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Abstract 

Ras proteins are small GTPases, cycling between inactive GDP-bound and active 

GTP-bound states. Through these switches they regulate signaling that controls cell 

growth and proliferation. Activating Ras mutations are associated with approximately 

30% of human cancers, which are frequently resistant to standard therapies. Over the 

past few years, structural biology and in silico drug design, coupled with improved 

screening technology, led to a handful of promising inhibitors, raising the possibility 

of drugging Ras proteins. At the same time, the invariable emergence of drug 

resistance argues for the critical importance of additionally honing in on signaling 

pathways which are likely to be involved. Here we overview current advances in Ras 

structural knowledge, including the conformational dynamic of full-length Ras in 

solution and at the membrane, therapeutic inhibition of Ras activity by targeting its 

active site, allosteric sites, and Ras–effector protein-protein interfaces, Ras dimers, the 

K-Ras4B/calmodulin/PI3Kα trimer, and targeting Ras with siRNA. To mitigate drug 

resistance, we propose signaling pathways that can be co-targeted along with Ras and 

explain why. These include pathways leading to the expression (or activation) of 

YAP1 and c-Myc. We postulate that these and Ras signaling pathways, MAPK/ERK 

and PI3K/Akt/mTOR, act independently and in corresponding ways in cell cycle 

control. The structural data are instrumental in the discovery and development of Ras 

inhibitors for treating RAS-driven cancers. Together with the signaling blueprints 

through which drug resistance can evolve, this review provides a comprehensive and 

innovative master plan for tackling mutant Ras proteins. 
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1 Introduction  

Ras, a small GTPase, is an essential component of signaling networks controlling 

signal transduction pathways and promoting cell proliferation and survival.1–5 The 

Ras family includes H-Ras, N-Ras, and splice variants of K-Ras, K-Ras4A and 

K-Ras4B.6,7 They operate as binary switches in signal transduction pathways, cycling 

between inactive GDP-bound and active GTP-bound Ras states. The intrinsic 

hydrolysis of GTP by Ras is slow, but it is significantly accelerated by 

GTPase-activating proteins (GAPs),8–10 which serve as negative regulators of Ras 

activity by expediting GTP hydrolysis, leading to turning off Ras signaling. Ras 

activation is regulated by guanine nucleotide exchange factors (GEFs),11–13 which 

function as positive regulators of Ras activity through catalyzing the release of GDP 

and binding the more abundant GTP. In the active GTP-bound state, Ras proteins can 

associate with numerous downstream effector proteins,14–19 including 

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

dissociation stimulator (RalGDS), to regulate a diverse range of cellular processes.  

Malfunctions in Ras proteins are common in tumorigenesis and, thus far, tumors 

initiated by Ras mutations have been among the most difficult to treat.20–22 In fact, the 

Catalogue of Somatic Mutations in Cancer (COSMIC)23 dataset has unraveled that 

oncogenic mutations in Ras account for approximately 30% of human cancers, with 

the mutations frequently found in lung, colon, and pancreatic cancers, and the vast 

majority of oncogenic mutations are concentrated on three hot spot residues (Gly12, 

Gly13 and Gln61).24 Oncogenic mutations that impair GTPase activity are resistant to 
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GAP-mediated GTP hydrolysis, locking mutant Ras proteins in their active, 

GTP-bound state.25–28 Under these circumstances, mutant Ras proteins can 

excessively initiate downstream effector proteins signaling through pathways such as 

mitogen-activated Raf/MEK/ERK (MAPK) and PI3K/Akt,29–36 which promote cancer 

cell growth and survival. Analyses of Ras isoform mutational status in cancer 

emphasize that KRAS is the most frequently mutated isoform in RAS-driven cancers 

followed by NRAS and HRAS.24 Moreover, mutated isoforms tend to associate with 

particular tumor types:24,37,38 KRAS mutations are frequently linked to pancreatic, 

colon, and lung cancers; NRAS mutations are commonly detected in skin and 

hematological cancers; HRAS mutations are the most frequent in head and neck 

cancer, and cancers of the urinary tract. 

Owing to the central role of Ras in oncogenesis, therapeutic inhibition of Ras 

provides a promising strategy for the development of targeted therapies for 

RAS-driven cancers.39–54 However, despite more than three decades of Ras-focused 

research, to date no drugs are available for clinical use, to directly bind and block 

these carcinogenic proteins, rendering the Ras proteins still “undruggable”.55 This is 

ascribed to the picomolar affinity of Ras for their GTP and GDP substrates and the 

lack of deep hydrophobic pockets on Ras catalytic domain for high affinity small 

molecule binders.56 Farnesyltransferase inhibitors, the first class of drugs to target Ras 

indirectly, hinder the transfer of the farnesyl group to Ras, which is of prime 

importance for Ras’ association with the membrane.57–60 However, the inhibitory 

effects of these inhibitors were not effective in advanced solid tumors because of the 
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existence of an alternative – prenylation and geranylgeranylation – of K-Ras4B and 

N-Ras catalyzed by geranylgeranyl transferase I.61 Although past failures in targeting 

Ras have defeated the impetus for the development of Ras inhibitors, the renewed 

interest in Ras as a therapeutic target in recent years has promoted efforts to 

understand in depth the structural biology of Ras and identify novel Ras 

inhibitors.62,63 For example, recent data have indicated that the disordered 

hypervariable region (HVR) of Ras prefers to interact with the catalytic domain of the 

GDP-bound rather than GTP-bound states and that the orientations of the catalytic 

domain of Ras with respect to the membrane surface are influenced by the bound 

nucleotide, GDP or GTP.64–67 Understanding the specific HVR–catalytic domain 

interactions could thus be helpful for the development of Ras inhibitors to stabilize 

the inactive state of Ras. Nuclear magnetic resonance (NMR) spectroscopy and X-ray 

crystallography pinpointed that GTP-bound Ras exists in dynamic equilibrium 

between the inactive and active conformations.68–72 Recent studies have identified 

novel allosteric sites on Ras that interact with small molecule ligands to stabilize the 

inactive GTP-bound state.73–75 This has spurred intense interest and effort to discover 

Ras-specific allosteric inhibitors using structure-based drug design. More significantly, 

the discovery of small molecule inhibitors covalently bound to the allosteric switch II 

pocket of G12C K-Ras has inspired the Ras community.76–78 These inhibitors 

allosterically stabilize the inactive GDP-bound G12C K-Ras and subsequently inhibit 

this oncogenic protein, raising the possibility of drugging G12C K-Ras. The identified 

high affinity small molecule inhibitor, rigosertib, dramatically, impedes the interaction 
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of Ras proteins with their downstream effector proteins, offering an attractive 

approach for inactivation of Ras signaling by targeting at Ras–effector protein-protein 

interfaces.79 Table 1 enumerates the current status of promising Ras inhibitors in 

various development states. A key aspect considered in the development of Ras 

inhibitors is toxicity. Inhibitors that target all Ras isoforms have the potential to be 

toxic. This is due to the high structural similarity among the catalytic domains of the 

Ras isoforms. Currently, it is extremely challenging to develop a Ras-isoform-specific 

drug.80 However, recent studies revealed that the HVR of K-Ras4B and PI3Kα 

interacting with calmodulin (CaM) can achieve isoform selectivity with small 

molecule inhibitors, making the K-Ras4B/CaM/PI3Kα trimer an attractive potential 

drug target for adenocarcinoma.81–84 

In this review, we focus on recent advances in the regulation of Ras function 

from a structural perspective. We first introduce the associations of the HVR with the 

catalytic domain of Ras in solution and the orientations of the catalytic domain with 

respect to the membrane surface, followed by the description of inhibition of Ras 

activity by targeting the active site, allosteric sites, Ras–effector protein-protein 

interfaces, Ras dimers, and small interfering RNA (siRNA). We also discuss CaM 

acting specifically in full activation of PI3Kα in KRAS4B-driven cancers, raising the 

possibility that a trimer can be an attractive drug target for KRAS4B-driven cancers. 

Finally, parallel pathways will be highlighted to increase the awareness of using drug 

combinations in RAS-directed therapies. We particularly focus on the 

Hippo/Wingless-type mouse mammary tumor virus integration site family member 
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(Wnt) pathways and the proteins that they regulate, corresponding Yes-associated 

protein 1 (YAP1) and β-catenin, and their independence and correspondence with major 

Ras pathways, MAPK and PI3K/Akt. Insights into Ras structural biology are critical to 

the discovery and development of Ras inhibitors using protein-structure-based design 

approaches. 

 

2 Nucleotides and oncogenic mutations affect the conformational 

dynamics of the HVR and the orientations of the catalytic domain 

Ras proteins are composed of the catalytic domain (residues 1-166) and the 

C-terminal membrane-associated HVR (residues 167-189 for H-Ras, K-Ras4A, and 

N-Ras; 167-188 for K-Ras4B) (Fig. 1); the latter is responsible for trafficking, 

subcellular localization, and lateral nanoclusters segregation.85–88 All share 

approximately 90% sequence identity in their catalytic domain but exhibit appreciable 

differences in their HVR. The sequence homology between the HVR of Ras isoforms 

is less than 20%. In addition to distinct HVR sequences, another distinguishing 

feature is the differences in their HVR post-translational modification (PTM) 

states.4,20 The HVR of K-Ras4B is highly positively charged (multiple lysine residues). 

This, coupled with the farnesylation at Cys185, recruits K-Ras4B to the inner leaflet 

of acidic plasma membrane (PM). In contrast, because of the scarcity of polybasic 

residues, H-Ras, K-Ras4A, and N-Ras require additional palmitoylation in the HVR 

(Cys181 and Cys184 for H-Ras; Cys180 for K-Ras4A; Cys181 for N-Ras) to enhance 

the lipophilicity of the HVR and subsequently allow the HVR to effectively engage 
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with the PM. K-Ras4A may exist in two states: palmitoylated and farnesylated and 

only farnesylated, even though the non-palmitoylated state may not interact as stably 

as K-Ras4B due to the lesser basic charge of its HVR.89 The diversity of HVR 

sequences and PTM states is indicative of isoform-specific differences in network 

signaling and oncogenic potential.90 

The HVR plays a fundamental role in Ras signaling, but structures of full-length 

Ras are currently unavailable. In fact, Ras structures are solved exclusively with a 

truncated catalytic domain. When full-length Ras was attempted by X-ray 

crystallography, no HVR electron density was obtained, which portends the high 

flexibility of the HVR disordered state.91–93 However, NMR chemical shift 

perturbations (CSPs) in concert with molecular modeling simulations can provide 

useful insights into the associations of the HVR with the catalytic domain of Ras in 

solution and at the membrane. 

2.1 In solution 

To validate the engagement of the HVR with the catalytic domain, NMR 

experiments of full-length K-Ras4B1-188 and of the truncated domain K-Ras4B1-166 in 

their GDP- and GTP-γ-S-bound states were carried out in solution and the CSPs 

induced by the HVR were compared.65 In the GDP-bound state, remarkable CSPs for 

backbone amides occur for residues in the effector-binding region, switch I region and 

strand β2. This indicates that the HVR associates extensively with the catalytic 

domain. In contrast, in the GTP-γ-S-bound state, only a small fraction of changes 

occurs in the effector-binding region. This suggests the disengagement of the HVR 
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from the catalytic domain. Calcium modulator protein CaM binds specifically to 

K-Ras4B predominantly by virtue of the HVR.94 To test the hypothesis that the 

conformational state of the HVR depends on Ras’ nucleotide-bound state (GDP or 

GTP), NMR and isothermal titration calorimetry (ITC) experiments were performed 

with full-length K-Ras4B–GDP/–GTP-γ-S and CaM. The results showed that no 

significant binding was observed between K-Ras4B–GDP and CaM, whereas 

K-Ras4B–GTP-γ-S can interact with CaM with micromolar affinity.95 Together, these 

data suggest that the HVR is sequestered by the catalytic domain of K-Ras4B in the 

GDP-bound state and released from the catalytic domain in the GTP-bound state. 

