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Chapter 1

Introduction
Lectins are carbohydrate-binding proteins that play an important role in many
recognition phenomena in the cell. The proteins bind specifically to their cognate
carbohydrates, like mannoside, glucoside or galactoside, in their carbohydrate
recognition

domains

(CRDs).

The

manipulation

of

the

carbohydrate-protein

interactions provides valuable insight into the functional role of these proteins and
their implications in biological processes. Galectins are a family of β-galactosidebinding lectins that act as crosslinkers and are involved in various processes related
to cancer, e.g. apoptosis, angiogenesis and cell adhesion.1 Galectins are, therefore,
interesting targets for tumor diagnostics and anti-cancer drugs. In this thesis we
describe the synthesis and evaluation of synthetic galectin-3 inhibitors and the
development of a galectin detection assay. Based on the novel lectin detection
method we also developed a shiga-like toxin detection assay. Shiga-like toxin is a
virulence factor secreted by E. coli that binds the carbohydrate galabiose (Gal-α1,4Gal). In this introducing chapter, we discuss the galectin protein family, their
structure and their involvement in biological activities and pathology. Furthermore,
we highlight the efforts that have been made towards the synthesis of galectin
inhibitors and the methodologies that have been developed for the detection of the
lectins. In addition, the lectin shiga-like toxin and its detection are briefly discussed.
Finally, the outline of this thesis is summarized.

Galectins
Galectins belong to a protein family that is defined by its affinity for β-galactosides
(or D-galactospyranose, Gal, Figure 1) and by a strong sequence homology.2,3 The
galectins were first discovered by the Barondes group in the early 90s while
analyzing tissue extracts for their ability to bind immobilized β-galactosides.3 This
finding proved the formulated hypothesis that cell surface carbohydrates take part in
cell adhesion.4 To date 15 members of the protein family have been identified in
humans. They all show a strong evolutionary connection and they are found in a
large range of organisms including mammals and nematodes.5
Galectins have either one or two CRDs and can be subdivided in three groups
depending on their structure (Figure 2). The first type, or prototype, is found as a
non-covalent homodimer with two identical 14 kDa CRD subunits. Galectin-1, -2, -5,
-7, -10, -11, -13, -14 and -15 belong to this subtype.6 The chimera type, which is the
second class, is defined as having a CRD with another type of protein domain.

8
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Figure 1 Molecular structures of (a) D-galactopyranose, (b) thiodigalactoside, (c)
lactose, and (d) lactosamine.

Figure 2 (a) Galectins are a family of β-galactoside binding lectins that can be
subdivided into three groups based on their structure. The prototypes contain one
CRD, the chimera type is made up of one CRD with an N-terminal tail and the
tandem repeat type comprises of two distinct CRDs (figure adapted from [6]) (b)
Crystal structures and the schematic representations of galectin-17 and the CRD of
galectin-3.8

9
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The only member that fulfills this requirement is galectin-3, which has a C-terminal
CRD and an N-terminal domain that contains 7-14 repeats of the 9-amino acid
sequence Pro-Gly-Ala-Tyr-Pro-Gly-X-X-X.9 This sequence resembles the collagen α1
(II) chain and it is responsible for the formation of higher order oligomers. The last
type of galectins is the tandem repeat type, which comprises of two distinct CRDs
connected through a polypeptide chain of up to 70 amino acids. Galectin-4, -6, -8, -9
and -12 make up the tandem repeat subtype.

CRD structure
All galectins contain a conserved CRD which consists of about 135 amino acids that
form two anti-parallel β-sheets in a jellyroll topology.10 The sheets are shaped from 6
strands that make up the concave side (S1-S6) and 5 strands that form a convex
part (F1-F5). The concave side forms a groove where a maximum of four
carbohydrates can bind (Figure 3). Leffler et al. described the binding groove as
having five subsites (A-E).8,11–14 In this model the β-galactoside is bound in subsite C
by six of seven core amino acids, which are highly conserved among galectins.
Subsite D, that is the second most conserved region, binds galactose or glucosamine
of lactose (Gal-β1,4-Glc, Lac, Figure 1c) and lactosamine (Gal-β1,4-GlcNAc, LacNAc,
Figure 1d) respectively, for which galectins have a significantly higher affinity. The
major difference in binding affinity among different galectins is established by the
ability to accommodate carbohydrates or other groups in subsite B with an extension
into subsite A. Especially, moieties linked to the OH-3 of the Gal in subsite C can
influence the binding affinity of specific galectins to carbohydrates. Finally, subsite E,
which is structurally not well defined, can explain possible interactions with functional
groups at the reducing end of the carbohydrate ligands. This subsite is filled with
lipids, proteins or other saccharides in the cell that still contribute to the binding
affinity of galectins to a specific carbohydrate ligand.
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Figure 3 Schematic representation of the galectin-3 CRD forming a β-sandwich8,11
from a frontal view (a) and a side-view (b). The two views show the connection
between the S- and F-beta-sheets and N- and C-termini, several strands and subsites
B-D are labeled (Figure adapted from [11]).

Galectin localization and biological activities
Galectins are found both intracellular and extracellular, where they perform different
roles. Within the cell the proteins shuttle from the cytosol, where they are
synthesized, to the nucleus.15 Here, they are involved in essential cellular functions.6
Galectin-1 and -3 residing in the nucleus are found to be involved in splicing of premRNA, because nuclear extract depleted of these proteins lose their splicing activity.
Addition of the particular galectins reconstitutes the splicing activity.16 Galectin-3 also
plays an important role in the regulation of cell growth. Human breast cancer MDAMB435 cells deprived of galectin-3 showed significantly decreased cell proliferation
compared to control cells.17 Some galectins are shown to be pro-apoptotic, while
others exhibit anti-apoptotic activities. Galectin-1, -3, -7, -9 and -12 show apoptotic
activity in a large number of cell lines.18 For example, HeLa cells overexpressing
galectin-7 are more prone to apoptosis after various apoptotic stimuli, like UVirradiation, actinomycin D and TNF-α and cycloheximide, compared to control
transfectants.19 Regulators of apoptosis and cellular growth are often also involved in
the regulation of the cell cycle. Galectin-1, -3 and -12 were indeed found to influence
different stages of cellular division. Galectin-1 was shown to cause cell cycle arrest in
the S stage of mammary cell lines20,21 and to inhibit the growth of mouse embryonic
fibroblasts.20 Additionally, HeLa cells transfected with galectin-12 cDNA caused the
cells to reside in the G1 stage and considerably less in S and G2/M,22 indicating a role
in the regulation of the cell cycle. Importantly, the function of galectins within the cell
11
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can also be carbohydrate-independent and therefore galectins mostly interact with
other proteins through protein-protein instead of carbohydrate-protein interactions.
Galectins are also components of the extracellular matrix (ECM), which contains all
secreted soluble and insoluble molecules that are found in the extracellular fluid.23
The proteins are transported to the exterior of the cell via a non-classical secretion
(non-ER-Golgi) pathway, because they lack a secretion signal that would direct them
through the ER and Golgi apparatus. However, this process must be clearly
regulated, because the location of a particular galectin determines its function.24
Galectin-3, for example, in the ECM was found to induce the death of thymocytes and
T cells, whereas cytosolic galectin-3 inhibits T-cell death.25 In the extracellular matrix
galectins bind appropriate galactose-containing oligosaccharides or glycoconjugates
through their CRDs, e.g. elastin, hensin, laminin and fibronectin.26–28 The bivalent or
multivalent nature of galectins enable them to bind different cells and induce cell
adhesion. The interactions also allow the proteins to crosslink glycoconjugates, which
in turn can trigger a cascade of signaling events to the interior of the cell.6,29
Galectins also interact closely with integrins, which are receptors that mediate the
interactions between the ECM and a cell.23 Galectin-8 was shown to be associated to
integrin α6β1, α3β1 and α4β3 inhibiting cell adhesion and promoting apoptosis in
human carcinoma cell.30 Moreover, galectin-3 binds α1β1 regulating cell adhesion of
several cancerous cell lines31 and galectin-1 interacts with α5β1 inhibiting cell
growth.32
Table 1 A subset of the biological activities of galectins within the cell and in the
extracellular matrix.
Activity

Galectins

pre-mRNA splicing

1, 3

cell growth

3

pro-apoptosis

1, 3, 7, 9, 12

anti-apoptosis

3

regulation of cell cycle

1, 3, 12

cell adhesion

1, 3, 8
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Pathological implications
Galectins are shown to be involved in various pathological pathways, e.g. heart
failure, rheumatoid arthritis, immunology and infection and most notably in cancer.
In cardiac disorders, for example, galectin-3 was found to promote the proliferation
of cardiac fibroblast and collagen synthesis.33,34 Additionally, the protein is important
in the formation of fibrosis and remodeling after heart failure.35 Indeed, in patient
studies a relation was drawn between a high level of galectin-3 and all-cause
mortality in heart failure, making the protein a good biomarker.36 Furthermore, in
inflammatory disorders like rheumatoid arthritis, galectin-3 was found to interfere in
atherogenesis because of its increased expression in atherosclerotic lesions.37 The
protein is also associated to fibrosis, aberrant angiogenesis, and immune activation
in patients with systemic sclerosis.38 Moreover, galectin-9 is connected to the
apoptotic susceptibility of CD4+ T cells in rheumatoid arthritis.39 Galectin-1, -3, -8
and -9 play a role in different immunological events. Galectin-9, for example, is
responsible for a dose-dependent production of pro-inflammatory cytokines from T
helper cells through carbohydrate-binding to its CRD, which is mediated by other
receptors than the common Tim-3.40 Furthermore, galectin-1 is actively involved in T
cell immunity though its regulation of T cell survival.41,42 In infectious diseases,
galectins were found to play an important role in HIV-1 infection. As reviewed by
Sato and colleagues, galectin-1, but not galectin-3, increases the binding rate of HIV1 to host cells and supports the replication of HIV-1 virus particles. The necessary
interactions for these events depend on a functional CRD, as was proven by the fact
that the reactions were inhibited by lactose. Entry of the HIV-1 particle remained
based on the interaction between gp120 and CD4/coreceptor, which means that
galectin-1 only assists the initial virus binding event but it does not affect the HIV-1
entry process.43
The most extensively researched area of galectin pathology is cancer. The lectins
play various paramount roles in tumor progression. In tumor transformation, for
example, galectin-3 interacts with oncogenic K-Ras, which enhances the Ras
anchorage and subsequently activates phosphatidylinositol 3-kinase and Raf-1.44
Furthermore, in human gliomas and glioma cell lines galectin-1 mRNA is expressed at
higher levels compared to normal glia. Contrarily, decreased levels of galectin-1
mRNA by the introduction of antisense galectin-1 mRNA changes the glioma cells
phenotype immensely and these show reduced growth rates and growth inhibition of
anchorage-independent cell.45 As mentioned previously, galectins are also involved in
the regulation of apoptosis, which is an important feature for cancer development.
The exact mechanism by which galectins influence programmed cell death is still
unclear. Both pro- and anti-apoptotic activities have been assigned to different
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members of the galectin family and the dual character is also described for galectin-3
depending on its cellular location. Cytoplasmic galectin-3, for example, inhibits
apoptosis, whereas nuclear galectin-3 promotes apoptosis in human prostate cancer
cells via an interaction with the apoptosis-associated protein Nucling.46–48 Changes in
the adhesion of cells from the primary tumor site induce tumor invasion at other
sites. This process is known as metastasis and it is an important feature in
carcinogenesis. Galectins were shown to regulate both cell adhesion and metastasis
by two basic mechanisms. Firstly, galectins promote cell adhesion by bridging
between cells or between cells and the ECM through their bivalent or multivalent
nature. For example, interactions of galectin-3 with ECM glycoproteins like laminin
and fibronectins enhances tumor cell adhesion and promotes metastasis through the
aid in escape of tumor cells from the primary tumor sites.49–51 Indeed, elevated levels
of galectin-3 in the blood of cancer patients indicate metastasis and consequent poor
prognosis in ovarian, thyroid and colorectal cancer.52 Secondly, galectins can also
influence cell adhesion by steric hindrance of interactions between cell-adhesion
molecules and thereby blocking their normal function.6 Another important event for
carcinogenesis is tumor angiogenesis, which is the formation of new blood vessels
around tumor cells to sustain their growth. Again galectins were shown to play a part
in this phenomenon. Galectin-3, namely, positively influences endothelial cell motility
in vitro and enhances the formation of new blood vessels in vivo in mice.53 Finally,
galectins are expressed by a large number of immune and inflammatory cells and
thereby influence tumor immune response.6
Table 2 A subset of the pathological processes in which galectins were found to be
involved.
Activity

Galectins

Heart failure

3

Rheumatoid arthritis

3, 9

Immunology

1, 3, 8, 9

HIV infection

1

Cancer

1, 3, 8, 9
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Inhibitors
As described in the previous section, galectins play an important role in various
biological activities and they are also crucial in many pathological processes. Their
inhibition is, therefore, very important to decipher the precise modes of action of
galectins. In addition, selective inhibitors are key leads for the development of
possible therapeutics.
Previous studies on the roles of galectins were conducted with knock-out mice
lacking either galectin-1 or -3. These mice were found to stay relatively unaffected
on an organism scale, but have confirmed the roles of the lectins in cellular processes
like inflammation.54 Other studies on the function of galectins have made use of
available antibodies or RNA silencing techniques. Another strategy for the depletion
of galectin function is the use of synthetic inhibitors. These molecules have the
advantage to block the protein function only at the time of administration, allowing a
normal development of the organism or cells, which is not the case in knock-out
mice. Additionally, synthetic molecules are significantly easier to modify than
antibodies.

These

modifications

allow,

for

example,

cell

penetration

or

the

introduction of fluorescent or chelating groups that can be used for protein detection
at a cellular level.

Carbohydrate based inhibitors
By

definition

galectins

carbohydrate-based

bind

inhibitor

the
could,

monosaccharide
therefore,

be

galactose.

Logically,

designed from

any

galactoside.

However, the affinity of galectins for galactosides lies in the middle millimolar range,
which is too low for biological relevance. The affinity of galectin-1 and -3 for the
disaccharides LacNAc and lactose, on the other hand, is already about 50-fold higher
reaching Kd values of around 0.8 mM for lactose and again around 10-fold lower for
LacNAc.55,56 The X-ray structures of several galectins complexed with lactose or
LacNAc have been solved and these pictures give clear insights into the binding of
the ligands to the lectins.14 The galactoside part of the LacNAc interacts most
strongly with the CRD. The Gal HO-4 and HO-6 form hydrogen bonds to the lectins
and the H-1, H-3, H-4 and H-5 make up a hydrophobic patch that interacts with a
tryptophan residue through Van der Waals contacts. The Gal HO-2 and HO-3 do not
directly interact with the protein and are, therefore, sites for chemical modification.57
An additional binding space is available at the site of the Gal C-3, as explained in
‘CRD structure’ (Figure 3), which can be filled with functional groups to increase the
binding interactions between the carbohydrate and the protein. This option was first
noted by Nilsson, Leffler and co-workers, who extensively studied the interaction of
galectins with carbohydrate derivatives in search of potent inhibitors. Modification of
15
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the Gal C-3 with benzamide substituents increased the affinity about 50 times in
comparison to the parent LacNAc compound (Figure 4a).58 Further derivatization of
LacNAc with more aromatic substituents on the C-3 position and modeling studies
revealed that the CRD of galectin-3 adopts a different conformation bringing its
Arg144 residue in close proximity to the aromatic groups and by doing so establishes
a cation-π interaction that is responsible for a strong increase in affinity (Figure
4b).59 Additional studies on the interactions of the aromatic moieties on the C-3 with
the arginine residues in the CRD of galectin-3 were conducted with thiodigalactosides
as a carbohydrate scaffold. This disaccharide binds galectins with about the same
affinity as LacNAc and appears to bind in the CRD in a similar way.60,61 By using this
symmetric carbohydrate is was easily possible to target not only Arg144 in the B
subsite of the galectin-3 CRD, but also Arg186, which resides in subsite D with
aromatic amides. The affinity of galectin-3 clearly benefited from the introduction of
two aromatic moieties as the Kd went down up to 1300 times to 33 nM in comparison
to the unsubstituted parent compound (Figure 4c).56 Computer modeling confirmed
that the arginine residues Arg144 and Arg186 were indeed both involved in stacking
interactions with the two aromatic amides positioned at the C-3 and C-3´ positions.
The importance of the Arg186 was confirmed further with studies with synthetic
lactosides with aromatic esters at the C-2 position. These inhibitors resulted in low
µM inhibitors for galectin-1, -3 and -9N-terminal domain, whereas a galectin-3
R186S mutant showed a 4-fold lower affinity for the inhibitor (Figure 4d).62 An
additional inhibitor study with mono- and di- substituted thiodigalactosides also
corroborated the importance of the introduction of two aromatic moieties. The singly
derivatized disaccharides reached a minimum Kd of 1 µM, whereas the Kd of galectin3 for doubly derivatized carbohydrates was 46 nM (Figure 4e&f).63
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Figure 4 Galectin-3 inhibitors based on disaccharides.
Apart from the study of disaccharides, various monosaccharides were used as a
starting point for galectin inhibitors. Generally, a monosaccharide is easier to
synthesize. Secondly, it is possible to derivatize the molecule to make it less prone to
hydrolyses and to make it better suitable as a therapeutic drug. Roy and coworkers
used galactosides as scaffolds for the synthesis of galectin inhibitors and decorated
the monosaccharides with various combinations of triazole and aromatic groups on
the anomeric center and the C-3. These molecules were indeed better inhibitors than
galactose, but they did not bind as good as lactose (Figure 5a).55 The presence of an
anomeric sulfone also increased the affinity in comparison to galactose, but the Kd
values were still higher than that of lactose. The introduction of an anomeric sulfone
to lactose resulted in a Kd of 313 nM (Figure 5b).64 Furthermore, derivatization of the
galactoside anomeric center with aldoximes to mimic the glucosamine moiety of
lactosamine gave an inhibitor with a Kd of 330 µM (Figure 5c).65 Introduction of an
additional aromatic group at the C-3 position resulted in low micromolar inhibitors for
galectin-3 and thus proved to be better mimics of LacNAc (Figure 5d).66 Finally,
derivatization of the galactose C-2 with sulfates proved to enhance the affinity for
galectins containing an arginine residue in the CRD (Figure 5e).67,68
17
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Figure 5 Galectin inhibitors based on monosaccharides.

Peptide based inhibitors
Next to the studies concerning carbohydrate based inhibitors it is also possible to
start from peptidic structures, which can serve as lectin inhibitors. Peptides are
generally easier to synthesize than carbohydrates. The first carbohydrate-mimetic
peptides were synthesized in 1992 for the protein concanavalin A.69 Subsequently, a
lot of effort has been put into the search for peptidic lectin inhibitors.70 Combinatorial
bacteriophage display technology, for example, was used to identify peptides that
bind to galectin-3. Four 15-mers were found with affinities of 17-80 nM specific for
galectin-3. Competition experiments with lactose showed that the peptides bind in
the CRD. Additionally, the peptides were found to inhibit the adhesion of human
breast carcinoma cells.71 Moreover, rationally designed pentapeptides with the
sequence –Y-X-Y- were identified to bind galectins 2-3 times stronger than galactose.
Furthermore, NMR studies indicated that these peptides too bind the CRD and are,
therefore, carbohydrate mimics.72,73 The results were however rebutted by the
finding

that

the

galectin-1-asialofetuin

interaction,

by

which

the

affinity

is

determined, is inhibited by –Y-X-Y- containing peptides that bind to asialofetuin, but
not by the interaction of the peptide with galectins.74 A last example of a galectin-1
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peptidic inhibitor was discovered while searching for an anti-angiogenic peptide. To
this end, a 33-mer peptide called Anginex was synthesized, which forms a β-sheet by
using basic folding principles and incorporating β-sheet domains of known antiangiogenic proteins, like PF4, interleukin (IL)-8 and BPI.75 The peptide indeed proved
to inhibit angiogenesis and its target was found to be galectin-1.76

Multivalent inhibitors
Multivalency is a well-known feature in biological systems, which occurs when
multiple scaffolded ligands bind multiple receptor sites. This phenomenon is
beneficial because multivalent ligands often have an increased affinity for the
receptor

compared

to

the

monovalent

ligands.77,78

There

are

two

possible

mechanisms that can explain the increase in affinity of receptors to multivalent
ligands: the chelation effect and the statistical rebinding effect. The first effect
describes the intramolecular interaction between ligands and receptors with multiple
binding sites. A prerequisite of this feature to occur is the corresponding spacer
length between the ligands and the distance between the binding sites. The statistical
rebinding effect is an intermolecular effect, where the local concentration of the
multivalent ligand is increased compared to a monovalent ligand, which causes
reduced off-rates due to the increased chance of rebinding by nearby sub-ligands.
Galectins are found as dimers or oligomers and can, therefore, be influenced by
multivalent interactions. The distance between binding sites in the di- or oligomers is
too long for chelation. Any benefits from multivalent interactions are thus likely to
stem from the statistical rebinding effect. Different glycodendrimers have been
prepared and evaluated as galectin inhibitors. Divalent lactose structures reached a
Kd of 160 µM for galectin-3. The relative potency, however, only increased 1.3-2.5
times per lactose unit (Figure 6a).79 A small multivalency effect was observed for
divalent LacNAc structures too.80 Larger effects were generated with a rigid
tetravalent lactose dendrimer with IC50 values in the submicromolar range (Figure
6b). Additionally, this dendrimer was specific for galectin-3.81 This specificity for the
chimera type galectin is possibly due to the fact that galectin-3 converts into a
pentamer by association of its N-terminal domains upon ligand binding and hence a
larger multivalency effect can be expected compared to divalent galectins.54 Galectins
are thought to benefit more from larger multivalent structures which enhance the
statistical rebinding. Indeed, lactoside-displaying cyclodextrins bound galectin-1
(valency-corrected) 30-fold stronger than native lactose in a T-cell agglutination
assay.82
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Figure 6 Multivalent galectin-3 inhibitors.

Detection of galectins
As described in the previous section the availability of specific inhibitors for galectins
are very important for the elucidation of their role in biological processes. In addition,
it is of utmost importance to have accurate and convenient detection methods for the
galectin proteins as a biological research tool, but also for prognostic and diagnostic
purposes. There is a strong connection between tumor malignancy and the presence
of galectins in various cancer types. From a study on the role of galectin-3 in
melanoma pathogenesis it was found that the protein is an independent prognostic
marker for survival in melanoma.83,84 Investigations into biomarkers for ovarian
carcinoma showed overexpression of cytoplasmic galectin-3, which was associated
with shorter progression-free survival of patients. Galectin-3 can thus be used as a
prognostic marker for ovarian carcinoma.85 The prognostic value of galectin-1 too
was found in the blood cancer lymphoma. The expression of the protein was strongly
correlated to the tumor growth rate and metastasis.86 Cancer types that are
correlated with galectin-7 expression include colon carcinoma, mammary carcinoma,
urothelial cancer and thyroid cancer.87 However, the role of galectins is not always
20
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evident. Galectin-3, for example, is overexpressed in pancreatic cancer compared to
normal pancreatic tissue. However, the depletion of galectin-3 did not alter
proliferation, migration or anchorage-independent growth of the cells significantly. No
direct malignant role of galectin-3 in pancreatic epithelial cells could therefore be
established. The authors claim that the effect of the protein could still lie at the organ
level.88

General methods of detection
Western blot analysis is most often used as a method of detection for galectins in the
literature. For this method, a cell lysate is separated by gel electrophoresis and
subsequently blotted onto a nitrocellulose membrane. The protein of interest can
then be visualized by specific antibodies with a fluorescent or peroxidase tag
attached. This method is convenient and accurate but, at best, semi-quantitative. A
second method for the detection of proteins is the enzyme linked immunosorbent
assay (ELISA). This assay makes use of coated capturing antibodies specific for the
protein of interest to catch the galectins from a cell lysate. Subsequently, the
presence of the protein is visualized by a second antibody tagged with a peroxidase.
The greatest advantage of ELISAs is their low nanogram sensitivity. This accuracy is
established by the use of peroxidase activity for visualization. Through this enzymatic
activity it is possible to strongly enhance the positive signal from the antibody. The
detection methods described here determine only protein abundance. The procedures
give no information about the actual biological activities or functional state of the
proteins.
A third analytical method for the detection of galectins is the real-time polymerase
chain reaction (rt-PCR). This method is used to amplify target DNA from a sample so
that it can be detected. In this way, the mRNA of galectins can be identified in cells
and tissue. The rt-PCR method is very useful for the detection of small amounts of
mRNA, however, it is an indirect method for the quantification of proteins. There is
no direct correlation between the amount of mRNA encoding a certain protein and
the amount of protein that has truly been transcribed.89,90

Detection by use of photolabels
To address the labeling of functionally active galectins Van Scherpenzeel and
colleagues designed a detection probe based on a thiodigalactoside with aromatic
photolabels attached to the Gal OH-3 (Figure 7a). This probe binds galectins from a
cell lysate and subsequently the sample is irradiated with the appropriate wavelength
to covalently attach the photolabel to the protein in its proximity. Besides a
photolabel, the probe also contained an alkyne for copper assisted alkyne-azide
21
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chemistry (CuAAC).91 Through this functional group it was possible to couple a
fluorescein group and visualize galectin-3 in a gel (Figure 7b).92 The great advantage
of this methodology is that it only visualizes functional proteins that bind their
ligands. However, the technique is laborious and, therefore, not very convenient in a
clinical setting.

Figure 7 Detection of galectin-3 with photoprobes (a) Carbohydrate ligand based on
thiodigalactoside with a benzophenone photoreactive group and ALEXA visualization
tag. (b) Overview of a labeling experiment. The target protein is bound by the ligand,
which is equipped with a photoreactive group and an alkyne. The sample is irradiated
with UV light crosslinking the probe to the target protein. Subsequently, the complex
is visualized after a CuAAC reaction with a fluorescent group.
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Radiolabeled inhibitors
A very powerful technique for the visualization of proteins is the use radiolabeled
inhibitors. Besides diagnostic purposes these radiopharmaceuticals also have
potential towards therapeutic goals. Radiolabeled inhibitors should fulfill several
requirements in order to direct the radioactivity to the respective binding site. Firstly,
they should bind their targets specifically, like all inhibitors. Secondly, for labeling
purposes the inhibitors should be decorated with a chelator group. This functionality
captures the radionuclides to label the inhibitor (Figure 8). In addition, it allows the
use of radioactivity at the final stage of the synthesis so that radioactive decay and
the safety of the radiologist are not jeopardized. The most important imaging
techniques in nuclear medicine are planar imaging, single photo emission computer
tomography (SPECT) and positron emission tomography (PET).93 SPECT requires
gamma rays from, for example

123

I,

111

In or

99m

Tc to non-invasively visualize the

targeted proteins. PET uses positron-emitting radionuclides like

124

I,

18

F and

68

Ga.

