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�
 ABSTRACT 

RAS genes encode small GTPases essential for mammalian cell 
proliferation, differentiation, and survival. RAS gene mutations 
are associated with 20% to 30% of all human cancers. Based on 
earlier reports of extremely high Ras binding affinities for GTP, 
Ras proteins were previously considered undruggable. Using 
three independent techniques, we report binding affinities of 
K-Ras and several K-Ras mutants for GTP in the 250 to 
400 nmol/L range, orders of magnitude lower than previously 
reported (∼10 pmol/L). This discovery suggests that K-Ras and 

other small-GTPase proteins may indeed be druggable targets. 
We identified more than 400 small molecules that compete non- 
covalently with GTP binding to K-Ras. Focusing on two inhibi-
tors, we demonstrate the inhibition of K-Ras in downstream 
signaling and cellular proliferation in human pancreatic and 
non–small cell lung cancer cells expressing wild-type or mutant 
K-Ras. These two compounds represent novel pan-Ras super-
family inhibitors as they also inhibited GTP binding to other 
members such as RAB5A and RAB35. 

Introduction 
Ras proteins, encoded by three ubiquitously expressed genes 

(HRAS, KRAS, and NRAS; ref. 1), couple cell surface receptors to 
intracellular effector pathways, regulating cellular growth and dif-
ferentiation (2, 3). 

Ras cycles between “on” and “off” states via GTP/GDP binding, a 
process regulated by guanine nucleotide exchange factors which 
promote Ras activation via GDP release and GTP binding and 
GTPase-activating proteins which accelerate Ras-mediated GTP hy-
drolysis (2, 4–6). More than 150 human proteins belong to the Ras 
GTPase superfamily of small GTPases including Ras, Rac-1, Rho-A, 
and cdc42 that share significant homology in their GTP-binding site 
(7, 8). Approximately 20% to 30% of all human cancers are associated 
with mutations in Ras proteins (9–11), with K-Ras being the most 
frequently mutated isoform, particularly in pancreatic, colorectal, and 
lung tumors (9, 10, 12). The most frequent K-Ras mutations involve 
substitutions of Gly12, Gly13, and Gln61 (10, 13). N-Ras is mutated in 

about 20% of all patients with melanoma (14), and H-Ras mutations 
are comparatively rare (9). A serious unmet medical need persists for 
patients with diseases, such as cancer, fibrosis, and inflammatory 
conditions, associated with mutated RAS genes. Two small molecules 
(sotorasib and adagrasib) that covalently bind the free thiol group of 
the K-RasG12C mutant in the GTP/GDP-bound state and stabilize the 
protein in an inactive conformation have recently been approved for 
therapeutic applications by the FDA. Other similar covalent binders 
are currently in clinical development (15, 16). 

However, small molecules targeting the GTP-binding site of wild- 
type (WT) or mutant versions of other Ras proteins, or non- 
covalent binders to the GTP-binding site of the K-RasG12C mutant, 
have not been published or proposed for clinical development. 

This is likely due to the widely accepted presumption, based on 
studies from the 1980s and 1990s, which states that small-molecule 
drugs cannot compete with guanine nucleotides binding to Ras 
proteins (17, 18). These publications reported a calculated GTP 
dissociation constant (Kd) with H-Ras (referred to as p21 in the 
original articles) in the range of 0.6 to 55.6 pmol/L, leading to 
characterization of Ras GTP-binding sites as undruggable. 

For the present study, we produced nucleotide-free K-Ras and 
several K-Ras mutants and measured their Kds of binding to GTP. 
These measurements were made using three well-validated tech-
niques: microscale thermophoresis (MST; ref. 19), scintillation 
proximity assay (SPA; refs. 20, 21), and a filtration binding assay. 
The Kds measured for GTP and K-Ras binding were in the range of 
250 to 400 nmol/L—five orders of magnitude larger than previously 
reported for H-Ras three decades ago (18, 22, 23), thus suggesting 
that the GTP-binding site of K-Ras may be susceptible to the de-
velopment of non-covalently bound therapeutics. 

To test the possibility of developing small-molecule competitors for 
GTP binding to K-Ras, we developed a novel cell-free competitive 
binding assay and screened a focused library of 21,500 small mole-
cules. We identified more than 400 small-molecule competitors, 
representing several different core structures, which compete with 
GTP binding to K-Ras. We tested the ability of each of these 
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molecules to block K-Ras signaling and inhibit cell proliferation in 
several tumor-derived human cell lines. Based on these data, we se-
lected a subset for further Structure-Activity Relationship refinement. 
We report here on the inhibitory activity of two of these compounds 
in both cell-free and cell-based assays against WT and several K-Ras 
mutants including G12C, G12D, G12S, and N-RasQ61K. 

