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Figure S1. Schematic summary of the hydroxamate formation assay.1 In the absence of the native 

acceptor, the tightly bound aminoacyl-adenylate can be released with hydroxylamine, forming the aminoacyl 

hydroxymate and releasing AMP. Product formation can then be monitored by coupling the release of 

pyrophosphate (PPi) to the cleavage of the ultraviolet indicator MesG in a continuous format. 
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Figure S2. Inhibitory activities of recombinant NRPS enzymes by L-Phe-AMS-BPyne 1, 

L-Pro-AMS-BPyne 2, and L-Pro-AMS 5. (a) Inhibition of holo-GrsA by 1. The reactions contained 20 nM 

GrsA, 1 mM L-Phe, standard assay buffer [20 mM Tris (pH 8.0), 2.5 mM ATP, 1 mM MgCl2, 1 mM TCEP, 

150 mM hydroxylamine (pH 7.0), 0.1 U purine nucleoside phosphorylase, 0.04 U inorganic pyrophosphatase, 

and 0.2 mM MesG] and 0.0025% Igepal CA-630. (b) Inhibition of holo-TycB1 by 2. The reactions contained 

800 nM TycB1, 1 mM L-Pro, and the standard assay buffer. (c) Inhibition of holo-TycB1 by 5. The reactions 

contained 800 nM TycB1, 1 mM L-Pro, and the standard assay buffer. 
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Figure S3. Full images of SDS-PAGE gels from Figure 3. Labeling of recombinant holo-GrsA and 

holo-TycB1 with probes 1 and 2. (a) Labeling of GrsA and TycB1 and competitive inhibition studies with 

excess inhibitors 4 and 5. GrsA (1 µM) and TycB1 (1 µM) were individually pre-incubated in either the 

absence or presence of 100 µM of inhibitors 4 and 5 and treated with 1 µM of the individual probes 1 and 2. 

(b) Ultraviolet photolysis time course studies of the labeling of GrsA with probe 1 (left) and TycB1 with probe 

2 (right). SDS-PAGE analysis denoting the labeling of 1 µM of GrsA and TycB1 with 1 µM probes 1 and 2, 

respectively. (c, d) Limit of detection of GrsA and TycB1 labeling. GrsA (1500 fmol) and TycB1 (1500 

fmol) were individually incubated with probes 1 and 2. (e, f) Labeling specificity of probes 1 and 2. GrsA (1 

µM), TycB1 (1 µM), AusA1 (1 µM), and BSA (1 µM) were individually treated with 1 µM of probes 1 and 2 

in either the absence or presence of 100 µM of the inhibitors 4, 5, and 6. For each panel, the top image (Φ) 

depicts the fluorescence observed with ex = 532 nm and em = 580 nm and the bottom (Σ) denotes total 

protein content by staining with Coomassie (Colloidal Coomassie Blue Stain) or a silver staining method. a) 

Full image for gel in Fig. 3a. b) Full image for gel in Fig. 3b. c) Full image for gel in Fig. 3c. d) Full image 

for gel in Fig. 3d. e) Full image for gel in Fig. 3e. f) Full image for gel in Fig. 3f. 
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Figure S4. Full images of SDS-PAGE gels from Figure 4d. Proteomic applications of active site-directed 

proteomic probes 13 for A domains. (a) Individual labeling of A domains and profiling of A domain 

functions using a combination of probes 13 and inhibitors 48. In order to investigate GrsA labeling, the A. 

migulanus ATCC 9999 lysate (1.5 mg/mL) was pre-incubated with individual members of inhibitors 48 (100 

µM) before the addition of 1 µM of probe 1. (b, c) To evaluate the labeling of GrsB, the A. migulanus DSM 

5759 lysate (1.5 mg/mL) was individually treated with 100 µM of inhibitors 48 before the addition of 

individual members of 1 µM probes 2 and 3. For each panel, the top image (Φ) depicts the fluorescence 

observed with ex = 532 nm and em = 580 nm and the bottom (Σ) denotes total protein content by staining 

with Coomassie (Colloidal Coomassie Blue Stain). a) Full image for the top gel in Fig. 4d. b) Full image for 

the middle gel in Fig. 4d. c) Full image for the bottom gel in Fig. 4d. 
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Figure S5. MASCOT report for MS/MS analysis of excised gel bands from A. migulanus DSM 5759 

proteome. 
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Figure S6. Compiled MS/MS data of gel excised fluorescent GrsB bands from A. migulanus DSM 5759 

proteome. Peptides found are shown in red. 
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Chemical Synthetic Procedures 

 

 

 

Scheme S1. Synthetic route to L-Phe-AMS-BPyne 1, L-Pro-AMS-BPyne 2, and L-Orn-AMS-BPyne 3. 

Reagents and conditions: [a] Cs2CO3, DMF, rt: 73% (S2b); 83% (S2c); [b] Pd/C, H2, MeOH, rt: 64% (S3b); 

67% (S3c); [c] S8, EDC, HOBt, DMF, rt: 86% (S4a); 50% (S4b); 60% (S4c); [d] 80% aqueous TFA, rt: 56% 

(1); 91% (2); 88% (3). 
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Scheme S2. Synthetic route to S8. Reagents and conditions: [a] 4, 4′-diaminobenzophenone, EDC, HOBt, 

DMF, rt, 53%; [b] 5-hexynoic chloride, DIEA, THF, rt, 51%; [c] 4 M NaOH aq., MeOH, THF, rt, 97%. 

 

 

 

Scheme S3. Synthetic route to 5′-O-[N-(aminoacyl)sulfamoyl]adenosines 5, 7, and 8. Reagents and 

conditions: [a] N-hydroxysuccinimide esters a-c, Cs2CO3, DMF, rt: 87% (S10a); 22% (S10b); 61% (S10c); 

[b] 80% aqueous TFA, rt: 74% (5); 98% (7); 69% (8). 

 

General Synthetic Methods: All commercial reagents were used as provided unless otherwise indicated. S12 

(Scheme S1), S3a2 (Scheme S1), S53 (Scheme S2), and 5′-O-sulfamoyl-2′,3′-isopropylideneadenosine S94 

(Scheme S3) are known compounds. These compounds were prepared according to published literature 

procedures. All reactions were carried out under an atmosphere of nitrogen in dry solvents with oven-dried 

glassware and constant magnetic stirring unless otherwise noted. High performance liquid chromatography 

(HPLC) was performed on a Prominence CBM-20A (Shimadzu) system equipped with a Prominence 

SPD-20A UV/VIS detector (Shimadzu). 1H-NMR spectra were recorded at 500 MHz. 13C-NMR spectra were 

recorded at 125 MHz on JEOL NMR spectrometers and standardized to the NMR solvent signal as reported 

by Gottlieb.5 Multiplicities are given as s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of 

doublets, ddd = doublet of triplets, br = broad signal, m = multiplet using integration and coupling constant in 

Hertz. TLC analysis was performed using Silica Gel 60 F254 plates (Merck) and visualization was 
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accomplished with ultraviolet light (λ = 254 nm) and/or the appropriate stain [phosphomolybdic acid, iodine, 

ninhydrin, and potassium permanganate]. Silica gel chromatography was carried out with SiliaFlash F60 

230-400 mesh (Silicycle), according to the method of Still.6 Mass spectral data were obtained using a 

LCMS-IT-TOF mass spectrometer (Shimadzu). 

