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Synthesis of (2R, 6R)(Aloc, Allyl/Fmoc) lanthionine 1 
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General Experimental  

Unless otherwise indicated, all reagents were obtained from chemical suppliers with no further purification. Medium-scale 

preparation of (S)-Trt-Ser-OAllyl and (Fmoc-Cys-OtBu)2 was outsourced to Oxygen Healthcare, Cambridge, UK, which is 

part of Piramal Enterprises Ltd, Mumbai, India, who produced 100 g of each compound following previously published 

procedures.1,2 

Dry DMF, THF and CH2Cl2 were dried over anhydrous alumina columns,3 with moisture levels typically below 15 ppm by 

Karl Fischer titration. Brine refers to a saturated solution of sodium chloride in water and sodium bicarbonate refers to a 

saturated solution of sodium hydrogen carbonate in water. Ether refers to diethyl ether and petrol to petroleum ether 

fractions boiling between 40 and 60 °C. All water used was either distilled using an Elga Purelab Option R 7 water purifier 

or used directly from a bottle of HPLC-grade water. All reactions were carried out in closed systems under Argon.  

NMR spectra were recorded using a Bruker AC300, AV400, AC500 or AC600 spectrometer (300 MHz, 400 MHz, 500 

MHz and 600 MHz respectively) and all samples were dissolved in deuterated chloroform unless otherwise stated. Chemical 

shifts (δ) are given in ppm units relative to tetramethylsilane and coupling constants (J) are measured in Hertz. Proton (1H) 

NMR multiplicities are shown as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (double doublet), dt 

(double triplet), dq (doublet of quartets), dt (doublet of triplets), tt (triplet of triplets), br s (broad singlet), br d (broad 

doublet), ddt (doublet of doublet of triplets), dddt (doublet of doublet of doublet of triplets), dddd (doublet of doublet of 

doublet of doublets). 1H and 13C NMR were assigned using COSY, DEPT, HMBC and HSQC spectra.  

MS refers to low resolution mass spectrometry and HRMS refers to high resolution mass spectrometry. MS was performed 

on a Waters Acquity UPLC SQD using HPLC grade water and acetonitrile (both with 0.1% formic acid) as the solvents. 

Electrospray ionization (ESI) accurate mass was determined using a Waters LCT Premier XE.  
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Infrared spectra were recorded using a Perkin Elmer 100 FT-IR spectrometer and Optical Rotations were recorded using a 

Perkin Elmer 343 polarimeter and are reported in 10−1 deg cm2 g−1. Melting points were recorded on a Gallenkamp Hot 

Stage apparatus and are uncorrected.  

Flash column chromatography was carried out using silica gel with particle size <60 µm and reverse phase column 

chromatography was carried out using silica gel 60 silanized (53-200 µm). Thin layer chromatography (TLC) was 

performed on aluminium backed Sigma-Aldrich TLC plates with F254 fluorescent indicator. Developed plates were air 

dried and analysed under a UV light or by staining with the appropriate indicator.  

Large scale column chromatography was carried out using a Biotage Isolera 4 with either Biotage 340 g KP-Sil Snap 

Cartridges filled with 50 µm silica or Biotage 375 g KP-NH Snap Cartridges filled with amine-bonded silica. 

The following nomenclature is used throughout when assigning NMRs:     

1H NMR: 
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Safety Note 

The large scale synthesis was carried out at the European Knowledge Centre of Eisai Ltd. in Hatfield, UK.  When scaling up 

reactions, a number of problems can be encountered,4,5 including localised exotherms and higher concentrations of 

reactants. This was particularly important for the Mitsunobu step to form (R)-Allyl 3-iodo-2-

(trimethylphenylamino)propanoate,  because the use of DEAD carries with it a risk of explosion. Although the replacement 

of DEAD with DIAD was investigated, none of the desired product formed, possibly due to the increased size of the ligand 



S 4 

preventing reaction occurring with the starting material. During optimization of this reaction it was observed that large 

temperature spikes could occur during the addition of DEAD and again during the addition of MeI, and in the large scale 

procedure both of these reagents were slowly added in CH2Cl2 solution with careful monitoring of the temperature. All 

other steps in the reaction sequence could be carried out in a similar manner to the small-scale synthesis previously 

reported.1,2 

 

(R)-Allyl 3-iodo-2-(trimethylphenylamino)propanoate   

 

TrtHN

COOAllyl

OH
TrtHN

COOAllyl

I

Ph3P, DEAD, 

MeI,

-10 oC - 12oC

(47%)  

(S)-Trt-Ser-OAllyl1 (30.0 g, 77.4 mmol, 1 eq.) was dissolved in dry CH2Cl2 (66 mL) at room temperature in the presence of 

triphenylphosphine (30.5 g, 116.1 mmol, 1.5 eq.). The solution was cooled to -10 °C using an acetone/ice/water bath. The 

temperature was monitored throughout the reaction by the presence of a thermometer within the reaction vessel. 

