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Abstract 15 

RAS drug development has made enormous strides in the past 10 years, with the first direct 16 

KRAS inhibitor being approved in 2021. However, despite the clinical success of covalent 17 

KRAS-G12C inhibitors, we are immediately confronted with resistances as commonly found 18 

with targeted drugs. Previously believed to be undruggable due to its lack of obvious 19 

druggable pockets, a couple of new approaches to hit this much feared oncogene have now 20 

been carved out. We here concisely review these approaches to directly target four druggable 21 

sites of RAS from various angles.  22 

Our analysis focuses on the lessons learnt during the development of allele-specific covalent 23 

and non-covalent RAS inhibitors, the potential of macromolecular binders to facilitate the 24 

discovery and validation of targetable sites on RAS and finally an outlook on a future that 25 

may engage more small molecule binders to become drugs. We foresee that the latter could 26 

happen mainly in two ways: First non-covalent small molecule inhibitors may be derived 27 

from the development of covalent binders. Second, reversible small molecule binders could 28 

be utilized for novel targeting modalities, such as degraders of RAS. Provided that degraders 29 

eliminate RAS by recruiting differentially expressed E3-ligases, this approach could enable 30 

unprecedented tissue- or developmental stage-specific destruction of RAS with potential 31 

advantages for on-target toxicity. We conclude that novel creative ideas continue to be 32 

important to exterminate RAS in cancer and other RAS pathway-driven diseases, such as 33 

RASopathies.  34 

 35 

 36 

Introduction 37 

The small GTPase RAS operates as a switchable recruitment site of downstream effectors to 38 

the membrane. Thus GTP-binding triggers multiple intracellular signalling pathways, notably 39 

the MAPK pathway, which drives proliferation and differentiation (1). This central position 40 

to orchestrate hallmarks of life may explain why RAS is so frequently exploited in cancer, 41 

where the three RAS genes, KRAS, NRAS and HRAS combined are mutated in 19 % of cancer 42 

patients (2). Mutations typically occur in hotspot codons 12, 13 or 61, which essentially keep 43 

RAS GTP-bound and thus constitutively active. 44 

In 2021 the first direct RAS inhibitor, sotorasib (AMG 510), was approved after a 40 year 45 

long quest to inhibit this major oncogene. Impressive initial clinical data with a median 46 

overall survival of 12.5 months in smoking-associated KRAS-G12C mutant NSCLC patients 47 



Page 3 of 17 

supported this effort (3). A number of other G12C-specific inhibitors are currently being 48 

evaluated in patients, including adagrasib (MRTX849), which is the second G12C-inhibitor 49 

to enter clinical assessment (4, 5). However, the application of these inhibitors is limited to 50 

KRAS-G12C mutant tumours, such as found in 14 % of NSCLC patients, and < 5 % in 51 

colorectal and pancreatic cancers. Moreover, emerging resistances have stunted overall 52 

patient response and the initially high expectations. Resistance mechanisms include 53 

additional oncogenic KRAS mutations in codons 12, 13 or 61 that are not susceptible to 54 

G12C-inhibitors (6, 7). 55 

Nonetheless, the first direct RAS inhibitors are a tremendous first milestone that demarcate 56 

the extraordinary achievements in RAS drug development during the past decade. They 57 

impressively demonstrate what happens, if specifically the oncogenic version of a major 58 

cancer driver is drug-targeted. Yet they also clarify that even with exquisite (covalent) on-59 

target specificity, side effects cannot be ruled out (8). Most importantly, these inhibitors 60 

provide unequivocal proof of KRAS as a cancer drug target in humans.  61 

The KRAS-G12C inhibitor development story is testimony to not take no for an answer, and 62 

pursue the targeting of cancer drivers, even if they were considered undruggable. This 63 

justifies and encourages novel drug development efforts against RAS. We will here review, 64 

which approaches are on the drawing boards of researchers and give an outlook on potential 65 

future developments. 66 

 67 

Main body of article 68 

The development of allele-specific and pan-RAS inhibitors for clinical applications  69 

Crystal structures of RAS show that GTP-binding induces conformational changes in two 70 

regions of RAS, called switch I and switch II, without revealing targetable pockets on RAS 71 

