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Abstract—The conformational behavior of the C-glycoside analogue of N-acetyl-lactosamine, b-C-Gal-(1!4)-b-GlcNAc-OMe, 1,
has been studied using a combination of molecular mechanics calculations and NMR spectroscopy (J and NOE data). It is shown
that the C-disaccharide populates three distinctive conformational families in solution, the major one being the anti-w conformation.
Of note, this conformation is only marginally populated for the O-disaccharide. Due to its conspicuous role in the regulation of
adhesion, growth and tissue invasion of tumors and its avid binding to N-acetyl-lactosamine human, galectin-1 was tested as a recep-
tor. This endogenous lectin recognizes a local minimum of 1, the syn-UW conformer, and thus a conformational selection process is
correlated with the molecular recognition event.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The search for new glycomimetics has led to a group of
compounds, denoted as C-glycosides, in which the ano-
meric oxygen has been replaced by a methylene group.1

The determination of the conformational features of
C-glycosides and its comparison with that of respective
O-glycosides is of primary importance to define the po-
tential of C-analogues as molecular probes. A detailed
conformational analysis of a number of C-disaccharides
has revealed that the previously postulated conforma-
tional similarity between O- and C-glycosides2 is yet
0008-6215/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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* Corresponding author. E-mail: jjbarbero@cib.csic.es
not a general phenomenon.3 Indeed, C-mannobiose pre-
sents significant differences relative to its parent O-gly-
coside.4 These findings have encouraged us to extend
the comparison between C- and O-glycosides to other
pairs. Along these lines, we now report the conforma-
tional analysis of the C-disaccharide b-C-Gal-(1!4)-b-
GlcNAc-OMe5 (1) in water using NMR spectroscopy
assisted by molecular mechanics calculations, and a
comparison with the parent O-disaccharide (2). The b-
(1!4)-linkage has been previously studied for the O/
C-lactose pair in the free6 and bound states.7 However,
N-acetyl-lactosamine is the natural form of the ligands
for lectins that recognize branch-end epitopes of glycan
chains, giving this analysis conspicuous physiological
relevance.8 To underscore the potential medical
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relevance, some features of the molecular recognition
process of 1 by two lectins have been addressed, that
is, toxin/agglutinin from mistletoe and human galec-
tin-1, which is known to influence adhesion, growth
and tumor invasion.9
2. Results and discussion

The key NMR data in D2O of compound 1 are listed in
Table 1 and in Supplementary data. The 1D spectrum
yielded the best J values for 1 and indicated that the
two six-membered rings adopt the usual 4C1 chair.
Although this usually is the case, in some cases alterna-
tive chair conformations have been described for other
C-glycosyl compounds.10
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The coupling constants also afforded information on
the conformational distribution around the torsional
degrees of freedom of the disaccharide (U and W angles).
From the inspection of the J values (Table 1) it can be
deduced that those for 1 are rather similar to those
reported for the C-glycosyl analogue of lactose, which
has been studied previously.6,7

The unambiguous assignment of signals from the pro-
chiral methylene protons attached at the glycosidic
Table 1. 1H and 13C chemical shifts (d, ppm) and key coupling constants (H

d1H (ppm) J (Hz)

H1 GlcNAc 4.35 8.7
H2 GlcNAc 3.52
H3 GlcNAc 3.45 10.5
H4 GlcNAc 1.75 3.1 (HproR), 5.4 (Hpro
H5 GlcNAc 3.54
H6 GlcNAc 3.9
H6 GlcNAc 3.9
HproR 1.56 3.3 (H4 GlcNAc), 10.3
HproS 2.01 1.4 (H1 Gal), 5.2 (H4 G
H1 Gal 3.22 1.6, 9.9
H2 Gal 3.3 9.6
H3 Gal 3.52
H4 Gal 3.86
H5 Gal 3.52
H6 Gal 3.6
H6 Gal 3.85
(CH2)7–CH3 1.47, 1.2, 0.8
bridge was exclusively based on experimental J and
NOE data. This analysis allowed us to identify the pres-
ence of a major U rotamer (large JH1Gal/HproR value,
10.3 Hz) and the existence of an equilibrium around W
(intermediate JH4GlcNAc/HproR and JH4GlcNAc/HproS J val-
ues, 3.3 and 5.2 Hz, respectively). To properly under-
stand its ligand properties, further characterization of
the possible conformers in the conformational equilib-
rium and of their relative populations is necessary.
Therefore, as a next step, molecular mechanics and
dynamics calculations were performed.11

