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Abstract Undruggability of RAS proteins has necessitated alternative strategies for the develop-19

ment of effective inhibitors. In this respect, phosphorylation has recently come into prominence as20

this reversible post-translational modification attenuates sensitivity of RAS towards RAF. As such,21

in this study, we set out to unveil the impact of phosphorylation on dynamics of HRASWT and aim to22

invoke similar behavior in HRASG12D mutant by means of small therapeutic molecules. To this end,23

we performedmolecular dynamics (MD) simulations using phosphorylated HRAS and showed that24

phosphorylation of Y32 distorted Switch I, hence the RAS/RAF interface. Consequently, we targeted25

Switch I in HRASG12D by means of approved therapeutic molecules and showed that the ligands en-26

abled detachment of Switch I from the nucleotide-binding pocket. Moreover, we demonstrated27

that displacement of Switch I from the nucleotide-binding pocket was energetically more favor-28

able in the presence of the ligand. Importantly, we verified computational findings in vitro where29

HRASG12D/RAF interaction was prevented by the ligand in HEK293T cells that expressed HRASG12D30

mutant protein. Therefore, these findings suggest that targeting Switch I, hence making Y32 ac-31

cessible might open up new avenues in future drug discovery strategies that target mutant RAS32

proteins.33

34

Introduction35

The RAS gene family translates into four proteins, namely HRAS, NRAS, KRAS4A, and KRAS4B, that36

control mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), and Ras-like37

(RAL) pathways Barbacid (1987); Malumbres and Barbacid (2003); Lu et al. (2016a); Khan et al.38
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(2019); Duffy and Crown (2021); Simanshu et al. (2017); Ferro and Trabalzini (2010); De Luca et al.39

(2012); Young et al. (2013); Knight and Irving (2014). These small G proteins act as a binary switch40

as the activation of the protein is modulated by two types of nucleotides, namely, guanosine-41

triphosphate (GTP) and guanosine-diphosphate (GDP). The exchange of GDP for GTP is maintained42

by guanine exchange factors (GEFs) which, in turn, activates the RAS protein Downward (1990);43

Grand and Owen (1991); Bourne et al. (1991); Wittinghofer and Pal (1991); Lowy et al. (1991); Wit-44

tinghofer and Vetter (2011); Takai et al. (2001); Lamontanara et al. (2014); Vetter andWittinghofer45

(2001); Lu et al. (2016a). Consequently, activated RAS proteins can interact with their downstream46

effectors, thus initiating cellular signaling pathways Vetter and Wittinghofer (2001); Cherfils and47

Zeghouf (2013); Geyer and Wittinghofer (1997); Lu et al. (2016b). Unlike GEFs, GTPase-activating-48

proteins (GAPs) accelerate the intrinsic GTPase activity of RAS, which provides a control mecha-49

nism for precise termination of respective signaling pathways Wittinghofer et al. (1997); Lu et al.50

(2016a).51

RAS proteins are made up of two domains, namely, G domain (residues 1-172) and hypervari-52

able region (173-188 or -189)O’Bryan (2019); Khan et al. (2020) (Figure 1.A ). The G domain consists53

of effector (residues 1-86) and allosteric lobes (residues 87-172). The former, which is the invariant54

region, harbors the P-loop (residues 10-17), Switch I (30-38), and Switch II (59-76) regions, the last55

two of which adopt different conformational states depending on the type of the nucleotideWang56

et al. (2021). In particular, Switch I/II can be found in either open or closed conformation, both57

of which are described depending on the position of the domain with respect to the nucleotide-58

binding pocket. In the open conformation, Switch I/II is far from the nucleotide-binding pocket,59

whereas it is closer in the closed conformation. Importantly, the former prevents effector binding60

while the latter favors it. Moreover, it has been also shown that Switch II becomes less stable upon61

effector binding, which presumably allows RAS to cycle between catalytically incompetent and com-62

petent states in a timely manner that is important for maintaining the cell homeostasis Johnson63

and Mattos (2013); Khan et al. (2020).64

Since RAS proteins are involved in signaling pathways, which are responsible for cell growth,65

differentiation, and proliferation, mutations, which are frequently found at the 12th, 13th, and 61st66

residues Prior et al. (2012, 2020), cause several cancer types Holderfield et al. (2014); Eser et al.67

(2014); Prior et al. (2012); Stephen et al. (2014); McCormick (2015a,b); Krens et al. (2010); Lu et al.68

(2016a) as a result of attenuated GTP hydrolysis and increased nucleotide exchange rate Vigil et al.69

(2010). For instance, HRASG12D was shown to be the dominant mutant in ductal carcinoma Myers70

et al. (2016) caused resistance to erlotinib, which is used as an epidermal growth factor receptor71

tyrosine kinase inhibitor Hah et al. (2014), in head and neck squamous carcinoma. As such, RAS72

proteins have been standing as hot targets in drug discovery studies which are focused on the73

development of therapeutics against cancer.74

In spite of extensive efforts that have been made to develop RAS inhibitors, no molecules have75

yet been approved for clinical use Canon et al. (2019); Duffy and Crown (2021). The undruggability76

of RAS proteins arises from lack of deep binding pockets on the surface of the protein and also77

picomolar affinity of the endogenous ligands which hinders development of competitive inhibitors78

Gysin et al. (2011); Ledford (2015); Cox et al. (2014); Milroy and Ottmann (2014). Therefore, much79

attention has been focused on the discovery of allosteric sites that can regulate the function of80

the protein Buhrman et al. (2010); Ostrem et al. (2013); Fetics et al. (2015); Johnson et al. (2017);81

McCarthy et al. (2019); Khan et al. (2021).82

Importantly, it iswell-established that the function of the protein ismodulatedbypost-translational83

modifications. In particular, phosphorylation/dephosphorylation canbe given as an example, which84

is controlled by Src-kinase and Src homology region 2 domain-containing phosphatase-2 (SHP2), re-85

spectively (Figure 1.B). It has been shown that phosphorylation of the tyrosine at the 32nd position86

by Src-kinase attenuated RAF binding to HRAS and NRAS while elevating intrinsic GTPase activity87

of the proteins Bunda et al. (2014) (Figure 1.B). Furthermore, recently, Kano et al. have implied88

that Src-kinase phosphorylated tyrosine residues at the 32nd and 64th positions of KRAS4B isoform89
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changed conformation of Switch I and II. Consequently, this led to a decrease in intrinsic GTPase90

activity, thus maintaining KRAS4B in the GTP-bound state. Interestingly, phosphorylated and GTP-91

bound KRAS4B was shown not to bind RAF, thus leaving the protein in the dark state Kano et al.92

(2019). In the same study, it was also shown that if phosphoryl groups were removed by SHP2, then93

GTP-bound KRAS4B could interact with RAF and initiate signaling pathways through MAPK Kano94

et al. (2019). Notably, it was shown that deletion or inhibition of SHP2 could slow down tumor95

progression, but remaining insufficient for tumor regression Ruess et al. (2018). Collectively, these96

findings suggest that mimicking dynamics invoked by phosphorylation might provide an alterna-97

tive strategy for inhibiting mutant RAS/RAF interaction.98

Figure 1. (a) Important residues/regions that play pivotal role in RAS function are shown. (b) A schematic thatillustrates the impact of tyrosyl phosphorylation on the GTPase cycle of HRAS. The tyrosyl phosphorylationat the 32nd position, which is mediated by Src kinase, causes impairment of RAF binding, thus terminatingRAF/MEK/ERK signaling pathway as long as the phosphoryl group of Y32 is not detached by SHP2 Bunda et al.(2014).
In this study, we set out to investigate the impact of phosphorylation on the structure and99

dynamics of HRASWT by performing atomistic MD simulations. Comparison of the trajectory per-100

taining to the phosphorylated RAS with previously obtained trajectories of GTP-bound HRASWT and101

