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Abstract

Allosteric mechanisms are pervasive in nature, but human-designed allosteric perturbagens are 

rare. The history of KRASG12C inhibitor development suggests that covalent chemistry may be a 

key to expanding the armamentarium of allosteric inhibitors. In that effort, irreversible targeting of 

a cysteine converted a non-deal allosteric binding pocket and low affinity ligands into a tractable 

drugging strategy. Here we examine the feasibility of expanding this approach to other allosteric 

pockets of RAS and kinase family members, given that both protein families are regulators of 

vital cellular processes that are often dysregulated in cancer and other human diseases. Moreover, 

these heavily studied families are the subject of numerous drug development campaigns that have 

resulted, sometimes serendipitously, in the discovery of allosteric inhibitors. We consequently 

conducted a comprehensive search for cysteines, a commonly targeted amino acid for covalent 

drugs, using AlphaFold-generated structures of those families. This new analysis presents potential 

opportunities for allosteric targeting of validated and understudied drug targets, with an emphasis 

on cancer therapy.
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Synthetic allosteric inhibitors are rare but desirable

Allosteric regulation by small molecules is pervasive in biology.1 It is therefore tempting 

to conclude that researchers should also be able to design synthetic small molecules to 

effectively manipulate biological phenomena using analogous allosteric mechanisms for 

therapeutic purposes. However, while there are numerous examples of human-designed 

orthosteric inhibitors,2 far fewer allosteric inhibitors have translated into therapeutic agents. 

Indeed, a query of drugbank for approved agents yields over 4200 entries, but only 7 in 

the list are described as allosteric.3-4 Nevertheless, successes are becoming more common, 

as seen with KRAS,5 SHP26-8 and kinase inhibitors,9 and investment in allosteric drug 

development is growing.10

The term allosteric comes from the Greek àllos, meaning “other”, and steric, meaning 

“relating to or involving the relation of atoms in space”.11 Allosteric inhibitors were first 

described as inhibitors that do not bear a structural resemblance to natural ligands.12 

However, the allosteric classification has substantially expanded to include macromolecules 

that bind outside of the active site, macromolecules that transmit conformational changes 

from one location on a macromolecule to another, and macromolecules that induce 

entropic changes, but do not necessarily cause conformational changes.3 Characterization 

of allosteric changes has extended from consideration of binary states (tense vs. relaxed), 

to ensembles of conformational states.3,13 Allostery applies to most proteins, which are 

naturally flexible and undergo conformational changes in response to ligand binding, 

mutations, covalent modifications or alterations in pH, temperature or ionic strength. Such 

flexibility is necessary to achieve delicate and predictable regulation of biological processes, 

in response to environmental changes.

Allosteric drugs have several potential advantages. First, catalytic active sites are often 

highly conserved across protein families, whereas allosteric pockets are far less conserved. 

This suggests that achieving inhibitor selectivity may be more straight-forward when 

targeting allosteric sites. Additionally, allosteric inhibitors have the potential to fine-tune 

enzymatic activity, whereas orthosteric inhibitors most often work in a binary, on/off 

fashion.14-15

Allostery in biology

Allostery was first observed by Bohr and colleagues more than a century ago when they 

observed cooperativity during the binding of oxygen molecules to hemoglobin.16 The 

structural mechanism was initially thought of as a two-state model between tense (T) 

and relaxed (R) conformations (Figure 1 (A)).17 However, the model has been extended 

to include shifting dynamic ensembles of hemoglobin conformations.18 This example 

illustrates that allosteric ligands often function by altering the binding affinities of other 

biomolecules.

Other notable early examples include enzymes involved in energy metabolism such as 

glucokinase (GK), which plays a major role in glucose sensing and homeostasis.19 The 

mechanism of sensing is allosteric. In addition to the active site, glucose binds GK at a 
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remote site with an affinity corresponding to the ideal physiological serum concentration 

of glucose, about 5 mM.20 When glucose is elevated and the allosteric site is occupied, 

GK shifts from an open, less active state, to a closed, highly active form (Figure 1 

(B)). This mechanism has been exploited to create GK activators such as dorzagliatin,21 

RO-28-1675,22 PB-201,23 and others currently in clinical trials at various stages for type 2 

diabetes therapies.19,24-27

Phosphofructokinase-1 (PFK1), the “gatekeeper” of the glycolytic pathway, is another well-

studied example. PFK1 converts fructose-6-phosphate (F6P) to fructose 1,6-bisphosphate 

