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1 Introduction 

 

While the size of synthetically accessible peptides has long been restricted to less than ~100 

amino acids by the inherent limitations of solution and solid-phase peptide synthesis (SPPS1), 

the possibility to chemoselectively link two unprotected peptide segments using the native 

chemical ligation (NCL2) reaction has propelled the total chemical synthesis of peptides and 

proteins into a new era.3-5 In its original version, this chemical process involves reacting a 

peptide thioester with a cysteinyl peptide in water at neutral pH. Since its introduction in 1994, 

numerous extensions of this reaction have been proposed, some of which are discussed along 

this book. Major improvements include the use of amino acid surrogates, auxiliaries or post-

assembly treatments such as desulfurization, which significantly lowered the constraints on 

synthetic design by expanding the scope of accessible junctions.5 Of note are also the 

considerable advances made for the control of reactivity with the development of easy-to-

produce thioester surrogates and latent thioesters,5-7 without forgetting the design of a variety 
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of protecting groups for cysteine residues5 as well as tools for solving solubility problems.8 

These methodologies have allowed the preparation of challenging proteins and constitute today 

robust and versatile tools for studying protein folding and function and for inventing novel 

protein scaffolds.  

Overall, we estimate that the use of the NCL reaction and related methods resulted in the total 

chemical synthesis of ~800 targets of biological relevance over the period 1994-2018.9 The 

majority of peptides and proteins prepared this way (i.e. 450, 60%) has a mean length of ~50 

amino acids and was produced from one, if the preparation of cyclic peptides is included, or 

two peptide segments (Figure 1). The remaining 40% of chemically synthesized proteins have 

a size above 80 amino acids and were assembled by performing from two to five ligation 

reactions.  

 

 



3 
 

Figure 1. The size of proteins produced by NCL and extended methods over the period 1994-2018 

plotted against the number of ligations. The total number of proteins synthesized in each category is 

mentioned in bold characters on top of each column. 1-segment cyclative ligations are referred to as 1c 

in the chart. Four proteins have been obtained after 6 or more ligations and are not represented in this 

figure for the seek of clarity.10-12 The data were extracted from the Protein Chemical Synthesis (PCS) 

database (http://pcs-db.fr).9 Note that the PCS database includes synthetic peptides and proteins of 

biological relevance only and does not consider ligation reactions used for producing model peptides, 

polymers or hybrid materials. 

 

Of course, accessing large synthetic peptides or proteins with tailored properties is of utmost 

importance for the investigation of biological processes or for the production of large objects 

with potential therapeutic properties. Thus, the design of synthetic procedures that avoid time 

and yield-consuming purification steps and the development of adapted synthetic tools to 

achieve this goal stay a foremost concern in the field of chemical protein synthesis. In this 

chapter, we want to discuss how, in recent years, some N,S- and N,Se-acyl transfer devices used 

as latent thioester surrogates in ligation reactions have been particularly useful in this 

regard.5,6,13,14 

 

2 N,S- and N,Se-acyl transfer devices: general presentation, reactivity and 

statistical overview of their utilization 

2.1 General presentation of N,S- and N,Se-acyl transfer devices 

 

N,S- and N,Se-acyl transfer systems are amide derivatives which can undergo an intramolecular 

rearrangement to respectively generate a transient thio- or selenoester in situ (Figure 2). In the 

context of protein chemical synthesis, the reactivity of these acyl donors has been exploited in 
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two main ways. Their conversion to conventional alkyl or aryl thioesters can be achieved by 

thiolysis in the presence of a large excess of alkyl or aryl thiols. Recently, the formation of 

highly activated selenophenyl esters was reported to occur through a similar interchange 

reaction between selenophenol and a peptidyl N-alkylcysteine.15,16 Another application of N,X-

acyl shift devices is the exploitation of their acyl donor properties in the presence of a cysteinyl 

peptide to directly produce a ligated compound. One key mechanistic feature to keep in mind 

for those N,X-acyl shift systems that serve as thioester surrogates in neutral aqueous media is 

the importance of acid catalysis. This point will be discussed more specifically for some 

systems later on in this chapter. 

 

 

Figure 2. General reactivity of N,S- and N,Se-acyl transfer devices.  