HRASG12D Ilter and Sensoy (2019) showed that phosphorylation of Y32 increased the flexibility of102

both RAF-RBD and RAF-CRD (cysteine-rich domain) interfaces and pushed Switch I, in particular103

Y32, out of the nucleotide-binding pocket. Considering the fact that, exposed Y32 precluded RAF104

binding, we searched for molecules that could evoke similar rearrangements in HRASG12D. To this105
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end, we carried out virtual screening by using therapeutically-approved molecules deposited in106

DrugBank Wishart et al. (2018); Law et al. (2014); Knox et al. (2010); Wishart et al. (2008, 2006),107

BindingDB Gilson et al. (2016); Liu et al. (2007); Chen et al. (2001b, 2002, 2001a), DrugCentral Ursu108

et al. (2016, 2019), and NCGC Huang et al. (2011). The impact of ligands on the structure and dy-109

namics of HRASG12D mutant was examined usingmolecular dynamics simulations. We showed that110

cerubidine, tranilast, nilotinib, and epirubicin could induce similar dynamics and structural changes111

which were seen in the phosphorylated RAS protein. Moreover, we also calculated the energy re-112

quired for pushing Switch I out of the nucleotide-binding pocket in the absence/presence of one of113

the successful ligands, namely cerubidine, using perturb-scan-pull (PSP) method Jalalypour et al.114

(2020) and showed that less energy was required for displacement of Switch I in the presence of115

the ligand. Importantly, we also tested the activity of cerubidine in preventing RAS/RAF interaction116

using immunoprecipitation assays and verified computational findings. Therefore, these results117

suggest that Y32 detachment from the nucleotide-binding pocket might be used as an alternative118

strategy for targeting mutant RAS proteins.119

Results120

Phosphorylation impacts the flexibility of RAF-RBD/RAS interface residues121

The comparison of RMSF profiles showed remarkable differences in the fluctuation patterns of122

certain residues/domains among wild-type, phosphorylated, andmutant protein. We showed that123

phosphorylation increased the flexibility of Y32 as a result of repulsion between negatively charged124

phosphate and GTP. Interestingly, we also observed that post-translational modification increased125

the flexibility of the residues that are involved in the RAF-RBD/CRD interaction interface as shown126

in Table 1. The RAF-CRD has been shown to play an important role in anchoring RAF to the mem-127

brane and enhancing RAS-RAF interaction Travers et al. (2018) by binding G60 and Q64 residues of128

RAS as revealed by NMR and mutagenesis studies Drugan et al. (1996). Interestingly, we observed129

that flexibility of G60 increased upon phosphorylation (See Table 1), hence presumably interfer-130

ing interaction of RAS with RAF-CRD. Moreover, phosphorylation also increased flexibility of Q61,131

which might impact GAP-mediated GTPase activity of the protein as GAP stabilizes the catalytically-132

competent conformation of catalytic residue Q61 Simanshu et al. (2017). Of note, the flexibility of133

RAF-RDB interface residues were higher in HRASG12D than in HRASWT.134

Table 1. The backbone RMSF values of key regions/residues pertaining to HRASWT, HRASpY32, and HRASG12D.
Residue/Region-RMSF (Å) HRASWT HRASpY32 HRASG12D
Y32 1.0 1.8 1.4
RAF-RBD interface residues 1.1 1.5 1.9
RAF-CRD interface residues 0.8 1.2 0.8
G60 1.9 3.4 1.8
Q61 2.2 3.6 2.4

Phosphorylation pushes Switch I and Y32 out of the nucleotide-binding pocket of135

RAS136

As shown in Table 1, the flexibility of residues, which interact with RAF-CRD domain, increased137

upon phosphorylation. Since these residues surround the Switch I domain, we sought to investi-138

gate whether the opening of the nucleotide-binding pocket was impacted by measuring the dis-139

tance between C𝛼 atoms of the G/D12 and P34 residues throughout the trajectories. We showed140

that phosphorylation pushed Switch I out of the binding pocket as the distance between G12141

and P34 residues increased compared to wild-type and mutant protein (Figure 2.A). Consequently,142

this makes the nucleotide-binding pocket more accessible to waters, as evident from the num-143

ber of waters measured within 5 Å distance of GTP: 90.7±0.1, 103.4±0.1, and 88.9±0.1 for HRAS WT,144
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HRASpY32, and HRASG12D ,respectively, thus, presumably, modulating intrinsic GTPase activity of the145

protein Bunda et al. (2014). Interestingly, the nucleotide-binding pocket could adopt more open146

conformations in HRASG12D, yet as not frequent as seen in HRASpY32.147

Figure 2. (a). The probability distribution of the distance measured between the C𝛼 atom of 12th and 34thresidues. (b) C𝛼 atoms of 12th and 34th residues are shown on the crystal structure of HRASWT (PDB ID: 5P21)in vdW representation and colored with ocher and purple, respectively, whereas GTP is shown in the licoriceand colored with red. (c). The probability distribution of the distance measured between the side-chain oxygenatom of Y32 and P𝛾 of GTP. (d) The orientational dynamics of Y32 in the HRASpY32 trajectory. (e) The H-bondformed between side-chain of Y32 and P𝛾 of GTP in HRASG12D is shown in purple.
Having observed phosphorylation-induced modulation in the flexibility of Y32, we also exam-148

ined the positioning of the residue by measuring the distance between the side-chain oxygen of149

Y32 and P𝛾 atom of GTP. We showed that Y32 formed a hydrogen bond with the P𝛾 atom of GTP150

in both HRASWT and HRASG12D which stabilized the residue in the vicinity of the nucleotide-binding151

pocket (Figure 2.C, and E.). However, the hydrogen bond was not formed in HRASpY32, thus repo-152

sitioning Y32 far from the pocket, thus making it exposed to the environment, as evidenced by153

relatively longer distances measured (Figure 2.C). In addition to the position, we also explored ori-154

entational preference of Y32 with respect to the nucleotide-binding pocket by measuring dihedral155

angles pertaining to backbone and side-chains of Y32, namely 𝜙/𝜓 and 𝜒1/𝜒2 angles. There was156

no remarkable difference in backbone dihedrals and 𝜒1, whereas 𝜒2 angle distribution was differ-157

ent among the systems studied. Specifically, Y32 displayed two peaks at -100 - -90◦ and 80-90◦ in158

the phosphorylated RAS, whereas it adopted 60-70◦ in the mutant and wild-type HRAS (Figure 3.A).159

It is important to point that Y32 adopted 80◦ in the crystal structure of allosteric inhibitor-bound160

KRAS4BG12D (PDB ID:6WGN) Zhang et al. (2020), where the residue was exposed and far from the161

nucleotide-binding pocket as the distance measured between the side-chain of Y32 and P𝛾 atom162

of GTP was 16 Å.163

Herein, it is important to mention that exposed conformation of Y32 was not observed in the164

trajectories pertaining to RAF-RBD-bound HRASWT as shown in our earlier study Ilter and Sensoy165

(2019). Therefore, this finding suggests that exposure of Y32might occlude the interaction interface166

formed between RAS and RAF-RBD and exposure of Y32 might facilitate water attacks to P𝛾 of167
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Figure 3. (a) The probability distribution of the measured 𝜒2 angles of HRASWT, HRASG12D, and HRASpY32. (b) Arepresentative exposed state of Y32 obtained from the trajectory of the phosphorylated system.

