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A novel procedure for determining1H,1H NMR dipolar couplings in a dilute liquid crystalline medium based
on 1H,1H COSY spectroscopy and aJ-doubling procedure is presented. Subsequent conformational analysis
of the central region of a partially deuterated decasaccharide employing1H,1H and1H,13C dipolar couplings,
1H,1H nuclear Overhauser effect spectroscopy, and computer modeling is described. In particular, the use of
1H,1H dipolar couplings is of paramount importance in deriving a three-dimensional structure of the
decasaccharide.

Introduction

Analysis of molecular conformation has for a considerable
time relied on measurements of the nuclear Overhauser effect
(NOE), through-bond electron-mediated spin-spin (J) cou-
plings, or a combination of these techniques. Both stereochem-
ical and conformational aspects have been addressed in this way.
These methods suffer, however, from serious limitations:
interpretation ofJ couplings requires a physical model that
provides a relationship between the spin-spin coupling and the
molecular structure, while the NOEs are strongly dependent on
dynamical processes in the molecule. Another tool for molecular
structure determination is provided by long-range through-space
magnetic dipole-dipole interactions. Dipolar couplings (D)
depend on spin-spin distances and on the orientations of the
internuclear vectors with respect to the magnetic field. In
isotropic liquids, the dipolar interactions are averaged to zero
due to the rapid molecular tumbling. The distance dependence
of these interactions may be recovered from the cross-relaxation
rates, while angular dependence is lost.

In anisotropic systems, such as liquid crystals,1 measurements
of dipolar couplings provide an extremely powerful tool for
structure determination. Recently, application of dilute liquid
crystalline phases formed by molecular aggregates, known as
bicelles (disk shaped micelles), has been introduced for studies
of macromolecules.2 The magnetic susceptibility of the ag-
gregates results in an orientation within the magnetic field of
the spectrometer. This orientation leads to an anisotropic
environment experienced by nonspherical “solute” molecules,
which results in an NMR spectrum with observable dipolar
couplings. Heteronuclear1H,15N and 1H,13C residual dipolar
couplings have been measured for different types of biomol-
ecules such as nucleic acids,3 proteins4 and carbohydrates.5-13

In an NMR spectrum, we observe the sum of spin-spin and
dipolar interactions. Since the heteronuclear one-bondJ cou-
plings are rather large, the measurement of the dipolar contribu-
tions is relatively simple, enabling detection of both negative
and positive values. In contrast, determination of homonuclear

1H,1H dipolar couplings presents a problem since the magnitude
is similar to the spin-spin couplings. These couplings contain,
however, important information about the molecular structure.
In particular, the1H,1H couplings over the glycosidic linkage
provide a powerful tool for the determination of the three-
dimensional structure of carbohydrates. Recently, one route to
determining the1H,1H dipolar couplings in a carbohydrate
system,14 was described. It is based on the collection of different
constant time COSY spectra and subsequent analysis of the
observed ratio of cross-peak and autopeak amplitudes. In
proteins, the sign of the homonuclear dipolar coupling can be
determined in relation to a known1H,15N coupling.15 Here we
present a novel approach to extract the1H,1H D couplings. These
were combined with heteronuclear1H,13C dipolar couplings and
classical 1H,1H NOE spectroscopy in the analysis of the
conformation of the central residues of a specifically deuterium
labeled decasaccharide.

Results and Discussion

The decasaccharide16 consists ofD-Glc residues with alter-
nating â-(1f3) and â-(1f4) linkages (Figure 1). The two
central residues denoted A and B correspond to a cellobiose
building block. Only six protons are present in the molecule,
namely, H1, H2, and H4, as indicated. The conformation at a
glycosidic linkage is described by the two torsion anglesφ and
ψ. The distances between trans glycosidic protons are thus
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Figure 1. Schematic of the decasaccharide. The six protons present
in the molecule are indicated. The two sugar residues of the central
cellobiose fragment are denoted A and B, and protons on these residues
are named accordingly. The glycosidic torsion anglesφ and ψ are
defined as H1A-C1A-O4B-C4B and C1A-O4B-C4B-H4B, re-
spectively.

5119J. Phys. Chem. A2001,105,5119-5122

10.1021/jp0103068 CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/05/2001



determined by a combination of these torsions. In the decasac-
charide, the protons H1A and H4B are anticipated to be close
in space so that a1H,1H NOE may be observed. The resonance
of the H4B proton was selectively inverted17 in a 1D DPFGSE
NOESY experiment18 and the cross-relaxation to H1A and H2B
were monitored as NOE buildup curves (Figure 2). For the
proton pairs, the isolated spin pair approximation (ISPA) was
used to obtain the cross-relaxation rates (σ). The intraring
distance, H4B-H2B, is assumed to be quite well defined by
the 4C1 conformation of the glucosyl residue. From molecular
modeling, using three different force fields, the reference
distance was estimated to be 2.6( 0.1 Å. The trans glycosidic
distance, H4B-H1A, was 2.2 Å as calculated from the
relationshiprij ) rref(σref/σij)1/6. Using a φ/ψ grid search, a
conformational region consistent with the trans glycosidic
distance of 2.2( 0.1 Å can be identified and is shown in Figure
3. The experimentally accessible distance restraints across a
glycosidic linkage are usually scarce. Therefore, additional
experimental observables are necessary to obtain a more
complete picture of the conformation at a certain glycosidic
linkage.

