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Abstract 

Cyclotides are mini-proteins of approximately 30 amino acids residues that have a 

unique structure consisting of a head-to-tail cyclic backbone with a knotted arrangement 

of three disulfide bonds. This unique structure uniqueness gives exceptional stability to 

chemical, enzymatic and thermal treatments. Cyclotides display various bioactivities, 

such as anti-HIV, uterotonic, cytotoxic, and insecticidal activity. Due to the structural 

stability and their wide range of bioactivity, cyclotides have been implicated as ideal 

drug scaffolds and for development into agricultural and biotechnological agents. 

To date the exact mechanism by which the complex knotted topology of cyclotides is 

formed, is the biosynthesis of cyclotides, remains largely unknown. Certain catalytic 

proteins are assumed to be involved in the processing of the linear cyclotide precursor 

into the mature circular protein. In order to elucidate the mechanism of the putative 

proteins, this project aims to synthesize the full length precursor of the prototypical 

cylcotide kalata B1.  

The present paper summarizes 1) the biosynthesis of cyclotides by a literature survey, 

2) the anticipated roles of cyclotide prodomain in its native folding based on its 

predicted model structure, 3) the optimized methods for the formation of peptide α-

thioester 4) the mechanism of native chemical ligation in the model peptides through 

thiol-thioester exchange.   
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Abbreviations 

Acm: acetamidomethyl 

ACN: acetonitrile 

AcOH: acetic acid 

AEP: asparaginyl Endopeptidase 

Boc: tert-butoxycarbonyl 

DCM: dichloromethane 

DMF: dimethylformamide 

DIEA/DIPEA: diisopropylethylamine  

ER: endoplasmatic recticulum  

Fmoc: 9H-fluoren-9-ylmethoxycarbonyl 

Gdn·HCl: guanidine hydrochloride  

HBTU:2-(1H-benzotriazole-1-yl)-1,1,3,3,-tetra-methyluronium hexaflurophosphate 

Hmb: 2-hydroxyl-4-methoxybenzyl 

HMPB: 4-(4-hydroxylmethyl-3-methoxyphenoxy)butyric acid 

LC-MS: liquid chromatography-mass spectrometry 

MW: microwave  

NCL: native chemical ligation  

NTR: N-terminal pro-domain 

NTPD: N-terminal repeat 

OtBu: tert-butoxy 

Pbf: 2,2,4,6,7-pentamethyldihydrozobenzofuran-5-yl-sulfonyl 

PDI: protein-disulfide isomerase 

PyBOP:benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexaflurophosphate;  

SPPS: solid-phase peptide synthesis 

Tris·HCl: Tris (hydroxymethyl) aminomethane Hydrochloride 

Trt: triphenylmethyl (trityl) 

TFA: trifluoroacetic acid 
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1. Introduction 

Cyclotides are a family of circular proteins, present in plants, with a knotted 

arrangement of three disulfide bonds [1]. This structural uniqueness is known to 

contribute to their exceptional stability to chemical, enzymatic and thermal treatments 

[2,3]. Cyclotides are known to have various bioactivities, such as anti-HIV, uterotonic, 

cytotoxic, and insecticidal activity [2,6]. Because of the unique structural stability, 

cyclotides have been implicated as ideal drug scaffolds and for development into 

agricultural and biotechnological agents [2].  

Plant cyclotides are genetically encoded as linear precursors containing one, two, or 

three cyclotide domains. The mechanism of excision of cyclotide domains and the 

ligation of the newly formed N- and C- termini to produce the mature cyclic peptide has 

not been elucidated [2,4,5]. In order to identify the putative enzymes that are involved 

in the process, this project aims to synthesize the full length precursor of the 

prototypical cyclotide kalata B1, which then will be used to fish out enzymes involved 

in the biosynthesis.  

In current study, peptide segments, comprising the full precursor were synthesized 

by microwave-assisted Fmoc-SPPS and were reacted with native chemical ligation 

mediated through thiol-thioester exchange. The reactions were monitored by LC-MS to 

elucidate the mechanism of thiol additives in modulating the native ligation reaction. 

The peptide thioester formation reaction, which is a prior step to the native chemical 

ligation, was optimized. Also, the structure of the cyclotide precursor, containing the 

homology lacking prodomain, was predicted by ab initio modeling[7], and the function 

of the prodomain was investigated based on the predicted structure, which suggests its 

role to be as intramolecular chaperone.   
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1.1 Cyclotides - Circular plant proteins 

  

Cyclotides are a family of plant-derived mini-proteins of approximately 30 amino 

acids that are characterized by the unique topology of head-tail cyclized backbone and a 

cystine knot [1, 2, 6]. Unlike in typical proteins, the N- and C- termini of cyclotides are 

connected by an ordinary amide bond, and its structure is stabilized by three disulfide 

bonds that form a cyclic cystine knot structural framework [1,2]. The disulphide bridges 

I–IV, II–V and III–VI are considered to be strictly conserved in the cyclotide families, 

and these connectives result in the knotted arrangement [1,2]. The cyclotides are 

categorized into two subfamilies named as Mőbius and bracelet proteins based on 

structural properties. The Mőbius cyclotides contain a cis-Pro peptide bond in loop five 

leading to a 180° twist in the peptide backbone and the bracelet cyclotides are devoid of 

this conceptual twist. (Figure 1)  

 

 

Figure 1. Cyclotide structure.  A) The schematic presentation of cyclotide scaffold and the cyclic cystine knot 

motif (CCK) showing the peptide amide backbone (in grey) with loops 1-6, the cystine residues (Romanian numbers 

