Available online at www.sciencedirect.com
“Teo,’ . . Bioorganic &
.~ ScienceDirect Medicinal
Chemistry

ELSEVIER Bioorganic & Medicinal Chemistry 14 (2006) 6314-6326

Glycosyldisulfides from dynamic combinatorial libraries
as O-glycoside mimetics for plant and endogenous lectins: Their
reactivities in solid-phase and cell assays and conformational
analysis by molecular dynamics simulations
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Abstract—Dynamic combinatorial library design exploiting the thiol-disulfide exchange readily affords access to glycosyldisulfides.
In order to reveal lectin-binding properties of this type of non-hydrolyzable sugar derivative, libraries originating from a mixture of
common building blocks of natural glycans and thiocompounds were tested against three plant agglutinins with specificity to galac-
tose, fucose or N-acetylgalactosamine, respectively, in a solid-phase assay. Extent of lectin binding to matrix-immobilized neogly-
coprotein presenting the cognate sugar could be reduced, and evidence for dependence on type of carbohydrate was provided by
dynamic deconvolution. Glycosyldisulfides also maintained activity in assays of increased physiological relevance, that is, using
native tumor cells and also adding to the test panel an endogenous lectin (galectin-3) involved in tumor spread and cardiac dysfunc-
tion. N-Acetylgalactosamine was pinpointed as the most important building block of libraries for the human lectin and the diga-
lactoside as most potent compound acting on the toxic mistletoe agglutinin which is closely related to the biohazard ricin.
Because this glycosyldisulfide, which even surpasses lactose in inhibitory capacity, rivals thiodigalactoside as inhibitor, their degrees
of intramolecular flexibility were comparatively analyzed by computational calculations. Molecular dynamics runs with explicit con-
sideration of water molecules revealed a conspicuously high degree of potential for shape alterations by the disulfide’s three-bond
system at the interglycosidic linkage. The presented evidence defines glycosyldisulfides as biologically active ligands for lectins.

© 2006 Elsevier Ltd. All rights reserved.

proliferation or migration, tissue invasion, cell-specific
glycan uptake or to adhesion as crucial step in infec-
tion or metastasis formation.''"!* The immediate clin-
ical relevance of these cell responses or contacts

1. Introduction

The growing realization that the carbohydrate part of
cellular glycoconjugates is a rich source of biochemical

signals relevant for the cells’ communication with their
environment inspires innovative medical applica-
tions."7 In detail, distinct carbohydrate determinants,
whose synthesis and/or spatially suitable presentation
mode is under exquisite control, are recognized by
endogenous receptors (lectins) or cognate sites of
infectious microorganisms.® !> This interaction can
then lead to medically relevant modulation of cell
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prompts to envision the synthetic design of optimized
ligands. Their availability should enable to manipulate
particular recognition processes by either blocking
interactions or artificially triggering post-binding sig-
naling with the perspective of therapeutic benefit.

Enormous advances in oligosaccharide synthesis have
made it possible to deliver chemically pure glycans, for
examble, complex-type N-glycans without/with common
natural substitution, for biological testing.'*?° None-
theless, the high-coding capacity of oligosaccharides,
embodied by the involvement of different hydroxyl
groups and anomeric positions in code word genera-
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tion,2!-?2 poses a new dimension of problems en route to

chemical glycan assembly. In order to test a large variety
of oligosaccharides and to add new glycomimetic or
otherwise reactive compounds, which offer pharmaceuti-
cal advantages such as formation of non-hydrolyzable
bonds, library approaches have been introduced to this
field.?>?° Following the establishment of library genera-
tion by parallel synthesis the alternative to prepare
dynamic combinatorial libraries with rapid interconver-
sion between their constituents and the possibility for an
adaptive selection process during screening has opened a
different route in the mentioned long-term quest.?%-3°
Initial experiments into this direction with N-acetyl-D-
galactosamine (GalNAc) chelated glycoclusters, disul-
fide-spacered p-aminophenyl glycosides, and carbohy-
drate aldehydes/amines together with hydrazides/
aldehydes have revealed proper randomization to yield
the desired panoramic display of constituents.3' 3% A
plant lectin and lysozyme were test substances at this
stage. The ease to control dynamic interconversions,
which are driven by thiol-disulfide interchange, by pH
shifts is directing attention to thiosaccharides as build-
ing blocks of dynamic combinatorial libraries. After
all, S-glycosides such as thiodigalactoside or N,N’-diace-
tyl-4-thiochitobiose indeed appear to be accommodated
by lectins binding O-galactosides or oligomers of N-
acetylglucosamine.?>3° Evidently, the non-hydrolyzable
S-glycosides can thus maintain binding properties de-
spite the increased length of the C-S bond (1.78 A vs
1.41 A) and its geometry differing from that of the
C-0 bond (98° for C-S—C vs 117° for C-O—C).#° In con-
sequence, they are becoming valuable additions to the
panel of compounds tested for blocking glycosidase or
lectin activities.*!**> But it is an entirely open question
whether this will also be true for glycosyldisulfides.

Glycosyldisulfides constitute a new class of carbohy-
drate derivatives with interesting chemical and physical
properties.*> > Their generation from thioglycosides
via thiol-disulfide exchange, also operative in formation
of disulfide-linked glycopeptides,*® has recently been
reported,*” revealing them to be suitable building blocks
for dynamic combinatorial chemistry. With the principle
of the set-up having been established, the next step is to
test the hypothesis whether this library type can come up
with potent lectin-binding compounds. This report thus
addresses the issue whether libraries of glycosyldisulfides
can successfully be screened against different lectins. To
set an example with impact beyond a single case, four
main building blocks from natural glycans (Fig. 1) and
several lectins were selected. Among them, a biohazard-
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Figure 1. Thiol-containing components for generating dynamic com-
binatorial libraries.

Table 1. Composition of the tested dynamic combinatorial libraries
and glycosyldisulfides®

Library Components
L-01 Complete library
L-02 Without 4
L-03 Without 1
L-04 Without 2
L-05 Without 3
L-06 Without 5
L-07 Without 6
L-08 2-2

L-09 2,4

L-10 2,1

L-11 2,3

L-12 2,5

L-13 2,6

#For compound listing, please see Figure 1; 2-2 thus refers to the
digalactosyldisulfide.

ous plant toxin and a clinically relevant member of the
family of human galectins (galectin-3), which is a factor
in tumor progression and cardiac dysfunction, are
emblematic of the medical perspective.*s>! Equally
important, the inhibitory potency of the compound mix-
tures was examined: (i) in two test systems, deliberately
placing special emphasis on in vitro assays with tumor
cells, and (ii) after the first step of systematically
decreasing the number of constituents. Table 1 gives a
precise account on library composition to enable assess-
ment of efficiency of dynamic deconvolution. In detail,
the following questions will be answered by the
experiments:

(a) Will glycosyldisulfides, where the interglycosidic
oxygen atom is replaced by a disulfide bridge, be
specific binding partners for plant lectins such as
the toxin from Viscum album using a solid-phase
system with neoglycoproteins which present the
respective cognate saccharide?

(b) Will glycosyldisulfides interfere with lectin binding
in an assay system of increased physiological rele-
vance, that is, using cells in culture instead of a
plastic surface coated with a neoglycoprotein and
also testing a tissue lectin?

(c) Will the dynamic deconvolution strategy and
disulfide synthesis come up with compounds
whose activity can rival that of the common O-
glycoside?

(d) Will a glycosyldisulfide, if shown to be a ligand as
pure test substance, differ in conformational prop-
erties from the corresponding S-glycoside which
has ligand properties?

2. Results
2.1. Library design

The monosaccharides p-galactose (Gal), GalNAc, and
L-fucose (Fuc) are often spatially accessible headgroups
of glycan antennae and branches, N-acetyl-D-glucosa-
mine (GIcNAc) commonly serving as natural acceptor
of Pl-linked epitopes (Gal or GalNAc) of fully
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processed chains. In the branch-end position, these sug-
ars are contact points for lectins so that their 1-thio
derivatives were selected for the panel (Fig. 1). However,
it should be noted that 1,1-linked disulfides will be
formed instead of the P1,3(4)-linkages common to
Gal-GIcNAc  (LacNAc  isomers)/GalNAc-GIcNAc
(LacdiNAc) disaccharides or the al,2-linkage common
to the histo-blood-group H-type Gal-Fuc disaccharide.

The synthesis of the S-fucoside was routed via the bromo-
acetyl derivative (Scheme 1), whereas the two N-acetylat-
ed compounds were prepared from their chloroacetyl
derivatives, as outlined in Scheme 2. In detail, thioacetic
acid under biphasic conditions and a phase-transfer re-
agent were used to obtain the peracetylated 1-thioglyco-
sides. Deprotection with lithium hydroxide solution
produced the 1-thioglycosides to start generation of the
dynamic combinatorial library. Of note, the B-derivative
of Fuc was included, which was readily accessible.

