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Zusammenfassung 

 

      Ras-Proteine sind Onkoproteine und spielen eine wichtige Rolle bei 

Krebserkrankungen beim Menschen, bei denen sie das Signal für das Zellwachstum 

nicht abschalten. Mehr als 30 % der Krebserkrankungen beim Menschen sind auf 

Mutationen von Ras-Proteinen zurückzuführen, wobei K-Ras4B die am häufigsten 

vorkommende mutierte Isoform ist. Sie sind plasmamembranlokalisierte molekulare 

Schalter, die zwischen inaktiven GDP-gebundenen und aktiven GTP-gebundenen 

Formen wechseln. Die Signalgebung von K-Ras4B hängt stark von seiner korrekten 

Lokalisierung in der Plasmamembran ab. 

Es wurde gezeigt, dass C6-Ceramid die Wachstumsaktivität von K-Ras4B-Mutanten 

hemmt. Der Mechanismus, der dieser Hemmung zugrunde liegt, ist jedoch noch nicht 

bekannt. In der vorliegenden Arbeit wurde eine heterogene Modellbiomembran mit 

C6-Ceramid etabliert, um zu demonstrieren, dass die Zugabe von K-Ras4B zu 

drastischen Veränderungen in der lateralen Membranorganisation führt. Im 

Gegensatz zum Verteilungsverhalten in anderen Membranen bildet K-Ras4B kleine, 

monodisperse Nanocluster, die in flüssigen Domänen der Membran verteilt sind, was 

aller Wahrscheinlichkeit nach durch einen Lipidsortierungsmechanismus verursacht 

wird. Fluoreszenzkreuzkorrelationsmessungen zeigten keine direkte Wechselwirkung 

zwischen C6-Ceramid und K-Ras4B an, was darauf hindeutet, dass K-Ras4B im 

Wesentlichen andere Lipide anzieht. Darüber hinaus zeigte ein FRET-basierter 

Bindungsassay, dass die Stabilität von K-Ras4B innerhalb einer C6-Ceramid 

enthaltenden Membran signifikant verringert ist. Aus den Ergebnissen dieser Studie 

wird ein molekularer Mechanismus für die Hemmung der Aktivität von K-Ras4B-

mutierten Zellen durch C6-Ceramid postuliert. 

In-vivo-Studien legen nahe, dass intermolekulare Wechselwirkungen die 

Selbstassoziation von N-Ras und K-Ras4B sowie die Bildung von Nanoclustern in der 

Zellmembran fördern. Es wird angenommen, dass die Bildung von Nanoclustern als 

Bindungsstelle für Effektorproteine dient, was für eine effektive Signalübertragung 

sowohl von N-Ras als auch von K-Ras4B wesentlich ist. Es kann auch zur 
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Überlappung von Nanoclustern der verschiedenen Isoformen der Ras-Protein 

kommen. 

Um den zugrundeliegenden Mechanismus besser zu verstehen, untersuchten wir die 

simultane Lokalisierung von N-Ras und K-Ras4B und deren Auswirkung auf die 

laterale Organisation einer heterogenen Modellbiomembran mithilfe von AFM und 

FRET-Methoden. Es konnte gezeigt werden, dass N-Ras und K-Ras4B aufgrund der 

unterschiedlichen Eigenschaften ihres Membranankersystems nicht nur die 

Assemblierung in Pufferlösungen vermeiden, sondern auch nicht in der Membran 

kolokalisieren. Sie bilden einzelne Nanocluster, die unabhängig voneinander in den 

flüssigen Membranbereichen lateral diffundieren. 

Die Entwicklung wirksamer K-Ras4B-Inhibitoren für Pharmazeutika erzielte bisher 

keine Erfolge, weshalb dringend neue Strategien zur Hemmung dieses onkogenen 

Proteins entwickelt werden müssen. Der Lysin-reiche Abschnitt der polybasischen 

Domäne von K-Ras4B ist für das Targeting von Wirkstoffen und die Lokalisierung 

innerhalb der Plasmamembran von wesentlicher Bedeutung. Mittels CD- und 

Fluoreszenzspektroskopie, konfokaler Fluoreszenz- und Rasterkraftmikroskopie 

wurde gezeigt, dass die molekulare Pinzette CLR01 in der Lage ist, effizient an den 

Lysin-Abschnitt in der polybasischen Domäne von K-Ras4B zu binden. Infolgedessen 

kommt es zur Dissoziation des K-Ras4B-Proteins von der Lipidmembran und zum 

Zerfall von K-Ras4B-Nanoclustern in der Lipiddoppelschicht. Diese Ergebnisse legen 

nahe, dass das Targeting der polybasischen Domäne von K-Ras4B durch molekulare 

Pinzetten eine wirksame Strategie zur Inaktivierung der K-Ras4B-Signalübertragung 

darstellen könnte. 

Die Interaktion des Raf-Proteins mit K-Ras4B ist von großer Bedeutung, da diese ein 

Schlüsselschritt des MAP-Kinase-Signalwegs ist. Da die Isoformen B- und C-Raf im 

Cytosol durch Bindung an die inhibitorischen Domänen des Proteins 14-3-3 in einer 

geschlossenen Konformation vorliegen, müssen sie durch GTP-gebundenes, aktives 

K-Ras4B-Protein dephosphoryliert werden, um in die offene Konformation 

überzugehen. Durch AFM-Messungen konnte gezeigt werden, dass die Ras-bindende 

Domäne (RBD) von A-, B- und C-Raf K-Ras4B in der Lipidmembran erkennen können. 

Dabei binden B- und C-Raf-RBD auch an die Lipidmembran, was aufgrund des 

bisherigen Verständnisses über die Ras-Bindungsdomäne nicht zu erwarten war. A-
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Raf-RBD hat einen zusätzlichen Effekt auf die Lipidmembran. Aus der gemessenen 

Höhe der A-Raf-RBD in der Lipidmembran, kann auf eine räumliche Ausdehnung im 

Vergleich zu A-Raf-RBD außerhalb von Membranen geschlossen werden. Das deutet 

darauf hin, dass A-Raf-RBD bevorzugt Nanocluster in der Lipidmembran bildet. Die 

RBDs von A-, B- und C-Raf bestimmen nachweislich die Population der Raf/K-Ras4B-

Komplexbildung in der Lipidmembran. Da die Bildung von Raf/K-Ras4B für die Ras-

Raf-Aktivierung von entscheidender Bedeutung ist, spielt die RBD von Raf 

möglicherweise eine Rolle bei der Regulierung der Raf-Aktivierung. 
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Abstract 

 

      Ras proteins are oncoproteins and play a major role in human cancers where they 

fail to switch off the signal for cell growth. More than 30% of human cancers are related 

to mutations of Ras proteins with K-Ras4B being the most frequently mutated isoform. 

They are plasma membrane localized molecular switches that function by shuttling 

between inactive GDP-bound and active GTP-bound forms. Signaling of K-Ras4B 

strongly depends on its correct localization in the plasma membrane. 

      C6-ceramide has been shown to inhibit the growth activity of K-Ras4B mutated 

cells. However, the mechanism underlying this inhibition remains elusive. We 

established a heterogeneous model biomembrane containing C6-cermaide and used 

this membrane to demonstrate that the addition of K-Ras4B leads to drastic changes 

in the lateral membrane organization. In contrast to the partitioning behavior in other 

membranes, K-Ras4B forms small, monodisperse nanoclusters dispersed in a fluid-

like environment, in all likelihood induced by some kind of lipid sorting mechanism. 

Fluorescence cross-correlation data indicate no direct interaction among C6-ceramide 

and K-Ras4B, suggesting that K-Ras4B essentially recruits other lipids. Moreover, a 

FRET-based binding assay reveals that the stability of K-Ras4B inserted in the 

membranes containing C6-ceramide is significantly reduced. A molecular mechanism 

for the inhibition of K-Ras4B mutated cells’ activity through C6-ceramide is postulated 

from the results of this study. 

      In vivo studies suggest that intermolecular interactions foster the self-association 

of both N-Ras and K-Ras4B and the formation of nanoclusters in the cell membrane. 

As sites for effector binding, nanocluster formation is thought to be essential for 

effective signal transmission of both N-Ras and K-Ras4B. To shed more light on the 

spatial arrangement and mechanism underlying the proposed crosstalk between 

spatially segregated Ras proteins, we studied the simultaneous localization of N-Ras 

and K-Ras4B and their effect on the lateral organization of a heterogeneous model 

biomembrane using AFM and FRET methodology. We show that, owing to the 

different nature of their membrane anchor system, N-Ras and K-Ras4B not only avoid  
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assembly in bulk solution, they also do not colocalize, but rather form individual 

nanoclusters which diffuse independently in the fluid membrane plane. 

      Development of effective K-Ras4B inhibitors has been challenging, hence new 

approaches to inhibit this oncogenic protein are urgently required. The polybasic 

domain of K-Ras4B with its stretch of lysine residues is essential for its plasma 

membrane targeting and localization. Employing CD and fluorescence spectroscopy, 

confocal fluorescence and atomic force microscopy we show that the molecular 

tweezer CLR01 is able to efficiently bind to the lysine stretch in the polybasic domain 

of K-Ras4B, resulting in dissociation of the K-Ras4B protein from the lipid membrane 

and disintegration of K-Ras4B nanoclusters in the lipid bilayer. It was shown that 

targeting of the polybasic domain of K-Ras4B by properly designed tweezers might 

represent an effective strategy for inactivation of K-Ras4B signaling. 

      Raf interaction with K-Ras4B is of great significance, which is the key step of 

MAPK signaling. Since B- and C-Raf proteins are autoinhibited in the cytosol with a 

closed conformation by binding of 14-3-3 and its inhibitory domains, they have to be 

recruited by GTP-bound, active K-Ras4B protein and dephosphorylated in order to be 

an open conformation. We found that A-, B- and C-Raf-RBD are all able to recognize 

the K-Ras4B in the lipid membrane. Interestingly, B and C-Raf-RBD directly bind to 

the lipid membrane, which was unexpected through the current understanding of Ras 

binding domain. A-Raf-RBD has a different effect on the lipid membrane. It was shown 

that the height of A-Raf-RBD in the lipid membrane is far beyond the size of A-Raf-

RBD proteins, which indicates that A-Raf-RBD preferentially forms nanoclusters in the 

lipid membrane. Importantly, RBDs of A-, B- and C-Raf are proved to determine the 

population of Raf/K-Ras4B complex formation in the lipid membrane. Considering the 

formation of Raf/K-Ras4B is crucial for Ras-Raf activation, the RBD of Raf may plays 

a role in regulating Raf activation.
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2. Introduction 

2.1 Lipid and lipid model biomembranes  

      Throughout the living world, the cell membrane typically separates the interior of 

all cells from the outside environment that serves as the margin between life and death 

for individual cells. Biochemical and biophysical findings have provided a detailed 

model of the composition and structure of membranes (1, 2). It plays a crucial role in 

regulating cell signaling and controlling the transportation of substances in and out of 

cells. Through lateral segregation of lipids, proteins and cholesterol, liquid-liquid phase 

segregated lipid domains are formed in the cell membrane, which is known as the 

concept of lipid rafts (3). The lipid raft hypothesis has originally come from the 

properties that sphingolipid and cholesterol in vitro could facilitate lateral segregation 

in the membrane plane. This lipid-based sorting mechanism has been widely accepted 

in cell biology, such as the sorting of proteins to enter into specific exocytic and 

endocytic pathways and transient signalling platforms (4). Though the highly 

importance of this basic hypothesis in explaining many cell biological processes, 

proving their existence is problematic. The small size of lipid rafts and no defined 

ultrastructure limits the exploration by fluorescent microscopy. The limitations of the 

biochemical approaches make the biophysical study of model membranes more 

valuable (5). Lipid rafts in model membranes (10-100 nm) are clearly visible using 

atomic force microscopy (AFM). Since the morphology and composition of lipid model 

membranes can be tailored with great precision and resolution, it has been attracted 

more and more attention in exploring the protein-lipid and protein-protein interaction 

in lipid model membranes. 

2.1.1 Discovery of the lipid membrane 

      The first try to discover the cell membrane by Robert Hooke in 1665 (6) led to a 

theory that cells contained a hard cell wall since only plant cells could be observed at 

that time. The finding of the plant cells could be separated in the early 19th century 

updated the cell theory that include animal cells, the ‘cell wall’ protected the cell from 

outside environment. In the end of the 19th century, the study of microscopists leads 

to a finding that a cell membrane existed instead of cell wall. Ernest Overton proposed 

that cell membranes were made of lipids at first time (7). In light of crystallographic 

studies and soap bubble observations, Gorter and Grendel proposed the lipid bilayer 
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hypothesis in 1925 (8). Since then, the theory of lipid membrane evolved into ‘lipid 

rafts’ which is now widely accepted by the researchers. 

2.1.2 Lipid and lipid membrane structures 

      Lipids are broadly defined as a complex molecular class with enormous structural 

diversity, originating from various combinations of a hydrophilic polar head group and 

fatty acid chains. The presence of ethylene-interrupted or methylene-spaced double 

bonds on fatty acid moieties and various types of fatty acid linkages such as 

phosphodiester, ether and vinyl ether bonds to the glycerol backbone provide further 

diversity in lipids (9, 10). 

 

Figure 2-1 Sphere models of two major components of lipid rafts, DPPC (left) and cholesterol (right). 

Note, these models were generated using PyMOL. 

       Lipids play important roles in energy storage, cellular membrane formation and 

signaling processes in biological systems. Because of their relatively reduced state, 

lipids in the cells can be reused for energy storage, like triacylglycerol and steryl esters 

in lipid droplets. Due to the polar lipid structure including a hydrophobic and a 

hydrophilic portion, the lipid membrane can be formed with polar lipids. The self-

association of hydrophobic moieties driven by water entropically and interaction of 

hydrophilic moieties with aqueous environments are the physical driving forces to form 

lipid membranes. Lipids can participate in signaling process via acting as first or 

second messengers in signal transduction and molecular recognition processes (11). 
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According to the structure of membrane lipids, the majority lipids consist of fatty acids, 

glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids, and 

polyketides.  

Table 2-1. Theoretical number of molecular lipids (11).  

Type of lipid # of molecular lipids in class 

40 common fatty acids 40 

40 fatty acid acyl-CoA 40 

Monoacylglycerols 120 

Diacylglycerols 4800 

Triacylglycerols 64000 

Phospholipids (6 classes) 9600 

Ceramide and Sphingomyelin ˃400 

Glycosphingolipids ˃100000 

Cholesterol/Cholesterol ester 41 

Total # 180000 

      

2.1.3 Construction and application of lipid model biomembranes         

      Accumulating evidence suggests that the cellular membranes are laterally 

heterogeneous and distinct membrane compartments are present in the cell 

membrane (12). The lipid membrane raft hypothesis explains the lateral membrane 

inhomogeneity. It originally comes from the specific interactions between different 

lipids which induce the formation of ordered membrane regions that recruit other lipids 

and proteins (1). This hypothesis was supported by the observations of lipid model 

biomembranes, which clearly show that certain lipids have a preference to interact 

with other lipids and form large lateral domains (13). The physical state of these 

domain is considered to be a liquid-ordered (Io) and liquid-disordered (Id) phase. 

Comparing with the liquid-disordered domains, liquid-ordered domains have extremely 

ordered and tight packing. However, the presence and relevance of lipid raft in cell 

membrane are unclear. Even though several biochemical and biophysical studies 

have provided evidence of these domain in cell membranes and suggest that they play 

a key role in various cellular functions, the lack of direct observation of these domain 

renders this hypothesis of lipid raft still controversial. 
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Figure 2-2 Several common lipids structures. The structures were adapted from the structure files 

attached in the Avanti Polar Lipids (Alabaster, Alabama, USA) company website using software 

ChemDraw 18.0. 

      As the formation of ordered domains and disordered domains is driven by lipid-lipid 

and lipid-protein interactions, these model membranes can be created by 

incorporation of certain concentrations of lipids. Since the morphology and 

composition of model membrane systems can be tailored with great precision and 

resolution, it allows us to reveal the interaction of lipidated proteins with lipid 

membranes.  Different composition of lipids are likely to exhibit different phase 

behaviours (14). Phase diagrams are a valuable tool to establish lipid model 

membranes with variable lipid composition. The Gibbs triangle describes all possible 

combinations of the three different lipids. Any point inside the triangle represents one 

defined lipid composition. The techniques to study the phase behavior of such lipid 

mixtures are X-ray diffraction, fluorescence microscopy.  
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Figure 2-4 Schematic phase diagrams of DOPC, DSPC, and Cholesterol. Io: liquid-ordered phase, Id: 
liquid-disordered phase, so: solid gel phase. 

   

 

Figure 2-3 Lipid-associated membrane domains. 

      Biology and biophysics have always been intimately connected. Biological 

membranes fulfil a variety of cellular activities, such as acting as permeable barriers 

and platform for signaling activation and inactivation. Although light microscopy has 

been widely used to detect lipid domain structures and cell activities, the resolution is 



2.1.3 Construction and application of lipid model biomembranes 
 

8 
 

limited to the wavelength of the light source (~200 nm) (4). It is believed that lipid rafts 

with small membrane domains (10-100 nm) play important biologic roles (15). The 

membrane proteins, including glycosylphosphatidyl inositol (GPI)-anchored proteins 

and lipidated proteins, and some Ras family proteins partition into lipid rafts. Ras 

proteins are known to form nanoclusters in the inner plasma membrane. The size of 

Ras protein nanoclusters is close to 4-6 nm (16, 17, and 18). Atomic force microscopy 

(AFM) offers nanoscale resolution for exploring the nanoscale properties of 

membranes. Supported lipid bilayers (SLBs) are valuable model membranes to study 

the interaction between  

 

Figure 2-5 Structure of supported lipid bilayers. 

 

lipidated proteins with the lipid membrane. The fusion of lipid vesicles on solid supports, 

usually mica, is the most popular method. Small unilamellar vesicles (SUVs) are first 

generated using standard procedures, e.g. 5 freeze-thaw-vortex cycles and extrusion. 

A small volume of SUVs with optimized concentration is deposed to freshly cleaved 

mica surface together with several microliters of buffer. To fuse SUVs on the mica 

surface, heating the systems at a temperature above the transition temperature (Tm) 

of the lipid composition is required. Finally, the SLBs are made by 2 hours fusion 

(Figure 2-5) (19). Although the exact mechanism of SLBs formation from SUVs is not 

fully understood, the process basically involves absorption of the SUVs on the mica 

surface, deformation and flattening (Figure 2-6).  



2.1.3 Construction and application of lipid model biomembranes 
 

9 
 

 

 

Figure 2-6 Fusion of lipid vesicles to prepare SLBs for atomic force microscopy analysis. Adapted 
from reference19.  

 

      Other widely used model membrane are giant plasma membrane vesicles (GUVs). 

They have been frequently used to explore domain dynamics and morphologies. 

Comparing the planar bilayers formed on mica of supported lipid bilayers, GUVs offer 

a micrometre-scale liquid-liquid phase separation model membrane with curvature 

(20). Combining a variety of florescence phase marker, fluorescence microscopy has 

proven useful to investigate different phases. However, cell membranes are present 

in a very complicated physical mixture with many different lipids and proteins. The 

proteins in biological membranes are estimated up to 25% of the area of the 

membrane. Also the ordered domain of GUVs has extremely high molecular order and 

tight packing, which is not the case in the cell membrane. Due to this limitation of 

GUVs, the giant plasma membrane vesicles (GPMVs) model membrane system was 

developed. Since the GPMVs are cell-derived, they contain most of the lipids and 

proteins in of cell plasma membrane. This makes the use of GPMVs more attractive 

than GUVs (21). 
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Figure 2-7 Giant plasma membrane vesicles (GUVs) as membrane system. (A) Fluorescent probes can 

be used to study raft phase-separated domains. For example, N-Rh-DHPE is used to label the 

disordered phase and DSPE-PEG-KK114 is used to label the ordered phase. (B) Representative 

scheme of the disordered and ordered domain with fluorescent probes inserted into the lipid membrane. 

2.2 Function of Ras and Raf proteins 

2.2.1 Function of Ras proteins 

       Ras is a small GTPase with a molecular weight of 21 kDa. It functions as a 

molecular switch, which regulates many cellular processes including proliferation, 

apoptosis and cell growth [22, 23]. Ras proteins are switching between an active GTP 

bound and an inactive GDP bound state in a tightly regulated cycle, which is controlled 

by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins 

(GAPS). The nucleotide-exchange leads to conformational changes between the 

switch-I and switch-II regions in the Ras proteins effector binding area [24].     
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       There are four Ras protein isoforms, H-Ras, N-Ras, K-Ras4A, and K-Ras4B. They 

share a strongly conserved G domain (residues 1-164) in their N-terminal and differ 

significantly in their C-terminal with a hypervariable region (HVR) [25].  

2.2.1.1 Ras function as a binary switch 

       Ras proteins act as a binary switch between a GTP- (active state) and GDP- 

(inactive state) bound state. In its active state, GTP-Ras binds to downstream effectors, 

leading to Ras-relative signaling pathway ‘on’. Once inactivation of the signaling 

pathway is needed, Ras-GAPs bind to the Ras to increase the intrinsic hydrolysis rate 

of Ras proteins, resulting in exchange of GTP-Ras to GDP-Ras [26]. While Ras-GEFs 

catalyse the release of nucleotide allowing GDP-Ras to bind GTP. This GDP-GTP 

cycle functions as a binary switch, regulating Ras-related pathways. However, 

mutations of Ras proteins in cancer cells can impair the Ras-GAPs activity, leading to 

aberrant activation of downstream effectors [27, 28]. This makes Ras proteins 

constitutively active. Residues G12, G13 and Q61 are the three common mutation 

sites for Ras proteins. They account for more than 95% of identified mutations. During 

all the Ras isoforms, K-Ras4B is the most frequently mutated isoform [29].              

 

 

 

Figure 2-8 Ras GDP-GTP cycle. Ras proteins function as a binary switch. Ras-GAPs can increase the 

intrinsic hydrolysis rate of Ras proteins, which makes GTP-Ras exchange to GDP-Ras (inactive state). 

While Ras-GEFs catalyse the release of nucleotide GDP-Ras exchanges to GTP-Ras (active state).   

2.2.1.2 Posttranslational modifications of Ras proteins 

      The Ras proteins share a highly conserved G domain, which is unique for the Ras 

superfamily. The G domain consists of six strands β-sheets and five α-helices. Ras 
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proteins are most frequently found in complex with GTP or GDP in cell or even after 

purification in vitro. Large conformational changes are observed in Ras proteins after 

exchanging of GDP to GTP. The mostly influenced regions are named ‘switch’ as they 

function as a switch to regulate the G-domain interaction with their effectors [30]. The 

five conserved fingerprint motif in the loops that cluster around the GDP and GTP 

binding site are often called G1-G5. G1 or also called P-loop is the glycine-rich 

phosphate-binding loop. It can directly interacts with the β- and γ-phosphate oxygen, 

which is crucial for nucleotide binding. The switch I (residues 32-38 in H-Ras) and 

switch II (residues 59-67 in H-Ras) localize to G2 and G3, respectively. Upon 

exchange of GDP to GTP, switch I is one of the regions involved with effector protein 

binding. The switch II region also involved in effector interaction and plays an important 

role in nucleotide exchange [27, 28]. 

 

Figure 2-9 Ras protein structures. The switch I regions are colored in blue and the switch II are in red. 

The α5 helix is colored in pink. The pictures of H-Ras, N-Ras and K-Ras4B were generated using 

PyMOL with PDB 121P, 5UHV and 5V9O, respectively.   

       The three Ras protein isoforms differ significantly in the Ras C-terminal with the 

HVR domain. Ras proteins function strongly depends on its association with the 

plasma membrane [31, 32]. For this, Ras proteins need to undergo post-translational 

modification in their HVR domain.  Association with the plasma membrane constrains 

Ras proteins in two dimensions, and thereby facilitates its interaction with Ras 

effectors and other Ras-related proteins. The CAAX motif localizes in the Ras HVR 

domain and three enzymes work sequentially on it [33, 34]. The first step is the 

prenylation of cysteine in the CAAX motif by one of two cytosolic prenyltransferases. 

If the ‘X’ is Leu, the cysteine in the CAAX motif will be added with a 20-carbon 

geranylgeranyl lipid tail by geranylgeranyltransferase I (GGTase I). If the ‘X’ is not Leu, 

which is the case of all Ras isoforms, then the cysteine in the CAAX motif will be added 
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with a 15-carbon farnesyl lipid tail by farnesyltransferase (FTase). In the most cases, 

Ras proteins are farnesylated since the ‘X’ is not Leu. However, Ras proteins can be 

geranylgeranylated by GGTase I when the activity of FTase is inhibited by 

farnesyltransferase inhibitors [35, 36, 37, and 38]. Farnesylation is not enough for Ras 

protein targeting the plasma membrane. Farnesylated Ras proteins are then 

transported to the cytoplasmic face of the endoplasmic reticulum (ER) membrane, 

where the next step modification occurs by Ras-converting enzyme 1 (RCE1) [39]. 

RCE1 is an endoprotease that can remove AAX amino acids in the CAAX motif. This 

modification renders the Ras protein a substrate of isoprenylcysteine 

carboxylmethyltransferase (ICMT), resulting in catalysing the methyl esterification of 

the α-carboxyl group of the farnesylcysteine [40, 41]. These modifications allow the 

Ras proteins’ C-terminal to insert into the cellular membrane, leading by exchange of 

the Ras proteins C-terminal of a hydrophilic region to a hydrophobic region.  

   

Figure 2-10 Post-translational modification (PTM) of the C-terminal membrane targeting region of Ras 

proteins. The cysteine of all Ras isoforms in the CAAX motif are farnesylated. The ‘C’ in green 

representing the cysteine in the HVR that is palmitoylated. In the case of H-Ras, N-Ras and K-Ras4A, 

the palmitoylation functions as a second signal, which is necessary for the plasma membrane targeting. 

While K-Ras4B cannot be palmitoylated, the polybasic domain (8 lysines, shown in green color) 

functions as the second signal instead.   

      Although the three modifications in the CAAX motif are necessary for the 

association and localization of Ras proteins with plasma membrane, this is still not 

sufficient. They require a second signal for plasma membrane targeting [32]. For H-

Ras, N-Ras and K-Ras4A, palmitoylation functions as second signal, whereas the 

polybasic domain of K-Ras4B functions as the second signal since there is no other 



2.2.1 Function of Ras proteins 
 

14 
 

cysteine in the HVR domain available for palmitoylation. H-Ras proteins have two 

more cysteine residues in the HVR domain, thereby two 16-carbon palmitoyl chains 

can be added as the second signal. For N-Ras and K-Ras4A, they only have one more 

cysteine residue in HVR domain, only one 16-carbon palmitoyl chain can be added as 

a second signal [42]. K-Ras4B is a unique Ras isoform since it cannot be palmitoylated. 

The polybasic domain of K-Ras4B functions as the second signal instead [32].  

 

 

Figure 2-11 Schematic of the three human Ras proteins: H-Ras, N-Ras and K-Ras4B. The G domains 

are shown in cartoon representation using PyMOL with the PDB, 121P, 5UHV and 5V9O, respectively. 

The farnesyl and palmitoyl lipid chains are shown in black and blue color, respectively.   

       K-Ras4B was first reported to be phosphorylated by protein kinase C (PKC) at its 

C-terminal [43]. Recently, it has been reported that K-Ras4B phosphorylation reduces 

the electrical net charge of polybasic domain, leading to weak binding with the plasma 

membrane and accumulating on endomembranes. The phosphorylation site at K-

Ras4B was mapped to be Ser181. While it seems that the PKC phosphorylation plays 

a crucial role in regulating K-Ras4B-membrane association, more studies are needed 

to understand how the physiological stimulus induces K-Ras4B phosphorylation and 

dephosphorylation [44, 45 and 46]. Besides the PTMs in the HVR domain, there are 

other modifications that also occur in Ras proteins. All three Ras isoforms were 

reported to have an ubiquitination and deubiquitination. Based on mutagenesis studies, 

many ubiquitination sites for H-Ras and K-Ras4B have been found. Such as on 

Lys117, Lys147 and Lys170, H-Ras proteins were found to be ubiquitylated as 
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monoubiquitylation and diubiquitylation. K-Ras4B proteins were found to be 

monoubiquitylated on Lys104 and Lys147. This modification was proved to enhance 

GTP loading and increase the K-Ras4B binding affinity with its effectors [47, 48].  

 

 

 

Figure 2-12 PTMs of H-Ras and K-Ras4B proteins. All reported PTMs of H-Ras and K-Ras4B are shown 

along the amino acid sequence of the Ras proteins. The ubiquitylation sites on H-Ras and K-Ras4B are 

shown with green spheres. All of these PTMs are related to Ras trafficking and signalling. Ub: 

ubiquitylation.  

