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Summary 

Proteins of the Ras family act as molecular switches, cycling between a GTP-bound 
(active) and a GDP-bound (inactive) state. These molecules sense extracellular signals 
through activation of transmembrane receptors and intermediate proteins transduce 
them to downstream targets and trigger, thereby, intracellular responses. Thus, Ras 
proteins play a key role in various cellular processes, including gene expression, 
metabolism, cell cycle progression, proliferation, survival, and differentiation. Contrary 
to the best-investigated Ras isoforms (H-, N- and K-Ras) the individual roles of other 
members of the Ras family, such as E-Ras or the R-Ras isoforms, have not been fully 
described. E-Ras, a unique member of the Ras family, is specifically expressed in 
undifferentiated mouse embryonic stem cells, in several tumor cells, including gastric 
cancer and neuroblastoma, and also in quiescent hepatic stellate cells, as we have 
shown recently. E-Ras contains a unique N-terminal extension (38 amino acids) 
upstream of its GDP/GTP binding domain. However, the function of such an additional 
region with various motifs remained unclear. We found that the N-terminal extension 
is essential for E-Ras signaling activity, especially towards PI3K-AKT pathway. Most 
remarkably, E-Ras revealed a different pattern of interaction with downstream 
effectors as compared to H-Ras, correlating with amino acid deviations in the effector-
binding site. Of all these residues, tryptophan 79 determines the effector selectivity of 
E-Ras for PI3Ks. A comparative proteome analysis of the N-terminal extension of 
human and rat E-Ras proteins, which exhibit remarkable sequence deviations, led to 
the identification of 51 associated proteins (10 with the human E-Ras, 3 with rat E-Ras 
and 38 with both species). These interactions appear to participate in distinct cellular 
processes, including cell cycle, transcription, immune response, signal transduction, 
cell adhesion, cytoskeletal dynamics and metabolism. One of these proteins is the 
cytosolic Arginase-1, which is known to convert L-arginine to L-ornithine. Interaction 
studies showed that Arginase-1 physically binds to different E-Ras variants, including 
isolated E-Ras N-terminus, under cell-free condition using purified proteins and also 
using lysates of hepatic stellate cells. E-Ras turned out to positively modulate the 
activity of Arginase-1 and may therefore play a role in the synthesis of polyamines. 
Equilibrium dissociation constants for the interaction of H-Ras, K-Ras, N-Ras, R-Ras1 
and R-Ras2 with both the Ras binding (RB) domain of CRAF and PI3K , and the Ras 
association (RA) domain of RASSF5, RALGDS and PLC , respectively, were determined 
using fluorescence polarization. Obtained quantitative data led to the observation of 
different effector selectivity for Ras and R-Ras isoforms. In combination with detailed 
in silico analyses we generated a matrix for RAS-effector interactions, on the basis of 
this interaction matrix we defined five distinct regions, with R1 being central 
recognition region with mainly intermolecular -sheet contacts and R3 being a 
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determinant for isoform specificity. Finally, we revise the current model for the 
interaction of galectin-1 with H-Ras. Showing that galectin-1 indirectly forms a complex 
with H-Ras via direct binding to CRAF-RB strongly suggests a new model for H-Ras 
nanoclustering in plasma membrane. Collectively, data obtained in this thesis provide 
new insights into protein-protein interaction networks and the physical environment 
of Ras proteins, and may ultimately open new perspectives in elucidating novel 
modulatory mechanisms of Ras proteins especially in human diseases.  
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Zusammenfassung 
Proteine der Ras Familie agieren als molekulare Schalter und wechseln zwischen der 
aktiven, GTP- gebundenen Form und der inaktiven, GDP- gebundenen Form. Diese 
Moleküle erfassen extrazelluläre Signale durch die Aktivierung von 
Transmembranrezeptoren, und übermitteln diese Signale mittels dazwischenliegender 
Proteine an nachgeschaltete Zielproteine für intrazelluläre Antworten. Demzufolge 
spielen Ras Proteine eine erhebliche Rolle bei verschiedenen zellulären Prozessen, wie 
Genexpression, Stoffwechselprozessen, Zellzyklusprogression, Proliferation, Überleben 
der Zelle und Zelldifferenzierung. Im Gegensatz zu den am besten untersuchten Ras 
Isoformen (H-, N- und K- Ras), sind die Funktionen von anderen Isoformen, wie E- Ras 
oder R- Ras, bisher nicht vollständig beschrieben. E- Ras, welches ein besonderes 
Mitglied der Ras Familie darstellt, wird, wie wir kürzlich zeigen konnten, speziell in 
undifferenzierten, embryonalen Stammzellen der Maus, verschiedenen Tumorzellen, 
wie Magenkarzinoma und Neuroblastoma, als auch in ruhenden Sternzellen der Leber 
exprimiert. E- Ras verfügt oberhalb der GDP/GTP- Bindungsdomäne über eine 
einzigartige N- terminale Verlängerung von 38 Aminosäuren. Die Funktion dieser 
zusätzlichen Region mit verschiedenen Motiven war bisher unklar. Wir konnten zeigen, 
dass dieser einmalige N- terminale Verlängerung wesentlich für die E- Ras 
Signalaktivität ist, vor allem in Richtung des PI3K-AKT Signalweges. Besonders 
auffallend ist, dass E- Ras im Vergleich zu H- Ras ein unterschiedliches 
Interaktionsmuster mit nachgeschalteten Effektoren aufweist, welches mit der 
Abweichung der Aminosäuren in der Effektorbindungsstelle korreliert. Von all diesen 
Aminosäureresten ist Tryptophan 79 ausschlaggebend für die Effektorselektivität von 
E- Ras für PI3Ks. Eine proteomische Analyse der N- terminalen Verlängerung bei E- 
Ras Proteinen des Menschen und der Ratte, welche deutliche Unterschiede in der 
Sequenz aufweisen, führten zur Identifikation von 51 assoziierenden Proteinen (10 mit 
dem humanen E- Ras, 3 mit dem E- Ras der Ratte und 38 mit beiden Spezies). Diese 
Interaktionen ermöglichen verschiedene zelluläre Prozesse, wie Zellzyklus, 
Transkription, Immunantwort, Signaltransduktion, Zelladhäsion, dynamische 
Regulation des Zytoskellets und Stoffwechselprozesse. Eines dieser Proteine ist die 
zytosolische Arginase-1, welche dafür bekannt ist, L-Arginin in L-Ornithin 
umzuwandeln. Interaktionsstudien haben bewiesen, dass Arginase-1 verschiedene E- 
Ras Varianten bindet, einschließlich dem isolierten N- Terminus von E- Ras. Diese 
Interaktionsstudien wurden unter zellfreien Bedingungen sowohl mit aufgereinigten 
Proteinen, als auch mit Lysaten von Lebersternzellen durchgeführt. Es stellte sich 
heraus, dass E- Ras die Aktivität von Arginase-1 positiv reguliert und somit eine 
entscheidene Rolle bei der Synthese von Polyaminen spielt. Die Gleichgewichts- 
Dissoziationskonstanten für die Interaktionen von H-Ras, K-Ras, N-Ras, R-Ras1 and R-
Ras2  sowohl mit den Ras- 
mit den Ras- 
jeweils mittels Fluoreszenzpolarisation bestimmt. Die gewonnen Daten zeigen 
unterschiedliche Effektorselektivitäten für Ras und die R-Ras Isoformen. Mittels in 
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silico Analysen wurde eine Matrix für RAS-Effektor Interaktionen entwickelt und auf 
der Basis dieser fünf verschiedene Regionen definiert, wobei R1 als zentrale 
Erkennungsregion dient und R3 eine Determinante für Isoformspezifität darstellt. 
Zusätzlich konnten wir das aktuelle Model für die Interaktion zwischen Galectin-1 und 
H-Ras überarbeiten und zeigen, dass Galectin-1 durch die direkte Bindung von CRAF-
RBD einen Komplex mit H-Ras bildet und somit ein neues Model für das 
Nanoclustering von H-Ras in Plasmamembranen suggerieren. Insgesamt liefern die 
gewonnenen Daten dieser Doktorarbeit neue Einblicke sowohl in Protein-Protein 
Interaktionsnetzwerke, als auch in die physische Umgebung der Ras Proteine, wodurch 
sich neue Perspektiven in der Erläuterung neuartiger regulierender Mechanismen der 
Ras Proteine, speziell in menschlichen Erkrankungen, eröffnen. 
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The discovery of the RAS proto-oncogenes 
Ras genes were identified in the late 1970s and the early 1980s as oncogenes (Bos, 
1989; Der, 1989; Karnoub and Weinberg, 2008). The K-Ras and H-Ras genes were first 
discovered as the v-K-Ras and v-H-Ras oncogenes of sarcoma viruses (Chien et al., 
1979; Shih et al., 1978). Their cellular oncogenes were then identified in human and 
their mutations were furthermore found in some human carcinomas (Der et al., 1982; 
Parada et al., 1982; Santos et al., 1982) (Hall et al., 1983; Murray et al., 1983; Shimizu 
et al., 1983). Ras genes are the most frequently mutated oncogenes in both solid 
tumors and hematologic neoplasia with single point mutations at codons 12, 13 or 61 
(Barbacid, 1990; Beaupre and Kurzrock, 1999; Bos, 1989; Guerrero and Pellicer, 1987; 
Scheele et al., 2000). The frequency of mutated Ras genes (K-Ras, N-Ras, H-Ras) varies 
widely depending on the type of cancer. The most commonly mutated gene in solid 
tumors is the K-Ras gene, with the highest incidence in pancreatic (90%) and colorectal 
carcinomas (60%) (Almoguera et al., 1988; Burmer and Loeb, 1989).  N-Ras, however, 
is the most frequently mutated gene in wide variety of human leukemias with an 
incidence of up to 60% in chronic myelomonocytic leukemia and up to 40% in acute 
myelogenous leukemia (Ahuja et al., 1990; Hirsch-Ginsberg et al., 1990; Janssen et al., 
1987).  

