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Introduction

Cell-surface glycans are far more than a means of protecting
proteins from proteolysis or affecting charge density. In fact,
cells derive a significant portion of their ability for intercellular
communication from glycan structures. They equal peptide se-
quences of proteins in being biochemical signals.[1] Processing
of the sugar-encoded messages and their translation into cellu-
lar responses involves carbohydrate-binding proteins (lectins).[2]

This discovery of functional lectin–carbohydrate interactions
signifies a new route for drug design. Firstly, suitable targets
need to be identified. Unquestionably, protection against bio-
hazardous plant toxins and the interference in lectin-mediated
processes during tumor progression are aims warranting seri-
ous efforts.
Medically oriented reasoning has directed our attention to

galactoside-binding AB toxins such as ricin or the Viscum
album agglutinin (VAA) and the galectin family of endogenous
lectins. Among its three subgroups, that is, homodimeric
proto-type, chimera-type, and tandem-repeat-type proteins,
immunohistochemical fingerprinting had revealed an unfavora-
ble relationship of galectin expression to prognosis in several
tumor systems, for example in colon cancer for galectin-1
(proto-type), galectin-3 (chimera-type), and galectin-4 (tandem-
repeat-type).[3] Capitalizing on convenient access to human lec-

tins by recombinant production, their reactivity with test com-
pounds can be readily profiled as is routinely done for plant
lectins. In doing so, the sensitivity of galectin binding to the
local density of cognate determinants in N- and O-glycans and
glycodendrimers had been documented, as was also ascer-
tained for the plant toxin.[4] These results encouraged us to
design glycoclusters with variations in ligand density and in
presentation, and then to assess their inhibitory potencies to
identify potent candidates for further refinement. Conjugation

Growing insights into the functionality of lectin–carbohydrate in-
teractions are identifying attractive new targets for drug design.
As glycan recognition is regulated by the structure of the sugar
epitope and also by topological aspects of its presentation, a
suitable arrangement of ligands in synthetic glycoclusters has the
potential to enhance their avidity and selectivity. If adequately re-
alized, such compounds might find medical applications. This is
why we focused on lectins of clinical interest, acting either as a
potent biohazard (a toxin from Viscum album L. akin to ricin) or
as a factor in tumor progression (human galectins-1, -3, and -4).
Using a set of 14 calix[n]arenes (n=4, 6, and 8) with thiourea-
linked galactose or lactose moieties, we first ascertained the
lectin-binding properties of the derivatized sugar head groups
conjugated to the synthetic macrocycles. Despite their high

degree of flexibility, the calix ACHTUNGTRENNUNG[6,8]arenes proved especially effective
for the plant AB-toxin, in the solid-phase model system with a
single glycoprotein (asialofetuin) and with human tumor cells in
vitro. The bioactivity of the calix[n]arenes was also proven for
human galectins. Notably, selectivity for the tested tandem-
repeat-type galectin-4 among the three subgroups was deter-
mined at the level of solid-phase and cell assays, the large flexi-
ble macrocycles again figuring prominently as inhibitors. Alter-
nate and cone versions of calix[4]arene with lactose units distin-
guished between galectins-1 and -4 versus galectin-3 in cell
assays. The results thus revealed bioactivity of galactose-/lactose-
presenting calix[n]arenes for medically relevant lectins and selec-
tivity within the family of adhesion/growth-regulatory human
ACHTUNGTRENNUNGgalectins.
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of sugar moieties to a macrocycle is a reasonable step in this
research program. In this report, we addressed this synthetic
challenge and merged preparative work with biochemical and
cell biological assays.
A cyclic platform for introducing lectin ligands offers the ad-

vantage of a certain degree of backbone rigidity. As examples,
fused six-membered imide ring systems, cyclic decapeptides,
cyclodextrins, cyclophanes, and phenol-formaldehyde cyclic
oligomers (calixarenes) have been demonstrated to undergo
facile synthetic incorporation of carbohydrate moieties.[5]

Herein, we focus on calix[n]arenes, covalently adding substitut-
ed galactose or lactose moieties to the scaffold. Compared to
other macrocyclic compounds calix[n]arenes offer the unique
opportunity for introducing variations of ring size, molecular
shape, conformational flexibility, symmetry, and valency. The
option for a thiourea linker was chosen to enable an easy
amine/isothiocyanate reaction and to allow potential hydrogen
bonding.[6] Following the synthesis of the panel of 14 glyco-
clusters with two to eight sugar moieties per macrocycle and
their chemical characterization, we revealed lectin-binding
properties in a solid-phase assay using a potent plant toxin
(VAA) and the three mentioned human galectins. With the
lectin-binding property of the glycoclusters documented, in-
hibitory capacity was comparatively assessed in each case. On
the grounds that medical application is envisioned we pro-
ceeded to test the glycoclusters as inhibitors of lectin binding
to human tumor cells in vitro. The glycomic complexity of cell
surfaces in terms of structural diversity and dynamic changes
in local epitope density can have a profound effect on lectin-
binding properties not mimicked in solid-phase assays (for de-
tails, see ref. [1]). The following questions will be answered by

the combined set of experiments: will the substituted sugar
moieties maintain ligand activity? Will glycocluster design en-
hance avidity relative to free sugar? Will there be selectivity
between lectin type and glycocluster design?

Results

Synthesis and conformational properties of calix[n]arene
glycoclusters

Functionalization of the alkoxycalix[n]arenes to obtain fully gly-
cosylated compounds was performed at the upper rim (aro-
matic nuclei) in four steps (Scheme 1) through ipso nitration of
the proper alkylated p-tert-butyl calixarenes to give 2a–e, re-
duction to amines 3a–e with hydrazine hydrate in the pres-
ence of Pd/C, condensation with b-galactosyl or b-lactosyl iso-
thiocyanates to 4a–e and 5a–e, respectively, and, finally, de-
protection from acetyl groups by the Zemplen method. Sugar
condensation and deprotection were analogously performed
to obtain the divalent ligands 2Gal[4]Met (for the meaning of
this nomenclature see ref. [7]) and 2Lac[4]Met from the corre-
sponding diamino derivatives. The thiourea linker structure
was kept constant. The resulting glycoclusters cover different
ways of sugar presentation, as shown. In detail, the com-
pounds cone-4Gal[4]Prop,[8] cone-4Lac[4]Prop, cone-2Gal[4]-
Prop,[8] and cone-2Lac[4]Prop[8] form the fixed-cone type, com-
pounds alt-4Gal[4]Prop and alt-4Lac[4]Prop the 1,3-alternate
type. If the substituent at the lower rim (phenolic oxygen
atoms) is a methyl group, then dynamic flexibility ensues, ap-
plicable for compounds 4Gal[4]Met, 4Lac[4]Met, 2Gal[4]Met,
and 2Lac[4]Met. The divalent derivatives show in CD3OD the

Scheme 1. Synthesis of the fully glycosylated upper rim calix[n]arenes.

1650 www.chembiochem.org 9 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 1649 – 1661

H. Gabius, R. Ungaro et al.

www.chembiochem.org


presence of conformers in slow exchange on the NMR time-
scale. The two signals in 13C NMR spectra at approximately 31
and 37 ppm, attributable to the bridging methylene groups[9]

(ArCH2Ar), indicate that the cone and the 1,3-alternate are the
most abundant conformations in solution. Detailed inspection
of NMR spectra in D2O for compounds 4Gal[4]Met and
4Lac[4]Met (see Table 1) revealed a 1,3-alternate conformation,
especially by presenting in 13C NMR spectra the diagnostic
peak at 36.8 ppm (for 4Gal[4]Met) and 36.9 ppm (for
4Lac[4]Met; Table 1). The occurrence of sharp signals is an indi-
cation for monomer status in solution. In contrast, the NMR
spectra of the calix[4]arenes cone-4Gal[4]Prop and cone-
4Lac[4]Prop, poorly soluble in water, are comparatively broad
in D2O even when increasing the temperature to 363 K, point-
ing to a tendency for aggregation of these amphiphilic sub-
stances. Using deuterated methanol the cone structure was
verified by identifying the two diagnostic doublets (Jab=13.2)

for the protons of the methylene bridge and the respective
resonances at 31–32 ppm (Table 1) for the corresponding C
atom. Regarding the tetrafunctionalized glycoclusters, the
fixed 1,3-alternate conformation of alt-4Gal[4]Prop and alt-
4Lac[4]Prop was ascertained by picking up the typical singlet
for methylene-bridge protons in HSQC experiments. Signals
were sharp, excluding major tendency for aggregation.
In comparison to these compounds, the glycoclusters origi-

nating from calix[6]- (6Gal[6]Met, 6Lac[6]Met) and calix[8]ar-
enes (8Gal[8]Met, 8Lac[8]Met) have enhanced flexibility. In-
crease in ring size and the presence of the small methoxy sub-
stituent at the lower rim are factors favoring this inherently
large degree of dynamics. In addition to drawing on the avail-
able structural data of calix[6]- or calix[8]arenes,[10] we per-
formed molecular modeling on compound 8Lac[8]Met using
the classical molecular mechanics force field (MMFF), which re-
sulted in two energetically minimized conformations referred
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to as double-partial cone (Figure 1A) and 1,2-alternate (see
Figure S1A in the Supporting Information) according to the lit-
erature.[10] As a result of the occurrence of the pleated-loop
conformer of octahydroxy-p-tert-butylcalix[8]arene in the solid
state, we also calculated the energy of this structure (Fig-
ure 1B) to be 1206 kcalmol�1, rather similar to the values
found for the 1,2-alternate (1169 kcalmol�1) and double-partial
cone (1191 kcalmol�1) structures. Having prepared the panel of
glycoclusters and examined their conformational properties,
the next step was to test the compounds to determine wheth-
er the calix[n]arene-presented galactose/lactose moieties have
ligand properties with medical perspective.

