
Journal of Peptide Science
J. Pept. Sci. 2008; 14: 1244–1250
Published online 27 August 2008 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/psc.1063

Thiocarbamate-linked peptides by chemoselective
peptide ligation
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Abstract: Peptide chemical ligation chemistries, which allow the chemoselective coupling of unprotected peptide fragments,
are useful tools for synthesizing native polypeptides or unnatural peptide-based macromolecules. We show here that the
phenylthiocarbonyl group can be easily introduced into peptides on α or ε amino groups using phenylthiochloroformate and
standard solid-phase method. It reacts chemoselectively with cysteinyl peptides to give an alkylthiocarbamate bond. S,N-shift of
the alkylaminocarbonyl group from the Cys side chain to the α-amino group did not occur. The method was used for linking two
peptide chains through their N-termini, for the synthesis of a cyclic peptide or for the synthesis of di- or tetravalent multiple
antigenic peptides (MAPs). Thiocarbamate ligation is thus complementary to thioether, thioester or disulfide ligation methods.
Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: ligation; phenylthiocarbamate; cysteine; alkylthiocarbamate; peptide; transthioesterification

INTRODUCTION

The peptide chemist toolbox contains a variety of
chemoselective ligation methods that allow the conver-
gent assembly of natural proteins or synthetic peptide
scaffolds [1–3]. Native chemical ligation (NCL) [4,5],
Staudinger ligation [6] and the decarboxylative con-
densation of N-alkylhydroxylamines and α-ketoacids
recently reported by Bode et al. [7] lead to the forma-
tion of a native peptide bond at the ligation site. In
particular, NCL is based on the reaction of a peptide
thioester group with a cysteinyl peptide. Transthioes-
terification is followed by an intramolecular S,N-acyl
shift that results in the formation of a peptide bond
at a X-Cys junction. Application of NCL to selenocys-
teine was also described [8,9]. Methods based on the
use of N-linked thiol-containing cleavable auxiliaries
[10] were used to extend the principle of NCL to sites
other than Cys residues. Ligation of peptide thioesters
with N-terminal homocysteine [11] or homoselenocys-
teine [12] peptides followed by methylation permitted
the formation of X-Met or X-selenoMet bonds.

Other methods result in the formation of unnatu-
ral covalent bonds such as disulfide [13], oxime [14],
hydrazone [15–18], thioether [13], thiazolidine [18,19],
thioester [20] and 1,2,3-triazole linkages [21]. These
methods are of great interest when native peptide bonds
are not absolutely required. In this context, we exam-
ined the potential use of the phenylthiocarbamate group
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in ligation chemistry. We first studied the modification
of peptides by phenylthio or ethylthiocarbonyl moi-
eties on either α–or ε-amino groups using standard
solid-phase methods. We show that the reaction of
phenylthiocarbonyl peptides with cysteinyl peptides
leads to the formation of an alkylthiocarbamate moi-
ety by transthioesterification. This alkylthiocarbamate
was stable and did not rearrange through S,N-shift to
the corresponding urea compound. The utility of the
method for linking two peptide chains through their
N-termini, for the synthesis of a cyclic peptide or for
the synthesis of di- or tetravalent multiple antigenic
peptides (MAPs), was examined.

RESULTS AND DISCUSSION

The chemistry of thiocarbamates 1 has been scarcely
studied in the peptide field (Scheme 1) [22]. We
have examined the reactivity between thiocarbamates
1 and N-terminal cysteinyl peptides 2. Indeed, the
thiocarbamate moiety of peptide 1 can potentially react
with the thiol group of cysteine to give intermediate
thiocarbamate 3. The ability of thiocarbamate 3 to
rearrange through an S,N-shift as in NCL to give urea
4 was questionable because of the reduced reactivity of
the alkylthiocarbamate group compared to the thioester
group. Whatever be the result of the ligation reaction,
the formation of an alkylthiocarbamate or urea bond by
the chemoselective reaction between thiocarbamates
and N-terminal cysteinyl peptides was envisioned as
a complementary ligation method to other thiol-based
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Scheme 1 Reaction between thiocarbamate 1 and cysteinyl
peptide 2 can potentially lead to alkylthiocarbamate 3 and/or
urea 4.

chemistries and a way to obtain novel peptide scaffolds
for structure–function studies.

