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Abstract

The solution structures of a trisaccharide and a pentasaccharide containing the Lewis* motif were determined by two independent
approaches using either dipolar cross-relaxation (NOE) or residual dipolar coupling (RDC) data. For the latter, one-bond *C—'H
RDC enhanced by two different mineral liquid crystals were used alone. Home-written programs were employed firstly for
measuring accurately the coupling constants in the direct dimension of non-decoupled HSQC experiments, secondly for
transforming each RDC data set into geometrical restraints. In this second program, the complete molecular structure was
expressed in a unique frame where the alignment tensor is diagonal. Assuming that the pyranose rings are rigid, their relative
orientation is defined by optimizing the glycosidic torsion angles. For the trisaccharide, a good agreement was observed between the
results of both approaches (NOE and RDC). In contrast, for the pentasaccharide, strong discrepancies appeared, which seem to
result from interactions between the pentasaccharide and the mesogens, affecting conformational equilibrium. This observation is of
importance, as it reveals that using simultaneously NOE and RDC can be hazardous as the former represent 99% of the molecules
free in solution, whereas the latter correspond to less than 1% of the structure bound to the mesogen.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Residual dipolar coupling; Lewis™; Mineral liquid crystal; Oligosaccharide; Conformer equilibrium

1. Introduction (typically 10 ~3~10~*) interacts with the mesogen, there

is no direct and general proof that the average structure

Residual dipolar couplings (RDC) enhanced by dilute
liquid crystals are recognized as valuable tools for the
structure determination of biomolecules through NMR
spectroscopy.'® The small degree of anisotropy intro-
duced in the molecular motion leads to non vanishing
dipolar interactions and therefore, to supplementary
experimental data referenced to the same external frame.
The prerequisite is that the 3D structure of the molecule
under study is not affected by the presence of the
mesogen. Even if only a small fraction of molecules
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in solution, as determined from dipolar cross-relaxation
experiments (NOE), is the same as the one given by
RDC. Indeed classical NMR data, such as chemical
shifts or relaxation times measured in oriented media
and compared to isotropic values cannot answer to this
question, since the extracted values cannot figure out the
few hundredths of a percent of the molecule bound to
the mesogen.

The situation may worsen when structures of small
flexible compounds are studied, since: (i) most of the
atoms are close to the surface and then potentially
interact with the mesogen; (ii) the presence of the
mesophase can displace the equilibrium between the
conformers. This effect has already been directly de-
tected for small organic compounds dissolved in chiral
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liquid crystals® or deduced for flexible parts of large
biomolecules.* Despite these concerns, the use of RDC
has risen hopes for oligosaccharides, since they can
efficiently complete the NOE and scalar J-coupling
data, too scarce to allow safe determination of their
conformation in solution.>® However, as outlined by
Neubauer and coworkers’, only a few one-bond C-H
RDC non isotropically distributed—due to the geome-
try of the pyranose rings—can be used. Additional H-
H RDC could reinforce these data, but at the price of: (i)
larger uncertainty due to cross-relaxation between the
coherences leading to the different lines of the multi-
plets; (ii) more time-consuming measurements; and (iii)
not straightforward processing. Indeed, conversely to
one-bond C—H RDC, for which it can be assumed that
their values only depend of the orientation of the
associated bond vector (the bond length is, in first
approximation, considered as constant), the H-H RDC
have to be translated into inter-proton distances and
orientations. Moreover, the presence of internal dy-
namics of the proton pair under investigation strongly
complicates the processing. This explains why many
authors only use one-bond C—H RDC as complements
of NOE and scalar J-coupling data.®3

It is therefore expected that the future importance of
the RDC data in the solution structure refinement of
oligosaccharides will be determined not only by their
versatility, both for the experimental measurement and
their translation into geometrical restraints, but also by
the insurance that the structure of the molecule under
study is not altered by the presence of the nearby
mesogen. Assessing the validity of the structures directly
derived from one-bond *C—'H RDC requires using a
procedure which can transform pure orientational data
into structural restraints. We have developed such a
procedure and used it on oligosaccharides in which the
number of degrees of freedom defining the structure is
strongly limited (two dihedral angles per glycosidic
bond). The structures derived by this procedure can
then be directly compared to those determined from
NOE only. For the RDC data, we have used two
different mineral liquid crystals,” whose most interesting
properties reside firstly in the low material required to
induce alignment (1-3% compared to 5-30% for
bicelles), and secondly in the absence of 'H, '*C, or
>N NMR signals from the mesogens, facilitating the
study of unlabelled molecules.'” These mineral liquid
crystals are an aqueous suspension of V,Os'' and a
lamellar phase composed of covalent rigid planes of
H;Sb3P,044 dispersed in water.'? We have considered
two compounds belonging to the blood group determi-
nant family: a trisaccharide 1 and a pentasaccharide 2
(Fig. 1). Both oligosaccharides are chosen for the Lewis™
motif, known to be rigid (Gal-B-(1 —»4)-[Fuc-a-(1 - 3)]-
GIcNAc). Thanks to this choice the internal motions of
this domain are almost identical in 1 and 2, allowing safe

HO -OH OH
O 0
HO % OCH,
HO NHAc
H;C (]
OH
OH

HO

Fig. 1. Chemical structures of the trisaccharide 1 and the
pentasaccharide 2 (R = CH3). It contains the sulfated Lewis™
motif and a more flexible domain constituted by the lactose
part.

comparison of the determined structures. The additional
presence in the pentasaccharide 2 of a sulfated group in
position 3 of the Gal unit of the Lewis™ and of a more
flexible domain composed of the last two units Gal-f-
(1->4)-Glc leads to dramatic consequences on the
RDCs data of the Lewis® domain, since they can no
longer be represented by a unique alignment tensor. This
seems to be due to a conformational exchange around
the GlcNAc—Gal glycosidic bond which is modified by
the nearby presence of the mesogens.

