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The technique of native chemical ligation enables the total chemical synthesis of proteins. This method is limited, however, by an absolute
requirement for a cysteine residue at the ligation juncture. Here, this restriction is overcome with a new chemical ligation method in which
a phosphinobenzenethiol is used to link a thioester and azide. The product is an amide with no residual atoms.

New methods are facilitating the total chemical synthesis of residue in one peptide attacks the carbon &@-terminal
proteinst In particular, Kent and others have developed an thioester in another peptide to produce, ultimately, an amide
elegant means to stitch together two unprotected peptides inbond between the two peptides (Scheme 1). Recently, Muir
aqueous solutiod.In this method, which is called “native

chemical ligation”, the thiolate of ahl-terminal cysteine _

Scheme 1
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(1) For historical references, see: (a) Merrifield, R. Riencel984 0 HoN" peptide
232 341-347. (b) Kent, S. BAnnu. Re. Biochem.1988 57, 957-989.
(c) Kaiser, E. T.Acc. Chem. Red989 22, 47-54. peptide
(2) Dawson, P. E.; Muir, T. W.; Clark-Lewis, |.; Kent, S. Bcience
1994 266, 776-779. For important precedents, see: (a) Wieland, T.; HoN™ “peptide
Bokelmann, E.; Bauer, L.; Lang, H. U.; Lau, Hiebigs Ann. Chen1953 ‘
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583 129-149. (b) Kemp, D. S.; Galakatos, N. G.Org. Chem1986 51,
1821-1829. For reviews, see: (c) Muir, T. W.; Dawson, P. E.; Kent, S. B.
H. Methods Enzymoll997, 289, 266—298. (d) Wilken, J.; Kent, S. B. H.
Curr. Opin. Biotechnol1998 9, 412-426. (e) Kochendoerfer, G. G.; Kent,
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Cotton, G. J.; Holford, M.; Muir, T. WBiopolymers200Q 51, 343—354.

For reviews, see: (d) Holford, M.; Muir, T. WStructure1998§ 15, 951—

956. (e) Cotton, G. J.; Muir, T. WChem. Biol.1999 6, R247-R256. o ; ;

Evan(S’)T. C.. Jf.; Xu. M.-OBiopolymers200Q 51, 333-342. 0 a_md_others have expgnded the ut|.I|ty of native chemical
(4) For a few specific ligation reactions, this restriction has been ligation by demonstrating that the thioester fragment can be

overcome by using the native conformation of the protein to guide the produced readily with recombinant DNA (I’DNA) tech-

regioselective coupling of an activated ester and amine. For examples, see. .

(a) Homandberg, G. A.; Laskowski, NBiochemistryl979 18, 586—-592. niques?

(b) Wuttke, D. S.; Gray, H. B.; Fisher, S. L.; Imperiali, B. Am. Chem. Though powerful, native chemical ligation has a serious

So0c.1993 113 8455-8456. (c) Vogel, K.; Chmielewski, J. Am. Chem. T :
S0c.1994 116 11163-11164. (d) Beligere G. S.. Dawson, P. E.Am. limitation. The method has an absolute reliance on the

Chem. Soc1999 121, 6332-6333. formation of a peptide bond to a cysteine resif@reating
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a linkage at a natural Xa&Cys bond is not always possible, mechanism for this version of the “Staudinger ligatiti$

as cysteine comprises only 1.7% of the residues in globularshown in Scheme 2. The ligation begins by transthioesteri-
proteins? Installing an extra cysteine residue is often
undesirable. Cysteine is by far the most reactive residue
toward disulfide bonds, £)g), and other electrophilésln Scheme 2

addition, the sulfhydryl group of cysteine can suffer SH

elimination to form dehydroalanine, which can undergo PR,

further reactiord. Thus, the impact of native chemical ligation o o) pR
would be even greater were it not limited to creating an-Xaa )Ls ?