And finally, inhibitors can also be labeled with cytotoxic β-emitting radionuclides such
as

177

Lu or

131

I for therapeutic purposes.

Figure 8 Structural formula of the chelator 1,4,7,10-tetraazacyclododecane1,4,7,10-tetraacetic acid (DOTA) with 111In for radiolabeling compounds.
Several radioligands have been used for the visualization of galectins. Galectin-3, for
example, was targeted in vivo to detect prostate carcinoma with the
peptide G3-C12.

94

111

In-labeled

The same 15-mer peptide was used to visualize breast tumors.95

Other nuclear strategies include the use of radiolabeled antibodies targeted against
galectin-3 to image thyroid cancer.96 To date, no carbohydrate-based inhibitors for
radiolabeling have been described in the literature.
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Shiga-like toxin detection
In this thesis we describe the development of a detection assay for ligand-binding
proteins with galectins as a model. This detection method is based on antibody
capture of the protein of interest and subsequent visualization with a fluorescent
ligand that binds in the CRD of the lectin. The galectin detection assay was extended
to a shiga-like toxin detection assay. Shiga-like toxin, or verotoxin, is a virulence
factor secreted by Escherichia coli. Verotoxin consists of an enzymatically active ‘A’subunit and five ‘B’ subunits, that bind galabiose (Gal-α1,4-Gal, Figure 9).97

Figure 9 Molecular structure of galabiose (Gal-α1,4-Gal).
The pathological implications of verotoxin include hemorrhagic colitis98, diarrhea99
and may even lead to the fatal hemolytic-uremic syndrome.100 Infections spread by
consuming

contaminated

water

or

food.

enterohemorrhagic E. coli (EHEC) O157:H7,

101

Most

outbreaks

are

caused

by

but the recent German outbreak was

caused by the O104:H4 strain.102 To control a possible epidemic it is important to
have suitable drugs, like antibiotics, anti-toxin drugs or anti-adhesion compounds at
one’s disposition.99 In addition, access to an adequate and sensitive detection
technology is very valuable. The detection of verotoxins are based on a combination
of phenotypic methods, like serotyping,103 and genetic techniques, e.g. the
polymerase chain reaction (PCR).104 The advantage of these techniques is that only
small amounts of material are needed for detection. However, the methods are costly
and, importantly, PCR is an indirect method of detecting verotoxin. The presence of
mRNA does not necessarily correlate directly to the protein levels it encodes.89,90
Additionally, the method does not give any information about the functional state
that the protein is in, which is very valuable information from a biological point of
view. Accurate detection of verotoxin would, therefore, benefit from a method that
directly demonstrates the presence of the protein to provide more reliable data on
the risk that is involved.
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Outline
Galectins are important proteins in various biological and pathological phenomena.
The precise modes of action of these lectins are, however, still not fully understood.
The ever growing number of studies concerning galectins results in a clearer picture
of the functions of the proteins, however, a lot of questions remain due to conflicting
data arising from the use of different research techniques. The use of specific
synthetic inhibitors for galectins would be useful tools to investigate the biological
mechanisms of these proteins. In addition, a functional detection assay for these
lectins could also greatly contribute to the knowledge of galectins. Moreover, such an
assay could also serve as a prognostic or diagnostic tool in the clinic.
In this thesis we describe the synthesis of specific galectin inhibitors and the
development of detection method for ligand-binding proteins implemented for
galectins and bacterial verotoxins.
Chapter 2 describes the synthesis of galectin inhibitors based on thiodigalactoside
and LacNAc. The inhibitors are decorated with different aromatic groups to intensify
the affinity through an arginine-arena interaction in the CRDs of galectins. The
affinity results are compared to molecular modeling data. Inspired by the best
inhibitors synthesized in chapter 1, we made three DOTA-derivatized inhibitors for
radiolabeling experiments. The design and synthesis of these compounds based on
thiodigalactosides is described in Chapter 3. Additionally, we report the first
biological data derived from radiolabeling studies with the aforementioned inhibitors.
Chapter 4 describes the development of a detection method for ligand-binding
proteins based on antibody capture and subsequent visualization with a fluorescent
ligand. The method was originally designed for galectins. Firstly, the synthesis of a
general ligand based on lactose and LacNAc is explained and then the development
of the detection assay using the general fluorescent ligand. Chapter 5 elaborates on
the detection method described in chapter 4 and extends the findings to a verotoxin
detection method. The design and synthesis of a new ligand based on galabiose is
explained and the subsequent development of a detection method for verotoxin is
described. A summarizing discussion and future prospects are discussed in Chapter
6. This chapter gives a summary of the progress of galectin inhibitor synthesis and
the use of the inhibitors in biological research. Moreover, the development of the
detection assay for ligand binding proteins is described and further steps for
improvement are discussed for the application in biological and clinical research.
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Tuning the preference of
thiodigalactoside- and
lactosamine-based ligands to
galectin-3 over galectin-1
Abstract - Inhibitors of galectin-1 and -3 were synthesized from thiodigalactoside
and lactosamine by derivatization of the galactose C3. Introduction of 4-phenyl-1H1,2,3-triazol-1-yl substituents at thiodigalactoside C3 by CuAAC, targeting argininearene interactions, increased the affinity to 13 nM but yielded little selectivity for
galectin-3 over galectin-1. The bulkier 4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl
substituent, however, increased the preference for galectin-3 over galectin-1 to more
than 200-fold. Modeling showed that more arginines of galectin-3 are involved in
interactions with the 4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl moieties than for
galectin-1. Introducing 4-phenoxyaryl groups on lactosamine derivatives had similar
effects.

This chapter is based on: van Hattum, H.; Branderhorst, H.; Moret, E.E.; Nilsson,
U.J.; Leffler, H.; Pieters, R.J. J. Med. Chem. 2013, 56, 1350-1354.
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Introduction
The protein family of galectins is defined by their affinity for β-galactosides and their
sequence homology.1 They function both intracellularly and extracellularly and they
are involved in many biological processes, such as cell signaling2 and adhesion.3
Moreover, they play a role in various pathological pathways like metastasis,4 tumor
cell survival,5 apoptosis6 and inflammatory response.7 However, the exact biological
role of the various galectins remains to be elucidated. Selective inhibitors for
different galectins would, therefore, be very beneficial to decipher the modes of
action of these proteins, also considering the reported opposite roles of galectins-1
and -3.5 Furthermore, selective inhibitors are important for the possible development
of therapeutics.
Previous (selective) inhibitor studies focused on both peptide and carbohydrate
ligands.8-12 The peptidic structures include pentapeptides13 and the anti-angiogenic
peptide Anginex,14 which was recently found to enhance the binding affinity of
galectin-1 for glycoproteins.15 The carbohydrate-based ligands, have been used in a
multivalent format to gain affinity.16-18 Besides this, optimization of monovalent
carbohydrates yielded nanomolar inhibitors, as shown by Nilsson et al, due to the
introduction of aromatic groups on the galactose C3 position establishing favorable
cation-π interactions with arginine residues.19-24 Moreover, a triazole linkage between
the carbohydrate and the aromatic moiety instead of an ether, ester, or amide
linkage increased the affinity even further.25 Previous studies with proteomics probes
carrying bulky galactose C3 substituents had indicated that galectin-3 selectivity
might be achievable using this strategy.25 These foundations lead to our aim to
synthesize selective galectin-3 inhibitors based on thiodigalactoside (TDG) for which
the protein has an affinity of 43 µM.19 Three aromatic groups differing in size, namely
phenyl, 3-hydroxyphenyl and 4-phenoxyphenyl, were coupled to a TDG azide by
copper assisted alkyne-azide cycloaddition (CuAAC).26 Firstly, the affinity of galectin1 and -3 were strongly increased to the nanomolar range. Modeling studies indicated
that the established arginine-arene interactions could be held responsible for this
phenomenon. Moreover, galectin-3 bound 230 times stronger to TDG with larger
aromatic groups than galectin-1, resulting in a selective inhibitor for galectin-3. In a
parallel approach, lactosamine (LacNAc), for which galectin-3 has an affinity of 69
µM,27 was also derivatized to investigate whether a similar effect could be achieved.
LacNAc is hydrolytically less stable than TDG but the carbohydrate is easier to
derivatize with fluorescent labels or radiolabels for biological studies via its reducing
end. X-ray studies indicated that the two carbohydrates bind similarly to galectin-128
and therefore LacNAc was derivatized on the Gal-C3 position with 4-phenoxyaryl via
an ether or a triazole linkage and an aromatic phthaloyl or benzoyl group was
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attached to the N2 to mimic the symmetric nature of TDG. Additionally, the LacNAc
derivatives contained an azido-propyl spacer to enable their conjugation for biological
studies. Several LacNAc derivatives showed similar selectivity for galectin-3 as their
TDG counterparts; however, the affinities were significantly lower to around 1 µM in
the best cases.

Chemistry
Synthesis of thiodigalactoside derivatives
The

thiodigalactoside-based

inhibitors

were

synthesized

from

a

common

thiodigalactoside intermediate with azide moieties on the C3 and C3’ position to allow
the introduction of alkyne containing aromatic groups through CuAAC (Scheme 1). To
this end, 3-3’-azido-thiodigalactoside 1 was synthesized as previously described25 in
two steps by bromination of the anomeric centre of 3-azido-galactoside29 followed by
glycosylation

with

the

thiourea

treated

3-azido-galactoside

acceptor.

Several

aromatic groups varying in size and hydrophilicity were subsequently coupled to 1
using CuAAC under microwave irradiation to give the phenyl-, 3-hydroxylphenyl- and
4-phenoxyphenyl-derivatives 2, 3 and 4 in good to excellent yields. Finally,
deacetylation of the hydroxyl groups yielded the free thiodigalactosides 5, 6 and 7.
Scheme 1

Reaction conditions: a) phenylacetylene, 3-hydroxyphenylacetylene or 1-ethynyl4-phenoxybenzene, CuSO4, sodium ascorbate, DMF/H2O, 80°C, microwave (86100%); b) NaOMe, MeOH (86-100%).
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Synthesis of 4-(4-phenoxybenzyl) ether-linked lactosamine
Larger aromatic groups on TDG resulted in higher selectivity of galectin-3 vs galectin1. Therefore, phenoxyaryl groups were introduced on the lactosamine derivatives.
The LacNAc derivatives with an ether-linked aromatic moiety were obtained by the
glycosylation of derivatized galactoside and glucosamine (Scheme 2). First, the
known thiomethylgalactoside donor 830 was treated with dibutyltin oxide to form the
C3

to

C4

stannylidene-acetal,31

which

was

then

functionalized

with

4-

phenoxybenzene bromide on C3 and acetylated to give compound 9. Acceptor 11
was synthesized from the fully protected glucosamine 10,32 which was glycosylated
with 3-bromopropanol using BF3.OEt2 followed by bromide displacement with sodium
azide, deacetylation, and selective low temperature acetylation of C6.
Scheme 2

Reaction conditions: a) i: Bu2SnO, MeOH; ii: 4-phenoxybenzene bromide, NBu4Br,
benzene; iii: Ac2O, pyridine (22%); b) 3-bromo-1-propanol, BF3.Et2O, CH2Cl2 (81%);
c) NaN3, DMF (91%) d) NaOMe, MeOH (quant.); e) AcCl, 2,4,6-trimethylpyridine,
CH2Cl2, -60°C→-20°C (quant.); f) TfOH, NIS, CH2Cl2 (80%); g) NaOMe, MeOH
(73%); h) i: ethylene diamine, n-BuOH; ii: Bz2O, DiPEA, MeCN (95%).
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Target compound 12 was obtained by glycosylation of the galactoside donor 9 and
glucosamine acceptor 11 and careful deacetylation without removal of the phthaloyl
protection group. Lactosamine derivative 13 was obtained by removal of the
phthaloyl group of 12 with ethylene diamine followed by benzoylation.
Synthesis of 4-(4-phenoxyphenyl) triazole-linked lactosamine
For the triazole-linked lactosamine derivatives the known 3-azido-galactoside 1429
and the bromide 16 were the starting point (Scheme 3). Compound 14 was reacted
with (methylthio)trimethylsilane to give the desired methylthio donor 15. The
acceptor 17 was synthesized from 16 by low-temperature acetylation.
Scheme 3

Reaction conditions: a) MeSSiMe3, TMSOTf, DCE (71%); b) AcCl, 2,4,6trimethylpyridine, CH2Cl2 (79%); c) TfOH, NIS, CH2Cl2, (64%); d) 1-ethynyl-4phenoxybenzene, CuSO4, sodium ascorbate, DMF/H2O (70%); e) NaN3, DMF (83%);
f) NaOMe, MeOH (84%); g) i: ethylene diamine, n-BuOH; ii: Bz2O, DiPEA, MeCN,
(73%).
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In this route, the bromide was not displaced by an azide immediately, to avoid the
formation of a di-azido-lactosamine after glycosylation. Glycosylation of 15 and 17
was performed as before and yielded the desired 1,4-linked disaccharide as the
major product and the 1,3-isomer as a side product. This mixture was coupled with
1-ethynyl-4-phenoxybenzene by CuAAC, followed by azide introduction and careful
deacetylation without removal of the phthaloyl protection group. Preparative HPLC
yielded isomerically pure 18. The benzoyl analogue 19 was prepared by removal of
the phthaloyl group and subsequent benzoylation of the nitrogen.

Affinity studies
Galectin-1 and -3 were expressed in E. coli and purified over a lactosyl-sepharose
column to measure their affinity for the newly synthesized compounds. Galectin-3
was subsequently treated with collagenase to remove its N-terminal tail to avoid
oligomerization that occurs at higher concentrations and interferes with the affinity
studies.33 The carbohydrate recognition domain of galectin-3 is located in the Cterminal domain and therefore the loss of the N-terminal tail is thought not to change
the binding activity.34 The affinities of galectin-1 and -3 for the newly synthesized
compounds were initially measured with Isothermal Titration Calorimetry (Figure 1).
Compounds 5, 6 and 7 were first dissolved in DMSO and subsequently diluted in
MEPBS buffer to a concentration of 1% DMSO MEPBS buffer. The compounds were
titrated into a solution of C-terminal galectin-3 in separately prepared 1% DMSO
MEPBS buffer. The affinities lay in the nano- to micromolar range, but unfortunately,
the standard deviations of the affinities were very high, due to solubility problems.
The ITC measurement of compound 5 shows residual heat peaks after saturation of
the protein originating from the ligand buffer solution titrated into the protein buffer
solution. It proved to be impossible to separately prepare the exact same buffers
causing the additional heat peaks. Furthermore, compound 7 was not soluble in 1%
DMSO

and

precipitated from

the

solution

during the

measurement.

Higher

concentrations of DMSO gave worse graphs due to solvent mismatch. ITC was
therefore dismissed as a method for affinity measurements for the thiodigalactoside
derivatives.
The binding affinities of galectin-1 and -3 for 5-7, 12, 13, 18 and 19 and reference
compounds

thiodigalactoside

and

LacNAc-β-OMe

were

then

evaluated

by

a

fluorescent polarization assay, which proved to be a more suitable method for affinity
measurements (Table 1).35 The symmetrical thiodigalactoside derivatives 5-7
strongly benefitted from the introduction of aromatic substituents in comparison to
the parent compound. The Kd of galectin-3 for TDG was 43 µM and decreased 10002000 times to 44 and 22 nM, respectively, for 5 and 6.
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Figure 1 ITC affinity measurements of (A) compound 5 and (B) compound 7. The
results were irreproducible due to solvent mismatch (5) or poor solubility (7).
For galectin-1 the enhancement was between 500 and 1850 times for the same
compounds. Interestingly, the bulkier 7 showed different behavior. Its Kd for
galectin-3 was still submicromolar with 0.36 µM, but for galectin-1 the affinity was
even worse than the free TDG with a Kd of 84 µM. The result was that 7 has a 230fold preference for galectin-3. For the LacNAc derivatives (12, 13, 18, 19) that all
contained the bulky phenoxyaryl group, several effects are apparent. First, three of
the four compounds showed similar galectin-3 affinities of around 1-2 µM. The etherlinked phenoxybenzyl group of 12 and 13 strongly reduced galectin-1 binding with Kd
of 280 µM and 180 µM, respectively. This resulted in the selectivity factor of 230 for
12. The triazole-linked phenoxyphenyl group (18 and 19) reduced the galectin-1
affinity less than in the TDG series. Additional observations include that the affinity of
galectins benefiting more from a triazole-linked than an ether-linked phenoxyaryl and
at least in one case (12) galectin-3 binding benefiting from a phthaloyl on the N2
over the benzoyl group.
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Table 1. Kd values of galectin-1 and -3 for the thiodigalactoside and lactosamine
derivatives as measured by a fluorescence polarization assay.
Galectin -1
Compound

Kd (µM)

TDG
5

Galectin -3
Kd (µM)

24

1

43

1

0.6

0.049 ± 0.012

490

0.044 ± 0.005

980

1

6

0.013 ± 0.004

1850

0.022 ± 0.007

1950

0.6

7

84 ± 46

0.3

0.36 ± 0.09

120

230

70

1

69

1

1

12

280 ± 8

0.3

1.2 ± 0.13

58

230

13

180 ± 25

0.4

8.1 ± 0.92

8.5

22

18

28 ± 7.6

2.5

2.2 ± 0.29

31

13

19

6.7 ± 1.0

10

2.8±0.69

25

2.4

LacNAc-βOMe

a

Rel. aff.

Ratioa

Rel. aff.

Galectin-3 preference, Kd(gal-1)/Kd(gal-3)

Molecular modeling
To better understand the experimental observations, computer simulations of the
ligands were undertaken following a rigid docking protocol. The lowest energy
structures obtained for reference compounds TDG and LacNAc in galectin-1 and -3 by
rigid docking, mimicked the known X-ray structures of Gal-X-TDH and Gal-Y-LacNAcOX with rmsd's of ca. 1.1 Å (Gal-1 PDB-code 3t2t, Gal-3 PDB-code 1kjr), and the
calculated affinities accurately resembled the experimentally measured data.27,36 The
calculated free energy of binding for the newly synthesized compounds showed a
similar trend as the experimental Kd; however the trends were less pronounced
(Table 2). Modeling of 5 showed similar interactions with the two galectins. Arg73 for
galectin-1 and Arg186 and Arg144 for galectin-3 showed cation-π interactions with
the phenyl and triazole groups that could explain its enhanced affinities for both
galectins in comparison to TDG. Interesting, galectin-3 was modeled to have three
arginine-arene interactions with 7 while for galectin-1 there was only one, which
might account for the large observed differences in affinity (Figure 2). Additionally,
the larger structures could cause steric hindrance and hence lower the affinity of
galectin-1; however, this is not apparent from the computational date.
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Table 2. Computer simulation data of galectin-1 and -3 with reference compounds
TDG and LacNAc and inhibitors 5, 6, 7, 12, 13, 18 and 19.
Galectin-1

Galectin-3

Compound

Kd (µM)

Model

Kd (µM)

Model

TDG

24

24.74

43

29.44

5

0.049

0.942

0.044

1.3

6

0.013

2.29

0.022

0.36

7

84

2.08

0.36

0.467

LacNAc

70

90.88

69

11.96

12

280

10.01

1.2

0.733

13

180

1.04

8.1

0.043

18

28

22.3

2.2

22.87

19

6.7

46.86

2.8

88.8

Figure 2 PoseView of 7 positioned in galectin-3 via molecular modeling in which
Arg168, Arg186 and Arg144 interact with the aromatic substituents.
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Discussion
Aromatic substitution at C3 of TDG with 4-aryltriazol groups results in potent
galectin-3 derivatives. Moreover, larger aromatic groups provide selective inhibitors
for galectin-3 vs -1, presumably because of a larger number of favorable arylarginine interactions for galectin-3 and possible steric impediments for galectin-1.
Furthermore, substitution of LacNAc on the C3 position and the N2 similarly resulted
in selectivity especially for compound 12. These results indicate that the newly
synthesized TDG and LacNAc inhibitors can be very useful for the biological
investigations of galectin-3 or possibly for therapeutics development.

Experimental Section
General methods Thin layer chromatography (TLC) was performed on Merck
precoated Silica 60 plates and compounds were visualized by UV light and by staining
with 10% H2SO4 in MeOH. Microwave reactions were performed in a Biotage Initiator
in sealed vessels of 2-5 mL. Column chromatography was carried out on Merck
Kieselgel 60 (40-63 mm). 1H NMR (300 MHz) and
recorded on a Varian G-300 spectrometer.

1

13

C NMR (75.5 MHz) spectra were

13

H- C correlated heteronuclear single

quantum coherence (HSQC) NMR spectra were recorded on a Varian INOVA
spectrophotometer (125 MHz). All recorded spectra were referenced to the solvent
signal or TMS. High resolution mass analysis (HRMS) was performed by nano
electrospray time-of-flight mass spectrometry in a micromass LC ToF mass
spectrometer. Analytical HPLC chromatograms were obtained from a Shimadzu ClassVP automated HPLC system using a reversed phase column (Alltima C8, 5 µm,
250x4.6 mm) equipped with an evaporative light scattering detection (PL-ELS 1000,
Polymer Laboratories) and a UV/VIS detector operating at 220 and 254 nm.
Preparative HPLC runs were performed on a Applied Biosystems workstation with an
eluation gradient of 5% MeCN and 0.1% TFA in H2O to 5% H2O and 0.1% TFA in
MeCN.
Materials All chemicals were obtained from commercial sources and used without
further purification unless stated otherwise. Solvents were purchased at Biosolve
(Valkenswaard, The Netherlands). Dowex Marathon C® was purchased from SigmaAldrich Chemie (Zwijndrecht, The Netherlands).
General 1,3-cycloaddition of 3-azido-thiodigalactoside 3-Azidothiodigalactoside 1 (75 mg, 114 µmol), alkyne (58 mg phenylacetylene, 67 mg 3hydroxyphenylacetylene or 111 mg 1-ethynyl-4-phenoxybenzene, 570 µmol),
CuSO4.5H2O (27 mg, 108 µmol) and sodium ascorbate (23 mg, 116 µmol) were
dissolved in DMF/H2O (5 mL, 4:1) and the 1,3-cycloaddition reaction was performed
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under microwave irradiation at 80˚C for 40 min. Subsequently, the solvent was
evaporated and the residue was redissolved in CH2Cl2 (100 mL), washed with H2O
(50 mL) and saturated aqueous NaCl (50 mL), dried over Na2SO4 and filtered. The
residue was purified by silica chromatography (CH2Cl2:MeOH 49:1) and products 2,
3, 4 were obtained as white solids.
Bis-{2,4,6-tri-O-acetyl-3-deoxy-3-[4-(phenyl)-1H-1,2,3-triazol-1-yl]-β-Dgalactopyranosyl} sulfane 2 Yield: 100 mg, quant., Rf = 0.6 (CH2Cl2:MeOH 19:1).
1

H NMR (500 MHz, DMSO): δ = 1.88, 2.07, 2.08 (6 x s, 6 x 3 H, C(O)CH3), 4.06-4.16

(m, 4 H, H-6ab), 4.38 (t, 2 H, J = 6.3 Hz, H-5), 5.27 (d, 2 H, J1,2 = 10.3 Hz, H-1),
5.48 (d, 2 H, J4,3 = 2.5 Hz, H-4), 5.65 (t, 2 H, J2,1 = 10.3 Hz, H-2), 5.72 (dd, 2 H, J3,4
= 2.5 Hz, J3,2 = 10.3 Hz, H-3), 7.35 (t, 2 H, J = 7.5 Hz, CHarom), 7.46 (t, 4 H, J = 7.5
Hz, CHarom), 7.87 (d, 4 H, J = 7.5 Hz, CHarom) and 8.69 (s, 2 H, CHtriazole);

13

C HSQC

NMR (125 MHz, DMSO): δ = 20.2 and 20.5 (C(O)CH3), 61.5 (C-3) 61.7 (C-6), 67.3
(C-2), 68.9 (C-4), 74.9 (C-5), 81.6 (C-1), 125.7, 128.6 and 129.5 (Carom) and 121.2
(CHtriazole).
Bis-{2,4,6-tri-O-acetyl-3-deoxy-3-[4-(3-hydroxyphenyl)-1H-1,2,3-triazol-1yl]-β-D-galactopyranosyl} sulfane 3 Yield: 97 mg, quant., R f = 0.29
(CH2Cl2:MeOH 19:1). 1H NMR (500 MHz, DMSO): δ = 1.88, 2.07, 2.09 (6 x s, 6 x 3
H, C(O)CH3), 4.06-4.15 (m, 4 H, H-6ab), 4.37 (t, 2 H, J = 6.0 Hz, H-5), 5.25 (d, 2 H,
J1,2 = 9,5 Hz, H-1), 5.47 (~d, 2 H, H-4), 5.62 (m, 4 H, H-2, H-3), 6.73 (d, 2 H, J =
7.0 Hz, CHarom), 7.21-7.28 (m, 6 H, CHarom), 8.61 (s, 2 H, CHtriazole) and 9.59 (s, 2 H,
OH);

13

C HSQC NMR (125 MHz, DMSO): δ = 20.2 and 20.4 (C(O)CH3), 61.5 (C-3),

61.7 (C-6), 67.2 (C-2), 68.9 (C-4), 74.9 (C-5), 81.6 (C-1), 112.4, 116.6, 115.5 and
130.5 (Carom) and 121.2 (CHtriazole).
Bis-{2,4,6-tri-O-acetyl-3-deoxy-3-[4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1yl]-β-D-galactopyranosyl} sulfane 4 Yield: 102 mg, 86%, R f = 0.29
(CH2Cl2:MeOH 19:1). 1H NMR (500 MHz, DMSO): δ = 1.88, 2.07, 2.08 (6 x s, 6 x 3
H, C(O)CH3), 4.06-4.16 (m, 4 H, H-6ab), 4.38 (t, 2 H, J = 6.3 Hz, H-5), 5.26 (d, 2 H,
J1,2 = 10.0 Hz, H-1), 5.48 (~d, 2 H, H-4), 5.64 (t, 2 H, J2,1 = 10.0 Hz, H-2), 5.72 (dd,
2 H, J3,4 = 2.0 Hz, J3,2 = 10.0 Hz, H-3), 7.07 (dd, 8 H, J = 8.5 Hz, J = 16.7 Hz,
CHarom), 7.17 (t, 2 H, J = 7.3 Hz, CHar), 7.41 (t, 4 H, J = 7.8 Hz, CHarom), 7.88 (d, 4
H, J = 10.0 Hz, CHarom) and 8.65 (s, 2 H, CHtriazole);