 

Chemical Synthesis of 1 Compound number in bold refers to the structures shown in Scheme S1. 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-(4-((4-(4-(hex-5-ynamid

o)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofuran-2-yl)methyl 

((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (S4a) 

 

 

 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (3.1 mg, 0.016 mmol) and 

1-hydroxybenzotriazole (2.5 mg, 0.016 mmol) were added to a solution of compound S8 (6.4 mg, 0.016 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min and S3a (10 mg, 0.013 

mmol) was then added. After 12 h, the reaction mixture was diluted with EtOAc. The mixture was washed 

with 5% citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated to 

dryness. The residue was purified by flash chromatography (6:1 CHCl3/MeOH) to afford compound S4a as a 

white solid (13 mg, 86%).1H NMR (500 MHz, CD3OD):  8.48 (s, 1H), 8.19 (s, 1H), 7.75–7.70 (m, 8H), 

7.23–7.17 (m, 4H), 7.15–7.09 (m, 1H), 6.14 (d, J = 6.3 Hz, 1H), 4.62–4.58 (m, 1H), 4.55–4.51 (m, 1H), 4.38–

4.31 (m, 1H), 4.30–4.20 (m, 3H), 3.58–3.51 (m, 1H), 3.48–3.41 (m, 1H), 3.16 (dd, J = 13.8, 4.6 Hz, 1H), 3.06 

(dd, J = 6.9, 6.3 Hz, 2H), 2.91–2.83 (m, 1H), 2.70 (dd, J = 7.5, 6.9 Hz, 2H), 2.58–2.51 (m, 4H), 2.31–2.26 (m, 

3H), 1.94–1.86 (m, 2H), 1.54–1.37 (m, 4H), 1.33 (s, 9H), 0.94 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H). 13C NMR 

(125 MHz, CD3OD):  196.5, 174.4, 174.0, 173.3, 157.4, 157.2, 153.9, 150.8, 144.3, 144.2, 141.3, 139.0, 

134.0, 133.9, 132.3, 132.2, 130.6, 129.2, 127.4, 120.3, 120.0, 119.9, 87.5, 85.4, 84.1, 83.1, 80.2, 72.7, 71.5, 

70.3, 69.6, 59.2, 40.0, 36.7, 33.2, 31.8, 28.8, 28.1, 26.9, 26.3, 25.5, 19.0, 18.6, –4.3, –4.5. (The 13C signal of 

the sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI+): [M+H]+ calcd for 

C57H75N10O13SSi, 1167.5005; found, 1167.5004. 
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L-Phe-AMS-BPyne (1) 

 

 

 

Compound S4a (12 mg, 0.010 mmol) was dissolved in a mixture of 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 8 h, the flask was placed on the rotary evaporator and the TFA and H2O were 

removed at reduced pressure. The residue was purified by flash chromatography (4:1 CHCl3/MeOH) to afford 

compound 1 as a white solid (5.3 mg, 56%). 1H NMR (500 MHz, CD3OD):  8.50 (s, 1H), 8.19 (s, 1H), 7.76–

7.71 (m, 8H), 7.31–7.26 (m, 4H), 7.21–7.15 (m, 1H), 6.16 (d, J = 4.6 Hz, 1H), 4.45 (dd, J = 4.6, 4.0 Hz, 1H), 

4.41 (dd, J = 5.2, 4.6 Hz, 1H), 4.39–4.34 (m, 1H), 4.33–4.27 (m, 2H), 3.91–3.86 (m, 1H), 3.73–3.63 (m, 1H), 

3.63–3.57 (m, 1H), 3.35–3.28 (m, 1H, overlapping with MeOH), 3.19–3.10 (m, 2H), 3.06–3.00 (m, 1H), 2.71 

(dd, J = 7.5, 6.9 Hz, 2H), 2.59–2.52 (m, 4H), 2.32–2.26 (m, 3H), 1.94–1.87 (m, 2H), 1.66–1.44 (m, 4H). 13C 

NMR (125 MHz, CD3OD):  196.6, 175.3, 174.5, 174.1, 173.3, 157.2, 154.0, 150.6, 144.3, 144.2, 141.1, 

136.6, 134.0, 133.9, 132.3, 132.2, 130.6, 130.0, 128.4, 120.13, 120.07, 120.0, 87.8, 84.5, 84.1, 83.6, 71.6, 

70.9, 70.3, 68.9, 58.3, 40.0, 38.7, 36.7, 33.2, 31.8, 27.8, 26.9, 25.5, 18.6. HRMS (ESI+): [M+H]+ calcd for 

C46H53N10O11S, 953.3616; found, 953.3616. 

 

Chemical Synthesis of 2 Compound number in bold refers to the structures shown in Scheme S1. 

tert-Butyl (S)-2-(((((2R,3R,4R,5R)-5-(6-amino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((tert-butyldimet- 

hylsilyl)oxy)tetrahydrofuran-2-yl)methoxy)sulfonyl)carbamoyl)pyrrolidine-1-carboxylate (S2b) 

 

 

 

Boc-Pro-OSu (52 mg, 0.17 mmol) and cesium carbonate (108 mg, 0.33 mmol) were added to a solution of 

compound S1 (60 mg, 0.11 mmol) in DMF (1 mL). The solution was stirred at room temperature for 1 h. The 

reaction mixture was then filtered through a pad of Celite. The filtrate was concentrated under reduced 

pressure. The residue was purified by flash chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 

S2b as a white solid (61 mg, 73%). 1H NMR (500 MHz, CD3OD):  8.46 (s, 1H), 8.22 (s, 1H), 6.15 (d, J = 

6.3 Hz, 1H), 4.67–4.60 (m, 1H), 4.58–4.50 (m, 1H), 4.47–4.41 (m, 1H), 4.40–4.32 (m, 1H), 4.30–4.25 (m, 

1H), 4.21–4.09 (m, 1H), 3.63–3.55 (m, 1H), 3.52–3.42 (m, 2H), 3.41–3.33 (m, 1H), 3.19–3.11 (m, 2H), 2.27–

2.14 (m, 1H), 2.02–1.70 (m, 3H), 1.60–1.46 (m, 4H), 1.46–1.39 (m, 9H), 0.97 (s, 9H), 0.18 (s, 3H), 0.17 (s, 
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3H). 13C NMR (125 MHz, CD3OD):  178.7, 157.2, 156.1, 153.7, 150.7, 141.4, 120.3, 87.6, 85.2, 83.1, 81.4, 

72.6, 71.3, 70.3, 63.0, 52.1, 47.7, 32.4, 28.7, 28.0, 26.6, 26.3, 24.5, 19.0, –4.4, –4.6. HRMS (ESI–): [M–H]– 

calcd for C30H49N10O9SSi, 753.3179; found, 753.3176. 

 

tert-Butyl (S)-2-(((((2R,3R,4R,5R)-5-(6-amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((tert-butyldimet 

-hylsilyl)oxy)tetrahydrofuran-2-yl)methoxy)sulfonyl)carbamoyl)pyrrolidine-1-carboxylate (S3b) 

 

 

 

To a solution of S2b (50 mg, 0.066 mmol) in MeOH (2 mL) was added 10% Pd/C (5 mg). The resulting 

suspension was hydrogenated under an atmosphere of H2 at room temperature for 24 h. The reaction mixture 

was filtered through a pad of Celite, which was further washed with MeOH (10 mL). The combined filtrate 

was concentrated under reduced pressure. The residue was purified by flash chromatography (4:1 to 3:1 

CHCl3/MeOH) to afford compound S3b as a white solid (31 mg, 64%). 1H NMR (500 MHz, CD3OD):  8.54 

(s, 1H), 8.20 (s, 1H), 6.17 (d, J = 6.9 Hz, 1H), 4.67–4.62 (m, 1H), 4.61–4.52 (m, 1H), 4.33–4.23 (m, 3H), 

4.18–4.09 (m, 1H), 3.62–3.55 (m, 1H), 3.53–3.42 (m, 2H), 3.41–3.34 (m, 1H), 2.91–2.80 (m, 2H), 2.26–2.12 

(m, 1H), 2.02–1.85 (m, 2H), 1.83–1.72 (m, 1H), 1.68–1.50 (m, 4H), 1.42 (s, 9H), 0.97 (s, 9H), 0.18 (s, 3H), 

0.17 (s, 3H). 13C NMR (125 MHz, CD3OD):  181.6, 157.4, 156.4, 154.0, 150.8, 141.2, 120.1, 87.1, 86.0, 

83.4, 81.0, 73.1, 70.8, 69.1, 64.0, 47.7, 40.5, 32.7, 28.8, 27.6, 26.3, 25.4, 24.6, 19.0, –4.4, –4.5. HRMS 

(ESI–): [M–H]– calcd for C30H51N8O9SSi, 727.3274; found, 727.3271. 

