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Abstract

C–H dipolar coupling values were measured for a natural-abundance sample of the pentasaccharide b-D-Galp-
(1�3)-[a-L-Fucp-(1�4)]-b-D-GlcNAcp-(1�3)-b-D-Galp-(1�4)-b-D-Glcp (‘lacto-N-fucopentaose 2’) (LNF-2), in a
7.5% solution of dimyristoyl phosphatidylcholine–dihexanoyl phosphatidylcholine bicelle liquid crystals oriented in
the NMR magnetic field. Interpretation of the dipolar coupling data and NOE confirms the conformational model
for the Lewisa trisaccharide epitope based on NOE, molecular dynamics simulations, and scalar coupling data and
provided new structural information for the remaining residues of the pentasaccharide. Since residual dipolar
coupling provides information on long-range order, it is a valuable complement to other types of NMR data such
as NOE and scalar coupling for exploring conformations of complex oligosaccharides. © 2000 Elsevier Science Ltd.
All rights reserved.

Keywords: Bicelles; Dipolar coupling; Oligosaccharide; Conformation; NMR; Liquid crystal

1. Introduction

Most previous investigations of the confor-
mation of complex oligosaccharides in solu-
tion have employed measurements of nuclear
Overhauser effect (NOE) in NMR spec-
troscopy in combination with computer
molecular modeling [1–4]. While this ap-
proach has proved reasonably effective for
relatively rigid oligosaccharides, its shortcom-
ings with more flexible oligosaccharides have

stimulated a search for new NMR methods
such as 13C scalar coupling [5–8]. Aubin and
Prestegard [9] have explored methods that rely
on dipolar couplings measured for glycolipids
oriented as a result of their attachment to a
magnetically oriented liquid crystal. Tjandra
and Bax [10] have recently shown that orienta-
tion of small proteins can be conveniently
achieved in such phospholipid bilayers known
as bicelles when the protein is not anchored
but is oriented by hydrodynamic interaction.
Bolon and Prestegard [11], demonstrating that
such bicelles can be used to orient oligosac-
charides, reported H–H dipolar coupling ef-
fects but not quantitative measurements or an
interpretation in terms of a conformational
model. Recently, Kiddle and Homans [12]
have measured and interpreted C–H dipolar
couplings for a 13C-enriched trisaccharide,
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fitting the data to a simulated annealing calcu-
lation, and Rundlöf et al. [13] have reported
C–H dipolar coupling data for the milk te-
trasaccharide, lacto-N-neo-tetraose (LNnT) in
natural abundance. We report here orienta-
tion of a milk pentasaccharide ‘lacto-N-fu-
copentaose 2’ (LNF-2) (see Structure 1), in a
dilute bicelle solution of dimyristoyl phos-
phatidylcholine (DMPC) and dihexanoyl
phosphatidylcholine (DHPC) and measure-
ment of C–H dipolar coupling values. In con-
trast to LNnT, which has a type 2 core
structure, LNF-2 has a type 1 core as well as
a Lewisa trisaccharide epitope that has been
proposed to have a single rigid conformation.
The dipolar couplings were consistent with the
conformation for the Lewisa trisaccharide epi-
tope of this oligosaccharide, proposed on the
basis of NOE data and long-range H–C
scalar coupling constants. Additional informa-
tion on the conformation of the other two
residues of the pentasaccharide was deduced
from the dipolar coupling data.

(Structure 1)

2. Experimental

NOE data for LNF-2 were taken from Ref.
[14]. The 500-MHz 2D-NOESY spectrum re-
ported there was reanalyzed in order to obtain
NOE information concerning residues c, d
and e of LNF-2 not previously reported.

A �15% stock solution in D2O of DMPC-
DHPC in molar ratio of 3:1 was prepared in
30 mM phosphate buffer at pH 7 and mixed
by vortexing in several cycles of heating to
40 °C and cooling on ice over a period of 20
h. An LNF-2 solution (�10 mM) was pre-
pared in an NMR tube by mixing 0.25 mL of
the solution of LNF-2 in D2O with 0.25 mL of
the stock bicelle solution. This sample was
homogenized by vortexing in several cycles of
heating to 40 °C and cooling on ice.