Ras as the prototype of a superfamily 
Ras is the prototype of the superfamily of the small GTP-binding and hydrolyzing 
proteins (or GTPases), which are monomeric proteins with molecular masses of 20-30 
kDa. More than 150 small GTPases have been identified in eukaryotes from yeast to 
human and they comprise a superfamily (Bourne et al., 1990; Matozaki et al., 2000; 
Rojas et al., 2012; Wennerberg et al., 2005). The members of Ras superfamily are 
structurally classified into five major families: Ras, Rho, Rab, Arf and Ran (Figure 1; 
(Rojas et al., 2012)). The functions of these five families have extensively been 
elucidated: the Ras family mainly regulates cell growth, differentiation, gene 
expression and apoptosis; the Rho family regulates both cytoskeletal reorganization 
and gene expression; the Rab and Arf families regulate intracellular vesicle formation, 
trafficking and fusion; Ran regulates nucleocytoplasmic transport. 
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Figure 1: Phylogenetic tree of the human Ras superfamily. 
The tree contains 151 sequences that were aligned according to their G-domain. The 
background colors indicate the original classification of the superfamily in distinct 
families: blue, Ras family; green, Rho; red, Rab; cyan, Arf; and yellow, Ran. 
Unclassified members are shown in beige. For more details see the original article of 
Rojas and colleagues (Rojas et al., 2012). 
 

Structure-function relationship of Ras 

In spite of increasing complexity of Ras signaling, its enzymology, however, is very 
simple; they bind GTP and hydrolyze it to GDP. Therefore, Ras activity is determined by 
the type of bound nucleotide: Ras is inactive in its GDP-bound state and active in its 
GTP-bound state. Thus, Ras acts as a molecular switch (Vetter and Wittinghofer, 2001).  
All members of the Ras superfamily share a GDP/GTP binding (G) domain, which 
consists of six -sheets and five -helices (Figure 2). Although the length and sequence 
of the G domains are different (e.g., H-Ras residues 1-166), they share a set of 
conserved GDP/GTP-binding motifs, termed G1-G5 (Figure 2A) (Bourne et al., 1991; 
Wennerberg et al., 2005): G1 (10GXXXXGKS17; H-Ras numbering) binds the  and  
phosphates of GTP, which also called the phosphate binding (P) loop; G2 (residues 32-
40 in H-Ras) is also called the effector binding site or switch I, which coordinates the 
magnesium ion (Mg2+) and the  phosphate of GTP, respectively; G3 (57DXXGQ61; H-Ras 
numbering) is part of the switch II region(residues 60-68 in H-Ras) coordinating the 
Mg2+ ion and  phosphate of GTP, respectively; G4 (116NKXD119; H-Ras numbering) 
determines the specificity of the guanine base binding; G5 (144SAK146; H-Ras 
numbering) specifically stabilizes the guanine ring and the ribose. Switch I and II are 
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the regions that undergo the conformational changes when Ras cycles between the 
GTP-bound and GDP-bound states (Vetter and Wittinghofer, 2001). Switch I region 
(residues 32-40) is located between 1 helix and 2 strand and overlaps with G2 box. 
Switch II region (residues 60-68) contains part of 2 helix and G3 motif. A GTP-induced 
conformation change is critical for its molecular switch function, which favors the 
interaction with the downstream effectors (Vetter and Wittinghofer, 2001). 
 

 
 
Figure 2: The structure of RAS Protein 
A, Primary structure of RAS protein, B, Sequence comparison of switch I, switch II and c-
terminus of some RAS proteins, C, crystal structure of Ras (PDB code: 4EFL). P-loop, 
switch I and switch II labeled with different colors. 
 

Membrane association of Ras 
Signaling networks are organized by the specific localization of the signaling molecules 
to distinct cellular membranes. Posttranslational modifications, including farnesylation 
and palmitoylation, are essential for plasma membrane localization of Ras proteins 
(Ahearn et al., 2012). The majority of Ras family proteins consist of a carboxyl terminal 
CAAX (C is cysteine, A is any aliphatic amino acid, and X is any amino acid) motif 
(Ahearn et al., 2012). 
CAAX motif and its upstream hypervariable region (HVR) contain sites for post-
translational modifications and are critical for subcellular localization of Ras proteins 
(Figure 2) (Ahearn et al., 2012; Takahashi et al., 2005; Wennerberg et al., 2005). 
Cytosolic Ras proteins are post-translationally modified at their CAAX cysteine 
successively by the enzymatic activities of farnesyltransferase, endopeptidase and 
methyltransferase (Takahashi et al., 2005). 
The plasma membrane localization of some Ras proteins, such as H-Ras and N-Ras 
required another lipid modification. Palmitoylation occurs at one or two cysteine 
residues in the hypervariable region (HVR) of the residues upstream of the CAAX motif 
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(Rocks et al., 2005). Therefore, four different posttranslational modifications, e.g., 
farnesylation, endoproteolysis, methylation, and palmitoylation, are necessary for the 
plasma membrane localization of H-Ras and N-Ras (Takahashi et al., 2005). We have 
recently proposed that E-Ras, a unique member of the Ras family, is most likely 
posttranslationally modified by palmitoylation. Substitution of two cysteine residues 
C226 and C228 in its HVR for serines clearly impaired the plasma membrane 
localization of E-Ras (Chapter 2).In contrast, farnesylated K-Ras4B instead contains 
multiple lysine residues upstream of the CAAX motif that stabilize its plasma 
membrane association via direct interaction with phospholipids (Apolloni et al., 2000). 

Regulatory mechanisms of Ras 
A hallmark of most small GTPases, like Ras, is their ability to undergo structural 
changes in response to alternate binding of GDP and GTP (Figure 2). Ras in its GDP-
bound `off´ state and the GTP-bound `on´ state interacts with diverse proteins, which 
regulates its function as a molecular switch in diverse cellular processes (Vetter and 
Wittinghofer, 2001). Ras activation requires GDP/GTP exchange, an intrinsically very 
slow process that is accelerated in the cell by a group of proteins called guanine 
nucleotide exchange factors (GEFs; Figure 3). Activation of Ras proteins occurs in a 
response to diverse extracellular stimuli leading to recruitment of GEFs to the plasma 
membrane. Activation of Ras-specific GEFs, like Sos1, is signal transduction-controlled 
processes. After growth factor stimulation, the tyrosine phosphorylated receptor binds 
the Grb2-Sos complex, translocating it to the plasma membrane. The principal 
mechanism used involves formation of complexes of autophosphorylated growth 
factor receptors with the SH2 and SH3 domain containing adaptor protein GRB2 and 
the exchange factor Sos1 (Hennig et al., 2015). This is thought to bring Sos into close 
proximity with Ras, leading to the nucleotide exchange and the activation of Ras.  
Activated Ras interacts with multiple, functionally distinct downstream effectors, 
which act as enzymes or scaffold proteins and control cell proliferation, differentiation, 
and survival (see below). 
Ras inactivation is dependent on a functional intrinsic GTP hydrolysis (or GTPase) 
reaction, which very slow and requires GTPase-activating proteins (GAPs, Figure 3) 
(Scheffzek et al., 1998; Vetter and Wittinghofer, 2001). Interestingly in the GTPase 
reaction of Ras as a molecular drug target stems from the observation that in a large 
number of human tumors Ras is mutated at codons 12 or 61, more rarely 13. Impaired 
GTPase activity, even in the presence of GTPase activating proteins (GAPs), has been 
found to be the biochemical reason behind the oncogenicity of the Gly12/Gln61 
mutations, thus preventing Ras from being switched off (Ahmadian, 2002) .Therefore, 
these oncogenic Ras mutants remain constitutively activated and contribute to the 
neoplastic phenotype of tumor cells. Ras-specific GAPs, like neurofibromin (NF) and 
p120RasGAP, are defined by the presence of a conserved catalytic domain, which 
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supplies a conserved arginine residue and complements an inefficient active site by 
stabilizing the transition state of the GTPase reaction of Ras (Scheffzek and Ahmadian, 
2005; Scheffzek et al., 1998). Neurofibromin and p120 contain a GAP-related domain, 
which is responsible for a GAP-stimulated GTPase reaction of more than 105-fold 
(Scheffzek and Ahmadian, 2005). 
 

 
 

Figure 3: Ras proteins cycling between the active and inactive state 
The active state of Ras protein is bound to GTP, the inactive state of Ras 
protein is bound to GDP. GTP bound form can binds different effectors 
and triggers different pathways. 

 
 

Ras effector selection 
Ras proteins transmit various signals to downstream effectors and initiates distinct 
signal transduction pathways responsible for regulation of individual biological 
processes (Figure 3) (Ayllon and Rebollo, 2000; Cox and Der, 2003; Karnoub and 
Weinberg, 2008; Matozaki et al., 2000; Nakhaei-Rad et al., 2016) to Ras effectors 
including the Raf kinase, PI3K, RalGDS, PLC  and Rassf5. They share little homology but 
all contain either a Ras binding (RBD) or a Ras association (RA) domain (Figure 4) (Chan 
and Katan, 2013; Repasky et al., 2004b; Wohlgemuth et al., 2005). Effector interaction 
essentially requires localization of the Ras proteins at the membrane and its activation 
by specific exchange factors, leading to the formation of the GTP-bound state of Ras 
proteins (Ahearn et al., 2012). Thereby, they changes their conformation at highly 
mobile switch regions, to where d (Mott and 
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Owen, 2015; Vetter and Wittinghofer, 2001). Raf1-RBD and RalGDS-RA share a similar 
ubiquitin-like fold and contact the switch I region via a similar binding mode, whereas 
PI3K -RBD, Rassf5-RA and PLC -RA do not share sequence and structural similarity but 
commonly bind to both switch regions (Huang et al., 1998; Nassar et al., 1995). The 
RBD-containing mSin1, an integral component of the mTOR complex 2 (mTORC2), has 
been reported to bind activated H-Ras and K-Ras in cells (Schroder et al., 2007). A 
direct interaction between mSIN1 and the Ras proteins has not been reported yet. 

