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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 functions, ranging from protein folding and molecular and cellular recognition to attack of
pathogens and regulation of biological half-life. Consequently, understanding the structural 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 highresolution 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 dealing 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 understanding 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 33500 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 75000 protein sequences two thirds of which have the AsnX-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])

Potential
N-glycosylation sites
(sequons)
Real glycosylation sites
Real N -glycosylation sites
Real O-glycosylation sites

Glycoproteins
with at least one
biochemically
characterized
("real") glycosylation site

Glycoproteins
with at least one
real N -glycosylation site and
no real O-glycosylation site

Sites

Glycoproteins
with at least one
real N -glycosylation site and
at least one real
O-glycosylation
site
Entries Sites
Entries

Glycoproteins
with at least one
real O-glycosylation site and
no real N-glycosylation site

Sites

Entries Sites

Entries

2066

697

289

80

1679

582

98

35

1965

749

556

80

1041

582

368

87

1279

662

238

80

1041

582

0

0

686

167

318

80

0

0

368

87
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10% (Table 1) [2]. Together with less frequently observed post-translational
modificati'ons by carbohydrates like C-mannosylation or ribosylation, glycoproteins are found almost anywhere in the cell and are involved in a highly
diverse spectrum of biological functions, ranging from protein folding, molecular and cellular recognition, and regulation of biological half-life [3].
Glycoproteins are, among others, preferred targets of pathogens, e.g. parasites or viruses. Furthermore, aberrantly glycosylated proteins play key roles
in many degenerative diseases like cancer and autoimmune disease. Consequently, these properties make glycoproteins highly attractive targets for the
development of new therapies and diagnostic methods. From the rapid increase of protein drug prescriptions in recent years we may expect a major
industrial effort in glycoprotein production as well as to obtain a greater understanding of their functions [4].
This work reviews selected examples of our current knowledge of 3D structure 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 towards 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, conformational 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 because 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 glycosylation 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 glycosylation 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 sufficiently pure protein in sufficient amount. Depending on the type of analysis
this ranges from micro gram quantities of heterogeneous material, for example for CD experiments to multiple milligrams of very pure and homogeneous preparations for NMR studies or crystallography. Current method010gy to obtain homogeneous glycopeptides and glycoproteins has been reviewed 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 addition, isotope labeling for NMR experiments is generally not easily possible 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
13 C labeling [19]. Complete resonance assignments were obtained for the
polypeptide consisting of 77 residues and an extensive set of nuclear Overhauser 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 GlcNAc residue which is directly connected to Asnl8. 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 Xl 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
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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
0- and N-linked oligosaccharides (size range 2-6 nm) attached to CD59 (diameter of approximately 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 packing, 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, hydrazinolysis 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 complex and more interesting due to the occurrence of a whole range of posttranslational modifications. Separate reviews cover the latest developments in
this field and we will only highlight select aspects relevant to studying glycoproteins [22-24].
One common approach to simplify the issue is based on bacterial expression systems to produce a non-glycosylated variant of the protein of interest.
This approach however often fails, as glycans are known to be often indispensable 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 isvery 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 terminal al,3-linked mannose residues which are not found in mammalian cells.
Table 2 gives an overview of the glycosylation properties of a variety of expression 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 glycoprotein structures carrying humanized oligosaccharides. This was achieved
by transfecting the insect cell lines with Glucosaminyltransferase II (GnTII),
Galactosyltransferase (,Bl,4-GalT) and Sialyltransferase (a2,6-ST) to obtain
biantennary complex-type structures terminated in 2,6-linked sialic acids.
Chinese hamster ovary (CHO) cells have been engineered to express humanlike glycoproteins by knocking out al,3-GaIT and introducing a2,6-ST.
As far as NMR experiments on isotopically labeled material are to be carried 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_, lsN -labeled glycoprotein, namely the a-subunit of hCG, by
growing CHO cells in a medium made from algal hydrolysates and supplemented 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. (Reproduced with permission from [24])

Organism Cell type

Type of
glycosylation

a

Length
Composition
of oligo- of oligosaccharide saccharide

Glycosidic
linkage

Bacterium E. coli
Yeast
S. cerevisiae

O-linked L

Yeast

S. cerevisiae

N-linked L

Pichia pastoris
Plant
Insect

Tobacco BY2
Baculovirusinfected insect
cells sf9
Baculovirusinfected insect
cells sf2l
E. acrea Ea-4
Xenopus oocyte

N-linked S
N-linked S
N-linked S

Man, GlcNAc
Fuc, GlcNAc
Gal, Man, Fuc,
GlcNAc

N-linked S

Gal, Man, Fuc,
GlcNAc

al,6

N-linked S
N-linked S

Man, Fuc, GlcNAc
Man, GlcNAc,
GaINAc, sialic acid
Gal, Man, Fuc,

al,6
a2,3

Frog
Hamster

Mouse

N-linked, S

Hybridoma

O-linked S

J558L

O-linked ND

N~O

O-linked, S
N-linked

myeloma

Transgenic
Human

N-linked, S

CHO
O-linked
BHK
O-linked
C127

Namalwa.

