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Supplementary Figures 

 

 
Figure S1. Representative sensorgrams for PD-1 binding to surface-bound PD-L1. The legend indicates 

the concentration of PD-1 used in each duplicate experiment. 

 

 
Figure S2. Representative sensorgrams for PD-L1 binding to surface-bound PD-1. The legend indicates 

the concentration of PD-L1 used in each duplicate experiment. 
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Figure S3. Titration of compound 4 as an inhibitor of soluble PD-1 (at 15 µM) binding to a PD-L1 SA chip. 

The measured IC50 was 2.2 µM. This is a much higher than the typical nanomolar potency reported for 

compound 4 (see references 29 and 38–40, as well as the data in Figure 2, Figure 3, and Figure S8), due 

to the extremely high protein concentrations necessary to observe saturation of binding within the 

experiment. 

 

 

Figure S4. Complete SPR data (including measurements with and without soluble PD-1) demonstrating 

inhibition of the PD-1/PD-L1 interaction with compound 4. Soluble PD-1 (at 15 µM) was flowed across 

surface-bound PD-L1 with and without compound 4 at varying concentrations. The response is 

normalized to the control protein interaction (PD-1 only). Error bars represent variance between 

duplicate analyses. Hashed bars indicate control experiments performed with no PD-1 protein. 
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Figure S5. Measurement of the affinity for soluble PD-1 to surface-bound PD-L2. The effective KD for the 

interaction was determined to be 199 nM by SPR. 

 

 

Figure S6. Neither the Aurigene compounds (1–3) nor the BMS compound (4) were effective inhibitors 

of the PD-1/PD-L2 interaction, nor do any of the tested compound bind directly to surface-bound PD-L2. 

Soluble PD-1 was flowed across surface-bound PD-L2 with and without test compounds at various 

concentrations. The response is normalized to the control protein concentration (PD-1 only). Responses 

were measured in triplicate and error bars represent standard deviation. Hashed bars indicate control 

experiments performed with no PD-1 protein. 
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Figure S7. The Aurigene compounds (1–3) do not bind to surface-bound VISTA protein. Test compounds 

at four different concentrations were flowed across surface-bound VISTA, but no significant binding 

(relative to the blank sample) was detected. Responses were measured in triplicate and error bars 

represent standard deviation. The expected maximal responses were 44, 25, and 42 RU for binding of 

any of the compounds 1–3, respectively. 

 

 

 

Figure S8. In a confirmatory ELISA assay, three compounds claimed by BMS (4–6) showed potent 

inhibition of the PD-1/PD-L1 interaction, but the Aurigene compound 1 showed no significant inhibition. 
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Materials and Methods 

 

1. Expression, Refolding, and Purification of Extracellular PD-L1 

E. coli BL21(DE3) cells were transfected with a pET28a(+) vector containing the sequence for the 

extracellular region of PD-L1 (A18-T239) with codon usage optimized for expression in E. coli. Cells were 

cultured in LB media treated with 50 µg/mL Kanamycin at 37 oC to an OD600 of 0.9. PD-L1 expression as 

insoluble inclusion bodies was then induced with the addition of 1 mM IPTG. The cells were cultured for 

a further 5 hours before being collected by centrifugation. Cell pellets from 1 L culture were 

resuspended in 35 mL phosphate-based saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4) treated with protease inhibitors (Roche), and lysed by sonication. Inclusion bodies 

containing PD-L1 were collected from the cell lysate by centrifugation at 15,000 RPM for 20 minutes. 

Inclusion body pellets were then washed three times by resuspension in wash buffer followed by 

centrifugation. The first two washes were performed using a buffer containing 50 mM Tris, pH 8.0, 200 

mM NaCl, 10 mM EDTA, 0.5% (v/v) Triton-X100, 10 mM DTT. The final wash was done in the same buffer 

excluding the detergent. Washed inclusion body pellets from 1 L original culture were resolubilized by 

shaking for 1 hour at 37oC in 20 mL resolubilization buffer (50 mM Tris buffer, pH 8.0, 5 M guanidine, 

200 mM NaCl, 20 mM DTT). Resolubilized PD-L1 was refolded by drop-wise dilution 100-fold into 

refolding buffer (100 mM Tris, pH 8.0, 1 M arginine, 0.5 mM glutathioneox, 2 mM glutathionered). The 

refolding mixture was then concentrated by tangential flow filtration before being dialyzed into gel 

filtration buffer (10 mM Tris, pH 8.0, 20 mM NaCl). Folded PD-L1 was separated from misfolded 

aggregates and contaminants by size exclusion chromatography using a 16/60 Superdex 75 column (GE 

Healthcare) equilibrated with 10 mM Tris, pH 8.0, 20 mM NaCl. The purified protein was verified by SDS-

PAGE as a band at 25 kDa. 