 

tert-Butyl (S)-2-(((((2R,3R,4R,5R)-5-(6-amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-( 

4-((4-(4-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofuran-2-yl)metho

xy)sulfonyl)carbamoyl)pyrrolidine-1-carboxylate (S4b) 

 

 

 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (8.0 mg, 0.041 mmol) and 

1-hydroxybenzotriazole (6.3 mg, 0.041 mmol) were added to a solution of compound S8 (17 mg, 0.041 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min and S3b (25 mg, 0.034 
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mmol) was then added. After 18 h, the reaction mixture was diluted with EtOAc. The combined organic layer 

was washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and 

evaporated to dryness. The residue was purified by flash chromatography (10:1 to 5:1 CHCl3/MeOH) to 

afford compound S4b as a white solid (19 mg, 50%). 1H NMR (500 MHz, CD3OD):  8.47−8.38 (m, 1H), 

8.20 (s, 1H), 7.76−7.68 (m, 8H), 6.13 (d, J = 5.7 Hz, 1H), 4.66−4.60 (m, 1H), 4.57−4.49 (m, 1H), 4.45−4.39 

(m, 1H), 4.38−4.29 (m, 1H), 4.29−4.24 (m, 1H), 4.18−4.09 (m, 1H), 3.59−3.52 (m, 1H), 3.50−3.40 (m, 2H), 

3.39−3.34 (m, 1H), 3.11−3.04 (m, 2H), 2.70 (t, J = 6.9 Hz, 2H), 2.59−2.51 (m, 4H), 2.32−2.26 (m, 3H), 

2.25−2.12 (m, 1H), 2.04−1.82 (m, 4H), 1.82−1.70 (m, 1H), 1.58−1.38 (m, 13H), 0.94 (s, 9H), 0.16 (s, 3H), 

0.15 (s, 3H). 13C NMR (125 MHz, CD3OD):  196.5, 174.4, 174.0, 173.3, 157.2, 156.6, 153.9, 150.7, 144.3, 

144.2, 141.4, 134.0, 133.9, 132.3, 132.2, 120.3, 120.0, 119.9, 87.6, 85.4, 84.1, 83.0, 81.2, 72.7, 71.5, 70.3, 

69.9, 63.5, 47.7, 40.1, 36.7, 33.2, 31.8, 28.9, 28.7, 28.1, 26.9, 26.3, 25.5, 24.5, 19.0, 18.6, −4.4, −4.6. (The 13C 

signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI−): [M−H]− 

calcd for C53H71N10O13SSi, 1115.4698; found, 1115.4696. 

 

L-Pro-AMS-BPyne (2) 

 

 

 

Compound S4b (19 mg, 0.017 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at room 

temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and H2O were removed at 

reduced pressure. The residue was purified by flash chromatography (3:1 CHCl3/MeOH) to afford compound 

2 as a white solid (14 mg, 91%). 1H NMR (500 MHz, CD3OD):  8.50 (s, 1H), 8.19 (s, 1H), 7.78−7.69 (m, 

8H), 6.15 (d, J = 5.2 Hz, 1H), 4.49 (t, J = 4.6 Hz, 1H), 4.42 (t, J = 5.2 Hz, 1H), 4.39−4.26 (m, 3H), 4.08 (dd, J 

= 8.6, 6.9 Hz, 1H), 3.69−3.62 (m, 1H), 3.61−3.54 (m, 1H), 3.39−3.34 (m, 1H), 3.28−3.22 (m, 1H), 3.16-3.10 

(m, 2H), 2.70 (t, J = 6.9 Hz, 2H), 2.60−2.51 (m, 4H), 2.37−2.26 (m, 4H), 2.16−2.07 (m, 1H), 1.98−1.86 (m, 

4H), 1.64−1.43 (m, 4H). 13C NMR (125 MHz, CD3OD):  196.6, 174.9, 174.5, 174.1, 173.3, 157.3, 154.0, 

150.7, 144.3, 144.2, 141.1, 134.0, 132.28, 132.25, 120.2, 120.1, 120.0, 87.7, 84.5, 84.1, 83.6, 71.6, 70.9, 70.4, 

63.8, 47.3, 40.0, 36.7, 33.2, 31.8, 30.8, 37.8, 26.9, 25.5, 24.9, 18.6. HRMS (ESI+): [M+Na]+ calcd for 

C42H50N10O11SNa, 925.3279; found, 925.3251. 

 

Chemical Synthesis of 3 Compound number in bold refers to the structures shown in Scheme S1. 

((2R,3R,4R,5R)-5-(6-Aamino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((tert-butyldimethylsilyl)oxy)tetrahyd

rofuran-2-yl)methyl ((S)-2,5-bis((tert-butoxycarbonyl)amino)pentanoyl)sulfamate (S2c) 
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Boc-Orn(Boc)-OSu (73 mg, 0.17 mmol) and cesium carbonate (108 mg, 0.33 mmol) were added to a solution 

of compound S1 (60 mg, 0.11 mmol) in DMF (1 mL). The solution was stirred at room temperature for 2 h. 

The reaction mixture was then filtered through a pad of Celite. The filtrate was concentrated under reduced 

pressure. The residue was purified by flash chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 

S2c as a white solid (80 mg, 83%). 1H NMR (500 MHz, CD3OD):  8.49 (s, 1H), 8.23 (s, 1H), 6.16 (d, J = 6.3 

Hz, 1H), 4.63–4.58 (m, 1H), 4.57–4.50 (m, 1H), 4.48–4.40 (m, 1H), 4.39–4.32 (m, 1H), 4.32–4.26 (m, 1H), 

4.07–3.92 (m, 1H), 3.66–3.57 (m, 1H), 3.51–3.44 (m, 1H), 3.19–3.12 (m, 2H), 3.09–2.99 (m, 2H), 1.87–1.73 

(m, 1H), 1.66–1.47 (m, 7H), 1.41 (s, 18H), 0.96 (s, 9H), 0.174 (s, 3H), 0.169 (s, 3H). 13C NMR (125 MHz, 

CD3OD):  177.7, 158.5, 157.7, 157.0, 153.5, 150.6, 141.4, 120.3, 87.5, 85.2, 83.2, 80.4, 79.9, 72.6, 71.3, 

70.2, 57.0, 52.1, 40.8, 31.1, 28.8, 28.0, 27.2, 26.6, 26.3, 19.0, –4.4, –4.6. HRMS (ESI+): [M+H]+ calcd for 

C35H62N11O11SSi, 872.4120; found, 872.4112. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((tert-butyldimethylsilyl)oxy)tetrahydr

ofuran-2-yl)methyl ((S)-2,5-bis((tert-butoxycarbonyl)amino)pentanoyl)sulfamate (S3c) 

 

 

 

To a solution of S2c (62 mg, 0.071 mmol) in MeOH (2 mL) was added 10% Pd/C (6 mg). The resulting 

suspension was hydrogenated under an atmosphere of H2 at room temperature for 24 h. The reaction mixture 

was filtered through a pad of Celite, which was further washed with MeOH (10 mL). The combined filtrate 

was concentrated under reduced pressure. The residue was purified by flash chromatography (4:1 

