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Preface

In the last 50 years molecular biology was dominated by the exploration of
proteins and nucleic acids. Beside their role in energy metabolism, oligosac-
charides, which represent the third class of biomacromolecules, have received
less attention. Today it is well established that oligosaccharides are involved
in many important biological regulation and recognition processes from pro-
tein folding to cell–cell communication. Glycosylation of proteins is the most
complex form of co- and posttranslational modification. The determination of
structure-function relationships, however, remains difficult due to the micro-
heterogeneity of glycoproteins that exist in many different glycoforms. Thus
chemical synthesis of glycoproteins and glycopeptides with defined glycan
structures plays a pivotal role for the detailed determination of the role of
protein glycosylation. This topic is covered by the first two chapters of this
book dealing with the chemical and enzymatic synthesis of glycopeptides and
glycoproteins. The third chapter describes the construction of glycopeptide
and glycoprotein mimetics containing non-natural structural elements. These
so-called neoglycopeptides and neoglycoproteins, respectively, can provide in-
sight on the importance of distinct structural elements on biological activity
and may have improved properties such as an increased stability. The applica-
tion of synthetic glycopeptides, in many cases at the clinical level, as vaccines
for both cancer and HIV is the subject of the fourth chapter. Glycopeptide
antibiotics are glycosylated secondary metabolites of bacteria and fungi that
are synthesized by non-ribosomal peptide synthetases. Some of them serve
as antibiotics of last resort in the treatment of nosocomial infections with
enterococci and methicillin-resistant Staphylococcus aureus (MRSA) strains.
Their structure, biosynthesis, and mode of action are summarized in the fifth
chapter. The last chapter covers current methods for the determination of
high-resolution structures of glycopeptides and glycoproteins mainly based
on NMR spectroscopy, X-ray crystallography, and molecular modeling.

It was my intention to provide a cross-section of modern methods in gly-
copeptide chemistry and I thank all the authors for their contributions. It is
the interdisciplinary combination of these synthetic, biophysical, and genomic
methods that will advance the field of glycobiology in future.

Konstanz, November 2006 Valentin Wittmann
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Abstract Despite its omnipresence in nature, comparatively little is known about how gly-
cosylation affects the function and activity of proteins. To understand the role of protein
glycosylation at the molecular level, it is important to have access to homogeneous glyco-
proteins and glycopeptides. Chemical synthesis is particularly suited to provide uniform
glycoprotein material, thus playing a pivotal role for the advancement of glycobiology.
This chapter summarizes the recent progress achieved in glycopeptide synthesis includ-
ing new glycosylation methods, enzymatic transformations, chemoselective ligation and
recombinant expression.

Keywords Glycobiology · Glycopeptides · Chemoenzymatic · Solid-phase synthesis ·
Chemoselective ligation

Abbreviations
Ac Acetyl
Acm Acetamidomethyl
Aloc Allyloxycarbonyl
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Bn, Bzl Benzyl
Boc tert-Butyloxycarbonyl
Bu Butyl
BSA Bovine serum albumin
CLEAR Cross-linked ethoxylate acrylate resin
CMP Cytidine monophosphate
DCC Dicyclohexylcarbodiimide
DCM Dichloromethane, methylene chloride
DIEA, DIPEA N,N-Diisopropylethylamine
DMAP 4-Dimethylaminopyridine
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
DTT Dithiothreitol
EDC, EDCI 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDT Ethane-1,2-dithiol
Fmoc 9-Fluorenylmethoxycarbonyl
Gdm Guanidinium
GDP Guanosine diphosphate
HATU 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate
HBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate
HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HMPA 4-Hydroxymethylphenoxyacetyl
HMPB 4-(4-Hydroxymethyl-3-methoxyphenoxy)butyryl
HOBt N-Hydroxybenzotriazole
HYCRON Hydroxycrotyloligoethylene glycol-n-alkanoyl
ivDde (4,4-Dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl
MCA Monochloroacetyl
MES-Na Sodium mercaptoethanesulfonate
MOPS 3-(N-Morpholino)propanesulfonic acid
NIS N-Iodosuccinimide
NMP N-Methylpyrrolidone
Pi Phosphate
Pbf 2,2,4,6,7-Pentamethyldihydrobenzofuran-5-sulfonyl
Phth Phthaloyl
PTSA p-Toluenesulfonic acid
PyBOP Benzotriazole-1-yl-tris-pyrrolidino-phosphonium hexafluorophosphate
SASRIN Super acid sensitve resin
Su Succinimidyl
TBAF Tetrabutylammonium fluoride
TBS tert-Butyldimethylsilyl
TCEP Tris(2-carboxyethyl)phosphine
Tf Trifluoromethanesulfonyl
TFA Trifluoroacetic acid
TFE Trifluoro ethanol
TfOH Trifluoromethanesulfonic acid
THF Tetrahydrofuran
TIS Triisopropylsilane
TMS Trimethylsilyl
Tris Tris(hydroxymethyl)aminomethane
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Troc 2,2,2-Trichloroethoxycarbonyl
Trt Trityl
Tsoc Triisopropylsilyloxycarbonyl
Z Benzyloxycarbonyl

1
Introduction

Protein glycosylation is an ubiquitous process that introduces tremendous
structural diversity to proteins. Glycosylation is the most complex protein
modification event and nature does not provide a coding template as it is
available for nucleic acids and peptides. Rather, a plethora of enzymes of
diverse activities confers the transfer of complex preformed carbohydrate
structures or the attachment of bridgehead, extension and branching building
blocks. Hence a given protein can exist in variant glycoforms, which compli-
cates the isolation of well-defined glycoconjugates. Other problems arise from
recombinant expression techniques. The host organism’s glycosylation pat-
tern might not match that of the original organism. Moreover, the artificial
cultivation conditions might result in the display of aberrant glycosylation.
Chemistry can solve this availability problem. Chemical and chemoenzymatic
synthesis provides access to homogeneous glycopeptides that enable a quan-
titative assessment of the relationship between the structure and function
of protein glycosylation. This chapter was written with the intention to give
insight into the very recent developments in the area of glycopeptide synthe-
sis. Readers who seek concise treatments of the field are guided to excellent
reviews [1–10].

2
The Glycosidic Linkage

Carbohydrates are commonly linked to proteins either N-glycosidically via
the amide side chain of asparagine or O-glycosidically via the hydroxyl
groups of serine and threonine. Less common are O-glycosidic linkages to hy-
droxylysine [11], hydroxyproline [12] and tyrosine [13], and the C-glycosidic
attachment to tryptophane [14].

The biosynthesis of N-linked glycopeptides starts at the rough endoplas-
matic reticulum in which a common glycan unit is transferred from a dolichol
phosphate to an Asn-Xxx-Ser/Thr sequon, Xxx being any amino acid except
proline [15]. Various glycosidases shear the glycan to a common pentasaccha-
ride core (Fig. 1) that is subject to further glycosylations.

O-Linked glycopeptides do not share a common biosynthetic pathway.
Unlike their N-linked glycoconjugate counterparts biosynthesis is accom-
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Fig. 1 Pentasaccharide core fragment and consensus sequence Asn – Xxx – Ser/Thr of
N-glycosidically-linked oligosaccharides (R = H, CH3)

Fig. 2 Some representative examples of O-linked carbohydrates

plished after translation had occurred. O-Glycoproteins of extracellular do-
mains frequently feature a 2-acetamido-2-deoxy-D-galactose (GalNAc) as
bridgehead α-O-linked to serine or threonine. Hereupon a large quantity of
glycosyltransferases attaches other monosaccharide building blocks thereby
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generating a bewildering number of carbohydrate structures. In cytoso-
lic proteins, the serine and threonine hydroxyl group residues can carry
β-O-linked 2-acetamido-2-deoxy-D-glucose (GlcNAc) which appears to serve
regulatory purposes [16, 17]. Galactose or the Glcα1 → 2Gal disaccharide
structures can be found β-O-glycosidically attached to hydroxylysine or hy-
droxyproline on structural proteins such as collagen [18]. Some represen-
tative examples are given in Fig. 2. Many more types of glycosylation are
known; for more detailed coverage the reader is addressed to the review
literature [19–27].

3
Biological Role

N-Linked glycosylation plays an important role in protein folding and traf-
ficking [28]. The lectins of the calnexin-calreticulin-chaperone system found
in the endoplasmatic reticulum (ER) interact with the N-linked carbohydrate
structures. Only properly folded glycopeptides are processed by glycosidases,
which remove terminal glucose moieties from the glycan thereby liberating
the functional protein. Improperly folded glycopeptides are retained in the
ER by the antagonistic action of a glycosyltransferase that reattaches a glu-
cose and in addition acts as a folding sensor [29–31]. This process allows for
correct folding and disulfide bond isomerization. In an extracellular environ-
ment, N-linked carbohydrates act as receptor ligands and structural elements.
For example, it was shown that the carbohydrate content of erythropoetine
makes up 40% of its total weight and variations of N-linked carbohydrates
alter the hormone’s serum half-life [32]. NMR experiments with CD2 – a sur-
face glycoprotein found on natural killer cells and T lymphocytes – revealed
that the proper orientation of the protein-proximal GlcNAc-GlcNAc disaccha-
ride on its surface is essential for the folding that enables CD58 binding [33].
In prokaryotic pathogens such as Campylobacter jejuni N-glycosylation is an
important factor for adherence to and invasion into in vitro cultured eukary-
otic cells [34–36].

In eukaryotic systems, the most prevalent form of O-linked glycosyla-
tion is of the so-called mucin-type of glycosylation, in which carbohydrates
are displayed on a GalNAc bridgehead α-O-linked to serine or threonine.
Various epithelial cell lines express mucins on their surface. This outer
mucin layer physically confines the cells and has a central role in main-
taining homeostasis and, therefore, in promoting cell survival in variable
conditions [37–43]. Aberrant glycosylation induced by changed expression
of glycosyltransferases in the course of cancer development enables the ma-
lign degeneration to control its local microenvironment likewise [44–47].
The altered glycosylation pattern is also utilized to encapsulate from the
immune system [47–55] and for tumor invasion and metastasis [56–66]. Nu-
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clear proteins, transcription factors, and skeletal proteins have been found to
contain a monosaccharide GlcNAc, which is β-O-linked to serine and threo-
nine side chains [67, 68]. The introduction of the β-O-GlcNAc moiety seems
to be a dynamic regulatory modification involved in signal-transduction
cascades [69, 70].

4
Synthesis of Preformed Glycosyl Amino Acid Building Blocks

4.1
N-Glycosides

The synthetic route commonly used for the synthesis of N-glycosides exploits
the formation of a peptidic bond between a glycosylamine 1 and an pro-
tected aspartic acid derivative 2 (Scheme 1 showing the principle) [71]. As
glycosylamine precursors usually glycosylazides are employed, which can be
obtained by treatment of glycosyl halides or 2-iodoglycosylsulfonamides with
azide salts [72–83].

In a strategy reported by Kiessling et al., glycosylazides are used di-
rectly for a stereoselective N-glycosylation by Staudinger Ligation. Herein
the glycosylazide 3 was reacted with phosphinothioester 4 furnishing gly-
cosylasparagine 5 in a moderate yield (Scheme 2) [84]. Takahashi and co-
worker described a synthesis that avoids the need to prepare glycosylazides.
The β-glycosyl trifluoroacetoimidate 6 was shown to react with asparagine
7 to deliver β-configurated N-glycosyl asparagine 8 [85]. Glycosylamines
can be prepared directly from unprotected sugars by Kochetkov’s proce-
dure, which involves treatment with ammonium bicarbonate [86, 87]. An
improved procedure based upon ammonium carbamate was introduced by
Likhosherstov [88–90]. The carbamic acid salts 10 are stable upon storage
and are converted into the free amines 11 by base-treatment or by apply-
ing vacuum. Flitsch et al. have shown the acceleration of the Kochetkov
procedure by irradiation with microwaves. The conversions of the sug-
ars into the corresponding amines were finished within 90 min with yields
ranging from 35 to 87% [91]. Complex N-linked glycosyl amino acids can
be obtained by releasing N-linked carbohydrates from natural glycoconju-

Scheme 1 (a) DCC, HOBt, THF, 79.5% [71]
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Scheme 2 (a) DMF, 45%; (b) TMSOTf, MeNO2, 0 ◦C to r.t., 68%; (c) NH4COONH2 in sat.
NH3 solution (d) base or high vacuum

gates [92]. In a recent example, chitin was enzymatically digested to furnish
chitobiose, which was subsequently converted to the corresponding glycosyl
amine [93].

Kajihara and co-workers isolated the sialylglycopeptide 12 in multigramm
quantities from hen egg yolk (Scheme 3) [94]. Enzymatic digest of 12 with
actinase E furnished glycosyl amino acid 13. For application in solid phase
peptide synthesis the amino group and the sialic acid carboxyl groups had
to be protected. After N-Fmoc-protection the glycosyl amino acid 14 was
treated with benzyl bromide and Cs2CO3 to block the sialic acid as ben-

Scheme 3 (a) Actinase E, Tris-HCl buffer, NaN3, pH 7.5, 86%; (b) Fmoc-OSu, NaHCO3,
acetone, H2O, 68%; (c) Cs2CO3, H2O, then BnBr, DMF, 85%
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zyl ester. Interestingly, the aspartic acid carboxyl group was not affected
by that treatment and remained available to activation for coupling in pep-
tide synthesis. A marginal restriction arose during the application in SPPS.
The coupling of the adjacent amino acid had to be stopped at 85% conver-
sion, otherwise hydroxyl groups of the glycan moiety were acylated also [95].
Glycosyl amino acid 14 was used as versatile building block that allowed
the remodeling of the carbohydrate structure by chemical and enzymatical
means [96, 97].

4.2
O-Glycosides

The preparation of the basic O-linked glycosyl amino acids (αGalNAc)Ser/Thr
18 is typically accomplished by treatment of glycosyl halides such as 16 with
the free hydroxyl groups of otherwise protected amino acids 17 in the pres-
ence of silver salts (Scheme 4) [98–114]. High α-selectivities can be achieved
when benzyl-protected glycosyl fluorides are employed as glycosyl accep-
tors [115]. The alternative reaction of acetimidates 16 with the protected
amino acids 17 in the presence of Lewis acids also assures access to the

Scheme 4 (a) Ag2CO3/AgClO4 (X = Hal); (b) TMSOTf (X = OCNHCCl3); (c) NaBH4,
NiCl2; (d) Ac2O, pyridine; (e) BF3OEt2, 17 (X = OAc); (f) AgOTf, 17 (X = Hal, OCNHCCl3);
(g) CuCl2
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desired compounds [98, 106, 107, 109, 113]. The synthesis of α-configured gly-
cosyl amino acids 18 relies on the 2-azido group as a non-participating
precursor of the 2-acetamido moiety [116]. In either case, the 2-substituent
will achieve its final state by reduction of the azido moiety. A conceptionally
different approach developed by Schmidt et al. utilized a Michael-type reac-
tion of a 2-nitroglycal with Boc/tBu-protected serine or threonine [117–120].
Glycosyl donors such as 19 [121–131] are employed when aiming for
(βGlcNAc)Ser/Thr building blocks 20. The anchimeric assistance of the acet-
amido group (R = Ac) or other acylamido groups (R = Troc, Phth, Aloc)
directs the glycosylation to the β-side. Rapid access to glycosyl amino acids
is granted by the use of peracetylated sugars as glycosyl donors [121–125].
An accelerated procedure applying microwave irradiation has recently been
reported by Seibel et al. [132]. In the synthesis of (βGlcNAc)Ser/Thr building
blocks, the relatively unreactive oxazolines such as 21 are commonly found
by-products. It has been shown that CuCl2 can act as mild activator, enabling
efficient coupling to Fmoc/All-protected serine [133].

For the synthesis of complex O-glycosides, a stepwise glycosylation strat-
egy has emerged as reliable. Thus, the carbohydrate part is assembled by
using a glycosyl amino acid as an acceptor, to which further glycan residues
are appended. Versatile syntheses for the preparation of the more complex
2,6-sialyl-T, 2,3-sialyl-T and sialyl-TN -antigens were developed by Kunz et al.
The assembly of the sialyl-TN building blocks 28 and 29 started from gly-
cosyl threonine 22 (Scheme 5). In the reaction of 22 with the sialyl xanthate
30 only the primary hydroxyl function reacted [134]. Subsequent protecting
group manipulations furnished the sialyl-TN building block 26. In galactose
the equatorial 3-OH is more reactive than the axial 4-OH. Hence, glycosyl-
ation of 25 with glucosyl bromide 31B delivered sialyl-TN building block
29. When necessary, the primary hydroxyl function of 22 was shielded from
reacting by blocking it as benzylidene acetal as seen in 23. Thereby it was pos-
sible to generate the T-antigen precursor 24. The reaction of 24 with the sialyl
xanthate 30, in which the C3-OH-function of 24 was attacked selectively, af-
forded the (2,3)-sialyl-T-threonine 28 [135]. The sialyl amino acids 26, 28 and
29 were used for solid-phase synthesis [134–139]. Takahashi and co-workers
developed a one-pot two-step strategy for the synthesis of the 2,6- [140, 141]
and 2,3-sialyl-T-antigens [141]. In the synthesis of the former, glycosyl ser-
ine 34 was glycosylated at the primary hydroxyl group by using β-thiophenyl
sialoside 32. Addition of thiogalactoside 33 to the reaction mixture furnished
a fully protected 2,6-sialyl-T-antigen. An enzymatic approach towards the
synthesis of 2,3 and 2,6-sialyl-T-antigens as well as other O-linked sialyl
oligosaccharides was published by Paulson et al. in which sialylation was
established by the use of two sialyltransferases, porcine Galβ(1–3)GalNAcα-
2,3-sialyltransferase (pST3Gal I) and chicken GalNAcα2,6-sialyltransferase
(chST6GalNAc I) [142]. A one-pot reaction sequence furnishing the sialyl-T
threonine derivative was reported by Kunz et al. Herein Fmoc/tBu-protected
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Scheme 5 (a) 30, MeSBr, 3 ÅMS, MeCN – CH2Cl2, – 65 ◦C, 59%; (b) Ac2O, pyridine;
(c) TFA, anisole, 85% (two steps); (d) 31B, Hg(CN)2, 4 Å MS, CH3NO2 – CH2Cl2;
(e) TFA, anisole, 34% (two steps); (f) PTSA (cat.), PhCH(OMe)2, DMF, 50 ◦C, vac-
uum, 75%; (g) 31A, Hg(CN)2, 4 ÅMS, CH3NO2 – CH2Cl2; (h) NaOMe, MeOH, pH 8.5,
58% (two steps); (i) 30, MeSBr, 3 ÅMS, MeCN – CH2Cl2, – 65 ◦C; (j) aq. AcOH (80%);
(k) Ac2O, pyridine; (l) TFA, anisole, 41% (four steps); (m) 31B, Hg(CN)2, 4 Å MS,
CH3NO2 – CH2Cl2, 86%; (n) aq. AcOH (80%), 87%; (o) 30, MeSBr, 3 ÅMS, MeCN – CH2Cl2,
– 65 ◦C, 58% α and 8% β-anomer; (p) TFA, anisole, 98%; (q) 32 (1.2 equiv.), 34
(1.0 equiv.), NIS (1.44 equiv.), TfOH (0.1 equiv.), CH3CN (5 mL mmol–1), 3 Å MS
(0.5 g mmol–1); – 35 ◦C, then 33 (1.8 equiv.), NIS (2.70 equiv.), TfOH (0.2 equiv.), CH2Cl2
(45 ml mmol–1), – 30 ◦C, 77%, α : β = 78 : 22; (r) Zn dust, THF, HOAc, Ac2O, 0 ◦C, 1 h;
(s) Pd(OH)2, THF, MeOH, HOAc, H2O, 2 h; (t) 0.1 N NaOH, MeOH, then H2O, 84% (three
steps)
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(GalNAcα)-threonine was subjected to a transgalactosylation employing lac-
tose as donor and β-galactosidase as biocatalyst, and a subsequent sialyl
transfer. The resulting O-unprotected glycoconjugate was then fully pro-
tected before acidolysis of the amino acids tBu-ester set the stage for solid
phase synthesis [143–145]. Albeit low yields the direct glycosylation of
O-unprotected serine and threonine building blocks employing glycosidases
has been reported [146–149].

The synthesis of α-mannosylated serine or threonine building blocks usu-
ally provides no specific challenges. Recently, Unverzagt et al. described the
concise synthesis of dimannosyl amino acids (Scheme 6). Disaccharide 38
was prepared by allowing thioglycoside 36 to react with mannosyl acetate
37. Under the conditions of thioglycoside activation, the anomeric acetate
of 37 remained intact. Conversion to the glycosyl fluoride activated the di-
saccharide 38 for the Lewis acid mediated reaction with Fmoc/Bn-protected
threonine. Subsequent hydrogenolysis afforded the glycosyl amino acid 39 as
suitable building block for solid-phase synthesis [150].

The synthesis of glycosylated hydroxylysine derivatives is not an easy
task due to the need for three amino acid protecting groups. In the group
of Kihlberg it was shown that the synthesis of galactosylated hydroxy-
lysine building blocks can be achieved by an elaborate protective group
manipulation sequence [151]. Blocking the ε-nitrogen with the acid-stable
Z-group allowed for the extension of the galactose moiety. Unfortunately,
the β-selectivity of the galactosylation suffered from steric demands of
the protective group when sugar moiety was introduced with the α-1,2-
anhydrosugar-precursor [152]. This selectivity problem was circumvented
by applying the Koenigs–Knorr glycosylation with anchimeric assisting
sugar halogenides [153–155]. A different approach towards a galactosylated
5-hydroxylysine mimetic started from N-protected-6-substituted piperidin-
2-ones [156]. It is noteworthy that the work of Kihlberg and co-workers
substantially contributed to the understanding of the influence of glycosy-
lated collagen in rheumatoid arthritis [157–161].

Scheme 6 (a) NIS, TfOH, 4 Å MS, 0 ◦C, 30 min, 67%; (b) HF-pyridine, CH2Cl2, 2 h, 70%;
(c) Fmoc – Thr – OBn, BF3 ·OEt2, 4 Å MS, CH2Cl2, 2 h, 70%; (d) Pd/C 10%, H2, MeOH,
2 h, 91%
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5
Glycopeptide Synthesis in Solution

5.1
N-Glycopeptides

Enzymatic synthesis has been demonstrated to be a very powerful technique
in constructing the carbohydrate part of glycopeptides. In analogy to biosyn-
thetic pathways, glycosyltransferases can be used to step-by-step assemble
carbohydrate structures by using sugar nucleotides as donors. This approach
was predominantly utilized in the synthesis of O-linked glycopeptides like
fragments of the P-selectin glycoprotein ligand-1 (PSGL-1) [162–165]. Cer-
tain glycosidases catalyze the release of N-glycans by cleaving the β-glycosidic

Scheme 7 (a) (i) 20% piperidine/DMF (ii) Fmoc-amino acid/glyco-amino acid, HATU,
DIPEA (iii) repeat i–ii (iv) Cleavage/deprotection (95 : 5 TFA-H2O or 90 : 5 : 3 : 2
TFA/thioanisole/anisole/EDT) (v) De-O-acetylation (5% hydrazine/H2O) (v) RP-HPLC;
(b) Endo-A, acetate buffer (pH 6), 25% acetone, Man9GlcNAc2Asn; (c) Endo-M, Ac-
Lys(Ac)-Val-Ala-Asn[(NeuNAc-Gal-GlcNAc-Man)2Man-GlcNAc2]-Lys(Ac)-Thr-OH
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linkage between two GlcNAc residues adjacent to asparagines in N-glycans.
In a trans-glycosylation approach these enzymes can transfer saccharide moi-
eties from glycosyl asparagine donors to N-linked GlcNAc-peptides.

Wang and co-workers applied the endo-β-N-acetylglucosaminidases from
Arthrobacter protophormiae (Endo-A) and from Mucor hiemalis (Endo-M)
for the synthesis of peptides displaying high-mannose type N-glycans in
43 and complex type N-glycans in 45, respectively (Scheme 7) [166–168].
Glycopeptide products such as 43 and 45 are obtained in relatively mod-
est yields and, though elegant, access to the complex N-glycopeptide donors
such as 42 and 44 is required. Significant improvements of trans-glycosylation
yields were brought about by Shoda’s proposal of using 1,2-oxazolines as sub-
strates [169].

For the synthesis of the tetrasaccharide-peptide 49, oxazoline 47 was pre-
pared by allowing peracetylated tetrasaccharide 46 to react with a hard Lewis-
acid (Scheme 8). Oxazoline 47 was offered to endo-A in a trans-glycosylation
involving 34-mer GlcNAc-glycopeptide 48 as carbohydrate acceptor. A strong
preference for oxazoline turnover rather than product hydrolysis was ob-
served giving rise to spectacular 75% yield of product 49 [170].

A different approach towards enzyme-supported glycopeptide synthesis
takes advantage of proteases that can be employed to catalyze the ligation

Scheme 8 (a) TMSBr, BF3 ·OEt2, collidine; (b) NaOMe, MeOH, 81%; (c) Endo-A, buffer
(pH 6.5), 75%
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of peptide fragments. The group of Wong employed the protease subtilisin
to achieve the condensation of glycopeptide fragments [171]. Recently, Davis
et al. discovered that a combination of site-directed mutagenesis and chem-

Scheme 9 (a) 51, (BrC6H4)3NSbCl6, MeCN, 80%; (b) NaOMe/MeOH, 89%; (c) 52,
(BrC6H4)3NSbCl6, MeCN, 60%; (d) BH3 ·THF, Bu2BOTf, CH2Cl2, 75%; (e) 53, (BrC6H4)3
NSbCl6, MeCN, 78%; (f) (i) NH2CH2CH2NH2, n-BuOH/toluene, 90 ◦C; (ii) Ac2O, pyri-
dine; (iii) NaOMe/MeOH, 69%; (g) TBAF, AcOH, 89%; (h) (i) Na/NH3, – 78 ◦C; (ii)
NaHCO3, Ac2O, 70%; (i) NH4HCO3/H2O; (j) HATU, DIPEA, DMSO; (k) (i) NH2NH2,
piperidine, DMF; (ii) MES-Na, DMF, DIPEA, H2O, 19% last three steps
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ical modification of subtilisin from B. lentus allows to improve the substrate
tolerance and the coupling efficiency [172].

In the chemical solution-phase synthesis of N-glycopeptides it is practical
to employ a block glycosylation approach in which the full-length carbo-
hydrate is coupled to the aspartic acid side chain [173]. For example, in
Danishefsky’s synthesis of the HIV envelope glycoprotein gp120-fragment
62 (Scheme 9) the 3-OH of the mannose residue of precursor 50 [174] was
subjected to an α-mannosylation with building block 51 followed by deben-
zoylation and extension with thiolactoside donor 52. Regioselective opening
of the benzylidene exposed the primary hydroxyl group of hexasaccharide
54. The glycosylation with the trimannosyl building block 53 completed the
assembly of the nonasaccharide 55. In preparing the stage for the connec-
tion of the sugar unit with the peptide, the protecting groups were removed
followed by conversion of 58 to the glycosylamine 59 by using Kochetkov’s
procedure. The aspartic acid side chain of N,S-protected peptide 60 was ac-
tivated by HATU in DMSO to accomplish the coupling with glycosylamine 59.
Removal of the remaining protecting groups afforded glycopeptide 62 [175].
A similar strategy was employed in the synthesis of the high-mannose-type
analogue of glycoconjugate 62, which also spanned a fragment of HIV virus
envelope-protein gp120. Both highly complex glycopeptides are putative HIV
vaccines [176–178].

Scheme 10 (a) MES-Na, pH = 7.4, 15% (65A), 38% (65B) and 65% (65C), respectively
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For further elaboration of the peptide part it is attractive to take ad-
vantage of convergent methods of peptide synthesis. Probably the most
powerful method of achieving fragment condensations of deprotected pep-
tides is the native chemical ligation, the reaction of a peptide thioester

Scheme 11 (a) I2, MeOH, H2O; (b) BF3 ·OEt2, EtSSEt, CH2Cl2, 99%, two steps;
(c) Boc-Phe-OH, EDCI, DMAP, CH2Cl2/THF, 93%; (d) 4 N HCl/dioxane, 94%; (e) Fmoc-
R(Pbf)D(tBu)R(Pbf)S(tBu)G-OH, HATU, DIEA, DMF, 61%; (f) piperidine, DMF; (g) Ac2O,
pyridine; (h) TFA/phenol/TIS/H2O, 35 : 2 : 1 : 1, 60%; (i) 66, HATU, DIEA, DMSO, 50%; (k)
67, 0.2 M phosphate, 0.2 M NaCl, pH ∼ 7.4, excess MES-Na, 75%
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with a cysteinylpeptide [179]. The application of native chemical ligation in
O-glycoprotein synthesis was pioneered by Bertozzi [180, 181].

In Scheme 10 examples of N-glycopeptide synthesis are depicted. For the
synthesis of prostate-specific antigen fragments the S-protected cysteinylgly-
copeptides 63A, 63B and 63C were prepared. The native chemical ligation was
executed by adding sodium mercaptoethanesulfonate (MES-Na) at pH 7.4 in
an aqueous buffer, which conferred the removal of the StBu-protecting group
and the coupling with peptide thioester 64 [182, 183].

The lability of thioesters can set limitations to the synthesis of glycopep-
tides fragments to be employed as acyl donor. Danishefsky has introduced
a latent thioester that becomes activated for ligation upon exposure to re-
ducing conditions. Herein the phenylalanine mercaptophenyl ester 69 played
a pivotal role (Scheme 11). Extension to the hexapeptide mercaptophenyl
ester 70 and subsequent coupling of glycosylamine 66 afforded 71. The disul-
fide in 71 was cleaved during native chemical ligation enabling the forma-
tion of thioester 72 and the subsequent reaction with cysteinylglycopeptide
67 [184].

Large protein structures are available by means of recombinant technolo-
gies. Wong and co-workers reported the recombinant synthesis of fragments
of the bioactive “cysteinylproteins” IL-2 and C37-H6, a peptide derived from
the HIV gp41 which were subsequently used in the native chemical ligation
with a glycopeptidethioester [185]. An analogous methodology was applied
by Imperiali et al. For a comparative folding study of glycosylated and ungly-
cosylated bacterial immunity protein Im7 a recombinant cysteinylprotein and
an artificial glycopeptidethioester were ligated [186]. Guo showed in the syn-
thesis of a fucose-containing glycopeptide that comparably short segments
can be ligated in organic solvents by using pentafluorophenylesters [187, 188].
The authors emphasized the convenience of work-up procedures due to
the use of O-unprotected carbohydrates throughout the peptide assem-
bly [189]. Fluorous phase-tags that facilitate removal of reagents by organic
phase/fluorous phase extractions have been reported to support the synthesis
of a GlcNAc-pentapeptide [190].

5.2
O-Glycopeptides

In principle, the synthesis of O-linked glycopeptides can be performed
by attaching the glycan as block to the amino acid/peptide aglycon or
by stepwise assembly of the peptide part by using preformed glycosyl
amino acids. The modest yields of block glycosylations and their rela-
tively poor α/β-selectivities call for the application of the latter approach.
The step-by-step condensation of presynthesized building blocks in so-
lution has found widespread application. Danishefsky reported the syn-
thesis of various glycopeptides bearing complex O-linked carbohydrate
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structures [106, 109, 113, 191, 192]. The synthesis of a short trivalent T anti-
gen glycopeptide was reported by Guo et al. [115]. The approach benefited
from straightforward work-up steps due to the O-unprotected glycan moi-
eties. The convergent synthesis of the peptide part of O-glycopeptides has
been performed by fragment ligations of protected and unprotected peptide
segments in organic and aqueous solvents, respectively.

Ligation methods that allow the use of unprotected (glyco)peptides pro-
vide the opportunity to employ segments accessed by both chemical and
recombinant means. In an approach known as expressed protein ligation,
Macmillan and Bertozzi coupled chemically synthesized multiply glycosy-
lated peptide thioesters with recombinant peptide fragments. The peptides
74 were expressed in E. coli as conjugates with a C-terminal chitin-binding
domain as a means of purification (Scheme 12). The removal of the chitin-
binding domain proceeded through the intermediary formation of a thioester
that was hydrolyzed to obtain peptide 75. Subsequently peptide 75 was treated
with factor Xa protease which cleaved behind C-terminal to the recogni-
tion sequence Ile – Glu – Gly – Arg. The exposed cysteinylpeptide 76 was
submitted without purification to native chemical ligation with glycopep-
tidethioester 77 [193]. The synthetic strategy employing latent thioesters
developed by Danishefsky and co-workers was also demonstrated for the syn-

Scheme 12 (a) 50 mM DTT, 100 mM NaHPO3, pH 8.0, 100 mM NaCl; (b) Factor Xa pro-
tease, 5 mM CaCl2, 100 mM NaHPO3, 100 mM NaCl, 2% MES-Na
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thesis of O-linked glycopeptides [184]. A detailed description has been given
in the preceding section (Scheme 11). To enable “cysteine-free” native chem-
ical ligation reactions thiol-containing auxiliary groups have been attached to
the peptide N-terminus.

For the synthesis of O-linked glycopeptides the cysteine-free ligation was
scrutinized. Macmillan and Anderson explored the 1-(2,4-dimethoxyphenyl)-
2-mercaptoethyl auxiliary in the synthesis of glycopeptide 82 (Scheme 13).
The phenethyl thiol group in 80 conferred the coupling with peptide thioester
79. The conversion of the N-benzylamine 80 to the N-benzylamide 81 allowed
the acid-mediated cleavage of the auxiliary group to afford the unprotected
glycopeptide 82 [194].

The application of glycosyltransferases for the stepwise assembly of
oligosaccharides in O-linked glycopeptides has been demonstrated in a pleth-
ora of examples [121, 126, 162–165, 195, 196]. Recently, the synthesis of
a MUC1 peptide bearing a Lewis X O-glycan was reported by Vliegenthart
and co-workers. The authors showed a completely enzymatic synthesis in
which the carbohydrate structure was elaborated starting from the ungly-
cosylated peptide [197]. Sialylation of TN glycopeptides employing a mu-
tated α2,6-sialyltransferase originating from Photobacterium damsela was
described by Lin et al. To facilitate an activity screening, the authors labelled

Scheme 13 (a) 6 M Gdm-HCl, 200 mM sodium phosphate buffer, pH 8.0, 2% MES-Na,
20 mM TCEP; (b) 95% TFA; (c) 2% N2H4 ·H2O, 10 mM sodium phosphate buffer
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the N-terminus of the glycopeptide substrates with the dabsyl-dye, which was
well tolerated by the enzyme [198].

6
Synthesis on Solid Support

Solid-Phase synthesis allows the automation of the highly repetitive process
of building block coupling – if desired in parallel and combinatorial formats.
Further advantages of solid-phase synthesis are the speed and ease of syn-
thesis and the possibility to drive reactions to completion by using a large
excess of building blocks and reagents. To cope with the acid sensitivity of
many carbohydrates, the solid-phase synthesis of glycopeptides is most com-
monly performed by coupling N-Fmoc-protected amino acid building blocks,
which allow the application of relatively mild conditions for the cleavage of
temporary and permanent protecting groups. With few alterations concern-
ing the removal of carbohydrate protecting groups, the standard protocols of
Fmoc-based solid-phases peptide synthesis can be applied.

6.1
N-Glycopeptides

In solid-phase synthesis, the choice of the linker that connects the grow-
ing glycopeptide with the solid support is of critical importance. Acid-labile
linkers such as the Wang [199], the HMPA [200], the Rink [201] and or the
PAL-linkers [202] have frequently been used to release unprotected glycopep-
tide acids and glycopeptide esters. The synthesis of protected glycopeptide
fragments has been accomplished by using very acid-labile linkers such as
SASRIN [203], HMPB [204], Sieber [205] or trityl linkers [206] or the Pd(0)-
labile allylic HYCRON anchor [207].

Recently, Kunz and co-workers introduced the (2-Phenyl-2-trimethylsilyl)-
ethyl-linker in 83 that allowed the fluoride ion-mediated release of protected
N-glycopeptide 84 under practically neutral conditions (Scheme 14). The re-
moval of the peptide side-chain protecting groups and the O-acyl groups was
accomplished by acid and base treatment, respectively [134].

Guo and co-workers presented the synthesis of the impressive glyco-
conjugate 91 bearing an N-linked fucosylglycan moiety and in addition
a glycosylphosphatidylinositol-anchor (Scheme 15). The solid-phase synthe-
sis of peptide 88 proceeded on a trityl-resin, which allowed, after coupling
of benzyl-protected glycosylasparagine 86 and peptide extension, the de-
tachment of fully protected glycopeptide 90. Subsequently, the peptide bond
between 90 and the protected GPI-anchor-precursor 87 was established. The
benzyl protecting groups were removed from the glycan moieties by hy-
drogenolysis. Although known for its acid lability, the unprotected fucose



Chemical Synthesis of Glycopeptides 21

Scheme 14 (a) TBAF ·3H2O (2 equiv), CH2Cl2, RT, 25 min; (b) TFA, Et3SiH, H2O (38 : 1 : 1),
RT, 4 h, 97%; (c) NaOMe, MeOH, pH 10, RT, 7 h, 79%

moiety in 91 remained unaffected during the final acid treatment which re-
moved the peptide side chain protecting groups [208].

Most commonly, solid-phase synthesis of glycopeptides is performed with
the sugar hydroxyl groups protected as benzyl ethers or acetates. Kajihara
and co-workers reported an example in which the hydroxyl groups of the
complex-type sialyl glycosyl asparagine 15 remained unprotected [95].

Solid-phase synthesis provides a convenient means of synthesizing pep-
tide segments to be used in further ligation reactions. Hojo et al. used the
thioester ligation to gain access to a fragment of the extracellular matrix
metalloproteinase inducer (Emmprin), a glycopeptide located on the sur-
face of cancer cells [209]. However, the routine protocols of Fmoc-solid-
phase synthesis cannot be applied due to the lability of thioesters against
nucleophilic cleavage during the Fmoc-deprotection step. To prevent un-
desired losses, a mixture of 1-methylpyrrolidine, hexamethyleneimine and
HOBt in N-methylpyrrolidinone/DMSO was employed [210]. The introduc-
tion of the asparagine 92 carrying the sterically demanding benzyl-protected
pentasaccharide core was performed by using HATU as coupling reagent
(Scheme 16). The resin-bound glycopeptide 98 was extended by coupling
pentafluorophenyl-activated amino acids. Treatment of 99 with TFA and sub-
sequently TFMSA cleaved the amino acid side-chain and the sugar protecting
groups and detached the unprotected glycopeptide. After reprotecting the
amino groups, glycopeptide 101 was obtained. The silver-mediated thioester
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Scheme 15 (a) 86 (2 equiv.), HOBt, DCC, 0 ◦C to RT, 24 h; (b) (i) 20% piperidine in NMP,
RT, 2 h; (ii) Fmoc-Gln(Trt)-OH, HOBt, DCC, NMP, RT, 2 h; (iii) 20% piperidine in NMP,
RT, 2 h; (c) Ac-Gly-OH, HOBt, DCC, NMP, RT, 2 h; (d) HOAc, TFE, DCM (1 : 1 : 8), RT,
2 h, 70% four steps; (e) 87, HOBt, EDC, DCM–NMP (2 : 1), RT, 1 d, 70%; f) 10% Pd/C, H2,
CHCl3 – MeOH – H2O (10 : 10 : 3), 2 d; g) TFA, TIS, DCM then HPLC, 85% (two steps)

coupling of 101 with 102 furnished 103. After the ligation the Boc- and the
Acm-groups were removed. Air oxidation provided cyclic disulfide 104 [211].

In native chemical ligation reactions (see Schemes 10–12), the re-protection
of amino groups of the thioester fragment can be omitted. To access gly-
copeptide thioesters such as the 38mer complex type N-glycopeptide 112
by Fmoc-based solid-phase synthesis. Unverzagt and others used the safety-
catch sulfonamide linker [180, 181, 212]. An alternative silyl linker-based
approach was reported by Nakahara [213].

The double-linker strategy shown in Scheme 17 facilitated the monitoring
of the reaction steps. Interestingly, it was found that the N-acylsulfonamide
structure 108 was subject to N-acetylation during capping. To avoid this side
reaction and the resulting peptide losses capping was performed with acetic
acid buffered Ac2O/pyridine mixtures. The glycosyl asparagine 105 was intro-
duced in the O-unprotected form. However, exposure to subsequent capping
steps led to O-acetylation of the glycan. After the linear chain assembly had
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Scheme 16 (a) (i) Fmoc deprotection (1-methylpyrrolidine, hexamethyleneimine, HOBt);
(ii) 93; (b) Fmoc-Leu-F, TBAF (cat.); (c) (i) Fmoc deprotection; (ii) Fmoc-AA-OH, HBTU,
HOBt, DIEA; (iii) repeat i-ii; (d) (i) Fmoc deprotection; (ii) 92, HATU, DIEA; (iii) Z(2-
Cl)-OSu (capping); (e) (i) Fmoc deprotection; (ii) Fmoc-AA-OPfp; (iii) repeat i-ii; (f) TFA–
thioanisole–H2O–phenol–EDT (82.5 : 5 : 5 : 5 : 2.5); (g) TfOH–TFA–DMS–m-cresol (1 : 5 :
3 : 1), – 10 ◦C, 2 h, 1.8% from 94; (h) Boc-OSu, 100%; (i) 102, AgCl, HOOBt; (k) TFA, 5%
EDT; (l) AgNO3, DIEA/DMSO; (m) DTT, HCl; (n) RP-HPLC; (o) air oxidation, 32% from
100
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Scheme 17 (a) Fmoc-Arg(Pbf)-OH, DIC, 1-MeIm, CH2Cl2, DMF; (b) (i) 20% piperidine
in DMF; (ii) Fmoc-AA-OH, HOBt, TBTU, DIPEA; (iii) repeat i–ii; (iv) 20% piperidine
in DMF; (c) 105, PyBOP, DIPEA, DMSO, NMP; (d) Ac2O, pyridine, HOAc; (e) (i) Fmoc
deprotection; (ii) Fmoc-AA-OH and Boc-Met-OH, respectively, HOBt, TBTU, DIPEA;
(iii) repeat i–ii; (f) Me3SiCHN2, n-hexane, CH2Cl2; (g) ethyl 3-sulfanylpropionate, sodium
thiophenolate, DMF; (h) TFA, H2O, Et3SiH, ethyl 3-sulfanylpropionate, rt., 2 h (46% from
105); (i) 111 (1.3 equiv), 6 M guanidinium chloride, thiophenol (2%), phosphate buffer
(pH 7.6); (k) hydrazine hydrate (10%), DTT (5%), 100% (two steps)
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been completed, the safety-catch linker was activated for nucleophilic cleav-
age by treatment with TMSCHN2. Thiolysis and deprotection of the amino
acid side chains furnished 110. The glycopeptide thioester was then subjected
to a native chemical ligation with 111. The deacetylation of the N-linked gly-
can moiety yielded the RNase-B-fragment 112 [214].

6.2
O-Glycopeptides

Glycan O-acetylation offers a convenient means to stabilize O-glycosidic
bonds against electrophilic cleavage. Using glycosyl serine and threonine
building blocks with O-acetyl protected glycans the Kunz group prepared
a host of O-glycopeptides [135–139].

In the representative example shown in Scheme 18, a tandem repeat se-
quence of the epithelial mucin MUC4 was synthesized on Wang–Tentagel
resin. The synthesis started from Fmoc-Asp(OtBu) resin 113. The chain as-
sembly was performed by employing standard protocols of Fmoc solid-phase
peptide synthesis. However, the excess of acylating agents was reduced from
ten to two equivalents in the coupling of the precious glycosyl amino acid
building blocks. After the TFA treatment, performed to simultaneously cleave
the Wang-linker and the amino acid side chain protection groups, the glycan
moiety was deblocked. The sialic acid benzyl ester groups were removed by
hydrogenolysis followed by mild acetate hydrolysis at pH 9 [139]. Recently,
Nishimura and co-workers demonstrated the beneficial effects of microwave
irradiation in the solid-phase synthesis of MUC1-fragments [215]. Only 7 h

Scheme 18 (a) piperidine (20%), NMP; b) HBTU, HOBt, DIPEA, Fmoc-AA-OH (10 equiv.)
or Fmoc-T(glycan)-OH (2 equiv.); c) cat. HOBt, Ac2O, DIPEA, NMP; d) repeat a–c; e) TFA,
iPr3SiH, H2O (17 : 1 : 1), 28% overall yield; f) cat. Pd/C, H2, MeOH, 84%; g) NaOMe,
MeOH, pH 9, 81%
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were needed to complete the synthesis of a 20-residue glycopeptide featuring
five O-linked mucin-type core-2 glycans.

Benzyl-protected O-linked glycans were explored by Nakahara and co-
workers [216–225]. In the chemoenzymatic synthesis of a segment of the hu-
man T-lymphocyte transmembrane glycoprotein leukosialin (CD 43) a core
2 O-hexasaccharide-containing decapeptide was prepared first by coupling
a benzyl-protected glycosylthreonine. After global deprotection, a combi-
nation of two sialyltransferases, β-Gal-β1,3/4-GlcNAc-α2,3-sialyltransferase
and β-Gal-β1,3-GlcNAc-α2,3-sialyltransferase was used to enzymatically add
two sialic acid residues [226].

For the synthesis of a mimic for the heterogeneous surface of a core 2
sialoglycan-linked glycoprotein enzymatic carbohydrate synthesis and chem-
ical fragment condensation were combined. First glycopeptide thioester 120
was prepared according to the modified Fmoc strategy described above (see
Scheme 16) on a CLEAR amide resin (Scheme 19) [227]. After deprotection
and release from the solid phase, the glycan moiety of 120 was extended en-
zymatically. The C-terminal glycopeptide fragment 124 was synthesized by
a similar reaction sequence which involved classical Fmoc solid-phase syn-
thesis to afford 123 and subsequent enzymatic sialylation. Then the thioester
ligation method was applied to join 121, activated by HOOBt/silver chloride,
with 124 to afford 125 [228]. Sometimes the complete removal of multiple
benzyl groups can be an arduous task. For this reason, it may be preferable
to use O-unprotected glycans. Nakahara et al. demonstrated that the thioester
ligation method can also be applied on the solid phase with resin-bound gly-
copeptides with O-unprotected carbohydrates [229]. Hojo demonstrated the
synthesis of the EGF-like domain of blood coagulation factor IX relying on
unprotected building blocks [230, 231].

In most chemoenzymatic approaches, solid-phase synthesis serves to pro-
vide soluble glycopeptide precursors for further enzymatic solution-phase
elaboration of the carbohydrate or peptide part. This is mainly due to the
intolerance of the biocatalyst towards many of the commonly used sup-
ports. Withers described a strategy in which so-called glycosynthases were
applied in an on-resin glycosylation reaction. Glycosynthases are mutated
glycosidases with the active-site carboxylate nucleophile replaced by a non-
nucleophilic side chain. Thereby the ability to hydrolyze glycosidic bonds is
lost, but the ability to catalyze glycosylations of sugar acceptors by using gly-
cosyl fluoride donors is maintained.

The mutant of Agrobacterium sp. β-glucosidase Abg E358G was shown to
catalyze the reaction of α-D-galactosyl fluoride with resin-bound glycopeptide
126 (Scheme 20) [232]. Recently, the activity and substrate repertoire of the
Abg E358G mutant’s was expanded by directed evolution [233].

