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Supplementary Methods 

G12C cell engagement assay:  Cells (35 x103) adhered overnight were treated with compound at the 

indicated concentration and incubation time.  After treatment cells were washed twice with PBS buffer, 

and proteins extracted using a buffer containing 9 M urea, 10 mM DTT and 50 mM ammonium 

bicarbonate, pH 8.  The suspension was immediately heated to 65⁰C for 15 min to extract and denature 

the protein.  Proteins were alkylated using 50 mM iodoacetamide at 37 ⁰C for 30 min.  After gel filtration 

using Zeba™ spin desalting plates (Thermo#89807) pre-equilibrated in buffer containing 2M Urea and 50 

mM ammonium bicarbonate, sequencing-grade trypsin (Promega#V5113) was added to a concentration 

of 10 g/ml, and incubated for one hour at 37⁰C. Heavy isotopic AQUA standards were added to the 

samples at 25 fmol each of the KRAS-G12C target peptide, WT-RAS peptide, KRAS-NRAS normalization 

peptide, and Reticulon-4 off-target peptide.  HeavyPeptide™ AQUA QuantPro peptides were synthesized 

and provided by ThermoFisher Scientific.  The tryptic digest was then desalted using Strata-X polymeric 

reverse phase plates (Phenomenex #8E-S100-AGB).  The samples were dried using a Savant SPD100 

centrifugal evaporator (Thermo Scientific), and stored at -20°C until LC-MS/MS analysis.  Peptides were 

resuspended in 5% acetonitrile, 0.2% formic acid, and 20% of the sample was loaded onto a 15 cm C18 

reverse-phase analytical column with integrated heater and emitter (Thermo#ES800) at a flow rate of 

600 nl/min using a Dionex RSLCnano LC (Thermo Scientific).  Peptides were eluted over a 15 min 

gradient ranging from 6 to 30% acetonitrile, 0.1% formic acid.  A Q Exactive™ quadrupole orbitrap mass 

spectrometer (Thermo Scientific) was run alternating between full MS acquisition and time-scheduled 

targeted MS2 mode.  The sequences and inclusion list information for targeted precursor peptide ions in 

MS2 mode are listed in Supplementary data Table 6.  Full MS spectra were collected at a resolution of 

17,500, with an AGC target of 1 × 106 or maximum injection time of 50 ms and a scan range of 380–

1750 m/z.  The MS2 spectra were obtained at a resolution of 37,500, with an AGC target value of 3 × 

106 or a maximum ion injection time of 120 ms at a quadrupole isolation width of 0.7 m/z.  Normalized 
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collision energy was set to 27 au for all peptides.  The raw data were processed using Skyline version 3.1 

(University of Washington, Seattle, USA).  The peak area for each peptide precursor was the sum of the 

total integrated area for the three selected fragment ions (see supplementary data table 6) within set 

chromatographic peak boundaries.  The signal for each fragment ion was extracted based on the 

predicted m/z and a mass window around the ion, set to 2 times 60,000 resolution (FWHM) at 400 m/z. 

Peptide light / heavy (L/H) ratio was calculated from the peak areas for the endogenous peptide and 

heavy isotopic labelled peptide standard.  Percent engagement was determined according to the 

following formula: 

%Engagement = 100*(1-[(sampleKRAS-G12CL/H)*(DMSOKRAS-NRASL/H/sampleKRAS-NRASL/H)]/DMSOKRAS-G12CL/H) 

Modeling of cellular engagement dose-time course data:  Cellular engagement time courses at multiple 

concentrations of ARS-853 in H358 cells were fit to the model shown in Figure 3C using Kintek Explorer 

Pro software(1).  Modeling of the engagement time-dose response data was performed using a two-step 

model with four simplified reactions:  “RAS + GTP = RAS.GTP”; “RAS + GDP = RAS.GDP”; “RAS.GTP = 

RAS.GDP”; “RAS.GDP + ARS = RAX.GDP” (with “ARS” representing ARS-853 and “RAX” representing ARS-

853 modified KRAS).  The reaction of ARS-853 with KRAS was modeled as a single step reaction (i.e. no 

initial reversible binding step) because we have found that at all concentrations tested, the reaction of 

ARS-853 with KRAS-G12C behaves as a pseudo-first order reaction with no evidence of rate/binding 

saturation (i.e. reversible affinity >200 M).  The exchange process was likewise simplified to be 

represented by an aggregate off-rate to include both enzymatic and non-enzymatic exchange processes.  

The on-rate of GTP was fixed at 2X the on-rate for GDP, and the off-rates of both nucleotides were fixed 

to be equivalent based on previous studies of nucleotide binding to RAS(2).  In the first mix step of the 

model, GTP and GDP at a ratio of 10:1 (1 mM GTP, 0.1 mM GDP) and RAS were mixed and the process 

allowed to proceed for 10,000 seconds to reach an equilibrium ratio of GTP and GDP bound RAS.  After 

this equilibration period, ARS-853 was added at the indicated concentration (2nd mix step).  Models 
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providing acceptable fits to the data could be achieved across a significant range of exchange and ARS-

853 engagement rate constants, while the hydrolysis rate varied less than 20% across the models with 

acceptable fits to the data.  As the ratio of exchange and hydrolysis rates determines the equilibrium 

GTP bound fraction of RAS, the range of acceptable fits can be described as covering initial GTP-RAS 

fractions from 70-90%, with the ARS-853 rate constant ranging from 140 M-1s-1 to 443 M-1s-1 over this 

range.  The biochemically determined rate constant for ARS-853 (76 M-1s-1) supported the lower end of 

this range, and the baseline GTP-KRAS-G12C percentage determined by the RBD-MS assay showed inter-

experiment variability from ~72-88% (see below) consistent with essentially all acceptable fits.   The 

model parameters reported in the text and Figure 3B are based on the best fit to the entirety of the data 

available including the ARS-853 reaction rate.  Importantly, the exchange rate in the chosen model is the 

lowest value across the acceptable fits and thus the conclusion that the nucleotide on KRAS-G12C is 

rapidly cycling is supported across all of the acceptable fits.   

