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Conformation of the Glycosidic Linkage in a Disaccharide Investigated
by Double-Quantum Solid-State NMR
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Double-quantum heteronuclear local field NMR is performed on
a sample of a 13C2-labeled disaccharide, in which the two 13C spins
are located on opposite sides of the glycosidic linkage. The evolu-
tion of the double-quantum coherences is found to be consistent
with the solid-state conformation of the molecule, as previously
determined by X-ray diffraction. The dependence of the double-
quantum evolution on the glycosidic torsional angles is examined
by using a graphical molecular manipulation program interfaced
to a numerical spin simulation module. C© 2001 Academic Press
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1. INTRODUCTION

Carbohydrates are an important class of molecules that
a wide range of functional and structural roles in biological s
tems (1). In order to understand their behavior, one requi
detailed knowledge of their molecular structure. In oligosacc
rides and polysaccharides, the conformation of the glycos
linkage joining neighboring sugar rings is of particular impo
tance. The conformation of the glycosidic linkage defines
relative orientation of neighboring rings and hence the thr
dimensional structure of the molecule.

There are a number of NMR methods for investigating
conformation of the glycosidic linkage. In solution, it is po
sible to estimate distances between pairs of protons on o
site sides of the linkage through their mutual cross-relaxa
(2, 3). However, it is difficult to obtain enough distance co
straints to define the glycosidic conformation accurately. A
ferent method involves the measurement of three-bond ind
coupling constants, such as3JCH and3JCC, followed by appli-
1 Present address: Section de Chimie, Universit´e de Lausanne, CH-101
Lausanne, Switzerland.

2 Present address: Department of Chemistry, University of Washing
Seattle, WA 98195.
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cation of the appropriate Karplus relationship (4–7). Carbo-
hydrate conformation may also be investigated by measu
residual through-space spin–spin couplings in weakly orien
solutions (8–10) or by exploiting cross-correlated relaxation e
fects (11–13). Cross-correlation effects have also been explo
to assist the assignment of carbohydrate solution spectra14).
However, all solution NMR methods are limited to molecu
with rapid rotational motion and are difficult to apply to ma
polymeric systems or large glycoconjugates.

In principle, solid-state NMR, in conjunction with selectiv
isotopic enrichment of the sites of interest, may be used to
timate molecular conformations without restrictions on the
tational mobility. For example, the conformation of the disa
charideα, α′-trehalose has been investigated in the glassy s
by magic-angle-spinning13C NMR. The isotropic13C chemical
shifts could be related to the glycosidic conformational ang
with the help ofab initio quantum calculations (15).

It is also possible to estimate molecular geometries
measuring the relative orientations of spin interaction tens
in the solid state (12, 16–27). A particularly promising tool for
investigating carbohydrate conformations is HCCH-2Q-H
(heteronuclear local field) spectroscopy (12, 16–19). This exper-
iment estimates the angles between pairs of13C–1H vectors by
allowing 13C2 double-quantum coherences to evolve under
local fields generated by neighboring protons. The experim
has been employed successfully in large molecular syst
such as membrane proteins (17, 18). Since carbohydrates are ric
in methine groups, the HCCH-2Q-HLF experiment has w
potential applications in carbohydrate chemistry. As reporte
a recent paper (12), HCCH-2Q-HLF experiments on [1,2-13C2]-
labeled glucose are clearly capable of distinguishing betw
the α andβ anomers. A successful experiment has also b
performed on a [1,3-13C2]-labeled monosaccharide, in whic
the two13C nuclei are separated by a distance of 0.249 nm (12).

This Communication reports the first application of HCC
2Q-HLF spectroscopy to pairs of13C sites spanning the
36
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FIG. 1. The molecular structure of octa-O-acetyl-β,β ′-thio-[1,1′-13C2]-
trehalose. The glycosidic conformation is defined by the torsional anglesφ =
φOCSC′ andφ′ = φCSC′O′ .

glycosidic linkage in a disaccharide. The system chosen is o
O-acetyl-β,β ′-thio-[1,1′-13C2]-trehalose, henceforth referred t
asI (see Fig. 1). The glycosidic conformation is defined by t
two torsional anglesφOCSC′ (henceforth referred to asφ), and
φCSC′O′ (henceforth referred to asφ′). The substanceI was cho-
sen because the synthesis is relatively straightforward and
cause the crystal structure has been determined by X-ray diff
tion (28). The X-ray structure corresponds to the conformat
(φ, φ′) = (−67.2◦,−117.1◦), with the two13C sites separated
by 0.269 nm. The value ofφ′ is fairly unusual since the CS an
C′H bonds are almost eclipsed. The eclipsed solid-state c
formation may be contrasted with the staggered conforma
(φ, φ′) ∼= (−61◦,−61◦), which molecular dynamics simula
tions have predicted to be heavily populated in solution (29).

