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Abstract: The human lectin galectin-1
(hGal-1) translates sugar signals, that
is, b-galactosides, into effects on the
level of cells, for example, growth regulation, and has become a model for
studying binding of biopharmaceutically relevant derivatives. Bound-state
conformations of Galb-C-(1!3)-GlcbOMe (1) and its bGal-(1!3)-bGlcOMe disaccharide parent compound

were studied by using NMR spectroscopy (transferred (TR)-NOESY data),
assisted by docking experiments and
molecular dynamics (MD) simulations.
Keywords: conformation analysis ·
glycoconjugates · molecular modeling · NMR spectroscopy · structure–activity relationships

The molecular recognition process involves a conformational selection
event. Although free C-glycoside
access four distinct conformers in solution, hGal-1 recognizes shape of a local
minimum of compound 1, the syn-F/
syn-Y conformer, not the structure at
global minimum. MD simulations were
run to explain, in structural terms, the
observed geometry of the complex.
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C-Glycosyl compounds are attractive mimetics for glycosides and are thus receiving much attention from different
points of view. In these molecules, the anomeric oxygen
atom has been replaced by a methylene group, thus providing stability towards acids and hydrolytic enzymes.[1] However, the detailed conformational analysis of a number of Cdisaccharides indicated that a previously postulated conformational similarity between O- and C-glycosides[2] was not a
general phenomenon and striking geometry differences between the natural compounds and the C-glycosyl analogues
in solution and in the solid state occurred. Clear evidences
were obtained for lactose and for mannobiose/mannotriose,
hereby opening the field to study the binding of these analogues by receptors.[3] In order to generalize previous hypothesis and findings, we had first focused on glycomimetics
of lactose and N-acetyllactosamine (LacNAc) and a human
lectin, that is, galectin-1 (hGal-1).[4] This protein is a wellstudied test case and representative for this family of adhesion/growth-regulatory proteins.[5] To give a physiologic example, by targeting distinct branch-end b-galactosides of cell
surface counterreceptors (here the a5b1-integrin) or ganglioside GM1, hGal-1 is a key effector to drive tumor cells into
anoikis or growth arrest.[6] From the chemical perspective,
and on the level of saccharides, not only b-1,4-linked structures but also a-linked digalactosides have been studied in
detail as ligands.[4, 7] Not unexpectedly, clear differences were
observed, due to the change in the anomeric configuration.
Reflecting the natural presence, hGal-1 is also able to bind
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other b-galactosides, with the b-Gal-(1!3)-type structure.
Of note, it has been reported that the binding of this lactoN-biose mimetic moiety has thermodynamic dissimilarities
in enthalpic and entropic contributions with respect to those
of lactose,[8] and thus, from a structural point of view, the
binding modes cannot simply be extrapolated. This situation
prompted us to analyze the key features of the molecular
recognition process involved in the recognition by hGal-1 by
using a multidisplicinary approach, combining NMR spectroscopic methods and molecular modeling techniques testing Galb-C-(1!3)-Glcb-OMe (1) (and its O-glycoside, 2).

Results and Discussion

(anti-Y), A, and D, respectively. Minima A and D represented conformers with the syn exo-anomeric orientation for F
and either positive (syn-Y(+)) or negative (syn-Y()) values
for Y, respectively. Thus, clear-cut conformational differences in the free state had been found for the b-1,3-linked disaccharide.
Given the major anti conformation of compound 1 in solution, and the relatively low energy barriers that stand between conformer interconversion in C-glycosides,[2] the first
step was to determine whether the C-glycosyl mimetic of
lacto-N-biose is recognized by hGal-1 and, if positive, in
which conformation.
Figure 2 shows the 1H NMR spectra of GalbACHTUNGRE(1!
3)GlcbOMe (2) in the absence and presence of hGal-1. For
a ligand/receptor molar ratio of 5:1, line broadening of the

As foundation for this study, the conformational behavior of
compounds 1 and 2 (Figure 1) in water solution deduced
previously by combination of NMR experiments and molec-

Figure 2. 500 MHz 1H NMR spectra of compound 2 in the absence (top)
and presence (bottom) of hGal-1 at 298 K with a ligand/receptor molar
ratio of 5:1. For a numbering scheme of the protons in compound 2 see
Figure 1.
Figure 1. Schematic representation in 2D (top) and 3D (bottom) views of
compounds 1 (X = CH2) and 2 (X = O).