The incorporation of phenylthio or ethylthiocarbonyl
groups at the N-terminus of peptides was performed
using commercially available phenylthio- or ethylth-
iochloroformates, respectively (Scheme 2). The peptide
was first assembled using standard Fmoc/tert-butyl
solid-phase methods [23]. Phenylthio- or ethylthiochlo-
roformates were reacted in anhydrous THF with the free
α–amino group of peptidyl resin 5 in the presence of tri-
ethylamine. Deprotection and cleavage in TFA furnished
cleanly thiocarbamates 6a and 6b, respectively.

Next, ligation of thiocarbamates 6a and 6b with
cysteinyl peptide 7 [24] was examined (Scheme 3). The
reaction was performed at pH 7.5 in the presence of
thiophenol and benzylthiol under argon (2 mM peptide
concentration), i.e. typical experimental conditions
used for NCL. The reactions were monitored by RP-
HPLC. The peaks were collected and analyzed by
MALDI-TOF. Ethylthiocarbamate 6b failed to react,
whereas phenylthiocarbamate 6a led to a mixture
of three products. Besides the expected ligation
product 8 (31% by RP-HPLC), we observed the
formation of substantial amounts of hydantoin 9 (31%)

Rink PEG-PS resin

1) RSCOCl, Et3N, THF anh.
2) TFA, H2O, thioanisole

H-GILK(Boc)E(OtBu)PVH(Trt)GA5

RS-CO-GILKEPVHGA-NH2

R = Ph: 6a, 55%
R = Et : 6b, 45%

Scheme 2 Synthesis of thiocarbamates 6a and 6b.

and disulfide 10 (28%). Increasing the peptide N-
phenylthiocarbamate concentration to 10 mM led to
no significant improvement, whereas performing the
reaction at 50 mM led to the clean formation of ligation
product 8, which could be isolated with 66% yield. No
ligation product was detected when the same reaction
was performed with the Ser analog of peptide 7 H-
SILKEPVHGV-NH2 [24], showing the requirement of a
Cys residue for the ligation to proceed.

Several experiments were performed to ascertain the
structure of the ligation product 8. If the thiocar-
bamate transthioesterification product 3 (Scheme 1)
rearranged spontaneously into urea 4, ligation prod-
uct between peptides 6a and 7 should present a free
thiol group, which should lead to the corresponding
disulfide upon air oxidation in basic medium. We thus
examined the stability of the RP-HPLC purified liga-
tion product 8 in a pH 8.1 phosphate buffer at rt.
The mixture was analyzed by LC-MS. The expected
disulfide was not detected. Instead, we observed the
formation of cysteinyl peptide 7 and its disulfide, and
disulfides of peptide H-GILKEPVHGA-NH2 and hydan-
toin 9. After 2 h, the peak area corresponding to the
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Scheme 3 Ligation between cysteinyl peptide 7 and thiocar-
bamates 6a and 6b.
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ligation product 8 represented 38% of the total collected
area. Moreover, reaction of the ligation product in the
same buffer in the presence of iodoacetamide furnished
the same degradation products together with peptide H-
C(CH2CONH2)ILKEPVHGV-NH2 resulting from the alky-
lation of peptide 7. Both the lability in basic medium
of the bond linking the two peptide molecules and the
absence of a free thiol group in the ligation product are
in favor of the thiocarbamate structure 8.

The high molecular weight of peptide 8 complicated
its NMR analysis. A detailed 1H, 13C, COSY, TOSCY,
HSQC and HMBC NMR study of the bond formed during
the ligation process was performed using peptide 13 H-
C(CO-IKA-NH2)YG-NH2 (71% yield), obtained by ligating
cysteinyl tripeptide 11 H-CYG-NH2 with phenylthiocar-
bamate 12 PhSCO-IKA-NH2 (see Supporting informa-
tion). The CO–NH proton of Ile residue appeared as
a doublet at 8.65 ppm (DMF-d7). The protons on the
α-amino group of Cys residue were fast exchanging
as expected for thiocarbamate structure 3. The α and
β protons of Cys for peptide 13 were found at 4.32
(triplet) and 3.47 (multiplet) ppm, whereas the α and
β protons of Cys for peptide 11 were found at 4.41
and 3.18–3.27 ppm, respectively. The ∼0.2–0.3 ppm
downfield shift of β Cys protons in ligation product 13
compared to Cys peptide 11 is again in favor of the
thiocarbamate structure 3.