An interesting approach of achieving enzymatic on-resin glycosylations
was presented by Nishimura et al. In their synthesis of a sialyl Lewis X bear-
ing dodecapeptide, photocleavable ketone 129 was appended to resin-bound
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Scheme 19 (a) (i) Fmoc – Gly – SCH2CH2CO2H, DCC, HOBt; (ii) 1-methylpyrrolidine,
hexamethyleneimine, HOBt; (b) (i) Tsoc-T(Bn)-OPfp; (ii) Fmoc-S(tBu)-F, Bu4NF; (c)
(i) 1-methylpyrrolidine, hexamethyleneimine, HOBt; (ii) Fmoc-AA-OH, DCC, HOBt
or 116, HATU, DIEA; (iii) repeat i–ii; d) (i) TFA–thioanisole–H2O–phenol–EDT (82.5 :
5 : 5 : 5 : 2.5); (ii) DMS, m-cresol, EDT, TFA, then TfOH; (e) β-Gal-β1,3-GalNAc-α2,3-
Sialyltransferase, CMP-sialic acid, BSA, cacodylate buffer (pH 6.0); (f) β-Gal-β1,3/4-
GalNAc-α2,3-Sialyltransferase, CMP-sialic acid, BSA, MOPS buffer (pH 7.4); (g) 121, AgCl,
HOOBt, DMSO, 16% overall yield

glycopeptide 131 (Scheme 21). The glycopeptide was deblocked, detached and
then attached to alkoxyamino-functionalized polyacrylamide 130 by means
of oxim formation. Remarkably, chain-terminated capped products remained
in solution since they lacked the terminal ketone group. As a result, only the
desired full-length glycopeptide 133 was bound to the polymer. Analogous
to a strategy introduced by Schuster, Seitz and Wong, a set of three different
glycosyltransferase-mediated reactions provided the SLeX-tetrasaccharide-
containing peptide 134 [121, 234]. UV-light irradiation released the target
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Scheme 20 (a) Abg E358G (1.0 mg/ml), α-D-galactosyl fluoride (20 mM), NaPi (100 mM,
pH 9.0); (b) TFA, H2O (19 : 1), 33% overall yield

Scheme 21 (a) (i) 129, HBTU, HOBt, DIPEA, NMP/DMF (ii) Ac2O, HOBt, DIPEA, DMF;
(b) TFA, H2O (9 : 1); (c) NaOH, MeOH; (d) 130, acetate-buffer (pH 5.0–5.5); (e) UDP-
Gal (5 mM), β-1,4-galactosyltransferase (100 mU mL–1), MnCl2, 0.1% BSA, HEPES buffer
(50 mM, pH 7.0), 100%; (f) CMP-NeuNAc (5 mM), α-2,3-sialyltransferase (37 mU mL–1),
0.1% BSA, HEPES buffer (50 mM, pH 7.0), 100%; (g) GDP-Fuc (5–7 mM), α-1,3-
fucosyltransferase (20–30 mU mL–1), MnCl2 (10 mM), 0.1% BSA, HEPES buffer (50 mM,
pH 7.0); h) UV irradiation (365 nm), 12% overall yield
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compound 135 from the polymer in 12% overall yield [235]. To simplify the
attachment onto the water-soluble polyacrylamide polymer, a more practical
technique was developed. A B. licheniformis glutamic acid-specific protease
cleavable linker was assembled of a Glu, a Phe and a 5-oxohexanoic acid
building block replacing the UV-labile nitro-veratroyl brigde in 132. This pro-
cedure gained fast access to a set of diverse and complex glycopeptides using
parallel and combinatorial synthesis, respectively [236]. The combinatorial
strategy reported by Nakahara and Narimatsu accelerates the elaboration
of glycoconjugates libraries. Glycopeptides were constructed by an iterative
repetition of adding glycosyltransferases and their corresponding glycosyl
donors and the inactivation of the enzymes [237].

7
Glycopeptide Synthesis and the Expanded Genetic Code

Recently, the in vivo suppressor tRNA technology [238] has been exploited
as a new technique for glycoprotein synthesis. To incorporate glycosy-
lated amino acids by using an expanded genetic code an orthogonal tRNA
synthetase-tRNA pair from M. jannaschii has been evolved and inserted into
the E. coli genome. The tRNA synthetase is able to accept and charge the
unnatural amino acid onto the Amber-suppressing tRNACUA [239–242]. In
addition, a permissible TAG-Amber stop codon introduced into the protein
of interest served the site-directed incorporation of the desired carbohydrate
building block. Due to better membrane permeability, peracetylated glycosyl
amino acids were offered for in vivo protein synthesis. The acetyl protection
was sheared off by unspecific intracellular esterases and the modified trans-
lation machinery of E. coli expressed myoglobin-variants bearing α-O-linked
GalNAc [243] and β-O-linked GlcNAc residues [244].

8
Summary and Outlook

The methodology of glycopeptide synthesis has improved to a state at which
the preparation of glycopeptides with a degree of complexity that meets
many of the needs of biological and medicinal research is a doable task.
For the synthesis of complex N-glycopeptides, the carbohydrate part can
be coupled chemically or enzymatically as one block to a peptide or a gly-
copeptide acceptor. Though elegant and rapid, the preparation of complex
N-glycopeptides is limited by the availability of the complex N-glycan part
which has to be provided from natural sources or through challenging car-
bohydrate synthesis. However, the recent progress that has been brought
about by minimal protection and sequential one-pot glycosylations as well as
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the improved availability of glycosyltransferases and glycosidesynthases has
facilitated the preparation of complex glycan structures. The synthesis of O-
glycopeptides is most successfully performed by assembling preformed gly-
cosyl amino acid building blocks. With glycosyl amino acid building blocks
in hand, solid-phase synthesis allows rapid and convenient access to various
glycopeptides.

The development of convergent peptide ligation techniques was a signifi-
cant milestone, which provided access to complex glycoproteins. At present,
it appears that the “Native Chemical Ligation” and “Expressed Protein Li-
gation” are the most powerful methods for such a fragment coupling of
two unprotected peptide segments prepared by chemical and/or enzymatical
means. The presented examples illustrate that smart combinations of chem-
ical and enzymatic synthesis with solid-phase techniques and convergent
ligation strategies allow a significant shortening of the often time-consuming
synthesis of complex glycopeptides, which are essential for the advancement
of molecular glycobiology. However, the synthesis of very complex targets is
still a challenge and it usually is the speed of glycan synthesis that is rate lim-
iting. Here, solid-phase carbohydrate synthesis promises a solution to one of
the most difficult tasks of glycoscience, that is to match the different time
scales of chemical and biological research.
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Abstract Glycosylation is recognized as important in biology, though the discovery of
previously unknown functions associated with carbohydrates is ongoing. As the most
complex and diverse post-translational modification, determining the structure-function
relationships for glycosylation remains difficult due to the heterogeneous expression of
glycoproteins as mixtures of glycoforms. Thus the synthesis of glycoproteins and gly-
copeptides with defined glycan structures is essential for detailed determination of the
role of glycosylation. This review describes the use of enzymes for the synthesis of
glycopeptides and glycoproteins, including their use as catalysts for glycosidic linkage
formation and elaboration, peptide bond formation, and modification.

Keywords Glycopeptide · Glycoprotein · Enzymatic synthesis
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1
Introduction

The role of carbohydrates in biological systems is an active area of research.
Even though carbohydrates are established as important in biology, elucida-
tion of the biological functions of carbohydrates remains a major challenge.
Glycosylation is the most complex and diverse post-translational modifica-
tion of proteins, with diversity both chemically and biologically. The chemical
diversity of glycosylation originates from the ability to combine monosaccha-
rides into glycans of varying length, sequence, and anomeric linkage (α or
β) with a variety of glycosylation positions, branch points, and modifications
(e.g., sulfate, phosphate, acetyl, methyl). On the other hand, the biological di-
versity of glycoproteins derives from their post-translational nature, whereby
the glycan structure depends on the cell or tissue where the glycoprotein is
produced.

Glycosylation is of utmost importance for the structure of glycoproteins
and their cellular functions. Associated with a number of biological pro-
cesses, including protein folding and secretion, cell targeting and adhesion,
cell differentiation, signal transduction, and immune response [1–4], it is es-
timated that more than half of human proteins are glycosylated. Alterations
of glycosylation are established to occur in diseases such as cancer (including
glycan changes marking malignancy, tumor cell invasiveness, and metasta-
sis), rheumatoid arthritis, congenital disorders of glycosylation, lysosomal
storage diseases, and some immunological diseases [5, 6]. Moreover several
therapeutic human glycoproteins require the presence of appropriate glycans
for proper folding and to ensure stability in human serum.

Natural glycoproteins are often expressed as complex mixtures of gly-
coforms, in which the protein backbone is common though the structure
and/or position of glycans are different. Such heterogeneity is biologically
relevant, as it can vary not only according to the cell type but also the phys-
iological state of the tissue or cells where it is produced. The heterogeneity
complicates the isolation and purification of individual homogeneous forms
for structural and functional studies [7, 8]. Consequently several methods
have been developed for the synthesis of glycoproteins and glycopeptides with
defined glycans.

This review article focuses on the use of enzymes for the synthesis of gly-
copeptides and glycoproteins. As detailed herein, enzymes have proven to be
valuable catalysts for several aspects of glycopeptide and glycoprotein syn-
thesis, including glycosidic linkage formation and elaboration, peptide bond
formation, protecting group removal, and modification (e.g., sulfation, acy-
lation, and cyclization). Chemical methods and the use of neoglycopeptides
are also important for the study of glycopeptides and glycoproteins, though
these will not be covered here as they are the topics of other articles in this
volume.
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2
Enzymatic Glycosidic Linkage Formation in Glycopeptide Synthesis

Various types of sugar-modifying enzymes have been used in the synthesis of
glycopeptides. Glycosyltransferases, exoglycosidases, and endoglycosidases
have proven to be valuable catalysts for the formation and elaboration of gly-
cans on glycopeptides.

2.1
Glycosyltransferases

The biosynthesis of oligosaccharides can be divided into Leloir and non-
Leloir pathway enzymes. In mammalian systems, Leloir pathway enzymes
account for the synthesis of most cell-surface glycoforms. These enzymes cat-
alyze the transfer of a given carbohydrate from the corresponding sugar nu-
cleotide donor substrate to a specific hydroxyl group of the acceptor molecule.
Though a large number of glycosyltransferases of this type exist, it is amaz-
ing that these enzymes utilize only nine general sugar nucleotide substrates
as glycosyl donors. Glucosyl-, galactosyl-, and xylosyltransferases consume
substrates activated as uridine diphosphate sugars (α-UDP-Glc, α-UDP-
GlcNAc, α-UDP-GlcUA, α-UDP-Gal, α-UDP-GalNAc, α-UDP-xylose). Fucosyl-
and mannosyl-transferases employ guanosine diphosphate sugar donors
(β-GDP-Fuc, α-GDP-Man), while sialyltransferases accept substrates with
cytidine monophosphate as the anomeric leaving group (β-CMP-NeuAc).
Non-Leloir glycosyltransferases, which consume sugar phosphates as glycosyl
donors, have not been applied widely in the synthesis of glycopeptides and
will not be discussed further.

Leloir glycosyltransferases are ideal for the synthesis of glycopeptides due
to their high regio- and stereospecific glycosidic linkage formation and high

Scheme 1 Multi-enzyme sugar nucleotide regeneration protocols are used for glycosyl-
transferase reactions to minimize product inhibition by NDPs and reduce the expense of
NDP-sugars by recycling NDPs to NDP-sugars
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yield. Nevertheless, glycosyltransferases suffer from two shortcomings. First,
the nucleoside diphosphates (NDPs) produced are often inhibitors of the gly-
cosyltransferase. In addition, the expense of sugar nucleotide (NDP-sugar)
can become a concern for large-scale synthesis. Fortunately, both of these
problems can be solved by the use of multi-enzyme sugar nucleotide regen-
eration (Scheme 1), wherein the product inhibition is avoided and expense
reduced by recycling catalytic amounts of the NDPs to NDP-sugars [9, 10].

Another obstacle is the availability of a wide diversity of glycosyltrans-
ferases. Though enzymes for all desired glycosidic linkages have not been
isolated, several glycosyltransferases are available commercially and many
others can be expressed recombinantly or isolated from tissue sources.

2.2
Use of Glycosyltransferases
for the Synthesis of Glycopeptides with Complex O-glycans

Leloir glycosyltransferases are a favorable tool for the synthesis of O-linked
glycopeptides, as the enzymatic transfer of individual monosaccharides to
a preformed simple O-linked glycan of a synthetic glycopeptide is more con-
venient than difficult chemical glycosylations involving issues of protecting-
group manipulation and stereoselectivity. Such elaboration of glycans was
used in the synthesis of glycopeptides containing an O-linked sialyl-Lewis-X
(SLeX) tetrasaccharide, a glycopeptide fragment of P-selectin glycoprotein
ligand-1 (PSGL-1), and tumor associated Tn (GalNAcαThr/Ser)- and T
(Galα1-3GalNAcαThr/Ser)-antigens and their sialylated forms.

Various glycoforms of SLex, SLea, and their sulfated derivatives are moi-
eties on adhesion molecules that are recognized by selectins. Interactions
between selectins and their ligands leads to a “rolling” of the leukocyte
on the endothelial cell surface as an inflammatory response to an injured
site. In an effort to construct specific glycoforms of SLex of interest to the
study of cell-cell adhesion, an O-linked glycopeptide containing β-linked Glc-
NAc was elaborated sequentially with β1,4-galactosyl-, α2,3-sialyl-, and α1,3-
fucosyltransferases to yield a SLex tetrasaccharide-containing glycopeptide
(Scheme 2) [11]. The enzymatic glycosylation of the O-GlcNAc-octapeptide
substrates was performed both in solution and on solid support, highlighting
the flexibility of glycosyltransferases in chemoenzymatic methodologies for
glycopeptide synthesis. More recently, a similar approach has been reported
for the chemoenzymatic synthesis of glycopeptides with a spacer between the
SLex or SLex mimetic glycan and peptide [12, 13].

Another example for the synthesis of O-linked glycopeptides is the
chemoenzymatic synthesis of glycopeptide fragments of PSGL-1. PSGL-1
is a membrane-bound counter-receptor for P-selectin that is expressed on
leukocytes and involved in leukocyte initiation in the inflammatory response.
Soluble glycopeptide fragments of PSGL-1 have been sought as P-selectin
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Scheme 2 Sequential elaboration of a β-GlcNAc glycan on an O-linked glycopeptide by
glycosyltransferases to a sialyl-Lewis-X tetrasaccharide

inhibitors, wherein glycosyltransferases were employed for extension of the
glycan from a monosaccharide up to a hexasaccharide. Cummings and
colleagues reported the chemoenzymatic synthesis of several PSGL-1 gly-
copeptide fragments by sequential enzymatic glycosylation [14–16]. These
various PSGL-1 fragments provided the basis for revealing that both sul-
fate and sugar residues are structural requirements for high affinity binding
to P-selectin. Wong and coworkers synthesized an associated fragment of
PSGL-1, wherein a synthetic glycopeptide containing a disaccharide was ex-
panded to a pentasaccharide by glycosyltransferases (Scheme 3) [17, 18].

Scheme 3 Enzymatic synthesis of a fragment of P-selectin glycoprotein ligand-1. The com-
mercially available α-2,3-sialyltransferase from rat liver transferred N-acetylneuraminic
acid only to the unsulfated glycopeptide. Recombinant α-2,3-sialyltransferase from Neis-
seria meningitidis, however, was used successfully with the sulfated glycopeptide
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Interestingly, the commonly used α2,3-sialyltransferase from rat liver did not
accept the sulfated glycopeptide [17]. However, recombinant expression of
a bacterial α2,3-sialyltransferase from Neisseria meningitidis was efficient in
transfer of sialic acid to the glycosulfopeptide [18]. Additional studies have re-
vealed an α2,3-sialyltransferase from N. gonorrheae that shows application for
a variety of substrates, including oligosaccharides, glycopeptides, and their
sulfated derivatives and glycolipids [19].

Additionally, glycosyltransferases have been used in the synthesis of gly-
copeptides containing mucins. The most common O-linked carbohydrates in
eukaryotes are the mucins, which contain a core structure represented by the
Tn- and T-antigens. Sialylated Tn- and T-antigens are expressed in low levels
in many normal tissues but can become expressed abundantly in several types
of human malignancies. In addition, mucins are involved in inflammation
and cellular recognition. Due to such important biological connections, effi-
cient methods for the preparation of Tn- and T-antigens and their sialylated
forms have been realized. Chemoenzymatic syntheses of the α2-3sialylated
T-antigen, including the glycosyl amino acid Neu5Acα2-3Galβ1-3GalNAcα-
threonine and a neoglycopeptide, using the sialyltransferase ST3Gal I have
been reported [20, 21]. Gambert and Thiem also used ST3Gal I in the syn-
thesis of a sialylated T-antigen derivative using a one-pot multienzyme sys-
tem with cofactor regeneration [22]. Kihlberg and coworkers have employed
a murine ST6GalNAc I expressed recombinantly in insect cells for the synthe-
sis of sialyl-Tn glycopeptide and a synthetic analog containing a spacer be-
tween the peptide and glycan [23, 24]. More recently, Paulson and associates
have developed an approach amenable to the preparative scale synthesis of
all four possible sialyl-Tn- and sialyl-T-antigens using chicken GalNAcα2,6-
sialyltransferase and porcine Galβ(1-3)GalNAcα-2,3-sialyltransferase [25].

2.3
Use of Glycosyltransferases
for the Synthesis of Glycopeptides with Complex N-glycans

The synthesis of N-linked glycopeptides is also enhanced by chemoenzymatic
approaches incorporating the use of glycosyltransferases, with advantages
analogous to those realized with O-linked glycopeptides.

Similar to O-glycopeptides, the use of sialyltransferases is favorable as
chemical introduction of sialic acid and deprotection of sialylated glycans
remains challenging. Earlier work highlighted an efficient method for the
chemoenzymatic synthesis of N-linked sialyllactosamine glycopentapeptides
using galactosyl- and sialyltransferases in a two-step, one-pot reaction [26].
Slight modification of this procedure was used for the enzymatic transfer
of galactose and sialic acid onto glycopeptides with multiple acceptor sites,
and these multivalent sialoglycopeptides were tested as inhibitors of influenza
virus [27]. Additional employment of this method by Unverzagt demon-
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strated a chemoenzymatic synthesis of a diantennary complex-type N-linked
glycosyl asparagine by means of sequential, one-pot glycan elaboration with
β1,4-galactosyl- and α2,6-sialyltransferases [28, 29] (Scheme 4). In this case

Scheme 4 Chemoenzymatic synthesis of an N-linked complex-type diantennary glycosyl
asparagine. The heptasaccharide core was elaborated to a complex-type undecasaccharide
by sequential one-pot enzymatic glycosylation
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the choice of protecting groups and the order of their removal was critical
to obtaining the unprotected glycosyl asparagine for enzymatic glycosyla-
tion. This chemoenzymatic approach provides a complex glycosyl amino acid
which can then be incorporated into glycopeptides by chemical synthetic
strategies.

Also of importance are previous studies that highlight the wide-ranging
applicability of glycosyltransferases for the synthesis of N-linked glycopep-
tides in other conditions. For example, glycosyltransferases were employed to
make N-linked glycopeptides on solid support [30] and using multienzyme
cofactor regeneration schemes in solution [31].

Another enzyme that has been used for the synthesis of N-linked glycopep-
tides is oligosaccharyl transferase, which uses a dolichol-linked tetradecasac-
charide (Dol-PP-GlcNAc2Man9Glc3) donor to transfer the saccharide to an
asparagine side chain of a protein inside the lumen of the endoplasmic reticu-
lum. The protein or peptide acceptor contains the sequence Asn-Xaa-Thr/Ser,
where Xaa is any amino acid except proline. Using the yeast oligosaccharyl
transferase, the Imperiali laboratory studied the substrate specificity of the
enzyme for glycosylation of a tetrapeptide [32]. The minimum requirement
for the glycosyl donor is a GlcNAc unit (Dol-PP-GlcNAc), though transfer
of this monosaccharide is not very efficient. Addition of another sugar im-
proves the efficiency, with Dol-PP-GlcNAc2 a better substrate than Dol-PP-
GlcNAcGlc. Such experiments have been valuable for studying the specificity
and providing insight into the mechanism of oligosaccharyl transferase, yet
further work is necessary to improve the yield for this enzyme to have syn-
thetic utility.

2.4
Use of Antibiotic Glycosyltransferases
for the Sythesis of Glycopeptide Antibiotics

Antibiotic glycosyltransferases, like traditional Leloir glycosyltransferases,
utilize sugar nucleotide donor substrates, while the nucleophilic acceptor
atom is present on the co-substrate aglycon or partially glycosylated an-
tibiotic. Usually the substrates are TDP-hexoses, though some UDP-hexoses
show activity in vitro, activated at C-1, including aminodeoxy-, deoxy-, and
deoxymethyl-modified hexoses.

Glycopeptide antibiotics are biosynthesized by nonribosomal peptide syn-
thetases and modified by oxidative crosslinking enzymes and antibiotic gly-
cosyltransferases. Such late-stage glycosylation of glycopeptide antibiotics is
significant for current methods toward engineering analogs with altered gly-
cans via chemoenzymatic synthesis. Since the sugar moieties on glycopeptide
antibiotics are known to be important for their biological activity (e.g., van-
comycin aglycon does not have in vivo antimicrobial properties), the use of
glycosyltransferases from the biosynthetic machinery of glycopeptide anti-
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Scheme 5 Vancomycin derivatives with altered glycans made by using biosynthetic antibi-
otic glycosyltransferases

biotics provides an ideal avenue for introduction of structural diversity [33,
34]. Such modification of glycopeptide structures entails the coupling of
chemical or enzymatic synthesis of TDP- or UDP-hexose substrates to sub-
sequent enzymatic glycosylation of the aglycon by the appropriate antibiotic
glycosyltransferase.

Glycopeptide analogs of vancomycin and teicoplanin have been produced
via modification of the glycans through the action of antibiotic glycosyltrans-
ferases [35–37]. Vancomycin contains an L-vancosaminyl-1,2-D-glucosyl dis-
accharide attached to the 4-hydroxyphenylglycine residue and is formed by
the action of two antibiotic glycosyltransferases, the D-glucosyltranferase
GtfE and the L-vancosaminyltransferase GtfD. GftE is known to accept
both vancomycin and teicoplanin aglycons as substrates [35, 36, 38], along
with a variety of UDP- and TDP-sugar donors [36, 37]. Several vancomycin
analogs have been synthesized using GtfE and UDP- or TDP-aminoglucoses,
providing a chemoselective site for modification of the amine for further
diversification (Scheme 5). An additional vancomycin analog incorporat-
ing a 6-azido-6-deoxyglucosyl moiety was made enzymatically with GtfE
and varied chemically by 1,3-dipolar cycloaddition reaction with several
acetylenes [37].

2.5
Exo-Glycosidases

The role of exo-glycosidases in vivo is glycan processing during glycopro-
tein synthesis via cleavage of glycosidic linkages. However, under appropriate
controlled conditions, glycosidases can be used for glycosidic bond forma-
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tion instead of cleavage (Scheme 6). Use of these enzymes for the synthesis
of oligosaccharides has been employed extensively [39–42]. Compared to
glycosyltransferases, glycosidases are privileged as accepting inexpensive gly-
cosyl donors, more stable, and readily available. On the other hand, they
suffer from weak regiospecificity and oftentimes low yield from competitive
hydrolysis.

The use of glycosidases for glycosidic bond formation can be done under
thermodynamic conditions (reverse hydrolysis), though this procedure often-
times results in low yield of product. An alternative approach, under kinetic
conditions (transglycosylation), results frequently in improved yields. The
transglycosylation protocol usually utilizes an activated glycosyl donor, or-
ganic co-solvent, and/or excess donor. Even under such conditions, the yield
can still be lower than those achieved by glycosyltransferase reactions. How-
ever, the availability of a glycosidase when the equivalent glycosyltransferase
is not accessible makes it a valuable alternative route.

Glycosidases have also been applied as catalysts for glycopeptide syn-
thesis. For example, recombinant β-galactosidase from Bacillus circulans
was employed in the chemoenzymatic synthesis of a tetrapeptide contain-
ing a sialyl T-antigen [43], following an earlier study using this B. circu-
lans β-galactosidase for the synthesis of Galβ(1–3)GalNAcα-serine [44]. More
recently an enzymatic synthesis of a sialyl-Lewis-X O-glycan on a tumor-
associated MUC1a′ peptide was reported [45], wherein β-galactosidase and
a series of glycosyltransferases were used sequentially to assemble the desired
glycan.

Exoglycosidases are also useful for glycan remodeling, wherein part of the
glycan is removed by glycosidases followed by re-elaboration of the glycan ei-
ther enzymatically or chemically. For instance, jack bean β-galactosidase was
used in glycan remodeling to remove the terminal galactosyl residues on an
isolated glycopeptide [46]. This modified glycopeptide was then elongated by
glycosyltransferases to the glycan found on glycodelin A, a glycoprotein hav-
ing immunosuppressive properties and an inhibitor of sperm–egg binding.

Scheme 6 Thermodynamically- (a) and kinetically-controlled (b) procedures for using
glycosidases for glycosidic linkage formation
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An alternative use of glycosidases involves the use of a specifically mutated
glycosidase, known as a glycosynthase. A glycosynthase contains a mutation
in the active site such that the active-site catalytic nucleophile is replaced with
a non-nucleophilic amino acid side chain, thereby eliminating the hydrolysis
activity (Scheme 7). However, the glycosynthase preserves its ability to gly-
cosylate a sugar acceptor with an appropriate activated glycosyl donor. Typ-
ically glycosyl fluorides act as activated glycosyl donors for glycosynthases
since they are synthesized readily and bear a small leaving group. Glycosyn-
thases have been used widely in oligosaccharide synthesis [47, 48], and some
have been applied to glycopeptides. For instance, Withers and coworkers
used a glycosynthase mutant of Agrobacterium sp. β-glucosidase to transfer
a galactose moiety from a galactosyl fluoride to a resin-bound glycopen-
tapeptide (Scheme 8) [49]. Key considerations for this study included the use
of PEGA resin for its compatibility with aqueous buffers and the choice of
a backbone amide linker for attachment of the glycopeptide to the resin.

Lately exo-glycosidases have been used to make diverse asparagine-
containing oligosaccharides (Asn-oligosaccharides) and a glycopeptide con-
taining two of the oligosaccharides (Scheme 9) [50]. An asparagine-linked
biantennary complex-type sialylundecasaccharide was isolated from egg yolk
and processed by acid hydrolysis to yield a mixture of Asn-oligosaccharides.

Scheme 7 Glycosynthases, mutant glycosidases lacking an active-site catalytic nucleophile,
have an altered mechanism of glycosyl bond formation without hydrolysis
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Scheme 8 Glycosynthase of Agrobacterium sp. β-glucosidase for the galactosylation of
a resin-bound glycopeptide

Scheme 9 Several diverse asparagine-containing oligosaccharides were made by pro-
cessing an asparagine-linked biantennary complex-type sialylundecasaccharide from egg
yolk. The isolated complex-type Asn-oligosaccharide was cleaved by acid hydrolysis. The
resulting mixture was protected on the amine of the asparagine, and the components
purified by HPLC separation. Subsequent processing by exoglycosidases yielded various
Asn-oligosaccharides
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The mixture was protected with Fmoc on the amine of the asparagine
to permit purification of the Asn-oligosaccharides by HPLC. These Asn-
oligosaccharides were then processed further with β-galactosidase and
N-acetyl-β-glucosaminidase to produce a diverse collection of N-linked
glycans. Two of these Asn-oligosaccharides, a sialyl-undeca- and a nonasac-
charide, were used subsequently in solid-phase glycopeptide synthesis.

2.6
Endo-Glycosidases

Internal glycosidic linkages in an oligosaccharide or glycoconjugate are
cleaved by endo-glycosidases. Under kinetic conditions, the transglycosy-
lase activity of endo-glycosidases is favored over cleavage. The endo-β-
N-acetylglucosaminidases (including Endo-A, Endo-CE, Endo-D, Endo-F,
Endo-H, and Endo-M) cleave the N,N′-diacetylchitobiosyl glycosidic link-
age at the reducing terminus of the N-linked glycan, leaving one N-acetyl-
glucosamine unit on the peptide or protein. In general, N-linked glycans are
classified as high-mannose, hybrid, or complex, with poly(LacNAc) oligosac-
charides as a possible additional category. The substrate specificity of endo-
glycosidases varies from activity for a strict type of N-glycan to broad in-
clusion of a variety of N-glycan types. For transglycosylase activity, these
endo-glycosidases require an asparagine-linked glycan donor. The transgly-
cosylase activity of endo-glycosidases has proven to be very useful as a single
transformation that yields complex N-linked glycopeptides and glycoproteins
with defined structure.

The endo-β-N-acetylglucosaminidase from Arthrobacter protophormiae
(Endo-A) releases high-mannose N-glycans from glycopeptides or glyco-
proteins and also shows significant transglycosylase activity. However, the
transglycosylase activity forms principally in the initial stage of the reac-
tion, allowing the product to be degraded by competing cleavage activ-
ity. To yield the most product required quick termination of the reaction,
which was achieved by an immobilized Endo-A fusion protein linked to glu-
tathione S-transferase (GST) [51]. This immobilized GST-Endo-A approach
has been used in the chemoenzymatic synthesis of glycoforms of HIV-1 gp120
glycopeptides containing penta-, hexa-, and nonamannosyl moieties [52].
Endo-A was also used for the single-step attachment of high-mannose type
oligosaccharide to CD52 (Scheme 10) [53]. CD52 is a GPI-anchored cell sur-
face glycoprotein expressed on most human lymphocytes and sperm cells.
The protein core is the same in both types of cells, while the N-glycans are
unlike in composition. Such differences likely contribute to the differences
in function as lymphocyte CD52 is involved in human immune response,
whereas sperm CD52 is implicated in sperm-egg interaction. Thus generating
a homogenous glycoprotein of CD52 is valuable for structural and functional
studies of CD52 antigens.
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Scheme 10 Endo-A and Endo-M catalyze the transfer of high-mannose and complex-type
oligosaccharides, respectively, to CD52 glycoprotein

In addition, a similar approach was used for the synthesis of a 34 amino
acid glycopeptide fragment of HIV-1 gp41 with high-mannose type gly-
can [54]. Structural and functional studies of these gp41 fragments revealed
that glycosylation affects both the ability to form α-helical bundles with
an N-terminal peptide fragment of gp41 and the anti-HIV activity. More
recently Wang and coworkers used oligosaccharide oxazolines as donors
for constructing N-glycopeptide fragments of HIV-1 gp41 and gp120 with
Endo-A [55]. Di- and tetrasaccharide oxazolines were transferred efficiently
(yields of 73–82%) to GlcNAc-peptide acceptors with stereo- and regio-
specificity.

Endo-M, an endo-β-N-acetylglucosaminidase from Mucor hiemalis, ex-
hibits transglycosylase activity for a wide range of substrates, including
high-mannose, hybrid-type, and complex-type oligosaccharides. Such broad
substrate specificity has been exploited for the syntheses of several glycopep-
tides [56]. Endo-M was used to transfer oligosaccharides to yield glycopep-
tides of human chorionic gonadotropin peptide [57], Peptide T [58], calcito-
nen [59, 60], the neuropeptide Substance P [61], and Saccharomyces cerevisiae
α-mating factor [62], allowing structural and functional studies of the ho-
mogenous glycopeptides. The chemoenzymatic synthesis of a complex-type
CD52 glycoprotein was also performed using Endo-M (Scheme 10) [53].

Though the use of endoglycosidases is currently a favorable approach for
the synthesis of homogeneous N-linked glycopeptides, this method often
has the drawback of relatively low yields. This problem has been addressed
recently to some extent for Endo-M, wherein the use of media containing or-
ganic solvents results in transglycosylase reactivity of Endo-M with improved
yield [63].

Endo-CE is an endo-β-N-acetylglucosaminidase from the nematode
Caenorhabditis elegans. This enzyme has been expressed recombinantly and
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shows activity for high-mannose type glycans, though biantennary complex
type oligosaccharides are poor substrates and triantennary complex glycans
are not hydrolyzed [64]. In addition, Endo-CE exhibits transglycosylase ac-
tivity, though it has not yet been applied to glycopeptide synthesis.

Endo-D and Endo-F are endo-β-N-acetylglucosaminidases from Step-
tococcus pneumoniae and Flavobacterium meningosepticum, respectively.
Endo-D acts on the core structure of complex type N-linked glycopeptides
and glycoproteins [65, 66], while Endo-F hydrolyzes core high-mannose and
biantennary complex N-linked oligosaccharides [67]. The transglycosylase
activity, and therefore synthetic utility, of Endo-D and Endo-F have not been
reported.

While endo-glycosidases have been utilized extensively to synthesize
N-linked glycopeptides, of late they have been applied to O-linked glycopep-
tides. Endo-α-N-acetyl-D-galactosaminidase (endo-GalNAc-ase) hydrolyzes
the O-glycosidic linkage between Galβ1-3GalNAcα and serine or threonine
in mucin-type glycopeptides and glycoproteins. Endo-GalNAc-ases from
S. pneumoniae [68] and Bacillus sp. [69] display transglycosylase activity to-
ward sugar acceptors. However, only the Endo-GalNAc-ase isolated from the
culture medium of Streptomyces sp. OH-11242 [70] has been employed for
the chemoenzymatic synthesis of a glycopeptide, a mucin-type hexapep-
tide (Scheme 11a) [71]. Endo-β-xylosidase from the molluscus Patinopecten
cleaves the Xyl-β1-O-Ser linkage between a glycosaminoglycan chain and the
core protein. Isolated peptidochondroitin sulfate (molecular mass 30 kD),
dermatan sulfate (32 kD), and heparan sulfate (19 kD) were transferred by the
endo-β-xylosidase to a fluorescently labeled tetrapeptide (Scheme 11b) [72],
thus illustrating the potential of this endo-β-xylosidase for the synthesis of
proteoglycans.

Endo-glycosidases are also useful for glycan remodeling of glycoproteins.
In glycan remodeling, a glycoprotein is isolated with a heterogenous gly-
can, the glycan is trimmed back by glycosidases, and a homogeneous glycan
is built, usually enzymatically by glycosyltranferases. Such an approach is
limited to primary glycosylation sites predetermined by the cell type used
for the protein expression. However, this approach is appropriate in many
cases, as exemplified by the use of this method for the preparation of ho-
mogenous glycoforms of ribonuclease (RNase) [73] (Scheme 12). The high-
mannose type glycan on commercially available RNase B was cleaved by
the endo-β-N-acetylglucosaminidase from Streptomyces plicatus (Endo-H) to
yield GlcNAc-RNase. Elaboration of the Endo-H-treated GlcNAc-RNase with
glycosyltransferases produced a homogeneous glycoform of RNase contain-
ing the branched sLex glycan.

Recently enzymatic digestion of chitin with chitinase followed by chem-
ical amination was used for the preparation of 1-β-aminochitobiose [74].
This β-glycosylamine was coupled to an Fmoc-protected aspartic acid allyl
ester then protected appropriately for Fmoc solid phase glycopeptide synthe-
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Scheme 11 Enzymatic O-linked glycosylation of peptides by endoglycosidases. a A mucin-
type glycopeptide was synthesized using endo-α-GalNAc-ase from Streptomyces sp.
b Endo-β-xylosidase transferred glycosaminoglycans to a fluorescently labeled peptide

sis. The N-linked chitobiose building block was then incorporated into a 39
amino acid glycopeptide, thereby demonstrating the synthetic utility of this
approach along with its potential to make large peptide fragments for the
semi-synthesis of glycoproteins.

Glycosynthases have also been made from mutated endo-glucanases and
cellulase. Though these endo-glycosynthases have been used as a method
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Scheme 12 RNase B containing the branched sLex glycan was synthesized by glycan re-
modeling, using Endo-H to remove the high-mannose type glycan followed by elongation
with a series of glycosyltransferases

for oligosaccharide synthesis [75–79], their synthetic utility for glycopeptide
synthesis has not been reported.

3
Non-glycosidic Bond Forming Enzymes for Glycopeptide Synthesis

Enzymes involved in catalysis other than glycosidic bond formation have also
been important for enzymatic glycopeptide and glycoprotein synthesis. Such
enzymes include proteases for peptide bond formation and protecting group
removal, lipases for removal of protecting groups, and sulfotransferases, acyl-
transferases, and thioesterases for glycopeptide modification.

3.1
Proteases

Though the function of proteases is the hydrolysis of peptide bonds in vivo,
they can be utilized for amide or ester bond formation under appropriate
conditions in vitro. Thus, proteases have great synthetic utility [80], includ-
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ing several functions in the synthesis of glycopeptides. First, they have been
used for the formation of peptide bonds. Subtilisin and engineered variants
thereof have been utilized widely to ligate synthetic peptide fragments to form
larger peptides [81–83]. In order to achieve favorable yields, kinetically con-
trolled conditions using an active site Ser to Cys subtilisin mutant to favor
aminolysis to hydrolysis and acyl donors activated as esters (especially ben-
zyl types of esters) are preferred. As expected, such kinetic conditions involve
competition between hydrolysis and aminolysis. Nevertheless, hydrolysis can
be minimized by reducing the amount of water and increasing the cosolvent
concentration, the rate of aminolysis can be enhanced by increasing the con-
centration of acyl acceptor peptide, and subtilisin mutants have been optimized
for peptide ligation or stability in organic solvents [82, 84–86]. In addition, self-
condensation reactions are avoided by protecting the N-terminal amine of the
acyl donor and the C-terminus of the acyl acceptor. Engineered variants of sub-
tilisin have been made with improved thermostability and broadened substrate
specificity, thereby providing access to peptide bond formation with several
glycopeptide substrates, including O- and N-linked glycopeptides containing
unprotected or acylated glycans [31, 73, 87]. Based on the substrate specificity
of subtilisin BPN′ [87, 88], glycopeptides with sugar residues typically at least
one residue away from the site of amide bond formation in the active site can be
accommodated. The advantages of the use of subtilisin variants over chemical
condensation techniques are the lack of racemization and opportunity to form
a cysteine-free connection, as is necessary for native chemical ligation [89].

Proteases have also been used to generate proteins with N-terminal cys-
teines for native chemical ligation, which has been used extensively for
the synthesis of lengthy peptides and proteins [90]. The protease factor Xa
was used to produce N-terminal cysteines [91, 92], though the imperfect se-
quence specificity of factor Xa can result in cleavage after positively charged
residues [93, 94]. In a recent effort to find a more specific cysteine protease,
the tobacco etch virus NIa (TEV) protease has been demonstrated as an effi-
cient and selective means for generating proteins with N-terminal cysteines
from recombinantly expressed N-terminal fusion proteins [95]. This TEV
protease approach was applied to produce a peptide derived from HIV gp41
and a truncated form of human interleukin-2 protein with N-terminal cys-
teines [96, 97]. Native chemical ligation of these peptides to a glycopeptide
thioester resulted in a glycopeptide related to HIV entry and full-length gly-
cosylated interleukin-2 (Scheme 13).

In addition, proteases have been used for selective ester hydrolysis of pro-
tecting groups on glycosyl amino acids [98], which can then be incorporated
into glycopeptides. For example, papain was used for the hydrolysis of some
methyl [99–101], 2-(2-methoxyethoxy)ethyl (MEE) [102], and iso-butyl [103]
esters from protected amino acid glycosides. In other studies thermitase was
used to remove a tert-butyl ester from a glycosylated dipeptide [104, 105] and
cleaved methyl and p-nitrobenzyl esters from peptide substrates [106]. Subtil-
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Scheme 13 Synthesis of IL-2 glycoprotein by native chemical ligation of a glycopeptide
thioester to a truncated IL-2 with N-terminal cysteine. The truncated IL-2 was expressed
recombinantly as a fusion protein and processed to the N-terminal cysteine by TEV
protease

isin was also used to deprotect the C-terminus of glycodipeptides with methyl
esters [107], albeit papain could not be used in this case due to its cleavage
of the dipeptide. This illustrates the drawback of using proteases for the re-
moval of protecting groups from peptides and glycopeptides. Additionally,
enzymatic cleavage of glycopeptides from the resin after solid-phase synthe-
sis has also been demonstrated with α-chymotrypsin [30].

3.2
Lipases

Lipases have been particularly valuable for the selective formation or hydro-
lysis of esters on a variety of chemical structures [98, 108–110], including
the hydrolysis of protected glycopeptides. The use of lipases is free of pro-
tease activity and avoids chemical deprotection problems, as they react under
essentially neutral pH conditions which are compatible with acid- or base-
sensitive glycosidic linkages. Another key feature of lipases is their lack of
specificity for L-amino acids; thus, they can be used with peptides containing
D-amino acids [111]. In addition, a variety of lipases are available commer-
cially and rather inexpensive.

A number of lipase-labile ester protecting groups have been applied success-
fully for the deprotection of the C-terminus during glycopeptide synthesis [112,
113], including 2-bromoethyl [114], n-heptyl [114–117], MEE [102, 118], and
(polyethylene)glycol [118]. Protection of the C-terminus as a choline ester has
also been cleaved with butyrylcholine esterase for the synthesis of glycophos-
phopeptides [119, 120]. In addition, p-(phenylacetoxy)benzyloxycarbonyl has
been used to protect the N-terminal amine, where removal of the phenylac-
etate is achieved by penicillin G acylase and the remaining phenolate undergoes
spontaneous fragmentation to yield the free amine [119, 121].
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3.3
Sulfotransferases

Sulfation is an important post-translational modification [122, 123] that can
occur on glycoproteins or glycopeptides on either the hydroxyl group of a gly-
can or the side chain of an amino acid. Sulfotransferases, which install sulfate
esters, have proven useful in the synthesis of glycoconjugates, with some ap-
plication to the synthesis of glycosulfopeptides. For instance, a glycopeptide
fragment of PSGL-1 was sulfated enzymatically at three tyrosine residues with
a cloned tyrosylprotein sulfotransferase [14].

More recently, a simple one-pot enzymatic regeneration of 3′-phospho-
adenosine-5′-phosphosulfate (PAPS) has been developed (Scheme 14) [124–
126]. Similar to in situ regeneration for other transferase enzymes, this strat-
egy is valuable for the synthetic use of sulfotransferases, since PAPS is an
expensive sulfate donor, and PAP can cause feedback inhibition. This ap-
proach has been applied to the synthesis of sulfated carbohydrates and should
also be valuable for glycosulfopeptide synthesis.

Other sulfotransferases that catalyze the sulfation of carbohydrates or pep-
tides have been discovered [122, 123], though they have not been applied
extensively to glycosulfopeptide synthesis.

Scheme 14 Enzymatic regeneration of PAPS from PAP for the sulfation of biologically-
relevant molecules, including glycopeptides and oligosaccharides

3.4
Acyltransferases

Recently, acyltransferases have been used for the modification of lipogly-
copeptide antibiotics [127]. Acyltransferases were cloned from the biosyn-
thetic genes encoding teicoplanin and A-40,926 and used for the acylation
of vancomycin (Scheme 15a), teicoplanin, and A-40,926 with various acyl-
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Scheme 15 Acyltransferases have been used (a) to modify glycopeptide antibiotics and
(b) to generate neoglycopeptides

CoAs. Though these acyltransferases have been used in analytical reactions
to demonstrate their ability to make novel lipoglycopeptides, it remains to be
determined if they will have efficient synthetic utility.

Another area where acyltransferases have been useful is the synthe-
sis of modified glycopeptides with non-native sugar-peptide linkages, often
termed neoglycopeptides [128, 129]. Glutaminyl-peptide γ -glutamyl trans-
ferase (transglutaminase) catalyzes the acylation of primary amines with
the γ -carboxamide group of glutamine or glutamine-containing peptides.
Though the substrate specificity of transglutaminase allows only the prep-
aration of neoglycopeptides (Scheme 15b), its use provided the framework
for studying the effect of carbohydrates on cyclic peptides targeting hemag-
glutinin [130] and prolonging the glucose-lowering effect of insulin with
incorporation of sialyloligosaccharides [131, 132].

3.5
Thioesterases

A thioesterase has been employed of late in the macrolactamization of
cyclic head-to-tail glycopeptides [133]. The isolated thioesterase domain
of the tyrocidine nonribosomal peptide synthetase was shown to be effi-
cient in the macrolactamization of several glycopeptide analogs of tyrocidine
(Scheme 16). Though the thioesterase is known to be intolerant of variations
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Scheme 16 Monoglycosylated peptides made efficiently by cyclization with tyroci-
dine thioesterase. A variety of glycosyl amino acids were substituted at positions 5
through 7 and cyclized enzymatically, including AA5 = Ser(β-Gal), Ser(Ac4-β-gal);
AA6 = Ser(β-Gal), Ser(Ac4-β-gal); AA7 = Ser(β-Gal), Ser(Ac4-β-gal), Ser(β-Glc), Ser(β-
GlcNAc), Ser(β-GlcNH2), Tyr(β-Gal), Tyr(β-Glc)

from the tyrocidine sequence near the site of macrolactamization, a diver-
sity of head-to-tail cyclic glycopeptides with internal sequence variation can
be achieved with distinct regio- and stereochemistry. The isolated tyrocidine
thioesterase domain was also used in related work for the synthesis of cyclic
neoglycopeptides [134].

4
In Vivo Synthesis of Glycoproteins

In vivo methods for the synthesis of glycoproteins have been established.
Such methods, consequently, are the equivalent of in vivo enzymatic methods,
whereby enzymes within the cell are used for synthetic purposes. Two
types of in vivo glycoprotein synthesis have been explored, including co-
translational incorporation of an unnatural amino acid by in vivo suppressor
tRNA technology and post-translational modification of glycoproteins via
pathway re-engineering in yeast.

In vivo suppressor tRNA technology allows the site-specific incorporation
of non-natural amino acids into proteins [135]. This process involves the
evolution of an orthogonal tRNA synthetase and tRNA pair that selectively
charges and inserts a selected unnatural amino acid into the protein in the
place of an amber codon TAG. Using this method, engineered E. coli were
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used to produce neoglycoproteins and glycoproteins. Neoglycoproteins were
generated by in vivo insertion of p-acetylphenylalanine into recombinant pro-
tein followed by chemical modification with aminooxy saccharides [136]. In
addition, homogeneous O-linked glycoproteins were produced by direct in-
corporation of the glycosyl amino acids N-acetylglucosamine-β-serine [137]
and N-acetylgalactosamine-α-threonine [138]. These glycoproteins contain-
ing core monosaccharides glycans were then elaborated by glycosyltrans-
ferases in vitro. Though this method is distinguished for its ability to in-
troduce glycans site-specifically into proteins, further development of this
method is needed to achieve favorable production levels.

Another method for in vivo synthesis of glycopeptides is pathway re-
engineering in yeast. N-linked glycosylation occurs in yeast, though conser-
vation with human glycosylation only exists in the early steps of N-glycan as-
sembly and processing. Differences in later steps result in high-mannose type
glycans in yeast, which are not suitable for therapeutic human glycoproteins.
Thus, efforts have been made to humanize N-glycosylation pathways in yeast
for the production of therapeutic glycoproteins [139]. Such re-engineering re-
quires altering endogenous N-glycosylation reactions and genetic incorpora-
tion of human N-glycosylation pathways into yeast and other fungi. Although
the ability to humanize glycosylation pathways in yeast has progressed re-
cently, future research is necessary for efficient yeast strains to be developed
for homogeneous human glycoprotein synthesis.

