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Abstract
As a member of small GTPase family, KRAS protein is a key physiological modulator of various cellular activities including
proliferation. However, mutations of KRAS present in numerous cancer types, most frequently in pancreatic (> 60%), colorectal
(> 40%), and lung cancers, drive oncogenic processes through overactivation of proliferation. The G12C mutation of KRAS
protein is especially abundant in the case of these types of malignancies. Despite its key importance in human disease, KRASwas
assumed to be non-druggable for a long time since the protein seemingly lacks potential drug-binding pockets except the
nucleotide-binding site, which is difficult to be targeted due to the high affinity of KRAS for both GDP and GTP. Recently, a
new approach broke the ice and provided evidence that upon covalent targeting of the G12C mutant KRAS, a highly dynamic
pocket was revealed. This novel targeting is especially important since it serves with an inherent solution for drug selectivity.
Based on these results, various structure-based drug design projects have been launched to develop selective KRAS mutant
inhibitors. In addition to the covalent modification strategy mostly applicable for G12C mutation, different innovative solutions
have been suggested for the other frequently occurring oncogenic G12 mutants. Here we summarize the latest advances of this
field, provide perspectives for novel approaches, and highlight the special properties of KRAS, which might issue some new
challenges.
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1 Introduction

RAS proteins belong to the large family of small GTPases that
are involved in numerous key physiological signal transduc-
tion processes reflecting widespread utilization of the same
intriguing regulatory mechanism. In small GTPases, enzymat-
ic hydrolysis of GTP and exchange of the product GDP to the
next substrate molecule GTP is essentially coupled to two

different regulatory factors: GAP (GTPase-activating
protein) and GEF (guanine nucleotide exchange factor)
(Fig. 1a). The facilitating action of GAP and GEF proteins
are crucial in order to complete the enzymatic cycle since in
the absence of these factors, the intrinsic catalytic rate constant
(kcat) of the small GTPase enzyme is very low, and the release
of the GDP product (characterized by the dissociation rate
constant of the (small GTPase):GDP complex, kd) is also a
slow process [1–3]. The substrate GTP-bound RAS protein
serves as the conformational entity that is recognized by var-
ious signaling proteins (effectors) leading towards signaling
cascades. GAP-assisted hydrolysis of GTP is required to
switch off RAS to the GDP-bound enzyme conformer that is
inactive in signaling. The exchange of GDP to GTP within the
RAS substrate-binding pocket is practically not possible in the
absence of the GEF factor binding to RAS:GDP (Fig. 1a). It is
therefore crucial that both GAP and GEF proteins be available
and be capable of binding to RAS as exactly such levels that is
required for the actual status of cells and cellular needs for
activation or inactivation of a specific signaling pathway [4].
Importantly, numerous different proteins can act as GAP or
GEF or effectors in the different small GTPase-driven
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regulatory mechanisms. The cellular level of the nucleotides
GTP and GDP usually do not constitute additional regulatory
constraint since small GTPases in general and RAS proteins in
particular are associated with very high affinities towards GTP
and GDP (characteristic dissociation constant values, KD, are
in the order of 100–0.1 nM to be compared with the usual
cellular GTP, GDP concentration in the order of 10−4 M)
[2]. This condition also results in the fact that RAS proteins
are practically always present in their nucleotide-bound state:
either as RAS:GTP (enzyme-substrate complex) or as
RAS:GDP (enzyme product complex).

It comes as no surprise that this complex regulatory net-
work harbors numerous protein sites where harmful mutations
may perturb the correct process of events. Mutations in RAS
proteins that interfere with productive functional binding of
either GAP, GEF, or effector proteins can greatly perturb the
sensitive modulatory machinery (Fig. 1b). Such mutations
frequently lead to oncogenesis and as such, these constitute
high biomedical concern and are in the focus of widespread
research and drug development. In this respect, several muta-
tions of the KRAS isoforms have been found to be frequently
occurring in many types of cancer. Especially in cancers of the
pancreas, colon, rectum, and lung, it is observed that several
hotspot mutations can be identified at well-defined KRAS
sites [5, 6]. Among these sites, the glycine 12 (G12) and

glycine 13 positions often show mutations into cysteine, as-
partate, and valine residues [6].

These mutations are termed as “activating mutations” due
to the fact that they prevent functional interaction between
KRAS and the GTP hydrolysis promoting GAP proteins,
while they do not perturb GEF and effector binding. The
structural basis of activation in the case of G12 position is that
replacement of glycine with any other residue except proline
interferes with GAP binding to KRAS through steric clashes
with a key arginine residue of GAP [7, 8]. Hence, the muta-
tions lead to the accumulation of the KRAS:GTP complex
thereby overactivating the signal transduction pathways.
Clinical approaches to restore normal functioning of KRAS
aim to overcome the accumulation of the active KRAS:GTP
complex by different means (Fig. 1b), discussed below in
details. In these approaches, a significant paradigm shift oc-
curred in the recent years that addressed the highly flexible
and “moldable” character of the KRAS protein (Fig. 2).