The stability of the alkylthiocarbamate structure 3
(Scheme 1) is in accordance with literature data. The
synthesis of S-alkylcarbamoyl cysteines by reacting cys-
teine hydrochloride with alkylisocyanates was reported
by Ross et al. [25]. The ethylcarbamoyl group was later
used by Storey et al. for the temporary protection of the
thiol of cysteine in convergent protein synthesis [26].
This group was stable toward strong acids such as TFA.
S-ethylcarbamoyl cysteine showed only 10% deblocking
in pH 8.5 0.25 M ammonium bicarbonate buffer after
66 h, showing that the S,N-shift of the ethylcarbamoyl
group was not a favored process. The reactivity of thio-
carbamate 3 (Scheme 1) should be close to those of
S-ethylcarbamoyl cysteine, and indeed no rearrange-
ment leading to urea 4 could be detected on our model
ligation experiments. Drozd reported an S,N-shift for a
dimethylcarbamoyl group but using o-mercaptoaniline
derivatives and harsh experimental conditions [27].

We next examined the potential utility of the
ligation method for the synthesis of cyclic peptides,
by reaction of a phenylthiocarbamate group with an
internal cysteine residue. For this, peptide 15 featuring
a phenylcarbamate group on the lysine side chain
and an N-terminal S-(tert-butylsulfenyl)cysteine was
synthesized as described in Scheme 4. The peptide
chain was assembled on a Rink-type resin [28] using
tert-butylsulfenyl and Mtt protections for Cys1 and Lys4

side chains, respectively. The Fmoc group on the α-
amino group of Cys1 was first replaced by a Boc group.
Then, the Mtt group on Lys4 was removed selectively

using 1% TFA in CH2Cl2 [29]. The phenylthiocarbamate
group was introduced in the Lys4 side chain using
PhSCOCl/Et3N in dry THF. Finally, deprotection and
cleavage with TFA furnished peptide 15 (17.5%).

Cyclization of peptide 15 was performed at 0.1 mM

peptide concentration to avoid the formation of
oligomers (Scheme 5). Thiophenol allowed the in situ
removal of the tert-butylsulfenyl group and the clean
conversion of peptide 15 into cyclic peptide 16 (66%
isolated yield).

We finally examined the utility of the ligation
method for the synthesis of MAPs [30]. MAPs are
peptide dendrimers with branched structure, which
have found a variety of applications in the development
of vaccines, diagnostic products and artificial enzymes.
These structures present multiple copies of a particular
peptide on a lysine-based core. The synthesis of
unambiguous and homogeneous MAPs is usually
carried out by ligating chemoselectively purified peptide

Rink PEG-PS resin

1) Piperidine, DMF
2) Boc2O
3) 1% TFA in CH2Cl2
4) PhSCOCl, Et3N, THF
5) TFA/H2O/thioanisole

Fmoc-C(StBu)ILK(Mtt)E(tBu)PVH(Trt)GV-NH

14

H-C(StBu)ILK(COSPh)EPVHGV-NH2

15
17.5% overall yield

Scheme 4 Synthesis of thiocarbamate 15.
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Scheme 6 Synthesis of phenylthiocarbamate functionalized lysinyl cores 19 and 21.

segments to the lysinyl core peptide presenting the
appropriate functional groups at its periphery [18].