In order to obtain structural details of the HVR interaction with the catalytic 

domain, based on the NMR CSPs data we constructed four initial structures of each 

full-length K-Ras4B–GDP/–GTP with a covalently connected HVR to H166 through 

interactive molecular dynamics (MD) simulations.65 Analysis of the interaction energy 

between the HVR and the catalytic domain of each structure led us to select two 

conformations of each K-Ras4B–GDP/–GTP. In both K-Ras4B–GTP models, the 

HVR interacts with the switch I region of the catalytic domain (Fig. 2A and Fig. 2B). 

However, in addition to the interaction with the switch I region, the HVR can interact 

with the switch II region of the catalytic domain in both K-Ras4B–GDP models (Fig. 

2C and Fig. 2D). Compared to the K-Ras4B–GTP models, the additional HVR 

contacts with the switch II region in K-Ras4B–GDP are feasible owing to 

conformational rearrangements occurring in the GDP-bound state. Analysis of the 

interaction energy between the HVR and the catalytic domain based on each MD 
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trajectory of K-Ras4B–GDP/–GTP showed that the tight interaction of the HVR with 

the catalytic domain renders the K-Ras4B–GDP in its autoinhibited state, whereas the 

loose association of the HVR with the catalytic domain in the K-Ras4B–GTP may 

facilitate the release of the HVR from the catalytic domain.64 Consistently, an 

assessment of binding affinity of a K-Ras4B HVR synthetic analog 

(Ac-KEKLNSKDGKKKKKKSKTK-NH2) with the K-Ras4B catalytic domain 

demonstrated that the interaction of the HVR with the catalytic domain in the 

GDP-bound state (Kd, 250.0 ± 33.4 nM) is much stronger (by ∼75-fold) than that of 

the HVR with the catalytic domain in the GTP-bound state (Kd, 18.6 ± 0.9 µM).65 

To further figure out the effect of frequent oncogenic mutations (G12C, G12D, 

G12V, G13D, and Q61H) and infrequent mutations (E37K and R164Q) on the 

conformational dynamics of HVR, MD simulations and NMR experiments were 

carried out.64 The results revealed that specific oncogenic mutations (G12D, G12V, 

and E37K) weaken the interaction of the HVR with the catalytic domain in both GDP- 

and GTP-bound states, which may contribute to decouple the HVR from the catalytic 

domain in a nucleotide-independent manner.64 Indeed, P-loop mutations (G12D and 

G12V) and switch I mutation E37K are away from and directly at the switch 

I/effector-binding region, respectively. In this context, G12D/G12V and E37K 

mutations resulted in the dissociation of the HVR from the catalytic domain by 

allosteric and direct interactions, respectively, which were supported by the NMR 

CSPs of the most oncogenic G12D mutation, and the E37K mutation.64 

Over the past few years, there has been a flurry of drug discovery activity to 
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develop small molecule inhibitors or peptide mimetics that are capable of inhibiting 

Ras activity.39,96–98 However, apart from thiol-reactive agents that covalently modify 

the mutant cysteine of G12C K-Ras,76,99–101 the remaining candidates cannot be 

differentiated between the target oncogenic mutant Ras and the wild-type (WT) Ras, 

leading to the inhibition of both oncogenic and WT Ras. This effect has the potential 

to cause significant toxic side effects. However, on the plus side, compared to the WT 

K-Ras4B, oncogenic mutations disengage the contacts between the catalytic domain 

and the HVR, shifting the equilibrium toward exposed effector-binding region, 

thereby dysregulating oncogenic Ras signaling. Thus, the different preferred 

conformational states of the HVR between the WT and oncogenic mutant Ras can be 

exploited to design inhibitors or antibodies that preferentially bind to the 

effector-binding region of the mutant, leaving the WT Ras in normal cells largely 

unaffected. In fact, Tanaka et al.
102 previously designed a single domain antibody 

fragment, iDab#6, which can interact with oncogenic H-Ras–GTP with mutations at 

either Gly12 or Gln61. More importantly, the binding affinity of iDab#6 to the 

oncogenic mutant H-Ras–GTP is two orders of magnitude stronger than to the WT 

H-Ras–GTP. One possible explanation for this appreciable difference in the binding 

affinities of iDab#6 to the oncogenic mutant and WT Ras is attributed to the exposure 

of the effector-binding region in the oncogenic mutants, which may facilitate iDab#6 

binding to the catalytic domain of the mutants. The determination of the co-crystal 

structure between the catalytic domain of G12V H-Ras–GTP and the anti-Ras 

intrabody in an Fv format consisting of the variable heavy (VH) chain and the 
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variable light (VL) chain domains (PDB ID: 2UZI) revealed that the VH chain and 

VL chain domains of anti-Ras intrabody bind mainly to the switch I and switch II 

regions of H-Ras, respectively, overlapping with the Ras effector-binding region (Fig. 

3).102 Thus, the anti-Ras intrabody provides a promising new paradigm to directly 

interfere with the oncogenic Ras function in human cancers. 

Due to the conspicuous differences of the HVR sequences, the character of the 

catalytic domain–HVR interactions in Ras isoforms is distinct. Based on NMR 

spectroscopy, Thapar et al.
93 elucidated the behavior of the HVR of H-Ras observing 

that it transiently interacts with the catalytic domain, which is clearly suggestive of 

the weaker catalytic domain–HVR interactions in H-Ras compared to K-Ras4B. Most 

remarkably, recent MD simulations of full-length K-Ras4A showed that unlike the 

extended HVR of K-Ras4B, the HVR of K-Ras4A is collapsed in both GDP- and 

GTP-bound states and unable to cover the effector-binding region, suggesting the 

instability of K-Ras4A autoinhibited states.103 However, the potential catalytic 

domain–HVR interactions in N-Ras are unclear. Taken together, these results on the 

catalytic domain–HVR interactions of K-Ras4B, K-Ras4A, and H-Ras unveil 

dynamical differences, which may affect Ras activation and interactions with 

downstream effectors.104 

2.2 At the membrane 

Association with the PM is a requirement for Ras proteins to exert their 

biological functions.105 Insights into how the orientations of Ras with respect to the 

membrane surface and the interactions between Ras and the PM are thus critical to 
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understand signaling specificity among Ras isoforms and for the design of selective 

anticancer drugs.106–111 

Recently, Mazhab-Jarari et al.
66 deployed solution NMR experiments to uncover 

the dynamic interactions between full-length K-Ras4B and nanodisc lipid bilayer 

composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and the thiol-reactive lipid 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl)cyclohexa

ne-carboxamide] (PE-MCC) (molar ratio 15:4:1), as well as the associations of 

K-Ras4B with the Ras-binding domains (RBDs) of effector proteins at the surface of 

the lipid bilayer. Nanodisc provides a stable lipid environment to constitute membrane 

proteins for structural and functional studies, which is widely employed in solution 

NMR and SPR experiments.112,113 The results of the paramagnetic relaxation 

enhancement (PRE) measurements of K-Ras4B tethered to Gd3+-containing nanodiscs 

suggested that K-Ras4B exists in two major orientations at the membrane surface. 

Based on PRE distance restraints from the lipid bilayer to the GDP- and 

GppNHp-bound K-Ras4B, two distinct clusters of membrane-associated complexes of 

each GDP-/GppNHp-bound K-Ras4B were modeled using the high ambiguity driven 

biomolecular docking (HADDOCK) simulations. In the GDP-bound state, the major 

population (64%) of K-Ras4B orients their helices parallel to the lipid bilayer and the 

K-Ras4B–membrane interface is derived mainly from the N-terminus of β1 (N-β1), 

α4, β6, α5, and the loop connecting from β2 to β3. This orientation of K-Ras4B in 

relation to the bilayer plane is called the α-interface, which exposes the 
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effector-binding region (switch I and β2) that can interact with downstream effector 

proteins. In sharp contrast, in the GppNHp-bound state, the preferred population (45%) 

of K-Ras4B orients their helices semi-perpendicular to the bilayer plane and the 

K-Ras4B–membrane interface is derived mainly from the C-terminus of switch I 

(C-switch I), β1-β3, α2, and the C-terminal of α3. This cluster is called the β-interface. 

It buries the effector-binding region at the membrane surface that occludes the 

binding of downstream effector proteins to K-Ras4B. However, in addition to the 

β-interface, another cluster of α-interface representing the 32% of population was also 

observed in the GppNHp-bound K-Ras4B. These data suggest orientational 

equilibrium of K-Ras4B at the membrane and that although K-Ras4B is in the 

GTP-bound form, it is unable to initiate signaling when it adopts the β-interface at the 

membrane surface because the membrane surface sequesters the K-Ras4B binding site 

for effector proteins.66 Importantly, recently we have shown that the preferred 

interfaces are isoform-specific.114 

To further shed light on the effect of RBD of the Raf isoform A-Raf on the 

orientation of GppNHp-bound K-Ras4B at the membrane surface, NMR 

measurements were carried out to obtain PRE distance restraints from the lipid bilayer 

to both K-Ras4B and A-Raf-RBD and the resulting HADDOCK models of the ternary 

complex among the lipid bilayer, K-Ras4B, and A-Raf-RBD were obtained based on 

PRE-derived restraints. In this complex, the predominant orientation (87%) of the 

catalytic domain of K-Ras4B was in a semiexposed orientation intermediate between 

the exposed (α-interface) and occluded (β-interface) orientations, with a small fraction 
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of exposed orientations (12%). Interestingly, replacement of A-Raf-RBD with RBD of 

RalGDS (RalGDS-RBD) shifts the population from the occluded toward a completely 

exposed orientation of the catalytic domain at the membrane surface. Cumulatively, 

these results suggest that the orientations of the catalytic domain of K-Ras4B in the 

K-Ras4B–effector complexes at the membrane surface depend on the features of the 

effector proteins. Furthermore, the impact of the oncogenic G12D mutation and two 

Noonan syndrome mutations (K5N and D153V) on the orientations of K-Ras4B were 

explored. Comparison of PRE profiles between WT and mutants showed that these 

mutations shift the population of the catalytic domain of mutant K-Ras4B from the 

occluded β-interface to the exposed α-interface, therefore derepressing the 

membrane-dependent autoinhibition of K-Ras4B thereby potentiating signaling. 

Together, these data provide an instrumental tactic in taming Ras isoform-specific 

inhibition for therapeutic intervention by sandwiching the autoinhibitory associations 

of the HVR between oncogenic catalytic K-Ras domain and the membrane. 

To further investigate the influence of the membrane on the conformational 

dynamics of the HVR, we simulated the farnesylated K-Ras4B on the surface of an 

anionic lipid bilayer consisting of DOPC:DOPS (mole ratio 4:1).67 Based on the NMR 

CSP data of K-Ras4B binding to nanodiscs,65 four different initial configurations of 

each GDP- and GTP-bound WT K-Ras4B with the farnesylation on Cys185 were 

placed on the membrane surface to represent the diversity of K-Ras4B–membrane 

interactions. The simulated results revealed significant differences among the 

HVR–catalytic domain interactions on the membrane. In the GDP-bound state (Fig. 
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4A), the HVR interacts with the catalytic domain in three configurations, retaining the 

autoinhibited state (configurations 1, 3, and 4), whereas it is released from the 

catalytic domain in configuration 2 and subsequently inserts its farnesyl group into the 

membrane. In contrast, in the GTP-bound state (Fig. 4B), the HVR decouples with the 

catalytic domain in three configurations (configurations 1, 3, and 4), but is still 

autoinhibited in configuration 2 with the HVR covering the effector-binding region. 

