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Abstract: The Ras superfamily of small monomeric GTPases includes some of the most prominent cancer targets for which no selective therapeutic agent has yet been successfully developed. The turn of the millennium saw a resurgence of efforts to target these enzymes using new and improved biophysical techniques to overcome the perceived difficulties of insurmountably high affinity for guanosine nucleotides and flat, flexible topology lacking suitable pockets for small molecule inhibitors. Further, recent investigations have begun to probe the dynamic conformational status of GTP-bound Ras, opening up new mechanisms of inhibition. While much of the literature has focused on the oncogenic Ras proteins, particularly K-Ras, these represent only a small minority of therapeutically interesting targets within the superfamily; for example, the Rab GTPases are the largest subfamily of about 70 members, and present an as yet untapped class of potential targets. The present review documents the key methodologies employed to date in structure-guided attempts to drug the Ras GTPases, and forecasts their transferability to other similarly challenging proteins in the superfamily.
Keywords: cancer, fragment-based drug design, GTPase, structure-based drug design, Rab, Ras, x-ray crystallography 
1. INTRODUCTION


With over 150 members in the human genome, the Ras superfamily is the most studied group of small monomeric GTPases, a class of guanosine-binding proteins (G proteins). The Ras superfamily is comprised of five main subgroups: Ras, Rab, Rho, Arf and Ran, involved in processes that collectively span almost all cellular functions [1]. 
The Ras subfamily of proteins is at the heart of a network of proteins involved in cell proliferation, growth and survival. Although their roles in cancer have been known for over three decades, attempts to target the Ras pathway have not been successful to date, demonstrating the challenges in designing therapeutics against this family of proteins [2]. Other Ras superfamily members include Ras homologous (Rho) proteins that are involved actin polymerization, cell shape and cell movement [3], Ras like nuclear (Ran) proteins that are responsible for transport of RNA and protein inside and outside the nucleus [4], ADP ribosylation factor (Arf) proteins which regulate actin structure and the recruitment of coat protein (COP) I and II to form vesicles [5], and Ras-related in brain (Rab) proteins that promote the budding, transport and fusion of vesicles from donor to acceptor compartments in all cell types, and secretion of vesicles to the extracellular matrix [6]. 


Like other G proteins, conformational changes in the switch regions (I and II) induced by cycles of GDP and GTP exchange are fundamental to their function as molecular switches [1]. 
*Address correspondence to this author at the Department of Chemistry, Imperial College London, London SW7 2AZ, United Kingdom; Tel: +44-207 594 3752; E-mail: e.tate@imperial.ac.uk
The switch activity of small GTPases is dependent on the state of its bound nucleotide, with the ‘active’ GTP-bound protein interacting with effectors to propagate a signalling pathway, and the GDP-bound state ia incompetent for binding to effectors. The presence or absence of the terminal γ-phosphate changes G protein conformation, and hence alters affinity to protein partners. 

Although GTPases have intrinsic catalytic activity for the hydrolysis of GTP to GDP, in almost all cases regulation of the activation-deactivation cycle requires further accessory proteins: GTPase-activating proteins (GAPs) accelerate the hydrolysis reaction, and guanine nucleotide exchange factors (GEFs) promote activation through exchange of GDP for GTP via a nucleotide-free intermediate. 


Ras superfamily proteins are singly or doubly prenylated at the C-terminus, courtesy of the CaaX-box motif required for recognition by prenyl transferases; in the case of Rab proteins, this step is further mediated through the action of a Rab escort protein (REP), whilst some GTPases are also palmitoylated or myristoylated [7]. Taken together, these varied lipidation events are important for correct localisation on relevant membranes, with inactive protein in the cytosol stabilised by GDP dissociation inhibitors (GDIs) which bury the lipid group inside the protein interface and hide it from the solvent, thus modulating intermembrane transport.


The many and diverse functions of Ras family members are regulated by the presence of over 300 proteins bearing GEF or GAP domains [8]. While GAPs tend to have a relatively broad spectrum, GEFs are often specific to a particular family of proteins or even a single subfamily member and often feature both lipid- and protein binding domains, as seen in the SH2 domain of the RasGEF SOS with adaptor protein GRB2 


[9, 10] ADDIN EN.CITE . Limited structural information is available to define how GEFs bind selectively to their target proteins [11]. Future structural studies will greatly facilitate the design of selective chemical probes targeting these complexes, and assist in deciphering the physiological functions of GEFs.
	Table 1.         Selected Ras superfamily members and their associated diseases.