13

C HSQC NMR (125 MHz,

DMSO): δ = 20.2 and 20.5 (C(O)CH3), 61.5 (C-3), 61.7 (C-6), 67.2 (C-2), 68.9 (C5), 74.9 (C-5), 81.5 (C-1), 119.6, 124.2, 127.5, 130.7 (Carom) and 120.8 (CHtriazole).
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Deacetylation of 3-triazolyl-thiodigalactoside Compounds 2, 3 and 4 (15 µmol)
were separately dissolved in MeOH (5 mL) and treated with NaOMe (100 µl, 30% w/v
in MeOH) for 2.5 h. The mixture was neutralized with DOWEX H+ resin, filtered and
concentrated in vacuo. Products 5, 6 and 7 were obtained after preparative HPLC as
white solids.
Bis-{3-deoxy-3-[4-(phenyl)-1H-1,2,3-triazol-1-yl]-β-D-galactopyranosyl}
sulfane 5 Yield: 9 mg, 98%. 1H NMR (500 MHz, DMSO): δ = 3.51-3.60 (m, 4 H, H6ab), 3.74 (d, 2 H, J = 5.5 Hz, H-5), 3.98 (s, 2 H, H-4), 4.28 (t, 2 H, J = 9.8 Hz, H2), 4.86 (d, 2 H, J = 10 Hz, H-3), 4.94 (d, 2 H, J = 9.5Hz, H-1), 7.32 (t, 2 H, J = 7.3
Hz, CHar), 7.45 (t, 4 H, J = 7.3 Hz, CHarom), 7.88 (d, 4 H, J = 7.5 Hz, CHarom) and
8.56 (s, 2 H, CHtriazole);

13

C HSQC NMR (125 MHz, DMSO): δ = 60.5 (C-6), 67.1 (C-

2), 67.2 (C-3), 67.8 (C-4), 79.6 (C-5), 84.0 (C-1), 125.5, 128.2 and 129.4 (Carom)
and 121.4 (CHtriazole). HRMS (m/z): calcd for C28H32N6O8S [M+H]+ 613.2080; found
613.2045.
Bis-{3-deoxy-3-[4-(3-hydoxyphenyl)-1H-1,2,3-triazol-1-yl]-β-Dgalactopyranosyl} sulfane 6 Yield: 7.5 mg, 86%. 1H NMR (500 MHz, DMSO): δ =
3.71 (dd, 2 H, J = 3.5 Hz, J = 11.5 Hz, H6a), 3.82-3.89 (m, 4 H, H-5, H-6b), 4.15
(s, 2 H, H-4), 4.15-4.92 (m, 6 H, H-2, H-3, H-1), 6.75 (d, 2 H, J = 8.0 Hz, CHarom),
7.20-7.28 (m, 6 H, CHarom) and 8.51 (s, 2 H, CHtriazole);

13

C HSQC NMR (125 MHz,

DMSO): δ = 62.9 (C-6), 68.3 (C-2), 68.6 (C-3), 69.7 (C-4), 81.4 (C-5), 86.8 (C-1),
113.2, 116.1, 117.8 and 131.1 (Carom) and 122.2 (CHtriazole). HRMS (m/z): calcd
C28H32N6O10S [M+H]+ 645.1979; found 645.1877.
Bis-{3-deoxy-3-[4-(4-phenoxyphenyl )-1H-1,2,3-triazol-1-yl]-β -Dgalactopyranosyl} sulfane 7 Yield: 12 mg, quant. 1H NMR (500 MHz, DMSO): δ =
3.51-3.59 (m, 4 H, H6-ab), 3.73 (t, 2 H, J = 6.3 Hz, H-5), 3.97 (s, 2 H, H-4), 4.27
(t, 2 H, J = 9.7 Hz, H-2), 4.85 (dd, 2H , J = 2.7 Hz, J = 10.7, H-3), 4.94 (d, 2 H, J =
9.5 Hz, H-1), 7.07 (t, 8 H, J = 7.8 Hz, CHarom), 7.17 (t, 2 H, J = 7.3 Hz, CHarom), 7.42
(t, 4 H, J = 7.8 Hz, CHar), 7.87 (d, 4 H, J = 8.5 Hz, CHarom) and 8.51 (s, 2 H,
CHtriazole);

13

C HSQC NMR (125 MHz, DMSO): δ = 60.5 (C-6), 67.1 (C-2), 67.2 (C-3),

67.8 (C-4), 79.6 (C-5), 84.0 (C-1), 119.3, 124.7, 127.3 and 130.7(Carom) and 121.1
(CHtriazole). HRMS (m/z): calcd C40H40N6O10S [M+H]+ 797.2605; found 797.2514.
Methyl 2,4,6-tri-O-acetyl-3-O-(4-phenoxybenzyl)-1-thio-β-Dgalactopyranoside 9 Compound 8 (726 mg, 3.45 mmol) and dibutyltinoxide (946
mg, 3.8 mmol) were refluxed in dry MeOH (25 mL) for 2.5 h. The suspension turned
to a clear solution and was subsequently concentrated to dryness. The yellow foam
was redissolved in dry benzene (25 mL) and tetra-n-butylammonium bromide (1.22
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g, 3.8 mmol) and 4-phenoxybenzyl bromide (1 g, 3.8 mmol) were added. The
reaction was refluxed for 20 h. The solution was concentrated to a brown oil and
subjected to silica chromatography (CH2Cl2/MeOH 19:1). The product was dissolved
in acetic anhydride (20 mL) and pyridine (20 mL) and stirred for 4 h at rt. The
organic solvent evaporated (co-evaporation with toluene and EtOAc) and the residue
was run over a silica plug (Hex/EtOAc 1:1) to give 9 (22%, 387 mg). Rf = 0.79
(Hex/EtOAc 1:2). 1H NMR (300 MHz, CDCl3) δ = 2.05, 2.08 and 2.15 (3 x s, 3 x 3 H,
C(O)CH3), 2.18 (s, 3 H, SCH3), 3.59 (dd, 1 H, J2,3 = 9.6 Hz, J3,4 = 3.3 Hz, H-3), 3.86
(t, 1 H, J5,6 = 6.6 Hz, H-5), 4.16 (dd, 2 H, J5,6 = 6.6 Hz, J6a,6b = 1.5 Hz, H-6ab), 4.30
(d, 1 H, J1,2 = 9.9 Hz, H-1), 4.39 and 4.67 (2 x d, 2 x 1 H, J = 11.7 Hz, OCH2Carom),
5.18 (t, 1 H, J1,2 = 9.9 Hz, H-2), 5.55 (d, 1 H, J4,5 = 3.3 Hz, H-4) and 6.94-7.36 (m,
9 H, CHarom).

13

C NMR (75.5 MHz, CDCl3) δ = 11.2 (SCH3), 20.8 (C(O)CH3), 62.1 (C-

6), 70.9 (OCH2Carom), 66.1, 68.1, 74.7 and 77.5 (C-2, C-3, C-4, C-5), 83.2 (C-1),
118.6, 118.9, 123.4, 129.4, 129.7 and 132.1 (Carom ), 169.5, 170.3 and 170.5
(C(O)CH3).
3-bromopropyl 3,4,6-tri-O-acetyl-2-deoxy-2-N-phthalimido-β-Dglucopyranoside 11I BF3.Et2O (1.2 mL, 10 mmol) was added to a solution of 10
(2.3 g, 5 mmol) and 3-bromo-1-propanol (0.9 mL, 10 mmol) in dry CH2Cl2 (15 ml).
The reaction was carried out under microwave irradiation at 80˚C for 30 min.
Subsequently, the mixture was diluted in CH2Cl2 (50 mL) and neutralized with NaOH
(75 mL, 1M). The organic layer was dried over Na2SO4, filtered and evaporated. Silica
chromatography (Hex/EtOAc 2:1) yielded 11I as an oil (81%, 8.5 g). Rf = 0.57
(Hex/EtOAc 2:1). 1H NMR (300 MHz, CDCl3): 1.89-2.02 (m, 2 H, OCH2CH2CH2Br),
1.87, 2.04 and 2.12 (3 x s, 3 x 3 H, C(O)CH3), 3.20–3.31 (m, 2 H, CH2Br), 3.60–3.68
and 3.88-3.99 (2 x m, 2 H and 1 H, H-5, CH2OGlc), 4.19 (dd, 1 H, J5,6b = 2.4 Hz,

J6a,6b

= 12.3 Hz, H-6b), 4.29–4.38 (m, 2 H, H-2, H-6a), 5.18 (t, 1 H, J3,4 = 9.9 Hz, H-4),
5.39 (d, 1 H, J1,2 = 8.4 Hz, H-1), 5.82 (dd, 1 H, J2,3 = 10.8 Hz, J3,4 = 9.9 Hz, H-3)
and 7.75–7.88 (m, 4 H, CHarom).

13

C NMR (75.5 MHz, CDCl3): δ = 20.3, 20.5 and

20.6 (C(O)CH3), 29.7 (OCH2CH2CH2Br), 31.9 (CH2Br), 54.4 (C-2), 61.9 (C-6), 67.3
(CH2OGlc), 68.8, 70.5 and 71.7 (C-3, C-4, C-5), 98.2 (C-1), 123.5, 131.2 and 134.2
(Carom), 169.3 and 170.0 (C(O)CH3) and 170.5 (C(O)N).
3-azidopropyl 3,4,6-tri-O-acetyl-2-deoxy-2-N-phthalimido-β-Dglucopyranoside 11II Compound 11I (4.54 g, 8.16 mmol) and NaN3 (2.67 g, 41
mmol) were dissolved in dry DMF (25 mL) and stirred at 100˚C for 18 h. The organic
solvent was evaporated (co-evaporation with toluene and EtOAc) and the residue
was redissolved in EtOAc (200 mL). The organic layer was washed twice with
saturated aqueous NaCl (50 mL), dried over Na2SO4, filtered and evaporated. The
crude product was subjected to silica chromatography (Hex/EtOAc 1:2 - 1:1) to give
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11II as a clear oil (91%, 3.86 g). Rf = 0.38 (Hex/EtOAc 1:1). 1H NMR (300 MHz,
CDCl3) δ = 1.68-1.78 (m, 2 H, OCH2CH2CH2N3), 1.87, 2.04 and 2.12 (3 x s, 3 x 3 H,
C(O)CH3), 3.14–3.20 (m, 2 H, CH2N3), 3.52-3.59 and 3.85-3.95 (2 x m, 2 H and 1 H,
CH2OGlc, H-5), 4.18 (dd, 1 H, J5,6b = 2.4 Hz, J6a,6b = 12.6 Hz H-6b), 4.28-4.36 (m, 2 H,
H-2, H-6a), 5.18 (t, 1 H, J3,4 = 9.6 Hz, H-4), 5.38 (d, 1 H, J1,2 = 8.7 Hz, H-1), 5.79
(dd, 1 H, J2,3 = 10.8 Hz, J3,4 = 9.0 Hz, H-3) and 7.75-7.88 (m, 4 H, CHarom).

13

C NMR

(75.5 MHz, CDCl3) δ = 20.4, 20.6 and 20.7 (C(O)CH3), 28.7 (OCH2CH2CH2N3), 47.9
(CH2N3), 54.5 (C-2), 61.9 (C-6), 66.5 (CH2OGlc), 68.9, 70.7 and 71.7 (C-3, C-4, C5), 98.1 (C-1), 123.6, 131.3 and 134.3 (Carom), 169.4 and 170.1 (C(O)CH3) and
170.7 (C(O)N).
3-azidopropyl 2-deoxy-2-N-phthalimido-β-D-glucopyranoside 11III NaOMe
(50 µL, 30% w/v in MeOH) was added to a solution of 11II (3.82 g, 7.37 mmol) in
MeOH (100 mL) and the reaction was stirred for 4 h at rt. The solution was
neutralized with DOWEX-H+ resin, filtered and evaporated. 11III was obtained as
white solid (quant., 3.05 g). 1H NMR (300 MHz, CD3OD) δ = 1.55–1.65 (m, 2 H,
OCH2CH2CH2N3), 3.04–3.10 (m, 2 H, CH2N3), 3.31-3.38 (m, 2 H), 3.42-3.50 (m, 1 H,
CH2OGlc), 3.69 (dd, 1 H, J5,6b = 5.4 Hz, J6a,6b = 12.0 Hz, H-6b), 3.82–3.89 (m, 2 H, H4, H-6a), 3.92 (dd, 1 H, J1,2 = 8.4 Hz, J2,3 = 10.5 Hz, H-2), 4.20 (dd, 1 H, J2,3 = 10.8
Hz, J3,4 = 8.4 Hz, H-3), 5.11 (d, 1 H, J1,2 = 8.7 Hz, H-1) and 7.74–7.83 (m, 4 H,
CHarom).

13

C NMR (75.5 MHz, CD3OD) δ = 30.0 (OCH2CH2CH2N3), 58.7 (C-2), 62.9 (C-

6), 67.4 (CH2OGlc), 72.3 and 78.5 (C-3, C-4, C-5), 99.9 (C-1), 124.4, 133.2 and
135.8 (Carom) and 170.7 (C(O)N).
3-azidopropyl 6-O-acetyl-2-deoxy-2-N-phthalimido-β-D-glucopyranoside 11
A solution of 11III (392 mg, 1 mmol) and 2,4,6-trimethylpyridine (666 µL, 5 mmol)
in dry CH2Cl2 (20 mL) was cooled to -60˚C. Acetyl chloride (99 µL, 1.35 mmol) was
added and the reaction was stirred for 3 h while the temperature was raised to 20˚C. The reaction was quenched with 5 mL MeOH and subsequently diluted with
CH2Cl2 (80 mL), washed with aqueous HCl (50 mL, 1 M) and 5% aqueous NaHCO3
(50 mL). The organic layer was dried over Na2 SO4 , filtered and concentrated.
Compound 11 was obtained after silica chromatography (Hex/EtOAc 1:3 – 0:1) as
white solid (quant., 438 mg). Rf = 0.13 (Hex/EtOAc 1:1). 1H NMR (300 MHz, CDCl3) δ
= 1.65–1.75 (m, 2 H, OCH2CH2CH2N3), 2.07 (s, 3 H, C(O)CH3), 3.11–3.18 (m, 2 H,
CH2N3), 3.43–3.55 (m, 2 H), 3.58–3.62 (m, 1 H), 3.82–3.89 (m, 1 H), 4.05 (dd, 1 H,
J1,2 = 8.7 Hz, J2,3 = 10.8 Hz, H-2), 4.15 (bs, 2 H), 4.26–4.33 (m, 3 H), 5.15 (d, 1H,
J1,2 = 8.7 Hz, H-1) and 7.70–7.82 (m, 4 H, CHarom).

13

C NMR (75.5 MHz, CDCl3) δ =

20.6 (C(O)CH3), 28.6 (OCH2CH2CH2N3), 47.7 (CH2N3), 56.2 (C-2), 63.2 (C-6), 66.1
(CH2OGlc), 71.1, 71.3 and 73.6 (C-3, C-4, C-5), 98.1 (C-1), 123.2, 131.3 and 134.0
(Carom), 168.2 (C(O)CH3) and 171.6 (C(O)N).
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(2,4,6-tri-O-acetyl-3-O-(4-phenoxybenzyl)-β-D-galactopyranosyl)-β-(1,4) 6O-acetyl-2-deoxy-2-N-phthalimido-3-azidopropyl-β-D-glucopyranoside 12I
Donor 9 (295 mg, 0.57 mmol) and acceptor 11 (206 mg, 0.47 mmol) were
azeotropically dried by triple co-evaporation with toluene. The reagents and NIS (160
mg, 1.5 mmol) were dissolved in dry CH2Cl2 (15 mL) and the reaction was stirred
under N2-flow in the presence of molecular sieves (4Å, 2.5 g) at -50˚C. After 15 min
triflic acid (8.3 µl, 94 µmol) was added and the mixture was stirred for 1 h. The
reaction mixture was diluted with CH2Cl2 (100 mL) and washed with saturated
aqueous Na2S2O5 (50 mL) and the organic layer dried over Na2SO4, filtered and
evaporated. Silica chromatography (Hex/EtOAc 2:1–1:2) yielded the disaccharide 12I
as white foam (80%, 342 mg). Rf = 0.41 (Hex/EtOAc 1:1). 1H NMR (300 MHz, CDCl3)
δ = 1.69-1.76 (m, 2 H, OCH2CH2CH2N3), 1.86, 2.07, 2.12 and 2.14 (4 x s, 4 x 3 H,
C(O)CH3), 3.16-3.21 (m, 2 H, CH2N3), 3.48–3.58 (m, 3 H), 3.72–3.78 (m, 1 H),
3.85-3.93 (m, 2 H), 3.98-4.19 (m, 5 H), 4.32–4.42 (m, 2 H), 4.47 (d, 1 H, J1’,2’ = 8.0
Hz, H-1’), 4.34 and 4.63 (2 x d, 2 H, OCH2Carom, J = 11.8 Hz), 5.15 (dd, 1 H, J1’,2’ =
8.0 Hz, J2’,3’= 9.9 Hz, H-2’), 5.26 (d, 1 H, J1,2 = 8.5 Hz, H-1), 5.46 (d, 1 H, J4’,5’ = 3.0
Hz, H-4’), 6.94-7.37 (m, 9 H, CHarom) and 7.72-7.87 (m, 4 H, CHarom).

13

C NMR (75.5

MHz, CDCl3) δ = 20.2 and 20.7 (C(O)CH3), 28.8 (OCH2CH2CH2N3), 48.0 (CH2N3), 55.6
(C-2), 62.1 and 62.8 (C-6, C-6’), 66.4 (CH2OGlc), 71.1 (OCH2Carom), 71.9, 65.4, 69.8,
70.2 and 71.5 (C-2’, C-3, C-3’, C-4, C-4’, C-5, C-5’), 98.2 (C-1), 102.1 (C-1’), 118.6,
119.0, 123.5, 129.5, 129.7, 131.6 and 134.1 (Carom), 169.5, 170.2, 170.5 and 170.7
(C(O)N, C(O)CH3).
(3-O-(4-phenoxybenzyl)-β-D-galactopyranosyl)-β-(1,4)-2-deoxy-2-Nphthalimido-3-azidopropyl-β-D-glucopyranoside 12 NaOMe (17 µL, 30% w/v in
MeOH) was added to a solution of the disaccharide 12I (35 mg, 39 µmol) in MeOH
(14 mL) and the reaction was stirred for 6 h at rt. The solution was neutralized with
DOWEX-H+ resin, filtered and evaporated. 12 was obtained as white solid after
preparative HPLC (73%, 21 mg). 1H NMR (300 MHz, CD3OD): δ = 1.55-1.61 (m, 2 H,
OCH2CH2CH2N3), 3.02-3.08 (m, 2 H, CH2N3), 3.22–3.23 (m, 2 H), 3.32 (dd, 1 H, J =
3.0 Hz, J = 9.6 Hz), 3.42-3.51 (m, 2 H, CH2OGlc), 3.78–3.68 (m, 4 H), 3.80–3.91 (m,
3 H, H-1’, CH2OGlc), 3.96 (dd, 1 H, J2,1 = 8.4 Hz, J2,3 = 11.1 Hz, H-2), 4.34 (dd, 2 H,
J3,2 = 8.1 Hz, J3,4 = 10.8 Hz, H-3), 4.60 (dd, 2 H, J = 11.7 Hz, J = 20.7 Hz), 5.10 (d,
1 H, J1,2 = 8.7 Hz, H-1), 6.84–6.89 (m, 4 H, CHarom), 7.01 (t, 1 H, J = 7.5 Hz,
CHarom), 7.25 (t, 2 H, J = 7.5 Hz, CHarom), 7.35 (d, 2 H, J = 8.4 Hz, CHarom) and 7.727.87 (m, 4H, CHarom);

13

C NMR (75.5 MHz, CD3OD): δ = 28.7 (OCH2CH2CH2N3), 47.0

(CH2N3), 56.6 (C-2), 60.7 and 61.4 (C-6, C-6’), 66.0 (CH2OGlc), 66.0, 66.2, 69.9,
75.9, 80.2 and 81.0 (C-2’, C-3, C-3’, C-4, C-4’, C-5, C-5’), 98.5 (C-1), 103.9 (C-1’),
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118.4, 118.6, 123.2, 129.7, 131.8, 133.6 and 134.5 (Carom), 158.4, 158.9, 169.75
and 174.3 (C(O)N, C(O)CH3). HRMS (m/z): calcd C36H40N4O13 [M+Na]+ 759.2490;
found 759.2418.
(3-O-(4-phenoxybenzyl)-β-D-galactopyranosyl)-β-(1,4)-2-deoxy-2-Nbenzamido-3-azidopropyl-β-D-glucopyranoside 13 A solution of 12 (4 mg, 5
µmol) in n-butanol (2.5 mL) and ethylene diamine (0.5 mL) was heated to 80°C for
20h. Subsequently, the solvent was evaporated and the compound was purified by
column chromatography (CH 2 Cl 2 /MeOH 4:1) and the nitrogen was immediately
protected with benzoic anhydride (9.4 mg, 41 µmol) in acetonitrile (2 mL) and DiPEA
(12 µL) for 1 h. Column chromatography (CH2Cl2/MeOH 9:1) yielded 13 as a white
solid (95%, 3.4 mg).

1

H NMR (300 MHz, CDCl 3 ): δ = 1.63-1.67 (m, 2 H,

OCH2CH2CH2N3), 3.30 (dd, 1 H, J = 3.0 Hz, J = 10.0 Hz), 3.34-3.36 (m, 1 H), 3.43–
3.47 (m, 2 H), 3.52–3.59 (m, 4 H), 3.64–3.72 (m, 3 H), 3.78 (dd, 1 H, J = 12 Hz, J
= 4 Hz), 3.83-3.91 (m, 4H), 4.32 (d, 1 H, J1,2 = 7.5 Hz, H-1), 4.44 (d, 1 H, J1’,2’ = 8.5
Hz, H-1’), 4.52 (d, 1 H, J = 11.5 Hz), 4.63 (d, 1 H, J = 11.5 Hz), 6.84 (t, 4 H, J =
9.3 Hz, CHarom), 6.99 (t, 1 H, J = 7.5 Hz, CHarom), 7.23 (t, 2 H, J = 8.0 Hz, CHarom),
7.32–7.36 (m, 4 H, CHarom), 7.4 (t, 1 H, J = 7.5 Hz) and 7.72 (d, 2 H, J = 7.5 Hz,
CHarom);

13

C HSQC NMR (125 MHz, CD3OD): δ = 30.4 (OCH2CH2CH2N3), 49.2, 57.1,

61.9, 62.5, 67.3, 72.0, 71.9, 73.9, 76.6, 77.0, 81.1 and 82.1 (CH2N3, CH2OGlc, C-2, C2’, C-3, C-3’, C-4, C-4’, C-5, C-5’, C-6, C-6’), 102.9 (C-1), 105.0 (C-1’), 119.6,
124.3, 128.3, 129.5, 130.8 and 132.6 (Carom, C(O)N, C(O)CH3). HRMS (m/z): calcd
C35H42N4O12 [M+H]+ 711.2877; found 711.2869.
Methyl 2,4,6-tri-O-acetyl-3-azido-3-deoxy-1-thio-β-D-galactospyranoside 15
A solution of 14 (4.6 g, 12.3 mmol) and (methylthio)trimethylsilane (5 mL, 36.3
mmol) in dry CH2Cl2 (50 mL) with activated molecular sieves was stirred under N2.
TMSOTf (2.2 mL, 6.15 mmol) was added and the reaction was stirred for 192 h. The
reaction mixture was filtered, diluted with CH2Cl2 (100 mL) and washed with NaOH
(2M, 100 mL). The organic layer was dried over Na2SO4, filtered and concentrated in
vacuo. Compound 15 was obtained after silica chromatography (Hex/EtOAc 3:1 to
1:1) as a crystalline solid (3.17 g, 71%). Rf = 0.35 (Hex/EtOAc 2:1). 1H NMR (300
MHz, CDCl3) δ = 2.06 (s, 3 H, SCH3), 2.15, 2.17 and 2.19 (3 x s, 3 x 3 H, C(O)CH3),
3.69 (dd, 1 H, J2,3 = 10.2 Hz, J3,4 = 3.3 Hz, H-3), 3.93 (dt, 1 H, J4,5 = 1.2 Hz, J5,6 =
6.3 Hz, H-5), 4.11 (dd, 2 H, J5,6 = 6.6 Hz, J6a,6b = 3.6 Hz, H-6), 4.37 (d, 1 H, J1,2 =
9.6 Hz, H-1), 5.22 (t, 1 H, J1,2 = 9.9 Hz, H-2) and 4.46 (dd, 1 H, J3,4 = 1,2 Hz, J4,5 =
3.3 Hz, H-4);

13

C NMR (75.5 MHz, CDCl 3 ) δ = 11.2 (SCH 3 ), 20.5 and 20.7

(C(O)CH3), 61.5 (C-6), 62.7 (C-3), 67.5, 67.7 and 75.2 (C-2, C-4, C-5), 83.4 (C-1),
169.4, 169.8 and 170.3 (C(O)CH3).
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3-bromopropyl 6-O-acetyl-2-deoxy-2-N-phthalimido-β-D-glucopyranoside
17 A solution of 16 (2,47 g, 5.7 mmol) and 2,4,6-trimethylpyridine (3.82 mL, 29
mmol) in dry CH2Cl2 (120 mL) was stirred under N2-atmosphere at -60˚C. Acetyl
chloride (447 µL, 6.27 mmol) was added and the reaction mixture was allowed to
warm to -20˚C in 1.5 h. The reaction was quenched with MeOH (25 mL) and the
organic layer was washed with aqueous HCl (100 mL, 0.5M) and aqueous NaHCO3
(75 mL, 5%). The organic layer was dried over Na2SO4, filtered and concentrated.
Silica chromatography (Hex/EtOAc 1:3 -0:1) gave 17 as a clear oil (2.15 g, 79%). Rf
= 0.43 (CH2Cl2:MeOH 19:1). 1H NMR (300 MHz, CDCl3) δ = 1.80–1.95 (m, 2 H,
OCH2CH2CH2Br), 2.09 (s, 3 H, C(O)CH3), 3.19–3.28 (m, 2 H, CH2Br), 3.46 (t, 1 H, J
= 9.3 Hz, H-5), 3.80–3.94 (m, 2 H, H-6), 3.87–3.94 (m, 3 H), 4.05 (dd, 1 H, J1,2 =
8.4 Hz, J2,3 = 10.8 Hz, H-2), 4.30–4.39 (m, 3 H), 5.16 (d, 1 H, J1,2 = 8.4 Hz, H-1)
and 7.70–7.82 (m, 4 H, CHarom);

13

C NMR (75.5 MHz, CDCl3) δ = 20.8 (C(O)CH3),

30.0 (OCH2CH2CH2Br), 32.0 (CH2Br), 56.3 (C-2), 63.3 (C-6), 67.1 (CH2OGlc), 71.1,
71.4 and 73.7 (C-3, C-4, C-5), 98.4 (C-1), 123.4, 131.5 and 134.1 (Carom), 168.4
(C(O)CH3) and 171.8 (C(O)N).
(2,4,6-tri-O-acetyl-3-azido-3-deoxy-β-D-galactospyranosyl)-β(1,4) 6-Oacetyl-2-deoxy-2-N-phthalimido-3-bromopropyl-β-D-glucopyranoside 18I
Donor 15 (620 mg, 1.7 mmol) and acceptor 17 (675 mg, 1.43 mmol) were
azeotropically dried by co-evaporation with toluene. Subsequently, the reagents were
dissolved in dry CH2Cl2 (30 mL) and combined with NIS (482 mg, 2.1 mmol). The
reaction was stirred under N2-flow with activated molecular sieves (4 Å, 6 g) at 50˚C. After 15 min triflic acid (32 µl, 0.36 mmol) was added and the mixture was
stirred for 1 h. The reaction mixture was diluted with CH2Cl2 (100 mL) and filtered to
remove the molecular sieves. The mixture was washed with saturated aqueous
Na2S2O5 (50 mL) and the organic layer dried over Na2SO4, filtered and evaporated.
Silica chromatography (Hex/EtOAc 1:1) yielded the disaccharide 18I as white foam
(1 g, 64%) with galactospyranoside-β(1,3)-glucopyranoside as side product. Rf =
0.15 (Hex/EtOAc 1:1). 1H NMR (300 MHz, CDCl3) δ = 1.85, 2.14, 2.16 and 2.19 (4 x
s, 4 x 3 H, C(O)CH3), 1.91–1.95 (m, 2 H, OCH2CH2CH2Br), 3.20–3.34 (m, 2 H,
CH2Br), 3.53–3.67 (m, 3 H), 3.76-3.80 (m, 1 H), 3.89-4.02 (m, 4 H), 4.10–4.16 (m,
3 H), 4.35–4.45 (m, 2 H), 4.58 (d, 1 H, J1,2 = 8.1 Hz, H-1), 5.20 (dd, 1 H, J1,2 = 8.1
Hz, J2’,3’ = 10.2 Hz, H-2’), 5.27 (d, 1 H, J1’,2’ = 8.7 Hz, H-1’), 5.39 (d, 1 H, J4’,5’ = 2.7
Hz, H-4’) and 7.73–7.87 (m, 4 H, CHarom).