(F1,6BP), but is allosterically regulated by many other ligands in eukaryotes. ATP, citrate 

and lactate inhibit PFK1 activity, while ADP, AMP, cAMP, and F2,6BP are activating. The 

structural mechanism centers on stabilization of PFK1 dimers, tetramers or higher order 

oligomers with the active site at the interface of these protein–protein interactions.28-29 

As an example, structural studies on ATP vs. ADP-bound enzyme showed a rotation of 

12 degrees for the ATP vs. ADP-bound structures, leading to opening and deactivation of 

the catalytic site in the case of ATP binding (Figure 1(C)).30 Evolutionary divergence of 

allosteric binding pockets between species has enabled development of selective allosteric 

PFK inhibitors as antibiotics.31

Finally, mammalian Acetyl-CoA Carboxylase (ACC) is a large multifunctional dimeric 

protein that catalyzes a rate limiting step early in fatty acid synthesis, the carboxylation 

of acetyl-CoA to form malonyl CoA. In addition to regulation by phosphorylation at 

multiple sites, ACC activity is allosterically repressed by interactions with malonyl CoA 

and fatty acid derivatives, but is activated by citrate with an activation constant in the 

low mM range.32 One mechanism of activation was revealed by electron microscopy, 

showing that citrate induces large conformational changes that allow ACC to polymerize 

into unbranched fibers that can extend up to 1 micrometer.33 As fibers, ACC subunits 

are ‘locked’ into an active conformation (Figure 1(D)). The lipid mimetic TOFA (5-

(tetradecyloxy)-2-furancarboxylic acid) was found to allosterically inhibit ACC, presumably 

in a similar manner to natural fatty acid negative regulators. Derivatives of TOFA have 

been explored as therapies for various maladies.34-35 More recently, structure-guided design 

resulted in firsocostat, an allosteric ACC inhibitor currently in human trials for non-alcoholic 

steatohepatitis (NASH).36

While modulators of GK, PFK1 and ACC show that allosteric mechanisms can be 

manipulated for therapeutic purposes, major challenges remain for other targets. Allosteric 

binding pockets are often non-ideal for achieving high affinity drugs. Also, these examples 

illustrate that targeting naturally-occurring allosteric pockets often means competition 

with physiological ligands that exist in cells at high concentrations. Nevertheless, recent 

successes in allosteric drug discovery suggest that utilization of covalent chemistry may be 

one way to overcome these challenges.

Allosteric RAS inhibitors

RAS was one of the first oncogenes discovered37-39 and its isoforms KRAS, HRAS and 

NRAS, proved to be some of the most commonly mutated drivers of cancers, particularly 
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bad acting cancers such as pancreatic, lung, colorectal, and skin cancer.40 RAS has long 

been considered an “undruggable” target but allosteric inhibitors of RAS were recently 

developed.5 This was accomplished by a combination of good fortune and covalent 

chemistry.

The function of RAS is contingent on its structure because it transduces signals by 

transient protein–protein interactions that rely on the conformation of RAS. At baseline 

those interactions are governed by GTP, which constrains RAS to a compact form, or by 

GDP, which permits more movement.41 Two key structural elements called the switches 

form a large portion of the nucleotide binding pocket, and these are the principle mobile 

elements (Figure 2 (A)). Many disease-associated RAS mutations shift the conformational 

dynamics of the switches. This can translate into abnormal biochemical phenotypes such 

as rapid nucleotide exchange42-44 or loss of interactions with GTPase-activating proteins 

(GAPs) such as NF1 that normally facilitate GTP hydrolysis to inactivate RAS.45 The 

degree of RAS activation caused by specific mutations can be highly variable, as reflected 

by the wide range of diseases and syndromes driven by RAS mutations, including cancers 

of varying aggressiveness and developmental disorders where malignancy does not occur 

at all.42-43,46-48 However, this phenotypic spectrum is not fully explainable by differences 

in nucleotide exchange rates or GAP insensitivity. The RAS field is now examining other 

factors such as tissue-specific contextual variables42 or other biophysical phenomenon such 

as altering how RAS functions within large signaling complexes.49 Regardless, altered 

protein dynamics also create opportunities for selective allosteric targeting.

