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Abstract—A synthesis of EPO 22–37 glycopeptide (1), presenting the N-linked dodecasaccharide of erythropoietin, is described.
� 2006 Elsevier Ltd. All rights reserved.
Figure 1. EPO 22–37 glycopeptide (1).
We have been focusing on preparing homogeneous
erythropoietin (EPO) by chemical synthesis.1 The com-
plexity of the undertaking has served to identify prob-
lems in oligosaccharide synthesis and in glycopeptide
synthesis, and has prompted new strategies for ligating
such synthetic polypeptides en route to larger structures.
In addition to enabling access to naturally biosynthe-
sized glycoproteins, chemical synthesis offers the realistic
prospect of building homogeneous modified glycopep-
tides designed through insights from structural biology.2

The heart of the challenge is that of building glycopoly-
peptides which are mature in their oligosaccharide
domains, and can be ligated with broad structural
latitude to peptides and peptidoglycans. With these
capabilities, one could target specific, known biologi-
cally active glycoproteins while seeking structural
advantages through the modalities of medicinal chemis-
try (Fig. 1).

In an earlier publication directed to the erythropoietin
(EPO) problem, we related the synthesis of the protected
biantennary dodecamer glycan 4.3 The synthesis com-
menced with the preparation of hexasaccharide (2) and
trisaccharide (3), through recourse to glycal assembly
methods developed in our laboratory and through appli-
cation of the Crich–Kahne direct mannosylation proto-
col.4,5 Under Sinay radical cation activation conditions,
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coupling of 2 with excess amounts of 3 successfully
provided the fully protected dodecasaccharide 46

(Scheme 1).

Given the degree of functionalization of dodecasaccha-
ride 4, careful consideration had to be given to the
sequence of the deprotection pathway. First, the methyl
esters of the erstwhile sialic acid functionalities would
be unmasked, along with the ten acetyl protecting
groups, in order to achieve compatibility with condi-
tions required for the subsequent phthalamide removal.
In practice, hydrolysis of the methyl esters, accompanied
by removal of the resident acetyl protecting groups, pro-
vided an appropriate substrate for cleavage of the two
phthalamide moieties through exposure to ethylenedi-
amine.7 This intermediate was subjected to peracetylation
to afford the bis-lactone intermediate 5. The next step
involved the removal of the anomeric TBS ether through
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Scheme 1. Synthesis of the protected glycan of the EPO dodecasaccharide.
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exposure to TBAF. Subsequent solvolysis gave rise to
intermediate 6 (Scheme 2).

At this stage, we were obliged to face a key challenge in
this sequence—the concomitant removal of the 22 benzyl
ethers and the two phenyl sulfonamides of the ensemble
with maintenance of the anomeric hydroxyl group. Fortu-
nately, exposure of 6 to Birch reduction conditions
(Na/NH3), following previously developed procedures,
indeed accomplished the global deprotection.8 Finally,
Kochetkov anomeric amination conditions readily
provided the glycosylamine 7 in good overall yield from
the fully protected 4.9 The realization of compatibility of
the sialic acid residues with the Kochetkov amination
conditions was particularly welcome.

With the deprotected dodecasaccharide in hand, we
turned our attentions to the ultimate goal of merging
the glycan with the EPO peptide fragment. Toward that
Scheme 2. Reagents and conditions: (a) NaOMe, MeOH; (b) H2NCH2CH2N
NH3; (g) Ac2O, NaHCO3; (h) NH4HCO3, H2O (63% overall yield).
end, peptide 8, which corresponds to EPO (22–28), was
prepared under previously described conditions, and
equipped with a C-terminal phenolic ester (Scheme
3).10 Aspartylation between 7 and 8, with concurrent
lactone formation, provided 9.11 At this stage, we inves-
tigated the feasibility of native chemical ligation between
9 and the EPO (29–37) peptide (10), itself available
through solid-phase peptide synthesis. Happily, under
improved conditions (PBS, PhSH, TECP), ligation using
our O! S migration based method proceeded smoothly
to afford 1, corresponding to the full EPO 22–37 glyco-
peptide domain, in good overall yield.10,12

In summary, the synthesis of a key fragment contained
in the naturally occurring glycoprotein, erythropoietin,
has been accomplished by strictly chemical means.
Toward this end, the complex dodecasaccharide domain
of EPO has been successfully assembled, deprotected,
and coupled to the requisite peptide fragment through
H2; (c) Ac2O, py.; (d) TBAF, AcOH; (e) NaOMe, MeOH/H2O; (f) Na,



Scheme 3. Reagents and conditions: (a) 7, HATU, iPr2NEt, DMSO, 40%, (b) PBS, 1% PhSH, TCEP, 56%.
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aspartylation. Furthermore, the peptide domain has
been elongated following application of our recently
developed native chemical ligation methodology. The
assembly of 1 clearly lays the groundwork for the reali-
zation of the ultimate goals, as described above. A cor-
responding advancement in the construction of mature
O-linked glycopeptides is described in the letter which
will follow.
Acknowledgments

