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Background: Human galectin-3 (Mac-2 antigen) is a cell-type-specific multifunctional effector owing to
selective binding of distinct cell-surface glycoconjugates harboring β-galactosides. The structural basis
underlying the apparent preferences for distinct glycoproteins and for expression is so far unknown.
Methods: We strategically combined solid-phase assays on 43 natural glycoproteins with a new statistical
approach to fully flexible computational docking and also processed the proximal promoter region in silico.
Results: The degree of branching in N-glycans and clustering of core 1 O-glycans are positive modulators for
avidity. Sialylation of N-glycans in α2–6 linkage and of core 1 O-glycans in α2–3 linkage along with core 2
branching was an unfavorable factor, despite the presence of suited glycans in the vicinity. The lectin–ligand
contact profile was scrutinized for six natural di- and tetrasaccharides enabling a statistical grading by
analyzing flexible docking trajectories. The computational analysis of the proximal promoter region
delineated putative sites for Lmo2/c-Ets-1 binding and new sites with potential for RUNX binding.
General significance: These results identify new features of glycan selectivity and ligand contact by combining

solid-phase assays with in silico work as well as of reactivity potential of the promoter.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Protein–glycan recognition is being delineated as a key molecular
interaction route based on the exceptional capacity of oligosacchar-
ides for high-density information coding and the emergence of
various families of lectins [1]. Despite the glycomic diversity on cell
surfaces this process has an exquisite target selectivity which
underlies the precision of the post-binding biosignaling [2]. To
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define the nature of the mechanisms and the structural basis for the
inherent selectivity are thus questions with conspicuous biorele-
vance. Here, we present a combined approach toward this end,
studying binding preferences of a multifunctional human lectin. We
tested various ligand structures and topology of presentation in
combination with flexible ligand docking and statistical analysis of
contact.

The Mac-2 antigen was originally defined as rat macrophage
marker present abundantly on thioglycollate-induced peritoneal
exudate cells [3]. It was later confirmed to be expressed in the
monocyte–macrophage lineage and detected also in epithelial and
stromal cells as well as in diverse tumor cell types [4–6]. The human
Mac-2 protein, known as major non-integrin binding partner for
laminin and IgE receptor, was then identified to be a β-galactoside-
specific lectin [7]. The characteristics of the C-terminal sequence
section, the lectin part, led to its assignment to the galectin family,
herein as galectin-3 [8,9]. Its lectin property plays an important role in
defense mechanisms. For instance, it enables macrophages to target
di-N-acetylated lactose (LacdiNAc) of helminth parasites and the
major xenoantigen (α-Gal) [10,11]. Evidently, distinct glycan epitopes
serve as sugar-encoded signals for the lectin in immune defense. This
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also holds true for adhesion/growth-regulatory events triggered by
galectin-3, observed for example with thymocytes or carcinoma/
neuroblastoma cells [2,12–15].

To exert its specific functions, human galectin-3 (hGal-3) requires
a discriminatory reactivity to the different types of oligosaccharides
based on a substituted β-galactoside core in natural glycoconjugates.
Binding and inhibition assays, frontal affinity chromatography, glycan
arrays and titration calorimetry revealed a strong reactivity with β1–
4-linked galactosides, especially oligomeric N-acetyllactosamine
(LacNAc), and histo-blood group ABH epitopes with indications for
a minor influence of α2–3-sialylation and N-glycan branching in free
glycans, and assay-dependent variation of avidity for N- vs O-glycans
[16–25]. Due to the rather common presence of theoretically suited
epitopes at the termini of glycan branches, binding of hGal-3 to many
cell surface glycoconjugates can be expected. But, however, this lectin
is very selective when engaging in contacts with cell surface
glycoconjugates.

Despite the abundance of glycoconjugates with terminal β-
galactosides only a limited set of glycoproteins/glycolipids qualifies
as physiological galectin-3 ligand, and this with cell-type selectiv-
ity. Testing for example colon cancer cells, carcinoembryonic
antigen, laminin and lysosome-associated membrane proteins 1/2
as well as mucins (especially the mucin MUC1 via O-glycans and the
N-glycan of MUC1-C at Asn36) were bioactive [15,26–28]. The
glycoproteins CD29, CD43, CD45, CD71, and CD98 (H-chain) and the
Mac-2-binding protein were counterreceptors in the case of
thymocytes, for hippocampal neurons the neural cell adhesion
molecule L1 and for neuroblastoma cells ganglioside GM1
[13,14,29]. Thus, the presence of a cognate carbohydrate structure
combined with other, not yet precisely defined topological factors
appears to underlie the distinct binding properties. It is noteworthy
in this context that hGal-3's tridomain structure, especially its five
collagenase-sensitive tandem-repeat modules, endows the only
chimera-type member of this lectin family with unique properties
for cooperativity of binding and oligomerization in the presence of
multivalent ligands [30–33]. This characteristic gives special reason
to test natural glycoproteins with different degrees of valency and
branch-end structure. Compared to free N- and O-glycans the
spatial distribution of the glycan chains attached to a protein carrier
is assumed to partake in regulation of lectin affinity [34–36]. To
what extent factors imposed by glycan presentation on a natural
protein affect the binding of this potent effector in the immune
system and beyond has not yet been addressed. In order to take the
fine-specificity analysis of hGal-3 to the topological level, probing
well-characterized glycoproteins comparatively under identical
conditions is a promising approach.

We analyze here 43 glycoprotein preparations with differences in
branch-end and core structures including sialylation and in degree of
branching as well as a bacterial polysaccharide. These binding assays
are supplemented with fine-specificity monitoring using 41 glycan
compounds as inhibitors of hGal-3/glycoprotein binding. The exper-
imental part is combined with in silico calculations to monitor the
range of interactions in complexes with six cognate di- and
tetrasaccharides. Using HADDOCK version 2.1 [37,38], a flexible
docking approach that has been introduced previously to the study
of protein–carbohydrate interactions [39], we visualize the dynamics
within the interaction profile of a lectin for the first time at a statistical
level. The presented results contribute to the efforts to explain the
origin of affinity, specificity and eventually intrafamily differences in
physiological ligand selection, with implications for drug design.
These differences are also manifested on the level of the expression
patterns of galectins, for example detected by immunohistochemical
fingerprinting of human tumors with prognostic relevance [40–42].
To help delineate the underlying sequence signals, we present a
comparative in silico dissection of the proximal promoter region of the
hGal-3 gene with those of three proto-type galectins, a step to spot
putative sites for transcription factors and discern non-uniform
features.