I–VI), disulphide bridges (in yellow). The β-sheets and the short α-helix as presented in the bracelet subfamily are 

shown as ribbons. B) Sequence logos representing the bracelet (top) and Mőbius (below) subfamilies [1]. 
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The unique topology of cyclotides, the cyclic structure combined with the cyclic 

cystine knot (CCK) motif, contributes to the remarkable stability of cyclotide against 

chemical, enzymatic and thermal degradation [2,3]. The first discovery of its medicinal 

application was guided by the finding that African tea made of plant, Oldenlandia 

affinis, promoted the local woman to accelerate the childbirth in the central African 

Republic [2,6]. Kalata B1 was identified to have an uterotonic component from the 

plant; however, because of its usual macrocyclic structure, it was believed that the N- 

and C-termini were blocked, but it took 20 years until the proper structure of cyclotide, 

the cyclic and knotted nature, was elucidated through NMR studies [6]. Subsequently, a 

number of studies, dealing with a wide range of biological activities such as hemolytic, 

anti-HIV, insecticidal and cytotoxic activities were published [2,6]. Their resistance to 

physical, chemical and biological degradation may provide the breakthrough to 

overcome the stability problems that occur in the practical use of peptides and protein as 

drugs.  

 

1.2 Biosynthesis of cyclotides from its full precursor  

 

Cyclotides are encoded by multigene families characterized from the Rubiaceae and 

Violaceae plant family, and they are processed from precursor protetins containing 

between one and three the cyclotide domains (Figure 2) [2,4,5]. The cyclotide 

precursors include 1) an endoplasmic reticulum (ER) signal peptide region, 2) N-

terminal propeptide (NTPP) made of N-terminal prodomain (NTPD) and N-terminal 

repeat (NTR) regions, 3) the mature cyclotide domain, and 4) a tail region in its C-

terminus [2,4,5].  

The encoded precursor protein has the ER signal sequence that directs it into ER, 

which suggests that the precursor goes through the native folding process in ER [2,5]. 

The intact NTR region in two cyclotide subfamilies has been shown to contain a 

structurally conserved α-helical motif. The sequence of NTR is conserved within the 

same plant species but not between different plant species. It is not certain whether the 

NTPD or/ and the NTRs play a role in the folding process into mature cyclotide [2,3,5]. 

However the NTPD or/ the NTRs may be involved in the regulation of protein folding 

as an intramolecular chaperone, in catalyzing the folding reaction, or even in the folding 

inhibition [3]. One of the aims of this project was to investigate whether the NTPD or 

NTR regions in the cyclotides precursor have a role in cyclotide biosynthesis. 
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Figure 2.  Schematic representation cyclotide precursor. The conserved residues, neighboring the cleavage site, 

are listed and the cleavage sites are marked with scissors. The cleavage site, promoted by unknown enzyme, is 

marked with scissor and the question mark. X represents any amino acid [2]. 

 

 The mechanism, from excision of cyclotide domain to cyclization, is yet to be 

established [4,5]. Nevertheless, it is thought to be made of three stages, 1) excision of 

the cyclotide domain from the precursor, 2) ligation of newly formed C- and N-terminus, 

3) oxidative folding by formation of proper disulfide bonds. Asparaginyl endopeptidase 

(AEP) is suggested to be involved in both the cleavage of C-terminus and the 

cyclization by the identification of the recognition sites. (Figure 2) [4,5] 

In case of O. affinis and V. odorata, the plants producing cyclotide kalata B1, AEP is 

thought to be involved in the cleavage next to the Asn29, a highly conserved residue to 

generate a new C-terminus [4,5] . This newly formed C-terminus is ligated with another 

newly formed N-terminus that is cleaved by a yet unknown enzyme. (Figure 3) Because 

both events, the excision of the C-terminal cyclotide domain and the cyclization with its 

N-terminus, are assumed to happen in a single step, the N-terminal cleavage (Gly1), 

promoted by the unknown enzyme, should occur prior to the cleavage of Asn 29 at the 

C-terminus. These simultaneous events are supported by the fact that no linear cyclotide 

intermediates were observed in O. affinis leaf extracts [5] (Figure 3).  
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Figure 3. Proposed mechanism for the cleavage and ligation of the cyclotide (kalata B1). The cleavage of kalata 

B1 at N- and C-terminus of cyclotide domain. [5] 

 
Figure 4. Proposed model for formation of cyclotide by AEP. (a) AEP (shaded region) recognizes the cleavage site 

of kalata B1 precursor with the specific binding pockets, S1, S2 and S3. (b) AEP cleavages the carboxyl side of the 

Asn residue, and release the precursor tail, as a result, acyl-enzyme intermediate is generated with cyclotide domain. 

(c) N-terminal tripeptide motif, formed by an unknown enzyme, is recognized and bound to the binding pockets, S’1, 

S’2 and S’3, that were previously occupied with cleaved N-terminal tripeptide motif of cyclotide tail. Nucleophilic 

attack of the amine group from Gly1 residue promotes the amide peptide bond, resulting in cyclic formation of kalata 

B1. [5]   



 9 

2. Result 

 

2.1 Prediction of the structure and function of the prodomain of 

cyclotide precursor 

 

   The prodomain is located between the signal sequence and mature domain in 

precursor. The function of the cyclotide prodomain of the cyclotide, eithier NTPD and 

NTR or NTR only, may be to catalyze the correct folding as intramolecular chaperones 

(IMC). The role of NTR as IMC in the folding process has been suggested, possibly 

assisted by the interaction with the aliphatic helix in NTR with hydrophobic residues of 

cyclotide domain [3]. The wide range of studies [10,11,12,13] regarding prodomains 

indicates that these regions may modulate the protein function, and regulate protein 

folding. The prodomain may catalyze transforming the globular state into the compactly 

folded transition state by stabilization of the rate limiting transition state [10]. The 

tightly packed configuration of the protein contributes to reduce its entropy and increase 

its stability, which lowers the energy barrier that needs to overcome to reach the native 

state. As a result, the folding pathway can be accelerated by escaping from kinetically 

trapped folding intermediates [10,11] (Figure 5)  According to a few studies, the point 

mutation of the prodomain or absence of the prodomain resulted in a minor extent 

native folding or its altered specificity and stability, respectively [11]. Furthermore, the 

prodomain promotes the native disulfide formation as either the IMC or with PDI 

[11,13].  

