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“The significant problems we have cannot be solved at the same level of 

thinking with which we created them.” 

 

 – Albert Einstein 

 

 



 

 

Summary 

Small GTPases of the RAS superfamily are signaling nodes that control various cellular functions, 

including proliferation, differentiation, and actin dynamics by acting as molecular switches. This switch 

mechanism is tightly regulated by GEFs and GAPs which accelerate the slow intrinsic nucleotide 

exchange and stimulate GTP hydrolysis, respectively. RHO GTPases are additionally regulated by GDIs 

which shuttle prenylated RHO GTPases between cytoplasm and the plasma membrane. In their GTP-

bound state GTPases transduce signals by physically interacting with effector proteins. Dysfunction of 

small GTPases has been frequently reported as a cause for cancer and developmental disorders. We 

identified several missense mutations in CDC42, RRAS2, and MRAS in patients with Noonan syndrome, 

an autosomal dominant disorder caused by germline mutations in genes encoding components of the 

MAPK cascade. To understand disease progression mediated by RAS and RHO family members 

comprehensive study of the interaction networks of small GTPases is required. Biochemical and 

structural analyses provided valuable insights into molecular mechanisms underlying Noonan 

syndrome. CDC42 variants perturb the function by dysregulated GTPase cycle or impaired binding to 

effectors, such as WASP, PAK1, and IQGAP1. We divided the CDC42 variants into three groups 

illustrating the functional impact of the missense mutations. Characterization of RRAS2 mutations 

demonstrated an accumulation in its active state due to GAP insensitivity and accelerated nucleotide 

exchange. Moreover, loss of interaction with RASSF5 suggests multiple signaling pathways may 

contribute to pathogenesis of Noonan syndrome. MRAS variants were found to additionally increase 

AKT phosphorylation, supporting the notion that several pathways contribute to disease progression. 

Furthermore, we identified a novel disorder characterized by a Golgi restricted mislocalization of 

CDC42 mediated by impaired binding to RHOGDI1 and IQGAP1, controlling membrane-cytoplasm 

shuttling and translocation from Golgi to the plasma membrane, respectively. Spatial and temporal 

organization of protein interaction networks is crucial for strength, efficiency, and specificity of signal 

transduction. Scaffold proteins, such as IQGAPs, modulate the assembly of large protein complexes by 

binding two or more molecules simultaneously. Characterization of RHO GTPase-IQGAP interaction 

revealed selectivity determinants promoting the knowledge regarding regulation of scaffold proteins. 

Finally, we discovered and characterized a small molecule inhibitor against the RACGEF VAV3, 

significantly reducing RAC activation and inducing apoptosis in a BCR-ABL leukemia model, suggesting 

a potential therapeutic strategy for B-cell acute lymphoblastic leukemia. 



 

 

Zusammenfassung 

Kleine GTPasen der RAS-Superfamilie sind Signalknoten, die als molekulare Schalter verschiedene 

zelluläre Funktionen wie Proliferation, Differenzierung und Aktindynamik kontrollieren. Dieser 

Schaltmechanismus wird durch GEFs und GAPs streng reguliert, die den langsamen, intrinsischen 

Nukleotidaustausch beschleunigen bzw. die GTP-Hydrolyse stimulieren. RHO GTPasen werden 

zusätzlich durch GDIs reguliert, die prenylierte RHO GTPasen zwischen Zytoplasma und 

Plasmamembran hin- und  herbewegen. In ihrem GTP-gebundenen Zustand übertragen GTPasen 

Signale durch physikalische Interaktion mit Effektorproteinen. Eine häufige Ursache für Krebs und 

Krankheiten mit Entwicklungsstörungen sind Funktionsstörungen von kleinen GTPasen. Wir haben 

mehrere Mutationen in CDC42, RRAS2 und MRAS  bei Noonan-Syndrom Patienten identifiziert. 

Noonan-Syndrom ist eine autosomal-dominante Erkrankung, die durch Keimbahnmutationen in Genen 

verursacht wird, die Komponenten der MAPK-Kaskade kodieren. Um den durch Mitglieder der RAS und 

RHO-Familie vermittelten Krankheitsverlauf zu verstehen, ist eine umfassende Untersuchung der 

Interaktionsnetzwerke der kleinen GTPasen erforderlich. Biochemische und strukturelle Analysen 

lieferten wertvolle Einblicke in die molekularen Mechanismen, die dem Noonan-Syndrom zugrunde 

liegen. CDC42-Varianten stören die Funktion durch einen dysregulierten GTPase-Zyklus oder eine 

gestörte Bindung an Effektoren wie WASP, PAK1 und IQGAP1. Die CDC42-Varianten wurden in drei 

Gruppen, die die funktionellen Auswirkungen der Mutationen veranschaulichen, unterteilt. Die 

Charakterisierung der RRAS2-Mutationen zeigte eine Akkumulation in ihrem aktiven Zustand aufgrund 

von GAP-Unempfindlichkeit und beschleunigtem Nukleotidaustausch. Darüber hinaus deutet der 

Verlust der Interaktion mit RASSF5 darauf hin, dass mehrere Signalwege zur Pathogenese des Noonan-

Syndroms beitragen könnten. Es wurde festgestellt, dass MRAS-Varianten zusätzlich die AKT-

Phosphorylierung erhöhen, was die Annahme unterstützt, dass mehrere Signalwege zum Fortschreiten 

der Krankheit beitragen. Darüber hinaus identifizierten wir eine neue Krankheit, die durch eine Golgi-

beschränkte Fehllokalisierung von CDC42 gekennzeichnet ist. Auslöser dafür sind eine gestörte 

Bindung an RHOGDI1 und IQGAP1, welche die Membran-Zytoplasma–Bewegung bzw. die 

Translokation vom Golgi zur Plasmamembran kontrollieren. Die räumliche und zeitliche Organisation 

von Proteininteraktionsnetzwerken ist entscheidend für die Stärke, Effizienz und Spezifität der 

Signaltransduktion. Gerüstproteine, wie IQGAPs, modulieren den Aufbau großer Proteinkomplexe, 

indem sie zwei oder mehr Moleküle gleichzeitig binden. Die Charakterisierung der RHO GTPasen-

IQGAP-Interaktion ergab Selektivitätsdeterminanten, die das Wissen über die Regulation von 

Gerüstproteinen fördern. Zuletzt entdeckten wir einen Inhibitor gegen das RACGEF VAV3, der die RAC-

Aktivierung signifikant reduziert und Apoptose in einem BCR-ABL-Leukämie-Modell induziert, was auf 

eine mögliche therapeutische Strategie für akute lymphoblastische  B-Zell-Leukämie hindeutet.
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1 The RAS/mitogen-activated protein kinase (MAPK) pathway 

The RAS/mitogen-activated protein kinase (MAPK) pathway plays a key role in many biological 

and cellular processes which are crucial for development, such as proliferation, 

differentiation, apoptosis, survival, and senescence [1, 2]. This signaling cascade gets activated 

by binding of several extracellular stimuli, like growth factors, hormones, or cytokines to their 

respective membrane receptors. Stimulated and activated cell surface receptors, like for 

example the epidermal growth factor receptors (EGFRs) and fibroblast growth factor 

receptors (FGFRs) are transautophosphorylated after ligand binding and cause recruitment of 

various proteins to the cytosolic leaflet of the plasma membrane [3, 4]. 

 

Figure 1. Schematic view of the canonical RAS/MAPK pathway. Growth factors bind to their specific receptors 

at the plasma membrane, resulting in transphosphorylation. GRB2 in complex with SOS1 consequently 

translocates to the membrane and activates RAS by accelerating the nucleotide exchange from GDP to GTP. 

Active, GTP-bound RAS in turn activates the kinase cascade RAF-MEK-ERK. Nuclear translocation of 

phosphorylated ERK leads to the activation of the transcription factor AP-1, controlling many cellular functions, 

such as differentiation, apoptosis, and proliferation. 

 

Recruitment of the adaptor protein GRB2 to the plasma membrane leads to a complex 

formation with guanine nucleotide exchange factors (GEFs), like SOS1, that convert RAS 

proteins, such as KRAS, NRAS, and HRAS from their inactive, guanosine diphosphate (GDP)-

bound form to their active, guanosine triphosphate (GTP)-bound form [1, 5, 6]. Activated RAS 

proteins in turn activate the RAF-MEK-ERK phosphorylation cascade, resulting in translocation 
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of phosphorylated ERK proteins, such as ERK1 and ERK2, into the nucleus which on their part 

activate several transcription factors [7-10]. The activator protein-1 (AP-1) is one of the 

transcription factors that is known to be activated by the RAS-MAPK signal transduction. AP-

1 is a heterodimeric protein complex composed of JUN and FOS. Its activation results in 

various biological responses, such as differentiation, apoptosis and cell cycle progression [11].  