Clinical SW2 pocket RAS inhibitors

Targeting RAS for therapeutic purposes was proposed at the time of its discovery, but 

the conceptually straight-forward strategy of competing for the guanosine nucleotide 

binding pocket with a small molecule inhibitor was felt infeasible due to the micromolar 

concentrations of nucleotide in the cell and the picomolar affinity of nucleotides for 

RAS.50 Therefore, a major effort centered on inhibition of RAS prenylation by farnesyl 

transferases.51 This was successful in animal models, but ultimately failed in human trials, 

likely because of compensation by other prenyltransferases and functional redundancy by 

RAS isoforms.52 Targeting downstream of RAS has not worked because of toxicity or 

unanticipated signaling feedback.53-54

After many years and challenges, a direct KRAS-targeted therapy, sotorasib, is approved 

for cancers bearing KRASG12C, a common mutation found in lung cancer.55 Additional 

approvals for similar drugs, including adagrasib,56 are expected soon and a number of others 

are currently under evaluation.57-63 Two properties are central to the success of these drug 

campaigns: all advanced KRASG12C inhibitors, so far, are allosteric and covalent.

Sotorasib and adagrasib bind in a pocket formed by switch 2 that can open when KRAS is 

GDP-bound (Figure 2(B)). The feasibly of covalently targeting this induced pocket was first 

demonstrated by Shokat and colleagues by screening with low-affinity disulfide-containing 

fragments for those that could preferentially covalently label KRASG12C protein.64 The 

compounds they identified were selective for GDP-bound KRASG12C and were ultimately 

shown to bind in what is now termed the switch 2 (SW2) pocket. However, it was 
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only later appreciated that KRASG12C is targetable in this way because it has a rapid 

nucleotide cycling phenotype.65-66 Optimized covalent fragments showed sufficient activity 

in KRASG12C-driven cancer cells to motivate additional research on the properties of 

KRASG12C67 and substantial investment in chemistry ensued. Multiple groups converged on 

a similar chemical scaffold with markedly improved activity (Figure 2 (C)). 4_AM showed 

important new interactions with KRAS His95, which boosted affinity68 and ARS1620 

showed activity in vivo.69 Mirati and Amgen later disclosed structures of their lead clinical 

candidates, MRTX849 and AMG510, respectively, which showed structural similarities 

to 4_AM and ARS1620.69-70 The precise mechanism of how these compounds inhibit 

RAS signaling is not fully resolved at the structural level, but they presumably work by 

disrupting protein–protein interactions such as RAS-RAS71 or RAS-RAF interactions that72 

are important for RAS signaling. These compounds are highly selective for KRASG12C over 

other RAS forms because non-covalent interactions with the SW2 pocket are relatively weak 

and therefore require covalent attachment with cysteine 12 for biological activity.68,73-74 

These inhibitors demonstrate that covalent chemistry can convert suboptimal allosteric 

binding pockets with corresponding weak ligands into druggable binding pockets.

Although covalent SW2 pocket binders are relatively new, the idea of targeting the allosteric 

SW2 pocket of RAS was considered over 15 years before. The first reports came in 1997 

from a group at Plough-Shering aiming to develop allosteric RAS-targeted compounds using 

x-ray crystal structure-guided design.75-77 Binding of their lead compound SCH-54292 to 

the SW2 pocket (Figure 2(D)) was confirmed by MS mapping and NMR spectroscopy.75-76 

These compounds had activity in RAS-dependent cell-based systems in the micromolar 

range. Several years later, derivatives were made, but gains in affinity were not sufficient 

to translate into biologically meaningful activity. It is unknown if covalent analogues of 

SCH-54292 are achievable, but it is intriguing to consider that SCH-54292 was only one 

conceptual step away from drugging RAS. This idea has motivated us to re-examine other 

allosteric RAS and kinase binding pockets, for which numerous allosteric compounds have 

been discovered (Tables 1 and 2), and consider if any of these may be one step away from a 

breakthrough.

G pocket and switch 1/2 (SW1/2) pocket RAS inhibitors

Concurrent to the discovery of covalent SW2 pocket inhibitors, GTP-competitive (G pocket) 

covalent inhibitors were also reported. These compounds were GDP derivatives bearing a 

reactive electrophilic warhead in place of the gamma phosphate of GTP.78 Remarkably these 

compounds were able to compete with GTP and GDP in biochemical systems, even in the 

presence of high concentrations of nucleotide and impair important biochemical properties 

such as RAS-RAF interactions.78-79 These compounds also lock KRASG12C into an inactive 

conformation.79-80 Although nucleotide mimetics ultimately could not be adapted into 

compounds that permeate the cell membrane,80 they demonstrate that covalent approaches 

are sufficient to overcome competition with high levels of high affinity binders. It is also 

interesting to consider that although these inhibitors bind to the active site of KRASG12C, 

they function by altering the conformational state of the protein, which is the primary 

determinant of KRAS function. This raises the question of whether G-pocket inhibitors 
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should also be considered allosteric inhibitors, thus further expanding the definition of an 

allosteric inhibitor.