The purpose of this study is (i) to verify that HCCH-2Q-HL
may indeed be applied to13C2 pairs straddling the glycosidic
linkage, and (ii) to assess how much information on the g
cosidic conformation is obtained by a single HCCH-2Q-HL
experiment. In particular, it is interesting to see whether
HCCH-2Q-HLF experiment is capable of detecting the unus
value ofφ′ in the crystalline state.

2. SAMPLE PREPARATION

2,3,4,6-Tetra-O-acetyl-α-[1-13C]-glucopyranosyl bromide
was prepared fromD-α-[1-13C]-glucose (Omicron Biochemi-
cals, Inc., IN, USA) using the procedure described by Lemie
(30). The 2,3,4,6-tetra-O-acetyl-α-D-[1-13C]-glucopyranosyl
bromide was combined with H2S to yield octa-O-acetyl
β,β-thio-[1,1′-13C2]-trehalose (I ) as described in Ref. (31).
The13C2-labeled disaccharide was crystallized from ethano
ambient temperature. The1H NMR spectrum of a solution of
β,β-thio-[1,1′-13C2]-trehalose in CDCl3 at 30◦C, recorded on
a JEOL 270 MHz spectrometer, showed spin–spin coupli
of 3JH1,H2 = 10.2 Hz, 1JH1,C1 = 160 Hz, and a transglycosidi
3JCH coupling constant of 3.7 Hz.

The nonlabeled disaccharide was prepared from nonlab
materials in the same way. An isotopically diluted sample oI
was prepared by cocrystallizing the13C2-labeled and nonlabeled

substances from ethanol. The diluted sample contained 20%
the13C2-labeled compound. The total mass of the NMR samp
was around 80 mg.
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3. SOLID-STATE NMR

All solid-state NMR experiments were performed at amb
ent temperature in a static magnetic field of 9.4 T using stand
4-mm triple-resonance magic-angle spinning probe and a CM
400 infinity spectrometer (Varian Instruments). A spinning fr
quency of 5523 Hz was used throughout. The cross-polariza
interval was 5.0 ms. The RF fields during cross polarization c
responded to a nutation frequency of 50 kHz. An interval of 9
was allowed for recovery of the1H magnetization between suc
cessive transients. The proton decoupler field during13C signal
acquistion corresponded to a nutation frequency of 68 kHz.

3.1. One-Dimensional Spectra

Figure 2a shows a solid-state13C spectrum of the isotopically
diluted sample ofI . The spectrum shows two strong peaks fro
the labeled13C sites as well as weaker signals from the natu
abundance spins. The small isotropic shift difference of 0.9 p
between the two strong13C peaks is due to the asymmetry o
the molecules in the crystal structure (28).

Figure 2b shows a double-quantum-filtered spectrum of
same compound under identical conditions, obtained using
C7 pulse sequence (32). The duration of the double-quantum ex
citation and reconversion intervals were bothτexc = 3357µs.
The13C and1H RF fields during the double-quantum excitatio

FIG. 2. (a) 13C spectrum of a crystalline sample ofI , diluted to a level of
20% in unlabeled material, obtained at a magnetic field ofB0 = 9.4 T using
cross polarization at a spinning frequency ofωr /2π = 5523 Hz. The weaker
peaks are from natural13C spins. (b) Double-quantum-filtered13C spectrum
of the isotopically diluted sample ofI , using conditions identical to those of
(a), but using a C7 pulse sequence of durationτexc = 3357µs to excite 2Q
coherences and a second C7 pulse sequence of identical duration to recove

of

le
servable magnetization. Phase cycling was used to suppress signals not passing
through double-quantum coherence. The spectrum only shows signals from the
introduced13C2 pairs.
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corresponded to nutation frequencies of 38 and 89 k
respectively.

Figure 2b shows two signals from the labeled sites, w
complete suppression of the signals from isolated13C spins.
The double-quantum filtering efficiency (32) is estimated to be
around 8%. This figure is rather disappointing, even for
rather long13C . . . 13C distance of∼0.269 nm. In the presen
case, it was difficult to optimize the double-quantum excitat
because of the long1H spin–lattice relaxation time constant
at least 20 s. Recent experience with new double-quantum
citation sequences (33) suggests that far larger double-quant
efficiencies should be achievable at this13C–13C distance.