	Subfamily
	Protein
	Normal Function
	Implicated diseases
	Ref

	Ras
	K-, H- and N-Ras
	Regulation of cell growth, differentiation, survival
	Leukaemias; colon, pancreatic and lung cancer
	


[1, 12-14] ADDIN EN.CITE 

	Rho
	RhoA
	Cytokinesis, endocytosis, actin organization, cell cycle maintenance, cellular development, transcriptional control
	Colon, breast, lung, testicular, head and neck squamous cell cancer
	


[15-24] ADDIN EN.CITE 

	
	Cdc42
	Regulation of cell cycle, cell polarity, 

cytoskeleton organization, cell cycle progression, signal transduction, vesicle trafficking
	Testicular cancers, immune diseases, and neuronal disorders
	

	
	Rac1
	Formation of lamellipodia
	Testicular cancer, osteoarthritis, chronic inflammation, diabetes
	

	Rab
	Rab3A, B, C, D
	Neurotransmitter release, fusion of synaptic vesicles, exocytosis (insulin), protein transport
	Cancers of nervous system, neuro-endocrine related cancers, pituitary adenomas, Warburg-Micro syndrome
	


[25-30] ADDIN EN.CITE 

	
	Rab7A, B
	Late endocytic transport, phagosome maturation
	Hereditary sensory and autonomic neuropathies, Charcot–Marie–Tooth type 2B, Niemann–Pick type CPC, thyroid carcinoma
	

	
	Rab23
	Negative regulator of Sonic Hedgehog signalling, vesicular trafficking
	Carpenter syndrome, craniosynostosis, hepatocellular carcinoma, gastric cancer
	

	
	Rab27A, B
	Transport and docking of vesicles, secretion of exosomes and soluble factors
	Griscelli syndrome 2; type 2 diabetes; melanoma, breast, prostate, glioma and pancreatic cancers; hepatocellular carcinoma 
	

	Ran
	Ran
	Nucleocytoplasmic transport
	Pancreatic, ovarian and renal carcinomas
	[31]

	Arf
	Arf6
	Endosome membrane trafficking, regulated exocytosis, and actin remodelling at cell periphery. In cancer: invadopodia formation and cell invasion
	Breast cancer 


	


[32-34] ADDIN EN.CITE 

	
	
	
	
	



Overactivation of various members of the Ras superfamily is known to be an important driver in cancer. Pathological mutations in the Ras subfamily (H-Ras, K-Ras, N-Ras, etc.) can render them insensitive to GAP-mediated promotion of GTP hydrolysis, thereby maintaining a high proportion of active signalling protein. In contrast, no constitutively active mutants have been identified to date for Rho, Ran, Arf or Rab proteins [35]. Nevertheless, their overexpression has been detected at different stages of many tumours, and their role in the growth and metastasis of carcinogenic cells is well-established 


[24, 33, 36, 37] ADDIN EN.CITE . For example, depletion of Rab27a, a member of the Rab subgroup responsible for vesicular secretion, has been directly correlated with a decrease in tumour growth and invasion of breast cancer models [38].

Furthermore, congenital mutations in Rho-GEFs, -GAPs and effectors are correlated with several neurodegenerative disorders including amyotrophic lateral sclerosis (ALS) and mental retardation, emphasizing the importance of the Rho GTPases on the physiology of the neural system [39]. Loss-of-function mutations in Rab proteins and their respective GAPs have been found to be responsible for several neurological, immunological and endocrinological conditions 


[40] ADDIN EN.CITE . For example, congenital mutations in Rab23 lead to Carpenter syndrome, and loss of Rab27a function is the cause of Griscelli syndrome type 2 [41]. In many cases, these naturally occurring mutations have led to deeper understanding of the function of Ras superfamily proteins, and provide valuable information for their validation as drug targets. Table 1 summarizes the relationship between several important Ras superfamily proteins and disease, particularly cancer.

No clinically-approved drugs targeting the Ras oncogene have emerged since its discovery, and small GTPases have remained elusive drug targets due to their flexible, flat topologies and abundance of protein-protein interactions (PPIs) [42]. More recently, fragment-based drug design (FBDD) and improved biophysical methods have led to hits with encouraging selectivity and induced phenotypes, offering fresh hope to pursue these previously intractable proteins. The large majority of drug discovery and chemical biology activity in the Ras superfamily field has focussed on inhibiting Ras, largely driven by the superabundance of hyperactive Ras subfamily members in cancer (over 20% of all cancers) 


[43-46] ADDIN EN.CITE . On the contrary, other subfamilies have remained relatively unexplored; for example, only a couple of novel binders have been reported for Rab proteins to date, although this is the biggest subgroup by some margin.
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In this review, we will address and discuss recent work towards direct inhibition of the therapeutically underexploited Ras superfamily members from a methodological perspective, focussing on studies that are at least in part structure-guided.
1.1. Structure and Dynamics of GTPases
[image: image4.png]


Ras superfamily members share a highly conserved fold of six β-sheets interconnected by loops and five α-helices [1, 47]. Five conserved elements in this fold, known as “G boxes”, are involved in nucleotide binding. The G2 box, also known as the switch I region, consists of a loop that connects to the β2 region; this region contains a highly conserved threonine that is present throughout the Ras superfamily and is vital in coordinating the interaction between a magnesium ion and the β and γ phosphates of the nucleotide. The G3 box, or switch II region, contains a glycine and an aspartate that, along with the switch I region, hold the nucleotide in position [48] (Fig. 1). The two flexible switch regions forming the nucleotide binding pocket are largely responsible for differing protein conformations in the GDP and GTP-bound forms, regulating function by enabling the GTPase to bind to different proteins in each form. However, the picture is complicated by further dynamic conformational states within each nucleotide-bound form, particularly the GTP-bound form. The original idea that these proteins exist in rigid inactive GDP and rigid active GTP states was thrown into question when 31P NMR spectroscopy of H-Ras demonstrated the existence of two main conformational states for the GTP form alone [49].
The physiological role of state I is not clearly understood, though recent studies suggest it might provide a favoured energetic pathway for the exchange of nucleotide by mimicking a nucleotide-free conformation during Ras-GEF complex formation 


