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Abstract

The 1H NMR chemical shifts, vicinal coupling constants, temperature coefficients, and exchange rates of the
hydroxy protons of a Lewis b tetrasaccharide derivative, a-L-Fucp-(1�2)-b-D-Galp-(1�3)[a-L-Fucp-(1�4)]-b-D-
GlcpNAc-1-O(CH2)2NHCOCHCH2, have been measured in aqueous solution. The data did not show any evidence
for persistent hydrogen bonds participating in the stabilization of the structure. While most of the hydroxy proton
signals have chemical shifts similar to those of the corresponding methyl glycosides, four of them, O(3)H, O(4)H, and
O(6)H of Galp, and O(2)H of the Fucp linked to GlcpNAc, exhibit large upfield shifts. This shielding effect has been
attributed to the orientation of the hydroxy protons toward the amphiphilic region constituted by the hydroxy
groups of the Galp residue and mainly the ring and methyl hydrogens of the Fucp unit attached to the GlcpNAc.
The close face to face stacking interaction between the Fucp linked to the GlcpNAc and the Galp residues, as well
as the steric interaction between the Fucp linked to the Galp and the GlcpNAc are confirmed by the additional
inter-residue NOEs of the exchangeable protons in sugar units which are not directly connected. © 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Over the last few years, it has been shown
that it is possible to observe exchangeable
hydroxy protons of oligosaccharides by using
water instead of D2O as solvent. In this way,
the number of NOE distance constraints used
for structural and conformational information
can be increased [1–8]. Moreover, measure-
ments of coupling constants, exchange rates
with water, and temperature dependence of
the chemical shifts of hydroxy proton signals

can provide important additional structural
information in terms of hydrogen bond inter-
actions [1–4,7–15]. We have previously re-
ported the use of hydroxy protons in the
conformational analysis of a series of disac-
charides [16,17] and branched trisaccharides
[7,8] in aqueous solutions. In these studies, we
have shown that the NMR data obtained
from hydroxy protons can be used to detect
hydrogen bond interactions, to increase the
number of inter-residue NOEs, and to deter-
mine the conformation around the C-5�C-6
bonds. We have also found that the chemical
shifts of the hydroxy proton signals are very
sensitive to the proximity of non-protonated* Corresponding author. Fax: +46-18-673476.
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Scheme 1. Schematic representation of the Leb tetrasaccharide
derivative 1.

arranged to minimize steric interactions, and
the two fucosyl groups are stabilized by hy-
drophobic contacts to either the N-acetylglu-
cosamine or the galactose residue. In this
work, we measured the 1H NMR chemical
shifts, vicinal coupling constants, temperature
coefficients, rates of exchange with water and
NOEs for the hydroxy protons of 1, and
showed that additional structural information
can be obtained. This study also takes a part
of a wide-scope study continuing to investi-
gate the potential use of hydroxy protons in
conformational analysis of saccharides in
aqueous solution.

2. Results and discussion

Assignment of hydroxy proton resonances.—
A prerequisite to detect hydroxy protons and
to obtain good NMR spectra is to remove all
traces of ionic impurities that can catalyze the
exchange of hydroxy protons with water. It is
also important to adjust the pH of the sample
around neutral values in order to keep the
exchange rate low. To fulfil these requirements
and to observe hydroxy proton signals, the
sample solution was treated with a mixed ion
exchange resin [7,8]. Fig. 1 shows the one-
dimensional proton NMR spectra of 1 at
−10 °C, before and after treatment with Am-
berlite MB-3 ion exchange resin. Before the
treatment with the resin (Fig. 1(a)), no signals
of hydroxy protons were observed in the ex-
pected region (5–7 ppm), but after the treat-
ment with the resin (Fig. 1(b)) the signals

oxygen atoms, and these can thereby be uti-
lized as conformational probes for NMR
studies. However, since the investigated com-
pounds were rather flexible molecules, it was
of interest to study the behaviors of hydroxy
protons in a molecule with more restricted
conformational freedom. For this purpose, we
selected a derivative of the Lewis b (Leb) tetra-
saccharide, a-L-Fucp-(1�2)-b-D-Galp-(1�3)-
[a-L-Fucp-(1�4)]-b-D-GlcpNAc-1-O-(CH2)2-
NHCOCHCH2 (1), shown in Scheme 1, and
designated as separately numbered residues,
Fucp(1)-GlcpNAc(2)-Galp(3)-Fucp(4), in the
connection order. We chose this compound
since, due to its biological significance, it has
been widely investigated [18–26]. The struc-
ture of Leb can also be considered as relatively
rigid. Steric hindrance, hydrophobic interac-
tions and the exo-anomeric effect contribute
to its stability. The four pyranose rings are