Di- and tetravalent lysinyl cores modified by
phenylthiocarbonyl groups were synthesized on the
solid phase as described in Scheme 6. First, Fmoc-L-
Lys(Boc)-OH was coupled to a Rink-type resin. Removal
of the Fmoc group with piperidine was followed by
reaction of α and ε amines with phenylthiochloro-
formate in the presence of triethylamine as before.
However, deprotection and cleavage from the resin
with TFA failed to give the expected divalent core 19.
Instead, MALDI-TOF analysis of the product suggested
the exclusive formation of hydantoin 20. To minimize
hydantoin formation, we examined the potential util-
ity of N-methylmorpholine or pyridine as alternative
bases. The duration of the reaction was also reduced to
30 min instead of 2 h to minimize the contact between
the phenylthiocarbamate groups and the base. Pyridine
permitted the isolation of the target divalent lysinyl
core 19 with 24% yield. However, hydantoin forma-
tion was still observed, together with products aris-
ing from incomplete phenylthiocarbonylation. Interest-
ingly, hydantoin formation was almost suppressed with
N-methylmorpholine as base. Using these experimental
conditions, divalent lysinyl core 19 was isolated with

42% yield following RP-HPLC purification. Likewise, the
tetravalent tree 21 was isolated with 13% yield.

Ligation of lysinyl cores 19 and 21 to cysteinyl
peptide 7 was performed as described in Scheme 7.
The concentration of peptide 7 was 50 mM to minimize
hydantoin formation as before. Using stoichiometric
conditions, divalent MAP 22 was isolated with 30%
yield after purification. The same procedure failed to
give any tetravalent MAP 23 probably because of
the low solubility of core 21 in water. Alternately,
ligation in DMF in the presence of thiophenol and DIEA
furnished the tetravalent MAP 23 with 23% yield after
purification.

CONCLUSION

In conclusion, peptide phenylthiocarbamates can be
easily synthesized using standard Fmoc/tert-butyl
solid-phase methods. The phenylthiocarbonyl group
could be introduced on α or ε-amino groups. Ligation
with cysteinyl peptides proceeded efficiently, provided
that the peptide concentration was 50 mM to avoid
hydantoin formation. The ligation product features an
alkylthiocarbamate bond formed by transthioesterifica-
tion of the phenylthiocarbamate by the thiol of the Cys
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residue. S,N-shift to give a urea bond did not occur. The
use of thiophenol during the ligation is recommended
to minimize the formation of disulfide bonds between
cysteines. Introduction of phenylthiocarbonyl on a ε-
amino group and ligation with an internal cysteine led
to the formation of a cyclic peptide. Finally, di-and
tetravalent lysinyl cores modified on their periphery by
phenylthiocarbonyl moieties were synthesized success-
fully and ligated to give MAPs. Thus, the phenylthio-
carbamate/cysteine ligation method complements the
ligation techniques currently available to the peptide
chemist and should open novel opportunities for the
synthesis of complex peptide scaffolds. Rapid degrada-
tion of the thiocarbamate linkage was observed at pH
8.1. Interestingly, the thiocarbamate linkage is stable at
or below pH 7.5 and thus is compatible with most exper-
imental procedures used in biochemistry or biology.

EXPERIMENTAL SECTION

Synthesis of Peptides 6a and 6b

Peptide H-GILK(Boc)E(tBu)PVH(Trt)GA was assembled on a
Novasyn TGR resin (Novabiochem, 0.3 mmol, 0.23 mmol/g)
using a Pioneer peptide synthesizer (Applied Biosystems)
and standard Fmoc/tert-butyl protocols [23]. The resin was
washed thoroughly with anhydrous THF and then reacted
with phenylthiochloroformate (Sigma-Aldrich, ref 561 231,
1.20 mmol, 173 µl) and Et3N (1.2 mmol, 154 µl) in THF

(12 ml) during 1 h 30 min at rt. The resin was then
washed twice with CH2Cl2 and Et2O and dried in vacuo.
Deprotection and cleavage from the resin was performed in
TFA/H2O/thioanisole (96.5/2.5/1 v/v/v, 30 ml) during 1 h at
rt. The peptide was precipitated in Et2O/n-heptane (1/1 by vol,
300 ml) and centrifugated. The solid was solubilized in water
and lyophilized. The crude product was purified by RP-HPLC
to give 201 mg (48%) of peptide 6a.

Peptide 6a: C53H82N14O13S; MW, 1155.37; RP-HPLC and
capillary zone electrophoresis (CZE) purities (pH 3.0 20 mM

sodium citrate or 50 mM pH 4.5 sodium acetate buffers)
were >98%; MALDI-TOF [M + H]+ calcd (monoisotopic) 1155.6,
found 1155.6.

