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. Introduction and Scope

Carbohydrates play key roles in biological recogni-
tion processes,’? in development of diseases,® and in
many important areas of food and technical industry.
The function of these molecules and detailed mech-
anisms of these events are still poorly understood.
As such, carbohydrates remain the least exploited
among the three major classes of biomolecules.
Carbohydrates are difficult to synthesize and ma-
nipulate, and the limited availability makes it
difficult to study their biological functions in detail.
There is, e.g.,, not yet a machine available com-
mercially which can synthesize complex oligosaccha-
rides in an automated fashion. Biologists do not have
a PCR method available for carbohydrates to facili-
tate structural assignment. In addition, there is only
limited experience in the preparation of glycoproteins
with well-defined carbohydrate structures to inves-
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tigate their roles in glycoprotein structure and func-
tion. Medicinal chemists have doomed complex car-
bohydrates as uninteresting in drug development,
since carbohydrates larger than a disaccharide are
generally too complex to be prepared in sufficient
amounts for testing and too hydrophilic to have good
bioavailability. Furthermore, they are generally orally
inactive and easily degraded in the digestive tract.

Itis, however, important to encourage and continue
the study of carbohydrate-mediated biological pro-
cesses and to investigate their behavior, as under-
standing the mechanism of carbohydrate function
may lead to the development of carbohydrate-based
therapeutics. Recent advances in glycochemistry
have helped to solve some of the problems associated
with studies of carbohydrates, and methods for the
large-scale synthesis of complex carbohydrates for
drug development have been documented. Current
efforts are, however, directed toward the development
of small molecules to mimic the structure and func-
tion of complex carbohydrates with the hope that
such compounds can be more easily prepared.

This review will address the general problem of
structural assignment of complex carbohydrate struc-
tures by NMR spectroscopy. This is a field which
during the past decades has demonstrated its vast
importance in all the above-mentioned fields, and this
is expected to continue in the future. The study of
sugar nucleotides and nucleosides will not be covered.

The building blocks in oligosaccharides are more
diverse in nature than in proteins or nucleic acids.
Carbohydrates often differ only from each other in
the stereochemistry, and the pattern of interresidue
linkages can be very heterogeneous.® The information
capacity of the carbohydrates is much larger than in
proteins, particularly due to branched structures. It
has been claimed that carbohydrates contain the
hidden code to biological recognition.>~7 Conse-
quently, the structure determination of complex
oligosaccharides is a challenging but difficult prob-
lem.

Carbohydrates with important biological functions
present on, e.g., the protein surface?® are often large
structures, and NMR spectroscopy is one technique
for their description. However, a wealth of techniques
9719 are currently being applied in the identification
of known oligosaccharides or the determination of
new structures. The identification of known struc-
tures can be carried out on relatively small amounts
of material using, e.g., capillary electrophoresis® or
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fluorescence detected HPLC.? Both techniques can be
combined with mass spectrometry to give important
structural information.?12

An interesting technique has been developed for
structure elucidation of glycoprotein-derived oligosac-
charides based on the combined use of specific
hydrolases and HPLC.?° Mass spectrometry of oli-
gosaccharides!?1621.22 js rapidly developing following
improvements in instrumentation. The technique can
in itself often lead to a full structural characterization
of oligosaccharides. However, the crucial issue of
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sugar stereochemistry cannot be solved by current
methodology used routinely in mass spectroscopy.
The present review will therefore only include mass
spectroscopy, when used in combination with NMR
spectroscopy.

Carbohydrate NMR spectroscopy has continued to
develop rapidly and has been reviewed several times
during the last years (Table 1). Therefore, it seems
most appropriate mainly to review the latest tech-
niques and applications. The majority of previous
reviews have focused on the application of NMR
spectroscopy in the determination of three-dimen-
sional structure or conformation of complex oligosac-
charides (Table 1). In this field several new tech-
niques have emerged, but they will only be described
here if they have been used in the determination of
the primary structure of carbohydrates or their
derivatives. Many of the reviews which focus on
structural determination are quite old but are in-
cluded in Table 1 because they include useful data,
either with description of methodology or reference
to chemical shift data. The importance of publishing
good NMR data for selected reference compounds can
hardly be overestimated. This is clearly seen by
searching the citation index for some of the older
tabulations of chemical shifts. It will therefore be
important that editors and publishers also allow the
publication of what can seem to be trivial tables of
chemical shifts eventually as supplementary infor-
mation in electronic form in the future.

In the present review only a few examples of the
large number of publications dealing with conforma-
tional analysis and binding studies of carbohydrates
to protein receptors will be mentioned. This field has
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Table 1. Reviews Related to Carbohydrates and NMR
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author title year
Bush, C. A.; Martin-Pastor, M.; Structure and conformation of complex carbohydrates of glycoproteins, 199923
Imberty, A. glycolipids, and bacterial polysaccharides
Roumestand, C.; Delay, C.; A practical approach to the implementation of selectivity in homonuclear 199924
Gavin, J. A.; Canet, D. multidimensional NMR with frequency selective-filtering techniques.
Application to the chemical structure elucidation of complex oligosaccharides
Poveda, A.; Jimenez-Barbero, J. NMR studies of carbohydrate-protein interactions in solution 1998%
Schmeider, H.-J.; Hacket, F.; NMR studies of cyclodextrins and cyclodextrin complexes 199826
Rudiger, V.
Widmalm, G. Physical methods in carbohydrate research 1998%7
Hounsell, E. F.; Bailey, D. Approaches to the structural determination of oligosaccharides and 199728
glycopeptides by NMR
Uhrin, D. Concatenation of polarization transfer steps in 1D homonuclear 1997%°
chemical shift correlated experiments. Application to oligo- and
polysaccharides
Agrawal, P. K.; Pathak, A. K. Nuclear magnetic resonance spectroscopic approaches for the 1996%°
determination of interglycosidic linkage and sequence in oligosaccharides
Bush, C. A. Polysaccharides & complex oligosaccharides 199631
Lerner, L. E. Carbohydrate structure and dynamics from NMR 1996832
Mulloy, B. High-field NMR as a technique for the determination of polysaccharide 19963
structures
Peters, T.; Pinto, B. M. Structure and dynamics of oligosaccharides: NMR and modeling studies 199634
Van Halbeek, H. Carbohydrates & glycoconjugates 199635
Hounsell, E. F. IH NMR in the structural and conformational analysis of 199536
oligosaccharides and glycoconjugates
Van Halbeek, H. NMR developments in structural studies of carbohydrates and their complexes =~ 199437
Abeygunawardana, C.; Bush, C. A. Determination of the chemical structure of complex polysaccharides by 199338
heteronuclear NMR spectroscopy
Agrawal, P. K. NMR spectroscopy in the structural elucidation of oligosaccharides and 19923
glycosides
Bush, C. A.; Cavas, P. Three-dimensional conformations of complex carbohydrates 199240

recently experienced an increase in new techniques
after some years where the majority of conforma-
tional analyses from an experimental point of view
were based primarily on quantification of NOEs. A
new technique based on the measurement of residual
dipolar coupling constants in partially aligned media,
using bicelles or phage particles as cosolutes, has
been introduced during the last years.*~%6 These
parameters can give information not only about
short-range interactions as NOEs, but also on the
relative orientation of subunits or residues. Most
likely a number of applications of this new technique
will appear in the coming years. However, like in the
use of NOEs in conformational studies of carbohy-
drates, the accurate interpretation of the residual
dipolar coupling constants must take into account the
internal flexibility as an important issue. During
recent years, several studies have focused on the
dynamic properties of carbohydrates, mainly based
on the measurement of NMR relaxation parameters
and among others 13C data*’ combined with computer
simulation.48-%0

Solid-state NMR techniques are also being used to
some degree, particularly within the field of polysac-
charides, but it is beyond the scope of the present
review to include such advances.5*~%°

Finally, this review will not cover routine applica-
tions of NMR in the structural elucidation of carbo-
hydrates but will mainly focus on methodology using
recent examples from the literature. This limitation
is prompted by the large number of publications in
the field, e.g., a search in Medline via PubMed in May
2000 using the keywords (carbohydrate* OR oli-
gosaccharide* OR polysaccharide*) and NMR pro-
duced 6272 hits. Selecting from these only articles
published in 1999, 366 hits were found. This search

did not cover all relevant literature in the field
because part of the chemistry-related literature is not
listed in Medline. This interpretation is supported
by the fact that a search in Science Citation Index,
which is expected to cover all areas of research, for
only 1999 resulted in 457 hits using the same search
profile.

[l. NMR Methods for Structural Determination

The first part of this section will introduce carbo-
hydrate structural determination to the less experi-
enced researcher or student in the field. The latter
part will be focused on some more recently developed
methods.

A. Carbohydrate Structural Elements and
Classical NMR Methods

There are several ways to perform a primary
structural analysis of a mono-, oligo-, or polysaccha-
ride by NMR spectroscopy, and research groups
performing carbohydrate structural determination
have different approaches. Vligenthart et al.>8 intro-
duced the ‘structural-reporter-group’ concept, which
is based on signals outside the bulk region (3—4 ppm)
in the 'H NMR spectra of carbohydrates. This ap-
proach is used to identify individual sugars or
sequences of residues and can be used to identify
structural motifs or specific sugars and linkage
compositions found in relevant databases, like Carb-
Bank or SUGABASE.5"~% Similarly, Kochetkov and
co-workers developed a program and database which
can assist in the assignments of oligo- and polysac-
charides using primarily 3C NMR data.®®~62 Fur-
thermore, CASPER is a database tool constructed for
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prediction of carbon and proton chemical shifts in
combination with appropriate coupling constants for
oligosaccharides. The predicted data are compared
with experimental data and used to rule out ir-
relevant structures.®3-% The computer programs used
in structural determination will be described in more
detail in section II.C. It is always recommended to
check databases for characteristic chemical shifts and
coupling constants of a given sequence. It will not
necessarily solve the sequence composition com-
pletely but can be used to verify a sequence related
to a known structure or a motif already present in a
database.

NMR- based structure elucidation is most often
combined with data from mass spectrometry or
chemical information, e.g., monosaccharide composi-
tion or methylation analysis.®® Carbohydrates nor-
mally have at least two NMR-active nuclei, 3C and
1H, but also less frequently used nuclei like ?H,%7 3H,
1B, 15N, 170, °F,%8-70 and 3'P can be used for studies
of natural or synthetic oligosaccharides. The disper-
sion of resonances in the carbon spectra is favorable,
but the amount of material needed to acquire such
spectra is relatively high due to the low natural
abundance of *3C. However, advances in both hard-
ware and pulse sequences have reduced the amount
needed. In practical terms, about 1 mg of a pure
trisaccharide is enough to perform a complete struc-
tural assignment by both 'H and *C NMR spectros-
copy. When sample amounts are further limited, *H
NMR spectra can be measured down to nanomole
quantities. The study of small sample amounts will
be discussed in detail in section V. When comparing
chemical shift values it is important that the refer-
ence data is measured at the same temperature and
that the data are based on the same internal refer-
ence or one that can be correlated in a simple
manner.

