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Abstract

Interactions between carbohydrates and proteins are increasingly being recognized as
crucial in many biological processes, such as cellular adhesion and communication. In
order to investigate the interactions of carbohydrates and proteins, the development of
efficient analytic technologies, as well as novel strategies for the synthesis of
carbohydrates, have to be explored. To date, several methods have been exploited to
analyze interactions of carbohydrates and proteins, for example, biosensors, nuclear
magnetic resonance (NMR); enzyme-linked immunosorbent assays (ELISA), X-ray
crystallography and array technologies. This thesis describes the development of novel
strategies for the synthesis of carbohydrates, as well as new efficient strategies to Quartz
Crystal Microbalance- (QCM-) biosensors and carbohydrate microarrays technologies.
These methodologies have been used to probe carbohydrate-lectin-interactions for a range
of plant and animal lectins.

Keywords: Lectins; Carbohydrates; Molecular recognition; Biosensors; Quartz crystal
microbalance; Carbohydrate microarrays.
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1. Introduction
1.1 Lectins

Proteins that interact with carbohydrates non-covalently occur widely in nature. These
include for example carbohydrate-specific enzymes, and antibodies formed as a response
to the carbohydrate antigens encountered by the immune system. The lectins (from lectus,
the past participle of legere; to select or choose),”” are defined as the third class of
carbohydrate-specific proteins,’ which bind mono- and oligosaccharide reversibly with
high specificity, but are devoid of catalytic activity compared with enzymes, and not
products of an immune response such as antibodies. Lectins exist in most organisms
ranging from viruses and bacteria to plants and animals. The first pure lectin, concanavalin
A (Con A, from jack beans, see crystal structure in Figure 1) was isolated in 1919 by
Sumner,” who also demonstrated its carbohydrate specificity. Later, Watkins and Morgan
found that lectins play a crucial role in elucidating the molecular base for blood group
specificity.® At present, the investigations of lectin-carbohydrate interactions focus on their
roles in cell-cell recognition, as well as the application of these proteins for the study of
carbohydrates in solution and on cell surfaces.

Figure 1. a-Man-1,2-a-Man-OMe-concanavalin A complex (crystal structure) reveals a
balance of forces involved in carbohydrate recognition.

Each lectin molecule contains typically two or more carbohydrate-binding sites. Thus,
their interactions on the surface of cells having multiple carbohydrate expressions (such as
erythrocytes) result in the cross-linking of the cells and their subsequent precipitation. This
phenomenon referred to as cell agglutination, is a major attribute of the activity of lectins
and is used routinely for their detection and characterization. Both the agglutination and
precipitation processes are inhibited by the sugar ligands for which the lectins are specific.
Based on the specificity of lectins, they are classified into five groups according to the
monosaccharide for which they exhibit the highest affinity: mannose, galactose/N-
acetylgalactosamine, N-acetylglucosamine, fucose, and N-acetylneuraminic acid.”
Usually, the affinity of the lectins for monosaccharides is weak (association constants in
the millimolar range), however highly selective (Table 1). Therefore, lectins specific for
galactose do not react with glucose or mannose, nor do those specific for mannose bind
galactose. However, the selectivity of lectins for monosaccharides is not always so high.
For example, certain variations at the C-2 position of the pyranose ring may be tolerated,
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resulting in that certain lectins that bind mannose can also interact with glucose, and
certain lectins that bind galactose also interact with N-acetylgalactosamine (Table 1).

Table 1. Examples of lectins used and their ligand specificities

Lectins Source Family Specificity
Plant lectins

Concanavalin A (Con A) | Jack bean Leguminosae Man/Glc
Peanut agglutinin (PNA) | Peanut Leguminosae GalGalNAc
Ulex europeus (UEA I) Ulex europeus Leguminosae L-Fucose
Pisum Sativum agglutinin | Pea Leguminosae Man/Glc
(PSA)

Griffonia simplicifolia Griffonia Leguminosae GIcNAc
lectin II (GS II) simplicifolia

Soybean agglutinin Soybean Leguminosae Gal/GalNAc
(SBA)

Viscum album Mistletoe Viscaceae Gal/GalNAc
agglutinins (VAA)

Animal lectins

Galectin-3 Galectin-3 Gal/GalNAc

Moreover, certain lectins can combine preferentially with either the a- or the f-anomer,
whereas others lack anomeric specificity. Interestingly, the properities of the aglycon may
markedly influence the interaction of a glycoside with the lectin. For example, aromatic
glycosides bind to Con A much more strongly than aliphatic ones, attesting to the presence
of a hydrophobic region in the proximity of the carbohydrate-binding site."

Lectins occurring in animals consist of 4 subgroups: 1) the S-type lectins; 2) the C-type
lectins; 3) the P-type lectins; and 4) I-type lectins.'’ The S-type lectins are also called
galectins, which are found inside the cytoplasm, in the nucleus, at cell surfaces, and
outside the cell. The galectins are a family of lectins defined by their affinity for p-
galactosides and by conserved sequence elements. More than ten galectins from mammals
are known, as well as many from other phylae including birds, amphibians, fish,
nematodes, sponges and fungi. The galectins have been proposed to mediate cell adhesion,
to regulate cell growth, and to trigger or inhibit apoptosis. There is strong evidence to
suggest a role for galectins in immunity regulation, inflammation, and cancer, although
their precise mechanisms of action remain unclear.'***
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1.2 Carbohydrate-Lectin interactions
Carbohydrate-protein interactions play crucial roles in many biological processes. The
major function of lectins appears to be in cell-cell recognition (Table 2), where the

carbohydrate-protein interactions have been found to be essential.

Table 2 Carbohydrate-protein interactions in cell-cell communication

Biological event Carbohydrates on Lectins on

Microbial infection Host cells Microorganisms

Immune response Phagocytes, Microorganisms Microorganisms,
phagocytes

Fertilization Eggs Sperm

Leucocytes traffic Phagocytes endothelial cells  Endothelial cells,
phagocytes

Metastasis Target organs, malignant Malignant, target organs

Normally, the lectins possess shallow carbohydrate-binding sites. This is in contrast to
enzymes and transport proteins, which often have buried binding sites. In lectins, the
combining sites also appear to be preformed,” since few conformational changes occur
upon binding. Lectins bind carbohydrates through a network of hydrogen bonds,
hydrophobic interactions, van der Waals® interactions, and metal ion coordinations.'®"’
Hydrogen bonds are primarily formed between OH- and NH-groups (less to ring oxygen)
of the carbohydrates, and corresponding groups on the proteins. Although carbohydrates
are generally polar molecules, the steric disposition of hydroxyl groups -creates
hydrophobic patches on sugar surfaces that can interact with hydrophobic regions of the
protein. Metal ions such as Ca’" and Mg”" can be found in close proximity to the
carbohydrate combining pocket, but are not always directly involved in the carbohydrate
binding. However, they assist in the positioning of the amino acid residues to interact with
the carbohydrates. In addition, contacts between the ligand and the protein are sometimes
mediated by water bridges. Water acts as a molecular “mortar” its small size and ability to
act as both hydrogen donor and hydrogen receptor conferring ideal properties for this
function. Therefore, water sometimes plays a very important role in carbohydrate
recognition.

Most plant lectins belong to the legume family, also were used in the present research.
Legume lectins can bind ligands through four invariant amino acid residues: an aspartic
acid, an asparagine, a glycine, and an aromatic amino acid or leucine. In spite of this
conservation of key amino acids involved in the binding of the carbohydrate, different
lectins show different specificity. For example, PNA and SBA bind to galactose whereas
Con A binds to mannose and glucose. The reason is that the amino acids that form the
sugar combining sites of lectins are derived from four loops: designated A, B, C and D."
The invariant aspartic acid and glycine belong to A and B, respectively, whereas the
asparagine and the hydrophobic residue are in loop C. However, additional interactions are
provided by amino acids in loop D, where loop D in length, sequence and conformation is
highly variable to specify the monosaccharides for the lectins. For example, there is an
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identical size in loop D in all mannose-specific lectins.'” In addition, normally the non-
reducing residue of oligosaccharides/polysaccharides occupies the monosaccharide
combining site when lectins bind to the such entities. The details for the interactions
between PNA and the disaccharide Gal(f1-3)GalNAc are displayed in Figure 2.'% %

"D 80 &I“ 21
1Giy 213

.®~«
(ban 1) .@@‘ o)
o) )

Figure 2. Schematic representation of carbohydrate-protein interactions in the peanut
agglutinin (PNA) complex with Gal(f1-3)GalNAc. The terminal galactose of the
disaccharide form, in addition to the commonly occurring bonds with the side chains of
asparagine (Asnl27), aspartic acid (Asp83), and the main chain amide of glycine
(Gly104), unique interactions between the 6-OH and the side chain of Asp80, and between
the ring oxygen and Ser211. The 4-OH of the N-acetylgalactosamine is hydrogen-bonded
to Ser211 and Gly213. Reprinted with permission from the American Chemical Society."
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1.2 Quartz crystal microbalance

Many important physical and chemical processes can be estimated from associated mass
changes. The Quartz Crystal Microbalance (QCM), based upon the piezoelectric effect, is
a simple, efficient and high resolution mass sensing technique.”"** The signal transduction
mechanism for the use of the piezoelectric effect in quartz crystals was first discovered by
Curie in 1880.% Soon after, Raleigh reported that a change in intertia of a vibrating crystal
was shown to change its resonant frequency, f.** The crucial breakthrough for the QCM
technique was however when the AT-cut of a quartz crystal could be produced (Figure 3),
since this geometry provide a stable oscillation with almost no temperature fluctuation in f
at room temperature.”>?* Normally, the QCM technique depends upon circular quartz
crystals operating in the thickness shear mode (TSM) where the lateral amplitude of a
vibrating crystal is 1-2 nm (Figure 3). When a mass binds to the surface, it tends to
oscillate with the identical lateral displacement and frequence as the crystal. The
fundamental frequence relies upon the thickness of the wafer, its shape, mass. A QCM
consists of a thin quartz disc with metal electrodes plated onto the surface. Gold is usually
used as electrode materials, desposited on the upper and lower quartz surfaces. When an
alternating electric field is applied across the quartz crystal, through the upper and lower
metal electrode, a mechanical oscillation of characteristic frequency (f) is generated in the
crystal.

TSM

oz N

Figure 3. AT-cut of a quartz crystal from which the metal coated QCM quartz crystal are
generated, and an end on crystal view of the thickness shear mode (TSM) of oscillation.
Reprinted with permission from the American Chemical Society.”

To date, the QCM methodology has been widely employed in biological studies, for
example in immunoassays and DNA hybridization. The advantages of QCM biosensors in
biological measurements are their ability to monitor the changes of small masses in real
time, where such measurements can be performed by use of the native or synthetic
molecules without any supplementary labeling.
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1.4 Carbohydrate microarrays

Microarray technologies represent novel developments for studying biological processes
in an efficient way. The advantage of these technologies is that only small amounts of
compounds are needed for fabricating microarrays and many compounds can be screened
in parallel in single operations. Over the last decade, DNA microarrays, which were the
first to be developed, have been exploited for probing for example mutation of genes and
alteration of patterns of gene expression in disease.”’*"

WP b 771\

RO

Figure 4. A strategy to carbohydrate microarrays based on photochemical ligation.

Protein microarrays, which were the second to be explored, have for example been
applied to high-throughput investigations of protein-protein interactions and profiling of
protein expression in normal and diseased conditions.”®*° Carbohydrate microarrays,
which were only very recently developed, have so far been utilized primarily for
investigations of carbohydrate-protein interactions and glycomics studies (Figure 4).
Carbohydrate-protein interactions are known to be relative weak compared with DNA- and
protein-protein interactions.’'*? Therefore, carbohydrates immobilized on solid surfaces
can be advantageous for the detection of carbohydrate-protein interactions. The
immobilized carbohydrates with proper spacing and orientation on the solid surface can
result in multivalent interactions that produce stronger binding.** Furthermore, the
immobilized carbohydrates on the solid surface may act as glycans on cell surfaces for the
functional studies of glycans, as well as for the high-throughput analysis of carbohydrate-
protein interactions in mnovel carbohydrate-binding protein discovery campaigns.®
However, new fabrication strategies for immobilization of carbohydrates on solid surfaces
are being recognized as crucial in the development of carbohydrate microarrays
technologies. In general, there are mainly three different methods for immobilizing
carbohydrates to the solid surface (Figure 5): (1) site-nonspecific and noncovalent
immobilization of chemically unconjugated carbohydrates on the unmodified surface;** (2)
site-specific and covalent immobilization of chemically conjugated carbohydrates on the
modified surface;*>>? (3) site-specific and covalent immobilization of chemically
unmodified carbohydrates on the modified surface.”’ Among them, the site-specific and
covalent immobilization of chemically conjugated carbohydrates on the modified surfaces
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have been widely employed, where the experiments showed that carbohydrates attached
with long tethers interacted more strongly with protein relative to those linked by short
tethers. Therefore, immobilization of carbohydrates on the surface with a long linker is a
crucial for carbohydrate microarrays technologies. To date, the carbohydrate microarrays
technologies have been employed in investigating carbohydrate-lectin interactions,’>>**’
carbohydrate-antibody interactions, and detecting the substrate specificity or enzyme
activity of carbohydrate-processing enzymes.*’
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Figure 5. Methods for carbohydrates immobilized on the solid surfaces: 1) site-nonspecific
and noncovalent immobilization of chemically unconjugated carbohydrates on the
unmodified surface; 2) site-specific and covalent immobilization of chemically conjugated
carbohydrates on the modified surface; 3) site-specific and covalent immobilization of
chemically unmodified carbohydrates on the modified surface.
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1.5 Aim of the study