Success in targeting the switch 2 and G-pockets in KRASG12C has inspired numerous other 

RAS targeting efforts and through that process another major allosteric pocket has been 

identified that sits between switches 1 and 2, termed the SW1/2 pocket. Notable inhibitors 

include compounds directed at inhibiting SOS-RAS interactions such as compound 1381 and 

BI2852,82 which function by inducing non-physiological RAS dimers.83 These compounds 

bind with low affinity, in the micromolar range, and have not been translated into drugs. 

Nevertheless, compounds in this class have been adapted into useful assay probes that 

facilitate evaluation of target engagement and protein–protein interactions.73

Allosteric kinase inhibitors

Kinases are distinguished by a rich history that often overlaps with pathways regulated by 

RAS proteins and is interwoven with targeted drug discovery. Kinases play critical roles 

in cellular signaling.84-86 Therefore, subtle changes in kinase function, due to aberrant 

regulation, mutations or other modifications, can lead to large-scale cellular dysfunction 

that manifests at the tissue or organismal level as disease. Consistent with this idea, kinase 

dysregulation is a common driver of many diseases.87 Accordingly, perturbation of kinase 

function by small molecules can generate profound cellular effects, making them prime drug 

targets. To date, the US FDA has approved 71 small-molecule kinase inhibitors, 35 of which 

were approved in the last 5 years.2 It is worth noting that many of these were developed in 

response to the perceived “undruggable” nature of RAS, in an effort to indirectly address 

aberrant RAS signaling.88 These drugs target an array of malignancies, rheumatologic 

conditions, connective tissue disorders, glaucoma, chemotherapy-induced myelosuppression 

and skin conditions.89 However, only a fraction of the kinome, around 70 of the approximate 

520 members, has been targeted for therapeutic purposes. Understanding and targeting the 

“dark kinome” is a current research priority.90

Kinases are druggable in large part because they exhibit remarkable conformational 

dynamics. The prototypical kinase domain consists of an N-terminal lobe containing 

sheets and a C-terminal lobe comprised of a series of helices (Figure 3). The lobes are 

connected by a loop called the hinge domain. ATP is sandwiched between the N and 

C-lobes and interacts with the hinge. Prominent functional motifs near the active site 

include dynamic p and activation loops, which are important for substrate binding and 

kinase activation for many kinases.91-93 Conformational flexibility results in a relatively low 

affinity (typically in the 50–100 μM range) for ATP.94-95 This affinity makes it possible 

to design inhibitors that compete for the ATP binding site. Indeed, the first inhibitors of 

kinases were ATP-competitive. However, conformational flexibility also makes kinases ripe 

for allosteric targeting. Moreover, while many kinase signals are transmitted by way of their 

phosphorylation activity, some signals are transduced through protein–protein interactions. 

Targeting those functions with small molecules may require allosteric approaches.
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Kinase inhibitor classification

Kinase inhibitors are commonly classified as class I, II, III or IV according to their binding 

modes.96-97 Type I inhibitors exclusively occupy the ATP-binding pocket, which is highly 

conserved. Type II inhibitors occupy the ATP site, but also extend into an allosteric pocket 

that opens when the kinase is inactive. Gefitinib is a prominent early example of a type I 

inhibitor98 and imatinib is an example of type II inhibitor.99 Multiple examples of covalent 

type II inhibitors have been reported and are reviewed elsewhere.100 Type III inhibitors bind 

to a pocket adjacent to the ATP pocket, but are still sandwiched between the N and C lobes. 

Type IV inhibitors bind to pockets found in the N or C kinase lobes or other domains. Here 

we briefly review the history and properties of type III and IV inhibitors (Table 2) and 

explore the potential for covalent targeting of their allosteric pockets.

Type III inhibitors

Interest in the MAPK pathway led to discovery of the first type III inhibitors. Efforts 

to target MEK resulted in an ATP non-competitive compound PD184352 (also known 

as CI-1040).101 Determination of the co-crystal x-ray structure of a related compound, 

PD318088, revealed the type III binding pocket, immediately behind the ATP binding 

pocket.102 Intense interest in this pocket has resulted in four FDA-approved type III MEK 

inhibitors: trametinib, cobimetinib, binimetinib, and selumetinib. Type III inhibitors have 

also been identified for a variety of kinases, including AKT,103 TRKA,104 EGFR,105 

IGF-R1,106 LIM-kinase,107 p38a, JNK2,108 cSrc,109 FAK,110 and PAK1.111 The structural 

mechanism by which type III compounds inhibit target function likely arises from altering 

the conformational dynamics of their kinase targets which in turn impairs the ability of 

kinases to bind to substrates or catalyze phosphate transfer.112 There are no examples of 

covalent type III inhibitors.

