0.75 mg/I ethidium bromide was added. The DNA samples were mixed
with electrophoresis with 20% (v/v) DNA sample buffer (6xdye), and then electrophoresis
was performed at a constant voltage of 100 mV. The detection of the bands was
performed using a UV illuminator (excitation at 302 nm). By using the QIAquick Gel

Extraction Kit, the DNA fragments were isolated.
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2.2.3 Polymerase chain reaction (PCR)
For selective amplification of DNA fragments /n vitro, the polymerase chain reaction can

be used (De Noronha & Mullins, 1992). The heat should be stable at the beginning of
reaction DNA (template) and two oligonucleotides (primers) that match to replicating DNA
sequence and are complementary to each one strand of the desired DNA segment (De
Noronha & Mullins, 1992). A typical protocol for RCR consists of 20ul PCR buffer (5x), 1
Ml ANTP solution (25 mM each), 20-200 ng template DNA, 100 pmol from forward and
reverse primers and 2.0 U Phusion polymerase. The PCR program contains a three-step
process, that runs through 20 cycles, thus leading to exponential amplification of DNA.
60s denaturation at 94°C, 30 s hybridization at 60 °C and 30 s elongation at 72 ° C for
each kbp length of our template and an initial denaturation at 94 °© C for 2 min and final
elongation at 72 © C for 10 min. The hybridization temperature depends on the melting
temperature (Tm) of the primers. Then, the samples were stored at 4 © C until further
use. It is important to consider, that Phusion polymerase has a proofreading function (3
'5' exonuclease activity); therefore, it has very low error rates and it is more suitable for
preparative PCR. In order to check positive E. coli clones after a transformation, the
colony-PCR (also called analytical quick-PCR) used. Instead of template DNA, cells from

individual colonies were used.

2.2.4 Site-specific mutagenesis
By using the Quik change protocol from the Strata gene, direct replacement of individual

amino acids at the DNA level is performed. In this method, circular plasmid DNA is
amplified from E. coliand a mutagenic primer pairs with the PCR method. Since the PCR
product is unmethylated, it compared to the DNA template. Therefore, the methylation-
dependent restriction endonuclease Dpnl can remove the non-mutated template (Kunkel,
1985). After restriction digestion for 2 hours, at 37° C, the samples heated for 20 min at
72° C to deactivate the enzyme and then the plasmids transformed into £. co/iBL21 and

then, their sequences were checked by the Seglab Company.

2.2.5 Hydrolysis of DNA with restriction endonucleases
For the cleavage of double-stranded DNA, the restriction enzyme was used; however, for

cleavage with two enzymes, by providing identical or similar condition the reaction was



44

carried out simultaneously. By running agarose gel electrophoresis on samples, the

cleavage products separated.

2.2.6 Ligation of DNA fragments
In order to ligate the DNA, enzyme T4 DNA ligase from Fermentas was used. 20 ng

completely restricted vector DNA was mixed with restricted Insert (5-8 molar excess), and
also with the 1/10 of the 10-fold concentrated T4 ligase buffer and distilled water to make
a total volume of 20 pl. The following ligation with 1 U T4 DNA ligase for an incubation
period of overnight at room temperature. The next day, the sample incubated at 72°C for

20 min to inactivate the enzyme and then the ligation mixture transformed into bacteria.

2.2.7 Preparation of electrocompetent bacterial strains
For preparing competent cells, a method described by Chung et al. (Chung, Niemela, &

Miller, 1989) was followed with a few modifications: 5 ml of an overnight culture of £. coli
strain was added to 500 ml LB medium, which was grown at 37 © C with the appropriate
antibiotic, when the cell density reached OD 600 = 0.5 -0.6. The culture was cooled down
for 20 min by keeping the flask in ice and then cells were centrifuged (4000 rpm, 10 min,
4°C). The sedimented cells then resuspended in 250 ml of ice-cold, distilled water solution.
Again, cells centrifuged and resuspended in 20 ml of ice-cold, distilled water. Finally,
pelleted cells were aliquoted (50ul) and kept on dry ice, and the aliquots were stored at -
80 °C.

2.2.8 Transformation of E. coli cells with circular DNA
For transformation, 5 pl of the ligated plasmid (or 20 ng of purified plasmid) was mixed

with 50 pl of competent bacteria and the mixture was incubated on ice for 20 min. The
cells were then treated with a heat pulse for 1 min at 42°C and again put on ice for 5
min. 200 pl of LB medium (without antibiotics) was added to the cells and was incubated
for 90 min at 37°C shaking. After that, sedimented by centrifugation at 13000 rpm for 5
min and 50 pl of the supernatant was resuspended (the rest of the supernatant was
discarded) and then plated on the selective antibiotic containing agar plate under sterile

conditions and kept overnight at 37°C.
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2.2.9 Storage of transformed bacteria
For storage of transformed bacteria, from a single colony on the LB plate, a fresh culture

was made. 1000 pl of the grown overnight grown culture was mixed with 500 pl of glycerol
and stored at -80°C.

2.3 Protein biochemical method

2.3.1 Analytical expression test
For finding suitable conditions for the expression of a recombinant protein, an analytical

expression test was done on a small scale; 100 ml expression cultures inoculated with a
pre-culture 1:100 and incubated at 37°C until the OD e00 = 0.5 -0.6 and then it was
induced by 0.1mM IPTG. After four hours at 37°C or over-night at 20°C induced culture,
1 ml samples were taken, and cells were harvested by centrifuging 5 min at 13,000 rpm
and resuspended in an appropriate buffer. 20 pl SDS sample buffer (5x) was mixed with
80 ul of the cells and boiled for 5 minutes at 99 °C. The total cell lysate, pellet, and
supernatant then were then loaded on an SDS-PAGE to check the protein expression and

solubility.

2.3.2 Expression of recombinant proteins
By using the determined optimal conditions, the expression of proteins was determined.

Then, culture volume was scaled up to 5 liters of culture medium as the bacterial cells
were harvested by centrifugation for 15 min 5000 rpm, and the pellet was washed in the
standard buffer based on the type of protein which was described in the material section
and then resuspended in an appropriate buffer. The bacterial cell suspension was then

frozen at -20°C in order to help lysis.

2.3.3 Analytical expression test for insect cells
The insect cells method was used for proteins such as kinase protein, which needs post-

translational modifications. ROCK protein and its kinase domain were cloned in pFastBac
HTb vector containing an N-terminal His6 tag and expressed via baculovirus expression
system which is one of the most prominent viruses to affect insect population. In order

to test expression of these proteins, B7I-Tnao38 cells that delivered from T7richoplusia ni
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were used, and then they were grown in Sf-900 express medium which contains 50 unit
penicillin/streptomycin. After the cells reached 70% confluency, they were infected by a
produced virus with the ratio of 1:40 (Yoshifumi Hashimoto, Zhang, & Blissard, 2010;
Yoshi Hashimoto, Zhang, Zhang, Chen, & Blissard, 2012). Then, they grew for 4 days and

each day, 1 ml sample was taken and prepared for western blot to check the expression.

2.3.4 Expression of recombinant proteins in insect cells
When the expression of proteins in an insect cell was checked. The culture volume was

then scaled up to 350 ml. The cells were infected with baculoviruses, and after 4 days
they were collected by centrifugation for 10 min 5000 rpm at 4°C. The pellet was washed
in the standard buffer for His tag proteins and then resuspended in buffer. The bacterial

cell suspension was then frozen at -20°C.

2.3.5 Cell lysis
The cells were thawed, to extract the soluble protein, and then one tablet of protease

inhibitor (Cocktail), 10 pg/ml Lysozyme, and 1 pg/ml DNAase were added. The cells were

on ice and subsequently subjected to lysis by sonication (3 times each time for 2 min).

2.3.6 Affinity chromatography
This technique is based on the binding of a biomolecule to its binding partner, which is

immobilized into a stationary phase (a polymeric carrier). In this way, the molecule of
interest can be selectively captured by passing through a column. Then, it is eluted by
changing external parameters, such as solvents, pH, temperature, and ionic strength;
which affect the complex stability, and release of the molecule from the complex and elute
in a purified form (Wilchek & Chaiken, 2000). Since not all isolated proteins have a specific
ligand, so we can use molecular biological methods to create a vector that has the gene
for such an anchor group (which is also called tag) between the promoter and multiple
cloning site. The most common systems are the GST-tag or His-tag. In this work, both

GST-tag and His-tag proteins are isolated and purified.

2.3.7 GST- and His- fusion system
In this work, the gene of interest was cloned as a fusion protein with N-terminal GST-

anchor in pGEX vector or with N-terminal His-anchor in PMal vector. The glutathione S-
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transferase from Schistosoma japonicum, specifically interacts with its natural ligand
glutathione (GSH) and in the case of His-tag protein binds to Ni-NTA column. In the case
of GST, since the tag is big, it was removed by a protease recognition (factor Xa, thrombin,
PreScission protease, Tev protease or IgA protease). The supernatant (after
centrifugation of cell lysate at 40,000 rpm) loaded on the appropriate column, which had
equilibrated with standard buffer, which was described in the method’s part. Since only a
few non-specific components from the lysate could interact with the column. Therefore,
most of the cellular proteins removed by rinsing the column with the buffer. Proteins,
which bond nonspecifically to the column material, are usually removed with a high-salt
buffer. In this way, we can obtain a purity of over 90% in the first steps. The fusion
protein is then eluted by 20 mM glutathione or imidazole 500 mM in the buffer (depends
on the protein tag). After elution of the protein, for GST-tag proteins the protease
thrombin was used to eliminate GST. Then, by passing protein through the GSH column,

the protein and GST-tag separated.

2.3.8 Gel filtration
By using gel filtration or size exclusion chromatography, molecules separated according

to their size. This column contains the pore size of a covalently cross-linked polymer
polyacrylamide agarose or Dextran material. The smaller the molecules are, the further
they were prevented from passing through the column. However, particles with a radius
above the pore size cannot enter and remain in the exclusion volume; therefore, the
molecular weight is inversely proportional to the elution volume. The column needs to
calibrate with proteins of known size to help for estimating the sizes of the eluted proteins
on the retention volume. In this study, Sephadex S75 and Sephadex S200 columns were
used. Based on the amount of protein and volume, column size 16/60, 26/60 were used.
This number code indicates the diameter in mm and the length of the column in cm.
Adequate buffer for equilibration and elution, filtered and degassed. Depending on the
column size flow rate and the volume of the collected fractions as well as the maximum
protein loading capacity was determined. The fractions were collected and subjected to

SDS-PAGE and then pure fractions were pooled up and concentrated by Amicon filters.
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2.3.9 Determination of protein concentration

2.3.9.1 In the Visible range
In order to determine, the total protein concentration of a solution the color reaction with

the dye, Coomassie Brilliant Blue G250 was prepared (Bradford, 1976). Through the
interaction with the side chains of arginine, and also histidine, lysine, tyrosine, tryptophan
and phenylalanine (Compton & Jones, 1985), the dye is stabilized in its anionic form which
leads to a bathochromic shift of the absorption maximum of 465 to 595 nm. The protein
concentration is determined by using an equation that is created by a BSA standard
solution. The absorbance (OD= 595 nm) of the Bradford solution was used as a blank,
and then protein absorption was measured to compare to the blank. Only absorbance

values between 0.2 and 0.8 were evaluated from the calibration.

2.3.9.2 In the UV range
For highly pure protein solutions, the UV absorption method had been used which the

diluted protein solution at 280 nm and 234.5 nm (for a buffer) were measured, and the
protein concentration according to Ehresman et al. (Ehresman) provides:

(A 280 — A 234.5)/5 extinction coefficient of protein= Mg protein/ml

2.3.10 Concentration of proteins
After purification steps, usually, a concentrated protein solution was carried out for further

experiments. The most common method is ultra-filtration by using an Amicon filter from
Millipore, which a protein solution by centrifugation passes through a membrane with a
defined pore size. The solvent and low molecular weight components can pass through
the membrane; however, proteins and other high molecular substances were retained
over a certain size of the membrane. The pore size of the membrane defines the exclusion
limit (molecular weight cut-off, MWCO). The protein centrifuged at 3700 rpm and 4 °C

until it reaches the desired final volume and the desired protein concentration.

2.3.11 Nucleotide exchange of small GTPases
The nucleotide exchange of small GTPase is based on the degradation of the present

nucleotide (usually GDP form), and binding of an excess (1.5-fold) nucleotide analogue
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(John et al., 1990). In the first step, the protein was incubated with synthetic nucleotide
(GppNHp, mant-GppNHp), with alkaline phosphatase (1.5 U/mg protein), and exchange
buffer, which increases the exchange rate of the nucleotide and enzymatically degradation
to Guanine, GMP or monophosphate. The GTPase protein has a much higher binding
affinity to the synthetic nucleotides and compares to the monophosphate and guanine.
After the quantitative digestion of the original nucleotide, the protein was passed over a
NAP5 column to separate nucleotide from protein-containing fractions. Then, 1ul from
each fraction was added to 20 ul Bradford solution and the positive fractions were

collected.

2.3.12 Reverse-phase HPLC
To determine the activity of small GTPase after purification or nucleotide exchange the

reverse-phase high-performance liquid chromatography (reversed-phase HPLC) was
used. The separation was carried out under isocratic ion-pair bond using hydrophobic
Solid-phase matrix (C-18) (Tucker et al., 1986). By calibration of HPLC flow-photometer
with samples of known composition and concentration, then the composition and the
nucleotide can be determined quickly and accurately. This method was used for both
qualitative and quantitative studies of protein-nucleotide complexes. The acetonitrile

concentration was used as a mobile phase (7.5 to 25%) with a flow rate of 1.8 ml/min.

2.3.13 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE is one of the common methods for separating proteins according to their

molecular masses using a discontinuous polyacrylamide gel as a support medium and
sodium dodecyl sulfate (SDS) to denature the proteins (Laemmli, 1970). This method was
used for the estimation of the relative molecular weight of proteins. Furthermore, SDS-
PAGE is useful to determine the purity of proteins in the fractions from the purification.
The protein samples mixed with Laemmli buffer. SDS is an anionic detergent, which
denatures proteins and creates a negative charge on the polypeptide in proportion to its
length. DTT or B-mercaptoethanol is a reducing agent that prevents the formation of
disulfide bonds since disulfide bonding is covalent and do not disrupt by SDS. The
electrophoresis was carried out in running buffer. Proteins run at 80 V in the stacking gel,

which can concentrate them, and then they separate in the running gel at 100V.
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2.3.14 Coomassie staining and destaining of SDS-polyacrylamide gels
Coomassie Blue staining is a nonspecific method, in which the dye Coomassie Brilliant

Blue R250 binds to almost all proteins. The gel is soaked in a solution of the dye for at
least 15 min and then it destained using a destaining solution (which was explained in the

method part) to remove the background color.

2.3.15 Western blot (WB)
This is a common method to detect and analyze a specific protein of interest by using the

specific antibody. In the first step, just like normal SDS-PAGE, the protein of interest and
marker are loaded to the gel and separated by electrophoresis. After that, instead of
staining and destaining by Coomassie solution in the SDS-PAGE method, the protein was
transferred from gel to the membrane (Towbin, Staehelin, & Gordon, 1979). For
transformation, the wet method was used. In this method, the gel, polyvinylidene
difluoride (PVDF) membrane, and filter papers were soaked in transfer buffer for 5 min.
In order to transfer the proteins from gel to the membrane, between the gel and positive
electrode, sponges, filter papers and the membrane were placed, and voltage 100V for
60 min was applied. After transformation, the blot was dried for 1 hour at room
temperature. In order to prevent unspecific binding, the membrane was blocked with
Odyssey Blocking Buffer (TBS without tween 20) for one hour. Then, the first antibody,
which is specific for each protein, diluted in Odyssey Blocking Buffer (which contains
tween 20 to a final concentration of 0.2%) and added to the membrane overnight at
4 °C shaking. Later on, membrane washed with TBS-T buffer 3 times, each time 5 min,
and then the secondary antibody, which was diluted similar to the first antibody, was
added to the membrane and shaken for 2 hours at room temperature. Finally, the
membrane was washed again with TBS-T buffer, 3 times for 5 min and scanned with a

Licor system (Eaton et al., 2014).

2.4 Cell Culture method

2.4.1 Cell culture
In this work, a human mammary epithelial cells (HMEC), which grow in Dulbecco’s

modified eagle’s medium (DMEM) media with 10% Fetal Bovine Serum (FBS) and 50 units
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of penicillin/streptomycin under 5% CO; at 37 °C was used. When the cells are grown
confluently, they were detached from the plate by trypsinization. Cells were diluted 1:5
and subcultured 2 times per week, and all cell culture works were performed under sterile

conditions.

2.4.2 Cell freezing and recovery
When the cells had grown to 85% confluency, they were transferred into 50 ml falcon

tubes and then centrifuged at 1000 rpm for 5 min. The pellet of the cells was resuspended
into 1 ml of cryotubes with 92% FBS and 10% DMSO, and they were stored in the liquid
nitrogen. For the recovery of the frozen cells, they were thawed in 25 cm Petri dishes with
fresh medium. After one day, their medium was changed, and they grew at normal

conditions.

2.4.3 Immunocytochemistry
The sterile coverslips placed into a new sterile 24-well culture place. Then the cells had

grown in a petri dish, detached and plated normally on to the surface of the coverslip.
Then, the cells grew under the same conditions as before (at 37 °C under 5% CO>), until
they reached 70% confluency. In order to treat the cells under different conditions for
confocal microscopy, the old medium was removed and a new medium for three different
conditions was added including, serum starve (no FBS), 1% serum and normal condition
(10% FBS). After that, the cells were returned to the incubator for one day. The next day,
the medium on top of the cells was discarded and they washed with PBS. For fixing the
cells, the cross-linking method, by using 4% paraformaldehyde, which was diluted in PBS,
and can form covalent chemical bonds between the proteins and their surroundings were
used. The cells incubated in this solution for 20 min at room temperature. In order to
permeabilize the cell membrane, cells were incubated in 0.25% Triton-X-100/PBS for an
hour at room temperature. The primary antibodies, which in this study are RHOA and
ROCK, were added overnight at 4 °C and then were washed 3 times with PBS. Next, they
incubated with secondary antibodies, which were Alexa Fluor 488-conjugated goat anti-
mouse IgG, Alexa 488-conjugated donkey anti-rabbit IgG, Alexa Fluor 488-conjugated
donkey anti-goat IgG with the dilution of 1:500 at room temperature for two hours. After

that the slides were washed with PBS three times and then stained with 4’,6-diamidino-2
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phenylindole (DAPI) for 5 min and again washed with PBS three times. Finally, the
coverslips mounted with Prolong Gold antifade and then the confocal microscopy images

were obtained.

2.5 Biophysics methods

2.5.1 Fluorescence polarization

Small GTPase-mant GppNHp interaction with their effectors was performed in standard
buffer (50 mM Tris/HCl pH 7.5, 100 mM NaCl, 5 mM MgCl, and 3 mM DTT) at 25 °C using
a fluoromax 4 fluorimeter in polarization mode. The effector protein titrated (0.05-300
MM) to 1pM GTPase mant-GppNHp protein increased polarization. By fitting the
concentration-dependent binding curve by using a quadratic ligand binding equation the

equilibrium dissociation constents (Kq) were calculated (Nakhaeizadeh et al., 2016).

2.5.2 Guanine nucleotide dissociation inhibition measurement
In this method, releasing of mant-GppNHp from RHOA (0.2 pM) in standard buffer (30

mM Tris/HCl pH 7.5, 10 mM NaHPO4/NaHPO4 pH 7.5, and 5 mM DTT) at 25 °C measured.
The amount of the respective effector domains (0.05-300 pM) increased, in the presence
of unlabeled nucleotide (40 pM). Then, the observed rate constants (kobs) which were
single exponentially by using Grafit program (Erithacus software) fitted (Leatherbarrow,
1990), to obtain dissociation contents (kq) (Blumenstein & Ahmadian, 2004).

2.5.3 Kinase assay
In order to check the activity of ROCK proteins and its kinase domain, in the presence

and absence of an active form of RHOA, the kinase assay method was performed. In this
method, all conditions contain 400 uM ATP and 5 uM MYPT1, and other compounds (based
on the table below) were added. Then, in different time points 0, 5, 15, 30, 60 and 120
min, 30 pl sample was collected and added to the tubes which contain Laemmli buffer
(5x) and 10 pl urea (10M) and boiled for 5 minutes at 99 °C to stop the reaction.
Furthermore, the samples were leaded on western blot, and the level of MYPT1

phosphorylation was normalized to its total amount.
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Control (MYPT1 + ATP)

KD ROCK (0.02 uM)

ROCK FL (0.02 uM)

ROCK FL (0.02 uM) + RHOA FL-GppNHp (5uM)

ROCK FL (0.02 uM) + ROCK inhibitor (Y-27634) (5uM)

u| M W N =

2.5.4 Liposome assay
The liposome sonicated for 2 min. followed by extrusion through 100 nm filters several

times. 30 pl of liposome was mixed with 30 pl of sample and kept in room temperature
for 20 min. Then, it centrifuged at 20000 g for 30 min at 4 °C. After that, the supernatant
was collected and 50 ul buffer was added to the pellet and both samples run in western

blot to check the affinity of protein in interaction with liposome.

2.5.5 Cryo-electron microscopy
4 ul of the sample was adsorbed for 1 min on freshly glow-discharged copper grids, which

were covered by a thin, continuous carbon film. The grids were then negatively stained
with 0.75% uranyl formate for 1 min before blotting with filter paper. All images were
taken by an electron microscope equipped with a LaBe cathode and operated at 120 kV.
Digital electron micrographs were recorded with a 4k x 4k CMOS camera F416 (TVIPS)
under minimal dose conditions (15-20 electrons/A?) at a calibrated magnification of
67,535, resulting in a pixel size of 2.32 A. The length and width of 176 individual ROCK
protein from 21 images were measured using boxer from the EMAN software package
(Ludtke, Baldwin, & Chiu, 1999).

2.6 In silico structure analysis

2.6.1 Sequence and Structural modeling
Sequence alignments were performed with the Bioedit program using the ClustalW

algorithm (Hall, 1999). By using Chimera the sequence alignments were adjust with
superimposed structures (Goddard et al., 2018). In the RASSF-RAS interaction section,
the RASSF5-HRAS structure (PDB ID: 3DDC) was used as a template for structural analysis
and the structures of RA RASSF members (RASSF1-10 except for RASSF5) were generated
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via Swiss-model website. After that, the structural representation was generated using

Pymol viewer (DeLano, 2002).
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Chapter III: Results

3.1 RASSF-RAS proteins interaction

3.1.1 In silico analysis of RAS effector proteins

RAS-GTP can interact with different downstream effectors through two binding domains
known as RAS association domain (RA) and RAS binding domain (RB). They contain about
80-100 amino acids and adopt a folding topology related to ubiquitin structure
(Nakhaeizadeh et al., 2016). Structural characterizations of different effectors in complex
with RAS proteins have revealed that these domains are common to all RAS effectors.
They contact RAS through the formation of intermolecular antiparallel -sheets, which are
formed between strand 32 of the canonical ubiquitin fold and the switch I of RAS proteins.
This is rather interesting because RA and RB domains associate with different members
of RAS family proteins and share the same mode of interaction with RAS proteins. There
is no structural difference between RB and RA domains. They are only variant names used
for the same ubiquitin fold proteins (Rodriguez-Viciana, Sabatier, & McCormick, 2004). It
is not fully understood, how effectors selectively recognize the RAS-GTP form, and how
many RA and RB domain-containing proteins exist in the human proteome. In order to
get an overview of potential binding partners of RAS GTPases, we first searched in the
UniProt database for all RA/RB domain proteins based on the flowchart in Figure 3.1.
Using the search tools of UniProt, we found 145 RA and 130 RB domain-containing
proteins, respectively. In parallel, the HMMER program was used to search for sequences
that are similar to known RA and RB domains which increase the chance to find all proteins
containing RA and RB domains. In the HMMER search, a sequence profile is first specified
for the domain of interest. Algorithm then scans provided database of protein sequences,
which was in our case the UniProt database, and finds all proteins matching this profile.
Specification of domain can then be refined, taking all found proteins into account. The
whole procedure can be then iteratively repeated until the constant humber of identified
proteins is reached. We found, very similar results to the search tools of UniProt database,
164 RA and 127 RB domain-containing proteins, respectively (Fig. 3.1). In the next step,

many proteins that are abbreviated as "RBD” or "RA”, such as receptor binding proteins,
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mitochondrial proton/calcium antiporter protein, and RHO binding proteins, were
removed, such that proteins involved in RAS interaction were selected, including 97 RA
and 46 RB domain-containing proteins. A multiple sequence alignment using ClustalW
algorithm from the Bioedit program revealed many identical sequences of protein
isoforms, for example RAF, RASSF, TIAM and RGL isoforms proteins, which were removed.
In total, 41 RA in 39 RA domain-containing proteins (Table 1.1) and 16 RB in 14 RB

domain-containing effector proteins (Table 1.2) remained in our search.

Search for RA/RB

¥ A4

Search tools of UniProt database HMMER program

&6 & &

Remove the effectors which
are not involved in RAS interaction

Aligne found RA/RB domains and
remove similar ones

& o

Extract information for
RA/RB domain proteins from UniProt

Fig. 3.1: Flowchart of in silico RAS effector analysis. RAS effector proteins in human proteome were
selected through stepwise search in UniProt database using the search tools and HMMER program. The
amino acid sequences were aligned using Bioedit ClustalW algorithm and ultimately not only completely
different protein domains were removed (97 RA and 46 RB domain-containing proteins) but also identical
sequences to RA/RB effector proteins were omitted (in total, 41 RA in 39 RA domain-containing proteins
and 16 RB in 14 RB domain-containing proteins). All proteins are represented in tables 1.1 and 1.2.