Man, Gal.
GlcNAc, GalNAc
Man, GlcNAc

,81,3
al,6; al,2;
al,3
al,6; al,2
al,3
al,6; al,3

al,6; a2,6

GlcNAc/GalNAc/NeuAc

Gal, Man, Fuc,

al,6; al,3;

GlcNAc/GalNAc/NeuAc a2,3

O-linked S

N-linked S

N-linked, S
O-linked
N-linked, S
Pituitary
O-linked
Heterohybridoma N-linked S

Man, Fuc, Gal,
GaINAc, sialic acid,
NeuGc
Man, Fuc, Gal,
sialic acid, NeuGc
Man, Fuc, Gal,
sialic acid, NeuGc
Man, Fuc, Gal,
sialic acid, GlcNAc,
NeuGc
Man, Fuc, Gal,
GlcNAc
Man, Fuc, sialic acid,
NeuGc, GlcNAc
Man, Fuc, GalNAc,
sialic acid
Man, Fuc, sialic
acid, GlcNAc, NeuGc

al,6; a1,3;
a2,3; a2,6
al,6; al,3;
a2,6
al,6; al,3;
a2,3; a2,6
al,6; a1,3;
a2,3; a2,6
al,6
al,6; a2,3;
a2,6
al,6; a2,3;
a2,6
al,6; a2,3;
a2,6

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 insect and mammalian N -glycan processing pathways share a common intermediate, as
shown. The major products derived from this intermediate are paucimannose and complex 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 diverse and only representative examples are shown in the figure. The structures of the
N-glycans produced by transgenic lepidopteran insect cell lines, modified baculovirus expression 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 preparations. In later stages of the work, refined structures, especially concerning
the glycosylation site, were obtained from amino acid-specifically or ubiquitously labeled CD2 expressed in CHO cells (cf. Sect. 5.1.2) [28].
Eukaryotic expression systems experience an increased application for isotopic labeling purposes [22,29,30]. One recent example is the work of Kessler
et al. who succeeded in producing functionally folded, glycosylated GM2 activator protein suitable for NMR purposes in P. pastoris following a modified
protocol reported by Laroche et al. [31,32]. Sometimes, extensive protein engineering is mandatory in order to improve the quality ofNMR spectra [33].
The glycosyltransferases and the glycosylhydrolases of the cell lines chosen
for expression of the glycoproteins normally produce a non homogeneous pattern 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 straightforward 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 provide 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 substances. 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 glycosylation. 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 0- and N -glycosylated structures synthetic protocols have been established, by which it is possible to generate singly and multiply glycosylated
glycopeptides. Both types of glycosylated peptides are usually being synthesized 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 amidation 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 synthesis of the O-linked glycosyllinkage to serine or threonine where all types of
O-linked core structures have been synthetically produced. Further modification of these structures can be obtained by chemo-enzymatic synthesis. These
building blocks can then be introduced into the growing peptide chain to produce O-linked glycopeptides with one or several attachment sites of the carbohydrate 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].
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peptide synthesis (SPPS)

198

2.4
Semisynthesis: Native Chemical Ligation and Expressed Protein Ligation

The synthesis of proteins has experienced a major advancement by the invention 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 sulfurto-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 protein 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].

f'H~

RSH

AcHN OSerfThr

H~

HaN-{

)l<f,!!,
78·132
3

t) Factor Xa Cleavage

Factor Xli

cleavage site

RSH

o
SBn

GlyCAM·1,S

Fig.5 Synthesis of glycosylated GlyCAM-l (5) by expressed protein ligation (EPL) to synthetic 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]. (Reproduced with permission from [18])
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IMPACrt> system

Ala13Asn-lm7 10

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 protein 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 glycoprotein 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-glycosylated 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 precise 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 glycan, (iii) the carbohydrate branching pattern, i.e., the positions of glycosidic
linkages, (iv) the anomeric configuration of glycosidic linkages, and (v) covalent modifications like sulfation or acetylation. In this regard, adept application of specific enzymatic cleavage reactions followed by chromatographic
separation and identification of the purified carbohydrate substructures by
lectins can yield the desired information [49].
Gal(f31-4)Gk::NAc(~1-6)

FuC(aHl)

Asn-Xaa·SerlThr

Complex-type

Man(a1.2)Man(a1-3)

A$(I-Xaa·SerlThr

High ..mannose..type
Man(a1-6)

Hybrid-type
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

Conformation of Glycopeptides and Glycoproteins
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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 become 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 glycoconjugate 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 reasons [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 irregularities; (b) the large hydration shell of the oligosaccharides make direct contacts of the molecules in a crystal less favorable; and (c) the flexibility and
dynamics of the oligosaccharides attached to proteins often produce no defined 3D arrangements of the individual residues, which results in a crystal
disorder effect from the carbohydrates. Therefore, even when crystals are obtained, 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 single 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 potential interdependence of both. Only recently have experimental tools become 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 determinations and analyses of molecular flexibility and dynamics of entire glycoproteins 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 handling 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 conformational analysis, and excellent reviews cover this subject [5, 1O-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])
f3-Glc and f3-GlcNAc
HO

HO

~
R

HO

OH

R= OH. NHAc

f3-Gal and p-GalNAc
OH

~Q
HO~OH
R

R=OH. NHAc

3JHH (HI - H2, H2 - H 3, H3 - H4, H4 _HS, [Hz])

aGlc: 3.6, 9.5, 9.5, 9.5 [60]
j3Glc: 7.8, 9.5, 9.5, 9.5 [60]
The coupling pattern is similar for GlcNAc.
GlcNAc, 8(CH3) "" 2 ppm
Upfield shift of 8(C2):
aGlcNAc: 8(C2) '" 55.4 ppm
j3GlcNAc: 8(C2) '" 58 ppm [60,61]
3JHH (HI - H2, H2 - H3, H3 - H4, H4 - HS, [Hz])
aGal: 3.8, 10, 3.8, 1 [60]
j3Gal: 8, 10,3.8, 1 [60]
The coupling pattern is similar for GaINAc.
GaINAc, 8(CH3) '" 2 ppm
Upfield shift of 8(C2):
aGaINAc: 8(C2) '" 51.4 ppm
j3GaINAc: 8(C2) '" 54.9 ppm [60,61]
3JHH (HI - H2, H2 _ H 3 , H3 _ H4, H4 - HS, [Hz])

a-Man
OH

HO~~~q

HO~

aGal: 1.8,3.6, 10.0,9.8 [60]
j3Gal: 1.5,3.8, 10.0,9.8 [60]

