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Individual oncogenic KRAS mutants confer distinct differ-
ences in biochemical properties and signaling for reasons that
are not well understood. KRAS activity is closely coupled to
protein dynamics and is regulated through two interconverting
conformations: state 1 (inactive, effector binding deficient) and
state 2 (active, effector binding enabled). Here, we use 31P NMR
to delineate the differences in state 1 and state 2 populations
present in WT and common KRAS oncogenic mutants (G12C,
G12D, G12V, G13D, and Q61L) bound to its natural substrate
GTP or a commonly used nonhydrolyzable analog GppNHp
(guanosine-5’-[(β,γ)-imido] triphosphate). Our results show
that GppNHp-bound proteins exhibit significant state 1 pop-
ulation, whereas GTP-bound KRAS is primarily (90% or more)
in state 2 conformation. This observation suggests that the
predominance of state 1 shown here and in other studies is
related to GppNHp and is most likely nonexistent in cells. We
characterize the impact of this differential conformational
equilibrium of oncogenic KRAS on RAF1 kinase effector RAS-
binding domain and intrinsic hydrolysis. Through a KRAS
G12C drug discovery, we have identified a novel small-
molecule inhibitor, BBO-8956, which is effective against both
GDP- and GTP-bound KRAS G12C. We show that binding of
this inhibitor significantly perturbs state 1–state 2 equilibrium
and induces an inactive state 1 conformation in GTP-bound
KRAS G12C. In the presence of BBO-8956, RAF1–RAS-bind-
ing domain is unable to induce a signaling competent state 2
conformation within the ternary complex, demonstrating the
mechanism of action for this novel and active-conformation
inhibitor.

KRAS is mutated in almost 30% of human cancers,
including pancreatic, colorectal, and lung cancers, and is a
major drug target in oncology (1–4). Mutations at G12, G13,
and Q61 positions lead to extended GTP-bound active states
* For correspondence: Alok K. Sharma, alok.sharma@nih.gov; Anna E.
Maciag, anna.maciag@nih.gov.
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of RAS that enable strong and dysregulated mitogen-activated
protein kinase/extracellular signal–regulated kinase (ERK) and
PI3K signaling resulting in oncogenesis (4).

The RAS G-domain (amino acids 1–169) includes several
flexible regions including the P-loop (amino acids 10–17) that
binds nucleotide phosphates and switch I (SW1; amino acids
25–40) and switch II (SW2; amino acids 57–75) that interact
directly with effector proteins including RAF, PI3K, and
RalGDS. The inherent flexibility of these regions is associated
with population equilibria of at least two interconverting
conformational states known as “state 1” and “state 2” when
guanosine triphosphate nucleotide is bound (5–7). The active
state 2 conformation binds to the RAS-binding domain (RBD)
of effector proteins, whereas state 1 is inactive since binding
affinity is reduced at least two orders of magnitude (8, 9). State
1–state 2 equilibrium was originally described through the
NMR analysis of two γ-phosphate conformations (γ1 and γ2)
apparent when RAS is bound to GTP and its analogs (10-12).
Differences between the 31P chemical shift values of free GTP
nucleotide versus when RAS bound are described elsewhere
(11). X-ray crystallography provides invaluable three-
dimensional structural information of RAS proteins; howev-
er, in most crystals, the SW regions governing RAS function
are not well resolved, and therefore, provide limited informa-
tion on the intrinsic conformational dynamics in WT and
oncogenic RAS. Solution-state 31P NMR spectroscopy can
capture and quantify these γ1 and γ2 peaks (slowly exchanging
on the NMR timescale) representing state 1 and state 2 con-
formations, respectively, as demonstrated by the pioneering
work by Kalbitzer et al. (11–13).