13

C NMR (75.5 MHz, CDCl3) δ = 20.0,

20.3, 20.5 and 20.7 (C(O)CH3), 29.8 (OCH2CH2CH2N3), 32.1 (CH2Br), 55.5 (C-2),
61.4 (C-3’), 61.7 and 62.6 (C-6, C-6’), 67.1 (CH2OGlc), 67.4, 69.4, 69.6, 71.7, 72.2
and 83.2 (C-2’, C-3, C-4, C-4’, C-5, C-5’), 98.2 (C-1), 101.8 (C-1’), 123.2, 131.5 and
134.0 (Carom), 167.9, 169.3, 169.7, 170.2 and 170.5 (C(O)N, C(O)CH3).
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3-[4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl]-2,4,6-tri-O-acetyl-3-deoxyβ-D-galactospyranosyl)-β(1,4)-6-O-acetyl-2-deoxy-2-N-phthalimido-3bromopropyl-β-D-glucopyranoside 18II Disaccharide 18I (75 mg, 90 µmol), 1ethynyl-4-phenoxybenzene (36 mg, 180 mmol), CuSO4.5H2O (12 mg, 45 µmol) and
sodium ascorbate (9 mg, 45 µmol) were dissolved in DMF/H2O (19:1) and reacted at
80˚C under microwave irradiation for 40 min. The solvents were evaporated and the
residue was redissolved in CH 2 Cl 2 (50 mL) and washed with H 2O (25 mL) and
aqueous NaCl (25 mL, saturated). The organic layer was dried over Na2SO4, filtered
and concentrated. Compound 18II was obtained after silica chromatography
(Hex/EtOAc 1:1) as a solid (62 mg, 70%). Rf = 0.63 (Hex/EtOAc 1:3). 1H NMR (300
MHz, CDCl3): δ = 1.24–1.29 (m, 2 H, OCH2CH2CH2Br), 1.83, 1.91, 2.02 and 2.12 (4 x
s, 4 x 3 H, C(O)CH3), 3.19–3.30 (m, 2 H, CH2Br), 3.58–3.68 (m, 2 H), 3.76 (dd, 1 H,
J= 3.3 Hz, J = 2.0 Hz), 3.88–3.95 (m, 2 H), 4.04–4.14 (m, 3 H), 4.16–4.19 (m, 1
H), 4.24-4.28 (m, 1 H), 4.37 (dd, 1 H, J = 10.2 Hz, J = 3.3 Hz), 4.45 (dt, 1 H), 4.80
(d, 1 H, J = 7.8 Hz), 5.25–5.28 (m, 2 H), 5.48 (d, 1 H, J4’,5’ = 2.7 Hz, H-4’), 5.73 (dd,
1 H, J = 7.8 Hz, J = 11.4), 7.00–7.05 (m, 4 H, CHarom), 7.09–7.14 (m, 1 H, CHarom),
7.30–7.36 (m, 2 H, CHarom), 7.70–7.76 (m, 5 H, CHarom) and 7.82–7.86 (m, 2 H,
CHarom).

13

C NMR (75.5 MHz, CDCl3) δ = 20.4, 20.6, and 21.1 (C(O)CH3), 30.2

(OCH2CH2CH2N3), 32.5 (CH2Br), 55.9 (C-2), 62.0 (C-3), 62.1 and 62.9 (C-6, C-6’),
67.6 (CH2OGlc), 68.0, 68.8, 70.1, 72.2, 72.9 and 83.6 (C-2’, C-3, C-4, C-4’, C-5, C5’), 98.7 (C-1), 102.5 (C-1’), 119.3, 123.6, 123.9, 125.2, 127.5, 130.1, 131.9,
134.4, 147.8, 156.0 and 157.9 (Carom ), 167.9, 169.0, 169.8, 170.6 and 170.9
(C(O)N, C(O)CH3).
3-[4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl]-2,4,6-tri-O-acetyl-3-deoxyβ-D-galactospyranosyl)-β(1,4)-6-O-acetyl-2-deoxy-2-N-phthalimido-3azidopropyl-β-D-glucopyranoside 18III Compound 18II (50 mg, 51 µmol) and
NaN3 (16 mg, 73 µmol) were dissolved in dry DMF (1.4 mL) and stirred at 100˚C for
18 h. The organic solvent was evaporated and the residue was redissolved in EtOAc
(50 mL) and washed with H2O (50 mL) and saturated aqueous NaCl (50 mL). The
organic layer was dried over Na2SO4, filtered and evaporated. The crude product was
subjected to silica chromatography (Hex/EtOAc 1:1) to give 18III as a clear oil
(83%, 40 mg). Rf = 0.51 (Hex/EtOAc 1:3). 1H NMR (300 MHz, CDCl3) δ = 1.67–1.80
(m, 2 H, OCH2CH2CH2Br), 1.80, 1.93, 2.12 and 2.17 (4 x s, 4 x 3 H, C(O)CH3), 3.16–
3.18 (m, 2 H, CH2Br), 3.55–3.60 (m, 2 H), 3.86-3.91 (m, 2 H), 3.97 (t, 1 H, J = 9.5
Hz), 4.07-4.09 (m, 3 H), 4.25 (t, 1 H, J = 9.8 Hz), 4.37-4.42 (m, 3 H), 4.64-4.68
(m, 2 H), 4.86 (d, 1 H, J1,2 = 10.5 Hz, H-1), 5.37 (d, 1 H, J1’,2’ = 8.5 Hz, H-1’), 5.83
(t, 1 H, J = 9.0 Hz), 7.00–7.02 (m, 4 H, CHarom), 7.12 (t, 1 H, CHarom), 7.35 (t, 2 H,
CHarom), 7.69–7.81 (m, 5 H, CHarom) and 7.84– 7.87 (m, 2 H, CHarom).

13

C NMR (75.5

MHz, CDCl3) δ = 20.6, 20.7, and 21.0 (C(O)CH3), 29.7 (OCH2CH2CH2N3), 47.9, 54.7,
50

Chapter 2

61.2, 62.6, 63.7, 66.5, 67.9, 68.2, 71.6, 72.3, 73.2 and 76.8 (CH2N3, C-2, C-2’, C-3,
C-3’, C-4, C-4’, C-5, C-5’, C-6, C-6’, CH2OGlc), 98.0 (C-1), 103.7 (C-1’), 119.0, 123.6,
127.1, 129.8 and 134.4 (Carom, C(O)N, C(O)CH3).
3-[4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl]-3-deoxy-β-Dgalactospyranosyl)-β(1,4)-2-deoxy-2-N-phthalimido-3-azidopropyl-β-Dglucopyranoside 18 NaOMe (12.5 µL, 30% w/v in MeOH) was added to a solution
of 18III (43 mg, 39 µmol) in MeOH (17 mL) and the reaction was stirred for 1.5 h at
rt. The solution was neutralized with DOWEX-H+ resin, filtered and evaporated.
Compound 18 was obtained as white solid after preparative HPLC (84%, 29 mg). 1H
NMR (300 MHz, CD3OD): δ = 1.65–1.73 (m, 2H, OCH2CH2CH2N3), 3.13–3.19 (m, 2 H,
CH2N3), 3.52–3.57 (m, 1 H), 3.60-3.64 (m, 1 H), 3.69 (dd, 1 H, J = 4.5 Hz, J = 11.5
Hz), 3.77-3.85 (m, 3 H), 3.88-3.91 (m, 1 H), 3.92-3.95 (m, 1 H), 3.97-4.01 (m, 2
H), 4.07-4.11 (m, 2 H), 4.26 (dd, 1 H, J = 7.5 Hz, J = 10.5 Hz), 4.47 (dd, 1 H, J =
7.5 Hz, J = 7.8 Hz), 4.71 (d, 1 H, J1,2 = 7.5 Hz, H-1), 5.21 (d, 1 H, J1’,2’ = 8.5 Hz, H1’), 7.04 (t, 4 H, J = 7.5 Hz, CHarom), 7.15 (t, 1 H, J = 7.5 Hz, CHarom), 7.38 (t, 2 H, J
= 8.0 Hz, CHarom), 7.82–7.85 (m, 4 H, CHarom), 7.89-7.92 (m, 2 H, CHarom) and 8.35
(s, 1 H, CHtriazole);

13

C HSQC NMR (125 MHz, CD3OD): δ = 28.6 (OCH2CH2CH2N3),

47.9, 56.8, 60.6, 61.3, 66.3, 68.2, 68.6, 70.0, 75.9, 76.9 and 80.1 (CH2N3, C-2, C2’, C-3, C-3’, C-4, C-4’, C-5, C-5’, C-6, C-6’, CH2OGlc), 98.8 (C-1), 104.5 (C-1’),
119.2, 120.7, 123.5, 127.5, 130.2 and 134.9 (Carom, C(O)N, C(O)CH3). HRMS (m/z):
calcd for C37H39N7O12 [M+H]+ 774.2735; found 774.2654.
3-[4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl]-3-deoxy-β-Dgalactospyranosyl)-β(1,4)-2-deoxy-2-N-benzamido-3-azidopropyl-β-Dglucopyranoside 19 A solution of 18 (10 mg, 13 µmol) in n-butanol (2.5 mL) and
ethylene diamine (0.5 mL) was heated to 80°C for 20 h. Subsequently, the solvent
was evaporated and the compound was purified by column chromatography
(CH2Cl2/MeOH 4:1) and the free nitrogen was immediately protected with benzoic
anhydride (12.8 mg, 54 µmol) in acetonitrile (2 mL) and DiPEA (17 µL) for 1 h. After
preparative HPLC 19 was obtained as a white solid (73%, 7.3 mg). 1H NMR (300
MHz, CD3OD): δ = 1.74–1.81 (m, 2 H, OCH2CH2CH2N3), 3.49–3.51 (m, 1 H), 3.563.61 (m, 1 H), 3.71 (dd, 1 H, J = 4.5 Hz, J = 11.5 Hz), 3.78-3.82 (m, 2 H), 3.874.05 (m, 7 H), 4.07 (d, 1 H, J4,5 = 2.5 Hz, H-4), 4.26 (dd, 1 H, J = 7.5 Hz, J = 11.0
Hz), 4.60 (d, 1 H, J1,2 = 8.5 Hz, H-1), 4.71 (d, 1 H, J1’2’ = 7.5 Hz, H-1’), 4.86-4.91
(m, 2 H), 7.03 (dd, 4 H, J = 5.0 Hz, J = 8.5 Hz, CHarom), 7.14 (t, 1 H, J = 7.5 Hz,
CHarom), 7.38 (t, 2 H, J = 7.8 Hz, CHarom), 7.46 (t, 2 H, J = 7.5 Hz, CHarom), 7.53 (dd,
1 H, J = 7.0 Hz, J = 7.5 Hz, CHarom) 7.83 (dd, 4 H, J = 8.0 Hz, J = 18.5 Hz, CHarom)
and 8.36 (s, 1 H, CH t r iaz o le );

13

C HSQC NMR (125 MHz, CD 3 OD): δ = 30.0

(OCH2CH2CH2N3), 49.2, 57.3, 61.8, 62.3, 67.3, 67.6, 69.2, 69.5, 74.0, 76.6, 77.9
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and 81.0 (CH2N3, C-2, C-2’, C-3, C-3’, C-4, C-4’, C-5, C-5’, C-6, C-6’, CH2OGlc), 102.8
(C-1), 105.4 (C-1’), 119.9, 121.5, 124.7, 128.3, 129.5, 130.9 and 132.6 (Carom,
C(O)N, C(O)CH 3). HRMS (m/z): calcd for C36H 41N 7 O11 [M+H]+ 748.2942; found
748.2892.
Production and purification of recombinant human galectin-1 and -3 from E.
coli The purification of galectin-1 and -3 was performed as described previously.37,38
In brief, sterile LB medium (250 mL with 100 mg/L ampinicilin) was inoculated with
E. coli BL21 pT7IML encoding galectin-1 (kindly provided by L. Baum) or pET3c
encoding galectin-3 (kindly provided by H. Leffler) and cultured overnight (37°C, 250
rpm). Then the cultures were diluted to OD600 =0.1 in 2000 mL LB and grown until
OD600=0.8. The production of the galectin of interest was subsequently induced with
IPTG treatment (0.4 mM) for 3 h. The bacteria were concentrated by centrifugation
for 15 min (5000xg, 4°C) and resuspension in MEPBS buffer (40 mL, 1x PBS, Ph 7.2,
2 mM EDTA, 4 mM 2-mercaptathanol). The bacteria were disrupted by sonification
and the cell debris was pelleted by centrifugation (1 h, 10,000xg, 4°C). The
supernatant was loaded onto a lactosyl-Sepharose column (bed volume: 30 mL,
equilibrated in MEPBS, 2 h) and washed with MEPBS for 1 h until baseline was
reached. Galectin was eluted with 150 mM lactose in MEPBS in 6 fractions of 12 mL.
The eluate was dialyzed against HEPES buffer (50 mM HEPES, 150 mM NaCl, pH 7.2,
2 x 2 h and overnight). The purity of the proteins were checked on an SDS-PAGE gel
(8-16%, ThermoFisher Scientific, Rockford, Il, USA) with Coomassie Brilliant Blue
staining.
Preparation of lactosyl-sepharose In order to purify the produced recombinant
human galectin-1 and -3 a lactosyl-sepharose column was prepared as described in
[39]. To this end, sepharose 4B (100 mL, Pharmacia) was washed with aqueous
Na2CO3 (300 mL, 0.5 mM) until pH 11. The gel was carefully drained and
resuspended in aqueous Na2CO3 (100 mL, 0.5 mM). Subsequently divinylsulfone (5 x
2 mL every 15 min) was added under gentle stirring. The activated sepharose was
washed with aqueous Na2CO3 (300 mL, 0.5 mM) after 2 h additional stirring. The
material was resuspended in 10% lactose in aqueous Na2CO3 (300 mL, 0.5 mM) and
stirred at rt overnight. The gel was washed with aqueous Na2CO3 (300 mL, 0.5 mM),
H2O (300 mL) and 20% EtOH/H2O (300 mL) and stored in 20% EtOH/H2O (100 mL)
at 4°C.
Collagenase treatment of galectin-3 High concentrations of galectin-3 cause the
protein to oligomerize, which interferes with affinity studies.33,34 Galectin-3 was,
therefore, treated with collaganase from Clostridium histolyticum (Sigma, Zwijdrecht)
to truncate the N-terminal to avoid aggregation. The affinity of the protein is
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assumed not to be affected because the carbohydrate recognition domain lies in the
C-terminal domain. Collagenase treatment was performed as described in [33]. In
brief, galectin-3 (500 µg) in HEPES buffer (5 mL, 150 mM NaCl, 20 mM HEPES and
10 mM CaCl2) was treated with collagenase (17 µg) overnight at 37°C. The cGalectin3 is then purified over a lactosyl-sepharose column as described above. The eluate
was dialyzed against MEPBS buffer (40 mL, 1x PBS, Ph 7.2, 2 mM EDTA, 4 mM 2mercaptathanol). The purity of the protein was checked on an SDS-PAGE gel (816%, ThermoFisher Scientific, Rockford, Il, USA) with Coomassie Brilliant Blue
staining (Figure 3).

Figure 3 SDS-PAGE gel with Coomassie Briliant Blue staining of galectin-3 and the
C-terminal domain of galectin-3 after collagenase treatment.
Isothermal titration calorimetry for affinity measurements ITC experiments of
compounds 5, 6 and 7 were performed on an ITC200 Microcalorimeter (MicroCal) at
298 K. The measuring cell was filled with 400 µL of a solution of 56 µM cGal-3 in 1%
DMSO in MEPBS buffer. The syringe was loaded with 30 µL of a 1 mM solution of
compound 5, 6 or 7 in the same buffer. After each addition of 1 µL of
thiodigalactoside derivative the heat upon binding was measured. The data were
analyzed by Microcal Origin Software and fitted by non-linear regression analysis.
Fluorescence polarization for affinity measurements The affinity of galectin-1
and -3 for the inhibitors was determined with the fluorescent polarization assay as
described in [35]. Briefly, galectin-1 was analyzed at 0.5 µM with a fluorescent 3’-[4(fluorescein-5-amidomethyl)-1H-1,2,3-triazol-1-yl]-3’-deoxy-β-D-galactopyranosyl3-(3,5-dimethoxybenzamido)-3-deoxy-1-thio-β-D-galactopyranoside (tdga) probe40
at 0.1 µM and C-terminal galectin-3 was analyzed at 1 µM with a fluorescein tagged
A-tetrasaccharide41 at 0.1 µM for all compounds. In addition, for more accurate
determination of the highest affinities, 5 and 6 were analyzed with lower
concentration of galectin-3 (0.2 µM) and the tdga probe (0.02 µM). Compounds were
tested as inhibitors using concentrations between ~0.06 and 300 µM, to cover a
factor of at least ~5 below and above the concentration giving 50% inhibition.
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Modeling The docking procedure was the same as reported previously.25 As a model
for galectin-1 we used the high resolution structure solved by Collins et al. ([36],
PDB-code 3t2t) and for galectin-3 we used the structure solved by Sörme et al.
([23]; PDB-code 1kjr). Galectin-3 was fitted on galectin-1 with Yasara42 (version 1
April 2012) before docking. Molecules were built and cleaned in Yasara either based
on the TDG ligand or on LacNAc, the ligands present in the PDB-structures. The
Autodock 4.2 program43 was used from within the Yasara program. After initial
minimization and simulated annealing with the Amber03 forcefield44 of the ligand and
the sidechains of the galectin residues within 7 Å, 250 rigid docking runs were
performed, with ga_pop_size set at 15000. We also performed a flexible docking and
a global docking, but this did not improve the results, when compared to redocking
TDG and LacNAc to their X-ray positions. Even more, the hits of the global dockings
could almost never be clustered based on a RMSD of 5 Å, which is indicative of an
unconverged simulation. The results are given in table 2. The best hits were analyzed
with Poseview (http://poseview.zbh.uni-hamburg.de). This software allows for
detection of cation-π interaction, a common feature in these complexes.
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Synthesis and biological
evaluation of DOTAderivatized inhibitors for
galectins based on
thiodigalactoside
Abstract – Previous studies showed the potential of thiodigalactoside-based
inhibitors of galectin-1 and -3. Based on these findings three DOTA-derivatized
inhibitors for galectins were synthesized and labeled with In-111. The log P values of
the compounds were determined to be -4 and the carbohydrates were therefore
considered well suited for in vivo studies in mouse-tumor models. The biodistribution
of the three

111

In-labeled compounds was measured and showed no higher tumor

uptake in comparison to blood. This is possibly due to low vascularization of the
tumor.

van Hattum, H.; Dijkgraaf, I; Van der Weijden, J.; Hackeng, T.M.; Pieters, R.J.
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Introduction
The galectins are a family of galactoside binding lectins with a strong sequence
homology.1 The fifteen members of this protein family can be categorized into three
groups based on their structure. Firstly, galectin-1, -2, -5, -7, -10, -11, -13, -14 and
-15 belong to the proto type, which contain one carbohydrate recognition domain
(CRD) and are mostly found in a dimerized form. Secondly, the chimera type, of
which galectin-3 is the only member, has one CRD and a collagen type N-terminal
domain that causes oligomerization. Finally, the tandem repeat type has two CRDs
coupled through a peptide linker. Galectin-4, -6, -8, -9 and -12 belong to this
category.2 Galectins have diverse biological activities. They are involved in processes
like cell-cell and cell-matrix adhesion,3 cell signaling,4 angiogenesis5 and the
regulation of apoptosis.6 These features are important in many pathological pathways
like cancer,2 inflammation7 and atherosclerotic lesions.8 Galectins are therefore
interesting targets for the visualization of e.g. tumors or heart failure. Previous
studies to detect galectin-3 in vitro made use of carbohydrate ligands, e.g. a
fluorescently labeled lactosamine (LacNAc) derivative9 and a thiodigalactoside (TDG)
based probe.10 Moreover, galectin-3 was also visualized in vivo by targeting with a
111

In-labeled peptide, named G3-C12, to detect prostate carcinoma through SPECT

imaging.11 The IC50 value of galectin-3 for the peptide is 191 nM. The same 15-mer
peptide was used to visualize breast tumors.12 Other nuclear strategies include the
use of radiolabeled antibodies targeted against galectin-3 to image thyroid cancer.13
Previously, in our group we synthesized a symmetric 3,3´(ditriazol-4-phenyl)-β-Dthiodigalactoside for which galectin-3 had an affinity of 44 nM (Figure 1A).14 This TDG
derivative has several advantages over the G3-C12 peptide that was used for tumor
imaging. Firstly, the Kd value of galectin-3 for the TDG derivative is one of the best
Kd values known so far. Secondly, the carbohydrate binds in the CRD and therefore
also inhibits its function, which is therapeutically very interesting.15 Finally, the
thioether bond of TDG is expected to increase its stability in serum compared to the
natural peptide which is prone to protease activity. These features led us to our aim
to design and synthesize TDG-based galectin-3 inhibitors coupled to DOTA to make it
suitable for radiolabeling and to test their biological activity. Three modified
3,3´(ditriazol-4-phenyl)-β-D-thiodigalactoside

derivatives

were

synthesized

with

different linkages of the DOTA chelator to the disaccharide to mimic the symmetric
TDG derivative as much as possible.
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All inhibitors contain one 3-triazol-4-phenyl-galactoside coupled through a thioether
linkage to another galactoside with a DOTA chelator attached through (i) a peptide
linkage, (ii) a triazole-peptide linkage or (iii) a triazole-aniline-peptide linkage (Figure
1B).