3.2. Double-Quantum Heteronuclear
Local Field Spectroscopy

The HCCH-2Q-HLF experiment has already been descr
elsewhere (12, 16–19). The current experiments employed t
pulse sequence given in Ref. (12). Briefly, the experiment uses
standard ramped cross-polarization sequence (34), followed by a
π/2 pulse, to enhance the longitudinal13C magnetization, which
is converted into13C2 double-quantum coherences using a
pulse sequence (32) of durationτexc. The double-quantum13C2

coherences are allowed to evolve for an intervalt1 under the het-
eronuclear local fields from the neighboring protons. Homo
clear proton–proton couplings are suppressed during the int
t1 by applying a suitable pulse sequence on the proton cha
The 13C2 double-quantum coherences are reconverted into
servable single-quantum coherences by applying a secon
sequence of durationτexc, followed by aπ/2 pulse. The exper
iment is repeated for a small number of evolution intervalst1.

Figure 3 shows a set of experimental results for the isot
cally diluted sample ofI , using double-quantum excitation an

FIG. 3. (solid circles) Experimental integrated peak amplitudes for
HCCH-2Q-HLF experiment on the isotopically diluted sample ofI , normal-
ized so that the point fort1 = 0 has unit amplitude. The measured error marg
of the spectral integrals are less than the size of the solid circles. In pra
instrumental instabilities and systematic errors dominate. (solid line) Be

four-spin simulation for the X-ray geometry (φ, φ′) = (−67.2◦,−117.1◦).
(dashed line) Best-fit four-spin simulation for the putative solution-state
ometry (φ, φ′) = (−61.0◦,−61.0◦).
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reconversion intervals ofτexc = 3357µs. The13C and1H RF
fields during the double-quantum excitation corresponded to
tation frequencies of 38 and 89 kHz, respectively. The MRE
sequence was used (35) for proton–proton decoupling, with a nu
tation frequency of 83 kHz. Each experimental point repres
the integrated double-quantum-filtered spectral amplitude f
particular value of the evolution intervalt1. Thirty-two transients
were collected for each increment oft1. At first, the experimen-
tal amplitudes decrease ast1 is incremented, but then recove
to form a rotational echo whent1 approaches a full rotationa
periodτr = |2π/ωr |.

Analysis of the HCCH-2Q-HLF results requires an estim
of the scaling factorκ for the MREV8 sequence, as describ
in Ref. (12). The scaling factor was calibrated by performi
the HCCH-2Q-HLF on a sample ofβ-[1,2-13C2]-glucose, under
conditions identical to that used for the sample ofI , except for the
double-quantum excitation and reconversion intervals, wh
had a duration ofτexc = 620µs. Simulations using the know
geometrical parameters forβ-[1,2-13C2]-glucose, as describe
in Ref. (12), gave a calibrated multiple-pulse scaling factor
κ = 0.45.

4. SIMULATIONS

We performed simulations of the HCCH-2Q-HLF experime
using the dipole–dipole interactions within the four-spin-1

2 sys-
tem formed by the two13C labels and the two attached pr
tons. The chemical shift anisotropies were not included s
the HCCH-2Q-HLF experiment is highly insensitive to the
interactions (12, 16–19). The homonuclear interaction betwe
the two 13C spins is involved in the excitation of the doubl
quantum coherences, but does not participate in the evolutio
those coherences duringt1.

A graphical package, calledMoleculix , was written using
an interactive graphical interface (36, 37). This package depict
the three-dimensional molecular structure, and allows torsi
angles or bond angles to be changed interactively. Chem
shift tensors or other spin interactions may be attached to
cal molecular fragments. As the molecular structure chan
the magnitudes and orientations of dipole–dipole coupling
teractions, and the orientations of chemical shift tensors,
recalculated dynamically. TheMoleculix package interface
to a selection of NMR simulation routines.

In the present case,Moleculix was used to construct
graphical model of the moleculeI using the X-ray coordinate
(28). The torsional anglesφ andφ′ were then varied, keepin
bond lengths and bond angles fixed. The recalculated dip
dipole couplings were used to perform new HCCH-2Q-H
simulations. The simulated curves were fitted to the experim
tal results by scaling them vertically using a numerical factorA,
and by multiplication with an exponential decay function, us
a decay rate constantλ (12).
ge- The geometry of the four-spin unit was defined using the
bond anglesθH–C–S = 109.93◦, θS–C′–H′ = 109.61◦, and the
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bond lengths C–H= 0.113 nm, C–S= 0.1781 nm, and S–
C′ = 0.1784 nm. The distance between the13C spins was
0.269 nm, independent of the torsional anglesφ andφ′. The
value of 0.113 nm for the effective C–H bond length is cons
tent with the librational averaging of the1H–13C dipolar inter-
actions (38). As discussed in Ref. (12), the precise values of th
one-bond1H–13C dipolar interactions are unimportant for th
torsional angle estimation.

