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The binding of a carbohydrate to a lectin may affect the conformation of the ligand. To address this question
for the galectin from chicken liver, the conformation of Galb1-2Galb1-R was analyzed in the free and in the
galectin-bound state with 2D-ROESY- and 1D- as well as 2D-transferred NOE-experiments. A computer-
assisted analysis of spatial parameters of the ligand by molecular dynamics (MD) and random walk molecular
mechanics (RAMM) calculations, taking different dielectric constants frome 4 1 to e 4 80 and various force
fields into account, were instrumental to define the energetic minima of the free state. NMR-derived interresidual
distance constraints enabled a conformational mapping. The two overlapping interresidual distance constraints
obtained from transferred-NOE experiments of the galectin-ligand complex clearly support the notion that the
conformation of the disaccharide in the bound state is at least very close to its global energy minimum state in
solution. © 1996 Academic Press, Inc.

Protein-carbohydrate interactions can guide crucial physiological reactions such as cell adhesion,
inter- and intracellular glycoprotein routing and regulation of various cellular functions (1, 2). Their
evident importance prompts to analyze in detail the molecular characteristics of this type of
recognition in solution. The combination of computer-assisted calculations of the conformation and
NMR-based experiments for the free ligand and lectin-saccharide complex provides a suitable tool
to address this question. It enables us to compare spatial parameters of a certain ligand before and
after association with members of a lectin family with similar binding specificity, e.g. to galacto-
sides. Agglutinins of this class mediate cell-matrix interactions and enhance immune functions
(3–5). Due to the remarkable affinity of Galb1-2Galb1-R to the immunomodulatoryViscum album
agglutinin, reported previously (6, 7), we have chosen to map conformational aspects of this
high-affinity ligand for galactoside-binding lectins of organisms from different branches of the
evolutionary tree. Herein, we report the first study in this area for an animal galectin. Transferred
nuclear Overhauser effect (TRNOE)-based experiments in combination with conformational dis-
tance mapping, random walk molecular mechanics (RAMM) and molecular dynamics (MD) cal-
culations indicate that the actual conformations of this disaccharide in the complex and in the free
form are at least very similar.
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MATERIALS AND METHODS

Preparation of the ligand.A mixture of 1-O-[39-(trifluoroacetamido)propyl]-3-O-acetyl-4,6-O-benzylidene-b-D-
galactopyranoside (200 mg, 0.43 mmol), prepared as described (8), mercuric cyanide (218 mg, 0.86 mmol), mercuric
bromide (30 mg, 0.89 mmol), and molecular sieves with size limit of 4 Å (2 g) in dry dichloromethane was stirred for 2
h under a nitrogen atmosphere. Additional molecular sieve material (1 g) and 2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl
bromide (510 mg, 0.86 mmol) in 5 ml of dichloromethane were then added, and the mixture was kept for 20 h at room
temperature with gentle stirring. Thereafter, it was diluted with chloroform, and the organic layer was washed successively
with water, 5% potassium iodide solution, and water, dried with sodium sulfate and evaporated in vacuo. Column chro-
matography (2 × 15 cm) on Silica Gel 40–100mm (CSFR) (hexane/ethylacetate, 20–100% of ethylacetate) of the residue
gave protected Gal9b1-2Galb1-Osp (70 mg, 16%) with a Rf-value of 0.5 in thin layer chromatography (hexane/ethylacetate,
1:1) and protected Gal9a1-2Galb1-Osp (300 mg, 80%). The denoted residue refers to the non-reducing end. Osp is the
abbreviation of -OCH2CH2CH2NHCOCF3. The bb9-disaccharide compound was deprotected by successive de-O-
acetylation (MeONa/MeOH), acid hydrolysis (70% AcOH) at 80°C for 15 min and hydrogenolysis (10% Pd/C), and yielded
Gal9b1-2Galb1-Osp in 69%, [a]D +4° (c 0.6, H2O).
Isolation of the galectin.Theb-galactoside-binding lectin from chicken liver was purified by successive application of

affinity and ion-exchange chromatography. The homogeneity was ascertained by two-dimensional gel electrophoresis, as
described (9, 10).
Computer-assisted calculations.The calculations were performed on Silicon Graphics workstations. Several molecular