The potential energy surfaces in the U/W-angle space
for four independent starting geometries of 1 (varying
the C5–C6 x torsion12 for the Gal (gt/tg) and GlcNAc
(gg/gt) moieties) were calculated with the MMMM3* force
field13 as integrated in MACROMODELMACROMODEL,14 and compared
to those of the parental O-glycoside (see Table 2). Four
and three minima are predicted for the C- and O- com-
pounds, and with completely different relative popula-
tion densities.

A combination of four conformational families was
predicted to co-exist from these MMMM3* simulations.
Therefore, three additional families, apart of the major
one described for N-acetyl-lactosamine15 do appear in
the simulation. The sampled MMMM3*-based maps were
z) for 1 (D2O, pH 7.0), at 500 MHz and 300 K

d13C (ppm)

101
70.2
72

S), 10.2 (H3 GlcNAc), 10.2 (H5 GlcNAc) 40.5
76.8
62
62

(H1 Gal), 15.5 (HproS) 28.5
lcNAc), 15.5 22.3

77.5
71.1
73.8
69.2
78.4
70.2
70.2
28.5, 25, 31



Table 2. Torsion angle values, relative steric energies and relative
population densities of the major conformational low-energy positions
of 1 according to MMMM3* calculations

Conformer (U,W)

A B C D
(180�/0�) (36�/�72�) (54�/180�) (54�/18�)

DE (kJ/mol) 6 7 0 1.5
Population (%) 3 2 85 10

Energy values are given in kJ mol�1.
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used to derive the expected 3JHH by applying the Haa-
snoot–Altona modification of the Karplus equation.16

When the comparison between expected and experimen-
tal vicinal proton-proton couplings was performed, the
calculated couplings notoriously deviated from the
experimental results, highlighted in Tables 1 and 2. In
fact, the MMMM3*-based calculations predict a higher per-
centage of the unusual anti-W conformers around the
glycosidic linkage than those actually existing. More-
over, they also predict a higher flexibility around U,
(averaging of couplings) than that experimentally ob-
served (one large value). The semi-quantitative compar-
ison of expected and experimental J values is in
agreement with a 60/40 anti/syn equilibrium around W,
with a tentative distribution of 60% C, 20% D, 15% B
and 5% A.

According to MMMM3* calculations (Figs. 1 and 2), com-
pound 1 shows a population density of about 85%
around minimum C (anti-W). This region is defined by
U 54� and W 180�. A second region, only destabilized
by about 1 kJ/mol, is centered at D (the regular syn-

exo-anomeric orientation), harbors 10% of the popula-
tion distribution and is defined by U 54� and W 18�.
Additional minima with relative steric energies above
6 kJ/mol (1.5 kcal/mol) are localized at positions A
and B. The respective population densities are 3% for
A and 2% for B. A (anti-U) is defined by U,W around
180�/0�, while B is a syn-exo-anomeric region somehow
distorted with U/W values of 36/�72�. Therefore, B, C
and D adopt the regular syn-exo-anomeric region
around U, as for natural O-glycosyl compounds. X-ray
Figure 1. Positions of local minima for 1, the respective probability distribut
torsion angles. The global minimum, C, is located within the anti-W region.
analysis of N-acetyl-lactosamine,15 has shown that this
compound adopts minimum B in the solid state. There-
fore, according to the MMMM3* calculations, N-acetyl-
lactosamine and its C-glycosyl analogue show similar
U, values, but differ around 180� for W. Moreover,
MD simulations revealed that the major minima were
conformationally stable during the time scale of the
simulations (3 ns).
2.1. NMR Experimental confirmation

