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KRAS is one of the most commonly mutated proteins in cancer, and efforts to directly
inhibit its function have been continuing for decades. The most successful of these
has been the development of covalent allele-specificinhibitors that trap KRAS G12C
inits inactive conformation and suppress tumour growth in patients’”. Whether
inactive-state selective inhibition can be used to therapeutically target non-G12C
KRAS mutants remains under investigation. Here we report the discovery and
characterization of anon-covalent inhibitor that binds preferentially and with high
affinity to the inactive state of KRAS while sparing NRAS and HRAS. Although limited
to only afew amino acids, the evolutionary divergence in the GTPase domain of RAS
isoforms was sufficient to impart orthosteric and allosteric constraints for KRAS
selectivity. The inhibitor blocked nucleotide exchange to prevent the activation of
wild-type KRAS and abroad range of KRAS mutants, including G12A/C/D/F/V/S, G13C/D,
V141, L19F, Q22K, D33E, Q61H, K117N and A146V/T. Inhibition of downstream signalling
and proliferation was restricted to cancer cells harbouring mutant KRAS, and drug
treatment suppressed KRAS mutant tumour growth in mice, without havinga
detrimental effect on animal weight. Our study suggests that most KRAS oncoproteins
cyclebetween an active state and an inactive state in cancer cells and are dependent
onnucleotide exchange for activation. Pan-KRAS inhibitors, such as the one described
here, have broad therapeutic implications and merit clinical investigation in patients

with KRAS-driven cancers.

KRAS mutations are among the most frequent gain-of-function altera-
tions found in patients with cancer and their therapeutic targeting has
long been a key objective in precision oncology® 2. The KRAS GTPase
cycles between an active (GTP-bound) and an inactive (GDP-bound)
state. GTP hydrolysis is enhanced by GTPase-activating proteins®,
whereas GDP to GTP exchange is enhanced by guanine nucleotide
exchange factors™. Allele-specific inhibitors, which bind covalently
to KRAS G12C and trap it in an inactive state>*, have demonstrated
clinical benefits in patients with lung cancer®”. These drugs, however,
require a reactive cysteine residue for inhibition and cannot be used
against non-G12C mutants, which constitute most KRAS alterations
in cancer. As such, efforts to identify therapeutics that enable broad
inhibition of KRAS mutants are continuing. Moreover, the most preva-
lent of non-G12C KRAS mutants found in cancer are thought to be defi-
cientin GAP-assisted GTP hydrolysis'®* and exist in anon-excitable or
constitutively active state. As such, it is not clear whether the
inactive-state selective trapping mechanism afforded by covalent
G12Ci (refs. 2,22,23), will work against non-G12C mutants.

To address these issues, we set out to develop small molecule
pan-KRAS inhibitors that do not discriminate between KRAS mutants.
We began by removing the covalent warhead from the G12C-selective
inhibitor BI-0474 (Fig.1a) and applied structure-based design optimi-
zations to obtain a potent non-covalentinhibitory activity. The latter
was assayed by determining the effect on the proliferation of isogenic
BaF3 cells engineered to express G12C, G12D or G12V mutant KRAS
(Fig.1band Extended DataFig. 1a; abroader analysis across other KRAS
mutants is shown below). Although the removal of the covalent war-
head (precursor 1) greatly reduced the potency of G12C inhibition, we
were surprised to find that the warhead-free scaffold indiscriminately
inhibited proliferation driven by the noted KRAS variants, albeit with
alow potency (half-maximum inhibitory concentration (ICy,) > 1 uM).
The crystal structure of precursor 1in complex with wild-type (WT)
KRAS (Extended Data Fig. 1b) showed that the piperazine moiety was
suboptimally positioned between the carboxylates of E62 in the Switch
IImotif and D92 in the a3 helix of KRAS. Furthermore, we observed a
highly coordinated water molecule near the C5 atom of the pyridine
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Fig.1|Identification of anon-covalentinhibitor thatinactivatescommon
cancer-causing KRAS mutants. a, Chemical structures of the indicated
compounds. b, Isogenic BaF3 cells expressing the indicated KRAS mutants
weretreated for 5 daysintheabsence of IL3 (oncogene dependent growth) to
determine the effect on proliferation (mean +s.e.m.,n=>5, unless otherwise

ring (3.6 A). We thus proposed that the potency of precursor 1 could
be enhanced by improvingitsinteraction with E62 and by introducing
anacceptor functionality at C5. Extensive optimization led to BI-2865,
aderivative with a prolinol substituent and a pyrimidine linker, which
enabled adirectionicinteractionwith E62, as well asawater-mediated
hydrogen bond network with the side chain of R68 and the main chain
carbonyl of Q61 (Extended Data Fig. 1cand below). As aresult, BI-2865
inhibited the proliferation of isogenic G12C, G12D or G12V mutant KRAS
expressing BaF3 cells more potently than precursor 1withameanICs,
of roughly 140 nM (Fig. 1b). In KRAS G12C-expressing BaF3 cells, the
effect of BI-2865, a compound lacking the Michael acceptor needed
for covalent bonding, was comparable to that of covalent KRAS G12C
inhibitors BI-0474 and sotorasib. Little if any antiproliferative effect
was observed when BaF3 cells were treated in the presence of IL3, a
condition that stimulates oncogene-independent growth in this system
(Extended DataFig.1a). Encouraged by these observations we decided
tostudy further the effects of BI-2865 and its related compounds, refer-
ring to them as pan-KRAS inhibitors or KRASI.

We established high-resolution cocrystal structures (1.0-1.1A) of
the pan-KRASi (BI-2865) in complex with several KRAS variants (Fig. 1c,
Extended Data Fig. 1d and Extended Data Table 1). These showed a
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indicated, ndenotesbiological replicates). ¢, Cocrystal structures of drug-
bound WT, G12C, G12D, G12V and G13D mutant KRAS. d,e, The effect of KRASi
treatment on nucleotide exchange stimulated either by SOS1 (d) or EDTA (e).
Thereaction of KRAS G12C with the covalent inhibitor sotorasib is shown for
comparison. Arepresentative of twoindependent repeatsisshownindande.

conserved binding pocket across variants (Fig. 1c and Extended Data
Fig. 1c) defined by the a2 and a3 helices, the distal portion of the 1
sheet and the distal portion of the Switch Il motif in KRAS (Fig. 1c). A
part of the KRASi pocket overlapped with that occupied by covalent
Gl12Cinhibitors, such as sotorasib and adagrasib, with the notable dif-
ference that the pan-KRASi engaged the pocket without relying on a
covalent tether and did not extend in the P-loop channel near the G12
residue (Extended Data Fig. 1c,e).

The inhibitor bound to the GDP-loaded state of WT, G12C, G12D,
G12V and G13D KRAS with high affinity (dissociation constant (Ky),
10-40 nM; Fig. 1c), as determined by isothermal titration calorimetry
(ITC) (Extended DataFig. 2a,b). By comparison, the affinity was 60-140
times lower for KRAS variants loaded with the GTP analogue GCP. Selec-
tivity for theinactive state is probably conferred by the conformation
of the Switch Il motif (including residues Q61 and E62), which partly
occupies the drug pocket in the active state conformation of KRAS
(Extended Data Fig. 1d). Surface plasmon resonance studies showed
reversible drug-binding kinetics with a dissociation rate (k.) ranging
between 0.015and 0.05 s across KRAS variants (Extended Data Fig. 2¢).

