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Scheme S1.a Synthesis of 1-4 

 
aConditions: i) HBTU, EtN(iPr)2, THF-CH3CN, 78-93%; ii) a) DIBAL-H, CH2Cl2, -78 oC; b) 
CF3CO2H, anisole, CH2Cl2; c) NEt3, 2-Butanol-Toluene, 100 oC, 45-56% over 3 steps. iii) Pd/C, 
H2, MeOH, 95%. 
 
Scheme S2.a Synthesis of Val-AMS (5) 

 
aConditions: i) Cs2CO3, DMF, 0 oC–25 oC, 15 h; ii) TFA:H2O (8:2), 0 oC–25 oC, 1 h, 56% over 2 
steps. 
 
Scheme S3.a Synthesis of tyrosinol S8 and tyrosinal oxime S10. 

 
aConditions: i) LiAlH4, THF, 0 oC, 83%; ii) TFA, CH2Cl2, 67%; iii) O-(2,3,4,5,6-penta-
fluorobenzyl)hydroxylamine.HCl (PFBHA.HCl), NEt3, MeOH, reflux, 76%; iv) TFA, CH2Cl2, 
75%. 
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Chemical synthesis 
General methods: All chemical reactions were performed under an inert atmosphere of dry 

Ar or N2 in oven-dried (150 °C) glassware. 1H and 13C NMR spectra were recorded on a Varian 
600 MHz or a Varian 400 MHz spectrometer. Proton chemical shifts are reported in ppm from an 
internal standard of residual chloroform (7.26 ppm) or methanol (3.31 ppm) and carbon chemical 
shifts are reported using an internal standard of residual chloroform (77.0 ppm) or methanol 
(49.1 ppm). Proton chemical data are reported as follows: chemical shift, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, p = pentet, hex = sextet, hept = septet, m = multiplet, 
br = broad), coupling constant, integration. High resolution mass spectra were obtained on an 
Agilent TOF II TOF/MS instrument equipped with either an ESI or APCI interface. TLC 
analyses were performed on TLC silica gel 60F254 from EMD Chemical Inc., and were 
visualized with UV light, iodine chamber, 10% sulfuric acid or 10% PMA solution. Optical 
rotations values were obtained on a Rudoldf Autopol III Polarimeter. Purifications were 
performed by flash chromatography on silica gel (Dynamic Adsorbents, 60A).  

Materials: Chemicals and solvents were purchased from Sigma-Aldrich Company, Acros 
Organic Fischer Company, TCI America Company or Chem-Impex International Inc., and were 
used as received. An anhydrous solvent dispensing system (J. C. Meyer) using 2 packed columns 
of neutral alumina was used for drying THF, Et2O, and CH2Cl2 while 2 packed columns of 
molecular sieves were used to dry DMF and the solvents were dispensed under argon. 5’-O-[N-
[L-Phenylalanyl]sulfamoyl]adenosine sodium salt was synthesized according to the reported 
procedures.1 Boc-(OtBu)Tyr-H was purchased from Chem-Impex, and O-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine.HCl (PFBHA.HCl) was purchased from Sigma-Aldrich. Boc-
(OtBu)Tyr-CHO was synthesized according to the reported procedure.13 