Figure 1 (A) 3,3´(ditriazol-4-phenyl)-β-D-thiodigalactoside14; (B) Mimics of the
symmetric TDG derivative, in which all inhibitors contain one 3-triazol-4-phenylgalactoside coupled through a thioether linkage to another galactoside with a DOTA
chelator attached through (i) a peptide linkage, (ii) a triazole-peptide linkage or (iii) a
triazole-aniline peptide linkage.
Here we describe the synthesis of the three inhibitors and their radiolabeling with
111

In. This radionuclide can serve as a SPECT tracer for imaging purposes.16

Subsequently, the biological evaluation of the radiolabeled compounds is described.
They were tested on Swiss Nude mice with subcutaneously (s.c.) growing BT549
tumors, which is a breast cancer cell line that expresses galectin-3.17
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Chemistry
Synthesis of DOTA-conjugated thiodigalactosides inhibitors
The synthesis of the first inhibitor started from 3-azido-galactoside18 1 to which a
phenylgroup was coupled via Cu(I) catalyzed Azide Alkyne Cycloaddition (CuAAC,
Scheme 1). Subsequently, it was converted into bromide donor 2 with HBr in acetic
acid. Simultaneously, the 3-azido-galactoside 1 was converted into its s-glycosyl
derivate by treatment with thiourea under boron trifluoride etherate catalysis. Then,
in the presence of Et3N, the bromide 2 was reacted to afford the non-symmetric
disaccharide 4. This reaction was difficult to reproduce due to solubility problems.
Scheme 1

Reaction conditions: a) phenylacetylene, sodium ascorbate, CuSO4.5H2O, THPTA,
DMF/H2O, 80°C in the microwave (80%); b) HBr.AcOH, CH2Cl2 (quant.); c) i:
BF3.Et2O, CH3CN, 5 min, 0°C; ii: Thiourea, CH3CN, 80°C, 2 h; iii: 1, Et3N, 4 h (26%);
d) NaOMe, MeOH (78%); e) PPh3, CH3CN/H2O (64%); f) tris(tBu)-DOTA, BOP, DiPEA,
DMF; g) TFA, TIS, CH2Cl2 (6%).
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Enough material was obtained to continue the synthesis of the first inhibitor however.
The protected thiodigalactoside was treated with NaOMe to remove the acetyl
groups, to avoid acyl migration in the subsequent reaction, followed by a Staudinger
reduction of the azide to give 5. Subsequently, the amine was coupled to the free
carboxylic acid group of tris(tBu)-DOTA with BOP/DiPEA and after removal of the
tert-butyl groups and preparative HPLC final compound 6 was obtained.
A new strategy was adopted for the two remaining inhibitors (Scheme 2). The
symmetric

3-azido-thiodigalactoside

710

was

reacted

simultaneously

with

phenylacetylene and the respective linkers by CuAAC in one pot. This resulted in a
mixture of 3 products, namely the desired 3-phenyl-3’-(linker)-thiodigalactoside and
the

symmetric

byproducts

3,3’-diphenyl-thiodigalactoside

and

3,3’-(dilinker)-

thiodigalactoside. These products could easily be separated by silica chromatography.
Although this strategy decreases the theoretical maximum yield to 50%, it proved to
be a fast method to obtain the desired asymmetric product. The theoretically more
favorable method of monoclicking the alkyne species subsequently resulted in
insoluble products that were hard to purify and, therefore, resulted in low yields.
Target compound 10 was obtained through the reaction of 7 with phenylacetylene
and Boc-protected propargylamine to give asymmetric thiodigalactoside 8. The acetyl
groups and the Boc group were subsequently removed with sodium methoxide and
TFA affording 9. This particular order was chosen to avoid acyl migration from the
hydroxyl groups to the nitrogen. Then tris(tBu)-DOTA was coupled with BOP/DiPEA
and the tert-butyl groups were removed with TFA and TIS as a scavenger to give 10
as the final compound. The third inhibitor 12 was also synthesized from 7, which was
reacted with phenylacetylene and 4-ethynylaniline to afford 11. Tris(tBu)-DOTA was
introduced with EDCI.HCl and HOBt and then the compound was deprotected in two
steps with NaOMe and TFA/TIS to obtain final compound 12.
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Scheme 2

Reaction conditions: a) phenylacetylene, Boc-propargylamine, sodium ascorbate,
CuSO4.5H2O, DMF/H2O, 80°C microwave (31%); b) i: NaOMe, MeOH; ii: TFA, DCM
(quant.); c) i: DOTA-tris-tBu ester, BOP, DiPEA, DMF; ii: TFA, TIS, CH2Cl2 (32%); d)
phenylacetylene, 4-ethynylaniline, sodium ascorbate, CuSO4.5H2O, DMF/H2O, 80°C in
the microwave (16%); e) i: DOTA-tris-tBu, EDCl.HCl, HOBt, Et3N, DMAP, DMF; f) i:
NaOMe, MeOH; ii: TFA, TIS, DCM (30%).
Radiolabeling of the thiodigalactoside derivatives
The three inhibitors were labeled with In-111 for biodistribution studies. RP-HPLC
analysis indicated that the radiochemical purity of compounds

111

In-6,

111

In-10 and

111

In-12 always exceeded 95%. The elution profile of the compounds showed peaks

with a retention time of 15.2 min for

111

In-6, 14.8 min for

impurity at Rt = 14.2 min and 15.3 min for

111
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In-12 (Figure 2).
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Figure 2 RP-HPLC elution profiles of
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min

111

In-12

Octanol/Water Partition Coefficient
The lipophilicity of

111

In labeled 6, 10 and 12 was determined by the octanol/water

partition coefficients. The log Poctanol/water for
4.09 ± 0.04 and for

111

In-6 was -4.15 ± 0.07, for

111

In-10 -

111

In-12 it reached -4.16 ± 0.02. All the compounds were

similarly hydrophilic and suitable for intravenous administration in our mouse-tumor
model.
Biodistribution studies
The three

111

In-labeled inhibitors were tested for tumor accumulation in Swiss Nude

mice, which had a s.c. BT549 tumor grown in their right flank. This breast cancer cell
line was verified to express galectin-3 by flow cytometry (data not shown).
The results of the biodistribution studies of

111

In labeled 6, 10 and 12 are depicted in

Figure 3, 4 and 5. The tumor uptake of all three inhibitors is not significantly higher
in comparison to blood. The inhibitors mostly accumulated in the spleen, kidney and
the liver. Additionally, the co-injection of an excess of unlabeled 6, 10 or 12 did not
result in a reduced uptake in any of the organs of tissues. This clearly indicates that
the accumulation is nonspecific and that it is not dependent on galectin expression.
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Uptake (%ID/g)
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Figure 3 Biodistribution of 111In-labeled 6 at 1 h post injection (p.i., 0.74 µg, 0.8
nmol/mouse) in Swiss Nude mice with subcutaneous BT549 tumors in the absence or
presence of excess of nonradiolabeled compounds (110 µg/mouse).

Uptake (%ID/g)

6

Cpd 10 1 h p.i.
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4
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Figure 4 Biodistribution of 111In-labeled 10 at 1 h post injection (p.i., 0.83 µg, 0.9
nmol/mouse) in Swiss Nude mice with subcutaneous BT549 tumors in the absence or
presence of excess of nonradiolabeled compounds (110 µg/mouse).
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Uptake (%ID/g)
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Figure 5 Biodistribution of 111In-labeled 12 at 1 h post injection (p.i., 0.83 µg, 0.8
nmol/mouse) in Swiss Nude mice with subcutaneous BT549 tumors in the absence or
presence of excess of nonradiolabeled compounds (110 µg/mouse).

Discussion
In this chapter we described the synthesis of three DOTA-derivatized inhibitors based
on thiodigalactoside for galectin labeling. The synthesis of the compounds was
successful, but the yields were low due to solubility issues. The inhibitors were build
up from one 3-triazol-4-phenyl-galactoside coupled through a thioether linkage to
another galactoside with a DOTA chelator attached via three different linkages to
mimic

their

symmetric

3,3´(ditriazol-4-phenyl)-β-D-thiodigalactoside

parent

compound. Galectin-1 and -3 were previously shown to have an affinity of 44-49 nM
for this inhibitor. The three DOTA-derivatives could be radiolabeled efficiently with
111

In and the log P values lay around -4, which is suitable for in vivo studies in

mouse-tumor models. Biodistibution studies were performed on Swiss Nude mice
with subcutaneous BT549 tumors. BT549 cells are breast cancer cells that express
galectin-3. The results of the biodistribution, however, showed that the uptake of
radiolabeled compounds in the tumor was not significantly higher as compared to the
uptake measured in the blood. In addition, competition experiments with unlabeled
compounds showed no difference in the amount of radioactivity in any of the organs
of tissues. This indicates that the signal is nonspecific and not depend on the
presence of galectins.
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First indications of Surface Plasmon Resonance affinity studies showed that the
affinity of galectin-3 for the DOTA-labeled inhibitors are in the nanomolar range. The
exact data are not available yet because the measurements need to be optimized. It
is therefore rather unexpected that the compounds do not show a higher tumor
uptake. A possible explanation for the disappointing result is the low degree of
vasculature surrounding the tumors that became visible during dissection. If there
are few blood vessels leading to the tumor, it is not possible to transport the
compounds there. Another possible reason for the low tumor uptake is the stability of
the compounds. No serum stability tests were performed and therefore it is possible
that the compounds degraded within an hour and hence did not reside in the tumor.
Because the affinity studies looked so promising targeting experiments will be carried
out on tumor cells expressing galectin-3 before the compounds are dismissed as
tumor imagers. In addition, cellular models for heart failure with overexpression of
galectin-3 will also be included in the study.

Experimental Section
Materials All chemicals were obtained from commercial sources and used without
further purification unless stated otherwise. Solvents were purchased at Biosolve
(Valkenswaard, The Netherlands). Dowex Marathon C® was purchased from SigmaAldrich Chemie (Zwijndrecht, The Netherlands). The BT549 cells were provided by
Yoel Kloog (Department of Neurobiochemistry, George S. Wise Faculty of Life
Sciences, Tel-Aviv University, Tel-Aviv, Israel).
General methods Thin layer chromatography (TLC) was performed on Merck
precoated Silica 60 plates and compounds were visualized by UV light, 10% H2SO4 in
MeOH, ninhydrin, 2% KMnO4 or molybdenum. Microwave reactions were performed
in a Biotage Initiator in sealed vessels of 2-5 mL. Column chromatography was
carried out on Merck Kieselgel 60 (40-63 mm). 1H NMR (300 MHz) and
MHz) spectra were recorded on a Varian G-300 spectrometer.

1

13

C NMR (75.5

13

H- C correlated

heteronuclear single quantum coherence (HSQC) NMR spectra were recorded on a
Varian INOVA spectrophotometer (125 MHz). All recorded spectra were referenced to
the solvent signal or TMS. Analytical HPLC chromatograms were obtained from a
Shimadzu Class-VP automated HPLC system using a reversed phase column (Alltima
C8, 5 µm, 250x4.6 mm) equipped with an evaporative light scattering detection (PLELS 1000, Polymer Laboratories) and a UV/VIS detector operating at 220 and 254
nm.
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1,2,4,6-tetra-O-acetyl-3-(4-phenyl-1H-1,2,3-triazole)-3-deoxy-α/β-Dgalactopyranoside 2 3-azido-3-deoxy-galactoside 1 (309 mg, 828 µmol), sodium
ascorbate (80 mg, 402 µmol), CuSO4.5H2O (100 mg, 402 µmol), THPTA (4 mg, 8
µmol) and phenylacetylene (176 µL, 1.61 mmol) were dissolved in DMF/H 2 O
(13.5/1.5 mL). The reagents were reacted under microwave irradiation to 80°C for
40 min and the reaction mixture was concentrated, redissolved in CH2Cl2 (100 mL)
and washed with H2O (2x100 mL) and aqueous NaCl (sat., 50 mL). The organic layer
was dried over Na2 SO 4 , evaporated and subjected to column chromatography
(Hex/EtOAc 1:1-1:2) to give 2 as a white solid (315 mg, 80%). Rf = 0.29 (Hex/EtOAc
1:1). 1H NMR (300 MHz, CDCl3) δ = 1.87, 1.89, 2.05, 2.07, 2.16 and 2.22 (8xs, 24H,
C(O)CH3), 4.06-4.19 (m, 3H), 4.22-4.28 (m, 2H), 4.52 (dt, J = 6.6 Hz, 1H), 5.195.24 (m, 2H), 5.42 (dd, J = 3.3 Hz, J = 12 Hz, 1H), 5.60-5.66 (m, 1H), 5.85-5.88
(m, 2H), 5.98 (dd, J = 3.6 Hz, J = 7.8 Hz, 1H), 6.51 (d, 1H, J1,2 = 3.6 Hz, H-1α),
7.34-7.45 (m, 6H, Harom) and 7.77-7.82 (m, 6H, Harom, Htriazole).

13

C NMR (CDCl3) δ =

20.5 and 20.9 (C(O)CH3), 58.2 (C-6), 68.6, 68.9 and 69.4 (C-2, C-4, C-5), 73.1 (C3), 89.3 (C-1), 118.7, 126.0, 128.7, 129.2 and 130.2 (Ctriazole, Carom), 148.2 (Ctriazole),
168.9, 169.5, 169.8 and 170.5 (C(O)CH3),
2,4,6-tri-O-acetyl-3-(4-phenyl-1H-1,2,3-triazole)-3-deoxy-α-Dgalactopyranosyl bromide 3 HBr·AcOH (33% HBr in AcOH, 2.0 mL) was added
dropwise to compound 2 (306 mg, 647 µmol) in dry DCM (10 mL) under N 2
atmosphere. After 21 h the reaction was quenched with ice water and diluted with
CH2Cl2 (100 mL), washed with a aqueous NaHCO3 (sat., 100mL) and H2O (2x100
mL). The organic layer was dried over Na2SO4, filtered and evaporated to give 3 as a
white foam (340 mg, quant.). Rf = 0.63 (Hex/EtOAc 1:1). 1H NMR (300 MHz, CDCl3)
δ = 1.95, 2.06 and 2.07 (3s, 9H, C(O)CH3), 4.10-4.27 (m, 2H, H6a, H6b), 4.64 (t,
1H, J = 6.6 Hz), 5.35 (dd, 1H, J3,2 = 10.7 Hz, J3,4 = 3.3 Hz, H-3), 5.65 (dd, 1H, J4,3 =
3.0 Hz, J4,5 = 1.1 Hz, H-4), 5.80 (dd, 1H, J2,1 = 3.7 Hz, J2,3 = 10.7 Hz, H-2), 6.88 (d,
1H, J1,2 = 3.7 Hz, H-1), 7.32-7.46 (m, 3H, Harom) and 7.78-7.82 (m, 3H, Harom,
Htriazole).
3-azido-3`-phenyl-2,2’,4,4’,6,6’-hexa-O-acetyl β-D-thiodigalactoside 4 A
solution of 1 (213 mg, 517 µmol) in dry MeCN (2 mL) was cooled to 0⁰C after which
BF3.Et2O (80 µl, 637 µmol) was added carefully. After 10 minutes thiourea (175 mg,
2.30 mmol) was added and the reaction was refluxed at 80⁰C for 2 h. The mixture
was cooled to RT and bromide donor 3 (340 mg, 685 µmol) dissolved in dry MeCN
(2.5 mL) and dry Et3N (800 µL, 5.77 mmol) was added. The reaction mixture was
stirred under N2 atmosphere for 24 h. The solvent was evaporated and the residue
was redissolved in CH2Cl2 (100 mL), washed with H2O (50 mL) and aqueous NaCl
(sat., 50 mL). The organic layer was dried over Na2SO4, filtered and concentrated in
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vacuo. Compound 4 was obtained after column chromatography (Hex/EtOAc 1:11:2) as a white solid (113 mg, 26%). Rf = 0.46 (Hex/EtOAc 1:2). 1H NMR (CDCl3) δ
= 1.89, 2.03, 2.05, 2.07, 2.14 and 2.17 (6s, 18H, C(O)CH3), 3.68 (dd, 1H, J3,2 = 9.9
Hz, J3,4 = 3.3 Hz, H-3), 3.90 (t, 1H, J = 6.6 Hz, H-5), 4.07-4.18 (m, 5H, H-5`, H6ab, H-6ab`), 4.85 (d, 1H, J1,2 = 9.9 Hz, H-1), 4.99 (1H, J1`,2` = 9.6 Hz, H-1`),
5.16-5.24 (m, 2H, H-2, H-3`), 5.48 (d, 1H, J4,3 = 3.3 Hz, H-4), 5.62 (d, 1H, J4`,3` =
3.2 Hz, H-4`), 5.73 (t, 1H, J = 10.4 Hz, H-2`), 7.30-7.43 (m, 3H, Harom), 7.75-7.80
(m, 2H, Harom) and 7.82 (s, 1H, Htriazole).

13

C NMR (CDCl3) δ = 20.4, 20.5, 20.6, 20.7

and 20.8 (C(O)CH3), 61.4, 61.6, 62.8, 63.0, 66.3, 67.7, 68.4, 68.7 and 75.5 (C2-C6
and C2`-C6`), 82.1 and 81.5 (C-1 and C-1`), 118.3, 125.7, 128.2 and 128.9 (Carom),
129.9 and 147.9 (Ctriazole), 168.7, 169.4, 169.6, 169.9, 170.3 and 170.4 (C(O)CH3).
3-amino-3`-phenyl-β-D-thiodigalactoside 5 A solution of 4 (71 mg, 93 µmol) in
methanol (10 mL) was treated with NaOMe (100 µl, 30% wt in MeOH) 3 h. The
reaction mixture was neutralized with Dowex-H+ resin and the solution was filtered
and concentrated. Subsequently, the residue was suspended in MeCN/H20 (4/2 mL)
with triphenylphosphine (48 mg, 183 µmol). The reaction mixture was heated to
55°C and stirred for 17 h. The reaction mixture was diluted with H2O (50 mL) and
washed with EtOAc (2x40 mL). The aqueous layer was concentrated in vacuo, to
provide 5 as a colorless oil (23 mg, 64%). Rf = 0.50 (EtOAc/MeOH/H2O 4:1:1). 1H
NMR (D2O) δ = 2.97 (dd, 1H, J3,2 = 10.1 Hz, J3,4 = 3.2 Hz, H-3), 3.50 (t, 1H, J = 9.9
Hz, H-2), 3.59-3.74 (m, 5H, H-5, H-6ab, H-6ab`), 3.86-3.91 (m, 2H, Hz, H-4, H-5`),
4.10 (d, 1H, J4`,3` = 3.0 Hz, H-4`), 4.25 (t, 1H, J = 10.2 Hz, H-2`), 4.78 (d, 1H,
J1`,2` = 9.9 Hz, H-1`), 4.84 (dd, 1H, J3`,2` = 10.7 Hz, J3`,4` = 2.8 Hz, H-3`), 4.96 (d,
1H, J1,2 = 9.6 Hz, H-1), 7.31-7.41 (m, 3H, Harom), 7.66-7.69 (m, 2H, Harom) and 8.33
(s, 1H, Htriazole).
3-methylamino-DOTA-3`-phenyl-β-D-thiodigalactoside 6 Compound 5 (23 mg,
47 µmol), DOTA-tri-tBu-ester (33 mg, 58 µmol), BOP (23 mg, 52 µmol) and DiPEA
(27 µL, 163 µmol) were dissolved in dry DMF (3 ml). After 5 h TLC analysis (Rf=0.29,
EtOAc/MeOH/H2O 4:1:1) showed disappearance of the starting compound. The
solvents were removed in vacuo and the residue was co-evaporated with toluene
(2x) and MeOH (1x). The brown residue was dissolved in CH2Cl2/TFA (2/1 mL)
followed by the addition of triisopropylsilane (60 µL, 293 µmol) and stirred under
inert atmosphere for 20 h. The solvents were evaporated and 6 was isolated after
two preparative HPLC runs (2.4 mg, 6%). 1H NMR (D2O) δ = 8.53 (s, 1H, Htriazole),
7.86 (2H, Harom), 7.56 (2H, Harom), 7.47 (1H, Harom), 5.1, 5.0 (2H), 4.4, 4.3, 4.2, 4.1
(3H), 3.9, 3.85, 3.8 (2H), 3.7, 3.58-2.86 (bs, DOTA), 2.2 (1H). HSQC NMR (D2O) δ =
31.2, 62.1, 62.4, 68.0, 68.2, 68.5, 68.7, 69.0, 69.1, 69.2, 69.3, 80.9, 80.8, 85.3,
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85.4, 122.9, 123.0, 127.2, 130.7, 130.75 and 130.80. HRMS (m/z): calcd
C36H54N8O15S [M+H]+ 871.3508; found 871.3452.
2,4,6-tri-O-acetyl-3-deoxy-3-(4-phenyl-1H-1,2,3-triazole)-β-Dgalactopyranosyl-(1→1)-2,4,6-tri-O-acetyl-3-deoxy-3-(4-(Bocpropargylamine)-1H-1,2,3-triazole)-β-D-galactopyranoside 8 A solution of 7
(208 mg, 315 µmol), phenylacetylene (41.5 µL, 378 µmol), Boc-propargylamine (59
mg, 378 µmol), CuSO4.5H2O (39 mg, 156 µmol) and sodium ascorbate (31 mg, 156
µmol) in DMF/H2O (12.5/1.5 mL) was heated under microwave irradiation to 80˚C for
40 min. The solvents were removed in vacuo and the residue was redissolved in
EtOAc (200 mL) and washed with H2O (100 mL) and aqueous NaCl (sat., 100 mL).
The organic layer was dried over Na2SO4, filtered and removed in vacuo. The crude
product was subjected to column chromatography (EtOAC/hexanes, 1/1 - 2/1) to
afford 8 as a white solid (90 mg, 31%). Rf = 0.11 (EtOAc/hexanes, 2/1). 1H NMR
(CDCl3) δ = 1.43 (s, 9H, OC(CH3)3), 1.92, 2.08 and 2.11 (3s, 18H, OCH3), 4.09-4.47
(m, 8H, H-5, H-5`, H-6ab, H-6ab`, CH2), 5.02 (d, 1H, J1,2 = 9.9 Hz, H-1`), 5.04 (d,
1H, J1,2 = 9.9 Hz, H-1), 5.17 (dd, 1H, J3`,2` = 10.8 Hz, J3`,4` = 3.0 Hz, H-3`), 5.25
(dd, 1H, J3,2 = 11.1 Hz, J3,4 = 3.0 Hz, H-3), 5.57 (d, 1H, J4,3 = 3.0 Hz, H-4), 5.65 (d,
1H, J4,3 = 2.7 Hz, H-4`), 5.67-5.82 (m, 2H, H-2, H-2’), 7.35-7.45 (m, 3H, Harom),
7.61 (s, 1H, NH), 7.79-7.81 (m, 3H, Harom, Htriazole) and 7.86 (s, 1H, Htriazole).
3-deoxy-3-(4-phenyl-1H-1,2,3-triazole)-β-D-galactopyranosyl-(1→1)-3deoxy-3-(4-propargylamine)-1H-1,2,3-triazole)-β-D-galactopyranoside 9
Compound 8 (90 mg, 98 µmol) was dissolved in MeOH (13 mL) and treated with
sodium methoxide (100 µL, 30% wt in MeOH) for 2 h. The reaction mixture was
neutralized with Dowex-H+, filtered and the solvent removed in vacuo. The residue
was co-evaporated with toluene and dissolved in CH2Cl2/TFA (10/8 mL) and stirred
for 4 h. The solvents were removed in vacuo and the residue was co-evaporated with
toluene to give 9 as a yellow oil (70 mg, quant. with salts). R f = 0.70
(EtOAc/MeOH/H2O 4:2:1).
3-deoxy-3-(4-phenyl-1H-1,2,3-triazole)-β-D-galactopyranosyl-(1→1)-3deoxy-3-(4-(methylamino-DOTA)-1H-[1,2,3]-triazol-1-yl)-β-Dgalactopyranoside 10 To a solution of 9 (70 mg (with salts), 98 µmol) in DMF (3
mL) was added DOTA-tri-tBu-ester (81 mg, 140 µmol), BOP (78 mg, 176 µmol) and
DiPEA (120 µL, 59 µmol). The reaction mixture was stirred under an inert
atmosphere for 18 h and then concentrated in vacuo to give a yellow oil that was
redissolved in CH2Cl2/TFA (4/2 mL) with triisopropylsilane (60 µL, 293 µmol) and
stirred for 16 h. Solvents were removed in vacuo and the residue was co-evaporated
with toluene. The crude product was filtered through an SPE C18 column (H2O/MeCN,
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0.1% TFA) and concentrated in vacuo. The residue was isolated by preparative HPLC
and lyophilized to afford 10 as a white powder (30 mg, 32%). 1H NMR (CDCl3) δ =
3.29 (bs, DOTA), 3.74-3.87 (m), 4.05 (t, J = 11.0 Hz) 4.25 (d), 4.40-4.50 (m), 5.14
(t), 7.47 (m, Harom), 7.86 (Harom), 8.17 (s, 1H, Htriazole) and 8.54 (s, 1H, Htriazole).

13

C

HSQC NMR (CDCl3) δ: 31.3, 35.5, 62.2, 68.1, 68.2, 69.3, 69.4, 80.8, 85.4, 122.9,
124.9, 127.2 and 130.8. HRMS (m/z): calcd C39H57N11O15S [M+H]+ 952.3835; found
952.3832.
2,4,6-tri-O-acetyl-3-deoxy-3-(4-phenyl-1H-1,2,3-triazole)-β-Dgalactopyranosyl-(1→1)-2,4,6-tri-O-acetyl-3-deoxy-3-(4-aniline-1H-1,2,3triazole)-β-D-galactopyranoside 11 Compound 7 (220 mg, 333 µmol),
phenylacetylene (40 µL, 364 µmol), 4-ethynylaniline (43 mg, 366 µmol), CuSO4.5H2O
(42 mg, 168 µmol) and sodium ascorbate (33 mg, 167 µmol) in DMF/H20 (13.5/1.5
mL). The reaction mixture was heated under microwave irradiation to 80˚C for 80
min. The solvents were removed in vacuo and the residue was redissolved in EtOAc.
The organic layer was washed with aqueous NaHCO3 (5%, 2x100 mL) and aqueous
NaCl (sat., 100 mL), dried over Na2SO4, filtered and evaporated. The crude product
was subjected to column chromatography (DCM/MeOH 24:1) give 11 as yellow solid
(47 mg, 16%). Rf = 0.07 (DCM/MeOH 19:1). 1H NMR (CDCl3) δ = 1.91 and 2.08
(2xs, 18H, OCH3), 3.84 (bs, 2H, NH2), 4.08-4.21 (m, 4H), 4.29 (dd, 2H, J = 6.2 Hz, J
= 10.7 Hz), 5.03 (2d, 2H, J = 9.8 Hz, H-1), 5.23 (dt, 2H, J = 11.5 Hz, J = 3.8 Hz),
5.64 (t, 2H, J4,3 = 3.0 Hz, H-4), 5.81 (dt, 2H, J = 3.3 Hz, J = 10.8 Hz, H-2), 6.71 (d,
2H, J = 8.7 Hz, Harom), 7.34-7.44 (m, 3H, Harom), 7.59 (d, 2H, J = 8.4 Hz, Harom), 7.74
(s, 1H, H’triazole), 7.81 (d, 2H, J = 6.9 Hz, Harom) and 7.89 (s, 1H, Htriazole).

13

C NMR

(CDCl3) δ = 20.4, 20.6 and 20.7 (C(O)CH3), 61.6, 63.0, 66.6, 68.9, 69.0 and 75.9
(C2-C6), 82.5 (C-1), 115.2, 117.1, 118.5, 120.4, 125.7 and 127.0 (Carom), 128.5
(Ctriazole), 128.9 (Carom), 130.0 (Ctriazole), 146.9 (Carom-NH2), 148.0, 148.4 (Ctriazole),
168.8, 169.5, 170.53 and 170.54 (C(O)CH3).
2,4,6-tri-O-acetyl-3-deoxy-3-(4-phenyl-1H-1,2,3-triazole)-β-Dgalactopyranosyl-(1→1)-2,4,6-tri-O-acetyl-3-deoxy-3-(4-(aniline-DOTA-tritBu-ester)-1H-1,2,3-triazole)-β-D-galactopyranoside 12 Compound 11 (47
mg, 53 µmol), DOTA-tri-tBu-ester (37 mg, 65 µmol) and HOBt (9 mg, 67 µmol) were
dissolved in DMF (3 mL) and cooled to 0˚C after which EDCI·HCl (12 mg, 63 µmol)
was added. Then the reaction mixture was warmed to RT and Et3N (25 µL, 180 µmol)
and DMAP (5 mg, 40 µmol) were added. After 16 h the mixture was poured in water
(50 mL) and extracted with EtOAc (50 mL). The organic layer was washed with H2O
(2x50 mL), aqueous NaOH (5%, 50 mL) and aqueous NaCl (sat., 50 mL), dried over
Na2SO4, filtered and removed in vacuo to give a yellow residue. Subsequently, the
residue was redissolved in methanol (4 mL) and treated with a solution of sodium
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methoxide (100 µL, 30% wt in MeOH) for 3 h. The clear reaction mixture was
neutralized with DOWEX H+, filtered and the solvent was removed in vacuo. The
residue was dissolved in CH2Cl2/TFA (2/1 mL) with triisopropylsilane (40 µL, 195
µmol) and stirred for 16 h. The solvents were evaporated and the residue subjected
to preparative HPLC and lyophilized to afford 12 as a white powder (16 mg, 30%). 1H
NMR (D2O) δ = 1.24, 2.07, 2.22 (1H), 3.21 (bs, DOTA), 3.94-3.57 (m), 4.03 (1H),
4.25 (1H), 4.46 (1H), 4.83 (1H), 5.00 (1H), 5.14 (1H), 7.50 (m, 6H, Harom, NH), 7.79
(m, 4H, Harom) and 8.50 (s, 2H, Htriazole).

