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ABSTRACT: The conformations of the histo-blood group carbohydrate antigens Lewis X (Lex)
and Lewis A (Lea) were studied by NMR measurements of one-bond C—H residual dipolar
couplings in partially oriented liquid crystal solutions. A strategy for rapid calculation of the
difference between theoretical and experimental dipolar couplings of a large number of model
structures generated by computer simulations was developed, resulting in an accurate model
structure for the compounds. Monte Carlo simulations were used to generate models for the
trisaccharides, and orientations of each model were sought that could reproduce the experimental
residual dipolar coupling values. For both, Lea and Lex, single low energy models giving excellent
agreement with experiment were found, implying a compact rigidly folded conformation for both
trisaccharides. The new approach was also applied to the pentasaccharides lacto-N-fucopentaose
2 (LNF-2) and lacto-N-fucopentaose 3 (LNF-3) proving its consistency and robustness. For
describing the conformation of tightly folded oligosaccharides, a definition for characterization of
ring planes in pyranoside chairs is proposed and applied to the analysis of the relation between the
fucose and galactose residues in the epitopes, revealing the structural similarity between them.
© 2002 John Wiley & Sons, Inc. Biopolymers 63: 89–98, 2002; DOI 10.1002/bip.10015
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INTRODUCTION

The Lewis blood group determinants were first iden-
tified as genetically inherited antigens found on red
blood cells and more prominently on epithelial mu-
cins. Their biological function appears to be as recep-
tors for various lectins—in particular, the selectins—
and they have been shown to be active in the inflam-
matory response and as differentiation antigens.1

The determinant Lex is the trisaccharide Gal� (1–
4)[Fuc�(1–3)]GlcNAc�-1, while the structure for the
epitope Lea is Fuc� (1–4)[Gal� (1–3)]GlcNAc�-1,
where Fuc is L-fucose, Gal is D-galactose, and Glc-
NAc is 2-acetamido-2-deoxy-D-glucose.

Most structural characterizations of oligosaccha-
rides in solution have been based on NMR nuclear
Overhauser effects (NOEs), nonselective T1 and sca-
lar couplings, the interpretation of which may be
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imprecise.2–5. Difficulties can result from the flexible
nature of the molecule but the small number of cross
peaks in NOE and the lack of an accurate model for
interpretation of the long-range coupling data are also
an intrinsic limitation of these methods. These tech-
niques usually have been complemented with compu-
tational methods such as molecular dynamics that
have provided a deeper understanding of the structural
and dynamic properties of these systems.6 Recently,
the development of the residual dipolar coupling
method has provided a promising new tool for obtain-
ing longer range structural information and it is being
widely applied to study carbohydrates.7–12 While this
method is particularly well suited for the study of
molecules with internal motions of the first kind hav-
ing motions on a picosecond time scale within a local
minimum with limited excursions of the glycosidic
dihedral angles (�15°),13 applications for the study of
flexible oligosaccharides have also been recently re-
ported.9,14

In this work we present structural elucidations in
partially oriented liquid crystal solutions of the trisac-
charides Lex and Lea �-methyl glycosides based on
NMR measurements of one-bond C—H residual di-
polar couplings. These compounds, along with other
oligosaccharides containing the same epitopes, have
been studied with the techniques enumerated above
by different groups,2,7,8,15–17 all of which concluded
that both have one principal low energy conformation
characterized by stacking between the fucose and
galactose rings. Nevertheless, some minor but possi-
bly significant differences occur among the reported
values for the dihedral angles. Our interest here is to
establish the best experimental structures for these
compounds in the liquid state and to refine a method-
ology for structure elucidation that allows extraction
of general conclusions about structural features. Our
strategy for rapid calculation of the difference be-
tween theoretical and experimental dipolar couplings
for thousands of model structures was also used for
reanalysis of dipolar coupling data for the milk pen-
tasaccharides lacto-N-fucopentaose 2 and 3, which
include the epitopes Lea and Lex, respectively, linked
to �(1–3)Gal� (1–4)Glc.7,8 A tool for describing the
ring planes of pyranoside chairs applied to the fucose
and galactose planes of the two epitopes illustrates
similarities between them.

