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ABSTRACT: Long-range heteronuclear coupling constants, 3J(C,H), were measured across glycosidic linkages in
b-linked disaccharides and also for vicinally disubstituted trisaccharides. One-dimensional multiple-site 13C excita-
tion experiments using Hadamard spectroscopy and band-selective 1H decoupling during the acquisition period
were used in conjunction with pulsed Ðeld gradients for coherence selection in the 1H detected experiment. For one
dihedral angle the 3J(C,H) value could only be unambiguously determined utilizing the band-selective 1H decoup-
ling. The 2D EXSIDE was also used for the measurement of 3J(C,H) values and the results showed excellent
agreement with those of the 1D measurements. The inÑuence of solvent, water and waterÈdimethyl sulfoxide (7 : 3),
on conformation was investigated, but showed only small changes in 3J(C,H) values. In general, the long-range
heteronuclear coupling constants related to the / dihedral angles (3.6È4.3 Hz) were smaller than those of the t
dihedral angles (4.3È5.3 Hz). A comparison with 3J(C,H) values from Monte Carlo or Langevin dynamics simula-
tions showed better agreement for the t dihedral angles than for the / dihedral angles as calculated using a
Karplus relationship. 1998 John Wiley & Sons Ltd.(
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INTRODUCTION

A large number of structural combinations are possible
when monosaccharide residues are linked into oligo- or
polysaccharides. As a result, carbohydrates are used as
signal substances in biological systems. Along with the
geometries of the constituent monosaccharide residues,
the linkages between the sugar residues are of great
importance in determining the three-dimensional struc-
ture of saccharides and the biologically active confor-
mation. In the conformational analysis of
oligosaccharides in solution, NMR spectroscopy is
valuable for obtaining information about the three-
dimensional structure. The studies are usually based on
measurements of nuclear Overhauser e†ects (NOE) and
long-range heteronuclear coupling constants. This is the
case for both the intra-residue conformation, i.e. of each
monosaccharide, and in particular for the inter-residue
conformation(s) between the constituent monosaccha-
rides. The measurable NOEs across a glycosidic linkage
are usually limited to just a few, the most pronounced
commonly being that between the anomeric proton on
one residue and the proton on the substitution carbon
of the next sugar residue. By the use of sugar hydroxyl
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protons in aprotic solvents, such as dimethyl sulfoxide
(DMSO), more trans-glycosidic NOEs can be
observed.1 Additional data are usually needed for an
extensive conformational analysis of an oligosaccharide.
Long-range heteronuclear coupling constants across the
glycosidic linkage can supply complimentary informa-
tion when interpreted by a Karplus-type relationship,2
i.e. J \ A cos2 h ] B cos h ] C, where h deÐnes the tor-
sional angle and A, B and C are constants. Although a
3J(C,H) value cannot be interpreted from a Karplus
curve as a single averaged dihedral angle without addi-
tional information on the conformational space acces-
sible to the molecule, it still o†ers valuable information
in conjunction with other techniques such as molecular
modeling. Two recent parameterizations of Karplus
type relationships for the glycosidic linkage of
saccharides3,4 showed only minor di†erences and either
of them can then be used to relate measured 3J(C,H)
values to averaged torsional angles.

Early measurements of long-range heteronuclear
coupling constants include those within the sugar ring
and those of methyl glycosides.5 Later, the measure-
ments were extended to oligosaccharides for which the
coupling constants related to the glycosidic torsional
angles / and t were obtained.6 Measurements were
also performed on speciÐcally 13C 7 or 2H-labelled8
substances. Subsequent development in NMR tech-
niques for the measurement of long-range heteronuclear
coupling constants include 2D proton-Ñip9 and 2D
DEPT experiments.10 More recently, methods have
applied 2D proton-detected experiments.11h13 One-
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dimensional experiments14h18 for selective 13C excita-
tions have been performed by using shaped pulses.19
The selective excitation may also be performed simulta-
neously for multiple sites by the application of Hada-
mard spectroscopy,20,21 where the relative sign of each
selective pulse is set according to a Hadamard matrix.
Time-shared homonuclear decoupling in band-selective
or single-frequency mode during the acquisition
period22 leads to a 50% increase in the signal-to-noise
ratio and a more straightforward interpretation of
spectra. The use of gradient selection in pulse sequences
for the measurement of long-range heteronuclear coup-
ling constants is currently being pursued by several
groups23h26 since artefact-free spectra result from the
application of pulsed Ðeld gradients (PFGs). Some of
these techniques mentioned above are applicable only
to protonated carbons. In the present investigation, we
chose methods which are applicable to all types of
carbons, including non-protonated carbons.

