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RAS is the most frequently mutated oncogene in cancer. RAS proteins show high sequence
similarities in their G-domains but are significantly different in their C-terminal hyper-
variable regions (HVR). These regions interact with the cell membrane via lipid anchors
that result from posttranslational modifications (PTM) of cysteine residues. KRAS4b
is unique as it has only one cysteine that undergoes PTM, C185. Small molecule cova-
lent modification of C185 would block any form of prenylation and subsequently
inhibit attachment of KRAS4b to the cell membrane, blocking its biological activity.
We translated this concept to the discovery and development of disulfide tethering
screen hits into irreversible covalent modifiers of C185. These compounds inhibited
proliferation of KRAS4b-driven mouse embryonic fibroblasts, but not cells driven by
N-myristoylated KRAS4b that harbor a C185S mutation and are not dependent on
C185 prenylation. Top—down proteomics was used to confirm target engagement in
cells. These compounds bind in a pocket formed when the HVR folds back between
helix 3 and 4 in the G-domain (HVR-a3-a4). This interaction can happen in the absence
of small molecules as predicted by molecular dynamics simulations and is stabilized in
the presence of C185 binders as confirmed by small-angle X-ray scattering and solution
NMR. NOESY-HSQC, an NMR approach that measures internuclear distances of 6 A
or less, and structure analysis identified the critical residues and interactions that define
the HVR-a3-a4 pocket. Further development of compounds that bind to this pocket
could be the basis of a new approach to targeting KRAS cancers.
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KRAS is the most frequently mutated oncogene in cancer. Of the three major isoforms of
RAS (K-, H-, and N-RAS), mutant KRAS proteins play a causal and leading role in three
major human cancers: lung, colorectal, and pancreatic (1-3). KRAS produces 2 splice
variants: KRAS4a and KRAS4b. KRAS4Db is a highly studied protein, and is composed of
a well-defined N-terminal cytoplasmic guanosine nucleotide-binding domain (G domain
of ~1-169 aa) and a C-terminal flexible hypervariable region (HVR, comprising ~19 aa)
that is anchored to the inner leaflet of the cell membrane (4, 5).

Canonical RAS isoforms (HRAS, KRAS4a, KRAS4b, and NRAS) share a high degree
of sequence similarity within the G domain, but differ significantly in the hypervariable
region (HVR), which undergoes isoform-specific posttranslational modifications (P°TM).
PTM at the HVR is an essential step in RAS protein trafficking and membrane localization
(6, 7), and occurs as palmitoylation and/or prenylation (farnesylation or geranylgeranyl-
ation) at different cysteine residues within the HVR (8) via the attachment of hydrophobic
lipid moieties, which serve as a membrane anchor (5, 9, 10). While all four RAS isoforms
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are prenylated at the terminal cysteine residue of the HVR CAAX motif, KRAS4b is
unique in that it does not undergo palmitoylation (7). Unlike KRAS4a, HRAS, and
NRAS, the HVR of KRAS4b includes a poly-lysine stretch (K175-K180) that serves as
a secondary site for enhancing plasma membrane association (9).

Blocking RAS PTM and abrogating its membrane localization offers a potential
approach for therapeutic intervention. Inhibitors of farnesyl transferases (FTTs) have been
investigated for their potential to attenuate the c-terminal lipid modification that is
required for RAS plasma membrane localization and downstream signaling pathway acti-
vation. FTIs showed high preclinical anticancer activity in tumors driven by HRAS (11).
The FTI Tipifarnib is in clinical trials and appears to show activity in head and neck
squamous cell carcinomas harboring oncogenic HRAS mutations. Unfortunately, this
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approach yielded little effect against KRAS-driven cancers, as
KRAS (and also NRAS) undergoes alternative prenylation (gera-
nylgeranylation) in the presence of FTTs, and remains functionally
active (12).

Covalent modification of the CaaX-box cysteine (C185) of
KRAS4b would block all prenylation at that site and inhibit the
subsequent attachment of the KRAS protein to the plasma mem-
brane, which is a key step required for KRAS signaling. This
approach of targeting a single protein isoform would likely yield
less side effects than the global disruption of all farnesyltransferase
substrates, as seen with FTIs. Covalent targeting of the C185
residue of KRAS4b was reported by Nnadi et al. in their work
identifying KRAS G12C Switch-2 binders (13).

We used disulfide tethering to search for compounds that selec-
tively modify C185 in KRAS4b. Disulfide tethering is a site-directed,
fragment-based drug discovery method that allows screening of
low-affinity disulfide-containing fragments against cysteine residues
in a target protein (14). Fragment binding is reversible and can be
tuned to favor detection of only the strongest-bound fragments using
increasing concentrations of a reductant, typically f-mercaptoethanol.
This binding is not purely driven by reactivity; it is also strongly
dependent on protein/ligand interactions. Bound fragments are
detected by mass spectrometry (MS) and provide a lead into the drug
discovery process.

We applied the disulfide tethering technology to identify frag-
ments that bind and covalently modify C185 in KRAS4b and not
C186 in NRAS. The ability to identify compounds that bind to
KRAS4b through covalent attachment to C185 suggests the pres-
ence of an adjacent pocket to which fragments bind noncovalently.
The failure to detect compounds that bind to full-length NRAS
suggests that only KRAS forms this putative pocket. By employing
the powerful combination of molecular dynamics (MD) simula-
tion, small-angle X-ray scattering (SAXS), and solution NMR
spectroscopy, we elucidated the induced structural changes within
the KRAS4b-compound complex that are driven by C185 mod-
ification and pocket binding,.