Raf  kinases  
Serine/threonine-protein kinases of the Raf family (A-Raf, B-Raf, and C-Raf/Raf1) act as 
a link between the membrane-associated Ras proteins and the MEK/ERK cascade. This 
critical regulatory link functions as a switch determining cell fate decisions, including 
proliferation, differentiation, apoptosis, survival and oncogenic transformation (Lavoie 
and Therrien, 2015). Raf activation initiates a mitogen-activated protein kinase (MAPK) 
cascade that comprises a sequential phosphorylation of the dual-specific MAPK 
kinases (MEK1 and MEK2) and the extracellular signal-regulated kinases (ERK1 and 
ERK2). This cascade regulates a large variety of processes including apoptosis, cell cycle 
progression, differentiation, proliferation, and transformation (Lavoie and Therrien, 
2015; Roskoski, 2010).  
The Raf isoforms share three different conserved regions (CR) with distinct functions 
(Desideri et al., 2015; Matallanas et al., 2011). CR1 contains a Ras-binding domain 
(RBD), which is essential for the interaction with the Ras proteins, and a cysteine-rich 
domain (CRD), which stabilizes the inactive conformation (Figure 4). CR2 comprises 
important inhibitory phosphorylation sites participating in the negative regulation of 
Ras binding and Raf activation, and is required for membrane recruitment of Raf. CR3 
contains the kinase domain, including the activation segment, whose phosphorylation 
is necessary for kinase activation (Matallanas et al., 2011). The regulation of Raf kinase 
activity is complex and not fully understood (Desideri et al., 2015). In the absence of a 
cellular stimulus most Raf is in the cytoplasm in a monomeric and closed (inhibited) 
state, which is achieved through the direct, physical association of its N-terminal CR1 
region with the kinase domain. Activated Ras binds to the RBD and translocates Raf to 
the membrane, and relieves the kinase domain. Thereby, dephosphorylation of CR2 
and phosphorylation of CR3 are required to fully activate Raf (Alexa et al., 2010; 
Matallanas et al., 2011; Desideri et al., 2015). It is important to note that the binding of 
Raf to Ras can be promoted by the scaffolding protein Sur-8/SHOC2 (Matsunaga-
Udagawa et al., 2010). Raf phosphorylates and activates the MEK1/2, that 
phosphorylates and activates the ERK1/2. Activated ERK1/2 translocate to the nucleus 
and activate Ets-family transcription factors, which mediate gene expression (Repasky 
et al., 2004a).  
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Figure 4: Domain organization of Ras effectors. 
Various domains are highlighted, including Ras association (RA) domain and Ras-
binding domain (RBD). Other domains are: C1, cysteine-rich lipid binding; C2, calcium-
dependent lipid binding; CRD, cysteine rich domains; DEP, Dishevelled/Egl-
10/Pleckstrin; EF, EF-hands; kinase, serine/threonine or phosphoinositide kinase; PH, 
pleckstrin homology; PIK, Phosphoinositide 3-kinase family, accessory domain; PP, 
proline-rich region; RA, Ras association; RalGEF, Ral specific guanine nucleotide 
exchange factor; RasGEF, Ras specific guanine nucleotide exchange factor; RBD, Ras 
binding domain; REM, Ras exchanger motif; SARAH, Salvador/Rassf/Hippo. 
 

Phosphatidylinositol 3-kinase (PI3K) 
PI3Ks belong to the second best-characterized RAS effector family, which play critical 
roles in regulating cell growth, cell cycle entry, cell survival, cytoskeleton 
reorganization, and metabolism (Castellano and Downward, 2011). Activated PI3K 
converts phosphatidylinositol (4,5)-bisphosphate (PIP2) into phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3), which usually is the target the pleckstrin homology (PH) 
domains of for example Akt/PKB (Carnero, 2010). Activation of Akt/PKB in turn 
regulates cell growth, cell cycle entry, and cell survival. PI3K has also the ability to 
activate Rac1, which is involved in cytoskeleton reorganization (Cantley, 2002). The 
PI3Ks are heterodimeric lipid kinases, composed of a catalytic and a regulatory 
subunit, both of which are encoded by separate genes and underlie alternative splicing 
(Castellano and Downward, 2011; Volinia et al., 1994). The PI3K family is divided into 
four different classes (Class I-IV) based on primary structure, regulation, and substrate 
specificity (Leevers et al., 1999). Class I PI3K is the best-characterized class and 
generally subdivided in two subclasses (IA and IB). The catalytic subunits for class IA 
are p110 , p110 , and p110 , which bind to one of five regulatory subunits p85 , 
p55 , p50 , p85 , and p55  (Geering et al., 2007). The catalytic subunit for class IB is 
p110  that binds to either p101 or p87 as regulatory subunit (Shymanets et al., 
2013).The regulatory subunit controls the subcellular location, the interaction with 
binding partners, and the activity of the catalytic subunit. Under unstimulated 
conditions, p85 stabilizes the labile p110 protein, while inhibiting its catalytic activity. 
Recruitment of the p85/p110 complex to receptors, e.g., receptor tyrosine kinases 
(RTKs), and adaptor proteins, e.g., Grb2, via p85 domains leads to PI3K activation and 
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production of the second messenger PIP3. PI3K activation is achieved at least in three 
different modes, either directly by autophosphorylated receptor tyrosine kinases 
(RTKs), RTK/GRB2 or RTK/Grb2/Sos/Ras. In the mode, Ras directly activates p110 in a 
p85-independent manner (Geering et al., 2007).The class IB PI3K  is activated G 
protein-coupled receptors and requires physical interaction with G  subunits and Ras 
for its activation (Kurig et al., 2009).Thereby, the regulatory subunits p87 and p101 are 
distinct regulators PI3K  and determine the specificity of its signaling pathways 
(Shymanets et al., 2013). 
The activation of PI3K results in PIP3 generation.The activation of PI3K and subsequent 
production of PIP3 drive the diverse downstream pathways that regulate a number of 
cellular functions including those involved in tumor development and progression. The 
tumor suppressor phosphatase and tensing homolog (PTEN), as a lipid phosphatase 
antagonizes PI3K and dephosphorylates PIP3 to PIP2, thereby terminating PI3K-
dependent signaling. 

Ral guanine nucleotide dissociation stimulator (RalGDS) 
RalGDS was discovered to contain CDC25 domain, which is a signature for a catalytic 
RasGEF domain (e.g., Sos, RasGRP, RasGRF) (Ferro and Trabalzini, 2010). However, 
RalGDS turned out to an exchange factor for the Ras-like proteins RalA and RalB rather 
than for Ras. RalGDS contains a RA domain and is established to be a Ras effector (Neel 
et al., 2011). Therefore, members of RalGDS family are activated by Ras and activate in 
turn Ral proteins by promoting their GDP/GTP exchange. The ability of RalGDS proteins 
to bind GTP-bound Ras and eventually Ras-related proteins is due to their C-terminal 
RA domain (Ferro and Trabalzini, 2010), which is highly conserved in many different 
proteins (Wohlgemuth et al., 2005). RalGDS/Ral pathways regulate vesicular 
trafficking, migration and invasion, tumor formation, metastasis, and gene expression 
(Gentry et al., 2014). 

 Ras association domain-containing protein 5 (Rassf5) 
Rassf5 (also called novel Ras effector 1 or Nore1) is a downstream effector of Ras. Its 
complex with mammalian Ste20-like kinase (Mst1), a human ortholog of Hippo, 
interacts with Ras-GTP and promotes proapoptitic Hippo pathways. Their relative 
levels of activation balance cell survival or death (Feig and Buchsbaum, 2002). Rassf5, 
has no detectable catalytic domain. It has SH3-domain-binding sites at the N-terminus 
followed by a cysteine-rich lipid binding C1 domain, a RA domain and at the very C-
terminus a Salvador/Rassf/Hippo or SARAH domain (Figure 4) (Feig and Buchsbaum, 
2002). It has been shown that C1 domain of Rassf5 undergoes an intramolecular 
interaction with the RA domain and represents as such Rassf5 in its autoinhibited 
state. Ras-GTP binding to RA disrupts this complex and displaces the C1 domain for the 
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association with phosphatidylinositol 3-phosphate (PI3P) (Harjes et al., 2006). Thereby, 
SARAH domain of Rassf5 interacts with Mst1 (Makbul et al., 2013).  

Phosphatidylinositol 4,5-bisphosphate phosphodiesterase 
epsilon (PLC ) 
Stimulation of PIP2-hydrolyzing phospholipase C (PLC) is a key signaling even activated 
by different membrane receptors. It regulates a variety of cellular functions, such as 
smooth muscle contraction, neuronal signaling, secretion, and cell growth and 
differentiation (Evellin et al., 2002). PLC , PLC  and PLC  are differentially regulated by 
G protein-coupled receptors and the heterotrimeric G protein q as well as by 
receptor tyrosine kinases (Gresset et al., 2012). A fourth member of the 
phospholipases is PLC , which contains additionally to conserved PLC domains also a 
CDC25 (RasGEF) domain and two RA domains at the very C-terminus (Figure 4) (Kelley 
et al., 2001) Both RA domains have been shown to have ubiquitin-like folds (Bunney et 
al., 2006). Only the second RA domain binds Ras-GTP with high affinity (Kelley et al., 
2001). 

