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ABSTRACT: The tetrasaccharide lacto-N-neotetraose b-D-Galp-(1 ] 4)-b-D-GlcpNAc-(1] 3)-b-D-Galp-(1 ] 4)-D-
Glcp was dissolved in a dilute mixture of dimyristoyl- and dihexanoylphosphatidylcholine in deuterium oxide and
1J(C,H) spinÈspin coupling constants were measured in an isotropic solution at 25 ¡C. On raising the temperature
to 38 ¡C, an ordering of the system occurs which permits determination of dipolar couplings. An energy mini-
mized molecular mechanics model was generated showing that the molecule is anisotropic and can be treated as a
cylinder. A Ðt of the expression for the carbonÈproton dipolar couplings in a uniaxial molecule in a uniaxial liquid
crystal revealed good agreement with experimental data, emphasizing the future potential of the method in studies
of carbohydrate conformation. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

Determination of the three-dimensional structure is a
prerequisite for further investigations of molecular
properties and/or function of molecules. For organic
molecules in general and biomolecules such as proteins,
nucleic acids and carbohydrates in particular, the use of
nuclear Overhauser e†ects and nuclear spinÈspin coup-
ling constants are most important for structure determi-
nation in solution. In addition, 13C and 15N spin
relaxation measurements have been essential in the
description of Ñexibility and dynamics in biomolecules.1
In the Ðeld of carbohydrates the overall structure and
Ñexibility of an oligosaccharide are determined by the
torsional angles at the glycosidic linkage. NOEs2 and
trans-glycosidic 3J(C,H) coupling constants3 give infor-
mation on conformation, but this is usually not suffi-
cient for an extensive description and additional
experimental techniques are needed. These include mea-
surements of trans-glycosidic 3J(C,C) coupling con-
stants,4 optical rotation5 and Raman optical activity.6
For peptides in the solid state7 and proteins in solu-
tion,8 multiple quantum coherence NMR techniques
have been developed which allow direct measurements
of torsional angles without relying on a Karplus-type
relationship. Studies of through-space dipoleÈdipole
interactions constitute an extremely powerful tool for
molecular structure determination. Unfortunately, this
information is essentially lost in isotropic solutions and
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can only be partially recovered by measuring cross-
relaxation rates.9 In anisotropic systems, on the other
hand, the dipoleÈdipole couplings can be observed but
the resulting proton spectrum, even for a medium-sized
molecule, becomes very complicated. Several tech-
niques, including multiple quantum NMR10 and deute-
rium labelling,11 have been applied in order to simplify
the spectra and yet retain the information about the
structure and dynamics. At high magnetic Ðelds it has
been possible to measure dipolar couplings in solution.
These couplings originate from a partial alignment in
the static Ðeld of the NMR spectrometer due to the
magnetic susceptibility of molecules, which facilitates
reÐnement of molecular structure.12,13 Another method
to align molecules is to use liquid crystalline solvents.
Since the magnitude of dipolar couplings is proportion-
al to the molecular order, the solvent can be used as a
selection tool, i.e. in a low-order liquid crystal only
strong couplings will be observed. The formation of
bilayer-like assemblies (bicelles) upon mixing of dimyris-
toylphosphatidylcholine (DMPC) and dihexanoyl-
phosphatidylcholine (DHPC) in water was described
some time ago,14 and has been further studied.15 This
mixture was successfully used in the investigation of
molecular orientation in model membranes16 and of the
structure of a non-spherically symmetric protein.17,18

RESULTS AND DISCUSSION

In the present study we investigate the tetrasaccharide
lacto-N-neotetraose (LNnT) b-D-Galp-(1 ] 4)-b-D-
GlcpNAc-(1] 3)-b-D-Galp-(1 ] 4)-D-Glcp (Fig. 1),
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Figure 1. Schematic representation of the tetra-
saccharide lacto-N-neotetraose b-D-Galp-(1 ] 4)-b-D-
GlcpNAc-(1 ] 3)-b-D-Galp-(1 ] 4)-D-Glcp. The molecule is
drawn with the a-anomeric conüguration at its reducing
end, which was used in the analysis. Sugar residues are
labelled A–D. The C-4 atom in A and the C-1 atom in D
are highlighted with asterisks.