Dipolar coupling values, 1DCH, were mea-
sured from the difference in the splitting of

two t1-coupled, t2-decoupled gradient HSQC
spectra [15] acquired on a GE-Omega PSG
500 NMR instrument at 35 and 19 °C, corre-
sponding to the oriented and isotropic solu-
tion, respectively. In order to maximize the
resolution in the indirect dimension, two sets
of t1-folded experiments were acquired, one
with 13C carrier position in the center of the
anomeric region and the other in the center of
the ring region (�75 ppm). Using this proto-
col, the linewidth in the t1 dimension at half
height was �12 Hz (Fig. 1). Since the chemi-
cal shifts in the bicelle solution were very
similar to those previously reported, the C–H
cross-peaks were assigned using the data of
Xu et al. [16]. The column corresponding to
each C–H signal of LNF-2 was carefully
phased and stored. After an inverse Hilbert
transformation and zero filling to 16K, the
retransformed spectrum showed a digital reso-
lution of 0.2 Hz/pt. Vectors from the 35 °C
spectrum were compared with the correspond-
ing vector from the 19 °C spectrum, and the
offset required for superposition of the multi-
plet components was used to calculate the sign
and magnitude of 1DCH. The experiments were
repeated twice and 1DCH couplings averaged.
The estimated error is 90.5 Hz, a figure that
is consistent with the error reported by Tjan-
dra et al. [17] for coupling values for bonded
N–H pairs in proteins.

Given a geometric model for the molecule,
the experimental C–H dipolar coupling values
can be interpreted by orienting the molecular
alignment tensor A, which can be decomposed
into an axially symmetric, Aa and a rhombic
component, Ar [10]. The dipolar coupling be-
tween two nuclei, C and H is given by

1DCH(u,f)

=S2m0

4p
gCgHh

�
Aa(3 cos2 u−1)

+
3
2

Ar sin2 u cos2 f
n
/4p2rCH

3 (1)

where S2 is the generalized order parameter
for internal motions of the C�H pair [18], m0 is
the magnetic permeability of vacuum, gC and
gH are the magnetogyric ratios of C and H, h
is Planck’s constant, rCH is the distance be-
tween C and H, and u and f are cylindrical
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coordinates describing the orientation of the
C–H vector with respect to the principal axis
system of A. While the magnitude and orien-
tation of A are not known, they can be deter-
mined by iterative fitting to the measured
dipolar couplings for a known structure if S2

and r3
CH are known [10].

For the orientation of A, two methods were
evaluated. In the first, A is assumed to be
axially symmetric and Ar is set equal to zero,
resulting in a four-parameter model if S2 and
rCH are assumed identical for all C�H bonds
[17]. In the second method, the assumption of
axial symmetry was relaxed, leading to a five-
parameter fit [17]. In the algorithm used, the
direction cosines of the bond vectors are cal-
culated from the Cartesian coordinates of the
model molecular structure. For some trial val-
ues of the Euler angles (u, f, c) that define
the orientation of A, either one parameter Aa

(method 1) or two parameters Aa and Ar

(method 2) must be calculated to define the
alignment tensor A. The goodness of the
parameters is then evaluated by the merit
function x2 defined in Eq. (2):

x2=
%
n

1

(1DCH
exp −1DCH

calc)2

%
n

1

(1DCH
exp)2

(2)

In this equation n is the number of C�H
dipolar vectors.

A Powell algorithm was used to minimize
the merit function and to obtain the optimized
Euler angles and the magnitude of A. The
optimization was repeated for 10 random
starting values of the parameters. Only the
parameters corresponding to the lowest x2 are
reported in Table 1. These parameters were
obtained for several different starting values.