2. Materials and methods

2.1. Galectin-3

Human galectin-3 was obtained by recombinant production and
purified by affinity chromatography on lactosylated Sepharose 4B,
prepared after resin activation with divinyl sulfone, as crucial step. It
was subjected to rigorous quality controls by one- and two-
dimensional gel electrophoresis, gel filtration and mass spectrometry,
then biotinylated under activity-preserving conditions with the N-
hydroxysuccinimide ester derivative of biotin [12,31]. The degree of
biotinylation was determined by two-dimensional gel electrophoresis
andmass spectrometric fingerprinting [43,44]. Lack of influence of the
labeling on lectin activity was ascertained by solid-phase and cell-
binding assays using asialofetuin and human SW480 colon carcinoma
cells, respectively [45,46].

2.2. Glycoproteins and saccharides

Sources and further processing of the glycoproteins have been
given previously in the first reports on galectin reactivity [47,48]. The
predominant carbohydrate determinants at branch ends with affinity
to galectins are listed in Table 1. Due to its importance for galectin
binding, information on branch-end sialylation is as follows for the
tested glycoproteins:

• N-glycans of bovine lactoferrin are exclusively α2–6-sialylated, and
in addition terminal LacdiNAc and Galα1–3Galβ1–4GlcNAc (B-like)
epitopes are present [49]. The same applies to human glycophorin,
which can naturally present terminal galactose in one arm due to
incomplete sialylation [50].

• Porcine thyroglobulin, human α1-acid glycoprotein and bovine
fetuin all contain α2–3/6-sialylated N-acetyllactosamine with
branch specificity, e.g. α2–3 sialylation resides in the β1–4-branch
of the α1–3-arm (for further information, please see [51]).

The Pneumococcus type 14 polysaccharidewas a generous gift from
the late Dr. E. A. Kabat (Department of Microbiology, Columbia
University, NY, USA). Mono-, di- and oligosaccharides used were
obtained from Dextra (Reading, Berkshire, UK) or Sigma (Munich,
Germany).

2.3. Enzyme-linked lectinosorbent assay

The assay was performed under conditions deliberately kept
constant to allow comparison of the different galectins tested
[39,47,48,52]. In detail, the volume of each reagent solution applied
to wells of the plate was 50 μl/well, and all incubations, except for
coating, were performed at 20 °C. The reagents, if not indicated
otherwise, were diluted with Tris-buffered saline (TBS; 0.05 M Tris–
HCl, 0.15 M NaCl, pH 7.35) containing 0.05% Tween 20 (TBS-T). TBS-T
was used for washing the plates between incubation steps.

The surface of the 96-well microtiter plate wells (Nunc-Immuno,
Kamstrupvej, Denmark) was coated with glycoproteins dissolved in
0.05 M sodium carbonate buffer (0.05 M NaHCO3/0.05 M Na2CO3, pH
9.6) overnight at 4 °C. After washing the plate, solution with
biotinylated hGal-3 (5 μg/ml) was added and the plate was incubated
for 30 min. The plates were then carefully washed to remove any free
lectin. The ExtrAvidin/alkaline phosphatase solution (diluted
1:10,000; Sigma) was added thereafter to detect the specifically
bound hGal-3 by its biotin moieties. Carbohydrate dependence of
bindingwas routinely ascertained by haptenic inhibition. After 1 h the
plates were washed at least four times to remove free conjugate and
incubated with a solution of p-nitrophenyl phosphate (Sigma



Table 1
Reactivity of hGal-3 for natural glycoproteins (gps).a

Glycoprotein (terminal epitope)b 1.5 (A405)
unit (ng)

Maximum A405 absorbance

Absorbance readingc Binding intensityc

Histo-blood group precursor (equivalent) gps
Cyst Tij 20% of second 10% (BhN I/II) 8.0 4.2 +++++
Cyst Beach P-1 (I/II) 70.0 2.9 +++++
Cyst OG 10% 2x ppt (I/II) 80.0 3.6 +++++
Cyst MSS 1st Smith degraded (I/II) 200.0 1.8 +++
Cyst Mcdon P-1 (I/II) – 1.0 ++
Cyst Tighe P-1 (I/II) – 0.6 +
Hog gastric mucin #14 (A, II on core 2 and I-active O-glycans) – 0.3 ±
Hog gastric mucin #21 (II on core 2 and I-active O-glycans) – 0.2 ±

Histo-blood group ABH-active gps
Cyst 19 (BhNLeb, Ley) 32.0 4.1 +++++
Cyst Beach phenol insoluble (BhNLeb, Ley) 120.0 2.9 +++++
Cyst MSM 10% ppt (Ah[A2]NLeb, Ley) – 1.3 ++
Hog gastric mucin #9 (Ah, H on core 2 and I-active O-glycans) – 1.1 ++
Cyst MSS 10% 2x (AhNLeb, Ley) – 1.0 ++
Cyst Mcdon (AhNLeb, Ley) – 0.7 +
Hog gastric mucin #4 (Ah, H on core 2 and I-active O-glycans) – 0.5 +

Lewisa- and Lewisb-active gps
Cyst N-1 Lea 20% 2x (Lea, Lex) – 0.9 +
Asialo HOC 350 (Lea) – 0.6 +
Cyst Tighe phenol insoluble (H, Lea, Leb, Lex, Ley) – 0.2 ±
HOC 350 (sialyl Lea) – 0.1 −

