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High-Throughput Production of Two Disulphide-
Bridges Toxins 

Grégory Upert,* a Gilles Mourier, a Alexandra Pastor, a Marion Verdenaud, b   
Doria Alili, a Denis Servent a and  Nicolas Gilles* a  

A quick and efficient production method compatible with 

high-throughput screening was developed using 36 toxins 

belonging to four different families of two disulphide-bridges 

toxins. Final toxins were characterized using HPLC co-

elution, CD and pharmacological studies. 

Venomous animals have developed an arsenal of small reticulated 

peptides for their defense and predation. Based on various disulphide-

linked scaffolds, these toxins continuously selected and highly refined 

by the natural evolution process display a low immunogenicity, and 

remarkable proteolytic resistance1 associated with a high selectivity and 

efficacy for a variety of important membrane receptors such as ion 

channels2 or G-Protein Coupled Receptors.3 Due to their low sizes and 

compact structures, these disulphide rich peptides (DRP) show great 

interest for pharmaceutical applications, being currently therapeutic 

candidates or already on the market.4 Toxinology of the last century 

was mostly focused to the identification of toxin activities in order to 

understand venom toxicity. It is estimated that only 0.01% of the 

animal toxins that represent a likely natural bank of 40 million of 

peptides are described in dedicated databases.5 Nowadays, the advent of 

the complementary transcriptomic6 and proteomic7 techniques applied 

to venom glands and venoms respectively leads to an explosion of the 

number of toxin sequences. While few thousands of sequences were 

known at the beginning of the century, hundreds of thousands will be 

described at the end of this decade.8 This giant database of DRP 

sequences represents a source of potential drug candidates that have to 

be synthesized in order to characterize their biological activities. 

Consequently, the high-throughput production of a large number of 

reticulated peptides in sufficient amount is currently the major limiting 

step between sequencing and biological screening and represents 

nowadays the next challenge. 

Herein, we describe a fast and efficient production of two disulphide 

bridges toxins compatible with high-throughput screening. 36 toxins 

from 4 different families with different cysteine patterns were used to 

optimize and validate our method. These toxins display a large panel of 

biological activities and are mainly present in the venoms of cone snails 

 

Fig.1 Comparison of the traditional strategy and the high-throughput strategy 

developed for the synthesis of two disulphide- bridges toxins. 

and arthropods. The α-conotoxins that have the cysteine pattern C1C2-

C3-C4 with the cysteine connectivity 1-3, 2-4 (family I, 1-15, Table 1) 

are potential inhibitors of the nicotinic acetylcholine receptors 

(nACHR). The χ- conotoxins with the same pattern but the connectivity 

1-4, 2-3 (family II, 16-24, Table 1) inhibit the norepinephrine 

transporter (NET). Both targets are involved in the pain transmission 

mechanisms and/or in various neurodegenerative diseases (Alzheimer, 

Parkinson,…).3h, 9 The toxins with the pattern C1-C2-C3-C4 and the 1-3, 

2-4 connectivity identical to the apamin from the bee venom (family III, 

25-30, Table 1) have a very recent great interest on Parkinson disease 

model.10 The sarafotoxins and their derivatives with the connectivity 1-

4; 2-3 (family IV, 30-36, Table 1) are agonists of endothelin receptors 

that are involved in cancer and cardiovascular diseases.11  

 Due to the presence, in these small toxins, of post-translational 

modifications such as disulphide bonds, amidation or hydroxyproline as 
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Table 1. Characteristics of the toxins used in this study. The names of the different 

toxins are available in the supplementary information. 

Number Sequence Family/Pattern 

1 ECCNPACGRHYSC*   

2 GRCCHPACGKNYSC*   

3 ICCNPACGPKYSC*   

4 GCCSTPPCAVLYC*   

5 GCCSLPPCALSNPDYC*   

6 FNWRCCLIPACRRNHKKFC*   

7 RDOCCYHPTCNMSNPQIC*  I 

8 CCHPACGKYYSC*   

9 ECCNPACGRHYSCGK*   

10 DGRCCHPACAKHFNC*   

11 NGRCCHPACARKYNC*   

12 ECCHPACGKHFSC*   

13 ZSOGCCWNPACVKNRC*   

14 GCCSHPACNVNNPHIC*   

15 GRCCHPACGKYYSC*   

   

16 NGVCCGYKLCHOC   

17 VGVCCGYKLCHOC   

18 ZGVCCGYKLCHOC*  II 

19 GICCGVSFCYOC   

20 ZTCCGYRMCVOC*   

21 GVCCGVSFCYOC   

22 RCCGYKMCHOC   

23 VCCGYKLCHOC   

24 CCHSSWCKHLC   

   