Fitting of the time course of KRAS-GTP decrease following erlotinib treatment was performed with the 

same model and method except that ARS-853 reaction was not included, and the initial RAS-GTP/RAS-

GDP levels were initially set to the value determined at the 0 min time point.   

Calculation of Cellular RAS-GTP fraction by the RBD-MS assay:  Mass spectrometric peptide light/heavy 

(L/H) ratios for KRAS G12C mutant peptide (‘LVVVGACGVGK’) and RAS wild type peptide 

(‘LVVVGAGGVGK’) was determined for RBD eluate samples and cell lysate samples, respectively, where 

the light peptide is the endogenous tryptic peptide.  For each peptide, the RAS-GTP fraction was 

calculated as the peptide L/H ratio for RBD eluate divided with the peptide L/H ratio for the cell lysate 

(as depicted in Figure 4A).  This value was multiplied by the percent GMPPNP loading efficiency of the 

heavy protein standard (KRAS-G12C or NRAS for KRAS-G12C and WT-RAS respectively), to obtain the 

reported KRAS G12C-GTP and RAS wild type-GTP fraction, respectively.   Consistent with the primary 

theme of these studies, that GTP loaded fraction of the mutant KRAS-G12C is regulated by signaling 
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inputs, we found that there was significant day to day variability in the mutant GTP-KRAS fractions 

determined by this method.  The assay provided very consistent relative quantitation of GTP-fraction 

changes in response to treatments (see Figure 5); however the cellular baseline equilibrium GTP fraction 

in control samples was found to vary from ~72-88% depending on the day the study was conducted.  We 

believe this variability results from differences in baseline signaling in the cells resulting from varied time 

in culture, age of media, and confluence.   

LC-MS/MS Analysis for Cysteine Profiling:  Peptides were resuspended in 5% acetonitrile, 0.2% formic 

acid, and 20% of the peptides were loaded onto a 50 cm C18 reverse-phase analytical column (EasySpray 

ES803, Thermo Scientific) at a flow rate of 350 nl/min using a Dionex RSLCnano LC (Thermo Scientific). 

Peptides were eluted over a 60 min gradient ranging from 1 to 35% acetonitrile, 0.1% formic acid.  A Q 

Exactive™ quadrupole orbitrap mass spectrometer (Thermo Scientific) was run alternating between full 

MS acquisition and a maximum of five data dependent MS/MS scans per cycle.  Full MS spectra were 

collected at a resolution of 70,000 with an AGC target of 3 × 106 or maximum injection time of 250 ms 

and a scan range of 380–1750 m/z.  The MS2 spectra were obtained at a resolution of 17,500 with an 

AGC target value of 5 × 105 or a maximum ion injection time of 100 ms using a quadrupole isolation 

width of 1.6 m/z.  Normalized collision energy was set to 30 au MS2 triggering parameters were set to 

an underfill ratio of 3%, and charge exclusion (unassigned, z>5) and peptide matching functions enabled. 

Dynamic exclusion was set to 10 seconds.  Raw data files were processed using Progenesis QI for 

proteomics v2.0 (Waters).  Ion intensity maps with retention time and m/z coordinates for each run 

were generated, and subjected to automatic peak detection and vector alignment using an 

automatically selected reference map.  Singly charged noise peaks and peaks with a single isotope were 

removed from the ion intensity maps.  MS2 spectra were exported and searched using the SequestHT 

algorithm against a non-redundant human proteome reference database from Uniprot (Proteome ID: 

UP000005640), concatenated with the KRAS G12C mutant sequence in ProteomeDiscoverer v1.4 
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(Thermo Scientific).  The database search parameters were set to a mass error tolerance of 7 ppm and 

0.02 Da for MS and MS2 data, respectively.  Peptide length was set to a minimum of 6 amino acids and a 

maximum of 2 tryptic missed cleavages.  Variable modifications were set to methionine oxidation 

(+15.995 Da), cysteine carbamidomethylation (+57.021 Da), and cysteine desthiobiotinylation (+296.185 

Da).  The database search hits identified at a false discovery rate below 0.01, with the following peptide 

ID filters; peptide confidence set to ‘high’ and peptide rank set to ‘1’.   The peptide hits were re-

imported into Progenesis QI for proteomics, and fold change was determined using normalized peak 

areas for desthiobiotinylated peptides across compound treated and control samples.  For targeted 

cysteine profiline data collection (Figure 2B) the LC-MS/MS protocol was modified from the above 

method as follows.  Samples were loaded onto a 15 cm C18 reverse-phase analytical column with 

integrated heater and emitter (Thermo#ES800) at a flow rate of 600 nl/min.  Peptides were eluted over 

a 10 min gradient ranging from 6 to 30% acetonitrile, 0.1% formic acid.  The mass spectrometer was run 

alternating between full MS acquisition and time-scheduled targeted MS2 mode.  The sequences and 

inclusion list information for targeted precursor peptide ions in MS2 mode are listed in extended data 

Table 6.  Full MS spectra were collected at a resolution of 17,500, with an AGC target of 1 × 106 or 

maximum injection time of 100 ms and a scan range of 380–1750 m/z.  The MS2 spectra were obtained 

at a resolution of 37,500, with an AGC target value of 3 × 106 or a maximum ion injection time of 250 ms 

at a quadrupole isolation width of 0.7 m/z.  Normalized collision energy was set to 27 au for all peptides. 

