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ABSTRACT 

 

THE ROLE OF G-DOMAIN ON K-RAS AND Gα DIMERIZATION 
 
 
 
 

Aydın, İrem 
Master of Science, Molecular Biology and Genetics 
Supervisor : Assoc. Prof. Dr. Çağdaş Devrim Son 

 
 
 

January 2024, 157 pages 

 

K-Ras protein is a member of the Ras superfamily, also known as a small G protein, 

and plays roles in different signaling pathways via binding and activating various 

effectors. Most of these pathways enable cellular activities such as cell proliferation, 

migration, survival, and differentiation. The G-domain, which is common to all G-

proteins, is defined as the active site of these proteins. Some of the mutations in this 

domain affect protein function and protein-protein interactions. These mutations, 

which cause the K-Ras protein to remain constitutively active, have been detected in 

many types of cancer by various research groups. Studies in recent years have shown 

that proteins belonging to the Ras family form dimers, which play essential roles in 

numerous signaling pathways. In this study, the physical interactions between K-Ras 

and Gα proteins and the regions that have been identified as hot spots in K-Ras 

homodimerization, which are also conserved in Gα proteins, has been exposed to 

site-directed mutagenesis and the impact of these conserved regions on the possible 

K-Ras - Gα heterodimerization has been investigated using FRET technique. 
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ÖZ 

 

K-RAS VE Gα DİMERİZASYONUNDA G-DOMAIN BÖLGESİNİN ROLÜ  
 
 
 
 

Aydın, İrem 
Yüksek Lisans, Moleküler Biyoloji ve Genetik 
Tez Yöneticisi: Doç. Dr. Çağdaş Devrim Son 

 

 

 

Ocak 2024, 157 sayfa 

 

K-Ras proteini küçük G proteini olarak bilinen Ras ailesinin üyesidir ve birçok 

efektöre bağlanıp, aktif hale gelerek, farklı sinyal yolaklarında rol almaktadır. Bu 

yolaklar, hücre çoğalması, hücre göçü, hayatta kalma ve farklılaşma gibi önemli 

hücresel aktivitelerde kontrolü sağlar. Ras proteinlerinde ortak bulunan G-domain 

bölgesi bu proteinlerin aktif bölgesidir. Bu bölgede gerçekleşen mutasyonlar protein 

işlevinde veya protein etkileşimlerinde rol oynamaktadır. Birçok kanser çeşidinde 

K-Ras proteininin sürekli aktif kalmasına sebep olan bu mutasyonlar farklı 

araştırmalarda gösterilmiştir. Son yıllarda yapılan çalışmalar, Ras ailesine ait 

proteinlerin dimer oluşturduğunu ve dimerlerin farklı sinyal yolaklarında önemli 

roller oynadığını göstermiştir. Bu çalışmada K-Ras homodimerizasyonunda önemli 

olduğu tespit edilen ve Gα proteinlerinde de yüksek benzerlik gösteren bölgeler 

mutasyona uğratılarak bu bölgelerin olası K-Ras ve Gα proteinleri 

heterodimerizasyonu üzerindeki etkileri FRET yöntemi ile araştırılmıştır.  

Anahtar Kelimeler: K-Ras, Gα Proteinleri, Protein Etkileşimleri, Dimerizasyon, 

FRET 
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CHAPTER 1  

1 INTRODUCTION  

1.1 GTP-Binding Proteins 

Guanosine triphosphate (GTP) binding proteins are one of the crucial components in 

multicellular systems for signal transduction, where they can transmit signals from 

the extracellular environment to the inside of the cells (Spiegel, 1987). With the help 

of this signal transduction, they can control metabolic regulation, growth, 

proliferation, differentiation, and cellular communications. 

They can bind both guanosine triphosphate (GTP) and guanosine diphosphate (GDP) 

and hydrolyze GTP, thus acting as GTPases. When they are bound to GDP, they are 

inactive and referred to as “Off-State”; however, when they are bound to GTP, they 

are active and called “On-State” (Lacal, 2001). The GTP-bound form of the GTP 

binding proteins can transduce signals to their downstream pathways to regulate 

cellular responses. The activation of GTP binding proteins is also regulated by 

Guanin Exchange Factors (GEFs), which facilitate GDP to GTP exchange, and the 

termination of the signal transduction is depended on GTPase Activating Proteins 

(GAPs), which can help to catalyze GTP to GDP and switching to “Off-State” (Ligeti 

et al., 2012; Quilliam et al., 2002).  

There are two types of GTP Binding proteins: Monomeric Small GTP Binding 

Proteins and Heterotrimeric GTP Binding Proteins. Monomeric Small G proteins are 

in monomeric form and are homologous to the Gα-subunit of the heterotrimeric G 

proteins. They include Ras, Rho, Rab, etc., proteins and are also called Ras 

superfamily (Takai et al., 2001). Heterotrimeric G proteins have three subunits, 

which are α, β, and γ- subunit. Each Gα subunit has a variety of different isoforms 

such as Gα11, Gα12, Gα13, Gαi, Gαs, etc. proteins (Milligan & Kostenis, 2006). 
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1.1.1 Monomeric Small GTP-Binding Proteins 

Small G proteins have essential roles in proper cellular functioning. They play roles 

in proliferation, growth, cellular migration, differentiation, and cellular trafficking 

via signal transduction (Song et al., 2019). They act as molecular switches in which 

GDP/GTP transitions between states. In the inactive state, GDP is bound to the α 

subunit of the proteins, and they do not transduce any signal. When a ligand such as 

epidermal or fibroblast growth factors bind Receptor Tyrosine Kinase, they active 

monomeric G proteins. With the help of GEFs, GTP is bound to the α subunit with 

replacing GDP, and it turns the protein to the on state and starts signal transduction 

to downstream effectors. Once they relay the signals to downstream effectors, they 

hydrolyze the GTP to GDP via intrinsic GTPase activity with the help of GAPs and 

turn back to the off-state (Simanshu et al., 2017). They play a role in numerous 

signaling pathways where they can change gene expression in different ways. They 

include several protein families such as Ras, which is the most prominent family in 

the group that plays crucial roles in cell viability; Rho is another important family 

that helps cell migration and cytoskeleton formation; Rab family facilitates vesicle 

trafficking in the cell (Wennerberg et al., 2005). 

1.1.2 Heterotrimeric GTP-Binding Proteins 

Similar to small GTP-binding proteins, they have crucial roles in cellular functioning 

and signal transduction. They are also known as G proteins and consist of three 

different subunits called G alpha (α), G beta (β), and G gamma (γ) (Hurowitz et al., 

2000). They also work as molecular switches that can exchange GDP/GTP. In the 

GDP bound inactive state of G proteins can be stimulated after ligand binding to the 

G Protein Coupled Receptors (GPCRs), and with the aid of these receptors, which 

act as GEFs, GTP can bind to Gα subunit, turn them into an active state and cause 

disassociation of them from Gβγ dimeric subunits (Oldham & Hamm, 2008). Then, 

these subunits can start conveying signals separately from extracellular stimulants to 
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different effectors. Once the signals are transmitted, GTP is hydrolyzed back to GDP 

form with the help of GAPs and intrinsic GTPase activity, terminates activation, and 

reassociates all subunits back to inactive state formation. Gα proteins have four 

different families called Gαo/11, Gα12, Gαi, and Gαs, where they involve different 

signaling pathways and regulate many cellular metabolic activities and gene 

expressions (Kamato et al., 2015). 

1.2 K-Ras Protein 

K-Ras protein, also called Kirsten rat sarcoma viral oncogene, belongs to the Ras 

family of small GTP-binding proteins and is expressed from the KRAS gene (Zhu et 

al., 2019). K-Ras protein and other Ras proteins H-Ras and N-Ras are different in 

their Hyper Variable Region (HVR) at the C-terminus of the proteins, which covers 

20 different amino acids in the regions (Henis et al., 2009). In the genome, the K-

Ras protein is coded by the KRAS gene that is found on chromosome 12 in the short 

arm (12p11.1–12p12.1) with two different isoforms called K-Ras4A and K-Ras4B 

(Nussinov et al., 2016). K-Ras4B is the most abundant one, and it has 189 amino 

acids with 21 kDa molecular weight (Aran, 2021). As a GTP-binding protein, it 

depends on the conversion of GDP to GTP for activation and relaying signals in 

essential signaling pathways. To terminate this activation, they use their GTPase 

activity and hydrolyze GTP that is bound to the α subunit and turn it into GDP. K-

Ras protein plays crucial roles in cellular mechanisms such as proliferation and 

survival. Figure 1.1 shows a schematical representation of the activation of the K-

Ras protein during the GDP to GTP transition with GEP and GAP complexes.  
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Figure 1.1: K-Ras protein GDP/GTP transition. Off-state GDP-bound form to on-

state GTP-bound form. Adapted from Origene, 2024. 

1.2.1 Structure of K-Ras Protein 

As a member of GTP-binding proteins, K-Ras has a central G-domain. This domain 

is responsible for nucleotide binding, where GTP or GDP binds to protein. These 

bindings cause a conformational change in the protein, turning it into an active or 

inactive state. This domain contains 6 α-helices and 5 β-sheets (Pantsar, 2020). In 

the G-domain, there are phosphate binding groups, also called P loops, and they are 

conserved motifs that are responsible for interacting and stabilizing GDP or GTP 

(Shi et al., 2023). Also, K-Ras has two different switch regions called Switch I and 

Switch II (Gasper & Wittinghofer, 2020). During the transition of GDP-GTP, protein 

goes under conformational changes and switch regions toggles between each state 

when these conformations change. They play a role during the interaction of effector 

proteins from downstream pathways when K-Ras is in its active GTP-bound form. 

In addition to switch regions, effector binding sites are also able to bind downstream 

proteins in the pathways, such as Raf or Phosphoinositide 3- Kinase PI3K (Ternet et 

al., 2022). Another important region of the K-Ras protein is the C-terminus of the 

protein. In this region, there is a motif called CAAX motif, which refers to Cysteine-
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Alanine-Alanine-Leucine residues that undergo post-translational modifications 

such as farnesylation and palmitoylation that can play a vital role in functioning and 

membrane localization (Michaelson et al., 2005). In this way, protein can be bound 

to the membrane and continue properly conducting signal transduction in its active 

state. Figure 1.2 shows detailed properties of the K-Ras structure and its elements.  

 

Figure 1.2: K-Ras protein structure and mRNA sequence with properties. (A) K-Ras 

3D structure shows alpha-helices and beta-sheets, Switch regions, P-loop, and 

nucleotide binding region. (B) Schematic representation of elements of secondary 

structure of K-Ras protein. (C) mRNA coding sequence of K-Ras protein with color 

highlighted properties with corresponding regions in 3D structure in (A). Adapted 

from Pantsar, 2020. 

1.2.2 Localization and Trafficking of K-Ras Protein 

For the proper functioning of the K-Ras protein in the cell, its trafficking and 

localization play an important role. It should be targeted to the inner cell membrane 

to initiate signaling pathways with the interaction of its signaling partners (Schmick 

et al., 2014). For its localization, once the KRAS gene is translated into protein, its 

CAAX motif in the C-terminus is recognized for farnesylation, and the farnesyl 

group is added to Cysteine residue that initiates interaction with the membrane 
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(Blanden et al., 2017). After farnesylation, palmitoylation occurs and it causes a 

strong anchoring to the membrane (Busquets-Hernández & Triola, 2021). These 

lipid modifications are vital for the trafficking of K-Ras protein to the cellular 

membrane. During this trafficking, K-Ras can be transported to the membrane 

through vesicles such as endosomes or Golgi apparatus-derived vesicles (Fivaz & 

Meyer, 2005). According to cell needs or stimuli location, this trafficking process is 

dynamically controlled for the proper regulation in the cell for external stimuli. 

When the external signaling occur, this trafficking is processed to different specific 

membrane regions. For the termination of this mechanism, with the help of 

depalmitoylation, K-Ras proteins are removed from the cellular membrane, which 

prevents association with the membrane and stops signaling (Wang et al., 2020). 

During all these processes, K-Ras is tightly regulated for proper functioning. In the 

case of activation or inactivation of proteins, GAPs for the GTPase activities and 

GEFs for the nucleotide exchanges play crucial roles in the regulation.  

1.2.3 Signaling and Effectors of K-Ras Protein 

Once a ligand such as growth factors binds to its receptor such as receptor tyrosine 

kinase, K-Ras activation is triggered, and GDP is replaced with GTP, which initiates 

signal transduction through K-Ras to its effectors, shown in Figure 1.3. K-Ras 

interacts with different types of effectors in different signaling pathways for 

conveying various signal cascades. It can interact with Raf, Phosphatidylinositol 3-

kinase (PI3K), Ral Guanin Nucleotide Exchange Factor (RalGEFs), and T-

lymphoma invasion and metastasis-inducing protein-1 (Tiam1) to initiate signaling 

pathways (Yuan et al., 2018). 

When K-Ras interacts with Raf kinase after its activation, it initiates phosphorylation 

cascades to downstream proteins called Mitogen-Activated Protein Kinase Pathway 

(MAPK) (Terrell & Morrison, 2019). Once Raf phosphorylates MEK, MEK 

continues to phosphorylate ERK, and ERK translocates to the nucleus to interact 
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with different transcription factors (Morrison, 2012). This situation regulates gene 

expression and causes cell growth, survival, and proliferation. 

Another pathway that K-Ras can activate is the PI3K pathway (Castellano & 

Downward, 2011). Once K-Ras is activated, it can interact with Phosphatidylinositol 

3-kinase (PI3K), and activated PI3K can turn (4,5)-bisphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Yang et al., 2019). Then, PIP3 can 

bind and phosphorylate downstream protein Akt (Protein kinase B), promoting cell 

survival, cell growth, and proliferation by facilitating entry to the cell cycle (Song et 

al., 2005). Also, Akt can further interact with NF-κB, Bcl-2, mTOR, and Mdm2, 

which can cause metabolism changes, apoptosis inhibition, and other oncogenic 

transcription (Liu et al., 2020).  

The third downstream effector group for K-Ras protein includes the Ral Guanin 

Nucleotide Exchange Factor family (RalGEFs), which includes RGL, RGL2, and 

RalGDS (Cooper et al., 2013). When K-Ras interact with these effectors, they can 

promote metastasis and tumorigenesis by affecting cytoskeletal elements and cell 

migration (Soriano et al., 2021).  

K-Ras could also interact and activate the Tiam1 protein (Menyhárd et al., 2020). 

Tiam1 further activates Rac1 protein that interacts with Rho downstream (Lambert 

et al., 2002). Then, Rho interacts with ROCK, which is an essential regulator of 

cytoskeleton formation and, thus, affects cell shape, cell motility, and cellular 

invasion by reshaping actin and microtubule formation and their distribution in the 

cell (Guan et al., 2023). 
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Figure 1.3: Ras protein downstream signaling pathway. Peripheral cell membrane-

bound K-Ras protein and its downstream signaling pathways that include RAF-

MEK-ERK, PI3K-AKT, TIAM1-RHO transductions, and their corresponding 

cellular responses. Adapted from Gimple & Wang, 2019 
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1.2.4 K-Ras Dimerization 

After the discovery of Ras proteins, it was thought that this protein functions as a 

monomer directly binding to different effectors during signal transduction. However, 

it has recently been shown that in vitro Raf1 activation in liposomes is facilitated by 

Ras dimerization, one of the first studies that mentions Ras protein operating as a 

dimer (Inouye et al., 2000). Following studies establish that Ras proteins form 

nanoclusters on the plasma membrane in a similar manner to receptor 

oligomerizations, which shows their dimerization has physiological and functional 

importance (Güldenhaupt et al., 2012). Then, photoactivated localization 

microscopy (PALM) shows that GTP-bound K-Ras4B forms dimer on the plasma 

membrane to activate the downstream MAPK signaling pathway (Nan et al., 2015).  

Moreover, in recent years, it has been revealed that the increased activation of K-Ras 

protein in its dimeric form has been reported to play a significant role in enhancing 

oncogenic activity in the MAPK pathway (Muratcioglu et al., 2020). Their predicted 

dimerization interfaces are shown in Figure 1.4.  

 

Figure 1.4: K-Ras protein dimerization interfaces. On the peripheral plasma 

membrane, K-Ras is predicted to be dimerized in its alpha helices or beta sheets 

interfaces, which are α3-α4 interfaces and β2-β2 interface. Adapted from Chen et al., 

2016. 
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1.2.5 K-Ras Protein in Diseases 

K-Ras protein has many effects on different proteins, including their expression 

levels in the cell, as mentioned above. It facilitates proliferation and cell survival, 

which are prone to disease progression after any problem with its expression. As 

with other proteins, K-Ras is open to mutations that cause various cancer 

progressions in the human body such as colorectal or lung cancer (Waters & Der, 

2018). K-Ras protein has some hot spots that get point mutations and interfere with 

its function. These hot spots are mainly 12. amino acid Glycine, 13. amino acid and 

61. amino acid Glutamine (Stolze et al., 2015). Some of these amino acid sequences 

get point mutation, such as glycine to valine, aspartic acid, cysteine or glutamine to 

lysine and K-Ras loses its functional properties in its structure. Especially, codon 12 

hot spot is found at the p-loop that is responsible for phosphate binding to GTP, and 

when it is mutated to aspartic acid, the newly introduced negative charge and bulkier 

structure of aspartic acid prevent GTP hydrolysis (Zeissig et al., 2023). These 

changes cause a malfunction in intrinsic GTPase activity and gain resistance to 

GAPs, resulting in GTP-bound stably active K-Ras form. This constitutively active 

form of K-Ras continues to signal transduction in the MAPK pathway, PI3K 

pathway, Rho/ROCK pathway, and so on without any termination; in the end, cells 

uncontrollably grow, proliferate and gain resistance to apoptosis, which are defined 

as hallmarks of the cancer (Hanahan & Weinberg, 2011). Therefore, K-Ras is 

classified as a proto-oncogene in normal cells, but once it is mutated, it turns into an 

oncogene and triggers neoplasm formation and metastasis. Moreover, K-Ras 

mutations are responsible for ~30% of all cancer types in the human body (Liu et al., 

2019). Codon 12 mutations are the most common, with 82%, and codon 13 mutations 

follow it with 17% (Yoon et al., 2014). In addition, in the codon 12 mutations, 

aspartic acid codon mutations are 36%, valine codon mutations 23%, and cysteine 

codon mutations are 14% in the population (Vatansever et al., 2017). These different 

mutations in K-Ras cause broad types of cancer. These mutations are commonly 

accountable for colorectal, pancreatic, and lung cancer (Prior et al., 2012).  
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There are many studies to treat tumorigenesis caused by K-Ras. Many drug 

development studies aimed to solve the constitutive binding of GTP to K-Ras, but 

not having a binding pocket in the mutated regions of K-Ras prevents targeted drugs 

from functioning (Issahaku et al., 2022). Therefore, there are different approaches to 

drug development. Firstly, drugs are developed either aimed to inhibit upstream 

signaling pathway proteins of K-Ras such as SHP2, RTKs, or SOS that play a role 

in K-Ras activation or inhibit downstream signaling pathways such as Raf, MEK, 

ERK, PI3K, Akt that carry signals through K-Ras and their combined usage (Moore 

& Malek, 2021). Secondly, some RNAi studies interfere with the RNA expression 

of KRAS to decrease the number of KRAS transcription (Golan et al., 2015). 