The chemical shifts of peaks in state 1–state 2 equilibrium
dynamics driven by the γ-phosphate have been characterized
for WT and select mutants of HRAS in complex with
GppNHp (guanosine-5’-[(β,γ)-imido] triphosphate) and for
WT HRAS-GTP (11–13) and other RAS family GTPases (14).
Growing evidence, however, suggests that KRAS and HRAS
behave differently and exhibit mutant-specific distinct
conformational features (7, 15, 16). The populations of
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JBC COMMUNICATION: Nucleotide-dependent structural plasticity of oncogenic KRAS
conformational equilibrium of γ1–γ2 governing the dynamic
properties of active WT KRAS and most common oncogenic
mutants (G12C, G12D, G12V, Q61L, and G13D) have not
been characterized and compared. Detailed characterization of
these conformational states, especially for KRAS oncogenic
mutants, can provide valuable insights for drug design.

RAS has long been considered a therapeutically undruggable
target (17). The cysteine mutation at codon 12 (G12C) is a
frequent KRAS alteration found in human cancer, and its
reactivity makes it a target for therapeutic development.
Recent efforts have identified a series of novel inhibitors that
bind in the SW2/α3 (SIIP) pocket and covalently react with the
thiol group of cysteine 12 (18–22). Clinical inhibitors AMG510
(Sotorasib) (20) and MRTX849 (Adagrasib) (21) target inactive
GDP-bound KRAS G12C, whereas phase 1 inhibitor RMC-
6291 targets the GTP-bound form of KRAS G12C in a
cyclophilin A-dependent manner (23). We have identified a
potent covalent small molecule (BBO-8956) that selectively
binds to KRAS G12C in SW2/α3 pocket, in both active (GTP-
bound) and inactive (GDP-bound) conformation.

Herein, using 31P NMR spectroscopy, we performed a
comparative analysis of the population distribution of state 1
and state 2 conformations present in WT and oncogenic
mutants of KRAS bound to GTP or its nonhydrolyzable analog
GppNHp. We show that these population distributions relate
to the biochemical and functional properties of these proteins.
We demonstrate that BBO-8956 effectively binds GTP-KRAS
G12C, shifts state 1–state 2 equilibrium to an inactive
“substate” representing state 1-like conformation, and disrupts
the effector binding and downstream oncogenic signaling. To
our knowledge, this is the first study that deciphers the mo-
lecular mechanism of a small-molecule direct inhibitor of
GTP-KRAS through perturbation of state 1–state 2 equilib-
rium and highlights the utility of 31P NMR in the drug-
discovery process.
Results and discussion

Conformational equilibria of GppNHp-KRAS WT and
oncogenic mutants

Figure 1A shows the 31P NMR spectrum of WT KRAS-
GppNHp that represents the conformational sampling be-
tween the two distinct states, state 1 and state 2, mainly rep-
resented by the γ1 and γ2 peaks, respectively. Previous X-ray
crystallography studies revealed that in state 1 conformation,
the SW1 region (and tyrosine 32, Y32) is generally packed
away from the nucleotide in an “open” orientation (24),
whereas in state 2 conformation, SW1 (and Y32) packs closer
to the nucleotide in a “closed” orientation (25). The 31P NMR
analyses on the qualitative measurements of state 1 and state 2
conformational equilibria in the active form of WT and
oncogenic KRAS are discussed below.

