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ABSTRACT: Mutated KRAS proteins are frequently expressed in
some of the most lethal human cancers and thus have been a target
of intensive drug discovery efforts for decades. Lately, KRAS-
(G12C) switch-II pocket (SII−P)-targeting covalent small
molecule inhibitors have finally reached clinical practice. Sotorasib
(AMG-510) was the first FDA-approved covalent inhibitor to treat
KRAS(G12C)-positive nonsmall cell lung cancer (NSCLC),
followed soon by adagrasib (MRTX849). Both drugs target the
GDP-bound state of KRAS(G12C), exploiting the strong
nucleophilicity of acquired cysteine. Here, we evaluate the
similarities and differences between sotorasib and adagrasib in
their RAS SII−P binding by applying biochemical, cellular, and
computational methods. Exact knowledge of SII−P engagement
can enable targeting this site by reversible inhibitors for KRAS mutants beyond G12C. We show that adagrasib is strictly KRAS- but
not KRAS(G12C)-specific due to its strong and unreplaceable interaction with H95. Unlike adagrasib, sotorasib is less dependent on
H95 for its binding, making it a RAS isoform-agnostic compound, having a similar functionality also with NRAS and HRAS G12C
mutants. Our results emphasize the accessibility of SII−P beyond oncogenic G12C and aid in understanding the molecular
mechanism behind the clinically observed drug resistance, associated especially with secondary mutations on KRAS H95 and Y96.

■ INTRODUCTION
RAS is frequently mutated in cancer, and RAS oncogenes have
been reported in almost 30% of all malignant tumors.1

Mutated RAS isoforms (KRAS/NRAS/HRAS) are most
commonly found in solid tumors, including pancreatic,
colorectal, and lung adenocarcinomas, as well as melanoma,
making RAS a highly attractive target for a novel anticancer
drug.2−5 Oncogenic mutations promote RAS to occur mainly
in the GTP-bound active state, due to diminished intrinsic
GTPase activity, insensitivity to GTPase activating protein
(GAPs), and/or elevated nucleotide exchange.6,7 These
changes are associated with tumorigenesis as a result of the
constantly active RAS signaling pathways, promoting uncon-
trolled cell division and epithelial invasion. More than 85% of
HRAS and 95% of both KRAS and NRAS mutations occur at
the so-called “hotspot” codons, G12, G13, and Q61.8 In the
case of nonsmall cell lung cancer (NSCLC), KRAS(G12C) is
found in ∼40% of all cases.9 RAS was found to be a difficult
drug target, and before the success with the covalent G12C
inhibitors, it was even considered “undruggable”.1,10−13

Covalent inhibitors offer prolonged target engagement, an
advantage they have already demonstrated in clinical trials, also
in the context of KRAS(G12C).14−16 Two covalent KRAS-

(G12C) inhibitors engaging the cryptic switch-II pocket (SII−
P),17,18 sotorasib (AMG-510; Lumakras/Lumykras), and
adagrasib (MRTX849; KRAZATI) have recently been
approved by FDA and EMA for the treatment of nonsmall
cell lung cancer (NSCLC). Both inhibitors target the GDP-
bound state of KRAS(G12C), trapping the protein in this
inactive state and thus inhibiting the overactive KRAS
downstream signaling. Successful targeting of KRAS(G12C)
with this type of compounds does relies not only on the unique
cysteine, which enables the covalent bond formation, but also
on the intrinsic GTPase activity of KRAS(G12C).19−21 The
SII−P is more easily accessible and/or sampled more
frequently when KRAS is GDP-bound, and this feature
promotes targeting KRAS(G12C). However, at the same
time, it can be considered rather unsuitable for some other
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oncogenic KRAS alleles (e.g., G12R and Q61R) that are
almost exclusively GTP-bound in cells.22 Most recently,
covalent targeting of the KRAS SII−P was demonstrated
viable also for its GTP-bound state for the KRAS(G12C) and
G12D.23,24

Even though there has been multiple attempts to use
protein-derived or peptide-based RAS inhibitors using various
epitopes, the cryptic SII−P has lately captured the spot-
light.25−29 SII−P has been extensively probed due to its
dynamic nature, originating from the highly flexible switch-II
region.30 Many peptides and small molecule ligands have been
designed to exploit this cryptic pocket for binding to
RAS.26−29,31−34 Early covalent inhibitors such as ARS-1620

targeted this pocket, however, with significantly compromised
binding properties in comparison to the clinically approved
sotorasib and adagrasib.35,36 Both inhibitors have demon-
strated clinical efficacy as monotherapy and are currently being
evaluated in combination with other treatment modalities.
Recently, resistance and reactivation of the RAS pathways after
inhibitor treatment have been reported to occur via both on-
target and off-target mechanisms.36−46 The on-target mecha-
nisms include alterations in the KRAS(G12C) SII−P
composition. While clinical and preclinical data emerge,
detailed information on the (noncovalent) binding specificities
and interactions of these compounds toward other RAS
proteins is unfortunately rather incomplete. Only recently,

