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Wedgelike Glycodendrimers as Inhibitors
of Binding of Mammalian Galectins
to Glycoproteins, Lactose Maxiclusters, and Cell
Surface Glycoconjugates
Sabine AndreÂ ,[b] Roland J. Pieters,*[a] Ioannis Vrasidas,[a] Herbert Kaltner,[b]

Ichiro Kuwabara,[c] Fu-Tong Liu,[c] Rob M. J. Liskamp,[a] and Hans-Joachim Gabius[b]

Galectins are mammalian carbohydrate-binding proteins that are
involved in cell ± cell and cell ± matrix adhesion, cell migration, and
growth regulation with relevance to inflammation and tumor
spread. These important functions account for the interest to
design suitable low molecular weight inhibitors that match the
distinct modes of presentation of the carbohydrate recognition
domains of the different galectin subfamilies. Using 3,5-di-(2-
aminoethoxy)benzoic acid as the branching unit, wedgelike
glycodendrimers with two, four, and eight lactose moieties (G1 ±
G3) were synthesized. They were tested in solid-phase competition
assays with lactose maxiclusters and various N-glycan branching
profiles (miniclusters) as the matrix and also in cell assays.
Prototype galectins-1 and -7, chimera-type galectin-3, a plant (AB)2

toxin, and a lactose-binding immunoglobulin G fraction from
human serum were the carbohydrate-binding targets. Potent
inhibition and remarkable cluster effects were seen for the

homodimeric galectin-1, especially in combination with bianten-
nary N-glycans as the matrix. Remarkably, for the tetravalent G2
glycodendrimer, the inhibitory potency of each lactose unit reached
a maximum value of 1667 relative to free lactose. In haemaggluti-
nation experiments as a model for cell adhesion, galectin-3 was
markedly sensitive to increased sugar valency and a relative
potency per lactose of 150 was reached. The spatial orientation of
the carbohydrate recognition domains of the endogenous lectins
and the branching pattern of the carbohydrates of the glycoprotein
matrices used are both important factors in the design and
synthesis of glycodendrimers with galectin-selective properties.
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Introduction

When examining cell surface properties and characteristics of
serum proteins, a major common characteristic observed is the
presence of glycan chains. Initially primarily considered to impart
physicochemical attributes, such as increased solubility, or to
protect protein parts from proteolysis, their role in biological
information transfer is increasingly emerging. Knowledge ac-
crued over the last decade convincingly underscores the
relationship of glycan presentation and disturbed glycan chain
assembly and turnover with various diseases.[1] This is leading to
the timely concept to count custom-made carbohydrates
among pharmaceuticals of clinical potential.[2] Fittingly, the
incentive to chemically synthesize glycoconjugates, termed
neoglycoproteins when linked to carriers such as albumin or
neoglycoconjugates when linked to a non-protein backbone,
has shifted from their application to raise carbohydrate-specific
antibodies to the generation of reagents for research on lectin ±
carbohydrate recognition.[3] In this area, polymers containing
crucial sugar ligands have served as tools in drug targeting and
histochemistry.[4] The inherent drawback of the polymers is their
low potential for systemic distribution. Better results can be

expected by attaching carbohydrate derivatives to small linker
molecules such as 2-amino-2-(hydroxymethyl)-1,3-propanediol
(Tris)[*] or peptides containing amino acids such as aspartic acid
or lysine as the aglyconic core.[5] When the synthetic assembly
proceeds in an iterative fashion with a common branching point,

[*] A list of abbreviations can be found in ref. [47] .
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dendrimers will result with a regular increase in the number of
attachment points in each new generation.[6] To what extent
these glycodendrimers will compete with natural ligands for
lectins in clinically relevant biorecognitionÐfor example, inter-
ference with undesired lectin-dependent cell adhesion in early
stages of infection, tumor spread or inflammation,[7, 8]Ðis likely
to depend on several factors.

Factors to take into account for optimal inhibitor design
include the carbohydrate ligand presentation. In principle,
ligands can be part of a branched glycan in so-called miniclusters
or be more widely separated on a protein surface in maxiclus-
ters.[9] Other factors include the ways how carbohydrate
recognition domains (CRD) of lectins are arranged and home
in onto their ligands with distinct topology.[7] To experimentally
assess the potency of the glycodendrimers, assays have to be the
selected in which they are exposed to several topological
contexts. The positioning of the CRDs differs between lectin
families and even within a certain lectin family,[7, 8] and opens the
possibility for selective binding. To illustrate this specific CRD
arrangement, the endocytic C-type lectin of hepatocytes is
known to form regular complexes in the membrane, and
bacterial AB5 toxins also contain a well-defined orientation of
binding sites in solution. These rigid geometries have served as
templates for elegant drug design.[7, 9, 10] The situation is more
difficult for soluble lectins in mammals, because in general they
are not likely to assemble in high-order complexes in a
membrane. Despite this inherent challenge, the potential for
blocking endogenous b-galactoside-specific lectins by efficient
low molecular weight inhibitors affords a promising medical
perspective. The medical perspective for galectins, which are
endogenous Ca2�-independent b-galactoside-specific lectins
that all share a jelly-roll-like folding pattern and comprise an
important target group in our studies, is their role in cell ± matrix
and cell ± cell adhesion, cell migration and communication with
relevance to proliferation. In addition to the analysis of the
basic folding pattern, knowledge about arrangement modes
of their CRDs is available. In the galectins forming homodimeric
molecules (the so-called prototype galectins, for example,
galectins-1 and -7) the CRDs can be found at opposing
ends, whereas the only chimeric family member exists as a
monomeric molecule in solution (galectin-3).[8] In addition
to the three mammalian galectins, we included a tetrameric
plant lectin (the AB toxin Viscum album agglutinin (VAA)), and
the lactose-specific immunoglobulin G (IgG aÿ/b�) fraction from
human serum to extend the examination of the topological
aspect.