Boc-Val-Leu-OMe (S3a) To a suspension of Boc-Val-OH (434 mg, 2.0 mmol, 1.0 equiv) and 
HCl. H-Leu-OMe (362 mg, 2.0 mmol, 1.0 equiv) in THF (10 mL) and CH3CN (4 mL) at 25 oC, 
was added HBTU (833 mg, 2.2 mmol, 1.1 equiv) and EtN(iPr)2 (1.0 mL, 6.0 mmol, 3.0 equiv) 
sequentially. The reaction was stirred for 2 h and concentrated in vacuo. The mixture was then 
partitioned between EtOAc (50 mL) and cold 5% citric acid (20 mL). The organic layer was 
washed by water (20 mL), saturated NaHCO3 aqueous solution (20 mL) and saturated NaCl 
aqueous solution (20 mL), dried (MgSO4) and concentrated. Purification by flash column 
chromatography on silica gel (1:9 EtOAc/Hexanes–3:7 EtOAc/Hexanes) afforded the title 
compound as colorless foam (612 mg, 89%): Rf  0.65 (1:1, EtOAc/Hexanes); 1H NMR (CDCl3, 
600 MHz) δ 0.92–0.93 (m, 9H), 0.96 (d, J = 7.2 Hz, 3H),  1.44 (s, 9H), 1.53–1.57 (m, 1H), 1.61–
1.67 (m, 2H), 2.11 (br s, 1H), 3.72 (s, 3H), 3.88 (t, J = 6.6 Hz, 1H), 4.61 (dt, J = 9.0, 4.8 Hz, 1H), 
5.02 (br s, 1H), 6.19 (br s, 1H); 13C NMR (CDCl3, 150 MHz) δ 17.9, 19.2, 21.8, 22.8, 24.7, 28.3, 
30.8, 41.6, 50.6, 52.2, 60.0, 79.9, 155.8, 171.4, 173.1; HRMS (APCI+): calcd C17H32N2O5 [M + 
H]+ 345.2389, found 345.2392 (error 0.9 ppm). All data are consistent with reported values.2 

Boc-Val-Phe-OMe (S3b) The title compound was prepared analogously to S3a and obtain as 
colorless foam in 93% yield: Rf  0.7 (1:1, EtOAc/Hexanes); 1H NMR (CDCl3, 600 MHz) δ 0.87 
(d, J = 6.0 Hz, 3H), 0.91 (d, J = 6.0 Hz, 3H), 1.44 (s, 9H), 2.07 (br s, 1H), 3.07–3.15 (m, 2H), 
3.89 (d, J = 6.6 Hz, 1H), 4.84–4.88 (m, 1H), 5.00 (br s, 1H), 6.29 (br s, 1H), 7.10 (d, J = 7.2 Hz, 
2H), 7.21–7.29 (m, 3H); 13C NMR (CDCl3, 150 MHz) δ 17.6, 19.1, 28.3, 30.8, 38.0, 52.3, 53.1, 
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59.9, 79.9, 127.2, 128.6, 129.2, 135.6, 155.7, 171.2, 171.6;  All data are consistent with reported 
values.3 

Boc-Val-Tyr(OtBu)-OMe (S3c) The title compound was prepared analogously to S3a and 
obtain as colorless foam in 90% yield: Rf  0.55 (1:1, EtOAc/Hexanes); [α]23

D  = +28 (c 0.6, 
CH2Cl2);  1H NMR (CDCl3, 600 MHz) δ 0.85 (br d, J = 6.0 Hz, 3H), 0.91 (d, J = 6.0 Hz, 3H), 
1.32 (s, 9H), 1.44 (s, 9H), 2.06–2.10 (m, 1H), 3.06 (d, J = 4.8 Hz, 2H), 3.67 (s, 3H), 3.90 (br s, 
1H), 4.82 (q, J = 6.0 Hz, 1H), 4.99 (br s, 1H), 6.29 (br s, 1H), 6.89 (d, J = 8.4 Hz, 2H), 7.00 (d, J 
= 8.4 Hz, 2H); 13C NMR (CDCl3, 150 MHz) δ 17.6, 19.1, 28.3, 28.8, 30.8, 37.4, 52.2, 53.1, 59.8, 
78.4, 79.8, 124.2, 129.6, 130.4, 154.5, 171.1, 171.7; HRMS (APCI+): calcd C24H39N2O5 [M + 
H]+ 451.2808, found 451.2807 (error 0.3 ppm). 