EXPERIMENTAL

Sample preparation

A �15% bicelle stock solution in molar ratio 3:1 of 1,2-di-
O-tridecanyl-sn-glycero-3-phosphocholine (13:0 Diether

PC) and 1,2-di-o-hexyl-sn-glycero-3-phosphocholine (06:0
Diether PC) in D2O was prepared. Lipids were purchased
from AVANTI Polar Lipids, Inc. This is a novel bicelle with
behavior similar to conventional phospholipid bicelles but
with improved chemical stability. The solution was mixed
with vortexing in several cycles of heating to 40°C and
cooling on ice.

Lex trisaccharide �-methyl glycoside and Lea trisaccha-
ride �-methyl glycoside were purchased from Toronto Re-
search Chemicals, Inc. (TRC). Each oligosaccharide was
exchanged in 2H2O and lyophilized for three cycles. A
sample of �10 mg of each was dissolved in 0.25 mL of D2O
and 0.25 mL of bicelle stock solution was added to obtain a
final bicelle solution of �7.5%. Each sample was homog-
enized by vortexing in several cycles of heating to 40°C and
cooling on ice.

NMR Spectroscopy

NMR data were acquired on a GE-Omega PSG 500 NMR
instrument and processed on a Silicon Graphics workstation
using Felix 2.3 software (Biosym Technologies, San Diego,
CA). Residual dipolar coupling values, 1DCH, were mea-
sured for each sample of oligosaccharide dissolved in the
bicelles from the difference in the splitting of two t1-cou-
pled, gradient heteronuclear single quantum correlated spec-
troscopy spectra (t1-coupled gHSQC),18 acquired at 35 and
19°C, corresponding to oriented and isotropic phases, re-
spectively. The 1H and 13C chemical shift assignments were
taken from references 2 and 17 for Lex and Lea, respec-
tively, and were very similar to those obtained for the
oligosaccharides in the bicellar medium at both tempera-
tures, indicating that there is no conformational change as a
consequence of the media or the temperature. To maximize
the resolution in the indirect dimension, two sets of t1-
folded experiments were acquired following a previous
scheme,7 one with 13C carrier position in the center of the
anomeric region (�95 ppm) and the other in the center of
the ring region (�70 ppm). For each experiment a two-
dimensional (2D) matrix of 1024 � 256 complex free
induction decay (FID) data points was acquired with 64
scans per t1 increment. The 2D FIDs were apodized in both
dimensions with a 90°-shifted sine-bell function and zero
filling to give, after Fourier transformation, a 2D spectrum
of 1024 � 1024 real points. The column corresponding to
each C—H signal was carefully phased and stored. After an
inverse Hilbert transformation and a zero filling to 16K, the
retransformed vector showed a digital resolution of 0.2
Hz/point. Vectors from the 35°C spectrum were compared
with the corresponding vector from the 19°C spectrum, and
the offset required for superposition of the multiplet com-
ponents was used to calculate the sign and magnitude of
1DCH (see Figure 1). The estimated experimental error with
this procedure for these samples was �0.5 Hz.

Molecular Modeling and Computation

Molecular modeling was used as a tool for analysis, prin-
cipally as a source of model structures to interpret dipolar
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couplings as is explained below. The model structures were
generated using Macromodel 5.019 in 10,000 cycles of
Monte Carlo steps with force field MM3.20 Better quality
structures were obtained using the GB/SA continuum sol-
vent model21 implemented in Macromodel mimicking water
dielectric values. This protocol has been reported as a suit-
able one in reproducing experimental coupling constants for
sialyllactones,22 and more generally for sampling carbohy-
drate conformations.23

Dipolar coupling values were interpreted using the gen-
eral expression and definitions24,25:

1DCH��, �� � Da
CH��3 cos2� � 1� �

3

2
R sin2� cos 2�� (1)
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CH/Da
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CH and Dr