Materials and Methods 
Cell lines 

NCI-H1975 (RRID: CVCL_UE30) female, A549 (RRID: 
CVCL_0023) male, NCI-H1299 (RRID: CVCL_0060) male, PANC- 
1 (RRID: CVCL_0480) male, MIA-PaCa-2 (RRID: CVCL_HA89) 
male, BxPC3 (RRID: CVCL_0186) female, NIH-3T3 (RRID: 
CVCL_0594) male, HEK293T (RRID: CVCL_0063) female, and 
human dermal fibroblasts (PCS-201-012) male were purchased from 
ATCC and grown in ATCC-recommended complete medium 
supplemented with penicillin (100 U/mL) and streptomycin (100 
μg/mL) at 37°C in a humidified incubator with 5% CO2. Cell pas-
sages five to 15 were used for all experiments. Mycoplasma testing 
and cell line authentication were not performed. 

Antibodies 
Antibodies used were rabbit mAb anti–human phospho-EGF 

receptor (Tyr1068; RRID: AB_2096270), rabbit mAb anti–human 
EGFR (RRID: AB_2246311), rabbit mAb anti–human phospho- 
AKT (Ser473; RRID: AB_2315049), rabbit mAb anti–human pan- 
AKT (RRID: AB_2225340), rabbit mAb anti–human phospho-p44/ 
42 ERK (Thr202/Tyr204; RRID: AB_331772), rabbit Ab anti– 
human p44/42 ERK (RRID: AB_330744), rabbit Ab anti–human 
phospho-MEK1/2 (Ser217/221; RRID: AB_331648), rabbit mAb 
anti–human MEK1/2 (RRID:AB_331778), and mouse mAb anti– 
human RAS (Cell Signaling Technology). 

Compounds 
SHY-855 (100% purity) and SHY-867 (97% purity) were syn-

thesized at Enamine LLC. Experimental details for the synthesis of 
the compounds can be found in patent WO2020132071 (24). SHY- 
855 is Example 40 and SHY-867 Example 21. 

Recombinant proteins 
K-Ras (residues 2–185), Rac-1 (residues 1–177), Rho-A (residues 

2–181), RAB5A (residues 1–215), and RAB35 (residues 1–201) were 
subcloned into the MCSG7 bacterial expression vector encoding an 
N-terminal deca-histidine fusion tag with a TEV protease cleavage 
site. All proteins were expressed in Escherichia coli BL21(DE3) Gold 
cells and purified by nickel affinity and size-exclusion chromatog-
raphy on an AKTAxpress system (GE Life Sciences), consisting of a 
1-mL nickel affinity column, followed by a Superdex 200 16/60 gel 
filtration column. The final protein buffer consisted of 50 mmol/L 
Tris-HCl pH 7.5, 150 mmol/L NaCl, 1 mmol/L MgCl2, and 
1 mmol/L dithiothreitol (buffer I). 

Kinetic studies 
MST experiments were performed according to the NanoTemper 

Technologies protocol in a Monolith NT.115 (red) instrument 
(NanoTemper Technologies). Binding was measured with 
40 nmol/L EDA-GTP-Cy5 or -Cy3 (Jena Bioscience GmbH) and 
His-tagged labeled proteins (0.68 nmol/L–11 μmol/L) in buffer 
I. Data analyses and Kd calculation were performed using MO.Af-
finity Analysis software (NanoTemper Technologies). 

SPAs were performed using 25 ng purified recombinant protein 
immobilized on 1.25 mg copper-coated His-tag SPA beads per mL 
of assay buffer (20 mmol/L Tris-Cl, pH 7.45, 150 mmol/L NaCl, 
3 mmol/L MgCl2, and 1 mmol/L Tris (2-carboxy-ethyl)-phosphine- 
HCl ) in 100 μL assays. In pilot experiments, 25 ng was determined 
to prevent radioligand depletion and yield a level of protein occu-
pation far below the binding capacity of the beads. YSi (yttrium 
silicate) copper-coated His-tag beads (PerkinElmer) were used in 
combination with a [32P]GTP (American Radiolabeled Chemicals, 
Inc.; 3,000 Ci/mmol). All binding assays were performed in 96-well 
white wall clear-bottom plates and assayed in the Wallac photo-
multiplier tube MicroBeta counter. Saturation binding experiments 
were performed with increasing concentrations of radiolabeled GTP 
(2.5 nmol/L–10 μmol/L), and nonspecific binding (the non- 
proximity signal) was assayed with 800 mmol/L imidazole. The 
stoichiometry of radiolabeled GTP binding to GTPases was deter-
mined by using known amounts of protein (1.2 pmol) and calcu-
lating the specific binding (total signal – non-proximity signal) at 
each tested GTP concentration. Counts per minute were trans-
formed into pmol using known concentrations of radiolabeled GTP 
to determine the efficiency of detection. Non-linear regression fit-
ting in GraphPad Prism 7 was used to calculate the Kd and maxi-
mum binding (Bmax) by plotting the bound pmol of GTP as a 
function of free GTP. Knowing the 1:1 stoichiometry of GTP and 
Ras binding, and using a known amount of protein, Kd represented 
the concentration of α-[32P]GTP at 50% of Bmax. 