2. Results and discussion
2.1. Exploitation of the residual dipolar couplings

2.1.1. Strategy for structure determination based on
RDC. Among all the approaches proposed for exploit-
ing RDC in the general case of biomolecules,'* !° only
two have been used for oligosaccharides in the literature:

1) Starting from a template structure determined from
NMR or X-ray data, the five parameters of the
RDC tensor (its axial D, and rhombic D, ampli-
tudes, and the Euler angles ar, fr, yr defining its
orientation) can be extracted from this initial
structure. Then using an iterative procedure, the
structure is refined against the RDC.%!®

2) Well-defined structural domains of a molecule can
be positioned through the orientations of their RDC
tensors.””'” In order to solve the problem of
orientational degeneracy, at least two sets of mea-
sures in media inducing different orientations are
required.'® Only this second approach enables direct
assessment of the RDC data, treating them inde-
pendently of the NOE.
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However, for oligosaccharides, the risk that the
mesogens change the structure of the compound is quite
serious, since the energy barriers around the glycosidic
bonds are small. In the present exploratory study, we
have developed a method belonging to the second type
of approach. It takes advantage of the following re-
marks:

e Assuming that a pyranose ring is rigid,"” the knowl-
edge of its orientation, as defined for instance by the
{C-1,H-1,0-1} frame (see Section 5.3.3 and Fig. 2) is
sufficient to derive the orientation of any C—H bond
of the ring."

e The orientation of one pyranose ring relative to the
next one can be defined using only two internal
degrees of freedom (the two glycosidic angles ¢ and
). In these conditions, we avoid the use of the three
Euler angles® required for defining the relative
orientation of two different rigid independent ele-
ments, as it is done classically.

This approach implies strong requirements on the
quality of the RDC data and correct estimation of the
uncertainty. It allows us to assess the consistency of the
underlying assumptions and of the protocol, and to
explore the effect of the interactions between the
molecule under study and the mesogens.

2.1.2. Theoretical basis. Let us consider a C—H bond
and the associated dipolar coupling in an oriented
medium, taken as a perturbation of the Zeeman
Hamiltonian. In the frame attached to the C—H bond,
the dipolar Hamiltonian is:

Fig. 2. Frames used to define the orientation of one pyranose
ring relative to the next one. The frame named {C-1, H-1, O-1}
is defined by the three axes {X,Y,Z}. The second frame {C-4,
H-4, O-1} is defined by the three axes {X’, Y’, Z’}. During the
computation of RDC, the transformation performed by the
numerical procedure used the three Euler angles («,f,y). It
consists in performing a rotation along the Z" axis by an angle
o (this obviously corresponds to a change on the i angle C-1-
0-4-0-4-0-3 of the glycosidic bond 2'), followed by a
rotation of f around the new Y’ axis, which allows the
alignment of the Z’ and Z axes (this rotation corresponds to
the bond angle C-1-0-1-0-4) and finally a rotation of y along
the Z axis (y is obviously related to the ¢ angle O-5-C-1-0O-
4-C-4 7.

HngAonzoa (1)

where ( is the normalization coefficient, 4,y is the
nuclear spin operator and 75 is the second rank tensor
representing the spatial degrees of freedom. This Ha-
miltonian can be expressed in the frame where the
alignment tensor is diagonal:*°

2
Hy =4y > Dpy(a, p, )T, )

m=—2

The second rank tensors 75, are now expressed in this
new frame. D?, are the second rank Wigner matrices,
and «, f, y are the three Euler angles describing the
change of frame. They only depend on the molecular
structure and are consequently constant if the structure
is assumed to be rigid. Taking a weighted average over
all directions the molecule can take:*>

[Hp] = CAzo(D(Z)o(‘xa B, V)[T20]+D§o(0‘7 B,y
(T + D2 (@, B, IT>5]) = Asg(D,Diy(%, B, )

+D(D3y(ets B, 9)+ D2t B, 7)) (€)
= (Da 30052;) -1 + \/;7Dr sin® fcos 20c> IS —3LS,).
(4)

This expression is similar to the classical one** except
that the use of Wigner matrices slightly changes the
coefficients. The new definitions of D, and D, induce the
boundary condition for rhombicity: |D,/D,| < 1/v/6.%*

The latter equation can be generalized to take into
account any number of rotations by describing them
with Wigner matrices. For instance, assuming a rigid
molecule and considering two successive changes of
molecular frame and the third frame being the frame
where the alignment tensor is diagonal, we obtain after
averaging along the direction of the alignment tensor:

[Hp] = Da(IS —3LS,)
XY Dho(a, By DL By 7 )D5 (o, Prs 7R)

m,n

+D,(IS = 3LS.) Y _ D}y, B, D, (s B, 7)

mn.p

X [Dgn(aR7 ﬁRa VR)+D27211(0‘R7 ﬂRa yR)]? (5)

where the different sets of Euler angles correspond to
the successive changes of frame. The inherent advan-
tages of this approach are the following:

T The reciprocity is not true since, for particular structures
and taking into account a finite precision on the RDC
measurements, the number of directions effectively sampled
by the C—H bonds can be reduced to about two (all C-H
bonds in axial position) per pyranose ring.
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e The Euler angles defining the relative orientations of
all C—H bonds inside rigid regions are perfectly
known. This can help choosing a judicious frame.

e The orientation of one rigid part relative to another
one is expressed in the minimum number of internal
degrees of freedom.?® For instance, by defining the
change of frame along a glycosidic bond, Fig. 2, only
the o and y Euler angles vary, while f is constant and
equal to the glycosidic bond angle.

e In the case of internal flexibility, and as soon as it
could be assumed that the overall average on the
orientation of the alignment tensor can be separated
from the internal degrees of freedom, (see Section 4) a
local order parameter can be introduced.’® Depend-
ing on the number of RDC measurements and their
associated accuracies, its determination can be pos-
sible.

2.2. Solution structure from dipolar cross-relaxation
measurements

For medium size compounds, distances between protons
cannot be safely extracted from NOESY experiments, as
the size of the molecule causes the NOE to almost
vanish and to be strongly dependent on the local
internal dynamics. To circumvent this difficulty and to
reduce the angular dispersion and the Hartmann—Hahn
coherence transfers present in on-resonance ROESY, we
have decided to use off-resonance ROESY.>"

For the trisaccharide 1, due to the rigidity of the
Lewis® motif,”® we have mainly exploited a magnetiza-
tion build-up curve from off-resonance ROESY experi-
ments at an angle 9 between the static and effective
fields equal to 54.7° and mixing times between 50 and
300 ms. Twenty NOE restraints were extracted and used
in a simulated annealing procedure, leading to 36
accepted structures out of 50, based on energy criteria
and the absence of proton—proton distance violations.