25 CNCKAPETALCARRCQQH*   

26 IKCNCKRHVIKPHICRKICGKN* III 

27 ALCNCNRIIIPHMCWKKCGKK*  

28 DCPPHPVPGMHKCVCLKTC   

29 DGCPPHPVPGMHPCMCTNTC   

30 FPRPRICNLACRAGIGHKYPFCHCR*  

   

31 CTCKDMTDKECLYFCHQDIIW   

32 CTCNDMTDEECLNFCHQDVIW  IV  

33 CSCKDMTDKECLNFCHQDVIW   

34 CSCKDMSDKECLNFCHQDVIW   

35 CSCADMTDKECLYFCHQDVIW   

36 GHACYRNCWREGNDEETCKERC*  

* C-terminal amidation and O=hydroxyproline 

examples, recombinant technologies are not the most adapted strategy 

of production while the chemical synthesis is, thanks to its high 

versatility and flexibility. Two disulphide bridges toxins can be 

obtained following several strategies. First, linear peptides are obtained 

after solid-phase synthesis and HPLC purification. Then, the disulphide 

bridges are usually formed stepwise in a regioselective manner using 

appropriate orthogonal thiol protections e.g. Trt, Acm, Mmt, STmp or 

StBu groups (Fig. 1).12 This strategy is time consuming with numerous 

purification steps and therefore is not compatible with a high-

throughput production. Another method is to use selenocysteine’s 

derivatives to form selectively a diselenide bridge instead of the natural 

one.13 This method respects the disulfide’s connectivity and the 

biological activity but cannot be applied with toxin sequences resulting 

from transcriptomic and proteomic data where disulphide’s 

connectivity is not known. The chosen and compatible with HT 

screening approach consists in the random oxidation of the crude 

unprotected peptide obtained by solid phase synthesis in a specific 

oxidant solution. This strategy needs excellent synthetic yields and an 

appropriate folding solution with the lower formation of non-natural 

bridges (Fig.1).12a, 14 To date, no general methods were emphasized 

using this strategy, the studies focusing on a small number of toxins of 

a single family, refolded  using a very limited number of conditions.15 

Therefore, we developed a general screening method including 60 

conditions varying buffers, additives and redox couples on chosen 

toxins covering a wide range of physico-chemical parameters (length, 

pI, hydrophobicity (GRAVY index)).  

 In order to obtain two bridges toxins with high purity without the 

need of HPLC purification, several synthesis protocols were applied 

varying amino acids equivalents, nature of the base (Hünig’s base or 

NMM), reaction time or resins for having the fastest and more efficient 

method keeping reasonable costs. Finally, we used a fast Fmoc strategy 

consisting in double short coupling steps (3 min) with 5 equiv. of Fmoc 

protected amino acid using HCTU/NMM as activating system on a 

Prelude synthesizer (Protein Technologies®).16 Every steps (Fmoc 

deprotection, wash, capping) were optimized leading to a time of 19 

min for a cycle deprotection/coupling/capping. This method allowed us 

to synthesize the 36 linear toxins in one week with excellent purities 

(≥75%).  

 During the one-step folding, three theoretical combinations of 

bridges can arise. The formation of secondary misfolded entities can be 

minimized by tuning the components of the oxidation solution. Nature 

and pH of the buffer or the red-ox couple used are crucial  

 
Fig. 2 a) Dendogram obtained using HCA analysis on the different folding 

conditions including three groups: A (in blue) with the best conditions, B (in red) 

with conditions giving intermediate folding yields and C (in green) for low yields 

conditions; b) Representation of the different folding conditions (crosses in blue, 

red and green for respectively the groups A,B and C with the optimal condition 

(blue round marker)) and the physico-chemical parameters of the different 

toxins (triangles) in the principal component space PC1/PC2. 

 

CC – C – C

CC – C – C

C – C – C – C 

C – C – C – C 
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Fig. 3 a) HPLC chromatograms of the synthetic toxin α-conotoxin GI 1 (black trace), the natural form (red trace) and their equimolar mix (blue trace); b) circular 

dichroism spectrum α-conotoxin GI 1 (in red) and of the α-conotoxin GIA 9 (in blue); c) affinity determination of the toxin α-conotoxin GIA 9 on nAchR (Torpedo). 

parameters. 100 mM Tris-HCl and HEPES both containing 1 mM 

EDTA were used as buffers at pH 8.5 and 7.5 respectively. The chosen 

additives were 20% acetonitrile (ACN) and glycerol (GOL) for 

solubilisation purposes, 0.5 M arginine (Arg) and guanidinium chloride 

(Gdn-Cl) both used as dispersing agents.17 Glutathione 

reduced/oxidized (GSH/GSSG) and L-cysteine/L-cystine (Cys/C-C) 

couples showing slightly different redox potentials (respectively -0.24 

V and -0.22 V in water)18 were used at different ratios (1/0.1, 1/1, 0.1/1 

and 1/0.1, 0.1/1 respectively). The temperature used was 4°C in order to 

slow down the kinetics of the oxidation resulting in the more stable 

toxin. Each folding conditions were analysed using HPLC for 

determining the yield of folding of the correct toxin amongst the other 

isomers. 

