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Abstract: The conformational behavior of a-O-Man-(1!1)-b-Gal (1) and its
C-analogue (2) has been studied using J/NOE NMR data, molecular mechanics,
molecular dynamics, and ab initio calculations. The population distribution around
the glycosidic linkages of 1 and 2 is rather different, especially for the a-Man linkage.
A lower limit for the exo-anomeric effect in water has been experimentally
determined.
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Introduction

Carbohydrate ± protein interactions are involved in a wide
range of biological activities starting from fertilization and
extending to pathological processes such as tumor growth.[1, 2]

Since the carbohydrate ligands are object to hydrolytic
degradation, C-glycosides have been developed to improve
chemical and biochemical stability.[3, 4] Thus C-glycosides[3]

have attracted interest as hydrolytically stable analogues of
O-saccharides and are being applied as enzyme inhibitors
and/or to mimic carbohydrate ± protein interactions. How-
ever, the conformational similarity of the intersaccharide
linkage has been under debate since stereoelectronic effects
due to the presence of the interglycosidic oxygen would be
absent in the C-glycoside,[6b] and steric interactions between
both residues are expected to be different (due to disimilar
CÿO versus CÿC bond distances and C-O-C versus C-C-C
angles). Indeed, appreciable differences between O- and
C-glycosides with respect to conformational behavior and
activity have been reported.[4, 5] It has been suggested that C-
and O-glycosides as exemplified by C-/O-lactose share the
same conformational characteristics in the free state.[7] The

findings that the bound conformation of C-lactose to peanut
agglutinin is identical to that of its parent O-lactose bound to
this lectin was quoted by these authors as additional evidence
of the conformational similarity between O-/C-glycosides.[7]

However, we recently noted that this assumption is invalid at
least for C-/O-lactose (b-(1!4)-linkage)[5a±c] and for C-/O-
mannobiose (a-(1!2)).[5d] Our studies indicate that the
conformational behavior of each C-/O-pair is similar about
the glyconic bond but significantly different about the
aglyconic bond. In order to further probe the enhanced
flexibility around the glyconic linkages of C-glycosides, we
have extended these studies to a-O-Man-(1!1)-b-Gal (1)
and its C-analogue 2. The result of this investigation is
reported herein.

Our initial interest in 1 and 2 stems from the hypothesis that
1 is a mimic of the Gal-GlcNAc-Fuc part of sLeX.[8] Indeed,
substitution of Gal-O-3 of 1 with a carboxymethyl group leads

to a compound which is five times as active as sLeX in binding
to E-selectin.[8] Thus, its corresponding C-glycosyl analogue 2
could be a potential therapeutic agent. Compounds 1 and 2
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are of additional interest for several reasons. It is known that
besides stereoelectronic effects, steric interactions may also
play an important role in determining the conformational
behavior of natural oligosaccharides. In absence of the exo-
anomeric effect, the conformational properties of C-glyco-
sides should be heavily influenced by 1,3-type diaxial steric
interactions. Thus, the non-exo-anomeric (Figure 1) orienta-

Figure 1. 2D-TOCSY (mixing time 100 ms) spectrum of 2 (500 MHz,
310 K, D2O). Key 1H-NMR assignments are shown. 3-(Trimethylsilyl)-1-
propane-sulfonic acid (DSS) was used as internal reference.

tion around a- or b-Glc or Gal bonds is expected to be
destabilized by a 1,3-type diaxial interaction between the
equatorial OH2 and the aglycon. In contrast, for a- or b-Man
configuration the non-exo orientation does not present 1,3-
type interaction between the substituent at position 2 and the
aglycon. According to this hypothesis, the Man-configuration
on one side of the linkage for 1 and 2 was chosen to make the
exo-syn (Scheme 1) and the non-exo orientation from the
steric point of view equally accessible. At the same time, the
manno form may allow the unequivocal detection of non-exo

Scheme 1. Schematic representation of the a) exo-syn b) non-exo and
c) exo-anti orientation for the aglycon R in a a-mannoside and a b-
galactoside.