Boc-Val-Phe(p-NO2)-OMe (S3d) The title compound was prepared analogously to S3a and 
obtain as colorless foam in 93% yield: Rf  0.35 (1:1, EtOAc/Hexanes); 1H NMR (CDCl3, 600 
MHz) δ 0.89 (br d, J =7.2 Hz, 3H), 0.93 (d, J =7.2 Hz, 3H), 1.43 (s, 9H), 2.07 (br s, 1H), 3.16 
(dd, J = 13.2, 6.0 Hz, 1H), 3.30 (dd, J = 13.2, 6.0 Hz, 1H),3.74 (s, 3H), 3.84 (t, J = 6.0 Hz, 1H), 
4.91 (t, J = 6.0 Hz, 1H), 7.32 (d, J = 9.0 Hz, 2H), 8.15 (d, J = 9.0 Hz, 2H); 13C NMR (CDCl3, 
150 MHz) δ 17.9, 19.2, 28.3, 30.5, 37.9, 52.6, 52.7, 60.2, 80.1, 123.7, 130.2, 143.6, 147.2, 171.0, 
171.4; HRMS (APCI+): calcd C20H30N3O7 [M + H]+ 424.2084, found 424.2084 (error 0.0 ppm). 
All data are consistent with reported values.4 

 
6-Isobutyl-3-isopropylpyrazin-2(1H)-one (3) To a solution of S3a (196 mg, 0.57 mmol, 1.0 

equiv) in CH2Cl2 (5 mL) at -78 oC, was added 1M DIBAL-H in CH2Cl2 solution (4.0 mL, 4.0 
mmol, 4.0 equiv) dropwise over 10 min. The solution was stirred for 1 h and quenched by MeOH 
(0.5 mL) and 1N potassium sodium tartrate aqueous solution (20 mL). The mixture was 
gradually warmed up to 25 oC and stirred for 30 min. The aqueous layer was extracted with 
CH2Cl2 (3 × 20 mL) and the combined organic layer was washed with water (20 mL), saturated 
NaCl aqueous solution, dried (MgSO4) and concentrated in vacuo to afford the crude aldehyde 
intermediate which was used in the next step without further purification. 

The crude aldehyde was dissolved in CH2Cl2 (1 mL) containing CH3CO2H (1 mL) and 
anisole (80 µL). The reaction was stirred at 25 oC for 30 min and concentrated in vacuo to afford 
the crude amino-aldehyde intermediate, which was used in the next step without further 
purification. 

The crude amino-aldehyde intermediate was dissolved in 2-butanol (4 mL) and toluene (1 
mL). To this solution was added NEt3 (80 uL, 0.6 mmol, 1.1 equiv). The reaction was heated to 
100 oC and stirred for 15 h before cooled to 25 oC and concentrated in vacuo. Purification by 
flash column chromatography on silica gel (CH2Cl2–1:9, MeOH/CH2Cl2) afforded the title 
compound as off white solid (89 mg, 46%): Rf 0.65 (1:9, MeOH/CH2Cl2); 1H NMR (CDCl3, 600 
MHz) δ 0.97 (d, J = 6.6 Hz, 6H), 1.24 (d, J = 7.2 Hz, 6H), 2.04 (hept, J = 6.6 Hz, 1H), 2.38 (d, J 
= 6.6 Hz, 2H), 3.40 (hept, J = 6.6 Hz, 1H), 7.19 (s, 1H);  13C NMR (CDCl3, 150 MHz) δ 19.9, 
22.2, 28.2, 30.2, 39.5, 123.0, 127.3, 157.7, 161.2; HRMS (APCI+): calcd C11H19N2O [M + H]+ 
195.1497, found 195.1498 (error 0.5 ppm). All data are consistent with reported values.5 