Fig. 1. One-dimensional 1H NMR spectra (85% water–15% (CD3)2CO, −10 °C) of 1 before (a) and after (b) the treatment with
the ion exchange resin.
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Fig. 2. Expanded region of the DQF-COSY spectra of 1 in
85% water–15% (CD3)2CO at −10 °C, showing the scalar
connectivities (3JHO,CH) between hydroxy and ring protons.

peak at 3.841 ppm, which was assigned to
C(4)H of Galp(3), and thereby the resonance
at 5.283 ppm could be assigned to the O(4)H
signal of Galp(3). No such information could
be obtained from the TOCSY spectra (Fig.
3(a)), because the water stripes were masking
the correlation at the resonance frequencies of
protons, which are scalarly coupled to the
hydroxy protons exchanging with the solvent.

The 1H NMR chemical shifts (d, ppm),
chemical shift differences (Dd, chemical shifts
of the hydroxy proton signals in the corre-
sponding methyl monosaccharides subtracted
from those in the tetrasaccharide), vicinal cou-
pling constants (3JHO,CH), temperature coeffi-
cients (dd/dT), and rate of exchange with
water (kex) for the hydroxy protons are listed
in Table 1. The chemical shifts and coupling
constants for the hydroxy proton signals of
the methyl monosaccharides have been re-
ported previously [7]. Six hydroxy protons of
1 have small Dds (510.21 ppm) values indi-
cating that their chemical shifts are very simi-
lar to those in the corresponding methyl
glycosides. Four hydroxy protons, O(3)H,
O(4)H, and O(6)H of Galp(3), and O(2)H of
Fucp(4) have large negative Dd values be-
tween −0.260 and −0.636 ppm.

3JHC,OH coupling constants, temperature co-
efficients and exchange rates of hydroxy pro-
tons.—Coupling constants that do not
represent conformational averaging, small
temperature coefficients, and slow rate of ex-
change with water are indications of hydrogen

of the hydroxy protons could be observed as
relatively narrow peaks, making their assign-
ment on the basis of scalar connectivities to
the aliphatic protons possible using COSY
and TOCSY type experiments. Consequently
in the region 5–7 ppm, nine cross-peaks of the
hydroxy protons could be observed in the
DQF-COSY spectra (Fig. 2). Although these
cross-peaks were assigned to the hydroxy pro-
ton signals of Fucp(1), GlcpNAc(2), Fucp(4),
and to O(3)H and O(6)H of Galp(3), the
O(4)H�C(4)H cross-peak of Galp(3) could not
be found in the DQF-COSY spectra. Inspec-
tion of the NOESY spectra (Fig. 3(b)) showed
that at the chemical shift of water (5.271
ppm), there was a strong interaction with a

Fig. 3. Expanded region of the TOCSY (a) and NOESY (b) spectra of 1 in 85% water–15% (CD3)2CO at −10 °C, showing the
water stripe region.
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Table 1
1H NMR chemical shifts (d), chemical shift differences (Dd), 3JOH,CH coupling constants (J), temperature coefficients (dd/dT),
and exchange rates (kex) for the hydroxy protons of Leb tetrasaccharide 1 in 85% water–15% (CD3)2CO at −10 °C

d (ppm) Dd a J (Hz) dd/dT (ppb deg−1) kex (s−1)