Data were generated from three independent experiments per-
formed with technical triplicates. 

Filtration binding assay: binding was performed with varying 
amounts of protein for 5 minutes at 23°C in 100 μL assays using a 
final concentration of 2.88 nmol/L α-[32P]GTP (2,594 Ci/mmol; 
PerkinElmer). Samples were filtered through 0.45-μm nitrocellulose 
filters, type BA85 (Whatman) or comparable nitrocellulose filters 
from Millipore (MF-Millipore; 0.45-μm MCE membrane), and fil-
ters were washed with ice-cold assay buffer without GTP. Dried 
filters were counted in the Hidex 300 SL scintillation counter to 
determine the disintegrations per minute. 

Cell-free assay for GTP-binding proteins 
Purified His-tagged proteins were diluted to 3 to 10 μg/mL in 1X 

TBS containing 1 mmol/L MgCl2 and 1 mmol/L dithiothreitol 
(buffer I). To a nickel-coated 96-well plate, 200 μL of the protein 
suspension was added and incubated for 1 hour at 23°C . Molecules 
were added to the protein-coated wells at final concentration of 
20 μmol/L. For IC50 measurements, serial dilutions were prepared 
and added to the protein-coated wells. Following 3 hours of incu-
bation at 23°C, Cy3-GTP or Cy5-GTP was added to each well in a 
final concentration of 100 nmol/L. The labeled GTP was incubated 
for 45 minutes at 23°C. Wells were washed 3� in buffer I, and 
200 μL of buffer I was added to each well and bound labeled GTP 
was measured with a Molecular Devices SpectraMax M3 plate 
reader. 

Cell-based phosphorylation assays 
Cells were plated at 350,000 cells/well density in a 12-well plate, 

allowed to adhere for 3 hours, and then starved in the appropriate 
medium in the presence of 0.5% FBS overnight. Serial dilutions of 
molecules were added to cells in the presence of 0.3% DMSO for 
6 hours at 37°C. Next, cells were stimulated with 1.5 ng/mL EGF 
for 15 minutes and then lysed with buffer containing 1% Triton 
X-100, EDTA, and Halt Protease and Phosphatase Inhibitor 
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Cocktail (Thermo Fisher Scientific). Protein concentration was 
assessed by bicinchoninic acid protein assay (Thermo Fisher 
Scientific). 

Western blotting 
Equal volumes of eluate (25 μL) were separated by 10% SDS- 

PAGE and transferred to nitrocellulose membranes (Invitrogen by 
Thermo Fisher Scientific). The membrane was stained with Ponceau 
S Stain (Boston BioProducts) to verify uniform protein loading. 
Membranes were blocked with 5% BSA in Tris Buffered Saline- 
Tween-20 and then incubated overnight at 4°C with primary anti-
body, followed by horseradish peroxidase–conjugated secondary 
antibody (Jackson ImmunoResearch). Membranes were incubated 
in Amersham ECL Prime Western Blotting Detection Reagent (GE 
Healthcare) and visualized using the ChemiDoc MP imaging system 
(Bio-Rad). Image Lab 6.1 (Bio-Rad) was used for Western blot 
densitometry measurements. p-ERK1/2, p-AKT, and p-MEK1/ 
2 bands were normalized to the corresponding total protein levels. 
Percent inhibition was calculated using the equation 100�[(phos-
phorylated sample/phosphorylated EGF + control)/(total sample/ 
total EGF + control) � 100]. 

cAMP assay 
Cells were seeded at a density of 8,000 cells per well in a 96-well 

white plate with a clear bottom and allowed to grow overnight. The 
following day, cells were treated with either 1.0 μmol/L SHY-855, 
1.0 μmol/L SHY-867, or DMSO for 1 hour. The cAMP assay was 
performed using the cAMP-Glo Assay Kit (Promega) according to 
the manufacturer’s protocol. Luminescence was measured using a 
SpectraMax M3 plate reader. 

GTP pull down assay 
Cells were plated at 2 � 106 cells/well density in a six-well plate, 

allowed to adhere for 3 hours, and then starved in the appro-
priate medium containing 0.5% FBS overnight. Serial dilutions of 
the small molecules to be tested were added to the cells in the 
presence of 0.3% DMSO for 6 hours of incubation at 37°C. Next, 
cells were stimulated with 1.5 ng/mL EGF for 15 minutes, rinsed 
with ice-cold PBS, and lysed with 200 μL of lysis/binding/wash 
buffer from the Active Ras Detection kit (Cell Signaling Tech-
nology, #8821) supplemented with phenylmethylsulfonyl fluo-
ride (Sigma). An aliquot of the lysate was reserved for protein 
quantification and the rest of the lysate was snap frozen. Protein 
concentration was determined by bicinchoninic acid protein 
assay (Thermo Fisher Scientific). Following the manufacturer’s 
instructions, 500 μg of the lysate was incubated with 32 μg of 
GST-RAF1-RBD to pull down RAS-GTP. Lastly, samples were 
eluted from GST beads, fractionated on 4% to 20% SDS-PAGE, 
and analyzed by Western blotting using a pan RAS antibody 
contained in the kit. 