Thirdly, there are direct targeted drugs such as antibodies bind and inhibit protein 

expression (Wang et al., 2022). Lastly, the most common drugs have been 

discovered to inhibit post-translational modifications on K-Ras that prevent 

trafficking and membrane localization, such as targeting farnesyl transferase (Kazi 

et al., 2019). Moreover, in recent years, some drugs such as AMG510 can bind and 

lock K-Ras in its GDP-bound form in some mutated versions, such as G12C in some 

cancer types, and prevent tumor progression (Canon et al., 2019). 

1.3 Gα Proteins 

As a member of heterotrimeric G-proteins, Gα proteins are separated into four 

different families called Gαq/11, Gα12/13, Gαi, and Gαs (Kamato et al., 2015). All 

of them are membrane-associated and able to bind GTP to get activated and convey 

signals to downstream pathways when ligand binds to GPCRs and cause various 

cellular responses. They can signal through adenylyl cyclase, phospholipase C, 

phosphodiesterases, and ion channels as effectors (McCudden et al., 2005). In turn, 

they can affect cAMP levels, diacylglycerol levels, and sodium and calcium levels. 

They can also hydrolase GTP to GTP with their GTPase activity and terminate 

signaling. Different genes encode these four different family proteins, but they have 

some conserved regions in the human genome.  
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Gα11 protein from the Gαq family is expressed in chromosome 19 and has 7 splice 

variants. The common variant is 359 amino acids long and approximately 42 kDa 

molecular weight (Silva-Rodríguez et al., 2022). Gα12 protein from Gα12/13 family 

is encoded in chromosome 7 with 8 splice variants. The most abundant one has a 

length of 381 amino acids, and its molecular weight is approximately 44 kDa 

(Dhanasekaran & Dermott, 1996). In the same Gα12/13 family, Gα13 protein is 

expressed in chromosome 17. It has only 2 different splice variants, where the most 

common one has 377 amino acids and approximately 44 kDa, similar to Gα12 

protein in the same family, (Ke et al., 2023). Gαi1 is one of the nine proteins in the 

Gαi family and is coded in chromosome 7 together with 32 splice variants. The most 

abundant Gαi1 protein is 354 amino acids in length and 41 kDa in weight (Blumer 

& Tall, 2012). Finally, Gαs protein in the Gαs family is expressed in chromosome 

20 with 77 splice variants, and the common one has 394 amino acids and is around 

46 kDa molecular mass (Turan & Bastepe, 2013). 
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Figure 1.5: Activation of different Gα Protein families. Ligand-bound GPCR 

activates heterotrimeric G-proteins, and Gα disassociates from the Gβγ subunit. 

Adapted from Kaur et al., 2023. 

1.3.1 Structure of Gα Proteins 

Similar to Small GTP binding proteins, Gα Proteins have a G-domain that can bind 

GTP and get activated with conformational changes. Gα Proteins are mostly 

conserved in structure and have two different domains called helical domain and G-

domain (Goricanec et al., 2016). G-domain is a site of GTP or GDP binding and 
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performs GTP hydrolysis to GDP during signal transduction. Moreover, it is 

responsible for binding to GPCRs and effectors. It serves as the binding surface of a 

dimer of Gβγ subunits of overall heterotrimeric GTP-binding proteins where they 

can bind various types of GPCRs for relaying signals to their effectors such as 

adenylyl cyclase, phospholipase C, Rho, and MEKs (Weis & Kobilka, 2018). This 

GTPase binding domain has 3 loops, called Switch I, Switch II, and Switch III, which 

are flexible during conformational changes between GDP and GTP binding states 

and have a P-Loop for phosphate binding (Chung, 2013). On the other hand, the 

Helical domain has 6 α-helices that serve as a binding pocket for nucleotides and 

cover them to the core of the protein. It is bound to the GTPase domain with two 

different linker regions. In addition, the N terminus of the Gα Proteins is subjected 

to post-translational modifications such as palmitoylation and myristoylated in some 

Gα Proteins for proper membrane attachment and functioning for all signal 

transduction events (Oldham & Hamm, 2008). Detailed representation of Gα Protein 

structures is shown in Figure 1.6.  

 

Figure 1.6: Secondary structure of Gα Proteins. Adapted from Oldham & Hamm,  
2008. 
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1.3.2 Localization and Trafficking of Gα Proteins 

Gα Proteins have different pathways for correct localization and trafficking in terms 

of modifications and signals. In common, they require dual signals for modifications 

and interaction with other subunits of heterotrimeric G proteins that are Gβγ (Marrari 

et al., 2007). Moreover, they are palmitoylated and/or myristoylated covalently, 

which serves as hydrophobic lipid anchors for membrane localization. Firstly, a type 

of GEF called Ric-8 protein functions as a chaperon and helps deliver Gα Proteins 

to ER or Golgi apparatus to be further modified (Wedegaertner, 2012). In these 

organelles, Gα Proteins are post-transitionally modified with lipid addition. Almost 

all Gα Proteins are palmitoylated at cysteine amino acid within the first 20 residues 

in the N terminus of the proteins (Kleuss & Krause, 2003). During palmitoylation, 

the 16-carbon fatty acid group is attached to the protein reversibly for proper 

localization to the plasma membrane at the Golgi apparatus where palmitoyl 

acyltransferases exist (Tsutsumi et al., 2008). Moreover, some Gα Proteins, such as 

Gαi, get myristoylated before palmitoylation during its translation, an irreversible 

co-translational modification for essential requirements to localization (Galbiati et 

al., 1994). Myristoylation requires the addition of 14-carbon fatty acid myristate via 

N-myristoyl transferase to the second glycine residue from the N terminus of the 

protein that is followed by threonine or serine in the position of six (Boutin, 1997). 

In addition to modifications, Gα Proteins are required to interact with the Gβγ dimer 

subunit in the ER or Golgi apparatus for correct localization to the plasma membrane, 

and they are carried to the membrane via Ric-8 chaperon as heterotrimeric formation. 

1.3.3 Signaling and Effectors of Gα Proteins 

For the overall heterotrimeric G protein signaling, once GPCRs are stimulated with 

a ligand such as dopamine or epinephrine, its structure conformationally changes and 

transduces the signal to GDP-bound inactive heterotrimeric G protein. Then, 

activated GPCRs act as a GEF to induce a conformational change on Gα, triggering 
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binding to GTP. Within this activation, Gα and Gβγ dimer subunits disassociate from 

each other, and they go different effectors for relaying signals in different pathways 

(Bondar & Lazar, 2013).  

After this initial activation, there are three main pathways for relaying signals. If a 

GPCR transduces the signal to Gα11 from the Gαq family, it activates Phospholipase 

C as an effector protein. PL-C can hydrolyze PIP2 into inositol 1,4,5-trisphosphate 

(IP3) and diacylglycerol (DAG) as secondary messengers (Wu et al., 1992). IP3 is a 

polar and soluble head group of the phospholipid PIP2, which goes to ER, opens 

Ca+2 ion channels, and causes the release of Ca+2 to cytosol (Dickson et al., 2013). 

On the other hand, DAG is the insoluble part of the tail group of PIP2 that remains 

on the cell membrane and interacts with effector proteins in there, such as Protein 

Kinase C, and activates it with the aid of Ca+2 that is released via IP3 from ER 

(Falkenburger et al., 2013). PK-C phosphorylates downstream proteins and causes 

different gene expressions and responses, such as changing the membrane protein 

activation and causing different ion conductance or transportation of the cell in and 

out. 

As a second pathway, the Gα12 and Gα13 proteins from the Gα12/13 family 

stimulate the RhoGEF pathway for signal transduction. Once they are activated by 

GPCRs, they relay signals to RhoGEF, which is a GEF for the small GTP binding 

protein Rho (Suzuki et al., 2009). Then, RhoGEF goes and activates Rho-associated 

kinase (ROCK) which phosphorylates downstream proteins and causes various cell 

responses.  

Finally, the most studied pathway is through Gαs and Gαi1 proteins from Gαs and 

Gαi families, which affects Adenylyl cyclase (AC) as an effector protein (Ishikawa 

& Homcy, 1997). The lowercase letters in Gαs and Gαi signify their respective roles, 

with Gαs acting as stimulatory and Gαi as inhibitory in adenylyl cyclase, resulting 

in opposite effects. When the ligand binds to GPCR, it relays signal to Gαs, and it 

goes and stimulates adenylyl cyclase. This enzyme catalyzes ATP to cAMP 

production as a secondary messenger (Sadana & Dessauer, 2008). Then, cAMP goes 
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and binds to Protein kinase A, which phosphorylates downstream proteins and 

changes gene expression. On the other hand, Gαi has the opposite effect on adenylyl 

cyclase compared to Gαs and inhibits adenylyl cyclase and ATP to cAMP production 

(Taussig et al., 1993). Proteins in the Gα Protein family downstream signal 

transduction are shown in detail in Figure 1.7.  

 

Figure 1.7. Gα Proteins downstream signaling pathways. Gα11 affects the PI3K-

AKT pathway, Gαs and Gαi affect the AC-cAMP-PKA pathway, and Gα12 and 

Gα13 affect the Rho-ROCK pathway. Adapted from Kaur et al., 2023. 

1.3.4 Gα Proteins in Diseases 

Gα Proteins play roles in different signaling pathways and metabolisms; in turn, they 

can activate a vast number of cellular responses. When any abnormalities occur in 

Gα Proteins, it causes different dysregulations in these signaling pathways and 
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cellular responses that contribute to many diseases such as cardiovascular diseases, 

cancer, or endocrine disorders.  

Gα Proteins and tumorigenesis have complex relations with each other since Gα 

Proteins play roles in different signal transduction pathways that affect cell 

proliferation, migration, and survival. Therefore, the altered function of Gα Proteins 

stimulates different cancer hallmarks and promotes cancerous cell types and 

metastasis. Especially the Gα12/13 family is highly associated with tumor 

progression such as breast, colorectal, and liver, thus known as proto-oncogenes 

when they are overexpressed and highly activated (Rasheed et al., 2021). Moreover, 

some mutations in Gα13, such as L184R and L197Q, contribute to lymphomas and 

cause Burkitt Lymphoma with increased activation of the Rho/ROCK pathway 

(O’Hayre et al., 2015). Gα Proteins are also associated with cardiovascular diseases 

and play roles in regulating heart rate and blood pressure. The increased activation 

of ROCK protein through Gα12/13 – LPA4 receptor interaction causes hypertension 

via vasoactive blood-derived lipid lysophosphatidic acid promotion (Yanagida et al., 

2018). Gα proteins also play a role in regulating immune cells and immune 

responses. Gα12/13 facilitates B cell maturation and proliferation, and T-cell 

survival together with differentiation into Th1, Th2, etc. cells, and also, Gα12/13 can 

interact with chemokines and thrombin receptors, which are crucial for inflammation 

promotion and recruitment of the immune cells to sites (Yang et al., 2020). 

Therefore, any dysregulation in these Gα proteins can cause malfunctions in immune 

response, allergy, and autoimmune diseases. Furthermore, Gα protein dysregulations 

can cause neurodevelopmental disorders where patients have a short life span. 

Especially when Gαi1 has mutations in its sequence that affect GDP and GTP 

binding and disrupt proper functioning, patients have intellectual disability, seizures, 

and developmental delay (Muir et al., 2021). Gα proteins are also responsible for 

maintaining proper endocrine system and metabolic functions. However, some 

mutations in Gα proteins disrupt all these functions and cause severe disease states. 

GTP hydrolysis activity is interrupted when Gαs is mutated on Arginine 201 or 

Glutamine 227 residues. It causes McCune-Albright syndrome, which is described 
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as fibrous dysplasia, irregular skin pigmentation, and precocious puberty, where 

estrogen or testosterone starts functioning earlier than normal stage (Levine, 1999). 

In addition, these mutations on the pituitary, thyroid, or adrenal glands may cause 

acromegaly, Cushing syndrome, and hyperthyroidism (Albani et al., 2018). Gα 

proteins play a role in hepatic metabolism regarding glucose and lipid metabolism. 

Once Gα12 is defective in these cells, it causes obesity and hepatic steatosis via 

disturbed mitochondrial respiration and dynamics (Kim et al., 2018). 

1.4 Protein-Protein Interactions  

The proper functioning of the cells requires many different interactions between 

organic and inorganic molecules. Protein-Protein interactions (PPi) are one of the 

most important interactions in the cell. PPi occurs when two or more proteins come 

together in close physical proximity and function further (Sharma et al., 2021). These 

interactions are crucial for the regulation of cell activation and metabolism. There 

are different types of PPi, such as structural, enzymatic, signaling, and transporting. 

In structural PPi, one protein gets into a stable complex with other proteins or 

proteins physically through different forces such as electrostatic, hydrogen bonding, 

and van der Waals. For enzymatic PPi, proteins come together for catalyzing 

reactions in the cell where one protein, in this case, enzyme, facilitates another 

proteins’ or substrates’ chemical transformation. PPi is also a part of signaling 

pathways. Proteins are usually members of a signaling pathway where signals relay 

the cell membrane to the cell nucleus and vice versa. During these transductions, 

many different proteins interact with each other and cause various cell responses. 

Lastly, PPi happens during transportation in the cell, which enables different 

molecules to ship to other organelles or compartments of the cells, such as ion 

channels and transporters where different proteins work together. 
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1.4.1 Protein-Protein Interaction Detection Techniques 

In order to understand the importance and mechanism of PPi, many different 

techniques are developed at the cellular or tissue level under in vitro conditions.  

These techniques enable developing and understanding new drug targets, disease 

mechanisms, or functional insights into the cells. There are two-hybrid systems, such 

as Yeast Two-Hybrid or Bacterial Two-Hybrid systems, where one target protein 

and potential interacting partner proteins are expressed in cells. In the case of 

interaction, reporter gene activation occurs (Mehla et al., 2017). Affinity approaches 

are another technique for detecting PPi. In the case of a pull-down assay, a matrix is 

designed to bind the target protein, and potentially interacting proteins bind this 

matrix to be pulled together with the target protein (Louche et al., 2017). Co-

immunoprecipitation assay in affinity approaches relies on antibody and target 

protein interaction and pulling down from the solution with its potential interacting 

proteins (Nam et al., 2023). Moreover, mass spectrometry is one of the widely used 

techniques for PPi detection, with its quantitative and high-throughput information 

via a combination of various methods (Richards et al., 2021). Finally, Fluorescence 

tagging methods are widely used techniques for PPi. Förster Resonance Energy 

transfer is used for tracking PPi during the energy transfer between two different 

fluorophores (Lin et al., 2018). 

1.4.1.1 Confocal Fluorescence Microscopy 

The confocal microscope is one of the advanced fluorescence microscope types that 

can provide better contrast and resolution of imaging fluorescence samples with the 

help of its improved properties compared to other commonly used microscopes such 

as having high axial resolution and optical sectioning to obtain 3D images (Peterson, 

2010). In a confocal microscope, light sources (such as lasers), pinholes, excitation 

and emission filters, collimating lens, dichromatic mirror, objective, and 

photomultiplier tube are in its components. A laser is used as a light source, which 
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is monochromatic, to excite the desired wavelength at a single point. Exciting 

specific points instead of exciting everything all at once can help to increase contrast 

and resolution on the lateral plane. To obtain better imaging of the samples in the 

axial direction, pinholes are used (Wilson, 1995). There is usually one pinhole after 

the laser, and the other pinhole is before the photomultiplier tube. A laser pinhole 

can help the desired excitation wavelength pass through the excitation filter better 

and prevent interference signals from the surroundings. On the other hand, the 

pinhole of the photomultiplier tube allows emitted light to come from the focal point 

by eliminating the out-of-focus light, which helps optical sectioning obtain 3D 

images. It simply blocks the light coming from below or above the desired focal 

plane, and also, the light hits the near sites of the pinhole and only allows emitted 

light to come from the desired focal point. Therefore, it improves axial resolution in 

addition to increased contrast and lateral resolution. Excitation and emission filters 

help only desired excitation and emission wavelengths pass through the system. With 

the aid of a collimating lens, light can be collected and linearized to excite the sample 

after the beam splitter, which increases the signal. Also, with the objectives, lights 

can be gathered to illuminate the sample. The dichromatic mirror reflects the 

excitation light to the sample and transfers the emitted light from the sample. Also, 

there are bandpass filters in dichromatic mirrors, which work as excitation light 

reaches the mirror; it reflects the light below the pass point to the sample and allows 

the pass of emitted light from the sample above the pass point to the emission filter. 

A photomultiplier tube can be used as a detector. It collects the photons that pass 

from the pinhole and senses charges due to its photosensitivity property, counts the 

photons, and converts photon energy to electrical energy. A confocal microscope is 

also connected to a computer system with proper software to visualize and arrange 

the setups. 
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Figure 1.8: Representation of imaging components of confocal microscopy. Adapted 

from EVIDENT, 2024. 

1.4.1.2 Förster Resonance Energy Transfer (FRET) 

Förster Resonance Energy Transfer (FRET) is a technique that enables the 

examination of protein-protein or molecular interactions, the location of the proteins, 

and the distance of the proteins in live cell imaging, which was developed by 

Theodore Förster in the twentieth century (Kramer & Fischer, 2011). FRET relies on 

the resonance energy transfer between molecules with a long-range dipole-dipole 

interaction up to 10 nm within the Förster distance; that is, energy transference is in 

50% efficiency (Sekar & Periasamy, 2003). FRET can be measured using different 

techniques such as donor or acceptor photobleaching, spectral imaging, and the 

3cube method (Rebenku et al., 2023). 



 
 

23 

 

Figure 1.9: FRET technique in protein-protein interactions. When two fluorophore-

tagged proteins come in close proximity, non-radiative energy transfer enables the 

study of this interaction dynamics. Adapted from the University of Gothenburg, 

2024. 

Energy transfer in FRET can be calculated using a formula given below in Formula 

1.1 (Berney & Danuser, 2003). kT(r) stands for the energy rate that is transferred 

from donor to acceptor, tD stands for donor’s decay time, R0 stands for Förster 

distance, and r is the distance between donor and acceptor. 

                                                 𝑘!(𝑟) =
"
t!
&#"
$
'
%
                                                 (1.1) 

In FRET, fluorophores can be used to measure this energy transfer, and these 

fluorophores should meet some criteria to understand the dynamics of interactions.  

Firstly, the excitation and emission spectrum of the two candidate fluorophores 

should be well known. Since in FRET, the donor’s excitation energy is transferred 

to the acceptor ground state energy in long-range dipole-dipole interaction, the 

donor’s emission spectrum and the acceptor’s excitation spectrum should overlap as 

much as possible. However, the emission spectrum and excitation spectrum of the 

donor and acceptor should not overlap since this could cause bleedthrough, which 

will be interpreted as a false positive or false negative signal. Also, the quantum yield 

of the donor fluorophore should be high. Thus, its emitted number of photons should 

be as high as the absorbed number of photons with low non-radiative decay. Thus, 
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the donor can transfer its excited energy to the acceptor in the most efficient way 

(Bajar et al., 2016). Also, the extinction coefficient of the acceptor, which is the best 

absorption for a given wavelength, should be high. Moreover, fluorophores should 

be at Förster Distance, which is the range of 20 A° to 90 A° to transfer the energy 

efficiently with a proper orientation of the fluorophores that is important for energy 

transfer to provide better resonance energy transfers between pairs in appropriate 

dipole moments. 

