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Abstract

a-Galactosyl epitopes are carbohydrate structures bearing an a-Gal-(1�3)-Gal terminus (a-Gal epitopes). The
interaction of these epitopes on the surface of animal cells with anti a-Gal antibodies in human serum is believed to
be the main cause in antibody-mediated hyperacute rejection in xenotransplantation. In this paper, conformational
analysis of an N-linked a-D-Galp-(1�3)-b-D-Galp-(1�4)-b-D-Glcp trisaccharide epitope was conducted in terms of
each monosaccharide residue conformation, primary hydroxymethyl group configuration, and interglycosidic confor-
mations. Selective 2D J-d INEPT experiments have been carried out at three different temperatures to evaluate
three-bond, long-range 13C–1H coupling constants for the crucial a-(1�3) linkage. The NMR experimental data
were complemented by theoretical calculations. The flexibility and dynamics of the trisaccharide have been studied
by Metropolis Monte Carlo simulations. Ensemble-averaged three-bond, long-range 13C–1H coupling constants and
nuclear Overhauser effects were in good agreement with the experimental data. The a-(1�3) glycosidic linkage has
shown a restricted flexibility as indicated by NMR spectroscopy and molecular modeling. © 1999 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Hyperacute rejection, a phenomenon during
the discordant xenotransplantation of an or-
gan from a pig to a primate, is triggered by
the binding of the naturally occurring anti-
bodies to the antigens expressed on the xeno-
graft cells [1,2]. This results in the destruction
of the vascular endothelium of the donor or-

gan within minutes. Similar to the destruction
of red blood cells in ABO-mismatched organ
allotransplants, the major antigen against the
human natural antibodies on porcine endothe-
lium has been identified as linear carbohydrate
structures bearing an a-Gal-(1�3)-Gal termi-
nus (a-Gal epitope). The human natural anti
a-Gal antibodies, namely anti-Gal, can bind
trisaccharides, namely a-D-Galp-(1�3)-b-D-
Galp-(1�4)-b-D-Glcp (1) and a-D-Galp-(1�
3)-b-D-Galp-(1�4)-b-D-GlcNAcp (2), and the
pentasaccharide, a-D-Galp-(1�3)-b-D-Galp-
(1�4)-b-D-GlcNAcp-(1�3)-b-D-Galp-(1�4)-
b-D-Glcp (3) [3].
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Such a-Gal epitopes are synthesized by a
unique enzyme a-(1�3) galactosyltransferase
[a-(1�3)-GalT, EC 2.4.1.151] that is ex-
pressed in most mammals, except human and
other Old World primates. The enzyme medi-
ates the transfer of galactose from uridine
diphosphate galactose to N-acetyllactosamine
containing oligosaccharides and glycolipids.
In contrast, anti-Gal is found only in humans
and other Old World primates [4]. It is a
natural polyclonal antibody comprising 1–2%
of total human IgG and 3–8% IgM [1b]. The
binding of anti-Gal to a-Gal epitopes ex-
pressed on glycolipids and glycoproteins of
xenograft cells (e.g., porcine cells) induces an-
tibody-dependent cell-mediated cytotoxicity
by human blood monocytes and macrophages
[5] and complement-mediated lysis of the
xenograft cells [6]. The a-(1�3) linkage at the
nonreducing end of a-Gal epitopes is believed
to be the major structural motif that triggers
the hyperacute rejection through a-Gal/anti-
Gal interaction upon xenotransplantation.
The remaining parts of the carbohydrate se-
quences at the reducing end are considered
only to enhance the binding to the antibodies
[7]. Hence, determination of the solution con-
formations of a-galactosyl epitope, especially
the a-(1�3) linkage, provides the structural
basis for antibody recognition. Conforma-
tional investigations have been performed on
a-D-Galp-(1�3)-b-D-Galp disaccharide se-
quence using 1D NOE (nuclear Overhauser
effect) [8], 13C chemical shifts [9], as well as
molecular modeling [10,11]. In addition, con-
formational studies of isoglobotriaosylce-
ramide, which contains a linear
a-D-Galp-(1�3)-b-D-Galp-(1�4)-b-D-Glcp
trisaccharide sequence were carried out in
nonaqueous media [12]. However, no detailed
conformational analysis of a-Gal epitopes has
been reported. Recently, we have achieved an
efficient enzymatic synthesis of a-Gal
oligosaccharides using a recombinant a-(1�
3)-GalT [13]. In this paper, we report confor-
mational analysis of a water-soluble, synthetic
N-linked a-D-Galp-(1�3)-b-D-Galp-(1�4)-
b-D-Glcp trisaccharide epitope 4 (Fig. 1).

