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Abstract

Our primary goal of this study was to obtain a better understanding for the
carbohydrates binding interactions with human intelectin (hIntL). Studying the
binding specificity of hintL could help in discovering its natural substrate and
might give us a clue about its role in the innate immune response as well as its
pathophysiological action in various diseases.

In this project, recombinant expression of intelectins was successfully
done using HeLa cells and H5V cells. Yeast (Pachia pastoris) did not proove to
be a promising expression system for hIntL. Using chemical synthesis,
compounds (3.1-3.9) were obtained to be screened as ligands for hintL. Herein,
we used surface plasmon resonance (SPR) as our analytical tool to study hIntL
binding specificity towards various synthesized Galf~containing oligosaccharides.
Staudinger ligation chemistry as well as amine coupling were used to immobilize
the carbohydrate epitopes to the SPR biosensor surface. Both hintL-1 and hintL-2

were screened against the derivatized surface.
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1. Introduction



1.1.  Galactofuranose occurrence in natural oligosaccharide structures
Glycoconjugates are spread widely in many microorganisms as well as mammalian
cells. Glycoconjugates play important roles in different biological events' including

4

cellular growth,® differentiation and adhesion.* Glycoconjugates are unique

molecules in terms of their structural diversity and complexity.'

Monosaccharides in the hexopyranosyl form are the main building block of most
glycoconjugates. However, the presence of hexofuranosides as a part of
glycoconjugates is also known.®> The importance of these hexofuranosyl structures
comes from their presence in many microorganisms including pathogenic ones,
while they are absent in mammals. Many research groups have tried to gain a better
understanding of hexofuranose biosynthesis, metabolism, biological importance
and their role in pathogenicity.® Hexofuranosides are important constituents in

many microorganisms, including bacteria,’ protozoa® and fungi.’

Galactofuranosyl (Galf) residues are the most widely spread hexofuranoses in
naturally occurring glycoconjugates (Figure 1.1).!° Herein, my main focus will be
directed towards Galf oligosaccharides and I will briefly review a few examples of
microorganisms containing Galf" as important constituents in their cell wall

architecture.



1CHO
H——OH
HO HO——H Ho OH
0. 1.OH
HO 4 HO >Q4.0H
—=— HO—FH—— OH
HO  OH 5
H—2—OH
Galf © Galp
CH,OH

Figure 1.1: Equilibration between open chain D-galctose, D-galactopyranose

(Galp), and D-galactofuranose (Galf).

1.1.1. Mycobacteria

Mycobacteria are the causative agent of tuberculosis (TB) and other diseases.!"> 12
The cell wall architecture of mycobacterial species is very complex and is one of
its virulence factors.!* The mycobacterial cell wall is composed mainly of mycolic
acid and peptidoglycan (PG) layers. The mycolic acids and PG are connected
together through an arabinogalactan (AG, Figure 1.2). The AG layer is composed
of galactose and arabinose sugars both existing in the furanose form.” '* The AG
portion consists of about 30 repeating Galfunits, which exist in alternating B-(1—5)
and B-(1—6) linkages as shown in Figure 1.. There are three arabinan chains
connected to the galactan via an O-linkage to the 5 position of a Galf moiety. It is
believed that alteration or inhibition of the biosynthetic pathways that are involved

in the synthesis of the mycobacterial cell wall could be a target in drug development

against infections caused by these organisms.!”
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Figure 1.2: Schematic diagram of the mycobacterial cell wall.

2 0 0}

HOK O
HO HO OH
HoO O\ OH
g—o B-(1—=6)
HO OH

Figure 1.3: Linkages of the galactan fragment of the arabinogalactan chain.'®

1.1.2. Bacteria

Galf units are also found in different glycoconjugates of many bacteria including
pathogenic ones and are sometimes important for their virulence.’ For example the
lipopolysaccharide (LPS) of many Gram-negative bacteria contain Galf units.!” 18

Examples are the O-antigens of Escherichia coli K-12'° and Klebsiella

pneumonae® (Figure 1.).



a-D-Glcp
1

l

6
2-B-D-Galf~(1—6)-0-D-Glep-(1—3)-0-L-[2-O-Ac]Rhap-(1—3)-0-D-GlcpNAc-(1—

b.
3-B-p-Galf~(1—3)-a-p-Glep-(1—3)-[B-p-Galf~(1 —3)-a-D-Glep]a-(1—3)-p-d-GlcpNAc
Figure 1.4: Galf-containing LPS of: a. Escherichia coli K-12,"° b. Klebsiella

pneumonae.’!

Another unique Galf~containing structure was isolated from Arthrobacter sp. The
peptidoglycan—polysaccharide complex isolated from this bacterium was found to
contain a sulfated polysaccharide structure. This polysaccharide motif is composed
of a repeating trisaccharide unit [6)-B-D-Galf~(1—6)-B-D-Galf-(1],, which has a -
D-Glcp residue attached to one of the Galf via a (1—2) linkage*? (Figure 1.). This
sulfated trisaccharide was reported previously to have antitumor effects through
inhibition of angiogenesis.?
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Figure 1.5: Sulfated trisaccharide repeating unit of Arthrobacter sp.”
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1.1.3. Protozoa

-8

The most famous Galf-containing protozoa are Trypanosoma cruzic and

Leishmania ~ major.** Both  organisms contain an  oligosaccharide
lipophosphoglycan (LPG), which has a Galf residue linked to a mannopyranoside

residue via a B-(1—3) linkage? (Figure 1.). This LPG was found to be a virulence

factor for these protozoa.?®
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Figure 1.6: LPG oligosaccharide myo-inositol structure of Leishmania sp.*’

1.1.4. Fungi

An interesting example of a Galf-containing fungus is Paracoccidioides
brasiliensis. This fungus is responsible for many fungal infections in South and
Central America.!® It contains a unique glycosylinositol phosphorylceramide
moiety that contains Galf'in its structure (Figure 1.). Due to the antigenic character
of this Galf-containing ceramide derivative, it could be used in various serological

tests and is a promising diagnostic marker.?
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Figure 1.7: Galf-containing glycosylinositol phosphorylceramide in

Paracoccidioides sp.?®

Another Galf-containing fungus is 4Aspergillus fumigatus and related species. The
galactomannan structure of its mycelial cell wall was found to contain B-Galf-
(1—5)-B-Galf linkages. Those Galf units are immunodominant epitopes and may
play an important role in the antigenicity of this fungus.? It worth mentioning here
that the exopolysaccharides (EPS) produced by many fungi including Aspergillus
and Penicillium contain repeating Galf units. The structure of the EPS is composed
of (1—2) and (1—6) linked a-D-mannopyranosides. This mannopyranoside core
chain contains side chains consisting of 5-10 (1—5) linked B-D-Galf units®

(Figure 1.).
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Figure 1.8: Galactomannan fragment of EPS found in Aspergillus fumigatus.’

1.2.  Galactose-binding lectins

Lectins are carbohydrate-binding proteins that are widespread in plants and
animals.>® These proteins play an important role in various biological events
including inflammation, cellular growth, cancer and fertilization.>!* Lectins can
be classified into different families based on their structure, glycan affinity,
function and other factors. Herein, I will briefly highlight lectins with known
affinity to galactose in either its pyranose form (Galp) or its furanose form (Galf).
In particular, the focus here will be on the galectins, dendritic cell-specific

intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) and
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intelectins. Galectins are a family of lectins with known affinity towards p-Galp.>*
Recently, it was shown that human dendritic cells (DC) recognize the other
galactose form, galactofuranose (Galf) through DC-SIGN lectin.*® In 2001, a
human lectin named intelectin was discovered and was reported to show binding

affinity towards Galf.*®

1.2.1. Galectins

Galectins are glycan binding proteins with affinity towards B-galactopyranosides.’’
These proteins are defined by the presence of at least one conserved carbohydrate-
recognition domain (CRD), which is responsible for glycan binding.*® The galectin
family is large, containing 15 members found in mammals as well as
microorganisms. Galectins are divided into three main categories, according to the
number of CRDs, including: prototypical, chimeric, and tandem type galectins.*
The prototypical galectins (galectin-1, 2, 5, 7, 10, 11, 13, 14 and 15) contain one
CRD and hence they are monovalent lectins (Figure 1.a). The only chimeric
galectin is galectin-3, which contains one CRD (C-terminal domain), an extended
domain composed of glycine/proline repeats, and a short N-terminal end*
(Figure 1.b). The three-dimensional structure of galactin-3 enables it to act as a
multivalent lectin. The third type of galectin is the tandem-repeat-type (galectin-4,
6, 8, 9 and 12), which contain two homologous CRDs separated by an amino acid
linker (up to 70 amino acids) and therefore they are divalent lectins*'> 2

(Figure 1.c). Galectins are capable of forming higher order structures via non-

covalent interactions with glycans.?’



a. Prototypical galectins

b. Chimeric type galectin

c. Tandem-repeat-type galectins
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Figure 1.9: Types of galectins and formation of galectin/carbohydrate lattices.

1.2.1.1. Biological function of galectins
Rabinovich et al*** published two interesting reviews that discuss, in detail, the
biological function of the galectin family. Galectins have preferential binding

affinity towards the B-Galp-(1—4)-GlcNAc (LacNAc) motifs that are found in N-
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or O-linked glycans.* The biological function of galectins can be subdivided
according whether they act intracellularly or extracellularly.

Galectins play an important role in the regulation of intracellular processes
including cell cycle progression, pre-messenger RNA (mRNA) splicing, apoptosis
as well as cellular proliferation.*® Galectins exhibit these functions via binding to
their ligands inside the cell and initiating protein—protein interactions.*
Extracellularly, galectins are important regulators of many cell—cell and cell-matrix
interactions.*’ They bind to B-galactopyranoside containing glycoconjugates in the
extracellular matrix (ECM) and molecules responsible for cellular adhesion. Due to
this crosslinking function, galectins can regulate different cellular interactions.*3
Collectively, galectins are important regulators in cellular adhesion, migration and
spreading.*’ Inspired by these important biological effects, researchers have studied
galectins as potential targets for the treatment of different pathological disorders

including inflammation,*’ cancer,’® and autoimmune diseases.’!

1.2.2. Biological function of the dendritic cell-specific intercellular adhesion

molecule-3-grabbing non-integrin (DC-SIGN)

Dendritic cells are potent antigen presenting cells and play a very important role in
generating strong immune responses and in maintaining immune homeostasis.*?
DC-SIGN is a C-type transmembrane lectin receptor, which is mainly expressed on
immature DCs found in peripheral tissues as well as on activated mature DCs in the
lymph nodes, spleen and tonsils.>* DC-SIGN has gained great attention in the past

few years due to its important function as pathogen scavenger receptor.>* Besides
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acting as an antigen receptor, DC-SIGN also acts as an adhesion and signalling
receptor. DC-SIGN is also capable of binding to some endogenous molecules
including intracellular adhesion molecules (ICAM)-2, which are found on
endothelial cells and ICAM-3 on T lymphocytes, thus playing a role in the
migration of DCs across endothelial cells.” It was reported also that DC-SIGN can
capture human immunodeficiency virus (HIV-1) and transport it into lymphoid
tissues.*®

The DC-SIGN structure consists of a carbohydrate recognition domain (CRD), a
neck-repeat region, a transmembrane domain and a cytoplasmic domain®

(Figure 1.2). Tetramerization of DC-SIGN via the neck-repeat domain has a great

influence on its binding affinity.>’

Carbohydrate recognition

domain (CRD) §

Neck-repeat region

Transmembrane ——
domain

Cytoplasmic domain ———
Figure 1.20: Schematic diagram of DC-SIGN structure.

DC-SIGN  exhibits binding preferences towards high mannose-type
oligosaccharides, but not single terminal mannose residues.”> The minimum

number of mannose residues that can be recognized by DC-SIGN is three, usually
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located internally in the glycan structure.’® Furthermore, DC-SIGN shows high
binding affinity for Lewis blood group antigens that contain fucose residues in their
structures.’® DC-SIGN interacts with either mannose or fucose containing glycans
that are found on pathogen surfaces. DC-SIGN shows strong binding ability to
Helicobacter pylori lipopolysaccharide (LPS) as well as the lipophosphoglycan
(LPG) of Leishmania sp. Additionally, DC-SIGN binds to the lipoarabinomannan
(LAM) of the Mycobacterium tuberculosis cell wall. This interaction is found to be
mediated through the dimeric and trimeric mannose residues found in the mannose

cap of the LAM structure.®°

Inspired by all these findings, scientists wanted to explore any potential interaction
between DC-SIGN and Galf, which is found in many pathogens. This was the main
objective for a study published recently by Tefsen and coworkers.>® To study the
role of Galf'in modulating host—pathogen interactions, they synthesized multivalent
gold nanoparticles carrying Galf (Galf~GNPs) residues on their surface.
Interestingly, the authors demonstrated that human DCs recognize Galf~GNPs
through interaction with the lectin DC-SIGN* (Figure 1.3). It was also shown that
these Galf/~GNPs were recognized by the EB-A2 antibody, which is used for the
diagnosis of Aspergillosis patients. This antibody detects Galf-containing glycans

in patient sera.’
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Figure 1.31: Recognition of Galf~-GNPs by both the EB-A2 antibody and DC-

SIGN, which elicits inflammatory response.

1.2.3. Discovery of human intelectins
As mentioned earlier, Galfresidues present in many microorganisms but are absent
in mammals. Therefore, Galf residues could play an important role in the virulence

of these microorganisms and could initiate an immune response in the host cells.

