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Protein and peptide conjugates such as glycopeptides, prenylated peptides, and lipopeptides play essential roles in biology. A rapid and
convergent entry into a variety of these compounds is described. The methodology involves the introduction of a dehydroalanine into peptides
and subsequent chemoselective conjugate addition of an appropriate thiolate nucleophile, including farnesylthiolate or thioglycosides.

Protein and peptide conjugates such as glycoproteins, precysteine can be incorporated into peptides at pre-selected
nylated proteins, and lipoproteins play essential roles in positions using solid-phase peptide synthesis (SPPS). After
numerous cellular processes including cell adhesion, mem-global deprotection and cleavage from the resin, chemo-
brane localization, signal transduction, viral infection, and selective oxidation yields a dehydroalanine containing pep-
the immune response. Because of the importance of thesdide? Addition of a suitable nucleophile to this electrophile
processes in many human disorders such as cancer metastasigoduces the desired peptide conjugate.

rheumatoid arthritis, and viral infections, the synthesis of  Most of the methods developed to date for the preparation
peptide conjugates has been the focus of extensive investigaef peptide conjugates utilize a building block approach in
tion.! We report here a versatile and rapid route toward a which a derivatized amino acid is incorporated into the
variety of peptide conjugates using a chemoselective con-peptide during SPPSThe route described above presents a
vergent ligation between nucleophilic reagents and unpro- conceptually attractive alternative involving standard SPPS
tected peptides containing an electrophilic handle. Our and subsequent site-specific modification of the unprotected
general route toward site-specific introduction of function- peptide in the final step of the assembly. This strategy would
alities into peptides is shown in Schemesk-Phenylseleno-  circumvent any potential interference of the conjugate of

I — interest with existing optimized protocols of SPPS such as

protecting group usage, coupling methods, and cleavage from

Scheme 1 the support. Furthermore, such a convergent strategy would
o] o] ?xidatit\jfe allow a rapid and versatile entry into libraries of peptide
FmochN AL, _SPPS R'HN\:/U\NHRn S/ conjugated.Unfortunately, few general methods for the site-

Noeph Sgeph specific preparation of peptide conjugates from unprotected
peptides exist to date because of the inability to control
o 0 regioselective introduction of the conjugate in the presence
R'HN RSH R'HN .
NHR" - NHR (1) See, for instance: Hinterding, K.; Alonso-Diaz, D.; Waldmann, H.
chemoselective SR Angew. Chem., Int. EA998,37, 688—749.
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of multiple reactive amino acid side chains. The function- mitoylated at a nearby cysteine residdesmall peptides
alities encountered in natural amino acids include nucleo- corresponding to th€-terminal sequence of Ras and other
philic, acidic, and basic groups but no electrophilic moieties. CaaX-terminated proteins have been shown to function as
Thus, introduction of an electrophilic group into peptides substrates for farnesyl transferasand farnesylated peptides
will provide a handle for the chemoselective conjugation of can serve as substrates for the prot&ddand methyltrans-
nucleophiles. We recently reported facile methodology to ferase®3 Thus, preparation of small molecular weight
prepare dehydroalanine containing peptides that is fully substrates for these enzymes is an important {dalrther-
compatible with SPP%Here we describe the utility of such  more, substrate analogues may be used as mechanistic tools
peptides for the rapid preparation of a variety of peptide or inhibitors® Whereas farnesyl transferase has a limited
conjugates including glycopeptides and prenylated peptides.spectrum of substrate tolerance with respect to the prenyl

Our first efforts to test the feasibility of the route focused 9roup and gan be used only to prepare substrates and certain
on prenylated peptides. Many proteins terminating in a CaaX- a.nalogueé, _chemlcal synthesis Of unnatural gnalogues IS
motif (C = cysteine; a= usually hydrophobic residue; ¥ virtually unlimited as long as efficient synthetic routes are
various amino acids) are farnesylated or geranylgeranylatedavailable.

on cysteine residues to direct membrane localiz&tiGme Prenylated peptides have been synthesized using a number
well-studied example is Ras, which is posttranslationally Of strategies and the advantages and drawbacks of the various

modified by farnesyl transferase on the cysteine residue of methods have been review&dWaldmann and co-workers
the consensus mofifAfter farnesylation, proteolytic removal ~have recently developed very useful synthetic routes to
of the three terminal amino acids by a carboxy terminal isoprenylated peptides that contain both palmitoyl and prenyl
endoproteinasend transformation of the cysteine carboxyl- attachments using ingenious protecting group strategies to
ate into its methylester by isoprenylcysteine carboxyl methyl- €nsure compatibility with the acid sensitive prenyl group and
transferase (|Cnﬁ)are required for the maturation of Ras. base labile palmltoyl thioestéf.These methods have relied

In some cases the prenylated protein is subsequently pal-on solution phase peptide synthesis and fragment couplings
and have been used for a variety of applicati&n®@ur

alternative to previous approaches is shown in Scheme 2.