In this analysis, complete 1H and 13C NMR
spectra were first assigned, followed by the
determination of each monosaccharide residue

and hydroxymethyl exocyclic group confor-
mations. Three-bond heteronuclear long-range
coupling constants 3JCH and NOEs from inter-
glycosidic residues were measured and com-
pared with ensemble average data. The
flexibility and dynamics of the a-(1�3)-link-
age were evaluated by temperature-dependent
interglycosidic long-range coupling constants
(3JCH) obtained from NMR measurements
and molecular modeling. The resulting confor-
mational features of the a-Gal epitope will aid
the design of improved a-Gal mimetics that
may be useful in reducing hyperacute rejection
during xenotransplantation.

2. Results and discussion

1H and 13C assignments.—The 1H NMR
spectrum of 4 at 22 °C in D2O showed unre-
solved overlapped resonances between 3.6 and
4.3 ppm. We carried out the measurement at
40 °C and obtained better resolution and sepa-
ration for the proton resonances. Conse-
quently, we acquired all NMR experiments at
40 °C to facilitate the resonance assignments.
The proton chemical shifts and coupling con-
stants of the a-Gal and b-Glc spin systems
were established in a straightforward manner

Fig. 1. The interaction of a-Gal/anti-Gal causes hyperacute
rejection in xenotransplantation.
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Fig. 2. DQF-COSY spectra and expanded region between 3.60 and 4.30 ppm of a-Gal epitope 4.
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Fig. 3. Homodecoupling difference spectrum obtained by irradiating H-4% of b-Gal.

by locating the anomeric proton resonances
and walking through the cross-peaks in the
DQF-COSY (double quantum filtered corre-
lated spectroscopy) [14] (Fig. 2), and by
TOCSY (total correlation spectroscopy) [15],
and further confirmed with 1D TOCSY [16]
spectra. However, this strategy was only suc-
cessful in providing the proton connectivity of
H-1% to H-4% of the b-Gal spin system. The
assignment of H-5% of b-Gal was obtained
from the difference double resonance (DDR)
spectrum, upon homodecoupling irradiation
of the H-4% that showed 1 Hz coupling to H-5%
at 3.76 ppm and 3 Hz coupling to H-3% at 3.81
ppm (Fig. 3). Finally, the proton coupling
connectivity between H-5%, H-6a% and H-6b%
was established by observation of cross-peaks
in the DQF-COSY spectrum, which com-
pleted the proton assignments of b-Gal spin
system. The assignments of all carbon signals
of 4 were confirmed by DEPT, INAPT (insen-
sitive nuclei assigned by polarization transfer)
[17] and HMQC (heteronuclear multiple
quantum correlation) [18] experiments (Table
1).

INAPT has been used successfully for the
determination of the glycosidic linkage in a
number of oligosaccharide structures [19]. In

the case of three-bond, long-range coupling,
selective irradiation of the anomeric proton
allowed us to assign the intraresidue C-3 and
C-5, and simultaneously determine the inter-
glycosidic linkage through H–C–O–C three-
bond, long-range coupling. Most of the 3JCH

three-bond coupling constants across the gly-
cosidic linkage presumably lie between 3 and 8
Hz [19]. An array of coupling constants be-
tween 3 and 12 Hz was used to set up the
pulse delays, which helped to observe the sites
of interglycosidic linkages. In addition, it is
known that a substituent on the oxygen atom
attached to any carbon of the sugar affects the
chemical shift of that carbon atom, moving it
downfield by 5–11 ppm [20]. The 13C signals
for C-3% of b-Gal and C-4 of Glc were
deshielded by 5–8 ppm when compared to
those of the corresponding hydroxy-substi-
tuted carbon atoms. This indicated the pres-
ence of 1�3 and 1�4 linkages in 4.
Simultaneously, the accurate assignments of
C-5s in Gal residues using INAPT, followed
by the high-resolution HMQC spectrum, ver-
ified the corresponding H-5s assignments ob-
tained previously from 1D TOCSY and DDR
spectra. The complete data of 3JHH scalar
coupling constants were compared to the the-
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Table 1
1H and 13C NMR spectral data for compound 4 at 313 Ka