The fit of the simulations to the experimental data was
sessed by computing theχ2 statistic, defined by

χ2 =
N∑

i=1

(
asim

i − aexp
i

)/
σ 2, [1]

whereasim
i andaexp

i are the simulated and experimental poin
respectively, and the sum is over allN experimental points.
Since the experimental errors are dominated in this case b
strumental instabilities rather than thermal noise, the variancσ 2

was defined according to the recommended procedure in P
et al. (39),

σ 2 =
N∑

i=1

(
abest sim

i − aexp
i

)/
(N − M), [2]

whereabest sim
i represents the simulated points at the global b

fit, and M is the number of fit parameters. In the present ca
N = 14 andM = 2. With this definition, the confidence limit on
a fit parameter may be estimated by taking the parameter ra
for whichχ2 is less than (N − M)

√
2= 12

√
2 (39).

The solid line in Fig. 3 shows the best fit simulation for t
X-ray geometry (φ, φ′) = (−67.2◦,−117.1◦). The match with
the experimental data is good, except for a single data po
which was possibly disturbed by instrumental instabilities.

Molecular dynamics simulations (29) predict that the major
conformation in solution is expected to be symmetrical, w
torsional angles close to (φ, φ′) = (−61.0◦,−61.0◦). The best-
fit simulation for this geometry is shown by the dashed line
Fig. 3. The fit is significantly poorer than for the true crys
geometry.

A contour plot ofχ2 against the torsional anglesφ andφ′ is
shown in Fig. 4. This plot shows that the X-ray conformati
(φ, φ′) = (−67.2◦,−117.1◦) lies close to a region of minimalχ2

and that many feasible geometries, including the region aro
(φ, φ′) = (−60◦,−60◦), are clearly excluded. However, th
plot also shows that there are many possible geometries th
the experimental data equally well.

This point is emphasized by Fig. 5, which shows the variat
of χ2 against eitherφ or φ′, with the other torsional angle kep
fixed. These curves display multiple minima and several br
regions in which the simulated data are insensitive to the geo

2
√

rical parameter. The dashed line shows the thresholdχ = 12 2
below which the deviations between experimental and simula
curves are statistically insignificant.
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FIG. 4. Contour plot ofχ2 against the two torsional anglesφ and φ′.
Dark regions represent low values ofχ2. The X-ray conformation (φ, φ′) =
(−67.2◦,−117.1◦) is indicated by a star.

These plots show that the HCCH-2Q-HLF experiment is c
pable of ruling out certain geometries but is not capable
tying down the glycosidic conformation by itself. This is no
surprising since the spin dynamics are mainly sensitive to
angle subtended by the two direct13C–1H vectors, and there are
many combinations ofφ andφ′ that provide the same intervecto
angle.

FIG. 5. (a) Plot ofχ2 (arbitrary units) against the torsional angleφ, with φ′
fixed at−117.1◦. (b) Plot ofχ2 (arbitrary units) against the torsional angleφ′,
ted
with φ fixed at−67.2◦. In both plots, the X-ray conformation is indicated by a
solid circle. The lineχ2 = 12

√
2 is indicated by a dashed line. Below this line,

deviations between experimental results and simulations are not significant.
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5. CONCLUSIONS

We have performed for the first time a HCCH-2Q-HLF ang
lar determination experiment across the glycosidic linkage i
disaccharide. The experiment is able to rule out certain mole
lar conformations, but a single experiment of this type provid
highly ambiguous angular information and is not expected to
very useful on its own.

Much more detailed information on the molecular geome
may be obtained by (i) combining the HCCH-2Q-HLF expe
ments with analyses of the chemical shifts, of the type descri
in Ref. (15), or (ii) combinations of many different HCCH-2Q
HLF measurements, using a selection of13C2 pairs at different
positions. For example, if there is sufficient signal strength
should be possible to use a sample labeled at only one13C posi-
tion. Double-quantum coherences could be excited between
labeled site and natural13C spins in the rest of the molecule
This would provide a wealth of complementary angular info
mation.

Experiments of this type are likely to be useful for obtai
ing molecular geometrical information on complex system su
as polysaccharides and glycoproteins. Although the sensiti
achieved in this first experiment is relatively poor, advances
dipolar recoupling methodology are likely to improve matte
in the future (32, 33, 40–42). The conformational distributions
that are likely to be encountered in complex systems will cre
complications, but these might be resolved in an informative w
by combining several types of complementary NMR data. F
example, the full two-dimensional HCCH-2Q-HLF spectru
contains plentiful information on the conformational distrib
tion, through the correlation of the isotropic chemical shifts a
the 2Q evolution curves.
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