Proliferation assay 
Cells were plated at 4,000 cells/well in a 96-well plate. The next 

day, serial dilutions of the molecules were added in the presence of 
0.3% DMSO and 10% FBS. Cells were then incubated for 3 days at 
37°C in a humidified incubator with 5% CO2. Cell viability was 
determined using the CellTiter 96 AQueous One Solution Cell 
Proliferation Assay according to manufacturer’s specifications 
(Promega). 

Statistical analysis 
All IC50 calculations were performed by nonlinear regression 

using the GraphPad Prism software. 

Results 
GTP affinity to WT K-Ras and three K-Ras mutants 

We first used MST to measure the Kd of GTP binding to WT 
K-Ras, three K-Ras mutants (G12D, G12C, and Q61H) that are the 
predominant forms of mutated K-Ras found in human tumors, and 
two other Ras family members, Rac-1 and Rho-A (Table 1; Sup-
plementary Fig. S1). The measured Kd for WT K-Ras by MST was 
460 nmol/L. The measured Kd values for the three tested K-Ras 
mutants were in a range of 157 to 244 nmol/L. For reference, as 
indicated in Table 1 and Supplementary Fig. S1, the measured Kd 
for GTP binding by Rac-1 was 166 nmol/L by MST and 130 nmol/L 
for Rho-A. Our data are comparable with the data reported by 
Zhang and colleagues (25) using a filtration assay in which Rac-1 
and Rho-A exhibited Kds for GTP binding of 240 and 160 nmol/L, 
respectively. 

We also performed SPA-based binding assays with radiolabeled 
GTP and filtration binding assays similar to those used in the 
original publications (17, 18, 21) to measure the binding constants 
Kd, kon, and Bmax. SPA is an established method that directly 
measures high-affinity ligand–protein interactions utilizing radio-
labeled ligands and immobilized protein targets (20, 26). It is well 
suited to generating Kd and kon measurements and has been used 
extensively in drug discovery and high-throughput screening of 
chemical libraries (27, 28). We prepared the proteins for the SPA 
and filtration binding studies with the same methods used for the 
MST studies. Table 1 presents the affinities we measured by SPA for 
K-Ras WT, the three K-Ras mutants tested by MST, and Rac-1 and 
Rho-A. 

The measured Kd for WT K-Ras by SPA was 246 nmol/L, roughly 
half the value measured by MST. The measured Kd values for the 
three tested K-Ras mutants were in a range of 118 to 280 nmol/L. 
The measured Kd for GTP binding by Rac-1 was 151 nmol/L and of 
Rho-A 129 nmol/L, both within an SD of the measurements made 
by MST. These values are comparable with those measured by us by 
MST and also as reported by Zhang and colleagues(25). The mea-
sured Bmax values in Table 1 obtained by SPA and filtration assay 
indicate a molar binding stoichiometry of GTP to target protein of 
unity, confirming that all tested recombinant proteins were purified 
in nucleic acid–free form. 

Supplementary Table S1 presents the kon measurements by SPA 
for WT K-Ras (3.22 � 108 M�1 s�1) and the three K-Ras mutants 
(1.88 – 6.35 � 108 M�1 s�1), as well as for Rac-1 and Rho-A. The 
Ras family member kon measurements, including of the mutants, are 
all within a factor of 10 of one another. 

Finally, using α-[32P]GTP in a saturation filtration binding ex-
periment (Table 1; Supplementary Fig. S2), we determined Kd for 
the binding of GTP to K-Ras and the G12D K-Ras mutant and, in a 
standard time course study, the kon for those proteins as well. As 
presented in Table 1 and Supplementary Table S1, the Kd value 
measured for K-Ras in the filtration binding assay was 228 nmol/L 
and for the G12D K-Ras mutant, 345 nmol/L. The kon value mea-
sured for K-Ras was 2.13 � 108 M�1 s�1 and for the G12D K-Ras 
mutant was 2.49 � 108 M�1 s�1. These values are all within a factor 
of two of those measured by MST and SPA. 

The current studies were based on purified nucleotide-free K-Ras 
proteins generated in a manner different than used in the 
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publications from the 1980s and 1990s (29). There the expressed 
H-Ras protein was incubated for 40 minutes during the exchange 
protocol. In addition, the resulting proteins were thermally unstable 
and thus experiments were conducted predominantly at 0, 5, and 
10°C. We generated nucleotide-free protein based on routine affinity 
chromatography (see “Materials and Methods”). Current experi-
ments were conducted at 23°C and the proteins were confirmed to 
be stable for the time frame in which experiments were conducted. 
After 72 hours of incubation at 4°C, only a limited reduction in 
K-Ras protein activity was detected (Supplementary Fig. S3). The 
Q61H mutant lost 5% activity, the WT and G12D mutants lost 25% 
activity, and the G12C mutant lost 40% activity. 