CH are the axial and rhombic components in
units of hertz of the traceless second rank diagonal tensor D,
with �Dzz

CH� � �Dyy
CH� � �Dxx

CH�, where R is called the rhom-
bicity (which ranges from 0 to 2/3), and � and � are the
spherical polar coordinates describing the orientation of the
C—H vector with respect to the z axis of the diagonalized
tensor. For the case of liquid crystal bicelle medium it can

be proved that Da
CH 	 
(	0h/16
)S�C�H�rCH


3�Aa,25,26

where Aa is the unitless axial component of the molecular
alignment tensor A, S is the generalized order parameter for
internal motions of the C—H pair,27 	0 is the magnetic
permeability of vacuum, �C and �H are the respective gy-
romagnetic ratios for C and H, h is Planck’s constant, and
rCH is the distance between C and H with the angle brackets
indicating vibrational average. Although both the C—H
bond length and the order parameter influence the dipolar
coupling, they can be folded into the magnitude of the
alignment tensor as long as there are no significant differ-
ences among them.

The model structures obtained by molecular modeling
are used to determine the orientation tensor. By iterative
fitting, each trisaccharide model is oriented in the best way
to minimize the merit function � defined by

� � ��
1

n
�1DCH

exp � 1DCH
calc�2

�1DCH
exp�2 �1/2

(2)

where n is the number of C—H dipolar vectors. Experimen-
tal error is simulated by introducing variations in 1DCH

exp,
randomly selected from a Gaussian distribution whose
width is adjusted through an input parameter for each iter-
ation of the algorithm. As working hypothesis, we assume
each trisaccharide to be relatively rigid having internal
motion of the first kind. This assumption, which can be
tested by the quality of the fit between experimental residual
dipolar couplings and the values calculated from the model,
justifies incorporation of any effects of a small extent of
internal motion into the order parameter S. This approach
requires measurement of only 5 independent vectors for the
whole structure to solve Eq. (1). The assumption must be
justified by the consistency of the final results and will fail
in the presence of internal motions of the second kind.9

To find for a given model the orientation tensor that
minimized the error in Eq. (2), we modified the original
Powell algorithm7,8 based on random starting parameters
values, implementing a semisystematic approach. For a
given fixed model in an arbitrary coordinate frame, the
Euler angles describing the orientation tensor cycled
through 8 values each, for 3 values of R (0, 1/3, 2/3). The
initial Da is estimated from the maximum value of the
residual dipolar couplings as DCH

MAX/2.25,28 The algorithm
discards orientations with large discrepancies (�) between
experimental and calculated dipolar couplings rapidly fo-
cusing on the better ones and using Powell optimization to
obtain the lowest � value possible. An input parameter t can
be used to scale the default conditions (t 	 1), with higher
values leading to slower calculation submitting more orien-
tations to the Powell algorithm, producing a better fit and
smaller � values. Greater values of t can be required with a
larger number of dipolar couplings. All results presented
here were obtained with the default value. The running time
in an ordinary 500 MHz PC, with a standard linux operating
system, ranges between 10 and 30 s per model structure. A
flow chart and the source code of the program are available
from the authors upon request.

FIGURE 1 Example of slices from t1-coupled gHSQC,
showing the difference in dipolar coupling splittings (3.3 Hz
here) at 20 and 35°C in the signal of C4 of Fucose in Lea.
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Monte Carlo models were also constructed for the
related pentasaccharides LNF-2 and LNF-3, which con-
tain the epitopes Lea and Lex, respectively, for reanalysis
of previously reported data.7 The scheme can be used to
explore small parts of a larger structure, by introducing
only the dipolar coupling values belonging to the region
of interest, the Lewis trisaccharide epitopes in the case of
these pentasaccharides.

Further analysis and graphs were done with Origin 6.0
(Microcal Software, Inc., Northampton, MA). Glycosidic
dihedral angles were defined according to the IUPAC
heavy-atom convention in which � is defined by O5—C1—
O1—Cx and  by Cx 
 1 —Cx—O1—C1. The glycosidic
dihedral angle � is not to be confused with the spherical
polar coordinate angle of Eq. (1).