Stress-activated map kinase-interacting protein 1 (SIN1) 
Sin1 (also called Mitogen-Activated Protein Kinase Associated Protein 1 or MAPKAP1) 
is a member of the mammalian target of rapamycin complex 2 (mTORC2) (Laplante 
and Sabatini, 2009). Together with Rictor it stabilizes the assembly of mTORC2. SIN1 is 
essential for mTOR-mediated phosphorylation at Ser-473 Akt/PKB (Frias et al., 2006; 
Laplante and Sabatini, 2009). Activation of mTORC1 leads to SIN1 phosphorylation at 
Thr-86 and Thr-398 by S6K1 leading to its dissociation from and inactivation mTORC2 
(Liu et al., 2013). SIN1 contains an N-terminal MAPK-binding domain followed RBD and 
PH domains (Figure 4). It co-localizes with Ras and also interacts with Ras in vivo 
(Schroder et al., 2007). Over-expression of SIN1 can inhibit Ras-mediated activation of 
ERK1/2, Akt and JNK signaling (Schroder et al., 2007). A direct association of SIN1 with 
Ras proteins has not been shown yet. 

Embryonic stem cell-expressed Ras (E-Ras) 
E-Ras, a novel member of the Ras superfamily, has been discovered in mouse 
embryonic stem cells as a transforming oncogene (Takahashi et al., 2003). A search in 
mouse genomic databases showed that E-Ras gene is located on the X chromosome 
and contains two exons. The cDNA encodes a protein of 227 amino acids with an 
average sequence identity of 45% to the Ras isoforms H-Ras, K-Ras and N-Ras,.The five 
G motives essential for nucleotide binding and hydrolysis are highly conserved 
(Takahashi et al., 2003). Another characteristic of E-Ras is a Serine (Ser50) instead of a 
glycine (equivalent to Gly12 in H-Ras), which is frequently mutated in Ras gene in 
human tumors. Thus, E-Ras constitutes a constitutively active protein in cells (Chapter 
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2 and Chapter 5). Therefore, E-Ras has the ability to transform cells. Its overexpression 
induces morphological changes in fibroblasts indicative for the transforming activity of 
E-Ras (Takahashi et al., 2003). Accordingly, E-Ras has been described to be expressed 
in the early stage of gastric cancer, while no E-Ras expression was detected in gastric 
epithelial cells. Thus, it has been suggested that E-Ras is an oncogene and associated 
with the tumorigenesis of human gastric tumors (Kaizaki et al., 2009). Moreover 
embryonic stem cells and gastric tumors cells E-RAS specifically expressed in Hepatic 
stellate cells (HSCs). E-RAS protein was detected in HSCs but not in other liver cell 
types, including hepatocytes, Kupffer cells and sinusoidal endothelial cells. E-Ras is 
presence in quiescent HSCs but not in activated HSCs and it was considerably down-
regulated during HSC activation (Chapter 5). In quiescent HSCs, E-Ras preferentially 
interacts with PI3K and activates the PI3K-PDK1-AKT axis and does not show any 
activity toward the MAPK cascade. The prominent AKT phosphorylation by mTORC2 in 
quiescent HSCs suggests that mTORC2-AKT acts as a candidate pathway mediates 
signaling downstream of E-Ras. E-Ras like other Ras proteins should be associated with 
the lipid membrane to transduced signal. They undergo PMTs at their C-terminus, with 
the CAAX motif at the farnesylation site, and additional upstream cysteine residues at 
the palmitoylation site(s) (Chapter 5). 
According sequence alignment, human and rat E-Ras proteins show a sequence 
identity of 71%. Here, major differences are located at the C-terminal HVR and at a 
unique N-terminal extension, which is missing in the Ras isoforms, such as H-Ras 
(Chapter 2). The extension of the N-terminus of E-RAS was proposed to modulate its 
localization through interaction with potential adaptor/scaffold proteins via putative 
PXXP and RRR motifs (Chapter 2). It has been shown that the N-terminal extension is 
required for the E-Ras association with PI3K and may contribute to a precise activation 
of the PI3K-AKT-mTORC pathway (Chapter 2). A recent proteome study has shown that 
the E-Ras N-terminus binds multiple cytosolic and nuclear proteins with different 
functions (Chapter 4). Interestingly, the majority of the proteins bind both Human and 
rat E-Ras proteins in spite of large amino acid deviations within their N-terminus. One 
of these proteins is Arginase 1.  

Arginases 
Arginase is a manganese-binding enzyme (comprised of 322 amino acids) that 
catalyzes the conversion of L-arginine to L-ornithine and urea. It is an critical enzyme 
of the urea cycle and provides cells also with ornithine, which is an essential precursor 
of proline and polyamine biosynthesis (Curran et al., 2006). There are two isoenzymes. 
They catalyze the same biochemical reaction but differ in cellular expression, 
regulation, and localization (Curran et al., 2006) The cytosolic Arginase-1 is primarily 
expressed in hepatocytes, whereas the mitochondrial arginase-2 is expressed in a 
variety of tissues, such as kidney, small intestine, prostate, and lactating mammary 
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gland (Morris, 2009). Arginase-2 is involved in the synthesis of polyamines, the amino 
acids ornithine, proline, and glutamate and in the inflammatory process and 
proliferation (Cederbaum et al., 2004). Mammalian arginases are homotrimeric 
enzyme, but some bacterial arginases are hexameric enzymes (Dowling et al., 2008). 
High-resolution crystal structures rat Arginase-1 and human Arginase-2 have shown 
that the trimeric enzymes contain one active site that is located at the bottom of a 15 
Å deep cleft (Kanyo et al., 1992; Cama et al., 2003). The two Mn(II) ions are located at 
the bottom of this cleft, which separated by 3.3 Å and bridged by oxygens derived 
from 2 aspartic acid residues and a solvent-derived hydroxide. This metal bridging 
hydroxide is supposed to be the nucleophile that attacks the guanidinium carbon of 
substrate arginine (Ash, 2004).  
L-arginine is a common substrate for both Arginases and nitric oxide synthases (NOSs) 
(Bagi et al., 2013) NOSs catalyze the formation of NO that is involved in a variety of 
biological functions, for example, it is an established neurotransmitter in the nervous 
system, it is also secreted by endothelial cells acting as a blood pressure regulator and, 
produced by macrophages, is a potent anti-microbial, cytotoxic and inflammatory 
mediator (Heiss et al., 2015) Controlling the relative rates of flux of L-arginine between 
arginases and NOSs may be a central regulatory switch of cellular growth (Bagi et al., 
2013). E-Ras may play a role by directly interacting with and regulating the activity of 
Arginase-1 for example in hepatic stellate cells (Chapter 5).  

Hepatic stellate cells (HSCs) 
In a healthy liver, hepatic stellate cells (HSCs; also called Ito cells, lipocytes, fat storing 
cells, or perisinusoidal cells) remain in a quiescent state. They are located in the space 
of Disse between the sinusoidal endothelial cells and represent 5-8% of the total 
number of liver cells. In the quiescent state, they contain numerous vitamin A lipid 
droplets, constituting the largest reservoir of vitamin A in the body (Kordes and 
Haussinger, 2013). Research on HSCs within the last 30 years has mainly focused on 
their contribution to fibrogenesis in chronic liver diseases (Friedman, 2008). A liver 
injury, through for example viral infection or toxins, results in the HSC activation 
through signals releases by damaged hepatocytes and immune cells (Kordes et al., 
2014; Kordes et al., 2015). Activated HSCs progressively release their vitamin A and 
increasingly produce extracellular matrix proteins and a temporary scar at the site of 
injury to protect the liver from further damage (Yin et al., 2013). Liver fibrosis is a 
reversible reaction to either acute or chronic liver injury that reflects a balance 
between liver repair and scar formation. During acute injury, the changes in liver 
construction are temporary and reversible. While chronic injury is a progressive 
substitution of the liver parenchyma by scar tissue. Despite ongoing injury, the liver 
has a considerable regenerative capacity, and, as a result, patients often progress 
slowly to cirrhosis over decades (Lee and Friedman, 2011).Recent data point to 
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another remarkable characteristic of HSCs that they possess signaling pathways 
important for maintenance of stemness and cell differentiation (Kordes et al., 2014; 
Kordes et al., 2015). 
They possess characteristics of stem cells, like the expression of Wnt and NOTCH, 
which are required for developmental fate decisions. Activated HSCs display an 
expression profile highly reminiscent of mesenchymal stem cells. Due to typical 
functions of mesenchymal stem cells, such as differentiation into adipocytes and 
osteocytes as well as support of hematopoietic stem cells, HSCs were identified as 
liver-resident mesenchymal stem cells (Kordes et al., 2013). During activation HSCs up-
regulate various genes, including smooth muscle actin and collagen type I, and down-
regulate GFAP (Kordes and Haussinger, 2013). 
The origin of stellate cells is not clear because they express molecular markers of 
different germ layers (Geerts, 2004) The space of Disse which HSCs localize there has 
characteristics of stem cell niches (Kordes and Haussinger, 2013) The origin of liver 
progenitor cells are HSCs and other  MSC populations from distance organ that after 
injury migrate to the liver in order to support regeneration. HSCs can characterize as 
liver-resident stem cells (Kordes et al., 2014).  