 

Figure 1.10: Wavelength spectrum of EGFP and mCherry fluorophores and their 

spectral overlaps. Förster distance between donor EGFP and acceptor mCherry is 

52.88 20 A°. Adapted from Wu & Brand, 1994. 

When the distance between the donor and the acceptor is equal to the Förster 

distance, the decay rate of the donor becomes equal to the energy transfer rate; then, 

energy transfer occurs at 50% efficiency. With this information, energy transfer 

efficiency can be calculated below in Figure 1.11 with proper rearrangements in the 

values. E stands for efficiency of energy transfer, R0 is Förster distance, and r is the 

distance between donor and acceptor. 
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Figure 1.11: Relation between FRET efficiency-distance of fluorophores and 

adjusted. FRET Efficiency formula regarding distances. Adapted from EVIDENT, 

2024. 

However, FRET has some problems due to the nature of fluorophores, such as bleed-

through. When the emission spectrum of multiple fluorophores overlaps, it is 

possible to get crosstalk or bleed-through from one signal to another signal (Chen et 

al., 2007). Due to the broad emission spectrum and the spilling of one wavelength to 

other wavelengths in the filter system, it is hard to get exact measurements when 

multiple fluorophores exist. It can be prevented by selecting fluorophores carefully, 

such as they can be at different ends of the spectrum, and specific filters can be used. 

1.5 Aim of the Thesis 

K-Ras is a peripheral plasma membrane protein belonging to the small G-protein 

Ras family. It plays vital roles in signal transduction, cell proliferation, survival, and 

differentiation with its GDP/GTP transition. Therefore, K-Ras dysfunctions are 

associated with tumorigenesis. Similarly, Gα proteins are peripheral membrane 

proteins belonging to the Heterotrimeric G-protein family. These proteins are 

generally activated with G protein-coupled receptors, which act as Guanine 
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exchange factor (GEF) switching GDP/GTP activating Gα proteins. Like K-Ras, Gα 

proteins are also associated with many disease states. In recent years, studies have 

shown that K-Ras forms dimers through the G-domain, which plays a vital role in 

GTPase activity (Muratcioglu et al., 2020). In addition to current research on K-Ras 

dimerization, studies in our laboratory showed that Gα proteins (specifically G⍺i1-

G⍺i1) can also dimerize in live cells. These findings unveiled new possibilities that 

G-proteins can function and activate alternative signaling pathways through homo- 

and/or hetero-dimerization.  Thus, this study aims to investigate the role and 

importance of G-Domain on K-Ras and Gα protein dimerization in live cells. 
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CHAPTER 2  

2 MATERIALS AND METHODS 

2.1 Protein Modelling and Structure Prediction 

Protein modeling studies were carried out using Chimera software version 1.16.0 

(University of California, USA). For studying protein models, the Research 

Collaboratory for Structural Bioinformatics Protein Data Bank, RCSB PDB, was 

used. From this experimentally determined protein structure data bank, for K-Ras 

PDB ID: 3GFT, Gα11 PDB ID:6OIJ, Gα12 PDB ID:1ZCA, Gα13 PDB ID:3AB3, 

Gαi1 PDB ID:1KJY and Gαs PDB ID:6AUG were picked and modeled under 

Chimera MatchMaker tool for dimerization interface studies and amino acid 

simulations. Also, for the K-Ras – K-Ras dimerization model, the study that was 

published by Muratcioglu was used as a reference. 

 

Figure 2.1: 3D protein structures taken from Protein Data Bank. (A) K-Ras PDB ID: 

3GFT. (B) Gα11 PDB ID:6OIJ (C) Gα12 PDB ID:1ZCA. (D) Gα13 PDB ID:3AB3. 

(E) Gαi1 PDB ID:1KJY. (F) Gαs PDB ID:6AUG.  
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2.2 Bacterial Cell Culture 

2.2.1 Bacterial Strain & Growth Media & Maintenance  

In this study, as a bacterial strain Escherichia coli XL-1 Blue strain was used for 

plasmid transformation. Lysogeny Broth, LB, medium was used for E. coli growth 

after performing autoclave sterilization for 20 minutes at 121°C in an autoclave 

machine. For the selection marker of E. coli, antibiotic ampicillin in 100 μg/ml 

concentration was used in LB medium. Transformed E. coli cells were grown in LB 

agar medium with ampicillin for 16 hours at 37°C in the incubator. Transformed 

single colonies were selected and inoculated to liquid LB medium for plasmid 

isolation and allowed to grow for 16 hours at 37°C in a rotary shaker at 200 rpm. 

2.3 Molecular Cloning 

2.3.1 Preparation of E. coli Competent Cells via RbCl2 Method 

A single colony from E. coli XL-1 Blue strain plate was inoculated to a blood tube 

with 4 mL liquid LB medium without any selection marker and left to grow at 37°C 

for 16 hours in a rotary shaker. 1 mL of an overnight grown culture was inoculated 

to a fresh 100 mL liquid LB medium containing 20 mM MgSO4 and continued 

growing till OD600 reached 0.4-0.6. Once confluency reached the desired level, 100 

mL subculture was centrifuged at 2700 rpm for 7 minutes at 4°C. Then, the 

supernatant was discarded, and the pellet was resuspended in 40% volume of the 

initial subculture of ice-cold TFBI and incubated on ice for 5 minutes. Another round 

of centrifugation was applied at 2700 rpm for 7 minutes at 4°C, and the pellet was 

resuspended with TBFII, which was 4% volume of the initial subculture, and left for 

incubation on ice for 45 minutes. End of the incubation, cells were aliquoted to 

Eppendorf tubes in 50 µL volume, quick-freezed in liquid nitrogen, and stored at -

80°C. 
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2.3.2 Construction of Coding Sequences in Mammalian Expression Vector 

pcDNA 3.1(-) 

GNA11, GNA12 and GNA13 tagged with EGFP in pcDNA3.1 (-) vectors were 

obtained from 113Z639 numbered TÜBİTAK Project “Adenozin 2a ve Dopamin 2 

Reseptörlerinin Homo ve/veya Heteromerlerinin G Proteinleri İle Etkileşiminin 

Canlı Nöron Hücrelerinde Analizi ve Bu Etkileşimlerin Sinyal Yolakları Üzerindeki 

Etkileri ” with GNA11 Gene ID:2767, GNA12 Gene ID:2768 and GNA13 Gene 

ID:10672; GNAI1 and GNAS tagged with EGFP in pcDNA 3.1 (-) vectors were 

obtained from 117Z868 numbered TÜBİTAK project “Investigation of Gα protein 

dimerization mechanisms in live cells” with GNAI1 GeneID:2770 and GNAS Gene 

ID:2778. EGFP and mCherry vectors were gifted by Prof. Dr. Henry Lester, 

California Institute of Technology, USA. pcDNA3.1(-) was gifted by Prof. Dr. Ayşe 

Elif Erson Bensan, Middle East Technical University, Turkiye. K-Ras G12D 

oncogenic form, Gene ID: 3854, coding vector was gifted by Assoc. Prof. Dr. 

Kwang-Jin Cho, Wright State University, USA. Positive and negative FRET control 

groups were prepared by a former Master's student, Hüseyin Evci, Middle East 

Technical University, Turkiye.  

In this project, Firstly, the K-Ras G12D oncogenic form of the K-Ras gene named 

“K-Ras onc” was mutated to the K-Ras wild type form named “K-Ras wt” detailed 

below (2.3.4. Site-Directed Mutagenesis). Then, K-Ras wt and K-Ras onc coding 

sequences were constructed in a mammalian expression vector pcDNA 3.1(-). 

2.3.2.1 Primer Design 

In order to amplify the K-Ras gene, NheI (GCTAGC) and BamHI (GGATCC) 

restriction sites were added to primers for cloning genes with proper restriction sites 

into pcDNA 3.1(-). Moreover, in order to increase the binding efficiency of primers 

GTTGTTGTT sequences were added beginning of the primer. Designed primers 

were shown below in Table 2.1 in a 5’ to 3’ DNA replication direction. 
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Table 2.1 : Designed primers used for K-Ras wt and K-Ras onc genes, bold 
characters indicate restriction sites. 

Primer Name Sequences 

K-Ras NheI Forward GTTGTTGTTGCTAGCATGACTGAATATAAACT
TGTGGTAGTTGGA 

K-Ras BamHI Reverse GTTGTTGTTGGATCCTTACATAATTACACACT
TTGTCTTTGA 

 

 

2.3.2.2 Polymerase Chain Reaction (PCR) 

For cloning coding sequences to pcDNA 3.1 (-), firstly, the amplification of K-Ras 

wt and K-Ras onc coding sequences was performed, PCR was run with proper 

primers, and new restriction sites were introduced at the beginning and end of the 

genes. End of the reaction, blunt end coding sequences were obtained. As a 

polymerase, Phire Hot Start II Green Master Mix (Thermo Fisher Scientific, 

CAT#F126L) which has optimized reaction buffers, nucleotides, and MgCl2 was 

used.  Below, optimized PCR reaction ingredients and PCR conditions are shown. 
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Table 2.2 : Optimized PCR conditions and ingredients for amplifying K-Ras wt and 
K-Ras onc. 

Reagent Amount    

DNA 
Template  300 ng Initial 

Denaturation 98°C 30sec  

Forward 
Primer (0.5 
µM) 

1.25 µL from 20 mM 
stock Denaturation 98°C 5sec  

Reverse 
Primer (0.5 
µM) 

1.25 µL from 20 mM 
stock Annealing 68°C 5sec 33X 

Phire Hot Start 
II Green 
Master Mix 

25 µL Extension 72°C 45sec  

Nuclease Free 
Water Completed to 50 µL Final 

Extension  72°C 1min  

TOTAL 50 µL     

2.3.2.3 PCR Purification 

At the end of the PCR reaction, in addition to amplified PCR products, buffers, 

enzymes, and MgCl2 also stay in the reaction, which is unwanted for further cloning 

steps. In order to get rid of these undesired products, a PCR purification technique is 

applied. GeneJET PCR Purification Kit (Thermo Fisher Scientific, CAT#K0702) 

was used as the manufacturer’s instruction to purify the PCR products. In addition, 

instead of elution buffer, pre-heated nuclease-free water was used in 30 µL instead 

of 50 µL to obtain a higher concentration. 

2.3.2.4 Agarose Gel Electrophoresis 

To visualize and validate the existence of amplified products in the expected size, 

products were loaded in agarose gel, run under an electric field, and imaged under 
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UV light. To visualize amplified constructs, 0.8% (w/v) agarose gel in 1X TAE and 

0.5 μg/mL Ethidium Bromide, which intercalates itself into DNA and emits light 

under UV excitation, was prepared (Sigmon & Larcom, 1996). For the preparation 

of the gel, 0.48 g agarose was weighed and added into 60 mL 1X TAE, which was 

diluted with dH2O from 50X TAE stock solution. Till agarose melted in TAE 

completely, the mixture was heated in a microwave and cooled under tap water for 

30 seconds. Then, 25 μL EtBr was added, and the mixture was poured into a gel tray 

with a proper comb. Once the gel polymerized, samples were mixed with loading 

dye to track migration and sinkage of the samples to wells using Purple Gel loading 

dye (NEB, CAT# B7024S). Moreover, as a reference for size determination of 

samples, GeneRuler DNA Ladder Mix (Thermo Fisher Scientific, CAT#SM0331) or 

GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific, CAT#SM0313) were used. 

Then, the gel was run under 100V in 1X TAE buffer for 35-45 minutes and visualized 

under UV. 

2.3.2.5 Restriction Enzyme Digestion  

After confirmation of desired products in expected size in agarose gel 

electrophoresis, PCR products, blunt end K-Ras wt, and K-Ras onc genes were cut 

with introduced restriction sites in PCR, which are NheI (NEB, CAT#R3131M) and 

BamHI (NEB, CAT#R0136M) at 37°C for 3 hours. In addition to cutting genes, 

pcDNA 3.1(-) was also cut with the same enzymes under the same conditions. 

According to the manufacturer’s instruction, 1 μL enzyme is supposed to be used for 

cutting 1000 ng DNA with the proper concentration of CutSmart buffer (NEB, 

CAT#B6004). At the end of the restriction digestion, both genes and the vector get 

sticky ends, which enables gene insertion into the vector after ligation. However, at 

the end of the reaction, the mixture has a buffer and restriction enzyme that can 

interfere with the proper ligation reaction. To prevent that, the end products of 

reactions were subjected to PCR purification, which purifies DNA as mentioned 
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above in the “2.3.2.3. PCR Purification” section. Below, ingredients and their 

optimized amount for double restriction digestion are shown. 

Table 2.3 : Optimized double restriction digestion reagents and amounts. 

Reagents Amount 

Target DNA 33 μL 

Restriction Enzyme I 1.5 μL 

Restriction Enzyme II 1.5 μL 

CutSmart Buffer (10X) 4 μL 

TOTAL 40 μL 

2.3.2.6 Ligation 

After digested products were purified, their concentrations and purity were 

quantified using Nanodrop. To clone inserts in this case K-Ras wt and K-Ras onc 

genes to vector pcDNA 3.1 (-), T4 ligase (Thermo Fisher Scientific, CAT# EL0011) 

was used provided by manufacturer’s T4 Ligase Buffer (Thermo Fisher Scientific, 

CAT#B69). For the reaction, considering the mass and sizes of inserts and vector, 

1:5 or 1:10 insert: vector molar ratios were calculated, and at least 200 ng vector was 

used. Then, the mixture was incubated for 3 hours at room temperature. Below, 

reagents and amounts are shown. 
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Table 2.4 : Optimized ligation reagents and amounts. 

Reagents Amount 

Vector 200 ng 

Insert Ratio depended 

T4 Ligase 1 μL 

T4 Ligase Buffer (10X) 2 μL 

Nuclease Free Water Completed to 20 μL 

TOTAL 20 μL 

2.3.2.7 Transformation 

In order to obtain ligated plasmids, ligation reactions were transformed into 

competent cells. As a competent cells, E. coli XL-1 Blue strain was used. For long-

term storage, competent cells were kept at -80°C, and at the beginning of the 

procedure, they were thawed on ice for 15 minutes. Then, 3 μL from the ligation 

reaction mixture was added in sterile conditions and incubated on ice for 30 minutes. 

After incubation, competent cells were subjected to heat shock at 42°C for 45 

seconds and put back to ice incubation for 5 minutes. Later, 950 μL LB was added 

to cells and incubated in a rotary shaker at 180 rpm at 37°C for 1 hour. End of the 

incubation, competent cells were centrifuged at 4000 rpm for 4 minutes, 700 μL 

supernatant was discarded, and the remaining cells were resuspended in the 

supernatant and then plated on selective media, that is Ampicillin agar plates, and 

incubated at 37°C for 16 hours to pick single bacterial colonies. 

2.3.2.8 Plasmid Isolation 

Transformed plasmids were able to amplify in competent cells, and lysing single 

colonies enabled the obtaining of desired plasmids. After transformation, a single 

colony from agar plates was inoculated to 4 mL liquid LB medium containing 
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ampicillin in sterile conditions and incubated in a rotary shaker at 180 rpm at 37°C 

for 16 hours. After this incubation, grown cells were collected to isolate their desired 

plasmid. For plasmid isolation, the GeneJET Plasmid Miniprep Kit (Thermo Fisher 

Scientific, CAT#K0503) was performed according to the manufacturer’s 

instructions. In a similar manner to PCR purification, instead of elution buffer, 90 

μL pre-heated NFW was used to increase the yield, and plasmid concentrations were 

measured using Nanodrop. 

2.3.2.9 Control Restriction Enzyme Digestion  

During the transformation, competent cells can uptake self-ligated vector from 

ligation reaction and may give false positive results by forming single colonies on 

agar plates. Control restriction enzyme digestion was performed to test whether the 

desired isolated plasmids were the desired. In the same manner as Restriction 

Enzyme Digestion, reaction amounts were decreased to small volumes to see if 

insertion exists in determined vector sites, and the reaction was incubated at 37°C 

for 2 hours. Below, optimized control restriction enzyme digestion ingredients and 

their amounts are shown. 

Table 2.5 : Optimized double restriction digestion reagents and amounts. 

Reagents Amount 

Target DNA 300 ng 

Restriction Enzyme I 0.25 μL 

Restriction Enzyme II 0.25 μL 

CutSmart Buffer (10X) 1.5 μL 

Nuclease Free Water Completed to 15 μL 

TOTAL  15 μL 
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2.3.3 PCR Integration Method  

In this study, K-Ras wt and K-Ras onc proteins were internally tagged with mCherry 

and EGFP at the 62nd amino acid position in the structure. This 62nd position on K-

Ras proteins was chosen according to EGFP tagged Gα Proteins to efficient energy 

transfer in FRET studies, considering Förster distance between EGFP and mCherry 

at their positions. For the position tagging, the PCR Integration method was used. 

This method required two PCR reactions back-to-back in different PCR conditions 

(Geiser et al., 2001). The first primer was designed to target the amplification of 

EGFP or mCherry together with approximately 30 bp overhang sequences belonging 

to protein to be tagged. The final product end of the first PCR reaction was used as 

a primer in the second PCR reaction, and the protein was tagged during this 

amplification with fluorophores. 

 

Figure 2.2: A schematic representation of PCR integration method. Adapted from 

Geiser et al., 2001 
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2.3.3.1 Primer Design 

To tag K-Ras wt and K-Ras onc proteins with EGFP and mCherry at the 62nd amino 

acid position, the first primer pairs were designed to anneal EGFP and mCherry, and 

the beginning and end of the primers have approximately 30 bp sequences from 

before and after K-Ras 62nd amino acid as overhangs. In the second PCR, no primers 

were used since the first PCR reaction product, which anneals the K-Ras coding gene 

with its 30 bp overhangs, was used as a primer. In addition, since mCherry and EGFP 

have identical sequences at the beginning and end of their sequences for 21 bp length, 

the same primers were used to amplify both of them. 

Table 2.6 : Designed primers for tagging K-Ras wt and K-Ras onc proteins at 62nd 
position with EGFP and mCherry in 5’ to 3’ direction. Underlined sequences anneal 
to EGFP or mCherry, overhangs anneal to K-Ras. 

