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Structure elucidation of glycoprotein glycans and of
polysaccharides by NMR spectroscopy
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Abstract

The applicability of 1H-NMR spectroscopy for the determination of the primary and tertiary structure of
carbohydrate-containing molecules is demonstrated. For classes of known compounds the characterization can be
based on chemical shifts observed in 1D NMR spectra with or without the aid of a computer database. For more
complex structure determinations 2D NMR techniques are required. Here the application of 2D NMR is demon-
strated for the primary structure determination of two bacterial exopolysaccharides, for the spatial structure
determination of a disaccharide and a glycoprotein hormone. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Carbohydrates are widespread in nature. They
occur in plants primarily as polysaccharides such
as cellulose, pectins, xylans, and starch. Many
bacteria are encapsulated with polysaccharide net-
works, whereas others secrete polysaccharides, the
latter often having strongly gelling properties.
Glycans also play an important role in higher
animal organisms. Often glycans are involved in
recognition processes within the cell or between
cells. Although carbohydrates occur as individual
molecules, in many cases the carbohydrate chain
is covalently bound to a lipid, a peptide or a

protein, thus forming glycolipids, glycopeptides or
glycoproteins, respectively.

Several stages of characterization of these gly-
cans can be identified. First of all the primary
structure (i.e. monosaccharide composition se-
quence and substitution pattern) needs to be de-
termined by chemical techniques in combination
with 1H-NMR spectroscopy. In cases where in-
sight into the structure activity relation is sought
after, the spatial structure and possibly the dy-
namics of this spatial structure need to be
established.

The primary parameters which NMR spec-
troscopy yields, are the chemical shifts, i.e. the
position in the spectrum where a certain spin
resonates, and the J-coupling. The chemical shift
is a property that describes the relative magnetic
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field localized at the nucleus. The local magnetic
field depends on the attenuation of external mag-
netic field of the spectrometer caused by the elec-
tronic density near the nucleus. The chemical shift
is a very informative parameter for the analysis of
the primary structure of glycans.

The 1D 1H-NMR spectra of glycans in 2H2O
solutions show that two groups of signals can be
distinguished. The so-called bulk signal contains
mainly the non-anomeric protons, present in the
narrow spectral range from 3.2 to 3.9 ppm. Based
on 1D 1H-NMR spectra, the proton signal assign-
ment in this spectral region is hampered by signal
overlap. Outside the bulk area several well-re-
solved signals appear, that are referred to as
‘structural reporter groups’. It has become appar-
ent that it is not necessary to assign all 1H-NMR
signals for a full characterization in terms of a
primary structure. Prominent structural reporter
groups are summarized in Table 1.

The various chemical shift and coupling pat-
terns are translated into structural information
based on a comparison with patterns in a library
of relevant reference compounds (Vliegenthart et
al., 1983; Kamerling and Vliegenthart, 1992). The
comparison of NMR data for many closely re-
lated glycans resulted in empirical rules to corre-
late chemical shift values with carbohydrate
structures. Obviously, the application of this ap-
proach requires accurate calibration of the experi-
mental conditions like sample temperature,
solvent, and pH.

The large amount of NMR data collected for
quite an array of compounds, enabled the devel-
opment of an NMR database for the computer

assisted identification of carbohydrates (Van Kuik
and Vliegenthart, 1993). The database, designated
SUGABASE, combines 1H- and 13C-NMR chem-
ical shifts of carbohydrates with structures and
literature references as present in the complex
carbohydrate structure database (CCSD; Doubet
et al., 1989). Starting from an input of chemical
shift values, the search program produces a list of
partially or completely matching structures. The
SUGABASE program is available for UNIX and
MS-windows. Also an interface to the database is
available on the Internet: http://
www.boc.chem.uu.nl/sugabase/databases.html.

The SUGABASE program on the Internet has
a JAVA based structure builder tool that enables
the user to construct a primary structure frag-
ment, which can be passed to the database search
program together with the experimentally ob-
served chemical shift values. A snap shot of the
structure builder is given in Fig. 1. The structural
reporter group approach can be applied manually
or in a computer-aided fashion. It will be evident
that the former requires training or specialist
skills on the part of the spectroscopist, whereas
the latter approach requires less of these skills.