which is found in human milk.19 LNnT was chosen as a
model system since it has non-parallel CÈH vectors in
three out of the four sugar residues and a limited
number of resonances, which simpliÐes the spectral
analysis. Furthermore, we have previously investigated
its motional properties using 13C nuclear spin relax-
ation measurements.20 LNnT was dissolved in a dilute
mixture of DMPC and DHPC in deuterium oxide and
1J(C,H) spinÈspin coupling constants were measured at
25 ¡C from a 1H,13C gradient selected HSQC spec-
trum.21,22 At this temperature and lipid concentration
the mixture forms an isotropic solution. On raising the
temperature to 38 ¡C an ordering of the system occurs
in which the bicelles orient with their normal perpen-
dicular to the external magnetic Ðeld.14 The solute mol-

ecule, i.e. in our case LNnT, will exhibit a small degree
of alignment, which is proportional to the concentration
of bicelles. However, it is assumed that the molecular
structure is essentially una†ected.17 This minute order-
ing facilitates contributions from dipolar couplings to
be measured, which may be either positive or negative.
This is shown in Fig. 2, in which the apparent 1H,13C
splitting is changed in the ordered phase compared with
the 1H,13C splitting due to 1J(C,H) spinÈspin coupling
constants in the isotropic phase.

An energy-minimized molecular mechanics model
was generated using the HSEA force Ðeld23 taking into
account that the predominant conformation at the gly-
cosidic linkage is a “synÏ conformer.2 The torsional
angles are denoted by / (H-1ÈC-1ÈO-XÈC-X) and
t(C-1ÈO-XÈC-XÈH-X), where X is the linkage atom.
The glycosidic linkages are denoted by a subscript refer-
ring to the pertinent sugar residue and the conforma-
tion of LNnT as its a-anomeric conÐguration of residue
D is described by /A \ 52¡, tA \ 3¡, /B\ 53¡, tB \

The molecular shape of LNnT[9¡, /C\ 53¡, tC\ 4¡.
is clearly anisotropic, as indicated by Fig. 1, which is
also conÐrmed by the fact that the ratio between prin-
cipal elements of the moment of inertia tensor,

is 1.0 : 6.3 : 6.5. We consider, therefore, theIzz : Iyy : Ixx ,
molecule as a cylinder with the symmetry axis essen-
tially coinciding with the vector from the C-4 atom in
residue A to the C-1 atom in residue D. For a uniaxial
molecule in a uniaxial liquid crystal the expression for
the carbonÈproton dipolar couplings is given by24

Figure 2. Part of the 1H, 13C gradient selected HSQC spectrum of LNnT (lower order sample), with splittings from
spin–spin (J) and dipole–dipole (D) couplings. Cross peak of C-1 in residue D (a-form) at (a) 25 ¡C (isotropic) and (b) 38 ¡C.
Cross peak of C-2 in residue B at (c) 25 ¡C and (d) 38 ¡C.
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Table 1. Dipolar couplings in LNnT (a-anomeric form) at
600 MHz

Dipolar coupling (Hz)

Sugar residue Atom pair 7.5% lipid 10% lipid

A H-4ÈC-4 [16.0 [26.9
A H-5ÈC-5 15.5 25.5
B H-2ÈC-2 20.8 30.1
B H-3ÈC-3 22.8 30.0
C H-2ÈC-2 18.6 27.4
C H-4ÈC-4 [8.2 [11.1
D H-1ÈC-1 [17.7 [28.3
D H-5ÈC-5 15.7 26.8