The heteronuclear1H,13C residual dipolar couplings in the
two sugar residues were calculated by subtraction of the1JC,H

values in the isotropic phase from the apparent F1 splitting in a
coupled 1H,13C HSQC spectrum19 obtained in the ordered
phase.20 The three C-H vectors within each sugar residue orient
in a parallel fashion withD couplings of 22 Hz in residue A

and 20 Hz in residue B (note though that theJ values differed
by some 20 Hz between different positions within the sugar
residues). The experimental error of the heteronuclearD
couplings is estimated to be 2 Hz. Thus, the C-H vectors in
the two central residues of the decasaccharide exhibit similar
orientation in the molecular frame.

We now turn to the measurement of the homonuclear1H,1H
dipolar couplings. These were extracted from a1H,1H DQF-
COSY spectrum21 recorded in the ordered phase. In analogy
with the heteronuclear case the observed splittings are sums of
J + D. We employ, however, a slightly different method for
the analysis of the spectra. This method is known asJ-doubling22

in the frequency domain23 and was previously used to extract
3JC,H values across glycosidic linkages.24 The technique is
particularly useful for estimating coupling constants in crowded
multiplets.25 Here we apply theJ-doubling procedure for
measurements of the combined contribution from the spin-
spin and dipolar couplings. Identifying that the1H,1H COSY
spectrum has an antiphase splitting for an active coupling (and
an in-phase splitting for a passive one), we set out to try to
measure the1H,1H dipolar couplings in the ordered phase. The
J values extracted in the isotropic phase using theJ-doubling
procedure were in good agreement with their counterparts
obtained from direct measurement in a one-dimensional1H
NMR spectrum in the isotropic phase. It was not possible to
obtain the homonuclearD couplings from a one-dimensional
1H NMR spectrum, inter alia, because of the nondeuterated
chemicals used to produce the ordered phase. Selected F2 slices
are shown in Figure 4. Excellent agreement ofD was obtained
for each pair of F2-sliced cross-peaks at different sides of the
diagonal, i.e., different chemical shifts. The dipolar coupling is
largest for H1A-H4B (Figure 4a and 4b) across the glycosidic
linkage, where also theJ coupling is negligible. The small

Figure 2. 1H,1H NOE buildup curves for the intraresidue H4B-H2B
spin-pair (b), which is used as the reference interaction in the ISPA
distance calculations and the trans glycosidic H4B-H1A spin-pair (9).

Figure 3. Ramachandran map generated in 10° increments using the
CHARMm program (Molecular Simulations Inc., San Diego, CA) of
the conformational space of the central glycosidic linkage in the
decasaccharide. The region consistent with1H,1H NOE data is shown
in gray, and the conformation consistent with the dipolar coupling data
is indicated by the black filled circle.

Figure 4. F2 slices of the cross-peaks in the phase-sensitive1H,1H
DQF-COSY spectrum of the decasaccharide in the ordered phase
showing homonuclearJ + D couplings. (a) H4B to H1A slice atδ for
H4B (antiphase splitting onlyD coupling); (b) H1A to H4B slice atδ
for H1A; (c) H2B to H4B slice atδ for H2B (antiphase splittingJ +
D coupling with significant cancellation).
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difference seen in the peak appearance is due to the different
values of the passive couplings in the cross-peaks. The peak
for H2B-H4B (Figure 4c) reveals substantial cancellation of
the doublets leaving only the outer peaks. Thus, in Figure 4,
increasing cancellation occurs from panels a to c. WhenJ is
very small, it is not possible to determine the sign ofD using
the above-described procedure. The experimental dipolar cou-
plings are summarized in Table 1. However, the H2A-H4A D
coupling was not obtainable due to complete chemical shift
overlap.16 Employing theJ-doubling procedure, it has been
shown thatJ couplings can be determined very accurately.26 In
the present analysis, we estimate the experimental error of the
homonuclearD couplings to be below 1 Hz.