1. Number of Sugar Residues

A good starting point for a structural analysis is
the anomeric proton chemical shift. Integration of the
anomeric resonances offers an initial estimate on the
number of different monosaccharide residues present.
The anomeric proton resonances are found in the
shift range 4.4—5.5 ppm. The remaining ring proton
resonances are found in the range 3—4.2 ppm in
unprotected oligosaccharides. Additionally, the num-
ber of anomeric C1 resonances present in a 1D 3C
NMR spectrum will confirm the number of different
residues. Such results can also be obtained from 2D
BC—-IH HSQC,* HMQC,>"® or HMBC" spectra,
which in many cases are more sensitive than a 1D
13C spectrum.

2. Constituent Monosaccharides

Homonuclear TOCSY and DQF—COSY spectra are
useful in the identification of individual monosac-
charide residues. In TOCSY spectra of oligosaccha-
rides acquired with a fairly long mixing time (>100
ms), it is often possible to measure the size of the
coupling constants and the correlations to reveal the
identity of the residue. In cases with significant
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Figure 1. 1D H spectra showing the coupling patterns
for some of the monosaccharides present in Table 2: (a)
Methyl fS-p-glucopyranoside; (b) Methyl j-p-galactopy-
ranoside; (c) Methyl a-b-mannopyranoside; (d) Methyl o-L-
rhamnoside; (e) N-acetylneuraminic acid; (f) b-galacturonic
acid. All spectra were acquired on a Varian Unity 500 MHz
spectrometer. Spectra were acquired in D,O at 25 °C,
except for ¢, which was acquired at 35 °C.

overlap in the bulk region (3—4.2 ppm), a 1D TOC-
SY?42° may be useful in resolving ambiguities. In
Table 2 the most common sugars are listed with their
NMR characteristics and coupling pattern, and NMR
spectra of selected monosaccharide residues are
shown in Figure 1. Both *H and 3C chemical shifts
for most monosaccharides can be found in the litera-
ture (Tables 2 and 3), and based on such values, an
assignment of the individual residues can be made.
The 3C chemical shift values can easily be obtained
from a HSQC or HMQC spectrum. The TOCSY and
HSQC (or HMQC) data may also be obtained simul-
taneously using the 2D version of the HSQC-
TOCSY®-82 or the HMQC-TOCSY?0884 experiments.
These experiments are useful and give additional
dispersion in the carbon dimension, which may
facilitate the assignment of individual spin systems.
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Table 2. Selected Sugars? and Their Characteristic NMR Features

Characteristic chemical shifts and J-coupling pattern

B-Glc and B-GlcNAc

Glc: Jo (Hz) - 3.6,9.5,9.5,95 7
Jp(Hz)-7.8,95,95957
The coupling pattern is similar for GlcNAc

Upfield shift of 8¢s.q ~ 53.4 ppm, Scop ~ 58 ppm”>"

OH
HO Q
HO OH
R GIeNAC : 8nge ~ 2 ppm
R = OH, NHAc

B-Gal and B-GalNAc

o]
il

€
[e]

[e]

I

s) (o]
]
I

Gal: ), (Hz)-3.8,10,3.8,17
Jp(Hz)-8,10,38,17
The coupling pattern is similar for GaINAc
GalNAC : 3y, ~ 2 ppm
Upfield shift of 8¢ ~ 51.4 ppm, 8¢z ~ 54.9 ppm™7®

R = OH, NHAc
o-Man I, (Hz)-1.8,3.8,10.0,9.87
OH Js (Hz)- 1.5,3.8,10.0,9.8 ™

OH.o

HO
HO
OH
o-L-Fuc 8cs ~ 16.3 ppm76 and 86 ~ 1.1 ppm”

I
(e}

g
w
o
o
X
[e]
o
T

Similar coupling pattern to Gal, Jss = 6.3 Hz"®

OH
o-L-Rha 8¢ ~ 18.0 ppm’® and 8y ~ 1.2 ppm”
OH OH Similar coupling pattern to Man, Js¢ = 6.2 Hz"
HO
HsC 0
OH
o-NeuAc Suzax ~ 1.9 ppm; Spzeq ~ 2.3 ppm n
OoH COOH  Upfield shift of 8c;
HO Jos crasa ~ 6 Hz Jg, crpise < 1 Hz 757
AcHN. L pQ / TOH
OH CH
a-Kdo® Upfield shift of C3 ~ 34.8 ppm™

Coupling pattern similar to NeuAc acid for anomeric configuration.

OH
o-Heptose Similar J-coupling pattern to Man
HO, For identification assignment of C7 is required, where both a L and D
HO OH form can be found
HO -
HO
OH
$-Glucuronic acid Similar coupling pattern to Glc
COOHO 8¢ pH dependent
HﬂmOH pH = 7.8 8, 6 =176.9 ppm, 83 cs =177.6 ppm
OH

pH = 1.8 84 c6 =172.9 ppm, 8 cs =173.8 ppm "

-Galacturonic acid
H
COOH

.

HO OH

OH

Similar coupling pattern to Gal
8¢ pH dependent
PH ~ 6 8, cs =172.6 ppm, 8p, c6 =173.5 ppm *°

a All the sugars listed are b unless otherwise noted. P Kdo = 3-deoxy-p-manno-octulosonic acid.
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Intraresidue NOEs or ROEs are also useful when
small coupling constants are present in the spin
systems, and a normal TOCSY experiment is difficult
to carry out successfully.

For NeuAc or Kdo derivatives (see Table 2) without
an anomeric proton, characteristic signals as the H3gq
or H3. protons are a good starting point for the
assignments. The methyl groups in terminal deoxy-
sugars are equally useful.

3. Anomeric Configuration

Normally the a-anomer resonates downfield com-
pared to the f-anomer in p-pyranoses in *C; confor-
mation. The vicinal coupling constant between the
anomeric H1 and the H2 indicates the relative

orientation of the two protons. If they are both in an
axial configuration in pyranose structures, a large
coupling constant (7—8 Hz) is observed, whereas if
they are equatorial—axial, this is smaller (J;, , ~ 4
Hz), and for axial—equatorial or equatorial—equato-
rial oriented protons, even smaller coupling constants
are observed (<2 Hz).%5 This principle can be used
when assigning the relative orientation of protons in
a hexopyranose ring as first demonstrated by Le-
mieux et al. in 1958.86 The 13C chemical shift reveals
the anomeric configuration in a manner similar to
the proton chemical shifts, but most importantly the
one bond *C—!H coupling constants in pyranoses can
be used to determine the anomeric configuration
unequivocally.®” For b sugars in the “C; conformation,
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Table 3. Chemical Shift Table Collections
author title year
De Bruyn, A; Anteunis, M.; Verhegge, G. 'H-NMR study of the diglucopyranoses in D,O 1975°%
Bock, K.; Theggersen, H. Nuclear magnetic resonance spectroscopy in the study of mono- and 198275
oligosaccharides
Bock, K.; Pedersen, C. Carbon-13 nuclear magnetic resonance spectroscopy of monosaccharides 198376
Vliegenthart, J. F. G.; Dorland, L; High resolution, H-nuclear magnetic resonance spectroscopy as a tool 1983%
van Halbeek, H. in the structural analysis of carbohydrates related to glycoproteins
Bock, K.; Pedersen, C.; Pedersen, H. Carbon-13 nuclear magnetic resonance data for oligosaccharides. 198492
Shashkov, A. S.; Nifant'ev, N. E; IH and *3C NMR data for 2-O-,3-O- and 2,3-Di-O-glycosylated methyl 1993%
Amochaeva, V. Y.; Kochetkov, N. K. o- and -p-glucopyranosides and 5-p-galactopyranosides
Bock, K.; Duus, J. @. A conformational study of hydroxymethyl groups in carbohydrates 19944
investigated by *H NMR spectroscopy
Hounsell, E. F. IH NMR in the structural and conformational analysis of oligosaccharides 19953

and glycoconjugates
1H and *3C NMR shifts for aldopyranose and aldofuranose monosaccharides: 1996%

Hobley, P.; Howarth, O.; Ibbett, R. N.

Conformational analysis and solvent dependence

Khatuntseva, E. A.; Shashkov, A. S.;
Nifant'ev, N. E.

1H and '3C NMR data for 3-O-, 4-O-, and 3,4-di-O-glycosylated methyl
o-L-rhamnopyranosides

19979%

a 'Jcin1 ~ 170 Hz indicates an o-anomeric sugar
configuration whereas *Jc; 11 ~ 160 Hz indicates a
B-anomeric sugar configuration.®” This is reversed for
L sugars. The use of one-bond coupling constants in
furanose structures does not correlate in the same
way with the anomeric structure. Several experi-
ments can be used to measure these one-bond cou-
pling constants as discussed below. For sugars such
as NeuAc and Kdo with no anomeric proton, the
anomeric configuration can be obtained from mea-
surements of the carbonyl—H3,/H3ax coupling con-
stants,’®"® the C2—H3 coupling constants,”” or from
chemical shifts of the H4 and H6 protons, respec-
tively.

4. Linkage and Sequence

Both the 'H and the 3C chemical shift may give
an indication of the linkage type if the chemical shifts
for the specific linkage have been reported previously.
The effect of glycosylation depends on the linkage
type, and the changes in the chemical shift are in
general larger at the glycosylation site than at
neighboring positions. Interresidue NOEs may give
information about the glycosidic linkage, but it
should be kept in mind that the strongest NOE might
not be between the protons across the glycosidic
linkage.®88 A HMBC experiment can also give link-
age information, keeping in mind that both intra- and
interresidue correlations are seen.

5. Position of Appended Groups

The proton and carbon chemical shifts are sensitive
to the attachment of a non-carbohydrate group like
a methyl, acetyl, sulfate, or a phosphate group.
Attachment of such a group will affect the proton and
carbon resonances where the group is located. Nor-
mally downfield shifts ~0.2—0.5 ppm are observed®®
for protons and higher A¢ values for 13C. This places
these resonances in a less crowded area of the spectra
and helps the identification of modified residues.
Such appended groups may also contain NMR-active
nuclei, which may give rise to additional splittings
due to couplings (e.g., 3*P—H long-range couplings).
The use of other homo- or heteronuclear correlations
may help in the determination of their position.

The approaches outlined in Scheme 1 can help to
solve a given structural problem depending on the
size of the oligosaccharide studied. As pointed out
above, many of the resonances are found in a narrow
chemical shift range, and this can make it problem-
atic to distinguish resonances which are close in
chemical shift or align signals when comparing
different spectra or spectral regions. It is generally
necessary to use good software programs to handle
the complex data. The program PRONTO (developed
at Carlsberg Laboratory by Mogens Kjeer®) is freely
available from the web site http://www.crc.dk/chem/
pronto/welcome.html. This package greatly facilitates
the assignment and enables the user to analyze
several 2D spectra or multidimensional spectra si-
multaneously using different color codes for each
experiment and accurately align spectral regions of
particular interest.