For the pentasaccharide 2, by varying the angle 3 , the
longitudinal and transverse cross-relaxation rates (Eq 7)
were determined and the internuclear distances were
derived through a procedure which takes into account
the local dynamics variations.”” The 44 H—H distances
thus extracted were used as distance restraints in a
simulated annealing procedure, leading to 37 structures
based on the same criteria of acceptance. The root mean
square deviation to the average structure was 0.9 A
considering the non-hydrogen atoms, and 0.55 A when
only the ‘backbone’ atoms (C-1, C-2, C-3, C-4, C-5, C-6,
0-5) were taken into account. These values were 0.52
and 0.13 A for the trisaccharide 1, confirming the
rigidity of the Lewis® motif. However, a simulation
made for the trisaccharide confirmed that the NOE
suffered from bad sampling. As an example, a variation
of the Gal-H-1-GlcNAc-H-4 distance from 2.1 to 2.9 A
led to variation of the Gal/GIlcNAc dihedral ¢ angle
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Fig. 3. ¢-y Energy map for the Gal/GlcNAc bond (A) and
the Fuc/GIcNAc bond (B) of the trisaccharide 1. Black
squares: results obtained by the NOE approach, black
asterisks: results using procedure a form RDC measured in
V,0s, white diamonds: RDC measured in H3Sb3P,0O,4. For
the NOE, due to an uncertainty on the GalH1-GIcNAcH4
cross-peak intensity (strong spectral overlap), the resulting ¢ -
Y values given here arise from different sumulated annealings
performed with this distance varied from 2.1A to 2.9A.

from 300 to 321° and of the Gal/GIcNAc  angle from
124 to 138°, for almost the same number of accepted
structures.

For both oligosaccharides, the ¢ and ¥ glycosidic
angles were found in the lowest energy region of the
maps computed by molecular modelling.(Figs. 3 and 4,
Tables 1 and 2). The average ¢ and iy values were in
agreement with those reported for similar Lewis™
motifs,8:16:30-37

2.3. Measurements of RDC in two mineral liquid crystals

The first orienting medium consisted of a D,O suspen-
sion of vanadium pentoxide ribbons at 2.3% w/w, and
the second one of a suspension of covalent planes
composed of H3Sb3;P,0Oy4 dispersed in D,O at 3% w/w.
Both are known to form a monodomain at room
temperature in the presence of a magnetic field.!>3®
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Fig. 4. ¢-y Energy map for the Gal/GIcNAc bond (A) and
the Fuc/GIcNAc bond (B) of the pentasaccharide 2. The same
pictographic codes as in Fig. 3 are used.

For both systems, the one-bond '*C—~'H RDC of 1 and
of 2 were measured by comparing the heteronuclear
couplings in the proton dimension of non-decoupled
HSQC experiments with sensitivity enhanced by gradi-
ents,” to the equivalent couplings measured by the same
pulse sequence in the isotropic phase. In order to obtain
the molecular structure only from RDC data, a good
accuracy in their measurement and a realistic estimation

Table 1

of their uncertainties was needed. The absence of
decoupling during acquisition does not induce more
peak overlap than with decoupling, and thus the use of
the IPAP type approaches*>*! is not required. Detecting
the splitting in the carbon dimension is obviously less
dependent on the remote dipole—dipole proton interac-
tions, but nevertheless suffers from the low digital
resolution in this dimension, from the larger efficiency
of proton—proton NOE and from the more efficient
cross-relaxation between the two lines of the doublet.*?
Using a pulse sequence in which the cross-peak inten-
sities are linked to the splitting could be biased by
systematic deviation*’ or would require the fit of an
extra parameter.** In contrast, the precision of a
measurement in the direct dimension was studied long
time ago for a single peak.*> As the two cross-peaks
have similar linewidth in the 2D experiment, we have
decided to develop a deconvolution program to increase
the precision of the measurement relative to direct peak-
picking (see Section 5.2.3).

2.4. Solution structures from RDC measurements

2.4.1. Procedure a. The optimal glycosidic dihedral
angles were derived for the four sets of RDC obtained
in the two orienting media and for both oligosaccharides
1 and 2. Starting from a template structure, a first
estimation of the three Euler angles (agr, fr, yr) defining
the alignment tensor was computed. Then two angle
sets, the first one composed of the four glycosidic
torsion angles of the Lewis™ motif and the second one
composed of the three Euler angles (xr, fr, yr) Were
iteratively optimized through a self-consistent procedure
(Fig. 5).

For both oligosaccharides, the glycosidic angles fall
into low-energy regions (Figs. 3 and 4). In Tables 1 and
2, the average ¢ and y values and the associated
standard deviations are given. The latter are strongly
correlated to the estimation of the uncertainties of the
RDC measurements. For instance, for 1 in V,Os, the

Average glycosidic ¢ —i angles in degrees and axial and rhombic components of the RDC tensor D,—D, in Hz with the standard
deviation (superscript) as determined by the different methods (using either NOE or RDC) for the trisaccharide 1

Method Gal/GIcNAc Fuc/GlcNAc

@ v ¢ v OR Br YR D, D, 7
NOE 30810 12900 28400 HggO) - - - -
H;Sb;P,044 266° 1417 290® 2777 711 593 348.0 —4330:D —10.61D 10.8
V,0s 280@W 128 314© 266%) 787 476 127.3 —92.91 —24.309 26.4
H;Sb;P,0,4 288 138D 2871 280 55 61209 3450 —42.402 —12.149 9.9
V,0s5 281® 128 319® 262 823 47308 127 600 —89.907 —25.909 25.4

For each liquid crystalline medium, the first set (rows 2 and 3) corresponds to the minimization with ag, fr, and yr kept constant
(Section 2.4.1). In the second set (rows 4 and 5), these angles were simultaneously refined with the ¢ —y angles (Section 2.4.2). The

average final y° values are given in the last column.
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Table 2

Average glycosidic ¢ —i angles in degrees and axial and rhombic components of the RDC tensor D,—D, in Hz with the standard
deviation (superscript) as determined by the different methods (NOE or RDC approaches) for the pentasaccharide 2

Method Gal/GIcNAc Fuc/GlcNAc

¢ W ¢ lﬁ 25:3 ﬁR 7R Da Dr )(2
NOE 286D 131© 27942 269@W - - - -
H;Sb;P,014 275800 132204 302502 26690V 1339 304 3113 —9.40 —3207 121
V,05 294® 149® 335® 254® 66.3 553 136.5 —25.409 —0.909 144
H;SbsP,04,4 3567 967 314® 433 309 83?® 132702 26.509 7.90-9 3.5
V,0s 296 126 338 31519 57 819 122 —17407 5109 638