The previous publications by Feuerstein and colleagues (17), 
Jones and colleagues (18), and Goebel and colleagues (23) reported 
Kd values based on measurements of kon and koff. The measured kon 
values in these three publications were 2.90 � 106 M�1s�1, in the 
range of 1.7 – 2.8 � 105 M�1s�1 to 4.22 � 106 M�1s�1, respectively. 
The measured koff values in the three publications were 8.0 � 10�5-
s�1, in the range of 10–156 � 10�8 s�1 to 1.1 � 10�5 s�1, respec-
tively, implying mean lives of 102 to 105 minutes. Accordingly, the 

calculated Kd for the binding of GTP by H-Ras was 16.7 pmol/L as 
reported by Feuerstein and colleagues and in the range of 0.6 to 
55.6 pmol/L as reported by Jones and colleagues. The calculated Kd 
for the binding of GDP by K-Ras was reported by Goebel and 
colleagues to be 2.5 pmol/L. 

To put these previously reported figures in perspective relative 
to the values reported here, the previously measured kon values 
(17, 18, 23) range over a factor of 10 and are 102 to 103 greater 
than our SPA- and filtration-based binding measurements. The 
previously measured koff values range over a factor of 103 and 
differ by a factor of 10�5 to 10�9, respectively, relative to the koff 
values reported here that were calculated algebraically from our 
Kd and kon measurements. The resulting calculated Kd values in 
these two publications are therefore factors of 104 to 106 lower 
than the values we measured by MST, SPA, and filtration binding 
assays. 

Development of a novel GTP competition assay 
The affinity data presented in Table 1 led us to conclude that the 

GTP-binding site in members of the Ras superfamily could 

Table 1. Kd and Bmax values of GTP and GDP binding to several members of the Ras superfamily of small GTPases obtained by 
filtration assay, MST, and SPA (nmol/L). 

Protein 

MST MST SPA Filtration assay 

GTP Kd GDP Kd GTP Kd Bmax (mol:mol) GTP Kd Bmax (mol:mol) 

K-Ras (WT) 463 ± 23 394 ± 54 246 ± 19 1.00 ± 0.01 228 ± 26 0.93 ± 0.03 
K-Ras (G12D) 244 ± 12 280 ± 19 0.97 ± 0.01 345 ± 25 0.95 ± 0.02 
K-Ras (G12C) 207 ± 46 360 ± 34 359 ± 35 0.94 ± 0.02 
K-Ras (Q61H) 157 ± 21 118 ± 11 0.96 ± 0.02 
Rac-1 166 ± 10 151 ± 14 1.03 ± 0.02 
Rho-A 130 ± 5 129 ± 12 1.02 ± 0.02 
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Figure 1. 
Two selected molecules compete for the GTP-binding site of K-Ras proteins and other members of the Ras superfamily of small GTPases. A, Chemical structures 
of compounds SHY-855 and SHY-867. IC50 curves of the tested compound SHY-855 (B) and SHY-867 (C) blocking binding of 100 nmol/L fluorescent-labeled 
GTP to different K-Ras proteins and other members of the Ras superfamily of small GTPases. 
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potentially serve as a target for small molecule drug development. 
We hypothesized that blocking GTP binding to Ras with a small 
molecule could render Ras in an inactive conformation, similar to 
the GDP-bound conformation, blocking signaling along down-
stream pathways and thereby exerting a therapeutic benefit. 

To identify small molecules that bind to the GTP-binding site of WT 
and mutant Ras proteins, we developed a 96-well cell-free competitive 
binding assay with which we screened a focused library of approxi-
mately 21,500 small molecules. The assay measured the ability of small 
molecules to compete with the binding of fluorescently (Cy3 or Cy5) 
labeled GTP to immobilized recombinant Ras (“Materials and 
Methods”). Each plate contained control wells with or without unla-
beled GTP and the calculated Z-value of each plate was > 0.45. 

Utilizing this competitive binding assay, from the starting focused 
library, we identified more than 400 compounds that compete with 
GTP for binding to K-Ras WT and the K-RasG12D, K-RasG12C, and 
K-RasQ61H mutants. Structure analysis of these hits revealed eight 
different core structures. 