Diethylazodicarboxylate (18.3 mL, 116 mmol, 1.5 eq.) in CH2Cl2 (20 mL) was then added dropwise over 45 min, ensuring 

the temperature did not exceed 12 °C. The reaction was left for 5 min before the addition of methyl iodide over 5 min (7.20 

mL, 116 mmol, 1.5 eq.) in CH2Cl2 (10 mL). The reaction was left to stir for a further 3 h and then purified directly by 

column chromatography (Biotage KP-SIL 340 g snap column, 0 – 50% ethyl acetate in hexane over 15 column volumes) to 

yield the product as a pale yellow viscous oil (18.1 g, 36.4 mmol, 47%). Rf = 0.35 (hexane : ethyl acetate 20 : 1). 

NMR: δH (400 MHz, CDCl3) 7.50 (6H, m, trityl) 7.27 (9H, m, trityl), 5.77 (1H, ddt, J 17.2, 10.5, 6.0 Hz, CH2CH=CH2), 

5.22 (2H, m, CH2CH=CH2), 4.27 (1H, dddd, J 13.0, 6.0, 1.5, 1.2 Hz, CHH'CH=CH2), 4.13 (1H, dddd, J 13.0, 6.0, 1.5, 1.2 

Hz, CHH'CH=CH2), 3.54 (1H, m, CHCH2I), 3.35 (1H, dd, J 9.8, 3.5 Hz, CHCHH'I), 3.23 (1H, dd, J 9.8, 6.0 Hz, 

CHCHH'I), 2.92 (1H, d, J 9.8 Hz, NH). 

δC (100 MHz CDCl3) 171.9 (COOallyl), 145.6 (C4 trityl), 131.7 (CH2CH=CH2), 128.7 (C1 trityl), 128.1 (C2 trityl), 126.7 

(C3 trityl), 118.7 (CH2CH=CH2), 71.2 (CPh3), 66.0 (CH2CH=CH2), 56.3 (CHCH2I), 9.8 (CHCH2I).  

MS: m/z (CI+) 498 ([M+H]+, 15%), 420 ([M-Ph]+, 60%), 243 ([CPh3]
+, 100%);  

HRMS: C25H25NO2I ([M+H]+) requires 498.0930, found 498.0925.  

νmax (CHCl3) 3057 (NH stretch, broad), 1735 (C=O stretch).  

[α]D
20 +0.8 ° (c 1.0, CH3OH). 
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(R)-Fmoc-Cys-O
t
Bu

6
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2
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COOtBu
DTT, Et3N

CH2Cl2, rt, 

1h (95%)  

Dithiothreitol (8.71 g, 56.5 mmol, 1.5 eq.) was added to a stirred solution of (Fmoc-Cys-OtBu)2
2 (30.0 g, 37.6 mmol, 1 eq.) 

in dry CH2Cl2 (450 mL). To this, triethylamine (7.90 mL, 56.5 mmol, 1.5 eq.) was added and the solution was left to stir for 

1 h. The solution was then washed with sodium bicarbonate (2 x 400 mL) and water (2 x 400 mL), dried (MgSO4) and 

concentrated in vacuo to yield the product as a colourless oil (28.7 g, 71.9 mmol, 95%).  

NMR: δH (600 MHz CDCl3) 7.77 (2H, d, J 7.4 Hz, Fmoc Ha) 7.62 (2H, d, J 7.4 Hz, Fmoc Hd), 7.41 (2H, t, J 7.4 Hz, Fmoc 

Hb), 7.33 (2H, t, J 7.4 Hz, Fmoc Hc) 5.76 (1H, d, J 7.2 Hz, NH), 4.56 (1H, m, SCH2CH), 4.41 (2H, d, J 6.9 Hz, CH2Fmoc), 

4.24 (1H, t, J 6.9 Hz, CHFmoc), 3.00 (2H, td, J 8.6, 4.1 Hz, SCH2CH), 1.51 (9H, s, tBu). 

δC (125 MHz CDCl3) 169.1 (COOtBu), 155.8 (NHCOO), 144.0 (C1 Fmoc), 141.5 (C6 Fmoc), 127.9 (C2 Fmoc), 127.2 (C5 

Fmoc), 125.3 (C4 Fmoc), 120.2 (C3 Fmoc), 83.2 (C(CH3)3), 67.2 (CH2 Fmoc), 55.6 (CHCH2SH), 47.3 (CH Fmoc), 28.2 

(C(CH3)3), 27.5 (CH2SH).  

MS: m/z (CI+) 400.2 ([M+H]+, 10%), 313 ([M-OtBu]+, 50%), 179 ([FmocNHC]+, 100%); HRMS C22H26O2NSH ([M+H]+) 

requires 400.1583, found 400.1587.  