Galectin-1 
Galectins belong to a family of carbohydrate-binding proteins (lectins). Fifteen 
different galectins have been described in human, which one or two carbohydrate 
recognition domain (CRD) (Vasta et al., 2015). This domain contains about 130 amino 
acids and is responsible for -galactoside binding. Galectins participates in different 
biological functions, such as development, differentiation, immunity (Blidner et al., 
2015). Galectin-1 (Gal-1) was the first protein discovered to contain one CRD and to be 
biologically active as homodimers (Camby et al., 2006). It can be found in the 
cytoplasm, the nucleus, the cell surface and in the extracellular space and is also 
secreted by an unknown pathway (Seelenmeyer et al., 2008). Gal-1 is differentially 
expressed by various normal and pathologic tissues and displays a wide range of 
biological activities (Astorgues-Xerri et al., 2014). In oncology, Gal-1 plays a pivotal role 
in tumor growth and in the multistep process of invasion, angiogenesis, and 
metastasis. Evidence indicates that Gal-1 exerts a variety of functions at different steps 
of tumor progression (Astorgues-Xerri et al., 2014). 
The current model for the nanocluster scaffolding activity of Gal-1 (Blazevits et al., 
2016) suggests that it directly binds to the C-terminal farnesyl of active H-Ras to 
modulate its intracellular membrane organization (Rotblat et al., 2004) Augmented 
nanoclustering then increases effector recruitment thus potentiating MAPK signaling 
output (Paz et al., 2001). Importantly, the interaction between Gal-1 and the GTP-
bound H-Ras is suggested to be the target of the anti-Ras drug Salirasib (developed as 
farnesylthiosalicylic acid, FTS), which is currently assessed preclinically and in clinical 
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trials for the treatment of cancer (Laheru et al., 2012). A recent study has 
demonstrated that Gal-1 does not directly bind to H-Ras, but instead to the RBDs of 
Ras effectors, such as Raf (Chapter 6). This explains how Gal-1 specifically recognizes 
active Ras-GTP. This model has entirely revised the mechanism of action of Gal-1 as a 
nanocluster scaffold and provides additional therapeutic approaches in the future. 
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The function of embryonic stem cell-expressed RAS (ERAS), a unique 
RAS family member, correlates with its additional motifs and its 
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Summary 
E-Ras is a member of Ras family specifically expressed in embryonic stem cells and 
hepatic stellate cells (HSCs). Unlike classical Ras isoforms, E-Ras has an extended 38-
amino acid long unique N-terminal region with still unknown functions. A comparative 
proteome analysis of the N-terminal extension of human and rat E-Ras proteins, which 
exhibit remarkable sequence deviations, led to the identification of 51 associated 
proteins (10 with the human E-Ras, 3 with rat E-Ras and 38 with both species). These 
interactions appear to participate in distinct cellular processes, including cell cycle, 
transcription, immune response, signal transduction, cell adhesion, cytoskeletal 
dynamics and metabolism. One of these proteins is the cytosolic Arginase-1(Arg1). which 
is known to convert L-arginine to L-ornithine. Interaction studies showed that Arg1 
physically binds to different E-Ras variants, including isolated E-Ras N-terminus, under 
cell-free condition using purified proteins and also using lysates of hepatic stellate cells. 
We also investigated the molecular nature of Arg1 regulation and function by E-Ras, and 
a correlation between these two proteins in quiescence HSCs. It seems that E-Ras N-
terminus directly binds to Arg1 and potentiates its enzymatic activity. 

Result 
From 51 associated proteins with the N-terminus of E-Ras, which were identified in a 
proteome analysis, we further characterize the association of Arginase-1 (Arg1), 
Nucleophosmin-1 (NMP1), Lamin B1 and Vimentin with E-Ras in more detail in HSCs (Fig. 
1).  

 

Figure 3: The N-terminal extension of E-Ras appears to be critical for diverse protein-protein 
interactions. (A) Expression of E-Ras-associating proteins in HSCs. Arg1, NPM1, Lamin B1, Vimentin, 
Peroxyredoxin 1, and Keratin 18, which were found as E-Ras-associating proteins are differentially 
expressed in quiescent (d0) and activated (d8) HSCs. (B) Experimental cell fractionation procedure 
employing several differential centrifugation steps resulted in isolation of six distinct fractions, including 
heavy membrane (plasma membrane and rough endoplasmic reticulum), light membrane (polysomes, 
golgi apparatus, smooth endoplasmic reticulum), cytoplasm (cytoplasm and lysosomes), and nucleus. (B) 
Association of E-Ras with diverse proteins in HSC (d0) was analyzed using GST-fusion of the N-terminal 
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extension of E-Ras in a pulldown assay and by immunoblotting (IB) with antibodies against Arg1, NPM1, 
Lamin B1, and Vimentin.  

Moreover, we found out that high expression of Arg1 in quiescent HSC, determined by 
quantitative PCR (Fig. 2A). Arg1 enzymatic activity was analysed in HSC lysates in the 
quiescent state (Day 0) and in the activated state (day 4 and 8) using L-arginine as ARG1 
substrate by measuring generation of urea and L-ornithine at an absorbance of 540 nm 
(Fig. 2B). The highest activities were observed in day 0, which nicely correlates with the 
expression of both Arg1 and E-Ras in quiescent HSCs (Chapter 5). Arg1 binds directly to 
the N-terminus of rat and human E-Ras. However, due to a large amino acid sequence 
deviation between human and rat species in this region, we found a higher binding 
affinity of Arg1 for human E-Ras as compared to rat E-Ras (Fig. 2C). An association of 
Arg1 with endogenous E-Ras is shown in Figure 2D, were Arg1 was co-
immunoprecipitated with E-Ras. To address the question of whether E-Ras may have an 
impact of Arg1 activity we measured the urea production as a functional activity of Arg1 
in the presence of increasing E-Ras proteins. Figure 2E shows that the urea production by 
Arg1 increases in the presence of human E-Ras, which appears to bind Arg1 much tighter 
as compared to rat E-Ras (Fig. 2C). These data suggests that E-Ras may play a critical role 
in modulating the enzymatic activity of Arg1 via physical interaction. 

 
FIGURE 2. Correlation between Arg1 activity in HSCs and its interaction with E-Ras. (A) Arg1 Expression in 
in HSCs at different days. Purified Arg1 was used as positive control and -Tubulin as loading control. (B) 
Urea production as functional activity of Arg1 in HSCs in different days. (C-D) E-Ras N-terminus directly 
interacts with Arg1. Pull-down experiments (C) were performed by mixing bacterially purified Arg1 and 
GST-E-Ras immobilized on glutathione sepharose beads. GST was used as a control. Proteins retained on 
the beads were resolved by SDS-PAGE Laemmli buffer and processed for SDS-PAGE gel, which was stained 
using coomassie brilliant blue (CBB) and Western blotting using a monoclonal antibody (M01) against Arg1. 
Immunoprecipitation (IP) experiments (D) were performed by mixing HSC lysate with monoclonal antibody 
against E-Ras immobilized on Sepharose beads. (E) E-Ras may potentiate Arg1 activity in HSCs. Urea 
production was measured as functional activity of Arg1 in the presence of E-Ras proteins. 
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Conclusion 

The N-terminal extension of E-Ras represents an additional modular unit, which may be 
involved in different cellular functions of E-Ras by undergoing diverse protein-protein 
interactions. One of these functions appears to binding to and potentiating the enzyme 
activity of cytosolic Arg1, which in turn competes with NO synthase and converts L-
arginine to L-Ornithine and Urea.
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Ras proteins share a highly conserved GTP-binding (G) domain with five essential motifs, 
termed G1 to G5 (Bourne et al., 1990; Bourne et al., 1991). G2 and G3, also referred to as 
switch I and switch II, respectively, are dynamic regions that sense the nucleotide state 
and provide the regulator and effector-binding sites (Bourne et al., 1990; Bourne et al., 
1991). Classical Ras proteins (H-, N-, and K-Ras4B) share an identical effector binding 
regions suggesting that they may share the same downstream effectors. In contrast, E-
Ras, revealed significant differences in the effector binding regions. This implicates that it 
may utilize other effectors as compared with known H-Ras effectors and may 
consequently have different cellular functions. R-Ras proteins (R-Ras, TC21 and M-Ras) 
additionally show some deviations in their switch regions in comparison to classical Ras 
proteins, which might be the reason for different binding affinities of Ras effectors for 
these three proteins. 
This doctoral thesis has focused on the structure-function relationship of Ras proteins 
and their interaction with other proteins, including downstream effectors, enzymes and 
scaffold proteins. In addition to the G domain interactions, we also investigated the role 
of extended N termini, as found some of Ras protein, such as E-RAS and R-Ras. This may 
provide a putative interaction site for a new group of proteins, which may determine 
their subcellular localization. For instance, E-Ras contains a PXXP motif that may serve as 
a putative binding motif for interaction with Src homology 3-containing proteins.Scaffold 
proteins, like Gal-1, has been shown to be critical for subcellular localization and 
nanoclustering of the Ras proteins. We found Gal-1 associated with a Ras effector, e.g., 
C-Raf. In conclusion, there are many components operating on Ras proteins and their 
downstream pathways, which will be discuss in more details in following pages. 

