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Abstract

A quantitative coherence transfer scheme for 1H-detected measurement of long-range carbon±
carbon coupling constants in NMR spectra of complex carbohydrates is described. It is applied to
a uniformly highly 13C-enriched monosaccharide and to a complex cell wall polysaccharide from
Streptococcus mitis J22 having seven distinct sugars in the repeating subunit. Coupling values
within the ring were compared to published values for monosaccharides to demonstrate the
validity of the method. An attempt was made to relate coupling constants between carbon atoms
across the glycosidic linkage to the dihedral angles of a recently published ¯exible model for the
polysaccharide which is based on 3JCH data. The experimental coupling constants do not agree
with any single conformation demonstrating that the repeating subunit of the polysaccharide must
be ¯exible. This conclusion is in accord with results of molecular modeling, nuclear Overhauser
e�ect and 3JCH data. # 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Factors in¯uencing the conformation and the
dynamics of complex carbohydrate epitopes are
not completely understood. Although some work-
ers have proposed that the conformations are rela-
tively rigid and are imposed by stereochemical
interactions [1±3], others have emphasized the
¯exible nature of the oligosaccharide structures
[4,5]. Most conformational models of complex oli-

gosaccharides are derived from NOE data in NMR
spectroscopy and oligosaccharide models based on
a few NOE distance constraints combined with
computer molecular modeling have been satisfac-
tory for molecules which are reasonably rigid [6±8].
This treatment has been less successful for more
¯exible molecules [9].

Scalar coupling data can be a valuable comple-
ment to the NOE in oligosaccharides since the J
values between atoms across the glycosidic link-
age report directly on the glycosidic dihedral
angles. J-coupling has additional advantages in
averaging over multiple conformations of ¯exible

0008-6215/98/$19.00 # 1998 Elsevier Science Ltd. All rights reserved

PII S0008-6215(97)10099-4

Carbohydrate Research 306 (1998) 335±339

* Corresponding author. Tel: (410) 455-2506; Fax:
(410)455-2608; e-mail: bush@umbc.edu



oligosaccharides. For NOE data, averaging over
multiple conformations is complicated both by the
1/r6 dependence on distance and by the complex
and poorly understood time dependence in which
the overall molecular tumbling may interact with
kinetics of the conformational exchange involved
in the internal motion. Averaging of scalar cou-
pling values over multiple conformations is a sim-
ple linear average over individual conformers.

The potential value of 13C coupling data
between atoms on opposite sides of the glycosidic
linkage has long been recognized [10,11], and tri-
gonometric correlation curves relating 3JCH to the
glycosidic dihedral angles, � and 	, have been
proposed [12,13]. 3JCH data have been measured
for complex oligosaccharides studied in natural
abundance 13C using indirect detection [14±17].
With complex polysaccharides enriched in 13C, a
large number of relevant coupling constants can be
readily measured for high molecular weight poly-
saccharides with good accuracy, even for small
values of 3JCH [18±20].

As a complement to 3JCH data, nJCC could pro-
vide information useful in resolving the ambiguity
resulting from the multi-valued coupling constant
correlation curves as well as more data to deter-
mine statistical weights of multiple conformations
in ¯exible models. nJCC values have been reported
in monosaccharides and simple disaccharides [21±
23] but no experimental method has been described
suitable for high molecular weight polysaccharides
or complex oligosaccharides. In the present com-
munication, we describe the application of a
method reported by Bax et al. [24] for 1H-detected
measurement of 3JCC of methyl resonances in pro-
teins to complex carbohydrates, including high
molecular weight complex polysaccharides.

2. Experimental

Uniformly 13C-enriched D-glucose (99 atom-%
13C) was purchased from Isotec, Inc. The cell wall
lectin receptor polysaccharide from Streptococcus
mitis J22 was extracted from bacteria grown in
media containing the uniformly enriched glucose
and the product polysaccharide was labeled to an
extent of about 96% 13C [18]. This polysaccharide
(Fig. 1), having seven sugar residues in the repeat-
ing subunit [25], was dissolved in D2O at a con-
centration of 8mg/mL corresponding to an
approximate concentration of 8mM. NMR spectra

were recorded on a GE Omega 600 spectrometer
using a Bruker triple resonance probe at 24 �C.
Data were recorded with the pulse sequence of Bax
et al. [24]. Short 13C 90� pulse lengths (15�s in
these experiments) are important for this experi-
ment in order to excite coupled carbon atoms with
uniform power and phase. The delay, T, was set
to correspond to 44 or 46Hz to minimize the
in¯uence of 1JCC and the delay, �, for transfer of
magnetization by 1JCH was set to correspond to
168Hz. Coupling constants between Ca and Cb
were extracted, using eq (1), from the ratio of the
cross peak intensity between the proton Ha
(attached to Ca) and Cb and the direct peak
between Ha and Ca [24].