RESULTS AND DISCUSSION

H—C one-bond residual dipolar couplings were mea-
sured in dilute bicelle media at 7.5% concentration
composed of (13:0 Diether PC / 06:0 Diether PC) 3:1,
for both trisaccharides Lex and Lea �-methyl glyco-
sides. Dipolar couplings were determined, for all the
C—H bonds, within an estimated error of 0.5 Hz from
the splittings in the 13C dimension of a t1-coupled
gHSQC experiment,18 as shown in a characteristic
example in Figure 1. The experimental dipolar cou-
plings obtained for these compounds are given in
Table I and plotted in Figure 2 along with those for
the related pentasaccharides LNF-2 and LNF-3.7,8

Several thousands of structure models were gener-
ated using the program Macromodel19 to sample the

greatest amount of the “angular space” accessible to
the molecules without bias to the possible structures
by the molecular modeling. The best models could
then be selected by criteria based on Monte Carlo
energy minimization and �2 minimum value. In order
to achieve this goal two different Monte Carlo proto-
cols were used, both using the MM3 force field.20 In
the first method, all exocyclic dihedral angles were
randomly varied over the full range, followed by 10
steps of energy minimization in vacuum. Each struc-
ture with energy less than 500 kJ above the lowest
energy was kept, allowing the rapid generation of
5000 quasi-random structures out of 10,000. The sec-
ond method varied only the glycosidic dihedral angles
and the NAc group using 500 steps of energy mini-
mization and the GB/SA solvent model simulation of
water.21 We kept all the structures with energy below
a threshold of 50 kJ, generating �1500 low energy
structures. Because of the limited number of signifi-
cant degrees of freedom in these systems, it was found
in the results to be discussed below that this lower
number of structures was adequate for the dipolar
coupling analysis. Likewise, other calculations have
found a very limited range of low energy structures
for the Lewis oligosaccharides,2,15,16,29–32 with min-
ima similar to those reported here. For all the model
structures the agreement with the experimental resid-
ual dipolar couplings was calculated with an esti-
mated experimental error of 0.5Hz.

The resulting dihedral angle values were plotted in
�/ dipolar maps and the results color coded by � and
energy. The “random” model structures obtained by
the first method resulted in very high values of �
(results not shown), except for a small number whose

Table I Experimental Residual Dipolar Copulings in
Hz for Lex, Lea, and the Related Compounds LNF-2
and LNF-3 (a: Fucose; b: Galactose; c: GlcNAc)

Atom Pairs Lex Lea LNF-2a LNF-3a

H1OC1a 
8.6 4.3 1.8 —
H2OC2a 3.0 
1.7 
1.3 10.8
H3OC3a 3.8 
1.7 
0.8 9.3
H4OC4a 
11.0 3.3 0.3 
17.2
H5OC5a 1.5 
2.8 — —
H1OC1b 3.7 
4.5 
5.5 —
H2OC2b 4.0 
4.0 
3.2 11.1
H3OC3b 2.0 
7.5 
4.8 10.0
H4OC4b 
3.7 6.8 5.8 
5.6
H5OC5b 3.7 
5.3 
5.8 —
H1OC1c 11.5 13.5 — —
H2OC2c 13.7 16.3 12.1 17.2
H3OC3c 12.3 16.6 11.9 17.2
H4OC4c 11.7 16.2 10.3 15.6
H5OC5c 12.0 16.7 11.5 17.4

a From Ref. 7.