For each liquid crystalline medium, the first set (rows 2 and 3) corresponds to the minimization with og, fr and yr kept constant
(Section 2.4.1). In the second set (rows 4 and 5), these angles were simultaneously refined with the ¢ —i angles (Section 2.4.2). The

average final 2 values are given in the last column.
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Fig. 5. Numerical procedures a and b used to determine the
structure of the oligosacharides from RDC. For each solid
arrow, each set of angles defines a geometry allowing the
determination of the D, and D, coefficients by linear least-
square fitting to the experimental RDC. In procedure a, the
grid search is performed successively and iteratively on the
torsional angles (¢, ¢) and on the molecular frame orientation
(ar»> Pr> yr)- In procedure b, the grid search is simultaneously
performed on all angles.

average ¢ value of the Fuc/GlcNAc glycosidic bond is
about 309° instead of 314°, when the uncertainties on
the RDC values of GlcNAc¢ C-1-H-1 and C-5-H-5 are

increased (these resonance lines partially overlap in both
dimensions). Nevertheless, the standard deviations on
the ¢ and ¥ values are always small, revealing the
intrinsic coherence of our experimental data.

Comparison of the alignment tensor parameters (last
two columns of Tables 1 and 2) already reveals the much
larger order parameter for the trisaccharide than for the
pentasaccharide (about a factor 4 in D, for the same
mesogen concentration). This striking result was con-
firmed by the observation of the RDC for a mixture of
the two oligosaccharides dissolved in an aqueous
suspension of vanadium pentoxide (Fig. 6). Concerning
the Euler angles ar, fr and yg, referenced to the same
frame {Fuc C-1, Fuc H-1, GIcNAc O-3}, the values in
columns 5-7 of Tables 1 and 2 show that the alignment
induced by the aqueous suspensions of V,0Os; and
H3Sb;P,0,4 are different, but more surprisingly that
the orientation of the dipolar coupling tensors induced
by V,0s5 for 1 and 2 are almost parallel (about 70, 50,
130° for o, fr, yr); only their magnitudes differ.

In contrast to the case of the trisaccharide 1, the
average values of the ¢ —y angles found for 2 are
different for both liquid crystalline media, and can even
be considered as significantly different on a statistical
point of view (rows 2 and 3 of Table 2). As this is not
observed for 1, it could result either from uncertainties
on the RDC or from incompatible measurements arising
from interactions between the mesogen and the mole-
cule.

2.4.2. Procedure b. In a second step, the four glycosidic
angles of the Lewis® motif and the three Euler angles
(2r, Pr, yr) were simultaneously minimized (Fig. 5).
Here again the situation is different for the oligosac-
charides. For 1, the minima were found close to the
initial solutions and they correspond to realistic torsion
angles (Table 1, rows 4 and 5). For 2, the minimization
always converged to values far away from the initial
values given by procedure a. These ¢, ¥ angles were
located in well-defined regions of the energy maps
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Fig. 6. Sub-spectrum of a 2D HSQC experiment without decoupling during acquisition. The sample was composed of a mixture of
the trisaccharide 1 and the pentasaccharide 2 dissolved in an aqueous suspension of V,0s. The slice at the level of the solid line is
presented on top of the 2D spectrum. The filled peaks correspond to the trisaccharide and the unfilled ones to the pentasaccharide.
One can notice that the corresponding half-widths are strongly different and cannot be imputed to the difference of concentration.
This variation of linewidth results from the unresolved long-range proton-proton dipolar couplings. This clearly shows that the
orientation parameter of the trisaccharide is much larger than that of the pentasaccharide. This result is confirmed by the

determination of the one-bond *C-'H residual dipolar couplings.

(Table 2, rows 4 and 5), but the associated structures led
to high energy values as soon as van der Waals terms
were taken into account (see energy maps in Fig. 7). This
surprising result cannot be ascribed to the numerical
procedure for the following reasons:

360
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Fig. 7. ¢-¥ Energy map of the bond between the GlcNac (c)
unit and the mono-sulfated galactose (d) unit of the penta-
saccharide 2. The same pictographic code as in Fig. 3 are used.

e If the discrepancy results from lack of convergence

due to degeneracy problems in the RDC approach,
the same effect would also be present for the Lewis™
motif of the trisaccharide 1, or for simulated data,
where, even using large domains of possible angles
and RDC of the same magnitude order as those
found for 2, the program always converges to the
right solution. Also, the problem of degeneracy
resulting from a particular orientation tensor cannot
be invoked, since, as already mentioned, 1 and 2 have
the same (xr, fr, yr) values in V,0s5 aqueous
suspension. In the case of the pentasaccharide and
only in that case, starting from a reasonable struc-
ture, the program always converges to a very distant
solution.

The lack of convergence in the case of 2 can be due to
biased RDC sets. The influence of bad sampling or
bad quality of the experimental data on the stability
of the program was consequently explored by con-
sistency computations. Systematically 1 out of the 15
RDC values was removed and the complete mini-
mization procedure was performed on this new data
set. Similar minima were found without large varia-
tion on the y” values. Moreover, the systematic
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calculation of the alignment tensor on all sets of data
obtained after removing one or two RDC and using a
reasonable structure of the Lewis®™ motif did not
reveal large variations of the RDC tensors nor of the
%% values. These results indicate that the experimental
data as well as their associated errors are correctly
estimated, and that the direction of the tensor is
correctly sampled.

As the numerical procedure cannot be incriminated,
the discrepancy should originate from the assumptions
made, fulfilled for 1 but not for 2. The three assump-
tions are that: (i) the pyranose units are rigid; (ii) the
internal dynamics (order parameters) is uniform for the
Lewis™ motif; and (iii) RDC can be represented by a
unique alignment tensor (derivation of Eq (5)). It would
be very unlikely that the assumptions (i) and (ii) were
not fulfilled for the Lewis® motif of these two oligo-
saccharides, given their similarity and the results on
internal dynamics obtained by off-resonance ROESY.
In contrast, the third assumption of a unique alignment
tensor, does not concern a local domain but is affected
by the properties of the whole molecule. Indeed the
relation between the RDC and the molecular frame
assumes its existence and its uniqueness. Now, for a
molecule exhibiting a conformational equilibrium, a
molecular frame should be defined for each conformer.
As shown in Section 4, under the key assumption that
the presence of the mesogen does not modify the
conformational equilibrium, RDC can still be described
by an effective alignment tensor for a rigid structural
element. This assumption is however unrealistic in many
cases of small flexible compounds, since the conforma-
tional equilibrium results from a balanced effect of
internal and solvation interactions. As the alignment of
a biomolecule induced by the oriented liquid crystalline
media results from the interactions between the mesogen
and the biomolecule, its conformational equilibrium
should be affected by this supplementary energy term.
Even if this effect seems usually not be taken into
account in NMR spectroscopy of biomolecules, it has
already been reported for small organic compounds
dissolved in concentrated liquid crystal media.’

