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RAS protein ailesi, belirli hücresel sinyal kaskadlarını başlatarak hücre çoğalması, 

büyümesi, hayatta kalması, göçü ve farklılaşması gibi önemli hücresel fonksiyonların 

düzenlenmesinden sorumludur. Bu bağlamda, RAS proteinlerinin anormal aktivasyonu, 

RAS protein ailesinin aracılık ettiği sinyal kaskadlarının aktivasyonunu anormal şekilde 

tetikleyerek sağlıklı hücrelerin malignitelere dönüşmesine neden olur. Gerçekten de, RAS 

protein ailesinde görülen aktive edici mutasyonlar, çeşitli kanser türlerine neden 

olmaktadır. Bu sebeple, RAS protein ailesi, antikanser ilaç geliştirme çalışmalarında 

sıklıkla hedeflenmektedir. Öte yandan, RAS proteinlerinin sığ yüzeyi ve guanozin 

trifosfat (GTP) ve guanozin difosfat (GDP) olan endojen ligandların pikomolar bağlanma 

afiniteleri nedeniyle, protein yüzeyi ile stabil bir şekilde etkileşime girebilen ve klinikte 

kullanılmaya başlanmış terapötik bir molekül henüz geliştirilmemiştir.. Yıllar geçtikçe, 

posttranslasyonel modifikasyonların RAS fonksiyonu üzerindeki etkisi aydınlatılmıştır. 

Özel olarak, tirozin rezidüsünün Src kinaz tarafından fosforillenmesinin H-RAS ve N-

RAS izoformlarının RAF’a karşı olan duyarlılığını azalttığı ve kendi içsel GTPaz 

aktivitesini arttırdığı gösterilmiştir. Fosforillenme, ailenin bir diğer üyesi olan K-

RAS4B’nin, içsel GTPaz aktivitesinin azalmasına neden olurken, H-RAS’a benzer 

olarak, RAF bağlanmasını engellemektedir. Bu tez çalışması kapsamında, yabanıl tip (H-

RASWT), H-RASG12D ve K-RAS4BG12D proteinlerinin yapı ve dinamiği ile tirozin 

rezidüsü üzerinden gerçekleşen fosforillenmenin yabanıl H-RAS ve K-RAS4B (K-

RAS4BWT)’ın yapı ve dinamiği üzerindeki etkisi atomistic moleküler dinamik 

simülasyonları vasıtasıyla incelenmiştir. Daha sonra, moleküler dinamik simülasyonları 

ile elde edilen mutant proteinlere ait yörüngeler, yörüngelerde, en sık örneklenen 

konformasyonu belirlemek için kümelenmiştir. Ardından, mutant proteinlerin yapı ve 

dinamiklerini, fosforillenmiş proteinlerinkine benzetebilen¸ molekülleri tanımlamak için 

topluluk-tabanlı sanal tarama gerçekleştirilmiştir. Bunun için ZINC15, DrugBank, 

DrugCentral, BindingDB, NCGC ve CHEMBL veri bankalarından alınan toplamda 

33.606 molekül taranmıştır. Sonuç olarak, H-RAS’ın ve K-RAS4B’nin her biri için 10 

molekül olmak üzere, toplamda 20 molekülün, mutant proteinlerin dinamik özelliklerini 

fosforillenmiş proteininkine benzetebildiği gösterilmiştir. Son olarak, hücre zarının 

mutant proteinlerin su ortamında en sık örneklenen konformasyonlarını da 

etkileyebileceği gösterilmiştir. Bu sebeple, yakın gelecekte RAS proteinlerinin, 
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farnesillenmiş ve membrana bağlı halleri gibi ara durumlarının da topluluk-tabanlı sanal 

taramaya tabi tutulup daha selektif moleküllerin geliştirilebileceği düşünülmektedir. 
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The RAS protein family is responsible for regulating paramount cellular functions, such 

as cell proliferation, growth, survival, migration, and differentiation by initiating certain 

cellular signaling cascades. With this regard, abnormal activation of the RAS proteins 

causes the transformation of healthy cells into malignancies by aberrantly triggering the 

activation of signaling cascades mediated by the RAS protein family. In fact, activating 

mutations seen in the RAS protein family cause various cancer types. For this reason, the 

RAS protein family is frequently targeted in studies on the development of anticancer 

drugs. On the other hand, due to the shallow surface of RAS proteins and picomolar 

binding affinities of endogenous ligands, which are guanosine-triphosphate (GTP), and 

guanosine-diphosphate (GDP), a therapeutic molecule that can stably interact with the 

protein surface and started to be used in the clinic has not yet been developed. Over the 

years, the effect of post-translational changes on RAS function has been illuminated. 

Specifically, it was shown that phosphorylation of tyrosine residue by Src kinase 

attenuates the sensitivity of the H-RAS and N-RAS isoforms towards RAF and increases 

its intrinsic GTPase activity. While phosphorylation causes a decrease in the intrinsic 

GTPase activity of K-RAS4B, which is another member of the family, it precludes RAF 

binding like that of H-RAS. In the scope of this thesis, the structure and dynamics of wild-

type (H-RASWT), H-RASG12D and K-RAS4BG12D proteins, as well as the effect of 

tyrosine phosphorylation on the structure and dynamics of H-RASWT and K-RAS4BWT, 

were investigated via atomistic molecular dynamics simulations. Thereafter, the 

trajectories pertaining to the mutant systems obtained by molecular dynamics simulations 

were clustered to determine the most frequently sampled conformation. Following, 

ensemble-based virtual screening was performed to identify molecules that can liken the 

structure and dynamics of mutant proteins to those of phosphorylated proteins. To do so, 

a total of 33,606 molecules retrieved from the ZINC15, DrugBank, DrugCentral, 

BindingDB, NCGC, and CHEMBL databases were scanned. Consequently, it was shown 

that a total of 20 molecules, 10 molecules each for H-RAS and K-RAS4B, could resemble 

the dynamic properties of mutant proteins to those of phosphorylated proteins. Lastly, it 

was also shown that the cell membrane could impact the most frequently sampled 

conformation in the water environment. That is to say, it is thought that in the near future, 

intermediate states of RAS proteins, such as farnesylated and membrane-bound states, 
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can also be subjected to ensemble-based virtual scanning to develop more selective 

ligands. 
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CHAPTER 1 

1. INTRODUCTION 

Cancer is attributed to the second leading cause of death in the United States  [1]. 19% of 

cancer cases are known to be led by mutations seen in the RAS protein family. These 

mutations generally occur at the 12th, 13th, and 61st residues [2], [3]. Consequently, the 

sensitivity of RAS proteins towards GTPase activating proteins (GAPs) as well as the 

intrinsic GTPase activity are reduced, whilst the intrinsic nucleotide-exchange activity is 

enhanced [4], [5]. Among these missense point mutations, the substitution of glycine with 

aspartic acid at the 12th position is more frequently seen in human beings. In particular, 

44% and 39% of colorectal and pancreatic cancers are caused by K-RAS4BG12D, thereby 

thought of attractive candidate [4], [6]. The same point mutation of H-RAS isoform is 

highly expressed in ductal carcinoma [7]. In addition, G12D and G12V mutations seen in 

H-RAS result in resistance to erlotinib in the treatment of head and neck squamous 

carcinoma [8]. In spite of the fact that H-RASG12D and K-RAS4BG12D mutants are leading 

cause of cancer as well as drug resistance, none of the therapeutics have been approved 

to be prescribed in the clinics yet. The undruggability associated with these mutants has 

been arisen by the lack of deep pockets on the surface of the isoforms and incapability of 

competitive binding of inhibitors to the nucleotide-binding pocket [9]–[11]. On the other 

hand, the extensive effort on developing K-RAS4BG12C mutant protein inhibitors has 

reached at least clinical trials, thus awakened the hope for the development of RAS 

inhibitors [12]. Moreover, studies focusing on the RAS allostery have also come into 

prominence to highlight residues playing in a pivotal role in the function of the protein 

even though they are distant to the nucleotide-binding pocket [13]. Consequently, over 

the years, these attempts have brought allosteric modulation of RAS proteins by post-

translational modifications (PTMs) into a discussion. From this point of view, recently, 

the central role of tyrosyl phosphorylation in RAF binding and regulation of the intrinsic 

GTPase activity have been reported. The phosphorylation of the H-RAS and N-RAS 
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isoforms at the 32nd position, where a tyrosine resides, ends up with dissociation of RAF 

as well as an increase in the intrinsic rate of GTP hydrolysis [14]. In line with this, the 

phosphorylation of the K-RAS4B isoform at the 32nd and 64th positions, where tyrosine 

residues are found, also results in impairment in the RAF binding, but a decrease in the 

intrinsic GTPase activity [15]. By courtesy of these outcomes, studies have devoted 

substantial attention to the possible conformations of Tyr32, which is a well-conserved 

phosphorylation site for Src-kinase as well as participates in RAF binding. As an 

example, an experimental study has reported that adaptation of Tyr32 to the out 

conformation disables the association of H-RAS with RAF, and the binding of GAP is 

favored as like tyrosyl phosphorylation [16]. For this reason, the conformational 

selectivity of Tyr32 upon tyrosyl phosphorylation ought to be elaborated and compared 

with the known conformational states in the literature to provide mechanistic insight into 

the modulation of RAF and GAP binding. Nevertheless, it is paramount to bear in mind 

that PTMs of RAS proteins, which take place in the C-terminus of the isoforms, modulate 

the cellular trafficking of RAS proteins across the distinct cellular compartments[17]. As 

such, elucidation of the most likely conformations pertaining to RAS proteins in different 

cellular localizations might widen our perspective for the identification of new possible 

target sites as well as our perspective to develop more selective RAS inhibitors. 

Considering the impact of tyrosyl phosphorylation on RAS-RAF interaction, biasing the 

mutant RAS proteins towards their phosphorylated forms might allow taking control over 

the aberrant interaction between RAF and mutant RAS. From this point of view, a holistic 

understanding of tyrosyl phosphorylation-driven changes in the dynamics and structure 

of RAS proteins might be an effective strategy for the development of effective 

therapeutics. In light of these facts, in the scope of this study, we aimed at unveiling 

conformational changes, which are induced by tyrosyl phosphorylation of H-RAS and K-

RAS4B, in particular, tyrosyl phosphorylation-driven by Src kinase, by means of 

microsecond-long atomistic simulations. Upon the comparison of the systems, namely H-

RASG12D, H-RASWT, H-RASpY32, K-RAS4BG12D, K-RAS4BWT, and K-RAS4BpY32, pY64, 

the most probable conformations of the mutants were determined and exploited in the 

ensemble-based virtual screening to repurpose the molecules that could shift the 

dynamics and structure of the mutant isoforms to those of the phosphorylated proteins. 