[50, 51] ADDIN EN.CITE . State II is thought to be the active conformation as it binds much more strongly to effector proteins [52], and this conformation is closest to those present in Ras-effector crystal structures [49]. Different ratios of state II/state I in different Ras isoforms (0.072 for M-Ras and 1.3 for H-Ras) prompted mutational studies revealing which residues or mutations guide the protein into each state 


[53, 54] ADDIN EN.CITE . The data suggest that the highly conserved switch I threonine is vital in attaining state II [53], and high-resolution x-ray crystal and NMR structures obtained from H-RasT35S (Fig 2, B) have provided deeper understanding of the structural contrasts among the different states. Dynamic data obtained from NMR studies, and absence of electron density in x-ray data, show that the switch II loop in state I is much less flexible compared to the GDP-bound state, but switch I is much more flexible, and is more open to potentially accommodate nucleotide exchange 


[49, 50] ADDIN EN.CITE .
An important finding from this structural and dynamic information was the identification of transient pockets in state I that are not present in state II or the GDP form (Fig. 2, C and D). This has raised the possibility of state I stabilizers as potential Ras inhibitors 


[49, 55-57] ADDIN EN.CITE ; for example, derivatives of Andrographolide (1, Fig. 4) have been shown to interact with a pocket close to switch I that is only present in state I (Fig. 2, A and B), and metal cyclens such as 2 (Fig. 4 and Fig 6A) [57] have been suggested to stabilise state I in K-Ras by NMR. Furthermore, a recent study by Shima et al. used a state I structure of M-RasP40D in a virtual screen (see section 2.2) [58]. 
Fig. (1) – Structure of K-Ras-GDP with nucleotide-binding regions highlighted: P-loop (10-17, green), switch I (29-38, blue) and switch II (58-76, red), α-helices (white) and β-sheets (yellow), Mg2+ (purple), highly conserved threonine (T35 in K-Ras, cyan), and GDP (orange). [PDB code: 4LPK]

Most, if not all, dynamic data available for Ras proteins derive from K-Ras, H-Ras and N-Ras [52]. Although much has been learnt from structural studies on these proteins, there is a paucity of experimental information on the dynamics and distribution of conformations in other Ras superfamily members such as Rab and Rho proteins, which are targets of increasing interest for ligand discovery programs. Interestingly, all crystal structures of GTP-bound Rab proteins currently archived in the Protein Data Bank (PDB) appear to be in a state II-like form, but this does not necessarily provide a good indication for their behaviour in solution. Furthermore, since single point mutations can change the conformational and interaction dynamic of Ras proteins, it is essential to undertake independent studies on individual mutants.
Importantly, the large majority of structural studies to date have been performed with truncated proteins without the C-terminal hypervariable region and its associated lipid modifications, and the effect of membrane anchorage on these two states has not yet been explored. This raises the question of the physiological importance of the two conformational states in vivo, since active Ras is membrane-bound inside cells. Further investigation of protein dynamics in a membrane environment would be very useful to clarify this matter.
[image: image5.png]


Fig. (2) Crystal structures of GppNHp-loaded Ras proteins (except D which has GDP). Arrows indicate binding pockets unique to the state I conformations of M-RasP40D (A) and H-RasT35S (B). K-RasWT (C) exemplifies the state II conformation which required for binding to effectors. For comparison, H-RasWT-GDP is also shown (D). E and F illustrate the displacements of the T35/45 (H-Ras/M-Ras) residue in in both states and illustrates its importance in maintaining the state II conformation by a close interaction with the Mg2+ ion. Highlighted are the conserved threonine (cyan), P-loop (green), and switches I (blue) and II (red); Mg2+ (purple) and GppNHp (orange). [PDB codes: 3KKP, 3KKN, 49LW, 4L9S, 3KKO]
1.2. Targeting Approaches Around the GTPase Cycle 

The rich cellular and regulatory biochemistry of the Ras superfamily presents an inhibitor discovery campaign with a wide range of potential mechanisms by which protein function might be targeted. In principle, blockade at any stage of the canonical GTPase cycle (Fig. 3) could lead to inhibition through restricted dynamic cycling. Direct approaches to target Ras proteins (Table 2) include targeting the nucleotide binding pocket, stabilization of Ras complexes associated with the inactive state (e.g. Ras-GAP complexes, Ras-GDP, or state I of Ras-GTP), or direct blocking of GEF or effector protein binding. More indirect methods of disabling the GTPase cycle have the potential to circumvent some of the druggability challenges of the Ras proteins. However, initially promising results in treating cancers with farnesyl transferase inhibitors, which target spatiotemporal distribution of Ras, faded due to lack of efficacy in late stage trials. This failure is probably due to a lack of understanding of the scope and dynamic regulation of protein prenylation, which is now known to target dozens of proteins, and compensation by geranylgeranyl transferase (GGTase), leading to trials that selected inappropriate patient cohorts [59]. Nevertheless, improved understanding of the prenylated proteome may ultimately result in more selective and specific applications for these drugs, where they have shown promise for example in treatment of progeria[60] and hepatitis D infection 


[61, 62] ADDIN EN.CITE  . Moreover, downstream inhibitors of proteins such as Raf kinase (e.g sorafenib) have been shown to force tumours into “adaptive resistance” behaviour through mutations and feedback regulatory mechanisms [63].