Interactions between carbohydrates and proteins have been found to be of essential
importance in many biological processes, such as cellular adhesion and communication.*!”
* To thoroughly understand these interactions, well-defined carbohydrate ligands must be
synthesized. Such as thioglycosides, where the glycosidic oxygen atom is replaced with
sulfur are quite often the glycosyl donors of choice for the synthesis of thio-
oligosaccharides. Investigations of thio-oligosaccharide-binding proteins indicate that
thiolinkages offer a higher degree of flexibility between glycols units and possess more
conformers than their natural O-linked ligands.** Thiol-containing carbohydrates may also
be subjected to mild oxidation in forming disulfide-bridged dimers, and glycosyldisulfides
have more recently been identified as efficient glycosyl donors and potentially useful
glycomimetics.®*” In addition, thiosaccharides can be used to generate dynamic
combinatorial libraries by mild oxidation in aqueous solution through reversible thio-
disulfide interchange. Synthesis of thiosugars has been developed by several research
groups for use as biological probes and potential enzyme inhibitors.”**’ However,
systematic investigation for the synthesis of all positional thio-glycoside derivatives has
not been fully explored. Therefore, in order to investigate carbohydrate-lectin interactions,
the aim of this study was firstly to explore the novel strategies for the synthesis of thio-
glycoside derivatives, as well as other glycoside derivatives.””>* Secondly, to develop
novel technologies and means to study the carbohydrate-lectin interactions.”™™® It is well
known that QCM biosensor systems are able to measure small mass changes for the study
of molecular interactions in real time, where such measurements can be performed by use
of the native or synthetic molecules without any labeling. Furthermore, the advantage for
carbohydrate microarray technologies is that only small amounts of compound are needed
for fabricating microarrays and many compounds can be screened against a range of
lectins in parallel in single operation. Thus, much effort was focused on the development
of new QCM biosensor systems, as well as novel strategies of the carbohydrate
microarrays to study carbohydrate-lectin interactions.
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2. Carbohydrate Synthesis

In order to investigate carbohydrate-lectin interactions, various strategies for the synthesis
of carbohydrate ligands have been developed. Regioselectivity is a well-known problem in
carbohydrate chemistry because carbohydrates contain several hydroxyl groups with often
small differences in reactivity. Therefore, strategies of protecting group introduction and
selective deprotection are of crucial importance in carbohydrate synthesis. In addition,
epimerization of carbohydrate structures to the corresponding epi-hydroxyl stereoisomer
plays a very important role in carbohydrate synthesis. However, investigation of the
epimerization of carbohydrate structures has not been systematically explored. In our
study, stereospecific ester activation in nitrite-mediate carbohydrate epimerization was
investigated.”'

2.1 Synthesis of thioglycosides

Thioglycosides, where the glycosidic oxygen atom is replaced with sulfur constitute an
interesting group of compounds in glycochemistry, possessing unique characteristics
compared to their oxygen-containing counterparts. They are often employed as efficient
glycoside donors and acceptors in oligosaccharide and neoglycoconjugate synthesis.
Moreover, thiol-containing carbohydrates can be oxidized at mild conditions to form
glycosyldisulfides, which have differences in different properties compared to natural
glycosides. In addition, they can occupy a larger conformational space, as compared to
natural glycosides, due to the increased flexibility and extended length of the disulfide
bond.**® Thus, It is interesting to explore the function of glycosyldisulfide in biological
interactions. However, for the synthesis of sulfur-containing carbohydrates, the benzyl
ether group is very difficult to remove since organic sulfur compounds are poisonous to
metal hydrogenation catalysts.® Therfore, ester as well as benzylidene protecting groups
are more prevalently used for the synthesis of sulfur-containing carbohydrates.

2.1.1 Synthesis of thiogalactose derivatives (paper V and paper 1X)

Thio-B-D-galactopyranosides are important compounds for the study of biological
processes. In an early study, the binding of a series of alkyl or aryl 1-thio-B-D-
galactopyranosides to PB-D-galactosidase from Escherichia coli was investigated. The
results indicated that the compounds are competitive inhibitors for the B-galactosidase
from Escherichia coli.®” Thio-B-D-galactosides react as glycosyl donors for the synthesis of
thio-oligosaccharides. Thio-f-D-galactosides can also be used to generate the glycosyl-
disulfide libraries by mild oxidation to offer a useful way to study carbohydrate-lectin
interaction, where glycosyldisulfides libraries can be screened against a range of lectins.
Moreover, galectins constitute a family of structurally related [B-galactoside-binding
proteins. In order to elucidate biological functions of galectin as lead compounds for novel
anti-inflammatory and anticancer agents since galectins may be involved in these
pathological conditions, powerful inhibitors of galectins based on B-galactoside building
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blocks are highly desirable. Synthesis of thiosugars has been developed by several
research groups for the use as biological probes and potential enzyme inhibitors.***
However, systematic investigation for the synthesis of the all positional thio-galactose
derivatives has not been fully explored. In our study, the synthesis of thio-p-D-galactose
derivatives was performed (Figure 6).

HO _OH HO _OH HO

HO o SH HO o OMe HS OMe
1 2 3
HS OH HO SH
Q Q

HO OMe HO OMe
OH OH
4 5

Figure 6. Thiogalactose derivatives

2.1.1.1 1-Thiol-p-p-galactopyranoside (1)

Compound 1 can be easily synthesized due to the high reactivity of the hydroxyl group at
the anomeric center. Two different strategies for the synthesis of 1 have been developed
from the corresponding glycosyl halid 7, both in several steps.®"** One way was to convert
glycosyl halide 7 into thioglycoside 8 by treatment of 7 with HSAc in 1M aqueous
Na,COs-solution (H,O/CH,Cl,, 1:1) by use of the tetrabutylammonium hydrogen sulfate as
phase transfer catalyst (pathway b in Scheme 1).°' The drawback of this method was that
hydrolyzation of 7 generated a mixture of products for which it was difficult to isolate
product 8. In the alternative approach, 1 was obtained in 3 steps from the corresponding
glycosyl halide 7, with the key step involving treatment of 7 with thiourea (pathways d-e-f
in Scheme 1).* An improved method tested was to treat the glycosyl halide directly with
tetrabutylammonium thioacetate in dry toluene or potassium thioacetate in dry acetone to
afford thioglycoside in high yield (pathway ¢ in Scheme 1).
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SCHEME 1°?
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# Reagents and conditions: (a) HOAc-HBr, CH,Cl,, rt, overnight, 70%; (b) HSAc, 1M
Na,CO;, CH,Cl,, TBASH, rt, 2h, 55%; (c¢) i: TBASAc, toluene, rt, 2h; or ii: KSAc,
acetone, rt, 2h, 88%; (d) thiourea, DMF or acetone, 60 °C, 4h, 69%; (e) ethanolamine,
acetone, 60 °C, 2h, 81%; (f) NaOMe, MeOH, rt, 2h, 95%.

2.1.1.2 Methyl 2-thiol-B-D-galactopyranoside (2)

Efficient synthetic routes to 2 have not been fully described in the literature. When
designing a viable synthesis, we opted for an inversion strategy. A suitable methyl taloside
derivative, where the hydroxyl group in the 2-position was free and other positions were
protected, was necessary for such a synthesis. Methyl B-D-galactoside was chosen as
starting material due to the low cost. Therefore, the inversion of the equatorial OH at C-2
in the galactose derivative had to be performed. According to the literature, a common
route to OH inversion in carbohydrate chemistry involves the triflation of a given hydroxyl
group, followed by inversion with a nitrite anion at room temperature or heated up to 50 °C
for 1-2 hours. An investigation of the literature revealed surprisingly few examples of the
inversion of the equatorial OH at C-2. However, for the inversion of an equatorial OH at
C-2 in methyl a-D-glucoside derivative, where the 2-OH was free and the other hydroxyl
groups protected following a 4,6-O-benzylidene/3-OBz protecting strategy, has showed
that the reaction can be performed at 80 °C for 6 hours.” We have previously found that
the inversion of an equatorial OH at C-2 in methyl B-D-glucoside derivatives, where the
same protecting group strategy was used as mentioned above, can be performed at 50 °C
for 6 hours (entry 3 in Scheme 4).”' This suggested that the inversion of an equatorial OH
at C-2 was much more difficult compared to the common inversion reactions. The 4,6-O-
benzylidene was prevalently used because of the selective and simultaneous protection of
two hydroxyl groups. The 4,6-O-benzylidene galactoside derivative treated with tin
dioxide, followed by benzoyl chloride or acetic anhydride, selectively rendered the sub-
key galactoside derivative, where the 2-OH was free and all other hydroxyl groups
protected using a 4,6-O-benzylidene/3-OBz or 3-OAc protecting strategy. The key talose
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derivative could then be obtained from the sub-key compound via the nitrite-mediate
inversion reaction, where the 2-OH was free and all other hydroxyl groups protected using
a 4,6-O-benzylidene/3-OBz or 3-OAc protecting strategy.

SCHEME 22
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# Reagents and conditions: (a) PhCH(OMe),, TsOH, DMF, rt, 16h, 70%; (b) i: Bu,OSn,
dry MeOH, reflux, 2h; ii: Ac,O, DMF, rt, 2h, 72%; (c) Tf,0, pyridine, CH,Cl,, -30 - 0 °C,
2h; (d) TBANO,, toluene, 50 °C, 2h; (¢) PhCONCO, CH,Cl,, -30 - 0 °C, 3h, 60%; (f)
NaH, THF, 0 °C - rt, 3h; (g) NaOH, THF, rt, 12h, then 80 °C, 3h, 82% for f, g 2 steps; (h)
TBASALC, toluene, rt, 2h, 68%; (j) i: NaOMe, MeOH, 2h; ii: CHCl;, HCI, H,O0, rt, 87%.
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Consequently, our preliminary efforts toward the synthesis of 2 were to try to obtain the
key intermediate talose derivative 19 (pathway a-b-c-d in Scheme 2). Introduction of a
triflate at C-2 in 19 followed by the Sy2 reaction with KSAc provided the desired 21,
which can be easily deprotected to afford 2 (pathway c-h-j in Scheme 2). Unfortunately,
treatment of galactose derivative 14 with KNO, failed to afford the inversion talose
derivative 19 due to steric hindrance from the 4,6-O-benzylidene, which was the key step
for this synthetic route. In an attempt to overcome the problem of the steric hindrance from
the 4,6-O-benzylidene in 14 to obtain a desired inversion at C-2, the strategy shown at
pathway e-c-f-g in Scheme 2 was instead tested. The benzoylcarbamate O-cyclization has
been investigated to illustrate that it was an efficient means to conquer the steric hindrance
problem for the inversion reaction.** Treatment of 12 with benzoyl isocyanate gave 15,
where the selective carbamoylation was performed at C-3 in 12. Treatment of 15 with
triflic anhydride afforded the cyclization substrate 16. Treatment of 16 with sodium
hydride, and subsequent hydrolyzation under more vigorous basic conditions gave
inversion product 18. Finally, product 2 was successfully synthesized according to the
synthetic route (pathway a-e-c-f-g-b-c-h-j in Scheme 2). Nevertheless, 6 steps were
required to obtain key intermediate 19 starting from methyl B-D-galactoside. In an attempt
to avoid the steric hindrance from the 4,6-O-benzylidene for the inversion reaction, an
efficient means to obtain the key intermediate 2-OH taloside derivative 24 starting from
methyl B-D-galactoside, where the hydroxyl group in the 2-position was free and the other
positions were protected with benzoyl groups, was explored (Scheme 3).* Treatment of
methyl B-D-galactoside with three equivalents of dibutyltin oxide and subsequent
benzoylation with three equivalents of benzoyl chloride at 90 °C in toluene afforded 2-OH
methyl galactoside derivative 22 in a high yield. Attempted inversion of configuration at
C-2 in 22, via the triflate as described above, surprisingly yielded the desired C-2 inverted
methyl taloside derivative 24. Only 3 steps were thus required to obtain the key methyl 2-
OH taloside derivative 24 starting from methyl $-D-galactoside.

SCHEME 3?
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& Reagents and conditions: (a) i: Bu;SnO, MeOH, 70 °C, 2h; ii: BzCl, toluene, 90 °C, 2h,
90%; (b) THO, pyridine, CH,Cly, -30 - 0 °C; 2h; (¢) TBANO,, CH;CN, 50 °C, 30h, 70%.
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To further study the effects of the protecting group pattern as well as the configuration for
the inversion of the equatorial 2-OH in B-D-galactose derivatives, several different
inversion routes were probed (Scheme 4). As can be seen, galactose derivative 14 failed to
undergo the inversion reaction (entry 1 in Scheme 4) whereas the inversion reaction for the
glucose derivative 27 was successful (entry 3 in Scheme 4), where its 2-OH was free and
other hydroxyl groups protected using a 4,6-O-benzylidene and 3-OBz protecting strategy.
As a comparison, the inversion reaction of an alternative galactose derivative 25, using 3-
OBz instead of 3-OAc, was tested (entry 2 in Scheme 4). It also failed to furnish the
inversion product. The results indicated that the steric hindrance from the 4,6-O-
benzylidene for the inversion reaction in galactose derivative was more than that in
glucosederivative.

However, stronger nucleophilic reagents can overcome the hindrance from the 4,6-O-
benzylidene to afford the inversion product (entry 4 in Scheme 4). Furthermore, the
inversion reaction for galactose derivative 23, was successful due to the less steric
hindrance for the inversion from the benzoyl groups compared with the 4,6-O-benzylidene
(entry 5 in Scheme 4).
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& Reagents and conditions: (a) TBANO,, CH;CN, or KNO,, DMF, 50 °C; (b) i: NaH, THF,
0 °C - rt, 3h; ii: NaOH, THF, rt - 80 °C; iii: Bu,SnO, MeOH, reflux; iv: Ac,O, DMF, rt.