5
Conclusion

The daunting complexity of glycans continues to challenge their synthetic
progress and, hence, study of their biological functions. Though advances
in enzymatic strategies for the synthesis of glycopeptides and glycoproteins
are important complements to existing chemical approaches, continued re-
search in these areas is required to provide access to all desired constructs.
A variety of enzymes are instrumental in the synthesis of glycopeptides and
glycoproteins: glycosyltransferases have facilitated the synthesis of difficult
glycosyl linkages, glycosidases have been used to transfer complex glycans,
proteases have catalyzed peptide bond formations, lipases and proteases have
removed protecting groups, and sulfo- and acyltransferases and thioesterases
have been employed to modify glycopeptides.
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Abstract Glycosylation of proteins is the most complex form of posttranslational modi-
fication. Glycan chains of glycoproteins are involved in numerous biological recognition
events, such as protein folding, cell–cell communication and adhesion, cell growth and
differentiation, as well as bacterial and viral infection. As an alternative to glycopro-
tein synthesis, approaches to the construction of glycopeptide and glycoprotein mimetics
have been developed. These so-called neoglycopeptides and neoglycoproteins, respec-
tively, provide insight on the importance of distinct structural elements on biological
activity. Furthermore, they may have improved properties, such as increased stability in
the case of S- and C-glycopeptides. This article summarizes recent progress in the field
of synthetic glycosylated amino acids, peptides, and proteins with non-natural structural
elements with a focus on the carbohydrate–peptide linkage. Linear and convergent ap-
proaches are discussed. Application of chemoselective ligation reactions provides access
to pure glycoforms of glycoprotein mimetics.
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Abbreviations
Ac Acetyl
All Allyl
Aloc Allyloxycarbonyl
Azy Aziridine-2-carboxylic acid
Bn Benzyl
Boc tert-Butoxycarbonyl
Bu Butyl
t-Bu tert-Butyl
Bz Benzoyl
CM Cross-metathesis
COD Cycloocta-1,5-diene
dba Dibenzylidene acetone
DBU 1,8-Diazabicyclo[5.4.0] undec-7-ene
DCL Dynamic combinatorial library
Ddv 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)isovaleryl
DIC N,N ′-Diisopropylcarbodiimide
DIEA N,N ′-Diisopropylethylamine
DMAP 4-(Dimethylamino)pyridine
DMF N,N-dimethylformamide
dppf 1,1′-Bis(diphenylphosphanyl)ferrocene
DTT Dithiothreitol
EDT Ethane-1,2-dithiol
EPO Erythropoietin
Et Ethyl
FITC Fluorescein isothiocyanate
Fmoc 9-Fluorenylmethoxycarbonyl
HATU 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
HBTU 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
HOBt 1-Hydroxybenzotriazole
KHMDS Potassium hexamethyl disilazide
ManLev N-Levulinoylmannosamine
MBHA 4-Methylbenzhydrylamine
Me Methyl
NaHMDS Sodium hexamethyl disilazide
NEM N-Ethylmorpholine
NMM N-Methylmorpholine
Pfp Pentafluorophenyl
Ph Phenyl
Pht Phthaloyl
Piv Pivaloyl
PTM Posttranslational modification
py Pyridine
PyBOP Benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate
rt Room temperature
SBL Subtilisin Bacillus lentus
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SPPS Solid-phase peptide synthesis
Su Succinimidyl
TBAHS Tetra-n-butylammonium hydrogen sulfate
TBS tert-Butyldimethylsilyl
TFA Trifluoroacetic acid
Tfa Trifluoroacetyl
THF Tetrahydrofuran
TIPS Triisopropylsilyl
TMS Trimethylsilyl
Ts Tosyl
Z Benzyloxycarbonyl

1
Introduction

The most surprising result of the human genome project probably was the
fact that our genome consists of less than 30 000 genes. This low number un-
derlines the importance of posttranslational modifications (PTMs) in order
to reach the complexity of higher organisms. Among the PTM events that are
known today, glycosylation is the most complex form and requires about 1%
of mammalian genes [1]. The functions of the glycan chains of glycoproteins
span the complete spectrum from being essentially unimportant to being cru-
cial for the survival of an organism [1–10]. Glycan chains of glycoproteins
modulate physicochemical properties of proteins, such as solubility, viscos-
ity, charge, conformation, and dynamics and thereby can bestow stability and
resistance to proteolytic degradation and can lead to improved protein effi-
cacy. On the other hand, the glycans provide unique epitopes for molecular
recognition that are involved in cell–cell communication, cell growth and dif-
ferentiation, cancer metastasis, bacterial and viral infection, and they direct
protein folding.

Oligosaccharides are attached to proteins mainly via an N-glycosidic bond
to asparagine (Fig. 1) or an O-glycosidic bond to hydroxylated amino acids,

Fig. 1 Common structure of all N-glycoproteins: core pentasaccharide attached to the
consensus sequence Asn-Xaa-Ser/Thr
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Fig. 2 Selected carbohydrate–peptide linkages found in O-glycoproteins

such as serine and threonine (Fig. 2) [11–15]. Whereas all N-glycoproteins
share the same core structure 1, which is derived from a common biosyn-
thetic oligosaccharide precursor, a variety of carbohydrate–peptide linkages
are found in O-glycoproteins. In the mucins, the GalNAc(α1–O)Ser/Thr link-
age 2 (also called Tn antigen) is found. Another widely occurring O-glycosidic
bond is the GlcNAc(β1–O)Ser/Thr linkage 3. Less common O-glycosidic link-
ages include those to hydroxylysine (4) and tyrosine (5, 6).

Since the glycan chains are secondary gene products that are not synthe-
sized in a template-controlled fashion, they usually occur as complex mix-
tures of glycoforms, making their isolation and analysis a demanding task.
Chemists, therefore, have developed synthetic strategies for the preparation
of pure glycoforms of proteins required for the evaluation of structure–
function relationships [16–26]. The total synthesis of glycoproteins, however,
is still an enormous challenge and remains the domain of a few specialized
laboratories around the world.

The synthesis of glycopeptide and glycoprotein mimetics, also referred to
as neoglycoconjugates [27], represents an alternative strategy to produce sin-
gle glycoforms for biological studies. The replacement of a natural structure
with a non-natural one allows study of the influence of distinct structural
elements on biological activity, but has many practical applications as well.
Use of chemoselective ligation reactions makes glycoconjugate synthesis ac-
cessible to a broader community. Furthermore, S- and C-glycosidic bonds for
example are more stable than the corresponding O-glycosides (both chemi-



Synthesis and Application of Glycopeptide and Glycoprotein Mimetics 69

cally and with respect to enzymatic degradation), which leads to an increased
half life of a glycoconjugate within a biological system. Thus, beneficial prop-
erties of glycans may be permanently linked to a protein, which is an import-
ant aspect for pharmaceutical applications. This article summarizes recent
progress in the field of synthetic glycosylated amino acids, peptides, and pro-
teins with non-natural structural elements, with a focus on the carbohydrate–
peptide linkage. For a more complete coverage of this wide area, the reader is
referred to other excellent reviews [23, 28–38].

2
Strategies for Assembly of Glycopeptide and Glycoprotein Mimetics

Scheme 1 summarizes the main strategies that have been explored in the past
for the preparation of glycopeptide and glycoprotein mimetics. Two major ap-
proaches can be distinguished: the linear and the convergent assembly. In the
linear assembly, carbohydrates are coupled to amino acids 7 to give modi-
fied amino acids carrying either mono- (8) or oligosaccharides (10). These
are used as building blocks in solution or (more commonly) solid-phase pep-

Scheme 1 Linear and convergent strategies that have been employed for the synthesis of
glycopeptide and glycoprotein mimetics
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tide synthesis (SPPS) to provide glycoconjugates 9 and 11, respectively. Linear
approaches are covered in Sect. 3 of the article. In convergent approaches, car-
bohydrates are coupled to presynthesized peptides or to proteins (12) to give
9 and 11. Depending on the type of chemistry used for carbohydrate attach-
ment, there might be a need for protecting groups at the peptide and car-
bohydrate, an approach which is confined to synthetic peptides. Conjugation
of carbohydrates to full-length proteins is possible via chemoselective liga-
tion to amino acids with a unique reactivity, for example cysteine residues.
Combined with site-directed mutagenesis, this approach allows for control of
both site of attachment and type of saccharide. Alternatively, genetically en-
gineered proteins containing non-proteinogenic amino acids with a unique
chemical reactivity can be employed.

Mixed linear and convergent assembly strategies have also been described.
Glycopeptide mimetics 9 or 11 synthesized by the linear route have been ex-
tended in the glycan part by convergent attachment of an oligosaccharide
through chemoselective ligation. Convergent and mixed approaches for as-
sembly of glycopeptide and glycoprotein mimetics are dealt with in Sect. 4.
Not shown in Scheme 1 are the assembly of peptide and neoglycopeptide
fragments by native chemical ligation [39] and the incorporation of non-
proteinogenic glycosylated amino acids into proteins by in vivo suppressor
tRNA technology [40–42].

3
Synthesis of Glycopeptide Mimetics by Linear Assembly
of Glycosylated Amino Acids with Unnatural Linkages

3.1
O-Glycosides

Several groups have described building blocks for the preparation of gly-
copeptide mimetics containing O-glycosidic bonds. Based on chemistry de-
veloped earlier [43], Nativi et al. prepared α-O-linked glycohomoglutamates
16 as replacement for naturally occurring α-O-glycopeptides found in mucins
(Scheme 2) [44]. β-Ketoesters 13 obtained from aspartic acid and Meldrum’s
acid were reacted with phthalimidosulfenyl chloride. Base treatment of 14
gave reactive intermediate 15, which underwent a hetero Diels–Alder reaction
with glycals to give α-O-glycohomoglutamates 16 as diasteriomerically pure
isomers. The same approach has been used by Franck et al. for the prepar-
ation of N-glycosides [45].

Preparation of the four galactosylated 5-hydroxylysine mimetic building
blocks 19–22 was accomplished by Guichard and coworkers (Scheme 3) [46].
The synthesis of the 5-hydroxy amino acid derivative 18 started from hy-
droxylated piperidinone 17. Subsequent galactosylation gave 19. The use of
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Scheme 2 Preparation of α-O-glycohomoglutamates 16 through hetero Diels–Alder reac-
tion with glycals

Scheme 3 Synthesis of building blocks for the preparation of collagen mimetics

pivaloyl-protected galactosyl bromide prevented undesired orthoester for-
mation during the glycosylation step. Building blocks 20–22 were obtained
analogously. The galactosylated hydroxylysine mimetics were incorporated
into bovine type II collagen (bCII) immunodominant glycopeptides in order
to study the fine specificity of bCII-reactive T cells involved in the initiation
and/or regulation of collagen-induced arthritis, a mouse model for rheuma-
toid arthritis [47].

Danishefsky et al. applied β-O-allyl glycosides of mono- and oligosaccha-
rides, including the breast and prostate cancer antigen Globo-H, for a cross-
metathesis reaction with Fmoc-L-allylglycine benzyl ester, followed by reduc-
tion of the resulting olefins via catalytic hydrogenation, with the concomitant
release of the free acid [48]. The obtained non-natural glycosyl amino acids
can readily be applied in solid-phase synthesis of potential glycopeptide-
based antitumor vaccines.
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Peptoids (N-substituted oligoglycines) are peptide mimetics that are char-
acterized by an improved proteolytic stability and high conformational
flexibility [49, 50]. Roy and coworkers were the first to synthesize glyco-
sylated derivatives of peptoids, which they named glycopeptoids. Several
O-linked [51, 52] but also N-linked [53, 54] and C-linked [52] variants were
prepared and used as building blocks for the construction of HIV-1 protease
inhibitors [55] and Tn-antigen clusters [56].

Glycopeptide mimetics with a modified peptide backbone in order to re-
duce biodegradability have been reported by Shin et al. [57]. They synthe-
sized the pentamers 23 and 24 containing O- and N-glycosylated α-aminooxy
acids by fragment coupling on solid support (Scheme 4).

Scheme 4 Glycopeptide mimetics with a peptide backbone containing O- and N-glyco-
sylated α-aminooxy acids

3.2
N-Glycosides

In recent years, the copper(I)-catalyzed [3 + 2] cycloaddition of azides and
alkynes [58, 59] (often referred to as “click” reaction) has found wide applica-
tion in the field of bioconjugation [60], including the preparation of glycopep-
tide mimetics. Depending on whether the azide or the alkyne component is
connected to the carbohydrate, N-glycosides and C-glycosides, respectively,
are obtainable. Rutjes and coworkers reacted various glycosyl azides 25 with
a series of acetylenic amino acids 26 to obtain triazole-linked glycosyl amino
acids 27 and also some peptides (Scheme 5) [61]. With a few exceptions, the
yields were generally good to excellent. The triazole linkage appeared to be
stable under several acidic and basic conditions (e.g., 1 M HCl in MeOH,
6 h, reflux or 1.25 M aqueous NaOH, 24 h, reflux). Using α- and β-glycosyl
acetylenes, several C-glycosidically linked triazole-containing glycosyl amino
acids were synthesized.

The azide-alkyne cycloaddition was also employed for the preparation
of carbohydrate-modified 2(1H)-pyrazinones as precursors of glycopep-
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Scheme 5 Application of the azide-alkyne cycloaddition for the preparation of triazole-
linked glycosyl amino acids

tidomimetics [62] and also for the preparation of glycopeptide and glycopro-
tein mimetics by convergent strategies (cf. Sect. 4.4).

A different approach towards non-natural N-glycosyl amino acids was
reported by Klaffke and coworkers [63, 64]. They used disaccharides N-gly-
cosidically linked to spacers bearing a second amino function at the other
end. This primary amine was linked to the γ -carboxamide function of glu-
tamine within the dipeptide Z-Gln-Gly-OH in a reaction catalyzed by the
enzyme transglutaminase. The needed spacer-modified N-glycosides were
accessible by reaction of the disaccharide (e.g., maltose) with allylamine fol-
lowed by acetylation and photochemical thioetherification with cysteamine
hydrochloride.

Starting from azido-functionalized glucuronic acid 28, Lindhorst and co-
workers prepared glycosyl amino acids with a dendron moiety attached to the
sugar giving access to branched glycopeptide mimetics of variable sugar com-
position (Scheme 6) [65]. Serving as the branching element, amino triester
29 was introduced under standard peptide coupling conditions. Resulting 30

Scheme 6 Application of a modified Staudinger reaction for the synthesis of dendron-
functionalized N-glycoside 31
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was converted into the dendron-functionalized N-glycoside 31 via a modified
Staudinger reaction.

Van Ameijde and Liskamp coupled N-linked glyco amino acid building
blocks, in which glycosyl amines are connected to the carboxy group of
an amino acid via an amide bond, to trivalent cyclotriveratrylene scaffolds
with varying spacers [66]. The obtained glycoclusters can be used to study
multivalent interactions. Ichikawa et al. explored the use of Steyermark’s glu-
copyranosyl oxazolidinone for anchoring glucosyl moieties onto amines and
thiols in aqueous media [67]. The method was applied for the synthesis of
a urea-tethered glucosyl lysine conjugate and a corresponding cysteine con-
jugate.

Thiem and coworkers prepared a N4-(2-acetamido-2-deoxy-β-D-glucopyr-
anosyl)-L-asparagine analogue in which the side-chain carboxy group of
aspartic acid is linked to the 2-amino function of 1,5-anhydro-2-amino-2-
deoxyglucitol [68]. The building block was incorporated into a mimic of the
V3 loop of the HIV-1 gp 120 envelope glycoprotein by solid-phase peptide
synthesis (SPPS).

Inspired by the work of Roy et al. [53, 54], already mentioned in Sect. 3.1,
Burger and coworkers reported a preparatively simple synthesis of N-linked
glycopeptoids starting from iminodiacetic acid using hexafluoroacetone as
protecting and activating reagent (Scheme 7) [69]. Dielectrophile 32 reacts
with weak nucleophiles such as glycosylamine 33 at the more reactive acid
chloride to give the N-glycosylated activated glycine derivative 34. Treatment
with sarcosine-tert-butylester provided dipeptoide 35 under concurrent de-
protection of the α-amino group. N-Terminal elongation with 36 gave tripep-
toide 37.

Vankar and coworkers recently introduced the novel reagent system
trimethylsilylnitrate/trimethylsilyl azide for the synthesis of 2-deoxyglycosyl

Scheme 7 Synthesis of N-linked glycopeptoide 37
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azides from glycals [70]. After Staudinger reduction, the obtained glycosyl-
amines were applied in the synthesis of 2-deoxy-β-N-glycopeptides.

3.3
S-Glycosides

Replacement of the anomeric oxygen of O-glycosides by sulfur to furnish
S-glycosides leads to an increased stability towards acid/base and enzymatic
hydrolysis. The preparation of S-linked glycopeptides/proteins has been cov-
ered by several excellent reviews [23, 32, 38, 71], most notably a very recent
one by Pachamuthu and Schmidt [28]. The present article, therefore, will fo-
cus on selected examples.

In the past, two main strategies have been employed for the synthesis of
S-linked glycosyl amino acids. One uses an anomeric thiolate nucleophile,
which is generally configurationally stable, in SN2 reaction with a halogen-
functionalized amino acid, often a 3-bromoalanine derivative. The major side
reactions are disulfide formation via air oxidation and β-elimination to the
corresponding dehydroalanine followed by Michael addition, which results in
an epimeric mixture at the α-carbon of the amino acid product. Alternatively,
a thiol-containing amino acid, e.g., cysteine or homocysteine, is glycosylated
by reaction with a glycosyl donor. The reaction can be carried out under ba-
sic conditions employing a halogenose leading to an SN2 displacement. This is
particularly convenient for equatorial S-glycosides because the halogen atom
is generally found in the axial position. Access to axial thioglycosides is given
by acid-catalyzed S-glycosylation following an SN1-type mechanism.

Knapp and Myers used thiazolines 38, derived from peracetylated glu-
cosamine and galactosamine, respectively, by treatment with Lawesson’s
reagent, for the formation of α-GlcNAc and α-GalNAc thiols 39 (Scheme 8a)
[72, 73]. Alkylation with 3-iodoalanine derivative 40 in the presence of base
provided the S-glycosylated amino acids 41 in high yields without apparent
epimerization at the α-carbon of the amino acid.

A similar approach was applied by Zhu and Schmidt for the synthesis of
S-glycosylated amino acids and di- and tripeptides 44 (Scheme 8b) [74, 75].
They reacted α-GlcNAc and α-GalNAc thiols 39 as well as β-GlcNAc and
β-lactosyl thiols with 3-bromoalanine (42) and 4-bromohomoalanine deriva-
tives (43) under phase transfer conditions or in a mixture of DMF and water
at pH 8.5. Due to the mild conditions, epimerization was not observed and
even Fmoc-protected peptides were applicable.

Wong et al. modified the procedure and developed a two-step one-pot re-
action with in situ generation of sugar thiolates 46 (Scheme 9) [233]. Glycosyl
thioacetates 45 were first S-deacetylated with NaOH in methanol at pH 7.5 fol-
lowed by reaction with Boc- and Fmoc-protected 3-bromoalanines 47 to get
a great variety of S-linked glycosyl amino acids 48. Two of them were incor-
porated into a linear and a cyclic analogue of the cyclic cationic decapeptide
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Scheme 8 Approaches to S-linked glycosyl amino acids using anomeric thiolate nucleo-
philes

Scheme 9 A two-step one-pot reaction for the preparation of S-linked glycosyl amino
acids 48 generating sugar thiolates 46 in situ

antibiotic tyrocidine A, which is produced in Bacillus brevis. The cyclic ana-
logue was shown to have a better antibiotic profile than tyrocidine A.

An efficient solid phase strategy for the synthesis of β-S-glycosyl amino
acids 51 was described by Jobron and Hummel (Scheme 10) [76]. Based on
an earlier report [77], they used unprotected sugar thiols immobilized via
the 6 position to generate sodium thiolates 49 for nucleophilic attachment to
different iodine-substituted Fmoc-protected amino acids 50.

For the stereoselective synthesis of S-linked glycosyl amino acids, e.g., 55
and 56, Cohen and Halcomb prepared serine- and allo-threonine-derived

Scheme 10 Solid-phase synthesis of β-S-glycosyl amino acids 51
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Scheme 11 Application of cyclic sulfamidates 54 (R = H, Me) for the synthesis of S-linked
glycosyl amino acids

cyclic sulfamidates 54 (R = H, Me) (Scheme 11) [78, 79]. In their approach,
the sulfamidates reacted with in situ-formed β-cesium thiolates, such as
53, to give the unprotected thioglycosides after hydrolysis of the N-sulfates.
The use of cesium as the counter ion afforded higher yields due to an in-
creased solubility of the thiolate, allowing the application of higher concen-
trations. The serine-derived sulfamidate was also incorporated into a peptide
on a solid support. Addition of a 1-thio sugar afforded a solid-phase bound
S-glycodipeptide, which could be extended to a tripeptide using standard
peptide synthesis procedures.

Direct base-catalyzed S-glycosylation of cysteine- and homocysteine-
containing peptides using protected glycosyl bromides was reported by
Schmidt and coworkers [80]. They reacted cysteine-centered tripeptides,
which were accessible via chemical ligation, with peracetylated glucosyl and
lactosyl bromides under two-phase conditions and observed the formation
of S-linked glycopeptides in very good yields. The strategy was also applied
for the synthesis of an S-linked glycopeptide analogue derived from human
Tamm–Horsfall glycoprotein in the same laboratory [81].

Two types of novel S-neoglycopeptides were published by Schmidt
et al. [82]. Glycosylthiomethyl amides were obtained by reaction of glyco-
sylthiomethyl azides with amino acids and peptides containing aspartate and
glutamate thio acids, whereas reaction of glycosylthiomethyl bromides with
cysteine and homocysteine derivatives afforded the corresponding S-(glyco-
sylthiomethyl) amino acids and peptides.

3.4
C-Glycosides

The existence of C-glycosidic linkages in naturally occurring glycoproteins
was first discovered in 1994 in human RNase, in which a mannose residue is
connected to C2 of the indole ring of a tryptophan [83]. A few years later,
Manabe and Ito established the synthesis of a corresponding building block,
which opened the way for the incorporation of 13C or 15N labels [84]. However,
even before the discovery of the C-mannosyl-tryptophan linkage, carbon-
linked glycosyl amino acids have attracted the interest of synthetic chemists
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because of the stability of this linkage. C-Glycosyl glycines for example were
reported as early as in the late 1940s [85]. Yet, it took until 1992 to incorpo-
rate C-glycosyl amino acids into peptides. Kessler et al. synthesized C-glycosyl
alanine derivatives via free radical addition to dehydroalanine derivatives
and dehydroalanine-containing peptides [86]. Bertozzi et al. reported on a C-
glycosyl analogue of Gal(β1–O)Ser (i.e., a C-glycosyl homoalanine) and its
use for SPPS of an α-helical C-glycopeptide [87]. Since then, C-linked gly-
copeptides have been extensively studied by many groups as an approach
to obtain stable glycopeptide mimetics and several review articles cover this
subject [32, 35, 38]. Selected recent publications will be presented.

Nucleophilic attack at the anomeric carbon is a common pathway towards
C-glycosides [88, 89]. Following this approach, Kihlberg et al. synthesized the
C-linked isostere 62 of β-D-galactosyl hydroxynorvaline (Scheme 12) [90].
The two key steps in this synthesis were the addition of a homoallylic Grig-
nard reagent to per-O-benzylated galactopyranolactone 57 with subsequent
reduction of the resulting hemiacetal with triethylsilane and a Wittig reac-
tion of phosphonium salt 59 employing Garner’s aldehyde 60. Building block
62 was then incorporated into a fragment from type II collagen by solid-
phase synthesis. Helper T cell hybridomas obtained in a mouse model for
rheumatoid arthritis responded to the C-linked glycopeptide when presented
by class II MHC molecules although at a higher concentration compared to
the natural O-glycosylated hydroxynorvaline.

Scheme 12 Synthesis of the C-linked isostere 62 of β-D-galactosyl hydroxynorvaline from
galactopyranolactone 57

On the basis of these results, the same group succeeded in 2003 in the stereo-
selective synthesis of a C-glycoside analogue of β-D-galactosyl threonine in
14 steps [91]. Recently they reported the synthesis of a C-glycoside analogue
of β-D-galactosyl hydroxylysine in 17 steps [92]. An Evans allylation estab-
lished the configuration at the γ -carbon of hydroxylysine and an asymmetric
hydrogenation using Burk’s catalyst was applied for the α-amino acid moiety.
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Schweizer and coworkers demonstrated that ulosonic acids, which are
accessible from the corresponding sugar lactones by reaction with tert-
butylacetate, can be converted into unnatural C-glycosyl amino acids via
a one-pot intramolecular Ritter reaction [93]. A diaminobutyric acid-derived
building block was used as serine replacement in the solid-phase synthesis of
a modified opioid peptide.

The stereoselective synthesis of C-glycosyl analogues of phenylalanine was
reported by Sinou and coworkers (Scheme 13) [94]. Condensation of hex-2-
enopyranoside 63 with an aryl Grignard reagent [95] afforded unsaturated
α-C-aryl glycoside 64, which was subjected to a Heck coupling with acrylate
65. The obtained enamide ester 66 was hydrogenated with a chiral DuPHOS-
Rh+ catalyst and subsequently dihydroxylated to give C-mannopyranosyl
phenylalanine 68.

Scheme 13 Synthetic route to C-mannopyranosyl phenylalanine 68

For the gram-scale preparation of the C-glucosyl phenylalanine deriva-
tive 73, Augé and coworkers used the Negishi cross-coupling as key reaction
(Scheme 14) [96]. High-yield coupling of p-iodo-L-phenylalanine 70 to sily-
lated glycal 69 gave 71. Further protecting group manipulations and stereo-
selective hydroboration of the double bond yielded C-glycosylated amino acid
73, ready for use in SPPS.

Gallagher et al. employed organozinc reagents carrying an aryl iodide
function for the reaction with glycals [97]. Cross-coupling of the aryl iodide
to an alanyl zinc reagent by Pd(0) catalysis led to C-glycosyl analogues of
glycosyl tyrosines. A C-mannosylated building block was incorporated into
a cyclic hexapeptide by solid-phase synthesis.

Through cross-coupling of C-linked glycosyl acetylenes with racemic Nα-
acetyl-3- and -4-iodophenylalanine methyl esters by Pd(0) catalysis Mel-
dal et al. received diastereomeric pairs of C-glycosylacetylene phenylalanine
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Scheme 14 Application of the Negishi cross-coupling as key step for the synthesis of
C-glycosylated phenylalanine 73

building blocks [98]. Separation of the diastereoisomers was achieved by se-
lective enzymatic hydrolysis of the Nα-acetyl group of the L-amino acid by
acylase I. After Fmoc protection, the building blocks were used in the solid-
phase synthesis of neoglycopeptide analogues of the mouse hemoglobin-
derived decapeptide Hb(67–76). Dondoni et al. used this kind of sugar acety-
lene for the syntheses of ethylene isosteres 76 of N-glycosyl asparagines
by coupling of metalated sugar acetylenes 74 with the Garner aldehyde 60
(Scheme 15) [99].

Scheme 15 Synthesis of ethylene isosteres 76 of N-glycosyl asparagines from metalated
sugar acetylenes 74

For the synthesis of C-glycosyl alanine derivatives, Wong and cowor-
kers used an asymmetric Strecker reaction starting from C-glycosyl acetal-
dehyde derivatives [100]. The stereoselectivity of this reaction was strongly
solvent-dependent and was reversed by changing from THF to CH2Cl2.
Starting with the same type of C-glycosidically linked aldehyde, Arya and
coworkers succeeded in the synthesis of carbon-linked analogues of α- and
β-galactosyl-serine glycoconjugates using asymmetric enolate methodol-
ogy [101]. Methylene-elongated serine and threonine C-glycosyl amino acid
building blocks were prepared by Thiem et al. employing regio- and stereo-
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selective aziridine ring opening methodology [102]. The needed C-glycosyl
aldehyde intermediate was assembled by reaction of peracetylated β-D-
galactopyranose with propargyl trimethyl silane in the presence of a Lewis
acid, similar to a procedure developed by Bednarski et al. [103]. Wang and
Linhardt reported the synthesis of serine-based neuraminic acid C-glycosides
by using a neuraminic acid-based glycosyl donor in a samarium diiodide-
mediated C-glycosidation reaction [104].

Despite early reports on the use of free radical reactions for the synthesis
of C-glycosyl amino acids and peptides [86, 105], this approach is still rarely
used in comparison to the above-mentioned nucleophilic approaches. Linker
et al. reported a short three-step synthesis of 2-C-branched glyco-amino acids
by addition of nitroacetate to various glycals in the presence of ceric(IV)
ammonium nitrate and subsequent reduction of the obtained bicyclic isoxa-
zoline N-oxides [106]. Caddick and coworkers used tetrafluorophenol-linked
acrylate on solid phase for the synthesis of C1- and C6-linked glycopeptide
mimetics [107]. The work represents the first C-glycoside synthesis on a solid
phase using a free-radical methodology.

Radical allylation of acetobromomannose followed by ozonolysis gave
a C-glycosyl aldehyde which was further elaborated into a C-mannosyl amino
acid by Toone and coworkers [108]. This building block was incorporated
into C-linked glycopeptides that acted as mono- and bivalent ligands for the
legume lectin concanavalin A. Binding studies on resin beads and in solution
were carried out to investigate the effect of carbohydrate presentation on the
carbohydrate–lectin interaction. C-Linked glycopeptides have been used be-
fore by the group and evaluated as ligands for the Shiga-like toxin 1 binding
subunit [109].

Dondoni et al. used C-glycosyl nitrile oxides and acetylenes for 1,3-dipolar
cycloadditions to an alkyne or an azide, respectively, to obtain rigidified
heterocycle-tethered C-glycosyl amino acids [110]. The isoxazole- or triazole-
tethered C-glucosyl and C-galactosyl alanines are promising building blocks
for new glycopeptide mimetics. At the same time, Rutjes and coworkers also
reported the synthesis of triazole-linked C-glycosyl amino acids employing
1,3-dipolar cycloadditions (cf. Sect. 3.2) [61].

The cross-metathesis (CM) reaction, being an important method for
the preparation of diverse neoglycoconjugates [111], was used by Roy
and coworkers for the conversion of β-C-allyl mannoside 77 and (R/S)-
allyl glycine 78 into C-mannosylated amino acid 79 using Grubbs’ catalyst
(Scheme 16a) [112]. Earlier, the group had already applied CM in the syn-
thesis of C-glycosylated peptoids [52] which have also been reported by
Kessler and coworkers [113]. In 2002 McGarvey et al. used this methodol-
ogy for the reaction of α-C-allyl glycosides from N-acetylglucosamine and
lactose with protected allyl glycine derivatives, leading to the correspond-
ing unsaturated C-glycosyl amino acid building blocks [114]. In a convergent
approach, the reaction was also applied for the modification of an allyl-
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Scheme 16 Applications of cross-metathesis (CM) for the preparation of C-glycosylated
amino acids 79 (a) and 83 (b)

glycine-containing tripeptide. Liu and Ben applied CM for the preparation of
a series of C-linked antifreeze glycoprotein analogues [115]. Another type of
C-linked antifreeze glycoprotein analogue was reported earlier by the same
group [116, 117]. Nolen et al. used open-chain sugar precursor 80 for the
preparation of C-glucosylated amino acids 83 with a linking carbon chain
between the C-glycoside and the amino acid shorter than three carbons
(Scheme 16b) [118]. Their CM/cyclization strategy provides a stereoselective
entry to C-glucosyl alanines 83 (n = 0) and C-glucosyl analogues of gluco-
syl serines 83 (n = 1), without the seriously diminished yields previously
observed using allyl or vinyl C-glycosides.

Michael and coworkers employed aminomethyl-C-glycosides in a photo-
chemical approach towards unnatural C-glycosyl asparagine derivatives [119,
120]. The products could be obtained by phototransamidation of the
aminomethyl-C-glycosides with photoreactive asparagine derivatives under
neutral conditions. Conformationally constrained C-glycosyl α- and β-amino
acids via Diels–Alder reaction have been reported by Jayakanthan and
Vankar [121].

4
Convergent Approaches to Glycopeptide and Glycoprotein Mimetics

Compared to linear approaches, the convergent synthesis of glycopeptide and
glycoprotein mimetics offers greater flexibility with respect to the sugars at-



Synthesis and Application of Glycopeptide and Glycoprotein Mimetics 83

tached to a peptide. Thus, the preparation of several well-defined glycoforms
of the same peptide/protein becomes possible. The approach is also of interest
for combinatorial glycopeptide synthesis. If chemoselective ligation reactions
are employed for the sugar attachment, it is possible to modify unprotected
peptides and even whole proteins.

4.1
Formation of C = N Bonds

In 1996 Mutter et al. reported oxime formation as a means to chemose-
lectively couple reducing oligosaccharides to aminooxy-functionalized pep-
tides [122]. Since then, oxime formation and related C= N bond formations
have been widely used to link carbohydrates and peptides with either the
carbohydrate or the peptide acting as the carbonyl component. The possibil-
ity of using water as solvent and the high chemoselectivity of the reaction,
making the use of protecting groups superfluous, are essential advantages of
this methodology, which has also been applied in analytical chemistry [123].
However, one has to keep in mind that the reaction is potentially reversible.

Mimetics of O-glycopeptides with native sugar–peptide linkages were ob-
tained by Bertozzi and coworkers [124]. A synthetic O-glycopeptide with
a single N-acetylgalactosamine residue was oxidized by galactose oxidase
and the obtained GalNAc C-6 aldehyde was reacted with several aminooxy-
substituted carbohydrates. Later Bertozzi et al. applied aminooxylated car-
bohydrates for a chemoselective ligation with (2S)-aminolevulinic acid-
containing peptides prepared by SPPS to obtain glycopeptide mimetic 84
(Fig. 3) [125]. Similarly, hydrazide- and thiosemicarbazide-modified sug-
ars were used to prepare the corresponding hydrazones and thiosemicar-
bazones, respectively. Wong and Schultz and their coworkers incorporated
p-acetyl-L-phenylalanine into the Z domain of staphylococcal protein A by
a genetic approach in response to the amber nonsense codon [126] ac-
cording to a method established earlier [127, 128]. Aminooxy-functionalized
mono- and oligosaccharides were ligated and in part further elongated by
glycosyltransferase-catalyzed glycosylations. The relatively low mass of the
obtained glycoprotein mimetic 85 (approx. 8 kD) facilitated high-accuracy

Fig. 3 Glycopeptide and glycoprotein mimetics obtained by oxime ligation
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mass spectrometry and thus a good control of the selective attachment of the
unprotected aminooxy-modified saccharides.

In a series of papers, the Dumy group explored cyclic peptides with re-
gioselectively addressable side-chain amino groups for the tetravalent pre-
sentation of mono- and disaccharides [129–132]. Recently, they reported the
synthesis of a cyclic peptide template with two separated addressable do-
mains (Scheme 17) [131]. Four Boc-protected lysine residues were used for
the tetravalent attachment of carbohydrates. Two lysines orthogonally pro-
tected by Aloc groups served for attachment of molecular probes. Thus, 86
was first treated with a Pd(0) catalyst and phenylsilane to remove the Aloc
groups, followed by attachment of a biotin and a fluorescein residue, re-
spectively. TFA treatment and coupling of pentafluorophenyl (Pfp) ester 87
under basic conditions gave tetra keto-substituted peptides 88 and 89, re-

Scheme 17 Application of the cyclic peptide template 86 with two separated addressable
domains for the preparation of labeled neoglycopeptides 91 and 92
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spectively. Oxime formation was achieved with several α- and β-configurated
aminooxylated monosaccharides 90 under aqueous conditions. The obtained
cyclic neoglycopeptides 91 and 92 were obtained in yields of 40–60% for the
oxime formation step after RP-HPLC purification. Similar compounds have
been used in lectin-binding studies [129, 132].

A chemoselective approach toward the sensitive detection of O-GlcNAc
posttranslational modifications was developed by Hsieh–Wilson and cowor-
kers [133]. Employing a modified UDP-Gal analogue with an acetylmethyl
group replacing the 2-OH group and a genetically engineered galactosyltrans-
ferase it was possible to label O-GlcNAc-modified proteins with a ketone
tag. Oxime ligation with an aminooxy-substituted biotin derivative permit-
ted the identification of several low-abundance O-GlcNAc-modified proteins
from brain [134]. Ketone isosteres of GlcNAc and GalNAc have also been in-
corporated into the glycan chains of cell-surface glycoproteins by metabolic
oligosaccharide engineering and identified by hydrazone ligation with biotin
hydrazide [135].

Nicotra and coworkers applied oxime ligation to the covalent attach-
ment of the C-glycoside analogue 94 of the Tn epitope to T cell epitope
peptides, such as 93 modified with two aminooxy acetic acid residues
(Scheme 18) [136–139]. The obtained neoglycopeptide 95, bearing two
B-epitopes and one T-epitope, could be presented to and recognized by the

Scheme 18 Ligation of C-glycosyl ketone 94 to aminooxy-substituted T cell epitope pep-
tide 93
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T cell receptor with higher efficiency than related neoglycopeptides having
only one B-epitope.

A number of papers describe the use of aminooxy-modified peptides
for the preparation of glycopeptide mimetics by chemoselective ligation to
unmodified reducing mono- and oligosaccharides. The advantage of this
approach is that oligosaccharides isolated from natural sources (e.g., from
chemical or enzymatic degradation of glycoconjugates) can directly be used
for conjugation to a peptide. Imperiali et al. used this approach to obtain sev-
eral glycopeptide mimetics containing single GlcNAc residues as inhibitors
of oligosaccharyl transferase [140, 141]. Besides aminooxy-modified pep-
tides, peptides with aspartic acid hydrazide were also employed. A problem
associated with oxime and acyl hydrazone formation is the fact that the
ligation products can exist in two forms, cyclic and acyclic, and each of
them as several diastereoisomers (Scheme 19). It has been reported that
the acyclic form dominates in the case of ligations with alkoxyamines
(Scheme 19a) [142, 143] whereas the cyclic form is preferred with hydrazides
(Scheme 19b) [143–147]. The product ratio, however, is dependent on the
carbohydrate. In order to fix the sugar in a defined acyclic form, subsequent
reduction with, e.g., sodium cyanoborohydride to give the corresponding hy-
droxylamine and hydrazide, respectively, may be carried out. This process,
however, generates new nucleophilic centers (which might have additional
utility [148]) and is no longer a sheer ligation reaction.

Scheme 19 Oxime (a) and acyl hydrazone (b) formation leads to mixtures of acyclic and
cyclic ligation products

As an alternative strategy, the use of N,O-disubstituted hydroxylamines
has been described [149]. In contrast to oxime formation, the cyclic nature
of the saccharide reducing unit is completely preserved. The reaction also
proceeds with high stereoselectivity to give under thermodynamic control
the β or α pyranose forms depending on the sugar. Carrasco et al. fol-
lowed this approach and prepared differently protected amino acids with
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a methyl aminooxy group and a methoxyamino group, respectively, in their
side chain [150–152]. SPPS following the Boc strategy gave unprotected pep-
tides 101–104 that were chemoselectively glycosylated to generate neogly-
copeptides 105–107 (Scheme 20). The ligation yields were in the range of 75%
and more. Glycosylation with the sterically hindered threonine derivate 104,
however, failed. The same strategy was successfully applied by Rocchi et al. for
the synthesis of opioid deltorphin I analogues [153].

Scheme 20 Peptides containing N,O-disubstituted hydroxylamines and their use in
chemoselective ligation reactions with unprotected glucose

Aminooxy- and methylaminooxy-substituted homoalanines were incorpo-
rated into T4 phage lysozyme and streptavidin by Nishimura and cowor-
kers [154] employing the frameshift suppression strategy on the basis of the
four-base codon/anticodon system [155]. Chemoselective coupling between
the methylaminooxy-containing mutant streptavidin and unmodified mono-,
di-, and trisaccharides allowed for the combinatorial synthesis of several gly-
coprotein mimetics.

4.2
Formation of C – N Bonds

Arya and coworkers developed automated, multistep, solid-phase strategies
for the parallel synthesis of libraries of carbon-linked glycopeptide mimet-
ics, such as 116–118 (Scheme 21) [156–158]. Starting from solid-phase bound
peptide 112, a C-glycosyl aldehyde 113 was attached by reductive amina-
tion followed by amide bond formation using C-glycosyl carboxylic acid
derivatives 115 to result in neoglycopeptides 116. Using this approach, a var-
iety of α- or β-carbon linked carbohydrates can be incorporated either at
the N-terminus or at internal nitrogens of short peptides in a highly flex-
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Scheme 21 Strategy for the combinatorial synthesis of carbon-linked glycopeptide mimet-
ics 116. Structures 117 and 118 may be obtained analogously

ible manner. The glycopeptide mimetics were used as probes for studying
carbohydrate–protein interactions as well as protein folding and trafficking.

Wang and coworkers established a general method for rapid generation
and screening of a combinatorial C-glycopeptide library in the one-bead one-
compound format [159]. An α-C-galactosyl carboxylic acid derivative 115
was activated as a pentafluorophenyl ester and coupled to the N-terminus
of the peptides under standard solid-phase conditions. Partial termination
during peptide synthesis (ladder synthesis [160, 161]) allowed for mass spec-
trometric identification of lead structures bound to single beads. Several
glycopeptide sequences mimicking the Gal(α-1,3)Gal epitope in binding to
human natural anti-Gal antibodies were identified.

Wittmann and coworkers reported the convergent solid-phase synthesis
of multivalent cyclic neoglycopeptides to study the influence of carbohy-
drate presentation on the binding affinity to lectins (Scheme 22) [162, 163].
Starting from library 119 of linear nonapeptides, side-chain cyclization
was achieved by Pd(0)-catalyzed removal of the Aloc and allyl groups
followed by HBTU/HOBt activation. Hydrazine treatment liberated Ddv-
protected (Ddv = 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)isovaleryl) side-
chain amino groups of the cyclic peptides. For the attachment of carbohy-
drates a new linker based on the Aloc protecting group has been developed.
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Scheme 22 Preparation of library 121 of 19 440 conformationally restricted glycoclusters
for the spatial screening of multivalent lectin ligands

Thus, treatment with activated carbonate 120 led to urethane formation
in virtually quantitative yields. The obtained combinatorial one-bead one-
compound library 121 of 19440 conformationally restricted, spatially diverse
glycoclusters has been screened for binding to wheat germ agglutinin (WGA)
by a solid-phase enzyme-immuno lectin-binding assay. Several tetra-, penta-,
and hexavalent high-affinity ligands were identified by single-bead Edman
degradation after palladium-catalyzed detachment of the sugars according to
a strategy described earlier [164]. It was concluded that the spatial presen-
tation of the sugars on the cyclopeptide scaffolds is responsible for the high
affinity to WGA.

Cyclic peptides as scaffolds for the attachment of carbohydrates have also
been reported by Nishimura et al. [165]. Aminohexyl-spacer modified dis-
accharides were coupled to glutamine side chains by a reaction catalyzed by
transglutaminase according to a method described by Klaffke et al. [63] and
further elongated by an α-2,3-(N)-sialyltransferase-catalyzed glycosylation.
The obtained trivalent glycopeptide mimetics displayed different binding
affinity to influenza hemagglutinin depending on the peptide conformation.
For the best ligand, a tridentate glycopeptide–protein complex was suggested,
based on computer calculations.

Finn and coworkers described the use of whole icosahedral cowpea mosaic
virus particles as multivalent carbohydrate display platforms [166]. When
treated with α-D-mannopyranosyl-phenylisothiocyanate, up to 120 mannose
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residues were attached to lysine residues on the virus surface by thiourea for-
mation. Aggregation of labeled virus with the plant lectin concanavalin A was
studied by UV/VIS spectroscopy, transmission electron microscopy, and fluo-
rescence resonance energy transfer. The nature of this multivalent interaction
was shown to depend upon the density and position of functionalization
of the virus. Modification of adenovirus (AV) lysine residues by 2-imino-2-
methoxyethyl-1-thioglycosides was used by Davis and coworkers to modulate
the ability of AV to function as gene delivery vector [167]. It was possible
to “switch off” AV transfection by the normal receptor pathway and “switch
on” a specific sugar-mediated pathway. The same imidate chemistry which
had originally been developed by Lee and coworkers for the preparation of
neoglycoproteins [168] was applied by the Davis group to generate glycosy-
lated forms of rhamnosidase for use in a bipartite drug-delivery system called
lectin-directed enzyme-activated prodrug therapy (LEAPT) [169].

4.3
Sulfur as Nucleophile

4.3.1
S-Alkylation

The first report on the use of the reaction of glycosyl iodoacetamides
with cysteine residues for the synthesis of N-linked glycoprotein mimet-
ics came from the Flitsch group [170] and was later followed by a report
on the modification of unprotected synthetic peptides containing a sin-
gle cysteine residue in solution [171]. Dahmén and Kihlberg et al. coupled
2-bromoethyl β-glycosides of galabiose [Gal(α1–4)Gal], globotriose [Gal(α1–
4)Gal(β1–4)Glc], and 3′-sialyllactose [Neu5Ac(α2–3)Gal(β1–4)Glc] to cys-
teine and homocysteine residues in T cell-stimulating peptides by cesium car-
bonate promoted alkylation in yields of 52–95% [172]. Neither β-elimination
nor epimerization of the neoglycopeptide stereocenters occurred. More re-
cently, the iodoacetamide approach was applied by Flitsch and coworkers
for the semi-synthesis of homogeneous glycoforms of human erythropoietin
(EPO) [173]. Several mutants in which N-glycosylation site asparagines had
been changed to cysteines were reacted with GlcNAc iodoacetamides in yields
of about 50%. This was possible even in the presence of additional cysteine
residues involved in disulfide bridges. Purification was readily carried out by
lectin affinity chromatography.

Glycosyl iodoacetamides may also be applied to solid-phase glycopeptide
synthesis. This allows for selective modification of certain cysteine residues in
peptides with several cysteines employing orthogonal protection. Macmillan
and Flitsch and coworkers applied the 4-sulfamylbutyryl-AM (safety-catch)
resin [174] to obtain neoglycopeptide thioesters derived from the first 28
amino acids of the glycoprotein hormone EPO (Scheme 23) [175]. Peptide 122
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Scheme 23 Application of glycosyl iodoacetamide 123 to the solid phase synthesis of
glycopeptide mimetic 125

was prepared by Fmoc SPPS and selectively deprotected by reduction with
dithiothreitol (DTT). The free thiol was then alkylated with iodoacetamide
123 to give glycopeptide mimetic 124. The glycopeptide was released from
the resin with benzyl mercaptan in the presence of catalytic NaSPh after
activation with iodoacetonitrile. Deprotection with concentrated TFA gave
glycopeptide thioester 125. Later it was shown by Macmillan and Arham [176]
that glycopeptide thioesters obtained by this approach are suitable for the
synthesis of glycoproteins by native chemical ligation [177]. In the same year,
a complex-type disialyl-undecasaccharide was appended to a cysteine residue
of an undecapeptide using a bromoacetamidyl oligosaccharide [178]. It was
shown that the obtained glycopeptide analogue was resistant to enzymatic
digestion by peptide:N-glycosidase F (PNGase-F).