Ras-centric strategies that exploit structural data are the main focus of the present review; for information on alternative, indirect approaches, including inhibition of prenyl transferases and escort proteins separately from Ras GTPases, the reader is directed to other reviews 


[64-66] ADDIN EN.CITE .
2. STRUCTURE-BASED DESIGN AGAINST SMALL GTPASES

Structure-based drug design (SBDD) requires detailed spatial information of atoms and in this respect x-ray crystallographic data offers the most immediate appreciation of protein topology and visual guidance to establish a structure-activity relationship (SAR) for a ligand series. It also facilitates construction of virtual pharmacophores and docking models, paving the way for in silico screening. Alongside the risk of artifactual binding to crystallographic interfaces lacking real-life significance, a particularly important consideration for GTPases is the tendency for crystallisation to trap a protein in one specific low energy conformer. This is generally not an accurate representation of the equilibrium mixture of conformers in solution, and the flexibility of Ras superfamily members is readily apparent in their NMR spectra. Chemical shift perturbations of assigned residues may indicate ligand binding sites by NMR, however the dynamic nature of Ras proteins frequently precludes a full NMR assignment, limiting the information that can be obtained.
Fig. (3) Generalised GTPase Cycle (1) Most Ras superfamily proteins are prenylated directly after synthesis by farnesyl- or geranylgeranyltransferase (FTase or GGTase-I) at the cysteine of the C-terminal CaaX box motif, and further processing may then occur including proteolysis to remove aaX, C-terminal methylation/esterification, and S-palmitoyation (not shown). Rab proteins follow a dedicated pathway in which they are chaperoned to Rab prenyl transferase (RabGGTase/GGTase-II) via a Rab Escort Protein (REP). The inactive GDP-bound protein is stabilised in the cytoplasm by a guanosine nucleotide dissociation inhibitor (GDI). (2) Activation of a pathway promotes nucleotide exchange via a GEF, which promotes the nucleotide-free conformation and stimulates the release of GDP. A molecule of GTP is likely to replace GDP due to its 10-fold higher concentration in the cytosol, and the protein is released from the GEF. (3) Interaction with effectors leads to downstream signalling events. (4) Interaction with a GAP promotes the hydrolysis of GTP to GDP. Finally, a GDI extracts the inactive protein back into the cytosol [45].
Despite these challenges, significant progress has been made towards discovery of novel Ras superfamily ligands through structure-based and structure-guided approaches.
2.1. GTPase Active Site Inhibitors

Due to the generally high affinity of GTPases for GDP and GTP and the conservation of residues surrounding the nucleotide pocket, a selective competitive inhibitor at this pocket is likely to be difficult or impossible to identify for the majority of targets. Cross-inhibition of GTPases is highly undesirable due to the great diversity of function across the class, where the disruption of essential cellular processes can lead to toxicity. This pan-inhibition behaviour has been proposed for compound 3 (CID1067700, Fig. 4), identified from an on-bead fluorescent nucleotide exchange screen and shown to compete with BODIPY-conjugated guanosine nucleotides on members of the Ras, Rho and Rab subfamilies, with EC50 values of BODIPY-GTP displacement activity in the range of 50 to 1000 nM. Although the study was not structure-driven, a model was proposed for binding to the GTPase active site 


[67, 68] ADDIN EN.CITE .
[image: image6.png]



However, the rules can change if covalent inhibitors are considered. For example, in the hydrolysis-resistant K-RasG12C mutant, the aberrant cysteine is found close to the nucleotide pocket. Conveniently, this residue enables selective electrophilic targeting of this pro-oncogenic form, leaving the wild type unaffected. This cysteine has been the target of a handful of recent studies that aim to develop irreversible binders for G12C (see also Tethering Approaches, below), for example 4 (SML-8-73-1, Fig. 4), a GDP analogue which acts as a conformational lock for the GDP form, and that could in theory reduce the proportion of active signalling protein in the cell. A more cell-permeable analogue, 5 (SML-10-70-1, Fig. 4), required high concentrations for efficacy, and was selectivity-limited 


[69, 70] ADDIN EN.CITE . In a similar vein, Wiegandt et al. produced conformationally locked GTPases by engineering Rab5 with cysteine mutations in sub-critical locations close to the nucleotide binding site. When reacted covalently with acrylamide-conjugated GDP and GTP (e.g. 6, ‘aGDP’, Fig. 4), the protein could be locked in either the inactive or active conformations, respectively. Whilst this approach can render tools for studying Rab biology and potential druggability, a major drawback is a lack of cell permeability, such that cell studies required micro-injection of pre-formed conjugated proteins. Cell-permeable analogues may render useful tools for live cell experiments [71].
2.2. In silico Approaches