Solid-phase inhibition assays

The lectin–ligand interaction system consisted of a microtiter
plate surface, to which the glycoprotein asialofetuin (ASF) was
adsorbed, and the labeled lectin in solution. The coating densi-

ty and the lectin concentration needed to be adjusted to yield
a signal intensity in the linear range to avoid complications re-
sulting from working at plateau levels. This initial protocol was
completed for the toxic plant lectin and the human galectins.
It included controls with haptenic inhibitors and ascertaining
carbohydrate-dependent binding of the lectins to the matrix in
each case. Having set up a valid test system, free mono- and
disaccharides and then the panel of the 14 glycoclusters could
systematically be studied. As illustrated with representative ex-
amples in Figure 2 for galactose and Figure 3 for lactose, sub-
stantial inhibition was obtained with the free mono- and disac-
charides. As a result of solubility problems for certain calix[n]ar-
enes (see above) stock solutions were prepared in dimethyl
sulfoxide and then diluted in buffer prior to use. Up to 4.4%
aprotic solvent (at 2.5 mm lactose content) was then present in
the assay, therefore the corresponding control values were rou-
tinely determined under identical conditions and in the ab-
sence of solvent to spot any effect of solvent presence. Thus

Table 1. Analytical data of the calix[n]arene-based glycoclusters.

Compound d ESI-MS
H1 and H1’ ArCH2Ar CS C1 and C1’ ACHTUNGTRENNUNG[M+Na]+ (calcd)/

1H 13C * ACHTUNGTRENNUNG[M+2Na]2+ (calcd)

cone-4Gal[4]Prop[a] 5.51 4.51, 3.21 32.3 183.2 86.4 1559.4 (1559.5)
4Gal[4]Met 5.42 3.75[c] 36.8 183.6 86.1 1447.8 (1447.4)

*735.8 (735.2)
alt-4Gal[4]Prop 5.44 3.81[c] 38.2 184.7 86.7 1559.5 (1559.5)
6Gal[6]Met 5.29[d] 3.92[c,d] 30.9[b] 182.3[b] 83.5[b] 2160.0 (2159.6)

*1091.5 (1091.3)
8Gal[8]Met 5.23[d] 3.84[c,d] 30.1[b] 182.7[b] 84.7[b] *1447.2 (1447.4)
cone-4Lac[4]Prop 5.40[d] and 4.40[d] 4.23,[d] 3.10[d] 30.9[b] 182.4[b] 83.9[b] and 104.1[b] 2207.8 (2207.7)

*1115.5 (1115.4)
4Lac[4]Met 5.47 and 4.42 3.73[c] 36.9 183.5 85.4 and 104.4 2096.7 (2095.6)

1059.7 (1059.3)
alt-4Lac[4]Prop 5.49 and 4.50 3.72[c] 38.0 183.6 85.4 and 104.6 2207.6 (2207.7)

*1115.3 (1115.4)
6Lac[6]Met 5.18[d,e] and 4.18[d,e] 3.71[c,d,e] 30.8[d,e] 183.1[d,e] 84.4[d,e] and 103.5[d,e] *1577.4 (1577.5)
8Lac[8]Met 5.24[d] and 4.27[d] 3.75[c,d] 30.1[d] 184.1[d] 82.7[d] and 102.2[d] *2095.3 (2095.6)

[a] Taken from ref. [8] (CD3OD). [b] [D6]DMSO. [c] Value determined by correlation with the corresponding signal of the ArCH2Ar carbon in the HSQC experi-
ment. [d] Determined at 363 K. [e] D2O+5% [D6]DMSO.

Figure 1. Lateral view of the minimized A) double-partial cone and B) pleated-loop conformation of octalactosylthioureidocalix[8]arene (8Lac[8]Met). For differ-
ent views and color pictures see Figures S1 and S2 in the Supporting Information.
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the test system is suitable to answer the question whether the
sugar moieties in the calix[n]arenes are capable of acting as
lectin inhibitors.
The glycoclusters were added to the lectin-containing solu-

tion in successively decreasing concentrations, and the ensuing
effect on the extent of lectin binding is shown in Figure 2 and
Figure 3 and summarized for all tested compounds in Tables 2
and 3. To allow direct comparison between free sugar and gly-
coclusters, the concentration of
the test compound is expressed
in mm sugar added to the assay.
Evidently, the conjugated sugars
maintained their inhibitory activ-
ity. Topological parameters made
their mark on the sugars’ poten-
cy in this respect. Clustering on
macrocycles was especially effec-
tive for the plant toxin and ga-
lectin-4 (Figure 3, Table 3).
Among the human lectins, differ-
ent response patterns were reg-
istered, the tandem-repeat-type
galectin-4 reacted very sensitive-

ly to the presence of these test compounds. The IC50

value for lactose was lowered by a factor of up to
300-fold relative to free sugar, when calculating the
sugar concentration in the assay. This activity profile
was retained after deletion of the linker region by ge-
netic engineering, which turned galectin-4 into a pro-
totype-like protein with two different carbohydrate
recognition domains. Further testing of the N-termi-
nal domain of this lectin also proved the efficacy of
the glycoclusters in this system, implying that the
structural features of this lectin site make a sizeable
contribution. Relative to galectins-1 and -3, proper-
ties of the substituted lactose appeared to contribute
to the potency toward galectin-4.
Using this test system with a single type of glyco-

protein with three complex-type N-glycans, mostly
triantennary, and three core 1 disaccharides, inhibito-
ry activity was determined by discerning different de-

grees of enhancement relative to the free sugar and a prefer-
ence for the tandem-repeat-type galectin-4. Compared to this
model, cell surfaces present a wide array of glycan chains with
diverse lectin-reactive determinants undergoing dynamic later-
al movements. Also, spatial parameters governing accessibility
may come into play. Envisioning medical applications it thus is
essential to determine the activity of glycoclusters in cell-bind-
ing assays.

Figure 2. Inhibition by calix[n]arene-based glycoclusters carrying galactose
(~: 8Gal[8]Met, *: 6Gal[6]Met) of the binding of biotinylated VAA to surface-
immobilized asialofetuin. Galactose (*) was used as control (please see
Table 2 for IC50 values). The concentration of inhibitor is given with respect
to galactose in all cases.

Figure 3. Inhibition by calix[n]arene-based glycoclusters carrying lactose of the binding
of biotinylated VAA (left) and human galectin-4 (right) to surface-immobilized asialofe-
tuin. Lactose (*) was used as control (see Table 3 for IC50 values). Data on the following
compounds are presented: 8Lac[8]Met (&) and alt-4Lac[4]Prop (~) in the case of VAA,
cone-4Lac[4]Prop (^), and 4Lac[4]Met (^) in the case of galectin-4. The concentration of
inhibitor is given with respect to lactose in all cases.

Table 2. Inhibitory potency of the calix[n]arenes presenting galactose on
binding of VAA to the surface-immobilized glycoprotein.[a]

Type of inhibitor Gal units IC50 [mm][b]

per molecule

cone-2Gal[4]Prop 2 5000
cone-4Gal[4]Prop 4 300
2Gal[4]Met 2 2000
4Gal[4]Met 4 2500
alt-4Gal[4]Prop 4 2000
6Gal[6]Met 6 5
8Gal[8]Met 8 8
galactose 1 600

[a] Amount of ASF for coating: 0.25 mg; lectin concentration: 0.5 mgmL�1.
[b] IC50 values in mm sugar per assay.

Table 3. Inhibitory potency of the calix[n]arenes presenting lactose on binding of lectins to the surface-immo-
bilized glycoprotein.[a]

Type of Lac units VAA Galectin-1 Galectin-3 Galectin-4
inhibitor per molecule [0.5 mgmL�1] [10 mgmL�1] [5 mgmL�1] [5 mgmL�1]

cone-2Lac[4]Prop 2 1000 n.i.[b] 2000 5
cone-4Lac[4]Prop 4 125 10000 200 20
2Lac[4]Met 2 800 n.i.[b] 2500 1000
4Lac[4]Met 4 125 2000 600 40
alt-4Lac[4]Prop 4 200 1250 500 80
6Lac[6]Met 6 15 600 400 5
8Lac[8]Met 8 15 1250 300 40
Lactose 1 300 7500 2500 1500

[a] Amount of ASF for coating: 0.5 mg, IC50 values in mm sugar per assay. [b] n.i.=not inhibitory at 10 mm.
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Cell-binding inhibition assays

Established human tumor lines were selected for this part of
the study. Their lectin-binding properties are stable features.
Nonetheless, in order to avoid any variability due to changes
in length of culture time during the passage or medium com-
position, comparative experiments were performed with ali-
quots of identical cell batches at the same time. The fluores-
cent staining due to binding of labeled lectins was routinely
analyzed on 10000 cells, Figures 4–7 show fluorescence inten-
sity in relation to cell number. In each case, dependence of cell
staining, measured in percentage of positive cells and mean
channel fluorescence intensity (all numbers are given in Fig-
ures 4–7), from concentration of the labeled probe and con-
centration of free sugar was characterized, see the top panel
of Figure 4 for an example. Selecting a distinct reference con-
centration of free sugar reaching partial inhibition, the relative
effect of calix[n]arene presence on cell binding could be deter-
mined.
Glycoclusters with lactose or galactose head groups were