Results

We screened the University of California San Francisco disulfide
tethering library against full-length KRAS4b (aa 1-188) proteins,
then counterscreened against full-length 1-189 NRAS. Fragment
6B9 (compound 1) (Fig. 14) gave the greatest degree of modifi-
cation to KRAS4b (Fig. 14) and did not modify NRAS. KRAS4b
1-188 that has C185 mutated to serine (C185S) did not show
any modification, suggesting C185 as the sole site of modification
(Fig. 14). Our ability to identify compounds that bind to KRAS4b
through covalent attachment to C185 indicates that there must
be a pocket adjacent to C185 to which the compound binds
noncovalently. Our failure to detect compounds that bind to full-
length NRAS also suggests that this putative pocket is specific to
KRAS4b.

Converting the Disulfide Tethering Hit to an Electrophile.
Disulfides are unsuitable for use as cellular probes. Therefore,
we assessed alternative electrophilic groups, and identified
vinyl sulfonamide as a suitable replacement due to its moderate
electrophilic activity and good stability in cells. This approach
led to the discovery of compound SMDC994566 (compound
2) (structure in Fig. 1B, synthesis described in SI Appendix).
Compound 2 showed reactivity toward full-length KRAS4b
in vitro through covalent modification of C185, and demonstrated
single-site labeling with no modification of other known reactive
residues in KRAS4b (e.g., solvent exposed C118) (Fig. 1B). As
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expected, compound 2 did not react with fully processed KRAS4b
protein, in which C185 is farnesylated and the C-terminal
carboxylic acid is methylated (KRAS4b FME) (15).

C185-Reactive Compounds Exhibit Inhibitory Effect in KRAS-
Dependent Cells. To test the ability of C185-reactive compounds
to block KRAS4b function in cells, we used a panel of mouse
embryonic fibroblasts (MEF) cell lines driven by a single isoform
of KRAS and lacking NRAS and HRAS (16). As a control for
off-target effects, we generated a MEF cell line that is dependent
on N-terminally myristoylated KRAS4b G12D/C185S, which
is incapable of modification at C185 but retains the membrane
localization necessary for signaling (Myr-KRAS-G12D/C185S,
SI Appendix, Fig. S1). Compound 2 inhibited the proliferation of
KRAS4b mutant MEFs but did not inhibit the growth of Myr-
KRAS G12D/C185S MEFs (Fig. 1C). It also reduced KRAS
protein levels in KRAS4b G12D and G12C but not in Myr-KRAS
G12D/C185S MEFs after 72 h of treatment (Fig. 1D).

Next, we tested the hypothesis that C185-targeting compounds
covalently modify this residue in newly synthesized KRAS, pre-
venting its posttranslational processing and subsequent membrane
attachment. Hela cells expressing doxycycline-inducible green
fluorescent protein (GFP)-tagged KRAS4b G12D or NRAS
G12D were treated with the more advanced analogue of com-
pound 2, compound 3 (Fig.2 A and B, structure shown in
Fig. 2C). Localization of RAS proteins at the plasma membrane
was monitored by colocalization with Concanavalin A as a mem-
brane marker. As shown in Fig. 24, treatment with 10 pM com-
pound 3 for 24 h decreased the level of membrane-bound
GFP-KRAS4b G12D, with no or minimal effect on GFP-NRAS
G12D (Fig. 2B).

Similarly, compound 3 affected membrane localization in MEF
cells expressing the G12V mutant of KRAS4b or NRAS, (Fig. 2D).
Treatment with 20 pM compound 3 decreased the amount of
KRAS4b, but not NRAS, in cellular membrane fractions (Fig. 2D),
confirming that NRAS is not a target of these compounds. As
observed in our earlier experiments with MEFs (Fig. 1C), reduc-
tion of KRAS4b G12V protein levels is also noticeable in cells
treated with compound 3. However, mechanisms leading to this
decrease are unclear and would require further investigation.

Verification of Target Engagement. To obtain direct evidence
for covalent engagement of C185 in cells, we used top—down
proteomics (TDP) methodology that uses MS to analyze intact
proteins and distinguish proteoform complexity (17). We treated
cells with compound 3, purified KRAS, and searched for covalently
modified C185 (Fig. 2 F-I).

