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The conformational behaviour of N,N�-diacetyl-4-thiochitobiose (1) has been studied using a combination of
NMR spectroscopy (NOE data) and molecular mechanics calculations. Analogies and differences with the natural
compound N,N�-diacetylchitobiose (2) have been found. Moreover, the study of its bound conformation to the lectin
wheat germ agglutinin has also been studied using TR-NOE experiments. A process of conformational selection is
observed and only one of the conformers present in aqueous solution for the free state is bound by the lectin.

Introduction
In recent years, the search for hydrolytically stable sugar
mimetics has led to different groups of oligosaccharide anal-
ogues with the glycosidic oxygen substituted by heteroatoms.1

Thus, C- and S-glycosides may serve as carbohydrate mimics
resistant to metabolic processes.2,3 Nevertheless, for these
pseudodisaccharides to be biologically useful, one of the
requirements is that their conformational behaviour should be
analogous to that of the natural compound, in order to mini-
mize the entropic costs of the recognition process with the
receptor.4 Therefore, it is important to determine how the syn-
thetic derivatives are affected by such modification. In this con-
text, we have recently reported that thiocellobiose is bound by
Streptomyces sp. β-glucosidase in the conformation usually
found for regular O-glycosides (syn-Φ,Ψ).5 In contrast, we also
have described that the C-glycosyl analogue of lactose is bound
by E. coli β-galactosidase in an unusual high-energy conform-
ation.6 In a parallel way, also within the carbohydrate–protein
recognition research area, we have been studying the inter-
actions between chitooligosaccharides and hevein domains.
Hevein is a small, single chain protein of 43 amino acids, inte-
grated in several related chitin-binding proteins, and chitinases,
for example, homo dimeric wheat germ agglutinin (WGA) with
each chain constituted by four hevein-like domains.7 Previous
reports from our group 8 demonstrated that hevein domains
bind N,N�-diacetylchitobiose and N,N�,N�-triacetylchitotriose
with affinity constants in the millimolar range, and that the
binding process is enthalpically driven.9 We have also described
the interaction between hevein domains and N-acetylglucos-
amine-containing oligosaccharides in structural terms with the
NMR-derived three-dimensional structure of the protein.10 The
results showed that the oligosaccharide does not modify its
typical syn-Φ,Ψ global minimum conformation upon binding
to the lectin. Following our studies on the interaction of
hevein-like domains with chitin-derived oligosaccharides,7–10 we
herein report on the determination of the WGA-bound con-
formation and N,N�-diacetyl-4-thiochitobiose by using NMR
spectroscopy. The comparison with the bound structure of the
O-glycoside analogue (2) and with the corresponding conform-
ation when free in water solution is also performed. This study
represents the first step towards the study of the interaction of

non-hydrolyzable chitobiose analogues with chitin-binding
lectins.

From the glycomimetics’ point of view, it is obvious that the
substitution of the exo- or endo-cyclic oxygens by other atoms
will result in a change in both the size and the electronic proper-
ties of the glycosidic linkage, particularly in the anomeric
effects.11 Thus, it is important to verify whether or not the
bound conformation of natural saccharides is maintained by
the synthetic analogues. The study of several thioglycosides 12

has shown that due to the different contribution of stereo-
electronic and steric effects, pseudoglycosidic bonds may be
expected to be conformationally different to O-glycosidic link-
ages. In fact, the C–S bond length (1.78 Å) and C–S–C bond
angle (99�) strongly differ from C–O (1.41 Å) and C–O–C
(116�).