conformers through measurements of exclusive NOEs (see
below). In addition, compounds 1 and 2 were chosen because
both intersaccharide bonds are glyconic: 1 shows overlapping
exo-anomeric effects. Thus at any linkage, the stereoelectronic
effect is expected to be smaller than that for regular
saccharides. Comparison of 1 (O-glycoside with attenuated
exo-anomeric effect) versus 2 conformer distributions could
shed light on the magnitude of the stereoelectronic effect and
clarify the controversy on O/C-glycoside conformational
similarity.[5, 7]

Results and Discussion

The 1H-NMR spectra of compounds 1 and 2 were assigned by
standard methods using a combination of TOCSY, DQF-
COSY, NOESY and HMQC. The intra-ring vicinal proton ±
proton coupling constants (data not shown) proved that all
six-membered rings adopt the 4C1(D) conformation, inde-
pendent of the stereochemistry at C-2. Diastereotopic assign-
ment of the prochiral HR and HS protons was performed using
a similar protocol to that described previously[5d] based
exclusively on a combination of J and NOE values.

Molecular mechanics calculations : As a first step to deduce
the conformational behavior of compounds 1 and 2, their
potential energy surfaces were calculated using the MM3*
force field, as described[5d] and are shown in Figure 2. These
surfaces provide a first estimation of the conformational
regions which are energetically accessible. Two main con-
formational families are found for 1 (Figure 2). The global

Figure 2. Steric energy maps calculated by the MM3* program with e� 80.
Left for 1 and right for 2. Contours are given every 2 kJmolÿ1. The main
regions are marked.

minimum A (exo-syn/exo-syn) is populated about 99 %. This
conformation is in agreement with the presence of the exo-
anomeric effect around both linkages.[6] Local minima B (non-
exo/exo-syn) and C (exo-syn/exo-anti) are barely predicted.
The low-energy region that corresponds to minimum A is
extended towards negative FGal values (exo-syn/non-exo
region), although there is not any local minimum in this part
of the potential energy map. In contrast, for compound 2, the
MM3* potential energy surface predicts the existence of five
conformational families: A (66.8 % exo-syn/exo-syn), B

Abstract in Spanish: El comportamiento conformacional del
a-O-Man-(1!1)-b-Gal (1) y su anaÂlogo C-glicosídico 2 se ha
estudiado utilizando una combinacioÂn de datos experimentales
de RMN y caÂlculos de mecaÂnica y dinaÂmica molecular y ab
initio. La distribucioÂn de poblaciones en torno a los enlaces
glicosídicos de 1 y 2 es muy distinta, especialmente para el
enlace a-Man. AdemaÂs, se ha determinado experimentalmente
un límite inferior para el efecto exo-anomeÂrico en disolucioÂn
acuosa.
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(20.4 % non-exo/exo-syn), and D (8.4 % exo-syn/non-exo) are
the major families (Figure 2). Minima C (3.3% exo-syn/exo-
anti) and E (1.1 % non-exo/exo-anti) are minor. A qualitative
conformational analysis was reported for the 3-O-carboxy
derivative of 1.[8] Our conformational analysis of 1 and 2 is
based on exclusive[9] interresidue NOEs[10] and J coupling data
that characterize minima A-E (Figure 3). For 1 and 2, the

Figure 3. Simplified view of the major low-energy conformations obtained
by MM3* calculations for compounds 1 and 2. A (exo-syn/exo-syn), B (non-
exo/exo-syn), C (exo-syn/exo-anti), E (non-exo/exo-anti). Expected exclu-
sive and key NOEs are indicated for each conformer. For the a-FMan

torsion (H1'-C1'-X-C1), the exo-anomeric syn conformation is defined as
ÿ608, the non exo-anomeric�608, and the exo-anti 1808. For the b-FGal one
(H1-C1-X-C1'), the exo-anomeric syn conformation is defined as �608, the
non-exo-anomeric ÿ608 and the exo-anti 1808.