dynamics (MD) trajectories were calculated with the DISCOVER software using different parametrizations: CVFF (Con-
sistentValenceForceField) (11, 12) and the AMBER program (AssistedModelBuilding withEnergyRefinement) (13, 14).
In addition, other programs with different force fields, e.g. CHEAT (CarbohydrateHydroxyls represented byExtended
AToms) (15), CHARMM (Chemistry atHARvardMacromolecularMechanics) (16), and GROMOS (GROningenMOL-
lecularSimulations) (17) have been tested to predict conformational preferences of Gal9b1-2Galb1-Osp. The input files for
molecular dynamics simulations (DISCOVER V.2.95 program of Biosym Technologies, San Diego, USA) were prepared
following the automatic charge and parameter assignment procedure of INSIGHTII (V.2.5, Biosym Technologies, San
Diego, USA). Dihedral anglesf andc are defined as follows:

f: H19-C19-O19-CX; c: C19-O19-CX-HX. f corresponds tofH, c corresponds tocH according to the IUPAC conven-
tions. A (f/c) combination of (+/−180°/0°) is defined as anti-conformation, because the two protons are in an anti- or
trans-position. A (f/c) combination of (0°/0°) is defined as cis-conformation, because the two protons are in a cis-or
syn-position.
With the help of a molecular mechanics (MM) grid search using the RAMM program (18) the possible local energy

minima defined by the glycosidic angles were determined in the conformational space of Gal9b1-2Galb1-Osp. In MM
calculations a stepwise change of the glycosidic torsion anglesf, c in combination with energy minimization at each step
was performed. Moreover, for each combination of thef, c torsional angles different orientations of the hydroxyl and
hydroxymethyl-groups were generated by the random walk technique to turn these side groups, too, into the lowest-energy
position. The RAMM program is especially suitable to detect local minima of higher energy than those which are normally
adopted in a molecular dynamics run (19). The force field and energy functions used in RAMM correspond to the Allinger
molecular mechanics method MM2-87 (20, 21).
NMR measurements and distance mapping.500 MHz1H-NMR spectra were recorded on a Bruker AM 500 spectrometer.

Prior to1H-NMR spectroscopy, the disaccharide and lectin preparations were repeatedly dissolved in D2O and lyophilized,
finally using D2O (99.96 atom %, Merck, Sharp and Dohme, Montreal, Canada) at p2D 7. Assignment of the chemical shifts
was carried out by standard NMR experiments like COSY (COrrelatedSpectroscopyY) and TOCSY (TOtal Correlated
SpectroscopyY). 2D-ROESY (Rotating FrameOverhauserEffect SpectroscopY) (22, 23) and 1D- and 2D-TRNOE (TRans-
ferredNuclearOverhauserEffect) measurements (24–27) were used for determination of conformational parameters of the
ligand in the free and in the galectin-bound state. The mixing times for ROESY and TRNOE experiments were set to 50,
100, 200 and 300 ms. NOE constraints in the free and in the bound state were evaluated using the distance mapping
procedure (28–30). For the conformational analysis of the glycosidic linkage the Ramachandran-type representation was
used, where distance constraints for each atom pair are expressed in the form of theirf, c coordinates. Contours drawn for
the determined values and also lower and upper limits of the possible distance of one NOE contact still enclose a large
number off, c combinations and, thus, do not define any particular conformation. If, however, this region overlaps with
another region defined by a second NOE contact, the probable conformational space is reduced, limiting the number of
combinations for the glycosidic anglesf, c.

RESULTS AND DISCUSSION

As a first step in our study the conformation of the disaccharide was analyzed by molecular
dynamics calculations with increasing dielectric constants or explicit inclusion of water in various
force fields, as exemplarily illustrated for MD simulations of Gal9b1-2Galb1-R with dielectric
constants ofe 4 1 and e 4 80 in Fig. 1a,b. The force field, which has been used for these
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calculations, is CVFF (15, 16). In each case, the initial structure is the anti-conformer, which
corresponds to the local side-minimum calculated by RAMM, as shown in Fig. 1a,b. In the case of
the low dielectric constant Gal9b1-2Galb1-Osp remains in its anti-conformational state, whereas a
rather broad minimum near the cis-position including a combination of angles of aboutf 4 25°
andc 4 −50° is adopted immediately, when the dielectric constant of aqueous solution is em-
ployed. This result suggests that the actual free-state conformation in solution may resemble this
spatial arrangement.
RAMM calculations were used to analyze the energy profile of Gal9b1-2Galb1-R in detail.