 

2.2.1.3 Ras proteins’ cellular trafficking 

      Ras proteins trafficking starts with the nascent Ras proteins that were synthesized 

in the cytosol. FTase in the cytosol works on Ras proteins first [49]. Once farnesylated, 

the Ras proteins gain modest affinity binding with membranes, particularly with the ER 

membrane. The mechanism of how the farnesylated Ras proteins are delivered to ER 

membrane remains unknown. Since the RCE1 and ICMT also need to work on Ras 

proteins on the ER, the delivery of farnesylated Ras to ER is necessary. After the 

PTMs CAAX motifs are complete, Ras isoforms diverge in their subsequent trafficking. 

H-Ras, N-Ras and K-Ras4A are transported to the cytoplasmic face of the Golgi, 

where they are palmitoylated and then trapped in Golgi membranes. The way of 

delivering these proteins to plasma membrane is entering the secretory pathway. K-

Ras4B proceeds with no palmitoylation, it cannot be trapped on the Golgi membrane. 

Recent study revealed that the chaperone protein PDE6δ is required for K-Ras4B 

trafficking to the plasma membrane [50]. Upon binding with PDE6δ, it favours passive 

diffusion of K-Ras4B and this makes K-Ras4B arrive at the plasma membrane.   

2.2.1.4 Ras activation pathway and Ras effectors 
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      Ras activity is regulated by Ras-GEFs and Ras-GAPs. Ras-GEFs can accelerate 

the slow intrinsic guanine nucleotide exchange rate of Ras proteins. Since the typical 

concentrations of GTP and GDP in cells and tissues are 0.3-0.5 mM and 0.03-0.06 

mM, respectively, this favors formation for the active Ras-GTP complex [51, 52]. Once 

GTP-bound, Ras is considered to be nanoclustered. Ras effectors are recruited to the 

nanocluster and bind with Ras proteins [53]. In order to terminate the Ras signalling, 

Ras-GAPs bind to Ras and significantly accelerate its weak intrinsic GTP hydrolysis 

activity. However, Ras proteins are kept in a GTP-bound state when Ras proteins are 

mutated to impair GAPs intrinsic GTP hydrolysis activity. In normal cells, Ras proteins 

are predominantly GDP-bound (95%). Upon stimulation by growth factor, Ras-GEFs 

are activated, leading to exchange of GDP-bound Ras to GTP-bound Ras. When the 

Ras-GAPs are active, the intrinsic GTPase activity and GTP hydrolysis accelerate, 

resulting in restoring the inactive GDP-bound Ras protein state. [27, 28]   

 

 

Figure 2-13 Ras proteins’ trafficking. Endoplasmic reticulum: ER. Ras-converting enzyme 1: RCE1. 

Isoprenylcysteine carboxylmethyltransferase (ICMT). Farnesyltransferase: FTase. 
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     There are more than 11 catalytic Ras effectors. The best characterized Ras 

effectors are Raf serine/threonine kinases, class I phosphatidylinositol-4,5-

bisphosphate 3-kinases (PI3K) and Raf. Because of their frequent mutations in human 

cancer cells, their downstream proteins are also well characterized [53]. It was shown 

that Raf and PI3K signaling cascades can be used as drug targets [54].  

 

 

 

Figure 2-14 Ras effector signaling. GTP-bound Ras proteins bind to characteristic Ras effectors. MEK, 

MAPK/ERK kinase. PI3K, phosphoinositide 3-kinase. RALGDS, RAL guanine nucleotide dissociation 

stimulator. TIAM1, T lymphoma invasion and metastasis-inducing 1. RIN1, RAS and RAB interactor 1.    

 

2.2.1.5 Ras nanoclusters 

      The three Ras isoforms are all lipidated proteins. Ras signaling strongly depends 

on their right localization in the lipid membrane. Recent studies suggest that a complex 

nanoscale spatial organization is also required for the biological activity of Ras proteins 

[55, 56]. The nanoscale spatial organization is normally called a nanocluster. This has 

been proved by both biological and biophysical studies [57].  



2.2.1 Function of Ras proteins 
 

18 
 

2.2.1.5.1 Ras nanoclusters formation in the lipid membrane  

      The first observation of Ras nanoclusters in the cell was reported by the Hancock 

group [56]. They reported that Ras proteins are spatially segregates into domains with 

a radius of 8-9 nm, named nanoclusters. The technique they used is electron 

microscopy (EM) combined with fluorescence imaging [58]. Basically, GFP-tagged 

Ras proteins that are expressed in the inner plasma membrane are attached to EM 

grids, where gold nanoparticles are conjugated to an anti-GFP antibody. EM imaging 

was carried out and data analysis was carried out using Ripley’s K-function. It was 

shown that only about 44% of Ras proteins were segregated into nanoclusters, while 

the other Ras proteins remained as monomers [58, 59, 60]. They also suggest that 

each nanoclusters contains 6-7 Ras protein molecules. The life times of these 

nanoclusters are reported to be very short, GDP-H-Ras has a lifetime shorter than 0.1 

s, while GTP-H-Ras and GTP-K-Ras4B nanoclusters have a longer time of 0.5-1 s 

[61]. Although these experiments turned out to be crucial for understanding Ras signal 

transmission, further studies and other techniques are needed to yield additional 

mechanistic information on nanocluster formation. 

 

 

Figure 2-15 Ras proteins are segregated into nanoclusters and function a platforms for Ras effectors 

recruiting. Ras proteins form isoform- and guanine nucleotide-specific nanoclusters (56).  

      Later on, full-length and complete active semisynthetic K-Ras proteins were 

synthesized [62, 63]. Biophysical study of these semisynthetic proteins using atomic 

force microscopy (AFM) in tapping mode suggested that GDP- and GTP-bound K-

Ras4B protein both can form nanoclusters in artificial lipid membranes. The size of the 

nanoclusters is about 1-1.5 µm. Height quantification analysis reveals a mean height 

of about 2 nm for GDP-bound K-Ras4B nanoclusters and a similar value of about 2.5 
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nm for GTP-bound K-Ras4B nanoclusters [16, 17]. This also suggests that the active-

state of GTP-bound K-Ras4B proteins have a more pronounced clustering effect than 

inactive-state GDP-bound K-Ras4B nanoclusters. The observation of K-Ras4B 

nanoclusters by AFM is a direct observation and was explored in a controllable and in 

pure lipid systems. 

  

 

Figure 2-16 GDP- and GTP-K-Ras4B nanoclusters in the lipid membrane. Lipid membrane: DOPC. The 

concentration of both GDP-K-Ras4B and GTP-K-Ras4B is 2 µM. The scale bar is 1 µm. The 

measurements were performed on a tapping-mode AFM with a fluid cell. After incubation of GDP- and 

GTP K-Ras4B proteins in the lipid membranes, Tris buffer (20 mM Tris, 5 mM MgCl2, pH=7.4) was used 

to wash the system in order to remove unbound K-Ras4B protein. AFM images were recorded with the 

resolution of 512 × 512 pixels.  

 

2.2.1.5.2 The mechanism of Ras nanoclusters formation 

      Since studies showed that different Ras isoforms form different and distinct 

clusters, this suggests that different lipidated Ras isoforms favor different lipid 

environments. Additionally, the differences of G-domain orientation between lipid 

membrane and Ras proteins allows for different lipid sorting. Recent studies have 

shown that the lipid composition of the membrane has a significantly effect on Ras 

nanocluster formation [58, 64]. PS is suggested to be a structural component of K-

Ras4B nanoclusters and cholesterol modulates the lateral separation of K-Ras4B 

nanoclusters [58, 65]. These findings were found by the combination of EM with the 

FLIM-FRET technique.  

 

2.2.1.6 Ras and cancer  
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      Ras proteins act as a binary switch and play a crucial role in cellular proliferation, 

survival and differentiation [66, 67, and 68]. The three Ras isoforms share 90% 

sequence identity in the G domain (1-164), where Ras effectors bind and nucleotide 

exchange occurs. In contrast, the Ras C-terminal exhibits significantly differences. 

This divergent domain is therefore referred to as hypervariable region (HVR) [69]. Ras-

GEFs and Ras-GAPs modulate the Ras proteins’ activity. Once activation of Ras 

signaling by the stimulation of growth factor occurs, Ras-GEFs can bind to GDP-Ras 

and catalyse the release of nucleotide allowing GDP-Ras to bind GTP. Since the 

intracellular concentration of GTP is 10-fold higher than GDP, this catalytic process is 

favoured [51-52]. Once bound to GTP, Ras is activated and forms nanoclusters to 

serve as a platform for recruiting Ras effectors. In order to stop Ras signaling, RAS-

GAPs are recruited to bind to GTP-Ras and facilitate intrinsic GTP hydrolysis activity, 

resulting in rending the Ras state to GDP-bound and inactive state. In normal cells, 

Ras is predominately inactive state (~95%), while Ras can be continuously active in 

cancer cells where the Ras-GAPs activity is impaired [70, 71].    

 

 

 

Figure 2-17 Regulation of the Ras GDP-GTP cycle in normal cells and in cancer cells. In the normal 

cells, the activation signal of growth factor stimulates Ras-GEFs to bind to GDP-Ras. As consequence 

of this binding, Ras-GEFs catalyse the release of nucleotide, allowing GDP-Ras to bind GTP. Once 

bound to GTP, Ras is activated and recruit its effectors to active Ras signaling pathway. When the 

signalings needed to terminate, Ras-GAPs bind to GTP-Ras and facilitate GTP hydrolysis, resulting in 

them forming GTP-Ras to GDP-Ras. However, in the cancer cells, the Ras mutations impair the Ras-

GAPs’ intrinsic GTP hydrolysis activity, which leads to a continuously active state.   

      Many Ras gene mutations were found after the first Ras gene was identified in 

human cancers in 1982 [72]. The most frequently mutated Ras isoform is K-Ras. The 
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available mutation data in human cancers show that K-Ras mutations contains 21.2 % 

of all mutations of human cancers [73]. This highly mutated portion makes the K-Ras 

most attractive as a drug target.    

 

 

Figure 2-18 The Ras protein mutations occur in three Ras isoforms. This figure was adapted from the 

reference 73. K-Ras mutations contain 21.2 % of all the mutations of human cancers, followed by N-

Ras with 5.7 % and H-Ras with 3.2 %. In total, Ras mutations contain 30.1 % in all the mutations of 

human cancers (74). 

      There is a preferential mutation of the three Ras isoforms in different human 

cancers. For the most frequent mutated Ras mutations in 15 common human cancers, 

K-Ras mutations play a predominantly role in pancreatic ductal adenocarcinoma, 

colorectal adenocarcinoma, multiple myeloma and lung adenocarcinoma cancers. N-

Ras mutations play a predominantly role in skin cutaneous melanoma, thyroid 

carcinoma and acute myeloid leukaemia cancers. H-Ras mutations only play an 

important role in head and neck squamous cell carcinoma cancers [74, 75]. 
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1: Pancreatic ductal adenocarcinoma 2: Colorectal adenocarcinoma 3: Multiple myeloma 4: Lung 

adenocarcinoma 5: Skin cutaneous melanoma 6: Uterine corpus endometriosis carcinoma 7: Uterine 

carcinosarcoma 8: Thyroid carcinoma 9: Acute myeloid leukaemia 10: Bladder urothelial carcinoma 11: 

Gastric adenocarcinoma 12: Cervical adenocarcinoma 13: Head and neck squamous cell carcinoma 

14: Diffuse large B cell lymphoma 15: Oesophageal adenocarcinoma 

Figure 2-19 Frequency of RAS mutations in human cancers. K-Ras mutations predominate in the 

cancers of pancreatic ductal adenocarcinoma, colorectal adenocarcinoma, multiple myeloma, uterine 

corpus endometriosis carcinoma, uterine carcinosarcoma, gastric adenocarcinoma. N-Ras mutations 

predominate in the cancers of multiple myeloma, skin cutaneous melanoma and thyroid carcinoma. H-

Ras mutations predominate in the cancers of bladder urothelial carcinoma, head and neck squamous 

cell carcinoma. Adapted from reference 75. 

 

2.2.2 Function of Raf proteins 

      Raf proteins mainly function as Ras effectors as far as we know. There are three 

known Raf isoforms: A-Raf, B-Raf and C-Raf. They share a similar sequence and 

conserved domain like Ras isoforms.  Although these three Raf isoforms have many 

similarities, they still differ in cellular activities [76].  

 

2.2.2.1 Raf function as Ras effector 
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    Three Raf isoforms participate in the Raf-MEK-ERK pathway. Each of the Raf 

isoforms shares three conserved regions: CR1, CR2 and CR3 [77, 78]. The CR1 

region contains a Ras-binding domain (RBD) and a cysteine-rich domain, where two 

zinc ions bind.  It was shown that the RBD plays a critical role in Raf association with 

the switch I (amino acids 32-40) region of Ras proteins [79, 80]. RBD binding with 

switch I of Ras proteins is favoured by the multiple polar and hydrophobic interactions 

with the alignment of β-sheets between RBD and switch I of Ras proteins. The CRD 

was suggested to facilitate Raf protein binding to the plasma membrane and it can 

interact with distinct kinds of lipids in the plasma membrane [81]. GTP-bound Ras 

proteins recruit Raf proteins to the plasma membrane, leading to the activation of Raf 

proteins. The three Ras isoforms display different activities in Raf proteins. Generally, 

B-Raf and C-Raf can be activated in a similar way, whereas A-Raf is slightly activated 

by Ras proteins only [82]. Recent studies suggest that A-Raf might play aslo crucial 

roles in other signaling path ways [83].  

 

Figure 2-20 Scheme representation of the three components of Raf isoforms. RBD: Ras-binding domain. 

CRD: cysteine-rich domain. S/T: seine/threonine. P: phosphorylation.  

      There is still no reported structure of full-length Raf proteins. However, the 

structure of several RBD, CRD and kinase domains of Raf proteins alone was reported. 

RBD interacts with switch I of Ras proteins and CRD associates with the membrane 

and several distinct phospholipids [81, 84]. The kinase domain has a typical N-terminal 

lobe and large C-terminal lobe. The N-terminal lobe has an antiparallel β-sheet 

structure, where ATP can bind and orient. It has a glycine-rich ATP-phosphate-binding 

loop. The large lobe binds its substrates MEK1/2. These two lobes of the kinase 
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domain can open or close depending on the activation state [85]. The two 

conformation states regulate the Raf-MEK-ERK signaling process in concert with 

several other related proteins.  

 

Figure 2-21 Crystal structures of the C-Raf-RBD (PDB: 4G0N), C-Raf-CRD (PDB: 1FAR) and C-Raf- 

kinase domain (PDB: 3OMV). Different domain structures are connected using dotted lines. The 

structural figures were generated using PyMOL.  

 

2.2.2.2 The mechanism of the Raf proteins’ pathway activation 

      The mechanism of Raf proteins activation is complex and still not fully understood. 

Different Raf isoforms are activated in a different way in the cell.  

2.2.2.2.1 C-Raf activation 

      The inactive state of C-Raf proteins stays in a closed stable conformation by 14-

3-3 proteins [86]. The S259 phosphorylation is dephosphorylated by PP1 phosphatase, 

leading to GTP-Ras efficient binding to C-Raf-RBD [87]. The further phosphorylated 

modification on the C-terminal region actives the C-Raf protein by Src, PAK and other 

kinases [88]. The next step is the dimerization. C-Raf can homo- or heterodimerize 

favoured by some scaffold proteins, like 14-3-3, KSR-1. When the dimerization is 

accomplished, C-Raf is highly active and phosphorylates its substrates MEK1/2 [89, 

90]. As a consequence, ERK is also phosphorylated and being active. Ras-Raf 

signaling is then activated.  
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Figure 2-22 The Raf-proteins’ activation pathway. As a consequence of stimulation, GDP-Ras proteins 

are exchanged to GTP-Ras proteins. PP1 dephosphorylates Raf in its closed, inactivated state, allowing 

GTP-Ras proteins recruit Raf to the plasma membrane. Once phosphorylation is accomplished, the Raf 

proteins form dimers and therefore are highly active. MEK1/2 bind to Raf proteins and phosphorylation 

occurs. ERK1/2 can be phosphorylated by MEK1/2 subsequently. Adapted from the references 87, 88, 

89, and 90. 

 

2.2.2.2.2 B-Raf activation 

      B-Raf proteins contain a highly negative charged N-terminal domain. Except for 

this difference, the mechanism of B-Raf activation is quite similar to C-Raf. It also 

requires Ras and 14-3-3 proteins to form a complex for activation. Subsequently, 

MEK1/2 and ERK1/2 are phosphorylated [91, 92].  
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Figure 2-23 The Ras-Raf-MEK-ERK pathway. EGF: Epidermal growth factor. PTKR: Protein tyrosine 

kinase receptor. GRB2: Growth factor receptor-bound protein 2. SH2: Src homology 2 domain. SH3: 

Src homology 3 domain. SOS: Son of Sevenless. Raf: Rapidly accelerated fibrosarcoma kinases. MEK: 

Mitogen-activated protein kinase kinase. ERK: Extracellular signal-regulated kinases. Briefly, in the 

consequence of EGF stimulation, GRB2 binds to the phosphorylated PTKR. SOS, a Ras-GEF, binds 

to the SH3 domain of GRB2, resulting in the activation of Ras in the GTP-bound form. The Ras signaling 

cascade Ras/Raf/MEK/ERK will be subsequently activated.  

 

2.2.2.2.3 A-Raf activation 

      Among the three Raf isoforms, A-Raf is the most poorly understood isoform. 

Observations suggested that A-Raf can only be activated weakly by GTP-Ras proteins. 

However, A-Raf signaling has been found in many other pathways, suggesting that A-

Raf might play important roles in other cellular activities [93, 94].  

2.2.2.3 Raf and cancer 

      Raf proteins have been found to play a role in cell cycle regulation, cell proliferation, 

differentiation and cell survival [94]. Insights from biochemical studies of Raf isoforms 

in mammalian systems and knockout studies in mice suggest that all Raf isoforms are 
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required for the normal cells. However, different Raf isoforms have distinct effects on 

various cancer type cells or genetically knockout mice models. Much of our 

understanding of the Raf proteins’ function in cancer comes from the cell culture 

studies. Recent data from transgenic mice models improve our understanding of Raf 

proteins and cancer. C-Raf was reported to restrain apoptosis during embryogenesis 

and plays a crucial role in the development of the placenta, liver and haematopoietic 

organs by knockout studies [95]. B-Raf knockout mice die from vascular and neuronal 

defects [96]. Although A-Raf knockout mice are born alive, they die after one to three 

weeks [97]. In summary, it was shown that the three Raf isoforms are all required for 

sustaining life.  

   The Raf-MEK-ERK signaling cascade is necessary and sufficient for Ras 

signaling transformation. Considering Rafs’ important function in Ras signaling, Raf 

has been validated extensively as a potential target for cancer therapies [94]. 

2.2.3 Function of SOS proteins 

      SOS (Son of Sevenless) is a widely distributed Ras-GEF protein. It plays a crucial 

role in regulating Ras signaling [98]. SOS has two human homologues, hSOS1 and 

hSOS2. The activation of Ras by SOS is crucial for many important signaling 

processes, such as cell growth, cell differentiation and the development of T-cells [99].  

2.2.3.1 SOS proteins as GEF proteins 

      Ras proteins are membrane-anchored proteins which regulate many crucial 

signaling processes, such as cell proliferation, survival, apoptosis, morphology and 

metastasis. Ras proteins have two nucleotide binding state, the GDP-bound state as 

an inactive state and the GTP-bound state as an active state. They function as a binary 

molecular switch. The conversion from the inactive GDP-bound state to GTP-bound 

active state is favoured by guanine nucleotide exchange-factors (GEFs). The GTPase-

activating proteins (GAPs) mediate GTP-bound active forms to become GDP-bound 

inactive forms [24]. The Ras-GEFs and Ras-GAPs regulate the level of active and 

inactive Ras proteins, which control the Ras signaling pathway [25]. 

     The human SOS form (hSOS1) is a Ras-GEF protein, which controls the activation 

of Ras signaling. The activation of SOS contains many processes involving membrane 

recruitment, release of autoinhibition and allosteric modulation by Ras proteins. The 
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PxxP motif of the C-terminal proline-rich (PR) domain is thought to initially associate 

with the lipid membrane. SOS contains a series of N-terminal domains. They are a 

Db1 homology (DH), pleckstrin homology (PH) and a histone-fold (HF) domain, which 

inactive SOS proteins in solution. Upon association with lipid membranes, the 

autoinhibition is released. The allosteric pocket located at the REM and CDC25 

domain (named as catalytic domain) binds to Ras proteins, resulting in full activation 

of SOS proteins [100, 101, 102]. Human SOS2 has a very similar domain architecture 

as human SOS1. Most studies has focused on human SOS1 [103].  

 

 

 

Figure 2-24 The domain architecture of full-length hSOS1 proteins (109). 

 

2.2.3.2 SOS proteins’ cellular pathway 

      The role of SOS1 as Ras-GEF has been explored extensively. Since Ras proteins 

play a crucial role in regulating the cell growth, survival, differentiation and many 

cellular fundamental processes, the activation of SOS1 is important for these cellular 

processes [104]. The Ras signaling pathway starts with the stimulation of the 

transmembrane tyrosine kinase receptor (EGFR) by EGF, resulting in activation by 

auto-phosphorylation of the receptor. The SH2 (Src homology 2) domain of Grb2 

(growth factor receptor-bound protein 2) binds to the phosphotyrosine. Grb2 that can 

interact directly with RTK (EGFR or hepatocyte growth factor receptor). The cytosolic 

SOS1 can be recruited to the cell membrane as consequence of Grb2 binding to RTK. 

The N-terminal PH domain and the C-terminal proline-rich domain of SOS1 interact 

with the phosphatidic acid in the cell membrane. After localization of SOS1 in the cell 

membrane, the REM domain of the catalytic domain will undergo a rotation of a helical 

hairpin at the SOS1 catalytic site, allowing Ras binding and nucleotide exchange [105].  

      The structure of Ras-SOS1 complex reveals that SOS1 interacts tightly with Ras 

in a nucleotide-free state with a displacing mechanism [105]. The regions of Ras 

interacting most closely with SOS1 are the P-loop (residues 10-17), switch I (25-40) 
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and switch II (57-75). Helix α3 (57-75) is also found to interact with SOS1. The 

interface between Ras and SOS1 is very hydrophilic and extensive, which opens the 

nucleotide binding site as a consequence of the displacement of switch I of Ras [105, 

106].     

 

 

Figure 2-25 The complex of H-Ras (1-166) with human SOS1 (564-1049). The switch I and switch II 

regions of H-Ras are shown as blue and red, respectively. The region of Ras next to the switch I and 

switch II regions is shown in pink. The N-terminal domain of SOS (568-741) is shown in orange and the 

catalytic domain (752-1044) in cyan. Adapted from reference 105. 

            

      Since SOS1 is activated, GDP-bound Ras proteins can undergo nucleotide 

exchange to the GTP-bound active state. The Ras-ERK-MEK pathway will be 

subsequently activated, resulting in regulating a series of cellular activities [107].  
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Figure 2-26 The activation of SOS proteins’ cellular pathway. EGF: Epidermal growth factor. PTKR: 

Protein tyrosine kinase receptor. GRB2: Growth factor receptor-bound protein 2. SOS: Son of 

Sevenless. Raf: Rapidly accelerated fibrosarcoma kinases. MEK: Mitogen-activated protein kinase 

kinase. ERK: Extracellular signal-regulated kinases. Briefly, in the consequence of EGF stimulation, 

GRB2 binds to the phosphorylated PTKR. SOS, a Ras-GEF, which binds to the SH3 domain of GRB2, 

resulting in the activation of Ras in its GTP-bound form. The cellular pathway of SOS proteins will be 

subsequently activated. 

         

 2.2.3.3 SOS and cancer 

      Considering the activation of SOS proteins in the Ras signaling pathway, there are 

two main avenues for the design of inhibitors to block the activation of Ras by SOS. A 

nucleotide analogue of the SOS-Ras complex interface mimic could be designed to 

stabilize the complex, resulting in blocking the activation of Ras. Alternatively, 

displacement of the Ras binding site by some hydrophobic compound might effectively 

inhibit SOS activation. These are all indirect inhibition strategies of Ras activity through 

SOS proteins in cancer cells. Until now, there is still no cancer-related mutation   in 

SOS reported [108, 109]. 
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2.3 Ras protein inhibitors 

      The three Ras genes (H-Ras, N-Ras, and K-Ras) are the most frequently mutated 

genes in human cancers. K-Ras comprises two variable genes, K-Ras4A and K-

Ras4B. Ras genes encode small GTPases (H-Ras, N-Ras and K-Ras), which have 

crucial roles in regulating cytoplasmic networks, including the Raf-MEK-ERK and 

PI3K-PDK1-AKT signaling cascades. Ras proteins can be an inactive state, GDP-

bound Ras and an active state, GTP-bound state. They function as a binary molecular 

switch in regulating cellular signaling [25]. 

2.3.1 Ras proteins mutations  

      Ras mutations occur in cancer cells, which impair or greatly reduce the hydrolysis 

activity of GAPs which favours the formation of constituently active, GTP-bound Ras 

proteins. It was the important biochemical defect that prompted researchers and 

companies to develop inhibitors targeting mutant Ras proteins in cancer cells. At an 

early stage, there was an expectation that Ras-mutant driven cancers are a 

homogeneous subset of all cancers and one inhibitor can target a series of cancers. 

It turned out that each cancer type has its own preferably mutated site and specific 

mutations [110]. The development of inhibitors targeting Ras-driven cancers may need 

to be tailored to both the mutated site and the specific mutation. 

      Ras-driven cancer gene mutations comprise more than 30% of all cancer gene 

mutations [111]. Numerous genetic studies in mouse models suggest that expression 

of mutant Ras proteins is necessary for maintenance [112]. This makes Ras extremely 

attractive as a drug target for the treatment of Ras-driven cancers. Among all mutation 

isoforms, K-Ras is the predominantly mutated isoform (86%), followed by N-Ras (11%) 

and H-Ras (3%) [113]. It was found that 98% of Ras-related cancer mutations occur 

at residues G12, G13 and Q61. G12 mutations are predominant in H-Ras (35%) and 

K-Ras (83%), while Q61 mutations are found predominant in N-Ras (62%) [114]. The 

mutation sites are tremendously different among all the Ras-driven human cancers. In 

PDAC and CRC, K-Ras predominant mutations are G12D, while the major mutations 

are G12C in non-small-cell lung cancer (NSCLC) [115].  
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Figure 2-27 The frequency and distribution of Ras mutations in human cancers. In the mutations of H-

Ras and K-Ras proteins, the G12 site predominates. In the case of N-Ras, the Q61 site predominates 

most mutations. The mutation frequency of the Ras proteins at the same sites differ significantly (114).  

 

2.3.2 Strategy of developing inhibitors targeting Ras proteins 

      Since the mutated Ras genes are found in many human cancers and disruption of 

Ras function will impair the cancer cells growth, intensive efforts are made to develop 

inhibitors targeting Ras proteins in human cancers. However, despite more than 30 

years of effort by pharmaceutical industry and academia, no effective drugs are found 

to be capable of fighting against the Ras-driven cancers [116]. Currently, many 

strategies of developing inhibitors targeting Ras proteins are on the agenda. Basically, 

any method that disrupts the Ras cellular function can be considered as a strategy of 

developing Ras inhibitors.  

     Ras proteins’ signaling strongly depends on its correct localization in the lipid 

membrane [33]. Ras proteins require posttranslational modifications in their C-terminal 

CAAX motif. All Ras proteins can be farnesylated in the cytosol by farnesyltransferase. 

H-Ras, N-Ras and K-Ras variant split K-Ras4A can be palmitoylated as a second 

signal for membrane targeting, while K-Ras4B can’t be palmitoylated because there 

is only one cysteine in the HVR domain of K-Ras4B. Instead, the polybasic domain 

(contains 8 lysine residues) in the HVR domain of K-Ras4B functions as a second 

signal [31, 32]. Many potent and selective farnesyltransferase inhibitors (FTIs) are 

developed. Despite the positive inhibition results of cell culture and mouse models with 

FTIs, FTIs failed to show any benefit in pancreatic cancer patients. Further studies 

showed that K-Ras and N-Ras can be geranylgeranylated for membrane targeting 
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when the activity of the farnesyltransferase was blocked [36, 37]. The high toxicity of 

FTIs with geranylgeranyltransferase-I enzyme (GGTase-I) limits the duration of FTIs 

with geranylgeranyltransferase-I enzyme inhibitors (GGTIs) in human cancers [38].  

     K-Ras4B is considered as a major target in fighting Ras-driven cancers. PDE- δ is 

reported to regulate the localization and signaling of K-Ras4B by facilitating its 

diffusion in the cytosol. Impairment of the binding between K-Ras4B and PDEδ 

suppress oncogenic Ras signaling by altering its localization to endomembrane. This 

finding might inspire drug companies and researches to develop inhibitors targeting 

K-Ras4B-PDEδ [117]. Inhibitors targeting the binding of K-Ras4B to PDEδ are still 

under the evaluation in clinic trials.  