Coming back to our experimental systems, there are
two main differences between these oligosaccharides 1
and 2: the presence, in the pentasaccharide, of other
organic functions such as the sulfate group and of a
more flexible domain constituted by the last two
pyranose rings (units (d) and (e)). This might explain
the presence of more than one alignment tensor, either
generated by competitive interactions between the
pentasaccharide and the mesogens or due to different
populations of the pentasaccharide conformers. We
have explored the importance of the electrostatic inter-
actions with the mesogen involving the sulfate group by
measuring RDC in aqueous suspensions of H;Sb;P,O4

for a pentasaccharide similar to 2 but without sulfate
group on the galactopyranose unit (a) (the molecule
studied by Henry and coworkers®’). Since these mea-
surements reveal an order parameter S = 21D, r>/ycyuh
much smaller than that of the trisaccharide 1, a
Coulombian repulsion with the mesogens cannot be
invoked to explain the small order parameter and the
discrepancy in the case of the pentasaccharide 2. This
result is comforted by the similarity in (o, fr, yr) for
the tri- and the pentasaccharide as measured in aqueous
suspensions of V,0s. The second assumption (modified
conformational equilibrium) is finally the only remain-
ing possible explanation to the large variation of the
order parameters (factor 4, see Fig. 6), and to the
discrepancy in the fitting procedure. Elements can
substantiate their presence, even if for 2 the NOE data
arising from off-resonance ROESY are compatible with
a unique conformation. Indeed conformational ex-
change around the GIcNAc—Gal glycosidic bond has
been observed for similar compounds.*>*” This chemical
exchange obviously affects the whole shape of the
pentasaccharide. Finally, since it involves surface pyr-
anose groups, it should be dependent on interactions
with mesogens relative to solvation interactions.

3. Conclusions

A numerical method based only on RDC was used for
determining the structures of two oligosaccharides
containing the Lewis® motif. This approach takes
advantage of the structural features of oligosaccharides
(rigid pyranose rings linked by flexible bridges) and of
the change of frames made possible by Wigner matrices,
to directly deal with the minimal number of internal
degrees of freedom. In such a way, through adequate
choice of the reference frames, the relative orientation of
two pyranose units does only depend on the two
glycosidic torsion angles, instead of the three Euler
angles when classical changes of frame are considered.
This approach has been validated on simulated data and
on experimental data on the Lewis® motif of the
trisaccharide. For the latter, correct structures were
obtained for all procedures. In contrast, for the same
rigid domain of the pentasaccharide, surprising results
were obtained: (i) order parameter four times smaller
than this of the trisaccharide; (ii) structures dependent
on the liquid crystal when the parameters of the
orientation tensor were kept constant in the minimiza-
tion (Section 2.4.1); and (iii) non-sense structures, when
these parameters were simultaneously optimized with
the glycosidic torsion angles (Section 2.4.2). The most
likely explanation is that the interactions between the
mesogen and the oligosaccharide inducing its alignment
change the conformational equilibria in the flexible
domain of the pentasaccharide. This result is obviously
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embarrassing for the structure determination of oligo-
saccharides using RDC. If the structure is rigid, the
NOE approach is sufficient. If at the contrary the
molecule exhibits a high flexibility, then we can be
confronted with this modification of the conformational
equilibrium.

On a physical point of view, this effect is not
surprising since the molecular alignment results from
interactions between mesogens and the biomolecule
which superimpose and compete with solvation interac-
tion. It is likely that the two energy contributions are
different, leading to different populations of confor-
mers. If one considers now large structured biomole-
cules, for which the core energy becomes the dominating
term, it is likely that any conformational exchange
affecting a limited region (for instance a flexible loop)
cannot largely change the whole alignment tensor,
making the approach based on RDC combined to
NOE and scalar couplings robust, as illustrated by the
large literature in this field. The question however
remains open for smaller compounds, such as oligosac-
charides. Since the NOE and J-coupling data sample the
(e.g., >99%) molecule free in solution, it is only using
approaches only based on RDC, as the one used here,
that the effect of interactions can be revealed. Even if
these studies could appear as purely academical, they
seem to us of key importance for assigning a correct
weight to the RDC constraints relative to the NOE ones
in molecular modelling procedures used for determining
solution structures. They correspond also to a nice
approach to interpret the physical mechanisms inducing
the biomolecule alignment but also to probe the meso-
gen surface. This last question has to be correlated to the
physical explanation of the resulting quadrupolar split-
ting of D,O which is only poorly related to the
orientation parameter of the liquid crystalline media
and of its concentration (see Ref. 38 for an example).

4. Appendix

If we consider a molecule interacting by two or more
different manners with the mesogens or exhibiting more
than one conformation, and if we assume no intercon-
version between these conformations when bound to the
mesogens, each case can be treated as in Section 2.1.2.
The observed splitting is a weighted average over all
these cases, and it is not straightforward that, even for a
rigid domain, the RDC can be expressed by the classical
expression (Eq (4)). We show here that under the key
assumption of independent averaging, it always exists a
unique effective alignment tensor, and therefore angular
restraints from RDC can be computed using Eq (4).
Let us assume for the present time that, due to the
coexistence of two conformations or two different
interactions, the observed RDC are a sum of two

contributions. We shall note in the following (xt, fr,
y1) the Euler angles which allow the transformation
from the frame R;, where the first interaction (coeffi-
cients D!, D?) is diagonal, to the frame R, where the
second one (coefficients D?, D?) is diagonal. The
orientation of this first alignment tensor relative to the
effective one R. will be described by the Euler angles
(ar, Pr, yr). For any C—H bond, whose orientation
relative to the frame R, is defined by the angles «, £, 7,
the RDC can be written as:

D 2 DD}y («, B, 7)
+D:ff[D§0(aa ﬂ7 y) + D—ZO(“) /))a y)]
=D)> Dy, B, DG, (o, Prs )

m

+Di Z Drzno((x7 /ga y)[ng((xRa ﬂRa VR)

+D272m(aR7 ﬁR’ VR)]
+D§Z Dlzno(“v B V)Dlzym(aR7 Br: VR)Dgp((xT7 Brs 1)

mp
"'sz Dfno(“, B, V)Dlzym(“m Br, 7r)
mp
X[Dgp(aTv Br VT)+D272p(O‘Ta Bty vl (6)