relevant NOEs are H1'-H1 (A), H1'-H2 (C), H2'-H1 (B) and
H2'-H2 (E). Since the NOE intensities are sensitive to the
respective conformer populations, a first indication of the
population distribution could be obtained by focusing on

these key NOEs. Significant differences between 1 and 2 can
be observed (Figure 4). For 1 the strong H1'-H1 NOE shows,
at least qualitatively, that the global minimum A (exo-syn/exo-
syn) is highly populated in water. The additional small NOEs
indicate a very minor presence of conformers B and C. By
contrast, compound 2 shows medium ± large H1'-H1 and H2'-
H1, and medium H1'-H2 NOEs with different mixing times.
Qualitatively, this observation is in agreement with an
enhanced flexibility of 2 in comparison to 1. In addition, it
unequivocally shows the existence of a significant population
around minimum B (characterized by a non-exo-anomeric
orientation of the a-Man linkage) in agreement with the
MM3* predictions. The experimental NOEs were compared
with the values obtained from the MM3* maps using a
relaxation matrix approach[10] as described.[5] In addition, for
compound 2, interglycosidic proton ± proton J values were
derived from the potential energy surface. A fair fit was
obtained for the NOE values of 1. For compound 2 the four
interglycosidic J values (observed [Hz]: J(H1',HR)� 7.1,
J(H1',HS)� 7.4, J(H1,HR)� 3.1, J(H1,HS)� 8.0 Hz) were not
fitted by the MM3* map (expected [Hz]: J(H1',HR)� 4.3,
J (H1',HS)� 8.6, J (H1,HR)� 3.1, J(H1,HS)� 9.7).

Therefore, although no quantitative agreement between
the MM3* predictions and the experimental NMR data for 2
was obtained, both sets of data indicate a rather different
conformational behavior of the O-disaccharide in comparison
with its C-analogue. The conformational space available to 2
is much larger than the corresponding one for 1. For the
former, there are also significant populations of conformers
characterized by non-exo-anomeric orientations, especially
for the fMan linkage.

ab initio Calculations : It is important to bear in mind that the
MM3* force field is not parametrized to deal with systems
presenting overlapping exo-anomeric effects, such as 1. Thus,
in order to gain insight into the consequences of this feature,

Figure 4. a) 1D-DPFGSE NOESY spectra of 1 (left) and 2 (right). (500 MHz, 310 K, D2O, mixing time 800 ms). Key NOEs and associated conformers are
noted. a-1) Regular 1D spectrum. a-2) Inversion of Man H-1'. For 1, NOEs at Man H-2' (intraresidual 2.5 �) and Gal H-1 (minimum A, exo-syn/exo-syn) are
similar. An extremely weak NOE at Gal H-2 (minimum C, exo-syn/exo-anti) is observed. For 2, the NOE at Man H-2' (intraresidual 2.5 �) is much stronger
than those at Gal H-1 (minimum A, exo-syn/exo-syn) and Gal H-2 (minimum C, exo-syn/exo-anti), which are similar between them. a-3) Inversion of Gal H-1.
For 1, the NOE at Man H-1' (minimum A, exo-syn/exo-syn) is ten times stronger than that at Man H-2' (minimum B, non-exo/exo-syn). For 2, the NOE at
Man H-1' (minimum A, exo-syn/exo-syn) is slightly weaker than that at Man H-2' (minimum B, non-exo/exo-syn). b) Build-up curves corresponding to the
key NOEs H1-H1' (red) and H1-H2' (blue). NOE volumes were normalized with respect to the diagonal peak at every mixing time.
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full optimizations of the MM3* minima obtained for 1 and 2
were performed at the ab initio level by using the 6-31G* basis
set. Simplified models of 1 and 2 were built including only the
hydroxyl group at position 2 in both pyranose rings. The C6-
hydroxymethyl groups were not considered. fMan/fGal values
of the minimized geometries and the corresponding energies
and populations are shown in Table 1. For compound 1, the ab
initio optimization of the MM3* energy minima led to only

two low-energy geometries, since the minimization of those
conformers characterized by non-exo-anomeric orientations
for either fMan or fGal converged to the closest exo-anomeric
geometry. Thus, to get an estimation of the ab initio energy
differences between the exo- and non-exo orientations for
fMan and fGal, partial optimizations of the MM3* non-exo-
anomeric minima were carried out, keeping fMan or fGal

angles fixed at their corresponding non-exo-anomeric values.
Those conformers characterized by exo-syn or exo-anti
orientations were fully optimized. fMan/fGal values of the
obtained geometries and their corresponding energies and
populations are shown in Table 1. All the five minima were
obtained for compound 2.