In 2001, Tsuji et al*® reported the discovery of a novel human lectin named
intelectin (hIntL), also known as the lactoferrin receptor’! and omentin-1.%> The
authors proposed that this protein exhibited binding preferences towards Galf
residues found in bacterial cell walls. This was the first report of an animal lectin
that is able to recognize Galf residues. Also in 2001, another two homologous
human lectins were identified by another group,%® which the authors named human
lectin-1 (HL-1) and human lectin-2 (HL-2). The degree of similarity between HL-
1 and Xenopus laevis lectin (XL-35) is 74%.5° HL-1 and HL-2 show 80% identity

to each other at the amino acid level. Interestingly, hIntL, which was cloned and
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purified by Tsuji et al,>® showed the same amino acid sequence as that of HL-1.
According to the authors,®* the mRNA of HL-1 is expressed in heart, colon, small
intestine and thymus. Other human tissues showing HL-1 expression are placenta,

spleen and skeletal muscle, but at lower levels.

1.2.3.1. Structural features of human intelectins

In their initial study, Tsuji and coworkers*® identified a novel lectin sequence in
human placental tissue. They were able to express the protein in a secreted form
from the rabbit kidney cell line RK-13. The unknown lectin was sequenced and the
full length sequence was obtained. The sequence of this protein showed a
considerable degree of homology with the mouse intelectin and that is why the
authors named this protein human intelectin.*® According to the authors*® human
intelectin (hIntL) is 120 kDa and 40 kDa protein under non-reducing and reducing
conditions, respectively. So, they concluded that hintL is a homotrimeric protein
linked by disulfide bonds. Furthermore, they explained that the mature hintL in its
monomeric structure was calculated to be about 33 kDa, but under reducing
conditions the actual size of monomeric hIntL was found to be 40 kDa. The authors
attributed this difference in mass to potential glycosylation of the protein. There are
two potential sites for N-glycosylation, Asn 154 and Asn 163. To confirm the
presence of N-linked oligosaccharides, the authors treated both recombinant and
placental hIntL with N-glycanase (an enzyme responsible for cleavage of N-linked
glycans).®* The molecular size of the N-glycanase treated hINT was 34 kDa, which

is almost the same as the predicted mass of monomeric hINT.
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1.2.3.2. Activity of human intelectin and its binding to bacterial glycans
The carbohydrate binding activity of hintL was first explored by Tsuji et al.*® In
this work, the authors used various mono and disaccharides to elute hIntL from a
galactopyranose—Sepharose column. All the binding experiments were done in the
presence of Ca?’. The results could be summarized as follows: 1) complete elution
of the absorbed hIntL from the column was observed using buffers containing 100
mM D-xylose, D-ribose, or 2-deoxy-D-ribose. This means that hintL has an affinity
of less than 100 mM towards those pentose sugars. 2) Elution with 100 mM -D-
galactofuranosyl-(1—4)-2-acetamido-2-deoxy-D-glucopyranose  (Gal/~GlcNAc)
resulted in complete elution of the absorbed hIntL, a result similar to that obtained
when pentoses were used. On the other hand, only 30% elution occurs when the
galactopyranoside analogue of Galf~GlcNAc (B-D-galactopyranosyl-(1—4)-2-
acetamido-2-deoxy-D-glucopyranose) was used. 3) When 100 mM solutions of
galactose, N-acetylgalactosamine or fructose were used, 50% elution occurs. 4)
When other hexoses (D-glucose, D-mannose, N-acetylmannosamine, N-
acetylmannosamine, L-fucose, D-sorbose and L-rhamnose) were used at the same
concentration, hIntL. was hardly eluted. Thus, it was predicted that hIntL. showed
less affinity for those hexopyranoses. 5) No elution of hintL. was observed when
melibiose or lactose were used. 6) When 10 mM EDTA was used, hIntL was
completely eluted from the column.

The authors concluded from this binding study that hIntL showed the highest
binding affinity towards Galf~GIcNAc and pentoses, medium affinity to

hexopyranoses and Galp—GlcNAc, and no affinity to melebiose and lactose.
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Furthermore, Ca®" was shown to be essential for hIntL to exert its binding activity
towards different sugars. C-type lectins are a family of proteins whose members
share homology in their carbohydrate recognition domain (CRDs), e.g. collectins
and selectins.®> Although the binding activity of hintL was shown to be Ca®"
dependent, this lectin is not considered to be a C-type lectin, due to the lack of a
classical CRD. The only functional binding domain in the structure of hintL is the
region from Pro 38 to Val 82, which shares a high degree of similarity with the

fibrinogen domain.*®

Inspired by the data obtained by Tsuji et al,*® which suggested better affinity of
hIntL towards Galf~containing molecules, more efforts were made to explore the
specificity of the protein. In particular, the ability of hintL to bind to different
naturally occurring Galf-containing oligosaccharides was investigated as this
binding event might play a role in the host defence mechanism against organisms

containing these structural motifs.5

Galactofuranosides, which are not present in mammalian tissues, are important
antigens.> %7 As outlined above, glycoconjugates containing Galf residues are

present in different microorganisms including pathogenic ones e.g., Mycobacterium

tuberculosis,®® Streptococcus oralis,*® Nocardia rubra,’’ Leishmania major,”

Trypanosoma cruzi,”® Aspergillus fumigatus®* and Cladosporium resinae.”!
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The cell wall architecture of both Nocardia and Mycobacteria contains a unique
arabinogalactan structure (Figure 1., above), which is rich in Galf residues. This
molecule could therefore play a role in the initiation of an immune response in the
host.”> 7 In 2001, it was reported that hintL has affinity to Nocardia
arabinogalactan.’® Furthermore, in 2009 it was shown that human intelectin-1

(hIntL-1) could bind to Mycobacterium bovis Bacillus Calmette-Guerin (BCG).%

1.2.3.3. Human intelectin (hIntL) homologues (X-Lectin family)

Intelectins belong to a family of lectins known as the X-lectins. X-lectins were
named after the first discovered member of the family, Xenopus laevis oocyte
granule lectin (XL-35). X-lectin family members come from various origins
including frog, human, mouse, sheep and lamprey.”* These lectins exhibit a high
degree of amino acid sequence homology and share what is known as a fibrinogen-
like motif, which is thought to be involved in carbohydrate recognition.” The exact
binding specificities and biological function of X-lectins are not fully understood.
In general, the X-lectin family might play a role in pathogen recognition and

participate in the innate immune system of the host.

1.2.3.3.a. Xenopus laevis oocyte granule lectin (XL-35)

The first characterized lectin member belonging to the X-lectin family was Xenopus
laevis oocyte granule lectin XL-35. In 1997, Lee et al’® cloned and expressed the
cDNA of XL-35. The lectin binds to various monovalent and polyvalent glycans

containing D-galactopyranosides; the binding was Ca?" dependent.”” Although,
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carbohydrate binding by XL-35 requires Ca®", the predicted amino acid sequence
does not contain the C-type lectin motif.”® Under non-reducing conditions, the
molecular weight of XL-35 is 500 kDa.”® It was suggested that XL-35’s native
structure consisted of a dodecamer, as under reducing conditions the mass of the
XL-35 monomer was 45 kDa.” Because the XL-35 lectin was the first identified
lectin among its homologs, Lee at al’* proposed the name X-lectin for those
proteins homologous to XL.-35. A characteristic feature of the X-lectin family is the
presence of a fibrinogen-like domain. This domain is found in a region that shares

the highest degree of sequence homology among the members of X-lectin family.”

The ficolin/opsonin family”® is another lectin family that contains this fibrinogen-
like domain. Ficolins activate the complement pathway and play an important role
in host innate immunity. Ficolins recognize pathogen-associated molecular patterns
(PAMP), which are carbohydrate motifs found on the surface of pathogens, tumors
or apoptotic cells.®’ Because X-lectins have the fibrinogen-like domain found in the
ficolin family, it has been suggested that X-lectins could have similar biological

roles to those of the ficolin family.”

1.2.3.3.b. Mouse intelectin

In 1998, Komiya et al’! isolated a murine cDNA that showed about 61% homology
with XL-35. They named this protein intelectin. The expression was mainly found
to be specific to the Paneth cells of the small intestine.®! Because it is expressed in

the small intestine, the authors concluded that this protein is an ortholog of hIntL-
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2. Furthermore, another mouse cDNA sequence was identified by Pemberton and
coworkers.®? The later protein was named intelectin-2. Both mouse intelectins
(mIntL-1 and mIntL-2) had 92% similarity in their amino acid sequences. It was
shown that there was up-regulation of mIntL-2 levels in the jejunum following
infection with Trichinelia spiralis.3* The authors concluded that mIntL-2 could play
a role in the innate immune response in the mouse against parasitic infections.®? In
2007, Tsuji and coworkers® explored structural differences as well as the activity
of human and mouse intelectins. The main results of this study®® are summarized in

Table 1.1.

Although, hintL and mIntL are homologous lectins (Figure 1.4), they exhibit many
differences in their structure and activity. From Table 1.1, we can see a difference
in the oligomeric structure; whereas hintL-1 is a homotrimeric lectin, mIntL-1 is
monomeric. Also, there are differences in terms of the presence of glycosylation
and disulfide linkages. Furthermore, the saccharide binding specificities of both
lectins are not same, probably due to structural differences. However, both lectins

require Ca®" to bind to various saccharides.®’
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Table 1.1: Structural differences and binding activity of hintL-1 and mIntL-1.

Molecular mass

Disulfide linkage

N-linked oligosaccharide

Saccharide binding activity ?

1) Galactose

2) 2-deoxygalactose
3) 6-deoxygalactose, lactose,
melibiose, Galp-GlcNAc P

4) Galf-GIcNAc ©

5) Pentoses ¢

Ca’" requirements

Human intelectin-
1 (hIntL-1)

106 kDa
homotrimer
Present  (Cys31—
Cys48)

One

(Asnl63)

Partially eluted

100% eluted
No elution

100% eluted
> 50% elution

Yes

2 FElution from galactose/sepharose column
b 2-acetamido-2-deoxy-4-O-B-D-galactopyranosyl-D-glucopyranose
¢ 2-acetamido-2-deoxy-4-O-B-D-galactofuranosyl-D-glucopyranose

d

D-ribose, L-ribose and D-xylose
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Mouse intelectin-1
(mIntL-1)

34 kDa

Monomer

Absent

Absent

<30%
<30%
No elution

33% eluted
<30%

Yes
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Figure 1.42: Amino acid sequence alignment between hintL-1, hIntL-2, mIntL-

1, and mIntL-2.
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1.2.3.3.c. Ascidian lectin

Yokosawa and coworkers®* isolated a galactose-specific lectin from plasma and
hemocytes of the ascidian Halocynthia reretzi. The lectin was found to contain 348
amino acids, the sequence of which represented ~40% identity (70% similarity) to
XL-35. This lectin could play a role in stimulating phagocytosis.®®> The authors
suggested that it could bind to foreign microorganisms via galactose residues

causing agglutination and thus enhancing phagocytosis.”

1.2.3.3.d. Lamprey serum lectin
As aresult of infection by a pathogenic microorganism, Bayne and coworkers were
able to detect an immune-related lectin in Oncorhynchus mykiss (rainbow trout).

They named this lectin Lamprey serum lectin, which showed about 73% similarity

to the C-terminal region of XL-35.7

1.2.3.3.e. Alligator lectin

In 2012, a new lectin was discovered in the American alligator (Alligator
mississippiensis).®” This lectin exhibited 58% and 59% sequence similarity to both
human and mlIntL-1, respectively. Unlike human intelectins, this alligator lectin
lacks N-glycosylation sites, but its sequence suggested the potential presence of O-
linked glycans. When the authors tested the carbohydrate binding affinities of the
protein, they found that it showed high binding preferences toward mannose and
mannan.®” Furthermore, the authors found that alligator lectin lacks a cysteine at

position 42. This cysteine is conserved in certain intelectin homologs. The absence
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of this cysteine could affect the tertiary structure of the alligator lectin and hence

its binding activity and thermal stability.?’

1.2.3.3.1. Sheep intelectins

Two sheep intelectins (sIntL-1 and sIntL-2) were discovered in 2007.3% 3% Both
lectins are up-regulated as a result of parasitic infection. In 2009, a new sheep
intelectin (sIntL-3) was identified.”® French and coworkers’® wanted to examine the
expression levels of these three sheep intelectins in response to two nematode
infections. These infections are known to be mediated through T helper cell type 2
(Th2) pathways. These infection models were Teladorsagia circumcincta challenge
and Dictyocaulus filaria natural infection.”® They found that the three sIntLs were
absent in the control sheep and were expressed in the mucosa of both the challenged
and the control unchallenged animals. From these results, it was concluded that
intelectins play an important role in the innate immune response of sheep infected

with nematodes.””

1.2.3.3.g. Lactoferrin receptor
Lactoferrin (Lf) is an iron-binding glycoprotein that is 80 kDa in size and composed
of two globular domains. Lf was first discovered and identified in bovine milk.”!**
Recently, Lf was also discovered in various body fluids including intestinal fluids
and saliva. Lf is released from granules in neutrophils during infection and
inflammation.”> Numerous studies have demonstrated that Lf plays an important
96, 97

role in different biological events, for example: immunomodulation, iron
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absorption, activation of cellular proliferation, and antimicrobial effects.’® In many
studies, scientists have tried to understand the relation between human lactoferrin

receptor (LfR) and human intelectins.®!

In 2001, Suzuki et al*”® cloned and sequenced the human small intestinal lactoferrin
receptor. Interestingly, the authors showed that the structure of the cloned LfR
revealed 100% structural identity with human intelectin, except that LfR has an
extra transmembrane domain which is lacking in human intelectin.®® The proposed
biological function of small intestinal LfR is to facilitate iron absorption.
Physiological iron levels affects the expression levels of the small intestinal L{R,

the protein was up-regulated in association with iron depletion.'%

Scientists have investigated if LfR could play a role in enhancing the immune
system. It has been shown that orally administered bovine lactoferrin (bLf)
increases intestinal CD4+, CD8+ T cells and natural killer (NK) cells.!"!
Furthermore, it has been reported that bLf could have anti-metastatic action.!®
Thus, orally taken bLf could bind to bLfR enhancing intestinal immunological
responses and exerting anti-metastatic effects. Furthermore, the synthesis of
interleukin-18 (IL-18) was stimulated upon ingestion of bLf.!% IL-18 regulates the
expression of other genes including interferon-y in T and NK cells, and tumor
necrosis factor o (TNF-a).!% IL-18 also stimulates responses mediated by T helper

cell type 1 (Th1) and NK cells!® as well as angiogenesis inhibition.!% Therefore,
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hLf could participate in similar immunological effects mediated by its receptor

hLfR.