Results and discussion

Molecular mechanics and dynamics calculations

The adiabatic surfaces calculated for 1 using different force
fields (AMBER*, MM2*) are shown in Fig. 1.13 From these
energy surfaces, probability distributions were obtained accord-
ing to a Boltzmann function. Glycosidic torsion angles are
defined as Φ H1�–C1�–X–C4 and Ψ C1�–X–C4–H4. Three dif-
ferent conformational families are found (Table 1). Different
distributions are provided by the two force fields. In fact,
depending on the force field used, the global minimum is either
the syn-Φ/anti-Ψ or the syn-Φ/syn-Ψ conformer. In any case,
the population values are in contrast with those predicted and
experimentally proven for O-chitobiose (2),14 for which there is
a much higher contribution (>90%) of this syn-Φ/syn-Ψ con-
formation. A third conformational family (Fig. 2, anti-Φ/syn-Ψ,
Φ = 171±3, Ψ = 2±4) is also predicted to exist with ca. 5%
population. This conformation is below experimental detection
for glycoside derivatives, although it has been detected
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Table 1 Torsional angle values (Φ,Ψ) of the predicted low energy minima (A, B, C) from MM2* and AMBER*, for compound 1. The regions
around Φ extend ca. 20� and around Ψ ca. 30�. For the O-glycosyl natural compound 2, the range of populations predicted by AMBER* and MM2*
is also given

Conformer
Torsion angle
(Φ,Ψ)

Population (%)
AMBER-MM2* Conformer a

Torsion angle
(Φ,Ψ)

Population (%)
MM2*

1-A 51.6/13.4 27–47 2-A 50.5/�1.5 92–94
1-B 58.4/�167.8 68–43 2-B 21.7/174.2 8–6
1-C 173/1.2 5–10 2-C 169.8/4 <1

a Conformers A–C: A stands for syn-Φ/syn-Ψ; B syn-Φ/anti-Ψ; C anti-Φ/syn-Ψ. 

for the C-glycosyl analogue of lactose in solution (ca. 5%),15

and in fact, it has been found in the molecular complex between
C-lactose and E. coli β-galactosidase. Additional information

Fig. 1 Steric energy maps (a, c) calculated by the AMBER* and
MM2* programs, respectively for 1. Energy contours are given every
0.5 kcal mol�1. The corresponding population distribution maps (b, d)
are also given with contours at 0.65, 2.55, and 10% of population.

Fig. 2 Simplified stereo views of the major low-energy conformations
(from top to bottom, syn-Φ/syn-Ψ, syn-Φ/anti-Ψ and anti-Φ/syn-Ψ)
obtained by MM2* calculations for compound 1. Φ is H1�–C1�–S–C4
and Ψ is C1�–S–C4–H4. For Φ, syn conformation is defined as 60�, and
the anti as 180�.

on the conformational stability of the different minima was
obtained from MD simulations with the MM3* force field
using the continuum GB/SA (Generalized Born solvent-
accessible surface area) solvent model for water.16 Independ-
ently from the starting minimum, the calculated trajectories
showed several interconversions among the two major energy
regions, with minor excursions to the anti-Φ region, therefore
presenting a clear resemblance to the adiabatic surface
described above.

NMR studies

The validity of the theoretical results has been tested using
NMR measurements, especially NOEs. The assignment of the
resonances was made through a combination of COSY, HSQC,
and TOCSY experiments at 500 MHz, recorded under a variety
of temperatures to try to avoid signal overlapping. The results
are shown in Table 2. The key conformational information was
obtained from NOE experiments.17 2D-NOESY (see one
example in Fig. 3), 2D-ROESY and 1D-DPFGSE NOESY 18

spectra were acquired. Our analysis was performed on the basis
of the exclusive 19 interresidue NOEs that unequivocally charac-
terize the syn-Φ/syn-Ψ, syn-Φ/anti-Ψ, and anti-Φ/syn-Ψ regions
of the conformational map. For β(1→4) saccharides such as
1, these are H1�–H4 and H1�–H6pro-S,R (syn-Φ/syn-Ψ), H1�–H3
(syn-Φ/anti-Ψ), and H4–H2� (anti-Φ/syn-Ψ), respectively. The
relevant interresidual proton–proton distances are shown in
Table 3 along with the intensity of the experimental NOEs. The
data in Table 3 indicate that, for 1, it is not possible to justify
simultaneously all the observed NOEs with just one conformer.
At least qualitatively, the presence of NOEs between H1� and
H3 indicate that the minimum syn-Φ/anti-Ψ is heavily popu-
lated in solution. The NOE between H1� and H4 also indicates
the presence of conformer syn-Φ/syn-Ψ. This is confirmed by
the NOEs between H1� and both H6pro-R,S protons, since these
contacts are exclusive for this minimum. Finally, the existence
of conformer anti-Φ/syn-Ψ can not be confirmed by the NMR
data, since the H2�–H4 NOE cannot be detected. From a
quantitative point of view, the distances obtained from the
molecular mechanics distributions were compared with those