Bertozzi and coworkers adapted Flitsch’s haloacetamide method to con-
vergently ligate bromoacetamides of Gal and GlcNAc to a C-3 thiol of
a GalNAc(α1-O)Thr-containing peptide with natural carbohydrate–peptide
linkage [179]. The obtained thioether-linked structures can be regarded as
mimetics of “core 1” and “core 3” structures of mucin-type glycoproteins.
Later the work was extended to the synthesis of thioether-linked analogues
of the mucin-related 2,3-sialyl-TF and MECA-79 antigens [180] as well as
to the synthesis of N-linked glycopeptide mimetics that replace the gly-
cosidic linkages extending from the core pentasaccharide with thioethers
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Scheme 24 Application of the haloacetamide ligation for the convergent assembly of neo-
glycopeptide 128 containing an undecasaccharide mimetic

(Scheme 24) [181]. A protected pentasaccharide-Asn analogue containing two
thiol residues was incorporated into CD52 (a glycopeptide expressed on hu-
man lymphocytes and sperm cells) by Fmoc SPPS to give, after deprotection,
126. Undecasaccharide mimetic 128 was then readily generated by alkylation
of 126 with bromoacetamido trisaccharide 127.

The application of 1-thiosugars for the preparation of S-glycosylated
amino acid building blocks has already been discussed in Sect. 3.3. The ap-
proach, however, can also be carried out in a convergent manner. To this
end, Zhu and Schmidt used O-acetyl protected 1-thio derivatives of GalNAc,
GlcNAc, and lactose and attached them to β-bromoalanine- or γ -bromo-
homoalanine-containing di- to hexapeptides to give S-linked neoglycopep-
tides [75]. The reaction selectively gave α- and β-S-glycosides and even
worked well with O-unprotected 1-thiosugars. Glycosylthiomethyl bromides
and azides have also been applied in a convergent approach [82].

Aziridine-2-carboxylic acid (Azy)-containing peptides represent alterna-
tive electrophilic peptides for conjugation with thiols. Van der Donk and
Gin and coworker prepared aziridine-containing peptide 132 starting from



Synthesis and Application of Glycopeptide and Glycoprotein Mimetics 93

Scheme 25 Conjugation of 1-thio-disaccharide 133 to solid phase-bound Azy-containing
peptide 132 leads to S-glycopeptide 134

Fmoc-Azy-OH 129 and solid phase bound alanine 130 (Scheme 25) [182]. At-
tempts to extend 131 by sequential coupling of single Fmoc-amino acids were
unsuccessful, presumably due to intramolecular aziridine N-deacylation by
the liberated amine upon Fmoc removal at the [Azy + 2] position (number-
ing according to the direction of the synthesis). This side reaction could be
avoided by employing a dipeptide building block for coupling of the residues
in the positions [Azy + 2] and [Azy + 3] leading to 132. Addition of 1-thio-
disaccharide 133 and deprotection gave S-glycopeptide 134 containing the
thio analogue of the sialyl Tn (STn) antigen. Similarly, other 1-thiosugars
were conjugated. In all cases, base-promoted aziridine ring-opening occurred
with high regioselectivity delivering only small amounts of the corresponding
β2-amino acid derivative.

4.3.2
Conjugate Addition to Michael Acceptors

The conjugate addition of thiols to maleimido moieties [183] has been widely
used in bioconjugate chemistry [184]. Hansen and coworkers were the first
to apply this reaction to the preparation of neoglycopeptides [185]. A re-
ducing disaccharide was reacted with S-trityl-2-mercaptoethylamine and sta-
bilized in the cyclic form by N-acetylation. After detritylation, the thiol-
functionalized carbohydrate was coupled to maleimido-functionalized pep-
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tides to result in neoglycopeptides with a flexible linker between carbohydrate
and peptide moieties.

Shin et al. synthesized maleimido-modified sugars for the chemoselective
reaction with cysteine-containing peptides and proteins (Scheme 26) [186,
187]. Since deacetylation of 135 and similar sugars under mild basic con-
ditions was not possible neither before nor after thiol ligation due to imide
opening, TBS-protected sugars, such as 136, were employed giving access to
137. Alternatively, unprotected maleimido-modified sugars were obtained by
a two-step procedure in 54–95% as shown for the conversion of 138 into 139.
These sugars were successfully attached to glutathione (γ -Glu-Cys-Gly), the
synthetic Fas peptide 140, and to bovine serum albumin possessing a sin-
gle reduced cysteine at position 58. Later, Shin et al. used thiol-maleimide
ligation also for the fabrication of carbohydrate microarrays [188, 189].

Scheme 26 Application of maleimido-modified sugars for the chemoselective ligation with
cysteine-containing peptides

Van der Donk and coworkers used dehydroalanine-containing peptides for
the chemoselective conjugate addition of glycosyl thiolates [190, 191]. As the
dehydroalanine precursor, Se-phenylselenocysteine was introduced via SPPS.
Oxidative elimination of this precursor was effected by sodium periodate
addition and provided the dehydropeptide. Subsequent ligation with different
α-glycosyl thiolates resulted in thio isosteres of the tumor-associated carbo-
hydrate antigens Tn, T, STn, and 2,6-ST in high yields. The process proceeded
with complete retention of the α-anomeric configuration. No stereoselectiv-
ity, however, was observed at the newly formed cysteine stereocenter. The
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incorporation of selenocysteine into peptides is not only of interest as a pre-
cursor for chemoselective modification of peptides but also for the prepar-
ation of larger peptides and proteins by selenocysteine-mediated native and
expressed protein ligation [192].

4.3.3
Disulfide Bond Formation

The modification of cysteine residues within proteins combined with site-
directed mutagenesis offers a strategy for site-selective incorporation of gly-
cans into proteins. Beside the alkylation reactions discussed in Sects. 4.3.1
and 4.3.2, disulfide bond formation has been explored by several groups to-
wards this goal. Boons et al. used 5-nitropyridine-2-sulfenyl activated thiogly-
cosides for the preparation of disulfide-linked BSA–GlcNAc conjugates [193].
More recently, they reported the direct coupling of 1-thiosugars (thioaldoses)
with the thiol group of free cysteine-containing peptides and proteins due
to difficulties encountered in synthesizing nitropyridinesulfenyl thioglyco-
sides of oligosaccharides [194]. A number of thioaldoses derived from several
oligosaccharides including the core pentasaccharide of N-glycoproteins were
synthesized. Incubation of 1–2 equivalents of 1-thio-chitobiose with cysteine-
containing glutathione and BSA resulted in the site-specific formation of the
disulfide-linked neoglycoconjugates together with the homodisulfides of glu-
tathione and BSA in statistical amounts. The same technology was applied
to the “glycosylation” of an aglycosylated human IgG1-Fc antibody frag-
ment, engineered to have Cys-297 in place of glycan-linked Asn [195]. Mass
spectrometry analysis verified site-selective and complete saccharide incor-
poration without affecting other Fc protein disulfides. The neoglycoproteins
displayed enhanced inhibition of superoxide production by γ -interferon-
stimulated U937 cells relative to the aglycosylated N297C protein, where in-
creased glycan size correlated positively with increased inhibition.

Davis et al. reported a whole series of carbohydrate derivatives suit-
able for chemoselective, cysteine-specific synthesis of neoglycoproteins
(Scheme 27) [196–202]. Methanthiosulfonates bound to carbohydrates either
via a linker (142) or directly (143) (glyco-MTS derivatives) react specifically
with thiols of cysteine-containing proteins 146 and allow the specific synthe-
sis of disulfide-linked glycoproteins 147 in high yields [196–198]. This was
demonstrated by site-selective conjugation of glyco-MTS derivatives to cys-
teine mutants of the serine protease subtilisin Bacillus lentus (SBL), which
does not naturally contain cysteine. A library of 48 glycosylated forms of
SBL as single, pure species has been prepared and detailed glycan structure–
hydrolytic activity relationships have been determined. The efficiency of the
approach of disulfide bond formation using glyco-MTS derivatives was later
improved by using glycosyl phenylthiosulfonates (glyco-PTS) 144 [199]. In
most cases these reagents gave superior yields of neoglycoproteins 147.
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Scheme 27 Glyco-MTS (142, 143), glyco-PTS (144), and glycosyl selenenylsulfide (145)
derivatives developed for the synthesis of neoglycoproteins 147 and glycodendriproteins,
such as 148

The glyco-MTS strategy has also been used for the attachment of differ-
ent bi- and tetravalent glycodendrimers to the Ser156Cys mutant of SBL to
give so-called glycodendriproteins, such as 148 [200, 201]. These galactose-
presenting synthetic glycoprotein mimetics turned out to be nanomolar in-
hibitors of the co-aggregation of the pathogen Actinomyces naeslundii with
co-pathogen Streptococcus oralis. It was shown that both the multivalent pre-
sentation of galactose and the protein degrading activity of this SBL neogly-
coconjugate are essential for optimal inhibition.

Recently, Davis and coworkers described selenenylsulfide-mediated glyco-
conjugation as a new strategy for the synthesis of disulfide-linked glycopro-
teins 147 (X = S) [202]. Two alternative routes were studied. Either a 1-thio
mono- or oligosaccharide was converted into the glycosyl selenenylsulfide
145 and then reacted with a cysteine-containing protein 146 or the protein
was first converted into the corresponding (phenylselenenyl)sulfide by treat-
ment with phenylselenenyl bromide and then reacted with 1-thio mono- or
oligosaccharides. With this approach it was possible to prepare neoglycopro-
teins from several model proteins modified with mono- and oligosaccharides
of up to seven saccharide units.
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The formation of disulfides under conditions allowing thiol/disulfide ex-
change can be used for the preparation of dynamic combinatorial libraries
(DCLs) [203–206]. First applications of DCLs in carbohydrate chemistry were
reported by Sasaki et al. [207] and Lehn et al. [208, 209]. Sando and Aoyama
and coworker prepared DCLs of glycopeptide mimetics based on disulfide-
linked sugar–peptide coupling [210]. A mixture of 1-thiogalactose and two
peptides containing two cysteine residues each afforded in the presence of DTT
a disulfide library of at least ten sugar–peptide conjugates and cyclic peptides.
Preliminary surface plasmon resonance experiments showed that the library
contained active divalent galactoside species capable of cross-linking soluble
peanut lectin (PNL) to PNL immobilized on the sensor-chip surface.

A similar approach was applied by Davis et al. [211]. They used their
selenenylsulfide-mediated glycoconjugation approach for the preparation of
several disulfide-linked glycopeptide mimetics containing glucose and Glc-
NAc and observed the composition of the library under conditions allowing
thiol/disulfide exchange. Upon addition of wheat germ agglutinin, a GlcNAc-
binding plant lectin, an enrichment of GlcNAc-containing glycopeptides was
observed.

4.4
Azide-Alkyne [3 + 2] Cycloaddition

The copper(I)-catalyzed azide-alkyne cycloaddition [58, 59] represents a mild
method for the regioselective preparation of 1,4-disubstituted 1,2,3-triazoles
even in a biological environment and is now widely used in bioconju-
gate chemistry [60]. In their seminal paper, Meldal et al. applied this re-
action to the synthesis of unnaturally linked glycopeptides [58]. 2-Azido-
thiogalactoside 150 was reacted in the presence of two equivalents of cop-
per(I) iodide with solid-phase bound peptides substituted with a terminal
alkyne group either at the peptide backbone or at the amino-acid side chain,
as shown for propargylglycine derivative 149 (Scheme 28). The reactions gen-

Scheme 28 Copper(I)-catalyzed azide-alkyne cycloaddition for the solid-phase synthesis
of triazole-linked glycopeptide mimetics
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erally worked with > 95% conversion and > 95% purity (78% purity in the
case of 151).

Lin and Walsh applied the copper(I)-catalyzed azide-alkyne cycloaddition
for the attachment of 21 different azido-functionalized monosaccharides to 13
derivatives of the cyclic decapeptide tyrocidine with one to three propargyl-
glycine residues incorporated at positions 3–8 [212]. Head-to-tail cyclization
of the peptides was accomplished using a thioesterase domain from tyroci-
dine synthetase. Antibacterial and hemolytic assays showed that the two best
glycopeptide mimetics had a sixfold better therapeutic index than the natural
tyrocidine.

It has been shown that alkyne- and azido-modified amino acids, such
as 2-amino-5-hexynoic acid [213], azidohomoalanine [214, 215], and with
less efficiency also azidoalanine, azidonorvaline, and azidonorleucine [216],
act as methionine surrogates that are activated by the methionyl-tRNA syn-

Scheme 29 Application of the copper(I)-catalyzed azide-alkyne cycloaddition for the prep-
aration of glycoviruses
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thetase of E. coli and replace methionine in proteins expressed in methionine-
depleted bacterial cultures. This, together with other methods for the in-
corporation of non-canonical amino acids into proteins [41, 217], offers
the possibility to use azide-alkyne cycloaddition (and also Staudinger lig-
ation [218–220]) not only for protein labeling within cells or on cell sur-
faces [215, 216] but also for the preparation of glycoprotein mimetics.

Based on work carried out earlier by the same group [221], Finn and co-
workers succeeded in the attachment of more than 100 copies of the two
complex tetrasaccharides 152 and 153 to the cowpea mosaic virus (CPMV)
(Scheme 29) [222]. To allow for ready quantification of the conjugation, the
sugar azides 152a and 153a were first converted into fluorescein-labeled com-
pounds 152b and 153b by azide-alkyne cycloaddition to the corresponding
fluorescein dialkyne. In a second step, dye alkyne derivatives 152b and 153b
were grafted to CPMV azide 156 to give 157 with loadings of 115 and 105
per virion, respectively. Likewise, attachment of sugar azides 152a and 153a
to alkyne-modified CPMV 154 under similar conditions gave glycoviruses
155, assuming the same reactivity as with the fluorescein-tagged sugars. The
unfortunate tendency of copper ions to accelerate the hydrolytic cleavage of
peptide bonds was suppressed by the use of an excess of the sulfonated copper
ligand bathophenanthroline 158 to restrict accessibility of the metal center.

4.5
Metabolic Oligosaccharide Engineering
and Subsequent Bioorthogonal Ligation

Metabolic oligosaccharide engineering offers the possibility of using the cell’s
biosynthetic machinery to introduce carbohydrates with unnatural structural
elements into the glycan chains of glycoproteins in cell culture and in animals.
Reutter and coworkers have demonstrated that mannosamine derivatives,
in which the N-acetyl group of ManNAc was substituted with for example
N-propanoyl, N-butanoyl, or N-pentanoyl groups, can be taken up by cells
and are converted into the corresponding sialosides. These are incorporated
into sialoglycoconjugates, replacing in a cell-type specific manner 10–85% of
normal sialic acids [223–225]. Application of this approach to different bio-
logical systems revealed important and unexpected functions of the N-acyl
side chain of sialic acids. Sialic acids modified in such a way led, for example,
to markedly altered binding and/or infection of different primate polyoma
viruses that depend on cell surface sialic acids for entry. Both inhibition (over
95%) and enhancement (up to sevenfold) of virus binding and infection were
observed, depending on the modification [224].

The promiscuity of the sialic acid biosynthetic pathway has been exploited
by Bertozzi et al. to introduce ketone [226] and azide groups [218] into cell
surface sialoglycoconjugates. Due to their unique chemical reactivity, these
groups can be used for attachment of chemical probes through bioorthogonal
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coupling reactions. The versatility of this technology was demonstrated by an
example of selective drug delivery [226]. Several human cell lines were treated
with N-levulinoylmannosamine (ManLev). Ketone-containing cell surface
glycans were conjugated to biotinamidocaproyl hydrazide through the for-
mation of an acyl hydrazone to provide a tag for subsequent detection with
fluorescein-labeled avidin or for delivery of a ricin A chain–avidin conjugate.
Ricin toxin A chain is a potent inhibitor of protein synthesis. At certain con-
centrations, the ricin A chain–avidin conjugate showed selective toxicity for
cells treated with ManLev.

Later, Bertozzi et al. developed an improved bioorthogonal ligation re-
action based on a modified Staudinger reaction [218, 219]. This so-called
Staudinger ligation allows a selective reaction between azides and modified
triphenylphosphines containing an intramolecular electrophilic trap leading
to formation of an amide bond (Scheme 30). The azide and phosphine are
both abiotic and essentially unreactive toward cellular biomolecules. Since
N-azidoacetylmannosamine (ManNAz) 159 is metabolized by cells and incor-
porated into surface glycoconjugates 160, the Staudinger ligation can be used
with labeled triarylphosphines 161 to produce stable cell-surface adducts 162.
Recently, Bertozzi et al. could show that the Staudinger ligation can also be ex-
ecuted in living animals [227]. The process of cell surface engineering offers
a variety of applications including the generation of artificial cellular recep-
tors for drug targeting, viral gene delivery, and diagnostics, the improvement
of glycoprotein properties, and the attachment of labels to study the behav-
ior of glycoproteins in vivo [225, 228, 229]. The metabolic labeling approach
can also been used for proteomic analysis of mucin-type O-linked glycopro-
teins [230] and O-GlcNAc-modified proteins [231, 232].

Scheme 30 Cell surface engineering by the Staudinger ligation



Synthesis and Application of Glycopeptide and Glycoprotein Mimetics 101

5
Conclusion

The biological importance of glycans and the need for pure glycoforms of
glycoproteins for biological studies and pharmaceutical applications have
been the major driving forces toward the development of strategies for the
preparation of these structures. The synthesis of glycopeptide and glyco-
protein mimetics allows for structure–activity relationship studies but has
many practical applications as well. Replacement of labile N- and O-glycosidic
bonds by more stable C- and S-glycosides generates compounds with longer
half-lives and simplifies their preparation by linear assembly strategies due
to the increased stability of the corresponding building blocks. Convergent
approaches using chemoselective ligation reactions provide access to homo-
geneous glycoprotein mimetics that are likely to impact our understand-
ing of how specific glycoforms mediate physiological processes. Despite the
progress made in the field, many challenges remain, e.g., the development of
methods for the controlled introduction of multiple (different) glycans into
proteins.
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Abstract This review provides an overview of our explorations into oligosaccharide and
glycoconjugate construction for the creation and evaluation of glycopeptide-based vac-
cines. The basis for these investigations is the known tendency of both cancer cells and
viruses to express selective carbohydrate motifs in the form of glycoproteins or glycol-
ipids. Utilization of these carbohydrates in a glycopeptide-based vaccine could potentially
trigger immune recognition, generating a protective response against the disease. How-
ever, obtaining large quantities of such compounds from natural sources is extremely
difficult. Over the past two decades, our lab has been engaged in the total synthesis
of complex oligosaccharides and glycoconjugates. With this knowledge and experience,
we have begun to evaluate, in many cases at the clinical level, whether the human im-
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mune system is capable of mounting a response against such fully synthetic carbohydrate
antigens in a focused and useful way. Toward this goal, we have merged the powers of
both chemistry and immunology to provide insight into this problem. The synthesis and
evaluation of potential vaccines for both cancer and HIV will be described.

Keywords Cancer vaccine · Drug discovery · Glycoconjugates · HIV vaccine ·
Synthetic carbohydrate antigens

Abbreviations
Ac acetyl
Bn benzyl
Boc tert-butoxycarbonyl
Bz benzoyl
DMDO 3,3-dimethyldioxirane
DTBP di-tert-butylpyridine
ELISA enzyme-linked immunosorbent assay
Fmoc fluoren-9-ylmethylcarbonyl
ivDde 4,4-dimethyl-2,6-dioxocyclohex-1-ylidine-3-methylbutyl
KLH keyhole limpet hemocyanin
MBS m-maleimidobenzoyl-N-hydroxysuccinimide ester
MCA monochloroacetyl
MesNa sodium 2-mercaptoethanesulfonate
MMCCH 4-(4-N-maleimidomethyl)cyclohexane-1-carboxylic acid hydrazide
NCL native chemical ligation
Pam3Cys tripalmitoyl-S-glycerylcysteinylserine
Phth phthaloyl
py pyridine
SCLC small cell lung cancer
SPR surface plasmon resonance
TBAF tetrabutylammonium fluoride
TBS tert-butyldimethylsilyl
TFA trifluoroacetic acid
TIPS triisopropylsilyl

1
Introduction

The first successful human vaccination was performed by Edward Jenner in
1796. Having observed that a number of milkmaids who had previously con-
tracted cowpox were resistant to smallpox, a similar virus, Jenner attempted
to protect a teenaged boy, James Phipps, from the disfiguring and possibly
deadly effects of smallpox. In his experiment, he “vaccinated” (from the Latin
term vacca, for cow) Phipps with pustular material from the hand of Sarah
Nelmes. She had contracted the infection from a cow named Blossom, whose
hide hangs today in London, at St. George’s Hospital. After six weeks, Jenner
challenged Phipps with virulent smallpox and fortunately he did not con-
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tract the disease. Almost 75 years later, Louis Pasteur first used the terms
“immune” and “immunity” in the scientific sense; however, he acknowledged
Jenner’s pioneering research by retaining the word “vaccination” to describe
his own accomplishments in the prevention of rabies and anthrax. Since then,
great success has been realized in the development of vaccines to manage and
reverse infections caused by bacteria, viruses and parasites, notably those for
diphtheria (von Behring) and polio (Salk) among many others [1–3].

It has been the ultimate goal of many researchers to develop a vaccine
that would rely on stimulating the immune system to treat (or even pre-
vent) diseases such as cancer and HIV/AIDS [4–9]. Traditional immunization
against bacterial and viral infection include killed, live-attenuated, and tox-
oid vaccines. The advent of molecular biology, the development of analytical
methods, and improvements in synthetic methodology have allowed for the
production of vaccines based on purified subunits and genetically altered at-
tenuated strains of the infective agents; however, one could argue that a future
vaccine for either cancer or HIV would necessitate the development of a fully
synthetic immunogen. Such a vaccine would contain a well-defined composi-
tion allowing for highly reproducible biological properties.

An important advance in vaccine development has been the use of conju-
gate vaccines. Our laboratory has been focused on the generation of vaccines
for cancer and HIV utilizing fully synthetic glycopeptide-based antigens [10–
12]. The attachment of a glycopeptide-based antigen to an immunogenic car-
rier would, in theory, better arm the immune system to generate a protective
response against the disease. Experience suggests that only by conjugating an
otherwise non-immunogenic glycopeptide antigen to an immunogenic car-
rier can it be presented to the immune system in a truly effective fashion. The
immunogenic carriers often used are proteins or short peptide sequences,
although others are currently being explored.

A number of factors can contribute to the effectiveness of a glycopeptide-
based conjugate vaccine, including proper selection of the glycopeptide anti-
gen construct, the nature of the immunogenic carrier, the ratio of the antigen
to the carrier, and the nature of the linkage between the two, not to men-
tion the homogeneity of the entire construct. There are a number of different
methods for generating the glycoconjugates; however, they will not be cov-
ered in this review. Instead we will focus on our efforts toward the synthesis
of the glycopeptide portion of the vaccine.

Many of the glycopeptide-based antigens we have considered for inclu-
sion in either a cancer or HIV vaccine are not widely available from natural
sources. For those that are, the measures necessary for their isolation, purifi-
cation and identification are tedious, low-yielding, and in the end, impracti-
cal. It is here that synthetic organic chemistry plays a critical role. Synthesis
allows for the rapid assembly of complex oligosaccharide domains through
the use of glycosylation methodology developed in the last half century [13–
20]. By utilizing synthesis, one can arrive at a product of unquestioned struc-
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tural integrity and of purity appropriate for the clinic. Furthermore, synthesis
allows for alteration of the carbohydrate domain during optimization of the
vaccine construct, an option not easily achievable if the antigen must come
from a natural source.

2
Cancer Vaccines

During embryogenesis, changes in cellular glycosylation patterns are charac-
teristic of activation and embryonic development [21]. It is not surprising,
then, that malignant transformation and tumor progression are also ac-
companied by glycosylation changes. Certain carbohydrates of cancer cells
frequently display anomalous glycosylation patterns, and the specific type
of antigen displayed is often associated with a particular cancer. The de-
gree of the tumor’s antigen expression is often diagnostic of the disease’s
progression, and can therefore foreshadow the prognosis for treatment. The
notion that tumor-associated antigens could be used as vaccines has been
considered and debated for some time, and is emerging as a promising ther-
apy for inducing the immune system to mount a tumor-specific immune
response. However, many tumor-bearing hosts do not recognize malignant
cells, indicating that the expressed tumor antigens may be insufficiently
immunogenic.

The primary responsibility of an antibody generated by an immune re-
sponse is to eliminate circulating pathogens from the blood stream. An-
tibodies generated from a carbohydrate-based vaccine could then identify
cancerous cells and initiate a series of cascades, hopefully leading to their
selective elimination [22]. Since the target of this type of therapy includes
micrometastases and circulating tumor cells, it would be adjuvant in na-
ture and would function to prevent tumor metastasis or reoccurrence after
primary therapy (chemotherapy, radiation, surgery, etc.) has relieved tumor
burden.

A number of issues must be addressed when considering the use of car-
bohydrate antigens as targets for active immunotherapy. Classified as T-cell-
independent antigens, carbohydrates typically evade an adaptive immune re-
sponse (i.e., the response characteristic of an antigenic protein) [23]. Studies
of carbohydrate-based vaccines in mice have indicated the production of IgM
antibodies as a predominate response (e.g., [24]). Despite repeated vaccina-
tion, isotype switching to IgG antibodies is not common, although some IgG
production has been observed (e.g., [25]). The use of conjugate vaccines has
been viewed as critical in overcoming the lack of a T-cell response. An appro-
priately conjugated vaccine can induce a T-cell-dependent response, leading
to the production of protective IgG antibodies and immunologic memory
specific for the carbohydrate antigen [26].
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Another factor to be considered en route to a carbohydrate-based can-
cer vaccine is that isolation of carbohydrate antigens from natural sources is
difficult at best, and often results in minute quantities of material obtained.
The immense impediments associated with their purification from natural
sources renders them virtually impossible to obtain as homogeneous start-
ing materials for a clinical program. Accordingly, the burden (or opportunity)
falls to the organic chemist to solve the purity and availability problems if
the program is ever to advance to a clinical setting. Furthermore, chemistry
must also play a vital role in the conjugation phase. For a synthetically derived
construct to be useable, it must be obtained in a readily conjugatable form.

Our laboratory has been engaged in the synthesis of complex oligosac-
charides and glycoconjugates for a number of years [10, 16, 27]. The fol-
lowing sections will detail our synthetic efforts into the realm of complex
oligosaccharide-based cancer vaccines. Particular emphasis will be placed on
our more recent use of glycopeptide-based vaccine constructs that mimic the
cell surface of tumors.

2.1
Vaccine Synthesis Strategy

When contemplating the synthesis of complex glycoconjugate-containing
substructures, one must consider a route that is not only efficient but also
allows for the ability to establish a linker domain through a spacer unit in
order to generate a functional immunogen. From the standpoint of synthetic
economy, the use of protecting group manipulations should be minimized.
Toward this goal, we perceived a great advantage in using the glycal assem-
bly method to rapidly construct the oligosaccharides of carbohydrate-based
tumor antigens. The logic and details of the power of glycal assembly have
been thoroughly reviewed and will not be covered further, except by appli-
cation [16]. Once the synthesis of the carbohydrate is complete, attachment
of an appropriate immunostimulant would follow. While the optimal spacer-
linker combinations have yet to be thoroughly established, the overall goal
would be the development of a system that would allow for molecular recog-
nition of the synthetic antigen by the immune system to take place in the
presence of the conjugated biocarrier [28–30].

Thus, the overall preclinical phases of a successful cancer vaccine program
include:

1. Identification of tumor-selective, or tumor-specific antigens.
2. Rigorous structural proof of the antigen.
3. Chemical synthesis of the antigen.
4. Introduction of an appropriate spacer unit that would allow for attach-

ment to the protein domain while maintaining the immunological in-
tegrity of the antigen.
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Fig. 1 General approach to synthetic carbohydrate vaccines

5. Covalent attachment of an immunogenic carrier protein or other im-
munostimulant to allow for a more potent vaccine.

6. Immunological studies using murine hosts to evaluate the vaccine’s effi-
cacy.

These goals having been accomplished; the vaccine could then emerge as
a candidate for advancement into human clinical trials. The interface of these
goals with the glycal assembly method is depicted in Fig. 1.

2.2
Monomeric Vaccines

After the first reports of tumor associated carbohydrate antigens, the devel-
opment of cancer vaccines which exploit such moieties has been the focus
of intense study. In the past two decades our lab has concentrated on many
aspects of vaccine construction, including: choice of antigen [10], method-
ological development of antigen synthesis [16], conjugation to an appropriate
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Fig. 2 Monomeric vaccine constructs discussed in this account

immunogenic carrier [27], and evaluation of various immunological adju-
vants for coadministration [31]. Our first entries into the field included vac-
cines that contained a single carbohydrate conjugated to a carrier protein
(i.e., monomeric) (Fig. 2). These carbohydrates were synthesized as allyl or
pentenyl glycosides such that ozonolysis of the terminal olefin would generate
an aldehyde that could be used as a chemical implement for the attachment of
a spacer unit and then conjugated to an immunogenic protein.

2.2.1
Fucosyl GM1

The glycolipid fucosyl GM1 has been identified as a highly specific marker
associated with small cell lung cancer (SCLC) cells [32–35]. It is the ma-
jor ganglioside component contained in human SCLC tissue, expressed more
frequently and more abundantly than either GM2 or GD3 [36]. Immunohisto-
chemistry studies using the F12 monoclonal antibody (mAb) have indicated
that the distribution of fucosyl GM1 in normal tissue is highly restricted and
virtually nonexistent in any human cancer cell line other than SCLC [37],
making it an attractive vaccine target. Early clinical studies using bovine-
derived fucosyl GM1 demonstrated that a potent immunological response
could be obtained, with induction of both IgM and IgG antibodies, upon con-
jugation to KLH [38] and coadministration with the adjuvant QS-21 [39]. In
this case, conjugation occurred after ozonolysis of the ceramide olefin fol-
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lowed by reductive amination of the resulting aldehyde to the lysine – NH2
groups on KLH.

Given the prospective importance of fucosyl-GM1 in a carbohydrate-
based attack on SCLC, we began a synthetic program that would allow
access to the hexasaccharide epitope. A total chemical synthesis would
not only authenticate the structural assignments in the carbohydrate but

Scheme 1 Synthesis of fucosyl-GM1-KLH conjugate
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would also confirm that the specificity of the F12 mAb is directed at
the carbohydrate sector. The construct was synthesized as a pentenyl gly-
coside using the glycal assembly approach to oligosaccharide synthesis
(Scheme 1) [40]. Elaboration of the pentenyl group to an aldehyde followed
by reductive coupling to the –NH2 group of the heterobifunctional cross-
linker 4-(4-N-maleimidomethyl)cyclohexane-1-carboxylic acid hydrazide
(MMCCH) allowed for direct coupling to thiolated KLH.

With a chemical synthesis realized, focus on the fucosyl GM1 antigen
shifted to issues of immunology and vaccinology. Early Phase I clinical trials
have demonstrated that vaccination with the synthetic glycoconjugate in-
duces an IgM antibody response against fucosyl GM1 and tumor cells express-
ing fucosyl GM1 comparable with the response induced by the bovine-derived
counterpart [41].

2.2.2
Lewis y

Lewis y (Le y) is a carbohydrate specificity belonging to the A, B, H, and Lewis
family of blood group determinates. Members of this group serve to control
cellular growth and differentiation, mediate cell–cell adhesion, and instigate
an immune response in inflammatory processes. Le y has been identified as
one of the cell surface carbohydrates that is over-expressed in a majority of
carcinomas, including ovary, breast, pancreas, colon, prostate, and non-small
cell lung cancers [42]. In ovarian cancers, Le y is preferentially expressed in
both serous and endometrioid carcinomas, but is poorly expressed in mu-
cinous tumors [43]. It is also expressed on some normal cells, including
epithelial cells and their esophageal secretions, stomach, proximal small in-
testine, and some acinar cells of the pancreas [42, 44].

Our first Le y-containing vaccine incorporated the Le y pentasaccharide as
an allyl glycoside [45, 46]. The synthetic route took full advantage of the
N-acetyllactosamine backbone by starting with the readily available D-lactal
(Scheme 2). Again, utilization of the powerful glycal assembly method al-
lowed for the generation of significant amounts of the allyl glycoside.

For immunological studies, the allyl glycoside was ozonolyzed to the cor-
responding aldehyde and conjugated directly to KLH. Alternatively, it was
attached to the MMCCH linker and then coupled to thiolated KLH. Initial
studies using murine models indicated both the Le y-KLH and Le y-MMCCH-
KLH conjugates were able to induce the formation of both IgG and IgM
antibodies capable of reacting with epitopes carried on Le y glycolipids and
mucins and with tumor cells expressing Le y, when administered with the im-
munological adjuvant QS21 [47]. In a Phase I clinical trial in ovarian cancer
patients, the Le y-KLH conjugate together with QS21 was able to induce an an-
tibody response in 67% of the patients [48]. A majority of the responses were
of the IgM class, although 17% did exhibit a clear IgG response.
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Scheme 2 Synthesis of the Le y-KLH glycoconjugate

2.2.3
KH-1

The glycolipid KH-1 is perhaps the most daunting carbohydrate-based tumor
antigen thus far characterized [49], and synthesized [50–52]. The KH-1 anti-
gen was identified in 1986 using the monoclonal antibody AH6, and its over-
expression has been observed in several human adenocarcinomas [42, 53, 54].
Structural studies of the isolate indicated the presence of epitopes corres-
ponding to both the Le y tetrasaccharide and the Lex trisaccharide. Mono-
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clonal antibodies raised against the KH-1 antigen were found to have specific
binding, leading to the postulation that it is a highly specific marker for
malignancy and pre-malignancies involving colonic adenocarcinoma. This,
coupled with the fact that the presence of the KH-1 antigen has not been
detected in normal colonic extracts, makes it an attractive target for active
immunotherapy.

In selecting a route to the KH-1 antigen, we came to favor a plan that would
build the linear hexasaccharide portion utilizing principles that emerged
from the logic of glycal assembly (Scheme 3) [50, 51]. The hexasaccharide
would be so differentiated in terms of its protecting group patterns as to al-
low for the simultaneous unveiling of the three hydroxyl groups which would
serve as subsequent fucosylation acceptors. The featured asset of the synthe-
sis would then be the three concurrent fucosylations to arrive at the fully
intact antigen. In addition, the route allows for ready access to the allyl gly-

Scheme 3 Synthesis of the KH-1-KLH glycoconjugate
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coside, which would, in the usual manner, serve as a handle for either direct
conjugation to KLH or attachment of the MMCCH linker.

Immunological studies of both constructs in murine subjects were per-
formed [55]. Upon vaccination with the KH-1-MMCCH-KLH construct,
high titers of both IgM and IgG antibodies were obtained, while vacci-
nation with the directly linked construct generated only IgM antibodies.
Interestingly, antibodies elicited by both constructs were able to recog-
nize not only the KH-1 antigen, but also the Le y antigen. This result is
not entirely surprising since the two antigens share the same four sac-
charides at their non-reducing end, and is indeed consistent with the
well-established paradigm that anti-carbohydrate antibodies react primarily
with the terminal residues of oligosaccharides [56]. Based on these studies,
a Phase I clinical trial is being prepared with patients having epithelial can-
cers, using the KH-1-MMCCH-KLH vaccine construct along with the QS21
adjuvant.

2.2.4
Globo-H

Our most clinically advanced monomeric vaccine, Globo-H, has been actively
studied as a vaccine for breast, prostate, and ovarian cancers. The Globo-
H hexasaccharide was first isolated in sub-milligram quantities from human
MCF-7 breast cancer cells using the monoclonal antibody MBr1 [57–59]. It
has been shown to reside at the cell surface as a glycolipid and also pos-
sibly as a glycoprotein. Further immunohistological studies have determined
that Globo-H is also expressed on a number of other carcinomas, including
colon, lung, ovary, prostate, and small cell lung cancers [60]. There is evi-
dence, though, that there are carbohydrates, assumed to be Globo-H, residing
on the cell surface of normal breast, pancreas, small bowel and prostate tis-
sues. However, the antigen is predominantly localized where access to the
immune system is restricted [61]. Because of this, we felt that only a detailed
investigation would reveal the usefulness of Globo-H as an antigen in mouse
immunizations and whether it would be of value as a cancer treatment in an
adjuvant setting.

In studying the structure of Globo-H with respect to a synthetic plan, we
were sensitive to an important requirement. Not only would the program
have to produce adequate quantities for immunocharacterization, conjuga-
tion, and mouse vaccinations, but the synthesis would be required to generate
much larger amounts if the intent were to move into the clinic after posi-
tive serological studies. We came to favor a route in which we could further
demonstrate the power of the glycal assembly method in the context of a con-
vergent synthesis (Scheme 4) [62–64]. In the end, Globo-H was produced as
either an allyl- or pentenyl glycoside in sufficient quantities as to provide
material for in-depth studies in both pre-clinical and clinical settings. Stud-
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Scheme 4 Synthesis of the Globo-H-KLH glycoconjugate

ies in mice using the Globo-H-KLH construct showed high titer IgM and
IgG responses against the Globo-H antigen [65]. Furthermore, the antibod-
ies reacted with Globo-H positive MCF-7 cells and not with Globo-H negative
B78.2 cells, and were able to effectively induce complement-mediated cyto-
toxicity (48% lysis).

A full Phase I trial has been completed in patients with progressive and re-
curring prostate cancers [66–68]. All immunized patients exhibited good IgM
responses against Globo-H, with the antibodies able to recognize Globo-H-
expressing cell lines. In some cases, they were able to induce complement-
mediated lysis. On the basis of these encouraging results, a Phase I trial
was initiated in patients with metastatic breast cancer without evidence of
disease or with stable disease on hormone therapy [69]. Again, vaccina-
tion was able to stimulate the production of IgM antibodies in a majority
of patients. Significant binding of the antibodies to MCF-7 was observed in
60% of the patients (a tripling of the values between pre- and post therapy
samples).
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2.3
Clustered Vaccines

As a second-generation synthetic investigation in our program, we became
interested in the development of methodology aimed at the preparation of
vaccine constructs that would more closely mimic the cell surface of tu-
mor cells. Initially we focused on the mucin related O-linked glycopeptides.
Mucins comprise a family of large glycoproteins expressed on the surface
of epithelial tissues, and carry large glycodomains in clustered modes [70].
The amino acid sequence of mucins possesses a relatively high percentage of
serine and threonine residues, often arranged in continuous arrays ranging
in number from two to five. Despite the diversity found in mucin glyco-
structures, the appearance of an N-acetylgalactosamine moiety (GalNAc)
α-linked to the serine/threonine residue appears to be highly conserved.
A relevant example of this is found in the glycophorin family of carbohydrate
antigens (Fig. 3). The Tn, sialyl-Tn (STn), and Thomsen-Friedenreich disac-
charide (TF) antigens are quite common in malignant carcinomas [71]. More
than 80% of breast, prostate, and ovarian carcinomas express STn, whereas
the expression levels of STn in normal tissues is much reduced and appears
to be restricted to only a few epithelial tissues at secretory borders [44]. Other
more complex members of the glycophorin family (2,3-STF, 2,6-STF, and gly-
cophorin) have not been extensively studied, but represent an interesting
group of carbohydrate antigens.

The over-expression of STn in various carcinomas has been correlated to
an aggressive phenotype and worsened prognosis [72]. Murine immunization
with STn has been shown to elicit anti-STn antibodies capable of protection
from subsequent tumor challenge with syngeneic cancer cell lines express-
ing STn [73]. This finding is consistent with an expanding body of evidence

Fig. 3 The glycophorin family of α-O-linked antigens



Synthetic Glycopeptide-Based Vaccines 123

suggesting that antibodies against defined tumor antigens are able to provide
some protection against circulating tumor cells and micrometastases [22, 74].
Studies have shown that monoclonal antibodies against STn are able to rec-
ognize not only the STn monomer, but also STn clusters (STn(c)), indicating
that it is identified in at least two distinct configurations at the tumor cell sur-
face [75]. The STn(c) consisted of a linear tripeptide comprised of serine or
threonine residues whose side chain hydroxy groups contained the carbohy-
drate antigen. Since the immune system tends to recognize clustered motifs of
carbohydrate antigens [75, 76], we developed a clear interest in the ability to
synthesize vaccine constructs that could take advantage of this phenomenon.

2.3.1
The Cassette Approach

At the outset of our investigations into the synthesis of clustered glycopeptide-
based vaccine constructs, we identified a significant problem; the synthesis
of carbohydrate domains O-linked to either serine or threonine with strong
stereochemical control in the formation of α-glycosidic linkages. The gly-
copeptide assembly method, we came to favor is that of the “cassette” modal-
ity rather than a maximally convergent approach. In this approach, the basic
building block, a GalNAc synthon, is stereospecifically α-linked to the side-
chain oxygen of either serine, threonine or more recently, hydroxynorleucine
(vide infra), with a differentiable acceptor site on the GalNAc (Scheme 5).
This construct then serves as a general insert (cassette) that can be subse-
quently joined to an appropriately activated carbohydrate [77–81]. In this
way, we obviate the need for direct coupling of the fully elaborated, complex
glycosyl donor to the side chain of the desired amino acid. The clear advan-
tage of this method is that the difficult O-linkage step is accomplished on
a simple monosaccharide very early in the synthesis. The α-O-linked amino
acid is, consequently, already in place as the oligosaccharide is being built.

Scheme 5 Synthesis of the cassette: (a) X = OCNHCCl3, R = H, TMSOTf, THF, – 78 ◦C;
(b) X = F, R = Me, Cp2ZrCl2, AgOTf, CH2Cl2
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2.3.2
Monoantigenic Clustered Vaccines

Using the cassette methodology, the synthesis of a Tn clustered epitope was
completed (Fig. 4) [82]. The Tn(c) was attached to a heterobifunctional linker,
m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS), and then conju-
gated to thiolated KLH, providing the desired construct. Preclinical ELISA
studies demonstrated the ability of the Tn(c), when coadministered with
QS21, to generate both IgM and IgG antibodies in mice after three immu-
nizations [82, 83]. The cell surface activities of the antibodies were measured
using Tn(c) positive LS-C and Tn(c) negative LS-B colon cancer cells and sera
from the vaccinated mice showed clear IgM and IgG reactivity by flow cy-
tometry and complement-dependent cytotoxicity assays. A Phase I human
trial in prostate cancer patients has just been completed using the Tn(c)
vaccine [84]. All patients immunized with Tn(c)-MBS-KLH developed good

Fig. 4 Structure of the clustered Tn vaccine

Fig. 5 Structures of other clustered glycophorin vaccines
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antibody responses against Tn(c). In addition, the levels of prostate specific
antigen (PSA) observed in the treated patients either stabilized or declined;
the clinical impact and relevance of this remains to be validated.

Other glycophorin clusters have been prepared using the cassette method,
including TF [82], STn [85], and 2,6-STF [86] (Fig. 5), as well as a Le y clus-
ter [87]. Conjugation and immunological evaluation of the TF(c)-MBS-KLH
and STn(c)-MBH-KLH vaccines have produced similar results. Interestingly,
when mice were vaccinated with the Le y(c)-peptide-MBS-KLH conjugate,
both IgM and IgG antibodies were produced, in contrast to the non-clustered
vaccine (vide supra). However, the specificity of the response was limited to
the immunizing epitope [88].

2.3.3
Polyantigenic Clustered Vaccines

All of the cancer vaccines described above were designed to target one antigen
per vaccine. It has now been well established that cancer cells can display sev-
eral different carbohydrate antigens at their cell surfaces [37, 44]. It is, in fact,
entirely possible that during each stage of cellular development differential
levels of antigenic expression may occur. Accordingly, a monoantigenic ap-
proach may not be sufficient for targeting a population of transformed cells.
By contrast, a polyantigenic approach incorporating several type-specific car-
bohydrate antigens could well provide a heightened and more varied immune
response, increasing the efficiency of binding to targeted cells.

There have been two distinctly different approaches taken in the search
for multiantigenic vaccines. One approach relies on the construction of
a polyantigenic vaccine from the admixture of several existing monoanti-
genic conjugate vaccines, in either clustered or non-clustered form [31, 89].
This idea has been used extensively in fields outside of cancer (e.g., bacte-
rial vaccines) [90, 91]. Preclinical trials using polymolecular glycoconjugates
have demonstrated the viability of this method. Using the conjugate vaccines
GD3-KLH, Le y-KLH, and the two peptidic antigens MUC1-KLH and MUC2-
KLH, along with QS21, high titer IgM and IgG antibodies were produced
that reacted specifically with the representative antigens in tumor cell lines
expressing them [89]. This result was obtained regardless of administration
method or injection site, demonstrating that the immunogenicity of the indi-
vidual components was not diminished in the polyantigenic vaccine. On the
basis of these results, a Phase II clinical trial featuring three to seven individ-
ual antigen-KLH conjugates (all of which have been proven safe and effective
in Phase I trials) is being initiated in breast, ovarian, and prostate cancer
patients.

Although this approach may seem attractive at the outset, a number of
concerns must be addressed. First, an increase in the level of carrier protein
used in the vaccine may have potential consequences [92, 93]. Additionally,
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in order to gain regulatory approval, one would have to demonstrate the va-
lidity of each individual component in the polyantigenic “mixture”. There
are further disadvantages from a synthetic perspective. In addition to its
synthesis, each individual carbohydrate antigen would have to undergo a po-
tentially low-yielding conjugation to the carrier protein. Perhaps a better
alternative, and one we strongly prefer, would be a multiantigenic conjugate
vaccine. In this case, the construct would consist of multiple carbohydrate
antigens displayed on a single molecular entity that could then undergo a sin-
gle conjugation step. Although the presumably low-yielding conjugation step
is still required on the total construct, it would only need to be performed
once for the entire vaccine. Moreover, such a consolidation would reduce
the amount of carrier protein needed, minimizing the potential for carrier
protein-induced immune suppression [94].

Early investigations into the requirements for optimal antigenicity led
to the assembly of two glycopeptides, each containing three different car-
bohydrate antigens (Fig. 6). One construct contained the Tn, TF, and Le y

antigens linked to a peptide backbone through serine hydroxy groups, mim-
icking natural mucin-like architecture [95]. In this case the serine-GalNAc
cassette was incorporated into each glycosylamino acid. The other construct
consisted of the Tn, Le y and Globo-H antigens attached to the peptide back-
bone through the hydroxy group of the non-natural amino acid hydrox-
ynorleucine, or tris homoserine [96]. Preliminary studies of the two con-
structs indicate the hydroxynorleucine-based conjugate to be considerably
more antigenic than the mucin-derived conjugate, and so this was selected
for additional investigation in murine hosts. Further evaluation confirmed
that both IgM and IgG antibodies were generated and that the antibod-

Fig. 6 Structures of two multiantigenic unimolecular vaccines
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ies react selectively with cancer cells expressing the Tn, Le y, and Globo-H
antigens [97].

The results of these experiments suggest that the stimulation of a mul-
tifaceted immune response may be possible using a polyantigenic clustered
vaccine. The development of a polyantigenic vaccine targeting prostate can-
cer provides a unique opportunity to explore the efficacy of such an approach
as we have synthetic access to several of the carbohydrate antigens asso-
ciated with it. Prostatic cancer tissue has been found to display the blood
group related antigens Tn, STn, TF and Le y, along with the gangliosides
GM2 and Globo-H in abundance on the cell surface [37, 44]. Many of these
antigens have been included in monoantigenic vaccines and have demon-
strated success in early clinical trials (vide supra). Given this success, we
have targeted a multiantigenic conjugate vaccine containing five different
carbohydrate antigens (Globo-H, STn, Tn, TF, and Le y) that could poten-
tially be used to elicit an immune response directed specifically to prostate
cancer. In addition to using KLH, we hoped to assess the efficacy of the
macrolipid N-α-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-L-cysteine
(Pam3Cys) [98] as an immuno carrier. Although KLH has been extensively
studied, and provides a favorable immune response [99], the Pam3Cys lipid,
a potent B cell stimulant, has only seen minimal preclinical and clinical eval-
uation [84, 88].