Multi-antennary Galβ1–4GlcNAc (II) gps
Human asialo α1-acid gp (mII) 25.0 2.9 +++++
Bovine asialolactoferrin (mII, B, LacdiNAc) 35.0 4.2 +++++
THGP Sd (a+) W. M. (S, iII) 40.0 3.3 +++++
Asialo THGP Sd (a+) W. M. (S, iII) 55.0 2.9 +++++
Bird nest asialo gp (E, iII, Tα) 60.0 3.9 +++++
Porcine thyroglobulin (α2–3/6 sialyl mII) 60.0 1.9 +++
Porcine asialothyroglobulin (mII) 80.0 1.8 +++
Human asialolactoferrin (mII, iII, Lex) 500.0 1.7 +++
Asialofetuin (mII/I, Tα) – 1.0 ++
Bovine lactoferrin (α2-6 sialyl mII, B, LacdiNAc) – 0.9 +
Bovine asialo α1-acid gp (mII) – 0.8 +
Bird nest gp (E, iII, sialyl Tα) – 0.4 ±
Human α1-acid gp (α2–3/6 sialyl mII) – 0.4 ±
Pneumococcus type 14 polysaccharide (iII/Lac) – 0.3 ±
Bovine α1-acid gp (sialyl mII) – 0.1 −
Fetuin (α2–3/6 sialyl mII/I, sialyl/disialyl Tα) – 0.0 −

T, Tn-containing gps
Human asialoagalactoglycophorin (Tα, Tn) 400.0 1.6 +++
Human asialoglycophorin (Tα, Tn, mIIb/f) – 1.4 ++
Human glycophorin (sialyl Tα, Tn, α2–6 sialyl mIIb/f) – 0.5 +
OSM (sialyl Tn, Tα, core 2 II) – 0.0 −
Asialo OSM (Tn, Tα, core 2 II) – 0.0 −
PSM (sialyl Tn, Tα, A, Ah, H) – 0.1 −
Asialo PSM (Tn, Tα, A, Ah, H) – 0.1 −
BSM (sialyl Tn, GlcNAcβ1–3Tn, Tα) – 0.0 −
Asialo BSM (Tn, GlcNAcβ1–3Tn, Tα) – 0.0 −
a Analyses were carried out by ELLSA. 250 ng of biotinylated hGal-3 was applied in solid-phase assays using various gps, ranging from 0.4 μg to 5 μg.
b Bold symbols in parentheses indicate the terminal epitopes: I/II (Galβ1–3/4GlcNAc); iII/Lac = internal Galβ1–4Glc(NAc); A (GalNAcα1–3Gal); Ah (GalNAcα1–3[lFucα1–2]

Gal); H (lFucα1–2Gal); B (Galα1–3Gal); Bh (Galα1–3[lFucα1–2]Gal); Tα (Galβ1–3GalNAcα); Tn (GalNAcα1-Ser/Thr); S (GalNAcβ1–4Gal); E (Galα1–4Gal); F (GalNAcα1–
3GalNAc); m = multi-antennary; mIIb/f = bi-antennary N-glycan with core fucosylation and bisecting GlcNAc.

c Theresultsweregraded according to the spectrophotometricabsorbancevalue at 405 nm(i.e. O.D.405) after a 24 h incubationas follows:+++++(O.D.N2.5),++++(2.5NO.D.≥2.0),
+++ (2.0NO.D.≥1.5), ++ (1.5NO.D.≥1.0), + (1.0NO.D.≥0.5), ± (0.5NO.D.≥0.2), and − (O.D.b0.2).
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phosphatase substrate 5 mg tablets) in 0.05 M carbonate buffer, pH
9.6, containing 1 mM MgCl2 (1 tablet/5 ml). The resulting absorbance
was read at 405 nm in a microtiter plate reader after an incubation of
24 h at 20 °C in the dark with the substrate-containing solution. For
inhibition studies, serially diluted inhibitor samples were mixed with
an equal volume of hGal-3-containing solution. The inhibitory activity
was determined from the inhibition curve and expressed as the
amount of inhibitor (ng or nmol per well) giving 50% inhibition of the
control binding.
2.4. Computational interaction analysis

Conformational analysis of free-state ligands was performed by
molecular mechanics calculations yielding Φ, Ψ, E-plots for each
glycoside linkage, as described previously [53,54]. The interaction
with di- and oligosaccharides was modeled starting from the crystal
structure of hGal-3 at 1.40 Å-resolution [55; PDB code 1KJL] using the
information-driven flexible docking program HADDOCK version 2.1
[37,38] as described previously [39]. Restraints used to drive the



Fig. 1. Binding of hGal-3 to microtiter plates coated with six different glycoproteins at
decreasing density. Biotinylated hGal-3 (5 μg/ml) was used to determine extent of
binding comparatively to the glycoproteins: cyst Tij 20% of second 10% (◊), cyst 19 (■),
bovine asialolactoferrin (▲), bird nest asialo gp (+), bovine lactoferrin (○) and asialo
OSM (△). The standard deviation did not exceed 10%. Total volume of the assay was
50 μl. A405 was recorded after a 24 h incubation.
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docking are a set of four key hydrogen bonds defined as follows: O4

oxygen atom with Nε2 of His158 and Nη⁎ of Arg162, the O5 oxygen
atomwith Nη⁎ of Arg162, and the O6 oxygen atomwith Nδ2 of Asn174.
This selection was guided by typical loss of affinity for methyl β-
lactoside in galectins upon loss of one of the hydroxyl groups at the
C4/C6-positions of galactose [56]. Protein–ligand docking included
full flexibility of the carbohydrate during the simulated annealing
stage while the lectin flexibility was increased stepwisely, starting
with the side chains and then including the backbone [39]. The
resulting models were subjected to a final refinement in explicit
solvent (water) and clustered based on their pairwise RMSD values.
The energetic contribution of each lectin residue to the binding was
further analyzed. Finally, a statistical contact analysis was newly
added to the procedure. Irrespective of their energy ranking, 1000
complexes with Galβ1–4GlcNAc (N-acetyllactosamine; LacNAc-II) –

the test case to be compared with the crystal structure – 1500,
complexes with the disaccharides LacdiNAc, LacNAc-I and Galβ1–
3GalNAc as well as 500 complexes with the histo-blood group A- and
B-tetrasaccharides, respectively, weremonitored. Themotion pictures
visualizing the docking process were generated with PyMol (http://
pymol.org), also using VideoMach (http://gromada.com/videomach/
videomach.php) to set up the movie.