The raw data were processed using Skyline version 3.1 (University of Washington, Seattle, USA).  The 

peak area for each peptide precursor was the sum of the total integrated area for the three selected 

fragment ions (see Supplementary data table 6) within set chromatographic peak boundaries.  The 

signal for each fragment ion was extracted based on the predicted m/z and a mass window around the 

ion, set to 2 times 60,000 resolution (FWHM) at 400 m/z.  The extracted peak areas for the target and 
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off-target cysteine peptides were calibrated using normalization factors calculated in Progenesis QI for 

proteomics. 

Chemical Synthesis of Compounds: 

Synthesis of 1-(3-(4-((4,5-dichloro-2-hydroxyphenyl)glycyl)piperazin-1-yl)azetidin-1-yl)prop-2-en-1-one 

(ARS-107): 

Ethyl 2-((4,5-dichloro-2-hydroxyphenyl)amino)acetate.  To a solution of 2-amino-4,5-dichlorophenol (2.0 

g, 11.3 mmol) and ethyl-2-oxoacetate (2.26 g, 12.42 mmol) in DCM (50 mL) at room temperature, AcOH 

(1 mL) was added and the resulting mixture was stirred for 1 h. To this mixture, NaBH(OAc)3 (7.2 g, 33.9 

mmol) was added and then stirred for 16 h. The mixture was concentrated in vacuo and the residue was 

suspended in DCM. The mixture was filtered through a pad of Celite and the filtrate was washed with 

brine. The organic layer was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The 

residue was purified by flash column chromatography on silica gel (petroleum ether/ethyl acetate = 

10:1) to afford the desired product (2.4 g, 81% yield) as a solid.  

2-((4,5-Dichloro-2-hydroxyphenyl)amino)acetic acid. To a solution of ethyl 2-((4,5-dichloro-2-

hydroxyphenyl)amino)acetate (2 g, 7.6 mmol) in of 4:1 mixture of tetrahydrofuran and water (30 mL) at 

room temperature, LiOH.H2O (3.2 g, 76 mmol) was added and the resulting mixture was stirred for 30 

min and then acidified with aqueous HCl (1 N) to adjust the pH to 3 - 5. The mixture was extracted with 

ethyl acetate (40 mL x 3). The combined organic layer was washed with brine (40 mL x 3), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo to afford the crude product (2 g) which was used 

directly in the next step without further purification. 

tert-Butyl 3-(4-(2-(4,5-dichloro-2-hydroxyphenylamino)acetyl)piperazin-1-yl)azetidine-1-carboxylate.  A 

mixture of 2-(4,5-dichloro-2-hydroxyphenylamino)acetic acid (500 mg, 2.12 mmol), tert-butyl 3-
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(piperazin-1-yl)azetidine-1-carboxylate (565 mg, 2.34 mmol), EDCI.HCl (488 mg, 2.54 mmol), HOBt (343 

mg, 2.54 mmol), Et3N (428 mg, 4.24 mmol) in DMF (20 mL) was stirred at room temperature for 15 h. 

The mixture was poured into water and extracted with ethyl acetate. The organic layer was washed 

withed saturated aqueous NaHCO3 solution and brine, dried over Na2SO4 and concentrated in vacuo. The 

residue was purified by flash column chromatography on silica gel (DCM/MeOH = 30:1) to afford the 

desired product (300 mg, 31% yield). ESI-MS m/z: 457.4 [M-H]-. 

2-(4,5-Dichloro-2-hydroxyphenylamino)-1-(4-(azetidin-3-yl)piperazin-1-yl)ethanone hydrochloride:  A 

mixture of tert-butyl 3-(4-(2-(4,5-dichloro-2-hydroxyphenylamino)acetyl)piperazin-1-yl)azetidine-1-

carboxylate (150 mg, 0.33 mmol) in HCl-MeOH (20 mL, 57 mmol) was stirred at room temperature for 1 

h. The mixture was concentrated in vacuo to afford the crude product (130 mg) which was used directly 

in the next step without further purification. 

1-(3-(4-(2-(4,5-Dichloro-2-hydroxyphenylamino)acetyl)piperazin-1-yl)azetidin-1-yl)prop-2-en-1-one (ARS-

107):  2-(4,5-dichloro-2-hydroxyphenylamino)-1-(4-(azetidin-3-yl)piperazin-1-yl)ethanone hydrochloride 

(120 mg, 0.30 mmol) was added to the mixture of Et3N (0.2 mL, 1.44 mmol) in DCM (10 mL) followed by 

addition of DMF (1 drop). The mixture was stirred for 5 min and then acryloyl chloride (27 mg, 0.30 

mmol) was added. The resulting mixture was stirred at room temperature for 1 h, poured into water and 

then extracted with MeOH/DCM. The organic layer was washed with brine, dried over Na2SO4 and 

concentrated. The residue was purified by flash column chromatography on silica gel 

(DCM/MeOH/NH3.H2O = 50:1:0.1 to 20:1:0.2) to afford the desired product (30 mg, 24% yield). 1H NMR 

(400 MHz, DMSO-d6) δ: 10.17 (s, 1H), 6.78 (s, 1H), 6.71 (s, 1H), 6.30 (dd, J = 10.4, 17.2 Hz, 1H), 6.09 (dd, J 

= 2.0, 17.2Hz, 1H), 5.67 (dd, J = 2.4, 10.4 Hz, 1H), 5.32 (t, J = 4.4 Hz, 1H), 4.26-4.22 (m, 1H), 4.11 - 4.04 

(m, 1H), 3.93-3.91 (m, 3H), 3.79-3.75 (m, 3H), 3.52-3.51 (m, 4H), 3.19-3.16 (m, 1H), 2.36-2.30 (m, 4H). 