6. Classical NMR Methods

Carbohydrate samples are normally dissolved in
D0, and when working with carbohydrates contain-
ing charged groups, like Kdo or phosphates, care
should be taken to report the pH of the sample,®”-%
in particular if more samples or structures should be
compared. If the structures contain non-carbohydrate
moieties, solvent mixtures may be used such as
DMSO, methanol, or CDClIs. It can be an advantage
to use a mixture of H,O/D,0 (e.g., 9:1) to be able to
observe exchangeable protons as amide H in the NAc
group. Spectra are often acquired at close to room
temperature, but raising the temperature can give
better resolution by sharpening of the resonances,
lowering the viscosity of the sample, and increasing
the tumbling rate. However, changing the tempera-
ture toward the freezing point can be used to optimize
the observed NOEs for oligosaccharides, where often
small NOEs are observed at room temperature for
tri- and tetrasaccharides at 500 MHz. Use of 5%
acetone-ds as lock signal in D,O samples can improve
the cancellation in difference spectroscopy, due to the
much sharper lock signal and less temperature-
dependent chemical shift of the acetone signal.

13C chemical shifts are often obtained from multi-
dimensional heteronuclear proton observe experi-
ments using an inverse detection probe, because the
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Scheme 1
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J Jen 4+ 8, 8 — Anomeric configuration
en '
6 ) j&'/O 0
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Q 8, 8o d
y, O — downfield
M dyy correlations ——)> Position of appended groups

JH)(
X = OAc, OMe, SO, F, PO,

Table 4. NMR Pulse Sequence Abbreviations?

experiment ref
COSY correlation spectroscopy 113,114
DQF-COSY double quantum filtered-COSY 115-117
HOHAHA/TOCSY homonuclear Hartmann Hahn/total correlation spectroscopy 116,118-121
HMBC heteronuclear multiple bond correlation 74,122—-124
HMQC heteronuclear multiple quantum coherence 72,73,125
HSQC heteronuclear single quantum coherence 71,126,127
NOESY nuclear Overhauser enhancement spectroscopy 128,129
ROESY rotating frame Overhauser enhancement spectroscopy 130,131

a Gradient versions of the experiments are normally denoted with a g in front of the experiment name.

1D carbon observe experiment requires more com-
pound. With the introduction of pulse-field gradients,
many of the NMR experiments have gained ad-
ditional sensitivity, because the gradient-enhanced
experiments give fewer spectral artifacts, allow for
better solvent suppression, and require a shorter
phase cycle.®® In the traditional pulse sequences
without gradients, the phase cycling is important
because it is used to remove experimental artifacts
and to select a specific kind of data. Many 1D, 2D,
3D, and 4D homonuclear and heteronuclear experi-
ments have been adapted to gradient versions.®® In
Table 4 are given the abbreviations and key refer-
ences to standard pulse sequences.

The most commonly used experiment for the mea-
surement of Jcy coupling constants are hetero-
nuclear 2D experiments, although these couplings
can also be measured from coupled 1D 3C spectra

or from the 13C satellites in 'H NMR spectra.l%
Among the 2D heteronuclear experiments are J-
resolved spectroscopy’®! as well as the nondecoupled
version of the HMQC and HSQC experiments. Sev-
eral studies have discussed which experiments are
best for the study of carbohydrates.%2193 The Jc 4
couplings can also be measured together with long-
range coupling constants using a modified hetero (w;)
half-filtered TOCSY experiment.'®* Uhrin et al. re-
ported a sensitivity- and gradient-enhanced hetero
(w1) half-filtered TOCSY experiment which allows a
scaling in the F; dimension to include or remove the
one-bond coupling constants.'% This scaling allows
for an additional splitting which may help in the
coupling constant determinations. The coupling con-
stants are obtained from E-COSY-type multi-
plets,106-198 and analysis of these gives the long-range
heteronuclear coupling constants in the F, dimension.
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The use of S°E and S3CT techniques may also be used
in the determination of 1J¢ .1097112

There are several ways to measure long-range
coupling constants in carbohydrates both 2D32133
and 1D experiments.’®*~137 Many reports in the
literature are based on acquiring spectra on samples
which are specifically'38-141 or uniformly42143 13C
labeled.

The linkage site identification is often done by
homonuclear 1D and 2D NOESY or ROESY or the
heteronuclear HMBC types of experiments. Recently
an application of a Relayed-ROESY experiment has
been used to selectively identify a 1—2 glycosidic
linkage in polysaccharides.'* The selection of cross-
peaks from 1—2 linkages is achieved by tuning the
duration of the TOCSY mixing period. The sensitivity
of this technique may be superior to the HMBC on
natural abundance samples, although it is dependent
on the size of the ROE. Also, the 2D HMQC—
NOESY! and HSQC—NOESY® spectra can give
connectivities across the glycosidic linkage and may
be helpful in cases with severe overlap due to the
separation in the carbon dimension.

B. New NMR Methods

Some of the most promising NMR methods pub-
lished during the past few years are illustrated below.
This will not be a comprehensive list but primarily
a selection of methods with new principles or meth-
ods with potential application in carbohydrate struc-
tural assignment.

In the description of classical NMR methods, the
experiments are generally either direct observe 1D
or 2D homo- or heteronuclear experiments, such as
DQF—COSY, NOESY, and HSQC. Many can be
combined to design experiments with multiple evolu-
tion times, which after transformation are seen as
3D or higher. The use of high-dimension experiments
has been one of the keys to the successful develop-
ment of protein NMR, where the higher dimensions
have allowed the separation of the many closely
resonating signals. The rapid development in the
field of protein NMR assignment has been dependent
on the development of general methods for isotope
enrichment of proteins using expression in bacteria
or yeast. This is generally not applicable to carbohy-
drates, but it has been demonstrated in special cases
as an interesting approach, which will be described
in section 1V about polysaccharides. Some examples
of 3D experiments using '3C-enriched samples will
also be described there.

The methods for carbohydrate NMR assignment,
therefore, generally rely on natural abundance
samples with mainly *H homonuclear 3D experi-
ments.1#6-14° The first description of a 3D experiment
on a carbohydrate was by Vuister et al.,'*® who
demonstrated the usefulness of an NOE-HOHAHA
3D experiment for the assignment of a diantennary
asparagine-linked oligosaccharide. The experiment
can be seen as a combination of two 2D experiments
to reduce the overlap. The same group later published
a heteronuclear 3D *C—'H HMQC—NOESY experi-
ment on the same sample.**® The main advantage is
the increased separation of resonances in the 3C
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dimension. However, in the same publication the
corresponding 2D HMQC—-NOESY, which is more
widely used, was also described.

Homans and co-workers'4¢147 described several 3D
experiments for the assignment of complex oligosac-
charides. The combination of two 2D techniques into
either 3D HOHAHA—COSY or ROESY—-COSY%¢ has
proven to be valuable for the assignment of overlap-
ping signals in spin systems with either gluco- or
galacto-configured monosaccharides, respectively. The
HOHAHA transfer works well for the gluco config-
uration with large couplings throughout the spin
systems, while transfer through NOE contacts works
best in the galacto isomer. In the 3D experiments,
planes can be selected which essentially look like 2D
COSY spectra for each spin system. In a further
extension of the HOHAHA experiment, a pseudo 4D
experiment was designed using a selective pulse at
the anomeric proton of a given residue to reduce the
formally four dimensions into three in an HOHAHA—
HOHAHA—-COSY experiment.’4” A 3D HOHAHA—
HOHAHA experiment from Rutherford and Homans!
utilized a constant time element in the first incre-
mented dimension, tuned to achieve decoupling of the
three-bond coupling between H1 and H2 in 3-GIcNAc
residues and thereby increase the effective resolution
for assignment.

Real 3D experiments have not been used to a large
extent in the field of carbohydrate structural assign-
ment, whereas the reduction of multidimensional
experiments into 1D or 2D experiments is more
common. The main reason is the long time required
to obtain 3D or 4D spectra with good digital resolu-
tion. However, some examples of 3D spectra have
been published either with homonuclear 3D or
heteronuclear 3D*® using a '3C-enriched sample to
extract detailed information about the bound confor-
mation of oligosaccharides to lectins.

The implementation and application of Gaussian-
shaped pulses to reduce 2D experiments to 1D was
first described by Freeman and co-workers in 1984.152
The key idea is to replace one (or more) of the hard
nonselective pulses in a normal 2D experiment, like
a TOCSY or COSY, with a soft selective pulse at a
given resonance. The resulting 1D spectrum will
correspond to the slice in the 2D spectrum at this
resonance. The advantages are that many scans at
a given resonance can be acquired to give good signal-
to-noise and digital resolution. This method is well
suited for carbohydrates as the structural reporter
groups especially the anomeric protons are ideal for
the selective excitation by soft pulses. Bax!®31%* and
Kessler!s5156 described 1D versions of all the standard
2D experiments and demonstrated their use on both
peptides and oligosaccharides. The methods have
been widely applied in carbohydrate NMR spectros-
copy, particularly by implementing this approach into
the 1D versions of 2D experiments!#8157-161 phyt also
to soft 2D versions of 3D experiments.148162,163

As the advancements of 2D and 3D methods have
progressed rapidly, the implementation of such
experiments into 1D analogues has followed and
Uhrin and co-workers have contributed signifi-
cantly.120.161,.164-166 These methods are useful, and the
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improved version using pulsed field gradients give
clean spectra. This has been reviewed by Uhrin in
19972° and by Roumestand in 1999,24 and therefore,
only a few examples will be described below.

Many experiments have focused on accurate
measurement of long-range *C—!'H coupling con-
stants,81:105.134,135,163,167.168 gnd the results have mainly
been used for conformational studies. The simple 1D
experiments, like 1D TOCSY and 1D NOESY, have
proven useful for practical structure characterization
of carbohydrates,'58.160.166.169 dye to the possibility of
obtaining high-quality spectra with good resolution
in a reasonable amount of time.

The implementation of selective pulses into pulse
sequences can be extended quite far, and multiple
selective experiments can be performed with the
replacement of more than one hard pulse. This is
useful to perform multiple transfer steps sequentially
to give specific information of, e.g., interresidue NOEs
in TOCSY—NOESY* or NOESY—TOCSY¢* or even
TOCSY—NOESY—-TOCSY* experiments. A good
alternative to the use of multiple selective pulses is
the combination of selective pulses and chemical
shifts selective filters for 1D versions of 3D experi-
ments.®! The implementation of pulse field gradients
ensures high sensitivity and clean spectra,?®° e.g.,
in 1D NOE experiments'®® and in general in most of
the 1D versions of standard 2D experiment or com-
binations of these.1%¢

An interesting extension of 1D TOCSY has been
described by Schraml et al.,*”* who acquired a series
of 1D TOCSY experiments by a combination of
multiple excitation frequencies with phases of com-
ponent pulses varied according to a Hadamard ma-
trix. Processing and linear combinations of the spec-
tra gave normal 1D TOCSY spectra in a significantly
shorter time than by acquiring the spectra one by
one.