[α]D
20 -16.9º (c 1.0, CH3OH) 

 

(2R, 6R)-(Allyl/Fmoc, 
t
Bu) lanthionine 
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(R)-Allyl 3-iodo-2-(trimethylphenylamino)propanoate (18.1 g, 36.4 mmol, 1 eq.) and (R)-Fmoc-Cys-OtBu (14.5 g, 36.4 

mmol, 1 eq.) were dissolved in DMF (300 mL) at 4 °C. Dry caesium carbonate (5.95 g, 18.2 mmol, 0.5 eq.) was added and 

the reaction stirred for 2 h before the addition of a second portion of caesium carbonate (5.95 g, 18.2 mmol, 0.5 eq.). The 

reaction was left to stir for a further 2 h and then excess ethyl acetate (250 mL) was added and the mixture washed with cold 

citric acid (4 °C, 5% aq. w/v, 3 x 250 mL). The organic layer was dried over MgSO4 and concentrated in vacuo. Partial 
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purification by column chromatography (Biotage KP-SIL 340 g snap column, 0 – 50% ethyl acetate in hexane over 15 

column volumes) yielded  (2R, 6R)-(Trt, Allyl/Fmoc, 
t
Bu) lanthionine as a white solid (13.5 g, 17.6 mmol, 48%):  

Rf = 0.4 (hexane : ethyl acetate 4 : 1) 

NMR: δH (600 MHz CDCl3) 7.75 (2H, m, Fmoc Ha) 7.60 (2H, m, Fmoc Hd), 7.49 (6H, d, J 7.6 Hz, trityl), 7.39 (2H, m, 

Fmoc Hc), 7.29 (2H, m, Fmoc Hb), 7.24 (6H, t, J 7.7 Hz, trityl), 7.17 (3H, t, J 7.3 Hz, trityl), 5.70 (1H, ddt, J 17.0, 10.7, 7.1 

Hz, CH2CH=CH2), 5.63 (1H, d, J 7.9 Hz, NH), 5.20 (2H, m, CH2CH=CH2), 4.49 (1H, m, SCH2CH α side), 4.35 (2H, m, 

CH2Fmoc), 4.21 (1H, t, J 7.1 Hz, CHFmoc), 4.14 (1H, dd, J 13.1, 7.4 Hz, CHH'CH=CH2), 3.99 (1H, dd, J 13.1, 7.1 Hz, 

CHH'CH=CH2), 3.55 (1H, m, SCH2CH β side), 2.97 (1H, d, J 7.4 Hz, SCH2CH α side), 2.81 (1H, m, SCH2CH β side), 1.59 

(1H, br s, NH), 1.48 (9H, s, tBu). 

δC (150 MHz CDCl3) 173.1 (COOtBu), 169.7 (COOFmoc), 155.8 (COOallyl), 145.9 (C4 trityl), 143.9 (C1 Fmoc), 141.4 

(C6 Fmoc), 131.8 (CH2CH=CH2), 128.9 (trityl), 128.1 (trityl), 127.8 (Fmoc), 127.4 (trityl) 127.2 (Fmoc), 126.7 (trityl), 

125.3 (Fmoc), 120.1 (C5 Fmoc), 118.8 (CH2CH=CH2), 83.0 (CtBu), 71.3 (CPh3), 67.2 (CH2 Fmoc), 65.9 (CH2CH=CH2), 

56.6 (CHCOOallyl), 54.4 (CHCOOtBu), 47.2 (CH Fmoc), 38.4 (SCH2 Fmoc side), 36.1 (SCH2 trityl side), 28.1 (CH3).  

MS: m/z (ES+) 791.3 ([M+Na]+, 10%), 243.1 ([CPh3]
+, 100%); HRMS C47H48N2O6S ([M+Na]+) requires 791.3131, found 

791.3148.  

νmax (CHCl3) 3404 (NH stretch, broad), 2978 (CH stretch, broad), 1724 (C=O stretch).  

Melting point: 57-59 °C.  

[α]D
20 +8.0 (c 1.0, CH3OH). 

A solution of trifluoroacetic acid (20.4 mL, 265 mmol, 10 eq.) in CH2Cl2 (50 mL) was added to a stirred solution of 

triethylsilane (42.2 mL, 265 mmol, 10 eq.) and (2R, 6R)-(Trt, Allyl/Fmoc, tBu) lanthionine (20.3 g, 26.5 mmol, 1 eq.) in 

CH2Cl2 (150 mL) on ice. The temperature inside the reaction vessel was maintained at 20 °C throughout the addition. The 

temperature was monitored throughout the reaction by the presence of a thermometer within the reaction vessel. Once 

addition was complete, the ice bath was removed and the reaction was left to stir at room temperature for 4 h. After this 

time, excess CH2Cl2 (200 mL) was added and the organic layer was washed with sodium bicarbonate (2 x 200 mL) and 

brine (200 mL) before being dried over MgSO4 and concentrated in vacuo. The product was then purified by column 

chromatography (Biotage KP-NH 375 g snap column, 20 – 80% ethyl acetate in hexane over 10 column volumes) to yield 

the title compound as a colourless oil (7.61 g, 14.5 mmol, 55%).  
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Rf = 0.25 (2% MeOH in CH2Cl2). 