Figure 2 highlights the quite substantial changes on the sur-
face of the KRAS protein that are observed when comparing
the KRAS:GTP (active in signaling) and KRAS:GDP (inactive
in signaling) complexes. Flexibility is an inherent characteristic
of KRAS since the large difference between the conformation
of GDP- and GTP-bound states is the basis of allosteric func-
tion that transmits the signal from the enzyme active site to the

Fig. 1 RAS signaling cycle and potential anti-RAS strategies. a
Switching of RAS to active state happens through exchange of GDP to
GTP aided by guanine nucleotide exchange factors (GEFs). In the GTP-
bound state, RAS interacts with various effectors (RAF, PI3K, RALGEF,
etc.). Decay of the signaling happens due to hydrolysis of GTP to GDP
facilitated by GTPase-activating proteins (GAPs). b Mutations of RAS
(*) perturbing its enzymatic activity and/or RAS-GAP complex formation

lead to slower deactivation; the resulting enhanced signaling leads to
oncogenic transformation of cells. To circumvent this imbalance, four
potential mechanisms can be exploited. (1) Decrease SOS binding to
reduce exchange of GDP to GTP. (2) Increase affinity to GDP over
GTP (principally with covalent inhibitors). (3) Perturbation of effector
binding to attenuate signaling. (4) Increase GAP binding of mutant
RAS (applicable if GAP binds in competent conformation)
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surface segments involved in GAP, GEF, and effector binding.
Due to flexibility, the position of switch regions is not well
defined in several crystal structures or rendered only by crystal
packing effects; this needed to be taken into account during
interpretation of structures. For instance, despite the well-
proven crucial role of Gln-61 in KRAS function [9], in most
of the crystal structures of RAS with GTP or GTP analogues, it
is rendered in a catalytically incompetent conformation,
pointing outwards from the substrate-binding pocket. In addi-
tion to this, the physiologically relevant position of Tyr-32
(within Switch-I) in GTP-bound state might not have been
deducible from crystal structures, due to its peculiar flexibility,
formation of crystal contacts, and the potential rearrangement
of water network upon cryo-cooling [10]. Thus, careful molec-
ular modeling of the residues around the active site is necessary
to gain an appropriate initial structure for inhibitor docking,
during which flexibility should be taken into account.

The abovementioned structural ambiguities hinder also the
revelation of the mechanism of GTP hydrolysis, which still
lacks an unequivocal explanation despite being the key com-
ponent of RAS function. Regarding the two aforementioned

residues of special importance, it has been shown that Gln-61
does not act as a general base during hydrolysis, as it was
erroneously assumed [11, 12]; instead, it has crucial indirect
effect. It has been hypothesized that Gln-61 can contribute via
positioning, but not activating, the catalytic water in the case
of GAP-assisted hydrolysis, while in the absence of GAPGln-
61 may assist by positioning a second water potentially im-
portant in proton transfer to the γ-phosphate [13]. The role of
Tyr-32 in hydrolysis is yet subject of scientific debate, the
spectrum of interpretation of that extends from activation
[14] even to interference [10]. Yet the exact mechanism of
catalysis and thus the contribution of Gln-61 and Tyr-32 in
particular have been elusive due to the astounding complexity
of this apparently simple reaction. Deciphering of these issues
is vital to promote successful inhibitor design and may pave
the way for new approaches.

Currently, the drug development projects follow one of
four main strategies: (i) increase the level of GDP-bound pro-
tein over RAS:GTP (mostly with covalent inhibitors), (ii) per-
turb RAS:SOS complex formation to reduce exchange of
GDP to GTP, (iii) disturb effector binding to attenuate

Fig. 2 Conformational changes of RAS during signaling. The position of
Switch-I (marine blue) and Switch-II (deep salmon) residues changes
significantly between GDP (panels a and c, PDB ID: 4Q21) and GTP-
bound states (panels b and d; PDB ID: 5P21). Nucleosides are shown as
sticks with atomic coloring (carbon: black; oxygen: red; nitrogen: dark
blue; phosphorus: orange). On panels a and b, residues showing large

structural changes are represented as sticks with atomic coloring (C: var-
iable; oxygen: red; nitrogen: dark blue; phosphorus: orange). Dramatic
change of the protein surface between the inactive and active state is
demonstrated on panels c and d. (Figure is designed based on Ref [7]).
Figure was made by using PyMOL Molecular Graphics System
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signaling, (iv) enhance GAP binding of mutant RAS protein
to decrease RAS:GTP level (applicable if GAP binding is
possible in competent conformation) (Fig. 1b). We wish to
point out that besides those mentioned above, diverse strate-
gies to interfere with the oncogenicity of mutant RAS proteins
have been suggested. For example, it has been proposed re-
cently that agonists which facilitate apoptotic and autophagic
cell death in mutant RAS cell lines can be applied [15].
Several anti-RAS strategies are based on upstream and down-
stream perturbation of the RAS cycle. These are out of the
scope of this work; recent reviews on these strategies are
available [16–18]. Below, we focus on attempts that target
different surfaces of RAS and its major binding protein

partners. Figure 3 shows in detail the RAS surfaces involved
in protein-protein interactions.

2 Different approaches and sites to target
KRAS

Since it has been in the center of interest in oncotherapy for
decades, there were many different approaches and strategies
for targeting oncogenic RAS, with emphasis on the isoform
that is most prevalent in cancer, namely KRAS.