2.5. Bioinformatic promoter analysis

The proximal promoter regions (from −2000 bp upstream of the
transcription start to +200 bp downstream) of the genes for hGal-3
and the homodimeric proto-type galectins-1, -2 and -7 were
subjected to processing by the Match™/P-Match™ programs with
presettings designed to minimize number of positive hits, while
avoiding to exclude a considerable number of sites for common
factors with low-quality weight matrices [57,58].

3. Results

3.1. Glycoproteins as ligands

The reactivity profile of hGal-3 with natural glycoproteins was
determined in a solid-phase assay. Labeled lectin with up to seven
biotin groups attached to lysine residues was used as probe in solution
to determine the extent of binding to the surface-immobilized
glycoproteins. To maintain constant conditions for signal develop-
ment aliquots of the same batch of biotinylated lectin were tested.
Controls with asialofetuin ascertained the carbohydrate-dependent
binding activity as well as the dependence on lectin concentration and
coating density. Further controls with serum albumin and the high-
mannose-type glycoprotein ovalbumin excluded binding via protein–
protein interactions or the N-glycan core. Due to hGal-3's basic
isoelectric point (pI 8.58) the possibility of binding by ionic
interactions with the sialic acid, especially to mucin-type O-glycans,
has to be considered. As shown in Table 1, sialylation did not
automatically lead to reactivity, and, if detectable, blocking by lactose
but not sucrose revealed dependence of binding on β-galactoside. The
essential nature of galactose for binding was demonstrated by a
complete loss of reactivity of asialofetuin upon enzymatic
degalactosylation.

With the lectin concentration set in the linear range at 5 μg/ml,
binding curves were measured for each glycoprotein (for an example
see Fig. 1). To allow comparison with previous reports, the binding
data were normalized to the amount of glycoproteins (in ng for
coating) required to reach an absorbance of 1.5 OD at 405 nm. At 4 h
incubation, only few glycoproteins surpassed this limit, i.e. bovine
asialolactoferrin with its N-glycans and fractions of human ovarian
cystic fluid with Galβ1–3/4GlcNAc (I, II) and B termini. The number of
active glycoproteins increased by extending this period to 24 h
(Table 1).
Human galectin-3 reacts both with O- and N-glycans presented in
the natural context. A clear preference for core 1 structures, e.g.
present in glycophorin, relative to core 2 O-glycans (even with I
reactivity) in hog gastric mucin was detected (Table 1). Terminal
presence of histo-blood group ABH epitopes can in part compensate
the low reactivity of the core 2 structure. However, a given density
threshold must be surpassed, as revealed in the case of porcine
submaxillary mucin (PSM) (Table 1). Equally noteworthy, the
presentation of Tn together with Tα in ovine salivary glycoprotein
(OSM) was not sufficient to generate binding, whereas the 15
clustered O-glycans with Tα predominance in glycophorin, together
with its N-glycan, did cause binding, a clear case of the importance of
clustering (Table 1). Testing this glycoprotein prior to and after
desialylation and preferential degalactosylation of the N-glycan also
revealed that α2–3-sialylation of core 1 O-glycan structures reduced
the binding capacity (Table 1). This modification of free LacNAc has
only a slightly negative effect on the affinity [18]. Thus, testing pairs of
the sialo-/asialoglycoproteins with N-glycan sialylation in α2–3
position are not expected to yield markedly different results.
However, the removal of α2–6 sialylation should enhance reactivity.

The respective experiments are in accord with the assumed
importance of the linkage type of sialylation and also an influence of
the branching on the binding affinity (Table 1). The presence ofα2–6-
sialylation in the branches can impair reactivity, even switching off
binding for fetuin, where this epitope resides in the α1–3 arm and in
part also in the α1–6 arm, and drastically decreasing the reactivity for
human α1-acid glycoprotein (Table 1). However, the case of porcine
thyroglobulin precludes generalization. Due to its B-type/LacdiNAc
termini in the α1–6 arm bovine lactoferrin maintained some
reactivity relative to its desialylated form. Because the degree of
branching increases from human asialolactoferrin to α1-acid glyco-
protein (orosomucoid) from bi- to tetraantennary N-glycans, branch-
ing appears to correlate positively with reactivity for N-glycans when
presented on a protein backbone. We next tested the relative potency
of glycoproteins to reduce the binding of galectin-3 using bovine
asialolactoferrin with its several terminal structures for establishing
the matrix. Significant inhibition was determined with certain
glycoproteins rich in LacNAc termini and also the histo-blood group
B-structure (Table 2). Two glycoproteins with Galα1–4Gal (E) and
GalNAcβ1–4Gal (S), i.e. the bird nest asialoglycoprotein and the
Tamm–Horsfall urinary glycoprotein (THGP), appeared prominently

http://pymol.org
http://pymol.org
http://gromada.com/videomach/videomach.php
http://gromada.com/videomach/videomach.php


Table 2
Inhibitory potency of various gps on binding of hGal-3 (125 ng/50 μl) to a II-containing gp (bovine asialolactoferrin, 250 ng/50 μl).a

Inhibitor (terminal epitope)b Quantity leading to 50% inhibition (ng) Relative potencyc

Multi-antennary Galβ1–4GlcNAc (II) gps
Porcine thyroglobulin (α2–3/6 sialyl mII) 100.0 6.8×103

Porcine asialothyroglobulin (mII) 200.0 3.4×103

Human asialo α1-acid gp (mII) 300.0 2.3×103

Bird nest asialo gp (E, iII, Tα) 600.0d 1.1×103

THGP Sd (a+) W. M. (S, iII) 1500.0 4.5×102

Asialo THGP Sd (a+) W. M. (S, iII) 2000.0 3.4×102

Human asialolactoferrin (mII, iII, Lex) 2000.0 3.4×102

Bovine asialolactoferrin (mII, B, LacdiNAc) 8000.0 85.5
Bovine asialo α1-acid gp (mII) N1388.9 (47.1%)e –