 
6-Benzyl-3-isopropylpyrazin-2(1H)-one (2) The title compound was prepared 

analogously to 3 and obtain as colorless foam in 63% yield: mp 117.5–118.5 oC; Rf  0.55 (1:9, 
MeOH/CH2Cl2); 1H NMR (CD3OD, 600 MHz) δ 1.17 (d, J = 6.6 Hz, 6H), 3.35 (hept, J = 6.6 Hz, 
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1H), 3.76 (s, 2H), 7.17–7.20 (m, 3H), 7.22–7.27 (m, 3H);   13C NMR (CD3OD, 150 MHz) δ 20.0, 
30.1, 36.6, 122.2, 127.4, 128.9, 129.1, 135.9, 136.8, 157.4, 162.0; All data are consistent with the 
reported value.6 

 
6-(4-Hydroxybenzyl)-3-isopropylpyrazin-2(1H)-one (1) The title compound was 

prepared analogously to 3 and obtain as colorless foam in 55% yield: Rf 0.55 (1:9, 
MeOH/CH2Cl2); 1H NMR (CD3OD, 600 MHz) δ 1.18 (d, J = 7.2 Hz, 6H), 3.34 (hept, J = 6.0 Hz, 
1H), 3.73 (s, 2H), 6.74 (d, J = 9.0 Hz, 2H), 7.07 (d, J = 9.0 Hz, 2H), 7.08 (s, 1H); 13C NMR 
(CD3OD, 150 MHz) δ 20.6, 31.1, 36.3, 116.7, 123.3, 128.6, 131.1, 140.2, 145.4, 156.8, 158.1; 
HRMS (APCI+): calcd C14H17N2O2 [M + H]+ 245.1290, found 245.1294 (error 1.6 ppm). All 
data are consistent with the reported value.7 

 
3-Isopropyl-6-(4-nitrobenzyl)-pyrazin-2(1H)-one (S4) The title compound was prepared 

analogously to 3 and obtain as yellow solid in 43% yield: Rf  0.55 (1:9, MeOH/CH2Cl2); 1H NMR 
(CDCl3, 600 MHz) δ 1.24 (d, J = 7.2 Hz, 6H), 3.38 (hept, J = 7.2 Hz, 1H), 3.93 (s, 2H), 7.31 (s, 
1H), 7.54 (d, J = 9.0 Hz, 2H), 8.17 (d, J = 9.0 Hz, 2H); 13C NMR (CD3OD, 150 MHz) δ 19.9, 
30.2, 36.4, 122.9, 124.0, 130.1, 135.0, 143.5, 147.3, 157.6, 162.7; HRMS (APCI+): calcd 
C14H16N3O3[M + H]+ 274.1192, found 274.1199 (error 2.6 ppm). 

 
6-(4-Aminobenzyl)-3-isopropylpyrazin-2(1H)-one (4) To a solution of S4 (136 mg, 0.5 

mmol, 1.0 equiv) in MeOH (5 mL), was added Pd/C 10 wt%  (53 mg, 0.05 mmol, 10 mol%). The 
reaction was kept under H2 atmosphere (30 psi) for 3 h with vigorous stirring. The suspension 
was filtered over a pad of Celite and washed with MeOH (3 × 15 mL). The filtrate was 
concentrated in vacuo to afford the crude. Purification by flash column chromatography on silica 
gel (CH2Cl2–1:9, MeOH/CH2Cl2) afforded the title compound as off white solid (115 mg, 95%):  
Rf  0.45 (1:9, MeOH/CH2Cl2); 1H NMR (CD3OD, 400 MHz) δ 1.18 (d, J = 6.8 Hz, 6H), 3.34 
(hept, J = 6.8 Hz, 1H), 3.69 (s, 2H), 6.68 (d, J = 8.0 Hz, 2H), 7.00 (d, J = 8.0 Hz, 2H), 7.07 (s, 
1H); 13C NMR (CD3OD, 150 MHz) δ 20.5, 31.1, 36.4, 117.0, 123.2, 127.1, 130.7, 140.3, 148.0, 
158.0, 162.5; HRMS (ESI+): calcd C14H16N3O3[M + H]+ 244.1450, found 244.1455 (error 2.0 
ppm). 