 

Figure 5. Energy Diagram for folding pathway with prodomain. The presence of prodmain may lower the 

transition state energy ∆G2 into ∆G1. 
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In the current study, the structure of the cyclotide precursor was predicted by ab 

intio modeling, the energy based web computer software, (Bhargeerath, url: 

http://www.scfbio-iitd.res.in/bhageerath/index.jsp), and the function of its prodomain as 

IMC was investigated based on its predicted model. According to the prediction, in 

contrast to previous study [3], NTR does not interact with cyclotide enough to forms the 

tightly packed globular structure; rather, NTPD forms the hydrophilic and hydrophobic 

interactions with NTR and cyclotide domain.       

A. 

 

B. 

  

Figure 6. The predicted model of the cyclotide precursor. (a)The structure of precursor comprising NTR (green), 

cyclotide domain (black) and tail (red). The α-helix structure of NTR is consistent with its NMR structure, and the 

prediction as a loop structure of cyclotide domain and its tail is consistent with the loop prediction. (b)The structure 

of precursor comprising NTPD (blue), NTR (green), cyclotide domain (black) and tail (red).  
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The presence of NTPD, the prodomain of cyclotide, is considered to assist the 

process of the full precursor into cyclotide. Firstly, the folding transition state can be 

more stable by the increased number of interaction of residues with the hydrophilic and 

hydrophobic interactions assisted by NTPD. The interactions involve three different 

types of interactions 1) the direct interaction between NTPD and cyclotide domain, 2) 

the direct interaction between NTPD and NTR and the constrained loop structure of 

cyclotide domain by the first and second type of interactions generates 3) the increased 

number of interactions of residues and their backbone in cyclotide domain. For example 

of Met35 in NTPD, the carbonyl oxygen in its backbone forms hydrogen bonds with the 

side chain amide and backbone nitrogen atoms of Arg38, the side chain sulfur of Met35 

forms hydrogen bonds with the side chain amide nitrogen atoms of Arg38. (Figure 7, 

table 2) Besides these hydrogen bonds, it is in van der Waals contact with Leu60 of 

NTR, Leu63 of cyclotide domain, Pro64 of cyclotide domain and Leu92 of tail. (Table 

2) 

Secondly, Gly62, C-terminus of cyclotide domain, is positioned by coordination of 

Arg17, Ser83, and Cys87. (Figure 7) Also, Cys87, neighboring N-terminal tripeptide 

motif of cyclotide, is positioned by coordination of Asp17, Asp 21, Cys82, and Met35. 

(Figure 8) The proximity between two tripeptide motifs of N- and C- terminal of 

cyclotide domain, achieved by the interaction with NTPD, also may facilitate the 

accessibility for AEP to cleavage and ligation of cyclotide domain.

  

 

Figure 7. Cys87 is positioned by coordination of Asp21, Arg17, Cys82 and Met35. The measured hydrogen bond 

distance is displayed in table 2. NTPD, NTP, cyclotide domain and tail are colored blue, green, black, and red. The 

hydrogen bonds are colored purple.  
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Figure 8. Cys87 is coordinated by Lys61, Gly62, Ser83 and Arg17. The measured hydrogen bond distance is 

displayed in table 1. NTPD, NTP, cyclotide domain and tail are colored blue, green, black, and red. The hydrogen 

bonds are colored purple. 

 

 

Table 1. The hydropobic and hydrogen interaction between NTR and Cyclotide domain. The table was made with 

the web based program, protein interaction calculator (official URL: http://crick.mbu.iisc.ernet.in/~PIC/job.html) 

based on the pdb file that was generated from the Bhageerath (Offical URL: http://www.scfbio-

iitd.res.in/bhageerath/index.jsp) 
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Hydrophobic Interaction within 5 Angstroms

Position Residue Chain Position Residue Chain
31 VAL - 32 ALA -
31 VAL - 60 LEU -
31 VAL - 92 LEU -
32 ALA - 35 MET -
35 MET - 60 LEU -
35 MET - 63 LEU -
35 MET - 64 PRO -
58 LEU - 92 LEU -
92 LEU - 93 PRO -  

 

Table 2. The selected hydropobic and hydrogen interaction between NTPD, NTR and Cyclotide domain. The table 

was made with the web based program, protein interaction calculator (official URL: 

http://crick.mbu.iisc.ernet.in/~PIC/job.html) based on the pdb file that was generated from the Bhageerath (Offical 

URL: http://www.scfbio-iitd.res.in/bhageerath/index.jsp) 
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2.2 Synthesis of cyclotide precursor 

 

2.2.1 Plan for the synthesis  

 

The full length kalata B1 cyclotide precursor was planned via the synthesis of three 

peptide fragments. The S1 to K41 region in the cyclotide kalata B1 precursor was 

synthesized as Peptide 1. The A42 to N76 region (Peptide 2’) was synthesized with the 

A42C mutation at the N-terminus to facilitate subsequent ligation between peptide 1 

and 2. The T77 to A97 region (Peptide 3) was synthesized with a T77A mutation at the 

N-terminus to facilitate ligation between peptide 2 and 3 (Figure 9). In addition, the 

region K45 to N76 that corresponds to the NTR was synthesized as peptide 2’ with the 

aim to determine whether the NTPD region has a specific role in the folding of the 

precursor. The detailed strategy for the ligation between different fragments in the 

design of the full length precursor is depicted in Figure 10.  