2.1.1.3 Methyl 3-thiol-p-D-galactopyranoside (3)
The literature suggests that a 4,6-O-benzylidene plays a very important role for the
synthesis of 3-thio-B-D-galactose derivative, with the key step involving the

interconversion from 3-OTf gulose derivative to galactose derivative.**®” Our initial
strategy for the synthesis of 3-thio-p-D-galactose derivative is shown in Scheme 5.
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 Reagents and conditions: (a) i: Bu,OSn, MeOH, reflux, 2h; ii: BnBr, TBAI, benzene,
reflux, 2h, 70%; (b) Ac,0, pyridine, DMAP, rt, 3h, 92%; (c) Pd(OH),, H,, MeOH, rt,
overnight, 95%; (d) Tf,0, pyridine, CH,Cl,, -30 - 0 °C; 2h; (¢) TBANO,, CH,Cl,, 50 °C,
2h, 62%; (f) TBASAc, toluene, 4h, 78%; (g) NaOMe, MeOH, rt, 2h, 86%; (h) KSAc,
DMF, rt.

A methyl guloside derivative compound 33, where the hydroxyl group in the 3-position was
free and the other positions were protected with acetyl groups, is crucial for the synthesis of
3-S galactose derivative. Normally, Compound 33 was easily obtained in 5 steps according to
our synthetic strategy. However, treatment of 33 with triflic anhydride, and subsequent
thiolation with KSAc in DMF instead afforded side product 31, which was generated via the
neighbouring ester group participation followed by hydrolysis. In order to suppress the
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neighboring group participation where esters are used as protecting groups for thiolate of
carbohydrates, the reaction was performed in non-polar solvent toluene using TBASAc as
nucleophilic reagent. A mixture of 35 and 36 was then yielded. To understand these result,
the dependence of nucleophile concentration for this reaction was studied. It was found that
the reaction highly depended on the concentration of the thioacetate reagent, where the
corresponding thioacetate of the gulose type (36) was afforded up to 40 % in strong
competition with 35 (Table 3).

Table 3. Stercoselectivity in the reaction of 34 and different TBASAc concentrations.

Entry No. TBASAc (equiv.) relative yield (%)

35 36
1 5 60 40
2 10 75 25
3 20 88 12
4 40 96 4

'H-NMR spectra clearly shows the results for the dependency of stereoselectivity on
nucleophilic reagent concentration in the reaction (Figure 7).

The results indicate that the reaction highly depends on both the solvent and the
concentration of the thioacetate reagent. In polar solvent, when 34 was reacted with KSAc
(5 equiv.) in DMF mainly afforded the hydrolysis product 31 after workup, and neither
product 35 nor 36 was formed (Scheme 6). In non-polar solvent, when TBASAc in toluene
was employed to displace the OTf-group, a straightforward Sy2-reaction was anticipated to
yield the 3-SAc-glycoside 35 of galactose type, whereas the corresponding thioacetate of
the gulose type (36) was also formed in strong competition with 35. The yield of 35 could
be dramatically increased when the concentration of TBASAc was increased to close to the
saturation limit (40 equiv.), resulting in almost quantitative formation of 35. The main
reason for this behavior is most likely due to the competing formation of an acetoxonium
intermediate (37) in the reaction pathway. When an ester functionality in the axial 4-
position is present, establishing an anti-diaxial relationship between the ester and the
triflate, 37 may form slowly with time to compete with the attacking thioacetate in non-
polar solvent (Scheme 6).

33



(a)

5.0
8/ppm
(b)
T T T
5.0 45 4.0
8/ppm
(c)
AL A
5.0 4.5 4.0
8/ppm

Figure 7. "H-NMR spectra: (a) product mixture resulting from 34 reacted with 40 equiv.
TBASACc in toluene (96% 35, 4% 36), (b) product mixture resulting from 34 reacted with
10 equiv. TBASAC in toluene (75% 35, 25% 36), (c) gulose derivative 36.

Preferred nucleophilic attack on the acetoxonium ion from the axial 3-position will then
open the 5-ring and produce the gulose derivative. Attack at the equatorial 4-position
proved less favored, and no 4-SAc-glucose analogs were identified in the reaction. The
increasing yield of galactose-derivative 35 with increasing nucleophile concentration
supports the notion of competing inter- and intramolecular reaction pathways. In a non-
polar solvent (toluene), the formation of 36 is very slow, thus favoring an intermolecular
Sn2-reaction that is dependent on the nucleophile concentration (Scheme 6). Therefore, the
formation of 35 is under kinetic control in toluene. When the reaction was carried out at 50
°C with 40 equivalents of TBASAc, a 66:34 ratio of 35 and 36 was obtained after workup,
suggesting the thermodynamically controlled formation of 36 at these conditions.
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& Reagents and conditions: (a) TBASAc, toluene, N, rt, 4 h; (b) DMF/KSAc or
CH,CIl,/TBASAGC, rt.

Finally, the total synthetic route for 3 is displayed in Scheme 5: the key intermediate 3-
OH gulose derivative 33 was prepared from the corresponding 3-OTf galactose derivative
32, which itself was obtained in 4 steps from methyl B-D-galactoside (route via a, b, c,d,e
in Scheme 5). Introduction of a triflate at C-3 in 33 followed by the Sy2 reaction with 40
equivalents TBASACc in toluene at room temperature mainly provided the desired 35. The
byproduct 3-S gulose derivative 36 was competitively formed in only 4% (pathway d, f in
Scheme 5). Deprotection of 35 afforded 3.

To further explore the phenomenon of solvent-dependent kinetic control in thiolate
reactions, other possible configurational isomers, compounds 32, 38, 40, were subjected to
the same reactions as compound 34 (Scheme 7). When the 3-OTf-galactose derivative 32
was employed, no competing reactions and no concentration dependence were found, and
all reactions with SAc nucleophiles proceeded smoothly in DMF and toluene. Gulo-
derivative 36 was thus formed in good yield without any complications. Likewise,
reactions with 4-OTf-galactose derivative 38 in either solvent resulted in the glucose
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derivative 39 without any complicating side-reactions. Both these compounds present a
3,4-cis configuration, for which the acetoxonium intermediate is unlikely to form. Since no
other species were identified in the products, formation of the 2,3-acetoxonium from 32 or
the potential 4,6-acetoxonium ion from 38, can be largely ruled out. On the other hand,
compound 40 displayed a similar behavior as 34. In DMF the reaction led to a reaction
mixture, whereas in toluene compound 41 was formed in good yield. In this case, however,
no apparent concentration dependence was observed. Since the anti-diequatorial
configurational relation between the triflate and the ester functionalities is less likely to
produce an intermediate acetoxonium ring, the main reason for this solvent-dependence is
likely the 6-membered acetoxonium ring arising from 6-OBz group. The formation of this
species is however kinetically less favored than the corresponding 5-membered ring, and
hence no concentration dependence is observed.
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* Reagents and conditions: (a) KSAc, DMF, N, rt; 8h; (b) TBASAc (< 20 equiv.),
toluene, N, rt, 4h.
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Our set of configurational isomers has led to the following conclusions concerning
neighboring group participation in these reactions: (i) an anti-diaxial relationship between
the ester and the triflate (34) likely leads to the formation of a reasonably stabilized
acetoxonium intermediate in non-polar solvent, (ii) axial-equatorial (32) or equatorial-axial
(38) relationships are unlikely to generate any acetoxonium intermediates, (iii) an anti-
diequatorial relationship (32, 40) is likely inefficient in forming this intermediate, (iv) the
4,6-anti-diequatorial relationship in compound 40 may potentially form a moderately
stable intermediate in DMF, (v) a 4,6-axial-equatorial relation (38) is largely inefficient.
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* Reagents and conditions: (a) KSAc, DMF, N, rt.

As a comparison, an alternative route to 3-SAc-galactosides, using the 4,6-O-
benzylidene 42 instead of ester protecting groups,””*® was carried out (Scheme 8). In this
case, compound 43 was formed in good yield in DMF using KSAc as nucleophile. This
supports the finding that an axial ester functionality in the 4-position is the major reason
for competing reaction to occur, and also supports the lack of participation from the ester
in the equatorial 2-position. In addition, compound 45 could be efficiently obtained from
compound 44 in DMF, supporting the participation from the 6-OBz ester functionality in
compound 40. In the latter case, however, benzyl protecting groups are less favorable in
these syntheses, owing to complications in deprotection by hydrogenation.

The results indicate that 3- and 4-SAc glycosides of the galacto-, gluco-, and gulo-series
can be efficiently prepared using simple nucleophilic substitution of the parent triflates
with thioacetate, where the potential influence from adjacent ester protecting groups has
been mapped, and the desired products could be formed in good yields in all cases. Strong
solvent-dependence was especially found for 3,4-anti-diaxial relationship between the
ester and the leaving group, however, the galacto derivatives could nevertheless be
generated under kinetic control.
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2.1.1.4 Methyl 4-thiol-B-D-galactopyranoside (4)

Synthesis of 4 was reported by A. Maradufu and his coworkers. They used a rather
complicated route without any analytical data.”” In our premilinary study, the key
intermediate methyl B-D-glucoside derivative 48, where the hydroxyl group in the 4-
position was free and the other positions were protected with benzoyl groups, was obtained
in 3 steps from methyl B-D-glucoside (pathway a, b, ¢ in Scheme 9).”° Firstly, methyl p-D-
glucoside was selectively converted into the corresponding 6-TIPS (triisopropylsilyl)
derivative 46 by treatment of 11 with TIPSCl in DMF in the presence of imidazole,
subsequent benzoylation of all other positions gave 47. Treatment of 47 with fluoride as
reaction promoter led to the key intermediate 4-OH glucoside derivative 48.

SCHEME 9?

OTIPS

OH OTIPS
HO O a
OMe ———— » OMe
HO OH 4> BzO
11

OBz OBz
%& O N~
OMe <—x— BzO OMe «—— B
OBz
40
‘e
AcS OBz
%& ot
20 OMe HO
OBz

 Reagents and conditions: (a) TIPSCl, DMF, imidazole, rt, 1h; (b) BzBr, DMF, tt, 2h,
80% for 2 steps; (¢) TBAF, THF, 0 °C, 1h, 85%; (d) Tf,0, pyridine, CH,Cl,, -30 - 0 °C,
2h; (e) TBASACc, toulene, rt, 4h, 76%; (f) NaOMe, MeOH, rt, 2h, 86%; (g) KSAc, DMF,
rt.

Our initial strategy included the introduction of a triflate at C-4 in 48 to afford 40,

followed by inversion of 40 with potassium thioacetate in DMF to yield the desired C-4
inverted 41. Unfortunately, attempted thiolation of 40 with potassium thioacetate in DMF
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afforded a mixture of products (pathway g in Scheme 9). We assumed that the problem
was caused from the six-membered acetoxonium ring arising from 6-OBz group in the
polar solvents. To suppress this neighboring group participation in polar solvents, we
attempted thiolation of 40 with potassium thioacetate in toluene to afford C-4 inverted 41
(pathway e in Scheme 9), and subsequent deprotection of 41 to obtain 4.

In a recent study, a convenient route to obtain the key intermediate methyl 4-OH
glucoside derivative 48 was developed based on a one-pot, organotin-mediated
multiprotection procedure (Scheme 10).”> Treatment of methyl p-D-glucoside with three
equivalents of dibutyltin oxide and subsequent benzoylation with three equivalents of
benzoyl chloride at 90 °C in toluene afforded methyl 4-OH glucoside derivative 48 in a
high yield.

SCHEME 10?
OH OBz
“Oﬁ& 2 “Oﬁ&w
OMe BzO e
HO OH z OBz
11 48

& Reagents and conditions: (a) i: Bu;OSn, MeOH, reflux, 2h; ii: BzCl, toluene, 0 °C - tt, 6h,
75%.
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2.1.1.5 Methyl 6-thiol-B-D-galactopyranoside (5)

Compound 5 can also be easily synthesized due to the 6-OH being a primary hydroxyl
group, which is more reactive than the other secondary hydroxyl groups. Synthesis of 5
was reported by B. P. Branchaud and his coworker, however without any analytical data.”’
The synthetic route of Compound 5 is displayed in Scheme 11. Tosylation of 11 with tosyl
chloride, subsequent acetylation, displacement with thioacetate, and final deprotection
afforded 5.

SCHEME 11?2
HO _OH H OTs AcO _SAc
OH OH OAc
11 49 50
\ :

HO _SH
%&
HO OMe
OH

5

& Reagents and conditions: (a) TsCl, pyridine, 0 °C - rt, 2h, 72%; (b) i: Ac,O, pyridine,
DMAP, rt, 3 h; ii: KSAc, DMF, 60 °C, 2h, 68%; (c) NaOMe, MeOH, rt, 2h, 93%.

40



2.1.2 Synthesis of other thiol-carbohydrates
2.1.2.1 1-Thiol-a-D-mannopyrannoside sodium salt (paper I)

Compound 53 was easily prepared in two steps according to Scheme 12.”*

SCHEME 122
AcO OAc AcO OAc HO OH
AcO -Q a AcO -0, p HO -0
—_— >
AcO AcO HO
51 OAc 52 SAc 53 SNa

& Reagents and conditions: (a) HSAc, BF;.Et,0, CH,Cl,, 0 °C - 1t, 65%; (b) MeONa,
MeOH, rt, 90%.

2.1.2.2 Methyl 6-thiol-a-D-mannopyranoside (paper 1)

Tosylation of Methyl a-D-mannoside gave 55,” subsequent nucleophilic displacement of
the toslate group of 55 by potassium thioacetate in DMF led to the thiol derivative 56 with
an acetate protecting group in the 4 position (Scheme 13). It is suggested that the acetyl
group migrates from the 6 position to the 4 position in polar solvent.

SCHEME 13?2
HO H TsO H AcS H
HO -Q a HO -Q, b AcO -0
HO ’ HO > HO
54 OMe 55 OMe 56 OMe
[
HS OH
HO -0
HO
57 OMe

® Reagents and conditions: (a) TsCl, pyridine, 0 °C, rt, (70%); (b) KSAc, DMF, N,, 60 °C,
60%; (c) i: LiOH, MeOH, H,0, rt; ii: H" exchange resin, 90%.