IHaÿCb=IHaÿCa � tan2�2�nJCaCbT� �1�

The ratio was calculated from a scaling factor
which was adjusted for best match between the
reference peak and the cross peak.

3. Results and discussion

The pulse sequence used gives a 2-D C±H corre-
lation spectrum in which the magnitude of a cross
peak to a 13C resonance is related by eq (1) to the
nJCC between that carbon atom and the carbon
atom attached to the proton in the column. The
large peak between the proton and its directly
bonded 13C is used as a reference peak in the cal-
culation and the e�ect of the one-bond 13C±13C
coupling to the adjacent carbon atom is minimized
by choice of the delay period, T, in the pulse
sequence of Bax et al. [24]. Fig. 2 shows 1H signals
from two anomeric proton signals with cross peaks
to carbon atoms of the same residue and to the
carbon atoms of the succeeding residue of the
polysaccharide sequence.

As a control on the precision and accuracy of the
nJCC measurements, we recorded data for uni-
formly enriched D-glucose for comparison with
values reported previously by Serianni and cow-
orkers [21,22], who measured splittings in direct
13C-detected spectra of monosaccharides enriched
with 13C at single sites. For D-glucose (Table 1),
our measured values agree within the stated
experimental error (�0.3Hz).

For the cell wall polysaccharide of S. mitis J22
(the individual residues are identi®ed by letters in
the structure in Fig. 1), measurements of intraring
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3JCC are expected to be very similar to values
reported for monosaccharides since they depend
primarily on puckering of the sugar ring. Data in
Table 2 show that the measured values for residue
c agree with values reported for �-Glc and for
residue e agree with published data for �-Gal. nJCC
values measured for residues f and a (both �-Gal-
NAc) agree well with data reported for �-Gal sug-
gesting only a small e�ect of the NAc substituent
at C2. Measured values for residues b and g (�-and

�-rhamnose, respectively) agree with reported
values for �-and �-mannose with the exception of
our measured 2JCC for b C1±C3 (5.0Hz) which
di�ers substantially from the corresponding value
(4.0Hz) for �-Man. It is possible that the failure of
some of the intraring nJCC values measured for the
polysaccharide to agree with those for simple
monosaccharides could result from e�ects of sub-
stituents in the polymer.

Several types of cross peaks relevant to the con-
formation of polysaccharides are seen in the spec-
trum. In Fig. 2 on the column of the anomeric 1H
signal, cross peaks are seen representing 3JCC
between C1 and Cx�1 which are related to the
glycosidic dihedral angle, 	. Most of these cross
peaks can be detected and are reported in Table 2.
The technical problems of measuring the relevant
coupling constants di�er somewhat from those of
methyl groups of protein side chains reported by
Bax et al. [24] as a result of di�erences in the che-
mical shifts. While the most accurate quantitation
of this coupling constant can be determined from
the column corresponding to the anomeric proton
signal, any small residual antiphase magnetization
in the spectrum makes it di�cult to phase the
spectrum correctly if the coupling constant is
smaller than about 1.5Hz. The same coupling
constant can also be measured on the columns of
Hx�1 (data not shown). Unfortunately, as a result
of the poor chemical shift dispersion of carbohy-
drates, this isolated C1-Hx cross peak cannot be
easily interpreted if the signal of Hx overlaps with
that of another proton whose attached carbon
could be coupled to C1. But the cross peak from
Hx�1 to C1 is in an uncrowded region and can be
accurately phased to ascertain whether the nJCC
value is greater than 1Hz or is truly zero. The nJCC
values greater than 1Hz in Table 1 have a precision

Fig. 1. Structure of the repeating subunit of the cell wall lectin
receptor polysaccharide from Streptococcus mitis J22

Fig. 2. 2-D quantitative coherence transfer correlation spec-
trum of the lectin-receptor polysaccharide from S. mitis J22.
Columns at the 1H resonances of residue e �-Gal which is
linked (1!3) to residue f �-GalNAc. Strong cross peaks cor-
respond to large coupling constants to C3 and C6 of that
residue and to C3 of f. The resonance of f C2 (�=49.5 ppm) is
too far from e C1 for simultaneous 90 � excitation and the
weak peaks to f C4 and e C4 overlap. Column at the 1H reso-
nance of residue c shows cross peaks corresponding to cou-
pling of c C1 (�-glucose) with large coupling constants to C3
and C6 and smaller coupling constants to d C6 (linkage posi-
tion) and to d C5 (Cx-1). See ref. [25] for 1H and 13C chemical
shift assignments

Table 1
nJCC measured for uniformly 13C-enriched D-glucose (in Hz)

Carbon �-Glc �-Glc

meas. lit.a meas. lit.

