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The reaction of a peptide featuring a bis(2-sulfanylethyl)amino (SEA) group on its C-terminus with a cysteinyl peptide in water at pH 7 and 37
°C leads to the chemoselective and regioselective formation of a native peptide bond. This method called SEA ligation enriches the native
peptide ligation repertoire available to the peptide chemist. Preparation of an innovative solid support which allows the straightforward synthesis
of peptide SEA fragments using standard Fmoc/tert-butyl solid phase peptide synthesis procedures is also described.

Peptide ligation methods such as native chemical ligation
(NCL),! Staudinger ligation,? or the decarboxylative con-
densation of N-alkylhydroxylamines and a-ketoacids® lead
to the formation of a native peptide bond at the ligation site.*
In particular, NCL is a powerful method for synthesizing
native or modified proteins of moderate size (~150 amino
acids). NCL is based on the reaction of a peptide thioester
with a cysteinyl peptide. A first transthioesterification step
is followed by an intramolecular SN-acy! shift that results
in the formation of a native X—Cys peptide bond. Thiol
amino acid derivatives combined with a methylation, des-
ulfurization, or saponification step® or the use of N-linked
thiol-containing removable auxiliaries® were used to extend
the principle of NCL to sites other than Cys residues.
Recently, the use of the reverse N,S-acyl shift has emerged
asapromising strategy for peptide thioester synthesis or for
designing novel native ligation methods relying on the in
situ generation of peptide thioesters. The key idea within
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these approaches is to facilitate peptide thioester synthesis’
or find alternatives to these useful peptide derivatives.® For
example, the elegant work of Aimoto et a. showed the
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capacity of cysteinyl prolyl ester peptides to form in situ
peptide thioesters through an intramolecular N,S-acyl shift.®

We describe hereinafter the chemoselective and regiose-
lective reaction of a peptide featuring a bis(2-sulfanylethy-
[)amino (SEA) group on its C-terminus with a cysteinyl or
homocysteinyl peptide in the presence of 4-mercaptopheny-
lacetic acid® (MPAA) and tris(2-carboxyethyl)phosphine
(TCEP). This reaction occurs in water at pH 7 and leads to
the formation of a native peptide bond in good yield (Scheme
1).

Scheme 1. SEA Ligation between a Bis(2-sulfanylethyl)amino
Peptide 1—4b and a Cysteinyl or Homocysteinyl Peptide
Leading to the Chemoselective and Regioselective Formation of
a Native Peptide Bond®
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2 Peptides 1—4b are formed in situ by TCEP reduction of peptides 1—4a.

We first examined the synthesis of peptides 1—4a starting
from the innovative solid support 18, which features a bis(2-
sulfanylethyl)amino moiety linked to atrityl polystyreneresin
through both sulfur atoms (Scheme 2). For this, trityl-
protected bis(2-sulfanylethyl)amine 15 was prepared by
reacting bis(2-chloroethyl)amine hydrochloride with triph-
enylmethyl mercaptan in the presence of DBU.'° To
minimize the oxidation of 16 into the cyclic disulfide, 16
was immediately reacted with chlorotrityl polystyrene resin
17 under an inert atmosphere after deprotection in TFA.
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Scheme 2. Synthesis of Solid Support 19
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Chlorotrityl resin 17 (1.4 mmol/g) was used in excess to
amine 16 (molar ratio 17/16: 10/1) to lower the loading of
the solid support to a value compatible with standard Fmoc/
tert-butyl solid phase peptide synthesis protocols,** as well
as to favor the bridging of polystyrene with amine 16. The
reaction was performed in the absence of base to allow amine
protection by protonation.*? A negative Ellman test for free
thiol groups showed the successful bridging of amine 16
through both thiol groups.™® Moreover, a positive chloranil
test ascertained the presence of a secondary amine on the
solid support.** High resolution magic angle spinning H
NMR of solid support 18 was consistent with the proposed
structure (see Supporting Information). The loading was
determined by coupling Fmoc-protected amino acids to solid
support 18, followed by removal of the Fmoc group with
piperidine and UV quantification of the dibenzofulvene-
piperidine adduct. Amino acid activation using PyBOP or
HBTU was unsuccessful in accord with the low reactivity
of secondary amines in amide bond-forming reactions.
Alternately, Fmoc-amino acid fluorides™ or PyBrOP'®
activation permitted the efficient acylation of solid support
18 to give resin 19. The loadings obtained for resin 19
(0.14—0.16 mmol/g) correspond to a nearly quantitative
immobilization of amine 16.

We next examined the synthesis of peptides 1—4a. For
this, resin 19 was submitted to standard automated Fmoc/
tert-butyl SPPS (Scheme 3). Deprotection and cleavage of
the peptidyl resin furnished successfully peptides 1—4b in
excellent purity, which equilibrated with the thioester forms
1—4cin acidic solution. This equilibration occurred in about
1 h for the Gly analogue 1b but required up to 25 h for the
Va anaogue 4b. The relationship between the aqueous
solution pH and the ratio between thioester 2c and amide
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Scheme 3. Synthesis of Peptides 1—4a*
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2b is shown in Figure 1. This equilibrium complicated the
RP-HPLC purification of peptides 1—4b using an acidic
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Figure 1. Influence of the agueous solution pH on the equilibrium
between thioester 2c and amide 2b. C18 RP-HPLC (detection at
215 nm).

water/acetonitrile linear gradient containing 0.5%. TFA (pH
1.8). To avoid this problem, peptides 1—4b were oxidized
by air into the cyclic disulfides 1—4a prior to the purification
step.