A.  

1                              10                                 20                                  30 

SHKTTLVNEIAEKMLQRKILDGVEATLVTD

31                             40                                50                                 60  

VAEKMFLRKMKCEAKTSETADQVFLKQLQL

61                            70                                80                                  90  

KGLPVCGETCVGGTCNCPGCTCSWPVCTRN

91                97

GLPSLAA
 

B.  

 Figure 9.: The sequence of the cyclotide kalata B1 precursor. (A) Sequence of four peptides comprising the 97-aa 

peptide chain of cyclotide precursor without ER signal sequence.  The cleavage site for the ER signal sequence was 

predicited using SignalP 3.0 sever (http://www.cbs.dtu.dk/services/SignalP/ ) (B) the sequence of the protected 

peptide segments
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The mutation site in peptide 3 was determined based on the recent alanine scanning 

study of cyclotides [6] and the predicted structure of its precursor. According to the 

alanine scan study, the mutation T77A does not affect the folding efficiency of the 

mature cyclotide domain. According to the predicted cyclotide precursor structure, T77 

is located distantly from N- and C-termini that are to be formed following the 

processing of the precursor during the biosynthesis of the mature cyclic peptide. 

Therefore the muation introduced in peptide 3 was expected not to affect the folding 

efficiency of the cyclotide precursor or its interaction with the putative enzymes.  

 

2.2.2 The reaction of peptide α-thioester formation and its optimization 

 

Prior to native chemical ligation, thioesterification of the C-terminal carboxylic acid 

of the peptide is required to obtain the thioester peptide required for the ligation with the 

N-terminally cysteine-bearing peptide [14]. Peptide thioesters can be prepared 

synthetically by Boc-strategy of solid-phase synthesis (Boc = t-butyloxycarbonyl). 

However, the disadvantage is the need for strong acid treatment (HF, hydrogen fluride) 

in the cleavage of the peptide from the resin. Furthermore, HF used in the deprotection 

step, could be potentially hazardous and also result in undesired side-reactions of the 

acid-sensitive functional groups on the peptide [14,15]. As an alternative, numerous 

methods have been developed based on Fmoc-strategy of solid-phase synthesis (Fmoc = 

9H-fluoren-9-ylmethoxycarbonyl), but none of them are generally applicable [15]. For 

example, in the thioester formation after cleavage of peptide from resin, the thioester 

formation yield depends on the C-terminal residue of peptide and its length. The 

approach of thioester formation prior to its cleavage from the resin has met with limited 

success, because of the susceptibility of the thioester linker group to strong nucleophilic 

reagent, such as piperidine used in the deprotection of the Fmoc group [15].        

 

In this study, the peptide thioester formation yields were investigated with mixed 

solvents with relatively polar and nonpolar origin, and with the addition of the different 

equivalents of the activating reagents. Initially, peptide thioester formation was 

attempted with methods in published literature [14,17]. Because it is known that the 

more excess of activating reagents result in an increase of the epimerization of the C-

terminal amino acid during thioester formation [14,21], the minimum addition of the 

activating reagents, PyBOP, p-acetamidothiophenol, and DIEA was initially utilized (3 

equiv of each) with the peptide 2 in DCM as the solvent. This experiment resulted in 
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5% of peptide thioester. Therefore it was decided to optimize the thioesterification 

reaction with two test peptides of different C-terminal residues (Fmoc-Cys-Gly-

Cys(Acm)-Gly-Gly and Fmoc-Cys-Gly-Cys(Acm)-Gly-Asn) prior to carrying out the 

thioesterification of the truncated cyclotide fragments (peptide 2, peptide 2’ and peptide 

3).  

 

Thioesterification of the C-terminal amino acid was attempted at various conditions, 

different length of peptides with different C-terminal amino acids, reaction times, 

addition of activating reagents with different equivalents, different solvents (DCM only 

or DMF/DCM), and with or without the assistance of microwaves. The reaction 

products were monitored with HPLC and MS to distinguish between side-reaction 

products that were generated from the thioester reaction and the peptide impurities from 

the synthesis. (Figure 11) 

     

 

Figure 11. The diagram for monitoring the side reactions during the thioester formation reaction. 
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Figure 12.  The yield of thioester peptide at different reaction conditions. The thioester of four peptides, test peptide 

1, test peptide 2, peptide 2, and peptide 2’ were formed under the different reaction conditions, reaction time, 

equivalents of reagents and solvents. Reactions were monitored at 3, 24, and 72hrs. The yield was calculated with 

ratio of thioester peptide and its precursor based on the signal intensity of total ion chromatogram.  

 

The thioester formation yield of the short peptides, test peptide 1 and test peptide 2, 

was more than 85% within 3 hours of reaction time. However, the yield of relatively 

longer peptides, peptide 2 and peptide 2’, was less than 20% in DCM for at the same 

reaction time. In case of the short peptide with the bulky residue at its C-terminus (test 

peptide 2) the improvement of its thioester peptide was observed with a longer reaction 

time, in contrast the relatively long peptide, peptide 2 and peptide 2’.   

 

Out of the three reagents (PyBOP, p-acetamidothiophenol, and DIEA), the excessive 

addition of DIEA (500 eqiv) improved the thioester formation up to 40% without 

significant side reactions. The rest of the reagents (PyBOP and p-acetamidothiophenol) 

improved thioesterification yield up to 15% when used in excess (100 eqiv). However, 

this caused significant side reactions. The mixed solvent DMF/DCM (1/1, 1ml) 

dramatically improved the thioesterification yields up to more than 95% with relatively 

low excess of reagents (10 eqiv of DIEA, PyBOP, and p-acetamidothiophenol) with 

3hrs for peptide 2 and test peptide 2. 
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2.2.3 Native chemical ligation of model peptides mediated thiol 

exchange. 