A4

F Y
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Table 1.1. Human proteins containing RA domain

No. Entry Gene Protein name

names

1 Q8WWWO0 RASSF5 Ras association domain-containing protein 5 (New ras effector 1)
(Regulator for cell adhesion and polarization enriched in lymphoid
tissues) (RAPL)

2 QINS23 RASSF1 Ras association domain-containing protein 1

3 P50749 RASSF2 Ras association domain-containing protein 2

4 Q86WH2  RASSF3 Ras association domain-containing protein 3

5 Q9H2L5 RASSF4 Ras association domain-containing protein 4

6 Q6ZTQ3 RASSF6 Ras association domain-containing protein 6

7 Q02833 RASSF7 Ras association domain-containing protein 7 (HRAS1-related cluster
protein 1)

8 Q8NHQ8  RASSF8 Ras association domain-containing protein 8 (Carcinoma-associated
protein HOJ-1)

9 075901 RASSF9 Ras association domain-containing protein 9 (PAM COOH-terminal
interactor protein 1) (P-CIP1) (Peptidylglycine alpha-amidating
monooxygenase COOH-terminal interactor)

10  A6NK89 RASSF10 Ras association domain-containing protein 10

11 Q5U651 RASIP1 Ras-interacting protein 1 (Rain)

12 Q9P212 PLCE1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase epsilon-1
(EC 3.1.4.11) (Pancreas-enriched phospholipase C) (Phosphoinositide
phospholipase C-epsilon-1) (Phospholipase C-epsilon-1) (PLC-epsilon-
1)

13 Q96]JH8 RADIL Ras-associating and dilute domain-containing protein

14 Q13671 RIN1 Ras and Rab interactor 1 (Ras inhibitor JC99) (Ras
interaction/interference protein 1)

15 Q8WYP3  RIN2 Ras and Rab interactor 2 (Ras association domain family 4) (Ras
inhibitor JC265) (Ras interaction/interference protein 2)

16 Q8TB24 RIN3 Ras and Rab interactor 3 (Ras interaction/interference protein 3)

17 Q9Y4G8 RAPGEF2 Rap guanine nucleotide exchange factor 2 (Cyclic nucleotide ras GEF)
(CNrasGEF) (Neural RAP guanine nucleotide exchange protein) (nRap
GEP) (PDZ domain-containing guanine nucleotide exchange factor 1)
(PDZ-GEF1) (RA-GEF-1) (Ras/Rap1l-associating GEF-1)

18 Q15036 SNX17 Sorting nexin-17

19 Q96L92 SNX27 Sorting nexin-27

20 QS8TEU7 RAPGEF6 Rap guanine nucleotide exchange factor 6 (PDZ domain-containing
guanine nucleotide exchange factor 2) (PDZ-GEF2) (RA-GEF-2)

21 P55196 AFDN Afadin (ALL1-fused gene from chromosome 6 protein) (Protein AF-6)
(Afadin adherens junction formation factor)

22 Q7Z5R6 APBB1IP Amyloid beta A4 precursor protein-binding family B member 1-
interacting protein (APBB1-interacting protein 1) (Proline-rich EVH1
ligand 1) (PREL-1) (Proline-rich protein 73) (Rap1-GTP-interacting
adapter molecule) (RIAM) (Retinoic acid-responsive proline-rich
protein 1) (RARP-1)

23 Q14451 GRB7 Growth factor receptor-bound protein 7 (B47) (Epidermal growth
factor receptor GRB-7) (GRB7 adapter protein)

24 Q13322 GRB10 Growth factor receptor-bound protein 10 (GRB10 adapter protein)
(Insulin receptor-binding protein Grb-IR)

25 Q14449 GRB14 Growth factor receptor-bound protein 14 (GRB14 adapter protein)

26 Q12967 RALGDS Ral guanine nucleotide dissociation stimulator (RalGDS) (Ral guanine

nucleotide exchange factor) (RalGEF)
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27 015211 RGL2 Ral guanine nucleotide dissociation stimulator-like 2 (RalGDS-like 2)
(RalGDS-like factor) (Ras-associated protein RAB2L)

28  QO9NZL6 RGL1 Ral guanine nucleotide dissociation stimulator-like 1 (RalGDS-like 1)

29  Q9BSIO RGL2 RGL2 (Ral guanine nucleotide dissociation stimulator-like 2)

30 Q3MIN7 RGL3 Ral guanine nucleotide dissociation stimulator-like 3 (RalGDS-like 3)

31 Q70E73 RAPH1 Ras-associated and pleckstrin homology domains-containing proteini

32  P52824 DGKQ Diacylglycerol kinase theta (DAG kinase theta)

33 Q96P48 ARAP1 Arf-GAP with Rho-GAP domain, ANK repeat and PH domain-
containing protein 1

34 Q8WZ64  ARAP2 Arf-GAP with Rho-GAP domain, ANK repeat and PH domain-
containing protein 2

35 Q8WWNS8 ARAP3 Arf-GAP with Rho-GAP domain, ANK repeat and PH domain-
containing protein 3

36 B2RTY4 MYQ9A Unconventioal myosin-IXa (Unconventioal myosin-9a)

37 Q13459 MYO9B Unconventioal myosin-IXb (Unconventioal myosin-9b)

38 Q9HD67 MYO10 Unconventioal myosin-X (Unconventioal myosin-10)

39 Q9P2F6 ARHGAP20 RHO GTPase-activating protein 20 (RHO-type GTPase-activating

protein 20)

Table 1.2. Human proteins containing RB domain

No. Entry Gene Protein name
names

1 P04049 RAF1 RAF proto-oncogene serine/threonine-protein kinase (EC 2.7.11.1) (Proto-
oncogene c-RAF) (cRaf) (Raf-1)

2 P15056 BRAF Serine/threonine-protein kinase B-raf (EC 2.7.11.1) (Proto-oncogene B-
Raf) (p94) (v-Raf murine sarcoma viral oncogene homolog B1)

3 P10398 ARAF Serine/threonine-protein kinase A-Raf (EC 2.7.11.1) (Proto-oncogene A-
Raf) (Proto-oncogene A-Raf-1) (Proto-oncogene Pks)

4 014924 RGS12 Regulator of G-protein signaling 12 (RGS12)

5 043566 RGS14 Regulator of G-protein signaling 14 (RGS14)

6 Q13009 TIAM1 T-lymphoma invasion and metastasis-inducing protein 1 (TIAM-1)

7 Q8IVF5 TIAM2 T-lymphoma invasion and metastasis-inducing protein 2 (TIAM-2) (SIF
and TIAM1-like exchange factor)

8 P48736 PIK3CG Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit gamma
isoform (PI3-kinase subunit gamma) (PI3K-gamma) (PI3Kgamma)
(PtdIns-3-kinase subunit gamma) (EC 2.7.1.153) (Phosphatidylinositol 4,5-
bisphosphate 3-kinase 110 kDa catalytic subunit gamma) (PtdIns-3-kinase
subunit p110-gamma) (p110gamma) (Phosphoinositide-3-kinase catalytic
gamma polypeptide) (Serine/threonine protein kinase PIK3CG) (EC
2.7.11.1) (p120-PI3K)

9 P42336 PIK3CA Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha
isoform (PI3-kinase subunit alpha) (PI3K-alpha) (PI3Kalpha) (PtdIns-3-
kinase subunit alpha) (EC 2.7.1.153) (Phosphatidylinositol 4,5-
bisphosphate 3-kinase 110 kDa catalytic subunit alpha) (PtdIns-3-kinase
subunit p110-alpha) (p110alpha) (Phosphoinositide-3-kinase catalytic
alpha polypeptide) (Serine/threonine protein kinase PIK3CA) (EC 2.7.11.1)

10 P42338 PIK3CB Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit beta

isoform (PI3-kinase subunit beta) (PI3K-beta) (PI3Kbeta) (PtdIns-3-kinase
subunit beta) (EC 2.7.1.153) (Phosphatidylinositol 4,5-bisphosphate 3-
kinase 110 kDa catalytic subunit beta) (PtdIns-3-kinase subunit p110-
beta) (p110beta)
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11 000329 PIK3CD Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit delta
isoform (PI3-kinase subunit delta) (PI3K-delta) (PI3Kdelta) (PtdIns-3-
kinase subunit delta) (EC 2.7.1.153) (Phosphatidylinositol 4,5-
bisphosphate 3-kinase 110 kDa catalytic subunit delta) (PtdIns-3-kinase
subunit p110-delta) (p110delta)

12 000443 PI3KC2A  Phosphatidylinositol 4-phosphate 3-kinase C2 domain-containing subunit
alpha (PI3K-C2-alpha) (PtdIns-3-kinase C2 subunit alpha)

13 000750 PI3KC2B Phosphatidylinositol 4-phosphate 3-kinase C2 domain-containing subunit
beta (PI3K-C2-beta) (PtdIns-3-kinase C2 subunit beta)

14 075747 PI3KC2G  Phosphatidylinositol 4-phosphate 3-kinase C2 domain-containing subunit
gamma (PI3K-C2-gamma) (PtdIns-3-kinase C2 subunit gamma)

To determine the binding capability between effector domains and diverse proteins of the
RAS family, we selected the RA domain-containing RASSF family as representative effector
proteins and studied in more detail their interaction with different paralogs of the RAS
family, including HRAS, RRAS, RALA, RAP1B, RAP2A, and RHEB.

3.1.2 Expression and purification of RASSF proteins
In order to investigate the biochemical and biophysical properties of RASSF interaction

with different members of RAS proteins, all RA domains of RASSF family were cloned in
PMal vector, which contains maltose-binding protein (MBP, 42 kDa). This protein increases
the molecular weight of RASSF RA domains, and it helps to study the interaction between
RASSF-RAS via the polarization method. The expression of the proteins in different
bacterial strains, including PLysS, Rosetta and CodonPLUS under the same conditions
were checked. The expression conditions were 1 mM IPTG at an optical density (OD)
between 0.5 and 0.7 at 20°C overnight. Bacterial pellet was collected by centrifugation
(14000 rpm, 10 min, 4°C), and suspended in lysis buffer (30 mM Tris/HCI pH 7.5, 5 mM
MgCly, 100 mM NaCl, 2 mM BME, 10 pg/ml Lysozyme, 1 pug/ml DNase-I and one tablet of
protease cocktail inhibitor), and were subjected to mild sonication (70% duty cycle, 80%
power for 20 sec) for 3 times (each time 2 min). The lysate was centrifuged (30000 rpm,
30 min, 4°C) and then was purified in two steps using affinity and size exclusion
chromatography. In the first step, the soluble fraction applied to a Ni-NTA affinity column.
After that the unbounded proteins were washed with high salt, then the His-tag protein
was eluted in a buffer that contains 500 mM imidazole. Samples from elution, pellet,
supernatant, and flow trough were run on SDS-PAGE. All RASSF proteins were soluble in

the eluted fractions. Next, the eluted fractions were concentrated by Amicon 30 kDa cut-
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off. In the second step, the concentrated protein was loaded on size exclusion
chromatography (SEC; Superdex 75 26/60 column) to remove impurities and other
components, such as imidazole, using 100 mM NaCl, 30 mM Tris/HCI pH 7.5, 5 mM MgCly,
3 mM DTT. The eluted fraction of RASSF protein was checked with SDS-PAGE and highly
purified fractions were collected and concentrated with Amicon 30 kDa cut-off. All RASSF
proteins were purified under similar conditions as described above, and they run on SDS-
PAGE, which is shown in Figure 3.2. The concentrated proteins (RASSF1=418 pM,
RASSF2=467uM, RASSF3= 7663 UM, RASSF4= 587 uM, RASSF5= 432 puM, RASSF6= 340
MM, RASSF7= 237 puM, RASSF8= 346 uM, RASSF9= 363 pM, RASSF10= 259 pM) were
stable in standard buffer (30 mM Tris/HCI pH 7.5, 100 mM NaCl, 3 mM DTT) and they

were snapped frozen in liquid nitrogen and stored in -80°C.

15—
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Figure 3.2: SDS-PAGE of purified MBP-RA domain fusion proteins of RASSF 1-10. The standard
protein marker and 5 g of each purified fusion proteins were separated on the gel.

3.1.3 Expression and purification of RAS proteins
In parallel to RASSF proteins, different members of the RAS family have been selected,

which include HRAS from classical RAS family, RALA from RAL family, RRAS1 from RRAS
proteins, RHEB1 from RHEB family, RAP1B and RAB2A from RAP family, and RIT1 from
RIT family. They all cloned in PGEX vector that contains GST-tag. For each one, the

expression test was performed as described above and after expression in £. col/in large
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scale, the pellet resuspended in lysis buffer (30 mM Tris/HCI pH 7.5, 5 mM MgCl,, 100
mM NaCl, 3 mM DTT,0.1 mM GDP, 10 pg/ml lysozyme, 1 pg/ml DNase-I and one tablet
protease cocktail inhibitor) and sonicated (70% duty cycle, 80% power for 20 sec) for 3
times (each time 2 min). Then, the cell lysate was centrifuged (similar conditions as for
RASSF proteins) and supernatant loaded on a GSH affinity column. After washing with
high salt buffer (for GST-tag protein) which is described in the method and material
chapter, the GST-fusion protein was eluted in a buffer contains 20 mM glutathione. The
samples from different steps of purification as well as pellet and supernatant were
analyzed via SDS-PAGE. Later on, the protein was concentrated via Amicon 30 kDa cut-
off. In the next step, the GST-tag from RAS protein was cleaved by applying 2 units (U)
of the TEV protease per mg GST-fusion protein that incubated overnight at 4°C. In the
next day, the sample before and after cleavage via TEV enzyme loaded on SDS-PAGE,
and if all GST was cleaved from the protein of interest, then the sample was applied on
GSH reverse column. In this step, the protein was eluted through column via standard
buffer and GST-tag was bonded to the GSH column. Here the SDS-PAGE for cleavage of
GST-tag from RHEB protein is shown in Figure 3.3A, and the same protocol was applied
for other RAS proteins.

Next, the protein was applied on size exclusion chromatography (SEC; Superdex 75 26/60
column) for exchanging the buffer and also for removing impurities, and the fraction
checked via SDS-PAGE. Highly pure fractions were collected and concentrated. The other
RAS family proteins also were purified in similar conditions. All purified proteins which

were considered in this study are shown in Figure 3.3B.
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Figure 3.3: SDS-PAGE gel of RAS proteins purification. A) Purification steps of RHEB. Different steps
of purification of GST-RHEB and cleavage of the GST-tag are shown. B) Purified RAS proteins members.
Sample from the final purification step was applied on SDS-PAGE and was shown in representative lanes
for each protein members and standard molecular marker.

After purification of RAS proteins, their activity was checked with HPLC (2.3.12). All RAS
proteins except RIT were more than 95% active, expression and purification of RIT1 was
done several times, but since it was not more than 70% active then, RIT1 was not
considered for measurements. All RAS proteins were stable in standard buffer (30 mM
Tris/HCl pH 7.5, 100 mM NaCl, 3 mM DTT), and the concentrated proteins (HRAS, 140
MM; RRAS 250 pM; RALA 173 uM; RAP2A 316 uM; RAP1B 268 uM; RHEB 120 pM) were

snapped frozen in liquid nitrogen before storing in -80°C.

3.1.4 Fluorescence polarization
For investigating the binding affinity of RASSF family proteins with RAS proteins, the

fluorescence polarization method was used. In the first step, 1 mg of each RAS protein
was used for the exchange to mantGppNHp, which is a non-hydrolysable fluorescent GTP
analog (2.3.11). The efficiency of nucleotide exchange was checked with HPLC, and it
showed RAS proteins were more than 90% in the form of mantGppNHp. Next, 1uM of
RAS-mantGppNHp was added to 200l buffer (30 mM Tris/HCI pH 7.5, 100 mM NaCl, 3
mM DTT) in cuvette which was placed in Fluoromax 4 in polarization mode. When the
baseline was constant, then the effector was titrated on RAS protein which contains
maltose-binding protein (MBP, 42 kDa). It increased the molecular weight of small-sized

RA domains of RASSF family, leads to amplification fluorescence signal in the monomeric
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form of fusion proteins. Due to the complex formation between RASSF as effector and
RAS proteins the equilibrium titration experiments cause sufficient polarization signal
changes upon binding, which were used to determine dissociation constant (Kq) for
RASSF-RAS interaction. The binding affinities of RASSF family with RAS protein members
are diverse (Kq was between 0.52 uM for HRAS-RASSF5 interaction and no binding for
HRAS-RASSF10). MBP-RA RASSF1 and MBP-RA RASSF5 have higher binding affinities
toward different RAS paralogs compared to other members of this family. The binding
affinity effector proteins towards proteins of the same group, in this case, RAP2A and
RAP1B, were also similar. Group two of RASSF family, the affinities for RA RASSF7 and
RA RASSF8 are higher compared to the other members of this group. The binding affinities
of RASSF proteins with vary RAS proteins were blotted via Grafit software in Figure 3.4.



040

Relative polarization

| HRAS

RRAST | |

RAP1B

RAP2A

| |

RALA

o RO

B
g

T

e

3|

17

e
T

A—kuu:)._‘;;;

o 7

e

[ RHEB

il

B gt

T

]

P

ot

n.b.

_ o —o—

e

oo

#

o/
§
I
b
7
|

I?f

] P e
o

020 &

5 10 15 20 25 30

10 20 30

500 10 20 30 40

o n—o %
e 00

BT T

1o

n.b.

_&Wm,“;a o

oo

oo

P

—o—

o BT

oo

-

e

@Pﬂ—a‘lfo

n.b.

o e
S

= 1 4

n.b.

n.b.

PR

e

"

—4

n.b.

o
PRI

ooy
JE

50 100 150 200 250 300 050 10 150 200 250 300

50 100 150 200 250 300 0 50 100 150 200 250 30

0 0 50 100 150 200 250 300

50 100 150 200 250 3

84SSvY

| €4SSVY

a3

Concentration (pM)
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The data is summarized in bar charts and Kq values are shown above each bar in Figure
3.5. The red bars represent very strong binding to RAS-mantGppNHp, and green bars also
indicate intermediate binding with RAS proteins. However, grey bars show the non-

significant binding with RAS proteins.
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Figure 3.5: Equilibrium dissociation constants for RAS proteins interaction with the RASSF
family determined via fluorescence polarization. Grey bars represent the non-significant binding to
RAS-mantGppNHp; red bars indicate very strong binding, and green bars represent intermediate binding
with RAS proteins. Dissociation rate constant (Kq) values are shown above each bar.

3.1.5 In silico analysis of the RAS-RASSF interactions
Previous studies focused mainly on RASSF5 interaction with RAS proteins, but there is a

lack of information for interaction between majorities of RASSF members with a variety
of RAS proteins under the same conditions. For this reason, we performed further analysis
on RASSF5 and HRAS structure (PDB ID: 3DDC), which is the only known domain structure
from this family. The main regions of RA RASSF5 that are involved in the interaction with
RAS proteins are 2 and al. The amino acids that are important in this interaction are
highlighted in sequence alignment in red in Figure 3.7. There are several vital residues
including P283, K308, and F309, that are conserved among the group one (RASSF1-6).
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However, other important residues such as L282, D285, A286, 1287, K288, Q289, and
H291 are almost conversed between RASSF5 and RASSF1 (Fig. 3.6).

£ S al -
RASSF5 - - - - - - - - - - - - - - TDKRTSFYLP--LDA IKQLHISSTTTVSEVIQGLLKK
RASSF1 - - - - - - - - - - - - RGTSVRRRTSFYLP--KDAVKHLHVLSRTRAREV IEALLRK

RASSEZ  verwsr mee spmvmge soiiio YNHKTSVFTP-AYGSVTNVRINSTMTTPQVLKLLLNK
RASSF3 YTGF IKVQMELCKPPQTSPNSGKLSPSSNGCMNTLHISSTNTVGEV IEALLKK

RASSF4 YNHKTSVFTP-AYGSVTNVRVNSTMTTLQVLTLLLNK
RASSF6 YNHETSIF IP-AFESETKVRVNSNMRTEEV IKQLLQK
RASSF7 AAMELKVWVD--GIQRVVCGVSEQTTCQEVV IALAQA
RASSFE - -----ccccocecnonaan MELKVWVD--GVQRIVCGVTEVTTCQEVV |ALAQA

RASSF9
RASSF10

EEKEIVVWVC--QEEKLVCGLTKRTTSADVIQALLEE HEATF GE
SEKKISVWIC--QEEKLVSGLSRRTTCSDVVRVLLEDGCRRRRRQRRSRRLGSAGDPHGPGELPEPPNEDDEDDDEALPQGM

G2 e AT a3 1} Bs —o

RASSF5 VVDNPQKFALFKRIHKDGQVLFQKLS IADRPLYLRLLAGPDTEVLSFVLKENET
RASSF1 VVDDPRKFALFERAERHGQVYLRKLLDDEQPLRLRLLAGPSDKALSFVYLKENDS

RASSF2 |ENSAEEFALYVVHTSGEKQ---KLKATDYPLIARILQGPCEQISKVFLMEKDQ
RASSF3 VTESPAKFALYKRCHREDQVYACKLSDREHPLYLRLVAGPRTDTLSFVLREHE-
RASSF4 VEDGPSEFALY IVHESGERT---KLKDCEYPLISRILHGPCEKIARIFLMEADL
RaSsSF6 | ENSPQDFALHI IFATGEQR---RLKKTDIPLLQRLLQGPSEKNAR I|FLMDKDA
RASSF?7 - |GQTGRFVLVQRLREKERQ----LLPQECPVGAQATCGQFASDVQFVLRRTGP
RASSF3 - IGRTGRYTLIEKWRDTERH----LAPHENP I ISLNKWGQYASDVQLILRRTGP
RASSF§ LLGKPSDYCI |EKWRGSERV----LPPLTRILKLWKAWGDEQPNMQFVLVKADA
RASSFI0 LCGPPQCYCIVEKWRGFERI----LPNKTRILRLWAAWGEEQENVRFVLVRSEA

Figure 3.6: Sequence-structure analysis of RASSF RA domains. Amino acid sequence alignment of
the RASSF family is shown using the ClustalW algorithm from the Bioedit program. Hotspot residues involved
in RAS interaction are highlighted in red, and the secondary structure of RA RASSF5 is shown on top.

The structure models of RA RASSFs were generated, using the Swiss-model website. The
sequence of the protein of interest was added to this website, and it found a template
from the published PDB structure and provided a structure model. The obtained models
for each group were next overlaid. For group one of RASSF proteins, all models except
some regions of RASSF3, are overlapping (Fig. 3.7). However, group two models are not
completely aligned with RA RASSF5, which are also different in sequence alignments (Fig.
3.6). The amino acids that are important in the interaction between RASSFs and HRAS,
are highlighted in Figure 3.7. they are also shown in the left panels in Figure 3.8. These
regions are critical for RAS binding and it suggested a high possibility in the interaction
between group one of RASSF family and HRAS protein, apart from group two of this family

members.
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Figure 3.7: Structural modeling of RASSF RA domains. Structural models of RA RASSF proteins
(expect for RASSF5) were generated using the Swiss-model website. RA RASSF5-HRAS (PDB ID:3DDC) was
used as a template. HRAS structure is shown in green. Critical amino acid residues in the RA RASSF5 domain,
which are involved in the interaction with HRAS, are shown in the left panels. (A) RA domain models of
group one (RASSF5 (purple), RASSF1 (cyan), RASSF2 (orange), RASSF3 (yellow), RASSF4 (green), RASSF6
(blue), which aligned specially in the interaction regions together. (B) RA domains of group two (RASSF7
(dark purple), RASSF8 (magenta), RASSF9 (orange), RASSF10 (cyan)) that are not completely overlapped
with RA RASSF5 as a template.
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3.2 Structure-function relationship of ROCK1

3.2.1 Expression and purification of ROCK full-length

ROCK1 full-length contains 1345 amino acids and has a MW of 160 kDa. ROCK1 was
cloned into a pFastBac HTb vector, containing an N-terminal Hiss tag, and was used for a
baculovirus-insect cell expression system. ROCKI expression was performed in BTI-
7mo38 cells, which were transduced by baculoviruses at 70% confluency (1.5x106
cells/ml) in a culture volume of 350 ml. After four days, cells were collected by
centrifugation (8000 rpm, 15 min, 4°C), washed twice in buffer (40 mM HEPES pH 7.5,
150 mM NaCl, 3 mM B-mercaptoethanol), and lysed by sonication (70% duty cycle, 80%
power for 20 secs; 3 times for 1 min, respectively) in buffer (40 mM HEPES pH 7.5, 150
mM NaCl, 3 mM B-mercaptoethanol, 100 pl DNase-I and one protease inhibitor cocktail
tablet). After centrifugation (16000 rpm, 30 min, 4°C), the supernatant was loaded on a
Ni-NTA column. Using high salt buffer, the unbound proteins were washed out, and
ROCK1 full-length was eluted in buffer containing 500 mM imidazole. The eluted fractions
were concentrated using Amicon 100 kDa cut-off, and the concentrated protein was
loaded on size exclusion chromatography (SEC; Superdex 200 26/60 column) to remove
impurities using 100 mM NaCl, 30 mM Tris/HCI pH 7.5, 5 mM MgCl;, 3 mM DTT. Eluted
ROCK1 fractions were separated on SDS-PAGE and fractions with purified protein were
collected and concentrated with Amicon 100 kDa cut-off, which reached the concentration
of 15 pM. Then, the purity of the sample was checked with western blot using two
different antibodies. The anti-His antibody binds to the His-tag in N-terminus of ROCK and
the anti-ROCK antibody binds to the kinase domain of the protein (Fig. 3.8). The purified
protein was stable in standard buffer (100 mM NaCl, 30 mM Tris/HCl pH 7.5, 5 mM MgCl,,

3 mM DTT) and then it was snap frozen in liquid nitrogen and stored in -80°C.
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Figure 3.8: SDS-PAGE and western blot of ROCK full-length. The protein sample was separated on
a gel with two different markers (the first one is a marker for high range molecular weight and the second
one is standard marker). (A) The sample was run on SDS-PAGE and stained with comassive brilliant blue
(CBB). (B), (C) The purity of the sample was checked on western blot with two different antibodies (anti-
His which recognize N-terminus of protein and anti-ROCK, which interact with the kinase domain).

3.2.2 Guanine nucleotide dissociation inhibition measurements
By using the guanine nucleotide dissociation method (GDI method), the interaction

between RHOA and ROCK domains was analyzed. Since the binding of this effector does
not affect the environment of the fluorophore mantGppNHp, no changes in fluorescence
could be observed upon mixing RHOA-mantGppNHp with ROCK proteins (Blumenstein &
Ahmadian, 2004). Therefore, the release of mantGppNHp from RHOA in the presence of
200-fold excess of unlabeled GppNHp was measured. For this purpose, 0.2 uM RHOA-
mantGppNHp was used and by adding 40 uM unlabeled GppNHp to the solution the
exchange of nucleotide was accomplished within 5 hours using a buffer, containing 30
mM Tris/HCI pH 7.5, 10 mM Na;HPO4/NaHPO4 pH 7.5, and 5 mM DTT. However, in the
presence of (5 yM) ROCK RBD in similar conditions, after 5 hours the rate of nucleotide
dissociation decreased significantly. Due to the binding of RHOA-ROCK RBD, and
nucleotide was not able to exchange fast. Additionally, this experiment was monitored in
the presence of (5 pM) ROCK full coiled-coil domain (ROCK FCC), which contains HR1,
RID and RBD domains of ROCK and as it had been shown previously, each of them has
the ability to interact with the active form of RHOA. The GDI measurements represent,
ROCK domains bind to RHOA in its active form and also in the presence of ROCK FCC
domain, the dissociation rate is lower compared to ROCK RBD (Fig. 3.9).
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Figure 3.9: Guanine nucleotide dissociation inhibition (GDI) measurement of the various ROCK
domains with RHOA-mantGppNHp. (A) Schematic representation of ROCK1 protein. The black bars
indicate the full coiled-coil domain (FCC) and RHO binding domain (RBD) which were used in this study. (B)
Inhibition of mantGppNHp dissociation from RHOA (0.2 uM) was monitored in both absence and presence
of 5uM ROCK domains (RBD, FCC) and 40 uM RHOA-GppNHp. This data indicated that the nucleotide
dissociation from RHOA significantly decreased in the presence of ROCK domains.