OH
a-L-Fuc

8(C6) "" 16.3 ppm [61]

H~OH

H3C~°-1

OH

a·L·Rha

~~c~

OH

a-NeuAc

H~~::
OH OH

Ht:t;20H
a-Kdo b

HO

HO~COOH

8(H6) rv 1.1 ppm [60]
The coupling pattern is similar to Gal.
3JH5H6 = 6.3 Hz [60]
8(C6) '" 18.0ppm [61]
8(H6) "" 1.2 ppm [60]
The coupling pattern is similar to Man.
3JHsH6 = 6.2 Hz [60]
8(H3ax) '" 1.9 ppm, 8(H3eq) '" 2.3 ppm [62]
Upfield shift of 8(C3)
aNeuAc: 3JcIH3ax '" 6 Hz
j3NeuAc: 3JcIH3ax < 1 Hz [63,64]
Upfield shift of 8(C3) '" 34.8 ppm [61]
Coupling pattern similar to NeuAc acid for anomeric
configuration

OH

a-Heptose

H~O'::( 9'6

H~OH

The coupling pattern is similar to Man.
For identification assignment of C7 is required, where
both a Land D form can be found.
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Table 3 (continued)
f)-Glucuronic acid
eOOH

HO~O\

HO~OH
OH

/3-Galacturonic acid
OH

~{>~O

HO~OH
OH

The coupling pattern is similar to Glc.
8(C6) is pH dependent [61]:
aGlcA:
pH = 7.8: 8(C6) rv 176.9 ppm
pH = 1.8: 8(C6) rv 172.9 ppm
j3GlcA:
pH = 7.8: 8(C6) rv 177.6ppm
pH = 1.8: 8(C6) rv 173.8 ppm
The coupling pattern is similar to Gal
8(C6) is pH dependent [61]:
aGalA:
pH = 6: 8( C6) rv 172.6 ppm
j3GaIA:
pH = 6: 8(C6) rv 173.5ppm

a-amino and a-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 assignment [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 expressed in cellular systems are being investigated, the glycan part raises additional 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 monosaccharide 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 funding 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, provides clues for the assignment of specific building blocks from the ratio of
HID 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 determinations 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 translated 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 extracted. 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 definition 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 internuclear 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 glycan 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 averaging behavior or distance dependence, one way to address these problems
is employing more sophisticated molecular modeling that involves backcalculation of NOE and ROE intensities from molecular dynamics (MD) trajectories as has been recently demonstrated by Lommerse et al. for two core
N-glycans of snail ctD-hemocyanin (Fig. 9 and Table 4) [65].
A variety of NMR methods has been developed in order to provide an optimum 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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11

1

12

Fig. 9 Conformations appearing during the MD simulations of two N -glycan core
structures in aD -hemocyanin of the snail Helix pomatia superimposed on the Man-3-(f314)GlcNAc-2-(f31-4)GlcNAc-l element. a Xylosylated oligosaccharide Man(al-6}[Man(la3)][Xyl(f31-2)]Man(f31-4)GlcNAc(f31-4)GlcNAc(f31-0Me) (11) and b xylosylated (al6)-fucosylated oligosaccharide Man(al-6)[Man(al-3)] [Xyl(f31-2) ]Man(f31-4)GlcNAc(f314}[Fuc(al-6)]GlcNAc(f31-0Me) (12). (Reproduced with permission from [65])
Table 4 Stability of local minima at the glycosidic linkages, probed by short MD simulations 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 simulation for 12) of less than 30° for both </> and 0/. Given are the starting </>,0/ values.
s = stable, ns = not stable. (Reproduced with permission from [65])

Glycosidic linkage

Xyl(f31-2)-Man-3

Man-4-(al-3)Man-3

Man-4'-(al-6)Man-3
(w=-600)

Compound
11
</>

0/

- 150
40
- 30
170
60
90

- 150
-105
-70
-70
70
90

s
s
ns
ns
ns
s

120
120
150
140

90
90
-110
165

ns
ns
ns
s

Compound
12

</>

0/

-150
40
- 80
170
60
90
140
120
120
150
140

-150 ns
-105 ns
-140 ns
-70 s
170 s
90 s
180 ns
90 s
90 s
-110 ns
- 165 ns
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Table 4 (continued)

Glycosidic linkage

Compound

Compound

l2

11

1/f

<P

Man-4' -(al-6)Man-3
(w = 60°)

Man-3-(,8 1-4)GlcNAc-2

GlcNAc-2-(,8 1-4)GlcNAc-1

Fuc(a 1-6)GlcNAc-1
(w =- 60°)

Fuc( a 1-6)GlcNAc-1
(w = 60°)