 

The overwhelming majority of N,S-acyl transfer systems owe their reactivity to the presence of 

an N-(2-sulfanylethyl)amide motif, with one exception being the MEGA17 unit based on a N-

(2-mercaptoethoxy)amide scaffold (in yellow, Figure 3). N,S-acyl transfer systems based on the 
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N-(2-sulfanylethyl)amide motif can be classified into three main categories depending on 

whether they derive from cysteine, from N-alkylcysteine or from N-substituted cysteamine.  

The fact that nature relies on a cysteine residue to generate thioesters by N,S-acyl transfer in the 

mechanism of intein-mediated protein splicing has certainly inspired early developments in the 

field.18 Cysteine itself as C-terminal residue has been used as a device for thioester synthesis 

(in green, Figure 3).19,20 Besides some exceptions,21 the elevated temperature, strong acidic 

conditions and long reaction times required to trigger the acyl group migration with cysteine 

stimulated the development of other systems operating in milder conditions. The cysteinyl 

prolyl ester (CPE22,23) / imides (CPI24) and α-methylcysteine25 are typical examples of N,S-acyl 

shift devices derived from the cysteine scaffold that enable ligation reactions at nearly neutral 

pH. 

The introduction of an alkyl substituent on the -nitrogen of the cysteine residue has been 

shown to dramatically facilitate the N,S-acyl shift process (in pink, Figure 3). Following the 

pioneering work of Hojo and coworkers,15,26 various N-alkyl-cysteine derivatives have been 

developed and have found to be useful thioester surrogates for protein total synthesis. One of 

the last reported systems in this category is the N-(2-hydroxy-5-nitrobenzyl)-cysteinamide (N-

Hnb) group recently introduced by Terrier et al.27,28 In addition to this, internal N-methyl 

cysteine residue and an analogue thereof, the N-(2-sulfanylethyl)cysteine, enabled the first 

transamidation and amide-bond metathesis processes to be performed in water under mild 

conditions.29-31 

Finally, the last category of N,S-acyl transfer devices is built on structural variations introduced 

on the cysteamine scaffold (in blue, Figure 3). These include the substitution of the cysteamine 

nitrogen: i) by alkyl chains such as the bis(2-sulfanylethyl)amido (SEA32,33) or 

thioethylbutylamide (TEBA34) groups, ii) by aryl groups such as N-sulfanylethylanilide 
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(SEAlide35,36) and related systems37,38 iii) or by oxyalkyl chains such as the N-

sulfanylethylaminooxybutyramide (SEAoxy39) or SET and CASET systems.40 

 



7 
 

 

Figure 3. The family of N,S-acyl transfer devices classified according to their structure. The systems 

are derived from cysteamine (blue), cysteine (green) or N-alkyl cysteine (pink). The MEGA system is 

indicated in yellow. 
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Despite the enhanced reactivity of selenoesters as acyl donors,41-43 N,Se-acyl transfer devices 

are much less diversified than their sulfur analogues (Figure 4). The ability of C-terminal 

selenocysteine (Sec) to undergo nitrogen to selenium migration in milder conditions than 

cysteine was noticed by Adams et al. and prompted its use in thiol-selenoester interchange 

processes.44 Interestingly, internal Sec residues exhibited similar properties and were used for 

achieving native amide-bond metathesis reactions.45 Beyond selenocysteine, the bis(2-

selanylethyl)amido group (SeEA), i.e. the selenium analogue of the SEA group, is the only 

other N,Se-acyl transfer system designed so far.46,47 

 

 

Figure 4. N,Se-acyl transfer devices classified according to their structure. 

 

2.2 Relative reactivity of N,S- and N,Se- acyl transfer devices 

 

Any direct comparison between N,S- and N,Se-acyl transfer systems in terms of reactivity is 

difficult since very few of them have been developed in both versions. A clear trend emerges 

however from the data accumulated with the cysteine/selenocysteine and SEA/SeEA pairs 

(Figure 5).  