Virtual high-throughput screening (vHTS) methods offer a huge reduction in the resources required to identify promising molecular scaffolds, although this comes with significant technical limitations in predicting novel binding modes, particularly for previously unliganded or conformationally flexible proteins. Virtual libraries of millions of compounds can be screened, comparable to the largest traditional high-throughput screening (HTS) campaigns, with a purely structure-based rationale. Typically a 3D representation of the binding site of the protein is built based on a crystal structure; molecules from a virtual library are computationally docked into the virtual pocket, and ranked on the possession of (major) conformers with favourable complementary binding interactions. The main alternative approach is to screen a virtual library against a specific pharmacophore that represents a spatial arrangement of intermolecular interactions for a known ligand, which does not necessarily require prior knowledge of the binding mode. Although the vHTS screening approach does not strictly require a structure for the protein target, knowledge of the binding conformation of the ligand can greatly expedite the success of this approach, particularly during hit validation and optimisation.
	Table 2            Alternative mechanisms for inhibition of Ras superfamily functions through a ‘Ras-centric’ approach.

	State
	Approach
	Comments
	Examples

	GDP or

GTP-bound


	Competitive inhibition at nucleotide binding site
	An intrinsically problematic approach for most Ras GTPases due to conservation of nucleotide binding pocket and high affinity for guanine nucleotides.
	


[67, 69] ADDIN EN.CITE 

	
	Stabilise a complex to slow down the activation process
	Offers an alternative to disrupting a high-affinity protein-protein complex; stabilisation may be more straightforward by exploiting non-competitive ligands. However, this approach may also inadvertently identify ligands that functionally enhance, e.g. GEF activity by stabilising an active complex. 
	


[72-74] ADDIN EN.CITE 

	GDP-bound


	Stabilise GDP form or block/inhibit Ras-GEF interaction
	Ligand discovery may be achieved by screening with Ras-GDP alone, or in conjunction with a GEF. However, it has proven difficult to target Ras proteins (and PPIs in general) with typical small molecule ligands. Although there are several initial hits published in the literature, few have been developed further.
	


[16, 75] ADDIN EN.CITE 

	
	Inhibit Ras-GDIs or GDI-like proteins
	Disrupts cytosolic transport. Important limitations may include low efficacy for the mechanism in vivo and unknown/unclear specificity due to promiscuous binding of the GDI to multiple client proteins.
	


[73, 76] ADDIN EN.CITE 

	GTP-bound


	Disrupt effector binding to Ras-GTP
	Does not directly interfere with the GTPase cycle, and should decrease downstream signalling even in presence of active Ras protein. However, achieving (specific) disruption of the Ras-Effector PPI may prove challenging.
	


[58, 77] ADDIN EN.CITE 

	
	Stabilise or ‘lock’ GTP form
	In some cases, the GTPase may be inactivated after one cycle because it can no longer be localised onto membranes via the GEF. However, pharmacological stabilisation could also result in increased activation due to increased levels of active form.
	[71]



Gao et al. identified 7 (NSC23766) through a vHTS targeting the interactions of Rac1 (a Rho GTPase) with its GEFs [78]. A library of >140,000 compounds was docked into a surface groove of Rac1 that is known to mediate GEF interaction. Previous studies highlighted an important tryptophan residue in Rac1 that contributes substantially to the binding of its GEFs, such that compounds which docked into the groove but did not appear to interact with the tryptophan were discarded. NSC23766 inhibits the Rac1-GEF interaction in vitro with an IC50 of ~50 µM, disrupts Rac1 function in cell based assays, and could induce dose-dependent proliferation inhibition of PC-3 pancreatic cancer cells 


[78-80] ADDIN EN.CITE . 
Montalvo-Ortiz et al. subsequently improved upon this structure by synthesising 8 (Ehop-016) which has an improved IC50 of 1.1 µM for Rac inhibition [81]. The same group also identified 9 (Rhosin) as an inhibitor of the interaction between RhoA and LARG (a GEF), which again exploited the tryptophan residue in the LARG binding surface of RhoA. This vHTS employed the ~4 million compound ZINC database with the top 49 hit compounds screened in a pull-down assay. Further biophysical validation assays identified key binding residues around the predicted Rhosin binding site, with cell based confirmation of inhibition of RhoA function [82].

Related approaches have targeted GTPase-effector interactions rather than GEF interactions. For example, Shima et al. undertook a computational docking screen of 40,882 compounds against M-RasP40D-GppNHp [58], shown previously to crystallise in the state I conformation. The ligands were docked into a pocket between the switch I and II regions (Fig. 2A). 97 virtual hits were tested for inhibition of H-Ras-GTP and M-RasP40D-GTP binding to the effector c-Raf-1 by a radioactive pull-down assay, yielding only one competitive inhibitor, 10 (Kobe0065). This inhibitor had a reported Ki of ~50 µM to H-Ras-GTP and showed broad specificity among Ras proteins but had low affinity for the Rho subfamily. A virtual similarity search of ~160,000 compounds again yielded only one active hit (Kobe2602) which performed comparably in assays but was generally less potent. For 10, IC50 values of Ras-Raf binding inhibition was ~10 µM, inhibition of SOS-mediated nucleotide exchange was ~20 µM and growth inhibition of H-RasG12V-transformed NIH 3T3 cells was 0.5 µM. Both compounds also inhibited the growth of human colon carcinoma xenografts in vivo, though with less potency than sorafenib. A more soluble analogue (Kobe2601) was shown to bind to the Ras-Raf interface by HSQC NMR (Fig 6B, yellow). 