     Oncogenic Ras signaling is highly involved in two classical and well-characterized 

pathways, Ras-Raf-MEK-ERK and Ras-PI3K-PDK1-AKT [118, 119]. Although Ras 

proteins are combined with multiple effectors, inhibition of one of these effectors is not 

enough to stop oncogenic Ras signaling in cancer cells [120]. Many inhibitors targeting 

the effectors of these two signaling pathways have been developed [120, 121]. 

However, the clinic evaluation of these inhibitors shows that inhibition of oncogenic 

Ras signaling using these inhibitors is limited.  

     Other strategies considered for fighting the Ras-driven cancers include targeting 

the GEFs (SOS1) [122], effector binding (B, C-Raf-RBD binding with Ras proteins) 

[123], metabolic changes in glucose and glutamine metabolism [124], autophagy [125, 

126]. Since there is still no effective drugs for fighting Ras-driven cancers, new and 

effective strategies for developing Ras inhibitors are needed.
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Figure 2-28 Schematic representation of the strategies for developing inhibitors targeting Ras proteins 

(160).  

 

 

2.4 Chemical protein ligation  

2.4.1 Native chemical ligation 

      Chemical synthesis is an attractive approach to generate polypeptides or proteins 

when applying the biological expression method is difficult. Synthesis of peptides or 

proteins provide fully modulation of the peptides or proteins in order to understand 

their function. Many signaling proteins regulate cellular signaling activities through the 

protein posttranslational modification [127]. However, total chemical synthesis or 

semi-synthesis of peptide or proteins is a great challenge.  

      In the early 1990s, the Kent lab developed a breakthrough approach for the 

chemical ligation using a chemoselective reaction to couple unprotected peptide 

segments in chemical protein synthesis [128]. In 1994, the approach of native 

chemical ligation (NCL) was introduced to synthesize a peptide, where two 

unprotected, synthetic peptide segments are coupled in mild aqueous conditions to 

form a native peptide bond at the ligation site [129].  
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Figure 2-29 Principle mechanism of native chemical ligation. Peptide1 and peptide 2 are unprotected 

and coupled at aqueous and mild, neutral conditions. For native chemical ligation, one peptide should 

contain a C-terminal α-thioester and the other an N-terminal cysteine. A native peptide bond can be 

formed at the ligation site (129).  

      The mechanism of NCL is depicted in Figure 2-29. Briefly, this approach is based 

on the chemoselective reaction between one peptide containing an N-terminal 

cysteine and a C-terminal α-thioester. The initial step is the chemoselective 

transthioesterification with a reversible reaction, whereas the next step, the S → N 

acyl shift is irreversible and spontaneous. A native, amine bond is formed specifically 

at the ligation site even in the presence of an unprotected cysteine in the reaction 

system [130].  

      NCL can react at very mild, neural aqueous conditions and subsequently generate 

a native amine bond at the ligation site. These advantages makes NCL extremely 

attractive for the total synthesis of difficult peptide, small molecules and protein 

domains. NCL was also applied to synthesize full-length proteins with modification 

using the C-terminal thioester and N-terminal cysteine [131].  

2.4.2 Expressed protein ligation 
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      An N-terminal containing cysteine peptide is ligated to a second peptide containing 

a C-terminal α-thioester, resulting in formation of a native amine bond at the ligation 

site. Chemical synthesis of peptide or small molecule α-thioesters has enabled the 

total synthesis of peptides, small molecules and protein domains by using native 

chemical ligation. However, native chemical ligation has not been extended to 

synthesis of large proteins (beyond 15 KDa). Combined with cleavable tag 

recombinant protein expression technology, N-terminal cysteine residues can be 

produced. The difficulty of producing recombinant protein α-thioesters limits the 

extension to the protein synthesis field [132].      

 

 

 

Figure 2-30 Schematic representation of the protein splicing mechanism (130).  

 

      Expressed protein ligation (EPL) has proven very useful for the synthesis of large 

proteins since the protein splicing was introduced to generate protein α-thioesters 

[132]. As shown in the figure 2-30, protein splicing is a process, where a protein 

undergoes intramolecular rearrangement, resulting in the formation of a α-thioester. 

The first step in protein splicing involves an N → S acyl rearrangement, where the N-

extein moves to the side chain of an N-terminal cysteine. This process might be 

catalyzed by the intein domain itself. The side chain of a conversed cysteine residue 
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located at the N-terminus of C-extein attacks the thioester at N-extein. 

Transthioesterification occurs, followed by a cyclization reaction. In the end, the amine 

bond forms at the site between N- and C-extein.  

 

 

Figure 2-31 Principle of expressed protein ligation (EPL). Protein α-thioester can be produced using the 

intein technology, where a protein of interest is expressed in the frame fused with an intein-chitin binding 

domain (CBD) sequence. The second protein or peptide containing an N-terminal cysteine can be either 

chemically synthesized or expressed using a proteolytic cleavage method. Adapted from the reference 

133. 

              

      The intein with a mutation of Asp to Ala has been applied to generate protein α-

thioesters [133]. The C-terminal mutation of intein disturbs the completion of the intein 

splicing reaction but still keeps the N → S acyl shift to form a thioester intermediate. 

Thus, the protein of interest fuses to the N-terminal of the engineered intein that can 

be cleaved from the recombinant protein by thiol reagents. As shown in Figure 2-31, 

the final protein α-thioester can be produced using chitin beads for purification. 

Facilitated by NCL, site-specific modification of peptides or proteins can be 
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synthesized by EPL. Therefore, EPL provides a powerful tool to synthesize site-

specific modified proteins and difficult to synthesize peptides [134]. 
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3. Aims of this work    

 

      This work used a combination of chemical, biological and biophysical approaches 

to reveal Ras-related biological processes and to solve specific biological problems.  

  Ras proteins are o oncoproteins, which regulate a series of signaling processes 

that include cellular proliferation, survival and differentiation [135]. They are switching 

between an active GTP-bound, and an inactive GDP-bound state in a tightly regulated 

cycle, which is controlled by guanine nucleotide exchange factors (GEFs) and 

GTPase-activating proteins (GAPs). Once bound to GTP, Ras is considered activated. 

In normal cells, the Ras-GAPs can restore GTP-bound Ras to GDP-bound Ras using 

the intrinsic GTPase activity for GTP hydrolysis [136]. However, in cancer cells, 

mutations of Ras impair or greatly decrease the activity of Ras-GAPs, resulting in a 

persistently active, GTP-bound form. The signaling of Ras proteins strongly depends 

on its correct localization in the plasma membrane. All Ras proteins can be 

farnesylated by the farnesyl transferase (FTase) [31]. Beside this 15-carbon farnesyl 

lipid tail in the C-terminal CAAX cysteine, H-Ras, N-Ras have to be palmitoylated for 

membrane targeting. However, no additional cysteine residue can be used for K-

Ras4B palmitoylation. Instead, a polybasic domain containing 8 lysine residues 

functions as a second signal for K-Ras4B membrane targeting [32].  Biological and 

biophysical studies have proven that Ras proteins form nanoclusters in the lipid 

membrane, which offers a platform for Ras effectors interacting with Ras proteins.    

  Since Ras protein are found in approximately 30% of human cancers, inhibition of 

the Ras proteins’ activity in cancer cells emerged as a very promising approach [29]. 

Although enormous efforts are being made in developing inhibitors targeting Ras 

proteins, no effective drug capable of fighting Ras-driven cancers has been developed 

so far. The polybasic domain of K-Ras4B is essential for plasma membrane targeting 

and localization. We planned to rationally design a molecular tweezer by 

supramolecular chemistry targeting polybasic domain.  A new strategy for inactivation 

of K-Ras4B signaling by targeting the polybasic domain of K-Ras4B using a properly 

designed molecular tweezer might be expected to be developed. 
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   It has been reported that C6-ceramide can directly inhibit the growth activity of K-

Ras4B mutated cells, and further analysis indicated that C6-ceramide induces cancer 

cell death synergistically with chemotherapy [137]. Another purpose of this work is to 

understand this inhibition mechanism and to provide a biophysical understanding of 

the interaction between K-Ras4B and C6-ceramide in the membranous context.  

    In vivo studies suggest that intermolecular interactions foster the self-association 

of both N-Ras and K-Ras4B and the formation of nanoclusters with in the cell 

membrane. As the only site for effector binding, nanocluster formation is thought to be 

essential for effective signal transmission. Further, it has been reported that a lipid-

mediated effect can induce a cross-talk between spatially segregated H-Ras and K-

Ras4B. In this study, we wanted to probe the colocalization of N-Ras and K-Ras4B 

lipoproteins in model biomembranes. 

        Raf proteins mainly function as Ras effectors and participate in the Ras-Raf-

MEK-ERK pathway [76]. Raf has three isoforms, A-Raf, B-Raf and C-Raf. They share 

the membrane targeting conserved region, CR1. The CR1 region contains a Ras-

binding domain (RBD) and a cysteine-rich domain (CRD). Crystal structure of Ras-

Raf-RBD complex proves that RBD binds to the switch I (amino acid residues 32-40) 

region of Ras proteins, which is favoured by multi-polar and hydrophobic interactions 

[80]. Biophysical and simulation studies suggest that the CRD can interact with distinct 

lipids in the lipid membrane and further supports Raf proteins with lipid membrane [81]. 

The kinase domain of Raf proteins is connected to the CRD with a very long and 

flexible linker, which supposes that the kinase domain stays in the cytosol and 

interacts with the ERK and other Raf-related proteins. Biological studies indicate that 

B- and C-Raf can be activated in a similar way, whereas A-Raf is only slight activated 

by Ras proteins [76]. This suggests that besides the function of membrane targeting 

for Raf proteins, Raf membrane targeting region might play an important role in 

regulating the interaction of Ras and Raf. Another purpose of this study was to identify 

and characterize the interaction of Raf and Ras proteins in the lipid membrane.  

       SOS1 is a Ras-GEF protein, which regulates the nucleotide exchange of GDP-

Ras to GTP-Ras[98]. The activation of Ras by SOS1 is crucial for a series of cellular 

processes, which is autoinhibited by several N-terminal domains in solution. SOS1 

associates with the lipid membrane via the PxxP motif in the C-terminal PR domain 
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with Grb2 [100]. Located in the lipid membrane, the autoinhibition is released through 

the interaction with membrane lipids [102]. In this work, we wanted to explore the 

SOS1 interaction with K-Ras4B and the lipid membranes in order to gain fully 

understanding of the mechanism of Ras activation by SOS1.



4. Results and Discussion 
 

42 
 

4. Results and Discussion      
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4. Results and Discussion      

4.1 Interaction of K-Ras4B protein with C6-ceramide 

containing lipid model membranes 

4.1.1 The function of C6-ceramide in cells and targeting K-Ras4B-

driven cancers  

      Ras proteins are involved in cellular signaling pathways regulating cell growth, 

differentiation and survival. Oscillation between their active GTP-bound and inactive 

GDP-bound state is controlled in a tightly regulated cycle by guanine nucleotide 

exchange factors and GTPase-activating proteins [139]. Mutations in RAS genes, 

which render Ras proteins to be constitutively active, are found in approximately 30% 

of human cancers. Signaling of Ras proteins strongly depends on their correct 

localization in the cell membrane. The Ras isoform K-Ras4B (Figure 1A) appears to 

be particularly prone to mutations (86%) [140]. Farnesylation of K-Ras4B, i.e. covalent 

addition of a 15-carbon farnesyl lipid tail to the C-terminal CAAX cysteine by the 

enzyme farnesyltransferase, leads to association of K-Ras4B with the lipid bilayer and 

is essential for its correct cellular localization. A polybasic domain containing six 

consecutive lysine residues acts as an additional element for K-Ras4B plasma 

membrane localization [32, 50]. After insertion into the plasma membrane, K-Ras4B 

has been shown to form nanoclusters, which appears to be essential for the activation 

of mitogen-activated protein kinase (MAPK) signaling. Such K-Ras4B nanoclusters 

offer an efficient platform for the binding of effector proteins [141-143]. As a result of 

the frequent occurrence of cancer-related K-Ras4B mutations, enormous efforts are 

being made both in the pharmaceutical industry and in academia to develop inhibitors 

for K-Ras4B [29, 144]. However, no effective drug capable of fighting K-Ras4B-related 

cancers has been developed so far. 

      Recently, it has been reported that the C6-ceramide (Figure 1B) directly inhibits 

the growth activity of K-Ras4B mutated cells, and further analysis indicated that C6-

ceramide can induce cancer cell death synergistically with chemotherapy [145, 146 

and 147]. Natural ceramides are important cellular lipids, which function as secondary 

messengers and play an important role in the regulation of programmed cell-death 

[148, 149]. Unlike the C16-, C18-, C20-long fatty-acid chain ceramides, the shorter 
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C6-ceramide is known to be a cell membrane permeable lipid. It has also been 

reported that incubation of permeable C6-ceramide with human colon carcinoma cells 

and ovarian carcinoma cells induces apoptosis [146]. Recruitment for a Phase I study 

of C6- ceramide nanoliposomes in patients with advanced solid tumors is registered 

on ClinicalTrials.gov (https://clinicaltrials.gov/ct2/show/NCT02834611). Based on the 

findings mentioned above, C6-ceramide constitutes a promising inhibitor with the 

potential to target also K-Ras4B-related cancers. However, the mechanism underlying 

the inhibition of cell activity remains unknown. To shed light on this mechanism and to 

promote drug discovery targeting K-Ras4B, a biophysical understanding of the 

interaction between K-Ras4B and C6-ceramide in the membranous context is urgently 

required. 

 

 

Figure 4-1-1. (A) Schematic of the semisynthetic K-Ras4B protein. The structure of the K-Ras4B G-

domain was adapted from the crystal structure (PDB: 5TAR). Chemical structure of C6-ceramide (B) 

and backbone-labeled BODIPY-C6-ceramide (C). 

 

4.1.2 Preparation of C6-ceramide included in lipid model membranes 

      In this study, we set out to investigate the effect of C6-ceramide incorporation into 

model biomembrane systems and to uncover the details of its interaction with K-Ras4B. 

To this end, a heterogeneous ("raft-like") lipid bilayer consisting of 

DOPC/DPPC/Cholesterol/C6-ceramide at a molar ratio of 25:50:20:5 was used 

(DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine, DPPC = 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine). Atomic force microscopy (AFM) data revealed that 

incorporation of 5 mol% of C6-ceramide still leads to segregation of the lipid mixture 

into liquid-ordered (Io) and liquid-disordered (Id) domains at room temperature (Figure 

4-1-2), and the appearance of the lateral organization is similar to that of the three-

component mixture lacking the C6-ceramide. Isolated islands of fluid Id domains (dark 
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brown) are clearly visible in a coherent pool of raft-like (Io) protruding phase (light 

brown). The height difference between the Io and Id phases (Figure 4-1-2B as example) 

is 1.45 ± 0.1 nm (mean value ± s.d., n = 141), which is analogous to previously reported 

values for such heterogeneous membrane systems. Time-lapse AFM image 

recordings reveal a stable lipid bilayer with Io-Id domain coexistence for at least 15 h 

(Figure 4-1-3). This contradicts some reports suggesting that C6-ceramide could 

disrupt lipid membranes. 

 

 

Figure 4-1-2. AFM image of a DOPC/DPPC/Cholesterol/C6-ceramide (molar ratio = 25:50:20:5) lipid 

membrane on mica before injection of protein solution. In A, the whole scan area is shown with a vertical 

color scale from dark to white, corresponding to 6 nm. The AFM image shows a homogeneously spread 

lipid bilayer with coexisting domains of Io and Id phase. B shows the concomitant section profile of the 

AFM image. The horizontal black line in the AFM image on the left is the location of the section analysis 

shown on the right side, and also indicates the vertical distances between pairs of arrows (red, green, 

black). 

 

      As previously reported, C18-ceramide can form C18-ceramide-rich gel-like 

domains in lipid model membranes already at very low concentrations, which can be 

readily distinguished [17]. In our case, no C6-ceramide-rich domains are observed in 

the heterogeneous membrane containing 5 mol% C6-ceramide (Figures 4-1-2 and 4-

1-3). This is likely to be due to its shorter second chain length which favors partitioning 

in disordered lipid phases [18]. 

      By directly injecting a solution containing K-Ras4B protein into the AFM fluid cell, 

the same region of the lipid bilayer can be observed both before and after incorporation 

of the protein. Moreover, owing to the absence of convection, the diffusion process to 

the lipid interface is rather slow, allowing kinetic AFM measurements to be carried out. 
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Figure 4-1-3. Time-lapse AFM images of lipid bilayers consisting of DOPC/DPPC/Cholesterol/C6-

ceramide (molar ratio = 25:50:20:5). Tris buffer (20 mM Tris, 5 mM MgCl2, pH 7.4) was used to prepare 

LUVs, which were used to form a bilayer on mica surface (fresh cleaved) by liposome fusion. The AFM 

images taken at different time points indicate long-term stability of the lateral membrane organization, 

i.e. coexistence of Io and Id domains, and their slow lateral diffusion in the membrane plane. 

 

4.1.3 C6-ceramide intervenes K-Ras4B forming nanoclusters in the 

lipid membrane 

      Before injecting the K-Ras4B solution into the fluid cell, we verified deposition of a 

homogeneous lipid bilayer film and the coexistence of the Io and Id domains of the lipid 

bilayer (Figure 4-1-4A). After addition of K-Ras4B, tapping-mode AFM measurements 

were carried out at several time points. As GDP-bound and GTP-bound K-Ras4B 

proteins share a similar partitioning behavior in lipid membranes [17], we used the 

GDP-bound variant here. 

 

Figure 4-1-4. AFM images of the time-dependent partitioning and lateral organization of K-Ras4B in the 

lipid bilayer consisting of DOPC/DPPC/Cholesterol/C6-ceramide (molar ratio = 25:50:20:5). The AFM 

images are shown before (A) and at selected time points (B: 15 min, C: 90 min, D: 12 h) after injection 

of 200 μL of K-Ras4B (cK-Ras4B = 2 μM) in Tris buffer (20 mM Tris, 5 mM MgCl2, pH 7.4) into the AFM 

fluid cell. The overall height of the vertical color scale from dark brown to white corresponds to 6 nm. 

The scale bar in all images represents 2 μm. Please note that all the images were taken in the same 

region of the lipid bilayer. 



4. Results and Discussion 
 

48 
 

       Figure 4-1-4B clearly shows that K-Ras4B nanoclusters are readily formed in the 

Id phase. This scenario is reminiscent of our previous reports on K-Ras4B nanocluster 

formation in heterogeneous lipid membranes lacking the C6-ceramide.[62, 150] The 

addition of K-Ras4B leads to a significant decrease in the amount of neat Id phase, 

whereas the K-Ras4B nanoclusters enriched fluid domain areas increase 

concomitantly. As shown in Figures 4-1-4B and D, the K-Ras4B proteins over time 

change the initial lateral organization of the membrane drastically, which in turn 

influences the K-Ras4B nanocluster distribution in the C6-ceramide containing 

membrane. Interestingly, under equilibrium conditions (after 12 h of incubation), large 

K-Ras4B protein containing areas are formed and no extended Id phase remains 

(Figure 4-1-4D). 

 

Figure 4-1-5. Analysis of the zoomed-in AFM picture shown in Figure 4-1-4D. The section profile (B) of 

the AFM images (A) is shown with a vertical color scale from dark brown to white corresponding to an 

overall height of 6 nm. The horizontal black line presents the location of the section analysis given at 

the right side, and indicates the vertical distances between pairs of arrows (red, Io/Id phase difference; 

black, thickness difference of K-Ras4B protein compared to fluid Id phase; green, thickness difference 

of K-Ras4B protein compared to mixed lipid phase surrounding the protein nanoclusters dispersed in 

the fluid-like phase of the bilayer). 

      The zoomed-in image of the lower part of Figure 4-1-4-D reveals further details. K-

Ras4B forms small and rather monodisperse nanoclusters, dispersed in a fluid-like 

lipid environment (Figure 4-1-5). A quantitative AFM analysis yields a mean height 

difference of 1.09 ± 0.3 nm (mean value ± s.d., n = 146) between the K-Ras4B 

nanoclusters and the C6-ceramide containing lipid bilayer, which is significantly lower 

than the mean height of K-Ras4B protein nanoclusters (2.0 ± 0.7 nm, mean value ± 

s.d., n = 304) forming in lipid bilayer membranes lacking the C6-ceramide [17, 18]. 

This decreased thickness of the K-Ras4B nanoclusters may be explained by the 

smaller size of K-Ras4B protein clusters, and a different orientation and deeper 
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membrane insertion of the proteins, potentially induced by the fluidizing C6-ceramide 

[151]. 

4.1.4 C6-ceramide and K-Ras4B both localize in the liquid-disordered 

phase of the lipid membrane  

 

 

Figure 4-1-6. Confocal laser scanning microscopy images (cross section) of the localizatIon of C6-

ceramide in GUVs. GUVs were composed of DOPC/DPPC/Cholesterol/C6-ceramide (molar ratio = 

25:50:20:5), which segregate into Io and Id domains at room temperature. N-Rh-DHPE (0.2 mol %) was 

used as Id phase marker (red channel, B), and the C6-ceramide (0.2 mol %) was BODIPY-labeled 

(green channel, A). The overlay of the red and green channel (C) shows that C6-ceramide inserts 

preferentially into the Id lipid phase. The scale bar represents 4 μm.  

 

      Complementary confocal laser scanning microscopy was used to monitor the C6-

ceramide partitioning behavior in the lipid membrane on a larger length scale. The 

same lipid mixture DOPC/DPPC/Cholesterol/C6-ceramide (molar ratio = 25:50:20:5) 

was used to prepare giant unilamellar vesicles (GUVs). To distinguish between the Io 

and Id phases and the localization of C6-ceramide, N-Rh-DHPE was used as an Id 

phase marker [152], and the C6-ceramide was labeled with BODIPY in the backbone 

(Figure 4-1-1C). In Figure 4-1-1B, the red channel with N-Rh-DHPE corresponds to 

the Id phase, whereas the dark region of the GUV's cross-section consists of Io phase. 

Superposition of the green channel (BODIPY-labeled C6-ceramide) and the red 

channel clearly shows that BODIPY-C6-ceramide (green) is essentially localized in the 

Id phase of the lipid bilayer (Figure 4-1-6C). 
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4.1.5 C6-ceramide does not colocalize with K-Ras4B in the lipid 

membrane 

 

 

Figure 4-1-7 (A, B) Schematic of the two-color PIE-FCCS and time-correlated single photon counting 

(TCSPC) method for generating histograms of donor and acceptor fluorescence obtained due to 

excitation by a pulsed blue laser and green laser, respectively (Ch A: channel A; Ch B: channel B). 

Rhodamine-labeled K-Ras4B protein and BODIPY-labeled C6-ceramide were excited by the blue laser 

(485 nm) and green laser (560 nm), respectively. Since the laser pulses are separated by a lag time 

(B), it is possible to assign the photons arriving to their respective channels, which also reduces spectral 

cross talk. 

      Next, fluorescence correlation spectroscopy (FCS) and pulsed interleaved 

excitation fluorescence cross correlation spectroscopy (PIE-FCCS) were applied to 

study the clustering propensity of K-Ras4B in the C6-ceramide containing membrane 

in more detail and to reveal whether the C6-ceramide is able to directly interact with 

the K-Ras4B protein. FCS was used to determine the lateral mobility (diffusion 

constant, D) of BODIPY-C6-ceramide and Rhodamine-labeled K-Ras4B in C6-

ceramide containing membrane. PIE-FCCS has the ability to detect the differently 

labeled co-diffusing particles, which can be used to determine whether K-Ras4B 

proteins colocalize with C6-ceramide. FCS measurements were carried out on GUVs 

composing DOPC/BODIPY-C6-ceramide (0.005 mol%) with 10 nM of Rhodamine-

labeled K-Ras4B inserted into the lipid membrane. As can be inferred from the  
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Figure 4-1-8. (A, B) Schematic of dually labeled species in the lipid membrane. (A) Two dually labeled 

species bind together, indicating high cross-correlation. (B) Two dually labeled species localize 

independently in the lipid membrane, leading to no cross-correlation. (C) Autocorrelation (ACF) and 

cross-correlation (CCF) fluorescence curves of a dually (Atto-488 and Atto-565) labeled oligonucleotide, 

which was used as a positive control. (D) Autocorrelation (ACF) and cross-correlation (CCF) curves of 

BODIPY-Cholesterol and N-Rh-DHPE inserted into pure DOPC membrane, which represent non-co-

diffusion species, hence serving as a negative control. 

diffusion data (Figure 4-1-9), the lateral mobility of BODIPY-labeled C6-ceramide 

(lateral diffusion coefficient, D = 10.2 ± 2.3 μm2s-1) is not significantly different from the 

lateral diffusion of a lipid in a pure fluid DOPC membrane [153]. The lateral mobility of 

Rhodamine-labeled K-Ras4B is also similar to BODIPY-labeled C6-ceramide and the 

surrounding lipid matrix, indicating the absence of formation of gel-like ordered 

clusters (Figure 4-1-9), in agreement with the AFM and fluorescence microscopy data.  

 

Figure 4-1-9. FCS measurements of BODIPY-C6-ceramide and Rhodamine-K-Ras4B in a pure DOPC 

membrane. GUVs composed of DOPC + 0.005 mol% BODIPY-C6-ceramide were prepared. 10 nM of 

Rhodamine-K-Ras4B protein was added to this system. The autocorrelation curves (A) of BODIPY-C6-

ceramide and Rhodamine-K-Ras4B were then fitted with a 2D diffusion model, and the diffusion 

coefficients were determined (B). 
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For the PIE-FCCS measurements, different concentrations of Rhodamine-labeled K-

Ras4B were added to the GUVs (DOPC/DPPC/Cholesterol/C6-ceramide, molar ratio 

= 25:50:20:5, 0.005 mol% BODIPY-labeled C6-ceramide).  

 

Figure 4-1-10 Autocorrelation (ACF) and cross-correlation (CCF) fluorescence curves of Bodipy-labeled 

and Rhodamine-labeled K-Ras4B protein in pure DOPC GUVs, which proves that the K-Ras4B protein 

is forming nanoclusters in lipid bilayers, and further act as a positive control for PIE-FCCS 

measurements in lipid membranes. The PIE-FCCS measurements were performed on pure DOPC GUV 

membranes. 10 nM Bodipy-labeled and 10 nM Rhodamine-labeled K-Ras4B protein were injected into 

the homemade chamber which was used to prepare the GUVs. More than 20 measurements were 

recorded to determine the cross-correlation value between two different fluorophore labeled K-Ras4B 

proteins in the membrane. 

      The relative cross-correlation amplitude between BODIPY-labeled C6-ceramide 

and Rhodamine-labeled K-Ras4B is close to zero (Figure 4-1-11), contrasting with the 

positive control (Figure 4-1-10 and 4-1-11). This clearly shows that K-Ras4B does not 

co-localize with the C6-ceramide in the bilayer plane, indicating that the influence of 

C6-ceramide on K-Ras4B nanocluster formation does not take place through a direct 

interaction between C6-ceramide and K-Ras4B, but is rather mediated through its 

effect on the lateral lipid phase organization. 
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Figure 4-1-11. Relative cross-correlation values for a dually labelled oligonucleotide acting as a positive 

control, N-Rh-DHPE and BODIPY-cholesterol inserted into pure DOPC membrane acting as a negative 

control, and different concentrations of Rhodamine-K-Ras4B (10 nM, 20 nM and 30 nM) with 0.005 mol% 

BODIPY-C6-ceramide in the DOPC/DPPC/Cholesterol/C6-ceramide membrane. Data are represented 

as a scatterplot with the red line representing the median value. 

 

4.1.6 Binding affinity analysis using a Förster resonance energy 

transfer (FRET) based assay 

      The binding affinity of K-Ras4B with the heterogeneous raft membrane was 

determined by the Förster resonance energy transfer (FRET) technique. LUVs 

composed of DOPC/DPPC/Cholesterol (molar ratio = 1:2:1) + 0.1 mol% N-Rh-DHPE 

+ 5 mol% unlabeled C6-ceramide and without C6-ceramide. Atto488-labeled K-Ras4B, 

which forms the donor (d), was titrated with the indicated LUVs as acceptor (a). The 

sample was excited at 490 nm and the fluorescence spectra were collected at different 

concentrations of the acceptor. The decrease of the donor intensity was used to obtain 

a binding curve by calculating 1-(Ida/Id), where Ida is the fluorescence intensity at the 

emission maximum in the presence of acceptor and Id is the intensity in the absence 

of acceptor. All spectra obtained were corrected for dilution during titration. The 

binding curves were then fitted using a two-site binding model according to the 

equation 

𝐸 = 𝐵𝑚𝑎𝑥1(
[𝐿]

𝐾𝑑1+[𝐿]
) + 𝐵𝑚𝑎𝑥2(

[𝐿]

𝐾𝑑2+[𝐿]
)                                                               (S4-1-1) 
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where 𝐾𝑑1 is the dissociation constant of the high affinity binding step and 𝐾𝑑2 is the 

dissociation constant of low affinity binding step. 𝐵𝑚𝑎𝑥1 and 𝐵𝑚𝑎𝑥2 are the maximum 

values of the specific binding events of the two sites. E is the measured FRET 

efficiency as a function of lipid concentration, [L]. Different binding models were 

considered to obtain the best representation of the observed kinetic data, including the 

simple Langmuir adsorption model and models containing cooperative parameters, 

such as introducing a stoichiometric factor, n, operating on the concentration of the 

lipid. Best fits were obtained by a two-site binding model and the corresponding two   

dissociation constant values, 𝐾𝑑1 and 𝐾𝑑2, were obtained. 