Despite the release of the HVR from the catalytic domain in configuration 2 of 

GDP-bound K-Ras4B (Fig. 4A), the effector-binding region orients to and interacts 

with the lipids, thereby preventing it from recruiting downstream effector proteins. In 

all configurations, GDP-bound K-Ras4B represents an inactive form with the 

allosteric lobes oriented parallel (∼180°) to the membrane surface. However, in 

configurations 1, 3, and 4 of the GTP-bound K-Ras4B (Fig. 4B), the disassociation of 

the HVR from the catalytic domain exposes the effector-binding region, leading to 

perpendicular (∼90°) alignments of the allosteric lobes relative to the membrane 

surface. In these orientations, K-Ras4B represents an active form and can interact 

with downstream effector proteins. However, in configuration 2 of the GTP-bound 

K-Ras4B, the allosteric lobe orients in parallel (∼180°) to the membrane surface, 

yielding a GDP-like behavior. This orientation represents an inactive form on the 

membrane. Collectively, these data suggest that GTP binding may not propel 

K-Ras4B into an active state; instead, we propose that a complex process, including 

GDP/GTP exchange, HVR sequestration, farnesyl insertion, and orientation of the 

catalytic domain at the membrane, determines the active or inactive state of 
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K-Ras4B.67 It is noted that in vitro systems involving nanodisc and computational 

lipid bilayers are synthetic model membranes that are reconstituted with only few 

lipid compositions. In contrast, in vivo plasma membranes consist of a number of 

different entities, where organizations of different types of lipids at the microdomains 

result in different physical properties.105 Although the experimental and computational 

model membranes were able to substitute the role of the plasma membrane in 

supporting the conformations and orientations of the catalytic domain of Ras, they 

were limited in presenting lateral lipid segregation through the dynamic formations of 

microdomains with different phases. Membrane-associating Ras proteins utilize these 

microdomains as signaling platforms for their functional regulations. 

Recently, Prakash et al.115 performed large-scale MD simulations of full-length 

GTP-bound G12D K-Ras4B embedded in a 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/palmitoyl-oleoyl 

phosphatidylserine (POPC/POPS, mole ratio 4:1) bilayer to probe how oncogenic 

mutations affect the orientations of the catalytic domain relative to the membrane 

surface at the atomic level. Two major orientations of the catalytic domain 

K-Ras4BG12D–GTP relative to the membrane surface were observed.115 In one 

orientation (OS1), helices α3 and α4 of the catalytic domain are involved in the 

interactions with the membrane lipids, exposing the effector-binding region. The OS1 

orientation of K-Ras4BG12D–GTP at the membrane can interact with downstream 

effector proteins such as Raf kinase. In an alternative orientation (OS2), strands β1-β3 

and helix α2 of the catalytic domain contribute to contact with the membrane lipids, 
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burying the effector-binding region. The OS2 orientation of K-Ras4BG12D–GTP at the 

membrane is thus incapable of interacting with downstream effector proteins, but it 

has the potential to form Ras–Ras dimerization via the proposed helical 

interfaces.116–119 However, how the oncogenic mutations affect the orientations of the 

catalytic domain of GDP-bound K-Ras4B relative to the membrane surface at the 

atomic level remains unclear. 

MD simulations of full-length GDP- and GTP-bound H-RasG12V embedded in a 

1,2-dimyristoylglycero-3-phosphocholine (DMPC) bilayer also demonstrated  that 

the orientations of the catalytic domain relative to the membrane surface depend on 

the nucleotide types.120 However, the orientations of H-RasG12V are significantly 

different from K-Ras4B. In the GDP-bound state, the catalytic domain of H-RasG12V is 

in an orientation perpendicular to the membrane surface, with strands β2 and β3 

interacting with lipids.120 In contrast, in the GTP-bound state, the catalytic domain of 

H-RasG12V is oriented in parallel to the membrane surface, with helices α4 and α5 

directly interacting with lipids.120 Thus, the different paradigms of the interactions 

between the Ras isoforms89 and the membrane may provide a potential venue for a 

structure-based design of selective anticancer drugs.86,110 

 

3 Direct inhibition of Ras by targeting its active site 

The high intracellular concentrations of GTP and GDP and their picomolar affinity 

for Ras render the design of competitive inhibitors targeting the active site on Ras 

daunting. However, a naturally occurring oncogenic mutation on Ras, G12C, introduces 
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a solvent-accessible cysteine on the P-loop adjacent to the active site (Fig. 5A), which 

can serve as a reactive protein side chain to form covalent inhibitors with small 

molecules that bear reactive functional groups. This strategy can be used to distinguish 

the G12C mutant from WT Ras and other mutants.101
 

Based on the homology model of G12C K-Ras, Lim et al.
100 designed a GDP 

analogue, SML-8-73-1 (SML, 1) (Fig. 5B), which has a high likelihood of forming a 

covalent inhibitor with Cys12. Subsequent mass spectroscopy (MS) experiments 

confirmed that SML was able to covalently modify G12C K-Ras, but did not label 

WT K-Ras. To further illuminate the binding mode between SML and G12C K-Ras, 

Hunter et al.
99 solved the co-crystal structure of G12C K-Ras bound to SML (PDB ID 

4NMM, Fig. 5C) as well as the structures of WT (PDB ID 4OBE) and G12C (PDB ID 

4LDJ) GDP-bound K-Ras. Backbone superimposition of the crystal structures of 

K-RasG12C–GDP and K-RasWT–GDP onto that of K-RasG12C–SML exhibits that the 

overall conformation of K-Ras is extremely similar among three structures and that 

the orientation of SML in the active site of K-RasG12C is also nearly identical to those 

of GDP in the K-RasG12C and K-RasWT (Fig. 5D), ruling out the possibility that 

covalent modification of Cys12 by SML results in extensive conformational 

remodeling of the switch I and switch II regions. Thus, the resulting conformation of 

K-RasG12C is in the open, inactive conformation upon SML binding, which is 

incapable of interacting with downstream effector proteins. To test this hypothesis, the 

structure of K-RasG12C–SML was superimposed onto those of H-Ras–GppNHp in 

complex with the RBD of Raf kinase (Raf-RBD) (PDB ID 4G0N)121 and PI3Kγ (PDB 
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ID 1HE8),122 respectively. Remarkably, compared to the formation of exquisite salt 

bridge networks between the switch I region of H-Ras–GppNHp and Raf-RBD and 

PI3Kγ, no salt bridges were formed between the switch I region of K-RasG12C–SML 

and Raf-RBD (Fig. 6A) and PI3Kγ (Fig. 6B). Moreover, a steric conflict between the 

switch I region of K-RasG12C–SML and the β-strands of Raf-RBD and PI3Kγ was 

observed. Functional biochemical assay through the AlphaScreen technology was 

performed to assess the affinity between K-RasG12C–GppNHp/–GDP and Raf-RBD in 

the presence or absence of SML.100 The results showed that K-RasG12C–GppNHp 

strongly interacts with Raf-RBD with an EC50 of 6.6 nM, which has a higher affinity 

than the interaction between K-RasG12C–GDP and RafRBD with an EC50 of 22.6 nM. 

The AlphaScreen assay further revealed that the affinity of K-RasG12C–SML for 

RafRBD is nearly identical to that of K-RasG12C–GDP for Raf-RBD. These data 

suggest that SML binding to the active site of Ras is likely to prevent the activation of 

Ras downstream signaling. 

 

4 Allosteric inhibition of Ras by targeting its allosteric sites 

Because of the extremely high affinity of Ras proteins for their GDP and GTP 

substrate, it is challenging to develop competitive substrate inhibitors to abrogate Ras 

function. An alternative approach is the design of small molecules that bind to 

allosteric sites of Ras in order to disrupt Ras nucleotide exchange or stabilize the 

inactive GTP-bound state of Ras, thereby resulting in growth inhibition and cancer 

cell apoptosis. Allostery, an intrinsic property of a protein, regulates protein function 
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through the binding of an effector to an allosteric site topographically distinct from 

the active site.123–127 Thus, allosteric modulators do not compete with orthosteric 

ligands that occupy the active site. Rather, they typically exert theirs effects in concert 

with the orthosteric ligands in the active site.128 Ras is an allosteric protein and several 

allosteric sites on Ras have been validated by X-ray or NMR spectroscopy 

experiments.129–139 Targeting allosteric sites, as a novel tactic, is gaining increasing 

recognition in taming Ras inhibition for therapeutic intervention. Here, we 

recapitulate the identification of allosteric sites on Ras proteins with the exception of 

Ras–effector or Ras–GEF protein-protein interfaces. 

4.1 Helix α3, helix α4, and loop 7 

Buhrman et al.
140 determined the crystal structure of GppNHp-bound H-RasWT 

grown in 200 mM calcium chloride (CaCl2) (PDB ID 2RGE). Inspection of this 

structure revealed that the switch II region is disordered with no electron density for 

the catalytic residue Q61. Replacing CaCl2 by calcium acetate [Ca(OAc)2], the 

authors solved another crystal structure of GppNHp-bound H-RasWT (PDB ID 

3K8Y).141 Significantly, in the presence of 200 mM Ca(OAc)2, the electron density of 

the switch II region is clearly visible. In three-dimensional space, Ca(OAc)2 binds 

between helix α3, helix α4, and loop 7 at the allosteric lobe of Ras (Fig. 7A), which is 

distant from the switch II region with no direct interaction. This suggests that the 

behavior of the conformational ordering in the switch II region is through an allosteric 

switch in response to Ca(OAc)2 binding. To elucidate the effect of Ca(OAc)2 binding 

on the ordering of the switch II region, the backbone of the crystal structure of 
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H-RasWT–GppNHp–Ca(OAc)2 was superposed onto that of H-RasWT–GppNHp–CaCl2. 

Despite the overall structural similarity between the two crystals, some regions in the 

structure of H-RasWT–GppNHp–Ca(OAc)2 exhibit appreciable differences from those 

in the structure of H-RasWT–GppNHp–CaCl2. These regions encompass loop 7, helix 

α3, and the C-terminal switch II region (Fig. 7B). Owing to the ordered switch II 

region in the presence of Ca(OAc)2, the catalytic residue Gln61 in the switch II region 

can interact with the bridging water molecule (W189), which in turn interacts with the 

side chain OH group of Tyr32 and the γ-phosphate. Moreover, the catalytic water 

(W175) in the active site is proximal to the γ-phosphorus and hydrogen-bonded to the 

backbone NH group of Gln61 and the side chain OH group of Thr35 (Fig. 7C). The 

different architectures between the active sites of H-RasWT–GppNHp–Ca(OAc)2 and 

H-RasWT–GppNHp–CaCl2 underpin Ca(OAc)2’s binding at the allosteric site 

triggering a disorder to order transition in the switch II region with alignment of 

Gln61 for catalysis, while in the presence of CaCl2 the switch II region is still in a 

disordered conformation.142,143 On the basis of these observations, the structure of 

H-RasWT–GppNHp–Ca(OAc)2 represents a catalytically competent state (“on” 

conformation). In contrast, the structure of H-RasWT–GppNHp–CaCl2 represents a 

catalytically incompetent state (“off” conformation). Recently, Holzapfel et al.
144 

further demonstrated that the dynamic conformational ensembles between the on and 

off states of H-Ras–GTP in solution can be modulated by small molecules, 

dithioerythritol and dithiothreitol, and bulk solvent composition. Although the 

Ca(OAc)2 binding site at the allosteric lobe of H-Ras represents a potential allosteric 
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site, no small molecules have currently been identified to bind to this site. One 

possible explanation is that the small volume of Ca(OAc)2 binding site makes it 

difficult to develop small molecule inhibitors to this allosteric site (Fig. 7D). 