40

100

ns

140
160
70
150

100
- 140
90
170

s
ns
ns
ns

- 90
-130
- 60
- 90
- 60
- 90
20

-70
70
-30
60
- 30
80
120

s
ns
s
ns
ns
ns
s

<P

1/f

160
100
40
140
160
100
180
60
180
80
-120
-130

100
150
180
100
-140
140
120
40
40
-100
70
- 50

ns
ns
ns
ns
ns
s
ns
ns
ns
s
s
s

- 60
- 90
20
- 90
80
-100
-160
- 20
- 60
-100
-140
-160
-160
- 50
- 60
- 80

- 30
80
120
-70
60
60
120
-120
120
80
-140
140
40
-70
- 160
100

s
s
ns
s
s
s
ns
ns
s
s
s
ns
ns
s
ns
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 stereochemistry of monosaccharide building blocks and to derive the (jJ torsion angle
of the hydroxymethyl group of pyranoses, gaining information on the et>
and 1jr 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 increase of inverse detection [69,70]. 13C-Iabeled 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 parameters 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 conformers. Martin-Pastor and Bush have shown that, for flexible oligosaccharides that populate distinct minima separated by substantial energy barriers,
modeling based on scalar coupling data is superior to NOE-based modeling [71]. For a heptasaccharide of Streptococcus mitis it was possible to narrow the search space for allowed torsion angles for each individual glycosidic
linkage. It turned out that the flexibility of this heptasaccharide is mainly localized 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 magnetic 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 magnetic field and the vector connecting the coupled nuclei (Fig. 10) [76-78].
In the protein field, residual dipolar couplings are today widely used as additional 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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z

~

X

Y

I
Fig.l0 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
oflong-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 ofRDC data more challenging compared 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 oligosaccharides 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(al2)[GaINAc(al-3)]Gal(al-0H) and Fuc(al-2)[Gal(al-3)]Gal(al-0H), 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(al-3)[Man(al-6)]Man(al-0Me) (13) which represents
the core region of N -glycans. Hetero- and homonuclear RDCs served as restraints for long (50 ns) molecular dynamics simulations in explicit water.
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dipolar couplings

m;I$, s Wk~

j,tS

exchange
secondary
structural spectroscopy
element
movement,
Domain
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NMR
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Tz, TI ;>
~'111!

EXSY
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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., lSN, the motion between approximately 50 ILS
and 10 ms by TIp 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 al-6-linkage, whereas the tg rotamer was predicted to be unpopulated in
aqueous solution (Fig. 12) [85].

13

13

Fig.12 The two dynamic conformations of the trisaccharide Man(al-3)[Man(al-6)]
Man(al-OMe) (13). On the left is the gg conformation of the (al-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 between relaxation mechanisms like dipole-dipole interaction or chemical shift
anisotropy. This cross-correlated relaxation (CCR) rate provides direct information 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 dynamics [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 interatomic vectors is indicated bye. 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 crystallography. 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 glycoprotein 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 glycoproteins 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 carbohydrate interactions that stabilize the glycan in the crystaL One should on
the other hand be cautious when interpreting this kind of study as the carbohydrate binding auxiliary might force the glycoprotein or its oligosaccharides
to be trapped in one favorable conformation or even adopt non-native conformations. The dynamic behavior of the glycoprotein is most certainly altered
compared to the free molecule. Structure determination of highly flexible carbohydrates 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 glycoprotein crystals as exemplified by the work of Chen et aL who were able to
obtain the structure of a fully glycosylated SIV gp 120 envelope glycoprotein in an unliganded conformation by X-ray crystallography at 4.0 A resolution [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 conformations 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 conformational 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. Therefore, force field calculations dominate the field. A whole variety of potential
energy functions has been developed and extended in order to accommodate the polypeptide as well as the glycan part, including AMBER [95-99],
CHARMM [100-102], GROMOS [103,104], OPLS [105,106], and TRIPOS [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 electrostatic and van der Waals interactions as well as entropic effect due to
solvation/desolvation processes. A comparison of the performance of 20 different force fields including their carbohydrate-specific parameters has been
carried out by Perez et al. [109]. Even though computational methods for
structure calculation are highly sophisticated, today, many features of physical 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 aspect is the software implementation that has to be capable of handling all
available experimental restraints in a flexible way. Regarding NMR spectroscopic 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 ens em ble and/or time-averaged form [110]. Flexible options for this have been
implemented, for example into AMBER [951, X-PLOR/CNS [111,1121, and
GROMOS [103].
4.4

Statistical Analysis of Available 3D Structures
The entirety of available crystallographic data on oligosaccharides, glycoproteins, and glycan-binding proteins was analyzed by Petrescu et al. in
1999 [113]. From 639 glycosidic linkage structures distinct conformers could
be identified. The 05-CI-0-C(x)' torsion angles for all these distinct conformers appears to be determined chiefly by the exo-anomeric effect. The favored conformations identified in this study should prove useful when modeling «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 linkage, 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 associated 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 glycosylation sites was found. Glycosylated sequons showed strong preference of
threonine with respect to serine at position +2 whereas proline at position

214

+ 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 structure. 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 glycan filling a cleft both primarily formed by hydrophobic, especially aromatic,
amino acid side chains (Table 5). These findings provide evidence for the imTable 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 inspection and the following attributes were assigned for each direction: convex (x), concave
(v), inflection (i), and flat if}. 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 A 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 GlyAsn-Gly tripeptide. Asn se (-G), Asn side chain relative accessibility in the absence of the
glycan; Asn se (+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 se
(%) (-G)

AsnSe
(+G)

Asn Bkb
(+G)