DCH\ [k0
4n

cC cH +
2nrCH3

[S É S
zz

12(3 cos2 h [ 1)] (1)

where is the spinÈspin distance, h is the anglerCH
between the spinÈspin vector and the molecular sym-
metry axis, is the second-rank orientational orderS

zz
parameter related to the symmetry axis and S is an
order parameter which reÑects the internal motion of
the spinÈspin vector. All other symbols have their usual
meanings. The order parameter, increases withS

zz
,

increase in bicelle concentration, resulting in an
increased magnitude of the dipolar couplings. We deter-
mined dipolar couplings at two bicelle concentrations
(Table 1). In the more ordered sample the values range
between [28 and 30 Hz, while at the lower concentra-
tion the corresponding values are [18 and 23 Hz. Con-
tributions from homonuclear protonÈproton dipolar
couplings were also observed in the oriented phase,
which excluded some signals from the analysis since
reliable values of heteronuclear dipolar couplings could

not be extracted. The internal motion can be related to
the generalized order parameter S, which can, in turn,
be obtained from nuclear spin relaxation measure-
ments.25 To a Ðrst approximation, a common value of
the order parameter, S, for all dipolar vectors can be
assumed.

The orientation of the dipolar vectors in the molecu-
lar frame, i.e. the angles h, were determined using the
molecular structure generated in the molecular mech-
anics procedure described above. Experimental dipolar
couplings were analyzed in a subsequent Ðtting pro-
cedure where the product, was used as a singleS É S

zz
,

adjustable parameter. In the lower order sample
was obtained while the correspond-SS

zz
\ 1.6] 10~3

ing value in the higher order system was S É S
zz

\ 2.5
] 10~3. Experimental dipolar couplings determined in
the lower order sample are shown in Fig. 3, together
with the result of the numerical Ðtting. We note that the
measured couplings correspond to essentially two orien-
tations : (i) h \ 35¡ and (ii) vectors orthogonal to the
molecular symmetry axis. In fact, these are the only two
orientations of sugar ring CÈH vectors present in the
molecule. In order to account quantitatively for the
e†ect of internal motion, di†erent S values should be
used for vectors corresponding to di†erent sugar resi-
dues. Further reÐnements of models for the interpreta-
tion of experimental data should be possible using a
distribution function or via conformational averaging as
performed by Monte Carlo or molecular dynamics
simulations, routes that are currently under investiga-
tion. In the present study we have shown that dipolar
couplings in aqueous dilute liquid crystalline media are
in good agreement with a model generated by molecu-
lar mechanics and we consider that their use will be of
paramount importance for the determination of carbo-
hydrate structure and conformation.

Figure 3. Experimental dipolar couplings of LNnT in the lower order sample as a function of the orientation of the
C—H vectors relative to the molecular symmetry axis (determined using the moment of inertia tensor). The best üt
curve using Eqn (1) is included.
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EXPERIMENTAL

LNnT (4.0 mg) was dissolved in 600 ll of contain-D2O
ing 10% (w/v) of DMPCÈDHPC in a molar ratio of
2.9 : 1 determined by integration of the peaks in the 31P
NMR spectrum (the 2H quadrupolar splitting at 38 ¡C
was 19.8 Hz), resulting in a 9.4 mM solution. Subsequent
dilution of the sample with 200 ll of gave aD2O
sample with a concentration of 7.5% with respect to the
lipids (resulting in a 2H quadrupolar splitting of 14.5 Hz
at 38 ¡C). Spectra were acquired using the inverse
proton detected 1H, 13C-gHSQC technique on a Varian
Inova 600 MHz NMR spectrometer with an experimen-
tal time of 16 h for each concentration and temperature.
The digital resolution in the dimension was 2.2 Hz,F2
and spectra were subsequently zero-Ðlled twice prior to
the spectral analysis. The GEGOP program, version
2.7, was used for the generation of the molecular mech-
anics model and subsequent energy minimization.26
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