Primer Name Sequences 

K-Ras-62 
EGFP/mCherry 
Forward 

CTCTTGGATATTCTCGACACAGCAGGTCAAGAG
ATGGTGAGCAAGGGCGAGGAG 

K-Ras-62 
EGFP/mCherry 
Reverse 

CCTCATGTACTGGTCCCTCATTGCACTGTACTCC
TTGTACAGCTCGTCCATGCCG 

2.3.3.2 Integration Polymerase Chain Reaction (PCR) 

2.3.3.2.1 First PCR 

First PCR reaction was performed in a similar manner amplifying any gene explained 

above in the section “2.3.2.2. Polymerase Chain Reaction (PCR)” with using the 

same conditions and ingredients. For EGFP amplification, EGFP in pcDNA 3.1 (-) 

and for mCherry amplification mCherry in pcDNA 3.1 (-) were used as DNA 

templates. 
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2.3.3.2.2 Second PCR 

The second PCR reaction was performed using the first PCR products as primers, 

which are called Mega Primers, and proper high-fidelity PCR conditions. In the 

reaction, high-fidelity Phusion HS II DNA Polymerase (Thermo Fisher Scientific, 

CAT#F549S), which has 52 times more fidelity compared to Taq polymerase, was 

used. In this step, K-Ras wt and K-Ras onc were used as a template to tag with EGFP 

and mCherry in desired positions. Here below, the second PCR reagents and their 

high-fidelity conditions are shown. 

Table 2.7 : Optimized second PCR conditions and ingredients for tagging K-Ras wt 
and K-Ras onc with EGFP and mCherry fluorophores. 

Reagent Amount    

DNA Template  25 ng Initial 
Denaturation 98°C 3 min  

Mega Primer  125 ng Denaturation 98°C 30 sec  

dNTP mix 
(10mM) 0.4 µL Annealing 57°C 45 sec 18X 

Phusion HS II 
DNA Polymerase 0.3 µL Extension 69°C 10 

min  

5X Phusion HF 
Buffer 4 µL Final 

Extension  69°C 12 
min  

Nuclease Free 
Water Completed to 20 µL     

TOTAL 20 µL     

2.3.3.3 DNA Extraction from Agarose Gel 

When the First PCR was performed, whole products were loaded into agarose gel, 

and electrophoresis was applied. Then, the gel was visualized under UV light, and 

sizes were confirmed according to the DNA ladder. Later, related DNA fragments 

were cut with a scalpel and put in separate Eppendorf tubes to be weighed. DNA 
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fragments inside the gel were purified according to the manufacturer's instructions 

using the GeneJET Gel Extraction Kit (Thermo Fisher Scientific, CAT#K0692). The 

elution step was done similarly to other DNA purification kits. After the purification, 

products were used as a primer in the second PCR step. 

2.3.3.4 DpnI Enzyme Digestion 

The end products of the second PCR also contain an untagged template. In order to 

remove the template plasmid from the reaction mixture, DpnI (NEB, CAT# R0176S) 

restriction enzyme digestion was applied (incubated at 37°C for 3 hours). DpnI 

enzyme recognizes its recognition site only when the site is methylated; therefore, 

parental plasmids can be cleaved in the reaction (Weiner et al., 1994). Then, the 

products were transformed into bacterial cells; the plasmid was isolated using a 

plasmid isolation kit, and control restriction digestion was applied.  

2.3.4 Site-Directed Mutagenesis  

In this study, the K-Ras onc construct was mutated to its wild-type form, K-Ras wt, 

via site-directed mutagenesis (SDM). Moreover, K-Ras and Gα proteins were 

mutated at the dimerization interface. Following protein sequence alignment, amino 

acids of Gα proteins aligned with the two crucial K-Ras amino acids at the 

dimerization interface were mutated to mimic K-Ras residues. Also, charge reversal 

mutations on K-Ras residues were carried out in order to disrupt the dimerization. 

For SDM, proper primers with desired mutations were designed, and high-fidelity 

PCR was performed. Then, similar to the “2.3.3.4. DpnI Enzyme Digestion” part, 

DpnI enzyme digestion was applied, and the reaction mixture was transformed into 

E. coli competent cells, plasmids were purified. Table 2.8 below shows the desired 

mutations after performing Site-directed mutagenesis.  
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Figure 2.3: A schematic representation of Site-Directed Mutagenesis. Adapted from 

Laible & Boonrod, 2009. 

Table 2.8 : Desired mutation on K-Ras and Gα proteins after site-directed 
mutagenesis to interfere with dimerization interfaces. 

Constructs Sites before mutation Desired mutation on site after 
SDM  

K-Ras onc D12 D12G 

K-Ras wt   K101 & R102 K101D&R102E 

K-Ras onc  K101 & R102 K101D&R102E 

GNAI1  N256 & K257 N256K & K257R 

GNA11  Y261 & P262 Y261K&P262R 

GNA13  N278  N278K 

2.3.4.1 Primer Design 

For site-directed mutagenesis reactions, desired mutations were put in the middle of 

the sequence with at least 9 bp flanking nucleotides, and more extended 

complementary sequences were added on both primers for proper annealing. Below, 

designed primer sequences are shown. 
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Table 2.9 : Designed primers that were used for mutating K-Ras onc form to its wild-
type form and EGFP/mCherry tagged K-Ras wt, K-Ras onc and Gα proteins. 
Underlined sequences show mutated regions. 

Primer name Sequence 

K-Ras D12G 
Forward GTTGGAGCTGGTGGCGTAGGCAAGAGTGCC 

K-Ras D12G 
Reverse GCCTACGCCACCAGCTCCAACTACCACAAG 

K-Ras SDM 
K101D&R102E 
Forward 

GAACAAATTGACGAAGTTAAGGACTCTGAAGATG 

K-Ras SDM 
K101D&R102E 
Reverse 

GTCCTTAACTTCGTCAATTTGTTCTCTATAATGG 

GNAI1 N256K & 
K257R Forward GCATATGTAACAAAAGGTGGTTTACAGATACATCC 

GNAI1 N256K & 
K257R Reverse CTGTAAACCACCTTTTGTTACATATGCTGTCAAAC 

GNA11 
Y261K&P262R 
Forward 

CCGGACCATCATCACCAAGCGCTGGTTCCAGAACT
CCTCCG 

GNA11 
Y261K&P262R 
Reverse 

CTGGAACCAGCGCTTGGTGATGATGGTCCGGAACA
GGGC 

GNA13 N278K 
Forward CAATCGTCAATAAACGGGTTTTCAGCAATGTCTCC 

GNA13 N278K 
Reverse 

GCTGAAAACCCGTTTATTGACGATTGTTTCAAAAAT
G 

2.3.4.2 SDM Polymerase Chain Reaction (PCR) 

SDM PCR reaction required high-fidelity PCR conditions for proper primer 

annealing to plasmids to perform its substitutions in the sequences. Therefore, 

similar to the “2.3.2.2.1. Second PCR” section, the same polymerase was used. 
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Table 2.10 : Optimized SDM PCR conditions and ingredients for mutating K-Ras 
onc to K-Ras wt and tagged K-Ras wt, K-Ras onc and Gα proteins. 

Reagent Amount    

DNA 
Template  25 ng Initial 

Denaturation 98°C 3 min  

Forward 
Primer (0.5 
µM) 

0.5 µL from 20 mM 
stock Denaturation 98°C 30 sec 

22X Reverse 
Primer (0.5 
µM) 

0.5 µL from 20 mM 
stock Annealing 58°C 45 sec 

dNTP mix 
(10mM) 0.4 µL Extension 70°C 10 

min 

Phusion HS II 
DNA 
Polymerase 

0.3 µL Final 
Extension  70°C 12 

min  

5X Phusion 
HF Buffer 4 µL     

Nuclease Free 
Water Completed to 20 µL     

TOTAL 20 µL     

2.4 DNA Sequencing 

After constructing the desired plasmids, their sequence confirmation was done by 

Sanger sequencing. Sequencing primers were chosen from upstream and 

downstream regions from multiple cloning sites sequences of pcDNA 3.1 (-) and 

designed accordingly. Once sequences were confirmed, all constructs were cut from 

the plasmid from PCR and ligated to a new empty pcDNA 3.1 (-) vector to eliminate 

any possible mutations generated by HF polymerase that could interfere with gene 

expression. Table 2.11 shows pcDNA 3.1(-) sequencing primers.  
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Table 2.11 : Designed primers for sequencing of constructs. 

Primer Name Sequences 

pcDNA 3.1(-) 
Forward GTGTACGGTGGGAGGTCTAT 

pcDNA 3.1(-) 
Reverse GCCTTCCTTGACCCTGGAA 

2.5 Mammalian Cell Culture 

2.5.1 Mus musculus Neuro-2a (N2-a) Cell Line 

The N2-a cell line is obtained from neuroblasts of the mouse (Mus musculus) brain 

tissue, and as the name indicates, it is a tumor cell line. Since the N2-a cell is a good 

candidate for understanding the dynamics of GTP binding proteins, this cell line was 

used for imaging and investigating the interaction between K-Ras and Gα proteins 

in this study. N2-a cells are adherent cells, and their doubling time is approximately 

24 hours to 36 hours. The N2-a cell line was purchased from ŞAP Enstitüsü, Turkiye. 

2.5.1.1 Maintenance of N2-a Cell Line  

N2-a cell subculturing and cultivation were done using T-25 flasks (Greiner, 

CAT#690175) in a sterile laminar flow hood. The growth media contained 89% 

Dulbecco’s Modified Eagle Medium, DMEM (Gibco, CAT#41966029) 

supplemented with high glucose and pyruvate. In addition to DMEM, media 

contained 10% Fetal Bovine Serum, FBS (Gibco, CAT#10500064), and 1% 

antibiotic Penicillin/Streptomycin (Gibco, CAT#15140122) in Penicillin 100 IU/mL 

and Streptomycin 100 μg/mL concentrations. A complete medium was prepared 

accordingly, and the filter was sterilized with a 0.22 μm pore size vacuum filtration 

apparatus (Nest, CAT#34300). The N2-a cell line requires passage twice per week 

once it reaches approximately 80% confluency. The cell medium was first discarded 
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during the passage, and cells were washed with 3 mL 1X phosphate-buffered saline 

(PBS). Since they were adherent cells, 0.5 mL TrypLE (Gibco, CAT#12605028) was 

used for disassociation of cells from the surface of the flask and incubated for 5 

minutes at 37°C under 5% CO2. Then, 8 mL fresh media was added to detached cells 

and collected into a falcon tube for centrifuging at 900 rpm for 5 minutes to eliminate 

TrypLE. After centrifugation, the supernatant was discarded, and 5 mL of fresh 

media was added to resuspend the cell pellet. Then, 10 μL resuspended cells were 

counted using a Neubauer Hemocytometer (Marienfeld, #CAT0640010). Then, 

viable cells were counted, and an approximate cell number in 1 mL cell was found. 

Then, the desired number of cells were seeded in a new T-25 flask with fresh 8 mL 

medium and incubated till later passaging at 37°C under 5% CO2.

 

Figure 2.4: A schematic representation of cell counting on a Neubauer 

Hemocytometer.  

2.5.2 Transfection 

Transient transfection was applied to introduce desired expression vectors to 

mammalian N2-a cells using Lipofectamine LTX (Invitrogen, CAT# 15338100). 

Before transfection day, 180.000 cells were seeded on a 35 mm glass bottom dish 

(Cellvis, CAT#D35-20-1.5-N). For transfection, 400-600 ng from each plasmid and 

3 μL Lipofectamine Plus Reagent were mixed in 100 μL Opti-MEM (Gibco, 

CAT#31985070) and incubated at room temperature for 15 minutes. During this 
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incubation, in another tube, 3 μL Lipofectamine LTX reagent was diluted in 100 μL 

Opti-MEM. After incubation, plasmid tubes and Lipofectamine LTX reagent tubes 

were mixed and incubated for an additional 15 minutes at room temperature. At the 

end of the incubation, the medium of cells in dishes was discarded, and the cells were 

washed with 1 mL PBS. Then, the transfection mixture and 1 mL Opti-MEM were 

added to the cells gently and incubated for 3 hours at 37°C under 5% CO2. After 3 

hours, fresh cell medium was added to the cells, and incubation continued for 48 

hours prior to imaging. 

 

Figure 2.5: A schematic representation of the transfection protocol. 

2.6 Protein Isolation 

In this study, transfected cell total proteins were isolated for further studies. 500.000 

cells were seeded for transfection, and the transfection protocol was applied as 

described in section “2.5.2. Transfection”. 48 hours after transfection, the cell 
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medium was discarded in laminar hood flow, and 200 μL Radioimmunoprecipitation 

assay buffer (RIPA) (Serva, CAT# 39244.01) that contained protease inhibitor 

PMSF (Serva, CAT# 32395.02) in 1 mM concentration was added on cells and 

incubated on ice for 5 minutes. Then, cells were detached from the surface of the 

dishes using a scraper, transferred to Eppendorf tubes, and centrifuged at 14.000xg 

for 15 minutes. After centrifugation, the supernatant containing isolated proteins was 

collected and transferred to another Eppendorf tube.  

2.6.1 Quantification of Protein Concentrations  

Protein concentrations were determined by Bradford Assay. The Bradford Protein 

Assay Kit (Thermo Fisher Scientific, CAT#23200) based on Coomassie-dye was 

used to conduct the assay.  5 μL isolated proteins were loaded on a clear 96 well 

plate (Sarstedt, CAT# 83.3924), and then 250 μL from the kit’s Coomassie reagent 

was added and incubated at room temperature for 10 minutes. After incubation, using 

the Multiskan-GO microplate reader (Thermo Fisher Scientific, CAT#	N10588), 

protein concentration was measured at OD595. Before measuring protein 

concentration, a protein standard curve was generated using Bovine Serum Albumin 

between 0-2000 μg range, and concentration calculations were done according to the 

standard curve.  

2.7 Western Blot 

Firstly, protein samples were prepared in dilution and loading buffer and denatured 

at 98ºC for 5 minutes in a heat block. Proteins were separated according to their sizes 

with polyacrylamide-based gel using the SDS-PAGE technique. For this separation, 

a discontinuous gel system was prepared with 10% separating gel at the bottom and 

4% stacking gel at the top between glass cassettes. Electrophoresis was done at 80V 

for 1.5 hours at room temperature with loading reference protein sizes to determine 

corresponding size prestained protein ladder (Thermo Fisher Scientific, 
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CAT#26616) was used in 10 kDa to 180 kDa protein size ranges. Once separation 

was done, proteins in the gel were transferred to Polyvinylidene Fluoride, PVDF, 

membrane (Biorad, CAT#162-0177) at constant voltage (25V) for 20 minutes at 

room temperature using a semi-dry transfer method. Then, proteins on the membrane 

were blocked with 5% skim milk in TBS-T solution for 1 hour at room temperature 

to prevent nonspecific antibody binding. Later, the primary antibody diluted in 

blocking solution, incubation was done at room temperature for 1.5 hours using anti-

K-Ras antibody (Santa Cruz Biotechnology, CAT#sc-30) and anti-GAPDH (Santa 

Cruz Biotechnology, CAT#sc-25778) as loading control. Then, excess antibodies 

were removed from the membrane via washing with TBS-T buffer three times for 10 

minutes. Then, a secondary antibody with Horse Radish Peroxidase (HRP) was used 

for 1-hour. The membrane was washed with TBS-T buffer three times for 10 minutes 

following the removal of secondary antibodies. To detect the protein of interest, the 

chemiluminescence technique was conducted based on enzyme-substrate interaction 

using HRP substrate (Biorad, CAT# 1705060) and sensing byproduct of the reaction, 

which emitted light. The HRP Substrate reagent was used according to the 

manufacturer’s instructions, and the membrane was visualized by a Bio-Rad 

ChemiDoc imaging device. 

 

Figure 2.6: A schematic representation of Antibody detection in Western Blot.  
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2.8 Imaging 

Imaging of the transfected cells was conducted using a Leica DMI4000 B automated 

inverted microscope equipped with Andor Metal Halide Light Source, DSD2 

spinning disc, and Zyla 5.5 sCMOS camera with 63X magnification and 1.4 

numerical aperture oil objective.  

Imaging of tagged proteins was done by specific excitation and emission filters 

according to tags. Protein-protein interaction studies were done by separating 

proteins into specific groups to perform FRET analysis. Table 2.12 shows protein 

groups transfected to cells on glass bottom dishes. For positive FRET control, 

GAP43-mCherry-RGSLVPR-EGFP construct, and for negative FRET control, 

GAP43-EGFP and GAP43-mCherry constructs were used. For proper FRET 

calculations, pcDNA 3.1(-) was transfected with donor or acceptor plasmids for 

imaging under the same plasmid load during transfection. 

Table 2.12 : Dish numbers and constructs during imaging order. “X” after Gα stands 
for specified Gα protein in the context of Gα11, Gα12, Gα13, Gαi1, Gαs. SDM 
stands for specific mutations in proteins mentioned in the “2.3.4. Site-Directed 
Mutagenesis” section. 

Dish number Transfected Constructs  

1. Donor (EGFP tagged construct) + pcDNA 3.1(-) 

2. Acceptor (mCherry tagged construct) + pcDNA 3.1 (-) 

3. Positive FRET control  

4. Negative FRET control 

5. K-Ras wt mCherry + GαX EGFP 

6. K-Ras wt mCherry + GαX SDM EGFP 

7. K-Ras wt SDM mCherry + GαX SDM EGFP 

8. K-Ras onc mCherry + GαX EGFP 

9. K-Ras onc mCherry + GαX SDM EGFP 

10. K-Ras onc SDM mCherry + GαX SDM EGFP 
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2.8.1 Imaging with Spinning Disc and FRET Technique Settings in 

Confocal Microscope 

For the FRET technique, the 3-Cube method was performed. In the 3-Cube method, 

as the name indicates, three different filter cubes were used for proper FRET analysis 

and bleed-through subtraction. The first filter was arranged for EGFP excitation and 

emission called EGFP channel, and the second filter was arranged for mCherry 

excitation and emission called mCherry channel. The final filter cube was arranged 

for EGFP excitation and mCherry emission called FRET channel. For donor bleed-

through calculation, FRET and EGFP channels were used, and for acceptor bleed-

through calculation, FRET and mCherry channels were used during imaging. All 

channels (FRET, EGFP, and mCherry) were used to obtain Net FRET images. 

 

Figure 2.7: A schematic representation of the 3-Cube method. 
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2.9 Image Analysis 

After FRET studies in the confocal microscope, images were analyzed using ImageJ 

version 1.53 software with PixFRET plug-in (Feige et al., 2005). With the aid of the 

PixFRET plug-in, bleed-through signals were eliminated. As mentioned before, 

during energy transfer in FRET, the fluorophore spectrum overlaps cause crosstalk 

between signals, eventually leading to misinterpretation of FRET results. The 

PixFRET plug-in eliminates donor and acceptor spectral bleed-through from images, 

preventing misinterpretation. Firstly, to eliminate donor spectral bleed-through, two 

image stacks that include both FRET and EGFP channels were analyzed in the 

algorithm; similarly, two image stacks that have FRET and mCherry channels were 

analyzed in the algorithm of plug-in to eliminate acceptor spectral bleed-through. 

After these two analyses, the algorithm calculated different equations according to 

pixel intensity values in the images, and the fittest equation was picked to further 

FRET analysis, which included three image stacks from FRET, EGFP, and mCherry 

channels and values were normalized for calculating Net FRET efficiencies. For each 

condition, approximately 40 images and 100 cells with detectable net FRET signals 

were analyzed for FRET efficiency calculations.  