Figure 1. Adagrasib is KRAS-specific, while sotorasib binds equally to NRAS and HRAS. (A) Structures of sotorasib and adagrasib and their
binding modes in KRAS switch-II pocket (SII−P). Superimposed KRAS(G12C) cocrystal structures are shown in the middle (PDB IDs: 6OIM
and 6UT057,58). A key-difference in their binding mode appears on KRAS-specific α3-helix residue H95, which is in out-conformation with
sotorasib and in in-conformation with adagrasib (zoom-in illustrations). Sotorasib is depicted in a green ball and stick model, with the protein
highlighted in blue cartoon; adagrasib is shown in a yellow ball and stick model, with protein highlighted in purple cartoon. The illustration includes
GDP in a ball and stick model with teal carbons, and a Mg2+-ion is shown as a green sphere; Cα-atoms of C12, M67, and H95 as orange, yellow,
and blue spheres, respectively. (B) Concentration-dependent inhibition of SOScat-mediated guanine nucleotide exchange of 100 nM RAS after 30
min preincubation with sotorasib and adagrasib at RT (mean ± SD, n = 3). (C) Adagrasib SPR sensorgram showing concentration-dependent
binding to KRAS(WT) (mean ± SD, n = 3). (D) G-LISA assay of GTP-bound RAS (see Materials and Methods) using starved cells incubated with
adagrasib and sotorasib, followed by mitogenic stimulation and monitoring of RAS-GTP levels of the KRAS(WT) and KRAS(G12C) (mean ± SD,
n = 3).
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SII−P engagement by noncovalent ligands has been system-
atically studied for the first time using sotorasib and adagrasib
as model compounds.18 In this context, Shokat et al.
highlighted the accessibility of the SII−P for noncovalent
ligands in various KRAS mutants beyond G12C.18 Among the
noncovalent inhibitors, MRTX1133, which targets G12D
mutations, has already entered clinical trials.46−48

In this study, we elucidate the detailed binding mechanism
of sotorasib and adagrasib as well as the mechanism by which
resistance arises through mutations at residues H95 and Y96.
Using an ultrasensitive thermal stability assay (TSA)49−51 and
nucleotide exchange assays52−55 with HRAS, NRAS, and
multiple KRAS mutants including H95L and Y96D mutations,
we demonstrate distinct specificity profiles for sotorasib and
adagrasib. Cell-based assays and molecular dynamics (MD)
simulations support these biochemical results, providing
atomic-level insights into the noncovalent binding specificities
of these inhibitors. Both the biochemical and computational
data reveal the irreplaceable nature of H95 and Y96 for
interactions with sotorasib and adagrasib. Additionally, the
results suggest a previously unidentified resistance mechanism

of Y96D. Furthermore, we demonstrate potential mechanisms
for direct target engagement of non-G12C oncogenic KRAS
mutants via SII−P and for achieving KRAS specificity over
NRAS and HRAS by exploiting interactions at residue H95.
The data also reveal that, while adagrasib is KRAS-specific,
sotorasib can effectively target not only KRAS(G12C) but also
equally the G12C mutants of NRAS and HRAS. This potential
offers new treatment possibilities for cancer patients harboring
these rarer genetic alterations in NRAS and HRAS, even
sotorasib is a less favorable starting point for noncovalent
NRAS and HRAS mutant inhibition as adagrasib is for KRAS.

■ RESULTS AND DISCUSSION
Adagrasib Interacts Specifically with KRAS, While

Sotorasib Targets All Forms of RAS(G12C) Equally.
Sotorasib and adagrasib are clinically validated KRAS(G12C)
inhibitors occupying the same SII−P, and both rely on
covalent binding to Cys12 in an inactive, GDP-bound KRAS
(Figure 1A).20,56,57 To better understand the similarities and
differences between these compounds, we measured the

Table 1. Sotorasib and Adagrasib Induced Effect on Different RAS Forms Using Four Different Assays

aNo full stabilization with 100 μM inhibitor. bValues potentially relates to off-target toxicity. cNM not measured. dAssay performed with
KRAS(G12C/H95Q). eRAS construct 1−169 aa.
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binding of sotorasib and adagrasib to KRAS(G12C) and
beyond with biochemical assays.54,58−60 First, we used a
nucleotide exchange assay to analyze the inhibitors’ ability to
lock RAS into its GDP-bound state and thereby block SOScat-
mediated nucleotide exchange. With KRAS(G12C) used as a
control, we found that IC50 values of both inhibitors were
within the expected low nanomolar range (Figure S1A and
Tables 1 and S2).49,58,61 All nucleotide exchange results are
listed in Table S2. Second, we used a TSA to analyze RAS
thermal stability and inhibitor induced stability increase. The
use of two independent external fluorescent probes, protein-
probe (PP)49−51 and 8-anilinonaphthalene-1-sulfonic acid
(ANS), provided consistent results (Figure S1B). Both
techniques show that sotorasib induces a slightly higher
increase in KRAS(G12C) thermal stability compared with
adagrasib (Table 1). In here, ANS was used as a secondary
TSA assay, as in the used buffer conditions and protein
concentration, data were compromised with SYPRO Orange,
due to high stability of the protein−ligand complex and
luminescence signal quenching.49,62 All TSA results are listed
in Table S3.

When analogous nucleotide exchange and TSA analyses
were performed with KRAS(WT), adagrasib showed a clearer
effect compared to sotorasib (Figures 1B, S2A, and S3). In
nucleotide exchange assays with KRAS(WT), adagrasib
exhibited IC50 values in the range of 200−300 nM as measured
by quenching resonance energy transfer (QRET) and TR-

FRET (Figures 1B and S3 and Tables 1 and S2). In contrast,
sotorasib’s effect was clearly diminished with KRAS(WT), with
IC50 falling in the micromolar range (Figures 1B, S3, and Table
1). In TSA, both adagrasib and sotorasib stabilize KRAS(WT)
only at very high concentrations (Table 1). At low micromolar
concentrations, sotorasib especially displayed clear lumines-
cence quenching in these assays, which could be partially
compensated by the use of a higher RAS concentration in TSA
with PP. However, as the ANS or SYPRO Orange could not be
used as a control, we further confirmed these results using
surface plasmon resonance (SPR) (Figures 1C and S4). SPR
revealed a concentration-dependent response of adagrasib with
KRAS(WT), while no response was seen with sotorasib
(Figures 1C and S4). The observed kon and koff values were
1.11 ± 0.05 × 105 and 9.24 ± 0.77 × 10−2 1/s, giving a Kd of
0.78 ± 0.05 μM for binding of adagrasib to KRAS(WT). This
value is in line with our nucleotide exchange assays
observations, and previously reported SPR data showing that
adagrasib is KRAS-specific and shows no binding to NRAS-
(WT) or HRAS(WT).63