Drug-bound, GDP-loaded KRAS variants had diminished activa-
tion by nucleotide exchange, either when the latter was stimulated by
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Fig.2|Limited evolutionary divergence confers selectivity for KRAS.
a,RASless mouse embryonic fibroblasts expressing the indicated RAS
isoforms were treated for 2 h. Cell extracts were subjected to RBD pull down
and immunoblotting to determine theamount of active RAS. b, Sequence
alignment of the G domain of RAS isoforms. ¢,d, Effect of isoform mimetic
substitutions on RAS inhibition: RAS-GTP (c) and HRAS-GTP (d). HEK293 cells

the nucleotide exchange factor SOSI1 (Fig. 1d) or by EDTA (Fig. 1e), as
well as under intrinsic conditions (Extended Data Fig. 2d). To deter-
mine whether low-affinity binding to the active state also inhibited
KRAS function, we tested the ability of the inhibitor to displace the
RAS-binding domain (RBD) of CRAF from purified GMPPNP-loaded
KRAS variants (Extended Data Fig. 2e). The drug prevented effector
bindingto active KRAS only at high concentrations (mean ICs, roughly
5.5 uM). By contrast, the inhibitory effect of inactive state binding
on nucleotide exchange had an IC;, of roughly 5 nM. To determine
the propensity of the pan-KRAS:i to target the active state of KRAS
mutants in cells, we relied on the transition state mutation A59G,
which impairs GTP hydrolysis®>?**. Introducing the A59G mutation
alongside G12, G13 or Q61 KRAS mutants led to a near complete loss
of target inhibition (Extended Data Fig. 2f). The affinity of the AS9G
mutant for BI-22865 was similar to that of WT KRAS (Extended Data
Fig. 2g). In addition, low-affinity drug binding to the active state did
not result in enhanced KRAS-GTP hydrolysis (Extended Data Fig. 2h).
Together, the data indicate that the drug’s inhibitory activity in cells
relies predominantly on targeting the inactive or GDP-bound state
of KRAS.

The ability of the inhibitor to suppress nucleotide exchange by
HRAS or NRAS was several orders of magnitude less than that for KRAS
(Fig.1d,e). Totest whether the inhibitor was selective for KRAS in cells,
we used ‘RASless’ murine embryonic fibroblasts (MEFs)® engineered
to express only a single RAS variant (Extended Data Fig. 3a). The drug
inhibited the activation of KRAS splice variants 4A and 4B with anICs,
oflessthan10 nM (Fig.2a). By comparison the IC,, for NRAS and HRAS
ranged from 5to 10 pM. The pan-KRAS inhibitor suppressed the cel-
lular activation of KRAS with a similar potency to that observed for
the covalent KRAS G12C inhibitor sotorasib (Extended Data Figs. 2i
and 3b). Together, the dataargue that the drug is apan-KRAS, inactive
state selective inhibitor.

Evolutionary divergence in the GTPase (G) domain of RAS isoforms
is minimal, with only few non-homologous amino acids present. As
such, the ability of the drug toinhibit only a single RAS isoform was not
expectedapriori. Todetermine the basis for KRAS selectivity we interro-
gated amino acid differences between HRAS, NRAS and KRAS (Fig. 2b).
Most notable was the substitution of H95 in the o3 helix of KRAS with
Land Qin NRAS and HRAS, respectively. KRAS mimetic substitution
at the 95th residue in NRAS (that is, L95H) rendered NRAS almost as
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expressing theindicated mutants were treated for 2 h to determine the effect
onRAS activation by using RBD pull down, immunoblotting and densitometry.
e, Cocrystal structure of drug-bound KRAS showing Hbonds between S122,
N85and K117 (black dotted lines, distancein A). A representative of two
independent experimentsisshownina,candd.

sensitive as KRAS to the effect of the drug (Fig. 2c). By comparison, the
Q95H substitution in HRAS had only a partial effect, suggesting that
this isoform has further selectivity constraints.

Residues121and 122 distinguish HRAS from NRAS and KRAS (Fig. 2b,
AA, PT and PS, respectively). Given the divergent effects that KRAS
mimetic substitutions at the 95th residue had in NRAS and HRAS,
we next tested the possibility that residues 121 and 122 allosteri-
cally regulate selective inhibition. As shown in Fig. 2d and Extended
Data Fig. 3d, KRAS mimetic substitutions at these positions (that is,
A121Pand A122S (A121P/A122S)) did not have asensitizing effect on HRAS.
Similarly, the KRAS mimetic substitutions Q95H and A121P (Q95H/
A121P) or Q95H and A122S (Q95H/A122S) led to only weak sensitiza-
tion. By contrast, the triple substitution in HRAS (thatis, Q95H, A121P
and A122S (Q95H/A121P/A122S)) lead to a similar magnitude of inhi-
bition to that observed in KRAS (Fig. 2d, green line versus rest). As
expected, reciprocal H/NRAS mimetic substitutions in KRAS led to
attenuated inhibition (Extended Data Fig. 3c). On closer inspection,
the cocrystal structure of drug-bound KRAS-GDP suggested contacts
between P121, S122 and N85 (Fig. 2e), a residue residing just proximal
to the a3 helix and adjacent to the K117 residue in the G4 motif (see
below for why proximity to G4 residues was thought to beimportant).
We thus hypothesized that the allosteric effect of P121 and S122 is
modulated atleastin part by N85.Indeed, introducing the N85A muta-
tion attenuated the effect of the KRASi on HRAS Q95H/A121P/A122S
(Fig.2d, brown versus green line and Extended Data Fig. 3d). The data
thereforeindicate that three residues with evolutionary divergencein
the G domains of RAS isoforms also impose selectivity constraints on
KRAS inhibition. The latter is because of acombination of orthosteric
effectsby H95 inthe a3 helix and allosteric (or indirect) effects by P121
and S122inloop 8.

We next sought to determine in an unbiased manner the presence of
otheramino acids that allosterically modulate inactive state selective
KRAS inhibition. To this end, KRAS mutant cells were infected with a
doxycycline (dox)-inducible complementary DNA library, encoding
for all possible amino acid substitutions in the KRAS G12C backbone,
followed by treatment with either dimethylsulfoxide (DMSO) or KRASi
for2 weeksinthe presence or absence of dox. Variants with statistically
significant changes are shown in Fig. 3a and Extended Data Fig. 4. As
expected from the findings above and previous studies with covalent
GI2C inhibitors?*?, mutations in residues defining the drug-binding
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Fig.3|Diverseallosteric effects oninactive state selective KRAS inhibition.
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2 weeks. The selection of mutationsin amino acids far from drug-binding
interfaceare shown (median, interquartile range and Tukey whiskers, n = 3).
FC, fold change; TO, time 0. b, Residues from a were mapped in the cocrystal
structure of KRAS G12C with the KRAS inhibitor. Residues involved in a5

pocket (Extended Data Fig. 4a) led to resistance and were positively
selected by treatment. By comparison, mutations in residues at the
interface of RAS-GDP and the catalytic subunit of SOS1were negatively
selected by treatment (Extended DataFig. 4b). The latter suggests that
blockade of nucleotide exchange enhances the effect of treatmentandis
consistent with the inhibitory mechanism of the pan-KRASi (when con-
sidering that enhanced nucleotide exchange would diminish the pro-
portion of GDP-bound KRAS—the conformation preferred by the drug).
Indeed, pharmacologicinactivation of nucleotide exchange by SOS1or
SHP2 inhibitors led to a more pronounced suppression of KRAS-GTP
concentrations by the KRAS inhibitor (Extended Data Fig. 2j).
Mutationsinseveralaminoacidsresiding away from the drug-binding
interface were also enriched with treatment (Fig. 3a,b). Theseincluded
alterations in the G4 (NKxD) and G5 (SAK/L) motifs of the GTPase, as
well as several residues that formed contacts with the a5 helix in the
cocrystal structure of drug-bound KRAS G12C (hereafter referred to as
oS5 contacts). A similar saturation mutagenesis screen with aninhibitor
targeting the GTP-bound state of KRAS G12C (ref. 28) did not identify
these variants as being positively selected by treatment (Extended Data
Fig.4c,d), suggesting that they are specifically involved in modulating
the inactive state selective inhibition of mutant KRAS. Introducing
G4, G5 and a5 (G4/G5/a5) contact mutations alongside G12C led to
diminished inhibition of KRAS-GTP concentrations after 2 h of drug
treatment (Extended Data Fig. 4e,f and Fig. 3¢c). The G4/G5/a5 double
mutants alsohad ahigher baseline KRAS activation than the G12Csingle
mutant (Extended DataFig. 4e,f: compare lane1across rows). Three rep-
resentative double mutants, G12C/K117Y, G12C/D47V and G12C/F156H,