C1±C3 0 0 4.5 4.6
C1±C4 0 0 0 0
C1±C5 2.1 1.8 olb 0
C1±C6 3.4 3.3 4.0 4.1
C3±C6 ol 3.9 4.5 4.4

a Literature values from King-Morris and Serianni [21] and
Wu et al. [22].
b ol indicates that overlapping cross peaks prevent accurate
measurement.
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of �0.3Hz while values lower than 1Hz are less
precise because the peak becomes comparable to
noise due to the tan2 relationship in the trigono-
metric formula (eq (1)) which relates cross peak
intensity to nJCC.

While 3JC2-CX values, which are related to the
glycosidic dihedral angle �, are potentially valu-
able, their measurement is complicated by overlap
of the signals of H2, Hx, C2 and Cx which are
often in crowded regions of the spectrum. Four
values are reported in Table 1. It has been recently
proposed that the two-bond coupling, 2JC1-CX, is
related to this same dihedral angle [26,27]. The
magnitudes, but not the signs, of these coupling
constants are reported in Table 1.

The values of 3JCC are related to the glycosidic
dihedral angles by a trigonometric relation of the
form of eq (2).

3JCC � A cos2 �� B cos �� C �2�

While such a correlation has been proposed for
3JCC of the carbonyl carbon atoms of the peptide
backbone [28], no explicit correlation has yet been
proposed for carbohydrates. Parameterization of
the correlation requires coupling data for three
known conformations of which two can be extrac-
ted from Table 2. While 3JC1ÿC6 corresponds to a
trans conformation, a range of coupling values (3.3
to 4.1Hz) is observed as a result of the e�ects of
electronegative substituents. We choose 4Hz which
may be an overestimate. 3JC1ÿC4 represents a

gauche conformation but is complicated by two
coupling pathways. Under the assumption that
both 3JCC pathways make positive contributions to
the small measured value of 3JC1ÿC4, a small value
for the relevant gauche coupling is implied and we
choose 0.4Hz. Selection of C=0.5 in eq (1) pro-
vides a plausible trial correlation function. We
recognize that this underdetermined choice of
parameters cannot be used for any detailed inter-
pretation and that it does not account for substituent
e�ects. But it does allow for crude estimates of the
glycosidic dihedral angles from 3JCC in the absence
of a better documented correlation.

Table 2, we include values of 3JCC calculated
from the ¯exible model for the J22 polysaccharide
proposed earlier [19]. There is some disagreement
between experiment and values calculated from the
model which includes statistical weights of three
conformations. Several of the calculated values lie
well outside experimental error and the dis-
crepancy is of a fairly fundamental nature. For the
glycosidic dihedral angles 	ab and 	bc between the
�-GalNAc and �-Rha residue and between the �-
Rha and �-Glc residue, the reported values of 3JCH
are small (1.5 and 2.1Hz, respectively) [19], imply-
ing that C1 is nearly gauche to the aglycone pro-
ton. Thus, for any single conformation, C1 must be
nearly trans to either Cx+1 or to Cxÿ1, but in fact
the data of Table 2 show both 3JCC values to be
much less than 4Hz. Either the coupling constant
correlation predicts values of 3JCH and 3JCC that
are too large or the model has too few conforma-

Table 2
nJCC(Hz) for the polysaccaride of S. mitis J22 (see Fig. 1 for residue identi®cation)

Carbon Residue

a b g c d e f

meas. lit.a meas. lit. meas. lit. meas. lit. meas. lit. meas. lit. meas. lit.

C1±C3 0c 0 5.05 4.0 0 0 4.25 4.5 3.42 Ð 4.9 4.6 0 0
C1±C4 0 0 0 0 0 0 0 0 0 Ð 0 0 0 0
C1±C5 1.64 1.9 0 0 1.53 2.0 0 0 1.79 Ð 0 0 1.98 1.9
C1±C6 3.48 3.6 limb lim 3.68 4.1 Ð Ð 4.20 4.4 3.57 3.6

meas. calc.e meas. calc. meas. calc. meas. calc. meas. calc. meas. calc. meas. calc.
C1±Cx 1.77 1.80 2.28 1.40 1.70 2.04 Ð Ð
C1±Cxÿ1 0 1.14 0 0.33 oldC1 3.62 2.19 2.85 2.48 4.0 lim Ð Ð
C1±Cx+1 2.49 3.06 1.94 3.95 0 0.39 Ð Ð Ð Ð 0 0.38 Ð Ð
C2±Cx 1.73 3.88 2.26 3.13 ol aC5 3.98 0 3.94 2.61 1.64 ol 3.88 Ð Ð

a Literature values from data on similar sugars [21,22].
b lim. indicates that the 13C chemical shift di�erence is too large for simultaneous excitation with our instrument.
c 0 means that nJcc is less than 1Hz in our data and less than 0.8Hz in data of King-Morris and Serianni [21].
d ol indicates that overlapping cross peaks prevent accurate measurement.
e Calculated from eq (1) with A=2.24, B=ÿ1.3 and C=0.5 using the three conformation model given in Tables 5 and 6 of Xu and
Bush [19].
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tions. 13C NMR relaxation data on this poly-
saccharide suggest that the latter defect is the
source of the discrepancy [29]. NOE data are not
very sensitive to details of the model since simu-
lated NOE from the model of Xu and Bush [19]
agree fairly well with the experimental data. Better
validation of the 3JCH and 3JCC coupling constant
correlation curves is needed including more data
on relatively rigid oligosaccharides such as blood
group epitopes for which one can be con®dent
about the model conformation.