ESI-MS m/z: 411.2 [M-H]-. 
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Synthesis of 1-(3-(4-((4-chloro-2-hydroxyphenyl)glycyl)piperazin-1-yl)azetidin-1-yl)prop-2-en-1-one 

(ARS-438) 

The title compound is prepared from 2-amino-5-chlorophenol according to the procedure described in 

synthesis of ARS-107. 1H NMR (400 MHz, DMSO-d6) δ: 9.89 (s, 1H), 6.88 (m, 2 H), 6.50 (d, J = 9.2 Hz, 1H), 

6.30 (dd, J = 17.2, 10.4 Hz, 1 H), 6.09 (dd, J = 17.2, 2.0 Hz, 1H), 5.67 (dd, J = 10, 2.0 Hz, 1H), 5.15 (m, 1H), 

4.24 (m, 1H), 4.05 (m, 1H), 3.95 (m, 3H), 3.78 (m, 1H), 3.51 (m, 4H), 3.19 (m, 1H), 2.33 (m, 4H); ESI-MS 

m/z: 379.25 [M+H]+. 

Synthesis of 1-(3-(4-((5-bromo-4-chloro-2-hydroxyphenyl)glycyl)piperazin-1-yl)azetidin-1-yl)prop-2-en-

1-one (ARS-493) 

The title compound is prepared from commercailly available 2-amino-4-bromo-5-chlorophenol 

according to the procedure described in synthesis of ARS-107. 1H NMR (400 MHz, DMSO-d6) δ: 6.83 (s, 

1H), 6.81 (s, 1H), 6.30 (dd, J = 16.8, 10.4 Hz, 1H), 6.10 (dd, J = 16.8, 2.0 Hz, 1H), 5.67 (dd, J = 10.4, 2.0 Hz, 

1H), 5.31 (m, 1H), 4.25 (m, 1H), 4.07 (m, 1H), 3.93 (m, 3H), 3.78 (m, 1H), 3.53 (m, 4H), 3.18 (m, 1H), 2.34 

(m, 4H); ESI-MS m/z: 455.35 [M-H]-. 

Synthesis of 1-(3-(4-((4-chloro-5-cyclopropyl-2-hydroxyphenyl)glycyl)piperazin-1-yl)azetidin-1-yl)prop-

2-en-1-one (ARS-632) 

2-Amino-5-chloro-4-cyclopropylphenol:  To a mixture of 2-amino-5-chloro-4-iodophenol (500 mg, 1.9 

mmol), PdCl2(dppf) (136 mg, 0.19 mmol) in THF (10 mL) under argon at room temperature, 

cyclopropylmagnesium bromide (16 mL, 11.4 mmol, 0.7 M in THF) was added and the mixture was 

stirred at reflux for 15 h. The mixture was allowed to cool to room temperature, and partitioned 

between ethyl acetate and water. The organic layer was washed with brine, dried over Na2SO4 and 

concentrated. The residue was purified by flash column chromatography on silica gel (10-20% ethyl 
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acetate / hexanes) to afford the desired product (220 mg, 63% yield) as a brown solid. 1H NMR (400 

MHz, DMSO-d6) δ: 9.27 (s, 1H), 6.62 (s, 1H), 6.22 (s, 1H), 4.53(s, 2H), 1.89-1.93 (m, 1H), 0.83-0.87 (m, 

2H), 0.46-0.49 (m, 2H). 

Ethyl 2-(4-chloro-5-cyclopropyl-2-hydroxyphenylamino)acetate:  To a solution of 2-amino-5-chloro-4-

cyclopropylphenol (200 mg, 1.01 mmol) in MeOH (20 mL) at room temperature, AcOH (3 drops) and 

ethyl glyoxalate (416 mg, 2.02 mmol, 50% in toluene) were added. The mixture was stirred at room 

temperature for 2 h and then sodium cyanoborohydride (190 mg, 3.03 mmol) was added to the mixture. 

The resulting mixture was stirred at 40°C for 15 h. The mixture was allowed to cool to room temperature 

and partitioned between ethyl acetate and water. The organic layer was washed with brine, dried over 

Na2SO4 and concentrated. The residue was purified by flash column chromatography on silica gel (10-

20% methanol/dichloromethane) to afford the desired product (290 mg, 100% yield) as a solid. 1H NMR 

(400 MHz, DMSO-d6) δ: 9.63 (s, 1H), 6.66 (s, 1H), 5.93 (s, 1H), 5.07 (t, J = 6.4 Hz, 1H), 4.12 (q, J = 7.2 Hz, 

2H), 3.91 (d, J = 6.4 Hz, 2H), 1.92-1.97 (m, 1H), 1.20 (t, J = 6.8 Hz, 2H), 0.84-0.87 (m, 2H), 0.51-0.55 (m, 

2H). 