Scheme 2
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presence of cesium fluoride or farnesylthiolacetate in com- ||| NN

bination with NaOMe provided the farnesylated peptile Scheme 3
in 65% unoptimized yield? o o
Nq asymmetric inductipn by the chira] backbone of the AcHN-ISV'n\:/U\RSTS-OH NalOs AcHN-lSV'H\n)j\RSTS—OH
peptide was observed in the protonation of the enolate i MeOH/H,0
intermediate formed by the initial Michael additighThe 4 S5oPh 82% 5
two diastereomers, however, could be readily separated by OAc
reverse phase HPLC. Although the lack of diastereoselec- Acom h 0
tivity in the Michael addition reduces the yield of the desired AcO oA AcHN_,SV,NfLRSTS
natural isomer, the ease and versatility of the three step 6 o) phe
protocol provides an attractive alternative to established NaOMe, MeOH /;Sc m&%

synthetic routes. To illustrate this, a number of other lipids 5%
as well as thioacetate were linked to peptiti€Table 1).

_ vided theS-linked glycopeptid&.??> As in the case of the

Table 1. Conjugate Addition of Various Thiolate Nucleophiles ~ conjugation of farnesylthiolate to peptide no diastereo-
to Dehydropeptide?2 selectivity was observed in the addition &®f The product
glycopeptide corresponds to &linked mimic of a sequence

7

entry nucleophileb yield (%) . . . .
of human keratin K182 an intermediate filament (IF)
L GerSAc 2 phosphoglycoprotein carrying singlg-linked N-acetyl-
2 GerGerS-TIPS 76 . . - .
. - glucosamines on Ser and Thr residues. Mice knockout studies
3 Dimethylallylthioacetate 69

4 ACSK 67 have shown IF proteins to be essential in fetal developfent,
and inherited blistering skin diseases are associated with
mutations in epidermal keratii®.The addition of single
N-acetylglucosamines is not confined to keratins but is in
fact a ubiquitous posttranslational modification found for a
wide variety of nuclear and cytoplasmic proteth3he rapid
preparation of peptides containing this modification may aid
in the determination of their functional roles.

aSee Supporting Information for experimental detdllAbbreviations:
Ger, geranyl; Far, farnesyl; GerGer, geranylgeranyl; TIPS, triisopropylsilyl.

After establishing the feasibility of the chemoselective
conjugation, we turned our attention to glycopeptides.

S-Glycosylated peptides have been explored as mimetics for Encouraged by the results in Scheme 3, we explored the

O-linked glycopeptided! In some of these studiess- )
glycosylated amino acids were reported to possess a higherSCOpe of the methodology as shown in Table 2. A short

chemical stability than thei®-linked counterpart&29 Our dehydroalanine containing tripeptidewas used such that

: . ! : . the stereoselectivity of the reaction with respect to the
entry intoS-linked glycopeptides is presented in Scheme 3. - :

. - ! : glycosidic bond could be determined by NMR spectroscopy.
Michael addition of3-2-acetamido-3,4,6-triacetyl-&acetyl- : : .
2-deoxy-1-thios-glucopyranose to dehydropeptids pro- Entries 1 and 2 afforded only th&linked glycopeptide as

determined by COSY experiments (see Supporting Informa-

(17) () Stober, P.- Schelhass, M. Nagele, E. 1 buch P Reétey. J tion). Thus, the stereochemical integrity at the anomeric
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Schelhaas, M.; Kuder, N.; Waldmann, Bl. Am. Chem. Sod998, 120, this chemoselective conjugation strategy is best illustrated

?833;6“:’?& (c) Schmittberger, T.; Waldmann, Bloorg. Med. Chem 999, by entry 3, Table 2. Addition ofinprotected3-thioglucose
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Waldmann, H.; Schelhaas, M.; Nagele, E.; Kuhimann, J.; Wittinghofer, A.; . . . f
Schroeder, H.: Silvius, J. Rngew. Chem., Int. Ed. Engl997, 36, 2238 developed method for introduction of dehydroalanines into

2241. (c) Schroeder, H.; Leventis, R.; Rex, S.; Schelhaas, M.; Nagele, E.; unprotectedpeptides, the overall route confines the use of

Waldmann, H.; Silvius, J. RBiochemistry1997, 36, 13102—13109. (d) ; ;
Schelhaas, M.; Nagele, E.; Kuder, N.; Bader, B.; Kuhlmann, J.; Wittinghofer, protecting groups to SPPS. Expansion of the methodology

A.; Waldmann, HChem. Eur. J1999 5, 1239-1252. (e) Bader, B.; Kuhn,
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2000,403, 223—226. of thioglycosides to Michael acceptors such as cyclopentenone and
(19) For another recent example of Michael additions to dehydroalanines, cyclohexenone: Hindsgaul, O. US 5,932,554, 1999; US 5,968,907, 1999.
see: Ferreira, P. M. T.; Maia, H. L. S.; Sacramento, J.; Séloaslial. (23) Ku, N. O.; Omary, M. BJ. Biol. Chem1995,270, 11820—11827.
Chem. Soc., Perkin Trans.2D00, 3317—3324. (24) (a) Baribault, H.; Price, J.; Miyai, K.; Oshima, R. Genes Deuv.