Some differences with respect to the MM3* values can be
observed. For compound 2, the Hartree-Fock calculations
predict very small energy differences between four of the
minima. Indeed, although the global minimum is now located
in the exo-syn/exo-anti region characterized by fMan/fGal 46/
171, the 6-31G*-based populations for minima A ± D oscillate
between 16 and 34 %. For compound 1, as also observed for
the MM3* map, the global minimum is located in the exo-syn/
exo-syn region (minimum A). While, the ab initio calculations
predict that the presence of non-exo-anomeric conformers for
1 is around 5 %, for 2 these non-exo conformers amount to
45 %. Both methods also show the different conformational
behavior of 1 and 2 in terms of the cost of torsional changes.
According to the HF/6-31G* calculations, for compound 1,
the transition between minimum A (the global minimum) and
minimum B (characterized by a non-exo-anomeric orienta-
tion around fMan) has an energy cost of 2.61 kcal molÿ1. In
contrast, for 2, the same conformational change is now
favored by ÿ0.14 kcal molÿ1 (Figure 5).

Figure 5. Schematic representation of the conformational change between
minimum A and minimum B. The estimation of the energy cost for the
transition according to HF 6 ± 31G* calculations in both the O-disaccharide
and in the C-analogue is shown.

Molecular dynamics simulations : In a first step, six non-
restrained MD simulations were performed using three
different values of dielectric constant (e� 1, e� 1� r, e� 80)
and two starting geometries of compounds 1 and 2 (minima A
and B). Explicit solvent molecules and periodic boundary
conditions were used in the calculations with e� 1. Some of
the rotamer distributions around fMan/fGal obtained for 2 are
shown in Figure 6. Although the final results of these non-
restrained computations are very sensitive to the conditions
used in the simulation, all the trajectories agree with an
enhanced flexibility of 2 in comparison with 1, especially for
the fMan linkage. The best fit of the experimental data was
obtained with e� 1� r (with maximum differences in J values
of around 1 Hz and small deviations from the NMR derived
average distances).

Then, as a further step, and in order to get the best
experimental conformer distribution, for both 1 and 2, time
averaged restrained (tar)-MD simulations[11] were carried out
using the AMBER 5.0 force field[12] and the experimental
NOE/J information. NOE-derived distances were included as
time averaged distance constraints and scalar coupling con-
stants as time averaged J coupling restraints. Three NOEs
were used for 1, while 14 NOE and four J values were used for
2. Four 15 ns trajectories were collected for each molecule:
Two different starting geometries (minimum A and minimum
B) and two different dielectric constants (e� 1� r and e� 80)
were used as input. The distributions of rotamers around fMan/
fGal for 2 are shown in Figure 6. In all cases, basically identical
outputs were obtained, independent from the starting geom-
etry. In addition, a very small influence of the dielectric
constant values on the final results was observed. These
results clearly indicates that the simulations lengths are
adequate for the proper convergence of the conformational
parameters for these systems.[13] Overall, the simulations
which used e� 1� r produced the best fit of the experimental
data (J and NMR derived distances, see Tables 2 and 3). The
new distribution produced for 1 is shown in Figure 7. Mini-
mum A (exo-syn/exo-syn) is the major one (now 93 %), while

Table 1. Torsion angle values, relative energies, and populations according
to MM3* and 6 ± 31G* calculations for the different minima of compound 1
and 2. Those geometries obtained by partial optimization are marked with
(*). Energy values are given in kcal molÿ1.

MM3* 6 ± 31G*
Minima FMan/FGal DE Pop [%] FMan/FGal DE Pop [%]

Compound 1
A ÿ 47.0/63.1 0 > 99 ÿ 52.0/13.7 0 70.9
B 43.0/58.2 3.37 < 1 40.0/44.6 2.61 0.97*
C ÿ 41.4/165.8 3.39 < 1 ÿ 32.6/171.9 0.66 23.5
D ÿ 61.8/ÿ 40.0 3.66 < 1* ÿ 52.0/ÿ 40.0 1.64 4.63*
E 40.0/157.1 6.48 < 1* 40.0/ÿ 165.9 4.91 < 0.1*