Fig. 1. t1-Coupled, t2-decoupled gradient HSQC of LNF-2 oriented in the liquid crystal phase at 35 °C. The carrier was set in the
center of the ring region (�75 ppm) and the spectral width was 4329 Hz. A matrix of 1024×256 data points was acquired for
the direct and indirect dimensions, respectively, and was apodized by a 90° shifted sine bell function for the direct dimension. For
the t1 dimension 64 additional points were linearly predicted followed by a 90° shifted sine bell apodization function. Before
Fourier transformation in both dimensions, the matrix was zero filled to 1024×1024 points.
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Table 1
Experimental and calculated dipolar couplings for LNF-2 for conformers found during the different relaxed conformational
searches as described in the text

Atom pairs Conf. 1 a 1DCH
calc. Conf. 2 b 1DCH

calc. 1DCH
exp.Conf. 3 c 1DCH

calc. Conf. 4 d 1DCH
calc.

x2=0.131 x2=0.318x2=0.134x2=0.307

H-1�C-1a 2.01.7 2.1 2.0 1.8
−2.1 −2.0−2.7 −2.1H-2�C-2a −1.3
−0.5 −0.5H-3�C-3a −0.5−0.9 −0.8

0.2 0.30.2 0.2H-4�C-4a 0.3
H-1�C-1b −5.5−5.2 −5.6 −5.6 −5.5

−3.5 −3.5−3.3 −3.6H-2�C-2b −3.2
−4.9 −4.9H-3�C-3b −5.0−4.7 −4.8

5.9 5.66.5 6.0H-4�C-4b 5.8
−4.9 −5.0H-5�C-5b −5.1−4.5 −5.8

11.6 11.611.4 11.7H-2�C-2c 12.1
12.2 12.0H-3�C-3c 12.311.9 11.9
11.0 11.111.3 11.1H-4�C-4c 10.3

H-5�C-5c 11.211.1 11.3 11.3 11.5
13.1H-1�C-1d 12.5

H-2�C-2d 13.1 13.7
13.5H-3�C-3d 15.3

−2.6 −2.6H-4�C-4d
13.3H-5�C-5d 12.4

6.3 6.3H-3�C-3e
8.3 8.2H-4�C-4e

a Residues a–(b)–c aligned with method 1. fac/cac: −71.0/142.5, fbc/cbc: −72.0/−103.0 (conformer reported in Ref. [19]).
b Residues a–(b)–c aligned with method 1. fac/cac −63.0°/130.8°, fbc/cbc: −61.1°/−100.8°.
c Residues a–(b)–c aligned with method 2. fac/cac: −65.4/130.9, fbc/cbc: −61.0/−103.1.
d All residues aligned with method 1. fac/cac: −63.0°/130.8°, fbc/cbc: −61.1°/−100.8°, fcd/ccd: −104.9°/−142.7°, fde/cde:

−135.1°/94.9°.

In the molecular modeling, the glycosidic
dihedral angles are defined according to the
IUPAC heavy-atom convention in which f :
O-5–C-1–O-1–C-x and c : C-x−1–C-x–O-
1–C-1. Both rigid and relaxed energy confor-
mational maps were performed for the
different glycosidic linkages of LNF-2 using
InsightII/Discover software (Biosym Tech-
nologies, San Diego, CA, USA). For the re-
laxed energy maps, the glycosidic dihedral
angles were restrained by using a cosine type
potential with a force constant of 100 kcal
mol−1. Each structure was minimized using
the CVFF [22] force field and a distance-de-
pendent dielectric of 80*r.

3. Results and discussion

Couplings measured in the indirect dimen-
sion (Fig. 1) have the advantage over those
measured in the direct (proton) dimension
that proton dipolar coupling does not inter-
fere with determination of the C–H coupling

values. Without the interference of some large
DHH couplings, many more C–H coupling
constants can be reliably measured than is
possible with the method described by
Rundlöf et al. [13]. By optimizing the sweep
width in the indirect dimension, rather sym-
metric line shapes of about 12 Hz width can
be obtained, and the precision in the coupling
values approaches 0.5 Hz. Although the effect
of orientation on 15N chemical shift has been
observed in proteins, the effect in 13C should
be less due to the smaller chemical shift an-
isotropy. A small shift in the center of the
doublet is not expected to influence the mea-
sured value of the splitting.