(20) Diastereoselective Michael addition (9:1) of methanethiol to proline- 1993,7, 1191—1202. (b) Baribault, H.; Penner, J.; lozzo, R. V.; Wilson-
dehydroalanine dipeptides has been reported: Schmidt,ler @E.Angew. Heiner, M. Genes De. 1994 8, 2964-2973. (c) Hesse, M.; Franz, T,
Chem., Int. Ed. Engl1976,15, 42. Tamai, Y.; Taketo, M. M.; Magin, T. MEMBO J.2000,19, 5060—5070.

(21) (a) Baran, E.; Drabarek, 8ol. J. Chem1978,52, 941—-946. (b) (25) (a) Ishida-Yamamoto, A.; Tanaka, H.; Nakane, H.; Takahashi, H.;
Gerz, M.; Matter, H.; Kessler, Hnt. J. Pept. Prot. Resl994,43, 248— lizuka, H.J. Dermatol. Sci1998,18, 139-154. (b) Irvine, A. D.; McLean,

257. (c) Kasbeck, L.; Kessler, H.iebigs Ann.1997, 165—167. (d) W. H. Br. J. Dermatol.1999,140, 815—828. (c) Oshima, R. G.; Baribault,
Marcaurelle, L. A.; Bertozzi, C. RChem. Eur. J1999,5, 1384—1390. (e) H.; Caulin, C.Cancer Metastasis Re#996,15, 445—471.

Ohnishi, Y.; Ichikawa, M.; Ichikawa, YBioorg. Med. Chem. Let2000, (26) (a) Hart, G. WANnnu. Re. Biochem1997, 66, 315-335. (b) Comer,
10, 1289—1291. (f) Jobron, L.; Hummel, @rg. Lett. 2000, 2, 2265— F. I.; Hart, G. W.J. Biol. Chem2000,275, 29179—29182.

2267. (g) Bousquet, E.; Spadaro, A.; Pappalardo, M. S.; Bernardini, R.;  (27) For a different example of using unprotected 1-thio sugars to link
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541. 2001,3, 405—407.
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Table 2. Chemoselective Conjugation of Thioglycosides and
Dehydropeptide3

Ac-GIy’N\ﬂ)J\Gly-OtBu Ac-Gly” fj\Gly-OtBu
8 SR
entry RSH yield (%)
AcO 62
: AcO Q
AcO SH
NHAc
2 AcOr 62
AcO Q
AcO: SH
AcO
3 OH 74
HO Q
HO SH
HO

to a-linked thiogalactosides and tailor-made thiooligo-

saccharides is in progress.
In principle, both the oxidative elimination and Michael

additions should be amenable to solid-phase techniques. W
have explored this possibility by using SPPS to prepare
peptide9 on Wang resin, followed by successive treatment

with H,O, in DMF and 1-thiog-glucopyranose. After

cleavage of the resulting peptide from the resin and HPLC

purification, the desired glycopeptid®was obtained in 45%

overall yield over 9 steps including SPPS (Scheme 4). This

Scheme 4
ACHN-GA™ Y “AS(tBU)T(BUS(tBuy—() ———n
g DMF
SePh
9
OH o

1. H
HO Q AcHN-GA™ Y ASTS-OH
HO SH OH
OH 0
EtsN, DMF S
HO on©oH

2. TFA, HSi(iPr)3 10

the heterogeneity found in glycoconjugates in nature. Fur-
thermore, new methods for the rapid synthesis of peptide
conjugates are becoming increasingly important with the
emergence of powerful ligation techniques to introduce
synthetic peptides into larger proteitislt is therefore
noteworthy that our method can also be extended to artificial
conjugates such as peptides carrying fluorescent probes or
spin labels. Our current efforts focus on a diastereoselective
version of the methodology.
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route reduces the number of HPLC purifications from three for the addition reactions is described, as well as character-

to one, thereby significantly simplifying the process.

In summary, we have developed a rapid and versatile entry
into peptide conjugates using dehydroalanines as an electro-
philic handle. The present work describes the preparation
of isoprenylated and glycopeptides using conjugation of 236

ization of the peptide conjugates.
OL015648A
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