(1). However, seminal work from the Shokat group published in 2013 identified the cryptic 72 

allosteric switch II-pocket (SII-P), which manifests only upon binding of KRAS-G12C 73 

inhibitors (9). Their first proof-of-concept inhibitor introduced the acrylamide warhead for 74 

covalent engagement of the nucleophilic cysteine on position 12, thus creating a paradigm 75 

that has until today been widely utilized (Figure 1). Since then, essentially every major 76 

pharma company has developed KRAS-G12C inhibitors and we refer to recent reviews for 77 

details on their pre-/ clinical progress (5, 10).  78 

The common chemical theme of these compounds in addition to their identical warhead is the 79 

4-piperazin-1-yl-pyrimidine scaffold core that was essentially introduced with ARS-1620 80 
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(11). Intriguingly, with the development of the scaffold of adagrasib a significant non-81 

covalent binding to wild-type KRAS and to a number of KRAS mutants that carry hotspot 82 

mutations on codons 12, 13 and 61 was achieved (12). In line with this, the adagrasib scaffold 83 

served as a starting point for the development of the first covalent inhibitors of KRAS-G12S 84 

and KRAS-G12R in the GDP-bound OFF-state (13, 14). These carry instead of the 85 

acrylamide warhead, a strained 𝛽-lactone electrophile in the case of the G12S-inhibitor, while 86 

an 𝛼,𝛽-diketoamide warhead was used in the G12R-inhibitor. All of these SII-P targeting 87 

compounds lock KRAS in an inactive conformation by distorting switch I and switch II, thus 88 

typically blocking access of RAS activating GEFs, such as SOS, and of RAS effectors, 89 

notably RAF (9, 11-14). In agreement with the reuse of the pharmacologically validated 90 

adagrasib scaffold, inhibitors are furthermore active in cells, to suppress MAPK signalling 91 

and selectively the growth of cancer cells carrying the targeted mutation. 92 

 93 

One initially puzzling finding was that all of these covalent inhibitors rely on the GDP-94 

bound, inactive KRAS. However, oncogenic KRAS mutants are generally approximated to be 95 

constitutively GTP-bound and ON. While it is commonly assumed that the GTPase activating 96 

protein (GAP) neurofibromin (NF1) turns RAS OFF, the heterotrimeric G protein-associated 97 

GAP RGS3 was identified as the enzyme that sufficiently inactivates all major oncogenic 98 

KRAS alleles (15). Consequently, ablation of RGS3 severely decreased the anti-tumorigenic 99 

effect of adagrasib in a mouse xenograft model. This can be explained by the distinct 100 

catalytic mechanisms of NF1 and RGS3. NF1 provides a catalytic arginine (the Arg-finger) to 101 

speed-up GTP hydrolysis of RAS, a mechanism that is crucially inhibited by oncogenic 102 

hotspot mutants of RAS (16). By contrast, RGS3 is from a different family of GAPs, which 103 

likely bind RAS also involving its switch regions, but employ asparagine as catalytic residue 104 

(17, 18).  105 

It is astonishing, but not the first time in RAS/ MAPK biology that such a fundamental 106 

biological mechanism was only discovered after the first RAS inhibitors entered the clinic. 107 

Both failure of farnesyl transferase inhibitors and paradoxical RAF activation were only fully 108 

recognized at the clinical stage (10). The RGS3-catalyzed hydrolysis of RAS furthermore 109 

begs the question, in which biological context then is the NF1-associated GAP-activity 110 

required, given that all hotspot mutants of RAS evade it. 111 

 112 

The OFF-state dependency of SII-P inhibitors is also liable to major resistance mechanisms, 113 

which increase the ON-state, such as mutational activation of EGFR or upregulation of other 114 
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receptor tyrosine kinases (5). Additional resistance mechanisms after sotorasib treatment 115 

include mutations that disrupt binding of the inhibitors to the SII-P, most notably Y96D, 116 

which also blocks access of adagrasib (6, 19). In vitro studies furthermore forecast evasive 117 

mutations, which increase GTP-levels of KRAS, such as Y40A, N116H and A146V (20). 118 