Chemical shifts (ppm) and coupling constants (Hz)

b-Glcb-Gala-Gal

H C HH CC

5.01103.675 79.9731 4.575.19 96.377
d(9.1)d(3.9) d(7.8)

70.43 3.492 3.91 69.064 3.72 72.344
t(9.1)dd(7.8,9.8)dd(10.3,3.9)

78.208 3.763 3.995 70.187 3.81 75.98
dd(7.8,9.1)dd (9.9,3)dd(10.3,3.2)

4.21 65.763 3.73 79.0654 4.06 70.032
t(7.8)dd(3,1)dd(3.2,1.2)

3.76 75.89 3.685 4.23 77.1871.716
ddd(7.8,4,1.9)td(5.7,1.2) ddd(8,4,1)
3.8561.81 60.8816 3.823.78 61.81

dd(4,11.8) dd(12.2,4)d(6.5)
3.983.86

dd(11.8,8.1) dd(12.2,1.9)

a 1H and 13C NMR chemical shifts are offset by +0.04 and −2.00 ppm, respectively, when referenced to TSP.

oretical vicinal proton–proton coupling con-
stants predicted by HLA empirical equations
[21]. It was confirmed that a-Gal, b-Gal and
Glc residues were all in the 4C1 chair
conformations.

Conformational distribution about the exo-
cyclic C-5–C-6 bond.—Rotational popula-
tions of primary hydroxyl groups on each
residue of this trisaccharide 4 were studied.
All the possible rotamers of the Gal residue
are shown in Fig. 4.

Analysis of the rotational population relies
on obtaining 3J5,6R and 3J5,6S coupling con-
stants that have the relationship with H-5–C-
5–C-6–H-6 dihedral angles through a
modified Karplus equation [21]. Assignment
of H-6R and H-6S resonances in the b-Gal
residue is illustrated in Fig. 5. We observed
the NOE contact between Gal H-4% and H-6%
at 3.82 ppm (high field), while there was no

NOE between Gal H-4% and H-6% at 3.86 ppm
(low field). The large 3J5,6 coupling constants
(8.1 Hz at 3.86 ppm) allowed us to assign the
H-6% at 3.86 ppm (low field) as H-6R and H-6%
at high field as H-6S. For the hydroxymethyl
group in b-Glc, we assigned them according to
the general features of d H-6S\d H-6R and
3J5,6R (ca. 5–6 Hz)\ 3J5,6S (ca. 2 Hz) as in the
previous studies on D-glucose and its deriva-
tives [12a,22]. It is worth mentioning that
Ohrui and co-workers assigned H-6R and H-
6S protons using a stereospecific deuteration
method [22].

Our results indicated that the primary hy-
droxymethyl groups of the a-Gal, b-Gal, and
b-Glc residues adopted predominantly tg, gt,
and gg orientations in trisaccharide 4, respec-
tively (Table 2). The tg orientation for Glc
was rarely occupied, but it was the most popu-
lated conformer for the terminal a-Gal. For
b-Gal, an intramolecular hydrogen bonding
formation between OH-6 and the ring oxygen
presumably contributed to the predominance
of gt orientation. Such conformational prefer-
ence for glucose and galactose residues was
also observed in previous studies [24]. As a
result, the preferred conformations about the
C-5–C-6 bond in each sugar residue may
provide some important information for the
design of a-Gal epitope mimetics.Fig. 4. Primary hydroxyl group conformations in Gal residue.
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Fig. 5. Expanded region of 13C–1H correlation of a-Gal epitope 4 from HMQC experiment.