2-(4-Chloro-5-cyclopropyl-2-hydroxyphenylamino)acetic acid:  To a solution of ethyl 2-(4-chloro-5-

cyclopropyl-2-hydroxyphenylamino)acetate (290 mg, 0.89 mmol) in of 4:1 mixture of tetrahydrofuran 

and water (30 mL) at room temperature, LiOH.H2O (226 mg, 5.34mmol) was added and the resulting 

mixture was stirred for 2 h at 60°C. The mixture was acidified with aqueous HCl (1 N) to adjust the pH to 

3 – 5 and then extracted with ethyl acetate. The organic layer was washed with brine, dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo to afford the product (100 mg, 47% yield). 1H 

NMR (400 MHz, DMSO-d6) δ: 9.64 (s, 1H), 6.66 (s, 1H), 5.96 (s, 1H), 3.81 (s, 2H), 1.89-1.96 (m, 1H), 0.84-

0.87 (m, 2H), 0.54-0.56 (m, 2H). 
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1-(3-(4-((4-Chloro-5-cyclopropyl-2-hydroxyphenyl)glycyl)piperazin-1-yl)azetidin-1-yl)prop-2-en-1-one 

(ARS-632):  The title compound is prepared from 2-(4-chloro-5-cyclopropyl-2-

hydroxyphenylamino)acetic acid according to the procedure described in synthesis of ARS-107.  1H NMR 

(400 MHz, DMSO-d6) δ: 9.64 (s, 1H), 6.66 (s, 1H), 6.30 (dd, J = 10.5, 16.9 Hz, 1H), 6.12 (s, 1H), 6.12 (dd, J 

= 1.7, 16.7 Hz, 1H), 5.68 (dd, J = 1.7, 16.7 Hz, 1H), 5.11 (m, 1H), 4.24 (m,1H), 4.06 (m,1H), 3.94 (m, 1H), 

3.87 (d, J = 4.4, 2H), 3.78 (m, 1H), 3.52 (m, 4H), 3.16 (m, 1H), 2.36 (m, 4H), 1.97 (m, 1H), 0.89 (m, 2H), 

0.63 (m, 2H); ESI-MS m/z: 441.30 [M+Na]+. 

Synthesis of 1-(3-(4-((4-chloro-2-hydroxy-5-(1-methylcyclopropyl)phenyl)glycyl)piperazin-1-yl)azetidin-

1-yl)prop-2-en-1-one (ARS-853) 

 

Methyl 5-acetamido-2-chloro-4-methoxybenzoate:  To a mixture of methyl 5-amino-2-chloro-4-

methoxybenzoate (3.6 g, 16.7 mmol), Et3N (6.7 g, 66.8 mmol) and DCM (100 mL) at room temperature, 

acetyl chloride (1.57 g, 20.1 mmol) was added dropwise and the resulting mixture was stirred for 12h. 

The reaction mixture was partitioned between dichloromethane and water. The organic layer was 

washed with saturated NaHCO3 solution and brine, dried over anhydrous Na2SO4 and concentrated in 

vacuo. The residue was purified by flash column chromatography on silica gel (ethyl acetate / petroleum 

ether = 1:1) to afford the desired product (2.7 g, 63% yield). 

N-(4-Chloro-5-(2-hydroxypropan-2-yl)-2-methoxyphenyl)acetamide:  To a solution of methyl 5-

acetamido-2-chloro-4-methoxybenzoate (2.7 g, 11.1 mmol) in THF (40 mL) at - 40oC under Argon, 

methylmagnesium bromide (1M in ether, 21mL, 21 mmol) was added dropwise while keeping the 

internal temperature at - 40oC. The mixture was allowed to warm to room temperature, and stirred for 2 

h. The reaction mixture was poured into ice-cooled NH4Cl (10%) solution, and extracted with ethyl 
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acetate. The combined organic layer was washed with water and brine, dried over anhydrous Na2SO4 

and concentrated in vacuo to afford the desire product (2.3 g, 80% yield). 

N-(4-Chloro-2-methoxy-5-(prop-1-en-2-yl)phenyl)acetamide:  To a solution of N-(4-chloro-5-(2-

hydroxypropan-2-yl)-2-methoxyphenyl)acetamide (3.2 g, 12.4 mmol) in DCM (20 mL) at - 5oC, SOCl2 

(3.7g, 37.25 mmol) was added dropwise. The mixture was warmed to room temperature, and then 

stirred at reflux for 2 h. The reaction mixture was concentrated and the residue was purified by flash 

column chromatography on silica gel (ethyl acetate/petroleum ether = 3:1) to afford the desired product 

(1.9 g, 64% yield). 

N-(4-Chloro-2-methoxy-5-(1-methylcyclopropyl)phenyl)acetamide:  To a solution of N-(4-chloro-2-

methoxy-5-(prop-1-en-2-yl)phenyl)acetamide (1.0 g, 4.17 mmol) in toluene (20 mL) at 0oC, CH2I2 (5.6 g, 

20.86 mmol) and Et2Zn (41.7 mL, 41.7 mmol, 1.0 M in hexane) were added. The mixture was kept at 0oC 

for 30 min, and then stirred at room temperature for 16 h. The reaction mixture was quenched with 

saturated NH4Cl solution and stirred for 15 min. The mixture was concentrated in vacuo to remove 

toluene and the resulting mixture was extracted with dichloromethane. The combined organic layer was 

washed with water and brine, dried over anhydrous Na2SO4, and concentrated in vacuo to afford the 

desired product (820 mg, 77% yield). 

4-Chloro-2-methoxy-5-(1-methylcyclopropyl)aniline:  A mixture of N-(4-chloro-2-methoxy-5-(1-

methylcyclopropyl)phenyl)acetamide (820 mg, 3.23 mmol), KOH (1.8 g, 32.3 mmol), ethanol (40 mL) and 

water (20 mL) was stirred at reflux for 12 h. The reaction mixture was extracted with ethyl acetate. The 

combined organic layer was washed with water and brine, dried over anhydrous Na2SO4 and filtered. 