1.1 RAS/MAPK pathway syndromes (RASopathies) 

The RASopathies are groups of phenotypically overlapping developmental disorders caused 

by germline mutations in genes that encode components or regulators of the RAS/MAPK 

pathway [2, 12, 13]. The RAS/MAPK pathway is one of the best studied signal transduction 

pathways and plays a key role in regulating many cellular functions, such as cell cycle, 

proliferation, and differentiation [1].  

Table 1. RASopathy genes and related syndromes. 

 RASopathies (Syndromes) 

Gene C
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BRAF X    X   

CBL     X   

CDC42     X   

HRAS  X      

KRAS X    X   

MRAS     X   

NRAS     X   

MAP2K1 (MEK1) X    X   

MAP2K2 (MEK2) X       

NF1    X    

PTPN11     X X  

RAF1     X X  

RIT1     X   

RRAS2     X   

SHOC2 X    X  X 

SOS1     X   

SOS2     X   

SPRED1   X     
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Hence, it is not surprising that dysregulation within this pathway leads to severe consequences 

in development. These disorders include neurofibromatosis type I, Legius syndrome, Noonan 

syndrome, Noonan syndrome with multiple lentigines (LEOPARD syndrome), Costello 

syndrome, cardiofaciocutaneous (CFC) syndrome, Mazzanti syndrome, hereditary gingival 

fibromatosis and capillary malformation-arteriovenous malformation, affecting around 1 in 

1000 individuals [12]. They all exhibit unique phenotypes but share many overlapping 

characteristics as well, such as craniofacial dysmorphology, growth delays, cardiac defects, 

cutaneous and ocular abnormalities, neurocognitive impairment, and an increased risk of 

cancer. Mutations in more than 15 genes, such as NF1, PTPN11, SOS1, SOS2, SPRED1, RAF1, 

BRAF, HRAS, KRAS, NRAS MRAS, RRAS2, RIT1, SHOC2, CBL, MEK1, and MEK2 have been 

reported to be associated with RASopathies [14-17].  

 

Figure 2. Clinical images of patients with RASopathies. A is showing a young boy diagnosed with 

neurofibromatosis type 1. B PTPN11 mutation in a young girl resulted in Noonan syndrome. C A young adult 

woman with Costello syndrome due to a p.G12S mutation in HRAS. D A young boy with CFC syndrome caused by 

a mutation in MEK2 (pictures taken from [2]). 

1.2 Noonan syndrome 

Noonan syndrome (NS) is an autosomal dominant developmental disease which is in general 

caused by germline mutations in components or regulators of the RAS/MAPK pathway 

affecting approximately 1 in 2000 newborns [9]. NS is mainly characterized by distinctive 

craniofacial features, including a broad forehead, hypertelorism, down-slanting palpebral 

fissures, and low-set, posteriorly rotated ears. Furthermore, they show several other 

phenotypic features, such as cardiac defects, reduced growth, and a neurocognitive delay 

[14]. Like for other RASopathies, individuals with NS show an overall increased cancer risk. The 

syndrome has been associated with mutations in more than 10 genes and is genetically 

heterogeneous. While mutations in PTPN11, SOS1, RAF1, and RIT1 have been documented to 
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occur most frequently, a smaller proportion of cases has been ascribed to mutations in other 

functionally related genes, including NRAS, KRAS, BRAF, CDC42, MAP2K1, SOS2, SHOC2, MRAS, 

and RRAS2 [18-31]. PTPN11 is with a prevalence of about 50% the most common gene 

associated with NS which encodes a nonreceptor protein tyrosine phosphatase, called SHP2. 

2 RAS superfamily at a glance 

The RAS (Rat sarcoma) superfamily of small guanosine triphosphatases (GTPases) comprises 

167 human members which are monomeric G-proteins of around 20-30 kDa with conserved 

structure and functions related to the α subunit of heterotrimeric G-proteins [32, 33]. The RAS 

proto-oncogenes, including KRAS and HRAS, are the founding members of the RAS superfamily 

which is structurally classified into five major subfamilies, such as RAS, RHO, RAB, RAN, and 

ARF [34-36].  

 

Figure 3. The RAS superfamily of small GTPases. The RAS superfamily consists of 167 human members which 

can be divided into five subfamilies, such as RAS, RHO, ARF, RAB, and RAN. 
 

Small GTPases bind guanine nucleotides and act as molecular switches cycling between a GDP-

bound (inactive) and GTP-bound (active) state. Since the intrinsic GTP hydrolysis and 

nucleotide exchange reaction are slow, two main classes of regulators are needed for a fast 

on/off cycle. GEFs stimulate the activation of small GTPases by increasing the rate of GDP 

release and subsequent GTP binding, while GAPs catalyze the slow intrinsic GTP hydrolysis [37, 

38]. In their active state, small GTPases form a surface which is capable of effector binding and 

thus signal transduction [39, 40].  Proteins of the RAS superfamily control a wide range of 
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cellular functions, including differentiation, proliferation, actin reorganization, cell-cell 

contact, exocytosis, polarity, and cell migration.  

2.1 RAS GTPases 

The RAS family comprises 23 genes that encode for at least 25 proteins which can be divided 

into eight different paralog groups based on their sequence identity, structural properties, 

and functional aspects: RAS, RAL, RRAS, RIT, RAP, RHEB, RASD, and DIRAS [33, 41]. KRAS, HRAS, 

and NRAS are among the most studied proteins. These genes were first identified as viral 

oncogenes found in Harvey and Kirsten murine sarcoma viruses (Ha-MSV and Ki-MVS) by 

Jennifer Harvey and Werner Kirsten [42, 43]. HRAS and KRAS oncogenes are, together with 

the neuroblastoma RAS (NRAS) homolog, hyperactivated versions of their genes encoding a 

21 kDa phosphoprotein. RAS proteins share a common regulatory mechanism cycling between 

a GDP-bound and GTP-bound state. This cycle is controlled by two classes of regulators, called 

GEFs and GAPs. Moreover, RAS proteins get posttranslationally modified at a specific 

conserved cysteine at the very C-terminus of the proteins by addition of a 15-carbon farsenyl 

isoprenoid moiety via a farsenyl protein transferase (FPT) [44, 45]. This prenylation enables 

the RAS proteins to be translocated and connected to the plasma membrane which is 

proposed to be essential for the function. Once activated, RAS family proteins transduce 

signals in response to extracellular stimuli to downstream signaling proteins, called effectors. 

RRAS2 (RAS related 2, also known as TC21, teratocarcinoma 21) belongs to the RAS family of 

GTPases, described for the first time in 1990 [46]. TC21 which shares 55% amino acid sequence 

homology to the classical RAS proteins HRAS, KRAS, and NRAS, is a member of the RRAS 

subfamily consisting of RRAS1, TC21, and RRAS3/MRAS. Considering just the region between 

amino acid 5 to 120, excluding the hypervariable region, it reaches about 80% sequence 

homology [41, 47]. The RRAS proteins have been shown to be involved in multiple cellular 

processes like proliferation, survival, mitogenesis and control of the actin cytoskeleton. 

Activating mutations of TC21 have been documented to contribute to oncogenesis in a variety 

of solid tumors, such as G23V, A70T, and Q72L [47-49]. 

MRAS shares about 50% sequence homology with the classical RAS proteins. Crystal structures 

has been solved for the GDP-and GTP-bound state, showing that in both states an “open” 

conformation can be found. Usually, in the GTP-bound conformation Thr35 and Gly60 of the 
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switch I and switch II region are in contact with the γ-phosphate of the GTP, resulting in a so 

called “closed” conformation [50, 51]. The sequence of switch I of MRAS shows high 

similarities compared to HRAS except for the two residues Asp30 and Glu31 (HRAS numbering) 

which are proline and aspartic acid in MRAS, respectively. Mutational analysis showed that 

replacement of proline and aspartic acid by aspartate and glutamate increased the “closed” 

conformation of MRAS to about 30%, indicating that these two residues are also critical for 

the molecular switch mechanism of RAS GTPases [52]. 