The expression for the dipole-dipole couplings in a uniaxial
liquid crystal is given by

whererij is the spin-spin distance,θij
R (R ) x, y, z) are angles

between the spin-spin vector and the molecular coordinate
frame, and the order parameters,SRR, are the elements of the
ordering matrix.1 The angleθ0 (here θ0 ) 90°) defines the
relative orientation of the magnetic field and the director. All
other symbols have their usual meaning. Note that two important
assumptions have been introduced in eq 1: A single ordering
matrix is used, indicating a rigid molecule. The presence of
internal motion requires additional order parameters. In principle,
the expression for every dipolar coupling should be scaled by
an appropriate order parameter,S, that reflects the flexibility
of the spin-spin vector. The second, and more important,
approximation concerns the choice of the molecular coordinate
frame. In the most general case (no symmetry operations on
the molecule or molecular fragment), the ordering tensor
contains five order parameters (Szz, Sxx - Syy, Sxy, Sxz, andSyz),
and consequently, at least five dipolar couplings are required
for a complete description of the orientational order. However,
if the location of the principal axes for the ordering matrix is
known, only two diagonal elements,Szz and Sxx - Syy, are
necessary. In the present case, we have access to five indepen-
dent dipolar couplings, which is sufficient to determine the
ordering frame for the molecule, but no structural information
can then be inferred. We choose therefore another, much
simpler, approach and assume that the ordering coordinate frame
corresponds to the principal axis system of the moment of inertia
tensor. On the basis of computer simulations, we have previously
evaluated the effect of different definitions of the molecular
frames in a nematic liquid crystal27 and found the moment of
inertia tensor to be a reasonable approximation for a flexible
molecule.

In our analysis, eq 1 was numerically fitted to the experi-
mental sets of homo- and heteronuclear dipolar couplings. To
determine the molecular coordinate frame, we have performed
a metropolis Monte Carlo computer simulation28 on the entire

decasaccharide (in vacuo) using the hard sphereexo-anomeric
approach.29 The simulation predicted average torsion anglesφ

) 53° and ψ ) 10° for the â-(1f4) linkages, whereas the
corresponding values for theâ-(1f3) linkages were 51° and
-3°. We have used these torsion angles for all residues in the
molecule, except for the central cellobiose fragment in the
analysis presented below.

The fitting procedure comprised 18 structures of this fragment
with different values of the torsion anglesφ andψ. All structures
were consistent with the NOE restriction at the glycosidic
linkage, i.e., a distance of 2.2 Å between H1A and H4B (Figure
3), and were generated using a grid search procedure. An
additional complication that needs to be mentioned is the sign
of the two couplings H2B-H4B and H1A-H4B. Since the
spin-spin contribution for these is essentially zero, we are not
able to determine the absolute sign of the dipolar interaction.
Thus, in the analysis, we need to consider four possible
situations: two with equal signs and two with opposite signs.
The orientations of the dipolar vectors in the molecular
coordinate frame, i.e., the anglesθij

R were determined by
calculating the moment of inertia tensor for every structure. Two
free parameters were used in the analysis:Szz and Sxx - Syy.
The quality of the analysis is determined by the fitting error

Initially, we noted that the experimental dataset assuming
opposite signs of the dipolar couplings H2B-H4B and H1A-
H4B produced very large fitting errors. These cases were
therefore rejected in further considerations. In the subsequent
analysis, we found that the fitting errors were much smaller
when the two couplings were assumed to be negative. This result
is also consistent with the picture where the molecule is oriented
with the axis defined by C4A and C1B atoms parallel to the
magnetic field. In fact, this vector deviates by only∼15° from
the principal component of the moment of inertia tensor. Such
a molecular orientation requires negative H2B-H4B and H1A-
H4B couplings. The results for selected structures are shown
in Table 2. Note, that the molecular biaxiality is very small (Szz

. Sxx - Syy,) which gives support to our approximation about
the molecular frame. It should be stressed, however, that even
a small biaxiality of the ordering tensor can be of crucial
importance in the analysis of the dipolar couplings.30 The small
fitting errors indicate an extremely good correlation; in fact,
for the best structure, the deviation did not exceed 2 Hz for
any coupling. In addition, we calculated the H2A-H4A D
coupling (not measured, vide supra) using the parameters derived
from the analysis and found it to be-3.2 Hz.

Finally, we note, that the choice of the molecular frame is
important because it reflects the ordering of the entire decasac-
charide in the liquid crystal. Analysis performed on the
cellobiose fragment only; i.e., neglecting R1 and R2 tetrasac-
charide fragments (Figure 1) produced a best fit structure with
the torsion anglesφ ) -30° and ψ ) 20°. This is a
conformational region not anticipated to be highly populated,

TABLE 1: 1H,1H Couplings for the Decasaccharide

atom pair |J + D| (Hz) D (Hz)a

H1A-H2A 12 4
H1B-H2B 11 3
H2B-H4B 11 -11
H1A-H4B 19 -19

a Sign inferred from analysis (see text).