To verify the in vitro results in a cellular system, we
measured the relative levels of active GTP-bound KRAS(WT)
and KRAS(G12C) and performed cell viability assays with
wild-type KRAS, HRAS, and NRAS (Figures 1D and S5).
RAS-GTP levels were measured after the cells were starved in
the presence of adagrasib and sotorasib followed by mitogenic
stimulation with 10% fetal calf serum (FCS). This condition

Figure 2. Sotorasib binds covalently to G12C mutants of KRAS, NRAS, and HRAS. (A) Concentration-dependent thermal stabilization of 1 μM
NRAS after 30 min of preincubation with sotorasib and adagrasib at RT (mean ± SD, n = 3). (B) G-LISA assay of GTP-bound RAS using starved
cells incubated with adagrasib and sotorasib, followed by mitogenic stimulation (10% FCS) and monitoring of RAS-GTP levels of the NRAS(WT)
and NRAS(G12C) (mean ± SD, n = 3). (C) Cell viability assay with adagrasib and sotorasib using Ba/F3 cells stably expressing human NRAS and
HRAS(G12C) (mean ± SD, n = 3). (D) Mass spectrometric analysis of sotorasib binding to NRAS(G12C) and (E) HRAS(G12C). (F) Structural
differences between NRAS and KRAS. The only discrepancy in SII−P residues is observed at position 95.
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was selected to mimic the nucleotide exchange assays in cellulo.
Both adagrasib and sotorasib demonstrated comparable
inhibition of KRAS(G12C) activation at the expected
concentrations (Table 1).57,58,61 Next, we confirmed the
cross-reactivity of adagrasib on KRAS(WT) at micromolar
concentrations (>1 μM), while sotorasib did not show any
effect at the tested concentrations (Figure 1D). On the other
hand, adagrasib started to exhibit KRAS-independent toxicity
already at low micromolar concentrations (Figure S5). Toxicity
was also observed in the cell viability assays using Ba/F3 cells
stably expressing human KRAS(G12C) or wild-type KRAS,
NRAS, and HRAS. Adagrasib induced toxicity has also been
reported earlier, and it is like to be as a result from off-target
effect, potentially through inhibition of several kinases.44,64 In
KRAS(G12C) expressing cells, both compounds inhibited
viability at low nanomolar concentrations (Table 1). In

contrast, in the case of K/N/HRAS(WT) expressing cells,
only a minor effect on cell viability was observed with sotorasib
(Figure S5 and Table 1).

As the effect of sotorasib on the wild-type RAS isoforms was
much weaker than that for adagrasib, we next tested if KRAS
mutations at positions G12, G13, and Q61 would alter the
accessibility of the SII-pocket for both inhibitors (Figure S6).
In the QRET nucleotide exchange assay, KRAS mutations
G13D and Q61L had no significant effect on adagrasib
inhibitory activity over KRAS(WT), while G12D and G12 V
mutations increased the IC50 value approximately 10-fold in
comparison to that of KRAS(WT) (Table 1). This was
confirmed by the TSA, in which adagrasib stabilization was
more pronounced with KRAS(G13D) and KRAS(Q61L),
compared with KRAS(G12 V) (Figure S7). The weak effect of
sotorasib on nucleotide exchange observed for KRAS(WT)

Figure 3. Adagrasib RAS isoform specificity is determined by His-95 of KRAS. (A) MD simulations show strong, high frequency interaction of
adagrasib with His-95 (KRAS) but not with Leu-95 (NRAS). In contrast, sotorasib does not rely heavily on interactions with His-95 and even
displays a slightly elevated interaction frequency with Leu-95. Interaction (%) related to the overall simulation time. Multiple simultaneous
interactions may add up to over 100% interaction frequency. (B) KRAS His-95 interactions in the MD simulations with sotorasib and adagrasib are
consistent throughout the simulations, as demonstrated by the observed interactions in time-specific plot of the concatenated trajectories (five
individual 5 μs simulations). (C) Isoform-specific minimum distance of sotorasib to position 95 shown with violin plot. (D) Isoform-specific
minimum distance of adagrasib to position 95 shown with violin plot. (E) Data of (C,D) are shown here with boxplots, with their median values.
The black horizontal line in the box represents the median, and the box displays the quartiles of the data set (25−75%) and whiskers the rest of the
data with maximum 1.5 interquartile range (IQR). Outliers are indicated with black diamonds. Data shown in (A−E) of each system (25 μs) were
analyzed by each ns. (F) Concentration-dependent inhibition of SOScat-mediated guanine nucleotide exchange of 100 nM KRAS(WT),
KRAS(H95L), and KRAS (Y96D) after 30 min preincubation with sotorasib and adagrasib at RT (mean ± SD, n = 3). (G) Concentration-
dependent thermal stabilization of 1 μM KRAS(H95L) and KRAS (Y96D) after 30 min preincubation with sotorasib and adagrasib at RT (mean ±
SD, n = 3).
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was similar to that of all four tested KRAS mutants, indicating
low affinity against all non-G12C KRAS proteins (Figure S6
and Table 1). However, at a high sotorasib concentration (100
μM), a clear stabilization for KRAS(G12 V), KRAS(Q61L),
and KRAS(G13D) was monitored (Figure S7).