CHCl3/MeOH) to afford compound S3c as a white solid (40 mg, 67%). 1H NMR (500 MHz, CD3OD):  8.57 

(s, 1H), 8.20 (s, 1H), 6.18 (d, J = 6.3 Hz, 1H), 4.63–4.51 (m, 2H), 4.32–4.20 (m, 3H), 4.05–3.93 (m, 1H), 

3.62–3.55 (m, 1H), 3.53–3.45 (m, 1H), 3.07–3.00 (m, 2H), 2.91–2.83 (m, 2H), 1.88–1.79 (m, 1H), 1.69–1.48 

(m, 7H), 1.47–1.38 (m, 18H), 0.96 (s, 9H), 0.17 (s, 3H), 0.16 (s, 3H). 13C NMR (125 MHz, CD3OD):  180.7, 

158.4, 157.6, 157.4, 154.0, 150.8, 141.1, 120.1, 87.0, 86.0, 83.5, 80.1, 79.8, 73.0, 70.7, 69.1, 57.6, 41.0, 40.5, 

32.0, 28.8, 27.6, 27.0, 26.3, 25.4, 19.0, –4.3, –4.5. HRMS (ESI+): [M+H]+ calcd for C35H64N9O11SSi, 
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846.4215; found, 846.4201. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-(4-((4-(4-(hex-5-ynamid

o)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofuran-2-yl)methyl 

((S)-2,5-bis((tert-butoxycarbonyl)amino)pentanoyl)sulfamate (S4c) 

 

 

 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (8.0 mg, 0.043 mmol) and 

1-hydroxybenzotriazole (6.6 mg, 0.043 mmol) were added to a solution of compound S8 (17 mg, 0.043 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min and S3c (30 mg, 0.035 

mmol) was added. After 3 h, the reaction mixture was diluted with EtOAc. The mixture was washed with 5% 

citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The 

residue was purified by flash chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound S4c as a white 

solid (26 mg, 60%). 1H NMR (500 MHz, CD3OD):  8.46 (s, 1H), 8.20 (s, 1H), 7.76−7.70 (m, 8H), 6.14 (d, J 

= 5.7 Hz, 1H), 4.60 (dd, J = 4.6, 2.9 Hz, 1H), 4.51 (dd, J = 5.7, 5.2 Hz, 1H), 4.42−4.36 (m, 1H), 4.33−4.25 (m, 

2H), 4.02−3.95 (m, 1H), 3.59−3.53 (m, 1H), 3.49−3.42 (m, 1H), 3.11−3.05 (m, 2H), 3.02 (t, J = 6.9 Hz, 2H), 

2.71 (t, J = 6.9 Hz, 2H), 2.58−2.51 (m, 4H), 2.32−2.87 (m, 3H), 1.94−1.86 (m, 2H), 1.86−1.77 (m, 1H), 

1.65−1.34 (m, 25H), 0.94 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H). 13C NMR (125 MHz, CD3OD):  196.5, 174.4, 

174.0, 173.3, 158.5, 157.8, 157.2, 153.9, 150.7, 144.3, 144.2, 141.2, 134.0, 133.9, 132.3, 132.2, 120.3, 120.0, 

119.9, 87.6, 85.2, 84.1, 83.1, 80.3, 79.9, 72.6, 71.5, 70.4, 69.6, 57.7, 41.0, 40.0, 36.7, 33.2, 31.8, 28.8, 28.1, 

27.2, 26.9, 26.3, 25.5, 19.0, 18.6, −4.4, −4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, around 180 

ppm, was not observed.) HRMS (ESI+): [M+H]+ calcd for C58H84N11O15SSi, 1234.5638; found, 1234.5603. 

 

L-Orn-AMS-BPyne (3) 

 

 

 

Compound S4c (20 mg, 0.016 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at room 

temperature. After 3 h, the flask was placed on the rotary evaporator and the TFA and H2O were removed at 

reduced pressure. The residue was purified by flash chromatography (4:1 CHCl3/MeOH) to afford compound 
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3 as a white solid (13 mg, 88%). 1H NMR (500 MHz, CD3OD):  8.65 (s, 1H), 8.38 (s, 1H), 7.74−7.70 (m, 

8H), 6.20 (d, J = 4.0 Hz, 1H), 4.50 (t, J = 5.2 Hz, 1H), 4.46−4.41 (m, 1H), 4.41−4.34 (m, 2H), 4.32−4.28 (m, 

1H), 3.77−3.73 (m, 1H), 3.72−3.61 (m, 2H), 3.20−3.13 (m, 2H), 3.03−2.94 (m, 2H), 2.72 (t, J = 6.9 Hz, 2H), 

2.59−2.52 (m, 4H), 2.32−2.26 (m, 3H), 2.00−1.80 (m, 6H), 1.67−1.58 (m, 2H), 1.58−1.48 (m, 2H). 13C NMR 

(125 MHz, CD3OD):  196.5, 174.53, 174.47, 174.1, 173.3, 152.3, 149.8, 146.3, 144.24, 144.22, 143.4, 134.0, 

133.9, 132.2, 120.2, 120.1, 119.9, 88.6, 84.4, 84.1, 83.8, 71.7, 70.6, 70.4, 69.0, 55.9, 40.04, 39.99, 36.7, 33.1, 

31.7, 29.4, 27.7, 27.0, 25.5, 24.3, 18.6. HRMS (ESI+): [M+Na]+ calcd for C42H53N11O11SNa, 942.3544; found, 

942.3550. 

 

Chemical Synthesis of S8 Compound number in bold refers to the structures shown in Scheme S2. 

Methyl 4-((4-(4-aminobenzoyl)phenyl)amino)-4-oxobutanoate (S6) 

 

 

 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (905 mg, 4.72 mmol) and 

1-hydroxybenzotriazole (723 mg, 4.72 mmol) were added to a solution of compound S5 (623 mg, 4.72 mmol) 

in DMF (20 mL). The solution was stirred at room temperature for 5 min and 4, 4′-diaminobenzophenone 

(500 mg, 2.36 mmol) was added. After 12 h, the reaction mixture was diluted with EtOAc. The mixture was 

washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated 

to dryness. The residue was purified by flash chromatography (2:1 EtOAc/hexane) to afford compound S6 as 

a white solid (410 mg, 53%). 1H NMR (500 MHz, DMSO-d6):  10.26 (br, 1H), 7.69 (d, J = 8.6 Hz, 2H), 7.58 

(d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 8.6 Hz, 2H), 6.06 (s, 2H), 3.59 (s, 3H), 2.68–2.59 

(m, 4H). 13C NMR (125 MHz, DMSO-d6):  192.4, 172.8, 170.3, 153.4, 141.9, 133.2, 132.4, 133.2, 132.4, 

130.2, 124.2, 118.0, 112.5, 51.4, 31.0, 28.4. HRMS (ESI+): [M+H]+ calcd for C18H19N2O4, 327.1345; found, 

327.1326. 

 

Methyl 4-((4-(4-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanoate (S7) 

 

 

 

Oxalyl chloride (154 µL, 1.8 mmol) and DMF (20 µL) were added to a solution of 5-hexynoic acid (129 µL, 

1.2 mmol) in benzene (10 mL). After 2 h, the flask was placed on the rotary evaporator and the DMF and 
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benzene were removed at reduced pressure to afford 5-hexynoic chloride as a red oil. A solution of crude 

5-hexynoyl chloride, compound S6 (185 mg, 0.57 mmol), and DIEA (200 µL, 1.14 mmol) in THF (5 mL) 

was stirred at room temperature for 9 h. The reaction mixture was diluted with EtOAc. The mixture was 

washed with 5% citric acid, saturated NaHCO3, and brine. The organic layer was dried over Na2SO4 and 

evaporated to dryness. The residue was purified by flash chromatography (1:1 EtOAc/hexane) to afford 

compound S7 as a white solid (122 mg, 51%). 1H NMR (500 MHz, DMSO-d6):  10.35 (br, 1H), 10.28 (br, 

1H), 7.66–7.78 (m, 8H), 3.59 (s, 3H), 2.81 (t, J = 2.9 Hz, 1H), 2.69–2.59 (m, 4H), 2.45–2.48 (m, 2H), 2.23 

(ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.81–1.73 (m, 2H). 13C NMR (125 MHz, DMSO-d6):  193.3, 172.8, 171.2, 

170.5, 143.0, 142.9, 131.7, 130.9, 130.8, 118.2, 118.1, 84.0, 71.7, 51.4, 35.2, 31.0, 28.4, 23.8, 17.3. HRMS 

(ESI+): [M+H]+ calcd for C24H25N2O5, 421.1763; found, 421.1761. 