The data originating from the MMMM3* calculations were
compared with the experimental results using NMR
spectroscopy, mainly J and NOE data. Chemical shifts
(Table 1) of the individual resonance signals were as-
signed through a combination of COSY, TOCSY, and
HMQC experiments.16 The presence of the methylene
protons in C-glycosyl compounds allows the use of cou-
pling constant values to deduce key conformational
information around the pseudo-glycosidic torsions.
Table 3 shows the expected coupling values (Karplus–
Altona17 equation) for the four local minima of 1 pre-
dicted by the MMMM3* calculations, compared with the
experimentally measured values. The experimental cou-
pling values of the C-glycosyl analog of N-acetyl-lactos-
amine are indeed similar to those previously described
for C-lactose, 7.6 Indeed, a similar distribution to that
proposed for this compound among minima A–D leads
to a satisfactory agreement between expected and
observed data.

NOESY Experiments for 1 (Fig. 3) were also per-
formed to assess the conformational distribution. Key
NOEs are highlighted in Figure 3, while their corre-
sponding inter-proton distances are presented in Figure
1. It is clear that a short H1 0/H3 distance is exclusive to
minimum C (anti-W), while H1 0/H4 interactions repre-
sent the existence of population around B and/or D
(syn-U), and H2 0/H4 is indicative of the presence of min-
imum A. Although a quantitative full matrix relaxation
approach was performed (Tables 4 and 5) to account for
the ‘experimental data’, visual inspection of the relative
H1 0/H3 versus H1 0/H4 NOE intensities already allowed
ion, and key interproton distances (between 2.0 and 2.5 Å) for the U/W



Figure 2. Stereoscopic representation of the different minima, A (180/0), B (36/�72), C (54/18) and D (54/�180), of the C-glycosyl analogue of
N-acetyllactosamine (1).

Table 3. J Values (Hz) for the local conformational minima and corresponding U, W values for 1

Proton pair Conformer (J, Hz) Experimental (J, Hz)

A (180�/0�) B (36�/�72�) C (54�/�180�) D (54�/18�)

H-1Gal/HproS 4.8 1 1.4 1.3 1.4
H-1Gal/HproR 2.3 9.8 11.5 11.3 10.3

H-4GlcNAc/HproS 5 5 3.4 8.4 5.2
H-4GlcNAc/HproR 4.3 11.5 3.7 1.6 3.3

The values were deduced by applying the generalized Karplus equation proposed by Altona to the derived molecular geometries derived from MMMM3*

calculations.
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us to demonstrate that the anti-W region predominantes
in solution compared to the syn-W one. The higher value
for H1 0/H3 (versus H1 0/H4) contrasts with the observa-
tions for regular N-acetyl-lactosamine for which the
H1 0/H4 NOE is about fourfold more intense than
H1 0/H3. Moreover, the presence of the H4/H2 0 NOE
indicates that the region defined by conformer A (anti-
U) is also populated in solution.



Figure 3. 1D-NOESY spectra (400 ms mixing time) of 1 at 500 MHz and 300 K in D2O, after selective inversion of H1Gal (A) and H2Gal (B). (C)
Enlargement of the key area of the 2D-T-ROESY spectrum (400 ms mixing time) for clarity.

Table 4. Key interproton distances (Å) for the different conformers,
the ones corresponding to putative strong NOEs being bolded

Conformers (U/W)

A
(180�/0�)

B
(36�/�72�)

C
(54�/�180�)

D
(54�/18�)

H1 0–H3 4.7 3.5 2.2 4.7
H1 0–H4 3.7 2.7 3.8 2.6

H1 0–HproR 2.4 3.1 3.1 3.1
H1 0–H5 4.8 4.7 3.3 4.0
H1 0–H6A 4.4 4.6 5.1 2.4

H4–H2 0 2.2 4.7 4.8 4.5
HproS–H4 2.9 2.3 2.4 3.0
HproS–H5 2.5 3.2 4.0 2.5

HproS–H6A 3.9 2.5 4.0 3.5
HproS–H10 2.4 2.6 2.5 2.6

HproS–H20 3.8 2.8 3.0 3.0
HproR–H3 2.4 2.8 3.9 2.5

HproR–H4 2.9 3.1 2.4 2.8
HproR–H6A 4.4 3.6 2.7 4.4
HproR–H20 3.2 2.7 2.5 2.5

The protons belonging to the Gal residue are primed.