Asialofetuin (mII/I, Tα) N1388.9 (38.2%) –

Pneumococcus type 14 polysaccharide (iII/Lac) N1388.9 (33.9%) –

Human α1-acid gp (α2–3/6 sialyl mII) N1388.9 (22.8%) –

Bovine lactoferrin (α2–6 sialyl mII, B, LacdiNAc) N2777.8 (13.0%) –

Bovine α1-acid gp (sialyl mII) N1388.9 (4.9%) –

Fetuin (α2–3/6 sialyl mII/I, sialyl/disialyl T) N1388.9 (0.0%) –

Histo-blood group precursor (equivalent) gps
Cyst Beach P-1 (I/II) 1800.0 3.8×102

Cyst OG 10% 2x ppt (I/II) 2000.0 3.4×102

Cyst Tij 20% of second 10% (BhN I/II) 3000.0 2.3×102

Cyst MSS 1st Smith degraded (I/II) 8000.0d 85.5
Cyst Mcdon P-1 (I/II) N1388.9 (21.8%) –

Hog gastric mucin #14 (A, II on core 2 and I-active O-glycans) N1388.9 (11.9%) –

Hog gastric mucin #21 (II on core 2 and I-active O-glycans) N1388.9 (11.5%) –

Cyst Tighe P-1 (I/II) N1388.9 (2.8%) –

T, Tn-containing gps
Human asialoglycophorin (Tα, Tn, mIIb/f) 2000.0 3.4×102

Human glycophorin (sialyl Tα, Tn, α2–6 sialyl mIIb/f) N2777.8 (14.4%) –

Asialo PSM (Tn, Tα, A, Ah, H) N555.6 (2.0%) –

Histo-blood group ABH-active gps
Cyst 19 (BhNLeb, Ley) 3000.0 2.3×102

Cyst Beach phenol insoluble (BhNLeb, Ley) 4000.0 1.7×102

Hog gastric mucin #4 (Ah, H on core 2 and I-active O-glycans) N1388.9 (34.8%) –

Hog gastric mucin #9 (Ah, H on core 2 and I-active O-glycans) N1388.9 (26.0%) –

Cyst Mcdon (AhNLeb, Ley) N1388.9 (20.7%) –

Lewisa- and Lewisb-active gps
Cyst N-1 Lea 20% 2x (Lea, Lex) N1388.9 (21.0%) –

Cyst Tighe phenol insoluble (H, Lea, Leb, Lex, Ley) N1388.9 (10.0%) –

Asialo HOC 350 (Lea) N138.9 (1.9%) –

Saccharides
Tri-II 8316.0 82.3
Galβ1–4GlcNAc (II) 684,600.0d 1.0
Gal 2,000,000.0 0.3
GalNAc 2,000,000.0 0.3

a The inhibitory activity is expressed as the amount of inhibitor leading to 50% inhibition of the control lectin binding. Total volume was 50 μl.
b See footnote of Table 1.
c Relative potency (RP)=quantity of Galβ1–4GlcNAc (II) required for 50% inhibition (taken as 1.0) /quantity of sample required for 50% inhibition.
d Extrapolation.
e The inhibitory potency of inactive gps is expressed as the maximum amount of glycans tested that yield inhibition (in parenthesis) below 50%. Other glycans that did not reach

50% inhibition were: OSM (sialyl Tn, Tα, core 2 II) and asialo OSM (Tn, Tα, core 2 II); BSM (sialyl Tn, GlcNAcβ1–3Tn, Tα) and asialo BSM (Tn, GlcNAcβ1–3Tn, Tα); human
asialoagalactoglycophorin (Tα, Tn); cyst 14 phenol insoluble (AhNLeb, Ley); HOC 350 (sialyl Lea).
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on this list (Table 2). In order to elucidate whether these epitopes are
key contact sites for the lectin we next investigated a series of mono-,
di- and oligosaccharides for inhibitory capacity.

3.2. Free glycans as ligands

Bovine asialolactoferrinwasmaintained as ligand-bearingmatrix,
and the free sugar compound tested was added to the lectin-
containing solution to compete with the immobilized glycoprotein's
glycans for entry into the lectin site. The two disaccharides (E) and
(S) were only weakly active (Table 3). Evidently, other disaccharides
such as (T), its extended version Tβ1–4L or the Galα1–3-capped
LacNAc (B active II) were also rather weak inhibitors. In comparison,
branching yielded enhanced inhibition (Table 3). Chain elongation,
too, was effective toward this end (Table 3). This set of experiments
thus further solidifies the notion that the local density of glycan
branches in a glycoprotein is a modulator for binding to this type of
natural glycoconjugate. The actual contact can apparently bemade to
II/I structures, which can be extended to histo-blood group ABH
epitopes, as well as to LacdiNAc and Tα. To explain in structural terms
the reactivity of galectin-3 in solution to these epitopes, we next
performed computational modeling.

3.3. Computational interaction analysis

In docking with HADDOCK version 2.1 [37,38], both the lectin and
its carbohydrate ligand can be treated as flexible. This procedure
enables us to detect any ligand-dependent adaptations, especially
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with oligosaccharides as ligands. At the same time, we were able to
collect comprehensive statistical information on the range of inter-
actions and their dynamics. In all six cases studied, the formation of
Table 3
Inhibitory potency of various mono- and oligosaccharides on binding of hGal-3 (125 ng/50

aThe inhibitory activity is expressed as the amount of inhibitor leading to 50% inhibitio
bRelative potency=quantity of Galβ1–4GlcNAc (II) required for 50% inhibition is taken
cExtrapolated value.
dThe inhibitory potency of inactive saccharides is expressed as the maximum amount o
the lectin–ligand complex proceeded without any notable structural
deviation of the carbohydrate ligand from its low-energy conforma-
tion in the free state. On the protein side, no major conformational
μl) to a II-containing gp (bovine asialolactoferrin, 250 ng/50 μl).a

n of the control lectin binding. Total volume was 50 μl.
as 1.0 /quantity of sample required for 50% inhibition.

f sugars tested that yield inhibition (in parenthesis) below 50%.