For certain classes of glycans that have been
well-studied the chemical shifts of a few well-re-
solved protons in the NMR spectra are indicative
for the primary structure. In other cases more
advanced (2D and 3D) NMR techniques need to
be performed, first to assign the various signals
and secondly to establish the primary structure.
NMR spectroscopy has also proven to be a pow-
erful tool for determining molecular
conformations.

Here, the application of NMR spectroscopy to
the determination of the primary and tertiary
structure of glycans from glycoprotein and
polysaccharides will be demonstrated.

1.1. Primary structure analysis of bacterial
exopolysaccharides

Bacterial exopolysaccharides (EPS) are widely
applied in the food industry as gelling and thick-
ening agents. A strong interest has arisen in exo-
polysaccharides produced by lactic acid bacteria,
because these strains are food grade (generally

Table 1
Structural reporter groups for glycoprotein derived glycans

Anomeric protons�
Alkyl and acyl substituents like methyl, acetyl, gly-�
colyl

� Sialic acid H3 atoms
� GalNac-ol H2, H3, H4 and H5, Man-H2 and Gal-

H4 atoms
� Protons shifted out of the bulk-region due to gly-

cosylation shifts or under influence of substituents,
such as sulfate, phosphate, and acyl groups

� 6-Deoxy sugar H6 atoms
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Fig. 1. Snap shot of the primary structure element builder tool of the WWW interface to the SUGABASE carbohydrate NMR
database.
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recognized as safe (GRAS)). Recently, our lab
published the primary structure determination of
the EPSs of two Streptococcus thermophilus
strains, Rs and Sts (Faber et al., 1998).

1.2. Conformational analysis of a disaccharide

As an introductory example of the potential of
NMR spectroscopy in conformational analysis,
the conformation of b-Me-cellobioside will be
described.

1.3. Spatial structure determination of a
glycoprotein hormone subunit

The spatial structure of the a-subunit of human
chorionic gonadotropin (ahCG) has been deter-
mined using solution NMR spectroscopy. Atten-
tion has been focused on the potential influence of
glycosylation on the protein structure. An X-ray
structure of this glycoprotein is known (Lapthorn
et al., 1994; Wu et al., 1994).

2. Materials and methods

Three examples are given to demonstrate the
applicability of NMR spectroscopy on glycans to
biotechnology. All the experimental information
with respect to the three examples have been
published elsewhere. Here the experimental de-
scription is limited to the strategic essentials. For
details the reader is referred to the original publi-
cations. All NMR experiments were performed on
Bruker AMX spectrometers at 500 or 600 MHz.
Processing of the NMR spectra was either done
using Bruker xwinnmr software or using the in
house TRITON software

2.1. Primary structure analysis of bacterial
exopolysaccharides

The exopolysaccharides produced by two
strains of S. thermophilus lactic acid bacteria,
referred to as Rs and Sts, were dissolved in 500 ml
2H2O. NMR spectra were recorded at an elevated
temperature of 353 K in order to lower the viscos-
ity and thus to narrow the line width of the NMR

signals. Besides the 1D NMR spectrum, homonu-
clear 2D TOCSY and NOESY spectra were
recorded. Furthermore, heteronuclear (1H, 13C)
HSQC, HSQC-TOCSY, and HSQC-NOESY
spectra were recorded. The monosaccharide com-
position and the information on the substitution
patterns were obtained using chemical and
chromatographic methods (Gerwig et al., 1978,
1979).

2.2. Conformational analysis of a disaccharide

b-Me(-d3)-cellobioside was made from cel-
lobiose and methanol(-d4) using a conventional
synthesis route. The sample (1 mg) was dissolved
in 500 ml 2H2O. A series of ROESY experiments
was recorded with mixing times between 75
and 400 ms. Furthermore, a GROMOS Molecu-
lar Dynamics simulation was done. The out-
come of both was analyzed using the CROSREL
program (Leeflang and Kroon-Batenburg,
1992; Kroon-Batenburg et al., 1993). This pro-
gram calculates NOESY or ROESY peak intensi-
ties from molecular models, such as a MD
trajectory.