N-terminal Extension of E-RAS participate in protein-protein 
interaction 

Sequence comparison between E-Ras and other Ras proteins highlighted additional 
regions and motifs, such as the unique N-terminus of E-RAS. However, the function of 
such an additional region with various putative motifs (PXXP and RRR) remained unclear. 
Therefore, we proposed that interaction of N-terminal extension of E-Ras might 
modulate its localization, signaling and/or cellular metabolism through interaction with 
potential adaptor/scaffold proteins. 
We investigated the impact of N-terminus of E-Ras regarding cellular localization MDCK-
II cells by of overexpressing different E-Ras variants. Data obtained showed no significant 
differences in localization of an N-terminal truncated E-Ras (E-Ras N) as compared with 
E-RasWT. In contrast, our cell-based studies revealed that the N-terminal extension of E-
Ras is critical for PI3K-AKT-mTORC activation, as E-Ras N remarkably revealed a 
significantly lower signaling activity of this pathway (Chapter 2). One explanation may be 
the role of the unique N terminus in the lateral segregation of E-Ras across the 
membrane that consequently specifies association with and activation of its effectors in 
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a manner reminiscent to microdomain localization of H-Ras that regulates its interaction 
with effector proteins of RAF1 and PI3K (Jaumot et al., 2002). In addition, E-Ras was 
found in membrane ruffles, which may be induced by Rac1 activated by the E- RAS-PI3K-
PIP3-RacGEF axis (Innocenti et al., 2003; Inabe et al., 2002; Dillon et al., 2015). Such a 
scenario has been reported for the R-Ras N-terminal 26-amino acid extension, which has 
been proposed to positively regulate Rac1 activation and cell spreading (Holly et al., 
2005).  
Another explanation could be the role of E-Ras N-terminus as a platform for protein-
protein interaction required for the cell metabolism. Comparative proteome analysis 
revealed that E-Ras is associated with 51 proteins (10 with human E-Ras, 3 with rat E-Ras 
and 38 with both species), participating in various cellular processes, including cell cycle, 
transcription, immune response, signal transduction, cell adhesion, cytoskeletal 
dynamics and metabolism (Chapter 4). Among this pool of binding partners we found 
that different E-Ras variants, including isolated E-Ras N-terminus physically binds to 
Arginase-1 (Arg1) under cell-free condition using purified proteins. Cytosolic Arg1 is well-
known to convert L-arginine to L-ornithine (Curran et al., 2006). Enzymatic measurement 
of the Arg1 activity in the presence and in the absence of human and rat E-Ras revealed 
that in contrast to rat E-Ras, human E-Ras considerably potentiates the Arg1 activity. 
Moreover, Arginase is a critical component of the urea cycle because ornithine, the 
product of Arg1 activity, is the precursor of the biosynthesis of proline and polyamines 
(Janne et al., 1991; Mezl and Knox, 1977). On the other hand, L-arginine is a substrate of 
both Arg1 and nitric oxide (NO) synthase. The latter catalyzes the formation of NO, 
which is involved in a variety of biological functions, for example, it is an established 
neurotransmitter in the nervous system (Durante et al., 2007). Endothelial NO acts as a 
regulator of blood pressure and is a potent anti-microbial, cytotoxic and inflammatory 
mediator (Corraliza et al., 1994; Hibbs et al., 1988). Arginine is, at the same time, a 
substrate of polyamines that is required for cell proliferation, whereas No synthesis has 
cytostatic and cytolytic effects. In this sense, all agents controlling the relative rates of L-
arginine flux between Arg1 and NO synthase may play a significant role in the regulation 
of cellular growth (Corraliza et al., 1994). Thus, it is conceivable the observed effect of E-
Ras on the Arg1 activity indirectly control cell metabolism and the balance between NO 
and proline synthesis. 

Tryptophan-79 of E-Ras dictates its physical association with 
effector proteins 
Ras proteins transduce extracellular signals to a variety of intracellular signaling 
pathways through the interaction with a wide spectrum of effector proteins. Upon GDP 
to GTP exchange, Ras proteins undergo conformational changes at two critical regions, 
switch I and II. Notably, the GTP-bound form of Ras interacts with their target effectors 
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through switch regions and thereby activates various pathways (Karnoub and Weinberg, 
2008). 
A detailed study on structure-sequence relationships revealed a distinctive effector-
binding region for E-Ras in comparison to classical Ras proteins (H-, N-, and K-Ras). 
Subsequent interaction analysis with five different Ras effectors revealed that effector 
binding profile of E-Ras significantly differs from H-Ras. E-RasWT tightly bound to PI3K  
and revealed very low affinity for other Ras effectors (Chapter 2). In contrast, H-Ras 
showed an opposite pattern with the highest affinity for RAF1. These data were 
confirmed by investigating the respective downstream signaling cascades (PI3K-AKT-
mTORC and RAF1-MEK1/2-ERK1/2) at the level of phosphorylated AKT, MEK1/2, and 
ERK1/2. Our results are consistent with a previous study of Yamanaka and co-workers 
(Takahashi et al., 2003), who applied another PI3K isoform (PI3K ) and observed 
differences between H-RAS and E-RAS. It seems probable that E-Ras and H-Ras possess a 
different affinity for distinct PI3K isoforms, , , , and , and this may account for their 
specific biological outputs (Vanhaesebroeck et al., 2010). Consistently, the catalytic 
subunit of the PI3K  isoform, PI3K , interacts with switch I of H-Ras in anti-parallel -
sheet fashion (Pacold et al., 2000). Substitutions of E-Ras residues in the switch I and II 
and interswitch regions with corresponding residues in H-Ras provided several 
interesting aspects and new insights. One is a shift in effector selection of E-Ras from 
PI3K to RAF1, RALGDS and PLC . RAF1-RBD undergoes contacts with the switch I and the 
interswitch regions (Nassar et al., 1996; Filchtinski et al., 2010). However, E-RasSwI, which 
has an almost identical switch I when compared with H-Ras, showed a reduced binding 
to RAF1 that was clearly elevated when this was combined with the interswitch mutation 
W79R (E-RASSwI/Arg-79). Consistently, the major difference was observed with E-RasArg-79, 
where a tryptophan was replaced by an arginine (Arg-41 in H-Ras). This variant led to 
increase in RAF1 binding and partly rescued the low affinity of the wild type and the 
switch variants (ERasSwI/Arg-79 and E-RasSwI/Arg-79/SwII). According to the crystal structure 
(Nassar et al., 1996) Arg-41 in H-Ras (Trp-79 in E-Ras) interestingly forms a hydrogen 
bond with the backbone oxygen of Asn-64 in RAF1-RBD that very likely enabled E-RasArg-

79 to make additional electrostatic contacts with RAF1. In addition, E-Ras shares a 
glutamate with H-Ras (Glu-3). Glu-3 interacts in intermolecular fashion with Arg-41 and 
stabilizes the H-Ras-RAF1 complex formation. Accordingly, mutation of W79R in E-Ras 
reconstitutes such intermolecular interaction between Glu-41 and Arg-79, thus 
increasing significantly the interaction between E-RasArg-79 and RAF1. Another important 
contribution to effector binding concerning Trp-79 originates very likely in its expulsion 
from the above-mentioned Glu-41 and the ability of bound effector protein to 
accommodate altered conformation of Trp-79. As mentioned before, Arg-41 of H-Ras 
interact with Asn-64 in RAF1 in its complex structure. The space where the tryptophan 
can be accommodated and hydrophobically interact with the effector is thus limited 
resulting in diminished affinity of these effectors to E-RasWT. Moreover, switch II 
quadruple mutation of E-Ras (E-RasSwII) showed the largest impairment in RAF1 binding. 
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This was not expected especially because the structural data, reported previously 
(Filchtinski et al., 2010; Nassar et al., 1996), have shown that RAF1-RBD does not 
physically contact the switch II of Ras. Again, E-RasArg-79/SwII partially restored the loss of 
RAF1 binding but most remarkably not the E-RasSwI/SwII variant that actually is almost 
identical to H-Ras regarding the amino acid sequence of its switch I and II regions. Even 
though E-RasArg-79 binds more tightly to RAF1, it still does not activate the MAPK pathway 
like E-RasWT. Note that there was no increase in MEK and ERK phosphorylation, and we 
detected even the opposite, namely a significant decrease in pMEK1/2 and pERK1/2 as 
compared with the vector control. An explanation for the absence of E-RasArg-79 signaling 
toward the MAPK pathway is that most probably the additional component, including 
scaffold proteins such as SHOC2 (Matsunaga-Udagawa et al., 2010; Cordeddu et al., 
2009; Rodriguez-Viciana et al., 2006), may not exist in the E-RAS-Arg79-RAF1 complex. 
This provides the assumption that E-Ras localizes to a different membrane region then, 
for example, the H-Ras, RAF1, and the components of the MAPK pathway. 
PI3K is a well-known effector of classical Ras proteins and promotes cellular survival 
(Vanhaesebroeck et al., 2010). In comparison with H-Ras, E-Ras interacts more strongly 
with PI3K -RBD and activates the PI3K-AKT-mTORC cascade. Mutagenesis at switch and 
interswitch regions (E-RasSwI, E-RasArg-79, and E-RasSwII), attenuated binding of E-Ras to 
PI3K -RBD, demonstrating the role of critical E-Ras residues at effector binding regions. 
These data are consistent with a previous study that has shown that PI3K -RBD contacts 
both switch I and switch II regions of H-RAS (Pacold et al., 2000). Interestingly, W79R 
mutation of E-Ras (Arg-41 H-Ras), which has increased binding to RAF1, PLC , and Ral-
GDS, dramatically reduced the binding to PI3K . The affinity of this E-Ras mutant (E-
RasArg-79) for PI3K -RBD appears similar to that of H-RasVal-12. We think that the strong 
interaction between E-Ras and PI3K stems from the ability of structure to accommodate 
altered conformation of Trp-79 and from its hydrophobic contact to PI3K. In contrast, 
W79R mutation in E-Ras enables Glu-41 to attract Arg-79 and to interfere with this 
hydrophobic interaction, resulting in a significant reduction of the binding affinity 
between PI3K and E-Ras. In the same line of evidence, we also observed E-RasArg-79 

deficient at the activation of Ras-PI3K-AKTmTORC2 pathway (Cirstea et al., 2013) as 
monitored with Ser-473 phosphorylation of AKT. Thus, Trp-79 in E-Ras represents a 
specificity-determining residue for the proper binding to and activation of PI3K. 