The Lewisa epitope, which is comprised of
the three non-reducing terminal residues a, b
and c of Structure 1, has been proposed to
adopt a single relatively rigid conformation
[14,19–21]. Of the 13 dipolar couplings listed
for these three residues in Table 1, only five
are expected to give truly independent infor-
mation needed for orientation of the tensor A.
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In the normal chair conformation of a pyran-
oside, axial C�H bond vectors are expected
to be essentially parallel. Thus, for b-GlcNAc
(c) all the coupling values are approximately
1191 Hz. a-Fuc (a) has equatorial C�H
bonds at C-1 and C-4 that are parallel, yield-
ing two independent vector directions for this
residue as is also the case for b-Gal (b).

Conformation 1 (Conf. 1) for the Lewisa

trisaccharide (a–b–c) component of LNF-2
was built from the glycosidic dihedral angles
previously reported [21], in which fac/cac= −
71°/142.5° for the Fuc-GlcNAc linkage and
fbc/cbc= −72°/−103° for the Gal-GlcNAc
linkage [21]. The three interglycosidic dis-
tances H-1a–H-4c, H-5a–H-2b and H-1b–H-
3c in this model are in quantitative agreement
with the 1H NOE data [14]; the model is also
in agreement with C�H scalar coupling con-
stants [16] and molecular dynamics simula-
tions [21]. The results in Table 1 show that
this model can be oriented to reproduce the 13
experimental couplings using the first method
with a four-parameter orientation function.
The discrepancies between experimental and
simulated data are slightly beyond the esti-
mated experimental error.

Since the estimated precision of the dihedral
angles in the NOE-based model is 910° [14],
a refinement of the model with the experimen-
tal dipolar coupling data was attempted to
determine whether the dipolar coupling data
could be used to improve the precision of the
model. A relaxed energy grid map was gener-
ated for the trisaccharide a–b–c, in which the
dihedral angles were varied over the range: fac

(−80 to −60°), cac (130 to 150°), fbc (−80
to −60°) and cbc (−110 to −90°) using a
grid step of 2.5°. At every f/c point the
structure was optimized by energy minimiza-
tion and then aligned by method 1. The con-
former that is best able to explain the dipolar
couplings and qualitatively the aforemen-
tioned interglycosidic NOE distances (B3.5
A, ) of residues a–b–c is Conf. 2 (Table 1). The
fitting of the model to the experimental dipo-
lar coupling data is slightly improved, and the
glycosidic angles differ only slightly from
those of Conf. 1.

In order to test the assumption of an axially
symmetric orientation tensor, A, the confor-

mations found in the local relaxed grid search
were also aligned using method 2, which fits to
five orientation parameters. The best confor-
mation (Conf. 3 in Table 1) has glycosidic
dihedral angles very similar to those of Confs.
1 and 2 and a x2 only slightly lower than that
with the four-parameter fit of method 1. It
appears that, at least for this oligosaccharide,
an axially symmetric orientation tensor is
adequate.

Having concluded that it is possible to ori-
ent a model determined from other NMR
data, we can ask how good a model can be
uniquely determined from C�H dipolar cou-
pling data and just how many independent
vectors are required. Since we do not expect
that an axially symmetric orientation tensor
will be generally applicable, we anticipate that
at least four or five independent C�H vectors
will be needed to fit the orientation tensor to a
correct model. To test the uniqueness, a rigid
map was generated for the disaccharide a–c
by rotating the dihedral angles fac and cac

from 180 to 180° in 15° steps, while torsions
fbc and cbc were fixed at −60 and −100°,
respectively. A map was generated for the
disaccharide b–c by rotating fbc and cbc from
−180 to −180° in 15° steps, while torsions
fac and cac were fixed at −62.5 and 130°,
respectively. The 25 conformations that could
be oriented with the lowest x2 are represented
as points in the ‘dipolar maps’ of Fig. 2.