Fig. 2. Model of the interaction of hGal-3 with LacdiNAc. The lectin site of hGal-3 is
shown in surface representation with key side chains in sticks. Hydrogen bonds are
indicated in yellow. Note that this is only one of the panels of models and that the
dynamics of the interaction can be viewed in the corresponding movie available at
http://www.nmr.chem.uu.nl/~mkrzemin/hgal3-dNAL_music.mpg or available under
http://www.nmr.chem.uu.nl/haddock/movies/hgal3.html.
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changes seemed to occur in the binding site. As illustration for
possible lectin–ligand contacts formed, a model of the complex of
hGal-3 with LacdiNAc is shown in Fig. 2. A synopsis of the energetic
contribution of the various amino acids involved in the interaction
using a set of ten energetically minimized structures is available as
Supplementary material (Tables S1–S3). In order to reflect the
dynamic interplay with the inherent degree of contact flexibility in
solution we performed a statistical analysis of the patterns of
interactions of a large population of docking models, rather than to
Table 4
Statistical analysis of intermolecular interactions between hGal-3 and N-acetyllactosamine.

a Contacts observed in the crystal structure are compared to those estimated from 1000 do
Contacts are listed only if they are presented in at least 10% of the total number of cases. Their
arises. A fewadditional contacts are observedonly in the complexes generatedwithHADDOCK.
specified between brackets.
concentrate on a few examples. The validity of this approach was
tested by comparing the crystal structure with bound Galβ1–4GlcNAc
(II) to the computational data obtained for an ensemble of 1000
models. As summarized in Table 4, it is satisfying to note that, in
addition to the set of the four imposed hydrogen-bond contacts, the
interaction pattern observed in the crystal structure was reproduced,
i.e. hydrogen bonds involving Glu184 and Arg162. These features
were nearly invariably seen in all the models. At decreased frequency,
possibly reflecting a certain degree of flexibility in solution, additional
contacts were picked up at distances from 3.5 Å upward (Table 4).
Hereby having validated this statistical approach, we proceeded to
analyze docking models for other biologically relevant di- and
tetrasaccharides. Contact statistics for three disaccharides are provid-
ed in Table 5 and for the two histo-blood group tetrasaccharides in
Table 6.

The interaction dynamics are visualized in the movies available at
http://www.nmr.chem.uu.nl/haddock/movies/hgal3.html. As shown,
the additional N-acetyl group of LacdiNAc can engage in a hydrogen
bond with Arg144 in about one third of the 1500 docking models
(Table 5). Despite a repulsive Coulomb energy term originating from
Arg186 in the energetically minimized complex (Supplementary
material, Table S1) the interactions listed in Table 5 and seen to arise
in the respective movie can serve to explain the known ligand
properties. The switch to a β1–3 linkage augments the interaction
profile for LacNAc (I) vs LacNAc (II). The GlcNAc/GalNAc substitution
reduced its extent (Table 5), as also reflected in the Coulomb energy
terms (Supplementary material, Table S2). These differences can
rationalize the disparate inhibitory capacities for the disaccharides
listed in Table 3. In the two histo-blood group tetrasaccharides, theα1–
3 extension is responsible for an increase in the number of contacts,
with a ligand-type-specific pattern due to the presence of the additional
N-acetyl group (Table 6). The statistical approach reveals a hydrogen-
bond network involving Arg144, Lys176 and Trp181 (Fig. 3 and
respectivemovie). As seen in the respectivemovies and Supplementary
material, Table S3, the α1–2-linked fucose moiety is of a lesser
importance for the interaction. The B-type tetrasaccharide is also found
a

cking models obtained with HADDOCK (imposed restraints are indicated in bold font).
occurrence is expressed as the percentage of models in which the respective interaction
These aredisplayed indarkgrey letterswith themeasured distance in the crystal structure

http://www.nmr.chem.uu.nl/haddock/movies/hgal3.html
image of Fig.�2
http://www.nmr.chem.uu.nl/~mkrzemin/hgal3-dNAL_music.mpg
http://www.nmr.chem.uu.nl/haddock/movies/hgal3.html
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Table 5
Statistical analysis of interactions of hGal-3 with LacdiNAc, TF and LacNAc-I.a

Galectin-3 Ligand atom LacdiNAc (%) TF (%) LacNAc-I (%)

GalNAc–GlcNAc Gal–GalNAc Gal–GlcNAc

H-bonds Gal/GalNAc Arg 144 Nη⁎ O7 33.6 – –

His 158 Nε⁎ O4 99.9 95.9 98.2
Arg 162 Nη⁎ O4 99.9 99.9 99.9

O5 100.0 99.9 99.9
Asn 174 Nδ⁎ O6 96.0 99.0 98.7
Glu 184 Oε⁎ O6 84.9 87.5 96.7

GlcNAc/GalNAc Arg 162 Nη⁎ O3 13.3 4.1 4.0
O4 4.9 26.7 66.2

Glu 165 Oε⁎ O3 70.8 0.0 8.6
O4 0.0 4.3 35.8
N2 10.3 0.0 0.0

Glu 184 Oε⁎ O4 0.0 0.2 28.7
N2 12.3 10.0 8.6

Arg 186 Nη⁎ O3 10.5 0.0 0.0
O4 0.0 0.7 30.5

van der Waals Gal/GalNAc Arg 162 Cζ C1 21.7 2.4 13.4
C2 3.1 1.5 26.3

Trp 181 Cζ⁎ C3 53.2 62.1 24.9
C4 66.5 47.9 39.5
C6 3.8 8.7 11.0

Trp 181 Cδ⁎ C6 9.2 2.9 16.9
Trp 181 Cε⁎ C3 16.6 17.6 5.3

C4 32.0 6.9 10.9
Trp 181 Cη⁎ C3 9.2 25.1 5.3

C4 54.5 53.7 39.6
His 158 Cδ⁎ C4 87.9 99.3 86.7

C5 21.7 14.1 0.0
C6 7.0 33.1 24.8

His 158 Cε⁎ C4 7.3 37.4 17.0
C5 24.4 15.5 13.1

Asn 174 Cβ C6 75.8 85.9 68.9
Val 172 Cγ⁎ C6 68.9 76.8 64.6
Trp 181 Cε⁎ C6 19.0 16.1 23.5

GlcNAc/GalNAc Glu 165 Cδ C6 0.0 1.8 24.7
Trp 181 Cδ⁎ C8 0.0 0.3 29.5
Glu 184 Cδ C6 0.0 12.7 1.1

