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Summary

We present heteronuclear three-dimensional gradient-NMR techniques for the resonance assignment of
exchangeable (-OH and -NH) protons in uniformly 13C isotopically enriched oligosaccharides and for
the measurement of 1H-1H nuclear Overhauser enhancements involving these protons. These techniques
are derived from conventional HOHAHA-HSQC and NOESY(ROESY)-HSQC experiments, and are
illustrated in application to a sample of uniformly 13C-enriched Galβ1-4GlcNAc, and demonstrate that
a total of 35 ROEs involving exchangeable protons can be detected and assigned. We present a quanti-
tative analysis of these ROEs that can only be accommodated in a model of the solution behaviour of
the oligosaccharide that involves considerable internal motion.

Introduction

The determination of the three-dimensional structure
of oligosaccharides in solution by NMR relies primarily
on distance and angular constraints between contiguous
monosaccharide units, derived from 1H-1H nuclear Over-
hauser enhancements (NOEs) and three-bond 13C-1H het-
eronuclear coupling constant measurements, respectively
(reviewed in Homans (1994) and Van Halbeek (1994)).
Unfortunately, the number of such restraints is very lim-
ited; at most three trans-glycosidic NOEs are generally
observed, which together with the two heteronuclear
coupling constants about the glycosidic torsion angles
gives rise to a maximum of five restraints per residue. It
can readily be shown that this is insufficient to distinguish
between a model involving complete rigidity about the
glycosidic linkage and a model involving substantial tor-
sional fluctuation (Rutherford et al., 1993), and a larger
number of conformational restraints is clearly required in
order to characterise the solution behaviour with any
degree of fidelity. A significant advance in this regard has
been the work of Poppe and Van Halbeek, who have dem-
onstrated that it is possible to observe the exchangeable

(-OH and -NH) proton resonances of oligosaccharides in
acetone/H2O (Poppe and Van Halbeek, 1991) or in super-
cooled H2O solution (Poppe and Van Halbeek, 1994). The
rate of exchange at these temperatures (~255 K) is suffi-
ciently slow that narrow line widths are obtained, thus
allowing a straightforward assignment of these resonances
and the measurement of NOEs to and from them. In this
manner, the number of usable conformational restraints
is substantially increased (Adams and Lerner, 1992a;
Poppe et al., 1992).

In the present work, we describe gradient heteronuclear
single-quantum correlation (HSQC) based techniques for
the resonance assignment of exchangeable protons in uni-
formly 13C-enriched oligosaccharides, and for the meas-
urement of NOEs/ROEs involving these protons. These
techniques offer substantial advantages over conventional
homonuclear methods utilising 1-1 echo-type solvent
suppression (Sklenář and Bax, 1987) in that they offer a
very high degree of solvent suppression without phase
distortions, and preserve the full intensity of resonances
which appear at or near the solvent resonance frequency.
Moreover, as three-dimensional 13C-edited techniques,
they overcome to a large extent the severe resonance
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overlap of nonexchangeable protons, a problem which

a

b c

Fig. 1. Pulse sequences for (a) gd-HOHAHA-HSQC, (b) gd-ROESY-HSQC and (c) gd-NOESY-HSQC techniques described in the text. In (b)
and (c), only the first part of the pulse sequence is shown; the remainder is identical to (a). Narrow bars indicate 90° pulses and wide bars indicate
180° pulses. Pulse phases are along the x-axis unless indicated otherwise. The elements of each sequence as far as point 1 are essentially derived
from the HSQC analogues of their HMQC counterparts (Marion et al., 1989), followed by 13C refocusing periods, solvent suppression, 13C re-
focusing and reverse INEPT transfer to the directly attached proton. The spin-lock period in sequence (b) is of the offset-compensated type
(Griesinger and Ernst, 1987) to remove the offset dependence of the intensity of the ROE. The delay ∆ is set to 1/4JCH, 1.65 ms in practice, and
δ = ∆/2 to ensure efficient transfer for both methylene and methine protons, or to δ = ∆ to suppress signals corresponding to methylene protons
in F2. The delay ε = 200 µs. The proton purge pulse pair (open bars) comprises 10 kHz x and y pulses of durations 7 ms and 4.3 ms, respectively.
The gradient durations and strengths are as follows: g0 = 2 ms, 8 G/cm; g1 = g2 = g9 = g10 = 1 ms, 8 G/cm; g3 = g4 = g7 = g8 = 0.5 ms, 8 G/cm; g5 =
7 ms, 12 G/cm; g6 = 4.4 ms, 12 G/cm. Phase cycling for all the experiments is as follows: φ1 = −x,x, φ2 = x,x,−x,−x, acq. = x,−x,−x,x. These phases
are incremented by 90° in the normal manner for quadrature detection in the F1 and F2 dimensions.