6.000 −0.136a-L-Fucp(1) 6.4O(2)H −9.2 33
O(3)H 6.033 0.103 4.8 −11.3 40

5.923 −0.055 5.3 −12.3 74O(4)H

6.251 0.193b-D-GlcpNAc(2) −11.4O(6)H

b-D-Galp(3) O(3)H 5.721 −0.401 4.8 −6.9 33
5.266 −0.636O(4)H b

5.862 −0.260O(6)H −8.1

a-L-Fucp(4) O(2)H 5.813 −0.323 6.8 −10.8
O(3)H 5.863 −0.067 −8.1

5.780 −0.198 −10.6O(4)H

a Chemical shift differences are calculated by subtracting the chemical shifts of the corresponding monosaccharide methyl
glycosides from the chemical shifts of the hydroxy protons of 1. Positive differences indicate downfield shift.

b The temperature coefficient of O(4)H of the galactose unit could not be calculated since it lies under water peak in the
temperature range that could be scanned.

Low resolution of the hydroxy proton peaks and severe spectral overlap impeded the observation of the coupling constants and
the calculation of the exchange rates that are not present in the table.

bonding interactions. Spectral overlap of hy-
droxy proton resonances, and the overlap with
the water signal in the case of O(4)H of
Galp(3) precluded the determination of the
data for all the hydroxy protons. Table 1
shows that the values of the coupling con-
stants are all around 5.5 Hz, indicating a free
rotation of the hydroxy protons around the
C�O axis. The temperature coefficients (dd/
dT), between −8.1 and −12.3 ppb/°C, are
much larger than that expected for hydroxy
protons involved in hydrogen bonding (5 �3�
ppb/°C). Only O(3)H of Galp(3) has a slightly
smaller temperature coefficient of −6.9 ppb/
°C. The exchange rates with water, which
could be calculated for four hydroxy protons
out of ten, have relatively similar values, indi-
cating that no hydroxy proton is protected
from exchange with the solvent through, for
example, persistent hydrogen bond interac-
tions. The exchange rates for the hydroxy
protons with large Dd values could not be
obtained due to the signal overlap on the
chemical exchange spectra except for the rate
of 33 s−1 for O(3)H of Galp(3). These data
are in good agreement with previous NMR
and computational studies [25,26], in which
resulting structures have not suggested either
direct or water-mediated hydrogen bonds in
the Leb tetrasaccharide.

Inter-residue NOEs.—A common problem
in the determination of the solution conforma-
tions of oligosaccharides is the small number
of inter-residue NOEs, which are usually ob-
served between ring protons. The ten inter-
residue NOEs we observed for the
non-exchangeable protons in 1 are the same
as those reported for the Leb tetrasaccharide
[25], indicating that the 2-(acryloylamido)-
ethyl aglycone does not alter the global con-
formation of the molecule. Two of them,
C(5)H Fucp(4)�C(2)H GlcpNAc(2) and
C(5)H Fucp(1)�C(2)H Galp(3), represent
long-range NOEs between residues that are
not directly connected. These long-range
NOEs are important since, being dependent
on several variable torsion angles, they are
very sensitive to conformational changes.
They suggest that Fucp(1) and Galp(3) on one
hand, and Fucp(4) and Glcp(2) on the other
hand are stacked on each other. Both NOESY
and ROESY spectra were recorded to discrim-
inate between the cross-peaks that are due to
dipolar relaxation and the ones due to chemi-
cal exchange. No cross-peaks were observed
between hydroxy protons, but 22 intra- and
five inter-residue cross-peaks due to dipolar
relaxation could be observed between hydroxy
protons and ring protons (Table 2). The inter-
residue NOEs are O(3)H Galp(3)�C(1)H
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Fucp(4), O(4)H Galp(3)�C(5)H Fucp(1),
O(4)H Galp(3)�C(3)H Fucp(1), O(4)H
Galp(3)�C(1)H GlcpNAc(2), and O(6)H
Galp(3)�C(5)H GlcpNAc(2). Three inter-
residue NOEs could also be detected between
the amide proton of the NAc group on Glcp-
NAc(2) and C(1)H of Galp(3), C(5)H and the
C(6)H of Fucp(4). Together with these inter-
residue NOEs, the five intra-residue NOEs of
the same amide proton are also listed in Table
2. Although the magnitude of the NOEs de-
tected between the amide proton of the NAc
group on GlcpNAc(2) and C(5)H and the
C(6)H of Fucp(4) are smaller than the NOE
of C(1)H of Galp(3), these NOEs reinforce the
sole NOE between C(2)H of GlcpNAc(2) and
C(5)H of Fucp(4), being used to verify the
contact between GlcpNAc(2) and Fucp(4). Fi-
nally, when the present NMR and conforma-
tional data concerning the exchangeable
proton resonances are taken into consider-
ation, it is seen that the two previously investi-
gated stacking interactions, Fucp(1)/Galp(3)
and GlcpNAc(2)/Fucp(4), and the rigid back-
bone structure determined by the glycosidic
torsions are confirmed by these additional
NOEs observed for the exchangeable protons
on 1.