KRASi, log (nM)

contactsthat were notidentified inthe screenare showninblack. Inset,
90°rotation. ¢, HEK293 cells expressing KRAS with a single G12C mutation or
double mutantsinvolving substitutions in the G4 and G5 motifs (top) or a5
helix contacts (bottom) were treated as shown for 2 h. Cell extracts were
subjected to RBD pulldown, immunoblotting and densitometry to determine
theeffect on KRAS-GTP concentrations. Arepresentative of two independent
repeatsisshowninc.

had agreater ability to undergo nucleotide exchange than KRAS G12C,
eitherinthe absence (intrinsic conditions) or the presence of SOS1 or
EDTA (Extended Data Fig. 4g). The latter is in agreement with stud-
ies showing that naturally occurring mutations in G4 or G5 residues
enhance intrinsic or SOS1-mediated nucleotide exchange®. Together,
the dataindicate that the allosteric effect of G4/G5/a5 residues on KRAS
inhibitionis mediated, atleast in part, by modulating the dynamics of
the KRAS nucleotide cycle. In agreement, the K117Y mutation reversed
the effect that KRAS mimetic substitutions in HRAS had on KRASi treat-
ment (Extended Data Fig. 3d). The latter supports theimportance of the
P121/S122-N85-K117 interaction network on selective KRAS inhibition.

We next evaluated the ability of the pan-KRASi to suppress KRAS
activationand downstreamsignalling in a panel of 39 cell lines (Fig. 4a),
originating from lung, colorectal or pancreatic cancers. Seven cell
lines harboured WT KRAS (WT group). Eight cell lines had alterations
that activate upstream signalling (upstream activated WT (UAWT)
group). Twenty-four cell lines had KRAS mutations (G12C: n = 4, G12D:
n=5,G12V:n=4,G12S:n=1,G12R:n=2,G13D:n=3,Q61X:n =2, K117N:
n=1,A146T: n=2). As expected from the biochemical data, the drug
inhibited KRAS activation in both WT and mutant models (Extended
Data Fig. 5 and Fig. 4a). The inhibitor also inactivated 18 out of the 24
most common KRAS mutants found in cancer, when the latter were
individually expressed in human embryonickidney 293 (HEK293) cells
(Fig.4b and Extended Data Fig. 6a).

Considering that the KRASi binds to WT and mutant KRAS with a
similar affinity (K;in Fig.1c), the rate of inhibition may be used to com-
paretherelative propensities of KRAS variants to undergo nucleotide
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Fig.4|Selectiveinhibition of oncogenicsignalling and KRAS-driven tumour
growth. a, Thirty-nine cell lines were treated for 2 hto determine the effect on
KRAS activationand downstream signalling. b, HEK293 cells expressing the
indicated KRAS mutants were treated as shown and analysed to determine the
effectonKRAS activation. Theabundance (Pts) and distribution of mutations
across cancer types (Cancer, %) are shown. ¢, A split luciferase assay was used to
determine therate constant for the inhibition of the KRAS-CRAF interaction

cyclingin cells. A split luciferase biosensor®° was used to measure the
interaction of KRAS with fulllength CRAF inlive cells and to determine
the effect of drug treatment over time (Fig. 4c). The drug disrupted
the KRAS-CRAF complex with arate constant of roughly 0.2 min™ for
WT KRAS and an average rate constant of 0.05 + 0.01 min™ for KRAS
mutants (G12C/D/V, G13C/D and Q61H). Inagreement, target inhibition
was less potent in KRAS mutant models (Fig. 4a, mean ICs, of roughly
1nMfor WT and roughly 12 nM for mutant models and Extended Data
Fig. 6b-d). Together, the dataindicate that, rather than being fixed in
an active state, common KRAS mutants undergo nucleotide cycling
in cancer cells (a property that is necessary for the drug to access the
GDP-bound conformation). The data also argue that KRAS mutants
cycle with slower kinetics than WT KRAS.

KRASi treatment inhibited ERK and RSK phosphorylation predomi-
nantly in KRAS mutant models (mean ICs, roughly 150 nM for pERK
and roughly 70 nM for pRSK), with only a small effect in WT or UAWT
models (meanICs, >10 pM for either intermediate, Fig. 4a and Extended
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-a- Control (tumour volume)
-o- KRASI (tumour volume)
KRAS:I (body weight)

Cell lines (n = 274)

by treatmentinlive cells (mean +s.e.m.,n=3).d, Effect of KRASi treatmenton
the transcriptional output by key RAS effector pathways (median, interquartile
range and Tukey whiskers). The number of effector-dependent genes used to
calculate the outputscoreis shownin parentheses. e, Profiling of ICs,sinapanel
of 274 celllines. f, Mice bearing xenograft models were treated to determine
the effect on tumour growth and animal weight (mean+s.e.m.,n=5).

FrC, fractional change (%).

Data Fig. 5). KRASi treatment in the latter models led to an induction
of N/HRAS-GTP amounts, an effect that was attenuated at higher drug
concentrations (Extended Data Fig. 7a). Pan-KRASi treatmentinduced
the formation of a complex between the catalytic subunit of SOS1
(SOScat) and H/NRAS, while displacing SOScat from KRAS (Extended
DataFig.7b). Furthermore, the KRASi was able toinhibit ERK signalling
and proliferationin KRAS WT cells with small-interfering RNA-mediated
down-regulation of N/HRAS (Extended Data Fig. 7c,d). The data thus
indicate that the lack of downstream signallinginhibitionin KRASWT
modelsis probably due tocompensation by HRAS and NRAS. They also
argue for a tight balance and cross-regulation between RAS isoforms
with the potential to confer awide therapeutic index in patients.

To evaluate the effect on downstream signalling more broadly, and
toidentify transcripts and pathwaysimmediately deregulated follow-
ing KRAS inactivation, we carried out RNA sequencing (RNA-seq) in
22 models treated with either DMSO or KRASi for 2 h (Extended Data
Fig. 8a). Most differentially expressed genes during KRASi treatment



were shared among KRAS mutant models, and only a small subset
showed a pattern specific for a single mutant (Extended Data Fig. 8b).
We next evaluated the effect of KRASi treatment on key RAS effec-
tor pathways by relying on experimentally derived transcriptional
output signatures (Methods). As shown in Fig. 4d, KRASi treatment
suppressed MEK/ERKi down-regulated genes, while inducing MEK/
ERKi up-regulated genes. This effect was, again, more pronounced
in cells with mutant as compared to WT KRAS (false discovery rate
(FDR) <0.001 for down-regulated and FDR < 0.02 for up-regulated
genes). KRASi treatment had a very small, if any, effect on PI3K, AKT
and/or RAL signalling output in the models examined here (Fig. 4d).
The mitogen-activated protein kinase (MAPK)-independent portion
of the KRAS transcriptional output overlapped with signalling driven
by extracellular ligands (Extended Data Fig. 8c).