plagues the vast majority of homonuclear NMR measure-
ments on oligosaccharides. While this is not the first
demonstration of gradient techniques for recording spectra
of 13C-labelled macromolecules (Kay et al., 1993; Muhan-
diram et al., 1993), the techniques described here offer
particular advantages in application to carbohydrates.

Methods

NMR techniques
The pulse sequences for the techniques which we pro-

pose are illustrated in Fig. 1. Each sequence is essentially
identical to conventional HOHAHA-HSQC (Fig. 1a),
ROESY-HSQC (Fig. 1b) and NOESY-HSQC (Fig. 1c) as
far as point 1, and magnetisation subsequently follows a
pathway which is common to all three sequences. Trans-

verse 13C magnetisation (2IzSy) which is antiphase with
respect to the attached proton at point 1 is refocused
during the following interval 2δ, whose length is chosen
to ensure refocusing of magnetisation from both meth-
ylene (C-6) and methine (C-1–C-5) carbons. In-phase
carbon magnetisation (Sx) is then rotated into the z-axis
by the first 90° 13C pulse of phase y. During the time that
the carbon magnetisation is along the z-axis, solvent
suppression takes place using a proton purge pulse pair
which dephases the solvent signal due to the inhomogene-
ity of the B1 field, together with a B0 field gradient pulse
g5, as originally described by Kay et al. (1993). Residual
solvent magnetisation which is along the z-axis and unaf-
fected by g5 is rotated into the transverse plane by the 90°
1H pulse following the purge pulse pair, and is then de-
phased by g6. Longitudinal 13C magnetisation is then ro-
tated into the transverse plane by the second 90° 13C pulse
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of phase y, followed by a dephasing period 2δ and finally
reverse INEPT transfer to the directly attached proton.

Molecular modelling
Molecular dynamics (MD) simulations and grid search

calculations were performed as described (Homans, 1990;
Rutherford and Homans, 1994). Theoretical ROE inten-
sities were computed from MD simulations using the in-
house written software package MDNOE. This package
incorporates a full relaxation matrix approach including
a formalism appropriate for the computation of NOE and
ROE data due to fluctuating internuclear distances arising
from internal motions which are fast with respect to the
rate of molecular tumbling (Tropp, 1980; Homans and
Forster, 1992). Restraints were incorporated in MD sim-
ulations as biharmonic functions where the measured
ROE is interpreted either in terms of a fixed distance, or
alternatively in a semiquantitative manner as described
(Rutherford and Homans, 1994). In the case of ROEs to
hydroxymethyl protons, the latter were treated as a pseu-
doatom whose coordinates are the arithmetic average of
the coordinates of these protons. The torsion angles ϕ
and ψ are defined as H-1–C-1–O-1–C-4' and C-1–O-1–C-
4'–H-4', respectively, where C-4' and H-4' refer to the
GlcNAc residue.

Experimental

Chemoenzymatic synthesis of [U-13C]-Galb1-4GlcNAc
Uniformly 13C-enriched Galβ1-4GlcNAc (LacNAc) was

prepared using chemoenzymatic methods with [U-13C]-
GlcNAc as acceptor. Since isotopically 13C-enriched
GlcNAc is not commercially available to our knowledge,
it was prepared by enzymatic biotransformations from
[U-13C]-glucose as follows. [U-13C]-D-glucose (100 mg),
ATP (250 mg) and L-glutamine (70 mg) were suspended
in 5 ml of 50 mM Tris-HCl, pH 7.4 containing 200 mM
MgCl2. The pH of the reaction mixture was readjusted
after the addition of ATP with 2 M NaOH, followed by
the addition of hexokinase (E.C. 2.7.1.1) (10 U), phos-
phoglucose isomerase (E.C. 5.3.1.9) (50 U) and glucos-
amine synthetase (E.C. 2.1.1.6) (a generous gift from Prof.
B. Badet, ENSCP, Paris) (4 U). The reaction was left to
incubate for 18 h, giving [U-13C]-glucosamine-6-phosphate
as the principal product. The reaction mixture was ad-
justed to pH 9.6 with 1 M NaOH. Alkaline phosphatase
(E.C. 3.1.3.1) (100 U) was added and the reaction was
incubated for 5 h. The synthesis of [U-13C]-D-glucosamine
was confirmed by 1H NMR of the crude reaction mixture.
Solid NaHCO3 was added to the [U-13C]-D-glucosamine
reaction mixture until a saturated solution was achieved,
followed by the addition of 250 µl of acetic anhydride.
Additional aliquots of acetic anhydride were added in 15
min intervals until all the NaHCO3 had reacted. Partial
purification was achieved by loading the reaction mixture