3.2.3 Kinase assay

Activation of ROCK signaling leads to phosphorylation of different substrates and a variety
of biological functions. In this work, in order to check the activity of ROCK full-length and
its kinase domain, myosin phosphatase-targeting subunit 1 (MYPT1) was used. MYPT1 is
a ROCK substrate and its phosphorylation by ROCK results in inhibition of its enzymatic
activity (Amin et al., 2013; Hagerty et al., 2007; Hudson, Heesom, & Lépez Bernal, 2011).
GST-MYPT1 purified from £. coli can be visualized in western blot with anti-GST antibody.
When this protein phosphorylated by ROCK stained by an anti-phospho-MYPT1 antibody.
In this assay, 400 uM ATP and 5 uM MYPT1 were used for all conditions at different time
points 0, 5, 15, 30, 60 and 120 min. 30 pl of each sample was denatured in 6 pl Laemmli
buffer (5x) and 10 pl urea (10M) at 99 °C for 5 min. In the first step, the phosphorylation
of MYPT1 was tested in the absence of ROCK protein as a control, it indicated that MYPT1
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is not phosphorylated at all (Fig. 3.10A). In the next step, MYPT1 phosphorylation was
measured by adding 0.02 pM of ROCK full-length, which indicates that ROCK protein is
active even in the absence of RHOA as upstream activator (Fig. 3.10A). Adding 5 uM
RHOA-GppNHp to 0.02 pM of ROCK full-length showed that the phosphorylation level of
MYPT1 slightly increased but it is not very significant compared to the condition without
RHOA (Fig. 3.10A, B). Unexpectedly, the kinase domain (0.02 uM) exhibited a lower
activity compare to the ROCK full-length. As a negative control, ROCK inhibitor (Y-27634
(5uM) was added to the reaction, in the presence of 0.02 uM of ROCK full-length. As
expected, no substrate phosphorylation was observed. All samples were run on western
blot and checked with GST antibody and p-MYPT1 antibody, which are showed separately,
and also merged in Figure 3.10A.

In the next step, the C-terminus of ROCK1, which is known as an auto-inhibitory region
(AID; aa: 918-1345) was cloned in PET11a vector which contains His-tag and this protein
was produced in E£. coli as described in part 3.1.1. It has been proposed that this region
enables to block of the active site of the kinase domain and inhibits its activity (Hartmann,
Ridley, & Lutz, 2015; Julian & Olson, 2014). Therefore, the kinase assay was performed
in different concentration of ROCK protein from 0.2 uM to 14 uM in the present of 20 uM
AID. However, in our measurements, no reduction in phosphorylation level was observed
and AID region does not seem to have any effect on the activity of ROCK1 and is

represented in Figure 3.10C.
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Figure 3.10: Kinase assay analysis of MYPT1 phosphorylation. (A) Western blot analysis of MYPT1
phosphorylation. The samples in various conditions were collected at different time points 0, 5, 15, 30, 60
and 120 min. They were checked via the GST-MYPT1 antibody and p-MYPT1 antibody, which merged in the
last row together. As a control, conditions without ROCK protein and ROCK inhibitor in the presence of
ROCK protein had checked, and the results showed that no phosphorylation for MYPT1. (B) Statistical
analysis of MYPT1 phosphorylation by ROCK full-length in the presence and absence of RHOA-GppNHp. The
kinase assay was performed five independent times and the results of western blot analyzed and shown in
the above curves. It indicated ROCK full-length is able to phosphorylate MYPT1 as its substrate and by
adding RHOA in active form, the level of phosphorylation slightly increased. (C) Western blot analysis of
MYPT1 phosphorylation in the presence of AID. Different concentration of ROCK full-length were checked
with a high molar excess of AID. However, the phosphorylation level of MYPT1 remained constant.

3.2.4 Structural analysis via cryo-electron microscopy
According to kinase assay, the ROCK protein seems active and may not exist in an

autoinhibited state. To analyze the structure of ROCK1 in more detail, purified ROCK FL
was subjected to cryo-electron microscopic analysis in the present and absence of
liposome in collaboration with Dr. Sabrina Pospich and Prof. Stefan Raunser at the Max-
Planck institute of Molecular Physiology in Dortmund, Germany. After the sample were

absorbed on copper grids, they were negatively stained with 0.75% uranyl formate before
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blotting with filter paper. The cryo-electron microscopy images revealed that ROCK1
adopts a fully open, elongated structure with a central segment (called full coiled-coil or
FCC), that forms a parallel coiled-coil dimer with the flanking globular structures of the

kinase at the N-terminus and the PH-C1 domains at the C-terminus (Fig. 3.11).

Grid 2A - Mic6

Figure 3.11: Cryo-electron microscopy images of ROCK full-length. Purified ROCK protein was
sprayed on microscopy grids and the conformation of ROCK protein by electron microscopy has been
recorded. The terminal kinase and PH-C1 domains are highlighted in two different colors, which are
separated from each other by fully elongated coiled-coil region (120 nm).

This observation raised an important issue regarding the nature and physical properties
of ROCK FL. To gain additional insights into the structural properties of this protein, the
liposome assay was performed. In this method, different concentrations of Folch I
liposomes added to 30 pl ROCK protein (0.2 mg/ml), and centrifuged for 30 min, 4°C at
20,000g after incubation for 20 min at room temperature. Immunoblotting of the
supernatant and the pellet fractions were performed using an anti-ROCK antibody. Figure

3.12 shows that ROCK1 FL bound to and remained on liposomes after centrifugation.
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Figure 3.12: Interaction of ROCK1 to the liposome. Different concentrations of FolchI liposome have
been tested to examine liposome binding ability of ROCK1 full-length. Sedimentation assay separated ROCK
fraction, which is bound to liposome (pellet) from non-bonded protein (supernatant).

Moreover, electron microscopy was performed using a preformed ROCK FL in complex
with Folch I liposomes (3mg/ml). These data shown in Figure 3.13 clearly indicates that
the central amphipathic region of ROCK remained as an elongated a-helical coiled-coil
dimer while the C-terminal regions, containing PH-C1 domains, were associated with

liposomes.
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Figure 3.13: Cryo-electron microscopy imaging on ROCK FL associated with liposomes.
Liposome assay was performed on ROCK protein, and then the sample applied on microscopy grids and
ROCK FL by electron microscopy has been recorded. The kinase domain and C-terminus regions are shown
in two different colors, indicating the association of the PH-C1 domains of ROCK FL with the liposomes.

3.2.5 Localization of RHOA and ROCK
In order to investigate the role of RHOA in activation of ROCK protein, localization of

RHOA and ROCK proteins was studied with a cell-based assay at different conditions,
including serum-starved, 1% FBS and 10% FBS. For this purpose, HMEC-1 (Human
Mammary Epithelial Cell 1) cell line was cultured in DMEM media with 10% Fetal Bovine
Serum (FBS). The cells were seeded on the glass coverslip and grown for 24 hours with

three different serum conditions. The cells were fixed with 4% PFA, permeabilzed with to
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0.25% Triton-X-100/PBS for an hour at room temperature and stained with anti-RHOA
antibody and anti-ROCK antibody. DAPI was used as a marker for nuclei and phalloidin

for F-actin visualization. Figure 3.14 shows RHOA and ROCK localized in cytoplasm in all

conditions, and the morphology of the cells did not change remarkably.
DAPI RhoA Phalloidin Merge

Serum
starved

FBS1%

FBS10%

ROCK Phalloidin

Serum
FBS1% starved

FBS10%

Figure 3.14: Localization of ROCK and RHOA. Cells treated in three different conditions: Serum
starved, 1% FBS, and 10% FBS for 24 hours. The localization and morphology of the cells for all conditions
are the same. DAPI (blue) used as a marker for nuclei and phalloidin (red) for F-actin. Both RHOA and
ROCK localized on the cytoplasm (green). Scale bar = 10 pum.
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3.3. PKN-RHO proteins interaction

3.3.1. Expression and purification of PKN1 HR1 domains

PKN1 contains three homology region-1 (HR1) domains, called HR1a, HR1b, and HR1c
which are located at its N-terminus. It has been shown that HR1a and HR1b domains bind
to the RHO family GTPases (Flynn et al., 1998; Shibata et al., 1996). In order to
investigate the molecular mechanism of PKN protein interaction with RHO proteins, we
performed different analysis. HR1a, HR1b, HR1c, HR1lab, and HR1labc domains were
cloned in pMAL vector, which contains maltose-binding protein (MPB, 42 kDa). MBP
increases the overall molecular weight of HR1 domains and it helps to measure their
interaction via fluorescence polarization. These domains were expressed in £. coli and
purified based on the protocol, which is described in part 3.1.2. In order to check the
purity of the purified proteins, they were loaded on SDS-PAGE (Fig. 3.15). All MBP-HR1
domains of PKN1 protein were stable in standard buffer (30 mM Tris/HCl pH 7.5, 100 mM
NaCl, 3 mM DTT), and the concentrated proteins (HR1a: 500 uM, HR1b: 262 puM, HR1c:
800 uM, HR1lab: 539 pM, HR1labc: 373 pM) were snapped frozen in liquid nitrogen and
stored at -80°C.

15 -

10 -

Figure 3.15: Purified MBP-HR1 domains of PKN protein. Coomassie stained SDS-gel showed Samples
from the final purification step for each MBP-HR1 domain (5 pg) and the standard molecular marker in kDa.
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3.3.2. Fluorescence polarization of PKN-RHO proteins
In this study, RAC1 and RHOA proteins were used and they were purified and labeled with

appropriate fluorescent nucleotides as describe in parts 3.1.3 and 3.1.4. Previous studies
have described RHOA involved in the interaction with HR1a and HR1b (Shibata et al.,
1996) and RAC1 interact with HR1b of PKN (Owen et al., 2003). Therefore, mantGppNHp-
bound form of RHOA and RAC1 proteins (1 UM respectively) were added to cuvette with
200 pl buffer (30 mM Tris/HCI pH 7.5, 100 mM NaCl, 3 mM DTT), and fluorescence
polarization was monitored using a Fluoromax 4 fluorimeter. Increasing concentrations of
MBP-HR1 fusion proteins were titrated on RHO protein. Polarization change, as a signal
for complex formation (Fig. 3.16), was used to calculate the equilibrium dissociation
constant (Kq) for the interaction between the HR1 domains and the RHO proteins (Fig.
3.17).
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Figure 3.16: Interactions of the PKN1 HR1l domains with RHO proteins monitored by
fluorescence polarization. Increasing amounts of MBP fusion PKN1 proteins (as indicated on the x-axis)
were titrated on 1 pM mantGppNHp-bound RHOA or RAC1. The interaction was measured using
fluorescence polarization.

The results summarized in Figure 3.17 show that binding affinities of HR1b and HR1c for
RHOA and RAC1 are very similar and contrast those of HR1a, HR1ab and HR1abc, which
are 3 to 6-fold higher for RHOA than RAC1. Among the individual HR1 domains, HR1a has
the highest binding affinity toward RHOA, which increased significantly for HR1ab and
HR1abc (Fig. 3.17), and it suggests a cooperative association of at least two HR1 domain
with RHOA.
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Figure 3.17: Summarized equilibrium dissociation constants (K4) as a bar chart for RHOA and
RAC1 interactions with HR1 domains of PKN1. Grey bars represent the K4 values for the interaction
of the PKN HR1 domains with RHOA and RAC1, respectively, and they determined by fluorescence
polarization shown in Figure 3.17.
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Chapter IV: Discussion

4.1 The selectivity of RAS-RASSF protein interactions
RAS family proteins are involved in multiple signaling pathways and in a variety of cellular

processes, including survival, apoptosis, migration, differentiation, and proliferation
(Nakhaei-Rad et al., 2018; Vetter & Wittinghofer, 2001). Therefore, physical interaction
with and consequently the activation of various downstream effectors is required. It is not
completely clear how the binding affinities of the isolated effector domains for RAS
proteins determine the specificity of interaction in the cell. Some studies have shown that
the biological roles of the RAS family proteins are diverse, while interacting with the
common set of effector domains. However, the effectors and their activation mechanisms
by the members of the RAS family, such as RAP, RAL, and RHEB, are not well understood
(Wohlgemuth et al., 2005). Based on the phylogenic analysis of 25 members of the RAS
family (Nakhaei-Rad et al., 2018) (Fig. 1.5), we have selected one representative for each
subfamily: HRAS for the classical RAS proteins, RRAS1 for RRAS subfamily, RALA for RAL
subfamily, RAP2A and RAP1B for RAP subfamily (to compare interaction in two different
subfamilies of RAS proteins), and RHEB1 for RHEB subfamily. This selection considerably
extended the number of RAS proteins for the effector interaction analysis, which have not
been reported to date.

RASSF proteins were determined as the first RAS effector with non-enzymatic function,
which control apoptosis and thus known as tumor suppressors. Thus, they are
downregulated in many human cancers, such as lung and breast cancers (Joseph Avruch
et al., 2009; Moshnikova, Frye, Shay, Minna, & Khokhlatchev, 2006; Sherwood, Recino,
Jeffries, Ward, & Chalmers, 2010; Takenaka, Inoue, Takeshima, Kakura, & Hori, 2013;
Louise van der Weyden & David J Adams, 2007). The crystal structure of the RA domain
of RASSF5 with HRAS has been determined (Stieglitz et al., 2008), but other members of
the RASSF family are still poorly characterized. For example the interaction of endogenous
RASSF1C with an active variant of HRAS (G12V) has been shown to promote apoptosis in
293-T cells (Vos et al., 2000). RASSF7 have been reported to interact with NRAS (G12V)

in Hela cell after UV irradiation, and thus to be important in apoptotic pathways and
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tumorigenesis (S. Takahashi et al., 2011). Among the RASSF1-9, the RA domains of
RASSF5, RASSF6, and RASSF7 have been shown, in a GST pull-down assay, to bind HRAS.
However, it should be considered that the pull-down method can mainly detect typically
binding affinities up to a dissociation constant of 10 uM (Bunney et al., 2006). Therefore,
low-affinity interactions cannot be determined by this method (Chan et al., 2013).
Additionally, the interaction of some members of the RAS family, including HRAS, RRAS3,
and RAP1B with two members of RASSF family (RASSF5 and RASSF1C) has been studied
using ITC (Kiel et al., 2005). Accordingly, RASSF1C RA interacts weakly with RAS (39 uM)
and there was no interaction with RAP1B. RASSF5 RA interacts with high affinity with
HRAS, RRAS3 and RAP1B (0.32, 0.31 and 2.8 pM, respectively). Thus, it was necessary
to comparatively study the interaction of all RASSF family members with the respective
representatives of the RAS family under the same conditions and an appropriate method,
such as fluorescence polarization.

Our measurements revealed that the interaction of the RA domain of the RASSF family
proteins with the representatives of the RAS family is diverse. Among the members of
RASSF family, RASSF1 and RASSF5 share the highest sequence homology in their RA
domain and the residues (e.g., L282, D285, A286, 1287, K288, Q289, and H291), involved
in RASSF-RAS interaction, are almost identical (Fig. 3.6). In the group 1, RASSF2 RA and
RASSF4 RA share 60% identity to each other and ca. 40% identity to RASSF6 RA (Fig.
3.6). There are several critical, highly conserved residues among the group one of RASSF
family, which are involved in the interaction with RAS proteins, such as P283, K308, and
F309. However, RAS-binding residues are not conserved in group two of RASSF family
and our data showed a very low binding affinity between RAS and RA domains of group
two (Fig. 3.5). Overall, the RA domains of these two RASSF groups are about 25%
identical. Additionally, RA RASSF7 and RA RASSF8 sequences are aligned together
especially in residues that are involved in RAS binding and they revealed, with a few
exceptions, comparable Kd values for different representatives of the RAS family (Fig.
3.5). Our models showed that group one has a high capacity to interact with RAS proteins,
especially HRAS with RASSF1 and RASSF5, respectively. Nevertheless, structural models
for group two of RASSFs could not properly align with the RASSF5 structure (Fig. 3.7).
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Overall, our experimental data exhibited high selectivity for RASSF1 and RASSF5 compare
to other members of the RASSF family (Fig. 3.5), which is in agreement with the /n silico
modeling (Fig. 3.7). Moreover, previous studies showed among the RASSF family
members, RASSF1 and RASSF5 are involved in numerous signaling pathways which enable
them to regulate different biological functions such as senescence, cell migration,
apoptosis, and protein stability (Donninger, Schmidt, Mezzanotte, Barnoud, & Clark,
2016).

Furthermore, our measurements revealed the same effectors have a different binding
affinities for the RAS family proteins. RAS proteins share a conserved GDP/GTP binding
domains (G1-5 domains), which is important for nucleotide-dependent conformational
changes, but their sequences are not identical and show distinct differences (Fig. 1.5)
(Nakhaei-Rad et al., 2018; Wittinghofer & Vetter, 2011). High affinity binding of RAP2A
and RAP1B to RASSF1 and RASSF5 (Fig. 3.6) is in-line with the proposed biological
functions in tumor suppression (Katagiri, Maeda, Shimonaka, & Kinashi, 2003; Praskova,
Khoklatchev, Ortiz-Vega, & Avruch, 2004; Vos, Martinez, Ellis, Vallecorsa, & Clark, 2003).
Our data showed a lower binding affinities for RASSF1 and RASSF5 with RHEB1 compared
to HRAS, RRAS, and RAP proteins. This difference can happen because RHEB1 proteins
have some differences in the switch II regions compared to RAS proteins. In RAS, an a-
helical conformation leads to changes upon GTP/GDP cycling. However, it has been
investigated that switch II region of RHEB proteins undergoes minor changes in response
to this cycle and Q64 in this region does not contribute to GTP hydrolysis (Parmar &
Tamanoi, 2010). Furthermore, RALA interestingly binds with intermediate affinity to
RASSF1. RALA contains Lys-47 and Ala-48 in the switch I region instead of Ile-36 and Glu-
37 (HRAS numbering; Fig. 1.5), which are known to critical for the RAS-effector
interactions (Bauer et al., 1999). RALA-RASSF1 interaction has not been reported to this
date.

In conclusion, our data exhibited RASSF members interact differently with various RAS
proteins. This leads to specificity in the signaling properties and biological function of
different RAS proteins. These insights help us to understand the specificity of protein-

protein interactions in potential tumor suppressor, apoptosis, and protein stability
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properties of RASSFs. Moreover, the consequences of RAS proteins with RA domain of
RASSF proteins could involve in conformational changes that translocate the SARAH
domain of RASSF protein to the membrane. Also it can influence SARAH-mediated
dimerization which regulate other downstream proteins (including MST kinases) and it
may provide a greater understanding on the molecular mechanism of this family.
Therefore, further interaction and structural studies on full-length RASSF proteins and
functional reconstitution of RAS interaction networks by using appropriate liposomes may
eventually help to determine the functional characterization of multiprotein complexes of

RAS and the complete identification of regulatory mechanisms.

4.2 Structure-function relationship of ROCK protein
The RHO-ROCK interaction controls fundamental cellular functions, thus serves as

distinguished therapeutic targets in the treatment of a wide variety of diseases,
particularly cardiovascular diseases. Using different methods, such as EM, GDI
measurement, kinase assay and confocal imaging, we studied the physical and structural
properties of ROCK protein and its interaction with RHO GTPases. As previous studies
have proposed, ROCK RBD domain has a dimeric structure, but ROCK HR1la domain
resembles like PKN1 HRla domain which has an anti-parallel coiled-coil monomeric
structure (Blumenstein & Ahmadian, 2004). However, some studies showed that the
structures of different domains of this protein such as RBD, CCC, and SBD switch between
dimer and tetramer (Mohan et al., 2013; Shimizu et al., 2003; Tu et al., 2011). The most
obvious feature for coiled-coil region of ROCK is its ability to form oligomers and dimers.
This feature may allow the combination of interaction between head and tails (Amano,
Fukata, & Kaibuchi, 2000; Chen et al., 2002; Craft Jr et al., 2013; Doran, Xun, Taslimi,
Saadat, & Ted, 2004; Jacobs et al., 2006; Wen et al., 2008). Some of these studies were
based on the proposed autoinhibitory loop, formed by binding of the C-terminus of ROCK
to its N-terminal kinase domain that negatively regulates its kinase activity (Amano et al.,
2000). The kinase domain includes a dimerization region (aa 47-78) and a hydrophobic
motif (aa 370-420), responsible for the dimer formation of ROCK (Chen et al., 2002;
Couzens et al., 2009; Doran et al., 2004; Wen et al., 2008). Furthermore, it has been
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suggested that the C-terminal PH-C1 domains of ROCK associate with the cell membrane
even in an inactive form (Wen et al., 2008). Therefore, in order to understand the
functional role of such an elongated coiled-coil protein (the length of globular kinase
domains to PH-C1 domains is more than 100 nm long), we performed different structural
and functional analyses.

It has been shown that ROCK protein interacts through three different binding domains
(RBD, RID and HR1) with the active form of RHOA (Dvorsky et al., 2004). In the first step,
the RBD dimeric coiled-coil domains interact with switch regions of two RHOA proteins.
Then RID domains might approach the loop six area of the two RHOA proteins, which
leads to rearrangement in the structure and cancelation of the autoinhibitory inhibition of
this protein. Finally, the HR1 domains interact with the site I of RHOA protein and induce
the dimerization of the kinase domains, which lead to autophosphorylation of this protein
(Blumenstein & Ahmadian, 2004). Therefore, we performed further experiments and
analyzed the interaction of the full coiled-coil region which contains all these three RHOA-
binding domains. Moreover, we used the RBD domain as the control for interaction with
RHOA protein for the GDI measurements. The data revealed in the presence of ROCK
domains, the rate of nucleotide exchange of RHOA protein decreased which is likely due
to the interaction of effector domains to RHOA. We showed that full coiled-coil region
binds tighter to RHOA as compared to isolated RBD domain (Fig. 3.9).

In vitro experiments have been shown that ROCK protein phosphorylates MYPT1 at two
positions (Thr-696 and Thr-853) (Hagerty et al., 2007; Kimura et al., 1996; Loirand,
Guérin, & Pacaud, 2006; Somlyo & Somlyo, 2003). Phosphorylation in both positions lead
to autoinhibition of myosin light chain phosphatase (MLCP), which is involved in calcium
sensitization of smooth muscle contraction (Jeon et al., 2012; Khromov, Choudhury,
Stevenson, Somlyo, & Eto, 2009). In order to investigate the activity of ROCK protein,
kinase assay is performed. In this method, the level of phosphorylation of MYPT1 as one
of ROCK substrate was investigated at different time points. The results showed that
ROCK protein was able to phosphorylate MYPT1 in the absence of RHOA. Addition of
RHOA to the assay only slightly increased the ROCK activity. As a control, ROCK activity
was successfully inhibited in the presence of the ROCK inhibitor (Fig. 3.10). Moreover, the
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level of MYPT1 phosphorylation by the kinase domain was considerably lower as compared
to the full-length protein, which might be due to the lack of its dimerization, as determined
by analytical gel filtration.

Furthermore, the ROCK full-length protein was modeled using the program CHARMm.
Accordingly, ROCK HR1 domain was aligned with other structures, including ROCK1 CC
structure (PDB ID: 300Z)(Tu et al., 2011), ROCK SBD structure (PDB ID: 4L2W)(Mohan
et al., 2013), ROCK RBD structure (PDB ID: 1S1C)(Dvorsky et al., 2004; Shimizu et al.,
2003), kinase dimer structure (PDB ID: 2ESM)(Jacobs et al., 2006), and PH-C1 structure
(PDB ID: 2ROW)(Wen et al., 2008). This structure proposed that full-length ROCK protein
contains a parallel a-helical coiled-coil structure that may undergo dynamical changes

upon binding to RHOA and membrane (Fig. 4.1).

ROCK"™ ROCK* ROCK™ ROCK™
19.5 nm 23.1 nm 9.7 nm 9.7 nm
(PDB code: xxxx) (PDE code: 300Z) (PDB codes: 2L4W) (PDB codes: 181C & 1UIX) i

Kinase dimer PHN-C1-PHc .~
(PDB code: 2ESM) (PDB code: 2ROV)

Figure 4.1: Structure properties of ROCK full-length protein. ROCK model structure is built by
combing various available structures of different domains, including kinase domain (red), ROCK HR1
(orange), ROCK CC (blue), ROCK RBD (turquoise) and ROCK PH-C1-PH domain (purple), as indicated by
the protein database (PDB) codes.

To understand the structure of ROCK protein in more detail, we performed EM
measurement using purified ROCK full-length, in absence and presence of the liposomes
(Fig. 3.11, 3.13). Under both conditions, ROCK protein has an elongated structure with
the length of about 100 nm. This structure strongly suggests that ROCK does not exist in
an autoinhibited state, where the PH-C1 contact the kinase domain; instead PH-C1
domains are associated with liposomes as examined by liposome sedimentation assay.
Our model is in agreement with the proposed model by Truebestein et al. for ROCK2
protein, which shares 65% sequence identity with ROCK1. Accordingly, it has been
suggested that ROCK2 accesses to its substrate as a molecular ruler and it is constitutively

active on the cell membrane (Truebestein, Elsner, Fuchs, & Leonard, 2015) (Fig. 3.13).
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The localization of ROCK and RHOA protein in Human Mammary Epithelial Cells (HMEC)
under different conditions, such as serum starved, 1% FBS and 10% FBS. The results
determined in all the conditions both RHOA and ROCK localized in the cytoplasm as both
proteins associate with the cell membrane (Fig. 3. 14). Previous studies have been shown,
geranylgeranylation of RHOA localized to the cell membrane which is essential for its
biological function and interaction with downstream effectors (X. Li et al., 2002). Also,
ROCK protein binds to membrane via C-terminal PH-C1 domains (split PH domains) (Wen
et al., 2008).

Additionally, it has been shown RHOA interacts with three different domains of ROCK
protein, including HR1, RID, and RBD. Thus it has been suggested that RHOA activates
ROCK protein through an allosteric association with these domains, that induces
conformational changes and activation of ROCK (Blumenstein & Ahmadian, 2004).
Moreover, abnormal activation of this pathway observed in numerous human diseases,
and this pathway is interested as a new drug target (Mardilovich, Olson, & Baugh, 2012;
Narumiya et al., 2009; Schofield & Bernard, 2013). Some studies focused on targeting
directly RHO proteins, which leads to blocking the RHO-ROCK signaling pathways (Olson,
2008; Riento & Ridley, 2006). For example, phosphorylation of the cell cycle inhibitor p27
by RSK1, which is downstream of RAS protein, has been analyzed. The results indicated
that it directly binds to RHOA and leads to inhibition of ROHA-ROCK pathway (Larrea,
Wander, & Slingerland, 2009).

Overall, the RHOA-ROCK pathway has emerged as one of the key signal transduction
pathway. It regulates a wide variety of cell functions, such as apoptosis, motility,
contraction, and proliferation. As we mentioned above, abnormal activation of this
pathway had been shown in cancer, cardiovascular diseases. In our measurement, the
interaction between RHOA-ROCK and localization of both on the cytoplasm is determined.
On the other hand, our biophysical analysis and electron microscopy measurement, did
not support the autoinhibited state for this protein. Therefore, they might be other scaffold
protein or ligands, which are not known yet. They may be important to maintain ROCK in
the autoinhibited state. By interaction of this protein with RHOA, it might activate and

lead to activation of substrate and signaling transduction.
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4.3 Molecular Mechanism of PKN-RHO family interaction
PKN protein has been investigated as one of the RHO family effectors. It is involved in

the regulation of downstream target proteins such as vimentin, a-actinin, and subunits of
neurofilaments (Matsuzawa et al., 1997; Mukai et al., 1997; Watanabe et al., 1996).
Additionally, PKN protein regulates cellular processes, including vesicle transport (Gampel,
Parker, & Mellor, 1999; Ridley, 2001), cell cycle regulation (Misaki et al., 2001), and
control of transcription factor (Kitagawa, Mukai, Takahashi, & Ono, 1998; Takanaga,
Mukai, Shibata, Toshimori, & Ono, 1998).

