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Abstract: The native chemical ligation reaction of peptide thioesters 
with cysteinyl peptides is a pivotal chemical process in the production 
of native or modified peptides and proteins, and well beyond in the 
preparation of various biomolecule analogs and materials. To benefit 
from this reaction at its fullest and to access all the possible 
applications, the experimentalist needs to know the factors affecting 
its rate and how to control it. This concept article presents the 
fundamental principles underlying the rate of the native chemical 
ligation and its homogeneous catalysis by nucleophiles. It has been 
prepared to serve as a quick guide in the search for an appropriate 
catalyst. 

Introduction 

By enabling the concatenation of unprotected peptide 
segments in water under mild conditions, the Native Chemical 
Ligation (NCL) reaction has become one of the most valuable 
transformation for accessing synthetic or semisynthetic proteins 
(Figure 1A).[1-4] The core principle of this process consists in 
opposing a peptide thioester and a cysteinyl (Cys) peptide whose 
chemoselective reaction results in the formation of a native 
peptide bond between the two segments and thus, in the 
formation of a larger and well-defined polypeptide. Since the 
advent of NCL in 1994, its synthetic scope has been significantly 
enriched, providing protein chemists with an eclectic repertoire of 
practical methods for accessing a tremendous diversity of protein 
targets.[5][6] This gain in operational synthetic capacity is reflected 
in the advances made in numerous domains where NCL is used 
as a routine tool, including the fields of chemical biology and 
biomedical research (Figure 1B).[7] 

Considered as a pivotal transformation for the 
production of proteins, NCL has seen its mechanism come under 
scrutiny very shortly after its discovery.[8] The apparent 
straightforward equation represented in Figure 1A in reality 
conceals a two-step process, which starts with a thiol-thioester 
exchange leading to a capture intermediate (Figure 2A, Step 1). 
Then, the latter rearranges through an intramolecular S-to-N acyl 
group transfer to yield the product with a native peptide bond to 
cysteine (Figure 2A, Step 2). In standard conditions, experimental 
evidence suggests that the reaction is kinetically governed by step 
1 which proceeds through tetrahedral intermediate 1 (Figure 2A). 
Logically, the rate of step 1 is under the dependence of the 
reactivity of the thioester and Cys thiol groups. While the reactivity 
of the Cys thiol is mainly determined by the fraction of Cys thiolate 
species present at the working pH,[9] the reactivity of the thioester 
partner largely depends on two factors: the nature of the C-
terminal residue and the type of thiol leaving group installed 
(Figure 2B). Thanks to their straightforward synthetic accessibility 
and good stability, peptide alkyl thioesters remain the most 
appreciated acylating source used for protein semi- or total 
synthesis.[2, 6] However, practically useful ligation rates cannot 
usually be attained with such thioesters at millimolar 

concentration due to their tempered reactivity. As a consequence, 
the NCL with peptide alkyl thioesters needs to be promoted most 
of the time by addition of catalysts. The aim of this concept article 
is to examine the fundamental principles underlying the 
homogeneous catalysis of the NCL reaction and to guide the 
reader in the search for an appropriate catalyst. 

The guiding principles of NCL catalysis 

Among the several modes of catalytic activation, 
covalent catalysis by nucleophiles [10] provides the most 
significant rate enhancements for NCL. This approach consists in 
using a nucleophile additive (Nu) intended to react with the 
thioester partner for generating an activated acyl-Nu intermediate 
in situ (Figure 3A). During the reaction, the starting thioester and 
the acyl-Nu intermediate coexist in solution. Although the latter is 
usually formed in tiny amounts, its enhanced acylating capability 
makes it kinetically the main acylating species in the process. To 
achieve this goal, the nucleophile must be chosen carefully 
according to the nature of the starting thioester so that the energy 
barrier going from reactants to tetrahedral intermediate 3 is lower 
than that leading to tetrahedral intermediate 1 (Figure 3B). In 
practice, nucleophilic catalysis of NCL is usually carried out by the 
addition of various sulfur-, selenium-, nitrogen- or phosphorus-
derived nucleophiles, which all present some benefits and 
drawbacks reviewed hereafter (Figure 3C). 