Surface
type

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

O.O±O.O

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

1O.0±9.5

6.0 ± 11.0

11

0.8

29.1 ±2.7

1O.4± 10.6

0.0±0.1

fv

Local geometry of the protein
protein surface at the glycosylation site
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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 machinery, 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- conformer compared to the t conformer, largely irrespective of whether Asn is
located inside the protein, at a solvent -accessible surface or in a glycosylation
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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 peptide back bone. A further important outcome of the statistical analysis is that,
in the glycosylated case, the x2-angle displays a much narrower distribution
compared to unmodified Asn residues while in both cases the X2-dihedral
centers at 180 0 in agreement with previous work [20]. The reduced standard
deviation of X2 in the glycopeptide case is in agreement with a whole body
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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 lfrN-angle of 180° as expected
for a trans amide bond and a cpN-angle centered around 240°. This is in
agreement with the previous statistical analysis of PDB structures by Imberty and Perez and with structural information obtained by NMR spectroscopy [20, 115 -117]. Interestingly, the broader data basis surveyed in the
latest statistical analysis by Petrescu et al. allowed the identification of a second conformational family populated by roughly 12% of structures. Here, cpN
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 sequences of the SWISS-PROT database it turned out that Gly is found with
increased probability in the glycosylation sequon. In addition, the authors report 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 glycosylation sites cluster around cpG = + 60° to + 110° and cpG = - 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 angular 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 conformations 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 information 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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Protein Data Bank (PDB) (http://www.rcsb.orgl)
The most important source for 3D structural information on biomolecules
is the PDB containing 36710 entries (May 2006) [1,121]. Structures of proteins, 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 details. From 2006 on, the PDB has fully switched to a new web interface with
improved search and browse functionality. However, it is still not straightforward 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].

219

Biological Magnetic Resonance Data Bank (BMRB) (http://www.bmrb.
wisc.edul)
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 writing, 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 examples 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 resources. 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.del)
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 references 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.orgl).
Consortium for Functional Glycomics (CFG) (http://www.functional
glycomics.orgl)
.
The US pendant to Glycosciences.de is the CFG [123]. Its database integrates
glycan structures from Carbbank, Glycominds Ltd., as well as structure synthesized or identified by members of the CFG. In addition, the CFG curates
databases on glycosyl transferases, glycan binding proteins, and various microarray and profiling experiments.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) Glycan Database
(http://www.genome.jp/kegg/glycanl)
The KEGG Glycan database, part of the Kyoto Encyclopedia of Genes and
Genomes, currently contains 11118 entries on glycans covering primary
structure, pathways and related proteins [124].
Glyco3D (http://www.cermav.cnrs.fr/lectinesl)
At the CERMAV division of the CNRS, 3D structural information on mono-,
oligo-, and polysaccharides, lectins, glycosyltransferases, and glycosaminoglycan 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.dkldatabases/OGLYCBASEI)
This database, recently updated to version 6.0, lists collected information
on primary structure, site and type of glycosylation for 242 0- and Cglycoproteins 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 network [126] (http://www.cbs.dtu.dk/services/NetOGlycl).
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 spectrometry, etc. [127].
Sugabase (http://www.boc.chem.uu.nl/sugabase/sugabase.html)
SUGABASE is a carbohydrate-NMR database that combines CarbBank Complex Carbohydrate Structure Data (CCSD) with proton and carbon chemical
shift values. Funding has been discontinued and this database is no longer being 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 peptides 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 experimental 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.
GP 120 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 assemble 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 glycosylation 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 infectivity. 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 subsequent interaction with a co-receptor belonging to the family of chemokine
receptors finally triggers a reorganization of the viral spike, insertion of a fusion 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 peptide 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 GPl20-core in complex with two
domains of CD4 and the Fab fragment of an anti-GPl20 antibody [129,130].
This GPl20-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 Vl/V2 and V3 hypervariable loops. Despite
these radical modifications, GPl20-core retains its affinity for CD4 and, upon
interaction with CD4, presents an epitope which is recognized by the antibody 17b, the epitope of which overlaps with thechemokine 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. GP 120 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 mutations 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 withCD4. 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 conserved 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 binding 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 GPl20-core including 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 CCRS as a secondary receptor [132]. With this structure, the whole co-receptor binding site of GP120 could be defined. From
this, a consistent model of co-receptor binding could be proposed characterized 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 images 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 Ca 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 (Manh-(GlcNAch cores shared by both high-mannose and complex N-linked
glycan moieties. The carbohydrate shown here represents approximately half the carbohydrate 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 electrostatic 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 colored cyan for carbohydrate, yellow for the surface of gp120 less than 3 A from CD4,
green for the surface of gp120 less than 3 A 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 Nand C termini most likely reside), 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 coreceptor. 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 GP120core, 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 deglycosylation procedure prior to crystallization attempts prevented rather than
facilitated crystal formation. Thus, the structure of the fully glycosylated
GPI20-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 al,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 sugarprotein contacts as well as tight hydrogen bonding within sugar clusters. The
structure of the unliganded GPl20-core illustrates once more how oligosaccharides 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 conformational 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 several 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 invaluable insight into viral entry, immune escape and, not t~ the least, experimental 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 C02