For the first time, the homology region 1 (HR1) was investigated at the N-terminus of the
serine/threonine protein kinase PKNa/PRK1, which contains three HR1 domains (HR1a-
). These domains have been shown as RHO binding domain in many effectors (Flynn et
al., 1998; Palmer et al., 1995). Based on the sequence analysis of different HR1 domains
in the RHO effector proteins, they can be divided into two groups, the PKN-type and the
ROCK-type HR1 domains. The sequence of ROCK-type HR1, which include ROCK, Citron,
and Kinectin proteins are longer and do not share the same homology as compared to
the PKN-type HR1, including PKN, Rhophilin, and Rhotekin (Fig. 4.2).

PKN-type HR1
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Figure 4.2: Sequence comparison studies of ROCK-type and PKN-type HR1 domains. The
sequence alignments of different HR1-like domains were generated using ClustalW. In each group, the
amino acids, which are identical (dark gray) and similar 80% (light gray), are determined with different
colors. This indicates ROCK-type HR1 domains are longer and do not share the same homology compared
to PKN-type HR1 domains.
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This indicates a principal difference between the two HR1 types, which leads to different
modes of interaction with RHO proteins. PKN contains three homology region domains,
which are called HR1a, HR1b, and HR1c. HR1a and HR1b adopt a monomeric antiparallel
coiled-coil (ACC) fold. In contrast, HR1 domains of ROCK protein indicates a canonical
parallel coiled-coil dimer as describe above.

From the three HR1 domains of PKN, only first two have been shown to bind to the active
form of RHOA (Flynn et al., 1998). The crystal structure of HR1a in complex with RHOA-
GTPyS has been determined (Maesaki et al., 1999). Accordingly, HR1a binds to two
different sites to RHOA, which are known as the first contact site (aa 25-28, 43-54, and
164-172), and second contact site (aa 38-41, 65-69, and 76) (Maesaki et al., 1999).
However, in another study, it has been suggested HR1a interacts with RHOA via one
contact site, and HR1b does not contribute directly in binding to RHOA (Flynn et al., 1998).
Moreover, it has been investigated that HR1b is more thermally stable as compared to
HR1a, which might be due to the difference in the biophysical properties of these two
domains (Hutchinson et al., 2011). Furthermore, the NMR structure of HR1b in complex
with RAC1 has been determined. HR1b has an anti-parallel coiled-coil structure, which
binds to residues in the switch I, switch II, a5, and the C-terminal basic amino acids of
RAC1 (Owen et al., 2003). It has been proposed that RHO GTPases facilitates the release
of the kinase domain of PKN from an autoinhibitory state. However, the molecular
mechanism of PKN activation by RHOA and RAC1 remains unclear.

In order to understand more about the mechanism of PKN protein, the interaction of
different PKN domains, including HR1a, HR1b, HR1c, HR1ab, and HR1abc, with RHOA and
RAC1 proteins was studied using fluorescence polarization. Our data showed that, among
individual homology region domains, HR1a has higher affinity for RHOA as compared to
the other two domains (HR1b, HR1c). Additionally, HR1b has a similar binding affinity to
both RHOA and RAC1, and is also in agreement with previous studies. However, HR1c
does not interact with these two members of RHO family. Remarkably, HR1abc has the
highest affinity toward interaction with RHOA and RAC1. The binding affinities of the
majority of PKN domains with RHOA are higher as compared to RAC1 (Fig. 3.16, 3.17).

Our results supported the proposed cooperative binding model, suggesting that the HR1a
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domain recognizes RHOA in an active form and facilitates HR1b binding to contact site I,
which in turn induces a conformational change and subsequent release of the kinase
domain and activation of PKN (Blumenstein & Ahmadian, 2004; Dvorsky et al., 2004).
Moreover, HR1c might associate with HR1a and HR1b and stabilize the complex between
PKN and the RHO proteins. Nevertheless, it is evident that GTPase interaction is a
prerequisite for the activation of effector protein, but many cofactors might be needed to
ensure the full activity. For example, some members of the kinase family can be activated
through phosphorylation in its activation loop by phosphoinositide-dependent protein
Kinasel (PDK1). For PKN, it has been shown that activated RHO protein binds to PKN and
induces a conformational change that is permissive for binding to PDK1. Then PDK1
phosphorylates PKN in the activation loop and stimulates its protein kinase activity (Mukai,
2003).
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Chapter V: Short summaries of the
supplementary articles

5.1 Structural snapshots of RAF kinase interactions
This section is based on the manuscript by Rezaei Adariani et a/. (Supplement A).

Summary:

RAF (rapidly accelerated fibrosarcoma) kinases belong to the serine/threonine kinases and
they link the RAS GTPase family proteins with the MAPK (mitogen-activated protein
kinase) pathway. The three human RAF paralogs (including ARAF, BRAF, and CRAF)
regulate a large number of biological processes such as, differentiation, aging,
tumorigenesis, survival, proliferation, and apoptosis (J. Avruch et al., 2001; Desideri,
Cavallo, & Baccarini, 2015; D. T. Leicht et al.,, 2007; D. Morrison, 1990; Osborne,
Zaganjor, & Cobb, 2012; Wellbrock, Karasarides, & Marais, 2004). Thus, it is not surprising
that their dysregulation is associated with progression of a variety of human cancers (S.
An et al., 2015; Downward, 2003; G. Maurer, B. Tarkowski, & M. Baccarini, 2011; M.
Roring & T. Brummer, 2012), pathogenesis of developmental disorders including Noonan,
LEOPARD, cardiofaciocutaneous syndromes (Allanson et al., 2011; Tartaglia et al., 2011),
and cardiovascular disease, such as pulmonary arterial hypertension and heart failure (D.
Vandamme, A. Herrero, F. Al-Mulla, & W. Kolch, 2014). These proteins are evolutionary
conserve across different species and have essential roles during development (Mark,
Maclntyre, Digan, Ambrosio, & Perrimon, 1987; T. S. Niault & M. Baccarini, 2010; Sanges
et al., 2012). In this review, we summarized emerging mechanistic insights gained from
structural, biochemical, and computational studies on functional interaction networks.
Human RAF proteins share evolutionally conserved regions, which are divided into a
regulatory N-terminal half, comprising a RAS binding domain, a cysteine-rich domain, and
a serine/threonine region and the catalytic C-terminal half representing the kinase domain
(Fig. 5.1A).

CRAF RB domain consists of a five-strand mixed p-sheet (31-p5) with an interrupted o-
helix (al) and two additional 310-helices (a2 and o3). Consistent with an earlier NMR
determination (Patel & C6té, 2013), the RB domain of CRAF has an ubiquitin fold (B1, B2,
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al, B3, B4, a2, and B5). The B-strands are nearly identical with ubiquitin-like protein and
a-helices are packed diagonally against a part of B-sheet. To date, several RB domain
structures of all three human RAF paralogs have been determined. Superposition of all
three RB domain structures revealed a high structural identity. RAF RB domain bind to
switch I region of the RAS proteins by forming an intermolecular, antiparallel B-sheet (1
and B2 of the RB domain of RAF and B2 and B3 of RAS), which establishes a high degree
of electrostatic complementarity across the binding interface (Erijman & M Shifman, 2016;
Mott & Owen, 2015; Sprang, 1995) (Fig. 5.1B; red residues). Moreover, RAF RB domain
has been shown that it interacts with lipid bilayer membrane (Nekhoroshkova, Albert,
Becker, & Rapp, 2009; Linda K Rushworth et al., 2006)(Fig. 5.1B; blue residues).

The second domain following RB domain in the conserved region 1 (CR1) is a CRD
(cysteine-rich region or C-kinase homologous domain 1), which is connected through a
short flexible linker (Z.-L. Li, Prakash, & Buck, 2018). This domain shows high
conservation among different species and appears to bind membrane lipids via residues
143-160, which are conserved among different species (Fig. 5.1C; blue residues).
Conserved region 2 (CR2) is a central module in negative regulation of RAF function. Its
phosphorylation at Ser-259 (CRAF numbering) followed by 14-3-3 binding locks RAF
kinases in a so-called autoinhibited state (Dumaz & Marais, 2003) that blocks both RAS
binding and RAF kinase activity (Amardeep S Dhillon, Meikle, Yazici, Eulitz, & Kolch, 2002;
Sendoh et al., 2000). CR2 is the substrate of PKA (protein kinase A) and PKB (protein
kinase B)/ AKTs (Amardeep S Dhillon, Pollock, et al., 2002; Rommel et al., 1999;
Zimmermann & Moelling, 1999). Phosphorylation of RAF paralogs at Ser-259 (CRAF
numbering) leads to the association of 14-3-3 proteins and the stabilization of RAF
paralogs in their inactive state (Molzan et al., 2010; Pandit et al., 2007; Razzaque et al.,
2007). 14-3-3 proteins are ubiquitous adaptor proteins, which serve as scaffold proteins
in many cellular functions (Muslin, Tanner, Allen, & Shaw, 1996; Stevers et al., 2017).
They bind selectively to the peptide motifs, such as RSXpSXP (single amino acids cods,
pS, phosphor-serine; X, any amino acids); arginine, serine, and proline residues, which
are important for high-affinity interactions. This motif is identical in RAF kinases regardless
of the binding site (Fig. 5.1D).
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Figure 5.1: Structure-function relationship of individual RAF and RAS domains and motifs.
Visualization of the common structure of the RAF proteins. Residues that are proposed to be critical for
binding with other domains or proteins are shown in red. The blue amino acids are involved in binding to
the membrane. A) Global domain organization of CRAF with numbers on top revealing the domain positions
for all three isoforms (CRAF, blue; BRAF, orange; ARAF, yellow). B) RB domain structure of all RAF
paralogues interacting with RAS and the membrane followed by a short linker to CRD. C) CRD structure of
CRAF can undergo interaction with the membrane by its positively charged amino acids. In contrast BRAF
CRD exhibit negative charge residues in positions 202 and 204 which unable the interaction with the
membrane. D) Ribbon plot of 14-3-3 binding motifs in RAFs. 14-3-3 protein &/ (gray) complex with CR2
peptide of CRAF (blue). The 14-3-3 binding motifs in CR2 and CR3 of RAFs are shown, together with 14-3-
3 isoforms alignments. E) Kinase domain of CRAF and BRAF form a face to face dimer with MEK mediated
through RAF dimer interface and kinase interaction with N lobe and C lobe of MEK. Modified from (Rezaei
Adariani et al., 2018).

RAF kinase domain includes the two lobes moving relative to each other and consequently
opening or closing the catalytic cleft. In an open form, the small lobe with an antiparallel
B-sheet structure binds and orients ATP. In the closes form, the a-helical large lobe binds
the protein substrates, such as ubiquitously expressed MEK1/2. As RAF dimerization is a
key step in pathway activation, the RAF kinases activate MEK1/2 by phosphorylation them
at two series (Ser-218/Ser-222 in MEK1) in the catalytic domain (D. R. Alessi et al., 1994;
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Roskoski, 2012). The CRAF/BRAF dimerization represent the most effective form for MEK
phosphorylation when compared with any form of monomers or homodimers (L. K.
Rushworth, A. D. Hindley, E. O'Neill, & W. Kolch, 2006) (Fig. 5.1E).

Overall, emerging evidence indicates that sequential RAS binding of the two N-terminal
RAF domains, first RB domain followed by CRD, at the membrane induces a
conformational change in RAF and results in the release of C-terminal kinase domain. This
mechanism obviously requires additional functions (Anderson, 2006; A. Baljuls, B. N.
Kholodenko, & W. Kolch, 2013; Blazevits et al., 2016; Chavan et al., 2015; Cseh, Doma,
& Baccarini, 2014; W. Li, Melnick, & Perrimon, 1998; Shaul & Seger, 2007; Wortzel &
Seger, 2011; Yoon & Seger, 2006). Future analysis of protein interaction networks along
with the network reconstitution at liposomes using purified proteins will provide further

mechanistic insights into RAS-mediated RAF activation.
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5.2 Structural fingerprints, interactions, and signaling networks of RAS
family beyond RAS isoforms
This section is based on the manuscript by Nakhaei-Rad et a/. (Supplement B).

Summary:

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 range of cellular
processes, including survival, growth, adhesion, migration, and differentiation. Any
dysregulation of these pathway leads, thus, to cancer, developmental disorders,
metabolic, and cardiovascular diseases. The biochemistry of RAS proteins has become
multifaceted since the discovery of the first members, more than 40 years ago. Substantial
knowledge has been 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. In this review, we describe current
understanding of the regulatory mechanisms of individual RAS proteins and their signaling
networks beyond the RAS paralogs. Phylogenic analysis identified 25 members of the RAS
family out of 35 sequences (van Dam et al., 2011)(Fig. 5.2). 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). 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.
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Figure 5.2: The RAS family paralogs. Phylogenic analysis of 25 members of the RAS family are shown.
These proteins share a conserved GTP-binding domain (the color spectrum goes from white (identical)
through yellow and orange (partially conserved) to red (highly variable)). RAS family proteins control a wide
array of signaling pathways and cellular processes distinct from those controlled by RAS paralogs. This
review, focused on common features and differences of RAS family proteins regarding their structure,
function, signaling and involving in diseases. Modified from (Nakhaei-Rad et al., 2018).

The RAS family proteins share a conserved GDP/GTP binding domains (which has been
described in section 1.1.2). However, some members of this family, including ERAS,
DIRAS3, and RASD1/2, exhibit distinct amino acids deviation in their G1 and G3 motifs
(Fig. 1.5). These proteins accumulate themselves in GTP-bound form due to their impaired
GTP hydrolysis and GAP insensitivity (Kontani et al., 2002; Nakhaei-Rad et al., 2015).
Moreover, each member of RAS proteins has specific deviation within and additional
features outside the G domain that makes them unique in regulation and function. Many
members of RAS family exhibit unique amino acid extensions at their N-terminal (Nex) and
C-terminal (Cex) ends. For example, 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.

The sequence similarity between RAS proteins, especially in effector binding region was
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temping 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. Association of RAS
proteins with cellular membranes is mediated through a series of post-translational
modifications and distinct motifs at their very C-terminal end (Cox, Der, & Philips, 2015;
Omerovic & Prior, 2009; Wright & Philips, 2006). RAS proteins, except 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 motif (C is cysteine, A is any aliphatic amino acid and X is any amino
acids). This motif is present in more than 100 proteins and necessary for diverse cellular
processes (Lane & Beese, 2006). Due to a relatively weak affinity of isoprenylated proteins
for cellular membranes (Silvius & I'Heureux, 1994), additional motifs in the hypervariable
region (HVR) are engaged in fine-tuning membrane association with RAS proteins and
their functions (Abankwa et al., 2007; Hanzal-Bayer & Hancock, 2007; Omerovic & Prior,
2009). Some RAS proteins, such as KRAS4B, RALA, RRAS3, and RIT1/2, contain a stretch
of positively charged phospholipids of the cell membrane (Banerjee et al., 2016; Nussinov
et al., 2016). A further way of increasing the affinity of isoprenylated 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 (Beranger & Tavitian, 1991; Gentry, 2015; Hancock et al., 1989;
Y. Takahashi et al.,, 2005). G domain-membrane interaction may contribute to the
specificity of signal transduction and may underlay additional control elements. Acritical
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 & Hancock, 2015).

RAS family proteins link the extracellular signals, transduced through their receptors, with

multiple signaling pathways and consequently control a wide array of cellular processes
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(Fig. 5.2). Different RAS paralogs have unique roles in modulating the cellular processes.
The specificity comes from several levels: Subcellular localization, upstream stimuli,
interaction with scaffolds, regulators and target proteins, and downstream signaling. In
this review, we described more precisely the conditions under which individual RAS
proteins are activated and how they transduce the signal. In addition, specific regulation
of cellular functions by the members of the RAS family depends on selective interaction
with downstream targets, the effectors (Mott & Owen, 2015; Nakhaei-Rad et al., 2016),
which transduce the signal to distinct pathways (Cox & Der, 2003; Gentry et al., 2014).
More than 60 effectors reported for the RAS family proteins and they can activate about
49 pathways which are described in this review. For example, RAF kinases are the major
and best studied effectors for this family (Rezaei Adariani et al., 2018).

As RAS family proteins 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, including neurocognitive, hematological, developmental
and neurodegenerative disorders, metabolic and cardiovascular diseases, and cancer. For
example, somatic mutation frequently identified in KRAS4B, HRAS, NRAS, and RIT1
(COSMIC), contribute to robus gain-of-function (GoF) effects and to various types of
cancers as well as leukemia and lymphoma tumors (Simanshu et al., 2017).

To sum up, in this review we discussed unique aspects of each RAS subfamily in term of
tissue expression, upstream stimuli, receptor activation, interactions with regulators and
effector that collectively fine-tune individual cellular functions under normal and

pathological conditions.
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5.3 Activating Mutations of RRAS2 Are a Rare Cause of Noonan
Syndrome
This section is based on the manuscript by Capri et a/. (Supplement C).

Summary:

Noonan syndrome (NS [MIM: PS163950]) is one of the most common monogenetic
disorders affecting development and growth (A. E. Roberts, Allanson, Tartaglia, & Gelb,
2013). The phenotype of NS comprises a distinctive facies (including hypertelorism,
downslanting palpebral 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 (Tartaglia et al., 2011). A remarkable finding of the molecular genetics of
NS and other RASopathies is the occurrence of conserved themes in the mechanism of
disease. Through the use of complementary approaches based on ‘functional candidacy’
(parallel sequencing of selected gene panels containing functionally related candidate
genes) or WES, we identified RRAS2 (MIM: 600098; GenBank: NM_012250.5) as a gene
implicated 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 functions, and characterize the clinical phenotype associated with these
gene lesions.

Subjects from six unrelated families were included in this study. Clinical data and DNA
samples were collected from the participating families and the data reveled three different
nucleotide substitutions predicting missense changes of highly conserved amino acids
residues (Gly23, Ala70, and GIn72) among RRAS2 orthologs and paralogs. We also
identified two small in-frame duplications (p.Gly22_Gly24dup, P.Gly24_Gly26dup) which
affect the well-established mutational hotspot of RAS proteins.

In order to decipher the consequences of the observed amino acids changes and the small
in-frame duplications on the molecular structure of RRAS2, we performed structural
modeling. A closer view into the active site of RRAS2 structure in its active form revealed

that the identified RRAS2 mutations affect residues localized around the nucleotide
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binding pocket of the GTPase. The corresponding amino acids, including Gly22_Gly26,
Ala70, and GIn72, do not only play critical role are involved in stabilization of the switch
regions (Fig. 5.3), which are the binding sites for both RRAS2 regulators (GEFs and GAPS)
and effectors (Vetter & Wittinghofer, 2001). Specifically, the amino acid stretch
encompassing Gly22 to Gly26 constitutes part of the phosphate-binding loop that is
responsible for binding to the phosphate groups of either GTP or GDP. These residues
play a critical role in nucleotide binding and hydrolysis by contacting both the B-v
phosphates of GTP (shown as GPPNHP, a non-hydrolysable GTP analog in Fig. 5.3) and
residues 67 to 69 of the switch II region. Val25 stabilizes the P loop by contacting Val92,
Ser94 and Ser100. The Gly22_to_Gly24 and Gly24_to_Gly26 duplicates 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 by contacting Ile47 and Glu48,
respectably (Fig. 5.3).

Figure 5.3: 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 GTP/GDP binding, GTP hydrolysis, and interactions with regulators (GEFs and GAPs)
and effectors. Modified from (Capri et al., 2019).

Based on these considerations, the NS-associated amino acids changes were expected to
affect various aspects of RRAS2 biochemical behavior, including a faster nucleotide
exchange, an impaired GTP hydrolysis, and a decrease in GEF, GAP, and effector

interactions.
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Subsequent biochemical analysis of RRAS2P-AR70Thr clearly confirmed these structural
predications, as assessment of the intrinsic and stimulated nucleotide exchange
demonstrated a significantly increased response of the RRAS2P-Al370Thr protein to GEF as
compared to wide-type RRAS2. In contrast, the GTP hydrolysis reactions of the mutant
were reduced compared to the wide-type protein. Particularly, the GAP-stimulated GTPase
activity of RRAS2PAR70ThT was significantly decreased (9-fold). Finally, the binding
properties to two RRAS2 effectors, CRAF and RASSF5, were assessed. While the affinity
of the interaction with CRAF was comparable to that of wide-type RRAS2, binding to
RASSF5 was abolished. This suggest the p.Ala70Thr change leads to a structural
rearrangement of RRAS2 switch II, which is a key binding site for RASSF5 but not for
CRAF. 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, however, suggest a possible differential impact of the
missense change on downstream signaling pathways. Taken together, these experimental
data suggest that NS-associated RRAS2 mutations variably upregulate MAPK signaling and
are likely to affect cellular processes depending on cytoskeleton rearrangement similar to
observation of RASopathy-causing KRAS mutation (Gremer et al., 2011).

Our finding establishes RRAS2 germline mutations as a cause of NS. A noticeable finding
of this study is the observation of a diverse impact of the p.Ala70Thr on RRAS2 binding
to CRAF and RASSF5. These data suggest the possibility that multiple signaling pathways
downstream of RRAS2 may contribute to dysfunction of cellular processes, such as cell
proliferation. As expected, a variable hyperactivation of the MAPK pathway resulting from
the hyperactive state of GTPase and unaltered binding to CRAF was observed for the NS-
causing RRAS2p-Aa70Thr protein, Remarkably, impaired binding of this mutant to RASSF5,
a known tumor suppressor protein negatively modulating YAP1 levels through activation
of the Hippo pathway, was also observed. The impaired binding of RRAS2 to RASSF5
raises the possibility that a less effective Hippo-mediated control of YAP1 levels contribute
to disease pathogenesis in NS. 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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RAF (rapidly accelerated fibrosarcoma) Ser/Thr kinases (ARAF, BRAF, and CRAF) link the
RAS (rat sarcoma) protein family with the MAPK (mitogen-activated protein kinase)
pathway and control cell growth, differentiation, development, aging, and tumorigenesis.
Their activity is specifically modulated by protein—protein interactions, post-translational
modifications, and conformational changes in specific spatiotemporal patterns via
various upstream regulators, including the kinases, phosphatase, GTPases, and scaffold
and modulator proteins. Dephosphorylation of Ser-259 (CRAF numbering) and dissoci-
ation of 14-3-3 release the RAF regulatory domains RAS-binding domain and cysteine-
rich domain for interaction with RAS-GTP and membrane lipids. This, in turn, results in
RAF phosphorylation at Ser-621 and 14-3-3 reassociation, followed by its dimerization
and ultimately substrate binding and phosphorylation. This review focuses on structural
understanding of how distinct binding partners trigger a cascade of molecular events that
induces RAF kinase activation.

Introduction

The discovery of the viral oncogene v-raf from the transforming murine retrovirus 3611-MSV in 1983
[1] paved the way for the discovery of a cellular homolog CRAF in 1985 [2] and soon after its paralogs
ARAF [3] and BRAF [4]. Evolutionary conservation across different species, including worms
(Lin-45) [5] and flies (Draf) [6], unequivocally indicates the biological importance of RAF (rapidly
accelerated fibrosarcoma) kinases (Figure 1). Lin-45 encodes a BRAF ortholog that is necessary for
larval viability, fertility, and induction of vulval cell fates [7]. Draf plays an important role in early
embryogenesis [6]. The three human RAF paralogs regulate a large number of biochemical processes,
including survival, proliferation, differentiation, stress responses, and apoptosis [8-13]. RAF kinases
constitute a small family of serine/threonine kinases, which control evolutionarily conserved pathways
and have essential roles during development [14-16]. Thus, it is not surprising that their dysregulation
is associated with progression of a variety of human cancers [16-19], pathogenesis of developmental
disorders including Noonan, LEOPARD, and cardiofaciocutaneous syndromes [20,21], and cardiovas-
cular diseases, such as pulmonary arterial hypertension and heart failure [22].

Works from many laboratories have shown that RAF kinases are integral elements of the RAS-
MAPK pathway, which is involved in different signaling pathways [22-27]. Activation of RAF kinases
at the plasma membrane by RAS [1,28-32], together with the identification of their substrates
MEK1/2 (MAPK/ERK kinase 1/2) [33] has provided the missing link between growth factor signals
and MAPK cascade activation [34]. The activities of RAF kinases toward MEK differ widely, with
BRAF being the strongest MEK activator, followed by CRAF and ARAF [35-37]. These proteins
obviously underlay different regulatory mechanisms, including binding to membrane-associated RAS
proteins, phosphorylation, and dephosphorylation along with homodimerization and heterodimeriza-
tion [34,35,38-41]. These and other events collectively result in RAF kinase activation [42].

Despite the long history, investigations of the fundamental mechanisms of RAF kinase activation
have substantially lagged far behind the development of kinase inhibitors and inhibitor technologies.
In this review, we summarize emerging mechanistic insights gained from structural, biochemical, and
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melancgaster; Ca, Caenorhabditis elegans) illustrates selected regions extracted from this figure. Red amino acids are involved
in protein interaction, whereas blue amino acids contact membranes.
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computational studies on functional interaction networks. Human RAF paralogs share evolutionarily conserved
regions (Figure 1), which are functionally split into a regulatory N-terminal half, comprising a RAS-binding
domain, a cysteine-rich domain, and a serine/threonine-rich region and a catalytic C-terminal half representing
the kinase domain (Figure 2A). In the following, we will discuss the structure-function relationships of individ-
ual domains and motifs and their interactions with membrane lipids, RAS, 14-3-3, MEK1/2, and KSR1/2
(kinase suppressor of RAS 1/2).

RAS-binding domains

Signal transduction implies physical association of RAS proteins with their effectors and activation of individual
signaling pathways. Effectors specifically interact with the active, GTP-bound form of RAS proteins. These
interactions occur usually in response to extracellular signals and link them to downstream signaling pathways
in all eukaryotes [26,43]. Effectors act as protein or lipid kinases, phospholipase, GEFs (guanine nucleotide
exchange), GAPs (GTPase-activating proteins), and scaffold proteins [44-47]. There are two major groups of
effectors: one contains RAS-binding domains (RBDs) and the other RAS association (RA) domains [48,49].
Mining in the UniProt database led us to the identification of 118 distinct human proteins containing RBDs
and RA domains (Rezaei Adariani, Dvorsky, et al. unpublished data). Notably, both types of domains utilize
critical determinants for the interaction with different RAS proteins, particularly the intermolecular B-sheets
(see next section) [50]. Structural studies have provided deep insights into the binding modes and interaction
specificities [51-53]. Detailed analysis of 16 RAS structures in complex with different RBD and RA-domain
effectors has revealed that, in spite of low sequence similarity, their mode of interaction is well conserved [50].
Yet, the precise mechanism through which effector association with RAS proteins results in their activation is
still unclear. It is, however, generally accepted that RAS proteins participate directly in the activation of their
downstream effectors and do not simply mediate their recruitment to specific sites at the membrane [54].