Thiolates, a type of sulfur-based nucleophiles, have 
rapidly emerged as successful additives for the activation of 
peptide thioesters [11] and are still the most widely deployed 
solution for enhancing NCL’s rate today (Figure 4A). Their 
efficiency as catalysts can be rationalized according to the 
pioneering work of Jencks and coworkers, which allows to 
qualitatively appreciate the extent of activation of a thioester upon 
thiol-thioester exchanges.[11] Indeed, the acylating power of the 
activated thioester, and thus the rate of NCL, largely depends on 
the acidity of the thiol catalyst R2SH relative to that of the 
departing thiol R1SH (Figure 4A). The use of a thiol additive R2SH 
having a lower acid dissociation constant (pKa) than that of R1SH 
results in efficient catalysis because the thiolate R2S- is a better 
leaving group. However, in such a case, the formation of the 
activated thioester is a kinetically disfavored situation unless a 
very significant excess of catalyst is introduced in the reaction 
mixture as compensation. 

A selection of thiols used either for thioester synthesis 
or NCL catalysis are listed by increasing acidity in Figure 4B (3-
mercaptopropionic acid, MPA; sodium 2-mercaptoethyl sulfonate, 
MESNa[12]; methyl thioglycolate, MTG [13]; trifluoroethanethiol, 
TFET [14]; 4-hydroxythiophenol [15]; 3-mercaptophenyl acetic acid, 
MPAA [15]; thiophenol [8]). Despite the large diversity of 
commercially available thiols, just a handful of them are used as 
catalysts, one stringent selection criterion being their good to 
excellent water-solubility. Among these, MPAA has a pKa well-
below those of alkyl thiols 
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Figure 1. General considerations about the Native Chemical Ligation (NCL) reaction. A) Principle of the native chemical ligation reaction (functional groups on 
amino acid side chains are represented in gray on each peptide segment. For the sake of clarity, they will not be shown in the following figures). B) Most common 
applications of the NCL reaction. Various examples can be found in refs [3, 4, 7].  

classically used for thioester synthesis, is odorless and highly 
water soluble at the working pH of NCL (≈ 7) due to its carboxylic 
acid moiety. Therefore, MPAA is by far the most widely applied 
catalyst in the field. In addition, it is important to note that thiol 
moieties harbored by the sidechain of internal Cys residues can 
in some cases offer a significant catalytic contribution owing to 
their mid-range pKa.[16] 

The use of thiols, and more particularly of aryl thiols 
such as MPAA, can however prove problematic in some specific 
situations. This is especially the case when the NCL reaction 
needs to be combined with a subsequent Metal-Free 
Desulfurization (MFD) step in a one-pot process (Figure 5A).[17] 
This popular approach was developed to extend the scope of NCL 
by converting the Cys junction residue to an alanine (Ala) residue, 
a significantly more represented amino acid in protein sequences. 
The mechanism of MFD is critically dependent on the formation 
of a Cys-derived thiyl radical intermediate, which must combine 
with the added phosphine to make the desulfurization process 

successful. Aryl thiols are powerful thiyl radical scavengers and 
therefore kill the MFD reaction especially when used in large 
excess as discussed above. Consequently, their use is not 
compatible with one-pot NCL/MFD approaches unless the aryl 
thiol can be removed prior to adding the reagents for the MFD 
step. For example, the MPAA-derivative equipped with a 
hydrazide handle and designed by Brik and coll. was removed by 
using an aldehyde scavenger solid support (Figure 5B).[18] 
Another option consists in using TFET as a catalyst, which can be 
removed by evaporation after ligation.[14] Although being less 
powerful NCL catalysts than MPAA, alkyl thiols such as MTG [13] 
are practicable MFD-compatible thiol additives. Imidazole and N-
heterocyclic analogues thereof,[19-21] i.e. sp2 nitrogen-derived 
nucleophiles, provide an additional option in this regard. Indeed, 
they do not interfere with MFD reaction conditions and can 
recapitulate the catalytic properties of thiol additives through the 
formation of acyl imidazole type intermediates. They must 
however be introduced at much higher loadings to this end 
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because the equilibrated process depicted in Figure 5C favors the 
thioester species. 