to a mixed-bed column (Dowex AG50 X12 over Dowex
AG3 X4) and washing through with five column volumes
of deionised water. Additional purification of 13C N-acetyl-
D-glucosamine was achieved by BioGel P4 gel permeation
chromatography (117 × 1.5 cm) with water as the eluant.

The disaccharide Galβ1-4GlcNAc was obtained in
uniformly 13C-enriched form by the enzymatic addition of
[U-13C]-galactose (a generous gift of Martek Biosciences,
Columbia, MD, U.S.A.) to [U-13C]-GlcNAc in a biotrans-
formation involving bovine galactosyltransferase as de-
scribed (Gilhespy-Muskett et al., 1994). The overall yield
was ~50%.

Sample preparation
Samples were prepared by dissolution of [U-13C]-Galβ1-

4GlcNAc (19 mg) in 750 µl 85%/15% v/v H2O/(CD3)2CO,
pH 6.8, followed by degassing by sonication.

NMR experiments
All NMR data were acquired at 500 MHz at a probe

temperature of 256 K using dry nitrogen as the cooling
gas and isopropanol/solid CO2 as the coolant, on a
single sample of [U-13C]-Galβ1-4GlcNAc in 85% H2O/
15% (CD3)2CO. Two-dimensional gradient-HOHAHA-
HSQC spectra (gd-HOHAHA-HSQC) were acquired with
spectral widths of 1000 Hz in F2 and 3450 Hz in F1, with
1024 and 256 complex points, respectively. Sixteen transi-
ents were acquired per t1 increment, giving a total acquisi-
tion time of ~4 h. The spin-lock time was 35 ms, using
DIPSI-2 with a 7.6 kHz rf field whose carrier was located
at 5.3 ppm. Immediately prior to acquisition, the carrier
was shifted to 4.35 ppm in order to reduce the spectral
width in the F3 dimension. Prior to two-dimensional
Fourier transformation, data were apodised with cosine-
bell functions, followed by zero-filling once in each di-
mension. Two-dimensional gradient-ROESY-HSQC spec-
tra (gd-ROESY-HSQC) were acquired under otherwise
identical conditions, except that the spin-lock time was
100 ms using a weak (~3 kHz) continuous-wave rf field.
Three-dimensional gd-ROESY-HSQC spectra were ac-
quired with spectral widths of 1000 Hz in F3 (1H), 3450
Hz in F1 (1H) and 3600 Hz in F2 (13C) and with 512, 128
and 32 complex points, respectively. Four transients were
acquired per increment, giving a total acquisition time of
~24 h. Prior to three-dimensional Fourier transformation,
data were apodised with cosine-bell functions, followed by
zero-filling once in each dimension. The recycle delay in
all experiments was 1 s.