active for the plant toxin at this level, too (Figure 4 and Fig-
ure S3 in the Supporting Information). As the monitoring of
cell fluorescence revealed, the IC50 values in the solid-phase
assay will not automatically translate into a direct ranking in
the cell assays (Figure 4). The 2Lac[4]Met and cone-2Lac[4]Prop
compounds showed a relatively increased potency, whereas
the alt-4Lac[4]Prop compound remained rather similar to lac-
tose in inhibitory efficacy and 6Lac[6]Met and 8Lac[8]Met are
less active (Figure 4). Regarding the human lectins, in the case
of galectin-1 cone-4Lac[4]Prop, a weak inhibitor surpassed by
lactose on solid-phase assays, remained weak, whereas the
compounds 6Lac[6]Met and especially 8Lac[8]Met and also
2Lac[4]Met, 4Lac[4]Met, and alt-4Lac[4]Prop proved effective
(Figure 5). Glycosylated calix[n]arenes similarly interfered with
binding of galectin-3 to human colon cancer cells (Figure 6).
Cone-4Lac[4]Prop was the most favorable inhibitor in both
assay types. Figure 6 presents the difference between lactose
(A) and this compound (B) in keeping the lectin away from the
cell surface. Evidently, this calix[4]arene will affect galectins-1
and -3 differently (Figures 5 and 6). Interestingly, it was also a
rather weak inhibitor (for a calix[n]arene) of galectin-4 binding
(Figure 7).
In stark contrast, the alt-4Lac[4]Prop conformer was conspic-

uously more active than the cone-type glycocluster for galec-
tin-1, a property shared by galectin-4 (Figures 5 and 7). In
numbers (Figure 7), with the latter galectin, free lactose was
rather ineffective up to 10 mm (50% positive cells, 25.6 as
mean fluorescence intensity), the divalent cone version at 1 mm

lactose led to decreases to 38.1%/17.4. Even at the considera-
bly lowered concentration of 0.2 mm, the corresponding tetra-
valent alt-cluster fared much better as an inhibitor with data of
20.4%/9.2 (for information on galectin-1, please see numbers
in Figure 5). As a means to interfere with binding of galectins-
1 and -4 in a coordinated manner this glycocluster is a viable
option. Altogether, the bioactivity of the calix[n]arenes on ga-
lectin-4 binding is especially noteworthy, because free lactose
up to 10 mm was a comparatively weak inhibitor of cell bind-

ing (Figure 7). Blocking association of this human lectin to the
cell surface will thus depend on an avidity increase by cluster
design. In full accord with the data from the solid-phase
assays, sugar conjugation had a large effect on inhibitory po-
tency. Tested at 0.1 mm the compound 6Lac[6]Met proved most
effective (Figure 7). This substance further underscores the po-
tential for differential reactivity in the galectin family, because

Figure 4. Semilogarithmic representation of the fluorescent surface staining
of cells of the human B-lymphoblastoid line Croco II by labeled VAA. The
control value representing staining by second-step reagent in the absence
of lectin is given as shaded area. Concentration dependence for the probe
was tested at 0.05, 0.1, 0.2, 0.5, 1, and 2 mgmL�1 (A) and the extent of inhibi-
tion by lactose was determined at the constant lectin concentration of
0.2 mgmL�1 using sugar (lactose) concentrations of 0.5, 1, 2, 4, 8, 10, 20, and
50 mm (B). Control data are inserted for lectin-independent staining (A, B, C)
and staining at 0.2 mgmL�1 lectin (B). Lactose and calix[n]arene-based glyco-
clusters as inhibitors of lectin binding at 0.2 mgmL�1 were used at the sugar
concentration of 2 mm, shown in the following order: C) lactose (gray line)
and 2Lac[4]Met (dashed line); D) 8Lac[8]Met (gray line) and cone-4Lac[4]Prop
(dashed line); E) cone-2Lac[4]Prop (gray line) and 4Lac[4]Met (dashed line);
F) alt-4Lac[4]Prop (gray line) and 6Lac[6]Met (dashed line). The black line in
C–F represents the control value of lectin-dependent staining in the absence
of inhibitor. Quantitative data on the percentage of positive cells and mean
channel fluorescence are given in each panel.
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it showed preference to interfere with binding of galectins-1
and -4 versus galectin-3 (Figures 5–7).

Discussion

Multivalency of natural glycans is a key factor to produce the
tangible benefits of high affinity and selectivity in lectin–carbo-
hydrate interactions.[1b–d,11] Intuitively, a matching design of
sugar units in glycoclusters to target distinct lectins is a salient
step toward development of potent inhibitors. That particular
glycosignatures, for example, of yeast and bacteria that cause
infections, are reliably identified by host defense lectins signi-
fies the importance of ligand topology as a parameter to
guide target selection.[1d] The long-term aim to develop
custom-made neoglycoconjugates ties synthetic work, here on
calix[n]arenes as a platform for chemical glycosylation, to ex-
periments which assess the actual glycocluster efficacy to

block lectin binding. With a medical perspective in mind, we
selected a plant toxin and three adhesion/growth-regulatory
human lectins representing the different subgroups of the ga-
lectins. Equally important, we added work with tumor cells in
vitro to running tests in the solid-phase system with a nonava-
lent glycoprotein (ASF) as ligand. In a stepwise manner, we
ACHTUNGTRENNUNGanswered the questions given in the introduction.
At the outset, all compounds were thoroughly characterized.

Initial experiments demonstrated that the conjugation process
did not impair the ligand’s capacity to bind to the tested lec-
tins. An increased efficiency of lactose derivatives relative to
those of galactose was observed in the case of the plant toxin,
here especially the fully accessible tyrosine-containing binding
site in subdomain 2g of the lectin. This result is in full accord
with previous inhibition and calorimetry studies, thus arguing
in favor of compatibility of the linker with bioactivity.[12] Nor-
malizing all concentrations to the sugar, cluster effects were
noted and quantified. Their occurrence applied both to bind-
ing to the model matrix and also to cell surfaces. Considering
differences in presentation of lectin-binding sites between a
model matrix and (real) cell surfaces, data obtained in solid-
phase assays should be evaluated in relation to work on cells.

Figure 5. Semilogarithmic representation of the fluorescent surface staining
of cells of the human pancreatic carcinoma line Capan-1, reconstituted for
expression of the tumor suppressor p16INK4a, by labeled galectin-1. The con-
trol value representing staining by second-step reagent in the absence of
lectin is given as shaded area. Concentration dependence for the probe was
tested at 2, 5, 10, 20, 30, and 40 mgmL�1 (A). Control data are inserted for
lectin-independent background and staining at 10 mgmL�1 lectin. Using the
constant lectin concentration at 10 mgmL�1, lactose and calix[n]arene-based
glycoclusters as inhibitors were used at the sugar concentration of 2 mm,
shown in the following order: B) lactose (gray line) and 8Lac[8]Met (dashed
line); C) cone-4Lac[4]Prop (gray line) and 4Lac[4]Met (dashed line); D) alt-
4Lac[4]Prop (gray line), 2Lac[4]Met (dashed line), and 6Lac[6]Met (bold black
line). Numbers characterizing cell reactivity are always given in the order of
listing. The black line in the top right and in the bottom panels represents
the control value of lectin-dependent staining in the absence of inhibitor.
Quantitative data on the percentage of positive cells and mean channel
fluorescence are given in each panel.

Figure 6. Semilogarithmic representation of the fluorescent surface staining
of cells of the human colon adenocarcinoma cell line SW480 by labeled ga-
lectin-3. The control value representing staining by second-step reagent in
the absence of lectin is given as shaded area. Using the constant lectin con-
centration at 10 mgmL�1, control values in the absence of lectin (shaded
area) and in the absence of inhibitor (A, black line) calibrate the inhibitory
potential of lactose (top panel, left : dashed line) and the following calix[n]ar-
ene-based glycoclusters at the sugar concentration of 0.1 mm : B) cone-
4Lac[4]Prop (gray line), 6Lac[6]Met (dashed line); C) 8Lac[8]Met (gray line)
and 4Lac[4]Met (dashed line); D) alt-4Lac[4]Prop (gray line) and 2Lac[4]Met
(dashed line). The black line in all panels represents the control value of
lectin-dependent staining in the absence of inhibitor. Quantitative data on
the percentage of positive cells and mean channel fluorescence are given in
each panel.
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Corroborating the given evidence for the plant toxin, ligand
activity was also maintained for the tested galectins. The pre-
sentation of lactose on a cyclic platform with the given orien-
tations slightly improves its inhibitory capacity for galectins-1
and -3, as previously seen for persubstituted b-cyclodextrins.[13]

Structurally, the chimera-type galectin-3 is unique in this lectin
family. It is known to form pentamers when in contact with
multivalent ligands, very favorably reacting with trivalent clus-
ters established by coupling of prop-2-ynyl lactoside to a tri-
ACHTUNGTRENNUNGiodobenzene core.[14] The results presented here further elabo-
rate the characteristics of sensitivity of galectins-1 and -3
toward shaping topology of the presented ligand.
What is apparent and novel are 1) the conspicuous effect of

the calix[n]arenes on the tandem-repeat-type galectin-4 and
2) the possibility to combine effects on galectins-1 and -4 with
one compound (a highly unfavorable expression signature for
prognosis in colon cancer[3d]). In the case of galectin-4, the rela-
tive inhibitory potency was markedly enhanced relative to free

lactose in both assay types. The respective IC50 values revealed
an obvious preference of this type of glycocluster for galectin-
4, when compared to the two tested members of the other
groups of galectins. The design of a deletion mutant for galec-
tin-4 without the linker peptide was instrumental to intimate
that presence of the linker was not an essential factor for this
feature. Because the contributions of enthalpy and entropy to
thermodynamics of binding N-acetyllactosamine differ be-
tween galectins-1, -3, and -4,[15] it is likely that the interaction
properties of the spacered ligand to each lectin site may indi-
vidually contribute to this attribute. Examining the known
ligand profile of galectin-4 provides evidence for structural dis-
parities in the binding site despite the shared affinity to lac-
tose. Of note, galectin-4 strongly interacts with O-linked sulfo-
glycans, sulfatide with long-chain 2-hydroxylated fatty acids,
and even cholesterol 3-sulfate, besides homing in on clustered
T/Tn-antigens and ABH-blood group epitopes.[4b,16] In clinical
terms, expression of this lectin was linked to unfavorable prog-
nosis in Dukes A and B colon tumors, related to malignant
ACHTUNGTRENNUNGpotential in hepatocellular carcinoma and to peritoneal meta-
stasis of gastric cancer, found to be upregulated in mucinous
epithelial ovarian cancer, and detected in breast cancer.[3d,17]