The thiol-thioester or selenoester exchange reactions of peptides featuring a cysteine or a 

selenocysteine at their C-terminus with sodium 2-mercaptoethanesulfonate (MESNa) have been 

Selenocysteine (R1 = OH)
Selenocysteinamide (R1 = NH2)

(Adams, 2013)

Selenocysteine

derived devices

SeEA
(Raibaut, 2015)

Selenocysteamine

derived devices
N,Se-acyl transfer

devices
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shown to proceed faster when selenocysteine was used as a selenoester precursor rather than 

cysteine as a thioester one (Figure 5a).44 Likewise, SeEA peptides were significantly more 

reactive than the corresponding SEA peptides (t1/2 = ~15 min for SeEA vs t1/2 = ~210 min for 

SEA) and as reactive as a classical alkyl thioester toward Cys peptides in ligation reactions 

(Figure 5b).47 

 

 

Figure 5. a) Kinetics of the thiol – thio or selenoester exchange of a peptide harboring a C-terminal 

cysteine or selenocysteine residue with MESNa (data extracted from ref 44); b) Kinetics of the ligation 

reaction of MPA, SEA and SeEA peptides with a cysteinyl peptides (data extracted from ref 47). 

 

The likely origin of the enhanced reactivity of N,Se-acyl transfer systems over N,S-ones resides 

in their capacity to operate the acyl migration from nitrogen to selenium at faster rates. This has 
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been clearly established for the SEA system for which the initial N,S-acyl shift process is rate-

limiting.47,48 

 

2.3 A statistical overview of the synthetic use of N,S- and N,Se-acyl transfer devices for protein 

total chemical synthesis 

 

Since their introduction, N,S- and N,Se-acyl transfer system-based ligation reactions have been 

used alone or in combination with other ligation methods to produce a total of ~80 peptides and 

proteins of biological relevance. A quantitative analysis of their frequency of utilization 

indicates that SEA/SeEA and SEAlide-based ligations concerned more than half of the 

achievements in this regard (Figure 6a).9 Their application enabled the efficient chemical 

synthesis of objects over an extended size range, from short peptides to proteins nearly made 

of 200 residues (Figure 6b). The distribution of the blue (SEA/SeEA) and orange (SEAlide and 

related) dots in Figure 5b shows that SEA/SeEA and SEAlide systems are particularly well 

adapted for synthetic strategies involving the assembly of three or more peptide segments.  
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Figure 6. Overview of the utilization of N,S- and N,Se-acyl shift systems-based ligations for the 

synthesis of proteins for the period 1994-2018 (data extracted from the Protein Chemical Database PCS-

db, http://pcs-db.fr, see ref 9); a) Frequency of use of N,S- and N,Se-acyl shift systems-based ligations; 

b) N,S- or N,Se-acyl shift systems-based ligation reactions plotted against the length of the synthesized 

proteins and the number of segments assembled. The surface of each plot is proportional to the number 

of ligations (targets obtained by semisynthesis from recombinantly produced segments are not 

considered). 

 

The main reason why SEA/SeEA and SEAlide systems have drawn attention for such synthetic 

designs is that they share the capacity to act as latent thioesters (or selenoesters) and to be 

activatable on demand in one-pot processes. From now, the superscript off and on will be used 

to discuss the cyclic disulfide(diselenide) and dithiol(diselenol) forms of the SEA/SeEA groups 

respectively. SEA(SeEA)off groups are redox-controlled latent thio- and selenoesters, activated 

by reduction of the cyclic dichalcogenide bond. This is typically done by adding popular 

disulfide bond reductants to the ligation mixture.47,49 Regarding the mechanism of thioester 

formation from SEAon group, it was postulated that the rearrangement of the SEA system is 
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subjected to intramolecular acid-catalysis by one of the thiol limbs, while the other acts as a 

nucleophile as shown in Figure 7a.  

The particularity of SEAlide system and related devices is that they are sensitive to the 

concentration of phosphate salts (Figure 7b).36 Although the mechanism of SEAlide activation 

by phosphate was not clearly elucidated, it was postulated that the phosphate anion acts as a 

bifunctional catalyst both for the formation of the tetrahedral intermediate and the subsequent 

proton transfer that initiates the formation of the SEAlide-derived thioester. 

 

  

Figure 7. General principle of a) SEAoff group activation under strong reducing conditions by 

dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP); b) SEAlide group activation by 

phosphate salts. 