      The fluorescence spectroscopic measurements were carried out using a K2 

multifrequency phase and modulation fluorometer (ISS, Champaign, IL). The 

measuring temperature was maintained at 25 ± 0.1 °C using a circulating water bath. 

The Atto-488 labeled K-Ras4B protein was excited at 488 nm using a xenon lamp 

through a monochromator. Emission spectra were collected between 502-700 nm at 

90° through a second monochromator. 

      Finally, the influence of C6-ceramide on the binding affinity of K-Ras4B with 

heterogeneous raft membranes was studied using a Förster resonance energy 

transfer (FRET) based binding assay. Atto488-labeled K-Ras4B (FRET-donor) was 

titrated with N-Rh-DHPE-labelled (0.1 mol%, FRET-acceptor) large unilamellar 

vesicles (LUVs) (DOPC/DPPC/Cholesterol, molar ratio = 25:50:25 or 

DOPC/DPPC/Cholesterol/C6-ceramide, molar ratio = 25:50:20:5). Upon addition of 

the LUVs, the decrease of the donor fluorescence was measured and the FRET 

efficiency calculated, which was plotted as a function of concentration of the LUVs to 

obtain the binding curves (Figure 4-1-12).  
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Figure 4-1-12. Binding affinity measurements of K-Ras4B in the absence and presence of 5 mol % C6-

ceramide containing heterogeneous lipid membranes using a FRET based assay. LUVs were 

composed of DOPC/DPPC/Cholesterol (1:2:1) + 0.1 mol % N-Rh-DHPE + 5 mol% unlabeled C6- 

ceramide and without the ceramide. Atto488-labeled K-Ras4B protein as donor was titrated with 

acceptor-labeled LUVs. Figure 4-1-12A (with 5 mol% C6-ceramide) and Figure 4-1-12C (without C6-

ceramide) both show that the donor fluorescence decreases upon addition of the acceptor (LUVs). The 

FRET efficiency of the two different membrane systems can be calculated, which is then plotted as a 

function of lipid concentration to obtain the binding curve (C, with C6-ceramide; D, without C6-ceramide). 

Best fits were obtained by a two-site binding model and the corresponding two dissociation constants, 

Kd1,2, were obtained.  

 

      Different binding models were considered, including the simple Langmuir 

adsorption model and models containing cooperative parameters. Best fits were 

obtained for a two-site binding model and the two dissociation constant values, Kd1,2, 

were obtained (Figure 4-1-13). The process of K-Ras4B farnesyl lipid anchor inserting 

into the lipid membrane can be considered as the first, high affinity binding step. 

Nonspecific binding of K-Ras4B and/or rearrangement in the lipid plane can be 

allocated to the second, low affinity binding step. The Kd1 value for the high affinity 

binding step increases from 0.15 ± 0.017 μM for the three-component raft membrane 

to 0.25 ± 0.005 μM for the C6-ceramide containing membrane. The observed increase 

in Kd1, i.e. the decrease of the K-Ras4B binding affinity of the C6-ceramide-containing 
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membrane, may contribute to the retardation of K-Ras4B mutated cells’ activity. 

However, the binding does not seem to depend drastically on the composition of the  

 

 

Figure 4-1-13. K-Ras4B binding affinity data, obtained from the FRET based assay, as determined in 

the absence and presence of 5 mol% ceramide containing heterogeneous lipid membranes (LUVs, 

prepared from DOPC/DPPC/Cholesterol/C6-ceramide, molar ratio = 25:50:20:5, or 

DOPC/DPPC/Cholesterol, molar ratio = 25:50:25, respectively). The values of the high affinity binding 

step (A) and the low affinity binding step (B) for the three-component raft membrane and the C6-

ceramide containing membrane are plotted as column bar diagrams. 

 

lipid membrane, indicating that the anti-cancerous activity of C6-ceramide is probably 

not due to a pronounced decrease of the binding affinity. C6-ceramide changes the 

lateral organization of K-Ras4B significantly, and may thereby affect the propensity to 

transmit signals and impact on downstream signaling. In fact, it was reported that C6-

ceramide induces apoptosis through the caspase cascade and the mitochondrial 

pathway [154,155]. 

 

4.1.7 Conclusion and discussion 

      In summary, we have established a new heterogeneous model biomembrane 

system containing C6-ceramide. In contrast to the long-chain ceramides, the C6-

ceramide does not lead to ordered gel-like segregated clusters in the membrane plane 

owing to the unfavourable packing properties of C6-ceramide in bulk long chain lipid 

phases. Instead, it sustains Io-Id phase coexistence and does not disrupt lipid 

membranes even at concentrations as high as 5 mol%. Using this four-component 
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heterogeneous model membrane, we demonstrated that addition of the signaling 

protein K-Ras4B leads to drastic changes in the lateral membrane organization of the 

membrane, contrasting with the partitioning behavior in other heterogeneous 

membrane types [17]. This difference may be due to the ability of the C6-ceramide to 

fill void volumes and enable H-bonding interactions to neighbouring phospholipid 

moieties. Unlike the membrane without C6-ceramide, K-Ras4B forms rather small, 

monodisperse nanoclusters, dispersed in a fluid-like environment of the membrane, 

potentially induced by some kind of lipid sorting mechanism. As revealed by the FCCS 

data, there is no direct interaction between the C6-ceramide and K-Ras4B, indicating 

that K-Ras4B essentially recruits other lipids. Collectively, our results demonstrate that 

different compositions of heterogeneous lipid membranes are able to markedly 

influence the size and distribution of the K-Ras4B nanoclusters forming in lipid 

membranes, in all likelihood leading to signaling platforms of different levels of 

efficiency. Such protein nanoclustering is in turn accompanied by drastic changes in 

the lateral membrane organization, which is likely to encompass deleterious effects on 

other membrane-related biochemical processes. Moreover, the stability of K-Ras4B in 

C6-ceramide containing membranes is reduced, which is a likely consequence of the 

fluidizing nature of the short-chain C6-ceramide. These findings are consistent with 

recent reports indicating that the lipid composition of cell membrane is able to shape 

K-Ras4B protein's signaling output and hence biological function through formation or 

deletion of protein nanoclusters [58, 156]. 
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4.2 Probing Colocalization of N-Ras and K-Ras4B 

Lipoproteins in Model Biomembranes 

4.2.1 N-Ras and K-Ras4B form nanoclusters in the same domain of 

the lipid membrane 

      N-Ras and K-Ras4B proteins are oncoproteins and play a major role in human 

cancers [144, 157]. They are switching between an active GTP bound, and an inactive 

GDP bound state in a tightly regulated cycle, which is controlled by guanine nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs). The nucleotide-

exchange leads to conformational changes between the switch-1 (SW1) and switch-2 

(SW2) regions in the Ras effector binding area [158, 159]. Once activated, Ras 

proteins' signaling can be terminated by GAPs. However, mutations of Ras proteins in 

cancer cells impair the GAPs' activity. More than 30% of human tumors are related to 

Ras mutations. The mutated proteins are constitutively active in N-Ras or K-Ras4B 

which are the most frequently mutated isoforms. For example, 95% of pancreatic 

cancers are driven by K-Ras4B mutants and 27% of skin cutaneous melanoma 

cancers are driven by mutant N-Ras [160, 161 and 162]. 

 

 

Figure 4-2-1. Schematic of the structure of the N-Ras (A) and KRas-4B (B) protein. The structure of the 

G-domain of N-Ras and K-Ras4B were adapted from the crystal structure, PDB 5UHV and 5TAR, 

respectively.   
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      Signaling of N-Ras and K-Ras4B strongly depends on their correct localization in 

the cell membrane. All Ras proteins have to be farnesylated by the farnesyl 

transferase (FTase). Besides this 15-carbon farnesyl lipid tail in the C-terminal CAAX 

cysteine, N-Ras proteins are palmitoylated. As K-Ras4B proteins do not have a 

cysteine residue immediately upstream of Cys186, they are not palmitoylated. Instead, 

a polybasic domain containing six lysine residues in one row functions as the second 

anchor motif allows for stable K-Ras4B membrane insertion (Figure 4-2-1) [17, 32]. 

Given the importance of N-Ras and K-Ras4B in driving tumorigenesis, enormous 

efforts have been undertaken both in the pharmaceutical industry and in academia to 

develop pharmacological inhibitors for N-Ras and K-Ras4B in recent years. Although 

farnesyl transferase inhibitors showed inhibition of Ras proteins in vivo, these 

inhibitors have revealed to be ineffective against mutant N-Ras and K-Ras4B owing 

to alternative geranylgeranylation, rendering membrane partitioning by these proteins 

still possible. Recent efforts have also turned to develop inhibitors targeting Ras 

effectors, such as Raf. Unfortunately, till now still no effective drug has been found to 

be capable of fighting N-Ras and K-Ras4B related cancers [36, 140]. 

      In vivo studies suggest that intermolecular interactions foster the membrane-

induced self-association of N-Ras and K-Ras4B and the formation of nanoclusters in 

cellular membranes [156]. As sole sites for effector binding, nanocluster formation 

seems to be essential for both N-Ras and K-Ras4B effective signal transmission. 

Furthermore, it has been reported that a lipid-mediated effect can induce a cross talk 

between spatially segregated H-Ras and K-Ras4B [55, 163]. The mechanism of the 

cross talk between spatially segregated Ras proteins in cell membranes remains 

elusive, however. Previous in vitro studies reported that N-Ras and K-Ras4B localize 

in the disordered phase of heterogeneous model membranes, and both of them form 

nanoclusters in heterogeneous membranes, of different appearance, however. K-

Ras4B proteins preferentially localize and cluster the liquid-disordered (Id) lipid phase, 

N-Ras proteins partition into the Id phase and migrate to the Id/Io phase boundary of 

heterogeneous membranes with time [16]. We might presume that N-Ras and K-

Ras4B reveal a membrane-induced spatial correlation or even interaction if present at 

the same time. In this study, we set out to explore the colocalization scenario in model 

biomembranes. Their morphology and composition can be tailored with great precision 
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and resolution, allowing us to reveal the spatial relation of the two lipoproteins within 

the lipid matrix and to explore details of their interaction. 

4.2.2 Preparation of the lipid membrane  

      GUVs were prepared in a temperature-controlled chamber on optically transparent 

and electrically conductive indium tin oxide (ITO) coated glass slides (SPI supplies, 

West Chester USA). Lipid mixtures were prepared in a glass vial. 20 µL of 1.5 mg/mL 

lipid mixture was added to the ITO surface and a very thin lipid film was prepared using 

a spin coater. For the preparation of LUVs, the indicated lipid mixture was prepared 

and dried under a stream of nitrogen gas. The dried lipid mixture was put into a freeze 

dryer for complete drying. The dried lipid film was then rehydrated with Tris buffer (20 

mM Tris, 5 mM MgCl2, pH 7.4). After five freeze-thaw-vortex cycles, homogeneously 

sized LUVs were generated using an extruder (Avanti Polar Lipids, USA) with 100 nm 

polycarbonate membranes at 65 ˚C. 

      Heterogeneous (raft-like) lipid bilayers consisting of the lipid mixture 

DOPC/DPPC/cholesterol at a molar ratio of 1:2:1, presenting coexistence of liquid-

ordered (Io) and liquid-disordered (Id) domains, have been widely used in studying the 

interaction of lipidated proteins with membranes. Atomic force microscopy (AFM) was 

used to reveal the localization of N-Ras and K-Ras4B within the lipid matrix, i.e., if they 

localize in the same or a different lipid environment and if they change the lateral 

organization of the lipid bilayer. 

4.2.3 N-Ras and K-Ras4B both form nanoclusters in the disordered 

phase of the lipid membrane  

      Before injecting the protein solutions containing N-Ras and K-Ras4B into the AFM 

fluid cell, we verified deposition of a homogeneously spread lipid bilayer film with 

coexistence of Io and Id domains (Figure 4-2-2 A). Figure 4-2-2 B shows that the height 

difference between the two phases is about 1.34 nm, which is in agreement with the 

reported height difference of Io and Id domains (variance 1.2 ± 02 nm). Thereafter, 200 

μL of N-Ras (cN-Ras = 8 μM) and K-Ras4B (cK-Ras4B = 2 μM) in Tris buffer (20 mM Tris, 

5 mM MgCl2, pH 7.4) were injected into the AFM fluid cell and equilibrated for 1 h. 

Before imaging, 500 μL Tris buffer were injected into the AFM fluid cell to remove 

unbound N-Ras and K-Ras4B protein. Figures 4-2-2 C-D show that K-Ras4B and N-
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Ras both localize in the Id phase. The partitioning behavior is similar to that obtained 

for independent insertion of N-Ras and K-Ras4B into the heterogeneous membrane 

(Figures 4-2-2G and J) and similar to published data [16]. Figure 4-2-2D is the 

zoomed-in image of the top left part of Figure 4-2-2C. The height analysis of this image 

shows that the height of K-Ras4B nanoclusters is about 1.02 nm and the height of N-

Ras nanoclusters amounts to 3.55 nm (Figure 4-2-2E). The heights of the nanoclusters 

we attributed to N-Ras and K-Ras4B simultaneously administered to the model 

membrane are close to those of N-Ras and K-Ras4B when added individually. Hence, 

we may assume that both lipoproteins simultaneously partition into the Id phase of the 

raft-like membrane, localize in spatially separated areas however. Furthermore, the 

addition of N-Ras and K-Ras4B proteins leads to drastic changes in the lateral 

membrane organization of the membrane as seen in Figures 4-2-2A-J. 
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Figure 4-2-2. AFM images of the partitioning and lateral organization of N-Ras and K-Ras4B in the lipid 

bilayer consisting of DOPC/DPPC/cholesterol (molar ratio = 1:2:1) and of N-Ras and K-Ras4B 

independently. (A) AFM image of the lipid bilayer consisting of DOPC/DPPC/cholesterol (molar ratio = 

1:2:1). (B) Cross-sectional profile of the lipid bilayer shown in A. The two black arrows represent the 

height difference of the two points indicated in the Fig. 4-2-2 A. (C) After adding 200 μL of N-Ras (cN-Ras 

= 8 μM) and K-Ras4B (cK-Ras4B = 2 μM) in Tris buffer (20 mM Tris, 5 mM MgCl2, pH 7.4) into the AFM 

fluid cell for 3 h. (D) The zoomed-in AFM image shown on the top left of Fig. 4-2-2 C. (E) Height profile 

of Fig. 4-2-2 C. The red arrows represent the height attributed to K-Ras4B nanoclusters and the green 

arrows represent the height ascribed to N-Ras nanoclusters in the lipid bilayer. (F) AFM height profile 

of Fig. 4-2-2 D. The black arrows represent the height difference of Io/Id domains. (G) AFM image of K-

Ras4B localization in the lipid bilayer consisting of DOPC/DPPC/cholesterol (molar ratio = 1:2:1) after 

adding 200 μL K-Ras4B (cK-Ras4B = 2 μM) in Tris buffer (20 mM Tris, 5 mM MgCl2, pH 7.4) into the AFM 

fluid cell for 3 h. (H, I) AFM height profile of Fig. 4-2-2 G. The red arrows represent the height of K-

Ras4B nanoclusters and the black arrows represent the height difference of I Io/Id domains. (J) AFM 

image of N-Ras (200 μL of N-Ras (cN-Ras = 8 μM)) localization in the lipid bilayer consisting of 

DOPC/DPPC/cholesterol (molar ratio = 1:2:1). (K) AFM height profile of Figure 4-2-2J. The two green 

arrows represent the height of N-Ras nanoclusters in the lipid bilayer and the two black arrows represent 

the height difference of Io/Id domains. 

 

4.2.4 Spatial correlation between N-Ras and K-Ras4B within the 

Förster radius in the lipid membrane  

      Next, the spatial correlation, i.e., average intermolecular distance between N-Ras 

and K-Ras4B proteins embedded in the membrane plane was studied using Förster 

resonance energy transfer (FRET) methodology. Bodipy-labeled N-Ras (FRET-donor) 

and rhodamine-labeled K-Ras4B (FRET-acceptor) were added to large unilamellar 

vesicles (LUVs) prepared from DOPC/DPPC/cholesterol (molar ratio = 1:2:1). After 

equilibration for 1 h, the system of Bodipy-labeled N-Ras and rhodamine- labelled K-

Ras4B embedded in the lipid membrane was excited at 488 nm. To probe the 

existence of FRET between N-Ras and K-Ras4B in the lipid membrane, fluorescence 

spectra of a sample with both Bodipy-labeled N-Ras and rhodamine-labeled K-Ras4B 

in the membrane were recorded and compared to the fluorescence spectra of the 

single protein components in the lipid bilayer. Clearly, a decrease of the donor 

fluorescence and a concomitant increase of the acceptor fluorescence intensity is 

observed (Figure 4-2-3), indicating spatial correlations between N-Ras and K-Ras4B 

within the Förster radius, i.e. 10 nm, of the two fluorophores. 
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Figure 4-2-3. FRET between Bodipy-labeled N-Ras and rhodamine-labeled K-Ras4B in the lipid 

membrane. LUVs (DOPC:DPPC:cholesterl (1:2:1 molar ratio) were used as lipid membrane. Bodipy-

labeled N-Ras functions as donor and rhodamine-labeled K-Ras4B serves as acceptor. All labeled 

proteins were excited at 488 nm and emission spectra were collected between 502 and 700 nm. 

4.2.5 N-Ras and K-Ras4B proteins do not colocalize in the lipid 

membrane 

      Finally, to explore if a proximal co-localization between N-Ras and K-Ras4B 

occurs in the lipid membrane, or if they diffuse independently in the fluid lipid matrix, 

pulsed interleaved excitation fluorescence cross correlation spectroscopy (PIE-FCCS) 

was applied. PIE-FCCS measurements were carried out on GUVs (giant unilamellar 

vesicles) composed of DOPC/DPPC/cholesterol (molar ratio = 1:2:1) with Bodipy-

labeled N-Ras and rhodamine-labeled K-Ras4B protein inserted into the lipid bilayer 

membrane. After the addition of N-Ras and K-Ras4B proteins into the GUVs for 1 h, 

unbound N-Ras and K-Ras4B was removed by washing with Tris buffer. As depicted 

in Figure 4-2-4, the relative cross-correlation amplitude of Bodipy-labeled N-Ras and 

rhodamine-labeled K-Ras4B in the lipid membrane is close to zero, contrasting with 

the positive controls (Figure. 4-2-5 B and 4-2-6). This clearly shows that N-Ras does 

not colocalize with K-Ras4B, i.e., there is no direct interaction between N-Ras and K-

Ras4B molecules in the lipid membrane. 
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Figure 4-2-4. Relative cross-correlation values for a dually labelled oligonucleotide acting as a positive 

control, N-Rh-DHPE and Bodipy-cholesterol inserted into a pure DOPC membrane acting as negative 

control, and Bodipy-labeled N-Ras and rhodamine-labeled K-Ras4B (40 nM, 40 nM with 1 μM PDEδ) 

in the buffer (Tris 20 mM, MgCl2 5 mM, pH 7.4). Data are represented as a scatterplot with the red line 

representing the median value. 

      The protein PDEδ has been reported to bind K-Ras4B in the cytosol and play an 

important role in transporting it to the cellular membrane [164]. The protein forms a K-

Ras4B-PDEδ complex in bulk solution and releases the K-Ras4B upon membrane 

contact [165]. This implies that, if colocalization between N-Ras and K-Ras4B would 

take place, the transporter protein PDEδ is expected to influence the partitioning 

behavior and localization of the two signaling proteins. The PDEδ protein was 

simultaneously injected together with N-Ras and K-Ras4B into the GUVs containing 

solution and PIE-FCCS measurements were carried out. The relative cross-correlation 

amplitude between Bodipy-labeled N-Ras and rhodamine-labeled K-Ras4B in the 

presence of PDEδ is found to be close to zero as well. This additional control indicates 

that the partitioning behavior of the two proteins is similar to the case where the 

transporter PDEδ is absent, and similar to the scenario observed for the individual 

lipoproteins.  
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Figure 4-2-5. Autocorrelation fluorescence (ACF) and cross-correlation fluorescence (CCF) curves of a 

dually (Atto-488 and Atto-565) labeled oligonucleotide, which was used as a positive control. (D) 

Autocorrelation (ACF) and cross-correlation (CCF) fluorescence curves of Bodipy-cholesterol and N-

Rh-DHPE inserted into a pure DOPC membrane, which represent non-co-diffusing species, hence 

serve as a negative control. 

 

      PIE-FCCS measurements on N-Ras and K-Ras4B proteins in neat buffer, 

mimicking cytosol solution conditions, were carried out as well. The results show that 

the relative cross-correlation amplitude between Bodipy-N-Ras and K-Ras4B in the 

buffer solution is also close to zero (Figure 4-2-4), which indicates that N-Ras proteins 

diffuse independently of K-Ras4B proteins, i.e., they do not interact in bulk solution. 

 

4.2.6 Conclusion and discussion 

      Recent work by the Hancock and Gorfe groups suggested that K-Ras4B binds to 

selected anionic lipids with defined head groups and lipid side chains in the plasma 

membrane by electrostatic interactions and lipid sorting [58]. Further, in vivo studies 

suggested that intermolecular interactions foster the self-association of both N-Ras 

and K-Ras4B and the formation of nanoclusters in cell membranes. Interactions 

between K-Ras4B and lipids were proposed to shape the K-Ras4B signaling output 

through formation of nanoclusters. Here, we found that the two lipidated signaling 

proteins N-Ras and K-Ras4B do not colocalize in the lipid bilayer, they rather diffuse 

independently as individual clusters in the fluid membrane matrix. They also diffuse 

independently in bulk solution. As revealed by the AFM data, the simultaneous  
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Figure 4-2-6. Relative cross-correlation values for a dually oligonucleotide acting as a positive control, 

N-Rh-DHPE and Bodipy-Chol inserted into a pure DOPC membrane acting as negative control, and 

different concentrations of Bodipy-labeled N-Ras and rhodamine-labeled K-Ras4B (20 nM, 30 nM, 40 

nM) and of 40 nM K-Ras4B with PDEδ (1 μM) in the DOPC/DPPC/cholesterol (molar ratio = 1:2:1) 

model biomembrane. Data are represented as a scatterplot with the red line representing the median 

value. 

localization of N-Ras and K-Ras4B in the lipid membrane caused changes in the 

lateral organization of the membrane. The changes observed are reminiscent of those 

the two proteins induce when added individually. The FRET experiments revealed that 

N-Ras and K-Ras4B localize adjacent (<10 nm) in the disordered phase of the 

heterogeneous membrane, but do not approach each other closely. Clustering of K-

Ras has not only been observed in such zwitterionic lipid bilayers, but also, as 

expected, to a slightly larger extent in anionic lipid mixtures, where electrostatic 

interactions with the lysine stretch of K-Ras4B and recruitment of anionic lipids is 

taking place [17, 32]. The same scenario seems to hold true for N-Ras. With its longer  

 

 

 

 

 

 

Figure 4-2-7. Scheme proposed for the N-Ras and K-Ras4B colocalization in heterogeneous model 

biomembrane systems. 
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palmitoyl chain as second anchor motif, next to the farnesyl anchor, the protein seems 

to prefer extensive self-association to avoid hydrophobic mismatch. Altogether, a 

picture emerges from our data which is schematically depicted in Figure 4-2-7. By 

using different anchor types with different interaction mechanisms, formation of 

individual signaling platforms is warranted. Such scenario resembles the situation 

proposed to prevail in cellular membranes. It has been suggested that a lipid-mediated 

effect may induce a crosstalk between spatially segregated H-Ras and K-Ras4B [55, 

163]. Here, the crosstalk seems to be repulsive in nature, as the two cluster types are 

of different nature, allowing them to diffuse independently in the fluid lipid matrix. Such 

knowledge might be useful in developing inhibitors for N-Ras and K-Ras. 
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4.3 Dissociation of the Signaling Protein K-Ras4B from Lipid 

Membranes Induced by a Molecular Tweezer 

4.3.1 Prevention of membrane targeting of K-Ras4B proteins in the 

lipid membrane by molecular tweezers 

      Ras proteins are oncoproteins and play a major role in human cancers where they 

fail to switch off the signal for cell growth. More than 30% of human cancers are related 

to mutations of Ras proteins with K-Ras4B being the most frequently mutated isoform. 

They are plasma membrane localized molecular switches that function by shuttling 

between inactive GDP-bound and active GTP-bound forms [29,144]. Signaling of K-

Ras4B strongly depends on its correct localization in the plasma membrane. The 

polybasic domain (including 8 lysine residues altogether) of K-Ras4B acts in 

combination with a CAAX motif to target this protein to the membrane [32]. For stable 

insertion, K-Ras4B has to be farnesylated in the C-terminal CAAX cysteine by farnesyl 

transferase (FTase) [50]. Mutant K-Ras4B proteins in which two, three, or four lysines 

in the polybasic domain were mutated to glutamine showed a significant decrease of 

the amount of K-Ras4B partitioning in the plasma membrane [32, 167]. Further, 

mutations with five or six glutamine substitutions showed cytoplasmic diffusion of K-

Ras4B only, with no K-Ras4B remaining localized in the plasma membrane. This 

suggests that targeting of the polybasic domain of K-Ras4B might constitute an 

effective strategy to inhibit the activity of K-Ras4B. The development of K-Ras4B 

inhibitors has been challenging and we still lack an effective drug being capable of 

fighting K-Ras4B-related cancers [140, 168]. Inhibitors reported so far generally target 

the interaction of K-Ras4B with PDEδ, c-Raf and other effectors [169, 117 and 123]. 

Here we are exploring an approach to modulate the activity of K-Ras4B using 

molecular tweezers. 

      The molecular tweezer CLR01 (Figure 4-3-1C) binds selectively to lysine and 

arginine [170]. Based on the ability of specifically binding to lysine residues, CLR01 

has been explored to combat various diseases. Studies on amyloidosis showed that 

CLR01 inhibits the formation of infectivity-enhancing seminal amyloids and remodels 

preformed fibrils through the specific binding to lysines and arginines [171]. It has also 

been shown that CLR01 is able to inhibit pathologic protein aggregation in multiple 
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neurodegenerative diseases (AD, PD, Huntington etc.) [172] and CLR01 was also 

found to be able to steer protein-protein interactions [173]. 

 

 

Figure 4-3-1. (A) Schematic representation of the structure of the K-Ras4B protein, adapted from the 

crystal structure (PDB: 5TAR). (B) Schematic of the K-Ras4B protein's surface generated using PyMOL 

(PDB: 5TAR). The arginines on the protein surface are shown in violet and the amine of lysines in blue. 

(C) Chemical structure of the tweezer CLR01. (D) Chemical structure of the tweezer CLR03 serving as 

control. (E) Structure of the K-Ras4B peptide (residues 175-185, an additional cysteine was added in 

the N-terminus for native chemical ligation). (F) Final structure from a 200 ns MD simulation in 150 mM 

aq. NaCl with explicit water. Note that from eleven docked tweezer molecules in the start configuration, 

three dissociated into the bulk solvent and eight remained bound to the protein. From these, four bound 

to lysines by side chain inclusion and the other four by formation of highly dynamic ammonium 

phosphate clusters. 
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      Here we describe a new principle, i. e. prevention of membrane targeting of a 

regulatory protein by molecular tweezers. Specifically, we demonstrate, how the lysine 

binder CLR01 is capable of dissociating K-Ras4B from the lipid membrane by targeting 

the polybasic domain of K-Ras4B. Our results show that the tweezer CLR01 binds to 

K-Ras4B peptide (Figure 4-3-1E) containing the polybasic domain with a Kd of ∼4.0 

µM in bulk solution and with a Kd of ∼11.6 µM even in the presence of lipid membranes. 

Further, we show that CLR01 can dissociate both the active GTP-bound and the 

inactive GDP-bound K-Ras4B protein from the lipid bilayer membrane and thereby 

disrupt the K-Ras4B nanoclusters formed in the lipid membrane. Figure 4-3-1B depicts 

the exposed lysine residues in the largely disordered polybasic domain of the 

hypervariable region of K-Ras4B (in blue) and the arginine residues (in violet) - further 

potential binding partners of the tweezer - on the surface of the K-Ras4B protein [50, 

174]. When K-Ras4B binds to the lipid membrane, simulations and biophysical studies 

have shown that the lysines of the polybasic domain are located outside the lipid 

bilayer, whereas the farnesylated lipid anchor is inserted in the lipid membrane [175, 

58 and 176], so that the polybasic domain should still be largely accessible for the 

tweezer CLR01. 