NMR: δH (600 MHz CDCl3) 7.76 (2H, m, Fmoc Ha) 7.61 (2H, m, Fmoc Hd), 7.40 (2H, t, J 7.4 Hz, Fmoc Hb), 7.31 (2H, t, J 

7.4 Hz, Fmoc Hc), 6.09 (1H, m, NH), 5.88 (1H, ddt, J 17.2, 10.9, 5.7 Hz, CH2CH=CH2), 5.28 (2H, m, CH2CH=CH2), 4.61 

(2H, m, CH2CH=CH2), 4.51 (1H, m, CHNH2), 4.38 (2H, d, J 7.1 Hz, CH2Fmoc), 4.23 (1H, t, J 7.1, CHFmoc), 3.71 (1H, m, 

SCH2CH β side), 3.02 (3H, m, SCHH'CH α side and SCH2CH β side), 2.85 (1H, m, SCHH'CH α side), 1.49 (9H, s, tBu). 

δC (150 MHz CDCl3) 173.0 (COOtBu), 169.5 (COOFmoc), 155.8 (COOallyl), 143.9 (C1 Fmoc), 141.4 (C6 Fmoc), 131.5 

(CH2CH=CH2), 127.9 (C4 Fmoc), 127.7 (C3 Fmoc), 125.1 (C2 Fmoc), 120.0 (C5 Fmoc), 119.1 (CH2CH=CH2), 82.3 

(CtBu), 67.1 (CH2 Fmoc), 66.1 (CH2CH=CH2), 54.6 (CHNH2), 50.1 (CHNHFmoc), 47.1 (CH Fmoc), 37.8 & 35.6 (SCH2 α 

and β sides), 28.0 (CH3).  

MS: m/z (ES+) 527.2 ([M+H]+, 85%), 471.2 ([M+H-tBu]+, 100%); HRMS C28H35N2O6S ([M+H]+) requires 527.2216, found 

527.2216.  

νmax (CHCl3) 3347 (NH stretch, broad), 2980 (CH stretch, broad), 1723 (C=O stretch).  

[α]D
20 -11.0 (c 1.0, CH3OH). 

 

(2R, 6R)-(Aloc, Allyl/Fmoc, 
t
Bu) lanthionine 

 

NaHCO3, H2O/dioxane, 

0 oC, 18 h (85%)
S

NHFmoc

COOtBuH2N

COOAllyl

S

NHFmoc

COOtBuAlocHN

COOAllyl  

Sodium bicarbonate (6.68 g, 39.8 mmol, 4 eq.) was added to a solution of (2R, 6R)-(Allyl/Fmoc, tBu) lanthionine (10.5 g, 

19.9 mmol, 1 eq.) in 1,4-dioxane (120 mL). The reaction was cooled to 0 °C and allyl chloroformate (4.24 mL, 39.8 mmol, 

2 eq.) was added. The reaction was left to stir for 18 h before the addition of excess CH2Cl2 (250 mL). The organic layer 

was washed with saturated aqueous sodium bicarbonate (2 x 150 mL) and brine (150 mL), dried over MgSO4 and 

concentrated in vacuo to yield the title product as a colourless oil (10.3 g, 16.9 mmol, 85%).  

NMR: δH (500 MHz CDCl3) 7.77 (2H, d, J 7.5 Hz, Fmoc Ha) 7.61 (2H, d, J 7.5 Hz, Fmoc Hd), 7.40 (2H, t, J 7.5 Hz, Fmoc 

Hb), 7.31 (2H, t, J 7.5 Hz, Fmoc Hc), 5.89 (2H, m, CH2CH=CH2 allyl and Alloc), 5.64 (1H, m, NH), 5.32 (1H, m, 

CH2CH=CHH' allyl), 5.29 (1H, m, CH2CH=CHH' Alloc), 5.24 (1H, m, CH2CH=CHH' allyl), 5.19 (1H, m, CH2CH=CHH' 

Alloc), 4.64 (2H, d, J 5.7 Hz, CH2CH=CH2 allyl), 4.57-4.59 (3H, m, CHNH Alloc and CH2CH=CH2 Alloc), 4.48 (1H, m, 
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CHNH Fmoc), 4.40 (2H, m, CH2 Fmoc), 4.24 (1H, t, J 7.5 Hz, CH Fmoc), 2.93-3.04 (4H, m, SCH2CH both sides), 1.48 

(9H, s, tBu). 

δC (125 MHz CDCl3) 170.3 (COOAlloc), 169.5 (COOFmoc), 155.9 (COOtBu), 155.8 (COOallyl), 144.0 (C1 Fmoc), 141.4 

(C6 Fmoc), 132.6 (CH2CH=CH2 allyl), 131.4 (CH2CH=CH2 Alloc), 128.4 (C3 Fmoc), 127.9 (C4 Fmoc), 125.3 (C5 Fmoc), 

120.1 (C2 Fmoc), 119.5 & 118.1 (CH2CH=CH2 allyl and Alloc), 83.3 (CtBu), 67.3 (CH2 Fmoc), 66.6 & 66.1 (CH2CH=CH2 

allyl and Alloc), 54.4 (CHNH Fmoc), 53.9 (CHNH Alloc), 47.2 (CH Fmoc), 35.7 & 35.5 (SCH2 both sides), 28.1 (CH3). 

MS: m/z (ES+) 633.2 ([M+Na]+, 100%), 577.2 ([M+Na-OtBu]+, 50%); HRMS C32H38N2O8SNa ([M+Na]+) requires 

633.2247, found 633.2249. 