Table 2 1H-NMR chemical shifts (δ, ppm) of both anomers of 1

α-Anomer β-Anomer

H1 5.25 4.70
H2 3.90 3.66
H3 3.80 3.59
H4 2.92 2.90
H5 4.05 3.65
H6a 3.95 3.80
H6b 4.05 4.06
H1� 4.72 4.72
H2� 3.75 3.75
H3� 3.59 3.59
H4� 3.48 3.48
H5� 3.90 3.90
H6a� 3.75 3.75
H6b� 3.90 3.90
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Table 3 Relevant interresidue and ensemble average 〈r�6〉�1/6 proton–proton distances/Å for 1. Strong, medium, and weak experimental NOEs are
denoted by s, m, and w, respectively. Short distances which would produce observable NOEs are in bold. The estimated error is 15%

Expected distances
for conformer (Å)

Ensemble average expected/ Experimental NOE
Proton pair A B C NOEs (%) intensities

H1�–H2� 3.1 3.1 3.1 2.2 w
H1�–H3� 2.7 2.7 2.7 5.5 ms
H1�–H5� 2.3 2.3 2.3 11.4 s
H1�–H4 2.4 4.1 3.3 1.6 mw
H1�–H5 5.0 2.3 4.3 2.0 w
H1�–H3 4.6 2.1 4.5 2.2 w
H1–H5 2.4 2.4 2.4 9.4 s
H1–H3 2.7 2.7 2.7 5.2 ms

Fig. 3 a) 2D-NOESY spectrum of 1 at pH 7.0, 500 MHz, 303 K, D2O, with a mixing time of 600 ms. b) Key NOEs in the expanded anomeric region
are noted. c) Schematic view of the short interproton distances for the low energy minima of 1 that correspond to the observed NOEs. A) syn-Φ,Ψ
(H1�–H4, H1�–H6ab), B) syn-Φ, anti-Ψ (H1�–H3), and C) anti-Φ, syn-Ψ (H2�–H4).

estimated experimentally, by using a full relaxation matrix
approach.17 It can be observed that the agreement is satisfac-
tory, and that the population of 1 can be explained with a
65 : 30 : 5 conformational distribution among the three men-
tioned minima, syn-Φ/anti-Ψ, syn-Φ/syn-Ψ, and anti-Φ/syn-Ψ,
respectively, much closer to the AMBER* distribution than to
the MM2*-based one. Nevertheless, it has to be stated, accord-
ing to Neuhaus and Williamson,17 that the ability to fit NOE
data using predicted conformations cannot be taken to mean that
those conformations are necessarily those that are present; other
choices might also fit the NOE data.

In conclusion, all the molecular mechanics and NMR results
have allowed us to demonstrate the different conformational
behaviour of S-chitobiose with respect to its O-analogue.
Summarising, the minima of 1 adopt exo-anomeric conform-
ations around Φ, but the orientations around the aglyconic
bond Ψ are rather different between S- and O-glycosyl com-
pounds. The major conformer for O-glycoside is centered at the
syn-Ψ region. However, for 1 the anti conformer has a larger
population. The participation of conformers anti-Φ, for 1, with
a torsional variation of 120� upon Φ angle, very unusual for
β-O-glycosides, can not be detected experimentally, although it
is predicted by the calculations. Therefore, S-glycosides may
also display significant conformational variations around the Ψ
angle as also observed for β-C-lactosides. Similar results have

also been observed for other S-glycosides with different stereo-
chemistries at their glycosidic linkages. The variations in bond
lengths and angles may provide the answer to the much higher
flexibility of 1 versus its natural O-analogue. For 1, with no
acetal-type moiety, the exo-anomeric type stereoelectronic
stabilization is no longer possible. Therefore, the explanation
for the exo-anomeric preference around Φ should mainly reside
in steric effects, probably 1,3-type interactions. In fact, for the
regular 4C1(D) chairs, there is a 1,3-type interaction between
one equatorially substituted C2 (GlcNAc-series, as 1) and the
aglycone, when the non-exo-anomeric (non-exo) conformation
is considered (Fig. 4). There are no such steric interactions for
the exo-anomeric (exo) and the anti conformations. Therefore,
this interaction is probably the origin for the strong preference
of the exo-anomeric orientation in 1.20 For O-glycosides, such