KRAS4b attachment to the membrane is facilitated by farnesyl-
ation of the C185 residue, followed by additional processing of
the CAAX motif which involves cleavage of the -AAX residues by
RCE1 (RAS converting CAAX endopeptidase 1) (8). Finally, the
farnesylated cysteine residue is carboxymethylated by ICMT (iso-
prenylcysteine carboxyl methyltransferase) (18, 19). For TDP we
used HEK293 cells expressing FLAG-tagged KRAS4b G12D
under a doxycycline-inducible promoter. We induced this system
with doxycycline for 6 h, then treated cells with compound 3 alone
or in combination with L-778,123, a dual inhibitor of farnesyl
transferase and geranylgeranyl transferase type I. Following FLAG
purification, and then MS analysis, we detected a mass addition
of 616.16 Da under both experimental conditions that corre-
sponds to KRAS4b modified with compound 3, lacking the
farnesyl and retaining the last three amino acid residues (VIM)
(Fig. 2 C-E), which is consistent with our hypothesis and the
pattern of posttranslational KRAS4b processing. Subsequent
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Fig. 1. Discovery and development of C185 covalent inhibitors. (A) Disulfide tethering hit led to discovery of compound 1. Left Panel: Mass spectra of disulfide
(compound 1) tethering reaction with KRAS4b 1-188 protein. Unmodified FLAG KRAS 4b G12V is represented as 24,823 Da peak. Peak labeled as fragment
adduct is FLAG KRAS4b G12V protein bearing mass addition of 355 Da corresponding to the tethered fragment. Right panel: disulfide hit 1 did not react with
KRAS protein when C185 was mutated to serine (C185S). (B) MALDI-TOF MS spectra obtained after Glu-C digest of KRAS4b (1-188). Top panel: control protein,
bottom panel: protein modified with compound 2 that is the covalent, vinyl sulfonamide analogue of tethering hit 1. Peak m/z 2696 indicates the 372 Da mass
addition to C-terminal C185. The C185 modification was the only one detected on the protein, other cysteine residues were not affected. (C) Covalent inhibitor
2 decreased proliferation and KRAS protein level in KRAS-dependent MEF cells. Compound 2 reduced proliferation of MEF cells driven by mutant KRAS4b, while
MEFs rescued by myristoylated KRAS4b G12D/C185S were much less affected (72-h treatment). (D) Treatment with compound 2 decreased KRAS4b protein level
in KRAS mutant MEF cells, but not in cells driven by myristoylated KRAS G12D/C185S. Compound 2 reduced levels of KRAS4b G12C and KRAS4b G12D, but not
Myr-KRAS G12D/C185S. 72 h treatment with concentrations indicated on the image; Vinculin was used as a loading control.

partial proteolytic digestion and analysis of the fragments by TDP
(referred to as “middle—down” MS) confirmed that C185 and only
C185 of KRAS4b had been modified by compound 3 (Fig. 2F).
These data demonstrate that the C185-targeting compound 3
blocks farnesylation and the subsequent posttranslational process-
ing of KRAS4b in cells.

Efforts to obtain a crystal structure of the full-length (1-188)
KRAS4b protein have resulted in low-resolution crystals, possibly
because of the dynamic behavior of the HVR. In the absence of
crystallography-based data and to better understand whether
C185 in the HVR could be adjacent to a pocket in the G-domain
for noncovalent binding, we performed MD simulations of
full-length KRAS4b (1-188) and other major RAS isoforms. We
further used SAXS and NMR spectroscopy in the absence or pres-
ence of the ligand to validate experimentally that the KRAS4b

PNAS 2025 Vol.122 No.19 2410766122

HVR can interact with the G-domain and form the pocket where
our molecule binds.

MD Simulations Determine HVR Interaction with the G-
Domain. We carried out a series of MD simulations of KRAS4a,
KRAS4b, HRAS, and NRAS to assess whether the HVR can
interact with the G-domain and whether the dynamics of all RAS
proteins are similar or exhibit isoform specificity. Interestingly,
the HVR of KRAS4b appears to interact with the G-domain,
forming a transient tricomponent pocket comprising the HVR
(aa 184-188), helix a3 (aa 90-94, 97), and helix a4 (aa 129,
132-133, 137) (Fig. 3 A, Left Panel). Such a pocket is adjacent
to (and could occasionally merge with) another transient pocket
comprising the HVR (aa 184-186) and a3 (aa 97, 101), 04 (aa
137-139), and loop 7 (aa 106-108) (Fig. 3 A, Right Panel). A
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Fig. 2. Effects of compound 3 on KRAS4b but not NRAS, and C185 target engagement in cells. (A-C) GFP-KRAS4b G12D and GFP-NRAS G12D localization in Hela
cells. GFP-KRAS4b G12D and GFP-NRAS G12D localization was monitored in doxycycline-inducible HeLa cell lines by colocalization with concanavalin A at the
plasma membrane. Hela clonal cell lines expressing GFP-KRAS4b G12D (A), or GFP-NRAS G12D (B) were incubated with DMSO or 10 uM Compound 3 (Fig. 2C)
for 24 h. KRAS4b G12D-expressing cells show a decrease in KRAS4b G12D localization at the membrane compared to the DMSO control. Cell nuclei were stained
with Hoechst (blue) and plasma membranes were stained with Concanavalin A (red). (Scale bar, 5 um.) (D) A significant difference in membrane localization of
KRAS4b was observed using Pearson coefficient (mean + SE, n = 25 for each condition). ****P < 0.0001 (£) Compound 3 decreased the amount of KRAS in MEF
cells driven by KRAS4b G12V, but not in MEF cells driven by NRAS G12V. Treatment with 20 uM compound 3 for 48 h decreased KRAS4b levels in KRAS G12V MEFs.
WCL - whole cell lysate. (F-/) Visualization of the compound 3-bound KRAS4b proteoform by high-resolution top-down MS, employing a selected ion monitoring
(SIM) method targeting the 24+ charge state of the intact protein. (F) KRAS4b proteoforms isolated from DMSO-treated cells; (G) KRAS4b proteoforms isolated from
compound 3-treated cells; (H) KRAS4b proteoforms isolated from cells treated with compound 3, and a dual farnesyl- and geranylgeranyl-transferase inhibitor,
L-778,123. The unprocessed KRAS4b proteoform bearing the + 491.17 Da mass shift of bound compound 3 is indicated in purple, along with the processed and
farnesylated, or canonical, KRAS4b G12D proteoform (PFR 249921). Loss of C-terminal carboxymethylation (PFR 249922) is indicated by the label “-COOMe", while
asterisks indicate oxidation products of electrospray ionization or other unrelated species. Inverted purple triangles indicate KRAS4b proteoforms believed to
bear intermediates or metabolic products of compound 3, with calculated mass shifts as follows: a, + 156.98 Da; b, + 221.96 Da; ¢, + 300.96 Da; d, + 397.99 Da
from the mass of the canonical proteoform. (/) Localization of KRAS-bound compound 3 to the targeted Cys residue by partial proteolytic digest and subsequent
middle-down MS. Example identified peptides are shown, demonstrating that the +491.17 Da mass shift of compound 3 could be localized only to Cys 185, and
not to any other Cys residue within the KRAS4b sequence.