2.1.1 Structural properties of RAS GTPases 

All RAS GTPases share a conserved GDP/GTP-binding domain, G-domain (aa 1-169 in HRAS), 

that changes its conformation based on the nucleotide that is bound to the GTPase [35]. The 

G-domain consists of five conserved motifs, called G1-G5, that are essential for nucleotide and 

magnesium binding, as well as the molecular switch mechanism [32, 53]. The G1 motif which 

is also known as phosphate binding loop (P-loop) or “Walker A motif” with the consensus 

sequence GX4GKS/T (aa 10-17 HRAS numbering), is responsible for the high-affinity binding of 

the phosphate groups of GDP and GTP. The P-loop is a glycine rich region followed by a lysine 

and serine or threonine which are responsible for the formation of a ring-like structure to 

stabilize the binding to the β-and γ-phosphate oxygen and to coordinate the magnesium ion, 

respectively [54, 55]. Gly12 and Gly13 are the most frequently mutated RAS codons causing 

human tumors due to an impairment of the GTPase reaction [56]. Most of the GTPases contain 

a glycine at residue 12, except ERAS, RASD1/2, and DIRAS3. These exceptions do not cycle 

between an on and off state since they are GAP insensitive and accumulate in its active GTP-

bound state [57, 58]. The G2 motif, also known as the switch I region (aa 32-40 HRAS 

numbering), contains two highly conserved residues, such as Tyr32 and Thr35 (HRAS 

numbering), which are essential for the conformational changes upon nucleotide exchange 

[59, 60]. For this reason, the G2 motif is crucial for the interactions with effector proteins. G3 

or the “Walker B motif” (aa 53-62 HRAS numbering) is part of the switch II region (aa 59-67) 

with the sequence DXXG. Asp57 is close to but does not bind the magnesium ion directly. 

Gly60 coordinates the γ-phosphate by a main chain hydrogen bond which is crucial for the 

conformational change of the switch II region [61]. G4 contains the N/TKXD motif (aa 112-119 

HRAS numbering) which is important for the specificity of the guanidine base. Asp119 binds 

the nitrogen atoms of the base, while Asn116 can contact the oxygen of the purine [36]. G5 is 
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the SAK motif which interacts with the G4 via Ser145 and Asp119 for stabilization of the 

structure and the nucleotide binding. Furthermore, Ala146 is able to bind the guanine base 

showing the complex implication of RAS proteins for guanine nucleotide binding [35, 36, 60]. 

RAS GTPases contain at their carboxy (C)-terminus a highly variable sequence, called 

hypervariable region (HVR), which has been shown to be involved in membrane binding as 

well as contributing to effector selectivity [44, 45, 62]. The HVR is a highly unstructured region 

and is therefore often truncated for structural studies. A conserved cysteine in the CAAX motif 

at the very C-terminus of RAS proteins gets posttranslationally modified by farnesyl isoprenoid 

lipids [63, 64]. This modification serves as an important component for membrane binding. 

2.1.2 RAS effector proteins 

RAS GTPases in their active, GTP-bound form are capable of interacting with a multitude of 

signaling molecules, called effector proteins. RAS proteins get activated by signals through 

different transmembrane receptors, such as receptor tyrosine kinases (RTKs), G-protein 

coupled receptors (GPCRs), ion channel receptors, and adhesion receptors. Once activated, 

RAS proteins transduce these extracellular signals via different downstream effector proteins 

to distinct pathways [65-68]. These RAS effector proteins have been shown to carry either a 

RAS binding domain (RBD) or a RAS association (RA) domain [40, 69, 70]. More than 60 effector 

proteins have been identified for all RAS proteins which are able to activate about 49 signaling 

pathways. However, the RAF kinases, PI3Ks, and RASSFs are the most studied effector proteins 

in RAS signaling.  

Rapidly accelerated fibrosarcoma (RAF) proteins are Ser/Thr kinases which are key 

components of the canonical RAS/MAPK pathway and regulate many cellular functions, such 

as proliferation, differentiation, development, survival, and apoptosis [71-74]. Three RAF 

paralogs have been identified in humans, including ARAF, BRAF, and CRAF. All paralogs consist 

of an N-terminal RBD and a C-terminal Ser/Thr kinase domain. RAF kinases are proposed to be 

in an inactive conformation due to autoinhibitory interactions between the N-and C-terminus. 

GTP-bound RAS proteins have been shown to bind to the RBD of RAF leading to membrane 

localization, displacement of 14-3-3, and release of its autoinhibited, closed conformation [75-

77]. Further activating modifications, such as dephosphorylation and phosphorylation are 

required for RAF dimerization. This dimerization has been proposed to stabilize the active 
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conformation of RAF [78]. Activated RAF homo- and heterodimers have been shown to 

phosphorylate and activate MEK1 and MEK2 which in turn phosphorylate ERK [79, 80]. 

 

Figure 4. The RAS GTPase cycle and downstream effector proteins. RAS GTPases can be activated by diverse 

extracellular stimuli through several membrane receptors, such as receptor tyrosine kinases (RTK) or G-protein-

coupled receptors (GPCR). Once activated by GEFs, RAS proteins transduce this information via several effector 

proteins through the cell controlling various cellular functions, including differentiation, gene expression, and 

apoptosis. GAPs are required to inactivate the RAS proteins within milliseconds. 

 

Phosphatidylisonitol 3-kinases (PI3Ks) are a family of lipid kinases that phosphorylate 

phosphoinositides on the 3` position of the inositol head group to generate the second 

messengers PI-3,4-P2 and PIP3, using PI-4-P and PI-4,5-P2 as substrates, respectively [81, 82]. 

They are divided into three classes with several 85 kDa regulatory and 110 kDa catalytic 

subunits. Upon receptor activation PI3Ks are translocated to the plasma membrane and 

interact via the SH2 domain with phosphotyrosine residues of the receptor [83]. Class I PI3Ks 

have been shown to interact with RAS proteins. Four isoforms of the class I p110 subunits 

exist, such as p110α, p110β, p110γ, and p110δ. RAS proteins interact directly with the N-

terminal RBD of p110α, p110γ, and p110δ [84-86]. However, RAS proteins are not able to bind 

p110β, while the RHO GTPases CDC42 and RAC1 have been shown to bind and activate the 

p110β subunit [87]. Following activation and membrane translocation PI3Ks have been 

reported to target for example AKT, PDK1, GEFs, GAPs, and adaptor proteins [88].  
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The RAS association domain family (RASSF) represents a group of ten members with several 

splice variants acting as tumor suppressor proteins [89, 90]. All of them contain a RAS 

association (RA) domain either at their N-terminus or C-terminus. RAS proteins are capable of 

binding to this RA domain controlling various cellular functions, such as proliferation, 

apoptosis, and membrane trafficking [89-93]. Only RASSF2, 4, 5A, 6, and 9 have been shown 

to directly interact with KRAS [94, 95]. Two additional domains, such as a C1 domain in 

RASSF1A, RASSF5A, and RASSF5B and a Salvador-Rassf-Hippo (SARAH) domain in RASSF1-6 can 

be found [96]. Since RASSF proteins do not show any enzymatic activity they are proposed to 

function as scaffold proteins assembling larger protein complexes. RASSF proteins have been 

shown to interact with a multitude of proteins including MST1/2, 14-3-3, Aurora A, and several 

RAS proteins [97-102]. 

2.2 RHO GTPases 

RHO (RAS homologous) GTPases belong to the RAS superfamily and can be divided into six 

groups based on their sequence homology: RHO (RHOA, RHOB, RHOC), RAC (RAC1, RAC2, 

RAC3, RHOG), CDC42 (CDC42, TC10, TCL, CHP/WRCH-2, WRCH-1), RND (RND1, RND2, 

RND3/RHOE), RHOBTB (RHOBTB1 and RHOBTB2) and MIRO (MIRO-1 and MIRO-2) [103-107]. 

They are involved in multiple cellular processes, including cell cycle progression, 

reorganization of the cytoskeleton, transcription, and polarity. Like RAS proteins, most of the 

RHO GTPases act as molecular switches cycling between an “on” and “off” state which is 

tightly regulated by GAPs and GEFs [108]. RHO GTPases are additionally regulated by a third 

class of regulators, called guanine nucleotide dissociation inhibitors (GDIs), which shuttle 

prenylated RHO GTPases between cytoplasm and the plasma membrane [109]. 