2.10 Statistical Analysis 

In this study, independently replicated experiments’ statistical analysis and their 

graphical representative figures were conducted in GraphPad Prism 9.5.0 version. A 

T-test was performed to compare mean differences between two groups in one 

condition. One-way ANOVA was used to analyze mean differences between more 

than two groups in one condition. Mean ± standard error of the mean (SEM) was 

used to represent statistical results, and p values less than 0.05, p<0.05, were 

considered statistically significantly different. In statistically significant results, “*” 

was denoted for p<0.05, “**” was denoted for p<0.01, “***” was denoted for 

p<0.001, and “****” was denoted for p<0.0001. 
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CHAPTER 3  

3 RESULTS 

3.1 Dimerization Interface Simulations 

According to the literature, K-Ras dimerization occurs on either α or β interfaces. 

For α interface dimerization, K-Ras dimerizes through α3 and α4 helical interfaces, 

and there are hot spot amino acids identified as directly playing a role in this 

dimerization through hydrogen bonding and salt bridges such as amino acid Glu98 

interacts with Arg97 and Lys101 while Arg102 interacts with Asp105 and Glu107 

(Muratcioglu et al., 2020). Figure 3.1 shows the α-helical dimerization interface, and 

in this study, residues corresponding to this dimerization interface are investigated 

to test possible interactions between K-Ras and Gα proteins.  

 

Figure 3.1: K-Ras4B α-homodimer and hot spot residues. Adapted from 

Muratcioglu, 2020. 

All Gα proteins used in this study were aligned to K-Ras protein according to 3D 

structures via Chimera MatchMaker plug-in. These structural alignments were 

further used to understand the possible interaction interface between them. Figure 
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3.2 shows Gα11, Gα12, Gα13, Gαi1, and Gαs proteins structural alignments with K-

Ras protein. The 3D structures were experimentally determined and submitted to the 

Protein Data Bank (PDB). All these structures were resolved either by X-Ray 

Diffraction or Electron Microscopy method. Except for Gα12, all other proteins are 

originated from Homo sapiens. Gα12 is Mus musculus origin in its only resolved 

structure.  

 

Figure 3.2: K-Ras and Gα proteins 3D protein structural alignments on Chimera. (A) 

K-Ras - Gα11 alignment. (B) K-Ras - Gα12 alignment. (C) K-Ras - Gα13 alignment. 

(D) K-Ras - Gαi1 alignment. (E) K-Ras - Gαs alignment.  

K-Ras structure and Gα proteins were aligned at their G-domains since this region is 

functionally homologous (hydrolyze GTP to GDP). K-Ras α-homodimer interface 

corresponding amino acids on Gα proteins were identified after the structural 

alignment. While some Gα proteins share similar amino acids with K-Ras, others 

showed variations in this region. Comparison of hetero dimerization of Gα proteins 

and K-Ras proteins was analyzed considering these similarities. Mainly for the Gα 

proteins that showed significant variability in this region, SDM studies were carried 
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out to mimic K-Ras dimerization interface residues in order to check if these residues 

would be enough to increase dimerization. 

3.2 Construction of K-Ras wt/K-Ras onc coding sequences in pcDNA3.1(-) 

The coding sequence of K-Ras onc was gifted by Assoc. Prof. Dr. Kwang-Jin Cho, 

Wright State University, USA. Firstly, the K-Ras onc coding sequence was amplified 

with NheI and BamHI restriction sequence containing primers to insert into pcDNA 

3.1 (-). Figure 3.3 and Figure 3.4 below show the K-Ras coding sequence and its 

desired ligation region flanked by selected restriction digestion sites in the pcDNA 

3.1(-) vector. 

 

Figure 3.3: Coding sequence of K-Ras G12D gifted from Assoc. Prof. Dr. Kwang-

Jin Cho. 
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Figure 3.4: Insertion sites of K-Ras onc to pcDNA 3.1(-), NheI and BamHI.  

PCR for amplification of coding sequence K-Ras onc was performed, and PCR 

products were purified using a kit to get rid of contaminants from the reaction. Then, 

2 μL PCR product was loaded on 0.8% Agarose gel to confirm the amplification at 

the desired size, which is 567 bp length. Figure 3.5 shows amplified PCR products 

of K-Ras onc with determined restriction digestion sites.  



 
 

55 

  
(A) (B) 

Figure 3.5: PCR product of K-Ras onc on agarose gel. (A) Amplified K-Ras onc 567 

bp. (B) GeneRuler 1kb DNA ladder. 

After this confirmation, PCR product K-Ras onc and pcDNA 3.1(-) vector were cut 

with NheI and BamHI. Then, PCR purification was applied to eliminate the 

restriction digestion enzymes before ligation. Then, K-Ras onc was ligated to 

pcDNA 3.1(-) mammalian expression vector. Control restriction digestion was 

performed with these two restriction enzymes to confirm if ligation was successful, 

and the reaction was loaded on 0.8% agarose gel for size confirmation. The expected 

K-Ras onc sequence size was 567 bp, and the pcDNA 3.1(-) vector was 5427 bp. 

Figure 3.6 shows digested vector pcDNA 3.1(-) that drops its K-RAS onc gene at the 

size between 500-700 bp, and according to the DNA ladder, digestion control 

suggests the success of ligation. 

 

K-Ras onc 
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(A) (B) 

Figure 3.6: Control restriction with NheI and BamHI of K-Ras onc in pcDNA 3.1(-) 

on agarose gel. (A) Digested K-Ras onc 567 bp. (B) GeneRuler 1kb DNA ladder. 

Once K-Ras onc in pcDNA 3.1(-) construct was obtained, it was mutated to K-

Ras wt form via site-directed mutagenesis method. Using designed primers, PCR 

reaction, and subsequent experiments were carried out and sent to sequencing to 

confirm the mutation. K-Ras onc form has aspartic acid (D) with GAT codon at the 

12th position instead of glycine (G). After mutagenesis, this amino acid is converted 

to glycine using the GGT codon, generating the K-Ras wt form. Figure 3.7 shows 

both forms of the K-Ras sequences, and the mutation of D(GAT) to G(GGT) was 

confirmed after sequencing. Thus, K-Ras wt in pcDNA 3.1(-) was obtained. 

K-Ras onc 
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Figure 3.7: Sanger sequencing results of K-Ras wt and K-Ras onc. (A) K-Ras onc 

D12 sequence. (B) K-Ras wt G12 sequence. 

3.3 Labeling Proteins with EGFP/mCherry via PCR Integration Method 

K-Ras wt and K-Ras onc proteins were labeled with fluorophores EGFP and 

mCherry in the Switch II loop at 62nd and 63rd amino acids. For this integration, the 

first PCR was performed to amplify fluorophores with flanking regions at the end of 

genes, which were complementary to K-Ras before and after the 62nd amino acid, 

and fluorophores stop codons were deleted. These PCR products, called Mega 

primers, were loaded on 0.8% agarose gel and isolated from it. Figure 3.8 shows 

PCR products of EGFP, 717 bp, mCherry, 708 bp, and additional flanking regions 

in expected size according to DNA Marker. 
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(A) (B) 

Figure 3.8: The first PCR products on agarose gel from PCR integration method to 

tag K-Ras on 62nd position. (A) Amplified first PCR products, EGFP and mCherry. 

(B) GeneRuler 1kb DNA ladder. 

Extracted PCR products were used as mega primers for tagging K-Ras wt and K-

Ras onc. After the second PCR, products were transformed into bacterial cells, and 

plasmids were isolated. Insertion of fluorescence tags was verified with control 

restriction digestion enzymes NheI and BamHI, where K-Ras wt and K-

Ras onc genes reside. Expected sizes of tagged K-Ras genes are 567 bp and 

additional EGFP or mCherry lengths, which are 1285 bp and 1275 bp, respectively. 

Figures 3.9 and Figure 3.10 show that cut plasmid sizes are between 1000 bp and 

1500 bp in the DNA marker, which suggests that the insertion of EGFP and mCherry 

fluorophores is successful. 

Mega Primer 

EGFP 

Mega Primer 

mCherry 
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(A) (B) 

Figure 3.9: Control restriction with NheI and BamHI, K-Ras wt tagged with EGFP 
and mCherry in pcDNA 3.1(-) on agarose gel. (A) Digested K-Ras wt EGFP 1285 
bp, digested K-Ras wt mCherry 1275 bp. (B) GeneRuler 1kb DNA ladder. 

  

(A) (B) 

Figure 3.10: Control restriction with NheI and BamHI, K-Ras onc tagged with EGFP 
and mCherry in pcDNA 3.1(-) on agarose gel. (A) Digested K-Ras onc EGFP 1285 
bp, digested K-Ras onc mCherry 1275 bp. (B) GeneRuler 1kb DNA ladder. 

K-Ras onc 

EGFP  

K-Ras onc 

mCherry  

K-Ras wt 

EGFP  

K-Ras wt 

mCherry  
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3.4 Positive and Negative FRET Controls 

For positive FRET control, the GAP43-mCherry-RGSLVPR-EGFP construct was 

used as a reference. GAP43 is a membrane protein, and it is linked to the EGFP and 

mCherry fluorophore with a seven amino acid linker, which are in close proximity 

1-10 nm in length. Therefore, resonance energy transfer is expected between these 

fluorophores to calculate FRET efficiency further. On the other hand, for negative 

FRET control, GAP43-EGFP and GAP43-mCherry constructs were used to show 

when there is no interaction between proteins. GAP43 proteins do not interact on the 

plasma membrane; therefore, they were tagged separately with EGFP and mCherry, 

knowing insufficient resonance energy transfer between them. Figure 3.11 shows a 

schematic representation of positive and negative FRET control behavior on the 

plasma membrane. 

 

 

(A) (B) 

Figure 3.11: A schematic representation of Positive and Negative FRET controls on 

the cell membrane. (A) Positive FRET control, GAP43-mCherry-RGSLVPR-EGFP. 

(B) Negative FRET control, GAP43-mCherry + GAP43-EGFP.   
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The PixFRET plug-in in the ImageJ program was used for efficiency analysis in the 

FRET technique to detect interactions between desired proteins. FRET images were 

analyzed in three different channels (donor only, acceptor only, and FRET) to 

determine the net FRET value and calculate the bleedthrough signal. FRET 

efficiency analysis was conducted by examining approximately 100 different cells. 

Regions of interest (ROI) were drawn over the plasma membrane where the signal 

was expected to be present, and histograms providing the pixel counts in these ROI 

areas were obtained. Subsequently, pixel counts in % FRET efficiency intervals and 

total FRET pixel counts were determined using these histograms.  

The FRET images were color-coded based on pixel intensity color channels called 5 

Ramps to distinguish differences between pixel intensities on FRET regions. These 

FRET efficiencies range from 0.1-10% are represented in blue, 10-20% in green, 20-

30% in yellow, 30-40% in red, and 40-50% in white color, as shown in Figure 3.12. 

The % FRET Efficiency images are illustrated in Figure 3.12 with their respective 

efficiencies. 

 

Figure 3.12: 5 Ramps color scale on ImageJ. FRET efficiencies are represented 

accordingly, 0-10% blue, 10-20% green, 20-30% yellow, 30-40% red, and 40-50% 

white. 

Figure 3.13 shows the Positive FRET control’s confocal microscopy images in 

donor, acceptor, and FRET channels and its calculated FRET efficiency frame under 

a 10 μm scale bar. As expected, the same cells gave both EGFP and mCherry signals 

in the respective channels since these two fluorophores were linked and translated 

simultaneously. In the FRET channel, a signal indicates the interaction between two 

fluorophores to calculate FRET efficiency. According to the FRET efficiency frame, 

signal colors range from blue to green, indicating that FRET efficiency is around 10-

15% visually. 
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Figure 3.13: Confocal FRET images of Positive FRET control GAP43-mCherry-

Linker-EGFP in live N2-a cells, 63X magnification, 10 μm scale line. (A) Image of 

the EGFP channel. (B) Image of the mCherry channel. (C) Image of the FRET 

channel. (D) Image of the FRET efficiency in color scale. 

On the other hand, figure 3.14 shows Negative FRET control where fluorophores do 

not interact and give no signal in the FRET channel, though they give signals in both 

EGFP and mCherry channels. Therefore, the calculatable FRET efficiency was low 

and used as a non-interaction indicator. 
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Figure 3.14: Confocal FRET images of Negative FRET control GAP43-mCherry and 

Gap43-EGFP in live N2-a cells, 63X magnification, 10 μm scale line. (A) Image of 

the EGFP channel. (B) Image of the mCherry channel. (C) Image of the FRET 

channel. (D) Image of the FRET efficiency in color scale. 

Figure 3.15 shows the graph of calculated FRET efficiencies of positive and negative 

FRET controls according to their pixel intensities on the cell membrane. Positive 

control has 10-15% FRET efficiency on the cell membrane, while negative control 

has lower than 5% FRET efficiency. Calculated FRET efficiency graphs are also 

displayed in box plots to show cells' %FRET Efficiency means with SEM values and 

their statistical analysis. The positive control %FRET efficiency mean is 12.58 

+0.39,and the negative control %FRET efficiency mean is3.16+0.39.. According to 

T-test statistical analysis, there is a significant difference between these two FRET 

controls. 
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(A) 

 

(B) 

 
Figure 3.15: Positive and Negative FRET controls FRET efficiency in line graph and 

box plot. (A) FRET efficiency in line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05.  
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3.5 Localization Detection of EGFP/mCherry labeled proteins in live cells 

using a confocal microscope 

3.5.1 Visualization of EGFP/mCherry labeled K-Ras wt & K-Ras onc 

proteins in Neuro2-a cells 

To see the localization of EGFP and mCherry tagged K-Ras wt & K-Ras onc, 

constructs were transiently transfected to N2-a cells and visualized live under the 

confocal microscope. Figure 3.16 shows that most proteins are on the plasma 

membrane where K-Ras reside naturally to function. 

 

Figure 3.16: Confocal images of K-Ras wt & K-Ras onc 62nd position labeling with 

EGFP and mCherry in live N2-a cells, 63X magnification, 10 μm scale line. (A) 

Image of the of K-Ras wt 62nd EGFP in EGFP channel. (B) Image of the of K-

Ras onc 62nd EGFP in EGFP channel. (C) Image of the of K-Ras wt 62nd mCherry in 

mCherry channel. (D) Image of the of K-Ras onc 62nd mCherry in mCherry channel. 
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3.5.2 Visualization of EGFP labeled Gα Proteins in Neuro2-a cells 

In this study, EGFP tagged Gα Proteins were used as a donor protein in FRET 

technique to examine K-Ras - Gα Proteins interactions. Therefore, to check their 

proper functioning site on the cell, that is, on the plasma membrane, Gα11, Gα12, 

Gα13, Gαi, and Gαs proteins were visualized live under the confocal microscope. 

Representative images are shown in Figure 3.17 and used later for FRET studies. 

 

Figure 3.17: Confocal images of mutated Gαs, Gαi, Gα11, Gα12, and Gα13 in live 

N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the of Gαs 73-85th 

EGFP in EGFP channel. (B) Image of the Gαi 121st EGFP in EGFP channel. (C) 

Image of the Gα11 246th EGFP in EGFP channel. (D) Image of the Gα12 265th EGFP 

in EGFP channel. (E) Image of the Gα13 215th EGFP in EGFP channel.  
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3.6 Interaction of K-Ras wt/K-Ras onc in terms of homodimerization 

detection with FRET technique & analysis 

In recent years, studies have shown that K-Ras dimerizes or oligomerizes, on the cell 

membrane and continues signal transduction, using different techniques 

(Güldenhaupt et al., 2012; Nan et al., 2015). In this study, the FRET technique was 

used to show the interaction under different experimental setups, such as labeling 

proteins with different fluorophores. Figure 3.18 shows the interaction between K-

Ras wt - K-Ras wt in terms of their homodimerization.  K-Ras constructs tagged on 

their 62nd position with EGFP or mCherry were used together in the double transient 

transfection to N2-a cells, and signals were collected for FRET imaging. In 

accordance with the literature, a significant signal was obtained in the FRET channel, 

indicating the homodimerization and FRET efficiency was calculated. 

 

 

Figure 3.18: Confocal FRET images of K-Ras wt mCherry - K-Ras wt EGFP in live 

N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. 

(B) Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of 

the FRET efficiency in color scale. 
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The distribution of calculated FRET efficiencies from the cells is shown in the line 

graph below Figure 3.19A. The pink line belongs to the %FRET efficiency of K-

Ras wt - K-Ras wt homodimerization in addition to positive and negative FRET 

controls. Even though K-Ras wt homodimerization and positive control’s peak 

points are similar, K-Ras wt homodimerization shows a broader distribution in the 

FRET efficiencies compared to positive control due to the dynamic interaction of the 

constructs on the plasma membrane. In contrast, positive FRET control might 

correspond to more restricted dynamics due to the linker between fluorophores. The 

means of the %FRET efficiencies are shown in the box plots below Figure 3.19 B. 

As can be seen the K-Ras wt - K-Ras wt interaction is significantly different from 

the negative control, and there is no significant difference between K-Ras wt - K-

Ras wt interaction and the positive FRET construct according to One Way ANOVA 

statistical analysis, and this indicates homodimerization of K-Ras. 
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(A) 

 

 

(B) 

 
Figure 3.19: K-Ras wt - K-Ras wt interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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Similarly, with K-Ras wt - K-Ras wt interaction, K-Ras onc - K-Ras onc interaction 

was examined with FRET technique. Therefore, the interaction of the oncogenic 

form of K-Ras protein on K-Ras - K-Ras was tested. Figure 3.20 shows the 

interaction study of K-Ras onc - K-Ras onc proteins tagged at 62nd position with 

EGFP or mCherry. FRET signal was obtained in the FRET channel, and %FRET 

efficiency was calculated. 

 

Figure 3.20: Confocal FRET images of K-Ras onc mCherry - K-Ras onc EGFP in 

live N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP 

channel. (B) Image of the mCherry channel. (C) Image of the FRET channel. (D) 

Image of the FRET efficiency in color scale. 

Compared to the positive control in Figure 3.21A, K-Ras onc - K-Ras onc shows a 

similar trend in its distribution to K-Ras wt - K-Ras wt efficiency distribution in 

protein interaction dynamics. Their average %FRET efficiencies were represented 

with the box plot, and there is no significant difference between K-Ras onc - K-

Ras onc and positive control. However, it is highly significant compared to negative 

control under the One-Way ANOVA test. Therefore, results suggest K-Ras onc - K-

Ras onc proteins homodimerize under these conditions. 
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(A) 

 

(B) 

  
Figure 3.21: K-Ras onc - K-Ras onc interaction FRET efficiency in line graph and 

box plot. (A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 

In addition to individual visualization and analysis, K-Ras wt - K-Ras wt and K-

Ras onc - K-Ras onc interactions, were tested to see whether there are any 
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differences in these interactions. Figure 3.22A shows their complete distribution in 

FRET efficiencies. As it is seen, the %FRET efficiency showed a similar, broad 

distribution. Besides, their distribution means were shown in a box plot, and 

according to T-test analysis, there is no significant difference between the interaction 

of K-Ras wt - K-Ras wt and K-Ras onc - K-Ras onc in Figure 3.22B.  