similar HVR-a3-04 interaction outcome was observed in 21
of 26 KRAS4b simulations (accounting for ~24.4% of a total
of ~35 ps simulation time), irrespective of using different HVR

topology (ordered or disordered), nucleotide loading (GTP or

40f 10 https://doi.org/10.1073/pnas.2410766122

GDP), and/or the different force fields (CHARMM or AMBER)
(see SI Appendix for details).

From the free energy profile of the HVR binding to a3 and o4,
we observed a nearly barrierless transition for the HVR to form
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Fig. 3. MD simulation and SAXS data identify KRAS4b HVR interactions with the G-domain. (A) The site maps of a tricomponent pocket formed by HVR interacting
with helix3 («3) and helix4 (¢4) in the G-domain of KRAS4b. (B) Interactions of KRAS4b HVR with the a3/04 site (HHH, red line) is energetically favorable over
interaction of KRAS4b HVR with «3/Switch2 site (HHS, blue line). (C) Among four major RAS isoforms, KRAS4b exhibits unique behavior of HVR interacting with
the G-domain, that is not seen for other major RAS proteins. HVR of KRAS4b only interacts with the G-domain of the protein in the region between «3/a4.
(D) MALDI-TOF MS analysis of covalent labeling to HVR cysteine residues in RAS proteins with selected compounds. KRAS4b (1-188) shows highest degree of
covalent modification to C185, and NRAS (1-189) shows the lowest. Interestingly, the high level of labeling to C185 in KRAS4b-G-domain/NRAS-HVR chimera
suggests KRAS4b HVR dictates interaction with the G-domain. (E) Structure of compound 4 and RMSF comparison of KRAS4b HVR without ligand (black), and
with compound 4 covalently attached to C185 (red). Presence of the ligand stabilizes the HVR interaction with the G-domain, especially residues 182-187. (F)
Three-dimensional molecular envelopes reconstructed from SAXS data. Thirty-two independent DAMMIN reconstructions were run using GNOM output from
three KRAS constructs: KRAS4b-1-169 (green), the full-length protein KRAS4b(1-188) (rose), and KRAS4b(1-188) with C185 covalently modified with compound
4 (purple). The dummy atom models were then aligned, averaged, and filtered using DAMAVER. The corresponding crystallographic structures fitted to the
ab initio envelopes are shown in two orientations.

an energetically stable but kinetically transient conformation (tri-
component pocket; ~0.6 & 0.1 kcal/mol), as shown by HHH, red

frequency of HVR interactions with a3/a4 of the G-domain in
KRAS4a and HRAS is significantly lower (~3.1% of ~11 ps and

trace in Fig. 3B. In contrast, transitions of the HVR binding to
other areas of the G domain, for example the a3/switch-II pocket
(HHS, blue trace), encounter higher energetic barriers, and there-
fore are less likely to form stable conformations (Fig. 3B).

For NRAS, the HVR is not localized to the a3 and o4 (0% of
~11 ps) or any part of the G-domain, but instead moves randomly
with no specificity (Fig. 3C). Conversely, the HVR of KRAS4a
and HRAS show some similar behavior to KRAS4b, though the

PNAS 2025 Vol.122 No.19 2410766122

~3.9% of ~11 ps, respectively; SI Appendix, Fig. S2). Closer exam-
ination of these s timescale simulations and analysis of published
structural data (PDB ID 2MSD) reveal that KRAS4b uses the
polylysine stretch of residues (aa K175-K180) to interact with
E107 and D108 in the G-domain, forming salt bridges (20). This
lysine chain in KRAS4b functions as a secondary anchor required
for the association of the protein with the plasma membrane (21).
These salt bridge interactions may uniquely stabilize the KRAS4b
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HVR to associate with the G-domain, while the other RAS iso-
forms lack a similar lysine-rich motif in the HVR (87 Appendix,
Fig. S3).

The frequency of HVR interactions with the G-domain a3/a4
region across RAS isoforms mirrored their levels of covalent labe-
ling at HVR cysteine residues. As shown in Fig. 3D, KRAS4b
shows the highest levels of covalent labeling at C185, while NRAS
shows the lowest.

Compound 4 was designed to probe the putative binding site
within o3 and o4 of KRAS4b as shown in Fig. 34. As designed,
compound 4 shows a good level of covalent modification of C185,
as informed by MALDI-TOF MS (Fig. 3D). MD simulation
results show that compound 4 stabilizes the HVR tail (aa 181—
187) into the G-domain of KRAS4b, increasing the residence time
in this pocket (Fig. 3E).