Xenograft data furthermore suggest that MAPK pathway reactivation occurs sooner or later 119 

in particular by the emergence of clones with other oncogenic KRAS alleles or overactivation 120 

of other RAS isoforms, including MRAS (7). 121 

 122 

Some of these resistance issues can be overcome by inhibiting the ON-state of KRAS. The 123 

adagrasib-derived non-covalent inhibitor MRTX-EX185 demonstrates this potential even for 124 

a SII-P binder (12). The non-covalent inhibitor MRTX1133 exploited this further and 125 

introduced sub-picomolar targeting of the most common KRAS mutation, KRAS-G12D, with 126 

potent inhibition of signalling and xenograft growth (21). 127 

Another embodiment is seen in a completely different RAS inhibition approach that is being 128 

evaluated in clinical trials. A whole panel of allele-specific and pan-RAS inhibitors has been 129 

commercially developed, which tie together KRAS in the ON-state and the ubiquitous and 130 

abundant chaperone protein cyclophilin A (22). These ‘molecular glue’ compounds lead to an 131 

inhibitory tri-complex formation that sterically blocks RAS interactions and thus downstream 132 

signalling. Molecular glues are small molecules, which link two proteins in a non-native 133 

complex to inhibit or modify at least one of the binding partners (23). The interesting 134 

potential of this approach is demonstrated by the covalent KRAS-G12C inhibitor RM-018, 135 

which can overcome the Y96D-dependent resistance encountered with sotorasib and 136 

adagrasib (19). In addition to KRAS-G12C, the tri-complex approach has been utilized to 137 

covalently target KRAS-G12D, KRAS-G13C and multiple RAS alleles non-covalently, as 138 

recently reviewed elsewhere (5). 139 

 140 

The exploration of novel binding sites and inhibition principles of RAS using 141 

macromolecular binders 142 

In the commercial tri-complex approach, binding to the part of RAS that engages effectors is 143 

obstructed. This first half of the RAS protein (residues 1-85) is therefore also referred to as 144 

effector lobe, while the second half of the G-domain (residues 86-166) is called the allosteric 145 

lobe. The effector lobe makes major contacts not only with effectors, but all other major 146 

regulators of RAS, such as GEFs and GAPs. 147 
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Therefore, high affinity macromolecular binders raised against the effector lobe can potently 148 

inhibit RAS signalling. In addition to classical antibodies (~150 kDa) and Fab-fragments 149 

(~50 kDa), much smaller specific binders can be raised by directed evolution in vitro, such as 150 

designed ankyrin repeat proteins (DARPins; ~20 kDa), Affimers (~12 kDa), which are based 151 

on the artificial phytocystatin-derived scaffold called Adhiron, and monobodies (~10 kDa), 152 

which originate from an artificial fibronectin type III domain (24-26). Such binders exhibit 153 

typically affinities in the nanomolar range and encode high binding specificities to a small 154 

contact area. The small contact site can be exploited for pharmacophore based computational 155 

or in vitro competitive screening for small molecule functional analogues. 156 

Obvious targets on the effector lobe are the switch regions, for which both GTP-specific 157 

binders (antibodies iDab#6, RT11, inRas37, monobody 12VC1, DARPin K55) (27-30), as 158 

well as GDP-specific binders (monobody JAM20, DARPin K27) have been identified (27, 159 

31) (Figure 2). Accordingly, these reagents typically repress RAS/ effector-binding and 160 

RAS-activation, respectively, and several were shown to block RAS-mutant cancer cell 161 

growth in vitro and in murine tumour models. 162 

The truly exciting potential of these artificial binders lies in their ability to discover novel 163 

binding sites on RAS, which is notoriously binding cavity free. In support of this potential, 164 

affimer K3 was found to bind at the same site of KRAS, where current covalent G12C-165 

inhibitors are lodging. Similarly, another affimer K6 binds to pocket in between the switch I 166 

and switch II regions, a site that is also targeted by inhibitors DCAI and BI-2852 (Figure 1, 167 

Supplementary File 1) (32-34).  168 

 169 

Several other macromolecular binders engage with RAS on the allosteric lobe, hence in a 170 

nucleotide-independent manner. Complexation creates significant sterical bulk around RAS, 171 

which plausibly impacts on higher complex formation, such as transient dimers and 172 

nanoclustering. Nanoclusters are proteo-lipid complexes containing transient di-/ trimeric 173 