Last but not least, the mutants were also modeled in a 1,2-dimyristoyl-sn-glycero-3-
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phosphorylcholine (DMPC) membrane to interrogate the impact of the membrane on the 

selected reaction coordinates used in the ensemble-based virtual screening. 
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CHAPTER 2 

2. THEORETICAL PART 

2.1. The RAS Protein Family and Its Relevance in Tumorigenesis 

Ras genes were first discovered as transduced oncogenes in the Harvey and Kirsten 

sarcoma retroviruses [18]–[20]. After a certain period of time, the presence of these genes 

in human cancers have also been reported, which then has expedited studies that focus on 

this gene family and its products [21]. Eventually, over the years, it has been unveiled 

that RAS proteins, namely H-RAS, K-RAS4A, K-RAS4B, and N-RAS, which are known 

as small GTPases, mediate cell proliferation, growth, differentiation, and survival [6], 

[22]–[27]. They act as molecular switches toggling between active and inactive states 

[28]–[30]. Mechanistically, the phosphorylation status of the nucleotide determines the 

state of the protein. For activation, the binding of an epidermal growth factor to the 

extracellular domain of receptor tyrosine kinases (RTKs) leads to dimerization, which, in 

turn, activates the epidermal growth factor receptor (EGFR). Subsequently, the growth 

factor receptor-bound protein 2 (GRB2) binds to the phosphorylated tyrosines in the 

intracellular domain of EGFR towards the SH2 domain. Meanwhile, the SH3 domain of 

GRB2 recruits RAS-specific guanine nucleotide exchange factors (GEFs) in close 

proximity to RAS proteins embedded into the plasma membrane [4], [31]. By doing so, 

dissociation of guanosine-di-phosphate (GDP) from the nucleotide-binding pocket is 

facilitated, which, in turn, results in binding of highly concentrated guanosine-tri-

phosphate (GTP) [30], [32]–[35]. Eventually, in the GTP-bound state, RAS proteins 

become active, thus being potent in interacting with different effectors, such as RAF, 

phosphatidylinositol 3-kinase (PI3K), and Ral guanine nucleotide dissociation stimulator 

that initiate cellular signaling cascades [30], [36], [37]. In this way, cell cycle regulatory 

proteins are expressed to stimulate cell cycle progression towards mitogen-activated 

protein kinase (MAPK) signaling. Alternatively, they also trigger anti-apoptotic signaling 
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towards PI3K/AKT signaling pathway to favor cell survival [4], [38]. On the other hand, 

upon binding of GAPs, inactivation of this protein family takes place as a result of an 

increased intrinsic GTPase activity that expedites hydrolysis of GTP to GDP, thus 

terminating cellular signaling pathways [27], [39], [40].  

Considering the signaling cascades regulated by RAS proteins, activating mutations, 

which attenuate the sensitivity of RAS to GAPs as well as the intrinsic rate of GTP 

hydrolysis or increase the intrinsic rate of nucleotide exchange are prone to form 

malignancies since RAS mutants are consecutively active, thus triggering the expression 

of cell cycle regulatory proteins or anti-apoptotic signaling independent of RTK 

stimulation [4], [40]. The majority of these missense mutations are clustered at the 12th, 

13th, and 61st positions with different prevalence among RAS proteins [3], [41]. 80% of 

K-RAS mutations occur at the 12th position, whilst 60% of N-RAS mutations are found 

at the 61st position. Yet, 50% of mutations in H-RAS take place at the 12th position, 

whereas 40% of the mutations in the same RAS isoform is detected at the 61st position 

[10]. In addition, mutant isoforms are not inclusive of each other in tumors as each mutant 

is differently prone to form tumorigenesis in distinct tissues. In parallel to this fact, it has 

been shown that more than 95% of K-RAS mutants exclusively account for pancreatic 

cancers, whilst 54% of H-RAS and 94% of N-RAS mutants are known to be responsible 

for bladder cancers and melanoma, respectively [4], [6], [38]. Nevertheless, wild-type 

RAS proteins (RASWT) exist in tumors to enable malignancies. In line with this fact, a K-

RAS-driven tumor has been reported together with H-RASWT and N-RASWT [30], [42]–

[44]. 

Over the years, several studies have reported that K-RAS mutants are the most frequently 

detected oncoprotein in several types of adenocarcinomas seen in pancreas, colon, 

rectum, and lung that are more predominantly stemmed from G12D mutation [2], [27], 

[45]–[48]. On the other hand, the same mutation in H-RAS is detected in bladder 

urothelial, infiltrating renal pelvis and ureter urothelial carcinomas, cutaneous melanoma, 

and colorectal adenocarcinoma, whilst N-RASG12D is found in acute myeloid leukemia, 

colon, colorectal, and rectal adenocarcinomas [47]. 

2.2. Structural Properties of RAS Proteins 

The three encoded isoforms of the Ras gene, namely H-RAS, K-RAS4A, and N-RAS, 

encompasses 189 amino acids, whilst K-RAS4B, which is the splice variant of K-RAS4A, 
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consists of 188 amino acids. The comparison of the sequences pertaining to isoforms has 

elucidated that the isoforms share ca. 79% sequence identity. Notably, the residues 1-166, 

which build up the catalytic domain, is highly conserved with a sequence identity rate of 

almost 89%, whereas the HVR of the isoforms is remarkably variant with an 

approximately 8% sequence identity rate [27], [49]–[51]. It is also worth mentioning that, 

unlike the HVR, residues 1-86, namely effector lobe are exactly identical among the 

isoforms (See Figure 2.1a). This invariant region accommodates Switch I (residues 30-

38) and II regions (residues 59-76) that actively mediate effector binding (See Figure 

2.1b) [52]. On the other hand, the allosteric lobe (residues 87-172) is slightly variant (See 

Figure 2.1a) [53], [54]. Notably, this region together with the HVR takes place in the 

membrane interactions of the isoforms (See Figure 2.1a) [55]. 

 

Figure 2.1: a) G domain, allosteric lobe, and hypervariable region of RAS proteins are 

shown. b) Some of the important residues, which are known to be responsible for the 

function, as well as regions that mediate the interaction of RAS proteins with their 

effectors are shown. 

Moreover, the structural properties of the RAS isoforms, in particular Switch I and II 

regions, vary on the phosphorylation status of the nucleotide [54], [56]. In detail, Switch 

I can be found in either open or closed states, namely state 1 and 2, respectively, which, 

in turn, enable the isoforms to exhibit distinct biochemical activities [57]. When the 

Switch I region of the isoforms adopts state 1, nucleotide exchange is facilitated, and in 

parallel to this, effector binding is hindered. On the other hand, upon adoption of Switch 
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I to state 2, the mobility of Switch II is elevated, which enables cycling between 

catalytically competent and incompetent states. Furthermore, this conformation drives 

effector binding to the isoforms that result in further stabilization of Switch I [55], [58]. 

Considering the fact that most of the human cancers harbor G12 mutations in K-RAS and 

H-RAS isoforms that display reduced intrinsic or GAP-mediated GTPase activity, 

structural studies have been conducted to shed some light on the underlying structural 

causes of these functional alterations [59]–[65]. In addition to structural studies, with the 

motivation of providing mechanistic insight into the alterations driven by the activating 

G12 mutations, several molecular dynamics studies have been extensively carried out. Lu 

et al. have reported that G12C, G12D, and G12V mutations seen in K-RAS4B result in a 

transition from inactive to active conformation by changing dynamics of RAS. 

Particularly, G12D and G12V mutants of this isoform distorted the nucleotide-binding 

pocket more in the GTP-bound state than the G12C mutant. On the other hand, the G12C 

mutant was found to be prone to a more distinguishable conformational change in the 

GDP-bound state that ascended exposure of the nucleotide [27]. Furthermore, in the scope 

of another in silico study, G12D and G12V mutations seen in H-RAS and K-RAS4B have 

been comprehensively compared and indicated that G12V mutation increases the 

flexibility of H-RAS more than that of K-RAS4B and causes H-RAS to adopt a 

conformation in which it is unable to interact with effectors [66].  Recently, a molecular 

dynamics (MD) study has uncovered that G12C/V mutations lead to a shift of α3 (residues 

87-104) helix further away from loop-7 (residues 105-109). In the same study, it has been 

shown that these afore-mentioned mutations cause Switch II to be oriented further away 

from α3 helix and P-loop (residues 10-17) [67]. 

2.3. Membrane Localization of RAS Proteins 

Like GTP-binding, membrane association of RAS proteins is a mandatory factor for their 

activation so that they can convey cellular signals towards signaling pathways [54], [68]. 

For this reason, the remarkable keen interest in the activation of the RAS isoforms has 

prompted cell biology studies that elucidate the membrane localization and cellular 

trafficking of these proteins across the different cellular compartments. The CAAX motif 

found in the C-terminal of HVR directs post-translational modifications (PTMs) which 

mediate the localization of RAS proteins, thus signaling from different cellular 

compartments [69]–[72]. The HVR region of RAS isoforms undergoes prenylation, 
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palmitoylation, methylation, and acylation [27], [73]. Yet, the PTMs of the HVR region 

differ among the isoforms. The Cys pertaining to the HVR of each isoform gets 

farnesylated. Unlike farnesylation, another Cys residue found in the HVR of H-RAS, K-

RAS4A, and N-RAS becomes palmitoylated. These PTMs, indeed, drive the association 

of the afore-mentioned isoforms with the membrane [74], [75]. On the other hand, in spite 

of the fact that K-RAS4B does not undergo palmitoylation, it encompasses polybasic Lys 

motif, which facilitates recruitment of K-RAS4B to the negatively charged membrane 

[27], [68].  