1.2.3.3.h. Omentin-1

Schiffler et al®? first reported the genomic sequence of omentin-1. Omentin-1 is an
adipocytokine present in adipose tissue and interestingly, omentin-1 structure and
human intelectin-1 are splicing variants proteins.*® In Crohn’s disease, ulcerative
colitis, and inflammatory bowel disease, intestinal bacteria play a very important
role in the onset and progression of the disease.!”” For example, patients suffering
from Crohn’s disease showed low or no omentin-1 expression levels. Thus,
omentin/intelectin-1 could be a promising candidate for further studies towards

better understanding the course of these diseases.

In 2012 scientists studied the effect of omentin-1 on bone metabolism.!%® It was
shown that omentin-1 has bone-sparing effect in estrogen-deficient mice. In another
interesting study, it was discovered that there is a relation between obesity and
circulating levels of omentin in plasma.'® It is well known that obese individuals
are more susceptible to hypertension as well as other cardiovascular disorders.'!°
Inspired by this fact, scientists investigated the effect of omentin on isolated blood
vessels.!!'! Omentin showed a nitrogen oxide (NO)-mediated vasodilataion effect
on blood vessels. According to Yang et al,''?> omentin affects insulin-mediated
glucose transport and hence could be implicated in obesity. From all these
investigations, it could be concluded that an important role might be played by

omentin/intelectin in metabolism as well as other disorders.
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1.2.34. Proposed physiological function of human intelectin (hIntL)

The proposed main function of hintL has been attributed to two main effects. The
first effect is direct, through hIntL mucosal protection due to its location and
disposition in the human tissues. The second effect is an indirect one that occurs

via its involvement in the activation of the complement—lectin pathway.

The principal function of hIntL could be attributed primarily to its localization in
human tissues. As mentioned earlier, the main location of hlntL is the small
intestine.*® It was important to locate exactly where intelectins could be found in
the small intestine and thus gain more detail about the cellular and subcellular
distribution of human intelectins in the small intestine. This was the main objective
of a study done by Wrackmeyer and coworkers.'!* Using immunofluorescence and
immunogold electron microscopy, the authors localized hIntL to Paneth cells in the
bottom of the crypts!'3(

Figure 1.5). Furthermore, hintL was shown to be localized in goblet cells along the

crypt-villus axis.'!
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Figure 1.53: Schematic diagram showing the cells (Paneth, Goblet and brush

border) which secret hintL in the villi of the small intestine.

More interestingly, the authors showed that the major constituent of both
microvillar lipid rafts and super-rafts was hIntL.!!3 The lipid raft model is defined
as a dynamic nanoscale sterol and sphingolipid-enriched ordered structures of
certain proteins within the lipid bilayer. These structures can be activated and
transformed from the resting state to the dynamic state by certain protein—protein,

lipid-lipid and lipid—protein interactions.''*

Knowing the exact location of hIntL in the small intestine enabled the authors to
predict the main physiological role of the protein. It was proposed that hintL plays

a role in mucosal protection against different pathogenic parasites and
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microorganisms, which could be found in the intestinal lumen.!'* Human intelectins
are not known to function by an agglutination effect, probably due to their inability
to form noncovalent multimers.*® Therefore, the antimicrobial effect of hIntL could
not be attributed to agglutination of microorganisms in the intestinal lumen.
Alternatively, hintL could exert their protective role via binding to glycolipids that
are found in the brush border microvilli.''* The lumenal brush border is known to
be rich in various glycolipids with terminal galactose moieties (lactosylceramides,
galactosylceramides and GM1).!'® Thus, the main protective role of hIntL could be
attributed to inhibition of glycolipids from acting as pathogen receptors!!>
(Figure 1.6). Also, hIntL could act as protective shield through forming cross
linkages between its trivalent structure together with the lipids and the
glycoconjugates forming what are known as super-rafts. Furthermore, locally
secreted antiglycosyl antibodies IgG, IgM and IgA could protect the intestinal brush
border in a similar mechanism through binding to various glycoconjugates.!''®
These assemblies play an important role in the protection of the gut lumen through

minimizing the loss of the digestive enzymes.!!>
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Figure 1.6: Protection of cellular surface glycans by intelectin shield in the

innate immune system (figure adapted from the literature'?’).

It is worth mentioning that in addition to the mucosal protective role played by
hintL, it could participate in the innate immune response indirectly through
activation of the complement pathway in a similar fashion to mannose-binding
lectin (MBL) and ficolins.!'® Complement activation pathways are classified into

120. 121 and lectin pathways'??

three main categories: classical,'!? alternative,
Figure 1.7). MBL and ficolins act as recognition molecules where they recognize
the pathogen through their microbial carbohydrate motifs.!?> This lectin—
carbohydrate binding initiates complement activation, which is an important key
step in both the innate and adaptive pathways.'?* 2! As mentioned earlier, hIntL

binds to the arabinogalactan of Norcardia®® and also binds to Mycobacterium bovis

% (BCG), presumably, through recognition of Galf residues present in the cell wall
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of both pathogens. Thus, hIntL could also be an activator of the complement system

via the lectin pathway; therefore, hIntL might enhance phagocytosis.

{ Classical Pathway Lectin Pathway ’ ‘ Alternative Pathway ’
B
Ag-Ab complexes Mannose-binding ‘ Pathogen surfaces ’
(pathogen surfaces) lectin binds mannose

on pathogen surfaces

I\ Cc3
Clqg, Cir, C1s B
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Figure 1.7: Complement pathways: classical, lectin and alternative pathways,
Ag: antigen; Ab: antibody; MBL: mannose binding lectiny MASP: MBL-
associated serine proteases; Clq, Clr, Cls, C2, C3, C3a, C4, C5a, C5b, B, D,

and C9: complement components.
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1.3.  Clinical significance of hIntL
I will review briefly the link between intelectins and various infections and diseases
and highlight the potential role of intelectins in the pathophysiology of those

diseases.

1.3.1. Infection

There are many reports that reveal the relationship between expression levels of
intelectin and microbial or parasitic infections. Among those reports is a study by
Datta et al in 2005, which identified the up-regulation of several antimicrobial
genes, including intelectin, in mice after infection with the intestinal nematode
Trichuris muris."** Furthermore, Pemberton and coworkers®’> showed that the
expression level of mouse intelectin-2 was significantly increased in both Paneth

and goblet cells as a result of Trichinella spiralis infection.

Many research groups have tried to understand if intelectins could be a contributor
to allergic inflammation. An important study by Kuperman and coworkers!?
demonstrated that intelectin gene expression was twofold increased in the lung
epithelium. This analysis was done in IL-13-overexpressing mice as well as in an
ovalbumin model of allergic inflammation. Another study done on sheep showed
that there was an IL-4 dependent increase in intelectin expression in an allergic
model compared to the control non allergic ones.*® Both IL-13 and IL-4 are
important cytokines in lung allergy and inflammation, and this could highlight the

possible role that intelectins could play as allergic mediators, the expression of
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which is controlled by both cytokines. Furthermore, Voehringer and coworkers
reported!? that both intelectin-1 and intelectin-2 expression in transgenic mice is
induced during infection with the helminth parasite Nippostrongylus brasiliensis.
The expression of both intelectins was found to be STAT6-dependent. STAT6 is a
transcription factor that is activated in response to different cytokines (IL-4 or IL-
13). Once STAT6 is activated, it is translocated into the nucleus where it induces

the expression of various genes including intelectins-1 and 2.

Another interesting study revealed the decreased expression levels of hintL-1 in
smokers compared to non-smokers.'?” It is known that hIntL-1 plays an important
role in the host defence mechanism against bacteria.'”® Therefore, the down
regulation of intelectin levels, which occurred as a result of cigarette smoking,
could be an example of the immunomodulatory effects of smoking and might be

the cause of increased infection rates in smokers compared to non-smokers.'?’

1.3.2. Cancer

Gastric cancer is among the most widespread cancers worldwide.'> Because hIntL
is localized in the goblet cells of the colon,*® a study investigating the potential role
of hIntL in gastric cancer was carried out.'*° For the first time, it was demonstrated
that hIntL is absent from normal gastric mucosa using immunohistochemical
staining. On the other hand, gastric cancer specimens showed aberrant expression
levels of hIntL, suggesting that hIntL. could be a key factor in the carcinogenic

processes in gastric mucosa.'*°
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Furthermore, it has been shown that hintL could be involved in lung cancer.
Malignant pleural mesothelioma (MPM) is a fatal disease with a very poor
prognosis.!*! In 2005, Wali et al'3? reported the high expression of hIntL mRNA in
MPM cells. Using western blots, immunohistochemistry and enzyme-linked
immunosorbent assays, Tsuji et a/'** demonstrated that only epithelioid-type
MPMs showed abundant hintL levels. In contrast, the protein was absent from both
pleura-invading lung cancer and reactive cancer cells near the lung. This result
suggested the potential use of hintL for differential diagnosis of MPM and also the
possible use of hIntL as a clinical marker for the diagnosis of MPM as it is

overexpressed in the pleural effusions.'*?

In 2012, a study done by Park et al'>* investigated the expression levels of hIntL-1
in nasal polyps. Using real time PCR and Western blot analysis, the authors
reported an increase of hIntL-1 expression in nasal polyps compared to the levels
found in normal nasal tissues.'** That result was confirmed by immunofluorescent
staining. Intelectin-1 found in the epithelium and submucosa of nasal polyps was
stained strongly while decreased staining levels were observed in the case of normal
nasal mucosa.'** These results could open the door for more extensive research to
be done to understand the role of hintL-1 in the progression and pathophysiology

of nasal polyps.
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1.4. Project objectives
Although it was reported previously that human intelectins bind to Galf-containing
glycans in microorganisms,*® ® there is no information about the detailed binding
specificity or affinity of the Galf~intelectin interaction. The first and only
qualitative measurement of the hIntL binding preferences was done by Tsuji and
coworkers in 2001.%¢ In that study, the authors showed that hIntL was preferentially
eluted from a galactopyranose—Sepharose column by a Galf-containing
disaccharide (see above), which led the authors to hypothesize that hIntL recognizes
Galf-containing residues. Obviously, we need a better understanding of the nature
of the interaction between the lectin and its ligand, which could serve as the starting
point to study the biological role of hIntL. This project was designed to address a
number of different questions about the interaction of intelectin and its ligands,
including:

e Does hintL indeed bind to Galf-containing glycans?

e Does hintlL bind to other glycans?

e Does hIntL recognise different Galf~containing glycans with the same

affinity?
¢ Do hintL-1 and hintL-2 have the same binding preferences?
e Does the difference in the linkages in the glycan (either a or P) affect the
binding affinity and specificity between hintL-1 and hintL-2?
e Does hIntL have binding affinity towards the structurally-related L-

arabinofuranosides?
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Our main objective of this project is to find answers to the proposed questions.
These questions were addressed through hIntL expression (Chapter 2), the chemical
synthesis of a Galf-containing library (Chapter 3), testing the binding specificity of

hIntL using surface plasmon resonance (SPR, Chapter 4).
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2.1. Introduction

2.1.1. Recombinant protein expression systems

In the past few years, the biotechnology industry has grown and expanded very fast
and the expression of a wide range of recombinant proteins in different systems has
became an important area of research.! The most common expression systems for
recombinant proteins are Escherichia coli, yeasts (Saccharomyces cerevisiae,
Pichia pastoris) and mammalian cells.? There are various aims for the production
of recombinant proteins including therapeutic applications,® as well as molecular
biology research.* Today, the production of recombinant proteins for
pharmaceutical uses has attracted significant attention. The first organism used for
the production of recombinant human proteins was the gram negative bacterium E.
coli. In 2009 the commercial biotechnology products from E. coli contributed about
$50 billion to the pharmaceutical protein market.® Through many years scientists
gained significant knowledge about E. coli biochemistry and molecular biology.””
In 2011, 211 biopharmaceuticals were approved for use as therapeutic agents; 31%
of those biopharmaceutical agents were produced in E. coli, 15% in yeast and 43%

in mammalian cells.’

The choice of a suitable expression system depends on the protein of interest. The
major goal of this project was to obtain a better understanding of the binding
specificity of intelectins, which necessitated access to reasonable quantities of these
proteins to conduct the binding assays. It was known from the literature that hIntL

is a glycosylated, homotrimeric, secreted protein.'%!? Despite being simple, cheap,
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and generally producing a high yield of protein,> E. coli was not the expression
system of choice for intelectins, due to problems associated with protein folding
and lack of post-translational modification, i.e., glycosylation.? Furthermore, due to
the reducing environment of the cytoplasm in E. coli,'* any native disulfide bonds
will be reduced and this could affect the tertiary protein structure and hence the
activity. Due to all these problems, we excluded E. coli from being an expression
system for intelectins and focused on other expression systems including yeast and

mammalian cells.

Yeast are simple eukaryotes and are capable of most complex post-translational
modifications.'* Despite the fact that mammalian cells are the most expensive and
complex systems, they are the hosts of choice for heterologous proteins due to the
protein quality and the highest extent of post-translational modifications.> '3 This
chapter will highlight the different attempts I carried out to express the intelectins

in both yeast and mammalian cells.