The rotational correlation time of the disaccharide was
measured by 13C T1 relaxation time measurements and
was also calibrated independently from diagonal versus
cross-peak volumes for fixed internuclear distances using
a full relaxation matrix analysis. The value obtained (2.5
± 0.2 ns) reflects the high viscosity of the disaccharide
solution at 256 K.
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Fig. 2. (a) Region of the two-dimensional gd-HOHAHA-HSQC spectrum (mixing time = 35 ms) of [U-13C]-Galβ1-4GlcNAc showing through-bond
connectivities from nonexchangeable protons to hydroxyl and amide protons. Selected cross peaks are assigned as shown. The delay δ = ∆ to
suppress signals corresponding to methylene protons in F2. (b) Region of the two-dimensional gd-ROESY-HSQC spectrum (mixing time = 100
ms) showing through-space connectivities to exchangeable protons. The delay δ = ∆/2 to ensure efficient transfer for both methylene and methine
protons. A typical trans-glycosidic connectivity is shown. In addition to through-space connectivities, two through-bond connectivities are
observable from Gal H-2 and Gal H-3 to Gal OH-2 (negative intensities, plotted as single contours). These derive from HOHAHA-type transfer
which is efficient for these protons despite the weak continuous-wave field due to the choice of resonance offset. Spectra in (a) and (b) were
acquired with the three-dimensional sequences shown in Fig. 1 by setting delay t2 to zero. (c) Plane from the three-dimensional gd-ROESY-HSQC
spectrum at the 13C resonance frequency of GlcNAcα/β C-6 (identical shift for each anomer) showing the much improved resolution in comparison
with (b). The delay δ = ∆/2. Cross peaks are assigned as shown.
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Results

TABLE 1
PROTON RESONANCE ASSIGNMENTS AND EXCHANGE
RATES FOR EXCHANGEABLE PROTONS IN UNIFORMLY
13C-ENRICHED Galβ1-4GlcNAc IN H2O/(CD3)2CO AT 256 K

Proton Shift (ppm) Exchange rate K (s−1)

Galactose
OH-2 6.54 09.7
OH-3 6.09 15.1
OH-4 5.94 10.7
OH-6 6.15 15.0a

GlcNAcαα
OH-1 7.28 12.5
NH-2 8.48 0.−
OH-3 5.89 08.9
OH-6 5.89 15.0a

GlcNAcββ
OH-1 7.83 15.1
NH-2 8.43 0.−
OH-3 6.03 06.5
OH-6 5.99 15.0a

Chemical shifts are referenced indirectly to 3-(trimethylsilyl)propane-
sulphonic acid sodium salt, δ = 0 at 256 K.
a Approximate value due to low signal intensity.

TABLE 2
ROE CONNECTIVITIES TO EXCHANGEABLE PROTONS IN
Galβ1-4GlcNAc

Proton ROE connectivities

Galactose
H-1 OH-2, GlcNAcα/β OH-3

GlcNAcα/β OH-6
H-2 OH-2, OH-3, OH-4
H-3 OH-2, OH-3, OH-4
H-4 OH-3, OH-4
H-5 OH-3, OH-4
H-6/6' OH-4, OH-6

GlcNAcαα
H-1 OH-1, NH-2
H-2 NH-2, OH-3
H-3 NH-2, OH-3
H-4 OH-1, NH-2, OH-3
H-5 OH-1, OH-6
H-6 OH-6, Gal OH-2

GlcNAcββ
H-1 OH-1, NH-2
H-2 NH-2, OH-3
H-4 OH-3
H-6 OH-6, Gal OH-2

Resonance assignment
The two-dimensional gd-HOHAHA-HSQC spectrum

of [U-13C]-Galβ1-4GlcNAc at 256 K is illustrated in Fig.
2a, showing the region in F1 downfield of the H2O reson-
ance corresponding to exchangeable protons. At this mix-
ing time (35 ms), a number of cross peaks corresponding
to single-step and relayed 1H-1H coherence transfers are
observable. From the intensities of these, combined with
additional experiments at shorter mixing times (data not
shown), the resonance assignment of hydroxyl and amide
protons is straightforward using the assignments for nonex-
changeable protons as a basis. A selection of assignments
for exchangeable protons is shown in Fig. 2a, and the
remainder are compiled in Table 1. An interesting feature
of the data in Fig. 2 is the presence of cross peaks from
nonexchangeable protons to the solvent water resonance
at F1 ~ 5.25 ppm, which derive from a slow exchange
between the hydroxyl and amide protons and the bulk
solvent. The excellent solvent suppression obtained with
the pulse sequences in Fig. 1 allows such cross peaks to
be readily observed. Also of note is the absence of phase
distortions in the spectrum, and the appearance of reson-
ances close to the water at full intensity due to the ab-
sence of frequency-dependent excitation profiles obtained
with ‘jump-return’-type techniques (Poppe and Van Hal-
beek, 1991,1994; Poppe et al., 1992).