Remarkable changes in the energy profile can be seen when the dielectric constant ofe 4 1.5 is
changed to a value ofe 4 4 (Fig. 2a,b). It is indeed notable that a so-called trans- or anti-
conformation includingf 4 −180° andc 4 0° has a low energy minimum comparable to the level
of that in the cis-position (Fig. 2a). Hence, the disaccharide may adopt an anti-conformation in the
free state, which has recently been described as a possible solution conformation for disaccharides
(31). A distinct parameter which should be varied in the setting of such calculations is the dielectric
constant. As already revealed by the MD runs, a change of the dielectric constant from 1.5 to 4
leads to a favorable cis-conformation (Fig. 2b). Such deliberate changes may reveal energetically
suitable and thus adoptable conformers with relevance for complex formation. It should also not be
neglected that the dielectric constant of the immediate binding pocket may well deviate from the

FIG. 1. RAMM conformational energy map of Gal9b1-2Galb1-R at different values of the dielectric constant, namely
e 4 1.5 (a) ande 4 4 (b).

FIG. 2. Representation of the conformational behavior of Gal9b1-2Gal9b1-R in a MD simulation using CVFF with
dielectric constants ate 4 1 (a) ande 4 80 (b), respectively.
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value of the aqueous medium. Since the energy values of the anti-conformer of Gal9b1-2Galb1-R
are enhanced with increasing values of the dielectric constant, as demonstrated in Fig. 2a,b, only
the two energetic minima near the cis-position can be predicted to be strongly populated under this
condition (Fig. 2b).
Experimentally, NMR measurements are instrumental to support this assumption. Results of

ROESY-experiments of free Gal9b1-2Galb1-Osp enabled us to determine an interresidual distance
of 2.75 Å between Gal9 H1 and Gal H2, using the intraresidual distance between Gal H1-Gal H3
of 2.6 Å for calibration (Fig. 3). The intensity of the cross-peak of the two anomeric protons Gal9
H1 and Gal H1 in the ROESY-spectrum corresponds to a distance of 3.35 Å. The two interresidual
proton contacts measured for Gal9b1-2Galb1-Osp are in agreement with a conformation, which is
established by values for the glycosidic angles off 4 20° andc 4 −60°. The Osp group of the
Gal9b1-2Galb-derivative has no influence on the conformation of the disaccharide when compared
with the reducing disaccharide Gal9b1-2Gal (not shown).
Having provided evidence for the actual free state conformation, further NMR experiments were

aimed to determine such structural aspects of the ligand after complex formation. Herein, the molar
fractions of bound and free ligand must be adjusted adequately to maximize strong negative NOEs,
measureable from the complex. With a 10–20fold molar excess of carbohydrate no significant
differences in the quality of the TRNOE-data were apparent. In principle, three conditions which
ensure a meaningful study were fulfilled in the TRNOE-experiments: (I) the negative NOE signals
of the bound ligand were predominant relative to the NOE signals of the free ligand, as achieved
by appropriate adjustment of the relation of ligand to lectin, (II) the effects of spin diffusion were
minimized by testing several mixing times (50 ms–300 ms), and (III) it was possible to exclude
signals, originating from protein-protein interactions, by recording a reference spectrum. This
reference spectrum was obtained by irradiation with a resonance frequency of a part of the
spectrum where only protein signals occur in the case of 1D-TRNOE-experiments. In the case of
2D-TRNOE-experiments, spectra of the ligand-free lectin and the lectin-free ligand were recorded.
The 1D1H-NMR spectrum of the animal galectin at a millimolar concentration displayed fairly