C8 9.5 34.3 10.3
Arg 186 Cζ C3 12.2 0.0 0.0

a The results are given as the percentage of an observed H-bonded or van der Waals interaction over all generated models. Only interactions observed in at least 10% of the cases
are specified. Bold numbers indicate the interactions of a given ligand that are significantly higher than the same type of interaction for the other two ligands.
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to gain deeper entry into the binding site than the A-type glycan. These
models provide an interaction profile for hGal-3 that can be used for
rational drug design [45,59] and comparative considerations to other
members in this lectin family. In this respect, the distinct expression
profile of this lectin also warrants study, prompting us to perform
computational promoter analysis.
3.4. Computational promoter analysis

In order to provide insights into the organization of the potentially
regulatory sequence motifs in the proximal promoter region, another
measure of sequence–activity comparison, two search algorithms
were applied. They will spot presence of putative binding sites for
transcription factors based on stringency criteria strictly kept constant
to enable comparison. A series of potential hits was compiled (for a
complete listing, see Table S4 in Supplementary material). To test the
assumption for non-uniform patterns, this panel of sites satisfying
formal sequence criteria was compared with the results of
corresponding analysis for the genes of the proto-type galectins-1,
-2 and -7 under identical conditions. Indeed, a series of cases of
intrafamily diversification was detected. Table 7 summarizes the
unique features, with nine sites exclusively detected for hGal-3.
Sequence diversification between galectin genes is thus markedly
operative in the proximal promoter region.

4. Discussion

In this study we have investigated the interaction of hGal-3 with
its carbohydrate ligands on the level of glycoproteins. The results
reveal a notable degree of selectivity for binding of hGal-3 to natural
glycoproteins with N-glycan (but not core 2 O-glycan) branching and
clustering of core 1 O-glycans as positive factors. Contrary to previous
work with β-galactoside-specific plant lectins such as ricin in this
assay system [60], the mere presence of a hGal-3-reactive epitope in
the glycan chain is not sufficient for binding to the glycoprotein.When
therefore presented on core 2 branches of hog gastric mucin, the A-
type histo-blood group determinant only has low avidity for the
lectin. This feature of hGal-3 is in clear contrast to the strong reactivity
of rat galectin-4's N-domain and galectin-5 with this mucin
[48,52,61]. Further discriminatory features include the strong reac-
tivity of the Lea epitope to both mentioned lectins and that of Tn
clusters to galectin-4 [48,52,61]. Looking at the two already tested
chicken proto-type galectins, which are closely related to human
galectin-1 [58,62,63], their lack of reactivity with asialoglycophorin
highlights another marked difference on the level of glycoproteins

Unlabelled image
Unlabelled image
Unlabelled image


Table 6
Statistical analysis of interactions of hGal-3 with histo-blood group A/B-tetrasaccharides.a

Residue Monosaccharide A-type (%) B-type (%)

H-bonds Asn 160 Oδ
⁎ Gal O4 0.8 21.8

Glu 184 Oε
⁎ Glc O2 59.2 32.2

Arg 144 Nη
⁎ GalNAc/Gal O7 32.2 –

O3 0.2 33.0
Lys 176 Nζ GalNAc/Gal O6 19.8 44.8
Trp 181 Nε

⁎ 85.0 43.5
van der Waals His 158 Cε

⁎ GalNAc/Gal C1 41.8 94.0
C2 1.2 35.0

Asn 160 Cγ GalNAc/Gal C8 78.0 –

a The results are given as the percentage of an observed H-bonded or van der Waals interaction over all generated models. Only interactions observed in at least 10% of the cases
are specified.
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[39,47]. Although these lectins together with hGal-3 can interact with
the Tβ determinant in the context of the GM1 pentasaccharide [64],
the 15 O-glycans on asialoglycophorin fail to form a platform for
binding the proto-type galectins [39]. Obviously, a route towards
selectivity for glycoproteins is the way glycan epitopes are presented
spatially, as is the case for ganglioside GM1 in microdomains on the
membrane [65]. Clustered presentation of the sugar headgroup of
gangliosides, in microdomains together with glycoproteins such as
integrins, can thus form high-affinity aggregates [66], provided there
are no spatial restrictions to letting the glycan chains adopt the
conformer suitable for binding [53,64,67]. Our experiments with
natural glycoproteins presented on a surface thus prove instrumental
to decipher rules of physiological selectivity, considering spatial
parameters. A closer look on topological aspects of ligand contact is
provided by the docking analysis.

In general, a common property of galectins is the binding of
distinct low-energy conformers of the carbohydrate countereceptor.
Previous rigid-body docking studies on mammalian galectin-3,
without allowing full flexibility on both sides, had indicated that no
deviations from an energetically privileged position are required
[68,69]. This also holds true for binding of histo-blood group tri- and
tetrasaccharides in crystals to a fungal galectin (PDB codes 1ULD,
1ULE, and 1ULF), the E. coli enterotoxin and its hybrid with cholera
toxin (202L, 3EFX), a Streptococcus pneumoniae virulence factor
(2J1U) and the Norwalk virus (2ZL7). Our results from flexible
docking extend the respective data basis significantly. We present a
view on the individual energy contributions in the complex, derived
from energy-minimized models after allowing mutual flexibility.
Going beyond the static view, we have introduced a statistical
approach to the analysis of the dynamics of interactions from
Fig. 3. Schematic representation of the cooperativeness of interaction between Arg144, Lys17
(panel A) and B (panel B) epitopes. The diameter of the circles reflects the occurrence of a
between the saccharide and the specified residue (and not the two others). Interactions exi
between the edges of the triangle. Finally, interactions simultaneously occurring between al
the O3 and O6 oxygen atoms are shifted to reflect their interaction preferences.
HADDOCK-derived data on large ensembles of docking models. It
gives net advantages compared to common, energy-based-only
analysis approaches, since it reflects the probability of a given
interaction to exist, provided the interaction space has been
sufficiently sampled. It also offers the possibility to better appreciate
ligand flexibility in the binding pocket, which facilitates transient
contacts to certain amino acids.