(A) 

 

(B) 

  
Figure 3.22: K-Ras wt - K-Ras wt interaction vs K-Ras onc - K-Ras onc interaction 

FRET efficiency in line graph and box plot. (A) FRET efficiency in the line graph, 

FRET efficiency mean+SEM values distribution in the range. (B) FRET efficiency 

in the box plot, all cells mean FRET Efficiency. T-test statistical analysis was 

performed, significance level p<0.05. 
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3.7 Interaction of K-Ras wt/K-Ras onc – Gαs Proteins heterodimerization 

detection with FRET technique & analysis 

After homodimerization studies of K-Ras proteins, heterodimerization of K-Ras with 

its structural homologs was tested, and K-Ras wt – Gαs possible interaction was 

examined with the FRET technique. 62nd position mCherry tagged K-Ras wt was 

used as an acceptor and 73-85th position EGFP tagged Gαs was used as a donor. As 

seen in the donor and acceptor channels, K-Ras and Gαs proteins were expressed in 

N2-a cells. Detectable signal on the FRET channel suggests a possible interaction 

between K-Ras wt – Gαs in Figure 3.23. 

 

Figure 3.23: Confocal FRET images of K-Ras wt mCherry - Gαs EGFP in live N2-a 

cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

After calculating K-Ras wt – Gαs FRET efficiencies, data was compared with K-

Ras wt – K-Ras wt interaction studies. According to the line graph in Figure 3.24A, 

the K-Ras wt – Gαs interaction shows less dynamic nature than the K-Ras wt – K-

Ras wt interaction, indicated by the narrow distribution of the K-Ras wt – Gαs 

interaction graph. When their mean FRET efficiencies values are calculated, it is 

seen in Figure 3.24B that K-Ras wt – Gαs interaction is significantly different from 
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negative FRET control, which implies the interaction between them. However, this 

interaction mean is lower than the K-Ras wt – K-Ras wt interaction mean. 

(A) 

 

(B) 

  
Figure 3.24: K-Ras wt – Gαs interaction FRET efficiency in line graph and box plot. 

(A) FRET efficiency in line graph, FRET efficiency mean+SEM values distribution 

in the range. (B) FRET efficiency in box plot, all cells mean FRET Efficiency. T-

test statistical analysis was performed, significance level p<0.05. 
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In addition to K-Ras wt – Gαs interaction, K-Ras onc – Gαs interaction was studied 

to test if there is any interaction with the oncogenic form of K-Ras. Again, K-Ras 

was used as an acceptor pair while Gαs was the donor. FRET signal was obtained in 

the FRET channel of Figure 3.25 after transfection of both constructs, and FRET 

efficiency was calculated. 

 

Figure 3.25: Confocal FRET images of K-Ras onc mCherry - Gαs EGFP in live N2-

a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

The calculated FRET efficiency of K-Ras onc – Gαs was compared with K-

Ras onc – K-Ras onc interaction efficiencies. As a result, similar to K-Ras wt – Gαs 

heterodimerization, it shows a narrow distribution in pixel intensities of cells 

compared to K-Ras homodimerization, shown in Figure 3.26A. Compared to the 

negative control, K-Ras onc – Gαs interaction is significantly higher in their mean 
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results in Figure 3.26B. However, K-Ras onc – Gαs interaction FRET efficiency is 

lower than K-Ras homodimerization. 

(A) 

 
(B) 

  
Figure 3.26: K-Ras onc – Gαs interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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3.8 Interaction of K-Ras wt/K-Ras onc – Gαi1 Proteins heterodimerization 

detection with FRET technique & analysis 

Another Gα protein, Gαi1, was tested for K-Ras wt interaction. 62nd mCherry tagged 

K-Ras wt was used as an acceptor in FRET pairs, while 121st EGFP tagged Gαi1 was 

a donor for the technique. The interaction was observed on the FRET channel in 

Figure 3.27, and the efficiency of this interaction was calculated. 

 

Figure 3.27: Confocal FRET images of K-Ras wt mCherry - Gαi EGFP in live N2-a 

cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

In K-Ras wt – Gαi1 FRET efficiency distribution, when compared with K-Ras wt – 

K-Ras wt, it is observable that their line graphs overlap and show similar trends in 

interaction ranges in Figure 3.28A. According to Figure 3.28B, K-Ras wt – Gαi1 
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interaction is significantly higher than negative FRET control, and no significant 

changes with positive FRET control suggest the interaction. Also, net FRET values 

are slightly lower than the K-Ras wt – K-Ras wt interaction.  

(A) 

 

(B) 

  
Figure 3.28: K-Ras wt – Gαi interaction FRET efficiency in line graph and box plot. 

(A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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In addition to K-Ras wt – Gαi1 interaction, K-Ras onc interaction with Gαi1 was 

also tested. Similarly, an indication of interaction was observed in the FRET channel 

in Figure 3.29, and the FRET efficiency was calculated accordingly. 

 

Figure 3.29: Confocal FRET images of K-Ras onc mCherry - Gαi EGFP in live N2-

a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

The K-Ras onc – Gαi1 interaction efficiency graph in Figure 3.30A shows a similar 

wide distribution with K-Ras onc – K-Ras onc interaction. The mean efficiency 

values in K-Ras onc – interaction are shown in Figure 3.30B. According to the One-

Way ANOVA statistical test, it is significantly higher than K-

Ras onc homodimerization and slightly higher than positive FRET control. 
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(A) 

 

(B) 

 
Figure 3.30: K-Ras onc – Gαi interaction FRET efficiency in line graph and box plot. 

(A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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3.9 Interaction of K-Ras wt/K-Ras onc – Gα11 Proteins heterodimerization 

detection with FRET technique & analysis 

Gα11 protein’s possible interaction with K-Ras wt was examined with the FRET 

technique. K-Ras wt was used as an acceptor in its 62nd position labeled with 

mCherry, while Gα11 was a donor tagged with EGFP in the 246th amino acid 

position. Compared to other Gα proteins, Gα11 does not interact with K-

Ras wt protein in these conditions. According to Figure 3.31, even though both 

proteins were expressed simultaneously in the same cells, no FRET signal was 

observed in the FRET channel, and pixel intensity was so low and was not 

appropriately visualized. 

 

Figure 3.31: Confocal FRET images of K-Ras wt mCherry – Gα11 EGFP in live N2-

a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 
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The FRET efficiency graph of K-Ras wt - Gα11 interaction shows the overlap in the 

lines with negative FRET control in Figure 3.32A. When means of FRET efficiency 

in the cells were calculated in this interaction, it is seen that there is no significant 

difference between K-Ras wt - Gα11 interaction and negative control below in Figure 

3.32B.  

(A) 

 

(B) 

  
Figure 3.32: K-Ras wt – Gα11 interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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Like the K-Ras wt - Gα11, the K-Ras onc - Gα11 expressing cells were examined to 

see if there is an interaction between these proteins, a representative result was shown 

in Figure 3.33. However, similar to K-Ras wt interaction, no FRET signal in the 

FRET channel indicates no interaction between these proteins under these 

conditions. 

 

Figure 3.33: Confocal FRET images of K-Ras onc mCherry – Gα11 EGFP in live 

N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. 

(B) Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of 

the FRET efficiency in color scale. 

K-Ras onc - Gα11 FRET efficiency distribution line graph overlaps with negative 

control in Figure 3.34A with lower than 5% FRET efficiency. When K-Ras onc 

- Gα11 FRET efficiencies of cells were calculated, it is seen in Figure 3.34B that 

there is no significant difference between this interaction and the negative control’s 

mean according to One Way ANOVA statistics.  
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(A) 

 

(B) 

 
Figure 3.34: K-Ras onc – Gα11 interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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3.10 Interaction of K-Ras wt/K-Ras onc – Gα12 Proteins heterodimerization 

detection with FRET technique & analysis 

K-Ras wt – Gα12 interaction was also tested with the FRET technique under the 

confocal microscope in live cells. Gα12 tagged with EGFP at 265th amino acid 

position as a donor and transfected to N2-a cells with K-Ras wt tagged with mCherry 

in 62nd position as an acceptor. According to microscope images in Figure 3.35, 

proteins were expressed at the same time, and the FRET signal was detected in the 

FRET channel. 

 

Figure 3.35: Confocal FRET images of K-Ras wt mCherry – Gα12 EGFP in live N2-

a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

Once this interaction’s efficiency for FRET was calculated, it is seen that interaction 

shows almost the same trend as positive FRET control in both distribution and 

percentage in Figure 3.36A. Moreover, it is less dynamic than the K-Ras wt - K-

Ras wt interaction. The calculated mean of FRET efficiencies shows no significant 
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difference between K-Ras wt - Gα12 interaction and K-Ras wt - K-Ras wt interaction 

or positive FRET control in Figure 3.36B. 

(A) 

 
(B) 

  
Figure 3.36: K-Ras wt – Gα12 interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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Gα12 interaction with K-Ras onc was also tested in identical conditions of the FRET 

technique, and the FRET signal was obtained in the FRET channel, indicating the 

interaction between these two proteins in Figure 3.37. 

 

Figure 3.37: Confocal FRET images of K-Ras onc mCherry – Gα12 EGFP in live 

N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. 

(B) Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of 

the FRET efficiency in color scale. 

Compared to the K-Ras wt – Gα12 interaction, the line graph of K-Ras onc – Gα12 

is slightly shifted to the left side of the graph and seems to have similar dynamics 

compared to the K-Ras wt – Gα12 interaction according to Figure 3.38A. According 

to the mean values of FRET efficiencies of the FRET pair in Figure 3.38B, the K-

Ras onc – Gα12 interaction is slightly lower than the K-Ras onc - K-
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Ras onc interaction. However, overall, it is significantly higher than negative FRET 

control and proves there is interaction between these two proteins. 

(A) 

 
(B) 

 
Figure 3.38: K-Ras onc – Gα12 interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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3.11 Interaction of K-Ras wt/K-Ras onc – Gα13 Proteins heterodimerization 

detection with FRET technique & analysis 

The last Gα protein that was tested with K-Ras wt interaction was Gα13. Like other 

Gα protein FRET studies, Gα13 was tagged with EGFP at its 215th position and used 

as a donor, while K-Ras wt was tagged at the 62nd position with mCherry and used 

as an acceptor. According to confocal microscopy images in Figure 3.39, the signal 

was obtained in the FRET channel, showing the interaction between proteins. 

 

Figure 3.39: Confocal FRET images of K-Ras wt mCherry – Gα13 EGFP in live N2-

a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

After FRET efficiency calculations interaction between K-Ras wt and Gα13 protein, 

the line graph shows the K-Ras wt - Gα13 interaction has a similar distribution in 

terms of efficiency and range with K-Ras wt – K-Ras wt but a little lower percentage 

shown below in Figure 3.40A. FRET efficiency mean value of K-Ras wt - Gα13 

interaction has no significant difference from positive control. However, it is 
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significantly higher than negative FRET control, according to Figure 3.40B, 

indicating an interaction between these two proteins. 

 

(A) 

 

(B) 

 
Figure 3.40: K-Ras wt – Gα13 interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in the line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in the box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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Similar to other Gα proteins, Gα13 protein interaction with K-Ras onc protein was 

tested in the same conditions. After live imaging under confocal microscopy, as 

shown in Figure 3.41, the interaction between these two proteins was detected based 

on the FRET channel signal and FRET efficiency frame. 

 

Figure 3.41: Confocal FRET images of K-Ras onc mCherry – Gα13 EGFP in live 

N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. 

(B) Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of 

the FRET efficiency in color scale. 

Cells’ FRET efficiency distribution graph in Figure 3.42A shows the overlap 

between K-Ras onc - Gα13 and K-Ras onc homodimerization. In Figure 3.42B, mean 

values of FRET efficiencies of K-Ras onc - Gα13 interaction show no significant 

difference between K-Ras onc- K-Ras onc and K-Ras wt - Gα13 interactions in 

addition to positive FRET control.  
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(A) 

 
(B) 

  
Figure 3.42: K-Ras onc – Gα13 interaction FRET efficiency in line graph and box 

plot. (A) FRET efficiency in line graph, FRET efficiency mean+SEM values 

distribution in the range. (B) FRET efficiency in box plot, all cells mean FRET 

Efficiency. T-test statistical analysis was performed, significance level p<0.05. 
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3.12 Site-Directed Mutagenesis on Dimerization Interfaces of K-Ras & Gα 

Proteins Interaction 

According to the literature, firstly, K-Ras wt and K-Ras onc are mutated with site-

directed mutagenesis technique in their homo-dimerization α-interface hot spot 

amino acids, Lysine 101 and Arginine 102 were mutated to negatively charged 

Aspartic acid 101 and Glutamic acid 102 amino acid. After these charge reversal 

mutations on K-Ras, disruption of the dimerization of K-Ras and K-Ras is reported. 

Figure 3.43 shows successful mutations on indicated amino acids. 

 

Figure 3.43: Sanger sequencing results of K-Ras & K-Ras K101D&R102E. (A) K-

Ras K101&R102 sequence. (B) K-Ras K101D&R102E sequence. 

After K-Ras charge reversal mutations, to study the K-Ras and Gα proteins 

dimerization, the corresponding amino acids on Gα proteins α-interface were 

mutated. According to K-Ras and Gα proteins' structure modeling and alignment, 

their G-domains overlap due to high structural homology. In their structural and 

multiple protein sequence alignment, amino acids that may play a role in the 

dimerization of K-Ras and Gα proteins were systematically mutated with the site-

directed mutation method considering amino acid charges and polarities to mimic K-
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Ras homodimerization α-interface. According to alignments, corresponding amino 

acids were decided on Gα proteins that correspond to the K-Ras homodimerization 

hot spots, 101st and 102nd amino acids. 

Figure 3.44 shows multiple protein alignment sequences of K-Ras (NCBI RefSeq: 

NP_004976.2), Gαs (NCBI RefSeq: NP_000507.1), Gαi1 (NCBI RefSeq: 

NP_002060.4), Gα11 (NCBI RefSeq: NP_002058.2), Gα12 (NCBI RefSeq: 

NP_031379.2), Gα13 (NCBI RefSeq: NP_006563.2). The K-Ras α-interface 

dimerization region is picked to understand corresponding conserved amino acids in 

Gα protein. 

 

Figure 3.44: Multiple Sequence Alignment of K-Ras, Gαs, Gαi, Gα11, Gα12, Gα13 

regarding K-Ras dimerization interface.  

Once multiple sequence alignment was conducted, 3D structures obtained from PDB 

of Gα proteins and K-Ras were aligned if the multiple protein sequence alignments 

matched structurally.  

K-Ras and Gαs structural alignment yielded N279 & R280 residues on Gαs that 

correspond to K101 & R102 residues on K-Ras. Since both residues at this position 

are arginine, mutation of only the first residue on Gαs to lysine was enough to mimic 

the reported K-Ras dimerization interface. Figure 3.45 shows the protein structure 

alignment of K-Ras and Gαs proteins. 



 
 

95 

 

Figure 3.45: K-Ras and Gαs structural alignment and corresponding residues on K-

Ras dimerization interface. 

In the context of K-Ras and Gαi1 alignment, Gαi1 has residues N256 & K257 for K-

Ras dimerization hot spots, and they are mutated to lysine and arginine amino acids 

in the same residue to imitate K-Ras dimerization interface. Figure 3.46 shows the 

structural alignment of K-Ras and Gαi1. 

 

Figure 3.46: K-Ras and Gαi1 structural alignment and corresponding residues on K-

Ras dimerization interface. 
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According to K-Ras and Gα11 alignment, corresponding amino acids on K-Ras 

K101 & R102 are Y261 & P262 Gα11. These tyrosine and proline residues were 

mutated to lysine and arginine residues to mimic the K-Ras dimerization interface. 

Figure 3.47 shows 3D protein structures of K-Ras and Gα11 alignment. 

 

Figure 3.47: K-Ras and Gα11 structural alignment and corresponding residues on K-

Ras dimerization interface. 

For K-Ras and Gα12 alignment, corresponding amino acids for K-Ras dimerization 

hot spots K101 & R102 are N283 & K284 residues on Gα12 protein. Therefore, 

mutating these residues on Gα12 to lysine and arginine was done to mimic the region. 

Figure 3.48 shows K-Ras and Gα12 alignment in 3D protein structures. 



 
 

97 

 

Figure 3.48: K-Ras and Gα12 structural alignment and corresponding residues on K-

Ras dimerization interface. 

Finally, Gα13 N278 & R279 correspondings to amino acids K101 & R102 on K-

Ras. Since they have R residues in common as second amino acids, only the first 

amino acid, N278, is mutated into a lysine residue to mimic the K-Ras dimerization 

interface. Figure 3.49 shows the alignment of protein structures K-Ras and Gα13.

Figure 3.49: K-Ras and Gα13 structural alignment and corresponding residues on K-

Ras dimerization interface. 
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After multiple sequence alignments and the structural alignments of K-Ras and Gα 

proteins, Gαi, Gα11, and Gα13 were picked for further interaction studies. Following 

this decision, the residues corresponding to K-Ras dimerization interface were 

mutated to study Gα11 - K-Ras interaction dynamics. Table 3.1 shows constructs 

and their desired residues before and after site-directed mutagenesis. Some residues 

in Gα proteins are common in hot spots amino acid of K-Ras R102, so they were not 

mutated.  

Table 3.1: Desired residues and mutation on constructs to understand K-Ras and Gα 
proteins interaction closeness. 

Constructs Corresponding region Desired mutation on site after SDM  

K-Ras K101 & R102 K101D & R102E 

GNAI  N256 & K257 N256K & K257R 

GNA11  Y261 & P262 Y261K&P262R 

GNA13  N278 & R279 N278K 

 

After applying Site-Directed Mutagenesis on Gαi, Gα11, and Gα13, all constructs 

were confirmed by sequencing to prove inserted mutations. In Figure 3.50, sequence 

results are shown. 

 

Figure 3.50: Sanger sequencing results of mutated Gαi, Gα11, and Gα13. (A) Gαi 

N256K & K257R sequence. (B) Gα11 Y261K&P262R sequence. (C) Gα13 N278K 

sequence. 
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3.13 Localization Detection of EGFP/mCherry labeled proteins in live cells 

using a confocal microscope after Site-Directed Mutagenesis 

3.13.1 Visualization of EGFP/mCherry labeled K-Ras wt & K-Ras onc 

proteins in N2-a cells after Site-Directed Mutagenesis 

After the site-directed mutagenesis on K-Ras wt and K-Ras onc proteins to obtain 

K101D&R102E mutations, 62nd position tagged with EGFP and mCherry constructs 

were transiently transfected to N2-a cells and imaged to see its localization using 

confocal microscope below shown in Figure 3.51. 