 

4.3.2 Preparation of large unilamellar vesicles (LUVs) and giant 

unilamellar vesicles (GUVs) 

      For the preparation of LUVs, the DOPC lipid was dried by a stream of nitrogen gas 

and then placed into a freeze drier overnight for complete drying. After that, the lipid 

film was rehydrated with Tris buffer (20 mM Tris, 5 mM MgCl2, pH = 7.4). LUVs were 

generated after five freeze-thaw-vortex cycles. Homogeneous LUVs were obtained 

using an extruder (Avanti Polar Lipids, USA) with polycarbonate membrane of 100 nm 

diameter at 65 ˚C. GUVs were prepared by electroformation [16,177] in a homemade 

chamber consisting of a closed bath imaging chamber RC-21B with a volume of 360 

µL mounted on a P-2 platform (both Warner Instruments, Hamden, USA). The dried 

DOPC lipids were dissolved in chloroform, mixed with 0.2 mol% N-Rh-DHPE and then 

spread onto optically transparent and electrically conductive indium tin oxide (ITO) 

coated glass slides (SPI supplies, West Chester USA) (20-30 µL) and spin coated at 

800-100 rpm for 1 min. In order to remove residual chloroform, the glass cover slips 
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were freeze-dried overnight. After that, Tris buffer was added into the chamber. A 5 V, 

10 Hz sinusoidal excitation was applied for 2 h to induce repetitive stress on the 

hydrated lipid bilayer, leading to vesicle swelling and GUV formation. 

 

4.3.3 Tweezer CLR01 is able to bind to the K-Ras4B peptide 

containing the polybasic domain of K-Ras4B 

 

Figure 4-3-2. (A, C) Emission spectra of the tweezer CLR01 (Figure 4-3-1C) as a function of K-Ras4B 

peptide (Figure 1E) concentration in the absence (A, B) and presence (C, D) of a lipid bilayer membrane 

(LUVs of DOPC) in Tris buffer (20 mM Tris, 5 mM MgCl2, pH = 7.4). (A, C) Emission spectra were 

monitored in the range of 305 to 500 nm with excitation at a wavelength of 285 nm. (B, D) Plots of the 

emission intensity of the tweezer CLR01 at λem = 336 nm as a function of K-Ras4B peptide concentration. 

      Previous studies have shown that the tweezer CLR01 has a strong emission band 

at ∼330 nm upon UV/Vis excitation at ∼285 nm, and complexation of lysine residues 

by the tweezer CLR01 results in partial quenching of this emission intensity. Hence, 

the dissociation constant, Kd, of the CLR01-guest complex can be determined by 
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fluorimetric titration experiments.[178] Using this approach, we measured the Kd 

values of the tweezer CLR01 binding to the K-Ras4B peptide in the absence and 

presence of a 1,2-dioleoyl-phosphatidylcholine (DOPC) lipid bilayer, which serves as 

model biomembrane (Figure 4-3-2). The dissociation constant for the tweezer CLR01 

binding to the K-Ras4B peptide in Tris buffer (20 mM Tris, 5 mM MgCl2, pH = 7.4) 

amounts to 4.0 ± 0.8 µM (Figures 4-3-2A, 2B, for fitting). The corresponding Kd-value 

for CLR01 binding to the K-Ras4B peptide in the presence of the lipid membrane 

amounts to 11.6 ± 0.7 µM (Figures 4-3-2C, 2D); it is about three times larger, but still  

 

 

Figure 4-3-3. CD spectra of the K-Ras4B protein in buffer (10 mM Na2HPO4, 2 mM KH2PO4, pH = 7.4) 

at different concentrations of the tweezer CLR01. 

 

of similar magnitude. The number of binding sites, n, for the tweezer CLR01 binding 

to the K-Ras4B peptide is obtained from the fit as well and amounts to 8 ± 1. This 

value indicates that essentially all lysine residues in the K-Ras4B peptide are 

accessible for the tweezer. A similar value of n = 9 ± 2 is even obtained for CLR01 

binding to the K-Ras4B peptide when bound to the DOPC lipid bilayer, indicating that 

the presence of the competing bilayer does not compromise K-Ras4B complexation 

by the tweezers. This finding explains the high potential of CLR01 to destabilize K-

Ras4B binding to the membrane and to extract the K-Ras4B peptide from the lipid 

bilayer as observed by microscopy (see below). Complementary CD spectra recorded 

of the K-Ras4B protein upon addition of CLR01 suggest that the tweezer CLR01-
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lysine/arginine complexation is only accompanied by small conformational changes 

(conformational drift) within K-Ras4B (Figure 4-3-3) [179], lending further support that 

the tweezer CLR01 is able to bind to the lysines of K-Ras4B. 

      The fluorescence titration measurements were performed on a K2 multifrequency 

phase and modulation fluorometer (ISS, Champaign, IL, USA). In the titration 

experiment, 100 µL of the 50 µM tweezer CLR01 solution was placed in a quartz 

cuvette and the peptide was added stepwise. The fluorescent tweezer was excited at 

a wavelength of 285 nm and the emission spectra were recorded in the range of 300 

to 600 nm. All measurements were performed at 25 °C using a circulating water bath. 

The dissociation constant, Kd, and number of binding sites, n, was determined by 

Equation (2) using a multiple binding sites fitting procedure: 

 

𝐼 = [
1

2[𝑇]0
(([𝑇]0 + 𝑛[𝑃] + 𝐾d) − √(([𝑇]0 + 𝑛[𝑃] +  𝐾d)2 − 4𝑛[𝑇]0[𝑃]) )] × (𝐼min − 𝐼o) + 𝐼o       

                                                                                                                       (S4-2-1) 

          

[𝑇]0 is the total concentration of the tweezer CLR01 and [𝑃] is the concentration of 

added K-Ras4B peptide; 𝑛 is the number of binding sites and 𝐾d is the dissociation 

constant. Imin is the lowest fluorescence intensity of the tweezer CLR01 that can be 

reached upon quenching with K-Ras4B peptide. Io is the fluorescence intensity of the 

tweezer CLR01 in the absence of K-Ras4B peptide, and I is the fluorescence intensity 

of the tweezer CLR01 in the presence of different concentrations of K-Ras4B peptide.  
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4.3.4 MD simulations of the tweezer CLR01 with K-Ras4B protein 

 

 

Figure 4-3-4. Distances between CLR01 and the lysines it was placed on, extracted from the MD 

simulation (Carried out by Dr. Felix Niemeyer). Atom pairs were defined consisting of the lysine side 

chain nitrogen and the outer phosphorus atom of the corresponding tweezer. Top view: Survey of all 

lysine/tweezer distances; bottom view: close-up of those tweezers whose overall distances from their 

lysine binding partners remained below 8 Å.  

 

      In-silico studies were performed by Dr. Felix Niemeyer (University of Duisburg-

Essen, Germany) to support the thermodynamic affinity data and to better understand 

the microscopic observations (Fig. 4-3-1F). To this end, 11 lysine residues were 

chosen by accessibility – three of them on the surface of the K-Ras4B protein and 

eight in the hypervariable region (K88, K128, K147, K169, K175, K177, K178, K179, 

K180, K182 and K184). 11 tweezers were placed upon them; however, in the 

polybasic region not all lysines could accommodate a tweezer molecule. The following 

200 ns molecular dynamics simulation with explicit water supports the observed 

overall stoichiometry from the titrations of about 8 to 9 tweezers per protein, for those 

on lysine 175 and 182 dissociated after 40 and 52 ns, respectively. A third tweezer 

dissociated after 150 ns from lysine 177.  All the other tweezers remained within 8 Å 

of the original lysines. 
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      All calculations were performed in Maestro 11.9. The protein structure was 

retrieved from the PDB as 5TAR. Subsequent preparation was done using the protein 

preparation wizard (bond order assignment with the help of the CCD database, 

addition of hydrogens, filling of missing sidechain atoms, deletion of all waters and the 

generation of het states at pH 7.0) followed by H-bond assignment using PROPKA at 

pH 7.0 and a restrained minimization to converge the heavy atoms to RMSD below 

0.3 Å. Tweezers were imported into Maestro as SMILES and subsequently placed 

manually onto the lysines. The resulting protein structure with 11 tweezers was relaxed 

by means of a restrained minimization. 

      MD simulations were performed with Desmond from D. E. Shaw. The solvent 

model was SPC and the box shape orthorhombic with the box size at 10 Å buffer to 

the protein. Charges were neutralized by the addition of 41 sodium ions and sodium 

chloride was added to a total concentration of 150 mM. The following molecular 

dynamics simulation was set up to run for 200 ns with the trajectory saved every 200 

ps resulting in 1000 trajectory frames (energy saved every 1.2 ps). The ensemble 

class was NPT with a temperature of 300 K and a pressure of 1013 mbar. The model 

system was relaxed before the productive run by the standard relaxation protocol 

provided. Calculations were performed on a Nvidia GTX 1070 graphics card. 
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Figure 4-3-5. Confocal laser scanning images of the time-dependent ATTO 488-labeled GDP-K-Ras4B 

(2 µM in 360 µL Tris buffer) after addition of 100 µM CLR01 in GUVs composed of DOPC. N-Rh-DHPE 

(0.2 mol%) was used as membrane marker. Scale bar = 10 µm. 

      The resulting MD simulation was first analyzed by visual inspection, followed by 

extraction of the distances between CLR01 and the lysines it was placed on. For this, 

the simulation event analysis tool was used and atom pairs were defined consisting of 

the lysine side chain nitrogen and the outer phosphorus atom of the corresponding 

tweezer. 

      Interestingly, the only half of all tweezers display their typical binding mode 

towards lysine side chains that point into the cavity for lysines 88 and part of the time 

for lysines 128, 178 and 184. The other tweezers show a different behavior: here, the 

negatively charged phosphates interact with one or two ammonium ions of the 

neighbouring lysines via salt bridges. In this case the hydrophobic aromatic rings point 

away from the charged protein surface and may to a certain extent shield it. Binding 

is partially assisted by π-cation interactions between lysine ammonium ions and the 

aromatic rings of the tweezers. This unique clustering binding mode may indeed assist 

the detachment process from the membrane by inducing conformational changes in 

the hypervariable region of K-Ras4B. 

4.3.4 Tweezer CLR01 dissociates the K-Ras4B protein from the lipid 

membrane 
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Figure 4-3-6. (A) Confocal laser scanning microscopy images of the time-dependent ATTO 488-labeled 

GTP-K-Ras4B (2 µM in 260 µL, Tris buffer) in GUVs composed of DOPC. Scale bar = 5 µm. (B) 

Quantification of fluorescence intensity of time-dependent ATTO 488-labeled GTP-K-Ras4B in GUVs 

of DOPC.  

      Confocal laser scanning microscopy experiments were carried out in order to 

directly visualize the complexation event of CLR01 tweezer molecules to K-Ras4B 

bound to the lipid membrane. Giant unilamellar vesicles (GUVs) of DOPC with 

diameters of about 30 m were used as model membrane. The GUVs were prepared 

using the electroformation method (details are given in the SI). GTP-bound and ATTO 

488-labeled K-Ras4B protein was injected into the optical chamber, allowing to bind 

to the lipid membrane for 30 min. Before injecting the tweezer CLR01 (150 µM) into 

the chamber, the system was washed with Tris buffer to remove potentially unbound 

K-Ras4B protein. As can be clearly seen in Figure 4-3-5, the fluorescence intensity of 

ATTO 488-labeled K-Ras4B bound to the lipid vesicle decreases significantly after 

injection of the tweezer. Fluorescence intensity quantification of the ATTO 488-labeled 

K-Ras4B at different time points after injecting CLR01 shows an about 90% decrease 

within 2 min (Figure 4-3-7B). In a control study, Figure 4-3-6 shows that in the absence 

of the tweezer, there is only a 0.1% fluorescence intensity decrease of ATTO 488-

labeled GTP-K-Ras4B after 6 min. which might be due to minor photobleaching with 

time. These data provide experimental evidence for the tweezer’s ability to extract 

active GTP-bound K-Ras4B protein from the lipid membrane. Figure 4-3-5 shows that 

the tweezer CLR01 is also able to dissociate K-Ras4B in its inactive GDP-bound form. 

 

Figure 4-3-8. AFM images of the time-dependent partitioning and lateral organization of GDP-K-Ras4B 

in the lipid bilayer composed of DOPC. The AFM images are shown before (A) and after injection of 

200 µL of GDP-K-Ras4B (cK-Ras4B = 2 µM) in Tris buffer (20 mM Tris, 5 mM MgCl2, pH = 7.4) into the 

AFM fluid cell. After 60 min, the AFM fluid cell was washed using Tris buffer and the AFM image (B) 

was taken. Tweezer CLR03 at a concentration of 25 µM in Tris buffer was injected into the AFM fluid 

cell. After 120 min, the AFM fluid cell was washed and the AFM image (C) was recorded. Scale bar = 

1 µm.  
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Figure 4-3-7. (A) Confocal laser scanning microscopy images of the time-dependent ATTO 488-labeled 

GTP-K- Ras4B protein (2 µM of 360 µL Tris buffer) after addition of 150 µM CLR01 in GUVs prepared 

from DOPC. N-Rh-DHPE (0.2 mol%) was used as membrane marker. Scale bar = 20 µm. (B) 

Quantification of the fluorescence intensity of ATTO 488-labeled GTP-K-Ras4B protein in DOPC GUVs. 

(C, D, E) AFM images of the time-dependent partitioning and lateral organization of GTP-K-Ras4B in 

the DOPC lipid bilayer. The AFM images are shown before (C) and after injection of 200 µL of GTP-K-

Ras4B (cK-Ras4B = 2 µM) in Tris buffer (20 mM Tris, 5 mM MgCl2, pH = 7.4) into the AFM fluid cell. After 

60 min, the sample was washed using Tris buffer and AFM images of GTP-K-Ras4B nanoclusters (D) 

were recorded. In the following, tweezer CLR01 (45 µM) in Tris buffer was injected into the AFM fluid 

cell. After 135 min, the AFM fluid cell was washed using Tris buffer and AFM image were taken (E). (F, 

G, H) AFM images of the time-dependant partitioning and lateral organization of GTP-K-Ras4B in the 

DOPC lipid bilayer. The AFM images are shown before (F) and after injection of 200 µL of GTP-K-

Ras4B (cK-Ras4B = 2 µM), showing again formation of K-Ras4B nanoclusters (G). Upon injection of 

the tweezer CLR03 (45 µM), washing after 130 min using Tris buffer, AFM images were recorded (H), 

showing no significant changes in the lateral organisation (nanoclustering) of the K-Ras4B protein. (I, 

J, K) AFM images of the DOPC bilayer in the absence (I) and presence of pre-incubated CLR01-K-

Ras4B complex in bulk solution after 60 and 120 min, showing adsorption of large K-Ras4B-tweezer 

aggregates attached to the lipid interface, only. Scale bar = 1 µm. (L, M) AFM height profiles of the 

areas marked with a red line (x-axis) in Figures 3G and 3K, respectively. 

 

 

 

Figure 4-3-9. AFM images of the time-dependent partitioning and lateral organization of GDP-K-Ras4B 

in the lipid bilayer composed of DOPC. The AFM images are shown before (A) and after injection of 

200 µL of GDP-K-Ras4B (cK-Ras4B = 2 µM) in Tris buffer (20 mM Tris, 5 mM MgCl2, pH = 7.4) into the 

AFM fluid cell. After 60 min, the AFM fluid cell was washed using Tris buffer and the AFM image (B) 

was taken. Tweezer CLR01 at a concentration of 25 µM in Tris buffer was injected into the AFM fluid 

cell. After 125 min, the AFM fluid cell was washed and the AFM image (C) was taken. Scale bar = 1 

µm. 

      K-Ras4B is known to form nanoclusters in the cell membrane, which is essential 

for high-fidelity activation of K-Ras4B signaling [55]. Spontaneous nanoclustering has 

also been observed in homogeneous and heterogeneous model membrane systems 
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[17, 62 and 180]. To reveal the influence of the tweezer CLR01 on the K-Ras4B 

nanoclusters at molecular resolution, we conducted time-lapse tapping-mode atomic 

force microscopy (AFM) experiments. Using the technique of in situ injection of a K-

Ras4B protein solution into the AFM fluid cell, the same region of the lipid bilayer could 

be observed before and after incorporation of the protein (details of the preparation 

are described elsewhere [17, 62]. Before injecting K-Ras4B protein into the fluid cell, 

we verified deposition of a homogeneous DOPC lipid bilayer on the atomically flat 

hydrated mica surface (Figure 4-3-7C). After addition of GTP-bound K-Ras4B protein, 

tapping-mode AFM measurements were carried out at several time points. Figure 4-

3-7D reveals that K-Ras4B nanoclusters are readily formed in the lipid bilayer, in 

agreement with literature data [17, 62 and 180]. Our own previous studies have shown 

that embedding K-Ras4B into membranes results in (lipid-mediated) attractive protein-

protein interactions and formation of nanoclusters with heights of about 2.0 to 2.5 nm 

[17, 62 and 180].  

 

 

 

 

 

 

 

 

 

 

Figure 4-3-10. GDP-K-Ras4B pre-incubated for 1 h with the tweezer CLR01 (20 µM) in Tris buffer. AFM 

images are shown before (A) and after injecting the solution of pre-incubated K-Ras4B+CLR01 into the 

AFM fluid cell. After 60 min and 120 min, the AFM fluid cell was washed using Tris buffer and AFM 

images (B, C) were taken subsequently. All scale bars in the AFM images indicate 1 µm. (D) AFM height 

profile of the area marked by the red line in B. 
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Before injecting the tweezer CLR01 into the AFM fluid cell, the neat bilayer system 

was washed using Tris buffer to remove potentially unbound K-Ras4B protein. 

Comparison of the images 4-3-7D and 4-3-7E demonstrates that tweezer addition is 

able to disrupt these membrane-bound K-Ras4B nanoclusters and leaves behind 

some dissociated large CLR01-complexed protein aggregates on top of the lipid 

membrane next to dissociated K-Ras4B protein accumulated in the buffer solution. As 

a valuable control, an inactive structurally related compound without sidewalls, CLR03 

(Figure 4-3-1D), which is not able to include lysine residues, was used for the AFM 

experiments. In contrast to CLR01, the control CLR03 had no effect on both GTP-

bound and GDP-bound K-Ras4B nanoclusters in the lipid membrane (see Figures 4-

3-7F-4-3-7H and Figures 4-3-6, 4-3-8). 

 

Figure 4-3-11 MDCK cells of Citrine-K-Ras4B were treated with 150 µM of tweezer CLR01. Images 

were recorded by laser-scanning confocal microscopy at different time points. Citrine was excited by a 

wavelength of 488 nm light and emission were collected from 510 nm to 670 nm. A long-pass filter of 

500 nm was used for the emission collection. MDCK cells were placed in an incubator mounted on the 

confocal microscopy (Leica SP5), where can keep the temperature at 37 C° and 5% CO2. The medium 

was in the absence of phenol red, which can intervene the fluorescence of the MDCK cells of Citrine-

K-Ras4B. Scale bar = 50 µm.  

 

      Besides dissociation of K-Ras4B from the membrane, the prevention of de novo 

K-Ras4B nanoclustering inside the lipid membrane can also be expected to be an 

effective strategy for modulating K-Ras4B signaling. To explore, if the tweezer is 
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indeed able to suppress nanocluster formation in the DOPC lipid bilayer, different 

concentrations of CLR01 were incubated with K-Ras4B protein in bulk solution. After 

incubation for 1 h, this solution was injected into the AFM fluid cell containing the model 

membrane and tapping-mode AFM measurements were carried out. While in the 

absence of CLR01, K-Ras4B nanoclusters were smoothly formed in the lipid bilayer, 

no such nanoclusters were formed upon incubation with CLR01 (Figures 4-3-7-I-K). 

Rather, some large K-Ras4B -tweezer aggregates (with heights of about 6-8 nm) were 

found loosely attached to the lipid interface. Importantly, at low tweezer concentrations, 

K-Ras4B nanoclusters were again formed but with smaller sizes. 

 

 

Figure 4-3-12 (A) MDCK cells of Citrine-K-Ras4B were treated with 500 µM of tweezer CLR01. Images 

were recorded by laser-scanning confocal microscopy at different time points. Citrine was excited by a 

wavelength of 488 nm light and emission were collected from 510 nm to 670 nm. A long-pass filter of 

500 nm was used for the emission collection. MDCK cells were placed in an incubator mounted on the 

confocal microscopy (Leica SP5), where can keep the temperature at 37 C° and 5% CO2. The medium 

was in the absence of phenol red, which can intervene the fluorescence of the MDCK cells of Citrine-

K-Ras4B. Scale bar= 20 µm. (B) Quantification of fluorescence of Citrine-K-Ras4B of MDCK cells in 

the presence of tweezer CLR01 of 500 µM. The quantification analysis was performed using software 

ImageJ.  
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      Since it has been proved that tweezer CLR01 is able to dissociate K-Ras4B from 

the lipid membrane, we presumed that the tweezer CLR01 may also be capable of 

dissociating K-Ras4B in the plasma membrane. To explore the effect of tweezer 

CLR01 on K-Ras4B in the plasma membrane, we constructed a stable MDCK cell 

lines of Citrine-K-Ras4B. The cells were seeded in the imaging wells and grew for the 

measurements for 12 h. Different concentrations of tweezer CLR01 were incubated 

with the MDCK cells of Citrine-K-Ras4B. The fluorescent images at each time points 

were recorded by laser-scanning confocal microscopy. The recorded images with 

quantification of fluorescence in the plasma membrane suggest that the tweezer 

CLR01 has no effect on the K-Ras4B in the plasma membrane. However, in vivo data 

(unpublished) of tweezer CLR01 by the group of Prof. Thomas Schrader (University 

of Duisburg-Essen) indicate that the tweezer CLR01 cannot cross the plasma 

membrane is a consequence, no effect of the tweezer CLR01 on K-Ras4B in the inner 

surface of the plasma membrane can be explained as seen here. 

 

4.3.4 Conclusion and discussion 

      In summary, we have presented a new strategy to prevent K-Ras4B signaling by 

Supramolecular Chemistry. It is based on the ability of the molecular tweezer CLR01 

to bind efficiently to the polybasic domain of the K-Ras4B protein. Due to the powerful 

shielding of the entire polybasic domain of the protein, its electrostatic attraction to the 

phospholipid head groups is cancelled. Thus CLR01 is able to markedly weaken the 

essential K-Ras4B/membrane interaction and dissociate bound K-Ras4B protein from 

the lipid interface. Moreover, the tapping-mode AFM measurements indicate that the 

tweezer is also able to disrupt the K-Ras4B nanoclusters formed in the lipid bilayers, 

thereby efficiently reducing the protein's signaling output. Finally, we could show that 

the tweezer CLR01 is able to already induce complex formation with K-Ras4B protein 

in bulk solution, thereby reducing its propensity to bind to the lipid membrane and form 

nanoclusters (Figure 4-3-7 I, J and K). Taken together, these data suggest that 

targeting of the polybasic domain of K-Ras4B using molecular tweezers might 

represent an effective strategy for inactivation of K-Ras4B signaling. 
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Figure 4-3-13. Schematic representation of the mechanism of dissociation of K-Ras4B from the lipid 

membrane by the molecular tweezer CLR01. 

 

      To conclude, direct and indirect approaches to targeting Ras cancers are 

underway in academia and in many pharmaceutical companies. Small molecules that 

bind tightly to RAS proteins have been difficult to find, mostly because RAS proteins 

lack a deep pocket to which small molecules could bind with high affinity. Several low-

affinity compounds have been reported but do not appear to have been developed 

beyond their initial characterization [25, 144]. Other approaches have focused on 

compounds that prevent GEF-mediated GDP/GTP exchange.[181, 182] Further 

inhibitors being studied and discussed for inhibiting Ras signaling encompass K-

Ras4B (G12C), the prenyl-binding protein PDEσ, Raf-RBD, and SOS1 [117,182, 183, 

123, 122]. The inhibitor targeting the mutant K-Ras4B (G12C) can disrupt the binding 

with Raf and SOS, its application is limited to the K-Ras4B (G12C)-driven cancer, 

however. For drugs that do not need to discriminate between wild-type and mutant 

forms, other strategies are needed. Transferase inhibitors can potently inhibit the 

farnesyltransferase enzyme which adds a farnesyl lipid tail to the cysteine in the HVR 

domain of K-Ras4B [184]. However, it has been reported that K-Ras4B can escape 

the farnesyltransferase inhibitor because it can be geranylgeranylated instead. These 

compounds can truly inhibit K-Ras4B farnesylation, but K-Ras4B can still associate 

with membrane though the compensatory activity of geranylgeranyltransferase-I, and 
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the toxicity of the farnesyltransferase inhibitor with geranylgeranyltransferase-I 

inhibitor in vivo limits the duration of the treatment [140, 36 and 37]. 

      In a different approach, the tweezer CLR01 disrupts the association of K-Ras4B 

with the membrane by targeting the polybasic domain. While the tweezer CLR01 has 

a weak binding affinity with K-Ras4B, it can recognize all mutations of K-Ras4B-related 

cancer through targeting the polybasic domain, i.e. it directly targets K-Ras4B. Similar 

polybasic domains, comprising lysine residues or a combination of lysine and arginine 

residues, are also found in other proteins of the Ras family, like RhoA, RhoC, Rap1A 

and Ral [185, 186], this strategy may therefore be also explored for the inactivation of 

other signaling proteins of that family. Selectivity for the specific Lys and Arg pattern 

and a stronger binding affinity may be achieved with multivalent tweezer constructs 

based on precision oligomers. To this end we have recently developed a synthetic 

strategy for the construction of tweezers with a single alkyne unit [187]. First dimeric 

and trimeric tweezers with well-defined distances have already been generated by 

“click chemistry” in our laboratory. Furthermore, cell culture experiments are on the 

agenda to explore the benefit of the approach in the context of the biological cell. 

Overall, considering the complexity of Ras isoforms, effector functions and 

downstream pathways as well as feedback loops and signaling redundancy, the 

challenge of shutting down Ras signaling remains an enormous task still to be 

achieved. 
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4.4 Identification and mechanistical characterization of Raf 

and SOS1 interacting with K-Ras4B in the lipid membrane 

4.4.1 Raf and SOS1 proteins interact with K-Ras4B in cell 

membranes 

      K-Ras4B is a small GTPase and oncoprotein , which plays a major role in cellular 

signaling regulation, including proliferation, apoptosis and differentiation, by binding 

its effectors and regulators, such as Raf and SOS1 [188] . However, mutations in K-

Ras4B and its isoforms, H-Ras, N-Ras and K-Ras4A are present in 20-30% of human 

tumors [116]. Some tumors, such as pancreatic ductal adenocarcinomas have K-

Ras4B mutations (nearly 90%) and K-Ras4B is the most frequently mutated Ras 

isoform, which makes K-Ras4B an attractive target for Ras-driven cancers. Despite 

more than 30 years of intensive efforts to develop inhibitors of Ras, no effective 

inhibitors can fight Ras-driven cancers [185]. 

      Ras proteins function as a molecular binary switch, oscillating between a GDP-

bound, inactive form and a GTP-bound, active form. The nucleotide exchange from 

GDP-bound to GTP-bound is stimulated by guanine nucleotide exchange-effectors 

(GEFs) and the conversion back to the GDP-bound form by GTPase-activating 

proteins (GAPs) leading to fast GTP hydrolysis [52]. Mutations of Ras impair or greatly 

decrease intrinsic GTP hydrolysis rates of GAPs, resulting in formation and 

accumulation of GTP-bound Ras [72]. The binding affinity of Ras with GTP is 

picomolar and the cellular concentration of GTP is millimolar, which renders directly 

targeting GTP of Ras unsuccessful. Signaling of Ras strongly depends on the 

association with the inner face of the plasma membrane and the subsequent 

recruitment and interaction with Ras effectors. The cysteine of the C-terminal CAAX 

(C, cysteine; A, aliphatic amino acid; X, terminal amino acid) of Ras can be 

farnesylated by farnesyltransferase [189]. The modifications that occur in the cytosol 

by Ras converting enzyme 1 (RCE1) and isoprenylcysteine carboxyl methyl 

transferase (ICMT) make Ras C-terminal methylated in order to delete the negative 

charge and prevent plasma membrane repulsion [43]. The additional palmitoylation of 

H-Ras, N-Ras and K-Ras4A or the polybasic domain of K-Ras4B promote Ras 

association with the plasma membrane [31].  
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      Three Raf isoforms, A-Raf, B-Raf, and C-Raf function as Ras effectors, which 

participate in Ras-Raf-MEK-ERK signaling cascades [190]. Sequence alignments 

shows that the Raf isoforms share conserved regions: CR1, CR2 and CR3. CR1 

comprises the N-terminal Ras-binding domain (RBD), which followed by a cysteine-

rich domain (CRD). CR2 is a serine/threonine-rich domain containing a 14-3-3 binding 

site. CR3 is the kinase domain with a long and flexible linker connected to CR2 [94]. 