A powerful tool in carbohydrate analysis is meth-
ylation analysis,® which provides information about
which hydroxyl groups are substituted. Van Halbeek
and co-workers investigated oligosaccharides in H,O
at temperatures below 0 °C either by supercooling
or addition of acetone-ds to prevent freezing.’? Dur-
ing the studies the authors noticed that the method
can be used to identify positions in the monosaccha-
ride residues of oligosaccharides which are glycosid-
ically linked."? The aliphatic protons at carbons with
OH attached will show couplings to the OH group at
low temperature and can be identified by comparison
of spectra obtained in D,O and H,O using, e.g., 1D
TOCSY or by the line broadening. The remaining
aliphatic protons, often with sharper signals, will
then correspond to positions of the glycosidic linkages
or substituted positions. This method requires only
small amounts of material compared to the amounts
required for a full NMR structural analysis. If this
indirect method fails to identify the glycosidic posi-
tions due to overlap, the positions bearing OH can
be identified in a 2D COSY by the correlation
between OH protons and aliphatic protons. Similar
experiments can be carried out in DMSO, where the
exchange of OH-protons is slow even at room tem-
perature.t73174
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Another method based on a similar idea has been
published by Bendiak,'"®17¢ who used peracetylation
of free hydroxyl groups with *3C-carbonyl-labeled
acetic anhydride either fully enriched or only at the
carbonyl carbon. The method can be used to separate
free hydroxyl positions from positions involved, e.g.,
in glycosidic linkages. The protons at acetyl-protected
positions will show a three-bond 3C—'H coupling
constant and can be readily identified. This coupling
constant has been shown to be in the range from 2.5
to 4.7 Hz and with no interference from the four-bond
heteronuclear coupling constants, which are small
and buried within the line width. The assignment of
an acetylated position can be performed by a com-
parison of a gCOSY (gradient COSY) and a carbon-
decoupled gCOSY experiment. In complex structures,
where the protons cannot be identified directly, the
advantage of using a 3C label is the increase in
sensitivity in HMBC or heteronuclear COSY experi-
ments. Additionally, the protection with acetate
increases the chemical shift range where the ali-
phatic protons are observed and thereby allows for
assignment of more complex structures. This ap-
proach has been extended by Jones and Bendiak,’”
who devised a set of 3D experiments utilizing separa-
tion of closely resonating signals into more dimen-
sions through attached fully 3C-labeled acetate
groups. These techniques can reveal the position of
the glycosidic linkage but not the sequential position-
ing of the individual monosaccharide units. The main
disadvantage is the requirement of a chemical de-
rivatization, where acetylation of large oligosaccha-
rides is not always easy to carry out to completion.

In 1995 Otter et al.}’817 demonstrated the poten-
tial benefits of using gradient-enhanced versions of
COSY (gCOSY) and double-quantum-filtered COSY
(gDQFCOSY) for carbohydrates. However, this has
not been used extensively in the field of carbohy-
drates. The advantage of the gCOSY experiment is
often only recognized for the fact that this does not
need phase cycling, because the coherence selection
and suppression of unwanted signals are carried out
using the gradients. However, Otter et al. demon-
strated that the experiment has superior sensitivity
for observing cross-peaks between proton pairs with
small coupling constants, like 3Jyi 42 in S-D-Man
residues. However, the ability to observe correlation
due to long-range couplings, 4J and 5J, is more useful,
where the observation of cross-peaks between proton
pairs on each side of the glycosidic linkage could be
an important alternative to the use of the 3C—H
HMBC experiments in the determination of the
linkage between adjacent residues.'’®

A technique described for detecting signals in
regions with overlap from signals other than the
normal carbohydrate residues has recently been
published by Kéver et al.*® using a benzyl-protected
oligosaccharide. The problem is well-known in as-
signment of protected oligosaccharides from synthetic
origin, where the CH, resonances overlap with the
anomeric signals and other downfield-shifted reso-
nances. The method is based on band-selective sup-
pression of unwanted signals prior to standard 2D
experiments, as TOCSY or HSQC. The magnetization
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transfer within spin systems in the pulse sequence
will then give rise to signals for the carbohydrates
residues also in the suppressed region. Paulsen and
co-workers!® previously solved this problem by using
benzyl protecting groups specifically deuterated at
the CH, group.

Homonuclear band-selective decoupling with adia-
batic pulses!®2~184 has proven to be useful for protein
experiments, but to our knowledge it has not yet been
used in studies of carbohydrates. These experiments
apply decoupling to regions of the spectrum during
acquisition of 2D or 3D experiments, e.g., in **N—1H
HSQC to the H* region. This increases sensitivity and
reduces overlap when homonuclear couplings are
suppressed. The technique has potential applications
also for carbohydrates, which also have signals in
fairly well-defined regions, e.g., anomeric protons or
H3's of Kdo or NeuAc.

A recent new approach described by Vincent and
Zwahlen'®® can potentially complement the HMBC
and NOESY experiments for assigning the glycosidic
linkages in large polysaccharides. The correlation
between the 3C—'H pair at the anomeric position
and the *H at the linkage position is done in a new
fashion based on the dipole—dipole cross correlation.
Cross-correlated relaxation prior to this has been
used to obtain conformational information in labeled
biomolecules, such as proteins.’® The method offers
better sensitivity than the HMBC experiment for
large polysaccharides having a short T, relaxation.18

C. Computer-Assisted Structural Analysis

With the above-mentioned approaches it is still a
time-consuming and tedious task to assign the pri-
mary structure of a given oligo- or polysaccharide.
Therefore, several new computational methods have
been proposed for assistance in the assignment of the
primary structure.

Several groups have worked on developing different
concepts based on both 'H NMR data 57-58.63-6585,187-190
and ¥C NMR data.t0-6585187 A short description of
the methodology behind some of the programs is
given below.

Vliegenthart and co-workers developed a 'H and
13C NMR database, SUGABASE, which combines
CarbBank and Complex Carbohydrate Structure
Data (CCSD) with proton and carbon® chemical
shifts in a search routine.5”:58189.191 The search is
based on the use of 'H chemical shifts from the
structural reporter groups.>® This concept is based
on the fact that it is often sufficient to inspect only
certain areas of a spectrum to ascertain the primary
structure of a common glycoprotein carbohydrate
structure. In the structural reporter group approach
the crowded region between 3 and 4 ppm is ignored
and only the regions between 4—5.6 ppm and 1-3
ppm are inspected. The anomeric protons, methyl
protons, protons attached to a carbon atom in the
direct vicinity of a linkage position, and protons
attached to deoxy carbon atoms are considered
relevant structural reporter groups. The chemical
shift values are used for a search in SUGABASE,
which is available at the web site http://www.boc.
chem.uu.nl/sugabase/databases.html. Due to lack of
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funding, the database is currently not being updated.
The same is true for the CarbBank database, which
can be found at the following web site http://www.
ccrc.uga.edu.>®

The following information is needed to do a search
in SUGABASE: (1) First, one must select one of the
databases: N-linked, O-linked, lactose-type, or polysac-
charides. (2) Then the accepted deviation in the
proton chemical shift, the match percentage, and the
proton chemical shifts should be given. Similarly, the
version at the web site allows carbon data to be
inserted. (3) The output of the search is a list giving
the possible structural hits and their chemical shifts,
which subsequently must be inspected manually.

The final manual inspection is crucial because
coupling constants are not included in the search and
such data may rule out structures obtained in the
search which do not match the experimental data.

Jansson and Kenne developed the program
CASPER (computer-assisted spectrum evaluation of
regular polysaccharides).636585187.192.193 Thjs program
has been developed to perform a structural analysis
of both linear and branched oligo- and polysaccha-
rides using *H and *3C chemical shift data and *Jcy
or 3Juy scalar coupling constants. The program
allows both 1D and 2D data to be used and spectra
to be simulated. The database with the chemical
shifts, different glycosylation shift, and correction
sets for sterically strained structures will be more
accurate with the increasing number of assigned
structural elements included, particularly with the
addition of more data from branched molecules.
CASPER can be used to extract glycosylation shifts
and correction sets from newly assigned structures
and incorporate them into the database. The program
is described in detail as follows.®® (1) First input is
the sugar composition and linkage composition ob-
tained from methylation or acetylation analysis.
Furthermore, the available *H and *3C chemical shifts
and homo-/heteronuclear coupling constants are used
as input. (2) From the above data, all possible
structures are generated and their *H and *3C spectra
are simulated. The program sorts the results and
removes structures incompatible with the input
coupling constants. (3) Finally, the simulated spectra
are compared with the experimental data, and the
structures are ranked according to the lowest average
total difference in chemical shifts. These structures
can be evaluated by comparison of the structures
based on the input NMR data and the simulated
spectra.

Kochetkov and co-workers also developed a com-
puter-assisted approach to aid in the primary struc-
tural assignment based on *C NMR data.®°~62 This
has been used in the assignment of linear polysac-
charides, where the main change in the *3C chemical
shifts of each monosaccharide unit is due to glyco-
sylation effects. These effects are largest at the
linkage positions with smaller differences at the
adjacent carbon atoms.5%9396 The glycosylation-
induced shifts are taken as the difference between
the value found for a given carbon in a reference
disaccharide or oligosaccharide and the chemical shift
value reported for the corresponding monosaccharide.
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The use of multiple data for a given substitution
pattern provides additional confidence in the deter-
mination of the glycosylation effect. Subsequently,
the database has been expanded to include branched
polysaccharides.f%62 The limiting step has been the
amount of data available on branched model systems.
However, such data are accumulating, and today a
convincing analysis of branched polysaccharides is
possible, provided the monosaccharide composition
is known. The approach involves three steps.6%62 (1)
The generation of all possible structures of a polysac-
charide with a given monosaccharide composition. (2)
Calculation of the 3C NMR spectra for each of these
structures based on the values taken from the
database. (3) A search for the best match between
the calculated and experimental spectrum.

For the most likely structure a number S is
calculated, which is the squared deviation for the
chemical shifts of the signals with identical numbers
divided by the number of monosaccharide residues
in a repeating unit. All possible structures with
values of S < 1.5 should be evaluated as potential
structures for further inspection.