To probe the effect of an acidic/basic center in the vicin-
ity of the carbohydrate determinant on lectin binding,
mercaptoacetic acid and mercaptoethanolamine were
added to the list of building blocks (Fig. 1). As compiled
in Table 1, the complete set of compounds underlied the
first library, termed L-O1. To be able to pinpoint the
contribution of an individual component to the activity,
sublibraries in the absence of one compound, hereby
reducing the pool size of products in each library from
21 to 15 (L-02-L-07), were systematically prepared.
Next, as a means to spot importance of a distinct exten-
sion of the 1-thiogalactoside (compound 2 in Fig. 1) the

HsC O OAc a HsC O SAc
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Scheme 1. Reagents and conditions: (a) HBr, HAc, CH,Cl,, rt (65%);
(b) HSAc, Na,CO; (aq), TBAHS, CH,Cl,, rt (50%); (c) i—LiOH,
MeOH, H,0, rt; ii—H"* exchange resin (98%).
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Scheme 2. Reagents and conditions: (a) HCI, Ac,O, rt (60%); (b)
HSAc, Na,CO; (aq), TBAHS, CH,Cl,, rt (50%); (c) i—LiOH, MeOH,
H,O0, rt; ii—H™" exchange resin, (98%).

full set of disulfides with this constituent (L-08-L-13)
was also synthesized. Due to the possibility of anomeric
inversion the compounds were subjected to spectroscop-
ic analysis. Evidence for such a process could only be
recorded for the fucose derivative at a trace level of
much less than 5%. Having herewith completed the de-
sign of the test panel from the ligand side, the lectin-
binding properties were subsequently characterized in
order to answer the first question given at the end of
the introduction.

2.2. Solid-phase assays

Two plant lectins which target primarily a monosaccha-
ride in glycans, that is, the galactoside-specific Viscum
album agglutinin (VAA) and the fucoside-specific Ulex
europaeus agglutinin (UEA-I), were first tested for
binding this monosaccharide in a1,2-linkage. By adsorp-
tion of neoglyoproteins bearing lactose or Fuc moieties
as p-isothiocyanatophenyl derivatives to the surface of
microtiter plate wells, a ligand-presenting matrix with
characteristics of a cell surface was established. The
lectins, which can conveniently be tested in solution,
bound to the matrix in a carbohydrate-dependent and
saturable manner. As first control of sugar specificity
in this assay system, the mannose/glucose-specific plant
lectin concanavalin A failed to bind to the lactose-bear-
ing matrix. Next, only the specific haptenic monosaccha-
ride was shown to reduce extent of binding for the two
tested lectins, enabling to proceed to systematically test
the libraries L-01-L-07. The final concentration of each
component in the assay was 0.4 mM, distributed over 21
or 15 disulfides, respectively, in the libraries. To compar-
atively illustrate the potency of the corresponding
haptenic monosaccharide as internal standard, Gal
and Fuc were routinely used in parallel experimental ser-
ies at 0.4 mM. Further assays at 5SmM (Fuc)/50 mM
(Gal) ascertained that carbohydrate-dependent interac-
tion underlied the association of the lectins to the
ligand-bearing matrix. If the glycosyldisulfides harbor
reactivity, lectin binding to the matrix should be
reduced.

The presence of the libraries was indeed effective to
inhibit lectin binding in both cases (Fig. 2). Notably,
the complete compound mixture was conspicuously
more effective than the monosaccharide Fuc to decrease
binding of UEA-I to the matrix. Under the given condi-
tions, the 1-thio derivatives of the monosaccharides act-
ing as haptenic inhibitor (Gal or Fuc) maintained
activity. It endowed the library, only six from 21 disul-
fide-linked compounds containing either Gal or Fuc,
with the property to interfere with ligand binding. To
exclude any non-specific effects library generation with-
out the key 1-thioglycosides (Gal for VAA, Fuc for
UEA-I) should not produce inhibitory compounds.
Consequently, the omission of each of these two crucial
compounds in the first step of dynamic deconvolution
should readily show up in our diagram, if the reactivity
is governed by carbohydrate-dependent binding. Indeed,
sublibraries L-02 (without Fuc) and L-04 (without Gal)
are nearly completely devoid of inhibitory capacity
(Fig. 2). In contrast, reduction of constituent complexity



S. André et al. | Bioorg. Med. Chem. 14 (2006) 6314-6326 6317

OVAA
I O UEA-I

100 { I _
80 | 4 I 1 . I I I

60

% binding

40 1

20 A

Gal/Fuc Gal/Fuc L-01 L-02 L-03 L-04 L-05 L-06 L-07

inhibitor

Figure 2. Illustration of inhibitory potency on extent of lectin binding
(galactose-binding mistletoe (Viscum album) agglutinin VAA and o-L-
fucoside-binding gorse (Ulex europaeus) agglutinin UEA-I) to surface-
immobilized neoglycoproteins with lactose (VAA) or L-fucose (UEA-I)
as bioactive ligands by the haptenic sugars (D-galactose and L-fucose,
respectively) and libraries. Assay results with the cognate monosac-
charides are given for 0.4 and 50 mM in the case of Gal as well as 0.4
and 5mM in the case of Fuc. Compound libraries L-01-L-07 were
tested at a constant concentration of 0.4 mM for each constituent to
allow direct comparison.

by omission of any other compound resulted in rather
small effects. These five sublibraries kept inhibitory
potency now spread over 15 disulfides. There was a
tendency that the absence of the two non-sugar com-
pounds led to an extent of decrease of binding slightly
lower than that for the pyranoses (Fig. 2).

To collect further evidence for lectin-binding activity of
glycosyldisulfides, a third protein with different binding
property, that is, the GalNAc-specific soybean aggluti-
nin, was tested under the same conditions. Again, potent
activity of the library was seen (57% inhibition by L-01
vs 22% inhibition by 0.4 mM GalNAc), and this activity
was lost only in sublibrary L-05 lacking GalNAc.
Evidently, glycosyldisulfides with a haptenic sugar retain
lectin reactivity to impair carbohydrate-dependent bind-
ing to a matrix presenting a homogeneous ligand struc-
ture. These results encourage refinement of the assay
system toward medical applicability. Because this matrix
differs from cell surfaces—among other characteristics—
by restricting the natural complexity of glycan display to
a single type of ligand and excluding lateral glycoconju-
gate mobility, two salient factors to regulate lectin affin-
ity, cells in culture were subsequently used as test
objects. Explicitly, rational manipulation of the interac-
tion between lectins and cells is what will matter for a
medical perspective.

2.3. Cell-binding assays

The principle of the assay is illustrated in Figure 3. The
binding properties of VAA and UEA-I were initially
analyzed. Signal intensity in this assay system should de-
pend on lectin concentration and on presence of hapten-
ic monosaccharide. The validity of these two
prerequisites is exemplarily documented in the first
row of Figure 4, using cells of a B-lymphoblastoid line.

0
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Figure 3. Schematic representation of the principle of the cell-binding
assay (right part), in which components of a glycosyldisulfide-based
dynamic combinatorial library (left part) are tested for interference of
lectin binding to cell surface glycans. Quantitative aspects of cell
binding (percentage of positive cells, median fluorescence intensity) are
determined by FACScan analysis.

Presence of Gal (but not any other monosaccharide)
reduced both percentage of positive cells and staining
of VAA intensity. Library L-01 caused a reduction espe-
cially of the first parameter, and the assumed pivotal
role of Gal was underscored by showing that its absence
in library L-04 abolished inhibitory capacity (Fig. 4).
These results can readily be reconciled with the data
from the solid-phase measurements. To ensure that
reaching this conclusion is not confined to the special
case of VAA and the tested B-lymphoblastoid line, the
same set of experiments on cells originating from a solid
tumor, that is, a colon adenocarcinoma line, was carried
out with VAA. Moreover, the libraries’ impact on UEA-
I binding was also quantitated. Because malignancy can
be associated with increased expression of a glycosyl-
transferase and then increased presence of certain glycan
epitopes, a new model system to determine the activity
of the libraries on UEA-I binding was established. In de-
tail, cell transformation with an expression vector carry-
ing cDNA for a-fucosyltransferase 1 and selection of
stable transfectants were performed to generate a carci-
noma cell clone with especially strong lectin binding.
The results obtained in the four systems are compiled
in Figure 5, in which the first column of each panel rep-
resents the data shown as scans in Figure 4.

As a first lesson emerging from Figure 5 (left part), bind-
ing parameters were sensitive to presence of the haptenic
sugar. When libraries were tested at the same concentra-
tion of 4 mM set for each individual component, extents
of inhibition rivaled that of the haptenic sugar or even
exceeded them in the case of the pancreatic carcinoma
line Capan-1 and UEA-I (Fig. 5). Again, absence of
the 1-thioglycoside of Gal or Fuc, respectively, in a sub-
library (L-04 or L-02) made its mark on the activity of
the mixture. Another remarkable result concerns the
only minor extent of cell-type-dependent differences in
changes of staining parameters. Overall, the glycosyldi-
sulfide mixture reached at least the potency of the hap-
tenic inhibitor in the cell-binding studies, answering a
part of the second question of the introduction. Results
after the first step of dynamic deconvolution pointed to
potential for improvements when the 15 disulfides
lacked GIcNAc (please compare results of L-01 vs
L-03), hereby answering the third question of the
introduction.