Although K-Ras4B preferentially activates C-Raf, B-Raf can be activated by K-Ras4B 

similarly, whereas A-Raf is only weakly activated. B- and C-Raf stay in an inactive 

form, closed conformation in the cytosol, which is stabilized by 14-3-3 complex and 

other phosphatases [191]. RBD recognizes GTP-bound K-Ras4B and forms a tight 

and persistent complex through the effector binding site of Ras. Crystal structures of 

B-Raf-RBD with H-Ras reveal that RBD binds to the effector binding site of Ras with 

high affinity. The B-Raf-RBD/H-Ras complex formation alters amide exchange rates 

and induces allosteric changes in B-Raf-RBD. This suggests that Ras binding can 

induce the drastic domain rearrangements of RBDs in order to active Raf kinase [192]. 

All three Ras proteins share a conserved G domain with two flexible surface loops, 

named switch I (residues 30-40) and switch II (residues 60-76) involved in nucleotide, 

effectors and regulator binding. Further, the RBDs from B-Raf and C-Raf share 100% 

sequence identity in the function and Ras-interaction with two β strands: β1 and β2 

strands (157RVFLPNKQRTVV169), and A-Raf with 83% (157KVYLPNKQRTVV169) [193], 

which suggests a highly similar binding model for the B-Raf-RBD and C-Raf-RBD, 

while there might be a different binding model for the A-Raf-RBD compared with B- 

and C-Raf-RBD.  

      The cysteine-rich domain (CRD) of Raf proteins is thought to play an important 

role for membrane contact and interaction. MD simulations show that the C-Raf-CRD 

reduces the fluctuations of C-Raf-RBD/K-Ras4B at the membrane and enhances the 

C-Raf-RBD/K-Ras4B binding affinity at the membrane, resulting in facilitating C-Raf 

kinase domain dimerization and activation [194], thus K-Ras4B dimerization and Raf-

MEK-ERK signal transduction. H-Ras was shown to form an H-Ras/C-Raf-CRD 

complex and the farnesyl lipidated-membrane anchor is attracted by C-Raf-CRD. 

Moreover, C-Raf-CRD was reported to interact selectively with phosphatidylserine (PS) 

in the lipid membrane. Simulation studies indicate that the basic residues of C-Raf-

CRD interact with the anionic lipids strongly to evolve into a lipid-anchored 
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conformation with electrostatic interaction being the driven force [194]. Lys-148 is the 

most important residue responsible for C-Raf-CRD binding, followed by Arg-143, Lys-

144 and Lys-157, which is shown by simulation studies [194]. It was reported that 

these lysine residues defined the clusters and the interaction with PS induced by C-

Raf-CRD in the lipid membrane, which is consistent with the hypervariable region 

(HVR) of K-Ras4B shaping the K-Ras4B nanoclusters. Since the linker connecting 

RBD to CRD only has six amino acid residues, C-Raf-CRD restrains the K-

Ras4B/RBD fluctuations at the membrane. Sequence alignments show that at the 

relative position of Lys-148 of C-Raf-CRD, Ser-108 and Tyr-244 are located in the A-

Raf-CRD and B-Raf-CRD, respectively [195]. This suggest that the A- and B-Raf-CRD 

interaction with membrane might be different from that with C-Raf-CRD.  

      Raf interaction with K-Ras4B is of great significance, which is the key step of 

MAPK signaling. Since B- and C-Raf proteins are autoinhibited in the cytosol with a 

closed conformation by binding of 14-3-3 and its inhibitory domains, they have to be 

recruited by GTP-bound, active K-Ras4B protein and dephosphorylated in order to be 

an open conformation [86]. Activation of B-Raf and C-Raf kinases is followed by 

phosphorylation of the activation sites with the kinase and conformation 

rearrangements lead to kinase domain dimerization as active state [196]. A-Raf 

activation is poorly understood and it seems to only be weakly activated by Ras [197]. 

Although the crystal structures of the complex of H-Ras with B-Raf-RBD and the 

solution structure of C-Raf-CRD by NMR provide their location, the relative position of 

RBD with respect to the CRD and the function of the CRD in the lipid membrane are 

unknown. To date, there are still no Raf-RBD-CRD or full-length Raf structures 

available. Simulation studies suggest that the RBDs recognize the GTP-K-Ras4B in 

the lipid membrane leading to an identical conformational change and CRDs are a 

membrane binding domain, which restrain the K-Ras4B/C-Raf-CRD complex 

fluctuations and enhance the binding affinity of K-Ras4B/C-Raf-RBD [195]. However, 

an integrated study of RBD and CRD with K-Ras4B in the lipid membrane is still 

missing. To activate Raf, Raf has to locate and contact with the lipid membrane 

through the binding of the RBD with K-Ras4B. Thus, a precise understanding of Raf 

interaction with membranes is essential to understand Raf activation. Furthermore, 

differential activation of Raf might be determined by the local lipid composition of the 

membrane. Understanding of the three Raf isoforms in the context of lipid membranes 
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is a fundamental aspect of Raf and Ras biology, and characterizing these interactions 

will be important for explaining the function of these three Raf isoforms different 

function in the MAPK pathway and interventions aimed at Ras-driven cancers.  

      The protein Son of Sevenless (SOS) has two human isoforms: SOS1 and SOS2 

[198]. They are all Ras-GEF proteins, which catalyze the nucleotide exchange from 

the GDP-bound to the GTP-bound state. The GTPase-activating proteins (GAPs) 

mediate GTP-bound active forms to GDP-bound inactive forms. The Ras-GEFs and 

Ras-GAPs regulate the level of active and inactive Ras proteins, which control the Ras 

signaling pathway. In this study, we focused on SOS1.  

      The activation of SOS1 is a multistep process, which includes membrane 

recruitment, release of autoinhibition, and modulation by Ras [98, 99, 100]. The PxxP 

motif of the C-terminal proline-rich (PR) domain is thought to initially associate with the 

lipid membrane. SOS contains a series of N-terminal domains, namely the Db1 

homology (DH), pleckstrin homology (PH) and a histone-fold (HF) domain, which 

inactivate SOS proteins in solution. Upon association with lipid membranes, the 

autoinhibition is released. The allosteric pocket located at the REM and CDC25 

domain (named as catalytic domain) binds to Ras proteins, resulting in full activation 

of SOS proteins [108, 109]. Although the process of membrane recruitment and 

release of autoinhibition is fully understood, the interaction of the catalytic domain with 

the lipid membrane is poorly understood. Recent studies show that inhibitors targeting 

the K-Ras4B-SOS1 complex can block the GTP binding with K-Ras4B, leading to an 

antiproliferative activity. This suggests that targeting K-Ras4B/SOS1 might represent 

an effective strategy for Ras-driven cancer therapy. Therefore, a comprehensive 

understanding of the interaction between the catalytic domain of SOS1 and K-Ras4B 

in the lipid membrane is needed.  

4.4.2.1 Raf-RBDs and SOS1 expression and purification  

      The B-Raf-RBD genes were inserted into vector pGEX-2T (MBP tagged with a 

thrombin cleavage site) using BamHI and EcoRI enzyme restriction sites from Gene 

script (USA). A, C-Raf-RBD plasmids with a pGEX-2T vector (GST-tagged with a 

thrombin cleavage site) and SOS1 (564-1059) plasmid with a pET28a vector (His6 

tagged with a TEV cleavage site) were given from Christian Herrmann (MPI Dortmund) 

as a gift. SOS1 (564-1059) were transformed into E.coli (DE3) BL21. The cells were 
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grown at 37 °C with 5 liters of LB media. Protein expression was induced with 0.5 mM 

IPTG when the culture reached an OD600 of 0.5-0.6 for 16 hours. 5 liters of culture 

cells were resuspended to Tris buffer (20 mM Tris, 500 mM NaCl, 2 mM TCEP, pH=7.4) 

(Buffer A) using 10 ml. Appropriate units of protease inhibitor (SIGMAFAST Protease 

Inhibitor Tablets) were added to the unclarified lysate and centrifuged at 15,000 rpm 

for 30 min at 4 °C. All subsequent steps were performed at 4 °C. 20 mM imidazole 

was added into the clarified lysate and then loaded onto a His-Trap column (GE 

Healthcare, 5 ml). The equilibration buffer (20 mM imidazole in Buffer A) (Buffer B) 

was used to wash the His-Trap column. The column was washed to baseline using 

elution buffer (Buffer C, 500 mM imidazole in Buffer A) with a gradient from 20-500 

mM imidazole. The fractions was collected and analyzed by SDS-PAGE and 

Coomassie-staining. The confirmed elution pool was transferred to a storage buffer 

(20 mM Tris, 5 mM MgCl2, 2 mM TCEP, pH=7.4) using HiPrep 26/10 desalting column 

(GE Healthcare). His6-TEV protease (Sigma-Aldrich, USA) at 1:100 (w/w) was added 

into the elution pool and allowed to digest for 8 hours. The cutting was analyzed by 

SDS-PAGE and Coomassie-staining. The digested solution was loaded to His column 

to remove His6-TEV protease and some His6-tagged full-length proteins. The final 

proteins were concentrated to an appropriate volume and frozen as small aliquots.  

       A-, B-, C-Raf-RBD plasmids transformation and cell culture are the same with 

SOS1 (564-1059) purification. The clarified lysates were loaded onto a GST-trap FF 

(GE Healthcare) column and washed using Tris buffer (20 mM Tris, 500 mM NaCl, 2 

mM TCEP, pH=7.4). The column was washed using elution buffer (20 mM Tris, 10 mM 

reduced glutathione, pH=8.0). The fractions were collected and analyzed by SDS-

PAGE and Coomassie-staining. The confirmed elution pool was transferred to the 

storage buffer (20 mM Tris, 5 mM MgCl2, 2 mM TCEP, pH=7.4) and thrombin protease 

(GE Healthcare) (8 unit per mg) was added into the elution pool and allowed to digest 

for 10 hours. The cutting was confirmed by SDS-PAGE and Coomassie-staining. The 

digested solution was reloaded onto GST column to remove GST and some GST-

tagged full-length proteins. Next, the eluate was loaded onto a HiTrap Benzamidine 

FF (high sub) (GE Healthcare) column to remove the thrombin enzyme. The final 

proteins were concentrated to an appropriate volume and frozen as small aliquots.  
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4.4.2.2 K-Ras4B protein synthesis 

      Full-length K-Ras4B proteins were synthesized using expressed protein ligation 

(EPL) [62]. The plasmid of K-Ras4B-intein-CBD was given from the Prof. Herbert 

Waldmann group (MPI Dortmund). The plasmid was transformed into E. coli BL21 

(DE3) and cells was grown at 37 °C. Protein expression was induced with 0.5 mM 

IPTG when the culture reached an OD600 of 0.5-0.6 for 16 hours. All the subsequent 

steps were performed at 4 °C. The cells were lysed by ultrasonification in lysis buffer 

(20 mM Tris, 500 mM NaCl, 2 mM MgCl2, pH=7.4). The clarified lysate was loaded 

onto a chitin beads affinity column after equilibration with lysis buffer. The intein 

splicing was introduced by incubation of the column with intein splicing buffer (20 mM 

Tris, 500 mM NaCl, 2 mM MgCl2, 50 mM MESNA, pH=8.5) overnight. The generated 

K-Ras4B (∆15)-MESNA thioester was transferred to lysis buffer using HiPrep 26/10 

desalting column (GE Healthcare) and concentrated with size exclusion filtration 

(Amicon Ultra-15 MWCO 10 kD). The final protein was quick frozen and stored at -

80 °C. The K-Ras4B peptide (H-Cys (StBu)-Lys6-Ser-Lys-Thr-Lys-Cys (Far)-OMe) 

was synthesized using solid-phase peptide synthesis (SPPS) by Eurogentec 

Deutschland GmbH (Köln, Germany). The K-Ras4B peptide (0.1 µmol, 5 eq.) 

dissolved in the ligation buffer (20 mM Tris, 100 mM NaCl, 2 mM MgCl2, pH=7.4). The 

K-Ras4B peptide was ligated to K-Ras4B (∆15)-MESNA thioester (1.32 mg) by native 

chemical ligation (NCL) in the ligation buffer at pH=7.2 (adjusted to the final pH using 

NaOH or HCL solution) for 5 h. The purification was performed on a Hi-Trap SP-XI 

(GE Healthcare, 1 ml) using cation exchange chromatography. The protein was 

characterized by SDS-PAGE, Coomassie-staining and ESI-MS. The final protein 

obtained was concentrated by size exclusion filtration (Amicon Ultra-15 MWCO 10 kD, 

Millipore) and frozen as small aliquots.  

 

4.4.3 A-, B- and C-Raf-RBD are all recruited to the K-Ras4B protein 

in the lipid membrane 
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Figure 4-4-1 The Raf kinases and their truncation fragments. (A) Full-length A-, B- and C- Raf kinases. 

(B) The A-, B- and C-Raf truncation fragments were designed and used for this study. Detailed 

information can be found in the part of protein purification as described under ‘’Methods’’ in this chapter. 

The fragments of A-, B- and C-Raf-RBD-CRD are still in the process of expression and purification.  

      The RBD of the Rafs was initially proposed to interact with Ras proteins in the lipid 

membrane, resulting in recruitment of Raf proteins to the plasma membrane. However, 

recent data suggest that particular membrane lipids contribute to this process via 

interaction with the Raf proteins [199]. The crystal structure analysis of B-Raf-RBD/H-

Ras indicates that the B-Raf-RBD/H-Ras complex formation alters amide exchange 

rates and induces allosteric changes in B-Raf-RBD [193]. These findings suggest that 

Raf RBDs might play unclarified roles in Raf kinase activation besides simply binding 

to Ras proteins. To investigate the potential mechanism of interaction between RBD 

and K-Ras4B proteins in the lipid membrane, we prepared three fragments containing 

RBD domains of A-, B- and C-Raf (Figure 4-4-1 B) and studied their interaction with 

the lipid membrane (Lipid composition: DOPC:DPPC:cholesterol=1:2:1) using 

tapping-mode atomic force microscopy (AFM) at molecular level. The kinetic tapping-

AFM measurements were carried out in an AFM fluid cell with direct protein injection 

technology, and the same region of lipid bilayer can be observed both before and after 

incorporation of proteins. We found that the height of K-Ras4B nanoclusters increases 

dramatically upon A-, B- and C-Raf-RBD incorporation (Figure 4-4-3 A, C and E), 

which indicates that A-, B- and C-Raf-RBD are all recruited to the K-Ras4B protein 

residing in the lipid membrane. Further, these data indicates that A-, B- and C-Raf 
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RBD form a RBD/K-Ras4B complex with the RBD and located at the top of K-Ras4B 

proteins, resulting in a marked increase of height.  

      The RBD of Raf proteins recognize Ras proteins in the lipid membrane and bind 

to them with high affinities in the switch I region of the Ras proteins [192, 193]. As a 

consequence of this binding, the formation of asymmetric Raf homo- and heterodimers 

in the plasma membrane is promoted [192]. These Raf homo- or heterodimers recruit 

and phosphorylate MEK1 and MEK2, which are the downstream substrates of Raf 

[190]. Thus, the dimer formation is essential for Raf signaling activation. The RBD of 

all Raf isoforms are identical and enriched in the platform of K-Ras4B nanoclusters 

(Figure 4-4-3 A, C and E), which strongly facilitates Raf dimer formation in the lipid 

membrane. This further suggests that formation of K-Ras4B nanoclusters enhances 

Raf binding and signaling activation as it enriches the Raf proteins and facilitates 

formation of Raf dimers in the lipid membrane.  

 

4.4.4 RBD of A-, B- and C-Raf determines the population of Raf-

RBD/K-Ras4B complex formation in the lipid membrane 

      Although A-, B- and C-Raf share three conserved regions, they function different 

in cells [191, 200]. It has been reported that A-Raf is only weakly activated by Ras, 

whereas B-Raf is the strongest activated, followed by the moderately activated C-Raf 

[201]. A-Raf is poorly understood and the reason of weakly active A-Raf by Ras 

proteins is still unclear. Since we applied the kinetic AFM measurements on an AFM 

fluid cell with protein directly injection technology, it allows us to quantify the A-, B- 

and C-Raf-RBD binding to the K-Ras4B in the lipid membrane. The quantification 

shows that 73% of injected B-Raf-RBD binds to the K-Ras4B in the lipid membrane, 

followed by 68% of injected C-Raf-RBD that binds to either the K-Ras4B in the lipid 

membrane or to the disordered phase of the lipid membrane, while only 26% of 

injected A-Raf-RBD binds to the K-Ras4B in the lipid membrane (this calculation was 

performed using the concentration of K-Ras4B determined in the solution after 2 h 

incubation). This indicates that the RBD of A, B and C-Raf determines the degree of 

Raf-RBD/K-Ras4B complex formation in the membranous context. Further, this lower 

population of A-Raf-RBD/K-Ras4B complex might contribute to the weak activation of 

A-Raf by Ras in cells. The B-Raf-RBD induces a larger population of the Raf-RBD/K-
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Ras4B complex than C-Raf-RBD as a large amount of C-Raf-RBD itself bind to the 

lipid membrane. Since Raf activation requires the B- and C-Raf to form either 

homodimers or heterodimers, the probability of forming Raf-RBD/K-Ras4B complex 

would be expected to determine the population of the Raf dimers formed and 

correlates with the Raf-MEK-ERK signaling output [190]. Sequence alignments of the 

RBD domain of A-, B- and C-Raf-RBD shows that a lysine at position 22 located within 

the A-Raf-RBD, whereas an arginine is located within the relevant position with respect 

to B- and C-Raf-RBD [202]. It was shown that the presence of the lysine at position 22 

partly blocks the association of A-Raf with Ras [203]. Considering that A, B and C-

Raf-RBD have a comparable strong binding affinity with K-Ras4B [204], the lysine at 

position 22 may interfere the A-Raf interaction with K-Ras4B indirectly. Based on the 

intimate engagement of Raf activation by K-Ras4B in the lipid membrane, we may 

postulate that the RBD of A, B and C-Raf might contribute to the Raf activation by 

controlling the population of Raf/K-Ras4B complex formation in the lipid bilayer plane. 

 

 

Figure 4-4-2 (A) The structure of H-Ras/C-Raf-RBD (PDB: 4G0N). C-Raf-RBD binds to the SI region of 

H-Ras. (B) The structure of A-, B-, C-Raf-RBD and C-Raf-CRD.  (C) Sequence alignment of the A-, B- 

and C-Raf-RBD-CRD regions.  
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4.4.5 B- and C-Raf-RBD bind to the lipid membrane, whereas A-Raf-

RBD forms nanoclusters in the lipid membrane  

 

 

 

Figure 4-4-3 A, B and C-Raf-RBD interaction with the lipid membrane (lipid composition: 

DOPC:DPPC:cholesterol=1:2:1) and the K-Ras4B protein in the lipid membrane. (A) A-Raf-RBD binds 

to K-Ras4B in the lipid membrane. (B) A-Raf-RBD interaction with the lipid membrane. (C) B-Raf-RBD 
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binds to K-Ras4B in the lipid membrane. (D) B-Raf-RBD interaction with the lipid membrane. (E) C-Raf-

RBD binds to K-Ras4B in the lipid membrane. (F) C-Raf-RBD interaction with the lipid membrane. 3D 

AFM images of K-Ras4B with A-, B- and C-Raf-RBD, generated using the NanoScope version 6 

software. The concentration of Raf-RBD and K-Ras4B in the AFM measurements are all 2 µM. Scale 

bar = 1 µm. K-Ras4B proteins were all GTP-loaded (active state).  

 

      To investigate the interaction of A-, B- and C-Raf-RBD with the lipid membrane, 

we carried out kinetic time-lapse AFM measurements of the A-, B- and C-Raf-RBD 

with the lipid membrane. Interestingly, we found that B- and C-Raf-RBD bind to the 

lipid membrane and localize essentially with monomeric state into the disordered 

phase (Figure 4-4-3 B, D and F). In contrast to B and C-Raf-RBD, A-Raf-RBD forms 

nanoclusters in the lipid membrane. Since the Raf-RBDs are supposed to function as 

a Ras binding domain, it was unexpected that Raf-RBD can interact with the lipid 

membrane directly. Recent NMR studies show that the surface accessible lysine (K28, 

K66 and K69) and arginine (R30 and R68) of the A-Raf-RBD interact with anionic 

membranes [205]. Sequence alignments show that C-Raf-RBD shares completely the 

same amino acid residues at the relevant position of A-Raf-RBD and B-Raf-RBD share 

the same amino acid residues at the relevant position of K28, R30 and K69 of A-Raf-

RBD. The electrostatic interaction of positively charged arginine or lysine contributes 

to the interaction of A-, B-, and C-Raf-RBD with the lipid membrane. These findings 

suggest that the Raf-RBD might operate together with the Raf-CRD, which is thought 

to bind to the lipid membrane, allowing the Raf proteins to make contact with the lipid 

interface. Owing to the very short linker (6 amino acid residues) between RBD and 

CRD of A, B and C-Raf [194], the RBDs of A-, B- and C-Raf would be difficult to contact 

with the lipid membrane after binding to K-Ras4B. Combining our results obtained with 

previous simulation studies, we may propose that the RBDs of the three Raf isoforms 

support interaction with the lipid membrane and thus may help transiently to sustain 

partitioning of the Raf proteins at the lipid interface.  

 

4.4.6 SOS1 (564-1049) can bind to K-Ras4B in the lipid membrane 
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Figure 4-4-4 SOS1 (564-1059) interaction with GDP-K-Ras4B in the lipid membrane. The concentration 

of SOS1 (564-1059) and GDP-K-Ras4B are 2 µM. Scale bar = 1 µm.  

 

      SOS1 functions as a Ras-GEF, which catalyze the transformation of GDP-bound 

Ras to GTP-bound Ras. The structure of the Ras-SOS1 complex reveals that SOS1 

interacts tightly with Ras in a nucleotide-free state with a displacing mechanism. The 

regions of Ras interacting most closely with SOS1 are the P-loop (residues 10-17), 

switch I (25-40) and switch II (57-75). Helix α3 (57-75) of Ras is also found to interact 

with SOS1 [105]. The interface between Ras and SOS1 is very hydrophilic and 

extensive, and opens the nucleotide binding site as a consequence of the 

displacement of switch I of Ras. The activation of SOS contains several processes, 

involving membrane recruitment, the suspension of autoinhibition and allosteric 

modulation by Ras proteins. The PxxP motif of C-terminal proline-rich (PR) domain of 

SOS is thought to initially associate with the lipid membrane. SOS contains a series 

of N-terminal domains. They are the Db1 homology (DH), pleckstrin homology (PH) 

and a histone-fold (HF) domain, which inactive SOS proteins in solution. Upon 

association with the lipid membranes, the autoinhibition is released [109]. However, 

the mechanism of SOS1 association with the lipid membranes is unclear. We applied 

kinetic tapping-mode AFM to study SOS1 interacting with GDP- K-Ras4B in the lipid 

membrane. Figure 4-4-4 shows that the height of GDP-K-Ras4B increases drastically, 

which indicates that SOS1 (564-1059) binds to the GDP-K-Ras4B in the lipid 

membrane. The data further indicates that the catalytic domain of SOS1 (752-1044) 

binds to GDP-K-Ras4B in the upside position.  

 

4.4.4 Conclusion and discussion 
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      In summary, we found that A-, B- and C-Raf-RBD are all able to recognize the K-

Ras4B located in the lipid membrane. Interestingly, B- and C-Raf-RBD are able to bind 

to the lipid membrane however, which was unexpected through the understanding of 

the function of Ras binding domain. A-Raf-RBD displays a different effect when added 

to the lipid membrane. It is shown that the height of A-Raf-RBD in the lipid membrane 

is far beyond the size of the monomeric A-Raf-RBD protein, which indicates that A-

Raf-RBD preferentially forms nanoclusters in the lipid membrane. Importantly, RBDs 

of A-, B- and C-Raf seem to control the population of Raf/K-Ras4B complexes in the 

lipid membrane. Considering that the formation of Raf/K-Ras4B is crucial for Ras-Raf 

activation, the RBD of Raf may plays a role in regulating Raf activation. We also found 

that SOS1 (564-1059) binds to GDP-K-Ras4B in the lipid membrane in an upside 

position. Complementary measurements, using X-ray scattering, FITR and FCCS as 

well as ITC are planned in the future to understand the interaction between Raf-RBDs, 

SOS1 and K-Ras4B in the lipid membranes in more detail.
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5. Materials and Methods 

 

Part of the work (chapter 5.6 and 5.7) herein has been published in the following peer-

reviewed research articles and subsequently reprinted in parts with the permission of 

the journals. The contributions of co-authors are either distinctly marked or not shown 

as they are a result of this thesis.  

 

1. L. Li, N. Erwin, S. Möbitz, F. Niemeyer, and T. Schrader, R. Winter. "Dissociation 

of the Signaling Protein K-Ras4B from Lipid Membranes Induced by a Molecular 

Tweezer." Chem. Eur. J., 25 (2019), 9827 – 9833. 

Copyright: was published online on 29 September, 2019 and DOI is 
10.1002/chem.201901861. In this publication is partially reproduced in section 5.6 and 
5.7 with the permission by John Wiley & Sons, Inc. Copyright ©2015Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim.The used text paragraphs and figures were reformatted 
to the format of thesis (e.g. text font, reference and figure numbering).  

Author contribution: R. W. and T. S. designed the research, L. L., N. E., S. M., and 
F. N. performed the research, L. L. and F. N. analyzed data, L. L., T. S. and R. W. 
interpreted the data and wrote the paper with refinement by all co-authors.  

 

2. L. Li, M. Dwivedi, S. Patra, N. Erwin, S. Möbitz, and R. Winter. "Probing 

Colocalization of N-Ras and K-Ras4B Lipoproteins in Model Biomembranes." 

ChemBioChem, 20 (2019), 1190-1195. 

Copyright: was published online on 02 January, 2019 and DOI is 
10.1002/cbic.201800776. In this publication is partially reproduced in section 5.6 and 
5.7 with the permission by John Wiley & Sons, Inc. Copyright ©2015Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim.The used text paragraphs and figures were reformatted 
to the format of the thesis (e.g. text font, reference and figure numbering).  

Author contribution: R. W and L. L designed the research, L. L., M. D., S. P., N. E., 
S. M., performed research, L. L. analyzed data, L. L. and R. W. interpreted the data 
and wrote the paper with refinement by all co-authors.  
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Copyright: was published online May, 2018 and DOI is 
10.1016/j.bbamem.2018.01.016. In this publication is partially reproduced in section 
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article.The used text paragraphs and figures were reformatted to the format of the 
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performed the research, L. L. analyzed data, L. L. and R. W. interpreted the data and 
wrote the paper with refinement by all co-authors.  

 

  



5. Materials and Methods 
 

106 
 

5. Materials and Methods 

5.1 Materials 

5.1.1 Chemicals  

 

Chemicals 
 

Supplier 

Acetic acid 
                                                        

Merck (Darmstadt, DE)                         

Acrylamid/Bisacrylamide (37.5:1, 30 % w/v)    

 
AppliChem (Darmstadt, DE) 

Agarose     

 
Sigma-Aldrich (St. Louis, US) 

Ammonium persulfate (APS)         

                    
Merck (Darmstadt, DE) 

Ampicillin (Amp)               

                                  
Sigma-Aldrich (St. Louis, US) 

Bradford reagent                  

                              
Bio-Rad (München, DE) 

Bovine serum albumine (BSA)                    

        
Sigma-Aldrich (St. Louis, US) 

Chloroform   Merck (Darmstadt, DE) 

Dimethylsulfoxide (DMSO)   

 
Merck (Darmstadt, DE) 

Dithioerythitol (DTE)                           

                
Sigma-Aldrich (St. Louis, US) 

Dithiothreitol (DTT)             
                               

Sigma-Aldrich (St. Louis, US) 

Ethylenediaminetetraacetic acid (EDTA)   
        

Merck (Darmstadt, DE) 

Ethanethiol    

 
Merck (Darmstadt, DE) 

Ethanol 

 
Merck (Darmstadt, DE) 

Glycerol   

 
Sigma-Aldrich (St. Louis, US) 

GMP-PNP (Non-hydrolyzable analog of GTP)  
  

Sigma-Aldrich (St. Louis, US) 

Guanosine diphophate (GDP)      

                     
Sigma-Aldrich (St. Louis, US) 

4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic 
acid 
(HEPES)                                                           

AppliChem (Darmstadt, 
DE) 

 
Hydrochloric acid                                              Merck (Darmstadt, DE) 
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Imidazol    

 
Gerbu (Gaiberg, DE) 

Isopropyl-β-D-thiogalactopyranoside (IPTG)    Carl Roth (Karlsruhe, 
Deutschland) 

Kanamycin          

 
ThermoFisher (US) 

Magnesium chloride  

                                         
Merck (Darmstadt, DE) 

Phenylmethylsulfonylfluoride (PMSF)  

                
Sigma-Aldrich (St. Louis, US)     

Potassium dihydrogenphosphate     

                      
Sigma-Aldrich (St. Louis, US) 

Potassium hydroxide                                         

 
Sigma-Aldrich (St. Louis, US) 

Sodium chloride           

                                       
Merck (Darmstadt, DE) 

Sodium dihydrogenphosphate   

                         
Merck (Darmstadt, DE) 

Sodium dodecylsulphate (SDS)  

                        
Sigma-Aldrich (St. Louis, US) 

Sodium hydroxide        

                                       
Merck (Darmstadt, DE) 

Sodium 2-mercaptoehanesulfonate (MESNA) 

      
Sigma-Aldrich (St. Louis, US) 

N,N,N’,N’-tetramethylethylendiamin (TEMED)  

     
Roth (Karlsruhe, DE) 

Trihydroxymethylaminomethane (TRIS) 

                
Merck (Darmstadt, DE) 

Triton X-100           

                                                 
Serva (Heidelberg, DE) 

Urea       

 
JT Baker (Deventer, NL) 

 

 

5.1.2 Other chemicals from collaborators 

 

Bodipy labelled C6-ceramide was a gifts from Dr. Peter Nussbaumer from the Lead 

Discovery Center GmbH (Dortmund, Germany) and tweezer CLR01, and CLR03 were 

obtained from Prof. Dr. Thomas Schrader (University of Duisburg-Essen).  