GTP, hence increasing intrinsic GTPase activity, in accordance with experimental data Bunda et al.168

(2014).169

Global dynamics reveals a possible binding site near the nucleotide-binding pocket170

in HRASG12D171

Besides local analysis, the collective dynamic properties of the systemswere also explored by calcu-172

lating the principal components of their global motions. To do so, trajectories of HRASWT, HRASG12D,173

andHRASpY32were projected along their first three eigenvectors, which reflect ca.more than 50%of174

the overall dynamics, and compared to each other to investigate global conformational rearrange-175

ments induced by phosphorylation and mutation. Consequently, in line with the RMSF profiles, it176

was shown that G12Dmutation significantly altered dynamics of Switch I domain, in particular, the177

RAF-RBD interaction interface. Although RAF-RBD interface dominated the collective motion in the178

mutant compared to phosphorylated HRAS, contribution of Y32 to the first two eigenvectors was179

higher in HRASpY32 (1.74) than in wild-type (0.43) and mutant protein (0.95) (Figure 4.A & .B).180

Interestingly, the contribution of Switch II, which harbors both G60 and Q61, to the overall181

dynamics was similar in HRASpY32 and mutant protein (Figure 4.A). However, G60 and Q61 were182

positioned closer to the nucleotide-binding pocket in the mutant HRAS than in phosphorylated183

HRAS (Figure 4.C and D).184

Having observed higher flexibility at the RAF-RBD interface in the mutant, we set out to in-185

vestigate if the site can be considered as a possible binding pocket that can accommodate small186

molecules to modulate the dynamics of Switch I. To do so, we clustered the trajectory of the mu-187

tant HRAS by considering probability distributions of distances between the (i) side-chain oxygen188

of T35 and P𝛾 of GTP (ii) backbone amide of G60 and P𝛾 of GTP, and (iii) side-chain oxygen atom of189

Q61 and P𝛾 of GTP of HRASG12D, which represent different conformational states of the nucleotide-190

binding pocket, according to the structural studies Vetter and Wittinghofer (2001); Shima et al.191

(2010); Araki et al. (2011); Pai et al. (1990); Huang et al. (1998); Buhrman et al. (2010). There were192

three states described for T35, labelled as state 1, 2, and 3, each of which sampled distances in193

the range of 3.0-5.0 Å 6.0-9.0 Å and 12.0-16.0 Å respectively (Figure 5.A). Similarly, G60 could also194

adopt three states, namely state 1, 2, and 3, which corresponds to distance range between 5.0-7.0195

Å 2.0-4.0 Åand 8.0-9.0 Å respectively (Figure 5.B). Moreover, Q61 could sample distances in the196

range of 8.0-10.0 Å 4.0-7.0 Å and 10.0-14.0 Å so adopting three states, namely state 1, 2, and 3 (Fig-197

ure 5.C). In light of clustered conformations, the most probable conformation that adopts values198

pertaining to State 1 in each atom-pair distances was picked up from the trajectory of HRASG12D.199

The possible binding pockets on the surface ofmutant HRAS were identified and evaluated by com-200

paring SiteMap scores. Eventually, the pocket, which had relatively higher SiteScore, enclosure and201

lower exposure, was selected to be used further (Table 2.). The binding pocket, which was iden-202

tified on the selected conformation, was next to Switch I. Considering the fact that this domain203
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Figure 4. (a) Fluctuation of C𝛼 atoms pertaining to HRASWT, HRASG12D, and HRASpY32 along the first threeeigenvectors. The RAF-CRD & -RBD interaction interfaces, as well as Switch II, are shaded in the green, pink,and black rectangles, respectively. The eigen RMSF of Y32 pertaining to the phosphorylation system is pointedout by a dark violate bead. (b) The projected trajectories of the systems studied along with the first principalcomponent, where the thickness of the ribbons are correlated the contribution of domain to the collectivedynamics. The probability distribution of the distance between (c) the backbone amide of G60 and P𝛾 of GTPis shown, and (d) the side-chain oxygen of Q61 and P𝛾 of GTP is shown.
Table 2. The SiteMap scores of possible pockets found on the surface of the most probable conformation ofHRASG12D.

SiteScore Size DScore Volume Exposure Enclosure Contact Phobic Philic Balance Don/acc
1.028 194 0.919 466.140 0.478 0.740 1.010 0.259 1.425 0.182 0.932
0.701 25 0.668 81.290 0.632 0.691 1.059 1.474 0.664 2.219 0.915
0.656 22 0.629 101.870 0.776 0.638 0.842 0.959 0.596 1.609 12.216

i) includes residues that mediate RAF binding, ii) acts as a regulator for intrinsic GTPase activity,204

and iii) dominates the collective dynamics of the mutant protein, the region was used as the target205

binding pocket in the subsequent steps of the study.206

Small therapeutic molecules distort the RAF binding interface and pushes Y32 out207

of the pocket208

The pharmacophore groups of the binding site identified on the surface of HRASG12D weremodeled209

with respect to both geometrical and chemical properties of residues 29-34. DrugBank Wishart210

et al. (2018); Law et al. (2014); Knox et al. (2010); Wishart et al. (2008, 2006), DrugCentral Ursu211

et al. (2016, 2019), BindingDB Gilson et al. (2016); Liu et al. (2007); Chen et al. (2001b, 2002, 2001a),212

and NCGCHuang et al. (2011) databases were searched for molecules that could contain at least213

3 features of the modeled pharmacophores and have molecular weight lower than 550 kDa. A214

total of 4292molecules was retrieved from the databases (Figure 6.A). Then, thesemolecules were215

docked to the identified binding pocket on the surface of HRASG12D and ligandswere evaluatedwith216

respect to their spatial organization around the nucleotide-binding pocket and GScores, which is a217
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Figure 5. The probability distribution of the measured distance between (a) the side-chain oxygen atom of T35and P𝛾 of GTP, (b) the backbone amide of G60 and P𝛾 of GTP, and (c) the side-chain oxygen atom of Q61 andP𝛾 , where the sampling range for calculating the frequency of each interval was adjusted as 1 Å.

term that is used to score binding poses in Schrodinger. Considering the close interaction observed218

between Y32 and GTP in HRASG12D, we prioritized the ligands, which disrupted interaction between219

the nucleotide and Y32. The impact of four ligands satisfying this criterion, namely cerubidine,220

tranilast, nilotinib, and epirubicin, (Figure 6.B, .C, .D, & .E) was further tested by performing MD221

simulations using the ligand-HRASG12D complex (See Table S2 for respective simulation times).222

The ligand-HRASG12D trajectories were analyzed based on the fluctuation pattern of RAF-RBD,223