Cell division cycle 42 (CDC42) is a member of the RHO GTPase family functioning as a signaling 

node controlling several cellular processes, including cell cycle, migration, adhesion, 

endocytosis, and polarity. CDC42 stimulates the formation of actin-rich membrane 

protrusions, called filopodia, formed by bundles of filamentous (F)-actin [105, 110]. There are 

two isoforms that arise from alternative exon splicing of the same gene. Both isoforms consist 

of 191 amino acids that differ at residue 163 and in their last 10 residues at the very C-

terminus: 163 K (isoform 1)  R (isoform 2) and PKKSRRCVLL (isoform 1)  TQPKRKCCIF 

(isoform 2) [111, 112]. Isoform 1 is ubiquitously expressed, while isoform 2 is mainly found in 
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brain. CDC42 function is also controlled by three classes of regulators. One of the regulatory 

proteins which converts CDC42 in its active, GTP-bound state is intersectin-1 (ITSN-1). More 

than 60 interaction partners for ITSN-1 have been identified, however one of the functions is 

the stimulation of the nucleotide exchange reaction of CDC42 with its C-terminal DH-PH 

domains [113]. The inactivation of CDC42 is regulated by p50GAP that is known to be specific 

for CDC42 and accelerate the slow intrinsic GTP hydrolysis [114]. The GTPase primarily acts by 

spatiotemporal interactions with effector proteins, such as WASP, FMNL-2, and PAK. The 

localization of CDC42 at the plasma membrane and the shuttling to other intracellular 

membranes is regulated by RHOGDI1 and IQGAP1, respectively [115-117]. The function of 

CDC42 requires a posttranslational modification at the Cys188, including prenylation (geranyl-

geranylation) followed by proteolytic cleavage of the last three residues and carboxyl-

methylation [118]. 

 

Figure 5. Crystal structure and corresponding secondary structure of CDC42. The highlighted regions in the 

structure are conserved motifs within all small GTPases which are critical for nucleotide binding and the 

molecular switch mechanism (Structure of CDC42 bound to GMP-PCP. PDB: 2QRZ [119]).  

 

TC10 and TCL belong to the CDC42-related protein subfamily and show highly similar functions 

compared to CDC42. The induced filopodia by TC10 and TCL are longer in comparison to those 

induced by CDC42. They share most effectors, however differences exist [114, 120]. 
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Furthermore, TC10 is additionally modified by palmitate which prevents RHOGDI1 binding and 

function [121]. 

The RAC-related proteins stimulate the formation of lamellipodia and membrane ruffles [122]. 

RAC1, RAC2, and RAC3 share about 88% sequence homology, while RHOG is about 72% 

identical to RAC1. There is a splicing variant of RAC1, called RAC1b that is generated by 

alternative exon splicing and contains a 19 amino acid insertion C-terminal to the switch II 

region. RAC1b is expressed in breast and colon cancers and shows an increased nucleotide 

exchange reaction rate and a decreased GTP hydrolysis [123, 124]. Moreover, RAC1b does not 

interact with RHOGDI1 resulting in an enhanced association to the plasma membrane and 

consequently in a constitutively active protein [125]. RAC1 is ubiquitously expressed, while 

RAC2 expression is restricted to hematopoietic cells and RAC3 is highly expressed in brain 

[126, 127]. RHOG has been described as a late-response gene induced after serum stimulation 

of fibroblasts, suggesting its regulation by transcription and involvement in the regulation of 

the cell cycle [128]. 

The RHO-related proteins RHOA, RHOB, and RHOC share about 85% sequence identity with 

the highest variations within the C-terminal 15 amino acids which is proposed to be important 

for the distinct subcellular localizations of the different RHO proteins. They are a key factor 

for the assembly of contractile actin-myosin filaments (stress fibers) and contribute to cellular 

processes, such as migration, exocytosis, endocytosis, cell cycle, and proliferation [121, 129, 

130]. 

2.2.1 Structural properties of RHO GTPases 

The structural properties of RHO GTPases show many similarities to those of RAS GTPases. 

They comprise the five conserved G1-G5 motifs (G domain) which are responsible for the 

nucleotide binding as well as the interaction with regulatory proteins and effectors [131]. G 

domains are highly conserved through all RHO GTPases. However, differences determine 

selectivity towards regulators and effector proteins.  The C-terminus of RHO GTPases also 

consists of the HVR with the CAAX box which gets posttranslationally modified and allows RHO 

binding to membranes [36, 132]. The lipid anchor at the C-terminus is not the only 

posttranslational modification of RHO GTPases. They undergo several further modifications, 

such as ubiquitination, phosphorylation, and acetylation [103, 133]. The hallmark of all RHO 
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GTPases is an additional 12 aa “insert region” which is located between β5 and α4 of the G 

domain [134]. This “insert region” has been shown to be involved in the binding and activation 

of several proteins, such as GEFs, p67phox, IQGAP1, ROCK, and mDia [135-138]. 

2.2.2 RHO effector proteins 

RHO GTPases also interact physically with a multitude of effector proteins leading to the 

control of many cellular processes [39]. Different RHO GTPases have been observed to show 

specificity towards different effector proteins. Proteins of the RHO subfamily like RHOA are 

able to interact with ROCK, PKN, and Rhotekin, while RAC1 and CDC42 show interaction with 

WASP, PAK1, and IQGAP1. Basically, effectors for RHO proteins could be kinases, regulators, 

and scaffold proteins as well. 

 

Figure 6. The RHO GTPase cycle and downstream effector proteins. RHO GTPases are tightly controlled by three 

classes of regulators. GEFs stimulate the activation by increasing the slow intrinsic nucleotide exchange reaction. 

GAPs accelerate the GTP hydrolysis leading to an inactive GDP-bound form. GDIs are able to bind the isoprenyl 

group of RHO GTPases preventing them from proteasomal degradation and shuttle them between cytoplasm 

and different membranes. RHO GTPases in their GTP-bound conformation are able to physically interact with 

various proteins leading to signal transduction and regulation of various cellular functions. FMNL2 (Formin-like 

protein 2), RTKN (Rhotekin), PKN (protein kinase novel), ROCK (RHO-associating coiled-coil kinase). 

 

The Wiskott Aldrich syndrome protein (WASP) participates in processes which are dependent 

on the regulation of the actin cytoskeleton, such as migration, cell signaling, phagocytosis, and 

cytotoxicity [139]. Since the WAS gene was identified more than 20 years ago, over 300 

different mutations have been described, resulting in a high variation of phenotypes, such as 
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immunodeficiency, inflammatory symptoms, and autoimmunity [140, 141]. WASP has been 

described as a cytosolic protein with 502 amino acids consisting of several domains including 

Ena-VASP homology domain (EVH1), short basic domain (B), GBD, polyproline domain (PP), 

and verprolin homology/ central/ acidic (VCA) domain. In resting cells WASP has been shown 

to be in an autoinhibited state, where the VCA domain binds the hydrophobic pocket of the 

GBD [142]. Binding of RHO GTPases like CDC42 and phosphorylation of Tyr291 have been 

proposed to destabilize the autoinhibited conformation, leading to an open, active 

conformation [143, 144]. As a consequence, the VCA region is then able to bind actin related 

protein (ARP) 2/3, resulting in actin nucleation and formation of actin branches [145]. 

Furthermore, phosphorylation of two serines in the VCA domain results in an enhanced 

binding affinity towards the ARP 2/3 complex [146]. Interaction of the WASP interacting 

protein (WIP) with the EVH1 domain protects WASP from proteasomal degradation, as well as 

translocation to areas of actin polymerization [147, 148]. 

 

Figure 7. Domain organization of the RHO effector proteins WASP and PAK1. EVH1= Ena-VASP homology 

domain; B= basic region; CRIB= CDC42/RAC1 interactive binding motif; AID= autoinhibitory domain; PP= 

polyproline domain; VCA= verprolin homology/ central/ acidic domain. 