13

C HSQC NMR (D2O) δ = 31.3, 31.8, 50.0,

62.3, 68.2, 69.4, 81.3, 85.4, 122.8, 123.4, 127.5, 128.1 and 130.8. HRMS (m/z):
calcd C44H59N11O15S [M+H]+ 1014.3991; found 1041.3973.
Radiolabeling of the thiodigalactoside derivatives All radioactive experiments
were performed by Dr. I. Dijkgraaf at the Maastricht University. Compounds 6, 10
and 12 were dissolved in milliQ H2O to a concentration of 2 mg/mL. The solutions
(10 µl, 20 µg, 6: 23 nmol, 10: 21 nmol, 12: 20 nmol) were further diluted in MES
buffer (250 µl, pH 5.5) and combined with 10 µL

111

InCl3 (10.6 MBq, Mallinckrodt

Medical B.V., Petten, The Netherlands). The labeling was performed for 15 min at
95°C in an oil bath. The radiochemical purity was determined by RP-HPLC (LC-20AT,
Shimadzu, Netherlands) using a C18 column (RP-C18 Inertsil ODS-3, 4.6 mm x 250
mm, 5 µm, Phenomenex, Netherlands) eluted with a linear gradient of CH3CN (0100% in 30 min) in H2O at a flow rate of 1 mL/min. The radioactivity was monitored
using an in-line radiodetector (Gabi, Raytest, Germany).
Octanol/Water Partition Coefficient To an Eppendorf tube filled with 0.5 mL of
the radiolabeled peptide in phosphate-buffered saline (pH 7.4), 0.5 mL of octanol
was added. After the tube was vigorously stirred by a vortex mixer for 2 min at room
temperature, the 2 layers were separated by centrifugation (100g, 5 min). Samples
of 100 µL were taken from each layer, radioactivity was measured in a well-type γcounter (Wallac Wizard 3’’; Perkin-Elmer), and log P values were calculated (n=3).
Biodistribution studies The BT549 cells19 overexpressing galectins-3 that were
used for the in vivo studies were a kind gift from Yoel Kloog Department of
Neurobiochemistry, George S. Wise Faculty of Life Sciences, Tel-Aviv University, TelAviv, Israel. A suspension of BT549 cells (0.2 mL of 1 x 106 cells/mL) was injected
subcutaneously (s.c.) into the right flank of 6-8 weeks old female Swiss Nude mice
(Charles River, MA, USA). The mice were randomly divided into three groups (5
mice/group) two weeks after the inoculation of the tumor cells. The mice were
injected with 0.4 MBq of the
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In-labeled thiodigalactosides 6 (0.74 µg, 0.8 nmol,

100 µL), 10 (0.83 µg, 0.9 nmol, 100 µL) and 12 (0.83 µg, 0.8 nmol, 100 µL) via a
tail vein. The mice were sacrificed by cervical dislocation 1 h post injection. Blood,
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tumor, and the major organs and tissues were collected, weighed, and counted in a
γ-counter. The percentage injected dose per gram (%ID/g) was determined for each
sample. To investigate whether the uptake of each of the three thiodigalactoside
derivatives is specific, a separated group of mice (4-5 mice/group) was coinjected
with an excess (110 µg/mouse) of non-radiolabeled thiodigalactoside derivatives to
saturate all galectins. All animal experiments were performed by Dr. I. Dijkgraaf at
the Maastricht University and they were approved by the local Animal Welfare
Committee in accordance with Dutch legislation and performed in accordance with
their guidelines.
Statistical Analysis All mean values are given with standard deviations. Statistical
analysis was performed using a Sachs corrected unpaired Student t test using
GraphPad InStat software (version 3.06; GraphPad Software). The level of
significance was set at P<0.05.
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Development of a microarray
detection method for galectin
cancer proteins based on
ligand-binding
Abstract - Here we describe the development of a novel detection method for the
visualization of ligand-binding proteins. Current proteomic tools, such as the
Enzyme-linked Immunosorbent Assay (ELISA), are based on protein abundance
rather than protein activity and can result in conflicting data. To address this issue,
we developed an assay wherein ligand-binding is detected using a microarray
approach with immobilized antibodies on a porous aluminium oxide matrix. The
galectin family of proteins was used as a model system to evaluate the performance
of this approach. The optimal galectin ligand allowed detection of nanogram amounts
of galectin using only 1 µg of antibody.

This chapter is based on: Van Hattum, H.; Martin, N.I.; Ruijtenbeek, R.; Pieters, R.J.
Anal. Biochem. 2013, 434, 99-104.
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Introduction
The detection of specific biomolecules (DNA or proteins) in tissue samples provides
valuable biological information for mechanistic elucidation and prognostic and
diagnostic purposes. Current analytical tools, for example, real time Polymerase
Chain Reaction (rt-PCR) and Enzyme-linked Immunosorbent Assay (ELISA), have
provided useful biological information.1-3 However, these techniques suffer from some
important disadvantages. First of all, rt-PCR measures the mRNA level in a sample
instead of the protein level, but these levels are not directly correlated.4,5 Secondly,
ELISA measures the protein abundance rather than the amount of functionally active
protein by making use of two different antibodies against the protein of interest.
These antibodies respectively capture and visualize the specific protein, thus
detecting the protein of interest irrespective of its functional status. Due to these
disadvantages proteomic techniques can also provide conflicting data. Additionally,
the current protein detection methods do not allow detection of different members of
one protein family in a single experiment, again making it difficult to compare
results.
Here we describe a protein detection assay that visualizes proteins by making use of
their inherent ligand-binding capacity (Figure 1). It is performed on a porous
aluminium oxide material suitable for use in the construction of microarrays.6,7 This
method of activity-based profiling8 ensures that the detected proteins are functionally
active; in other words, bind their specific ligand, which is clearly an important
consideration when quantifying proteins. The assay is set up in the following manner.
The protein of interest is captured from a tissue sample using specific antibodies
directed against this protein. After a washing step for the removal of the unbound
proteins, the presence of the target protein is visualized by a fluorescently labeled
ligand designed to bind the protein of interest. With a well-designed ligand, it is
possible to visualize not only the presence of one target protein but all the members
of a protein family. Such an assay would not only increase the efficiency of detection
of several proteins in one single experiment but also reduce sample volumes, sample
consumption, time and costs.
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Figure 1 Schematic representation of the protein detection technology based on
fluorescent ligand binding. Specific antibodies immobilized on the microarray chip
capture target proteins from a cell lysate. All unbound proteins are removed by
washing, the presence of the protein of interest is visualized with a CCD camera. Of
importance to note is that only functionally-active proteins, capable of binding the
fluorescent ligand, are detected in this approach.
Here we describe a proof-of-concept investigation describing the development of a
microarray-based detection assay for the galectin protein family. The galectin protein
family consists of fifteen galactoside-binding proteins that are present in animals
where they function as cell-cell and cell-matrix interaction mediators.9,10 Galectins
are, however, also highly overexpressed in various processes related to cancer
progression,11 including apoptosis,12-15 angiogenesis16 and metastasis.17 Galectins are
therefore excellent targets for tumor diagnostics and medical prognostic purposes18
and hence a galectin detection assay could serve very well in a clinical setting.

Results
Immobilization of antibodies on the microarray
To capture galectins from a complex protein mixture, specific antibodies directed
against galectin-1 and -9 were immobilized on the porous aluminium oxide
microarrays chips. These chips have several advantages over two-dimensional chips.
First of all, they allow the analyte solution to be pumped up and down to avoid
diffusion limitations. Additionally, the internal surface to which the antibodies can be
immobilized is 500-fold larger than that of a two-dimensional chip surface.7,19 This
higher loading capacity increases the sensitivity of the technique. The antibodies
could not be coupled to the chip surface directly in a functionally active form.
Instead, the antibodies were efficiently immobilized by the Fc-binding protein A/G,
which was functionalized with a sulfhydryl group to couple covalently to the
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maleimide-coated microarray surface. Antibody immobilization was verified by
visualizing the specific binding of FITC-labeled galectin-1 to the anti-galectin-1
antibody-modified chip (data not shown).
Fluorescent ligand design
For the detection of endogenous galectins several general galectin ligands were
designed based on lactose and lactosamine. The simplest ligand synthesized from
lactose coupled to FITC did not shown sufficient binding, likely due to a low affinity of
galectins for monomeric galactosides (Figure 2A). To increase the binding affinity a
general ligand based on lactose was designed employing Bovine Serum Albumin
(BSA) as a multivalent scaffold. In order to incorporate multiple lactose moieties onto
the BSA scaffold a general lactose building block was synthesized. To this end, a fully
acetylated lactosyl-bromide donor (1, Figure 2B) was glycosidated with 3-bromopropanol to yield 2. Displacement of the bromide by azide with sodium azide at
100˚C provided 3, after which reduction yielded amino compound 4 (reaction
performed in the presence of di-tert-butyl dicarbonate to immediately Boc-protect
the amine and avoid acyl migration). The amino group was deprotected with TFA
treatment to yield TFA salt 5 which was then reacted with diglycolic anhydride to
form the desired carboxylic acid 6. After deprotection with sodium methoxide the
final product 7 was obtained. Lactoside building block 7 was then coupled to BSA
using TSTU as a coupling reagent resulting in the incorporation of 26 lactose moieties
per BSA as calculated from the weight of derivatized BSA minus the weight of free
BSA divided by the molecular weight of the lactose addition. The molecular weights
were measured by MALDI-ToF MS. Subsequently, the lactose-BSA construct was
biotinylated allowing visualization with a fluorescently labeled anti-biotin-antibody
(Figure 2C). This additional step increases the fluorescent signal necessary to obtain
the best signal-to-noise ratio, which resulted in a clearer picture compared to the use
of fluorescently labeled BSA. Fluorescently labeled avidin was also used to bind biotin
on the ligand but this resulted in poorer signal-to-noise ratios possibly due to steric
hindrance. In addition to the lactose-BSA-biotin ligand synthesized, asialofetuin
(ASF) was also biotinylated to serve as a general galectin ligand. ASF possesses eight
terminal LacNAc residues that are available for binding to LacNAc-specific lectins, like
galectins.20 This construct was also visualized with the fluorescently labeled antibiotin-antibody (Figure 2C).
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Figure 2 (A) Schematic representation and structure of the lactose-fluorescein
ligand. (B) Reaction conditions for the synthesis of lactose-carboxylate: a) 3-bromo1-propanol, IBr, CH3CN (41%); b) NaN3, DMF, 100ºC (93%); c) Boc2O, H2, Pd/C,
EtOAc (80%); d) TFA/H2O, CH2Cl2 (quant.); e) diglycolic anhydride, DiPEA, DMF
(55%); f) NaOMe, MeOH (quant.). (C) Schematic representation of multivalent
general fluorescent ligands 8 and 9 for galectins.
Galectin-1 and -9 detection in spiked E. coli cell lysate
The optimized detection strategy is depicted in Figure 3A. Galectin-1 and -9
antibodies were immobilized on the chip through protein A/G. Spiked cell lysates
were then incubated with the general fluorescent ligand based on either lactose or
lactosamine. The lysates were then applied to the chip after which Cy-3 labeled antibiotin-antibody was added for detection. As a proof of concept decreasing amounts of
galectin-1 and -9 were spiked into an E. coli cell lysate, known not to contain
endogenous galectins, for visualization with the novel detection method. In this
analysis, it was possible to clearly visualize functionally active galectin-1 in quantities
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ranging from 1.2 µg to as little as 9 ng in the context of an E. coli cell lysate
containing 8 µg total protein (Figure 3B). The estimated limit of detection determined
from figure 3C is 4 ng per sample, which corresponds to 160 ng/mL (protein per
buffer). Additionally, galectin-9 could also be visualized in a dose-dependent manner
with a detection limit of 7 ng in E. coli cell lysates (Figure 3D), albeit less pronounced
than the visualization of galectin-1. Both the lactose and lactosamine general ligands
performed equally well.

Figure 3 (A) Developed galectin detection strategy: anti-galectin antibodies were
immobilized on the microarray through protein A/G. Subsequently, galectin was
captured from cell lysate and bound by the general ligand, which was then visualized
by a fluorescently labeled anti-biotin-antibody. (B) Microarray images of the
fluorescent detection of galectin-1 in E. coli cell lysates containing 8 µg total protein
with the biotin-Asialofetuin general ligand (C) Graphic representation of the
fluorescent signal from galectin-1 in spiked E. coli cell lysates (n = 3). (D) Graphic
representation of fluorescent signal from galectin-9 in spiked E. coli cell lysates using
the biotin-Asialofetuin general ligand (n = 3).
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To prove that both antibody recognition and ligand binding are needed for detection,
a control ligand of BSA functionalized with only biotin without carbohydrates was
used to detect 1.2 µg of galectin-1. This ligand showed no fluorescence, proving that
lactosides are indeed crucial to visualize galectin-1, that is, that the method is truly
based on a dual recognition(data not shown).
Detection of endogenous galectin in cell lysates
The microarray detection method proved successful for the detection of galectin in
spiked cell lysates. The next step was then to visualize the presence of endogenous
galectin in cancer tissues. To this end, cultured HeLa and B16F10 cells were lysed
and analyzed for the presence of functionally active galectin. Additionally, tumor
tissue from a non-small cell lung carcinoma (NSCLC) from a patient was lysed and
analyzed in the same way (Figure 4A). Both HeLa and NSCLC were positive for
galectin-1 with measured fluorescence intensities of 24 ± 4.7 AU and 16 ± 3.9 AU
respectively (relative to the background fluorescence observed in E. coli lysates). The
fluorescent signal for B16F10, however, did not exceed background signal. These
results were validated using Western blot analysis employing quantities of lysate and
antibody equal to that used in the porous aluminium oxide microarray detection
approach. The Western blot analysis clearly indicated the presence of galectin-1 in
both the HeLa and NSCLC cell sample with none detected in the B16F10 or E. coli
samples (Figure 4B). In this regard, Western blot analysis serves as a valuable
verification tool, however, like ELISA, it too suffers from the disadvantage that it is
unable to distinguish the functional activity or ligand-binding capacity of the detected
protein.

Figure 4 A) Detection of galectin-1 using the porous aluminium oxide microarray
technology. HeLa (24 ± 4.7 AU fluorescence) and NSCLC (16 ± 3.9 AU fluorescence)
cell lysates displayed fluorescent signal indicating the presence of galectin-1 (n = 3).
B16F10 and E. coli (negative control) cell lysates showed no fluorescence (n = 3). B)
Western Blot analysis supports the microarray results, showing galectin-1 in HeLa
and NSCLC lysates, while B16F10 and E. coli were negative for the protein. Equal
amounts of lysates (25 µL of 1 mg/mL) and antibodies (1 µg) were used in both
experiments.
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Discussion
In this chapter we described a novel and sensitive detection method for proteins
based on their ligand binding capacity. The detection method was successfully used
to visualize galectin cancer proteins that bind galactosides as a proof of concept. Two
multivalent ligands were designed based on lactose and lactosamine. With these
ligands it was possible to detect galectin quantities with a detection limit of 4 ng in E.
coli spiked cell lysates using as little as 1 µg of expensive anti-galectin antibodies per
measurement. The detection technology has an important advantage over ELISA
detection in that it specifically quantifies ligand binding, that is, functionally active,
proteins. It should be noted, however, that galectins in a cell extract could still be
bound to monovalent galactosise. This binding is a dynamic process and can be
outcompeted by the multivalent general ligand that we present in the assay for which
galectins have an higher affinity. It is, therefore, likely that most galectins are
visualized in this manner, but it is possible that some galectin is still occupied by
galactosides in the lysate and is not detected. Furthermore, commercially available
galectin ELISA assays are still one order of magnitude more sensitive because the
visualization is established with an enzymatic reaction with horseradish peroxidase to
enhance the positive signal. Such an enzymatic procedure is not suitable for this
method because it colors the whole microarray, which would make it impossible to
visualize multiple galectins in one biochip. Importantly, the array-based detection
assay that we describe makes use of a single ligand, which is used to both bind and
visualize all members of one protein family. This represents an added benefit when
compared with ELISA approaches which typically require multiple antibodies directed
against different proteins. Furthermore, the array-based method as described is
straightforward to perform and is very efficient in respect to both material and time.
The protein detection technology described here should also be extendable to allow
for the simultaneous quantification of multiple protein activities in a single
experiment. To conclude, the good sensitivity of this method,27 in combination with
the ease of analysis, suggests that such technology may be of great value when
measuring functional protein levels in complex mixtures and for biomarker screening
in clinical settings.
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Experimental section
Materials All chemicals were obtained from commercial sources and used without
further purification unless stated otherwise. Solvents were purchased at Biosolve
(Valkenswaard, The Netherlands). Dowex Marathon C® was purchased from SigmaAldrich Chemie (Zwijndrecht, The Netherlands).
General methods Thin layer chromatography (TLC) was performed on Merck
precoated Silica 60 plates and compounds were visualized by UV light and by staining
with 10% H2SO4 in MeOH. Microwave reactions were performed in a Biotage Initiator
in sealed vessels of 2-5 mL. Column chromatography was carried out on Merck
Kieselgel 60 (40-63 mm). 1H NMR (300 MHz) and
recorded on a Varian G-300 spectrometer.

1

13

C NMR (75.5 MHz) spectra were

13

H- C correlated heteronuclear single

quantum coherence (HSQC) NMR spectra were recorded on a Varian INOVA
spectrophotometer (125 MHz). All recorded spectra were referenced to the solvent
signal or TMS. Electrospray ionization (ESI) mass spectrometry was carried out using
Shimadzu LCMS QP8000 system. Matrix Assisted Laser Desorption Ionisation Time of
Flight (MALDI-ToF) MS were recorded on a Shimadzu Axima-CFR with sinapinic acid
as a matrix. Analytical HPLC chromatograms were obtained from a Shimadzu ClassVP automated HPLC system using a reversed phase column (Alltima C8, 5 µm,
250x4.6 mm) equipped with an evaporative light scattering detection (PL-ELS 1000,
Polymer Laboratories) and a UV/VIS detector operating at 220 and 254 nm.
α-D-Hepta-O-Acetyl-lactosyl bromide 1 α/β-D-octa-acetyl-lactose (6.00 g, 8.84
mmol) was dissolved in dry CH2Cl2 (7 mL) and cooled to 0˚C. HBr/AcOH (33% w/v
AcOH, 4 mL) was added dropwise and the reaction was stirred for 4 h. The reaction
mixture was diluted in CH2Cl2 and subsequently washed with H2O and saturated
aqueous NaHCO3. The organic layer was dried over Na2SO4, filtered and concentrated
in vacuo to obtain 1 (93%, 5.7 g). Characterization data was in accordance with
literature values.21
3-bromopropyl-2,3,4,6-tetra-O-acetyl-β-galactopyranosyl)-(1-4)-2,3,6-triO-acetyl-β-D-glucopyranoside 2 A solution of 1 (5.70 g, 8.15 mmol) and 3bromo-1-propanol (1.84 mL, 20.34 mmol) in dry acetonitrile (41 mL) was cooled to
0˚C in an ice-water bath. IBr (1 M in CH2Cl2, 20.5 mL, 20 mmol) was added dropwise
and the reaction was stirred for 4 h. The solution was diluted in CH2Cl2 and washed
with saturated aqueous Na2S2O3 and H2O. The organic layer was dried over Na2SO4,
filtere d and concentr ate d in vacuo. Compound 2 was pur ifie d by silica
chromatography (Hex/EtOAc 3:2) and isolated as yellow oil (41%, 1.43 g). Rf = 0.70
(Toluene/EtOAc 1:2). 1H NMR (300 MHz, CDCl3): δ = 1.96, 2.04, 2.05, 2.06, 2.06.
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2.12, 2.15 (7 x s, 21 H, OCH3), 3.44-3.49 (m, 2 H), 3.63-3.71 (m, 3 H), 3.82 (t, 1H,
J = 9.5Hz), 3.91-3.98 (m, 2 H), 4.08-4.17 (m, 4 H), 4.48-4.55 (m, 3 H), 4.88 (dd, 1
H, J = 8.1 Hz, J = 9.6 Hz), 4.98 (dd, 1 H, J = 3.6 Hz, J = 10.5 Hz), 5.10 (dd, 1 H, J
= 7.8 Hz, J = 10.2 Hz), 5.21 (t, 1 H, J = 9.2 Hz), 5.35 (d, 1 H, J = 3.3 Hz);

13

C NMR

(75.5 MHz, CDCl3): δ = 20.56, 20.67, 20.85, 21.07, 30.14, 32.45, 60.41, 61.00,
62.17, 66.83, 67.40, 69.25, 70.75, 71.08, 71,76, 72.77, 76.36, 100.84, 101.09,
169.13, 169.71, 169.80, 170.06, 170.21, 170,37 and 171.10.
3-azidopropyl-2,3,4,6-tetra-O-acetyl-β-galactopyranosyl-(1-4)-2,3,6-tri-Oacetyl-β-D-glucopyranoside 3 A solution of 2 (260 mg, 0.34 mmol) and NaN3
(150 mg, 2.3 mmol) in dry DMF (5 mL) was stirred at 100˚C for 18 h. The organic
solvent was evaporated and the residue was dissolved in EtOAc (100 mL) and
washed with H2O (100 mL) and saturated aqueous NaCl (100 mL). The organic layer
was dried over Na2SO4, filtered and concentrated in vacuo. The crude mixture was
subjected to silica chromatography (Hex/EtOAc 3:2) and isolated as yellow oil (93%,
225 mg). Rf = 0.25 (Hex/EtOAc 1:1). 1H NMR (300 MHz, CDCl3): δ = 1.96, 2.05,
2.05, 2.06, 2.07. 2.12, 2.14 (7 x s, 21 H, OCH3), 3.24-3.28 (m, 2 H), 3.46-3.56 (m,
3 H), 3.71 (t, 1 H, J = 9.6 Hz), 3.78-3.85 (m, 2 H), 3.96-4.05 (m, 4 H), 4.38-4.43
(m, 3 H), 4.79 (dd, 1H, J = 7.8 Hz, J = 9.3 Hz), 4.87 (dd, 1 H, J = 3.3 Hz, J = 10.5
Hz), 5.01 (dd, 1 H, J = 7.5 Hz, J = 9.9 Hz), 5.10 (t, 1 H, J = 9.5Hz), 5.25 (d, 1 H, J
= 3.3 Hz);

13

C NMR (75.5 MHz, CDCl3): δ = 20.63, 20.75, 20,93 29.11, 48.09,

61.02, 62.13, 66.60, 66.83, 69.27, 70.82, 71.12, 71.79, 72.82, 72.91, 76.37,
100.70, 101.17, 169.21, 169.75, 169.88, 170.16, 170.28 and 170.48.
3-(N-tert-Butyloxycarbonyl)aminopropyl-2,3,4,6-tetr a-O-acetyl-βgalactopyranosyl)-(1-4)-2,3,6-tri-O-acetyl-β-D-glucopyranoside 4 An H2atmosphere was applied to a solution of 3 (1.17 g, 1.63 mmol), Boc2O (523 mg, 2.4
mmol) and Pd/C (364 mg) in EtOAc (44 mL) for 1 h. The reaction mixture was
filtered over hyflogel and subsequently washed with H2O and saturated aqueous
NaCl. The organic layer was dried over Na2SO4, filtered and concentrated in vacuo.
The product was purified by silica chromatography (Hex/EtOAc 1:1) and isolated as
crystalline solid (80%, 1,03 g). Rf = 0.12 (Hex/EtOAc 1:1). 1H NMR (300 MHz,
CDCl3): δ = 1.44 (s, 9 H, BocCH3 ) 1.97, 2.05, 2.05, 2.05, 2.06. 2.13, 2.15 (7 x s, 21
H, OCH3), 3.11-3.20 (m, 2 H), 3.55-3.63 (m, 3 H), 3.79 (t, 1 H, J = 9.3 Hz), 3.833.90 (m, 2 H), 4.05-4.17 (m, 4 H), 4.45-4.53 (m, 3 H), 4.75 (s, 1 H, NH), 4.88 (dd,
1 H, J = 8.1 Hz, J = 9.6 Hz), 4.96 (dd, 1 H, J = 3.3 Hz, J = 10.2 Hz), 5.11 (dd, 1 H, J
= 7.8 Hz, J = 10.5 Hz), 5.19 (t, 1 H, J = 9.3 Hz), 5.35 (d, 1 H, J = 3.3 Hz);

13

C NMR

(75.5 MHz, CDCl3): δ = 20.73, 20.86, 21.03, 28.64, 29.91, 37.89, 61.01, 62.14,
66.83, 67.97, 69.33, 70.91, 71.20, 71.85, 72.90, 73.01, 76.48, 79.35, 100.71,
101.31, 156.19, 169.29, 169.88, 169.97, 170.28, 170.35 and 170.58.
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Carboxylic acid amidopropyl -2,3,4,6-tetra-O-acetyl-β-galactopyranosyl-(14)-2,3,6-tri-O-acetyl-β-D-glucopyranoside 6 Compound 4 (1.03 g, 1.30 mmol)
was dissolved in CH2Cl2 (40 mL) and treated with 90% aqueous TFA (4.8 mL) for 90
min. The reaction mixture was co-concentrated with toluene and EtOAc to give 5 as
white foam (1.03 g, quantitative). A solution of diglycolic anhydride (180 mg, 1.55
mmol) in dry dioxane (6 mL) was added to a solution of 5 (1.03 g, 1.30 mmol) in
pyridine (34 mL) and dry dioxane (6 mL). The mixture was stirred overnight at 90°C
and then co-concentrated with toluene. The residue was dissolved in CH2Cl2, washed
aqueous KHSO4 (1M) and saturated aqueous NaCl. The organic layer was dried over
Na2SO4, filtered and evaporated. The residue was purified over a silica plug (15%
MeOH in CH2Cl2) and 6 was obtained as white solid (55%, 574 mg). Rf = 0.52
(CH2Cl2:MeOH 4:1). 1H NMR (300 MHz, CDCl3): δ = 1.74-1.87 (m, 2 H), 1.94, 2.02,
2.04, 2.07, 2.09. 2.12, 2.15 (7 x s, 21 H, OCH3), 3.26-3.42 (m, 2 H), 3.52-3.67 (m,
3 H), 3.80 (t, 1 H, J = 5.7 Hz), 3.82-3.98 (m, 2 H), 4.03-4.28 (m, 6 H), 4.43-4.53
(m, 3 H), 4.85 (dd, 1 H, J = 7.9 Hz, J = 9.6 Hz), 4.95 (dd, 1H, J = 3.6 Hz, J = 10.1
Hz), 5.06 (dd, 1 H, J = 7.8 Hz, J = 10.2 Hz), 5.16 (t, 1 H, J = 9.1 Hz), 5.32 (d, 1 H, J
= 3.3 Hz), 7.25 (s, 1 H, NH), 7.27 (s, 1 H, COOH);

13

C NMR (75.5 MHz, CDCl3): δ =

20.71, 20.84, 21.05, 29.25, 36.79, 61.05, 62.09, 66.87, 68.28, 69.03, 69,37, 70.78,
71.18, 71.91, 72.90, 76.35, 100.76, 101.23, 169.46, 170.15, 170.30, 170.39,
170.61, 170.84, 170.91 and 172.13.
Carboxylic acid amidopropyl-β-galactopyranosyl-(1-4)-β-D-glucopyranoside
7 A solution of 6 (570 mg, 0.70 mmol) in MeOH (15 mL) was treated with NaOMe
(50 µL, 30% w/v in MeOH) for 2 h at rt. The solution was neutralized with DOWEX
H+-resin, filtered and concentrated in vacuo. Compound 7 was obtained as a white
foam (358 mg, quantitative). 1H NMR (500 MHz, CD3OD): δ = 1.78-1.87 (m, 3 H),
2.07 (d, 1 H, J = 2.7 Hz), 3.27 (m, 2 H), 3.32-3.35 (m, 3 H), 3.50 (t, 2 H, J = 4.8
Hz), 3.55 (t, 2 H, J = 1.8 Hz), 3.58-3.63 (m, 3 H), 3.67-3.77 (m, 6 H), 3.88 (d, 2 H,
J = 1.8 Hz), 3.94 (dd, 2 H, J = 1.8 Hz, J = 7.5 Hz), 4.09 (s, 2 H, OCH2), 4.22 (s, 2 H,
OCH2) 4.42 (dd, 2 H, J = 4.8 Hz, J = 11.4 Hz); HSQC NMR (125 MHz, CD3OD): δ =
20.44, 28.38, 36.10, 60.08, 60.10, 61.02, 67.95, 68.15, 68.52, 68.77, 69.76, 70.97,
72.51, 72.83, 74.82, 75.36, 78.38, 102.08 and 102.89.
General galectin ligand 1: Biotin-lactoside-Bovine Serum Albumin conjugate
8 BSA was used as a scaffold to obtain a multivalent lactoside construct to serve as a
general galectin ligand. BSA was therefore functionalized with 7 as described in [21,
22].