 

Native chemical ligation (NCL) reaction is utilized for the total synthesis of long 

peptide chains to overcome the difficulties encountered with the synthesis of long 

peptide sequences. NCL involves the chemoselective reaction of the peptide with α-

carboxyl thioester at its C-termini and another peptide containing an N-terminal 

cysteine residue in aqueous solution, giving a native amide bond at the site of ligation 

[23,24,26].(Figure 13)  

 

 

Figure 13. Principle of native chemical ligation. Unprotected peptide containing α-carboxyl thioester is attacked 

by the thiol moiety of another peptide containing N-terminal cysteine residue, resulting in formation of a thioester 

linkage between the peptide segments in a chemoselective manner. Then, a spontaneous rearrangement forms the 

amide bond in an irreversible manner. [23]   

 

The use of thiol additives was reported to modulate the native chemical ligation 

reaction [26]. The thiol additives act as both reducing agent and catalyst. The presence 

of thiols keeps the cystine residues of peptide reduced, and the the presence of thiols 
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with high reactivity catalyzes the native reaction by increasing the reactivity of the 

peptide- α-thioester through the thiol-thioester exchange [25,26] 

 

The catalytic activity of thiol additives is determined by pKa values and the location 

of the mercaptan group [26]. Thiols with lower pka value are generally considered to be 

better leaving groups, thus acting as better catalysts in native chemical ligation. 

However, this relationship does not hold for thiols in which the mercaptan groups are 

attached directly to the phenyl ring. For example, 4-aminothiophenol with a pKa of 8.7 

is more effective as a catalyst than thiophenol with a pKa of 6.6. Aryl thiols with higher 

pKa increase the rate of NCL to grate extent than those with lower pKa. Thiols where 

the mercaptan is attached to an alkyl group, such as benzyl mercaptan, is a poor 

catalysis for native chemical ligation, in spite of its high pKa value [26]. 

  

thiol pKa from the reference  Predicted pKa 

Benzyl mercaptan 9.67 9.93 

(4-amino)thiophenol 8.75 6.86 

thiophenol 6.6 6.64 

p-acetamidothiophenol N/A 6.21 

Table. 3. Thiols for catalytic activity. Due to the absence of pka value of p-acetamidothiophenol in the literature, its 

pka value was predicted by the ChemAxon (url: http://www.chemaxon.com/marvin/sketch/index.jsp ) , and the pka 

values of other thiols, from the literature [24], were compared with the predicted pka values.  

 

In the current study, acetamidothiophenyl ester was first attached to the C-terminal 

carboxyl acid of peptide 2 as outlined in the previous section. The peptide 2-

acetamidothiophenyl was subsequently subjected to NCL with Peptide 1. However, the 

expected ligation product was not observed and peptide 2 devoid of the thioester group 

was observed as one of the major products. This result indicated that the 

acetamidothiphenol ester group, which has a strong leaving group, was hydrolyzed by 

the chaotropic ligation buffer before the formation of the desired amide-linked ligation 

reaction. Therefore, the need for a thioester group that is a much weaker leaving group 

on the C-terminal of peptide 2 arose to prevent its hydrolysis. Thus, peptide 2 and 

peptide 3 were reacted with native chemical ligation mediated with thiol additives.  

No studies to the best of my knowlege have reported the transthioesterification of 

the peptide α-acetamidothiophenyl ester in NCL, and it was doubt if the thiol additives 

improve the ligation reaction, because it was anticipated that the catalytic activity of 

thiophenol was slightly better than p-acetamidothiophenol, and the benzyl mercaptan 
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was known to involve in rate limiting step in native chemical ligation reaction[26].  

Peptide 2

O

S NH

O

Peptide 2

O

S

Peptide 2

O

S  

Figure 14. The scheme for thiol-thioester exchange. The peptide 2-acetaminothiophenyl ester was converted into 

the peptide 2-thiobenzyl ester under the circumstances where two different thiol additives, thiophenol and benzyl 

mercaptan, compete for thiol-thioester exchange.  

 

The role of thiol additives was investigated in the ligation reaction in model peptides 

by LC-MS analysis of transthioesterication and ligation reaction. Firstly, it was 

observed that thiol additives reduced the cystine residue of peptide 3; within 30min after 

the treatment thiol additives, thiophenol and benzyl mercaptan, the unprotected cysteine 

of the peptide 3 is reduced into monomeric formation. At time zero, peptide 3 with 

monomeric formation and dimeric formation (Figure 16.A, the dimeric formation was 

confirmed with MS peak of the tripled ionization) was eluted at different time. At 30 

minutes after the treatment of thiol additives, thiophenol and benzyl mercaptan, peptide 

3 was eluted in one peak (Figure 16.B), similar to the time when the monomeric peptide 

was eluted (Figure 16.A). Secondly, peptide 3-thiobenzyl ester is considered to be 

dominantly involved the ligation reaction. In the model study of thiol-thioester 

exchange of peptide 2-acetamidothiophenyl ester, its major product was the peptide 2-

thiobenzyl ester, and the peptide 2-thiophenyl ester was not observed (Figure 15.C). The 

residual peptide 2-thiobenzyl ester appears to be involved in the rate-limiting step in the 

ligation reaction (Figure 16.B), but, together with the fact that peptide 2-thiophenyl 

ester was not observed during transthioesterication, the ligation of the model peptides 

was mediated with thiol-thioester exchange of not thiophenol but benzyl mercaptan. The 

treatment of thiols additives improved ligation product yield by preventing hydrolysis of 

thioester formed at C-termini of peptide 2 (the data is not shown). 
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Figure 15. LC-MS trace of transthioesterification of model study. The effect of thiol additives for peptide 2-

acetamidothiophenyl was monitored with LCMS. The peptide 2-acetaminothiophenyl (0.2 mg, 0.05umol) was 

dissolved in 100ul of 0.1M Tris-HCl (pH 7.5) and 2% thiophenol and 2% benzylmercaptan. (A) LC-MS 

chromatogram of peptide 2-acetamidothiophenyl before addition of 2% thiolphenol and 2% benzyl mercaptan. ESI-