Our results provide explanations for distinct specificity traits,
uncovering the importance of Arg144 for LacdiNAc binding (Asn is at
this place in galectin-1, which is only weakly reactive with this
disaccharide in a cell assay [22]). Also, the free enthalpy gains by 2.75
and 8.44 kcal/mol by adding the Fuc and the GalNAc units to the β-
galactoside core, measured by titration calorimetry at 279.6 or 280.4 K
[17], can be rationalized by the presented interaction analysis. Of note,
the favorable changes in the protein's overall conformational entropy
upon ligand binding add to the overall thermodynamic balance [70].
The detailed description of the extended binding site and the
interaction profile of flexible lectin/ligand pairs refine the structural
basis in order to inspire the rational design of substitutions in
synthetic inhibitors, thereby opening the route to the exploitation of
the sequence differences between galectins for the benefit of reducing
intrafamily cross-reactivity. This modeling approach and the derived
structural models will thus be helpful in automated screening for
glycomimetics such as (glyco)peptides [71] and estimating their
relative potencies.

In addition to delineating intrafamily differences in carbohydrate
specificity the definition of the regulatory mechanisms underlying the
distinct gene expression profiles, e.g. also with upregulation in
inflammation [72,73], is a further challenge. Using two current search
algorithms we have mapped the proximal promoter region with
6 and Trp181 of hGal-3 and theα1–3-linked GalNAc/Gal part of the histo-blood group A
n interaction. A circle at a vertex of the triangle represents an interaction present only
sting simultaneously with two residues are depicted with circles located in the middle
l three residues are indicated by the circle in the middle of the triangle. The positions of

image of Fig.�3


Table 7
Unique features of proximal promoter regions of the genes for hGal-3 and three human prototype galectin defined by the listed transcription factor for the respective target
sequence.a

Galectin Presence Absence

hGal-3 AP-2, c-Ets-1 (p54), E2F, HNF-1α, Lmo2-complex, Olf-1, Pax-6, POU3F1 (Oct-6, Tst-1), RFX1 Lyf-1, S8 (Prx-2)
hGal-1 Elk-1 (TCF-A), NF-Y, TGIF Evi-1, Msx-1
hGal-2 AhR:Arnt, HLF, HNF-4α2 (COUP-TF), VBP –

hGal-7 CP2, FoxD3, FoxI1 (HFH3), p300, ZEB (AREB6) Pbx-1a

For explanation of factor names, please see Table S4 in Supplementary material; additional factors are: Ahr:Arnt: aryl hydrocarbon receptor/nuclear translator heterodimer; CP2:
CCAAT-binding protein 2; Elk-1 (TCF-A): ets-like factor 1 (transcription factor A); FoxD3: fork head box D3; FoxI1 (HFH3): fork head box I1 (HNF-3/fork head homolog 3); HLF:
hepatic leukemia factor; HNF: hepatic nuclear factor; Lyf-1: lymphoid transcription factor 1; NF-Y: nuclear factor Y (Y-box-binding factor); p300: E1A-associated 300-kilodalton
protein; S8 (Prx-2): S8 homeodomain (paired-related homeobox gene 2); TGIF: 5′-TG-3′-interacting factor; VBP: PAR-type chicken vitellogenin promoter-binding protein; ZEB
(AREB6): zinc finger E-box-binding protein (Atp1a1 regulatory element binding protein 6).

a In each case the region from 2000 bp upstream to 150 bp downstream relative to the gene's transcription start was chosen as proximal promoter region. Only those putative
binding motifs are listed which are uniquely present or absent when compared with the proximal promoter regions of the other three galectins.
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respect to the presence of putative binding sites for transcription
factors. Detailed comparisons to previous, analyses reporting the
presence of nine or 49 motifs [74,75], revealed a low degree of
overlap. Only three GC-boxes from nine motifs and three GC-boxes,
the GATA-3, Lmo2 and c-Ets-1 sites, respectively, were shared. This
result teaches the lesson that one should be cautious in considering
bioinformatics sequence classification as a guideline for functional
studies. This conclusion is underscored by the differences in ascribing
RUNX-binding properties to distinct promoter sequences. Such a site
was described to be close to the transcription start [75] or, as shown
herein, markedly downstream. Because RUNX1/2 are known to
upregulate galectin-3 gene expression in gliomas and pituitary
tumors [76,77], the actual nature of the apparently active promoter
region can now be classified following the derived information. The
positivity for Lmo2 of mononuclear cells (specifically microglia and
Kupffer cells) reported previously [78] is a promising case for further
study, as is the presence of the other binding sites unique for hGal-3 or
shared by the two bioinformatics analyses, for example GATA-3, the
master regulator for differentiation of T helper 2 cells [79]. That c-Ets-
1 was reported to positively regulate the expression of two
glycosyltransferases with impact on cell reactivity for galectins, i.e.
N-acetylglucosaminyltransferase-V crucial for the β1–6 branch and
β1–4-galactosyltransferase-V [80,81], even points to the possibility
for an orchestration of expression of the lectin with ligand-
modulating enzymes. A glycogene microarray on wound re-epithe-
lialization in cornea also pointed to a co-expression with an enzyme
involved in I synthesis (β3GalT5), the T synthase for Tα synthesis and
an enzyme responsible for adding a branch to the α1–3-arm of the N-
glycan core (GnT-IVb) [82]. Case studies on growth regulation of
tumor cells by galectin-1 attest the validity of this concept for a
functional co-regulation [83,84]. Of note, galectin-3 production is
additionally known to be modulated post-transcriptionally [28,85].

In conclusion, the testing of natural glycoproteins reveals distinct
preferences for hGal-3. Branching of N-glycans and high density of
core 1 O-glycans are favorable factors. The presence of α2–6
sialylation in N-glycans and the core 2 in O-glycans can decrease
avidity, even if epitopes suited as ligands are present. The HADDOCK-
based modeling, allowing for both lectin and ligand flexibility,
resulted in a detailed description of the interaction profile and its
dynamics, relevant to explain relative affinities and to inspire
substitutions for drug design. Computer-based promoter analysis
directed the attention to Lmo2 for expression in the monocyte–
macrophage lineage and to c-Ets-1 for potential of co-regulation with
two glycosyltransferases initiating and extending the β1–6 branch of
N-glycans.
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