Figure 1B shows the overlay of 31P spectra of WT and
oncogenic mutants (G12C, G12D, G12V, Q61L, and G13D) of
GppNHp-bound KRAS. Peaks corresponding to phosphorous
atoms in α-, β-, and γ-phosphate groups of the nucleotide are
observed. Peaks α1, β1, and γ1 represent the inactive
2 J. Biol. Chem. (2024) 300(2) 105650
conformation (state 1), whereas α2, β2, and γ2 represent the
presence of an active conformation (state 2) of the protein.
Chemical shift values of these peaks are summarized in
Table S1. γ1 and γ2 peaks corresponding to the state 1 and
state 2 population distribution indicate that the inactive state 1
conformation is more prevalent (Fig. 1C). KRAS G12V pos-
sesses the highest state 1 frequency (�71%), whereas WT and
G12C are lowest. State 1 rank-order frequency profile for
codon 12 mutants in KRAS-GppNHp is G12V > G12D >
G12C > WT. KRAS Q61L and G13D mutants also exhibit a
predominant state 1 population. Chemical shifts of γ1 and γ2
peaks are not well resolved in the G13D spectrum because of
their partial overlap and that could affect accurate population
determination, as noted elsewhere (26). Reported binding af-
finities between the RAF1-RBD and WT and oncogenic mu-
tants of KRAS-GppNHp follow the codon 12 rank order as (in
decreasing order) G12V < G12D < G12C < WT, whereas
Q61L and G13D proteins show higher affinities than G12V
(27). These data are in close agreement with our 31P NMR
results showing a similar trend and suggest that higher state 1
prevalence correlates with lower RAF1-RBD binding affinity.

The T35S mutation causes active RAS to shift state 1–state
2 equilibrium toward state 1 conformation, resulting in
decreased conformational freedom of P-loop, SW1, and SW2
regions (13). We confirmed the identification of γ1 and γ2
peaks in the aforementioned spectra using the data collected
for these proteins harboring T35S mutations (Fig. 1D).
Conformational equilibria of GTP-bound KRAS WT and
oncogenic mutants

State 1–state 2 conformational flux evident in the 31P
spectra for KRAS-GTP is strikingly different from that of
KRAS-GppNHp (Fig. 2A). About 90% or more of the GTP-
bound populations are state 2, and only a minor population
is present in state 1 conformation (Fig. 2B), in congruence with
data reported for HRAS-GTP (11). A qualitative analysis in-
dicates that KRAS G12V possesses the highest state 1 popu-
lation (�11%), whereas G12C has the lowest (4%). The rank
order of state 1 for codon 12 mutants in KRAS-GTP is G12V
> G12D >WT > G12C (Fig. 2B). State 1 population for Q61L
and G13D proteins is between G12D and G12V proteins.
Chemical shifts of G13D γ1 and γ2 peaks likely exhibit a partial
peak overlap and could affect accurate population determi-
nation. The chemical shift values for these peaks are summa-
rized in Table S2A. Thus, WT and oncogenic mutants sample
different conformational equilibrium and induce a varying
degree of structural plasticity, which is most likely coupled
with the SW1 and SW2 dynamics. Given this significant dif-
ference in state 1–state 2 population equilibrium for KRAS-
GTP versus KRAS-GppNHp, it appears important to
monitor the corresponding biological effects by measuring
effector engagement and binding affinities of KRAS in complex
with GTP, compared to those with the non-natural analog
GppNHp (28).

Interestingly, quantitation of the free-phosphate peak (Pi)
(Fig. 2C) could be a measure of intrinsic hydrolysis rate.
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Figure 1. State 1 and state 2 conformational equilibria in KRAS-GppNHp. A, one-dimensional 31P NMR spectrum of WT KRAS-GppNHp at 278 K. The α1,
γ1 and α2, γ2 peaks represent state 1 and state 2 conformations of RAS protein, respectively. Crystal structures of state 1 (Protein Data Bank code: 4EFL) and
state 2 (Protein Data Bank code: 6VC8) conformations of RAS protein are shown. Nucleotide GppNHp-binding site and the oncogenic mutation sites are
highlighted. B, stack plot of 31P NMR spectra of WT and oncogenic mutants at 278 K. At the bottom is shown the spectrum for T35S variant of WT protein
that represents peaks belonging to state 1 conformation. C, qualitative measurement of state 1 and state 2 conformational populations from the absolute
intensities of γ1 and γ2 peaks in the spectra shown in B. Peak intensity error and uncertainty estimation in γ2/γ1 peak ratio (R) were deduced as detailed in
the Supporting information section. ΔG12 represents difference in free energy between state 1 and state 2. The literature reported RAF1 RBD binding af-
finities of WT and mutant KRAS proteins (27). D, stack plot of spectra harboring T35S mutation. GppNHp, guanosine-5’-[(β,γ)-imido] triphosphate; RBD, RAS-
binding domain.