Glycosidic linkage conformations.—A selec-
tive 2D J-d INEPT experiment [25] was used
for measuring the three-bond, long-range pro-
ton–carbon coupling constant, 3JCH, which
has attracted considerable attention for the
conformational analysis of flexible oligosac-
charides over the past few years [26]. This
approach allowed unequivocal detection of
doublets for each carbon that is three-bond,
long-range coupled with the selected proton.
The experiment was optimized for polariza-
tion transfer through 5 Hz coupling. The spec-

tral width was adjusted to find a best
compromise between resolution and signal-to-
noise ratio. The coupling constants of
JH1%%–C1%%–O–C3% and JH1%–C1%–O–C4 were readily
determined through the polarization transfer
from the well-isolated anomeric protons.
The measuring of the coupling constant
JH3%–C3%–O–C1%% required selective irradiation of
H-3% of b-Gal, which was overlapped with
other protons. Close inspection of the HMQC
spectra (Fig. 5) revealed that the only interfer-
ing proton was one of the H-6% of b-Gal. The
2D J-d INEPT spectra for an a-(1�3) link-
age are shown in Fig. 6. The 3JCH long-range
coupling constants measured for both a-(1�
3) and b-(1�4) linkages are listed in Table 3.

The rigidity of the glycosidic linkage can be
deduced from the temperature dependence of
the long-range 3JCH coupling constants [27].
The interglycosidic 3JCH coupling constants
for the a-(1�3) linkages were measured at
three different temperatures by using selective
2D J-d INEPT experiments with the final
resolution in the f1 [J (C, H)] of 0.15–0.19 Hz

Table 2
3J5,6R and 3J5,6S coupling constants for compound 4 and
calculated population ratiosa for staggered rotamers

tg%gt%gg%3J5,6S (Hz)3J5,6R (Hz)

6.5 6.5a-Gal 23 31 46
8.1 194.0 22b-Gal 59
4.0 21.9 73b-Glc 25

a Population ratios obtained from the following equations
[22,23]: (1) 1.3gg+2.7gt+11.7tg=3J5,6S, (2) 1.3gg+11.5gt+
5.8tg=3J5,6R and (3) gg+gt+tg=1.
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Fig. 6. Selective 2D J-d INEPT spectra and cross sections of the a-(1�3) linkage for a-Gal epitope 4.

per point (Table 4). The JH1%%–C1%%–O–C3% cou-
pling constants at 295, 313 and 333 K in D2O
were measured between 2.9 and 3.1 Hz, and
the corresponding JH3%–C3%–O–C1%% were found
between 3.3 and 3.4 Hz. The data provided
evidence for the rigidity of the a-(1�3) link-
age. The intraresidue 3JCH coupling constants
for a-Gal were also obtained in the same 2D
experiments at different temperatures (Table
5). They indicated that the NMR-derived av-
erage dihedral angles were almost independent
of the temperature changes.

Interresidue NOEs were also determined to
substantiate the structural information ob-
tained from long-range coupling constant
measurements. In a 1D NOE difference exper-
iment, anomeric protons H-1%% and H-1% of a-
and b-Gal residues were irradiated, respec-
tively. The salient NOEs for H-2%%, H-3% and
H-4% were observed upon the irradiation of the
nonreducing anomeric proton (Fig. 7). How-
ever, due to the overlapping of the H-4 of Glc
residue with other protons, no conclusive in-
terresidue NOEs were obtained upon irradia-
tion of anomeric H-1% of b-Gal. Comparing to
the previous results of NMR study of a-D-
Galp-(1�3)-b-D-Galp disaccharide [8], con-
sistent NOE data were obtained from the

irradiation of anomeric H-1%% of the a-Gal
residue. Consequently, the presence of the re-
ducing-end residue of Glc in this case should
not affect the preferential conformation of the
nonreducing a-(1�3) linkage.