MS of peptide 2-acetaminothiophenyl. Observed molecular mass 3733.5 ± 2.6Da; calculated molecular mass 

(average isotopic composition): 3732.2 Da (B) LC-MS chromatogram of peptide 2-acetamidothiophenyl after 15 min 

at room temperature in the presence of 2% thiophenol and 2% benzylmercaptan. (C) LC-MS chromatogram of 

peptide 2-acetamidothiophenyl after 3hrs at room temperature in the presence of 2% thiophenol and 2% 

benzylmercaptan. Within 3hrs, more than 99% of peptide 2-acetaminothiophenyl was converted into peptide 2-

thiobenzyl ester. ESI-MS of peptide 2-acetaminothiophenyl ester. Observed molecular mass 3690.3 ± 2.5Da; 

calculated molecular mass (average isotopic composition): 3689.2 Da  
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  Figure 16. The native chemical reaction was monitored with LC-MS. (A) The peptide 3 and thioester peptide 2 

(3:1) were dissolved in 6M Gdn·HCl and 0.1M tris-buffer (100ul, pH 7.5) without thiol additives. Peptide 3 was 

eluted at the different times with monomeric and dimeric formations. ESI-MS of monomeric peptide 3. Observed 

molecular mass: 2349.7 ± 1.8Da; calculated molecular mass (average isotopic composition): 2349.6Da ESI-MS of the 

dimeric peptide 3. The MS peak with triple ionizion implicates the dimeric formation of peptide 3. Observed 

molecular mass: 4699.8 ± 2.5Da; calculated molecular mass (average isotopic composition): 4699.2Da (B) The thiol 

additives, thiophenol /benzyl mercaptan (2%, 2%, v/v). were added. Within 30 minutes, the unprotected cystine of 

peptide 3 was reduced and eluted in one peak as a monomeric peptide. ESI-MS of monomeric peptide 3. Observed 

molecular mass: 2349.9 ± 1.8Da; calculated molecular mass (average isotopic composition): 2349.6Da (C) Thioester 

peptide 2 was ligated with peptide 3, and the ligation reaction was terminated after 3 hours (>99% of peptide 3 was 

ligated with peptide 2). ESI-MS of the peptide product by native ligation at 3 hours. Observed molecular mass: 

5913.7 ± 2.9Da, calculated molecular mass (average isotropic composition): 5913.6Da 
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3. Experimental section 

 

Solid-phase Peptide synthesis  

 

The peptides were assembled by SPPS on a Liberty (CEM, USA) microwave 

assisted peptide synthesizer. Each coupling reaction was monitored with the nynhydrin 

test, and residues were recoupled when the yield was less than 99.2%. A power of 35W 

was used for the coupling of amino acids, and the equivalent of reagents used for 

coupling of amino acid is described in table 4. Fmoc removal was achieved by 30 

seconds of pretreatment with 25% piperidine in DMF and another treatment of 25% 

piperidine in DMF for 3 min with 35W of microwave energy.   

 

Table 4. Regeants used for microwave-assisted Fmoc-SPSS  

Scale (mmoles) Mass of amino acid (mg) Activator (HBTU) Base (DIEA) 

0.25 MW of amino acid 0.167M, 6ml of DMF 174ul 

0.5 2 x MW of amino acid 0.334M, 6ml of DMF 347ul 

The peptide 1 was assembled on a Fmoc-Ala preloaded NovaSyn TGT resin 

(substitution value of 0.22mmol/g) on 0.25mmol scale. Peptide 2 and peptide 2’ were 

assembled on a Asn preloaded NovaSyn HMPB resin (substitution value of 

0.22mmol/g) on 0.5mmol scale. Test peptide 1 and test peptide 2 were synthesized on 2 

chlorotrityl chloride resin (substituion value of 1.48mmol/g) on 0.5mmol scale. For the 

test peptides, the first amino acid was coupled on the resin by using 4 equivalents of 

DIEA and 1 equivalent of amino acid relative to the resin, dissolved in DCM/ DMF (9:1, 

v/v, 5ml).      

 

Cleavage of peptides  

 

Strong Cleavage 

The deprotected peptides were cleaved from the resin and the protecting groups 

were simultaneously removed by the treatment with TFA/triisopropylsilane 

(TIPS)/water (95: 2.5: 2.5 v/v, 10mL), with a power of 35W for 1hr. Most of the TFA 

was removed by blowing of N2 gas over the solution, and the remaining solution was 

lyophilized to remove the residual TFA.   

Mild cleavage 

The protected peptide 1, test peptide1 and test peptide 2 were synthesized on NovaSyn 
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TGT resin and were cleaved by the treatment with Acetic acid (AcOH)/2,2,2-

trifluorethanol (TFE)/dichloromethane (DCM) (1/1/8, 10mL with a power of 35W for 

1hr. The residual AcOH was remove by repeatedly washing the protected peptide with 

n-hexane (50mL). The dried solid was resuspended in dioxane (10mL) and freeze dried 

to remove the residual AcOH.    