41



2.1.2.3 2-(acetylamino)-2-deoxy-1-thio--D-glucopyranoside and 2-(acetylamino)-2-
deoxy-1-thiol-B-D-galactopyraneside (paper II)

The two N-acetylated compounds 58 and 59 were prepared from their chloroacetyl
derivatives, as outlined in Scheme 14. Thioacetic acid under biphasic conditions and a
phase-transfer reagent were used to obtain the peracetylated 1-thioglycosides. Deprotection
with lithium hydroxide solution produced the 1-thioglycosides (Scheme 14).”

SCHEME 14?2
Ry _OAc Ry OAC R1 OAc
—_—
AcO OAc ACO AcO SAc
NHACc AcHN Cl NHACc
58a, 59a 58b, 59b 58c, 59¢
Jc
58: Ry, Rg=H 59: R; = OAC Ry OH
R,=OH -
4 R3 = OH HO SH
NHAC
58, 59

 Reagents and conditions: (a) HCI, Ac,0, tt, 60%; (b) HSAc, Na,CO; (aq), TBAHS,
CH,Cl,, 1t, 50%; (c) i: LiOH, MeOH, H,0, rt; ii: H" exchange resin, 98%.

42



2.1.2.4 1-Thiol- B-L-fucoside and 1-thiol- B-D-lactoside (paper II)

The synthesis of the S-fucoside was generated via the bromoacetyl derivative 61 (Scheme
15). Treatment of 61 with thioacetic acid under biphasic conditions and a phase-transfer
reagent afforded the peracetylated 1-thiol-fucoside 62. Deprotection of 62 with lithium
hydroxide solution produced the 1-thiofucoside 63. 1-thiol-B-D-lactoside was synthesized
using the same procedure as 63.7>"

SCHEME 15?2
r
H3zC o OAc a HsC o b H3C o SAc
OAc —™ OAc — = OAc
OAc
OAc OAC OAc OAc OAc
60 61 62

B
OH
OH

OH
63

# Reagents and conditions:: (a) HBr, HAc, CH,Cl,, 1t, 65%; (b) HSAc, Na,COs (aq),
TBAHS, CH,Cl,, 1t, 50%; (c) i: LiOH, MeOH, H,0, rt; ii: H" exchange resin, 98%.
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2.2 Carbohydrate epimerization (paper III)

The Lattrell-Dax-method of nitrite-mediated substitution of triflates is an efficient
method to generate structures of inverse configuration. Epimerization of carbohydrate
structures to the corresponding epi-hydroxy stereoisomers, was first discovered by Lattrell
and Lohaus,”” and employed by Dax and co-workers, where it involved the triflation of the
hydroxyl groups followed by substitution with nitrite. However, the structural implications
influencing the outcome of the epimerization for specific carbohydrate structures have not
been fully explored. In our study, epimerization of galacto- to gulo-, galacto- to gluco-,
gluco- to galacto-, and gluco- to mannopyrannoside derivatives by triflation/nitrite
treatment were therefore tested.

SCHEME16"
AcO _OAc
a o
L
OA
OH ¢ 33
BzO OBz
o
b OMe
OBz
OH 65
PR -0
o
o
HO oMe —C& - Complex mixture
OBn66

# Reagents and conditions: (a) i: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,,
DMF, 50 °C, 3h, 73%; (b) i: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,, DMF,
50 °C, 6h, 77%; (c) i: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,, DMF, 50 °C,
3h.

AcO OAc
%&
OMe
HO
OAc
31
BzO OBz
(e}
HO OMe
OBz
64

Firstly, an approach to study the effect of the protecting group pattern to the inversion
reaction for the epimerization of galactoside derivatives, where the hydroxyl group in the
3-position was free and the other positions separately protected with acetyl (31), benzoyl
(64), and benzyl/benzylidene groups (66), respectively, was investigated (Scheme 16).
These compounds were subjected to conventional triflation by triflic anhydride followed
by treatment with potassium nitrite in DMF at 50 °C. The result clearly showed that good
yields were in these cases obtained only on condition that esters were chosen as protecting
groups, benzoyl groups being slightly less activating than the acetyl counterparts. A

44



mixture of different products was obtained when the benzyl or benzylidene were used as
protecting groups.

Secondly, the effect of the protecting group pattern to the inversion reaction for the
epimerization of galactoside and glucoside derivatives, where the hydroxyl group in the 4-
position was free and the other positions separately protected with benzoyl and benzyl
groups, respectively, was probed (Scheme 17). It was found that the reaction was able to
proceed smoothly only when an ester group was present at the carbon adjacent to the
carbon atom carrying the leaving triflate group, the axially oriented triflate being less
reactive than the equatorial leaving group. No efficient reaction occured when benzyl
groups were used, where side reactions instead rapidly occurred. These results propose that
a neighbouring ester group is able to induce or activate the inversion reaction, whereas an
ether derivative is unable to produce this effect. The results also show that the inversion
reaction proceeded smoothly in disregard of the triflate configuration.

SCHEME 17*
HO OBz OBz
% a " 2 OM
- BzO e
BzO OMe on
OBz - 48
OBz HO OBz
e —_—
B20 OBz BzO OMe
48 OBz
67
HO OBn
o] c .
BnO OMe - = Complex mixture
OBn
68
OBn
HO 0 c ‘
BnO OMe  ——> Complex mixture
OBn
69

& Reagents and conditions: (a) i: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,,
DMF, 50 °C, 5h, 75%; (b) i: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,, DMF,
50 °C, 2h, 70%; (c) i: TH,O, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,, DMF, 50 °C,
0.5h.
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Table 4. Epimerization reactions studied

Reactant Time/h Product Yield/%
AcO OBn
O .
HO OMe 3 Complex mixture -
OBn
70
OBn OBn
(0] (e}
AcO
H;%OMG 0.5 ACO%OMe 69
OBn OBn
71 OH 72
OBn OBn
Q o)
AcO
ACC)/%/OMe 4 H&/OMG 73
OoBn OBn
OH 72 71
OBn
(@]
HO/%/OMe 3 Complex mixture -
OBn
OAc 73
OBn HO OBn
O O
HO
AC;%OMe L5 Aco%om 72
OBn OBn
74 75
HO OBn OBn
(@] (@]
HO
ACO%OMe 4 Acoﬁﬁom 75
OBn OBn
75 74

Thirdly, in order to further explore the effect of neighbouring ester group configuration of
triflate to the reactivity, other inversion schemes were designed (Table 4). To avoid the
influences from the 2- and 6-positions and to isolate the effects caused from ester groups in
the 3- and 4-positions, the 2- and 6-positions were protected with benzyl ether groups.
Therefore, a range of compounds, where one of the hydroxyl groups in the 3- or 4-
positions was protected with an acetyl group, were prepared, and subsequently tested in the
nitrite-mediated inversion reactions. It was found that not only a neighboring ester group in
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the equatorial position was necessary for the reactivity of the epimerization reaction, but
also the relative configurations between the ester group and the leaving group was crucial
for the efficiency of the reaction (Table 4). The result clearly showed that efficient
inversion occurred when the structure contained a 3,4-trans configuration with diequatorial
relationship.

The results obtained seem to point to the importance of a neighboring group
(acyloxonium) effect. Compounds 71 and 74 (3,4-trans) expressed a higher reactivity due
to activation from the neighbouring ester group in inducing the inversion reaction than
compounds 72 and 75 (3,4-cis). This is reflected in the longer reaction times for the 3,4-cis
compounds as displayed in Table 4. However, acyloxonium formation is still unlikely to
be the sole explanation of the results, contradictory to the results for two reasons: i)
starting compounds 67, 72 and 75 all have cis-relationship between the ester and the
leaving group, which largely disqualifies acyloxonium formation;’®" ii) formation of a
carbocation intermediate would result in nucleophilic displacement from the triflate face of
the compound leading to retention (double inversion) of configuration rather than single
inversion.

An acyloxonium formation is important in the trans-configuration cases. This was
further supported by studies with added water. Thus, compounds 71 and 74, both with 3,4-
trans-diequatorial relationships, mainly yielded compounds 72 and 75 from reaction with
potassium nitrite in dry DMF. If on the other hand wet DMF was used, compounds 70 and
73 were instead obtained as the main products (Table 5). This suggests acyloxonium
formation to the five-membered ring intermediate, which rapidly collapses in the presence
of water to produce the axial ester and the equatorial hydroxyl group. These results are
indicative of (partial) acyloxonium formation in the trans-configuration cases, but that the
nitrite ion is unable to open the five-membered ring from either the triflate face, or from
attacking the carbonyl cation as has been suggested for the reaction with added water.®
More importantly, the ester group is therefore likely to induce or stabilize the attacking
nitrite ion regardless of the trans- or cis-configurational relationships.

The effects observed for the ether protected carbohydrates are likely due to their lower

degree of positive charge destabilization than the corresponding ester groups, leading to
side reactions such as ring contraction and elimination.*"**
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Table 5. Water effects in studied nitrite-mediated inversion reactions.

Reactant Nucleophile® Product Yield/%
OBn OBn
(o] (e}
AcO
HO OMe KNO, AcO/%/owle 69
OBn OBn
71 OH 72
OBn OBn
O Q
AcO HO
HO OMe H,O /%/OME 70
OBn OBn
71 OAc 73
OBn HO OBn
HO Q Q
ACO OMe KNO;, ACO OMe 72
OBn OBn

74 75

OBn AcO OBn
(0]
HO
Acﬁom H,0 -
OBn
74

#1: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,, 50 °C, DMF, 0.5-1.5h, or H,0, rt,
DMF, 6h.

OMe 70

i

OBn
70

To further prove the hypothesis of ester activation in the nitrite-mediated inversion
reaction, the inversion reactions for glucopyranoside compounds 76 and 78 were tested
(Scheme 18). In this case, the hydroxyl group in the 3-position was free and the other
positions separately protected with acetyl (31), benzoyl (64), and benzyl/benzylidene
groups (66), respectively. No inversion behavior in the 3- and 4-position of the
hexopyranosides was observed, in stead the 2- and 3-positions were retained (2,3-trans).
The results clearly show that the hypothesis was valid also for these compounds, where the
ester-protected glucoyranoside compound 76 afforded the inversion mannopyranoside
product 77 in good yield, whereas the ether-protected compound 78 provided a mixture of
products (Table 5). In this case, slightly longer reaction time was however necessary due to
the lower reactivity of the 2-OTf derivative.
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SCHEME 18"

PhT X\ "0 o
(0]
BzO OMe

OH
76

Ph/VO o
(@]
BnO OMe

OH
78

PhT X0 OH
o -0

—_— BzO OMe

77

—_— Complex mixture

# Reagents and conditions: (a) i: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,,
DMF, 50 °C, 6h, 74%; (b) i: Tf,0, pyridine, CH,Cl,, -20 °C - 10 °C, 2h; ii: KNO,, DMF,

50 °C, 3h.

Our study clearly shows that ester protecting groups play highly important roles in the
Lattrell-Dax reaction facilitating nitrite-mediated carbohydrate epimerizations. Ether
protecting groups as well as benzylidene protecting groups proved to be inefficient.
Furthermore, it was found that only neighboring ester groups in the equatorial
configuration could induce the formation of inversion compounds in good yields in these
reactions, whereas the axially oriented neighboring ester groups were inefficient.
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2.3 Synthesis of PFPA derivatives (paper VII and paper VIII)

Aryl azides are photoactive compounds, which can produce aryl nitrenes that are capable
of undergoing C-H and/or N-H insertion reactions with neighboring molecules upon
photolysis (Scheme 19).¥ Keana and Cai in 1990 reported that fluoro- substituted aryl
azides ( perfluoro-phenylazides, PFPAs) give higher yield of C-H insersion than their
nonfluorinated analogues, because of the higher reactivity of the nitrenes and of the lack of

ring expansion.*

SCHEME 19

N3 N
F. F E F
hv
F F N, F F
COOH COOH
79 80

\l/

¢
NH
\Cl:/ [= F
H
T F F
COOH
81

The versatility of functionalized PFPAs makes them especially useful for surface
modification.*>™ In the present study, a series of functionalized PFPAs was synthesized
for the fabrication of the surfaces (Figure 8), where PEG-modified QCM system and
carbohydrate microarrays based on the C-H and/or N-H insersion reaction between

functionalized PFPAs and polymer, were developed.
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Figure 8. PFPA and Compounds used in array generation.

91 (Linker)
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2.3.1 Synthetic routes for compounds 82, 83, 84, 85, 86

PFPA derivatives 82, 83, 84, 85 and 86 were synthesized by using the same synthetic
route (Scheme 20), as exemplified below for fucose derivative 85. Firstly, fucose
derivative 85a was obtained by treatment of tetra-O-acetate-a-L-fucose with 2-[2-(2-
chloro-ethoxy)-ethoxy]-ethanol using Lewis acid activation. The resulting 85a can
subsequently be converted to compound 85b by nucleophilic substitution. Metal
hydrogenation of 85b with Pd/C under hydrogen atmosphere, followed by treatment with
PFPA 79 using EDCI and triethylamine as catalyst gave 85¢. Compound 85 was then
obtained after deprotection.