 

4-((4-(4-(Hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanoic acid (S8) 

 

 

 

To a solution of S7 (122 mg, 0.29 mmol) in 3:1 MeOH/THF (4 mL) was added 145 µL of a 4 M aqueous 

NaOH solution at room temperature. Stirring was continued at room temperature for 12 h. The flask was then 

placed on a rotary evaporator and the MeOH and THF were removed at reduced pressure. The residue was 

diluted with H2O and washed with EtOAc. The aqueous layer was acidified with citric acid monohydrate and 

back extracted with EtOAc. The combined organic layer was washed with brine, dried over Na2SO4, and 

evaporated to dryness to afford compound S8 as a pale yellow solid (114 mg, 97%). 1H NMR (500 MHz, 

DMSO-d6):  10.33 (br, 1H), 10.29 (br, 1H), 7.75 (dd, J = 8.6, 3.4 Hz, 4H), 7.69 (d, J = 8.6 Hz, 4H), 2.80 (t, J 

= 2.9 Hz, 1H), 2.64−2.58 (m, 2H), 2.57−2.51 (m, 2H), 2.44−2.47 (m, 2H), 2.22 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 

1.81−1.73 (m, 2H). 13C NMR (125 MHz, DMSO-d6):  193.4, 173.8, 171.3, 170.8, 143.09, 143.06, 131.8, 

131.7, 131.0, 130.9, 118.3, 118.2, 84.0, 71.7, 35.3, 31.3, 28.7, 23.8, 17.4. HRMS (ESI+): [M+H]+ calcd for 

C23H23N2O5, 407.1607; found, 407.1604. 

 

Chemical Synthesis of 5 Compound number in bold refers to the structures shown in Scheme S3. 

5′-O-[N-(N-Boc-L-prolyl)sulfamoyl]-2′,3′-O-isopropylideneadenosine triethylammonium salt (S10a) 
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Boc-Pro-OSu (63 mg, 0.20 mmol) and cesium carbonate (127 mg, 0.39 mmol) were added to a solution of 

5′-O-sulfamoyl-2′,3′-isopropylideneadenosine S9 (50 mg, 0.13 mmol) in DMF (1 mL). The solution was 

stirred at room temperature for 1 h. The reaction mixture was filtered through a pad of Celite. The filtrate was 

concentrated under reduced pressure. The residue was purified by flash chromatography (91:9:1 to 86:14:1 

EtOAc/MeOH/Et3N) to afford compound S10a as a white solid (77 mg, 87%). 1H NMR (500 MHz, CD3OD): 

δ 8.48−8.42 (m, 1H), 8.21 (s, 1H), 6.23 (d, J = 3.4 Hz, 1H), 5.41−5.35 (m, 1H), 5.17−5.10 (m, 1H), 4.56−4.51 

(m, 1H), 4.32−4.17 (m, 2H), 4.16−4.07 (m, 1H), 3.51−3.43 (m, 1H), 3.41−3.32 (m, 1H), 3.19 (q, J = 7.5 Hz, 

6H, Et3N-CH2), 2.22−2.10 (m, 1H), 1.97−1.85 (m, 2H), 1.82−1.74 (m, 1H), 1.60 (s, 3H), 1.44−1.37 (m, 12H), 

1.28 (t, J = 7.5 Hz, 9H, Et3N-CH3). 
13C NMR (125 MHz, CD3OD): δ 181.5, 157.3, 156.4, 154.0, 150.5, 141.4, 

120.2, 115.3, 91.8, 85.8, 83.3, 81.0, 80.4, 69.5, 63.9, 47.9, 47.7, 32.6, 28.8, 27.5, 25.6, 24.5, 9.2. HRMS 

(ESI−): [M−H]− calcd for C23H32N7O9S, 582.1981; found, 582.1981. 

 

5′-O-[N-(L-Prolyl)sulfamoyl]adenosine triethylammonium salt (5) 

 

  

 

Compound S10a (30 mg, 0.044 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at room 

temperature. After 2 h, the flask was placed on the rotary evaporator and the TFA and H2O were removed at 

reduced pressure. The residue was purified by flash chromatography (67:33:1 to 50:50:1 CHCl3/MeOH/Et3N) 

to afford compound 5 as a white solid (16 mg, 74%). 1H NMR (500 MHz, DMSO-d6): δ 8.35 (s, 1H), 8.14 (s, 

1H), 7.27 (br, 2H), 5.90 (d, J = 5.7 Hz, 1H), 4.61−4.56 (m, 1H), 4.18−4.12 (m, 2H), 4.11−4.03 (m, 2H), 

3.91−3.86 (m, 1H), 3.23−3.16 (m, 1H), 3.10−3.04 (m, 1H), 2.72 (q, J = 6.9 Hz, 2H, Et3N-CH2), 2.19−2.10 (m, 

1H), 1.95−1.86 (m, 1H), 1.85−1.72 (m, 2H), 1.03 (t, J = 6.9 Hz, 3H, Et3N-CH3). 
13C NMR (125 MHz, 

DMSO-d6): δ 171.7, 156.0, 152.6, 149.6, 139.4, 118.9, 87.1, 82.4, 73.4, 70.7, 67.7, 61.9, 45.7, 45.3, 29.1, 23.4, 

10.2. HRMS (ESI−): [M−H]− calcd for C15H20N7O7S, 442.1145; found, 442.1146. 
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Chemical Synthesis of 7 Compound number in bold refers to the structures shown in Scheme S3. 

5′-O-[N-(N-Boc-L-ornithinyl(δ-Boc))sulfamoyl]-2′,3′-O-isopropylideneadenosine triethylammonium 

salt (S10b) 

 

   

 

Boc-Orn(Boc)-OSu (125 mg, 0.29 mmol) and cesium carbonate (254 mg, 0.78 mmol) were added to a 

solution of 5′-O-sulfamoyl-2′,3′-isopropylideneadenosine S9 (100 mg, 0.26 mmol) in DMF (3 mL). The 

solution was stirred at room temperature for 3 h. The reaction mixture was filtered through a pad of Celite. 

The filtrate was concentrated under reduced pressure. The residue was purified by flash chromatography 

(95:5:1 to 83:17:1 CHCl3/MeOH/Et3N) to afford compound S10b as a white solid (45 mg, 22%). 1H NMR 

(500 MHz, CD3OD): δ 8.47 (s, 1H), 8.22 (s, 1H), 6.24 (d, J = 3.4 Hz, 1H), 5.35 (q, J = 2.9 Hz, 1H), 5.15−5.09 

(m, 1H), 4.56−4.52 (m, 1H), 4.23 (d, J = 4.0 Hz, 2H), 4.01−3.94 (m, 1H), 3.19 (q, J = 7.5 Hz, 6H, Et3N-CH2), 

3.10−2.98 (m, 2H), 1.86−1.73 (m, 1H), 1.61 (s, 3H), 1.60−1.49 (m, 3H), 1.47−1.40 (m, 18H), 1.39 (s, 3H), 

1.28 (t, J = 7.5 Hz, 9H, Et3N-CH3). 
13C NMR (125 MHz, CD3OD): δ 180.7, 158.4, 157.6, 157.3, 154.0, 150.5, 

141.4, 120.1, 115.2, 91.8, 85.7, 85.6, 83.3, 80.0, 79.7, 69.7, 57.6, 47.8, 41.0, 31.8, 28.8, 27.5, 25.6, 9.2. 