Within the physiological network of galectins in tumor cells,[2b]

galectin-4 may thus have discrete activity and expression pat-
terns in certain tumor types, making it an attractive target of
inhibitors in these instances. Further tailoring of the head
group, for example by applying library approaches to galec-
tins,[18] might help increase the detected intrafamily selectivity,
if the option for combined effects, as detected here, is not
ACHTUNGTRENNUNGdesirable. This work will likely also be required in order to dis-
tinguish this group member among the tandem-repeat-type
galectins. Preliminary experiments on galectins-8 and -9 point
to binding profiles which reflect structural similarity but can
help identify nonuniform features.
In summary, we have prepared an array of calix[n]arenes pre-

senting spacered galactose and lactose moieties and analyzed
their reactivity towards a plant toxin and, for the first time, to-
wards three human galectins. Inhibitory potency was deter-
mined in a solid-phase assay and a bioassay in vitro. Cluster ef-
fects were noted, particularly reactivity of glycoclusters regis-
tered for the tandem-repeat-type galectin-4. Its preferential re-
activity to sulfoglycans gives ensuing work for head group tai-
loring a clear direction. Answering the final question posed in
the introduction, the bioassays informed us about clear inter-
galectin differences and dependence of inhibition on the con-
formational properties of the calix[n]arene scaffold as well as
on the shape and valency of the glycoclusters. They raise the
possibility of targeting galectins differently, cone-4Lac[4]Prop
emerging as blocker of galectin-3 binding to colon cancer
cells, flexible calix ACHTUNGTRENNUNG[6,8]arenes 6Lac[6]Met and 8Lac[8]Met for ga-
lectin-4 binding to pancreatic carcinoma cells, and alt-4Lac[4]-
Prop as inhibitor of galectins-1 and -4.

Experimental Section

General : Moisture-sensitive reactions were carried out under a ni-
trogen atmosphere. Dry solvents were prepared according to stan-

Figure 7. Semilogarithmic representation of the fluorescent surface staining
of cells of the human pancreatic carcinoma line Capan-1, reconstituted for
expression of the tumor suppressor p16INK4a, by labeled galectin-4. The con-
trol value representing staining by second-step reagent in the absence of
lectin is given as shaded area. The extent of inhibition by lactose was deter-
mined at the constant lectin concentration of 10 mgmL�1 using sugar con-
centrations of 1, 2, 4, and 10 mm (A). Control data are inserted for lectin-in-
dependent staining and staining in the absence of inhibitor. Calix[n]arene-
based glycoclusters as inhibitors (concentration of sugar given) are shown in
the following order: B) 6Lac[6]Met (0.1 mm, gray line) and alt-4Lac[4]Prop
(0.2 mm, dashed line); C) 8Lac[8]Met (0.2 mm, gray line) and 4Lac[4]Met
(0.5 mm, dashed line); D) 2Lac[4]Met (0.5 mm, gray line), cone-2Lac[4]Prop
(0.5 mm, dashed black line), and cone-4Lac[4]Prop (1 mm, dashed gray line).
Numbers characterizing cell reactivity are always given in the order of listing.
The black line in all panels represents the control value of lectin-dependent
staining in the absence of inhibitor. Quantitative data on the percentage of
positive cells and mean channel fluorescence are given in each panel.
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dard procedures and stored over molecular sieves. Melting points
were determined in an electrothermal apparatus in capillaries
sealed under nitrogen. 1H and 13C NMR spectra (300 and 75 MHz,
respectively) were obtained on a Bruker AV300 spectrometer; parti-
ally deuterated solvents were used as internal standards; for
1H NMR spectra recorded in D2O at 90 8C correction of chemical
shifts was performed using the expression d=5.060–0.0122P
T(8C)+ (2.11P10�5)PT2(8C).[19] Mass spectra were recorded in ESI
mode on a single quadrupole Micromass ZMD instrument (capillary
voltage=3 KV, cone voltage=30–160 V, extractor voltage=3 V,
source block temperature=80 8C, desolvation temperature=
150 8C, cone and desolvation gas (N2) flow-rates=1.6 and
8 Lmin�1, respectively). TLC were performed on silica gel Merck 60
F254, and flash chromatography using 32–63 mm, 60 Q Merck silica
gel. p-Tert-butyl-O-alkylated calixarenes 1a,[20] 1b,[21] 1c,[22] 1d,[23]

and 1e,[23] nitro derivatives 2a,[24] 2b,[22b] 2c,[22b] 2d,[24] 2e,[24] and
5,17-dinitro-25,26,27,28-tetramethoxycalix[4]arene,[25] amino deriva-
tives 3a,[8] 3b,[22b] 3c,[26] 3d[24] and 3e,[24] tetragalactosyl derivatives
4a,[8] and cone-4Gal[4]Prop,[8] digalactosyl cone-2Gal[4]Prop,[8] and
dilactosyl derivative cone-2Lac[4]Prop,[8] were synthesized accord-
ing to the literature procedures. 5,17-Diamino-25,26,27,28-tetrame-
thoxycalix[4]arene, precursor of 6 and 7, was obtained following
the reduction procedure reported in the scheme and previously
described[24] and its spectroscopic and physical data are fully in
agreement to those reported in literature.[25]

Conjugation of glycosylisothiocyanate to aminocalixarenes : The
aminocalixarene, the glycosylisothiocyanate (2 equiv for each
amino group) and NEt3 (2 equiv for each amino group) were dis-
solved in dry CH2Cl2 (10 mL for 0.1 mmol of calixarene), and the
mixture was stirred at RT in nitrogen atmosphere. The reaction was
stopped by evaporation of the solvent, and the crude purified by
flash column chromatography or crystallization.

5,11,17,23-Tetrakis[(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-
ACHTUNGTRENNUNGthioureido]-25,26,27,28-tetramethoxycalix[4]arene (4b): Reaction
time: 24 h. The crude was purified by flash column chromatogra-
phy on silica gel (eluent: hexane/AcOEt/CH3OH 6:4:1) and the pure
product obtained as white solid in 67% yield. M.p. 177–179 8C;
1H NMR (300 MHz, [D6]DMSO, 90 8C): d=9.49 (br s, 4H; ArNH), 7.61
(br s, 4H; ArNHCSNH), 7.08 (br s, 8H; Ar), 5.88 (t, J=9.6 Hz, 4H; H1),
5.32–5.28 (m, 8H; H3, H4), 5.88 (t, J=9.3 Hz, 4H; H2), 4.24 (t, J=
6.3 Hz, 4H; H5), 4.04 (d, J=6.3 Hz, 8H; H6a,b), 3.52 (br s, 20H;
ArCH2Ar, OCH3), 2.11, 2.03, 2.00, 1.94 ppm (4 s, 12H each; CH3CO);
13C NMR (75 MHz, [D6]DMSO): d=181.1 (CS), 170.0, 169.7, 169.6,
169.2 (CO), 154.8, 134.0, 133.1, 123.9 (Ar), 81.5, 71.1, 70.6, 68.1,
67.4, 61.1 (C1-C6), 59.9 (OCH3), 36.2 30.5 (ArCH2Ar), 20.4, 20.3,
20.2 ppm (OCCH3); ESI-MS: m/z (%): 2120.9 (100) [M+Na]+ .

5,11,17,23-Tetrakis[(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-
ACHTUNGTRENNUNGthioureido]-25,26,27,28-tetrapropoxycalix[4]arene-1,3-alternate
ACHTUNGTRENNUNG(4c): Reaction time: 24 h. The crude was purified by flash column
chromatography on silica gel (eluent: hexane/AcOEt/CH3OH 7:3:2)
and the pure product obtained as white solid in 74% yield. M.p.
166–168 8C; 1H NMR (300 MHz, CDCl3): d=8.12 (s, 4H; ArNH), 6.94
(br s, 4H; ArNHC(S)NH), 6.91 and 6.90 (2 d, J=2.4 Hz, 4H each; Ar),
5.84 (t, J=8.9 Hz, 4H; H1), 5.45 (d, J=3.0 Hz, 4H; H4), 5.19 (dd, J=
10.2, 3.0 Hz, 4H; H3) 5.11 (t, J=10.2 Hz, 4H; H2), 4.16–4.07 (m,
12H; H5, H6a,b), 3.75–3.68 (m, 8H; OCH2CH2CH3), 3.63, 3.61 (2 s, 4H
each; ArCH2Ar), 2.14, 2.06, 1.98 (3 s, 48H; OCCH3), 1.85–1.70 (m,
8H; OCH2CH2CH3), 0.95 ppm (t, J=7.4 Hz, 12H; OCH2CH2CH3) ;
13C NMR (75 MHz, CDCl3): d=182.6 (CS), 170.8, 170.4, 169.9, 169.6
(CO), 155.5, 134.5, 129.4, 127.5, 127.2 (Ar), 83.6 (C1), 74.4
(OCH2CH2CH3), 72.4, 70.9, 68.3, 67.1, 60.8 (C2-C6), 35.8 (ArCH2Ar),
23.7 (OCH2CH2CH3), 20.8, 20.7, 20.6, 20.5 (CH3CO), 10.3 ppm

(OCH2CH2CH3); ESI-MS: m/z (%):1127.6 (100) [M+2Na]2+ , 2232.7
(20) [M+Na]+

.