Table 5. Average distances and calculated NOEs (estimated by
applying a full matrix relaxation approach to the ensemble averaged
distances computed from the probability distribution map shown in
Fig. 1) in comparison with the observed NOEs for compound 1

Proton pair %

% NOE MMMM NOE exp. % Averaged
distance MMMM (Å)

H1 0–H3 8.5 3.6 2.5
H1 0–H4 1.5 3.2 3.1
H1 0–HproR 4 1.2 2.5
H1 0–H5 1.1 0.8 3.3
H1 0–H6A 2.1 2.3 2.9
H1 0–H6B <1 1.6 4.6
H4–H2 0 <1 0.3 3.8
HproS–H4 3 3.8 2.5
HproS–H5 <1 3 3.3
HproS–H6A 3 — 2.8
HproS–H10 <1 4.1 3.0
HproS–H20 4 3 2.5
HproR–H3 3.5 4.6 3.0
HproR–H4 4 4.6 2.5
HproR–H6A <1 3.1 3.5
HproR–H20 <1 1.0 3.0

The calculations are shown for a NOE mixing time of 600 ms. The
protons belonging to the Gal residue are primed.
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Therefore, the MMMM3*-based population distribution
(with C populated up to 85% and D at about 10%) does
not reflect the actual conformational equilibrium in
water solution, for which four conformers are present
in the equilibrium. The comparison of the NOE and J

values account for a 5% A, 15% B, 60% C, and 20%
D. In any case, there is a major contribution of anti-W
conformers, which is the global minimum of the C-gly-
cosyl analogue 1, which are only marginally populated
for the natural b-(1!4) linked oligosaccharides.
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Very probably, the increased C–C versus C–O dis-
tance at the glycosidic linkage is at the origin of the
observed differences between the natural compound
and the C-glycosyl mimic.18 Similar differences have
been observed in other C-glycosyl compounds pointing
out that the conformational behavior of C-glycosyl
compounds cannot be extrapolated to their natural
parent compounds, as previously reported.19

Moreover, there is a large portion of the energy poten-
tial map that is accessible to the glycomimetic, especially
in comparison with N-acetyl-lactosamine. In principle,
the recognition of a given geometry by a receptor must
be accompanied by a substantial decrease in conforma-
tional entropy,20 although on the other hand, due to its
intrinsic flexibility, compound 1 may be accommodated
at different binding sites. Two examples are given below,
studying the potent agglutinin/toxin from mistletoe and
human galectin-1.
2.2. The bound state. The interaction of 1 with viscumin

(mistletoe lectin, VAA) and human galectin-1 (hGal-1)

NMR can be easily used to monitor ligand binding by
protein receptors.21 The most simple manner to assess
binding is to analyze line broadening of the ligand sig-
Figure 4a. The 500 MHz 1H NMR spectrum of 1 in the free state
(bottom) and in the presence of a 5% molar ratio of VAA (top trace).
Ligand–protein ratio is 20:1 and the temperature 298 K. Ligand
concentration is 2 mM.