 

2. Expression, Refolding, and Purification of Extracellular PD-1 

E. coli BL21-CodonPlus RIL was transfected with a pET28a(+) vector containing the sequence for the 

extracellular domain of PD-1 (P34-E150). The strain was grown in LB media treated with 50 µg/mL 

Kanamycin overnight at 37 °C to an OD600 of 0.9. 1 mM. IPTG was added to induce expression of the 

vector, and the culture was incubated another 4 hours after induction. The cultures were then spun 

down at 4 °C. The pellets were resuspended in 35 mL phosphate-based saline (137 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) treated with protease inhibitors (Millipore), and lysed by 

sonication. The cell lysate was spun down twice at 15,000 RPM for 20 minutes to pellet inclusion bodies 

of protein. The inclusion bodies were resuspended by a glass homogenizer in 30 mL wash buffer (100 

mM Tris, pH 8.0, 200 mM NaCl, 10 mM EDTA, 0.5% (v/v) Triton-X100, 10 mM DTT). This was performed a 

second time with the absence of Triton-X100. The inclusion bodies were then resolubilized in 20 mL 

suspension buffer (100 mM Tris buffer, pH 8.0, 5 M guanidine, 200 mM NaCl, 20 mM DTT) and left to 

shake for 1 hour at 37 °C. This suspension was centrifuged for 20 minutes at 15000 rpm. The solution 

was resolubilized and added dropwise dilute 100-fold in stirred refold buffer (100 mM Tris buffer, pH 

8.0, 0.4 M arginine, 2 mM EDTA, 0.5 mM glutathioneox, 2 mM glutathionered) at 4 °C and let stir 

overnight. The resulting solution containing PD-1 protein was then concentrated to 50 mL and dialyzed 

into gel filtration buffer (10 mM Tris buffer, pH 8.0, 20 mM NaCl) for purification. Protein was purified by 
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size exclusion chromatography at 78 mL by Superdex S75 exclusion column. The purified protein was 

verified by SDS-PAGE as a band at 13 kDa. The concentrated protein was then dialyzed in appropriate 

HBS-EP+ running buffer for SPR analyses. 

 

3. SPR Binding Assays 

All SPR related materials and buffer were manufactured by GE Healthcare Lifesciences unless otherwise 

noted. Assays were performed on a BiaCore X100 with no changes to sample flow and binding 

parameters. 

All chips were immobilized with their respective protein under the default conditions for an aimed 

response level. The target immobilized response was calculated to give an expected Rmax of 100 RU 

based on the equation 1, where the MW is the molecular weight of the ligand (immobilized protein) or 

the analyte (compounds being flowed). The immobilization was run under default conditions provided 

by the BiaCore X100 (GE Healthcare Life Sciences). 

        
             

         
     (1) 

3a. In vitro binding assay: Adsorbed Human PD-1 

Human biotinylated-PD-1 (BPS Bioscience, Catalog 71106) was adsorbed to a gold surface by binding to 

streptavidin-coated sensor chip (SA chip, GE Healthcare). The ligand response (Rligand) was 2029.9 RU. 

The analytes were flowed through with HBS-EP+ (10 mM HEPES buffer, pH 7.4, 150 mM NaCl, 3 mM 

EDTA, 0.05% (v/v) P20, 0.5% (w/v) DMSO) at a concentration of 100 nM at 10 µL/min. Each of the 

compounds, 1–4, were titrated by SPR to determine their ability to inhibit the PD-1/PD-L1 interaction. 

The concentration of PD-L1 was held constant at 500 nM. Compound 1–4 were also titrated in the 

absence of PD-L1, to determine their ability to bind to the adsorbed PD-1. 

 

3b. In vitro binding assay: Adsorbed Human PD-L1 

Human biotinylated-PD-L1 (BPS Bioscience, Catalog 71105) was adsorbed to a gold surface by binding to 

a separate SA chip (GE Healthcare). PD-L1 was immobilized from 100 nM aliquot with a final ligand 

response (Rligand) of 2681.8 RU. Compounds 1–4 were flowed across the chip of adsorbed PD-L1 in the 

presence of PD-1 (1 µM) to determine their efficacy as inhibitors in triplicate, unless otherwise stated. 

Compound 1–4 were also titrated in the absence of PD-1, to determine their ability to bind to the 

adsorbed PD-L1. 