The numerical value of the long-range heteronuclear
coupling constant can be extracted by di†erent methods
depending on the complexity of the spectra from the
investigated compound and the experimental techniques
used. The coupling constant can readily be obtained by
direct measurement of the in-phase26 or anti-phase14
peak-to-peak separation due to splitting of the NMR
signal if spectral overlap is not severe, multiplicity is
low and the linewidths are small in comparison with the
measured splitting. When multiplicity is complex or the
linewidth exceeds the coupling constant, one will have
to rely on techniques such as the evaluation of an
integral27 as in the J-doubling procedure14,28 or the
scaling factor approach.12,26,29

Long-range carbonÈproton coupling constants have
frequently been used in structural studies and confor-
mational analysis30,31 and their application to sacchar-
ides has recently been reviewed by Tvaroska and
Taravel.32 In the present work we investigated long-
range carbonÈproton coupling constants across the gly-
cosidic linkage of vicinally disubstituted trisaccharides,
disaccharide analogues thereof and a site-speciÐcally
deuterated disaccharide. One of the trisaccharides has
recently been found as the repeating unit of the exo-
polysaccharide from a strain of Pedicoccus damnosus.33
The measurements were performed in aqueous solutions
and also in a cryo-solvent consisting of waterÈDMSO
(7 : 3)34 since, in previous work, we used the cryo-
solvent for multiple Ðeld 13C relaxation studies.35h40
The measured 3J(C,H) values were interpreted using a
Karplus-type relationship and subsequently compared
with those calculated for the oligosaccharides using
Langevin dynamics41,42 and Monte Carlo simula-
tions.43

EXPERIMENTAL

General

The oligosaccharides studied were methyl b-D-Glcp-
(1 ] 2)-[b-D-Glcp-(1 ] 3)]-a-D-Glcp (1), methyl b-D-

Glcp-(1 ] 2)-[b-D-Glcp-(1 ] 3)]-a-D-Manp (2), methyl
b-D-Glcp-(1 ] 2)-a-D-Glcp (3), methyl b-D-Glcp-(1 ] 3)-
a-D-Glcp (4), methyl b-D-Glcp-(1 ] 2)-a-D-Manp (5),
methyl b-D-Glcp-(1 ] 3)-a-D-Manp (6) and methyl-2H3b-D-Glcp-3,5,6,6@- (7).2H4-(1 ] 4)-b-D-Glcp-3,5,6,6@-2H4
Five of these were used for NMR measurements ; their
syntheses have been reported previously, i.e. 1, 2, 6,44
545 and 7.46

NMR spectroscopy

The oligosaccharides were dissolved in or inD2O
(molar ratio 7 : 3), to concentrations ofD2OÈDMSO-d6

50È120 mM. NMR spectra were recorded at 30 ¡C on a
Varian Unity 500, a Varian Unity Plus 600 or a Varian
Inova 600 NMR spectrometer equipped with a 5 mm
triple resonance PFG probe. Measurements of long-
range 13CÈ1H coupling constants were performed using
the multiple 13C site-selective excitation experiment
according to the procedure of Blechta et al.,14 with
extensions which included time-shared band-selective
proton decoupling with a duty cycle of 0.2 during the
acquisition and PFGs for coherence selection and sup-
pression of artefacts as devised by Nishida et al.22,23
Typically, the time of the delay between excitation and
coherence transfer, to allow for evolution of the long-
range coupling, was set to 30 ms. Hadamard shapes,20
for two and four sites, were generated by using the
program PandoraÏs Pulse Box.47 Half-Gaussian shaped
pulses48 of 25 or 50 ms duration were used for selective
13C excitation and band-selective homonuclear decoup-
ling was achieved with i-BURP-219 or i-SNOB-349
shaped pulses. The two gradients were applied prior to
and after the last pair of 90¡ pulses. The amplitudes of
the gradients were typically set to 21 G cm~1, with
durations of 2 and 0.5 ms, respectively. Spectral widths
of 2000È5000 Hz were sampled with 16 384È32 768 data
points using 500È8000 transients for each Hadamard
excitation. FIDs were processed using VNMR software
(Varian Associates). Zero-Ðlling eight times and multi-
plication of the FID with an exponential weighting
function with a line broadening factor of 0.3È0.6 Hz was
applied prior to Fourier transformation. The J-
doubling procedure50 used eight or 16 delta functions in
the frequency domain. The error of the determined
value of the coupling constants was estimated to be not
greater than 0.2 Hz based on a digital resolution of
0.12È0.20 Hz in the spectra.