Myristic pocket inhibitors

Myristic acid is a known regulator of c-Abl kinase that binds to a hydrophobic pocket 

located in the C-lobe of its kinase domain.113 Binders of this allosteric pocket were 

discovered by a high-throughput screen for compounds that produced anti-proliferative 

activity against ABL-transformed BA/F3 cells. One of the hits, GNF-2, was not competitive 

with ATP or the ATP-competitive compound imatinib. However, GNF-2 was competitive 

with myristoylated peptides. Also, mutations to the ABL myristoyl binding pocket conferred 

resistance to GNF-2 in ABL-dependent cells.114 The x-ray structure of GNF-2 bound to 

ABL kinase was solved years later, confirming binding to the myristic pocket. Analysis 

of the impact of GNF-2 binding on protein dynamics showed a large GNF-2 dependent 

decrease in accessibility of the ATP binding site.115-116 More recently a chemically distinct 

myristic pocket binder, ABL001 (Asciminib) was reported. It has substantially improved 

affinity, and works together with orthosteric inhibitors to give more durable responses 

in CML.117 Asciminib is currently under evaluation in numerous CML-focused clinical 

trials.118-120 No covalent inhibitors of the myristic pocket have been developed.
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PIF pocket inhibitors

The PIF pocket, located in the N-lobe, was originally named for activating interactions 

between PDK1 and a PDK1-interacting fragment (PIF) of PKA.121 In normal physiology 

this interaction regulates insulin and growth factor signaling. Manipulation of this pocket 

with disulfide trapping of small molecule fragments showed the ability to activate or 

deactivate PDK1.122 Campaigns to target this pocket have yielded probes that interact with 

PDK1 and CDK2. All PDK1-targeted compounds bind with affinities in the low micro molar 

range.123 There are no reports of covalent inhibitors of the PIF pocket.

IV-C1 pocket inhibitors

Our search for allosteric inhibitors of the kinase C-lobe identified three distinct pockets, 

different from the myristic pocket, for which inhibitors have been reported. The first, which 

we call IV-C1, sits immediately below the ATP binding pocket (Figure 3, orange). Inhibitors 

of this pocket were discovered in a screening campaign targeting CHK1, motivated by its 

role in DNA repair and potential applications in cancer therapy. The biochemical screening 

strategy evaluated for compounds that prevent peptide substrate phosphorylation in a non-

ATP competitive manner. The optimized hit, compound 38, bound to CHK1 with an IC50 of 

1.5 μM. Crystal structures revealed a shallow pocket in the C-lobe.124

IV-C2 pocket inhibitors

Another allosteric pocket, we term the IV-C2 pocket, sits on the back side of the C-lobe, 

below the activation loop. Binders were identified from an affinity-based screen using 

partially phosphorylated p38a as bait. The optimized hit, compound 10, showed an IC50 of 

1.2 μM. Structural analysis showed these compounds bind near the “bottom” of the C-lobe, 

about 30 Å away from the ATP binding site. The mechanism by which these compounds 

impact enzyme activity is unclear.125

IV-C3 pocket inhibitors

The IV-C3 pocket also sits beneath the activation loop. Binders were identified by an affinity 

screening approach using JNK1 as bait. Hit compounds bind with an affinity in the low 

micromolar range to a pocket comprised of the activation loop and MAP insertion loop 

found in the CMGC family of protein kinases. Mechanistically, these compounds appear to 

work in JNK1 by stabilizing the activation loop and preventing its phosphorylation.125

Covalent targeting of allosteric pockets in the RAS and kinase families

Achieving selectivity has been a major challenge in the kinase inhibitor field and will likely 

impact RAS inhibitor development strategies for non-G12C targeting. Allosteric inhibitors 

offer the theoretical advantage of targeting pockets that are less well-conserved than the 

active sites. This should offer more ways to engineer selectivity. To confirm this is true 

of allosteric pockets discussed above, we evaluated for primary sequence conservation in 

the RAS and kinase superfamilies and mapped this onto the three-dimensional structure of 

prototypical members of these families using methods described previously.79 In general, 

allosteric pockets were far less conserved than the active site, with the exception of the 

SW1/2 pocket (Figure 4).
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We next considered the possibility of covalently targeting these pockets. For this analysis 

we focused on cysteines, given that cysteines have been successfully targeted in a 

large number and variety of environments to yield clinically approved inhibitors. It is 

estimated that between 30–50% of FDA approved covalent drugs target cysteines.126-127 