We subsequently developed compounds around the eight core 
structures that robustly inhibit GTP binding to the K-Ras variants. 
Figure 1 summarizes the IC50 as measured by the competitive 

binding assay of two representative compounds (referred to as SHY- 
855 and SHY-867) that compete with GTP binding to K-Ras WT, 
the G12D, G12C, and Q61H mutants, as well as Rac-1, Rho-A, 
Rab5, and Rab35. All proteins were expressed with His-tag in an 
established E. coli expression system (Supplementary Fig. S4). 
Consistent with the inference drawn from our binding studies, the 
IC50 values of these molecules demonstrate that small molecules can 
bind non-covalently to the GTP-binding site of Ras and competi-
tively prevent GTP binding to that site. Interestingly, the IC50s of 
the two tested RAB proteins were the lowest, indicating that spec-
ificity to proteins within the Ras superfamily can be achieved and 
that Ras proteins are not the only targets of these compounds. It 
should be noted that the measured IC50 values in the sub µM range 
are a function of the optimized 100 nmol/L concentration of the 
fluorescent-labeled GTP in the assay and are not a measure of af-
finities. We also tested sotorasib, adagrasib, and RMC-6236 in the 
GTP competition assay (Supplementary Table S2). These inhibitors 
were tested against WT, G12C, and G12D K-Ras. As predicted, 
sotorasib and adagrasib were very active on the K-RasG12C mutant, 
whereas adagrasib had some activity on WT K-Ras. RMC-6236 had 
no inhibitory effect. 
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Figure 2. 
Compound SHY-855 inhibits K-Ras downstream signaling. Cells were incubated with compound SHY-855 for 6 hours with the indicated concentrations, 
stimulated with EGF for 15 minutes, and cell lysates were analyzed using the indicated phospho-specific antibodies. A, PANC-1 cell line, (B) MIA PaCa-2 cell line, 
(C) NCI-H1975 cell line represent Western blot analysis. All experiments were performed in triplicates. D, Graphical presentation of densitometry measurements 
representing % inhibition of the triplicates in PANC-1 cells, (E) same in MIA Paca-2 cells, and (F) in NCI-H1975 cells. 
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Overall, the two compounds, SHY-855 and SHY-867, dem-
onstrate similar IC50 values, in the range of 0.3 to 5.0 μmol/L, 
against the tested proteins (Fig. 1), suggesting they may be pan- 
Ras superfamily inhibitors. This may be explained by the high 
sequence homology of the GTP-binding sites among these 
proteins. In order to verify whether the two compounds may 
also modulate the activity of G-alpha subunits of G Protein- 
Coupled Receptors, we tested their effects on cellular levels of 
cAMP (Supplementary Fig. S5). As demonstrated in Supple-
mentary Fig S5, the compounds did not affect cellular levels of 
cAMP. We thus concluded that they are most likely specific 
inhibitors of the Ras superfamily of small GTPases and do not 
interact or modulate the G-alpha subunit of G Protein-Coupled 
Receptors. 

Inhibition of Ras downstream pathways 
We tested the inhibitory effects of SHY-855 and SHY-867 on Ras- 

associated signal transduction pathways in three human cell lines: 
the pancreatic cell lines PANC-1 (K-RasG12D mutant) and MIA 
PaCa-2 (K-RasG12C mutant) and the non–small cell lung cancer cell 
line NCI-H1975 (K-Ras WT). Figs. 2 and 3 illustrate the inhibitory 

effects of SHY-855 and SHY-867 on phosphorylation of MEK, Erk1/ 
2, and Akt in those three cell lines. As shown in Fig. 2 (and Sup-
plementary Fig. S6), SHY-855 inhibited phosphorylation and acti-
vation of MEK, Erk1/2, and Akt in PANC-1, MIA PaCa-2, and NCI- 
H1975 cell lines in a dose-dependent manner with similar IC50 
values (about 1–3 μmol/L). These effects would be expected from a 
Ras inhibitor that is an upstream blocker of the two pathways and 
support the notion that compound SHY-855 induces an inactive 
conformation of Ras through a consistent binding mode, regardless 
of mutation. In contrast, the IC50s of SHY-867 on the phosphory-
lation of MEK and Erk1/2 were approximately 1 μmol/L in PANC-1 
and MIA PaCa-2 and 5 μmol/L in NCI-H1975 and were approxi-
mately 7 μmol/L in PANC-1 and MIA PaCa-2 and 10 μmol/L in 
NCI-H1975 for Akt (Fig. 3; Supplementary Fig. S7). These data 
suggest a differential downstream signaling effect requiring further 
study. 