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 adherence of T-cells to antigen-presenting cells by binding to the counter receptor
protein CD58. Both proteins require N -glycosylation for biological activity although 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 Ill, 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 identity 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 domain of CD2, expressed in CHO cells was reported, based on NMR spectra
acquired at natural isotopic abundance, and from a protein sample specifically labeled with lsN -lysine. Because of severe overlap of the sugar resonances
the precise conformation and orientation of the single (Man)s-s(GlcNAch
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 lsN -labeled glycoprotein and with the aid of a highfield (750 MHz) NMR spectrometer [28]. The N-terminal domain of CD2
adopts the characteristic overall fold of a V-set IgSF domain although lacking half of strand A. The N -glycan is oriented toward the ,B-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 receptor. 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 lysine 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 interaction 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-G1cNAc 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 a-carbons of terminal residues. The assessment of mobility is also reflected in the structural ensemble showing a well-ordered
trisaccharide core (Man)-(GlcNAch contacting the DEB-,B-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 f3 sheets containing three (strands D, E, and
B) and five (strands C", C', C, F, and G) antiparallel f3 strands. An additional f3 strand,
A, makes parallel NOE contacts to strand G. The overall fold is characteristic of a V-set
IgSF domain, but lacks the first half of strand A. A single high-mannose N-glycan is attached to the protein at Asn65 at the tip of the DE loop and is oriented toward the f3
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 resolved in the NOESY spectra or could not be assigned because many of the H2, H 3 , H 4 ,
H5 , and H6 sugar resonances exhibit similar chemical shifts. Carbohydrate intraresidue
and inter-residue NOEs are shown by green and red lines, respectively, and carbohydrateprotein 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-(B1-4)GlcNAc-2-(,B1-4)GlcNAc-1-(fH-N-Asn) (blue) for 16
NMR structures of human CD2 superimposed on the NMR mean coordinates. The orientation 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 7l) in the DEB sheet and heavy atoms of the trisaccharide core
Man-3-(,B1-4)GlcNAc-2-C,B1-4}GlcNAc-l-C,B1-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 (Manh-(GlcNAch glycoform,
but for clarity the more disordered arm Man-B-Man-D3 is not shown. The sugar residues
are annotated as in Fig. 19B. ( Representative glycosylated model structure of CD2 showing 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 (Manh-(GlcNAch 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 oriented toward the trisaccharide core Man-3-(,B1-4)GlcNAc-2-(,B1-4)GlcNAc-1-(,B1-N-Asn)
is significantly populated. (Reproduced with permission from [28])

the CD58 binding region these motions are largely absent and slow mS-JLS
fluctuations are found [135]. Later on, these relaxation data could be interpreted 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, crucially 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 stabilize 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 different 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 carbohydrates. 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 protein 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].
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5.1.3
Human Chorionic Gonadotropin

Ruman chorionic gonadotropin (hCG) is a glycoprotein hormone involved in
the maintenance of the corpus luteum during early pregnancy. It consists of
two sub units) a and f3) 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 regarding that X-ray structures of the af3-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 RE
While a solution structure of a functional heterodimer has not been
reported, yet, a wealth of knowledge has been gained for the 92 residue
a-subunit in its native and various deglycosylated forms. ahCG 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 Romans.
Romans and coworkers pioneered NMR studies with 13C_ and lsN -isotopically labeled ahCG produced in CRO 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 CRO-cell hCG. The
study focused on conformational analysis of the oligosaccharides in the free
a subunit and in complex with the f3hCG, and revealed that neither the glycan at Asn52 nor the one attached to Asn78 is in contact with the f3 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 oligosaccharide 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 natural abundance the solution structure of the isolated a 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-f3-N-acetylglucosaminidase-B. Free ahCG
is a glycoprotein with an unusual fold containing two twisted f3-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 f3-hairpins and the flexible
loop region are caused by contacts with the f3-subunit in the heterodimeric
protein.
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Fig.21 Structures of desialylated N-linked sugar chains isolated from various hCG preparations (Adapted and reproduced with permission from [148])
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Numerous NOE connectivities between GlcNAc-l at Asn78 and hydrophobic 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 protein stability becomes evident. In contrast, the glycan at Asn52 is located in
a disordered region of free ahCG. These findings disprove the suggestion
that, based on a single set of glycan signals measured by NMR at l3C_ and
ISN-Iabeled ahCG sample, both glycans should have a similar dynamic behavior, like a free glycan [143].
It has previously been reported that removal of carbohydrate residues other
than GlcNAc-l does not exert a major effect on the conformation of the protein part [144]. However, van Zuylen et aI. demonstrated that glycosylation
beyond GlcNAc-l at Asn78 has a small but significant effect on the thermal stability of ahCG [145]. A further investigation of ahCG N -glycosylated at Asn78,
only, revealed additional NOE connectivities between GlcNAc-2 and the protein core. From the values of l3C-relaxation parameters Tz and TIp 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 behavior, 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 ahCG variant, carried out by Erbel et aI.,
revealed restricted conformational freedom of the glycan at Asn78 as well as
x

I; x=o
11: x=1

GlcNAt;·1

.,16)

Fig.22 NOE network of the glycan at Asn78 of ahCG. NOEs from GlcNAc-1 to the protein
are identical with those published previously [144] and not indicated in this figure. Intraresidual 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 ahCG influenced by the presence of the glycan
at Asn78. The residues indicated in red show slightly different NOE intensities due to specific interactions with the glycan. The residues located in the heterogeneous ,B-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