 

The p21-activated kinases (PAKs) comprise a family of six (PAK1-6) Ser/Thr protein kinases 

acting as downstream effectors of the RHO GTPases RAC1 and CDC42 [149]. PAKs have been 

shown to stabilize the active form of CDC42 and RAC1 by inhibiting the intrinsic GTP hydrolysis 

[149]. All members of the family consist, in addition to a conserved catalytic kinase domain, 

an N-terminal CDC42/RAC1 interactive binding (CRIB) motif [150]. However, they have been 

classified into two groups consisting of three members each. Group I PAKs (PAK1-3) are 

characterized by an N-terminal CRIB motif which overlaps with an autoinhibitory domain 

(AID), and a conserved catalytic domain at the C-terminus. Furthermore, the group I PAKs 

comprise two SH3 binding motifs at the very N-terminus which are capable of binding NCK 

and Grb2, as well as a non-classical SH3-binding site for a GEF, called PAK-interacting exchange 
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factor (PIX) [151-153]. These interactions suggest group I PAKs to be recruited and activated 

at the plasma membrane [154]. The group II PAKs (PAK4-6) have never been shown to interact 

with SH3-domain-containing proteins. On top of that, they are structurally different compared 

to group I PAKs. They show neither the N-terminal SH3-binding motifs, nor the PIX binding site 

and they lack the AID as well [155]. The most studied substrates of PAK1 and PAK2 are MLCK, 

BAD, RAF, MEK1, LIMK, and Merlin linking them to be involved in cellular processes, such as 

cytoskeletal organization, cell motility, proliferation, apoptosis, transcriptional regulation, and 

cell-cycle progression [156-160]. 

2.3 Regulation of small GTPases 

2.3.1 GAPs 

The GTP hydrolysis is a key mechanism in intracellular signal transduction and important for 

the regulation of small GTPases. It is the timing reaction that converts GTPases from their 

active, GTP-bound state into their inactive, GDP-bound state [161, 162]. This process is 

intrinsically very slow but can be accelerated by several orders of magnitude by GTPase 

activating proteins (GAPs). GAPs actively participate in the process of GTP hydrolysis by 

providing a catalytic residue, called “arginine finger”, which stabilizes the transition state of 

this reaction [163]. The arginine residue interacts with the P-loop and the switch regions of 

the GTPases. It forms a hydrogen bond with Gln61 for stabilization of the switch regions and 

for optimizing the orientation of the catalytic GAP domain. Gln61 is then able to activate a 

water molecule for a nucleophilic attack of the γ-phosphate of GTP. Moreover, the positively 

charged arginine stabilizes the transition state by neutralizing the generated negative charges 

by the transferred phosphoryl group or the leaving group oxygen [163-165]. Mutations in 

Gly12 or Gln61 are commonly found in human diseases since changes in these residues lead 

to steric conflicts with the side chains of the catalytic arginine residue and as a consequence 

to constitutively active variants due to their GAP insensitivity [166-168]. 

2.3.2 GEFs 

Cell-surface receptors transduce signals in response to extracellular stimuli, such as cytokines, 

hormones, and growth factors by activation of guanine nucleotide exchange factors (GEFs) 

which are capable of catalyzing the slow intrinsic nucleotide exchange reaction of small 

GTPases by several orders of magnitude [35]. GEFs that are responsible for the activation of 
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RAS proteins, like SOS1 or RASGRF contain a CDC25 homology domain and a RAS exchange 

motif (REM), while RHO specific GEFs contain a DH-PH tandem domain or an unrelated domain 

identified in DOCK proteins [169]. GEFs are usually multidomain proteins that are able to bind 

to different proteins or lipids, suggesting their role as a scaffold protein by forming large 

protein complexes. Due to the high affinity of small GTPases for GDP and GTP which is in the 

range of picomolar, the intrinsic nucleotide dissociation may take several hours [107]. 

Therefore, GEFs are required for accelerating this process. They strongly reduce the affinity of 

the GTPase towards the bound GDP, leading to its subsequent association with GTP [169]. 

During this reaction, GEFs form a complex with the nucleotide-free GTPase in an intermediate 

state. This complex does not accumulate in the cell due to the much higher affinity of GTP 

towards the GTPase compared to GEFs, resulting in a rapid dissociation [35].  

2.3.3 GDIs 

RHO GTPases are proposed to be membrane-bound due to posttranslational modifications 

which seems critical for their biological functions. However, only a small fraction of RHO 

GTPases is associated with the membrane, while more than 90 % are in an inactive cytosolic 

complex with RHOGDIs [109]. Three different RHOGDIs exist in humans, including RHOGDI1, 

RHOGDI2, and RHOGDI3 [170]. The best-characterized member of the family is RHOGDI1 

which has been shown to be ubiquitously expressed and is able to interact with several RHO 

GTPases including RHOA, RHOC, RAC1, RAC2, and CDC42 [171, 172]. RHOGDI2 is highly 

expressed in hematopoietic cells and associates with several RHO GTPases, as well [173-175]. 

However, the binding affinities observed for RHOGDI2 and the RHO GTPases are significantly 

lower compared to RHOGDI1 and many of these interactions have not been proofed in vivo 

[176]. The most divergent member of the family is RHOGDI3 which has been shown to target 

the Golgi complex and other cellular membranes due to a unique N-terminal extension [177]. 

RHOGDIs bind with their N-terminal domain to the switch regions of RHO proteins and 

stabilize their flexibility. Structural studies showed that RHOGDIs are in contact with numerous 

key residues for the switch mechanism of RHO proteins, such as Thr35, Tyr64, Arg66, His103, 

and His104 (RAC1 numbering) [119, 178-180]. The isoprenoid moiety of RHO GTPases have 

been shown to impair the ability of proper folding in the absence of membranes. Without 

RHOGDIs the cytosolic pool of RHO proteins would be rapidly degraded in a proteasome-

dependent manner [181]. RHOGDIs are capable of binding this isoprenyl group by inserting it 



Chapter I: General introduction 

17 

 

into a hydrophobic pocket of the C-terminus and thus, stabilize the RHO GTPases [182]. 

Furthermore, RHOGDIs shuttle prenylated RHO proteins between cytoplasm and different 

membranes, suggesting that RHOGDIs play a key role in the subcellular localization and 

spatiotemporal activation of RHO GTPases [109]. 

2.3.4 Posttranslational modification 

Small GTPases of the RAS superfamily undergo several post translational modifications. One 

of them is the modification by three enzymes of the C-terminal CAAX motif, where C is 

cysteine, A an aliphatic amino acid and X any amino acid [183]. RAS and RHO proteins are 

immediately post translationally targeted by cytosolic prenyltransferases, such as 

farnesyltransferase (FTase) or geranylgeranyltransferase (GGTase I) which attach a 15- or 20 

carbon polyisoprene lipid to the cysteine of the CAAX motif, respectively [184]. Proteins that 

contain a serine or a methionine at the end of the CAAX motif are primary substrates for FTase, 

while proteins ending with leucine are usually targeted by GGTase I [63, 185]. The prenylation 

of RAS proteins is followed by a proteolytic cleavage of the last three residues AAX via an 

endoprotease called RAS Converting enzyme 1 (RCE1) [186-188]. Afterwards, the new C-

terminus with the prenylated cysteine undergoes a carboxymethylation by isoprenylcysteine 

carboxymethyltransferase (ICMT) to neutralize the negative charge at the C-terminus [189-

193]. This CAAX processing enables RAS proteins to associate with membranes due to the 

remodeling of a hydrophilic to hydrophobic C-terminus. This modification of the HVR is 

constitutive, while G-domain modifications, such as mono-diubiquitination, sumoylation, 

acetylation, nitroslyation, and phosphorylation are reversible. For many of these 

modifications the physiological roles in RAS signaling are still unknown [194]. 

3 Scaffold proteins 

The tight regulation of signal transduction processes is crucial for many cellular functions. 

Multidomain proteins, called scaffold or adaptor proteins, modulate protein-protein 

interactions and the assembly of protein complexes by binding two or more signaling 

molecules simultaneously [195, 196]. These scaffold proteins do not show any enzymatic 

activity but have critical roles in cellular signaling pathways [197, 198]. They serve as a docking 

site for multiple protein partners and efficiently enhance signaling cascades by bringing 

proteins in close vicinity. Several additional functions have been proposed for scaffolding 
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proteins, such as activation of kinases, inhibition of phosphatases, and subcellular localization 

of protein complexes [199, 200]. Not all extracellular stimuli result in the same cellular 

response. The different scaffold proteins form complexes at various subcellular sites by linking 

the kinases with different substrates or reaction partners. Many scaffold proteins for the 

MAPK pathway have been described, such as Kinase suppressor of RAS (KSR), β-arrestin, 

CNK1/2, MEK partner 1 (MP1), MAP Kinase Organizer 1 (MORG1), flotillin-1, and IQGAP1 [201, 

202]. However, in most cases it is unknown how the scaffold proteins are regulated 

themselves. Oligomerization, conformational activation, nucleocytoplasmic shuttling, and 

phosphorylation have been proposed as main mechanisms for this regulation [203]. 