Interpretation of hydroxy proton chemical
shifts.—The chemical shifts of hydroxy pro-
ton signals are subject to several intrinsic ef-
fects, which have been difficult to predict so
far. However, all the present structure elucida-
tion techniques based on chemical shift sus-
ceptibilities are functions depicting these
factors in a correlation with the structural
information. In our previous studies on disac-
charides [16,17] and trisaccharides [8], we
found that the chemical shifts of hydroxy
proton signals were sensitive to the proximity
between the hydroxy proton and other oxygen
atoms. Large upfield shifts were observed for
signals of hydroxy protons close to non-proto-
nated oxygens with the largest shifts observed
for hydroxy protons being close to O(5) oxy-
gens. On the contrary, hydroxy protons which
were only close to other hydroxy groups or to
the oxygen of their own glycosidic linkage had
small Dd values.

According to the resulting structure from
the MM3 calculations (Figs. 4 and 5), distance
measurements between hydroxy protons hav-
ing large Dds and non-protonated oxygens
which may cause the upfield shifts showed
that, excluding their own ring oxygen O(5),
the O(3)H, O(4)H, and O(6)H of Galp(3), and

Table 2
NOEs detected for the exchangeable protons of the Leb tetrasaccharide part of 1

Lewis b tetrasaccharide

ExchangeableInt(ra/er) a-residue ExchangeableExchangeable Int(ra/er) a-residue Int(ra/er) a-residue
NOEs protonproton NOEs NOEsproton

NHAc (2) H1 (3) H5 (1)H3O(3)H (1)
H1 (2)H4H5, Me(4)

H1
H2 O(4)H (1) H3 O(6)H (3) H6a, H6b

H4H3 H5 (2)
H5H5

H1O(2)H (4)MeMe(NAc)
H2

O(6)H (2) H2O(3)H (3)H6a, H6b
O(3)H (4)H3 H2

H1 H1 (4) H3O(2)H (1)
H2

O(4)H (3)H3 H4O(4)H (4)H2
H5H4

H3 (1) Me

a The inter-residue NOEs are shown in italic whereas intra-residue NOEs are in plain text.
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Fig. 4. Space filling model of the energetically best structure of the MM3 calculations on 1. The dashed ellipses show hydrophilic
and hydrophobic sides of Fucp(1) and Galp(3), respectively. The hydrogens that are designated with circles and hydroxy groups
that are designated with filled circles constitute the two faces creating the amphiphilic region.

Fig. 5. A picture of Leb tetrasaccharide as seen from the Fucp(1)�Galp(3)�Fucp(4) face of the tetrasaccharide. The elliptic circles
designate the rotational orbits of each hydroxy proton. The orbits are divided into three major staggered conformational areas
as gauche (− ), gauche (+ ), and trans. These conformations are defined with respect to the torsions, C(5)�C(6)�O(6)�O(6)H,
C(3)�C(4)�O(4)�O(4)H, and C(2)�C(3)�O(3)�O(3)H on Galp(3) and C(1)�C(2)�O(2)�O(2)H on Fucp(4). The energies of each
conformer are indicated with stripes of different intensity and represented by only one conformational data point of energy
calculations. Each conformation has an energy value in kcal mol−1, which represents the lowest energy that could be achieved
with that conformation of the hydroxy proton, regardless of the rest of the structure. The aglycone and NAc substituents on
GlcpNAc, as well as unessential hydrogens were omitted for simplicity.
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O(2)H of Fucp(4) did not result in sufficient
proximities (B2.5 A, ), even if they are deliber-
ately directed. Furthermore, the conforma-
tions of O(3)H and O(4)H of Galp(3), when
they are in the closest positions to the non-
protonated oxygens, require rather high en-
ergy (Fig. 5) to intrude into the sterically
crowded region between Fucp(1) and Galp(3).
Additionally, in the case of O(3)H of Galp(3)
and the O(2)H of Fucp(4), which are only
close to their own glycosidic linkage oxygen,
we see that they also have large Dds, which
should normally be small [8,16,17]. One argu-
ment supporting our conventional explanation
for large negative Dds could be that the lone
pairs of hydroxy group oxygens in rigid
molecules can have more restricted orienta-
tions, causing an upfield shift for the hydroxy
proton signals to which they are close in
space.

