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ABSTRACT: Selenopeptides can be transamidated by cysteinyl
peptides in water using mild conditions (pH 5.5, 37 °C) in the
presence of an arylthiol catalyst. Similar conditions also catalyze the
metathesis of selenopeptides. The usefulness of the selenophos-
phine derived from TCEP (TCEPSe) for inhibiting the TCEP-
induced deselenization of selenocysteine residue is also reported.

Selenocysteine (Sec/U), i.e., the selenium analogue of
cysteine (Cys/C), is a naturally occurring amino acid

found in selenoproteins. The human genome encodes 25
selenoproteins1 into which one or several Sec residues are
inserted cotranslationally. Most of the selenoproteins are redox
enzymes that feature a Sec residue in their catalytic site. These
proteins are collectively essential for living organisms as they
participate in a large array of biological processes such as the
control of the cellular redox balance.2 The loss of activity
observed upon mutation of catalytic Sec residue into Cys in
some selenoenzymes3,4 originates, at least in part, from the
large difference in pKa and in reducing potential between Sec
and Cys.5 Indeed, although selenium and sulfur are neighboring
members of the chalcogen family, the pKa of the selenol group
in Sec (pKa ∼5.5) is about 3 units less than the pKa of the thiol
group (pKa 8.3) in Cys. Also, the redox properties of disulfides
and diselenides differ significantly, the redox potential of
diselenides being significantly lower than those of disulfides.
Accordingly, the replacement of Cys by Sec is increasingly used
in protein engineering approaches as a tool for modulating the
stability,6 the physicochemical properties7 or the folding
pathways of polypeptides.8

Recent studies have shown that the properties of
selenopeptides have not been fully explored.9 Indeed, we
report here a novel property for this important class of
biomolecules by showing that selenopeptides featuring an
internal or C-terminal Sec residue can participate in a
transamidation reaction with cysteinyl peptides or in a
metathesis reaction (Scheme 1). Both processes rely on an
amine-carboxamide exchange reaction. Transamidation of
amides usually requires harsch conditions (>250 °C) or metal
catalysis10 in an organic solvent to occur due to the high
stability of the carboxamide bond. In contrast, the trans-
amidation and metathesis reactions of selenopeptides reported
here take place in water at 37 °C at mild acidic pH (pH 5.5) in
the presence of 4-mercaptophenylacetic acid (MPAA).11

Previous studies have demonstrated the metathesis of
peptidomimetics featuring a reversible thioester bond12−14 or
very recently an α-aminoacyl N-alkylcysteine15 reversible latent
thioester.

Reversible covalent bonds have a great potential in dynamic
covalent chemistry (DCC).16−18 We show for the first time that
the field of DCC can be potentially extended to native peptide
structures by exploiting the reversibility of the peptide bond to
selenocysteine in aqueous solution.
The first steps of the transamidation reaction depicted in

Scheme 1 proceed presumably through a reverse native
chemical ligation (NCL).19 In particular, an N,Se-acyl migration
reaction produces the transient selenoester20 II which enters
into a series of exchanges with MPAA and the cysteinyl peptide
to ultimately produce the transient thioester V. A related N,S-
acyl shift of peptides featuring a C-terminal Cys residue, and
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Scheme 1. Transamidation or Metathesis of Selenopeptides
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the subsequent displacement of the transient thioester by an
excess of an alkylthiol21 or hydrazine22 nucleophile has been

shown to occur under forcing conditions. Interestingly, the
displacement of a C-terminal Sec residue by an excess of an
alkylthiol could be performed using milder conditions (40
°C).23 We reasoned that incubating the selenopeptides in water
in the presence of MPAA would enable the formation of the
transient arylthioesters of type III (Scheme 1), which are
known to be much better acyl donor components in the NCL
reaction than alkylthioesters.24 Once produced, the transient
thioester V was expected to rearrange spontaneously into
peptide VI by an S,N-acyl shift mechanism. The last step is
poorly reversible in water at 37 °C at mildly acidic pH and
therefore drives the reaction toward the formation of peptide
VI.15 Overall, the transamidation reaction shown in Scheme 1
proceeds by using the mild experimental conditions designed
for the NCL reaction.
The selenopeptides 3 needed for this study were produced