The protected peptide 2 and protected peptide 2’ assembled on HBMP resin, were 

cleaved by the treatment with 1% TFA in dry DCM. The 1% TFA solution (20 ml) was 

added pre-swollen resin and was shaken for 15min. The resin was washed with DCM 

and MeOH for three times, which was repeated up to five times. The collected solution 

was evaporated until 5% of total volume was left, and 20 times volume of water was 

added. The precipitate was collected by centrifugation at 3500 rpm for 10min at 0°C, 

and then lyophilized with dioxane (10mL).  

 

Formation of peptide thioester 

 

The crude protected peptide was reacted with the activating reagents, PyBOP, DIEA, 

and p-acetamidothiophenol, for the thioester formation reaction under different 

conditions. (Table 5) 

Table 5.  

 

peptide 

Activating reagents, 

PyBOP, DIEA and p-acetamidothiophenol 

(equivalent of added) 

 

solvents 

 

Reaction 

time 

Test 1 3: 3: 3 DCM (15ml) 3hrs, 24hrs, 72hrs 

Test 2 3: 3: 3 DCM (15ml) 3hrs, 24hrs, 72hrs 

Test 2 3: 3: 3 DCM/DMF (1:1 v/v, 1ml) 3hrs, 24hrs, 72hrs 

Model 2 10: 10: 10 DCM/DMF (1:1 v/v, 1ml) 3hrs, 24hrs, 72hrs 

Model 2 10: 10: 10 DCM/DMF (1:1 v/v, 1ml) 3hrs, 24hrs, 72hrs 

Model 2 25: 25 :250 DCM (1ml) 3hrs, 24hrs, 72hrs 

Model 2 25: 25: 500 DCM (1ml) 3hrs, 24hrs, 72hrs 

Model 2’ 3: 3: 3 DCM (1ml) 3hrs, 24hrs, 72hrs 

 

The crude peptides were dissolved in the solvent(s) with the addition of the activating 

reagents as mentioned above. The solution was extensively mixed by vortexing, and the 

reaction mixture was stirred with a magnetic bar at room temperature. The reaction of 

peptide thioester was monitored by LC-MS, and its yield was calculated based on its 

signal intensity.  
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The thiol exchange 

 

The purified unprotected peptide 2-acetamidothiophenyl (0.2mg, 0.05umol) was 

dissolved in 6M Gdn·HCl and 0.1M Tris-HCl (pH 7.5), containing thiophenol (2%, v/v) 

and benzyl mercaptan (2%, v/v) to give a final concentration of 0.2mg/ml of peptide. 

Reaction mixture was briefly vortexed and was subsequently stirred by pipetting every 

30min. The reaction was quenched by the addition of TFA (0.4%, v/v) to thiol mixture 

at 0 min, 15 min and 3hrs. The ligation reaction was monitored by LC-MS using a 

gradient of 25%- 55% acetonitrile (ACN) over 55 min.  

 

Ligation of peptide 1 and peptide 2 

 

The purified unprotected peptide 2-acetamidothiophenyl (0.5mg, 0.13umol) and the 

fully cleaved and purified peptide 1 (0.9mg, 0.39umol) were dissolved in 100ul of 6M 

Gdn·HCl and 0.1M Tris-HCl (pH 7.5), containing thiophenol (2%, v/v) and benzyl 

mercaptan (2%, v/v). The reaction mixture was briefly vortex and was subsequently 

stirred by pipetting every 30min. The reaction was quenched by the addition of TFA 

(0.4%, v/v) to ligation solution at 0 min, 30 min and 3hrs. The ligation reaction was 

monitored by LC-MS using a gradient of 25%- 55% acetonitrile over 55 min.  

 

Reversed Phase HPLC 

 

Crude peptide were purified by RP-HPLC on either a Phenomenex C18 (4.6 x 

250mm, 5um) or a ACE C18 (10 x 250mm, 10um) column using the solvents A (buffer 

A: 10% ACN, 0.05% TFA in water) and B (Buffer B: 70% ACN, 0.1%TFA in water). 

For the purification of peptide, a linear gradient was used from 0%-100% of B over 

70min, and for the peptide 2-acetamidothiophenyl ester and the ligation product, a linear 

gradient of 20 to 55% buffer B over 65min was used. Using the linear gradient, the 

eluent was monitored at 215nm, 254nm and 280nm.       
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4. Discussion 

Due to the benefits of remarkable stability and numerous bioactivities of cyclotides, a 

number of studies are now on the progress, including investigations on novel 

bioactivities of cyclotides as well studies designed to discover their utility in protein 

engineering. However, to date has the limited success in the mechanism of how the 

cyclic topology of cyclotides is achieved from the full precursor remains a mystery 

[2,4,8] 

 

In this study, the structure and function of the cyclotide precursor and its prodomain 

were predicted. According to the predicted structure of the cyclotide precursor, the 

presence of the prodomain, NTPD and NTR, may accelerate the folding process. The 

formation of tightly packed globular structure, through the interaction between 

prodomain and cyclotide domain, lowers entropy and the energy barrier that needs to 

overcome to reach the native folding state. The confined loop configuration, by the 

interaction with the prodomain, generates the new interaction of residues of the 

cyclotide domain, and it reduces the entropy furthermore. The confined position of 

Cys87 and Gly62, by the coordination of residues located in NTR and cyclotide, 

provides the proximity of C- and N-terminal tripeptide motifs and may facilitate for 

AEP or another enzyme to access the precursor and ligate the newly formed C- and N-

terminal.  

 

The thioester formation reaction, as a prior step to the native chemical ligation, was 

optimized in the mixed solvent DMF and DCM with minimum activating reagents. 