HRMS (ESI+): [M+H]+ calcd for C28H45N8O11S, 701.2929; found, 701.2926. 

 

5′-O-[N-(L-Ornithinyl)sulfamoyl]adenosine triethylammonium salt (7) 
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Compound S10b (40 mg, 0.047 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at room 

temperature. After 3 h, the flask was placed on the rotary evaporator, and the TFA and H2O were removed at 

reduced pressure. The residue was purified by HPLC [COSMISIL 5C18-PAQ: C-18 reverse-phase column,  

10 mm × 250 mm, aqueous TFA (0.01%), 4.0 mL/min, 210 nm, tR: 9.8 min] to afford compound 7 as a 

colorless oil (26 mg, 98%). 1H NMR (500 MHz, CD3OD): δ 8.63 (s, 1H), 8.39 (s, 1H), 6.13 (d, J = 4.6 Hz, 

1H), 4.63 (dd, J = 5.2, 4.6 Hz, 1H), 4.46−4.31 (m, 4H), 3.77 (dd, J = 6.3, 5.7 Hz, 1H), 3.20 (q, J = 7.5 Hz, 6H, 

Et3N-CH2), 3.03−2.97 (m, 2H), 2.05−1.78 (m, 4H), 1.31 (t, J = 7.5 Hz, 9H, Et3N-CH3). 
13C NMR (125 MHz, 

CD3OD): δ 174.6, 152.6, 150.1, 146.5, 143.5, 120.1, 90.2, 84.3, 76.3, 71.8, 69.5, 55.9, 47.8, 40.0, 29.3, 24.3, 
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9.2. HRMS (ESI+): [M+Na]+ calcd for C15H24N8O7SNa, 483.1386; found, 483.1381. 

 

Chemical Synthesis of 8 Compound number in bold refers to the structures shown in Scheme S3. 

5′-O-[N-(N-Boc-L-leucyl)sulfamoyl]-2′,3′-O-isopropylideneadenosine triethylammonium salt (S10c) 

 

  

 

Boc-Leu-OSu (193 mg, 0.59 mmol) and cesium carbonate (381 mg, 1.17 mmol) were added to a solution of 

5′-O-sulfamoyl-2′,3′-isopropylideneadenosine S9 (150 mg, 0.39 mmol) in DMF (4 mL). The solution was 

stirred at room temperature for 4 h. The reaction mixture was filtered through a pad of Celite. The filtrate was 

concentrated under reduced pressure. The residue was purified by flash chromatography (97:3:1 

CHCl3/MeOH/Et3N) to afford compound S10c as a white solid (168 mg, 61%). 1H NMR (500 MHz, 

CD3OD): δ 8.47 (s, 1H), 8.22 (s, 1H), 6.23 (d, J = 3.4 Hz, 1H), 5.37−5.32 (m, 1H), 5.14−5.08 (m, 1H), 

4.56−4.51 (m, 1H), 4.23 (d, J = 3.4 Hz, 2H), 4.09−4.00 (m, 1H), 3.19 (q, J = 7.5 Hz, 6H, Et3N-CH2), 

1.77−1.65 (m, 1H), 1.61 (s, 3H), 1.60−1.50 (m, 1H), 1.48−1.34 (m, 13H), 1.29 (t, J = 7.5 Hz, 9H, Et3N-CH3), 

0.92 (d, J = 1.7 Hz, 3H), 0.91 (d, J = 1.7 Hz, 3H). 13C NMR (125 MHz, CD3OD): δ 181.7, 157.7, 157.3, 154.0, 

150.5, 141.4, 120.1, 115.2, 91.8, 85.8, 85.6, 83.3, 79.9, 79.5, 69.7, 56.8, 47.9, 43.7, 28.8, 27.5, 26.1, 25.6, 

23.7, 22.2, 9.2. HRMS (ESI+): [M+H]+ calcd for C24H38N7O9S, 600.2452; found, 600.2437. 

  

5′-O-[N-(L-Leucyl)sulfamoyl]adenosine triethylammonium salt (8) 

  

 

Compound S10c (70 mg, 0.10 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at room 

temperature. After 5 h, the flask was placed on the rotary evaporator, and the TFA and H2O were removed at 

reduced pressure. The residue was purified by flash chromatography (83:17:1 to 67:33:1 CHCl3/MeOH/Et3N) 

to afford compound 8 as a white solid (35 mg, 69%). 1H NMR (500 MHz, CD3OD): δ 8.50 (s, 1H), 8.19 (s, 

1H), 6.08 (d, J = 5.2 Hz, 1H), 4.66−4.61 (m, 1H), 4.44−4.36 (m, 2H), 4.36−4.28 (m, 2H), 3.70−3.65 (m, 1H), 

3.11 (q, J = 7.5 Hz, 3H, Et3N-CH2), 1.84−1.73 (m, 2H), 1.64−1.53 (m, 1H), 1.26 (t, J = 7.5 Hz, 4.5H, 

Et3N-CH3), 0.96 (d, J = 6.3 Hz, 3H), 0.93 (d, J = 6.3 Hz, 3H). 13C NMR (125 MHz, CD3OD): δ 176.8, 157.2, 

153.9, 150.7, 141.2, 120.1, 89.5, 84.2, 76.1, 71.9, 69.1, 55.7, 47.7, 42.2, 25.7, 23.2, 22.2, 9.4. HRMS (ESI+): 



S25 
 

[M+H]+ calcd for C16H26N7O7S, 460.1614; found, 460.1600. 

 

Chemical Biology Procedures 

Protein Expression and Materials: Recombinant proteins holo-GrsA and holo-TycB1 were expressed and 

purified as previously described.2,7,8,9 These proteins were overproduced and isolated as C-terminal 

His-tagged constructs using the E. coli overexpression strain, BL21 (DE3), kindly provided by Prof. 

Mohamed A. Marahiel at Philipps-Universität Marburg, Germany. The ausA1 (A1-T1) gene was PCR 

amplified genomic DNA from S. aureus ATCC 700699 using primers ausA1 F 

(5′-GCCTCCATGACCATGGTTATGGGTAATTTGAGATTTCAAC-3′) and ausA1 R 

(5′-CCGAATTCGTCAGCACATAATCATCTTTAACTATAGCTTC-3′), and subsequently cloned into 

plitmus28-ausA1. Plasmid litmus28-ausA1 was digested with NcoI and BamHI, and the gene was subcloned 

into pET28b to produce pET28b-ausA1, an expression vector for apo-AusA1 with a hexahistidine appended 

to the C terminus. Sequencing revealed the expression plasmid to be error free. For expression and 

purification of apo-AusA1, pET28b-ausA1 was transformed into E. coli BL21 (DE3) cells. Overnight cultures 

were used to inoculate 1 L of LB medium supplemented with 50 g/mL kanamycin. Cultures were allowed to 

grow to an A600 of 0.6 at 37 °C, then induced with IPTG to a final concentration of 0.1 mM, and allowed to 

grow for 12 h at 18 °C. Cells were pelleted and resuspended in lysis buffer (20 mM Tris–HCl, pH 8.0 and 

0.5% Triton-X). The cells were then lysed by sonication at 4 °C using an ultrasonic disruptor UD201 (Tomy 

Digital Biology Co., Ltd, Japan). The resulting cell lysate was centrifuged to remove cell debris and the 

supernatant was loaded onto a Ni Sepharose high-performance resin (GE Healthcare) and eluted with a 

gradient of imidazole (20–250 mM). Eluted proteins were visualized by SDS-PAGE with Coomassie Brilliant 

Blue stain and quantitated by the method of Bradford.10 Fractions containing the recombinant proteins were 

pooled and dialyzed against assay buffer (20 mM Tris–HCl, pH 8.0, 1 mM MgCl2, and 1 mM TCEP). After 

the addition of 10% glycerol (v/v) the protein was stored at −80 °C. 