The ability of the KRASi to suppress MAPK output more potently
in KRAS mutant models correlated, on average, with a more potent
antiproliferative effect in a panel of 274 cancer cell lines (Fig. 4e and
Extended DataFig.9a-c). KRAS amplified cell lines also had on average
alowerICs,, ascompared to models with WT KRAS (Fig. 4e, dedicated
manuscriptin preparation). The antiproliferative effect of treatment
variedin KRAS mutant models, afinding thatis in agreement with previ-
ousreports suggesting that only some KRAS mutant tumours depend
onKRAS for their growth®2, Models harbouring aKRAS G12R or a KRAS
Q61L/K/R mutation had little inhibition by the KRASi (Fig. 4a,b and
Extended Data Fig. 9d). Furthermore, serum-deprivation enhanced
the potency of inhibition (Extended Data Fig. 9e), an observation
thatis again consistent with the inactive state selective drug trapping
mechanism (considering that serum withdrawal diminishes growth
factor-driven nucleotide exchange). Drug treatmentled to anincrease
incaspase activationin models harbouring a KRAS mutationbut notin
cellswith WT KRAS (Extended DataFig. 9f).Inagreement with the data
above, theinhibitory effect of the pan-KRASi on signalling and prolifera-
tionwas attenuated in A59G double mutants (Extended Data Fig. 9g-i).

BI-2493 is a structural analogue of BI-2865 that was optimized for
invivoadministration. The two pan-KRASi had a similar binding mode
to mutant KRAS (Extended Data Fig. 10a,b) as well as similar inhibi-
tory properties in RASless MEFs and cancer cell lines (Extended Data
Fig.10c-e). BI-22493 was highly selective for KRAS and did not cause
more than 30% inhibition in a panel of 404 kinases or 38 targets com-
monly used insafety profiling (Extended Data Fig. 10f,g, respectively).
Last, the inhibitor attenuated tumour growth in mice bearing KRAS
G12C, G12D, G12V and A146V mutant models (Fig. 4f), without causing
apparent toxicity to the mice (at least as determined by monitoring
animal weight). The antitumor effects were associated with favour-
able pharmacokinetic properties, as evidenced by theamount of drug
exposure in both plasma and tumour (Extended Data Fig. 10h,i), as
well as a concordant inhibition of ERK phosphorylation and DUSP6
messenger RNA expression in tumour models (Extended Data Fig. 10j).

Here we report the discovery of a pan-KRAS inhibitor that inacti-
vates common KRAS oncoproteins without needing to be covalently
anchoredtoaspecific mutant amino acid (Supplementary Discussion).
Selectivity for KRAS was conferred through direct and/or indirect con-
straints imposed by three G domain residues that show evolutionary
divergence between RAS isoforms. The pan-KRAS inhibitor works by
preferentially targeting the inactive state of KRAS to prevent its reac-
tivation by nucleotide exchange. In cells with mutant KRAS, thisled to
suppressed downstream signalling and cancer cell growth, suggesting
that common KRAS mutants found in cancer depend on nucleotide
exchange for activation. In cells with WT KRAS, drug treatment led to
anincreaseintheactivation of other RAS isoforms, which limit the anti-
proliferative effect of treatment (Extended Data Fig. 7a). The cellular
effects of the pan-KRAS inhibitor argue that susceptibility to inactive
stateselectiveinhibitionis notaunique property of KRAS G12Cbutone
thatcanbeapplied to broadly target KRAS mutants. The latterinclude
GI12A/C/D/F/V/S, G13C/D, V14l, L19F, Q22K, D33E, Q61H, K117N and

A146V/T, which together comprise most of the KRAS mutants found
in cancer.

Our study serves as a blueprint for the development of more KRAS
directed therapeutics, including small molecule inhibitors of GTP-
bound KRAS and proteolysis targeting chimeras. Pan-KRAS inhibitors,
such as the one described here, merit clinical testing in patients as
they stand to affect the clinical outcomes of patients with KRAS-driven
cancers, including those with lung, colorectal and pancreatic cancer
as well as further less-frequent cancer types. Selective inhibition of
KRAS, while sparing HRAS and NRAS, a property that differentiates
our inhibitor from other emerging drugs, is likely to produce a wide
therapeuticindexin the clinic.
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Methods

Cell culture and reagents

The cell lines used in the study were maintained in DMEM medium
supplemented with 10% FBS, penicillin, streptomycin and 2 mM
L-glutamine. Cells were obtained from ATCC and tested negative for
mycoplasma. Sotorasib was purchased from Selleckem.

Immunoblotting

Cells were gathered and lysed with NP40 lysis buffer (50 mM Tris
pH 7.5,1% NP40, 150 mM NaCl, 10% glycerol and 1 mM EDTA) contain-
ing protease (Pierce Protease Inhibitor Mini Tablets, Thermo Fisher
Scientific no. 88665) and phosphatase (Pierce Phosphatase Inhibi-
tor Mini Tablets, Thermo Fisher Scientific no. 88667) inhibitors on
ice for 10 min. After that, the lysates were centrifuged at 16,000g for
10 min before protein concentration was quantified by the BCA assay
(Thermo Fisher Scientific). The proteins were resolved on 4-12%
SDS-PAGE gels (Thermo Fisher Scientific) in1x MOPS buffer (Thermo
Fisher Scientific) at 90-120 constant voltage (V) and transferred to
nitrocellulose membranes (GE Healthcare) with 1x Tris-Glycine Buffer
(BioRad) at100 V for 1 h. Membranes were blocked in 5% non-fat milk
for1handthenprobed with primary antibodies overnightat4 °Cand
visualized using horseradish peroxidase (HRP)-conjugated second-
ary antibodies and extracellular ligands (Thermo Fisher Scientific).
Primary antibodies used to detect NRAS (sc-519) or HRAS (18295-1-AP)
were obtained from Santa Cruz Biotechnology or Proteintech, respec-
tively. Those used for the detection of phospho-ERK (9101), ERK (4696),
phospho-RSK(Thr359) (8753), RSK (9355), -actin (4970) and HA (3724)
were obtained from Cell Signaling Technology. Antibodies used to
detect KRAS (WH0003845M1) were obtained from Millipore Sigma
and the antibody detecting CRAF (610152) was purchased from BD
Bioscience. Immunoblots were quantified using Image).

RAS activation assay

RAS activity was detected using the active Ras pull-down and detection
kit (Thermo Fisher Scientific). Briefly, GST-RAF1RBD and glutathione
agarose resin were mixed with whole-cell lysates and incubated on a
rotator for1hat4 °C, followed by three washes and elution with 2x SDS—
PAGE loading buffer. The samples were then analysed by SDS-PAGE and
western blotting with a KRAS-specific antibody (2F2, Sigma). When
epitope-tagged KRAS, NRAS and/or HRAS variants were exogenously
expressed, an epitope-specific antibody enabled specific determina-
tion of these variants in their GTP-bound conformation.

Protein expression and purification

Each RAS gene (K, N or HRAS) was cloned into pET28a vector with an
N-terminal His6 tag. SOScat (566-1049 aminoacids (aa)) was cloned into
pGEX-4T-1vector with aN-terminal GST tag. Each gene was expressed
inEscherichiacoliBL21 cells, cultured in Terrific Broth media overnight
and induced with 0.5 mM isopropyl-B-D-thiogalactosid at 18 °C. The
cellswerelysed inbinding buffer (50 mM Tris-HCIpH 7.5, 0.25 M NacCl,
10%glycerol, 10 mMimidazole,1 mMbenzamidine,1 mM phenylmethyl-
sulfonyl fluoride, 5 mM [3-mercaptoenthanol) and the extracts were
subjected to affinity purification by using nickel-nitrilotriacetic acid
(Gold Bio) or aglutathione column (GE healthcare). His-tagged proteins
were eluted in 250 mMimidazole and GST-tagged proteins were eluted
in25 mMreduced glutathione (pH 8.8). Eluted fractions were subjected
to a second round of purification by size-exclusion chromatography
by using a Sephacryl 200 size-exclusion column (Cytiva) in a buffer
containing 25 mm Tris-HCI, pH 7.5,150 mm NaCl, 1 mm dithiothreitol
and 5% glycerol.