The approaches described above aim to help the
primary structural assignment of different oligo- or
polysaccharides. A step forward in order to obtain a
faster and more efficient way of performing such
assignments would be to use the entire proton
spectrum in a digital format, applying pattern rec-
ognition by artificial intelligence techniques. Artificial
neural networks (ANN) have been used for both
1H194-198 gnd 13C1992%0 data. Thomsen and Meyer
published the first demonstration in the area of
carbohydrates in 1989 by recognition of *H NMR
spectra of simple alditols.*®* The extension of this
approach to larger structures was published by
Meyer et al. on oligosaccharides derived from xylo-
glucans.’®> In ANN, the neural network is trained on
a subset of spectra with known structures, which
subsequently can be used in the evaluation of similar
structures. This is achieved by using a feed-forward
ANN with back-propagation of errors. The ability for
ANN to deduce a structure or suggest parts of a
structure, which is recognizable in a given spectrum,
is dependent on the spectra used in the training
set.1941% |n several studies it has been shown that if
spectra with different spectral artifacts or spectra
with added noise are included in the training spectra,
ANN will perform better.1%4-1% |t has also been
shown that the use of only one selected region of the
spectrum, being either the structural reporter group
region or the crowded hump region, will be enough
to recognize a spectrum of a given structure.®®
Radomski et al.’® showed that even with a signal-
to-noise level between 0.125 and 0.138, the neural
network was able to recognize ~40% of the spectra.
This is a good success rate considering that these
spectra are too noisy to allow a structural elucidation
by visual inspection. This enables the identification
of many carbohydrates which could not have been
analyzed otherwise, since they may only be available
in minute quantities. However, this is only true if
the carbohydrates have been characterized before
and are present in the training set. Amendolia and
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co-workers showed that ANN can be used in the
recognition of mixtures of alditols and provide a
guantitative estimate of the relative concentrations
of the components in the mixtures.'®® Valafar and
Valafar recently implemented and described such a
search engine which can be accessed at http://www.
ccrec.uga.edu. Here scientists can submit a spectrum
and test if it should be present in one of the databases
available.*®’

The methods discussed above are all based on
experimental data either used for training of an ANN
system or as the basis for empirical rules or database
lookup. A new approach which holds significant
potential for the future is calculation of the chemical
shifts for carbohydrates based on ab initio methods.
There has been increased attention on the use of this
methodology in small organic molecules and pep-
tides, 201202 and the theory has been reviewed recently
by Helgaker et al.?%® With access to faster computers,
investigations of carbohydrates have also been car-
ried out.?942% The technique could potentially be an
alternative to the above-mentioned methods for
structural determination of compounds not previ-
ously assigned with the improvement of simulation
methods and increasing speed of computers. A pre-
requisite for the general use of such methods will,
however, be the demonstration of accuracy and
reliability of the methodology for known structures.

D. NMR Spectroscopy of Mixtures

The applications of libraries of compounds to
identify lead compounds in drug discovery has ex-
panded dramatically during the last years.?672% The
concept is to create a large number of compounds for
active screening of a given property, such as specific
binding to a receptor, and new techniques have been
developed. NMR is a promising possibility using, e.g.,
SAR by NMR,?% techniques based on diffusion edit-
ing?'921! or NOE pumping.?'223 However, only tech-
niques described specifically for carbohydrates will
be mentioned here. The idea behind using NMR
spectroscopy for the screening of a mixture of carbo-
hydrate structures having a complex spectrum is that
the NMR-based technique should select only the
compounds in the mixture which bind to the protein
of interest.

The first demonstration of this methodology to
carbohydrates utilized transfer NOE,?'* which previ-
ously has been used to probe the conformation of a
single oligosaccharide structure in the bound state.
The transfer NOE experiment?'5216 s based on an
effect where a small molecule, such as an oligosac-
charide, binds to a large protein with the appropriate
on and off rates. Under these experimental condi-
tions, cross relaxation is occurring while the molecule
is bound to the protein and transferred to the small
molecule in solution. Therefore, the NOEs observed
for the small molecule become large and negative as
opposed to a nonbinding small molecule with small
positive NOEs. If a NOESY spectrum is measured
on a mixture of oligosaccharides, the specific oli-
gosaccharide binding to the large protein can thus
be identified positively. The technique has been
demonstrated on a mixture of oligosaccharides bind-
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ing to Aleuria aurantia agglutinin?# and more re-
cently for the identification of an E-selectin antago-
nist.?’” Furthermore, it has recently been demon-
strated that the transfer NOE can be combined with
a TOCSY to form a 3D TOCSY—trNOESY experi-
ment for the assignment of the active compound in
complex mixture.?*®

A limitation of the transfer NOE technique is that
it relies on optimal transfer of NOE, which limits its
practical application. An improved technique has
been proposed by Meyer?'® using saturation-transfer
difference spectroscopy. The idea is to saturate a
signal from the protein without hitting any of the
oligosaccharide signals. The saturation will dissipate
fast to the whole protein and subsequently to the
small molecule binding to the protein. This technique
is more sensitive and flexible than the corresponding
transfer NOE experiment. Additionally, the part of
the oligosaccharide in closest contact with the protein
will experience the strongest saturation transfer and
the binding epitope of the ligand can in some in-
stances be identified. The saturation transfer tech-
nique has furthermore been demonstrated to work
for screening of molecules binding to a protein bound
to solid support in magic angle spinning NMR
experiments.??0

NMR spectroscopy is also a powerful technique in
the study of complex mixtures of carbohydrates.
These can consist of carbohydrates alone or in
mixtures with other components. One approach is to
measure normal 1D *H or 13C spectra of mixtures of,
e.g., polysaccharides and then with the use of spectra
from isolated structures deduce the composition of
the mixtures using statistical methods.??'??2 For even
more complex mixtures such as blood plasma, infor-
mation about the content of low molecular weight
compounds such as monosaccharides can be obtained
using high-field NMR.223224 |t is advantageous to
suppress the signals from the high molecular weight
compounds using methods based on relaxation or
diffusion.?®® Finally, chromatography with inline
NMR detection has been used for the identification
of carbohydrate components in complex mixtures.??6-22%

A special application of NMR to complex mixtures
of oligosaccharides is the determination of the sub-
strate specificity for carbohydrate hydrolyzing en-
zymes directly in the NMR tube. This offers detailed
information compared to other methods because
intermediate products can be identified positively in
the mixture.?®°-232 This is one of few techniques
which immediately determines the stereochemical
outcome of the enzymatic hydrolysis, i.e., determines
whether the enzymatic hydrolysis occurs via reten-
tion or inversion of the anomeric configuration.?33

lll. Large and Unusual Oligosaccharides

Impressive examples of large oligosaccharides as-
signed by NMR have been published during recent
years. The largest structural assignment published
using NMR methods is the megaoligosaccharide
rhamnogalacturonan Il from red wine consisting
roughly of 30 monosaccharide residues.?** This oli-
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gosaccharide has been extensively studied by classi-
cal chemical carbohydrate methods, such as meth-
ylation analysis and partial hydrolysis, but the
structure has only been partially assigned. However,
recently du Penhoat et al.?** reinvestigated the
structure using 750 MHz NMR and successfully
assigned the major part. This was based on standard
techniques (*H DQF—COSY, TOCSY, and NOESY
and ¥C—'H gHSQC), which demonstrates the strength
of the methodology when used in combination at high
field. On the basis of these experiments, the authors
were able to limit the number of possible structures
to a few and present data relating to the three-
dimensional structure. However, due to the size and
heterogeneity of the oligosaccharide, the structure
could not univocally be fully assigned, i.e., the order
of the blocks was shown to be either A—-C—B—D or
A—D—B—C (see Figure 2). Recently Vidal et al.?3®
published a minor correction to the structure, inter-
changing the assignment of residue B3 and B4.

Similarly, a large oligosaccharide structure has
been assigned by Olsthoorn et al.?% using a combina-
tion of NMR at high field and mass spectrometry.
This study focuses on the determination of the
linkage between the O-chain and the core of the
lipopolysaccharide (LPS) from Salmonella enetrica
serovar Typhimurium.?¥” The O-chain has previously
been studied in detail and similar core structures
investigated, but this was the first full assignment
of an intact oligosaccharide from an LPS. It was
shown that the galactose linking the O-chain to the
core has a f configuration and not an a one as
observed for the remaining linkages in the O-chain.
The sample investigated contains a mixture of the
core and structures with increasing length of repeat-
ing units of the O-chain attached. The assignment
of this complex sample could therefore only be
performed successfully by combining the information
from mass spectrometry (fast-atom-bombardment
MS, electrospray quadrupole MS, and Nano-ES Q-
TOF MS) and high-field (750 MHz) *H and *C NMR
data. The largest structure assigned in the mixture
consists of 22 monosaccharide residues (see Figure
3). The assignment of such a large structure has only
been possible using the full arsenal of NMR methods
but mainly using well established 2D techniques
supplemented by 1D versions of TOCSY experiments.
The key to the full assignment was the availability
of the good reference data from the pure core struc-
ture.?®” However, it should be mentioned that as-
signments of structures of this size or like the
rhamnogalacturonan Il mentioned above are only
possible because they are made up of different
monosaccharides.

A special challenge in chemical shift assignment
is in oligosaccharides consisting of one type of
monosaccharide residues, particularly if only one type
of linkage is present. A extreme example has been
published by Flugge et al.?® for cellulose oligomers.
The largest structure fully assigned for both *H and
13C is (5-D-Glcp-(1—4)-)s-5-p-Glcp-OMe at 750 MHz
for *H. This could be achieved by conversion of the
reducing oligosaccharide into the methyl glycoside
using protection and deprotection in order to elimi-



Carbohydrate Structural Determination

Chemical Reviews, 2000, Vol. 100, No. 12 4601

a-D-GalpA-(1->4)-0-D-GalpA-(1—>4)- {-a-D-GalpA-(1>4)-} n-o-D-GalpA, 5<n<7

3 3 2 2
0 0 T T
2 2 1 1
B-D-Dhap D1  Kdo C1 B-D-Apif B1 B-D-Apif Al
5 5 3 3
+ 5 T 0
1 1 1 1
B-L-Araf D2 a-L-Rhap C2 B-L-Rhap B2 a-D-GalpA(1->2)-B-L-Rhap(3+1)-B-D-GalpA

3 A2 4 A2 A2”
D C 1 ?
1 1

B-L-AcefA B3 2-O-Me-a-D-Xylp(1->3)-a-L-Fucp A3
2 A3 4
t t
1 1
2-O-Me-L-Fucp(1-52)-a-D-Galp B4 B-D-GlcpA A4
B4’ 4 2
0 0
1 1
50% o-L-Rhap(1—>3)-a-L-Arap BS a-D-Galp AS
BS’ 2 3
+ T
1 1
o-L-Rhap B6 ?
2

T A

1

B-L-Araf BT 50%

B

B5’, B6

B2, A2{ C2, B4

3eq 3ax
DiCl C1,A3
n

P~

e
14032 20 L0 16 1411 e

1A5 A3
184

L N R N R N N N Y

Figure 2. Structure of the “mega-oligosaccharide” rhamnogalacturan 11, as determined by NMR spectroscopy by du Penhoat
et al. and the 1D 'H spectrum in DO at 40 °C with selected signals labeled. (Reprinted with permission from ref 234.

Copyright 1999 Kluwer Academic Publishers.)

nate the anomeric equilibrium. 3D HMQC—-TOCSY
and HMQC—COSY spectra were used in order to
solve the overlap in crowded regions.
Lipopolysaccharides, as discussed above, form a
class of compounds which present the widest variety
of different monosaccharide residues in their struc-
tures both in the O-chain and in the core region.237.23°
Therefore, they offer substantial challenges in their
structural determinations. However, NMR spectros-
copy has proven to be absolutely essential in the
assignment of the particular structures to individual
compounds from specific bacterial strains. During the
course of such a structural determination of the core
region of a species from the Proteus strains, a novel
type of glycosidic linkage was discovered.?*® This
linkage was formed through the acetalic position of

a galactosamine residue to the 4- and 6-positions,
respectively, of the adjacent galactosamine residue.
This linkage has been reported only once before in
the literature?*! in a naturally occurring compound
as a acetalic linkage to an aromatic residue. The
above-mentioned structure is therefore the first time
that such a linkage has been reported as an inter-
glycosidic connection. The complete structural as-
signment of the two types of structures isolated and
characterized has been fully determined in two recent
publications.?*2?43 The characterization of such an
unusual type of linkage was only possible by the use
of NMR spectroscopy, where the HMBC experiment
was used to identify the two long-range connections
from H1 of the acetalic carbon to the C6 and C4
protons from the neighboring residue (Figure 4).
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Figure 3. Structure of the largest structure (22 residues) identified of the intact O-chain and core oligosaccharides from
the LPS of Salmonella entirica serovar Typhimurium (top). One-dimensional 750 MHz *H spectra of the LPS sample (lower
and middle trace) compared with the spectrum of the core without O-chain (upper trace). (Reprinted with permission of
ref 236. Copyright 2000 Blackwell Science.)
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Figure 4. Structure of the open-chain acetal-linked N-acetylgalactosamine from the core part of the LPS from Proteus
mirabilis O27 and the overlay of 1D *H and 2D HSQC and HMBC spectra of this. (Reprinted with permission from ref
240. Copyright 1999 Wiley-VCH.)

