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Glycoproteins are particularly suited to protein semisynthesis since homogeneous samples for biological analyses are not readily available
using traditional recombinant techniques. Here we apply glycosyl iodoacetamides, normally used for the modification of bacterially derived
proteins, to solid-phase glycopeptide synthesis. This provides access to glycopeptide o-thioesters, which may lend themselves to the
semisynthesis of homogeneous N-linked glycoprotein mimics and novel glycopeptide libraries.

It is well established that protein glycosylation can be a vital novel methods for the synthesis of simpler structural
co- and post-translational modification for the normal growth analogues (glycopeptide mimics) that have been employed
and development of organisms. This is compounded by thesuccessfully in various glycobiological studie$he main
knowledge that the glycan moiety of glycoproteins is aim of such an approach is to simplify the synthesis relative
implicated in an increasing number of important biological to the natural products. However, some additional advanta-
processes from correct protein folding and secretion to-cell geous properties such as resistance to hydrolysis may also
cell recognitiont Understanding how and why these highly be conferred while remaining functionally silent.
specific interactions come about has always been hindered The first report on the use of glycosyl iodoacetamides such
by the difficulties associated with the “microheterogeneity” as1 (Figure 1) for the synthesis dfi-linked glycoprotein
of glycoproteins: mimics' was soon followed by a report discussing modifica-
As a result of the problems associated with the synthesistion of short unprotected synthetic peptides sequences
of glycopeptides and glycoproteins, chemists have soughtcontaining a single cysteine residue in solutioMore

* Email for S.L.F.: s.flitsch@ed.ac.uk. (3) Reviewed in: Marcaurelle, L. A.; Bertozzi, C. Rhem. Eur. J1999

(1) Parodi, A. JAnnu. Rew. Biochen2000, 69, 69. Varki, A.Glyco- 5, 1384. Davis, B. G.; Jones, J. Bynlett1999, 1495. See also: Allen, J.
biology1993 3, 97. Rudd, P. M.; Wormald, M. R.; Stanfield, R. L.; Huang, R.; Harris, C. R.; Danishefsky, S. J. Am. Chem. SoQ001,123, 1890.
M. D.; Mattsson, N.; Speir, J. A.; DiGennaro, J. A.; Fetrow, J. S.; Dwek, Marcaurelle, L. A.; Bertozzi, C. RJ. Am. Chem. SoQ001,123, 1587.
R. A.; Wilson, I. A.J. Mol. Biol. 1999,293, 351. Helenius, A.; Aebi, M. Schafer, A.; Klich, G.; Schreiber, M.; Paulsen, H.; ThiemCarbohydr.

Science2001, 291, 2364. Frigerio, L.; Lord, J. MCurr. Biol. 2000, 10, Res.1998, 313, 107. Wang, L. X.; Tang, M.; Suzuki, T.; Kitajima, K.;

R674. Dwek, R. AChem. Rev1996,96, 683. Inoue, Y.; Inoue, S.; Fan, J. Q.; Lee, Y. &.Am. Chem. S0d.997,119,
(2) Rush, R. S.; Derby, P. L.; Smith, D. M.; Merry, C.; Rogers, G.; 11137.

Rohde, M. F.; Katta, VAnal. Chem1995,67, 1442. (4) Davis, N. J.; Flitsch, S. LTetrahedron Lett1991,32, 6793.