As a more detailed insight into cellular trafficking and membrane localization, the CAAX 

motif is processed by three enzymes that act sequentially. In the beginning, the 

unmodified CAAX sequence is the precursor of prenylation by prenyltransferases [76], 

[77]. Particularly, since the X is not Leu in all the isoforms, farnesyltransferase (FTase) 

adds 15-carbon farnesyl lipid to the Cys of the CAAX motif [78].  In this way, the 

modified RAS proteins gain a weak affinity towards cellular membranes [79]. It is also 

important to emphasize that the only farnesylated RAS protein can accommodate itself 

on the cytoplasmic face of the endoplasmic reticulum [69]. Subsequently, RAS-

converting enzyme 1, which is found on ER, takes action and consequently detaches AAX 

amino acids [80]. Following this modification, another enzyme entitled isoprenylcysteine 

carboxylmethyltransferase (ICMT) on endoplasmic reticulum initiates methyl 

esterification of the alpha-carboxyl group of the farnesylated cysteine [81]. However, all 

these CAAX modifications are not sufficient to recruit RAS to the plasma membrane 

unless second signals do not result in further processing of the HVR region. From this 

perspective, after the modification of the CAAX sequence by the ICMT, the isoforms are 

directed to the Golgi apparatus. Furthermore, N-RAS possesses one cysteine residue, 

namely Cys184, that can be palmitoylated, whilst H-RAS harbors two cysteine residues, 

namely Cys181 and Cys184, that are more prone to palmitoylation. Like N-RAS, only 

one Cys residue of K-RAS4A, which is Cys180, accepts the palmitoyl group, whereas 

any cysteine residues of its splicing variant are not palmitoylated [17], [82]. Upon 

palmitoylation of H-RAS, K-RAS4A, and N-RAS isoforms, they are transported to the 

plasma membrane. In parallel to this, when these isoforms become depalmitoylated, they 

are transported back to the cytoplasm [83]. On the other hand, the Lys-rich domain of K-

RAS4B, which is positively charged, mediates the binding of K-RAS4B to the plasma 
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membrane towards electrostatic interactions, which causes dynamic association of this 

isoform with the plasma membrane [17], [84]. 

2.4. Druggability of RAS Proteins 

RAS mutants account for majority of cancers, thus being spotlighted as attractive targets 

[85]–[89]. To this end, studies have focused on inhibiting RAS proteins by the nucleotide-

binding pocket, RAS-GEF interaction interface as well as RAS-effector interaction 

interface, and membrane localization [12], [90]–[99]. Albeit remarkable efforts have been 

spent on developing RAS inhibitors, a small set of molecules could pass the preclinical 

trials [100], [101]. However, unfortunately, a big slice of this set has not been approved 

for clinical use. For this reason, RAS proteins are known as undruggable. The 

undruggability of these proteins is stemmed from the unfeasible competitive inhibitor 

binding to the nucleotide-binding pocket due to the picomolar binding affinities of 

GTP/GDP as well as the absence of deep binding cavities on the protein surface 

alternative to the nucleotide-binding pocket [9]–[11], [102]. In addition to these regions, 

in the early studies, it has been reckoned that all the RAS isoforms have the same function. 

In line with this assumption, only H-RAS isoform has been included to develop FTase 

inhibitors so that membrane interaction of the RAS isoforms might have been occluded 

[99], [103]. It is also worth mentioning that the therapeutic inefficacy of FTase inhibitors 

is resulted from alternative lipidation of K-RAS and N-RAS by geranylgeranyltransferase 

[54], [104]–[106]. 

Moreover, MD studies have elucidated different conformational states of the nucleotide-

binding pocket as well as orientational dynamics of some regions and residues that play 

a pivotal role in the function of the protein, thus might be exploited as alternative target 

site [107], [108]. Apart from in silico studies, upon mechanistic understanding obtained 

by experimental approaches, Zn-cyclen and Cu-cyclen compounds were thought of 

promising to be utilized for the selective targeting of the RAS isoforms to maintain certain 

conformations of Switch I such as state 1 [13], [56], [109]. Yet, these attempts were not 

sufficient to pose therapeutics beyond in vivo studies. In another recent study, 

orientational dynamics of H-RASG12P and H-RASG12D, which are, in seriatim, non-

transforming and transforming mutants, have been compared and reported that Tyr32 

displayed distinct dynamics. Particularly, Tyr32, which regulates RAF binding and 

intrinsic GTPase activity, was more exposed in the non-transforming mutant. For this 
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reason, Tyr32 was concluded as a promising residue that needs to be targeted with small 

molecules to invoke dynamics properties in H-RASG12D, which are more similar to those 

of H-RASG12P [108].  

Furthermore, more interestingly, a study has shown that the substitution of Gly at the 12th 

position with Cys has ended up with the formation of a pocket, namely P2 pocket, in the 

GDP-bound state of RAS. Eventually, this has shifted research towards the development 

of mutant-specific covalent inhibitors that can bind with Cys residue [110]–[113]. 

Following this study, the first covalent K-RAS4BG12C inhibitor entitled AMG 510 has 

successfully passed preclinical studies, and subsequently, its clinical studies have been 

started (clinicaltrials.gov identifier NCT03600883) [100], [114], [115]. However, the 

undruggability issue of K-RAS4B for its other mutants as well as mutations seen in other 

isoforms has remained an enigma for the treatment of cancers. 

2.5. Src Kinase-mediated Tyrosyl Phosphorylation of RAS Proteins  

Phosphorylation as a post-translational modification regulates the function of the proteins 

[116]. The cellular RAS proteins cannot undergo autophosphorylation but require kinases 

to get phosphorylated [117]–[119]. In particular, Tyr4, Tyr32, Tyr64, Tyr137, Ser89, 

Ser181, Thr144, and Thr148 are well-known residues that undergo phosphorylation [14], 

[15], [99], [120]–[124]. On the other hand, viruses can phosphorylate their RAS protein 

[117]–[119]. Recently, tyrosyl phosphorylation, which is mediated by Src-kinase, has 

come into prominence in the literature, since it substantially alters the intrinsic rate of 

GTP hydrolysis and RAS-RAF interaction [14], [15], [125]. 

Src is one of the oncogenes which controls cell growth, proliferation, survival, and 

migration [99], [126]. In the course of time, with the knowledge of its relevance in cancer, 

the impact of Src-kinase on RAS proteins has been deeply scrutinized. Bunda et al. have 

reported that Src kinase can phosphorylate tyrosine at the 32nd position of GTP-bound H-

RAS and N-RAS, which, in turn, causes an increase in the rate of intrinsic GTP hydrolysis 

and impairment of RAF binding to the mentioned isoforms. In the same study, it has been 

also proposed that the phosphoryl group of tyrosine repels the negatively charged Asp38 

and Asp57, thus changing either conformation or position of Switch I in such a fashion 

that RAF binding is occluded. In parallel to this, this electrostatic repulsion facilitates the 

exposure of Tyr32, which might be prone to break down the critical hydrogen bond 

between the hydroxyl group of Tyr32 and Pγ of GTP, thus potentiating more efficient 
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hydrolysis of GTP via nucleophilic water attacks [14]. Interestingly, in a recent MD study, 

it has been shown that the increased rate of GTP hydrolysis pertaining to H-RASG12P, 

namely non-transforming mutant, was correlated to the eradication of the mentioned 

hydrogen bond. In this way, Tyr32 was more likely to be found distant to the nucleotide-

binding pocket. Indeed, considering the spatial organization of Tyr32, the change in the 

orientation of this residue might elevate the accessibility of GTP to nucleophilic water 

attacks [108]. In another study, it has been unveiled that SHP2 can dephosphorylate the 

phosphorylated Tyr32 pertaining to either H-RAS or N-RAS, and consequently, enable 

these isoforms to interact with RAF, thereby initiating signal transduction through the 

relevant pathway [99], [127]. In a recent study, it has been reported that Tyr32 and Tyr64 

of K-RAS4B can be phosphorylated by Src kinase, which alters the conformational state 

of Switch I and II. More significantly, the phosphorylation of these residues reduced both 

GAP-mediated and intrinsic GTPase activities as well as GEF-mediated nucleotide 

exchange activity. Conversely, the intrinsic rate of nucleotide-exchange was increased, 

thus keeping K-RAS4B in a GTP-bound state.  Nevertheless, the tyrosyl phosphorylation 

concurrently stalled RAF binding to K-RAS4B, and, for this reason, it decoupled from 

the corresponding signaling pathway. Like H-RAS and N-RAS isoforms, in the same 

study, it has been shown that the tyrosyl phosphorylation of K-RAS4B could be reversed 

by SHP2 [15]. In line with this experimental study, a contemporary in silico study has 

indicated that the afore-mentioned tyrosyl phosphorylation of K-RAS4B, indeed, alters 

the conformational state of the nucleotide-binding pocket. In particular, in the GDP-

bound state, the volume of the nucleotide-binding pocket was extended. Subsequently, 

this conformational change was exploited to interpret the increased rate of the intrinsic 

nucleotide change. In addition, at the borderline of the previous experimental study, this 

study has elucidated that tyrosyl phosphorylation shifts the favorable conformation of K-

RAS4B towards an unfavorable conformation for both GAP and GEF binding. Last but 

not least, in the same study, it has been reported that the allosteric propagation pathway 

from the RAS-RAF interface to the L4 loop of RAF that is known to be responsible for 

RAF kinase activation was disturbed as a result of tyrosyl phosphorylation [128]–[130]. 

Considering the pivotal role of tyrosyl phosphorylation in RAF binding as well as 

regulation of the intrinsic GTPase activity, a holistic understanding of tyrosyl 

phosphorylation and invoking dynamics and structural properties in mutant RAS proteins, 
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which resemble those of the phosphorylated system, might be an effective strategy for the 

development of effective therapeutics.  
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CHAPTER 3 

3. EXPERIMENTAL PART 

3.1. System Setup Pertaining to Cytosolic States of the Proteins for Molecular 

Dynamics Simulations 

The atomistic MD simulations were performed for GTP-bound (i) H-RASWT (PDB ID: 

5P21), (ii) H-RASG12D (PDB ID: 1AGP), (iii) H-RASpY32 (PDB ID: 5P21), (iv) K-

RAS4BWT (PDB ID: 3GFT), (v) K-RAS4BG12D (PDB ID: 4DSN), and (vi) K-RAS4BpY32, 

pY64 (PDB ID: 3GFT), whose crystal structures were downloaded from the Protein Data 

Bank (https://www.rcsb.org/) [60], [131]–[134]. For the preparation of the GTP-bound 

H-RASWT, H-RASG12D, and H-RASpY32, the phosphoaminophosphonic acid-guanylate 

ester (GNP)-bound crystal structures were converted into GTP-bound forms by 

exchanging the N3B atom with an oxygen atom. After this modification, GTP-bound H-

RASWT and H-RASG12D were protonated at pH 7.4 according to the obtained pKa values 

from the ProPka server [135], [136]. For the phosphorylated H-RAS system, namely H-

RASpY32, Tyr32 was patched with TP2 phosphoryl groups by considering its calculated 

pKa value pertaining to H-RASWT [137]. Furthermore, for the preparation of GTP-bound 

K-RAS4BWT, the GNP was converted into GTP as described above and the citric ion 

present in the crystal structure was removed. Following these changes, His61 was mutated 

back to Gln. Finally, the prepared system was protonated at pH 7.4 as it was done for the 

H-RAS systems. For the phosphorylated K-RAS4B system, K-RAS4BpY32, pY64, the TP2 

phosphoryl group was added to Tyr32 and Tyr64. Lastly, for GTP-bound K-RAS4BG12D, 

the C3B atom of phosphomethylphosphonic acid-guanylate ester was substituted with an 

oxygen atom and the 1,2-ethanediol existed in the crystal was removed. Afterwards, Ser1 

was reverted to Met1. Eventually, the modified system was protonated under the same 

conditions for the afore-mentioned systems. 

https://www.rcsb.org/
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The GTP-bound H-RASWT, H-RASG12D, and K-RAS4BG12D systems were solvated with 

9 Å water thickness, whereas 15 Å water layer thickness was set for the rest of the 

systems. As a side note, the TIP3P water model was utilized [138]. Following the 

solvation of each system, the systems were neutralized with 0.15 M NaCl. 