 

The properties of SEA and SEAlide systems are in phase with a recent trend in the field which 

is the development of one-pot three segment assembly protocols so as to limit the number of 
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resolutive purification steps. Latent thioesters are particularly useful in one-pot assembly 

schemes proceeding in the N-to-C direction (Figure 8) because they enable to temporarily 

switch off the reactivity of the central acyl donor, thereby avoiding the formation of cyclic or 

oligomeric byproducts. In an N-to-C directed assembly, SEAoff or SEAlide latent thioesters are 

poorly reactive or unreactive during the first ligation reaction, i.e. a classical NCL, if it is 

performed in the absence of strong reducing agents or phosphate salt respectively. Their 

reactivity can be unveiled by simply adding tris(2-carboxyethyl)phosphine (TCEP) or 

phosphate into the reaction medium together with the Cys peptide to allow for the second 

ligation to occur. 

 

  

Figure 8. Principle of a one-pot three peptide segment assembly scheme proceeding in the N-to-C 

direction. 

 

In the next three sections, we propose to detail the preparation of SEA(SeEA)off and SEAlide 

peptides. Their respective latent properties will then be illustrated through the recent synthesis 

of two challenging and functional proteins. 
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3 Preparation of SEA/SeEAoff and SEAlide peptides 
 

Beyond the numerous advantages provided by the latency of SEAoff and SEAlide-based 

systems, the development of simple and efficient synthetic procedures for the production of 

peptides equipped with these devices has also contributed to their use as thioester precursors. 

 

3.1 Preparation of SEA and SeEA peptides 

 

SEAoff peptides can be prepared by classical Fmoc SPPS starting from SEA trityl solid supports, 

in which both thiol groups are linked to the trityl groups of the polymer matrix by a thioether 

bond (Figure 9a). SEA polystyrene resin (SEA PS32,50) is prepared by the reaction of the bis(2-

sulfanylethyl)amine trifluoroacetic acid salt with an excess of chlorotrityl PS resin in DMF. 

The use of a 10-fold molar excess of resin relative to the bis(2-sulfanylethyl)amine results in 

efficient attachment of both thiol groups. This procedure yields a highly stable solid support 

which is used directly for the automated Fmoc SPPS of SEA peptides. An alternative solid 

support using the ChemMatrix® resin51 has been prepared with the aim of producing large SEA 

peptides (Figure 9a).52,53 The SEA ChemMatrix® resin was produced by reacting again the 

bis(2-sulfanylethyl)amine trifluoroacetic acid salt with a slight excess of hydroxytrityl 

ChemMatrix® resin in acidic conditions, typically 10% TFA in chloroform. After SPPS, the 

deprotection of the peptide and the cleavage from the resin yield a SEAon peptide in solution, 

which is oxidized to produce the SEAoff peptide prior to HPLC purification. This step is usually 

performed by treating the crude SEAon peptide with iodine in acetic acid just before injecting 

the peptide solution into the HPLC system. 
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Figure 9. a) Preparation of SEA polystyrene (cross-linked with 1% divinylbenzene) or SEA 

ChemMatrix® resins; b) Synthesis of C-terminal SeEAoff peptides from C-terminal SEAoff peptides by 

chemoselective exchange in reducing conditions; c) Solid phase synthesis of bifunctional peptides 

derivatized by SEAoff and SeEAoff moieties. 

 

No similar resin functionalization protocol has yet been proposed for the preparation of C-

terminal SeEAoff peptides. Those are rather obtained in solution, starting from a deprotected 

SEAoff peptide produced by Fmoc SPPS (Figure 9b).47 Indeed, the SEAon group can be 
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exchanged chemoselectively by the bis(2-selanylethyl)amine at pH 4.0. In practice, the 

exchange is performed by treating the SEAoff peptide with a 10-fold excess of the bis(2-

selanylethyl)amine diselenide precursor in strong reducing conditions (TCEP). The presence of 

a radical inhibitor such as the TCEP-derived selenophosphine (TCEP=Se45) is mandatory to 

avoid any unwanted TCEP-induced deselenization process. The method was shown to be 

applicable to large peptide segments.  

In a complementary manner, the SeEAoff functionality can easily be incorporated on amino acid 

side-chains by coupling AA-SeEAoff derivatives to protected peptides either in solution or on-

resin as shown in Figure 9c with the solid phase synthesis of bifunctional SEAoff and SeEAoff 

containing peptides.46 The SEA PS resin was used as the solid support for peptide elongation 

using Fmoc SPPS. The SeEAoff group was then installed on a Glu side-chain after unmasking 

of the carboxy group in question and coupling of the Ala-SeEAoff residue. After peptide 

deprotection and cleavage in TFA, an oxidative treatment with iodine in aqueous acetic acid 

provided the bifunctional peptide equipped with both SEAoff and SeEAoff moieties. 

