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Peptide Synthesis. Peptides were prepared manually by “in situ neutralization” Boc chemistry 

stepwise solid phase peptide synthesis,[1] on -OCH2-Pam-resins (free acarboxyl peptides) or on 

HSCH2CH2CO-Leu-OCH2-Pam-resin (athioalkylester peptides).[2] Side-chain protection for 

amino acids was as follows: Arg(Tos), Asn(Xan), Asp(OcHex), Cys(4-CH3Bzl), Glu(OcHex), 

Lys(2-Cl-Z), Ser(Bzl), Thr(Bzl), Tyr(Br-Z). The 1,3-thiazolidine-4-carboxo (Thz) group was 

introduced to protect the N-terminal Cys of the middle peptide segments, and Boc-L-

thiazolidine-4-carboxylic acid was used for peptide synthesis. After chain assembly was 

complete, peptides were deprotected and simultaneously cleaved from the resin support by 

treatment with anhydrous HF containing p-cresol (90:10, vol/vol) for 1 h at 0 °C. After 

evaporation of the HF under reduced pressure, crude products were precipitated and triturated 

with chilled diethyl ether, and the peptide products were dissolved in 50% aqueous acetonitrile 

containing 0.1% TFA. Peptide compositions were confirmed by LC-MS. [Thr1-Cys3]-

αthioalkylester (observed mass (ob.) 525.4±0.4 Da, calculated average mass (ca.) 524.6 Da); 

[Thz4-Ala15]-αthioalkylester, (ob. 1491.4±0.5 Da, ca. 1491.8 Da); [Cys16-Leu25]-αthioalkylester, 

(ob. 1257.2±0.5 Da, ca. 1257.6 Da);  [Thz26-Gly31]-αthioalkylester, (ob. 827.5±0.5 Da, ca. 828 

Da); [Cys32-Thr39]-αthioalkylester, (ob. 987.8±0.5 Da, ca. 988.3 Da); and [Cys40-Asn46] (ob. 

738.4±0.5 Da, ca. 738.8 Da). 



Preparative reverse phase HPLC purification. To purify synthetic peptides and ligation 

products, preparative HPLC was performed on a Waters Prep LC 4000 system by use of 

preparative Vydac C8 column (12µm, 2.2 × 25 cm) at flow rate of 10mL/min and by use of 

semi-preparative Vydac C4 and C8 columns (1cm x 25cm) at a flow rate of 5mL/min, with a 

gradient of 10-40% buffer B in buffer A over 60 min. Buffer A: 0.1% TFA in water; Buffer B: 

0.08% TFA in acetonitrile. Fractions were collected across the expected elution time, combined 

based on HPLC and LC-MS analysis, and lyophilized. 

Conversion of a peptide-αthioalkylester to a peptide-αthiophenylester. Lyophilized peptide-

athioalkylester from HF cleavage was used for the exchange reaction. The crude peptide was 

dissolved in pH 6.8 aqueous buffer containing 6 M guanidine hydrochloride and 0.2 % 

thiophenol (vol/vol). Peptide concentration in the solution was ca. 0.2 mM. The reaction mixture 

was vigorously stirred for 12 hours with exclusion of air, and analyzed by LC-MS. Typically, 70-

90% conversion to the peptide-athiophenylester had occurred. The reaction was quenched  

(acidified to pH 3) by addition of aqueous 6N HCl. Residual thiophenol and oxidized thiophenol 

(diphenyl disulfide) were removed by extraction with diethyl ether. Acid quenching was 

necessary before the diethyl ether extraction procedure in order to prevent transthioesterification 

with residual HSCH2CH2CO-Leu that could not be extracted. The peptide-athiophenylester was 

purified by preparative HPLC, the mass confirmed by mass spectrometry, and lyophilized. The 

stability of peptide-athiophenylesters under standard handling conditions (i.e. in HPLC solvents 

for prep HPLC and lyophilization; as a lyophilized solid for at least a period of weeks at 4oC; in 

pH6.8 buffer under standard ligation conditions) is comparable to that of peptide-

athioalkylesters; no hydrolysis or other decompostion was observed in the reactions described. 



Comparative reaction rates of peptide-αthioalkylester and peptide-αthiophenylester. 

 
Two separate model ligation reactions between 1mM concentrations of each peptide were carried 

out in 200 mM phosphate buffer, pH 6.8, containing 6 M guanidine hydrochloride. No thiol 

additive was present during the ligation reactions. At each time point, an aliquot (20 µl) from the 

ligation reaction was quenched by addition of 5 % trifluoroacetic acid (8 µl). The aliquot was 

characterized by analytical HPLC. Analysis of ligated species was done by integrating the area 

from analytical HPLC profiles at each time point. The model peptides used were: 

YKMDFHIAA-αthioester (ob. 1296.0±0.6 Da, ca. 1296.5 Da); YKMDFHIAA-αthiophenylester 

(ob. 1187.1±0.5 Da, ca. 1187.5 Da); and Cys-NVRSGTEPWQL (ob. 1389.3±0.5 Da, ca. 1389.5 

Da). 

 
The figure shows the observed ligation rates for the reaction of a peptide-Ala-αthiophenylester 

(solid line) or a peptide-Ala-αthioalkylester (dashed line) with a Cys-peptide under identical 

reaction conditions. The t1/2 value for the model reaction of the peptide-Ala-αthiophenylester was 

~20 minutes; under the same conditions only ~10% reaction of the peptide-Ala-αthioalkylester 

had occurred after 8 hours. 