ular mechanics calculations was used.[9] The employed protocol involved the calculation of the potential energy maps
for both compounds by using the Maestro package,[10] followed by the determination of the expected vicinal proton–
proton couplings (J) and nuclear Overhauser effects
(NOEs) for the calculated population distribution. The theoretical data for the ensemble average was compared to the
obtained experimental NMR data to validate the theoretical
results and to estimate the actual population distribution in
solution. The analysis of the distribution map of compound
1 predicted the presence of five low-energy conformations,
in contrast with the predictions for the natural O-glycoside,
for which about 98 % of the population was located in the
central low-energy region represented by the syn-F/syn-Y
global minimum A (Figure S1, in the Supporting Information). Two other minima, the anti-Y (B) and anti-F geometry (C) were barely predicted by the MM3* calculations
(about 1 % of each conformer). The NMR data were completely in agreement with the predominance of the syn-F/
syn-Y conformer of compound 2 in solution, whereas for
compound 1 they accounted for the presence of a conformer
distribution of approximately 40:30:30 among minima B
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ligand signals is evident, indicating the existence of a chemical exchange phenomenon and, thus, ligand binding. It is
also evident that broadening of resonances of the Gal
moiety is much higher than that for resonances in the Glc
ring, therefore confirming that the non-reducing Gal ring is
the major binding epitope.
Proceeding to transferred (TR)-NOESY to further delineate geometrical parameters,[11] HSQC-NOESY spectra of
compound 2 were measured in the presence and absence of
the galectin, to gain signal dispersion and to identify the key
interglycosidic cross peaks. The spectra were recorded at the
13
C-natural abundance, a 20 mm concentration in the NMR
tube. Inspection of Figure 3 enabled to assess that both spectra are indeed very similar except for the change in the sign
of the cross peaks for the complex (negative) in comparison
to those of the free molecule (positive). The TR-HSQCNOESY spectrum shows the presence of the Gal H1’–Glc
H3 cross peak, with a measured intensity comparable to
those of the intraresidual Gal H1’–Gal H3’ and Gal H1’–Gal
H5’ signals. This fact, together with the absence of the Gal
H1’–Glc H4 and Gal H1’–Glc H2 signals, strongly suggest
that the syn-F/syn-Y conformer is the major geometry present in both the free and the galectin-bound state for the Oglycoside 2. Thus, the major conformation of the b-1,3-
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Figure 4. 500 MHz 1H NMR spectra of compound 1 in the absence (top)
and presence (bottom) of hGal-1 at 298 K with a ligand/receptor molar
ratio of 5:1. The signal at d = 2.7 ppm corresponds to DMSO. The sharp
signal at d = 1.9 ppm corresponds to acetate.

Figure 3. Comparison of the 500 MHz 2D-HSQC-NOESY spectrum (top,
500 ms mixing time, 298 K) recorded for free compound 2 in water solution and the 2D-HSQC-TR-NOESY (bottom, 200 ms mixing time,
298 K) obtained for a ligand/galectin molar ratio of 5:1. Key cross peaks
are indicated. The obvious Gal H1–Glc C3 cross peaks in the free and
bound state indicate the binding of the syn-F/syn-Y conformer.