Joung et al. targeted the Rab27a-Slac2a interaction with the aim of developing a skin-whitening compound (albinism is a symptom of Griscelli syndrome) through creation of a pharmacophore based on a co-crystal structure. A hit compound (BMD-20) induced a Rab27a-related phenotype in melanocytes, but there was no evidence for Rab27a binding, leaving the actual target and mode of action of these compounds unknown [83]. This issue highlights the important point that vHTS hit validation/development, as for any target-driven approach, must be backed by strong physical evidence for target engagement in order to claim a specific effect in cells. Evidently this claim cannot be made by moving from a vHTS directly to cellular phenotype without additional validation. 
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Fig. (5) Progression of a ligand series by Sun et al. All fragments were found to induce a similar pocket on the surface of K-Ras-GDP. Panel A shows unliganded K-Ras-GDP with the absence of the pocket. A biaryl hit was selected for growth into an adjacent, positively charged pocket (B). The attachment of an isoleucine residue to obtain 11 gave the best results, but the proline analogue 12 was crystallised (C).
2.3 Fragment-based Approaches

Whilst a traditional HTS involves screening a library of 105-106 drug-like compounds in an in vitro assay with a simple readout, fragment-based drug design (FBDD) has emerged as a more ligand-efficient method for obtaining hit scaffolds. The size of a fragment is of the order of 10-20 heavy (non-hydrogen) atoms, giving a molecular weight <300 Da and greatly reducing the chemical space that a screen needs to cover compared to screens of larger compounds in traditional screening collections. FBDD enables numerous small pockets to be explored with the possibility of growing or even linking initially weak-binding (typicall[image: image10.png]


y mM Kd) fragments in adjacent spaces to increase affinity, ideally with the guidance of crystal structures. In optimal cases, a well-designed 1,000-10,000 fragment library can offer 100-1,000 times higher validated hit rates than a traditional HTS, and the reader is referred to several excellent recent reviews that describe in detail the rise and challenges of FBDD 


[84-88] ADDIN EN.CITE . 

Sun et al. performed a 11,000 fragment screen by NMR spectroscopy against 15N labelled GDP-K-Ras, obtaining 140 hits (hit rate 1.3%), including a variety of indole, phenol and sulfonamide scaffolds. The top hits were successfully co-crystallised with GDP-K-Ras, and all were found to occupy the same binding pocket. Through inspection of the crystal structure, the authors were able to grow their chosen fragment into a neighbouring cleft by appending different amino acids to an aniline moiety (Fig. 5). Analogues were tested using a SOS-mediated nucleotide exchange assay, and binding affinity was optimised from ~1 mM to ~200 μM by appending an isoleucine residue to obtain 11, though it was proline derivative 12 that was crystallised (Fig. 5C and 6A) [89]. 

Maurer et al. also published a fragment screen against GDP-K-Ras by NMR, using saturation transfer difference (STD) and heteronuclear single quantum coherence (HSQC) experiments. The hits were co-crystallised with the target, however, no further fragment development was undertaken on the top hit 13 (DCAI, Fig. 4) [90]. Gao et al. used NMR techniques to target the RhoA-LARG interaction, yielding a fragment hit 14 (R1, Fig. 4) that may bind competitively to a site in the switch II region of RhoA. A binding affinity of 0.11 mM was obtained from dose-dependent changes in chemical shift [91].

In contrast, fragment screening against the Rab GTPase-GEF complex could provide ligands that stabilise a non-productive complex, leading to inhibition of exchange activity. Winter et al. screened against a heterodimeric structure of H-Ras-SOS using X-ray crystallography and obtained small molecules that formed ternary complexes and bound to the H-Ras-SOS interface. However, neither the fragment hits nor optimised analogues showed any biological activity, in this case inhibition of SOS-induced nucleotide exchange [92]. This work highlights establishing biochemical activity as a key challenge for any binding-driven discovery platform, particularly for weak binders discovered through FBDD that are unlikely to be inherently biochemically active, and for targets with a complex biochemistry, such as the Ras GTPases. The second part of the same study concerned irreversible inhibitors, as detailed in the next section. 

2.4. Tethering Approaches
Although traditionally avoided, deliberate development of covalent inhibitors is an increasingly accepted pathway for drug discovery, as highlighted in a number of recent reviews documenting the resurgence of this concept 


[93-98] ADDIN EN.CITE . A covalent inhibitor relies on reaction of an electrophilic warhead with a naturally occurring nucleophilic residue (e.g. cysteine, lysine or serine) in the target. The warhead is required to be relatively unreactive to allow the compound to be engaged by the target through an attached affinity component, making for a potentially very selective inhibitor. The affinity component may not need to be a highly potent binder provided that the electrophile and nucleophile are in appropriate proximity during the binding interaction, and that this same proximity is not achieved in binding to off-targets.