JBC COMMUNICATION: Nucleotide-dependent structural plasticity of oncogenic KRAS
Decreased Pi peak intensity is noted in G12V and Q61L
spectra (Fig. 2, A and C). A similar analysis makes it possible to
estimate non-GAP mediated (intrinsic) hydrolysis of KRAS-
GTP establishing the rank of WT > G12C > G13D > G12D
> G12V > Q61L, which is consistent with the published
intrinsic hydrolysis rates (except G13D) of these proteins (27,
29). This observation is congruent with the emerged peak
intensity noted for the α- and β-phosphate groups of GDP
because of GTP hydrolysis occurring on the NMR timescale.
Significantly decreased intensities of GDP peaks seen in the
spectra of G12V and Q61L proteins (Fig. 2, A and C) are
consistent with their established slower intrinsic hydrolysis
rates. Identification of γ1 and γ2 peaks in Figure 2A were
confirmed by comparison to data from T35S KRAS-GTP
proteins (Fig. 2D and Table S2B).
To avoid GTP stability issues, most work in structural
biology, biophysics, and biochemistry of RAS uses the non-
hydrolyzable GTP analog GppNHp. Our results indicate that
GppNHp binding alters the conformational flux in favor of
state 1 conformation, presumably because of rearrangement of
interactions between the SW regions and the nucleotide. In
contrast, GTP-bound oncogenic KRAS has state 2 as the
dominant conformation (Figs. 1B, 2A, and S3D). Notably, the
crystal structures of WT and various RAS mutants including
G12V (Protein Data Bank [PDB] code: 4EFM), Q61L (PDB
code: 4EFN), and G13D bound to GppNHp (PDB codes: 6E6C
and 6E6P) or bound to GMPPCP frequently adopt state 1
conformation (24, 30, 31). In such a scenario, the SW regions
likely require less entropic contribution to achieve the lower
energy, stable, and “open” state 1 conformer, and this is
J. Biol. Chem. (2024) 300(2) 105650 3
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Figure 2. State 1 and state 2 conformational equilibria in KRAS-GTP. A, stack plot of 31P NMR spectra of WT and oncogenic mutants at 278 K. At the
bottom is shown the spectrum for T35S variant of WT protein that represents peaks belonging to state 1 conformation. B, qualitative measurement of state 1
and state 2 conformational populations deduced from the absolute intensities of γ1 and γ2 peaks in the spectra shown in A. Error in peak intensity
measurement and the peak ratio (R) as determined in the spectra. ΔG12 represents difference in free energy between state 1 and state 2 (ΔG12). Molecular
dynamics (MD) simulation estimated state 1 and state 2 populations. C, estimation of the free phosphate (Pi) content present in WT and oncogenic mutants
(Fig. 2A) with respect to the γ2 population. Data are scaled to the value in WT KRAS-GTP spectra. Peak intensity error and uncertainty estimation in Pi/γ2 peak
ratio (R) were deduced using signal-to-noise ratio. The literature reported intrinsic hydrolysis rates of WT and mutant KRAS proteins (27). D, stack plot of
spectra harboring T35S mutation.
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favored in GppNHp-bound RAS, and not in GTP-bound RAS,
where state 1 population is minor.

Unlike GppNHp-bound KRAS, the crystal structure of
Q61H KRAS-GTP shows a highly dynamic conformation of
SW2 that influences SW1 conformation resulting in more
state 2-like features contributing to enhanced RAS–RAF
interaction (32). Differential modulation of state 1–state 2
equilibria of GppNHp- versus GTP-bound HRAS (11) and
KRAS (present study) is thus closely coupled with the SW
dynamics that likely influences RAS–RAF interactions. This
suggests revisiting GppNHp-derived protein–protein interac-
tion data and prioritizing the use of GTP-KRAS, wherever
possible, and being mindful of the impact of nonhydrolyzable
nucleotide analogs on structural plasticity in RAS–effector
complexes.