As reviewed elsewhere, cysteines contain nucleophilic sidechains that are highly reactive 

with electrophiles such as acrylamide or enone groups, but are also stable in vivo.128 

Further, cysteine is rare in comparison to other amino acids (2.3%), which limits off-target 

reactivity.126 The other major amino acid target for approved covalent drugs, serine, is 

nearly exclusively targeted within the context of enzymatic active sites, and therefore cannot 

be applied to allosteric pockets. Other theoretically possible amino acids, such as lysines 

which have been targeted in a handful of examples,129 may be worth considering in future 

analyses of allosteric pockets after methods for predicting local effects on lysine sidechain 

pKa’s and compatible chemistries mature.

It is also worth noting the potential limitations of cysteine-directed covalent inhibitors for 

targeting allosteric pockets. An early concern with covalent inhibitors, in general, was that 

incorporation of electrophilic warheads into drugs could contribute to off-target toxicity. 

However, this has not borne out, at least with the chemistries currently used for cysteine-

directed compounds.130 Another theoretical concern is that covalent inhibitors may not 

effectively target proteins that are rapidly turned over or degraded by enzymes. Finally, 

targeting suboptimal allosteric pockets can mean that high potency inhibitors may not be 

achievable, so that higher concentrations of drug will be required. Pill fatigue, related to 

the need for elevated plasma levels of drug, is a known issue with certain KRAS G12C 

inhibitors.131

Ultimately, our primary rationale for targeting cysteine residues using covalent chemistry is 

to improve the selectivity and efficacy of inhibitors and to overcome resistance mutations. 

Our analysis also sought to identify opportunities to convert low or modest affinity ligands 

into viable drugs, as was done with KRASG12C.

Cysteineome of allosteric RAS pockets

Early in the history of KRASG12C inhibitor discovery we evaluated the RAS family G 

pocket and SW2 pocket for available cysteines that might be used as handles for covalent 

drug discovery.79 Here we extend that analysis to include additional structural information, 

and add the switch 1/2 pocket. To discover RAS family members with cysteine residues that 

might be approachable we developed a new method by obtaining and aligning AlphaFold132 

generated models for 145 members of the RAS superfamily. These models all showed 

high confidence for modeling the G-domains. Using these aligned models we conducted 

a 3D search of each pocket to find cysteines within 3 A ofÅ a prototypical, structurally-

characterized ligand that binds the pocket. This revealed 96, 38 and 31 family members with 

potentially accessible cysteines in the SW2, SW1/2 and G-pockets respectively (Figure 5, 

Table 3, Table S1). The potential disease relevance of many of these members is unclear, 

but several RAS family members stood out as possible targets based on evaluation of the 

essentiality of these genes in cancer cell lines133-134 and by review of the literature.
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Cell division control protein 42 homolog (CDC42), a member of Rho family, was identified 

in Saccharomyces cerevisiae as a regulator of reproduction.135 Subsequently, CDC42 has 

been shown to mediate cellular transformation, division, invasion, migration, and polarity 

in human cells. Aberrant regulation of CDC42 occurs in several pathogenic processes 

including cancer, motivating drug discovery efforts.136 Secramine was identified based on its 

ability to block recruitment of prenylated CDC42 to the cell membrane.137 More recently, 

ZCL278 was developed as an inhibitor of CDC42-GEF interactions.138 CID2950007 is 

a non-competitive allosteric inhibitor that induces GTP dissociation.139 Nevertheless, no 

efforts to date have translated into therapeutic candidates. Our cysteine analysis reveals 

another potential avenue for CDC42 targeting by way of covalent ligands that interact with 

cysteines in G and S1/2 pockets, specifically Cys18 or 157 in the G pocket or Cys6 in the 

SI/SII pocket.

RAC1, also a member of Rho family, has received attention as a potential drug target 

based on its role in regulating the assembly and disassembly of cytoskeletal elements for 

a variety of cellular processes.140 Dysregulation of RAC1 leads to various pathological 

conditions including cancer.141 NSC23766 is a direct RAC1 inhibitor that disrupts RAC1-

GEF interactions, thereby preventing RAC1 activation.142 Derivatives of NSC23766 with 

greater potency, such as EHT 1964 and EHop-016 have been developed141,143 but these have 

not advanced. Based on our analysis, covalent targeting may be possible for cysteines in the 

G pocket (Cys18 and 157) and S1/2 pocket (Cys6).