A striking feature of RAS proteins is the plethora of possible interactions with a large number of effectors.
Notably, RAS proteins change their conformation mainly at two highly mobile regions, designated as switch I
(aa 30-40) and switch II (aa 60-68) [53,55]. Mainly in the GTP-bound form, the switch regions of the RAS
proteins provide a platform for the association with effector proteins, especially through their RBDs or RA
domains. This interaction appears to be a prerequisite for effector activation [49,50,56-58]. However, CRAF
RBD and RALGDS (Ral guanine nucleotide dissociation stimulator)-RA domains share a similar ubiquitin-like
fold and contact the switch I region via a similar binding mode. In contrast, PI3Ke: ( phosphoinositide 3-kinase
o)-RBD, RASSF5 (RAS association domain-containing protein 5)-RA, and PLCe (phosphatidylinositol

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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Figure 2. Structural fingerprints for RAF kinase interactions with RAS and the membrane lipids.

Critical residues involved in protein interaction and membrane binding are depicted in red and blue, respectively. CR
encompassing amino acids are shown at the upper panel. (A) Domain organization of RAF kinases with the typical conserved
regions (CR1, CR2, and CR3) along with the functional domains, including the RBD, the CRD, and the kinase domain (KD).

(B) Overlaid RBD structures of the RAF paralogs and the amino acids interacting with RAS and the membrane. BRAF RBD
exhibits negative charges in positions 202 and 204. RAF RBD encompassing amino acids are boxed. (C) CRD structure of
CRAF and the membrane-binding amino acids. RAF CRD encompassing amino acids are boxed. (D) 14-3-3 &/ structure in
complex with the CR2 peptide of CRAF along with interacting amino acids of CRAF and 14-3-3 paralogs. (E) Overlaid
structures of CRAF and BRAF kinase domains’ along with MEK-binding amino acids. (F) CC-SAM domain of KSR1 in complex
with RBS domain of BRAF.

4,5-bisphosphate phosphodiesterase epsilon)-RA domains do not share sequence and structural similarity, but
commonly associate with the switch regions, especially switch I [59-63].

RAF-RBD interactions with RAS proteins

Major studies were carried out in the late 1980s and 1990s with regard to RAS interaction with its effectors
(reviewed in refs [52,64-69]). An interaction study of CRAF association with RRAS1 led to the identification
of the first RBD (aa 51-131) [70]. Soon after CRAF binding to HRAS was reported to be GTP-dependent
[28-31,71]. Within a year, the sites of interaction between HRAS and CRAF were determined [72] along with
quantitative analysis of the binding affinity between them [73]. All of this occurred before the first structure
revealed the CRAF RBD structure and its mode of binding to a RAS family member, RAP1A (RAS-related
protein 1A) [74]. CRAF RBD consists of a five-strand mixed B-sheet (B1- B5) with an interrupted o-helix (o1)
and two additional 3,5-helices (02 and «3) (Figure 2B). Consistent with an earlier NMR determination [51],
the RBD of CRAF has an ubiquitin fold (B1, 82, wl, B3, p4, 2, and B5). The B-strands are nearly identical
with ubiquitin-like protein and o-helices are packed diagonally against a part of the B-sheet. To date, several
RBD structures of all three human RAF paralogs have been determined (Table 1). Superposition of all three
RBD structures revealed a high structural identity (Figure 2B).
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Table 1 Structures related to RAF kinases

Proteins and their complexes PBD ID Resolution (A} References
BRS
BRAF-KSR1 5WYK 1.75 [75]
RBD
RAP1A-GppNHp-CRAF RBD' 1C1Y 2.2 1591
RAP1A(E30D/K31E)-GDP-CRAF RB(ABSK/NT1R) 3KUC 1.92 [76]
RAS-GDP-CRAF RBD(A85K) 3KUD 2.15 [76]
BRAF RBD 3NY5 1.99 Unpublished data
HRAS-GppNHp-CRAF RBD 4CON .45 77
HRAS(Q61L)-GppNHp-CRAF RBD 4G3X 3.25 77
KRAS-GppNHp-ARAF RBD 2MSE NMR [54]
BRAF RBD 5J17 NMR [58]
BRAF RBD-Rigosertib 5418 NMR 58]
BRAF RBD 5J2R NMR 58]
ARAF RBD TWXM NMR Unpublished data
CRD
CRAF CRD 1FAQ, 1FAR NMR [78]
CR2
14-3-3-CRAF CR2 3CU8, 3NKX 24 [79]
14-3-3y-CRAF CR2 3lav 12 [79]
14-3-3y-CRAF CR2 308l 2.0 [79]
14-3-3-CRAF CR2(8233/5259) 4FJ3 1.95 [80]
14-3-3-CRAF CR2-CN-A 4HL 22 [81]
14-3-3y-CRAF-CR2(S233/5250) 4IEA 1.7 81]
14-3-3y-CRAF CR2 3Qd 1.18 [79]
Kinase domain®
CRAF KD 30MV 4 [79]
BRAF KD(V599E) TUWJ 3.5 82]
BRAF-MEK1 AMNE 2.84 [83]

1GppNHp is a non-hydralyzable GTP analog.
ZA large number of kinase structures in complex with small molecules are not included.

RAF RBDs bind to the switch I region (also known as the effector loop) of the RAS proteins by forming an
intermolecular, antiparallel B-sheet (B1 and B2 of the RBD and B2 and B3 of RAS), which establishes a high
degree of electrostatic complementarity across the binding interface [53,77,84,85]. RAF RBDs are mainly posi-
tively charged, whereas switch I regions of RAS proteins bear mainly negative charges. Among the 10
RAS-binding residues of RAF RBD (Figure 2B, red residues), Arg-59, Gln-66, Lys-84, and Arg-89 (CRAF num-
bering) contribute to the high binding affinity between RAS and RAF [86]. Genetic studies on Drosophila mela-
nogaster have shown that Arg-89 is strongly involved in the RAS-RAF interaction both in vivo and in vitro. Its
substitution for leucine (R89L) abolishes RAS association and consequently activation of CRAF [87]. The R89T
mutation has been reported in breast cancer [88]. This mutation may impair RAS-CRAF interaction, since a
conservative substitution of Arg-89 for lysine (R89K) disabled CRAF RBD binding to HRAS [89]. Collectively,
a search in cancer databases showed that among the 10 RAS-binding in RAF paralogs, seven residues are
mutated in human cancer (Supplementary Table S1).

Arg-59 represents a point of RAF paralog discrimination as ARAF, in contrast with BRAF and CRAF, con-
tains a lysine (Lys-22) instead of arginine (Figure 1). CRAF(R59K) loses its proper binding to HRAS, whereas
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ARAF(K22R) gains a higher affinity for HRAS [90]. The substitution of the conserved Gln-66 among three
RAF paralogs for histidine in CRAF and for proline in ARAF (aa 29) has been reported in breast and colorectal
carcinoma [91,92]. Lys-84, which is conserved in all species (Figure 1), is responsible for effector specificity and
favors the complex formation of CRAF with HRAS in preference to RAPLA. Its substitution for alanine
strongly reduces its binding affinity to RAS proteins [86,93]. An interesting observation is that A85K mutation
tremendously increases CRAF binding not only to GTP-bound HRAS [87] but also to GDP-bound HRAS [94].

Membrane association of RAF RBDs

Cellular membranes play a critical role in the localization and orientation of protein complexes and in fine-
tuning of protein functions [95]. As outlined above, 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 RBD with active KRAS4B not only reorients
KRAS4B at the membrane surface but also facilitates membrane binding of ARAF RBD itself [54]. This is in
agreement with previous observation that disrupted RAS-association of ARAF full-length disturbs its mem-
brane localization when substituting Arg-52 for leucine (as well as R89L in CRAF) [96,97]. Four basic residues,
Lys-28, Lys-66, Arg-68, and Lys-69 (ARAF numbering), are engaged in lipid binding, two of which are identi-
cal in RAF kinases, while the other two are variable (Figure 2B). Notably, mutations of Lys-28, Arg-52, Lys-66,
Arg-68, and Lys-69 in ARAF have been reported in human cancer [88,98-100]. BRAF strikingly contains
acidic residues at positions equivalent to Lys-66 and Arg-68 (not only in human but also in other species;
Figure 1), which most probably repel membrane lipids. BRAF and CRAF studies have shown that they signifi-
cantly differ regarding their interactions with HRAS [101]. BRAF binds RAS with higher affinities and does
not discriminate between farnesylated and nonfarnesylated HRAS when compared with CRAF. The farnesyl
moiety of HRAS has been reported to promote CRAF CRD (cysteine-rich domain) association with HRAS
(see the next section).

Cysteine-rich domain

The second domain following RBD in the conserved region 1 (CR1) is a CRD (also called cysteine-rich region
or C-kinase homologous domain 1), which is connected through a short flexible linker [102,103]. CRD shows
high conservation among different species (Figure 1) and appears to bind membrane lipids via residues 143-160
(Figure 2C), which are conserved among different species (Figure 1). Point mutations of Arg-143 to trypto-
phan, glutamine, or leucine in CRAF and the equivalent Arg-239 in BRAF to glutamine have been identified in
breast and lung carcinoma as well as in melanoma [88,104]. Substitution of Arg-103 and Lys-104 in ARAF
CRD (Arg-143 and Lys-144 in CRAF, respectively) for alanine has been shown to disrupt ARAF membrane
binding and results in its localization in the cytosol [97]. Two very recent computational studies have analyzed
dynamic interaction of KRAS4B with the CRAF RBD-CRD tandem at anionic membranes and proposed how
the RAF-RAS complex is regulated at the membrane interface [103,105]. Accordingly, RAF association with
the membrane starts with direct binding of RBD to GTP-bound RAS followed by CRD association to the
phosphatidylserine-containing liposomes. CRD-membrane interaction is stabilized, in addition to basic resi-
dues, by four highly conserved hydrophobic amino acids, Thr-145, Leu-147, Leu-149, Phe-158 Leu-159,
Leul60, and Asp-161 (Figure 1). Numerous studies have reported that CRD also binds RAS with low affinity
[56,101,105-116]. This may lead to a competitive mechanism between membrane binding of CRAF CRD and
its association with KRAS4B [103]. Unlike others reports, these two studies have shown that CRD is in the
vicinity, but does contact RAS and/or its farnesyl moiety [103,105]. Membrane binding of CRD stabilizes RAS—
RAF interaction and, thus, facilitates RAF activation. Farnesylation and carboxymethylation of Cys-186 of
HRAS together with hydrophobic amino acids of CRAF CRD have been suggested to strengthen HRAS-CRAF
interaction [116]. CRDs contain two functional zinc-binding motifs and bind membrane lipids such as phos-
phatidic acid and phosphatidylserine [58,117-119]. Substitution of two invariant zinc-binding cysteines for
serines (C1655/C168S) [96,120] and three basic residues for alanine (Agr-143, Lys-144, and Lys-148)
(Figure 2C) diminishes HRAS-dependent activation of CRAF and CRD association with phosphatidylserine-
containing liposomes [121].

Several studies have previously shown that CRAF CRD undergoes direct interaction with HRAS, which
appears to be enhanced by the farnesyl moiety if using farnesylated RAS [57,101,103,105,107,113,116]. In con-
trast with RAF RBD, which binds to GTP-bound RAS, HRAS-CRAF CRD interaction is outside the switch
regions of HRAS and thus independent of its nucleotide-bound state. This interaction is compromised if
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Leu-149 and Phe-151 in CRAF CRD were substituted for threonine and glutamine (L149T/F151Q), respectively
[113]. L149F substitution in BRAF (1L245F) has been detected in melanoma and cardiofaciocutaneous
syndrome (NSEuroNet database) (COSMIC database) [122], which may potentiate BRAF CRD interaction with
RAS and/or membrane.

RAS-RAF interactions at the membrane interface

Cellular membranes play a critical role in the localization and orientation of protein complexes and in fine-
tuning of protein functions [95]. As outlined above, the diversity of RAS and RAF paralogs is regulated
through different parameters, including membrane association. For example, orientation of the RAS G domain
on the membrane (for more details, see refs [54,123-130]) and intrinsic membrane-binding site of RAF, such
as CRD of RAF (see above). In addition, NMR measurements of nanodisc-tethered complexes of isotopically
labeled KRAS4B-GTP with ARAF RBD have recently shown that ARAF RBD directly contacts the anionic
membrane surface, while KRAS4B-GTP adopts a new semi-exposed orientation intermediate between the
exposed and occluded orientations [54]. The only residue of the KRAS4B G domain contacting the membrane
is R41, which is conserved in numerous RAS proteins. ARAF residues engaged in membrane binding (Lys-66,
Arg-68, and Lys-69; Figure 1B) are highly conserved in ARAF and CRAF proteins from different organisms
except Xenopous laevis and Caenorhabditis elegans (Figure 1). These basic residues remarkably are acidic in
BRAF proteins, suggesting distinct mechanistic differences between the RAF paralogs. In contrast, membrane-
binding residues of RAF CRD are conserved within various species, which may stabilize RAS-RAF interaction
and thus facilitates RAF activation.

Serine/threonine-rich region

This very short region, also called conserved region 2 (CR2; Figure 2A), is a central module in negative regula-
tion of RAF function. Its phosphorylation at Ser-259 (CRAF numbering) followed by 14-3-3 binding locks
RAF kinases in a so-called autoinhibited state [131] that blocks both RAS binding and RAF kinase activity
[132,133]. CR2 is the substrate of PKA (protein kinase A) and PKB (protein kinase B)/AKTs [134-136].
Gain-of-function mutations in this region are associated with the development of tumors and RASopathies
[137,138]. Point mutations in CR2, including R256S, S257L, S259F, and T260R, cause cancer or are associated
with developmental disorders (Supplementary Table S2), eg. hypertrophic cardiomyopathy in Noonan
syndrome [79,137-139].

Phosphorylation of RAF paralogs at Ser-259 (CRAF numbering) leads to the association of 14-3-3 proteins
and the stabilization of RAF paralogs in their inactive state [79,88,137-143]. 14-3-3 proteins are ubiquitous
adaptor proteins, which serve as scaffold proteins in many cellular functions [79,144]. In humans, seven dis-
tinct genes encode for nine paralogs (c, B, v, 8, € 1, o, 1, and (), which adopt a homo-/heterodimeric
[145,146], W-like structure with the two concave surfaces facing the same side of the molecule, whereby the
dimer forms a binding groove [147]. They selectively bind peptide motifs, such as RSXpSXP (single amino
acids code; pS, phosphor-serine; X, any amino acid); arginine, serine, and proline residues, which are important
for high-affinity interactions [148]. This motif is identical in RAF kinases (Figures 1 and 2D) regardless of the
binding sites. Phosphorylated serines in CRAF, including Ser-259 and Ser-621, already identified in 1993 [149]
are key phosphorylation sites in two distinct motifs in the RAF kinases (Figure 2D) [144]. In contrast to
pSer-259, an inhibitory 14-3-3-binding site [79,131,133], 14-3-3 association with pSer-621 in a conserved
region (CR3) stabilizes the active state of the RAF kinases [147]. All 14-3-3 paralogs are able to modulate RAF
kinase function due to invariant RAF-binding residues and similar tertiary structure of all 14-3-3 proteins

(Figure 2D).

Catalytic kinase domain

The molecular mechanism for the RAF activation in the cell involves a series of complex processes that lead to
conformational changes, dimerization, and ultimately activation of the kinase domain [150]. The latter constitu-
tes a major part of CR3, which has all known signatures of protein kinases [151], including the two lobes
moving relative to each other and consequently opening or closing the catalytic cleft. In an open form, the
small lobe with an antiparallel p-sheet structure binds and orients ATP. In the closed form, the o-helical large
lobe binds the protein substrates, such as ubiquitously expressed MEK1/2 (Figure 2E). As RAF dimerization is
a key step in pathway activation, the RAF kinases activate MEK1/2 by phosphorylating them at two serines
(Ser-218/Ser-222 in MEK]1) in the catalytic domain [151,152]. An inspection of amino acid sequences of RAF

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

£10Z /20010 O} U0 J3SN JIOPI3SSNA ¥3U101q/gsapuE pun -sieysianiun Aq pdagz50-2 L0ZSA/SZ6 L B8HERE | 1VatIpd-aion.e/SUBND0SWALD0Iq W0 ssaidpueod )/ sdiy woy papeojumog

140



Biochemical Society Transactions (2018) 46 1393-1406

~ PORTLAND

https://doi.org/10.1042/BST20170528 '... PRESS

kinases from different organisms showed identical MEK-binding residues (Figure 1) [153]. However, it is
known that RAF kinases differ in their kinase activities. BRAF followed by CRAF and ARAF exhibits the
highest MEK activation [35,36]. This can be attributed to dimerization-induced allosteric regulation of protein
kinases [41]. RAF kinases form both homodimers and heterodimers, which is crucial for substrate recognition,
catalytic efficiency, and substrate specificity [35]. The CRAF/BRAF heterodimers represent the most effective
form for MEK phosphorylation when compared with any form of monomers or homodimers [38]. The
structure of BRAF kinase domain and MEKI is insensitive to BRAF dimerization but sensitive to the active
conformation of the BRAF kinase and MEK1 phosphorylation, which in turn leads to destabilization of the
RAF-MEKI1 heterotetrameric complex [83].

Approximately 200 BRAF mutations have been identified in human tumors (see Supplementary Table S1).
Based on their mechanism of activation, they can be categorized into three groups corresponding to their sensi-
tivity to inhibitors. Group one mutations (e.g. V600E/K/D/R) signal as monomers and have been suggested to
act in a RAS-independent manner [154,155]. Therefore, they are sensitive to BRAF monomer inhibitors. Group
2 mutations (e.g. K601E or G469A, R509H) signal as constitutive dimers and are RAS-independent; hence,
they are resistant to RAF inhibitor vemurafenib and may be sensitive to novel MEK inhibitors or RAF dimer
inhibitors [154,156]. However, group three mutations have impaired kinase activity (D594G/N) or have low
kinase activity (G466V/E). This group is RAS-dependent, and by increasing their binding to RAS or activation
of receptors activate ERK (extracellular signal-regulated kinase) signaling [155].

Scaffolding RAF kinases by KSR1/2

Scaffolding proteins play an essential role in regulating the MAPK pathway activity [157-159]. MAPK scaffold
proteins especially are dynamic entities that (i) directly interact with multiple components of the MAPK signal-
ing complex, (ii) consolidate or sequester protein interactions to physically insulate the MAPK pathway to spe-
cific cellular locations, and (iii) regulate signal strength and stimulus-specific responses to efficiently transmit
MAPK signals in a spatiotemporal manner and narrow its actions [157,160,161]. Scatfold proteins regulating
MAPK signaling include KSR1/2 [162-164], MORG1 [165], MP1 [166], paxillin [167], B-arrestin [168],
MEKKI! [169], and FHL1 [170]. KSR1/2, which belongs to the best characterized MAPK scaffold proteins, con-
trols the signaling strength and duration of the RAF/MEK/ERK complex at the plasma membrane [157,159].

KSR1/2 are pseudokinases homologous to RAF kinases but lack the ability to interact with RAS proteins
[83,171]. KSR co-ordinates the assembly of a multiprotein complex containing RAF, MEK, and ERK and facili-
tates signal transduction from RAS to ERK [172]. Nguyen et al. [173] did not observe that KSR binds to CRAF
or BRAF in vive. However, Lavoie et al. have shown that the selective heterodimerization of BRAF with KSR1
directly binds to a BRAF-specific region (BRS) at the N-terminus of BRAF through the coiled-coil/sterile
o-motif (CC-SAM). BRS (~60 aa) forms an o-hairpin which consists of two antiparallel o-helices connected
by a short turn (Figure 2F) [75].

In BRAF, 1666R mutation disabled binding to MEK1 as well as prevented MEK1 phosphorylation, and in
KSRI1, W831R mutation abolished MEK1 binding [75]. The crystal structure of the KSR2 kinase domain bound
to MEK1 through activation segments and C-lope oG helix reveals that residues Ser-218 and Ser-222 are
located at the heterodimer interface and are masked by KSR2, making them unaccessible for RAF phosphoryl-
ation [174]. Isolated MEK1-BRAF-14-3-3 complexes proved the stable BRAF-MEKI interaction in the
presence of 14-3-3 [83]. Interestingly, MEK promotes, independently of its catalytic function, BRAF-KSR1/2
heterodimerization and allosterically activates BRAF [75]. A recent study has shown that a direct binding of
tumor suppressor DIRAS3 with KSR1 interferes with RAS-induced cell transformation. DIRAS3 either
enhances homodimerization of KSR1 or recruits KSRL to the RAS-CRAF complex and thereby sequesters
CRAF from binding to BRAF [175].

Conclusions

Emerging evidence indicates that sequential RAS binding of the two N-terminal RAF domains, first by RBD
and then followed by CRD at the membrane, induces a conformational change in RAF and results in the
release of the C-terminal kinase domain. This mechanism requires additional functions, including dimerization
[35,95,160,161,176-180]. Lipid membranes act not only as a platform for the assembly of protein complexes
but also as a scaffold to stabilize protein-protein interactions and potentiate the signal transduction [35,36,54].
Future analysis of protein interaction networks along with the network reconstitution at liposomes using
purified proteins will provide further mechanistic insights into RAS-mediated RAF activation.
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RAF kinases are known to regulate, in addition to MEK1/2, also adenylyl cyclase, ASKI1, calcineurin,
CDC25, DMPK, MST2, MYPT, Rb, ROCK, troponin T, and vimentin, thereby controlling different processes,
such as proliferation, differentiation, apoptosis, and contraction and motility, respectively [13,14,181-183].
However, the mechanisms how RAF kinases regulate these proteins still need to be addressed in greater detail
in a cell-type-specific manner.
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ABSTRACT

ARTICLE HISTORY

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 been 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 goes 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 processes 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 oncogenes, 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 beyond 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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HRAS & KRAS, described as
21-kDa phosphoproteins (p21)

RAP, identified by hybridization
with the Drosophila Dras3

RASD1, recognized as a GPCR-
independent activator of G-protein signaling

Ha-MSV, isclated by passaging
Moloney mouse type-C virus

[ RAL, isolated from a cDNA

library of simian B-lymphocytes

RIT1/2, first identified
in mouse retina
1996

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

| I

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.

binding 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 unigque
aspects of each RAS subfamily in term of tissue expres-
sion, upstream stimuli, receptor activation, interactions
with regulators 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.
HRAS1 (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 4B (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 I
form a hydrogen bonding network with the y-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 nucleotide 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.
Overexpressed RAS (S17N) tightly binds to endogenous
RASGEFs and sequesters them from endogenous RAS
proteins, and thus, interferes with RAS activation (Feig
1999). 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 DIRAS1 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-translational

Proteins Synonyme Expression pattern Upstream signals GEFs. GAPs Downstream target madifications
HRAS1 Pp2THRAS Ubiguitous Growth factors, phorbol RASGRF, 5051/2, P120RASGAP, NF1, (C/BRAF, PI3K, RalGDS, Far, Cm, Palm, Ub,
esters RASGRP1-4, PLCe RASA1-3, PLCe, RASSF, S-Nit
SynGAP1 RGL3, FAK
HRAS2  p19HRAS n. d. n.d n. d n.d RACK1 n. d.
HRAS3  HRAS™OX RASopathy gene n.d. n.d. n.d. n. d. Far, Cm, Palm, Ub
NRAS Ubiquitous Growth factors, phorbol S051/2, 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, Ac, Ub
(KRAS4B)
ERAS KRAS2, HRASP Embryonic stem cells, n.d n.d n.d. PI3Ka/6, RASSFS Far, Cm, Palm
hepatic stellate cells
RALA Ubiquitous Aurora-A, PKA, alpha- RALGDS, RALGPS1/2  RALGAP1/2 RalBP1, SECS, EXO84,  Ger, Cm
thrombin RGL1-4 PLD1, PLCS, Palm, P, Ub
RALB PKCa, thrombin ZONAB, TBK1
RRAST  RRAS Ubiquitous SemadD/3E-plexin RASGRF, (3G, p120RASGAP,GAP1, PLCe, Gridin, FLNa, Ger, Cm, P
B1/D1, EphB2; SRC, CalDAG-GEFI/IIN PI3K, RAP1, RAF,
TCF8, NOTCH1, IL9, RIN2, VEGF
ORP3/VAP-A
RRAS2 TC21 Heart, placenta, kidney, IL9AL3 CRAF
ovaries, skeletal
muscle
RRAS3  MRAS Brain S051, RASGRF SHOC2/PP1C, CRAF, Ger, Cm
RGL3
RIT1 RIBB, RIT, ROC1  Ubiquitous NGF/EGF, injury, stress, 5051, GRF SynGAP, GAP1 PARG, RALGDS, RGL2/ P
PACAP38, Guifsfo 3, MKK3/6, SINT,
BRAF
RIT2 RIN, ROC2 Adult brain NGF/EGF, PACAP38, Gari/ PARG nd.
sfo, Forskolin/KCI
RAP1IA  KREV1 Ubiquitous cAMP, PLC, E-cadherin, EPAC1/2, Repac, RapGAP-I/II, SIPAT, B/CRAF, AF6, KRIT1, Ger, Cm, P
ERM, Glucose, FGF2, CALDAG-GEF, E6TP1/SPAR, SPA- RAPL, PI3K,
GLP1, PAR4, integrins PDZGEF1/22, (3G, Ls, CAPR | ARAP3, RIAM,
RAP1B OK/SW-cl.11 B/T cells DOCK4, PLCe1 RGS14, RPIP9
RAP2A B/T cells, excitatory PLC, cAMP €3G, EPAC, INK, MAP4K4, PARG1,  Ger, Cm, Plam, P
synapses CalDAGGEFI, TNIK, RPIP9, MINK,
RAP2B Platelet, neutrophils Thrombin, convulxin PDZGEF1 PLCe Ger, Far, Cm, Palm
RAP2C Circulating mononuclear PDZGEF1 n.d TNIK
leukocytes, liver, skel-
etal muscle, prostate,
uterus, rectum, stom-
ach, and bladder
RHEB1 Ubiquitous EGF, NGF, hypoxia, TCTP T5C1/2, RGS10 mTOR, FKBP38, PLD1,  Far, Cm, P
amino acids, forsko- PERK, BACE1,
lin, Low glocuse, CRAF, NIX/LC3-II,
BDNF, insulin, FGF Dynein, NOTCH1,
RASSF1
RHEB2 Ubiquitous, brain NGF, SPC n.d TsC1/2 mTOR, AKT1, CAD
RASD1 AGS1, DEXRAS1  Brain, heart, liver, Corticosteroids, estrogen, CAPON n.d. Gui/o, PAP7, FE6S, F, Cm
kidney, skeletal T3, nNOS PLCS
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, Qvary, breast epithelial n.d. STAT3, CRAF Myr
RHOI cells

Ac: acetylation; Cm: carbo!

thylation; Far: farr

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

1; Ger: geranylgeranylation; n. d: not determind; Palm: palmitoylation; P: phosphorylation; Ub: ubiquitination;

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, nucleotide-
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
(Qertli 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 (Bivona 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. 1995;
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
unique 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 (N,,) and C-terminal (C,,)
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 involved 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 TMAANKPKGQNS

RALB TMAANKSKGQSS

RIT1 MDSGTRPVGSCCSSPAGL

RIT2 MEVENEASCSPGSASGG

RASD1 TMKLAAMIKKMCPSDSELSIP

RASD2 'MMKTLSSGNCTLSVPA

DIRAS3 ' MGNASFGSKEQKLLKRLRLLPALLILRAFKPHRK
C-terminal extensions

HRAS2 1*25RSGSSSSSGTLWDPPGPM

HRAS3 1526 RSGSSSSSGTPRDOPCDPAAPRAG

RASD1 197| PSEMSPDLHRKVSVQYCDVLHKKALRNKKLLRAGSGGGGGDPGDAFGIVAPFARR

RASD2 "% 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
SOS1, EPAC2 and RALGDS specifically bind HRAS,
RAP2B, dRal, the Drosophila ortholog of RALA, respect-
ively and structurally rearrange critical regions of the
nucleotide-binding site, including P-loop and switch I/11
and consequently catalyze the GDP/GTP exchange
(Boriack-Sjodin et al. 1998, Rehmann et al. 2008a;
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 paralogs 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). GAP17?8® 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-
lytic 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 binding (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 p-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-I). Reviewed effectors are shown in blue. Other downstream interacting proteins are shown in black.
Black arrows indicate activating events and red lines inhibiting events in pathways. See D for missing RALA/B signaling in A.