In this study, we assessed the capacity of glycodendrimers
with 3,5-di-(2-aminoethoxy)benzoic acid as the branching unit of
the backbone[11] to serve as inhibitors of sugar receptor binding.
Three generations of the dendrimer backbone were used which
resulted in glycodendrimers containing two, four, and eight
lactose units (Figure 1). Their relative inhibitory activities were
determined in a solid-phase inhibition assay involving binding of
the above-mentioned lectins to a matrix of glycosylated
proteins. Potencies were studied as a function of carbohydrate
presentation of the matrix glycoproteins. Several glycosylated
proteins were used as the matrix. We used a neoglycoprotein

and a lactosylated albumin (as an example of a maxicluster) and
deliberately selected natural glycoproteins carrying bi- to
triantennary glycan chains or a heterogeneous profile as
examples of miniclusters. The potency of inhibition of
galectin binding to surfaces of erythrocytes as a physiological
ligand panel was also determined in haemagglutination experi-
ments.

Results and Discussion

Structures of glycodendrimers, sugar receptors, and glycans
on the tested glycoproteins

The glycoinhibitors all contained a constant ligand structure (i.e.
lactose) that interferes with lectin binding. In the inhibition
study, structural variations in each of the three components in
the solid-phase competition assay were examined. The three
components were: 1) the glycodendrimer as the inhibitor,
interfering with the binding of 2) the carbohydrate-binding
protein to 3) the immobilized glycoprotein.

Firstly, glycodendrimer variation was achieved by linking
lactose to three generations of a dendrimer based on the 3,5-di-
(2-aminoethoxy)benzoic acid branching unit, which resulted in
glycodendrimers 2 ± 4 containing 2, 4, and 8 lactose units (G1 ±
G3), respectively (Figure 1). To ensure that the dendrimer itself
had a negligent protein-binding capacity, competitive inhibition
assays with haptenic sugar were regularly performed (see
below). Independently, the glycodendrimers were shown to be
devoid of nonspecific binding activity in inhibition assays
involving the mannose-specific plant lectin concanavalin A and
yeast mannan. The control experiments showed that the
interactions of the headgroups in the dendrimers with their
cognate receptor could thus be safely examined.

The second element in the study is the carbohydrate-binding
protein or lectin. The arrangement of CRDs can differ even within
a lectin family, as indicated in the Introduction section. There-
fore, it is not justified to simply extrapolate from one family
member to the other. Here, the structural features of the
representative galectins are presented. The prototype mamma-
lian galectin-1 and its homologues from other animals form
homodimers containing a 22-strand antiparallel b sandwich,
placing the two lactose-binding sites at opposing sides of the
dimer at a distance of about 46 �.[12] Galectin-7 belongs to the
prototype galectin subgroup and has been reported to be
monomeric in solution while crystallizing as a dimer.[13] Among
the galectins, the chimera-type galectin-3 is unique in having
eight to twelve collagenase-sensitive proline-, glycine-, and
tyrosine-rich tandem repeats of the length of a nonapeptide as a
short N-terminal stalk.[8] Although it lacks a typical dimer
interface, this does not mean that it will necessarily remain
monomeric when associating to a glycan surface. In fact,
primarily the N-terminal section of galectin-3 promotes aggre-
gate assembly on a surface, which can even lead to positive
cooperativity of laminin binding.[14] Besides the galectins, the
topological effects were further studied by using a b-galacto-
side-binding immunoglobulin G fraction from human serum
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(IgG aÿ/b�) and a potent plant haemagglutinin, the mistletoe
lectin (VAA) with two binding sites per galactoside-binding
B chain in the [AB]2 tetramer.[15]