Cys bond. peptide” "SR’ EE—— peptide

Offer and Dawson have described a means to remove the
limitation inherent in native chemical ligatidhin their
method, a peptide bond is formed from a thioester and an
o-mercaptobenzylamine. Though effective, this method is
engrammic, leaving-mercaptobenzylamine in the ligation )j\ _peptide
product. peptide” N o /—l}l
Here, we describe a method for peptide ligation that +PR; e TRRe
eliminates the need for a cysteine residue and leaves no -s@ peptide LS\©
lHQO
0
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residual atoms in the peptide product. Our method is inspired
by the Staudinger reactidhin the Staudinger reaction, a
phosphine is used to reduce an azide to an amine; PR
NsR' + H,O — O=PR; + HoNR' + N(g). The intermediate

in the reaction is an iminophosphorang®PR—"NR’), which O,

has a nucleophilic nitrogen. Vilarrasa and others have shown I _peptide Hs e
that this nitrogen can attack an acyl donor in an intermo- peptide” ~N~ * \©
lecular or intramolecular reactidfThe final product, after H

hydrolysis of the amidophosphonium salt, is an amide. Saxon
and Bertozzi have shown that the acyl group can originate
from the phosphine itself and be transferred to the imino- fication with the phosphinothiol. Coupling of the resulting
phosphorane nitrogen in an intramolecular reaction in water. phosphinothioester with a peptide azide leads to the formation
Their product is an amide containing a phosphine oxide. of the reactive iminophosphorane. Attack of the iminophos-

To apply the Staudinger reaction to peptide synthesis, we Phorane nitrogen on the thioester leads to an amidophos-

use a phosphinothiol to unite a thioester and azide. A putativePhonium salt. Hydrolysis of the amidophosphonium salt
produces the desired amide and a phosphine oxide. Signifi-

cantly, no atoms from the phosphinothiol remain in the amide

(5) McCaldon, P.; Argos, FProteins1988 4, 99-122.

(6) (a) Schneide(, C. H.; de Weck, A. Bj_ochim. Biophys. Acta965 pI‘OdUCﬂ2
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9) Staudingf(erj ié Il\/llext/)er. J\i(elv.GChiQ;]. Actal9l|9 il 6?(5—64;;: FOLr . We chose ano-phosphinobenzenethiol {RCGH4-0-SH)
reviews, see: (a) Gololobov, Yu. G.; Zhmurova, I. N.; Kasukhin, L. F. . . : :
Tetrahedron1981, 37, 437-472. (b) Gololobov, Yu. G.; Kasukhin, L. F. beca%*_se it allows a six-membered ring to form in the
Tetrahedron1992 48, 1353-1406. transition state for acyl transfer. Moreover,F&:H-0-SH

(10) For examples, see: (a) Bosch, I.; Romea, P.; Urpf, F.; Vilarrasa, J. ; ; ;

Tetrahedron Lett1993 34, 4671-4674. (b) Bosch I.; Urpi F.; Vilarrasa J. doe_s hot a”OW for the forma“on, of an episulfide and a stable
J. Chem. SocChem. Commuri995 91-92. (c) Shalev, D. E.; Chiacchiera, ~amidophosphine (®PNRC(O)R’) by C—P bond cleavage

%3/'1-: Ef)ldléowsrlfyi A-GE-; Kolsowlir, E N. ng\-ﬁhemlgﬁﬁoﬁly 1C6ﬁ9 in the amidophosphonium salt, as would simple alkanethiols
. oscn, 1.; Gonzalez, A.; Urpl, F.; Vilarrasa,JJ.org. em. . . .
1996 61, 5638-5643. (e) Tang, Z.; Pelletier, J. Tetrahedron Lettiog ~ SUch as BPCHCH,SH. Further, thiophenol itself is known
39, 4773-4776. (f) Ariza X.; Urpi, F.; Viladomat, C.; Vilarrasa J.  to effect the transthioesterification of thioesters during native
Tetrahedron Lett1998 39, 9101-9102. ; ; i~ Al3
(11) Saxon, E.; Bertozzi, C. Fscience200q 287, 2007-2010. chemical ligatiorY _ , o
(12) Amide formation by intramolecular acyl transfer from lsracyl We demonstrated the efficacy of the Staudinger ligation

imidazole to an iminophosphorane nitrogen is also traceless and effective by effecting the transformation shown in Scheme 3%R
(Bertozzi, C. R. Presented at the 218th National Meeting of the American

Chemical Society, New Orleans, LA, August 1999: Paper ORGN 233).  BN). In this trz_insformation, the peptide ACPheGWNHBD‘ (
(13) Dawson, P. E.; Churchill, M.; Ghadiri, M. R.; Kent, S. G. 8. was synthesized from a phenylalanyl thioestéy §nd a

Am. Chem. Sod 997 119, 4325-4329. . . i . )
(14) o-(Diphenylphosphino)benzenethid?)(was prepared by reaction glycyl aZ|d_e é) lE)y t_he action ofo (d'phenylphOSphmO_)
of chlorodiphenyiphosphine and ortholithiated thiophenol, as described by benzenethiolZ).** Thioester3 was prepared in quantitative
Block, E; Ofori-Okai, G.; Zubieta, . Am. Chem. S04.989 111, 2327 yield by the transthioesterification of thioestérwith an