Fig. 7 Pentaantigenic vaccine designed for use in prostate cancer
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The synthesis of the pentaantigenic vaccine was accomplished starting
from a pool of glycosylamino acids in which the carbohydrate domain was
completely protected and the amino terminus was blocked with the fluorenyl-
methyl carbamate (Fmoc) group (Fig. 7) [96, 100–102]. Utilizing solution-
phase Fmoc-based peptide chemistry, we assembled the requisite glycopep-
tide in such a way as to allow for conjugation to either KLH or the Pam3Cys
lipid [103]. Evaluation of the two glycoconjugates is currently underway and
will be reported in due course.

3
HIV/AIDS Vaccines

N-linked glycoproteins represent a class of compounds with significant bio-
logical importance. For instance, gp120 [104] is the N-linked envelope glyco-
protein on the surface of the HIV virus. The extensive glycosylation of this
protein leads to the formation of a “glycan shield” which is believed to play
an integral role in the protection of the peptidic backbone against an im-
mune response [105]. Recently however, it has been demonstrated that the
monoclonal antibody 2G12, a general neutralizing anti-HIV antibody [106],
is able to recognize specific structural motifs on gp120, i.e., a N-linked high-
mannose or hybrid-type glycan attached to the Asn 332, 339 and 392 residues
of gp120 [107, 108]. These findings pave the way, in principle, for the design
of a new generation of HIV vaccines which use the virus’ own defense mech-
anism against it, targeting the 2G12 binding motif of the highly glycosylated
gp120.

The goal of our gp120 program is the construction of gp120-based gly-
copeptides that contain the 2G12 binding domain through total chemical
synthesis [11, 12, 109]. Figure 8 illustrates our general synthetic strategy for
the assembly of such elaborate targets. Through a series of glycosylation

Fig. 8 Fully synthetic approach to glycan-gp120 peptide constructs
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sequences, fully protected glycans could be constructed. Conversion of the
anomeric hydroxy group to an amine is then accomplished following a global
deprotection step, giving a fully deprotected glycosylamine. The carbohy-
drate would then be attached to Asn332 in a properly assembled gp120331–335

peptide. In this setting we have chosen a linkage point of the carbohydrate
proximal to a cysteine (Cys331), which could be used to attach a larger
peptide chain via native chemical ligation (NCL) [110], giving the glycan-
gp120316–335 conjugate. This methodology has been used successfully in our
previous reported synthesis of glycopeptides related to the prostate specific
antigen [111, 112]. Alternatively, the glycosylamine could be directly attached
to the full gp120316–335 segment. The remainder of this review will focus
on our synthetic efforts into the synthesis of both hybrid-type and high-
mannose type gp120 fragments.

3.1
Hybrid-Type gp120 Fragments

We first investigated the synthesis of a hybrid-type glycan, and began with the
core β-mannose/chitobiose trisaccharide 3, which already has the C3′and C6′
branching points distinguished (Scheme 6) [11, 109, 113]. The lower branch-
ing point (C3′) would be utilized first, attaching the mannose-lactosamine
side chain (“D1 arm”) through consecutive α- then β-glycosylations. The
upper branching point (C6′) would then be introduced by way of an

Scheme 6 Synthetic strategy for the preparation of a hybrid-type glycan
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α-glycosylation using trisaccharide 1 as the donor. 1, in turn, can be readily
prepared by a bis α-mannosylation.

The synthesis commenced with trisaccharide 3 (Scheme 7). α-Manno-
sylation of 3 using donor 5 under Sinaÿ radical activation conditions [114]
followed by debenzoylation provided alcohol 7. Hexasaccharide 8 was then
obtained upon coupling 7 with the lactosamine thio donor 2. The “vir-
tual” branching point on 8, i.e., C′

6, was liberated by regioselective open-
ing of the 4,6-benzylidene acetal, and then glycosylated with donor 1 to
yield the fully protected hybrid-type nonasaccharide 4. We now note the
presence of a monochloroacetyl (MCA) protecting group on the axial hy-
droxyls of donor 1. In earlier studies we had found that the use of the
benzoyl protecting group at this position led to complications during fi-
nal deprotection, i.e., hydrolysis was slow and led to concurrent removal

Scheme 7 Synthesis of hybrid glycan 17: (a) 5, (BrC6H4)3NSbCl6, MeCN, 80%;
(b) NaOMe/MeOH, 89%; (c) 2, (BrC6H4)3NSbCl6, MeCN, 60%; (d) BH3·THF, Bu2BOTf,
CH2Cl2, 75%; (e) 11, AgOTf, DTBP, CH2Cl2; (f) NaOMe/MeOH, 65% (two steps);
(g) (ClCH2CO)2O, py, CH2Cl2, 79%; (h) 1, (BrC6H4)3NSbCl6, MeCN, 78%; (i) 1.
NH2CH2CH2NH2, n-BuOH/toluene, 90 ◦C; 2. Ac2O, py; 3. NaOMe/MeOH, 69%;
(j) TBAF/AcOH, 89%; (k) 1. Na/NH3, – 78 ◦C, 70%; 2. NaHCO3, Ac2O, 70%; (l)
NH4HCO3/H2O
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Scheme 8 Synthesis of the hybrid-glycan glycopeptide 22. (a) 1. 18 or 19, HATU, DIEA,
DMSO; 2. NH2NH2 piperidine, DMF; (b) MES-Na, DMF, DIEA, H2O, 95%

of the phthalimide. By employing MCA protection, selective cleavage was
possible. In the event, the MCA protecting groups were quantitatively re-
moved by the action of thiourea, followed by conversion of the phthalimide
into the required acetamide function and liberation of the anomeric hydroxy
site. Compound 15 was then subjected to global deprotection with sodium
in liquid ammonia followed by acetylation of the free amines with acetic
anhydride in saturated NaHCO3 to afford glycan 16 bearing an anomeric
hydroxy group. Amination of the anomeric position under Kochetkov con-
ditions [115] led to 17, which was used for peptide coupling without further
protection [11].

Coupling of glycosylamine 17 with excess pentapeptide 18, representing
gp120331–335, under previously developed conditions [111, 112, 116], followed
by removal of the N-terminal Fmoc group led to glycopeptide 20, our pre-
cursor for NCL (Scheme 8). Unfortunately, 20 was not a competent partic-
ipant in NCL with peptide 21, representing gp120316–330. This failure could
be attributed to steric hindrance resulting from the bulky nonasaccharide
attached to asparagine directly adjacent to the ligation site. These find-
ings illustrated potential limitations of NCL in a highly elaborate setting. In
the end, the hybrid-type gp120316–335 glycopeptide fragment could be ob-
tained using a direct coupling method with peptide 19, followed by final
deprotection.
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3.2
High-Mannose-Type gp120 Fragments

In parallel with the synthetic development of hybrid-type fragments, our
efforts were also concentrated on the high-mannose-type constructs [12].
As shown in Scheme 9, we investigated two distinct approaches: the “layer”
approach, featuring two consecutive tri-mannosylations, and the “block” ap-
proach, featuring a 3 + 3 glycosylation followed by a 6 + 5 glycosylation.

Scheme 9 Synthetic strategy for the preparation of a high-mannose-type glycan

3.2.1
The “Layer” Approach

The “layer” approach was investigated first, and began with the same core
β-mannose/chitobiose trisaccharide 3 used during the synthesis of the
hybrid-type glycan. Again α-mannosylation at C′

3 followed by regioselec-
tive reduction of the benzylidene ring gave tetrasaccharide 28 (Scheme 10).
A second α-mannosylation at the now revealed C′

6 hydroxy group followed
by benzoyl saponification exposed the three required acceptor sites of 29.
The next “layer” was added by glycosylation under Sinaÿ conditions [114]
delivering octasaccharide 30 in respectable yield (55%). The process of
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Scheme 10 The “layer” approach to assemble high-mannose-type glycan 26. (a) 1.
5, (BrC6H4)3NSbCl6, MeCN, 78%; 2. BH3·THF, Bu2BOTf, THF 0 ◦C, 90%; (b) 1. 23,
(BrC6H4)3NSbCl6, MeCN, 74%; 2. NaOMe/MeOH, 91%; (c) 1. 5, (BrC6H4)3NSbCl6,
MeCN, 55%; 2. NaOMe/MeOH, 84%; (d) 5, (BrC6H4)3NSbCl6, MeCN, 51%

saponification/glycosylation was then repeated to furnish the desired fully
protected undecasaccharide 26.

3.2.2
The “Block” Approach

While the “layer” approach proved to be highly successful, we felt that 26
could be fashioned in an even more efficient manner. For this purpose, we
explored a still more convergent “block” approach (Scheme 11) [12]. Hexas-
accharide 31 was constructed from “blocks” 3 and 25 by a MeOTf-mediated
glycosylation, followed by reductive opening of the benzylidene acetal. The
third “block”, pentasaccharide 24, was assembled efficiently through two
consecutive dimannosylation reactions beginning with phenylthiol manno-
side 13 and chloro donor 11. Pentasaccharide 24 was then subjected to
a 6 + 5 glycosylation with acceptor 31, delivering the intact fully protected
high-mannose undecasaccharide 27 in 63% yield (85% based on recovered
acceptor).

With the protected undecasaccharide in hand, we proceeded to the next
phase, global deprotection. Similar to the strategy used in the hybrid-type
glycan (vide supra), 27 was subjected to deacetylation, desilylation, and dis-
solving metal reduction to yield the free glycan, which was advanced to
glycosylamine 33 by Kochetkov amination.

Following similar thinking, glycosylamine 33 was coupled to pentapep-
tide 18, representing gp120331–335 followed by Fmoc removal. Similar to the
hybrid-type case, construct 34 was not a substrate for NCL. However, we were
pleased to find that the direct coupling strategy employed earlier had also
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Scheme 11 The “block” approach to assemble high-mannose-type glycopeptide 35.
(a) 1. 25, MeOTf, DTBP, CH2Cl2, – 40 ◦C to r.t., 70%; 2. BH3·THF, Bu2BOTf, THF, 0 ◦C,
86%; (b) 11, AgOTf, DTBP, CH2Cl2, – 10 ◦C to r.t. 87%; (c) (BrC6H4)3NSbCl6, CH3CN,
63% (85% based on recovered 31); (d) 1. NaOMe/MeOH, 96%; 2. TBAF, AcOH, THF,
0 ◦C, 98%; 3. Na/NH3, – 78 ◦C; 4. Ac2O, NaHCO3, 87% (two steps); (e) NH4HCO3/H2O;
(f) 1. 18, HATU, DIEA, DMSO; (g) piperidine, DMF 24% from 33; (h) 1. 19, HATU, DIEA,
DMSO; 2. N2H4, piperidine, DMF, 16% from 33

worked in this case, providing the high-mannose-type gp120316–335 glycopep-
tide fragment 35, after final side chain deprotection.

3.3
2G12 Binding Studies

With both hybrid-type and high-mannose type glycopeptide fragments in
hand, we set out to evaluate their ability to bind the monoclonal antibody
2G12. While not necessarily establishing construct immunogenicity, such
binding assays could provide valuable information regarding the structural
requirements of a potential HIV vaccine.

The binding assays were conducted on a Biacore 3000 system, utilizing
surface plasmon resonance (SPR) technology [117, 118]. The amine coupling
method was used to immobilize 2G12 on a CM5 sensor chip, providing the
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active binding surface. In addition, a human IgG1 isotype-control antibody
was also immobilized, allowing for a reference surface. A single injection of
substrate is exposed sequentially to the reference surface and then the ac-
tive surface, allowing for qualitative evaluation of the data. For comparative
purposes, recombinant HIV-1JR-FL gp120 [119] was also tested.

As shown in Table 1, neither the hybrid-type glycan 16, the hybrid-type
gp120331–335 glycopeptide fragment 20, nor the high-mannose-type glycan 32
displayed binding ability to 2G12 [109]. While the high-mannose glycan itself
does not bind, the high-mannose-type gp120331–335 glycopeptide fragment 38
displayed significant binding. Interestingly, when the sulfhydryl side chain of
Cys331 was protected (34), binding was diminished. This was particularly puz-
zling, as it has been shown that the peptide motifs are not directly recognized
by 2G12 [106].

As we examined the testing stock solution of 38 by liquid chromatography/
mass spectroscopy (LC-MS), we discovered that the solution consisted of
a mixture of the monomeric and oxidized disulfide forms, with a majority
existing as the dimer (Scheme 12). Moreover, upon reduction of the disul-
fide, 2G12 binding was dramatically diminished. In control experiments, we
confirmed that the 2G12 surface was still able to bind unreduced compound
and that there were no detectable effects on the ability of 2G12 to bind gp120,
suggesting that the dimeric form of the glycopeptide was responsible for the
observed binding. This hypothesis was validated upon testing 39, homoge-
neously formed by DMSO oxidation of 38, as it exhibited the highest binding
to 2G12. Of note is that dimeric hybrid-type gp120331–335 construct 37 still did
not demonstrate significant binding ability.

Table 1 Qualitative assessment of 2G12 binding to free glycan and glycan-gp120
glycopeptidea

Carbohydrate type Compound (conc) Cys SH state Binding, RU

Hybrid-type 16 (40 µM) N/A < 1
Hybrid-type 20 (20 µM) protected < 1
Hybrid-type 36 (20 µM) free SH < 1
Hybrid-type 37 (20 µM) dimer < 1
High-mannose-type 32 (40 µM) N/A < 1
High-mannose-type 34 (20 µM) protected 5
High-mannose-type 38 (10 µM) free SH∗ 75
High-mannose-type 38 (10 µM) + DTT free SH 9.5
High-mannose-type 39 (10 µM) dimer 78

a A single injection of substrate was exposed sequentially to the reference surface and then
the active surface. Binding experiments were performed at 25 ◦C in HBS-P buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.005% Surfactant P20). The sensor surface was regenerated
with a short pulse of 3.5 M MgCl2. Recombinant HIV-1JR-FL gp120 was tested for comparison.
∗ In this case, it was later found that the thiol actually existed as an oxidized disulfide.
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Scheme 12 Synthesis of the hybrid and high-mannose dimers. (a) MesNa, DMF, DIEA,
H2O; (b) DMSO, H2O, air

While earlier findings revealed that both hybrid-type and high-mannose-
type glycans may be part of the binding epitope on gp120, our experimental
results suggest that the high-mannose-type is more likely to be recognized
by 2G12. Our findings also support the notion that structural motifs featur-
ing multiple glycans with proper spatial orientation might be crucial for 2G12
binding, which is consistent with the crystal structure results reported by Wil-
son [106].

4
Concluding Remarks

The generation of significant amounts of homogeneous carbohydrate anti-
gens is no longer a stumbling block for the development of glycopeptide-based
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vaccines. It is clear that total synthesis has met the challenge of complex gly-
coconjugate construction and will continue to do so, regardless of the targeted
structure. As such, the ability of researchers to probe the intricate structural
requirements for an effective vaccine will only continue to grow. Although
these studies are in their infancy and there is still much to learn, the necessary
complex materials required for further preclinical and clinical studies are be-
coming increasingly available. It is hoped that through creative collaboration,
advances in complex target oriented synthesis and immunology will allow for
the development of novel vaccines to fight the diseases of tomorrow.
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Abstract Glycopeptide antibiotics represent a very important group of natural products
with regard to medicinal application as antibacterials and for cancer treatment. A char-
acteristic for assignment as a glycopeptide antibiotic, next to antibiotic potential, is the
modification of the peptide aglycon with various types of carbohydrates. According to
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this definition, vancomycin (including five subtypes), ramoplanin, bleomycin, mannopep-
timycins and salmochelin belong to the family of glycopeptide antibiotics. In this article,
an overview is given on the structural aspects, the biosynthesis and the mode of action of
glycopeptide antibiotics. Structure–activity relationships of important functional groups
contributing to enhanced antibiotic properties are highlighted. Finally, similarities with
regard to structural features, the biosyntheses and the modes of actions are discussed.
According to current knowledge, glycopeptide antibiotics mostly act as inhibitors of bac-
terial cell wall biosynthesis. It is to be expected that the actual list of glycopeptides will
be continuously extended due to discoveries from ongoing screening programs.

Keywords Bleomycin · Mannopeptimycin · Ramoplanin · Salmochelin · Vancomycin

Abbreviations
ACP Acyl carrier protein
BLM Bleomycin
Chp 3-Chloro-4-hydroxyphenylglycine
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Dhb 2,3-Dihydroxybenzoic acid
Dpg 3,5-Dihydroxyphenylglycine
Dpr 2,3-Diaminopropionic acid
FTICR Fourier transform ion cyclotron resonance
Hpg 4-Hydroxyphenylglycine
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PBP Penicillin binding protein
PKS Polyketide synthase
SAR Structure–activity relationship
VRE Vancomycin-resistant enterococci
VRSA Vancomycin-resistant Staphylococcus aureus

1
Introduction

According to the IUPAC convention, a glycopeptide is defined as a compound
consisting of a carbohydrate linked to an oligopeptide composed of L- and/or
D-amino acids [1]. However, for glycopeptide antibiotics this definition has
to be sharpened towards glycosylated secondary metabolites of bacteria and
fungi, synthesized by non-ribosomal peptide synthetases (NRPS), with an-
tibiotic properties in the most common sense. Unfortunately, the term gly-
copeptide antibiotic often solely refers to vancomycin and its analogues and
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thus excludes other compounds that also belong to the family of glycopeptide
antibiotics.

Until now, there has existed a relatively limited but important number
of structurally diverse glycopeptide antibiotic classes. Probably the biggest
class of glycopeptide antibiotics is represented by the vancomycin group.
Among these, the most prominent representative vancomycin (type I) is
listed together with avoparcin (type II), ristocetin (type III), teicoplanin
(type IV) and complestatin (type V). Except for the complestatin-type,
which shows antiviral properties, types I–IV are all active against Gram-
positive bacteria. The group of vancomycin-related glycopeptides is followed
by bleomycins (BLMs), which have been known for decades in cancer ther-
apy. More recently, the ensemble of glycopeptides has been extended by
the highly potent antibacterial ramoplanin. The mannopeptimycins repre-
sent the smallest and least-known group of glycopeptides. Although they
were discovered in the 1950s, they have only recently been re-examined for
their antibacterial activities. An outsider in this group is the recently dis-
covered salmochelin. It is produced by E. coli and Salmonella strains and
most likely represents an important pathogenic factor in salmonellosis. Al-
though, at first glance, structurally the salmochelins are not considered to
be peptides rather than cyclic esters they are closely related to glycopep-
tide antibiotics with regard to their biosynthetic origin. After structural
features, the nature and mechanisms of biosynthetic assembly, which is
non-ribosomal peptide synthesis, unifies all the glycopeptides mentioned
above.

Non-ribosomal peptide synthetases (NRPS) are widespread in the as-
sembly of peptidic secondary metabolites [2]. They share a common ar-
chitecture, with each module being responsible for the selection, activation
and condensation of one specific amino acid. A representative module of
a biosynthetic gene cluster contains the characteristic C-A-T domain ar-
rangement (with the exception of the first module, which bears only A-T
domains). The A-domain specifically recognizes an amino acid and converts
it to aminoacyl-AMP with consumption of ATP. The phosphopantetheine
moiety of the T-domain bearing a free thiol group then forms a covalent
thioester with the activated amino acid. Finally, the C-domain catalyses the
formation of the peptide bonds between the amino acids. Thus, the peptide
chain grows from the N-terminus to the C-terminus to yield a peptide. Addi-
tionally, epimerase domains (E), methylation domains (M), cyclization (Cy)
and oxidation (Ox) domains provide additional structural diversity to NRPS
biosynthetic assembly.

In this article, selected aspects of the investigation of glycopeptide an-
tibiotic biosyntheses, the modes of action, and the development of novel
derivatives are presented. The synopsis of glycopeptides highlights similari-
ties and differences with regard to the features of glycopeptide antibiotics.
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2
Vancomycin and Related Glycopeptide Antibiotics

2.1
Structure

The discovery of vancomycin (Fig. 1) dates back to the mid-1950s when it
was isolated from culture broth of Streptomyces orientalis (reclassified as
Amycolatopsis orientalis) [3]. Vancomycin proved an effective antibacterial
agent and soon thereafter it was used clinically for the treatment of infection
by Gram-positive bacteria. However, due to vancomycin’s toxic side effects,
other antibiotics like methicillin first gained increasing popularity in medic-
inal application. Later it was discovered that these side effects arose from
impurities in the preparation. Since 1986 highly purified vancomycin has
been available and nowadays vancomycin, together with teicoplanin (Europe)
(Fig. 1), serve as antibiotics of last resort in the treatment of severe noso-

Fig. 1 Structures of vancomycin-related glycopeptide antibiotics: vancomycin, ristocetin,
teicoplanin and complestatin
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comial infections with enterococci and methicillin-resistant Staphylococcus
aureus (MRSA) strains.

It took several decades to resolve the structure of vancomycin by means
of X-ray crystallography and nuclear magnetic resonance (NMR) studies [4–
6]. Total synthesis, a prime example of the art of peptide synthesis, was
achieved some 20 years later by the groups of Nicolaou [7–9], Evans [10] and
Boger [11]. Comprehensive reviews on the strategies for the total synthesis of
vancomycin have been published recently [12, 13]. Meanwhile, total synthesis
of teicoplanin has also been achieved by the Boger group [14].

According to a commonly accepted classification, the family of glycopep-
tide antibiotics is subdivided into five different types (type I–V), four of
which have antimicrobial activities (type I–IV). Apart from the rather di-
verse composition of the sugar moieties and attachment sites of chlorine
they all share a common heptapeptide backbone with three characteristic
ring systems in the aromatic side chains: 1Xxx-D-2Tyr/Hty-3Yyy-D-4Hpg-D-
5Hpg-L-6Hty-L-7Dpg, with Xxx and Yyy as randomized amino acids among
different subtypes. While type I glycopeptide antibiotics (e.g. vancomycin,
balhiymcin) have aliphatic amino acids in these positions, type II glycopep-
tides (e.g. actinoidin) possess aromatic residues. Furthermore, in type III
glycopeptides (e.g. ristocetin) these aromatic residues form an additional
ether-bridged ring system. Teicoplanin is an example of type IV glycopep-
tides that share a general architecture with type III, however, in addition they
possess a fatty acid attached to the sugar moiety. Therefore teicoplanin-type
glycopeptides are sometimes referred to as lipoglycopeptides. Type V gly-
copeptides (e.g. complestatin) have only two ring systems and hold 2Trp in
the backbone structure. Interestingly, it was shown that complestatin displays
antiviral properties [15]. All other structural variations of glycopeptide an-
tibiotics occur almost exclusively with regard to halogenation, glycosylation
and lipidation. These can vary broadly and contribute to the heterogeneity of
the compound class.

2.2
Mechanism of Action

Vancomycin glycopeptides interfere with the late stages of peptidoglycan syn-
thesis of the bacterial cell wall. This is also the case for the well-known
β-lactam antibiotics (e.g. penicillin). Because of a relatively high molecular
mass (∼ 1400 Da) vancomycin and its analogues are not able to cross the
inner membrane of the bacterial cell wall. The inhibition of peptidoglycan
synthesis is based on binding of vancomycin to the D-Ala-D-Ala terminus of
peptidoglycan precursors of the bacterial cell wall [16]. Further insights into
the mechanism of action came along with the elucidation of vancomycin’s
structure [4–6]. It was shown by NMR experiments that vancomycin forms
five hydrogen bonds with the Lys-D-Ala-D-Ala tripeptide moiety [17] (Fig. 2).
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Fig. 2 Interaction of vancomycin with its target Lys-D-Ala-D-Ala peptide via five hydrogen
bonds. VanA/B- and VanC-resistance types represent structural variations in the peptide
sequence of the bacterial cell wall biosynthesis, thus leading to reduced binding

Vancomycin is thought to bind to lipid II monomers or to the termini of
glycan strains, thus shielding the substrates from transglycosylation and
transpeptidation steps. Because of an inhibited cross-linking of the peptido-
glycan, the bacterial cells become susceptible to lysis.

Interestingly, one characteristic of vancomycin-type glycopeptides is their
ability to dimerize. Aggregation of vancomycin in aqueous solution was first
reported by Nieto and Perkins in 1971 [18]. Later, NMR and X-ray experi-
ments resolved the nature of dimerization for various glycopeptide antibi-
otics [19–21]. It was shown that in the dimer hydrogen bond interactions
were formed between the back sides of the two antibiotic molecules (Fig. 3).
The affinity of the resulting homodimer for cell wall fragments increases by
a factor of up to ten compared to the monomolecular glycopeptide antibi-
otic [22]. In turn, cell wall fragments were reported to enhance dimeriza-
tion by factors of two to 100 [22]. These findings led to the development
of a model of cooperative binding, which was further supported by titra-
tion NMR experiments [23, 24]. Based on these in vitro data one can assume
that the process of dimerization plays an important role in the physiologi-
cal mode of action of a number of vancomycin-type antibiotics. In contrast,
the lipoglycopeptide teicoplanin (type IV) is suggested to insert into mem-
branes (i.e. the cytoplasmic membrane) via its fatty acid moiety. Both ef-
fects, dimerization and membrane insertion, have recently been discussed in
detail [25].

In contrast to many other antibiotics, vancomycin had been used for
nearly 30 years without the observation of noteworthy bacterial resistance.
However, in 1988, resistance to vancomycin was reported for strains of en-
terococci [26] and almost 10 years later resistance was observed in staphy-
lococcal isolates [27]. Three basic types of enterococcal vancomycin resist-
ance have been identified and are understood on a molecular basis [28].
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Fig. 3 Back-to-back homodimerization of glycopeptide antibiotics (e.g. balhimycin) via
hydrogen bonds

These are the shifting of bacterial cell wall biosynthesis from D-Ala-D-
Ala to D-Ala-D-Lac (VanA/VanB) or D-Ala-D-Ser (VanC) peptides in bac-
terial cell wall biosynthesis (Fig. 2). The resulting significant decrease in
affinity of vancomycin leads basically to a reduced susceptibility of resist-
ance of the target strain. Staphylococcal resistance is presumably based on
a thickened cell wall and an increased synthesis of D-Ala-D-Ala peptides
scavenging glycopeptides [29]. This resistance problem induced vigorous
screening efforts to find novel alternative antibiotics, but also for the semi-
synthetic generation of vancomycin antibiotics based on SAR studies (see
below).

2.3
Biosynthesis

Biosyntheses of the glycopeptide antibiotics balhimycin and chloroere-
momycin (Fig. 4) have been studied in detail and are considered to be repre-
sentative for vancomycin biosynthesis [30, 31]. Compared to vancomycin, the
structures differ only in the carbohydrate moieties attached to the aglycon.
Over the past years considerable progress has been made in understanding
the biosynthesis of this type of glycopeptide.

Balhimycin (Fig. 4) biosynthesis has mainly been investigated with gene
inactivation mutagenesis [32]. The gene cluster of the balhimycin producer
Amycolatopsis balhimycina was published by Pelzer et al. in 1999 [33] shortly
after the sequence of the chloroeremomycin (Fig. 4) biosynthesis gene clus-
ter [34]. The gene clusters of teicoplanin [35, 36] and complestatin [37] have
been sequenced recently.

Based on sequence homologies, 31 of the 33 open reading frames (orfs)
of the balhimycin gene cluster were attributed to known enzyme functions
(Fig. 5). The biosynthesis of vancomycin glycopeptides is divided into three
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Fig. 4 Structures of vancomycin-type glycopeptide antibiotics balhimycin and chloroere-
momycin

Fig. 5 Balhimycin biosynthesis gene cluster of the A. balhimycina and assignment of
proposed functions [33]

steps: (1) synthesis of non-proteinogenic amino acids and carbohydrates;
(2) non-ribosomal peptide synthesis; (3) post-NRPS tailoring.

Although not explicitly shown, it is reasonable to assume that the amino
acid building blocks Leu and Asn are derived from primary metabolism.
The biosynthetic genes of non-proteinogenic amino acids 4-hydroxyphenyl-
glycine (Hpg), 3,5-dihydroxyphenylglycine (Dpg) and β-hydroxytyrosine
(Hty) are all located in the biosynthesis gene cluster (Fig. 5). The biosyn-
thesis of Hpg has been characterized by protein overexpression and involves
the precursor metabolites prephenate and tyrosine [38–40]. Biosynthesis
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of Dpg involves a polyketide synthase (DpgA), which assembles a lin-
ear polyketide from four malonyl-CoA units that is subsequently trans-
formed into 3,5-dihydroxyphenylacetate supported by DpgB and DpgD [41].
DpgC then converts the phenylacetate into phenylglyoxylate [42], which is
transformed into Dpg by the transaminase Pgat [41]. Interestingly, polyke-
tide synthase DpgA shows strong similarities to plant chalcon synthases
(PKS III).

The amino acid Hty is thought to be synthesized from tyrosine covalently
bound to the NRPS BpsD by β-hydroxylation with P450-type monooxyge-
nase OxyD. After β-hydroxylation Hty is cleaved from BpsD by the hydrolase
Bhp [43–45]. The chlorination time-point of the putative halogenase BhaA
is still elusive, but is likely to occur after Hty biosynthesis [43, 44, 46]. Van-
cosamines are the characteristic carbohydrates of vancomycin antibiotics and
their biosynthetic assembly has been elucidated recently by protein overex-
pression and substrate conversion experiments [47].

The balhimycin biosynthesis gene cluster contains three genes coding for
three NRPS (BpsA/B/C) with a 3 : 3 : 1 modular structure. Apart from the
usual C-A-T-motif for recognition, activation and condensation there exist
epimerase domains (E) in modules 2, 4 and 5, which are responsible for
transforming (S, R)-Hty into (R, R)-Hty and (S)-Hpg into (R)-Hpg. The final
NRPS-products are hexa- and heptapeptide precursors, respectively.

One prominent hallmark of the group of glycopeptide antibiotics is the
tricyclic nature of the heptapeptide that defines the overall rigid structure,
which is the base for the antibiotic activity of vancomycin-type glycopeptides.
The side-chain bridging reactions are therefore crucial steps in the biosyn-
thetic assembly. They are carried out by three P450-type monooxygenases
OxyA/B/C [31, 33]. The sequence of side-chain cyclization was elaborated
by directed gene inactivation of oxyA/B/C and analysis of metabolites accu-
mulated in culture filtrates of oxygenase mutants [48, 49]: OxyB introduces
the aa2-4 diarylether cross-link, then OxyA catalyses the second ring forma-
tion (aa4-6) and finally OxyC forms the aa5-7 biaryl cross-link (Fig. 6). Two
out of three P450-monooxygenases involved in vancomycin biosynthesis have
been crystallized [50, 51]. Recently, the biosynthetic picture has been refined
with the hypothesis that side-chain cyclization by P450-monooxygenases
steps would take place on NRPS-bound peptide [46]. Biosynthesis mutants
inactivated in heptapeptide formation and Dpg-delivery were thoroughly in-
vestigated for truncated metabolites accumulated in culture filtrates. The
complete series of di- to pentapeptides as well as variously cyclized hexapep-
tides were detected. This suggestion was supported by in vitro experiments
with overexpressed OxyB [52]. In addition, the Robinson group could show
that synthetic linear hexapeptides were cyclized to monocyclic hexapep-
tides only if they were covalently bound as phosphopantetheine derivatives.
Likewise, the conversion of linear heptapeptides was also achieved, rais-
ing some doubts on the exact point of time during NRPS assembly. Al-
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Fig. 6 Model of oxidative ring closure reactions in vancomycin-type glycopeptide antibi-
otic biosynthesis [46]

though it has not been shown, it is fair to assume that all three biosyn-
thetic steps catalysed by OxyA/B/C take place on NRPS-bound peptide in-
termediates (Fig. 6) [46]. As a consequence, aglycon assembly by NRPS in
interaction with oxygenases would represent a strongly controlled and com-
plex biosynthetic process. Furthermore, one could speculate that this pep-
tide processing increases efficiency of the biosynthesis and the prevention
of putatively toxic cross-linking reactions of e.g. tyrosine residues of pro-
teins.

The final stages of vancomycin-type biosynthesis are glycosylation of the
aglycon with glucose and vancosamine. The vancosamin sugar is character-
istic for the whole vancomycin family of glycopeptide antibiotics and also
occurs in its epi- and oxo-forms (chloroeremomycin and balhimycin). For
balhimycin, the attachment of carbohydrates to the aglycon is performed
by glycosyltransferases BgtfA/B/C [33]. Glycosylations of chloroeremomycin
and vancomycin show corresponding analogies. Glycosyltransferases from
vancomycin and chloroeremomycin biosynthesis pathways have been crys-
tallized [53–55] and the in vitro reconstitution with overexpressed glycosyl-
transferases of chloroeremomycin was performed [56]. This is the base for
biocombinatorial attempts to generate novel glycopeptide antibiotics [57–60].
Finally, methylation at the amino terminus of D-Leu is performed by methyl-
transferase Bmt [61].

These findings represent the main features of vancomycin-type glycopep-
tides and the results may be extrapolated to the biosyntheses of other related
glycopeptides. For the lipoglycopeptide teicoplanin, with four rings, the at-
tachment of fatty acids to the amino sugar side chain has already been
described [35]. Similarly, the sequence of the biosynthetic gene cluster of
complestatin [37] gives insights into the possible course of the biosynthesis of
this antibiotic.
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2.4
Semi-synthetic Derivatives of Vancomycin and Related Glycopeptide Antibiotics

Since the discovery of vancomycin, a considerable number of semi-synthetic
glycopeptide derivatives have been generated (Fig. 7). The synthetic aspects

Fig. 7 Selection of representative examples of semi-synthetic and mutasynthetic vanco-
mycin-type derivatizations
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of these derivatives have been highlighted in a number of reviews [12, 29, 62,
63] and herein only a selection of a few derivatives is given. Initial SAR in-
vestigations probed the role of halogenation and glycosylation, mostly from
natural isomers. Chemical derivatization reactions were directed to easily
modifiable groups, i.e. amino groups and carboxy groups. The most import-
ant studies were performed with acylation or alkylation of the N-terminus,
later selectivity was improved for modification of the amino sugar. In sum-
mary, these studies showed that modifications of the N-terminus basically
abolish antibiotic activity.

Other examples comprise modifications of the C-terminus as amides [64],
hydrazides [65], carboxamides [66], urea derivatives [65] and the attachment of
peptides [67]. Also C-terminal esters with hydrophobic alcohols were synthe-
sized [68, 69]. Dimer formation of glycopeptides by hydrogen bonding inspired
the chemical synthesis of covalently linked dimers [70, 71] and trimers [72].
Modifications at the aromatic moieties of the peptide backbone have been in-
troduced by using biosynthesis mutants or change of media composition. Thus,
glycopeptides with fluorine [73], bromine [74] and methoxy derivatives were
obtained [75]. The lack of aromatic side chain cross-links is accompanied by
complete loss of antibiotic activity. This has been extensively proven by lin-
ear, mono- and bicyclic biosynthesis intermediates [48, 49, 76] that showed no
antibiotic activity. Furthermore, with the exception of a Mannich reaction at
7Dpg [77], the aromatic ring systems show an almost complete chemical inac-
cessibility of the aromatic residues. Most chemical modifications have no or too
little effect in enhancing antibiotic activity. The exceptions are N-alkyl deriva-
tives of the amino sugar (oritavancin, dalbavancin, telavancin) and amide
derivatives of the C-terminus (dalbavancin). Other contributions are based on
a fully synthetic rather than a semi-synthetic approach in reducing molecular
complexity, e.g. structurally simplified monocyclic analogues [78]. However,
apart from promising preliminary data on antibiotic activity, additional data
have not been reported using this approach.

Currently, three semi-synthetic glycopeptide derivatives, oritavancin
(LY 333328), dalbavancin and telavancin, are in clinical-phase trials [79]
(Fig. 8). With regard to the chemical structure, oritavancin and telavancin are
vancomycin derivatives, whereas dalbavancin is a teicoplanin analogue. Re-
markably, oritavancin and telavancin are active against vancomycin-resistant
S. aureus (VRSA) and vancomycin-resistant enterococci (VRE). In contrast,
dalbavancin does not target VRE of the VanA-type, although it has enhanced
activity against MRSA. Speculations on the mode of action of oritavancin
originally proposed a membrane insertion mechanism. However, recent in-
vestigations by Kahne and coworkers on oritavancin suggest an additional
glycosyltransferase inhibition by the chlorobiphenyl moiety [80–82].

In conclusion, from SAR studies on glycopeptide antibiotics three semi-
synthetic derivatives evolved that have reached clinical trials, particularly
for infections with vancomycin-resistant bacteria. The tuning of the van-
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Fig. 8 Structures of glycopeptides oritavancin, telavancin, and dalbavancin in clinical
phases

comycin core structure represents a remarkable example of a natural com-
pound, chemically transformed into a drug, which is active against previously
resistant bacteria.

3
Ramoplanin

3.1
Structure

The growing resistance of Gram-positive staphylococci and enterococci
against vancomycin promoted the search for alternative antibiotics. The
glycopeptide ramoplanin is considered an alternative for the treatment of in-
fections by multiresistant Gram-positive bacteria. The growing interest over
the past years has fuelled investigations on the biosynthesis, mode of action,
and total synthesis by several research groups, which have been summarized
in several review articles [83, 84].

Ramoplanin was discovered in 1984 in the course of an industrial drug
discovery program directed against cell wall biosynthesis inhibitors [85].
Ramoplanin factors A1, A2 and A3 (Fig. 9) were isolated at Biosearch Italia
from culture broths of Actinoplanes strain ATCC 33076, which originated
from a soil sample collected at Vaghalbod Village, Indore, India.

Ramoplanin is active against a broad spectrum of Gram-positive bacte-
ria, including VRE and MRSA. Low MIC (minimum inhibitory concentration)
values of about 1–2 µg/mL were reported for most of the microorganisms
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Fig. 9 Structures of ramoplanin factors A1–A3

tested [86]. Like vancomycin, ramoplanin shows no activity against Gram-
negative bacteria. The reason for this may be that it does not penetrate the
outer membrane characteristic for Gram-negatives. Ramoplanin has been
found more potent compared to vancomycin in different antibacterial as-
says [84, 87].

Ramoplanin factor A2 is currently undergoing clinical-phase trials for the
treatment of Gram-positive bacterial infections with pathogens that are re-
sistant to vancomycin, macrolides or β-lactams [79]. Ramoplanin retains
its effectiveness despite efforts to elicit resistance in the laboratory [88, 89].
Remarkably, studies with patients have shown that oral applicability of ramo-
planin might be attained [79], which is unusual for peptides as well as in
comparison to intravenous application of vancomycin.
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Ramoplanin is a lipoglycodepsipeptide antibiotic [90, 91] and shares some
structural moieties with teicoplanin as well as with mannopeptimycins. It
consists of a 49-membered macrocyclic depsipeptide ring with 17 amino
acids. All three ramoplanins A1–A3 share the same peptide skeleton.

Like many natural products from the NRPS biosynthetic pathway, ramo-
planin amino acids have D- and L-configurations and consist of a considerable
number of non-proteinogenic amino acids. These include ornithine (Orn),
4-hydroxyphenylglycine (Hpg), 3-chloro-4-hydroxyphenylglycine (Chp), D/L-
allo-Thr and β-hydroxyasparagine (β-OH-Asn). A remarkable structural fea-
ture of ramoplanin is the high number of aromatic amino acids (5 × Hpg,
1 × Chp, 1 × Phe) and β-hydroxy amino acids (3 × Thr, 1 ×β-OH-Asn). The
N- and C-termini of the aglycon are linked by a lactone bridge between the
carboxyl of residue 17Chp and the hydroxyl of β-OH-2Asn. Amino acid 1Asn
stands exocyclic of the macrolactone ring and represents the N-terminus,
which is subject to modifications with unsaturated fatty acids. All fatty acids
are α,β,γ ,δ-unsaturated. An α-1,2-dimannosyl disaccharide is attached to the
phenol of 11Hpg. Comparison of the antimicrobial activity of ramoplanins
A1–A3 shows only marginal differences. Obviously, ramoplanin has strong
structural similarities to ramoplanose, a trimannosylated ramoplanin [92]
and to enduracidin [93], which in fact was discovered much earlier. En-
duracidin is also a 17mer peptide forming a 16-amino acid depsipeptide
macrocycle with an exocyclic 1Asn. Compared to ramoplanin, the aromatic
amino acids (5 × Hpg, 1 × Dpg) and β-hydroxy amino acids (3 × Thr, 1×
Ser) of enduracidin share identical positions in the aglycon. The character-
istic feature of enduracidin is the amino acid D/L-enduracidine (End) that
contains a guanidine side chain. This amino acid has also been described
from mannopeptimycins (see Sect. 4).

The 3D-structure of ramoplanose determined from multidimensional
NMR experiments revealed a double-stranded antiparallel β-sheet with seven
intramolecular hydrogen bonds [92]. Apart from some more advanced data
sets and evaluation conditions, these findings were basically confirmed for
ramoplanin A2 with a β-sheet and six hydrogen bonds with turns in the
regions of amino acids 8/9 and 14–16, respectively [94]. Remarkably, the so-
lution structure of ramoplanin in MeOH rendered a dimer at the interface
of amino acid positions 10–14 [95]. This finding has some analogy to the
mode of action of vancomycin-type glycopeptides and might provide some
explanation on the mode of action (see below).

3.2
Biosynthesis

The non-proteinogenic nature of most amino acids assembled in the ramo-
planin aglycon indicates an NRPS origin. Cloning and sequencing studies
revealed a biosynthetic gene cluster of 88.5 kilobase (kb) identified from
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Fig. 10 Ramoplanin biosynthesis gene cluster and assignment of proposed functions [84]

Actinoplanes ATCC 33076 (Fig. 10) [96]. Sequencing and homology searches
identified 33 open reading frames (orfs) and putative functions could be at-
tributed to 29 orfs [97]. As for the biosyntheses of other NRPS-peptides,
the biosynthesis may be grouped into building block synthesis, peptide as-
sembly and the final tailoring steps. Among the genes for the synthesis of
non-proteinogenic amino acids, orfs4/6/7/30 resemble enzymes of Hpg biosyn-
thesis from vancomycin-type glycopeptides [30]. Interestingly, orf28 codes for
a putative chorismate mutase that may provide prephenate from chorismate
due to the raised need of prephenate as a precursor for Hpg biosynthesis.

Several orfs are attributed to the synthesis of the acyl chain attached to the
N-terminus of the peptide aglycon. The fatty acid is likely to be synthesized
in analogy to fatty acid biosynthesis: An acyl-CoA ligase (orf26), two acyl car-
rier proteins (ACP, orf11/27), two FAD-dependent dehydrogenases (orfs24/25)
and a NAD-dependent reductase (orf16) have been identified. However, no
ketosynthase that is required for chain elongation could be assigned. This
function may be provided by primary metabolism. The direct precursor for
the attachment of the acyl chain to the peptide is thought to be an ACP-bound
(orf11/27) fatty acid. The transfer of the acyl chain to the Orf12-bound 1Asn-
NRPS assembly line is the subject of current investigations.
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Four genes, orf12–14 and orf17, code for NRPSs. Orf13 and Orf14 are large
multimodular peptide synthetases for the attachment of D-3Hpg to 9Phe and
D-10Orn to 17Hpg to the growing peptide chain, respectively. The C-terminal
end of Orf14 bears a thioesterase (Te)-domain for macrolactonization of the
peptide aglycon. Despite the occurrence of D-amino acids, no epimerization
domains have been found on ramoplanin NRPSs. It is currently speculated
that these functions are provided by enzymes working in trans. Remarkably,
in the sequence of Orf13 no A-domain was identified for 8Thr. It has been
suggested that adenylating function is performed by NRPS of Orf17. Orf12
is putatively responsible for adenylation of both 1Asn and β-OH-2Asn, since
these functions could not be assigned otherwise. Orf15 is an enzyme with
homologies to a type II thioesterase. Tailoring reactions are currently as-
signed to include glycosylation at the phenol of 11Hpg, and chlorination of
17Hpg by a halogenase (orf20) to yield 17Chp, respectively. However, no orf
could be attributed to glycosyl transferase activity. Enzymes from the pri-
mary metabolism may provide this function. Two orfs could be identified
that probably encode a non-heme Fe-hydroxylase (orf10) responsible for β-
hydroxylation of 2Asn. Results obtained for vancomycin-type glycopeptide
balhimycin suggest halogenation and β-hydroxylation to occur on a NRPS-
bound form, putatively before or during peptide assembly [43–45]. Finally,
several orfs are most likely involved in transport (orf2/8/23/31) and tran-
scriptional regulation/resistance (orf5/21/22/33). However, the mechanism of
self-resistance is yet unknown. The function of several orfs still remains to be
clarified in order to complete the picture of ramoplanin biosynthesis.

3.3
Mechanism of Action

From the initial antibiotic screen it was known that ramoplanin interferes
with bacterial cell wall synthesis. Subsequent studies by Somner et al. con-
sidered the membrane-associated glycosyltransferase MurG of the peptido-
glycan biosynthesis pathway as the cellular target for ramoplanin [98, 99].
They assumed ramoplanin to act before transpeptidation by blocking lipid II
formation (MurG inhibition). No interference with lipid I biosynthesis was
found. Several years later, Brötz et al. [100, 101] observed that ramoplanin
(and also nisin/epidermin lanthionin peptides) co-migrated with lipid II
in thin-layer chromatography. Subsequent assays by Lo et al. proposed the
inhibition of the transglycosylation step as the primary target of ramo-
planin [102]. Inhibition kinetics of ramoplanin revealed that ramoplanin
binds lipid II with a dissociation constant of 50 nM in a 2 : 1 (ramoplanin
: lipid II) stoichiometry [103]. A completely different kinetic behaviour was
observed for inhibition of MurG, which supports the abovementioned ar-
gument of transglycoslyation reaction as the ramoplanin target [103]. With
regard to an interaction with MurG catalysis it was shown that ramoplanin
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directly inhibits MurG rather than by binding to the lipid I-substrate [104].
Further arguments which likely suggest transglycosylation as the target of
ramoplanin are, that MurG is located at the cytoplasmic side of the inner
membrane and that it is therefore not accessible to ramoplanin. Furthermore,
the concentrations necessary for MurG inhibition appear too high. Interest-
ingly, fibril formation of lipid II analogues was observed upon titration with
ramoplanin. However, it is not clear yet, whether this observation is of phys-
iological relevance [102, 105]. To date, no resistance against ramoplanin has
been observed, which rises early hopes for a future long-term use as an an-
tibiotic. However, as mentioned above the nature of self-resistance of the
producing organism is also elusive.

3.4
Structure–Activity Relationship Studies

Structure–activity relationship studies were performed in order to assign
important molecular features modulating antibiotic activity (Fig. 11). Hy-
drolytic cleavage of the macrolactone ring to the linear 17mer peptide fully
deleted antibiotic activity [87]. In contrast, the catalytic reduction of unsat-
urated fatty acids [106, 107], lipid exchange [108] or even deacylation [109]
showed only modulating influence on antibiotic activity. Deglycosylated
ramoplanins turned out to be as antibiotically active as ramoplanin [110,
111]. Further simple modifications were the acylation, the reductive amina-
tion and the guanidylation of Orn residues. Antibacterial activity decreased

Fig. 11 Examples of structural variations of ramoplanin
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significantly with modification of Orn residues, particularly upon loss of the
positive charge [87]. The contribution of each single Orn residue to antibiotic
activity is still under debate [83].