 
5’-O-[N-[L-Valinyl]sulfamoyl]adenosine triethylammonium salt (5) To a solution of 

sulfamoyladenosine S6 (38.7 mg, 0.1 mmol, 1.0 equiv) and Boc-Val-OSu S5 (60 mg, 0.2 mmol, 
2.0 equiv) in DMF (1 mL) at 0 °C, was added Cs2CO3 (97 mg, 0.3 mmol, 3.0 equiv) in one 
portion. The mixture was gradually warmed up to 25 °C and stirred for 15 h. The reaction was 
concentrated in vacuo and redissolved in MeOH/CH2Cl2 (1/9, 20 mL). Filtration over celite and 
concentration in vacuo afforded the crude 2’,3’-isopropylidene-5’-O-[N-(N-Boc-L-
valinyl)sulfamoyl]adenosine which was used directly in the next step without further 
purification. 

The crude 2’,3’-isopropylidene-5’-O-[N-(N-Boc-L-valinyl)sulfamoyl]adenosine was 
dissolved in TFA/H2O (8/2, 2 mL) at 0 °C, gradually warmed up to 25 °C, and was stirred for 1 
h. The reaction was quenched by addition of NEt3 (0.5 mL) and concentrated in vacuo. The 
crude was dissolved in MeOH/H2O (1/1, 1.5 mL) and purified by preparative HPLC (injected 3 × 
500 µL) using a Varian Dynamax Microsorb 100-8 C18 column (250 × 41.4 mm) and a linear 
gradient of 5–40% MeOH/10 mM triethylammonium bicarbonate (pH 7.0) over 10 min followed 
by 40% MeOH for 10 min at 35 mL/min. The retention time of the product was 16.3 min and the 
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appropriate fractions were pooled and lyophilized to afford the title compound (30 mg, 56% in 2 
steps) as a white solid. 1H NMR (CD3OD, 600 MHz) δ 0.95 (d, J = 6.6 Hz, 3H), 1.02 (d, J = 6.6 
Hz, 3H), 1.13 (t, J = 7.2 Hz, 9H), 2.17 (br s, 1H), 2.78 (q, J = 7.2 Hz, 6H), 4.28–4.31 (m, 3H), 
4.35–4.37 (m, 1H), 4.40 (t, J = 4.2 Hz, 1H), 4.64 (t, J = 5.4 Hz, 1H), 6.08 (d, J = 5.4 Hz, 1H), 
8.20 (s, 1H), 8.52 (s, 1H); 13C NMR (CD3OD, 150 MHz) δ 10.6, 17.7, 17.8, 20.0, 47.4, 69.2, 
72.2, 76.3, 84.5, 86.3, 89.5, 120.3, 141.4, 150.9, 154.0, 157.4, 176.4; HRMS (ESI–): calcd 
C15H22N7O7S [M – H]- 444.1301, found 444.1304 (error 0.7 ppm). All data are consistent with 
the reported value.8 

 
(L)-Tyrocinol (S8). To a solution of Boc-(OtBu)Tyr-H S7 (337 mg, 1.0 mmol, 1.0 equiv) in 

THF (10 mL) at 0 °C, was added LiAlH4 (114 mg, 3.0 mmol, 3.0 equiv) portion-wise over 10 
min. The mixture was stirred for 1 h at 0 °C and quenched by addition of MeOH (0.5 mL) and 
Rochelle salt solution (20 mL). The layers were separated after stirring at 25 oC for 30 min. The 
aqueous layer was extracted with EtOAc (20 × 3 mL). The combined organic layer was extracted 
with H2O (20 mL), washed with saturated NaCl aqueous solution (20 mL), dried (MgSO4) and 
concentrated to afford the crude product. Purification by flash column chromatography on silica 
gel (1:9 EtOAc/Hexanes–5:5 EtOAc/Hexanes) afforded the N-Boc-tyrocinol as colorless oil (268 
mg, 83%): Rf  0.55 (5:5, EtOAc/Hexanes); 1H NMR (CDCl3, 600 MHz) δ 1.30 (s, 9H), 1.38 (s, 
9H), 2.75 (br s, 2H), 3.48–3.49 (m, 1H), 3.57–3.60 (m, 1H), 3.81 (br s, 1H), 4.91 (br s, 1H), 6.88 
(d, J = 7.8 Hz, 2H), 7.07 (d, J = 7.8 Hz, 2H); All data are consistent with reported values.14 