Conformational calculations.—Due to the
flexible nature of oligosaccharides, structural
and dynamic properties can hardly be defined
unambiguously by evaluating the ensemble-
averaged NMR data alone. Computational
protocols [28], therefore, have been developed
and employed to calculate experimentally ac-
cessible NMR parameters as well as to simu-
late internal motions that can truly reproduce
the corresponding ensemble-average proper-
ties. Here we used the GEGOP program [29],
which employs a modified version of the
HSEA force field [30] and a Metropolis Monte
Carlo (MMC) stochastic simulation procedure
[31]. The HSEA/MMC protocol has been suc-
cessfully applied to explore the conforma-
tional space of oligosaccharides.
Ensemble-averaged values derived from this
calculation have shown good agreement with
time-averaged experimental data from NMR
spectroscopy [32].

In the molecular modeling calculation, each
pyranose ring structure was kept rigid. The
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Table 3
Interglycosidic coupling constants 3JCH (Hz) for compound 4
measured at 313 K

f (H-1%%–C-1%%–O–C-3%) f (H-1%–C-1%–O–C-4)c (H-3%–C-3%–O–C-1%%)

3.43.1 3.6

Furthermore, MMC simulations were em-
ployed to sample populations of accessible
conformations. In this case, the flexibility and
dynamics of the a-(1�3) linkage conforma-
tion were also studied. As shown by Pinto and
co-workers, the MMC simulations were found
to be a reasonably good model in predicting
carbohydrate conformational transitions over
molecular dynamics simulations [33]. The
MMC simulations were conducted at 300 and
800 K with 100,000 macro steps, respectively.
Each macro step was defined as a complete
sweep of all the variables in the molecule
[32b]. Scatter plots representing the probabil-
ity of the accessible glycosidic torsional angles
were employed to delineate a two-dimensional
f/c dihedral angle population map from a
multidimensional hyperspace (Fig. 9). The 1D
projections of the populations are shown at
the top and left of the scatter plots. Only a
small portion of the conformational space was
sampled near the global minimum A when the
calculation was carried out at 300 K. No
populations were observed in the regions of B
and C. In order to uniformly sample the con-
formational space, a higher temperature
parameter of 800 K was employed. Although
this temperature was normally enough to sam-
ple the whole conformational space [32a], no
interconversion was observed between regions
A and B. Obviously, the energy barrier be-
tween A and B was too high to surmount.
Nevertheless, the elevated temperature in-
creased the population by overcoming the sur-
rounding energy barriers within 10 kcal/mol
to reach region C as compared to a grid
search contour map. The scatter plots gener-
ated from MMC at 300 and 800 K were found
to be superimposable to the global minimum
A. In order to locate the other local minimum
B, a Monte Carlo simulated annealing ap-
proach was used. Starting from 2000 K to
surmount all the energy barriers, the system

conformations of the oligosaccharide were
defined by dihedral angles of glycosidic link-
age (f and c), the exocyclic H-5–C-5–C-6–
H-6 torsional angle (v) and glycosidic bond
angle (t). The global minimum conformation
of a-D-Galp-(1�3)-b-D-Galp-(1�4)-b-D-
Glcp (1) was obtained by performing the po-
tential energy minimization with the GEGOP
program. The global minimum conformation
was located around f/c= −50°/−34° and
52°/4° for the corresponding a-(1�3) and
b-(1�4) linkages. Because the a-(1�3) link-
age of the trisaccharide is of more importance
in the antibody recognition, a grid search of
the dihedral angles f and c around this link-
age versus energy was performed to locate all
the local minima in the conformational space.
An energy contour map with energy up to 10
kcal/mol was obtained for the a-(1�3) link-
age (Fig. 8). The potential energy well around
A, the global minimum, was found to be
broad and shallow. A distinct local minimum
B was observed at f/c= −25°/−178°. The
overall appearance of this energy contour map
was similar to the relaxed maps of a-D-Gal-
(1�3)-D-Gal calculated by an MM3 [10a] and
a general-purpose MM2 force field [10b].
However, a third minimum at −40°/60° was
reported in their studies. In our calculations
using rigid pyranose ring geometry, this region
was an extension of the global minimum A.
For the following calculation interests, this
region was also labeled as minimum C on the
map.