Figure 4c. Representation of the decay of magnetization in an inversion recov
in the free state and for a sample containing a 20:1 molar ratio of 1:VA
considerably shortened indicating binding of 1 to VAA.
nals upon addition of minute amounts of the receptor.
Thus, as a first step, respective NMR experiments were
performed to monitor binding of 1 to the mistletoe lec-
tin.22 Figure 4 shows the relevant section of the 1H
NMR spectrum of 1 upon addition of VAA, with a 1/
VAA molar ratio of ca. 20:1. Indeed, broadening of
the ligand signals is evident, due to the shortening in
T2 relaxation times, promoted by ligand exchange
between the free and bound states.23

Selective T1 values are sensitive to the global motion
correlation time of a given molecule and, thus, they
can also be used to easily monitor ligand binding to
large molecular receptors. As shown in Figure 4, the
selective T1 value of H1-Gal strongly decreases when
passing from the free to the bound states, again indicat-
ing ligand binding.

Finally, STD experiments24 were also employed to
confirm ligand binding and to try to deduce the binding
epitope of the ligand to VAA, which had been assigned
in solution primarily to the subdomain 2c.22c Indeed, the
largest STD signal intensities were observed for the Gal-
residue as deduced from Figure 4. This observation is in
agreement with VAA recognizing exclusively the non-
Figure 4b. The 500 MHz STD spectrum after 2 s of on- and off-
resonance saturation time (top trace) of 1 in the presence of VAA at a
50:1 ligand–protein molar ratio. Ligand concentration is 2 mM. The
major epitope corresponds to the Gal residue. The regular 1D
spectrum of 1 is shown below for comparison.

ery experiments for the estimation of selective T1 values for H1Gal of 1

A. Ligand concentration is 2 mM. The value for the bound state is



Figure 4d. STD Values measured for 1 in the presence of VAA (50:1
ligand–protein molar ratio). Ligand concentration is 2 mM.
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reducing terminal end of Gal-containing oligosaccha-
rides, backed by specificity assays as well as calorimetric
and crystallographic evidence.24 Therefore, 1 behaves as
a glycomimetic of N-acetyl-lactosamine in its interaction
with viscumin.
Figure 5a. The 1H NMR spectrum of 1 in the free state (bottom) and in the p
is 20:1. Ligand concentration is 2 mM.

Figure 5b. Representation of the decay of magnetization in an inversion recov
in the free state and for a sample containing a 20:1 molar ratio of 1:h-Ga
considerably shortened indicating binding of 1 to h-Gal-1.
To examine conformational preferences when both
sugar units make contact with the protein, we used
human galectin-1 (h-Gal 1) as the receptor. In fact, the
presence of the N-acetyl group enhances the affinity con-
stant about fourfold.25 The same protocol described
above for the interaction with VAA was applied to
deduce binding of 1 to h-Gal 1. Also in this case, line
broadening of the resonance signals of 1 and a signifi-
cant decrease of the selective T1 value of H1Gal of 1

were observed when a small amount of h-Gal-1 was
added to the NMR tube containing 1 (Fig. 5). Both
experiments unequivocally indicate ligand binding of 1

to h-Gal-1.
Finally, trNOESY experiments were performed to

address the issue to define the bound conformation of
1 to h-Gal 1. As previously shown for ligands that are
not bound tightly and exchange between free and bound
resence of a 5% molar ratio of h-Gal 1 (top trace). Ligand–protein ratio

ery experiments for the estimation of selective T1 values for H1Gal of 1

l-1. Ligand concentration is 2 mM. The value for the bound state is



Figure 6. Top: NOESY spectrum (mixing time 700 ms) for free 1 in
D2O solution. Cross peaks have different sign to diagonal peaks.
Middle: TRNOESY spectrum (mixing time 200 ms) for a 20:1 molar
ratio of 1: hGal-1 (0.1 mM of lectin). Cross-peaks have the same sign
as diagonal peaks. No H1Gal–H3GlcNAc contact is observed,
indicating that the anti-W conformer is not bound by this lectin.
Bottom: Expansion of the key region of the TRNOESY spectrum.
Preferential recognition of the syn-W conformer is evident due to the
presence of a strong H1Gal-H4 GlcNAc cross-peak.
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state at a reasonably fast rate, the transferred nuclear
Overhauser enhancement experiment provides an ade-
quate mean to determine the conformation of the bound
ligand.26

trNOESY data were collected using a variety of mix-
ing times and two ligand/protein molar ratios, namely
12:1 and 25:1. In all cases, negative cross-peaks were
clearly observed at 300 K, as expected for ligand binding
(Fig. 6), in contrast to observations for the free ligand,
for which positive NOEs were observed.27