3.2. Simulation Protocol of the Cytosolic Systems 

MD simulations of the cytosolic proteins were performed via Compute Unified Device 

Architecture version of Nanoscale Molecular Dynamics (NAMD) that enables the use of 

graphical processing units [139]. The systems were modeled according to the 

CHARMM36 force-field [140]–[144]. The pressure, temperature, and time step were 

adjusted as, in seriatim, 310 K and 1 atm, 2 femtoseconds (fs). The set cut-off value of 

non-bonded interaction was 12 Å, whilst the long-range electrostatic interactions were 

calculated utilizing particle mesh Ewald [145], [146]. In the end, the systems were 

minimized for 4.8 picoseconds (ps), and subsequently, simulated for a total of ca. 13.5 

microseconds (µs) in the NPT ensemble. It is also crucial to stress that each simulation 

was performed with two replicates whose initial velocities were different. 

3.3. Molecular Dynamics Simulations of GTP-bound H-RASG12D and K-

RAS4BG12D in DMPC Membrane 

The retrieved crystal structure of H-RASG12D (PDB ID: 1AGP) and K-RAS4BG12D (PDB 

ID: 4DSN) were utilized for the membrane systems [60], [132]. The GTP-bound states of 

the systems were prepared as defined above. The HVR region of the H-RAS system was 

modeled by aligning the crystal structure of the G12D mutant to the crystal structure of 

H-RASG12V (PDB ID: 2Q21) [147]. By doing so, the residues 166-171 were modeled. 

The rest of the residues were included in the model by means of the 'Build Peptide From 

Sequence' module of Schrödinger [148]. Thereafter, the PTMs were introduced to the 

prepared system via the 'Solution Builder' of CHARMM-GUI, where the system was also 

prepared for the MD simulations [149]–[151]. In detail, Cys181 and Cys184 were 

modified with a palmitoyl group, whereas a farnesyl group was added to the Cys186. In 

addition to palmitoylation and farnesylation of Cys residues, the C-terminal was capped 

with the CT1 that corresponds to the addition of a carboxymethyl group to the backbone. 

Subsequently, the modified system was solvated and neutralized with 22 Å of a water 

layer thickness and 0.15 M NaCl, respectively. The neutralized system was simulated 

under the same conditions with the cytosolic states to equilibrate the model structure. The 
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equilibrated model was embedded into a DMPC (1:1) membrane model by aligning the 

first principle axis along the z-direction and translating the protein along the negative 

direction of the same axis by 42 Å. For this, the 'Membrane Builder' of CHARMM-GUI 

was utilized and obtained files from the servers were made use of performing MD 

simulation with exactly the same conditions as those of the cytosolic systems (See Figure 

3.1a) [149], [151]–[155]. The membrane-bound H-RASG12D was simulated for a total of 

0.680 µs in three replicates. 

In the same way with the membrane bound-H-RASG12D system, the membrane-bound 

state of the K-RAS4B mutant was prepared. In detail, the first 180 residues of K-

RAS4BG12D were crystallized in the retrieved PDB file. Hence, the rest of the residues 

were modeled using the 'Build Peptide From Sequence' module of Schrödinger [148]. 

After filling the missing atoms in the side-chain with the Prime, farnesyl, and 

carboxymethyl groups were added to the Cys185 and C-terminal, respectively via the 

'Solution Builder' of CHARMM-GUI [149]–[151], [156], [157]. The modified system 

was solvated and neutralized with, in seriatim, 12 Å water layer thickness and 0.15 M 

NaCl. Afterwards, the system was equilibrated by running an MD simulation with exactly 

the same system set up as those of the cytosolic system for 100 ns. The equilibrated 

system, then, was inserted into a DMPC (1:1) membrane, which was established by 

'Membrane Builder' of the CHARMM-GUI, by aligning the first principle axis along the 

z-direction and translating the aligned protein along the -z-direction by 45 Å (See Figure 

3.1b) [149], [151]–[155]. MD simulations of membrane-bound K-RAS4BG12D were 

performed for a total of almost 0.8 µs in two replicates.  
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Figure 3.1: The modeling of the HVR region along with PTMs as well as an 

equilibration of the model structures for burying the a) H-RASG12D, and b) K-

RAS4BG12D systems into a DMPC membrane model. 

3.4. Ensemble-based Virtual Screening 

3.4.1. Clustering of conformations sampled in the H-RASG12D and K-RAS4BG12D 

trajectories 

The conformational states of the nucleotide-binding pocket pertaining to the mutant H-

RAS and K-RAS4B were clustered based on the distance (i) between the side-chain 

oxygen of Thr35 and Pβ of GTP, (ii) between the backbone amide of Gly60 and Pβ of 
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GTP, and (iii) between the side-chain oxygen of Gln61 and Pβ of GTP throughout the 

obtained trajectories. Upon selection of the representative frames pertaining to different 

conformational states of the mutants, the structures were prepared for the 'SiteMap' 

module of Schrödinger to identify plausible binding pockets on the protein surface [148], 

[158], [159]. To this end, GTP and Mg2+ were removed from the representative structures, 

and subsequently, the proteins were optimized in OPLS3e force-field using the 'Protein 

Preparation' module of Schrödinger [148], [160], [161]. The optimized structures were 

utilized as inputs for the 'SiteMap' module, which, in turn, gave SiteScore values for 

possible binding cavities on the protein surfaces [148], [158], [159]. In the end, the pocket 

having the highest SiteScore value among the other possible ones was selected to be used 

for further steps of this study. 

3.4.2. Determination of pharmacophore groups pertaining to binding sites 

identified and searching molecules in ligand databases 

Pharmacophore features pertaining to binding sites in the mutant systems were elucidated 

using the chemical and geometrical properties of the residues 29-34 via the 'Develop 

Pharmacophore Model' module of Scrödinger [162], [163]. Following, ligands were 

downloaded from the ZINC15 [164]–[166], DrugCentral [167]–[169], NCGC [170], 

BindingDB [171]–[174], and DrugBank [175]–[178] databases. Molecules having at least 

3 pharmacophore matches and a molecular weight of less than 550 kDa were filtered out 

using the 'Ligand Filtering' module of Scrödinger [148]. 

3.4.3. Molecular docking of the ligands to the identified cavities of the H-RASG12D 

and K-RAS4BG12D proteins 

Grid boxes of the mutant systems were determined according to the centroid of the 

residues 29-34, which build up the binding pocket, by means of the 'Receptor Grid 

Generation' module of Scrödinger [148], [179]–[181]. This enables to calculate the 

interactions between the ligands and identified pocket. Before the molecular docking, the 

ligands were primed using the 'LigPrep' module of Scrödinger based on OPLS3e force-

field [148], [161]. Subsequently, each candidate molecule was docked to the cavity of the 

corresponding mutant utilizing the 'Standard-Precision (SP)' algorithm of the 'Glide' 

[148], [179]–[181]. The docked ligands to the cavities were assessed according to their 

GScores as well as orientations with respect to the nucleotide-binding pocket. Poses 

having an orthogonal orientation towards the nucleotide-binding pocket and relatively 

lower GScore were thought of promising. 
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3.4.4. Molecular dynamics simulations of ligand-H-RASG12D/K-RAS4BG12D 

complexes 

Following the determination of the promising candidates based on their GScore values 

and orientations, their impacts on the structural and dynamical properties of H-

RASG12D/K-RAS4BG12D were investigated by means of atomistic simulations. With this 

regard, the topology and parameter files pertaining to the ligands of interest were obtained 

from the 'Ligand Reader & Modeler' of CHARMM-GUI [149], [182]. Thereafter, the 

ligand-protein complexes were protonated under the same conditions as those of the other 

systems. The protonated complexes were solvated and neutralized with 15 Å of water 

layer thickness and 0.15 M NaCl, respectively. MD simulations of each complex were 

performed as least-wise two replicates, and, the complexes were simulated for a total of 

44.048 µs. 

3.5. Trajectory Analysis 

Each replicate of the systems was concatenated and visualized in the 'Visual Molecular 

Dynamics (VMD)' software, where representative figures were generated using the 

'Taychon Render' [183], [184]. The local and global features of the systems studied were 

illuminated using the 'Groningen Machine for Chemical Simulations (GROMACS)' 

[185], [186]. 

3.5.1. Root-mean-square fluctuation 

The root-mean-square fluctuation (RMSF) profiles of backbone atoms were elucidated 

over the course of the obtained trajectories by making use of the 'gmx rmsf' module of 

GROMACS, where the module solved the following formula (See Equation 3.1) [185], 

[186]. 

𝑅𝑀𝑆𝐹 =  √
1

𝑇
∑ (𝐵𝑖(𝑡) −𝑁

𝑡=1 𝐵𝑖)̃    (3.1) 

, where the duration of the simulation and coordinates of backbone atom at time t are 

denoted by T and Bi(t), respectively. 

In light of the above-mentioned formula, the fluctuation of each residue was computed, 

which provided a holistic insight into the dynamics of the systems studied. In addition, 

the impacts of the ligands on the stability of the region that mediates RAF binding were 

investigated by subtracting the backbone RMSF value of the region pertaining to ligand-

H-RASG12D/K-RAS4BG12D from that of H-RASG12D/K-RAS4BG12D. 
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3.5.2. Probability distribution of the measured distances between the certain 

reaction coordinates 

The distance between the certain reaction coordinates was measured over the course of 

the trajectories using the 'gmx distance' module of GROMACS [185], [186]. Thereafter, 

the obtained time-line data was converted into probability plots. To do so, the minimum 

and maximum sampled distances within computed raw data were determined, and with 

this regard, the frequency of each interval was determined by setting the sampling range 

to 2 Å. As a side note, the frequency interval was adjusted as 1 Å for more sensitive and 

accurate the selection of representative frames for the ensemble-based virtual screening. 