 

Figure 3.51: Confocal images of K-Ras wt & K-Ras onc 62nd EGFP/mCherry 

K101D&R102E in live N2-a cells, 63X magnification, 10 μm scale line. (A) Image 

of the of K-Ras wt 62nd EGFP K101D&R102E in EGFP channel. (B) Image of the 

of K-Ras onc 62nd K101D&R102E EGFP in EGFP channel. (C) Image of the of K-

Ras wt 62nd mCherry K101D&R102E in mCherry channel. (D) Image of the of K-

Ras onc 62nd mCherry K101D&R102E in mCherry channel. 
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3.13.2 Visualization of EGFP labeled Gα Proteins in N2-a cells after Site-

Directed Mutagenesis    

In this study, Gαi, Gα11, and Gα13 were chosen for site-directed mutagenesis 

experiments to mimic the dimerization interface on the K-Ras protein. In Figure 

3.52, the 121st position EGFP tagged Gαi N256K & K257R, 246th position EGFP 

tagged Gα11 Y261K&P262R, and 215th position tagged Gα13 N278K were mutated. 

Proteins were imaged using a confocal microscope for the proper trafficking in live 

cell.  

 

Figure 3.52: Confocal images of mutated Gαi, Gα11, and Gα13 in live N2-a cells, 

63X magnification, 10 μm scale line. (A) Image of the of Gαi 121st EGFP N256K & 

K257R in EGFP channel. (B) Image of the of Gα11 246th EGFP Y261K&P262R in 

EGFP channel. (C) Image of the of Gα13 215th EGFP N278K in EGFP channel. 

3.14 Interaction of K-Ras wt/K-Ras onc in terms of homo/hetero-

dimerization detection & analysis 

As mentioned, K-Ras has different dimerization interfaces, the α-interface or the β-

interface. In this study, K-Ras dimerization was examined through its α-interface. 

Literature suggests that charge reversal mutations on K101 and R102 residues of K-

Ras α-interface decrease the dimerization of K-Ras proteins by interfering with this 

interface (Muratcioglu, 2020). 
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In this study, the FRET technique was used to demonstrate the interaction efficiency 

of K-Ras dimerization. Firstly, K-Ras wt - K-Ras wt (non-oncogenic homolog) 

K101D&R102E constructs were transfected to study dimerization. Figure 3.53 

shows that both EGFP and mCherry signals are visible on the channels, but the FRET 

signal seems more faded compared to K-Ras wt - K-Ras wt interaction’s FRET 

signal as in Figure 3.18, and so does the FRET efficiency image. 

 

Figure 3.53: Confocal FRET images of K-Ras wt mCherry - K-Ras wt 

EGFP K101D&R102E in live N2-a cells, 63X magnification, 10 μm scale line. (A) 

Image of the EGFP channel. (B) Image of the mCherry channel. (C) Image of the 

FRET channel. (D) Image of the FRET efficiency in color scale. 

After observing dimerization decrease in K-Ras wt - K-Ras wt K101D&R102E pair, 

K-Ras wt K101D&R102E - K-Ras wt K101D&R102E pair was transfected to N2-a 

cell for FRET studies. As a result, no signal was obtained in the FRET channel in 

Figure 3.54, which implied interference with the interface caused a decrease in the 

dimerization thus, observed FRET efficiency. 
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Figure 3.54: Confocal FRET images of K-Ras wt K101D&R102E mCherry - K-

Ras wt EGFP K101D&R102E in live N2-a cells, 63X magnification, 10 μm scale 

line. (A) Image of the EGFP channel. (B) Image of the mCherry channel. (C) Image 

of the FRET channel. (D) Image of the FRET efficiency in color scale. 

Then, FRET results of “K-Ras wt  - K-Ras wt K101D&R102E” and “K-

Ras wt K101D&R102E - K-Ras wt K101D&R102E” were compared with “K-

Ras wt - K-Ras wt” changes in distribution of FRET efficiency of the cells according 

to pixel counts was observed as shown in Figure 3.55A. K-Ras wt - K-

Ras wt K101D&R102E pair was less dynamic and less efficient in dimerization 

compared to K-Ras wt - K-Ras wt. Moreover, K-Ras wt K101D&R102E - K-

Ras wt K101D&R102E distribution is shifted towards the negative control. Mean 

values of K-Ras wt interactions, including their mutants, were represented by box 

plots to compare the changes in dimerization efficiencies in Figure 3.55B. As it can 

be seen from the figure, “K-Ras wt - K-Ras wt”, “K-Ras wt - K-

Ras wt K101D&R102E” “K-Ras wt - K-Ras wt K101D&R102E”, “K-

Ras wt K101D&R102E - K-Ras wt K101D&R102E” respectively showed a 

significant decrease in mean FRET efficiencies, and there is no significant difference 

between negative control and K-Ras wt K101D&R102E - K-Ras wt K101D&R102E 

dimer. 
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(B) 

  
Figure 3.55: K-Ras wt - K-Ras wt and their dimerization interface mutated forms 

interaction FRET efficiency in line graph and box plot. (A) FRET efficiency in the 

line graph, FRET efficiency mean+SEM values distribution in the range. (B) FRET 

efficiency in the box plot, all cells mean FRET Efficiency. T-test statistical analysis 

was performed, significance level p<0.05. 
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After K-Ras wt was studied in its dimerization interface mutated form, K-Ras onc 

homolog also mutated on the dimerization interface, and FRET was measured under 

the same conditions. In Figure 3.56, the K-Ras onc - K-Ras onc K101D&R102E pair 

was co-expressed, and the FRET signal was collected. As a result, this pair had less 

FRET signal in the FRET channel compared to the K-Ras onc - K-Ras onc pair. 

 

Figure 3.56: Confocal FRET images of K-Ras onc mCherry - K-Ras onc 

EGFP K101D&R102E in live N2-a cells, 63X magnification, 10 μm scale line. (A) 

Image of the EGFP channel. (B) Image of the mCherry channel. (C) Image of the 

FRET channel. (D) Image of the FRET efficiency in color scale. 

Then, K-Ras onc K101D&R102E - K-Ras onc K101D&R102E pair were studied for 

the interaction, and no FRET signal was detected in the FRET channel while EGFP 

and mCherry signals were present in Figure 3.57. 
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Figure 3.57: Confocal FRET images of K-Ras onc mCherry K101D&R102E - K-

Ras onc EGFP K101D&R102E in live N2-a cells, 63X magnification, 10 μm scale 

line. (A) Image of the EGFP channel. (B) Image of the mCherry channel. (C) Image 

of the FRET channel. (D) Image of the FRET efficiency in color scale. 

All FRET efficiency calculations were compared with K-Ras onc - K-

Ras onc interaction in Figure 3.58A. Similar to K-Ras wt mutation interactions, K-

Ras onc mutations were shifted to negative control region on the graph in the order 

of K-Ras onc - K-Ras onc K101D&R102E to K-Ras onc K101D&R102E - K-

Ras onc K101D&R102E pair. They had less efficient FRET and less dynamic 

interaction than K-Ras onc - K-Ras onc distribution. The mean values of FRET 

efficiencies for the K-Ras onc mutant interactions were put in box plots and given in 

Figure 3.58B. From K-Ras onc - K-Ras onc to K-Ras onc - K-

Ras onc K101D&R102E and K-Ras onc K101D&R102E - K-

Ras onc K101D&R102E pairs, FRET efficiency means were decreased 

significantly, which suggests mutations at this region interfere with the dimerization. 

Moreover, K-Ras onc K101D&R102E - K-Ras onc K101D&R102E interaction is 

not significantly different than the negative FRET control. 
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Figure 3.58: K-Ras onc –K-Ras onc and their dimerization interface mutated forms 

interaction FRET efficiency in line graph and box plot. (A) FRET efficiency in the 

line graph, FRET efficiency mean+SEM values distribution in the range. (B) FRET 

efficiency in the box plot, all cells mean FRET Efficiency. T-test statistical analysis 

was performed, significance level p<0.05. 
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To check if there are any differences between K-Ras wt and K-Ras onc mutations in 

FRET efficiencies, interaction ranges, and distribution were compared with the line 

graph in Figure 3.59A. K-Ras wt - K-Ras wt K101D&R102E and K-Ras onc - K-

Ras onc K101D&R102E pairs show similar ranges and K-Ras wt K101D&R102E - 

K-Ras wt K101D&R102E and K-Ras onc K101D&R102E - K-

Ras onc K101D&R102E interactions overlap with negative FRET control 

efficiency. Then, these distributions were compared in their cell’s efficiency mean 

values to see differences in Figure 3.59B. After employing the One-Way ANOVA 

test, there was no significant difference between K-Ras wt - K-

Ras wt K101D&R102E and K-Ras onc - K-Ras onc K101D&R102E. Moreover, K-

Ras wt K101D&R102E - K-Ras wt K101D&R102E and K-Ras onc K101D&R102E 

- K-Ras onc K101D&R102E interactions do not have any significant difference 

between each other. 
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Figure 3.59: K-Ras wt –K-Ras wt vs K-Ras onc –K-Ras onc and their dimerization 

interface mutated forms interaction FRET efficiency in line graph and box plot. (A) 

FRET efficiency in the line graph, FRET efficiency mean+SEM values distribution 

in the range. (B) FRET efficiency in the box plot, all cells mean FRET Efficiency. 

T-test statistical analysis was performed, significance level p<0.05. 
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3.15 Interaction of K-Ras wt/K-Ras onc – Gαi1 Proteins and their mutated 

forms in terms of heterodimerization detection & analysis 

After interfering with K-Ras – K-Ras dimerization in the dimerization interface, Gαi 

protein interaction with K-Ras was examined regarding Gαi G-domain changes.  

Firstly, EGFP tagged Gαi N256K & K257R contrast that mimics K-Ras K101&R102 

residues interaction with mCherry tagged K-Ras wt were examined with FRET 

technique in live cells under confocal microscope in Figure 3.60. Compared to the 

K-Ras wt – Gαi interaction in Figure 3.27, higher FRET signal was observed in the 

FRET channel under these conditions. Moreover, its FRET efficiency frame pixel 

distribution is at higher levels according to the 5 Ramps color code. 

 

Figure 3.60: Confocal images of K-Ras wt – Gαi N256K & K257R in live N2-a cells, 

63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) Image of 

the mCherry channel. (C) Image of the FRET channel. (D) Image of the FRET 

efficiency in color scale. 

Once examination of K-Ras wt – Gαi N256K & K257R interaction was completed, 

mCherry tagged K-Ras wt K101D&R102E– EGFP tagged Gαi N256K & K257R 
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interaction was assessed in FRET technique under the same conditions. As a result, 

no FRET signal was detected in the FRET channel in Figure 3.61. 

 

Figure 3.61: Confocal images of K-Ras wt K101D&R102E – Gαi N256K & K257R 

in live N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP 

channel. (B) Image of the mCherry channel. (C) Image of the FRET channel. (D) 

Image of the FRET efficiency in color scale. 

These two new interactions FRET efficiency distributions were compared with K-

Ras wt - K-Ras wt and K-Ras wt – Gαi interaction visually in Figure 3.62A. K-

Ras wt – Gαi N256K & K257R interaction has more dynamic interactions and wide 

distribution than all other interactions, which varies from 10% to 40% efficiency. 

Moreover, K-Ras wt K101D&R K-Ras wt – Gαi N256K & K257R102E– Gαi 

N256K & K257R interaction overlap with negative FRET control. In their mean 

values of FRET efficiencies in Figure 3.62B, the mean FRET efficiency of K-Ras wt 

– Gαi N256K & K257R interaction is significantly higher than K-Ras wt – K-Ras wt, 

K-Ras wt – Gαi and K-Ras wt K101D&R102E– Gαi N256K & K257R interactions. 
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Also, K-Ras wt K101D&R102E– Gαi N256K & K257R has no significant 

difference from negative FRET control. 

 

 
 

  
Figure 3.62: K-Ras wt – Gαi and K-Ras dimerization interface mutated & mimicked 

forms interaction FRET efficiency in line graph and box plot. (A) FRET efficiency 

in the line graph, FRET efficiency mean+SEM values distribution in the range. (B) 

FRET efficiency in the box plot, all cells mean FRET Efficiency. T-test statistical 

analysis was performed, significance level p<0.05. 
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The G-domain effect of K-Ras – Gαi interaction was also tested with the K-

Ras onc homolog with the same mutations and conditions. As a result, in K-

Ras onc– Gαi N256K & K257R, in Figure 3.63, more FRET signal was obtained 

compared to K-Ras onc - K-Ras onc in Figure 3.20. Moreover, in the FRET frame, 

pixel intensity is dense according to the color code. 

 

Figure 3.63: Confocal images of K-Ras onc – Gαi N256K & K257R in live N2-a 

cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

In Figure 3.64: K-Ras onc K101D&R102E– Gαi N256K & K257R interaction was 

analyzed under a confocal microscope, and no FRET signal was observed in the 

FRET channel. 
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Figure 3.64: Confocal images of K-Ras onc K101D&R102E – Gαi N256K & K257R 

in live N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP 

channel. (B) Image of the mCherry channel. (C) Image of the FRET channel. (D) 

Image of the FRET efficiency in color scale. 

K-Ras onc – Gαi N256K & K257R interaction has a wide distribution and higher 

level in the FRET efficiency compared to K-Ras onc - K-Ras onc and K-Ras onc 

– Gαi interactions in Figure 3.65. In addition, K-Ras onc – Gαi N256K & K257R 

FRET efficiency distribution varies from 10% to 40%. also, K-

Ras onc K101D&R102E – Gαi N256K & K257R interaction has same trend as 

negative control. Once these mutated pairs are compared in their FRET efficiency 

mean values, it is seen that K-Ras onc – Gαi N256K & K257R interaction is 

significantly higher from all other interactions and no significant difference between 

negative FRET control and K-Ras onc K101D&R102E – Gαi N256K & K257R 

pairs. 
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Figure 3.65: K-Ras onc – Gαi and K-Ras dimerization interface mutated & 

mimicked forms interaction FRET efficiency in line graph and box plot. (A) FRET 

efficiency in the line graph, FRET efficiency mean+SEM values distribution in the 

range. (B) FRET efficiency in the box plot, all cells mean FRET Efficiency. T-test 

statistical analysis was performed, significance level p<0.05. 
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3.16 Interaction of K-Ras wt/K-Ras onc – Gα11 Proteins and their mutated 

forms in terms of heterodimerization detection & analysis 

After Gαi interactions with K-Ras wt, Gα11, and its mutated form were examined 

for interaction with K-Ras wt. EGFP tagged at 246th position Gα11 with 

Y261K&P262R mimic mutation was co-transfected with 62nd position mCherry 

tagged K-Ras wt. K-Ras wt - Gα11 Y261K&P262R interaction was assessed in the 

FRET technique in Figure 3.66. No signal was detected in the FRET channel from 

this interaction. 

 

Figure 3.66: Confocal images of K-Ras wt – Gα11 Y261K&P262R in live N2-a cells, 

63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) Image of 

the mCherry channel. (C) Image of the FRET channel. (D) Image of the FRET 

efficiency in color scale. 
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Then, in figure 3.67, K-Ras wt K101D&R102E and Gα11 Y261K&P262R 

interaction was examined and similar to other Gα11 studies, no signal was detected 

in FRET channel. 

 

Figure 3.67: Confocal images of K-Ras wt K101D&R102E – Gα11 Y261K&P262R 

in live N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP 

channel. (B) Image of the mCherry channel. (C) Image of the FRET channel. (D) 

Image of the FRET efficiency in color scale. 

K-Ras wt - Gα11 Y261K&P262R and K-Ras wt K101D&R102E - Gα11 

Y261K&P262R FRET efficiency distribution was presented in the line graph of K-

Ras wt - K-Ras wt and K-Ras wt - Gα11 distributions, and these mutated interactions 

overlap with negative FRET control in Figure 3.68A. Mean values of FRET 

efficiencies were tested for K-Ras wt - Gα11 Y261K&P262R and K-Ras wt 

K101D&R102E - Gα11 Y261K&P262R interactions, and no significant differences 

were found in them from negative FRET control. 
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Figure 3.68: K-Ras wt – Gα11 and K-Ras dimerization interface mutated & 

mimicked forms interaction FRET efficiency in line graph and box plot. (A) FRET 

efficiency in the line graph, FRET efficiency mean+SEM values distribution in the 

range. (B) FRET efficiency in the box plot, all cells mean FRET Efficiency. T-test 

statistical analysis was performed, significance level p<0.05. 
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Gα11 Y261K&P262R mutation also evaluated its interaction with K-Ras onc protein 

in the same FRET technique conditions. Similar to interaction with K-Ras wt, K-Ras 

onc - Gα11 Y261K&P262R did not give a signal in the FRET channel in Figure 3.69. 

 

Figure 3.69: Confocal images of K-Ras onc – Gα11 Y261K&P262R in live N2-a 

cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

In addition, FRET studies of K-Ras onc K101D&R102E - Gα11 Y261K&P262R 

interaction gave no signal in the FRET channel even though both proteins were co-

expressed, as seen in relative channels in Figure 3.70. 
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Figure 3.70: Confocal images of K-Ras onc K101D&R102E –Gα11 Y261K&P262R 

in live N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP 

channel. (B) Image of the mCherry channel. (C) Image of the FRET channel. (D) 

Image of the FRET efficiency in color scale. 

In Figure 3.71A, all Gα11 interactions, K-Ras onc - Gα11, K-Ras onc - Gα11 

Y261K&P262R, and K-Ras onc K101D&R102E - Gα11 Y261K&P262R gave 

lower than 5% FRET efficiency as in the case for negative FRET control signal 

distribution. According to One Way ANOVA statistical analysis, there was no 

significant difference between K-Ras onc - Gα11, K-Ras onc - Gα11 

Y261K&P262R, and K-Ras onc K101D&R102E - Gα11 Y261K&P262R 

interactions FRET efficiency mean values from negative FRET control according to 

Figure 3.71B. 
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Figure 3.71: K-Ras onc – Gαi and K-Ras dimerization interface mutated & 

mimicked forms interaction FRET efficiency in line graph and box plot. (A) FRET 

efficiency in line graph, FRET efficiency mean+SEM values distribution in the 

range. (B) FRET efficiency in box plot, all cells mean FRET Efficiency. T-test 

statistical analysis was performed, significance level p<0.05. 
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3.17 Interaction of K-Ras wt/K-Ras onc – Gα13 Proteins and their mutated 

forms in terms of heterodimerization detection & analysis 

The last protein studied for G-domain importance for K-Ras interaction was Gα13. 

To mimic K-Ras dimerization interface hotspot residues, 215th position EGFP tagged 

Gα13 N278K co-transfected to N2-a cells with 62nd position mCherry tagged K-

Ras wt. Figure 3.72 shows an increased FRET signal compared to the K-Ras wt - 

Gα13 interaction in Figure 3.41. Moreover, pixel count in FRET efficiency seemed 

to increase in number. 

 

Figure 3.72: Confocal images of K-Ras wt -Gα13 N278K in live N2-a cells, 63X 

magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) Image of the 

mCherry channel. (C) Image of the FRET channel. (D) Image of the FRET efficiency 

in color scale. 

Then, the dimerization interface interfered with 62nd position mCherry tagged K-

Ras wt K101D&R102E was expressed with same EGFP tagged Gα13 N278K 

protein to examine the interaction with FRET technique. According to Figure 3.73, 

the FRET signal was not observed in the FRET channel. 
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Figure 3.73: Confocal images of K-Ras wt K101D&R102E-Gα13 N278K in live N2-

a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) 

Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of the 

FRET efficiency in color scale. 