Preparation of Lysates for Proteomic Labeling Experiments: Aneurinibacillus migulanus ATCC 9999 

was cultured and the whole cell lysate was isolated as described previously.2 The cellular lysate of A. 

migulanus ATCC 9999 has already been used to characterize an affinity probe for adenylation (A) domains in 

“Specific enrichment of nonribosomal peptide synthetase module by an affinity probe for adenylation 

domains. Bioorg. Med. Chem. Lett. 2014, 24, 865-869.” 

 Aneurinibacillus migulanus DSM 5759 was obtained from the Deutsche Sammlung von Mikroorganismen 

und Zellkulturen (DSMZ, Braunschweig, Germany). The strain was maintained on nutrient agar. Single 

colonies were used to inoculate a rich complex medium (YPG) and shaken for 24 h at 37 °C. The medium 

contained 50 g/L yeast extract, 50 g/L bacto-peptone, and 5 g/L glucose. The seed culture (2 mL) was 

transferred to 250 mL of YPG and the resulting mixture was incubated at 37 °C. Growth was routinely 

monitored at A660 on a U-2910 spectrophotometer (Hitachi). The cells (A660 = 15.0) were harvested by 

centrifugation and stored in the freezer until used. The frozen cell pellet was resuspended in 20 mM Tris (pH 
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8.0), 1 mM MgCl2, 1 mM TCEP, 0.05% Igepal CA-630, and protease inhibitor cocktail. Because of the 

lability of the synthetase during mechanical cell disruption processes,11 a gentle treatment of cells with 

lysozyme (0.2 mg/mL) was used to release intracellular protein. The cell suspension was incubated at 0 °C for 

30 min. The mixture was then incubated at 30 °C for 30 min. The solution was centrifuged for 5 min at 

15,000 rpm and the pellet was discarded. The total protein concentration was quantitated by the method of 

Bradford.10 

Hydroxamate-MesG Assay1 

Standard assay conditions: Reactions contained NRPS enzymes to maintain initial velocity conditions, 20 

mM Tris (pH 8.0), 2.5 mM ATP, 1 mM MgCl2, 1 mM TCEP, 150 mM hydroxylamine (pH 7.0), 0.1 U purine 

nucleoside phosphorylase (Sigma-Aldrich, N8264), 0.04 U inorganic pyrophosphatase (Sigma-Aldrich, 

I1643), 0.2 mM MesG (Berry & Associates), and 1 mM substrates. The reactions (100 L) were run in 

96-well half-area plates (Corning, 3881) and the cleavage of MesG was monitored at A355 on an EnVision 

Multilabel Reader (PerkinElmer). Working stocks of hydroxylamine were prepared fresh by combining 500 

µL of 4 M hydroxylamine, 250 µL of water, and 250 µL of 7 M NaOH on ice. 

Determination of Ki
app values of inhibitors by the hydroxamate-MesG assay: Ki

app determination was 

performed using standard assay conditions. For holo-GrsA, compound 1 was tested from 25 to 5,000 nM 

using L-Phe (1 mM) as the competing substrate. The enzyme was fixed at 20 nM. Compounds 2 and 5 were 

varied from 0.625 to 50 µM, and holo-TycB1 (800 nM) and L-Pro (1 mM) were held constant. In all 

experiments, the total DMSO concentration was kept at 2.0%. Initial velocities were fit to the Morrison 

equation using Prism 5 (GraphPad Software).  

Labeling of Recombinant GrsA and TycB1 by the Active Site-Directed Proteomic Probes 1 and 2: 

Standard conditions for probes 1 and 2-recombinant protein reactions were as follows: recombinant GrsA (1 

µM) and TycB1 (1 µM) were treated with probes 1 and 2 (1 µM from a 100 µM stock in DMSO) in assay 

buffer [20 mM Tris (pH 8.0), 1 mM MgCl2, 1 mM TCEP, and 0.0025% Igepal CA-630], respectively. 

Inhibition studies were performed by pre-incubation of GrsA (1 µM) and TycB1 (1 µM) with L-Phe-AMS 4 

and L-Pro-AMS 5 (100 µM from a 10 mM stock in DMSO) for 10 min at room temperature, respectively. In 

all experiments total DMSO concentration was kept at 2.2%. After 10 min at room temperature, these samples 

were irradiated at 365 nm for 30 min on ice. To initiate the click reaction, rhodamine (Rh)-azide, TCEP, 

TBTA ligand, and CuSO4 were added to provide final concentrations of 100 µM, 1 mM, 100 µM, and 1 mM, 

respectively. After 1 h at room temperature, 5 SDS-loading buffer (strong reducing) was added and the 

samples were heated at 95 °C for 5 min. Samples were separated by 1D SDS-PAGE and fluorescent gel 

visualization was performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 

Ultraviolet Photolysis Time Studies: Recombinant GrsA (1 µM) and TycB1 (1 µM) were treated with 

probes 1 and 2 (1 µM from a 100 M stock in DMSO; final DMSO concentration of 2.2%) in assay buffer, 

respectively. After 10 min at room temperature, these samples were irradiated at 365 nm for the indicated time 

(060 min) on ice, reacted with Rh-azide, and subjected to SDS-PAGE. Fluorescent gel visualization was 

performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 

Limit of Detection of GrsA and TycB1 Labeling: Recombinant GrsA (1500 fmol) and TycB1 (1500 fmol) 

were treated with probes 1 and 2 (1 µM from a 100 µM stock in DMSO; final DMSO concentration of 2.2%) 

in assay buffer, respectively. After 10 min at room temperature, these samples were irradiated at 365 nm for 
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30 min on ice and reacted with Rh-azide for 1 h at room temperature. Reactions were treated with 5 

SDS-loading buffer (strong reducing) and subjected to SDS-PAGE. Fluorescent gel visualization was 

performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 

Comparing the Labeling Property with GrsA, TycB1, AusA1, and BSA: For GrsA (A: L-Phe), TycB1 (A: 

L-Pro), AusA1 (A: L-Val), and BSA labeling experiments, probes 1 and 2 (1 µM) were individually added to a 

46 µL reaction containing GrsA (1 µM), TycB1 (1 µM), AusA1 (1 µM), BSA (1 µM), and assay buffer. For 

inhibition studies, GrsA (1 µM), TycB1 (1 µM), and AusA1 (1 µM) were pre-incubated with L-Phe-AMS 4, 

L-Pro-AMS 5, and L-Val-AMS 6 (100 µM) for 10 min at room temperature, respectively. In all experiments, 

the total DMSO concentration was kept at 2.2%. After 10 min at room temperature, these samples were 

irradiated at 365 nm for 30 min on ice, reacted with Rh-azide for 1 h at room temperature, and separated by 

gel electrophoresis. Fluorescent gel visualization was performed using a Typhoon 9410 Gel and Blot Imager 

(GE Healthcare). 