3c. In vitro binding assay: Adsorbed Human PD-L2 

Human biotinylated-PD-L2 (BPS Bioscience, Catalog 71108) was adsorbed to a gold surface by binding to 

another SA chip (GE Healthcare). The final response of the immobilized ligand was  

3794.0 RU. Compounds 1–4 were titrated by flowing across the chip of adsorbed PD-L2 in the presence 

of PD-1 (0.75 µM) to determine their efficacy as inhibitors HBS-EP+ buffer in triplicate. Compound 1–4 

were also titrated in the absence of PD-1, to determine their ability to bind to the adsorbed PD-L2. 
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3d. In vitro binding assay: Adsorbed Human VISTA 

Human biotinylated-VISTA (BPS Bioscience, Catalog 71327) was adsorbed to an SA chip (GE Healthcare) 

under continuous flow of HBS-EP+. The final response of the immobilized ligand was 5482.6 RU. 

Compounds 1–4 were flowed across the chip of adsorbed VISTA to detect any potential binding in HBS-

EP+ buffer in triplicate.  

 

4. Synthesis of Test Compounds 

Compound 1 was synthesized by WuXi Apptec, following the protocol established in the patent from 

Aurigene, with minor modifications. Compounds 2 and 3 were synthesized by Santai Labs, following the 

protocol established in the patents from Aurigene. Compound 4 was synthesized in house, following the 

general protocol established in the patent from Bristol-Myers Squibb, with minor modifications. All final 

products were characterized by NMR and LCMS prior to use. Test solutions were assayed again by LCMS 

at the conclusion to the research, to confirm that they had not degraded during the time required to 

complete the measurements.  

4a. Synthesis of Compound 1 

 

This compound was described in US 2013/237580, Example 2 and similar chemistry was used herein to 

prepare this material at WuXi Apptec Co, Ltd. The characterization data for the compound is shown 

below. Nuclear Magnetic Resonance (NMR) analysis was conducted using a Varian 400 MHz 

spectrometer with an appropriate deuterated solvent. LCMS analysis was conducted using an Agilent 

1200 & 1956A Waters Atlantis HILIC Silica 5 µM, 2.1 × 50 mm column, eluting with 90:10 to 40:60 

H2O:MeCN + 0.03% trifluoroacetic acid over 4 minutes at a flow rate of 0.6 mL/min. Detection methods 

are diode array (DAD) and evaporative light scattering (ELSD) detection as well as positive electrospray 

ionization. MS range was 100-1000. 
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Preparation of Intermediate A: Benzyl O-(tert-butyl)-N-(1H-imidazole-1-carbonyl)-L-threoninate 

 

 

Step 1: Synthesis of benzyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyl)-L-threoninate 

To a solution of compound N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyl)-L-threonine (20.0 g, 

50.3 mmol, 1.0 equiv, Fisher, CAS# 71989-35-0) in N,N-dimethylformamide (200 mL, 0.25 M) was added 

cesium carbonate (19.6 g, 60.4 mmol, 1.2 equiv) at 15 °C, the mixture was cooled to 0 °C and benzyl 

bromide (10.3 g, 60.4 mmol, 1.2 equiv) was added drop-wise. After stirring for 10 min, the mixture was 

warmed up to 15 °C and stirred for 16 h. TLC (petroleum ether/ethyl acetate = 2:1, Rf (SM) = 0.07, Rf 

(Prod) = 0.7) showed the starting material was consumed completely. The mixture was cooled to 5 °C 

and diluted with water (500 mL) and ethyl acetate (300 mL). The aqueous layer was extracted with ethyl 

acetate (2 × 200 mL) and the combined organic layers were washed with brine (200 mL), dried over 

anhydrous sodium sulfate and concentrated in vacuum. The residue was purified by silica gel 

chromatography (petroleum ether/ethyl acetate = 30:1-10:1) to give the title compound (22.8 g, 93% 

yield) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 7.70-7.68 (m, 2H), 7.65-7.50 (m, 2H), 7.32-7.23 (m, 9H), 5.55 (d, J = 9.0 Hz, 

1H), 5.14 (d, J = 12.0 Hz, 1H), 5.01 (d, J = 12.0 Hz, 1H), 4.34-4.16 (m, 5H), 1.15 (d, J = 5.5 Hz, 3H), 1.03 (s, 

9H). 