Interestingly, Hansen et al. (7) captured the lowly populated
state 1 conformation in WT, G12C, and G12D KRAS-GTP
using the 2D 1H–15N heteronuclear single quantum
coherence based Carr–Purcell–Meiboom–Gill and chemical
4 J. Biol. Chem. (2024) 300(2) 105650
exchange saturation transfer NMR experiments. They identi-
fied state 1 and state 2 as excited state and ground state
conformations, respectively (7). In agreement with our results,
the major conformation of GTP-KRAS in their data belong to
state 2 (90% or more population, as noted in this work). Their
study demonstrates that the differentially modulated structural
dynamics in WT, G12C, and G12D KRAS-GTP proteins is
largely governed by the dynamics of the SW residues (7). Our
NMR data argue in favor of the interpretation that SW dy-
namics play a critical role in regulating differential confor-
mational plasticity in these proteins (see above). Hansen et al.
(7) concluded that the G12C protein possesses the lowest state
1 population, an observation consistent with our results.
Within the range of error values, our data show that G12C and
G12D proteins likely exhibit higher state 2 population than the
WT protein, in agreement with the findings reported by
Hansen et al. (7). The G12D protein shows the slowest ex-
change rates for the two-state interconversion (7); our 31P
NMR results show the slowest intrinsic hydrolysis of G12D
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cartoon structure shows binding site of BBO inhibitor (L) to G12C KRAS-GppNHp. C, disruption of KRAS G12C-RAF1 RBD binding by BBO-8956 measured by
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among WT, G12C, and G12D KRAS-GTP. Although we do
not make a quantitative measurement of the conformational
exchange rate here, we cannot rule out a link between the rates
of conformational exchange and occurrence of the intrinsic
hydrolysis.

Molecular dynamics simulations predict higher state 1
population for G12V KRAS-GTP

To investigate the structural rationale behind the higher
state 1 population in G12V KRAS-GTP observed in NMR, we
carried out a 500 ns temperature-replica exchange molecular
dynamics (MD) simulation to sample the dynamics of GTP-
bound KRAS WT and oncogenic mutants. The ratios of
state 1 and state 2 determined from temperature-replica ex-
change MD simulation are listed in Fig. 2B (also see Fig. S3, E–
G) and are similar to our NMR results. GTP-bound KRAS
G12V has the highest (18%) state 1 population. Data show that
χ1 angle distributions of the codon 12 residue in C12, D12, and
V12 KRAS-GTP structures sample differently (Fig. S3G). The
χ1 angle of V12 in KRAS-GTP exhibits evenly distributed
rotamers of −60� (g+), 180� (t), and +60� (g−), whereas the
dominant χ1 rotamers in C12 and D12 are observed to
occupy −60� and 180� angles, respectively. A detailed exami-
nation of state 1 or state 2 specific χ1 distribution reveals that
V12 preferentially adopts −60� rotamer in state 1 but almost
evenly sampled −60�, +60�, and 180� rotamers in state 2. We
hypothesize that the observance of this even distribution of
these three rotamers in G12V and more specifically the
enrichment of +60� rotamer provides clues to understand the
elevated state 1 population in GTP-bound KRAS G12V
compared with WT and other mutants of KRAS.

Effects of small-molecule KRAS GTP inhibitor on state 1–state
2 equilibrium

Covalent KRAS G12C inhibitors that advanced to the clinic
bind the GDP-bound state, trapping KRAS in an inactive
conformation (33, 34). Profound depletion of active KRAS-
GTP that corresponds to the covalent occupancy of cysteine-
12 of KRAS G12C in cells has been reported, along with in-
hibition of downstream RAS signaling. These reports provided
evidence that KRAS G12C does cycle from GTP to GDP in
cells, such that targeting its inactive GDP-bound state could
sequester KRAS and exhaust the active conformation. How-
ever, only targeting the inactive conformation has been sug-
gested to lead to resistance through increased levels of active
GTP-bound KRAS driven by RTK flux or G12C amplifica-
tion (35). Investigation and development of active conforma-
tion inhibitors could overcome this resistance and lead to
further clinical benefit (36).