Because several structures have been identified the possibility of having a five-membered ring with
with both substituents at the 4- and 5-position of the unusual coupling constants. The relative stereochem-
open-chain sugar structure, it was easy to rule out istry in the open-chain structure was assigned after
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hydrolysis and identification of the coupling pattern
of the monosaccharide constituent. The normal meth-
odology used to determine the structural composition
of an oligosaccharide is methylation analysis.®® How-
ever, this approach would not have identified the
open-chain structures mentioned above with substit-
uents at position 4 or 5 because the results from a
methylation analysis would have proposed a 4,6-
disubstituted hexoseamine with terminal galac-
tosamine and glucose/galactose residues, respectively.
These examples illustrate the power of NMR spec-
troscopy in structural determination of unknown
natural products and also importantly remind sci-
entists to be prepared for unexpected results. The
chemical composition of such a type of linkage is not
at all unusual because it is one of the often used
protecting groups. The acetalic and particularly the
4,6-benzylidene group are similar types of linkages
from the acetalic form of an aldehyde or ketone.
However, it is surprising that in discussions of the
numerous different types of structures in which
monosaccharides can be assembled,®” this type of
linkage has not been considered even though it at
least theoretically would have been a plausible
structure. In future discussions of the diversity of
structures formed by monosaccharides, this type of
linkage has to be included as well and will therefore
increase the potential number of structures formed
by carbohydrates by another order of magnitude.

IV. Polysaccharides

The field of polysaccharide structure determination
has been reviewed by Mulloy in 19962 and by Bush
and co-workers in 1993% and in 1996.%!

A large number of polysaccharide structures (PS)
have been published during the last years, as a result
of the growing interest in the relation between
biological function and structure of the PS. From a
NMR point of view, the main difference between a
complex oligosaccharide and a PS is the repeating
nature of the PS. Therefore, even large PS can give
simple NMR spectra which appear like the spectrum
of the repeating oligosaccharide. Because the biosyn-
thesis of natural PS often results in structural
variation, the deviation from the perfect repeating
structure is the most interesting (or challenging) seen
from a structural point of view. The major difference
in the NMR spectra of large PS relative to the
oligosaccharides is the larger line width, mainly due
to short T, relaxation. However, also deviation from
a perfect repeating structure can contribute to an
apparently large line width, which will require more
attention in the experimental setup. For example, in
phase-sensitive COSY spectra, the large line width
can result in partial cancellation and reduced sensi-
tivity. To avoid this, a TOCSY experiment with short
mixing time can be used. In experiments using long
delays for the transfer of magnetization through
small couplings, as in the HMBC experiment, the
short T, poses a problem. If the T, is short, the
magnetization is lost during the delays and often low
sensitivity is observed. Increased temperature, which
lowers the viscosity, will result in a more narrow line
width; however, special attention should be paid to
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labile chemical bonds, e.g., in the presence of uronic
acid residues. Alternatively, the average degree of
polymerization can be reduced by mechanical stress,
like ultrasound treatment.

The structural determination of PS normally in-
volves standard NMR methods combined with chemi-
cal methods and MS techniques. However, 1D ver-
sions of multidimensional experiments?®%® are useful
in the study of PS. The determination of substitution
of the main chain of PS by carbohydrate or non-
carbohydrate side chains in less than equimolar
amounts is a major problem in the structural eluci-
dation of PS. This results in complex spectra, and
often the assignment can be quite difficult. Examples
of non-carbohydrate substituents are acetyl (or other
acyl groups),?#4~2% standard or nonstandard amino
acids,?*1252 sulfate,?5325 and phosphate?%5-258 (also
cyclic?® or substituted phosphate?®). For some sub-
stituents special NMR experiments are used for
determination of the attachment site. The most
widely published example is phosphate, where the
NMR-active nuclei 3P can be used directly in 3P—
IH correlated experiments?61-264 through the four-
bond coupling constants. Alternatively, a comparison
of 1D *H TOCSY with and without 3P decoupling can
be used to determine the position of the phosphate
group.?®® For other substituents such as acetyl, a
useful experiment for assignment of the position of
attachment and the exact chemical shift of the acetyl
resonances is the HMBC experiment.175:244.245,266

In compounds where the substitution occurs in less
than equimolar amounts, because the substitution
only affects the chemical shifts locally at the residue
of attachment, the conclusion will often be that the
substitution is present in a statistically random
distribution. As an example where this is not the
case, Molinaro et al.?** propose a more complex
pattern with stretches of residues with acetylation
separated by stretches without and some transition
sections for the acetylation of a O-specific caryan PS.
These results are based on a combination of high-
field NMR and molecular modeling for the interpre-
tation of the chemical shift and NOEs.

Advancements in biotechnology have allowed for
efficient production of polysaccharides (and other
biomolecules) in bacteria and fungi, where such PS
are interesting in connection with the understanding
of the biological functions of the microorganisms,
especially their pathogenic behavior. This has led to
a new approach in the study of PS by NMR using
partial or fully 3C enrichment, which has been used
extensively for protein 3D structure determination
by NMR. In such experiments, *3C-labeled glucose is
used as the sole carbon source for the growth of the
organism. The application of *C enrichment has
several advantages in the structural determination
and can at the same time provide detailed informa-
tion about the biosynthesis of the PS. The latter was
the goal of the first application of this technique,
where Jones and co-workers?67:268 assigned the 3C
spectrum of the Klebsiella K3 serotype PS. The
growth condition used both 20% fully 3C-labeled
glucose and singly labeled glucose either at C1 or C2,
and specifically, the use of 13C COSY spectra has been
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described. Using relatively low incorporation of fully
labeled glucose can give information about the bio-
synthetic pathway for the production of a given
fragment because two adjacent carbons showing
coupling most likely will have their origin from the
same glucose residue. The complex biosynthetic
pathways often lead to a certain fragment being
formed through several routes and therefore can give
rise to a pattern of signals from different combina-
tions of labeling (the so-called isotopomer distribu-
tion). It is possible to obtain detailed information
about the biosynthetic pathways in the organism
using 2H-labeled glucose®®® or singly or fully 3C-
labeled glucose.?68270-277 An example of the use of a
range of singly 13C-labeled glucose molecules as the
carbon source has been published by Kai et al.?’” on
branched glucan produced in Pestalotiopsis. This gave
both the assignment of the 3C chemical shifts and
detailed information of the biosynthesis of the glucan
polymer.

Prestegard?’® designed 3D experiments for the
assignment of all *H and **C resonances of 3C-
enriched oligosaccharides. Here three dimensions are
used to separate resonances overlapping in 2D ex-
periments using both single-quantum and double-
quantum chemical shifts to increase separation.?”®
The experiment was demonstrated using digalactosyl
diacylglyceride but could be useful for larger struc-
tures.

Homans described a 3D experiment using uni-
formly 3C-enriched oligosaccharides in the assign-
ment of exchangeable protons (—OH and —NH) based
on HOHAHA—HSQC and NOESY—-HSQC (alterna-
tively ROESY—HSQC).280 These experiments are
mainly aimed at the assignment of the indicated
protons in conformational studies but could aid in
structure determination as well. Homans also de-
scribed a new enzymatic protocol?®! for specific in-
corporation of 13C-labeled galactose in the outer part
of N-linked glycans on glycoproteins.

The investigation of uniformily 3C-labeled glucan
oligosaccharides from Candida albicans by Fesik and
co-workers?®? by several heteronuclear experiments
allowed for a detailed investigation of the specificity
of an important glucanosyl transferase involved in
the biosynthesis of the cell wall glucan.

Sheng and Cherniak?®® published a study of a
glucuronoxylomannan polysaccharide from the patho-
genic yeast, Cryptococus neoformans, using both 20%
and 99% enrichment. This describes the use of 3D
HCCH-TOCSY and HCCH-COSY on the fully
enriched PS and of gHMBC on the 20% enriched
sample. On the basis of these experiments, the
repeating sequence was deduced and the advantage
of using the 3C—13C coupling for a fully labeled PS
was demonstrated for the first time.

Widmalm published several studies on the applica-
tion of 13C incorporation for the structural elucidation
of bacterial PS?76284 and on development of meth-
0ds.?85 A key method described is the use of 2D *C—
13C TOCSY experiments with both 13C and 'H detec-
tion,?8% based on methods?®® well established for fully
13C-labeled proteins. This circumvents the problem
of limited coherence transfer by normal *H TOCSY
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in monosaccharide residues with small J couplings,
like mannose or galactose. The one-bond ¥C—13C
coupling constants of about 45 Hz are less dependent
on the configuration of the monosaccharides than the
three-bond *H—'H couplings. Due to the large cou-
pling constants, short mixing times (10—20 ms) are
required for coherence transfer, which is important
for large PS having short T,. The method?®® was
demonstrated using a PS approximately 20% en-
riched. However, based on a 3C—C DQF—-COSY
experiment, it could be proven that the incorporation
of fully labeled glucose predominately occurs without
disruption of the monosaccharide residues, meaning
that even a fairly low incorporation allows transfer
through 3C—13C bonds.

Recently, Vinogradov et al.?%% applied *3C enrich-
ment for a detailed structural elucidation of large
yeast PS. The study of Pichia pastoris mannans also
gave the structure of oligosaccharide side chains in
the PS, even though present in only a low abundance.
This was possible because of the high sensitivity in
standard heteronuclear experiments, such as HSQC—
TOCSY and HCQC—NOESY for samples being close
to 100% 3C-enriched.

Several studies have been carried out on 3C-
enriched bacterial PS by Bush and co-workers,?87-289
but this has mainly focused on the conformational
and dynamic properties of the PS. Enrichment allows
the measurement of extra parameters, like long-
range **C—13C coupling constants and 2C relaxation
rates used in the assessment of the conformational
preferences of the compounds.?® Likewise, Homans
and co-workers'* used *3C enrichment in an inves-
tigation of the conformation of the oligosaccharide
sialyl Lewis* both in solution and bound to E-selectin.

It can be concluded that use of 13C incorporation
facilitates structure elucidation for large PS, where
it would not have been possible without labeling.
Additional information is provided, and a more
detailed analysis of complex PS can be carried out.