To a solution of N-Boc-tyrocinol (64 mg, 0.2 mmol, 1.0 equiv) in CH2Cl2 (4 mL) at 0 °C, was 
add CF3CO2H (2 mL). The solution was stirred for 1 h and concentrated in vacuo. Pure tyrocinol 
TFA salt (44 mg, 83%) was obtained after precipitation from Et2O/MeOH (20:1). 1H NMR 
(CD3OD, 600 MHz) δ 2.45 (dd, J = 13.8, 7.8 Hz, 1H), 2.68 (dd, J = 13.8, 6.0 Hz, 1H), 2.89–2.91 
(m, 1H), 3.33–3.35 (m, 1H), 3.54–3.56 (m, 1H), 6.72 (d, J = 7.8 Hz, 2H), 7.02 (d, J = 7.8 Hz, 
2H); LRMS (APCI+): 168.3. All data are consistent with reported values.15 

 
(L)-Tyrocinal-O-perfluorobenzyl oxime (S10).To a solution of N-Boc-tyrocinal13 (64 mg, 0.2 
mmol, 1.0 equiv) and PFBHA.HCl (53 mg, 0.21 mmol, 1.05 equiv) in MeOH (5 mL) at 25 oC, 
was added NEt3 (30 µL, 0.22 mmol, 1.1 equiv). The solution was heated up to reflux for 6 h. The 
reaction was concentrated in vacuo and reconstituted in CH2Cl2 (50 mL). The solution was 
washed 1N HCl aqueous solution (20 mL), H2O (20 mL) and saturated NaCl aqueous solution 
(20 mL), dried (MgSO4) and concentrated to afford the crude. Purification by flash column 
chromatography on silica gel (Hexanes–1:9 EtOAc/Hexanes) afforded the N-Boc-tyrocinal-O-
perfluorobenzyl oxime as off white solid (79 mg, 76%): Rf  0.65 (2:8, EtOAc/Hexanes); 1H NMR 
(CDCl3, 600 MHz) δ 1.32 (s, 9H), 1.41 (s, 9H), 2.85–2.93 (m, 2H), 4.49 (br s, 1H), 4.89 (br s, 
1H), 5.09 (s, 2H), 6.88 (d, J = 7.8 Hz, 2H), 7.02 (d, J = 7.8 Hz, 2H), 7.34 (br s, 1H). LRMS 
(APCI+): 517.4. 

To a solution of N-Boc-tyrocinal-O-perfluorobenzyl oxime (62 mg, 0.12 mmol, 1.0 equiv) in 
CH2Cl2 (4 mL) at 0 oC, was add CF3CO2H (2 mL). The solution was stirred for 1 h and 
concentrated in vacuo. Pure (L)-Tyrocinal-O-perfluorobenzyl oxime TFA salt (41 mg, 75%) was 
obtained after precipitation from Et2O/MeOH (20:1); 1H NMR (CD3OD, 600 MHz) δ 2.92–3.00 
(m, 2 H), 4.10–4.14 (m, 1H), 5.17–5.18 (m, 2H), 6.72 (d, J = 7.8 Hz, 2H), 7.00 (d, J = 7.8 Hz, 
2H), 7.00 (d, J = 4.2 Hz, 1H). LRMS (ESI+): 361.2. 
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The first NRPS adenylation domain to be crystallized was the phenylalanine activiting domain of 
the gramicidin synthetase protein, GrsA.9  This structure served as the basis for an analysis of the 
residues that contribute to the amino acid substrate binding pocket allowing predictions to be 
made for uncharacterized NRPS proteins.10  We examined the predicted binding pocket for the 
valine-activating adenylation domain of AusA in the context of this analysis and, in particular, in 
light of the recent crystal structure determination of PA1221, a valine-specific adenylating 
protein that was crystallized in the presence of the valine-adenosine vinylsulfonamide inhibitor 
that illustrates how valine binds in the binding pocket.11  Examination of the valine binding 
pocket of PA1221, as well as a three-dimensional homology model generated by the PHYRE 
server12 illustrates that the residues of the PA1221 valine binding pocket, Asp214, Ala215, 
Trp256, Thr214, and Phe315 all are retained in the AusA sequence at positions 609, 610, 652, 
710, and 711, respectively (Figure S1).  Indeed, among the ten residues identified by 
Stachelhaus, the only difference between the AusA and PA1221 sequences is a change from 
Leu218 in PA1221 to Phe612 in AusA. The large side chains of Trp256 and Phe315 seal off the 
valine binding pocket, leaving Leu218–or Phe612 in AusA–contributing to the hydrophobic core 
of the protein.  
A) 