RAS assemblies, which act as membrane recruitment sites of RAF-effectors and are therefore 174 

necessary for MAPK signalling (35). In addition, the conformational mobility of RAS at the 175 

membrane impacts on MAPK signalling (35-38). Given that a bulky binder would most 176 

probably restrain such conformational motions it is plausible to assume that they also affect 177 

associated RAS activities.  178 

The monobody NS1 binds to HRAS and KRAS, but not NRAS, at an epitope comprising 179 

helices 𝛼4 and 𝛼5 (39). These make up the most common interface that is assumed to partake 180 

in RAS self-organization into nanoclusters on the plasma membrane (40). This interface was 181 
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also recognized by the affimer K69 (32). By contrast, the DARPins K13 and K19 bind to 182 

helices 𝛼3 and 𝛼4, which have also been suggested as interface for transient RAS dimers at 183 

the membrane (40). While such macromolecular binders are per se not pharmacologically 184 

tractable for an intracellular target such as RAS, they nevertheless provide crucial proof-of-185 

concept data for the target site in cellular and in vivo models.  186 

Moreover, they can be further functionalized to enable new modes of action. By genetically 187 

fusing E3-ligase subunits such as von Hippel-Lindau tumour suppressor (VHL) to the 188 

monobodies NS1 and 12VC1 or the DARPin K19, RAS degrader constructs were generated 189 

(30, 41, 42). In general degraders realized potent RAS signalling suppression and anti-190 

proliferative activities, and in the case of the 12VC1 were also more potent than the 191 

competitively binding monobody alone (30). Given that these degraders emulate the 192 

proteolysis targeting chimera (PROTAC) mode of action, which will be discussed in the next 193 

chapter, they may be useful to forecast the potential of analogous PROTACs (43).  194 

 195 

On the pathway to develop smaller RAS binders, peptides are a natural intermediate. A 196 

number of peptides or peptidomimetics that target the GTP-KRAS effector lobe typically 197 

with nanomolar affinity and compete with effector binding and downstream signalling of 198 

RAS have been developed. These peptides have a median size of ~14 residues, can be either 199 

linear or cyclic, and contain non-natural amino acids or other chemical modifications (i.e. 200 

peptidomimetics) (Table 1). Cyclic peptides are entropically advantageous and are more 201 

resistant against exopeptidases (44). So far, none of these peptides have been harnessed for 202 

degrader development. 203 

 204 

What is the future of RAS inhibition? - from small molecule binders to PROTAC-degraders  205 

RAS is a small mono-domain protein with a shallow surface that has been considered 206 

undruggable due to the lack of obvious binding pockets. The nucleotide binding site remains 207 

problematic as a target, due to the high cellular GTP concentration in combination with the 208 

picomolar affinity of the guanine nucleotides to RAS (5). However, computational 209 

approaches led by the Gorfe group, have identified altogether four low affinity (sub-/ 210 

millimolar) allosteric sites on RAS named P1 to P4, which have all been experimentally 211 

validated (45-47). P1 and P4 are situated in the effector lobe, P3 in the allosteric lobe and P2 212 

in between both lobes (Figure 1B). 213 
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The hydrophobic pocket P1 is located between switch II and 𝛽-strands 1-3 and is partially 214 

closed in crystal structures of GDP-RAS (48). It essentially corresponds to the switch I/ 215 

switch II region that is targeted by several experimental ON- and OFF-state binders (Figure 216 

1C; Supplementary File 1). P2 is at the interface of helix alpha 𝛼2 with helix 𝛼3. This 217 

cryptic hydrophobic pocket is currently the most successfully targeted site, as it harbours the 218 

covalent OFF-state inhibitors targeting G12C, G12S, G12R and non-covalent inhibitors 219 

targeting G12D (Figure 1C). The polar P3 site is located between helix 𝛼5 and loop 7 and is 220 

accessible in both GTP- and GDP-states of KRAS, but less in the other RAS isoforms (46). 221 

However, currently few binders target this site, such as metal cyclens and KAL-21404358 222 

(49, 50). P4 is also polar and situated behind switch I and possesses andrographolide 223 

derivatives as the most interesting ligands currently (51). It thus appears that the number of 224 

targetable sites on RAS is limited. 225 

By combining computational and experimental approaches several small molecules have 226 

been identified that bind primarily to P1 and P2 (Figure 1C; Supplementary File 1). These 227 

ligands cover a broad range of affinities from milli- to nanomolar, typically lack RAS 228 

isoform selectivity and can disrupt binding of RAS interaction partners, such as RAF, and 229 

suppress MAPK signalling or cell viability. Only for compound 11 was KRAS-selective on-230 

target binding demonstrated in vitro (48). Therefore, cellular effects of low affinity 231 

compounds have to be taken with caution, as at the early stages of compound discovery off-232 

target effects will contribute to these readouts. 233 

With the exception of the covalent and non-covalent SII-P binding inhibitors, none of the 234 

small molecule binders has advanced toward clinical development. This may suggest that 235 

before a non-covalent inhibitor (such as MRTX1133) can flourish, a covalent counterpart that 236 

is anchored at the desired site may be advantageous during compound development (9). 237 