In the end, the frequency of each range was divided by the number of data points, which 

in turn, gave the probability distribution of the Tyr32, which reflects its exposure. By 

doing so, the impact of tyrosyl phosphorylation, as well as repurposed molecules on 

dynamic and structural properties of H-RASG12D/K-RAS4BG12D, were deciphered. 

3.5.3. Probability distribution of the side-chain torsions of Tyr32 

The side-chain torsion angle of Tyr32, namely χ1, was measured over the course of 

trajectories pertaining to the K-RAS4B systems by use of the VMD [183]. Then, the 

frequency of each sampling range was calculated, where the sampling range was adjusted 

to 10 degrees. In the end, the frequency of each range was divided by the number of data 

points, which in turn, gave the probability of the Tyr32 being found at a certain position 

that reflects its exposure. 

3.5.4. Essential dynamics analysis 

As a global investigation of the obtained trajectories, principal component analysis (PCA) 

was carried out to uncover collective motion taking place in the trajectories, which shed 

some light on distinctions and similarities in dynamic properties of the systems studied, 

in particular in the mutant and phosphorylated systems. According to this unsupervised 

machine learning approach, the Cα atom of each residue was selected, and picked up 

atoms were aligned to the initial frame over the time of trajectory. Then, covariance 

matrices of each system were generated and diagonalized (See Equation 3.2). 

𝐶𝑧𝑘 =  〈𝑀𝑧𝑘∆𝑟𝑧∆𝑟𝑘〉     (3.2) 

, where a change in the position of each coordinate of z and k atoms is indicated by 

MzkΔrzΔrk, which gives a Czk, namely a co-variance matrix. 
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Right after the diagonalization, eigenvectors and eigenvalues of each system were 

calculated from the corresponding covariance matrix of the system of interest (See 

Equation 3.3). 

𝑑𝑖𝑎𝑔(𝐶𝑧𝑘) =  𝛿𝜗2     (3.3) 

, where the obtained eigenvector and values pertaining to a diagonalized covariance 

matrix are obtained by ʋ and δ2, respectively. 

The generation and diagonalization of co-variance matrices, as well as the calculation of 

eigenvectors and eigenvalues from the diagonalized covariance matrices, were achieved 

with the help of the 'gmx covar' module of GROMACS. The projection of trajectories 

with respect to the eigenvector of interest as well as cumulative fluctuation of each residue 

throughout the trajectories were achieved by the use of the 'gmx anaeig' module of 

GROMACS [185], [186]. 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

In the scope of this thesis, dynamic and structural properties of GTP-bound H-RASWT, 

H-RASG12D, H-RASpY32, K-RAS4BWT, K-RAS4BG12D, and K-RAS4BpY32, pY64 were 

comprehensively compared by performing atomistic MD simulations. In this way, the 

structural and dynamical changes driven by either tyrosyl phosphorylation or G12D 

mutation were elucidated. Moreover, a novel binding pocket next to the nucleotide-

binding site was identified on the surface of the mutant systems. By courtesy of the 

mechanistic understanding, several drug libraries were scanned to identify small 

molecules that could resemble dynamic and structural properties of the phosphorylated 

systems in the G12D mutant systems. Consequently, a total of 20 molecules, 10 per 

mutant, were identified as promising which can invoke similar dynamics and structural 

features in the mutant systems that are similar to those of the phosphorylated system. Last 

but not least, the impact of the DMPC membrane model on the key regulatory residue 

Tyr32 and reaction coordinates, which were used for clustering the trajectories, were 

investigated. With this regard, it was shown that the membrane altered the conformational 

state of the nucleotide-binding pocket pertaining to H-RASG12D and K-RAS4BG12D. These 

uncovered distinctions might be taken into account for developing more selective 

therapeutics that target the RAS proteins based on their cellular localization. 

4.1. The Comparison of RMSF Profiles Showed Considerable Differences in the 

Residues with Important Function 

The obtained backbone RMSF values throughout the trajectories of the systems studied 

highlighted significant changes arisen by substitution of Gly with Asp at the 12th position 

and tyrosyl phosphorylation.  

In H-RAS isoform, upon tyrosyl phosphorylation taking place at the 32nd position as well 

as the above-mentioned mutation, the mobility of the residues 30-40 that interact with the 
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RAF-RAS binding domain (RBD) was substantially increased [129]. In the same manner, 

the fluctuation of the residues 27-29 and 41-45, which mediate RAF-cysteine rich domain 

(CRD) interaction, were remarkably increased as a consequence of the tyrosyl 

phosphorylation. However, interestingly, these residues were not highly fluctuating over 

the time of MD trajectories pertaining to the H-RASWT and H-RASG12D systems, which 

might enable RAS-RAF interaction (See Figure 4.1a) [129]. Considering the fact that 

phosphorylation of H-RAS by Src kinase unable RAF recruitment, the concurrent 

increased mobility of the residues that are involved in RAF-RBD and -CRD interactions 

might pose this incapability [14]. For this reason, increasing the fluctuation of these 

regions in the mutant system via small therapeutics might occlude H-RAS-RAF 

interaction. Furthermore, Tyr32, which is located on the Switch I region, fluctuated more 

in the mutant and phosphorylated systems compared to the wild-type protein (See Figure 

4.1a). However, it is worth mentioning that the elevation in the fluctuation of Tyr32 

explored in the phosphorylated system was considerably higher than that of the mutant 

system (See Figure 4.1a), which might facilitate this residue to adopt different 

conformational states that may not be sampled by the mutant system, as elucidated in our 

recent in silico study [108]. More significantly, Bunda et al. have also reported that the 

H-RASpY32 displayed higher intrinsic GTPase activity than its unphosphorylated 

counterparts [14]. With this regard, the increased fluctuation of Tyr32 might be related to 

the enhanced intrinsic GTPase activity as if the phosphorylation makes Tyr32 exposed, 

which, in turn, might promote nucleophilic water attacks to Pγ of GTP. With these 

formerly discussed facts, unlike the significant alteration in the mobility of Switch I, 

which entirely includes residues that are involved in the RAF-RBD interaction, the 

Switch II region, in general, was drastically affected by neither mutation nor tyrosyl 

phosphorylation (See Figure 4.1a). Nevertheless, as an exception, the mobility of the 

catalytically important residue Gln61 showed an increase as a result of the tyrosyl 

phosphorylation (See Figure 4.1a). Considering the catalytic importance of this residue 

and the functional influence of tyrosyl phosphorylation on H-RAS, this increase might 

prompt the shift of H-RAS towards the catalytically competent state [13], [58], [187]. 
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Figure 4.1: The backbone RMSF of the GTP-bound a) H-RASWT, H-RASG12D, and H-

RASpY32, and b) K-RAS4BWT, K-RAS4BG12D, and K-RAS4BpY32, pY64 systems were 

computed from the concatenated trajectories. 

As opposed to the abrupt increase in the mobility of the residues mediating RAF-RBD 

interaction in H-RASG12D, the same mutation in the K-RAS4B isoform slightly elevated 

the flexibility of the same residues (See Figure 4.1b). On the other hand, a drastic 

fluctuation of these residues in K-RAS4B was highly driven by the tyrosyl 

phosphorylation. However, the flexibility of the residues 27-29 and 41-45 playing a key 

role in RAF-CRD interaction in K-RAS4B was not affected by either mutation or 

phosphorylation. Moreover, Tyr32 pertaining to K-RAS4BG12D fluctuated less than that 

of K-RAS4BWT, whilst the flexibility of this residue went up upon the tyrosyl 

phosphorylation (See Figure 4.1b).  Since K-RAS4BpY32, pY64 shows attenuated intrinsic 

GTPase activity and is incapable of interacting with RAF, increasing the flexibility of the 

residues controlling RAF-RBD interaction in the K-RAS4BG12D system might be a 

promising strategy to achieve a therapeutic effect by terminating the relevant signaling 

pathway [15]. Besides the mutation or tyrosyl phosphorylation-driven changes in the 

fluctuation pattern of the residues that predominantly control RAF binding, the Switch II 

region of the same isoform systems was also compared. The comparison highlighted that 

the Switch II region of K-RAS4BpY32, pY64 fluctuated the most, whereas the same region 

of K-RAS4BG12D slightly fluctuated compared to K-RAS4BWT (See Figure 4.1b). 

Furthermore, Gln61 of both K-RAS4BG12D and K-RAS4BpY32, pY64 were more flexible 

than that of K-RAS4BWT, where that of the latter was the most flexible (See Figure 4.1b). 

4.2. Src Kinase-mediated Tyrosyl Phosphorylation Could Considerably Change 

the Orientational Dynamics of Tyr32 

Tyr32 of H-RAS and Tyr32/Tyr64 of K-RAS4B isoforms are known to undergo 

phosphorylation driven by Src kinase. The impact of this phosphorylation on the function 

of H-RAS isoform has been reported as an increase in the intrinsic rate of GTP hydrolysis 
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and stalled RAF binding [14]. Furthermore, like H-RASpY32, K-RAS4BpY32, pY64 is not 

able to interact with RAF [15]. However, as opposed to the increased intrinsic rate of 

GTP hydrolysis observed in H-RASpY32, the double phosphorylation of K-RAS4B causes 

loss of the intrinsic GTPase activity [15]. By taking encouragement from the significance 

of Tyr32 for the regulation of both intrinsic GTPase activity and RAF binding, its 

orientational dynamics was scrutinized by measuring the distance between the side-chain 

oxygen of Tyr32 and Pβ of GTP. In light of the trajectory analysis, it was shown that 

Tyr32 of H-RASG12D was more likely to be found in the vicinity of the nucleotide-binding 

pocket as like that of RAF-RBD-bound H-RASWT, whereas that of H-RASpY32 placed 

itself outward of the nucleotide-binding pocket like H-RASG12P (See Figure 4.2a & 4.2b) 

[108]. In parallel to the anticipations, Tyr32 of H-RASpY32 was more likely to be exposed 

like that of H-RASG12P, whereas the same residue of H-RASG12D was not exposed. The 

exposure of Tyr32 might, indeed, facilitate the nucleophilic water attacks to the Pγ of 

GTP, which, eventually, turns GTP into GDP. This finding also suggests an explanation 

for the increased intrinsic GTPase activity upon the tyrosyl phosphorylation.  

Both the tyrosyl phosphorylation and G12D mutation pertaining to the K-RAS4B isoform 

caused an increase in the sampled distances between the aforementioned atom-pairs. 

More importantly, even though K-RAS4BG12D sampled slightly longer distances than K-

RAS4BpY32, pY64, Tyr32 of the mutant was not exposed, whereas that of the 

phosphorylated K-RAS4B was more prone to be found exposed as explored by the 

measured χ1 angle over the course of trajectories (See Figure 4.2c, 4.2d, 4.2e, and 4.2f). 