νmax (CHCl3) 3336 (NH stretch, broad), 2980 (CH stretch, broad), 1714 (C=O stretch). 

[α]D
20 -27.6 (c 1.0, CH3OH). 

 

(2R, 6R)-(Aloc, Allyl/Fmoc) lanthionine 1 

S

NHFmoc

COOtBuAlocHN

COOAllyl

1S

NHFmoc

COOHAlocHN

COOAllyl

TFA, Et3SiH,

CH2Cl2, r.t. 2 h 

(66%)  

(2R, 6R)-(Aloc, Allyl/Fmoc, tBu) lanthionine (5.00 g, 8.19 mmol. 1 eq.) was dissolved in a solution of trifluoroacetic acid 

(50 mL, 650 mmol, 79 eq.), triethylsilane (1.31 mL, 8.19 mmol, 1 eq.) and CH2Cl2 (50 mL) and stirred for 2 h before 

concentrating in vacuo. Removal of trifluoroacetic acid was aided by the addition of toluene (20 mL). The product was then 

re-dissolved in toluene (50 mL) with heating and then left in the freezer for 72 h. After this time, the toluene was decanted 

off to give the product as a white solid. The filtrate was concentrated and recrystallised for a second time. The solid was 

filtered and combined with the previous crystallisation to afford the desired product as a white solid (3.00 g, 5.42 mmol, 

66%).  

NMR: δH (600 MHz CDCl3) 9.40 (1H, br s, COOH), 7.75 (2H, m, Ha) 7.56 (2H, m, Hd), 7.38 (2H, m, Hb), 7.30 (2H, t, J 7.4, 

Hc), 6.86 (1H, d, J 6.9, NH), 5.97 (1H, d, J 7.3, NH Fmoc), 5.79- 5.89 (2H, m, CH2CH=CH2 allyl and Alloc), 5.16-5.35 

(4H, m, CH2CH=CH2 allyl and Alloc), 4.60- 4.63 (2H, m, SCH2CH both sides), 4.53-4.58 (4H, m, CH2CH=CH2 allyl and 

Alloc), 4.39 (2H, m, CH2Fmoc), 4.22 (1H, t, J 6.8 CHFmoc), 2.98-3.14 (4H, m, SCH2CH both sides). 
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δC (150 MHz CDCl3) 173.8 (COOAlloc), 170.4 (COOFmoc), 157.6 (COOH), 156.2 (COOallyl), 143.8 (C6 Fmoc), 141.4 

(C1 Fmoc), 132.4 (CH2CH=CH2 allyl), 131.3 (CH2CH=CH2 Alloc), 127.9 (C3 Fmoc), 127.2 (C4 Fmoc), 125.3 (C5 Fmoc), 

120.1 (C2 Fmoc), 119.5 (CH2CH=CH2 allyl), 118.3 (CH2CH=CH2 Alloc), 67.7 (CH2 Fmoc), 66.7 (CH2CH=CH2 allyl), 66.2 

(CH2CH=CH2 Alloc), 54.5 (CHNHFmoc), 53.8 (CHNHAlloc), 47.2 (CH Fmoc), 35.2 & 35.0 (SCH2 both sides).  

MS: m/z (ES+) 577.2 ([M+Na]+, 100%); HRMS C28H30N2O8SNa ([M+Na]+) requires 577.1621, found 577.1613.  

νmax (CHCl3) 3320 (NH stretch, broad), 2950 (OH stretch, broad), 1710 (C=O stretch, broad), 1515 (C-N amide bend).  

[α]D
25 -19.0 (c 1.0, CH3OH). 
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1
H NMR of (2R, 6R)-(Allyl/Fmoc, 

t
Bu) lanthionine 

 

 

S

NHFmoc

COOtBuH2N

COOAllyl  
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1
H NMR of (2R, 6R)-(Aloc, Allyl/Fmoc, 

t
Bu) lanthionine 

 

S

NHFmoc

COOtBuAlocHN

COOAllyl  
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1
H NMR of (2R, 6R)-(Aloc, Allyl/Fmoc) lanthionine 1 

 

 

S

NHFmoc

COOHAlocHN

COOAllyl

1  
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Peptide Synthesis 

General Experimental Details: Protected amino acids and coupling reagents were purchased from Novabiochem, coupling 

reagents, bases and solvents were purchased from Sigma-Aldrich. All water used was either distilled using an Elga Purelab 

Option R 7 water purifier or used directly from a bottle of HPLC-grade water. The peptides were synthesised on a 

MultiSynTech Syro Peptide Synthesiser (Model MP-60). Amino acid and reagent concentrations were calculated based on 

the quantity and loading of the resin. The total volume of all reagents in each step was 1.5 mL. All reagents were dissolved 

in HPLC grade DMF. Peptides were centrifuged using an Eppendorf Centrifuge, model 5810R and were lyophilised using a 

Thermo Scientific Heto PowerDry LL1500 freeze-dryer.   