Step 2: Synthesis of benzyl O-(tert-butyl)-L-threoninate 

To a solution of benzyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyl)-L-threoninate (10.0 g, 20.5 

mmol, 1.0 equiv) in anhydrous dichloromethane (100 mL, 0.2 M) was added N,N-diethylamine (7.5 g, 

103 mmol, 5.0 equiv) at 15 °C, then the mixture was stirred at 15 °C for 12 h. TLC analysis (petroleum 

ether / ethyl acetate = 5:1, Rf (starting material = 0.4, product = 0)) showed the reaction was complete. 

The reaction mixture was concentrated under reduced pressure to give a residue. The residue was 

purified by column chromatography on silica gel (petroleum ether/ethyl acetate = 10:1) to give the title 

compound (4.5 g, 83% yield) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.37-7.26 (m, 5H), 5.20 (d, J = 12.0 Hz, 1H), 5.05 (d, J = 12.0 Hz, 1H), 4.04-

3.99 (m, 1H), 3.32-3.31 (m, 1H), 1.23 (d, J = 6.0 Hz, 3H), 1.11 (s, 9H). 

LRMS (LCMS, ESI+) calcd. for C15H24NO3 [M+H]+: 266, found 266. 

Step 3: Synthesis of benzyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyl)-L-threoninate 

To a solution of benzyl O-(tert-butyl)-L-threoninate (4.5 g, 16.9 mmol, 1.0 equiv) in anhydrous 

dichloromethane (50 mL, 0.34 M) was added a solution of di(imidazol-1-yl)methanone (4.12 g, 25.4 

mmol, 1.5 equiv) in anhydrous dichloromethane (20 mL) at -20 °C, then the mixture was stirred at 0 °C 

for 2 h. LCMS showed the reaction was complete. The reaction was quenched with water (50 mL) and 
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the mixture was separated using a separatory funnel and the aqueous phase was extracted with 

dichloromethane (2 × 50 mL). The combined organic phases were washed with brine (50 mL), dried over 

anhydrous sodium sulfate and concentrated under reduced pressure to give afford the title compound 

(6.80 g, unpurified) as a colorless oil which was used directly in the next step. 

LRMS (LCMS, ESI+) calcd. for C19H26N3O4 [M+H]+: 360, found 360. 

 

Preparation of (((S)-1-(2-(L-seryl)hydrazinyl)-4-amino-1,4-dioxobutan-2-yl)carbamoyl)-L-threonine 

trifluoracetate 

 

Step 1: Synthesis of methyl N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-serinate 

A solution of diazomethane (0.77 M, 397 mL, 4.0 equiv) in ether was decanted portion-wise to a solution 

of N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-serine (20 g, 76.5 mmol, 1.0 equiv, Alfa Aesar CAS# 13734-38-

8) in methanol (200 mL, 0.1 M) at -5 °C. After addition, the mixture was warmed to 15 °C and stirred for 

16 h at this temperature. TLC analysis (methanol/dichloromethane = 10:1, Rf (SM) = 0.3, petroleum 

ether/ethyl acetate = 2:1, Rf (Prod) = 0.7) showed the starting material was consumed completely. The 

mixture was concentrated in vacuum to give the title compound (22.8 g, unpurified) as a colorless oil, 

which was used directly for the next step. 

1H NMR (400 MHz, CDCl3) δ 5.37 (d, J = 9.0 Hz, 1H), 4.35 (d, J = 9.0 Hz, 1H), 3.74 (dd, J1 = 3.0 Hz, J2 = 9.0 

Hz 1H), 3.69 (s, 3H), 3.74 (dd, J1 = 3.0 Hz, J2 = 9.0 Hz 1H), 1.40 (s, 9H), 1.11 (s, 9H). 
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Step 2: Synthesis of tert-butyl (S)-(3-(tert-butoxy)-1-hydrazinyl-1-oxopropan-2-yl)carbamate 

To a solution of methyl N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-serinate (23 g, 83.5 mmol, 1.0 equiv) in 

methanol (230 mL, 0.36 M) was added hydrazine monohydrate (25.1 g, 501 mmol, 6.0 equiv) at 15 °C. 

The mixture was stirred at 15 °C for 16 h. TLC analysis (petroleum ether/ethyl acetate = 3:1, Rf (SM) = 

0.7, methanol/dichloromethane = 15:1, Rf (Prod) = 0.4) showed the starting material was consumed 

completely. The mixture was concentrated under reduced pressure to remove the methanol. The 

residue was dissolved in ethyl acetate (150 mL) and washed with aqueous sodium bicarbonate (2 × 60 

mL). The combined organic phases were dried over anhydrous sodium sulfate, filtered and the filtrate 

was concentrated under vacuum to give the title compound (15 g, 65% yield) as a colorless oil, which 

was used directly for the next step. 