SCHEME 20*
O/\/O\/\O/\/CI O/\/O\/\O/\/N?’
0 a (0]
wOAC —_— wop\c
Ac
OAc
OAc 85a OAc 85b
\b g
F N3
o N

O/\/ \/\O/\/ E

(0] F
(e}
OAC 85¢
OAc JC
E
F N3
o §
O/\/ ~ "o F
(0] F
(6]
OH 85
OH

& Reagents and conditions: (a) NaN3;, DMF, 90 °C, dark, 20h, 25% for 2 steps; (b) i: Pd/C,
acetic acid, Hy, MeOH, rt, 4h, 95%; ii: PFPA, EDCI, Triethylamine, CH,Cl, 0 °C - tt,
overnight, 33%; (c) NaOMe, MeOH, rt, 2h, 64%.
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2.3.2 Synthetic routes for compounds 87, 88, 89, 90

The syntheses of PFPA derivatives 87, 88, 89, 90 were performed via the bromoacetyl
derivatives (Scheme 21). For instance, treatment of bromoacetyl derivative 88a with 2-[2-
(2-azido-ethoxy)-ethoxy]-ethanol by the use of silver triflate as activator afforded 88b.
From 88b to 88, the same synthetic procedure as for compound 85 was used.

SCHEME 21*
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AcO AcO AcO AcO
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87: R, = OAC R, _OAc oA
_ AcO (0] (e}
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F
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Ry OH
o OH
HO o] O F
HO HO \/\O/\/ \/\N
OH
F N
! 3
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 Reagents and conditions: (a) HBr, HAc, CH,Cl,, rt, 65%; (b) 2-[2-(2-azido-ethoxy)-
ethoxy]-ethanol, AgOTf, CH,Cl,, -30 °C, dark, 2h, 60%; (c) i: Pd/C, acetic acid, H,
MeOH, rt, 4h, 95%; ii: PFPA, EDCI, triethylamine, CH,Cl,, 0 °C - 1t, overnight, 33%; (d)
NaOMe, MeOH, rt, 2h, 60%.
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2.3.3. Synthetic route for PFPA-linker (91)

PFPA-linker 91 was prepared in two steps from derivative 91a, via reduction and
coupling with PFPA acid (Scheme 22).

SCHEME 22°
a
HO g ™SOy, 2 HO_~ O
2
9la 91b
b
F
Na F
N o
= \/\O/\/ \/\OH
F O
o1

% Reagents and conditions: (a) PhsP, THF, 0 °C - rt, H,O, 5h; (b) PFPA, EDCI,
Triethylamine, CH,Cl,, 0 °C - rt, overnight, 36% for 2 steps.

2.3.4 Synthetic route for PFPA-disulfide (94)

Synthesis of PFPA-disulfide 94 was performed according to the following strategy.
Treatment of PFPA 79 with 93 gave product 94 in one step (Scheme 23).

SCHEME 23*
O F
Oy, -OH
o} O\/\S/S\/\O F
F
HO/\/S\S/\/OH a F F E N3
F F + —_— F
Ns F F
N3
79 93 94

& Reagents and conditions: (a) DMAP, DCC, CH,Cl,, 0 °C - rt, dark, 12h, 40%.
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3. Analysis and recognition

3.1 Target lectins (Lectin crystal structures from the website: http://www.cermav.cnrs.fr/lectines)
3.1.1 Concanavalin A (Con A)

Con A from jack bean is the first lectin whose structure became known, as well as one of
the most widely used and well characterized lectins.”” Con A has broad applicability since
it can recognize a commonly occurring sugar structure, o-linked mannose. A wide variety
of serum and membrane glycoproteins have a "core oligosaccharide" structure which
includes o-linked mannose residues, thus, many glycoproteins can be examined with Con
A. Con A consists of 237 amino acids. Structural features of the amino acid chain are two
antiparallel beta sheets. One of these is built from seven strands. The other sheet contains
six strands. Above pH 7, Con A exists mainly as a tetramer: two six stranded sheets are
joined together to form a twelve-stranded dimer, which in turn form a functional complex
by interactions side by side with another dimer to result in four binding sites for the
carbohydrates."” Con A has two metal binding sites: one Ca*" binding site and one that
binds to transition metal ion, usually Mn*". The metal atoms are bound by amino acids in a
loop that points away from the seven-strand pleated sheet. Ligands for the transition metal
are Glug, Aspjg, Aspio und Hisyg, the calcium ion is bound by Aspy, Tyr,, Asnyy und
Aspye. The binding site for the sugar is adjacent to the metal atoms (in this example a
trisaccharide formed from mannose is bound). Nitrogen atoms from Asn;4, Leugy, Tyryq,
Aspyos und Argy,g are involved in the interacions with the saccharide. In addition, o.-Man-
1,2-a-Man-OMe-Con A complex (crystal structure) reveals a balance of forces involved in
carbohydrate recognition (Figure 1 in Introduction).’

3.1.2 Viscum album agglutinin (VAA)

VAA, mistletoe lectins, are present in all mistletoe extracts in various concentrations.
There are three similar lectins in mistletoe plants, called VAA-I, VAA-II and VAA-III,
respectively.®™ The most important and often studied lectin in mistletoe is the galactose-
specific VAA-I, which consists of two chains. The A-chain with a molecular weight of 29
kDa and with N-glycosidase activity is a potent ribosomal inactivator. The sugar-binding
B-chain with a molecular weight of 34 kDa is responsible for the immunomodulatory
effect of the molecule (Figure 2 in Introduction). The crystal structure at 3 A of VAA-I, a
dimeric tg};pe—ll ribosome-inactivating protein, complexed with galactose, is displayed in
Figure 9.
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Figure 9. Crystal structure of VAA-I, a dimeric type-II ribosome-inactivating protein,
complexed with galactose.®®

3.1.3 Ulex europaeus agglutinin I (UEA-I)

UEA-I, extracts from the seeds of Ulex europaeus, which is the agglutinating agent with a
carbohydrate specificity for a-L-fucose. The crystal structure of UEA-I and a-L-fucose-
OMe complex is displayed in Figure 10,* which consists of two UEA-I dimers within the
asymmetric unit. The two dimers contain 240 amino acid residues in three of the four
UEA-I monomers, and the fourth UEA-I monomer consists of 239 amino acid residues.
Four calcium and four manganese ions are present in the structure, where one Ca*" and one
Mn®" are in each subunit. There are also four bound a-L-fucose-OMe in the structure,
where one a-L-fucose-OMe locates in each UEA-I monomer.

Figure 10. The crystal structure of UEA-I and a-L-fucose-OMe complex.®

3.1.4 Soybean agglutinin (SBA)

The soybean agglutinin lectin (SBA), which is isolated from Glycine max, selectively
binds terminal a- and B-N-acetyl-galactosamine and galactopyranosyl residues. SBA exists
as a tetramer with a molecular weight of approximately 12 kDa with one sugar binding site
per monomer, as well as one Ca’" and one Mn”" in each subunit.***' The structure of the
SBA monomer consists of 234 of the total 253 residues and is similar to that of other
legume lectins as expected from their sequence identity. The polypeptide fold contains two
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separate sheets of antiparallel B-strands, there are six strands in the first B-sheet. The other
B-sheet consists of seven antiparallel strands, and the outer two of which compose the
support of the metal binding region. X-ray crystal structure of the soybean agglutinin
complexed with B-Gal-(1-4)-B-GlcNAc is displayed in Figure 11.%

Figure 11. X-ray crystal structure of the soybean agglutinin complexed with 3-Gal-(1-4)-
B-GIcNAc.”

3.1.5 Peanut agglutinin (PNA)

The peanut agglutinin PNA lectin, which is isolated from Arachis hypogea, is specific for
terminal -galactose. PNA exists as a tetramer composed of identical subunits, and has a
molecular weight of approximately 110 kDa with one sugar binding site per monomer, as
well as one Ca*" and one Mn”" in each subunit. The single chain in each subunit is 236
amino acid residues. The X-ray crystal structure of PNA complexed with 3-Gal-(1-4)-f-
GlcNAc is displayed in Figure 12.%

Figure 12. X-ray crystal structure of Peanut PNA complexed with B-Gal-(1-4)-B-Glc.”
3.1.6 Griffonia simplicifolia lectin IT (GS-II)

The lectin GS-II, isolated from the seeds of the tropical African legume Griffonia
simplicifolia (formerly Bandeiraea simplicifolia),”* is a 113 kDa tetramer composed of
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identical subunits. Each subunit contains a single binding site specific for terminal, non-
reducing o- and B-linked N-acetyl-glucosamine.”

3.1.7 Pisum sativum agglutinin (PSA)

Pisum sativum agglutinin (PSA), isolated from the garden pea, which is very similar with
Con A in the structural properties, but exhibits different binding affinities for the mano-
and gluco- derivatives. PSA exists as dimer with a molecular weight of approximately
48000 daltons with one sugar binding site per monomer, as well as one Ca*" and one Mn**
in each subunit. The monomer consists of two different polypeptide chains, one 6 kDa (a-
chain) and another 18000 (B-chain).”® The X-ray crystal structure of PSA complexed with
a-Man-(1,3)-a-Man-(1,6)-o-Man is displayed in Figure 13.”

Figure 13. X-ray crystal structure of Pisum Sativum (PSA) complexed with a-Man-(1,3)-
a-Man-o-(1,6)-Man.”

3.1.8 Galectin-3
Galectin-3, a lectin of the galectin family, is defined by a conserved 14 kDa carbohydrate

recognition domain with an approximate molecular weight of 30 kDa showing affinity for
[-galactoside, which is extensively distributed in the animal kingdom.

Figure 14. X-ray crystal structure of Galetin-3 complexed with B-Gal-(1,3)-GlcNAc.'®
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It is composed of 5-stranded (F1-F5) and 6-stranded (S1-S6a/6b) B-sheets, where the
carbohydrate binding site is formed by B-sheets S4-S6a/6b.”® A variety of biological
functions have been proposed for this protein, such as an involvement in the cell growth
regulation, pre-mRNA splicing, cell adhesion to basement membranes and mast cells.
Moreover, galectin-3 is generally associated with tissues in processes of differentiation and
upregulated in neoplastic transformation.” The X-ray crystal structure of galectin-3
complexed with B-Gal-(1,3)-GIcNAc is displayed in Figure 14.'
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3.2 Quartz crystal microbalance (QCM)

Investigation of carbohydrate-protein interactions have previously been efficiently
explored by various methods, such as SPR, NMR, ELISA, etc.'”"'® The advantage of
QCM biosensors in studying carbohydrate-protein interactions is their ability to monitor
the changes of small masses in real time, where such analyses can be carried out using the
native or synthetic molecules without any labeling. Here, two different novel QCM
biosensor systems have been developed.

3.2.1 Mannan coated QCM system

The yeast mannan has often been serving as immobilized ligand, and easily absorbed to
polystyrene surfaces and well suited to various microtiter plate formats. In the present
study, our efforts focused on the development of a QCM biosensor systems based on
mannan surfaces, where polystyrene-coated crystals was used as substrate for mannan
immobilisation. Furthermore, the carbohydrate-lectin interactions based on the mannan-
coated QCM biosensors were explored.

3.2.1.1 Development of mannan-expressing surfaces for study of real-time lectin-
carbohydrate interactions using QCM (paper IV)

3.2.1.1.1 Preparation of mannan surfaces

mannan

-50

-AflHz

-100

-150

time/min

Figure 15. Immobilisation of yeast mannan and blocking with BSA on the polystyrene
coated quartz crystal. Multiple injections were made to ensure sufficient binding time and
optimal surface coverage. The negative frequency shifts indicate binding to the surface.

Gold-plated, 10 MHz quartz crystals were immersed into a polystyrene solution (0.5% in

toluene), followed by evaporation of the solvent under a stream of nitrogen. The resulting
crystals were subsequently mounted in the QCM system, equilibrated with buffer solution
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(10 mM PBS, pH 7.4), and coated with yeast mannan (50 ug/mL in PBS) repeatedly until
no further mass change was recorded (Figure 15). After blocking the surface with bovine
serum albumin (10 mg/mL in PBS, repeated injections), the system was allowed to
equilibrate until a stable condition was obtained.

The thickness of the polystyrene film (t) was tested by QCM measurements (standard
crystals) and ellipsometry (polished crystals), before and after polystyrene coating. For the
condensed layer of polystyrene, the Sauerbrey equation was applied (Equation 1), relating
the frequency shift (Af) to the mass difference (Am), and the resulting layer thickness.'®

Af = -2f A/ AU £9)°°] = -2f° pr t/[n (Ug pg)°°] =-Cr t  (Equation 1)

Here, fy is the resonance frequency of the unloaded quartz, n is the harmonic resonance
number, My is the shear modulus of the quartz crystal, py is the density of the quartz
crystal, A is the surface area, and px is the density of the polystyrene film. In the present
case, with fy=10.0 MHz, n=1, g = 2.95 x10° N/em?®, py=2.65 g/em’, pr = 1.05 g/em’,
the proportionality constant C; amounts to 2.4 Hz/A. Frequency shifts of 650 + 80 Hz
(mean = SEM), as well as corresponding film thickness of 280 + 30 A were obtained due
to polystyrene coating. Reference values given by ellipsometry measurements were found
to be similar as the QCM data.

The coverage of the polystyrene film was further evaluated by XPS measurements. The
results clearly showed that all the surfaces were covered with hydrocarbons significant for
polystyrene and that no gold was visible to the XPS instrument.

3.2.1.1.2 QCM conditions and surface regeneration

All experiments were performed in at least duplicate at ambient temperature by the use of
an Attana 80 QCM apparatus. A continuous flow of running buffer was employed
throughout, and samples of lectins and/or used ligands were prepared in the identical
buffer. The ligand-lectin interactions were monitored by frequency logging, and
adsorption/desorption to the surface recorded as the resulting frequency shifts (Af). Bound
lectins were released from the surface between measurements by two successive injections
of low pH buffer.

In order to regenerate the surfaces, two methods were tested, where the competition with
carbohydrate ligands, and pH control were performed. Competition with concentrated
solutions of different ligands (e.g., methyl-o-D-mannopyranoside) proved feasible,
however, required multiple injections to restore the original level. Furthermore, this
method needed a relatively long desorption time. More efficiently, injection with acidic
buffer could remove the lectins completely from the surface, where pH value lower than
around 2.5 proved favourable. However, surface degradation occurred at very low pH, and
pH 1.5 was chosen as the best alternative, effectively removing all lectins in two
successive injections with very low degradation of the surface. A typical
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binding/regeneration cycle is displayed in Figure 16, where competition of Con A binding
to mannan the surface could be efficiently regenerated with two successive injections of
acidic buffer is recorded.