The 2D EXSIDE26 spectrum was recorded using a
Gaussian cascade Q3 pulse51 of 14 ms duration for
selective inversion of the two b-glucosidic anomeric
protons in 2 and spectral widths of 3000 and 1000 Hz
for 1H and 13C, respectively. A J-scaling factor of 10
was used and 16 scans of 2048 complex data points
were collected for increments. Prior to Fourier512t1
transformation the spectrum was zero-Ðlled to
2048 ] 4096 data points and multiplied by a Gaussian
function in both dimensions.

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 839È847 (1998)
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Computational procedures

Simulations were performed on 1È6 using three di†erent
force Ðelds, namely HSEA,52 CHEAT9553 and
PARM22 (MSI, San Diego, CA, USA). The Ðrst
employed Metropolis Monte Carlo (MMC)
simulations43 and the other two CHARMm54-based
types used Langevin dynamics (LD) simulations,41,42
which is a molecular dynamics based method in which
the solvent is modeled by random and frictional forces.
The dihedral angles / and t were deÐned as : /\ H-
1@ÈC-1@ÈO-1@ÈC-X and t\ C-1@ÈO-1@ÈC-XÈH-X,
where X is the linkage position, which is also indicated
by a subscript. All simulations were performed at 300
K. Heteronuclear coupling constants were calculated
using the Karplus relationship as devised by Tvaroska
et al.4 (A\ 5.7, B\ [0.6, C\ 0.5) for each saved con-
formation and subsequently averaged.

As reported earlier,44 MMC simulations were per-
formed using the GEGOP program,55 version 2.6, and
the HSEA force Ðeld. The maximum step length for the
dihedral angles / and t was set to 20¡. A total of 106
macro steps were performed for each of the molecules
with an acceptance ratio between 30 and 60%.

LD simulations were performed using the CHARMm
program (MSI), version 4.0, and the CHEAT95 or
PARM22 force Ðelds. LD includes a collision frequency
c\ f/m, where f is the friction constant and m is the
atomic mass. A value of c\ 50 ps~1 was applied to
carbons and oxygens, as described previously.42

A 5 ns simulation was performed for each of the mol-
ecules. For PARM22 a dielectric constant (e) of unity
was used, which for a similar CHARMm-based force
Ðeld gave a better agreement with 1H,1H NOE experi-
mental data than did a high value (e \ 80).42 A
distance-dependent dielectric was used for CHEAT95 as
described.53 A time step of 1.0 fs was employed and
data sampling took place every 0.1 ps for analysis.

The major di†erence between the CHEAT95 and
PARM22 force Ðelds is that the former uses extended
atoms for the representation of hydroxyl groups which

simulates the averaged e†ect of intra- and inter-
molecular hydrogen bonding.

RESULTS AND DISCUSSION

Long-range heteronuclear coupling constants, 3J(C,H),
across glycosidic linkages were measured for trisaccha-
rides 1 and 2 and disaccharides 5È7. The experimental
data were compared with those obtained from Monte
Carlo and molecular dynamics simulations, in order to
investigate the three-dimensional structure and the con-
formational Ñexibility of the oligosaccharides. The inÑu-
ence of a solvent change on the measured parameter
was also addressed.

For the measurement of 3J(C,H) values we used 1D
13C multi-site excitation experiments,14,22,23 employing
a Hadamard scheme. PFGs were used to facilitate mea-
surement of resonances at or close to solvent signals as
well as to suppress artefacts. Time-shared band-selective
decoupling of proton(s) adjacent to the proton used for
detection was employed during the acquisition period in
order to reduce the multiplicity and thereby simplify the
extraction of the heteronuclear coupling constant.
Long-range protonÈcarbon coupling constants were
extracted using the J-doubling method.14,28 The 2D
EXSIDE (see below) was applied to trisaccharide 2 and
values of the long-range heteronuclear coupling con-
stants were measured directly in the spectrum. The
values of all measured coupling constants are given in
Table 1.