A notable feature of the HOHAHA-HSQC sequence,
in common with the other sequences in Fig. 1, is the abil-
ity to achieve a degree of spectral editing; by setting the
delay δ to ∆ (as in Fig. 2a) rather than ∆/2 (as in Figs. 2b

and c), all signals corresponding to methylene protons are
suppressed in F2. In practice, we find this feature to be
very useful not only for editing connectivities from the H-6
protons to exchangeable protons, but also for editing cross
peaks in the nonexchangeable region of the spectrum,
which substantially reduces the resonance overlap prob-
lem in this region.

Structural restraints involving hydroxyl protons
Figure 2b shows the two-dimensional gd-ROESY-

HSQC spectrum of [U-13C]-Galβ1-4GlcNAc at 256 K
obtained under otherwise identical conditions to those
described above. A substantial number of cross peaks are
observed to both hydroxyl and amide protons, together
with intense correlations to the solvent water resonance.
While several of these cross peaks can immediately be
assigned by inspection, resonance overlap in the region
F1 ~ 6.0 ppm is sufficiently severe to prevent the unam-
biguous assignment of all cross peaks. This problem is
readily overcome by editing the spectrum in a third 13C
frequency dimension in the conventional manner (Kay et
al., 1989). An example is shown in Fig. 2c, which illus-
trates an F1/F3 slice at the 13C resonance frequency of
GlcNAcα/β C-6 (identical shift for each anomer). Apart
from the intraresidue connectivities between the H-6
protons of GlcNAcα and GlcNAcβ and the correspon-
ding OH-6 resonances, an interresidue connectivity can
readily be detected between the H-6 protons of each ano-
mer and Gal OH-2. The complete set of ROE connectivi-
ties observed and assigned to exchangeable protons is
given in Table 2.
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A similar series of correlations to those given in Table

TABLE 3
EXPERIMENTAL ROEs INVOLVING EXCHANGEABLE
PROTONS COMPARED WITH THEORETICAL VALUES
DERIVED FROM TWO 500 ps RESTRAINED MD SIMULA-
TIONS IN VACUO FOR Galβ1-4GlcNAc

ROE connectivity ROE intensity (%)

Experimentala Theoretical

(a)
H-1–OH-3' 0.7 0.1
H-1–OH-6' 0.5b 1.0
OH-2–H-6'*c 2.0 1.0

(b)
H-1–OH-3' 0.7 1.2
H-1–OH-6' 0.5b 0.2
OH-2–H-6'*c 2.0 2.3

(a) Restraints: H-1–H-4': 2.34 Å < r < 2.54 Å; H-1–H-6': 2.92 Å < r <
3.12 Å; force constant = 10 kcal/Å2.
(b) Restraints: H-1–H-4': 1.8 Å < r < 2.7 Å; H-1–H-6': 1.8 Å < r < 5.0 Å;
force constant = 10 kcal/Å2.
a Experimental values (±10%) expressed as the sum of intensities of α

and β anomers.
b Estimated error ±25% due to low cross-peak intensity.
c Theoretical value computed as the sum of the ROEs to each hy-

droxymethyl proton. *: treated as a pseudoatom.

Fig. 3. Plot of recovery of water magnetisation during the acquisition
period and relaxation delay of the pulse sequence shown in Fig. 1b.
The recovery of the water magnetisation was measured using a simple
modification of the sequence in Fig. 1b where the final π/2 proton
pulse was followed by a variable delay and an additional π/2 proton
read pulse to monitor the z component of the water magnetisation.
The measured longitudinal relaxation rate of the water magnetisation
at 256 K is 2.5 s−1.

2 is observed in the gd-NOESY-HSQC spectrum of the
disaccharide (not shown). At 256 K the rotational tumbl-
ing time of a disaccharide is such that the observed NOEs
are weak and negative (i.e. cross peaks have the same sign
as diagonal peaks). Consequently, the gd-ROESY-HSQC
technique is the method of choice for small carbohydrates,
whereas the gd-NOESY-HSQC technique will be of more
value for larger oligosaccharides.