-Af/Hz

-100

T T T
0 500 1000 1500
time/s

Figure 16. Binding and release of Con A to immobilised mannan. Frequency response plot
of Con A binding, and subsequent release by injection of acidic buffer. The mannan
surface was completely regenerated after two successive injections, with running buffer
introduced into the cell between injections.

3.2.1.1.3 Evaluation of binding selectivity on the surface

The efficiency of the mannan-modified surfaces was initially evaluated by lectin binding,
by the use of the a-D-mannopyranoside-specific Con A and the galactopyranoside-specific
mistletoe lectin (VAA) as comparison. The resulting frequency-response graphs are
displayed in Figure 17. The results clearly showed that the surfaces were selective for
Con A, whereas only tiny effects could be recorded for VAA. Similarly, competition of the
mannan-Con A interaction with methyl-a-D-mannopyranoside and methyl-f-D-
galactopyranoside, respectively, indicated selective competitive effects for the mannoside
without competition from the galactoside.
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Figure 17. Evaluation of binding selectivity. a) Comparison of binding of Con A and
mistletoe lectin (VAA) to mannan-coated surfaces. b) Comparison between methyl-o-D-
mannopyranoside and methyl-B-D-galactopyranoside as competitors of the mannan-Con A
interaction.

3.2.1.1.4 Saturation binding of Con A to immobilised mannan surface

The apparent K for mannan binding to Con A was estimated from saturation binding
experiments. Increasing concentrations of Con A were injected over the QCM surface and
the frequency decrease recorded. Non-linear regression analysis was for determining the

apparent Ky, using Equation 2, where Af is the frequency difference, Afpa the maximum
frequency difference (maximum binding), and [L] the lectin concentration.
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Af = Af o [L]/(Kp+[L]) (Equation 2)

For visualisation purposes, linear transformation of the saturation data was performed
using Equation 3.'""

[LV/Af = [LV/Afjax + Kp/Afjax (Equation 3)

The Kp value for mannan binding to Con A was estimated from saturation binding
experiments. Con A was injected over the QCM surface with a range of concentrations
(ranging from 5 nM to 40 uM), and the resulting frequency decrease was recorded. The
graph for the resulting frequency is displayed in Figure 18, and indicating that the surface
proved completely saturatable, and well following Langmuir-like isothermal behaviour.
This is further demonstrated from the linear transformation of the data. Under the present
conditions, no non-specific binding was discerned, showing complete coverage of the
polystyrene surface by mannan/albumin. The apparent dissociation constant could be
estimatec}otgo1 019([) = 0.4 uM, a value well in accordance with reported literature values (0.1 -
1.1 uM).™
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Figure 18. Saturation binding of Con A to immobilised mannan. The surface proved fully
saturatable and followed normal Langmuir-like adsorption behaviour. Insert represents
linear transformation of data, see text for further explanation. [L]: concentration of lectin.

3.2.1.1.5 Competition binding study

Competition experiments were carried out by mixing stock solutions of Con A with
consecutively diluted concentrations of tested inhibitors. The reduced frequency difference
was taken as a measure of the competitive effect of the analytes. ECs, values (50%
competition of Con A binding), were estimated by non-linear regression using Equation 4,
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where Afyi, is the minimum frequency difference, Afn. is the maximum frequency
difference, and C is the competitor concentration.

Af = Af in + (Af max- Af min)/ (1+10C9EC0) - (Equation 4)

Firstly, a typical example for the competition assay is displayed in Figure 19, where
4-nitrophenyl-o-D-mannopyranoside was employed as competitor for Con A/mannan
binding. The results clearly show that increasing concentrations of competitor yielded
gradually less binding of Con A to the surface, with reduced frequency difference as a
consequence.

3.3mM
1.7mM

0.66 mM
1 0.33mM
-50 4 | 0.17 mM
66 UM
33 uM

-100 1 17uM -
no addition
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Figure 19. Frequency response plots of the inhibitory effect of 4-nitrophenyl-o-D-
mannopyranoside on Con A/mannan binding. Increasing concentration of competitor
resulted in reduced frequency response.

Moreover, the competition experiments were performed using a series of known Con A
carbohydrate ligands, where D-mannose (mixture of a/B, 67% a-, and 33% B-D-mannose
according to 'H-NMR-analysis in D;P0,-NaOD buffered saline, pD 7.4), methyl-a.-D-
mannopyranoside, allyl-a-D-mannopyranoside, and 4-nitrophenyl-o-D-mannopyranoside
were all tested for their inhibitory effects of Con A/mannan binding. The resulting
competitive binding curves of all four ligands are displayed in Figure 20. The competitive
binding data were subjected to non-linear regression analysis, and the resulting ECs,-
values are presented in Table 6.
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Table 6. Comparison of ECsy-values for the QCM lectin biosensor and reported values
from an enzyme-linked lectin assay (ELLA).

105

Ligand ECs5¢/mM ECs¢/mM (ELLA)
(QCM)
[95% CI]
HO.
HO.,,
D-mannose (/) 0 5.3 >2.5
HO OH
OH
HO.
HO,,.
methyl-a-D- 0 1.1 0.92
mannopyranoside HO “"OMe
OH
allyl-a-D- HO
mannopyranoside HO
o 0.25 0.26
HO o™
OH
4-nitrophenyl-o.-D- HO
mannopyranoside HO NO
"o /©/ ? 0.18 0.11
HO "0
OH
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Figure 20. Competition plots of four different carbohydrates for Con A binding (mean +
SEM). D-Man: D-mannose; Me-o-D-Manp: methyl-o-D-mannopyranoside; All-o-D-Manp:
allyl-a-D-mannopyranoside; PNP-o-D-Manp: 4-nitrophenyl-a.-D-mannopyrano-side.

To compare the resulting ECsy-values of the tested ligands with reported dates from the
enzyme-linked lectin assay (ELLA) binding assay,'' indicates that the QCM biosensor

system we developed is an efficient mean to study the ligand-lectin interaction in real time
without any labeling.
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3.2.1.2 Study of calcium-dependent binding effects in glycosyldisulfide interations
with Con A (paper VI)

Thiol-containing carbohydrates can be easily oxidized to form disulfide-bridged dimers,
and the resulting glycosyldisulfides have been suggested as efficient glycosyl donors and
potentially useful glycomimetics.**  Glycosyldisulfides can occupy a larger
conformational space, as compared to natural glycosides, due to the increased flexibility
and extended length of the disulfide bond, as well as their differences in electronic
properties. Thus, to further investigate the glycosyldisulfide-lectin interactions, a range of
1-thio- or 6-thio-saccharides were measured for their inhibitory effects against lectin
Con A using the modified QCM systems discussed above,’® where six thiosaccharide
monomers, together with their corresponding disulfide-bridged dimers, were evaluated
(Figure 21). These six sugars include the 1-thio-derivatives of five common carbohydrates
D-mannose (53), D-glucose (93), D-galactose (1), N-acetyl-D-glucosamine (58) and
N-acetyl-D-galactosamine (59). Since Con A is selective for mannose-containing
carbohydrate structures, methyl-6-thio-o-D-mannopyranoside (57) was also tested. The
corresponding dimers, 53-53 to 57-57, were easily obtained from the monomers by mild
oxidation with hydrogen peroxide.
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Figure 21. Thiosaccharides and glycosyldisulfides tested.
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The inhibitory effects of the thiosaccharides were monitored by the mannan-modified
QCM-system,’® where competition assays were performed over a concentration range, and
the inhibitory effects were quantified as ICsp-values and Hill coefficients, respectively.
During the measurement, to maintain reducing conditions while analyzing the thiol
monomers, a minimal amount of dithiothreitol (DTT), showing no influence on the binding
in itself, was added to the samples. The results indicated that inhibitory effects from the
thiol monomers were very weak even at concentration up to 10 mM, with the exception for
1-thio-a-D-mannopyranose (53). For comparison, the inhibitory effects of o-D-mannose
and methyl-o-D-mannopyranoside (ICsy: 5.3 and 1.1 mM, respectively),”® well show the
importance of a hydroxyl group in the 1- and 6-position for these structures, as compared
to a thiol moiety. In contrast to the thiol monomers, several of the dimers proved to be
efficient inhibitors (Table 7). The 1-thio-a-D-mannose dimer (53-53) showed an ICsy-value
of 1.2 mM, considerably lower than the 6-thio-derivative (57-57), which proved inefficient
as expected from the monomer effect. On the other hand, 1-thio-f-D-glucose-, 1-thio-3-D-
galactose-, and N-acetyl-1-thio-B-D-glucosamine-based dimers displayed relatively high
inhibitory effects, despite the total lack of response of the corresponding monomers. 1-
thio-B-D-glucose- (93-93), and 1-thio-fB-D-galactose- (1-1) dimers displayed very similar
effects with 1Cso-values approximately of the same order as the 1-thio-o-D-mannose dimer
(53-53), whereas the N-acetyl-1-thio-B-D-glucosamine dimer (58-58) proved slightly less
efficient (ICsp: 2.0 mM). Interestingly, the corresponding N-acetyl-1-thio-B-D-
galactosamine derivative (59-59) indicated no inhibition under these conditions.

Table 7. Estimation of ICsy values for carbohydrate structure based on consecutively
diluted concentrations of tested inhibitors in the QCM-assay with Con A. None of the
thiosaccharide monomers 53 to 57 showed any significant inhibitory effect in the
concentration range tested.

Glycosyldisulfide IIn élslbigﬁl Hill coefficient
53-53 1.2 1.0
95-95 1.4 6.1

1-1 1.4 6.2
58-58 2.0 5.2
59-59 na na
57-57 na na

“na = not active. " The program GraphPad Prism (GraphPad Software) was adopted for
non-linear regression analysis determining ICs, values and Hill coefficients.

Most interestingly, the ligands 95-95, 1-1 and 58-58 displayed strong positive apparent
cooperativity effects in the binding to Concanavalin A with Hill coefficients up to 6.2
(Figure 22, Table 7), whereas the ligand 1-thio-a-D-mannose dimer (53-53) displayed a
binding pattern with no apparent cooperativity effects (Table 7). These unexpected effects
suggest that the 4-subunit lectin undergoes a dramatic change upon interacting with these
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dimer ligands in the present system.

Since Concanavalin A is a metal ion-dependent lectin, with metal ion-binding sites for,
preferentially, calcium and a transition metal ion (e.g., manganese) situated in close
proximity to the carbohydrate-binding pocket,'' "' the calcium-dependence of the binding
was further explored. Carbohydrates may form complexes with calcium,'*!'"* and the
effects observed could potentially arise from interactions with the calcium binding site, or
with the calcium ions per se. Demetallisation of Con A strongly influences the
carbohydrate binding, and may also induce structural changes.'">''® Therefore, all dimer
ligands were also measured in presence of excess calcium ions. The resulting effects
clearly showed a strong calcium-dependence, where none of the cooperativity-inducing
ligands showed any binding effect in the presence of calcium (Figure 23). These results
suggest that these three thiosaccharide dimers interfere primarily with the calcium binding,
and not with the carbohydrate-binding site.
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Figure 22. Inhibitory responses of Con A/mannan binding in presence of substances 53-53
and 95-95.

To further study the cooperativity effects, the compound 95-95 at a concentration
showing complete inhibition after treated with DTT, was subsequently evaluated with
Con A. The results indicated that the inhibitory effect to the mannan-surface against Con A
fully eliminated (Figure 23). This redox controlled phenomenon could potentially be used
to specifically turn on or turn off the ligand binding ability of Con A, creating a
carbohydrate binding switch.
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Figure 23. QCM frequency shifts upon addition of Con A in combination with ligand 95-
95 (2.3 mM). Negative frequency shifts indicate binding. Arrows indicate different
injections: Con A alone (Con A), and in combination with Ca** (Con A/Ca*"), or DTT
(Con A/DTT), show identical response indicating no calcium- or DTT dependence. Con A
in presence of 95-95 results in complete inhibition (Con A/95-95). Con A in presence of
95-95 and Ca®" eliminates inhibition and restores full QCM response (Con A/95-95/Ca’").
The inhibition could also be reversibly eliminated by addition of DTT (Con A/95-
95/DTT). * indicates washing steps.

The results indicated that thiosaccharide dimers display inhibitory effects against Con A,
where the 1-thio-o-D-mannose dimer showed an ICsp-value in the low mM range but with
no apparent cooperativity, but 1-thio-B-D-glucose-, 1-thio-p-D-galactose-, and N-acetyl-1-
thio-p-D-glucosamine-based dimers displayed very high positive apparent cooperativity
effects. However, the corresponding N-acetyl-1-thio-f-D-galactosamine-based dimer was
inefficient at the concentration levels tested. These effects were mainly dependent on the
calcium-levels of the system. Thus, glycosyldisulfides may indeed be useful
glycomimetics in exploring carbohydrate-binding entities. In addition, thiol-disulfide
interchange, shown to be a highly useful method to generate and screen DCLs in Situ
against biological macromolecules,''” was used to prepare all libraries.