Adagrasib showed no binding to HRAS(WT) or NRAS-
(WT) in the QRET nucleotide exchange assays (IC50 > 10
μM) (Figure 1B). Sotorasib, in contrast, displayed IC50 values
of 1.2−1.3 μM for HRAS(WT) and NRAS(WT), indicating
weak binding (Figure 1B). Furthermore, TR-FRET nucleotide
exchange and cell viability assays indicate that the effect of
sotorasib might be stronger on NRAS(WT) compared to that
on KRAS(WT) (Figures S3 and S5). We could further observe
stabilization of NRAS(WT) by sotorasib but not with
adagrasib (Figures 2A and S2). Together, these data suggest
that sotorasib might have comparable efficacy against NRAS-
(G12C) and HRAS(G12C) mutants as against KRAS(G12C),
which is in line with the very recent clinical findings.65

To assess the potential relevance of targeting cancers
harboring NRAS(G12C) and/or HRAS(G12C) mutants, we
explored the Catalogue of Somatic Mutations in Cancer
(COSMIC v99) (Figure S8).66 In the case of KRAS, G12C
mutations account for 11.6% (5519 and 47,503) of all missense
mutations. G12C mutations are found less frequently for
NRAS and HRAS in the database, representing 2.7% (240/
8835) and 1.6% (43/2614) of all NRAS and HRAS missense
mutations, respectively (Figure S8). While the number of
patients with non-KRAS(G12C) mutations is relatively small,
our analysis confirms their existence. These patients may
potentially benefit from treatment with sotorasib. Further
investigation is warranted to determine whether these
mutations can be considered as disease-relevant drivers.65

To further demonstrate the isoform-agnostic binding
behavior of sotorasib, we performed a panel of assays to
explore its binding specificity. Cellular RAS-GTP assays
confirmed that sotorasib targets NRAS(G12C) and KRAS-
(G12C) to a similar extent, while adagrasib inhibition is
KRAS-specific (Figures 1D and2B). Cell viability assays further
confirmed that HRAS(G12C) can be targeted by sotorasib as
well (Figure 2C). In the QRET nucleotide exchange assay with
NRAS(G12C) and HRAS(G12C), low nanomolar range
inhibition was observed with sotorasib, as the IC50 value
with adagrasib was reduced over 300-fold in comparison to
KRAS(G12C) (Figure S9 and Tables 1 and S2). We
additionally confirmed the covalent attachment of sotorasib
to NRAS(G12C) and HRAS(G12C) by a liquid chromatog-
raphy-mass spectrometry (LC-MS) assay (Figure S10). The
highest peak (12.2 min) from the separation was analyzed by
MS (Figure S10), and in the case of both NRAS(G12C)
(Figure 2D) and HRAS(G12C) (Figure 2E), 560.5 Da
increase in molecular weight (MW) was observed in the
presence of sotorasib (calculated MW 560.59 Da) (Figures 2
and S11). Strikingly, the only residue that differs between the
three RAS isoforms within the SII−P is found in position 95,
which is His, Leu, or Gln in the case of KRAS, NRAS, and
HRAS, respectively (Figures 2F and S12).
His-95 Residue of KRAS Confers Isoform Specificity of

Adagrasib. To rationalize our findings related to the WT
isoform binding and specificity of the two inhibitors (Table 1),
we conducted MD simulations with noncovalently bound
adagrasib and sotorasib in SII−P with KRAS(WT) and
NRAS(WT) (Figure S13). These simulations suggest that
the observed key-interactions are mainly isoform-agnostic for

sotorasib, while this is not the case for adagrasib (Figures S14
and S15). The most significant discrepancy between the
inhibitors is observed for interactions with position 95 (Figures
3A−E, S14, and S15). Adagrasib displays a high interaction
frequency with KRAS His-95 (Figure 3A). It displays multiple
simultaneous interactions to this residue, namely, H-bond to N
of the pyrimidine ring and cation−π interaction to
methylpyrrolidine, which adds up to over 100% interaction
frequency (156%). Interactions toward the residue in this
position are dramatically diminished (8%) when the residue is
leucine, as found in NRAS (Figures 3A and S12). In contrast,
sotorasib’s interaction frequency with position 95 is slightly
elevated with Leu-95 (15%) in comparison to His-95 (9%).
Sotorasib introduces the pyridyl ring with an isopropyl
substituent next to these residues. The observed interactions
of both inhibitors with KRAS His-95 and NRAS Leu-95 are
consistent throughout the simulations (Figures 3B and S16).
Moreover, adagrasib, which exhibits a tighter contact to His-95
than sotorasib, displays clear instability when it is in complex
with NRAS and in the region where Leu-95 is present, which is
demonstrated by the increased distance to this residue (Figure
3C−E). Sotorasib maintains a consistent distance to the
residue at position 95, regardless of the RAS isoform (Figure
3C,E). Overall, our simulation results suggest that the
interactions of adagrasib with H95 are deterministic for its
KRAS(WT) binding and selectivity over those of other
RAS(WT) isoforms. In contrast, sotorasib’s interactions with
H95 are not essential, allowing for higher tolerance for amino
acid variations in this position.

In addition to the irreplaceable role of KRAS H95 for
adagrasib, our MD simulations showed close contacts and high
interaction frequency of both inhibitors with Tyr-96 (Figure
S17), an additional secondary mutation site that has been
reported to confer resistance in the clinic.17,35,38 To validate
the individual importance of KRAS H95 and Y96, we created
two single mutant constructs; KRAS(H95L) reflecting the
native SII−P present in NRAS(WT) and KRAS(Y96D) linked
to the acquired resistance with G12C targeting inhibitors.38

During the characterization of these mutants without an
inhibitor, we found KRAS(Y96D) to have a negative impact on
SOScat induced nucleotide exchange (Figure S18). Even more
importantly, KRAS(Y96D), but not KRAS(H95L), showed
significantly reduced thermal stability in comparison to
KRAS(WT) (Figures S18 and S19 and Table S3), also
confirmed by SYPRO Orange. When the nucleotide exchange
assay was performed with inhibitors, we observed a reduced
inhibition with sotorasib using KRAS(H95L) compared with
KRAS(WT) (Figure 3F and Table 1 and S2). In the case of
adagrasib, however, both mutants were resistant to nucleotide
exchange inhibition, indicating nonexisting binding at the
tested concentrations. Thermal stability results of sotorasib
with KRAS(H95L) and KRAS(Y96D) are highly similar to
those monitored with KRAS(WT), while adagrasib exhibited
negligible stabilization with both mutants (Figures 3G and S2
and Table S3).
KRAS(G12C) Secondary Mutations at His-95 and Tyr-