The extremely low dissociation constant of RAS for GTP
(with KD in picomolar range) [19] and the high concentration

Fig. 3 Protein-protein complexes and interaction surfaces of RAS. a–d
Structures of RAS (gray) complexed with a GAP (cyan, PDB ID:
1WQ1), b GEF (magenta, PDB ID: 1XD2), c RAF-RBD (RAF-RAS-
binding domain, dark blue, PDB ID: 1C1Y), d PI3K (orange, PDB ID:
1HE8). Proteins shown as cartoon. e–h Interaction surface of RAS (gray
cartoon) with e GAP (cyan, PDB ID: 1WQ1), f GEF (magenta, PDB ID:
1XD2), g RAF-RBD (dark blue, PDB ID: 1C1Y), h PI3K (orange, PDB
ID: 1HE8). To ease visualization of the nucleotide-binding pocket, GDP
from RAS-GAP complex is shown in all structures as sticks with atomic
coloring (carbon: black; oxygen: red; nitrogen: dark blue; phosphorus:

orange). Black arrow on panel f points at Switch-I region, which un-
dergoes large conformational changes upon RAS-GAP complex forma-
tion. i Sequence alignment of the RAS proteins shown in panels a–hwith
KRAS. Residues at the interaction surfaces are colored according to
panels e–h respectively. Switch-I and Switch-II regions are boxed:
Conformation of these two segments is significantly different in GDP-
and GTP-bound structures enablingmolecular recognition of the different
states of RAS (cf. Fig. 2). Figure was made by using PyMOL Molecular
Graphics System
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of GTP [20] in cells makes competitive inhibition of GTP
binding highly unlikely. Thus, attempts that aim to find other
binding sites seem more promising. RAS proteins lack deeper
clefts on their surface; however, due to the flexibility of the
protein surface formation of several binding sites induced by
compound binding has been observed (Fig. 4, see also
Supplementary Fig. S1 for more details). The fluidity of
RAS surface gives hope that new previously undiscovered
binding sites can be identified, but presents difficulties for
compound design through structure-activity relationship stud-
ies. The most evident approach is directly targeting the
effector-binding region and disrupting RAS-GEF or RAS-
effector interaction (cf. Fig. 3), thus counter-acting signal
transduction. It is possible to inhibit effector binding by allo-
sterically altering the Switch-I and Switch-II regions to an
inactive conformation. This can be achieved by binding to a
distant allosteric pocket or, in the case of the G12C mutant,
targeting the nucleotide-binding site or a cleft nearby Switch-
II with covalent inhibitors. Disruption of RAS activation is
also achievable with the so-called pan-RAS inhibitors through
targeting SOS-1, which is the most prevalent GEF of RAS
proteins. However, despite the many promising strategies, so
far, only four covalent G12C inhibitors and a KRAS-SOS1
inhibitor binding to SOS1 proved to be effective enough to get
into clinical trials [21–26]. Structural details are available only
for two of these candidates in clinical trials, namely AMG-510
and MRTX849, which are both covalent inhibitors [27, 28].

2.1 Displacement of Switch-II with covalent inhibitors
targeting the KRAS-G12C mutant

Two flexible binding sites are situated on the two sides of the
α2-helix termed as SII-P and SI/II-pockets (Fig. 4b, c). SII-P
is not present in the active form of KRAS and in the GDP-
bound form, this pocket is reduced to a tight trench between
α2- and α3-helices. The first molecules to target this site were
inhibitors of KRAS G12C mutant that is most prevalent in
non-small cell lung cancer and lung adenocarcinomas [29],
in which presence of KRASmutations mean worse prognosis,
and elevated resistance for certain therapies [30–32]. Ostrem
and colleagues presented compounds that bound covalently to
the mutated Cys-12 residue and extend SII-P by adjusting the
helix in Switch-II outwards that diminishes interaction with
downstream effectors. Covalent inhibitors also reduce the af-
finity of KRAS G12C to GTP, thus preventing it to enter the
active state [33].

These compounds are selective to KRAS in its GDP-bound
form [34], for two separate reasons. One, the warhead respon-
sible to form the covalent bond would sterically collide with
the γ-phosphate of GTP, and two, in the active form, the SII-P
pocket is unavailable due to the conformation of Switch-II
(Fig. 4b, c). As GDP-bound KRAS exists at low levels in
mutant cells, these compounds rely on the intrinsic GTPase

activity of KRAS-G12C that is about half of the intrinsic ac-
tivity of wild-type protein [35]. Development of such inhibi-
tors needs unique approach since the activity of the most po-
tent compounds is due to their KRAS-induced electrophilic
reactivity towards Cys-12, while reversible affinity of those is
weak [36, 37]. Thus, general methodology to enhance
noncovalent binding affinity is not applicable in these cases,
rather special electrophile warhead design [38] and covalent
docking methods [39], which take into account the flexible
surface of the binding site, are to be applied.

Taking a closer look on covalent inhibitors in complex with
KRAS-G12C (PDB IDs: 5F2E, 5V9U, 6OIM, 6UT0) reveals
the carbonyl group of the acrylamide warhead makes hydro-
gen bond to Lys-16, and a water coordinated by Mg2+ that are
hydrogen bond partners of the γ-phosphate in GTP-bound
state. Though there is great diversity in the scaffolds of the
inhibitors, a common quality in all compounds is a hydropho-
bic moiety that fits into the hydrophobic pocket surrounded by
Val-9, Met-72, Phe-78, Tyr-96, Ile-100, Val-103, and the car-
bon chain of Gln-99, while there are hydrophilic groups close
to the loop of Switch-II that interact with Arg-68. There are
additional hydrogen bonds with several other residues of
Switch-II or α3-helix, depending on the compound. AMG-
510 (S7 in Table 1), an inhibitor that is in clinical trials, sta-
bilizes the GDP-bound state one step further by making a
hydrogen bond with one of the oxygens of the β-phosphate
of GDP (Fig 4 b, c). Compared to the GTP-bound conforma-
tion of Switch-II, the warhead of the inhibitors would collide
with the loop of Switch-II; thus, residues Ala-59–Glu-63 of
KRAS move away from the nucleotide-binding site. This dis-
location affects Gly-60 as well, the residue that is responsible
for connecting Switch-II to GTP. By binding to SII-P pocket,
inhibitors push the α2-helix towards the main β-sheet, while
Met-72 turns towards the inside of the protein [27]. Summing
the previously discussed effects, it can be stated that covalent
KRAS-G12C inhibitors achieve their effect by both a compet-
itive (preventing GTP loading) and an allosteric (dislocating
Switch-II) manner.