Peptide 6b was obtained similarly. Starting from 0.05 mmol
of Novasyn TGR resin, 30.1 mg (45%) of peptide 6b were
obtained after RP-HPLC purification.

Peptide 6b: C49H82N14O13S; MW, 1107.33; RP-HPLC and
CZE purities (pH 3.0 sodium citrate or pH 4.5 sodium acetate
buffers) were >98%; MALDI-TOF [M + H]+ calcd (monoisotopic)
1107.6, found 1107.3.

Synthesis of Peptide 12

Peptide 12 was assembled on a Novasyn TGR resin
(Novabiochem, 0.25 mmol, using a CEM microwave peptide
synthesizer (Orsay, France) and standard Fmoc/tert-butyl
protocols [23].

The resin was washed thoroughly with anhydrous THF and
then reacted with phenylthiochloroformate (0.25 mmol, 36 µl)
and N-methylmorpholine (0.25 mmol, 27 µl) in THF (3 ml)

Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2008; 14: 1244–1250
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during 30 min at rt. The resin was then washed twice with
CH2Cl2 and Et2O and dried in vacuo. Deprotection and cleav-
age from the resin was performed in TFA/H2O/thioanisole
(96.5/2.5/1 v/v/v, 8 ml) during 1 h at rt. The peptide was
precipitated in Et2O/n-heptane (1/1 by vol, 250 ml) and cen-
trifugated. The solid was solubilized in water and lyophilized.
111.8 mg of peptide 12 was obtained (R = 77%).

Peptide 12: C22H35N5O4S; MW, 465.34; RP-HPLC purity,
97%; CZE purity (pH 3.0 sodium citrate buffer), 96%; CZE
purity (pH 4.5 sodium acetate buffer), 93%; MALDI-TOF
[M + H]+ calcd (monoisotopic), 466.2, found 466.1.

1H NMR (300 MHz, (DMF, δH ): 0.88 (3H, t, CH3 δ Ile), 0.95
(3H, d, CH3 γ Ile), 1.32 (3H, d, CH3 Ala), 1.34 (1H, m, CH2 γ

Ile), 1.5 (3H, m, CH2 ε Lys, CH2 γ ′ Ile), 1.83 (5H, m, CH2 δ Lys,
CH2 γ Lys, CH2 β Ile), 3.03 (2H, m, CH2 β Lys), 4.35 (3H, m,
CH α Lys, CH α Ile, CH α Ala), 7.09 (1H, s, CONH2) 7.54 (6H, m,
ArH, CONH2), 7.97 (1H, d, NH Ala), 8.28 (1H, d, NH Lys), 8.41
(1H, d, NH Ile). 13C NMR (75.4 MHz, DMF, δC) 13.0, 13.2, 16.6,
17.6, 20.3, 20.4, 24.7, 26.8, 27.2, 29.1, 29.2, 33.5, 33.7, 39.1,
39.3, 41.7, 41.8, 51.0, 55.3, 59.7, 62.4, 72.7, 131.3, 131.4,
131.6, 137.5, 167.4, 170.6, 173.2, 173.4, 173.5, 177.0.

Synthesis of Peptide 15

Peptide H-C(StBu)ILK(Mtt)E(tBu)PVH(Trt)GV was assembled
on a Novasyn TGR resin (Novabiochem, 0.19 mmol,
0.23 mmol/g) using a Pioneer peptide synthesizer (Applied
Biosystems) and standard Fmoc/tert-butyl protocols [23]. The
peptidyl resin was reacted with Boc2O (415 mg, 1.90 mmol)
in DMF during 1 h. The resin was then washed with DMF
(4 × 2 min) and CH2Cl2 (4 × 2 min). The absence of unreacted
amino groups was verified using the 2,4,6-trinitrobenzene-1-
sulfonic acid test [31]. Selective deprotection of Mtt group was
performed using 1% TFA in CH2Cl2 (17 × 11.4 ml) [29]. The
resin was neutralized with 5% DIEA in CH2Cl2 (5 × 2 min)

and washed with CH2Cl2 (6 × 2 min). The resin was then
reacted during 2 h with PhSCOCl (110 µl, 0.76 mmol) and
Et3N (107 µl, 0.76 mmol) in anhydrous THF (7.6 ml). The
resin was then washed with THF (4 × 2 min), CH2Cl2 (6 ×
2 min), Et2O (2 × 2 min) and dried. Deprotection and cleav-
age from the resin was performed in TFA/water/thioanisole
(96.5/2.5/1 v/v/v) during 1 h. The peptide was precipitated
in cold Et2O/n-heptane (1/1 by vol), redissolved in water and
lyophilized. RP-HPLC purification furnished 33.9 mg (17.5%)
of peptide 15.