4.2 Helix α5, loop 7, and loop 9 

The conformational transitions between the inactive GDP-bound and the active 

GTP-bound Ras are of fundamental importance to the understanding of the 

mechanisms underlying Ras signaling transduction.145–147 These nucleotide-dependent 

conformational transitions have the potential to expose hidden pockets or allosteric 

sites,148–150 which provide a valuable new venue for the development of small 

molecule allosteric Ras inhibitors. Based on this notion, Grant et al.
151 collected a 

comprehensive ensemble of Ras to account for conformational heterogeneity. This 

ensemble includes Ras crystallographic structures and additional conformers derived 

from MD simulations. Three different approaches for the identification of potential 

binding sites, including fragment, grid, and ligand based binding-site mapping 

methods, were subsequently performed on the ensemble of Ras structures. These 

identified four non-nucleotide binding pockets from the available Ras structures and 

MD conformers. Remarkably, one of the four pockets locates in the allosteric lobe of 

Ras encased by the C-terminal helix α5, loop 7, and loop 9 (Fig. 8A and Fig. 8B), 

which is the most distal to the active site with a distance of approximately 25 Å. This 

pocket is conserved in all ensemble conformers. Virtual screening against this novel 

binding site using compounds from the NCIDS II and Zinc drugs-now subset was 

carried out and 19 ligands were chosen as promising leads after Lipinski-filtering of 
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the initial hits, which were further evaluated by experimental testing. Cell-based 

extracellular signal regulated kinase 1/2 (ERK1/2) phosphorylation assays showed 

that candidate inhibitors are able to inhibit the downstream signaling activity of Ras. 

However, this computationally identified allosteric site on the Ras C-terminal is 

needed to be validated by X-ray crystallography to make this site a viable target 

serving as a starting point for the development of small molecule allosteric Ras 

inhibitors. 

31P NMR and X-ray crystallographic data from Shima et al.,69–71 together with 

MD simulations from our group,152 showed that GppNHp-bound H-Ras in solution 

contains two interconverting conformations, “inactive” state 1 and “active” state 2; 

the former has a weak binding affinity for effector proteins, while the latter has a 

strong binding affinity for effector proteins.68,153 31P NMR spectroscopy revealed that 

the conformational ensemble of GppNHp-bound H-Ras in solution shifts towards the 

weak binding state 1 upon binding of Zn2+–1,4,7,10-tetraazacyclodecane (Zn2+–cyclen, 

2) (Fig. 9A) or Cu2+–cyclen (3) (Fig. 9B) to H-Ras.74,154 Comparisons of NMR CSPs 

of H-Ras in the presence and absence of Zn2+/Cu2+–cyclen suggested the existence of 

two distinct binding sites for Zn2+/Cu2+–cyclen on the surface of H-Ras.74 The first 

binding site (binding site 1) is adjacent to the γ-phosphate of the GppNHp and the 

major differences of the CSPs for backbone amines occur mostly for residues in the 

P-loop (Gly13), switch I (Tyr32) and switch II (Ala59, Gly60, and Gln61) regions. 

The second binding site (binding site 2) is formed by residues from the negatively 

charged loop 7 (Asp105, Ser106, Asp107, Asp108, Val109, and Met111) and the 
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C-terminal helix α5 (Glu162, Gln165, and His166). The determination of the crystal 

structure of H-Ras–GppNHp in complex with Zn2+–cyclen (PDB ID 3L8Y) showed 

that Zn2+–cyclen can be detected only at binding site 2 (Fig. 9C), which is located in 

proximity to loop 7 and the C-terminal helix α5. To confirm the stabilization of the 

weak binding state 1 of the active GTP-bound H-Ras by the transition metal-cyclen 

complexes, the effect of Zn2+– or Cu2+–cyclen on the binding affinity between 

GppNHp-bound H-Ras and Raf-RBD was assessed by using ITC. The measurements 

showed that the binding affinity between GppNHp-bound H-Ras and Raf-RBD 

decreased significantly in the presence of Zn2+– or Cu2+–cyclen.74,155 This result 

suggested that Zn2+– or Cu2+–cyclen binds especially to the conformational state 1 of 

active GTP-bound Ras and thereby results in population shift of the conformational 

ensemble of GTP-bound Ras towards the weak binding state 1. In fact, aside from 

transition metal-cyclen complexes, 31P NMR showed that Zn2+–bis(2-picolyl)amine 

(Zn2+–BPA, 4) (Fig. 9D) can also bind to the weak binding state 1 of GppNHp-bound 

H-Ras and subsequently shifts the conformational ensemble of GppNHp-bound 

H-Ras towards this state.75 

4.3 Switch II pocket (S-IIP) 

Based on the oncogenic G12C K-Ras4B mutant that introduces a cysteine 

residue in the P-loop, Ostrem et al.
76 used protein MS to screen a library of 480 

disulfide-containing small molecule compounds against G12C K-Ras4B–GDP. Two 

fragments, 6H05 (5) and 2E07 (6) (Fig. 10), were identified to significantly modify 

G12C K-Ras4B–GDP, leaving WT K-Ras4B–GDP unaffected. In order to improve 
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the binding affinity, the structure of fragment 6H05 was modified, resulting in 

identification of compound 7 (Fig. 10), which showed a 4.2-fold higher potency 

compared to unmodified fragment 6H05. To uncover the structural details of the 

binding between compound 7 and G12C K-Ras4B, the X-ray structure of G12C 

K-Ras4B–GDP in complex with compound 7 was determined (PDB ID 4LUC). 

Unlike the SML compound that binds to the active site of K-Ras and covalently 

modifies G12C K-Ras, compound 7 does not bind to the active site but extends from 

Cys12 into an adjacent pocket that is opposite to the active site (Fig. 11A and Fig. 

11B). This pocket, named the switch II pocket (S-IIP), is formed by residues from the 

central strand β1, the switch II region, and helix α3. However, S-IIP is composed 

largely from the switch II region, particularly the helix α2. To examine the impact of 

the binding of compound 7 on the conformation of K-Ras4BG12C–GDP, the crystal 

structures of K-Ras4BG12C–GDP–7 and K-Ras4BG12C–GDP were compared. As shown 

in Fig. 11C, in the structure of K-Ras4BG12C–GDP (PDB ID 4L9S), the N-terminus 

(residues 61-67) of the switch II region is disordered. However, after compound 7 

binding to S-IIP, the N-terminus of the switch II region becomes ordered and the 

electron density is clearly visible. This observation suggests that binding of compound 

7 to K-Ras4BG12C–GDP contributes to ordering the switch II region. To further reveal 

the origin of S-IIP, backbone superimposition of the crystal structures of 

K-Ras4BG12C–GppNHp (PDB ID 4L9W) and K-Ras4BG12C–GDP onto that of 

K-Ras4BG12C–GDP–7 was performed. As shown in Fig. 11D, arguably the most 

significant feature is that the position occupied by helix α2 from the switch II region 
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in the structure of K-Ras4BG12C–GDP–7 is between those in the structures of 

K-Ras4BG12C–GppNHp and K-Ras4BG12C–GDP. Moreover, the N-terminus of the 

switch II region in the structure K-Ras4BG12C–GppNHp has a steric conflict with 

compound 7, which implies that S-IIP does not exist in the structure of 

K-Ras4BG12C–GppNHp. In the structure of K-Ras4BG12C–GDP helix α2 is displaced 

outward with respect to that in the structure of K-Ras4BG12C–GDP–7. In fact, its 

position in the structure of K-Ras4BG12C–GDP is similar to that of K-Ras4BWT–GDP 

(PDB ID 4LPK) (Fig. 11E). On the basis of these observations, S-IIP may be in the 

conformational reaction path of Ras during the GTP-to-GDP hydrolysis. In addition to 

disulfide-based compounds, the authors attempted to use carbon-based electrophiles, 

vinyl sulphonamides (8, Fig. 10) and acrylamides (9 and 10, Fig. 10) to covalently 

modify the C12 of K-Ras4BG12C–GDP. Similar to the compound 7 bound to S-IIP, the 

determination of co-crystal structures between K-Ras4BG12C–GDP and compounds 8 

(PDB ID 4LYF) and 9 (PDB ID 4M21) showed that both compounds 8 and 9 bind to 

the same pocket (Figs. 11E-11I). Plate-based assay was performed to determine the 

relative affinity of K-Ras4BG12C for GDP or GTP in the presence of S-IIP binding 

compounds. The results showed that binding of these inhibitors to K-Ras4BG12C shifts 

the relative nucleotide affinities of Ras to prefer GDP over GTP, which leads to the 

accumulation of K-Ras4BG12C in its inactive state. 

Recently, based on the compound 10, Patricelli et al.,77 performed iterative 

structure-based design of covalent K-Ras4BG12C inhibitors. Linker modification of 

compound 10 identified ARS-109 (11, Fig. 10). Further structural modification of 
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ARS-109 identified the most potent compound, ARS-853 (12, Fig. 10), which shows 

an IC50 of 1.6 µM for K-Ras4BG12C and a more than 600-fold improvement against 

compound 10. The determination of the co-crystal structure of K-Ras4BG12C–GDP in 

complex with ARS-853 (PDB ID 5F2E) confirmed that ARS-853 covalently labels 

Cys12 and occupies the previously characterized S-IIP (Fig. 12A and Fig. 12B). 

Compared to the structures of K-Ras4BG12C–GDP in complex with corresponding 

compounds 7-9, binding of ARS-853 to the S-IIP leads to a marked rotation of helix 

α2 (Figure 12C). Biochemical assays revealed that ARS-853 interacts selectively with 

K-Ras4BG12C–GDP, but not with K-Ras4BG12C–GTP, consistent with compounds 7-9. 

To more precisely unveil the mechanism of K-Ras4BG12C inhibition by ARS-853, Lito 

et al.
78

 performed thermal stability assays using differential scanning fluorimetry. The 

results suggest that ARS-853 preferentially binds to inactive, GDP-bound 

K-Ras4BG12C, in agreement with the structural and biochemical data of Patricelli and 

co-workers.77 The cellular effects of ARS-853 on Ras-mediated signaling in cells 

were further explored. Both groups showed that ARS-853 is capable of inhibiting 

downstream signaling of K-Ras4BG12C,77,78 including C-Raf, ERK and Akt. 

Surprisingly, cell-based assays by Lito et al.78 found that GTPase activity is required 

for ARS-853 to interact with and inhibit K-Ras4BG12C, which contradicts the 

previously long-held view that mutated Ras proteins persist in the active, GTP-bound 

form, leading to a sustained oncogenic signal.25,156,157 Collectively, these data suggest 

that targeting the allosteric site, S-IIP, to stabilize the inactive, GDP-bound RasG12C 

provides a framework for generating new anti-Ras therapeutics.158 
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4.4 Helix α1, switch I, and strand β2 

Large-scale MD simulations of K-Ras4BQ61H–GTP found that the conformational 

ensemble of K-Ras4BQ61H–GTP contained active GTP-, intermediate GTP-, inactive 

GDP-bound, and nucleotide-free states.159 Rational design of small molecule 

inhibitors that especially interact with the inactive states of GTP-bound Ras and shift 

the conformational ensemble towards the inactive states can inhibit Ras signaling. 