GrsA Labeling of A. migulanus ATCC 9999 Proteomes: Aneurinibacillus migulanus proteome (1.4 

mg/mL) was treated with probe 1 (1 µM from a 100 µM stock in DMSO) in 20 mM Tris (pH 8.0), 1 mM 

MgCl2, 1 mM TCEP, 0.05% Igepal CA-630, 0.2 mg/mL lysozyme, and protease inhibitor cocktail. Inhibition 

studies were performed by pre-incubation of A. migulanus proteome (1.4 mg/mL) with L-Phe-AMS 4 (100 

µM from a 10 mM stock in DMSO) for 10 min at room temperature. In all experiments, the total DMSO 

concentration was kept at 2.2%. After 10 min at room temperature, these samples were irradiated at 365 nm 

for 30 min on ice, reacted with Rh-azide for 1 h at room temperature, and separated by gel electrophoresis. 

Fluorescent gel visualization was performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 

GrsB Labeling of A. migulanus DSM 5759 Proteomes: Aneurinibacillus migulanus proteome (1.5 mg/mL) 

was individually treated with probes 2 and 3 (1 µM from a 100 µM stock in DMSO) in 20 mM Tris (pH 8.0), 

1 mM MgCl2, 1 mM TCEP, 0.05% Igepal CA-630, 0.2 mg/mL lysozyme, and protease inhibitor cocktail. For 

inhibition studies, A. migulanus proteome (1.5 mg/mL) was individually pre-incubated with L-Pro-AMS 5 

and L-Orn-AMS 7 (100 µM from a 10 mM stock in DMSO) for 10 min at room temperature. In all 

experiments, the total DMSO concentration was kept at 2.2%. After 10 min at room temperature, these 

samples were irradiated at 365 nm for 5 min and reacted with Rh-azide for 1 h at room temperature. Reactions 

were treated with 5 SDS-loading buffer (strong reducing) and subjected to SDS-PAGE. Fluorescent gel 

visualization was performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 

Labeling of Individual A Domains and Profiling of A Domain Functions in Native Proteomic 

Environments: In order to investigate GrsA labeling, A. migulanus ATCC 9999 proteome (1.5 mg/mL) was 

individually treated with inhibitors 48 (100 µM from a 10 mM stock in DMSO) in 20 mM Tris (pH 8.0), 1 

mM MgCl2, 1 mM TCEP, 0.05% Igepal CA-630, 0.2 mg/mL lysozyme, and protease inhibitor cocktail. These 

samples were incubated for 10 min at room temperature and subsequently treated with probe 1 (1 µM from a 

100 µM stock in DMSO). In all experiments, the total DMSO concentration was kept at 2.2%. After 10 min at 

room temperature, the samples were exposed to ultraviolet light for 30 min on ice and treated with Rh-azide 

for 1 h at room temperature. To evaluate the labeling of GrsB, the A. migulanus DSM 5759 proteome (1.5 

mg/mL) was individually treated with inhibitors 48 (100 µM from a 10 mM stock in DMSO) in 20 mM Tris 

(pH 8.0), 1 mM MgCl2, 1 mM TCEP, 0.05% Igepal CA-630, 0.2 mg/mL lysozyme, and protease inhibitor 

cocktail. These samples were incubated for 10 min at room temperature and treated with individual members 

of probes 2 and 3 (1 µM from a 100 µM stock in DMSO). In all reactions, the DMSO concentrations were 

maintained at a level of 2.2%. After 10 min at room temperature, these samples were irradiated at 365 nm for 

5 min on ice and reacted with Rh-azide for 1 h at room temperature. Reactions were treated with 5 

SDS-loading buffer (strong reducing) and subjected to SDS-PAGE. Fluorescent gel visualization was 
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performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare).  

Mass Spectroscopic Analysis, 1D SDS-PAGE, and In-gel Digestion: The proteins were separated by 1D 

SDS-PAGE by using 6% wide range gels (Nacalai tesque) and visualized using Sil-best stain one (Nacalai 

tesque). The bands were excised, destained using destaining solution in the Silver Stain MS Kit (Wako Pure 

Chemical Industries, Ltd), and subjected to in-gel digestion with TPCK-treated trypsin in the digestion buffer 

(10 mM Tris–HCl, pH 8.0 and 0.05% decyl glucoside) for 12 h at 37 °C. 

LC-MS/MS analysis: The digest mixture was separated using a nanoflow LC (Easy nLC, Thermo Fisher 

Scientific) on NTCC analytical column (C-18 reverse-phase column,  0.075  100 mm, 3 μm bead size, 

Nikkyo Technos Co., Ltd.). The buffer compositions were as follows. Buffer A was composed of 100% H2O 

and 0.1% formic acid; buffer B was composed of 100% CH3CN and 0.1% formic acid. Peptide were eluted 

from the C-18 column using a linear gradient of 35−100% buffer B over 10 min at a flow rate of 300 nL/min 

and subjected to a Q-Exactive mass spectrometer (Thermo Fisher Scientific) with a nanospray ion source 

using data-dependent TOP10 MS/MS method in the mass range of m/z = 300−500 and m/z = 500−1500. 

Peptide identifications were made using MS/MS Ions Search in MASCOT program v2.3 (Matrix Science Inc., 

Boston, MA). 

 

References 

 

1. Wilson, D. J.; Aldrich, C. C. A continuous kinetic assay for adenylation enzyme activity and inhibition. 

Anal. Chem. 2010, 404, 56-63. 

2. Ishikawa, F.; Kakeya, H. Specific enrichment of nonribosomal peptide synthetase module by an affinity 

probe for adenylation domains. Bioorg. Med. Chem. Lett. 2014, 24, 865-869. 

3. Wheatley, B. M. M.; Keay, B. A. Use of deuterium labeling studies to determine the stereochemical 

outcome of palladium migrations during an asymmetric intermolecular heck reaction. J. Org. Chem. 2007, 

72, 7253-7259. 

4. Neres, J.; Labello, N. P.; Somu, R. V.; Boshoff, H. I.; Wilson, D. J.; Vannada, J.; Chen, L.; Barry, C. E., III; 

Bennett, E. M.; Aldrich, C. C. Inhibition of siderophore biosynthesis in Mycobacterium tuberculosis with 

nucleoside bisubstrate analogues: Structure-activity relationships of the nucleobase domain of 

5’-O-[N-(salicyl)sulfamoyl]adenosine. J. Med. Chem. 2008, 51, 5349-5370. 

5. Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. NMR chemical shifts of common laboratory solvents as trace 

impurities. J. Org. Chem. 1997, 62, 7512-7515. 

6. Still, W. C.; Kahn, A.; Mitra, A. Rapid chromatographic technique for preparative separations with 

moderate resolution. J. Org. Chem. 1978, 43, 2923-2925. 

7. Stachelhaus, T.; Hüser, A.; Marahiel, M. A. Biochemical characterization of peptidyl carrier protein (PCP), 

the thiolation domain of multifunctional peptide synthetases. Chem. Biol. 1996, 3, 913-921.  

8. Mootz, H. D.; Marahiel, M. A. The tyrocidine biosynthesis operon of Bacillus brevis: complete nucleotide 

sequence and biochemical characterization of functional internal adenylation domains. J. Bacteriol. 1997, 

179, 6843-6850.  



S29 
 

9. Stachelhaust, T.; Mootz, H.; Bergendahl, V.; Marahiel, M. A. Peptide bond formation in nonribosomal 

peptide biosynthesis. J. Biol. Chem. 1998, 273, 22773-22781. 

10. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein 

utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. 

11. Augenstein, D. C.; Thrasher, K. D.; Sinskey, A. J., Wang, D. I. C. Optimization in the recovery of a labile 

intracellular enzyme. Biotechnol. Bioeng. 1974, 16, 1433-1447.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S30 
 

1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S2b in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S2c in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S3b in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S3c in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S4a in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S4b in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S4c in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of probe 1 in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of probe 2 in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of probe 3 in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S6 in DMSO-d6 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S7 in DMSO-d6 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S8 in DMSO-d6 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S10a in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S10b in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of S10c in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of 5 in DMSO-d6 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of 7 in CD3OD 
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1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra of 8 in CD3OD 
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