Peptide 15: C60H96N14O13S3; MW, 1316.64; RP-HPLC
purity, 91%; CZE purity (pH 3.0 sodium citrate buffer), >98%;
CZE purity (pH 4.5 sodium acetate buffer), >98%; MALDI-TOF
[M + H]+ calcd (monoisotopic) 1317.7, found 1317.9.

Synthesis of Lysinyl Cores 19 and 21

Lysinyl cores 19 was prepared starting from NovaSyn TGR
resin (0.025 mmol, 0.23 mmol/g). Fmoc-L-Lys(Boc)-OH and
Fmoc-L-Lys(Fmoc)-OH were coupled successively using stan-
dard Fmoc/tert-butyl protocols. The terminal Fmoc groups
were removed using 20% piperidine in DMF (5 and 15 min).
The resin was washed with DMF (5 × 2 min) and then with
anhydrous THF (8 × 2 min) under argon. The resin was
reacted for 30 min with phenylthiochloroformate (0,05 mmol,
7.2 µl) and N-methylmorpholine (0.05 mmol, 5.6 µl) in 500 µl
of anhydrous THF under argon. The resin was then washed

with THF (3 × 2 min), CH2Cl2 (3 × 2 min), Et2O (3 × 2 min)

and dried. Deprotection and cleavage from the resin was per-
formed during 1 h at rt in a mixture of TFA/H2O/thioanisole
(96.5/2.5/1 v/v/v). The crude product was precipitated in
50 ml of Et2O/n-heptane (1/1 v/v), solubilized in water and
lyophilized. RP-HPLC purification yielded 7.0 mg (42%) of pep-
tide 19 as a white hygroscopic powder.

Peptide 19: C26H35N5O4S2; MW, 545.21; RP-HPLC purity,
>98%; CZE purity (pH 3.0 sodium citrate buffer), 91%; CZE
purity (pH 4.5 sodium acetate buffer), 88%; MALDI-TOF
[M + H]+ calcd (monoisotopic) 546.2, found 546.2.

Tetravalent lysinyl core 21 was obtained similarly. Starting
from 0.1 mmol of Novasyn TGR resin; 15.8 mg (13.3%) of
peptide 21 was obtained after RP-HPLC purification.

Peptide 21: C52H67N9O8S4, MW, 1073.39; RP-HPLC purity,
93%; CZE purity (pH 3.0 sodium citrate buffer), 93%; CZE
purity (pH 4.5 sodium acetate buffer), 84%; MALDI-TOF
[M + H]+ calcd (monoisotopic) 1074.4, found 1074.5.

Ligations

Synthesis of peptide 8. Ligation between peptide 6a (9.60 mg,
7.0 µmol) and peptide 7 (10.0 mg, 7.0 µmol) was performed in
a pH 7.48 0.2 M sodium phosphate buffer containing 4% by vol
of thiophenol under argon at 20 °C. Final peptide concentration
was 50 mM. After 24 h, the crude reaction mixture was purified
by RP-HPLC to give 11.9 mg (66%) of peptide 8.

Peptide 8: C96H160N28O25S; MW 2137.18; RP-HPLC purity,
94%; CZE purity (pH 3.0 sodium citrate buffer), >98%; CZE
purity (pH 4.5 sodium acetate buffer), 96%; MALDI-TOF
[M + H]+ calcd (monoisotopic) 2138.2, found 2138.1

Peptide 13. Ligation between peptide 11 (29.91 mg,
66.0 µmol) and peptide 12 (38.11 mg, 66.0 µmol) was per-
formed in a pH 7.45 0.2 M sodium phosphate buffer containing
4% by vol of thiophenol under argon at 20 °C. Final pep-
tide concentration was 50 mM. After 24 h, the crude reaction
mixture was purified by RP-HPLC to give 37.9 mg (71%) of
peptide 13.