6318

100

o
=]
-

100
100

without inhibitor
71.4 %/22.4

Gal

L-01
31.7 %/20.0

39.5%/M12.4

ol
10% 107 10t 109 q0'  10% 107

10°

100
100

L-04 L-05

70.3 %/49.8 41.3 %/17.5

o

109 1 1% 10! 10% 10° 10*

S. André et al. | Bioorg. Med.

Chem. 14 (2006) 6314-6326

o
=]
-

100

100

o
o

0° 10' 107 10 10* 10° 10' 162 107 10
L-02 L-03
28.4 %/14.8 . 31.3%/16.3
(0% 107 10¢ 109 10* 109 107 107 f0% 10
L-06 L-07

28.1 %/18.6 31.0 %/21.4

o
10* 10°

Figure 4. Semilogarithmic representation of fluorescent surface staining of cells of the human B-lymphoblastoid line Croco II in the absence of
incubation with biotinylated mistletoe lectin (negative control; shaded) and after incubation with increasing concentrations of lectin (0.05, 0.1, and
0.2 pg/ml; first three scans in first panel) and with increasing concentrations of haptenic inhibitor (0.5, 8, and 32 mM Gal) at a lectin concentration of
0.05 pg/ml (fourth diagram in first panel). Scans in the second and third panels document effect of haptenic sugar and libraries tested at a
concentration of 4 mM for each constituent (black line: positive control without inhibitor; gray line: measurement in the presence of test compound).
Quantitative data on percentage of positive cells (%) and mean channel fluorescence are given in each case.

Having so far worked with plant lectins as model, the
next step toward medical applicability was to confront
the libraries with an endogenous lectin. For this pur-
pose, a human lectin, that is, galectin-3 which had been
mentioned in the introduction due to its involvement in
tumor spread and cardiac dysfunction, was introduced
to this assay system. Binding parameters fulfilled the
same prerequisite of concentration dependence as ascer-
tained for plant lectins (not shown), and the ensuing
tests with T-lymphoblastoid cells revealed that fluores-
cent staining was decreased by presence of Gal/lactose,
as illustrated in Figure 6. The complete library at com-
pound concentration of 4 mM was more effective than
32 mM Gal and subject to activity decreases by with-
drawing a sugar from the mixture (Fig. 6). Of note, ab-
sence of Gal, generally known as haptenic inhibitor for
galectins, was rather tolerable (L-04), whereas absence
of GalNAc, precluding, for example, formation of Gal-
NAc-GlcNAc disulfides, impaired the activity more
strongly (L-05) (Fig. 6). The omission of the two ali-
phatic thiocompounds led to mixtures which were as
effective as library L-01, pointing to a lack of effect of
their presence (not shown). When next working with a

line from a solid tumor, similar data were obtained in
the case of the ovarian adenocarcinoma cells NIH-OV-
CAR3. Binding of galectin-3 at 10 pg/ml reached levels
of 61% positive cells and a median fluorescence of
104.2, which was lowered by Gal (4 mM) to 52%/62.6
and by L-01 to 43.8%/48.6. This level of activity was at-
tained by 10-12 mM Gal in direct comparison to library
L-01. Libraries L-04 (40.2%/46.4) and L-05 (50.0%/56.8)
showed effects comparable to those of the lymphoma
cell system but L-06 failed to reach the activity of library
L-01 on the ovarian cancer cells (52.0%/63.1). Thus, as
measured for plant lectins which are popular models,
the libraries could also exert a negative impact on cell
binding of an endogenous lectin. This result answers
the remaining part of the second question and provides
an argument for a medical perspective.

An important factor for the comparison of the relative
inhibitory potencies of haptenic sugar and libraries is
the inherent averaging due to the presence of 15 or 21
compounds in libraries L-02-L-07 or starting library
L-01, respectively. In order to facilitate a direct compar-
ison between a haptenic sugar and a glycosyldisulfide,
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Figure 5. Comparison of the effect of the two haptenic monosac-
charides (Gal or Fuc) at 4 mM and the libraries (each constituent
at 4mM) on staining parameters (upper panel: percentage of
positive cells; bottom panel: median fluorescence) in flow cytoflu-
orimetric analysis (for information on cell lines and lectin, please
see inset; for illustration of scans on Croco II/VAA, please see
Fig. 4).
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only two compounds to initiate dynamic glycosyldisul-
fide formation, as listed in Table 1, were mixed, and
each solution was tested at a product concentration of
4 mM. Using VAA as marker, the colon cancer line as
target and the results presented in Figure 5 to give rea-
sons for picking these two compounds, 1-thiogalactoside
was selected as constant constituent. Each of the six
thiocompounds was added in separate batches. The
question to be answered was whether and to what extent
the six different thiocompounds caused enhancement in
inhibitory capacity of the galactoside-containing disul-
fide. Figure 7 shows that this was indeed the case. In
fact, the prepared digalactoside even surpassed lactose
in inhibitory capacity, whereas presence of Fuc, Gal-
NAc or GIcNAc in the disaccharide had a comparative-
ly small effect. The type of substitution of the Gal
headgroup in the disulfide could evidently exert an influ-
ence on lectin binding, constituting a positive answer to
the third question. The Gal-containing disulfides can
thus act as binding partners for this lectin. Among them,
the digalactoside was clearly superior to the other disul-
fides evoking to draw a parallel to thiodigalactoside.
Structurally, our disulfide differs from this known ligand
sharing the 1,1-linkage by turning the S-glycosidic bond
into a disulfide linkage. Because a ligand’s shape and
conformational dynamics are key factors for their
affinity,>>>3 the results obtained so far consequently
prompted us to employ computational methods to
comparatively look at the molecular dynamics behavior
of this disulfide and thiodigalactoside.

2.4. Molecular dynamics calculations

The type of the interglycosidic linkage will account for
the relative positioning of the hexopyranose rings of
both Gal units. Thiodigalactoside and the correspond-
ing disulfide differ with respect to the number of bonds

100
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Figure 6. Semilogarithmic representation of fluorescent surface staining of cells of the human T-lymphoblastoid cell line CCRF-CEM in the absence
of labeled lectin (negative control, shaded) and in the presence of 10 pg human galectin-3/ml (solid line), next using 4 and 32 mM Gal or lactose (gray
lines) as haptenic inhibitors with increasing efficiency (top panel) as well as four libraries with the constituent concentration set to 4 mM. Quantitative
data on control value (top panel, left side), effects of haptenic inhibitors and libraries (center and bottom panels) are given in the illustrations (for

library assignment, please see Table 1).
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Figure 7. Semilogarithmic representation of fluorescent surface staining of cells of the human colon adenocarcinoma line SW480 in the absence of
labeled lectin (negative control, shaded) and in presence of 2 ng VAA/ml (solid line), next using 4 mM Gal or lactose as haptenic inhibitors and
defined 1-thiogalactoside-containing disulfides (for compound listing, please see Table 1) at the same concentration (gray line). Quantitative data on

control value and effects of inhibitors are given in the illustrations.

(Fig. 8). The conformational space of the two disaccha-
rides is established by rotations around the two torsion
angles @ and ¥ for thiodigalactoside, whereas the disul-
fide has three degrees of rotational freedom with @, ¥,
and Q angles (for definitions, please see Fig. 8). To de-
pict the individual features how the two disaccharides
populate the conformational space, molecular dynamics
calculations were performed for total simulation periods
of 10 ns at 300 K, starting with fixed values of the dielec-
tric constant at ¢ =4 and ¢ = 80, the latter one to ac-
count for properties in water. Because the Q-angle of
the disulfide appeared to be arrested around values of
about 180° due to an interresidual hydrogen bond be-
tween Gal-OH, and Gal’-OHg groups, the relevance of
this result was put to the test by running the calculations
with explicit consideration of water molecules. The
resulting trajectories revealed an increased level of intra-
molecular flexibility without the noted restraint so that
we continued to routinely perform the calculations of
the comparative analysis under this condition. The ob-
tained set of trajectories for each angle reveals that the
@, Y-angles of thiodigalactoside rapidly fluctuate be-
tween two main areas without accessing other portions
of the conformational space (Fig. 8, left part). In con-
trast, the @, Q-angles of the disulfide allow a compara-
tively higher degree of flexibility, the ¥-angle being
limited to fluctuations around —80° to —120° (Fig. 8,
right part). Snapshots from the populated area sections,
presented in the bottom part of Figure 8, give an idea on
the way the different angle combinations translate into
shape. For the convenience of the reader, one galactose
moiety was always kept in a constant position to enable
comparison by visual inspection readily. Regarding
intramolecular distance parameters of the flexible com-
pounds the two protons at the anomeric centers are sep-
arated by 2.13-4.14 A in thiodigalactoside and 2.75-

5.18 A in the disulfide. In summary, the three-bond
interglycosidic linkage engenders a comparatively high
level of flexibility, what answers the last question posed
in the introduction. This variability accounts for rather
broad positional screening during contact with a lectin
to reach an optimal fit of binding without necessity of
distortions from nearly rigid low-energy positions.
Examples from the rather large conformer population
of the disulfide are depicted in Figure 8 (bottom part).
The noted potential to eventually reach an optimal fit
necessarily comes at the expense of an entropic penalty,
if the ligand is arrested in one of the many low-energy
conformers.