2.2.  Results and discussion
Yeast (Pichia pastoris) and mammalian cells (HeLa cells and mouse endothelial
H5V cells) were the two expression systems I used to express the intelectins. This

work is detailed below.
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2.2.1. Attempts to express intelectin in Pichia pastoris

Yeast is a common expression system for the production of recombinant proteins.
The most widely used yeast species are Pichia pastoris and Saccharomyces.'® 1’
Recently, Pichia pastoris has gained attention in both industry and academic
research laboratories as an attractive host for the production of different proteins
including complex membrane proteins,'® heterologous proteins and secreted
proteins.!® 2° Using Pichia pastoris as an expression system has many advantages
including a high yield of protein production ranging from milligrams to multiple
grams protein per litre of culture.?"> 2 Furthermore, the factors controlling protein
production and scaling up, such as pH, feed rate and aeration, can be easily
controlled.”® When Pichia pastoris is compared to mammalian cells as an
expression system, Pichia pastoris is generally more convenient as it requires
simpler growth media and culture conditions.?* ?* There are a number of factors
that make Pichia pastoris the host of choice when one wants to express
heterologous proteins. Among those factors are the ability of Pichia pastoris to
promote protein folding as well as post-translational modifications such as protein
glycosylation and disulfide bond formation.'* Another advantage of Pichia pastoris
is the availability of simple purification techniques for the secreted proteins due to
the presence of low levels of contamination from other native secreted proteins.?

Inspired by these advantages, I aimed to express hintL using Pichia pastoris.

I initially chose pPIC9 as the vector for hIntL-1 expression in Pichia pastoris. For

the structural details of the pPIC9 vector see Figure 2.1. The most significant region
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in this vector is the AOX1 promoter site, as Pichia pastoris has two alcohol
oxygenase enzymes (AOX1 and AOX2) that are >’ These enzymes allow Pichia
pastoris to use methanol as its carbon source and drives protein expression.?® In
addition to the promoter site, there is the secretion signal site, which is required for
protein secretion, and the ampicillin resistance gene, which is used for the selection

of the colonies after transformation.?’

Bal Il

Figure 2.1: Structuarl details of the pPIC9 vector (adapted from Life

Technologies).*’

The primers were designed and used to amplify the hintL-1 (Figure 2.2) gene with
5’ EcoRI site and 3° Notl sites for subcloning into pPIC9. The primers are as
follows; DssInt-E5’: ATA TAT GAA TTC GCT GAA GAG AAC CTG GAC ACC,
DssInt-EHS’: ATG CTA GAA TTC CAC CAT CAT CAT CAC CAC GCT GAA GAG
AAC CTG GAC ACC, Int-HSN3’: ATA TAT GCG GCC GCT CAG TGA TGG TGA
TGG TGG TGG CGA TAA AAC AGA AGC ACG GC, Int-N3’: ATA TAT GCG GCC

GCT CAG CGA TAA AAC AGA AGC ACG G.
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Oligos DssInt-E5’ and Int-HSN3” were used to amplify DNA that codes hintL-1
with a C-terminal Hise tag (hIntL-Hg). Oligos DssInt-EHS5’ and Int-N3” were used
to amplify the hIntL-1 gene with an N-terminal Hiss tag (Hs-hIntL). Both versions
of hIntL-1 lack the mammalian signal sequence but contain the yeast secretory
signal. Polymerase chain reaction (PCR) was used for hIntL-1 gene amplification.
For the PCR reaction, I chose two different quantities of template DNA (1 ng and
5 ng) and explored the DNA quantity that worked best in terms of amplification

levels.

ATGAACCAACTCAGCTTCCTGCTGTTTCTCATAGCGACCACCAGAGGATGGAGTACAGAT
GAGGCTAATACTTACTTCAAGGAATGGACCTGTTCTTCGTCTCCATCTCTGCCCAGAAGC
TGCAAGGAAATCAAAGACGAATGTCCTAGTGCATTTGATGGCCTGTATTTTCTCCGCACT
GAGAATGGTGTTATCTACCAGACCTTCTGTGACATGACCTCTGGGGGTGGCGGCTGGACC
CTGGTGGCCAGCGTGCATGAGAATGACATGCGTGGGAAGTGCACGGTGGGCGATCGCTGG
TCCAGTCAGCAGGGCAGCAAAGCAGACTACCCAGAGGGGGACGGCAACTGGGCCAACTAC
AACACCTTTGGATCTGCAGAGGCGGCCACGAGCGATGACTACAAGAACCCTGGCTACTAC
GACATCCAGGCCAAGGACCTGGGCATCTGGCACGTGCCCAATAAGTCCCCCATGCAGCAC
TGGAGAAACAGCTCCCTGCTGAGGTACCGCACGGACACTGGCTTCCTCCAGACACTGGGA
CATAATCTGTTTGGCATCTACCAGAAATATCCAGTGAAATATGGAGAAGGAAAGTGTTGG
ACTGACAACGGCCCGGTGATCCCTGTGGTCTATGATTTTGGCGACGCCCAGAAAACAGCA
TCTTATTACTCACCCTATGGCCAGCGGGAATTCACTGCGGGATTTGTTCAGTTCAGGGTA
TTTAATAACGAGAGAGCAGCCAACGCCTTGTGTGCTGGAATGAGGGTCACCGGATGTAAC
ACTGAGCACCACTGCATTGGTGGAGGAGGATACTTTCCAGAGGCCAGTCCCCAGCAGTGT
GGAGATTTTTCTGGTTTTGATTGGAGTGGATATGGAACTCATGTTGGTTACAGCAGCAGC
CGTGAGATAACTGAGGCAGCTGTGCTTCTATTCTATCGTTGA

Figure 2.2: hlntL-1 gene.

To purify the PCR products, agarose gel electrophoresis was used. A gel of the PCR
products using 1 ng of the hintL-1 template DNA is shown in Figure 2.3i. Figure
2.3ii shows the gel of the PCR products when 5 ng template DNA was tried using
both hintL-He and He-hIntL. Both template DNA quantities (1 and 5 ng) exhibited

the expected gene length at about 10 kb.
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Figure 2.3: (i): DNA gel of PCR products for 1 ng DNA, (ii): 5 ng DNA

a, c: IntL-Hg, b, d: Hs-IntL.

The DNA in the corresponding bands was extracted from the gel and double
digested using EcoRI and Notl restriction enzymes. The pPIC9 vector was
subjected to the same digestion protocol. In addition to the restriction enzymes,
shrimp alkaline phosphatase (SAP) enzyme was added to inhibit vector self-
ligation. Then, agarose gel electrophoresis was used to separate the digested
products. As illustrated in Figure 2.4i, the gel shows the PCR products before
enzyme digestion, while Figure 2.4ii shows the enzyme digestion products of the
circular pPIC9 vector (e), digested fragments using EcoRI (f), digested fragments

using Notl (g) and double digestion using EcoRI and Notl in the presence of SAP

(h).
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Figure 2.4: (i); PCR products before enzyme digestion, a, b: IntL-Hg, c, d: Hs-
IntL, (ii); e: pPICY, f: digestion with EcoRI, g: Notl, h: EcoRI, Notl, and SAP.

The gel bands corresponding to He-IntL, IntL-He, and pPIC9 were cut out and the
DNA was extracted. The concentration of the DNA was measured and was shown
to be 41.8 ng/mL, 62.7 pg/mL and 4.2 pg/mL for IntL-Hg, He-IntL, and the vector,

respectively.

Then, ligation of the inserts, either He¢-IntL or IntL-Hg, with the vector was done.
The ligation was carried out using T4 DNA ligase at both a 3:1 (He¢-IntL and IntL-
He) and 1:1 (Hs-IntL and IntL.-Hs) insert-to-vector ratio. The double digested vector
with or without the addition of SAP was used as a positive control (no inserts were
added). The ligated products were then transformed into competent DH5a cells.
Unfortunately, after incubation overnight at 37 °C, there was no growth on the
plates. One possible explanation for the lack of growth could be that the inserts
were not digested properly using the EcoRI/NotI restriction enzymes, which made

the insert fragments lack the complementary sites to ligate with the vector.
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Because there could be a problem in the digestion, all the above steps including
digestion, ligation and transformation were repeated. Surprisingly, only one agar
plate showed one colony corresponding to IntL-Hg insert. I thought that the amount
of the used DNA was insufficient; therefore, I subjected all of the ligation reactions
to DNA concentration and precipitation using sodium acetate and ethanol. Using
this concentration protocol I hoped to ensure that I obtained enough DNA for the
transformation. After DNA concentration, the ligated products were then
transformed into DH5a cells, which resulted in the growth of two colonies (IntL-
He). I took a streak from these colonies and prepared liquid culture and another
streak over a lysogeny broth (LB)/ampicillin plate. After incubation of the liquid
culture at 37 °C overnight, the DNA was extracted using a miniprep protocol
(QIAgen). The DNA inserts were subjected to double digestion again with EcoRI
and Notl restriction enzymes. The digested products were run over an agarose gel

to determine their size (Figure 2.5).

Figure 2.5: a: Double digested DNA template (IntL-H6), b: circular vector.
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To confirm that the pPIC9 vector was subcloned with the proper construct, I
prepared a DNA sample for sequencing. Unfortunately, the results were not
promising and revealed only the sequence of the vector without the insertion of the
hIntL-1 construct. After many failed trials aimed to prepare the pPIC9 vector with

the desired construct, I decided to use another vector, pJET1.2.

The pJET1.2 vector was used to facilitate the incorporation of hIntL-1 gene into
pPIC9 using a sticky-end cloning protocol. Any DNA fragment, either with blunt
or sticky ends, can be cloned using this vector. The pJET1.2 vector (Figure 2.6)
contains a lethal gene, which, upon insertion of the gene for the protein to be
expressed, is disrupted, so that only cells that have the recombinant vector can

grow. This lethal gene is used as the selection parameter.

Figure 2.6: Map of pJETI.2/blunt cloning vector (MBI Fermantas).?'
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The purified hintL-1 gene PCR products obtained previously were used to set up
the sticky-end cloning protocol.’> The T4 DNA ligase was used for the ligation
reactions. Then, the ligated products were transformed into DH5a cells, where the
positive control contained only the vector (no hintL-1 gene added) and the negative

control was wild-type cells.

Two agar plates, one with IntL-Hs insert and the other with He-IntL insert, were
incubated at 37 °C overnight. Many colonies grew on the two plates, which
suggested that the cloning was successful. From each plate, six colonies were
chosen randomly to culture on new plates and to prepare LB liquid cultures that
would be used eventually for the DNA extraction. The pJET1.2/IntL vector was
double digested using EcoRI/Notl, followed by agarose gel analysis (Figure 2.7i

and ii).

Figure 2.7: (i); IntL-Hg, a, c, e: inserts without digestion, b, d, f: double digested
inserts, (ii); He-IntL, g, i, k: inserts without digestion, h, j, I: double digested

inserts.

From the gel shown in Figure 2.7i, I wanted to check the DNA sequences from

three colonies from IntL-He (lanes a, ¢, e in the gel). On the other hand, the gel
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resulting from the DNA isolated from colonies corresponded to He-IntL was not
promising and showed possible contamination (Figure 2.7ii). Six sequencing
reactions (representing the three colonies from IntL-Hg) were prepared; two
reactions for each using either forward or reverse primers. The sequencing data
showed that the DNA sequence of pJET1.2/IntL-He (from colony a shown in
Figure 2.7i) was as expected, which confirmed that the plasmid contained the
desired construct. At this point, I tried to cut out the IntL-Hs insert from the pJET1.2
vector to install it back to the pPIC9 vector, but I faced many problems. None of
these experiments met my desired goal to clone the IntL gene into the pPIC9 vector.
Due to all those challenges and limited time, I decided to focus on another

expression system for hIntL-1 expression.

2.2.2. Intelectin expression in HeLa cells

HeLa cells were my next choice as an expression system for the intelectins. I first
tried to express mouse intelectin instead of the human one. The mouse intelectin-2
(mIntL-2) gene was inserted into the pcDNA3.1 vector.! The gene includes a Hise
tag to facilitate protein purification. I followed the known reported protocols for the
maintenance and growth of the HeLa cell line. I used Lipofectamine 2000 as the
transfecting agent. After cell harvesting and purification of the cell lysate using a
Ni-NTA column, the column eluate was evaluated by SDS-PAGE (Figure 2.8) to

confirm protein purity as well as molecular weight. SDS-PAGE of mIntL showed

! The gene was prepared previously by Professor Christopher W. Cairo’s group (University of
Alberta).
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one main band at 37 kDa. The protein yield was low, around 100 ug per 3 T75

flasks (45 mL).
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Figure 2.8: Coomassie stained 10% SDS-PAGE of mIntL-2 after purification
using Ni-NTA column; M: Protein marker, E: mIntL-2 elution.

2.2.3. Intelectin expression in mouse endothelial H5V cell line
In late 2011, we were fortunate to have discussions with Professor Michael Pierce
at the University of Georgia, whose group had successfully expressed the intelectins
in the mouse endothelial H5V cell line. Professor Pierce was kind enough to share
the recombinant cell line with us, which allowed me to express the protein. In my
hands, the H5V cell line proved to be an effective expression system for both hintL-
1 and hIntL-2. Despite being effective at producing the protein, the expression was
not straightforward as I had to optimize many conditions to produce a stable, active
protein, which could be expressed in reasonable yield. The same protocols used for
the maintenance and growth of HeLa cells were applied here for the H5V cells.

Because hintLs are secreted proteins, the media was used as the source of protein.
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To facilitate later protein purification, I used low serum media (Optimem media),
which contains low amount of proteins required for cellular growth. The desired
protein was purified from the media using a Sepharose 6B column and SDS-PAGE
was used to check the protein identity and purity. The protein yield was around 100
pg per 10 mL media, significantly higher than the amount of mIntL-2 that was

produced in HeLa cells.