Nucleotide exchange
Nucleotide exchange was measured through exchange of GDP to
GTP-DY-647P1by using aHomogeneous Time Resolved Fluorescence

assay (Ex/Em:337/665; 620) in PHERAstar (BMG Labtech). GST-tagged
RAS was mixed with a-GST-Tb antibody (1.5x solution) and a10 plsam-
ple was delivered to reaction wells. The inhibitors were tested in ten
different concentrations with threefold serial dilution from 10 pM,
and were delivered to reaction wells using an acoustic dispenser
(Echo, Labcyte). The RAS/GST-Tb antibody and inhibitor mixture was
pre-incubated for 1 hat room temperature before reaction. Then, 5 pl
of GTP-DY-647P1(final 0.15 pM) and SOScat (564-1049 aa) were added
toreaction well to initiate the exchange reaction. In each reaction,
10-30 nM of RAS and 5-150 nM of SOScat were used.

ITC

Calorimetric experiments of the pan-KRASi (BI-2865) were performed
onaMicroCal PEAQ-ITC instrument (Malvern Panalytical Ltd). Protein
solutions were buffer exchanged by dialysis into buffer containing
20 mM HEPES pH 7.6, 130 mM sodium chloride, 2 mM magnesium
chlorideand 0.5 mM TCEP. Allmeasurements were carried outat 23 °C.
Titrand and titrator concentrations were adjusted to 3% DMSO. The
cell was loaded with protein solutions in the range of 0 to 40 pM. All
injections were performed using aninitial injection of 0.5 pl followed
by19injections of 2 pl of compound in the range 0f 100-500 pM. The
data were analysed with the MicroCal PEAQ-ITC analysis software
package (v.1.1.0.1262). The first data point was excluded from the
analysis. Thermodynamic parameters were calculated by the follow-
ing formula: AG = AH - TAS = —RTInKy, where AG, AH and AS are the
changesin free energy, enthalpy and entropy of binding, respectively,
Tisthetemperature, and Ris the universal gas constant (Supplemen-
tary Fig.2).

Surface plasmon resonance

Surface plasmon resonance experiments were performed on Biacore 8K
instruments (Cytiva). Streptavidin (Prospec) wasimmobilized at 25 °C
on CMS5 Chips (Cytiva) using 10 mM HBS-P+buffer (pH 7.4) (Cytiva). The
surfacewasactivated using400 mM1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide and 100 mM N-hydroxysuccinimide (Cytiva) (contact
time 420 s, flow rate 10 ml min™). Streptavidin was diluted to afinal con-
centration of 1 mg ml™in10 mMsodium acetate (pH 5.0) and injected
for 600 s. The surface was subsequently deactivated by injecting 1M
ethanolamine for 420 s and conditioned by injecting 50 mM NaOH and
1MNacCl. Dilution of the biotinylated target proteins and streptavidin
coupling was performed using running buffer without DMSO. The
target proteins were prepared at 0.1 mg ml™ and coupled to a density
between 200 and 800 response units. All interaction experiments were
performed at25 °Cin running buffer (20 mM Tris(hydroxymethyl)ami-
nomethane, 150 mM potassium chloride, 2 mM magnesium chloride,
2 mM Tris(2-carboxyethyl)phosphine hydrochloride, 0.005% Tween20,
40 pM Guanosine 5’-diphosphate, pH 8.0,1% DMSO). The compounds
were diluted in running buffer and injected over the immobilized target
proteins (concentration range for KRAS mutants, 6.25-1,000 nM).
Sensorgrams from reference surfaces and blank injections were sub-
tracted from the raw data before data analysis using Biacore Insight
software. Affinity and binding kinetic parameters were determined by
usingal/linteraction model, with a term for mass transportincluded
(Supplementary Fig. 3).

Protein preparation and crystallization

KRASWT, G12C, G12D, G12V, G13D and respective biotinylated versions
(foreach,aminoacids1-169 of UniProt sequence PO1116) were cloned,
expressed and purified as previously described®. Crystals of BI-2865
in complex with the variants above were obtained by cocrystalliza-
tion. Protein solutions of KRAS WT (42 mg ml™), G12C (38 mg ml™),
G12D (40 mg mlI™), G12V (48 mg ml™), G13D (41 mg ml™) in 20 mM Tris;
150 mM NaCl; 2 mM TCEP; 2 mM MgCl,; pH 7.5 were incubated with
2 mM BI-2865 and 4% DMSO. Crystals were obtained using the hanging
drop method, by mixing 1 pl of protein solution with 1 pl of reservoir
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solution (0.2 mM MgCl,, 15-27% PEG 2000, 100 mM sodium acetate
pH 4.4) at 4 °C. Plate-like crystals appeared overnight and were flash fro-
zeninliquid nitrogen using 25-30% ethylene glycolin the reservoirasa
cryoprotectant. Crystals belonged to same space group P2,2,2, contain-
ing one monomer in the asymmetric unit. Diffraction data was collected
at X06SA beamline of the Swiss Light Source (Paul Scherrer Institute).
Images were processed with autoPROC** and all structures were solved
by molecular replacement using a previously solved structure. Model
building and refinement was performed with standard protocols using
CCP4, COOT, autoBUSTER v.2.11.2 (http://www.globalphasing.com)
and Phenix*¢, Data collection and refinement statistics are shown in
Extended Data Table 1. The Fo-Fc electron density maps, obtained by
asimulated annealing protocol, of the respective structures are shown
in Supplementary Fig. 1.

Cell viability assay and cell proliferation assays

Individual cancer cell lines. The cells were seeded in 96-well plates
at2,000 cells per wellintriplicates (at the minimum) and treated with
the indicated concentrations of BI-2865. After 72 h, cell viability was
assayed by CellTiter-Glo Luminescent Cell Viability Assay (Promega).
The background value (media without cells) was subtracted from the
raw data and fold change was calculated relative to time zero.

Isogenic BaF3 cells. In brief, BaF3 cells were transduced with a virus
derived from plasmids expressing KRAS G12C, G12D or G12V mutants
(pMSCV-KRAS-PGK-Puro-IRES-GFP). The transduction efficacy was
monitored by fluorescence-activated cell sorting. Cells were selected
inpuromycin (1 pg ml™) andII-3 (10 ng mI™) for 1-2 weeks or until con-
trol cells were dead. This was followed by withdrawal of II-3 and several
passagesinthe absence of II-3. Integration of the exogenous KRAS was
confirmed by sequencing. To determine the effect of drug treatment
on proliferation, 1,500 cells were plated in 384-well plates in 60 pl of
Roswell Park Memorial Institute medium (10% FCS) and kept overnight
at 37 °C. Cell viability was determined as above.

High-throughput screen of the 274 cell line panel. This was per-
formed at Horizon Discovery. Briefly, the cells were seeded in 25 pl
of growth mediain black 384-well tissue culture plates at the density
defined for the respective cell line and plates were placed at 37 °C,
5% CO, for 24 h before treatment. At the time of treatment, a set of
assay plates (which did not receive treatment) were collected and
ATP concentrations were measured by using CellTiter-Glo v.2.0 (Pro-
mega) and luminescence reading on an Envision plate reader (Per-
kin EImer). BI-2493 (a structurally similar analogue of BI-2865), was
transferred to assay plates using an Echo acoustic liquid handling
system. Assay plates were incubated with the compound for 5 days
and were then analysed by using CellTiter-Glo. All data points were
collected by means of automated processes and were subject to quality
control and analysed using Horizon’s proprietary software. Horizon
uses growth inhibition as a measure of cell growth. The growth inhi-
bition percentages were calculated by applying the following test
and equation: if T< V,then 100 (1 - (T~ V,)/V,) and if T> V,, then
100 (1 - (T-Vy)/(V-V,)), where Tis the signal measure for atestarticle,
Vis the untreated or vehicle-treated control measure and V, is the
untreated or vehicle-treated control measure at time zero (colloquially
referred to as TO plates). This formula was derived from the Growth
Inhibition (GI) calculation used in the National Cancer Institute’s NCI-
60 high-throughputscreen.