This might be explained by the repulsion of the negatively charged phosphoryl group 

patched to Tyr32 by the negatively charged nearby residues. From this point of view, it 

might be concluded that even the slight and constant repulsion of Tyr32 away from the 

nucleotide-binding pocket would be enough to occlude RAF binding with the help of the 

electrostatic interactions (See Figure 4.2d). It is also important to bear in mind that 

exposure of Tyr32 in K-RAS4BG12D might be achieved by a vast increase in the 

mentioned sampled distance. Last but not least, yet, this slight change may not be enough 

to expedite the intrinsic GTPase activity due to the incapability of the tyrosyl 

phosphorylation to considerably ascend the accessibility of GTP to the nucleophilic water 

attacks. Even worse, the bulky phosphoryl group may prevent these attacks and culminate 

in the loss of this activity as shown in a recent study [15]. 
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Figure 4.2: a) The probability distribution of the distance measured between the side-

chain oxygen atom of Tyr32 and Pβ atom of GTP over the course of trajectories 

pertaining to H-RASWT, H-RASpY32, and H-RASG12D. b) The orientational dynamics of 

Tyr32, which was colored with respect to the time-step and shown in the licorice 

representation, throughout the obtained trajectories of H-RASpY32. c) The probability 

distribution of the distance measured between the side-chain oxygen atom of Tyr32 and 

Pβ atom of GTP over the course of trajectories pertaining to K-RAS4BWT, K-

RAS4BpY32, pY64, and K-RAS4BG12D systems. d) The orientational dynamics of Tyr32, 

which was colored with respect to the time-step and shown in the licorice 

representation, throughout the obtained trajectories of K-RAS4BpY32, pY64. e) The 

probability distribution of the side-chain torsion of Tyr32 pertaining to the K-RAS4B 

systems. f) The orientational dynamics of Tyr32, which was colored with respect to the 

time-step and shown in the licorice representation, throughout the obtained trajectories 

of K-RAS4BG12D. 
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4.3. Principal Components of the Systems Studied Showed That Local Dynamic 

Properties Are Consistent with Collective Motions 

In addition to the comparison of local dynamic properties, the collective motion taking 

place in the obtained trajectories of the systems was also investigated with the help of 

essential dynamics analysis. To this end, the eigenvalues and eigenvectors of each system 

were calculated and the projection of trajectories along the first three eigenvectors was 

taken, which almost account for almost 50% of overall dynamics. From this perspective, 

the point mutation and tyrosyl phosphorylation of H-RAS caused a remarkable overall 

change in the Switch I and II regions (See Figure 4.3a and 4.3b), which is in line with 

the observed RMSF values of the same systems. As a closer look into this conclusion, it 

is important to stress that the contribution of the residues, which are important for H-

RAS-RAF-CRD interaction, was higher in the H-RASpY32 system than that of the mutant 

systems. As opposed to the previous finding, the residues that mediate H-RAS-RAF-RBD 

interaction in H-RASpY32 had lower contributions to the collective dynamics than those 

of H-RASG12D (See Figure 4.3a). Furthermore, like the local observations, the impact of 

the tyrosyl phosphorylation on the global dynamics pertaining to the Switch II region, in 

particular, Gln61, was relatively more than that of the mutant (See Figure 4.3a). 

 

Figure 4.3: a) The comparison of the fluctuation profiles pertaining to the H-RAS 

systems along the first three eigenvectors. b) The obtained extreme structures along the 

first eigenvector are illustrated for H-RASWT, H-RASpY32, and H-RASG12D which are 

sequentially colored with blue, yellow, and red. The thickness of ribbons reflects the 

contributions of residues to overall dynamics. 
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Apart from the H-RAS isoform, the principal components of the K-RAS4B systems 

showed that the overall effect of tyrosyl phosphorylation was dominantly observed in the 

Switch II region and the corresponding region to the RAF-RBD interaction (See Figure 

4.4a & 4.4b). Yet, as opposed to the mutant H-RAS, the impact of the same mutant in the 

K-RAS4B isoform did not remarkably alter the global dynamic properties of the RAF-

RBD interaction interface (See Figure 4.4a). More significantly, upon the 

phosphorylation, RAF-RBD interaction interface, which harbors Y32 as a residue having 

a relatively higher contribution to the overall dynamic properties, dominated the global 

dynamics, which might cause a distortion in the K-RAS4B-RAF-RBD interaction 

interface [129]. The projection of the trajectories pertaining to the K-RAS4B systems was 

also elucidated that the phosphorylation was more prone to drive conformational and 

dynamic changes in the Switch II region more than G12D mutation. 

 

Figure 4.4: a) The comparison of the fluctuation profiles pertaining to the H-RAS 

systems along the first three eigenvectors. b) The obtained extreme structures along the 

first eigenvector are demonstrated for K-RAS4BWT, K-RAS4BpY32, pY64, and K-

RAS4BG12D which are, in seriatim, colored with green, brown, and cyan. The thickness 

of ribbons is directly proportional to the contributions of residues to overall dynamics. 

In conclusion, in the case of tyrosyl phosphorylation and G12D mutation, the overall 

dynamics of the studied isoforms was dominated by the contribution of Switch I, which 

almost cover the RAF-RBD and -CRD interaction interface, and Switch II as it was 

consistent with local dynamic observations. Considering the importance of Switch, I for 

the effector-RAS interaction as well as its dominance on the overall dynamic properties, 
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this region seems to be a promising target site for altering the overall properties of the 

mutant systems. 

4.4. Clustering Conformations Sampled in H-RASG12D and K-RAS4BG12D and 

Identification of Possible Binding Sites on the Surface of the Most Probable 

Conformation of the Mutant Proteins 

The sampled conformations throughout the trajectories of H-RASG12D and K-RAS4BG12D 

were clustered based on the corroborated reaction coordinates which were the (i) distance 

between the side-chain oxygen of Thr35 and Pβ of GTP, (ii) backbone amide of Gly60 

and Pβ of GTP, and (iii) side-chain oxygen of Gln61 and Pβ of GTP [107], [188], [189]. 

Consequently, the clustering showed that both K-RAS4BG12D and H-RASG12D could 

adopt distinct states over the course of MD (See Figure 4.5 & 4.6). Subsequently, a frame, 

which represents the state 1 of each reaction coordinate that is the most probable state, 

was selected from the obtained trajectories of H-RASG12D and K-RAS4BG12D. 

 

Figure 4.5: The probability distribution of the distance measured between the a) side-

chain oxygen of Thr35 and Pβ of GTP, b) backbone amide of Gly60 and Pβ of GTP, 

and C. side-chain oxygen of Gln61 and Pβ of GTP throughout the obtained trajectories 

of H-RASG12D. 
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Figure 4.6: The probability distribution of the distance between the a) side-chain 

oxygen of Thr35 and Pβ of GTP, b) backbone amide of Gly60 and Pβ of GTP, and C. 

side-chain oxygen of Gln61 and Pβ of GTP throughout the obtained trajectories of K-

RAS4BG12D. 

In light of the clustering, the selected frames, which correspond to the most probable 

states of the mutant systems, guided to determine possible binding cavities that are more 

likely to be accessible for drug molecules. As a result, both frames, which reflect the most 

probable ensemble of the mutant systems, are plausible to be targeted with small 

molecules towards the residues 29-34 that are accommodated on the Switch I region, as 

evidenced by relatively higher SiteScores (See Table 4.1 and 4.2). 

Table 4.1: The SiteMap scores pertaining to most probable conformations sampled in the 

H-RASG12D trajectory. 

SiteScore Size DScore Volume Exposure Enclosure Phob Phil 

1.03 194 0.92 466.14 0.48 0.74 0.26 1.43 

0.70 25 0.67 81.29 0.63 0.69 1.47 0.66 

0.66 22 0.63 101.87 0.78 0.64 0.96 0.60 

0.54 20 0.38 68.60 0.77 0.61 0.00 1.23 
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Table 4.2: The SiteMap scores pertaining to most probable conformations sampled in the 

K-RAS4BG12D trajectory. 

SiteScore Size DScore Volume Exposure Enclosure Phob Phil 

1.01 231 0.96 503.18 0.55 0.71 0.45 1.25 

0.60 32 0.55 67.57 0.73 0.53 0.16 0.92 

0.56 26 0.38 39.44 0.61 0.57 0.00 1.36 

To sum up the importance of the SiteMap findings, since competitive binding of inhibitors 

does not seem possible due to high affinity of the endogenous ligands of RAS [9]–[11], 

[102], the above-mentioned possible target site may offer an alternative for the 

development of therapeutics. More importantly, it is also a part of Switch I, which builds 

up effector interaction site and harbors Tyr32 that regulates, in particular, RAF binding 

and intrinsic GTPase activity [14], [15], [52]. 

4.5. Pharmacophore Modeling of the Possible Pockets Identified on the Surfaces 

of the Mutant Systems and Searching for Small Molecules in the Databases 

With an inference to the existence of a common possible binding cavity on the surfaces 

of both H-RASG12D and K-RAS4BG12D, the pharmacophore features of the possible target 

site were determined by taking the orientation and chemical properties of the building 

block residues into consideration. To do so, the pharmacophore groups of the residues 

29-34 were modeled (See Figure 4.7a and 4.7c). Despite the fact that these residues are 

well-conserved residues among the isoforms [52], the orientational distinctions brought 

some differences in the pharmacophore models (Compare Figure 4.7b and 4.7d). 

Subsequently, molecules having at least 3 pharmacophore matches with the 

pharmacophore features of the isoforms and a molecular weight of less than 550 kDa 

were retrieved from ZINC15 [164]–[166], DrugBank [175]–[178], DrugCentral [167]–

[169], BindingDB [171], [172], [174], [190], CHEMBL [191], [192], and NCGC [170] 

databases. In the end, a total of 14,053 downloaded molecules from the databases fulfilled 

the criteria and docked to the apo form of H-RASG12D. In the same manner, a total of 

132,425 molecules were docked to the apo form of K-RAS4BG12D. 
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Figure 4.7: a) The identified target site on the surface of H-RASG12D. b) The modeled 

pharmacophore features of the residues 29-34, which constitutes the target site. c) The 

discerned target site on the surface of K-RAS4BG12D. d) The modeled pharmacophore 

groups of the residues 29-34, which forms the target site. 