Ostrem et al. performed a disulfide tethering screen with the cysteine of the cancer-specific G12C K-Ras mutant, aiming to ensure that only the pathological form is targeted because a covalent bond cannot form for wild type K-Ras. Acrylamides and sulfonamides were also developed to target this mutant, with 15 (Fig. 4 and Fig. 6C) as a typical example. These compounds were allosteric ligands that stabilised the inactive GDP form of K-Ras, thus reducing the proportion of active (oncogenic) K-Ras [99]. Fig 6C shows the binding mode relative to the nucleotide. 
Irreversible binders taking the place of the nucleotide include 4 (SML-8-73-1) which also targets K-RasG12C [69], and acryl-conjugated guanine nucleotides (e.g 6) targeting an artificially introduced cysteine mutation in Rab5, as mentioned above [71]. The former study is also noteworthy for exploiting a very useful feature of covalent ligands, in that they can provide a probe for reading out target engagement. In this case, a cell-permeable variant 5 and a probe for GTPase site availability were used to quantify engagement of G12C K-Ras through irreversible blocking of the active site in cells followed by pull-down with the probe.

It may be possible to target wild type H-Ras selectively due to a unique double cysteine in the hypervariable C-terminal domain. Oeste et al. demonstrated that the dithiol, which is normally palmitoylated, can be cross-linked with bifunctional electrophiles such as phenylarsine oxide, dibromobimane (16, Fig. 4) and dienone prostanoids. The lack of palmitoylation reduces membrane anchoring, and less H-Ras is recruited to the plasma membrane when cells are treated with EGF [100]. However, due to a lack of obvious Ras-specific affinity, these ligands would also be expected to suffer from significant off-target activity in cells.
Having failed to produce active reversible inhibitors from the X-ray fragment screen noted above, Winter et al. screened a library of 400 thiol-reactive compounds against the H-Ras-SOS complex, aiming to covalently modify a mutated C118 residue in the GDP pocket. Although C118 is normally inaccessible, the pocket reorganises during SOS-mediated GDP exchange such that the residue becomes exposed and available for reaction with an electrophile bound partially in the nucleotide pocket. Hits were detected by mass spectrometry, and the approach identified maleimides such as 17 that inhibited SOS-mediated nucleotide exchange [92]. 

Screening for a second-site binder in the presence of a first-site ligand is an alternative means to identify suitable fragments to link together. For a successful screen, the first site must be saturated; however, this is difficult with fragments because they are weak binders by nature. One means to circumvent this problem is if the fragment can be covalently attached to the target. Having identified a fragment binding site on K-Ras-GDP, Sun et al. created six cysteine mutants and screened them against a small library of thiol-reactive compounds, with reaction monitoring by mass spectrometry [101]. The occupancy of the tethered molecule in the pocket was confirmed by NMR, and crystallisation of K-Ras with the tethered fragments. The second screen against the mutant-ligand conjugate yielded 20 hits from ~13,000 compounds, but these were not developed further. 
2.5. Peptidomimetic Approaches