Fmoc Deprotection: For the automated peptide syntheses, all Fmoc deprotections were carried out using a solution of 

40% piperidine in DMF, which was added to the syringe containing the resin. The mixture was agitated for 20 sec every 

minute for a total of 3 min before removal of reagent by filtration under vacuum. The resin was washed with DMF (4 x 1.5 

mL) before addition of a second portion of piperidine in DMF solution (40% v/v, 0.75 mL), followed by DMF (0.75 mL) to 

make an overall 20% v/v solution of piperidine in DMF. This mixture was agitated for 20 sec every minute for a total of 10 

min. The reagents were removed by filtration under vacuum and the resin washed with DMF (6 x 1.5 mL).   

Amino Acid Coupling: Fmoc-protected amino acid (4 eq.) was added to the reaction syringe with HBTU (4 eq.) and 

DIPEA (8 eq.). The mixture was agitated for 20 sec every 3 min for a total of 40 min. The reagents were removed by 

filtration under vacuum and the resin washed with DMF (4 x 1.5 mL). 

Cleavage from the Resin: Peptides were first washed with DMF (4 x 1.5 mL), CH2Cl2 (4 x 1.5 mL), methanol (4 x 1.5 

mL) and diethyl ether (4 x 1.5 mL) before drying in a desiccator for 45 min. A solution of 94% TFA, 2.5% water, 2.5% 

EDT and 1% TIPS (2.5 mL) was then added to the resin and left to agitate for 30 min on the platform shaker. After this 

time, the entire solution was transferred to a Falcon tube and 12 mL of diethyl ether was added to precipitate the peptide. 

The cleavage procedure was then repeated with fresh cleavage solution (2.5 mL containing 94% TFA, 2.5% water, 2.5% 

EDT and 1% TIPS) and left to agitate for a further 40 min. The entire solution was again transferred to a Falcon tube before 

addition of 12 mL of diethyl ether to precipitate the peptide.  

The Falcon tubes were then centrifuged for 10 min at 4000 rpm and 4 °C before decanting off the diethyl ether solution. 

This process was performed 3 times in total before re-dissolving the peptide in water and lyophilising.  

HPLC Purification: The peptides were analysed and purified via reverse phase HPLC using either a Varian ProStar 

system with a Model 210 solvent delivery module and a Model 320 UV detector or a Dionex system with a PDA-100 
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photodiode array detector and a model ASI-100 automated sample injector. The preparative purification was performed 

using an ACE C8-300 semi-preparative column (150 x 10 mm, flow rate of 8.0 mL/min), with UV detection at 215 and 254 

nm, loaded with 200 – 1850 µL aliquots of a 10-20 mg/mL solution of peptide dissolved in water. Gradient conditions are 

reported for each peptide. The fractions containing the correct peak were pooled, the solvent removed under reduced 

pressure to approximately 2 mL and the solution freeze-dried.  

HPLC Analysis:  All peptides were analysed using UV detection at 215 and 254 nm, using the conditions shown below. 

Retention times are reported for each peptide. 

HPLC Method A: ACE C8-300 analytical column (150 x 10 mm, flow rate of 1.0 mL/min). Gradient: 2 – 98% B over 20 

min (A = water, B = acetonitrile, 0.1% TFA).   

HPLC Method B: Dr Maisch C8 column (Reprosil Gold 200 C8, 5 µm, 250 x 4.6 mm, flow rate of 1.0 mL min-1). 

Gradient: 0-2 min on 95% A; then 5 - 95% B over 48 min; then  95% B over 2 min; then 95 – 5% B over 3 min; then 5% B 

over 5 min (A = water, B = acetonitrile, 0.1% TFA).   

ESI-MS analysis: This was performed on a Waters Acquity Ultra Performance LC/MS machine using a linear gradient of 

5 – 95% B over 5 min (A = water, B = acetonitrile, 0.1% TFA). The analysis of the chromatograms was conducted using 

MassLynx software version 4.0. 

 

Synthesis of S-S bridged single ring peptides  

 
Single ring analog 2b: The synthesis was carried out on a 100 mg scale using pre-loaded H-Lys(Boc)-2-Cl-Trt resin 

(loading = 0.75 mmol/g). The following protected amino acids were used: Fmoc-Cys(Trt)-OH; Fmoc-Glu(OtBu)-OH; 

Fmoc-Gly-OH; Fmoc-Lys(Boc)-OH; Fmoc-Leu-OH; Fmoc-Met-OH: Fmoc-Arg(Pbf)-OH; Fmoc-Val-OH; Fmoc-Trp(Boc)-

OH. Amino acid coupling steps and Fmoc deprotection were all carried out according to the general procedures above. The 

peptide was cleaved under standard conditions, washed with ether and lyophilised. The peptide was purified by 

semipreparative HPLC using a gradient of 40 – 80 % B over 15 min (A = water, B = acetonitrile) and left to cyclise for 10 

days in pure water at 4 °C to yield 13 mg of product (10 %). 

m/z (ES+) 871.34 ([M + 2H]2+), 581.41 ([M + 3H]3+). HPLC Method A RT 2.46 min. 