 A hierarchical ascending classification19 (HCA) that aims at 

assembling variables between them, divided the conditions in three 

groups showing the same folding performances for all the toxins 

(Fig.2a). The first group (A, Fig 2a and S3) contains a few numbers of 

conditions giving the best folding yields (mean value of 66%). 

Acetonitrile is the mostly present additive within the conditions of this 

group with also no additive. The redox couple Cys/C-C in any 

proportion and the couple GSH/GSSG 1/1 lead to optimum results. The 

second group (B, Fig.2a and S3) represents a large mix of conditions 

giving low to reasonable yields (mean value of 53%) into no specific 

buffers or additives or redox couples stood out. Finally, the last group 

(C, Fig. 2a and S3) contains conditions showing poor yields (average of 

30%) for which the redox couple GSH/GSSG 0.1 mM/1 mM is 

predominant, the buffer and the additives not playing a role. In 

conclusion, the combination between HEPES buffer at pH 7.5, ACN as 

additive and Cys/C-C 1/0.1 as redox couple was chosen since this 

particular condition gives folding yields of the correct toxin higher than 

70% for more than 50% of the disulphide bridges toxins studied. This 

condition is advantageous in term of easy-to-use and cost. In addition, 

we applied on the different conditions a principal component analysis20 

(PCA) that aims to compress the number of variables and create a new 

space for a better comparison of the variables between them (Fig. 2b). 

pI, GRAVY index and molecular mass of each toxin were included in 

this new space and lead to the following results: molecular mass 

negatively correlates with the yields of the optimal condition (vectors in 

the reverse direction) where the pI varies in the same way (vectors in 

the same direction) and GRAVY index does not affect the yield 

(perpendicular vectors) (Fig. 2c). This observation allows a possible 

prediction of the folding yield using the optimal condition described 

above. In the universal condition, small peptides (M<2000 g.mol-1) 

having a pI>7 will be easily folded (yields > 80%) where the larger 

peptides with lower pI will give lower but still reasonable yields (30-

80%). These yields are sufficient enough for the production or the 

qualitative HT screening of these toxins.  

 Following the folding, no HPLC separation but only C18 SPE was 

carried out for the removal of redox couple and salts. For determining 

the good pairing of the resulting peptides, three different methods were 

used: i) HPLC co-elution with a reference when it is available or ii) 

determination of the general structure using circular dichroism analysis 

and/or iii) characterization of the affinity of the final compound with 

their respective targets. 16 synthetic and their respective commercially 

available toxins (compounds 1-7, 16-18, 25-27 and 31-33) highlighted 

full overlapping in HPLC analysis (Fig. 3a).24 These toxins were then 

used as references for the CD analyses. Within each family, the CD 

spectra of the synthesized toxins were compared with the reference 

toxins (Fig. 3b).21 In all cases, they showed the same signature 

regarding their sequence similarity in particular regarding the size of 

the loops. In addition, competitive binding assays on nACHR were 

carried out for the compounds 1-3, 7, 13, 15, 28 and 30 and for NET for 

the compounds 16 and 18. Interestingly, all the synthesized toxins 

showed an activity on their respective targets in agreement with affinity 

constants reported in the literature.21 These results demonstrate that our 

high throughput production protocol is highly efficient and is 

compatible with HT screening for the determination of biological 

activities of toxins that have been described only at the sequence level.  

Within this study, we developed a fast and efficient method for the 

synthesis of two disulphide bridges toxins. Our strategy consisting in 

the fast solid-phase synthesis of the linear peptide bearing or not PTMs 

followed by a one-step oxidation leads to excellent yields for the 

synthesis of toxins from four different families having different 

cysteine patterns and pairings. The screening method for the oxidation 

step, carried out on a large number of peptides, allowed us to determine 

a universal condition efficient enough for obtaining a known or 

unknown toxin having the good structure in a very short time. This 

method that will be used within the VENOMICS FP7 project22 is a 

breakthrough for reproducing synthetically what venomous animals 

developed over millennia and allows a fastest discovery of new ligands 

and potential drugs based on the transcriptomic and proteomic studies 

on venoms. 
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