3. Discussion

The reversible thiol-disulfide conversion affords access
to dynamic combinatorial carbohydrate libraries using
1-thioglycosides as building blocks. After having docu-
mented the chemical feasibility of this approach,*> 4 it
is next essential to prove that products originating from
this type of library design have a perspective as binding
partners for lectins. Toward this end, three plant lectins
with different monosaccharide specificity were deliber-
ately selected as study objects. First, a library compris-
ing four main constituents of natural glycans was used
in a solid-phase assay as inhibitor of lectin binding. In
contrast to chip technology both lectin and the test com-
pound are in solution. Any potentially troublesome sur-
face effects are excluded. Inhibitory potency was indeed
recorded, and it was at least similar to the haptenic
monosaccharide in each case. When starting library for-
mation with the B-derivative of fucose, the interaction of
UEA-I, which binds a1,2-linked fucosides in natural gly-
cans,>> with the a-fucoside-bearing neoglycoprotein



S. André et al. | Bioorg. Med. Chem. 14 (2006) 6314-6326 6321

00 10000 20000 30000 40000 50000 60000 70000 5000.0 50000 100000
Timaips

b

UU 10000 0000 30000 40000 0000 60000 70000 80000 Wiﬂﬂ 100)00
Time fps:

P sz bl o b
00 40000 20000 30000 40000 50000 60000 7T000.0 80000 S000.0 10000.0
Timeips

Figure 8. Illustration of conformational aspects of thiodigalactoside (left, compound 1) and f1,1-thio-based digalactosyldisulfide (right, compound 2).
The angles of the S-glycosidic linkages are defined as HI-C1-S—C1 (@) and C1-S—-C1-H1 () for the symmetrical thiodigalactoside as well as H1-C1-S—
S’ (@), CI-S-S'-CI1 (¥), and S-S'-C1-H1 (Q) for the digalactosyldisulfide (top panel). Trajectories from MD runs (300 K, 10 ns) with explicit
consideration of water molecules are shown in the center part for the @, ¥-angles of compound 1 (left) and the @, ¥, Q-angles of compound 2 (right).
They describe the conformational space accessible for the two compounds, as further illustrated in the bottom part by drawing representative conformers
for which the angle combinations given as follows occur during the simulations: ®/% 39°/51°, —22°/53°, 38°/15°, and 43°/—42° (from top left to bottom
right) and @/¥/Q104°/—-91°/—-70°, —65°/—99°/—167°, 157°/—93°/78°, —9°/—88°/48°, 37°/—88°/140° and, 11°/—103°/—65° (from top left to bottom right).
The position of one galactose moiety is deliberately kept constant throughout the given snapshots to let positional changes become easily apparent.

was also affected. This reactivity intimates inversion to
the a-anomer in the course of disulfide formation.>® Its
occurrence was yet restricted to much less than 5% for
1-thio-B-L-fucopyranoside and could not at all be detect-
ed for any other thiosaccharide. Another possibility con-
cerns tolerance of the PB-anomer in the disulfide for
binding. Such a case of tolerance for anomeric position-
ing in fucose derivatives presented as ligand part of neo-
glyoproteins had been reported for the rat Kupffer cell
receptor.>’ In our assays, binding specificity was invari-
ably underscored by the impact of omission of the key

1-thioglycoside from the starting set to generate a li-
brary in each tested case. Because the three plant lectins
home in on a monosaccharide for primary con-
tact,>*3338-60 it is not surprising to see no drastic
enhancement in binding activity by adding a second su-
gar unit. However, additions of 1,2(3)-linked Gal units
to a Gal moiety to form O-glycosidic digalactosides had
produced potent blocking reagents of VAA binding.%!~¢3
In full accord with these data our respective tests with
disaccharides revealed a remarkable activity of the disul-
fide-linked digalactoside standing out from the tested
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panel. These results were obtained in cell-binding assays.
They simulate the clinical situation in which an inhibitor
should preclude association of the toxic lectin to cells.
Also in view of the clinical situation, a cell clone was
engineered to assess efficiency of impairing lectin bind-
ing to tumor cells with increased expression of a-fucosyl-
transferase 1. This overexpression appears to contribute
to benign and malignant prostate growth.®* In this cell
system, already the complete library L-01 proved to be
more effective than the free monosaccharide.

With the long-term aim of medical application in
mind, we not only worked with human tumor cells
but also moved from assays with plant lectins to
experiments with a human effector. Obviously, the li-
braries contained compounds which reduced carbohy-
drate-dependent cell binding of the tested human
lectin from the family of adhesion/growth-regulating
galectins. Our observation that assays with galectin-3
tolerated omission of Gal but were very sensitive to
maintaining the presence of GalNAc was at first sight
puzzling in view of the assumed main affinity of galec-
tins to Gal.>>7 However, galectin-3 has the particular
ability to accommodate the GalNAcP1,4GlcNAc
(LacdiNAc) epitope, which is abundantly found in
invertebrates.® In fact, galectin-3 is a major macro-
phage receptor for this epitope mediating host-parasite
interactions, for instance, in the course of schistosomi-
asis.®> Overall, these results teach the important lesson
that this library design can come up with active com-
pounds interfering with ligand binding of plant and
human lectins. Owing to the step taken from
solid-phase to cell-binding assays the physiological rel-
evance of the data has increased. Both lectin and
inhibitor could be kept in solution, and the lectin is
confronted with full array of cellular glycoconjugates
without any restrictions to their lateral mobility.
Importantly, cellular responses to a galectin critically
depend on the lectins’ quaternary structure and capac-
ity to induce ligand clustering which cannot be mim-
icked in a solid-phase assay.®® % Thus, the first three
questions of the introduction could be answered posi-
tively, documenting the potential of this library design
for defining a new class of binding partners of lectins.
As noted above, the disulfide-linked digalactoside is
such a case which passed our tests. Evidently, binding
activity is not lost when moving from the S-glycoside
thiodigalactoside, a known lectin ligand,*3® to the
corresponding disulfide.

This result has prompted to examine the conformational
properties of this disulfide more closely. The presence of
a three-bond linkage system has led us to expect an anal-
ogy to the case of the two a2,3/6-linked sialogalacto-
sides. Here, the o2,6-linkage confers a high level of
flexibility to the respective disaccharide.®® In this re-
spect, S-glycosides are known to be endowed with in-
creased flexibility compared to their O-glycoside,
enabling them to access anti-conformations more easily,
and particular stereoelectronic properties, facilitating
interactions with receptor proteins distinct from those
of the O-glycoside.*>7%73 An interesting example con-
cerns the mentioned thiodigalactoside, which binds to

the galectin from Buffo arenarum in a manner different
from N-acetyllactosamine (LacNAc). In detail, while
the Gal-dependent contacts are conserved, the second
moiety employs either the C-3 or C-2 oxygen atom for
hydrogen bond formation, resulting in the same number
and quality of hydrogen bonds (PDB1A7S), as predicted
before based on structural analogy considerations.’*7>
Notably, the measured ®, ¥ angle pairs of 59°/13°7°
and 57°/19° for bound thiodigalactoside in the crystal
correspond to a populated area in the conformational
space of the free S-glycoside (Fig. 8, center part, left).
The snapshot of the conformer with ®, ¥ angles of
38°/15° taken during the molecular dynamics simulation
illustrates its shape (Fig. 8, bottom part, left). Looking
at thermodynamic binding data for VAA and galectins
with lactose and thiodigalactoside more closely, there
is a general trend for an increased entropic penalty
which yet is more than compensated by the enthalpic
gain to eventually yield an elevated affinity for the S-gly-
coside.?®7476.77 The lack of precise knowledge on the
contributions of the sulfur atom(s) and/or the role of
water restructuring notwithstanding, increased flexibili-
ty may thus not necessarily be a disadvantage. This issue
is similarly discussed for the two/three-bond systems of
02,3/6-linked sialylgalactose and the four-bond system
of two 02,8-linked sialic acid moieties.?”"®

Looking at flexibility, it is intriguing that different strat-
egies toward high affinity can be followed by a lectin.
The case study on VAA delineated that it either can al-
low binding partners to maintain flexibility at the sub-
terminal  position or freeze this degree of
conformational freedom depending of the nature on
the disaccharide.” 8! It is an open question, which op-
tion is realized in our case, giving future research a clear
direction. With respect to the results of our computa-
tions it is noteworthy that experimental evidence on a
fully protected B,B-1,1’-dithiodisaccharide with glucose
and mannose as constituents supports the given conclu-
sion. In detail, signals of nuclear overhauser enhance-
ments between H2 of mannose and H2, H4, and Hé6a
of glucose are indicative of a W-angle of about —80°
to —90°.* This result is in full accordance with the tra-
jectory reflecting dynamic aspects of the W-angle given
in Figure 8 (right side). The way such a flexible ligand
is accommodated in lectin domains and the actual con-
tact sites between lectin and ligand, valuable input for
further synthetic refinements, will have to be determined
by a strategy combining different spectroscopic
techniques recently tested for a complex glycan and a
galectin in solution.®? The demonstration of affinity of
a 1,1-linked disaccharide for a member of another mam-
malian lectin family opens the perspective for testing
disulfides also against selectins, mediators of inflamma-
tion and carcinoma adhesion.®'?%3 In principle, the in-
ferred high degree of flexibility makes the study of
glycosyldisulfide binding to lectins an attractive model
to analyze the relationship between intramolecular
flexibility and free enthalpy.