Figure 6 shows the NOESY spectra of 1, when free in
solution and bound to h-Gal 1 (trNOESY). As
described above, there are four conformational families
in equilibrium for the free molecule in solution, with two
major ones, dubbed C and D, which only differ in the
orientation around W angle. The exclusive NOEs for
these regions are H1Gal/H3GlcNAc and H1Gal/
H4GlcNAc, respectively. The trNOESY data were ana-
lyzed by employing the CORCEMA approach,28 which
uses a full relaxation matrix approach in the presence of
exchange. The experimental proton–proton distances in
the bound state indicate that both six-membered rings
are not distorted after interaction with the lectin binding
site, as deduced from the experimental H1/H3 and/or
H1/H5 distances for both the Gal and GlcNAc residues.
The H2Gal/H4GlcNAc inter-proton distance is rather
long, as deduced from the corresponding weak intensity.
Thus, h-Gal-1 does not accommodate the anti-U confor-
mation. The experimentally determined H1Gal/H3Glc-
NAc distance in the bound state is above 3 Å.
Therefore, the major conformation in the free state,
anti-W, is not present when bound to this lectin revealing
the presence of a conformational selection process. The
H1Gal/H4GlcNAc distance, which supports the pres-
ence of the exo-U/syn-W conformer present in about
35% of the population in the free state is around
2.5 Å, indicating the preferential selection of this local
minimum by h-gal-1 for binding. Moreover, the intense
H6GlcNAc/HproS NOE indicates that the molecule
adopts a syn-U orientation when in the lectin site. Thus,
all these experimental data indeed indicate that the exo-
U/syn-W conformer is the major geometry adopted by
the C-glycosyl analogue of N-acetyl C-lactosamine when
in contact with h-Gal 1.

In conclusion, only one of the four existing conform-
ers in solution for 1 is indeed bound by h-Gal-1. Because
this conformer is only populated to an extent of 35% in
the free state, its geometry harbors favorable character-
istic for the conformational selection process. These
results support, in a definitive manner, the exclusive
recognition of syn-type conformations around both
U/W torsión angles of b-linked galactosides by galec-
tins.15 In fact, in the X-ray structure of different lactose
derivatives bound to galectins,15 besides the typical key
interactions between the nonreducing end galactoside
residue (hydrogen bonds and aromatic-sugar interac-
tions), there is a key hydrogen bond between the OH-3
group of the Glc(GlcNAc) and a properly oriented polar
lateral chain of the polypeptide moiety.27 This key
hydrogen bond is only possible if the natural disaccha-
ride (or glycomimetics thereof) adopts a syn-type
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around U/W. Therefore, it is likely that this hydrogen
bond could be the key driving force for the conforma-
tional selection process that permits the recognition of
the minor conformer in free solution, also observed
for galactosyl xylopyranosides.30
3. Materials and methods

3.1. Molecular mechanics and dynamics calculations

The conformation of 1 in the free state was analyzed
by standard NMR methods and molecular mechanics
calculations. The initial calculations were performed
on both the C- and O-disaccharide analogues (1ab)

using the MMMM3* force field13 as implemented in MACRO-MACRO-

MODELMODEL 4.5.12 Potential energy maps were calculated as
described,29 because this is a b-(1!4)-linked disaccha-
ride, similar to C-lactose, which has been extensively
studied.6 U is defined as H-1 0–C-1 0–O–C4 and W as
C1 0–O–C4–H4. Additionally, MD calculations were
also performed with the same force field. In particular,
three independent unrestrained MD simulations for a
total period of 5 ns were run starting from the different
local minima.