It is important to mention that the greatest advantage of this
approach is that these inhibitors are specific to the G12C mu-
tant of KRAS; thus, those have only slight cytotoxic effect on
cells that have wild type or other mutant KRAS. The discov-
ery of this allele-specific strategy led to the development of
inhibitors of enhanced potency [34, 40], with elevated bio-
availability [27, 28, 36, 41–44]. Several such drug candidates
are subjected to clinical trials recently [21–24].

There were other strategies to covalently target Cys-12 of
the G12C mutant, with covalent GTP analogues [45–47]. In
this case, the guanosine mimetic inhibitors target the
nucleotide-binding site of KRAS G12C, and bind to Cys-12
by a reactive warhead that replaced the γ-phosphate (Fig.
4d, e) [45, 47, 48]. These inhibitors have high affinity for
KRAS G12C and bind efficiently to the nucleotide-binding
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pocket even in the presence of millimolar GTP and GDP that
is equivalent to concentration in cells. It was shown that upon
inhibitor binding, Switch-I and Switch-II are in the open, in-
active conformation [47], and signal transduction was reduced
as shown by depletion of pERK and pAKT levels. However,
SML-8-73-1, the most potent of these inhibitors was prone to
hydrolysis, at the phosphate-anhydride bond. To overcome

this problem, several analogues were designed, but there
was no success in identifying a compound that showed chem-
ical stability and preserved high affinity for KRAS. It was
suggested that the reason behind weakened activity is the loss
of coordination between Mg2+ and the compound that is pres-
ent in the case of natural guanosines [45]. Even if these diffi-
culties can be solved, it is questionable whether this approach
will be viable in vivo as there are many potential off-target
activities, due to the vast number of GTP-binding proteins in
the cellular milieu.

The success of covalent inhibitors of KRAS G12C sug-
gested that the same strategy might be viable for G12D and
G13D mutants as well, since the carboxyl group of aspartate
can react to functional groups such as, aziridine, or
chloroacetamide [49–51]. However, it was shown that in the
case of KRAS, compounds that have electrophile groups that
would be appropriate for aspartate engagement cannot effi-
ciently label the G12D mutant [52], the possible reason being
that Asp-12 is arranged in a way that cannot be attacked by
compounds that bind into the SII-P pocket. However, there are
results that show promising approaches of specific inhibition
of other oncogenic KRAS mutants, besides G12C.

Peptides can also target the cleft between α2- and α3-
helices as it was shown by Sakamoto et al., who reported that
KRpep-2, a cyclic peptide, binds to the G12D mutant of
KRAS with relative selectivity towards G12D mutant over
wild-type and G12C KRAS [53]. The peptide forms several
hydrogen bonds and hydrophobic interactions with residues in
both α2- and α3-helices, and stabilizes Switch-II in a confor-
mation that is similar to the GDP-bound inactive state (Fig.
4f, g). A likely structural reason behind G12D selectivity is
that Asp-12 of G12D can form a hydrogen bond with Gln-61,
and stabilize Switch-II in a conformation which is suitable for
KRpep-2 binding [54].

2.2 Targeting protein-protein interaction surface with
small molecules

Within the effector interacting region of RAS, the loci that are
the most targetable by small molecule compounds involve the
SI/II-pocket, the trench between α2-helix, and the main β-
sheet (β1-β3) of RAS (Fig. 4h, i). Crystal structures demon-
strate the flexibility of the SI/II-pocket, as upon compound
binding the pocket can be extended by the rotation of Asp-
54 and Arg-41 away from the binding site, while preserving
the salt bridge between the two side chains, as it was first
shown by Maurer et al., who reported small indole- and
benzamidine-based compounds that inhibit the formation of
RAS-SOS complex upon binding into SI/II-pocket [55].
Though the pocket is absent in GDP-bound state of RAS
and only becomes visible in the GTP-bound state, the mole-
cules that target this site show little preference for GTP-bound
RAS and are able to engage the GDP-bound state as well [56].