Compound 2
A ÿ 47.5/57.0 0 66.8 ÿ 63.6/29.7 0.29 20.9
B 52.6/58.9 0.71 20.4 45.6/56.1 0.15 26.4
C ÿ 46.0/171.2 1.84 3.3 ÿ 46.6/171.6 0 33.9
D ÿ 66.3/ÿ 56.6 1.24 8.4 ÿ 57.0/ÿ 28.3 0.43 16.4
E 55.0/ÿ 173.3 2.42 1.1 58.1/ÿ 168.7 1.58 2.4
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B (non-exo/exo-syn) is populated about 4 % and C 2 %.
However, with only three NOEs being consider, it is still
possible that distributions of other conformations could fit the
NOE data.[10] The obtained result is in perfect agreement with
the MM3* predictions. In contrast, the single-point ab initio
calculations are only qualitatively in agreement with the MD-
tar distribution, since they clearly overestimate the popula-
tion around minimum C. A population of 23 % around this
mimimum would produce a H1'-H2 NOE much stronger than
the observed one. Nevertheless, since we have deduced single
point values and the HF/6-31G* calculations have been
performed in vacuo, this result can be considered satisfactory.

The distribution obtained for 2 is shown in Figure 7. Now,
the observed J(4)/NOE(14) data with conformational infor-
mation are in full concordance with the values calculated from
the MD (Tables 2 and 3), and demonstrate the different

conformational behavior of
C-glycoside 2 compared with
1. Indeed, the FMan orientations
are quite different. FMan of 2 is
very flexible. There is a 52 %
population of conformers with
FMan 608 (i.e., not favored by
the exo-anomeric effect) com-
pared with only 4 % for 1. By
comparison, the conformation-
al distribution about the bÿFGal

linkage is more similar. There is
an increase of 12 % population
of non-exo conformers, while
their presence in 1 in less than
1 %. Presumably, the equatorial
orientation of Gal O-2 desta-
bilizes the non-exo conformers
through 1,3-like diaxial interac-
tions, thereby reducing the dif-
ferences between 1 and 2.
Therefore, the b-FGal linkage
of 2 is more rigid than the a-

FMan analogue (see [7b] for a completely different conclu-
sion). These results also indicate that C-glycosides may
display significant variations, not only around Y as C-lac-
tose,[5] but also around F.

The importance of stereoelectronic effects in determining
the preferred conformation of O-glycosides has been ques-
tioned.[7] The experimental difference in conformational
mobility in 1 and 2 suggests otherwise. Assuming that the
magnitudes of the inter-residue interactions are not signifi-
cantly affected by the difference in CÿO versus CÿC bond
distances in the linker, the A/B conformer distributions in 1
and 2 would be expected to be similar in the absence of a

Figure 6. a) Distributions of rotamers around fMan and fGal obtained from three independent non-restrained MD
simulations, using explicit solvent and periodic boundary conditions (black), e� 80 (blue) and e� 1� r (red).
b) Distributions of rotamers around fMan and fGal obtained from two independent MD-tar simulations using
minima A and B as starting geometries and e� 80. The predicted J values are shown. c) Distributions of rotamers
around fMan and fGal obtained from two independent MD-tar simulations using minima A and B as starting
geometries and e� 1� r. The predicted J values are shown.

Table 2. Experimental values for the vicinal proton ± proton coupling
constants [Hz] for the pseudoglycosidic linkage. The values calculated
(using the complete Karplus ± Altona equation) through tar- and non-
restrained (in vacuo and solvated) molecular dynamics simulations are also
given, along with the corresponding starting geometry. The best fit is given
in bold.

J(H1',HR) J(H1',HS) J(H1,HR) J(H1,HS)

Exp 7.1 7.4 3.1 8.0
MD-tar/e� r 6.9 7.3 3.5 8.0
Min A
MD-tar/e� r 7.1 7.2 3.4 8.2
Min B
MD-tar/e� 80 6.6 7.6 3.2 8.1
Min A
MD-tar/e� 80 6.5 7.6 3.3 8.0
Min B
e� 80 Min A 3.8 9.1 2.6 10.1
e� r Min A 6.6 7.0 3.9 7.3
H2O Min A 8.0 5.9 3.0 9.9

Table 3. Experimental and calculated inter-residue proton ± proton dis-
tances with conformational information for 1 and 2 for the best tar-MD
simulations. The starting geometry and dielectric conditions are also given.