Inhibition of the Ras–GTP complex 
As a follow up to our downstream assays, we also measured 

the ability of SHY-855 and SHY-867 to inhibit Ras–GTP complex 
formation in the three cell lines (PANC-1, MIA PaCa-2, and 
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Figure 3. 
Compound SHY-867 inhibits K-Ras downstream signaling. Cells were incubated with compound SHY-867 for 6 hours with the indicated concentrations, 
stimulated with EGF for 15 minutes, and cell lysates were analyzed using the indicated phospho-specific antibodies. A, PANC-1 cell line, (B) MIA PaCa-2 cell line, 
(C) NCI-H1975 cell line represent Western blot analysis. All experiments were performed in triplicates. D, Graphical presentation of densitometry measurements 
representing % inhibition of the triplicates in PANC-1 cells, (E) same in MIA Paca-2 cells, and (F) in NCI-H1975 cells. 
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NCI-H1975) using a Ras pull-down assay (“Materials and 
Methods”). As shown in Fig. 4, both compounds prevent Ras–GTP 
complex formation with IC50 values in the range of 1 to 3 μmol/L. 
These values correlate well with the IC50 values obtained for the 
inhibition of MEK, Erk1/2, and Akt phosphorylation presented in 
Figs. 2 and 3. This inhibition of Ras–GTP complex formation 
strongly suggests that both compounds bind directly to the GTP- 
binding site of Ras and induce a Ras inactive conformation, similar 
to the GDP-bound state. 

Anti-proliferative effects induced by the two selected 
compounds 

We further measured the inhibition of SHY-855 and SHY- 
867 on cellular proliferation in several cell lines: the three cell 
lines mentioned above in the signaling studies (PANC-1, MIA 
PaCa-2, and NCI-H1975), the pancreatic cell line BxPC3 (K-Ras 
WT), the non–small cell lung cancer lines A549 (K-RasG12S 

mutant) and NCI-H1299 (N-RasQ61K mutant), and three cell 
lines expressing K-Ras WT HEK293T, NIH-3T3, and human 
dermal fibroblast. Figure 5 summarizes the IC50 values mea-
sured in these studies. Molecules SHY-855 and SHY-867 both 
inhibit cellular proliferation in a dose-dependent manner with 
similar IC50 values, ranging from approximately 0.3 to 
2.9 μmol/L in all tested cell lines. Consistent with the notion 
that these two compounds are pan-Ras superfamily inhibitors, it 
is reasonable to speculate that they can inhibit pathways 
downstream of several members of the Ras superfamily. Inter-
estingly, in contrast to the different IC50 values obtained for 
inhibition of phosphorylation and activation of MEK, Erk1/2, 
and Akt, the IC50 values for inhibition of proliferation are more 
similar. When we tested the inhibitory effects of these two SHY 
compounds in combination with adagrasib in the proliferation 
assay in MIA PaCa-2 cells, no additive or synergistic effects 
were identified (Supplementary Fig. S8). These data support the 

notion that Ras downstream pathways are most important for 
proliferation, thus inhibiting it by two different compounds has 
no additive or synergistic effects. 

Discussion 
Given the substantial association of K-Ras mutations with 

human disease, reducing barriers to the development of thera-
peutics targeting the GTP-binding site of K-Ras and other 
members of the Ras GTPase superfamily is imperative. Motivated 
by several earlier publications of Kds in the nanomolar range for 
members of the Ras superfamily (30–34), we conducted kinetic 
measurements using three validated, scientifically advanced 
techniques to challenge the historically accepted picomolar 
measurements, which led to belief that the GTP-binding site of 
K-Ras is “undruggable.” Our results demonstrate that the de-
velopment of small-molecule competitors for GTP binding to 
K-Ras is feasible. 

The new affinity data presented here contradict the previous 
publications that proposed high-affinity Kds between H-Ras and 
GTP in the range of 0.6 to 55.0 pmol/L (17, 18, 23). Our data are 
based on and consistent across three well-validated methods: MST 
and SPA, which were not available in 1990, and filtration binding 
studies, similar to those conducted three decades ago. 

Our kinetic measurements were undertaken as a stepping stone 
to justify the work necessary to pursue the development of small- 
molecule competitors to GTP K-Ras binding. They were not 
designed to replicate the earlier measurements or to pinpoint 
sources of the differences between them and the new measurements 
reported here. Nevertheless, the question remains with regard to 
why the kinetic values reported previously differ so markedly from 
those we report from our filtration assays (as well as the MST and 
SPA values). 

A number of factors may have combined to contribute to the 
differences between the previous measurements and those reported 
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here. They include the proteins studied and how they were pre-
pared, the methods and materials used, the measurements made, 
and how the measurements were analyzed. Both previous publica-
tions studied H-Ras and the most recent K-Ras. The present study 
focused on K-Ras and several K-Ras mutants highly associated with 
different human tumors. The GTP-binding domains of H-Ras and 
K-Ras are quite similar but other segments of the proteins are 
distinct and their physiologic properties differ. 

The greatest divergence between the results reported here and 
those reported in the previous publications are in the measured or 
calculated koff values. Although koff rates must be a consideration in 
developing a small-molecule GTP-binding competitor, we chose to 
focus on Kon rates for GTP binding to K-Ras because, biologically, 
GTP dissociation from K-Ras is intertwined with rates of the 
γ-phosphate hydrolysis and GDP dissociation, which in cells is 
mediated by guanine nucleotide exchange factor activity such as Son 
of Sevenless. How quickly GTP and K-Ras dissociate in a cell-free 
assay is not as physiologically relevant. Thus, we focused on kon and 
Kd measurements in the SPA and filtration binding assays which 
yielded high calculated koff rates. Problems with the earlier study 
measurements of koff, to which the prior articles allude, may inev-
itably have led to the divergent Kd values. 