In the dipolar map generated for the a–c
linkage (Fig. 2(a)), the eight dipolar coupling
values measured for these two residues were
used for tensor alignment. Of the three possi-
ble regions that explain the dipolar couplings,
only the most extended region with angles
around fac/cac: −60°/100° has interglycosidic
distances in qualitative agreement (B3.5 A, )
with the three aforementioned interglycosidic
NOEs for residues a–b–c, scalar coupling and
molecular modeling. The dipolar map gener-
ated by including all the 13 dipolar couplings
of the three residues a–b–c (Fig. 2(c)) shows
many fewer allowed conformations, although
a few lie outside the region of agreement with
the other data. A dipolar map generated for
the b–c linkage by including only the nine
dipolar couplings measured for these two
residues (Fig. 2(b)) shows two main regions of
agreement, only one of which, with angles
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around fbc/cbc:−60°/−100°, is in qualitative
agreement with the interglycosidic NOE data.
The dipolar map generated by including all
the 13 dipolar couplings of residues a–b–c for
the tensor alignment (Fig. 2(d)) shows a more
concentrated distribution of the points around
the values of Conf. 2, as a result of including
four extra vectors for the tensor alignment.
The dipolar maps of Fig. 2(c) and (d) com-
bined with the interglycosidic NOE data [14],
reduce substantially the uncertainty of the
structure due to either flexibility or looseness
of the structural restraints for residues a–(b)–
c. Not included in these rigid maps is the
possible existence of bad steric interactions for
some combinations of dihedral angles. Inclu-
sion of a regular molecular mechanics force
field further restricts the space for potential
flexibility. The combination of the 13 dipolar
coupling values, determining five independent
directions, provides excellent agreement with

the NOE and molecular modeling results for
the Lewisa trisaccharide epitope having a sin-
gle conformation given by model 2 or 3 with a
precision in glycosidic dihedral angles on the
order of 5°.

Given the excellent agreement of the rigid
trisaccharide model with the data, the orienta-
tion tensor derived for that fragment can be
used to interpret the dipolar coupling data for
the other two residues of the pentasaccharide.
While investigations of the lactose linkage (d–
e) have indicated it to be flexible [23,24], it
need not be so in the pentasaccharide, and the
conformation and flexibility of the b-(1�3)
linkage between GlcNAc (c) and Gal (d) has
not been established. The NOESY spectrum
of LNF-2 [14] showed two interglycosidic
NOEs for residues c–d, a strong NOE for
H-1c–H-3d and a medium-size NOE for H-
1c–H-4d. The presence of these two NOEs is
not enough to characterize whether there is

Fig. 2. Dipolar maps representing rigid conformational searches for the Lewisa trisaccharide of LNF-2. Only the best 25 structures
with smallest x2 are plotted. (a) Disaccharide a–c, eight dipolar couplings, x2 from 0.17 to 0.22. (b) Disaccharide b–c, nine
dipolar couplings, x2 from 0.15 to 0.22. (c) Trisaccharide a–b–c, 13 dipolar couplings fo2/co2: −72.5°/−100.0°, x2 from 0.20
to 0.32. (d) Trisaccharide a–b–c, 13 dipolar couplings, fo1/co1: −72.5°/140.0°, x2 from 0.20 to 0.29.
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Fig. 3. Dipolar map (crosses) for different linkages of LNF-2
superposed with inter-residual NOE distance contours (lines).
The distance contours represented are 2.5, 3.0 and 3.5 A, . (a)
Dipolar map for linkage c–d obtained by using dipolar
couplings of residues a–(b)–c–d of LNF-2, x2 from 0.29 to
0.39. (b) Dipolar map for terminal linkage d–e obtained by
using all the dipolar couplings of LNF-2, x2 from 0.26 to
0.36.