Fig. 4 Schematic representation of the three basic orientations around
� angle in N-acetylglucopyranosides. The 1,3-syn diaxial type
interactions between the NHAc group and the aglycone are indicated.
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as 2, it is obvious that the stereoelectronic effect will be addi-
tionally superimposed, with a subsequent further stabilization
of the exo-anomeric orientation, thus providing the explan-
ation for the basically unique conformation around the Φ angle
of the natural oligosaccharides.20,21

The bound conformation to WGA

TR-NOE experiments were performed to deduce the bound
conformation of 1 to WGA, with four hevein like domains.
For ligands which are not bound tightly and exchange with the
free ligand at a reasonably fast rate, the transferred nuclear
Overhauser enhancement (TR-NOE) experiment provides an
adequate means to determine the conformation of the bound
ligand.22,23 This approach has been recently applied to several
studies of lectin- and antibody-bound oligosaccharides.24

Notably, the conditions required to monitor TR-NOEs appear
to be satisfied frequently by sugar receptors. The reason for this
favorable situation is a result of a combination of factors.
Notably, these interactions are not extremely strong, there is
fast exchange between the free and the bound states of the
ligand, and the perturbations of the conformational equi-
librium of a given oligosaccharide upon binding to a protein
are accessible to observation by TR-NOE. TR-NOESY
experiments (Fig. 5) were performed at different mixing times
giving rise to strong and negative NOEs, as expected for ligand
binding. The comparison between the NOESY spectra
recorded in the absence and in the presence of the lectin showed
important and clear differences. Some of the cross peaks in the
NOESY spectrum of the free ligand did not show up in the
TR-NOESY spectrum of the complex. In particular, both
H1�–H3 and H2�–H4 NOEs disappear, evidence that neither
the syn-Φ/anti-Ψ conformation (global minimum) nor the anti-
Φ/syn-Ψ conformation is recognized by the lectin. By contrast,
the H1�–H4 NOE which is displayed at medium intensity for
the free ligand is now the strongest interresidual NOE in the
spectrum. These features clearly indicate that the bound con-
formation belongs to the local minimum of 1, syn-Φ/syn-Ψ
family. This cross peak showed a different sign to the diagonal
peaks in TR-ROESY experiments, thus excluding the possibil-
ity of protein-relayed or spin diffusion mediated correlations.

Fig. 5 Expansion of the key regions of the 500 MHz 1H-NMR
NOESY spectrum recorded for 1 bound to WGA for a molar ratio of
24 : 1. Relevant cross peaks are indicated. The anti-Ψ (H1�–H3) and
anti-Φ (H2�–H4) cross peaks have basically disappeared. The strong
H1�–H4 NOE indicate the presence of the syn-Φ,Ψ as the major
conformer.

Therefore, these NMR-based experimental results indicate
that WGA recognises a local minimum of S-chitobiose, which
corresponds to the global minimum of the O-glycoside, 2.
Therefore, this lectin selects the same conformation of the
O- and S-glycosyl compounds. The bound conformation has a
medium size population for free 1 (35%, see above), while it is
the major one (>90%) for natural chitobiose 2 in aqueous
solution. Taking into account the energetic differences between
the local energy and the global minimum conformer of the
S-analogue in solution, which amounts to about 4 kJ mol�1, it
seems that the lectin shows an intrinsic binding energy of at
least this magnitude. The three dimensional architecture of
the binding site of hevein domains can easily explain why the
syn-Φ,Ψ conformer is the bound one. In the three dimensional
structure of the known hevein–N,N�-diacetylchitobiose
complexes,7–10 the non-reducing GlcNAc residue occupies sub-
site +1, and the non-reducing acetamido methyl group shows
non-polar contacts with two aromatic residues Tyr30 and
Tyr21, and, in addition, there are important hydrogen bonds
which confer stability on the complex: one between the non-
reducing sugar acetamido group and Ser19 and a second one
involving C3–OH and Tyr30. One additional interaction is
observed between the α-face of the reducing GlcNAc moiety at
subsite +2, and the plane of the aromatic ring of Tyr or Trp21.
For the S-glycosyl analogue 1, these interactions can only take
place if thiochitobiose adopts the syn-Φ,Ψ conformation
(Fig. 6), otherwise, one or several of the above mentioned inter-
actions would not take place. Therefore, the lectin selects one of
the existing conformations in solutions of the glycomimetic.