FIGURE 2 Comparison of the experimental residual di-
polar couplings for Lex, Lea, LNF-2, and LNF-3. Data for
the milk pentasaccharides taken from Ref. 7.
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dihedral angles were similar to those with low �
values in the analysis of the low energy structures
from the second method shown in Figures 3 and 4.
Inspection of these graphs shows a good concordance
between low energy structures and those that give the
lowest values of �. The most significant differences
between minimum energy conformations and those
with minimum values of the error function are found
for the dihedral angles � in Lex, which are about 10°
for the linkage Fuc� (1–3)GlcNAc (
73.1° vs

63.0° for the best structures by � and energy, re-
spectively) and 6° for Gal�(1–4)GlcNAc (
66.3° vs

72.6°, respectively). All other dihedral angles agree
within less than 5°. The sensitivity to variations in the
dihedral angles of the function � differs for each case,
because a rotation axis defining the dihedral angle
parallel to the majority of the dipolar vectors affected
by rotations around this axis will produce small ef-

fects on their orientations and on the error function.
Inversely, the effect will be great if the rotation is
around an axis perpendicular to several of the dipolar
vectors. For Lex and Lea structures with � � 0.1, the
glycosidic angles range between �8° and �3° around
their minimum values. Assuming an overall error of
�8° for all the glycosidic angles and the existence of
one principal conformation, the models with mini-
mum � reported here, on the basis of experimental
parameters from liquid state, constitute a reasonable
description of these molecules. Although there is an
ambiguity in the correct orientation resulting from the
symmetry of the dipolar interaction to a 180° rotation
[Eq. (1)], the modeling is not ambiguous as only a
single conformation leads to a reasonable fit to the
experimental data as shown in Figures 3 and 4.

Figure 5 shows the calculated versus experimental
residual dipolar couplings for the best models ob-

FIGURE 3 Dipolar color coded maps for Lex. (a) and (b) Maps for linkage Fuc�(1–3)GlcNAc
color coded by � and relative energy, respectively. (c) and (d) Maps for linkage Gal�(1–4)GlcNAc
color coded by � and relative energy, respectively.
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tained with generally excellent agreement and no sys-
tematic deviation. The values for the glycosidic an-
gles are summarized in Tables II and III along with
previously reported values including the related com-
pounds LNF-2 and LNF-3,7 for comparison. The
methods used in these other studies include several
computer simulations (Monte Carlo and molecular
dynamics),2,15–17 NMR measurements2,7,17 and a
crystal structure for Lex with two different molecule
structures in the asymmetric unit.32 Although the data
indicate general agreement among the different reports,
it is possible that a difference greater than 10° could be
significant in the analysis of molecular interactions.

The dipolar coupling data previously reported for
the compounds LNF-2 and LNF-37,8 were reanalyzed
with this new approach. This is an interesting test case
because, although the dihedral angles reported for

LNF-2 were very similar to those obtained for Lea,
noticeable differences are observed between LNF-3
and Lex. The results of the revised analysis agree for
both Lea and Lex with a considerably lower values for
� than the previously reported ones (see Tables II and
III). While the data of Tables II and III are based on
Monte Carlo models of the full pentasaccharides, the
method was also applied considering only the dipolar
couplings for the rigid trisaccharide epitopes (13 for
LNF-2 and 11 for LNF-3), and the results are still
perfectly consistent and unambiguous on the dihedral
angles, indicating the robustness of the method for use
in partial structural analysis. Although these results
were obtained without the use of NOEs, the solutions
obtained agree well with the experimental NOE data.

To provide a more general characterization of the
conformation of the Lewis epitopes, we used the large

FIGURE 4 Dipolar color coded maps for Lea. (a) and (b) Maps for linkage Fuc�(1–4)GlcNAc
color coded by � and relative energy, respectively. (c) and (d) are maps for linkage Gal�(1–
3)GlcNAc color coded by � and relative energy, respectively.
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number of structures generated to analyze the relative
orientations of the fucose and galactose rings. The
compounds Lex and Lea are isomers in which the
corresponding linkages of fucose and galactose to

GlcNAc are interchanged. The conventional defini-
tion of the dihedral angles � and  do not permit a
direct analysis of this important characteristic of
Lewis epitopes because the relative orientation of
fucose and galactose is obscured by the necessity for
the four parameters to describe it. Also, the definition
of the dihedral angle  differs for each residue in the
oligosaccharides, preventing any direct comparison
between them in spite of the similarity in their three-
dimensional structures. Therefore a general parameter
that relates these branched residues would be desir-
able. We propose here to define vectors perpendicular
to the fucose and galactose rings by taking the cross
product of the vectors between the atoms C2—C5 and
O5—C3, which are embedded in an approximate
plane, in such a way that

R1 � rC5 � rC2

R2 � rC3 � rO5 (3)

S � R1 � R2

Although in general R1 and R2 do not define a perfect
plane, they are nearly coplanar in pyranoside chairs

FIGURE 5 Experimental vs calculated residual dipolar
couplings (DC) in Hz.