Having shown the suitability of this library design and
the resulting disulfides for the purpose to open a new
approach toward hitherto unsuspected lectin ligands,
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the following route will be taken to pursue this line of
research. In detail, the recently reported access to
thioglycosides other than the 1-thioglycosides tested
herein, that is, 3’- and 4’-thioglycosides,®* will team
up with this experimental set-up to monitor impact
of extensions especially at the 2’- and 3’-sites, follow-
ing the example of the potent ABH histo-blood-group
epitopes.’®7785-88 Besides glycosides either a sulfate
group, as recognized in sulfatides with long-chain 2'-
hydroxylated fatty acids by galectin-4,%° or non-natu-
ral compounds promising improved binding properties
can likewise be instrumental, for instance by 3’-deriv-
atization,” in the quest to define high-affinity and
selective compounds. The example of selectin blockers
with a branched alkyl group as additive, an anchor-
like homing device to hydrophobic lectin sections in
the vicinity of the carbohydrate recognition do-
main®%? and the evidence for presence of a farnes-
yl-binding pocket of galectin-1, a factor in colon
cancer progression and glioblastoma invasion,”* %’
makes it plausible to consider incorporation of such
a functionality into library design. Obviously, our
demonstration of glycosyldisulfide activity puts the
underlying approach firmly on track toward a system-
atic variation at different positions with different
compounds. Ensuing combination of headgroup opti-
mization with an appropriate multivalent presentation,
which leads to contribute to increases in affinity and
selectivity for galectins,’® %2 can be expected to im-
prove the efficiency of test compounds. In this sense,
the given experimental evidence for glycosyldisulfides
to serve as inhibitors in solid-phase and cell assays
with plant and human lectins establishes this com-
pound class as new substance platform for lectin-di-
rected drug design.

4. Experimental
4.1. Materials and analytical procedures

All reagents for synthesis and compound 2 (from Senn
Chemicals) as well as compounds 5 and 6 (from Aldrich)
listed in Figure 1 were obtained from commercial sourc-
es. Compounds 1, 3, and 4b were synthesized according
to Schemes 1 and 2, and corresponded to literature
data.'0319 Neoglycoproteins used as matrix in solid-
phase assays were prepared from p-aminophenyl glyco-
sides and carbohydrate-free bovine serum albumin as
carrier as described.!'? The lectin from Canavalia ensi-
formis seeds, the lectin from dried leaves of mistletoe,
and human galectin-3, whose source was recombinant
production, were purified from extracts by affinity chro-
matography on lactosylated or mannosylated Sepharose
4B, obtained after divinyl sulfone activation, checked
for purity, quaternary structure, and activity by one-
and two-dimensional gel electrophoresis, gel filtration,
ultracentrifugation, and hemagglutination, and biotinyl-
ated under activity-preserving conditions with biotinyl-
N-hydroxysuccinimide ester (Sigma, Munich, Germany)
using a proteomics protocol for quantitation of biotin
incorporation.!''~115 Biotinylated SBA and UEA-I were
obtained from Vector Labs (distributed by Alexis

Germany, Griinberg, Germany) and checked for carbo-
hydrate-dependent activity by solid-phase assays and
histochemical application.!'® Chemical reactions were
monitored with thin-layer chromatography using pre-
coated silica gel 60 (0.25 mm thickness) plates (Mache-
rey-Nagel). Flash chromatography was performed on
silica gel 60 (SDS 0.040-0.063 mm). Optical rotations
were measured with a Perkin-Elmer 343 polarlmeter at
the sodium D line and ambient temperature. 'H- and

13C-spectra were recorded with Bruker Avance 400 or
a Bruker DMX 500 instruments at 298 K in CDC]; or
D,O, using the residual signals from CHCI; ( H:
d=725ppm; *C: 6=77.0 ppm) and from H,O (‘H:
0 =4.70 ppm) as internal standard. Elemental analysis
was performed by Analytische Laboratorien, Lindlar
(Germany). HRMS was carried out by Instrumentsta-
tionen, Kemicentrum, Lund University (Sweden). 'H-
Assignments were made by first-order analysis of the
Pectra as well as '"H-'H correlatlon maps (COXSY).

C-Assignments were based on 'H-'>C correlation
maps (HMQC).

4.2. Typical procedure of library preparation

All libraries were prepared by mixing the chosen compo-
nents (5 mM each) in neutral phosphate buffer (300 mM
for libraries L-01-L-07 and 100 mM for libraries
L-08-L-13) and adding hydrogen peroxide (0.75 equiv)
in aliquots over a period of 24 h.

4.3. 2,3,4,-Tri-O-acetyl-1-S-acetyl-1-thio-p-L-fucopyra-
nose (4¢)

Compound 4b (0.23 g, 0.65 mmol) was dissolved in dry
dichloromethane (10 ml), and thioacetic acid (0.099 g,
1.3 mmol) and TBAHS (0.44g, 13mmol) in 1M
Na,CO;3 (10 ml) were added. The reaction mixture was
stirred vigorously for 1 h at rt and subsequently extract-
ed with dichloromethane. The combined organic phase
was washed with saturated NaHCOs;, water and brine,
dried, and filtered. The crude product was purified by
flash chromatography on silica gel (eluent: hexane/
EtOAc 6:4) to give product 4c (yield 51%). '"H NMR
(CDCl;, 400 MHz) 5.25-5.32 (m, 2H, H-2, H-4), 5.22
(d, 1H, J;,=104Hz H-1), 509 (dd, 1H,
J32—98HZ J34—35HZ H3) 3.95 (bq, 1H
Jscn, = 6.4 Hz, H-5), 2.37 (s, 3H, SAc), 2.16, 2.01,
1.97 (9H, 3x OAc), 1.18 (d, 3H, CH;): “C NMR
(CDCl3, 125 MHz) 6 = 192.5 (SAc), 170.6, 170.0, 169.6
(3x OAc), 80.3 (C-1), 73.8, 72.4, 70.4, 66.5 (C-2, C-3,
C-4, C- 525 31.0 (SAc), 20.8, 20.7, 20.6 (3x OAc), 16.3
CH;; [o]p —18.2 (c 0.5 in CHCI3); HRMS: calcd for
C14H5004S [M+Na*]: 371.0778; found: 371.0778.

4.4. 1-Thio-p-L-fucopyranose (4)

Compound 4c¢ (0.174 g, 0.50 mmol) was dissolved in
methanol (3ml) at 0°C, and lithium hydroxide
(0.024 g, 1.0 mmol) in water (3 ml) was added dropwise
at room temperature under nitrogen protection. The
resulting mixture was neutralized by acidic exchange res-
in, concentrated, and dried to give product 4 (Yield,
98%). '"H NMR (D,O, 400 MHz) 6 =4.36 (d, 1H,
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Ji12=9.6 Hz, H-1), 3.65-3.74 (m, 2H, H,, Hys), 3.50 (dd,
1H, J55,=9.7Hz, J34=3.4Hz, Hy), 3.32 (t, 1H, H,),
1.12 (d, 3H, Jscn, = 6.6 Hz, CH3); [o]5 +38.8 (c 0.5
in MCOH), HRMS calcd for its dimer C12H2208S2
[M+Na*]: 381.0654; found: 381.0651.

4.5. Solid-phase assay

Matrix establishment was carried out by adsorption of
neoglycoproteins bearing the p-isothiocyanato deriva-
tives of lactose, a-Fuc, and a-GalNAc as ligand part
to the surface of plastic microtiter plate wells from solu-
tions with a concentration of 0.5 pg/ml and routinely
checked for quality, concentrations of labeled lectins
at 2 ug VAA/ml, 0.5 pg/ml UEA-I, and concanavalin
A as well as 1.2 pg SBA/ml were routinely used in the as-
says using 20 mM phosphate-buffered saline (pH 7.2),
and the extent of specific binding was quantitated using
streptavidin—peroxidase conjugate as sensor and
o-phenylenediamine/H,O, as chromogenic substrates
(B-galactosidase and chlorophenolred-p-p-galactopy-
ranoside in the case of concanavalin A due to its reactiv-
ity with the high-mannose-type N-glycan of the
horseradish peroxidase) as described.!!”-1'® Inhibitors
were added in solution, and influence of buffer was
excluded by mock controls without thiocompounds.