The filtrate was concentrated in vacuo and the residue was purified by flash column chromatography on 

silica gel (ethyl acetate / petroleum ether = 20:1) to afford the desired product (460 mg, 67% yield). ESI-

MS m/z: 212.4 [M+H]+. 
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Ethyl 2-((4-chloro-2-methoxy-5-(1-methylcyclopropyl)phenyl)amino)acetate:  To a solution of 4-chloro-2-

methoxy-5-(1-methylcyclopropyl)aniline (450 mg, 2.13 mmol) in MeOH (20 mL) at room temperature, 

AcOH (3 drops) and ethyl glyoxalate (326 mg, 3.19 mmol, 50% in toluene) were added. The mixture was 

stirred at room temperature for 2 h and then sodium cyanoborohydride (403 mg, 6.39 mmol) was added 

to the mixture. The resulting mixture was stirred at 50°C for 16 h. The mixture was allowed to cool to 

room temperature, and partitioned between ethyl acetate and water. The organic layer was dried over 

MgSO4, filtered, and concentrated in vacuo to afford the crude product (636 mg). ESI-MS m/z: 298.2 

[M+H]+. 

2-((4-Chloro-2-methoxy-5-(1-methylcyclopropyl)phenyl)amino)acetic acid:  To a solution of ethyl 2-((4-

chloro-2-methoxy-5-(1-methylcyclopropyl)phenyl)amino)acetate (630 mg, 2.12 mmol) in THF (15 mL) 

and water (5 mL), LiOH.H2O (889mg, 21.2 mmol) was added and the resulting mixture was stirred at 

room temperature for 2 h. The mixture was washed with 20% ethyl acetate/petroleum ether. The 

aqueous layer was acidified with aqueous HCl (1 N) to adjust pH to 3-4 and extracted with ethyl acetate. 

The organic layer was dried over MgSO4, filtered and concentrated in vacuo to afford the desired 

product (200 mg, 33% yield). 

tert-Butyl 3-(4-(2-((4-chloro-2-methoxy-5-(1-methylcyclopropyl)phenyl)amino)acetyl)piperazin-1-

yl)azetidine-1-carboxylate:  To a solution of 2-((4-chloro-2-methoxy-5-(1-

methylcyclopropyl)phenyl)amino)acetic acid (110 mg, 0.41 mmol) and tert-butyl 3-(piperazin-1-

yl)azetidine-1-carboxylate (118 mg, 0.49 mmol) in DMF (15 mL) at room temperature, BOP (217 mg, 0.49 

mmol) and DIEA (159 mg, 1.23 mmol) were added and the resulting mixture was stirred at room 

temperature for 1 h. The mixture was partitioned between ethyl acetate and water. The organic layer 

was washed with brine, dried over MgSO4, filtered and concentrated in vacuo to afford the desired 

product (192 mg, 95% yield).  
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1-(3-(4-(2-((4-Chloro-2-hydroxy-5-(1-methylcyclopropyl)phenyl)amino)acetyl)piperazin-1-yl)azetidin-1-

yl)prop-2-en-1-one (ARS-853):  The title compound was prepared from tert-butyl 3-(4-(2-((4-chloro-2-

methoxy-5-(1-methylcyclopropyl)phenyl)amino)acetyl)piperazin-1-yl)azetidine-1-carboxylate according 

to the procedure described in synthesis of ARS-107. 1H NMR (400 MHz, DMSO-d6) δ: 9.70 (s, 1H), 6.64 

(s, 1H), 6.51 (s, 1H), 6.35-6.28 (m ,1H), 6.13-6.08 (dd, J =1.9, 17.9 Hz, 1H), 5.69-5.66 (dd, J = 2.1, 10.1 Hz, 

1H), 5.13-5.11 (m, 1H), 4.25-4.23 (m, 1H), 4.08-4.05 (m, 1H), 3.95-3.91 (m, 3H), 3.80-3.76 (m, 1H), 3.53 

(bs, 4H), 3.18-3.16 (m, 1H), 2.38-2.31 (m, 4H), 1.26 (s, 3H), 0.72-0.64 (m, 4H). ESI-MS m/z: 434.4 [M+H]+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

Supplementary data Table 1.  Biochemical and Cell engagement SAR 

Compound

Biochemical 

engagement rate 

(M-1s-1)

H358 Cellular 

engagement IC50 

(M)

ARS-438 <0.1 >100

Compound 12 0.12 >100

ARS-107 3.7 63

ARS-493 7.4 44

ARS-632 32 9.2

ARS-853 76 1.6  

 

Supplementary data Table 2.  Data collection and refinement statistics (Molecular replacement) 

 

 

 

 

 

 Crystal 1  

Data collection   

Space group P212121  

Cell dimensions   

    a, b, c (Å) 39.1, 43.1, 94.0  

 ()  90.0, 90.0, 90.0  

Resolution (Å) 1.40-36.11 (1.40-1.44) *  

Rsym or Rmerge 0.063 (0.307)  

I/I 12.5 (3.3)  

Completeness (%) 97.6 (85.6)  

Redundancy 4.0 (2.9)  

   

Refinement   

Resolution (Å) 1.40-46.98 (1.40-1.44)  

No. reflections 29624 (1752)  

Rwork/ Rfree 0.150/0.176 (0.231/0.284)  