As already referred to in the introduction, the third topological
parameter concerns the display of the carbohydrates on
glycosylated proteins. As a model matrix with maxiclusters, we
used lactosylated BSA (LacBSA), a neoglycoprotein with an
average of 28 sugar moieties as p-isothiocyanatophenyl deriv-
atives. To infer the importance of the branching modality of N-
glycan antennae (miniclusters), four types of natural glycopro-
teins with a well-documented glycosylation status were select-
ed. These glycoproteins contain either di- and triantennary
glycans or they cover the range of a complex heterogeneous N-
glycan profile. In detail, the human pentraxin serum amyloid P
component (SAP) carries a single complex-type biantennary N-
glycan exclusively at Asn 32 of each monomer.[16] The glycan
population of asialofetuin (ASF) consists of three glycosylation
sites with complex-type triantennary chains either containing an
N-acetyllactosamine terminus (74 %) or the Gal-b-(1!3)-GlcNAc
isomer in the outer Man-a-(1!3) arm (9 %) and a biantennary
chain (17 %), as well as three O-linked chains containing primarily

Gal-b-(1!3)-GalNAc-a disaccharide;[17] however, only the N-
glycan chains participate in carbohydrate-dependent crosslink-
ing of ASF by sugar receptors.[18] Since galectin functions include
mediation of (tumor) cell adhesion to the extracellular matrix
with laminin as a popular target molecule,[8] this glycoprotein
was further added to the test panel. Purified from Engelbreth ±
Holm ± Swarm (EHS) tumor, the murine laminin contains up to
27 % carbohydrate in its three protein chains. Glycan attachment
is distributed over a total of 73 potential N-glycosylation sites
with especially bi- and triantennary chains in the complex profile
including galectin-reactive poly(N-acetyllactosamine) elonga-
tions.[19] Another physiological ligand reported for galectin-3,
which is also called Mac-2 antigen based on its immunodetec-
tion on activated but not resident peritoneal macrophages,[20] is
the Mac-2-binding protein (Mac-2 BP).[20] Its N-glycosylation of
seven potential sites accounts for about 30 % of the molecular
weight of the gene product based on the shift of electrophoretic
mobility from 90 to 60 kDa after treatment with N-glycosida-
se F.[21] If, and to what extent, other galectins besides galectin-3
bind to this glycoprotein is another question of interest to be
answered by the assays.

Figure 1. Structures of the glycodendrimers used in this study (2 ± 4) displaying two (2�G1), four (3�G2), or eight (4�G3) lactose units. They were obtained by
coupling the protected lactose isothiocyanate 1 to the amino groups of three generations of dendrimers based on the 3,5-di-(2-aminoethoxy)benzoic acid branching
unit.
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Solid-phase inhibition assays

To prevent any negative influence on the lectin structure by
immobilizing them on a plastic surface and also to mimic a cell
surface with glycan ligands, we chose to attach the (neo)-
glycoproteins to the surface of microtiter plate wells. The coating
density was adjusted to yield a comparable high signal intensity
(OD490�0.8 ±1.5) in the assays for all tested matrix constituents.
Under these conditions, non-carbohydrate-dependent back-
ground binding of lectins was rather low. This observation
corroborated the already mentioned controls excluding non-
carbohydrate-dependent binding of the synthesized dendrim-
ers. Routinely, total binding was nonetheless reduced in each
case by the residual carbohydrate-independent signal intensity.
This difference was defined as 100 %. As a measure of relative
potency of the inhibitors to interfere with binding, the concen-
tration that reduces the original signal by 50 % (IC50 value) was
determined. Exemplary illustrations of the shape of inhibition
curves when adding increasing concentrations of glycoden-
drimer are given in Figure 2. With respect to using ASF as an
inhibitor for comparison, it should be kept in mind that the N-
acetyllactosamine disaccharide present in the terminal position
of ASF's N-glycan chains surpasses lactose as an inhibitor for
galectins-1 and -3 (by a factor of 3.5 ± 11.3 in inhibitory potency),
while the effect of the penultimate sugar unit is less conspicuous
with only a factor of 1.6 for the plant lectin, as also reflected in

Figure 2. Inhibition by glycodendrimers G1 (^), G2 (~), and G3 (*) of the binding
of lectins to immobilized glycoproteins. The following combinations of lectin and
glycoprotein matrix were used : top panel, left : VAA and LacBSA ; right: VAA and
laminin; middle panel, left : galectin-3 and LacBSA ; right : galectin-3 and MAC-2
BP; bottom panel, left : galectin 1 and laminin; right : galectin-7 and SAP.

DG values derived from isothermal titration calorimetry.[22] No
precipitate formation of sugar receptor ± glycodendrimer com-
plexes was observed during the incubation period under the
given experimental conditions, similar to studies with starburst
glycodendrimers and cluster glycosides.[23] Thus, this potential
source of error due to the inherent change of the concentrations
of the reactants in solution could be excluded. This is a relevant
observation because isothermal titration calorimetry studies
have shown that receptor cross-linking and/or precipitation
seems to be a determining factor for enhanced multivalent
binding. However, those studies were conducted at receptor
concentrations of at least one order of magnitude higher than
our highest working concentration.[24]

When the five different (neo)glycoproteins were tested as
matrix, all of them fulfilled the expectation to be a galactose-
dependent binding partner. A brief survey of the data readily
indicates that the topology of glycan presentation and not just
the mere presence of galactosides on the glycopoteins is the
important factor (Table 1). As shown in Figure 2, the sugar
content of the dendrimer is often positively related to the
inhibitory capacity. To infer the actual average potency of a
lactose unit beyond the algebraic increase in sugar density,
Table 1 also presents the normalized data with respect to carrier-
free lactose (set to 1).