SAXS Measurements Elucidate Alterations in KRAS4b Protein
Envelope Shape When Compound Is Tethered to C185. MD
simulation findings inspired us to investigate the KRAS4b
conformation in solution in the absence or presence of compound 4
using SAXS. This technology has emerged as an efficient method to
evaluate low-affinity protein-ligand complex structure in solution
(22). We collected synchrotron radiation SAXS data for the G-
domain of KRAS4b (1-169), full-length KRAS4b (1-188), and the
full-length protein covalently modified with compound 4. These
data confirm the computational predictions that the presence of
ligand stabilizes interactions between the HVR and G-domain of
KRAS4b, shown in Fig. 3D. lllustrated in Fig. 3E are the molecular
envelopes of the G-domain of KRAS (1-169) compared to the
full-length KRAS4b. There is a striking difference in the molecular
envelope shapes of these proteins, with the full-length protein
exhibiting an extended top portion, most probably corresponding
to the dynamic HVR movements. This top extension diminishes
in the same construct, KRAS4b (1-188), that has been covalently
modified with compound 4 (Fig. 3F). The electron pair-distance
distribution, P(7), determined from the scattering data suggests a
less elongated envelope with a smaller Dmax in the presence of the
compound (see SI Appendix for details). This observation supports
our computational predictions of a C185 inhibitor binding to a
tricomponent pocket, comprising the HVR-a3-a4 of KRAS4b,
and sequestering the HVR proximal to the G-domain.

Heteronuclear NMR Identifies the Binding Site of Compound 4.
Comparison of NMR assignments of KRAS4b (1-188)-GDP
(assigned 2D '"H-PN HSQC spectrum of KRAS4b (1-188),
SI Appendix, Fig. S4A, BMRB ID: 50623) and KRAS4b (1-169)-
GDP facilitated the identification of G-domain residues that
exhibited significant structural differences due to interactions with
the HVR. Chemical shift differences depicted in Fig. 44 identify
such significant residues within the $1-p3 region (aa 3,5,6, 44,45,
47-51), the loop between a3 and f5 (aa 106-109, 111,112), and
helix a5 (aa 157, 159-169) (SI Appendix, Fig. S4 B and C) (23).

To understand the compound binding site, we determined the
solution structures of KRAS4b (1-188)-GDP of the DMSO-d,
treated sample. A structural ensemble is shown in Fig. 4B (RCSB
ID: 7KYZ) (also see SI Appendix, Fig. S4 D and E and Table S1).
The converged structural fold is composed of 5 a-helices (aa
16-25, 66-74, 87-104, 127-137, 151-173) and 6 P-strands (aa
2-8, 40—46, 49-57,77-83, 111-116, 141-143). Residues 176—
188 of the HVR show conformational dynamics. The range of
these secondary structural elements compares well with those in
the reported crystal structures (RCSB ID 5TAR and 6MBT)
(24, 25). In agreement with the chemical shift perturbation (CSP)
NMR and MD simulation data, analysis of our structural
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ensemble (RCSB ID: 7KYZ) identifies a dominant cluster of six
structures (out of 20 reported) in which the HVR adopts a con-
formation that is closer to the a3-a4helical plane. There is a 30%
likelihood of preferential packing near this region. In the remain-
ing structures, HVR conformations exhibit a more randomized
order (see S Appendix for details).

Covalent modification of C185 by compound 4 resulted in
significant residue perturbation in the G-domain as well as in the
HVR as demonstrated by the 2D 'H-"N HSQC overlay
(SI Appendix, Fig. S4F). Interestingly, G-domain residues K88,
E91, H94, R97, and E98 (a3), D108 (loop connecting a3 and
B5), 1163, K165-K167 («5), and HVR residues T183-C185,
1187, and M 188 elicited significant CSPs and apparently play an
important role in defining the binding pocket.

Artomistic evidence of HVR binding to the G-domain came from
3D NOESY spectral analysis of compound 4-tethered KRAS4b
(1-188) that yielded a total of nine unambiguous NOEs between
the select residues in the HVR and the G-domain. These
HVR-G-domain residue pairs are MI188(HVR)-F82(B4),
1187(HVR)-E91(a3), and 1187(HVR)-D92(a3) (Fig. 4C and
SI Appendix, Fig. S4 G and H). Observation of such NOE:s is likely
attributed to the inherent noncovalent aflinity of compound 4 that
guides the HVR in transitioning to a conformationally more con-
strained environment. Next, we combined distance restraints
deduced from these NOEs with the structural restraints of KRAS4b
(in the absence of compound) and calculated the structural model
of KRAS4b-compound 4 complex in a CSP-analysis-guided manner.
Notably, the calculated structure ensemble shows the HVR typically
converged upon and stabilized within the a3-04 region (Fig. 4D and
SI Appendix, Fig. S4Iand Table S2), thus defining the compound 4
binding site. Apparently, these NOEs were sufficient in elucidating
the binding character of compound 4 that mediates HVR occupancy
to the HVR-a3-04 pocket. Overall, the structural fold of intermo-
lecular protein-ligand complex corroborates the energetically favored
structural conformers identified in the MD simulation data, and
validates the molecular shape determined based on the SAXS data.

Discussion

With KRAS being the most frequently mutated oncogene in each
of the three deadliest cancers in the United States (lung, colorectal,
and pancreatic cancer), the development of anti-KRAS therapies
is a major priority and challenge for cancer research. RAS proteins
did not appear to present suitable pockets to which drugs could
bind, except for the GDP/GTP binding site. Unfortunately, RAS
proteins bind these nucleotides with very high (picomolar) affin-
ities, making the development of effective nucleotide analogs
virtually impossible.

Recently, the covalent KRAS G12C inhibitors sotorasib
(AMGS510) and adagrasib (MRTX849) have been approved for
treatment of cancers expressing this allele (26, 27). Compounds
that target the KRAS G12D allele, such as MRTX1133, are also
in clinical trials.