In

brief,

compound

7

(37

mg,

73

µmol)

and

N,N,N’,N’,-

tetramethyl(succinimido)uronium tetrafluoroborate (TSTU) (35 mg, 117 µmol) were
dissolved in 1,4-dioxane/H2O (2 mL, 4:1). Triethylamine (10.2 µl, 37 µmol) was
added and the solution was stirred for 10 min. Then BSA (30 mg, 0.45 µmol)
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dissolved in sodium borate buffer (6 mL, 0.1 M, pH 8.5) was added and the mixture
was shaken overnight. The product was purified by dialysis against ddH2O (2 x 2 h
and overnight), lyophilized and analyzed by MALDI-ToF MS. The obtained construct 8
contained

on

average

26

lactose

moieties.

Subsequently,

the

lactoside-BSA

conjugate (2 mg in 500 µL 1 x PBS) was biotinylated with biotin-NHS (255 µg in 56
µL DMSO) for 90 min. The conjugate was purified by dialysis against 1 x PBS (2 x 2 h
and overnight) and analyzed by MALDI-ToF MS, which showed 2 to 3 biotin moieties
per BSA. The biotin labels were installed to permit visualization of the ligand with a
fluorescently labeled anti-biotin antibody (Figure 2C).
General galectin ligand 2: Biotin-Asialofetuin conjugate 9 Asialofetuin is an
enzymatically processed form of Fetuin, which shows eight lactosamine moieties on
the protein surface.23 It is therefore also suitable as a general galectin ligand.
Asialofetuin (2 mg in 500 µl 1 x PBS) was biotinylated with Biotin-NHS (255 µg in 56
µL DMSO) as previously described for BSA. The conjugate 9 was purified by dialysis
against 1 x PBS (2 x 2 h and overnight) and analyzed by MALDI-ToF, which showed 6
biotin moieties per ASF. The biotin labels were installed to permit visualization of the
ligand with fluorescently labeled anti-biotin antibody (Figure 2C).
S-acetylthioacetate Protein A/G and array functionalization Protein A/G is a
recombinant fusion protein containing IgG binding domains of both Protein A and
Protein G and it contains four Fc binding domains. Protein A/G was used to modify
the porous aluminium oxide microarray chip, providing a general means for the
attachment of antibodies on the chip surface.24,25 Protein A/G (1.2 mg, 0.024 µmol,
Pierce Biotechnology, IL, USA) was first functionalized to contain a thiol moiety by
dissolving it in phosphate buffered saline (390 µl, pH 7.4) and treating with Nsuccinimidyl S-acetylthioacetate (46 µg, 0.2 µmol) in DMF (3.5 µL) followed by
stirring for 45 min at rt. The solution was then dialyzed against 1 x PBS (2 x 2 h and
overnight, pH 5.0) to obtain pure S-acetylthioacetate protein A/G. The protein (20
µL, 61 µg) was treated with hydroxylamine (3 µL, 0.5 M, 0.25 mM EDTA in ddH2O,
pH 7.4) for 2 h at rt to provide the free thiol moiety required for spotting on the
microarray surface. The thiol-modified protein A/G solution was diluted in sodium
acetate buffer (40 µL, 0.2 M, pH 5.0) and mechanically spotted onto the maleimide
functionalized functionalized chips according to the manufacturer’s instructions (FAEC
PamChip®

microarrays,

Pamgene

International

Ltd.,

’s-Hertogenbosch,

The

Netherlands) using a sciFLEXARRAYER S11 spotter (Scienion AG, Berlin, Germany).
After spotting the chips were dried overnight and stored at 4°C. The protein A/G
chips were stable for more than one year. A fresh microchip was used for all
experiments to avoid cross contamination.
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Microarray analysis Microarray experiments were performed using PamChip®
arrays run in a PamStation®12 instrument (PamGene B.V., ‘s Hertogenbosch, The
Netherlands). Temperature controlled protein A/G functionalized chips were run in
parallel by pumping sample up and down through 3-dimensional porous chips. Data
were obtained by imaging of the fluorescent signal by a CCD camera and quantified
using SpotQuant software (developed by J. van Ameijde, Utrecht University, The
Netherlands).
Detection of galectin The porous aluminium oxide arrays functionalized with
protein A/G were washed with 0.05% Tween-20 buffer, blocked with 25 µL 2% BSA
in PBS for 15 min and incubated for 2 h with 1 µg antibody in 25 µL 0.05% Tween-20
buffer (human galectin-1 antibody rabbit polyclonal Ab from Abcam, Cambridge, UK
or human galectin-9 antibody goat polyclonal Ab from R&D Systems, Minneapolis,
USA). Simultaneously, galectin-spiked E. coli cell lysate or endogenous HeLa, B16F10
or human patient NSCLC lysate (25 µL of 1 mg/mL) were incubated with 100 µg 8 or
9 in 25 µL 1 x PBS for 2 h in eppendorf tubes. Subsequently, the cell lysates were
incubated on the porous aluminium oxide arrays for 3 h, followed by a wash step to
remove unbound proteins. Then the presence of galectin was visualized with 1 µg
antibody in 25 µl 0.05% Tween-20 buffer mouse monoclonal anti-biotin Cy3
conjugate (Sigma-Aldrich, Zwijndrecht, The Netherlands). The detection limit was
estimated from the amount of protein present corresponding to a signal of 10 AU
fluorescence. This signal is the lowest clear positive signal that can be measured.
Galectin-1 production and purification The pT7IML-1 vector encoding galectin-1
was a kind gift from Dr. Linda Baum (UCLA, Los Angeles, USA) and Dr. Victor
Thijssen (VUMC, Amsterdam, The Netherlands). The expression and purification were
performed as described in [26].
Cell lysate preparation HeLa and B16F10 cells (2.5 x 105)were washed twice with
1 x PBS, harvested after trypsin treatment, pelleted by centrifugation at 1400 rpm
and washed again with 1 x PBS. Cells were sonicated with a Branson Sonifier 450
(Danbury, Ct, USA). The lysates were centrifuged at 14000 rpm and the supernatant
was collected and diluted to 1 mg/ml. Human Non Small Lung Cancer cells tissue
lysates were obtained from archived fresh frozen patients tumor tissues, which were
lysed

with

M-PER

Mammalian

Protein

Extraction

Reagent

buffer

(Pierce

Biotechnology, Inc., Rockford, IL, USA) in the presence of HALT Protease Inhibitor
Cocktails for protease and phosphatase inhibition (Pierce Biotechnology, IL, USA)
according to supplier's instructions.
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SDS-PAGE and Western Blot Analysis Cell lysate samples (25 µg, equal
concentration and volumes were used for the microarray analysis) were heated for 5
min at 95°C in standard sample buffer and resolved by SDS-PAGE on a gradient
minigel (8-16%, ThermoFisher Scientific, Rockford, Il, USA). Proteins were blotted
onto

a

nitrocellulose

membrane

according

to

the

manufacturer’s

instruction

(Invitrogen, Carlsbad, CA, USA). The blots were blocked 2 h in 5% BSA in TBS with
0.05% Tween-20 buffer (TBS-T). The same antibodies that were used for the
microarray analysis were used for the detection of galectin with Western Blot in equal
amounts (1 µg).
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Functional assay for shiga-like
toxin via detection by
antibody capture and
multivalent galabiose binding
Abstract - A functional detection assay was developed for Escherichia coli secreted
shiga-like toxin based on antibody capture and visualization with a multivalent
galabiose ligand. It was possible to detect verotoxin in medically relevant E. coli
samples in a dose dependent fashion. This method is a new step towards measuring
functional protein levels in complex mixtures, which can be used for diagnostic
purposes in a clinical setting.

This chapter is based on: Van Hattum, H.; Van der Zwaluw, K.; Visser, G.M.; Van
Putten, J.; Ruijtenbeek, R.; Pieters, R.J. Bioorg. Med. Chem. Lett. 2012, 22, 7448–
7450.
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Introduction
The shiga-like toxin (Stx or verotoxin) is a virulence factor that is secreted by
Escherichia coli and causes hemorrhagic colitis1 and diarrhea2 and in severe cases
may lead to the lethal hemolytic-uremic syndrome.3 Most incidents are caused by
food and water borne infections leading to outbreaks as recently seen in Germany.4
Outbreaks are often caused by enterohemorrhagic E. coli (EHEC) O157:H75 but the
recent German outbreak was caused by the O104:H4 strain.6 The two serological
types of verotoxin, Stx1 and Stx2, comprise of an enzymatically active ‘A’-subunit
and five ‘B’ subunits,7 which have a strong affinity for galabiose (gal-α1,4-gal).8 An
adequate response to a bacterial outbreak benefits from both early detection and the
use of antibiotics.7 Current methods of detection of verotoxin-producing E. coli are
mostly based on genetic techniques,9 for example, PCR and phenotypic methods, like
serotyping.10 An advantage of these techniques is that only small amounts of
material are needed for detection. However, the methods are costly and, importantly,
the presence of certain genes does not necessarily correlate directly to the toxin
levels.11,12 Previously we developed a detection method for galectin proteins based on
antibody capture and subsequent visualization with multivalent lactosamine ligands
with a fluorescent group.13 With this method only ligand-binding, that is, functionally
active, protein is detected. In addition, we have previously developed the synthesis
of multivalent galabiose inhibitors for the inhibition and detection of Streptococcus
suis.14,15 We here use the chemistry of galabiose, the most important binding epitope
of the natural binding ligand of the verotoxins: Gb3-Cer. This chemistry is combined
with the principle of the previously developed galectin detection assay in order to
detect verotoxin by means of its ligand binding ability and antibody recognition. A
positive detection of the toxin by this relatively simple method may provide more
useful information than a positive detection based on the presence of toxin encoding
genes in both public health and food safety contexts. The use of the carbohydrate
binding sites for toxin binding and detection has shown to be feasible especially when
multivalent carbohydrates are used16-19 but in no case has a dual recognition been
used as described here, that is, both antibody recognition and carbohydrate ligand
binding are needed to obtain a positive signal.
A schematic representation of the verotoxin detection assay is depicted in Figure 1.
Firstly, a multivalent ligand displaying both galabiose and biotin is incubated with a
sample suspected to contain the verotoxin. The mixture is subsequently applied to
the immobilized antibodies that capture the toxin-ligand complexes. Finally, the
unbound proteins are removed through a washing step and the presence of verotoxin
in the samples is detected by adding a fluorescent anti-biotin antibody.
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Figure 1 Schematic representation of the verotoxin detection assay based on
fluorescent gal-α1,4-gal ligand binding.

Results
For the detection of verotoxin a multivalent ligand was designed based on galabiose.
Bovine Serum Albumin (BSA) was chosen to serve as the multivalent scaffold to
increase the galabiose binding affinity. For this purpose, the known acetylated
galabiose

with

a

free

anomeric

center14

(1,

Figure

2A)

was

treated

with

trichloroacetonitril and DBU to obtain the corresponding imidate donor, which was
subsequently coupled to 3-butyn-1-ol to yield 2. Then, alkyne 2 was reacted with 15azido-4,7,10,13-tetraoxapentadecanoic acid via a Cu(I) catalyzed Azide Alkyne
Cycloaddition (CuAAC)20 under microwave irradiation to afford acid 3, which was then
deacetylated with sodium methoxide to give the desired compound 4. Next, the
target compound 4 was coupled to BSA using TSTU as the coupling reagent. This
resulted in the incorporation of 21 galabiose moieties per BSA as was deduced from
the MALDI-ToF spectra. The construct was subsequently biotinylated to enable its
visualization. A total of 4 biotin groups were attached again based on MALDI-ToF MS
measurements. The two-step approach in the visualization, that is, first binding of
the BSA construct and then addition of a fluorescent biotin antibody, was previously
shown to increases the fluorescent signal in comparison with only using fluorescently
labeled BSA.13 Streptavidin-Cy3 was also used instead of an anti-biotin-antibody, but
the signal was less pronounced, possibly due to steric constraints. The final construct
5 is schematically depicted in Figure 2B.
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Figure 2 (A) Reaction conditions: a) i: Trichloroacetonitrile, DBU and CH2Cl2; ii: 3butyn-1-ol, TMSOTf and CH2Cl2 (43%); b) 15-azido-4,7,10,13-tetraoxapentadecanoic
acid, CuSO4.5H2O, sodium ascorbate and DMF/H2O (84%); c) NaOMe and MeOH
(91%). (B) Schematic representation of the multivalent galabiose-biotin-BSA ligand
binding verotoxins.
To enable the capture of bacterial verotoxins, specific antibodies directed against
verotoxins were immobilized on aluminium oxide microarrays chips. The antibody
attachment was mediated by the Fc-binding protein A/G that was covalently coupled
to the maleimide-coated microarray with a sulfhydryl group.13 The used aluminium
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oxide chips are highly porous thus increasing the surface area available for antibody
immobilization by a factor of 500 in comparison to a two-dimensional surface and
increasing the sensitivity of the method. To avoid diffusion limitations the analyte
solution is pumped up the porous channels.21
The novel functional detection assay was tested with samples that had been tested
positive for serotypes suspect of producing verotoxin, that is, O26:H11, O128:H-,
O157:H7, O104:H4 and O91:H-. The samples had been grown overnight in
appropriate media and the bacteria were separated from the supernatant possibly
containing the secreted verotoxin by centrifugation and filtration over a 0.2 µm filter.
Incubation of the supernatants with construct 5 was performed and subsequent
application to the antibody-decorated chip, followed by washing and signal
generation. Using this protocol, serotypes O26:H11, O128:H- and O157:H7 were
positive for verotoxin with measured fluorescent signal of 35.5 ± 3.0 AU, 27.3 ± 2.0
AU and 14.8 ± 2.3 AU respectively (relative to the background fluorescence observed
in the supernatants). The fluorescent signal of E. coli strains O104:H4 and O91:Hdid not exceed background signal, indicating that no verotoxin is expressed although
the strains do encode stx (Figure 3). This discrepancy shows the value of a separate
screening for the toxin as expression levels of proteins are highly variable.11,12 The
presence of verotoxin was verified with a Ridascreen® Verotoxin assay, which gave
the same results as newly developed functional assay. Note that the Ridascreen®
Verotoxin assay is an ELISA type assay, which does not give information about the
functional state of the verotoxin as the described assay does. The sensitivities of the
assays are presumably similar because the results of our assay and the Ridascreen®
Verotoxin assay are the same. Secreted verotoxins from the overnight culture of one
CFU is enough for detection. The detection of mRNA levels through PCR methods are
generally more sensitive than immunoassays. However, PCR is an indirect method for
the measurement of protein levels and are not influenced by their functionality.
Additional

experiments

clearly

showed

the

fluorescent

signal

to

vary

in

a

concentration dependent manner. A concentration range was made of 0, 5, 11 and
21 µg of the supernatant of the O26:H11 strain, which was then tested in the
detection assay. The fluorescent signal was measured to be 0 AU, 4.8 ± 0.8 AU, 11.5
± 1.0 AU and 35.5 ± 3.0 AU respectively (Figure 4). Further controls using a complex
protein sample without verotoxin (HeLa cell lysate) yielded no signal and the use of a
BSA ligand with only biotin and no galabiose gave no signal of on the positive
O26:H11 sample (data not shown).

99

Chapter 5

Fluorescence (AU)

45
40
35
30
25
20
15
10
5
0
O26:H11 O128:H- O157:H7O104:H4 O91:H21 µg E. coli supernatant
Figure 3 Graph of the fluorescent detection of verotoxin in 12.5 µl of 1.7 mg/ml (21
µg) supernatant of five E. coli strains. O26:H11, O128:H- and O157:H7 showed
fluorescent signals of 35.5 ± 3.0 AU, 27.3 ± 2.0 AU and 14.8 ± 2.3 AU respectively
(relative to the background fluorescence observed in the supernatants). Strain
O104:H4 and O91:H- and the blanco showed no fluorescence. Data represent the
average values of triplicate measurements with error bars.
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11

21

H026:H11 supernatant (µg)
Figure 4 Graph of the fluorescent detection of verotoxin from 0, 5, 11 and 21 µg of
O26:H11 supernatant. The fluorescent signal measured 0 AU, 4.8 ± 0.8 AU, 11.5 ±
1.0 and 35.5 ± 3.0 respectively, indicating a concentration-dependent detection of
verotoxin. Data represent the average values of triplicate measurements with error
bars.
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Discussion
A new functional detection method for verotoxin was developed based on antibody
capture and fluorescent gal-α1,4-gal-ligand binding. The method provides additional
valuable information about the presence and the functional state of verotoxin in a
straightforward assay in medical/industrial samples. The method is complementary
to genetic methods that allow detection of mRNA, but that do not provide information
whether toxin is actually expressed, to what extent and whether it is functional.22 The
dual recognition, involving both antibody recognition and multivalent carbohydrate
ligand binding, is required for a positive signal to occur, thus making the incidence of
false positives less likely. Furthermore, the method has been applied in galectin
detection13 and allowed quantification of the protein. This is possible as well in this
study although due to the unavailability of pure toxin we were unable to verify this.

Experimental Section
Materials All chemicals were obtained from commercial sources and used without
further purification unless stated otherwise. Solvents were purchased at Biosolve
(Valkenswaard, The Netherlands). Dowex Marathon C® was purchased from SigmaAldrich Chemie (Zwijndrecht, The Netherlands).
General methods Thin layer chromatography (TLC) was performed on Merck
precoated Silica 60 plates and compounds were visualized by UV light and by staining
with 10% H2SO4 in MeOH. Microwave reactions were performed in a Biotage Initiator
in sealed vessels of 2-5 mL. Column chromatography was carried out on Merck
Kieselgel 60 (40-63 mm). 1H NMR (300 MHz) and
recorded on a Varian G-300 spectrometer.

1

13

C NMR (75.5 MHz) spectra were

13

H- C correlated heteronuclear single

quantum coherence (HSQC) NMR spectra were recorded on a Varian INOVA
spectrophotometer (125 MHz). All recorded spectra were referenced to the solvent
signal or TMS. Matrix Assisted Laser Desorption Ionisation Time of Flight (MALDIToF) MS were recorded on a Shimadzu Axima-CFR with sinapinic acid as a matrix.
Analytical HPLC chromatograms were obtained from a Shimadzu Class-VP automated
HPLC system using a reversed phase column (Alltima C8, 5 µm, 250x4.6 mm)
equipped with an evaporative light scattering detection (PL-ELS 1000, Polymer
Laboratories) and a UV/VIS detector operating at 220 and 254 nm.
1-butynol-2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-(1-4)-2,3,6-tri-Oacetyl-α-D-galactopyranoside 2 A solution of 1 (116 mg, 180 µmol) in CH2Cl2 (6.5
mL) was treated with trichloroacetonitrile (219 µL, 2.18 mmol) and DBU (7.7 µL, 50
µmol) under dry conditions at 0°C for 6 h while the temperature was slowly raised to
RT. The reaction mixture was subjected to flash chromatography (Hex/EtOAc 1:1).
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Subsequently, the formed imidate and butynol (55 µL, 730 µmol) were dissolved in
CH2Cl2 (10 mL) and cooled to 0°C. TMSOTf (18 µL, 44 µmol) was added and the
reaction was stirred for 3 h while the temperature was raised to RT. The solvent was
evaporated and the residue was subjected to column chromatography (Hex/EtOAc
3:2-1:1) to afford 2 (43%, 53 mg). Rf = 0.33 (Hex/EtOAc 1:2). 1H NMR (300 MHz,
CDCl3): δ =1.99, 2.04, 2.06, 2.08, 2.08, 2.10 and 2.13 (7xs, 22H, OCH3, alkyne),
2.50 (dt, 2H, J = 7.1 Hz, J = 2.7 Hz), 3.63-3.71 (m, 1H), 3.79 (t, 1H, J = 6.6 Hz),
3.92-4.00 (m, 1H), 4.06-4.20 (m, 4H), 4.42-4.50 (m, 2H), 4.53 (d, 1H, J = 7.5 Hz),
4.82 (dd, 1H, J = 10.8 Hz, J = 2.7 Hz), 5.00 (d, 1H, J = 3.6 Hz), 5.16-5.22 (m, 2H),
5.38 (dd, 1H, J = 11.1 Hz, J = 3.3 Hz), 5.56 (d, 1H, 2.7 Hz);

13

C NMR (75.5 MHz,

CDCl3): δ = 19.8, 20.6, 20.7, 20.7, 20.7, 20.9, 60.5, 62.0, 67.1, 67.3, 67.7, 67.8,
68.5, 69.4, 71.9, 72.9, 80.7, 99.3, 101.1, 169.1, 169.8, 170.1, 170.4, 170.5, 170.6
and 170.7.
4,7,10,13-tetraoxapentadecanoic acid triazol-2,3,4,6-tetra-O-acetyl-β-Dgalactopyranosyl-(1-4)-2,3,6-tri-O-acetyl-α-D-galactopyranoside 3 15-azido4,7,10,13-tetraoxapentadecanoic acid (48 µL, 184 µmol), CuSO4.5H2O (19 mg, 77
µmol), sodium ascorbate (15 mg, 77 µmol) and 2 (53 mg, 77 µmol) were dissolved
in DMF/H2O (4/1 mL) and reacted under microwave irradiation at 80°C for 40 min.
The organic solvent was evaporated. Compound 3 (63 mg, 84%) was obtained after
chromatography (CH2Cl2/MeOH/AcOH, 93:5:2). Rf = 0.55 (CH2Cl2/MeOH 9:1). 1H
NMR (300 MHz, CD3OD): δ = 1.87, 1.87, 1.92, 1.95, 1.97, 2.02 and 2.03 (7xs, 21H,
OCH3), 2.50 (bs, 3H), 2.89 (bs, 2H), 3.21 (s, 2H), 3.28 (t, 2H, J = 4.5 Hz), 3.543.64 (m, 12H), 3.81 (s, 2H), 3.90 (t, 1H, J = 6.0 Hz), 4.01-4.12 (m, 5H), 4.34 (dd,
1H, J = 8.0 Hz, J = 11.5), 4.46 (d, 2H, J = 4.5 Hz), 4.59 (d, 1H, J = 7.0 Hz), 4.90
(d, 1H, J = 9.0 Hz), 4.95 (d, 1H, J = 3.0 Hz), 5.05 (dd, 1H, J = 9.5 Hz, J = 7.5 Hz),
5.10 (dd, 1H, J = 3.0 Hz, J = 10.5 Hz), 5.29 (dd, 1H, J = 11.5 Hz, J = 3.0 Hz), 5.44
(s, 1H) and 7.94 (s, 1H, COOH);

13

C NMR (75.5 MHz, CDCl3): δ = 21.8, 21.9, 22.0,

31.9, 50.5, 51.8, 53.0, 63.2, 63.3, 65.4, 69.4, 69.8, 70.4, 70.7, 70.8, 70.9, 71.7,
72.8, 72.9, 75.0, 75.1, 80.0, 102.00 and 103.7.
4,7,10,13-tetraoxapentadecanoic acid triazol-β-D-galactopyranosyl-(1-4)-αD-galactopyranoside 4 A solution of 3 (58 mg, 59 µmol) in MeOH (10 mL) was
treated with NaOMe (80 µL, 30% w/v in MeOH) for 2 h at RT. The solution was
neutralized with DOWEX H+-resin, filtered and concentrated in vacuo. 4 was obtained
as a white foam (37 mg, 91%). 1H NMR (300 MHz, CDCl3): δ = 2.54 (s, 3H), 3.02 (s,
2H), 3.31 (s, 2H), 3.38 (t, 2H, J = 5.0 Hz), 3.48-3.78 (m, 17H), 3.83 (dd, 2H, J =
10.5 Hz, J = 7,0 Hz), 3.89 (t, 2H, J = 4.5 Hz), 3.92 (s, 1H), 4.00 (s, 1H), 4.12-4.18
(m, 2H), 4.29 (t, 2H, J = 5.5 Hz), 4.34 (d, 1H, J = 7.0 Hz), 4.54 (t, 1H, J = 4.5 Hz),
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4.97 (s, 1H), 7.94 (s, 1H, COOH);