RHOA, another member of Rho family, also regulates cell morphology, cell polarity, and 

cell migration144 and is dysregulated in a number of cancers.145 RHOA directed inhibitors 

such as G04, have been identified, but are early stage.146 Our analysis shows potentially 

accessible cysteines at residues 20 and 159 in the G pocket.

NRAS is frequently mutated in melanoma, leukemia, and thyroid carcinoma and those 

mutations are associated with poor prognosis.147 No direct NRAS inhibitors have been 

developed. A cysteine at G pocket residue 118 may provide a foothold.

Cysteineome of allosteric kinase pockets

Analysis of the cysteineome of the ATP-binding pocket of kinases has led to the 

development of numerous covalent type I and type II inhibitors.148 Different from that 

analysis, here we examined the kinome to find family members that present with cysteines 

in allosteric pockets (Figure 6, Table 4, Table S2) using the same method described above 

for the RAS family. This revealed a number of established cancer targets as well as targets 

where there is considerable interest in developing targeted therapies. Notable cancer targets 

for which there are already approved drugs include HER2, HER3, EGFR, FGFR1, CDK4, 

CDK6, and JAK1. Despite the availability of targeted therapies, development of additional 

allosteric inhibitors may provide advantages. As an illustration, although potent clinical-

grade inhibitors of EGFR such as erlotinib have been available since the early 2000′s, new 

generations of EGFR inhibitors such as osimertinib have shown significant advantages,149 

particularly with respect to acquired resistance mutations.150 Development of allosteric 

inhibitors may provide additional advantages both for drug resistance and efficacy.
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Additionally, we note several emerging drug targets with potentially targetable allosteric 

pocket cysteines. Tousled-like kinases (TLKs) are relatively understudied kinases that 

are essential for genome stability and normal embryonic development in a variety of 

multicellular organisms.151 Human TLK1/2 are often amplified or mutated in human 

cancers, especially breast and bile duct cancers. Additionally, TLK2 mutations occur in 

intellectual disability and autism spectrum disorders.152 There are few examples of TLK-

directed inhibitor efforts in the literature and no potent and selective TLK inhibitors have 

been reported. Covalent allosteric inhibitors to the PIF, IV-C1 and IV-C3 pockets may be 

possible based on our analysis.

Non-receptor tyrosine kinase PTK2 (protein tyrosine kinase 2), also known as FAK (focal 

adhesion kinase) mediates cell adhesion signal transduction downstream of integrins and 

growth factor receptors. FAK supports cell survival, migration, and invasion by cancer 

cells and is commonly overexpressed in ovarian cancers, lung squamous cell neoplasms, 

esophageal cancers and uveal melanomas. Multiple orthosteric PTK2 inhibitors have been 

developed, including defactinib, IN10018, VS-4718, GSK2256098, and PF573228, but 

many show off-target effects that limit their further development as drugs.153 However, FAK 

is also known to play scaffolding roles, so efforts to develop inhibitors that disrupt PTK2 

protein–protein interactions have been developed.154 Covalent allosteric inhibitors of FAK 

may address both the selectivity problems of current inhibitors and better target the allosteric 

functions of FAK.

Conclusion

KRASG12C not only showed that KRAS can be drugged, but also that covalent chemistry 

can convert a suboptimal binding pocket into a druggable pocket. In this analysis we take 

the first step in extending this concept to other potential drug targets by the identification 

of members of the RAS and kinase families with cysteines in known allosteric pockets. 

Whether known inhibitors can be adapted to covalently access these cysteines or if new 

chemotypes will be required remains to be seen.
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Figure 1. 
Allosteric regulation is common in biology and can be targeted with drugs. (A) Hemoglobin 

in the T (Tense, left) and R (Relaxed, right) conformations. The T conformation is stabilized 

in the absence of oxygen and has low binding affinity. Binding of oxygen transitions 

the tetramer to the R state, increasing oxygen binding affinity. PDB: 2HHB, 1HHO. α 
subunit in white, β in grey, heme in red, oxygen in blue. (B) GK changes conformation 

to become active when the allosteric site is bound. Glucose in blue, allosteric ligand in 

red. PDB: 1V4T, 1V4S. (C) Binding of F2,6BP to the allosteric site of the homotetrameric 

phosphofructokinase-1 (PFK1) complex causes rotation of the protomers relative to each 

other to stimulate enzymatic activity. ATP, ADP and F6P in red, F1,6BP in blue. PDB: 

4XYJ, 4XZ2. (D) Citrate allosterically activates human acetyl-CoA carboxylase (ACC) by 

stabilizing filament formation. PDB: 6G2D,6G2I.