5,11,17,23,29,35-Hexakis[(2,3,4,6-tetra-O-acetyl-b-d-galactopyra-
nosyl)thioureido]-25,26,27,28,29,30-hexamethoxycalix[6]arene
(4d): Reaction time: 48 h. The pure product was obtained by crys-
tallization at 4 8C from methanol in 57% yield. M.p. 180–182 8C;
1H NMR (300 MHz, CD3OD): d=7.06 (s, 12H; Ar), 5.94 (br s, 6H; H1),
5.35 (br s, 6H; H4), 5.26–5.21 (m, 12H; H2, H-3), 4.21–4.11 (m, 18H;
H5, H6a,b), 3.98 (s, 12H; ArCH2Ar), 3.32 (s, 18H; OCH3), 1.97 ppm
(m, 72H; CH3CO);

13C NMR (75 MHz, CDCl3): d=181.7 (s, CS), 171.2,
170.4, 169.9, 169.5 (s, CO), 155.5, 135.6, 135.1, 126.1, 124.9, (Ar),
83.1 (C1), 73.2, 72.7, 70.1, 67.9, 61.9 (C2-C6), 60.7 (OCH3), 30.2
(ArCH2Ar), 20.9, 20.7, 20.5, 20.3 ppm (CH3CO); ESI-MS: m/z (%):
3170.0 (85) [M+Na]+ , 3170.0 (70) [M+Na]2+ , 1596.4 (100)
[M+2Na]2+ .

5,11,17,23,29,35,41,47-Octakis[(2,3,4,6-tetra-O-acetyl-b-d-galac-
topyranosyl)thioureido]-49,50,51,52,53,54,55,56-octamethoxyca-
lix[8]arene (4e): Reaction time: 48 h. The pure product was ob-
tained by crystallization at 4 8C from methanol in 60% yield. M.p.
188–190 8C; 1H NMR (300 MHz, CD3OD): d=7.03 (s, 16H; Ar), 5.89
(br s, 8H; H1), 5.44 (m, 8H; H4), 5.25–5.19 (m, 16H; H2, H3), 4.17–
4.12 (m, 24H; H5, H6a,b), 4.06 (s, 16H; ArCH2Ar), 3.56 (s, 24H;
OCH3), 1.99 ppm (m, 96H; CH3CO);

13C NMR (75 MHz, CD3OD): d=
181.8 (CS), 170.8, 170.5, 169.8, 169.6 (CO), 155.2, 135.1, 131.6, 125.8
(Ar), 82.7 (C1), 73.5, 73.0, 70.5, 68.2, 61.6 (C2-C6), 60.9 (OCH3), 29.8
(ArCH2Ar), 20.8, 20.6, 20.4, 20.2 ppm (CH3CO); ESI-MS: m/z (%):
2162.9 (80) [M+2Na]2+ .

5,17-Bis[(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)thioureido]-
25,26,27,28-tetramethoxycalix[4]arene (6): Reaction time: 24 h.
The crude was purified by flash column chromatography on silica
gel (eluent: hexane/AcOEt/CH3OH 8:4:0.5) and the pure product
obtained as white solid in 69% yield. M.p. 175–178 8C; 1H NMR
(300 MHz, CD3OD, 70 8C): d=7.02, 6.76 (2br s, 10H; Ar), 5.93 (s, 2H;
H1), 5.43 (s, 2H; H4), 5.26, 5.23 (dd, J=10.8, 3.6 Hz, 2H; H3), 5.14
(t, J=10.8 Hz, 2H; H2), 4.20–4.05 (br s, 6H; H5, H6a,b), 3.90–3.50
(br s, 20H; OCH3, ArCH2Ar), 2.09, 2.06, 2.00, 1.95 ppm (4 s, 6H each;
CH3CO);

13C NMR (75 MHz, CD3OD): d 183.4 (CS), 172.5, 172.4,
172.2, 171.7 (CO), 158.2, 137.2, 136.8, 132.5, 130.3, 127.6, 126.4,
126.0, 124.3 (Ar), 84.5 (C1), 73.7, 73.0, 70.1, 69.2, 62.8 (C2-C6), 61.8,
61.5 (OCH3), 37.0, 31.7 (t, ArCH2Ar), 21.2, 21.0, 20.9, 20.8 ppm
(CH3CO); ESI-MS: m/z (%): 1311.8 (100) [M+Na]+ .

5,11,17,23-Tetrakis[(2,3,6-tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-
b-d-galactopyranosyl)-1-b-d-glucopyranosyl)thioureido]-
25,26,27,28-tetrapropoxycalix[4]arene-cone ACHTUNGTRENNUNG(5a): Reaction time
24 h. The crude was purified by flash column chromatography
(eluent (gradient): hexane/AcOEt/CH3OH 3.5:1.5:1–3:2:1) and the
pure compound obtained as white solid in 90% yield. M.p. 172–
173 8C; 1H NMR (300 MHz, CD3CN, 70 8C): d=8.08 (s, 4H; ArNH),
6.63 (br s, 4H; ArNHCSNH), 6.47, 6.44 (2 d, J=2.4 Hz, 4H each; Ar),
5.59 (br t, 4H; H1), 5.17 (br s, 4H; H4’), 5.10 (t, J=8.7 Hz, 4H; H3),
4.89 (dd, J=10.2, 3.0 Hz, 4H; H3’), 4.85–4.72 (m, 8H; H2’, H2), 4.47
(d, J=7.8 Hz, 4H; H1’), 4.40–4.20 (m, 8H; H6a, ArCH2Ar), 4.05–3.80
(m, 24H; H4, H5, H6b, H5’, H6’a,b), 3.76 (br t, 8H; OCH2CH2CH3),
3.07 (d, J=13.2 Hz, 4H; ArCH2Ar), 2.15–1.70 (m, 92H; OCH2CH2CH3,
CH3CO), 0.90 ppm (t, J=6.9 Hz, 12H; OCH2CH2CH3) ;

13C NMR
(CD3CN, 75 MHz): d=183.1 (CS), 171.3, 171.2, 170.4, 170.0 (CO),
155.1, 136.2, 131.0, 125.5 (Ar), 101.0 (C1’), 82.8 (C1), 76.7
(OCH2CH2CH3), 77.6, 74.6, 73.1, 71.4, 71.1, 69.6, 67.8, 62.7, 61.7 (C2-
C6, C2’-C6’), 30.9 (ArCH2Ar), 23.7 (OCH2CH2CH3), 20.8, 20.6, 20.4
(CH3CO), 10.3 ppm (OCH2CH2CH3); ESI-MS: m/z (%) 3385.0 (45)
[M+Na]+ , 3385 (50) [M+Na]+ , 1703.7 (100) [M+2Na]2+ .
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5,11,17,23-Tetrakis[(2,3,6-tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-
b-d-galactopyranosyl)-1-b-d-glucopyranosyl)thioureido]-
25,26,27,28-tetramethoxycalix[4]arene (5b): Reaction time 24 h.
The crude was purified by flash column chromatography (eluent:
hexane/AcOEt/CH3OH 3:2:1) and the pure compound obtained as
white solid in 70% yield. M.p. 181–183 8C; 1H NMR (300 MHz,
CD3OD, 60 8C): d=6.77 (br s, 8H; Ar), 5.86 (brd, 4H; H1), 5.35 (m,
8H; H4’, H3), 5.07–4.96 (m, 12H; H3’, H2’, H2), 4.72 (d, J=7.8 Hz,
4H; H1’), 4.45 (brd, 4H; H6a), 4.22–4.05 (m, 20H; H5, H6b, H5’,
H6’a,b), 3.98–3.62 (m, 28H; H4, ArCH2Ar, OCH3), 2.13, 2.04,
1.92 ppm (3 s, 84H; CH3CO);

13C NMR (75 MHz, CD3OD, 60 8C): d=
182.9 (CS), 172.5, 172.1, 172.0, 171.7, 171.5, 171.2 (CO), 157.6, 137.0,
134.5, 125.9 (Ar), 101.8 (C1’), 83.9 (C1), 77.3, 75.7, 74.2, 72.5, 72.2,
71.8, 70.6, 68.6, 63.7, 62.2, 61.5 (C2-C6, C2’-C6’, OCH3), 31.5
(ArCH2Ar), 21.2, 21.0, 20.8, 20.5 ppm (CH3CO); ESI-MS: m/z (%)
3272.8 (30) [M+Na]+ , 1648.4 (100) [M+2Na]2+ .

5,11,17,23-Tetrakis[(2,3,6-tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-
b-d-galactopyranosyl)-1-b-d-glucopyranosyl)thioureido]-
25,26,27,28-tetrapropoxycalix[4]arene-1,3-alternate ACHTUNGTRENNUNG(5c): Reac-
tion time 24 h at 65 8C in a sealed tube. The crude was purified by
flash column chromatography (eluent: hexane/AcOEt/CH3OH 3:2:1)
and the pure compound obtained as white solid in 79% yield. M.p.
168–170 8C; 1H NMR (300 MHz, CDCl3): d=7.95 (s, 4H; ArNH), 6.84
(br s, 12H; Ar, ArNHCSNH), 5.78 (t, J=8.7 Hz, 4H; H1), 5.40–5.25 (m,
8H; H4’, H3), 5.07 (dd, J=10.2, 7.8 Hz, 4H; H2’), 4.91 (dd, J=10.2,
3.0 Hz, 4H; H3’), 4.85 (t, J=8.7 Hz, 4H; H2), 4.46–4.40 (br s, 4H;
H6a), 4.43 (d, J=7.8 Hz, 4H; H1’), 4.25–3.96 (m, 12H; H5, H6b,
H6’a), 3.92–3.75 (m, 12H; H6’b, H5’, H4), 3.66 (t, J=7.2 Hz, 8H;
OCH2CH2CH3), 3.54 (s, 8H; ArCH2Ar), 2.12, 2.03, 2.02, 2.01, 1.93 (5 s,
84H; CH3CO), 1.78–1.62 (m, 8H; OCH2CH2CH3), 0.91 ppm (t, J=
7.2 Hz, 12H; OCH2CH2CH3) ;

13C NMR (CDCl3, 75 MHz): d=182.5 (CS),
170.7, 170.3, 170.2, 170.0, 169.9, 169.2, 168.9 (CO), 155.3, 134.4,
129.3, 126.7 (Ar), 100.7 (C1’), 82.9 (C1), 75.8, 74.5, 72.5, 70.9, 70.6,
68.9, 66.5, 61.9, 60.8 (C2-C6, C2’-C6’, OCH2CH2CH3), 38.1 (ArCH2Ar),
23.6 (OCH2CH2CH3), 20.9, 20.7, 20.6, 20.55, 20.4 (CH3CO), 10.2 ppm
(OCH2CH2CH3); ESI-MS: m/z (%): 3385.7 (50) [M+Na]+ , 1704.4 (100)
[M+2Na]2+ .