Especially the G2 glycodendrimer was an effective inhibitor in
two structural contexts, reaching normalized potency values of
1875 for inhibiting the binding of plant lectin VAA to the ASF
matrix and 1667 for the galectin-1 and SAP combination. It is
noteworthy that calculations of the distances between the sugar
residues in the biantennary N-glycan chain and the dendrimers
for adjacent lactose units revealed them to be remarkably similar,
with values close to or about 20 �. A further increase in the
valency to eight lactose units in G3 in these cases clearly reduced
the extent of inhibitory capacity. This result indicates that
optimal inhibition does not simply correlate with high valency,
but requires a distinct mode of presentation. The inhibition
experiments also showed a remarkable dependence on the
matrix structure. Whereas the G2 glycodendrimer has the above-
mentioned relative potency of 1667 in the inhibition of galectin-
1 binding to the biantennary glycan SAP, this number is only 76
with the maxiclusters of LacBSA as matrix. Several examples of
this phenomenon can be observed in this table. A conspicuous
cluster effect (relative potencies of 463 and 250 at best) was also
seen for the IgG fraction, with preference for the minicluster
matrix display of SAP and ASF (relative potencies up to 463, right
column of the first three blocks of Table 1).

Between the different galectins-1, -3, and -7 it is seen that,
irrespective of the matrix, the best inhibition is observed for
galectin-1 followed by galectin-3 and galectin-7. We also
investigated how the noncovalent association in the chimeric
galectin-3 affects the inhibition. This was probed by trimming
galectin-3 proteolytically (using a collagenase) up to the
C-terminal CRD. The reduced aggregation of the galectin
reduced the binding to the matrices more than the binding to
the glycodendrimer and resulted in a drop in the IC50 value to
4.3 mM in the case of G3 with ASF as the matrix. Relative to lysine-
based cluster glycosides,[23b] the glycodendrimers used here
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Table 1. Determination of the IC50 values and the relative inhibitory capacity (relative potency, rel. pot.) of wedge-like glycodendrimers (G1 ± G3) and a glycoprotein (ASF) in a

solid-phase assay with surface-immobilized (neo)glycoproteins and five different labeled sugar receptors in solution.[a]

Matrix: 0.05 mg LacBSA 1 mg LacBSA 0.25 mg LacBSA 0.05 mg LacBSA 0.05 mg LacBSA
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)

(1.5 mg mLÿ1) (10 mg mLÿ1) (5 mg mLÿ1) (30 mg mLÿ1) (1 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.

per molecule

D-Gal 1 2500 0.4 40 000 0.03 60 000 0.01 35 000 0.14 100 000 0.03
lactose 1 1000 1 1100 1 500 1 5000 1 3000 1
ASF 9 0.8 1205 (133) 2.6 423 (47) 9.4 53 (5.9) 13 385 (43) 31 96 (11)
G1 (2) 2 360 2.8 (1.4) 50 22 (11) 140 3.6 (1.8) 300 17 (8.5) 50 60 (30)
G2 (3) 4 0.7 1429 (357) 3.6 306 (76) 20 25 (6.3) 135 37 (9.3) 18 167 (42)
G3 (4) 8 1.5 667 (83) 1.7 647 (81) 26 19 (2.4) 56 89 (11) 17 176 (22)

Matrix: 0.5 mg SAP 0.5 mg SAP 0.5 mg SAP 0.5 mg SAP 0.5 mg SAP
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)

(1.5 mg mLÿ1) (15 mg mLÿ1) (10 mg mLÿ1) (30 mg mLÿ1) (5 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.

per molecule

D-Gal 1 20 000 0.38 200 mM ± 30 000 0.03 95 000 0.06 200 000 1
(�20 % inhib.)

lactose 1 7500 1 180 000 1 800 1 6000 1 200 000 1
ASF 9 8.4 893 (99) 6.3 28 571 (3175) 42 19 (2.1) 19 316 (35) 11 18 182 (2020)
G1 (2) 2 no inhib. ± 120 1500 (750) 20 40 (20) 1900 3.2 (1.6) 4 mM ±

up to 4 mM (�20 % inhib.)
G2 (3) 4 1350 5.6 (1.4) 27 6667 (1667) 4 200 (50) 450 13 (3.3) 1800 111 (28)
G3 (4) 8 430 17 (2.2) 34 5294 (662) 1.7 470 (59) 54 111 (14) 54 3704 (463)