96 Disrupt Sotorasib and Adagrasib Binding. In order to
obtain more biologically relevant data, we created two double
mutants, KRAS(G12C/H95L) and KRAS(G12C/Y96D).
Characterization of these mutants revealed that KRAS-
(G12C/H95L) exhibited slightly faster SOScat-induced nucleo-
tide exchange than KRAS(G12C), and the nucleotide
exchange activity of KRAS(G12C/Y96D) was rescued
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compared to KRAS(Y96D) (Figure S18A). KRAS(G12C/
H95L) and KRAS(G12C/Y96D) showed increased thermal
stability over their single mutant forms, even though
KRAS(G12C/Y96D) stability was still reduced in comparison
to that of KRAS(G12C) (Figures S18B and S19 and Table
S3).

The effect of these double mutations was also evident in a
nucleotide exchange assay with both sotorasib and adagrasib.
Here, we could observe inhibition for KRAS(G12C/H95L)

and KRAS(G12C/Y96D) with sotorasib but with compro-
mised affinity in comparison to KRAS(G12C) (Figure 4A and
Table 1). Adagrasib showed negligible inhibition with
KRAS(G12C/Y96D), but surprisingly retained some low-
level functionality with KRAS(G12C/H95L) (Figure 4A and
Table 1). Using KRAS(G12C/H95L), thermal stability
increased with the addition of 10 μM sotorasib, while adagrasib
only modestly increased the stability of this mutant (Figure 4B
and Table 1). With KRAS(G12C/Y96D), only 100 μM

Figure 4. Adagrasib function is compromised by KRAS(G12C) secondary mutations at positions H95 and Y96. (A) Concentration-dependent
inhibition of SOScat-mediated guanine nucleotide exchange of 100 nM KRAS(G12C), KRAS(G12C/H95L), and KRAS(G12C/Y96D) after 30
min preincubation with sotorasib and adagrasib at RT (mean ± SD, n = 3). (B) Concentration-dependent thermal stabilization of 1 μM
KRAS(G12C/H95L) after 30 min preincubation with sotorasib and adagrasib at RT (mean ± SD, n = 3). (C) G-LISA assay of GTP-bound RAS
using starved cells incubated with adagrasib and sotorasib, followed by mitogenic stimulation (10% FCS) and monitoring of RAS-GTP levels of the
KRAS(G12C/H95L) (mean ± SD, n = 3). (D) Cell viability assay with adagrasib and sotorasib using Ba/F3 cells stably expressing human
KRAS(G12C/H95Q) and (G12C/Y96D) (mean ± SD, n = 3). (E) Observed Y96 and Y96D interactions of noncovalently bound sotorasib in MD
simulations of KRAS(G12C) and KRAS(G12C/Y96D) systems. (F) Observed SII−P availability and volume in GDP-bound apo simulations of
KRAS(G12C) and KRAS(G12C/Y96D), and with KRAS(G12C) with noncovalently bound sotorasib. Pocket availability and size (when available)
for the 20 μs simulation data of each system was analyzed for each 50 ns with SiteMap. Boxplots consist of 239, 109, and 395 (of 401) data points
for KRAS(G12C) apo, KRAS(G12C/Y96D) apo, and KRAS(G12C) + sotorasib simulations, respectively. (G) Putative interaction between D96
and R68. A representative snapshot of a G12C/Y96D apo SII−P simulation displaying the potential interaction. (H) Observed interactions of the
position 96 side chains Y96 and D96 in the simulations without the SII−P ligand. Interactions with >10% frequency are shown. Data consist of 20
μs simulations for each system.
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sotorasib yielded a measurable increase in the thermal stability
(Figure S19). Although the nucleotide exchange and thermal
stability results with KRAS(G12C/H95L) are not directly
aligned, kinetic nucleotide exchange experiments indicate that
sotorasib binds covalently to KRAS(G12C/H95L) (Figure
S21). Most likely, the weakened binding of adagrasib as a result
of the H95L mutation is overrepresented in the thermal shift
assay in comparison to results obtained in the nucleotide
exchange assay (Figures 3G and4B).

In our cell-based RAS-GTP assay, we could indeed confirm
that the inhibitory effect of sotorasib is not compromised by
the H95 mutation in comparison to KRAS(G12C), while the
inhibition by adagrasib is nearly abolished (Figures 1D and 4C
and Table 1). Cell viability results with either KRAS(G12C/
H95Q), the HRAS derived mutant, or KRAS(G12C/Y96D)
are consistent with the previous findings (Figure 4D). We
observed that the IC50 values for sotorasib were comparable
when applied to the double mutants KRAS(G12C/H95Q) and
KRAS(G12C), while the effect of the inhibitor on KRAS-
(G12C/Y96D) was negligible. Adagrasib, on the other hand,
followed the non-RAS-driven decrease in cell viability and did
not show a specific response in cell viability for cells expressing
either KRAS(G12C/H95Q) or KRAS(G12C/Y96D) (Figures
4D and S5B and Table 1).

To provide more insights into the role of the secondary
mutation Y96D and its negative impact on SII−P inhibitor
binding, we conducted MD simulations of the KRAS mutants
G12C and G12C/Y96D with noncovalently bound sotorasib in
SII−P. These simulations provide insights into the stability of
the inhibitor in the binding site before the covalent reaction
takes place with C12. Similarly, as observed in KRAS(WT)
simulations, Tyr96 frequently interacts with sotorasib in the
context of the G12C mutation, including π−π and hydro-
phobic interactions (Figures 4E and S22). These key-
interactions are abolished by the Y96D mutation, which
consequently leads to the instability of sotorasib in the binding
site (Figures 4E, S22, and S23). In fact, complete dissociation
of sotorasib from the switch-II pocket was observed at 2000 ns

of the simulation in one of the five simulation replicas (Figure
S23).