Based on this notion, Hocker et al.
160 docked andrographolide (AGP, 13)–a bicyclic 

diterpenoid lactone–and its benzylidene derivatives (SRJ09 (14), SRJ10 (15), and 

SRJ23 (16)) (Fig. 13) to an ensemble of 75 structures. Three major pockets were 

observed for binding of these ligands: p1, p2, and p3. Pocket 1 (p1) is lined by the 

switch I region, strand β2, and several residues in helix α1; pocket 2 (p2) contains 

residues from the core β1 and β2, part of the effector loop, and the switch II region; 

pocket 3 (p3) includes helix α5 and the N-terminal and preceding loop residues of 

stands β5 and β6. Neither pocket overlaps the nucleotide-binding site. To test the 

stability of the binding of ligands to these distinct pockets, MD simulations of 

K-Ras4B–GTP in complex with SRJ23 were performed. The results showed that p1 is 

the preferred pocket for the SRJ23 (Fig. 14). Subsequently, in vitro assays 

demonstrated that SRJ compounds bind to Ras and prevent GTP loading. This effect 

blocked GDP–GTP exchange in live cells and inhibited cancer cell growth. Although 

the p1 represents a potential allosteric site for SRJ compounds binding, this 

computationally determined pocket is still required to be validated by X-ray 

crystallography or NMR experiments. 
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5 Isoform-specific inhibition of Ras dimers 

Ras can form dimers.116,118,161–165 Dimerization via the helical interface is critical 

for Raf’s dimerization and activation.116 Recent computational and experimental 

studies on the B-Raf kinase indicate that phosphorylation of the N-terminal acidic 

(NtA) motif promotes B-Raf dimerization as a result of the formation of several 

interprotomer salt bridges between the NtA motif of one of the protomers and the 

positively charged C-terminal end of the αC-helix of the other protomer. These 

revealed the asymmetric transactivation mechanism of Raf kinases.166,167 The Ras 

dimer interface appears highly dynamic.114 Recently, we have shown that as expected, 

Ras self-association is dynamic and can involve multiple interfaces;114 however, 

importantly, the interfaces are isoform selective: H-Ras dimer interface differs from 

the K-Ras4B dimer interface. This reflects the composition and environment of the 

isoforms. Altered membrane microdomain composition and organization can further 

drive formation of isoform-specific Ras dimers. Oncogenic mutations may also 

redistribute the dimers’ ensemble resulting in different interfaces preferentially 

occupied at the membrane. Currently, data increasingly support Ras dimerization and 

higher oligomerization which would and promote Raf’s activation thus contribute to 

increased signaling output.117,168–170 Thus, even though proximal monomeric Ras can 

activate Raf, its dimerization enhances downstream signaling, likely reflecting the 

higher degrees of freedom of the membrane-associate monomer, thus lower 

efficiently.  
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Oncogenic Ras isoforms are differentially expressed across different cancer 

types.89 The additional different landscapes of the dimeric states among the isoforms 

raise the possibility of isoform-specific drug development.114 Nonetheless, noteworthy, 

all dimeric states exist for the different isoforms; only their distributions vary.  

 

6 Inhibition of Ras by targeting Ras–effector protein-protein 

interfaces 

The diverse cellular processes initiated by Ras proteins are mediated by their 

downstream effector proteins.171 Currently, more than 10 distinct Ras effector proteins 

have been identified,14 including the most prominent and best characterized Raf 

kinase, PI3K, and RalGDS, as well as Ras and Rab interactor 1 (RIN1), T-cell 

lymphoma invasion and metastasis-inducing protein (TIAM), Af6, Novel Ras effector 

1A (NORE1A), Bry2 kinase, phospholipase C (PLC), and growth factor receptor 14 

(Grb14). These effector proteins exclusively interact with the active, GTP-bound Ras 

to trigger different downstream signaling cascades.172,173 To date, several crystal 

structures of Ras in complex with Ras effector proteins in the GppNHp-bound states 

have been determined. However, in these Ras–effector complexes, the H-Ras isoform, 

as a prototype in studies of Ras biology, was the only one reported. The solved crystal 

structures of H-Ras complexed with Ras effector proteins include Raf (PDB ID 

4G0N),121 PI3Kγ (PDB ID 1HE8),122 RalGDS (PDB ID 1LFD),174 NORE1A (PDB ID 

3DDC),175 PLCε (PDB ID 2C5L),176 Grb14 (PDB ID 4K81),177 and Bry2 (PDB ID 

1K8R).178 Representative structures of H-Ras–effector complexes are shown in Fig. 
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15. Structural analysis of these complexes reveals that the mode of interaction is 

highly similar for all Ras effector proteins. These effector proteins associate with the 

catalytic domain of H-Ras through a conserved structural domain (RBD). Analysis of 

binding interfaces between H-Ras and Ras effector proteins shows that the major 

contributions to the interaction from effector proteins are derived from the strand β2 

of RBD, while the effector-binding region from H-Ras depends on the types of Ras 

effector proteins. In the H-Ras–Raf-RBD complexes, strand β2 and the switch I 

region of H-Ras interact mainly with the strand β2 of Raf-RBD. For the remaining 

H-Ras–effector complexes, aside from strand β2 and the switch I region, the switch II 

region of H-Ras is involved in the interaction.  

Taking into account the fact that Ras proteins interact with downstream effector 

proteins through protein-protein interactions (PPIs), targeting Ras–effector PPIs gains 

new momentum with the design of inhibitors bound to the effector-binding region of 

Ras to block their interaction with downstream effector proteins.179–185 This effect 

results in growth inhibition and apoptosis of cancer cells. Because of the large 

interface area of Ras–effector PPIs and the relatively flat PPI interfaces, it is highly 

challenging to design small molecule inhibitors bound to PPI interfaces. Alternatively, 

designed peptides with relatively large sizes have the potential to occupy the flat 

protein surfaces. To date, several peptide mimetics and cyclic peptides were 

developed to occupy the effector-binding region of Ras,186–190 thereby inhibiting Ras 

signaling. These cyclic peptides specifically blocked Ras–Raf PPIs. 

Recently, Athuluri-Divakar and co-workers, for the first time, identified a 
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small-molecule inhibitor, rigosertib (RGS, 17) (Fig. 16), which interacts with the 

RBDs of a number of Ras effector proteins.79 RGS, a styrylbenzyl sulfone, is in phase 

III clinical trials for myelodysplastic syndrome.191 RGS was attached to a biotin; this 

RGS–biotin conjugate acts as an affinity matrix to identify a series of RGS-binding 

proteins, including A-Raf, B-Raf, c-Raf, Hsp27, Hsp73, and FUBP3.79 Differential 

scanning fluorimetry and western analysis of c-Raf–RGS interaction validated RGS 

binding especially to c-Raf-RBD; not to c-Raf kinase domain. Microscale 

thermophoretic analysis of RGS association with c-Raf-RBD and B-Raf-RDB showed 

that RGS interacts with both RBDs of c-Raf and B-Raf strongly, with Kd values of 

0.71 nM and 0.18 nM, respectively. In addition to Raf family proteins, the authors 

also found that RGS can bind to the RBDs of RalGDS and four class I PI3Ks (PI3Kα, 

PI3Kβ, PI3Kγ, and PI3Kδ), suggesting that RGS is a general inhibitor bound to the 

RBDs of Ras effector proteins. The determination of the solution structure of 

B-Raf-RBD–RGS complex ascertained that RGS is bound to strands β1 and β2 and 

helix α1 of Raf-RBD, at the same location to which the switch I region of Ras binds, 

indicating that RGS binding to Raf can interfere with Ras–Raf interaction. 

Biochemical analysis further revealed that addition of RGS to HeLa cells inhibits the 

heterodimerization of c-Raf/B-Raf, thereby inhibiting the activation of MEK/ERK 

pathway. In vivo efficacy studies based on xenograft models of colorectal, lung, and 

pancreatic cancers, displayed that treatment of RGS significantly inhibits 

Ras-mediated transformation and tumor growth. Moreover, the phosphorylation levels 

of ERK and Akt decreased markedly in response to RGS treatment, indicating that 
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RGS treatment impairs Ras-mediated signaling. Cumulatively, these data suggest the 

feasibility of RGS in the treatment of RAS-driven cancers. 

 

7 K-Ras4B/calmodulin/PI3Kα complexes as a potential new 

adenocarcinoma-specific drug target 

Calcium-bound calmodulin (CaM/Ca2+) is established to bind only to K-Ras4B; 

however, recent data suggest that it may also bind to farnesylated but depalmitoylated 

K-Ras4A.89 It does not bind to the H-Ras or N-Ras isoforms. Binding takes place 

through the involvement of the highly positively charged, farnesylated HVR, uniquely 

present in the K-Ras isoform.192 Binding of CaM can promote KRAS-driven cancers. 

Due to its importance as a target in drug discovery determining the structure of the 

K-Ras4B/CaM complex has been a long sought-out aim; however, crystallography or 

NMR of the complex has proven challenging, likely due to its flexibility. The many 

lysine residues on the K-Ras4B HVR and the negatively charged CaM linker suggest 

that the HVR–CaM interaction can take place in several ways. In addition, even 

though the interaction between the farnesylated HVR and CaM is likely to be tight, 

the inherent fluctuations of the HVR with respect to the catalytic domain coupled with 

the apparently weak interactions between CaM and the K-Ras4B catalytic domain and 

the likelihood that several CaM–catalytic domain interaction states may be involved 

compound the difficulties. Based on our mechanistic view of how CaM/Ca2+ acts to 

promote adenocarcinomas – through full activation of PI3Kα in KRAS-driven cancers 

– we proposed that it forms a K-Ras4B/CaM/PI3Kα complex.94,193 We reasoned that 
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under normal physiological signaling, receptor tyrosine kinase (RTK) collaborates 

with K-Ras in recruiting and activating PI3K at the membrane. In contrast, oncogenic 

constitutive K-Ras4B signaling proceeds in the absence of a stimulated RTK. Under 

these circumstances, CaM substitutes for the RTK’s role. CaM/Ca2+ recruit PI3Kα to 

the membrane and promote oncogenic GTP-bound K-Ras4B activation of PI3Kα. 

Orthosteric or allosteric blocking the CaM/PI3Kα binding in an oncogenic 

K-Ras4B/CaM/PI3Kα complex could be adenocarcinoma-specific – thus with 

tolerable toxicity – therapeutic strategy. 

This concept provides a plausible new target. Its main advantage is 

adenocarcinoma specificity. Even though the modeled trimer does not permit detailed 

suggestions for drug discovery, it does suggest focusing on the tighter interface 

between CaM and the cSH2 domain of the p85 subunit of PI3Kα in the trimer 

K-Ras4B/CaM/PI3Kα which acts to activate PI3Kα. CaM might also interact with the 

nSH2 domain, which would relieve nSH2’s autoinhibitory action on the p110 catalytic 

domain of PI3K; however targeting the nSH2 surface may activate PI3Kα rather than 

blocking it.  

 

8 Targeting Ras with siRNA 

The exploration of small interfering RNA (siRNA)-based RNA interference 

(RNAi) for cancer gene therapy has gained increasing attention because it can silence 

cancer targets that otherwise may not be effectively inhibited by means of 

conventional approaches, like the “undruggable oncogenic Ras proteins.194–196 RNAi 
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is involved in sequence-specific post-transcriptional gene silencing conferred by a 

double-stranded siRNA with a sequence complementary to the target gene. A major 

concern in the development of RNAi therapy is the feasibility of using efficient 

carriers for delivering siRNAs through the cell membranes. Recently, based on a 

synthetic nanoparticles that deliver single siRNA KRas or combined siRNAs KRas 

and PI3K to KRas tumor xenografts, Yuan et al.
194 revealed that 

nanoparticle-mediated delivery of siKRAS to KRAS-mutant tumors impaired tumor 

growth; however, combination of siRNAs K-Ras and PI3K increased efficacy. 