V. NMR Analysis of Small Sample Amounts

NMR spectroscopy is considered relatively insensi-
tive with respect to the amount of sample needed in
order to obtain good-quality structural data. This
limitation of NMR compared to other analytical
techniques, such as mass spectrometry (MS),1116.21
has to be seen in light of the detailed structural
information provided by NMR spectroscopy. The
amount of sample needed is dependent on the NMR
data required. Less compound is required if only *H
NMR data is needed compared to problems where 13C
data is required. Even more sample would be re-
quired to obtain N spectra. Several approaches have
been used to increase the sensitivity of NMR, such
as an increase in the magnetic field strength, devel-
opments in hardware, new developments in probe
designs and RF coils,?® and the developments of new
sample tubes. Therefore, it is possible today to study
much smaller amounts of sample by NMR spectros-
copy than just a few years ago.

Advances in probe and NMR sample tube design
and their use in the area of carbohydrates in solution
or bound to resins or cells will be discussed below. A
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full description of the advances and aspects in the
design of small volume probes will not be attempted,
but the reader is referred to a recent review by Lacey
et al. covering this topic.?®® Examples of non-
carbohydrate compounds and glycopeptides are in-
cluded to prove the usefulness of the approach and
to show the new possibilities and opportunities which
such probes offer in the study of carbohydrates,
oligosaccharides, and mimics of oligosaccharides such
as glycopeptides.?91-2%

A. NMR Probes and Sample Tubes

In conventional liquid-state probes, a large volume
of the sample is outside the detection area of the RF
coil. The reason is that the magnetic field defined by
the RF coil needs to be homogeneous in order to
obtain sharp and undistorted resonances. This is
achieved in conventional NMR tubes by approximat-
ing the tube to an infinitely long cylinder with excess
sample volume on each side of the observable volume
of the receiver coil. This means that for a homoge-
neous solution state sample, small distortions of the
magnetic field are present at the edges of the
homogeneous magnetic field. These distortions at the
interfaces (liquid/glass/air or liquid/air) are mainly
due to differences in the magnetic susceptibility
between the sample, the glass, and the surroundings.
Minimizing this “excess” sample volume is the most
obvious way to increase the sensitivity of NMR on a
given sample to concentrate the solute within the
receiver coil. Such a decrease in the sample volume
can be done by insertion of plugs into the sample
tubes at both the top and the bottom, which will lead
to a decrease in the liquid volume outside the
detection region. Such sample tubes are commercially
available for several tube diameters. The plugs
should ideally be made of a material in which the
magnetic susceptibility is matched to the solvent used
in order to minimize the magnetic field distortions
at the interface. For a 5-mm sample tube, this can
result in a decrease of the sample volume from 600
to 300 uL. A further decrease in the amount of sample
needed can be achieved by using a 3-mm or even
thinner microprobe or new flow probes using capil-
laries. The benefits of reduced diameter RF coils was
demonstrated many years ago.?%42%

Probes with a narrower coil diameter and smaller
tubes are commercially available for several field
strengths. In a 3 mm probe, the sample volume used
can be as little as 120 4L and can be further reduced
to ~70 uL using inserts or shigemi tubes. Several
studies have demonstrated that such probes show an
increase in sensitivity.?%73% Much research has been
devoted to new coil design?®°301.302 with some probes
having a solenoidal coil design rather than the
saddle-shaped RF coil used in conventional liquid-
state high-resolution probes. The benefit of a sole-
noidal coil design is due to its increased sensitivity
of approximately 2.6 times over the saddle coil
geometry for the same length and diameter of the
c0il.3% The need for new probe design to study ever
smaller sample amounts to keep up with the other
analytical techniques has resulted in an increased
interest in coupling different liquid separation tech-
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Figure 5. (a) Schematic cross section of a *H Nano-NMR
probe showing the positioning of the sample tube at the
magic angle and the solonidal RF coil. (b) Sample tube
(Reprinted with permission from ref 337. Copyright 1997
Marcel Dekker.)

niques directly to NMR using new flow probe designs.
Combining high-performance liquid chromatography
(HPLC), capillary electrophoresis (CE), and CE chro-
matography, etc., with NMR has already been dem-
onstrated with sample volumes in the range from 1nL
to 100 ulL.??°2% The advances and applications of
these techniques has been described in several
rEViEWSZZ7’229‘290’304_306 and articles.3°7’3°8

Another way to obtain high-resolution spectra and
to remove the problem of magnetic susceptibility
induced line broadening caused by heterogeneity at
the interfaces of the sample is by using magic angle
spinning of liquid samples.3®® Spinning with rates
above 2 kHz at the magic angle is done by tilting the
sample along the magic angle at 6 = 54.7° with
respect to the static magnetic field (Bo), the so-called
MAS. The NMR company Varian has developed such
a high-resolution probe called the Nano-NMR probe.
Likewise, the company Bruker has developed a
similar HR-MAS probe. Both use the principle of
MAS to remove or reduce the increased line width
caused by differences in magnetic susceptibility,
homonuclear dipolar interactions, and magnetic an-
isotropy effects.3095:310.311 These effects are reduced to
zero because the (3 cos? 8 —1) part of the Hamiltonian
disappears. The size of the sample cavity for the
Varian nanotubes is 40 uL, and with the whole cavity
placed in the receiver coil area, the nanoprobe has a
high filling factor. A schematic cross section of the
nanoprobe and tube can be seen in Figure 5. The
maximum volume used is 40 uL, but using as little
as 4ul is possible.3%® The Bruker rotors contain 25—
80 uL using spacers, which ideally gives a spherical-
shaped sample cavity.®* The spherical shape is
known to decrease the magnetic susceptibility in-
duced line broadening. It is crucial to avoid air
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Figure 6. One-dimensional *H spectra of 5 nmol of the
pentamannan o-b- Manp-(1—3)-a-b-Manp-(1—3)-a-b-Manp-
(1—3)-a-p-Manp-(1—2)-a-p-Manp isolated from Pichia-
(Hansenula) holsti.?8 The spectra were acquired on the
following probes: (a) 5 mm triple-resonance probe at 500
MHz with a sample volume of 600 uL of D,O; (b) 4 mm
1H-observe Nano-NMR probe at 500 MHz with a sample
volume of 40 uL of D,O; (c) 3 mm triple-resonance probe
at 800 MHz with a sample volume of 120 uL of D,0. All
spectra were acquired with 256 scans. The spectra shown
have been transformed with a 0.5 Hz line broadening.

bubbles in the sample cell with these rotors. The
design of the nanoprobe and the HR-MAS probe is
different from most conventional probes because they
have a solenoidal RF coil as described above. There
are subtle differences in the design and performance
of the two probes where a higher spinning rate can
be obtained in the HR-MAS probe. The spinning of
the sample gives rise to spinning sidebands, which
are most obvious for large peaks for which signals
may be observed at frequencies corresponding to
several times a multiple of the spinning speed. To
avoid such effects in the spectra, it is advantageous
to spin at a rate which will bring the first spinning
sidebands outside the chemical shift range. The
required spin rate is dependent on the field strength
of the spectrometer, and therefore, operation of a
high-field spectrometer requires a high spinning rate
to avoid interference with spinning sidebands. An-
other effect resulting from the high spinning rate is
sample heating. This is a well-known phenomenon
in solid-state NMR.312

Figure 6 illustrates the spectral quality and sen-
sitivity observed using different probes and field
strengths with the same amount of solute (5 nmol)
in different sample volumes.

In most cases the conventional NMR pulse se-
quences used in liquid-state NMR can be used on
both the nanoprobe and the HR-MAS probe. How-
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ever, it is reported that better performance is ob-
tained for pulse sequences with continuous spin-lock
fields, e.g., TOCSY experiments using adiabatic mix-
ing pulses.®!® These probes may also be equipped with
a pulse field gradient coil, with the effective gradient
along the magic angle. The use of such gradients and
the advantages of spinning at the magic angle have
been reported by Maas et al.,3** who have shown how
the use of gradients facilitate the suppression of t;-
noise, especially in heteronuclear experiments, and
minimize extra spinning sidebands in MAS homo-
nuclear correlation experiments.

The advantages of using small sample amounts
spinning at the magic angle is not just the reduction
in liquid volume compared to conventional probes.
The shorter 90° pulse on the observe channel may
be taken as a number indicating that such probes
have a high sensitivity (Figure 6).3°2 However, these
probes have other applications and can be used to
study heterogeneous samples.304-306:311315 Thjs in-
cludes studies of heterogeneous samples originating
from plant materials,53316:317 seeds,3'8and cell speci-
men.31%-321 Another area where this is most useful
is in the analysis of resin-bound compounds from
solid-phase synthesis.310315322-324

The new instrumental advances using a decreased
sample size to obtain a higher concentration and
sensitivity for a given amount has one drawback
which may be relevant to some carbohydrate-con-
taining samples. With the increase in concentration
it is not always possible to decrease the sample
volume due to either aggregation or precipitation at
the high concentrations. In such cases, there is no
immediate benefit in going to a smaller sample
volume but it is more advisable to choose the most
sensitive probe, which is normally the probe with the
largest sample volume within the receiver coil.??°

The recent introduction of cryogenic NMR probes
will be useful in studies of sample-limited problems
with a reported increase in sensitivity by a factor of
3—4.227:325326 This increase in sensitivity is achieved
by cooling the radio frequency coils below ca. 25 K
and eventually the preamplifier, which will reduce
the thermal noise and increase the probe quality
factor (Q).325327-329 However, the increased sensitivity
is dependent on the conductivity of the sample, as
studies have shown that for a high salt concentration
the sensitivity gain is decreased. Flynn et al. recently
reported that this may be overcome by encapsulating,
e.g., a protein in a reverse micelle solution.33° The
advances encountered with this probe will enable the
throughput in screening to be increased.®31332 Several
applications of the cryoprobe have appeared in the
literature3®?6:333334 put to our knowledge none so far
in the field of carbohydrate chemistry.

B. Examples of Structural Analysis with Small
Sample Amounts

Several examples using 2.5 and 3 mm microprobes
in studies of carbohydrates have been reported. Using
a 2.5 mm microprobe, Ruud et al.3% were able to
obtain the first complete structure of a major li-
popolysaccharide (LPS) molecular species in Chlamy-
dia trachomatis using 110 ug of sample by hetero-
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and homonuclear assignments. It was shown that the
structure of the deacetylated LPS was a-Kdo-(2— 8)-
o-Kdo-(2— 4)-a-Kdo-(2— 6)--b-GlcpN—(1— 6)-o.-D-
GlcpN-1,4'-bisphosphate.