Saturation mutagenesis

To generate the saturation mutagenesis library, the DNA sequence of
KRAS G12C (codon 2-188) was mutated to encode for all possible amino
acids. The DNA sequence was codon-optimized for expressioninhuman
cells. The library DNA was then subcloned into the pLIX_403 lentiviral
expression vector (Addgene, no. 41395). Lentivirus was produced by

transfecting the library DNA along with packaging (psPAX2) and enve-
lope (pMD2.G) plasmid into HEK293T cells. The virus was collected at
48 hafter transfection, aliquoted and snap-frozenin liquid nitrogen and
stored at —80 °C. The saturation mutagenesis screen was performedin
the NCI-H358 cellline (ATCC, CRL-5807). The cells were transduced with
thelentiviruslibrary at amultiplicity of infection of 0.5 with polybrene
(Millipore) at 0.8 ug ml™. After selection with puromycin (2 pg mi™), live
cells were collected and separated into three equal fractions (4 million
cellsperfraction). Onefractionwas pelleted and frozen at—80 °C (day 0).
Another fraction was propagated in cell culture in the presence of
doxycycline (1 pg ml™) and DMSO. The third fraction was propagated
inthe presence of dox and the pan-KRASi (BI-2865, 10 uM). The cells
were passaged when reaching confluence. The media was refreshed
every 3 days. The cellswere collected and pelleted after 14 days of treat-
ment. The screenwas performed in biological triplicates. Genomic DNA
from pelleted cells was extracted with the DNeasy blood and tissue kit
(Qiagen) and used as template to amplify the mutagenesis library. The
following primers were used: forward 5’-tttagtgaaccgtcagatcgectgg-3’
and reverse 5’-gaaagctgaaccgggatcccgtca-3’. The PCR products were
purified using agarose gel electrophoresis and the QIAquick Gel Extrac-
tion kit (Qiagen). Purified PCR products were subjected to Nextera
reactions accordingto the lllumina Nextera XT protocol. The samples
were indexed and purified with the Agencourt AMPure XP kit before
being subjected to HiSeq analysis at 2 x 150 bp. Count files were gener-
ated by using the ORFcall software (Broad Institute) and aligned to the
KRAS G12Creference sequence. The raw read counts of each treatment
groups were analysed using edgeR to determine the log, fold change
between the reads at day 14 relative to day O.

RNA-seq

HEK293 (WT), MRC5 (WT), MRC9 (WT), PC9 (UAWT), HCC827 (UAWT),
H1650 (UAWT), H358 (G12C), H2122 (G12C), CALU1(G12C), MIAPACA2
(G12C), LS513 (G12D), HPAC (G12D), ASPC1 (G12D), PANC1 (G12D),
PANC0403 (G12D), H727 (G12V), CAPAN1(G12V), SW620 (G12V), SW480
(G12V),LOVO (G13D), DLD1(G13D) and HCT116 (G13D) cells were treated
with the KRAS inhibitor (BI-2865, 5 uM) or DMSO for 2 hiin biological
duplicates for each condition. RNA was extracted using RNeasy Mini
Kit (Qiagen catalogue no. 74104) according to the manufacturer’s
instructions. After RiboGreen quantification and quality control
by Agilent BioAnalyzer, 500 ng of total RNA per sample underwent
polyAselection and TruSeq library preparation according to instruc-
tions provided by Illumina (TruSeq Stranded mRNA LT Kit, catalogue
no. RS-122-2102), with eight cycles of PCR. Samples were barcoded and
run on HiSeq 4000 in a 50/50 bp paired end run, with an average of
30 million paired reads per sample. Ribosomal reads represented less
than 0.5% of the total reads generated. The sequencing output files from
differentlanes were concatenated, aligned to GRCH38 using HISAT2 and
transcripts were counted using HTSeq in Python. The count datamatrix
was then processed by using limma and edgeR in R/Bioconductor, as
described. Briefly, the data were filtered by removing transcripts that
were not detected in all replicates. Size factor normalization was car-
ried out and differential expression analysis was carried out contrast-
ing each time point to the untreated condition. The count data were
transformed to log, counts per million followed by an estimation of the
mean-variancerelationship. The data for each gene wasused tofitalin-
earmodel and to compute various statistical parameters for agiven set
of contrasts. Correction for multiple hypothesis testing was carried out
using the FDR method. Differential expression genes were considered
those with absolute scaled log, fold change of equal or greater than 2.56
(ormorethanthree standard deviations fromthe mean) and an adjusted
Pvalue ofless than 0.05. The heat map in Extended Data Fig. 8a shows
the top 50 differential expression genes following KRASi treatment
while blocking for cellline of origin (that is, shared output). The annota-
tionrows show the trend (up- or down-regulation) in the effect of KRASi
over DMSO or in the effect of KRASi in mutant trait over WT models.
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Effector output score. The output score for the main RAS effector
pathways, that is, RAF/MEK/ERK, PI3K/AKT and RAL, H358 (KRAS
G12C) mutant cells were treated with DMSO or inhibitors targeting
MEK (trametinib, 25 nM), ERK (SCH984, 500 nM), PI3K (BYL719,1 uM),
AKT (MK2206,1 M) or RAL (BQU57,10 puM) for 4 h. RNA extracted from
cells subjected to these treatments was sequenced and analysed as
described above. Differential expression genes in drug versus DMSO
comparisons were those with an absolute scaled logFC of greater than
2.56 and aFDR < 0.05. These genes were then used to determine the
effect of KRASi treatment on RAS effector signalling pathways. The
output score determined by the average scaled logFC in the KRASi
versus DMSO comparison for MEK, ERK, PI3K, AKT or RAL dependent
genes. The up- and down-regulated effector output scores were cal-
culated from genes that were, respectively, down- or up-regulated by
inhibitors targeting the intermediates and the numbers of genes used
to calculate the average score are shown in Fig. 4d. Statistical signifi-
cancein effector output score in the KRASi versus DMSO comparison
were established either by FGSEA or edgeR/camera in R. Statistical
significance in the effect of KRASi in mutant trait versus WT models
was established using edgeR/roast, alsoinR.