  
B) 
GrsA           166    --TIKIREGTNLHVPSKSTDLAYVIYTSGTTGNPKGTMLEHKGISNLKVFFENSLNVTEKDRIGQFASISFDAS 
AusA Aden1     541    --KIAWKNIDNLSKCNTLEDHAYVIYTSGTTGNPKGTLIPHRGIVRLVHQNH-YVPLNEKTTILLSGTIAFDAA 
PA1221         146    --HLPAAPASVARPCFAADQIAYINFSSGTTGRPKAIACTHAGITRLCLGQS-FLAFAPQMRFLVNSPLSFDAA 
                                           **    ***** **     * **  *                       *** 
 
GrsA           238    VWEMFMALLTGASLYIILKDTINDFVKFEQYINQKEITVITLPPTYVVHLDPE---RILSIQTLITAGSATSPS 
AusA Aden1     612    TFEIYGALLNGGKLIVAKKEQLLNPIVLEQLINENDVNTMWLTSSLFNQIASERIEVLVPLKYLLIGGEVLNAK 
PA1221         217    TLEIWGALLNGG-CCVLNDLGPLDPGVLRQLIGERGADSAWLTASLFNTLVDLDPDCLGGLRQLLTGGDILSVP 
                        *   *** *                  * *         *.                    *   * 
 
GrsA           309    LVNKWKEKVT---YINAYGPTETTICATTWVATKETIGHS-VPIGAPIQNTQIYIVDEN-LQLKSVGEAGELCI 
AusA_Aden1     686    WVDLLNQRPKHPQIINGYGPTENTTFTTTYNIPNKVPNR--IPIGKPILGTHVYIMQGE-RRCG-VGIPGELCT 
PA1221         290    HVRRALLRHPRLHLVNGYGPTENTTFTCCHVVTDDDLEEDDIPIGKAIAGTAVLLLDEHGQEIAEPDRAGEIVA 
                       *             * ***** *                  ***  *  *                  **    

Figure S1. A) Protein homology model for the valine binding pocket of the AusA adenylation 
domain of the first module. The residues that form the valine pocket are highlighted in yellow. 
Superimposed in pink is ligand from the PA1221 crystal structure showing the valine-adenosine 
vinylsulfonamide that has reacted with the pantetheine group from the carrier protein domain. B) 
A partial sequence alignment is shown for GrsA, AusA, and PA1221. The residues identified by 
Stachelhaus as forming the amino acyl binding pocket of NRPS adenylation domains are 
highlighted in yellow. Residues conserved among all three proteins are highlighted in blue. The 
Leu218 and Phe612 change is shown in red. 
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Figure S2. AusA titration.  Each reaction contained 200 nM holo AusA, 3.1 — 400 nM Phe‐
AMS, 375 mM Bicine pH 8.0, 10 mM MgCl2, 0.2 mM ATP, 0.1 mM NADPH, 1 mM TCEP, 3 
mM L-Val and 0.2 mM L-Tyr. Fractional velocities were fit using linear regression and the x-
intercept provides the active enzyme concentration. 
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A) 