Quantitation of ROE data involving exchangeable protons
The extraction of quantitative distance information

from cross-peak intensities involving exchangeable pro-
tons is not straightforward. First, as discussed by James
and co-workers (Liu et al., 1993), a loss of cross-peak
intensity arises from the exchange of magnetisation with
solvent water. This is effectively a leakage process which
affects only the diagonal elements of the relaxation ma-
trix, and can be accounted for in a full relaxation matrix
calculation of the ROESY or NOESY intensities provided
the exchange rates are known. The latter can be measured
in a straightforward manner using, for example, the ap-
proach described by Adams and Lerner (1992b), and
these values are included in Table 1. A second problem
concerns the extent of saturation of the water magnetisa-
tion. If the water magnetisation is saturated prior to
acquisition, substantial saturation transfer can occur from
the bulk solvent (which is in vast excess) to the solute
during the acquisition period and relaxation delay, and
can result in a substantial reduction in the resonance
intensity of exchangeable protons (Grzesiek and Bax,

1993; Li and Montelione, 1993; Stonehouse et al., 1994).
An alternative is to employ selective ‘flip-back’ pulses
(Grzesiek and Bax, 1993) or a judicious choice of phase
cycling (Mori et al., 1995) together with tailored excita-
tion techniques such as WATERGATE (Sklenář et al.,
1993), which ensure that the bulk of the water magnetisa-
tion is returned along the +z-axis immediately prior to
acquisition. Unfortunately, none of these techniques is of
value in the present application, since they all require
selective excitation (or selective nonexcitation) at the
water resonance frequency. Unlike the amide protons of
proteins which resonate well downfield of the water res-
onance, the anomeric protons of oligosaccharides resonate
at or close to the water resonance frequency, and would
also be effectively attenuated using these techniques.
While the sequences described in the present study would
therefore appear to be inappropriate for quantitative
analysis since they involve deliberate saturation of the
water prior to acquisition, in practice we find that negli-
gible attenuation of cross-peak intensities occurs due to
rapid recovery of the water magnetisation under the ex-
perimental conditions employed. The longitudinal relax-
ation rate of the water magnetisation can conveniently be
measured using a simple modification of the sequence in
Fig. 1b where the final π/2 proton pulse was followed by
a variable delay and an additional π/2 proton read pulse
to monitor the recovery of water magnetisation, which is
shown in Fig. 3.
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Simulations of the recovery of the hydroxyl proton

Fig. 4. Instantaneous values of the glycosidic torsion angles φ and ψ
over the 500 ps restrained MD simulation in vacuo for Galβ1-4GlcNAc.
Biharmonic restraints were applied with a force constant of 10 kcal/Å2

and with bounds as follows: H-1–H-4': 1.8 Å < r < 2.7 Å; H-1–H-6': 1.8
Å < r < 5.0 Å. Contours derived from a grid search calculation about
φ and ψ are plotted at 1.0, 2.0, 3.0, 4.0 and 5.0 kcal/mol above the
global minimum.

magnetisation using a simple two-spin system undergoing
two-site exchange (Stonehouse, 1994) and with the meas-
ured T1 of water (400 ms) show that the recovery of the
hydroxyl magnetisation is complete to ~90% after 1 s, for
values of the hydroxyl proton exchange rate K of 5 < K <
25 s−1 and for the hydroxyl proton longitudinal relaxation
rate RI of 0.07 < RI < 7 s−1 . This indicates that no correc-
tion of cross-peak intensities is required for a combined
acquisition time and relaxation delay greater than 1 s for
all values of the exchange rate and hydroxyl proton T1

that are likely to be encountered in practice. The essential
independence of the recovery with respect to RI is very
useful in view of the difficulty in obtaining an accurate
value for this parameter, and arises from the rapid recov-
ery of the solvent magnetisation at the low temperatures
necessary for the observation of exchangeable protons in
oligosaccharides.

Structural implications of ROE data for exchangeable pro-
tons

Only two trans-glycosidic NOEs are observed in Galβ1-
4GlcNAc that do not involve exchangeable protons. As
in previous studies (Rutherford et al., 1993), we find that
these restraints are consistent with models for the solution
behaviour of the glycan involving a single conformation
or, alternatively, multiple conformations. As discussed in
detail elsewhere (Rutherford et al., 1993), this arises from
the paucity of restraints across the glycosidic linkage. In
order to assess the impact of the additional restraints
obtained here, it is necessary to take account of the very