Peptide 13: C30H49N9O8S; MW 695.34; RP-HPLC purity,
98.5%; CZE purity (pH 3.0 sodium citrate buffer); 98.6%; CZE
purity (pH 4.5 sodium acetate buffer), 98.8%; MALDI-TOF
[M + H]+ calcd (monoisotopic) 696.3, found 696.2.

1H NMR (300 MHz, DMF, δH ): 0.85 (3H, t, CH3 δ Ile), 0.92
(3H, d, CH3 γ Ile), 1.22 (1H, m, CH2 γ Ile), 1.30 (3H, d, CH3 β

Ala), 1.53 (3H, m, CH2 ε Lys, CH2 γ ′ Ile), 1.80 (5H, m, CH2 δ

Lys, CH2 γ Lys, CH β Ile), 3.08 (4H, m, H β, β ′ Tyr, CH2 β

Lys), 3.40 (2H, m, CH2 Cys), 3.85 (2H, t, CH2 Gly), 4.25 (1H,
t, CH α Ile), 4.37 (3H, m, CH α Ala, CH α Lys, CH α Cys), 4.64
(1H, dd, CH α Tyr), 6.73 (2H, d, J 8.5, H3,5 Tyr), 7.10 (2H, d, J
8.4, H2,6 Tyr), 7.14 (1H, s, CONH2), 7.19 (1H, s, CONH2) 7.45
(1H, s, CONH2), 7.59 (1H, s, CONH2) 8.07 (1H, d, NH Ala),
8.20 (1H, d, NH Lys), 8.33 (1H, t, NH Gly), 8.63 (1H, d, NH
Ile), 8.92 (1H, d, NH Tyr). 13C NMR (75.4 MHz, DMF δC): 13.2,
17.6, 20.5, 24.8, 27.3, 29.3, 39.2, 41.9, 44.7, 51.1, 55.2, 55.8,
58.0, 62.9, 117.5, 130.1, 132.8, 159.0, 168.3, 169.9, 173.3,
173.5, 173.7, 173.9, 177.2.

Peptide 16. Peptide 15 (17.9 mg, 11.6 µmol) was dissolved
under argon in 116 ml of pH 7.5 0.1 M sodium phosphate
buffer and 4.7 ml of thiophenol. After 26 h, thiophenol was
extracted with cyclohexane (6 × 120 ml). The crude product
was purified by RP-HPLC to give 9.5 mg (66%) of peptide 16.

Peptide 16: C50H82N14O13S; MW, 1118.59; RP-HPLC and
CZE purities (pH 3.0 sodium citrate or pH 4.5 sodium acetate
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buffers), >98%; MALDI-TOF [M + H]+ calcd (monoisotopic)
1119.6, found 1119.8.

Peptide 22. Peptide 7 (20.8 mg, 14.5 µmol) and divalent
lysinyl core 19 (4.78 mg, 7.25 µmol) were reacted under argon
in a pH 7.4 sodium phosphate buffer containing 20% by vol of
tert-butanol and 4% by vol of thiophenol. After 5 days at 20 °C,
the crude reaction mixture was purified by RP-HPLC to give
6.6 mg (30%) of peptide 22.

Peptide 22: C112H191N33O28S; MW, 2510.39; RP-HPLC
purity, 97%; CZE purity (pH 3.0 sodium citrate buffer), 87%;
CZE purity (pH 4.5 sodium acetate buffer), 81%; MALDI-TOF
[M + H]+ calcd (monoisotopic) 2511.4, found 2511.5.

Peptide 23. Peptide 7 (20.02 mg, 14.0 µmol) and tetravalent
lysinyl core 21 (2.76 mg, 2.33 µmol) were reacted under argon
in a mixture of DMF/thiophénol/DIEA (253/11/16 µl). After
43 h at rt, the crude reaction mixture was purified by RP-HPLC
to give 3.2 mg (22.8%) of peptide 23.