 

3.2 Preparation of SEAlide peptides 

 

SEAlide peptides can be obtained after elongation and cleavage from convenientely 

functionalized rink amide solid supports (Figure 10). Contrary to the SEA group, the 

N-sulfanylethylaniline linker is not introduced alone on the resin but coupled to the C-terminal 

residue, an approach that requires the preliminary synthesis of an N-Fmoc amino acyl-

N-sulfanylethylaniline unit.54 

As described by Otaka and coworkers, activation of N-Fmoc protected proteogenic amino acids 

into their corresponding acyl chloride is achieved through exposure to thionyl chloride or 

phosphorus oxychloride. Depending on the nature of the residue to be activated, the choice of 
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the appropriate chlorinating reagent and application of an optimized protocol is critical to avoid 

side reactions and limit epimerization. Subsequent coupling of the acyl chloride to a sodium 

anilide results in the formation of an N-sulfanylethylaniline unit. Its deprotection and coupling 

to a leucyl functionalized rink amide resin results in a ready-to-use solid support for the 

synthesis of long SEAlide peptides by Fmoc SPPS.55 This procedure has been adapted for the 

preparation of peptides equipped with a C-terminal SECmide,37 i.e. a SEAlide related device 

(Figure 3) or to the synthesis of resin bound SEAlide peptides on an aminomethyl ChemMatrix 

resin.38 

 

 

Figure 10. Preparation of C-terminal functionalized SEAlide peptides 

 

In conclusion, access to long SEA and SEAlide peptides through efficient solid support 

functionalization and Fmoc SPPS elongation has considerably extended the scope of peptides 

and proteins amenable to chemical synthesis by these methods as shown in the next sections 

with the preparation of two biologically relevant large proteins. First, the synthesis of a 
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biotinylated analogue of the NK1 domain of hepatocyte growth factor/scatter factor (HGF/SF) 

using SEA and SeEA chemistries will be presented. We will next detail how SEAlide chemistry 

permitted the total synthesis of proteins that mimic GM2-AP, a cofactor that is involved in the 

enzymatic hydrolysis of GM2 ganglioside into GM3. 

 

4 Redox-controlled assembly of biotinylated NK1 domain of the hepatocyte 

growth factor (HGF) using SEA and SeEA chemistries 

 

The primary sequence of the biotinylated analogue of the HGF/SF NK1 domain (180 residues, 

NK1-B) is shown in Figure 11. The NK1 protein is a 20 kDa natural variant of HGF/SF that 

has a potent agonistic activity by being able to activate MET tyrosine kinase receptor, 

downstream signaling pathways and typical HGF/SF phenotypes in epithelial cells in the low 

nanomolar range (Figure 11a). It is considered as a promising lead for designing therapeutic 

protein candidates for regenerative medicine. 
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Figure 11. a) X-ray crystal structure of the NK1 domain of the HGF/SF (PDB, entry 1BHT56); b) 

Sequence of the biotinylated analogue of the HGF/SF NK1 domain produced by assembling fragments 

A, B, C, D, E and F. 

 

The rather homogeneous distribution of ten cysteine residues along the sequence was exploited 

by the authors to design a synthetic scheme based on the sequential assembly of six peptide 

segments (Figure 11b). The assembly was performed in the N-to-C direction by means of five 

ligations (Figure 12). Peptide segments were functionalized at their C-terminus with 

conventional alkyl thioesters, SEAoff or SeEAoff latent thio- or selenoester precursors so as to 

allow three successive one-pot multiple segment assemblies, either redox (one-pot n° 1 and 2) 

or kinetically controlled (one-pot n° 3). We will describe in detail each of these one-pot 

reactions and the key properties of SEA and SeEA groups that were used in each case. 
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Figure 12. The synthetic design for the preparation of the biotinylated NK1 domain of HGF/SF involves 

three successive one-pot processes and the assembly of six peptides segment in the N-to-C direction. 