No. atoms   

    Protein 1455  

    Ligand/ion 81  

    Water 187  

B-factors   

    Protein 9.66  

    Ligand/ion 8.84  

    Water 23.14  

R.m.s deviations   

    Bond lengths (Å)  0.025  

    Bond angles (º) 2.626  
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Supplementary data Table 3.  Selectivity of ARS-853 across KRAS isoforms and GTP vs. GDP states 

KRAS Form
Nucleotide 

Bound

Rate 

Constant

G12C GDP 76

G12C GTP 0.01

WT GDP <0.005

G13C GDP <0.005  

 

Supplementary data Table 4.  Proteomic cysteine reactivity profiling results (see separate Excel file) 

 

 

 

Supplementary data Table 5. Kinetics of intrinsic KRAS-G12C GTP hydrolysis/exchange at 37 oC 

% Reaction* Stdev % Reaction* Stdev

0 12.3 0.7 12.4 1.2

1 39.4 4.1 49.6 1.5

2 55.1 2.8 61.0 6.1

4 81.9 1.3 80.3 2.9

24 96.7 5.1 90.1 2.0

No incoming nucleotide 1 mM Incoming GDP
Time (h)

 

*GTP-bound KRAS-G12C was treated with ARS-853 (30 M) after incubation for the indicated time for a 

20 minute reaction.  At this time/dose ARS-853 will completely react with any GDP bound KRAS-G12C 

present. 
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Supplementary data Table 6. LC-MS/MS Target and standard peptide information 

LC-MS/MS peptide information for cell engagement assay 

Name Peptide sequence* 
Precursor peptide ions (m/z) 

for light / heavy precursors
Fragment ions 

529.8050 / 533.8121 

(z=2)

656.8428 / 660.8499

(z=2)

521.9243 / 524.5957

(z=3)

478.3004 / 482.3075

(z=2)

Reticulon-4 off target 

peptide
YSNSALGHVNC[+57.0]TIK y4, y5, y6

WT-RAS Peptide LVVVGAGGVGK y7, y8, y9

G12C target peptide LVVVGAC[+57.0]GVGK y7, y8, y9

KRAS/NRAS Normalization 

peptide
SYGIPFIETSAK y7, y8, y10

 

LC-MS/MS peptide information for targeted cysteine selectivity profiling 

Name Peptide sequence 
Precursor peptide ions 

(m/z) 
Fragment ions 

G12C target peptide LVVVGAC[+296.2]GVGK 
649.8906 

(z=3) 
y4, y8, y9 

Reticulon-4 off target 
peptide 

YSNSALGHVNC[+296.2]TIK 
601.6454 

(z=3) 
y5, y6, y8 

FAM213A off target 
peptide 

RPGC[+296.2]FLC[+57.0]R 
435.5620 

(z=3) 
y3, y4, y6 
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Supplementary Figure 1.  Additional structural details from the ARS-853 bound KRAS-G12C crystal 

structure.  A, chemical structure of ARS-853 and previously reported compound 11 (3).  B, overlay of X-

ray structures of ARS-853 (white) and compound 11 (blue, pdb code: 4m21) bound to KRAS-G12C.  Both 

compounds bind in the switch-II region between the α2- and α3-helices, albeit following different 

trajectories.   ARS-853 extends deeper into the pocket resulting in a different position of helix α2 and 

displacement of methionine-72.  C, 2Fo-Fc map of ARS-853 (gray mesh, 1 σ).  D-F, comparison of switch-I 

(cyan) and switch-II (wheat) positions between inactive (KRAS G12C/GDP, pdb code:  4ldj), compound 

bound, and active RAS (HRAS G12C/GMPPNP, pdb code: 4l9w).  Switch-I of ARS-853 bound RAS closely 

resembles the inactive form.  Switch-II of compound bound RAS is displaced as compared with the active 

form (arrows) but remains distinct from the inactive form. 

Supplementary Figure 2.  KRAS-G12C inhibitors block SOS and EDTA mediated nucleotide exchange.  

ARS-853 and related compounds inhibit both SOS- and EDTA-mediated nucleotide exchange when 

bound to KRAS-G12C.  KRAS-G12C protein was pretreated with the listed inhibitor at a dose sufficient to 

ensure complete reaction (30-100 µM) prior to the exchange assay.  Complete block of EDTA mediated 

nucleotide release was observed both with mant-nucleotide bound KRAS (A-B) or with mant-nucleotides 

as the incoming nucleotide (C-D), and with either GTP (A, C) or GDP (B, D) as incoming nucleotide.  

Complete block of SOS mediated exchange was observed both with mant-nucleotide bound KRAS (E-F) 

or with mant-nucleotides as the incoming nucleotide (G-H), and with either GTP (E, G) or GDP (F, H) as 

incoming nucleotide.   

Supplementary Figure 3.  Global cysteine reactivity profiling of ARS-853.  A, schematic of method.  

Cells are treated with the compound or DMSO as control and then lysed under native conditions.  

Solvent exposed cysteines are modified with iodoacetamide desthiobiotin prior to a tryptic digest.  The 

biotinylated tryptic peptides are then enriched with streptavidin and analyzed by label free LC-MS/MS.   