 

5.1.3 Other materials 
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Materials Supplier 
 

Amicon Ultra-4, 15 (10K) Concentrator   
              

Millipore, Merck (Darmstadt, Germany) 
 

Chitin beads 
 

New England Biolabs (Beverly, USA) 

Dialysis membrane tubing (MWCO: 5-8 
kDa) 
 

Thermo Scientific (Massachusetts, 
USA) 

Eppendorf tube (10 µL, 200 µL, 1 mL, 5 
mL, 10 mL) 
 

Eppendorf (Hamburg, Germany) 

Falcon Tube (15 mL, 50 mL) 
 

Eppendorf (Hamburg, Germany) 

HiTrap Ni-NTA column   
 

GE Healthcare (Chicago, USA) 

MBPTrap column 
 

New England Biolabs (Beverly, USA) 

NAP-5 desalting column   
 

GE Healthcare (Chicago, USA) 

Superdex 26/600 Gel filtration 
 

GE Healthcare (Chicago, USA) 

Whatman FP 30/0.2 µm cellulose filter 
 

GE Healthcare (Chicago, USA) 

Low molecular weight marker 
 
 
DNA marker 1kb 
 

Sigma, now Merck (Darmstadt, 
Germany) 
 
New England Biolabs (Beverly, USA)  

Nuclepore track-Etch membrane   
 

Whatman, GE Healthcare (Chicago, 
USA) 

 

                                                                     

5.1.4 Instruments 

  

Instruments 
 

Supplier 

Akta primer system 
 

GE Healthcare (Chicago, USA) 

Bio-Rad power-PAC 300  
 

BIO-RAD laboratories (California, USA) 

Centrifuge 5424R 
 

Eppendorf (Hamburg, Germany) 

Centrifuge Multifuge IS-R  Thermo Electron (Massachusetts, USA) 
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Centrifuge Avanti J-26 XP 
 

Beckman Coulter (California, USA) 

Gel-electrophoresis system 
 

BIO-RAD laboratories (California, USA) 

pH-Meter Knick Portamess 913 
 

Knick (Berlin, Germany) 

Shaker, cell culture 
 

INFORS HT (Einsbach, Germany) 

Ultrasonic cell disrupter, BRANSON 
Sonifier 450 
 

EMERSON (St. Louis, USA) 

UV/Visible Spectrometer 
 

Eppendorf (Hamburg, Germany) 

Gel imaging system, Alphalmager MINI 
 

Biozym (Oldendorf, Germany) 

AFM Multi-Mode 
 

Bruker (Karlsruhe, Germany) 

HALcyonics_i4 
 

Accurion (Göttingen, Germany) 

HALcyonics_MOD-I Accurion (Göttingen, Germany) 
  
Confocal microscopy, MRC1024 
 

BIO-RAD (California, USA) 

Confocal microscopy, Leica SP5 
 

Leica (Wetzlar, Germany) 

Confocal microscopy, Nikon eclipse TE 
2000-U 
 

Nikon (Tokyo, Japan) 

Fluorescence lifetime microscopy , 
MicroTime 200 
 

PicoQuant (Berlin, Germany) 

Freezing drier, Christ Alpha 1-2 CD 
 

Millrock Technology (New York, USA) 

Cell culture incubator, Thermo Cell 150 
 

Thermo Scientific (Massachusetts, 
USA) 
 

Cell counter, Countess II 
 

Thermo Scientific (Massachusetts, 
USA) 
 

Water heater, RCS LAUDA, RC6 
 

LAUDA (New Jersey, USA) 

Water bath, Elmasonic S 30H 
 

Elma Schmidbauer (Singen, Germany) 

Balance PCE instruments (Meschede, Germany) 
 
Milli-q Water system, purelab flex2 

 
Merck (Darmstadt, Germany) 

 
Ultra low temperature freezer 

 
Eppendorf (Hamburg, Germany) 
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Plasma Cleaner diener electronic (Ebhausen, Germany) 
 
K2 multifrequency phase Fluorometer  

 
ISS (Champaign, USA) 

 

 

5.1.5 Buffers and growth media 

 

LB medium 
 

 TB medium  

5 g/L       Yeast extract                             24 g/L          Yeast extract 
10 g/L     Tryptone 12 g/L          Tryptone   
10 g/L     NaCl    5 g/L            Glycerol 
1L                                                    H2O 2.31 g KH2PO4 
  12.54 g  K2HPO4 in 100 ml 

H2O 
  900 mL H2O   

 

 

Antibiotics        

125 mg/L Ampicillin 
 

50 mg/L    Kanamycin 
 

                             

 

SDS-PAGE loading buffer 
 

SDS-PAGE running buffer (10x)         

62.3 mM Tris-HCl, pH=6.8                          0.25 M Tris-HCl 
2 % (w/v) SDS    2 M Glycine 
10 % (v/v) Glycerol 1 % (w/v) SDS 
5 % (v/v) β-Mercaptoethanol   
0.001% (w/v) Bromophenol blue   

 

 

SDS-PAGE stacking gel buffer (4x) 
 

SDS-PAGE running gel buffer (4x) 

0.5 M Tris-HCl pH=6.8 1.5 M Tris-HCl pH=8.8 
0.4 % (w/v) SDS 0.4 % (w/v) SDS 

 

  

Coomassie staining buffer   
                           

Destaining buffer 
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10 % (v/v) acetic acid                                    10 % (v/v) acetic acid                                    
40 % ethanol   
0.1 % Coomassie 

Brilliant Blue R250 
  

 

Breaking buffer    
                                            

Storage buffer                            

20 mM Tris 20 mM  Tris 
500 mM NaCl    100 mM NaCl 
2 mM MgCl2 2 mM MgCl2 
2 mM TCEP pH=7.4  
pH=7.4    

 

 

Buffer A (His6-tagged protein)   
 

Buffer B (His6-tagged protein) 

20 mM Tris   20 mM Tris 
150 mM NaCl 150 mM NaCl 
2 mM TCEP    2 mM TCEP 
pH=7.4                                                                 0.5 M Imidazole 
  pH=7.4  

 

LUV formation buffer   
                                     

GUV formation buffer 

20 mM Tris   20 mM  Tris 
5 mM MgCl2   5 mM MgCl2 
pH=7.4                                                               pH=7.4  
    

 

 

5.1.6 Peptides 

K-Ras4B farnesylated peptide was synthesized by Eurogentec Deutschland GmbH 

(Köln, Germany).  

5.1.7 Lipids 

Lipids 
 

Supplier 

Cholesterol 
 

Sigma-Aldrich (St. Louis, USA) 

DOPC (1,2-Dioleoyl-sn-glycero-3-
phosphocholin) 

Avanti Polar Lipids (Alabaster, USA) 

DPPC (1,2-Dipalmitoyl-sn-glycero-3-
phosphocholin) 

Avanti Polar Lipids (Alabaster, USA) 
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DOPG (2-dioleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol), sodium salt) 

Avanti Polar Lipids (Alabaster, USA) 

DPPG (1,2-Dipalmitoyl-sn-glycero-3-
phosphoglycerol, sodium salt) 

Avanti Polar Lipids (Alabaster, USA) 

DOPS (1,2-Dioleoyl-sn-glycero-3-
phospho-L-serin) 

Avanti Polar Lipids (Alabaster, USA) 

DPPS 1,2-Dipalmitoyl-sn-glycero-3-
phospho-L-serin) 

Avanti Polar Lipids (Alabaster, USA) 

C6-Ceramide 
 

Avanti Polar Lipids (Alabaster, USA) 

C18-Ceramide 
 

Avanti Polar Lipids (Alabaster, USA) 

N-Rh-DHPE (N-(LissamineTM Rhodamine B 

sulfonyl)-1,2-dihexadecanoyl-sn-glycero- 
3-phosphoethanolamin) 

ThermoFisher Scientific (Waltham, 
USA) 

Bodipy-Cholesterol ThermoFisher Scientific (Waltham, 
USA) 

 

5.2 Molecular cloning methods 

 

5.2.1 Plasmids and bacterial strains 

 

Plasmids 

Plasmids name 
 

Inserted gene Resistance Application  

pTWIN2_K-RAS4B_WT_1-
174 
 

K-Ras4B_1-174 Amp Expression of K-
Ras4B thioester 
proteins 

pET28b_SOS1_564-1059 SOS1_564-
1059 

KanR Expression of 
SOS1 (564-1059) 
proteins 

pGEX-2T_A-Raf-RBD 
 

A-Raf-RBD_14-
91 

Amp Expression of A-
Raf-RBD proteins 

pGEX-2T_B-Raf-RBD 
 

B-Raf-RBD_51-
136 

Amp Expression of B-
Raf-RBD proteins 

pGEX-2T_C-Raf-RBD 
 

C-Raf-RBD_53-
131 

Amp Expression of C-
Raf-RBD proteins 

pMAL_6His_MBP_TEV_A-
Raf-RBD-CRD 
 

A-Raf-RBD-
CRD_14-91 

Amp Expression of A-
Raf-RBD-CRD 
proteins 

pMAL_6His_MBP_TEV_B-
Raf-RBD-CRD 
 

B-Raf-RBD-
CRD_51-136 

Amp Expression of B-
Raf-RBD-CRD 
proteins 
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pMAL_6His_MBP_TEV_C-
Raf-RBD-CRD 
 

C-Raf-RBD-
CRD_53-131 

Amp Expression of C-
Raf-RBD-CRD 
proteins 

pCDNA3.1_citrine_K-Ras4B 
 

WT_K-Ras4B Amp Construct the stable 
cell lines that 
express citrine-K-
Ras4B proteins in 
the MDCK cells 
(plasmid was given 
from MPI, Dortmund) 

pCDNA3.1_mCherry_K-
Ras4B 
 

WT_K-Ras4B Amp Expression of K-
Ras4B in the MCF-7 
cells (plasmid was 
given from MPI, 
Dortmund) 

pDest-566_C-Raf-RBD-CRD C-Raf-RBD-
CRD_53-131 

Amp Expression of C-
Raf-RBD-CRD 
proteins (plasmid 
was given from 
Frederick National 
Laboratory for 
Cancer Research, 
USA) 

 

 

 

Bacterial strains                                                                      

XL1 Blue (Stratagene)      

BL21 (DE3) Condon Plus RIL (Stratagene)  

 

5.2.2 PCR and purification of PCR products by agarose gel 

electrophoresis 

The 5’- and 3’- primers for PCR reaction were subsequently designed. The PCR 

reaction mixture was prepared followed by the steps shown in Table 5-1. The PCR 

reaction was performed using the PCR instrument. 

Table 5-1. PCR protocol for general genes amplification. 

Step Material Volume (µL) 

1 buffer (10 x) 1x 

2 DMSO 3  

3 Sterile water  to 50 µL 
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4 Template DNA (20-100 ng) 1 

5 Primers (final conc. 1 µM) 1 

6 dNTPs (final conc. 200 µM) 1 

7 Taq polymerase 1 

 

Table 5-2. PCR program. 

Temp (°C) Time Function 

94 2 min Initial denaturation  

94 40 s/cycle Denaturation 

Tm-5°C 30 s/cycle Primer annealing 

72 1 min per kb Extension 

72 10 min Final extension 

16 - Storage 

 

 

Purification of PCR products by agarose gel electrophoresis 

The optimal concentration of agarose was depended on the size of the DNA. The 

following steps were used to purify the DNA fragments.  

1. Prepare the optimal concentration of agarose solution by dissolving the agarose 

into TAE buffer. (Heating helps to dissolve it in the TAE buffer) 

2. Add ethidium bromide to a final concentration of 0.5 µg/mL. 

3. Add the prepared agarose solution to the gel casting equipment and wait for 10 min. 

4. Prepare the samples with 5x DNA loading buffer. 

5. Load the samples into the prepared agarose gel wells and 1 kb DNA ladder was 

used as molecular weight marker. 

6. Run the gels at 90-120 V in TAE buffer for 20 min until the DNA fragments were 

separated.  

7. Collect the bands of interest in the agarose gels and put it into tubes. 
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8. Extract and purify the DNA from the gels using the gel extraction kit following the 

instruction of the kit.  

5.2.3 Subcloning 

Restriction enzyme digestion 

The purified PCR product and plasmid vector were digested by the restriction enzymes 

at 37 °C for 1-2 h (dependent on the restriction enzyme). The reaction was stopped 

by addition of DNA loading buffer. Agarose gel electrophoresis was used to purify the 

digested products.  

Table 5-3. Restriction enzyme digestion. 

Step Material  Volume (µL)  

1 Sterile water  to 30 µL 

2 Vector (1 µg) 11  

3 Fast digestion buffer (10x) 3  

4 PCR product (1 µg) 4  

5 XbaI  1  

6 XhoI 1  

 

Ligation  

The purified products of linear plasmid DNA was incubated with a 10-fold molar excess 

of the inserted gene. The reaction was performed in a ligation buffer of total volume 

20 µL at 20 °C. Deactivation was carried out at 65 °C for 10 min.  

Table 5-4. Ligation protocol. 

Step Material Volume (µL) 

1 Vector (0.05 µg) 2 

2 Inserted gene (0.025 µg) 2 

3 Ligation buffer (5x) 4 

4 T4 DNA ligase  1 

5 Sterile water 11 
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1. Add the ligated product (1 ng) to 50 µL chemical competent cells.  

2. Put the mixture on ice for 30 min.  

3. Heat the cells at 42 °C for 1 min. 

4. Cool down on ice for 2 min.  

5. Add 500 µL LB medium to the cells. 

6. Incubate at 37 °C for 0.5-1 h in the shaker.  

7. Slow centrifugation and discard 300 µL of supernatant. 

8. Spread 100 µL of cells on agar plates supplemented with the corresponding 

antibiotics. 

9. Inversely incubate overnight at 37 °C.  

 

5.2.5 Colony PCR screen  

1. A single bacterial colony growing on LB agar plate with the appropriate antibiotics 

was picked into the LB medium (2-4 mL with antibiotics) for overnight growth at 37 °C. 

2. 10 µL of culture bacterial was mixed with diluted Triton-X 100 (0.05%, 10 µL) in a 

PCR tube. 

3. Heat the mixture at 95° C for 10 min and centrifuge at 4°C. 

4. PCR reaction was performed using 5 µL of the supernatant.  

5. Run agarose gel electrophoresis to analyze the PCR products.  

Table 5-5. Colony PCR screen protocol. 

Step Material  Volume (µL) 

1 Sterile water  18.7 

2 Buffer (10x) 3 

3 DMSO 1.5 

4 Mixture of cell lysate 5 

5 Primers (final conc. 1 µM) 1 
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6 dNTPs (10 mM, final 

conc.200 µM) 

0.5 

7 DNA polymerase 0.3 

 Total 30 

 

 

5.2.6 Preparation of plasmid DNA  

 

1. A single bacterial colony growing on LB agar plate with the appropriate antibiotics 

was picked into LB medium (2-4 mL with antibiotics) for overnight growth at 37° C. 

2. Add 2 mL culture cells into tubes and centrifugation (maximum speed, 1 min). 

Discard the supernatant and repeat this step.  

3. Gently vortex to resuspend the cell pellet. Add 250 µL buffer 1 with addition of 

RNase A.  

4. Add 250 µL buffer II and mix immediately until the solution gets clear. 

5. Add 350 µL buffer III and gently inverse the tube 4-5 times until the precipitate 

comes out with chromosomal DNA, lipids and proteins.  

6. Centrifugation (maximum speed) for 10 min and remove the supernatant to a new 

tube.  

7. Load the supernatant on a silica spin column. Centrifuge the column for 1 min at 

10,000 rpm.  

8. Wash the column with 700 µL DNA wash buffer (ethanol added) by centrifugation 

for 1 min at 10,000 rpm. Repeat this step. 

9. Centrifuge the empty column at 10,000 rpm for 1 min. 

10. Add 30-50 µL EB buffer to the column and wait 1 min.   

11. Centrifuge at 10, 000 rpm for 1 min to get the plasmid DNA. Measure the 

concentration of plasmid DNA and store it at -20 °C. 
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5.2.7 DNA sequencing 

Appropriate primers were designed for sequencing. The DNA samples were delivered 

to a DNA sequencing company (Microsynth SEQLAB, Göttingen, Germany) for 

sequencing.  

 

5.3 Protein expression and purification methods 

5.3.1 Expression and purification of A-, B- and C-Raf-RBD, A-, B- 
and C-Raf 

 

A-, B- and C-Raf-RBD-CRD, SOS1 (564-1059), PDEσ 

Expression of A-, B- and C-Raf-RBD in E. coli 

 

1. Transform the plasmid to BL21 (DE3) cells and select it on LB agar plate containing 

50 mg/L ampicillin antibiotics. 

2. A single colony from the agar plate was picked into LB medium containing 150 mg/L 

ampicillin. 

3. Incubate in the shaker at 37 °C at 160-180 rpm and allow the cells to grow overnight. 

4. The pre-cultured cells were added into a 5 L flask containing LB medium with Amp 

and grown at 37 °C in the shaker until the absorbance at 600 nm reached 0.5-0.7. 

5. Cool down the flask to 20 °C and IPTG (final conc. 0.1-0.5 mM) was added to induce 

protein expression overnight.  

6. Prepare the SDS-PAGE sample of 30 µL cell suspension with 20 µL SDS-PAGE 

loading buffer, boil the sample at 95 °C for 10 min. Run SDS-PAGE to check the 

protein expression level. 

7. Centrifuge at 6000 rpm, 4 °C for 15 min to harvest cells. 

8. Discard the supernatant carefully and remove the cells to a 50 mL falcon. Cells can 

be stored in a -80 °C refrigerator.  

Lysis of the A-, B- and C-Raf-RBD cells 
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1. Resuspend the cells carefully with lysis buffer (20 mM Tris, 500 mM NaCl, 2 MgCl2, 

pH=8.0). PMSF (final conc. 1 mM) and β-mercaptoenthanol (final conc. 2 mM) were 

added freshly.  

2. The prepared cell solutions were broken under the sonication for 40 min.  

3. Centrifuge the cell lysate at 35, 000 rpm, 4 °C for 30 min. 

4. Filter the supernatant through a 0.2 µm filter.  

Purification 

1. Load the filtrate lysate onto GST binding column (glutathione resin packed) with a 

low flow rate (1-2 mL/min). The column was equilibrated with equilibration buffer 

(buffer A) before loading the lysate.  

2. Wash the column to remove unbound proteins using buffer A (3-5 CV) with a flow 

rate of 3 mL/min.  

3. Eluted the protein with elution buffer (20-50 mM glutathione was added to buffer 

A).  

4. Run SDS-PAGE to identify the fractions of interest. 

5. Collect the fractions containing the protein of interest and exchange the buffer to 

low concentration of salt (20 mM Tris, 100 mM NaCl, 2 mM TCEP, pH=8.0) for 

Thrombin enzyme cleavage. 

6. 1 U/10 µg of Thrombin enzyme was added for cleavage. 

7. Run SDS-PAGE to monitor the cleavage.  

8. Centrifuge at 4000 rpm for 2 min. Discard any pellet in the bottom of falcon.   

9. Load the supernatant to the GST binding column with a flow rate (1 mL/min) to 

remove the GST tag and GST-tagged proteins.  

10. Further purification of gel-filtration should be performed if necessary. 

11. Collect the flow-through and concentrate it to 5 mg/mL. The proteins were frozen 

by liquid nitrogen and stored in a refrigerator at -80°C. 

Other proteins including SOS1 (564-1059) and PDEσ were purified in a similar way.  
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5.3.2 Expression and purification of K-Ras4B thioester proteins 

 

Expression of K-Ras4B-Intein-CBD in E. coli 

1. Transform the plasmid to BL21 (DE3) cells and select it on LB agar plate containing 

50 mg/L ampicillin antibiotics. 

2. A single colony from the agar plate was picked into LB medium containing 150 mg/L 

ampicillin. 

3. Incubate in the shaker at 37 °C at 160-180 rpm and allow the cells to grow overnight. 

4. The pre-cultured cells were added into a 5 L flask containing LB medium with Amp 

and grown at 37 °C in the shaker until the absorbance at 600 nm reached 0.5-0.7. 

5. Cool down the flask to 20 °C and IPTG (final conc. 0.1-0.5 mM) was added to induce 

protein expression overnight.  

6. Prepare the SDS-PAGE sample of 30 µL cell suspension with 20 µL SDS-PAGE 

loading buffer, boil the sample at 95 °C for 10 min. Run SDS-PAGE to check the 

protein expression level. 

7. Centrifuge at 6000 rpm, 4 °C for 15 min to harvest cells. 

8. Discard the supernatant carefully and remove the cells to a 50 mL falcon. Cells can 

be stored in -80 °C refrigerator.  

 

Lysis of K-Ras4B-Intein-CBD cells 

1. Resuspend the cells carefully with lysis buffer (20 mM Tris, 500 mM NaCl, 2 MgCl2, 

10 µM GDP, pH=8.0). PMSF (final conc. 1 mM) and β-mercaptoenthanol (final conc. 

2 mM) were added freshly.  

2. The prepared cells solution was broken under the sonication for 40 min. Add fresh 

PMSF (final conc. 1 mM) and TritionX-100 (1% v/v).  

3. Centrifuge the cell lysate at 35, 000 rpm, 4 °C for 30 min. 

4. Filter the supernatant through a 0.2 µm filter.   
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Purification 

1. Load the filtrate to the column packed with chitin beads with a low flow rate 0.5 

mL/min overnight (12-16 h). The column was equilibrated with equilibration buffer 

(buffer A) before loading the lysate.  

2. Wash the column to remove unbound proteins using buffer A (3-5 CV) with a flow 

rate of 3 mL/min.  

3. Elute the protein with elution buffer (20-50 mM glutathione was added to buffer A).  

4. Run SDS-PAGE to identify the fractions of interest. 

5. Collect the fractions containing the protein of interest and exchange the buffer to 

low concentration of salt (20 mM Tris, 100 mM NaCl, 2 mM TCEP, pH=8.0) for 

Thrombin enzyme cleavage. 

6. 1 U/10 µg of Thrombin enzyme was added for cleavage. 

7. Run SDS-PAGE to monitor the cleavage.  

8. Centrifuge at 4000 rpm for 2 min. Discard any pellet in the bottom of falcon.   

9. Load the supernatant to the GST binding column with a flow rate (1 mL/min) to 

remove the GST tag and GST-tagged proteins.  

10. Further purification of gel-filtration should be performed if necessary. 

11. Collect the flow-through and concentrate it to 5 mg/mL. The proteins were frozen 

by liquid nitrogen and stored in a refrigerator at -80°C.  

5.4 Protein synthesis 

      The synthesis of full-length K-Ras4B has been described in detail before. Briefly, 

the K-Ras4B thioester protein was obtained by intein technology, where K-Ras4B 

peptide containing an N-terminal cysteine was ligated to the C-terminal K-Ras4B 

protein thioester using native chemical ligation (NCL). This ligation yields the full-

length protein with a native amide bond at the ligation site. After ligation, the protein 

was purified using a Hi-Trap SP-X1 column (GE healthcare). The purified protein 

solution was transferred to Tris buffer (20 mM Tris, 5 mM MgCl2, pH = 7.4) by 

subsequent dialysis against at least 1 L Tris buffer at 4 ˚C for 2 days. The dialysed 
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protein solution was concentrated and freezed by liquid nitrogen and stored at -80 ˚C 

as stock solution.  

 

5.5 Cell culture and imaging  

 

Cell lines         Origin                                            Supplier 

HeLa         Human cervical adenocarcinoma         ATCC 

MDCK       Madin-darby canine kidney cells          ATCC 

 

5.5.1 Cell culture 

 Table 5-6. Cell culture medium components.  

DMEM 
 

 

FBS 
 

10% (v/v) 

L-glutamine 
 

1% (v/v) 

Nonessential amino acids (NEAA) 
 

1% (v/v) 

Sodium pyruvate 
 

1% (v/v) 

Penicillin-Streptomycin (sterile-filtered, 
suitable for cell culture) (10, 000 U/mL) 
 

1 U 

 

      Cells were maintained in cell culture medium (preparation was shown in Table 5-

6) and grown at 37 °C, 5% CO2 in a 90% humidified incubator. When the cell density 

reaches 80-90%, the grown cells were washed two times with PBS buffer (steriled, 

suitable for cell culture) and were detached by the addition of 0.05% trypsin, 0.01% 

EDTA and phenol red in PBS buffer at 37 °C. The PBS buffer and trypsin should be 

pre-warmed before adding into the cell culture dishes. After incubation for 2-3 min, 

check the detached cells under the microscope. If less than 80% of cells are detached, 

longer incubation can be performed. However, the cell exposure to trypsin solution 

should be limited to 10 min. Once cells detach appear to complete, 2 mL of pre-

warmed medium are added to inactive trypsin. Gently disperse the cell medium by 

pippeting over the cell attached in the surface of dish. Carefully transfer the 

suspension to a flask and centrifuge at low speed (1000 rpm) for 10 min. Discard the 
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supernatant and gently resuspend the cell pellet in 2 mL of pre-warmed medium. 

Determine the cell density of viable cells using an automated cell counter. Calculate 

the cells and seed the cells to a new cell culture flask with a density of 15-25%. The 

cells continue growing in the incubator. Examine the cells’ condition within 1-2 days to 

ensure that the cells are healthy and free of contamination.   

5.5.2 Stable cell line of Citrine-K-Ras4B generation 

      In order to get a cell line that constitutively expresses Citrine-tagged K-Ras4B 

proteins, we established a stable cell of Citrine-K-Ras4B following the protocol 

described as below.  

1. Design and insert the gene of interest into a vector containing mCherry/GFP/Citrine 

gene. The vector should also encode kanamycin for selection in bacteria and 

neomycin (G418) for selection in mammalian cells.  

2. Characterize expression of the fusion protein in the cells using transient transfection 

by Xtrame GENE HP DNA transfection reagent. MDCK cells are used and Western-

blots are carried out to check whether the fusion protein is expressed in full-length or 

truncated. 

3. Transfect the split low-passage cells with the constructed plasmid in a p100 dish. 3 

µg of plasmid DNA of interest in 300 µL OptiMEM with 4.5 µL Xtreme GENE HP DNA 

transfection reagent were prepared following the protocol of transfection for this 

product. The prepared mixture is added to a dish containing 100,000-200,000 cells.  

4. The following day, replace the medium with the medium containing G418 (400 µg-

800 µg per mL medium). The cells without expressing the construct would be killed by 

the amount of G418. Examine the cell condition to repeat this step, normally it need to 

replace the old medium with the medium containing G418 every two or three days. 

After continuous growing in the G418-contained medium for 2-3 weeks, the selection 

by G418 will be complete. At some point, there will be a massive cell death, wash the 

dish using G418-contained medium and discard detached cells. Allow the stable 

attached cells to grow in the incubator.  

5. To generate a single-cell derived stable cell line, colonies are picked up by a pipette 

with a sterile yellow tip under the inverted light microscope. It should be noted that the 

selected cells should be incubated at a much lower concentration of Trypsin (diluted 
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5-20 times, depending on the cell type and condition) for 2-5 min. This will make the 

pick-up easier since it weakens the attachment of stable cells with the dish. Repeat 

this step in case of requirement of more cells.  

6. Rinse the confluent pick-up cells with PBS buffer and trypsin. Split the generated 

cells into 6-well plate and G418-contained medium is added to allow it to grow in the 

incubator.  

7. Examine cells in each well under the fluorescence microscopy to decide which well 

of cells are worth keeping. 

8. When the amount of stable expressed cells is sufficient, a lower amount of G418 

should be used and keep tracking of passage numbers. Freeze the cells from early 

passages.  