 

The synthesis of NK1-B started with the concatenation of 3-mercaptopropionic acid (MPA) 

derived thioester 1 and bifunctional peptide 2 (one-pot process n°1, Figure 13). In the presence 

of 4-mercaptophenylacetic acid (MPAA), a weakly reducing arylthiol, the SEAoff group present 

at the C-terminus of peptide 2 remained in the form of an inactive cyclic disulfide by being 

unable to undergo an intramolecular rearrangement to a thioester. In contrast, the acyclic 

disulfide formed by the protected cysteine with tert-butylsulfenyl group was reduced in situ by 

MPAA and reacted with the MPA thioester 1 by classical NCL. Once the first ligation step was 

complete, MPA and tris(2-carboxyethyl)phosphine (TCEP), a strong reducing agent of 

disulfide bonds, were added to the reaction mixture. Reductive ring-opening of the SEAoff 
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system by TCEP enabled the thiol-thioester exchange to proceed at pH 3.9 and provided the 

MPA-thioester 3 in one-pot with an isolated of 46% after purification. 

 

 

Figure 13. One-pot process n°1 enabled the synthesis of AB alkyl thioester 3 by a sequential ligation / 

thiol-thioester exchange process. 

 

The following one-pot assembly scheme, one-pot process n°2 in Figure 14, implied the 

concatenation of three peptide segments (AB, C and D). The authors had to manage the 

constraint of producing a polypeptide intermediate equipped with a latent acyl donor at its C-

terminus, as such a functionality is required to pursue the elongation of NK1-B in the N-to-C 

direction. Therefore, such a design necessitated an additional degree of latency and this is where 

the introduction of a SeEA unit, the selenated analogue of the SEA group, is important. 
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As for the one-pot sequence n°1 (see Figure 13), peptidyl MPA-thioester 3 and bifunctional 

SEA peptide 4 were engaged in a classical NCL reaction in the presence of MPAA to deliver 

the intermediate SEAoff peptide 5 (Figure 14). The concatenation of the next segment involved 

unmasking the reactivity of SEA peptide 5 while maintaining SeEAoff functionality in the form 

of an inactive cyclic diselenide. Since diselenides have significantly lower redox potentials than 

their sulfur counterparts, they are usually more difficult to reduce by thiol-based reagents. 

Addition of dithiothreitol (DTT), a stronger disulfide bond reductant than MPAA, allows 

opening the SEAoff group without affecting the SeEAoff unit, which remains in a latent state. 

Therefore, addition of DTT to the ligation mixture together with segment D delivered SeEAoff 

peptide 7 in 21% yield. 

 

 

Figure 14. One-pot assembly n°2 enabled the synthesis of ABCD-SeEAoff peptide 7 by a sequential 

NCL / SEA-mediated ligation process. 
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Final assembly of the NK1-B polypeptide involved the concatenation of three segments in the 

one-pot process n°3 detailed in Figure 15 (ABCD, E and F). The procedure designed here is 

conceptually different from the previous ones in that it does not rely on a control imposed by 

the reducing power of the reaction medium. The assembly of peptides 7 and 8 is rather achieved 

in the presence of an excess of TCEP, which is able to reduce and activate both N,X-acyl transfer 

systems at the same time. The selectivity of the ligation reaction is based on the greater acyl 

donor ability of selenoesters toward Cys peptides than thioesters.57,58 In some ways, the switch 

to kinetically-driven conditions reverses the order of reactivity observed under redox control 

and save the design of an additional acyl donor system. It is to be noted that TCEP-derived 

selenophosphine (Se=TCEP45) was added in the reaction mixture to minimize the 

deselenization of the SeEA unit in the presence of TCEP. The SEAon peptide 9 produced in situ 

was finally stitched to biotinylated Cys peptide 10 to yield NK1-B in 32% yield from 

intermediate 7. 
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Figure 15. One-pot synthesis of NK1-B by sequential kinetically-controlled SeEA and SEA-based 

ligations.  

 

Native NK1 is stabilized by five disulfide bonds, two in the N domain and three in the K1 

domain. The linear and reduced NK1-B polypeptide was successfully folded in the presence 

gluthatione/glutathione disulfide redox system and found to be biologically active in cellular 

assays by its capacity to trigger the phosphorylation of MET receptor at low nanomolar 

concentrations.59,60  

The taken message from this work is that the synthesis of the NK1-B protein has been realized 

with an acceptable overall yield (~3% from segment A) thanks to i) the ease of SEA peptide 

synthesis using Fmoc SPPS32,50,52,53 ii) the simplicity of the acyl donor activation methods that 

just require the addition of a reductant to the reaction mixture, iii) the avoidance of temporary 

Cys protection strategies, iv) and finally the limitation in the number of resolutive purification 
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steps. Regarding the latter point, the synthesis of NK1-B involved only a total of three HPLCs 

that were performed after each one-pot assembly step. The importance of circumventing 

resolutive purification steps during protein chemical synthesis61 is discussed in more detail by 

Oliver Seitz in this book.  