RAF-CRD, and Y32. Moreover, the distances measured between G/D12 and P34 as well as Y32224

and GTP were also compared to those of HRASG12D and HRASpY32. In that way, the capability of225

the ligands in distorting Switch I domain, widening the nucleotide-binding pocket, and displacing226

Y32 could be investigated. Accordingly, ligands, which could (i) increase the flexibility of RAF-RBD227

and -CRD interfaces, and (ii) displace Switch I and Y32 from the nucleotide-binding pocket were228

considered successful in terms of preventing HRASG12D/RAF interaction. We showed that all the229

ligands, namely cerubidine, nilotinib, tranilast, and epirubicin, considerably increased the flexibility230

of the RAF-RBD interaction interface (See Table S2) than in HRASG12D. Moreover, the flexibility of231

Y32, also significantly increased by all the ligands, except nilotinib Bunda et al. (2014); Kano et al.232

(2019) (Table S2).233

We also examined the wideness of the nucleotide-binding pocket and the positioning of Y32234

by measuring the distances between G/D12, respectively. We showed that cerubudine was more235

likely to trigger displacement of Switch I and Y32 away from the nucleotide-binding pocket, whereas236
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Figure 6. (a) A schematic that summarizes the virtual screeningworkflow done for the identified binding pocketon the most frequently sampled conformation of HRASG12D. The 3D structures and corresponding GScores of(b) cerubidine, (c) epirubicin, (d) tranilast, and (e) nilotinib are shown. GTP is shown in licorice and red.

the impact of nilotinib and epirubicin was not remarkable (See Figure 7.A and .B). This, in turn, ex-237

plains accommodation of relatively higher number of waters within the nucleotide-binding pocket238

in cerubidine-bound HRASG12D (Table S1). Therefore, it is tempting to suggest that cerubidine can239

help elevate the intrinsic GTPase activity of the mutant RAS by exposing GTP to water.240

Also, Y32 adopted similar 𝜒2 angle in cerubidine-bound HRASG12D to that in the phosphorylated241

RAS (Figure 7.C). Considering similarities between ligand-boundHRASG12D andHRASpY32, cerubidine242

can be thought to have relatively more potential for preventing HRASG12D/RAF interaction. There-243

fore, we used cerubidine in the subsequent steps of the study to test our proof-of-concept.244

Perturb-Scan-Pullmethod reveals that displacementof Switch I andY32 inHRASG12D245

is favored in the presence of cerubidine246

We further set out to investigate if displacement of Switch I and Y32 is energetically favorable in the247

presence of the cerubidine. To do so, we applied perturb-scan-pull (PSP) method Jalalypour et al.248

(2020), which was developed to investigate conformational transitions in proteins, on cerubidine-249

bound HRASG12D. In this approach, initial and target states are described and the most possible250

path for transitioning between the initial and the target state is determined by calculating the over-251

lap between the states. The maximum overlap is thought to give the optimum conformational252

transition path. To be consistent with the previous analyses, we used the same reaction coordi-253

nates, such as the distance between i) C𝛼 atoms of D12 and P34, and ii) the backbone amide of G60254

and P𝛾 of GTP, as the reaction coordinates, which, reflected dynamics of Switch I and II, respec-255

tively. Accordingly, we described three and two states for Switch I and II, respectively, considering256

the conformations obtained by clustering of HRASG12D trajectory. Accordingly, for Switch I, if the257

measured distance between C𝛼 atoms of D12 and P34 is less than 8 Å, Switch I is grouped as in the258

closed state. On the other hand, when the atom-pair distance is above 16 Å, Switch I grouped as in259
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Figure 7. The probability distribution of (a) the distance between C𝛼 atoms of G/D12 and P34, (b) the distancebetween the side-chain oxygen atom of Y32 and P𝛾 of GTP , (c) 𝜒2 in HRASG12D, HRASpY32, and cerubidine-,tranilast-, nilotinib-, and epirubicin-bound HRASG12D

the open state. The distance between 8 and 16 Å is grouped as the partially open state of Switch260

I. Likewise, we also determined the state of the Switch II by measuring the distance between the261

backbone amide of G60 and P𝛾 of GTP. If the distance is above 11 Å, Switch II is grouped as in the262

open state, if not, in the closed state. In light of these atom-pair distances, the initial state was263

described as the closed state of both Switch I and II domains, since it was the most frequently sam-264

pled conformation in trajectories of the mutant HRAS. As to the target states, we described three265

such scenarios as shown in Figure 8. The target state-1 was described, as the open state of Switch266

I and the closed state of Switch II, whereas the target state-2 was described as the partially open267

state of Switch I and the open state of Switch II. The target state-3 corresponded to the open state268

of Switch I and II as shown in Figure 8.269

Figure 8. A schematic that illustrates the PRS calculationsmade for examining the transition between the initialand target states. The initial state represents the conformation of the closed-state of Switch I and II. The targetstate-1 is described as the open state of Switch I (blue) and close state of Switch II (purple). The target state-2represents the partially open state of Switch I and open state of Switch II. The target state-3 corresponds toopen state of Switch I and II.
We applied the PSP method Jalalypour et al. (2020) on the three scenarios given in Figure 8.270
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Table 3. The results of PRS calculations for the transition between initial and target states.
Ligand State D12-P34 (Å) G60-GTP (Å) PRS selected residues PRS overlap(Oi)

Cerubidinea Initial stateb 7.7 (closed) 7.0 (closed) - -
Target state-1 26.3 (open) 11.00 (closed) 34, 35, 33, 32, 37, 36 0.74-0.70
Target state-2 13.9 (partially open) 15.00 (open) 35, 34, 33, 66, 16, 65 0.58-0.50
Target state-3 19.5 (open) 16.9 (open) 34, 66, 35, 64, 16, 33 0.59-0.50

The results showed that transition between the initial state and the target state-1 gave the highest271

overlap compared to other two states of the final state as shown in Table 3. Therefore, this finding272

shows that Switch I residues mainly contributed to the conformational transition of displacement273

of Switch I out of the nucleotide-binding pocket in HRASG12D.274

We further investigated if cerubidine facilitated displacement of Switch I in terms of energetic275

cost required. To this end, we performed steered molecular dynamics simulations by using ligand-276

free and cerubidine-bound HRASG12D systems using the coordinates obtained by PRS method as277

shown in bold in Table 3. In particular, Y32 and its best direction with overlap values (Oi) of 0.72278

were fed to SMD simulation. The initial structure was then perturbed by pulling the C𝛼 atom of279

Y32 along the best direction towards the target state-1. Each simulation was repeated ten times280

and the potential of mean force (PMF) was calculated. Results indicated significant energetic dif-281

ference between PMF profiles pertaining to ligand-free and cerubidine-bound systems (Figure 9).282

Consequently, this finding showed that cerubidine facilitated opening of the Switch I and exposure283

of Y32.284

Figure 9. PMF along the PSP predicted coordinate with the highest overlap for the transition scenarios 1 (SwitchI openingmotion) as a function of distance. PMF is calculated for HRASG12D system in the presence and absenceof cerubidine, and each simulation was repeated ten times. The distance was calculated between the initial andfinal position of the SMD atom (shown as a yellow bead). The initial and final structures of an SMD simulationwere illustrated on the left and right sides of the figure, respectively. Yellow bead: Y32; Green bead: P34;Iceblue bead: G60; GTP and Cerubidine: Licorice representation; Green line: The distance between D12 andP34; Purple line: The distance between G60 and GTP.