Pan-KRAS inhibitors that block signaling from the major onco-
genic alleles, including the most prevalent G12D and G12V
mutations, would benefit a large population of patients affected
by KRAS-driven cancers. Pan-KRAS inhibitors would provide
additional advantage of targeting tumors that have acquired resist-
ance to KRAS G12C inhibitors. Accordingly, there remains a need
for both allele-specific and pan-KRAS inhibitors, and the latter
could be used to treat KRAS-driven cancers regardless of their
mutation status.

In strong support of pan-KRAS inhibitor development,
Barbacid’s laboratory has recently shown that total ablation of the
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Fig. 4. Heteronuclear NMR for binding site identification of compound 4. (4) 2D "H-'>N HSQC spectra comparison of the G-domain of KRAS4b (1-169) and the
full-length protein (1-188) indicates differences in chemical shifts resulting from the interaction of the HVR with the G-domain. Residues eliciting effective CSP
(SI Appendix, Fig. S4 B and C) are highlighted by single-letter amino acid sequence followed by its sequence number. CSP residue names superscripted with letter
“G" belong to the G-domain. Unassigned crosspeaks in black do not belong to the G-domain residues. (B) Ensemble of 20 solution structures of KRAS4b (1-188).
AA residues 174-188 of HVR at C-terminus are found conformationally flexible. (C) Detection of intramolecular NOE contacts between the aa residues in the
HVR and the catalytic G-domain in KRAS4b (1-188) with compound 4 covalently attached to C185, as determined in the "*N-edited-NOESY-HSQC and '*C-edited
NOESY-HSQC spectra at 25 °C (See S/ Appendix, Fig. S4 G and H for additional such NOEs detected between the HVR and the G-domain). Top panels: amide protons
(HY) of M188 and its conformer show NOE with amide proton (HY) of residue F82 and with aromatic ring protons (H® and H% rendered blue. Bottom panels, amide
proton (H) of E91 shows NOE with side-chain methylene proton (Hy'?) of residue 1187. Magnified view on left represents spectral regions in black boxes. None
of the NOEs overlap with proton chemical shifts of compound 4. No such NOEs were observed in the samples treated with DMSO (in absence of compound 4),
as seen in panels shown in red. (D) Representative solution structure of KRAS4b (1-188) upon inclusion of 7 intramolecular NOEs that are observed between
the HVR residues 1187 and M188, and G-domain residues F82, E91, and D92; these residues are shown in red. Rendered orange are the residues that show
significant CSP (deduced from HSQC overlay of KRAS4b (1-188) treated with DMSO vs tethered with compound 4) in the tricomponent binding region (HVR-a3-a4).

KRAS gene is well tolerated in adult mice, and causes a complete
regression of KRAS-driven tumors (28). On the other hand, abla-
tion of all three RAS genes was fatal in mice. These data underscore
the importance of KRAS selectivity over HRAS and NRAS in the
development of pan-KRAS inhibitors. Potential pan-KRAS drugs
that bind to the G-domain are undergoing clinical and preclinical
evaluation. Compounds that covalently block C185 in KRAS4b,
preventing its posttranslational modification and subsequent
membrane attachment, represent an alternative approach to the

development of a pan-KRAS inhibitor.

PNAS 2025 Vol.122 No.19 2410766122

Odur efforts to covalently target C185 in KRAS4b have revealed
a pocket formed by the HVR and a3-04. This pocket localizes
between a3 and a4 and has not been recognized before as a poten-
tial site where small molecules can bind. However, KRAS4b HVR
plays a role in forming this pocket that could not be present in
the fully processed KRAS4b when HVR is posttranslationally
modified, nor KRAS4a, NRAS, and HRAS. Based on our MD
simulations, the HVRs of HRAS and KRAS4a interact with the
a3/a4 region of the G-domain for only a small fraction of the
simulation time and exhibit a random sampling behavior, whereas
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the HVR of NRAS does not interact with the a3/04 region at all.
In a study reported by Mazhab-]Jafari et al., one of the structural
models showed direct interactions between residue K177 (HVR)
and residues E107/D108 (G-domain) (20). According to these
data, the polylysine stretch of the HVR could play a role in HVR
localization to the G-domain by forming salt bridge interactions
in KRAS4b; such an interaction was observed in our MD simu-
lations as well. Our CSP measurements are congruent with the
G-domain/full-length 2D "H-""N HSQC comparison data that
indicate E107/D108 as potential perturbing residues, possibly due
to the HVR interaction. Residues E107 and D108 are conserved
among all major RAS isoforms; however, the presence of the poly-
lysine stretch in the HVR is unique to KRAS4b (KRAS4a HVR
has a single lysine residue (K175), while NRAS and HRAS
have none).

It has been shown that the engineered RAS binding effectors
K13 and K19 Darpins bind to the a3-loop7-04 region of KRAS
and inhibit protein function (29) by not only preventing RAS
dimerization and clustering, but also by impacting nucleotide
exchange (29, 30). Our presented small molecules modify C185
and bind to the HVR-03-04 pocket in an E107/D108
(loop7)-binding-assisted manner.