�Fig. 4 Binding sites of compounds designed to treat KRAS mutant
cancers on KRAS protein. a Four main binding sites can be identified
on the surface of KRAS. Representative examples of compounds
perturbing KRAS function are shown as sticks or cartoon with atomic
coloring (oxygen: red; nitrogen: blue; sulfur: yellow; phosphorus: deep
olive; carbon: green, orange, yellow, and ruby representing the binding
sites). Compounds shown (S12, S7, S3) are listed in Table 1 with bold
lettering. KRAS (PDB ID: 5F2E) is shown as cartoon, magenta coloring
represents the interaction surface of SOS and RAS (residues within 4 Å to
SOS in SOS-bound structure PDB ID: 1XD2), cyan coloring represents
part of the interaction surface of RAS and GAP (residues within 4 Å to
GAP in GAP-bound structure PDB ID: 1WQ1), which is not shared with
SOS-binding site. b Covalent inhibitor S7 (AMG-510, cf Table 1) bind-
ing to the Switch-II pocket is shown as sticks with atomic coloring (car-
bon: gray, other elements as above); G12C mutant KRAS is shown in
surface representation, green coloring represents the binding site of the
compound (residues within 4 Å to S7 PDB ID: 6OIM). c Superimposition
of S7-bound KRAS (coloring according to panel b) with GDP-bound
KRAS (white, PDB ID: 5W22) both shown as cartoons; black arrow
points at the site of the most pronounced conformation change.
Residues of wild-type and inhibitor-bound G12C mutant KRAS with
significant importance in ligand binding are shown as sticks with atomic
coloring (oxygen: red; nitrogen: blue; sulfur: yellow, white, and green
respectively). d Inhibitor S12 (cf Table 1) binding to the nucleotide-
binding site is shown as sticks with atomic coloring (carbon: gray, other
elements as above); G12C mutant KRAS is shown in surface representa-
tion; orange coloring represents the binding site of the compound (resi-
dues within 4 Å to S12 PDB ID: 5KYK). e Superimposition of S12-
bound G12C mutant KRAS (coloring according to panel d) with GDP-
bound wild-type KRAS (white, PDB ID: 5W22) both shown as cartoons;
black arrow points at the site of the most pronounced conformation
change. f Peptide inhibitor binding to the Switch-II pocket is shown as
cartoon and sticks with atomic coloring (carbon: gray, other elements as
above); G12D mutant KRAS is shown in surface representation; yellow
coloring represent the binding site of the compound (residues within 4 Å
to the peptide PDB ID: 5XCO). g Superimposition of peptide-bound
G12D mutant KRAS (coloring according to panel f) with GDP-bound
wild-type KRAS (white, PDB ID: 5W22) both shown as cartoons.
Peptide is in surface representation. Black arrow points at the site of the
most pronounced conformation change. h Inhibitor S3 (cf Table 1) bind-
ing to the SI/II-pocket is shown as sticks with atomic coloring (carbon:
gray, other elements as above); KRAS is shown in surface representation;
ruby coloring represent the binding site of the compound (residues within
4 Å to S3 PDB ID: 4EPV). i Superimposition of S3-bound KRAS (col-
oring according to panel h) with GDP-bound KRAS (white, PDB ID:
5W22) both shown as cartoons; black arrow points at the site of the most
pronounced conformation change. Residues of wild-type and inhibitor-
bound KRAS with significant importance in ligand binding are shown as
sticks with atomic coloring (oxygen: red; nitrogen: blue; sulfur: yellow,
white, and ruby respectively).To ease following the orientation of the
KRAS on the figures, GDP is shown as sticks in all but d and e panels
with atomic coloring (carbon: black, other elements as above). See also
Supplementary Fig. S1 for more details. Figure was made by using
PyMOL Molecular Graphics System
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In GDP-bound state, Tyr-71 of KRAS forms hydrogen bond
with Asp-54 and Ser-39, but upon compound binding, it tilts
away from the pocket to a position that is similar to the GTP-
bound state, whileMet-67 turns away to open a shallower cleft
(Fig. 4i). This results in the slight displacement of theα2-helix
and Switch-II [57], and the compound in the pocket prevents
Tyr-71 to align into the hydrophobic core of SOS and to form
hydrogen bond with Tyr-910 of SOS [58]. In the case of the
indole derivative S3 (compound 4 in ref. [57], cf. Table 1), the
indole ring fits into the hydrophobic pocket that was previous-
ly occupied by the side chain of Tyr-71, while there are hy-
drogen bonds formed between Asp-54 and the indole ring and
Glu-37 and the imidazopyridine group of S3, whereas the
latter is connected to Ser-39 through a water bridge (Fig. 4i).

The changes within Switch-II conformation do not seem sig-
nificant enough to effectively inhibit SOS and effector interac-
tion; accordingly Cruz-Migoni et al. reported compounds, iden-
tified by surface plasmon resonance screening, that show no
inhibitory effect despite displacing several residues of RAS that
contribute to RAS-SOS binding [59]. In an earlier work by the
same group, the crystal structure of compound-bound RAS was
superimposed with complexes of RAS and its downstream ef-
fectors (RAF, PI3K, and RALGDS) and it was shown that com-
pound Abd-7 would collide with each interacting partner [60].
However, when cross-over compounds were designed by com-
bining the binding region of the biologically inactive compounds
with the part of Abd-7 that reaches out into the protein-protein
interaction (PPI) surface, inhibitory effect was observed [59].
Thus, it was concluded that these compounds achieve their in-
hibitory effect through sterically colliding with SOS and down-
stream effectors. This was further proven by in vitro assays that
monitored SOS-mediated activation, as well as by cell-based
assays in which inhibition of downstream signaling was ob-
served in the presence of the most effective compounds, while
compound treatment also decreased cell viability in micromolar
concentrations [56, 59, 60]. An additional inhibitory mechanism
of these molecules can be the induction of non-functional dimer
formation of KRAS, like in the case of BI-2852 [61]. It is worth
to mention that smaller antibodies and antibody-like proteins can
also target the PPI of RAS, and compete with effector binding.
Expression of DARPin K55 and RT11 in KRAS mutant cells
could effectively dampen downstream signaling, and reduce cell
viability, but despite the nanomolar dissociation values,
their therapeutic in vivo effect was still low, due to troubled
intracellular engagement [62–64]. Perturbation of effector bind-
ing of GTP-bound KRAS could also be achieved by small mol-
ecules, which drive the formation of a ternary complex with
cyclophil in A according to a recent report [65].
Correspondingly, compounds that block the HRAS:RAF and
simultaneously the HRAS:SOS interaction have been recently
reported; the same approach could also be exploited against
KRAS [66].