73



3.2.1.3 Rapid identification of glycosyldisulfide lectin inhibitors from a dynamic
combinatorial library (paper I)

As mentioned in the previous chapter, thiosaccharides are also potentially subjective to
reversible systems, where thiol-disulfide exchange can be used to generate dynamic
libraries under very mild conditions, at neutral to alkaline pH, and the resulting libraries
can be screened by the biological targets."'”''®

In the present study, in order to generate a library composed of structures that mimic the
natural carbohydrate ligands for the target lectin, as well as composed of relatively
"compact" ligands with short spacers between the carbohydrate units, a range of
thiosaccharides and other thiol-components were chosen as DCL building blocks (Figure
24). These included six different thiosaccharides: (1, 53, 57, 58, 59, 95), a-D-mannose, [3-
D-glucose, B-D-galactose, N-acetyl-B-D-glucosamine, and N-acetyl-p-D-galactosamine, and
eight non-carbohydrate building blocks (96-103) (Figure 24). The chosen non-
carbohydrate building blocks contained different functionalities, where carboxylic (96, 99),
hydroxyl (97, 98), amine (100, 101), amide (102) and ester (103) groups were probed for
their potential interactions with the lectin binding site.
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Figure 24. Thiol components used in DCL generation.
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The dynamic combinatorial libraries were prepared by mixing the chosen thiol
components in neutral phosphate buffer, subsequently oxidized with a minimal amount of
hydrogen peroxide within a few hours. Once the libraries were fully oxidized to disulfides,
the interconversion was essentially blocked and no further scrambling could be recorded.

All 14 thiol-components were employed as components for the first dynamic
combinatorial library (DCL-A), resulting in up to 105 different disulfide dimers by
oxidation. In order to screen the library for individual component activity, a deconvolution
strategy was used.'”” Therefore, fourteen sub-libraries were prepared in the same way,
where one of the components was substituted for buffer solution. These fourteen sub-
libraries were composed of 91 different constituents, respectively.

The libraries were screened against Con A using mannan-modified QCM system in
presence of excess calcium ions, since dimers 1-1, 95-95, and 58-58 interfere with the Ca®
binding in Con A.’” Screening was performed using competitive binding between the
mannan and the tested ligands in the DCLs. Samples were thus prepared with Con A and
the different DCLs (full DCL and sublibraries, respectively) and injected consecutively.
The frequency shift was recorded after each injection, corresponding to Con A binding to
the surface, and the bound Con A was subsequently released from the mannan-surface by
injection of lower pH buffer. The graph for the resulting screening of the fifteen libraries is
displayed in Figure 25, compared to the binding of Con A with no competing ligand
(maximum frequency shift). The results clearly indicated that components 53 and 57 are
important constituents competing with mannan for binding to the lectin due to the
sublibraries A1 and A6, both of which showed reduced activity. Since none of the other
sublibraries showed any diminished action, it was concluded that constituents based on
combinations of 53 and/or 57 were more active.
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Figure 25. Dynamic deconvolution of glycosyldisulfidle DCL-A. Con A binding to
mannan in absence of DCLs (Ref), in presence of complete library A0, and sublibraries
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A1-Al14. Sublibraries Al and A6 indicate strong dependence from compounds 53 and 57,
respectively.

Because the non-carbohydrate components did not show any apparent activity, a focused
dynamic combinatorial library (DCL-B) was subsequently prepared, composed of only the
thiosaccharide components 1, 53, 57, 58, 59 and 96. These six components resulted in the
generation of 21 different dimers using the identical mean as DCL-A. At the same time,
six sublibraries were generated from using five of the components to form 15-dimer
sublibraries. The screening results are displayed in Figure 26, clearly indicating that
components 53 and 57 are important in generating constituents able to compete with
mannan for binding to Con A, where the other thiosaccharides proved inefficient.
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Figure 26. Dynamic deconvolution of glycosyldisulfide DCL-B. Con A-binding to
mannan in absence of DCLs (Ref), in presence of complete library B0, and sublibraries B1
to B6. Sublibraries B1 and B6 indicate strong dependence from compounds 53 and 57,
respectively.

To further evaluate the active constituents of the libraries, the apparently efficient
components 53 and 57, as well as their dimers: 53-53, 57-57, and 53-57 were measured to
compete with mannan for binding to Con A, respectively (Figure 27). The mannoside
dimers were synthesized from their parent monomers using the same method as for the
library generation. The homodimers 53-53 and 57-57 could be directly used in individual
testing after oxidation without further purification, whereas the heterodimer 53-57 was
purified by flash chromatography after oxidation.
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Figure 27. Structures of glycosyldisulfides 53-53, 57-57, and 53-57.

The resulting competition curves are displayed in Figure 28, and the calculated ECsy-
values are showed in Table 8. The results indicated that compounds 53-53 and 53-57 are
the most active of the library constituents with ECsy-values of 1.2 mM, whereas compound

57-57 proved essentially inefficient with an ECsy-value exceeding 20 mM.

Table 8. Estimation of ECsy values (50% inhibition of Concanavalin A binding) for tested

carbohydrate structures.

Compound ECs5¢/mM
53 >5.0
57 >>20
53-53 1.2
57-57 >20
53-57 1.2
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Interestingly, monomer 53 shows lower activity compared to methyl o-D-
mannopyranoside (ECsy: 1.1 mM), indicating that the exchange of a methoxy group for a
thiol group at the anomeric position distinctly reduces the Con A binding activity. It
suggests that the sulfhydryl group is largely unstabilised by the Con A aglycon binding
pocket. However, component 57 proved much less active than its analogue methyl a-D-
mannopyranoside, with an ECsy-value more than 20 times higher, indicating that the
exchange of a methoxy group for a thiol group at the 6-position, dramatically reduces the
Con A binding activity. Since the only difference between these two compounds lies in the
exchange of an oxygen for a sulfur, and because SH is both larger and considerably poorer
hydrogen-bond donor than OH, this result suggest that this hydroxyl group is involved in
pronounced interactions with the Con A lectin in accordance with known binding
patterns.''?
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Figure 28. Inhibitory response of Con A binding in presence of DCL constituents 53, 57,
53-53, 57-57, and 53-57. The curves were based on consecutively diluted concentrations of
tested inhibitors included in the QCM-assay with Concanavalin A.

The results also indicated that the monomers 53 and 57 proved less active than their
corresponding dimers 53-53 and 57-57, respectively, where the divalent effects arise from
two equal units tied together. Therefore, it suggests that both monomer units of the
homoditopic constituent 53-53 bind to the same site. Most interestingly, in spite of the
inefficiency of monomer 57, its combination with 53 produced an efficient inhibitor 53-57,
which shows the same activity as homodimer 53-53. It suggests that both units interact
with different parts of the Con A binding sites. Not only proved compound 57-57 to be
inefficient, leading to the conclusion that the 57-unit is unable to bind to the 53-binding
site, but compound 53-57 also mimics the natural trimannoside ligand, inasmuch as it
resembles the a-D-Man-(1,6)-o.-D-Man-part of the trimannoside.
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3.2.2 PEG coated QCM system (paper VIII)

In this study, investigations of carbohydrate-protein interactions were explored by use of
a novel QCM system, where a range of carbohydrates were immobilized on the surfaces of
QCM-crystals.”® Gold-plated, 10 MHz quartz crystals were first immersed into a solution
of compound 94 to form a self-assembled layer, followed by removing the solvent under a
stream of nitrogen. Subsequently, a thin film of PEG (Mr 20000) was covalently attached
to the layer by thermally induced nitrene immobilization.'*'*! Finally, the carbohydrates
were fixed on the PEG surface by UV irradiation.
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Figure 29. Procedure of the preparation of PEG coated surface.

3.2.2.1 Development of a range of carbohydrate surfaces

Gold-plated, 10 Hz quartz crystals were immersed into the mixture of H,0O, (33%), NH;
(33%) and distilled water with a ratio of 1:1:3 at 80 °C for 5 minutes to clean the surfaces.
The resulting crystals were rinsed with distilled water several times, and dried under a
stream of nitrogen. The cleaned crystals were dipped into a solution of compound 94 in
CH,Cl, at room temperature in the dark overnight, then rinsed with CH,Cl, to remove the
excess of compound and dried in a nitrogen atmosphere as schematically illustrated in
Figure 29. The resulting crystals were dipped into a melt of PEG (Mr. 20,000) at 70 °C,
then the temperature was increased to 140 °C and heated for 20 minutes. The resulting
PEG-coated crystals were withdrawn from the melt and cooled down to room temperature,
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then sonicated in distilled water to remove unbound PEG, and dried in a nitrogen
atmosphere. Finally, the PEG-coated crystals were immersed in a solution of
carbohydrates (in ethanol) for 5 minutes. After drying under nitrogen, the crystals were
irradiated with a medium pressure Hg lamp for 5 minutes. After UV irradiation, the
crystals were rinsed with ethanol and then dried in a nitrogen atmosphere. A range of
carbohydrates were in this way covalently attached to the surfaces of crystals (Figure 29).

3.2.2.2 Recognition by a range of lectins

The carbohydrate-lectin interactions were probed by a flow-through QCM-system. The
carbohydrate-modified crystals were mounted in the QCM system, then equilibrated with
buffer solution until no mass change could be recorded. BSA in buffer was injected to
block the surface, and the system was allowed to equilibrate to get a stable baseline. The
affinities of different lectins to the carbohydrate-modified surfaces could subseqnently be
analyzed using the developed QCM system by injecting lectin solutions in the same buffer.
The bound lectins were removed by two successive injections of low pH buffer. A flow
rate, together with an injection volume, was used throughout the analyses.

The binding affinities of the carbohydrate-coated surfaces were initially evaluated for
four different lectins: Con A, VAA, UEA I, and PSA. The a-D-mannopyranoside-specific
Con A showed binding to three of carbohydrate-coated surfaces: the mannose-type,
galactose-type, and fucose-type surfaces, respectively, and the resulting frequency-
response graphs are displayed in Figure 30. The results show that Con A binds strongly to
the mannose surface, whereas only low binding effects could be recorded for the galactose
and fucose surfaces.
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Figure 30. Comparison of binding of Con A to different carbohydrates immobilized on the
PEG 20,000 coated surface.
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3.2.2.3 Evaluation of VAA binding affinity to a range of carbohydrate-coated
surfaces

As a comparison, when the galactopyranoside-specific mistletoe lectin (VAA) was
evaluated for the three different carbohydrate-surfaces, the resulting frequency-response
graphs clearly show that VAA was selective for the galactose surface only (Figure 31).
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Figure 31. Comparison of binding of VAA to different carbohydrates immobilized on the
PEG 20,000 coated surface.

To further investigate the interaction of lectins with different carbohydrate surfaces, two
other lectins were also tested, UEA-I and PSA. The results for the binding effects with
three different carbohydrate surfaces, together with the results for Con A and VAA, are
displayed in Figure 32, indicating that PSA was selective for the methyl-o-D-
mannopyranoside, whereas UEA-I was selective for the fucose-type surface.
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Figure 32. Evaluation of binding selectivity on the surface: Surfaces (a) Man, (b) Gal, and
(c) Fuc. Recognising a range of lectins: Con A, VAA, UEA, PSA.
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3.3 Carbohydrate arrays (paper VII)

In this study, a novel efficient strategy to carbohydrate microarrays technologies has been
developed, where a controllable and robust method to array preparation, both on the
carbohydrate chemistry level as well as the surface chemistry level were employed.'** The
resulting carbohydrate arrays can be efficiently used to screen a range of lectins in parallel
in a single operation.
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Figure 33. Array generation by double photoligation. A layer of poly(ethylene glycol) was
photoligated to a perfluorophenylazide (PFPA)-activated surface. Photoprobe-conjugated
carbohydrates were subsequently arrayed and photoligated to the resulting polymer surface.

83



3.3.1 Microarray preparation

The microarrays were prepared in three steps: (1) amino-derivatized glass slides were
initially functionalized by the reaction of N-hydroxylsuccinimide-derivatized PFPA (NHS-
PFPA)'**' to the amino groups on the glass slides, creating a monolayer of PEPA on the
surface; (2) the resulting glass slides were coated with a solution of PEG and subsequent
UV irradiation to produce a thin layer of PEG that was efficiently attached to the surface;
(3) PFPA-derivatized carbohydrates were subsequently immobilized in an array format on
the PEG surface by way of photoinitiated insertion chemistry, where a range of
carbohydrates were employed, including monosaccharides (a-D-mannose, 3-D-glucose, B-
D-galactose, N-acetyl-B-D-glucosamine, a-L-fucose, o-L-arabinose, [B-D-xylose), and
disaccharides (lactose, cellobiose) (Figure 8). In this step, PFPA-derivatized carbohydrates
were spotted on the modified glass slides using a high-density DNA-array machine, and
subsequent photochemical UV-activation was employed to immobilize the carbohydrates
to the substrate surface via insertion reactions of PFPA to the polymer film. The general
design of the arrays produced is displayed in Figure 34. A three-by-four array, with every
structure printed in quadruplicate, was employed.