Total synthesis of ramoplanin A2 aglycon has recently been achieved by
the Boger group [112], providing further important means for detailed SAR
studies. Furthermore, two amide analogues have been synthesized where
β-OH-2Asn has been replaced by diaminopropionic acid (Dpr) and di-
aminobutyric acid (Dab), respectively [109]. The Dpr derivative proved to
be even more active than ramoplanin itself. As a consequence, the Dpr-
macrolactam provides a more chemically stable alternative to natural ramo-
planin. In contrast, the ring extension with Dab-analogue by one methylene
group led to a loss of antibiotic activity proving the importance of exactly
maintaining the ring size of the 49-membered ring.

In conclusion, total synthesis set the stage for comprehensive but labo-
rious investigations of structure–activity relationships. With the synthetic
tools at hand it would be interesting to study, for example, the importance
of Hpg residues by exchange with phenylglycine or even other hydrophobic
(non-aromatic amino acids). Furthermore, the mechanistic effects of those
derivatives will aid understanding of lipid II binding.

4
Mannopeptimycins

4.1
Structure and Biosynthesis

In the late 1950s researchers at Wyeth isolated a mixture of antibiotic com-
pounds produced by the strain Streptomyces hygroscopicus LL-AC98. This
compound mixture was named the AC98 complex and was shown to be effect-
ive against Gram-positive bacteria [113]. Not until four decades later did Wyeth
Research re-examine the AC98 complex. In these studies, AC98 showed consid-
erable in vitro activity against methicillin-resistant staphylococci (MRS) and
vancomycin-resistant enterococci (VRE) by inhibition of cell wall synthesis.

The AC98 complex was dereplicated into five compounds [114], and their
structures (Fig. 12) elucidated by extensive NMR analysis, high-resolution
Fourier transform ion cyclotron resonance (FTICR) mass spectrometry and
chemical degradation.

Structure elucidation revealed these compounds as glycopeptide deriva-
tives. The cyclic hexapeptide is composed of the six amino acids: L-serine
(Ser), glycine (Gly), β-methylphenylalanine (Mephe), D-tyrosine (Tyr), and
two stereoisomers of the amino acid, β-hydroxyenduricidin (Aiha-A and -B).
The characteristic feature of this amino acid is a cyclic guanidine moiety.
The sequence and absolute stereochemistry of the amino acids constituting
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Fig. 12 Structures of mannopeptimycins α–ε

the hexapeptide aglycon was determined as [114]: c-[L-Ser-Gly-(2S3S)MePhe-
D-Tyr-(2S3S4′S)AihaA-(2R3S4′S)AihaB], which was primarily determined by
NMR spectroscopy. Because of the extensive mannosylation the five com-
pounds were named mannopeptimycins α through ε.

The mannopeptimycins (MPM) differ from each other in their gly-
cosylation patterns. All mannopeptimycins bear mannopyranose bound
N-glycosidic to Aiha-B. In addition, compounds MPM-α and MPM-γ -ε
possess a mannosyl disaccharide moiety (Man-A and Man-B) bound to
D-tyrosine. This ((1 → 4)-α-Man)-α-Man disaccharide is attached via an
O-glycosidic bond to the peptide aglycon. The presence and the attachment
site of an isovaleryl group in the terminal mannose (Man-B) at C-3/C-4 and
at C-5 for esters MPM-γ -ε are crucial for antibacterial potency. These com-
pounds show a significantly higher antibacterial activity than the parent
compound mannopeptimycin α.

With regard to the biosynthesis and the biosynthetic gene cluster no data
are available yet. However, according to the chemical structure and simi-
larities to previously mentioned glycopeptide antibiotics it is reasonable to
assume a non-ribosomal peptide assembly. Mannosylation may be due to
a specific mannosyltransferase or alternatively based on primary metabolism,
as supposed for ramoplanin.
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4.2
Mechanism of Action

The recent re-examination of the antibacterial potential of mannopepti-
mycins prompted further investigations, particularly on the mode of ac-
tion [114, 115]. Initial studies indicated that the mannopeptimycins are in-
hibitors of bacterial cell wall biosynthesis. This conjecture was strengthened
by the structure of the mannopeptimycins. For molecules with a molecular
mass > 1000 Da it is fair to assume the bacterial cell wall is the distinct target
of mannopeptimycins.

The biggest antibiotic potential was assigned to mannopeptimycins bear-
ing isovaleryl esters, with an exclusive but strong activity against Gram-
positive bacteria. Mannopeptimycin δ inhibits the incorporation of radi-
olabelled N-acetylglucosamine into peptidoglycan [116]. Furthermore, in
S. epidermidis cultures a significant accumulation of UDP-MurNAc-Ala-Glu-
Lys-D-Ala-D-Ala (UDP-MurNAc-pentapeptide) was observed in the presence
of mannopeptimycin δ [116]. As a consequence, early steps of peptidogly-
can biosynthesis (MurA through MurF) were not affected by mannopepti-
mycins, and subsequent lipid I and II formation was also not inhibited [116].
The formation of lipid II in the presence of mannopeptimycin was proved
with whole-cell membrane preparations of S. aureus with UDP-MurNAc-
pentapeptide and radiolabelled UDP-[14C]GlcNAc. Similarly, lack of compet-
itive binding with vancomycin disproved mannopeptimycins as binders of
D-Ala-D-Ala-peptides. These results suggested an interaction of mannopepti-
mycins with later stages of the cell wall biosynthesis, transglycosylation or on
transpeptidation.

In a gel-shift assay, tritiated mannopeptimycin α was used in order to
prove binding of mannopeptimycins to lipid II [116]. In a modified version
of this assay, components of an in vitro peptidoglycan biosynthesis were
UV-cross-linked to tritiated mannopeptimycin. Furthermore, in competition
assays with various mannopeptimycin derivatives a correlation between the
potential for lipid II interaction and the antibacterial activity was shown. In
competitive PBP-binding tests with benzylpenicillin and mannopeptimycin δ

the inhibition of transpeptidation reaction was assayed. The putative targets,
staphylococcal or E. coli PBPs, still showed activity. As a consequence, lipid II
is currently considered to be the primary target of mannopeptimycins inhibit-
ing transglycosylation reaction.

4.3
Semi-synthetic Derivatives

A number of semi-synthetic derivatives were synthesized from natural
mannopeptimycins (Fig. 13). Degradation experiments revealed that the hy-
drophobic isovaleryl group attached to the mannosyl side chains of com-
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Fig. 13 Semi-synthetic modification of mannopeptimycin α

pounds γ , δ and ε is crucial for antibacterial activity. Enzymatic methods
for smooth preparation of deglycosylated mannopeptimycins were de-
veloped [117] and mannopeptimycin β was prepared from the α-compound
by exposure to jack-bean α-mannosidase specific for terminal cleavage of un-
substituted α-mannopyranosides. In addition, with almond α-mannosidase
the O-monosaccharide of mannopeptimycin α was obtained. Both products
may be useful starting materials for the preparation of new mannopeptimycin
derivatives.

Thus far, the only modification known for the peptide backbone was
the replacement of β-methylphenylalanine with cyclohexylalanine (Chx) by
precursor-directed biosynthesis [119]. Other modifications are focussed at
the mannosyl residues and the fatty acid (isovaleryl) side chain of mannopep-
timycin α.

Initial mannopeptimycin modifications were performed by randomized
acylations with acyl chlorides or anhydrides [118]. By this method mo-
noesters were obtained modified at positions C-6 of N-Man, Man-A and Man-
B and at the hydroxy side chain of L-Ser. Modification at C-6 of N-glycosidic
bound mannose or at the terminal hydroxy group of L-Ser suppressed an-
tibacterial activity. In contrast, esterification of the disaccharide moiety, par-
ticularly at C-6 of Man-B led to improved antibacterial activities. Likewise,
two carbonate derivatives at C-6 of Man-B, showed comparable antibiotic
activities. Based on the results of the SAR studies, further hydrophobic mod-
ifications were prepared as cyclic acetals and ketals of the 4,6-positions of the
terminal mannose Man-B [119].
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With improved derivatization methods, the positions at C-4 and C-6 of
Man-B could be selectively addressed [120]. The MIC values of these novel
hydrophobic derivatives tested against a variety of Gram-positive bacteria
proved all of these derivatives more potent than the natural parent com-
pound. From a reaction sequence, four ether modifications at C-4 of the
terminal mannose (Man-B) were obtained as by-products [121, 122]. All iso-
mers were tested for their in vitro antibacterial activities for quantitative MIC
against a spectrum of Gram-positive bacteria. The antibacterial activity is de-
pendant on the ether attachment site: 4-O-ether > 6-O-ether > 3-O-ether >
2-O-ether. Although ether derivatives are metabolically more stable than es-
ters and acetals, their preparation is more complex and appears less suited for
semi-synthetic large-scale modification.

Solid phase peptide synthesis of mannopeptimycin analogues was estab-
lished by Wang et al. [123]. Arg was used as substitute for non-proteinogenic
amino acid Aiha. Dimannosyl-D-tyrosine was prepared as a building block
prior to coupling on solid support. Cleavage of the protected linear hexapep-
tide from the resin was followed by intramolecular cyclization at high dilu-
tion. However, this fully synthetic analogue turned out to show only poor
antibacterial activity against the bacterial strains tested [123]. The evident
lack in antibacterial activity shows that the cyclic guanidine residues of Aiha-
A and Aiha-B play a crucial role in maintaining antibacterial activity.

5
Bleomycins

5.1
Structure

The bleomycins (BLMs) are a family of structurally related glycopeptides
produced by Streptomyces verticillus. They were isolated in the late 1960s
from a soil sample collected at a coal mine in the south of Japan [124, 125].
Unlike the above-mentioned glycopeptides, bleomycin has strong cytotoxic
properties against eukaryontic cells and is widely applied as a drug in combi-
nation chemotherapy against cancer. It is supposed that the biological activity
of bleomycin is based on a sequence-selective, metal-dependent oxidative
cleavage of DNA and RNA in the presence of oxygen. The chemistry [126],
biosynthesis [127, 128] and mode of action [129, 130], has been the subject of
a number of recent reviews.

The structure of bleomycin A2 (Fig. 14) was established by the group
of Umezawa by means of chemical degradation, X-ray crystallography and
NMR studies [131–133]. In 1978 the proposed structure had to be slightly
corrected [134, 135]. Finally, the structural formula was confirmed by total
synthesis in 1982 in the laboratories of Hecht [136] and Umezawa [137]. Im-



166 F. Wolter et al.

Fig. 14 Structures of bleomycin A2 and B2 and a model of a putative bleomycin–Fe2+

complex. Asterisks mark the putative coordination sites for metal binding

provements in synthetic methodology in both laboratories led to easier and
more efficient strategies [138, 139] culminating in a total synthesis with en-
hanced stereochemical control by Boger et al. in 1994 [140].

A view on the bleomycin A2 structure reveals that BLMs are peptide-
related with pyrimidine, bisthiazole and a disaccharide unit as dominating
structural elements (Fig. 14). A total of 19 asymmetric centres have been
found for bleomycin A2. The structure of bleomycin is commonly dissected
into four functional domains. The N-terminus, which is deduced according
to the logic of biosynthetic assembly, is represented by pyrimidoblamic acid
(PBA) along with (2S, 3S)-β-hydroxy histidine. It is thought that these mo-
lecular entities provide the coordination sites responsible for metal binding,
thus enabling activation of molecular oxygen. This part of the molecule is
directly responsible for DNA/RNA cleavage. A linker domain represented by
(2S, 3S, 4R)-4-amino-3-hydroxy-2-methylpentanoic acid and threonine con-
nects the N- and the C-terminal halves of the molecule. In addition, the linker
is thought to modulate the efficiency of DNA cleavage by having an influence
on conformation. The C-terminal part of bleomycin is formed by a bithiazole
moiety with a cationic tail. The cationic tail consists of a guanidine group or
of a sulfonium cation. This structural part provides most of the DNA affinity.
The disaccharide moiety consists of gulosyl ((1→ 2)-α-Gul)-α-Man attached
via an α-glycosidic bond to the hydroxy group of β-OH-His. It is hypothe-
sized that this carbohydrate residue mediates cellular uptake by serving as the
cellular recognition site.

Compounds that are structurally related to bleomycins are the phleo-
mycins (PLMs) [141–143] and the tallysomycins (TLMs) [144, 145]. Com-
pared to bleomycin, phleomycins have thiazinyl-thiazol in lieu of the bithia-
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zol. The most important differences of tallysomycins are a structural varia-
tion in the linker domain and an additional glycosylation site (talose residue)
in close proximity to the thiazolyl-thiazole.

5.2
Biosynthesis

Compared to the glycopeptide antibiotics discussed above, identification of
the biosynthetic origin of all structural features of BLMs is not easily assigned
at first glance. Initial biosynthetic investigations of BLMs were based on feed-
ing isotope-labelled compounds, which indicated a hybrid NRPS-PKS system.
The N-terminal part was assigned to Dpr, pyrimidoblamic acid and β-OH-
His and has an NRPS origin. Similarly, the C-terminus, composed of Thr and
the bithiazolyl unit, has a NRPS biosynthetic origin. In contrast, the linker
domain with (2S,3S,4R)-4-amino-3-hydroxy-2-methylpentanoic acid situated
between both termini provides evidence for polyketide biosynthesis.

The blm gene cluster has been recently cloned [146–148], which provided
deeper insight into bleomycin assembly. A total of 77.5 kb sequences are lo-
cated directly upstream of blmA and blmB, two resistance genes which have
been cloned earlier [149]. The gene cluster contains orfs for ten NRPS genes,
a PKS gene encoding one PKS module, and five sugar biosynthesis genes
(Fig. 15). Further genes code for other biosynthesis proteins and regulatory

Fig. 15 Sketch of the bleomycin biosynthesis gene cluster and assignment of proposed
functions



168 F. Wolter et al.

proteins. The function of resistance protein BlmA is N-acetylation of Dpr and
the function of BlmB is drug sequestration.

From the chemical structure of bleomycin combined with the pre-
dicted functions of NRPS and PKS domains, a biosynthetic assembly line
was deduced. The core of this assembly line is represented by modular
enzymes in the order: BlmVI-BlmV-BlmX-BlmIX-BlmVIII-BlmVII-BlmIV-
BlmIII (Fig. 16). The biosynthetic alignment of BlmIX-BlmVIII-BlmVII con-
stitutes an interesting hybrid NRPS/PKS/NRPS system combining features
of hybrid NRPS/PKS systems as well as hybrid PKS/NRPS systems [128].
The deduced sequence according to currently proposed substrates would be:
starter-1Ser-2Asn-3Asn-4His-5Ala-6ketidyl-7Thr-8β-Ala-9Cys-10Cys, not tak-
ing in account tailoring reactions taking place on NRPS and PKS modules.

Pyrimidoblamic acid is biosynthesized by BlmVI/BlmV/BlmX and the
bithiazole moiety is synthesized by NRPS BlmIV and BlmIII. The NRPS
BlmIV and BlmIII contain cyclization (Cy) and oxidation (Ox) domains, re-
spectively (Fig. 16). From in vitro experiments it was concluded that cycli-
zation is performed in cis and in trans by the Cy-domain of BlmIV. In con-
trast, oxidation is performed in cis and in trans by BlmIII and adenylation of
Cys is solely performed with the A-domain of BlmIV, since the A-domain of
BlmIII is non-functional. Finally, the aglycon is released from the megasyn-
thetase by aminolysis to form a C-terminally modified derivative.

The biosynthesis of bleomycin is completed by the attachment of the car-
bohydrates (L-gulose and 3-O-carbamoyl-D-mannose) to the aglycon. The
sequence of assembling the modified sugars, and of their attachment to the
aglycon, is still unknown. According to sequenced sugar biosynthesis genes
(blmC, blmD, blmE, blmF, blmG) and to their deduced functions, as yet only
a proposal for the pathway has been made starting with D-mannose. The
above-mentioned findings roughly reflect the current status of knowledge on
the biosynthesis of bleomycins. The sequence of the gene cluster represents
considerable progress in understanding of the biosynthesis, however, some
work has still to be performed on the level of protein characterization.

Fig. 16 Linear model for the BLM megasynthetase-templated assembly of the BLM pep-
tide/polyketide/peptide aglycon. Modified from [146]
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5.3
Mechanism of Nucleic Acid Cleavage and Structure–Activity Relationships

It is thought that the biological activity of bleomycin is based on a sequence-
selective, metal-dependant oxidative cleavage of DNA (ds, ss), RNA (tRNA,
mRNA, rRNA) and DNA-RNA hybrids in the presence of oxygen [129, 130].
Several pathways are discussed for this catalytic process. In both cases the
presence of a redox-active metal ion, preferably Fe2+, is a prerequisite for
DNA attack [130]. Octahedrally coordinated Fe2+ and molecular oxygen serve
as cofactors in bleomycin activation and represent essential characteristics
for the biological activity of bleomycin. The oxidative cleavage of DNA by
bleomycin involves the activation of the Fe(II)–bleomycin complex with oxy-
gen (Fig. 17). Subsequently, this complex binds to DNA, probably interca-
lating by its dithiazol moiety to the minor grove. The cationic tail provides
additional ionic interactions with the negatively charged DNA backbone.
Then DNA degradation steps occur with H-atom abstraction from C-4′ of ri-
bose. Analysis of degradation products revealed a selectivity to 5′

GC3′
and

5′
GT3′

sites. According to the O2-dependant mechanism, an aldehyde base is
formed from DNA cleavage. Bleomycin is formally oxidized under secession
of a hydroxyl ion. The intermediate compound is [BLMFe= O]V, which can
react with DNA under formation of a DNA-C4′ radical and [BLMFe= O]IV.
In the presence of molecular oxygen, the DNA radical is readily oxidized to
a DNA peroxyl radical species. Finally, under reconstitution of [BLMFe= O]V

a DNA peroxide is generated, which degrades under DNA cleavage and base
propenal formation.

Alternatively, the base is liberated in an O2-independent pathway: a DNA-
C4′ cation is formed from a DNA radical under reduction of [BLMFe= O]IV

to BLMFeIII and formation of a hydroxyl anion. The DNA-carbocation reacts
with water and releases free nucleic base and renders the DNA strand alkali-
labile.

Fig. 17 Models for reaction pathways for DNA cleavage under the influence of an activated
bleomycin species
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The improvements in synthetic methodology of bleomycin analogues by
the groups of Hecht [138, 139, 150–152] and Boger [126, 140] were the base
for extensive and systematic investigations of these derivatives in structure–
activity relationship studies. Besides spectroscopic analyses, the investigation
of synthetic analogues shaped a deeper understanding of the mechanism of
action and biological activity of bleomycins. With regard to the mechanism of
action four bleomycin subunits are commonly defined. This division is based
on the individual contributions of structural moieties to the biological effec-
tiveness:

5.3.1
The Metal-Binding Domain

The metal-binding domain is represented by the N-terminal part with
PBA and β-OH-His and determines the sequence selectivity of DNA cleav-
age [126], which was elucidated by alteration of C-terminal substituents
as well as structural alterations of the metal-binding domain. The octahe-
dral coordination of the transition metal, preferably Fe2+, is performed by
the N-terminal part of bleomycin. Interestingly, in contrast to Fe3+-specific
siderophores, the coordinating atoms are predominantly nitrogens: The equa-
torial ligands are the secondary amine of diaminopropionic acid (Dpr), the
amide nitrogen of β-OH-His, the N5 nitrogen of pyrimidine, and the N1 ni-
trogen of imidazole (Fig. 14). From X-ray diffraction studies, the primary
amine of Dpr was identified as an axial ligand [153]. Participation of nitro-
gen [154] and oxygen [155] from the carbamoyl group of the carbohydrate
moiety serving as axial ligands is discussed.

5.3.2
The Linker Domain

The linker domain is supposed to provide a conformation that facilitates
DNA-cleavage. It connects the pyrimidoblamic acid moiety with the C-
terminal part of bleomycin. Initial studies showed that substituent variations
and their absolute stereochemistry in this compartment have critical influ-
ence on the efficiency of DNA cleavage [156, 157]. Extensive variation studies
in linker length and linker substitutions [126] have contributed to an un-
derstanding of the influence of the linker domain on catalytic efficiency,
specificity and strand selection.

5.3.3
The C-Terminal DNA-Binding Domain

The bithiazole moiety and the C-terminal tail are involved in DNA bind-
ing. The removal of this C-terminal substituent or substituents that lack the
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positive charge leads to a significant decrease in the efficiency of DNA cleav-
age [158–161]. The uncharged derivatives of bleomycin A2, a sulfoxide and
the methyl thioether have up to tenfold less efficiency in DNA cleavage.

5.3.4
The Carbohydrate Domain

The influence of the carbohydrate domain on the activity of BLMs is not yet
completely understood. The dependence of the efficiency of DNA cleavage
on the carbohydrate moiety were studied with synthetic compounds [126].
The terminal sugar of the disaccharide moiety in bleomycin A2, 2-O-(3-O-
carbamoyl)-α-D-manno-pyranoside has only a negligible influence on the
selectivity of DNA cleavage. In contrast, the lack of the gulose residue seemed
to decrease efficiency and the ratio of ds-DNA and ss-DNA cleavage.

In summary, the mode of action of bleomycin with regard to the selec-
tivity, specificity and efficiency of the cleavage reactions is rather complex.
In the past, bleomycin has served as an example for a number of bleomycin
models [162] but, to our knowledge, application of these models or of semi-
synthetic derivatives for clinical use has never been achieved.

6
Salmochelin

Iron is an essential element for the metabolism of all organisms and serves as
the catalytic centre of a considerable number of enzymes, e.g. P450 monooxy-
genases. However, the availability of iron in nature is relatively low. In mam-
mals, all iron is tightly bound to enzymes or to transport and storage proteins
(e.g. transferrins), which lower iron concentration to an estimated 10–24 M.
Siderophores are iron chelators that are produced and excreted by many bac-
teria under low iron media conditions. Siderophores have extremely high
complex-forming constants in the range of 1023–1052 M–1. Upon complex-
ation of Fe3+ in the extracellular space, siderophores are taken up by the
bacterial cell and iron is liberated by hydrolysis of the complex [163, 164].
Therefore, it is possible to assign siderophores the role of pathogenic factors
in bacterial or fungal infections. The two main classes of siderophores are of
the catecholate-type and of the hydroxamate-type.

Enterobactin (Fig. 18), produced by E. coli and Salmonella strains [165,
166], is a characteristic catecholate-type siderophore and is probably the most
prominent representative among all siderophores known to date. The enter-
obactin structure is not a peptide, rather a cyclic trilactone. Three L-Ser are
linked in the hydroxymethyl side chains with the carboxyl group of a sub-
sequent L-Ser residue. The three remaining N-termini are amidated with
2,3-dihydroxybenzoic acid (Dhb) [163]. Salmochelin (diglycosyl enterobactin,
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DGE) (Fig. 18) is a siderophore of the enterobactin-type, which was recently
isolated from Salmonella enterica and E. coli strains [167, 168]. Salmoche-
lins were named after the Salmonella strains they were first isolated from, in
analogy to enterobactin, which was isolated from Enterobacter strains.

The recent structure elucidation of salmochelin by means of 2D-NMR
experiments revealed a twofold C-glycosylated enterobactin [168]. Further-
more, with salmochelins S2, S1 and SX a number of putative degrada-
tion products of the parent compound were characterized. In all cases,
1-desoxyglucose is attached via a β-C-glycosidic bond to the 5-position of
Dhb.

As for the above-mentioned glycopeptide antibiotics, enterobactin is syn-
thesized by NRPS (Fig. 19). Acquirement of the iroA gene cluster transforms
a bacterial enterobactin producer into a salmochelin-producing strain. The
ent/fep locus codes for the assembly of enterobactin, which is under the con-
trol of iron-dependant repressor Fur [169]. The iroA locus [167] is responsible
for the modification of enterobactin to yield salmochelin and also codes for
some proteins involved in the secretion, uptake and degradation of salmoche-
lin (Fig. 19).

To date, the enterobactin biosynthesis is probably the most thoroughly in-
vestigated biosynthetic pathway among all siderophores [164, 169]. 2,3-Dihy-
droxybenzoic acid is synthesized in a three-step synthesis by EntC/B/A from
chorismate. EntB is a two-domain protein and also acts as a Dhb-carrier
protein, whereas EntF is a peptidyl-carrier protein with C-A-T-Te domain
organization. In a first step, both proteins are phosphopantetheinylated by
EntD. Then EntB is charged with Dhb by AMP-ligase EntE. In parallel, the
T-domain of EntF is charged with L-Ser by its own AMP-ligase (represented
by the A-domain of EntF). In a subsequent step, the C-domain of EntF forms
an amide between Dhb and the N-terminus of L-Ser, which liberates EntB
from its substrate. The resulting Dhb-L-Ser is stored as an ester on the Te-
domain of EntF. This procedure is repeated another two times and finally the

Fig. 18 Structures of enterobactin and salmochelin, and the biosynthetic proteins involved
in biosynthesis. Asterisks mark the coordination sites for Fe3+
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Fig. 19 Biosynthesis gene clusters of enterobactin and salmochelin. a Organization of the
ent/fep-gene cluster of Gram-negative E. coli b Organization of the iroA-gene cluster of
Gram-negative Salmonella enterica

resulting linear ester is cyclized head-to-tail under cleavage from EntF. Subse-
quent steps comprise the export and import of the charged Fe3+–enterobactin
complex. EntS, also known as YdbA, is the exporting protein of enterobactin
into the periplasmic space. Further details on the export mechanism into
the medium are unknown. FepA is the Fe3+–enterobactin receptor in the
outer membrane of E. coli. FebB binds the Fe3+–enterobactin complex in the
periplasm. The complex is then transported through the cytoplasmic mem-
brane by FebD/G and ABC-transporter FebC into the cytoplasm. Fes is the
hydrolase for cleavage of the Fe3+–enterobactin complex. Regulation of the
transcription of ent/fep genes is iron-dependant. In this context, Fe2+-binding
Fur-proteins (ferric uptake iron regulators) play a central role for suppression
of gene expression under high iron conditions.

The iroA locus (Fig. 19) consists of five genes iroN and iroBCDE, which
have originally been described for a number of Salmonella enterica
strains [170, 171]. According to sequence comparison, the following functions
have been assigned to the gene products of iroA [167, 168, 172]: IroN – outer
membrane siderophore receptor, IroD – esterase, IroE – hydrolase, IroC – ex-
port protein, IroB – glycosyltransferase. Deductions from sequence data were
supported by gene inactivations of iroA genes [167]. With iroN mutants it
was shown that IroN is the main salmochelin receptor and iroB-inactivated
mutants only produced enterobactin, assigning the function of IroB as a gly-
cosyltransferase [168]. Complementation with iroA genes again partially or
completely restored biosynthesis and function of salmochelins.
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The function of glycosyltransferase IroB has recently been confirmed by
overexpression in E. coli [173]. In vitro studies howed that most likely en-
terobactin serves as the natural substrate, with UDP-glucose as the glyco-
syl donor. Control experiments with IroB and the enterobactin monomer
Dhb-serine did not yield any substrate conversion. Interestingly, the authors
also observed monoglycosyl enterobactin (MGE) and triglycosyl enterobactin
(TGE) in minor amounts. In contrast, in culture media of Salmonella strains
only the diglycosyl form of salmochelin has been described [168], and this
finding may be explained by rapid export of salmochelin after diglycosyla-
tion.

The function and activity of IroD, IroE and Fes has been recently inves-
tigated in detail within the context of enterobactin and salmochelin degra-
dation [174, 175]. Extensive kinetic data (kcat, KD) of overexpressed proteins
have been generated by assaying enterobactin and its variously C-glycosylated
analogues MGE, DGE, TGE as well as their Fe3+ forms [174]. Fes was assigned
the role of hydrolysing Fe3+–enterobactin because of its lowered enzymatic
efficiency for apo-enterobactin. Kinetic data on glycosylated forms of enter-
obactin are negligable. IroD preferably catalyses the hydrolysis of all Fe3+

forms of glycosylated and non-glycosylated enterobactins, particularly of
diglycolylsalmochelin. Furthermore, in contrast to IroE, IroD hydrolyses the
linear trimer forms down to dimer and monomer units. Regioselectivity has
been determined. IroE shows a significantly greater catalytic efficiency for the
apo forms. In conclusion, IroD is the Fes analogue for the salmochelin–iron
uptake pathway. Similarly, Hantke et al. [175] suggest a periplasmic function
of IroE and a cytoplasmic function of IroD. In contrast, however, IroC would
act as a receptor in the periplasmic membrane for linearized salmochelins
rather than act as a salmochelin export protein. In conclusion, there still exist
some ambiguities on the biosynthetic picture which need to be resolved. With
respect to the pathogenic relevance, it might be that salmochelins respectively
the presence of iroA genes increase the virulence of strains [170, 176, 177]
compared to enterobactins. The elucidation of the role of salmochelin is the
subject of current investigations.

7
Conclusions

The previous chapters have presented selected aspects of the biosynthesis, the
mode of action, and the structure–activity relationships of the most represen-
tative glycopeptide antibiotics. The subsequent comparison provides insights
into basic principles and highlights the interesting parallels and differences of
this compound class.

Among all glycopeptides, cyclic forms dominate with macrolactone,
macrolactam or biaryl/diarylether linkages. This fact underscores the signif-
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icance of conformational rigidity for the exertion of antibiotic activity, e.g.
as shown for ramoplanin [87] and biosynthetic intermediates of vancomycin-
type glycopeptides [48, 49, 76]. The structure of bleomycin is linear, however,
only in its metal-free form. In the presence of Fe2+, for example, the N-
terminal part of the molecule is winded around the metal centre to yield
a conformationally fixed metal complex.

A deeper consideration of the glycopeptide antibiotic structures shows an
unusually high content of certain amino acids, which can be termed “lead
amino acids”. In general, aromatic amino acid residues are clearly overrepre-
sented. Among these, 4-hydroxyphenylglycine (Hpg) is an essential structural
element of vancomycin-related antibiotics as well as of ramoplanin. Other
aromatic amino acids are Phe, Tyr/β-Hty, Dpg, His, β-MePhe, as well as
pyrimidine and thiazylthiazole derivatives. Salmochelin consists of aromatic
Dhb as a major constituent. Similarly, the presence of β-hydroxy amino acids
is a characteristic of all glycopeptide structures. This is exemplified by pro-
teinogenic Ser in mannopeptimycins and salmochelins, and of threonines in
ramoplanin and bleomycin. But, diverse non-proteinogenic β-hydroxy amino
acids are also represented. A curiosity among β-hydroxy amino acids is
β-hydroxyenduracididin (Aiha), from mannopeptimycins, and ramoplanin-
related enduracidin [93] with a guanidino side chain reminiscent of Arg. The
β-hydroxy group of β-OH-Asn forms the macrolactone with the C-terminus
of the ramoplanin peptide. In salmochelins the β-hydroxy group of Ser forms
the triseryl macrolactone. Among aromatic β-hydroxy amino acids, β-Hty is
characteristic of vancomycin-related glycopeptide antibiotics and β-OH-His
of bleomycin. For the latter two antibiotics the β-hydroxy functions serve as
attachment sites for carbohydrates. Moreover, the free hydroxy groups might
contribute to hydrogen bonding and/or enhanced water solubility.

In contrast to the amino acids as constituents of glycopeptide antibiotics,
the assignment of characteristic “lead carbohydrates” appears to be more dif-
ficult. From a comprehensive overview of the currently known vancomycin-
related glycopeptides (type I–IV) [7–9], the amino sugars vancosamine and
eremosamine dominate. Furthermore, rhamnose, glucose and mannose es-
sentially contribute to the glycosylation of this glycopeptide family, but an
enormous variety of other carbohydrates have also been described. In other
glycopeptide antibiotics mannose is mostly the dominating carbohydrate
constituent. With regard to the glycosylation sites, it is interesting to note
that three types are represented within the group of glycopeptide antibi-
otics: O-glycosylation clearly dominates (aromatic versus aliphatic hydroxyl)
over N-glycosylation (mannopeptimycin) and C-glycosylation (salmochelin).
However, in some cases glycosylation seems to be derived from the secondary
metabolism, e.g. in the case of ramoplanin no glycosyltransferase was identi-
fied in the gene cluster.

An important question in this context arises concerning the function of
carbohydrates for biological activity. It has been shown that glycosylation
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has a strong influence on the antibiotic activity of vancomycin-related gly-
copeptides, i.e. dimerization as the base for an allosteric binding of the
D-Ala-D-Ala-peptide motif of the bacterial cell wall [25]. In the case of te-
icoplanin and mannopeptimycins the sugars constitute attachment sites for
fatty acids, which strongly influence antibiotic activity. The glycosylation of
salmochelin is the base for specific recognition and uptake by the recep-
tor IroN [167]. In contrast, deglycosyl ramoplanin shows the same antibiotic
activity as ramoplanin, thus disproving a significant contribution of carbohy-
drates to antibiotic effects [107, 108]. In any case, glycosylations increase the
water solubility of glycopeptides, although likely signalling functions (serving
to cell-cell communication) have not clearly been shown. Further work has to
be performed in order to shed more light on the role of glycosylation.

With the exception of salmochelin, produced by Gram-negative Salmonella
and E. coli strains, glycopeptide antibiotics have been found to be mainly
produced by Gram-positive actinomycete strains. Only recently has hassal-
lidin A [178] been isolated and characterized from cyanobacteria. Other gly-
copeptides (e.g. the antitumour glycopeptide bouvardin) have been isolated
from the plant Bouvardia ternifolia (Fig. 20) [179], and antifungal aciculitins
(Fig. 20) [180] and theopalauamide [181] have been described from sponges.
The latter findings indicate a broader distribution among different organisms
and it is likely that novel glycopeptide antibiotics will be discovered in the
future.

So far as is known, the common biosynthetic origin of the glycopeptide
antibiotics presented here is the non-ribosomal peptide synthesis with activa-
tion (A), thiolation (T), condensation (C) and thioesterase (Te) domains [2].
However, some deviations among biosynthetic clusters are apparent since
(e.g. in the case of ramoplanin) E-domains for the epimerization of (S)-
into their (R)-peptidyl counterparts are missing. The bleomycin biosynthe-
sis shows the biggest variety of NRPS domains occurring in genes coding
for NRPS. Cyclization (Cy) and oxidation (Ox) domains provide biosynthetic

Fig. 20 Structures of glycopeptides bouvardin and acicultin
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means for the assembly of thiazylthiazole. Furthermore, the biosynthetic as-
sembly of bleomycin peptides is based on a mixed NRPS/PKS/NRPS system,
unique among the glycopeptide antibiotics thus far described. In contrast,
side-chain cross-linking of aryls in vancomycin-type glycopeptides are per-
formed by P450-type monooxygenases acting in trans [46, 52].

The biosynthesis of enterobactin as the precursor for salmochelin has been
shown to occur in an iterative way [2, 169]. Three single structural Dhb-
Ser units are iteratively linked and finally macrolactonized by a Te domain.
A macrolactonization has to be assumed also for ramoplanin. With regard
to biocombinatorial approaches, vancomycin-type glycopeptide models are
most advanced with mutasynthesis [73, 75] and the characterization of glyco-
syltransferases and attempts to generate novel glycopeptides [57].

The identified targets of glycopeptide antibiotics are subject to three fields
of action. The action as peptidoglycan biosynthesis inhibitors clearly dom-
inates the targeting of Gram-positive bacteria, e.g. staphylococci and ente-
rococci. These findings are in accordance with the molecular architecture
of glycopeptide antibiotics which, due to their polarity and high molecular
mass, are unable to cross the outer membrane of Gram-negative bacteria. Fur-
thermore, glycopeptides are considered still too big in size to cross the plasma
membrane of Gram-positive organisms in order to enter the cytoplasm. With
regard to the current knowledge on cell wall biosynthesis, it is mainly the
final stages of peptidoglycan formation (i.e. transglycosylation and transpep-
tidation reactions) that are inhibited by vancomycin, teicoplanin, ramoplanin
and mannopeptimycins. However, the exact targets and their mechanistic in-
hibition on a molecular base are subtle and are, at least in some cases, still
under debate. Muraymycins are antibiotics with structural relationships and
related targets to glycopeptide antibiotics [182]. Structurally they can be con-
sidered as nucleoside-lipopeptide or nucleoside-lipoglycopeptide antibiotics.
Remarkably, the above-mentioned murayamycins [182] and mureidomycins
have been reported as inhibitors of translocase MraY involved in late-stage
peptidoglycan biosynthesis. Semi-synthesis and SAR studies were performed
in order to evaluate their antibiotic potential [183].

Bleomycin and its mode of action is an outsider among other glycopeptide
antibiotics. The tripartite molecule unifies a catalytic oxidative and a DNA-
intercalating function. As a consequence, bleomycin also has some antibac-
terial (Gram-negative and Gram-positive) and antifungal activity [184, 185].
However, despite its clinical use for cancer therapy, to our knowledge the
mode of crossing the cell membrane is elusive. It is presumed that the carbo-
hydrate moieties might aid this process.

The siderophore salmochelin has a transport function for Fe3+. Its duty
is to secure the iron-need under low iron conditions from the extracellular
space. Like many transport molecules it possesses a specific receptor in Gram-
negative bacteria. The deletion of this transporter inhibits salmochelin uptake
and compromises the viability of thus-mutated strains [167].
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Of the antibacterial glycopeptides, only vancomycin (USA/Europe) and te-
icoplanin (Europe) are used as anti-infective drugs in humans. Ramoplanin
is currently under investigation for clinical applications and it might well
be that it reaches the market in the near future. The re-examination of
mannopeptimycins, which were put on hold in drug development for sev-
eral years, implies a strong consideration for their pharmaceutical use as an
alternative to vancomycin, or for the treatment of vancomycin-resistant infec-
tions. Bleomycin has been used in cancer therapy for decades. However, due
to its strong toxicity and side effects at the moment there is no increase in
significance expected.

The urgent need for new antibacterials in clinical applications is due to the
increase of nosocomial (hospital-acquired) infections by resistant pathogens,
notably methicillin-resistant S. aureus (MRSA), vancomycin-resistant E. fae-
cium (VRE) and vancomycin-resistant S. aureus (VRSA). One approach is
based on the exploitation of glycopeptide structures as lead structures in
order to develop antibacterials with stronger action over an extended spec-
trum of antibacterial activity, e.g. VRSA. Of all the glycopeptide antibiotics,
these investigations and developments are most advanced for vancomycin-
type and teicoplanin-type antibiotics, combined with recent progress in the
understanding of the mode of action [80, 81]. Structure–activity relationship
studies have led to oritavancin, telavancin and dalbavancin, which are in the
late phases of clinical evaluation and which should reach clinical application.

In summary, glycopeptide antibiotics represent an interesting and highly
important natural product family. With regard to structure elucidation and or-
ganic synthesis, glycopeptides have posed significant challenges to researchers
in the past. Currently, the understanding of their biosynthesis sets the stage for
future biocombinatorial applications for the production of novel glycopeptide
antibiotics. From the viewpoint of a bioorganic chemist, their structures and
their diverse modes of action reveal a great aesthetics and beauty.
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Abstract Glycosylation is the most frequent post-translational modification found in
proteins. Glycoproteins are involved in a highly diverse spectrum of biological func-
tions, ranging from protein folding and molecular and cellular recognition to attack of
pathogens and regulation of biological half-life. Consequently, understanding the struc-
tural role of glycosylation provides key insight into biological processes as well as ideas
for medicinal applications. Here, we review the current methodology to arrive at high-
resolution structures of glycopeptides and glycoproteins. To achieve this, significant
obstacles have to be overcome like preparation of sufficient amounts of sufficiently pure
and homogeneous material, analyzing highly ambiguous spectroscopic data, and deal-
ing with molecules that show local or global disorder. We will provide an overview of
our knowledge of glycoprotein and glycopeptide structure, and illustrate with selected
examples the performance and limitations of current methodology.

Keywords Glycopeptide · Glycoprotein · NMR spectroscopy ·
X-ray crystallography · Molecular modeling
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1
Introduction

In the era of post genomic and post proteomic research it has been widely
accepted that post-translational modifications of proteins are key to under-
standing their function and regulation. Glycosylation is probably the most
complex subset of post-translational modifications of proteins that is in fact
very difficult to analyze. The challenges are illustrated by the fact that, as of
October 2005, only about 3% of the 33 500 structures deposited in the Protein
Data Bank (PDB [1]) contain glycoprotein chains.

On the other hand, the relevance of research on glycoproteins becomes
clear when regarding that an estimate of more than 50% of the eukaryotic
proteins are glycosylated, which in turn demands considerable physiological
effort and a whole range of enzymes to work together.

This estimate was derived from the SWISS-PROT database that, at that
time, contained 75 000 protein sequences two thirds of which have the Asn-
X-Ser/Thr motif and are thus potentially N-glycosylated. From a subset of 749
well-characterized glycoproteins an occupancy of 2/3 of these N-glycosylation
sequons was determined. The majority of N-glycoproteins carry O-glycans,
as well. The proportion of solely O-glycosylated proteins was determined at

Table 1 Potential and real glycosylation sites in the 749 well-characterized glycoproteins
listed in the SWISS-PROT database by the end of 1998. (Reproduced with permission
from [2])

Glycoproteins Glycoproteins Glycoproteins Glycoproteins
with at least one with at least one with at least one with at least one
biochemically real N-glyco- real N-glyco- real O-glyco-
characterized sylation site and sylation site and sylation site and
(“real”) glyco- at least one real no real O-glyco- no real N-glyco-
sylation site O-glycosylation sylation site sylation site

site
Sites Entries Sites Entries Sites Entries Sites Entries

Potential 2066 697 289 80 1679 582 98 35
N-glyco-
sylation sites
(sequons)
Real glyco- 1965 749 556 80 1041 582 368 87
sylation sites
Real N-glyco- 1279 662 238 80 1041 582 0 0
sylation sites
Real O-glyco- 686 167 318 80 0 0 368 87
sylation sites
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10% (Table 1) [2]. Together with less frequently observed post-translational
modifications by carbohydrates like C-mannosylation or ribosylation, glyco-
proteins are found almost anywhere in the cell and are involved in a highly
diverse spectrum of biological functions, ranging from protein folding, mo-
lecular and cellular recognition, and regulation of biological half-life [3].

Glycoproteins are, among others, preferred targets of pathogens, e.g. para-
sites or viruses. Furthermore, aberrantly glycosylated proteins play key roles
in many degenerative diseases like cancer and autoimmune disease. Conse-
quently, these properties make glycoproteins highly attractive targets for the
development of new therapies and diagnostic methods. From the rapid in-
crease of protein drug prescriptions in recent years we may expect a major
industrial effort in glycoprotein production as well as to obtain a greater un-
derstanding of their functions [4].

This work reviews selected examples of our current knowledge of 3D struc-
ture and structural dynamics of selected glycopeptides and glycoproteins and
gives an overview of the methodologies to arrive at high resolution structures.
This review is not intended to be comprehensive and the reader is referred
to other excellent reviews for further information [5–12]. A prerequisite of
a structure elucidation is the availability of pure material. It is beyond the
scope of this review to cover all synthetic and biochemical approaches to-
wards glycopeptides and glycoproteins, which are described in other parts of
this volume. Here, we will focus on high resolution 3D structures and their
implications obtained from NMR or X-ray methods.

Aspects of glycopeptide and glycoprotein structure determination have
very often been split into structure analysis of the glycan part on the one hand
and of the peptide/protein part on the other, respectively. Excellent reviews
cover these subjects including elucidation of primary structure, conforma-
tional analysis and molecular modeling [5, 9–11, 13–17]. We will focus on
methods and developments that have been applied to intact glycoproteins or
glycopeptides.

Even today, we should be cautious when trying to generalize what we
know from glycoprotein structures solved so far. Our view is biased be-
cause the majority of 3D structures could be solved only after extensive
manipulation of oligosaccharides before X-ray crystallography, expression
in non-glycosylating organisms for NMR spectroscopy or from synthesis of
truncated glycopeptide structures. Many proteins that essentially require gly-
cosylation for structural stability or proper function have probably not been
analyzed yet including the majority of membrane glycoproteins.

There are only a few very-well studied glycoproteins for which we have
in-depth information on conformation of both the protein and the glycan
fraction, on molecular flexibility and dynamics, and on the influence of gly-
cosylation on biological function. One example is the human T-cell surface
protein CD2 that crucially requires its N-glycan for binding to its receptor
CD58. Another example is the glycoprotein hormone human chorionic go-
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nadotropin (hCG) which is biologically inactive when deglycosylated. Both
cases will be presented in greater detail.

2
Preparation of Glycopeptides and Glycoproteins
for Conformational Analysis

Conformational analysis of glycoproteins relies on the availability of suffi-
ciently pure protein in sufficient amount. Depending on the type of analysis
this ranges from microgram quantities of heterogeneous material, for ex-
ample for CD experiments to multiple milligrams of very pure and homo-
geneous preparations for NMR studies or crystallography. Current method-
ology to obtain homogeneous glycopeptides and glycoproteins has been re-
viewed by Grogan et al. [18], and is covered in more detail in other parts of
this volume.

2.1
Natural Sources

Apart from abundant glycoproteins like soy bean agglutinin, etc., usually
only small quantities of glycoproteins can be extracted from natural sources,
which can even make primary structure determination challenging. In add-
ition, isotope labeling for NMR experiments is generally not easily pos-
sible at reasonable costs if proteins have to be extracted at basal expression
levels.

An example for a glycoprotein that can be purified in sufficient amounts
from natural sources is the complement regulatory protein CD59. It was
extracted from human urine and its structure was determined already in
1994 by Neuhaus and coworkers by 2D NMR spectroscopy without 15N or
13C labeling [19]. Complete resonance assignments were obtained for the
polypeptide consisting of 77 residues and an extensive set of nuclear Over-
hauser effects (NOEs) allowed the protein structure to be determined at high
resolution. Signal overlap prevented an unambiguous NMR assignment of
the carbohydrate and GPI anchor part and of their NOEs except for the Glc-
NAc residue which is directly connected to Asn18. This glycan residue is the
only one that shows NOEs to the polypeptide chain. The structure calculation
led to two families of conformers consistent with these protein carbohydrate
NOEs exhibiting disorder in the χ1 dihedral angle of Asn18 (for a definition of
dihedral angles, see Fig. 1). In both conformers, the proximal GlcNAc residue
has a similar orientation with respect to the protein covering hydrophobic
side chains on the surface of the protein component. Sharp lines and the lack
of protein carbohydrate NOEs for the remaining residues suggest that they are
highly flexible and point into solution. Glycosylation of CD59 seems to be im-
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portant for organization of this protein in the membrane and for prevention
of aggregation (Fig. 2).

Natural sources of glycoproteins have proven very useful for the isolation
of oligosaccharides when only the glycan part is to be studied as there are

Fig. 1 Schematic representation of the N-linked GlcNAc together with the Asn-Xxx-
Ser/Thr-containing peptide fragment. The GlcNAc and Asn non-hydrogen atoms, together
with torsion angles of interest, are labeled. (Adapted and reproduced with permission
from [20])

Fig. 2 A schematic figure showing the effect of CD59 glycosylation on the flexibility of the
protein relative to the GPI anchor [19, 21]. Three different glycoforms are shown. Both the
O- and N-linked oligosaccharides (size range 2–6 nm) attached to CD59 (diameter of ap-
proximately 3 nm) restrict the conformational space available to the protein and limit its
interaction with the lipid bilayer. The sugars may therefore orient the active site of CD59
toward the C5b-9 complex, which is also inserted into the cell membrane. In addition, the
heterogeneity of the sugars suggests that the glycans influence the geometry of the pack-
ing, and it is unlikely that CD59 molecules will form a regular array on the cell surface.
The active site residues are highlighted in CPK. (Reproduced with permission from [21])
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well-established sources for complex-type, high-mannose, and hybrid-type
oligosaccharides, which can be released by trifluoromethanesulfonic acid, hy-
drazinolysis or enzymatic treatment and subsequent purification.