2.3 Allosteric rearrangement of Switch regions
through binding to a distant site

Another approach that was able to achieve selectivity towards
G12D employs small molecules that bind to the P110 pocket
on the allosteric lobe. This pocket is surrounded by α5-helix,
the loop between α3-helix and β5-sheet, and the C-terminal
of α4-helix. Interestingly, despite the high sequence similari-
ty, this pocket is less prevalent in the case of HRAS and
NRAS, resulting in an optimal target for KRAS-specific inhi-
bition. Feng and colleagues presented a series of quinoline-
and piperazine-based molecules that bind to this site. NMR
results showed that upon binding of KAL-21404358, an early
compound hit, Switch-I (Asp-33, Ser-39), and Switch-II (Leu-
56, Gly-60, Met-67, Thr-74 and Gly-75) undergo conforma-
tional changes, suggesting an allosteric effect on KRAS-
G12D. This resulted in inhibition of RAS-Raf interaction,
and weak depletion of phosphorylated Akt, and ERK within
treated cell lines [67]. These examples show that while selec-
tively targeting non-G12C mutants of KRAS is complicated
and requires less-straightforward strategies, it is possible to
achieve, by taking advantage of the small structural changes
that are caused by the mutated residue.

Antibody-like DARPin macromolecules can also target the
allosteric site of KRAS, more accurately the interface contain-
ing α3-helix, loop 7, and α4-helix. Within α3-helix, there are
several residues that are not conserved among the isoforms
that can be exploited for isoform-specific engagement. NMR
data suggests that there are no significant conformational
changes in either of the Switch regions caused by macromol-
ecules binding to the allosteric lobe; rather, these macromole-
cules disrupt KRAS dimerization and inhibit nucleotide ex-
change by colliding with SOS [68].

2.4 Targeting KRAS function through small molecules
that bind to SOS

The SOS-RAS interaction, with SOS being the most impor-
tant GEF of RAS, is an obvious target for inhibition, especial-
ly that certain oncogenic mutants still rely on upstream acti-
vation [34, 35]. Moreover, since oncogenic KRAS can in-
crease the activation of wild-type isoforms as well, through
positive feedback by binding to an allosteric regulatory site on
SOS [69, 70], disruption of this step in signal transduction can
prove to be effective.

To perturb this interaction with the so-called pan-RAS in-
hibitors, the surface of the SOS protein is just as viable target,
as that of RAS, as it was shown by several groups [71–74].
Winter et al. were able to identify three distinct pockets on
HRAS-SOS complex, one at SOS CDC25 domain, one at the
HRAS-SOS interface, and one covalent binding site on
HRAS. Though they were unsuccessful in showing biological
activity in the first two cases, they reported inhibition of RAS-
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SOS function in the case of covalent compounds that binds to
Cys-118 close to the nucleotide-binding site [75]. Later how-
ever a different group presented small-molecules that bind to
the same pocket on SOS CDC25 domain, and have inhibitory
effect on the RAS-SOS interaction [73].

The pocket on the SOS surface is surrounded by two longer
(α46, α49) and two short (α49,α48) helices, and faces to-
wards the C-terminal end of Switch-II of HRAS (Fig. 5). It
is surrounded by three aromatic residues that are capable of
making hydrophobic interactions with the aromatic scaffolds
of the compounds. In several structures of SOS in complex

Table 1 Comparative table of recent KRAS targeting strategies.Molecules that are in bold, are shown in Fig. 4 and Supplementary Figure S2, PDB IDs
containing those molecules are shown in bold as well

Binding target/site Effect Compound
type

PDB ID Representative
example

Reference

SI/II-pocket
(α2-helix and
β1-β3 sheet) in
the PPI surface

Inhibition of GEF, GAP, and effector
interaction

Small
molecule

6GJ5-6GJ8 S1-BI-2852 Kessler-2019 [56]

GEF-mediated nucleotide exchange
inhibition

4DSO, 4DST, 4DSU S2-Benzimidazole
DCAI

Mauer-2012 [55]

Inhibition of RAS-SOS binding 4EPR, 4EPY, 4EPX,
4EPW, 4EPT, 4EPV

S3–‘Compound-4’ Sun-2012 [57]

Inhibition of effector interaction 5OCO, 5OCT, 5OCG,
6FA1, 6FA2, 6FA3,
6FA4

S4-ABD-4
S5-ABD-7

Qevedo-2018 [60]

6GOD, 6GOE, 6GOF,
6GOG, 6GOM,
6GQT, 6GQW,
6GQX, 6GQY

Ch-3 Cruz-Migoni-2019
[59]

Switch-II pocket
(S-IIp)

Inhibition of GTP loading to RAS Covalent
small
molecule

5F2E S6-ARS-853 Patricelli-2016 [34]

5V9U ARS-1620 Janes-2018 [42]

6OIM S7-AMG-510 Canon-2019 [27]

6UT0 S8-MRTX849 Fell-2020 [28]