Table 4
Interglycosidic coupling constants 3JCH (Hz) for the a-(1�3)
linkage in compound 4 measured at different temperatures

T (K) 293 313 333

2.9JH1%%–C1%%–O–C3% (Hz) 3.1 3.0
JH3%–C3%–O–C1%% (Hz) 3.3 3.43.4

Table 5
Intraresidue 3JCH (Hz) for a-Gal in compound 4 measured at
different temperatures

293 313T (K) 333

4.4 4.6 4.5JH1%%–C1%%–C%%–C3%% (Hz)
6.1JH1%%–C1%%–O–C5%% (Hz) 6.2 6.3
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Fig. 7. Observed NOEs in compound 4.

with the experimental data in Table 4, as even
the calculation was simplified without using
an N-acetyl group in the trisaccharide and
without taking hydrogen-bonding terms into
account. The calculated interglycosidic cou-
pling constants were not temperature sensi-
tive, indicating a restricted flexibility of the
a-(1�3) glycosidic linkage.

MMC simulation at 800 K showed excellent
agreement with experimental 3JCH coupling
constants. The dihedral angles with the
highest population, smallest and largest val-
ues, angle range, and populations for other
family of conformers in a-(1�3) and b-(1�
4) linkages at 800 K are listed in Table 7.
According to the occurrence of dihedral an-
gles in MMC calculation, the f/c population
for an a-(1�3) linkage showed the highest
population at −48°/−36°, which was located
in global minimum A. A range of 136° about
this conformation was significantly populated
in the f dimension. A wider range was popu-
lated between −106 and 101° in the c dimen-
sion. A broad lightly populated area was
centered at −36°/54°, which was located in a
local minimum C, and accounted for 11% of
the total population. As for the b-(1�4) link-
age, the highest population was found at 54°/
0°. The second family of conformers was
located at 168°/6° with a population of 1.5%.
This linkage has been well defined by a num-
ber of standard force fields in all relaxed
approaches [35]. Our MMC calculation using
rigid pyranose rings was in good agreement
with the previous calculations based on the
MM3* and CVFF force fields. The ranges
over which the dihedral angles f (H-1%%–C-
1%%–O–C-3%) and f (H-1%–C-1%–O–C-4)
varied indicated that the rotation of the a-
(1�3) linkage near the anomeric position was
more restricted than that of a b-(1�4)
linkage.

The MMC calculations indicated that the
exocyclic torsional angles of v (O-5–C-5–C-
6–O-6) were more flexible than the interglyco-
sidic dihedral angles. It was also found that
the primary hydroxyl group on the a-Gal
terminus was more flexible than that of the
b-Gal residue. The starting angles were
−140° (tg conformation) in all cases. The
sampling at 300 K resulted in rotational

was then ‘cooled’ down every 50 steps to 300
K and was eventually trapped in the other
local minimum. We can see in Fig. 10 that the
scatter plot gave out the dot distribution
around f/c= −25°/−178°, which resem-
bled the energy grid search contour map. The
simulated annealing confirmed that local mini-
mum B does exist along with the other two
minima.

The temperature dependence on 3JCH cou-
pling constants was investigated by MMC
simulation at 300, 400 and 800 K. The result-
ing glycosidic torsional angles from the MMC
simulation were transformed into the ensem-
ble-averaged, three-bond heteronuclear long-
range coupling constants �JH1%%–C1%%–O–C3%� and
�JH3%–C3%–O–C1%%� using a modified Karplus
equation: 3JCH=5.7 cos2 c−0.6 cos c+0.5 [34]
(Table 6). It is noteworthy that �JH1%%–C1%%–O–C3%�
and �JH3%–C3%–O–C1%%� were in good agreement

Fig. 8. Energy grid map of the a-(1�3) linkage in compound
1. Isoenergy contours are scaled at 2 kcal/mol intervals up to
10 kcal/mol above the global minimum energy.
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Fig. 9. Scatter plots of the a-(1�3) linkage at 300 K (left) and 800 K (right) resulting from MMC simulations. 1D projections
of the probability of populated torsional angles (%) are shown at the top and left of the scatter plots.

populations of 21/72/7% (gg/gt/tg) for a-Gal,
17/83/0% (gg/gt/tg) for b-Gal, and 62/37/1%
(gg/gt/tg) for b-Glc. The calculation was in
good agreement with experimental results
shown in Table 2, indicating a high percentage
of gg in b-Glc and gt in b-Gal.