linked saccharide present in solution (syn-F/syn-Y) is
bound by hGal-1.
For the C-glycosyl analogue 1, the presence of hGal-1 in
the NMR tube also produced evident line broadening of the
ligand signals, especially of those belonging to the Gal ring
(Figure 4). Moreover, addition of a molar excess of compound 2 to the sample containing the mixture of compound
1 and hGal-1 led to sharpening of the NMR resonance signals of compound 1, indicating that both molecules apparently compete for the same site on the galectin (data not
shown).
Signal overlap was also evident for the TR-NOESY spectra (Figure 5) of compound 1 in the presence of the receptor. However, in this case, it was not possible to perform the
TR-HSQC-NOESY analysis, due to the low concentration
(about 1 mm) that could be reached with the available material. Because C-glycosyl disaccharides present additional
1
H NMR signals at the pseudoglycosidic linkages, their analysis can reveal conformational information. Thus, the presence or absence of syn-Y and/or anti-Y geometries was assessed by examining the NOEs between the CH2 hydrogen
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atoms at the pseudoglycosidic linkage and the Glc protons
(Figure 5 b).
The key observation was the change in the relative intensities of the H7pro-S–Gal H2 and H7pro-S–Glc H2’ cross
peaks when compound 1 passed from the free to the bound
state. The intensity ratio between these cross peaks was very
different in both states, indicating a conformational change
upon binding. The distance between H7pro-S and Gal H2’ is
fairly similar among the syn-Y(+), syn-Y(), and anti-Y conformers (  3 ), because it does not depend on Y, but on
F. However, the one between H7pro-S and Glc H2 is much
smaller for the syn-Y(+) conformer, of approximately 2.5 ,
relative to the anti-Y, of 3.9 , and to the syn-Y(), of 2.9 .
Therefore, the large intensity observed for this H7pro-S–Glc
H2 cross peak in the bound state strongly suggests that
hGal-1 exclusively selects the syn-Y(+) conformer for the
bound state. As inherent control, TR-ROESY experiments
were also performed to exclude the presence of spin-diffusion effects. Figure 5 c shows the corresponding experiment
for the sample of compound 1 and hGal-1 with a ligand/receptor molar ratio of 5:1. The observed NOE intensity pattern was indeed similar to that observed in the TR-NOESY
experiment, thus confirming that key the NOEs were direct
effects and therefore supporting the given conclusions.
Therefore, to summarize the experimental work, the
NMR data indicate that the C-glycoside 1 interacts with
hGal-1 at the same site as the O-glycoside. Despite their different conformational behavior in the free state, both molecules are recognized with a similar geometry, syn-F/synY(+). Therefore, binding of the synthetic C-glycosyl molecule
takes place with a conformational selection process. Only
one of the three major conformations coexisting in solution
is bound by the lectin. In other words, the global minimum
of compound 1, which displays an anti-Y orientation, is not
a ligand for hGal-1. In order to trace the structural requirements for the conformational selection process in these molecules, a molecular modeling approach, involving docking
and molecular dynamics (MD) simulations, was adopted.
Docking studies were performed by using the AutoDock[12] program, by using the protocol described in the Ex-
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Figure 5. a) Comparison of the 500 MHz 2D-NOESY spectrum (left, 500 ms mixing time, 298 K) recorded for free compound 1 in water solution and the
TR-NOESY (right, 200 ms mixing time, 298 K) obtained for a ligand/galectin molar ratio of 5:1. b) Expansion of the key regions of the 500 MHz 2DNOESY spectrum (left, 500 ms mixing time, 298 K) recorded for free compound 1 in water solution and the TR-NOESY (right, 200 ms mixing time,
298 K) obtained for a ligand/galectin molar ratio of 5:1. c) 500 MHz TR-ROESY (250 ms mixing time, 298 K) obtained for compound 1 in the presence
of hGal-1 for a ligand/galectin molar ratio of 5:1.

perimental Section. First, the use of this program was validated by docking lactose, employing the X-ray crystallographic structure of the hGal-1/lactose complex as starting
geometry (PDB 1GZW).[13] AutoDock satisfactorily reproduced the crystallographic binding mode, showing the key
hydrogen bonds between Gal O4 with His44 and Arg48, as
well as the stacking interaction between the C3, C4, and C5
region of the Gal moiety with the indol ring of Trp68 (Fig-
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ure S2 in the Supporting Information).[14] As in the solidstate structure, the most relevant interaction between the
galectin and the Glc ring involved two hydrogen bonds between Glc O3 with Arg48 and Glu71.
Once application of AutoDock was hereby confirmed to
reproduce the experimental results for lactose, O-glycoside
2 was docked into the same site. The best pose proposed by
the docking protocol was indeed the syn-Y(+) geometry,
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Figure 6. a) The syn-Y(+) conformer of bGal-(1!3)-bGlc-OMe (2) complexed to hGal-1, as obtained by AutoDock. The key intermolecular distances are
also shown, as well as that corresponding to the Gal H1’–Glc H3 NOE, which defines the bound conformation. The employed water structures for the
docking protocol are also displayed. b) The syn-Y(+) conformer of compound 1 in complex with hGal-1, as deduced by AutoDock. The key intermolecular distances are also shown. The crystallographic water molecules included for the docking protocol are also displayed.