2.2.4. Characterization of hIntL-1 and hIntL-2

After obtaining pure protein as indicated by SDS-PAGE (Figure 2.9), it was
necessary to confirm the protein identity and molecular weight. This was done by
in-gel protein digestion followed by characterization of the protein band using
LC/MS-MS. Protein reduction followed by alkylation were carried out before
running the in-gel digestion protocol. Reduction, alkylation and in-gel digestion

protocols were adapted from literature.>
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Figure 2.9: Coomassie stained 10% SDS-PAGE for hintL-1 and hintL-2; 1:
ladder, 2: hintL-1 wash, 3: hIntL-2 wash, 4: empty lane, 5: pure hlntL-1, 6:
pure hintL-2, BSA: bovine serum albumin

The digested gel bands for both hIntL-1 and 2 were characterized using LC/tandem
mass at the mass spectrometry lab at the University of Alberta using Mascot search
results. The band corresponding to 37 kDa in the SDS-PAGE (the predicted side of
the protein) revealed a molecular weight of 35525 Da and showed 22% coverage
(Figure 2.10) with human intestinal lactoferrin receptor (100% sequence similarity

with hIntL-1).
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51
101
151
201
251
301

MNQLSFLLFL
AFDGLYFLRT
SSQQGSKADY
HVPNKSPMOH
TDNGPVIPVV
CAGMRVTGCN
REITEAAVLL

IATTRGWSTD
ENGVIYQTFC
PEGDGNWANY
WRNSSLLRYR
YDEGDAQKTA
TEHHCIGGGG
FYR

EANTYFKEWT
DMTSGGGGWT
NTFGSAEAAT
TDTGFLQTLG
SYYSPYGQRE
YFPEASPQQC

CSSSPSLPRS
LVASVHENDM
SDDYKNPGYY
HNLFGIYQKY
FTAGFVQFRV
GDEFSGFEFDWSG

CKEIKDECPS
RGKCTVGDRW
DIQAKDLGIW
PVKYGEGKCW
FNNERAANAL
YGTHVGYSSS

Figure 2.10: Human intestinal lactoferrin receptor amino acid sequences with

matched peptides shown in bold red.

To summarize, different expression systems were used to express either human or
mouse intelectins. I was not able to clone hintL gene in the Pichia pastoris vector
and hence was not able to express hintL in Pichia pastoris. On the other hand, both
HeLa and H5V cells worked well as expression systems for mIntL-2 and hIntLs
(hIntL-1 and hIntL-2), respectively. The mInL-2 obtained from HeLa cells was
expressed as the His-tagged protein and hence was purified using a Ni-NTA
column. On the other hand, both hIntL-1 and 2 expressed in H5V cells were purified
using Sepharose 6B column, and the protein purity and identity were confirmed

through SDS-PAGE as well as LC-MS.

2.3. Experimental procedures
2.3.1. Preparation of pPIC9/hIntL construct
2.3.1.1. Polymerase Chain Reaction (PCR) for hIntL-1 gene

The hIntL-1 gene was prepared and the primers were designed for the PCR
reactions. Two PCR reactions (each using two different amounts of DNA) were
done using the above primers to amplify the hintL-1 gene; one with the His tag on

the C-terminus (IntL-He) and the other with the His tag on the N-terminus (He-
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IntL). PCR was done using the following temperature gradient, where the cycle
started at 94 °C for 2.5 min, followed by 52 °C for 30 sec and then 68 °C for 54 sec
followed by 5 min at 68 °C. The cycle was held at 4 °C for 2 h at the end. This

cycle was repeated 30 times.

2.3.1.2. DNA extraction
Bands were cut from the gel and the DNA was extracted using the QIAquick
(Thermo Scientific) DNA extraction protocol. DNA fragments were placed in clean
Eppendorf tube and weighed. QG buffer (300 pL 5.5 M guanidine thiocyanate, 20
mM Tris HCI pH 6.6) were added at three times the measured volume (100 pL) of
the gel. The Eppendorf tubes were placed in the heat block and incubated at 50 °C
for 10 min to dissolve the gel. After the gel was dissolved, 100 pL isopropanol were
added to each tube. This last step was essential to increase the yield of the extracted
DNA. Then, the DNA sample was placed in the QIAquick spin column and was
centrifuged for 1 min. The flow-through was discarded and the spin column was
washed with 0.5 mL QG buffer and centrifuged for another 1 min. Wash buffer
(0.75 mL, 1.0 M NaCl, 50 mM MOPS pH 7.0, 15% isopropanol) was added
followed by centrifugation for 1 min. The flow-through was discarded. The spin
column was centrifuged for 1 min to ensure that all traces of the wash buffer were
removed. Then, the QIAquick column was placed in a clean tube and of elution
buffer (50 uL, 1.25 M NaCl, 50 mM Tris-HCI pH 8.5, 15% isopropanol) were
added. The column was then centrifuged at maximum speed for 1 min to elute the

DNA (Hs-IntL and IntL-Hg) into Eppendorf collecting tubes.
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2.3.1.3. DNA transformation into DHSa competent cells
DH5a competent cells were thawed in an ice—water mixture. Ten empty tubes were
placed on ice (8 tubes for the ligation reactions, as well as positive and negative
controls). Into each tube DHS5a cells (50 pL) were added. In the positive control
tube, pPIC9 vector (1 uL of a 1 ng/uL solution) was added. The negative control
tube only contained the DH5a cells (no DNA added). In the remaining tubes, an
aliquot (5 pL) from each ligation reaction was added. The tubes were mixed
thoroughly and then kept on ice for 30 min. The tubes were then subjected to heat
shock at 42 °C for 90 sec in the water bath, followed by cooling in ice water for 2
min. In an aseptic area, LB media (950 pL) was transferred into each tube. The
tubes were then incubated at 37 °C for 45 min with shaking and then centrifuged at
16000 x g for 1 min to pellet the cells. A portion of the LB media was discarded
leaving behind about 200 pL. The cells were re-suspended by pipetting up and
down until a homogenous mixture was obtained. Agar—ampicillin plates were used
for the transformation, which was started by transferring an aliquot of the cell
suspension (50 uL) into each agar plate. Then, the agar plates were incubated at 37

°C overnight and checked for colonies growth the next day.

2.3.14. DNA concentration using sodium acetate and ethanol
In each ligation tube, 3 M sodium acetate (20 uL) was added followed by the
addition of 95% ethanol (450 pL). The tubes were cooled on ice for 15 min and
then centrifuged for 15 min at 4 °C. The supernatant was aspirated using a glass

pipette. Into each tube 70% ethanol (1 mL) was added and the mixture was
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centrifuged again for 5 min at 4 °C. The ethanol was aspirated and the pellets were
allowed to air dry. Finally, water (5 uL) was added into each tube followed by heat

shock at 65 °C for 5 min.

2.3.2. mlintL-2 expression in HeLa cells
2.3.2.1 Maintenance of HeLa cell line

i) Thawing of HeLa cells
One vial containing HeLa cells was thawed in a water bath at 37 °C for 2 min. The
cells were then transferred into a 15 mL centrifuge tube, and Dulbecco’s modified
Eagle’s medium (DMEM, 10 mL) with 10% fetal bovine serum (Hyclone) was
added and the mixture mixed well by a glass pipette. Then, the cell mixture was
centrifuged for 2 min at 1200 rpm at room temperature. After centrifugation, the
old media was discarded using a glass pipette and fresh DMEM (2 mL) was added
and the solution was mixed gently. Into two T75 flasks, fresh DMEM (20 mL) was
added and the cell mixture (1 mL, cells and media) was added into each flask. The
cells were then checked under a microscope to ensure that there was minimal
aggregation and that most of the cells were present as single cells. The flasks were
left in the incubator at 37 °C and were checked for proper growth within 1-2 days.
Usually, the cells were ready for passage after 2-3 days of incubation.

ii) Passage of HeLa cells:
DMEM enriched with 10% FBS, 0.25% Trypsin/EDTA (T/E) (Life Technologies),
10 mM phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCI, 10 mM

Na;HPO4, 2 mM KH2PO4, pH 7.4) (Sigma) were pre-warmed in a water bath at 37

75



°C. New T75 flasks were prepared for the new cell passage by adding fresh DMEM
(15 mL) containing 10% FBS. The old media was aspirated by glass pipette using
vacuum. PBS (5 mL) was used to wash each flask and make sure that no old media
remained. The PBS wash was discarded. In each flask, T/E solution (3 mL) were
added and the flask was incubated at 37 °C for 3 min. Fresh DMEM media
containing 10% FBS (10 mL) was added to the flask and the solution was mixed
well with the detached cells. The cell suspension was then transferred into a 15 mL
centrifuge tube and was centrifuged at 1200 rpm for 2 min. After centrifugation,
the cells were pelleted and the media was discarded. To the cell pellet, DMEM
media (2 mL) was added and mixed gently by pipetting up and down until a
homogenous cell suspension was obtained. The cell suspension (1 mL) was added
into the new T75 flask and mixed gently. The passaged cells were checked under
microscope to check that the cell suspension was well dispersed. The flasks were

then incubated at 37 °C for growth prior to mIntL-2 gene transfection.

2.3.2.5. Mouse intelectin (mIntL-2) gene transfection
The mIntL-2 gene was transfected into HeLa cells using Lipofectamine 2000
(Invitrogen). Passage of the HeLa cells was done one day before transfection. Cells
were checked for high confluency before transfection took place. A 90%
confluency level was reached, which was recommended by the Invitrogen protocol.
HeLa cells were pre-incubated with DMEM (no FBS added) at 37 °C for 30 min.
The mIntL-2 DNA plasmid (5 mL) was diluted using serum free medium (DMEM)

where the total volume was about 50 pL. Lipofectamine 2000 (7.5 uL) was diluted
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with DMEM (42.5 pL) to reach a total volume of 50 pL. Both the plasmid and the
Lipofectamine solutions were left at room temperature for 5 min. The two mixtures
were mixed gently and allowed to stand for 20 min at room temperature. Then, the
DNA and Lipofectamine 2000 mixture was added into the pre-incubated HeLa cells
in DMEM. The cells were then incubated at 37 °C and after 2.5 h, the medium was
changed into complete growth medium (DMEM with 10% FBS). The cells were
imaged under a microscope 2448 h later after transfection to check for dispersion
of the cell suspension cell viability.
2.3.2.6. Harvesting HeLa cells

After transfection, old media was removed in a centrifuge tube and the T75 flasks
were washed with PBS and the PBS wash was collected with the old media. For
each T75 flask, 2 mL lysis buffer (50 mM NaH;POs, 300 mM NaCl, 10 mM
imidazole and 0.05% Tween) were added. The cellular lysates were collected from
all the flasks and were sonicated for 4 min using a cell sonicator followed by
centrifugation of the mixture at 13800 rpm. The lysates were concentrated using
spin column (MWCO 10 kD) and centrifuged at 13800 rpm for 30 min. The
concentrated lysate was dialyzed overnight in HEPES buffer (10 mM HEPES, 1
mM CaClz, 150 mM NacCl, 0.005% surfactant P20, pH 7.4). The His-tagged mIntL-
2 protein was isolated and purified from the cellular lysate using Ni-NTA agarose

bead suspension (Qiagen).
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2.3.3. Intelectin expression in mouse endothelial cells (H5V)

i) Construction of pTracer/hIntLs expression plasmid?
cDNA encoding the open reading frame of hintLs was cloned by reverse
transcription-polymerase chain reaction (PCR). Primers were designed on the basis
of a reported hintL-1 sequence,>* as follows: (5'-
CCACTAGTATTACAATGAACCAACTCAGCTTCC-3' and (5'-
CCTCTAGACTCTCAACGATAGAATAGAAGCACA-3'). cDNA was
synthesized using previously isolated hintL-1 clone from human small intestinal
total RNA.** A single band was amplified by PCR using these primers, cDNA, and
Platinum Polymerase High Fidelity (Invitrogen Inc.) (35 cycles, 94 °C for 30 s, 60
°C for 30 s, and 72 °C for 60 s). The PCR product was digested with enzymes, Spel
and Xbal and cloned into the pTracer vector. The DNA sequence was confirmed

by the University of Georgia Molecular Genetics Instrumentation Facility.

ii) hIntL-1 expression

The pTracer/ hintL-1 expression plasmid cDNA was transfected into H5V cells,
polyoma middle T transformed mouse heart endothelial cell line, using
Lipofectamine 2000 (Invirogen, Inc.). Stable cells expressing hIntL-1 were isolated
by using green fluorescent protein (GFP) which was sorted by applying
fluorescence-activated cell sorting (FACS) technique. The stable cells were

cultured in 15 mL Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal

2 The preparation of both intelectin genes and transformation into the H5V cell line were done by
Dr. Michael Pierce’s group, Complex Carbohydrate Research Center, University of Georgia.
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bovine serum (Hyclone) for 2 days and then cells were incubated in 15 mL
Optimem (Invitrogen, Inc.) for 3 days at 37 °C. During the first 1-2 days, the cells
were checked under a microscope for proper growth and confluency. After 34
days, the media-containing the protein were collected and then either purified by

affinity column or stored at —80 °C for later purification.

iii) hIntL-1 purification using affinity sepharose 6B column

First, a column (75 mL) was loaded with 50 mL Sepharose 6B resin (Sigma) and
then equilibrated using equilibration buffer (150 mL, 20 mM Tris, 10 mM CaCl,,
0.05% Tween 20 and pH 7.4) at a flow rate 2 mL/min. Equilibration was followed
by loading the column with culture media after adding 10 mM CaCla, 0.05% Tween
20 and 150 pL protease inhibitor (Thermo Scientific) into the media. The flow
through was collected at a flow rate 1 mL/min, followed by column washing with
150 mL of washing buffer (the same buffer composition as the equilibration buffer).
Protein elution was started by eluting with 50 mL of the elution buffer (20 mM Tris,
100 mM ribose 0.05% Tween 20 and pH 7.4). The eluted fractions (5 mL each)

were collected at a flow rate 1 mL/min and the Azgo was measured for each fraction.