Furthermore, we conducted additional simulations of both
GDP-bound KRAS(G12C) and G12C/Y96D SII−P apo
structures to observe if the mutation itself has any impact on
the binding pocket (Figures 4F−H and S24). The resistance-
mediating double mutation G12C/Y96D appears to constrict
SII−P compared to G12C (Figure 4F). This is highlighted by
the reduced availability of the SII−P (expressed as the % of the
frames where it is found) and its decreased volume (expressed
as median volumes). The pocket with a median volume of 64.1
Å3 is only available in 27.1% of the analyzed frames according
to SiteMap, compared to 96.0 Å3 and 59.6% in the context of
KRAS(G12C). Remarkably, with sotorasib bound in the SII−P
of KRAS(G12C), the pocket volume median is increased by a
factor of 2 to a median volume of 211.6 Å3, confirming the
dynamic and inducible nature of this pocket. A detailed view
on the simulation results allows us to identify a putative
molecular mechanism of the inaccessibility of the SII−P. The
mutated Y96D appears to promote a novel intraprotein
interaction, a salt-bridge between D96 and R68; thereby
influencing the size and accessibility of the pocket (Figure
4G,H). In addition, this suggests a competitive mechanism
where the D96-R68 interaction may preclude the inhibitor’s
own interaction with R68. With sotorasib, this interaction was
indeed compromised in simulations with G12C and Y96D
(Figure S22). The negative effect of the Y96D mutation on
nucleotide exchange might also be connected to the interaction
of SOS E1002 in its “active” conformation (Figure S25).
Consequently, the de novo salt-bridge between D96 and R68
may reduce the KRAS−SOS interaction.67,68

In a next step, we evaluated the effect of mutations of the
residues R68 and Q99 in a cell viability assay (Figure
S26).37,40,44 Q99 is located close to the SII−P in the α3-
helix (Figure S27) and has been shown to confer resistance to
adagrasib while not affecting the clinical activity of
sotorasib.44,56 We could indeed confirm this with an ∼20-
fold shift in the potency of adagrasib in the context of

Figure 5. Summary of the impact of the tested SII−P alterations on sotorasib and adagrasib interaction. (A) In addition to G12C, sotorasib binding
is highly dependent on R68 and Y96. Mutations at positions Q99 and Q61 have small negative effect on its binding, and H95 mutations are quite
well tolerated. (B) Adagrasib binding relies heavily on H95, and it is also nontolerant to Y96 mutations. Adagrasib is more tolerant to R68
alterations and slightly less tolerant to Q99 mutations in comparison to sotorasib. Additionally, it binds readily to KRAS(WT).
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KRAS(G12C/Q99L)-expressing cells (Figure S26 and Table
1). In addition, our MD simulations with KRAS(WT) show
mainly water-mediated interactions of both inhibitors with
Q99 (Figure S27). As the Q99L mutation only affects
adagrasib binding,44 this mutation may distort the neighboring
H95 (in) conformation, which is critical for adagrasib, thus
having an indirect effect on adagrasib binding (Figure S27).
Clinically reported mutations at the R68 residue in KRAS-
(G12C) include R68S and R68M.37 The R68S mutation
blocks drug binding of both adagrasib and sotorasib, leading to
resistance to these inhibitors.37 In contrast, R68 M has been
reported to confer resistance to sotorasib but remains sensitive
to adagrasib. Again, we could confirm the clinical observation
by demonstrating that sotorasib’s effect on cell viability was
drastically reduced in cells expressing KRAS(G12C/R68M),
while adagrasib’s effect remained unchanged (Figure S26).
These results are in line with our simulation observations,
where only sotorasib displays direct interactions with R68 with
high frequency (Figure S15). We speculate that while the
integrity of the SII−P is retained by the similar-sized
methionine mutation (R68M), the shorter serine (R68S)
might be detrimental to the pockets’ integrity. The R68S
mutation likely leads to a compromised shielding of the
hydrophobic SII−P from solvent exposure, affecting the pocket
interactions with both inhibitors (Figure S28).37 Further
research is needed to disclose whether these R68 mutations
could have an impact on nucleotide exchange via affecting an
important interaction with SOS (Figure S25).

Although both inhibitors occupy the same SII−P, sotorasib
and adagrasib display different interaction profiles, and their
tolerance for mutations varies considerably (Figure 5 and
Tables 1, S2, and S3). This has to be taken into an account
when new and improved drugs are developed and when
selecting the correct drug for individual patient. Adagrasib has
already been shown to serve as a starting scaffold to target
other KRAS mutations beyond G12C, including noncovalent
inhibitors such as MRTX1133 for KRAS(G12D) and KRAS-
(G13D) targeting compounds.48,69,70 These developed non-
covalent inhibitors utilize H95 for their affinity and KRAS
specificity and, instead of the warhead, salt bridge for mutation
specificity. Sotorasib targets all RAS G12C mutants similarly.
Thus, it can be speculated if it could serve as a starting point
for noncovalent targeting of oncogenic NRAS or HRAS. In the
case of NRAS and HRAS, G12 mutants are not the most
relevant (Figure S8). NRAS possess most often Q61
mutations, while HRAS mutations are more equally spread
to all the three RAS hotspot positions.71,72 Many of these
NRAS and HRAS mutations are not easily targeted in their
GDP-form as in the cellular context, the active GTP-form is
highly overrepresented due to their negligible intrinsic GTPase
activity and/or fast nucleotide exchange rates.71,72 However, as
shown with KRAS, in most cases, the highly limited cycling can
be enough for targeting these RAS mutants using RAS-GDP
targeting compounds.73 Thus, we tested if sotorasib behaves
similarly to KRAS with hotspot HRAS and NRAS mutants in
addition to G12C (Figure S29). Thermal stability assays with
NRAS(Q61R), and HRAS mutants (Q61L, G13D, and G12D)
indicates that mutations cause similar type of changes in RAS
behavior than in the case of KRAS, as Q61R has the highest
stabilizing and G13D highest destabilizing effect (Figure S29A
and Table S3).49 These stability changes are linked especially
to intrinsic nucleotide exchange activity, and lack of
measurable NRAS(Q61R) intrinsic or SOScat induced