Matrix: 1 mg ASF 1 mg ASF 1 mg ASF 1 mg ASF 1 mg ASF
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)

(1.5 mg mLÿ1) (10 mg mLÿ1)(5 mg mLÿ1) (30 mg mLÿ1) (10 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.

per molecule

D-Gal 1 5000 0.6 70 000 0.06 55 000 0.02 4500 0.18 55 000 1.82
lactose 1 3000 1 4000 1 1000 1 800 1 100 000 1
ASF 9 2.6 1154 (128) 1.2 3200 (354) 6.3 159 (17.6) 21 38 (4.2) 0.6 158 730 (17 544)
G1 (2) 2 200 15 (7.5) 240 17 (8.5) 260 3.8 (1.9) 1100 0.7 (0.36) 200 500 (250)
G2 (3) 4 0.4 7500 (1875) 45 89 (22) 23 43 (11) 270 3.0 (0.75) 153 654 (163)
G3 (4) 8 2.2 1364 (170) 13 308 (39) 22 45 (5.7) 108 7.4 (0.93) 86 1163 (145)

Matrix: 0.5 mg laminin 0.5 mg laminin 0.5 mg laminin 0.5 mg laminin 0.5 mg laminin
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)

(3 mg mLÿ1) (10 mg mLÿ1)(20 mg mLÿ1) (30 mg mLÿ1) (15 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.

per molecule

D-Gal 1 900 0.56 200 mM ± 15 000 0.03 15 000 0.13 100 mM ±
(�6 % inhib.) (�45 % inhib.)

lactose 1 500 1 300 000 1 400 1 2000 1 no inhib. ±
up to 200 mM

ASF 9 0.34 1471 (163) 6.3 47 619 (5291) 2 200 (22) 15 133 (15) 1.1 ±
G1 (2) 2 100 5 (2.5) 900 333 (167) 200 2 (1) 4 mM ± no inhib. ±

(�27 % inhib.) up to 4 mM

G2 (3) 4 2.7 185 (46) 162 1852 (463) 32 12.5 (3.1) 450 4.4 (1.1) no inhib. ±
up to 1.8 mM

G3 (4) 8 0.09 5556 (694) 56 5357 (670) 8.6 46.5 (5.8) 151 13 (1.7) no inhib. ±
up to 0.9 mM

Matrix: 0.25 mg Mac-2 BP 0.25 mg Mac-2 BP 0.25 mg Mac-2 BP 0.25 mg Mac-2 BP
Probe: VAA galectin-1 galectin-3 galectin-7

(2.5 mg mLÿ1) (15 mg mLÿ1) (10 mg mLÿ1) (25 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.

per molecule

D-Gal 1 12 000 0.5 200 mM ± 12 000 0.025 120 000 0.01
(�8 % inhib.)

lactose 1 6000 1 200 mM ± 300 1 1500 1
(�12 % inhib.)

ASF 9 4.2 1429 (159) 0.4 ± 17 17.6 (2) 5 300 (33)
G1 (2) 2 4000 1.5 (0.75) no inhib. ± 100 3 (1.5) 800 1.9 (0.9)

up to 4 mM

G2 (3) 4 900 6.7 (1.7) no inhib. ± 3.6 83 (12) 1.8 mM ±
up to 1.8 mM (�24 % inhib.)

G3 (4) 8 86 70 (8.7) no inhib. ± 0.7 429 (54) 65 23 (2.9)
up to 0.9 mM

[a] The numbers in parentheses express the relative potency of each lactose unit in the more than univalent inhibitor compared to carrier-free lactose. The results present
average values from at least four independent experiments.
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were significantly more active for galectins. A similar order of
potency has been observed for starburst glycodendrimers with
identical sugar content.[23a]

In addition to the neoglycoprotein and the two model
glycoproteins, we used two selected components of the
extracellular matrix. The results are compiled in the last two
blocks of Table 1 with laminin and Mac-2 BP, respectively, as the
matrix. Galectin-1 proved to be a strong binding partner for both
Mac-2 BP and laminin, requiring lactose concentrations of over
100 mM to reach inhibition. Large multivalency effects with G2/
G3 (463-fold and 670-fold increases, respectively) were observed
for the laminin matrix, but for Mac-2 BP the inhibitory capacity of
the glycodendrimers (up to the milimolar range) was insufficient.
Interestingly, Mac-2 BP had a strong affinity not only for galectin-
3,[25] but also for galectin-7 (see last block of Table 1). With the
lectin in solution, sugar units in G3 proved to be 54-fold more
active than free lactose in the case of galectin-3 (Table 1). As
already outlined, these last two glycoproteins have been
included to mimic cell surface properties. In the next step, we
tested the three glycodendrimers as inhibitors of lectin-medi-
ated cell interactions.