An alternative explanation for the chemical
shifts of the hydroxy protons can be found in
their orientation relative to the hydrophobic/
hydrophilic faces of the tetrasaccharide [23].
Figs. 4 and 5 and Table 1 show that the
hydroxy protons that are located at the sur-
face of the tetrasaccharide and that are most
exposed to the bulk water without any per-
turbed water network of amphiphilic regions
have small Dds. Their interaction with the
bulk water is very similar to that in the
monosaccharides, and accordingly so are their
chemical shifts. Consequently, examination of
the positions of the hydroxy groups having
large Dds indicates that they are all placed in
the vicinity of the amphiphilic regions consti-
tuted by primarily the hydrophobic face of
Fucp(1) and the hydrophilic face of Galp(3).
More specifically, O(4)H (Dd= −0.636 ppm)
and O(3)H (Dd= −0.401 ppm) of Galp(3),
which are located under the hydrophobic face
of Fucp(1), experience large upfield shifts. The
O(2)H of Fucp(4) and O(6)H of Galp(3) sit-
ting on the two far sides of the amphiphilic
region are also influenced by this effect. How-
ever, the extent of the chemical shift change is
less pronounced for O(2)H of Fucp(4) and
O(6)H of Galp(3), showing smaller Dd values,
−0.323 and −0.260 ppm respectively, than
O(4)H and O(3)H of Galp(3). In Fig. 4, these
hydroxy groups can be seen as a belt covering

the hydrophobic side of Fucp(1). In addition
to their peculiar Dd values, it is also of interest
to note that they participate in either primary
or secondary key polar interactions observed
in the protein binding studies [23], which bear
the indications for the perturbed water
molecules [24] providing the conditions for
molecular recognition in aqueous solution.

3. Conclusions

The NMR data obtained for the hydroxy
protons of the tetrasaccharide derivative 1 do
not indicate any inter-residue hydrogen bonds
in water solutions. The NOEs observed for
O(4)H of Galp(3) support the location of
Fucp(1) placed on the hydrophilic face of
Galp(3). A similar kind of steric interaction
between Fucp(4) and GlcpNAc(2) is confi-
rmed by the NOEs detected for the amide
proton on the NAc group of GlcpNAc(2).

The upfield shifts for the hydroxy proton
signals have tentatively been explained on the
basis of hydrophobic/hydrophilic interactions.
The hydroxy protons, O(3)H, O(4)H, and
O(6)H of Galp(3) and O(2)H of Fucp(4),
which are situated around the hydrophobic
strand composed of mainly H(3), H(4), H(5),
and methyl group of Fucp(1) experience up-
field shifts. As amphiphilic regions create per-
turbed water behavior due to both hydrophilic
and hydrophobic properties, being close to a
hydrophobic strand, as defined above, to-
gether with the hydrophilic counterpart, which
is indeed constituted by the hydroxy groups
themselves, can result in a disturbed solvent–
solute interaction. This perturbation on the
solvent behavior could be the reason for the
upfield shifts through the interruption of the
strong hydrogen bonding network of water
with the hydroxy groups. On the other hand,
the hydroxy protons that are located at the
surface of the tetrasaccharide and that are
most exposed to the bulk water have chemical
shifts similar to those in the corresponding
methyl glycosides. Considering the previous
correlation between such an upfield shift of
the hydroxy protons and their proximity to
non-protonated oxygens, this study provides
an alternative explanation for the same effect.
In fact, the reason for the upfield shifts due to
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differences in hydrogen bonding strengths
could be the same in all the studied molecules
encountering perturbed water molecules
around the hydroxy protons, which in turn
show large negative Dd values. Therefore
more experimental and theoretical data on
hydroxy proton chemical shifts in rigid sac-
charides would be appreciated in order to be
able to conclude decisively about the origin of
the upfield shifts measured and to use it as a
conformational probe in a more quantitative
manner for structural and possibly binding
studies of hydroxy groups. Our computational
studies pursuing clarification on the perturbed
water interactions with solute molecules are
continuing.