2.3. Spatial structure determination of a
glycoprotein hormone subunit

NMR studies were carried out on native ahCG
(glycosylated at Asn52 and Asn78), as well as on
partially deglycosylated (glycosylated at Asn78)
and deglycosylated ahCG up to the first GlcNAc
residues at Asn52 and Asn78. 2D TOCSY and
NOESY spectra were recorded at an elevated
temperature of 328 K with various mixing times.
From the NOESY data, models of the protein
structure were generated using an adapted version
of the X-PLOR program (Nilges et al., 1988,
1991; Kuszewski et al., 1992). The modification to
the program was needed because native X-PLOR
does not know how to deal with the complex
disulfide bonding topology and with intact glyco-
proteins. Solution state NMR structure informa-
tion has been published by our group (De Beer et
al., 1996; Thijssen-van Zuylen et al., 1998; Erbel
et al., 1999).
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Table 2
Monosaccharide composition, branching information and pri-
mary structure of the repeating unit of the exopolysaccharides
of S. thermophilus strains, Rs and Stsa

Branching informationMonosaccharide composition

Gal 5 3,4-Rha 0.9
2-Rha 1.1Rha 2
2,3,4,6-Gal 0.9
2,3,6-Gal 1.0
2,4,6-Gal 2.2

Primary structure

b-D-Galp-(1�6)-b-D-Galp
1
¡
4

�3)-a-D-Galp-(1�3)-a-L-Rhap-(1�2)-a-L-Rhap-(1�2)

-a-D-Galp-(1�3)-a-D-Galp-(1�

a The numbers preceding the monosaccharide in the column
for branching information identify the positions of free hy-
droxyl groups.

clear scalar coupling constants were obtained that
were used to characterize the anomeric configura-
tion of the various linkages.

NMR spectroscopy could be used here to char-
acterize the primary structure of two exopolysac-
charides from different origins. The TOCSY and
HSQC spectra were above all needed to be able to
assign the signals in the NMR spectra. The
NOESY and especially the HSQC-NOESY spec-
tra, that have cross peaks depending on short
inter proton distances could be used to establish
the exact linkage information for the polysaccha-
ride repeating unit. NOESY spectra are not un-
questionably reliable to obtain the linkage
information. The observation of a NOESY peak
only identifies a short distance, and is not the
unambiguous proof for the chemical linkage.
HMBC spectra are also sometimes used to obtain
the linkage position information via a through-
bond interaction. Here the combination of chemi-
cal and qualitative spectroscopic data was
sufficient for the primary structure determination.

3.2. Conformational analysis of a disaccharide

In the framework of a research program aimed
at a better understanding of cellulose structure on
a molecular level the choice was made to analyze
the crystallographic repeating unit, cellobiose.
The b-Me-(d3) glycoside of cellobiose was used to
simplify the NMR spectra, by excluding the a-gly-
cosidic form that does not occur in cellulose. In
Fig. 2, a model including relevant atom labels is
depicted. The ROESY cross-peak intensities were
compared with calculated intensities from MD
simulations. The CROSREL program takes the
ROESY offset dependance and the direct TOCSY
transfer into account. These effects make the
quantitative analysis of the ROESY data more
difficult than of NOESY data. Special attention
has been given to glycosidic bond conformations
and to the rotamer population distributions of the
exocyclic hydroxymethyl groups of both glucose
moieties. Although calculations indicated that up
to four potential energy minimal conformations
could be possible, each characterized by typical
short inter-proton distances, only one conforma-
tion is observed with NMR spectroscopy. This is