rapid (picosecond) motional averaging of the hydroxyl
groups about their respective C-O bond, which gives rise
to fluctuating internuclear distances. A convenient method
for achieving this is by simulation of the MD trajectory
of the glycan in vacuo for a period of time which is much
longer than the time scale of the internal motions. In the
present study, a 500 ps restrained MD simulation was
computed, with restraints derived from the trans-glyco-
sidic NOEs involving nonexchangeable protons. These
restraints were applied as ‘fixed’ distances, corresponding
with the ‘single conformation’ model involving limited
torsional fluctuations about the glycosidic linkage. The
time-averaged trans-glycosidic NOEs involving exchange-
able protons were then calculated over the time course of
the simulation, using a full relaxation matrix analysis
including a formalism appropriate for fluctuating inter-
nuclear distances due to internal motions which are rapid
with respect to overall isotropic tumbling (Tropp, 1980;
Homans and Forster, 1992). One of these NOEs involves
GlcNAc OH-6, which forms part of the pendant hydro-
xymethyl group whose internal rotation about the C-5–C-
6 bond is slow with respect to overall tumbling. It was
therefore necessary to compute two MD simulations with
the dihedral angle ω about the C-5–C-6 bond weakly
restrained to the two values (180° (66%) and −60° (34%))
which were observed to exist in the disaccharide on the
basis of homonuclear spin-coupling constant measure-
ments. A weighted average was then taken over the two
simulations. The results for the relevant trans-glycosidic
NOEs involving exchangeable protons are given in Table
3, where it is seen in particular that the NOE between
Gal H-1 and GlcNAc OH-3 is severely underestimated in
these simulations. This immediately suggests that substan-
tial torsional fluctuations exist in the disaccharide in free
solution, and indeed the experimental NOEs compare
more favourably with predicted values when the restraint
bounds corresponding to the two original NOEs are re-
laxed (Table 3). The resulting torsional fluctuations about
φ and ψ lie within the global minimum energy region of
the glycan (Fig. 4), and offer a plausible model for the
dynamic behaviour of the glycan in solution.

Discussion and Conclusions

By use of the above techniques, at least 35 ROEs can
be observed and assigned to hydroxyl and amide protons
in Galβ1-4GlcNAc, including three trans-glycosidic con-
nectivities. These are of crucial importance for conforma-
tional studies, since often only a single ROE(NOE) in-
volving nonexchangeable protons is observed across the
glycosidic linkage. Such NOEs tend by nature to involve
protons located very close to the glycosidic linkage, and
are not very sensitive to torsional fluctuations about the
glycosidic linkage. By contrast, NOEs involving OH and
NH protons in oligosaccharides are not necessarily proxi-
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mal to the glycosidic linkage, and hence are much more
sensitive to conformation. Although we have examined a
simple disaccharide in the present study, sufficient addi-
tional NOEs are observed to confirm that substantial
torsional fluctuations exist about the glycosidic linkage,
a result that in the past has not been obvious without re-
course to detailed relaxation time measurements (Ruther-
ford et al., 1993). In more complex branched oligosac-
charides, it would be anticipated that the number of
interresidue connectivities involving exchangeable protons
will be much higher, and therefore will be of even greater
value in conformational studies.

A less obvious, but equally useful, application of the
above techniques is as an aid to oligosaccharide primary
sequence determination; while oligosaccharide linkage
positions can be inferred from trans-glycosidic nuclear
Overhauser effect measurements, the presence of an NOE
from an anomeric proton to an aglyconic proton is no
guarantee that the linkage site is to the respective carbon
atom of the aglycon since the precise NOE connectivity
observed can depend upon the local conformation. In
contrast, the direct observation of hydroxyl protons,
provided they can all be assigned, overcomes this problem
since a hydroxyl proton obviously cannot exist at a site
of O-glycosylation.

A disadvantage of the techniques described here is the
requirement for isotopically 13C-enriched oligosaccharides
for high sensitivity. However, in common with NMR
studies on other macromolecules, isotopic enrichment is
of enormous value in extending the types of NMR meas-
urements that can be undertaken. This is of particular
relevance to studies on oligosaccharides where the very
poor spectral dispersion in the proton dimension is a
severe hindrance to structural studies. Given that it is
now possible to obtain isotopically enriched oligosacchari-
des by the growth of bacteria (Yu et al., 1993) and para-
sites (Weller et al., 1994) on isotopically enriched media,
and glycoproteins by overexpression in mammalian cells
(Lustbader et al., 1996; Weller et al., 1996), the require-
ment for 13C-enriched glycans is not likely to be prohibi-
tive in the future.
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