nucleotide exchange, similar to KRAS(Q61R), was ex-
pected.49,74 This lack of nucleotide cycling makes RAS(Q61R)
mutants highly unlikely targets in their GDP-form. HRAS
mutants (Q61L, G13D, and G12D) all gave clearly measurable
stimulation in nucleotide exchange upon SOScat addition and
were investigated with sotorasib and adagrasib in the QRET
nucleotide exchange assay (Figure S29B). As expected,
adagrasib showed no nucleotide exchange inhibition with
these HRAS proteins, as sotorasib induced micromolar range
inhibition as in the case of the same KRAS mutants (Figures
S6 and S29B and Table S2). Sotorasib affinity to RAS(WT)
and these hotspot mutants is rather weak, which increases the
level of potential assay interferences. However, these assays
clearly highlight the sotorasib behavior as an isoform-agnostic
RAS inhibitor. This is quite the opposite to adagrasib, having
rather high KRAS(WT) binding affinity but negligible
interaction with either NRAS or HRAS (Figures S3 and S4
and Table S2). It remains to be seen if introducing additional
modifications in the sotorasib scaffold (e.g., removal of the
warhead) would offer an improved potential for pan-RAS
inhibitory activity. Adagrasib and sotorasib share features with
ARS-1620, but the development has been done in opposite
directions. ARS-1620 forms a hydrogen bond to His95,
showing clear KRAS(G12C) specificity over NRAS and
HRAS G12C mutants (Figure S30).33 Interactions to H95
are further enhanced with adagrasib, but in the case of
sotorasib, the absence of strong interaction to this position is
causing the RAS isoform-agnostic behavior. Potentially, by
modifying the pyridyl ring in sotorasib to increase the
interaction with L95 (NRAS) or Q95 (HRAS), RAS isoform
selective inhibitors could be developed (Figure S12). To our
knowledge, there are no published data on the activities of the
similar scaffold containing compounds, such as garsorasib,
glecirasib, and MK-1084, toward the other RAS isoforms.75−77

■ CONCLUSIONS
Sotorasib and adagrasib, the first FDA-approved drugs for
KRAS, are both inhibitors that occupy the SII−P.43,44,78

However, their specific interactions with the pocket residues
result in individual specificity profiles. Unsurprisingly, this
leads to previously reported secondary mutations, inducing
drug resistance.46 KRAS(Y96D) was one of the first reported
secondary mutations for adagrasib resistance, and the same
mutation was found to confer resistance to multiple KRAS-
(G12C) inhibitors currently in clinical trials.38 Later, other
KRAS alterations outside the “hotspot” area, such as R68 and
H95, have been reported.37 H95 has been identified as an
adagrasib-specific resistance mutation, as sotorasib better
tolerates mutations in this position.37

We studied both sotorasib and adagrasib interactions in
relation to these reported secondary mutations causing clinical
resistance to find mechanisms causing the resistance and
potentially how those could be avoided. Our data obtained
both from biochemical and cell-based assays clearly indicate
that adagrasib specificity is driven by its strong interaction with
KRAS-specific H95, while sotorasib depends heavily on its
interaction with Y96, which is conserved in all RAS isoforms.
MD simulations further support these observations, addition-
ally indicating that sotorasib is a pan-RAS(G12C) drug.
Building on this observation, we could demonstrate covalent
engagement of NRAS(G12C) and HRAS(G12C) to sotorasib.
Additionally, its efficacy and unchanged pan-RAS(G12C)
binding affinity were proven in biochemical assays and cell
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lines expressing these mutants. We thereby show that sotorasib
could be used for patients carrying a NRAS(G12C) or
HRAS(G12C), consistent what was recently reported.65

Rubinson et al. identified a patient with NRAS(G12C)
colorectal cancer who was treated with the combination of
sotorasib and the anti-EGFR antibody panitumumab. The
patient achieved a marked tumor response with reduction in
liver metastases, providing a clinical proof-of-concept that
sotorasib can be effective in patients with NRAS(G12C)
mutated tumors.65 It was also shown that the sotorasib
response to NRAS and HRAS hotspot mutants is similar to the
ones in KRAS, further confirming the RAS isoform-agnostic
behavior.

Finally, our MD simulations suggest that the Y96D mutation
may confer resistance to the majority of SII−P binders by
reducing pocket availability via minimizing pocket volume
through a de novo salt-bridge between D96 and R68.
Mutations in the position R68, also as such, abolished
sotorasib binding. Overall, the results presented here can
support the ongoing development of KRAS or pan-RAS drugs
beyond G12C, clearly highlighting the importance of the
different SII−P amino acids. Our results also highlight how a
panel of different methods can unravel functionalities and
support each other, when inhibitors are studied in vitro, and
also how these finding can be explained by molecular modeling
and simulations.