4. Experimental

The synthesis of the Lewis b derivative 1
has been described elsewhere [27].

Sample preparation for NMR studies.—The
NMR sample tube was soaked for more than
1 h in a 50 mM solution of phosphate buffer
(pH 7) to minimize adsorption of impurities
from glassware [11]. The Leb tetrasaccharide
derivative was purified on an Amberlite MB-3
mixed ion-exchange resin prior to NMR ex-
periments. The batch method, addition of the
resin directly into the sample, followed by
stirring, was used to treat the aqueous sample
with Amberlite MB-3 in a plastic tube. The
treated sample was then taken out with a
syringe into another tube, whose content was
finally lyophilized and used for the NMR
sample preparation.

NMR spectroscopy.—All NMR experi-
ments were performed on a Bruker DRX-600
spectrometer operating at 600.13 MHz for
proton observation. The tetrasaccharide was
dissolved in a mixture of 85% water–15%
(CD3)2CO (0.2 mL) to give a sample concen-
tration of ca. 5 mM. The addition of acetone
to the samples allowed lowering of the sample
temperature to −12 °C without freezing. All
spectra unless specified were recorded at −
10 °C except for the temperature coefficients,
which were measured by variation of the tem-
perature from −10 to 20 °C in 5 °C steps.
The 1H NMR spectra were referenced by set-

ting the residual acetone-d5 signal to dH=
2.204 ppm. One- and two-dimensional 1H
NMR spectra were acquired using the WA-
TERGATE pulse sequence [28] for suppres-
sion of the water signal. The 2D NMR spectra
were recorded in the phase-sensitive mode us-
ing the TPPI method [29]. NOESY and
ROESY spectra were recorded with mixing
times (tm) of 50 and 100 ms with 512 spectra
of 4 K data points. For each FID, 80 scans
were recorded using a repetition delay of 2 s.
The data were zero-filled to 2×1 K before
applying a p/2 shifted sine-square bell window
function in both dimensions. The rates of
exchange of the hydroxy protons with water
were calculated from 2D phase-sensitive
chemical exchange experiments. Mixing times
of 3–18 ms in steps of 3 ms were used. 128
FIDs of 2 K data points were acquired and a
recycle delay of 1.5 s was used. A polynomial
baseline correction was applied in both dimen-
sions. The volumes of the NOE cross-peaks
and diagonal peaks were measured using the
program AURELIA (Bruker, Germany). The
exchange rate constants were calculated as the
ratio of the initial build-up rates of the ex-
change peaks over the volume of the diagonal
peaks at zero mixing time. 1H and 13C chemi-
cal shifts are available as supplementary mate-
rial from the correspondence author.

MM3 calculations.—The aglycone was sub-
stituted with �OMe instead of the 2-(acryloy-
lamido)-ethyl aglycone part of 1 since it did
not effect the structure as validated by the
same NOE pattern observed and very minor
differences in chemical shifts for the non-
exchangeable protons. Depending on the
exo-anomeric effect and the fact that the agly-
cone would point away from GlcpNAc(2),
the �OMe group was placed with the
fC(1)H�C(1)�O(x)�C(x) angle 60°. The conformation
of the acetamido substituent of GlcpNAc(2)
on the other hand was determined to be anti
for the amido proton and C(2)H of Glcp-
NAc(2) because of their large coupling con-
stant, 3JHN,C(2)H=10.1, and of the strong
NOE observed between the methyl protons on
the acetamido group and the C(1)H of Galp
(3) and the C(1)H, C(3)H of GlcpNAc(2).