broad and unresolved signals. Therefore, irradiation at the frequency of distinct saccharide signals
was possible in 1D-TRNOE experiments of (Gal9b1-2Galb1-Osp)-galectin complexes. Overall, the
results obtained from concomitant 2D-TRNOE-experiments were in agreement with those from
1D-TRNOE experiments. The relevant part of a 2D-TRNOE spectrum is shown in Fig. 4. The
distance between Gal9 H1 and Gal H2 was ascertained to be 2.7 Å by using the intensities of the
intraresidual proton-proton cross-signals of Gal H1 and Gal H3, with an interproton distance of 2.6
Å for calibration. The distance of 3.3 Å between Gal9 H1 and Gal H1 was measured using the same
calibration. The cross-peak of Gal9 H1 and Gal H3, marked with a ‘‘*’’, arises due to spin-diffusion
effects. The measured distances have to be considered as virtual due to molecular flexibility. The
distance constraint Gal9 H1-Gal H2 with an averaged distance of 2.7 Å is plotted in the distance

FIG. 3. Relevant part of a 2D-ROESY spectrum of Gal9b1-2Gal9b1-Osp.
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map representing the conformational space of the glycosidic angles (f/c) of galectin-bound
Gal9b1-2Galb1-R. The second interresidual distance constraint Gal9 H1-Gal H1 of 3.3 Å is simi-
larly added. The contour lines of these constraints overlap in a distinct area of the distance map,
as can be seen in Fig. 5. This region, which is defined by experimental data, is indicative for real
conformations of the bound ligand. A positivec-value, as predicted from Fig. 2b, does not lie in
this region of overlap.
The results of the NMR-experiments and the computational calculations of Gal9b1-2Galb1-R

FIG. 4. Relevant part of a 2D-TRNOE spectrum of the Gal9b1-2Gal9b1-Osp—galectin, complex.

FIG. 5. Distance map of Gal9b1-2Gal9b1-R with two interresidual NOE contacts in complex state. The measured
interresidual contact of 2.7 Å between Gal9 H1 and Gal H2 corresponds to a defined contour line (&hb9;-&hb9;) in thef,
c diagram. The measured interresidual contact of 3.3 Å between Gal9 H1 and Gal H1 accounts for a second contour line
(&sb9;-&sb9;). These two lines define a region of overlap indicating permissible sets off, c-values. The lower limits, given
as a second set of contour lines, are defined, e.g., by the van der Waals distance. The hatched area shows the geometrically
allowed region when the disaccharide is considered to be rigid except for the glycosidic linkage.

Vol. 219, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

209



F
IG
.
6.

S
te
re
o
pl
ot
re
pr
es
en
ta
tio
n
of
th
e
m
os
t
pr
ob
ab
le
co
nf
or
m
at
io
n
of
th
e
di
sa
cc
ha
rid
e
lig
an
d
G
al

9b
1-
2G

al9
b
1-
R
in
th
e
co
m
pl
ex
.

Vol. 219, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

210



are consistent with the assumption that the conformation of the bound ligand in solution can adopt
a conformation, which is at least similar to that of a global energetic minimum in the absence of
the lectin (Fig. 6). This combined NMR- and computational study of Gal9b1-2Galb1-R under-
scores that the different functional groups of the ligand are apparently already in a position which
allows the lectin to bind this energetically favorable conformer.
The present state of NMR-based analysis of galactose-containing ligand-antibody/lectin-

complexes precludes a definitive conclusion on the relation of free- to bound-state ligand confor-
mation in this specificity class of saccharide receptors (32–36). X-ray structures of bacterial toxins
and a mammalian galectin indicate that the torsion angles at the glycosidic linkage of a bound
galactose moiety in the crystal lattices are similar to those regions of low energy positions in
solution (37–40). Knowledge about the actually bound conformation will be pivotal to devise
high-affinity ligands especially for clinically relevant lectins to block access to them or target drugs
(41–43). Even in the absence of a complete X-ray analysis for a lectin under investigation, docking
studies can be performed with the help of available data on related agglutinins (44), as currently
performed. Distinct predictions of such a modeling approach are being experimentally tested for the
parameter of surface accessibility of tryptophan, tyrosine and histidine residues by the laser photo
CIDNP (chemically induced dynamic nuclear polarization) technique (Siebert et al., in prepara-
tion), as recently applied to serum amyloid P component (45).
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