In Fig. 1 the atoms of interest for the measurement of
3J(C,H) values across the glycosidic linkages are shown.
These include anomeric and glycosylation carbons for
selective excitations and anomeric protons and protons
at glycosyloxylated carbons, i.e. linkage carbons. Fur-
thermore, protons that were irradiated in order to
obtain decoupling of observed signals are also depicted.
Trisaccharides 1 and 2 contain four sites for excitation
and disaccharides 5 and 6, which are the constituent

Table 1. Experimental heteronuclear long-range coupling constants (Hz) of oligosac-
charides 1, 2 and 5–7 in diþerent solvents

D2O D2O :DMSO

Substance Linkage 3J(H-1,C-X)a 3J(C-1,H-X) 3J(H-1,C-X) 3J(C-1,H-X)

1 2 3.8 ; 3.8b 4.5 ; 4.5c 3.7 4.9
3 3.9 4.9 4.0 4.9

2 2 4.1 ; 4.1b ; 4.1d 5.1e 4.3b 5.0e
3 3.7 ; 3.6b ; 3.7d 4.3 3.6b 4.3

5 2 4.1 ; 4.1b 5.3e È È
6 3 4.1b 4.5 È È
7 4 4.1 5.3 4.2 5.2

a X\ linkage position.
b Band-selective decoupling of H-2 in glucosyl groups.
c Band-selective decoupling of H-1 in the a-glucosyl residue.
d Coupling constant obtained using EXSIDE.
e Band-selective decoupling of H-1 in the a-mannosyl residue.

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 839È847 (1998)
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Figure 1. Three of the oligosaccharides studied. Carbons
selectively excited are indicated in the molecules, as are
protons that were used to detect the long-range coup-
ling constant across the glycosidic linkage or that were
band-selectively decoupled during the acquisition
period. Trisaccharides 1 and 2 consist of two terminal b-
glucosyl residues substituted at positions 2 (residue g2)
and 3 (residue g3) of a methyl glucoside (g in structure 1)
or a methyl mannoside (m in structure 2).

disaccharides of trisaccharide 2, and also disaccharide 7,
contain two excitation sites.

The multiple-site selective excitations, two and four
sites in this study, were performed using half-Gaussian-
shaped pulses with di†erent phase (0¡ or 180¡) at the
di†erent excitation frequencies. In this way each experi-
ment results in two or four traces. Appropriate com-
binations of additions and subtractions of the di†erent
traces according to the Hadamard matrix (] ] and
] [ for two sites) produce spectra from which coup-
lings from a single site can be identiÐed and measured.
This Hadamard encoding and decoding results in an
increase of signal to noise of n1@2, where n is the number
of sites, compared with single-site excitation in a given
experimental time.14

In the C-2 and C-3 signals of the g residue inD2O
trisaccharide 1 were separated by only 18 Hz in the 150
MHz 13C spectrum and a shaped pulse with a duration
of 25 ms was used to excite both carbons at the same
time. The chemical shifts of the anomeric proton reso-
nances used for detection di†ered sufficiently to obtain
non-overlapping multiplets with long-range anti-phase
splittings.

The 1D pulse sequence used is of the inverse
type,14,22,23 in which the delay time between the selec-
tive 13C excitations and the coherence transfer to the
protons for detection is set for the measurement of 3J(C,
H) couplings. The delay time is usually set for optimum
transfer of a larger coupling constant (in this case ca. 17
Hz) than the actual value of the long-range coupling
constant (in this case ca. 4È5 Hz). The detected signals
show opposite phase for the homonuclear and the het-
eronuclear couplings, i.e. the 1H,1H couplings are
observed in phase and the 1H,13C couplings are thus in
anti-phase (Fig. 2). In general, when the heteronuclear
coupling constant to be measured is [1.5 times the
observed linewidth, the extraction of the nJ(C,H) values
can be performed in a straightforward manner,56 pro-
vided that the homonuclear coupling constant is not of
the same size as the heteronuclear coupling constant,
which will lead to cancellations in the spectrum. The
proton multiplicity, which is present in most cases, will
make the extraction of the nJ(C,H) values more compli-
cated. Five di†erent multiplicities were present at the
detected protons of trisaccharides 1 and 2. The anom-
eric proton of the b-glucosyl residues was split to a
doublet by a ca. 8 Hz homonuclear coupling to H-2

Figure 2. (A) Part of the 1H NMR spectrum of 1, showing
the signal from H-3 in the g residue. This signal is split
due to J(H-3,H-2) and J(H-3,H-4). (B) The 1H NMR spec-
trum resulting from the long-range experiment with
selective excitation of C-1 in the g3 residue. The H-3
signal is further split into anti-phase by the long-range
heteronuclear coupling between C-1 in g3 and H-3 in g,
related to the t dihedral angle.