Li et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
RAS is allosterically targetable because of mobility of the switches. (A) Superposition of 

190 experimentally derived KRAS protein structures show the switches are the primary 

mobile elements. GTP in red, SWI in yellow and SWII in green. (B) Superposition of 

91 experimentally derived structures of KRAS proteins bound to inhibitors demonstrates 

the location of major allosteric pockets. After the alignment, only ligands are displayed 

relative to a prototypical SW2-bound KRAS structure (PDB: 6OIM). G pocket binders in 

red, SW2 binders in orange, and SW1/2 binders in blue. (C) KRASG12C inhibitors are 

structurally related. Structurally similar components are highlighted in color for emphasis. 

(D) Simulated docking of SCH-54292 (orange) shows binding to the SW2 pocket of KRAS.
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Figure 3. 
Kinases are allosterically targetable at multiple sites. Representative binders of allosteric 

sites are shown relative to a prototypical kinase fold (PDB 2G2F). The conformation of the 

mobile αC helix is substituted from PDB 7JUY to illustrate the typical conformation seen 

with type III inhibitors. ATP in red (from PDB 1S9J), Compound 38 in orange (from PDB 

3F9N), CHEMBL1230164 in pink (from PDB 3NEW), Compound 3 in chocolate (from 

PDB 3O2M), RS1 in dark blue (from PDB 4RQK), GNF2 in sky blue (from PDB 3K5V), 

and cobimetinib in cyan (from PDB 7JUY).
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Figure 4. 
Allosteric sites for RAS and kinase families are not conserved. Protein sequences for 

kinases or RAS families were aligned and relative conservation scores for each amino 

acid were calculated using the ConSurf server and plotted on the surface of a prototypical 

family member fold. (A) Conservation scores for the RAS family are plotted on the 

surface of KRAS PDB 4LDJ. Representative compounds are ARS1620 (orange from 

PDB 5V9U), XY-02-075 (red from PDB 5KYK) and CH-2 (blue from PDB 6GQX). (B) 

Conservation scores for 493 kinases are plotted on the 3D structure of Aurora A (PDB 

3E5A). Representative compounds: Compound 38 in orange (from PDB 3F9N), GNF2 in 

cyan (from PDB 3K5V), Compound 3 in chocolate (from PDB 3O2M), RS1 in blue (from 

PDB 4RQK), CHEMBL1230164 in pink (from PDB 3NEW) and ATP in red (from PDB 

1S9J).
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Figure 5. 
Potentially accessible cysteines in allosteric RAS pockets. (A, C, E) Spheres highlight αC 

corresponding to potentially accessible cysteines in indicated allosteric binding sites. Table 

2 provides a list of specific family members. RAS protein in white, prototypical compound 

in yellow. (A, 5KYK; C, 6GQX; and E, 5V9U). (B, D, F) Dendrograms of the RAS family 

provide a high-level view of which members have targetable cysteines for the indicated 

pockets. Dendrograms generated using the Interactive Tree of Life (iTOL).
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Figure 6. 
Potentially accessible cysteines in allosteric kinase pockets. (A, C, E, G, I, K) Similar to 

Fig 5, spheres highlight α C corresponding to potentially accessible cysteines in indicated 

allosteric binding sites. Table 4 provides a list of specific family members. Kinase in white, 

and prototypical compounds in yellow (A, 4AW1; C, 3K5V; E, 3LW0; G, 3F9M; I, 3NEW; 

and K, 3O2M). (B, D, F, H, J, L) Dendrograms of the kinase family provide a high level 

view of which members have targetable cysteines for the indicated pockets. Dendrograms 

generated using KinMap.
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Table 1

RAS allosteric compounds.

Year PDB Class Compound Name

2012 4EPY SW1/2 13

2013 4M22 SW2 16

2013 2LWI SW1/2 Kobe2601

2013 5ZC6 SW1/2 KBFM123

2014 4NMM G SML-8-73-1

2014 4PZZ SW1/2 3

2016 5F2E SW2 ARS-853

2017 5MLA G darpin K55

2017 5V9O SW2 3_AM

2018 6F76 SW1/2 3344

2018 6FA4 SW1/2 Abd-7

2018 5V9U SW2 ARS1620

2018 6N2K SW2 12

2019 6QUV SW1/2 15R

2019 6GQY SW1/2 CH-3

2019 6V5L SW1/2 E22

2019 6GJ8 SW1/2 BI 2852

2019 6P8Z SW2 1

2019 6OIM SW2 AMG 510*

2020 6TAM SW2 3

2020 6UT0 SW2 MRTX849

*
Approved.
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