2.2
Expression Systems

Structural genomics initiatives have boosted the development of expression
systems. After focusing initially on small bacterial and archeal genomes the
field has subsequently moved to eukaryotic organisms which are more com-
plex and more interesting due to the occurrence of a whole range of post-
translational modifications. Separate reviews cover the latest developments in
this field and we will only highlight select aspects relevant to studying glyco-
proteins [22–24].

One common approach to simplify the issue is based on bacterial expres-
sion systems to produce a non-glycosylated variant of the protein of interest.
This approach however often fails, as glycans are known to be often indis-
pensable for proper folding or to avoid protein aggregation. Expression of
glycoprotein sequences in yeast can give very good yields of protein. However,
if one is interested in intact, natively glycosylated proteins, yeast expression
results in a yeast-specific high mannose glycosylation that is very different
from the glycosylation pattern in mammalian cells. Expression in the yeast
P. pastoris is more suitable than in S. cerevisiae, because P. pastoris produces
glycoproteins with shorter glycans attached to the same Asn-X-Ser/Thr site
as in mammalian cells, and it also does not produce structures with termi-
nal α1,3-linked mannose residues which are not found in mammalian cells.
Table 2 gives an overview of the glycosylation properties of a variety of ex-
pression systems.

Baculovirus-infected insect cells are well-studied expression systems to
yield glycoproteins with a simple oligosaccharide moiety called paucimannose
(Fig. 3) [24]. Recently, modified baculoviral expression systems yielded gly-
coprotein structures carrying humanized oligosaccharides. This was achieved
by transfecting the insect cell lines with Glucosaminyltransferase II (GnTII),
Galactosyltransferase (β1,4-GalT) and Sialyltransferase (α2,6-ST) to obtain
biantennary complex-type structures terminated in 2,6-linked sialic acids.
Chinese hamster ovary (CHO) cells have been engineered to express human-
like glycoproteins by knocking out α1,3-GalT and introducing α2,6-ST.

As far as NMR experiments on isotopically labeled material are to be car-
ried out, all of the above mentioned expression systems have to be adapted
to minimal media. Homans and collaborators were the first to succeed in
producing a 13C-,15N-labeled glycoprotein, namely the α-subunit of hCG, by
growing CHO cells in a medium made from algal hydrolysates and supple-
mented with isotopically labeled amino acids (cf. Sect. 5.1.3) [26]. Even earlier
Fesik et al. obtained isotopically labeled urokinase-type plasminogen acti-
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Table 2 The major glycosylation properties for different cell expression systems. (Repro-
duced with permission from [24])

Organism Cell type Type of Length Composition Glycosidic
glyco- of oligo- of oligo- linkage
sylation a saccharide saccharide

Bacterium E. coli – – – –
Yeast S. cerevisiae O-linked L Man, Gal. β1,3

GlcNAc, GalNAc
Yeast S. cerevisiae N-linked L Man, GlcNAc α1,6; α1,2;

α1,3
Pichia pastoris N-linked S Man, GlcNAc α1,6; α1,2

Plant Tobacco BY2 N-linked S Fuc, GlcNAc α1,3
Insect Baculovirus- N-linked S Gal, Man, Fuc, α1,6; α1,3

infected insect GlcNAc
cells sf9
Baculovirus- N-linked S Gal, Man, Fuc, α1,6
infected insect GlcNAc
cells sf21
E. acrea Ea-4 N-linked S Man, Fuc, GlcNAc α1,6

Frog Xenopus oocyte N-linked S Man, GlcNAc, α2,3
GalNAc, sialic acid

Hamster CHO N-linked, S Gal, Man, Fuc, α1,6; α2,6
O-linked GlcNAc/GalNAc/NeuAc
BHK N-linked, S Gal, Man, Fuc, α1,6; α1,3;
O-linked GlcNAc/GalNAc/NeuAc α2,3

Mouse C127 O-linked S Man, Fuc, Gal, α1,6; α1,3;
GalNAc, sialic acid, α2,3; α2,6
NeuGc

Hybridoma O-linked S Man, Fuc, Gal, α1,6; α1,3;
sialic acid, NeuGc α2,6

J558L O-linked ND Man, Fuc, Gal, α1,6; α1,3;
sialic acid, NeuGc α2,3; α2,6

NSO myeloma O-linked, S Man, Fuc, Gal, α1,6; α1,3;
N-linked sialic acid, GlcNAc, α2,3; α2,6

NeuGc
Transgenic N-linked S Man, Fuc, Gal, α1,6

GlcNAc
Human Namalwa N-linked, S Man, Fuc, sialic acid, α1,6; α2,3;

O-linked NeuGc, GlcNAc α2,6
Pituitary N-linked, S Man, Fuc, GalNAc, α1,6; α2,3;

O-linked sialic acid α2,6
Heterohybridoma N-linked S Man, Fuc, sialic α1,6; α2,3;

acid, GlcNAc, NeuGc α2,6

a Although the characteristics of O-linked and N-linked glycosylations are not completely
studied in some literature, it may possess both the profiles of glycosylation in the same
expression system.
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Fig. 3 Protein N-glycosylation pathways in insect and mammalian cells. Monosaccharides
are indicated by their standard symbolic representations, as defined in the key. The in-
sect and mammalian N-glycan processing pathways share a common intermediate, as
shown. The major products derived from this intermediate are paucimannose and com-
plex N-glycans in insect and mammalian cells, respectively. It is generally recognized
that insect cells have only a limited capacity, at best, to produce complex N-glycans.
However, this model accommodates the possibility that some insect cells can produce
complex N-glycans under certain circumstances. Complex N-glycans are extremely di-
verse and only representative examples are shown in the figure. The structures of the
N-glycans produced by transgenic lepidopteran insect cell lines, modified baculovirus ex-
pression vectors (BEVS), and BEVS-transgenic insect cell combinations are shown as well.
(Reproduced with permission from [25])
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vator from mammalian cell lines, although they purified an unglycosylated
portion of this glycoprotein [27]. The work on the adhesion domain of human
CD2 in the laboratory of Wagner started out with unlabeled protein prepar-
ations. In later stages of the work, refined structures, especially concerning
the glycosylation site, were obtained from amino acid-specifically or ubiqui-
tously labeled CD2 expressed in CHO cells (cf. Sect. 5.1.2) [28].

Eukaryotic expression systems experience an increased application for iso-
topic labeling purposes [22, 29, 30]. One recent example is the work of Kessler
et al. who succeeded in producing functionally folded, glycosylated GM2 ac-
tivator protein suitable for NMR purposes in P. pastoris following a modified
protocol reported by Laroche et al. [31, 32]. Sometimes, extensive protein en-
gineering is mandatory in order to improve the quality of NMR spectra [33].

The glycosyltransferases and the glycosylhydrolases of the cell lines chosen
for expression of the glycoproteins normally produce a non homogeneous pat-
tern of glycosylation at each glycosylation site (microheterogeneity). It has been
shown that introduction and/or overexpression of additional enzymes of the
glycosylation machinery can lead to glycoproteins with a more homogeneous
structure [34]. Alternatively, oligosaccharides may have to be trimmed down to
a common core by glycosidase treatment prior to structure determination [18].
A way of obtaining homogeneously glycosylated proteins was found by Schultz,
Wong and coworkers who exploited an enhanced genetic code to incorporate
glycosyl amino acids during protein translation in E. coli [35, 36].

Recently introduced cell-free expression systems are now well established
in structural genomics efforts due to advantages in cloning, purification and
because expression in these systems can be automatized. In addition, proteins
specifically labeled at certain amino acids can be synthesized in a straightfor-
ward manner by providing suitably labeled monomers. As there is no amino
acid metabolism present no scrambling of isotopic labels occurs. It will be
very difficult, though, to transfer the eukaryotic glycosylation machinery into
such a system.

2.3
Chemical Synthesis

The chemical synthesis of glycopeptides and smaller glycoproteins can pro-
vide very pure molecules [8]. It is, however, very costly to produce isotopically
labeled compounds. Also, there is a limitation in terms of size of these sub-
stances. Large proteins in their glycosylated form can still not be produced
easily by chemical synthesis. Also, the introduction of arbitrary complex
glycoside structures into these molecules is not easy. However, the glycosyl
residue interacts mostly via the first and next few sugars with the protein.
Therefore, truncated forms can be obtained by chemical synthesis as model
compounds with maximum flexibility in choosing the site and type of glyco-
sylation. Moreover, only by chemical means can we introduce a whole range
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of modifications that do not occur naturally which enables us to investigate
the influence on glycopeptide conformation of specific structural elements.
Both for O- and N-glycosylated structures synthetic protocols have been es-
tablished, by which it is possible to generate singly and multiply glycosylated
glycopeptides. Both types of glycosylated peptides are usually being synthe-
sized by introducing a glycosyl amino acid building block into the growing
peptide chain in a conventional peptide synthesis. In the case of the N-type
glycosides, either carbohydrates derived from natural sources are being used
to obtain larger oligosaccharide structures or the carbohydrate portion is
being chemically assembled, as well. Subsequently, the oligosaccharides are
aminated at the reducing end to produce a glycosylamine structure. These are
linked to the carboxyl group of the side chain of aspartic acid in an amida-
tion reaction to produce a glycosyl amino acid building block (Fig. 4). The
carbohydrate structure varies in size between just the N-acetylglucosamine
and a decasaccharide [37]. This glycosyl amino acid building block is then
introduced into the growing peptide.

O-type glycosylation can be obtained in a similar way by chemical synthe-
sis of the O-linked glycosyl linkage to serine or threonine where all types of
O-linked core structures have been synthetically produced. Further modifica-
tion of these structures can be obtained by chemo-enzymatic synthesis. These
building blocks can then be introduced into the growing peptide chain to pro-
duce O-linked glycopeptides with one or several attachment sites of the car-
bohydrate to the peptide backbone. Chemo-enzymatic modifications can also
occur after the complete synthesis of the glycopeptides [38]. For a detailed
discussion of chemical and chemo-enzymatic synthesis of glycopeptides we
refer to other overview articles that have recently been published, in part in
this volume [8, 39–43].

Fig. 4 Structure of a biantennary N-type building block 1 ready for use in solid-phase
peptide synthesis (SPPS)
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2.4
Semisynthesis: Native Chemical Ligation and Expressed Protein Ligation

The synthesis of proteins has experienced a major advancement by the in-
vention of two ligation methods, which allow for fusing one part of the
target protein that has been obtained by expression techniques with another
part that originates, for example, from solid-phase peptide synthesis. Both
methods rely on transesterification of thioester groups followed by a sulfur-
to-nitrogen rearrangement that finally yields native backbone polypeptides.
In native chemical ligation (NCL) a chemically synthesized peptide with
a C-terminal thioester group is coupled to a second peptide or protein which
has an N-terminal cysteine residue [44]. The other method, expressed pro-
tein ligation (EPL), utilizes the peculiar behavior of protein domains called
inteins which catalyze a protein splicing reaction leading to excision of the
intein part and joining the polypeptides (exteins) that surround the intein
at its N- and C-terminus. With this reaction one can introduce a C-terminal
thioester functionality into an expressed protein which can then be linked via
NCL to a peptide containing an N-terminal cysteine [45].

Fig. 5 Synthesis of glycosylated GlyCAM-1 (5) by expressed protein ligation (EPL) to syn-
thetic mucin domains 4 and 5. Factor Xa proteolysis allows late-stage exposure of an
N-terminal cysteine for the timed NCL to 4 (CBD, chitin-binding domain) [46]. (Repro-
duced with permission from [18])
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Fig. 6 Semisynthetic strategy for glycosylated and unglycosylated Im7 analogues 8 and 10.
(Reproduced with permission from [48])

These thioester ligation reactions are compatible with peptide or pro-
tein fragments carrying unprotected carbohydrates and are thus an attractive
route to glycoproteins that are too large for SPPS or that cannot be expressed
in sufficient amount or homogeneity. The potential of the EPL method for gly-
coprotein synthesis has been demonstrated by Bertozzi and coworkers who
synthesized different glycoforms of the murine L-selectin ligand GlyCAM-1
(Fig. 5) [46]. Native chemical ligation of SPPS-derived peptides has been
employed in Bertozzi’s group to yield the O-glycosylated T-cell chemokine
lymphotactin and by Hojo et al. for synthesizing the N-chitobiosylated Ig-1
domain of Emmprin, a cell surface protein of tumor cells [47].

Hackenberger et al. constructed, following the NCL strategy, N-glyco-
sylated and unglycosylated variants of the four helix immunity protein Im7 in
order to investigate the influence of the N-chitobiosyl residue upon folding of
this well characterized model system (Fig. 6) [48].

3
Determination of Composition and Primary Structure

A prerequisite of 3D structure determination to high resolution is the pre-
cise knowledge of the primary structure and composition of the glycoprotein
of interest. Apart from classical biochemical approaches like gene sequencing
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and Edman degradation that yield the primary structure of the polypeptide
and potential glycosylation sites, special techniques have to be employed in
order to accurately define (i) the presence of carbohydrate modifications at
specific positions in the amino acid sequence, (ii) the type and the size of gly-
can, (iii) the carbohydrate branching pattern, i.e., the positions of glycosidic
linkages, (iv) the anomeric configuration of glycosidic linkages, and (v) co-
valent modifications like sulfation or acetylation. In this regard, adept appli-
cation of specific enzymatic cleavage reactions followed by chromatographic
separation and identification of the purified carbohydrate substructures by
lectins can yield the desired information [49].

Fig. 7 Structures of the complex-, high-mannose- and hybrid-type sugar chains which
constitute the three most common subgroups of N-linked glycans. The structure within
the gray box represents the pentasaccharide core common to all N-glycans. All sugars
except Fuc are D-sugars
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Fig. 8 Examples for O-glycans found in mucin-type glycoproteins. The oligosaccharides
shown here are based on four O-glycan core structures which are indicated by gray boxes

In recent years, ultrahigh-sensitivity techniques like combinations of
HPLC or capillary electrophoresis with tandem mass spectrometry have be-
come increasingly important, especially for analyzing sub-picomol amounts
of mixtures of glycoforms [50–52]. Because of the advent of high-sensitivity
NMR probes with cryo-technology and extremely small sample volumes for
HPLC-NMR as well as for MAS applications, NMR spectroscopy is of major
importance not only for 3D structure determination but for elucidating glyco-
conjugate primary structures as well [9, 53, 54]. Examples of glycan structures
found in N- and O-glycoproteins are given in Figs. 7 and 8.

4
Determination of 3D Structure

The structure determination of proteins by X-ray crystallography or NMR
spectroscopy is well established. However, extension of this methodology to
glycopeptides and glycoproteins bears major challenges due to several rea-
sons [5, 10–12]. In addition to problems in obtaining pure homogeneous
glycopeptides or glycoproteins from chemical or biochemical synthesis, these
compounds are inherently difficult to crystallize. There are probably sev-
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eral reasons for this behavior. (a) No larger oligosaccharide structure has
been crystallized even as pure isolated carbohydrate only, which is probably
due to an unfavorable packing in the crystal due to structural irregulari-
ties; (b) the large hydration shell of the oligosaccharides make direct con-
tacts of the molecules in a crystal less favorable; and (c) the flexibility and
dynamics of the oligosaccharides attached to proteins often produce no de-
fined 3D arrangements of the individual residues, which results in a crystal
disorder effect from the carbohydrates. Therefore, even when crystals are ob-
tained, very often part or all of the glycan is invisible in the electron density
map due to local disorder. NMR on the other hand does not require sin-
gle crystals. However, the population of multiple conformational states leads
to time-averaged NMR parameters that cannot directly be converted into
a 3D structure. Rather, NMR experiments have to be combined with extensive
computational studies to predict possible conformations and to extract their
relative populations.

The conformational analysis of glycopeptides and glycoproteins has very
often been separated into the peptide and the glycan part ignoring the po-
tential interdependence of both. Only recently have experimental tools be-
come available that allow structure determinations of natively glycosylated
proteins and there are a couple of new techniques that still await being
employed for conformational analysis of glycoproteins. Structure determina-
tions and analyses of molecular flexibility and dynamics of entire glycopro-
teins are still rare. Methodical advances in this regard shall be the focus of this
review.

4.1
Conformational Analysis by NMR Spectroscopy

Being a technique for structure determination in solution capable of hand-
ling molecular disorder and dynamic equilibria, NMR spectroscopy should
be the method of choice for the investigation of glycoproteins. Whereas
for carbohydrates a wealth of knowledge has been achieved on conforma-
tional analysis, and excellent reviews cover this subject [5, 10–12], reports on
glycopeptide and glycoprotein structure determination by NMR are still of
limited number.

4.1.1
Chemical Shift Assignment

Conformational analysis by NMR requires chemical shift assignments for as
many resonances of the glycoconjugate of interest as possible. In this regard,
the polypeptide part poses fewer challenges than the carbohydrate moiety
due to generally better dispersion of its resonances, much lower variation of
the connectivity between monomers—there are only peptide bonds between
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Table 3 Selected sugars and their characteristic NMR features. All the sugars listed are D
unless otherwise noted. (Adapted and reproduced with permission from [9])

3JHH (H1 – H2, H2 – H3, H3 – H4, H4 – H5, [Hz])

αGlc: 3.6, 9.5, 9.5, 9.5 [60]
βGlc: 7.8, 9.5, 9.5, 9.5 [60]

The coupling pattern is similar for GlcNAc.
GlcNAc, δ(CH3) ∼ 2 ppm
Upfield shift of δ(C2):

αGlcNAc: δ(C2) ∼ 55.4 ppm
βGlcNAc: δ(C2) ∼ 58 ppm [60, 61]

3JHH (H1 – H2, H2 – H3, H3 – H4, H4 – H5, [Hz])

αGal: 3.8, 10, 3.8, 1 [60]
βGal: 8, 10, 3.8, 1 [60]

The coupling pattern is similar for GalNAc.
GalNAc, δ(CH3) ∼ 2 ppm
Upfield shift of δ(C2):

αGalNAc: δ(C2) ∼ 51.4 ppm
βGalNAc: δ(C2) ∼ 54.9 ppm [60, 61]

3JHH (H1 – H2, H2 – H3, H3 – H4, H4 – H5, [Hz])
αGal: 1.8, 3.6, 10.0, 9.8 [60]
βGal: 1.5, 3.8, 10.0, 9.8 [60]

δ(C6) ∼ 16.3 ppm [61]

δ(H6) ∼ 1.1 ppm [60]
The coupling pattern is similar to Gal.

3JH5H6 = 6.3 Hz [60]

δ(C6) ∼ 18.0 ppm [61]
δ(H6) ∼ 1.2 ppm [60]
The coupling pattern is similar to Man.

3JH5H6 = 6.2 Hz [60]

δ(H3ax) ∼ 1.9 ppm, δ(H3eq) ∼ 2.3 ppm [62]

Upfield shift of δ(C3)
αNeuAc: 3JC1H3ax ∼ 6 Hz
βNeuAc: 3JC1H3ax < 1 Hz [63, 64]

Upfield shift of δ(C3) ∼ 34.8 ppm [61]

Coupling pattern similar to NeuAc acid for anomeric
configuration

The coupling pattern is similar to Man.

For identification assignment of C7 is required, where
both a L and D form can be found.
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Table 3 (continued)

The coupling pattern is similar to Glc.
δ(C6) is pH dependent [61]:
αGlcA:

pH = 7.8: δ(C6) ∼ 176.9 ppm
pH = 1.8: δ(C6) ∼ 172.9 ppm

βGlcA:
pH = 7.8: δ(C6) ∼ 177.6 ppm
pH = 1.8: δ(C6) ∼ 173.8 ppm

The coupling pattern is similar to Gal
δ(C6) is pH dependent [61]:
αGalA:

pH = 6: δ(C6) ∼ 172.6 ppm
βGalA:

pH = 6: δ(C6) ∼ 173.5 ppm

α-amino and α-carboxyl groups and most of them are trans—and, in most
cases, due to a lower degree of flexibility. Classical strategies of peptide and
protein NMR spectroscopy usually lead to sufficiently complete resonance as-
signment [15, 55, 56].

Chemical shift assignment of the glycan part turns out to be much more
difficult due to severe overlap of resonances in the region between 3 and
4 ppm. Provided that glycoconjugates isolated from natural sources or ex-
pressed in cellular systems are being investigated, the glycan part raises ad-
ditional questions in that the composition, sequence and connectivity have to
be characterized prior to conformational analysis. Strategies in this area have
been summarized in detail by the groups of Bock and Vliegenthart [9, 57].
Table 3 gives an overview on characteristic NMR parameters of monosac-
charide building blocks found in glycoproteins. Databases that compile and
provide statistical analysis of chemical shifts greatly facilitate the assignment
task. The corresponding database to the BioMagResBank (BMRB [58]) of the
protein field is Sugabase for the carbohydrate part. After termination of fund-
ing its content is now accessible, for example via the Glycosciences.de internet
portal (cf. Sect. 4.5). Recently, a new method for metabolic incorporation of
13C- and 2H-isotopic labels into glycoproteins has been described that on the
one hand facilitates heteronuclear NMR experiments and, in addition, pro-
vides clues for the assignment of specific building blocks from the ratio of
H/D incorporation [59].

4.1.2
Nuclear Overhauser Enhancements

Despite the advent of NMR methods that extend the repertoire of structural
restraints, like residual dipolar couplings (RDCs), cross-correlated relaxation
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(CCR), and paramagnetic pseudocontact shifts, most 3D structure determi-
nations published to date are still based on the analysis of nuclear Overhauser
enhancements (NOEs) providing short-range distance information between
pairs of nuclei, and on the measurement of scalar couplings that can be trans-
lated into dihedral angles by application of a Karplus relationship.

NOE-based structure determination is most successful in closely packed
regions of a protein where many redundant distance restraints can be ex-
tracted. However, structures calculated from NOEs alone suffer from two
major complications. Extended structures or protruding protein loops give
rise to a relatively sparse number of NOEs that lead to low structural defin-
ition in this area. In addition, peptide chains with little contact to the protein
core tend to adopt multiple conformations. The NOEs originating from these
conformers are being time-averaged with the inverse sixth power of the in-
ternuclear distance as a weighting factor, i.e. short distances contribute much
more strongly to the intensity of an NOE cross peak than long distances of the
same pair of nuclei present in other conformers.

Both of these complications have a large impact on structure calculations
of the oligosaccharide part of glycopeptides and glycoproteins. If the gly-
can protrudes into solution, there are usually very few long-range NOEs to
the peptide part or between monosaccharide units. The conformation would
have to be calculated mainly from NOEs bridging glycosidic linkages. This
approach inherently suffers from the effect that small inaccuracies during
distance determination accumulate to large structural uncertainties when
looking from the core to the periphery of the glycan. The flexible nature of
oligosaccharides gives rise to non-linear averaging of NOEs that complicate
distance calculations even more.

Apart from evaluating other structural parameters with different averag-
ing behavior or distance dependence, one way to address these problems
is employing more sophisticated molecular modeling that involves back-
calculation of NOE and ROE intensities from molecular dynamics (MD) tra-
jectories as has been recently demonstrated by Lommerse et al. for two core
N-glycans of snail αD-hemocyanin (Fig. 9 and Table 4) [65].

A variety of NMR methods has been developed in order to provide an op-
timum of conformational information when oligosaccharides are involved.
Spectral overlap is addressed by heteronuclear experiments that have recently
become more feasible due to the development of cryogenic NMR probes with
drastically improved sensitivity. Homonuclear 3D spectra have been shown
to provide additional information not accessible by 2D spectra [66, 67]. The
number of NOEs originating from the carbohydrate part of a glycoconjugate
can be significantly increased, if the exchange rates of hydroxyl protons are
being decreased by application of solvent mixtures and/or low temperature
measurements [68].
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Fig. 9 Conformations appearing during the MD simulations of two N-glycan core
structures in αD-hemocyanin of the snail Helix pomatia superimposed on the Man-3-(β1-
4)GlcNAc-2-(β1-4)GlcNAc-1 element. a Xylosylated oligosaccharide Man(α1-6)[Man(1α-
3)][Xyl(β1-2)]Man(β1-4)GlcNAc(β1-4)GlcNAc(β1-OMe) (11) and b xylosylated (α1-
6)-fucosylated oligosaccharide Man(α1-6)[Man(α1-3)][Xyl(β1-2)]Man(β1-4)GlcNAc(β1-
4)[Fuc(α1-6)]GlcNAc(β1-OMe) (12). (Reproduced with permission from [65])

Table 4 Stability of local minima at the glycosidic linkages, probed by short MD simu-
lations for 11 and 12 from Fig. 9. Criterion for a stable local minimum is a difference
between starting and final conformation (after 50 ps simulation for 11 and 40 ps simu-
lation for 12) of less than 30◦ for both φ and ψ. Given are the starting φ,ψ values.
s = stable, ns = not stable. (Reproduced with permission from [65])

Glycosidic linkage Compound Compound
11 12
φ ψ φ ψ

Xyl(β1-2)-Man-3 – 150 – 150 s – 150 – 150 ns
40 – 105 s 40 – 105 ns

– 30 – 70 ns – 80 – 140 ns
Man-4-(α1-3)Man-3 170 – 70 ns 170 – 70 s

60 70 ns 60 170 s
90 90 s 90 90 s

140 180 ns
Man-4′-(α1–6)Man-3 120 90 ns 120 90 s
(ω = – 60◦) 120 90 ns 120 90 s

150 – 110 ns 150 – 110 ns
140 165 s 140 – 165 ns
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Table 4 (continued)

Glycosidic linkage Compound Compound
11 12
φ ψ φ ψ

40 100 ns 160 100 ns
100 150 ns

40 180 ns
Man-4′-(α1–6)Man-3 140 100 s 140 100 ns
(ω = 60◦) 160 – 140 ns 160 – 140 ns

70 90 ns 100 140 s
150 170 ns 180 120 ns

60 40 ns
180 40 ns

80 – 100 s
Man-3-(β1–4)GlcNAc-2 – 90 – 70 s – 120 70 s

– 130 70 ns – 130 – 50 s
– 60 – 30 s
– 90 60 ns

GlcNAc-2-(β1–4)GlcNAc-1 – 60 – 30 ns – 60 – 30 s
– 90 80 ns – 90 80 s

20 120 s 20 120 ns
– 90 – 70 s

80 60 s
Fuc(α1–6)GlcNAc-1 – 100 60 s
(ω = – 60◦) – 160 120 ns

– 20 – 120 ns
– 60 120 s

Fuc(α1–6)GlcNAc-1 – 100 80 s
(ω = 60◦) – 140 – 140 s

– 160 140 ns
– 160 40 ns

– 50 – 70 s
– 60 – 160 ns
– 80 100 ns

4.1.3
Scalar Couplings

NOE-based structure calculations are generally supported by dihedral angle
constraints that can be derived from 3J scalar coupling constants. This is
well established in protein structure determination. Whereas 3JHH-couplings
have been used already for a long time to determine the ring stereochem-
istry of monosaccharide building blocks and to derive the ω torsion angle
of the hydroxymethyl group of pyranoses, gaining information on the φ

and ψ angle of the glycosidic linkage requires more experimental effort as
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heteronuclear couplings have to be measured. This is traditionally done by
HMBC-type experiments at natural abundance that exploit the sensitivity in-
crease of inverse detection [69, 70]. 13C-labeled compounds open the route to
a variety of experiments that yield long-range H – C and even C – C couplings
as proposed by Homans, Bush and Serianni [67, 71, 72]. Xu et al. demonstrate
that 3JCH -couplings can be reliably measured by quantitative J-correlation
methods [73]. Deriving a Karplus relationship for transglycosidic angles is
complicated by the high diversity of possible linkages and stereochemistries
of the building blocks depending on the relative position of oxygens attached
to the four atom fragment that defines the torsion angle [72]. Karplus param-
eters for interglycosidic J-couplings have been reported for H – C and C – C
scalar couplings [67, 72, 74, 75].

In the case of molecules with flexible portions, like protein loops or
oligosaccharides, structure determination based on scalar couplings has the
major advantage of a much simpler averaging behavior compared to the NOE.
The J-coupling values are simple linear averages over the ensemble of con-
formers. Martin-Pastor and Bush have shown that, for flexible oligosaccha-
rides that populate distinct minima separated by substantial energy barriers,
modeling based on scalar coupling data is superior to NOE-based model-
ing [71]. For a heptasaccharide of Streptococcus mitis it was possible to nar-
row the search space for allowed torsion angles for each individual glycosidic
linkage. It turned out that the flexibility of this heptasaccharide is mainly lo-
calized to certain linkages and that only very few conformers are required
to reproduce experimental coupling and NOE data. Although these methods
have proved to be very powerful for determination of carbohydrate structure
and dynamics, an application to intact glycopeptides or glycoproteins is still
lacking.

4.1.4
Residual Dipolar Couplings

Whereas dipolar couplings are completely canceled out under conditions of
isotropic tumbling, partial alignment of molecules with respect to the mag-
netic field of the NMR spectrometer gives rise to observable line splittings.
The magnitude and sign of these residual dipolar couplings (RDCs) depend
on the extent of molecular alignment and on the angle between the mag-
netic field and the vector connecting the coupled nuclei (Fig. 10) [76–78].
In the protein field, residual dipolar couplings are today widely used as ad-
ditional restraints during structure calculation, for structure validation and
refinement, and recently, as probes of dynamic processes [79, 80].

The major advantage of RDC-derived restraints compared to NOEs and
scalar couplings is that RDCs provide long-range information from which the
relative orientation of remote substructures can be concluded. The problem
of small errors in short-range distances or torsion angles that accumulate to
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Fig. 10 Partial alignment of biomolecules: A two-domain construct from barley lectin
oriented by collisions with bicelles. The protein’s long axis tends to align parallel to the
bicelle surfaces. (Adapted and reproduced with permission from [78])

large deviations in the entire structure is absent when looking at RDCs. This
predestines RDCs as parameters for structure calculations of glycan chains of
glycopeptides and glycoproteins that are otherwise poorly defined due to lack
of long-range NOE contacts.

Applications to glycosylated peptides or proteins have not been reported,
yet. The major reason for this might be the lack of reliable methods for
introducing isotopic labels into glycoconjugates and complications due to
motional averaging. The former limitation can be circumvented in part by
using highest sensitivity NMR spectrometers equipped with cryogenic probes
and/or operating at high field. In addition, significant advances have been
made regarding expression systems for glycoproteins (cf. Sect. 2.2).

Motional averaging makes the analysis of RDC data more challenging com-
pared to the situation encountered with more or less rigid, globular protein
domains. On the other hand, RDCs are sensitive probes of dynamic processes
and, complementary to relaxation rate and NOE techniques, cover a timescale
that is not accessible by other NMR parameters (Fig. 11) [80–83].

Recently, characterization of conformation and dynamics of oligosaccha-
rides by RDCs has been reported [84–86]. Azurmendi et al. could show
from measurements of one-bond C – H dipolar couplings combined with
Monte-Carlo simulations that two blood group epitopes, namely Fuc(α1-
2)[GalNAc(α1-3)]Gal(α1-OH) and Fuc(α1-2)[Gal(α1-3)]Gal(α1-OH), adopt
essentially one single conformation in solution in contrast to theoretical
models that suggest the existence of two conformers [84].

Duus and coworkers analyzed the dynamic conformational equilibrium of
the trisaccharide Man(α1-3)[Man(α1-6)]Man(α1-OMe) (13) which represents
the core region of N-glycans. Hetero- and homonuclear RDCs served as re-
straints for long (50 ns) molecular dynamics simulations in explicit water.
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Fig. 11 Time scales that can be detected by various methods in NMR: The fast motions ps
to ns are measurable by relaxation of, e.g., 15N, the motion between approximately 50 µs
and 10 ms by T1ρ measurements, the slower time scales by exchange spectroscopy and
even slower ones by real time NMR. Dipolar couplings cover all time scales from ps to
ms and therefore can report also about the “dark” region of time scales. (Adapted and
reproduced with permission from [80])

The results indicate almost equal populations of the gg and gt rotamers of
the α1-6-linkage, whereas the tg rotamer was predicted to be unpopulated in
aqueous solution (Fig. 12) [85].

Fig. 12 The two dynamic conformations of the trisaccharide Man(α1-3)[Man(α1-6)]
Man(α1-OMe) (13). On the left is the gg conformation of the (α1-6) linkage and on the
right the gt. In this diagram only the ring carbons, oxygens and the glycosidic oxygens
have been drawn. They have been overlayed by best-fitting to the central sugar ring.
(Reproduced with permission from [85])
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4.1.5
Cross-Correlated Relaxation

Another NMR parameter that allows for measuring angles between bond
vectors is the relaxation rate that originates from cross-correlation be-
tween relaxation mechanisms like dipole–dipole interaction or chemical shift
anisotropy. This cross-correlated relaxation (CCR) rate provides direct infor-
mation on the projection angle between bond vectors, provided that double
or zero quantum coherence can be exited between the nuclei of interest as
shown in Fig. 13 for two amide bond vectors of the protein rhodniin [87, 88].
In addition CCR rates contain information on local anisotropic dynam-
ics [89, 90].

CCR methodology is still in rapid development for proteins and nucleic
acids and has only recently been applied to the carbohydrate field for studying
internal dynamics of monosaccharides [91], and to support primary structure
elucidation of bacterial polysaccharides [92]. It remains to be seen whether
CCR measurements will extend the repertoire for 3D structure determination
of glycoconjugates, as well.

Fig. 13 Stereoview showing a close-up of the structure of the protein rhodniin. The two
gray lines indicate the bond vectors of two spin pairs. The angle between the two inter-
atomic vectors is indicated by θ. Atoms are depicted by the following colors: hydrogen,
white; carbon, black; sulfur, yellow; oxygen, red; and nitrogen, blue. (Reproduced with
permission from [87])

4.2
X-ray Crystallography

As of October 2005, the Protein Data Bank (PDB [1]) listed 1094 3D structures
containing glycoprotein chains, 1073 of which were solved by X-ray crystal-
lography. Many of the molecules studied had to have their glycans truncated
or removed in order to be crystallized. This might bias us to see mainly gly-
coprotein structures with glycan residues that are, at least in the mature form
of the protein, not of crucial importance for structure or function.
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The disorder problem associated with flexible glycan chains of glycopro-
teins can at least in part be overcome when the oligosaccharide conformation
and/or orientation is being stabilized by intra- or intermolecular contacts.
This leads to another family of X-ray structures that display oligosaccharides
at a comparatively high degree of resolution caused by lectin-like protein car-
bohydrate interactions that stabilize the glycan in the crystal. One should on
the other hand be cautious when interpreting this kind of study as the carbo-
hydrate binding auxiliary might force the glycoprotein or its oligosaccharides
to be trapped in one favorable conformation or even adopt non-native confor-
mations. The dynamic behavior of the glycoprotein is most certainly altered
compared to the free molecule. Structure determination of highly flexible car-
bohydrates by X-ray crystallography is facing inherent problems such that
dynamic features of these molecules are much better addressed by solution
techniques.

Nevertheless, methodological advances have been reported that allow for
determining medium-resolution structures from partly disordered glycopro-
tein crystals as exemplified by the work of Chen et al. who were able to
obtain the structure of a fully glycosylated SIV gp120 envelope glycopro-
tein in an unliganded conformation by X-ray crystallography at 4.0 Å reso-
lution [93, 94]. By optimizing beam geometry and the strategy for phase
improvement including multi-crystal averaging, a 3D structure was obtained
that showed at least four ordered sugars on many of the 13 oligosaccharides
(Sect. 5.1.1).

4.3
Molecular Modeling

Both experimental methods for structure determination at atomic resolution,
X-ray crystallography and NMR spectroscopy, face significant complications
when applied to highly flexible molecules coexisting in numerous conforma-
tions as is mostly the case for the oligosaccharide portion of glycoproteins
and is of importance for the peptide part of glycopeptides, as well.

This makes molecular modeling an invaluable tool for searching con-
formational space and for calculating structures which are consistent with
experimental data. Apart from very small glycopeptides, most molecules
of biological interest still exceed the capabilities of quantum mechanical
approaches in terms of the number of atoms and degrees of freedom. There-
fore, force field calculations dominate the field. A whole variety of potential
energy functions has been developed and extended in order to accommo-
date the polypeptide as well as the glycan part, including AMBER [95–99],
CHARMM [100–102], GROMOS [103, 104], OPLS [105, 106], and TRI-
POS [107, 108].

All implementations have to face as a major challenge the high degree of
hydrophilicity and thus extensive solvation of the carbohydrate part, elec-
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tronic arrangements that largely vary with conformation, leading to the
anomeric, exo-anomeric and gauche effects, and a correct representation of
the forces that act between the glycan and the protein part, including elec-
trostatic and van der Waals interactions as well as entropic effect due to
solvation/desolvation processes. A comparison of the performance of 20 dif-
ferent force fields including their carbohydrate-specific parameters has been
carried out by Pérez et al. [109]. Even though computational methods for
structure calculation are highly sophisticated, today, many features of physi-
cal reality are still being neglected, ranging from induced polarization effects
via protonation equilibria to a thorough treatment of solvation [10, 11].

Apart from considerations relating to the force field, an important as-
pect is the software implementation that has to be capable of handling all
available experimental restraints in a flexible way. Regarding NMR spectro-
scopic data of glycopeptides and glycoproteins, special emphasis pertains to
treating highly ambiguous distance restraints due to overlap of carbohydrate
resonances, and to incorporating the growing number of restraints derived
from tensorial interactions. In addition, the high degree of conformational
flexibility of these molecules demands incorporating restraints in an ensem-
ble and/or time-averaged form [110]. Flexible options for this have been
implemented, for example into AMBER [95], X-PLOR/CNS [111, 112], and
GROMOS [103].

4.4
Statistical Analysis of Available 3D Structures

The entirety of available crystallographic data on oligosaccharides, glyco-
proteins, and glycan-binding proteins was analyzed by Petrescu et al. in
1999 [113]. From 639 glycosidic linkage structures distinct conformers could
be identified. The O5-C1-O-C(x)′ torsion angles for all these distinct con-
formers appears to be determined chiefly by the exo-anomeric effect. The fa-
vored conformations identified in this study should prove useful when model-
ing “average” glycan structures and should, in analogy to the Ramachandran
plot for proteins, also allow the easy identification of distorted glycosidic
linkages.

More recently, Petrescu et al. focused on the peptide glycosidic link-
age, and the peptide primary, secondary, and tertiary structures around
N-glycosylation sites [114]. At that time, less than 3% of the proteins in the
PDB were glycosylated. Regarding that over 50% of eukaryotic genes code
for glycoproteins this again illustrates the immense technical difficulties as-
sociated with crystallization of glycoproteins [2]. Out of 2592 glycosylation
sequons 1683 (65%) were occupied by N-glycans. An increased occurrence of
aromatic residues and a deficit of acidic residues upstream from occupied gly-
cosylation sites was found. Glycosylated sequons showed strong preference of
threonine with respect to serine at position +2 whereas proline at position
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+ 1 seems to completely prevent glycosylation. Other than that, no pattern of
remote amino acid distribution was found.

Glycosylation can occur on all types of secondary structure, with a bias
towards turns and bends. It is noteworthy that glycosylation sites occur at
or very close to protein regions where there is a change in secondary struc-
ture. The authors hypothesize that this reflects a specific role of glycans in
organizing the folding process. As might be expected, many of the occupied
N-glycosylation sites are found at convex surfaces (33%). On the other hand,
a surprisingly large number of glycosylated asparagine residues have a low
accessibility with 10% being in deep recesses and 20% with the attached gly-
can filling a cleft both primarily formed by hydrophobic, especially aromatic,
amino acid side chains (Table 5). These findings provide evidence for the im-

Table 5 Analysis of surface geometry and relative accessibility of the Asn residue for all
occupied glycosylation sites in a non-redundant data set of 386 N-glycosylation sites.
The surface geometry was qualitatively classified in two orthogonal directions by inspec-
tion and the following attributes were assigned for each direction: convex (x), concave
(v), inflection (i), and flat (f ). Very frequently, N-glycosylation was found at the edge
of a groove. These sites were separately labeled as e (edge). The relative accessibility of
the Asn residue to a probe of radius 3 Å was defined as the ratio between the side chain
accessibility of the Asn residue and that of an Asn residue located in a fully extended Gly-
Asn-Gly tripeptide. Asn SC (–G), Asn side chain relative accessibility in the absence of the
glycan; Asn SC (+G), Asn side chain relative accessibility in the presence of the glycan;
Asn Bkb (+G), Asn backbone relative accessibility in the presence of the glycan. (Adapted
and reproduced with permission from [114])

Sites Asn SC Asn SC Asn Bkb Surface Local geometry of the protein
(%) (–G) (+G) (+G) type protein surface at the glyco-

sylation site

33.2 57.6±19.8 34.4±27.0 28.2±30.8 xx

18.6 29.5±13.9 13.9±21.9 12.9±23.2 e

11.0 36.9±11.6 12.6±15.1 6.8±16.3 xf

6.8 42.4±11.9 16.8±19.7 6.7±11.8 xi

6.5 23.4±10.0 6.3±11.5 3.8±10.6 fi

6.0 7.6±5.2 0.0±0.0 0.2±0.6 vv

6.0 25.1±6.4 3.6±5.6 1.9±5.7 ff

4.5 21.5±11.1 3.8±7.2 7.6±14.4 vx

3.4 14.9±9.1 1.4±3.6 1.1±3.9 vi

3.1 32.5±9.9 10.0±9.5 6.0±11.0 ii

0.8 29.1±2.7 10.4±10.6 0.0±0.1 fv
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portance of hydrophobic protein/glycan interactions. In addition, the authors
propose that, by occupying grooves or holes, these glycosylation sites become
a direct marker of proper folding as enzymes of the quality control machin-
ery, like UDP-glucose glycoprotein:glucosyltransferase (UGGT), would not
process these sites during quality control which would in turn prevent protein
degradation.

N-Glycosylation is correlated with altered asparagine side chain torsion
angle distribution and reduced flexibility [Figs. 14 and 15 (and Fig. 1 for angle
definitions)]. Unmodified Asn residues show a preference for the g– con-
former compared to the t conformer, largely irrespective of whether Asn is
located inside the protein, at a solvent-accessible surface or in a glycosylation

Fig. 14 Torsion angle and histogram plots for the Asn-GlcNAc linkage. Structures associ-
ated with a distinct conformer are shown by the boxes. A Plot of φN versus ψN. B Plot of
ψN versus χ2. (Reproduced with permission from [114])
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sequon. In contrast, glycosylated Asn residues populate the t conformer in
preference to the g– conformer which corresponds to an extended side chain
conformation increasing the distance between the first GlcNAc and the pep-
tide back bone. A further important outcome of the statistical analysis is that,
in the glycosylated case, the χ2-angle displays a much narrower distribution
compared to unmodified Asn residues while in both cases the χ2-dihedral
centers at 180◦ in agreement with previous work [20]. The reduced standard
deviation of χ2 in the glycopeptide case is in agreement with a whole body

Fig. 15 Torsion angle and histogram plots of χ1 versus χ2 for Asn residue side chain sub-
sets. The χ2 histogram plot is shown for each distinct χ1 conformer, as well as for the
total population. A Asn residues in occupied glycosylation sequons. B Asn residues not in
glycosylation sequons and with a solvent accessibility greater than zero. (Reproduced with
permission from [114])
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of literature saying that N-glycosylation leads to decreased flexibility of the
peptide chain.

Ninety percent of N-glycosylation sites found in the PDB have the same
conformation of the glycosidic linkage with a ψN-angle of 180◦ as expected
for a trans amide bond and a φN-angle centered around 240◦. This is in
agreement with the previous statistical analysis of PDB structures by Im-
berty and Pérez and with structural information obtained by NMR spec-
troscopy [20, 115–117]. Interestingly, the broader data basis surveyed in the
latest statistical analysis by Petrescu et al. allowed the identification of a sec-
ond conformational family populated by roughly 12% of structures. Here, φN
averages at 75◦ significantly deviating from the value of 40◦ predicted by force
field calculations [20].

In a previous study, the peptide backbone conformation and the amino
acid distribution at position + 1 of the glycosylation sequon was analyzed
by Veluraja and coworkers on a set of 696 Asn – X – Ser/Thr motifs found in
structures of the PDB [118]. Here, as well as by analyzing the amino acid se-
quences of the SWISS-PROT database it turned out that Gly is found with
increased probability in the glycosylation sequon. In addition, the authors re-
port elevated occurrence of Asn and Phe at this position although this could
not be verified by the more recent study of Petrescu et al. [114].

It is noteworthy that the backbone angles of Gly residues found at glyco-
sylation sites cluster around φG = + 60◦ to + 110◦ and φG = – 30◦ to + 30◦,
a conformation that is disallowed for non-glycine residues (Fig. 16). This
backbone conformation allows the formation of an H-bond between the side
chain of Asn and the hydroxy amino acid that has been proposed earlier to be
essential for the function of the oligosaccharyltransferase [119, 120].

The whole set of confirmed N-glycosylating sequences could be classified
into nine backbone conformations of the Asn-X-Ser/Thr motif with angu-
lar deviations smaller than 30◦. In the majority of these conformations the
authors were able to demonstrate the possibility of direct or water-mediated
hydrogen bonds [118]. The significant number of structures analyzed by
Christlet et al. that do not possess this kind of H-bonding and the fact
that glycosylation occurs during synthesis of the polypeptide chain that is
presumed to be unfolded at this stage, suggests on the other hand that con-
formations found in mature proteins need not reflect circumstances present
at the time of glycosyltransfer [20].

4.5
Databases

Databases that compile and order chemical, structural and biological infor-
mation and make it searchable are largely responsible for the increasing pace
in the life sciences and for major breakthroughs seen, for example in genetics
and structural biology of proteins.
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Fig. 16 Ramachandran plot showing the clustered region for Gly in the glycosylated con-
sensus sequences Asn-Gly-Ser/Thr. The clustered region is marked as a rectangular box.
Dots and crosses represent consensus sequences from a set of 488 non-homologous pro-
teins and confirmed glycosylated sequences, respectively. (Reproduced with permission
from [118])

Protein Data Bank (PDB) (http://www.rcsb.org/)
The most important source for 3D structural information on biomolecules
is the PDB containing 36710 entries (May 2006) [1, 121]. Structures of pro-
teins, glycoproteins as well as nucleic acids and biomolecular complexes
determined by X-ray, NMR or theoretical methods are compiled together
with information on sequence, experimental conditions, and methodical de-
tails. From 2006 on, the PDB has fully switched to a new web interface with
improved search and browse functionality. However, it is still not straight-
forward to identify all PDB entries of glycoproteins that actually contain
structural information on the carbohydrate part. In order to do so, Petrescu
et al. applied their own search algorithm to a downloaded version of the PDB
(cf. Sect. 4.4) [113, 114].
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Biological Magnetic Resonance Data Bank (BMRB) (http://www.bmrb.
wisc.edu/)
The pedant to the PDB in terms of NMR spectroscopic data is the BMRB
maintained at the University of Wisconsin, Madison [58]. At the time of writ-
ing, it contained ca. 7000 entries on chemical shift assignment, and, in many
cases, restraint lists and even NMR time domain data. However, chemical
shift data on glycopeptides and glycoproteins are scarce. Most of the ex-
amples reviewed here are not, or only very incompletely, referenced in the
BMRB.

4.5.1
Glycoconjugate-Specific Databases

The need for cross-linking available information on glycoconjugates has
triggered the founding of several glyco-specific databases and internet re-
sources. Currently, three major initiatives are, in part jointly, building-up
comprehensive knowledge bases for glycobiology, namely Glycosciences.de,
the Consortium for Functional Glycomics, and the Kyoto Encyclopedia of
Genes and Genomes.