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 839È847 (1998)
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Figure 3. (A) Part of the 1H NMR spectrum of 2, expand-
ed to show the anomeric proton [J(H-1,H-2) \ 8 Hz] of
the g2 residue. (B) The 1H NMR spectrum showing H-1 in
g2 obtained after the long-range experiment with selec-
tive excitation of C-2 in the m residue. The in-phase split
signal is further split by a 4.1 Hz anti-phase contribution
due to the long-range coupling, related to the / dihe-
dral angle. (C) The J-doubling procedure has been per-
formed, and the in-phase doublet is separated by eight
times J*, the trial coupling constant. When J* \ J (4.07
Hz), the integral has reached its minimum value and the
characteristics of the in-phase proton doublet are
retained.

[Fig. 3(A) and (B)]. In the methyl glycosides, H-2 and
H-3 were split to doublets of doublets with 3J(H,H)
values of 2È9 Hz (Fig. 2).

For all extracted J-values, the J-doubling procedure
was used, in which an integral global minimum is
sought which also retains the correct proton multiplic-
ity [Fig. 3(C)]. The extracted values were in good agree-
ment with those measured directly from the anti-phase
separation in well resolved proton-detected signals.
Band-selective decoupling during the acquisition period
was also applied to some protons, which led to a
reduced multiplicity of the signal and a 50% increase in
the signal-to-noise ratio. The agreement between the
measurement with and without band-selective decoup-
ling during acquisition is excellent and within the
experimental error (^0.2 Hz). In one case, i.e. between
C-1 of g2 and H-2 of m in 2 in water and in the cryo-
solvent, and also in 5, the value of 3J(C,H) could only
be obtained after decoupling of the anomeric proton of
the mannosyl residue (Fig. 4). For this linkage both
J(H-1,H-2) and J(H-2,H-3) were small (1.8 Hz and 3.1

Figure 4. Output from J-doubling (J* vs. normalized
integral) of the signal resulting from the long-range
experiment with excitation of C-1 in the g2 residue and
detection of H-2 in the m residue of 2 in It wasD

2
O.

impossible to extract the value of the long-range coup-
ling constant for this dihedral angle from the observed
multiplet (dashed line), but with time-shared decoupling
of H-1 of residue m during acquisition (solid line) the
value of the coupling constant was readily determined.

Hz, respectively). The former is about one third the size
of 3J(C,H), and the latter is approximately two thirds of
the long-range coupling constant. This combination
resulted in several, from each other indistinguishable,
local integral minima and an apparent global minimum
of 7 Hz. When H-1 of the m residue was selectively
decoupled during the acquisition, one local and one
global minima were found by the J-doubling procedure.
The global minimum was found to show the correct
proton multiplicity.

The method used above involves measurements of the
long-range coupling constants in the presence of homo-
nuclear couplings. EXSIDE26 (excitation-sculptured
indirect-detection experiment), which is a band-selective
version of the gradient-enhanced HSQC experiment,
produces a pure-absorptive spectrum in both the F1
and dimension. The cross peak appears as a doubletF2
in the dimension, with a peak-to-peak separation ofF1
the long-range CH coupling constant scaled up by the
pre-deÐned J scaling factor. In the dimension theF2
signals are only split due to passive homonuclear
proton couplings, since the 13C nuclei are decoupled
during the acquisition period. The possibility to
measure the long-range couplings without the inter-
ference of passive couplings is due to the fact that only
proton resonances that do not have any homonuclear
coupling between them are band-selectively excited.

EXSIDE was applied to 2. The anomeric protons of
the glucosyl residues were band-selectively excited to
measure the heteronuclear coupling constants for the /
dihedral angles. An expansion from the EXSIDE spec-
trum is shown in Fig. 5. The frequency separation using
a J-scaling factor N \ 10 gives 3J(C,H) values, listed in
Table 1, which showed excellent agreement with the
values obtained from the 1D experiment.

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 839È847 (1998)
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Figure 5. Trace from the 2D EXSIDE spectrum of 2, using
a scaling factor of 10. The trace was taken at the F

2
chemical shift of H-1 in the g2 residue and then expand-
ed in the dimension to show the signal of C-2 in the mF

1
residue. The signal is split into a doublet of 41 Hz, i.e. 10
times J related to the / value.

