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Introduction

Assembling peptide segments by native chemical ligation (NCL) is an efficient and powerful strategy
for accessing native or modified proteins (Figure 1a) [1-3]. In this field, we recently reported that
N-selenoethyl cysteine (SetCys) residue behaves as a redox-controlled cysteine (Cys) surrogate, and
as such enables to temporally mask the reactivity of key Cys residues involved in peptide assemblies
by NCL [4]. The interest of SetCys relies on its capacity to lose spontaneously its selenoethyl
appendage after reduction of the cyclic selenosulfide bond (Figure 1b). Although breaking carbon-
nitrogen bonds usually requires harsh conditions, we discovered that the SetCys conversion into Cys
optimally occurs under mild conditions (pH 6, 37°C) [4]. We show here that the rate of the SetCys
conversion into Cys can be controlled by choosing the combination of reductants (phosphine/thiol)
used for inducing the ring-opening of the SetCys residue, thereby increasing its scope in protein
chemical synthesis.
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Fig. 1. a) NCL reaction. b) SetCys as a redox controlled Cys surrogate.

Results and Discussion

Peptide 1 was used as a model compound to investigate the impact of thiols and phosphines that are
classically employed as additive in NCL reactions on the kinetics and the mechanism of the SetCys
conversion into Cys (Figure 2). No reaction was observed in the presence of MPAA
(4-mercaptophenylacetic acid), the gold standard catalyst used to accelerate the NCL reaction [4]. In
contrast, the addition of water-soluble alkyl or aryl phosphines into the reaction mixture cleanly
induced the conversion of SetCys into Cys.

In the presence of TCEP (tris(2-carboxyethyl)phosphine), we showed that the rate of the reaction
was independent of the phosphine, the thiol additive and the SetCys peptide concentrations [5]. This
result points towards a mechanism in which the Se-S bond is directly and quickly reduced by the
phosphine (Figure 2b, path a). The ring-opening of SetCys is so fast in these strong reducing conditions
that the rate of the whole process is dictated by the subsequent cleavage of the selenoethyl appendage.
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Fig. 2. Study of the SetCys to Cys conversion: effect of the thiol and phosphine additives on the rate
of the reaction. a) Model reaction and kinetic data. b) Main mechanisms for the SetCys reduction
by phosphines. c) Evidence for SetCys opening by the thiol catalyst.

The situation is clearly different when a less reactive phosphine such as TPPTS (3,3',3"-
phosphanetriyltris(benzenesulfonic acid) trisodium salt) was used as reductant [5]. We found that the
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rate of the SetCys to Cys conversion depends in this case on the aryl phosphine concentration
(Figure 2a, graph 1), and this up to 35 mM, a concentration above which the reduction process
involving TPPTS is no longer rate limiting. Furthermore, we discovered that the SetCys conversion
into Cys was efficiently catalysed by MPAA (Figure 2a, graph 2). Very slow in the absence of MPAA
(t¥2 75.4 h), the reaction is more than 10-fold faster when MPAA is present at 200 mM (t%2 6.5 h). A
screening of the reaction conditions showed that the MPAA was the most efficient additive among the
tested thiols (Figure 2a, graph 3).

Such an acceleration of the SetCys to Cys conversion in the presence of MPAA led us to postulate
a second mechanism for SetCys reduction where the Se-S bond is initially cleaved by the thiol additive
in a step which is rate limiting (Figure 2b, path b). The product of SetCys opening by MPAA is
postulated to be an alkyl aryl selenosulfide, due to the higher affinity of thiolate nucleophiles for
selenium [6-8]. This intermediate is then reduced by TPPTS into a free selenol, a step that triggers the
cleavage of the C-N bond and the formation of the target Cys peptide. Although the intermediate alkyl
aryl selenosulfide has never been detected by simply incubating SetCys peptides in presence of MPAA,
some experiments argue for its formation in situ (Figure 2¢). In particular, the formation of SetCys
amide peptides by an NCL-like mechanism can occur only if the cyclic structure of the SetCys residue
is transiently opened by MPAA during the ligation.

To sum up, the ring-opening of SetCys via the reduction of its selenosulfide bond is a fast process
in the presence of strong reductant such as TCEP. In these conditions, the rate of SetCys to Cys
conversion is dictated by the intramolecular substitution process leading to C-N bond cleavage. In
contrast, the SetCys reduction is significantly slower with TPPTS, a milder reductant compared to
TCEP, delaying the subsequent conversion of SetCys into Cys. However, we discovered that the lower
reducing power of TPPTS can be efficiently balanced by the addition of thiol catalysts. Such a finer
tuning of the SetCys reactivity through the combination of phosphine and thiol additives will certainly
open the way towards new redox-controlled strategies for concatenating peptide segments by NCL.
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