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An unprotected 16 residue peptide containing a C-terminal
thioester and an N-terminal selenocysteine residue effi-
ciently cyclizes in the presence of thiophenol; subsequent
reduction, elimination or alkylation of the selenol yields
modified cyclic peptides with alanine, dehydroalanine or a
non-natural amino acid at the site of ligation.

Cyclic peptides exhibit valuable activity as drugs and hor-
monest and considerabl e effort has been invested in devel oping
efficient methods for their synthesis.2 Chemoselective strate-
gies for ligation® are particularly attractive in this regard
because they allow unprotected peptides to be cyclized under
mild conditions in aqueous buffer.45 Such cyclizations tend to
occur in preference to oligomerization even at relatively high
peptide concentrations;® they can also beinitiated directly from
asolid support.” The synthesis of acircular protein domaing and
cyclization of peptides containing up to 6 cysteines through
successive ring expansion (the so-called ‘thia-zip’ reaction)®
illustrate the broad utility of these methods. Here we report an
extension of this approach that exploits the ability of selenocys-
teine to mediate chemical ligation.10

Under reducing conditions, peptides containing an N-
terminal selenocysteine have been shown to react with peptides
containing a C-terminal thioester to form a selenoester inter-
mediate that spontaneously rearranges to give the more stable
amide bond. This strategy has been used to prepare a variety of
selenopeptides and selenoproteins.’® The ease with which
selenols can be subsequently modified provides considerable
flexibility with respect to the formal choice of ligation site.

Themolecule chosentoillustrate the utility of thismethod for
preparation of cyclic peptides (1, Scheme 1) isbased on amodel
system previously described by Muir5 for cysteine-mediated
cyclizations. It consists of 16 residues and contains a C-terminal
ethyl thioester, an N-terminal selenocysteine in place of
cysteing, and an RGD motif that is involved in binding to the
integrin class of cell adhesion receptors.

The linear peptide was synthesized by conventional Fmoc-
based solid-phase peptide synthesis on a PAM resin preloaded
with glycine. The peptide chain was assembled on a 0.1 mmol
scale in stepwise fashion up to Tyr2 on an automated
synthesizer using standard HBTU/HOBt/NM P activation proto-
colst® for Fmoc-chemistry. Secl was introduced in the |ast step
as an Fmoc-Sec(Mob)-OPfp ester to minimize problems with
racemization and B-elimination.’2 The peptide was cleaved
from theresin at room temperature using an a uminium-thiolate
reagent, prepared from trimethyl auminium (0.2 M) and
ethanethiol (0.6 M),13in CH,Cl, under an inert atmosphere for
5 hto give the thioester directly. Following removal of the side
chain protecting groups with a cleavage cocktail containing
TFA and scavengers (TFA/H>O/EtSH/PhOH/triisopropylsilane
87.5:4:4:2:0.5; 4 °C for 75 min) and trituration with cold
diethyl ether, the crude product was dissolved in a mixture of
water and acetonitrile and lyophilized. The product was purified
by preparative RP-HPLC and characterized by electrospray
ionization mass spectrometry (ESI-MS). It was obtained as a
1:1 mixture of the mixed selenosulfide [1a, (av. isotope comp.
for C64H 103N19023525€) = 1649.7 Da; found = 1650.0 Da]
and Mob-protected selenol [1b, (av. isotope comp. for
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C70H107N19024SSe) = 1709.7 Da; found = 1710.0 Da],
resulting from incompl ete deprotection. Treatment of 1b with 1
M trimethylsilyl bromide in TFA containing m-cresol and
thioanisolel4 under argon at 4 °C for 1 h yielded the diselenide
dimer 1c [(av. isotope comp. for CiosH196N380465,Se) =
3177.2 Dg; found = 3177.0 Da).

Linear peptides 1b and 1c cleanly and chemoselectively
cyclized in phosphate buffer (0.1 M, pH 7.5) containing 3%
thiophenal (v/v). Thiophenol is needed to generate the reactive
selenal in situ and to activate the thioester via transthioester-
ification. After 3 h, both reactions were compl ete as judged by
HPLC. The desired cyclized peptide was formed quantitatively
as amixture of the diselenide dimer [2a, (av. isotope comp. for
C120H184N38046Se;) = 3052.9 Dag; found = 3054.0 Da] and the
mixed selenosulfide with thiophenol [2b, (av. isotope comp. for
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Scheme 1 Reagents and conditions: (a8) 1 M TMSBr in TFA/thioanisole/m-
cresol (750:120:50), 4 °C, 1 h, quant.; (b) 0.1 M phosphate, pH 7.5,
thiophenol 3% (v/v), 3 h, quant.; (c) 0.1 M phosphate, pH 7.6/acetonitrile
(1:1), TCEP, ICHCONH_, 6.5 h, 35%; (d) H>O,, water/acetonitrile (9: 1),
quant.; (e) 0.2 M phosphate, pH 8/acetonitrile (1:1), thiophenol 4% (v/v);
(f) Raney Ni, H, atm., TCEP, AcOH 20% (aq.), 6 h, 94%.
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C66H97N1902385e) = 1635.6 Da; found = 1635.8 Da] ina7l
to 29 ratio.