■ MATERIALS AND METHODS
Protein Expression and Purification. Detailed lists of materials

and instrumentation are provided in the Supporting Information
Appendix. Details of production and purification of SOScat (564−
1048), RAS(WT) proteins [HRAS (1−189), KRAS(2−188), and
NRAS(1−189)], KRAS mutants (G12C, G12D, G12 V, G13D, and
Q61L), and truncated NRAS(Q61R, 1−169), HRAS(G12D, 1−169),
HRAS(G13D, 1−169), and HRAS(Q61L, 1−169) have been
described previously.49,52 Avi-KRAS(1−188) production and purifi-
cation has also been described elsewhere, and full-length Avi-HRAS
and Avi-NRAS were created accordingly.49 Details on protein
expression and purification of NRAS(G12C, 1−169), HRAS(G12C,
1−169), KRAS(H95L, 1−188), KRAS(Y96D, 1−188), KRAS-
(G12C/H95L, 1−188), and KRAS(G12C/Y96D, 1−188) are
provided in the Supporting Information Appendix with more details.
Nucleotide Exchange Assay. Nucleotide exchange assays were

performed using QRET and time-resolved Förster resonance energy
transfer (TR-FRET) in 384-well plate and methods were described
previously.53−55,79 Briefly, in the QRET assay, a soluble quencher
(2.5−4.0 μM MT2) is used together with 2’/3′-position Eu3+-chelate
conjugated GDP or GTP (10−50 nM Eu3+-GTP and Eu3+-GDP).53

RAS (10−100 nM) and SOScat (5−10 nM) were used in all QRET
assays in a final volume of 15 μL. TR-FRET assays were performed
using Avi-tagged RAS(WT) (10 nM) proteins and 5 nM of Eu3+-
chelate conjugated streptavidin (SA-Eu3+) as a donor, and AF647-
GTP (50 nM) as acceptor.55 Nucleotide exchange was initiated with
SOScat (5 or 10 nM) and performed in a 10 μL final volume. The full
protocol is provided in the Supporting Information Appendix.
Thermal Stability Assays. All RAS thermal stability assays were

performed in 96-well plates mainly by using a two-step protein-probe
assay with 50 or 1000 nM RAS concentrations in 8 μL (heating) prior
detection solution addition (65 μL).49,51,62,80 Two DSF dyes (10 μM
ANS and 5 × SYPRO Orange), used as a control, were employed with
a one-step protocol and 10 μM RAS with or without 20 μM adagrasib
and sotorasib in a final 20 μL volume.49,51,60,62 The full protocol is
provided in the Supporting Information Appendix.
RAS-GTP Assays. A cell culture protocol for RAS-GTP assays is

provided in the Supporting Information Appendix. Quantification of
RAS-GTP was performed using the absorbance-based G-LISA Ras
Activation Kit (Cytoskeleton, BK131), where a coated RAS-binding

domain only captures GTP-bound RAS. After cell lysis with the
supplied buffer, the bound protein content was determined by the
supplied protein assay. Depending on the transfected construct, 6−22
μg of whole-cell lysate was used in duplicate for the RAS-GTP assay.
To ensure that only the transfected RAS isoform or mutant is
detected, we replaced the supplied primary and secondary detection
antibodies with a mouse anti-HA antibody (Sigma, H9658) and a
goat antimouse HRP antibody (Pierce, 31,438).
Cell Viability Assays. Assays were performed using mouse Ba/F3

cell lines stably expressing exogenous KRAS(WT) or KRAS bearing
the studied amino acid mutation (G12C, G12C/R68M, G12C/
H95Q, G12C/Y96D, and G12C/Q99L) (KYinno biotechnology,
Peking, China). Additionally, Ba/F3 cell lines stably expressing
HRAS(WT) and HRAS(G12C) or NRAS(WT) and NRAS(G12C)
were used. Cell culture and CellTiter-Glo assays using sotorasib and
adagrasib were performed according to manufacturer’s instructions
(KYinno biotechnology and Promega). Briefly, cells were cultured in
10% FBS supplemented RPMI-1640 medium and seeded in 96-well
plates (3000 cells/well). Cells were cultured overnight prior to the
addition of sotorasib and adagrasib (0−10 μM) and plates were
further incubated for 72 h. Cell viability was measured using a
CellTiter-Glo assay according to the manufacturer’s instruction by
measuring the luminescence signal (Envision, PerkinElmer, Waltham,
MA).
LC-MS Binding Studies. Recombinant NRAS(G12C, 1−169)

and HRAS(G12C, 1−169) were incubated in an assay buffer [50 mM
HEPES (pH 7.4), 2 mM TCEP, 125 mM NaCl, and 10 mM MgCl2]
with either 0.1% DMSO or 10 μM sotorasib in 0.1% final DMSO for 1
h at RT and subsequently submitted to the LC-MS service at the
Functional Genomics Center Zurich. A detailed protocol is provided
in the Supporting Information Appendix.
Molecular Dynamics Simulations. Molecular modeling was

conducted with Maestro (Schrödinger release 2020−2, Schrödinger
LLC, New York, NY) with OPLS3e force field,81,82 using Desmond
MD engine for the simulations.83 More detailed description of the
system preparation and simulations is provided in the Supporting
Information Appendix. In brief, simulations with noncovalently bound
sotorasib and adagrasib in SII−P were based on their published
cocrystal structures (PDB ID: 6OIM58 and 6UT057). Engineered
residues of the structures were reverse mutated to the native ones, and
specific mutations were introduced to obtain the studied systems
(Table S1). Protein preparation wizard84 prepared systems were
solvated in a 15 Å cubic box with TIP3P water with 150 mM K+ and
Cl− salt (adjusted to a neutral net charge).85 Prior to the production
simulations, the default Desmond relaxation was applied for all of the
systems. The production simulations (4−5 μs) were run in NpT
ensemble (p = 1.01325 bar; T = 310 K) with settings as in previous
report,86 resulting generally in 20−25 μs aggregate of simulation data
for each system (Table S1). The analysis of trajectories were
conducted with Schrödinger Maestro tools. Analysis of SII−P volume
was conducted with trajectory_binding_site_volumes.py script
(Schrödinger LLC) by analyzing every 50th frame (50 ns intervals)
of the trajectories using residues 12, 58, 72, and 96 for the site
definition.

■ ASSOCIATED CONTENT
Data Availability Statement
Data generated during the study are available upon request.
The original MD simulation Desmond raw trajectories,
generated and analyzed in the study, have been deposited in
the Zenodo repository and are freely available at: 10.5281/
zenodo.10812233 and 10.5281/zenodo.10781452.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschembio.4c00315.
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