Cell assays

Agglutination of erythrocytes by lectins is a classical activity
test.[26] It simulates the mediation of cell interactions by lectins. In
contrast to binding to a surface, here the lectin connects two
opposing surfaces, adding a new topological constraint. With
standard trypsinized, glutaraldehyde-fixed rabbit erythrocytes,
all lectins were active as erythrocyte adhesion molecules. After
routinely normalizing inhibitory capacity to free lactose, the
strongest multivalency effects were seen for galectin-3 and the
plant lectin VAA (Table 2). The enhancement of inhibitory
capacity of each sugar unit in the G3 glycodendrimer relative
to lactose free in solution was 144-fold for galectin-3 and 446-
fold for VAA. In view of a potential role of galectin-3 in the
metastatic cascade, this finding has potential practical relevance.
As described in the Introduction, it was an aim of this study to
find inhibitors sensitive to the CRD presentation. The haem-
agglutination experiment represents a comparison between the
crosslinker galectin-1 with binding sites on opposite ends to an
aggregate of monovalent galectin-3 molecules. The differences
in the relative inhibitory potencies (Table 2) show the preference
of the glycodendrimers for the latter.

For VAA, the strong inhibitory effect of G3 was also seen in
other cell adhesion assay systems (data not shown). Consistently,
blocking of tumor cell (SW480) binding to nitrocellulose-
immobilized lectin was observed. In a flow cytofluorometric
assay with two human tumor cell lines of different histogenetic
origin, that is, B-lymphoblastoid and colon adenocarcinoma
cells, we also observed an enhanced potency of G3. Trends of
potency with galectin-3 were also reproduced in the flow
cytometric assay. Importantly, the glycodendrimers did not
reduce the viability of the cells upon exposure.

Conclusions

Matching optimal topological features in protein ± carbohydrate
interactions with appropriate ligand clustering is a central aim in
the design of small soluble compounds capable of targeting
drugs or interfering with adhesion processes. The simple
expectation that any form of clustering will necessarily lead to
affinity enhancements has not been borne out by several
experiments involving plant lectins or glycosyltransferases,[27]

influenza virus strains,[28] or bacteria.[29] For inhibition of influenza
virus haemagglutination the comb-branched or dendrigraft
modes of ligand presentation were found to be superior to
other types of dendritic polymeric inhibitors.[28] Spatial vicinity of
sugar residues slowing the dissociation rate appears to have to
meet further requirements which are even less predictable for
both soluble and membrane-associated lectins. Naturally, the
choice of the assay and its inherent conditions, for example, time
scale, ligand presentation and static or dynamic set-up, will have
an influence on the outcome, as shown recently for multivalent
concanavalin A ligands by cell agglutination or surface plasmon
resonance spectroscopic detection.[30] To mimic the situation in
which a pharmaceutical compound comes into contact with the
lectin prior to the lectin encountering a natural target, for
example, on endothelial cells, we preincubated lectin and
dendrimer for 15 min before adding this mixture to the test
surface (microtiter plate well, cell suspension).

The experiments clearly prove that the known difference in
binding-site presentation in the galectin subfamilies is of
importance for the effective design of glycodendrimer inhibitors.
Equally important is the nature of the matrix ligands. Relating
our data to the biological roles of the galectins, it is likely that the
differences in matrix and glycodendrimer preference of the
various galectins point toward different functions of these

Table 2. Determination of the minimal inhibitory concentration (MIC) and the relative inhibitory capacity (relative potency, rel. pot.) of wedge-like glycodendrimers (G1 ± G3) and

a glycoprotein (ASF) in lectin-mediated haemagglutination.[a]

Probe: VAA (0.2 mg mLÿ1) galectin-1 (2 mg mLÿ1) galectin-3 (50 mg mLÿ1) galectin-7 (2 mg mLÿ1)
Inhibitor Lac units MIC [mM] rel. pot. MIC [mM] rel. pot. MIC [mM] rel. pot. MIC [mM] rel. pot.

D-Gal 1 50 000 0.25 12 500 0.1 50 000 0.03 50 000 0.015
lactose 1 12 500 1 1250 1 1500 1 750 1
ASF 9 10.5 1190 (132) 8.4 149 (16.5) 42 35.7 (4.0) 10.5 71.4 (7.9)
G1 (2) 2 58.8 213 (106) 98.0 12.8 (6.4) 49 30.6 (15.3) 490 1.5 (0.8)
G2 (3) 4 53.8 232 (58.0) 44.8 27.9 (7.0) 5.4 278 (69.4) 112 6.7 (1.7)
G3 (4) 8 3.5 3571 (446) 10.8 116 (14.5) 1.3 1154 (144) 29.1 25.8 (3.2)