10.1021/01025627w CCC: $22.00  © 2002 American Chemical Society
Published on Web 04/09/2002



Table 1. Examples of Glycopeptide Mimics Formed Using
Solid-Phase Chemistry Depicted in Figure 1 and “thio”-CD52 as

: the Peptide Scaffofd
o}
r saccharide glyco- cale. obs.
BiN{GQCDTSQTSSPS ]J\OQ haloacetamide peptide m/z m/z
Ry
) Py
N
R4 ¥ X
Rs O (x=lordy
rSH o
1 R;=R, =0H, R; = NHA 1457. 1457.
BocHN—[GQCDTSQTSSPS])LOQ =R, =OH, R ¢ 6 57.9 57.9
OH UDP-Galactose, 1,4 -Gal T
HO Q N
HO T
HocﬁL b) NHAS “R,=OHR,=p-GalR,;=NHAc”> 7 16199  1619.8
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u
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BocHN—[GQCDTSQTSSPSj)J\OQ 3R=R=0Ac,R=NHAc 9 15836  1583.6
4 R;= OH, R)= B-GlcNAc, 10 1660.9 1661.1
c) R;= NHAc
5 R;=OH, Ry= $-Gal, R;= OH 11 1578.9 1578.7

Unprotected glycopeptide

a2 Enzymatic transformations can also be carried out on the glycopeptide
Figure 1. Model CD52 study. (a) 10% DTT sat. NHCOs/DMF, products.
24 h, quant. (b) Glycosyl iodoacetamide (3 equiv), DMF, 2.5%

v/v pyridine, 3 h, 95-100%. (c) 95% TFA, 3 h.

the synthesis of peptides containing post-translational modi-
fications such as phosphorylatfoand glycosylatio# that
recently this and closely related methodologies have providedare not under direct genetic control. We therefore aimed to
the first examples of homogeneously glycosylated, bacterially widen the scope of the original iodoacetamide method to
derived proteins. In such cases, the site of modification haSinc|ude protein Semisynthesis_ Through chemical Synthesis]
been specifically targeted using a mutagenesis/modificationit should be trivial to differentiate between cysteines involved
approach. In this way specific protein glycoforms in the-20  in disulfide bonds and those to be modified by glycosylation
25 KDa molecular weight range have been preparéde using orthogonally protected cysteine residues. We also
iodoacetamide methodology may, however, be limited by aimed to conduct all reactions and glycopeptide synthesis
obstacles, including incomplete modification of free thiols on the solid phase using 4-sulfamylbutyryl-AM resin, al-
on recombinant proteins, which then require further separa-|owing glycopeptide mimetiax-thioesters to be prepared

tion. Furthermore, the introduction of extra cysteine residues ysing standard Fmoc chemis#dThis facilitated application
into proteins may not be wholly tolerated, for example, where

the introduction of more than one cysteine residue into a
recombinantly derived protein is desirable, yet the protein Int. Ed. 2000,39. 451.
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tions have driven the search for a means of expanding the

present methodology.

Methods for protein semisynthesis, particularly native

chemical ligatiorh and expressed protein ligatfbare par-

ticularly suited to glycoprotein synthesis since they enable
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s merization of glycosylamines (which results in af

mixture of glycopeptide product?.

Ho OH We began with a model system on which to optimize the
oAR N chemistry. CD52, a cell surface glycopeptide, was chosen
NHAc?r'\ as it containdN-linked glycosylation and is modified at its
C-terminus with a GPI anchd?. The peptide moiety was
H,N—(GQCDTSQTSSP s))ks/\© first synthesized on acid-labile NovaSyn-TGT resin, allowing
facile monitoring of each process. The peptide was prepared

1563.9 using standard Fmoc chemistry, replacing the native aspar-
MH* agine residue with the commercially available'Bsthio
protected cysteine. Following peptide synthésite tert-
butylthio protecting group was removed by subjecting the
resin to 10% DTT in DMF (stirred previously with solid
(NH4)2CQOs). The free thiol was then derivatized using
793.5 synthetic saccharide bromoacetamides or iodoacetamides
(Figure 1).

Generally, quantitative sulfhydryl modification was achieved
within 1.5 h using 3 equiv of glycosyl haloacetamide. The
resin-bound products were then cleaved with 95% TFA,
| ol ) purified by semipreparative HPLC, and characterized by
B mass spectrometry (Table 1).