5,11,17,23,29,35-Hexakis[(2,3,6-tri-O-acetyl-4-O-(2,3,4,6-tetra-O-
acetyl-b-d-galactopyranosyl)-1-b-d-glucopyranosyl)thioureido]-
25,26,27,28,29,30-hexamethoxycalix[6]arene (5d): Reaction time
24 h. The pure product was obtained as a white solid in 80% yield
by trituration with Et2O and subsequent crystallization from
CH2Cl2/Et2O. M.p. 201–205 8C;

1H NMR (300 MHz, [D6]DMSO, 90 8C):
d=9.50 (s, 6H; ArNH), 7.74 (brd, 6H; ArNHCSNH), 7.17 (br s, 12H;
Ar), 5.78 (t, J=9.0 Hz, 6H; H1), 5.25–5.10 (m, 18H; H4’, H3, H3’),
4.92–4.80 (m, 12H; H2, H2’), 4.76 (d, J=7.8 Hz, 6H; H1’), 4.32 (d,
J=11.7 Hz, 6H; H6a), 4.21 (m, 6H; H5’), 4.15–3.97 (m, 24H; H5,
H6b, H6’a,b), 3.90–3.75 (m, 18H; H4, ArCH2Ar), 3.24 (br s, 18H;
OCH3), 2.09, 2.05, 2.02, 2.00, 1.96, 1.90 ppm (6 s, 126H; CH3CO);
13C NMR (75 MHz, [D6]DMSO): d=181.5 (CS), 170.2, 169.9, 169.6,
169.5, 169.3, 169.0 (CO), 152.8, 133.9, 123.8 (Ar), 99.7 (C1’), 80.9 (C-
1), 76.0, 73.2, 72.9, 70.6, 70.4, 69.7, 68.8, 67.0, 62.3, 60.9 (C2-C6, C2’-
C6’), 60.0 (OCH3), 29.7 (ArCH2Ar), 20.7, 20.4, 20.3, 20.2 ppm
(CH3CO); ESI-MS: m/z (%): 3385.7 (20) [M+Na]+ , 1704.4 (40)
[M+2Na]2+ .

5,11,17,23,29,35,41,47-Octakis[(2,3,6-tri-O-acetyl-4-O-(2,3,4,6-
tetra-O-acetyl-b-d-galactopyranosyl)-1-b-d-glucopyranosyl)thi ACHTUNGTRENNUNGo-
ACHTUNGTRENNUNGureido]-49,50,51,52,53,54,55,56-octamethoxycalix[8]arene (5e):
Reaction time: 48 h. The crude was purified by flash column chro-
matography (eluent: hexane/AcOEt/CH3OH 2.5:2.5:1) and the pure
compound obtained as white solid in 68% yield. M.p. 190–192 8C;
1H NMR (300 MHz, [D6]DMSO, 90 8C): d=9.51 (s, 8H; ArNH), 7.76

(br s, 8H; ArNHCSNH), 7.13 (s, Ar), 5,76 (t, J=8.7 Hz, 8H; H1), 5.30–
5.11 (m, 24H; H4’, H3, H3’), 4.95–4.82 (m, 16H; H2, H2’), 4.76 (d, J=
7.8 Hz, 8H; H1’), 4.31 (brd, 8H; H6a), 4.19 (br t, 8H; H5’), 4.12–3.95
(m, 24H; H5, H6b, H6’a,b), 4.00–3.75 (overlapped broad signals,
16H; ArCH2Ar, H4), 3.41 (br s, OCH3), 2.10, 2.03, 2.02, 2.00, 1.94 ppm
(5 s, 168H; CH3CO).

13C NMR (75 MHz, [D6]DMSO): d=181.3 (CS),
170.0, 169.6, 169.3, 169.0, 168.8 (CO), 152.7, 133.9, 133.3, 123.7,
123.6, 123.5 (Ar), 99.4 (C1’), 80.6 (C1), 75.8, 73.0, 72.7, 70.3, 70.2,
69.4, 68.5, 66.8, 62.0, 60.6, 60.1 (C2-C6, C2’-C6’, OCH3), 29.3
(ArCH2Ar), 20.2, 20.1, 20.0, 19.9, 19.8 ppm (CH3CO); ESI-MS: m/z (%):
3274.40 (20) [M+2Na]2+ , 2190.1 (35) [M+3Na]3+ .

5,17-Bis[(2,3,6-tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-d-galac-
topyranosyl)-1-b-d-glucopyranosyl)thioureido]-25,26,27,28-tetra-
methoxycalix[4]arene (7): Reaction time: 24 h. The crude was puri-
fied by flash column chromatography (eluent: hexane/AcOEt/
CH3OH 3:2:1) and the pure compound obtained as white solid in
81% yield. M.p. 190–192 8C; 1H NMR (300 MHz, CD3CN, 80 8C): d=
8.11 (br s, 2H; ArNH), 7.00–6.50 (2br s, 12H; Ar, ArNHCSNH), 5.68
(br t, J=7.1 Hz, 2H; H1), 5.19 (d, J=2.7 Hz, 2H; H4’), 5.12 (t, J=

9 Hz, 2H; H-3), 4.90 (dd, J=10.4, 3.3 Hz, 2H; H3’), 4.90–4.80 (m,
2H; H2’), 4.74 (t, J=9.0 Hz, 2H; H2), 4.47 (d, J=7.8 Hz, 2H; H1’),
4.26 (d, J=12.0 Hz, 2H; H6a), 4.02–3.81 (m, 10H; H5, H6b, H5’,
H6’a,b), 3.78–3.30 (m and brs, 22H; H4, ArCH2Ar, OCH3), 1.95, 1.91,
1.88, 1.87, 1.77 ppm (s, 42H; CH3CO);

13C NMR (75 MHz, CD3CN):
d=182,2 (CS), 171.1, 170.8, 170.4, 170.3, 170.0 (CO), 158.1, 136.5,
135.3, 133.5, 131.0, 128.9, 126.2, 125.2, 124.9, 123.0, 122.3 (Ar),
101.1 (C1’), 82.9 (C1), 76.7, 74.7, 73.2, 71.4, 71.2, 69.6, 67.8, 62.7,
61.7 (C2-C6, C2’-C6’), 60.6 (OCH3), 37.4, 31.0 (ArCH2Ar), 20.8, 20.6,
20.4 ppm (CH3CO); ESI-MS: m/z (%): 1887.9 (100) [M+Na]+ .

Deprotection from acetyl groups : The protected glycosylthiourei-
do calixarene was suspended in dry CH3OH, and the pH was ad-
justed to 8–9 by addition of a solution of CH3ONa in CH3OH. The
reaction was stirred at RT for 45 min and quenched by addition of
Amberlite IR120 (H+) resin until neutral pH. The resin was filtered
off, and the solvent was removed under reduced pressure to
obtain the pure deprotected glycocalixarene.

5,11,17,23-Tetra[(b-d-galactopyranosyl)thioureido]-25,26,27,28-
tetramethoxycalix[4]arene (4Gal[4]Met): Yield: 98%. M.p. 152–
154 8C (dec); 1H NMR (300 MHz, D2O): d=7.17, 7.03 (2 s, 4H each;
Ar), 5.46 (br s, 4H; H1), 3.95 (br s, 4H; H4), 3.77–3.62 (overlapped m,
20H; H2, H3, H5, H6a,b), 3.75 (s, 8H, ArCH2Ar), 3.45 ppm (s, 12H;
OCH3);

13C NMR (75 MHz, D2O/CD3OD 4:1, v/v): d=183.6 (s, CS),
155.8, 136.7, 129.9, 128.5 (Ar), 86.1 (C-1), 77.7, 74.7, 70.7, 69.9, 62.1,
(C2-C-6), 59.2 (OCH3), 36.8 ppm (ArCH2Ar); ESI-MS: m/z (%): 735.8
(100) [M+2Na]2+ , 1447.8 (20) [M+Na]+ .

5,11,17,23-Tetra[(b-d-galactopyranosyl)thioureido]-25,26,27,28-
tetrapropoxycalix[4]arene-1,3-alternate (alt-4Gal[4]Prop): Yield:
97%. M.p. 110–112 8C (dec) ; 1H NMR (300 MHz, CD3OD): d=7.16,
7.11 (2 s, 4H each; Ar), 5.44 (br s, 4H; H1), 3.94 (d, J=3.0 Hz, 4H;
H4), 3.81 (s, 8H, ArCH2Ar), 3.81–3.57 (overlapped signals, 28H;
OCH2CH2CH3, H2, H3, H5, H6a,b), 1.80–1.60 (m, 8H; OCH2CH2CH3),
0.89 ppm (t, J=7.2 Hz, 12H; OCH2CH2CH3) ;

13C NMR (75 MHz,
CD3OD): d=184.7 (CS), 156.1, 136.2, 133.9, 129.5, 129.2 (Ar), 86.7
(C1), 78.5 (OCH2CH2CH3), 76.1, 75.8, 71.8, 70.8, 62.9 (C2-C6), 38.2
(ArCH2Ar), 24.7 (OCH2CH2CH3), 10.8 ppm (OCH2CH2CH3). ESI-MS: m/z
(%): 1559.5 (100) [M+Na]+ .