4.6. Cell-binding assay

Cell culture of the human B-lymphoblastoid line Croco
I1, the T-lymphoblastoid line CCRF-CEM, the ovarian
carcinoma line NIH-OVCAR3, and the colon adenocar-
cinoma line SW480 followed routine conditions recom-
mended by the supplier (American Type Culture
Collection, Rockville, MD) or the literature.''® The
human pancreatic carcinoma line Capan-1 with recon-
stituted expression of the tumor suppressor pl6 was
kindly provided by Dr. K. M. Detjen (Berlin, Germany).
Using the cDNA for human al,2-fucosyltransferase I,
kindly provided by Dr. J. B. Lowe (Ann Arbor, MI),
stable transfectants with increased cell surface ol,2-
fucosylation were obtained after transfection with the
pcDNA3.1 vector conferring hygromycin resistance
(Invitrogen/Life Technologies, Karlsruhe, Germany)
and selection by cell staining using labeled UEA-I as de-
scribed.'? Cell binding was performed with biotinylated
lectins in Dulbecco’s phosphate-buffered saline for
30 min at 4 °C, thorough washing preceded quantitative
fluorescent detection of cell-associated markers in a
FACScan instrument (Becton-Dickinson, Heidelberg,
Germany) using streptavidin/R-phycoerythrin (1:40;
Sigma, Munich, Germany) as indicator as de-
scribed.!?:122 A series of probe concentrations was sys-
tematically tested first to define optimal conditions for
comparative analysis and carbohydrate-dependent bind-
ing was ascertained thereafter. The binding parameters
of percentage of positive cells and median fluorescence
were computed by the instrument’s software.

4.7. Molecular dynamics calculations

Computational simulations with implicit consideration
of water were carried out for a period of 10ns at

300 K with two values of the dielectric constant at
£¢=4 and 80. The calculations were run following the
web-based protocol accessible at http://www.md-simula-
tions.de with a Linux cluster of 18 processors, the param-
etrization of MM 3 force field, and the TINKER program
package. The explicit consideration of water molecules
was independently included for molecular dynamics runs
of 10 ns at 300 K using the AMBER (assisted model
building with energy refinement) 1.6 force field as imple-
mented in the program DISCOVER 2.98 (Accelrys Inc.,
San Diego, CA) and atomic charge assignment of IN-
SIGHT II. Lack of major influence of the type of force
field on the conclusions has been verified in a related sys-
tem previously.'?* Graphical illustrations of the shape of
thiodigalactoside and the related disulfide were generated
using the VMD (visual molecular dynamics) protocol.!?*

Acknowledgments

We are indebted to Dr. M. Frank for excellent technical
support as well as to Dr. B. Friday, Dr. G. Hase, and
Dr. S. Namirha for inspiring discussions and review of
the manuscript. This study was supported by funds from
an EC Marie Curie Research Training Network grant
(contract no. MRTN-CT-2005-019561), the Mizutani
Foundation for Glycoscience (Tokyo, Japan), the Swed-
ish Research Council (VR), the Verein zur Forderung
des biologisch-technologischen Fortschritts in der Med-
izin e.V. (Heidelberg, Germany) as well as the travel ex-
change program between the Deutscher Akademischer
Austauschdienst (DAAD) and the Swedish Foundation
for International Cooperation in Research and Higher
Education (STINT).

References and notes

1. Gabius, H.-J. Angew. Chem., Int. Ed. Engl. 1988, 27,

1267-1276; Angew. Chem. 1988, 100, 1321-1330.

Lee, Y. C.; Lee, R. T. J. Biomed. Sci. 1996, 3, 221-237.

Simon, P. M. Drug Discovery Today 1996, 1, 522-528.

Reuter, G.; Gabius, H.-J. Cell. Mol. Life Sci. 1999, 55,

368-422.

5. Yamazaki, N.; Kojima, S.; Bovin, N. V.; André, S.;
Gabius, S.; Gabius, H.-J. Adv. Drug Deliv. Rev. 2000, 43,
225-244.

6. Gabius, H.-J.; Siebert, H.-C.; André¢, S.; Jiménez-Barb-
ero, J.; Ridiger, H. ChemBioChem 2004, 5, 740-764.

7. Shriver, Z.; Raguram, S.; Sasisekharan, R. Nat. Rev.

Drug Discov. 2004, 3, 863-873.

Gabius, H.-J. Eur. J. Biochem. 1997, 243, 543-576.

Kaltner, H.; Stierstorfer, B. Acta Anat. 1998, 161,

162-179.

10. Haltiwanger, R. S.; Lowe, J. B. Annu. Rev. Biochem.
2004, 73, 491-537.

11. Olofsson, S.; Bergstrom, T. Ann. Med. 2005, 37, 154-172.

12. Gabius, H.-J. Crit. Rev. Immunol. 2006, 26, 43-79.

13. Villalobo, A.; Nogales-Gonzales, A.; Gabius, H.-J.
Trends Glycosci. Glycotechnol. 2006, 18, 1-37.

14. Schmidt, R. R. Strategies for the chemical synthesis of
glycoconjugates. In Glycosciences: Status and Perspec-
tives; Gabius, H.-J., Gabius, S., Eds.; Chapman & Hall:
London, 1997; pp 31-53.

15. Seitz, O. ChemBioChem 2000, 1, 214-246.

Pwn


http://www.md-simulations.de
http://www.md-simulations.de

16.

17.

18.

19.
20.

21.

22.
23.

24.
25.
26.
. Nishimura, S.-I.
28.
29.
30.
31.
32.

33.
34.

35.
36.
37.

38.

39.

40.

41.
. Pachamuthu, K.; Schmidt, R. R. Chem. Rev. 2006, 106,

43,
44,
45,

46.

S. André et al. | Bioorg. Med. Chem. 14 (2006) 6314-6326

Brocke, C.; Kunz, H. Bioorg. Med. Chem. 2002, 10,
3085-3112.

Unverzagt, C.; André, S.; Seifert, J.; Kojima, S.; Fink, C.;
Srikrishna, G.; Freeze, H.; Kayser, K.; Gabius, H.-J. J.
Med. Chem. 2002, 45, 478-491.

André¢, S.; Unverzagt, C.; Kojima, S.; Frank, M.; Seifert,
J.; Fink, C.; Kayser, K.; von der Lieth, C.-W.; Gabius,
H.-J. Eur. J. Biochem. 2004, 271, 118-134.

Holemann, A.; Seeberger, P. H. Curr. Opin. Biotechnol.
2004, 15, 615-622.

André, S.; Kojima, S.; Gundel, G.; Russwurm, R.;
Schratt, X.; Unverzagt, C.; Gabius, H.-J. Biochim.
Biophys. Acta. 2006, 1760, 768-782.

Laine, R. A. The information-storing potential of the
sugar code. In Glycosciences: Status and Perspectives;
Gabius, H. J., Gabius, S., Eds.; Chapman & Hall:
London, 1997; pp 1-14.

Gabius, H.-J.; André, S.; Kaltner, H.; Siebert, H.-C.
Biochim. Biophys. Acta 2002, 1572, 165-177.

Schweizer, F.; Hindsgaul, O. Curr. Opin. Chem. Biol.
1999, 3, 291-298.

Riidiger, H.; Siebert, H.-C.; Solis, D.; Jiménez-Barbero,
J.; Romero, A.; von der Lieth, C.-W.; Diaz-Maurifio, T.;
Gabius, H.-J. Curr. Med. Chem. 2000, 7, 389-416.

St. Hilaire, P. M.; Meldal, M. Angew. Chem., Int. Ed.
2000, 39, 1162-1179; Angew. Chem. 2000, 1112, 1210—
1228.

Barkley, A.; Arya, P. Chem. Eur. J. 2001, 7, 555-563.
Curr. Opin. Chem. Biol. 2001, 5,
325-335.

Ramstrom, O.; Bunyapaiboonsri, T.; Lohmann, S;
Lehn, J.-M. Biochim. Biophys. Acta 2002, 1572, 178-186.
Wittmann, V.; Seeberger, S. Angew. Chem., Int. Ed. 2004,
43, 900-903; Angew. Chem. 2004, 2116, 2918-2921.
Ramstrom, O.; Lehn, J.-M. Nat. Rev. Drug Discov. 2002,
1, 26-36.

Sakai, S.; Shigemasa, Y.; Sasaki, T. Tetrahedron Lett.
1997, 38, 8145-8148.

Sakai, S.; Shigemasa, Y.; Sasaki, T. Bull. Chem. Soc. Jpn.
1999, 72, 1313-1319.

Ramstrom, O.; Lehn, J.-M. ChemBioChem 2000, 1,41-47.
Ramstrom, O.; Lohmann, S.; Bunyapaiboonsri, T.;
Lehn, J.-M. Chem. Eur. J. 2004, 10, 1711-1715.

de Waard, A.; Hickman, S.; Kornfeld, S. J. Biol. Chem.
1976, 251, 7581-7587.