The nanoprobe as well as the HR-MAS probe have
been used in several studies of minute solution- state
samples of oligosaccharides. Manzi et al. showed the
use of a nanoprobe for the structural elucidation of
a glycosaminoglycan (GAG) chain isolated from hu-
man melanoma cells in culture.®333%7 Both 1D and 2D
NMR homonuclear spectra were obtained on samples
containing between 10 and 25 ug of a fragment
varying in size from 1 to 5 monosaccharide residues
linked to a methylumbelliferyl (MU) residue. Al-
though not all resonance assignments could be ob-
tained, the structural data enabled the determination
of the unusual terminal a-GalNAc residue in the
sequence a-bD-GalNAcp-(1—4)-3-p-GlcAp-(1—3)-f-D-
Galp-(1— 3)-5-p-Galp-(1—4)--p-Xylp-MU. Since the
initial report of this structure with a terminal aGal-
NAc, an enzyme able to transfer such a residue to a
growing GAG chain has been found confirming the
structural characterization,337:338

These initial studies were based on measuring *H
NMR data. Later studies of oligosaccharides have
shown the requirements for larger sample amounts
to obtain heteronuclear correlated spectra. Gilbert et
al. showed that in order to acquire a gradient HMBC,
which is the least sensitive of the normally used
heteronuclear correlation experiments, a 5 mM (200
nmol) solution of a tetrasaccharide linked to 6-(5-
fluorescein-carboxamido)hexanoic acid succimidyl es-
ter was needed.33° The HMBC spectrum was acquired
in 18.5 h, and the concentration in the nanotube was
15 times higher than what could be achieved in a
normal 5-mm sample tube. The spectrum enabled
verification of the structure by detecting the 3Jc
correlations across the glycosidic bonds.

The isolation and separation of oligosaccharides of
similar sizes and composition often necessitates the
use of several purification steps. Depending on the
analytical method, it can be advantageous to analyze
the fractions directly from an analytical column as
in HPLC NMR and LC NMR.2°0:3% These techniques
do, however, require complex setups for both probe
and the separation technique, and the nanoprobe
may be a good alternative to the flow probes. Broberg
et al. performed a structural elucidation on fractions
that were 3—18 ug of oligosaccharides ranging from
a tetra- to heptasaccharide.®*® The arabinoxylan
oligosaccharides were separated using a high-perfor-
mance anion exchange chromatography-PAD system,
and the samples were isolated directly from an
analytical column, desalted, and analyzed in the
nanoprobe. Both 1D and 2D homonuclear experi-
ments were acquired, and 3 ug (4 nmol) was sufficient
to obtain useful data for the structural characteriza-
tion of a pentasaccharide containing four 5-b-xylopy-
ranosyl groups and one o-L-arabinofuranosyl group
as shown in Figure 7. The chemical shift values and
the connectivities in the ROESY spectrum gave the
sequential linkage pattern between the sugar mono-
mers. Both the DQF—-COSY, TOCSY, and ROESY
experiments on the 3-ug (4 nmol) sample were
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acquired in less than 24 h with a 500 MHz instru-
ment. Evaluation of the ROESY spectrum in Figure
7c shows that this sample amount is close to the
detection limit for a molecule of this size with current
instrumentation. This is also about the same amount
of sample needed on a single bead in order to do a
full structural characterization of an octapeptide
using homonuclear DQF—COSY and NOESY spectra
acquired on a nanoprobe.34!

All of the above-mentioned studies using the MAS
high-resolution probes might have been acquired
using a conventional NMR probe and an extensive
amount of time at a higher field spectrometer.
However, this is not the case for the studies described
in the following where carbohydrates from plant cells
or resin-bound molecules are being studied. In these
heterogeneous samples, several different NMR tech-
niques not conventionally used may be useful. One
way of obtaining better spectra of samples, which
contain both small molecules as well as larger rigid
components, is by using the difference in spin—spin
relaxation times (T»). Protons present in large rigid
components have shorter T, times than the protons
present in the small molecules. The Carr—Purcell—
Meiboom—Gill (CPMG) sequence®*? may be used as
a T, filter removing the broad signals originating
from lipids, solidlike materials, or polymer beads
scaffold. Broberg et al. have, among others, shown
that using this method it is possible to quantify the
amount of a certain metabolite present in a plant
sample.?l” Care must be taken when setting up the
experiment since the value for the 7 delay in the
spin—echo element, the loop counter, and the relation
between the duration of the spin—echo sequence and
the rotor spinning rate have an effect on the appear-
ance of the spectra.®'” Looking at red alga in the HR-
MAS probe, Broberg et al. also demonstrated that in-
situ identification of the major metabolites is pos-
sible.3!” These studies include both 1D and 2D homo-
and heteronuclear experiments on alga samples
containing between 1.5 and 1.6 mg (dry weight)
estimated to contain amounts 30—60 ug of the main
metabolite floridoside.36

In many cases it is only possible to study the
soluble core part of LPS using a conventional NMR
probe,33 but using high-resolution MAS NMR opens
the possibility to study intact LPS molecules and LPS
directly present on the cell surfaces as shown by
Jachymek et al.3*® and Czaja et al.3** Jachymek et
al. reports a full structural NMR study based on data
from an LPS suspension isolated from Yokenella
regensburgei bacteria. With 0.5—1 mg of cells (dry
weight estimate) in 30 uL of D,O it was possible to
identify the O-polysaccharide structure especially in
cases where the reference structure was already
known. An important result is that the structure of
the LPS may be the same whether studied on the
bacterial surface, in an LPS suspension, or as the
isolated polysaccharide. The fact that the structural
reporter group signals can be seen enables the direct
identification of a surface-linked polysaccharide,
particularly in cases where a reference compound
from a prior identification is available.??
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Figure 7. Sections from 2D 'H TOCSY (A), DQF—COSY (B), and ROESY (C) spectra of approximately 4 nmol of a five-
residue arabinoxylan sample measured at 500 MHz using a 4 mm *H-observe Nano-NMR probe. (Reprinted with permission

from ref 340. Copyright 2000 Elsevier.)

Many oligosaccharides or glycopeptides of interest
cannot be isolated from natural sources and therefore
have to be synthesized. The increased interest in
oligosaccharides and the fact that they are difficult
and labor intensive to synthesize has initiated re-
search into the area of solid-phase synthesis of
oligosaccharides.??”3%5 The advances in solid-phase
synthesis of oligosaccharides are not as advanced as
the solid-phase synthesis of peptides and oligonucleo-
tides. The development of solid-phase oligosaccharide
synthesis and particularly the monitoring of each
reaction step is an area where high-resolution magic
angle spinning NMR can be used. Seeberger et
al.324345 demonstrated this approach using HR-MAS
NMR in the analysis of a resin-bound trimeric
oligosaccharide synthesized on a polystyrene resin
support. Using 20 mg of swelled resin in the sample
tube, it was possible to follow the reactions and
obtain proton, carbon, and HMQC spectra within a
reasonable time of about 2 h per carbon experiment.
Using **C-enriched acetyl protection group for the
synthesis of sialyl Lewis* on solid support, Wong and

co-workers®#® also followed the progress of the syn-
thesis with conventional 13C gated decoupling spec-
tra.

Studies have shown that glycopeptides can function
as mimics of carbohydrates,?1-2%9.347 giving valuable
information about the nature of the interaction
between a protein and carbohydrate. The synthesis
of glycopeptides can be accomplished as solid-phase
library synthesis with the aim of producing a library
of glycopeptides which can be screened for biological
activity on the solid-phase beads. After performing
the biological screening on the bead, it is also desir-
able to do the structural analysis of the compounds
attached to the resin to avoid possible chemical
modifications or degradation of the compound during
the cleavage reaction.

The spectral quality achievable on a nanoprobe in
a structural analysis of a resin-bound glycopeptide
will be illustrated below. The glycopeptide was
synthesized in its acetyl-protected form at the Carls-
berg Laboratory by Dr. Morten Meldal and Dr. Koen
M. Halkes by a published method.3*® The 1D *H NMR
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Figure 8. (a) Structure of the glycopeptide. (b) 1D 'H spectrum acquired on 5—10 beads with 64 scans. (c) Full 1H
assignments of the acetyl-protected sialic acid with the assignments indicated, shown is a NOESY and DQF—COSY
spectrum. The bottom spectra show an application of the PRONTO program.®® All spectra were acquired on a Varian
Unity 500 MHz spectrometer equipped with a 4 mm H-observe Nano-NMR probe. The spectra were obtained at 25 °C in

DMSO-de.

spectrum shown in Figure 8b was acquired on a
sample containing 5—10 POEPOP?*° beads in DMSO-
ds. The full structural characterization was per-
formed using both 1D and 2D homonuclear DQF—
COSY and NOESY experiments. The 1D spectrum
in Figure 8b shows that good high-resolution spectra
can be obtained for both the peptide and the carbo-
hydrate part without disturbance from the polymer
support and with a spectral quality comparable with
that obtained on a normal liquid-state sample. The
quality of spectra obtained may be very different
depending on the solid support used in the study as

these have been shown to have a significant effect
on the spectral quality.35%35! As seen in Figure 8a,
the sialic acid forms a closed lactam ring with the
threonine. The lactam ring was proven both by NMR
and MALDI-TOF mass spectrometry. The assign-
ment of the acetyl-protected sialic acid is shown in
Figure 8c, where DQF—COSY and NOESY spectra
are overlaid and the assignment of all the sialic
protons are shown. This example describes how
efficiently nanoprobe NMR may enable the study of
glycopeptides and other resin-bound compounds from
library synthesis.
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VI. Conclusions

The previous discussion and all the above-men-
tioned results clearly substantiate the importance of
NMR spectroscopy in the structural elucidation of
carbohydrates and their derivatives. Even though
many of the examples presented are specialties for
the experienced expert, NMR spectroscopy in struc-
tural characterization either of synthetic or isolated
samples will continue to be one of the most important
techniques used in the daily laboratory work with
carbohydrates. NMR spectroscopy is today probably
the most often used analytical technique which can
provide invaluable information about carbohydrate
molecules. It is therefore also expected that the
advances in NMR spectroscopy will be followed
intensely by carbohydrate scientist to take advantage
of new developments or experiments published in the
field. In particular, work on new probe design will
most likely result in continued increasing sensitivity
and with the demand for the amount of analytical
sample going well below the microgram scale and
approaching the high picomole range.

A few weeks before the submission of this review,
the first data obtained at 900 MHz were made public.
This was achieved in a venture between Varian NMR
systems and Oxford Instruments, and other compa-
nies are expected to follow soon. Because the magnet
technology is pushed to the limit, the magnet is
designed as a “pumped” system which allows the
superconducting material available today to carry a
higher current and withstand the higher field to
produce the homogeneous fields required in high-
resolution NMR spectroscopy. Several papers have
addressed the possibility of reaching 1 GHz NMR
instruments or above,3273% and it is still an area
which receives much attention in physics.

However, with the current magnet technology, it
is more likely that developmental work will be
devoted to new probe designs such as cryoprobes,326
capillary flow probes, automated use of flow probes,3>®
or nanoprobes/high-resolution MAS probes as de-
scribed above. It was shown here that the actual
sensitivity obtained in a nanoprobe operating at 500
MHz was similar to the sensitivity obtained in a
3-mm probe on an 800 MHz instrument, off course
without the same spectral dispersion. Therefore, for
many oligosaccharide samples it is more advanta-
geous to use the new probe technology and the many
new pulse sequences designed to sample specific
properties than going to higher field strength with
the associated substantially much higher expense
both in investment and running cost.
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