13

C NMR (75.5 MHz, CD3OD): δ = 16.9, 26.4,

39.2, 42.0, 41.6, 48.8, 50.9, 52.6, 58.1, 59.9, 60.4, 61.1, 61.4, 61.5, 61.6, 62.8,
64.7, 66.2, 69.1, 92.7 and 95.3.
Biotin-gal-(1,4)-α-gal-Bovine Serum Albumin conjugate 5 BSA was used as a
scaffold to obtain a multivalent gal-α1,4-gal-construct to serve as a general verotoxin
ligand. BSA was therefore functionalized with 4 as described in [23, 24]. In brief,
compound 4 (12 mg, 18 mol) and N,N,N’,N’,-tetramethyl(succinimido)uronium
tetrafluoroborate (TSTU) (35 mg, 40 µmol) were dissolved in 1,4-dioxane/H2O (667
µL, 4:1). Triethylamine (3.4 µl, 12 µmol) was added and the solution was stirred for
15 min. Then BSA (30 mg, 0.15 µmol) dissolved in sodium borate buffer (2 mL,
0.1M, pH 8.5) was added and the mixture was shaken for 1 h. The product was
purified by dialysis against ddH2O (2x2h and overnight), lyophilized and analyzed by
MALDI-ToF MS. The obtained construct 5 contained on average 21 gal-α1,4-gal
moieties. This was calculated by subtraction of the weight of free BSA from the
weight of derivatized BSA divided by the molecular weight of the gal-α1,4-gal
derivative. Subsequently, the gal-α1,4-gal-BSA conjugate (2 mg in 500 µL 1xPBS)
was biotinylated with succinimidyl-6-(biotinamido)hexanoic acid (255 µg, 0.56 µmol
in 56 µL DMSO) for 90 min. The conjugate was purified by dialysis against 1xPBS (2x
2h and overnight) and analyzed by MALDI-ToF MS, which showed 4 biotin moieties
per BSA. The biotin labels were installed to permit visualization of the ligand with a
fluorescently labeled anti-biotin antibody (Figure 2B).
S-acetylthioacetate Protein A/G and array functionalization Protein A/G, a
recombinant fusion protein binding IgG, was used to modify the porous aluminium
oxide microarray chip, providing a general means for the attachment of antibodies on
the chip surface.25,26 Protein A/G (1.2 mg, 0.024 µmol, Pierce Biotechnology, IL,
USA) was first functionalized to contain a thiol moiety by dissolving it in phosphate
buffered saline (390 µl, pH 7.4) and treating with N-succinimidyl S-acetylthioacetate
(46 µg, 0.2 µmol) in DMF (3.5 µL) followed by stirring for 45 min at rt. The solution
was then dialyzed against PBS (2x 2h and overnight, pH 5.0) to obtain pure Sacetylthioacetate protein A/G. The protein (20 µL, 61 µg) was treated with
hydroxylamine (3 µL, 0.5 M, 0.25 mM EDTA in ddH2O, pH 7.4) for 2 h at RT to
provide the free thiol moiety required for spotting on the microarray surface. The
thiol-modified protein A/G solution was diluted in sodium acetate buffer (40 µL, 0.2M,
pH 5.0) and mechanically spotted onto the maleimide functionalized functionalized
chips according to the manufacturer’s instructions (FAEC PamChip® microarrays,
Pamgene

International

Ltd.,

’s-Hertogenbosch,

The

Netherlands)

using

a

sciFLEXARRAYER S11 spotter (Scienion AG, Berlin, Germany). After spotting the
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chips were dried overnight and stored at 4°C. The chips could be stored for more
than one year.
Microarray analysis Microarray experiments were performed using PamChip®
arrays run in a PamStation®12 instrument (PamGene B.V., ‘s Hertogenbosch, The
Netherlands). Temperature controlled protein A/G functionalized chips were run in
parallel by pumping sample up and down through 3-dimensional porous chips. Data
were obtained by imaging of the fluorescent signal by a CCD camera and quantified
using SpotQuant software (developed by J. van Ameijde, Utrecht University, The
Netherlands).
Bacterial lysate preparation Overnight cultures of E. coli serotype O26:H11,
O104:H4, O91:H-, O128:H- and O157:H7 in 10 mL dietary mineral solution (40 mM
MgSO4, 5 mM MnCl2, 6 mM FeCl3 and 3 mM CaCl2 in H2O) were centrifuged for 5 min
at 14,000xg. The supernatants were filtered over a 0.2 µm filter and used in the
detection assay in a concentration of 1.7 mg/ml.
Detection of verotoxin The porous aluminium oxide arrays functionalized with
protein A/G were washed with 0.05% Tween-20 buffer, incubated for 2 h with 1 µg
antibody in 25 µL 0.05% Tween-20 buffer (rabbit polyclonal anti-verotoxin 1
antibody from Abcam, Cambridge, UK) and blocked with 25 µL 2% BSA in PBS for 15
min and with 1 µg antibody in 25 µL 0.05% Tween-20 buffer (mouse monoclonal
anti-biotin antibody from Sigma-Aldrich Chemie Zwijndrecht, The Netherlands).
Simultaneously, E. coli cell supernatants (12.5 µL 1 mg/mL) were incubated with 25
µg 5 in 12.5 µL PBS for 2 h in eppendorf tubes. Subsequently, the supernatants were
incubated on the porous aluminium oxide arrays for 2 h, followed by a wash step
with 25 µL 0.05% Tween-20 buffer to remove unbound proteins. Then the presence
of verotoxin was visualized with 1 µg antibody in 25 µl 0.05% Tween-20 buffer
mouse monoclonal anti-biotin Cy3 conjugate (Sigma-Aldrich).
Detection of verotoxin by ELISA The supernatant of the E. coli strains were
analyzed for verotoxins with a Ridascreen® verotoxin assay (R-Biopharm AG,
Darmstadt, Germany) according to the manufacturer’s instructions.
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Introduction
Lectins are carbohydrate-binding proteins that are involved in a wide variety of
biological processes. Galectins are a class of lectins that bind galactoside in their
carbohydrate recognition domain (CRD).1 The proteins were discovered in the mid
1990s and since then 15 members have been identified.2 Galectins can be subdivided
into three groups based on their structure. Firstly, the prototype, which consists of
one CRD that is often found in a dimeric form. Secondly, there is the chimera type
where the CRD has a collagen-like N-terminal tail, which causes oligomerization
under uncertain circumstances. Finally, the tandem repeat type contains galectins
that have two distinct CRDs coupled through a peptide linker.
Galectins are found in the cell’s interior but also in the extracellular matrix. The
proteins are involved in mRNA splicing,3 regulation of cell growth,4 regulation of
apoptosis5 and cell adhesion.6 However, like many biomolecules that are responsible
for important biological processes, galectins can also play a role in pathological
phenomena. Galectins have been associated with heart failure,7 rheumatoid arthritis,8
immunology9 and most notably with cancer.10
Galectins are clearly an interesting class of proteins considering their wide
involvement in biological processes. However, the exact mode of action of the
proteins is not fully understood. This thesis describes two methods for further
investigation of galectins. The first method is the synthesis of carbohydrate-based
galectin inhibitors, which can be used for functional studies. The second method
concerns a detection assay for ligand-binding proteins, which could hold valuable
information about the expression of functionally active galectins. This information can
be used for prognostic and diagnostic purposes. The assay was further extended to
E. coli secreted virulence factor Verotoxin,11 which binds galabiose and causes
diarrhea12 and life threatening hemolytic uremic syndrome (HUS).13

Summarizing Discussion
The research aim described in Chapter 2 was the synthesis of selective inhibitors for
galectin-3. This protein together with galectin-1 are the most widely studied
galectins. X-ray studies previously showed that the CRDs of galectins contain
arginine residues, that are not involved in binding their natural ligands.14 Nilsson and
co-workers found that these residues can be targeted with arene functionalities to
increase the affinity of the proteins for the inhibitors.15 Since the number and the
exact location of the arginine residues differ per galectin, arene-containing inhibitors
should bind with different affinities to the various galectins. This would generate
selective inhibitors that can be used in biological research. Several inhibitors based
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on thiodigalactoside and lactosamine were synthesized differing in arene moieties.
The best inhibitors based on thiodigalactoside with 4-phenyl-1H-1,2,3-triazol-1-yl
substituents bound galectin-1 and -3 with a Kd of 13-22 nM. However, there was no
selectivity

between

the

galectins.

The

introduction

of

the

bulkier

4-(4-

phenoxyphenyl)-1H-1,2,3-triazol-1-yl reduced the affinity to 360 nM, which is still
120 fold better than its parent compound thiodigalactoside. The selectivity for
galectin-3 over galectin-1, however, was increased to 230 fold. Similar effects were
obtained with the synthesis of 4-(4-phenoxybenzyl) ether-linked lactosamine. The Kd
of galectin-3 for this dissacharide was 1.2 µM, which is 58 times better than
lactosamine. Additionally, the selectivity of this compound for galectin-3 over
galectin-1 was again 230 fold. Computational modeling supported the notion that the
arginine residues in the CRDs of galectin-1 and -3 were targeted with the newly
synthesized inhibitors. Galectin-3 was modeled to have three such interactions,
whereas galectin-1 showed only one, which might explain the selectivity.
The inhibitors synthesized in chapter 3 are designed for galectin research. The
compounds have, therefore, been send to collaborators in Amsterdam and Germany
where they will be tested in in vitro cell studies for phenotypical changes. These
assays will give insights in the usefulness and the selectivity of the inhibitors in a
biological setting.
Based on the results of chapter 2 concerning galectin inhibitors, new DOTAconjugated probes were designed for radiolabeling studies targeting galectins. The
synthesis of three DOTA-derivatized inhibitors based on thiodigalactoside, the
radiolabeling and the biodistribution studies in a mouse tumor model are described in
Chapter 3. The DOTA-derivatized inhibitors were designed from 4-phenyl-1H-1,2,3triazol-1-yl thiodigalactoside, which showed promising nanomolar inhibition by ITC
measurements. The synthesis proved to be challenging due to solubility issues but
was successful in the end. With the compounds in hand, the radiolabeling capacity of
the inhibitors was checked and the log P values were determined. Both parameters
were fine and a biodistribution study was performed on mice bearing a subcutaneous
tumor on their right flank. The in vivo studies were disappointing because it showed
no higher uptake of radioactive compounds in the tumor as compared to the blood.
This was rather surprising because the affinity of the compounds appeared to be
good. It is possible that the low uptake was due to the low vascularization of the
tumor, which may have made it impossible for the compounds to reach their target.
Further studies will include in vitro targeting on cells and new models representing
tumors or heart failure.

111

Chapter 6

The development of a function-based detection assay for galectins is described in
Chapter

4. This assay, which is based on ligand-binding, circumvents the

disadvantage of current detection tools, like ELISA, which measures protein
abundance, rather than activity. For this assay antibodies against galectin-1 and -3
were coupled to a microchip surface in order to capture the protein of interest from a
cell lysate. Subsequently, the galectins were bound by a multivalent lactose or
LacNAc-based ligand and visualized with a fluorescent antibody directed against the
ligand. The method was successful in visualizing the presence of galectin-1 and -9
spiked cell lysates. In addition, galectin-1 was also detected in several cancer cell
lines. These results were confirmed by Western Blot analysis. The major difficulty of
this approach was the generation of high fluorescent signal. Firstly, a monovalent
ligand was directly labeled with fluorescein but the signal was too low, probably due
to weak binding. Secondly, a multivalent ligand was labeled with fluorescein, but
again the signal was too low. Finally, an additional binding step needed to be
introduced to the multimeric ligand to obtain a clear signal. The final strategy is
clearly functional and proved the concept of a detection method based on ligandbinding. However, the procedure is more laborious than if a simpler ligand could be
used. Further steps in the assay development could be to synthesize general ligands
based on fully synthetic structures and not a protein scaffold. Such a system would
allow more control over the amount of carbohydrates and fluorescent groups
attached to the scaffold, however it would be more challenging to synthesize.
The detection method based on ligand-binding described in chapter 4 inspired us to
develop the assay for more ligand-binding proteins. Chapter 5 describes the
development of a functional Verotoxin detection assay. Verotoxin is a medically
relevant protein, because it is a virulence factor secreted by E. coli that causes
diarrhea12

and

hemolytic-uremic

experience in galabiose synthesis

16

syndrome

in

humans.13

Previously

gained

was used to synthesize a general ligand for

verotoxin based on the same multimeric principle described in chapter 4. Several E.
coli strains obtained from patients were tested with the newly developed assay and
the results were verified with a modified ELISA assay (Ridascreen® assay). The newly
developed assay and the Ridascreen® assay showed 3 positive strains, whereas PCR
showed positive signal for all five strains. PCR is, however, an indirect method to
measure protein levels, because it measures mRNA levels, which are not rationally
correlated to the amount of proteins.17 The fact that PCR suggests Verotoxin to be
present in a sample, whereas the newly developed method gives negative results
shows the discrepancy between the methods. It should be noted, however, that is
still possible that the toxin concentration was below the detection limit of our method
and that of the commercial Ridascreen® assay.
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Future Directions
Inhibition
The affinity of proteins for carbohydrates is generally very weak. The synthesis of
inhibitors for galectins with nanomolar affinity is quite remarkable. It is unlikely that
additional changes to the structures will highly decrease the Kd values. The focus of
inhibitors synthesis should therefore lie on selectivity to target different galectins
whilst leaving the others functional. Further studies into the X-ray structures of the
proteins might give more hints about which residues to target to establish higher
selectivity. In addition, the database of the Consortium for Functional Glycomics,19
which contains binding data of proteins to natural carbohydrates, offers valuable
structural information on natural ligands to galectins. It shows, for example, that
galectin-1 has a preference for glucuronic acid and for sulfated structures. This
information could be an interesting starting point for the designed and synthesis of
new selective inhibitors for galectin-1 over galectin-3. Synthetic steps in this
direction have been made but the results are too preliminary to report.
Further improvements of the inhibitors can also be made in the direction of
drugability.20 The carbohydrate-based inhibitors have some disadvantages to function
as drugs in the clinic. New generations of inhibitors should therefore be equipped
with functional groups to increase the drug-like properties, like oral uptake, in vivo
stability and clearance from the blood.
Detection
The function-based detection method is suitable for ligand binding proteins as is
shown by the results in chapter 4 for galectins and chapter 5 for verotoxin. The next
step for this method is the miniaturization of the assay, whereby antibodies of all
galectins are printed on one microarray. Such an assay could generate a clear and
coherent picture of galectin expression of functional proteins in one experiment,
which will be very valuable for biological research. Besides the technical challenges of
printing the antibodies on a chip the availability of suitable antibodies is also of major
importance. However, if these challenges are met the microarray could first serve as
an important tool in biological studies and can eventually lead to a diagnostic and
prognostic tool in the clinic.
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List of abbreviations
δ

chemical shift

Ac

acetyl

AcOH

acetic acid

Boc

tert-butyloxycarbonyl

BOP

benzotriazol-1-yl-oxytris-dimethylamino-phosphonium
hexafluorophophate

BSA

bovine serum albumin

Bz

benzoyl

calcd

calculated

CRD

carbohydrate recognition domain

CuAAC

Cu(I) catalyzed Azide Alkyne Cycloaddition

d

doublet

Da

Dalton

DBU

1,8-diazabicylco[5.4.0.]undec-7-ene

DCC

N-N’-dicylcohexylcarbodiimide

dd

double doublet

DiPEA

N-N’-diisopropylehtylamine

DMF

dimethylformamide

DMSO

dimethylsulfoxide

DOTA

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

DTT

dithiothreitol

E. coli

Escherichia coli

EDTA

ethylenediaminetetraacetic acid

ELISA

enzyme-linked immunosorbent assay

ESI-MS

electronspray ionization mass spectrometry

EtOAc

ethylacetate

Gal

galactose

Glc

glucose

GlcNAc

N-acetyl glucosamine

h

hour

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

hex

hexane

HOBt

N-hydroxybenzotriazole

HPLC

high pressure liquid chromatography

HSQC

heteronuclear single quantum coherence

Hz

Hertz

IC50

half maximal inhibitory concentration

ITC

isothermal titration calorimetry
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J

coupling constant

Kd

affinity (dissociation) constant

LacNAc

N-acetyllactosamine

m

multiplet

M

molar

MALDI-ToF

matrix assisted laser desorption/ionization – time of flight

MeOH

methanol

NaOMe

sodium methoxide

NHS

N-hydroxysuccinimide

NMR

nuclear magnetic resonance

PAGE

polyacrylamide gel electrophoresis

PBS

phosphate-buffered saline

PDB

protein databank

PPh3

triphenylphosphine

RT

room temperature

Rf

retention factor

SDS

sodium dodecyl sulphate

SLT

Shiga-Like Toxin

S. Suis

Streptococcus suis

t

triplet

TFA

trifluoro acetic acid

THF

tetrahydrofuran

TLC

thin layer chromatography

TMSOTf

trimethylsilyl trifluoromethanesulfonate

Tris

tris(hydroxymethyl)aminomethane

TSTU

O-(N-Succinimidyl)-1,1,3,3-tetramethyl uranium tetrafluoroborate

119

Appendices

Samenvatting
Een volwassen mens is opgebouwd uit zo'n 10 triljoen cellen. Deze cellen hebben
allemaal hun eigen functie in het lichaam. Zo zijn er longcellen, darmcellen en cellen
die gezamenlijk het hart vormen. Al deze cellen zijn opgebouwd uit moleculen, zoals
eiwitten, vetmoleculen, DNA en suikers. Deze biomoleculen zijn verantwoordelijk
voor het functioneren van de cel en daarmee het functioneren van het organisme. Ze
reageren met elkaar en zorgen zo, onder andere, voor de structuur van de cel, het
aflezen van erfelijk materiaal, opslag van energie en voor het doorgeven van
signalen naar andere delen van de cel of omringende cellen. Meestal gaan deze
processen goed en functioneert alles naar behoren. Het is echter ook mogelijk dat er
een storing plaatsvindt bij de interacties tussen de biomoleculen. In zo’n geval is er
sprake van een ziekteproces. Bij kanker, bijvoorbeeld, zorgen fouten in het erfelijk
materiaal of carcinogene stoffen, voor een storing in de normale processen in een
cel. Dit zorgt voor ongecontroleerde celgroei en uitzaaiingen van die cellen naar
andere delen van het lichaam, waar het gezond weefsel aantast. Al deze processen,
zowel de gewenste interacties voor het functioneren van de cel en de ziekelijke
interacties, vinden plaats op moleculair niveau. Medicijnen zijn moleculen die
ingrijpen bij moleculaire interacties die een ziekte veroorzaken. Op deze manier
kunnen medicijnen de balans in een cel herstellen en zo een patiënt beter maken.
Een medicijn moet daarvoor een interactie aangaan met een specifiek biomolecuul
wat essentieel is voor het ziekteproces. Wanneer de functie van dit molecuul wordt
uitgeschakeld, zal het ziekteproces geremd worden.
Het onderzoek dat in dit proefschrift beschreven staat, richt zich op galectines.
Galectines zijn eiwitten die binden aan suikermoleculen die galactoses worden
genoemd. Koolhydraat is de wetenschappelijke naam voor suiker. In totaal zijn er 15
verschillende galectines bekend. Deze eiwitfamilie is betrokken bij belangrijke
cellulaire processen, ze spelen echter ook een rol bij verschillende processen die te
maken hebben met kanker. Galectines zijn bijvoorbeeld van belang bij uitzaaiingen,
bij de bloedtoevoer naar tumoren, waarbij deze kunnen groeien, en bij ongewenste
celdood. Al deze interacties maken dat galectines vermoedelijk interessante eiwitten
zijn om met medicijnen te remmen om zo kanker te bestrijden. De precieze
moleculaire interacties van galectines in de cel zijn echter nog niet helemaal bekend,
omdat verschillende moleculaire technieken conflicterende data genereren over hun
functie. Om te bepalen of het zinvol is om de functie van deze eiwitfamilie uit te
schakelen met medicijnen, moet er eerst meer onderzoek gedaan worden naar de
precieze rol van de eiwitten bij kanker. Hiervoor is nieuw moleculair ‘gereedschap’
nodig, zoals bijvoorbeeld moleculen die de functie van galectines remmen en
methodes
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detecteren. Zo’n soort analysemethode zou uitsluitsel kunnen geven over de
hoeveelheid galectines die aanwezig is in verschillende stadia van tumorgroei. Deze
informatie kan gebruikt worden voor kankerdiagnose en het kan wellicht ook
prognostische waarde hebben. In dit proefschrift wordt de ontwikkeling van het
moleculaire gereedschap voor galectine onderzoek beschreven.
Zoals hiervoor genoemd is, binden galectines aan het koolhydraat galactose. Als je
moleculen wilt maken die de functie van galectine remmen, is het molecuul dat in
biologische processen aan galectine bindt (de ligand), in dit geval galactose, een
goede blauwdruk. In hoofdstuk 2 wordt de synthese besproken van moleculen die
sterker binden aan galectine, dan het natuurlijke ligand. Dit was mogelijk door het
koolhydraat synthetisch te voorzien van extra functionele groepen die een sterke
interactie aangaan met het eiwit. Galectines binden suikers in het zogenaamde
koolhydraat-herkenningsdomein. Hier vinden interacties plaats tussen de functionele
groepen van het koolhydraat en de aminozuren waaruit het eiwit is opgebouwd. Niet
alle aminozuren in het koolhydraat-herkenningsdomein zijn betrokken bij de binding
van een suiker. Als je het koolhydraat dan chemisch zo verandert dat er meer
interacties plaatsvinden tussen het eiwit en de ligand, dan verhoog je de
bindingssterkte,

ook

wel

de

affiniteit

genoemd.

In

het

koolhydraat-

herkenningsdomein van galectines zitten positief geladen arginine aminozuren, die
geen rol spelen bij de binding van het natuurlijke ligand. In hoofdstuk 2 worden
functionele groepen (arenen) aan het suiker gekoppeld, die een sterke interactie
aangaan met deze arginine aminozuren. De arenen bevatten namelijk veel
elektronen, die negatief geladen zijn. De positieve arginines gaan dus een sterke
interactie aan met de negatieve arenen. De sterkte van binding van twee galectines
werden getest, namelijk galectine-1 en -3. De affiniteit voor de gesynthetiseerde
koolhydraten werd door koppeling van arenen maximaal 2000 keer vergroot.
Moleculaire computersimulaties, die wij hebben uitgevoerd, bevestigden inderdaad
dat de ontstane areen-arginine interactie verantwoordelijk is voor de verhoging van
de affiniteit. Galectine-1 en -3 hebben andere aminozuren in hun koolhydraatherkenningsdomein. Galectine-3 heeft meer arginines dan galectine-1. Hierdoor was
het mogelijk om koolhydraten te synthetiseren, die 230 keer sterker binden aan
galectine-3 dan aan galectine-1. Zo’n specifieke remmer kan in biologisch onderzoek
gebruikt worden om de moleculaire mechanismes van galectine-3 te ontrafelen.
De best-bindende moleculen uit hoofdstuk 2 werden in hoofdstuk 3 gebruikt voor
verdere synthetische aanpassingen. Hier werd een functionele groep, een DOTA
groep, aan het koolhydraat gekoppeld wat een radioactief isotoop kan binden. De
straling die zo’n isotoop uitzendt, kan worden gedetecteerd in medisch diagnostische
scanners, zoals PET en SPECT scanners, bekend uit het ziekenhuis. Het nieuw
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ontworpen molecuul heeft dus twee eigenschappen. Ten eerste bindt het aan
galectines die aanwezig zijn in tumoren en ten tweede is het detecteerbaar door de
radioactieve straling. Hierdoor is het in theorie mogelijk om in een organisme een
tumor te detecteren. In dit hoofdstuk wordt de synthese en biologische evaluatie
besproken van de DOTA-gekoppelde koolhydraten. De synthese en de binding van
het radioactieve Indium-111 van de koolhydraten was succesvol. Vervolgens werden
de moleculen getest in muizen met tumoren. Vooralsnog bleek dat er geen hogere
radioactiviteit werd gemeten in de tumor van het muismodel. Het was dus nog niet
haalbaar om de tumor aan te tonen. Het is mogelijk dat het koolhydraat is
afgebroken in het lichaam of dat de tumor niet voldoende galectine bevatte.
Vervolgonderzoek zal zich richten op andere tumormodellen en eventueel op de
vergroting van de stabiliteit van de remmer.
Hoofdstukken 2 en 3 gingen over de synthese van remmers voor galectines. In de
volgende twee hoofdstukken wordt de ontwikkeling besproken van een nieuwe
methode om eiwitten in weefsel te detecteren. Net als de remmers is zo´n methode
moleculair gereedschap voor biologisch onderzoek. Het is namelijk erg interessant
om te weten welke soort en welke hoeveelheid

eiwitten er in bepaald weefsel

aanwezig is, om iets te kunnen leren van de functie van het eiwit. Als een bepaald
eiwit voorkomt in tumorweefsel, maar niet in gezond weefsel, dan heeft het eiwit
vermoedelijk een correlatie met kanker. In hoofdstuk 4 wordt de detectiemethode
ontwikkeld voor galectines. Hiervoor werden antilichamen die binden aan galectine
op een plaat, een microarray, gebonden. Vervolgens werden cellen of weefsels
kapotgemaakt, zodat alle eiwitten uit die cellen vrij in oplossing zijn. Dit heet een
cellysaat. Het cellysaat werd op de microarray aangebracht en de galectines konden
zo binden aan de antilichamen. Alle andere eiwitten in het lysaat binden niet.
Galectine wordt op deze manier als het ware uit het weefsel gevist. De volgende stap
is het aantonen van de hoeveelheid eiwit. Daarom werd er een lichtgevend ligand
toegevoegd. Dit ligand bindt in het koolhydraat herkenningsdomein en zorgt ervoor
dat de galectines nu kunnen worden gezien. Je kunt op deze manier dus meten
hoeveel galectines er in het lysaat zitten. Daarbij weet je ook dat deze eiwitten
functioneel actief zijn, omdat ze binden aan hun liganden. Dit is belangrijke extra
informatie, want niet alle eiwitten in een cel zijn altijd actief. In het hoofdstuk wordt
eerst de synthese besproken van de lichtgevende liganden op basis van koolhydraten
en vervolgens wordt de ontwikkeling van de methode uitgelegd. De detectiemethode
was erg gevoelig, want slechts 9 nanogram, dat is 9 miljardste van een gram,
galectine kon worden gemeten in een cellysaat. Op deze manier kan worden
nagegaan hoeveel galectine aanwezig is in verschillende soorten (tumor)weefsel. In
de toekomst zou zo’n analyse methode wellicht kunnen worden gebruikt in de kliniek
voor diagnostische en prognostische doeleinden.
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In hoofdstuk 5 werd de detectiemethode voor galectines verder uitgebreid voor
andere ligand-bindende eiwitten, namelijk verotoxines. Deze ziekteverwekkende
eiwitten worden uitgescheiden door de EHEC-bacterie. Deze bacterie was in de zomer
van 2011 volop in het nieuws door een uitbraak in Duitsland, waarbij meerdere
mensen overleden door het eten van rauwe groenten. Een detectiemethode is dus
erg belangrijk voor de opsporing van deze bacterie wanneer men snel een besmette
patiënt wil behandelen. Verotoxine bindt net als galectine aan koolhydraten, aan
galabiose om precies te zijn. De methode werd daarom aangepast voor galabiosebindende
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Deze

detectiemethode zou in de toekomst gebruikt kunnen worden voor de detectie van
schadelijke verotoxines.
In
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