1H NMR (400 MHz, CDCl3) δ 7.76 (br.s, 1H), 5.39 (br.s, 1H), 4.18 (s, 1H), 3.89 (br.s, 2H), 3.75 (dd, J1 = 2.8 

Hz, J2 = 9.0 Hz, 1H), 3.38 (t, J = 8.0 Hz, 1H), 1.43 (s, 9H), 1.16 (s, 9H). 

Step 3: Synthesis of tert-butyl ((5S,10S)-5-(2-amino-2-oxoethyl)-13,13-dimethyl-3,6,9-trioxo-1-phenyl-

2,12-dioxa-4,7,8-triazatetradecan-10-yl)carbamate 

To a solution of tert-butyl (S)-(3-(tert-butoxy)-1-hydrazinyl-1-oxopropan-2-yl)carbamate (14.4 g, 53.9 

mmol, 1.1 equiv) in N,N-dimethylformamide (140 mL, 0.39 M) was added dicyclohexylcarbodiimide (25.3 

g, 123 mmol, 2.5 equiv) and HOBt (13.3 g, 98.1 mmol, 2.0 equiv) at 0°C. The resulting mixture was stirred 

0 °C for 5 min and to the mixture was added drop-wise a solution of ((benzyloxy)carbonyl)-L-asparagine 

(13.5 g, 49 mmol, 1.0 equiv, Alfa Aesar CAS# 2304-96-3) in N,N-dimethylformamide (80 mL) at 0 °C. The 

mixture was stirred at this temperature for 1 h and then allowed to warm to 15 °C and stirred at 15 °C 

for 16 h. The resulting mixture was filtered to remove formed solid and the filtrate was poured into ice-

water (300 mL) and a precipitate formed. The mixture was filtered and the filtered cake was dried under 

vacuum. The filter cake was dissolved in N,N-dimethylformamide (250 mL) and poured into water (300 

mL). The solid was separated out by filtration and the filtrate was dried in vacuum to give the title (9.6 g, 

unpurified) as an off-white solid. This solid contained N,N-dimethylformamide and urea byproduct. 

1H NMR (400 MHz, CD3OD) δ 7.50-7.20 (m, 5 H), 5.12 (s, 2H), 4.63 (br. s, 1H), 4.26 (br. s, 1H), 3.62 (d, J = 

4.5 Hz, 2H), 2.78 (dd, J = 15.5, 5.0 Hz, 1H), 2.64 (dd, J = 15.5, 8.0 Hz, 1H), 1.45 (s, 9H), 1.19 (s, 9H). 

Step 4: Synthesis of tert-butyl ((S)-1-(2-(L-asparaginyl)hydrazinyl)-3-(tert-butoxy)-1-oxopropan-2-

yl)carbamate 

To a solution of tert-butyl ((5S,10S)-5-(2-amino-2-oxoethyl)-13,13-dimethyl-3,6,9-trioxo-1-phenyl-2,12-

dioxa-4,7,8-triazatetradecan-10-yl)carbamate (7.0 g, 13.4 mmol, 1.00 equiv) in methanol (500 mL, 0.13 

M) was added 10 wt% palladium hydroxide on carbon (3.0 g) and the mixture was stirred at 30 °C under 

a hydrogen atmosphere (50 psi) for 12 h. The reaction mixture was filtered through a celite pad, the 

filter cake was washed with methanol (3 × 150 mL), and the combined filtrate was concentrated under 

vacuum to give the title compound (6 g) as a purple solid which was used directly without purification in 

the next step. 

1H NMR (400 MHz, CDCl3) δ 5.82-5.37 (m, 3H), 4.35-4.29 (m, 2 H), 3.79-3.71 (m, 2H), 3.48-3.44 (m, 2H), 

2.74-2.70 (m, 1H), 2.01-1.89 (m, 2H), 1.46 (s, 9H), 1.22 (s, 9H). 