3.2. NMR Spectroscopy

The NMR experiments were performed at 500 MHz on
Bruker AVANCE spectrometers, using temperatures be-
tween 298 and 318 K and concentrations between 1 and
2 mM. A 1D 1H NMR spectrum of 1 was also recorded
at 800 MHz to access the vicinal coupling constant val-
ues. The best J values were estimated by computer sim-
ulation of the 1D spectrum with the Mestre J software.

For the experiments with the free ligands, the corre-
sponding compound was dissolved in D2O, and the solu-
tion was degassed by passing argon through the
solution. COSY, TOCSY (80 ms, mixing time), and
ge-HSQC experiments were performed using standard.
2D T-ROESY experiments were carried out with mixing
times of 300, 400, and 500 ms.30 The strength of the 180�
pulses during the spin lock period were attenuated four
times with respect to that of the 90� hard pulses (be-
tween 7.2 and 7.5 ls). To deduce the interproton dis-
tances, relaxation matrix calculations were performed
using software written at home, that is available from
the authors upon request.

Mistletoe agglutinin and human galectin-1 were puri-
fied and subjected to rigorous activity and quality con-
trols as described.22,30,31 STD and trNOE experiments
were performed at 500 MHz. First, each lectin was sub-
jected to two cycles of freeze–drying with D2O to re-
move traces of H2O and then transferred in phosphate
buffer solution (pH 5.5) solution into the NMR tube
at a final concentration of ca. 0.05 (STD), 0.1, and
0.2 mM (trNOESY). trNOESY experiments were per-
formed with mixing times of 150, 200, and 250 ms, for
molar ratios between 15:1 and 50:1 of 1:lectin. No purg-
ing spin-lock period to remove the background of pro-
tein signals was employed. In all cases, line broadening
of the sugar protons was monitored after the addition
of the ligand. STD experiments were carried out by
using the method proposed by Meyer and co-workers.23

A blank experiment was also performed by applying on-
and off-resonance saturation on a sample containing
only the free ligand. No STD was observed under these
conditions. In all cases, no saturation of the residual
HDO signal was performed and, again, no spin-lock
pulse was employed. In our hands, the use of a spin-lock
period induced artifacts in the difference spectrum.

The theoretical analysis of the trNOEs of the sugar
protons was performed using a relaxation matrix with
exchange, using the CORCEMACORCEMA program,28 as de-
scribed.16 Different exchange-rate constants were used
to obtain the optimal match between experimental and
theoretical results of the intraresidue H-1/H-3 and
H-1/H-3 cross-peaks of GlcNAc and Gal moieties for
a given protein/ligand ratio. Normalized intensity values
were used because they allow correction for spin-relaxa-
tion effects. The overall correlation time sc for the free
state was always set to 0.23 ns and the sc for the bound
state for galectin-1 and mistletoe were estimated as 20
and 35 ns, respectively. To fit the experimental trNOE
intensities, different exchange-rate constants were tested.
The best fit was obtained by employing a Kd of
5 · 10�4 M and off-rate constants of ca. 300 s�1.29 trRO-
ESY experiments were also carried out to exclude spin-
diffusion effects. A continuous wave spin lock pulse was
used during the 150 ms mixing time. Key NOEs were
shown to be direct cross-peaks, because they exhibited
different sign to diagonal peaks.
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Jiménez-Barbero, J., Peters, T., Eds.; Wiley-VCH: Wein-
heim, 2002.

17. Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona, C.
Tetrahedron 1980, 36, 2783–2792.

18. Martin-Pastor, M.; Espinosa, J. F.; Asensio, J. L.;
Jimenez-Barbero, J. Carbohydr. Res. 1997, 298, 15–49.

19. For instance, see accompanying papers in this issue: Vidal,
P.; Vauzeilles, B.; Blériot, Y.; Sollogoub, M.; Sinaÿ, P.;
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1928 V. Garcı́a-Aparicio et al. / Carbohydrate Research 342 (2007) 1918–1928
Solı́s, D.; Gabius, H.-J.; Jiménez-Barbero, J. Biochim.
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