In spite of the experimental time penalty for a 2D
method, direct measurement of the long-range coupling
constant in the absence of homonuclear couplings could
be performed in cases where the 1D method used above
produce ambiguous results. The prerequisite that
excited protons cannot have a common homonuclear
coupling limits the applicability and no long-range het-
eronuclear coupling constants for the t dihedral angles
were measured using this method. However, the
EXSIDE and the 1D multiple site selective excitation
experiments complement each other, especially for car-
bohydrates, where the signals from the anomeric atoms
usually are resolved whereas the signals from ring
atoms often overlap. Thus, the 1D sequence is prefer-
ably used to measure the long-range coupling constant
for the t dihedral angle (selectively exciting the often
well resolved anomeric carbon signal) and, in cases
where there is overlap at the chemical shift of the gly-
cosylation carbons, EXSIDE is used for measurement of
the long-range coupling constant for the / dihedral
angle (band-selectively exciting the often well resolved
anomeric proton signals).

In studies of carbohydrate dynamics, we used 13C
NMR relaxation data to probe the overall and internal
correlation times and the degree of internal
motions.35h40 In these studies a cryo-solvent of waterÈ
DMSO (molar ratio 7 : 3) was used.34 For trisaccharides
1 and 2 and disaccharide 7, the J-values were measured
across the glycosidic linkages in solutions of this cryo-
solvent and also in solutions of The measured J-D2O.
values in the solvent mixture are almost invariant from
those obtained in water solution. They are within the
experimental error of the technique, although the value
for the t torsional angle of the (1 ] 2)-linkage in 1 is at
the limit of the experimental error. Provided that the
conformational Ñexibility is similar in the two solvents,
this can be interpreted as if only small changes of con-
formations have taken place by change of solvent. Thus,
the overall conformation and three-dimensional shape
of the oligosaccharides should not have been perturbed
to any great extent by the change to the cryo-solvent,
which still contains 70% of water. In addition, trans-
glycosidic 3J(C,H) values for a-L-Rhap-(1 ] 2)-a-L-
Rhap-OMe do not show large di†erences between water
and DMSO as solvent.57 The interpretation is also in

agreement with relative 1H,1H NOEs, which do not
show large changes in oligosaccharides dissolved in
water as compared with DMSO or pyridine58 or to the
cryo-solvent.59 Therefore, to a good approximation the
cryo-solvent is an alternative to water when low-
temperature experiments need to be performed.

In all compounds the trans-glycosidic 3J(C,H) are
smaller for the / dihedral angles, 3.6È4.3 Hz, than for
the t dihedral angles, 4.3È5.3 Hz. The range of values
are also smaller for the former. In 1 the 3J(C,H) values
related to the / dihedral angle are similar for the 2- and
3-linkages, whereas in 2 a di†erence of ca. 0.5 Hz is
observed for these linkages. Similar changes take place
for the 3J(C,H) values related to the t dihedral angles,
i.e. in 1 the di†erences are smaller whereas in 2 they are
larger. In previous studies of 1 and 2 employing MMC
simulations44 and 13C NMR relaxation measure-
ments,40 the two glycosidic linkages in 1 showed similar
conformational and motional properties whereas in 2
they di†ered. A comparison between trisaccharide 2 and
its constituent disaccharide 5 revealed that the (1] 2)-
linkage shows similar 3J(C,H) values. For the (1] 3)-
linkage, trisaccharide 2 and disaccharide 6 show a dif-
ference of ca. 0.5 Hz in the observed 3J(C,H) values
associated with the / dihedral angle, whereas the value
related to the t dihedral angle is similar in the two
compounds.

For a given J-value the averaged oligosaccharide
conformation can be interpreted via the Karplus
relationship, in most cases as four possible values of the
dihedral angle since the Karplus equation is cos2 h
modulated. These four possible conformations, along
with the fact that only the time-averaged conformation
may be extracted from the J-values, make the interpre-
tation of long-range carbonÈproton coupling constants
in terms of detailed information about the conformation
at the glycosidic linkages difficult. To correlate the mea-
sured J-values to time-averaged 3D structures we per-
formed Monte Carlo (MC) and molecular dynamics
simulations. The averaged J-values from the di†erent
computer simulations, calculated from each saved con-
formation, were compared with the measured J-values.