which is in agreement with the TR-NOESY analysis described above (Figure 6 a). Moreover, although the stabilizing
energy values provided by AutoDock are only qualitative
and should be considered with caution, the proposed value
was very similar (within 0.5 kcal mol1) to that provided for
lactose.
The binding mode for compound 2 is fairly similar to that
described above for lactose. Indeed, the calculated rootmean-square deviation (rmsd) for compound 2 with respect
to the position of lactose in the X-ray structure only
amounts to 0.7 (Figure S3 in the Supporting Information).
The indol ring of Trp68 provides stacking interactions with
the apolar face of the Gal ring, whereas His44, Asn46, and
Arg48 establish hydrogen bonds with Gal O3 and Gal O4 at
the upper face. Of note, for this b-1,3-linked disaccharide,
Arg48 and Glu71 form hydrogen bonding with Glc O4,
which occupies the place of Glc O3 in lactose. Only in the
syn-Y(+) orientation, these stabilizing contacts can be provided. Finally, His52 also interacts with Gal O2 and Glc O6,
whereas the four water molecules provide hydrogen bonding
to Glu71 and to Gal O3 and Gal O4, mediating their interactions with His44 and Asn46.
Docking studies were then performed for the C-glycoside
1. The three existing conformations in free solution (synY(+), anti-Y, and syn-Y()) were employed as starting geometries for the docking protocol. Again, although the predicted binding energy values should only be considered as
an approximation, binding energies for the two syn-Y(+) and
syn-Y() conformations were very similar (within 0.5 kcal
mol1 and lower than that predicted for the anti-Y orientation, which was destabilized by about 3 kcal mol1). The orientation of compound 1 (in the syn-Y(+) geometry) within
the binding site is basically identical to that described above
for compound 2 (Figure S4 in the Supporting Information),
and the key intermolecular distances are shown in Figure 6 b. His44 establishes interactions with Gal O3. Gal O4
makes contacts with Asn46 and Arg48, which also interacts
with Gal O5 and Glc O4. CH–p interactions between the
Trp68 and Gal ring are also observed.
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For the syn-Y() conformer, the interactions of the Gal
ring remained basically identical to those described above.
However, the orientation of the Glc moiety with respect to
the protein is obviously different to that for syn-Y(+), and
the hydrogen bond between Glc O4 and Arg48 is not detectable. Also, there is no interaction between Glc O6 and
His52 (Figures S5 and S6 in the Supporting Information). Instead, hydrogen bonds between the Glc O4 and Glu71 as
well as Glu O2 and His52 are identified.
The best docking pose obtained for the major conformation in solution, the anti-Y geometry, led to interactions
with the Gal moiety analogous to those already described,
whereas a significant part of the Glc ring remains in the
bulk water, displaying less intermolecular interactions with
hGal-1. In this case, Glu71 may still establish a hydrogen
bond with the Glc moiety, although with Glc O2 (Figures S7–S9 in the Supporting Information). However, Arg48 is
now far away, precluding its interaction with the Glc moiety.
Therefore, in principle, and from a qualitative viewpoint,
AutoDock provided significant structural explanations to account for the selective recognition of the syn-Y(+) conformation in relation to the other two geometries.
MD simulations were then performed to provide a more
quantitative perspective of the conformational selection
process with atomic resolution. Four different 10 ns MD
runs were performed, as described in the Experimental Section. Two different force fields (Gaff[15] and Glycam-06[16])
were applied for the O-glycoside 2 to simulate its complex
with hGal-1. As similar results were found for both, Gaff
was selected to simulate the two different complexes between compound 1 (with either the syn-Y(+) and the anti-Y
conformer) and hGal-1. Starting geometries for the complexes were the best binding poses obtained from the docking calculations for compounds 1 and 2. Different variables
were examined to assess the internal reliability of the MD
runs: the protein backbone rmsd, the trajectories of the glycosidic torsion angles F and Y, the variation of the distance
between the Gal ring and the indol moiety of Trp68, the
presence and residence time of the different intermolecular
sugar–lectin hydrogen bonds as well as those mediated by
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water molecules. The MM-PBSA[17] and MM-GBSA[18] approaches were used to calculate the binding energies of the
complexes.
Regarding the simulation of the hGal-1/2 complex, the results obtained with the Gaff and Glycam 06 force fields for
the sugar moiety were similar. Therefore, only the results
obtained when Gaff was used will be discussed below. The
rmsd value of the protein backbone was kept fairly stable
during the whole simulation period (Figure S10 in the Supporting Information), that is, always below 1.6 . Regarding
the trajectory of the FH/YH glycosidic torsion angles, they
remained in the same region of the potential energy map,
with minor fluctuations (Figure S11 in the Supporting Information) around the starting values (  50/208, respectively).
The typical stacking interaction (Figure S12 in the Supporting Information), between the galactose ring and the indol
group of Trp68, was present during the entire simulation, as
evidenced by a distance smaller than 5 between the centroids of both the sugar and the heterocyclic ring.
A representative structure of the complex is shown in Figure 7 a, as obtained from the MD simulations. The stacking
interactions together with the key intermolecular hydrogen
bonds are highlighted. Interestingly, a cooperative and persistent hydrogen bond formed by Arg48, Glc O4, and Glu71
is seen throughout the analysis. MD simulations were also
performed for the complex formed by h-Gal1 and compound 1. Two different simulations were performed, starting
from the most stable conformation in solution, the anti-Y
geometry, and from the syn-F/syn-Y(+) conformer, the
major one experimentally observed by NMR spectroscopy
for compound 1 in the presence of hGal-1. For the complex
with the syn-F/syn-Y(+) form, the rmsd value of the protein
backbone was around 1.5
during the whole simulation
(Figure S13 in the Supporting Information). As described
above for compound 2, the FH/YH glycosidic torsion angles
stayed close to the starting values, with minor fluctuations
(Figures S14 and S15 in the Supporting Information) around
the starting values (  50/208 respectively), and the stacking
interaction was as well maintained during the MD run (Figure S16 in the Supporting Information). The analysis of the
intermolecular interactions revealed that the complex between hGal-1 and compound 1 was kept stable due to the
existence of a similar pattern of hydrogen bonds and stack-