3.1 IQGAPs 

The IQ motif containing GTPase activating proteins (IQGAPs) belong to the class of 

multidomain proteins which play a central role in the assembly of protein complexes by 

pooling proteins in distinct signaling networks [204-208]. Three IQGAPs have been described 

in humans sharing a similar domain organization and high sequence homology. The best 

characterized ubiquitously expressed IQGAP1 is overexpressed in many human tumors, 

including pancreatic adenocarcinoma, colon cancers, ovarian carcinomas, and glioma. 

Furthermore, IQGAP1 contributes tumor progression by scaffolding for example the main 

components of the RAS/MAPK pathway [209]. Less is known about the other two paralogs of 

the IQGAP family. IQGAP2 has been shown to be expressed in liver, prostate, kidney, thyroid, 

stomach, testis, and platelets, while IQGAP3 is found in brain, lung, testis, intestine, and colon 

[209]. The IQGAPs modulate many cellular processes, such as adhesion, directional migration, 

and cancer progression [204-208, 210, 211]. 

 

Figure 8. Domain organization of IQGAP1. CHD= calponin homology domain; CC= coiled-coil; WW= polyproline 

binding domain; IQ= Isoleucine/Glutamine motif; GRD= GAP-related domain; RGCT= RASGAP C-terminal domain; 

CT= very C-terminal domain. 

 

Multiple domains enable IQGAPs to interact with the large number of proteins to achieve their 

scaffolding function. Through the N-terminal calponin homology domain (CHD) IQGAPs are 

able to bind F-actin [212]. The polyproline-binding region (WW) has been shown to interact 

with ERK1/2, while the IQ motif (IQ) binds to HER1/2, KRAS, B/CRAF, MEK1/2, and calmodulin 
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[207, 213]. The RASGAP-related domain (GRD) and the RASGAP C-terminal domain (RGCT) 

bind to the RHO GTPases CDC42 and RAC1 [214-218]. GRD of IQGAPs show high sequence 

homology to the GAP domain of RASGAPs. However, due to a conserved threonine instead of 

a catalytic arginine which is essential for the GAP stimulated GTP hydrolysis, IQGAPs are not 

able to accelerate the GTP hydrolysis reaction of small GTPases [215]. The very C-terminal 

domain (CT) binds E-cadherin, β-catenin, APC, and CLIP-170 [206].   

4 Aims 

The small GTPases of the RAS and RHO family are known to play a key role in many cellular 

processes, such as differentiation, proliferation, polarity, adhesion, migration, and cell cycle. 

Hence, it is not surprising that dysfunction of these proteins may result in different diseases, 

including developmental disorders and cancer. Most of the small GTPases act as molecular 

switches cycling between an active, GTP-bound and an inactive, GDP-bound conformation. 

This cycle is tightly regulated by GEFs and GAPs which accelerate the slow intrinsic nucleotide 

exchange from GDP-bound to GTP-bound form and stimulate the intrinsic hydrolysis activity, 

respectively. Several missense mutations in CDC42, RRAS2, and MRAS were identified in 

patients with Noonan syndrome, an autosomal dominant developmental syndrome caused by 

germline mutations in genes encoding components of the RAS/MAPK pathway. Furthermore, 

we identified a novel disorder, termed NOCARH syndrome, due to a specific amino acid 

change in CDC42 which is characterized by neonatal onset of pancytopenia, 

autoinflammation, rash, and episodes of HLH. The ubiquitously expressed scaffold protein 

IQGAP1 has been shown, among more than 100 interaction partners, to physically interact 

with the RHO GTPases RAC1 and CDC42. Binding of RHO GTPases to IQGAP1 and/or 

phosphorylation of Ser1441 and Ser1443 have been proposed to release IQGAP1 from an 

autoinhibited state. However, the interaction between IQGAP1 and IQGAP2 with a large 

number of RHO GTPases has not been analyzed so far. Understanding how IQGAPs get 

activated and how they achieve their scaffolding function to orchestrate many signaling 

pathways is of major interest. Therefore, this thesis aimed to: (i) characterize the missense 

mutations biochemically and structurally to better understand the pathogenesis of 

developmental disorders, like Noonan syndrome, (ii) investigate the molecular mechanism 

underlying the new disease, called NOCARH syndrome, (iii) identify how RHO GTPases interact 

with IQGAPs in detail and if there are selectivity determinants for this bimolecular interaction. 
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5 Discussion 

The RAS superfamily of GTP/GDP-binding proteins comprises a large number of membrane-

localized proteins controlling a multitude of cellular functions in response to several 

extracellular stimuli [33]. Most of the small GTPases cycle between an active, GTP-bound state 

and an inactive, GDP-bound state. This cycle is tightly regulated by GEFs and GAPs which 

accelerate the intrinsic nucleotide exchange reaction and stimulate the slow intrinsic GTP 

hydrolysis, respectively [219]. RHO GTPases are also controlled by a third class of regulators, 

called RHOGDIs. RHOGDIs play a key role in cytoplasm-membrane shuttling of RHO proteins 

thereby preventing proteasomal degradation [109]. In their active, GTP-bound conformation 

GTPases are capable of physically interacting with effector proteins and transduce 

extracellular stimuli through the cell. Several mutations in genes encoding members of the 

RAS superfamily have been described to be implicated in human diseases, such as RASopathies 

and cancer. RASopathies are a group of genetic syndromes caused by germline mutations in 

genes encoding key components of the RAS/MAPK pathway or upstream regulators. However, 

about 10-20% of individuals with RASopathies do not show mutations in known RASopathy-

associated genes, indicating still unidentified genetic alterations [2, 17]. Exome sequencing 

has enhanced the discovery of genes implicated in genetic disorders and helped to identify 

novel mutations as the cause for human diseases, especially the Noonan syndrome. We were 

able to structurally, biochemically, and functionally characterize these mutations for a better 

understanding of the molecular mechanisms underlying these syndromes.  

5.1 Missense mutations variably perturb CDC42 function 

In Chapter II, we observed for the first time that missense mutations in CDC42, a gene 

encoding a small GTPase of the RHO subfamily, underlie a clinically heterogeneous group of 

developmental phenotypes which are characterized by short stature, facial dysmorphism, 

brain malformations, and thrombocytopenia. Nine different missense mutations were 

identified and divided into three groups based on their localization. Group I mutations 

affected the switch II region of CDC42 (p.Tyr64Cys, p.Arg66Gly, and p.Arg68Gln). Tyr64 and 

Arg66 are located on the protein surface and were proposed to directly affect the interaction 

with effectors and regulatory proteins like GEFs and GAPs, while Arg68 is embedded in the 

protein interior and stabilizes the switch II region due to intramolecular interactions with 
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several residues, such as Ala59, Gln61, and Glu100. Group II mutations showed substitutions 

in residues located within or in close vicinity to the nucleotide-binding pocket (p.Cys81Phe, 

p.Ser83Pro, p. Ala159Val) which were predicted to perturb the nucleotide binding properties 

of CDC42. The group III mutations (p.Ile21Thr, p.Tyr23Cys, p.Glu171Lys) or also called CRIB 

mutations are located on the protein surface and were predicted to affect the interaction with 

proteins containing a CRIB motif. Interaction studies with several direct interaction partners 

of CDC42, including WASP, PAK1, IQGAP1, and FMNL2 were performed to elucidate the impact 

of these mutations on protein-protein interaction. The interaction with WASP was completely 

abolished for the Glu171Lys variant and resulted in a 21-fold decreased binding affinity for 

CDC42Tyr23Cys supporting our notion that these mutations affect binding towards CRIB motif 

containing proteins. The complex structure of CDC42 and WASP (GBD) solved in 1999 by 

Abdul-Manan et al. illustrates that Glu171 plays a major role in the electrostatic steering 

mechanism by binding Lys235 of WASP [220, 221]. Substitution of lysine for glutamic acid at 

residue 171 results in repulsion and consequently in loss of WASP-binding. The interaction 

studies with PAK1 showed an impaired binding for CDC42Tyr23Cys and CDC42Tyr64Cys and a 

reduced binding affinity for CDC42Arg68Gln and CDC42Glu171Lys supporting our prediction that 

group I and group III mutations affect effector binding and interactions with CRIB motif 

containing proteins, respectively.  Obtained data for the interaction between the different 