Critical determinants for RAS-effector interaction 

We have quantitatively analysed the interaction between five effector proteins and five 
Ras proteins, including R-Ras isoforms, under the same conditions (Chapter 3). Our 
measurements reveal that the Ras isoforms (H-Ras, K-Ras and N-Ras) behave similarly 
toward each effector but very differently as compared to R-Ras isoforms (R-Ras1 and R-
Ras2), in spite of their high sequence identity. A previous study has reported that Ras 
isoforms much stronger activate the MAPK pathway via the RAF kinase as compared to 



 
 Chapter VIII 
 

117 
 

R-Ras isoforms (Rodriguez-Viciana et al., 2004). These data are consistent with Kd values 
determined in our study for Ras (0.048-0.142 M) and R-Ras (2.29-4.09 M) isoforms. 
Notably, R-Ras isoforms bind, except for PLC , similarly to all tested effector domains 
with an up to 4-fold difference in binding affinities compare to RAS isoforms. 
Interestingly, they significantly interacted with PI3K  but not with PLC , which is in 
agreement with the cell-based data reported previously (Rodriguez-Viciana et al., 2004). 
In particular, the RAS isoforms, which exhibit high selectivity for CRAF followed by 
RASSF5, RALGDS and PLC , seem not to retain its affinity for PI3K . It could be argued 
that isolated RB domain of PI3K , consisting of the amino acids 169-301, may lack 
additional binding determinants, in comparison to a 50-fold higher affinity obtained with 
isolated RB domain of PI3K , consisting of the amino acids 144-1102 (Tables 1 and 2 
chapter3) (Pacold et al., 2000). As we discussed before RB domain of PI3K  (aa 127 314) 
is sufficient to bind to E-Ras, but obviously not to H-Ras. However, the 
immunoprecipitation studies have revealed the endogenous PI3K isoforms  and  
interact with almost same affinity with both E-Ras and H-Ras (Chapter 5). These data 
suggest that RB domain of PI3K  is sufficient for a tight interaction with E-Ras but 
obviously requires additional capacity to properly associate with H-Ras. Sequence 
deviations in effector binding regions may be critical for determining the minimal binding 
regions of Ras-effectors. It is, therefore, assumable that E-Ras and R-Ras isoforms but 
not Ras isoforms efficiently interact with RB domain of PI3Ks and Ras isoforms need a 
second binding region or alternatively a scaffold protein. Similar to the Ras isoforms, 
which have identical effector binding regions, the R-Ras isoforms, also including R-Ras3, 
revealed a very high sequence identity in these regions.Among the amino acid deviations 
between the Ras and R-Ras isoforms, there is a critical residue (Arg-41 in RAS isoforms 
substituted by Thr/Leu in RRAS isoforms residues). It probably determine effector 
selectivity between these isoforms, as confirmed for E-Ras that has a tryptophan (Trp-
79) at the corresponding position of Arg-41 in H-Ras and has exhibited a higher 
selectivity for PI3K than CRAF. 
The RB and RA domains share higher sequence homologies if they are aligned 
individually. However, there is no common consensus sequence for Ras binding if they 
are aligned together, particularly in the Ras binding regions R1 to R5. Therefore there is 
no identical patch on RAS effector proteins. However, intermolecular -sheet 
interactions between Ras proteins and their effectors are conserved and seem to supply 
the role of identical patch, or in this special case a stretch, of homologous amino acid 
residues. The analysis of complex structures showed that these interactions, covered by 
the recognition region R1 in the interaction matrix, are prevailing and occur in almost all 
structures. In following, we have analysed the proximity of effector binding residues in 
different Ras isoforms in the same way as of residues involved in -sheet interactions 
and summarized the results as matrices. Introduction of four different interaction types 
in the matrix with high scores of separated main-chain and side-chain Ras-effector 
interactions allowed a detailed inspection of central R1 region. Strikingly, there are three 
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hotspots, which largely undergo main-chain/main-chain interactions (Glu-37 of Ras 
proteins with effector residues at position 68 and 69, respectively Asp-38 with residues 
at position 67). These observations confirm the central role of R1 in the association of 
Ras proteins with their effectors and strongly suggest that the main-chain/main-chain 
interactions within this region are crucial for the recognition of these classes of proteins. 
Finally, we note that interactions in R1 also dependent, to certain extend, on side chains 
of accompanying amino acids. They indirectly support the formation of -sheet on both 
sides of complexes. However, they also utilize their side chains in intramolecular 
interactions significantly contributing to the complex formation. In this way, Asp-38 
interacts by its side chain exclusively with the effector residues at positions 68 and 69 
within R1. Side chains of Glu-37 and Ile-37 undergo contacts with residues at positions 
57 and 59 outside of the effector -strand within the region R3. On the effector side of 
complexes, there are only two positions that contain identical or highly homologous 
amino acids, namely the position 59 and 84. They are in both cases populated by 
positively charged residues, with exception of PLC  that has a Gln at position 59. These 
residues interact with negatively charged residues on Ras proteins (Glu-37 and Asp-33) 
and strongly contribute to the formation of complexes. However, no unique and/or 
particular residue of effectors can be attributed to overall differences observed for their 
association with Ras proteins. Effectors interacting residues are so variable at almost all 
interacting spots that only their concerted action is likely to explain measured diversity. 
Previous studies have shown that Ras mutants (Thr-35, Glu-37, Asp-38 and Tyr-40) 
including also residues mentioned above, preferentially interact with some effectors but 
not others (Khosravi-Far et al., 1996; Khwaja et al., 1997; Vavvas et al., 1998; White et 
al., 1995).The invariant Thr-35 of Ras was not gated in one of the three main regions in 
the matrix as it is mainly burden in Ras structure and does not directly interact with 
RAF1. However, Spoerner and colleagues have shown that T35S mutation drastically 
reduces H-Ras affinity for effectors, including CRAF-RB (60-fold) and RALGDS-RA (>100-
fold) (Spoerner et al., 2001). On the other hand E37G mutation results in loss of PI3K and 
CRAF binding, but is able to interact with RA domain-containing effectors, such as 
RALGDS, RASSF5 and BYR2 (White et al., 1995). Our interaction matrix shows contacts 
between E37G of H-Ras and positively charged residues 61 and 69- and main-chain 
interactions with residue 69, and 70 of effectors. D38A mutation has been shown to 
retain CRAF binding but to lose interaction with PI3K, RALGDS and RASSF5 (Katz and 
McCormick, 1997; Vavvas et al., 1998). Among different effector binding mutants, Y40C 
selectively activates PI3K but is unable to activate other effectors, such as RAF1, RALGDS, 
RASSF5 and BYR2 (Rodriguez-Viciana et al., 1997). H-RasG12V/Y40C and H-
RasG12V/E37G have been reported to cooperatively induce cell transformation via PI3K 
and RALGDS, respectively, but not via CRAF (Khosravi-Far et al., 1996). Vandal and 
colleagues have observed that K-RasG12V/Y40C-PI3K has shown the largest impact on an 
increase in tumour size whereas K-RasG12V/E38G-CRAF resulted in a decrease in tumour 
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size but an increase of the number of tumors when combined with BRAFV600E (Vandal 
et al., 2014). 
Being central elements of R1, R3 and R4, our analysis not only confirms a prominent role 
of Glu-37, Asp-38 and Tyr-40 in effector binding but gives also hints for the mode of their 
interaction, which relies on the main-chain main-chain interaction. As this interaction is 
in the first rank independent on 8 accompanied side chains, it can be considered as 
conserved also in effectors. Consequently, it supplies thus the role of homologous 
residues found to be essential for the recognition of regulator proteins by Rho GTPases. 
Hence we state, that these Ras residues are responsible with their main-chain atoms for 
the recognition of effectors. On the other hand, side chains of these residues are still 
influential on the binding with effectors. Either indirectly affecting the structure of Ras 
switch I or directly interacting with effector residues within the regions R3 and R4 of our 
interaction matrix. 
In conclusion, our data collectively support previous observations that the specificity in 
the signaling properties and biological functions of the various Ras proteins arises from 
the specific combination of effector pathways they regulate in each cell type. 
Considering the identity of interacting residues of different types of isoforms, a uniform 
association of Ras isoforms or rather R-Ras isoforms can be expected with a particular 
effector. An interesting issue, which is increasingly appreciated, is a RAS-membrane 
interface that appears to generate Ras isoform specificity with respect to effector 
interactions (Abankwa et al., 2008; Mazhab-Jafari et al., 2015; Parker and Mattos, 
2015).This is likely achieved by Ras-specific scaffold proteins, including CaM, GAL1, GAL3, 
IQGAPs, NPM1, NCL, SHOC2/SUR8 (Abraham et al., 2009; Rodriguez-Viciana et al., 2006) 
which may modulate isoform specificity at specific site of the cell. Another critical aspect 
is sorting/trafficking of the isoforms (Zhou et al., 2016; Zheng et al., 2012) that has 
recently been shown to be highly specific for the respective Ras proteins and dependents 
on specific posttranslational modifications, including prenylation and acylation (Jang et 
al., 2015; Lynch et al., 2015), phosphorylation (Bivona et al., 2006; Sung et al., 2013), 
ubiquitination (Wang et al., 2015; Rodriguez-Viciana and McCormick, 2006; Jura et al., 
2006; de la Vega et al., 2010) and acetylation (Yang et al., 2013; Knyphausen et al., 2016; 
Yang et al., 2012). Similar characteristics have been reported for the R-Ras isoforms, 
including protein-protein interaction required for subcellular localization, e.g., at focal 
adhesion or recycling endosomes, (Wurtzel et al., 2015; Furuhjelm and Peranen, 2003), 
and posttranslational modifications (Berzat et al., 2006; Oertli et al., 2000; Calvo and 
Crespo, 2009). In addition, they contain extended N-termini that has been shown to be 
critical for R-Ras1 in cell migration (Holly et al., 2005).The N-terminus of E-Ras, which 
undergoes multiple interaction with other proteins (chapter 4), contains similar to R-
Ras1, putative SH3-binding motifs. These motifs may provide additional mechanisms for 
sorting and trafficking to specific subcellular sites. 
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Biological role of endogenous E-RAS in hepatic stellate cells (HSCs) 

We analyzed the biochemical and proposed the binding partner of E-Ras in vitro and 
overexpression system. To investigate the biological functions of E-Ras we need a normal 
cell line or primary cells that endogenously express E-Ras. For the first time we showed 
the expression of E-Ras in HSCs. To date, E-Ras expression was only reported in few 
cancer cell lines and embryonic stem cells. The presence of E-Ras mRNA was detected in 
quiescent HSCs but not in activated HSCs. In contrast, other Ras-related genes, such as R-
Ras, M-Ras, RalA, and Rap2A, were up-regulated E-Ras level decreased during HSC 
activation. At the protein level, E-Ras protein was detected in quiescent HSCs but not in 
other liver cell types and E-Ras was considerably down-regulated during HSC activation 
(d4 and d8 of cultivation). To elucidate the functions of E-Ras in quiescent HSCs, we 
sought E-Ras specific effectors and the corresponding downstream pathways. Interaction 
analyses with a set of Ras effectors showed that E-Ras preferentially interacts with PI3K  
and activates the PI3K-PDK1-AKT axis. The prominent AKT phosphorylation by mTORC2 
in quiescent HSCs suggests that mTORC2-AKT acts as a candidate pathway mediates 
signaling downstream of E-Ras. Transient expression of E-Ras in COS-7 cells and 
endogenous E-Ras expression in quiescent HSCs strongly correlate with high levels of 
AKT phosphorylated at Thr-308 and Ser-473 through PDK1 and mTORC2, respectively. 
Protein interaction and immunoprecipitation analysis further revealed that E-Ras 
physically interacts with PI3K  and also PI3K  (Chapter 5). 