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,
GAL1, 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
tumorigenic properties (Wang et al. 2015). Similarly,
CAM binds to RALA and PLCS and modulates RALA-
mediated PLC3 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 p110x
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-SOS complex
if phosphorylated by CK1 (Yim et al. 2015). SPRY2
appears to regulate the specific activation of RAC1 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. 2011;
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-GEFII
(also called RASGRP3) that operates on 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 SOS1/2, 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-
S0OS1 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 (Jin 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 bodies (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).

159



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 ANXA6Q, 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, GAP1'7*E and CAPRI, coordin-
ate RAS and RAP signaling pathways (Kupzig et al. 2006;
Sot et al. 2010). Inhibition of GAP1¥*®" by an integrin
oyuPs outside-in signaling via PI3K leads to sustained
RAP1 activation and platelet spreading (Battram et al.
2017). Cazé—dependent dimerization of CAPRI, a
GAP1"P45" 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 homo-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 Il 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 does not inter-
act with two known HRAS effectors, CRAF and RIN1
(Guil et al. 2003). HRAS2 interacts with RACK1, 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 insertion 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 HRAST. 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
hydrophobic motifs of AKT Ser-473 that will be phos-
phorylated through the second mTOR complex
(mTORC2).

Other RAS effectors are RALGDS, PLCg, 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 PLCg, activated by RAS proteins (Kelley et al.
2001; Song 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, GRE7,
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).
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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, aMp2 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-RABS 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-SECS
and RALA-EXO084 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 ARF6
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 nucleotide-
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, RGL2/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
et al. 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 SINT-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 binds 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 p-site amyloid
precursor protein (APP)-cleaving enzymel (B-secretase,
BACE1) 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 elF2a 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-
ogs 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
Raci1-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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Cismowski et al. 2000; Blumer and Lanier 2014). It
blocks receptor-mediated sensitization of AC1 in a Gpy-
dependent manner (Nguyen and Watts 2005) and
inhibits PMA-induced activation stimulation of AC2 by
interfering with PKC3 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, hematological, 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 PDKi-
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 DIRAS1 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 NF1 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 NF1 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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Mild GoF effects by germline mutations of KRAS4B,
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 Noonan syndrome (genes encod-
ing KRAS4B, NRAS, RRAS1/3, RIT1, SOS1, S0S2,
RASGAP1M, 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; Aoki 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 NF1 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 DIRAS1 in Parkinson's
disease (Latourelle et al. 2012; Pankratz et al. 2012; Nalls
et al. 2014), RASD2 and RRAS1 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. 2011;
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
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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 into biology, biochemistry, and biophysics 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 regulators 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 also 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 atfecting
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
genes implicated, about 10%-20% of affected 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 RRASZ variants affect highly conserved residues localized around the nucleotide binding pocket of the GTPase and
are predicted to variably affect diverse aspects of RRASZ 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 mented to occur most frequently,” '! a smaller proportion
most common monogenic disorders affecting develop- of cases has been ascribed to mutations in other function-

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
PTPNI1I (MIM: 176876), SOSI (MIM: 182530), RAFI
(MIM: 164760), and RIT1 (MIM: 609591} have been docu-

ally related genes, including NRAS (MIM: 164790), KRAS
(MIM: 190070), BRAF (MIM: 164757), MAP2K1 (MIM:
176872), SOS2 (MIM: 601247), LZTRI (MIM: 600574),
MRAS (MIM: 608435), and RASAZ (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,
SPREDI, 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.”

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.'""**02%2%%" Missense 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, 3-1II-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 RRAS2 variant (c.68G>T
[p.Gly23Val], c.65_73dup [p.Gly22_Gly24dup], ¢.70_78dup
[p.Gly24_Gly26dup], ¢.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 c.68G>T (p.Gly23Val) and c.215A>T (p.GIn72Leu)
substitutions were absent from general population data-
bases, while the ¢.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 (Table 52).

RRAS2 (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. Cli

cal Features and Genotype of Individuals with RRAS2 Variants

Family 3
Subject 1 Subject 2 311 312 3.m-1 3.m-2 Subject 4 Subject 5 Subject 6
Origin Algerian Sri Lanka German Indian Serbian South American/
Ashkenazi
Gender M M F ¥ P M M ¥ M
Age at last visit 7y1lm 12y2m 32y 40y 7ylm 1y7m 2 weeks 8y10m 22 m (last measurement
18 m)
€.65_73dup €.68G>T €208G>A  c208G>A  c208G>A c208G>A  c215A>T (p.Gin72Lew) c208G>A (p.Ala70Thr) c.70_78dup (p.Gly24_
(p.Gly22_Gly24dup) (p.Gly23Val) (p.Ala70Thy)  (p.Ala70Thr)  (p.Ala70Thr) (p.Ala70Thr) Gly26dup)
Inheritance de novo de nova presumed  presumed  maternal maternal  de novo de novo de novo
paternal paternal
Prenatal features NE, PH PH NA NA NA N NE, fetal ventriculo- ~ NE PH, LGA
megaly and cardiac
abnormalities
Birth measurements: 3,180 g 46.5 cm,  NA 3,740 g, 3,110¢g 2,440 g, 2,400 g (33) NA 3,600 g, 51 cm,
weight, length, OFC 37 cm (35) 35 cm (35) Slem, 36 cm 48 em, 48 em, 38 cm (35)
(weeks GA) 36 cm (39) 32.cm (35)
Feeding difficulties  PE PE, TF NA NA PE N NA N N
Height at last 125.5 em (+0.3 SD)  139.5 (~1.5 SD) 160 cm 170 cm 108 cm 78 cm NA 122 em (~2.1 SD) 84.5 em (+0.5 SD)
examination 85 cm (-3.3 SD) (~1.38D) (+0.38D)  (-3.05D) (-1.88D)
Weight 27.5kg (+0.58D)  32.5kg (-1.48D)  NA 59 kg 18.6 kg 11kg NA 22 kg (~1.9 SDy 12.5 kg (+0.7 SD)
(+0.18D)  (~L8SD) (~0.43D)
OFC S4cm(+1.28D)  57cm (+255D) 525 em $5.5 cm 52 em 49 em NA 52.5 em (+0.2 SD) 54.5 em (+5.0 SD)
(-2.25D) (+0.28D)  (+0.4SD) (+0.2 D)
Cryptorchidism N N NA NA NA N hypoplastic scrotum  NA N
Congenital heart SVAaS VSD vSD N N N TOF AVSD, multiple VSDs N
efect
Lymphatic anomalies N N N N N N N N N
Facial anomalies typical N§ typical N§ suggestive NS very mild in  typical NS typical NS multiple anomalies suggestive NS cal NS
adulthood
Development N mild MD, mild LD~ N N mild MD, N NA N mild global delay
mild LD
Neurology N Chiari malformation N N N N non-obstructive N mild ventriculomegaly,
hydrocephalus hypotonia
Skeletal N N N N N N 11 rib pairs, proximally ~pectus excavatum N

placed thumb, spinal
canal stenosis

(Contirtued o next 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).”** RRASZ controls multiple cellular processes,
including proliferation, survival, and migration, and its
functional dysregulation has been documented to
contribute to oncogenesis.”****’ 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 (Table 51). More recently, the
p-GIn72Leu change in RRAS2 has been identified in sub-
jects with isolated JMML,** which represents 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 RRAS2, 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 affect 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 (SwII; 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 (SwI; 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-*270107 clearly confirmed these structural predic-
tions, as assessment of the intrinsic and stimulated nucle-
otide exchange demonstrated a significantly increased
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Subject 1
glabellar
heamangioma

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.
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response of the RRAS2P-A70TH 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 RRASZPM7TT was  significantly
decreased (9-fold) (Figure 2C). Finally, the binding proper-
ties to two RRAS2 effectors, RAF1 (CRAF) and RASSFS, 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 RASSF5
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 suhfamily;*“ 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 RRASZ Variants

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

(F) Facial features of subject 3-11-2 at
9 months and 5 years. The NS facial gestalt
of subjects 3-1I-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-ARTOTHE apnd RRAS2P-GIN7ZLen were observed to
constitutively promote increased ERK phosphorylation,
while only a slight increase was observed basally in cells
expressing the RRAS2PCY?2-G0240UD 45q pRragop-oly2ival
mutants. However, this slight increase substantially
strengthened after stimulation with EGFE. 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 RRASZ 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 motifs 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-M270™ pRASIWT and RRAS2P-Y47°T hroteins 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-A70TH mgant 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 RRAS2 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 RRAS2 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
RRASZ2 variants,*® the present collaborative effort allowed
to identify six unrelated affected individuals. Of the case
subjects reported here, two individuals carrying de nove
germline NS-causing RRAS2 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
PTPN11 mutation. At the University Hospital of Magde-
burg, screening of a multigene panel including RRAS2 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 Gesu, 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-

& Causing RRASZ Variants
'ﬂf\" (A) ERK and AKT phosphorylation assays.
HEK293T cells were transfected with the
indicated Myc-tagged RRAS2 constructs.

EGF

R

Myc GM130 Merge

WT

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
Myc 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, followed by goat
anti-mouse Alexa Fluor-488 (green), and
an anti-GM130 (Golgi marker) rabbit
polyclonal antibody, followed by goat
anti-rabbit Alexa Fluor-594 (red). Nuclei
are visualized by DAPI staining (blue). Co-
localization areas were detected in yellow.
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 RRAS2 mutants (right). In all
panels, bars correspond to 21 pm.

PERK1/2

GAPDH

signaling. Consistent with the
collected functional data, p.GIn72Leu
(analogous to p.Gln6lLeu 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,'# 1420304653 ineluding  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.Ala59Tht has been associated with Costello syn-
drome and p.Glyl2Val has been reported with severe
expression of Costello syndrome, *° p.GIln61Leu 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 RASSFS-mediated
phosphorylation and degradation.” The impaired binding
of RRAS2 to RASSF5 raises the possibility that a less effec-
tive Hippo-mediated control of YAP1 levels may contribute
to disease pathogenesis in NS.

Among RAS GTPases, RRAS2 exhibits the highest amino
acid identity to HRAS, KRAS, and NRAS."” Somatic mutations
in RRASZ have 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 RRAS2 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.

Accession Numbers

The accession numbers for the five RRAS2 variants reported in this
paper are ClinVar: SCV000902249-SCV000902253.
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Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.04.013.
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SUPPLEMENTAL NOTE: CASE REPORTS

Subject 1 (Figure 1A)

He is the second child of six from a non-consanguineous couple of Algerian descent.
During pregnancy, first trimester transient cystic hygroma was observed and third trimester
was complicated by polyhydramnios. The prenatal karyotype was normal, 46,XY. At birth
after 35 weeks of gestation, birth parameters were increased for gestational age: birth
weight 3,730 g (+2.3 SD), length 50.5 cm (+1.4 SD) and head circumference 37 cm (+3.0
SD). He had stridor during the first weeks of life, feeding difficulties, gastroesophageal
reflux and failure to thrive in the first months but those symptoms improved spontaneously.
Psychomotor development was normal. He was able to walk alone at 13 months, had no
speech delay and attended a normal school. He had one episode of febrile seizure in
infancy. Supravalvular aortic stenosis was discovered at age 2 years and required cardiac
surgery when he was 7.5 years old. He had bilateral ptosis and was prescribed glasses for
myopia.

At last examination (7 years and 11 months), his growth parameters were within the
normal ranges: his height was 125.5 cm (-0.3 SD), his weight was 27.5 kg (+0.5 SD) and
his OFC was 54 cm (+1.2 SD). He had facial features suggestive of NS (i.e., thick low set
ears, bilateral ptosis, down slanted palpebral fissures, telecanthus and a deeply grooved
philirum). He also had a glabellar nevus flammeus. Both testes were palpable. The
remainder of his examination was unremarkable.

Subject 2 (Figure 1B,C)

He is the second child of four from a non-consanguineous couple of Sri Lankan descent.
During pregnancy, third trimester polyhydramnios was observed, otherwise ultrasounds
were normal. Prenatal karyotype was normal, 46,XY. Birth weight, length and head
circumference at 35 weeks of gestation were 3,180 g (+1.1 SD), 47.5 ¢cm (-0.2 SD), and 35
cm (+1.6 SD), respectively. A RASopathy was suspected in the neonatal period. He had
bilateral inguinal hernia. Feeding difficulties, gastroesophageal reflux and failure to thrive
required G-tube feeding by the age of 10 months. He had gingival hypertrophy and
delayed tooth eruption. A small ventricular septal defect was detected at birth without any
consequence on cardiac function. He had strabismus and myopia, Chiari type 1
malformation, bilateral ventricular dilatation (Figure 1C) and macrocephaly. At age 2.5
years, his height was 77.5 cm (-3.8 SD) and growth hormone deficiency was discovered;
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under substitutive treatment with growth hormone (started at 3,5 years), his height
increased from -3.3 SD to normal values.

Psychomotor development was slightly delayed: he was able to walk alone at 18 months
and first words appeared at 24 months. He attended a regular school until the age of 10,
and then entered special education school. At the age of 12 years and 2 months, his
height was 139.5 cm (-1.5 SD), weight was 32.5 kg (-1.4 SD), and OFC was 57.5 cm (+2.5
SD). CGH array analysis provided normal results.

Family 3 (Figure 1D-F)

The pedigree of this family is presented in Figure 1D. The cousins lll-1 and IlI-2 were
referred for genetic evaluation because of suspected Noonan syndrome. lll-1 was born at
term with a birth weight of 3110 g (-0.8 SD), body length 48 ¢m (-1.6 SD), and OFC 36 cm
(+0.9 SD). She did not have any major malformations. Her motor development was mildly
delayed; she started walking at 20 months. She had atopic dermatitis and curly hair in
infancy. She also developed multiple allergies and chronic bronchitis. She underwent
surgery for ocular ptosis. Her height at the age of 22 months was in the low normal range
(81.5 cm; -1.1 SD), her weight was 12 kg (+0.3 SD) and her OFC 50 ¢m (+1.6 SD). She
was noted to have a broad forehead, hypertelorism, ocular ptosis and low set ears. Upon
re-evaluation at age 7.1 years she was short statured (height 108 ¢cm; -3.0 SD); her weight
was 18.6 kg (-1.8 SD) and her OFC 52 cm (+0.4 SD). She was attending a regular school
with minor extra support and was reported to have a reduced attention span. Permission to
publish facial photographs was not given, but photos were evaluated by a clinical expert in
RASopathies (M.Z.) and confirmed to display typical features of NS.

Her mother 1I-1 had NS-like facial features more obvious at younger age (Fig. 1E). She
had a normal development and her adult height was in the low normal range (160 cm; -1.3
SD). She has a duplicated kidney and a ventricular septal defect that had to be corrected
by heart surgery in childhood.

I1I-2 was born prematurely (due to maternal uterus bicornis) after 35 weeks of gestation
with a birth weight of 2440 g (-0.6 SD), body length 48 cm (0 SD), and OFC 32 cm (-0.8
SD). He did not have any major malformations. His motor development was normal. His
growth was mildly delayed; at the age of 19 months his height was 78 cm (-1.8 SD), while
weight (11 kg) and OFC (49 cm) were within the normal ranges (-0.4 and +0.2 SD,
respectively). Apart from a hydrocele testis and inguinal hernia that had to be surgically
corrected at the age of 3 years, there are no medical issues. His facial gestalt was strongly

suggestive of NS (permission to publish facial photographs was not given). The boy's
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mother 11-2 had NS-like facial anomalies especially in childhood (Fig. 1F) that dissolved
with age. She reported a heart murmur in childhood, but no cardiac abnormality was noted
at a recent cardiology exam. She had normal growth, mild pubertal delay (menarche at
age 16), and normal intellectual development. Her adult body measurements were normal:
height 170 cm (+0.3 SD), weight (59 kg; +0.1 SD), and OFC 55.5 cm (+0.2 SD). The
grandfather I-1 was not personally examined, but photographs documented a typical facial
appearance of NS with broad forehead, hypertelorism, down-slanting palpebral fissures,
palpebral ptosis, and low-set ears. His adult height was reported to be around 172 cm
(-1.3 SD). No cardiac issues were known.

Subject 4

A 36 year-old prima gravida female and her 33 year-old non-consanguineous partner, both
of Indian descent, were seen in Clinical Genetics in Mississauga, Canada at 20 weeks and
1 day gestation for prenatal findings of bilateral ventriculomegaly (10 mm and 11 mm,
respectively), increased nuchal fold of 7 mm and abnormalities of the right outflow tract
with only 2 great vessels identified. Fetal echocardiogram confirmed Tetralogy of Fallot.
Amniocentesis was done and revealed a normal male array CGH. DNA was banked from
amniocytes. The pregnancy was complicated by polyhydramnios requiring amnioreduction.
Fetal MRl at 26 weeks gestation showed macrocephaly, markedly enlarged exira-axial
CSF spaces, non-obstructive hydrocephalus, labyrinth dysplasia and borderline lateral
ventricles. The male proband was born at 33 weeks and 3 days via caesarean section due
to maternal pre-eclampsia. Birth weight was 2400 g (+0.4 SD). On physical examination,
this baby had dysmorphic facial features (i.e., macrocephaly, low posterior hairline, small
downslanting palpebral fissures, low-set posteriorly rotated ears, broad nasal root,
micrognathia). He had a wrist flexion contracture, proximal placement of the thumb,
hypoplastic toenails, small scrotum and an anteriorly-placed anus. Investigations revealed
pulmonary edema, 11 pairs of ribs, abnormal renal morphology, spinal canal stenosis and
thrombocytopenia. Diagnostic imaging confirmed the Tetralogy of Fallot and the prenatal
brain findings. The baby remained critically ill and was unable to be weaned from the
ventilator and as a result, the parents decided to proceed with palliation. The baby died at
2 weeks of age. Facial photographs are not available.

Subject 5

The female subject was born after uneventful delivery to a non-consanguineous couple
from Serbia. During pregnancy an increased fetal nuchal fold was noted. Prenatal
karyotyping was done with a normal result, 46,XX. Birth measurements at term were
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normal (weight 3,050 g, -0.7 SD; length 50 cm, -0.1 SD; head circumference 35 cm, +0.3
SD). A congenital heart defect was diagnosed postnatally consisting of an atrioventricular
septal defect with additional multiple ventricular septal defects. The baby developed heart
failure and was treated by pulmonary artery banding in infancy. Complete surgical
correction of the heart malformation has been postponed, so far. The patient complained
of frequent headaches and therefore a brain MRI was performed, which showed only a
minor hippocampal anomalies (bilateral mild decrease in volume of posterior parts of the
hippocampus). At the age of 8 years her height was 122 cm (-2.1 SD) and her weight was
22 kg (-1.9 SD). She had relative macrocephaly (OFC 52.5 ¢m, +0.2 SD). She displayed
pectus excavatum and craniofacial featured suggestive of NS (mild hypertelorism,
downslanting palpebral fissures, and low set ears). Her motor, speech and cognitive
development were normal and she also had normal vision and hearing. No family
members were clinically affected.

Subject 6

He was born at 35 weeks gestation to a G1P0 mother by c-section due to maternal fever
and nonreassuring fetal heart rate. Ultrasounds demonstrated polyhydramnios and large
for gestational age parameters since 30 weeks. Birth weight 3.6 kg (+2.1 SD), length 51
cm (+1.4 SD), head circumference 38 cm (+2.7 SD). At 8 months his length was at +0.4
SD and his head was 50 cm (+4.2 SD). Qver the first 18 months his length remained in the
average range but head circumference climbed to 54.5 cm (+5.0 SD).

Dysmorphic facial features were apparent at birth, and he was noted to have a wide
fontanelle, downslanting palpebral fissures, broad nasal bridge, low set and posteriorly
rotated ears. At 6 months, he was noted to have a glabellar nevus flammeus, epicanthal
folds and downslanting palpebral fissures. Inner canthal distance was 2.9 cm (+2.0 SD)
and outer canthal distance 8.4 cm (+2.2 SD). Ears were borderline low-set. Neck was not
webbed. On his chest exam the left nipple was fuller than the right and the right nipple
angled downward. At 22 months, his anterior fontanelle was still open around 3 cm.

At 2 weeks he was noted to have moderate appendicular hypotonia, proximal muscle
weakness and head lag. During his neonatal hospitalization, neurology was consulted for
bilateral tonic upper extremity extension/flexion/posturing. At 3 months he had axial
hypotonia but no further abnormal movements. At 6 months he was progressing but still
with hypotonia noted. He was late with rolling over. At 8 months he started sitting alone.
Esotropia was noted and he was diagnosed with strabismic amblyopia for which he was
prescribed patching. No structural anomalies were noted by ophthalmologic exam. At 22
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months he could crawl well, pull to stand, walk with assistance, speak 3 words and make
word approximations for many more words.

Head ultrasound in the neonatal period was unremarkable with upper limit of normal lateral
and third ventricles. At 6 months, a repeat head ultrasound showed very mild
ventriculomegaly. Metabolic testing was non-diagnostic and chromosomal microarray
demonstrated a duplication of 855 kb at Xp21.1 of uncertain significance including the 5'
UTR region and exon 1 of the DMD gene, which is associated with either Duchenne or
Becker muscular dystrophy. Blood creatine kinase level was non-elevated. A diagnostic
RASopathy panel was done due to suspicion for Noonan syndrome and was negative.
Targeted PTEN testing was negative. Permission to publish facial photographs was not
given by parents, but images could be evaluated by a clinical expert in RASopathies (M.Z.)
confirming facial anomalies typical of a RASopathy.
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SUPPLEMENTAL FIGURES
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Figure S1. Multiple alignment of RRAS2 orthologs and human paralogs. Invariant
residues among proteins are highlighted in black. Amino acids affected by the identified
Noonan syndrome-causing missense mutations are indicated (arrows). The red bars
encompass the residues implicated in the identified disease-causing in-frame duplications.
Gray and white background indicate residues with high (>0.5, Gonnet PAM 250 matrix)
and poor (0.5, Gonnet PAM 250 matrix) degree of conservation, respectively. Alignment
was generated using MUSCLE v3.8. RRAS2: H.sapiens, NP_036382.2; M.mulatta,
XP_002799673.1; M.musculus, NP_080122.2; G.gallus, NP_001006466.1; D.rerio,
NP_001017815.1; C.elegans, NP_496623.1; S.cerevisiae, NP_014301.1; HRAS:
H.sapiens, NP_005334.1; NRAS: H.sapiens, NP_002515.1; KRAS: H.sapiens,
NP_203524.1; MRAS: H.sapiens, NP_001078518.1; RRAS: H.sapiens, NP_006261.1



SUPPLEMENTAL TABLES

Table S1. Missense variants in RRAS2 and analogous mutations seen in other RAS superfamily members.

p.Gly23Vval
RRAS2 KRAS HRAS NRAS RRAS MRAS
Specific variant Gly23Vval Gly12Val Gly12val Gly12val Gly38Val Gly22val
Clinvar ID = 12583 12600, 279921 40470 N E
ClinVar Classification | - PATH PATH PATH e »
NSEuroNet count - - CS (6) - - -
Germline phenotype’ NS (this report) NS spectrum NP, CS, severe NP B -
CS, CMEMS
Mosaic phenotype - NS(8), cerebral NS(S), KEN(S) - E &
AVM
Reference - Clinvar, [1] ClinVar, [1] = b =
COSMIC ID COSM5749115 COSM520 COSM483 COSM566 - -
FATHMM 0.38 (NEUTRAL) | 0.98 (PATH) 0.99 (PATH) 0.92 (PATH) E 2
Count 2 10321 261 124 - -
phenotype? GT, Te C,P, L WS H, C - -
Variant® Gly23Asp Gly12Asp Gly12Asp Gly12Asp Gly38Asp Gly22Asp
ClinVar ID - 12582 12612, 180854 39648 C :
Clinvar Classification | - PATH PATH PATH s =
NSEuroNet count - - CS (5) NS (1) - -
Germline phenotype’ = RASopathy CS, RASopathy NP N =
Mosaic phenotype - NS(S), KEN(S), NS(S) KEN(S) - -
cerebral AVM
Reference e Clinvar; [1, 2] ClinVar, [1] [1] - -
COSMIC ID COSM6989585 COSM521 COSM484 COSM564 - -
FATHMM 0.32 (NEUTRAL) | 0.98 (PATH) 0.99 (PATH) 0.91 (PATH) : )
Count 1 15078 93 865 - -
phenotype? Oe C,P, L S, UT H - -
Variant® Gly23Cys Glyi2Cys Gly12Cys Gly12Cys Gly38Cys Gly22Cys
ClinVar ID - 12578 12613 40468 - a
ClinVar Classification | - PATH/LPATH PATH PATH - o
NSEuroNet count - RASopathy (1) CS (15) = = =
Germline phenotype’ |- NO CS, RASopathy NP
Mosaic phenotype - - NS(S). KEN(S) = - -
Reference 5 = ClinVar, [1] = - -
COSMIC ID COSM5749961 COSM516 COSM481 GCOSM562 = a3
FATHMM 0.43 (NEUTRAL) | 0.98 (PATH) 0.99 (PATH) 0.92 - -
Count 1 5116 39 183 = e
S phenotype? GT L,C.P S, Ut H, C - B
Variant® Gly23Ala Gly12Ala Gly12Ala Gly12Ala Gly38Ala Gly22Ala
ClinVar ID = 45122 12603, 40430 219097 = E
Clinvar Classification | - PATH/LPATH PATH PATH N -
NSEuroNet count - = CS (37) = - -
Germline phenotype’ | - NO CS NP [ E
Mosaic phenotype = PKK NS(S), KEN(S) 2 - s
Reference = [3] Clinvar 5 E s
COSMIC ID COSM6998029 COSM522 COSM485 COSM565 = a
FATHMM 0.39 (NEUTRAL) | 0.98 (PATH) 0.99 (PATH) 0.93 (PATH) E .
Count il 2398 13 ik = =
phenotype? H C,L,P LE H, S - -
Variant® Gly23Ser Gly12Ser Gly12Ser Gly12Ser Gly38Ser Gly22Ser
Clinvar ID 2 12584 12602 177778 N E
ClinVar Classification | - PATH PATH PATH E a3
NSEuroNet count - CFC (2) CS (520) NS (2) - -
Germline phenotype’ |- NO CS, RASopathy, RASopathy - -
CMEMS
Mosaic phenotype - o NS(S), KEN(S), = N &
WHN
Reference = = ClinVar, [1] : = =
COSMIC ID COSM6865195 COSM516 COSM480 COSM563 - -
FATHMM 0.40 (NEUTRAL) | 0.98 (PATH) 0.99 (PATH) 0.91 (PATH) E 2
Count 1 1998 104 269 - -
phenotype? Pr RN UAT H, UAT - -
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Variant® Gly23Arg Gly12Arg Gly12Arg Gly12Arg Gly38Arg Gly22Arg