 
B) 

 
Figure S3. ClustalW alignment of reductase domains.  Alignments were performed with 
MacVector 12.0.5 (MacVector Inc.) using the default parameters.  A) NADPH binding region 
with identical residues shaded and the binding fingerprint residues marked (*)  B) Catalytic triad 
region annotated as in (A). 
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Figure S4.  Exchange Assay steady state kinetics of AusA with Val.  Each reaction contained 
18 nM apo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 3 mM ATP, 2 mM DTT, 1 mM 
pyrophosphate, 0.25 µci P32pyrophosphate, and  41.2 µM — 30 mM Val.  Velocities were fit to 
the Michaelis-Menten equation. 

 
Figure S5.  Exchange Assay steady state kinetics of AusA with Tyr.  Each reaction contained 
36 nM apo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 3 mM ATP, 2 mM DTT, 1 mM 
pyrophosphate, 0.25 µci P32pyrophosphate, and  41.2 µM — 10 mM Tyr.  Velocities were fit to 
the Michaelis-Menten equation. 
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Figure S6.  Exchange Assay steady state kinetics of AusA with Phe.  Each reaction 
contained 72 nM apo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 3 mM ATP, 2 mM DTT, 1 
mM pyrophosphate, 0.25 µci P32pyrophosphate, and  41.2 µM — 10 mM Phe.  Velocities were 
fit to the Michaelis-Menten equation. 

 
Figure S7.  Exchange Assay steady state kinetics of AusA with Leu.  Each reaction contained 
72 nM apo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 3 mM ATP, 2 mM DTT, 1 mM 
pyrophosphate, 0.25 µci P32pyrophosphate, and  123.4 µM — 30 mM Leu.  Velocities were fit to 
the Michaelis-Menten equation. 
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Figure S8.  Exchange Assay steady state kinetics of AusA with Aph.  Each reaction 
contained 72 nM apo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 3 mM ATP, 2 mM DTT, 1 
mM pyrophosphate, 0.25 µci P32pyrophosphate, and  41.2 µM — 30 mM Aph.  Velocities were 
fit to the Michaelis-Menten equation. 
 
 

 
Figure S9.  Exchange Assay steady state kinetics of AusA with ATP.  Each reaction 
contained 36 nM apo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 13.7µM — 10 mM ATP, 2 
mM DTT, 1 mM pyrophosphate, 0.25 µci P32pyrophosphate, and 30 mM Phe.  Velocities were 
fit to the substrate inhibition equation. 
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Figure S10.  Product formation assay steady state kinetics of AusA for amino acids.  Each 
reaction contained 40 nM holo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 3 mM ATP, 0.1 
mM NADPH, 1 mM TCEP, 5 mM Val and 13.7 µM — 30 mM Aph () or Leu () or 4.6 µM 
— 10 mM Phe () or Tyr () .  Velocities were fit to the Michaelis-Menten equation. 
 

 
Figure S11.  Product formation assay steady state kinetics of ATP.  Each reaction contained 
40 nM holo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 13.7 — 10 mM ATP, 0.1 mM 
NADPH, 1 mM TCEP, 5 mM Val and either 10 mM Aph (), Phe (), Tyr () or 30 mM Leu 
().  Velocities were fit to the substrate inhibition equation. 
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Figure S12.  Product formation assay steady state kinetics of NADPH.  Each reaction 
contained 40 nM holo AusA, 375 mM Bicine pH 8.0, 10 mM MgCl2, 3 mM ATP, 1.4 µM — 1 
mM NADPH, 1 mM TCEP, 5 mM Val and either 10 mM Phe (), Tyr (), or 30 mM Leu () 
Aph ().  Velocities were fit to the substrate inhibition equation. 
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