 238 

Given their size, small molecules are less likely to block a protein-protein interfaces such as 239 

needed to inhibit RAS nanoclustering. However, membrane-bound RAS also undergoes 240 

potentially RAS isoform specific conformational changes that impact on its nanoclustering 241 

(36, 37). Interestingly, some very rare cancer-associated and RASopathy mutations seem to 242 

affect nanoclustering by perturbing conformational dynamics of RAS (38, 52). A similar 243 

conformational shift may therefore also be achievable by small molecules, which was indeed 244 

demonstrated by the Ikura group. They showed that Cmpd2 stabilizes a non-productive 245 

conformation of KRAS at the membrane, by binding in between the membrane and the P1 246 



Page 9 of 17 

site (53). Another intriguing concept originated from the serendipitous discovery of a RAS-247 

dimer stabilizer BI-2852, which was developed as RAS switch I/ switch II pocket binder (33, 248 

54). This nanomolar ligand illustrates the potential to modulate RAS oligomerization, 249 

specifically by locking it in a non-productive dimer.  250 

 251 

As compared to competitive inhibitors, PROTACs instruct protein degradation by recruiting 252 

the ubiquitin-proteasome system to the target protein (55).They can therefore bind outside of 253 

an active or allosteric site of a protein and after degradation abrogate any scaffolding 254 

functions of the target. This is enabled by their hybrid structure, which contains one binder 255 

(the warhead) for the target protein that is tethered via a linker to a moiety that recruits an E3-256 

ligase, most commonly VHL and cereblon. The latter was enabled by the finding that 257 

immunomodulatory thalidomide derivatives alone work as 'molecular glues' that stick 258 

cereblon to IKAROS-family transcription factors and thus instruct their degradation (55). 259 

Both concepts, molecular glues and PROTACs are thus not only historically related, but bear 260 

similar potential, as both types of inhibitors can be potentially reused after reversible binding 261 

to and degradation of the target protein. Of note, molecular glues may also act by 262 

incapacitating a protein in a non-functional complex, such as illustrated by the tri-complex 263 

approach described earlier. Given that PROTACs follow an apparent 'plug-and-play' design, 264 

where the E3-ligase recruiting moiety can be utilized in several molecules, this approach 265 

currently predominates (55). However, significant optimization for linker length and 266 

pharmacological properties of the relatively large molecules still requires substantial 267 

developmental efforts (56). 268 

Current RAS-targeting PROTACs (XY-4-88, LC-2, KP-14) all build on the covalent G12C-269 

inhibitors and as such cannot benefit from PROTAC degrader recycling, as these inhibitors 270 

are consumed due to the covalent cysteine engagement (Supplementary File 1) (57-59). An 271 

interesting advancement in this regard is the development of reversible covalent inhibitor 272 

YF135, which employs a cyanoacrylamide for cysteine linkage (60). Side-by-side 273 

comparison with the RAS-binding warhead alone furthermore demonstrates a 30-fold higher 274 

activity of the PROTAC. It remains to be seen, how and whether any of the exploratory RAS-275 

ligands (Figure 1C; Supplementary File 1) can be converted into PROTACs. Given the 276 

distinct spatio-temporal expression of some E3-ligases in tissues and inside of cells, 277 

PROTACs may provide a more controlled drug action, which could reduce toxicity and new 278 

treatment mechanisms (61, 62).  279 
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RAS drug development is in full motion and it can be hoped that novel creative ideas will 280 

continue to provide new RAS drugs for cancer therapy or other RAS-associated diseases, 281 

such as RASopathies.  282 

 283 

Perspectives 284 

- KRAS is the most frequently mutated oncogene and a major driver of cancer (stemness), 285 

which has finally become a clinically validated drug-target, thanks to KRAS-G12C targeting 286 

sotorasib and adagrasib. However, the performance of these compounds in the clinic warrants 287 

continuing efforts in RAS pathway drug development and further research to understand the 288 

essence of RAS in cancer. 289 

 290 

- At least four targetable pockets and four surface areas on RAS have been identified and 291 

validated by the discovery of macromolecular-, peptidic- and small molecule-binders. These 292 

block upstream processes of RAS signalling, such as effector binding and nanoclustering. 293 