The obtained ligand-H-RASG12D and -K-RAS4BG12D complexes were assessed according 

to GScores as well as the orientation of the molecules with respect to the nucleotide-

binding pocket. With this in mind, the comparison of GScores showed that molecules 

having a similar topology to GTP were more likely to be docked to the apo-form of the 

protein with a lower GScore (Compare Figure 4.8a/4.9a and 4.8b/4.9b). Nevertheless, 

such molecules were not found to be promising since they were placed within the 

nucleotide-binding pocket, which is not physiologically plausible due to the high affinity 

of GTP/GDP molecules [9]–[11], [102]. For this reason, molecules that were orthogonal 

to the nucleotide-binding pocket were evaluated as promising candidates to be tested by 

MD simulations (See Figure 4.8b & 4.9b). 
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Figure 4.8: a) An example of unsuccessfully binding pose for H-RASG12D. b) An 

example of the binding pose that interferes with GTP. The GTP molecule is colored 

orange and ligands are shown in silver. 

 

Figure 4.9: a) An example of unsuccessfully binding pose for K-RAS4BG12D. b) An 

example of the binding pose that interferes with GTP. The GTP molecule is colored 

orange and ligands are shown in silver. 
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4.6. MD Simulations Revealed Molecules That Could Trigger Dynamic and 

Structural Alterations in the Mutant Systems Which Are Similar to Those Seen in 

the Phosphorylated Counterparts 

With the aim of identifying molecules that could trigger similar dynamic and structural 

features to those of the phosphorylated systems, the impact of the ligands on the structural 

properties of the G12D mutant systems was explored and comprehensively compared 

with alterations driven by the tyrosyl phosphorylation. To this end, the selected molecules 

having a perpendicular orientation to the nucleotide-binding pocket of H-RASG12D/K-

RAS4BG12D were simulated in complex with their corresponding ligands (See Table 4.3). 

Subsequently, the ligand-H-RASG12D complexes were evaluated over the course of MD 

based on (i) the distance measured between the side-chain oxygen of Tyr32 and Pβ atom 

as well as the exposure of Tyr32, (ii) the relative change in the RMSF of Tyr32, (iii) the 

average difference in the RMSF of RAF-RBD and RAF-CRD interaction interfaces with 

respect to the H-RASG12D system. Having said that, the ligand-K-RAS4BG12D complexes 

were investigated by devoting attention to (i) the distance measured between the side-

chain oxygen and Pβ atom together with exposure of Tyr32, (ii) the relative change in the 

RMSF of Tyr32, and (iii) the mean of change in the RMSF of RAF-RBD interaction 

interface with respect to the K-RAS4BG12D system. Finally, ligands that are bound to H-

RASG12D are classified as promising if they increase the distance measured between the 

mention atom pairs as well as make Tyr32 exposed. With these in mind, it is also 

anticipated to increase the mobility of RAF-RBD and RAF-CRD domains. In parallel to 

these criteria, promising ligands that are bound to K-RAS4BG12D are expected to raise the 

same distance between the atom pairs and make Tyr32 exposed like the phosphorylated 

system. Last but not least, a considerable elevation in the RMSF value of Tyr32 and RAF-

RBD interface is another contributing factor to success criteria. 

 

 

 

 

 

 

 



34 

Table 4.3: GScores of the ligands used in MD simulations and corresponding simulation 

length. 

Target Molecule GScore MD time length (ns) 

H-RASG12D Cerubidine -6.09 1776 

H-RASG12D ZINC16382913 -5.63 2880 

H-RASG12D Epirubicin -5.44 2736 

H-RASG12D Imidafenacinum -4.9 2608 

H-RASG12D Tranilast -4.66 3078 

H-RASG12D Nilotinib -4.61 1776 

H-RASG12D Paroxetine -4.14 1066 

H-RASG12D ZINC16956714 -3.72 1728 

H-RASG12D CHEMBL3490356 -3.61 1977 

H-RASG12D ZINC08648721 -3.1 2880 

K-RAS4BG12D ZINC07890675 -6.34 2880 

K-RAS4BG12D ZINC94263682 -6.16 2112 

K-RAS4BG12D ZINC72473488 -5.97 1920 

K-RAS4BG12D ZINC91304948 -5.76 1920 

K-RAS4BG12D Olodaterol -5.41 1920 

K-RAS4BG12D ZINC91562840 -4.75 1920 

K-RAS4BG12D Glyconiazide -4.64 2431 

K-RAS4BG12D Cilastazol -3.58 2547 

K-RAS4BG12D Obidoxime -3.51 2988 

K-RAS4BG12D Perospirone -3.39 1971 

In light of the above-mentioned dynamics and structural alterations that are driven by 

tyrosyl phosphorylation, 10 of the ligands, which were bound to H-RASG12D, were 

thought of promising. First, like the H-RASpY32 system, the treated H-RASG12D systems 

with ligands sampled longer distances of the predefined reaction coordinate, which, in 

turn, led to a distortion in the RAF interaction interface and facilitated the exposure of 

Tyr32. This suggests that the accessibility of GTP to nucleophilic water attacks might be 

potentiated, which might result in an increase in the intrinsic GTPase activity. As a closer 

look into each ligand, cerubidine, tranilast, nilotinib, ZINC16956714, 

CHEMBL3490356, and paroxetine were more prone to sample longer distances among 

the ligands studied, where Tyr32 of these systems were more likely to be found in the 

exposed state. (See Figure 4.10a, 4.10c, 4.10d, 4.10e, 4.10f, and 4.10j). Nevertheless, 
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other ligands, namely ZINC16382913, ZINC08648721, imidafenacinum, and epirubicin, 

could also ascend the interval of the sampled distances with slightly lower probability, 

where Tyr32 became exposed throughout the trajectories (See Figure 4.10b, 4.10g, 

4.10h, and 4.10i). Moreover, except CHEMBL3490356, imidafenacinum, and 

paroxetine, the rest of the ligands introduced flexibility to the RAF-RBD interface as in 

line with the phosphorylated counterpart of H-RAS. Lastly, it is also crucial to point out 

that all the studied ligands could not significantly increase the flexibility of the RAF-CRD 

interface (See Table 4.4). In spite of the failure of CHEMBL3490356 and paroxetine in 

elevating the flexibility of the both RAF-RBD and -CRD interaction interfaces, the 

change in the orientation of Tyr32 might be adequate to take control over the hyperactive 

H-RASG12D-RAF interaction. Last but not least, it is also significant to emphasize that all 

the ligands could increase the flexibility of Tyr32 as elucidated for the H-RASpY32. To 

wrap up the results of RMSF profiles, paroxetine, CHEMBL3490356, and 

imidafenacinum could not drive elevate the flexibility of the RAF-RBD interface. All the 

ligands could not also significantly increase the flexibility of the RAF-CRD interaction 

interface, whilst all the ligands, except nilotinib, paroxetine, and CHEMBL3490356 

substantially increased the flexibility of Tyr32, which might be sufficient to cease 

aberrant RAF binding. 
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Figure 4.10: The probability distribution of the distance between the side-chain oxygen 

of Tyr32 and Pβ of GTP along with the conformation of Tyr32 in time-line during the 

obtained trajectories of a) cerubidine-, b) ZINC16382913-, c) tranilast-, d) nilotinib-, e) 

ZINC16956714-, f) CHEMBL3490356-, g) ZINC08648721-, h) imidafenacinum-, and 

i) epirubicin-, and j) paroxetine-bound H-RASG12D. 
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Table 4.4: The backbone RMSF difference of the residues that mediate RAF-RBD and 

RAF-CRD interaction in the ligand-H-RASG12D complexes. 

System 
avg(ΔRMSF(RBD)) 

(nm) 

avg(ΔRMSF(CRD)) 

(nm) 

ΔRMSF(Tyr32) 

(nm) 

Cerubidine- 

H-RASG12D 

 

0.14 0.01 0.25 

ZINC16382913- 

H-RASG12D 
0.12 0.05 0.10 

Tranilast- 

H-RASG12D 
0.16 0.05 0.22 

Nilotinib- 

H-RASG12D 
0.12 0.02 0.06 

Paroxetine- 

H-RASG12D 
-0.03 0.00 0.06 

ZINC16956714- 

H-RASG12D 
0.10 0.01 0.17 

CHEMBL3490356- 

H-RASG12D 
-0.01 0.00 0.05 

ZINC08648721- 

H-RASG12D 
0.20 0.02 0.29 

Imidafenacinum- 

H-RASG12D 
0.01 0.02 0.29 

Epirubicin- 

H-RASG12D 
0.19 0.05 0.30 

In addition, 10 of ligand-K-RAS4BG12D complexes were found to be promising in terms 

of shifting the dynamic and structural properties towards K-RAS4BpY32, pY64. From top to 

bottom, it is important to keep in mind that the sampled distance between the Tyr32 and 

GTP ought to be higher than that of the K-RAS4BG12D system so that Tyr32 might be 

accessible as discussed above. In parallel to this expectation, a recent study has shown 

that upon binding of RAF inhibitor to K-RAS4BG12D, the distance between the side-chain 

oxygen of Tyr32 and GNP was shown to be enlarged [193]. From this perspective, all the 

reported ligands in Table 4.5 distorted the RAF interaction interface and made Tyr32 
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exposed by increasing the distance measured between the mentioned atom pairs (See 

Figure 4.11). However, it is also paramount to indicate that ZINC91562840 could not 

obstacle the sampling of the distances that could not be sampled by the K-RAS4BpY32, 

pY64 which might propagate K-RAS4BG12D-RAF interaction in a controlled fashion (See 

Figure 4.11c). In this way, the ZINC91562840-bound K-RAS4BG12D might gain its 

molecular switch, in which case it would not be forced to stay in the dark state [15]. More 

importantly, K-RAS4BpY32, pY64 is known to be deprived of the intrinsic rate of GTPase 

activity, which might be presumably correlated to the propensity of Tyr32 to be found in 

the vicinity of the nucleotide-binding pocket. From this point of view, the dramatic 

change in the mentioned distance together with the alteration in the orientation of Tyr32 

might also prompt the intrinsic rate of GTP hydrolysis by means of nucleophilic water 

attacks. Lastly, in line with the demystified structural and dynamic properties of K-

RAS4BpY32, pY64, the mobility of both RAF-RBD interaction interface and Tyr32 were 

significantly increased by the ligands as evidenced by the change in the RMSF values 

with respect to the K-RAS4BG12D system (See Table 4.5). 

 

Figure 4.11: The probability distribution of the distance between the side-chain oxygen 

of Tyr32 and Pβ of GTP along with the conformation of Tyr32 in time-line during the 

obtained trajectories of a) ZINC72473488-, b) ZINC91304948-, c) ZINC91562840-, d) 

ZINC07890675-, e) ZINC94263682-, f) olodaterol-, g) cilastazol-, h) perospirone-, i) 

obidoxime, and j) glyconiazide-bound K-RASG12D. 
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Table 4.5: The backbone RMSF difference of the residues that mediate RAF-RBD in the 

ligand-K-RAS4BG12D. 