P110 pocket on the
allosteric lobe of

KRAS

Allosteric inhibition of effector interaction Small
molecule

– KAL-21404358 Feng-2019 [67]

Allosteric lobe of
KRAS

Competitive inhibition of GEF Antibody-like
protein

6H46, 6H47 DARPin K13,
DARPin K19

Bery-2019 [68]

Hydrophilic pocket
in CDC25

domain of SOS

SOS-mediated nucleotide exchange
overactivation, biphasic modulation of
ERK pathway, through inducing
negative feedback

Small
molecule

4NYI, 4NYJ, 4NYM – Burns-2014 [81]

6D5W, 6D5V, 6D5M,
6D5L, 6D5J,

6D5G 6D5H, 6D5E,
6D59, 6D56, 6D55

‘Compound-34,’
‘Compound-65’

Hodges-2018 [72]

Inhibition of SOS mediated RAS
activation.

Small
molecule

6EPL, 6EPM, 6EPN,
6EPO, 6EPP

5OVI

S9 BAY-293 Hillig-2019 [73]

Evelyn-2014 [74]

Inhibition of SOS-mediated RAS activa-
tion

Small
molecule

4URU, 4URV, 4URW,
4URX, 4URX,
4URY, 4URZ, 4US0,
4US1, 4US2

S10, S11 Winter-2015 [75]

RAS-SOS interface Stabilizing RAS-SOS complex

Covalent bond with
C118 of RAS
near guanosine
binding site

Disrupting nucleotide binging, disruption
of effector binding

Covalent
small
molecule

Nucleotide binding
site

Disrupting effector interaction Covalent
guanosine
analogue

5KYK S12
XY-02-075

Xiong-2017 [45]

PPI surface Binding to PPI in GTP-bound state,
obstructing effector interaction

Antibody – – Shin-2017 [64]

Antibody-like
protein

5O2S,
5O2T

DARPin K27,
DARPin K55

Guillard-2017 [62]

Switch-II pocket
(S-IIp)

Inhibition of RAS-SOS complex Peptide 5XCO RT11 Sogabe-2017 [54]

RAS-GAP interface Promoting RAS-GAP interaction Small
molecule

– S13 Nyíri-2020 [83]
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with compounds, Phe-890 is turned outward from the bottom
of the pocket (Phe-out conformation), further deepening that
and presenting an optimal partner ofπ-π stacking interactions.
The most potent inhibitor of this series, BAY-923, takes up
the deeper pocket with its phenyl and thiophene moiety. The
phenyl group establishes hydrophilic interaction with Phe-
890, in the Phe-out formation, while the quinazoline moiety
of the compound fits into a shallower sub-pocket, between the
aromatic rings of Tyr-884 and His-905 and forms π-π stack-
ing interaction with those [73]. The inhibitory effect is
achieved through stabilizing Tyr-884 in a conformation that
is turned away from Arg-73 of KRAS, weakening the inter-
action between the two protein surfaces. Compound binding
alters the conformation of Asn-879 and Ser-881 that would
form hydrogen bonds with Arg-73 and Asp-69 residues of
KRAS. Additionally, the methyl-ether groups of the
quinazoline ring would likely collide with the carbon chain
of Arg-73 of KRAS further contributing to the disruption of
the hydrogen bond between Arg-73 and the backbone of Asn-
879 (Fig. 5).

There were reports of molecules that bind to this same
pocket on SOS, but instead of inhibiting nucleotide exchange,
they activate SOS [71, 72] (cf Supplementary Fig. S3).
Though this is seemingly exactly the opposite of the desired
effect, this approach has some advantages, as activated RAS
can trigger cell death [76]. Cells only tolerate overactivation
below a certain threshold, over which defensive pathways are

activated, and apoptosis is induced. There is evidence to sug-
gest that the reason behind KRAS being the most oncogenic
of the RAS isoforms is its lower quantity in cells, due to rare
codons in KRAS genes. Elevated levels of cellular KRAS as a
result of codon optimization showed reduced tumor burden in
mice [77, 78]. Expression of HRAS-G12V in non RAS-
dependent human cancer cells induced caspase-independent
cell death [79], and activation of RAS via chemotherapeutic
a g e n t s c a n i n d u c e a p o p t o s i s [ 8 0 ] . T h i s
overactivation approach thus might be more robust compared
to RAS inhibition, as treatment with RAS inactivators can be
avoided by rescue pathways (cf Section 3).

Activating compounds were further optimized by structure
activity relationship studies. During optimization of an early
hit (PDB ID: 4NYM), one of the indole rings that fits into the
deeper part of the pocket formed on the surface of SOS is
replaced with a N3-benzyl substituted benzimidazole ring,
while the other indole moiety is removed resulting in a com-
pound with enhanced properties (PDB ID: 6D5G) [72, 81] (cf
Supplementary Fig. S3). This positions Phe-890 into the “Phe-
out” conformation, which takes up the space that was previ-
ously occupied by the indole group that was removed, while
the benzyl ring and hydrophilic substituents fill the sub-pocket
under Phe-890. This alteration of SOS side chain does not
disturb RAS-SOS complexation. A chloride-substituent is
present at the hydrophilic pocket under His-905, and hydro-
gen bonds are formed between the tetrahydropyridine group

Fig. 5 Binding site of compounds perturbing KRAS-SOS interaction on
the surface of SOS. S9-bound SOS (PDB ID: 5OVI) is shown as magenta
cartoon; surface of residues within 4 Å to S9 is shown to visualize the
binding site (see Table 1 for definition of S9). S9 and GDP are shown as
sticks with atomic coloring (oxygen: red; nitrogen: blue; sulfur: yellow;
phosphorus: orange; carbon: gray and black, respectively). Residues of
key importance in S9 binding of SOS (Asn-879 and Phe-890) are shown

as sticks. To visualize the site of interference of S9 with KRAS binding,
side chain of Arg-73 is shown as spheres with atomic coloring (carbon:
white; nitrogen: dark blue); position of KRAS (white cartoon) is deter-
mined by the overlay of SOS-KRAS complex (PDB ID: 1XD2) to S9-
bound SOS. Figure was made by using PyMOL Molecular Graphics
System
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substituted at C-7 and Glu-902, and between the piperazine
ring and Asp-887.