mization was aligned in order to give the best
agreement with the 18 dipolar couplings mea-
sured for residues a–(b)–c–d. The dipolar
map of Fig. 3(a) summarizes the results in best
agreement with the experimental data. It can
be seen that all the conformers of the dipolar
map are located in a very narrow region of the
map near fcd= −100 and ccd= −140 in the
common region of both interglycosidic NOE
distances. The conformer that gave the best
agreement with the experimental dipolar cou-
plings is only 0.32 kcal mol−1 over the global
minimum. The experimental intensities of
NOE H-1c�H-3d (s) and NOE H-1c�H-4d (m)
are in qualitative agreement (B3.5 A, ) with
those expected based on the corresponding
proton–proton distances. Although method 1
was used to orient the model, the five-parame-
ter fit (method 2), which accounts for the
rhombic term (Ar), gives a similar result.

The conformation of the terminal linkage
d–e of LNF-2 was studied using a similar
approach and conditions as described for
residues c–d. In this case, the previously de-
duced conformation of residues a–(b)–c–d
was fixed, and a fde/cde dipolar map was
generated. All the dipolar couplings measured
for LNF-2 were used for the alignment. The
dipolar map of Fig. 3(b) summarizes the con-
formers in best agreement with the dipolar
data. In Fig. 3(b) are also represented the
contours of two inter-residue NOEs H-1d�H-
4e (s) and H-1d�H-3e (w) obtained for this
linkage in the NOESY experiment of LNF-2.
In this case, the best agreement with the dipo-
lar couplings (x2 0.261) corresponds to a high-
energy conformation (data not shown). Conf.
4 (x2 0.318) is the first low-energy structure
(0.82 kcal mol−1 over global minimum) in
agreement with dipolar couplings and qualita-
tive agreement with the two interglycosidic
NOEs (distance B3.5 A, ). Other low-energy
conformers similar to Conf. 4 were found with
differences of up to 95° in the glycosidic
angles, which gave a similar value of x2. The
glycosidic angles and calculated dipolar cou-
plings for Conf. 4 with method 1 are given in
Table 1, but similar results were obtained with
method 2. A stereoview of Conf. 4 is shown in
Fig. 4.

flexibility or a well-defined conformation for
the c–d linkage, since the distance contour
map of Fig. 3(a) shows that the ranges of ccd

between −60 and 120° and fcd between
−150 and −30° are compatible with the
NOE distance constraints. As will be seen
below, the information provided by the 1DCH

dipolar couplings can help to solve this ambi-
guity. A relaxed energy map was generated for
the glycosidic torsions of linkage c–d of LNF-
2, while maintaining the conformation of
residues a–(b)–c fixed in the previously de-
duced structure, Conf. 2. The glycosidic tor-
sions fcd and ccd were rotated from −180 to
180° using a grid step of 2.5°, followed by
energy optimization of residues c–d–e. Each
conformation resulting from the energy mini-
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Fig. 4. Stereoview of Conf. 4. fac/cac: −63.0°/130.8°, fbc/cbc: −61.1°/−100.8°, fcd/ccd: −104.9°/−142.7°, fde/cde: −135.1°/
94.9°. This conformation agrees with all dipolar couplings and NOE of LNF-2, x2=0.318.

Previous NMR and molecular mechanics
studies of the analogous b-(1�4)-linked dis-
accharide, lactose, concluded that this
molecule exists in a mixture of two major
conformations in solution [23,24]. A syn re-
gion of the f/c map in lactose with angles
around −60°/120° is consistent with an exclu-
sive interglycosidic H-1Gal�H-4Glc NOE and
an anti region of the f/c map with angles
around −60°/−60° is consistent with the
exclusive interglycosidic H-1Gal—H-3Glc
NOE observed [23,24]. The relative popula-
tions deduced from quantitative NOE simula-
tion of lactose for syn and anti conformers are
�0.90:0.10, respectively.