Acknowledgements

We thank Dr. M. F. Summers for providing the
observation time on the G.E. Omega 600 spectro-
meter. Research supported by NSF Grant MCB
91-05586.

References

[1] R.U. Lemieux and K. Bock, Arch.Biochem. Bio-
phys., 221 (1983) 125±134.

[2] C.A. Bush, Z.Y. Yan, and B.N.N. Rao, J. Am.
Chem. Soc., 108 (1986) 6168±6173.

[3] C.A. Bush, Current Opinion in Structural Biology,
2, (1992) 655±660.

[4] J.P. Carver, Pure. Appl. Chem., 65 (1993) 763±770.
[5] K.G. Rice, P. Wu, L. Brand, and Y.C. Lee, Cur-

rent Opinion in Structural Biology, 3 (1993) 669±
694.

[6] K.E. Miller, C. Mukhopadhyay, P. Cagas, and
C.A. Bush, Biochemistry, 31 (1992) 6703±6709.

[7] T.J. Rutherford, D.C.A. Neville, and S.W.
Homans, Biochemistry, 34 (1995) 14131±14137.

[8] J.W. Kurutz and L.L. Kiessling, Glycobiology, 7
(1997) 337±347.

[9] Q. Xu, S. Mohan, and C.A. Bush, Biopolymers, 38
(1996) 339±353.

[10] G.K. Hamer, F. Balza, N. Cyr, and A.S. Perlin,
Canad. J. Chem., 56 (1978) 3109±3116.

[11] P.R. Rosevear, H.A. Nunez, and R. Barker, Bio-
chemistry., 21 (1982) 1421±1431.

[12] B. Mulloy, T.A. Frenkiel, and D.B. Davies, Car-
bohydr. Res., 184 (1988) 39±46.

[13] I. Tvaroska, M. Hricovini, and E. Petrakova, Car-
bohydr. Res., 189 (1989) 359±362.

[14] H. Kogelberg and T.J. Rutherford, Glycobiology, 4
(1994) 49±57.

[15] L. Poppe, W.S. York, and H. van Halbeek, J. Bio-
molecular. NMR., 3 (1993) 81±90.

[16] Q. Xu, R. Gitti, and C.A. Bush, Glycobiology, 6
(1996) 281±288.

[17] J.R. Brisson, S. Uhrinova, R.J. Woods, M. van der
Zwan, H.C. Jarrell, L.C. Paoletti, D.L. Kasper,
and H.J. Jennings, Biochemistry., 36 (1997) 3278±
3292.

[18] R. Gitti, G. Long, and C.A. Bush, Biopolymers, 34
(1994) 1327±1338.

[19] Q. Xu and C.A. Bush, Biochemistry, 35 (1996)
14521±14529.

[20] G. Lippens, J.M. Wieruszeski, P. Talaga, and J.P.
Bohin, J. Biomolecular. NMR., 8 (1996) 311±318.

[21] M.J. King-Morris and A.S. Serianni, J. Am. Chem.
Soc., 109 (1987) 3501±3508.

[22] J. Wu, P.B. Bondo, T. Vuorinen, and A.S. Ser-
ianni, J. Amer. Chem. Soc., 114 (1992) 3499±3505.

[23] J.M. Duker and A. S. Serianni, Carbohydr. Res.,
249 (1993) 281±303.

[24] A. Bax, D. Max, and D. Zax, J. Amer. Chem. Soc.,
114 (1992) 6923±6925.

[25] C. Abeygunawardana, C.A. Bush, and J.O. Cisar,
Biochemistry, 29 (1990) 234±248.

[26] T. Church, I. Carmichael, and A.S. Serianni, Car-
bohydr. Res., 280 (1996) 177±186.

[27] A.S. Serianni, P.B. Bondo, and J. Zajicek, J.
Magn. Reson., B112 (1996) 69±74.

[28] J.S. Hu and A. Bax, J. Amer. Chem. Soc., 118
(1996) 8170±8171.

[29] Q. Xu and C.A. Bush, Biochemistry, 35 (1996)
14512±14520.

Q. Xu, C.A. Bush/Carbohydrate Research 306 (1998) 335±339 339