Figure 7. a) View of the key intermolecular hydrogen bonds found in the
MD trajectory carried out for the hGal-1/2 complex. The structure has
been deduced by averaging the MD snapshots between 7.5 and 8.1 ns.
The stacking interaction of the Gal moiety of compound 2 with Trp68 is
also evident from this perspective. b) View of the key intermolecular hydrogen bonds found in the MD trajectory carried out for the hGal-1/1
complex, starting with the syn-F/syn-Y(+) geometry. The structure has
been deduced by averaging the MD snapshots between 7.5 and 8.1 ns.
c) View of the key intermolecular hydrogen bonds found in the MD trajectory carried out for the hGal-1/1 complex, starting with the syn-F/antiY geometry. The structure has been deduced by averaging the MD snapshots between 8.2 and 8.8 ns. In this situation, the Glc ring is more exposed to the solvent than for the syn-F/syn-Y(+) geometry.
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ing interactions (Figure 7 b), to that described above for the
complex of compound 2.
When the simulation started from the syn-F/anti-Y geometry, the rmsd value of the protein backbone showed to be
more variable than in the previous cases during the period
of the simulation (Figure S17 in the Supporting Information), although it adopted reasonable values to account for a
stable complex. The F/Y glycosidic torsion angles remained
stable, with minor fluctuations (Figures S18 and S19 in the
Supporting Information) around the starting values (  50/
1808, respectively). The change in the conformation around
Y did not affect the stacking between the Gal ring and the
indol moiety of Trp68, which was also present during the
complete MD run (Figure S20 in the Supporting Information). In fact, the orientation of the Gal ring was independent of the Y value. The analysis of the averaged structure indicated that less intermolecular contacts between the Glc
moiety and the galectin were formed, and that the Glc ring
was much more exposed to the solvent than in the previous
case, when the syn-Y(+) conformer was studied (Figure 7 c).
Finally, free energies of binding were calculated following
the MM-PB(GB)SA approach for the complexes between
the lectin and both molecules. For compound 2 (Table S1 in
the Supporting Information), only the observed syn-F/synY conformer was considered, whereas for compound 1, both
complex formation with the syn-F/syn-Y (Table S2 in the
Supporting Information) and the syn-F/anti-Y conformers
(Table S3 in the Supporting Information) were evaluated.
Two methods, that is, the Molecular Mechanics/Poisson–
Boltzmann Surface Area (MM/PBSA)[17] and the Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA)[18]
approaches were tested.
The calculated free energies of binding for compound 2
were 25.40 and 28.24 kcal mol1 for the PB and GB
method, respectively. Fittingly, for compound 1 (in the synF/syn-Y geometry), the energy values were in the same
range as those for compound 2, being 25.37 and
25.44 kcal mol1 for the PB and GB method, respectively.
Instead, for the syn-F/anti-Y conformer of compound 1, the
free energy of the binding values was significantly smaller
by about 5 kcal mol1, depending on the method, with respect to the syn conformer (20.89 and 22.21 kcal mol1
for the PB and GB approach, respectively).
Examining the contributions per residue to the binding
energy helped identify the key interactions, on which the
conformational selection of the syn-F/syn-Y(+) conformer of
compound 1 resides. In the complex with this favored synF/syn-Y(+) geometry (Figure 8 a, Table S4 in the Supporting
Information), the main contributions to the binding process
arise from interactions with Glu71 and Arg48, especially
from the electrostatic component. The establishment of several hydrogen bonds accounts for building a strong and complex network of hydrogen bonds between the ligand and
hGal-1, in a similar way to that found for lactose in the crystal[13] (Figure S3 in the Supporting Information). Additionally, Asn61 also establishes a hydrogen bond with OH6, and
His44 contributes an electrostatic interaction. Regarding the
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Figure 8. a) Contribution per residue to the binding energy for the complex between the hGal-1 and the syn-F/syn-Y(+) conformer of compound
1. In black is represented the electrostatic term and in red the one corresponding to the van der Waals energy. b) Contribution per residue to the
binding energy for the complex between the hGal-1 and the syn-F/antiY(+) conformer of compound 1. In black is represented the electrostatic
term and in gray the one corresponding to the van der Waals energy.