The specificity of native PPIs arises from binding partner complementarity in terms of hydrophobicity, polarity, hydrogen bonding and shape. As synthetic peptides share the same combinatorial building blocks as proteins, they have high intrinsic potential for selectivity if their conformational dynamics can be suitably controlled. However, peptides generally make poor drugs for intracellular targets because their high polarity leads to poor membrane permeability, amongst other liabilities, and approaches to overcome these limitations have been intensively studied without to date yielding universally applicable design rules 
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The combinatorial nature of peptide sequences means that starting points for further development can be obtained by screening peptide libraries. For example, a screen of > 1 million cyclic cell-penetrating peptides using a one-bead-one-compound screening technique against K-Ras identified several bicyclic peptide binders that had anti-cancer properties in vitro. However, structural validation of the binders was not subsequently performed [105].
Hotspot binding sequences are often coiled into an α-helix, a secondary structure with a high degree of rigidity. However, when such a sequence is taken in isolation it generally lacks helicity which can reduce its affinity due to increased entropic penalty upon binding. Helicity can be increased by the introduction of an alkyl linker of an appropriate length, for example via ruthenium-catalysed cross metathesis of two alkene moieties attached to the same peptide. Introduction of an alkyl linker can also increase cell permeability in some cases. Two methods have been particularly studied in order to increase α-helical propensity in isolated peptides: hydrogen bond surrogates (HBS) and peptide stapling [106].
In the HBS approach a single turn of the α-helix is fixed at the N-terminus in the hope of nucleating helicity through the rest of the chain, by replacing a hydrogen bond with an alkyl chain. The group of Arora synthesised HBS peptides derived from an α-helical region of SOS that binds to K-Ras, and the optimised structure, HBS3 (18, Fig. 4), was found to reduce SOS-induced activation of Ras [107]. Addition of HBS3 reduced ERK activation and decreased levels of intracellular Ras-GTP after stimulation of HeLa cells with epidermal growth factor (EGF). Notably, the unconstrained form was inactive in all assays, and cell-permeability of the HBS peptide was demonstrated through conjugation of a fluorescein derivative and fluorescence imaging, although the exact mechanism for cell uptake remains unclear.
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Fig. (6) Collected binding modes of selected ligands with Ras, overlaid to illustrate binding sites discovered in screens. Highlighted in the cartoon of the protein are the conserved threonine (cyan, where not mutated), P-loop (green), and switches I (blue) and II (red); metal ion is in purple, and GNP (analogue) is in orange. Ligands are as follows: (A) 2 (green), 12 (cyan), (B) solution structure of Kobe2601 (yellow) in H-Ras-GppNHpT35S, (C) covalently tethered 15 (black) to K-Ras-GDPG12C. [PDB codes: 4LPK, 4NMM, 4LYJ, 4DSU, 4EPY, 21WI, 3L8Y, 4DST]
In contrast, the peptide stapling approach fixes two turns of the α-helix using an alkyl chain originating from two unnatural amino acids with terminal alkenes at positions i and i+4, +7 or +11. Spiegel et al. obtained a stapled peptide binder of Rab8a by inspecting the α-helical binding sequences of various Rab effectors using existing crystal structures in the PDB database. They synthesised short peptides representative of the binding motifs, conjugated them with fluorescein and screened them by fluorescence polarisation (FP) against several Rab proteins. Only one structure, StRIP3, was found to bind to Rab8a-GppNHp and competed with Rab8a-effector binding in vitro, though no mention was made of binding to possible conformers (state I/II) by analogy to Ras proteins [77]. The potency of stapled peptides against K-Ras-GDP was demonstrated by Leschiner et al., who also made stapled peptides based on an α-helix of SOS. By careful selection of residues, the authors ensured that the peptide staple would lie on the opposite side from the PPI and thus achieved binding affinities of 100-175 nM (SAH-SOS1, 19, Fig. 4) by FP. Cell permeability was increased by adjusting the total charge from -1 to +1 and cellular uptake was confirmed by confocal microscopy of whole cells, and fluorescence scanning of electrophoresed lysates using FITC derivatives [108].
Discussion and CONCLUSION


The recent strides made towards direct targeting of the Ras proteins in particular, have overturned previous dogma that the class is strictly ‘undruggable’, and provoked an intense interest in drugging the Ras superfamily. A combination of novel screening technologies with improving understanding of Ras dynamics has resulted in an impressive range of novel binders, from small molecules and nucleotide analogues to peptides that frequently exploit novel pockets and induced binding sites that previous studies have overlooked. Despite this progress, conclusive evidence that a drug can be developed against Ras proteins is still lacking, and there remains a disparity in translating success at the ligand level into potency in cells or whole organisms.


To unlock development of selective ligands against the wider superfamily, more data is required on the structure and dynamics of disease-relevant Rho, Arf, Ran and Rab proteins, particularly in their (in)active conformers. These studies will undoubtedly provide additional unanticipated binding sites that can further expand the range of screening approaches that can be applied. For example, better understanding of the conformers relevant to active and inactive forms of each subfamily, analogous to the state I/II hypothesis for Ras, will enable more confident use of specific protein constructs in higher throughput biophysical screening methods. This should include surface plasmon resonance (SPR), a platform widely used for other protein classes, including for fragment screens, but currently underrepresented in screens reported against Ras proteins. Structures and dynamic analyses of Ras superfamily proteins with a wider range of disease-relevant GEFs, GAPs and effectors will facilitate discovery of allosteric compounds that can target and potentially stabilise transient complexes, an approach that shows great promise in unlocking novel modes of inhibition. Both X-ray crystallography and NMR have important roles to play in atomic resolution ligand development that is still grounded in the context of solution-phase dynamics. Numerous advanced NMR-based approaches have yet to be applied in earnest to Ras ligand discovery, and application of cutting-edge techniques is likely to be a fertile area for ligand discovery.

Cell-free and in-cell assays that accurately recapitulate or analyse the influence of ligands on GTPase cycles and binding events in a relevant disease model are still lacking for the large majority of Ras superfamily members, and will be essential when considering how reversible membrane binding changes activation dynamics. There remains very little data on the selectivity of ligands reported in the literature, and assays that can address this question in cells will be important given the large range of proteins in the class, and their varied and often overlapping GEF, effector and GAP interactions. In this respect, the recent work developing covalent Ras binders could have a major impact by delivering tools to monitor binding site occupancy in cells. Lastly, as the superfamily becomes more widely explored at the structural level, ligands that exploit direct GTPase site binding or covalent modification should continue to be explored as potential starting points. Recent revelations in the Ras ligand space suggest that previous dogma will continue to be overturned, and that that there are many more surprises to discover for scientists willing to take an open-minded approach to drugging the Ras superfamily.
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Fig. (4) Chemical structures of selected small molecule binders for the Ras superfamily. Binding modes for ligands 2, Kobe2601 (a close analogue of 10), 12 and 15 are summarized in Fig. 6, below.
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Figure 4 Chemical structures of selected small molecule binders for the Ras superfamily.
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