H/H pair exp tar-MD/Min A tar-MD/Min B
e� 80 e� 80

Compound 1
H1'/H1 2.20 ± 2.50 2.36 2.36
H1'/H2 3.60 ± 4.00 4.08 4.16
H2'/H1 3.50 ± 3.90 3.51 3.48
H2'/H2 > 4.20 4.58 4.60

H/H pair exp tar-MD/Min B tar-MD/Min B
e� r e� 80

Compound 2
H1'/H1 2.60 ± 2.90 2.79 2.76
H1'/H2 3.00 ± 3.40 3.10 3.09
H2'/H1 2.50 ± 2.80 2.56 2.59
H2'/H2 > 3.30 3.49 3.43
HR/H2' 2.40 ± 2.70 2.62 2.58
HR/H3' 2.40 ± 2.70 2.53 2.56
HR/H5' 2.40 ± 2.70 2.48 2.50
HR/H2 2.70 ± 3.00 2.83 2.89
HS/H3' 2.50 ± 2.80 2.59 2.54
HS/H5' 2.30 ± 2.60 2.49 2.46
HS/H2 2.55 ± 2.85 2.63 2.66
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stereoelectronic effect. That conformer A is strongly prefer-
red in 1 (compared with a preference for B in 2) is consistent
with the importance of the stereoelectronic effect. The
absence of a C2-equatorial substituent in the mannose
residue, the existence of a 1,3-type diaxial interaction between
the C1'ÿO5' and C1ÿO5 bonds in conformer A, and the
shorter CÿO bond distance in 1 would if anything suggest a
higher B/A ratio for 1 compared with 2, in contrast to the
experimental observation. Therefore, the comparison of the
B/A ratios for 1 and 2 should give a lower limit for the
stereoelectronic effect in water (for FMan of 1, 2.1 kcal molÿ1

corresponding to A:B from 96:4 to 30:42). Since the exo-
anomeric effects for trehalose-like systems are opposed, this
value is expected to be smaller than the exo-anomeric effect
for regular saccharides.[6c]

Conclusion

In summary, the greater flexibility around the C-glyconic
bond in 2 compared with 1 is strongly indicative of a
stereoelectronic basis for the exo-anomeric effect. This factor
must be therefore considered when comparing conformations
of O- and C-glycosides. Our finding that the axial-glyconic
bond is less rigid than the equatorial one is in contrast with
previous reports on similar a,b-(1!1) systems.[7b] The impli-
cation of C-glycoside flexibility is that conformers other than
the ground state may be bound in the binding site of proteins
without major energy conflicts. When a lectin imposes a
constraint by establishing interactions to both sugar units,
then only a certain topologically favored conformer will fit
into the binding site. Increased binding affinity may result if
the enthalpic gains exceed the entropic penalty.[5a,b] Therefore,
C-glycosides are excellent probes to study[5, 7] the binding of
proteins or enzymes and are important for drug design.[5a±c]

Experimental Section
Materials : The synthesis of 1 and 2 has been described elsewhere.[14]

Calculations : Potential energy surfaces were calculated with the MM3*
force field as included in Macromodel 4.5.[15] A dielectric constant of 80 was
used.

For the tar-MD simulations, com-
pounds 1 and 2 were built using the
X-Leap[16] program. Atomic charges
were derived from AM1 semiempiri-
cal calculations. All molecular dynam-
ics simulations were carried out using
the Sander module within the AM-
BER 5.0 package. As a first step, six
non-restrained MD simulations were
run for both compounds, three starting
from minimum A (exo-syn/exo-syn)
and three starting from minimum B
(non-exo/exo-syn). Two 500 ps trajec-
tories were recorded using e� 1 and
explicit solvent. A single molecule of 1
or 2 was immersed into a box with
758 TIP3P water molecules. Periodic
boundary conditions were used. As a
first step, a short constant pressure
equilibration was performed until a
final density of 1 gcmÿ3 was obtained.
A cutoff of 10 � was used for non-
bonding interactions. Four 15 ns simu-

lations were run using e� 1� r and e� 80 with no explicit solvent.