by reacting chemoselectively the cyclic disulfide form of bis(2-
sulfanylethyl)amido (SEA) peptides 125 with selenocystine 2 in
the presence of MPAA (200 mM) (Scheme 2). Activation of
the latent SEA thioester and of the Sec component required to
perform the reaction in the presence of a disulfide and
diselenide reducing agent. In a first approach, the reaction of
peptide 1a (X = Phe) with selenocystine 2 in the presence of
tris(2-carboxyethyl)phosphine (TCEP, 200 mM) furnished the
selenopeptide 3a together with the corresponding deselenized
product (Sec → Ala, ∼10% by HPLC). The TCEP-induced
deselenization of selenopeptides is reminiscent of the
desulfurization of thiols by phosphites.26,27 It has been
mentioned by several authors as a serious side-reaction during
the study of selenopeptides or proteins in the presence of
TCEP.28,29 Alternately, it has been combined with the NCL
reaction of C-terminal peptide thioesters with N-terminal Sec
peptides30,31 to produce a native peptide bond to alanine.32,33

This problem was solved by using dithiothreitol (DTT, 200
mM) which instead furnished successfully diselenides 3a−h or
5d,e in good yields, showing that SEA native peptide ligation is
complementary to the NCL reaction for accessing to
selenopeptides.
The first step of the amine−amide exchange processes

depicted in Scheme 1 involves the N,Se-acyl shift of the Sec
residue, which proceeds through the nucleophilic attack of the
free selenol group on the carbonyl group of the preceding
amino acid residue. The reduction of the diselenides and the
maintenance of Sec residue in the selenol form required the
presence of a strong reducing agent in the mixture throughout
the process. In our hands, the reduction of diselenides 3 or 5 by
an excess of DTT was found to be sluggish and often
incomplete after several hours, in accord with previous reports.8

Moreover, the recent use of DTT with reversible tertiary amide
thioester surrogates resulted in acyl-DTT thioester and/or O-
ester side-product formation.15 Therefore, the use of TCEP, a
powerful irreversible reducing agent for disulfides and
diselenides, was envisioned as an alternative. However, we
had to find a solution for avoiding the TCEP-induced
deselenization upon extended reaction times. MPAA is
known to inhibit this process but failed to protect Sec residue
against deselenization when used alone. Extensive experimen-
tation led us to the conclusion that the water-soluble
selenophosphine derived from TCEP, i.e., TCEPSe, is very
efficient in inhibiting the deselenization of Sec residue by
TCEP in the conditions used for the transamidation process,
provided it is used at concentration greater than 150 mM (see
the Supporting Information). It is produced in one step and

Scheme 2. Synthesis of Model Selenopeptides 3 or 5

Scheme 3. Transamidation of C-Terminal Sec Peptides 3

Scheme 4. Transamidation of Internal Sec Peptides 5e

Table 1. Study of the Transamidation Reactiona

Sec
peptide

3 X

3 D-AA
content for X

(%)

initial
reaction
rateb

yieldc

(%) of 7

7 D-Aa
content for X

(%)

3a Phe 0.34 0.30 7a: 41 4.5
3b Ser d 0.17
3c Thr 0.04
3d Arg 0.19 0.97 7d: 34 1.1
3e Ala 0.36 1 7e: 43 2.2
3f Glu 0.95 0.66 7f: 36 1.4
3g Cys 0.26
3h Gly 0.27
5d Arg 0.005
5e Ala 0.36 0.03 7e: 42 0.86

aDiselenide 3.5 mM, peptide 6 7 mM, 200 mMMPAA, 70 mM TCEP,
210 mM TCEPSe, pH 5.5, 37 °C under nitrogen atmosphere.
bRelative to peptide 3e (X = Ala), initial rate of peptide 7e formation
is 1.17 mM/h (see the Supporting Information). cIsolated by HPLC.
Identical by LC−MS to authentic samples obtained by SPPS. dNot
determined.
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good yield by reacting metallic selenium and TCEP (see the
Supporting Information). It inhibits also the desulfurization of
Cys peptides by TCEP. Its inhibitory properties are specific of
the phosphine selenide bond since the phosphine sulfide
analogue, i.e., TCEPS, had no inhibitory activity. The mode
of action of TCEPSe is still under investigation. It acts
synergistically with sodium ascorbate, another well-known
inhibitor of the TCEP-induced dechalcogenation process.34,35