[a] The numbers in parentheses express the relative potency of each lactose unit in the more than univalent inhibitor compared to carrier-free lactose. The results present
average values from at least two independent experiments.
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homologous proteins. Expression of more than one galectin by a
cell, as shown by RT-PCR fingerprinting for 61 human tumor lines
and biochemical and immunological assays,[31] is not simply a
case of genetic redundancy. Hence, it is desirable to introduce
selectivity of binding when, for example, trying to block galectin-
dependent cell adhesion in order to avoid side effects. In this
context we showed that our glycodendrimers appear to be
especially effective for the homodimeric (prototype) galectin-1
based on the solid-phase assay. However, in the context of the
haemagglutination experiments a preference for the chimeric
galectin-3 was observed. Before considering further tests for
application, the concern about side reactivity to endocytic C-
type asialoglycoprotein receptors will have to be addressed to
avoid rapid clearance from the serum. Interestingly, lysine-based
cluster glycosides, which have high affinity for these lectins on
hepatocytes and macrophages,[32] had only minor inhibitory
efficiency for galectins.[23b] Tailoring the carbohydrate structure
to the preference of the target lectin will further contribute to
the selectivity of new inhibitors. To this end, the recently
developed strategies for establishing and screening carbohy-
drate libraries,[33] for preparing glycopeptides efficiently,[34] and
for spectroscopically determining the saccharide topology when
they are bound to a galectin, will be helpful.[35] It is worth noting
that the development of these galectin-selective probes will also
find application in cyto- and histochemistry.[36]

Experimental Section

Reagents: Galectin-1 was purified from bovine heart, murine
galectin-3 and human galectin-7 after recombinant expression,
using the plasmids prCBP35s, kindly provided by J. L. Wang (East
Lansing, MI, USA), and E. coli JA221 cells or pQE-60/hGal-7 (establish-
ment of an NcoI cleavage site required to switch from Ser 2 to Ala 2 in
the protein sequence) and E. coli M15[pREP4] cells obtained from
Qiagen (Hilden, Germany), respectively; the plant lectin from
commercially available dried mistletoe leaves and the lactoside-
binding immunoglobulin G fraction, further subfractionated by
removing any a-galactoside-specific activity (aÿ/b�), by affinity
chromatography on lactosylated Sepharose 4B, derived from ligand
coupling to divinyl-sulfone-activated resin, as crucial step, as
described previously.[37] Digestion of the collagenase-sensitive N-ter-
minal domain of galectin-3 was performed with an equal amount of
collagenase D (Roche Diagnostics, Mannheim, Germany) overnight
at 4 8C in a buffer solution containing 75 mM Tris-HCl, pH 7.0, 75 mM

NaCl, and 10 mM CaCl2 , as described previously.[38] Biotinylation of the
carbohydrate-binding proteins was carried out with the N-hydroxy-
succinimide ester derivative (Sigma, Munich, Germany) under
activity-preserving conditions.[15a, 23] The neoglycoprotein with an
average content of 28 lactoside moieties attached as p-isothiocya-
nato derivatives per molecule of carbohydrate-free bovine serum
albumin was synthesized following an established protocol.[3c] Serum
amyloid P component was purified from human serum by affinity
chromatography on mannosylated Sepharose 4B and was subjected
to neuraminidase treatment,[39] while commercial fetuin was chemi-
cally desialylated,[40] as routinely checked by mobility shifting in gel
electrophoretic analysis. Murine EHS laminin[19b] and recombinant
human Mac-2 BP produced in human embryonic kidney cells[21e]

were kindly provided by R. Timpl (Munich, Germany). The glycoden-
drimers were synthesized as described,[41] coupling protected lactose

isothiocyanate 1 (see Figure 1) to our dendrimer scaffolds based on
3,5-di-(2-aminoethoxy)benzoic acid repeating units carrying 2, 4, and
8 amino groups, respectively. The acetate-protected lactose isothio-
cyanate 1 was prepared starting from lactose following an estab-
lished method.[42] Covalent coupling of 1 to the polyamino
dendrimer scaffolds was achieved in CH2Cl2 in the presence of
iPr2NEt. Basic deprotection of the carbohydrate hydroxy groups
resulted in the lactose dendrimers 2 ± 4, which were characterized by
NMR spectroscopy and MS.

2: 13C NMR (5 % CD3OD/D2O, 75.4 MHz): d�184.2 (C�S), 169.0 (C�OI),
160.0 (C3/5), 132.2 (C1), 109.3, 107.6 (C2/6�C4), 104.0 (CGal

anom:�, 84.2
(CGlc

anom:�, 79.0, 77.0, 76.3, 76.1, 73.5, 72.8, 71.9, 69.6 (8 CHLac), 67.3 (CHa
2�,

62.0 (CHGlc
2 �, 61.0 (CHGal

2 �, 53.8 (CH3O), 44.8 (CHb
2� ; MS (ESI): m/z :

1021.3 [M�H]� .