5,11,17,23,29,35-Hexakis[(b-d-galactopyranosyl)thioureido]-
25,26,27,28,29,30-hesamethoxycalix[6]arene (6Gal[6]Met): Yield:
90%. M.p. 98–100 8C (dec.) ; 1H NMR (300 MHz, D2O, 90 8C): d=6.91
(s, 12H; Ar), 5.29 (br s, 6H; H1), 3.92 (s, 12H; ArCH2Ar), 3.98–3.56
(overlapped brs, 36H; H2-H6a,b), 3.08 ppm (s, 18H; OCH3) ;
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13C NMR (75 MHz, [D6]DMSO): d=182.3 (CS), 153.1, 134.8, 134.3,
126.0 (Ar), 83.5 (C1), 78.6, 77.9, 73.1, 70.2, 61.1 (C2-C6), 60.5 (OCH3),
30.9 ppm (ArCH2Ar) ; ESI-MS: m/z (%): 2160.0 (50) [M+Na]+ , 1091.7
(100) [M+2Na]2+ .

5,11,17,23,29,35,41,47-Octakis[(b-d-galactopyranosyl)thiourei-
do]-49,50,51,52,53,54,55,56-octamethoxycalix[8]arene (8Gal[8]-
ACHTUNGTRENNUNGMet): Yield: 98%. M.p. 100–102 8C (dec.) ; 1H NMR (300 MHz, D2O,
90 8C): d=6.86 (br s, 16H; Ar), 5.23 (br s, 8H; H1), 3.84 (br s, 16H;
ArCH2Ar), 3.78, 3.54 (2br s, 48H; H2-H6a,b) 3.25 ppm (brs, 24H;
OCH3);

13C NMR (75 MHz, [D6]DMSO): d=182.7 (CS), 153.4, 134.5,
126.2 (Ar), 84.7 (C1), 76.9, 74.6, 70.4, 68.8, 61.2 (C2-C6), 58.5 (OCH3),
30.1 ppm (ArCH2Ar) ; ESI-MS: m/z (%): 1447.2 (100) [M+2Na]2+ .

5,17-Bis[(b-d-galactopyranosyl)thioureido]-25,26,27,28-tetrame-
thoxycalix[4]arene (2Gal[4]Met): By deprotection of 6. Yield: 93%.
M.p. 184–186 8C (dec.) ; 1H NMR (300 MHz, CD3OD): d=7.32–7.22
(br s, 2H; ArNH), 7.20–7.00, 7.00–6.80, 6.60–6.35 (br s, 12H; Ar,
ArNHCSNH), 5.60–5.30 (br s, 2H; H1), 4.37 (d, J=12.7 Hz, 3.4H;
ArCH2Ar cone), 4.20–4.00, 4.00–3.55 (br s, 23.2H; H2, H3, H4, H5,
H6a,b, OCH3, ArCH2Ar 1,3-alternate), 3.21 ppm (d, J=12.7 Hz, 3.4H;
ArCH2Ar) ;

13C NMR (75 MHz, CD3OD): d=183.3, 182.9, 182.7 (CS),
160.4, 157.2, 156.8, 156.6, 137.0, 135.7, 134.5, 131.7, 130.0, 126.1,
125.5, 125.1, 124.0, 122.8 (Ar), 86.1 (C1), 78.1, 75.7, 71.7, 70.5, 62.5
(C2-C6), 61.5, 60.6, 60.3, 60.0 (OCH3), 36.6, 31.4 ppm (ArCH2Ar) ; ESI-
MS: m/z (%): 975.2 (100) [M+Na]+ .

5,11,17,23-Tetrakis[(b-d-galactopyranosyl)-1-b-d-glucopyranosyl)-
ACHTUNGTRENNUNGthioureido]-25,26,27,28-tetrapropoxycalix[4]arene-cone (cone-
4Lac[4]Prop): Yield: 80%. M.p. 135–137 8C (dec.) ; 1H NMR
(300 MHz, D2O, 90 8C): d=6.72 (br s, 8H; ArH), 5.40 (br s, 4H; H1),
4.40 (br s, 4H; H1’), 4.23 (br s, 4H, ArCH2Ar), 3.95–3.35 (overlapped
br s, 56H; H2-H6a,b, H2’-H6’a,b, OCH2CH2CH3), 3.10 (br s, 4H;
ArCH2Ar), 1.77 (br s, 8H; OCH2CH2CH3), 0.85 ppm (br s, 12H;
OCH2CH2CH3) ;

13C NMR (75 MHz, [D6]DMSO): d=182.4 (CS), 154.1,
134.8, 133.8, 124.4 (Ar), 104.1 (C1’), 83.9 (C1), 76.8 (OCH2CH2CH3),
80.2, 76.6, 76.0, 73.6, 72.6, 71.2, 68.8, 61.1, 60.6 (C2-C6, C2’-C6’) 30.9
(ArCH2Ar), 23.3 (OCH2CH2CH3), 10.7 ppm (OCH2CH2CH3); ESI-MS: m/
z (%): 2207.8 (65) [M+Na]+ , 1115.5 (100) [M+2Na]2+ .

5,11,17,23-Tetrakis[(b-d-galactopyranosyl)-1-b-d-glucopyranosyl)-
thioureido]-25,26,27,28-tetramethoxycalix[4]arene (4Lac[4]ACHTUNGTRENNUNGMet):
Yield: 90%. M.p. 137–139 8C (dec.) ; 1H NMR (300 MHz, D2O): d =
7.27, 7.10 (br s, 4H each; Ar), 5.47 (brd, 4H; H1), 4.42 (brd, 4H;
H1’), 3.92–3.37 (overlapped signals, 60H; H2-H6a,b, H2’-H6’a,b,
OCH3), 3.73 ppm (s, 8H, ArCH2Ar);

13C NMR (75 MHz, D2O): d =

183.5 (CS), 156.2, 137.6, 129.3, 128.5 (Ar), 104.4 (C1’), 85.4 (d, C1),
79.8, 77.6, 76.7, 76.4, 73.9, 73.0, 72.3, 69.9, 62.4, 61.3 (C2-C6, C2’-
C6’), 60.0 (OCH3), 36.9 ppm (ArCH2Ar) ; ESI-MS: m/z (%): 2096.7 (20)
[M+Na]+ , 1059.7 (100) [M+2Na]2+ .

5,11,17,23-Tetrakis[(b-d-galactopyranosyl)-1-b-d-glucopyranosyl)-
ACHTUNGTRENNUNGthioureido]-25,26,27,28-tetrapropoxycalix[4]arene-1,3-alternate
(alt-4Lac[4]Prop): Yield: 82%. M.p. 160–162 8C (dec.) ; 1H NMR
(300 MHz, D2O): d=7.38, 7.19 (2br s, 2H each; Ar), 5.49 (brd, 4H;
H1), 4.50 (d, 4H; H1’), 4.09–3.57 (overlapped m, 48H; H2-H6a,b,
H2’-H6’a,b), 3.72 (s, 8H, ArCH2Ar), 3.45 (br t, 8H; OCH2CH2CH3), 1.62
(br s, 8H; OCH2CH2CH3), 0.91 ppm (br t, J=7.2 Hz, 12H;
OCH2CH2CH3) ;

13C NMR (75 MHz, D2O): d=183.6 (CS), 155.6, 137.4,
136.8, 134.0, 130.2, 129.3 (Ar), 104.6 (C1’), 85.4 (C1), 80.1, 77.7, 76.9,
76.2, 74.1, 73.1, 72.4, 70.0, 62.5, 61.5 (C2-C6, C2’-C6’, OCH2CH2CH3),
38.0 (ArCH2Ar), 24.4 (OCH2CH2CH3), 11.0 ppm (OCH2CH2CH3); ESI-
MS: m/z (%): 2207.6 (40) [M+Na]+ , 1115.3 (80) [M+2Na]2+ .

5,11,17,23,29,35-Hexakis[(b-d-galactopyranosyl)-1-b-d-glucopyr-
anosyl)thioureido]-25,26,27,28,29,30-hexamethoxycalix[6]arene

(6Lac[6]Met): This compound was obtained pure by column chro-
matography on Sephadex G25 (eluent: H2O). Yield: 82%. M.p. 150–
152 8C (dec.) ; 1H NMR (300 MHz, D2O + 5% [D6]DMSO, 90 8C): d=
6.80 (br s, 12H; Ar), 5.18 (brd, 6H; H1), 4.18 (brd, 6H; H1’), 3.80–
2.60 ppm (overlapped brm, 90H; H2-H6a,b, H2’-H6’a,b, OCH3),
3.71 ppm (br s, 12H, ArCH2Ar) ;

13C NMR (75 MHz, D2O+5%
[D6]DMSO, 90 8C): d=183.1 (CS), 156.8, 135.3, 133.5, 126.6 (Ar),
103.5 (C1’), 84.4 (C1), 79.1, 74.7, 73.3, 72.6, 71.6, 69.2, 61.4, 61.1,
58.6 (C2-C6, C2’-C6’, OCH3), 30.8 ppm (ArCH2Ar) ; ESI-MS: m/z (%):
1578.4 (100) [M+2Na]2+ , 1059.8 (100) [M+3Na]3+ .

5,11,17,23,29,35,41,47-Octakis[(b-d-galactopyranosyl)-1-b-d-glu-
copyranosyl)thioureido]-49,50,51,52,53,54,55,56-octamethoxyca-
lix[8]arene (8Lac[8]Met): This compound was obtained pure after
crystallization from CH3OH. Yield: 74%. M.p. 142–143 8C (dec.) ;
1H NMR (300 MHz, D2O, 90 8C): d=6.81 (br s, 16H; Ar), 5.24 (br s,
8H; H1), 4.27 (brd, 8H; H1’), 3.77–3.03 (overlapped br s, 120H; H2-
H6a,b, H2’-H6’a,b, OCH3), 3.75 ppm (br s, 16H, ArCH2Ar);

13C NMR
(75 MHz, D2O, 90 8C): d=184.1 (CS), 154.1, 134.7, 132.5, 127.9 (Ar),
102.2 (C1’), 82.7 (C1), 79.5, 77.7, 73.1, 71.3, 69.0, 61.2, 60.8, 60.6,
57.8, (C2-C6, C2’-C6’, OCH3), 30.1 ppm (ArCH2Ar) ; ESI-MS: m/z (%):
2095.3 (70) [M+2Na]2+ .