The combined use of TCEPSe and sodium ascorbate was

found to be particularly useful for preventing Sec deselenization
during the metathesis reactions which required several days for
the equilibration to occur.
The transamidation process was first examined using

selenopeptides 3 featuring a C-terminal Sec residue and
differing by the penultimate amino acid X (Scheme 3). The
exchange reaction with Cys peptide 6 proceeded faster for Ala,
Arg, Glu, and Phe as the penultimate amino acid than for Gly,
Cys, Ser, and Thr (Table 1, see also Figure S17 in the
Supporting Information). A partial racemization of X residue
was observed, especially for Phe (3a → 7a, Table 1).
Importantly, the exchange reaction proceeded also with an
internal Sec residue as for peptides 5e (X = Ala, Scheme 4),
albeit with an initial kinetic rate of only 3% that of C-terminal
Sec analog 3e (Table 1). An even larger difference in the initial
transamidation kinetic rate was observed between selenopep-
tides 5d and 3d (X = Arg, Table 1).
We next examined the possibility to perform a metathesis

reaction using selenopeptides 5e (X = Ala) and 3d (X = Arg)
and MPAA as catalyst (Scheme 5). Hopefully, the reaction
showed the formation of two novel selenopeptide products,
peptides 5d and 3e (Figure 1a), which coeluted with authentic
samples by HPLC. The identity of these compounds was
further confirmed by extensive mass spectrometry fragmenta-
tion analysis. We observed also two other products, i.e.,
peptides ILKEPVHGA-OH and ILKEPVHGR-OH, arising
from the X-Sec peptide bond hydrolysis (peptides 8d,e, Figure
1a). The level of hydrolysis products 8d and 8e remained below

Figure 1. Kinetic rates of the selenopeptide metathesis reactions and HPLC profiles of the crude metathesis reactions.

Scheme 5. Metathesis of selenopeptides
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10% after 100 h (see Figures S24 and S27 in the Supporting
Information).
Importantly, the reversibility of the metathesis reaction was

demonstrated by performing another metathesis experiment
starting from selenopeptides 5d and 3e, which showed the
formation of peptides 5e and 3d (Figure 1b). After ∼95−100 h,
both forward and reverse metathesis reactions showed similar
proportions for selenopeptides 3d and 3e but not for peptides
5d and 5e. The equilibrium is probably perturbed by the
concomitant hydrolysis of the selenopeptides. The hydrolysis
probably proceeded through C-terminal Sec peptides 3. Indeed,
peptide 8d was the major hydrolysis product in the first
metathesis reaction starting from 5e and 3d (Figure 1a),
whereas peptide 8e was formed preferably in the second
metathesis reaction starting from 5d and 3e (Figure 1b).
In conclusion, we have demonstrated that selenopeptides can

be transamidated by N-terminal cysteinyl peptides in water
using mild experimental conditions. Besides the pH which is
mildy acidic (pH 5.5), the conditions which enable the
reversibility of the peptide bond to selenocysteine and the
transamidation reactions are similar to those used for the NCL
reaction. These conditions also catalyze the metathesis of
selenopeptides. Further work is in progress to improve the
kinetics of the metathesis reaction and minimize the hydrolysis
rate, which nevertheless remained in our conditions within
acceptable levels. These novel chemical properties for
selenopeptides may open the possibility to use native peptide
structures, i.e., with no modifications on the peptide backbone,
in dynamic covalent chemistry approaches.
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