System avg(ΔRMSF(RBD)) (nm) 
ΔRMSF(Tyr32) 

(nm) 

ZINC72473488-K-

RAS4BG12D 
0.09 0.11 

ZINC91304948-K-

RAS4BG12D 
0.15 0.19 

ZINC91562840-K-

RAS4BG12D 
0.07 0.13 

ZINC07890675-K-

RAS4BG12D 
0.13 0.13 

ZINC94263682-K-

RAS4BG12D 
0.11 0.14 

Olodaterol- 

K-RAS4BG12D 
0.09 0.10 

Cilastazol- 

K-RAS4BG12D 
0.18 0.28 

Perospirone- 

K-RAS4BG12D 
0.11 0.20 

Obidoxime- 

K-RAS4BG12D 
0.17 0.18 

Glyconiazide- 

K-RAS4BG12D 
0.12 0.17 

4.7. The Conformations Sampled by RAS Mutants in Water and Membrane Are 

Different 

RAS proteins are found in different cellular compartments such as cytoplasm, 

endoplasmic reticulum, Golgi apparatus, and cell membrane. Having a holistic 
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understanding of what kinds of conformations that RAS proteins can adopt in distinct 

cellular localization may pave the way for developing more selective drug molecules. 

With this regard, atomistic simulations of H-RASG12D and K-RAS4BG12D were performed 

in the DMPC membrane model to elaborate on the effect of membrane on the reaction 

coordinates, which were utilized to cluster trajectories in the cytosolic state. 

According to the obtained trajectories of the systems studied, the membrane restrained 

the sampled distances between the side-chain oxygen of Thr35 and Pβ of GTP as 

compared to the cytosolic state of the H-RASG12D system. Therefore, a tight coordination 

of the nucleotide-binding pocket by the Switch I region was more likely to be enforced 

(See Figure 4.12a). Despite the increased coordination of the nucleotide-binding pocket 

by Switch I, the membrane conversely caused to loss of the coordination of the 

nucleotide-binding pocket by the Switch II region (See Figure 4.12b). Consequently, 

considering structural studies, the membrane slightly shifted the dominant conformation 

from the inactive state 1 to 3, where the smaller distances between Thr35 and GTP could 

be sampled, and concurrently, the longer distances between Gly60 and GTP could be 

measured [107], [108], [188], [189]. Lastly, the measured distances between the side-

chain oxygen of Gln61 and Pβ of GTP were also compared and shown that the membrane 

favored more the conformation that allows Gln61 to be found further away from the 

nucleotide-binding pocket (See Figure 4.12c). To sum up, the membrane induced 

dynamic distinctions in the reference atom-pairs distances that were utilized to cluster the 

trajectories. As such, upon binding to the membrane, the most frequently sampled 

conformation was different than the one selected for the cytosolic state of H-RASG12D. 



41 

 

Figure 4.12: The probability distribution of the distance between the a) side-chain 

oxygen of Thr35 and Pβ of GTP, b) backbone amide of Gly60 and Pβ of GTP, and c) 

side-chain oxygen of Gln61 and Pβ of GTP over the course of the simulation pertaining 

to H-RASG12D. 

Moreover, the DMPC membrane overall drove also some changes in the coordination of 

the nucleotide-binding pocket by the Switch II region of K-RAS4BG12D, whilst the 

coordination of the pocket by the Switch I was retained almost the same over the time of 

the simulation (See Figure 4.13a & 4.13b). In detail, the membrane kept Gly60 in the 

vicinity of the nucleotide-binding pocket, thereby having tighter coordination of the 

pocket by Switch II as compared to the cytosolic state. In the light of the structural studies, 

the conformational state of the nucleotide-binding pocket predominantly tended to adopt 

state 1 in which the nucleotide-binding pocket is tightly coordinated by the Switch I and 

II regions [107], [108], [188], [189]. Lastly, the membrane increased the probability of 

sampling longer distances between the side-chain oxygen of Gln61 and Pβ of GTP (See 

Figure 4.13c). To sum up, despite the fact that the membrane did not cause alteration in 

the coordination of the nucleotide-binding pocket by the Switch I region, other sampled 

atom-pairs distances were different. This suggests that the most probable conformation 

that was selected from the trajectory of the cytosolic state of K-RAS4BG12D was different 

than one that was predominantly sampled in the membrane. 
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Figure 4.13: The probability distribution of the distance between the a) side-chain 

oxygen of Thr35 and Pβ of GTP, b) backbone amide of Gly60 and Pβ of GTP, and c) 

side-chain oxygen of Gln61 and Pβ of GTP throughout the obtained trajectories of K-

RAS4BG12D. 
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CHAPTER 5 

5. CONCLUSIONS AND FUTURE WORK 

Most of the RAS mutant proteins reduced the sensitivity of the protein to GAPs that also 

results in uncontrolled cellular signaling, thus known as the onset of tumorigenesis [4], 

[40]. In particular, the G12D mutant is one of the most prevalent ones that initiate several 

types of cancer among the studied isoforms [27], [41], [45]–[48]. In spite of the 

extraordinary studies that focus on the development of novel therapeutics that can bind 

to the RAS mutants, none of them have been admitted to be used in the clinic as RAS 

inhibitors. The lack of success is attributed to the absence of a deep pocket on the surface 

of the mutant proteins and the picomolar affinity of GTP/GDP to the nucleotide-binding 

pocket [9]–[11], [102]. On the other hand, concurrently, experimental studies have 

enlightened the effect of Src-kinase phosphorylation on RAS function. A recent study on 

H-RAS isoform has shown that phosphorylation of Tyr32 occludes RAF binding and 

increases the intrinsic rate of GTP hydrolysis [14]. In addition, a similar study on K-

RAS4B isoform has indicated that even though the tyrosyl phosphorylation causes the 

disappearance of the intrinsic rate of GTP hydrolysis, it interrupts RAF binding [15]. 

From this point of view, we set out to have a holistic understanding of Src kinase-driven 

tyrosyl phosphorylation by employing MD simulations for GTP-bound H-RASWT, H-

RASG12D, H-RASpY32, K-RAS4BWT, K-RAS4BG12D, and K-RAS4BpY32, pY64. The 

comparison of the trajectories showed that both G12D mutation and tyrosyl 

phosphorylation of H-RAS caused an increase in the fluctuation of the RAF-RBD and -

CRD interaction interfaces. The RAF-CRD interface of H-RASpY32 and Tyr32 fluctuated 

the most among the studied H-RAS isoforms. Apart from the fluctuation profiles of the 

H-RAS systems, the mentioned mutation and phosphorylation of K-RAS4B increased the 

mobility of the RAF-RBD interaction interface and Ty32. As a side note, it is paramount 

to point out that the RAF-RBD interface of K-RAS4BpY32, pY64 considerably fluctuated 

more than that of K-RAS4BG12D. These changes, which were elucidated by simulations, 
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suggest that increasing the flexibility of Tyr32, the RAF-RBD and -CRD interfaces in H-

RASG12D as well as Tyr32 and RAF-RBD in K-RAS4BG12D may prevent mutant-RAF 

interaction. In addition to the comparison of RMSF profiles, the orientational dynamics 

of Tyr32 were scrutinized. Upon the phosphorylation of both isoforms, Tyr32 had more 

propensity to become exposed from the non-exposed state over the course of the 

simulations. This change in the orientation was shown by measuring the distance between 

Tyr32 and GTP for both isoforms, where exposure of this residue was correlated with 

longer sampled distances for the H-RAS isoform. On the other hand, K-RAS4BG12D 

sampled relatively longer distances than K-RAS4BpY32, pY64 although Tyr32 of K-

RAS4BG12D was not exposed. This might be concluded as the negatively charged 

phosphoryl group that was patched to Tyr32 is more likely to be repelled by negatively 

charged nearby residues, which might alter the orientation of Tyr32. This orientational 

change in K-RAS4BG12D might presumably be possible in the case of sampling longer 

distances. This was indeed corroborated by glancing at the χ1 angle of the K-RAS4B 

systems, where K-RAS4BWT and K-RAS4BpY32, pY64 were tending to sample χ1 angles 

that allow Tyr32 to become exposed. As an advocator to local analysis, PCA showed that 

local structural and dynamical properties are in line with collective motion in the obtained 

trajectories of both H-RAS and K-RAS4B systems. In this way, it was assured that 

changing the dynamic properties of the Switch I region, which almost covers the RAF-

RBD and -CRD interaction interface, would definitely induce some changes in the overall 

dynamics, thereby seems to be a good target site. Following the essential dynamic 

analysis, the obtained trajectories pertaining to H-RASG12D and K-RAS4BG12D were 

clustered to discern the most probable conformation of the protein by exploiting the 

verified atom-pairs distances in the literature [107], [188], [189]. In light of the clustering, 

a binding pocket next to the nucleotide-binding pocket was identified and targeted with 

small molecules. Eventually, a total of 20 molecules were found as promising candidates 

because of their capability to resemble the dynamic and structural properties of 

phosphorylated counterparts in the mutant systems as revealed by MD simulations. As a 

side note, even though the proposed ligands for the mutant H-RAS were not capable of 

significantly increasing the fluctuation of the RAF-CRD interaction interface, the 

increase in the fluctuation of the RAF-RBD domain as well as exposure of Tyr32 might 

be sufficient to prevent RAF binding. Furthermore, as opposed to the tyrosyl 

phosphorylation of K-RAS4B, the repurposed molecules for K-RAS4BG12Dmight also 

increase the intrinsic rate of GTP hydrolysis by increasing the accessibility of 
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nucleophilic water attacks to the GTP. More importantly, the ligands could increase the 

sampled distance between side-chain oxygen of Tyr32 and Pβ of GTP in K-RAS4BG12D 

as shown in a recent experimental study, which suggests a potent K-RAS4BG12D inhibitor 

for preventing RAF binding [193]. Notably, this ensemble-based virtual screening was 

conducted for the cytosolic state of the isoforms. On the other hand, it is known that RAS 

proteins are found in different cellular compartments. Therefore, the mutant systems were 

studied in a DMPC membrane model that is one of the most relevant compartments to 

active RAS proteins. The comparison of the atom pairs that were used for clustering the 

cytosolic mutant proteins illuminated that the membrane could allow mutant RAS 

proteins to sample a different prevalent conformation than those of the cytosolic states. 

Hence, as a future study, the structural and dynamic properties of the RAS proteins ought 

to be carefully compared to find the most probable ensemble of the mutant protein in each 

cellular compartment to pave the way for designing more selective and effective 

therapeutics. 
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