Peptide 23: C224H379N65O56S4; MW, 5003.76; RP-HPLC
purity, >99%; CZE purity (pH 3.0 sodium citrate buffer),
93%; CZE purity (pH sodium acetate buffer), 95%. ESI (30 V,
80 °C source temperature, 120 °C desolvatation temperature,
N2 flow 350 l/h): [M + 4H]4+ m/z calcd 1252.1, found 1252.97;
[M + 5H]5+ calcd 1001.9, found 1002.5.

Supporting Information

Supporting information may be found in the online version of
this article.
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analyses.

REFERENCES
1. Tam JP, Xu J, Eom KD. Methods and strategies of peptide ligation.

Biopolymers 2001; 60: 194–205.
2. Lemieux GA, Bertozzi CR. Chemoselective ligation reactions with

proteins, oligosaccharides and cells. Trends Biotechnol. 1998; 16:
506–513.

3. Casi G, Hilvert D. Convergent protein synthesis. Curr. Opin. Struct.

Biol. 2003; 13: 589–594.
4. Dawson PE, Muir TW, Clark-Lewis I, Kent SB. Synthesis of

proteins by native chemical ligation. Science 1994; 266: 776–779.
5. Macmillan D. Evolving strategies for protein synthesis converge on

native chemical ligation. Angew. Chem., Int. Ed. Engl. 2006; 45:
7668–7672.

6. Saxon E, Armstrong JI, Bertozzi CR. A ‘traceless’ Staudinger
ligation for the chemoselective synthesis of amide bonds. Org. Lett.

2000; 2: 2141–2143.
7. Bode JW, Fox RM, Baucom KD. Chemoselective amide ligations

by decarboxylative condensations of N-alkylhydroxylamines and
alpha-ketoacids. Angew. Chem., Int. Ed. Engl. 2006; 45:
1248–1252.

8. Gieselman MD, Xie L, van Der Donk WA. Synthesis of a
selenocysteine-containing peptide by native chemical ligation. Org.

Lett. 2001; 3: 1331–1334.
9. Quaderer R, Hilvert D. Selenocysteine-mediated backbone cycliza-

tion of unprotected peptides followed by alkylation, oxidative elim-
ination or reduction of the selenol. Chem. Commun. (Camb.) 2002;
22: 2620–2621.

10. Botti P, Carrasco MR, Kent SBH. Native chemical ligation
using removable N-alpha-(1-phenyl-2-mercaptoethyl) auxiliaries.
Tetrahedron Lett. 2001; 42: 1831–1833.

11. Tam JP, Yu Q. Methionine ligation strategy in the biomimetic
synthesis of parathyroid hormones. Biopolymers 1998; 46:
319–327.

12. Roelfes G, Hilvert D. Incorporation of selenomethionine into
proteins through selenohomocysteine-mediated ligation. Angew.

Chem., Int. Ed. Engl. 2003; 42: 2275–2277.
13. Baleux F, Dubois P. Novel version of Multiple Antigenic Peptide

allowing incorporation on a cysteine functionalized lysine tree. Int.

J. Pept. Protein Res. 1992; 40: 7–12.
14. Rose K. Facile synthesis of homogeneous artificial proteins. J. Am.

Chem. Soc. 1994; 116: 30–33.
15. Grandjean C, Rommens C, Gras-Masse H, Melnyk O. One-pot

synthesis of Antigen-bearing, Lysine-based cluster mannosides
using two orthogonal chemoselective ligation reactions. Angew.

Chem., Int. Ed. Engl. 2000; 39: 1068–1072.
16. Rose K, Zeng W, Regamey PO, Chernushevich IV, Standing KG,

Gaertner HF. Natural peptides as building blocks for the synthesis
of large protein-like molecules with hydrazone and oxime linkages.
Bioconjugate Chem. 1996; 7: 552–556.

17. Grandjean C, Gras-Masse H, Melnyk O. Synthesis of clustered
glycoside-antigen conjugates by two one-pot, orthogonal,
chemoselective ligation reactions: scope and limitations. Chemistry

2001; 7: 230–239.
18. Spetzler JC, Tam JP. Unprotected peptides as building blocks for

branched peptides and peptide dendrimers. Int. J. Pept. Protein Res.

1995; 45: 78–85.
19. Rao C, Tam JP. Synthesis of peptide dendrimers. J. Am. Chem. Soc.

1994; 116: 6975–6976.
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