Activity of the mTORC2-AKT-FOXO1 axis in quiescent HSCs 
Our findings indicate that E-RAS may act as an activator of the mTORC2 pathway. 
Exogenous E-Ras has been shown to promote phosphorylation of both AKT (Ser-473) and 
FOXO1 (Ser-256) in induced pluripotent stem cells generated from mouse embryonic 
fibroblasts (Yu et al., 2014). Thus, E-Ras-AKT-FOXO1 signaling may be important for 
somatic cell reprogramming. We detected high levels of p-AKTS473 and p-FOXO1S256 in 
quiescent HSCs endogenously expressing E-Ras (Chapter 5). Phosphorylated FOXO1, 
sequestrated in the cytoplasm, cannot translocate to the nucleus, where it binds to gene 
promoters and induces apoptosis (Wang et al., 2014). Interestingly, a possible link 
between E-Ras and mTORC2 may be mSIN1, which appears to be an upstream 
component and modulator of mTORC2 activity (Huang and Fingar, 2014). It has been 
reported that mSIN1 contains a Ras-binding domain with some homology to that of CRAF 
(Schroder et al., 2007). Taken together, the E-Ras-mTORC2-AKTFOXO1 axis may ensure 
the survival of HSCs in the space of Dissé by interfering with programmed cell death.  

Biological Functions of PI3K-AKT Pathway Regarding Different 
p110 Isoforms 

The catalytic PI3K isoforms p110  and  are reported to be ubiquitously expressed, 
whereas the presence of p110  and -  is restricted mainly to hematopoietic cell types 
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(Vanhaesebroeck et al., 2005; Kok et al., 2009; Fritsch et al., 2013; Fritsch and 
Downward, 2013). We identified E-Ras as an activator of AKT by interacting with p110  
and moderately also with p110  (Chapter 5). Our RNA and protein analyses indicated 
high levels of p110 /  in quiescent HSCs and elevated levels of p110 /  in activated 
HSCs. Wetzker and colleagues (Baier et al., 1999) reported that retinoic acid treatment 
can stimulate expression of p110 , but not p110 / , in U937 cells, a myelomonocytic cell 
line. Quiescent HSCs store high levels of retinoid acids as retinol esters in their lipid 
droplets, which may elicit the same function in HSCs by up-regulation of p110 . Khadem 
et al. (Khadem et al., 2016) have shown that HSCs also express the p110  isoform and 
that p110  deficiency in HSCs prevents their activation and their supportive roles in Treg 
expansion in mice infected with visceral leishmaniasis. Therefore, the high level of the 
p110  isoform in activated HSCs may correlate with its immunoregulatory functions.  

Role of GAL-1 as scaffolding protein on Ras-effector binding 
As we already mentioned the function of Ras proteins can be affected by other binding 
proteins, these proteins probably effect on localization of Ras proteins and also on the 
interaction of Ras proteins with their effectors and regulators. In the other hand some 
protein binds with effectors and changes the affinity of effectors to Ras proteins.  
Ras proteins are highly similar in sequence and vary mostly in their C-terminal 
hypervariable region (HVR). This part undergoes post-translational farnesylation and 
palmitoylation modifications (the latter for H- and N-Ras) allowing Ras to dynamically 
insert into cellular membranes (Ahearn et al., 2012). Ras is actively transported to the 
plasma membrane, where it is further organized into nanoscale signaling hubs, called 
nanoclusters. A Ras nanocluster comprises 6-8 Ras proteins, which in the case of the 
active Ras becomes transiently immobilized (Hancock and Parton, 2005; Abankwa et al., 
2007; Tian et al., 2007). Nanoclusters are the exclusive sites of effector recruitment thus 
constituting highly dynamic epicentres of the Ras signaling cascade (Rotblat et al., 2010; 
Guzman et al., 2014). Nanoclustering is driven by the C-terminal membrane anchor of 
Ras, which also largely dictates their lateral segregation into isoform specific 
nanoclusters (Henis et al., 2009; Abankwa et al., 2010). Importantly, these features are 
shared with Ras (Zhou and 
Hancock, 2015). Thus laterally segregated, Ras isoform specific nanoscale oligomeric 
clusters constitute an important experimental observable that correlates with the 
structural and functional divergence of the different Ras proteins and the emergence of 
Ras signaling complexes. 
Only very few endogenous regulators of Ras nanoclustering, so called nanocluster 
scaffolds, are known. These include galectin-3 (Shalom-Feuerstein et al., 2008), 
nucleophosmin (Inder et al., 2009), caveolae (Ariotti et al., 2014) and H-Ras-GTP (Zhou et 
al., 2014) for K-Ras, and galectin-1 (Gal-1) (Belanis et al., 2008; Guzman et al., 2014; 
Rotblat et al., 2010) for H-Ras-GTP. Amongst these, Gal-1 is the best-characterized 
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nanocluster scaffold. Gal-1 is upregulated in many tumors and associated with more 
progressive and invasive cancer stages (Astorgues-Xerri et al., 2014; Ebrahim et al., 
2014).  
Ras nanoclustering is indispensable for Ras signaling (Tian et al., 2007), underscoring its 
significance for the signaling architecture of Ras. Only a handful of nanocluster 
regulators, so called Ras nanocluster scaffolds are known, and Gal-1 has so far been the 
one scaffold that was functionally and mechanistically best understood. The former 
model for the nanocluster scaffolding activity of Gal-1 suggests that it directly binds to 
the C-terminal farnesyl of active H-Ras to modulate its intracellular membrane 
organization (Rotblat et al., 2004; Ashery et al., 2006). We here presented data, which 
question the existing model of Gal-1 binding directly to the farnesyl-lipid on the C-
terminus of Ras proteins. We did neither observe binding of Gal-1 to a farnesylated Ras-
peptide, nor directly to the G-domain of Ras. Instead, we found that Gal-1 indirectly 
couples to Ras via a direct association with the RBD-domain of effectors (Chapter 6) and 
that an intact Gal-1 dimer interface is required for Gal-1 to modulate Ras nanoclustering. 
Others previously suggested binding of farnesylated proteins to Gal-1. Two different 
mutations were described that abrogated binding to farnesyl, K28T and L11A (Rotblat et 
al., 2004). These mutants were brought in agreement by proposing a farnesyl-binding 
pocket along the N-terminal or dimer interface part of Gal-141. However, we did not 
observe any effect of the former mutation on the complexation of Gal-1 and H- RasG12V. 
It is conceivable that the L11A mutation near the dimer interface of Gal-1 affects the 
ability of Gal-1 to dimerize and thus H- Ras-GTP nanoclustering. However, this has not 
been shown so far. 
With our new model, we resolve inconsistencies of the previous model, such as how 
specificity for active Ras is mediated and incorporate recent findings, which 
demonstrated that Raf dimer-inducing compounds do also increase Ras nanoclustering 
(Cho et al., 2012). Thus we propose the following revised mechanistic model for the 
function of Gal-1 as a nanocluster scaffold: upon Ras activation and recruitment of the 
effectors to Ras, Gal-1 binds with high affinity to the accessible part of the RBD of 
effectors. Note that according to our data with non-farnesylated H- RasG12V, it is possible 
that Gal-1 and effectors directly bind to each other in the cytoplasm. As Gal-1 can 
dimerize at M concentrations that can be found in mammalian cells (Guzman et al., 
2014), it could stabilize effector dimers, such as e.g. Raf-dimers. We therefore here 
propose that the Raf-dimers are the actual nanocluster stabilizer. This is supported by 
our data showing that loss of the effector binding capability of H- RasG12V-D38A and 
knockdown of A- and B-Raf can dramatically reduce Gal-1 supported H-
RasG12Vnanoclustering. This model is furthermore consistent with the activity of 
artificially fused dimeric RBD-CRD to stabilize nanocluster (Cho et al., 2012). Our model is 
also in agreement with data that revealed a clustered organization of Raf on the 
membrane (Belanis et al., 2008; Nan et al., 2013). Thus, the idea is corroborated that 
Ras-nanoclusters represent dynamic signaling hubs of Ras and its effectors. 
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This model may also explain the observation that Gal-1 apparently shifts the H-Ras 
activity from the PI3K to the Raf pathway. The higher effective affinity (i.e. as judged by 
our cellular FRET-experiments) of Gal-1 for the RBD of C-Raf vs. PI3K  could explain, how 
Gal-1 shifts the signaling output relatively from PI3K to Raf, an effect that could be 
potentiated in a nanocluster. 
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