HEK-293T cells were engineered to express HRASG12D mutant285

To investigate G12D specific system properties in vitro, we established G12Dmutant HRAS express-286

ing cell lines. Human embryonic kidney cells (HEK-293T; CRL-11268, ATCC) is a widely used cell line287

for gene delivery studies due to their high transfection efficienciesOoi et al. (2016). Accordingly, as288

proof of concept, we aimed to introduce G12D mutant HRAS into HEK-293T cells (293T-HRASG12D).289

We firstly subcloned the HRASG12D gene region in the commercially available plasmid with a bacte-290

rial expression system into the eukaryotic expression plasmid carrying a puroR gene as a selection291
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marker (See Figure 10.A). Next, we showed that the transfection method reaches a high efficiency292

(90-95%) when a GFP expressing plasmid is introduced into HEK-293T cells (See Figure 10.B).293

A cDNA library of the 293T-HRASG12D cell lysates was obtained for RT-PCR analysis and we de-294

tected that the 293T-HRASG12D cells express increased levels of HRAS transcripts compared to con-295

trol 293T cells (wild-type; cells with no gene transfer) (See Figure 10.C and D). The primer sets can296

amplify both wild-type and mutant forms of HRAS since there is only one single base difference297

and nomutant specificityMuñoz-Maldonado et al. (2019). Therefore, we detectedHRASG12D expres-298

sion at the protein level using a G12D specific antibody. Our results showed that the transfected299

cells (293T-HRASG12D) express significantly high levels of HRASG12D protein compared to wild-type300

cells (See Figure 10.E and F). Interestingly, we found out that wild-type HEK-293T cells naturally lack301

G12D mutant protein expressions.

Figure 10. Engineering HEK-293T cells expressing mutant HRASG12D. (a) Schematic representation of thecloning HRASG12D gene region into the eukaryotic expression plasmid (with PuroR gene to select transgenepositive population) using the Gibson Assembly method and engineering HEK-293T cell line to overexpressHRASG12D protein upon transfection followed by puromycin selection. (b) Fluorescent images 293T cells trans-fected with GFP-encoding plasmid. (c) RT-PCR analysis showing expression levels of HRASG12D in 293T cellstransfected with HRASG12D plasmid. (d) ImageJ analysis of band densities from “C”. (e) Western blot analysisshowing expression levels of HRASG12D in 293T-HRASG12D cells. (f) ImageJ analysis of Western-blot band den-sities. Data represent the means of three independent assays. Unpaired t-test analysis was used to test thedifference between each experimental group and the control group. BF: bright field, FL: Fluorescence, ***:p<0,0001
302

Cerubidine treatment selectively inhibits the HRASG12D-RAF interaction and blocks303

activation of HRASG12D304

To study the potential HRASG12D-RAF targeting effects of our proposed small molecule cerubidine,305

firstly, we determined the optimum doses of the molecule in 293T cell lines. The cells treated with306

a range of compound concentrations (1, 5, 10, 25, 50, 100 𝜇M) showed 80% viability up to 10 𝜇M307

treatment. Besides that, 25 𝜇M and above cerubidine treatments were cytotoxic to the cells (See308

Figure 11). We then used active RAS pull-down and detection kit (Thermo) to analyze the interac-309

tion of the active RAS protein with RAF protein in the presence of cerubidine. To confirm the proper310

functioning of the kit, we treated 293T cell lysates with GTP𝛾S and GDP in-vitro to activate and inac-311

tivate RAS. GTP𝛾S is the non-hydrolyzable or slowly hydrolyzable analog of GTP. RAS is active when312

interacting with GTP and inactive upon binding of GDP Simanshu et al. (2017).In this context, GTP𝛾S313

was treatedwith RAS, which increased the interaction of the RAS proteinwith RAF by keeping it in its314

active form (See Figure 12.A, B, and C). Following detection of the RAS-RAF interaction, we treated315
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293T-HRASG12D cells with optimum doses of cerubidine and collected lysate for protein isolation316

at different time points. We detected a significant decrease in the active RASG12D, especially at the317

12th hr of treatment. Additionally, we analyzed the presence/decrease of active wild-type HRAS in318

the same line and there was no significant change in active HRAS levels after cerubidine treatment.319

Overall data showed that the cerubidine treatment blocks HRAS-RAF interaction in a G12D specific320

manner (See Figure 12.D,E, and F).

Figure 11. Cell viability assay in control and 24 hr treated 293T cells. The plot indicates the cell viability of 293Tcells upon treatment with cerubidine in a dose-dependent manner (1, 5, 10, 25, 50, 100 𝜇M).

Figure 12. Cell viability assay in control and 24 hr treated 293T cells. (a) Scheme to outline the principle ofactive Ras pull-down reaction. (b) Immunoprecipitation (IP) assays show interactions of RAS with RAF proteinsin the presence (Lane 1-2) and absence (Lane 3) of GTP𝛾S-GDP. Protein extracts were immunoprecipitated withRaf1-RBD probe and resolved by SDS PAGE. Protein-protein interactions were immunodetected using anti-RASantibodies. (c) ImageJ analysis of Western-blot band densities. Unpaired t-test analysis was used to test thedifference between each experimental group and the control group. (d) Scheme outlining the RAF1 interactedactive HRASG12D precipitation assay. (e) Immunoprecipitation (IP) assays showing interactions of RAS with RAFproteins in 293THRASG12D++ cells treated with increasing doses (1,5 and 10 𝜇M) of Cerubudine. Protein extractsobtained at different time points (0h, 3h, and 12h) were immunoprecipitated with the RAF1-RBD probe andresolved by SDS-PAGE. Protein-protein interactions were immunodetected using anti-RASG12D and anti-HRASantibodies (f) ImageJ analysis of Western-blot band densities. Unpaired t-test analysis was used to test thedifference between each RASG12D group and the HRAS group. **: p<0.001, ***: p<0.0001 ).
321
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Discussion322

Due to involvement in crucial biological processes such as cell growth, proliferation, and differen-323

tiation, the RAS protein family has been used as a hot target in drug discovery studies. However,324

no therapeutic molecule has yet been proven to be used in the clinics due to the absence of deep325

clefts on the surface of the protein. On the other hand, recently, phosphorylation has been shown326

to impact the function of the RAS by inhibiting its interaction with effector proteins like RAF, which327

is involved in the onset of various cancer types. Moreover, examination of the crystal structures328

pertaining to RAS/RAF complexes showed that Y32 was pointing towards the nucleotide-binding329

pocket, whereas it was far in the RAF inhibitor-bound RAS protein (PDB ID: 6WGN) Zhang et al.330

(2020) suggesting that orientational preference of Y32 might control interaction of RAS with RAF331

(See Figure 13).332

In this study, motivated by these structural and biochemical data we set out to investigate the333

impact of phosphorylation on dynamics and structure of HRASWT, and aimed to induce similar334

modulation in themutant HRAS bymeans of small therapeutics to prevent interaction with RAF. To335

this end, we performed extensive MD simulations on the phosphorylated HRAS and showed that336

the post-translational modification impacted the dynamics of Switch I and also pushed Y32 out337

of the nucleotide-binding pocket. Importantly, flexibility of Switch I in the mutant RAS provided a338

possible binding pocket in the vicinity of the nucleotide-binding sitewhich could be targeted by FDA-339

approved ligands that modulated dynamics of Y32. Moreover, we also showed that displacement340

of Switch I and Y32 by the ligandwas energeticallymore favorable than in the absence of the ligand.341