van der Waals component, the main contributions come
from the CH–p interaction with Trp68. Smaller contributions from Asn46, Arg48, and Asp54 can be derived to add
to stability.
Unfavorable electrostatic interactions originate from residues not directly interacting with the ligand but with other
amino acids building the binding site, that is, Asn46, Asp54,
and Lys63. In detail, Asn46 establishes a hydrogen bond
with Arg48, Asp54 simultaneously anchors Arg48 and
Arg73, and Lys63 establishes CH–p and p–cation interactions with Trp68.
When looking at the complex with the syn-F/anti-Y conformation (Figure 8 b, Table S5 in the Supporting Information), a similar trend for favorable/unfavorable electrostatic
and van der Waals contributions, although with smaller
values of energy, emerges, with a reduced free energy of
binding. The major difference precluding the binding of the
anti conformer rests on the electrostatic interactions with
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Glu71 (with a difference of more than 3 kcal mol1), and
with Arg48 (with a difference of more than 5 kcal mol1),
pointing to these two residues as the major players in the
molecular recognition process.

es is expected to prolong their lifetime in active form. In
this sense, the reported data encourage further efforts, with
other galectins and with oligosaccharides having increased
affinity and intrafamily selectivity.

Conclusion

Experimental Section

In conclusion, only one of the three existing conformers in
solution for compound 1 is bound by hGal-1. Because this
conformer is only populated to a maximum extent of 30 %
in the free state, its geometry appears to harbor favorable
characteristics for success in the conformational selection
process. These results support, in structural terms and in a
definitive manner, the exclusive recognition of syn-type conformations around both F/Y torsion angles of b-1,3/1,4linked galactosides by hGal-1. Looking at the X-ray structures of human and bovine galectin-1, besides the typical
key interactions between the non-reducing end galactoside
residue (hydrogen bonds and aromatic–sugar interactions),
there is a key hydrogen bond between the OH3 group of
the GlcACHTUNGRE(GlcNAc) unit and a properly oriented polar lateral
chain of the polypeptide moiety.[13, 19] These key hydrogen
bonds are only possible if the natural disaccharide (or glycomimetics thereof) adopts a syn-type conformation around
F/Y. In the present case, with the alternative b-1,3 glycosidic linkage, these hydrogen bonds are those established between OH4 (Glc) and Arg48 and Glu71. Therefore, it is
very likely that these hydrogen bonds could be the key driving force for the conformational selection process that permits the recognition of the minor conformer of the C-glycosyl molecule in free solution. In fact, the efficient recognition of other disaccharides, such as galactosyl xylopyranosides[20] or thio-/dithio-based glycomimetics[21] by hGal-1 also
requires the presence of a properly oriented hydroxyl group
to establish the intermolecular contacts. Otherwise, no interaction of hGal-1, even with non-reducing Gal-containing
molecules, can take place, as observed for Gal-S-S-Gal.[21] In
this case, an interaction of the second Gal unit with Arg48
and Glu71 was judged to be impossible. In fact, this finding
provides the structural basis for the recent suggestion, based
on frontal affinity chromatography experiments, that the
Galb-(syn)-gauche conformation is required for the recognition of disaccharides by galectins.[22] As consequence, the
design of novel molecules able to efficiently interact with
hGal-1 should take into consideration this key interaction
and incorporate a key polar group with the proper orientation, to establish the appropriate intermolecular hydrogen
bonds. Such design will be also helpful to delineate the
impact of the new bonds and moieties on the thermodynamic binding parameters. Equally important, our study broadens the experience with C-glycosides as potential inhibitors