 

5 The total chemical synthesis of GM2-AP using SEAlide-based chemistry 

 

In 2011, Otaka and coworkers reported the latent thioester properties of the SEAlide group.35,36 

As discussed before (see Figure 6), this chemical system can be temporarily shutdown during 

ligation if phosphate salt concentration is kept low. This property enabled the chemical 

synthesis of long polypeptides such as the chemokine CXCL14 (77 residues)38,62 and protein 

mimics of GM2 activator protein (GM2-AP).55,63,64 The latter example is showcased hereinafter 

to discuss the high interest of the SEAlide chemistry for protein total synthesis.  

GM2-AP is a 162-amino acid glycoprotein involved in the β-hexosaminidase A (Hex A)-

catalyzed lysosomal hydrolysis of ganglioside GM2 to GM3 (Figure 16a). Functional 

deficiencies in GM2-AP result in abnormal levels of GM2 ganglioside and in a fatal 

neurological disease called AB variant of GM2 gangliosidosis. Therefore, an efficient access to 

GM2-AP protein surrogates might pave the way toward a protein replacement therapy. To this 

end, Otaka and coworkers have proposed a modular and convergent approach toward GM2-AP 

protein mimics in which the linear precursors of the target proteins are produced by assembling 

six peptide fragments (Figure 16b, fragments A, B, C, D, E and F).55 This approach has been 

advantageously used for the synthesis of Thr69Xaa analogues (Figure 16, Xaa = Trp, His, Phe, 

Lys). This position has been suggested as being critical for modulating the biological activity 

of GM2-AP.  
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Figure 16. a) X-ray crystal structure of the non-glycosylated wild-type GM2-AP (PDB, entry 2AF965); 

b) Sequences of GM2-AP protein mimics produced by assembling fragments A, B, C, D, E and F.  

 

The C-terminal half of the protein made of segments D, E and F was assembled in the N-to-C 

direction via a one-pot sequential NCL/SEAlide-mediated ligation process (one-pot n°1, Figure 

17a). Intermediate DEF was isolated and engaged in a second SEAlide-mediated one-pot 

process (AB + C + DEF) for accessing the full-length GM2-AP protein (one-pot n°2, Figure 

17b). The starting peptide block AB was produced by kinetically-controlled ligation (KCL66) 

of peptide thioesters A and B. Subsequent introduction of a glycosyl moiety at position 32 was 

achieved by alkylation of Cys32 (Figure 17b), which replaces Asn32 in the wild-type sequence 

(Figure 16b). How each of these steps enabled the production of functional GM2-AP protein 

mimics is illustrated with the synthesis of the analogue featuring the wild-type residue at 

position 69, i.e. Xaa = Thr. 
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Figure 17. General synthetic strategy based on SEAlide chemistry for the convergent assembly of GM2-

AP protein mimics. a) One-pot assembly n°1 that enabled the synthesis of cysteinyl peptide DEF; b) 

The assembly of GM2-AP protein mimic involves the concatenation of segments A, B, C and DEF by 

a sequential KCL/alkylation/one-pot assembly n°2 process.  
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The preparation of intermediate DEF is described in detail in Figure 18, which illustrates how 

the phosphate salt dependency of SEAlide acylating power is exploited to control the 

regioselectivity of the concatenation process. The synthesis starts with segment 11 which 

features an N-terminal cysteine thiazolidine (Thz67) and a C-terminal histidyl thioester. In a 

phosphate-free buffer, the SEAlide group of segment 12 is poorly reactive. The high difference 

in reactivity between the SEAlide and thioester functions in these conditions directs the 

selective coupling of segments D and E. Then, the pendent SEAlide group present at the C-

terminus of intermediate 13 was activated and ligated in one-pot by adding phosphate and 

segment F to the reaction mixture. Finally, the N-terminal Cys residue was also deprotected in 

one-pot by addition of an excess of hydroxylamine. Thanks to this sequence of reactions and 

the absence of any intermediate purification step, the resulting C-half fragment 16 of GM2-AP 

protein was isolated with an excellent overall yield of 47%. 