ahCG[GlcNAc52,78] (left) and ahCG[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
a-subunit, except one conformer which is represented in a yellow ribbon. The ,B-sheet is
drawn in yellow. The tight turn and the hairpin loop are colored in red. GlcNAc-1 is presented in purple and the re si dues beyond GIcNAc-1 in blue. (Reproduced with permission
from [112])
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increased order within the ,B-hairpin loops (Figs. 23 and 24) [112]. Interestingly, 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 underlying molecular mechanism by which this effect is achieved is completely
different in both cases. In the case of ahCG the glycan shields a hydrophobic
surface of the protein from the solvent whereas in CD2 the glycan counterbalances five clustered positively charged lysines.
To further elucidate the role of the glycan at Asn52 of ahCG, Vliegenthart and coworkers compared native ahCG with a variant that had its Asn52
glycan enzymatically removed without affecting the glycan at Asn78 or disturbing the protein folding. The ,B-subunit was recombined in solution with
either the alpha-sub unit or the alpha-subunit enzymatically deglycosylated at
aAsn52. The effect of the glycan at Asn52 on refolding and recombination of
the af ,B-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 regarding 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 aAsn-52 is necessary for inducing and stabilizing a conformational 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 glycosylation at Asn52 renders ahCG 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 structure 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 glycopeptides. In the case of peptides derived from influenza virus hemagglutinin, N -glycosylation of the sequence Ac-Orn-Ile-Thr-Pro-Asn-Gly-Thr-TrpAla-NH2 with chitobiose (14) causes a conformational switching from an
extended Asx-turn found in the peptide to a more closely packed type I
,B-turn of the glycopeptide. Astonishingly, this structural alteration is not accompanied 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 ,B-N-glycosylated with
cellobiose (Glc(,B1-4)Glc (15)), Glc(,B1-4)GlcNAc (16), and GlcNAc(,B1-4)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 ,B-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 unglycosylated peptide. These findings were further strengthened by molecular
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o·G!cNAo·(fJ(1·4»)·IJ,o·GIcNAe
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(
'ose)
Glycopeptide 15

o·GfoNAc
Glycopeptide 11

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 3JHNHaderived 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 disordered 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
~-turn. Thr3, 0.76±0.07 A; Pro4, 1 ±0.09 A; Asn5, 6.5±2.6 A; Gly6, 2.3±0.7 A. B Seven
of ten NMR-derived structures of glycopeptide IS, illustrating the more extended backbone. Thr3, 1.2 ± 004 A; Pr04, 0.9 ± 0.2 A; Asn5, 7 ± 1.6 A; Gly6, 1.8 ± 0.5 A. ( Five of
ten NMR-derived structures of glycopeptide 16 that converge to a type I ~-turn. Thr3,
0.82±0.06 A; Pr04, 0.88±0.3 A; Asn5, 7.9±3.1 A; Gly6, 1.2±0.3 A. D Seven often NMRderived structures of glycopeptide 17 that converge to a disordered ~-turn. Thr3, 0.86±
0.05 A; Pr04, 0.76±0.3 A; Asn5, 4.1 ± 1.5 A; Gly6, 204±0.2 A. E Six of ten NMR-derived
structures of glycopeptide 18 that converge to a disordered ~-turn. Thr3, 2.9 ± 1.6 A;
Pr04, 1.2±0.1 A; Asn5, 12.5±3.7 A; Gly6, 4.2±0.7 A. (Adapted and reproduced with permission from [150])

Type
I·ptum

Asx,.tum

19

19-a

Fig. 27 Comparison of the solution-state structure between unglycosylated (19), achitobiosylated (19-a), and ~-chitobiosylated (19-~) peptide Ac-Orn-Ile-Thr-Pro-AsnGly-Thr-Trp-Ala-NH2 derived from hemagglutinin. 19 and 19-a are shown from Pr04 to
Thr7. 19-~ 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 glycosidic 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
,8-turn conformation through steric interactions with the peptide.
Recently, a conformational analysis of a glycopeptide with a-N-linked chitobiose (19-«) was reported. Thereby, the impact of this non-natural glycosidic linkage could be compared to that of the commonly present ,8-linkage.
It was shown that only the ,8-linkage is capable of inducing a type I ,8-turn
whereas the a-glycosylated peptide adopted a conformation similar to the unmodified 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 noteworthy that statistical analysis of the stereochemistry of N -glycosylation sites
carried out by Imberty and Perez and by Petrescu et a1. revealed that only
about a quarter of glycosylated asparagines are located at a ,8-turn [20, 114].
This could mean, that the induction of ,8-turn structure by N-glycosylation
is of transient character and of major importance only during the folding
process.
S.2
Effect of O-Glycosylation on 3D Structure
S.2.1
Mucin-Type Glycoproteins

Danishefsky and coworkers carried out extensive research on the influence 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 a-GalNAc monosaccharide (a- Tn-Antigen) but also di-(a-TF and ,8-TF),
tri-(a-STF) and hexasaccharides (a-Le Y) were attached to peptide scaffolds
(Fig. 28). The 3D structure of the triglycosylated peptide Ac-Ser( -O-a-STF)Thr(-O-a-STF)-Thr( -O-a-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 investigated by Schuster et a1. [154]. There, the clustered glycosylation of adjacent
amino acid residues in the glycopeptide His-Thr(O-a-D-GaINAc)-Ser(Oa-D-GaINAc)-Thr(O-a-D-GalNAc)-Ser(O-a-D-GaINAc)-Ser(O-a-D-GalNAc)Ser(O-a-D-GaINAc)-Val-Thr-Lys (26) leads to an extended, "wave-type"
structure with the saccharides projecting away from the peptide into alternating 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, illustrated, for example, by deviating X I-angles. In the case of the glycophorin
A-derived glycopeptide 26, strong NOEs between the GalNAc-NH and the
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Synthetic Muc-1 peptides with different O-Glycans attached to Ser and Thr
residues. (Reproduced with permission from [152])
Fig.28