Single ring analog 3b: The synthesis was carried out on a 100 mg scale using pre-loaded Fmoc-Trp(Boc)-NovaSyn® TGT 

resin (loading 0.20 mmol/g). The following protected amino acids were used: Fmoc-Cys(Trt)-OH; Fmoc-Glu(OtBu)-OH; 
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Fmoc-Gly-OH; Fmoc-Lys(Boc)-OH; Fmoc-Leu-OH; Fmoc-Met-OH: Fmoc-Arg(Pbf)-OH; Fmoc-Val-OH; Fmoc-Trp(Boc)-

OH. Amino acid coupling steps and Fmoc deprotection were all carried out according to the general procedures above. The 

peptide was cleaved under standard conditions, washed with ether and lyophilised. The peptide was purified by 

semipreparative HPLC using a gradient of 40 – 80 % B over 15 min (A = water, B = acetonitrile) and left to cyclise for 10 

days in pure water at 4 °C to yield 7 mg of product (16 %). 

m/z (ES+) 1086.60 ([M + 2H]2+), 724.62 ([M + 3H]3+), 543.80 ([M + 4H]4+). HPLC Method A RT 2.11 min. 

Single ring analog 4b: The synthesis was carried out on a 100 mg scale using pre-loaded Fmoc-Trp(Boc)-NovaSyn® TGT 

resin (loading 0.20 mmol/g). The following protected amino acids were used: Fmoc-Cys(Trt)-OH; Fmoc-Asp(OtBu)-OH; 

Fmoc-Glu(OtBu)-OH; Fmoc-Gly-OH; Fmoc-Lys(Boc)-OH; Fmoc-Leu-OH; Fmoc-Met-OH: Fmoc-Arg(Pbf)-OH; 

Fmoc-Ser(tBu)-OH; Fmoc-Thr(tBu)-OH; Fmoc-Val-OH; Fmoc-Trp(Boc)-OH. Amino acid coupling steps and Fmoc 

deprotection were all carried out according to the general procedures above. The peptide was cleaved under standard 

conditions, washed with ether and lyophilised. The peptide was purified by semipreparative HPLC using a gradient of 40 – 

80 % B over 15 min (A = water, B = acetonitrile) and left to cyclise for 10 days in pure water at 4 °C to yield 1.5 mg of 

product (4 %). 

Analysis: m/z (ES+) 1037.88 ([M + 2H]2+), 692.35 ([M + 3H]3+), 519.44 ([M + 4H]4+). HPLC Method A RT 2.42 min. 

Single ring analog 5b: The synthesis was carried out on a 100 mg scale using pre-loaded Fmoc-Gly-NovaSyn® TGT resin 

(loading 0.20 mmol/g). The following protected amino acids were used: Fmoc-Cys(Trt)-OH; Fmoc-Asp(OtBu)-OH; 

Fmoc-Glu(OtBu)-OH; Fmoc-Gly-OH; Fmoc-Lys(Boc)-OH; Fmoc-Met-OH: Fmoc-Gln(Trt)-OH; Fmoc-Arg(Pbf)-OH; 

Fmoc-Ser(tBu)-OH; Fmoc-Thr(tBu)-OH; Fmoc-Tyr(tBu)-OH; Fmoc-Trp(Boc)-OH. Amino acid coupling steps and Fmoc 

deprotection were all carried out according to the general procedures above. The peptide was cleaved under standard 

conditions, washed with ether and lyophilised. The peptide was purified by semipreparative HPLC using a gradient of 10 – 

60 % B over 30 min (A = water, B = acetonitrile) and left to cyclise for 10 days in pure water at 4 °C to yield 12 mg of 

product (26 %). 

Analysis: m/z (ES+) 1156.45 ([M + 2H]2+), 771.48 ([M + 3H]3+) 578.57 ([M + 4H]4+). HPLC Method A RT 11.02 min. 
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Mass spectra and HPLC data for peptides 
 
C-terminal single ring lanthionine bridged peptide 2a  

 
  

 
 

 

 

 

C-terminal single ring lanthionine bridged peptide 3a  
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Middle single ring lanthionine bridged peptide 4a  
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C-terminal single ring disulfide bridged peptide 2b  

 
 

 
 

 

 

C-terminal single ring disulfide bridged peptide 3b  
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Middle single ring disulfide bridged peptide 4b  
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N-terminal single ring disulfide bridged peptide 5b  
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Full length C-terminal thioether analog 12:   
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Full length middle ring thioether analog 13: 
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 Full length N-terminal thioether analog 14: 
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ProTx-II/7d 

 

  
ProTx-II/24h 
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Crystallization 

A sample of ProTx-II was obtained from Smartox Biotechnology (570 rue de la chimie, 38400 Saint Martin d’Hères, 
France). The sample was dissolved in water to a concentration of 10 mg/mL, and the solution was passed by centrifuge 
down a pre-washed desalting column (Spin-OUT GT100, 2 min at 3750 rpm). Hanging-drop vapour-diffusion 
crystallisation trials were performed using 96-well plates with a well volume of 100 µL and drop volume of 100 nL. Trays 
were made using a Labtech Mosquito nanodrop robot, and incubated at room temperature in a Rock Imager (Formulatrix 
Inc). Crystal growth was monitored daily using Rock Maker software (Formulatrix Inc).  