The last decade has witnessed the development of 
various thioester surrogates, which broaden the scope of classical 

thioesters by permitting the design of novel peptide assembly 
strategies.[22] The class of thioester precursors referred to as 

 

 
Figure 2. Insights into the mechanism of the uncatalyzed NCL reaction. A) NCL is a two-step process involving a thiol-thioester exchange for the capture step. B) 
NCL is usually under the kinetic control of the thiol-thioester exchange step and depends on three main factors: the ionization state of the N-terminal cysteine 
residue (the fraction of thiolate was calculated based on the model and the data in ref. [9]) and the environment as well as the nature of the thioester partner. 

N,S-acyl shift systems is particularly popular (Figure 6).[23, 24] 

Including the bis(2-sulfanylethyl)amido (SEA[25]) and the N-
sulfanylethylanilide (SEAlide[26]) devices, they consist of special 
amides that are able to rearrange in situ into thioesters through 
an N,S-acyl shift (Figure 6, STEP 1). Similar to classical thioesters, 
these transient thioesters can then be involved in an NCL-like 
process to provide ligated peptides (Figure 6A, STEPS 2 and 3; 
Figure 6B, STEP 2). Classical aryl thiol additives can promote the 
NCL-like part of the process but not the N,S-acyl shift, which is 
usually rate limiting and catalyzed by other mechanisms. This 

specific feature of the N,S-acyl shift systems has prompted the 
development of dedicated catalysts. For example, the SEA group 
has benefited from the design of tailored selenol-based additives 
(Figure 6A).[27, 28] Thanks to the low pKa of the selenol group (pKa 
~ 5), the catalyst is still present in its nucleophilic selenolate form 
in the working acidic conditions that are favorable for the N,S-acyl 
shift rearrangement step (Figure 6A, STEP 1). Its reaction with 
the SEA thioester intermediate results in the in situ formation of a 
selenoester (Figure 6A, STEP 2), a type of acyl donor that proved 
particularly powerful under classical NCL conditions.[29] 
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In another example, the rearrangement of the SEAlide 
group to generate a thioester intermediate depends on the 
presence of phosphate.[26] Otaka and coworkers have developed 
a dual catalyst featuring a phosphonic acid able to catalyze the 

rearrangement of the SEAlide device (Figure 6B, STEP 1) and an 
aryl thiol moiety for promoting the NCL-like part of the process 
(Figure 6B, STEP 2).[30] 

 
 

Figure 3. Activation of the thioester partner through nucleophilic acyl substitution is key to NCL rate enhancement by in situ generation of more efficient acyl donors. 
A) The mechanism of the NCL reaction catalyzed by nucleophile additives involves the formation of an acyl-nucleophile intermediate. B) Nucleophilic catalysis 
operates on the condition that the acyl-Nu intermediate is a better acyl transfer reactant than the starting thioester. C) Types of nucleophilic catalysts. 
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Figure 4. NCL catalysis by thiol additives. A) Principle of NCL catalysis by thiols. B) Identification of an appropriate thiol catalyst depending on starting thioester’s 
nature: as a rule of thumb, thiol catalysts being more acidic (from top to bottom on the pKa scale) than the departing thiol have a catalytic effect. Examples are 
provided at the left of the figure.  
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Figure 5. Compatibility of the NCL catalyst with one-pot post-ligation desulfurization methods. A) General mechanism of metal-free desulfurization (MFD) and its 
inhibition by aryl thiols. B) Some thiols used for one-pot NCL/MFD protocols. C). Nucleophilic catalysis by Nsp2-nucleophiles is compatible with one-pot NCL/MFD 
protocols. 