The required gel bands were cut and placed in 2 mL Eppendorf tubes. A fresh
solution of 20 mM dithiothreitol (DTT) in 100 mM ammonium bicarbonate was
prepared. From the later solution, 100 L. were added on the gel bands and was
incubated at 60 °C for 1 h. The DTT solution was discarded and 55 mM

iodoacetamide (IAM, 100 pL) in 100 mM ammonium bicarbonate. The tubes were
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incubated at room temperature for 45 min in the dark. The IAM solution was
removed and the gels were rinsed with 100 mM ammonium bicarbonate for 10 min,
followed by rinsing with acetonitrile for another 10 min. The later rinsing procedure

was repeated twice and then the gels were dried for 30 min using the speed vac.

After drying the gel bands on a speed vac under vacuum, in-gel digestion was
carried out. First, a trypsin solution was prepared by adding Promega sequencing
grade trypsin (20 pg) to 50 mM ammonium bicarbonate solution (1 mL). An aliquot
of this trypsin (50 pL, enough to cover the gel slices) was added to each gel slice
and the mixture was incubated for 45 min on ice. The tubes were placed in a shaker
and incubated at room temperature overnight. The solution was removed from each
tube and placed in a low binding microcentrifuge tubes (Sigma) to minimize peptide
binding to the surface of the tube. Into the tubes containing the gel slices an aqueous
solution of 5% acetonitrile—0.1% TFA (50 uL) were added and the tubes were
shaken at room temperature for 15 min. The last step was repeated twice and the
solutions were pooled into the overnight digestion solutions. Finally, an aqueous
solution of 50% acetonitrile/0.1% TFA (50 pL) was added to the gel slices with
shaking for 15 min and the solutions were collected with the previous eluates. The
eluates were dried to about 10 pL on a speed vac, transferred to an autosampler vial

and stored at —80 °C.

iv) Checking the protein molecular weight and purity using SDS-PAGE

Denaturing SDS-PAGE and Coomassie staining were done according to the Mini-
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protein 3 cell instruction manual from BioRad.*> 10% SDS-PAGE gel was used.
The gels ran at 200 V (constant V) for about 40 min, followed by staining in 100
mL Coomassie stain solution in a plastic container. Then, the container was placed
in the microwave on high power for 1 min. The gels were shaken gently for 5 min
and then the stain was poured off and 100 mL destain solution (7.5% acetic acid
10% ethanol) were added. The gels were left in the destaining solution overnight

until the desired level of destaining was reached.

v) LC-MS/MS

The digested peptides were dissolved in water with 0.1% formic acid and then
subjected to LC-MS/MS analysis on a UPLC (Waters, Milford, MA) coupled with
q-Tof premier mass spectrometer (Waters, Milford, MA). Table 2.1 shows the

eluent gradient as well as the flow rate.
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Table 2.1: Eluent gradient and flow rates used in the LC-MS/MS analysis, A:

water with 0.1% formic acid, B: acetonitrile with 0.1% formic acid.

Time (min) Flow rate (uL/min) A% B%
0.00 0.350 98.0 2.0

2.00 0.350 94.0 6.0

25.00 0.350 75.0 25.0
40.00 0.350 55.0 45.0
45.00 0.350 25.0 75.0
50.00 0.350 5.0 95.0
55.00 0.500 5.0 95.0

MS/MS data were analyzed through proteomic software called Mascot (version 2.2,

Matrix Science).

2.4.  Conclusion

In this chapter, the different expression systems I attempted to use for the
recombinant intelectin expression were discussed. As outlined above, I did not
investigate the use of E. coli as I did not consider it to be a suitable expression
system for intelectins. During my attempts to express hIntL in Pachia pastoris, |
initially used pPIC9 as the cloning vector. Later, the pJET1.2 vector was used as
an alternate way to clone hIntL. Unfortunately, after significant effort was made to
optimize the conditions and procedures, I was unable to clone the desired gene into

the pPIC9 vector and turned to using alternative hosts.
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The two mammalian expression systems (HeLa and H5V cells) proved to be
effective. mIntL and hintL were expressed in HeLa cells and H5V, respectively.
Comparing HeLa cells and H5V for intelectin expression, I found that HSV was
better and afforded higher protein yield. A Sepharose 6B column was used for
hIntLs purification and the proteins were eluted from the column upon treatment
with buffer containing 100 mM ribose. SDS-PAGE as well as LC-MS spectrometry

were used for hintL-1 and hintL-2 characterization.
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3. Synthesis of the Target Oligosaccharides
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3.1. Introduction

Although there are reports showing that human intelectin has a binding preference
for Galf-containing oligosaccharides,' to date there is no detailed quantitative
information about the nature of this interaction or the affinity of this lectin for
different ligands. Inspired by this fact, we decided to obtain better understanding
about the binding specificity and affinity of intelectin, which could help to identify
its biological role. To gain this information it was critical to get access to Galf-
containing oligosaccharides to be used as potential ligands for intelectin. Obtaining
these oligosaccharides from natural sources (bacteria, fungi, or protozoa) was not
an ideal method, due to many challenges including difficulties in obtaining pure
fragments in milligram quantities, and the requirement to work with
microorganisms that, in some cases, are highly pathogenic. Alternatively, we could
obtain these oligosaccharides via chemical synthesis in pure form and in the amount

needed for the desired biochemical studies.

Before going through the detailed synthetic procedures used to obtain my target
compounds 3.1-3.9 (Figure 3.1), I will discus briefly the different routes reported
in the literature to synthesize furanosyl glycosides with special focus on Galf

containing molecules.
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Figure 3.1: Structures of the target Compounds (3.1-3.9).
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3.1.1. General methods used to obtain Galf derivatives
3.1.1.1.  Fischer glycosylation
Fischer glycosylation is the most widely used method to obtain furanosides as the
major sugar isomer. This method involves reacting an unprotected reducing sugar
with an alcohol in an acid catalyzed reaction’> (Scheme 3.1). When galactose
(3.10) is subjected to these conditions under kinetic conditions,® galactofuranosides
(e.g., 3.11) can be isolated as the major product (48%, Scheme 3.1) from this
reaction. However, reaction conditions need to be optimized in order to obtain
furanosides in high yields with minimum pyranoside (e.g., 3.12) formation.
Although Fischer glycosylation is a simple method pyranoside by-products (3.12,
17%, Scheme 3.1) are formed which reduces the yield and can complicate

purification.”-®

OH HO OH

‘0. ,OR HO
HO ROH, H* o
HONC=Q, . oH HO * HO OR
HO HO  OH HO
3.10 3.11, major 3.12, minor
48% 17%

Scheme 3.1: Fischer glycosylation reaction.
Furthermore, Ferriéres et al ’ reported that when uronic acids e.g., D-galacturonic
acid 3.13 was glycosylated with long chain alcohols (n-octanol, n-dodecanol or 10-
undecen-1-ol), the products were mainly in the furanose form. The production of
this alkyl D-galactofuranosiduronic acid 3.14 was catalyzed by Lewis acids

including FeCl; or BF3-OEty, (Scheme 3.2). The authors also found that the use of
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complexing agents such as CaCl, could affect both chemoselectivity and anomeric
stereoselectivity of these products.

HO co,H HO

O
HO C; - OH n-octanol, FeCl, HO O(CH,);CHs
Cco,HOH
3.13 3.14, 70%

Scheme 3.2: Using long chain alcohol in the glycosylation of D-galacturonic

acid.

3.1.1.2. Peracylation at high temperature
In a work done by D’Accorso ef al,’ they intended to synthesize 1,2,3,4,6-penta-O-
benzoyl-B-D-galactopyranose (3.15, Scheme 3.3) upon treating D-galactose with
benzoyl chloride in pyridine at high temperature. Instead, surprisingly, the main
product was 1,2,3,5,6-penta-O-benzoyl-0/B-D-galactofuranose (3.16). The furanose
ring structure was confirmed by both 'H NMR and '3C NMR spectroscopy. A
disadvantage of this method is the moderate yield of the produced Galf derivative.

The main advantage is the synthesis of a protected Galf derivative in one step.
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OH

HO OBz
HoE§ O oy BZC! Pyridine 3.15
VAN

OH BzOO
3.10 ’ OBz
BzO
BzO OBz
3.16, 67%

Scheme 3.3: Perbenzoylation of galactose under high temperature.

3.1.1.3. Base-catalyzed glycosylations
Schmidt and coworkers'® have shown that alkyl hexosides can be synthesized
starting from free hexoses, using an electrophilic reagent and strong base in N,N -
dimethylpropyleneurea (DMPU) as the solvent. This method was efficient in
obtaining a-D-galactofuranoside 3.17 in 63% yield without any contamination with
the B-anomer, (Scheme 3.4). The preparation of n-pentenyl hexofuranosides could
be also achieved if the alkyl chain is replaced by a pentenyl chain.® This method
offers the synthesis of a Galf derivative selectively protected at the anomeric
position, which made these building blocks important starting materials in many
oligosaccharide syntheses. Also, the anomeric control is an important advantage of

this method. However, the moderate yield limits the widespread use of this method.
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HO o 1.BnBr, DMPU, NaH 5
Ac
HO%OH 2. Ac,0, Pyridine OBn

OH AcO OAc

3.10 3.17, 63%

Scheme 3.4: Base-catalyzed glycosylation of D-galactose.

3.1.1.4. Cyclization of dithioacetals
This method (Scheme 3.5) involves treating a reducing sugar with a thiol in the
presence of an acid'! to generate a dithioacetal (e.g., 3.18). Next, cyclization of the
dithioacetal with either mercuric salts'? or iodine in the presence of an alcohol leads
to the glycoside.'* ' The main advantage of this method is that the glycoside could
be obtained exclusively in the furanoside form'? in reasonable yield (77%) as shown
is Scheme 3.5. The advantage of using iodine over the mercuric salts is the

avoidance of toxic heavy metals.'?

RS._ SR
—OH H
OH HO—] Qo .oR
HO RSH, H* I, ROH 1o
0 HO— —————
HO OH 45% L oH 7%
HO  OH
HO —OH
3.10 3.18 3.19

Scheme 3.5: Synthesis of galactofuranoside 3.19 by iodine-catalyzed cyclization

of dithioacetal.
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3.1.1.5. Reduction of galactonolactones
Kohn and coworkers'¢ explored the use of D-galactolactone as a potential starting
material for the synthesis of Galf units. Acetylation of the commeriaclly available
D-galactonolactone (3.20, Scheme 3.6) afforeded the tetracetylated intermediate
3.21 in 60% yield. The later compound was subjected to reduction conditions using
disiamylborane to afford Galf derivative 3.22 in 65% yield. The main disadvantages
of this method are the use of expensive starting materials: D-galactolactone and
disiamylborane. Furthermore, the Galf derivative 3.22 was obtained in moderate

yield (65%), which could be a limitation for large scale reactions.

HOO ACOO ACQO

’ o AcO, pyr. ’ O disiamylborane OH
HO o AcO AcO
5
HO  OH ° AcO  OAc 65% AcO  OAc
3.20 3.21 3.22

Scheme 3.6: Reduction of galactonolactone using disiamylborane.
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3.2.  Synthetic strategies for the synthesis of the target compound (3.1-3.9)

As highlighted in the introduction chapter, the main aim of this project is to study
the binding specificity of intelectin, and to achieve this aim I needed to synthesize
a number of Galf-containing oligosaccharides (Figure 3.1) that differ in their types
of linkages and the number of Galf units. It was important to design compounds
that are analogues of naturally occurring molecules in microorganisms (bacteria,
fungi or protozoa) to obtain a better idea about the biological role of intelectin

towards those different motifs.

To facilitate the discussion of the different strategies used for the synthesis of the
target oligosaccharides, the work is organized into four main synthetic routes
according to the target structures. The four strategies are shown below:
e Strategy for the synthesis of compounds containing 3-D-Galf~(1—5)-p-D-
Galf'and B-D-Galf-~(1—6)-B-D-Galf linkages (3.1-3.4)
e Strategy for the synthesis of compounds containing B-D-Galf~(1—2)--D-
Galf'(3.5) and B-D-Galf~(1—3)-pB-D-Galf linkages (3.6)
e Strategy for the synthesis of compounds containing 3-D-Galf~(1—6)-p-D-
Glep (3.7) and B-D-Galf~(1—6)-a-D-Manp linkages (3.8)

e Strategy for the synthesis of compound containing B-L-Araf'(3.9)

97



3.2.1. Synthetic strategy for oligosaccharides containing B-D-Galf-

(1—5)-B-p-Galf and B-D-Galf-(1—6)-p-D-Galf linkages (3.1-3.4)
To obtain target oligosaccharides 3.1-3.4, I followed a strategy reported earlier by
our group (Scheme 3.7).!3 In that approach, galactose dithioacetal 3.23'3 was used
as the precursor for the synthesis of the galactofuranose building blocks. Methyl
galactofuranoside 3.24'3 was obtained through iodine cyclization of thioacetal 3.23
in the presence of methanol. Starting from the methyl glycoside 3.25'
thioglycoside donor 3.26 was obtained and used as the precursor to synthesize other
thioglycoside donors 3.32 and 3.33, as well as for the synthesis of the azido octyl
glycoside acceptors 3.41 and 3.42. In the literature, there are many reagents to

17221 in this work I chose N-iodosuccinimde—silver triflate

activate thioglycosides,
(NIS-AgOT)" as the activating agents. The incorporation of the azido-octyl linker

at the reducing end was done to facilitate the binding studies with intelectin, which

will be discussed in more detail in Chapter 4.
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Scheme 3.7: Retrosynthetic route for the synthesis of oligosaccharides (3.1-3.4).
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3.2.1.1. Synthesis of the thioglycoside donor
Thioglycoside synthesis was achieved using galactose dithioacetal 3.23 as the
precursor. As shown in Scheme 3.8, D-galactose was reacted with ethanethiol in
the presence of HCl to yield galactose diethyl dithioacetal 3.23'% in 48% yield. The
next step was the formation of galactofuranoside 3.24 through iodine-promoted
cyclization of the diothioacetal in the presence of methanol. The reaction was
stopped through the addition of sodium thiosulfate until a colorless solution was
obtained followed by neutralization using sodium bicarbonate. With no further
workup, the organic phase was evaporated in vacuo and the resulting crude product
was subjected to the next step, protection by per-O-benzoylation. The crude methyl
galactofuranoside 3.24'3 was dissolved in pyridine and allowed to cool to 0 °C.
Then, benzoyl chloride was added dropwise to give the benzoylated product 3.25'3

in 70% yield over the two steps.