Clinvar ID - 12579 375961 40469 N =

ClinVar Classification | - PATH PATH/LPATH PATH N

NSEuroNet count - : = Cs (1) N

Germline phenotype™ | - NO NO NP -

Mosaic phenotype - = : : -

Reference 2 = = = - -

COsMIC ID - COSM483 COosm482 COSM561 = COSM5937099

FATHMM - 0.98 (PATH) 0.99 (PATH) 0.93 (PATH) : 0.98 (PATH)

Count - 1468 16 42 = 1
phenotype? - P,C,L SG, T, Br H, S - S

Legend to Tables S1:

'phenotype classification according to ClinVar and NSEuroNet

2most frequently associated tumors/affected tissues are listed (order according to frequency)

Sother observed variants at this position

Abbreviations: AVM, arteriovenous malformation; B, breast cancer; Br, Brain tumor; C, colon cancer; CFC, CFC syndrome; CMEMS,

congenital myopathy with excess of muscle spindles; CMN, congenital melanocytic nevus / neurocutaneous melanosis; CS, Costello

syndrome; CSHS, Cutaneous-skeletal hypophosphatemia syndrome; E, endometrium cancer; G, gastric cancer; GT, Genital tract

malignancies; H, hematopoetic and lymphoid malignancies; KEN(S), keratinocytic epidermal nevus (syndrome); L, lung cancer; NS,

Noonan syndrome; NSCMN, Nevus spilus-type congenital melanocytic nevus; NS(S), nevus sebaceous (syndrome) / Schimmelpenning
syndrome; NO, not observed; NP: phenotype not provided for an observed variant; O, ovarian cancer; Oe, oesophageal cancer; P,

pancreatic cancer; PKK, phakomatosis pigmentokeratotica; Pr, Prostate cancer; S, skin cancer; SG, salivary gland cancer; T, thyroid

cancer; Te, testicular malignancies; UAT, upper aerodigestive tract; UT, urinary tract; WHN, wooly hair nevus.
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p.Ala70Thr
RRAS2 KRAS HRAS NRAS RRAS MRAS

Specific variant Ala70Thr Ala59Thr Ala59Thr Ala53Thr Alag85Thr Ala69Thr
Clinvar ID = 12581 40435 40473 | E
Clinvar Classification | - PATH/LPATH LPATH LPATH -
NSEuroNet count = B = = 2
Germline phenotype’ NS (this report) NO (O] NP b
COSMIC ID COSM3719717 COSM546 COSM495 COSM578 -
FATHMM 0.98 0.98 0.97 0.99 -
Count 5 29 7 8 =

phenotype? G, H, GT C, G, SG Oe, C P,H - -
Variant® Ala70Gly Ala59Gly Ala59Gly Ala59Gly Alag5Gly Ala69Gly
Clinvar ID = = = = N -
Clinvar Classification | - B = = =
NSEurgNet count = = = = L
Germline phenotype! | - = = = B
COSMIC ID - COSM28518 - COSM5878737 -
FATHMM - 0.99 - 0.99 -
Count - 10 : 1 N

phenotype? - H,C,P - H - -
Variant® Ala70Glu Ala59Giu Ala59Glu Ala59Glu Ala85Glu Ala69Glu
Clinvar ID = = = = = =
ClinVar Classification | - = = = N
NSEuroNet count - > = = N
Germline phenotype’ | - = = = G
COSMIC ID - COSM547 - - -
FATHMM - 0.99 - - -
Count : 8 = - 8
S phenotype? - C,H - - -
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Variant® Ala70Ser Ala59Ser Ala59Ser Ala59Ser Ala85Ser Ala69Ser
Clinvar ID - 222075
ClinVar Classification | - LPATH = = N =
NSEuroNet count - - - - - -
Germline phenotype’™ | - NP - - - -
COSMIC ID COSM1235389 COSM5351687 - -
FATHMM 0.98 0.99 (PATH) 8 g
Count 2 1 = a
phenotype? - C H - -
Variant® Ala70Val Ala59Val Ala59Val Ala5gVal Alag5Val Ala69Val
Clinvar ID - 132969 = = E -
ClinVar Classification | - NP = = N =
NSEuroNet count = s = = = =
Germline phenotype™ | - NO B = B a
COSMIC ID COSM6362494 - COSM2752954 -
FATHMM 0.99 (PATH) 5 0.97 (PATH) g
Count 2 = 1 5
S phenotype? - T - - C -
Variant® Ala70Asp Ala59Asp Ala59Asp Ala59Asp Ala85Asp Ala69Asp
ClinVar ID - = = = B =
ClinVar Classification | - s = = = =
NSEuroNet count - s = s - -
Germline phenotype™ | - = = = B -
COSMIC ID - COSM5991568 COSM253327 - -
FATHMM B 0.99 (PATH) 0.99 (PATH) B -
Count - 1 5 - -
S phenotype? - - S g - -
Variant® Ala70Leu Ala59Leu Ala59Leu Ala59Leu Ala85Leu AlaB9Leu
ClinVar ID = = 179260 = = E
ClinVar Classification | - - LPATH - - -
NSEuroNet count - s CS (1) s - -
Germline phenotype’ | - : cs = z g
COSMIC ID - - - - -
FATHMM - - - -
Count - - - -
S phenotype? - - - - -
Mosaic phenotype: no RASopathy mosaic phenotype has been reported for mutations at this codon in any gene of the RAS superfamily.
p. GIn72Leu
RRAS2 KRAS HRAS NRAS RRAS MRAS
Specific variant GIn72Leu Gin61Leu Gin61Leu GIné1Leu GIn87Leu GiIn71Leu
Clinvar ID 9447 45116 376033 375874 | E
Clinvar Classification | PATH PATH LPATH PATH/LPATH - -
NSEuroNet count = 2 = = NS (1) e
Germline phenotype’ Severe NO NO NO -
RASopathy (this
report)
Mosaic phenotype = = KEN(S) NSCMN = s
Reference - = 11 [1] = -
COSMIC ID COSM687135 COSM553 COSM498, COSM583 = o
4169862, 52978
FATHMM 0.98 0.98 0.98 0.99 b —
Count 6 130 206 329 g g
phenotype? GREP S, UT C,L P - -
Variant® GIn72His GIn61His GIn61His GiIn61His GIn87His GIn71His
ClinVar ID - 45117, 177881 376318, 376319 373003 - a
ClinVar Classification | - PATH/LPATH LPATH PATH - -
NSEuroNet count = 5 = = = =
Germline phenotype’ NS NO NS NP - -
Mosaic phenotype - = = NSCMN - -
Reference e E E [1] - -
COSMIC ID COSM925280, COSM554, 555 COSM502, 503 COSM585, 586 -
925279
FATHMM 0.94 0.93 n/a 0.92/ 0.93 - -
Count 3 398 22 213 - -
phenotype? E, UAT C.P,H ST H, S - -
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Variant® GIn72Arg GIn61Arg GIn61Arg GIn61Arg GIn87Arg GIn71Arg
ClinVar ID - 45115 160364, 376320, | 13900 B B
376321
ClinVar Classification | - PATH LPATH PATH E »
NSEuroNet count = = = = N o
Germline phenotype™ | - NS NP NP B B
Mosaic phenotype & = KEN(S), PKK, CMN, NS(S), - -
CSHS CSHS, KEN(S)
Reference - = ClinVar; [1,4] ClinVar, [1] - -
COSMIC ID COSM552 COSM499, COSM584.,579, - -
3736923 33693, 28048
FATHMM 0.98 0.97 0.99 - -
Count 150 310,72 1,690/8/2/405 - -
phenotype? - ERIC) T, UT, AG S, T.H U - -
Variant® GIn72Lys GIn61Lys GIn61Lys GiIn61Lys GIn87Lys GIn71Lys
ClinVar ID = 177777 12601 73058 = =
ClinVar Classification | - PATH PATH/LPATH VUS 5 -
NSEuroNet count - = = = - -
Germline phenotype’ | - NO NS Rasopathy E E
Mosaic phenotype = = = CMN = -
Reference = = = ClinVar, [1] - &
COSMIC ID COSM6560654 COSM549 COSM496, COSM580, = &
949379 28049, 12730,
53223
FATHMM 0.99 0.99 0.99 0.99 - -
Count 1 59 165 1550 - -
phenotype? B @, LT s SIH - -
Variant® GIn72Pro GIn61Pro GIn61Pro GIn61Pro GIn87Pro GIn71Pro
ClinVar ID - 375966 376322 280409 - s
ClinVar Classification | - PATH/LPATH LPATH PATH - o
NSEuroNet count = = = = s =
Germline phenotype’ | - NO NO NP - -
Mosaic phenotype - - - - - -
Reference e = = = - -
COSMIC ID COSM551 COSM500 COSM582 = a3
FATHMM 0.99 0.98 0.99 = =
Count 22 3 43 E a
S phenotype? - HIfIRG i H - B
Variant® GIn72Glu GIn61Gilu GIn61Giu GIn61Glu GIn87Glu GIn71Glu
Clinvar ID = 376324 376444 375875 = E
Clinvar Classification | - LPATH LPATH PATH - -
NSEuroNet count = g = = = 2
Germline phenotype’ | - NO NO NO [ E
Mosaic phenotype = = = B g
Reference = = = = = =
COSMIC ID COSM483 COSM497 COSM581 = a
FATHMM 0.99 0.99 0.99 E g
Count 261 1 10 = &
phenotype? UT,T,S GT H, UAT - -
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Table S2. In silico prediction of functional effects and presence in databases for
the observed RRAS2 variants.

c.68G>T c.65_73dup c.70_78dup, c.208G>A c.215A>T
p-(Gly23val) p-(Gly22_Gly24dup) | p.Gly24_Gly26dup | p.(Ala70Thr) p.(GIn72Leu)
dbSNP no entry no entry no entry no entry rs113954997
ExAC no entry no entry no entry 1/121368 no entry
(0.000008239)
gnomAD no entry no entry no entry 2/251096 no entry
(0.000007965)
Mutation disease causing polymorphism polymorphism disease causing disease causing
Taster (0.999999947459) (0.999973756014) (0.999999898938) (0.999999999934) (0.999999999994)
PolyPhen-2 | probably_damaging n.a. n.a. probably_damaging possibly_damaging
(1.000) (0.999) (0.946)
MutPred2 0.882 n.a. n.a. 0.776 0.915
Mutation medium (3.285) n.a. n.a. medium (3.22) medium (3.215)
Assessor
CADD 23.6 17.4 17.69 26.7 28.4
PHRED
score
PROVEAN -8.247 -11.113 -11.106 -3.940 -6.834
score

RRAS2 reference: NM_012250.6 (ENST00000256196.8)
n.a. —not available
dbSNP (https://www.ncbi.nlm.nih.gov/snp)

ExAC (http://exac.broadinstitute.org/)

gnomAD (https://gnomad.broadinstitute.org/)

MutationTaster (hitp://www.mutationtaster.org/): The probability value is the probability of the prediction,
i.e. a value close to 1 indicates a high 'security’ of the prediction.

PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/): PolyPhen-2 calculates the naive Bayes posterior
probability that a given mutation is damaging and reports estimates of false positive (the chance that
the mutation is classified as damaging when it is in fact nondamaging) and true positive (the chance
that the mutation is classified as damaging when it is indeed damaging) rates.

MutPred?2 (http:/mutpred.mutdb.org/): a score threshold of 0.50 would suggest pathogenicity (a threshold

of 0.68 yields a false positive rate (fpr) of 10% and that of 0.80 yields an fpr of 5%).
MutationAssessor (http:/mutationassessor.org/r3/): Functional impact combined score (Fl score), larger
scores indicate more likely functional impact of a mutation. FI < 0.8 neutral impact, 0.8 <FIS<1.9 low
impact, 1.9 <FIS < 3.5 medium impact, FIS > 3.5 high impact.
CADD PHRED score — GRCh37-v1.4 (hitps://cadd.gs.washington.edu/): PHRED-like (-
10*log10(rank/total)) scaled C-score: ranking a variant relative to all possible substitutions of the
human genome (8.6 x 1079). A scaled C-score 210: variant is belongs to 10% most deleterious
variants; C-score 220: variant belongs to 1% most deleterious variants; C-score 230: variant belongs
to 0.1% most deleterious variants.
PROVEAN v1.1.3. (http:/provean.jcvi.org/index.php): Variants with a score equal to or below -2.5 are
considered "deleterious”, Variants with a score above -2.5 are considered "neutral".
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ONLINE METHODS

Subjects. Individuals were referred for diagnostic genetic testing because of a
suspected RASopathy or unspecified disorder with multiple congenital anomalies.
Four affected families were ascertained by members of the European Network on
Noonan syndrome and Related Disorders (NSEuroNet), and two additional cases
could be identified through successful GeneMatcher match (Sobreira et al A
matching tool for connecting investigators with an interest in the same gene. Hum.
Mutat. 2015, 36:928-30) Written informed consent for diagnostic genetic testing was
obtained from patients and/or their parents according to national regulations, and
specific written consent from subjects or their legal guardians was obtained for using
clinical, genotypic and photographic data for scientific publication. The study was
approved by the ethics committees of the Medical Faculty of the Otto-von-Guericke
University Magdeburg and Ospedale Pediatrico Bambino Gesu.

Molecular analyses. For subjects 1 and 2, the mutational screening of genes
implicated in RASopathies was performed at the French reference center for
RASopathy testing, Robert Debré Hospital's molecular lab, Paris. The set of tested
genes included the PTPN11, CBL, SOS1, HRAS, KRAS, NRAS, SHOC2, RAF1,
BRAF, MAP2K1, MAP2K2, RIT1, RRAS and RRAS2. The custom targeted panel that
is used there contains RRAS2 gene, as a candidate RASopathy gene, since
February 2016. For subjects 3-Ill-1 and 5, screening of known RASopathy genes and
novel RAS-MAPK pathway-related candidates (including RRAS2) was performed by
multigene panel sequencing carried out at the Institute of Human Genetics,
University Hospital, Magdeburg. Enrichment of target genes was achieved using a
Nextera Rapid Capture Custom Enrichment kit (llumina) and an lllumina MiSeq
System for sequencing with a minimum depth of 100x for all target regions. Family
members of subject 3-lll-1 were specifically sequenced for the respective RRAS2
exon by conventional Sanger sequencing. In subjects 4 and 6, a trio-based WES was
performed at GeneDx (Gaithersburg, MD) on banked amniocyte DNA and peripheral
blood DNA, respectively. Target enrichment used the Clinical Research Exome kit
(Agilent Technologies) or the IDT xGen Exome Research Panel v1.0, and sequenced
using an lllumina HiSeq4000 sequencing system with 2x150-bp reads to a mean
depth of coverage of 143X and 96X, respectively. Reads were aligned to
GRCh37/UCSC hg19, and analyzed using GeneDx's XomeAnalyzer, which is a
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custom-developed data analysis tool for variant annotation, filtering, and viewing
(Retterer et. al. Clinical application of whole-exome sequencing across clinical
indications. Genet. Med. 2016, 18:696-704). For subject 4, heterozygosity for the
RRAS2 mutation (germline non-mosaic status) was additionally confirmed by
multigene panel sequencing of amniocyte and peripheral blood DNA. Custom
amplicon libraries (Paragon Genomics) were created targeting the following 21
genes: ASXL1, CBL, DNMT3A, EZH2, GATAZ2, JAK3, KRAS, MAP2K1, NF1, NRAS,
PTPN11, RAC2, RRAS, RRAS2, RUNX1, SAMDS, SAMDSL, SETBP1, SH2B3,
S0OS1, ZRSZ2. Libraries were indexed and sequenced on an lllumina MiSeq platform
resulting in an average coverage depth of 1017x. Reads were mapped to
GRCh37/hg19, and variant calling was completed with VarScan2 and annotated with
a custom in-house script. Only those variants with >3x coverage and >3% mutant
allele frequency were considered. Finally, the entire RRAS2 coding sequence was
analyzed at the Genetics and Rare Diseases Research Division of the Ospedale
Pediatrico Bambino Gesu, Rome, in 150 unrelated patients with clinical features
fitting Noonan syndrome or overlapping this disorder, who had been tested negative
for mutations in previously identified disease genes, using genomic DNA obtained
from circulating leukocytes. A custom gene panel covering the coding exons of a set
of candidate genes was designed with the lllumina Design Studio software. Library
prep was performed with the amplicon-based TruSeq Custom Amplicon kit (lllumina),
following manufacturer's instructions, and sequencing was carried out on a MiSeq
sequencer (lllumina) with a 2x150 bp paired-end read protocol. Alignment and
variant calling were performed with the MiSeq Reporter software (lllumina). VCF
output files were annotated using Variant Studio v.2.2 (lllumina). All reported variants
were visualized with the Integrative Genomics Viewer v.2.3 (IGV).

Structural modeling. Structural analysis was made using the homology model
of RRAS2, which was obtained starting from the structure of MRAS-GppNHp (PDB
ID: 3PIR) as a template, by using SWISS-MODEL. Structural impacts of investigated
mutations were explored with the help of program PyMOL.

Constructs. The four NS-associated RRAS2 mutations resulting in the
p.Gly22_Gly24dup, p.Gly23Val, p.Ala70Thr and p.GIn72Leu amino acid changes
were introduced by site-directed mutagenesis in an N-terminal Myc-tagged human
RRAS2 cDNA cloned in pcDNA3 vector. pGEX4T-1 vector was used for
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overexpression of human RRAS2 (WT and Ala70Thr), mouse RASGRF1 (residues
201-487) and human p120RASGAP (residues 713-1047), and pMal-c5X vector for
overexpression of human CRAF RAS binding-domain (RBD) (residues 51-131), and
RASSF5 RAS association (RA) domain (residues 200-358).

Proteins.  All proteins, except CRAF RBD and RASSF5 RA, were isolated in a first
step as glutathione S-transferase (GST) fusion proteins by affinity chromatography
on a glutathione Sepharose column and purified in a second step by size exclusion
chromatography after proteolytic cleavage of GST. CRAF RBD and RASSF5 RA
were purified as his-tagged proteins. These proteins were isolated from the
supernatant via Ni-NTA affinity purification. Nucleotide-free and fluorescent
nucleotide-bound RRAS2 variants were prepared using alkaline phosphatase
(Roche) and phosphodiesterase (Sigma Aldrich) at 4 °C. Fluorescent nucleotides
were methylanthraniloyl (m-) labelled deoxyguanosine diphosphate (mdGDP),
tetramethylrhodamine-conjugated GTP  (tGTP), and guanosine 5-B,y-
imidotriphosphate (mGppNHp); the latter is a non-hydrolyzable GTP analog. All
proteins were analyzed by SDS-PAGE and stored at -80 °C.

Cell cultures. Human HEK 293T cells were maintained in DMEM medium
supplemented with 10% heat-inactivated FBS, 1% I-glutamine and antibiotics.

Fluorescence measurements. The intrinsic and GEF-catalyzed nucleotide
exchange reactions of mdGDP-bound RRAS2 proteins (0.2 uM) and 10 uM
Cdc25Mm285 (the catalytic domain of mouse RASGRF1) were measured in Hellma
Micro-cuvette 115F-QS (10 mm) and a buffer, containing 150 mM NaCl, 30 mM
Tris/HCI pH 7.5, 5 mM MgClz, and 3 mM DTT at 20 °C using a luminescence
spectrometer LS50B, and an excitation wavelength of 360 nm and an emission
wavelength of 450 nm. Observed rate constants (koos) were fitted single exponentially
using the Grafit program (Erithacus software). Intrinsic GTP hydrolysis was
measured in Hellma Micro-cuvette 115F-QS (10 mm) and a buffer, containing 30 mM
Tris/HCI, pH 7.5, 10 mM KzHPO4/KH2POa4, 5 mM MgClz, 3 mM dithiothreitol at 25 °C
using a luminescence spectrometer LS50B, and excitation wavelength of 543 nm and
emission wavelength of 580 nm. GAP-stimulated reaction of tGTP-bound RRAS2
proteins (0.2 pM) was measured in the presence of the catalytic domain of p120
RASGAP (10 pM) in 30 mM Tris/HCI, pH 7.5, 10 mM KaHPO4«/KH2PQO4, 5 mM MgClz,
3 mM dithiothreitol at 25°C using a Hi-Tech Scientific (SF-61) stopped-flow
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instrument. The excitation wavelength was 543 nm. Obtained data are averages of at
least four independent measurements. The observed rate constants (kobs) were fitted
single exponentially using the Grafit program (Erithacus software). The interaction of
mGppNHp-bound RRAS2 proteins (1 uM) with increasing concentration of the RAS-
binding domain of CRAF and RA domain of RASSF5 effectors was measured in a
buffer containing 30 mM Tris/HCI (pH 7.5), 150 mM NaCl, 5 mM MgClz, and 3 mM
DTT at 25°C using a Fluoromax 4 fluorimeter in polarization mode. Excitation
wavelength was 360 nm and emission wavelength 450 nm. The dissociation
constants (Kd) were calculated by fitting the concentration dependent binding curve
using a quadratic ligand binding equation.

Confocal laser scanning microscopy (CLSM). HEK 293T cells were seeded at
the density of 7 x 103 in 24-well cluster plates onto 12-mm cover glasses. After 24
hours of culture in complete medium, cells were transfected with the pcDNA3
constructs expressing wild-type RRAS2 or each of the four mutants. Twenty-four
hours after transfection, cells were starved overnight, and fixed with 3%
paraformaldehyde, permeabilized with 0.5 % Triton X-100, and stained with a mouse
monoclonal anti-Myc (Cell Signaling), rabbit polyclonal anti-GM130 (Abcam) primary
antibodies, rinsed twice with PBS, and incubated 1 h with specific secondary
antibodies conjugated with Alexa Fluor 488 and 594. After staining, coverslips were
extensively rinsed and then mounted on the microscope slide by using Vectashield
with  DAPl mounting medium (Vector Laboratories). CLSM observations were
performed on a Leica TCS SP2 AOBS apparatus (Leica Microsystems), and images
were acquired using a dedicated software (Leica).

ERK/AKT phosphorylation assays. HEK 293T cells were seeded in six-well
plates the day before transfection. Monolayer were transfected at 70 to 80%
confluency with Fugene 6 transfection reagent (Promega), with wild-type or mutant
Myc-tagged RRAS2 expression constructs. At 12 h after transfection, cells were
serum-starved for 18 h, and then treated with EGF (30 ng/ml, Invitrogen) for 15
minutes or left unstimulated. ERK activation status was assessed by immunoblotting
using a mouse monoclonal anti-phospho-p44/42 ERK (Thr202/Tyr2%4) antibody (Cell
Signaling), and levels of phosphorylated AKT were assessed using a rabbit
polyclonal anti-phospho-AKT (Ser4?) antibody (Cell Signaling). To evaluate myc-
RRAS2 protein levels, 20 pg of total lysates were immuncblotted with a mouse
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monoclonal anti-Myc antibody (Cell Signaling). Membranes were re-probed with
mouse monoclonal anti-GAPDH antibody (Santa Cruz) for protein normalization.
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SUMMARY

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 sequence domains,
located in RAS binding (RB) and RAS
association (RA) domains, which share
common structural characteristics. Using
database searches in the human proteome, we
extracted 41 RA domains in 39 proteins and 16
RB domains in 14 proteins in human proteome,
which can specifically select one of the 25
members in the RAS family. Most of the
RA/RB domain containing proteins remained
largely uncharacterized, although the molecular
nature of RAS-effector interactions is well-
studied for some proteins. Here, we
comprehensively investigated the sequence-
structure-function relationship between
different representatives of the RAS family,
including HRAS, RRAS, RALA, RAPIB,
RAP2A, RHEBI and RIT1, and all members of
RA domain family proteins (RASSFs) and two
RB domain-containing proteins, CRAF and
TIAMI1. The binding affinity for RAS-effector
interactions, determined using fluorescence
polarization, broadly range between high (0.3
uM) and very low (500 uM) affinities, which
raised a central question about the relevance of
highly wvariable 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 new
interactions of RRAS1, RIT1 and RALA for
RASSF7, RASSF9 and RASSF1, respectively,
which were systematically and closely explored
in a sequence-structure-property relationship
analysis. Distinct functional properties and
possible biological roles of these interactions
remain to be investigated on the cellular
context.

Keywords: Effectors; GTPase; NORE-1;
protein interactions; RAS; RA domain; RAF
kinase; RASSF; RASSF1; RASSF5; RAS
association domain; RAS binding domain; RB
domain; TIAM1

INTRODUCTION

RAS family proteins control activities of
multiple signaling pathways and consequently a
wide array of cellular processes, including
survival, growth, adhesion, migration, and
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differentiation (1). Any dysregulation of these
pathways leads, thus, to cancer, developmental
disorders, metabolic, and cardiovascular
diseases (2). 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 (3-11).
RAS-effector interaction essentially requires
RAS association with membranes (12), and its
activation by specific regulatory proteins (e.g.,
guanine nucleotide exchange factors or GEFs),
leading to the formation of GTP-bound, active
RAS (13-15). Notably, RAS proteins change
their conformation mainly at two highly mobile
regions, designated as switch I (residues 30-40)
and switch II (residues 60-68) (16-18). Only in
GTP-bound form, the switch regions of the RAS
proteins provide a platform for the association
of the effector proteins (19,20).

To date, two 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 (8,21-23).
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 I region
via a similar binding mode (24,25). In contrast,
PI3Ka RB, RASSF5 RA and PLCe RA
domains do not share sequence and structural
similarity but commonly associate with the
switch regions, especially switch 1 (26-28).
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 I region,
respectively, and the first a-helix of the RA/RB
domains (29).

In this study, we conducted an in-depth database
search in 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, RAPIB, RAP2A,
RALA, RIT1 and RHEB1. CRAF and TIAM1
RB domains were used as controls. 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. Such approach ended up
with a total number of 16 RB domains in 14 RB
domain-containing proteins and 41 RA domains
in 39 RA domain-containing proteins,
respectively (Fig. S1; Tables S1, S2). Both
types of RAS effector domains share high
sequence identity 10.5% and 9.2% and
sequence similarity of 25.5% and 20.2% (Fig.
S2 and S3).