for galectins. Considering context-dependent involvement of
hGal-1 for example in pancreas carcinoma progression or
glioblastoma invasion,[5b, c, 23] the design of biopharmaceuticals, as free ligand derivative or conjugated to glycoclusters,[24] with the C-glycosidic bond resistant to glycohydrolas-
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Materials: The synthesis of compounds 1 and 2 has been described in reference [9].
Lectin purification and quality controls: The galectin was produced in
RosettaBlueACHTUNGRE(DE3)pLysS bacteria (Merck Millipore, Darmstadt, Germany) by using a pET24a vector (Merck Millipore, Darmstadt, Germany) in
TB medium (Roth, Karlsruhe, Germany) following induction by 100 mm
isopropyl-b-d-thiogalactopyranosid (IPTG) at 37 8C overnight and could
be extracted by ultrasonication in soluble form. Following affinity chromatography on lactose-bearing sepharose 4B, obtained by resin activation
with divinyl sulfone, as key step in isolation, yielded about 50–60 mg L1.
The lectin was checked for purity by one- and two-dimensional gel electrophoresis and nanoESI mass spectrometry, absence of any non-physiological processing rigorously excluded by peptide fingerprinting for quaternary structure by gel filtration and for activity by haemagglutination
and cell-binding assays.[7, 25]
NMR Spectroscopy: The NMR experiments were performed at 298 K in
D2O, on a Bruker AV500 spectrometer. Galectin-containing samples
were analyzed in sodium phosphate buffer (20 mm, pH 7.2).
Spectra were obtained with standard sequences from the TOPSPIN software package, with a concentration of 18 mm for compound 2 and a concentration of 1 mm for compound 1.
The Bruker pulse sequences noesygpph19 and invietgpnosp were used
for the NOESY (TR-NOESY) and HSQC-NOESY (TR-HSQCNOESY) experiments.[30] Mixing times of 350 and 500 ms were used for
the free ligand and 150 and 200 ms for the TR-NOESY experiments.
Transferred ROESY experiments were also acquired by using the Bruker
pulse sequence roesyphpr and with a mixing time of 150 ms.[31]
The 2D spectra were acquired with 2 K data points in the F2 dimension
and 128 data points in the F1 dimension. The residual water signal was
suppressed by presaturation. Prior to Fourier transformation, all spectra
were multiplied with a cosine-squared function. TR-NOESY experiments
were performed with protein/ligand molar ratios of 1:20 (for compound
1) and 5:1 (for compound 2).
Molecular modeling
Macromolecule Preparation: The crystal structure of hGal-1 in complex
with lactose (PDB 1GZW) was selected as the starting structure. Prior to
docking studies, lactose and crystallographic water molecules were removed, with the exception of four water molecules that were considered
important for lactose binding (HOH42, HOH127, HOH128, and
HOH129). By using the Maestro package (http://www.schrodinger.com)
neutral terminal N and C groups and polar hydrogen atoms were added,
and Kollman united atoms charges were assigned to all atoms.
Ligand Preparation: The studied ligands were lactose, as well as compounds 1 and 2. The starting geometries for the lectin and lactose were
taken from the crystallographic structure in PDB 1GZW, whereas those
for compounds 1 and 2 were taken from MM3* calculations as implemented in Maestro.[10] Atom and bond types were assigned with the help
of the program Maestro. Charges from glycam04 parameters file[16] were
used.
Docking Studies: Different conformers of the starting geometries of the
ligands were docked by using the Lamarckian genetic algorithm (LGA)
implemented in AutoDock, by randomly changing the torsion angles and
overall orientation of the molecule.[12] A volume for exploration was defined in the shape of a three-dimensional grid (60 60 60 3) centered
on the position occupied by the glycosylic oxygen atom of lactose in the
crystal structure. The grid spacing was 0.375 , and a distance-dependent
dielectric constant was used, as were the original Lennard–Jonnes and
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hydrogen-bonding potentials provided by the program. The parameters