When all FRET efficiency distributions of K-Ras wt - Gα13 and their mutants were 

merged in the line graph in Figure 3.74A, it is seen that the K-Ras wt - Gα13 N278K 

pair has very dynamic interaction varying from 10% to 40%. On the other hand, K-

Ras wt K101D&R102E - Gα13 N278K interaction has the same trend as negative 

FRET control. According to the cell’s FRET efficiency mean values of interaction 

in Figure 3.74B, K-Ras wt - Gα13 N278K has significantly higher FRET efficiency 

compared to K-Ras wt- K-Ras wt, K-Ras wt - Gα13 and K-

Ras wt K101D&R102E - Gα13 N278K. Also, there is no significant difference 

between K-Ras wt K101D&R102E - Gα13 N278K and negative FRET control. 
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Figure 3.74: K-Ras wt – Gα13 and K-Ras dimerization interface mutated & 

mimicked forms interaction FRET efficiency in line graph and box plot. (A) FRET 

efficiency in the line graph, FRET efficiency mean+SEM values distribution in the 

range. (B) FRET efficiency in the box plot, all cells mean FRET Efficiency. T-test 

statistical analysis was performed, significance level p<0.05. 
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Gα13 mimic mutations were also tested with K-Ras onc protein to see the effect on 

the interaction under the same FRET conditions. In Figure 3.75, the FRET channel 

of K-Ras onc - Gα13 N278K has a higher signal compared to K-Ras onc - K-

Ras onc in Figure 3.20. Also, a denser pixel count in the FRET efficiency frame is 

observed. 

 

Figure 3.75: Confocal images of K-Ras onc -Gα13 N278K in live N2-a cells, 63X 

magnification, 10 μm scale line. (A) Image of the EGFP channel. (B) Image of the 

mCherry channel. (C) Image of the FRET channel. (D) Image of the FRET efficiency 

in color scale. 

Then, Gα13 N278K, was tested for interaction with K-Ras onc K101D&R102E. 

Similar to the negative FRET control a relatively low FRET signal was detected in 

the FRET channel as represented in Figure 3.76. 
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Figure 3.76: Confocal images of K-Ras onc K101D&R102E-Gα13 N278K in live 

N2-a cells, 63X magnification, 10 μm scale line. (A) Image of the EGFP channel. 

(B) Image of the mCherry channel. (C) Image of the FRET channel. (D) Image of 

the FRET efficiency in color scale. 

Similar to K-Ras wt - Gα13 N278K interaction FRET efficiency distribution in 

Figure 3.74, K-Ras onc - Gα13 N278K has the same trend that shows dynamic 

interaction and wide range in the distribution in Figure 3.77A. Also, K-

Ras onc K101D&R102E - Gα13 N278K interaction efficiency resulted in a similar 

plot as negative FRET control efficiency. After the statistical analysis, One Way 

ANOVA results show that the FRET efficiency mean of K-Ras onc - Gα13 N278K 

interaction resulted in a significantly higher value, and K-

Ras onc K101D&R102E - Gα13 N278K gave similar FRET distribution with the 

negative FRET pair, data was plotted as in Figure 3.77B. 
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(A) 

 

(B) 

  
Figure 3.77: K-Ras onc – Gα13 and K-Ras dimerization interface mutated & 

mimicked forms interaction FRET efficiency in line graph and box plot. (A) FRET 

efficiency in the line graph, FRET efficiency mean+SEM values distribution in the 

range. (B) FRET efficiency in the box plot, all cells mean FRET Efficiency. T-test 

statistical analysis was performed, significance level p<0.05. 
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3.18 Protein expression levels of dimerized proteins via Western Blot 

3.18.1 BSA protein concentration standard curve 

The concentrations of BSA protein ranging from 0 μg/mL to 2000 μg/mL were 

assessed in Bradford Assay and absorbance was measured at 595 nm. Then, the 

standard curve was plotted as absorbance values against BSA concentrations to 

quantify unknown protein concentrations (Figure 3.78). 

 

Figure 3.78: BSA Protein Standard Curve 
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3.18.2 K-Ras wt/K-Ras onc homo-dimerization, K-Ras wt/K-Ras onc - Gα 

Proteins hetero-dimerization and mutated K-Ras wt/K-Ras onc - Gα 

Proteins hetero-dimerization protein expression 

Figure 3.79 shows the protein expression levels using anti-K-Ras and anti-GAPDH 

in FRET studies. Western Blot studies were done to show all constructs were 

expressed in same amount. As a result, presence of K-Ras and its expression levels 

in FRET studies were observed. Their expression levels were approximately same 

when comparing GAPDH home-keeping protein expression levels in each blot. 

 

  

 

 
 

  

  

A B 

D C 
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Figure 3.79: Western Blot images of proteins used in FRET studies. (A) 180 kDa 

Protein Ladder. (B) K-Ras wt/onc homodimerization. (C) K-Ras wt - Gα proteins 

heterodimerization. (D) K-Ras onc - Gα proteins heterodimerization. (E) K-Ras 

wt/onc mutated dimerization interface. (F) K-Ras wt/onc – Gαi mimicked & mutated 

dimerization interface. (G) K-Ras wt/onc – Gα11/ Gα13 mimicked & mutated 

dimerization interface. 

 

E F 

G 
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CHAPTER 4  

4 DISCUSSION 

In this study, the role of G-Domain on K-Ras and Gα Proteins dimerization was 

analyzed in live neuronal cells using a confocal microscope and comparing FRET 

measurements. The interaction studies were carried out following the presentation of 

EGFP and mCherry tagged K-Ras and EGFP tagged Gα Protein expression on the 

plasma membrane. Firstly, the previously reported K-Ras – K-Ras 

homodimerization, was validated with the FRET technique using both K-Ras wild-

type or K-Ras oncogenic homodimers. According to the literature K-Ras dimerizes 

through its G-Domain on the cell membrane (Nan et al., 2015). Moreover, our results 

show that there is no significant difference in dimerization efficiencies between K-

Ras wild-type and K-Ras oncogenic. The difference between K-Ras oncogenic and 

K-Ras wild-type is the 12th amino acid mutation, which is glycine to aspartic acid 

(G12D) on oncogenic homolog that causes constitutive activation of the protein. 

Since the dimerization interface is away from this mutation site, it does not affect the 

dimerization efficiency of the protein. Therefore, K-Ras wild-type and K-Ras 

oncogenic have the same average dimerization efficiency, meaning a similar distance 

between the proteins. 

Then, possible interactions of various Gα Proteins with K-Ras wt/onc was tested. 

Our results showed that Gαs, Gαi, Gα12, and Gα13 could dimerize with K-Ras on 

the plasma membrane in live cells. On the other hand, interaction studies between 

Gα11 – K-Ras demonstrated no significant difference in FRET efficiency from 

negative FRET control. This result suggests Gα11 – K-Ras may not interact under 

these conditions or the labeling sites were not suitable for the detection of possible 

interaction. As the labeling site was decided according to the structural alignment of 
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all Gα proteins the latter possibility is unlikely thus we conclude these proteins are 

not interacting under our experimental conditions.  

To understand the importance of α-interface dimerization of K-Ras, some amino acid 

residues were mutated to disrupt the dimerization interface. These critical residues 

on the α-interface play a vital role in K-Ras dimerization. Charge reversal mutations 

were applied on 101st and 102nd amino acids on K-Ras to test the importance of these 

hot spots. After application, K101D&R102E mutations were obtained in both K-

Ras wt and K-Ras onc proteins. As a result, K-Ras – K-Ras K101D&R102E 

interaction had a significant decrease in FRET efficiency compared to K-Ras – K-

Ras interaction, and the proteins, although relatively weaker, still dimerize in the 

presence of a mutation in one of the proteins. This implies that the α-interface has a 

role in K-Ras dimerization. This result was previously shown in the literature, and 

we showed that under our experimental conditions, the two residues in the interface 

is enough to disrupt the interaction measured by FRET. In addition to the literature, 

our results showed that the same effect can be seen in the oncogenic G12D mutant 

version of K-Ras.  

Both K-Ras and Gα proteins share G-domain in their structures, literature and our 

results showed that two residues that affect homodimerization α-interface are located 

in the G-domain which may play an important role in the interaction of these 

proteins. In this study, Gα proteins were aligned according to their structures and 

coding sequences with K-Ras protein, and residues were found on Gα proteins, 

which corresponded to K-Ras α-interface hot spots amino acids, K101 and R102. 

Gαi had N256 and K257 residues, and Gα13 had N278 and R279 residues 

corresponding to K-Ras. Therefore, to mimic K101&R102 amino acids on the α-

interface of K-Ras, on Gαi, N256, and K257 residues were mutated to N256K and 

K257R, and on Gα13, only N278 was mutated to N278K since the second residue 

was already R279 which was same amino acid on R102 of K-Ras. The interactions 

between K-Ras wt/onc - Gαi N256K&K257R and K-Ras wt/onc – Gα13 N278K 

were tested. Results showed increased efficiency in the interaction compared to K-

Ras wt/onc – Gαi or K-Ras wt/onc – Gα13 interaction and created a more favorable 
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binding environment to K-Ras. Moreover, K-Ras wt/onc - Gαi N256K&K257R and 

K-Ras wt/onc – Gα13 N278K heterodimerization efficiency values distribute in a 

high range, which may show a more variable interaction between protein pairs, or 

this can be due to tetramer or oligomer formation in addition to the dimerization of 

proteins and causes high interaction points in some regions and relatively low 

interaction in some other regions that create varying efficiency distribution. Protein 

interaction dynamics change according to interaction states such as dimerization, 

tetramerization, or oligomerization and occur in different efficiencies. For example, 

in positive FRET control, FRET efficiency distribution is narrow since two 

fluorophores are linked and all FRET pairs in the cell transfer approximately the 

same energy on the plasma membrane. However, in higher-order interactions, 

fluorophore positions change and cause different efficiencies during these 

interactions. Our results indicate that mimicking K-Ras α-interface dimerization hot-

spots on Gα proteins increases the interaction efficiency of K-Ras – Gαi and K-

Ras – Gα13 proteins and create higher-order dynamic interactions on the plasma 

membrane.  

Then, dimerization α-interface disrupted K-Ras interactions were tested with K-Ras 

α-interface mimicking mutations on Gα proteins. As a result, K-

Ras wt/onc K101D&R102E - Gαi N256K&K257R and K-

Ras wt/onc K101D&R102E – Gα13 N278K interaction had no significant difference 

from negative FRET control. Therefore, disrupting dimerization interface on K-Ras 

impairs interaction with Gαi and Gα13 as observed with dimerization-mimicking 

mutants. Moreover, these mimicking mutations on Gαi and Gα13 are not enough to 

rescue and recover when the interference mutations are present on the K-Ras 

dimerization interface, causing impairment in the interaction.  

Mimicking studies were also carried out with the Gα11 protein. FRET results 

suggested that K-Ras wt/onc - Gα11 do not interact with each other. When the 

residues corresponding to the α-interface on Gα11 compared with K-Ras it has the 

most divergent sequence compared to all tested Gα proteins. To test if changing some 

of these residues to K-Ras similar residues could rescue dimerization we mutated 
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Gα11 to mimic the K-Ras dimerization interface after modeling studies. K101 and 

R102 amino acids on the K-Ras dimerization interface correspond to Y261 and P262 

residues on Gα11. However, when Y261 and P262 residues were mutated to Y261K 

and P262R to mimic the K-Ras dimerization interface, the interaction efficiency did 

not increase between K-Ras wt/onc - Gα11 Y261K&P262R compared to K-

Ras wt/onc - Gα11 interaction. There may be several reasons for these results. 

Firstly, these corresponding residues Y261 and P262 on Gα11 are less conserved 

than other Gα proteins and mutating only these residues may not be enough to mimic 

the K-Ras dimerization interface. Moreover, structural conformation changes after 

mutations on Gα11 may create a less favorable interaction environment with K-Ras 

due to the electrostatic properties of the amino acids around. K-

Ras wt/onc K101D&R102E protein was also tested with Gα11 Y261K&P262R 

mimicking protein for interaction, and results were the same with negative control. 
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CHAPTER 5  

5 CONCLUSION AND FUTURE STUDIES 

5.1 Conclusion 

K-Ras wt - K-Ras wt and K-Ras onc - K-Ras onc homodimerize on the cell 

membrane in live cells. Moreover, there is no difference between K-Ras wild-type 

and oncogenic homologs in their mean dimerization efficiencies. 

FRET results indicated that K-Ras wt/onc heterodimerizes with Gαs, Gαi, Gα12, and 

Gα13 on the cell membrane in live cells. However, the interaction between K-

Ras wt/onc – Gα11 does not occur under the same conditions.  

K-Ras α-interface dimerization hot spot residues play an important role in this 

interaction. K101&R102 residues are essential for the homodimerization of K-

Ras wt/onc, and once they are mutated to opposite charges, the interaction 

efficiencies decrease and dimerization is impaired. Moreover, being a wild-type or 

oncogenic form of K-Ras also does not change these interactions' mean efficiency 

after mutations. 

When K-Ras homo-dimerization α-interface is mimicked on Gαi and Gα13, the 

interaction efficiency of K-Ras wt/onc – Gαi and K-Ras wt/onc – Gα13 significantly 

increased and showed a wider distribution in the dimer distances. However, when 

K-Ras dimerization disrupting mutations K101D&R102E are present, the 

interactions are impaired. 

K-Ras α-interface dimerization mimicking mutations on Gα11 does not promote an 

interaction between K-Ras and Gα11. 

To conclude, G-Domain has a role in K-Ras-K-Ras homo-dimerization as well as K-

Ras-Gα hetero-dimerization. 



 
 

136 

5.2 Future Studies 

Besides these labeling positions on proteins, different residues can be picked for 

FRET studies. Moreover, other residues in the α-dimerization interface or other 

dimerization interfaces on K-Ras or Gα proteins can be studied to understand these 

interactions better. 

Since mimicking mutations on Gα11 is not enough to promote interaction with K-

Ras, additional mutations or other interfaces can be examined. 

In this study, only Gαi, Gα11, and Gα13 are assessed for dimerization interface 

manipulations; therefore, other Gα proteins, such as Gα12 and Gαs, can be 

considered. 

K-Ras and Gα proteins and their manipulated interaction effects on protein 

expression and protein modification levels in common downstream pathways can be 

studied. 
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APPENDICES 

A. Amino Acid Table and Properties 

Table A.1: 20 amino acids and their properties 

 Amino Acid  Single 

Letter 

Code 

 pI  

(25 °C) 

DNA Codon 

 Alanine  A  6.11 GCT, GCC, GCA, GCG 

 Arginine  R  10.76 CGT, CGC, CGA, CGG, AGA, AGG 

 Asparagine  N  5.43 AAT, AAC 

 Aspartic Acid  D  2.98 GAT, GAC 

 Cysteine  C  5.15 TGT, TGC 

 Glutamic Acid  E  3.08 GAA, GAG 

 Glutamine  Q  5.65 CAA, CAG 

 Glycine  G  6.06 GGT, GGC, GGA, GGG 

 Histidine  H  7.64 CAT, CAC 

 Isoleucine  I  6.04 ATT, ATC, ATA 

 Leucine  L  6.04 CTT, CTC, CTA, CTG, TTA, TTG 

 Lysine  K  9.47 AAA, AAG 

 Methionine  M  5.71 ATG 

 Phenylalanine  F  5.76 TTT, TTC 

 Proline  P  6.30 CCT, CCC, CCA, CCG 

 Serine  S  5.70 TCT, TCC, TCA, TCG, AGT, AGC 

 Threonine  T  5.60 ACT, ACC, ACA, ACG 

 Tryptophan  W  5.88 TGG 

 Tyrosine  Y  5.63 TAT, TAC 

 Valine  V  6.02 GTT, GTC, GTA, GTG 
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B. Buffer and Media Composition in Bacterial & Mammalian Cell Culture 

Table B.1: Lysogeny Broth (LB) Composition 

Tryptone 10 g/L  

NaCl 5 g/L 

Yeast Extract 5 g/L 

 Dissolve up to 1 L, pH: 7.0, autoclave  

For LB Agar Plate 20 g/L Agar is added. 

 

Table B.2: Transformation Buffer I (TFBI) Composition 

 100 mL Stock Final Concentration 

RbCl 10 mL of 1M stock 100 mM 

CH3CO2K 0.296 g 30 mM 

CaCl2.H2O 1 mL of 1M stock 10 mM  

MnCl2.H2O 0.630 g 50 mM 

Glycerol 15 mL of 85% stock 15% 

 Dissolve up to 100 mL, pH: 5.8 w/Glacial acetic acid 

0.2 µm filter sterilization 

 

Table B.3: Transformation Buffer II (TFBII) Composition 

 15 mL Stock Final Concentration 

RbCl 0.15 mL of 1M stock 10 mM 

MOPS 0.05 g 10 mM 

CaCl2.H2O 1.12 mL of 1M stock 75 mM  

Glycerol 2.62 mL of 85% stock 15% 

 Dissolve up to 15 mL, pH: 6.5 w/KOH 

0.2 µm filter sterilization 
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Table B.4: 50X Tris Base, Acetic acid, EDTA (TAE) Composition 
  

Final concentration 

Tris base 242 g 2 M 

Glacial acetic acid 57.1 mL 1 M 

0.5 EDTA pH:8.0 100 mL 0.05 M 
 

Dissolve up to 1 L 

 

Table B.5: 10X Phosphate Buffer Saline (PBS) Composition 

NaCI 80 g 

KCI 2 g 

Na2HPO4 14.4 g 

KH2PO4 2.4 g  

 Dissolve up to 1 L, pH: 7.4, autoclave 
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C. Buffer Composition used in Western Blot 

Table C.1: Separating gel composition (%8) 

dH2O 2.7 ml 

40 % Acry/Bisacryl (37:5:1) 1.76 ml 

1.5 M, pH 8.8 Tris-HCl 1.7 ml 

10% APS 67 µl 

TEMED 6.7 µl 

 

Table C.2: Stacking gel composition (%4) 

dH2O 2.1 ml 

40 % Acry/Bisacryl (37:5:1) 433 µl 

1.5 M, pH 8.8 Tris-HCl 833 µl 

10% APS 33.3 µl 

TEMED 3.3 µl 

 

Table C.3: 10X Running buffer 

Glycine (192 mM 144 g 

Tris base (25 mM) 30.3 g 

SDS (0.1%) 10 g 

 Dissolve up to 1 L 

 

Table C.4: 10X Transfer buffer 

Glycine (192 mM 144 g 

Tris base (25 mM) 30.3 g 

 Dissolve up to 1 L 
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Table C.5: 20X Tris-buffered saline (TBS) 

Tris base (0.4 M) 48.4 g 

NaCl 160 g 

 Dissolve up to 1 L 

 

Table C.6: 1X Tris-buffered saline-Tween20 (TBS-T) 

10% Tween-20  10 ml 

20X TBS 50 ml 

dH2O 940 ml 

 

Table C.7: Antibody dilutions 

K-Ras antibody 1:1000 

GAPDH antibody 1:4000 

 