Mouse studies

These were carried out as described®**°. Mice were were housed
according to the internal institutional and Austrian governmental
and European Union guidelines (Austrian Animal Protection Laws,
ETS-123) at Boehringer Ingelheim or according to the Institutional
Animal Care and Use Committee guidelines at MSKCC. All animal
studies were approved by the internal ethics and the local govern-
mental committee. To establish cell line-derived xenograft models,
7-8-week-old female NMRI nude (BomTac:NMRI-Foxnlnu) mice witha
bodyweight of 20 g from Taconic were engrafted subcutaneously with
5 million (LS513, GP2d, HPAC, SW620) or 10 million cells (MIAPACA2),
respectively, suspended in growth factor reduced, phenol red-free
Matrigel (Corning) (LS513, GP2d, HPAC, SW620) or in PBS/5% FBS
(SW620). Mice were group-housed under pathogen-free and controlled
environmental conditions (21 + 1.5 °C temperature, 55 + 10% humidity
and a12 hlight-dark cycle). Once tumours reached roughly 200 mm?
volume, mice were randomized on the basis of tumour size (n=7-8
mice per treatment arm) and treated with drug or vehicle control
(0.5% Natrosol/5% HPBCD). The inhibitor used for in vivo studies was
astructurally similar analogue of BI-2865 dosed at 90 mg per kg twice
daily (BI-2493). Treatment was administered by oral gavage using an
application volume of 10 ml per kg and the average tumour diameter
(two perpendicular axes of the tumour were measured) was measuredin
control and treated groups using a calliper inanon-blinded manner by
aresearchtechnician, who was not aware of the objectives of the study.
Data analysis was done by Prism (GraphPad Software). The pan-KRAS
inhibitors described here (GDP-KRAS inhibitors) are available as part
of a collaborative programme through Boehringer Ingelheim’s open
innovation portal opnMe.com: https://opnme.com/collaborate-now/
GDP-KRAS-inhibitor-bi-2493.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Atomic coordinates and structure factors for the cocrystal structures
have been deposited in the Protein Data Bank with accession codes
8AZR,8AZV,8AZX,8AZY,8AZZ and 8BOO. Raw datafrom sequencing
analyses can be found in the supplementary material. Raw files have
been deposited in the National Center for Biotechnology Information
Gene Expression Omnibus (GSE228010). Source data are provided
with this paper.
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The data were analysed by using publicly available code.
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Extended DataFig.1|Rational design of anon-covalent pan KRAS inhibitor.
a,Isogenic BaF3 cellsengineered to express theindicated KRAS variants were
treated asshown for 72 hto determine the IC;, (n =2, mean and eachreplicate).
IL3 stimulation was used toinduce oncogene independent growth. The effect
oftreatmentinthe absence of IL3isshowninFig.1b.*:endogenous KRASWT.
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b,c, Co-crystal structures of precursor1(b) or BI-2865 (c) bound to KRAS. d,
Spacefillingmodels of KRAS variantsinan apo- or drug-bound conformation.
S:switch; *: active state conformation. e, Superimposition of co-crystal
structures of KRAS G12Cin complex with the covalentinhibitor sotorasib or
the panKRAS inhibitor BI-2865.
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Extended DataFig.2|Biochemical and cellular effects of the KRAS
inhibitor. a,b, KRAS variants were loaded with GDP or GCP and subjected to
isothermal titration calorimetry (ITC) with the KRASI. ¢, The association (on)
and dissociation (off) rate constants of drug binding to GDP-loaded KRAS
variants (mean ts.e.m.,n=3).d, Effect of KRASi treatment on nucleotide
exchange under intrinsic conditions. e, KRAS variants were loaded with the
non-hydrolyzable GTP analogue GMPPNP (GNP) and reacted with a GST-tagged
RBD domain of CRAF. The mixtures were analyzed by GST pull-down and
immunoblotting to determine the ability of the drug to displace effectors from
theactive state of KRAS. Pull-downreactions were analyzed by immunoblotting
and quantified by densitometry. f, Extracts from HEK293 cells expressing the

indicated variants treated with the KRASi for 2 hwere subjected to RBD pull
down andimmunoblotting. The levels of totaland GTP-bound KRAS were
quantified by densitometry. g, Theindicated KRAS variants were loaded

with GDP and subjected toITCinthe presence of increasing concentrations of
the KRASI. h, Effect of KRASitreatment on GTP hydrolysis by KRAS under
intrinsic conditions orin the presence of the GAP related domain (GRD) of NF1
(mean+s.e.m.,n=3).i, Theindicated KRAS G12C mutant cell lines were treated
for2 handtheir extracts were subjected to RBD pull-down and immunoblotting
todetermine thelevel of active KRAS.j, H2122 cells were treated as shown and
analyzed to determine the effect on KRAS activation. A representative of two
independentrepeatsisshownina,b, d-f,iandj.
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Extended DataFig. 3 | Orthosteric and allosteric effects determine KRAS
selectivity. a, Extracts from RASless MEFs expressing the indicated RAS
isoforms were evaluated by immunoblotting. b, HEK293 cells expressing the
indicated G12C mutants were treated for 2 h. Cell extracts were subjected to
RBD-pull down and immunoblotting to determine the level of active RAS.
c,d, Effect ofisoform mimetic substitutions on RAS inhibition. HEK293 cells

expressing theindicated mutants were treated as shown for 2 h. Cell extracts
were subjected to RBD-pulldown and immunoblotting to determine the level
of active RAS. The effect of H95 mutantsis shownin cand the effects of P121,
S122,N85and K117 mutants areshownincand d. Arepresentative of two
independentrepeatsisshownina,b,candd.
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substitutionsinaminoacidsinvolvedin contacts with the a5 helix are shownin
candd, respectively (mean+95%Cl, n=3).e,f, Cell extracts from HEK293 cells
expressing theindicated KRAS variants were subjected to RBD-pulldown

and immunoblotting to determine the effect on KRAS-GTP.g, The indicated
KRAS mutants were loaded with mant-GDP and subjected to nucleotide
exchangeintheabsenceorthe presence of the catalytic subunit of SOS1or
EDTA. Arepresentative of twoindependentrepeatsisshownine,fandg.

Extended DataFig.4|Saturation mutagenesis screenrevealsresidues that
modulateinhibition. a,b, The effect of substitutionsinaminoacidsinvolved
inthe drugbindinginterface (a) orinthe RAS-GDP:SOSlinterface (b) are shown
(mean+95%Cl, n=3).Only variants with alog FC (KRASi/DMSO) >1and FDR
<0.05areincluded. Allboxplots denote median, interquartile range and Tukey
whiskers. ¢,d, Asina, butthe cells were treated either with the inactive state
selective pan KRASior with anactive state selective KRAS G12C inhibitor.

The effect of substitutions inamino acids comprising the G4 and G5 motifs or
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Extended DataFig.10|Characterization of the invivo pan KRAS inhibitor
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e, Theindicated cancer cell lines were treated as shown for 72 h. Viable cells
were determined by ATP-glow (mean +s.e.m.,n=3).f,g, Effect of KRASi-

treatment (1 M) across a panel of 404 kinases (f) or 38 targets commonly used
insafety profiling (g). KRAS was not part of the assay and included only as a
reference. h-j, GP2D (h,i,j) or other (i) xenograft bearing mice were treated
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Extended Data Table 1| Crystallographic data collection and refinement statistics

KRASWT KRASWT KRAS G12C KRAS G12D KRAS G12V KRAS G13D KRAS G13D

Data collection”

precursor 1 BI-2865 BI-2865 BI-2865 BI-2865 BI-2865 BI-2493
PDB code 8AZR 8AZV 8AZX 8AZY 8AZZ 8B00 8ONV
Wavelength [A] 1.54184 1.0000 1.0000 1.0000 0.99982 1.0000 1.0000
Beamline BRUKER  SLS:X06SA SLS:X06SA SLS:X06SA SLS:X06SA  SLS:X06SA  SLS:X06SA
Data Processing
Space group P 21242 P 21242 P 21242 P 21242 P 21242 P 21242 P 21212

Cell dimensions

a, b, c(A)

aBy ()

Resolution (A)

86.8440.30 86.47 40.63 86.5040.64 87.1640.55 86.4840.71 86.518 40.620 85.8040.85

55.89 56.17 56.02 55.94 55.99 55.979 55.96
900900 900900  90.090.0  90.090.0  90.090.0 90.0 90.0
90.0 90.0 90.0 90.0 gpg 10800980 “ggg4
55816  471-10  56.0-1.0 36.8-1.1 56.0-1.0 56.0-1.0 56.0-1.0