Glycosciences.de (http://www.glycosciences.de/)
A broad range of information and a versatile collection of tools is available
at the Glycosciences.de web site located at the DKFZ, Heidelberg, Germany.
The SWEET-DB [122] associates primary structures of carbohydrates with
3D structures from the PDB, NMR data from Sugabase, and literature refer-
ences from NCBI Pubmed and Carbbank. In addition, theoretically calculated
mass spectra and 3D-coordinates can be retrieved for a given carbohydrate
(sub)structure. Web-based tools allow for searching the PDB for carbohydrate
structures, predicting protein N-glycosylation, building of 3D models and
calculating of mass spectra of arbitrary glycan structures. Glycosciences.de
has joined with the Consortium for Functional Glycomics and is part of the
EuroCarbDB initiative which aims at creating a comprehensive database of
glycoconjugate-specific information (http://www.eurocarbdb.org/).

Consortium for Functional Glycomics (CFG) (http://www.functional
glycomics.org/)
The US pendant to Glycosciences.de is the CFG [123]. Its database integrates
glycan structures from Carbbank, Glycominds Ltd., as well as structure syn-
thesized or identified by members of the CFG. In addition, the CFG curates
databases on glycosyl transferases, glycan binding proteins, and various mi-
croarray and profiling experiments.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) Glycan Database
(http://www.genome.jp/kegg/glycan/)
The KEGG Glycan database, part of the Kyoto Encyclopedia of Genes and
Genomes, currently contains 11 118 entries on glycans covering primary
structure, pathways and related proteins [124].

Glyco3D (http://www.cermav.cnrs.fr/lectines/)
At the CERMAV division of the CNRS, 3D structural information on mono-,
oligo-, and polysaccharides, lectins, glycosyltransferases, and glycosamino-
glycan binding proteins has been organized in the form of a web site that
provides links to the corresponding PDB entry.

O-Glycbase 6.0 (http://www.cbs.dtu.dk/databases/OGLYCBASE/)
This database, recently updated to version 6.0, lists collected information
on primary structure, site and type of glycosylation for 242 O- and C-
glycoproteins with experimentally confirmed glycosylation [125]. In addition,
content has been linked to various other databases like Medline, PDB, and
GlycosuiteDB. Associated with this O-Glycbase is the netOglyc server that
predicts O-glycosylation sites in proteins based on an artificial neural net-
work [126] (http://www.cbs.dtu.dk/services/NetOGlyc/).

GlycoSuite (http://www.glycosuite.com)
Release 8.0 of the commercial GlycosuiteDB lists 9436 curated entries which
are searchable for information related to structure, disease, mass spectrome-
try, etc. [127].

Sugabase (http://www.boc.chem.uu.nl/sugabase/sugabase.html)
SUGABASE is a carbohydrate-NMR database that combines CarbBank Com-
plex Carbohydrate Structure Data (CCSD) with proton and carbon chemical
shift values. Funding has been discontinued and this database is no longer be-
ing updated. Its information content has been integrated into other databases,
for example SWEET-DB.

Complex Carbohydrate Structure Data (CCSD) and CarbBank (http://
www.boc.chem.uu.nl/sugabase/carbbank.html)
The CCSD, formerly hosted at the Complex Carbohydrate Research Center,
Georgia, USA, collected primary structures of carbohydrates and associated
literature references. Funding has been discontinued [128]. The content of the
CCSD has been integrated into other databases, for example SWEET-DB, CFG,
and KEGG Glycan.
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5
3D Structures of Glycopeptides and Glycoproteins
and Implications for Biological Function

In the following we summarize recent results on glycoprotein structure that
illustrate the diversity of glycan function and that highlight how fruitful
structural research on glycoproteins and glycopeptides has become. We have
compiled two sections, one on N-glycosylated and one on O-glycosylated pep-
tides and proteins. Instead of presenting every structural work of the last five
years, we will concentrate on a few examples that an extensive set of experi-
mental data has been collected on, and we have to apologize to all researchers
whose work we decided not to present here.

5.1
Effect of N-Glycosylation on 3D Structure

5.1.1
HIV Envelope Glycoprotein GP120

One of the great success stories of crystallography of glycoproteins centers
around structure and interaction of the HIV envelope glycoprotein GP120.
GP120 mediates adhesion of the viral particle to the host cell and, together
with the transmembrane glycoprotein GP41, triggers viral entry. GP120, with
a molecular mass of 120 kDa half of which originates from carbohydrates,
associates with GP41 to form a heterodimer. Three of these heterodimers as-
semble to the so-called viral spike which protrudes from the viral envelope,
a membrane that originally stems from the virus-producing host cell. GP120
is the only viral protein accessible to the immune system. Tragically, the
virus has developed a whole variety of mechanisms to escape host defense.
First, GP120 is heavily N-glycosylated. Glycans, synthesized by the glycosyla-
tion machinery of the host cell are attached at 27 sequence positions. These
oligosaccharides shield a significant portion of the virus from recognition
by immune cells and antibodies. Second, GP120 contains five hypervariable
peptide loops which are immunogenic, however, mutations in these areas
quickly make antibodies useless, obviously without impairing viral infectiv-
ity. Third, viral entry is essentially organized as a two-step process, starting
with a primary interaction of GP120 with the immune globulin superfamily
(IgSF) protein CD4 of the host cell, which leads to a conformational change
of GP120 and results in presentation of the co-receptor binding site. The sub-
sequent interaction with a co-receptor belonging to the family of chemokine
receptors finally triggers a reorganization of the viral spike, insertion of a fu-
sion peptide of GP41 into the host cell membrane and membrane fusion. This
two-step entry mechanism protects vital areas of GP120 inside the protein
until the primary interaction with CD4 has taken place.
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The high content in carbohydrates and the presence of several flexible pep-
tide loops constituted a significant hindrance for obtaining crystals. A major
breakthrough was achieved by the groups of Hendrickson and Sodroski in
1998, when they succeeded in crystallizing a GP120-core in complex with two
domains of CD4 and the Fab fragment of an anti-GP120 antibody [129, 130].
This GP120-core construct had all of its carbohydrates cleaved off beyond
the innermost GlcNAc residue and contained short Gly-Ala-Gly substitutions
at the sequence positions of the V1/V2 and V3 hypervariable loops. Despite
these radical modifications, GP120-core retains its affinity for CD4 and, upon
interaction with CD4, presents an epitope which is recognized by the anti-
body 17b, the epitope of which overlaps with the chemokine receptor binding
site.

This crystallographic study has put our knowledge about antigenicity,
receptor requirements and sequence variability- and glycosylation-induced
immune escape on a structural basis. GP120 has an inner and outer domain
both of which are linked by a region called the bridging sheet, providing
a basis for receptor-induced conformational changes. Contacts with the CD4
receptor are mainly made by main chain groups explaining why many mu-
tations do not affect CD4 binding. The proposed co-receptor binding site
is composed of conserved residues, yet, it is only exposed close to the host
cell membrane after contact with CD4. A highly immunogenic surface, called
a non-neutralizing face, is only accessible when monomeric GP120 is shed
into solution, and consequently does not elicit antibodies with the capacity
to bind to the fully assembled viral spike. Another surface, called the silent
face, is not recognized by antibodies because of complete masking by complex
carbohydrates.

On the basis of the described structure Kwong et al. followed-up by
modeling the arrangement of GP120 in the oligomeric state of the viral
spike [131]. Following criteria like carbohydrate exposure, occlusion of con-
served residues and steric considerations with regard to CD4 and antibody
binding, a model was developed that allows binding of multiple CD4 entities,
contacting the oligomer from the periphery whereas the co-receptor binding
site is exposed in the vicinity to the host cell membrane close to the threefold
symmetry axis of the viral spike (Fig. 17). It appears that co-receptor bind-
ing is much more dependent on the charge of the third variable (V3) domain
than on its precise structure providing yet another explanation for immune
escape.

Recently, Huang et al. succeeded in crystallizing the GP120-core includ-
ing the V3-loop which constitutes an immunodominant epitope and is of
central importance for co-receptor binding and co-receptor usage, i.e. for
using either CXCR4 or CCR5 as a secondary receptor [132]. With this struc-
ture, the whole co-receptor binding site of GP120 could be defined. From
this, a consistent model of co-receptor binding could be proposed charac-
terized by interactions of the positively charged base region of V3 with the
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Fig. 17 Trimeric model of gp120. Three orientations of the model are shown. The im-
ages at the top depict the view from the orientation of the viral membrane. The middle
images depict the view from the side, in between the viral and target cell membranes.
The images at the bottom depict the view from the target cell membrane. The left-most
three images are Cα worm representations of core gp120 (copper brown) and the two
membrane-distal domains of CD4 (yellow). Also shown are the gp120 carbohydrate cores
(blue), the (Man)3-(GlcNAc)2 cores shared by both high-mannose and complex N-linked
glycan moieties. The carbohydrate shown here represents approximately half the carbo-
hydrate on gp120, with the rest extending further from the gp120 surface. The middle
images show the electrostatic surface of gp120 for the core. The electrostatic potential is
depicted at the solvent-accessible surface, which is colored according to the local electro-
static potential, ranging from dark blue (most positive) to red (negative). The right-most
images show the gp120 core with carbohydrate, with the solvent-accessible surface col-
ored cyan for carbohydrate, yellow for the surface of gp120 less than 3 Å from CD4,
green for the surface of gp120 less than 3 Å from the 17b antibody, and copper brown
for the remaining surface of core gp120. The degree to which carbohydrate covers all of
the solvent-accessible trimer surface is remarkable. Other than a small region at the viral
proximal portion of the oligomer (where the missing N and C termini most likely re-
side), the only carbohydrate-free surfaces large enough to serve as an antibody epitope
correspond to regions of receptor binding. (Reproduced with permission from [131])
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sulfated N-terminus of the co-receptor and by binding of the conserved tip
of V3 to the second extracellular loop of the seven-helix transmembrane co-
receptor. It remains to be seen whether this model of receptor interaction will
be confirmed by a high-resolution structure of the whole assembly present
just before viral entry.

Another “snapshot” of HIV entry has recently been contributed by Chen
et al. who determined the crystal structure of an unliganded SIV GP120-
core, i.e. in the state prior to CD4 contact, something, that has been tried
for more than 20 years [93, 94]. Interestingly, in this case, the typical degly-
cosylation procedure prior to crystallization attempts prevented rather than
facilitated crystal formation. Thus, the structure of the fully glycosylated
GP120-core, expressed in insect cells, was determined. The oligosaccharide
part shows an astonishing degree of order resulting in electron density to be
found for all 13 oligosaccharides, identification of seven α1,6-linked fucose
residues, and eight glycans with order at least out to the mannose branch
(Fig. 18). These well-ordered sugars are most likely a consequence of sugar-
protein contacts as well as tight hydrogen bonding within sugar clusters. The
structure of the unliganded GP120-core illustrates once more how oligosac-
charides shield the protein surface from recognition by the immune system.
In addition, this pre-fusion state shows significantly different organization
compared to the CD4-bound structure, providing detailed insight into con-
formational changes that accompany receptor binding. Structural elements
necessary for co-receptor binding are spatially separated in the unliganded
form and thus not detectable by the immune system. On the other hand, the
dramatic structural changes upon CD4 contact require GP120 to have sev-
eral cavities and pockets, and Chen et al. have identified one of those as the
binding site for a known entry inhibitor (BMS-378806 [133]).

In conclusion, crystallographic research on HIV GP120 has provided in-
valuable insight into viral entry, immune escape and, not to the least, experi-
mental aspects of crystallography of glycoproteins. We can hope that these
results trigger the development of new vaccines and pharmaceuticals that will
be urgently needed in the fight against HIV and AIDS.

5.1.2
Human T-Cell Specific Surface Glycoprotein CD2

One of the relatively rare examples of glycoproteins that we have in-depth
information on regarding structure, dynamics, interaction and biological
function is the adhesion domain of the T-cell specific surface glycoprotein
CD2 which is a key component of immune stimulation. It mediates adher-
ence of T-cells to antigen-presenting cells by binding to the counter receptor
protein CD58. Both proteins require N-glycosylation for biological activity al-
though it turns out that the mechanism of stabilization is completely different
in each case.
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Fig. 18 Crystal structure of unliganded SIV GP120-core. The density for all 13 N-linked
oligosaccharides was found in the final electron density map. A A view of SIV gp120
core structure in a ribbon diagram showing that the long N-linked glycans (stick model)
form apparent sugar clusters on the surface of the molecule. Cluster I includes glycan
277, 305, and 459; Cluster II, glycan 243 and 246; Cluster III, glycan 376, 475, and 478.
B The structures are shown with ordered residues as well as linkages; Asn in bold shows
the glycosylated asparagine. Glycan 459 was built as a high-mannose type, but the iden-
tity of the last three ordered residues of the longer branch, which make contacts with
a symmetry-related molecule, is questionable at current resolution. (Reproduced with
permission from [93])
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Already in 1993, a solution structure of the glycosylated N-terminal do-
main of CD2, expressed in CHO cells was reported, based on NMR spectra
acquired at natural isotopic abundance, and from a protein sample specific-
ally labeled with 15N-lysine. Because of severe overlap of the sugar resonances
the precise conformation and orientation of the single (Man)5–8(GlcNAc)2
glycan which is attached to Asn65 located at the tip of the DE loop could
not be determined [134]. This was achieved two years later after successful
expression of uniformly 15N-labeled glycoprotein and with the aid of a high-
field (750 MHz) NMR spectrometer [28]. The N-terminal domain of CD2
adopts the characteristic overall fold of a V-set IgSF domain although lack-
ing half of strand A. The N-glycan is oriented toward the β-sheet containing
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the strands D, E, and B and thus pointing away from the CD58 binding site
(Figs. 19 and 20). There is no evidence for a direct interaction of CD2’s glycan
with CD58 or with residues of CD2 that have contact to the counter recep-
tor. Rather, the carbohydrate stabilizes the conformation of the whole protein
domain and prevents unfolding and aggregation. It is striking that already
a single GlcNAc residue that remains attached to Asn65 after treatment with
endoglycosidase H accounts for the major part of this effect [28].

The decisive difference between human CD2 and its homologs from other
species that do not require glycosylation for activity is the presence of a ly-
sine residue at position 61 whereas all other species have glutamic acid at
this position. Lys61 leads to an unfavorable clustering of positive charges that
obviously requires counterbalancing by hydrogen bonds, van der Waals inter-
action and entropic contribution of the N-glycan [28].

This and a follow-up study also provided a very detailed picture of the
dynamics of CD2 and its high-mannose type oligosaccharide [135]. 13C line
width illustrate a significant reduction in the mobility of sugar residues close
to the Asn65-GlcNAc linkage. In terms of flexibility GlcNAc-1 is as rigid as
amino acid residues of the protein core. Sugar residues at the end of the
N-glycan exhibit a mobility similar to that measured for amino acid side
chain carbons and α-carbons of terminal residues. The assessment of mo-
bility is also reflected in the structural ensemble showing a well-ordered
trisaccharide core (Man)-(GlcNAc)2 contacting the DEB-β-sheet.

15N-relaxation data confirm this picture showing the glycosylated face
of CD2 to be as rigid as the protein core. The termini and several loops
show, as expected, fast motions on the ps-ns time scale, but surprisingly, in

Fig. 19� A Ribbon diagram of a single representative solution structure of human CD2
(residues 1–105), which is composed of two β sheets containing three (strands D, E, and
B) and five (strands C′′, C′, C, F, and G) antiparallel β strands. An additional β strand,
A, makes parallel NOE contacts to strand G. The overall fold is characteristic of a V-set
lgSF domain, but lacks the first half of strand A. A single high-mannose N-glycan is at-
tached to the protein at Asn65 at the tip of the DE loop and is oriented toward the β

sheet containing the strands D, E, and B. Polypeptide residues that contact the N-glycan
are highlighted in red. The CD58 binding site, which includes residues in the C, C′, and F
strands as well as in the CC′′, C′C′′, and FG′ loops, is located on the opposite face of the
glycoprotein. Lys55, Lys64, and Lys71, are highlighted in purple, and together with Lys69
form a clustering of positively charged residues around Lys61. The view is with the DEB
face in front and the C′′C′CFG face in the back. B Summary of the NOE data obtained for
the high-mannose N-glycan of CD2, NOEs are indicated only if they were unambiguously
assigned. More NOEs to carbohydrate protons are expected, but they were either not re-
solved in the NOESY spectra or could not be assigned because many of the H2, H3, H4,
H5, and H6 sugar resonances exhibit similar chemical shifts. Carbohydrate intraresidue
and inter-residue NOEs are shown by green and red lines, respectively, and carbohydrate-
protein contacts are indicated by blue lines. Carbohydrate residues are labeled as in [139],
and amino acid residues are abbreviated with the single-letter code and residue numbers.
(Adapted and reproduced with permission from [28])
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Fig. 20� A Stereo diagram of backbone atoms of the polypeptide (red) and heavy atoms of
the trisaccharide core Man-3-(β1-4)GlcNAc-2-(β1-4)GlcNAc-1-(β1-N-Asn) (blue) for 16
NMR structures of human CD2 superimposed on the NMR mean coordinates. The orien-
tation is the same as in Fig. 19A. B DEB sheet and part of the high-mannose N-glycan
of 16 model structures based on the superposition of the backbone heavy atoms of all
residues (16 to 20, 60 to 71) in the DEB sheet and heavy atoms of the trisaccharide core
Man-3-(β1-4)GlcNAc-2-(β1-4)GlcNAc-1-(β1-N-Asn). The backbone, the side chains for
the contact residues, and the high-mannose N-glycan are shown in black, red, and blue,
respectively. Glycoprotein structures were calculated for the (Man)7-(GlcNAc)2 glycoform,
but for clarity the more disordered arm Man-B-Man-D3 is not shown. The sugar residues
are annotated as in Fig. 19B. C Representative glycosylated model structure of CD2 show-
ing the polypeptide backbone in black, the side chains of the polypeptide residues that
contact the glycan in red, the side chains of the polypeptide residues that together with
Lys69 form a clustering of positively charged residues around Lys61 in purple, and the
high-mannose N-glycan (Man)7-(GlcNAc)2 in blue. This carbohydrate is located on the
opposite site of the CD58 binding site, and a conformation in which its [4′-A] arm is ori-
ented toward the trisaccharide core Man-3-(β1-4)GlcNAc-2-(β1-4)GlcNAc-1-(β1-N-Asn)
is significantly populated. (Reproduced with permission from [28])

the CD58 binding region these motions are largely absent and slow ms-µs
fluctuations are found [135]. Later on, these relaxation data could be inter-
preted in terms of a model of concerted motion resembling conformational
changes during counter receptor binding, albeit not taking slow motions into
account [136].

As is the case for CD2, its receptor on antigen presenting cells, CD58, cru-
cially requires glycosylation for bioactivity. Mature CD58 consists of 40–70%
carbohydrate whereas the pure polypeptide part has a molecular weight of
11 KDa only. For a long time structural studies were unsuccessful as no
way of preparing CD58 suitable for crystallization or NMR could be found.
In contrast to the situation with CD2, the glycans of CD58 seem to stabi-
lize the protein structure not by interacting with charged surfaces but by
shielding hydrophobic patches which, in the absence of carbohydrate, lead
to aggregation and insolubility. A homology model of CD58, based on dif-
ferent 3D structures of CD2 allowed for identifying hydrophobic residues of
CD58 that are not involved in CD2 binding but are located on different faces
of the receptor, and are, in its native form, presumably shielded by carbohy-
drates. These surface-exposed residues were mutated into polar amino acids
finally yielding a glycan free, yet fully functional adhesion domain suitable
for NMR purposes [137]. These mutational and structural studies on each
binding partner finally opened the route for engineering glycan-free pro-
tein domains that could be crystallized in complex with each other [138].
Overall, the shielding of clustered positive charges as found for the adhesion
domain of CD2 seems to be a special case. Statistical analysis of available
3D structures indicates that carbohydrates predominantly cover hydrophobic
regions [114].



230 B. Meyer · H. Möller

5.1.3
Human Chorionic Gonadotropin

Human chorionic gonadotropin (hCG) is a glycoprotein hormone involved in
the maintenance of the corpus luteum during early pregnancy. It consists of
two subunits, α and β, with molecular weights of 17 and 22 kDa, respectively,
carrying in total four N-glycans (Glycan structures are shown in Fig. 21). It
is remarkable that hCG is still a subject of intense structural studies regard-
ing that X-ray structures of the αβ-heterodimeric protein were solved more
than 10 years ago [140, 141]. This is mainly due to the observation that hCG
preparations used for crystallization bind to the receptor but do not trigger
signaling which is probably due to the presence of truncated N-glycans, and
possibly further alterations, as a result of treatment with HF.

While a solution structure of a functional heterodimer has not been
reported, yet, a wealth of knowledge has been gained for the 92 residue
α-subunit in its native and various deglycosylated forms. αhCG carries
N-glycans at two sites, Asn52 and Asn78, both of which are important for
biological activity. The glycans at these sites display very different behavior
in terms of flexibility and carbohydrate protein contacts, as became clear by
work done in the groups of Vliegenthart, Kamerling and Homans.

Homans and coworkers pioneered NMR studies with 13C- and 15N-iso-
topically labeled αhCG produced in CHO cells [26, 142, 143]. One key feature
of this expression method is that hCG carrying complex oligosaccharides is
obtained. In order to further approach the glycosylation state found in human
hCG, sialyl moieties were enzymatically attached to the CHO-cell hCG. The
study focused on conformational analysis of the oligosaccharides in the free
α subunit and in complex with the βhCG, and revealed that neither the gly-
can at Asn52 nor the one attached to Asn78 is in contact with the β subunit
of hCG. The authors report that both glycans when attached to the protein
behave very similar to the glycans studied free in solution. For the oligosac-
charide at Asn52, no NOE connectivities to the protein were detected. MD
simulations further support that this oligosaccharide is highly flexible and not
significantly constrained by the protein.

On the basis of chemical shift assignments achieved by deBeer et al. at nat-
ural abundance the solution structure of the isolated α subunit was recently
determined by Erbel et al. [112, 144]. In this case hCG was purified from urine
and its glycans were trimmed down to the GlcNAc residue directly attached to
asparagine by treatment with endo-β-N-acetylglucosaminidase-B. Free αhCG
is a glycoprotein with an unusual fold containing two twisted β-hairpins and
a cysteine knot motif displaying structural disorder in a loop region from
residue 33 to 57 and at the N- and C-termini. Differences with respect to the
crystal structure regarding the arrangement of the β-hairpins and the flexible
loop region are caused by contacts with the β-subunit in the heterodimeric
protein.
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Fig. 21 Structures of desialylated N-linked sugar chains isolated from various hCG prep-
arations (Adapted and reproduced with permission from [148])
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Numerous NOE connectivities between GlcNAc-1 at Asn78 and hydropho-
bic amino acid side chains indicate that this residue is tightly packed onto
the surface of the protein shielding this hydrophobic face from the solvent
(Figs. 22 to 24). From that, the crucial role of this glycosylation site for pro-
tein stability becomes evident. In contrast, the glycan at Asn52 is located in
a disordered region of free αhCG. These findings disprove the suggestion
that, based on a single set of glycan signals measured by NMR at 13C- and
15N-labeled αhCG sample, both glycans should have a similar dynamic be-
havior, like a free glycan [143].

It has previously been reported that removal of carbohydrate residues other
than GlcNAc-1 does not exert a major effect on the conformation of the pro-
tein part [144]. However, van Zuylen et al. demonstrated that glycosylation
beyond GlcNAc-1 at Asn78 has a small but significant effect on the thermal sta-
bility of αhCG [145]. A further investigation of αhCG N-glycosylated at Asn78,
only, revealed additional NOE connectivities between GlcNAc-2 and the pro-
tein core. From the values of 13C-relaxation parameters T2 and T1ρ of the
constituting monosaccharide residues, it was concluded that the inner three
residues have a severely restricted mobility (Fig. 22). The Man-4 and Man-4′
residues of the biantennary oligosaccharide exhibit a similar relaxation behav-
ior, suggesting that the Man-4′ branch occurs in a single conformation of the
C5–C6 linkage of Man-3 instead of in rapidly interconverting conformations
that are known to exist for this linkage for the free oligosaccharide [146].

A structure calculation of this αhCG variant, carried out by Erbel et al.,
revealed restricted conformational freedom of the glycan at Asn78 as well as

Fig. 22 NOE network of the glycan at Asn78 of αhCG. NOEs from GlcNAc-1 to the protein
are identical with those published previously [144] and not indicated in this figure. In-
traresidual NOEs and NOEs from GlcNAc-2 to protein are indicated with arrows. In case
of overlap, arrows are dashed. (Reproduced with permission from [146])
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Fig. 23 Representation of the residues of αhCG influenced by the presence of the glycan
at Asn78. The residues indicated in red show slightly different NOE intensities due to spe-
cific interactions with the glycan. The residues located in the heterogeneous β-turn and
hairpin loop are drawn in orange. The residues that are unaffected by the presence of the
glycan are represented in green. (Reproduced with permission from [112])

Fig. 24 Representation of the backbone conformation of the 26 conformers of
αhCG[GlcNAc52,78] (left) and αhCG[glycan78] (right). The superposition was carried
out including the backbone atoms of the residues 10–28, 59–70, and 75–84. The residues
outside this region indicated in white represent the flexible and undefined part of the
α-subunit, except one conformer which is represented in a yellow ribbon. The β-sheet is
drawn in yellow. The tight turn and the hairpin loop are colored in red. GlcNAc-1 is pre-
sented in purple and the residues beyond GlcNAc-1 in blue. (Reproduced with permission
from [112])
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increased order within the β-hairpin loops (Figs. 23 and 24) [112]. Interest-
ingly, the glycan at Asn78 leads to a similar stabilization of protein structure
as the one of the adhesion domain of human CD2 [28]. However, the un-
derlying molecular mechanism by which this effect is achieved is completely
different in both cases. In the case of αhCG the glycan shields a hydrophobic
surface of the protein from the solvent whereas in CD2 the glycan counterbal-
ances five clustered positively charged lysines.

To further elucidate the role of the glycan at Asn52 of αhCG, Vliegen-
thart and coworkers compared native αhCG with a variant that had its Asn52
glycan enzymatically removed without affecting the glycan at Asn78 or dis-
turbing the protein folding. The β-subunit was recombined in solution with
either the alpha-subunit or the alpha-subunit enzymatically deglycosylated at
αAsn52. The effect of the glycan at Asn52 on refolding and recombination of
the α/β-hCG heterodimer was studied by SPR, CD and NMR spectroscopy
and susceptibility toward proteolysis. The results give additional evidence
that the glycan at Asn52 neither contributes significantly to the stability of
the dimer nor is it responsible for large, overall, conformational differences
with respect to the unglycosylated protein. However, minor changes regard-
ing conformation and NOE pattern have been detected by CD and NMR
spectroscopy, respectively. It is proposed that for bioactivity the bulky and
extended glycan at αAsn-52 is necessary for inducing and stabilizing a confor-
mational change in hCG upon binding to the receptor, resulting in activation
of the signal-transduction pathway [147]. Whereas the role of the glycan
at Asn78 has become relatively clear, the mechanism by which glycosyla-
tion at Asn52 renders αhCG biologically active is still a matter of debate.
There is evidence for a variety of models including interaction of the glycans
with secondary receptors, prevention of downregulation of the hCG receptor
or induction of subtle structural changes. To answer this question, a struc-
ture determination of a functional heterodimer including complex, sialylated
oligosaccharides might be the key.

5.1.4
Effect of N-Glycosylation on the Structure of Peptides

Imperiali and coworkers carried out extensive research on the influence of
natural and non-natural glycosylation on the conformation of N-linked gly-
copeptides. In the case of peptides derived from influenza virus hemagglu-
tinin, N-glycosylation of the sequence Ac-Orn-Ile-Thr-Pro-Asn-Gly-Thr-Trp-
Ala-NH2 with chitobiose (14) causes a conformational switching from an
extended Asx-turn found in the peptide to a more closely packed type I
β-turn of the glycopeptide. Astonishingly, this structural alteration is not ac-
companied by the formation of a strong NOE network between sugar and
peptide but seems to be caused mainly by steric crowding or solvent-mediated
effects [149]. The work on hemagglutinin glycopeptides was extended to the
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investigation of non-natural structures containing saccharide moieties other
than chitobiose or a single GlcNAc residue. Peptides β-N-glycosylated with
cellobiose (Glc(β1-4)Glc (15)), Glc(β1-4)GlcNAc (16), and GlcNAc(β1-4)Glc
(18) were synthesized and characterized by NMR (Figs. 25 and 26) [150].
A dramatic effect on conformation was only found when GlcNAc was directly
attached to asparagine leading to a preference for a β-turn conformation.
A weak effect was observed when the N-acetyl group was present on the
sugar residue distal from asparagine. The cellobiose carrying glycopeptide 15
that lacks N-acetyl groups was most flexible among the compounds studied
and remains in an extended structure similar to the one found for the ung-
lycosylated peptide. These findings were further strengthened by molecular

Fig. 25 Chemical structures of all glycopeptides examined by O’Conner et al. In each
figure, N-acetylglucosamine is red, and glucose is blue. (Reproduced with permission
from [150])
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Fig. 26� Minimized structures of the glycopeptides 14–18 shown in Fig. 25 resulting from
a simulated annealing protocol that incorporated NOE-derived distance and 3JHNHα -
derived dihedral restraints. Root mean square deviation (rmsd) values were calculated
from all atoms. In all cases, the large rmsd value for asparagine reflects the highly dis-
ordered carbohydrate that is covalently linked to this residue. Residues Thr3-Gly6 are
shown. A Five of ten NMR-derived structures of glycopeptide 14 that converge to a type I
β-turn. Thr3, 0.76±0.07 Å; Pro4, 1±0.09 Å; Asn5, 6.5±2.6 Å; Gly6, 2.3±0.7 Å. B Seven
of ten NMR-derived structures of glycopeptide 15, illustrating the more extended back-
bone. Thr3, 1.2±0.4 Å; Pro4, 0.9±0.2 Å; Asn5, 7±1.6 Å; Gly6, 1.8±0.5 Å. C Five of
ten NMR-derived structures of glycopeptide 16 that converge to a type I β-turn. Thr3,
0.82±0.06 Å; Pro4, 0.88±0.3 Å; Asn5, 7.9±3.1 Å; Gly6, 1.2±0.3 Å. D Seven of ten NMR-
derived structures of glycopeptide 17 that converge to a disordered β-turn. Thr3, 0.86±
0.05 Å; Pro4, 0.76±0.3 Å; Asn5, 4.1 ±1.5 Å; Gly6, 2.4±0.2 Å. E Six of ten NMR-derived
structures of glycopeptide 18 that converge to a disordered β-turn. Thr3, 2.9±1.6 Å;
Pro4, 1.2±0.1 Å; Asn5, 12.5±3.7 Å; Gly6, 4.2±0.7 Å. (Adapted and reproduced with per-
mission from [150])

Fig. 27 Comparison of the solution-state structure between unglycosylated (19), α-
chitobiosylated (19-α), and β-chitobiosylated (19-β) peptide Ac-Orn-Ile-Thr-Pro-Asn-
Gly-Thr-Trp-Ala-NH2 derived from hemagglutinin. 19 and 19-α are shown from Pro4 to
Thr7. 19-β is shown from Thr3 to Thr7. (Reproduced with permission from [151])
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modeling studies indicating a rigidifying effect of N-acetyl groups on the gly-
cosidic linkage. The authors conclude that it is likely that the N-acetyl groups
of the carbohydrates have a critical role in promoting the more compact
β-turn conformation through steric interactions with the peptide.

Recently, a conformational analysis of a glycopeptide with α-N-linked chi-
tobiose (19-α) was reported. Thereby, the impact of this non-natural glyco-
sidic linkage could be compared to that of the commonly present β-linkage.
It was shown that only the β-linkage is capable of inducing a type I β-turn
whereas the α-glycosylated peptide adopted a conformation similar to the un-
modified reference peptide displaying a more open Asx-turn-like structure in
the vicinity of the glycosylation site (Fig. 27) [151]. In this regard it is note-
worthy that statistical analysis of the stereochemistry of N-glycosylation sites
carried out by Imberty and Pérez and by Petrescu et al. revealed that only
about a quarter of glycosylated asparagines are located at a β-turn [20, 114].
This could mean, that the induction of β-turn structure by N-glycosylation
is of transient character and of major importance only during the folding
process.

5.2
Effect of O-Glycosylation on 3D Structure

5.2.1
Mucin-Type Glycoproteins

Danishefsky and coworkers carried out extensive research on the influ-
ence of O-glycosylation on mucin-type peptides. Glycopeptides derived from
the CD43 glycoprotein were prepared by total synthesis with a range of
glycans attached to adjacent serine and/or threonine residues. Not only
a α-GalNAc monosaccharide (α-Tn-Antigen) but also di-(α-TF and β-TF),
tri-(α-STF) and hexasaccharides (α-Le y) were attached to peptide scaffolds
(Fig. 28). The 3D structure of the triglycosylated peptide Ac-Ser(-O-α-STF)-
Thr(-O-α-STF)-Thr(-O-α-STF)-Ala-Val (24) was investigated in detail by
NMR (Fig. 29) [152, 153]. The peptide part turns out to be very similar
to that of a hexaglycosylated peptide fragment of glycophorin A investi-
gated by Schuster et al. [154]. There, the clustered glycosylation of adjacent
amino acid residues in the glycopeptide His-Thr(O-α-D-GalNAc)-Ser(O-
α-D-GalNAc)-Thr(O-α-D-GalNAc)-Ser(O-α-D-GalNAc)-Ser(O-α-D-GalNAc)-
Ser(O-α-D-GalNAc)-Val-Thr-Lys (26) leads to an extended, “wave-type”
structure with the saccharides projecting away from the peptide into al-
ternating directions (Fig. 30). In terms of position and conformation of
the glycan residues, there are obvious differences between the glycopeptide
derived from glycophorin A and the one related to the mucin CD43, illus-
trated, for example, by deviating χ1-angles. In the case of the glycophorin
A-derived glycopeptide 26, strong NOEs between the GalNAc-NH and the
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Fig. 28 Synthetic Muc-1 peptides with different O-Glycans attached to Ser and Thr
residues. (Reproduced with permission from [152])

Fig. 29 Superposition of the peptide backbone and first sugar residue of the 59 best calcu-
lated structures of 24 from the restrained dynamics calculations (The chemical structure
is shown in Fig. 28). (Reproduced with permission from [152])
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Fig. 30 Stereo plot of a superposition of 10 structures, obtained from a 1000 ps
constrained MD simulation of the glycopeptide His-Thr(O-α-D-GalNAc)-Ser(O-α-
D-GalNAc)-Thr(O-α-D-GalNAc)-Ser(O-α-D-GalNAc)-Ser(O-α-D-GalNAc)-Ser(O-α-D-Gal
NAc)-Val-Thr-Lys (26) derived from glycophorin A. Each structure is a snapshot every
100 ps. The sugar residues are colored red, the peptide cyan. The peptide backbone
conformation is highlighted by a yellow tube. On the right a schematic drawing of
the “wave-type” structure with the sugars projecting toward the N-terminus is shown.
(Adapted and reproduced with permission from [154])

peptide NH of the same amino acid were observed, in combination with
other constraints supporting an orientation of the sugar towards the N-
terminus. In contrast, in the CD43 glycopeptide 24, experimental data are
indicative for hydrogen bonding of the sugar NH to both the glycosidic oxy-
gen and to the carbonyl oxygen of its own amino acid. In addition, this
conformation allows for hydrophobic interactions between N-acetyl methyl
groups and side chain methyl groups C-terminal from the site of glyco-
sylation to stabilize the arrangement of the peptide backbone and of the
sugars (Fig. 31). Structural rigidity is also supported by NMR-relaxation
parameters.

The recent study on CD43 glycopeptides provides insight into the influence
of inner and outer glycan residues and allows a comparison between na-
tive α- and the abnormal β-linkage. It was found that the innermost GalNAc
residue, when attached α-anomerically, is key to the structural organization
of these glycopeptides. A distinct NOE fingerprint was found for all glycopep-
tides with the native O-α-linkage, surprisingly independent from further
glycosylation extending from the first GalNAc moiety. Strong induction of
regular structure was observed for O-α-linked glycosylation only. In contrast,
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Fig. 31 Illustration of the hydrogen-bonding-type interactions of N-acetyl amide proton
of the T3 GalNAc, shown by black lines. These are typical for all the glycosylated residues
of 24 (cf. also Figs. 28 and 29). The relevant oxygens are highlighted in red and the nitro-
gen in blue. The backbone trace of the rest of the peptide portion is shown as a ribbon.
(Reproduced with permission from [152])

the non-native O-β-linkage (compound 21) did not seem to affect peptide
conformation considerably leading to structures resembling the parent, ung-
lycosylated peptides with a high degree of flexibility. This contrasts findings
of Wong and coworkers who report significant conformational changes of
a mucin peptide derived from MAdCAM-1 induced by glycosylation with
β-O-SLex indicating a turn-like conformation in the vicinity of the glycosy-
lated threonine [155, 156].

Levine and coworkers investigated the effect of O-glycosylation on
the structure of human salivary mucin (MUC-7) glycopeptides. GalNAc-
monosaccharide and Gal(β1-3)GalNAc-disaccharides were attached to adja-
cent serine or threonine residues of the two peptide sequences PAPPSSSAPPE
and APPETTAAPPT derived from the tandem repeat region of MUC-7 [157].
The combined information from CD spectra, NMR chemical shifts, NOEs,
and temperature dependence of amide proton chemical shifts, is indicative
for an extended poly-L-proline type II or random conformation of the pep-
tide backbone. Strong interaction with the peptide backbone is only reported
for glycans attached to threonine. There, similar to the results of Coltart
et al. [152], the NOE pattern supports the formation of an H-bond between
the N-acetyl NH and the C-terminal carbonyl group of the threonine residue
that carries the glycan. In the case of glycosylated serine, a reduced number
of sugar-peptide NOEs is observed and there is less influence on chemical
shifts of α-CH-protons of neighboring amino acids. Glycans attached to ser-
ine residues are thus likely to possess more rotational freedom and to have
less influence on peptide conformation.

Kirnarsky et al. report on the conformation of the MUC-1 15-mer pep-
tide PPAHGVTSAPDTRPA and the influence of glycosylation at Thr7 [158].
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At lowered temperature (5–10 ◦C) and slightly acidic pH of 4.5, a weak but
distinct effect on conformational propensities could be detected by cluster an-
alysis of backbone conformation. Under all conditions studied, a strong NOE
between the GalNAc-NH and the NH of the glycosylated Thr could be de-
tected. In addition, weak dipolar interaction was present between the GalNAc
methyl group and the methyl group of Ala9 indicative for a similar conform-
ation as reported for the CD43-related glycopeptide [152].

Very recently, Kunz and coworkers presented a conformational analy-
sis of a MUC-1 glycopeptide (27) encompassing the whole tandem repeat
of 20 amino acids with (α2,6)-sialyl-T-glycosylation at the same threonine
residue as in the study of Kirnarsky et al. (Fig. 32) [158, 159]. In this case
it was possible to carry out NMR experiments very close to physiological
conditions at pH 6.5 and ambient temperature. Cluster analysis of the con-
formational ensemble yielded a rod-like structure with the GalNAc methyl
group oriented towards the C-terminus, similar to results by Coltart et al.
(Fig. 33) [152]. Grinstead et al. report on the influence of glycosylation on
a MUC-1 21-mer peptide single and double Tn-glycosylated at Thr3 and Ser4,
respectively [160]. Both glycosylation sites display specific NOE connectivities
with the N-acetyl group of GalNAc at Thr3 oriented towards the N-terminus
and the one at Ser4 contacting C-terminal residues.

Kirnarsky et al. investigated the effect of MUC-1 glycosylation at different
sites of the tandem repeat, namely at Thr5, Thr10, and Thr17 of the sequence
AHGVTSAPDTRPAPGSTAPPA [161]. The NMR-based structure determina-
tions indicate that glycosylation at different sites leads to distinct alterations
of the backbone conformation around the glycosylation site. In the case of
glycosylation at Thr5 of the VTSA motif, only minor changes of the pep-
tide backbone were observed. In contrast, attaching O-α-D-GalNAc to Thr17
of the STAP motif promotes a significant change of the peptide backbone
around Thr17. The authors propose that these conformational requirements
could be the cause for the finding that GalNAc-transferases show distinct
preferences for each glycosylation site [161]. A higher conformational flexi-

Fig. 32 ROE contacts, determining the structure of a Sialyl-Tn-glycosylated MUC-1 pep-
tide 27 encompassing the whole tandem repeat sequence. (Reproduced with permission
from [159])
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Fig. 33 The GVTSA sequence of glycopeptide 27 (chemical structure shown in Fig. 32)
exhibits a rod-like secondary structure. Of the trisaccharide, only GalNAc is shown. (Re-
produced with permission from [159])

bility of MUC-1 glycopeptides was reported by von Mensdorff-Pouilly et al.
when MUC-1 sequence variants were investigated that have an ESR instead of
a DTR motif. This could be a reason for differential antibody-mediated im-
mune response observed in humans which is in turn related to the survival
prognosis in breast cancer patients [162].

Interestingly, a type I β-turn-like structure was found for the immun-
odominant PDTRP region in the study of Dziadek et al. when Thr11 of the
adjacent GVTSAP motif is glycosylated [159]. This epitope is often said to
adopt a “knob-like” structure [163]. In contrast, the MUC-1 21-mer peptide
studied by Kirnarsky et al. was found to have an S-shaped structure of the
peptide backbone formed by consecutive inverse γ -turn, irrespective of gly-
cosylation at Thr7 [158]. Also in the case of the diglycosylated MUC-1 21mer
studied by Campbell and coworkers, a long range effect on the conformation
of the immunodominant PDTRP epitope was not observed, however, their
data supports a type I β-turn for both the peptide and the glycopeptide [160].
It is noteworthy that the breast cancer-specific antibody SM3 recognizes an
extended structure in the case of an unglycosylated peptide as well as when
binding to a glycopeptide bearing GalNAc at the central threonine of the
PDTRP motif [164, 165].

In conclusion, it appears that the subtle interplay between peptide se-
quence, site of glycosylation, type of attached carbohydrate, and the clus-
tering of O-glycans leads to induction of a variety of conformational motifs
with a varying degree of stabilization. The unifying principle could be that
all these conformations lead to a maximum exposure of presented carbo-
hydrates facilitating interactions with receptors, especially in a multivalent
fashion.
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5.2.2
Antifreeze Glycoproteins

Antifreeze glycoproteins (AFGPs) have attracted attention due to their pe-
culiar biophysical behavior as well as because of a variety of potential
medical and commercial applications [166, 167]. AFGPs which can be iso-
lated from fish blood plasma are complex mixtures comprising of repeti-
tive Ala-Thr-Ala tripeptide units carrying (Gal(β1-3)GalNAc(α1-O) moieties
at each threonine with some content in proline. Molecular weights range
from 2.6 to 33 kDa. All AFGPs are said to inhibit freezing by binding to
embryonic ice crystals, however, the precise mechanism of action is still
unknown.

Recently, Tachibana et al. presented an extensive study on synthetic AFGPs
composed of one to seven Ala-Thr-Ala repeating units [168]. Tripeptide
oligomers with two or more units showed thermal hysteresis, a measure for
the magnitude of the antifreeze effect, and were capable of changing the
morphology of ice crystals into hexagonal bipyramids. Strong evidence in-
dicates that the conformation of the peptide backbone plays a central role
for the function of AFGPs as cryoprotectants. First, attaching GalNAc as a
β-anomer leads to a complete loss of thermal hysteresis, and second, a gly-
copeptide made of Ala-Ser-Ala units exhibits no antifreeze activity. Both
variations, and several others tested, either lead to loss of secondary struc-
ture or to a change from a polyproline type II helix in the active compounds
to a largely α-helical structure in the case of the Ala-Ser-Ala repeating unit as
determined by CD spectroscopy.

Despite the absence of long- and medium-range NOE contacts, a surpris-
ingly well-defined structure could be calculated for a triple repeat of the
Ala-(Gal(β1-3)GalNAc(α1-O)Thr-Ala unit (28) (Fig. 34). From a left-handed
helix similar to the polyproline II helix all three disaccharides project to one
side of the molecule forming a highly hydrophilic surface whereas the methyl
groups of alanine and of the N-acetyl groups cluster on another face of the
molecule. The authors propose that the amphipathic structure of this AGFP is
crucial to its antifreeze activity. Interestingly, also non-glycosylated antifreeze
proteins were found to possess amphipathic structure [169].

Even though the study on synthetic AFGPs by Nishimura and cowor-
kers presents a consistent picture the situation for naturally occurring
AFGPs seems to be more complicated [167]. Structural studies on these
molecules, isolated from fish, have a long history yielding conflicting inter-
pretations [170–175].

In the latest NMR study on the tetra-[Gal(β1-3)GalNAc(α1-O)]-glyco-
sylated 14-mer peptide AATAATPATAATPA (29), known as AFGP fraction 8
or AFGP-8, from arctic cod, Lane et al. find relatively well-determined ATPA
segments resembling polyproline helix conformation according to NOEs and
scalar couplings (Fig. 35). 13C relaxation data indicate motional anisotropy,
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Fig. 34 A Superposition of the 25 lowest energy structures of the synthetic antifreeze
glycopeptide [Ala-(Gal(β1-3)GalNAc(α1-O))Thr-Ala]3 (28) calculated from NMR-based
constraints. The peptide backbone is navy, and the carbohydrate moieties are royal blue.
B Structure closest to the average of the 25 best calculated models for 28: yellow, methyl
carbon; white, carbon in carbohydrate; gray, carbon in peptide side chains except for
methyl carbon; blue, nitrogen; red, oxygen; the N- and C-terminal ends are identified.
(Reproduced with permission from [168])

Fig. 35 Preferred conformations of the AFGP-8 peptide (29). Segments 2 (A5-A8), 3 (A8-
A11), and 4 (A11-A14) are shown left to right as superpositions of eight structures.
(Reproduced with permission from [175])

however, long-range order in the form of a single preferred conformer could
not be detected [175].

Nguyen et al. followed-up with 20 ns molecular dynamics simulations
starting from 10 different conformers of the NMR ensemble obtained by Lane
et al. [176]. From the simulation it was concluded that the AFGP8 backbone
is structurally segmented into four semi-rigid segments while its disaccha-
rides adopt well-defined conformations with respect to the peptide backbone.
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H-bonding between N-acetyl NH groups and the peptide backbone stabilize
the structure. The polyproline II helix is the overall conformation, yet AFGP8
can reach many distinct and energetically equal structures. The authors pro-
pose that these interconverting conformations represent a thermal reservoir
that inhibits ice crystal growth by local energy transfer.

6
Concluding Remarks

By combining NMR spectroscopy, X-ray crystallography and molecular mod-
eling, detailed insight into the influence of O- and N-glycosylation on peptide
and protein conformation and dynamics has been obtained. From this, the
structural role of glycosylation for biological function could be identified in
several cases. Synthetic glycopeptides have proven to be invaluable model sys-
tems for studying the impact of specific structural elements on conformation
and molecular flexibility, and for identifying minimal glycopeptide epitopes
suitable for medicinal applications. Future research will show whether our
current knowledge already represents the general principles of glycoprotein
structure and function. To answer this question, it will be of central im-
portance to develop and optimize experimental and theoretical methods for
handling molecules that are highly hydrated and possess, at least in part,
a high degree of conformational flexibility. This will profit immensely from
our capability to prepare more and more complex, yet defined glycoconju-
gates, either by chemical or by molecular biology techniques.
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