 294 

- PROTAC degraders of RAS may offer new ways to inhibit RAS in a spatio-temporally 295 

(tissue type, differentiation stage, cell-cycle stage) more defined manner, with potential 296 

benefits for on-target toxicity. However, the viability of this approach awaits evaluation in 297 

the clinic. 298 
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 539 

 540 

Figure Legends 541 

Figure 1. Overview of small molecule inhibitors targeting RAS. (A) Selected SII-P small 542 

molecule inhibitors based on the 4-piperazin-1-yl-pyrimidine scaffold (green highlights). The 543 

common acrylamide warhead of KRAS-G12C inhibitors (top row) is highlighted in blue. 544 

Adagrasib served as a starting point for additional inhibitors (arrows), including covalent 545 

G12R- and G12S-inhibitors, with an 𝛼,𝛽-diketoamide warhead or a strained 𝛽-lactone 546 

electrophile, respectively (purple). Note that the exact stereochemistry of displayed inhibitors 547 
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has been largely omitted. (B) Crystal structure of GDP-KRAS-G12C in complex with ARS-548 

1620 (PDB ID 5V9U). The RAS structure can be divided into the N-terminal effector lobe 549 

(grey), with the switch I and switch II regions labelled in green, and the allosteric lobe (pink). 550 

The allosteric binding sites P1 - 4 are indicated with circles. (C) Current small molecule 551 

inhibitors targeting P1 with an affinity < 500 µM. The RAS affinity and selectivity is 552 

indicated for each compound (cpd). References are in brackets after the names (48, 53, 63-553 

68). 554 

 555 

Figure 2. Overview of macromolecular RAS binders. Crystal structure of GDP-KRAS 556 

(PDB ID 4OBE). Effector and allosteric lobes, as well as allosteric binding sites are indicated 557 

as in Figure 1. The names of macromolecular RAS binders are highlighted in the same colour 558 

as their binding sites, with more detailed binding site information given in brackets. 559 

 560 

 561 

Tables 562 

Table 1: Overview of RAS binding peptides. 563 

Peptide and peptidomimetic RAS binders and their properties. The PDB ID is given if the 564 

complex with RAS was determined. 565 

Name 
(PDB ID) 

RAS 
specificity 

KD 
(nM) 

Site on 
RAS 

properties Ref. 

linear       
RBDv1 
RBDv12 

GTP-RAS 3.35 
2.52 

P4 14 aa 
inhibits RAS signalling 
reduces cancer cell growth 

(69) 

SAH-SOS1 GDP-/GTP-
RAS 

106-
175 

near P4 16 aa  
blocks nucleotide exchange 
reduces cancer cell growth 

(70) 

225-11 
(5WPL) 

GTP-RAS 3.3 P4 32 aa  
blocks effector interaction 

(71) 

R11.1.6 
(5UFQ) 

RAS-G12D 4 switch II 61 aa 
blocks effector interaction 
inhibits RAS signalling 

(72) 

cyclic      
Cyclorasin 
9A5 

GTP-RAS 440 
 

near P4 11 aa  
blocks effector interaction 
inhibits RAS signalling  

(73) 

Cyclorasin 
B4-27 

GTP-RAS 21 near P4 16 aa  
blocks effector interaction 
(cellular BRET-assay) 

(74) 

KRpep-2d 
(5XCO) 

KRAS-G12D 51 
 

P2 19 aa 
inhibits RAS signalling, 
reduces cancer cell growth 

(75-77) 

KS-58 KRAS-G12D 22 P2 11 aa  
inhibits RAS signalling 

(78, 79) 
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reduces cancer cell growth 
in vivo 

KD2 
(6WGN) 

GTP-KRAS-
G12D 

none near P2 15 aa  
blocks effector interaction  

(80) 

 566 

 567 

Supplementary material 568 

Excel file [SupplementaryFile1_Steffen_etal] contains the complete list of experimental 569 

small molecule binders and small molecule-based RAS PROTACs with selected properties. 570 

Covalent SII-P binders are not included. 571 
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Name RAS specificity RAS Binding, 
KD

Site  on 
RAS Properties Ref.