LRMS (LCMS, ESI+) calcd. for C16H32N5O6 [M+H]+: 390, found 390. 
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Step 5: Synthesis of benzyl N-(((S)-4-amino-1-(2-(N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-

seryl)hydrazinyl)-1,4-dioxobutan-2-yl)carbamoyl)-O-(tert-butyl)-L-threoninate 

To a solution of tert-butyl ((S)-1-(2-(L-asparaginyl)hydrazinyl)-3-(tert-butoxy)-1-oxopropan-2-

yl)carbamate (7.7 g, 19.8 mmol, 1.0 equiv) in anhydrous dichloromethane (70 mL, 0.28 M) was added 

a solution of benzyl O-(tert-butyl)-N-(1H-imidazole-1-carbonyl)-L-threoninate (6.82 g, 19.0 mmol, 0.96 

equiv) in anhydrous dichloromethane (30 mL) at 0 °C, then the mixture was stirred at 15 °C for 12 h. The 

reaction mixture was concentrated under vacuum and the residue was purified by preparative-HPLC 

(Column Daiso 250 × 50 mm, 10 µm, eluting with 35% to 65% MeCN in water (+0.1% TFA) over 20 

minutes, followed by 100% MeCN in water (+0.1% TFA) for 15 minutes at a flow rate of 80 mL/min. The 

sample was loaded onto the column over 16 injections. The desired compound (1.4 g, 10% yield) was 

obtained as a light yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.40-7.30 (m, 5H), 6.88-6.86 (m, 1H), 6.75 (br.s, 1H), 6.68 (br.s, 1H), 6.01 

(br.s, 1H), 5.47 (d, J = 6.0 Hz, 1H), 5.17 (d, J = 12.0 Hz, 1H), 5.07-5.03 (m, 1H), 4.92-4.89 (m, 1H), 4.54 (d, J 

= 9.0 Hz, 1H), 4.27 (br.s, 1H), 4.18-4.15 (m, 1H), 3.75-3.73 (m, 1H), 3.36 (t, J = 8.5 Hz, 1H), 3.10 (t, J = 13.5 

Hz, 1H), 2.59 (dd, J 1= 15.5 Hz, J 2= 4.0 Hz, 1H), 1.43 (s, 9H), 1.21 (s, 9H), 1.17 (d, J = 6.4 Hz, 3H), 1.06 (s, 

9H). 

LRMS (LCMS, ESI+) calcd. for C32H53N6O10 [M+H]+: 681, found 681. 

Step 6: Synthesis of N-(((S)-4-amino-1-(2-(N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-seryl)hydrazinyl)-1,4-

dioxobutan-2-yl)carbamoyl)-O-(tert-butyl)-L-threonine 

To a solution of benzyl N-(((S)-4-amino-1-(2-(N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-seryl)hydrazinyl)-

1,4-dioxobutan-2-yl)carbamoyl)-O-(tert-butyl)-L-threoninate (1.4 g, 2.37 mmol, 1.0 equiv) in methanol 

(50 mL, 0.05 M) was added 10 wt% palladium on carbon (700 mg) and the mixture was stirred at 30 °C 

under a hydrogen atmosphere (50 psi) for 3 h. The reaction mixture was filtered through a pad of celite, 

the filter cake was washed with methanol (3 × 50 mL) and the combined filtrate was concentrated under 

vacuum to afford the unpurified solid. The resulting solid was purified by preparative-HPLC (Instrument: 

Gilson 281 semi-preparative HPLC system) using a gradient of 65:35 to 35:65 H2O:MeCN (+0.075% TFA) 

over 10 minutes, flushing with 100% MeCN for 2 minutes after the run. The column used was a Boston 

Green ODS 150 × 30 mm, 5 µm particle size, with a flow rate of 25 mL/min and monitoring at 220 and 

254 nm wavelengths. The title compound (710 mg, 58% yield) was obtained as a white solid. 

1H NMR (400 MHz, d6-DMSO) δ 9.92 (br.s, 1H), 9.80 (br.s, 1H), 6.86 (br.s, 1H), 6.75 (br.s, 1H), 6.57 (d, J = 

8.5 Hz, 1H), 6.18 (d, J = 9.0 Hz, 1H), 4.45 (br.s, 1H), 4.07-4.04 (m, 4H), 3.48-3.44 (m, 1H), 3.39-3.35 (m, 

1H), 2.42-2.41(m, 1H), 2.34-2.28 (m, 1H), 1.35 (s, 9H), 1.09 (s, 9H), 1.07 (s, 9H), 1.03 (d, J = 6.5 Hz, 3H). 

LRMS (LCMS, ESI+) calcd. for C25H47N6O10 [M+H]+: 591, found 591. 