We have identified a KRAS G12C dual inhibitor (L; BBO-
8956) (Fig. 3A) that efficiently engages the protein in both
GTP and GDP conformations (Fig. S4). MALDI-TOF MS
shows that the inhibitor rapidly modifies KRAS G12C-GTP,
resulting in 74% and 100% covalent target modification at 5
and 30 min, respectively (Fig. S4A). A cartoon structure in
Figure 3B shows the binding site (SIIP) of this novel G12C
6 J. Biol. Chem. (2024) 300(2) 105650
KRAS inhibitor. The effectiveness of this compound in dis-
rupting KRAS G12C binding to its effector, RAF1, was
assessed using a biochemical homogeneous time-resolved
fluorescence assay. BBO-8956 potently disrupted KRAS
G12C/RAF1(RBD) interaction with an IC50 of 57 nM in KRAS
G12C-GppNHp and 411 nM in KRAS G12C-GTP (Fig. 3C).
Disruption of KRAS G12C/RAF1 binding translated to a rapid
and potent inhibition of mitogen-activated protein kinase
signaling as evidenced by inhibition of ERK phosphorylation in
KRAS G12C-mutant cell lines, lung adenocarcinoma NCI-
H358 and pancreatic ductal adenocarcinoma MiaPaCa-2.
Figure 3D shows strong and long-lasting inhibition of phos-
phorylated ERK signaling in both cell lines (as noted by lower
IC50 values) observed in the BBO-8956 time-course dose
response.

Using 31P NMR, we have investigated the potential changes
in state 1–state 2 equilibrium resulting from compound
binding to SIIP pocket and covalent modification of KRAS C12
(proximal to the GTP-binding site, Fig. 3B). BBO-8956 binding
induced a significant perturbation resulting in the emergence
of highly populated γ1PL peak (state 1-like; shifted by −3.3 ppm
relative to γ2) and a minimally populated γ1 peak (Fig. 3E). A
similar nature of perturbation is noted for β peak (shifted
by −1.4 ppm relative to β2), whereas the α peak does not show
such behavior and is mostly unaffected. We confirmed the
identification/assignment of γ1PL peak in a separate experi-
ment where inhibitor treatment of T35S mutant of G12C
KRAS-GTP perturbed the equilibrium between the two states
in a similar manner (as noted previously) in favor of “state 1-
like” yielding γ1PL as a major γ peak (Fig. S5), indicating that
γ1PL observed at −4.5 ppm represents the inactive conforma-
tion. This γ1PL peak emergence is only noted in the presence of
the inhibitor. The spectra of GTP-KRAS G12C alone or in the
presence of RBD do not show this peak.

The chemical shifts of state 1 conformation are, generally,
shifted downfield from those represented by state 2 confor-
mation in RAS proteins ((11, 13) and internal data). This
downfield shift of γ1PL from γ1 in protein–ligand complex
most likely causes SW1 displacement further away from
nucleotide and contributes to the enhancement of inhibitory
effect that causes RAS conformation to be restricted within the
inactive conformational range. These chemical shift changes
occur because of the perturbed bonding pattern around γ and
β P atoms as a result of the conformational changes that in-
fluence C12 and the inhibitor molecule in the P–L binary
complex (Fig. 3B). A significant change in chemical shift of γ
compared with β P atom likely indicates that the conformation
of γ P is impacted more than the β P upon inhibitor binding
(Fig. 3B). These chemical shift changes could translate to the
local distances between these P atoms and juxtaposed atoms of
the inhibitor and C12 site. A detailed structural analysis of this
binary complex would provide more insight into these
conformational arrangements.