(1.719-1.604) (1.122-1.047) (1.171-1.042) (1.206-1.094) (1.128-1.025) (1.151-1.037) (1.097-1.011)

ggiﬂqe“:t’ions 21248 (1063) 77612 (3882) 56889 (2845) 57094 (2856) 74206 (3711) 65850 (3293) 83260 (4164)
Rerve

cC1/2 1.0 (0.6) 1.0(0.7) 1.0(0.7) 1.0 (0.7) 1.0 (0.8) 1.0 (0.8) 1.0 (0.7)
I/l 11.4(15) 200(1.6) 17.4(22) 17.7(18) 242(1.9)  180(20)  20.3(1.8)
%I’“rggﬁgl‘;’(soz) 90.1 (45.4) 94.7(58.2) 94.6(68.3) 94.9(758) 94.5(62.6) 947 (69.2)  93.1(49.2)
g‘;ﬁ‘ggiﬁ??&i 80.4 (21.9) 82.6(22.2) 59(10.3) 69.1(13.8) 74.3(150) 685(12.9) 80.6(18.9)
Redundancy 4721)  121(75) 123(96) 122(103) 121(6.0)  10.9(6.9) 11.8 (5.6)
Refinement™

Risode I Rives 17.9/232 155/174 161/197 16.4/197 145/165 144/161  134/157
No. atoms (excl. hydrogens)

Protein 1372 1450 1412 1412 1430 1384 1428
Ligands/ion 32 33 33 33 33 33 33
Water 303 262 248 220 281 247 281
B-factors

Protein 14.4 182 185 18.1 193 18.1 16.6
Ligands 12.4 20.5 19.7 25.8 222 21.1 15,2
Water 26.7 34.7 36.6 35.4 39.9 37.4 38.3
R.m.s. deviations

Bond lengths(AY 008/ 098 0.09/0084 009/115 0010/105 0084/110 009/115  0.008 /111

angles (°)

*Values in parentheses are for highest-resolution shell.
** Data were scaled anisotropically with Staraniso.

***Value output by Phenix
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Data collection | For Saturation mutagenesis, PCR products were subjected to Hiseq analysis at 2x150 bp.
Bulk sequencing was carried out on HiSeq in a 2X 150bp paired end run with an average of 30 million paired reads per sample.
The diffraction data was collected at XO6SA beamline of the Swiss Light Source (Paul Scherrer Institute).

Data analysis For saturation mutagenesis, count files were generated by using the ORFcall software and the raw read counts of each treatment groups were
analyzed using edgeR to determine changes.
For bulk sequencing results were aligned to GRCH38 using HISAT2 and transcripts were counted using HTSeq in Python. The count data matrix
was then processed by using limma and edgeR in R/Bioconductor.
The diffracted images were processed with autoPROC34 and all structures were solved by molecular replacement using a previously solved
structure. Model building and refinement was performed with standard protocols using CCP4, COOT, autoBUSTER v.2.11.2 (http://
www.globalphasing.com) and Phenix35,36.
For westernblot analysis, Image) was used.
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data availability statement has been updated (in text and reporting forms). The data has been deposited in appropriate repositories.

The pan KRAS inhibitors (“GDP-KRAS inhibitors”) are available as part of a collaborative program via Boehringer Ingelheim’s open innovation portal opnMe.com:
https://opnme.com/collaborate-now/GDP-KRAS-inhibitor-bi-2493.

The co-crystal structures have been deposited in the PDB with accession codes: 8AZR, 8AZV, 8AZX, 8AZY, 8AZZ and 8B0O.

The RNAseq results have been deposited in NCBI Geo with accession number: GSE228010

All other data are available upon request.
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Reporting on sex and gender No human subjects were used in this study.

Population characteristics No human subjects were used in this study.
Recruitment No human subjects were used in this study.
Ethics oversight No human subjects were used in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size Varies across experiments. Please see methods section for more details.

Data exclusions | All data were used in statistical testing, unless otherwise specified in the text.

Replication The experimental replicates are stated in the figure legends. All stated replicates indicate biological replicates.
Randomization  Invivo tumor growth experiments: mice were treated in a random manner with either vehicle or drug

Blinding Tumor growth measurements were carried out in a blinded manner by a technician who was not aware of the goals of the experiment.
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Antibodies
Antibodies used Primary (1:1000 diultion, otherwise stated): Pan-Ras (1862335, Thermo), KRAS (WH0003845M1, sigma), HRAS(18295-1-AP,
Proteintech. 1:300 diultion), NRAS (SC-31, santa cruz, 1:300 diultion)), FLAG M2(F1084, sigma,) HA (2367S, CST), GST (SC-138, santa
cruz,) HIS tag (2365S, CST), ERK (4696S, CST), pERK (9101L, CST), pRSK(8753S, CST), RSK1/RSK2/RSK3(9355S, CST)
Secondary (1:3000 dilution): Mouse IgG HRP (7076S, CST), Rabbit IgG HRP (A4914, sigma)
Validation We have validated the antibodies for pan-RAS,KRAS,HRAS and NRAS in this study by using siRNA targeting specific forms of RAS as

well as using a 'RASless' cell lines that express only 1 form of RAS. All other antibodies have been validated in our previous
publications. (Xue et al., Nature 2020, Zhao et al., Nature 2021 and Li et al., Science 2021)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) ATCC: NIH/3T3 HEK283T, MRC5, MRC9, BXPC3, A375, H1299, H520, H1975, PC9, H1650, HCC827, US7MG, MEWO, H358,
H2122, CALUL, MIAPACA2, ASPC1, PANCO403, HPAC, PANCI, LS513, SW620, SW480, H727, CAPAN1, A549, PSN1, PATC50,
DLD1, LOVO, HCT116, H460, CALU6, WIL2NS, LS1034
Sigma: PC9, C125pm. Kerafast:U251MG, Accegen :BA/F3

Authentication Cell lines were directly obtained from the vendor before use and studies were carried out before 20 passages upon purchase.
Also cell lines were authenticated by MSK IMPACT sequencing to confirm the KRAS mutations. Cell lines bearing KRAS G12C
mutation were also confirmed by testing with KRAS G12C specific inhibitors.

Mycoplasma contamination The cell line used in the study were tested negative for mycoplasma.

Commonly misidentified lines  No commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Athymic or NSG mice were used as indicated in the methods.
Wild animals No wild animals were used in the study.
Reporting on sex 7-8 week old female nude mice were used for the study.

Field-collected samples  No field collected samples were used in the study.

Ethics oversight Mice were housed according to the internal institutional and Austrian governmental and European Union guidelines (Austrian Animal
Protection Laws, ETS-123) at Bl or according to the Institutional Animal Care and Use Committee (IACUC) guidelines at MSKCC. All
animal studies were approved by the internal ethics and the local governmental committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




	Pan-KRAS inhibitor disables oncogenic signalling and tumour growth

	Online content

	Fig. 1 Identification of a non-covalent inhibitor that inactivates common cancer-causing KRAS mutants.
	Fig. 2 Limited evolutionary divergence confers selectivity for KRAS.
	Fig. 3 Diverse allosteric effects on inactive state selective KRAS inhibition.
	Fig. 4 Selective inhibition of oncogenic signalling and KRAS-driven tumour growth.
	Extended Data Fig. 1 Rational design of a non-covalent pan KRAS inhibitor.
	Extended Data Fig. 2 Biochemical and cellular effects of the KRAS inhibitor.
	Extended Data Fig. 3 Orthosteric and allosteric effects determine KRAS selectivity.
	Extended Data Fig. 4 Saturation mutagenesis screen reveals residues that modulate inhibition.
	Extended Data Fig. 5 Selective inhibition of oncogenic signaling driven by various KRAS mutants.
	Extended Data Fig. 6 Rapid and sustained inactivation of common KRAS mutants.
	Extended Data Fig. 7 Drug induced cellular activation of HRAS and NRAS.
	Extended Data Fig. 8 Effect of KRASi treatment on transcriptional output.
	Extended Data Fig. 9 Antiproliferative effect of the KRAS inhibitor.
	Extended Data Fig. 10 Characterization of the in vivo pan KRAS inhibitor BI-2493.
	Extended Data Table 1 Crystallographic data collection and refinement statistics.