This work was supported by the NIH (CA28824 to
S.J.D.). We thank Dr. George Sukenick, Ms. Sylvi
Rusli, and Ms. Hui Fang of the Sloan-Kettering Insti-
tute’s NMR core facility for mass spectral and NMR
spectroscopic analysis (SKI core Grant No. CA02848).
Postdoctoral fellowship support is gratefully acknowl-
edged by B.W. (New York State Department of Health,
New York State Breast Cancer Research and Education
Fund).
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.
2006.09.050.
References and notes

1. (a) Wu, B.; Chen, J.; Warren, J. D.; Chen, G.; Hua, Z.;
Danishefsky, S. J. Angew. Chem., Int. Ed. 2006, 45, 4116–
4125; (b) Wu, B.; Warren, J. D.; Chen, J.; Chen, G.; Hua, Z.;
Danishefsky, S. J. Tetrahedron Lett. 2006, 47, 5219–5223;
(c) Chen, J.; Warren, J. D.; Wu, B.; Chen, G.; Wan, Q.;
Danishefsky, S. J. Tetrahedron Lett. 2006, 47, 1969–1972.

2. (a) Nilsson, B. L.; Soellner, M. B.; Raines, R. T. Annu.
Rev. Biophys. Biomol. Struct. 2005, 34, 91–118; (b)
Grogan, M. J.; Pratt, M. R.; Marcaurelle, L. A.; Bertozzi,
C. R. Annu. Rev. Biochem. 2002, 71, 593–634; (c) Miller, J.
S.; Dudkin, V. Y.; Lyon, G. J.; Muir, T. W.; Danishefsky,
S. J. Angew. Chem., Int. Ed. 2003, 42, 431–434; (d)
Mandal, M.; Dudkin, V. Y.; Geng, X.; Danishefsky, S. J.
Angew. Chem., Int. Ed. 2004, 43, 2557–2561; (e) Geng, X.;
Dudkin, V. Y.; Mandal, M.; Danishefsky, S. J. Angew.
Chem., Int. Ed. 2004, 43, 2562–2565.

3. Wu, B.; Hua, Z.; Warren, J. D.; Ranganathan, K.; Wan,
Q.; Chen, G.; Tan, Z.; Chen, J.; Endo, A.; Danishefsky, S.
J. Tetrahedron Lett. 2006, 47, 5577–5579.

4. (a) Danishefsky, S. J.; Bilodeau, M. T. Angew. Chem., Int.
Ed. 1996, 35, 1380–1419; (b) Danishefsky, S. J.; Allen, J.
R. Angew. Chem., Int. Ed 2000, 39, 836–863.

5. (a) Crich, D.; Sun, S. J. Org. Chem. 1997, 62, 1198–1199;
(b) Crich, D.; Sun, S. Tetrahedron 1998, 54, 8321–8348; (c)
Kahne, D.; Walker, S.; Cheng, Y.; Engen, D. V. J. Am.
Chem. Soc. 1989, 111, 6881–6882.

6. (a) Zhang, Y. M.; Mallet, J. M.; Sinay, P. Carbohydr. Res.
1992, 236, 73–88; (b) Marra, A.; Mallet, J. M.; Amatore,
C.; Sinay, P. Synlett 1990, 572–574.

7. Dudkin, V. Y.; Miller, J. S.; Danishefsky, S. J. J. Am.
Chem. Soc. 2004, 126, 736–738.

8. (a) Wang, Z.-G.; Zhang, X.; Live, D.; Danishefsky, S. J.
Angew. Chem., Int. Ed. 2000, 39, 3652–3656; (b) Wang,
Z.-G.; Zhang, X.; Visser, M.; Live, D.; Zatorski, A.;
Iserloh, U.; Lloyd, K. O.; Danishefsky, S. J. Angew.
Chem., Int. Ed. 2001, 40, 1728–1732; (c) Iserloh, U.;
Dudkin, V.; Wang, Z.-G.; Danishefsky, S. J. Tetrahedron
Lett. 2002, 43, 7027–7030; (d) Wang, Z.-G.; Warren, J.
D.; Dukin, V. Y.; Zhang, X.; Iserloh, V.; Visser, M.;
Eckhardt, M.; Seeberger, P. H.; Danishefsky, S. J.
Tetrahedron 2006, 62, 4954–4978.

9. Likhosherstov, L. M.; Novikova, O. S.; Derevitskaja, V.
A.; Kochetkov, N. K. Carbohydr. Res. 1986, 146, C1–C5.

10. Warren, J. D.; Miller, J. S.; Keding, S. J.; Danishefsky, S.
J. J. Am. Chem. Soc. 2004, 126, 6576–6578.

11. Cohen-Anisfeld, S. T.; Lansbury, P. T. J. Am. Chem. Soc.
1993, 115, 10531–10537.

12. (a) Chen, G.; Warren, J. D.; Chen, J.; Wu, B.; Wan, Q.;
Danishefsky, S. J. J. Am. Chem. Soc. 2006, 128, 7460–
7462; (b) Johnson, E. C. B.; Kent, S. B. H. J. Am. Chem.
Soc. 2006, 128, 6640–6646.

http://dx.doi.org/10.1016/j.tetlet.2006.09.050
http://dx.doi.org/10.1016/j.tetlet.2006.09.050

	Mature homogeneous erythropoietin building blocks by  chemical synthesis: the EPO 22 - 37 glycopeptide domain  presenting the full N-linked dodecasaccharide
	Acknowledgments
	Supplementary data
	References and notes