The best hits of Hodges et al. showed higher affinity and
demonstrated a robust biphasic deactivation of the ERK path-
way. Low micromolar (10–30 μM) treatment with com-
pounds (42, 64) increased RAS-GTP levels linearly, while
pERK levels showed increase at up to 1 μM compound con-
centration and decrease at higher compound concentration.
However, it has not been assessed whether the compounds
have an effect on cell viability [72].

It is intriguing that compounds that bind to the same loca-
tion can have exactly the opposite effect. Comparing the crys-
tal structure RAS-SOS complex bound to inhibiting (PDB ID:
5OVI) and activating (PDB IDs: 6D6G, 6D56, 5WFR) com-
pounds, it becomes clear that activating compounds do not, or
only slightly, alter the conformation of residues compared to
untreated RAS-SOS complex (PDB ID: 1XD2). While the
inhibiting BAY-293 molecule causes several changes in
SOS CDC25 domain that can cause the disruption of SOS-
KRAS complexation, the only evident alteration of activator-
bound SOS from the untreated structure is the side chain of
Phe-980 being in the “Phe-out” conformation; however, this is
relatively far from RAS-binding surface of SOS, and thus
likely does not play a key role in the RAS-SOS interaction.
Hence, it is probable that activating compounds are effective
through stabilizing the CDC25 domain of SOS in a conforma-
tion that is optimal for RAS binding [71, 72, 82].

2.5 Restoring KRAS function through GAP binding

Finally, we refer a newly identified family of molecules that
may enhance the interaction between the KRASG12Dmutant
protein and GAP [68]. This approach aims at stabilizing the
KRAS-GAP complex to prevent GEF and effector interac-
tions, thus inhibiting downstream signaling.

Compound binding was verified by in silico modeling,
where S13 binds to the KRAS-GAP interface between
Switch-I of KRAS and the turn between α19- and α20-
helices of GAP, while reaching into a small pocket of GAP
between α17-helix and a turn motif consisting of residues
785–789 (Fig. 6). To experimentally verify structural interac-
tion between the new molecules and the KRAS-GAP com-
plex, crystallization trials are in progress. The efficacy of such
small molecules are demonstrated in human cancer cell cul-
tures, where this compound inhibits the proliferation of cells
containing the KRAS G12D allele with some preference [83].

3 Adaptive response hinders the effectivity
of KRAS inhibitors

Although there is a significant advance in the research of
KRAS inhibitors, there are still many problems to be solved

to finally develop an effective therapy for KRAS mutant can-
cers. For instance, the currently best response for G12C mu-
tant specific inhibitors was partial response in patients with
lung cancer and stable disease (no partial response) in the case
of colorectal and other solid tumors [21, 27, 84, 85]. In the
case of ARS-1620 treatment, this is likely to happen due to
adaptive responses via facilitated upstream (EGFR) and
downstream (CRAF) signaling which could not be avoided
even with continuous drug treatment [86]. In addition, evi-
dence shows that anti-KRAS treatment frequently activate
adaptive resistance mechanisms that enable cell survival via
suppression downstream mitogen-activated protein kinase
(MAPK) signaling or directly the expression of KRAS [87].

A potential way to overcome adaptive response is combi-
nation therapy [88, 89]. A prominent example is combination
of covalent KRAS G12C inhibitor MRTX849 with EGFR,
mTOR, or SHP2 inhibitors which were shown to be more
effective than monotherapy in tumor models [90]. It has also
been proposed that targeting effector binding of GTP-bound
KRAS via ternary complex formation with cyclophilin A can
overcome resistance driven by enhanced upstream signaling
[91].

We conclude that the exploitation of hidden binding sites
on KRAS protein opened the way to overcome the “non-
druggable” paradigm and led to many new developments
based on a variety of drug candidate compounds. Since sev-
eral drug binding sites on the surface of KRAS are not appar-
ent in the absence of the compounds, the structure-based

Fig. 6 A compound promoting interaction between mutant KRAS and
GAP.Model of S13 (cf Table 1) bound to GAP-KRAS-G12D complex is
shown as sticks with atomic coloring (carbon: salmon; oxygen: red; ni-
trogen: blue; sulfur: yellow; phosphorus: orange). GDP is shown as sticks
with atomic coloring (carbon: black, other elements as above). GAP is
shown as cyan cartoon; KRAS is represented as white cartoon. Surface of
residues interacting with S13 is shown. Dashed black line represents
hydrogen bonding. Figure was made by using PyMOL Molecular
Graphics System
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approaches relying on drug-free KRAS structures need to be
used with caution and have to be optimally complemented by
phenotypic high-throughput screens in cellular studies.
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