Importantly, as described above, we have validated the conclu-
sions that can be drawn from the 250 to 400 nmol/L Kd affinity data 
reported here—that is, that small-molecule inhibitors of GTP 
binding to WT K-Ras and several K-Ras mutants should be possible 
to discover—by identifying hundreds of them. 

Numerous small-molecule therapeutics have been approved that 
target the ATP-binding sites of kinases (35, 36). None are approved or 
are in clinical trials that target the GTP-binding site of small GTPases 
such as K-Ras. It is interesting to consider our GTPase findings in the 
light of past kinase studies and kinase-targeted drug development. It is 
noteworthy that kinases and, based on our reported data, GTPases from 
the Ras superfamily exhibit similar affinity to nucleic acid cellular 
concentration ratios. The affinity of most kinases to ATP is about 1 to 
100 μmol/L (37) and cellular ATP concentration is about 1 to 5 mmol/L 
(38); thus, the calculated ratio is in the range of 10�3 to 10�1. We report 
affinity data for Ras to GTP of 200 to 400 nmol/L and cellular GTP 
concentrations in the range of 0.2 to 0.6 mmol/L (38), which yield a 
calculated ratio of approximately 10�3 in the range of the kinases. 

Unlike kinase targets for which displacement of ATP by a small 
molecule is sufficient to block phosphorylation and activation events, 
to block Ras activation, antagonists targeting the GTP-binding site of 
Ras must both bind and induce or stabilize an inactive conformation, 
with similar effect to the GDP-bound inactive conformation of the 
GTPase. As blocking GTP binding in our cell-free assay cannot 
predict which conformation is induced by a compound, inhibitory 
activity also had to be assessed in cell- based assays. The demonstrated 
cell-based activity, including inhibition of MEK, Erk1/2, and Akt 
phosphorylation, Ras–GTP complex formation, and proliferation re-
ported here demonstrate that the tested small molecules can penetrate 
tumor cells and induce or stabilize an inactive Ras conformation. 

Analysis of the measured IC50 values of the two small molecules in 
the different assays indicates that they are most active in the 
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Figure 5. 
Effects of compounds SHY-855 (A) 
and SHY-867 (B) on cellular prolifera-
tion. The indicated cell lines were in-
cubated with compounds SHY-855 or 
SHY-867 for 72 hours with the indicated 
concentrations. Following 72 hours of 
incubation, cell viability was mea-
sured as described under “Materials 
and Methods”. HDF, human dermal 
fibroblast. 
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proliferation assays. In both cell-free competition assays and cell-based 
phosphorylation assays, the measured IC50 values are in the sub μmol/L 
range, whereas in the proliferation assays, they are in the high nmol/L 
range. These results may reflect the pan-Ras superfamily inhibitory 
effects of the molecules. In the proliferation assay, both compounds 
demonstrated the lowest inhibitory effects on NIH-3T3 cells which are 
the closest representative of normal cells. Similar results were also ob-
tained for SHY-855 in human dermal fibroblasts; however, SHY-867 
was very active in these cells (IC50 of 0.3 μmol/L). This suggests that 
SHY-855 is most likely less toxic and we have already incorporated this 
information in the design of our future compounds. 

Recently developed small-molecule inhibitors targeting the 
K-RasG12C (15, 39–42) mutant, sotorasib and adagrasib, have been 
approved by the FDA. These inhibitors are different from the 
molecules described here. They are specific only to the K-RasG12C 

mutant, form covalent bonds with the free thiol group of the mu-
tant, and are not competitive binders or blocker of the mutant 
protein in an inactive GDP-bound conformation. In practice, the 
vast majority of patients treated with these drugs have developed 
tumor resistance through many mechanisms, most of which are 
currently unknown (43). Considering the different mechanisms of 
action of the pan-K-Ras inhibitors described in this article, it is 
possible that they will not induce such acquired resistance and may 
overcome it in the clinic. Currently, there are additional K-Ras in-
hibitors in clinical development representing new therapeutic ap-
proaches, including emphasis on the “on” and “off” switch allele- 
specific and pan-RAS inhibition (44). However, none of them uti-
lizes direct targeting of the GTP-binding site like the SHY com-
pounds presented in this article. 

Although further work remains to be done, this article strongly 
suggests that opportunities should exist to develop small-molecule 
therapeutics that address clear unmet medical needs such as cancer, 
fibrosis, and inflammatory conditions by directly targeting the GTP- 
binding site of K-Ras and other members of the Ras superfamily of 
small GTPases (45, 46). 
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