Native chemical ligation was carried out under standard conditions:[3] pH 6.8, 200mM sodium 

phosphate buffer containing 6M guanidine hydrochloride, at a concentration of 2mM for each 

peptide;1% (v/v) thiophenol was added to the reaction mixture. 

Kinetically-controlled ligation was performed in pH 6.8, 200mM sodium phosphate buffer 

containing 6M guanidine hydrochloride, at a concentration of 2mM for each peptide in the 

absence of thiophenol.  

Experimental procedures for kinetically-controlled ligations in the crambin synthesis: 

Ligation 1. Kinetically-controlled ligation of [Thz4-Ala15]-αthiophenylester and [Cys16-Leu25]-

αthioalkylester was performed in pH 6.8, 200mM sodium phosphate buffer containing 6M 

guanidine hydrochloride, at a concentration of 2mM for each peptide. The reaction was complete 

within one hour. The ligation gave almost exclusively the [Thz4-Leu25]-αthioalkylester. Observed 

mass of the major peak (2529.8±0.4 Da) was consistent with calculated mass for the desired 

product [Thz4-Leu25]-αthioalkylester (2530.0 Da, average isotopes). In Figure 1 B, arrow (i) 

indicates the cyclized byproduct (cyclic-[Cys16-Leu25], observed mass = 1137.7±0.6 Da 

calculated mass = 1138.3 Da); arrow (ii) indicates the byproduct [Thz4-Leu25]-[Cys16-

Leu25]athioalkylester (observed mass = 3567.6±0.9 Da calculated mass = 3568.2 Da). This 

small amount of the second, oligomeric, byproduct may have arisen from exchange of the 

product [Thz4-Leu25]- athioalkylester with the single equivalent of thiophenol released in the 

kinetically controlled ligation. Quantitative conversion of [Thz4-Leu25]-αthioalkylester to [Cys4-

Leu25]-αthioalkylester was carried out without affecting the thioester moiety, using 0.2M 

methoxyamine·HCl added directly to the ligation reaction mixture. The conversion was complete 

within two hours. The desired [Cys4-Leu25]-athioalkylester (observed mass of 2517.8±0.3 Da, 



calculated mass = 2518.0 Da) was purified by preparative HPLC as described above, for use in 

ligation 2.  

Ligation 2. Kinetically controlled ligation between [Thr1-Cys3]-αthiophenylester and 

[Cys4-Leu25]-αthioalkylester was performed in pH 6.8, 200mM sodium phosphate buffer 

containing 6M guanidine hydrochloride, at a concentration of 2mM for each peptide. The 

ligation product formed a peptide-αthiolactone from the transthioesterification with an internal 

cysteine residue. Addition of 200mM mercaptoethanosulfonate sodium salt (MESNA) into the 

reaction mixture converted the peptide-αthiolactone to the [1-25]peptide-αthioalkyl ester for use 

in the final native chemical ligation of the two halves of the target polypeptide. See Figure S1 for 

details. 

Ligation 3. Kinetically controlled ligation reaction of [Thz26-Gly31]-αthiophenylester and 

[Cys32-Thr39]-αthioalkylester was performed in pH 6.8, 200mM phosphate buffer containing 6M 

guanidine hydrochloride, at a concentration of 2mM for each peptide. Reaction was complete 

within one hour. See Figure S2 for details. 

Native chemical ligation with the C-terminal peptide [Cys40-46] was carried out without 

purification of the product [Thz26-Thr39]-αthioalkylester.  

Native Chemical Ligation to give [1-46]crambin. Native chemical ligation was carried out 

under standard conditions at pH 6.8, 200mM sodium phosphate buffer containing 6M guanidine 

hydrochloride, at a concentration of 2mM of each peptide, 1% (v/v) thiophenol was added to the 

reaction mixture. After overnight reaction, the reaction mixture was diluted 3-fold and allowed to 

stand for one hour. The correctly folded crambin synthetic protein containing three disulfides 

was isolated by preparative reverse phase HPLC as described above. 



Yields. Isolated yields were: 71% for ligation 1 & subsequent conversion of Thz to Cys in the 

same reaction mixture; 50% for ligation 2; 80% for ligation 3 alone; 40% for ligation 3 & 

subsequent ligation 4 in one-pot; 62% for ligation 5 and subsequent folding/disulfide formation 

in the same reaction mixture. 



 

Figure S1. The crude ligation product from ligation 2, Scheme 2, i.e. reaction of [Thr1-Cys3]-

αthiophenylester and [Cys4-Leu25]-αthioalkylester. The ligation product formed a peptide-

αthiolactone from the transthioesterification with an internal cysteine residue. Addition of 

200mM mercaptoethanosulfonate sodium salt (MESNA) into the reaction mixture converted the 

peptide-αthiolactone to the peptide-αthioester shown, [Thz1-Leu25]-αthio(ethanosulfonate)ester, 

(Observed mass = 2746±1.0 Da; calculated mass = 2746.9 Da). 





 

 

Figure S2. Crude products from ligation 3, Scheme 2, obtained from the reaction of [Thz26-

Gly31]-αthiophenylester and [Cys32-Thr39]-αthioalkylester, (Observed mass = 1596.5±1.0 Da; 

calculated mass = 1596.6 Da). 
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