BI-2852 GTP-/GDP-RAS 750 nM P1

MW= 516.6
induces a nonfunctional dimer of KRAS
blocks all GEF, GAP, and effector interactions

1

Cmpd2 GTP-/GDP-RAS < 1 μM P1

MW=  447.5
alters KRAS orientation on the membrane
interferes with assembly of  active RAF dimer.

2

Fragment 18 GTP-/GDP-RAS 3.3 mM P1

MW= 160.2 

3

DCAI GTP-/GDP-RAS 1.5 mM P1

MW= 243.1
blocks both nucleotide exchange and release 
reactions 

4

Abd-7 GTP-RAS 51 nM P1

MW= 391.5
blocks effector interaction 
inhibits RAS signalling

5

Compound 3344 GTP-RAS 126 nM P1

MW= 390.5
blocks effector interaction
inhibits RAS signalling                             

6

Compound 11 GTP-KRAS 400−700 nM P1

MW= 413.5
inhibits RAS signalling
inhibition of cell proliferation

7

Kobe0065 GTP-RAS 46 μM P1

MW= 449.8
blocks effector interaction
anti-metastatic activity

8

KBFM123 GTP-RAS 10-100 μM P1

MW= 271.3                                         Inhibition of 
HRAS/Raf binding 9

Ch-3 GTP-RAS - P1

MW= 380.5
blocks effector interaction 10

Compound 13 GDP-RAS 390 μM P1

MW= 374.2
targets Sos-catalyzed KRAS activation 11

MRTX1133 GDP-KRAS-G12D ~0.2 pM P2

MW= 600.6
inhibits RAS signalling
anti-tumor activity 

12

2C07 GTP-/GDP-RAS ~2.3 mM P2

MW=  462.6
inhibits PI3K activation, but not Raf-1-RBD 
binding

13

Compound 3144 GTP-/GDP-RAS 17.8 μM Near P1

MW= 717.6
inhibits RAS signalling
anti-tumor activity

14

KAL-21404358 GTP-KRAS-G12D 100 μM P3

MW= 357.5
blocks effector interaction
inhibits RAS signalling 

15

Compound B GTP-RAS ~37 μM -

MW= 274.4

16

MCI-062 GTP-RAS - -

blocks GTP loading of RAS
blocks effector interaction
anti-tumor activity

17

ON-state binding

ON- and OFF-
state binding

OFF-state binding

1.

2. Fang Z, Marshall CB, Nishikawa T, Gossert AD, Jansen JM, Jahnke W, et al. Inhibition of K-RAS4B by a Unique Mechanism of Action: Stabilizing Membrane-Dependent Occlusion of the Effector-Binding Site. Cell Chem Biol. 2018;25(11):1327-36 e4.

3. Donohue E, Khorsand S, Mercado G, Varney KM, Wilder PT, Yu W, et al. Second harmonic generation detection of Ras conformational changes and discovery of a small molecule binder. Proc Natl Acad Sci U S A. 2019;116(35):17290-7.

4. Maurer T, Garrenton LS, Oh A, Pitts K, Anderson DJ, Skelton NJ, et al. Small-molecule ligands bind to a distinct pocket in Ras and inhibit SOS-mediated nucleotide exchange activity. Proc Natl Acad Sci U S A. 2012;109(14):5299-304.

5. Quevedo CE, Cruz-Migoni A, Bery N, Miller A, Tanaka T, Petch D, et al. Small molecule inhibitors of RAS-effector protein interactions derived using an intracellular antibody fragment. Nat Commun. 2018;9(1):3169.

6. Bery N, Cruz-Migoni A, Bataille CJ, Quevedo CE, Tulmin H, Miller A, et al. BRET-based RAS biosensors that show a novel small molecule is an inhibitor of RAS-effector protein-protein interactions. Elife. 2018;7.

7. McCarthy MJ, Pagba CV, Prakash P, Naji AK, van der Hoeven D, Liang H, et al. Discovery of High-Affinity Noncovalent Allosteric KRAS Inhibitors That Disrupt Effector Binding. ACS Omega. 2019;4(2):2921-30.

8. Shima F, Yoshikawa Y, Ye M, Araki M, Matsumoto S, Liao J, et al. In silico discovery of small-molecule Ras inhibitors that display antitumor activity by blocking the Ras-effector interaction. Proc Natl Acad Sci U S A. 2013;110(20):8182-7.