Hits were scaled up in 24-well plates with a well volume of 500 µL and drop volume of 2 µL. Crystals were grown in a 
buffer containing 2M Li2SO4, 100 mM Tris/HCl (pH 8.5), and 2% v/v PEG 400, and appeared within 48 h. 

 
Diffraction 

Crystals were flash cooled in liquid nitrogen without additional cryoprotection.  A heavy atom derivative crystal was 
prepared by adding 2 µL of 500 mM potassium iodide to the crystallization drop and incubating at room temperature for 30 
minutes. The native crystal was obtained from the same drop prior to heavy atom derivatization.  Both datasets were 
collected collected using a Rigaku Micromax-007HF source equipped with Varimax HF optics, a Saturn 944 HG CCD 
detector, and a 4-circle AFC11 goniometer. High-resolution diffraction data on a native crystal was collected at beamline 
5.0.2. at the Advanced Light Source (Berkeley, CA, USA).  
 
Processing and Experimental Phasing 

All diffraction data was indexed, integrated, merged and scaled using autoPROC.7 Key statistics from the data processing 
are listed in Table S1. 

 Native crystal 
(synchrotron source) 

Native crystal 
(home source) 

Derivative crystal (home 
source) 

Data collection    
Space group H 3 2 H 3 2 H 3 2 
Cell dimensions    
    a, b, c (Å) a=b=37.67, c=103.94 a=b=37.60, c=104.05 a=b=37.70, c=103.84 
��������� (°)  �����

 
�����

 
�����

 
Resolution (Å) 34.65-0.992 (1.010-0.992)a 34.69-1.651 (1.710-1.651) 34.62-1.088 (1.130-1.088) 
Rmerge, Rmeas, and Rpim 0.062 (0.496)  

0.046 (0.222)  
0.020 (0.361) 

0.034 (0.462) 
0.048 (0.653) 
0.034 (0.462) 

0.023 (0.258) 
0.033 (0.365) 
0.023 (0.258) 

I/(I) 25.0 (2.1) 15.5 (0.7) 19.9 (2.6) 
CC1/2 
Completeness (%) 

0.999 (0.700) 
92.2 (54.1) 

0.998 (0.179) 
89.0 (21.7) 

0.999 (0.679) 
98.0 (99.5) 

Redundancy 8.7 (1.7) 1.9 (1.2) 2.0 (2.0) 
    
Refinement    
Resolution (Å) 0.992   
No. reflections 14960   
Rwork / Rfree 0.133 / 0.151   
No. atoms 329   
    Protein 265   
    Ligand/ion 10   
   Water 54   
B factors    
    Protein 9.98   
    Ligand/ion 28.67   
    Water 40.03   
R.m.s deviations    
    Bond lengths (Å) 0.0174   
    Bond angles (°) 2.189   
a Values in parentheses are for highest-resolution shell. 
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Table S1 Data collection and refinement statistics for the three crystal diffraction datasets collected in this study. 
Initial phases were solved using single isomorphous replacement with anomalous signal (SIRAS) using the native and 
derivative datasets collected on the home source, followed by solvent flattening and electron density modification, all 
implemented in autoSHARP.8 Manual building of the structure was carried out in Coot. A higher resolution native dataset 
was collected using synchrotron radiation. The model built using SIRAS phases was rigid body refined into the new dataset 
and least-squares restrained refinement continued within SHELXL9 and Refmac.10 Inspection of the electron density maps 
allowed solvent molecules and some alternative sidechain conformations to be modelled. Some sidechain conformations 
could not be determined from the electron density maps and were truncated in the final model. Refinement statistics are 
shown in Table 1. 
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Figure S1. HPLC of ProTx-II samples. (a) Overlay of Sigma and Smartox samples; (b) Overlay of ProTx-II/24h and 
Smartox samples; (c) Overlay of ProTx-II/7d and Sigma samples. All experiments were run using Analytical HPLC Method 

B.  

 
Patch clamp data 
Peptides were tested against stably transfected cell lines expressing the hNav1.7 receptor, using the hNav1.7-
HEK cell IonWorks Population Patch Clamp Assay (Essen) and the QPatch™ Patch Clamp Assay (B’SYS 
GmbH). The Study Reports from the two companies are included below. As the testing was carried out blind, 
without knowledge of the structure and sequence of the peptides, Table S2 shows the codes used by B’Sys and 
correlates these to the numbering used in the present paper. 
 
Table S2 

B’Sys code Peptide 

ZWP1 2a 

ZWP2 4a 

ZWP3 5a 

ZWP4 2b 

ZWP5 4b 

ZWP6 ProTx-II/7d 

ZWP7 12 

ZWP8 13 

ZWP9 14 

 

 

 

(a) 

(b) 

(c) 

 Retention time (min) 

Retention time (min) 
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ProTx-II: Effect on NaV1.7 channel Peak Currents recorded 

from Stably Transfected CHO cells 

 

 

 

 

 

 

B’SYS Study No.: A1233 

Sponsor: University College London 
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