In addition, MD-tar simulations were carried out for 1 and 2. NOE-derived
distances were included as time averaged distance constraints and scalar
coupling constants as time averaged J coupling restraints. A hrÿ6iÿ1/6

average was used for the distances and a linear average was used for the
coupling constants. The J values are related to the torsion t by the well
known Karplus relationship:[17]

J�Acos2 (t)�B cos(t)�C

A, B, and C values were chosen to fit the extended Karplus ± Altona
relationship[18] for every particular torsion. At the end of the simulations
the averaged J values were calculated using both the regular Karplus and
the complete Altona equations and compared with the experimental ones.

Trial simulations were run using different simulation lengths (between 1
and 15 ns) and different force constants for the distances (between 10 and
30 kcal molÿ1 �ÿ2) and J couplings (between 0.1 and 0.3 kcal molÿHzÿ2)
constraints. Different values for the exponential decay constant(between
100 ps and 1.5 ns) were also tested. These preliminary runs showed that for
flexible molecules such as 1, the use of exponential decay constants shorter
than 1 ns produced unstable trajectories and led in some cases to severe
distortions of the pyranose rings. In contrast, good results were obtained
when using exponential decay constant values of 1 ns or larger. It has been
estimated[19] that simulation lengths of about one order of magnitude larger
than the exponential decay constant should be used to generate reliable
estimates of average properties. Thus, the final trajectories were run using
an exponential decay constant of 1.5 ns and a simulation length of 15 ns.

It is also known[11] that when using large force constants for the J coupling
constraints, the molecule can get trapped in high energy, physically
improbable, incorrect minima. In order to solve this false minima problem,
low values (between 0.1 and 0.3 kcal molÿHzÿ2) were used for the J
coupling restraints force constants.

Four final 15 ns MD-tar simulations (two starting from minimum A and
two starting from minimum B) were run for each molecule (1 and 2) using
two different dielectric constant values (e� 80 and e� 1� r). Population
distributions obtained starting from different initial geometries were
almost identical indicating that the simulation length is adequate for a
proper convergence of the conformational parameters. In addition, very
similar results were obtained for both dielectric constant values indicating a
rather small influence of the force field in the final results. Average distance
and J values obtained in this way were found to correctly reproduce the
experimental values.

ab initio Calculations were performed with the Gaussian 98 program.[20]

Simplified models of 1 and 2 were built including only the hydroxyl group at
position 2 for both pyranose rings. MM3* minima were optimized by HF
calculations with the 6-31G* basis set. In the case of 1, for those conformers
characterized by non-exo-anomeric orientations of fMan (minima B and E)
this angle was kept fixed (fMan� 408) during the minimization process. In a
similar way, those conformers characterized by non-exo-anomeric orienta-

Figure 7. Trajectories of two independent 15 ns tar-MD simulations (e� 1� r) performed for 1 (left) and 2 (right)
with AMBER 5.0. Four MD simulations were performed in total for each compound. Three NOEs were included
for 1 and 14 NOEs and four coupling constants were included for 2. The agreement between the back calculated
NMR parameters and the observed ones was excellent. The populations of every conformational family are given.
The top and right traces show the percentage of populations at any orientation (exo-syn, non-exo, exo-anti). The
results of two of the simulations are superimposed. The difference between FMan of 1 and 2 is evident. There are
also differences for FGal .
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tions of fGal (minimum D) were minimized keeping this angle fixed (fGal�
ÿ408).

NMR spectroscopy: The NMR experiments were recorded on a Varian
Unity 500 spectrometer. 2D NOESY experiments used the standard
sequence, while 1D selective NOE spectra were acquired using the double
echo sequence proposed by Shaka and co-workers.[21] Five different mixing
times were used for the 1D NOE experiments: 200, 400, 600, 800, and
1000 ms. Cross relaxation rates were estimated from these measurements
and the determination of proton ± proton distance restrictions was carried
out from several known intraresidue distances according to a full relaxation
matrix analysis with 80 ps correlation time.
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