Conclusions
The results presented herein clearly show that the flexibility
around the glycosidic linkages of pseudoglycosides may be
determined by NMR experiments in combination with molec-
ular mechanics calculations. In addition, the conformational
changes observed, especially for S-glycosides, also reflect the
small energy barriers between the different energy regions.
Thus, conformations different from the major one existing in
solution may be bound by the binding site of proteins without
major energy conflicts, as shown herein. These results, along
with those previously obtained by us for C-glycosides are
important for drug design. For the binding of a flexible com-
pound to a protein, usually one of the existing conformations

Fig. 6 View of the calculated three dimensional structures of WGA
complexed with the two more stable conformers of 1 after docking
studies. A) left, with the anti-Ψ conformer. B) right, with the syn-Ψ
conformer. C) bottom, a superimposition of both. The relevant
intermolecular hydrogen bonds and stacking interactions are
observable.
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should be selected out of the ensemble.25 Therefore, a negative
binding entropy will be expected, thus decreasing the energy of
binding.26 Consequently, the flexibility of S-disaccharides may
be a limitation in their use as therapeutic agents. Nevertheless,
these compounds may be excellent probes to study the combin-
ing sites of proteins and enzymes. They may also serve as test
compounds to compare conformational properties of
oligosaccharides.

Experimental

Materials

WGA was obtained from commercial sources (Sigma, Aldrich).

Compounds

The synthesis of N,N�-diacetylthiochitobiose will be described
elsewhere.

Molecular mechanics and dynamics calculations

Molecular mechanics and dynamics calculations were per-
formed using the MM2*, MM3*, and AMBER* force fields as
implemented in MACROMODEL 4.5.27 Φ is defined as H1�–
C1�–X–C4 and Ψ as C1�–X–C4–H4. Thus, the atoms of the
non-reducing end are primed. Only the gg and gt orientations
of the lateral chain were used for the GlcNAc moieties.28 Separ-
ate calculations for a relative permittivity ε = 80 D and for the
continuum GB/SA solvent model were performed. Two differ-
ent sets of calculations were considered with either anti- or syn-
type orientations for the H2–C2–NH torsion angles of the
acetamide moiety. For both sets, the potential energy maps were
calculated first for the disaccharides: relaxed (Φ,Ψ) potential
energy maps were calculated as described. Four initial geom-
etries were considered, cc, cr, rr and rc, obtained by combining
the positions r (reverse clockwise) and c (clockwise) for the
orientation of the secondary hydroxy groups of both pyranoid
moieties. The first character corresponds to the non-reducing
moiety, and the second one, to the reducing moiety. In total, 16
maps were calculated. The previous step involved the gener-
ation of the corresponding rigid residue maps by using a grid
step of 18�. Then, every Φ,Ψ point of this map was optimised
using 200 steepest descent steps, followed by 1000 conjugate
gradient iterations. From these relaxed maps, adiabatic surfaces
were built, and the probability distributions calculated for each
�,Ψ point according to a Boltzmann function at 303 K.

The conformational stability of the energy minima was
explored through molecular dynamics (MD) simulations.29 The
three most relevant energy minima were used as starting geom-
etries for MD at 300 K, with the GB/SA solvent model, and a
time step of 1 fs. The equilibration period was 100 ps. After this
period, structures were saved every 0.5 ps. The simulation time
was 1 ns for every run. Average distances between intra- and
inter-residue proton pairs were calculated from the dynamics
simulations.