Direct interaction of different RA domain-
containing proteins with RAS proteins has been
comprehensively analyzed (23,30). However,
the majority of proteins with a RA domain,
however, remains uncharacterized (Table S1).
The RAS association domain family (RASSF),
which controls a broad range of signaling
pathways (8,31), is the largest RA domain-
containing protein family (Fig. 1). Their RA
domains differently interact with HRAS (8).
From them only the interaction of RASSF1 and
RASSF5/NORE1 RA domains have been
characterized quantitatively so far (23,30).
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 (23,30).

RB domain-containing proteins are mostly
kinases (Table S2). The serine/threonine RAF
kinase family proteins (A/B/CRAF; (32))
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activates the MEK-ERK axis and controls cell
proliferation and differentiation (33,34). PI3Ka
generates phosphatidylinositol (3,4,5)-
trisphosphate (PIP;) and regulates cell growth,
cell survival, cytoskeleton reorganization, and
metabolism (35). RGS12/14, which usually act
as inactivators of Gg proteins (36), 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 (37).
TIAM1/2, which act specific GEFs for the RHO
family proteins and control cell migration
(38,39), have been suggested to recognize
activated RAS proteins (40). However, their
direct interaction with RAS proteins has not
been shown to date (23). Moreover, some
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 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 and TIAM1 RB domains
were included because (Fig. 1) many different
RAS proteins have been reported to bind to
CRAF RB domain and none to TIAM RB
domain, yet; 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 a 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 (41). RAS-related proteins
RASLs, RERG, RERGL, NKIRASI1/2 were
excluded from this list and study due to their
strong sequence deviations.

To monitor binding we applied a fluorescence
polarization assay (21) to determine the
dissociation constants (Kq) for the RAS-effector
interactions. For this, we prepared HRAS,
RRAS, RAP1B, RAP2A, RALA, RITI1 and
RHEBI1 in complex with a non-hydrolysable,
fluorescent analog of GTP, Representatives of
RASD and DIRAS groups were not applied due
to their physical instability. 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 S6). 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, CRAF RB domain
revealed the highest affinity for HRAS, RRAS1
and RASSF5 RA domain exhibited a relatively
high affinity for HRAS, RAP1B, 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
RAPIB, 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
majority of low affinity interactions. No binding
was observed for twelve pairwise interactions.

Identification of common RAS binding site
pattern in RA/RB 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). Since 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 have extracted information about
interacting interface from all these complex
structures (Fig. 3A and S7) 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
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resultant matrix comprehensively relates the
interacting residues on both sides of complexes,
with RAS paralogs as rows and the RA/RB
domains as columns (Fig. 3B). All numbering
in this study is based on HRAS on the one side
and CRAF and RASSFS5, 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.
3B). 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 3A and
S4, the majority of the residues (14 out of 20)
on the side of 25 RAS proteins are highly
conserved, nine of which (Q/N25, D/E33,
/V36, E37, D38, S/T39, Y40, R/K41 in switch
I, and Y64 in switch II; HRAS numbering)
account for major hotspots (Fig. 3B). On the
other side, and in contrast, the majority of 19
RAS interacting residues in RA/RB domains
are highly variable and only 2 distant residues
are highly conserved (R/K59 and K/R84; CRAF
numbering; R/K241 and K/R308; RASSF5
numbering) (Fig. 3A and 3B).

However, what is striking is the middle cluster
of the matrix with the most frequent interactions
between the highly conserved residues in the
switch I region of the RAS proteins (B2-strand
residues 36-41; HRAS numbering) and the
highly variable residues of the RA/RB domains
(B2-strand residues 64-71; CRAF numbering;
residues 284-291; RASSF5 numbering) (Fig.
3A and 3B). This cluster adopts an arrangement
of intermolecular B-sheet interactions in an anti-
parallel fashion (Fig. S7). A substantial number
of these 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.



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, especially 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 (23). These numbers have been
slightly reduced to 100 RA domains and only a
few members of RB domain-containing
proteins, including A/B/CRAF, TIAM1/2 and
RGS12/14 proteins (30). In a next study, Kiel et
al. has come to around 70 human proteins,
containing RA and RBD domains (42). 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 (43). 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 (44), and may thus be
involved in endosomal RAS signaling processes
(45). However, we exclude RASGEF3-5,
KRIT1 and RGLA4. Sequences, related to RA or
RB domains, were not found in other proteins
(Table S3), such as SIN1, SNX31, HKI1
(Hexokinase 1) and SHANK2-3, which have
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been recently described as new RAS effector
proteins (44,46-49).

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 previous studies (Fig.
S8).

The RASSF family contains 10 members and is
divided in two groups; RASSF1-6 typically
have C-terminal RA and SARAH domains and
RASSF7-10 an N-terminal RA domain (Fig. 1)
(50). 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).

RASSF1 and RASSF5 RA domains share the
highest sequence homology and several
residues, including L.282, D285, A286, [/V287,
K288, H291, K308, V311, V312, and D313
(RASSF5 numbering), involved in RAS
interaction (Fig. 3B), are almost identical.
These RASSFs have been described in many
studies as effectors for H/K/NRAS, RRAS1 and
RAPI1A (19,31,51,52). 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 (21). In a most recent study, Shifman and
coworkers have shown that RASSF1 also
interacts with ERAS and DIRAS3 (53), which
are atypical members of the RAS family (41).
Furthermore, RALA strikingly showed an
intermediate affinity for RASSF1 (Fig. 2).
RALA, as well as RALB, contains at positions
36 and 37 (HRAS numbering) lysine and
alanine, rather different residues then isoleucine
and glutamate in other RAS proteins, which are
known to be critical for the RAS-effector
interactions (54). RALA-RASSF1 interaction
has not been reported to date and awaits further
cell-based investigations.

Among all RASSF family members only
RASSF1 and RASSFS5 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. 3B). They revealed,
with a few exceptions, comparable K4 values for
different representatives of the RAS family
(Fig. 2). RIT1-RASSF9 interaction with an
intermediate affinity of 27 uM 1is quite
remarkable, especially because a RASSF9
protein has not been reported yet as an RAS
effector. 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 (RASSFS5
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.

RHEB  broadly exhibited low-affinity
interaction with RASSF1-7, especially RASSF1
(Fig. 2), which may be based on a large number
of amino acid deviations in both switch regions
(Fig. 3B and S4). It has been proposed that
RHEB may complex with RASSF1 to
coordinate signaling pathways, after processing
by MST/LATS and TOR kinases (55). In the
presence of RASSF1, RHEB has been shown to
stimulate the MST/LATS/Y AP pathways, but is
suppressed in its ability to activate the TOR
pathway. Physical interaction of RHEB with
RASSFs remains to be shown in cells, in a way
shown for other RAS and RAS-like proteins
(53).

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 extend also for the RRAS proteins (21).
CRAF RB domain revealed an intermediate
affinity for RAP1B and RHEBI 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 RAPI
proteins occupied by favorable glutamine and
serine (Fig. 3B). 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. S8);
this was why RAP1A mutated at this site was
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used for successful determination of the
complex structure between RAP1A and CRAF
RB domain (25). Phosphorylation of RAP1A at
S11 has been recently proposed to promote
RAP1A-CRAF RB domain interaction (56).

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 (57). An
asparagine instead of D38 (HRAS numbering)
in the switch I 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 (58). 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 highly
conserved (32), especially 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
decreases and RHEB knockdown increases
RAF/MEK/ERK activation (59). 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
mTORCI activation (59).

RIT1-CRAF interaction has been frequently
proposed due to their critical roles in
developmental disorders, collectively called
RASopathy (60), 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 I region (Fig. 3B). 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 CRAF RB domain (61). In a different



study, they have shown that RIT1 binds and
activates BRAF but not CRAF (62). This may
again implicate that additional regions may
exist outside the highly conserved RB domains
of'the RAF paralogs, which differently facilitate
the interaction with the RAS proteins, like RIT1
or RHEB.

As there is not published structure for TIAM1
RB domain, we selected also TIAM1 for our
study and obtained very low affinity
interactions, such as 381 uM for HRAS (Fig. 2).
TIAMI1 shares only three identical residues with
CRAF, namely R59, K84 and L86 (CRAF
numbering), which are obviously not sufficient
for a tight interaction with HRAS (Fig. 3B).
Shirazi Fard et al. have shown in a cellular
context that HRAS is associated with
endogenous TIAM1 using immunoprecipitation
and that HRAS-GTP can be pulled down using
TIAM1 RB domain (63). They have proposed
that HRAS-GTP-TIAMI1 interaction is crucial
for a TIAM1-catalyzed RAC1 activation.

An ever-present central concern in biophysical
investigation of protein-protein interactions is
the relevance of low (10-30 puM) to very low
(>> 30 uM) affinity interactions in the
regulation of signaling events. This type of
protein complex relies on weak, transient
interactions that are emerging as important
components of large signaling complexes at the
plasma membrane that are required to response
to external stimuli.

A frequently encountered issue in the
enhancement of RAS-effector interaction is
post translational modification. Thurman et al.
has recently demonstrated that ubiquitylation of
KRAS at L147 impairs RAS-RASGAP
interaction and  facilitate =~ RAS-CRAF
association and MAPK signaling (64). Barceld
et al. have shown that PKC-catalyzed
phosphorylation of KRAS at S181 results in an
increased interaction of KRAS with CRAF and
PI3Ka (65). Several studies have previously
shown that CRAF CR domain undergoes direct
interaction with HRAS, which appears to be
enhanced by the farnesyl moiety if using
farnesylated RAS (15,66-71). A possible
HRAS-CRAF CR domain interaction has been
proposed to be, contrary to CRAF RB domain,
outside of the switch regions of HRAS and thus
independent of its nucleotide-bound state.
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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 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 (72), HRAS
with RB and CR domains of CRAF (32), and
HRAS with two RA domains of PLCg (73). The
latter may involve a high-affinity, GTP-
dependent  binding of RA2  domain
accompanied by low-affinity, GTP-independent
binding of RA1 domain. Deletion of one of the
RA domains inhibits HRAS-induced PLCg
activation (73). Notably, AF6 also possesses
two RA domains and RGS12/14 two RB
domains, respectively (43). Such 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 with S621 phosphorylation, and
14-3-3 binding that collectively facilitates RAF
activation (67,68,74-77).

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 (78),
most likely increases local concentrations of
protein components in a small volume and may
drive cytoplasmic phase separations (79-81).
The second step is site-specific association of
assembled protein complex with membrane-
associated components, such as RAS proteins,
which in turn are connected to receptor and co-
receptors (43,80,81). 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 figure
out why some interactions are in nanomolar
range (e.g. 20 nM) and some in micromolar
range (e.g. 20 uM or more). Given that the latter



is involved in the initiation of multivalent
macromolecular interactions, final complex
formation come along after multivalent
interactions have proceeded (82). This
obviously increases significantly both the
number of interacting complexes and overall
binding affinity by orders of magnitude (43).
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, indicating formation of
stable complexes (83-85).

EXPERIMENTAL PROCEDURES

Constructs—Fragments of human genes
encoding RAs of RASSF1 (accession number
QINS23; amino acids or aa 194-288),
RASSF2 (P50749; aa 176-264), RASSF3
(Q86WH2; aa 79-187), RASSF4 (Q9H2LS5;
aa 174-262), RASSF5 (Q8WWWJ0; aa 200-
358), RASSF6 (Q6ZTQ3; aa 218-306),
RASSF7 (Q02833; aa 6-89), RASSF8
(Q8NHQS8, aa 1-82), RASSF9 (075901, aa
25-119), and RASSF10 (A6NK89; aa 4-133)
as well as CRAF RB domain (P04049, aa 51—
131) and TIAM1 RB domain (Q13009, aa
765-832) were cloned into pMal-c5X-His
vector. Constructs for the expression of
human HRAS, RRAS, RALA, RHEBI,
RIT1, RAP2A and RAPI1B isoforms were
described previously (6).

Protein purification—All RASSF and RAS
proteins were expressed in Escherichia coli
using the pMal-His and pGEX expression
systems and purified by using Ni-NTA and
glutathione based affinity chromatography
as described previously (86). RAS-
mGppNHp was prepared as described (86) .

Fluorescence measurements—R AS-effector
interaction was performed in 50 mM Tris/HCl
pH 7.5, 100 mM NacCl, 5 mM MgCl; and 3 mM
dithiothreitol at 25°C using a Fluoromax 4

fluorimeter in polarization mode as described
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(86). Increasing amounts of MBP-tagged
effector proteins (0.025-300 puM) titrated to 1
uM RAS-mGppNHp resulted in an increase of
polarization. Equilibrium dissociation constants
(Kq4) were calculated by fitting the concentration
dependent binding curve using a quadratic

ligand binding equation.

Bioinformatics—Information about RB and RA
domains were obtained either from annotations
in UniProt database or in parallel using the
program suite HAMMER [http://hmmer.org/].
Sequence alignments were performed with
Bioedit program using the ClustalW algorithm
(87). By wusing Chimera the sequence
alignments was adjust with superimposed
structures (24). An interaction matrix is based
on intermolecular contacts in complex
structures (21). A python code was written to
match sequence alignments with complex
structures  (Table S7) and calculated
intermolecular contacts were put in the form of
interaction matrix. The intermolecular contacts
were defined as pair residues with a distance 4.0
A between effectors and RAS proteins in
available complex structures in the protein data
bank (http://www.pdb.org). Biopython modules
(88) were also used to elucidate corresponding
residues in all available complex structures. The
structural representation were generated using
Pymol viewer (89).
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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;
NOREI, novel RAS effector; NRAS, neuroblastoma RAS; PDZGEF, PDZ domain-containing guanine
nucleotide exchange factor; PI3K, phosphoinositidine 3-kinase; PKC, protein kinase C; PLCk,
phospholipase C epsilon; RA domain, RAS association domain; RAF, rapidly accelerated fibrosarcoma;
RALA, RAS-like protein A; RALGDS, Ral guanine nucleotide dissociation stimulator; RAP, RAS
proximate; RAS, rat sarcoma; RASIP1, RAS-interacting protein 1; RASD, Dexamethasone-induced RAS-
related; RASSF, RAS association domain family; RB domain, 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 domain,
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.



223

FIGURE LEGENDS

Figure 1. Domain organization of effector proteins. Schematic representation of RASSF1-10 proteins,
CRAF RB and TIAM1 RB domains. 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 2 RB domains of CRAF and TIAMI, respectively) were
determined by titrating mGppNHp-bound, active forms of RAS proteins (I 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, RRASland RIT1
with RASSF1, 5, 7 and 9, respectively. (B) Evaluated K4 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 pM; black). No binding (n.b.) stands for K4 values higher than 500 uM.

Figure 3. Interaction matrix adapted for the structures of RAS complexes with effector domains. (A)
Secondary structures of HRAS and RA/RB domains along with the interacting residues are illustrated. (B)
Interaction matrix of RAS and effector proteins (boxed in red) is showed to demonstrate interaction residues
in all available structures (see Table S6). It comprises the amino acid sequence alignments of the RAS
proteins (lower left panel) and the effector domains (upper middle 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. The structures of bolded proteins were used
to generate the matrix. Underlined proteins were biochemically investigated in this study. (C) Extracted
structures of HRAS (in orchid) and the RA/RB domains (in olive) from their surface complexes are
presented. 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.
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FIGURE 3
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Table S1. Human proteins containing RAS association (RA) domain

No. Entry Protein name

1 QINS23 RASSF1, NORE2, PDA32

2 P50749 RASSF2, CENP34, RASFADIN
3 Q86WH2 RASSF3

4 Q9H2L5 RASSF4

5 Q8WWWO RASSF5, RAPL, NORE1

6 Q6ZTQ3 RASSF6

7 Q02833 RASSF7, HRC1

8 Q8NHQ8 RASSF8, HOJ1

9 075901 RASSF9, PCIP1, PAMCI

10 ABNKS89 RASSF10

11 P55196 AF6, AFDN, MLLT4

12 Q12967 RALGDS, RALGEF, RGF, RGDS
13 015211 RALGDSL2, RAB2L

14 QI9NZL6 RGL1

15 Q9BSI0 RGL2

16 Q3MIN7 RGL3

17 Q9Y4G8 PDZGEF1, RAPGEF2, RAGEF1
18 Q8TEU7 PDZGEF2, RAPGEF6, RAGEF2
19 Q9P212 PLCe1, PPLC, NPHS3

20 Q13671 RIN1, JC99

21 Q8WYP3 RIN2, JC265

22 Q8TB24 RIN3

23 Q5U651 RAIN, RASIP1

24 Q7Z5R6 RIAM, APBB1IP, PREL1, RARP1
25 Q96JH8 RADIL, RASIP2

26 Q14451 GRB7, B47

27 Q13322 GRB10, GRB-IR, Meg1, RSS
28 Q14449 GRB14

29 Q15036 SNX17

30 Q96L92 SNX27

31 Q70E73 RAPH1, PREL2

32 P52824 DGKQ

33 Q96P48 ARAP1

34 Q8WZzZ64 ARAP2

35 Q8WWN8 ARAP3

36 B2RTY4 MYO9A

37 Q13459 MYO9B

38 Q9HD67 MYO10
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39 Q9P2F6 ARHGAP20
Table S2. Human proteins containing RAS-binding (RB) domain
No. Entry Protein name
1 P10398 ARAF, RAFA1, PKS
2 P15056 BRAF, NS7, p94
3 P04049 CRAF, CMD1NN, NS5
4 P42336 PI3Ka, p110a, CLAPO, CLOVE
5 P42338 PI3KB, p110p
6 P48736 PI3Ky, 3110y, PIK3
7 000329 PI3K3, p1108
8 000443 PISKC2A, PI3KC2a.
9 000750 PI3KC2B, PI3KC2p3
10 075747 PIBKC2G, PI3KC2y
11 014924 RGS12
12 043566 RGS14
13 Q13009 TIAM1
14 Q8IVF5 TIAM2, STEF
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Table S3. Proposed RAS effectors with no RA/RB domains

No. Entry Protein name Reference
1 Q81ZJ4 RGL4 [1]

2 095398 RAPGEF3, Epac1 [1,2]
3 Q8WZA2 RAPGEF4, Epac2 [1,3]
4 Q92565 RAPGEF5, Repac [1]

5 000522 KRIT1, Krit [1, 4]
6 P19367 HK1 [5]

7 Q9BPZ7 SIN1, MAPKAP1 [6]

8 Q9BYBO SHANK3 [7, 8]
9 Q9UPX8 SHANK2 [8]
10 Q8N9S9 SNX31 [9]
11 Q75LH2 FLJ10324 [10]

[1] Ibafhez Gaspar V, Catozzi S, Ternet C, Luthert PJ, Kiel C. Analysis of Ras-effector interaction competition in large
intestine and colorectal cancer context. Small GTPases. 2020:1-17.

[2] Kiel C, Wohlgemuth S, Rousseau F, Schymkowitz J, Ferkinghoff-Borg J, Wittinghofer F, et al. Recognizing and
defining true Ras binding domains II: in silico prediction based on homology modelling and energy calculations.
Journal of molecular biology. 2005;348:759-75.

[3] Kiel C, Foglierini M, Kuemmerer N, Beltrao P, Serrano L. A genome-wide Ras-effector interaction network. Journal
of molecular biology. 2007;370:1020-32.

[4] Wohlgemuth S, Kiel C, Kramer A, Serrano L, Wittinghofer F, Herrmann C. Recognizing and defining true Ras binding
domains I: biochemical analysis. Journal of molecular biology. 2005;348:741-58.

[5] Amendola CR, Mahaffey JP, Parker SJ, Ahearn IM, Chen W-C, Zhou M, et al. KRAS4A directly regulates hexokinase
1. Nature. 2019;576:482-6.

[6] Schroder WA, Buck M, Cloonan N, Hancock JF, Suhrbier A, Sculley T, et al. Human Sin1 contains Ras-binding and
pleckstrin homology domains and suppresses Ras signalling. Cellular signalling. 2007;19:1279-89.

[7] Chowdhury D, Hell JW. How CBP/Shank3 Guards Rap and H-Ras. Structure. 2020;28:274-6.

[8] Cai Q, Hosokawa T, Zeng M, Hayashi Y, Zhang M. Shank3 Binds to and Stabilizes the Active Form of Rap1 and
HRas GTPases via Its NTD-ANK Tandem with Distinct Mechanisms. Structure. 2019.

[9] Ghai R, Bugarcic A, Liu H, Norwood SJ, Skeldal S, Coulson EJ, et al. Structural basis for endosomal trafficking of
diverse transmembrane cargos by PX-FERM proteins. Proceedings of the National Academy of Sciences.
2013;110:E643-E52.

[10] The crystal structure of the RA domain of FLJ10324 (RADIL): http://www.rcsb.org/structure/3ECS.



Table S4. Human proteins containing RAS-related GTP-binding domain

No. Entry Protein name

1 PO1112-1 HRAS1, p21HRAS

2 P01112-2 HRAS2, p19HRAS

3 PO1111 NRAS

4 P01116-1 KRAS4A

5 P01116-2 KRAS4B, RASK2

6 Q72444 ERAS, KRAS2, HRASP
7 P11233 RALA

8 P11234 RALB

9 P10301 RRAS, RRAS1

10 P62070 RRAS2 TC21

11 014807 RRAS3, MRAS

12 Q92963 RIT1, RIT, RIBB, ROC1
13 Q99578 RIT2, RIN, ROC2

14 P62834 RAP1A, KREV1

15 P61224 RAP1B

16 P61225 RAP2B

17 P10114 RAP2A

18 Q9Y3L5 RAP2C

19 Q15382 RHEB1

20 Q8TAI7 RHEB2

21 Q9Y272 RASD1, AGS1, DEXRAS1
22 Q96D21 RASD2, RHES, TEM2
23 095057 DIRAS1, RIG, GBTS1
24 Q96HU8 DIRAS2

25 095661 DIRAS3, ARHI, NOEY2, RHOI

230



231

Table S5. Dissociation constants determined for the RAS-effector interactions.
HRAS RRAS1 RAP1B RAP2A RALA RHEB RIT1

RASSF1 52 33 26 22 18 37 136
RASSF2 147 122 67 47 167 44 n.b.
RASSF3 500 435 116 100 139 64 n.b.
RASSF4 193 n.b. 101 88 191 47 58
RASSF5 1.0 56 4.0 2.0 49 46 n.b.
RASSF6 91 112 65 53 n.b. 56 98
RASSF7 140 30 72 68 101 76 34
RASSF8 n.b. 114 66 67 115 102 76
RASSF9 179 n.b. 74 66 n.b. 143 27
RASSF10 n.b. 99 73 67 n.b. 150 55
CRAF 0.3 3.3 30 n.b. n.b. 35 139
TIAM1 381 182 95 n.b. 190 89 250

Dissociation constants (K4 values) were determined by evaluating the fluorescence polarization
data (Figures S1, S2) shown in Figure 3 as bar charts. No binding (n.b.) stands for K4 values
higher than 500 pM.
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Table S6. Published structures of the RAS and Effector protein complexes.

Structures PDBcode Res.(A) Refa
RB domains

RAP1A-GTP-CRAF RB 1C1Y 2.2 [1
RAP1A(E30D/K31E)-GppNHp-CRAF RB 1GUA 2.0 [2]
RAP1A(E30D/K31E)-GDP-CRAF RB(A85K/N71R) 3KUC 1.92 [3]
HRAS-GDP-CRAF-RB(A85K) 3KUD 2.15 [3]
HRAS-GppNHp-CRAF-RB 4GON 2.45 [4]
HRAS(Q61L)-GppNHp-CRAF-RB 4G3X 3.25 [4]
KRAS-GppNHp-ARAF-RB 2MSE NMR [5]
HRAS(G12V)-GppNHp-PI3Ky-RB(V223K/V326A) 1HES8 3.0 [6]
HRAS-GppNHp-Byr2-RB 1K8R 3.0 [71
RA domains

HRAS(D30E/E31K)-GppNHp-RASSF5-RA (L285M/K302D) 3DDC 1.8 [8]
HRAS(G12V)-GTP-GRAB14-RA/PH (K272A/E273A) 4K81 24 [9]
HRAS-GppNHp-RALGDS 1LFD 2.1 [10]
HRAS(G12V)-GTP-PLCg(Y2176L) 2C5L 1.9 [11]
HRAS-GppNHp-Afadin RA1 6AMB 25 [12]
RAP1B-GppNHp-Rasip1 RA 5KHO 2.78 [13]

aReferences are listed below.
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Figure S1. Fluorescence polarization measurements of RAS interactions with RASSF RA
domains. Fluorescence polarization experiments were conducted to determine the dissociation
constants (Kq) by titrating the active, mantGppNHp-bound form of RAS proteins (1 pM) with
increasing concentrations of the respective effector domains. The X-axis represents the
concentration of the effector domain as MBP fusion proteins in yM and Y-axis represents
fluorescence polarization. The lines through the data points indicate that equilibrium Kqy values
have been determined for the respective measurements. The Ky values are summarized in Figure
3 and Table S5.
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Figure S2. Fluorescence polarization measurements of RAS interactions with CRAF and
TIAM1 RB domains. Fluorescence polarization experiments were conducted to determine the
dissociation constants (Kq) by titrating the active, mantGppNHp-bound form of RAS proteins (1
MM) with increasing concentrations of the RB domains of CRAF and TIAM1. The X-axis
represents the concentration of the effector domain as MBP fusion proteins in uyM and Y-axis
represents fluorescence polarization. The lines through the data points indicate that equilibrium
Ks values have been determined for the respective measurements. The Ky values are
summarized in Figure 3 and Table S5.
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Figure S3. Multiple sequence alignment of human RA domains. Amino acid sequences of 41
RA domains of 39 RA domain-containing proteins were aligned by using ClustalWW and
implemented in Bioedit with default multiple alignment parameters. Asterisks highlight RAS-
binding amino acids of the respective effectors as indicated in red, green, magenta, blue, orange
and purple. Underlined proteins were biochemically investigated in this study.
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acid) are critical motifs for association with cell membrane. Underlined proteins were
biochemically investigated in this study.
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C-terminus
of KRAS ™

RAS-effector
complexes:

== HRAS-CRAF (4GON)

== HRAS-RASSF5 (2DDC)

== HRAS-PLCs (2C5L)

= HRAS-PI3Ky (1HE8)

= HRAS-GRB14 (4K81)

= KRAS-ARAF (2MSE)
RAP1A-CRAF (1C1Y)

== HRAS-RALGDS (1LFD)
HRAS-AF6 (6AMB)
RAP1B-RASIP1 (SKHO)

%, domains

'
'
L

i Interacting interface RASSF5

Figure S6. Superposition of all available RAS—effector complex structures. Ten structures
of RAS-RA/RB domain complexes were overlaid in ribbon presentation. Additional properties
outside the interaction interface (box) are indicated. For more details see Table S6.
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Figure S7. Dissociation constants (Kq) for the interaction of the RAS proteins with RB/RA
effectors and their variants. Interacting amino acids and their corresponding variants along with
determined Ky values are represented above the secondary structures of HRAS and the RA/RB
domains, respectively. The numbers at the right side refer to the original studies listed below.
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