With peptides 1—4a in hand, we investigated their reaction
with cysteinyl peptide 5 in the presence of TCEP and MPAA.
TCEP was used to reduce in situ peptides 1—4a into peptides
1—4b. TCEP is till necessary when the reduced form 1—4b
is used directly in the ligation experiment, due to the ease
of oxidation of the bis(2-sulfanylethyl)amino moiety by
traces of molecular oxygen. Gratifyingly, ligation between
peptide 1—3a and cysteinyl peptide 5 proceeded cleanly
within 27 h at 37 °C and pH 7 to give the native peptides
8—10 (Table 1). Figure 2 shows the LC-MS analysis of the
ligation reaction for 3a. After 27 h, only cysteinyl peptide 5
used in slight excess and native peptide 10 could be detected.
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Table 1. Ligation of Peptides 1—4a with Peptides 5—7

peptide peptide SEA aminothiol fragment yield® (%)
8 la 5 320
9 2a 5 77°
10 3a 5 54°
11 4a 5 58¢
12 la 6 29°
13 la 7 420

a|solated yields. P 37 °C. ©45 °C.
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Figure 2. RP-HPLC monitoring of the ligation reaction (100 mM,
pH 7.05, sodium phosphate buffer, TCEP 200 mM, MPAA 200
mM; peptide SEA: 7 mM; peptide 5: 10 mM). (A,B) 3a + 5 at 37
°C. (C, D) 4a + 5 at 45 °C. C18 Nucleosil column (detection at
215 nm). More data (LC-MS) can be found in the Supporting
Information.

Importantly, chiral GC-MS analysis of peptide 10 after acid
hydrolysis showed that racemization of the Tyr residue was
minimal (1.2% b-Tyr). Similar reactivities were observed
for Gly analogue l1a or Ala analogue 2a (1.7% bD-Ala by
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chiral GC-MS for peptide 9). NMR analysis of peptide 9
confirmed the presence of a native Ala-Cys peptide bond
(see Supporting Information). Ligation of Val analogue 4a
with Cys peptide 5 led also successfully to native peptide
11 (0.18 p-Va by chira GC-MS, Figure 2C,D), but this
required 7 days at 45 °C. However, the purity of the crude
product must be highlighted and illustrates the high stability
of SEA fragments which do not hydrolyze even for prolonged
reaction times.

Reaction of peptide 1a with peptide 5 in the absence of
TCEP failed to give any ligation product 8. No reaction was
also observed when peptide 1a was incubated with the Ser
analogue of peptide 5 (data not shown). Moreover, reaction
of peptide 1a with peptide 7, which features two Cysresidues
within its sequence, furnished successfully peptide 13. The
reaction is thus selective for the N-terminal Cys residue.
These experiments show the importance of both bis(2-
sulfanylethyl)amino and free 5-aminothiol groups for the
ligation to proceed. Importantly, ligation of peptide 1a with
Hcy peptide 6 led successfully to native peptide 12. The
compatibility of SEA ligation with the Hcy residue extends
potentially the methodology to the assembly of native
peptides at X—Met junctions. Finally, MPAA is not abso-
lutely required for the ligation to proceed. The ligation rate
of peptide 2a with peptide 5 in the absence of MPAA was
reduced by a factor of 2.5 only.

The reactivity of peptide SEA fragments is unprecedented.
At pH 7, peptide thioesters 1—4c or transthioestherification
products with MPAA were not detected by RP-HPLC. Only
the reduced SEA fragments 1—4b are observed (Figure 2).
Thisisin contrast with 2-sulfenylethylamido peptide deriva
tives reported to date, which show an amide—thioester
equilibrium at acidic pH too but do not ligate at pH 7 with
Cys peptides. Other systems such as the cysteinyl—prolyl
ester peptides (CPE) ligate with Cys peptides at pH 8.2.8 In
this case, the N,S-acyl shift equilibrium is displaced toward
the thioester form by an intramolecular amide bond forming
reaction involving the a-amino group of the Cys residue and
ester group. The corresponding cysteinyl—prolyl amide
peptides do not ligate showing the critical role played by
the ester functionality and thus the intramolecular locking
mechanism. Another strategy for favoring thioester formation
through an intramolecular acyl shift is to use more electro-
philic carbonyl derivatives'” In particular, Botti et al.
reported that peptide-C*oxy-(2-mercapto-1-carboxyamide)
ethyl ester undergoes an O,S-acyl shift at neutral pH. The
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resulting thioester reacted in situ with a cysteinyl peptidein
aNCL-like reaction, but hydrolysis of the starting ester was
found to be significant.

The structure of peptide SEA fragments does not permit
a priori an intramolecular locking reaction as in the CPE
strategy. Moreover, the peptide carbonyl group which
participates in the N,S-acyl shift is not activated compared
to N-alkyl cystein derivatives already reported.”” In this
context, a novel mechanism may operate that could involve
the participation of neighboring amino and sulfenyl groups
within thioesters 1—4c (Scheme 3). Few reports have
described a significant acceleration of the rate of ester
solvolysis by an intramolecular bifunctional general base—
general acid catalysis mechanism.® In such a catalysis, one
functional group can activate the incoming nucleophile,
whereas another group stabilizes the transition state by
hydrogen bonding or ion pair formation. In this context, the
efficiency of the ligation reaction might be due to a
significant accel eration of the transthioesterification step due
to an intramolecular bifunctiona catalysis, thereby overcom-
ing the low concentration of the thioester at pH 7.

In conclusion, SEA ligation is a chemosel ective, regiose-
lective, and racemization free native ligation method that
enriches the existing native peptide ligation tool box. This
method can potentially be used in various chemical or
biochemical applications thanks to the ease of synthesis of
SEA peptide fragments and to the efficiency and simplicity
of this ligation method. The elucidation of the SEA ligation
mechanism as well as its application to the total synthesis
of proteins isin progress.
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