NMR spectroscopy

NMR experiments were recorded on a Varian Unity 500 spec-
trometer, using an approximately 2 mg mL�1 solution of the
pseudodisaccharides at different temperatures. Chemical shifts
are reported in ppm, using external TMS (0 ppm) as references.
The double quantum filtered COSY spectrum was performed
with a data matrix of 256 × 1K to digitize a spectral width of
2000 Hz. Sixteen scans were used with a relaxation delay of 1 s.
The 2D TOCSY experiment was performed using a data matrix
of 256 × 2K to digitize a spectral width of 2000 Hz; 4 scans
were used per increment with a relaxation delay of 2 s. MLEV
17 was used for the 100 ms isotropic mixing time. The one-bond
proton–carbon correlation experiment was collected in the
1H-detection mode using the HSQC sequence and a reverse

probe. A data matrix of 256 × 2K was used to digitize a spectral
width of 2000 Hz in F2 and 10000 Hz in F1. Four scans were
used per increment with a relaxation delay of 1 s and a delay
corresponding to a J value of 145 Hz. A BIRD pulse was used
to minimize the proton signals bonded to 12C. 13C decoupling
was achieved by the WALTZ scheme.

NOESY experiments were performed with the selective 1D
double pulse field gradient spin echo (DPFGSE) module, using
four different mixing times, namely 150, 300, 450, and 600 ms.
2D NOESY, 2D-ROESY, and 2D-T-ROESY experiments were
also performed with the same mixing times, and using 256 × 2K
matrixes.

NOE calculations

NOESY spectra were simulated according to a complete relax-
ation matrix approach, following the protocol previously
described,30 using four different mixing times (between 150 and
600 ms). The spectra were simulated from the average distances
〈r�6〉kl calculated from the relaxed energy maps at 303 K with
both force fields. Given the variation of the distribution pro-
vided by both force fields (see Tables), following this protocol it
is possible to deduce an actual population distribution by com-
parison with the experimental data. Isotropic motion and an
external relaxation of 0.1 s�1 were assumed. A τc of 95 ps was
used to obtain the best match between experimental and calcu-
lated NOEs for the intraresidue proton pairs (H1�–H3�, H1�–
H5�, and/or H1–H3). All the NOE calculations were auto-
matically performed by a home made program, available from
the authors upon request.

TR-NOE experiments

The ligand was exposed to repeated cycles of freeze drying with
D2O, and transferred to the NMR tube to give a final concen-
tration of 0.5 mM. TR-NOESY experiments were performed
with mixing times of 200 ms and 300 ms, for 11 : 1 and 22 : 1
molar ratios of ligand : lectin. In all cases, line broadening of
the sugar protons was monitored after the addition of the
ligand. TR-ROESY experiments were also carried out to detect
spin diffusion effects (not shown). A continuous wave spin lock
pulse was used during the 250 ms mixing time. Key NOEs were
shown to be direct cross peaks, since they showed a different
sign to the diagonal peaks.

Molecular modeling

Protein coordinates were taken from the NMR structure of
the B-domain of WGA, recently described by us.10 Glycosidic
torsion angles of the glycomimetic were set to those described
above for the syn and anti minima. Atomic charges were
AMBER charges. The starting orientation of the non-reducing
residue was chosen to match that of the NMR structure of the
WGA-B–chitotriose complex. Only one protein domain was
considered (B-domain) for the calculations. For the complex, all
energy calculations were carried out using the AMBER 5.0
force field. A relative permittivity of 4*r was employed. A tem-
plate force potential was introduced to avoid major movements
of the polypeptide backbone during the calculations. The
pseudodisaccharide and the amino acid lateral chains were left
free during the minimization processes. No cutoffs for non-
bonding interactions were used. The three major conformers:
syn-Φ, anti-Ψ, and anti-Φ were generated with two initial Φ and
Ψ values. Energy minimizations were then conducted on the six
complexes using 2000 conjugate gradient iterations. The anti-Φ
conformer generated important steric conflicts with the poly-
peptide chain and gave rise to a final syn-Φ conformation.
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