Leffler, H.; Barondes, S. H. J. Biol. Chem. 1986, 261,
10119-10126.

Lee, R. T.; Ichikawa, Y.; Allen, H. J.; Lee, Y. C. J. Biol.
Chem. 1990, 265, 7864-7871.

Bharadwaj, S.; Kaltner, H.; Korchagina, E. Y.; Bovin, N.
V.; Gabius, H.-J.; Surolia, A. Biochim. Biophys. Acta
1999, 1472, 191-196.

Muioz, J. L.; Garcia-Herrero, A.; Asensio, J. L.;
Auzennaeau, F. I.; Cafiada, F. J.; Jiménez-Barbero, J.
J. Chem. Soc., Perkin Trans. 1 2001, 867-872.

Aguilera, B.; Jiménez-Barbero, J.; Fernandez-Mayoralas,
A. Carbohydr. Res. 1998, 308, 19-27.

Driguez, H. ChemBioChem 2001, 2, 311-318.

160-187.

Davis, B. G.; Ward, S. J.; Rendle, P. M. Chem. Commun.
2001, 189-190.

Szilagyi, L.; lllyes, T.-Z.; Herczegh, P. Tetrahedron Lett.
2001, 3901-3903.

Pei, Z.; Aastrup, T.; Anderson, H.; Ramstrém, O.
Bioorg. Med. Chem. Lett. 2005, 15, 2707-2710.
Hotchkiss, T.; Kramer, H. B.; Doores, K. J.; Gamblin,
D. P.; Oldham, N. J.; Davis, B. G. Chem. Commun. 2005,
4264-4266.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

6325

Pei, Z.; Larsson, R.; Aastrup, T.; Anderson, H.; Lehn, J.-
M.; Ramstrém, O., Biosens. Bioelectron., in press.
Kayser, K.; Hoeft, D.; Hufnagl, P.; Caselitz, J.; Zick, Y.;
André, S.; Kaltner, H.; Gabius, H.-J. Histol. Histopathol.
2003, 18, 771-779.

Lahm, H.; André, S.; Hoeflich, A.; Kaltner, H.; Siebert,
H.-C.; Sordat, B.; von der Lieth, C.-W.; Wolf, E.;
Gabius, H.-J. Glycoconj. J. 2004, 20, 227-238.

Sharma, U. C.; Pokharel, S.; Van Brakel, T. J.; Van
Berlo, J. H.; Cleutjens, J. P. M.; Schroen, B.; Andr¢, S.;
Crijns, H. J. G. M.; Gabius, H.-J.; Maessen, J.; Pinto, Y.
M. Circulation 2004, 110, 3121-3128.

Takenaka, Y.; Fukumori, T.; Raz, A. Glycoconj. J. 2004,
19, 543-549.

Gabius, H.-J. Anat. Histol. Embryol. 2001, 30, 3-31.
Siebert, H.-C.; Jiménez-Barbero, J.; André, S.; Kaltner,
H.; Gabius, H.-J. Methods Enzymol. 2003, 362, 417-434.
Goldstein, 1. J.; Poretz, R. D. In The Lectins. Properties,
Functions, and Applications in Biology and Medicine;
Liener, I. E., Sharon, N., Goldstein, 1. J., Eds.; Academic
Press: Orlando, 1986; pp 33-247.

Riidiger, H.; Gabius, H.-J. Glycoconj. J. 2001, 18, 589-
613.

Sando, S.; Narita, A.; Aoyama, Y. Bioorg. Med. Chem.
Lett. 2004, 14, 2835-2838.

Lehrman, M. A.; Haltiwanger, R. S.; Hill, R. L. J. Biol.
Chem. 1986, 261, 7426-7432.

Dessen, A.; Gupta, D.; Sabesan, S.; Brewer, C. F.;
Sacchettini, J. C. Biochemistry 1995, 34, 4933-4942.
Audette, G. F.; Vandonselaar, M.; Delbaere, L. T. J.
Mol. Biol. 2000, 304, 423-433.

Niwa, H.; Tonevitsky, A. G.; Agapov, L. 1.; Saward, S.;
Pfuller, U.; Palmer, R. A. Eur. J. Biochem. 2003, 270,
2739-2749.

Lee, R. T.; Gabius, H.-J.; Lee, Y. C. J. Biol. Chem. 1992,
267, 23722-237217.

Lee, R. T.; Gabius, H.-J.; Lee, Y. C. Carbohydr. Res.
1994, 254, 269-276.

Galanina, O. E.; Kaltner, H.; Khraltsova, L. S.; Bovin,
N. V.; Gabius, H.-J. J. Mol. Recogn. 1997, 10, 139-147.
Marker, P. C.; Stephan, J. P.; Lee, J.; Bald, L.; Mather, J.
P.; Cunha, G. R. Dev. Biol. 2001, 233, 95-108.

van den Berg, T. K.; Honing, H.; Franke, N.; van
Remoortere, A.; Schiphorst, W. E.; Liu, F. T.; Deelder,
A. M.; Cummings, R. D.; Hokke, C. H.; van Die, 1. J.
Immunol. 2004, 173, 1902-1907.

Kopitz, J.; von Reitzenstein, C.; André, S.; Kaltner, H.;
Uhl, J.; Ehemann, V.; Cantz, M.; Gabius, H.-J. J. Biol.
Chem. 2001, 276, 35917-35923.

Brewer, C. F. Biochim. Biophys. Acta2002, 1572,255-262.
André, S.; Kaltner, H.; Lensch, M.; Russwurm, R.;
Siebert, H.-C.; Fallsehr, C.; Tajkhorshid, E.; Heck, A. J.
R.; von Knebel Doeberitz, M.; Gabius, H.-J.; Kopitz, J.
Int. J. Cancer 2005, 114, 46-57.

Siebert, H.-C.; Rosen, J.; Seyrek, K.; Kaltner, H.; Andr¢,
S.; Bovin, N. V.; Nyholm, P.-G.; Gabius, H.-J., Biochi-
mie, in press.

Bock, K.; Duus, J. O.; Refn, S. Carbohydr. Res. 1994,
253, 51-67.

Geyer, A.; Hummel, G.; Eisele, T.; Stefan, R.; Schmidt,
R. R. Chem. Eur. J. 1996, 2, 981-988.

Nilsson, U.; Johansson, R.; Magnusson, G. Chem. Eur.
J. 1996, 2, 295-302.

Garcia-Herrero, A.; Montero, E.; Muiioz, J. L.; Espin-
osa, J. F.; Vian, A.; Garcia, J. L.; Asensio, J. L.; Cafada,
F. J.; Jiménez-Barbero, J. J. Am. Chem. Soc. 2002, 124,
4804-4810.

Ramkumar, R.; Surolia, A.; Podder, S. K. Biochem. J.
1995, 308, 237-241.



6326

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95s.

96.

97.

S. André et al. | Bioorg. Med. Chem. 14 (2006) 6314—6326

Bianchet, M. A.; Ahmed, H.; Vasta, G. R.; Amzel, L. M.
Proteins 2000, 40, 378-388.

Schwarz, F. P.; Ahmed, H.; Bianchet, M. A.; Amzel, L.
M.; Vasta, G. R. Biochemistry 1998, 37, 5867-5877.
Bachhawat-Sikder, K.; Thomas, C. J.; Surolia, A. FEBS
Lett. 2001, 500, 75-79.

Vasudevan, S. V.; Balaji, P. V. Biopolymers 2002, 63,
168-180.

Gilleron, M.; Siebert, H.-C.; Kaltner, H.; von der Lieth,
C.-W.; Kozar, T.; Halkes, K. M.; Korchagina, E. Y.;
Bovin, N. V.; Gabius, H.-J.; Vliegenthart, J. F. G. Eur. J.
Biochem. 1998, 252, 416-427.

Alonso-Plaza, J. M.; Canales, M. A.; Jiménez, M.;
Roldan, J. L.; Garcia-Herrero, A.; Iturrino, L.; Asensio,
J. L.; Canada, F. J.; Romero, A.; Siebert, H.-C.; André,
S.; Solis, D.; Gabius, H.-J.; Jiménez-Barbero, J. Biochim.
Biophys. Acta 2001, 1568, 225-236. ;
Fernandez-Alonso, M. C.; Canada, F. J.; Solis, D.;
Cheng, X.; Kumaran, G.; André, S.; Siebert, H.-C.;
Mootoo, D. R.; Gabius, H.-J.; Jiménez-Barbero, J. Eur.
J. Org. Chem. 2004, 1604-1613.

Siebert, H.-C.; André, S.; Lu, S.-Y.; Frank, M.; Kaltner,
H.; van Kuik, J. A.; Korchagina, E. Y.; Bovin, N
Tajkhorshid, E.; Kaptein, R.; Vliegenthart, J. F. G.; van
der Lieth, C.-W.; Jiménez-Barbero, J.; Kopitz, J.; Gabi-
us, H.-J. Biochemistry 2003, 42, 14762-14773.