EtS.__SEt
Ho O —OH HOG
HO%&,OH EtsH, Hol  HO— l, MeOH o OCHs
OH 48% Ho
3.10 oA HO  OH
) —OH
3.23 3.24
BzO~ OCHj3 Tol HO~ STol
_BezClpyr, 0 p-thiocresol, BzOo_$T0l NaOCHS, 0
70% BzO BF,.OEt, BzO MeOH HO
(2 steps) 87%
BzO 0Bz 88% BzO OBz ° HO  OH
3.25 3.26 3.27

Scheme 3.8: Synthesis of thioglycoside 3.26 through cyclization of galactose

dithioacetal 3.23.
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Next, the perbenzoylated methyl glycoside 3.25 was treated with p-thiocresol in the
presence of boron trifluoride diethyl etherate (BF3-OEt:) to give the desired B-
thioglycoside donor 3.26 in 88% yield. Thioglycoside donor 3.26 is a very valuable
building block in my synthetic plan to the target compounds. Having donor 3.26 in
hand allowed me to synthesize the other required thioglycoside donors 3.32 and
3.33, as well as the azido-octyl acceptors 3.41 and 3.42. To proceed further in my
synthetic procedures, the perbenzoylated thioglycoside 3.26 was subjected to
Zémplen debenzoylation conditions using sodium methoxide in methanol (Scheme

3.8) to produce compound 3.27 in 87% yield as a white amorphous powder.

As outlined in Scheme 3.9, selective protection of the 6-hydroxyl group of
compound 3.27 was successfully achieved when it was treated with trityl chloride
in pyridine to give the 6-O-tritylated compound 3.28 in 72% yield. Benzoylation of

compound 3.28 gave the fully protected sugar 3.29 in 79% yield.
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HOq STol HOq STol BzOq STol

TrCl. Pyridi .
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HO OH TrO OH 79% TrO OBz
3.27 3.28 3.29
BzO, STol BzO_ STol
HO Levulinic acid, LevO
BzO oz DCC, DMAP BzO OBz
3.30, 38% 87% 3.32
TFA 5%, +
DCM Tol BZO,O STol
B200 3T | evulinic acid,
BzO
BzO DCC, DMAP
HO OBz 88% LevO OBz
3.31, 43% 3.33

Scheme 3.9: Preparation of thioglycoside donors 3.32 and 3.33.

Treatment of compound 3.29 with 5% trifluoroacetic acid in dichloromethane!'
resulted in the removal of the trityl group and the formation of 3.30 and 3.31 in
38% and 43% yield, respectively. The structure assignment of both compounds 3.30
and 3.31 was made feasible through the difference in the H-5 chemical shift, so in
case of 3.30, H-5 appeared more upfield compared to the H-5 when 5-OH is
benzoylated (3.31). Both compounds were required in my synthetic plan, so this
acyl migration from O5 to O6 was a desired step in my case. Subsequently,
compounds 3.30 and 3.31 were treated with levulinic acid in the presence of DCC
and DMAP to yield donors 3.32 and 3.33 in 87% and 88% yield, respectively,

(Scheme 3.9).
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3.2.1.2. Synthesis of 8-azido-1-octanol
To synthesize the required target compounds with the octyl-azido linker at the
reducing end, it was necessary to prepare 8-azido-1-octanol, 3.36. The reported
procedure?? was modified to synthesize the target. First, 1,8-octandiol 3.34 was
treated with HBr to yield 8-bromo-1-octanol, 3.35. Subsequent reaction of 3.35

with sodium azide, yielded 3.36 in 46% yield over the two steps (Scheme 3.10).

HO(CH,)sOH —CHCNHBr i opygr CHSCNNaNs o o, )eN,
46%
3.34 3.35 over 2 steps 3.36

Scheme 3.10: Synthesis of 8-azido-1-octanol 3.36.

3.2.1.3. Preparation of azido octyl glycoside acceptors

Target compounds 3.1-3.4 were designed such that the reducing end has an azido-
octyl linker. The incorporation of that linker will play an important role in the
binding studies with intelectin using surface plasmon resonance spectroscopy. The

required acceptors are 3.41 and 3.42 (Figure 3.2).

BZQO O(CH2)8N3 BZQO O(CH2)8N3
BzO HO
HO OBz BzO OBz

3.41 3.42

Figure 3.2: Structures of azido-octyl acceptors 3.41 and 3.42.
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The azido octyl acceptors 3.41 and 3.42 were synthesized from thioglycoside donor
3.26 as illustrated in Scheme 3.11. When thioglycoside donor 3.26 was reacted with
3.36 in the presence of NIS and AgOTf, compound 3.37 was produced in 87% yield.
Using Zémplen conditions for debenzoylation, compound 3.38 was produced in
90% yield. An approach similar to that used for the synthesis of thioglycoside
donors 3.32 and 3.33 was applied here for the synthesis of 3.41 and 3.42. This
involved protection of the 6-hydroxyl group of 3.38 using the bulky trityl group
resulting in the formation of the tritylated compound 3.39 in 73% yield. Compound
3.39 was fully protected using benzoyl chloride in pyridine to give compound 3.40
in 82% yield. Using trifluoroacetic acid in dichloromethane, cleavage of the trityl
group took place with the formation of acceptors 3.41 and 3.42 in 45% and 36%
yield, respectively. Having these acceptors in hand enabled me to start the synthesis

of the target oligosaccharides 3.1-3.4, which will be discussed below.
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82% DCM +
TrO OBz
3.40 Bz0p J(CH2sNs
HO
BzO OBz
3.42, 36%

Scheme 3.11: Synthesis of azido-octyl acceptors 3.41 and 3.42.

3.2.1.4. Synthesis of oligosaccharides
The main goal of my synthetic work is to gain access to oligosaccharide molecules
that will be used as ligands to test the binding affinity of intelectin. Having this in
mind, I wanted to design my molecules such that they represent a wide range of
naturally occurring oligosaccharides found in the glycoconjugates in many
microorganisms. Oligosaccharides 3.1-3.3 were designed as analogues of the
galactan chain found in mycobacteria, which is composed of Galf repeating units

connected via alternating (1—35) and (1—6) linkages'? (Figure 3.3).
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Figure 3.3: Linkages of galactan chain in the mycobacterial cell wall.

Tetrasaccharide 3.4 has four Galf units linked via (1—5) linkages, which
corresponds to the Galf~containing side chain found in different Aspergillus
species.?? This motif in Aspergillus fumigatus was found to be immunogenic in
humans,?® but whether this tetrasaccharide can play a role in the innate immune
response against 4. fumigatus via human intelectin binding remains to be studied.
Therefore, obtaining information about the recognition of the tetrasaccharide 3.4 by

human intelectins could be useful.

3.2.1.5. Synthesis of disaccharides 3.1 and 3.2
The synthesis of disaccharides 3.1 and 3.2 (Figure 3.4) was achieved through NIS—
AgOTf activation of thioglycoside 3.26 and coupling with either acceptors 3.41 or
3.42 as shown in Scheme 3.12.

HOG O(CHp)sNs

HOG_ O(CH2)gNs HO
HOo O HOo O OH
HO HO OH HO
HO  OH HO  OH
3.1 3.2
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Figure 3.4: Structure of disaccharides 3.1 and 3.2.

For the synthesis of 3.1, thioglycoside 3.26 was coupled with the azido-octyl
acceptor 3.42 in the presence of NIS and a catalytic amount of AgOTf. This
resulted in the formation of the fully protected disaccharide 3.43 in 88% yield. The
same coupling procedure was used to obtain disaccharide 3.2. Thus, thioglycoside
3.26 was reacted with acceptor 3.41 to form disaccharide 3.44. The final step in the
synthesis of 3.1 and 3.2 was deprotection, where both 3.43 and 3.44 were subjected
to Zémplen deacylation conditions for debenzoylation to afford disaccharides 3.1

and 3.2 in 89% and 91% yield, respectively.
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HO OH HO
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Scheme 3.12: Synthesis of disaccharides 3.1 and 3.2.

3.2.1.6. Synthesis of trisaccharide 3.3 and tetrasaccharide 3.4

To synthesize trisaccharide 3.3 and tetrasaccharide 3.4, I followed the approach
described in Schemes 3.13 and 3.14, where both the target molecules were built
starting from the reducing end and then the chain was extended towards the non-
reducing end. As shown in Scheme 3.13 for the synthesis of trisaccharide 3.3, the
required building blocks were the azido-octyl acceptor 4.41 and the thioglycoside

donors 3.32 and 3.26. The first step towards the synthesis of 3.3 was coupling the
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azido-octyl glycoside 3.41, which has a free hydroxyl group at C-6, with the
thioglycoside donor 3.32 using NIS-AgOTT activation. This reaction afforded the
5’-O-levulinoyl protected disaccharide 3.45 in 88% yield. Using hydrazine acetate,
the levulinoyl protecting group was removed selectively to give the disaccharide
acceptor 3.46 in 92% yield. The synthesis of trisaccharide 3.47 was achieved upon
coupling of the disaccharide acceptor 3.46 and the fully protected thioglycoside
donor 3.26 to give 3.47 in 85% yield. To obtain the final trisaccharide 3.3,

compound 3.47 was deprotected using sodium methoxide in methanol to give 3.3

in 87% yield.
BZOO O(CH2)8N3
BzOO STol BzO
i 3.41,NIS, AgOTf, 0°C
LevO g BzOO 0 OBz
88% ‘
BzO OBz RO
3.32 Bz0' OBz
NH,NH, HOAc [ 3+45, R=Lev
DCM.92% L—3.46,R=H
ROp_O(CHz)eN3
3.26, NIS, AgOTH,
RO 0°C, 85%
0] OR
ROq
o)
ROo
RO RO OR
RO  OR
NaOCH,;, [ 3.47,R=Bz
MeOH/DCM,

87% —33, R=H
Scheme 3.13: Synthesis of trisaccharide 3.3.
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The same synthetic approach was used to synthesize tetrasaccharide 3.4 according
to Scheme 3.14. The synthesis of 3.4 involved azido-octyl acceptor 3.42 and
thioglycoside donors 3.32 and 3.26. The chain extension started with the synthesis
of disaccharide 3.48, which was obtained in 88% yield when acceptor 3.42 was
coupled with 5’-O-levulinoyl protected thioglycoside donor 3.32. With the
selective removal of the levulinoyl protecting group, disaccharide alcohol 3.49 was
obtained in 92% yield. The 5’-OH containing-disaccharide was taken further
towards the synthesis of the 5’-O-levulinoyl protected trisaccharide 3.50 in 85%
yield. Repeating the step for the removal of the levulinoyl group in 3.50 afforded
the trisaccharide acceptor 3.51 in 90% yield. The final glycosylation step between
the later acceptor 3.51 and the thioglycoside donor 3.26 afforded the fully protected
tetrasaccharide 3.52 in 84% yield. Similar to the synthesis of the final trisaccharide
3.3, tetrasaccharide 3.52 was fully debenzoylated to give the target tetrasaccharide

3.4 in 87% yield.
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BZQO O(CH2)8N3

BzOO STol
‘ 3.42 BzOy O
LevO NIS, AgOTf, 0°C
S, AgOTH, LevO BzO OBz
BzO OBz 88%
BzO OBz
3.32 3.48
NH2NH2HOAC
DCM, 92%
BzOn O(CHy)gN3
BzOy O 3.32 BzOn_ O(CH;)gN3
BzOn6 O BzO OBz NIS,Oé(g:OTf, BzOny O
LevO BzO OBz 85% HO BzO OBz
BzO OBz BzO OBz
3.50 3.49

NH2NH2HOAC
BZQO O(CH2)8N3

DCM, 90%
BzOg5 0O BzO OBz
HO BzO OBz
BzO OBz
3.51
3.26
NIS, AgOTf, 0°C
84%
BZO,O O(CH2)8N3
BzOny O BzO OBz
BzO4 O BzO OBz
NaOCHSs,
BZO BZO OBz 3 52 3.4
) MeOH/DCM
BzO OBz

87%
Scheme 3.14: Synthesis of tetrasaccharide 3.4.
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3.2.1.7. Synthesis of compounds containing B-D-Galf~(1—2)-p-D-Galf

linkage (3.5) and B-D-Galf~-(1—3)-B-D-Galf linkage (3.6)

Among my target Galf oligosaccharides are compounds 3.5 and 3.6 (Figure 3.5).
These two disaccharides contain unique linkages. Disaccharide 3.5 contains two
Galf moieties linked via a B-(1—2) linkage, whereas in disaccharide 3.6 the two
Galf residues are linked via a B-(1—3) linkage. The rationale behind designing
these two oligosaccharides is that they are fragments of naturally occurring
molecules in bacteria and fungi. It was reported that B-D-Galf~(1—2)-B-D-Galf
glycosidic linkages are present in various microorganisms including Penicillium,*
Talaromyces,? and the pathogenic protozoa Trypanosoma cruzi.*® Furthermore, it
was found that Aspergillus,>” Chaetosartorya,” Renibacterium salmoninarum® as
well as Penicillium®* contain B-D-Galf-(1—3)-B-D-Galf linkages as part of their

components, especially the cell wall.