 

5.5.3 Cell imaging 

For cell imaging, the appropriate amount of cells (cell density is normally 30-60%, 

which depends on the type of cells and dishes) was seeded in a 6-well or 8-well image 

dishes with the cell culture medium. The following day, gently remove the medium and 

wash it using fresh medium in the absence of phenol red. Cell imaging was carried out 

on a Leica SP5 confocal laser-scanning microscope (MPI Dortmund) mounted to a 

60x/1.2 NA oil objective or a 40x/0.9 NA air objective. EGFP and Citrine were excited 

at 488 nm wavelength by a multiline Argon laser and mCherry was excited at 561 nm 

wavelength by a DPPS laser. The dichroic mirror DM405/488/561/633 or DM458/515 

was used with proper filters to record the images. The cells in the imaging dishes were 

placed into an incubation chamber (kept at 37 °C, 5% CO2) during the time of imaging, 

which is capable of maintaining the cells alive.  

 

5.6 LUV and GUV preparation 

5.6.1 LUV preparation 

LUVs preparation was followed by a standard protocol, which applies 5 freeze-throw-

vortex cycles to generate LUVs.  

1. Make stock solutions of DOPC, DPPC, DOPG, DPPG and cholesterol of 10 mg/mL 

each in chloroform.  
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2. The calculated amount of lipids were added into a 1.5 mL tube and dried in the 

freezing drier at -20 °C overnight to yield the completely dry lipid film.  

3. Tris buffer was added to the tube. Vortex several times for resuspension and 

incubate in a water bath (temperature should higher than the Tm of the lipid mixture) 

for 15 min.  

4. Sonicate the mixture in a water bath for 10 min.  

5. Fast freeze the lipid mixture by liquid N2 for 2 min and thaw in the water bath for 15 

min. Vortex it several times. Repeat this step 5 times.  

6. Sonication was applied in the end of step 5 for 5 min.  

7. Extrusion was applied to generate homogenous membranes through polycarbonate 

membrane with 100 nm size about 20 times. 

8. The LUVs prepared are stored at 20 °C. 

 

5.6.2 GUV preparation 

GUVs were prepared using the electroformation method on an ITO coverslip, allowing 

conduction of electricity on the surface of the lipid film.  

1. Make stock solutions of DOPC, DOPC, and cholesterol of 10 mg/mL and N-Rh-

DHPE of 100 µM. 

2. Add the calculated amount of these lipids into a 2 mL glass vial and gently vortex.  

3. Place the ITO coverslip onto the port of a spin coater. It should be noted that the 

surface of the coated ITO should be in the front position. 

4. Wash the surface of the ITO coverslip twice using 500 mL chloroform. 

5. Inject 20-30 µL lipid solution to the surface ITO coverslip and turn on the spin coater 

immediately at 8000 rpm for 1 min. 

6. Prepare an ITO coverslip without lipid film using the same method as described in 

step 5.  

7. Dry the ITO coverslip using a freezing dryer overnight. 
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8. Mount the home-made and temperature-controlled chamber with the two ITO 

coverslips. Inject Tris buffer into the chamber. Careful injection should be performed 

to avoid producing bubbles.  

9. The formation of GUVs was inducted by electricity through the lipid film followed the 

protocol described below.  

a). 500 Hz, 250 mV, 5 min.  

b). 500 Hz, 1.25 V, 20 min. 

c). 500 Hz, 3.5 V, 90 min.  

The temperature of the buffer inside the chamber should be higher than the Tm of the 

lipid mixture.  

10. Cool down the chamber to room temperature and take the images using confocal 

microscopy. 

 

5.7 Methods 

5.7.1 Confocal microscopy 

The cell experiments with confocal microscopy were all carried out on the Leica Sp5 

laser-scanning microscopy of the MPI, Dortmund. The details of the experiments have 

been described in a section 5.4.3-live cell imaging. For the images taken on GUVs, 

the confocal microscopy (Bio-Red, PCI, TU Dortmund) was used. The GUVs prepared 

in the home-made chamber were imaged at the wavelength of the 561 nm laser. Adjust 

the focus to find the surface of the GUVs and change the system to an imaging mode. 

Multi-channel emission of samples were recoded. The analysis of the image including 

the contrast adjustment was performed using software ImageJ.  

 

5.7.2 Fluorescence Correlation Spectroscopy (FCS) and 

Fluorescence Cross-Correlation Spectroscopy (FCCS) 

The FCS and FCCS measurements were carried out on the Microtime 200 of PCI at 

TU Dortmund University. The Microtime 200 was equipped with an inverted 

microscopy (Olympus IX71), which was supplemented with a water immersion 
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objective (UplansApo, 60X, NA 1.2). To perform FCS measurements, the sample was 

excited using a pulsed diode laser of wavelength 485 or 560 nm (repetition rate: 20 

MHz). The output of the pulsed diode laser was coupled to the main optical unit by a 

single-mode optical fiber. In the main optical unit, a dichroic mirror was used to guide 

the excitation light to the entrance port of the microscopy, where it is focused by the 

objective lens on the sample. Fluorescence was collected through the same path, 

where it was filtered by a 510 nm long-pass emission filter (HQ, Chroma, 510 LP), and 

spatially filtered by a 50 μm pinhole, and finally focused on a SPCM-AQR series single-

photon avalanche diode (SPAD). Autocorrelation traces were obtained by using 

fluorescence lifetime correlation spectroscopy (FLCS). Data acquisition was 

performed with a TimeHarp 200 TCSPC module in a time-tagged, time-resolved mode. 

SymPhoTime software supplied by PicoQuant was used for the analysis of the 

autocorrelation curves. The autocorrelation curves obtained were fitted to a triple 

extended 2D curve fitting model as follows: 

𝐺2D(𝜏) =
1

𝑁
∑ [1 + (

𝜏

𝜏𝑖
)𝛼𝑖]

−1
𝑛
𝑖=1                                                                                (S5-1) 

where 𝜏𝑖 is the diffusion time of the 𝑖𝑡ℎ diffusion species, 𝛼𝑖 is the anomaly parameter 

of 𝑖𝑡ℎ  diffusion species. and 𝑁  is the number of diffusion species in the confocal 

volume. The 2D diffusion coefficient was calculated by 

𝐷𝑖,2D =
𝑟0

2

4𝜏𝑖
                                                                                                             (S5-2) 

where 𝑟0 is the effective radius of the confocal volume that was determined using a 

calibration dye. 

      PIE-FCCS was used to detect the interaction between K-Ras4B protein and C6-

ceramide in the membrane. PIE-FCCS has the ability to detect the differently labeled 

co-diffusing particles, which can be used to resolve protein-lipid interactions in more 

detail. As Rhodamine-labeled K-Ras4B protein and BODIPY-labeled C6-ceramide 

were excited by two different lasers (blue laser: 485 nm, green laser: 560 nm) at 

different time points, PIE-FCCS can remove the crosstalk between the donor and 

acceptor and also the random and dynamic collisions. To validate the correlation data, 

a dually labelled (Atto488 and Atto565) oligonucleotide (ds-DNA) was used as a 

positive control. The cross correlation curve obtained for this dually labelled 
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oligonucleotide represents the maximum signal of cross-correlation possible with this 

instrument setup and shows that the confocal volumes of the two lasers are sufficiently 

overlapping. A negative control was obtained using equimolar concentrations of N-Rh-

DHPE and Bodipy-cholesterol in a pure DOPC membrane as randomly diffusing 

species that are not susceptible to co-diffusion. 

      For the PIE-FCCS measurements, two pulsed lasers (485 nm and 560 nm, 

repetition rate: 20 MHz) were coupled and collimated through an optical fiber, and 

were used to excite the dually labelled samples. A green band pass emission filter 

(525/40, Chroma) and a red band pass emission filter (583QM30) were used before 

the green channel and red channel, respectively. Fluorescence fluctuations from both 

channels were then correlated to obtain a cross-correlation curve, which was then 

fitted to a triple extended 2D curve fitting model (S5-1). The relative cross-correlation 

was obtained by 

𝑅cross−correlation =
𝐺𝑥(0)

min{𝐺𝑟(0),𝐺𝑔(0)}
                                                                           (S5-3) 

where 𝐺𝑥  is the cross correlation amplitude, 𝐺𝑟  is the autocorrelation amplitude of 

Rhodamine (red) and 𝐺𝑔  is the autocorrelation amplitude of BODIPY (green). The 

measurement time was 300 s for each curve. More than 50 such measurements were 

recorded and used to determine the cross correlation values. 

      Giant unilamellar vesicles (GUVs) for the fluorescence correlation spectroscopy 

(FCS) and PIE-FCCS measurements were prepared in a temperature-controlled 

homemade chamber using the electroformation method described above. The GUVs 

were doped with 0.005 mol % BODIPY-C6-ceramide. The microscope was connected 

to an in-built JPK TAO stage that can be controlled vertically, which can be used to 

position the confocal volume on the membrane using JPK software. Through the JPK 

software, the position, where the maximum intensity was obtained, was fixed for the 

FCS and PIE-FCCS measurements. This procedure was repeated for the same GUV 

at least 20 times. 

 

5.7.3 Atomic force microscopy 

30 µL of the indicated lipid composition of LUV solution and 40 µL Tris buffer (20 mM 

Tris, 5 mM MgCl2, pH 7.4) were added to a freshly cleaved mica surface. After 
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incubation in a wet chamber at 70 ˚C for 2 h, the samples were rinsed carefully with 

Tris buffer to remove unspread vesicles. For the K-Ras4B-membrane studies, 200 µL 

of 2 µM unlabeled K-Ras4B proteins (in Tris buffer) were injected into the AFM fluid 

cell at room temperature. Measurements were performed on a MultiMode scanning 

probe microscope with a Nano-Scope IIIa controller (Digital Instruments, Santa 

Barbara, CA) and a J-Scanner (scan size 125 µm). Images were obtained by using 

the tapping mode in liquid with sharp nitride lever (SNL) probes mounted in a fluid cell 

(MTFML, Veeco (now Bruker), Karlsruhe, Germany). Tips with nominal force 

constants of 0.24 Nm-1 were used at driving frequencies of 8.9 kHz and drive 

amplitudes between 200 and 800 mV. Scan frequencies were between 1.2 and 2.0 

Hz. Images were obtained with a resolution of 512 × 512 pixels. All measurements 

were carried out at room temperature and analysed using NanoScope version 5. The 

height differences were analysed using section plot in the NanoScope version 5 

software. 

 

5.7.4 Fluorescence spectroscopy 

The fluorescence titration measurements were performed on a K2 multifrequency 

phase and modulation fluorometer (ISS, Champaign, IL, USA). In the titration 

experiment, 100 µL of the 50 µM tweezer CLR01 solution was placed in a quartz 

cuvette and the peptide was added stepwise. The fluorescent tweezer was excited at 

a wavelength of 285 nm and the emission spectra were recorded in the range of 300 

to 600 nm. All measurements were performed at 25 °C using a circulating water bath.  

 

5.7.5 Förster resonance energy transfer (FRET) measurements of N-

Ras and K-Ras4B in the model membranes 

The FRET measurements of N-Ras and K-Ras4B in the lipid membrane were carried 

out in the LUVs composed of DOPC/DPPC/cholesterol (molar ratio 1:2:1). Bodipy-

labeled N-Ras (FRET-donor) and rhodamine-labeled K-Ras4B (FRET-acceptor) 

concentrations were both 0.6 μM. The sample was excited at 488 nm and emission 

spectra were collected between 502 and 700 nm. The fluorescence spectroscopic 

measurements were carried out using a K2 multifrequency phase and modulation 
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fluorometer (ISS, Urbana Champaign, IL, USA). The measuring temperature was 

maintained at 25 ± 0.1 °C using a circulating water bath. 

 

5.7.6 CD spectroscopy measurements 

CD spectra were recorded on a Jasco J-815 CD spectrometer from 250 to 190 nm in 

a 0.1 cm path length cell at room temperature. To avoid absorbance of the buffer in 

the spectral region of interest, K-Ras4B protein in Tris buffer was transferred to 

phosphate buffer (10 mM Na2HPO4, 2 mM KH2PO4, pH = 7.4) by dialysis. The tweezer 

CLR01 was dissolved in the phosphate buffer. The protein concentration was kept at 

20 µM in each sample. The CD spectra of buffer with the respective amounts of CLR01 

were subtracted from the corresponding samples data. The results shown are in an 

average of 25 recorded scans and are plotted as molar ellipticity. 
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6. Appendices         

 

 

 

6.1.1 Plasmid map of pTWIN2_K-Ras4B-wt_1-174, which was used to express K-Ras4B (1-

174) thioester proteins. Adapted using software SnapGene Viewer. 

Protein sequence: 

MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLD 
ILDTAGQEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHHYREQIKRVKDSED 
VPMVLVGNKCDLPSRTVDTKQAQDLARSYGIPFIETSAKTRQGVDDAFYTLVRE 
IRKHKEKMSKDG 
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6.1.2 Plasmid map of pGEX-2T_A-Raf-RBD, which was used to A-Raf-RBD proteins. 

Adapted using software SnapGene Viewer. 

Protein sequence: 

GSPSRAVGTVKVYLPNKQRTVVTVRDGMSVYDSLDKALKVRGLNQDCCVVYRLIK
GRKTVTAWDTAIAPLDGEELIVEVLGIHRD 
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6.1.3 Plasmid map of pGEX-2T_B-Raf-RBD, which was used to B-Raf-RBD proteins. 

Adapted using software SnapGene Viewer. 

Protein sequence: 

GSKSPQKPIVRVFLPNKQRTVVPARCGVTVRDSLKKALMMRGLIPECCAVYRIQDGEKKPIGWDTDISW

LTGEELHVEVLGIHRD 
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6.1.4 Plasmid map of pGEX-2T_C-Raf-RBD, which was used to B-Raf-RBD proteins. 

Adapted using software SnapGene Viewer. 

 

Protein sequence: 

GSKTSNTIRVFLPNKQRTVVNVRNGMSLHDCLMKALKVRGLQPECCAVFRLLHEHKGKKARLDWNTDA

ASLIGEELQVDFL 
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6.1.5 Plasmid map of pProEx-HTa_PdeDelta_WT_fl, which was used to express PDEσ 

proteins. Adapted using software SnapGene Viewer. 

 

Protein sequence: 

MSYYHHHHHHDYDIPTTENLYFQGAMAMSAKDERAREILRGFKLNWMNLRDAETGKILWQGTEDLSV
PGVEHEARVPKKILKCKAVSRELNFSSTEQMEKFRLEQKVYFKGQCLEEWFFEFGFVIPNSTNTWQSLIEA
APESQMMPASVLTGNVIIETKFFDDDLLVSTSRVRLFYV 
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6.1.6 Plasmid map of pMAL_6His_MBP_TEV_A-Raf-RBD-CRD, which was used to express 

A-Raf-RBD-CRD proteins. Adapted using software SnapGene Viewer. 

 

Protein sequence: 

GHMPSRAVGTVKVYLPNKQRTVVTVRDGMSVYDSLDKALKVRGLNQDCCVVYRLIKGRKTVTAWDTAI
APLDGEELIVEVLEDVPLTMHNFVRKTFFSLAFCDFCLKFLFHGFRCQTCGYKFHQHCSSKVPTVCVDMS 
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6.1.7 Plasmid map of pMAL_6His_MBP_TEV_B-Raf-RBD-CRD, which was used to express 

B-Raf-RBD-CRD proteins. Adapted using software SnapGene Viewer. 

Protein sequence: 

GHMKSPQKPIVRVFLPNKQRTVVPARCGVTVRDSLKKALMMRGLIPECCAVYRIQDGEKKPIGWDTDIS
WLTGEELHVEVLENVPLTTHNFVRKTFFTLAFCDFCRKLLFQGFRCQTCGYKFHQRCSTEVPLMCVNYD 
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6.1.7 Plasmid map of pMAL_6His_MBP_TEV_C-Raf-RBD-CRD, which was used to express 

C-Raf-RBD-CRD proteins. Adapted using software SnapGene Viewer. 

 

Protein sequence: 

  

PSKTSNTIRVFLPNKQRTVVNVRNGMSLHDCLMKALKVRGLQPECCAVFRLLHEHKGKKARLDWNTDA
ASLIGEELQVDFLDHVPLTTHNFARKTFLKLAFCDICQKFLLNGFRCQTCGYKFHEHCSTKVPTMCVDWS 

 

 

 

 



6. Appendices 
 

139 
 

 

6.1.8 Plasmid map of pDest-566_6His_MBP_TEV_C-Raf-RBD-CRD, which was used to 

express C-Raf-RBD-CRD proteins. Adapted using software SnapGene Viewer. 

 

 

Protein sequence: 

SKTSNTIRVFLPNKQRTVVNVRNGMSLHDCLMKALKVRGLQPECCAVFRLLHEHKGKKARLDWNTDAA
SLIGEELQVDFLDHVPLTTHNFARKTFLKLAFCDICQKFLLNGFRCQTCGYKFHEHCSTKVPTMCVDWS 
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exploitation of the permitted figures or extracts, You may not alter, remove or suppress in any 

manner any copyright, trademark or other notices displayed by the Wiley Materials. You may not 
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a 
stand-alone basis, or any of the rights granted to you hereunder to any other person. 

 The Wiley Materials and all of the intellectual property rights therein shall at all times remain the 
exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their respective licensors, and 
your interest therein is only that of having possession of and the right to reproduce the Wiley 
Materials pursuant to Section 2 herein during the continuance of this Agreement. You agree that you 
own no right, title or interest in or to the Wiley Materials or any of the intellectual property rights 
therein. You shall have no rights hereunder other than the license as provided for above in Section 
2. No right, license or interest to any trademark, trade name, service mark or other branding 
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you shall not assert any 
such right, license or interest with respect thereto 

 NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF 
ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH 
RESPECT TO THE MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN 
THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF 
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR 
PURPOSE, USABILITY, INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH 
WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED BY 
YOU.  
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 WILEY shall have the right to terminate this Agreement immediately upon breach of this Agreement 
by you. 

 You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective directors, 
officers, agents and employees, from and against any actual or threatened claims, demands, causes 
of action or proceedings arising from any breach of this Agreement by you. 

 IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY 
OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, 
INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR 
IN CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE 
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF 
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR 
OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, 
DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF 
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.  

 Should any provision of this Agreement be held by a court of competent jurisdiction to be illegal, 
invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly as possible 
the same economic effect as the original provision, and the legality, validity and enforceability of the 
remaining provisions of this Agreement shall not be affected or impaired thereby.  

 The failure of either party to enforce any term or condition of this Agreement shall not constitute a 
waiver of either party's right to enforce each and every term and condition of this Agreement. No 
breach under this agreement shall be deemed waived or excused by either party unless such waiver 
or consent is in writing signed by the party granting such waiver or consent. The waiver by or 
consent of a party to a breach of any provision of this Agreement shall not operate or be construed 
as a waiver of or consent to any other or subsequent breach by such other party.  

 This Agreement may not be assigned (including by operation of law or otherwise) by you without 
WILEY's prior written consent. 

 Any fee required for this permission shall be non-refundable after thirty (30) days from receipt by the 
CCC. 

 These terms and conditions together with CCC's Billing and Payment terms and conditions (which 
are incorporated herein) form the entire agreement between you and WILEY concerning this 
licensing transaction and (in the absence of fraud) supersedes all prior agreements and 
representations of the parties, oral or written. This Agreement may not be amended except in writing 
signed by both parties. This Agreement shall be binding upon and inure to the benefit of the parties' 
successors, legal representatives, and authorized assigns.  

 In the event of any conflict between your obligations established by these terms and conditions and 
those established by CCC's Billing and Payment terms and conditions, these terms and conditions 
shall prevail. 

 WILEY expressly reserves all rights not specifically granted in the combination of (i) the license 
details provided by you and accepted in the course of this licensing transaction, (ii) these terms and 
conditions and (iii) CCC's Billing and Payment terms and conditions. 

 This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was 
misrepresented during the licensing process. 

 This Agreement shall be governed by and construed in accordance with the laws of the State of New 
York, USA, without regards to such state's conflict of law rules. Any legal action, suit or proceeding 
arising out of or relating to these Terms and Conditions or the breach thereof shall be instituted in a 
court of competent jurisdiction in New York County in the State of New York in the United States of 
America and each party hereby consents and submits to the personal jurisdiction of such court, 
waives any objection to venue in such court and consents to service of process by registered or 
certified mail, return receipt requested, at the last known address of such party. 
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WILEY OPEN ACCESS TERMS AND CONDITIONS 

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals offering 
Online Open. Although most of the fully Open Access journals publish open access articles under the terms 
of the Creative Commons Attribution (CC BY) License only, the subscription journals and a few of the Open 
Access Journals offer a choice of Creative Commons Licenses. The license type is clearly identified on the 
article. 

The Creative Commons Attribution License 

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit an article, 
adapt the article and make commercial use of the article. The CC-BY license permits commercial and non- 

Creative Commons Attribution Non-Commercial License 

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, distribution and 
reproduction in any medium, provided the original work is properly cited and is not used for commercial 
purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License 

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) permits use, 
distribution and reproduction in any medium, provided the original work is properly cited, is not used for 
commercial purposes and no modifications or adaptations are made. (see below) 

Use by commercial "for-profit" organizations 

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires further 
explicit permission from Wiley and will be subject to a fee. 

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-
410895.html 

 

 

Other Terms and Conditions: 

 

 

 

v1.10 Last updated September 2015 

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.   
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JOHN WILEY AND SONS LICENSE 

TERMS AND CONDITIONS 
Aug 17, 2019 

 

 

 

This Agreement between Lei Li ("You") and John Wiley and Sons ("John Wiley and Sons") consists of your 

license details and the terms and conditions provided by John Wiley and Sons and Copyright Clearance Center. 

License Number 4651420368063 

License date Aug 17, 2019 

Licensed Content 

Publisher 

John Wiley and Sons 

Licensed Content 

Publication 

ChemBioChem 

Licensed Content Title Probing Colocalization of N‐Ras and K‐Ras4B Lipoproteins in Model 
Biomembranes 

Licensed Content Author Lei Li, Mridula Dwivedi, Satyajit Patra, et al 

Licensed Content Date Mar 21, 2019 

Licensed Content Volume 20 

Licensed Content Issue 9 

Licensed Content Pages 6 

Type of Use Dissertation/Thesis 

Requestor type Author of this Wiley article 

Format Print and electronic 

Portion Full article 

Will you be translating? No 

Title of your thesis / 
dissertation 

Mechanistic studies of Ras nanoclusters and Ras effectors interacting with the 
lipid membrane 

Expected completion date Dec 2019 

Expected size (number of 

pages) 

 

Requestor Location Lei Li 
Otto-Hahn-Str. 4a 44227 Dortmund 
 
 
Dortmund, NRW 44149 
Germany 
Attn: Lei Li 

Publisher Tax ID EU826007151 

Total 0.00 EUR   

Terms and Conditions   

TERMS AND CONDITIONS 

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one of its group 
companies (each a"Wiley Company") or handled on behalf of a society with which a Wiley Company has 
exclusive publishing rights in relation to a particular work (collectively "WILEY"). By clicking "accept" in 
connection with completing this licensing transaction, you agree that the following terms and conditions apply 
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to this transaction (along with the billing and payment terms and conditions established by the Copyright 
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that you opened your 
RightsLink account (these are available at any time at http://myaccount.copyright.com). 

 

Terms and Conditions 

 The materials you have requested permission to reproduce or reuse (the "Wiley Materials") are 
protected by copyright.  

 You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone basis), 
non-transferable, worldwide, limited license to reproduce the Wiley Materials for the purpose 
specified in the licensing process. This license, and any CONTENT (PDF or image file) purchased 
as part of your order, is for a one-time use only and limited to any maximum distribution number 

specified in the license. The first instance of republication or reuse granted by this license must be 
completed within two years of the date of the grant of this license (although copies prepared before 
the end date may be distributed thereafter). The Wiley Materials shall not be used in any other 
manner or for any other purpose, beyond what is granted in the license. Permission is granted 
subject to an appropriate acknowledgement given to the author, title of the material/book/journal and 
the publisher. You shall also duplicate the copyright notice that appears in the Wiley publication in 
your use of the Wiley Material. Permission is also granted on the understanding that nowhere in the 
text is a previously published source acknowledged for all or part of this Wiley Material. Any third 
party content is expressly excluded from this permission. 

 With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by the terms 
of the license, no part of the Wiley Materials may be copied, modified, adapted (except for minor 
reformatting required by the new Publication), translated, reproduced, transferred or distributed, in 
any form or by any means, and no derivative works may be made based on the Wiley Materials 
without the prior permission of the respective copyright owner.For STM Signatory Publishers 
clearing permission under the terms of the STM Permissions Guidelines only, the terms of 
the license are extended to include subsequent editions and for editions in other languages, 
provided such editions are for the work as a whole in situ and does not involve the separate 
exploitation of the permitted figures or extracts, You may not alter, remove or suppress in any 

manner any copyright, trademark or other notices displayed by the Wiley Materials. You may not 
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a 
stand-alone basis, or any of the rights granted to you hereunder to any other person. 

 The Wiley Materials and all of the intellectual property rights therein shall at all times remain the 
exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their respective licensors, and 
your interest therein is only that of having possession of and the right to reproduce the Wiley 
Materials pursuant to Section 2 herein during the continuance of this Agreement. You agree that you 
own no right, title or interest in or to the Wiley Materials or any of the intellectual property rights 
therein. You shall have no rights hereunder other than the license as provided for above in Section 
2. No right, license or interest to any trademark, trade name, service mark or other branding 
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you shall not assert any 
such right, license or interest with respect thereto 

 NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF 
ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH 
RESPECT TO THE MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN 
THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF 
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR 
PURPOSE, USABILITY, INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH 
WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED BY 
YOU.  

 WILEY shall have the right to terminate this Agreement immediately upon breach of this Agreement 
by you. 

 You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective directors, 
officers, agents and employees, from and against any actual or threatened claims, demands, causes 
of action or proceedings arising from any breach of this Agreement by you. 
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 IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY 
OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, 
INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR 
IN CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE 
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF 
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR 
OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, 
DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF 
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.  

 Should any provision of this Agreement be held by a court of competent jurisdiction to be illegal, 
invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly as possible 
the same economic effect as the original provision, and the legality, validity and enforceability of the 
remaining provisions of this Agreement shall not be affected or impaired thereby.  

 The failure of either party to enforce any term or condition of this Agreement shall not constitute a 
waiver of either party's right to enforce each and every term and condition of this Agreement. No 
breach under this agreement shall be deemed waived or excused by either party unless such waiver 
or consent is in writing signed by the party granting such waiver or consent. The waiver by or 
consent of a party to a breach of any provision of this Agreement shall not operate or be construed 
as a waiver of or consent to any other or subsequent breach by such other party.  

 This Agreement may not be assigned (including by operation of law or otherwise) by you without 
WILEY's prior written consent. 

 Any fee required for this permission shall be non-refundable after thirty (30) days from receipt by the 
CCC. 

 These terms and conditions together with CCC's Billing and Payment terms and conditions (which 
are incorporated herein) form the entire agreement between you and WILEY concerning this 
licensing transaction and (in the absence of fraud) supersedes all prior agreements and 
representations of the parties, oral or written. This Agreement may not be amended except in writing 
signed by both parties. This Agreement shall be binding upon and inure to the benefit of the parties' 
successors, legal representatives, and authorized assigns.  

 In the event of any conflict between your obligations established by these terms and conditions and 
those established by CCC's Billing and Payment terms and conditions, these terms and conditions 
shall prevail. 

 WILEY expressly reserves all rights not specifically granted in the combination of (i) the license 
details provided by you and accepted in the course of this licensing transaction, (ii) these terms and 
conditions and (iii) CCC's Billing and Payment terms and conditions. 

 This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was 
misrepresented during the licensing process. 

 This Agreement shall be governed by and construed in accordance with the laws of the State of New 
York, USA, without regards to such state's conflict of law rules. Any legal action, suit or proceeding 
arising out of or relating to these Terms and Conditions or the breach thereof shall be instituted in a 
court of competent jurisdiction in New York County in the State of New York in the United States of 
America and each party hereby consents and submits to the personal jurisdiction of such court, 
waives any objection to venue in such court and consents to service of process by registered or 
certified mail, return receipt requested, at the last known address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS 

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals offering 
Online Open. Although most of the fully Open Access journals publish open access articles under the terms 
of the Creative Commons Attribution (CC BY) License only, the subscription journals and a few of the Open 
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Access Journals offer a choice of Creative Commons Licenses. The license type is clearly identified on the 
article. 

The Creative Commons Attribution License 

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit an article, 
adapt the article and make commercial use of the article. The CC-BY license permits commercial and non- 

Creative Commons Attribution Non-Commercial License 

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, distribution and 
reproduction in any medium, provided the original work is properly cited and is not used for commercial 
purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License 

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) permits use, 
distribution and reproduction in any medium, provided the original work is properly cited, is not used for 
commercial purposes and no modifications or adaptations are made. (see below) 

Use by commercial "for-profit" organizations 

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires further 
explicit permission from Wiley and will be subject to a fee. 

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-
410895.html 

 

 

Other Terms and Conditions: 

 

 

 

v1.10 Last updated September 2015 

     Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.   
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