3: 13C NMR (5 % CD3OD/D2O, 75.4 MHz): d� 184.3 (C�S), 169.7,
(C�OII), 168.5 (C�OI), 160.1 (C3/5�C3'/5'), 136.4 (C1'), 132.0 (C1), 107.2,
106.0 (C2/6�C2'/6'�C4�C4'), 104.0 (CGal

anom:�, 84.3 (CGlc
anom:�, 79.1, 76.9,

76.3, 73.5, 72.8, 71.9, 69.5 (all CHLac), 67.2 (CHa
2�CHa'

2 �, 62.0 (CHGlc
2 �,

61.0 (CHGal
2 �, 53.7 (CH3O), 44.7 (CHb

2�, 40.4 (CHb'
2 � ; MS (ESI): m/z : 1057.4

[MÿGlc�2 Na]2�, 1116.9 [M�2 H]2�, 1127.4 [M�H�Na]2�, 1138.9
[M�2 Na]2�, 2091.7 [MÿGlc�Na]� , 2253.8 [M�Na]� .

4 : 13C NMR (5 % CD3OD/D2O, 75.4 MHz): d�184.3 (C�S), 169.8 (br, all
C�O), 160.2 (C3/5�C3'/5'�C3''/5''), 136.8 (br, C1�C1'�C1''), 107.3 (br, C2/

6�C2'/6'�C2''/6''�C4�C4'�C4''), 104.0 (CGal
anom:�, 84.3 (CGlc

anom:�, 79.1, 76.3,
73.5, 72.8, 71.9, 69.5 (all CHLac), 67.2 (br, CHa

2�CHa'
2 �CHa''

2 �, 62.0, 61.1
(2 CHLac

2 �, 54.0 (CH3O), 44.9, 40.4 (br, CHb
2 �CHb'

2 �CHb''
2 � ; MS (ESI):

m/z : 1465 [Mÿ2 Glc�3Na]3�, 1472 [Mÿ2 Glc�4 NaÿH]3�, 1480
[Mÿ 2 Glc�5 Naÿ 2 H]3�, 1519 [MÿGlc�3 Na]3�, 1526 [Mÿ
Glc�4 NaÿH]3�, 1534 [MÿGlc�5 Naÿ 2 H]3�, 1574 [M�3 Na]3�,
1581 [M�4 NaÿH]3�, 1588 [M�5 Naÿ 2 H]3�, 2207 [Mÿ
2 Glc�4 Naÿ 2 H]2�, 2289 [MÿGlc�4 Naÿ2 H]2�, 2371 [M�4 Naÿ
2 H]2�.

Solid-phase assay: Attachment of the (neo)glycoproteins to the
surface of microtiter plate wells proceeded from 50 mL per well at
4 8C overnight from phosphate-buffered saline solution (concentra-
tions for each matrix type are given in Table 1), and residual protein-
binding sites were blocked by an incubation step using 100 mL of this
buffer containing 1 % carbohydrate-free bovine serum albumin for
1 h at 37 8C. Following thorough washes, the mixture containing
lectin and any tested glycoinhibitor which had been preincubated
for 15 min at room temperature was added to a well and kept for 1 h
at 37 8C. Omission of labeled probe, of any inhibitor, and inhibition
with 0.5 mg mLÿ1 ASF plus 75 mM lactose were routinely carried out
in parallel assays to determine blank and 100 % values. Following
thorough washes to remove unbound probe, signal generation to
determine the extent of protein ± carbohydrate binding was per-
formed using streptavidin ± peroxidase (Sigma, Munich, Germany;
0.5 mg mLÿ1) and o-phenylenediamine (1 mg mLÿ1)/H2O2 (1 mL mLÿ1)
as indicator substances, as described previously.[23] The concentra-
tion of inhibitor required for 50 % inhibition (IC50) was determined to
compare the potencies of the tested substances.

Cell assays: Haemagglutination with trypsin-treated, glutaralde-
hyde-fixed rabbit erythrocytes to determine the minimal inhibitory
concentration of a glycosubstance at a constant lectin concentration
(see Table 2) was performed as described previously.[43] For the
fluorometric analysis cell batches of identical passages of the human
colon adenocarcinoma line SW480, obtained from the American
Type Culture Collection (Rockville, MD, USA), and the human
B-lymphoblastoid line Croco II, established and maintained as
described,[44] were carefully washed with Dulbecco's phosphate-
buffered saline solution containing 0.1 % carbohydrate-free bovine
serum albumin to remove any trace of glycoproteins originating
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from the serum of the culture medium. Following the incubation
step with biotinylated lectin and inhibitor for 30 min at 4 8C (4�105

cells per assay) and thorough washing steps to remove unbound
probe, automated flow cytofluorometric analysis in a FACScan
instrument (Becton ± Dickinson, Heidelberg, Germany) with the
fluorescent marker streptavidin ± R-phycoerythrin (Sigma, Munich,
Germany; used at 1:4 dilution) was performed as described
previously.[45] Interference of tumor cell adhesion to VAA immobilized
onto nitrocellulose squares (Schleicher and Schuell, Dassel, Germany;
0.2 mm) by glycodendrimer was determined in assays with 7�105

tumor cells per 200 mL and incubation periods of 1.5 or 3 h at 37 8C, as
described previously.[46]
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