Steady-state NOEs were calculated accord-
ing to a full relaxation matrix option [36]
provided from the GEGOP program. The
ensemble-average NOEs at 800 K were com-
pared to the experimentally determined time-
averaged values. Relative NOEs were applied
by setting the H-1%%–H-2%% intraglycosidic NOE
at 1.0. The results in Table 8 clearly indicate
that the theoretical NOE values were consis-
tent with the experimental data (Fig. 11).

3. Experimental

NMR experiments.—A solution containing
38 mg of trisaccharide 4 was dissolved in 0.6
mL of D2O. 1H and 13C NMR spectra at 22,
40 and 60 °C were assigned by a combined use
of 1D and 2D standard techniques on a
Varian Unity 500 NMR spectrometer. Inter-
nal sodium 3-(trimethylsilyl)propionate (TSP)
was used. All NMR spectra at 40 °C were
offset by +0.04 ppm in the proton dimension
and −2.00 ppm in the carbon dimension
when referenced to TSP. All NMR data were
acquired and processed by using Varian 5.1A
software. All phase-sensitive 2D NMR experi-
ments were measured using hypercomplex
protocol. Linear prediction was used in the
processing of 2D phase-sensitive experiments.
Presaturation of the HDO peak was per-
formed using either transmitter presaturation
in case of DQF-COSY, TOCSY and HMQC,
or a Gaussian pulse in the 1D TOCSY experi-

Fig. 10. Scatter plot of Monte Carlo simulated annealing
starting from 2000 K.

Table 6
Interglycosidic coupling constants �3JCH� (Hz) for the a-(1�
3) linkage calculated from MMC simulations at different
temperatures

400T (K) 300 800

2.6 3.22.8�JH1%%–C1%%–O–C3%� (Hz)
3.73.8 3.8�JH3%–C3%–O–C1%%� (Hz)
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Table 7
Torsional angles with highest population, smallest and largest values, angle ranges, and % population of the other family of
conformers for a-(1�3) and b-(1�4) linkages from MMC simulations at 800 K

Linkage Smallest Largest Range Pop. 2nd (%)Highest pop.

−48 (−36)a −86f (H-1%%–C-1%%–O–C-3%) 50 136 11b

−36 (54)c (H-3%–C-3%–O–C-1%%) 207101−106
54 (168) −56f (H-1%–C-1%–O–C-4) −169 247 1.5

56 148c (H-4–C-4–O–C-1%) 0 (6) −92

a Values in parentheses are for the second conformer.
b Population was calculated between 18 and 96° in the c dimension, and between −6 and −48° in the f dimension.

ment. The DQF-COSY phase-sensitive experi-
ment was performed using spectral width of
1200 Hz to obtain 128 FIDs with 512 data
points in the f2 and four scans each. The
repetition rate was 1.7 s. The FIDs were pro-
cessed using the Gaussian function after zero
filling to 8k in both dimensions. TOCSY spec-
tra were recorded using the MLEV-17 multi-
pulse decoupling sequence with a total mixing
time of 150 ms. A total of 372 FIDs were
collected with 1024 data points and 16 scans
per t1 increment. The spectral width was 1100
Hz. The repetition rate was 1.7 s. The data
were transformed as a 4k×4k matrix with the
Gaussian function applied on both dimen-
sions. The one-bond carbon-proton shift cor-
relation spectrum was obtained in the
1H-detected mode by HMQC experiments.
The proton spectral width was 1200 Hz, and
the carbon-13 spectral width was 7500 Hz.
The repetition rate was 1.2 s. The 1H–13C
one-bond coupling constant was set at 150
Hz. A total of 360 FIDs were collected using
1k data points. Zero filling was set to 8k in f2

and 4k in f1. The Gaussian window function
was applied to both dimensions. 1D TOCSY
spectra were processed in an absolute-value
mode. The anomeric proton resonance of each
sugar residue was selectively inverted. The
spectral width was 8297 Hz. The repetition
rate was 2.9 s. Each FID was acquired in 32k
data point with 240 scans. The MLEV-17
mixing times were incremented from 50 to 200
ms in 50 ms increments. Selective 2D J-d
INEPT experiments performed on the a-(1�
3) linkage were described as follows: for irra-
diating 5.19 ppm at H-1%% on a-Gal at 40 °C,
the repetition rate was 1.26 s. The refocusing
interval was 50 ms. The 13C spectral width was