for the docking by using the LGA were identical for all docking jobs.
After docking, the 100 solutions were clustered in groups with rootmean-square deviations less than 1.0 . The clusters were ranked by the
lowest energy representative of each cluster.
Molecular mechanics: Initial structures for the energy maps were drawn
with the Maestro program. tg and gt orientations were taken into account
for the galactose unit and gg and gt orientations for the glucose, which
was already observed that are much more stable than the gg or tg, respectively. A systematic search was performed around the glycosidic (F) and
aglyconic (Y) bonds in steps of 188. Macromodel v8.0[32] was used on this
step, selecting MM3* as force field and a dilectric constant of 80 Debeye
to simulate the aqueous solvent. The generated structures were optimized
by means of 500 iterations of conjugated gradients until convergence was
reached. Following this, 400 conformers were used to construct each relaxed map (F,Y). The adiabatic surface map was obtained from the relaxed maps, choosing for each point (F,Y) the minimum energy structure. The population distribution map was calculated according to the
Boltzmann equation at 25 8C.
Molecular dynamics simulations: The AMBER force field with the
GLYCAM, Gaff, and ff99EP parameter sets were employed for the description of the galectin-1–disaccharide complexes. All MD simulations
were carried out by using the sander module in AMBER 10.[26] Three
Na + counterions were added to neutralize the system. Each system was
then solvated by using TIP3P waters[27] in a cubic box with at least 10
distance around the complex.
The shake algorithm was applied to all hydrogen-containing bonds,[28]
and 1fs integration step was used. The simulations used periodic boundary conditions and the electrostatic interactions were represented by
using the smooth particle mesh Ewald method,[29] with a grid spacing of
1 .
Each system was gently annealed from 100 to 300 K over a period of
25 ps. The systems were then maintained at a temperature of 300 K
during 50 ps with a solute restraint and progressive energy minimizations,
gradually releasing the restraints of the solute followed by a 20 ps heating
phase from 100 to 300 K, where restraints were removed. Finally, the production simulations for each system lasted 10 ns and were also continued
in the isothermal–isobaric ensemble. Coordinate trajectories were recorded each 2 ps throughout all equilibration and production runs, which
yielded an ensemble of 5000 structures of each complex for further analysis.
MD analyses: Simulations were analyzed by using a combination of the
AMBER and VMD packages. Overall root-mean-square deviation variations were computed with the ptraj module (AMBER) after superimposition of the CA, C, and N atoms (protein backbone) of galectin-1. Hydrogen bonds evolution during the 10 ns of the simulations was monitored,
for both those formed between digalactosides and amino acids, and with
water molecules, by using ptraj (cut off = 4 ). The dihedral F/Y torsion
angles were also monitored during the simulation time. They were defined as H1’-C1’-O-C3/C1’-O-C3-H3 and H1’-C1’-C7’-C3/C1’-C7 -C3-H3
for O- and C-glycosidic linkages respectively. Also, the carbohydrate orientation at the binding site was unrevealed by measuring the significant
distances between the sugar units and the key amino acids.
MM-PB(GB)SA calculations: Binding free energies were calculated, following the MM-PB(GB)SA approach.[17, 18] The MM/GBSA or MM/
PBSA calculations were applied to three different systems, that is, complexes between hGal-1 and compound 2, compound 1 in the syn-F/syn-Y
conformation, and compound 1 in the syn-F/anti-Y conformation. For
the free energy of binding calculations, 500 snapshots of the complexes
were extracted from the 10 ns production runs of separate trajectories at
time intervals of 20 ps. Topology files for the complex and both the free
protein and ligand are required for the calculation.
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