The addition of equimolar RAF1-RBD to the G12C KRAS-
GTP and BBO-8956 binary sample caused a shift of approxi-
mately half of the population from “state 1-like” to “state 1”
conformation; however, no enhancement in state 2 peak
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population was observed (Fig. 3E), suggesting the inhibitor
forces the protein into an effector-binding deficient state 1
conformation (Fig. 3B). An excess of RBD (1:4 RAS:RAF1-
RBD; a non-natural scenario of stoichiometric ratio) shifts
the population from “state 1-like” to “state 1” conformation to
a greater extent, while only a small fraction of the population
representing state 2 conformation is noted (Fig. S5). Thus,
although RAF1-RBD binds γ1, it is not able to induce the active
conformation population (γ2) and indicates that the tricom-
plex (KRAS–BBO-8956–RAF1-RBD) remains locked in the
(inactive) state 1 conformation (Figs. 3B and S5). Future
studies will investigate whether RAF1-RBD indeed binds to the
low-affinity binding state γ1, or if its presence in solution just
provides a rigid environment that contributes to decreasing
the degree of freedom of γ1PL and results in reversing the
population of newly formed γ1PL–γ1 equilibrium in favor of γ1.
It has been noted that RAS mutants were nononcogenic if the
presence of effectors could not convert state 1 to state 2 (11).
The inability of RAF1-RBD to induce state 2 in BBO-8956–
G12C KRAS–GTP complex suggests that this novel KRAS
inhibitor enforces the GTP-bound protein into inactive
conformation and disables effector binding.

Kalbitzer’s group first demonstrated the perturbation of
state 1–state 2 equilibrium of WT RAS using a metal complex
inhibitor, Zn2+–cyclen (a millimolar affinity binder) that binds
to state 1, thereby lowering RAS affinity for RAF (37–39). A
subsequent study probed the ability of compound 2 in binding
to KRAS G12V state 1 (40). Binding of these ligands to
GppNHp-RAS is most likely influenced by the presence of
GppNHp-induced state 1. Our study investigates a novel
mechanism of action (MOA) for a potent KRAS G12C in-
hibitor, BBO-8956, in the presence of GTP (a natural sub-
strate). BBO-8956 induces a shift from state 2 to the inactive
state 1 and through a previously unrecognized perturbation of
protein dynamics. In our RAS-RAF disruption assay, BBO-
8956 binding shows a lower IC50 in complex with GppNHp-
KRAS than with GTP-KRAS. This result clearly indicates
that a lower activation energy is required to convert the
equilibrium state population to a state 1-like conformation in
GppNHp-KRAS than in GTP-KRAS. This is due to an
increased state 1 population present in GppNHp-KRAS, and
likely leads to inaccurate conclusions being drawn from
GppNHp-KRAS data alone when assessing the activity of the
inhibitor (28).

In summary, this NMR study strengthens and extends our
current understanding of state equilibrium (11) governing the
biochemical properties of oncogenic KRAS and elucidates the
MOA of GTP-bound KRAS G12C by a novel, direct, covalent
inhibitor BBO-8956. Such an MOA approach could readily be
applied to covalent and noncovalent inhibitors of KRAS as well
as other GTPases.
Experimental procedures

Detailed materials and methods describing protein expres-
sion and purification, NMR sample preparation, and data
acquisition and processing, MALDI-TOF MS, homogeneous
time-resolved fluorescence assays for protein–protein inter-
action, KRAS-RBD disruption and pERK inhibition in cells,
and MD simulation are provided in the supporting informa-
tion. Chemical shift referencing in 31P and 1H NMR spectra
followed a protocol as described (41). A detailed description on
chemical synthesis of the compound is provided in a patent
WO 2023/004102.
Data availability

All data are included within the article or supporting
information.

Supporting information—This article contains supporting informa-
tion (7, 11-13, 42-59).
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