Dij ) -
µ0

4π
γiγjp

2πrij
3[12(3 cos2 θ0 - 1)][Szz

1
2
(3 cos2 θij

z - 1) +

(Sxx - Syy)
1
2
(cos2 θij

x - cos2 θij
y)] (1)

TABLE 2: Analysis of the Dipolar Couplings

structure
number

torsion
φ

angle (°)
ψ

H1A-H4B
(Å)

-Szz

(10-3)
Sxx- Syy

(10-3)
fitting
error

1 30 10 2.17 4.2 0.14 0.070
2 10 30 2.21 3.8 0.38 0.076
3 40 0 2.20 4.4 0.04 0.077
4 20 20 2.19 3.8 0.32 0.088
5 40 -10 2.18 4.8 0.16 0.095

error) N-1∑
i<j

|Dij
exp - Dij

calc|/|Dij
exp| (2)
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in particular with respect to the negative value of theφ torsion
angle.31 Instead, the present solution withφ ≈ 30° and ψ ≈
10° is in fact quite similar to that obtained from the Monte Carlo
simulation per se and consistent with theexo-anomeric effect29

governing the conformation atφ, which should be positive for
the â-D-Glcp residues present in the decasaccharide.

We have shown that the utilization of different NMR
techniques, in particular,1H,1H dipolar couplings, in combina-
tion with molecular modeling is a powerful tool in determining
structural aspects of biomolecules such as oligosaccharides.

Materials and Methods

The synthesis of the decasaccharide has been described
previously.16 Cetylpyridinium chloride (CPCl) and sodium
chloride (NaCl) were purchased form Merck (Darmstadt,
Germany), andn-hexanol was obtained from BDH Chemicals
(Poole, England), all with a purity>98%. The chemicals were
used without further purification.

The CPCl/n-hexanol/brine (200 mM NaCl in D2O) sample
was prepared by weight to give concentrations of 3.5% (w/v)
with respect to the total content of CPCl/n-hexanol, where the
two components were added in equal amount. To the brine/
surfactant solution,n-hexanol was added, and the sample was
vortexed. This was followed by equilibration first at 70°C and
then at 30°C for at least 1 h each.

The homogeneity of the dilute liquid crystals was checked
in the NMR spectrometer by the2H quadrupolar splitting in
D2O. Sharp lines of equal height are obtained when the sample
is homogeneous. At this point, the decasaccharide was dissolved
in the liquid crystalline solvent to give a sugar concentration
of 0.8 mM. Spectra of the CPCl/n-hexanol/brine preparation
(ordered phase) and a 200 mM brine solution (isotropic phase)
were acquired at 30°C. The resulting2H quadrupolar splitting
was 9.6 Hz.

NMR experiments were performed on a Varian Inova 600
MHz spectrometer using a 5 mm PFGtriple resonance probe.
Proton-proton cross-relaxation rates in the decasaccharide were
measured in the brine solution using the one-dimensional
DPFGSE NOESY experiment. Selective excitation at the
resonance frequency of H4B was enabled using an i-Snob-2
shaped pulse17 of 68 ms duration. Spectra were recorded using
a spectral width of 2100 Hz and 8192 complex points, sampling
320 transients at each mixing time. Ten different cross-relaxation
delays (mixing times) between 30 and 500 ms were used. Prior
to Fourier transformation, the FIDs were zero-filled four times
and multiplied with a 1 Hzexponential line-broadening factor.
Spectra were baseline corrected using a first-order correction
and integrated using the same integration limits at all mixing
times. 1H,1H cross-relaxation build-up curves were obtained
from the normalized integrals at different mixing times, and
the rates were calculated by fitting to a second-order polynomial.

The carbon-proton splittings were measured employing the
1H,13C-gHSQC technique. The experiment was performed with
spectral widths of 1.7 kHz for1H and 10.6 kHz for13C using
a modified pulse sequence where the peak separation was
measured in the indirect dimension. In both phases, 128
transients of 1024 complex points were accumulated for 512
increments. The spectra were zero-filled four times int1 and
once int2 prior to the spectral analysis.

Phase-sensitive1H,1H DQF-COSY spectra were measured
with 128× 2048 complex points int1 andt2, respectively, using
a spectral width of 3.9 kHz. Prior to Fourier transformation (FT),
zero-filling to 1024× 4096 complex points was performed.J,
D, andJ + D couplings were extracted from F2 slices (inverse

FT, zero-filling eight times, FT) as antiphase splittings using
the J-doubling procedure with eight delta functions in the
frequency domain.

A metropolis Monte Carlo (MC) simulation was carried out
using the GEGOP program (version 2.7) with a force field based
on the hard sphereexo-anomeric approach, which makes use
of rigid carbohydrate residues. The simple potential includes
only theφ-torsion and van der Waals interactions. A total of 2
× 106 MC steps were performed with an acceptance ratio of
24%. The glycosidic torsion angles were not allowed to move
more than 8° in an MC step.
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