Cancer cells show highly mutagenic profile and hard to treat with standard therapies without342

cancer cell selectivity. Additionaly, in today’s medicine, personalized approaches are ultimately343

needed considering the individual based differences of the pathology. HRAS mutations are very344

common in cancer and G12D variant is primarily found in bladder urothelial carcinoma, cutaneous345

melanoma, infiltrating renal pelvis, ureter urothelial carcinoma, melanoma, and colorectal adeno-346

carcinoma Consortium (2017). Accordingly, in our study, we showed that cancer specific G12D347

mutant can be targeted by small molecules to interfere with RAF interaction and eventually RAS348

inactivation. Targeting HRAS-G12D by small molecules can be adopted to further study cell prolifer-349

ation/death kinetics considering inhibition of RAF/MEK/ERK signalling. Here, we studied HRASG12D;350

however, high sequence conservation and phosphorylation present among RAS isoforms suggest351

the potential application of the methodology to other members in the RAS protein family. From352

that perspective, this study does not only provide mechanistic insight into the impact of phospho-353

rylation but also opens up new avenues for possible use of the post-translational modification in354

future drug discovery studies. Hereby, we suggest further preclinical examination of our hypothe-355

sis for biological mechanisms which might potentiate their clinical uses.356

Figure 13. (a)RAF-RBD in complex with HRAS. Y32 and GTP are shown in licorice representation, whereasprotein and RAF-RBD interaction interface is shown in New Cartoon, and surface representation, respectively.(b) The displacement of Y32 from the nucleotide-binding pocket by cerubidine, which is coloredwith red, causessteric clash at the RAS/RAF interface
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Methods and Materials357

Molecular dynamics simulations of GTP-bound HRASpY32358

System setup for molecular dynamics simulations359

The crystal structure of phosphoaminophosphonic acid-guanylate ester (GNP)-boundHRASWT (PDB360

ID: 5P21) Pai et al. (1990) was retrieved from the Protein Data Bank (https://www.rcsb.org/) Berman361

et al. (2000); Burley et al. (2019). In order to prepare its GTP-bound state, the N3B atom of GNPwas362

substituted with oxygen atom. The crystal waters, which were located within 5 Å of the nucleotide,363

were kept in simulations. Following, the GTP-bound form of the protein was protonated at pH 7.4364

according to the pKa values obtained from theProPka server Søndergaard et al. (2011);Olsson et al.365

(2011). The phosphorylation of Y32 residue was made using the TP2 patch provided by CHARMM-366

GUI server Johnson and Lewis (2001). The protein, GTP and Mg2+ ion were parametrized using367

the CHARMM36 force-field Best et al. (2012) while water molecules were modeled using the TIP3P368

water model Mark and Nilsson (2001). The thickness of the water layer was set to 15 Å to take369

periodic boundary conditions into account. Eventually, the solvated system was neutralized with370

0.15 M NaCl.371

Simulation protocol372

TheMDsimulationswere employed via ComputeUnifiedDevice Architecture version ofNano-Scale373

Molecular Dynamics Vanommeslaeghe et al. (2010);Best et al. (2012); Vanommeslaeghe andMacK-374

erell Jr (2012); Vanommeslaeghe et al. (2012); Yu et al. (2012); Gutiérrez et al. (2016), in which the375

graphical processing unit acceleration was enabled. Temperature, pressure, and time step were376

set to 310 K, 1 atm, 2 femtoseconds, respectively. In order to calculate the long-range electro-377

static interactions, the particle mesh Ewald method was used Darden et al. (1993); Essmann et al.378

(1995). For computation of non-bonded interactions, the cut-off value was adjusted to 12 Å. More-379

over, the prepared system was minimized for 2400 time steps. After minimization, the GTP-bound380

HRASpY32 systemwas simulated in the NPT ensemble for a total of ca. 2.5 𝜇s. Two simulations were381

performed each of which started with a different velocity distribution. Obtained trajectories were382

analyzed by combining these two replicates.383

Ensemble-based virtual screening384

Clustering the trajectory pertaining to HRASG12D, identification of possible binding pock-385

ets, and determination of pharmacophore groups386

The most probable conformational state of the binding pocket pertaining to HRASG12D was deter-387

mined by using following reaction coordinates: distancemeasured between i)side-chain oxygen of388

residue T35 and P𝛾 atom of GTP, ii) backbone amide of the residue G60 and P𝛾 atom of GTP, and iii)389

side-chain oxygen of the residue Q61 and P𝛾 atom of GTP, which were used in our previous study.390

The frames, which represent different conformational states of the nucleotide-binding pocket with391

respect to the above-mentioned coordinates, were selected. Subsequently, GTP and Mg2+ were392

removed from the frames and proteins were optimized using the OPLS3e force-field Roos et al.393

(2019) that is available in the “Protein Preparation” module of the Schrödinger software Sastry394

et al. (2013); Release (2018); Roos et al. (2019). The optimized structures were provided as inputs395

to the “SiteMap” module of the Schrödinger Halgren (2007, 2009); Release (2018). Subsequently,396

possible binding pockets having higher scores were identified and utilized in further steps. After-397

wards, pharmacophore groups were built up in accordance with chemical and geometrical prop-398

erties of the identified binding pockets. To do so, the “Develop Pharmacophore Model” module of399

Schrödinger was utilized Salam et al. (2009); Loving et al. (2009). Following, candidate molecules,400

which include at least 3 of the 7 pharmacophore features and havemolecular weight less than 550401

kDa, were sought in the BindingDB Gilson et al. (2016); Liu et al. (2007); Chen et al. (2001b, 2002,402

2001a), DrugCentralUrsu et al. (2016, 2019), NCGCHuang et al. (2011), andDrugBankWishart et al.403

(2018); Law et al. (2014); Knox et al. (2010);Wishart et al. (2008, 2006) databases.404
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Testing the stability of ligand-HRASG12D complexes via atomistic simulations405

After the selection of candidates basedon their GScore values andorientations next to thenucleotide-406

binding pocket, the stability and the impact of the ligands on the structure anddynamics ofHRASG12D407

were explored by means of MD simulations. To this end, the topology and parameter files of the408

candidate molecules were prepared using the “Ligand Reader &Modeler” of CHARMM-GUI Jo et al.409

(2008); Kim et al. (2017). The systems were simulated using at least two replicates, each of which410

started with different initial velocity distribution under the same conditions that were used for411

HRASpY32. Eventually, ligand-protein complexes were simulated for a total of ca. 9.4 𝜇s (See Table412

S2).413

Local and global analysis of the trajectories414

The trajectories were visualized with the "Visual Molecular Dynamics" (VMD) and snapshots were415

rendered using the "Taychon Render" Humphrey et al. (1996); Stone (1998). "Groningen Machine416

for Chemical Simulations" (GROMACS) package and ProDy library were utilized for the local and417

global trajectory analysis Abraham et al. (2015); Lindahl et al. (2021); Bakan et al. (2011).418