In conclusion, we identified compounds that covalently react
with C185 and demonstrate a unique mechanism of KRAS inhi-
bition. The compounds exploit a previously unobserved pocket
formed by the interaction of the KRAS4b HVR with the
G-domain, thus preventing prenylation and inhibiting this pre-
dominant splice variant’s activity. These compounds inhibit the
proliferation of KRAS4b-dependent MEFs and are significantly
less active against MEFs whose proliferation is driven by myris-
toylated KRAS4b lacking the prenylation site at C185. This study
represents a starting point for the development of more active and
potent KRAS4b-specific inhibitors. KRAS4a has been shown dis-
pensable for mouse development and homeostasis. The absence
of KRAS4b cannot be compensated for by its splice variant
KRAS4a due to the lower levels of expression of KRAS4a in most
tissues (31, 32). However, despite these lower levels of expression,
mutant KRAS4a was able to induce lung adenocarcinoma in mice
in the absence of the KRAS4b isoform (32). More data are needed
to understand whether eliminating the KRAS4b isoform alone
would have a therapeutic benefit, or if KRAS4a will compensate
as an oncogenic driver.

Materials and Methods

Chemical Synthesis, QC Validation, and NMR of Small Molecule Targets.
Detailed synthesis is provided in SI. LC-MS and "H-NMR analysis was performed
upon all intermediates and target molecules for structural determination.
Compounds submitted for biological evaluation were deemed to be > 95%
purity and were stored at —20 °C to prevent decomposition. LC-MS analysis was
performed using an Agilent 6,120b single quadrupole mass spectrometer with an
Agilent 1,260 infinity Il chromatography separations module and Agilent 1,260
infinity Il photodiode array detector controlled by Agilent Chemstation software.
The HPLC column used was an Agilent ZORBAX Eclipse XDB-C18 4.6 x 150, 3.5u
Rapid Resol column with a mobile phase of water (0.1 % formic acid)/MeCN
(0.1% formic acid) and a gradient of 5 to 95% MeCN over 10 min at a flow rate of
1 mL/min. Accurate mass data were obtained using a Thermo Fisher Exactive plus
EMR orbitrap LC-MS system. Exact mass values were calculated by ChemCalc.
"H-NMR spectra were obtained from samples dissolved in an appropriate deuter-
ated solvent(CDCl3, D,0, DMSO-d, Acetone-d,) using a Varian Mercury 400 MHz
Spectrometer. Spectral analysis was performed in MestReNova™ v11(33).

Cloning, Expression, and Purification of Recombinant KRAS Proteins.
Sequence validated gateway entry clones for KRAS4b (1-188) and KRAS4b
(1-169) were generated by standard cloning methods. Recombinant constructs
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incorporate an upstream His, and maltose-binding protein (MBP), followed by
tobacco etch virus (TEV) protease cleavage site (ENLYFQG), ending with the appro-
priate KRAS sequences, and served as final Escherichia coli expression clones.
The BL21 STAR (rne131) E. coli strain containing the DE3 lysogen and rare tRNAs
(pRare plasmid, Cm®) was transformed with the expression plasmids (Amp®) (34).
Unlabeled and isotopically C/™N or "N labeled KRAS4b(1-188) and KRAS4b
(1-169) samples were obtained using the methods as previously described (24).
Proteins were purified using metal-affinity chromatography and subsequently
NGC chromatography (BioRad, Hercules, CA). Protein samples were frozen at
—80 °C until further use. See S/ Appendix for detailed methods.

Cell Proliferation Assay. Cell viability in the presence of compounds was meas-
ured using CellTiter-Glo (Promega). Cells were plated in black-walled 384-well
plates (Greiner, 781091) at densities in accordance with their doubling time (for
MEFs typically 1,000 cells/well in 20 pl), using the Multidrop Combi Reagent
Dispenser (Thermo). Cells were incubated overnight at 37 °C in a humidified
atmosphere of 5% CO, prior to drug addition. Compound and DMSO addition to
microplates was performed using the Access Laboratory Workstation (Labcyte) and
Echo 555 (Labcyte) liquid handler. See S/ Appendix for details. Cellular ATP levels (an
indicator of cell count) were determined with CellTiter-Glo (CTG, Promega G7573)
luminescence assay using an EnVision Plate Reader (PerkinElmer). Measurements
of cell growth inhibition were made using cell population at the time of compound
addition (T0) and at 72 h incubation time (T72) using the following equation:

772 -T0

Dose-response curves were generated using Prism 7 software (GraphPad).

Confocal Microscopy and Colocalization analysis of RAS Localization
Experiment. Doxycycline-inducible GFP-KRAS4b G12D and GFP-NRAS G12D
Hela cell clones were seeded into glass-bottomed 12-well plates at 4e5 and
8eb5 cells per well, respectively, in 1 mL 10% FBS phenol-red free DMEM. Even
densities were achieved after 24 h due to differential growth rates. Doxycycline
was then added to wells to achieve concentrations of 400 ng/mLfor NRAS G12D-
and 500 ng/mL for KRASAb G12D-expressing cells. After 4 h of incubation at
37 °C 5% CO,, medium was replaced with fresh, complete DMEM containing
doxycycline and DMS0 (0.088%) or 10 pM compound 3. After 24 h of incubation,
wells were washed twice with PBS, fixed with 4% formaldehyde PBS for 20 min at
room temperature, and then washed twice again with PBS. Later, cell nuclei were
stained with 500 L per well of 1 pug/mL Hoechst diluted in PBS for 15 min at
room temperature. Wells were washed twice with PBS, and then cell membranes
were stained using 1 mL 5 ug/mL Concanavalin A (Con A- Alexa 647) diluted in
PBS at room temperature for 10 min. Wells were then washed three times with
PBS to eliminate excess dye.

Using the AX-Nikon Laser Scan Confocal system, we captured z-stacks com-
prising seven planes of five to seven different fields of view in each condition.
To image fluorescent proteins, 488 nm and 647 nm solid state lasers were used
together with GFP 500/550 nm and deep red 663/738 nm emission filters.