(15) Phosphines are remarkable catalysts of acyl transfer reactions EXCESS of phosphinobenzenethdlin DMF containing

(t\]/_edejs, g Diver, S.ITJf. Am. (h:hefm. S0993 f115» 335?—}?359%. Hence, | diisopropylethylamine (DIEA}® Excess thiol was removed
thioester3 may result from the formation of an acylphosphonium salt . " . e .
(PhP*(CoHa-0-SH)C(O)R), followed by intramoleculd- to Sacyl migra- by covalent |mmob|I.|z.at|on to a Merrlf!eld resin (chloro-
tion. methylpolystyrene-divinylbenzene). Azide(1 equiv) was

1940 Org. Lett., Vol. 2, No. 13, 2000



s evidence for the formation of amide This result argues

Scheme 3 against the alternative mechanism.
SH PhosphinothioR has the attributes necessary to effect the
PPh, Staudinger ligation. Still, phosphinothiglhas low aqueous

solubility and bestows a yield that may be too low for some
o @ H Ho§ applications. We anticipate, however, that these limitations

N N 2 N\/lk R

ﬁ( : s/\[( _° . T8 can be overcome by structural optimization.
O R 0 R PPh,

We note that an optimized version of the Staudinger
1 3 ligation would expand the scope of protein synthesis.
Staudinger ligation of a thioester fragm&nand an azide
H\/@ fragment® would be orthogonal to native chemical ligation
/ﬁrN as well as other strategf@dor the coupling of unprotected
o peptides. Scheme 4 depicts the simplest proteins that would

"
\H/H\i /\H/HVQ Scheme 4

B synthesis synthesis synthesis
0 R 0 or or or .
5 rDNA H rDNA rDNA H synthesis
| I\H,NYI | E:'TNY-
O cys O any
added to a solution _of thloes_term unbuf_fered THF/HO Native Chemical Ligation Staudinger Ligation
(3:1), and the resulting solution was stirred at room tem-
perature for 12 h. The reaction was then acidified by the . .
synthesis synthesis

addition d 2 N HCI, and solvents were removed under or or
reduced pressure. Chromatography on silica gel gave purified MNA |, Synthess . 1DNA
amide5 in 35% yield!%1” The Staudinger ligation was also :'\[]’Nj/-\lf”j/:
effective for coupling azidet with the o-phosphinoben- O any O cys
zenethioester oN-acetyl glycine (R= H in Scheme 3).
Amide 5 could be formed by a mechanism other than that
in Scheme 2. Specifically, the amide product of the Staudinger
ligation could, in theory, arise from the reduction of the azide
followed by acyl transfer to the resulting amine. To test for
this occurrence, we mixed thioestgrand authentic Gly-
NHBnN under conditions (reactant concentrations, solvent,
temperature, and time) identical to those used to effect the
ligation of thioester3 and glycyl azide4. We saw no

Native Chemical Ligation + Staudinger Ligation

be accessible by native chemical ligation alone, the Staudinger
ligation alone, and a sequential combination of the two
methods. The use of thiol- or azide-protecting groups would
extend the versatility of these methods even further.
Finally, we suggest that the Staudinger ligation could also
be used with natural thioesters. For example, both the
(16) The other major product was GlyNHBn, which can derive from blosyntheSIS C?f polyketides a,nd the non”bqsomal b_losyn_
the Staudinger reaction (ref 9). thesis of peptides proceed via the elaboration of thioester

(17) The effect of alternative solvent conditions on the coupling efficiency jntermediated! Interception of these intermediates with a
of thioester3 and azide4 was explored. The reaction was performed in

THF/H;0 (3:1) buffered at pH 2, 4, 8, and 13.5. The reaction was also Ph0OSphinothiol would allow for Staudinger ligation to an

peréormed in methyllfne chlorideforr1 dimethyldformamide, fol(l‘ovrv1ed byldanf azide. Most significantly, ligation of a biosynthetic library

acidic agueous workup. None of these conditions improved the yield o ; ; ; ; :

product compared to that obtained in unbuffered THEH3:1). of t.hloesters wnh a chemical library pf agldes could be a
(18) A peptide or protein with &£-terminal thioester can be produced facile means to increase molecular diversity.
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