Root-mean-square fluctuation419

The root-mean-square fluctuation (RMSF) of backbone atoms throughout the obtained trajectories420

was calculated using the "gmx rmsf" module of GROMACS Abraham et al. (2015); Lindahl et al.421

(2021) as shown in the below formula;422

𝑅𝑀𝑆𝐹 =

√

√

√

√(1∕𝑇 )
𝑁
∑

𝑡=1
(𝑅i(𝑡) − 𝑅t) (1)

where T and Ri(t) correspond to the duration of simulation and coordinates of backbone atom423

Ri at time t, respectively. By courtesy of this, the flexibility of each residue was computed, and424

made a holistic comparison with the systems. Particularly, for uncovering the impact of ligands425

on the backbone RMSF of Y32 and RAF interaction interfaces, the backbone RMSF value of the426

regions/residues of interest pertaining to ligand-bound HRASG12D was subtracted from those of427

HRASG12D.428

Probability distributions of atom-pair distances429

The probability distributions of atom-pair distances were exploited to have a closer look into the430

impact of the tyrosyl phosphorylation on HRASWT as well as the impact of candidate molecules on431

HRASG12D. To this end, the “gmx distance” module of GROMACS was utilized for measuring the432

distance (i) between the C𝛼 atoms of G/D12 and P34, and (ii) between the side-chain oxygen atom433

of Y32 and P𝛾 atomof GTP Abraham et al. (2015); Lindahl et al. (2021). The computed raw-data was434

converted into probability plots by calculating the frequencies of the sampled distances adjusting435

the sampling range as 2 Å.436

Number of water molecules437

The number of water molecules around the GTP was calculated over the course of produced tra-438

jectories to reveal the impact of mutation, tyrosyl phosphorylation, and ligands on the exposure439

of GTP to the possible nucleophilic water attacks via the ProDy library Bakan et al. (2011). To this440

end, the water molecules within 5 Å of GTP were selected and computed per frame. Thereafter,441

the mean of the number of water molecules around GTP was taken as well as the standard error442

of the mean was calculated.443

Principal component analysis444

In addition to the local dynamics and structural properties of the phosphorylated system, its overall445

dynamics were also scrutinized via principal component analysis (PCA). The principal components446
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of HRASpY32 were compared with those of HRASWT, and HRASG12D. By doing so, the collective ef-447

fect of the tyrosyl phosphorylation was demystified. In this regard, the trajectory of HRASpY32 was448

aligned with respect to the C𝛼 atoms of the reference structure, and subsequently, a diagonalized449

co-variance matrix was generated;450

𝐶 jk = ⟨𝑀 jkΔ𝑟jΔ𝑟k⟩ (2)
whereMjkΔ rj Δ rk corresponds to displacement from time-averaged structure for each coordinate451

of j and k atoms, whilst co-variance matrix is abbreviated by Cjk.452

Following the generation of the diagonalized co-variance matrix, eigenvectors (v) and eigenvalues453

(𝛿2) were calculated.454

𝐶 jk = 𝛿2𝑣 (3)
Thediagonalized co-variancematrixwas generatedusing the "gmx covar"module ofGROMACSAbra-455

ham et al. (2015); Lindahl et al. (2021). Thereafter, the "gmx anaeig" module of GROMACS was456

made use of taking the projection of the trajectory with respect to the eigenvectors of interest,457

which eventually illuminated the collective spatial organization of the protein as well as the eigen458

RMSF values of the C𝛼 atoms Abraham et al. (2015); Lindahl et al. (2021).459

Perturb-scan-pull460

PSP consists of three parts, which are PRS, steered molecular dynamics (SMD), and potential of461

mean force (PMF) calculation Jalalypour et al. (2020). Firstly, the PRS calculation of all the ligand-462

bound systems were conducted, whilst the SMD and PMF calculation were carried out for the463

cerubidine-bound HRASG12D system, whose dynamic and structural properties are similar to those464

of other studied ligand-bound systems as elucidated by atomistic simulations.465

Perturbation-response scanning466

PRS was performed to achieve the target states by perturbing each residues on the initial state,467

which, in turn, provided insight into the response of all residues in the HRASG12D. In this way, the468

residues, which play a pivotal role in the anticipated transitions, were aimed to be identified. To this469

end, the spatial position of both Switch I and II was clustered to determine initial and target states470

by measuring the distance between (i)the C𝛼 atoms of D12 and P34 and (ii) the backbone amide471

of G60 and P𝛾 of GTP over the course of trajectories pertaining to HRASG12D and ligand-bound472

HRASG12D. Following, the coarse-grain representation of each state was modeled by selecting the473

center of mass of the C𝛼 atom pertaining to each residue as a node. Herein, 1000 random forces474

(ΔF) in distinct directions were sequentially exerted on each node in order to perturb the initial475

structure Atilgan and Atilgan (2009). In light of the linear response theory, displacement (ΔR) as a476

response to force exerted on the structure was derived from an equilibrated chunk of MD simula-477

tions;478

Δ𝐑1 = ⟨𝐑⟩1 − ⟨𝐑⟩0 ≅ 1
𝑘B𝑇

⟨Δ𝐑Δ𝐑T
⟩0Δ𝐅 = 1

𝑘B𝑇
𝐂Δ𝐅 (4)

where R0 and R1 correspond to the unperturbed initial state of HRASG12D and perturbed predicted479

coordinates, respectively;480

𝐂 = ⟨Δ𝐑Δ𝐑T
⟩0 (5)

where the cross-correlation of the fluctuations of the nodes in the initial state is denoted by C.481

𝑂i = Δ𝐑i ⋅ Δ𝐒
∣ (Δ𝐑 ⋅ Δ𝐑)i(Δ𝐒 ⋅ Δ𝐒) ∣ 1/2 (6)

The measured difference between the initial and target structures and the overlap between two482

nodes are denoted by ΔS and Oi, respectively.483
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Steered molecular dynamics484

Following the PRS calculation, SMD simulations were employed under the same circumstances485

as the above-mentioned MD simulations pertaining to HRASpY32. The set of external poses were486

imposed to the C𝛼 atom of Y32, where the constant velocity and spring constant were adjusted to487

0.03 Å ps-1 and 90 kcal mol-1Å-2, respectively. Moreover, the C𝛼 atoms of L23 and R149 residues488

were fixed along the pulling direction so as to prevent dislocation and rotation on the structure.489

The SMD runs were considered completed as long as the secondary structure of the protein was490

maintained and the final structure resembled the target conformation.491

Potential of mean force492

The energy landscape of the transition in either presence or lack of the drug molecule, namely493

cerubudine, was elaborated by calculating the PMF along the pulling direction. Considering the494

well-establishedprocedure Jalalypour et al. (2020), the PMFwas computed according to the second-495

order cumulant expansion formula via,496

𝐹 𝜆(t) − 𝐹 𝜆(0) = ⟨𝑊 (𝑡)⟩ − 1
2𝑘B𝑇

(⟨𝑊 (𝑡)2⟩ − ⟨𝑊 (𝑡)⟩2) + ... (7)

Preparation of plasmid constructs encoding HRASG12D497

The bacterial expression plasmid Hs.HRASG12D (83183) was obtained from Addgene (U.S). The mu-498

tant HRASG12D was then inserted between the BamHI and BlpI restriction sites under the (UbC499

promoter) into the lentiviral vectors with the PuroR gene. (The vector was a kind gift from Dr. Shah500