CDC42 variants and FMNL2 showed loss of binding for the group I mutations. Structural 

analysis revealed that residues of CDC42 switch II region are involved in hydrophobic and polar 

interactions with FMNL2. Tyr64 forms a hydrophobic contact with Leu44 of FMNL2, whereas 

Arg66 forms a hydrophobic interaction with Met42, as well as polar interactions with Leu114, 

Asn117, and Asn233 [222]. The interaction to the scaffold protein IQGAP1 showed a decreased 

binding affinity for CDC42Arg66Gly and CDC42Arg68Glu. Previous studies have shown that 

interaction between CDC42 and IQGAP1 regulates the cadherin-mediated cell adhesion, 

indicating that dysregulation of protein-protein interaction negatively affects this cellular 

function [223, 224]. RASopathy-associated missense mutations in small GTPases have been 

shown to result in overactivation of these proteins due to impaired intrinsic GTPase activity, 

GAP insensitivity, increased nucleotide exchange rates, or a combination of these mechanisms 

[225]. To further reveal the underlying mechanism, the CDC42 variants have been investigated 

regarding their regulatory function. The GTP hydrolysis assay stimulated by p50RHOGAP, a 
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specific GAP for CDC42, exhibited a robust GAP insensitivity for the CDC42 variants Tyr64Cys, 

Arg68Gln, and Ala159Val resulting in an increased amount of active, GTP-bound CDC42 and 

enhanced signal flow. Furthermore, the GEF-catalyzed nucleotide exchange reaction showed 

a 5-fold increase for CDC42Ala159Val. Obtained data clearly indicate an intracellular 

accumulation of CDC42Ala159Val in its active conformation due to a fast cycling effect induced 

by increased nucleotide exchange and decreased GTP hydrolysis. Overall, we were able to 

show in this study that different groups of CDC42 mutations variably perturb CDC42 function 

and consequently result in a phenotype resembling the Noonan syndrome. Generally, 

RASopathies are mediated by mutations affecting genes of the RAS/MAPK backbone. 

However, recent studies showed other affected genes, such as RIT1, RRAS, and LZTR1 which 

had not been shown to directly have an impact on the RAS/MAPK cascade yet [30, 226, 227]. 

Further studies are needed to understand whether CDC42 mutations affect the RAS/MAPK 

signaling directly, or if other signaling pathways may contribute to disease progression. 

5.2 Identification of a novel disorder caused by altered CDC42 function 

Chapter III deals with the identification of a novel disease in four unrelated individuals due to 

the same de novo missense mutation of CDC42 (p.Arg186Cys), characterized by neonatal 

onset of pancytopenia, autoinflammation, rash, and episodes of HLH (NOCARH). Our in silico, 

in vitro, and in vivo studies elucidated a unique impact of the p.Arg186Cys mutation on CDC42 

function. Arg186 is located on the surface of CDC42 in the hypervariable region which has 

been shown to be one of two major binding sites for RHOGDI1 [178]. Structural analysis 

showed that Arg186 is in contact with several residues of RHOGDI1, such as Asp140, Thr142, 

Tyr144, and Glu163. The in silico prediction of the CDC42 mutation revealed a disruption of 

this contacts resulting in a destabilized RHOGDI1 interaction. To further confirm this 

hypothesis, pull-down assays, as well as SPR analysis were performed. Obtained data clearly 

demonstrated a loss of binding to geranylgeranylated CDC42 with RHOGDI1. This interaction 

has been shown to play a key role in the control of CDC42 function. Therefore, perturbation 

in subcellular localization and trafficking may contribute to pathogenesis. The previously 

reported CDC42 mutations which were described in chapter II have been analyzed regarding 

their regulatory function and their capability to transduce signals via effector proteins. The 

regulatory function of CDC42Arg186Cys was not affected, whereas the interaction with IQGAP1 

was dramatically reduced. IQGAP1 has been shown to promote the translocation of CDC42 
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from the Golgi apparatus to the plasma membrane [117]. For this reason, we analyzed the 

subcellular localization of CDC42Arg186Cys by confocal microscopy and observed a Golgi-

restricted localization. It was also recently shown by another group that the Arg186Cys variant 

is posttranslationally modified by an additional palmitate on this new cysteine resulting in 

enhanced interaction with the Golgi apparatus, as well as inhibition of extraction by RHOGDI 

and as a consequence in impaired cytoplasm-membrane shuttling [228]. Furthermore, we 

were able to show functional changes, including actin cytoskeleton rearrangements, reduced 

migration, and impaired proliferation. Various mutations in genes involved in remodeling of 

the actin cytoskeleton, such as CFL1, WAS, DOCK8, and RAC2 have been shown to cause 

hematological and autoinflammatory phenotypes due to changed migration and/or impaired 

proliferation [229-233]. Moreover, Fukata et al. showed that IQGAP1 mutants incapable of 

binding CDC42 displayed aberrant multipolar morphology supporting our findings of the 

cytoskeletal rearrangements with multiple leading edges [210]. In conclusion, NOCARH 

syndrome caused by a de novo missense mutation in CDC42 results in an autoinflammatory 

disease due to small GTPase mislocalization to the Golgi apparatus. Markedly elevated IL-18 

levels may serve as a potential biomarker for diagnosing NOCARH. However, early recognition 

and bone marrow transplantation have turned out to be crucial in preventing multiorgan 

failure and thus, survival of the patient. 

5.3 Identification of RRAS2 as a gene implicated in Noonan syndrome 

Noonan syndrome is the most prevalent disorder among the RASopathies and is characterized 

by several pathogenic features, including facial dysmorphism, cardiac abnormalities, reduced 

growth, and neurocognitive impairment. In chapter IV we, identified RRAS2 mutations 

underlying Noonan syndrome variably affecting the biochemical properties of the protein. Six 

unrelated individuals showed de novo germline mutations in RRAS2, such as p.Gly23Val, 

p.Gly22_Gly24dup, p.Gly24_Gly26dup, p.Ala70Thr, and p.Glu72Leu. RRAS2, a member of the 

RAS superfamily of GTPases, shares high amino acid sequence homology with the most 

prominent RAS-members HRAS, KRAS, and NRAS [46, 47]. Several somatic cancer mutations 

in RRAS2 have been reported, including our identified missense germline mutations 

p.Gly23Val, p.Ala70Thr, and p.Glu72Leu. Corresponding residues in other RAS genes have 

been already reported as a cause for Noonan syndrome [12]. Structural modeling revealed 

that all mutations are located in the nucleotide binding region, suggesting aberrant nucleotide 
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binding properties, dysregulation of the GTPase cycle, as well as impaired effector binding. P-

loop residues (Gly21-Ser28) are responsible for phosphate binding of either GTP or GDP. These 

residues contact the nucleotide β-and γ-phosphates and residues 67-69 of switch II to control 

GTP hydrolysis. Therefore, the two genetic duplications p.Gly22_Gly24 and p.Gly24_Gly26 

were predicted to decrease the GTP hydrolysis. Ala70 and Gln72 are located in the switch II 

region of RRAS2 and have been shown to be involved in Mg2+ coordination and GTP hydrolysis. 

Furthermore, they stabilize the switch I region via intramolecular interactions with residues 

Ile47 and Glu48. Biochemical analyses with RRAS2Ala70Thr resulted in a reduced GTP hydrolysis 

stimulated by p120RASGAP and in an increased nucleotide exchange reaction accelerated by 

SOS1, suggesting an accumulation of the GTPase in its active, GTP-bound form. Interaction 

studies with two common RAS effectors revealed an unaffected CRAF binding, whereas 

binding to RASSF5 was abolished. These data suggest that signaling pathways, beside RAF-

MEK-ERK, may also contribute to the pathogenesis of Noonan syndrome. However, since the 

obtained binding affinities for RRAS2 with their effectors are comparatively low, other 

unknown effector proteins might be considered as downstream targets of RRAS2. Further 

studies are needed to precisely uncover the molecular mechanism underlying Noonan 

syndrome mediated by germline pathogenic variants in RRAS2. 

5.4 De novo MRAS variants as another rare cause of Noonan syndrome 

Upregulation of the canonical RAS-MAPK cascade has been suggested as major event for 

pathogenesis of RASopathies. However, other signaling pathways have been reported to be 

involved in developmental disorders like Noonan syndrome, as well [234-236]. MRAS or RRAS3 

belongs to the RAS family of GTPases and has been shown to control the MAPK and PI3K-AKT 

cascades [36, 41]. In chapter V, we reported two MRAS variants, p.Gly23Arg and p.Thr68Ile as 

a rare cause of Noonan syndrome associated with hypertrophic cardiomyopathy (HCM). 