Hiruma, K.; Kajimoto, T.; Weitz-Schmidt, G.; Ollmann,
I.; Wong, C.-H. J. Am. Chem. Soc. 1996, 118, 9273-9278.
Pei, Z.; Dong, H.; Ramstréom, O. J. Org. Chem. 2005, 70,
6952-6955.

Wu, A. M.; Wu, J. H.; Tsai, M.-S.; Kaltner, H.; Gabius,
H.-J. Biochem. J. 2001, 358, 529-538.

Wu, A. M.; Wu, J. H.; Tsai, M.-S.; Liu, J.-H.; André, S.;
Wasano, K.; Kaltner, H.; Gabius, H.-J. Biochem. J. 2002,
367, 653-664.

Wu, A. M.; Wu, J. H.; Liu, J.-H.; Singh, T.; André, S.;
Kaltner, H.; Gabius, H.-J. Biochimie 2004, 86, 317-326.
Wu, A. M.; Singh, T.; Wu, J. H.; Lensch, M.; André¢, S.;
Gabius, H.-J. Glycobiology 2006, 16, 524-537.
Delacour, D.; Gouyer, V.; Zanetta, J. P.; Drobecq, H.;
Leteurtre, E.; Grard, G.; Moreau-Hannedouche, O.;
Maes, E.; Pons, A.; André, S.; Le Bivic, A.; Gabius,
H.-J.; Manninen, A.; Simons, K.; Huet, G. J. Cell Biol.
2005, 169, 491-501.

Sérme, P.; Qian, Y.; Nyholm, P.-G.; Leffler, H.; Nilsson,
U. J. ChemBioChem 2002, 3, 183-189.

Wada, Y.; Saito, T.; Matsuda, N.; Ohmoto, H.; Yoshino,
K.; Ohashi, M.; Kondo, H.; Ishida, H.; Kiso, M.;
Hasegawa, A. J. Med. Chem. 1996, 39, 2055-2059.
Tsujishita, H.; Hiramatsu, Y.; Kondo, N.; Ohmoto, H.;
Kondo, H.; Kiso, M.; Hasegawa, A. J. Med. Chem. 1997,
40, 362-369.

Elad-Sfadia, G.; Haklai, R.; Ballan, E.; Gabius, H.-J.;
Kloog, Y. J. Biol. Chem. 2002, 277, 37169-37175.
Rotblat, B.; Niv, H.; André, S.; Kaltner, H.; Gabius, H.-
J.; Kloog, Y. Cancer Res. 2004, 64, 3112-3118.

Rorive, S.; Belot, N.; Decaestecker, C.; Lefranc, F.;
Gordower, L.; Micik, S.; Maurage, C. A.; Kaltner, H.;
Ruchoux, M. M.; Danguy, A.; Gabius, H.-J.; Salmon, I.;
Kiss, R.; Camby, 1. Glia 2001, 33, 241-255.

Camby, I.; Belot, N.; Lefranc, F.; Sadeghi, N.; de
Launoit, Y.; Kaltner, H.; Musette, S.; Darro, F.;
Danguy, A.; Salmon, I.; Gabius, H.-J.; Kiss, R. J.
Neuropathol. Exp. Neurol. 2002, 61, 585-596.

Nagy, N.; Legendre, H.; Engels, O.; André, S.; Kaltner,
H.; Wasano, K.; Zick, Y.; Pector, J.-C.; Decaestecker, C.;
Gabius, H.-J.; Salmon, I.; Kiss, R. Cancer 2003, 97,
1849-1858.

98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

. André, S.; Ortega, P. J.; Perez, M. A.; Roy, R.; Gabius,
H.-J. Glycobiology 1999, 9, 1253-1261.

. André, S.; Frisch, B.; Kaltner, H.; Desouza, D. L.

Schuber, F.; Gabius, H.-J. Pharm. Res. 2000, 17,

985-990.

André, S.; Pieters, R. J.; Vrasidas, I.; Kaltner, H.;

Kuwabara, I.; Liu, F.-T.; Liskamp, R. M. J.; Gabius,

H.-J. ChemBioChem 2001, 2, 822-830.

André, S.; Liu, B.; Gabius, H.-J.; Roy, R. Org. Biomol.

Chem. 2003, 1, 3909-3916.

Ahmad, N.; Gabius, H.-J.; André, S.; Kaltner, H.;

Sabesan, S.; Roy, R.; Liu, B.; Macaluso, F.; Brewer, C.

F. J. Biol. Chem. 2004, 279, 10841-10847.

Pravdic, N.; Franjicmihalic, 1.; Danilov, B. Carbohydr.

Res. 1975, 45, 302-306.

Yang, G. L.; Franck, R. W.; Bittman, R.; Samadder, P.;

Arthur, G. Org. Lett. 2001, 3, 197-200.

Gamblin, D. P.; Garnier, P.; van Kasteren, S.; Oldham,

N. J.; Fairbanks, A. J.; Davis, B. G. Angew. Chem., Int.

Ed. 2004, 43, 828-833; Angew. Chem. 2004, 2116, 2846—

2851.

Savage, P. B.; Gellman, S. H. J. Am. Chem. Soc. 1993,

115, 10448-10449.

Harrison, A. W.; Fisher, J. F.; Guido, D. M.; Couch, S.

J.; Lawson, J. A.; Sutter, D. M.; Williams, M. V_;

DeGraaf, G. L.; Rogers, J. E.; Pals, D. T.; DuCharme,

D. W. Bioorg. Med. Chem. 1994, 2, 1339-1361.

Rakotomanomana, N.; Lacombe, J. M.; Pavia, A. A.

Carbohydr. Res. 1990, 197, 318-323.

Macindoe, W. M.; van Oijen, A. H.; Boons, G.-J. Chem.

Commun. 1998, 847-848.

McBroom, C. R.; Samanen, C. H.; Goldstein, 1. J.

Methods Enzymol. 1972, 28, 212-219.

Gabius, H.-J.; Engelhardt, R.; Rehm, S.; Cramer, F.

J. Natl. Cancer Inst. 1984, 73, 1349-1357.

Gabius, H.-J. Anal. Biochem. 1990, 189, 91-94.

Gabius, H.-J.; Wosgien, B.; Hendrys, M.; Bardosi, A.

Histochemistry 1991, 95, 269-277.

Purkrabkova, T.; Smetana, K., Jr.; Dvorankova, B.;

Holikova, Z.; Bock, C.; Lensch, M.; André, S.; Pytlik,

R.; Liu, F. T.; Klima, J.; Smetana, K.; Motlik, J.;

Gabius, H.-J. Biol. Cell 2003, 95, 535-545.

Jimenez, M.; Saiz, J. L.; André, S.; Gabius, H.-J.; Solis,

D. Glycobiology 2005, 15, 1386-1395.

Manning, J. C.; Seyrek, K.; Kaltner, H.; André¢, S.;

Sinowatz, F.; Gabius, H.-J. Histol. Histopathol. 2004, 19,

1043-1060.

André, S.; Unverzagt, C.; Kojima, S.; Dong, X.; Fink,

C.; Kayser, K.; Gabius, H.-J. Bioconjug. Chem. 1997, 8,

845-855.

André, S.; Kojima, S.; Prahl, I.; Lensch, M.; Unverzagt,

C.; Gabius, H.-J. FEBS J. 2005, 272, 1986-1998.

Gabius, S.; Joshi, S. S.; Gabius, H.-J.; Sharp, J. G.

Anticancer Res. 1991, 11, 793-800.

André, S.; Kaltner, H.; Furuike, T.; Nishimura, S.-1.;

Gabius, H.-J. Bioconjug. Chem. 2004, 15, 87-98.

André, S.; Kojima, S.; Yamazaki, N.; Fink, C.; Kaltner,

H.; Kayser, K.; Gabius, H.-J. J. Cancer Res. Clin. Oncol.

1999, 125, 461-474.

Sturm, A.; Lensch, M.; André, S.; Kaltner, H.; Wieden-

mann, B.; Rosewicz, S.; Dignass, A. U.; Gabius, H.-J. J.

Immunol. 2004, 173, 3825-3837.

Siebert, H.-C.; Born, K.; André, S.; Frank, M.; Kaltner,

H.; von der Lieth, C.-W.; Heck, A. J. R.; Jiménez-

Barbero, J.; Kopitz, J.; Gabius, H.-J. Chem. Eur. J. 2006,

12, 388-402.

Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graph

1996, 14, 27-28, 33-38.



	Glycosyldisulfides from dynamic combinatorial libraries  as O-glycoside mimetics for plant and endogenous lectins: Their  reactivities in solid-phase and cell assays and conformational  analysis by molecula
	Introduction
	Results
	Library design
	Solid-phase assays
	Cell-binding assays
	Molecular dynamics calculations

	Discussion
	Experimental
	Materials and analytical procedures
	Typical procedure of library preparation
	2,3,4,-Tri-O-acetyl-1-S-acetyl-1-thio- beta -l-fucopyranose (4c)
	1-Thio- beta -l-fucopyranose (4)
	Solid-phase assay
	Cell-binding assay
	Molecular dynamics calculations

	Acknowledgments
	References and notes