24
Fig.29 Superposition of the peptide backbone and first sugar residue of the 59 best calculated 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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26
Fig. 30 Stereo plot of a superposition of 10 structures, obtained from a 1000 ps
constrained MD simulation of the glycopeptide His-Thr(O-a-D-GaINAc)-Ser(O-aD-GaINAc)-Thr(O-a-D-GalNAc)-Ser(O-a-D-GaINAc)-Ser(O-a-D-GaINAc)-Ser(O-a-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 Nterminus. In contrast, in the CD43 glycopeptide 24, experimental data are
indicative for hydrogen bonding of the sugar NH to both the glycosidic oxygen 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 glycosylation 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 native a- and the abnormal fi-linkage. It was found that the innermost GalNAc
residue, when attached a-anomerically, is key to the structural organization
of these glycopeptides. A distinct NOE fingerprint was found for all glycopeptides with the native O-a-linkage, surprisingly independent from further
glycosylation extending from the first GalNAc moiety. Strong induction of
regular structure was observed for O-a-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 nitrogen 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-,B-linkage (compound 21) did not seem to affect peptide
conformation considerably leading to structures resembling the parent, unglycosylated 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 MAd CAM -1 induced by glycosylation with
,B-O-SLex indicating a turn-like conformation in the vicinity of the glycosylated threonine [155,156].
Levine and coworkers investigated the effect of O-glycosylation on
the structure of human salivary mucin (MUC-7) glycopeptides. GaINAcmonosaccharide and Gal(,B1-3)GaINAc-disaccharides were attached to adjacent 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 peptide backbone. Strong interaction with the peptide backbone is only reported
for glycans attached to threonine. There, similar to the results of Colt art
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 a-CH-protons of neighboring amino acids. Glycans attached to serine 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-l IS-mer peptide PPAHGVTSAPDTRPA and the influence of glycosylation at Thr7 [158].
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At lowered temperature (5-10 CC) and slightly acidic pH of 4.5, a weak but
distinct effect on conformational propensities could be detected by cluster analysis of backbone conformation. Under all conditions studied, a strong NOE
between the GalNAc-NH and the NH of the glycosylated Thr could be detected. In addition, weak dipolar interaction was present between the GalNAc
methyl group and the methyl group of Ala9 indicative for a similar conformation as reported for the CD43-related glycopeptide [152].
Very recently, Kunz and coworkers presented a conformational analysis of a MUC-1 glycopeptide (27) encompassing the whole tandem repeat
of 20 amino acids with (a2,6)-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 conformational 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, ThrlO, and Thr17 of the sequence
AHGVTSAPDTRPAPGSTAPPA [161]. The NMR-based structure determinations 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 peptide backbone were observed. In contrast, attaching O-a-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/._,
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21
Fig.32 ROE contacts, determining the structure of a Sialyl-Tn-glycosylated MUC-l peptide 27 encompassing the whole tandem repeat sequence. (Reproduced with permission
from [159])
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GaJNAc

GJy9

27
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. (Reproduced with permission from [159])

bility of MUC-l glycopeptides was reported by von Mensdorff-Pouilly et al.
when MUC-l sequence variants were investigated that have an ESR instead of
a DTR motif. This could be a reason for differential antibody-mediated immune response observed in humans which is in turn related to the survival
prognosis in breast cancer patients [162].
Interestingly, a type I ,B-turn-like structure was found for the immunodominant PDTRP region in the study of Dziadek et al. when Thrll of the
adjacent GVTSAP motif is glycosylated [159]. This epitope is often said to
adopt a "knob-like" structure [163]. In contrast, the MUC-l 21-mer peptide
studied by Kirnarsky et al. was found to have an S-shaped structure of the
peptide backbone formed by consecutive inverse y-turn, irrespective of glycosylation at Thr7 [158]. Also in the case of the diglycosylated MUC-l 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 ,B-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 sequence, site of glycosylation, type of attached carbohydrate, and the clustering 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 carbohydrates 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 peculiar biophysical behavior as well as because of a variety of potential
medical and commercial applications [166, 167]. AFGPs which can be isolated from fish blood plasma are complex mixtures comprising of repetitive Ala-Thr-Ala tripeptide units carrying (Gal(tJl-3)GalNAc(al-0) 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 indicates that the conformation of the peptide backbone plays a central role
for the function of AFGPs as cryoprotectants. First, attaching GalNAc as a
tJ-anomer leads toa complete loss of thermal hysteresis, and second, a glycopeptide made of Ala-Ser-Ala units exhibits no antifreeze activity. Both
variations, and several others tested, either lead to loss of secondary structure or to a change from a polyproline type II helix in the active compounds
to a largely a-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 surprisingly well-defined structure could be calculated for a triple repeat of the
Ala-(Gal(tJl-3)GalNAc(al-0)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 coworkers 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 interpretations [170-175].
In the latest NMR study on the tetra-[Gal(tJl-3)GalNAc(al-0)]-glycosylated 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). l3C relaxation data indicate motional anisotropy,

245

28

Fig.34 A Superposition of the 25 lowest energy structures of the synthetic antifreeze
glycopeptide [Ala-(GalC,81-3)GaINAc(a1-0»Thr-Alab (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])

29 (AS-A8)

29 (A8-A11)

29 (A11-A14)

Fig.3S Preferred conformations of the AFGP-8 peptide (29). Segments 2 (A5-A8), 3 (A8All), and 4 (All-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 disaccharides 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 AFGP 8
can reach many distinct and energetically equal structures. The authors propose 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 modeling, detailed insight into the influence of 0- 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 systems 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 importance 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 glycoconjugates, either by chemical or by molecular biology techniques.
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