Corresponding residues in other RAS genes are known hotspots for mutations related to 

disease progression. As already described in chapter IV, the same glycine residue was 

identified in RRAS2 to be involved in the development of Noonan syndrome [237]. 

Interestingly, MRAS shows a different switch I structure compared to other members of the 

RAS superfamily. Due to an impaired intramolecular interaction between Thr45 and the γ-

phosphate of GTP, MRAS exists in an open conformation independent of its activation state 

[50, 51]. Structural analyses were performed to illustrate the location of the disease-causing 
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MRAS variants and to elucidate their structural impact. Gly23 is located in the P-loop, while 

Thr68 is part of the interswitch region which are involved in nucleotide binding and 

stabilization of the active state, respectively. Many studies have been performed regarding 

substitution of glycine 13 (Gly23 in MRAS) by various amino acids which resulted in 

hyperactive variants in several RAS paralogs [27, 238]. The crystal structure of HRAS in 

complex with the GAP domain of p120 revealed that Arg789 of p120 is in contact with the P-

loop residues and Gln61 (Gln71 in MRAS) stimulating the GTP hydrolysis via stabilization of 

the transition state [239]. Substitution of glycine to any other residue, such as valine or 

arginine lead to steric clashes of this interaction and as a consequence in GAP insensitivity. 

The p.Thr68Ile variant is predicted to result in a stronger intramolecular association with 

Arg78 resulting in a more stabilized active conformation and consequently in increased 

interaction with effectors. Biochemical analyses of the MRAS variants resulted in increased 

levels of GTP-bound MRAS, as well as elevated ERK and AKT phosphorylation levels, thereby 

confirming the structural predictions. It has been shown that a ternary complex of MRAS with 

SHOC2 and PP1C is required for membrane localization of PP1C which is needed for 

dephosphorylation of the inhibitory Ser259 in RAF1. This dephosphorylation was shown to be 

crucial for a conformational change of RAF1, thereby encouraging RAS-RAF interaction [240, 

241]. Moreover, obtained data showed an increased binding towards SHOC2 and PP1C, 

supporting the increased ERK phosphorylation levels. Overall, we were able to structurally and 

biochemically reveal the molecular mechanism underlying Noonan syndrome due to germline 

mutations in MRAS. Both, the MAPK cascade and the PI3K-AKT axis are affected by the 

pathogenic variants. However, MRAS has been reported to have a significantly higher impact 

on signaling through PI3K. Recently, elevated activation of MAPK signaling has been shown to 

contribute to HCM mediated by mutations in genes, including PTPN11, SOS1, and RAF1 [242-

244]. Further studies are needed to explain in detail why mutations in MRAS cause Noonan 

syndrome associated with HCM. 

5.5 Selectivity determinants of IQGAP-RHO GTPase binding 

Scaffold proteins are multidomain proteins that modulate many cellular processes in the cell 

by supporting protein complex formation of two or more signaling molecules. IQGAPs, 

especially IQGAP1, have been shown to be part of the canonical MAPK cascade binding the 

key components, such as RAS, RAF, MEK, and also ERK [213, 245-247]. Overactivation of RAS 



Chapter VIII: General discussion 

 

184 

 

proteins or downstream molecules have been reported in many studies as a cause for disease 

progression. Targeting RAS has turned out to be extremely challenging [248, 249]. Therefore, 

many drugs were designed to inhibit different kinases of the MAPK cascade. Scaffold proteins 

have been proposed as potential drug targets. Since RHO protein binding has been accepted 

as one of the activation mechanisms of IQGAPs chapter VI investigates the interaction of 

IQGAP1 and 2 towards RHO GTPases [214, 216, 217]. Although, RAC1 and CDC42 have been 

extensively investigated in terms of IQGAP binding, the selectivity of IQGAPs for other 

members of the RHO family has not been analyzed so far. To understand the exact mechanism 

how IQGAPs achieve their scaffolding function and orchestrate many signaling events it is 

necessary to elucidate how RHO GTPases interact with IQGAPs in detail. Protein-protein 

interaction studies revealed that IQGAP1 and 2 selectively bind RAC-like and CDC42-like 

members, but not RHO-like proteins. The switch regions have been proposed as the main 

binding sites for IQGAPs. However, additional contacts outside the switch regions seem to be 

required for IQGAP binding since the switch regions are highly conserved within the RHO 

family proteins. Various other studies have been performed regarding direct protein-protein 

interaction of RAC1 and CDC42 with IQGAP1, where it has been proposed that they associate 

with IQGAP1 in a significantly different manner after analyzing a multitude of RAC1 and CDC42 

mutations in the switch regions and the insert helix [218]. Moreover, different groups were 

able to uncover a CDC42-induced dimerization mechanism of IQGAP due to a direct contact 

of the insert helix with the GRD of IQGAP2 [250, 251]. However, these studies did not explain 

the inability of binding other RHO GTPases, such as RHOA, RHOB, or RHOC. Several works 

showed a complex formation of IQGAP1 with RHOA and RHOC using co-immunoprecipitation 

[252, 253]. Based on the performed experiment, these interactions might be indirect or are 

mediated via another IQGAP domain. Sequence alignment, structural, mutational, and 

competitive biochemical analyses uncovered three regions outside the switch regions 

modulating this bimolecular interaction. Overall, we were able to show that residues Thr25, 

Asn26, Met45, Asn52, and Gln74 (RAC1 numbering) serve as selectivity determinants for the 

interaction between IQGAP1 and RHO GTPases. Obtained data support the idea proposed by 

Nouri et al. and Owen et al. that RAC1 and CDC42 use a different binding mechanism, since 

different regions, when mutated, interfered with the interaction. Met45 and Asn52 of RAC1 

are key residues for IQGAP1 association, while Gln74 of CDC42 seems to play a major role for 
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this interaction. RHOA wild type did not show any association towards IQGAP1/2, whereas a 

RHOA variant containing five mutations to mimic RAC1 in these selective residues was able to 

interact with IQGAP1, indicating that these regions are crucial for IQGAP-RHO GTPase 

interaction. However, the molecular mechanism of RHO GTPase-mediated IQGAP integration 

in signal processes still remains unclear.  

5.6 Inhibition of RAC signaling by targeting VAV3 

Chapter VII deals with the discovery and characterization of a small molecule inhibitor against 

the RACGEF VAV3. VAV3 is a multidomain tyrosine phosphorylation-dependent GEF which has 

been shown to function downstream of different membrane receptors, such as GPCRs, RTKs, 

and integrins [254-257]. Furthermore, VAV3 is a key component of BCR-ABL induced activation 

of RAC [258]. The BCR-ABL1 oncoprotein activates many signaling pathways, including the 

canonical MAPK cascade, JAK-STAT signaling, and the PI3K-AKT pathway which have been 

shown to result in abnormal cell proliferation, impaired transcriptional activity and prolonged 

survival [259]. Moreover, RAC signaling pathways are activated due to expression of p190-or 

p210-BCR-ABL to regulate leukemogenesis [260]. Here, we describe an inhibitor, termed 

inhibitor of oncogene driven VAV3 activation (IODVA1) that tightly binds VAV3 in vitro and in 

vivo resulting in decreased RAC activation, reduced activation of its downstream signaling 

molecules including PAK, JNK, S6, and 4EBP, as well as in the induction of apoptosis in BCR-

ABL expressing cells. Decreased PAK activation results in activating dephosphorylation of BAD, 

preventing its association with Bcl2/Bcl-xL, consequently promoting apoptosis [261]. Most of 

the RHOGEFs are regulated by an autoinhibitory mechanism. Phosphorylation of Tyr173 in 

VAV3 releases the N-terminal CH-domain and the C-terminal SH3-domain. Consequently, 

GTPases are capable of associating with the DH-domain leading to their activation [262]. Based 

on our biochemical data, we propose a mechanism, in which IODVA1 prevents tyrosine 

phosphorylation resulting in VAV3 accumulation in its autoinhibited state. Overall, we were 

able to show that inhibition of VAV3 by the small inhibitor molecule IODVA1 is a potential 

therapeutic strategy to treat TKI-resistant BCR-ABL leukemia, as well as any other malignancy 

with aberrant RAC signaling. 
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