Consistently, based on a polymer-based 7C1 nanoparticle, Xue et al.
197

 showed that 

combination of siRNAs targeting miR-34a, a p53-regulated tumor suppressor miRNA, 

and KRas impaired KRAS-driven lung adenocarcinomas in vivo. Using different 

delivery systems, such as cationic poly(lactic acid)-based degradable nanocapsules 

and miniature biodegradable polymeric matrix, Lin et al.
198 and Khvalevsky et al.

199
 

unveiled that siRNA KRasG12D inhibited tumor growth in pancreatic cancer cells. 

Bäumer et al.
200 observed that anti-EGFR antibody-mediated delivery of siRNA KRas 

significantly inhibited tumor growth and overcame therapy resistance in colon cancer 

in xenograft mouse models. Together, these studies suggest that siRNA strategies 

provide an alternative approach to direct targeting of Ras. 

 

9 Drug resistance 

Drug resistance mechanisms vary. They reflect the hallmarks of cancer.201,202 The 

eight hallmarks underlie the organizing principle that helps in understanding the 
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complexity cancer. The hallmarks include sustaining proliferative signaling, evading 

growth suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, and activating invasion and metastasis. The genome instability foments 

multiple hallmark functions that dominate drug resistance mechanisms. Broadly, these 

mechanisms include mechanisms through which the pharmacological actions can fail, 

such as increased rates of drug efflux, e.g. through cell membrane transporter 

proteins,203–205 DNA damage repair or cell death, which can induce cell cycle 

arrest,206,207 alterations in the tumor microenviroment
208,209 and in drug metabolism e.g. 

via oxidative stress210,211, emergence of cancer stem cells which can display higher 

levels of drug efflux proteins, anti-apoptotic proteins, and DNA damage repair212–215 

and mutations of drug targets, as in the case of B-Raf and EGFR,211–214  and cell death 

inhibition
205,211,216,217 Therapeutic strategies aim to halt proliferative signaling and 

enhance growth suppressors; promote cell death and prevent the hallmark of replicative 

immortality, suppress cancer cell angiogenesis, which may relate to nutrition, and 

inactivate invasion and metastasis.  

 

10 Inhibiting parallel pathways in tumor initiation 

Drug resistance via signaling, can take place by mutations downstream of an 

inhibited pathway; it also often takes place through mutations that result in parallel 

pathways taking over.218 This mode of drug resistance is common and challenging and 

raises the question whether we can we predict a priori which parallel pathways – and 

proteins within these – would be involved in RAS-driven cancers. Sustaining 

Page 37 of 94 Chemical Society Reviews



 38

proliferative growth is a fundamental hallmark of cancer201,202 and thus of drug 

resistance.211,219 An ability to forecast these – which could lead to multi-component 

prophylactic treatments – is of vast importance. This challenge requires insight into 

cellular signaling mechanisms to figure out which independent pathways eventually 

fulfil the same – i.e. corresponding – roles in cell cycle control in tumor initiation. 

Based on the available literature, recently we proposed that there are two independent 

pathways in tumor initiation:220 the first involves two K-Ras pathways, MAPK and 

PI3K. The second involves the pathways leading to the expression (or activation) of 

YAP1 and c-Myc. YAP1 is regulated by the Hippo pathway; c-Myc by a number of 

pathways, including Wnt (β-catenin), Notch, Hedgehog, the eukaryotic translation 

initiation factor 4E (eIF4E)221–224 and more. YAP1 and ERK (in the MAPK pathway), 

and β-catenin and PI3K/Akt, accomplish similar roles in cell cycle control despite the 

fact that they are stimulated by different cues: cell-cell contact/mechanical strain and 

growth factor/hormone signaling.221,225,226 Thus, even though different types of events 

differentially turn on signaling through the Hippo, Wnt, MAPK, and PI3K pathways, 

their functions in cell cycle control and tumor initiation are analogous. This can explain 

how YAP1 rescues K-Ras or B-Raf ablation,227,228 and why drug resistance to PI3Kα 

inhibitors can involve overexpression/activation of β-catenin.229 It can also explain the 

clinical data of the increase in aggressiveness of lung tumors when both oncogenic 

K-Ras and β-catenin signaling take place. Overexpression/activation of YAP1 and 

β-catenin (or broadly c-Myc) is able to rescue tumor cells in Ras drug resistance, 

because they act consecutively in the G1 (Gap 1) phase through the S (Synthesis) cell 
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cycle restriction point analogous to MAPK/ERK and PI3K/Akt. Together, this 

mechanistic insight may pave the road to pathway-based drug discovery. The 

implications of this proposition are powerful. They suggest that to avert drug resistance 

in KRAS-driven cancer initiation,230,231 pathways that control the same cell cycle action 

and their four combinations (MAPK + PI3K; YAP1 + β-catenin; MAPK + β-catenin; 

PI3K + YAP1) should be prophylactically co-targeted. A single combination can result 

in cell cycle dysregulation, thus sustaining proliferative signaling. When trying various 

combinations these could account for their corresponding functions in the cell. This 

might open new horizons in drug regimes. The strategy that we have outlined here the 

four equivalent combinations of the two pathways through which drug resistance can 

emerge may provide blueprints toward this challenging aim.   

 

11 Conclusions and perspectives 

The critical role of Ras in a broad spectrum of cancers and the current lack of an 

effective drug has challenged the scientific and pharma community to tackle 

RAS-driven cancers. To come up with therapeutic strategies, we, as a community, 

need to understand Ras structural biology and its complex signaling behavior. 

All Ras proteins are typically small GTPases, which are devoid of evident pockets 

on their catalytic domains in which small molecules can bind. They also have high 

affinities for their GDP and GTP substrates. Together, these obstacles underscore the 

difficulties in direct Ras attack. To date, only several GDP analogs covalently modify 

the G12C Ras at the active site. The catalytic domains of all isoforms are highly 
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homologous. However, the C-terminal HVRs of Ras are disordered and their 

sequences and charge properties are significantly different. NMR spectroscopy and 

MD simulations revealed that the HVR is autoinhibited by shielding the effector 

binding site in the GDP-bound K-Ras4B and is released upon GTP binding and in 

response to certain oncogenic mutations. However, the structural and dynamic 

characteristics of the HVR in K-Ras4B are not shared by K-Ras4A, H-Ras, and N-Ras, 

suggesting that autoinhibition is a unique feature of K-Ras4B. Moreover, the 

orientations of the catalytic domain of Ras with respect to the membrane surface are 

also distinct between Ras isoforms. Because of the dynamic differences of the HVR 

between oncogenic and WT Ras as well as between Ras isoforms, it may be possible 

to design small molecule inhibitors or antibodies that preferentially target an 

oncogenic Ras mutant and a specific Ras isoform. For example, an antibody fragment, 

iDab#6, can identify the full-length H-Ras–GTP with oncogenic mutations at Gly12 

or Gln61.102 

Ras is an allosteric enzyme. Allosteric inhibition is the preferred option to achieve 

enhanced selectivity or reduced toxicity.232 Accumulating evidence indicates an allosteric 

communication between the Ras active site and its membrane-facing surface and 

existence of multiple conformational substates [Ras-GTP state 1 (inactive state) and 

Ras-GTP state 2 (active state)].130,135 These observations may open new possibilities of 

inhibiting Ras activity and provide clues into Ras potential druggability. Thus far, four 

allosteric ligand binding sites on Ras have been identified by the discovery of a number 

of allosteric Ras binders, which were further confirmed by NMR or X-ray crystal 
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structures of Ras in complex with small-molecule ligands. Two of the four pockets are 

located near the functional switch regions and the remaining two pockets are located 

between loop 7, loop 9 and helix 5 as well as loop 7 and helix 3, helix 4. Most 

importantly, the discovery of an allosteric S-II pocket in proximity to the switch II region 

has greatly encouraged the Ras community. Small molecule inhibitors target G12C 

K-Ras selectively without any effect on the WT form and have the potential to advance 

as clinical candidates. 

PPIs are of prime importance for all biological processes. Signaling is conveyed 

through PPIs, pathways and pathway cross talk, traveling across the entire cellular 

network.181,233–235 The unique PPI network in a pathway defines signaling specificity, 

thus precise functional control.236–238 Despite the challenge in targeting PPIs, however, 

new strategies and successes as in the cases of p53, HIV-1, and Bcl-2 family have 

increasingly strengthened the notion that PPI interfaces can provide potential pockets 

for compound binding.239–242 Ras proteins interact with their downstream protein 

effectors and can form Ras–Ras dimers, providing an excellent example. The recent 

discovery of the promising small molecule RGS inhibitor as a Ras-mimetic to inhibit 

Ras signaling opens a new horizon for the future of PPI drug discovery based on 

Ras–effector protein-protein interfaces.79 Additionally, our recent identification of the 

two interfaces of K-Ras4B dimers, a β-sheet and α-helical, indicates that the helical 

interface may be an additional new drug target.116 Disruption of Ras–Ras dimers by 

targeting this helical interface would inhibit Ras dimerization and thus downregulate 

Raf activation and MAPK signaling. 
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A key aim in drug discovery is to obtain isoform-specific drugs. Achieving this aim 

would lessen toxicity. None of the drugs designed to date targets a specific isoform. This 

is because the sequences and structures of the catalytic domains of the isoforms are 

highly similar. Even though their HVR sequences are highly variable and flexible, their 

apparent lack of specificity argues against serving as direct targets. The distinct features 

of the HVR involve their overall charge, which plays a role in their lipid 

post-translational modifications and membrane attachment preferences. The farnesyl is 

present in all isoforms, which is not the case for the palmitoyl, which is absent in the 

most oncogenic isoform, K-Ras4B. Thus, to date, efforts focused on inhibiting 

farnesylation. This however resulted in setbacks: toxicity (farnesyl transferase 

farnesylates additional proteins) and the taking over by geranylgeranylation. Recently, 

we proposed that CaM acts specifically in full activation of PI3Kα in KRAS4B-driven 

cancers, but not in H-Ras or N-Ras cancers, suggesting that a trimer could be an 

attractive drug target for KRAS4B-driven cancers. However, a crystal structure or high 

resolution electron microscopy or at the very least more rigorous modeling of the 

K-Ras4B/CaM/PI3Kα trimer should be determined in order to illuminate the details of 

the possible interface where a drug can target. 

Notwithstanding, whichever drugs are designed and deployed unfortunately it can 

be expected that drug resistance will develop. The idea of drug combinations is not new. 

The key – and to date still unsolved – question is which type of combinations to select. 

The combinations can target the same protein, other proteins in the same pathway or 

proteins in different pathways. The latter may well be the most challenging because it 
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requires biological insight into which pathways compensate each other in cell 

proliferation and growth. To avert drug resistance in RAS-driven cancers, we propose 

that efforts should particularly focus on the Hippo/Wnt pathways and the proteins that 

they regulate, correspondingly YAP1 and β-catenin, and their independent and 

corresponding major Ras pathways, MAPK and PI3K/Akt. Constructing libraries of 

combinations of such drugs appears a meritorious and significant aim. We believe that 

charting the complete signaling map of independent core pathways, initiating from cell 

surface receptors, down to the respective cell cycle actions and the activated 

transcription factors – should be a major aim in cancer biology and pharmaceutics. The 

current pathway diagrams do not allow such in-depth understanding.  

In summary, we expect that increasingly, comprehensive mechanistic, signaling 

structural, biochemical and clinical data in Ras-focused research will provide valuable 

venues toward drugging Ras – and no less important for longer-term success – overcome 

drug resistance. 
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Figure Legends 

Fig. 1: Multiple sequence alignment of the amino acids in the H-Ras, N-Ras, 

K-Ras4A, and K-Ras4B. In the sequence, hydrophobic, polar/glycine, positively 

charged, and negatively charged residues are colored black, green, blue, and red, 

respectively. The non-identity of residues in the alignment is indicated by red circles. 