 

 
 

A)

• N-acyl azoles are efficient acyl donors toward S-nucleophiles

• Process thermodynamically unfavored (shifted toward the formation of thioesters)

=> High concentrations of the azole catalyst are required to observe significant rate enhancements (> 2-5 M)

Imidazole
2-methyl 
imidazole

1,2,4-triazole

Azole catalysts

C) Nsp2 based-catalysts: a powerful alternative to thiol catalysts for one-pot NCL/MFD approaches

Which thiol catalyst to use for a one-pot NCL/MFD sequence?B)

MPAA hydrazide removed prior to MFD by
capture on an aldehyde resin and filtrationMTG: compatible

Compatibility of thiol additives with metal-free desulfurization (MFD)

Inhibition by 
Cys-thiyl
radical 

scavenging

General considerations about metal-free desulfurization (MFD)

• MFD considerably extends the scope of NCL (Ala is 5.7 fold more abundant than Cys in proteins)

• NCL/MFD one-pot processes save time and yield by limiting work-up & purification steps

• Arylthiol catalysts (e.g. MPAA) inhibit MFD by neutralizing the intermediate Cys-thiyl radical

TFET easily eliminated by 
evaporation (bp 35 °C) before MFD
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Figure 6. Catalysis of N,S-acyl shift-mediated ligations. A) Catalysis of SEA ligation by selenol compounds. B). Catalysis of SEAlide-mediated ligation by a dual 
phosphonic acid-aryl thiol catalyst. 

Summary and outlook 

In conclusion, the rapid concatenation of peptide 
segments in water using NCL is central to protein chemical 
synthesis and many other applications of this chemoselective 
reaction. The catalysis of NCL and related reactions enables to 
save time, to force the formation of difficult junctions and to 
minimize the impact of protein aggregation and potential side 
reactions. Throughout the years, this quest for rate enhancement 
has been sustained by an in-depth understanding of reaction 
mechanisms based on experimental and theoretical approaches. 

A limitation of existing catalysts is the large excesses 
used to achieve useful synthetic rates. Therefore, future research 
might see the emergence of novel catalysis approaches enabling 
the acceleration of ligation reactions while significantly reducing 
the heavy excesses of nucleophiles. A potential strategy can be 
to increase the effective concentration of the nucleophilic catalyst 
at the thioester site by incorporating it in the thiol handle. By 

becoming intramolecular, the exchange process leading to the 
formation of the activated acyl-Nu species might not be limiting 
anymore. Such an approach using a Cys thiol as the internal 
nucleophile has been examined by Schmalisch and Seitz, who 
reported significant rate enhancements.[31] 

Non-covalent strategies for increasing the effective 
concentration of the nucleophilic catalyst at the thioester site 
remains to be developed. The concepts underpinning template-
assisted NCL reactions might serve this purpose, albeit to the 
expense of increased synthetic work and reduced atom 
economy.[2, 32, 33] Templated NCL has been developed for 
enabling NCL at very low reactant concentration such as in the 
labelling of proteins exposed to the cell surface.[34] The method 
relies on the high affinity between pairs of nucleic acids or 
peptides for increasing the effective concentration of reactants 
and thus the ligation yields. Likewise, we can imagine that the 
biomolecular systems used so far for promoting reactant 
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encounter could be simplified in order to extend their application 
to catalysis. 
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Nucleophilic catalysis is key to the acceleration of the native chemical ligation (NCL) reaction and thus, to its application for protein 

synthesis, functionalization and utilization in chemical biology. The present concept article discusses the fundamental principles of NCL 

rate and catalysis with emphasis on thiol nucleophiles.  
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