Table II Glycosidic Dihedral Angles Reported for Lex and LNF-3a

Reference Dihedral Fuc�(1–3)Gal Gal�(1–4)GlcNAc GlcNAc�(1–3)Gal Gal�(1–4)Glc �

Lex � 
73.1 
66.3 0.01
(a)  
90.5 135.0
Lex � 
72.5/
76.7 
80.0/
70.5 0.16/0.26
(b)  
101.2/
101 135.4/132.3
Lex � 
81 � 5 
75 � 5 0.11
(c)  
89 � 4 136 � 4
LNF-3 � 
40 � 10 
65 � 10 
95 � 10 
69 � 10 0.25b

(d)  
90 � 10 114 � 10 
114 � 10 146 � 10
LNF-3 � 
67.6 
70.8 
73.0 
42.2 0.05b

(e)  
87.4 134.6 
156.6 168.2
LNF-3/Lex � 
45 � 10 
55 � 10 0.18
(f)  
95 � 10 120 � 15
Lex � 
59 � 20 
61 � 9 0.23
(g)  
88 � 10 128 � 7
Lex � 
64 � 21 
64 � 10 0.14
(h)  
88 � 11 128 � 8
Lex � 
45 
57 0.23
(i)  
96 122
Lex � 
83 
65 0.26
(j)  
97 132
Lex�(1–3)Gal � 
57.8 
66.2 0.18
(k)  
84.0 120.2

a The references and techniques used were as follows: (a) This work, 1DCH. (b) Crystal structures32 (adopt two simultaneous conforma-
tions). (c) Molecular modeling.16 (d) 1DCH and NOE.7 (e) This work, 1DCH. (f–j) NOE, T1, and molecular dynamics.2 (k) Rotating frame NOE,
molecular dynamics.31

b Includes 16 1DCH from 5 residues.
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and provide a general definition for sugars. This def-
inition can be useful for the structure characterization
of any polysaccharide by specifying the position and
orientations of each “ring vector.” Here we used it to
study the relative orientations of fucose and galactose,
which can characterize the overall shape of the
epitope, an important characteristic in Lewis oligo-
saccharides in their role in cell adhesion through
carbohydrate–lectin interactions. The analysis was
done with plots of � as a function of the angles formed
by the planes in the two trisaccharides (Figure 6). An
almost parallel orientation is found between the rings
(or more precisely antiparallel, since the definition
implies an orientation for the sugar planes which is
opposite in this case). The very good correspondence
between Lex and Lea reaffirms a previous suggestion2

about the structural similarity between them.
A certain level of geometric similarity between the

Lex and Lea is apparent from the dipolar coupling data
illustrated in Figure 2. For the GlcNAc residue in each
trisaccharide, the 1DCH values are large and positive,
indicating that they are approximately parallel to the
direction of the Dzz principal axis. For the Fuc and Gal
residues, 1DCH magnitudes are smaller, with each
value alternating in sign between the two trisaccha-
rides (Figure 2). These features can be visualized in
Figure 7, which represents the best geometry model
for Lea and for Lex in orientations, which are consis-
tent with the 1DCH data. Both trisaccharides are ori-
ented so that C—H vectors of the GlcNAc residue (in
red) are perpendicular to the plane of Figure 7. Lex

and Lea are isomers in which the linkage positions of
�Fuc and �Gal are interchanged. The geometric sim-
ilarity is evident from Figure 7 by rotating the Glc-
NAc residue by �180° about the axis represented by