18 
 

Supplementary Figure 4.  Effects of ARS-853 on long-term signaling and cell cycle.  A, the effect of ARS-

853 treatment after 24, 48, or 72 hour treatments as presented in Figure 3C.  KRAS-G12C zygosity and 

allele frequency (for heterozygous lines) are listed in upper panel.  Allele frequency is the ratio of 

mutant to WT allele and represents the raw reads spanning KRAS visualized with the Intergrative 

Genomics Viewer (4) taken from the published CCLE data portal .  B, indicated cells treated with ARS-853 

or trametinib (50 nM) for 72 hours; EdU pulse was added 1 hour prior to harvest for EdU incorporation 

and DNA content analysis by flow cytometry.  C, for fidelity and selectivity the RAS isoform specific 

antibodies were assessed on GTPS loaded recombinant HIS-tagged full-length RAS isoforms spiked into 

A375 cell lysates that were pulled down with RAF-RBD and GST-beads as in the standard RBD assay and 

analyzed by Western blotting.  As shown the C-terminal specific KRAS antibody is selective for KRAS over 

other RAS isoforms.   

Supplementary Figure 5.  Effects of ARS-853 on KRAS-mediated NIH-3T3 transformation.  3D soft-agar 

KRAS transformation assay with NIH-3T3 fibroblasts lentivirally transformed with either FLAG-KRAS-

G12C or G12V.  Post-transduction, 3T3s were plated in soft agar and treated with indicated amounts of 

ARS-853.  At Day 14 colony formation was assessed by enumerating crystal violet stained foci.   

Supplementary Figure 6.  Proliferation structure activity relationship across ARS-853 analogs.  A, ARS-

853 and related structural analogs with a range of biochemical and cell engagement potency show a 

consistent structure-activity trend for inhibition of cell proliferation in H358 cells (see Supplementary 

Table 1 for engagement properties of compounds).  Growth in the presence of compounds was assessed 

after 72 hours.  B, chemical structures of indicated ARS-853 analogues used.  

Supplementary Figure 7.  Assessment of KRAS dependence and ARS-853 in 2D versus 3D assay 

formats.  A, knockdown efficiency and effects on signaling of shRNAs to KRAS at 72hrs post-transduction 

in H358 cells.  B, shows the crystal violet stained clonogenic growth formation following 10-14 days in all 
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cell lines tested as presented in Figure 4E.  20,000 cells stably transduced with lentivirus expressing 

shLuc or shKRAS were plated 48hr following transduction in media containing 1µg/ml puromycin in 

either 2D adherent or in 3D soft-agar formats.  24hrs after plating, cells were treated with or without 

ARS-853 (10 µM).  Growth was monitored after 10-14 days and representative images of crystal violet 

stained colony formation is depicted.  C, depicts representative phase microscopy images of a cell line 

showing KRAS-dependence and ARS-853 sensitivity in 2D (H358 cells) and a line that is showing KRAS-

independence and ARS-853 insensitivity in 2D (NCI-H1792).  Note both lines are KRAS-dependent and 

sensitive to ARS-853 in 3D (Figure 4B, right panel) .  Blue scale bar = 1 mm and white scale bar = 400 µm.  

Lower panel is Magnified images depicting representative examples of cells stably infected with shKRAS 

or treated with ARS-853 that display hallmarks of apoptosis compared to untreated cells infected with 

shLuc.   

Supplementary Figure 8.  Comparison of KRAS-G12C and off-target Reticulon-4 (RTN4) cell 

engagement profiles.  KRAS-G12C exhibits an unusual time-dose response with limited/no dose 

response above 10 µM compound, reflecting rate limiting nucleotide exchange/hydrolysis events 

leading to the reactive GDP-bound KRAS-G12C protein.  In contrast, the off-target Reticulon-4 protein 

exhibits a dose response across all doses tested. 

Supplementary Figure 9.  Schematic of the methods workflow for the RBD-MS assay and 

determination of %RAS-GTP in cells and % RAS abundance on RAF-RBD.   A, Cells are treated as 

indicated, and lysed with GST-RBD and heavy RAS standards (added immediately prior to lysis of cells) in 

the lysis buffer.  Fractionate RBD and whole cell lysates are washed and processed for LC-MS/MS. 

Quantification of % RAS-GTP levels are calculated using the indicated formula.  See methods section for 

further details.  B, relative quantitation of KRAS-G12C and WT RAS isoforms (includes NRAS, HRAS, and 

WT KRAS if heterozygous) in the whole cell lysates or RAF-RBD fraction of the indicated cell lines.  Note 
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that despite differences in the allelic frequency of the G12C mutation across cell lines (see 

supplementary Figure 4A), the majority of active RAS on the RBD fraction is KRAS-G12C.   

 

Supplementary Figure 10.  Time dependent reduction in GTP-bound KRAS-G12C following erlotinib 

treatment.  Depicted is biological replicate lysates from the experiment presented in Figure 6B.  The 

replicate lysates were subjected to RBD pulldown and immunoblot analysis of KRAS-GTP and 

downstream signaling markers.  

 

Supplementary Figure 11.  EGFR combinations augment the efficacy of ARS-853.  A, expanded data set 

on the antiproliferative effects of combination treatments (0.4 µM erlotinib, 0.1 µM afatinib, or 50 nM 

trametinib) with ARS-853 at 1 and 10 µM, cultured with or without EGF (50 ng/ml) for 5 days.  B, flow 

cytometry assessment of cell cycle and apoptosis on H358 cells following 48 hours of treatment with 

ARS-853 (5 & 10 µM) with or without erlotinib, afatinib, or trametinib.  Quantification of the percentage 

of cells within the EdU+ (cycling) gate and subdiploid gate (apoptosis) are indicated.  C, combined 

quantitation of apoptosis induction (subdiploid gate) on H358, H1792, H2122, and SW1573 cells of the 

indicated combination treatments reported in B.  *P<0.05, **P<0.001 compared to DMSO treated 

controls.   

Supplementary Figure 12.  A, synthesis of ARS-107.  B, synthesis of ARS-853. 
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