Image analysis was performed with ImageJ/Fiji using the plugin colocalization
threshold. Briefly, we selected five different regions of interest (ROls) correspond-
ing to single cells in the different fields of view. Each ROl was processed individu-
ally.To calculate RAS membrane localization, we obtained the correlation between
KRAS4b G12D or NRAS G12D and the plasma membrane marker Concanavalin
A.The corresponding values for Pearson correlation coefficients were plotted and
analyzed in GraphPad Prism software.

Cell Fractionation. MEF cells were seeded into sixteen 10 cm dishes for each
cell line at(5e5 cells/dish) and allowed to grow overnight. Cells were treated with
either 0.1% DMSO or 20 uM compound 3, with 8 dishes treated per condition
for each cell line. Cells were drug- or DMSO-treated again, 24 h after the initial
treatment. After another 24 h of incubation, whole cell lysate (WCL) samples
were collected from 2 dishes for each treatment. Cells were washed with PBS
and lysed using RBD buffer. Cell lysates were spun at 20,000x g for 15 min, the
resulting supernatants transferred to new microcentrifuge tubes, and samples
were frozen at —80 °C.

Cell fractionation samples were collected from 7 dishes for each treatment
according to the published protocol (35). Cells were washed twice with hypotonic
homogenization buffer (10 mM HEPES at pH 7.4, 10 mM KCl, and 1.5 mM MgCl,),
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then harvested in hypotonic homogenization buffer by scraping and collecting
into tubes. Cell mixture was freeze/thawed three times. Samples were centrifuged
at 500xg for 10 min to remove unbroken cells and nuclei, and supernatant
moved to a new tube. This step was repeated three more times until no visible
pellet was produced. The post nuclear supernatant was moved to an ultracentri-
fuge tube and spun at 300,000 g for 1 hat 4 °C. Supernatant was collected as the
cytosolic fraction. Pellet was washed with 3 mL of cold D-PBS without disturbing
it. PBS was removed by vacuum, and this step was repeated one more time.
The pellet was fully resuspended in an appropriate volume of RBD buffer as the
membrane fraction. Protein quantification was performed by BCA assay. Thirty
two pg of protein from each fraction was loaded to the gel.

Proteomics, Liquid Chromatography, and Ms. Cell Lysis was performed as
follows; Frozen cell pellets (each containing approximately 2E+08 cells) were
thawed on ice, followed by resuspension in ice-cold lysis buffer [50 mM Tris,
pH 7.5, containing 150 mM NaCl, 0.5% NP-40 (IGEPAL CA-630, Sigma Aldrich),
0.5% BioXtra NP-40 substitute (Sigma Aldrich), and 1X final concentration of
HALT Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific)] atan
approximate ratio of 1 mLper 3E+07 cells. Lysates were incubated for 30 min on
ice, with gentle resuspension every 10 min, sonicated for 30 s (amplitude 50%, 2's
on, 5 s off, all onice) using a Sonic Dismembrator (Fisher Scientific), and clarified
by centrifugation for 30 min at 3,200xg and 4 °C.

Immunoprecipitation, top-down and middle-down MS and liquid chroma-
tography of untreated- and compound-treated KRAS4b (1-188) samples were
carried out using procedures detailed in S/ Appendix.

Computational MD Simulation and SAXS Data Collection. Methods used
are detailed in S/ Appendix.

Heteronuclear NMR. "*C/"N- or "*N-labeled samples of GDP loaded KRAS4b
(1-188)and KRAS4b (1-169) of 0.85 to 1.0 mM were used. Samples were prepared
eitherin buffer A(20 mM HEPES pH 7.3, 150 mM NaCl, and 2 mM MgCl,) or buffer
B (20 mM MES pH 6.5, 150 mM NaCl, and 2 mM MgCl,) for all NMR data collection.
Samples contained 10% D,0, 0.25 mM DSS as internal standard, and 0.05% (w/v)
NaN,. NMR experiments were performed at 298 K on Bruker Avance spectrometers
of field strengths of 700 MHz, 800 MHz, or 900 MHz all equipped with 5-mmTCI
cryoprobe. Data were collected in the gradient-selected sensitivity-enhanced mode
(36, 37) (see SI Appendix for details). All NMR data were processed in NMRPipe/
NMRDraw (38), and visualized and analyzed in CCPNMR analysis v2.4 (39). Effect
of compound 4 binding on KRAS4b structural conformation was determined by
using the structural NMR data of unmodified KRAS4b (treated with DMSO-d)
and modified KRAS4b-compound 4 [compound is tethered to C185 of KRAS4b
(1-188)). *C-edited NOESY-HSQC and "*N-edited NOESY-HSQC experiments were
carried out for both the unmodified and compound-modified KRAs4b. Solution
structures were determined in the programs Ponderosa-C/S (40), and Cyana-3.98
(41). SI Appendix provides additional details on data analysis for CSP, solution
structure determination, and NMR-guided structures of protein-ligand complex
between KRAS4b(1-188)-GDP and compound 4.

Data, Materials, and Software Availability. The NMR chemical shift assign-
ments and structure coordinates for the full-length KRAS4b GDP (unmodified
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protein) have been deposited in the BioMagResBank, https://bmrb.io/ [accession
IDs 50623 (42) and 30825 (43)] and in the Protein Data Bank, https://www.rcsh.
org/ (PDB ID 7KYZ) (44), respectively. All other data are included in the article
and/or supporting information.
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