1974 Hz, and the 1H spectral width was 20
Hz. A total of 26 FIDs were collected with
768 scans per t2. Each scan was acquired in 1k
data points. The FIDs were processed by us-
ing the Gaussian function after zero filling to
extend the data matrix to 4096×106. The
final resolution was 0.19 Hz per point in the f1

[J (C, H)] dimension. For irradiating 3.82 ppm
at H-3% on b-Gal at 40 °C, the repetition rate
was 1.26 s. The refocusing interval was 50 ms.
The 13C spectral width was 1967 Hz, and the
1H spectral width was 20 Hz. A total of 31
FIDs were collected with 576 scans per t2.
Each scan was acquired in 1k data points. The
FIDs were processed by using the Gaussian
function after zero filling to extend the data
matrix to 4096×124. The final resolution was
0.16 Hz per point in the f1 [J (C, H)] dimen-
sion. For 1D NOE difference spectroscopy
used in steady-state experiments, saturation of
the signals was accomplished by single line
irradiation for 6.0 s. The repetition rate was
8.9 s. Each FID was acquired in 32 scans.

Conformational calculations.—The confor-
mational calculations were performed on a
Silicon Graphics Iris workstation. A modified

Table 8
Relative NOE values for a-D-Galp-(1�3)-b-D-Galp-(1�4)-
b-D-Glcp

Proton satd Proton obsd Experimenta �NOE�MMC
b

1.00 1.00H-2%%H-1%%
H-3% 0.26 0.26

0.67H-4% 0.44

a Experimental results obtained at 40 °C for compound 4.
b Average NOE values calculated for a-D-Galp-(1�3)-b-D-

Galp-(1�4)-b-D-Glcp at 800 K.
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Fig. 11. Stereoview representation of the lowest energy conformation of the a-Gal trisaccharide epitope.

HSEA force field was applied, which only
took into account the nonbonded interaction,
as well as the exo-anomeric effect. Minimiza-
tion, grid search and MMC calculations were
performed using the GEGOP program. The
atomic coordinates of the each monosaccha-
ride residue was taken from either X-ray or
neutron-diffraction studies. Each residue was
treated as a rigid entity: only dihedral angles
(f and c) between interglycosidic residues,
exocyclic H-5–C-5–C-6–H-6 torsional angles
(v) and the glycosidic bond angle (t) were
allowed to move. Recent studies by Kopper
and Meyer [32e] and Pérez and co-workers
[32g] have shown that, although measurable
improvement has been found by relaxing the
ring geometry in the study of intraglycosidic
NOEs, it is safe to keep the chair conforma-
tion of pyranose ring during the entire calcula-
tion when it is to study the flexibility of the
glycosidic linkages. Grid search of trisaccha-
ride 1 at the a-(1�3) glycosidic linkage was
performed as a two-dimensional search, vary-
ing dihedral angles f and c in steps of 10°,
covering a range of 360°. Energy minimization
of each grid was done by holding the two
dihedral angles constant while optimizing the
rest of variables. MMC calculations were per-
formed with the temperature set to 300, 400,
800 and 2000 K. The number of performed
MMC macro steps was 100,000 with maxi-
mum step lengths of 20.0° (f and c), 24.0°
(v), 28.0° (dihedral angles of hydroxyl
groups) and 3.0° (t), resulting in the accep-
tance ratios of 30–60% for new conforma-
tions. The steady-state NOEs were calculated
according to a full relaxation matrix option
assuming isotropic motion with molecular

tumbling correlation time (tc) of 0.1 ns and no
external relaxation effects. Ensemble-averaged
�NOE� data were obtained by sampling the
�r−6� at 300 K.
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