If the assumption of the existence of an effective
tensor is valid for any C-H bond, Eq (6), should be
valid whatever («, f, 7). Therefore, the coefficients of
the five Wigner matrices D2(«, £, y) must vanish. A set
of five non-linear equations (me{-2, 2}) with 5
unknowns (DI, D o Br, yr) and a condition

r

(ID" /D] < 1/4/6) is then derived:
Dgff50m + D:ff[é—Zm + 52m] = D'}\Dém(aR’ ﬂR’ VR)

+D}[D3,,(or, B, &)+ D?,,(0rs Brs )]

+D§Z Dlzam(“Ra Prs VR)Dép(O‘Tv Brs 1)
P

‘f‘DfZ Dlzym(‘xR7 Br:> 7v)
P

X [Dgp(“Ta Br yT)+D272p(O{Ta Bty ol

Existence of solutions of this system has been
explored numerically. Values ar, fr and yr are ex-
tracted from the set of three equations composed of the
two for which m = +1, the third one being obtained by
subtracting the equation for m = —2 to that with m = 2.
The coefficients D" and D" are finally computed from
the equation for m =0 and m = 2, respectively, and the
condition |D"/DeM) < 1/4/6 is checked. This explora-
tion, performed on a large number of randomly chosen
values of ar, fr, yr, Dy7 reveals that there are always
four sets of Euler angles («gr, fr,yr) fulfilling the
conditions. This result being obtained for two alignment
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tensors can, by a straightforward generalization, be
extended to any number of alignment tensors.

As a conclusion, whatever the conformational space
explored by the molecule in the isotropic phase or the
existence of different interactions between the molecule
and the mesogens, the measurements can always be
represented by an effective alignment tensor valid for
the whole molecule. This result allows the calculation of
the RDC in any rigid domain, even in the presence of a
flexible one. It seems however useful to stress the
assumptions made during this derivation. Indeed during
the averaging leading to Eq (4), it is assumed that the
angles «, f and y defining the molecular geometry are
constant. This means that the extra energy term result-
ing from the nearby presence of the mesogens should
have no influence on the structure of the molecule, or in
other words that it does not promote conformational
equilibria. 1f this assumption is not valid, one can no
more conclude that RDC can be represented by Eq (4)
using an effective alignment tensor.

5. Material and methods
5.1. Synthesis

The two saccharides were synthesized by Y. M. Zhang
and P. Sinay. The trisaccharide 1 was prepared as
described by Yvelin and coworkers.** The synthesis of
the pentasaccharide 2 is described in a Note in this
issue.*®

5.2. NMR measurements

5.2.1. Sample preparation. Before each preparation,
oligosaccharides 1 and 2 were freeze-dried. For the
isotropic samples, 2 mg of 2 (5.4 mg of 1) were dissolved
in 400 uL D,O (99.96% from Eurisotop), resulting in a
concentration of 5.2 mM (24.8 mM, respectively).
Dealing with pentasaccharide 2, the second sample
was constituted by 0.31 mg of 2 mixed with 400 pL of
a D,O solution of V,05 at 2.34% w/w, synthesized as
described by Desvaux and coworkers,'” leading to a
final solute concentration of 0.8 mM. No vigorous
shaking or sonication was necessary. For the third
sample, 0.6 mg of 2 were dissolved in 250 pL D50,
and this solution was added to 250 pL of a D,O solution
of H3Sb3P,0,4 at 3% w/w, which synthesis is described
by Gabriel and coworkers.'? The final solute concentra-
tion of 2 was therefore 1.2 mM, and the mineral liquid
crystal was at 1.5% w/w. Also no shaking or sonication
was necessary. For the liquid crystal solutions contain-
ing the trisaccharide, the first one was prepared by
dissolving 2 mg of 1 into 400 pL of a D,O solution of
V,0s5 at 2.34% w/w (final concentration of the trisac-
charide: 9.2 mM). The second one was prepared by

dissolution of 1.8 mg of 1 in 400 puL of a D>O solution of
H;Sb3P,044 at 3% w/w (final concentration of the sugar:
8.3 mM). In each case, the monitoring of the ’H NMR
signal of D,O was used to check the orientation of the
liquid crystal through the quadrupolar splitting.

5.2.2. '"H and C assignment. All NMR spectra were
acquired at 293 K on Bruker spectrometers operating at
500, 600 or 800 MHz 'H-Larmor frequency, equipped
with 5 mm inverse triple resonance probeheads with
three axes gradients. The 'H and '>*C NMR spectra were
assigned at 293 K using classical 2D experiments,
leading to chemical shifts (Tables 3 and 4 ) in agreement
with those of similar compounds.?!-32-3337

5.2.3. Residual dipolar couplings. The RDCs were ex-
tracted by measuring the frequency splittings in the
proton dimension of HSQC experiments with sensitivity
enhanced by gradients.®® These experiments were per-
formed on a Bruker DRX800 spectrometer for 2, and on
Bruker DRX500 and DRX600 spectrometers for 1. The
RDC values were obtained using a modification of a
program, written in C and Tcl/Tk languages, devoted to
the measurement of homonuclear scalar coupling con-
stants in COSY spectra,*’ employing frequency domain
deconvolution.*® Our modified version was designed for
the measurement of heteronuclear one-bond coupling
constants and rendered easy the comparison of values
taken from two spectral sources.

5.2.4. Proton—proton distance determination. For 1, 19
internuclear distances (2 ambiguous) were extracted
from an off-resonance ROESY build-up curve compris-
ing five different mixing times, at an angle 3= 54.7°
between the static and effective magnetic field in the
rotating frame.*’ Seven out of the 19 distances corre-
sponded to inter-unit interactions (Table 5).