5,17-Bis[(b-d-galactopyranosyl)-1-b-d-glucopyranosyl)ACHTUNGTRENNUNGthioureido]-
25,26,27,28-tetramethoxycalix[4]arene (2Lac[4]Met): By deprotec-
tion of 7, the pure product was obtained by column chromatogra-
phy on Sephadex G25 (eluent: H2O/CH3OH 95:5, v/v). Yield: 85%.
M.p. 190–192 8C (dec.) ; 1H NMR (300 MHz, CD3OD, 65 8C): d=7.05,
6.82, 6.60–6.40 (3br s, 10H; ArH), 5.50 (br s, 4H; H1), 4.38 (d, J=
7.5 Hz, 4H; H1’), 3.90–3.40 ppm (overlapped m, 32H; H2-H6a,b and
H2’-H6a’,b’, ArCH2Ar, OCH3);

13C NMR (75 MHz, CD3OD): d=183.3
(CS), 159.9, 159.2, 157.1, 156.7, 137.3, 135.8, 134.7, 133.6, 131.9,
130.0, 126.3, 125.1, 124.2, 122.8 (Ar), 105.1 (C1’), 85.4 (C1), 80.6,
77.9, 77.3, 77.1, 74.7, 73.6, 72.5, 70.3, 62.6, 61.9 (C2-C6, C2’-C6’),
61.5, 61.2, 60.5 (OCH3), 36.7, 31.5 ppm (ArCH2Ar) ; ESI-MS: m/z (%):
1297.5 (100) [M+Na]+ .

Molecular modeling : Because of the large number of atoms, the
analysis of the conformation of 8Lac[8]Met was undertaken using a
force field in the framework of classical molecular mechanics
(MMFF in the Spartan suite).[27] For calixarenes, as for other macro-
cycles such as cyclodextrins, a computational approach based on a
classical description of molecules is widely accepted.[28] Calculations
were carried out on a Pentium IV PC at 2.5 MHz.

Lectins : The mistletoe lectin was purified from extracts of dried
leaves using affinity chromatography on lactosylated Sepharose
4B, obtained by divinyl sulfone activation, as the crucial step,
human galectins-1 and -3 were obtained by recombinant produc-
tion as described and similarly purified.[13,29] The starting material
for cloning of human galectin-4-specific cDNA was total RNA from
the human acute myelogenous leukemia line KG-1 (American Type
Culture Collection, Rockville, MD, USA) using first the sense primer
5’-GTACGCATATGGCCTATGTCCCGCACC-3’ with an internal NdeI re-
striction site (underlined) and the antisense primer 5’-GCTAGGTC-
GACTTAGATCTGGACATAGG-3’ with an internal SalI restriction site
(underlined). The cDNA of human galectin-4s N-domain was ob-
tained by using the sense primer 5’-CATATGGCCTATGTCCCCG-
CACCG-3’ with an internal NdeI restriction site (underlined) and the
antisense primer 5’-GTCGACTTAGATCTGGACATAGGACAAGGTG-3’
with an internal SalI restriction site (underlined). To delete the se-
quence coding for the linker peptide of the tandem-repeat-type
lectin we first amplified the cDNAs for the two domains separately
and took advantage of the two HindIII restriction sites to create a
new joining hinge of the shortened cDNA. In detail, we used the
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following primer pairs: the sense primer 5’-CATATGGCCTATACHTUNGTRENNUNGG-
ACHTUNGTRENNUNGTCCCCGCACCG-3’ with an internal NdeI restriction site (underlined)
and the antisense primer 5’-AAGCTTGAAGTTGATTGATTGAAGTTG-
CAG-3’ with an internal HindIII restriction site (underlined) for the
N-domain and the sense primer 5’-AAGCTTGTGCCATATTTCGG-
GAGG-3’ with an internal HindIII restriction site (underlined) and
the antisense primer 5’-GTCGACTTAGATCTGGACATAGG-3’ with an
internal SalI restriction site (underlined) for the C-domain. The
cDNAs were then propagated in the pET-Blue-1 AccepTor vector
(Novagen, Bad Soden, Germany), digestion with the restriction en-
zymes and gel extraction led to vector-released cDNAs (972 bp for
the full-length protein, 453 bp for the N-domain, 852 bp for pro-
tein version without the linker peptide). They were ligated into
pET12a (full-length protein, N-domain; Novagen, Darmstadt, Ger-
many) or pET24a (human galectin-4 without linker; Novagen,
Darmstadt, Germany). The inserted HindIII restriction site at the
boundary between the N- and C-domains encoding for Lys and
Leu finally needed to be reversed to the wild-type codons, at these
positions encoding for Ile and Pro. The pET24a plasmid containing
the cDNA encoding for human galectin-4 without the linker pep-
tide was therefore employed as template in a modified Quik-
ChangeS site-directed mutagenesis procedure (Stratagene Europe,
Amsterdam, The Netherlands).[30] To do this, a suitACHTUNGTRENNUNGable primer set
(sense primer 5’-GCAACTTCAATCAATCAACTTCATCCCTGTGCCA-
TATTTCGGGAGG-3’ (nucleotide exchanges underlined) and the anti-
sense primer 5’-CCTCCCGAAATATGGCACAGGGATGAAGTTGATT-
GATTGAAGTTGC-3’ (nucleotide exchanges underlined)) was de-
signed with melting temperatures >78 8C. The extension reaction
was performed in two steps. Briefly, two 50 mL reaction mixtures
were prepared in separate tubes containing 20 pmol either of the
sense or the antisense primer, 200 ng template plasmid and 1 U
PfuTurboS DNA polymerase (Stratagene Europe, Amsterdam, The
Netherlands). After an initial preheating step at 95 8C for 30 s, three
cycles (denaturation at 95 8C for 30 s, annealing at 55 8C for 1 min,
extension at 68 8C for 8 min) were run. To complete the primer-di-
rected sequence extension 25 mL of each tube were transferred to
one tube and 1 U PfuTurboS DNA polymerase was added. Subse-
quently, thermal cycling which consisted of preheating at 94 8C for
30 s and 18 cycles (denaturation at 94 8C for 30 s, annealing at
55 8C for 1 min, extension at 68 8C for 5 min) was carried out. After
incubation with DpnI (10 U) at 37 8C for 2 h to digest the methylat-
ed parental DNA template, 5 mL of the reaction mixture were used
to transform XL-1-Blue electrocompetent cells. Plasmids were iso-
lated from kanamycin-resistant colonies grown on LB agar plates
and ascertained for correct reversion of the artificial HindIII restric-
tion site to the wild-type sequence by commercial DNA sequenc-
ing. Recombinant production was accomplished in the pET-12a or
24a/E. coli strain BL21ACHTUNGTRENNUNG(DE3)pLysS system with TB medium (Roth,
Karlsruhe, Germany) at 30 8C with a final IPTG concentration of
100 mm, reaching optimal yields for full-length human galectin-4
(17–21 mgL�1), for the N-domain (3.3–5.8 mgL�1), and for the
lectin without the linker peptide (13.3–30.3 mgL�1). Quality con-
trols by one- and two-dimensional gel electrophoreses, mass spec-
trometry, gel filtration, and haemagglutination to ascertain homo-
geneity, quaternary structure, and activity as well as biotinylation
of the lectins under activity-preserving conditions followed by
product analysis to quantify label incorporation and activity were
performed as described.[4a,13,29, 31]

Inhibition assays: Adsorption of the glycoprotein to the surface of
microtiter plates proceeded from 50 mL per well at 4 8C overnight
from phosphate-buffered saline, residual protein-binding sites
were saturated with 100 mL of a 1% solution of carbohydrate-free
bovine serum albumin at 37 8C for 1 h. Lectin binding in the ab-

sence and presence of glycocluster was carried out for 1 h at 37 8C,
routinely running controls with lactose and galactose in parallel,
and the extent of bound lectin was determined spectrophotomet-
rically at 490 nm with streptavidin-peroxidase conjugate
(0.5 mgmL�1; Sigma, Munich, Germany) as indicator and o-phenyle-
nediamine (1 mgmL�1)/H2O2 (1 mLmL�1) as chromogenic substrates
as described.[13,17a] Cell culture of the human B-lymphoblastoid line
Croco II, the colon adenocarcinoma line SW480, and the human
pancreatic carcinoma line Capan-1 with reconstituted expression of
the tumor suppressor p16INK4a (kindly provided by K. M. Detjen,
Berlin, Germany) was performed using routine procedures, and
lectin binding to cells using biotinylated proteins was determined
by quantitative fluorescence detection in a FACScan instrument
(Becton-Dickinson, Heidelberg, Germany) by using streptavidin/R-
phycoerythrin (1:40; Sigma) as indicator.[13,32] In cases of solubility
problems stock solutions of the glycoclusters were prepared in di-
methyl sulfoxide and then diluted in buffer. Final concentrations of
aprotic solvent was up to 4.4% at 2.5 mm inhibitor concentration
in solid-phase assays and up to 6.8% in cell assays. Parallel controls
with the identical solvent concentration in the absence of glyco-
cluster ascertained the lack of a significant solvent effect on lectin
activity, as reported previously.[33]
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b) F. Sansone, M. Dudič, G. Donofrio, C. Rivetti, L. Baldini, A. Casnati, S.
Cellai, R. Ungaro, J. Am. Chem. Soc. 2006, 128, 14528–14536.

[23] S.-K. Chang, I. Cho, J. Chem. Soc. Perkin Trans. 1 1986, 211–214.
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