Figure 2. Extension to sulfonamide resin affords the “thio”-CD52 The ability for different saccharides to be efficiently ligated
glycopeptide mimico-benzylthioester after cleavage. Calculated to a peptide scaffold may also facilitate glycopeptide library
mass= 1563.9 Da, observed mass1563.9 Da. synthesig® potentially useful for the display of carbohydrate-
dependent T-cell antigens, where the peptide moiety is

to native chemical ligation or further C-terminal modification. Present only to enable binding within the major histo-
This also overcomes various problems associated with compatibility complex (MHC) peptide binding cléeft.

forming native linkages between the carbohydrate and Next, the potential for this chemistry to be applied to native
peptide moieties such as aspartamide formation and ano-chemical ligation and expressed protein ligation was ex-
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Figure 3. (a) Fmoc-Gly-OH, PyBOP, DIPEA, DMF, rt. (b) Fmoc SPPS. (c) 10% DTT, 2.5% v/v DIPEA, DMF, 24 h. (d) 2.5% viv
pyridine, DMF, 3 h (e) (1) ICHCN, DIPEA, DMF, 16 h; (2) BnSH, NaSPh, THF, 16 h. (f) 85% TFA, 5%05% EDT, 5% thioanisole.
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plored. The same CD52 glycopeptide mimic was thus || ||

prepared on 4-sulfamylbutyryl-AM (safety-catch) resin and
cleaved as describédThe glycopeptide was released from 1172.1 (3+)
an aliquot (50 mg) of resin with benzyl mercaptan in the
presence of catalytic NaSPh after activation with iodoaceto- HO OH
nitrile. The backbone protecting groups were then cleaved HC’%H
(85% TFA, 5% ethanedithiol, 5% thioanisole, 5% water, 3 NHAC M,
h), and the pure glycopeptidethioester product (2.5 mg, st © s} 0
32%) was obtained after ether precipitation and semiprepara- HN—-{_C6 EPO (1-28) N24C])kssn
tive HPLC (Figure 2). 879.3 (4+)
To test the methodology further and to test specifically
for the ability to differentiate between cysteine residues I
within the same peptide sequence, we applied this method ) j | ‘.MJLWM b b e L
to the synthesis of the first 28 amino acids of the glycoprotein =™ & s 0 T s e e e e
hormone erythropoietin (EPO). Within this fragment is gigure 4. Electrospray mass spectrum of the glycosylated EPO
contained the first glycosylation site (Asn24) and a cysteine fragment (residues 1—28), prepared as a C-terminal thioester.
residue (Cys-6) that is involved in disulfide bond formation.
We aimed to differentiate between the cysteine residues using
the commercially availabltert-butylthio-protected cysteine  proteins has been expanded to encompass solid-phase glyco-
as described above (Figure 1) to release the free thiol for peptide synthesis, providing access to homogeneously gly-
modification (Asn24Cys) an8-trityl modification for Cys- cosylatedN-linked glycopeptide mimiax-thioesters. The
6. The peptide was prepared using standard Fmoc solid-phas@roducts can be applied to native chemical ligation and
synthesis on 4-sufamylbutyryl resin. This would ultimately expressed protein ligation. Furthermore, we can achieve
afford a C-terminal thioester for native chemical ligation. quantitative modification of specific, introduced cysteine
Figure 3 demonstrates how this peptide was prepared. residues using as little as 3 equiv of glycosyl haloacetamides.
Again, the glycopeptide product was characterized by In doing so, some potential problems associated with the
electrospray mass spectrometry after HPLC purification original approach such as incomplete sulfhydryl modification,
(Figure 4) and will be used for the synthesis of semisynthetic lengthy purification, and ambiguity in the site of modification
erythropoietin in future studies. can be abolished. It should be noted that it is the stability of
In summary, the use of glycosyl haloacetamides for the the thioether-linked saccharides that allows this chemistry
incorporation of oligosaccharides into bacterially derived to be applied to native chemical ligation. Other common
approaches that rely on linking oligosaccharides through a
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