3.3.2 Screening by a range of lectins

The fabricated microarrays were screened against a range of lectins, where fluorescence-
tagged lectins and fluorescence imaging were employed in developing the array binding
patterns. Four different lectins were thus targeted for the arrays, including the lectin from
Griffonia simplicifolia IT (GSII), the peanut agglutinin (PNA), the jack bean lectin (ConA),
and the soybean agglutinin (SBA). The scanning results for the arrays are displayed in
Figure 34, indicating that arrays were efficient in demonstrating the specific binding
patterns of the chosen lectins, where both the primary binding partners as well as the
secondary ligands could be identified. (1) GS-II, thus showed a clear binding preference to
its major binding partner, B-D-GIcNAc (84); (2) PNA was revealed to mainly bound by
lactose (86), followed by lower binding of B-D-galactose (81) and cellobiose (85); (3) the
ConA interaction with o-D-mannoside structures is clearly demonstrated, showing efficient
binding to the carbohydrate part of compound 80, the a-D-mannoside PFPA. Furthermore,
this lectin also showed low binding to the B-D-glucoside (82) and very low binding to the
N-acetyl-B-D-glucosamine (84) structure; (4) SBA is specific for terminal -D-galactoside
units and thus showed binding to both B-D-galactose (81) and lactose (86). These results
indicate that the resulting carbohydrate arrays can be efficiently used to screen a range of
lectins in parallel in a single analysis.
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Figure 34. Carbohydrate microarray results with four different lectins: Griffonia
simplicifolia lectin II (GSII), peanut agglutinin (PNA), Concanavalin A (ConA), and
soybean agglutinin (SBA). Active carbohydrates for each lectin are easily identified from
the arrays, and carbohydrates recognized are listed. The design of the library is indicated at
the lower left, all carbohydrates were repeated in quadruplicate [2 x 2].
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This study has demonstrated that the versatility of photochemical immobilization
chemistry can be combined with microarray techniques to create high-density and spatially
addressable carbohydrate microarrays, where the photochemical properties of PFPAs can
be fully employed to produce polymer thin films, and to locate the carbohydrate ligands to
specific areas on the surface. The PEG- polymer film on the substrate can furthermore be
selected to reduce the non-specific adsorption of ligands to the surface. The fabricating
arrays could be screened a range of lectins in parallel in a single analysis. Given expanded
carbohydrate repertoires, these microarrays have the potential to facilitate and accelerate
various aspects of glycomics and proteomics.
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3.4 Analysis of the carbohydrate-lectin interactions by other methods (paper II)

Glycosyldisulfides constitute a new class of carbohydrate derivatives with interesting
chemical and physical properties. Their generation from thioglycosides via thiol-disulfide
exchange, also operative in formation of disulfide-linked glycopeptides, has recently been
reported,*>*® revealing them to be suitable building blocks for dynamic combinatorial
chemistry.”” In order to reveal lectin-binding properties of this type of non-hydrolyzable
sugar derivative, libraries originating from a mixture of common building blocks of natural
glycans and thiocompounds were tested against three plant agglutinins lectins and one
endogenous lectin with specificity to galactose, fucose or N-acetylgalactosamine,
respectively, in a solid-phase assay or in a cell binding assay. Extent of lectin binding to
matrix-immobilized neoglycoprotein presenting the cognate carbohydrate structure could
be reduced, and evidence for dependence on type of carbohydrate was provided by
dynamic deconvolution.”*"" In this study, four thiosaccharides and two thiol-components
were chosen as DCL building blocks (Figure 35), and the libraries were screened against a
range of lectins: Viscum album agglutinin VAA, (Ulex europaeus) agglutinin UEA-I,
soybean agglutinin SBA, and an endogenous lectin (galectin-3), respectively.

OH HO _OH HO _OH
SH SH SH
HO HO HO
NHAc OH NHAc
58 1 59
HaC o SH o
SH HoN
WOH HO)J\/ 2 \/\SH
OH
OH g3 99 100

Figure 35. Thiol-containing components for generating dynamic combinatorial libraries.

All 6 thiol-components were used as components for the first library (LO1), generating 21
different disulfide dimers in the resulting dynamic combinatorial library. In order to screen
the library for individual component activity, a deconvolution strategy was employed.'"
Therefore, aside from the full LO1, based on all six components and composed of 21
constituents, six sublibraries were prepared in the same way where one of the components
was substituted for buffer solution. These sublibraries (L02-L07) were composed of 15
different constituents, respectively. In addition, to further evaluate the active constituents
of the libraries, 6 two-component libraries (L08-L13) were prepared, where digalactoside
and the constituents resulting from galactoside with the other thiol-components were
produced (Table 9).
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Table 9. Composition of the tested dynamic combinatorial libraries and glycosyldisulfides

Library Components
L-01 complete library
L-02 without 63
L-03 without 58
L-04 without 1
L-05 without 59
L-06 without 99
L-07 without 100
L-08 1-1
L-09 1, 63
L-10 1,58
L-11 1,59
L-12 1,99
L-13 1,100

3.4.1 Solid-phase assays

Two plant lectins which primarily target a monosaccharide in glycans, i.e. the
galactoside-specific Viscum album agglutinin (VAA) and the fucoside-specific Ulex
europaeus agglutinin (UEA-I), were first tested for binding. By adsorption of
neoglyoproteins bearing lactose or fucose moieties to the surface of microtiter plate wells,
ligand-presenting matrices with characteristics cell surfaces were established. The lectins
bound to the matrix in a carbohydrate-dependent and saturable manner.

The resulting screening of the 7 libraries is displayed in Figure 36 compared to the
binding of the lectins with Gal/Fuc ligands. As can be seen from the graph, the sublibraries
L-02 (without Fuc) and L-04 (without Gal) were nearly completely devoid of inhibitory
capacity for UEA-I and VAA, respectively (Figure 36). In contrast, reduction of
constituent complexity by omission of any other compound resulted in rather small effects.
There was a tendency that the absence of the two non-carbohydrate compounds led to a
decrease of binding slightly lower than that for the pyranoses (Figure 36).
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Figure 36. Illustration of inhibitory potency on extent of lectin binding [(galactose-binding
mistletoe (Viscum album) agglutinin VAA and a-i-fucoside-binding gorse (Ulex
europaeus) agglutinin UEA-I)] to surface-immobilized neoglycoproteins with lactose
(VAA) or L-fucose (UEA-I) as bioactive ligands.
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3.4.2 Cell-binding assays

The principle of the cell-binding assay is illustrated in Figure 37. The binding properties
of VAA and UEA-I were initially analyzed.

Y;-./O
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COMPOUND CELL SURFACE
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Figure 37. Schematic representation of the principle of the cell-binding assay (right part),
in which components of a glycosyldisulfide-based dynamic combinatorial library (left part)
are tested for interference of lectin binding to cell surface glycans.

The libraries (L01-L07) were screened against two lectins VAA and UEA-I, directly on
surfaces of a range of cells. The libraries were screened against VAA using cells of a B-
lymphoblastoid line (Croco II). The screening results of the 7 libraries are displayed in the
first row of Figure 38, clearly showing that sublibrary L-04 was of low inhibitory activity.
This indicates that component 1 is crucial for competing with the glycan on the cell surface
(Figure 38). The libraries were also screened against VAA using a solid tumor line (colon
adenocarcinoma line, SW 480), and the screening results are shown in the second row of
Figure 38. These results also show that component 1 is the most efficient for competing
with the glycan on the cell surfaces. Additional screening results are displayed in the third
row and fourth row of Figure 38, where the libraries were screened against UEA-I on cells
of SW 480 and cells of human pancreatic carcinoma line Capan-1, respectively. As can be
seen from the graphs, library L-02 is devoid of inhibitory capacity competing with the
glycan on both cell surfaces because of lack of fucose.
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Figure 38. Comparison of the effects of the two monosaccharides (Gal or Fuc) and the
libraries on staining parameters (upper panel: percentage of positive cells; bottom panel:
median fluorescence) in flow cytofluorimetric analysis.

To further investigate the carbohydrate-lectin interactions, a human lectin, galectin-3,
which is involved in tumor spread and cardiac dysfunction,'””"*° was introduced to this
assay system for screening of the libraries on surfaces of T-lymphoblastoid cells. The
fluorescent staining graph for the results is displayed in Figure 39, indicating that absence
of Gal was rather tolerable (L-04), whereas absence of GalNAc, precluding formation of
GalNAc-GlcNAc disulfides, impaired the activity more strongly (L-05) (Figure 39). The
omission of the two aliphatic thiocompounds led to mixtures which were as effective as
library L-01, pointing to a lack of effect of their presence. In addition, the libraries were
also screened against galactin-3 on the surface of ovarian adenocarcinoma cells NIH-
OVCAR3. Binding of galectin-3 at 10 pg/ml reached levels of 61% positive cells and a
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median fluorescence of 104.2, which was lowered by Gal to 52%/62.6 and by L-01 to
43.8%/48.6. Libraries L-04 (40.2%/46.4) and L-05 (50.0%/56.8) showed effects
comparable to those of the lymphoma cell system but L-06 failed to reach the activity of
library L-01 on the ovarian cancer cells (52.0%/63.1). Thus, as measured for the plant
lectins, the libraries could also exert a negative impact on cell binding of an endogenous
lectin.
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Figure 39. Semilogarithmic representation of fluorescent surface staining of cells of the
human T-lymphoblastoid cell line CCRF-CEM in the absence of labeled lectin (negative
control, shaded) and in the presence of human galectin (solid line), Gal or lactose (grey
lines) as haptenic inhibitors with increasing efficiency (top panel) as well as four libraries.
Quantitative data on control value (top panel, left side), effects of haptenic inhibitors and
libraries (center and bottom panels) are given.

To futher evaluate the active constituents of the libraries against VAA, 6 two-component
libraries (LO8-L13) were prepared, in which the constituents resulting from galactoside
with the other thiol-components were produced. The screening results are displayed in
Figure 40, indicating that the galactose disulfide even surpassed lactose in inhibitory
capacity, whereas presence of Fuc, GalNAc or GIcNAc in the disaccharide had
comparatively small effects. The galactose disulfides can thus act as binding partners for
this lectin. Among them, the digalactose disulfide was clearly superior to the other
disulfides.
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Figure 40. Semilogarithmic representation of fluorescent surface staining of cells of the
human colon adenocarcinoma line SW480 in the absence of labeled lectin (negative
control, shaded) and in presence of VAA (solid line), next using Gal or lactose as haptenic
inhibitors, and defined 1-thiogalactoside-containing disulfides at the same concentration
(grey line). Quantitative data on control value and effects of inhibitors are given.
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4. Concluding remarks

A range of thio-f-D-galactose- as well as other glycoside derivatives have been
successfully synthesized. Different protecting group strategies have been applied. Choices
of solvent and nucleophilic reagent concentration have been shown to be essential. The
results also indicate that ester protecting groups play a highly important role for the
synthesis of thio-containing carbohydrates, when the inversion of triflated hydroxyl groups
is performed with nitrite anion. Non-polar solvents are efficient to suppress the
neighboring group participation when esters are used as protecting groups. Furthermore,
facile approaches to acquire the key intermediates for the synthesis of methyl 2-thio-B-D-
galactoside and methyl 4-thio-B-D-galactoside were developed based on multiple
regioselective acylation via the respective stannylene intermediates. The stercoselectivity
depending on solvent and nucleophilic reagent concentration for the synthesis of 3-thio-f-
D-galactoside have been studied.

The stereospecific ester activation in nitrite-mediate carbohydrate epimerization was
investigated. The results clearly show that esters play highly important roles in the Lattrell-
Dax reaction facilitating nitrite-mediated carbohydrate epimerizations. In spite of the
higher reactivity of carbohydrate triflates protected with ether functionalities, these
compounds proved inefficient in these reactions where mixtures of compounds were
rapidly obtained. Neighboring ester groups, on the other hand, could induce the formation
of inversion compounds in good yields. The reactions further demonstrated
stereospecificity, since axially oriented neighboring ester groups were unproductive and
only equatorial ester groups induced the nucleophilic displacement reaction. These
findings expand the utility of this highly useful reaction in carbohydrate synthesis as well
as for other compound classes.

QCM biosensors have been demonstrated to be an efficient technique to investigate
carbohydrate-lectin interactions in real time. Two different QCM systems have been
presented, where mannan-coated surfaces and PEG-coated surfaces of a range of
carbohydrates were developed.

i) For mannan coated surfaces, the interactions of Con A and a range of thiosaccharide
dimers were tested. It was found that the 1-thio-o-D-mannose dimer showed an ICsy-value
in the low mM range but with no apparent cooperativity. On the other hand, 1-thio-B-D-
glucose-, 1-thio-B-D-galactose-, and N-acetyl-1-thio-B-D-glucosamine-based dimers
displayed very high positive apparent cooperativity effects. These unprecedented effects
were shown to depend mainly on the calcium-levels of the system, with no effects
observed in the presence of calcium ions. The results also indicate that glycosyldisulfides
may indeed be useful glycomimetics in exploring carbohydrate-binding entities. Secondly,
glycosyl-disulfide libraries, generated from the corresponding thiols by mild oxidation,
were screened against Con A using mannan-coated QCM system, where the dynamic
deconvolution procedure was used. It was found that heterodimer 53-57 displays the same
activity as 53-53, whereas 57 showes much less active than 53. The results indicate that the
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hydroxyl group in the 6-position of methyl o-D-mannoside is the key to efficient binding
to Con A, compared with the corresponding 6-thio derivative, whereas the hydroxyl group
in the anomeric centre in D-mannose is less important in this side. The heterodimer 53-57
is more active due to its resemblance to the natural trimannoside ligand for Con A.

ii) PEG-coated surfaces, where a range of carbohydrates were immobilized on the PEG
surfaces of the electrodes, have been developed for investigating the interactions between
carbohydrates and lectins. The results indicate that Con A selectively bound to the
mannose surface, VAA was selective for the galactose surface, PSA was selective for the
methyl-o-D-mannopyranoside, whereas UEA-I was selective to fucose-type surface. These
QCM biosensor systems have proved to be efficient means for studying carbohydrate-
lectin interactions.

A novel strategy to carbohydrate microarrays has been developed. It constitutes a
controllable and robust method to array fabrication, both on the carbohydrate chemistry
level, as well as the surface chemistry level, and the fabricating arrays could be used to a
range of lectins in parallel in a single analysis. Our results demonstrate that the versatility
of photochemical immobilization chemistry can be combined with microarray techniques
to create high-density and spatially addressable carbohydrate microarrays, where the
photochemical properties of PFPAs can be fully used to produce polymer thin films, and to
locate the carbohydrate ligands to specific areas on the surface. In addition, the screening
results clearly indicate that the produced arrays efficiently pinpoint not only the binding
patterns of selected lectins for their optimal binding partners, but also the relative binding
efficiency for individual array compounds.

Dynamic combinatorial libraries generated from thiocomponents were screened against a
range of lectins using solid-phase assays and cell-binding assays technologies. The results
clearly show that N-Acetylgalactosamine was the most important building block of
libraries for the human lectin, and the digalactoside as most potent compound acting on the
toxic mistletoe agglutinin.
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