An attractive feature of selenocysteine-mediated ligation is
that it provides a convenient handle for subsequent chemical
manipulation. The unique reactivity of selenium makestailored
modification of the selenocysteine side chain possible. To
demonstrate this versatility, we have prepared severa deriva-
tives of peptides2a and 2b via alkylation, oxidative elimination,
and reduction of the selenol (Scheme 1).

The high nucleophilicity®s and low pK6 of selenols can be
exploited to introduce a wide range of electrophiles, including
mechanistic or spectroscopic probes, into peptides in a site-
selective fashion. For example, akylation of peptide 2b (3.3
mg, 2 umol) with a ninefold excess of iodoacetamide in
degassed phosphate buffer (0.1 M, pH 7.6) containing 50%
acetonitrile and tris(2-carboxyethyl)phosphine (TCEP, 1.4 mg,
5 wmol) as a reducing agent yielded peptide 3 [(av. isotope
comp. for CgzHeeN20024S€) = 1584.5 Da; found = 1585.0
Da]. This compound possesses a novel seleno ether analog of
homoglutamine at the origina site of ligation.

Selenocysteine derivatives also undergo fast and mild
oxidative elimination to generate dehydroalanine (Dha),”
which is found in many natural products and is also a useful
starting point for further elaboration.18 Indeed, as previously
seen with aryl selenides, the diselenide-containing cyclic
peptide 2a reacts with hydrogen peroxidein H,O/CH3CN (9:1)
at room temperature to give the Dha derivative 4 in quantitative
yield. The final product exhibits diagnostic olefinic peaks at &
5.72 and 5.81 ppm in the H-NMR spectrum and has the
molecular mass expected for the product of oxidative elimina-
tion [(av. isotope comp. for CeoHg1N19023) = 1446.5 Da; found
= 14459 Da]. The overal transformation proceeds via an
unstable intermediate, which is relatively long-lived under the
reaction conditions (7> = 60 min) and isreadily observed both
by HPLC and NMR spectroscopy.t In accord with the known
reactivity of diselenides toward hydrogen peroxide6 we
speculate that the unstable precursor to 4 is a seleninic acid
derivative of the starting peptide which undergoes subsequent
B-elimination. However, attempts to characterize it by ESI-MS
or LC-MS were unsuccessful, presumably because of the rapid
elimination of selenium during anaysis. Like other Dha
derivatives,18 compound 4 is susceptible to Michael addition by
nucleophiles. Thus, it reacts readily with thiophenol ina 1:1
mixture of acetonitrile and 0.2 M phosphate buffer (pH 8) to
give thioether 5 [(av. isotope comp. for CgHg7N19023S) =
1556.7 Da; found = 1556.0 Da).

Finaly, the selenocysteine was chemoselectively converted
to aanine by reduction of the relatively weak C—Se bond.
Peptide 2a (2.1 mg, 0.7 umol) was cleanly reduced to peptide 6
when vigorously stirred under a hydrogen atmosphere in the
presence of ca. 10 mass equivalents of Raney nickel and TCEP
(0.6 mg, 2 umol) in 20% AcOH (ag., 2 mL) for 6 hours. The
identity of the isolated peptide (2 mg, 94%) was confirmed by
ESI-MS [(av. isotope comp. for CegHoaN19023) = 14485 Da;
found = 1448.0 Da]. Without TCEP, which is used to form the
free selenol, conversion to alanine was not quantitative. Use of
Pd on Al,O3 with model compounds was similarly efficacious,
whereas PdO-catalyzed reductions gave inferior results with
and without the addition of TCEP. Similar findings have been
obtained for the reduction of cysteine to alanine.1® Since side
chain protected cysteine derivatives like Cys(Acm) and
Cys(tBu) are stable to the reductive conditions needed to
convert selenocysteine to aanine ¥ sequential selenocysteine-
and cysteine-mediated ligations can be used to create longer
peptides containing both Xaa-Ala and Yaa-Cys ligation sites.
Our findingsthus extend the cysteine ligation/reduction strategy
recently introduced by Dawson.19

In summary, the work presented in this communication
broadens the utility of selenocysteine in peptide and protein
chemistry. Selenocysteine-mediated native chemical ligation

provides a facile means of cyclizing peptides. The versdtile
post-ligation chemistry accessible to the selenocysteine side
chain makes this method especially valuable, particularly in the
context of efforts to join peptides at a wide variety of different
ligation sites. Of particular note in this regard is the facile
reduction of selenocysteine to alanine.

We thank the ETH Zurich and Novartis Pharma for financial
support, Brigitte Brandenberg for recording the NMR spectra,
and Gerard Roelfes for helpful discussions.
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dissolved in 20% ag. AcOH (25 mL). Raney nickel (ca. 10 massequiv.) was
added and the mixture vigorously stirred at room temperature under a
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the starting material. The same procedure was performed with H-Cys(tBu)-
OH.
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