None of pre-existing methods [14,17] appear to be generally applicable to the 

thioesterication of the model peptide 2, because the model peptide 2 has a relatively 

long sequence and its C-termini ends up with a bulky residue, asparagine. The steric 

hindrance caused by the bulky residue, combined with the long peptide chain, resulted 

in difficulties in thioesterification. The optimized thioesterification condition with the 

mixed solvent, DMF and DCM, remarkably improved the yield without significant side 

reactions. 

 The two factors, 1) peptide solubility, and 2) nucleophilicity of the thioester appear 

to influence thioester formation in the mixed solvent. Under DCM alone as a solvent, 

the insolubility may result due to β-sheet formation and aggregation due to the length of 

the peptide chain [16,18]. Solvents of increasing polarity (e.g. DMSO or DMF) inhibit 

β-sheet formation and aggregation of peptides by facilitating intra- or inter- molecular 
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hydrogen bonds between peptide backbone by interaction with the solvents and peptide 

backbone with dipole moment [16,18]. Peptide aggregation may hinder the accessibility 

of thiols to C-terminus of the peptide a  bulky residue such as asparagine. Enhanced 

nucleophilicity of the thiol agent facilitates the thioesterification of C-terminal 

carboxylic acids. Because DMF does not have a hydrogen atom that can be donated to 

the negative charged sulfur on the thiols, the thiols are free to attack the electron-

deficient carbon at C-terminal carboxylic acid. The contribution of the enhanced 

nucleophilicity explains why excess of DIEA proportionally improved the 

thioesterification of the C-terminus. When the DIEA, working as a strong hydrogen 

acceptor from thiols, is treated with excess, its may increase the nucleophilicity of thiols 

by repulsion of the nitrogen atom, containing a paired electron, of DIEA shielded by 

one ethyl and two isopropyl groups.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Proposed mechanism of PyBOP activating for thioesterification. The PyBOP activating 

thioesterification mechanism is not yet known, but its mechanism was reasoned from PyBOP activating 

amide bond formation mechanism [19], when considering that both reactions are promoted by the 

nucleophilic attack.  
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The ligation reaction was also optimized through the survey of literature 

[22,24,25,26]. The peptide 2-acetamidothiophenyl ester that has a strong leaving group 

was hydrolyzed by chaotropic ligation buffer before the formation of the desired amide-

linked ligation. Therefore, the peptide 2-α-thioester required a thioester group that is a 

much weaker leaving group to prevent its hydrolysis. By comparing LC-MS traces of 

transthioesterication and native chemical ligation, the function of thiol additives in the 

native chemical ligation reaction could be explained in the model study.  

Firstly, the thiol additives act as reducing agents. The disulfide bonds between 

peptide 3 were reduced, resulting in the conversion of the dimeric peptide 3 into the 

monomeric peptide 30 minutes after the treatment of thiol additives. Secondly, the 

treatment of thiols improved ligation product yield by preventing hydrolysis of thioester 

formed at C-termini of peptide 2. The thioester is known to be considerably susceptible 

to hydrolysis when the peptide α-thioester has more solvent exposed conformation 

induced by the chaotropic effect of Gdn·HCl buffer [15], and which was observed when 

the thiol addictives were not treated.  

 

However, the function of thiols as catalysts still remains a question, because the 

peptide 2-thiobenzyl ester was observed as the major product of transthioesterification 

instead of peptide 2-thiophenyl ester. The transthioesterification result indicates that the 

ligation reaction is mediated dominantly with peptide 2-thiobenzyl ester. Even though 

the peptide 2-benzyl thioester is involved in the rate limiting step because of its poor 

catalytic activity, which causes the slow ligation reaction [24,26], the slow rate of 

ligation was not observed in the model study. It was reasoned that the mole ratio of 

peptide segments, peptide 3/ peptide 2-α-thioester (3:1), increased the conflict 

probability enough to overcome the rate limiting step in the ligation reaction.          

 

  The reason for thiol-thioester exchange that converts more reactive thioester to less 

reactive thioester under the competition of two thiol additives, thiophenol and benzyl 

mecaptan, could not be found in the literature; none of the previous studies investigated 

thiol-thioester exchange of the peptide-acetamidothiophenyl ester under thiol mixture, 

even though the thiol mixure was used in native ligation reaction [14, 22, 24, 25, 26]. 

However, the thiol-thioester exchange took place with the thiol in excess, no matter its 

catalytic activity, when one type of thiol additive was added [25]. Thus, the catalytic 

activity is not the necessary condition for the preference of thioesterification. The 

peptide α-thiobenzyl ester, which forms more stable peptide-α-thioester, may have 
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energy preference over the less stable peptide α-thiophenyl ester. This could explain the 

dominant thiol-thioester exchange into peptide 2-thiobenzyl ester under the competition 

of thiols additives that have different catalytic reactivity.  

 

More studies are warrented based on the outcome of this project. Firstly, the degree 

of epimerization should be observed in case of peptide 2 thioester. Even though the 

amount of activating reagents was reduced, it was still ten times in excess and might be 

enough to cause a significant degree of epimerization. Furthermore, effect of other 

reaction conditions, such as low temperature, need to be investigated; it is reported that 

C-terminal racemization can be significantly suppressed at low reaction temperature -

20℃ [21]. An alternative synthesis strategy for the cyclotide precursor can also be 

considered. For instance, the ligation between Gly79 and Cys78, combined with V86 as 

the mutational site, is a possible synthesis strategy. Considering the structural similarity 

between Valine and Isoleucine, it is reasonable to assume that Val86 can be mutated 

with and Ile without causing major changes in folding and processing of the precursor. 

Glycine is a non-chiral and non bulky residue that does not encounter the problem of 

epimerication or create steric hindrance problems when reacted to ligate with a thioester 

group. 
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