Table III Glycosidic Dihedral Angles Reported for Lea and LNF-2a

Reference Dihedral Fuc�(1–4)Gal Gal�(1–3)GlcNAc GlcNAc�(1–3)Gal Gal�(1–4)Glc �

Lea � 
76.9 
70.0 0.07
(a)  141.8 
98.8
Lea � 
79.4 
75.4 0.20
(b)  142.3 
95.9
LNF-2 � 
63 � 10 
61 � 10 
105 
135 0.37b

(c)  131 � 10 
101 � 10 
143 95
LNF-2 � 
74.5 
68.1 
81.6 
66.6 0.21b

(d)  144.3 
95.2 
176.4 111.0
LNF-2 � 
70 � 10 
70 � 10 0.27
(e)  
140 � 10 
100 � 15
Lea � 
77 
73 0.45
(f)  141 
106

a The references and techniques used were as follows: (a) This work, 1DCH. (b) Molecular modeling.16 (c) 1DCH and NOE.7,8 (d) This work,
1DCH. (e) NOE and T1.33 (f) NOE, long-range couplings, MD.17

b Includes 20 1DCH from residues.

FIGURE 6 � as function of the angle formed between
perpendicular vectors to fucose and galactose ring planes
(see text for definition). (a) Lex and (b) Lea. The conforma-
tions are the same plotted in Figures 4 and 5 taken from the
second Monte Carlo method.
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the broken line arrow. Apparently the orientation ten-
sors for Lea and Lex are related by just such a rotation
(Figure 7), which leaves the 1DCH for the GlcNAc
residue unchanged but transforms all the positive di-
pole coupling values of the Fuc and Gal residues
(blue, approximately parallel to the Dxx axis) into
negative ones (green, approximately parallel to the
Dyy axis) and vice versa.

CONCLUSION

We have presented here structural studies of oligosac-
charides based on 1DCH experimental data combined
with molecular modeling. For oligosaccharides of two
or more residues exhibiting internal motions of the
first kind,13 the measurement of five or more residual
dipolar couplings corresponding to nonparallel C—H
vectors makes it possible to derive accurate model
structures from these data alone. As model cases the
trisaccharides Lex and Lea �-methyl glycosides were
studied in partially oriented liquid crystal solutions.
We developed a strategy for rapid calculation of the
difference between theoretical and experimental dipo-
lar couplings for thousands of model structures gen-

erated by computer simulations, from which we ob-
tain an accurate model reproducing the experimental
values. In this way the theoretical model is “com-
pared” with the actual structure through the 1DCH by
using the merit function.

In this work we use simple molecular modeling
principally as a source of model structures to search
for the best fit to the experimental data. Two Monte
Carlo strategies were explored in an attempt to guar-
antee both completeness and accuracy. In the first,
several thousands of high energy structures were gen-
erated by screening the largest angular space possible.
In the second, a protocol is implemented to obtain a
greater number of structures in regions of lower en-
ergy. A rapid two-stage algorithm to evaluate the
suitability of these structures for reproducing the di-
polar coupling data was implemented. The first stage
consisted of a comprehensive grid search followed by
an intensive use of the Powell algorithm for optimiz-
ing the best initial orientations including experimental
errors in the calculations in a last step. While the
lowest value of the merit function corresponds to the
best model, it is very informative to plot the dihedral
angles in dipolar maps as a function of � and  coded
by the merit values. If the number of structures is

FIGURE 7 Model structures for Lex and Lea along with the principal axis directions of the
respective orientational tensor. C—H bonds and the principal axis are color coded to explain the
change in sign of the dipolar coupling values by symmetry relation (see text).
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adequate, any inconsistency will be apparent. Plots of
the energies of the models are also useful to verify the
approximate agreement of the two calculations. A
failure in agreement between the best structures ob-
tained from 1DCH values and low energy conforma-
tions is an indication that the group of sugar residues
does not have internal motion of the first kind, and
may be exhibiting conformational exchange between
two or more substantially different conformers. Such
internal motion of the second kind requires a different
strategy for analysis.9,14
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