3. Results and discussion

3.1. Primary structure analysis of bacterial
exopolysaccharides

The first noteworthy result of the 1D NMR
spectra of the Rs and Sts exopolysaccharide sam-
ples was that the spectra were virtually identical.
This was indeed remarkable because the physical
properties (viscosity) differ considerably. The dif-
ference in molecular mass or the degree of poly-
merization turned out to be decisive in this
respect. The monosaccharide compositions and
the substitution patterns, as shown in Table 2, are
also identical. The homonuclear 2D spectra could
not be analyzed in sufficient detail to obtain the
linkage information, because of signal overlap in
the bulk area. Using heteronuclear HSQC,
HSQC-TOCSY, and HSQC-NOESY spectra the
overlap problem could be solved, due to the larger
chemical shift dispersion in the 13C dimension.
Combination of the chemically obtained informa-
tion with the linkage data from the HSQC-
NOESY spectra the following identical primary
structure repeating unit were determined for both
samples. From the HSQC the one-bond heteronu-
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the same conformation that is found in the solid
state as determined by fiber X-ray diffraction.
With respect to the hydroxymethyl group a clear
difference between the solid and solvated state is
being observed. In native cellulose the hydrox-
ymethyl group is oriented towards the next glu-
cose residue in the polymer. This conformation is
referred to as the tg conformation. From the
analysis of the J-couplings between the H5 and
H6 atoms it can be concluded that in solution the
tg conformation hardly occurs.

3.3. Spatial structure determination of a
glycoprotein hormone subunit

A great challenge in applying NMR spec-
troscopy in structure determination still is the
structure determination of proteins, especially for
glycoproteins, because only in rare cases does one
have suitably isotope-labelled compounds. In
comparison to the analysis of the disaccharide,
the number of NOE cross peaks in protein spectra
is considerably larger. Because of this, the spectral

assignment process is much more tedious. Fortu-
nately the chemical shift dispersion in protein
spectra is much larger than in carbohydrate
spectra.

Once the NMR spectra for the ahCG samples
were assigned as completely as possible, lists of
NOE peaks were made. The intensities were
classified qualitatively as ‘strong’, ‘medium’,
‘weak’, and ‘very weak’. This data was the input
for the modified X-PLOR program. It would be
beyond the scope of this article to go into the
technical details of this program and of the mod-
ification. X-PLOR generates a series of structure
models that fit within 0.5 A, deviation from the
NMR distance information (NOEs). As striking
feature of these generated structures is that some
regions are very well-defined, whereas one region
is poorly defined. This is depicted in Fig. 3, where
a single structure is shown. Backbone atoms are
displayed for well-defined regions, whereas a rib-
bon is displayed for the flexible region. This non-
structured region interacts with the b-subunit of
hCG in the heterodimer. We have evidence that

Fig. 2. Molecular model of b-Me-cellobioside taken from a MD simulation trajectory. Hydrogen atom label conforming the IUPAC
rules for carbohydrates are shown. The conformation of both hydroxymethyl groups is the gt conformation. In the tg, gg, gt naming
convention both characters refer to a torsional angle being either gauche (g) or trans (t). The first character relates to the
O6(%)-C6(%)-C5(%)-O5(%) angle, whereas the second relates to the O6(‘)-C6(%)-C5(%)-C4(%) angle.
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Fig. 3. Structure of ahCG deglysilated beyond the first Glc-
Nac, as determined from NMR spectroscopy using the X-
PLOR program. The well-defined regions of the structure are
displayed using the actual backbone atom positions, whereas
for the flexible region a ribbon was used.

4. Conclusions

NMR spectroscopy can be used in various
stages in the structure determination of
biomolecules. This was illustrated in three exam-
ples. In all examples several experiments need to
be done to be able to assign the peaks in the
NMR spectra to the different atoms in the
molecules. The analysis of distance information
can be done qualitatively, semi-quantitatively or
quantitatively.

In the exopolysaccharide qualitative interpreta-
tion provided the information to determine the
primary structure repeating unit. For the charac-
terization of the disaccharide conformation the
J-coupling and ROESY cross-peak intensities
have been analyzed quantitatively to obtain suffi-
ciently detailed conformational information.

In this last example it was shown that NOESY
NMR data provided in a qualitative way are
sufficient to determine the structure of a (glyco)-
protein.
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