For 2, the proton—proton distances were determined
via the procedure described by Desvaux and cow-
orkers.’® Briefly, 4 NOESY and 16 off-resonance
ROESY spectra were acquired using 256 x 2048 real
points on a Bruker DRX 500 spectrometer. The overall
set of experiments corresponded to four different mixing
times and five angles 9 ranging from 0 to 54.7°. All non
overlapped diagonal- and cross-peaks were integrated
and processed using a home-written C program. In a
first step, the cross-relaxation rates 03 were determined
at a given angle 9 by a linear least-square fitting of the
build-up curve. Then for each pair of spins, the five
extracted rates were fitted to the theoretical equation:

9 _ 2 0° 1 «in2 90°

o; =cos” §g; +sin” Ja; . (7
in order to determine the longitudinal o'gf and transverse
20" cross-relaxation rates. Assuming a Lorentzian

Tij
spectral density function for each pair of spins, these
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Table 3
'H and 3C chemical shifts at 293 K and one-bond 'H-'3C residual dipolar couplings (RDC) measured in aqueous suspensions of
V,05 and H3SbsP,04 for the trisaccharide 1

Unit C-H Pair 5 'H s 13C RDC V,0s RDC H;SbsP,014
Gal 1 4.590 98.78 8.9% 1.2%
Gal 2 3.634 67.98 16.0 18.0
Gal 3 3.791 69.44 9.4 17.1
Gal 4 4.034 65.34 48.0 —39.8
Gal 5 3.740 71.81 —5.0% 10.4*
Fuc 1 5.242 95.62 21.8 —38.7
Fuc 2 3.821 64.65 -23 5.7
Fuc 3 4.041 66.21 9.7 5.4
Fuc 4 3.931 68.88 19.9 —349
Fuc 5 4.984 63.65 —1.9% 4.8%
GIcNAc 1 4.606 98.68 36.6* 1.2%
GIcNAc 2 4.050 52.61 64.4 0.4
GIcNAc 3 3.991 71.98 44.0* —7.0%
GIcNAc 4 4.075 70.34 65.8 -29
GlcNAc 5 3.732 72.24 56.3 —2.8%

The RDC values followed by * are measured with a lower accuracy mainly due to overlap of at least one of the two peaks. The 'H
chemical shift of the HDO peak is taken at 4.93 ppm as a reference, the '>C chemical shifts are not referenced and are only
indicative.

Table 4
'H and '3C chemical shifts and one-bond "H-'3C residual dipolar couplings (RDC) measured in aqueous suspensions of V,0s and
H;Sb3P,0,4 for the pentasaccharide 2

Unit C—H Pair 5 'H s Bc RDC V,0s RDC H;Sb;P,0,4
Gal 1 4.605 98.33 —3.5% —0.5%
Gal 2 3.651 66.07 —1.0 —5.0
Gal 3 4.344 77.14 —44 —45
Gal 4 4.290 63.28 7.7 —4.6
Gal 5 3.687 71.60 —44 -3.6
Fuc 1 5.157 95.54 5.4 3.6
Fuc 2 3.707 64.65 24 —6.0
Fuc 3 3.932 66.14 22 —6.7
Fuc 4 3.809 68.85 6.6 1.9
Fuc 5 4.949 63.65 1.9 —6.5
GlcNAc 1 4727 99.59 13.6 —5.8
GIcNAc 2 3.999 52.92 13.6* —6.9%
GlcNAc 3 3.897 71.55 12.4% —3.2%
GlcNAc 4 4.017 70.06 14.0 —52
GlcNAc 5 3.608 71.90 12.7% —3.8%
Gal 1 4451 99.89 9.6 —24
Gal 2 3.591 66.99 10.1 0.6
Gal 3 3.733 79.08 10.1 43
Gal 4 4.186 65.26 0.3 0.2
Gal 5 3.728 71.84 9.7% —1.1%
Gle 1 4.429 100.0 6.6 —16
Glc 2 3.322 69.72 4.6 —21
Glc 3 3.662 75.23 8.2 —13
Gle 4 3.629 71.70 6.5 —0.2
Glc 5 3.659 71.31 7.7 0.2

The RDC values followed by * correspond to values with a lower accuracy mainly due to peak overlap. The 'H chemical shift of
the HDO peak is taken at 4.93 ppm as a reference, the >C chemical shifts are not referenced and are only indicative.
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Table 5

Inter-proton distances in A as extracted from off-resonance ROESY build-up curves for the trisaccharide 1

Unit  Proton Unit Proton Distance Unit Proton Unit Proton Distance
Gal 1 Gal 2 2.6 Gal 1 Gal 3 2.6
Gal 1 GalNAc 4 2.5 Gal 1 GalNAc 3,6’ 2.4
Gal 1 GalNAc 6 2.8 Fuc 1 Fuc 2 2.3
Fuc 1 Fuc,GalNAc 32 2.5 Fuc 5 Fuc 3 2.3
Fuc 5 Fuc 4 2.3 Fuc 1 GalNAc 3 2.3
Fuc 5 Gal 2 2.4 GalNAc 1 GalNAc 2 2.7
Nag 1 GalNAc 3 2.5 GalNAc 1 GalNAc 5 2.3
Nag 1 GalNAc Me 2.9 GalNAc 6 GalNAc 6 1.8
Nag 6 GalNAc 5 2.4

two rates were converted into an internuclear distance r;;
and a correlation time per pair of proton 7.;. With this
procedure, 48 internuclear distances (6 ambiguous) were
obtained for 2. Fifteen of them corresponded to inter-
unit interactions (Table 6).

5.3. Molecular modelling

5.3.1. Structure of the oligosaccharides from NOE data.
The same protocol has been used for 1 and 2. The
proton—proton distances extracted from the off-reso-
nance ROESY experiments were used in a simulated
annealing procedure using the XPLOR 3.1 software.’!
The error bars on the distances were derived from least
square fitting of the cross-relaxation rates; most of them
were equal to +0.2 A. Starting from a template

structure with reasonable geometry, a simulated anneal-
ing with a high temperature dynamics step of 1000 K
during 35 ps with a timestep of 3.5 fs was performed.
During this dynamics, low weight on the van der Waals
terms and progressive increase of the weight of the NOE
terms insured good sampling of the conformational
space. A slow cooling of 28 ps followed in order to
restore the usual values of the covalent energy terms.
This procedure was repeated 50 times, resulting in 50
structures which were accepted or rejected following
criteria based on the geometry and NOE violations.