9. Matsumoto S, Hiraga T, Hayashi Y, Yoshikawa Y, Tsuda C, Araki M, et al. Molecular Basis for Allosteric Inhibition of GTP-Bound H-Ras Protein by a Small-Molecule Compound Carrying a Naphthalene Ring. Biochemistry. 2018;57(36):5350-8.

10. Cruz-Migoni A, Canning P, Quevedo CE, Bataille CJR, Bery N, Miller A, et al. Structure-based development of new RAS-effector inhibitors from a combination of active and inactive RAS-binding compounds. Proc Natl Acad Sci U S A. 2019;116(7):2545-50.

11. Sun Q, Burke JP, Phan J, Burns MC, Olejniczak ET, Waterson AG, et al. Discovery of small molecules that bind to K-Ras and inhibit Sos-mediated activation. Angew Chem Int Ed Engl. 2012;51(25):6140-3.

12. Hallin J, Bowcut V, Calinisan A, Briere DM, Hargis L, Engstrom LD, et al. Anti-tumor efficacy of a potent and selective non-covalent KRAS<sup>G12D</sup> inhibitor. Nat Med. 2022;28(10):2171-82.

13. Gentile DR, Rathinaswamy MK, Jenkins ML, Moss SM, Siempelkamp BD, Renslo AR, et al. Ras Binder Induces a Modified Switch-II Pocket in GTP and GDP States. Cell Chem Biol. 2017;24(12):1455-66 e14.

14. Welsch ME, Kaplan A, Chambers JM, Stokes ME, Bos PH, Zask A, et al. Multivalent Small-Molecule Pan-RAS Inhibitors. Cell. 2017;168(5):878-89 e29.

15. Feng H, Zhang Y, Bos PH, Chambers JM, Dupont MM, Stockwell BR. K-Ras(G12D) Has a Potential Allosteric Small Molecule Binding Site. Biochemistry. 2019;58(21):2542-54.

16. Tanaka T, Thomas J, Van Montfort R, Miller A, Rabbitts T. Pan RAS-binding compounds selected from a chemical library by inhibiting interaction between RAS and a reduced affinity intracellular antibody. Sci Rep. 2021;11(1):1712.

17. Keeton AB, Ward A, Chen X, Valiyaveettil J, Zhu B, Ramirez-Alcantara V, et al. Abstract 2707: A novel RAS inhibitor, MCI-062, inhibits colon tumor growth in vivo and activates antitumor immunity. Cancer Research. 2019;79(13_Supplement):2707-.

Kessler D, Gmachl M, Mantoulidis A, Martin LJ, Zoephel A, Mayer M, et al. Drugging an undruggable pocket on KRAS. Proc Natl Acad Sci U S A. 2019;116(32):15823-9.



Name RAS specificity Half-degrading
concentration (DC50) Site  on RAS Properties Ref.

XY-4-88 GFP- tagged KRAS-G12C 2–3 μM P2 MW= 917.44                                                                    
unable to degrade endogenous KRAS-G12C 18

LC-2  GDP-KRAS-G12C 2.5 μM P2 MW= 1132.78                                                            
inhibits RAS signalling 19

KP-14 GDP-KRAS-G12C 1.25 μM P2 MW= 852.16                                                           
inhibits RAS signalling 20

YF135 GDP-KRAS-G12C 3.61 μM P2
MW= 1179.86                                                          
reversible-covalent warhead                     
inhibits RAS signalling

21

OFF-state binding

18. Zeng M, Xiong Y, Safaee N, Nowak RP, Donovan KA, Yuan CJ, et al. Exploring Targeted Degradation Strategy for Oncogenic KRAS(G12C). Cell Chem Biol. 2020;27(1):19-31 e6.

19. Bond MJ, Chu L, Nalawansha DA, Li K, Crews CM. Targeted Degradation of Oncogenic KRAS(G12C) by VHL-Recruiting PROTACs. ACS Cent Sci. 2020;6(8):1367-75.

20. Li L, Wu Y, Yang Z, Xu C, Zhao H, Liu J, et al. Discovery of KRas G12C-IN-3 and Pomalidomide-based PROTACs as degraders of endogenous KRAS G12C with potent anticancer activity. Bioorg Chem. 2021;117:105447.

21. Yang F, Wen Y, Wang C, Zhou Y, Zhou Y, Zhang ZM, et al. Efficient targeted oncogenic KRAS(G12C) degradation via first reversible-covalent PROTAC. Eur J Med Chem. 2022;230:114088.
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