Step 7: Synthesis of (((S)-1-(2-(L-seryl)hydrazinyl)-4-amino-1,4-dioxobutan-2-yl)carbamoyl)-L-threonine 

trifluoracetate 

To a solution of N-(((S)-4-amino-1-(2-(N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-seryl)hydrazinyl)-1,4-

dioxobutan-2-yl)carbamoyl)-O-(tert-butyl)-L-threonine (700 mg, 1.19 mmol, 1.0 equiv) in 

dichloromethane (30 mL) was added trifluoroacetic acid (30 mL) and the resulting mixture was stirred at 

15 °C for 12 h. The reaction mixture was concentrated under vacuum to afford a residue. The resulting 
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residue was purified by preparative-HPLC (Instrument: Gilson 281 semi-preparative HPLC system) using 

a gradient of 5:95 to 10:90 H2O:MeCN (+0.075% TFA) over 12 minutes, flushing with 100% MeCN for 7 

minutes after the run. The column used was an Atlantis Hilic Silica 150 × 19 mm, 5 µm particle size, with 

a flow rate of 25 mL/min and monitoring at 220 and 254 nm wavelengths. The title compound 

(trifluoroacetate salt, 102 mg, 23 % yield) was obtained as a white solid. 

1H NMR (400 MHz, D2O) δ 4.70-4.65 (m, 1H), 4.34-4.30 (m, 1H), 4.25-4.22 (m, 2H), 4.02-3.99 (m, 2H), 

2.92-2.75 (m, 2H), 1.20 (d, J = 2.8 Hz, 3H). 

LRMS (LCMS, ESI+) calcd. for C12H23N6O8 [M+H]+: 379, found 379. 

4b. Synthesis of Compound 2 

 

This compound was described in WO 2015/033299, Example 1 and identical chemistry was used herein 

to prepare this material at Santai Labs. The characterization data for the final compound is shown 

below. Nuclear Magnetic Resonance (NMR) analysis was conducted using a Bruker 400 MHz 

spectrometer with an appropriate deuterated solvent. LCMS analysis was conducted using a Shimadzu 

LC-ATvp with an API 150EX detector using an Agilent Zorbax Eclipse IDB-C18 3.5 µM, 2.1 × 50 mm 

column, eluting with 95:5 to 20:80 H2O:MeCN + 0.02% formic acid over 4 minutes. 

 

1H NMR (400 MHz, CD3OD) δ 5.21-5.19 (bs, 1H), 4.07 (bs, 1H), 4.03-4.00 (m, 2H), 3.23-3.22 (m, 2H). 
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13C NMR (100 MHz, D2O) δ 176.36, 172.26, 166.06, 59.89, 49.20, 44.86, 34.66. 

LRMS (LCMS, ESI+) calcd. for C7H13N5NaO3 [M+Na]+: 238, found 238. 

4c. Synthesis of Compound 3 

 

This compound was described in WO 2016/142886, Example 32 and identical chemistry was used herein 

to prepare this material at Santai Labs. The characterization data for the final compound is shown 

below. Nuclear Magnetic Resonance (NMR) analysis was conducted using a Bruker 400 MHz 

spectrometer with an appropriate deuterated solvent. LCMS analysis was conducted using a Shimadzu 

LC-ATvp with an API 150EX detector using an Agilent Zorbax Eclipse IDB-C18 3.5 µM, 2.1 × 50 mm 

column, eluting with 95:5 to 20:80 H2O:MeCN + 0.02% formic acid over 4 minutes. 
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1H NMR (400 MHz, CD3OD) δ 9.33 (s, 1H), 8.79 (d, J = 7.0 Hz, 2H), 5.39 (t, J = 6.0 Hz, 1H), 4.31 (d, J = 7.0 

Hz), 4.25 (s, 1H), 2.98 (m, 2H), 2.45 (s, 1H), 1.21 (d, J = 6.0 Hz). 

LRMS (LCMS, ESI+) calcd. for C15H17N6O5 [M+H]+: 361, found 361. 

4d. Synthesis of Compound 4 

 

This compound was described in WO 2015/034820 and similar chemistry was used herein to prepare 

this material at Inception Sciences Vancouver. Nuclear Magnetic Resonance (NMR) analysis was 

conducted using a Varian Mercury 300 MHz spectrometer with an appropriate deuterated solvent. LCMS 

analysis was conducted using a Waters Acquity UPLC with a QDA MS detector using a Waters C18 BEH 

1.7 µM, 2.1 × 50 mm column, eluting with 95:5 to 0:100 H2O:MeCN + 0.1% formic acid at a flow rate of 

0.6 mL/min over 3.5 minutes. The QDA MS detector was set up to scan under both positive and negative 

mode ions ranging from 100-1200 Daltons. 