The molecular modeling employed the HSEA force
Ðeld for the MC simulations. Two force Ðelds, PARM22
and CHEAT95, were used in the Langevin dynamics
(LD) simulations. In the present case good averaging of
the parameter of interest, 3J(C,H), is estimated to have
taken place in the region around the global energy
minimum for the MC simulations and a sufficient
number of transitions in the LD simulations in order to
make a comparison valid for the experimental values. It
is conspicuous that the 3J(C,H) values related to the /
dihedral angle are substantially and systematically
underestimated, irrespective of the force Ðeld used
(Table 2, Fig. 6). For the t dihedral angles the Ðt is
much better and in some cases excellent. The simula-
tions showed signiÐcant di†erences in the calculated
3J(C,H) values between trisaccharide 2 and its constitu-
ent disaccharides 5 and 6 for and using the/2 /3
PARM22 force Ðeld and for with the CHEAT95t2

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 839È847 (1998)
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Figure 6. Comparison between coupling constants mea-
sured in the experiment and coupling constants calcu-
lated from the simulations with diþerent force üelds,
namely HSEA PARM22 and CHEAT95 In (A)(…), (=) (>).
the values for the coupling constants related to / do not
show very good agreement between experiment and
simulation, whereas in (B) the agreement between
experiment and simulation related to t is much better.

force Ðeld. These large changes are not observed in the
experimental values of 3J(C,H) for trisaccharide 2 and
disaccharides 5 and 6. A number of large di†erences in
the calculated 3J(C,H) values occur between the three
force Ðelds. This is particularly notable for the

CHARMm-based force Ðelds, e.g. in 2 and t in 5t3
show large di†erences between CHEAT95 and
PARM22. From the simulations it was observed that
the / dihedral angles populate the region of the Ðrst
quadrant (0È90¡), as major or exclusive conformations.
The PARM22 force Ðeld showed an “antiÏ-conformer
(/B 180)60,61 to be present occasionally at the
b-(1 ] 2)-linkages. For t both positive (Ðrst quadrant)
and negative angles (fourth quadrant) were observed.
The interpretation of 3J(C,H) values across the glyco-
sidic linkage has been based on the same Karplus-type
relationship for both / and t even though the substit-
uents at the carbon atoms are di†erent with respect to
the / and t dihedral angles. This may be a reason for
the discrepancy in /, which using three di†erent force
Ðelds is systematically underestimated, although the
conformational behavior of a given molecule is similar
between force Ðelds. A modiÐcation of the present
Karplus relationships into one for / and one for t is
therefore warranted and highly desirable.

Although di†erences in the comparison of 3J(C,H)
values between experiment and simulation can be iden-
tiÐed in this study, further investigattions are needed to
di†erentiate properly the carbohydrate force Ðelds.
Other experimental data should also be used, such as
1H,1H NOEs at di†erent magnetic Ðeld strengths and in
di†erent solvents. In addition, similar studies of oligo-
saccharide conformation with comparison to trans-
glycosidic 3J(C,H) values are being extended to other
systems. Previously, the 3J(C,H) values measured for
methyl a-D-Manp-(1 ] 2)-b-D-Glcp could be reproduced
in an excellent way,62 i.e. to within the experimental
error of the technique, using two force Ðelds (HSEA and
PARM22) with marked di†erences in conformational
Ñexibility.

The trans-glycosidic heteronuclear coupling constants
in methyl b-cellobioside have also been measured. A
site-speciÐcally deuterated analogue, b-D-methyl-2H3
Glcp-3,5,6,6@- (7), was2H4-(1] 4)-b-D-Glcp-3,5,6,6@-2H4
used. This facilitated accurate measurements, in particu-
lar for 3J(C,H) related to t, since H-3, H-4 and H-5 of
the undeuterated compound have similar chemical

Table 2. Calculated heteronuclear long-range coupling constants (Hz) of oligosaccharides 1–6 from MMC and LD
simulations

Force Ðeld

HSEA PARM22 CHEAT95

Substance Linkage 3J(H-1,C-X)a 3J(C-1,H-X) 3J(H-1,C-X) 3J(C-1,H-X) 3J(H-1,C-X) 3J(C-1,H-X)

1 2 2.3 4.9 2.6 3.4 1.6 4.2
3 2.2 5.2 1.8 4.9 1.7 4.3

2 2 2.5 4.4 3.1 4.3 1.9 3.7
3 2.1 3.9 2.3 4.1 1.0 2.4

3 2 2.6 4.8 2.5 2.8 1.9 3.9
4 3 2.4 5.3 2.1 4.3 1.5 4.6
5 2 2.4 5.1 1.7 4.3 1.1 2.1
6 3 2.4 4.6 3.7 3.8 1.3 2.3

a X\ linkage position.
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shifts 3.60È3.63)63 and the protonÈproton coupling(dH
constants from H-4 are large (ca. 10 Hz). In the deuter-
ated analogue, where C-3 and C-5 carry 2H, the coup-
ling constants from H-4 to the deuterons should be
small. In practice, the H-4 proton of 7 in onlyD2O
show a single resonance with Hz, twice thel1@2B 2
natural linewidth in the 1H NMR spectrum at 600
MHz.