 

Figure 18. Synthesis of the segment DEF by a one-pot NCL/SEAlide-mediated ligation/deprotection 

sequence.  
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The synthesis of GM2-AP analogue goes on with the preparation of the glycosylated fragment 

AB, which constitutes the starting point of the second one-pot assembly process (Figure 19). 

From a structural point of view, naturally occuring GM2-AP is glycosylated at Asn32. As said 

before, Asn32 in the wild-type protein was replaced by a Cys residue. The advantage of making 

this modification is twice: there is a lack of properly positioned Cys residue in this part of GM2-

AP protein and the Cys thiol group facilitates the introduction of the sugar moiety by alkylation. 

Because of the large difference in reactivity in NCL between glycyl and prolyl thioesters,68,69 

the formation of the Gly-Cys junction that yields ligated product 19 is kinetically favored over 

the intramolecular cyclization or the oligomerization of bifunctional segment 18. The Cys 

residue at the newly formed Cys-Gly junction was then selectively monoglycosylated by S-

alkylation with iodoacetyl-N-acetylglucosamine. Finally, the Trt group that temporarily masked 

the side-chain thiol of Cys8 during both the ligation and the glycosylation steps, was removed 

under acidic conditions to provide the monoglycosylated prolyl thioester 20 with an overall 

yield of 22% (starting from 19). 
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Figure 19. Synthesis of the monoglycosylated fragment AB. 

 

With fragments AB, C and DEF in hand, the full peptide sequence of the GM2-AP protein 

mimic was assembled in one-pot by exploiting again the latent properties of the SEAlide group 

(Figure 20). Prolyl thioester 20 was ligated regioselectively with bifunctional peptide 21 in the 

absence of phosphate buffer to maintain the SEAlide in its latent form. Although prolyl thioester 

are known to reluctantly react with cysteinyl peptides,68 conducting the ligation at elevated 

temperature (50 °C) in the presence of high concentrations of additives (250 mM MPAA and 

167 mM TCEP·HCl) cleanly provided intermediate 22 after 24 h of reaction.70 Cyclization of 

bifunctional peptide 21 was not detected on this occasion. Upon completion of the first ligation 

step, adding phosphate and the previously synthesized intermediate 16 to the reaction mixture 

triggered the production of the full-length protein sequence. Finally, the GM2-AP surrogate 

was isolated by HPLC with a yield of 19% and was folded under redox-controlled conditions.  
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Figure 20. Convergent synthesis of the GM2-AP protein mimic (Xaa = Thr) using SEAlide 

chemistry. One-pot, phosphate-controlled assembly of fragments AB, C and DEF.  

 

To conclude on this part, the SEAlide-mediated ligation chemistry is an interesting complement 

to NCL for assembling multiple peptide segments in one-pot. The ease of production of 

SEAlide peptides by Fmoc-SPPS,54 the efficient control of reactivity by adjustment of 

phosphate concentration or the absence of drastic pH changes that might damage the target 

polypeptide contribute altogether to make SEAlide an attractive tool for the total synthesis of 

challenging proteins, as illustrated by the production of active GM2-AP protein mimics. 
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6 Conclusion 
 

These recent years, the chemical toolbox of the protein chemist has been extensively expanded 

to facilitate the production of proteins made of 150-200 amino acids. One interesting addition 

to the methods used for linking unprotected peptide segments together is the development of 

N,S(Se)-acyl shift systems, and especially those that can act as latent thioesters under controlled 

conditions. We have illustrated in this chapter the potential of SEA and SEAlide chemistries 

for producing biologically active proteins through two achievements, the synthesis of the 

biotinylated NK1 domain of HGF/SF and of GM2-AP mimetic proteins. Several novel N,S-acyl 

shift systems acting as thioester surrogates have been reported since the introduction of SEA 

and SEAlide systems. We guess that the design of controllable acyl donors based on N,S-acyl 

shift systems will continue to attract the attention of researchers, as these systems are highly 

complementary to other popular thioester surrogates used for protein synthesis such as peptide 

hydrazides. 
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