 

 

Step 1: Synthesis of 2,6-dimethoxy-4-((2-methyl-[1,1'-biphenyl]-3-yl)methoxy)benzaldehyde 

Into a 20 mL sample vial equipped with a magnetic stir bar and under N2 was added 3-hydroxymethyl 2-

methylbiphenyl (1.08 g, 5.49 mmol, 1.0 equiv, TCI CAS# 76350-90-8), 2,6-dimethoxy-4-

hydroxybenzaldehyde (1.00 g, 5.49 mmol, 1.0 equiv, Aldrich CAS#  22080-96-2), triphenylphosphine 

(2.16 g, 8.23 mmol, 1.5 equiv) and THF (2.0 mL, 2.8 M). The solution was treated with drop-wise addition 

of di-iso-propyl azodicarboxylate (1.62 mL, 8.23 mmol, 1.5 equiv) over 10 minutes and the red-orange 

solution was stirred at 23 ˚C for 18 h overnight. The reaction mixture was loaded directly onto a 20 g 

silica gel pre-cartridge and dried. Purification by column chromatography through silica gel (80 g) on an 
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automated Teledyne ISCO Rf200, eluting with 80:20 to 20:80 hexanes:EtOAc as a gradient over 25 

minutes, collecting all peaks. The desired product was isolated, concentrated and dried under vacuum to 

afford an off-white solid (535 mg, 27% yield). 

1H NMR (300 MHz, CDCl3) δ 10.37 (s, 1H), 7.41-7.26 (m, 8H), 6.20 (s, 2H), 5.16 (s, 2H), 3.89 (s, 6H), 2.27 

(s, 3H). 

LRMS (LCMS, ESI+) calcd. for C23H23O4 [M+H]+: 363, found 363. 

Step 2: Synthesis of N-(2-((2,6-dimethoxy-4-((2-methyl-[1,1'-biphenyl]-3-yl)methoxy)benzyl)amino)ethyl) 

acetamide 

Into a 20 mL sample vial equipped with a magnetic stir bar and under N2 was added 2,6-dimethoxy-4-

((2-methyl-[1,1'-biphenyl]-3-yl)methoxy)benzaldehyde (250 mg, 0.69 mmol, 1.0 equiv), DMF (2 mL, 0.35 

M), acetic acid (40 µL, 0.69 mmol, 1.0 equiv) and N-(2-amino)ethyl acetamide (211 mg, 2.07 mmol, 3.0 

equiv). The yellow-orange mixture was heated to 40 ˚C for 1 h and then cooled to room temperature. 

The solution was treated with NaBH4 (76 mg, 2.07 mmol, 3.0 equiv) added portion-wise over 10 minutes 

and the mixture was stirred at 23 ˚C for 1 h. LCMS analysis after this time reveals product formation. The 

mixture was cooled to 0 ˚C and quenched with drop-wise addition of water (3 mL) and concentrated 

under reduced pressure. The unpurified reaction mixture was suspended in MeOH and loaded onto a 5 g 

C18 pre-cartridge and dried. Purification by reverse-phase column chromatography through C18 media 

(26 g) on an automated Teledyne ISCO Rf200, eluting with 100:0 to 40:60 H2O:MeCN + 0.1% HCO2H as a 

gradient over 20 minutes afforded the formate salt of the desired compound as a clear film (106 mg, 

31% yield). 

1H NMR (300 MHz, CDCl3) δ 8.47 (br.s, 1H), 7.42-7.26 (m, 8H), 6.23 (s, 2H), 5.08 (s, 2H), 4.13 (br.s, 2H), 

3.83 (s, 6H), 3.49 (br.s, 2H), 2.98 (br.s, 2H), 2.26 (3H, s), 1.96 (3H, s). 

LRMS (LCMS, ESI+) calcd. for C27H3N2O4 [M+H]+: 449, found 449. 
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Figure S9. 1H NMR spectrum for fully protected precursor leading to compound 1 in CDCl3. 

 

 

Figure S10. 1H NMR spectrum for penultimate intermediate leading to compound 1 in d6-DMSO. 
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Figure S11. 1H NMR spectrum for compound 1 in D2O. 

 

 

Figure S12. 1H NMR spectrum for compound 2 in CD3OD. 
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Figure S13. 13C NMR spectrum for compound 2 in D2O. 

 

 

Figure S14. 1H NMR spectrum for compound 3 in CD3OD. 
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Figure S15. 1H NMR spectrum for 2,6-dimethoxy-4-((2-methyl-[1,1'-biphenyl]-3-yl)methoxy) 

benzaldehyde (aldehyde intermediate en route to compound 4) in CDCl3. 

 

Figure S16. 1H NMR spectrum for compound 4 in CDCl3.   
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