In the hypervariable region (HVR) sequences, the purple boxes denote the 

palmiltoylated cysteines and orange boxes indicate the farnesylated cysteines. A 

distinguishing feature of the HVR of K-Ras4B is bearing a polybasic stretch that is 

highlighted by a red box. Modified with permission from ref 193. Copyright 2016 

Informa Healthcare. 

 

Fig. 2: Cartoon and surface representations of the models 1 (A) and 2 (B) of 

full-length GTP-bound K-Ras4B and the models 1 (C) and 2 (D) of full-length 

GDP-bound K-Ras4B. The catalytic domain, HVR, switch I and switch II regions are 

colored in gray, cyan, pink, and blue, respectively. GTP/GDP and Mg2+ are depicted 

by stick and sphere models, respectively. Modified with permission from ref 129. 

Copyright 2016 American Chemical Society. 

 

 

Fig. 3: Cartoon (A) and surface (B) representations of the crystal structure of the 
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H-RasG12V–GTP–anti-Ras single domain complex (PDB ID 2UZI). H-RasG12V–GTP is 

shown in gray, the switch I region in pink, and the switch II region in blue. The 

variable heavy (VH) chain and the variable light (VL) chain domains of anti-Ras 

intrabody are shown in limon and lime, respectively. GTP is depicted by stick models. 

The effector-binding region is shown by a dashed circle on the H-Ras protein. 

 

Fig. 4: Snapshots representing the K-Ras4B–membrane interactions with the anionic 

lipid bilayer composed of DOPC:DOPS (mole ratio 4:1) for the (A) GDP-bound and 

(B) GTP-bound states. Cartoons for the catalytic domains are shown in green and pink 

for the GDP-bound and GTP-bound states, respectively. The HVR in the tube 

representation is colored in blue, and the farnesyl as a stick is colored yellow. In the 

catalytic domain, the red sticks and green spheres represent the nucleotide and Mg2+ 

ions, respectively. For the lipid bilayer, white surface denotes DOPC and gray surface 

represent DOPS. In the GDP-bound state, the HVR autoinhibition can be observed in 

configurations 1, 3, and 4, while the HVR is released from the effector lobe in 

configuration 2. In the GTP-bound state, the HVR still binds the effector lobe in 

configuration 2, retaining the autoinhibition state, while other configurations release 

the HVR from the catalytic domain. Configurations 3 and 4 of K-Ras4B-GDP are the 

most representative of the inactive K-Ras4B. Configurations 1 and 2 of 

K-Ras4B-GDP are also in the inactive state due to the inaccessibility of the 

Raf-binding effector region. Configurations 1, 3 and 4 of K-Ras4B-GTP are the most 

representative of the active K-Ras4B, while configuration 2 of K-Ras4B-GTP behaves 
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like the inactive GDP-bound state, showing inaccessible Raf-binding effector region. 

Modified with permission from ref 67. Copyright 2015 The American Society for 

Biochemistry and Molecular Biology. 

 

Fig. 5: (A) Cartoon representation of the crystal structure of GDP-bound G12C K-Ras 

(PDB ID 4LDJ). The P-loop, switch I, and switch II regions are colored lime, pink, 

and blue, respectively. GDP and Cys12 are depicted by stick models and Mg2+ by a 

green sphere. (B) Chemical structure of a GDP analog, SML-8-73-1 (SML, 1). (C) 

Cartoon representation of the crystal structure of SML-bound G12C K-Ras (PDB ID 

4NMM). (D) Backbone superimposition of the crystal structures of GDP-bound WT 

(PDB ID 4OBE, cyan) and G12C K-Ras (pink) onto that of SML-bound G12C Ras 

(orange). 

 

Fig. 6: (A) Backbone superimposition of the crystal structure of SML-bound G12C 

K-Ras (PDB ID 4NMM, lime) onto that of GppNHp-bound H-Ras (pink) in complex 

with RafRBD (light blue) (PDB ID 4G0N). The two enlarged figures show the 

different interactions between the switch I residues of K-RasG12C–SML, 

H-RasWT–GppNHp and RafRBD. In the H-Ras–GppNHp–RafRBD, residues Glu31 

and Asp33 of H-Ras form electrostatic interactions with residue Lys84 of RafRBD, 

and residues Glu37 and Asp38 of H-Ras form electrostatic interactions with residues 

Arg59, Arg67, and Arg89 of RafRBD. (B) Backbone superimposition of the crystal 

structure of SML-bound G12C K-Ras (lime) onto that of GppNHp-bound H-Ras 
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(pink) in complex with PI3Kγ (light blue) (PDB ID 1HEB). In the 

H-Ras–GppNHp–PI3Kγ, residues Asp33, Glu37, and Asp38 of H-Ras form 

electrostatic interactions with residues Lys251, Lys255, Gln231, and Lys223 of 

PI3Kγ. 

 

Fig. 7: (A) Cartoon representation of H-RasWT–GppNHp showing the binding of 

calcium acetate [Ca(OAc)2] in the allosteric site lined by helix α3, helix α4, and loop 

7 (PDB ID 3K8Y). (B) Backbone superimposition of the crystal structure of 

H-RasWT–GppNHp–Ca(OAc)2 (pink) onto that of H-RasWT–GppNHp–CaCl2 (PDB ID 

2RGE, light blue). (C) The active site of H-RasWT–GppNHp–Ca(OAc)2 showing 

Tyr32, Gln61, and the catalytic (W175) and bridging (W189) water molecules near 

the γ-phosphate. (D) Surface representation of H-RasWT–GppNHp–Ca(OAc)2 showing 

the Ca(OAc)2 binding site on the allosteric lobe of H-Ras. Ca(OAc)2 is depicted by 

spheres. 

 

Fig. 8: (A) Cartoon and (B) surface representations of GppNHp-bound H-Ras (PDB 

ID 5P21) showing the allosteric site on the allosteric lobe of H-Ras formed by the 

C-terminal helix α5 (red), loop 7 (pink), and loop 9 (blue). 

 

Fig. 9: Chemical structures of Zn2+–cyclen (2) (A) and Cu2+–cyclen (3) (B). (C) 

Surface representation of the crystal structure of GppNHp-bound H-Ras in complex 

with Zn2+–cyclen (PDB ID 3L8Y). The second binding site of Zn2+–cyclen is adjacent 
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to loop 7 and the C-terminal helix α5. GppNHp and cyclen are depicted by sticks and 

Zn2+ by a green sphere. (D) Chemical structure of Zn2+–BPA (4). 

 

Fig. 10: Chemical structures of 6H05 (5), 2E07 (6), compound 7, vinyl 

sulphonamides (8), acrylamides (9, 10), ARS-109 (11), and ARS-853 (12). Modified 

with permission from ref 129. Copyright 2016 American Chemical Society. 

 

Fig. 11: (A) Cartoon and (B) surface representations of K-Ras4BG12C–GDP–7 (PDB 

ID 4LUC) showing the compound 7 bound to the switch II pocket, S-IIP, formed by 

the central sheet β1, (cyan), switch II region (pink), and helix α3 (red). (C) Backbone 

superimposition of the crystal structure of K-Ras4BG12C–GDP (PDB ID 4L9S, cyan) 

onto that of K-Ras4BG12C–GDP–7 (pink). The N-terminal switch II region is 

disordered in the structure of K-Ras4BG12C–GDP. (D) Backbone superimposition of 

the crystal structures of K-Ras4BG12C–GppNHp (PDB ID 4L9W, orange) and 

K-Ras4BG12C–GDP (cyan) onto that of K-Ras4BG12C–GDP–7 (pink). (E) Backbone 

superimposition of the crystal structure of K-Ras4BWT–GDP (PDB ID 4LPK, purple) 

onto that of K-Ras4BG12C–GDP (cyan). (F) Cartoon and (G) surface representations of 

K-Ras4BG12C–GDP–8 (PDB ID 4LYF) showing the compound 8 bound to S-IIP. (H) 

Cartoon and (I) surface representations of K-Ras4BG12C–GDP–9 (PDB ID 4LYF) 

showing the compound 9 bound to S-IIP. 

 

Fig. 12: (A) Cartoon and (B) surface representations of K-Ras4BG12C–GDP–ARS-853 
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(PDB ID 5F2E) showing ARS-853 bound to S-IIP. (C) Backbone superimposition of 

the crystal structures of K-Ras4BG12C–GDP–7 (PDB ID 4LUS, pink), 

K-Ras4BG12C–GDP–8 (PDB ID 4LYF, orange), and K-Ras4BG12C–GDP–9 (PDB ID 

4M21, cyan) onto that of K-Ras4BG12C–GDP–ARS-853 (purple). 

 

Fig. 13: Chemical structures of andrographolide (AGP) (13) and its benzylidene 

derivatives SRJ09 (14), SRJ10 (15), and SRJ23 (16). 

 

Fig. 14: The location of pocket 1 (p1) of SRJ derivatives on the surface of the inactive 

state 1 crystal structure of H-RasT35S–GppNHp (PDB ID 3KKN). 

 

Fig. 15: Active, GTP-bound Ras interacts with downstream effector proteins. Most 

effector proteins interact with the effector-binding region or switch I region (dashed 

circle) on the protein through their Ras binding domains (RBDs) or Ras-associating 

(RA, also known as RBD) domains. RafRBD (pink, PDB ID: 4G0N), PI3Kγ (brown, 

PDB ID: 1HE8), RalGDS-RBD (olive, PDB ID 1LFD), PLCε-RBD (wheat, PDB ID: 

2C5L), NORE1A-RA (orange, PDB ID: 3DDC), Byr2RBD (palegreen, PDB ID: 

1K8R), and Grb14 (lightblue, PDB ID: 4K81) bind to the effector-binding region on 

H-Ras–GppNHp (cyan, PDB ID: 5P21). In the H-Ras–RalGDS complex, the crystal 

contains two molecules of each H-Ras and RalGDS-RBD in the asymmetric unit. 

 

Fig. 16: Chemical structure of rigosertib (RGS) (17). 
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Table 1: Current promising Ras inhibitors in various stages of development 

Inhibitor 
(company/academia) 

Structure Mechanism Phase 

Acrylamide 

University of California, San 

Fransico  

Allosteirc G12C K-Ras 

inhibitor 

(Disulfide-based tethering) 

Preclinical 

ARS-109 

University of Texas 

Southwestern Medical Center 

at Dallas  

Allosteirc G12C K-Ras 

inhibitor 

(Disulfide-based tethering) 

Preclinical 

ARS-853 

Memorial Sloan 

Kettering Cancer Center 

(New York); Wellspring 

Biosciences (La Jolla, 

California) 

 

Allosteirc G12C K-Ras 

inhibitor 

(Disulfide-based tethering) 

Preclinical 

SML-8-73-1 

University of Texas 

Southwestern Medical Center 

at Dallas 

 

Othosteric G12C K-Ras 

inhibitor 

(Disulfide-based tethering) 

Preclinical 

Rigosertib 

Icahn School of Medicine at 

Mount Sinai (New York) 

S

O

O
H

H

OCH3

OCH3

H3CO

NH

H3CO

HOOC

 

Inhibition of Ras–effector 

association 

Preclinical 

Andrographolide 

University of Texas Health 

Science Center (Houston, 

Texas) 

 

Allosteric K-Ras inhibitor; 

Inhibition of nucleotide 

exchange 

Preclinical 

Aminopiperidine indole 

Vanderbilt University 

 

Inhibition of nucleotide 

exchange 

Preclinical 

Maleimide 

AstraZeneca 

 

Inhibition of nucleotide 

exchange 

Preclinical 

Kobe0065 

Kobe University Graduate 

School of Medicine (Kobe, 

Japan) 

 