5.3.2. Energy maps for the glycosidic bonds. Energy-
relaxed ¢/y maps for the glycosidic linkages were
computed in vacuo with the InsightIl/DISCOVER
program® using the CFF91 force field.”> For each

Table 6

Inter-proton distances in A as extracted from off-resonance ROESY build-up curves for the pentasaccharide 2

Unit Proton Unit Proton Distance Unit Proton Unit Proton Distance
Gal 1 Gal 3 2.6 Gal 1 Gal 5 2.3
Gal 1 Gal 6,6’ 34 Gal 1 GalNAc 2,4 2.3
Gal 1 GalNAc 6 2.5 Gal 2 Gal 3 32
Gal 3 Gal 4 2.6 Gal 3 Gal 5 2.6
Gal 3 Gal 6,6’ 3.5 Gal 4 Gal 5 2.5
Gal 4 Gal 6,6’ 2.8 Fuc 1 Fuc 2 2.5
Fuc 1 GalNAc 2 32 Fuc 1 GalNAc 3 2.6
Fuc 3 Fuc 2 3.5 Fuc 3 Fuc 4 2.6
Fuc 3 GalNAc 6 3.0 Fuc 5 Gal 2 2.9
Fuc 3 Fuc 5 2.8 Fuc 4 Fuc 5 2.9
Fuc 5 GalNAc 4 4.1 Fuc 6* Gal 2 3.0
Fuc 6* Fuc 4 3.1 GalNAc 1 GalNAc 2 3.1
GalNAc 1 GalNAc 3 2.8 GalNAc 1 Gal-4 2 2.3
GalNAc 1 Gal-4 3 2.2 GalNAc 1 Gal-4 4 33
GalNAc 6 Nag 5 2.8 GalNAc 6 GalNAc 5 2.8
Gal-d 1 Gal-d 5 2.4 Gal-d 1 Gal-d 6 3.1
Gal-d 1 Glc 5 2.2 Gal-d 1 Glc 6 34
Gal-d 4 Gal-d 6 2.6 Gal-d 4 Gal-d 3 2.2
Glc 1 Glc 5 2.1 Glc 1 Glc 2 34
Glc 6 Glc 6 2.1 Glc 6 Glc 3 2.9
Glc 2 Glc 3,5 2.6 Glc 6 Glc 3,5 2.8
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map, the simulation conditions were the following: the
dihedral angles were varied using 10° steps and 2000
cycles of conjugated gradient served for the minimiza-
tion; a scalar dielectric constant of 80 was used. The
glycosidic dihedral angles were restrained by a potential
with a force constant of 500 kcal rad ~2 mol .

5.3.3. Structure of the oligosaccharides from RDC. The
structures of the oligosaccharides based solely on RDCs
were obtained using an home-written C program, whose
efficiency was first checked on simulated data. The key
elements of this program designed to define the oligo-
saccharide structure were the following:

1) For each pyranose unit, an attached frame (Fig. 2)
was defined with the OZ axis parallel to the
C-1-0O-1 bond and the OY axis defined by the
direct product C-1-O-1 A C-1-H-1 (we denoted
such frame {C-1, H-1, O-1}). The directions of all
C-H bonds of a pyranose unit were defined in this
frame.

2) The orientation of one pyranose ring with respect to
the next one was computed using an intermediate
frame defined on the second carbon involved in the
glycosidic bond. For instance, the computation of
the orientation of the sulfated galactopyranose unit
(a) relative to the glucosamine unit (c) consisted in
performing the change of frame from {Gal(a) C-1,
Gal(a) H-1, GIcNAc 0O-4} to {GIcNAc C-4,
GlcNAc H-4, GIcNAc 0O-4}, and then to {GIcNAc
C-1, GIcNAc H-1, GIcNAc O-1}. The pyranose ring
being rigid, the two degrees of freedom to be
adjusted in this example were the « and y values
of the first set of Euler angles. They corresponded to
the two rotation angles along the Gal(a) C-1-
GIcNAc O-4 bond and along the GIcNAc C-4-—
GIcNAc O-4 bond (Fig. 2), and were consequently
associated to the torsion angles ¢ and i defining
this glycosidic bond. According to energy-mini-
mized structures, one found:

¥ = 0—60.5° (8)
¢ =244.3—y )

Similar relations could be used for all glycosidic
bonds.

3) The frame of the fucose unit was linked to the frame
where the alignment tensor is diagonal by three
Euler angles (ag, fr, yr). Assuming the presence of
a rhombocity, due to the symmetry properties of
Wigner matrices in Eq 5, we noted that:

ag €[0, 90°], Bg €0, 90°]. (10)

Using this range of values, D, might take negative
values. Changing the sign of D,/D, was performed
by transforming o into «+90°. By restricting the

search domain of this set of Euler angles, the
problem of degeneracy of dipolar couplings which
required the need of, at least, two independent
media,'® disappeared.

The geometry of the oligosaccharide being defined in
such a way and for a given set of ag, fr and yr values,
for each (C,H) pair the program computed the two
coefficients composed of products of Wigner matrices in
Eq 5 each being multiplied either by D, or D,. This set of
15 pairs of coefficients allowed one to determine by
linear least-square fitting the D, and D, values to the
experimental RDC, a figure of merit through the
resulting > value and the consistence of the result

through the relation |D,/D,| < /1/6.**

The determination of the best set of angles
(¢, ¥, ag, ...) was performed thanks to a grid search
based on the y? values. In order to speed up this search
protocol, a minimizing procedure based on the Simplex
algorithm>* was finally applied to optimize the set of
angles. According to the position in the full algorithm
(Fig. 5), the set of angles were constituted by either the
four glycosidic angles (¢, i) or the angles defining the
molecular frame (og, fr, yr) for the Section 2.4.1
(procedure a) or by all angles (¢, ¥, ar, fr, yr) for
the Section 2.4.2 (procedure b).

5.3.4. Calculation of the orientation of the Gal (d) unit.
When a part of the structure is defined, it becomes
possible to compute the orientation of the next unit
relative to the previous ones. For instance, considering
the orientation of the Gal (d) unit of the pentasaccharide
relative to the Lewis® motif, we have used fixed
parameters (D,, D,, ar, fr, yr) for the RDC tensor as
calculated (in Section 2.4.1), and we have tried to
optimize the two glycosidic angles of GIcNAc/Gal(d)
(Fig. 7). The problems encountered with the RDC and
the influence of the flexibility of this glycosidic link on
the RDCs certainly explain why the RDC-based results
differ so strongly from those obtained by the off-
resonance ROESY approach which takes into account
internal mobility. However, two features can be noted.
Firstly, the minima found with RDCs measured in
aqueous suspensions of V,Os and H3;SbsP,O4 now
strongly differ, while they are only slightly incompatible
in the case of the Lewis® motif (Table 2). This remark
raises the question on combining RDC measured in
different media for medium-size molecules. Secondly,
this example shows the robustness of our approach
using internal degrees of freedom, since the fourfold
degeneracy is not encountered. This problem would
appear if we had tried to orient this pyranose unit
relative to the Lewis™ motif by working directly with
rigid independent elements referred to the orientation of
the RDC tensor.
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