In LNF-2, although the interglycosidic
NOEs observed for residues d–e [14] are simi-
lar to those in lactose, the molecular mechan-
ics optimized distance contours of H-1d�H-4e
and H-1d�H-3e of LNF-2 represented in Fig.
3(b) differ slightly from those in lactose. For
LNF-2 those contours share a region of the
f/c map so that they are not exclusive NOEs
as they are in lactose [23,24]. This shift in the
contours is imposed by steric and electrostatic
interactions with the rest of the structure of
the oligosaccharide. It is important to notice
that the common region of both NOEs in
LNF-2 corresponds to a low-energy region of
the map in which Conf. 4 is found.

4. Conclusions

C�H dipolar couplings, which can be conve-
niently measured in natural-abundance
oligosaccharides dissolved in phospholipid bi-
celle solution, can be interpreted if a sufficient
number of independent data can be obtained.
Not only the quantity but also the quality of

C�H vectors is important, since many C�H
bonds in pyranosides are essentially parallel.
For an oligosaccharide adopting a fixed rigid
conformation, at least five independent vector
directions such as reported here is likely to be
near the minimum number. Depending on the
nature and extent of the other conformational
information available from NOE, scalar cou-
pling and molecular modeling, the ambiguity
of the interpretation can increase rapidly if
any of the dipolar coupling data are removed
from the fitting procedure. For this pentasac-
charide, either a four- or five-parameter fit
may be used, but it is quite possible that
neglect of the rhombic component, Ar, might
not be adequate for other oligosaccharides.

The strategy used here is based on the gen-
eration of dipolar maps constructed in a best-
fit orientation basis of conformations obtained
during a molecular mechanics grid search. The
election of the force field is not expected to
have an important influence in the conforma-
tions deduced because the experimental data
are used to select the conformations, while the
force field is used to propose them and to
reject conformations with severe steric confl-
icts (i.e., energy \4 kcal mol−1 over the
global minimum). It is still possible that the
use of a different force field could generate
slightly different pyranose chair conforma-
tions that would affect the orientation of the
C�H vectors and would produce a small
change in x2 and a small shift in the regions
represented in the f/c dipolar map.

We conclude that the Lewisa trisaccharide
adopts a single conformation, and the exten-
sion of the model for LNF-2 to include the
b-GlcNAc-(1�3)-Gal linkage implies that the
four residues tumble as a unit with limited
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flexibility of the linkages. This result should
not be interpreted to imply that the b-Glc-
NAc-(1�3)-Gal linkage is particularly rigid
in all oligosaccharides. Our argument for a
fixed conformation for the b-Gal-(1�4)-Glc
linkage is less strong, as it relies on only two
dipole vectors that are essentially parallel.
Since there is some discrepancy between the
best dipole orientation and the energy calcula-
tions, the angles reported in Table 1 for the
d–e linkage may correspond to a virtual con-
formation. But since coupling values, unlike
NOE data, represent simple linear averages,
the model is likely to be close to a major
conformer, which could differ from that found
in lactose.

The combination of both a qualitative anal-
ysis of the interglycosidic NOE and the dipo-
lar coupling information was crucial for the
structure determination of LNF-2. For a rigid
or almost rigid conformation, a consistent in-
terpretation of NOE data and the dipolar
coupling can be achieved. Once a model is
satisfactorily oriented, other dipolar coupling
data such as H–H dipolar coupling [11] can
also be interpreted. The existence of a high-
amplitude flexibility in a glycosidic linkage, as
detected by the existence of incompatible
NOEs, precludes or at least limits the use of
the dipolar couplings for structural determina-
tion. A linear average over the different con-
formations is required in order to explain the
dipolar data, as both the population and the
orientation tensor need to be calculated for
each structure proposed. For these cases other
sources of experimental NMR data, such as
long-range C�H and/or C�C dipolar couplings
measured in uniformly highly 13C-enriched
oligosaccharides [5,8], would be very useful.

We propose that residual dipolar couplings,
which can provide information on long-range
order, can be a valuable complement to other
NMR data such as NOE and scalar coupling,
which give information on oligosaccharide
conformation over a much shorter range.
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