Stabilization of inactive 

Ras–GTP 

Preclinical 
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ML210 

Columbia University; 

Kyras Therapeutics 

 

Ras-selective lethal 

compound 

Preclinical; 

Phase I 

targeted in 

2018 

Deltarasin 

Max Planck Institute of 

Molecular Physiology, Lead 

Discovery Center 

(Dortmund) 

 

Inhibition of K-Ras 

localization; Small-molecule 

inhibitor of 

phosphodiesterase δ 

Preclinical 

Polyketides–FK506-binding 

proteins complex 

Warp Drive Bio; Sanofi 

 Inhibition of Ras–effector 

association 

Preclinical; 

Phase I 

targeted in 

2018 

Tipifarnib 

Janssen Pharmaceutica BV; 

Eiger BioPharmaceuticals 

Inc; Kura Oncology Inc 
 

Inhibition of Ras 

farnesylation 

Phase II 

GGTI-2418 

University of Pittsburgh; 

Prescient Therapeutics Ltd 

 

Inhibition of Ras 

farnesylation 

Phase I 

PRLX-93936 

Whitehead Institute for 

Biomedical Research; Rines 

Therapeutics Ltd 

 

Inhibition of Ras GTPase Phase I 

Monoterpene perillyl 

alcohol 

Hospital Universitario 

Antonio Pedro; NeOnc 

Technologies Inc 

 

Inhibition of Ras GTPase Phase II 

 

Page 78 of 94Chemical Society Reviews



  

 

 

� �Figure Legends Fig. 1: Multiple sequence alignment of the amino acids in the H-Ras, N-Ras, K-Ras4A, 
and K-Ras4B. In the sequence, hydrophobic, polar/glycine, positively charged, and negatively charged 

residues are colored black, green, blue, and red, respectively. The non-identity of residues in the alignment 
is indicated by red circles. In the hypervariable region (HVR) sequences, the purple boxes denote the 

palmiltoylated cysteines and orange boxes indicate the farnesylated cysteines. A distinguishing feature of 
the HVR of K-Ras4B is bearing a polybasic stretch that is highlighted by a red box. Modified with permission 

� �from ref 193. Copyright 2016 Informa Healthcare.   
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Fig. 2: Cartoon and surface representations of the models 1 (A) and 2 (B) of full-length GTP-bound K-Ras4B 
and the models 1 (C) and 2 (D) of full-length GDP-bound K-Ras4B. The catalytic domain, HVR, switch I and 
switch II regions are colored in gray, cyan, pink, and blue, respectively. GTP/GDP and Mg2+ are depicted by 

stick and sphere models, respectively. Modified with permission from ref 129. Copyright 2016 American 
Chemical Society.  
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Fig. 3: Cartoon (A) and surface (B) representations of the crystal structure of the H-RasG12V–GTP–anti-Ras 
single domain complex (PDB ID 2UZI). H-RasG12V–GTP is shown in gray, the switch I region in pink, and 

the switch II region in blue. The variable heavy (VH) chain and the variable light (VL) chain domains of anti-

Ras intrabody are shown in limon and lime, respectively. GTP is depicted by stick models. The effector-
binding region is shown by a dashed circle on the H-Ras protein.  
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Fig. 4: Snapshots representing the K-Ras4B–membrane interactions with the anionic lipid bilayer composed 
of DOPC:DOPS (mole ratio 4:1) for the (A) GDP-bound and (B) GTP-bound states. Cartoons for the catalytic 
domains are shown in green and pink for the GDP-bound and GTP-bound states, respectively. The HVR in 
the tube representation is colored in blue, and the farnesyl as a stick is colored yellow. In the catalytic 

domain, the red sticks and green spheres represent the nucleotide and Mg2+ ions, respectively. For the lipid 
bilayer, white surface denotes DOPC and gray surface represent DOPS. In the GDP-bound state, the HVR 

autoinhibition can be observed in configurations 1, 3, and 4, while the HVR is released from the effector lobe 
in configuration 2. In the GTP-bound state, the HVR still binds the effector lobe in configuration 2, retaining 

the autoinhibition state, while other configurations release the HVR from the catalytic domain. 
Configurations 3 and 4 of K-Ras4B-GDP are the most representative of the inactive K-Ras4B. Configurations 
1 and 2 of K-Ras4B-GDP are also in the inactive state due to the inaccessibility of the Raf-binding effector 
region. Configurations 1, 3 and 4 of K-Ras4B-GTP are the most representative of the active K-Ras4B, while 
configuration 2 of K-Ras4B-GTP behaves like the inactive GDP-bound state, showing inaccessible Raf-binding 
effector region. Modified with permission from ref 67. Copyright 2015 The American Society for Biochemistry 

and Molecular Biology.  
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Fig. 5: (A) Cartoon representation of the crystal structure of GDP-bound G12C K-Ras (PDB ID 4LDJ). The P-
loop, switch I, and switch II regions are colored lime, pink, and blue, respectively. GDP and Cys12 are 

depicted by stick models and Mg2+ by a green sphere. (B) Chemical structure of a GDP analog, SML-8-73-1 

(SML, 1). (C) Cartoon representation of the crystal structure of SML-bound G12C K-Ras (PDB ID 4NMM). (D) 
Backbone superimposition of the crystal structures of GDP-bound WT (PDB ID 4OBE, cyan) and G12C K-Ras 

(pink) onto that of SML-bound G12C Ras (orange).  
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Fig. 6: (A) Backbone superimposition of the crystal structure of SML-bound G12C K-Ras (PDB ID 4NMM, 
lime) onto that of GppNHp-bound H-Ras (pink) in complex with RafRBD (light blue) (PDB ID 4G0N). The two 

enlarged figures show the different interactions between the switch I residues of K-RasG12C–SML, H-
RasWT–GppNHp and RafRBD. In the H-Ras–GppNHp–RafRBD, residues Glu31 and Asp33 of H-Ras form 
electrostatic interactions with residue Lys84 of RafRBD, and residues Glu37 and Asp38 of H-Ras form 

electrostatic interactions with residues Arg59, Arg67, and Arg89 of RafRBD. (B) Backbone superimposition of 
the crystal structure of SML-bound G12C K-Ras (lime) onto that of GppNHp-bound H-Ras (pink) in complex 
with PI3Kγ (light blue) (PDB ID 1HEB). In the H-Ras–GppNHp–PI3Kγ, residues Asp33, Glu37, and Asp38 of 

H-Ras form electrostatic interactions with residues Lys251, Lys255, Gln231, and Lys223 of PI3Kγ.  
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Fig. 7: (A) Cartoon representation of H-RasWT–GppNHp showing the binding of calcium acetate [Ca(OAc)2] 
in the allosteric site lined by helix α3, helix α4, and loop 7 (PDB ID 3K8Y). (B) Backbone superimposition of 
the crystal structure of H-RasWT–GppNHp–Ca(OAc)2 (pink) onto that of H-RasWT–GppNHp–CaCl2 (PDB ID 

2RGE, light blue). (C) The active site of H-RasWT–GppNHp–Ca(OAc)2 showing Tyr32, Gln61, and the 
catalytic (W175) and bridging (W189) water molecules near the γ-phosphate. (D) Surface representation of 

H-RasWT–GppNHp–Ca(OAc)2 showing the Ca(OAc)2 binding site on the allosteric lobe of H-Ras. Ca(OAc)2 is 

depicted by spheres.  
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Fig. 8: (A) Cartoon and (B) surface representations of GppNHp-bound H-Ras (PDB ID 5P21) showing the 
allosteric site on the allosteric lobe of H-Ras formed by the C-terminal helix α5 (red), loop 7 (pink), and loop 

9 (blue).  
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Fig. 9: Chemical structures of Zn2+–cyclen (2) (A) and Cu2+–cyclen (3) (B). (C) Surface representation of 
the crystal structure of GppNHp-bound H-Ras in complex with Zn2+–cyclen (PDB ID 3L8Y). The second 
binding site of Zn2+–cyclen is adjacent to loop 7 and the C-terminal helix α5. GppNHp and cyclen are 

depicted by sticks and Zn2+ by a green sphere. (D) Chemical structure of Zn2+–BPA (4).  
 

152x128mm (300 x 300 DPI)  

 

 

Page 87 of 94 Chemical Society Reviews



  

 

 

Fig. 10: Chemical structures of 6H05 (5), 2E07 (6), compound 7, vinyl sulphonamides (8), acrylamides (9, 
10), ARS-109 (11), and ARS-853 (12). Modified with permission from ref 129. Copyright 2016 American 

Chemical Society.  
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Fig. 11: (A) Cartoon and (B) surface representations of K-Ras4BG12C–GDP–7 (PDB ID 4LUC) showing the 
compound 7 bound to the switch II pocket, S-IIP, formed by the central sheet β1, (cyan), switch II region 

(pink), and helix α3 (red). (C) Backbone superimposition of the crystal structure of K-Ras4BG12C–GDP (PDB 

ID 4L9S, cyan) onto that of K-Ras4BG12C–GDP–7 (pink). The N-terminal switch II region is disordered in 
the structure of K-Ras4BG12C–GDP. (D) Backbone superimposition of the crystal structures of K-

Ras4BG12C–GppNHp (PDB ID 4L9W, orange) and K-Ras4BG12C–GDP (cyan) onto that of K-Ras4BG12C–
GDP–7 (pink). (E) Backbone superimposition of the crystal structure of K-Ras4BWT–GDP (PDB ID 4LPK, 

purple) onto that of K-Ras4BG12C–GDP (cyan). (F) Cartoon and (G) surface representations of K-
Ras4BG12C–GDP–8 (PDB ID 4LYF) showing the compound 8 bound to S-IIP. (H) Cartoon and (I) surface 

representations of K-Ras4BG12C–GDP–9 (PDB ID 4LYF) showing the compound 9 bound to S-IIP.  
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Fig. 12: (A) Cartoon and (B) surface representations of K-Ras4BG12C–GDP–ARS-853 (PDB ID 5F2E) 
showing ARS-853 bound to S-IIP. (C) Backbone superimposition of the crystal structures of K-Ras4BG12C–
GDP–7 (PDB ID 4LUS, pink), K-Ras4BG12C–GDP–8 (PDB ID 4LYF, orange), and K-Ras4BG12C–GDP–9 (PDB 

ID 4M21, cyan) onto that of K-Ras4BG12C–GDP–ARS-853 (purple).  
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Fig. 13: Chemical structures of andrographolide (AGP) (13) and its benzylidene derivatives SRJ09 (14), 
SRJ10 (15), and SRJ23 (16).  
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Fig. 14: The location of pocket 1 (p1) of SRJ derivatives on the surface of the inactive state 1 crystal 
structure of H-RasT35S–GppNHp (PDB ID 3KKN).  
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Fig. 15: Active, GTP-bound Ras interacts with downstream effector proteins. Most effector proteins interact 
with the effector-binding region or switch I region (dashed circle) on the protein through their Ras binding 

domains (RBDs) or Ras-associating (RA, also known as RBD) domains. RafRBD (pink, PDB ID: 4G0N), PI3Kγ 

(brown, PDB ID: 1HE8), RalGDS-RBD (olive, PDB ID 1LFD), PLCε-RBD (wheat, PDB ID: 2C5L), NORE1A-RA 
(orange, PDB ID: 3DDC), Byr2RBD (palegreen, PDB ID: 1K8R), and Grb14 (lightblue, PDB ID: 4K81) bind to 

the effector-binding region on H-Ras–GppNHp (cyan, PDB ID: 5P21). In the H-Ras–RalGDS complex, the 

crystal contains two molecules of each H-Ras and RalGDS-RBD in the asymmetric unit.  
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Fig. 16: Chemical structure of rigosertib (RGS) (17).  
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