(Brigham andWoman’s Hospital, Harvard Medical School, Boston, U.S.) and was previously charac-501

terized and widely studied Stuckey et al. (2015)).502

Engineering HRASG12D expressing HEK-293T cells; 293T-HRASG12D503

To investigate the in vitro outcomes of our in silico findings, HEK-293T cells (CRL-11268, ATCC) were504

engineered to express mutant HRASG12D. HEK-293T cell lines cultured on T75 flask with high glu-505

cose DMEM medium which contains 10% fetal bovine serum (FBS), 1% Penicillin Streptomycin at506

37 °C in 5% CO2 incubator. One day (18 to 24 hr) prior to transfection, cells were seeded at an507

optimum density that reaches 70-80% confluency the next day, at the time of transfection. Plas-508

mid DNA was transfected into cells using Trans-Hi™ In Vitro DNA Transfection Reagent (F90101TH,509

FormuMax) according to the manufacturer’s recommendations. 12 to 18 hr after transfection, the510

medium containing the Trans-Hi™/DNA complex was removed and replaced with a fresh whole511

serum/antibiotic-containing medium.512

HRASG12D expression analysis513

Touse 293T-HRASG12D cells in the following experiments, first of all, we analyzed the overexpression514

of HRAS transcripts by reverse transcriptase-polymerase chain reaction(RT-PCR). The primer sets515

can not be specific to the mutant G12D since there is only 1 single base difference in G12Dmutant516

versus wild-type HRAS. For this reason, we further evaluated G12D expression at the protein level517

via western blot.518

RT-PCR519

To verify increased HRAS transcript levels in HEK-293T cells by RT-PCR , we firstly harvested cells520

expressing HRASWT and HRASG12D to prepare RNA samples. Afterward, RNA was extracted using521

RNeasy Mini Kit (74104, Qiagen) and the cDNA library was prepared from 1 𝜇g of total RNA, using522

SuperScript VILO cDNA Synthesis kit (11754050, Invitrogen). HRAS was then amplified by RT-PCR523

using a standard PCR protocol on a T100 Thermal Cycler (BIO-RAD). Gene expression was normal-524

ized to that of a housekeeping gene; GAPDH (glyceraldehyde-3-phosphate dehydrogenase). The525

primer sets (5’-3’) used for RT-PCR were as follows:526

GAPDH: Fw- GTCAGTGGTGGACCTGACCT; Rv- TGCTGTAGCCAAATTCGTTG (245bp PCR product) and527
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HRAS: Fw- GGATCCATGACGGAATATAAGCTGG; Rv- GCTCAGCTTAGGAGAGCACACACTTGC (570 bp PCR528

product)529

Protein sample preparation530

Cells were washed two times with ice-cold phosphate-buffered saline (PBS) prior to 1X lysis buffer531

(25 mM Tris-HCl,150 mM NaCl, 5 mM MgCl2,1%NP-40, and 5% glycerol) involving complete Mini532

Protease Inhibitor Cocktail tablet (11836153001, Roche). Lysates were spun at 16,000 × g for 15min533

and the supernatants were reserved as protein samples. The Pierce BCA Protein Assay Reagent534

(23227, Thermo Fisher Scientific) was used to quantify the protein concentration of each sample.535

Western blot (WB) analysis536

Cell lysates were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis537

(PAGE) using BoltTM 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein gel (NW04120BOX, Invitrogen). Pro-538

teins were transferred into nitrocellulose membrane by iBlot 2 Dry Blotting System (Invıtrogen)539

at constant current of 1.3 A for 7 min. Membranes were blocked with 5% BSA-ALBUMIN in Tris-540

buffered saline/0.1% Tween-20 for 1 hr at room temperature and incubated overnight with rabbit541

anti-RASG12D (mutant specific) (14429, Cell Signaling Technology) antibody. After primary antibody542

incubation, membranes were washed with TBST (Tris-buffered saline with 0.05% Tween-20). Sec-543

ondary antibody (R-05071-500, Advansta), HRP conjugated goat anti-rabbit was diluted to 1:3000 in544

5% BSA and incubated for 1 hr at room temperature. Membranes were developed using ECL sub-545

strate (1705061, Bio-Rad) and a chemiluminescence signal was detected by Chemidoc (Bio-Rad).546

Next, 𝛽-actin levels were determined as loading controls. For this, the membrane was incubated547

in stripping buffer (0.2 M Glycine, 0.10% Tween-20, pH:2.5) and blocking solution before reprobing548

with anti-𝛽-actin (3700, Cell Signaling Technology).549

Optimization of optimum cerubidine treatment doses to target HRASG12D-RAF in-550

teraction551

HEK-293T cells were plated at 5000 cells/well into 96 black well plates (3603, Corning) and cultured552

in DMEM, high glucose (Gibco) containing 10%FBS at 37 °C in 5%CO2. Cells were cultured overnight553

and the compounds (dissolved in DMSO) were added to the cells at concentrations ranging from554

0 to 100 𝜇M. The cells were incubated under standard culture conditions for 24 hr. Cell viability555

was quantified using the CellTiterGlo Luminescent Cell Viability Assay (Promega) according to the556

manufacturer’s instructions to measure ATP generated by metabolically active cells. Luminescent557

signals were measured using the SpectraMAX (Molecular Devices). The luminescence signals ob-558

tained from the compound-treated cells were normalized against the signal for DMSO-only treated559

cells.560

Active RAS pull-down assay561

In this experimental setup, we conceptually investigated "G12D versus wild-type" HRAS presence562

in the active RAS population in the cells treated with cerubidine. RAS activity was determined us-563

ing Active RAS Pull-Down and Detection Kit (Thermo Fisher Scientific) following the manufacturer’s564

instructions. Firstly, we tested the assay validity using provided supplements. Lysates were incu-565

bated with glutathione S-transferase fusion of the RAS binding domain (RBD) of RAF1 along with566

glutathione agarose for 1 hr. Agarose beads were collected by centrifugation and washed three567

times with 1X Wash Buffer (25 mM Tris-HCl,150 mM NaCl, 5 mM MgCl2,1%NP-40, and 5%glycerol).568

Each sample was resuspended and boiled at 100 °C for 5 min. Samples were analyzed by western569

blotting as previously described. Analysis of RBD pull-down lysates was performed with mouse570

anti-RAS Antibody (16117, Thermo Fisher Scientific). Secondly, we prepared cell lysates from ceru-571

bidine treated 293T-HRASG12D cells. One day prior to treatment plated a sufficient number of cells572

so that the cell density reaches the optimal confluency (60-70%) at the time of treatment. Cells573

were incubated with increased cerubidine concentrations (1, 5, and 10 𝜇M) for 3 hr and 12 hr (0574
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hr was used as control). After incubation, the active Ras pull-down assay was performed with575

proteins isolated from the treated and untreated cells (as described above in the protein sample576

preparation section). Finally, samples were subjected to western blotting as previously described.577

RBD pull-down lysates were probed with mouse anti-HRAS (sc-29, Santa Cruz Biotechnology), and578

rabbit anti-RASG12D Mutant Specific antibodies (14429, Cell Signaling Technology).579
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