In modeling, we also made use of the glyco-
sidic dihedral angles (f=C(1)H�C(1)�O(x)�
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C(x) and c=C(1)�O(x)�C(x)�C(x)H) previ-
ously reported [25,26], where our experimental
data fit the resulting structures. This would be
already expected due to the rigid structures of
Lewis oligosaccharides. To be statistically co-
herent an average of each glycosidic torsion
angle pair was used, and they resulted in the
values f/c 9°/24.5° of Fucp(1)�GlcpNAc(2),
f/c=49°/25° of Galp(3)�GlcpNAc(2), and
f/c=43.5°/23° of Fucp(4)�Galp(3). Apart
from the glycosidic torsion angles that were
imposed, the approximation that allows pyra-
nose ring conformations to be described by
two torsional degrees of freedom per residue
[30] was employed next to construct eight
different clockwise and counter-clockwise con-
formations on residues (1), (3) and (4). Then
the conformations around O(5)�C(5)�C(6)�
O(6), (v), and C(5)�C(6)�O(6)�O(6)H, (v(H))
dihedrals of GlcpNAc(2) and Galp(3) were
searched in a four-dimensional grid search
manner with a step size of 120°, visiting
gauche (+ ), gauche (− ) and trans conform-
ers. Finally all input geometries were used to
make a three-dimensional grid search again
with a step size of 120°, which takes gauche
(+ ), gauche (− ) and trans conformations
into account for the dihedrals of
C(3)�C(4)�O(4)�O(4)H and C(2)�C(3)�O(3)�
O(3)H on Galp(3) and C(1)�C(2)�O(2)�O(2)H
on Fucp(4), which will be addressed later as
O(4)H and O(3)H torsions on Galp(3) and
O(2)H torsion on Fucp(4), respectively. To do
this, we first set the O(2)H torsion of Fucp(4)
to gauche (+ ), gauche (− ) and trans
conformations. By using the dihedral angle
driver option allowing us to set each rigid
rotation from the initial geometry, followed
by a full energy minimization, the resulting
1944 input structures were then run with a
3×3 grid search on O(4)H and O(3) of
Galp(3) torsions.

All calculations were performed on a SGI
Octane R10000 workstation using the molecu-
lar mechanics program MM3 [31], which has
been widely used for carbohydrates. The
MM3 program has also been shown to be
suitable for correct calculations of ring geo-
metries and glycosidic torsion angles of sac-
charides [32,33]. Moreover, in order to apply a
more realistic approach than fixing the angle

rigidly for each dihedral to be checked, it is
also convenient to optimize geometries fully at
each point of the conformational grid search.
The dielectric constant was kept at 4 and a
block diagonal minimization method was ap-
plied to all calculations using the default con-
vergence criteria, which initially becomes
0.00003
n A, for average movement (n=
number of atom) and switches to an energy
change of 0.00008*n kcal mol−1 per five itera-
tions, if the first criterion is not satisfied.

In the end, the energetically best structure
had the overall steric energy of 44.4362 kcal
mol−1 and the so-called CAC conformation
for hydroxy groups, designating clockwise for
Fucp(1), counter-clockwise for Galp(3) and
clockwise for Fucp(4), respectively. The glyco-
sidic torsions for the best structure were found
to be f/c=40°/24° of Fucp(1)�GlcpNAc(2),
f/c=48°/23° of Galp(3)�GlcpNAc(2), and
f/c=38°/20° of Fucp(4)�Galp(3), which
only differ by55.5° from the initial values.
The values measured on the best structure for
the angles v of GlcpNAc(2) and Galp(3) were
60 and 64°, while v(H) of the same residues
were −62 and −63°, respectively. However,
this energetically best conformation does not
supply a general view in terms of dynamic
changes especially for the exocyclic sub-
stituents. Therefore we processed the data so
that it became possible to visualize the rota-
tions around the torsions O(3)H, and O(3)H
of Galp(3) and O(2)H of Fucp(4) (Fig. 5).
Each conformational energy for each stag-
gered conformation was chosen to be the best
energy conformer of that hydroxy group re-
gardless of the rest of the structure. That is
the energy differences do not show the iso-
lated energies of each conformer at a certain
conformation of the whole structure.

The 3D structure and space-filling model of
1 were made using the CS Chem Draw Pro
and Chem3D Pro version 4.0.
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