Gradient selection facilitated a clean measurement on
the anomeric proton, since residual HDO was present
close to the resonance of the anomeric proton. In the
same manner as for the above b-linked glucosyl residues
of 1 and 2, the signal from the anomeric proton of the
glucose group showed an in-phase splitting of ca. 8 Hz
deriving from J coupling to its H-2. From the anti-
phase splitting in the multiplet a long-range coupling
constant of 4.1 and 4.2 Hz in water and waterÈDMSO,
respectively, could be derived using the J-doubling pro-
cedure. The magnitude of this 3J(C,H) can subsequently
be related to the / dihedral angle. The 3J(C,H) value
related to the t dihedral angle could be obtained from
the anti-phase splitting of the H-4 resonance, showing
values of 5.3 and 5.2 Hz in water and in the cryo-
solvent, respectively.

The 3J(C,H) value related to / shows in the present
study excellent agreement with previous studies.6,8
However, for the 3J(C,H) value related to t and mea-
sured from the site-speciÐcally deuterated analogue, in
which the elimination of 1H,1H couplings leads to a
straightforward identiÐcation of the anti-phase splitting,
a larger 3J(C,H) value could be extracted, the di†erence
being up to ca. 1 Hz compared with earlier studies.6,8
The range of the Karplus curve for these CÈOÈCÈH
dihedral angles is ca. 1È7 Hz, and the above di†erence
in 3J(C,H) may have consequences for the interpreta-
tion of the 3J(C,H) values in the conformational studies
of carbohydrates, as will be discussed below.

Cellobiose was recently studied by energy mini-
mization and molecular dynamics simulations.64 Con-
formational averages over di†erent //t regions and a
number of dynamics-averaged models were evaluated
by comparison with optical rotation and heteronuclear
trans-glycosidic coupling constants. The dynamics-
averaged models also investigated the e†ects of di†er-
ences in the treatment of oxygen lone pairs, dielectric
constants and force Ðelds. For the cellobiose simulation
study the comparison of 3J(C,H) values was made based
on NMR data from Hamer et al.8 A single conforma-
tion did not Ðt the data, but a fairly equal conforma-
tional distribution between the two low-energy minima
did. Additional higher energy minima were judged to
contribute to only a minor extent. The simulation of
cellobiose in water showed only a slight inÑuence of the
solvent on the conformation and Ñexibility in di†erent
energy wells.65 However, if interpretation of the simula-
tion data is made for t having a larger 3J(C,H) value,
as in the present measurement, the contribution of other
energy minima such as an “antiÏ-conformer (tB 180¡)
will be increased,66,67 as will subsequently the Ñexibility
of the glycosidic linkage in the disaccharide.

In conclusion, measured values of 3J(C,H) are readily
obtained using gradient selection and multiple site 13C
selective excitation 1D experiments14 with the improve-
ments devised by Nishida et al.,22,23 followed by the
J-doubling procedure14,28 for extraction of spinÈspin
coupling constants. PFGs for coherence selection
resulted in clean and artefact-free spectra.23 The appli-
cation of time-shared homonuclear decoupling during
the acquisition period,22 using selective pulses of di†er-
ent bandwidth, allowed the extraction of the coupling
constant for one linkage and facilitated the measure-
ment in other cases. When the signals for the 13C nuclei
destined for selective excitation are overlapping, the 2D
EXSIDE experiment26 is a good alternative, with the
coupling constants easily measured in the dimension,F1
using a scaling factor, without inÑuence of a homo-
nuclear coupling. The values of the long-range hetero-
nuclear coupling constants related to the / and t
dihedral angles of the oligosaccharides were 3.6È4.3 and
4.3È5.3 Hz, respectively. For the two trisaccharides, and
also for their constituent disaccharides, the values of
3J(C,H) for the / dihedral angles were systematically
underestimated in all the computer simulations whereas
3J(C,H) for the t dihedral angles showed better and in
many cases good agreement with simulated data. This
may be explained by the fact that the same Karplus
equation is used for calculations at both the / and the
t dihedral angles even though substituents at these two
angles di†er, i.e. oxygen vs. carbon. The site-speciÐc
deuteration in methyl b-cellobioside made it possible to
reveal a larger value of 3J(C,H) than reported earlier,
indicating that an “antiÏ-conformer in the t dihedral
angle may be present to a larger degree than previously
estimated, a result that can be interpreted as an
increased Ñexibility at the glycosidic linkage of cello-
biose, emphasizing the need for accurate experimental
data.
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