HO OH
HO~ OCH
,O 3 HO||.
HO
'O
HO o HO O OCHs
HOq '
HO HO
HO  OH HO OH
3.5 3.6

Figure 3.5: Structures of disaccharides 3.5 and 3.6

To synthesize disaccharides 3.5 and 3.6, I designed a retrosynthetic route as shown

in Scheme 3.15. Because I already had the thioglycoside donor 3.26 in hand, my
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attention turned towards the preparation of the required acceptors. The key
intermediate for the synthesis of both acceptors 3.55 and 3.57 was the 2,3-anhydro

sugar derivative 3.54.

HOG_OCHs HO OH
HO! -
oL
0
HOO |
HO o
HO,O 0 OCH3;
HO HO
OH
HO  OH HO
3.5 ﬂ 3.6
BzOn_STol BnO, OCH;  HOp OCHs
B2 OBz %o oy />0 oe:
3.26 355 3.57
o. OCH;
O—g@
7& J
/O 3.54
HO, OCH;
HO
HO  OH
3.24

Scheme 3.15: Retrosynthetic route for the synthesis of 3.5 and 3.6.

Starting with methyl B-D-galactofuranoside 3.24, selective protection of O-5 and
0O-6 as an isopropylidine acetal afforded compound 3.53 in 90% yield. To obtain

the 2,3-anhydro-sugar derivative, 3.53 was reacted with
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diisopropylazodicarboxylate (DIAD) and triphenylphosphine (PPhs) to give the
epoxide 3.54 in 82% yield. It was critical to obtain this important key intermediate
3.54 in good yield as it was the precursor for both acceptors 3.55 and 3.57. Inspired
by previous work done in our group,®® I focused my attention on the next step,
which was the regioselective opening of the epoxide. This was achieved upon
treating the epoxide with BnOLi in benzyl alcohol, where acceptor 3.55 was
obtained in 78% yield. Through successive steps of benzoylation and debenzylation

of 3.55, the other acceptor 3.57 was obtained in good yield.

HOG QCHs HO, OCH; o. OCH;
HO (CH3)2C(OCHa),, o _DIAD, PhsP.
acetone, p-CSA THF,0°C
HO  OH 90% o 82% o
3.24 353 3.54
BnOy OCHj BnO, OCH; HOn OCHs
BnOLi BzCl, pyr_ H,/Pd(OH,)/C
7% O 0°C, 90% | EtOAc, 89%
/>0 OH O OBz 7 \o
3.55 3.56

Scheme 3.16: Synthesis of acceptors 3.55 and 3.57.

3.2.1.8. Synthesis of disaccharides 3.5 and 3.6
Having both acceptors 3.55 and 3.57 in hand enabled me to do the glycosylation

between donor 3.26 and either acceptor 3.55 or 3.57 to give the desired B-(1—2)
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linked disaccharide 3.58 and B-(1—3) linked disaccharide 3.59, respectively,

Scheme 3.17.

BnOO OCH3

O
#o HO
3.55

NIS, AgOTf, 0°C
89%

BnOO OCH3

0

actR:

BzOq
BzO

BzO OBz

3.58

BzQ o) STol

BzO

BzO

OBz
3.26

HO

0 OCHj,

O—<‘ J—?
7&0 OBz
3.57

NIS, AgOTf, 0°C
88%

BzO
BzO

OBz

Scheme 3.17: Synthesis of disaccharides 3.58 and 3.59.

Disaccahride 3.58 was subjected to acidic deprotection conditions to remove the

isopropylidine acetal protecting group affording 3.60, which was not purified.

Instead, I went further into the deprotection steps. Compound 3.60 was subjected

to hydrogenolysis for the removal of the benzyl ether protecting group, which was

followed by Zémplen conditions for the removal of the benzoyl protecting groups

to afford my final target compounds 3.5 (Scheme 3.18). Using the same approach,

disaccharide 3.59 was deprotected to afford final target compound 3.6 in 87% yield

over two steps.
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BnO,~ OCHj;

o
Ho—gq—?
O o}

z00
0

H
B
BzO
BzO

Bz

- 3.60 -

BzO OBz
BzO'
|O
HO OO OCH3

Ho—gu
OBz

HO

3.62

HO, OCHs
i) NaOMe, HO
DCM/MeOH o 0
ii) Hy,Pd(OH),/C  HO@
87% HO
over 2 steps
HO OH
3.5
HO OH
HO"-
NaOCH3
O
DCM/MeOH HO OO OCH,
89% ’
over 2 steps HO
HO OH
3.6

Scheme 3.18: Deprotection of disaccharides 3.58 and 3.59 and synthesis of

disaccharides 3.5 and 3.6.
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3.2.2. Synthesis of compound containing B-D-Galf~(1—6)-p-D-Glcp

(3.7) and B-D-Galf-(1—6)-a-D-Manp linkages (3.8)

My interest in the synthesis of disaccharides 3.7 and 3.8, which contain a B-D-Galf-
(1—6)-B-D-Glcp linkage and a B-D-Galf~(1—6)-a-D-Manp linkage, respectively,
came from the fact that they are part of different glyconjugates in various
microorganisms. For example, the B-D-Galf-(1—6)-D-Glcp motif was reported to
be a part of the lipopolysaccharide (LPS) in Escherichia coli K-12.3' On the other

hand the B-D-Galf~(1—6)-D-Manp disaccharide was shown to be present in

Microsporum,*®  Paraccidioides  brasiliensis,*>  Trichophyton®> and the
exopolysaccharide (EPS) of Aspergillus. 27-343
HOg @ HOG @ on
’ HO O OCHj4 ’ HO O
HO HO
HO OH HO
OCHj
HO OH HO OH
3.7 3.8

Figure 3.6: Structures of disaccharides 3.7 and 3.8

The sugar donor used for the synthesis of disaccharides 3.7 and 3.8 was
thioglycoside 3.26, which was used previously as a donor for the synthesis of
oligosaccharides 3.1-3.6. To obtain the acceptors 3.66 and 3.70, I followed the
strategy shown in Scheme 3.19, which started with the selective protection of the
C-6 hydroxyl groups by tritylation of both methyl B-D-glucopyranoside 3.63 and
methyl a-D-mannopyranoside 3.67 to give compounds 3.64 and 3.68, respectively.

Full protection was achieved by treating 3.64 and 3.68 with benzoyl chloride in
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pyridine at 0 °C to give the fully protected monosaccharides 3.65 and 3.69,
respectively. The final step towards obtaining the acceptors 3.66 and 3.70 was the
deprotection of the trityl group using mild acidic conditions (5% HCI in methanol)

to give acceptor 3.64 (85%) and acceptor 3.70 (83%).

HO HO— OH
HO ) o
OH %
363 3.67 ¢
TrCl pyridine TrCl, pyridine
Tro o TrO— OH
HO o
Ho%/OCHs HI-(I)O
OH %
3.64 3.68 OCH;
BzCl, pyridine | BzCIé%anme
89%
TrO TrO OBz
0 BzO 0
6o OCHs BZO&L \
OB
3.65 ‘ 3.69 OCH,
9 : 5% HCI:MeOH
5D/&HCQM’ZOH DCM, 83%
s o} HO— OBz
OBz BzO
3.66 3.70 OCHg3

Scheme 3.19: Synthesis of acceptors 3.66 and 3.70.



3.2.2.1. Synthesis of disaccharides 3.7 and 3.8
To prepare the disaccharides, thioglycoside donor 3.26 was coupled with acceptors
3.66 and 3.70 under NIS-AgOTf activating conditions to give disaccharides 3.71
and 3.72 in 88% and 89% yield, respectively. Debenzoylation of both disaccharides
afforded the fully deprotected disaccharide targets 3.7 and 3.8 in 89% and 88%

yield, respectively, (Scheme 3.20).

BzOO STol
HO BzO HO— OBz
BZO&OWOCHs BzO Q
BzO BzO OBz BzO
OBz 326
3.66 . 3.70 OCHs
N'Sééj/gmf NIS, AgOTf
o 89%
BzO
B20, © BzOy ©
: BZO§O: OCHj yBON LD
BzO BzO OB BzO z
z OCHs
BzO OBz BzO OBz
3.71 3.72
NaOCHs, MeOH NaOCH,, MeOH
89% 88%
HO~ O HO. O OH
0 Ho® O OCH, OJHo 0
HO on HO HO
OCHj,
HO  OH HO  OH
3.7 3.8

Scheme 3.20: Synthesis of disaccharides 3.7 and 3.8.
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3.2.3. Rationale for the synthesis of compound 3.9 containing a-L-Araf
Compound 3.9 shown in Figure 3.7 was designed based on the structural similarity
between D-galactose and L-arabinose as illustrated in Figure 3.8. Compound 3.9

was synthesized to be tested in the binding studies with human intelectin.

HQO O//’l,

HO

D—COOH
N
OH H

3.9

Figure 3.7: Structure of compound 3.9.

HO OH HO
o o
HO OH HO OH
OH OH
D-Galp, 3.10 L-arap, 3.74
HO
Ho OH 0 OH
HO
HO
HO  OH OH
D-Galf , 3.10" L-araf , 3.74'

Figure 3.8: Structural similarity between D-galactose and L-arabinose.

Mugwort (Artemisa vulgaris) pollen is an important allergen in hay fever.’’
Significant work has been done to determine the structure of the major allergen (Art
v 1) of this pollen. Using molecular modelling through analyses of the electrostatic

surface potential of three-dimensionally similar proteins’’ and structural
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characterization via NMR and mass spectrometry,®® researchers were able to
develop a model for Art v 1, (Figure 3.9a). The allergen is proposed to be a
glycoprotein with two O-linked glycosides, which are linked to the protein via
trans-4-hydroxy-proline (Hyp). As shown in Figure 3.9a, one can notice the
presence of clusters made up of repeating units of B-L-arabinofuranosides of Hyp.
These repeating motifs were found to be responsible for the antibody production

when the whole glycoprotein was tested for its antigenicity.>

a Y% : o-L-Ara
N @ p-L-Ara

J\ LOO0AI
Roas
o)

. O, O

b. BnO  OBn BnO  0OBn

Figure 3.9: a: model of major allergen Art V 1, b: compound 3.73.4

In 2010, Xie et al ** synthesized compound 3.73, (Figure 3.9b), which they thought
to be the minimum epitope of the major allergen of Mugwort. As mentioned in the

introduction chapter, human intelectin may play an important role in allergy and

121



asthma.*!*** Having that in mind, I decided to synthesize compound 3.9, which has

the minimum structure responsible for the potential allergic effects.

To start the synthesis of compound 3.9, L-arabinose (3.74) was allowed to react
with a methanolic solution of acetyl chloride to yield methyl glycoside 3.75.
Without separating the product, it was reacted with benzoyl chloride in pyridine at
0 °C, to give the fully protected methyl B-L-arabinofuranoside 3.76 in 70% yield
over two steps. To obtain the thioglycoside donor 3.77, methyl glycoside 3.76 was
reacted with p-thiocresol in the presence of BF3-OEt,, resulting in the formation of

the desired thioglycoside in 88% yield (Scheme 3.21).

For the synthesis of acceptor 3.79, the commercially available N-Boc
hydroxyproline 3.78 was protected via the formation of the allyl ester (Scheme

3.22) in 88% yield.

HO 0 1. AcCl, MeOH BzQO OCHj p-thiocresol, BF3.OEt,, BZO,O STol
OH
HOE@ 2. BzCl, pyr, .
OH A OCPY B20 CHJCl,, 0 °C B0
70% OBz 88% OBz
over 2 steps
3.74 3.76 3.77

Scheme 3.21: Synthesis of L-arabinofuranosyl donor 3.77.

Ho, HO,
1. 082003, MeOH
COCH COOAI
N N

2. AlIBr, DMF
Boc 88% Boc

3.78 3.79

Scheme 3.22: Synthesis of acceptor 3.79.
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Glycosylation between L-arabinofuranosyl thioglycoside donor 3.77 and
hydroxyproline acceptor 3.79 in the presence of NIS-AgOTf afforded compound
3.80 in 89% yield as shown in Scheme 3.23. Deprotection of the allyl group was
achieved by using tetrakis(triphenylphosphine)palladium Pd(PPhs)s to give
compound 3.81, which was not separated. Instead, it was subjected to Zémplen
conditions for deprotection of the benzoyl groups, which afforded 3.82 in 80% yield

over two steps. The final deprotection of compound 3.82 will furnish compound

3.9.
BzO~ STol HO,
o [ Mcooar —MS.A%0T! L O/“”D_
N CH,Cly, 0°C COOA
BzO ' o, BzO N
OBz Boc 89% OBz Boc
3.77 3.79 3.80
Pd(PPh),, THF,
morpholine, rt
"0 9" NaOMe, MeOH NG
aOMe, Me
D‘COOH QCOOH
HO I}l 80% over 2 steps | BzO |
OH  Boc OBz Boc
3.82 3.81 B
E H+
¥
HQO O//,,l'
D—COOH
HO N
OH H
39

Scheme 3.23: Synthesis of compound 3.9.
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3.3. Conclusion

The synthesis of the target compounds (3.1-3.8) was achieved successfully. The
structures of the synthesized oligosaccharides represent examples of molecules
from a wide range of microorganisms including bacteria, fungi and protozoa. The
main glycoside donor used in the synthesis was the thioglycoside donor 3.26, which
was syntheseized using the dithioacetal cyclization approach. Thioglycoside donors
were coupled with the synthesized acceptors under NIS-AgOTf activation
conditions. The synthesized compounds were used as ligands to screen the binding

affinity of hintL-1 and 2, which will be discussed in detail in Chapter 4.

3.4. General methods

All reagents were purchased from commercial sources and used without further
purification. Oven-dried glassware was used for all reactions. Reaction solvents
were dried by passage through columns of alumina and copper under nitrogen. All
reactions, unless stated otherwise, were carried out at room temperature under
positive pressure of argon. Organic solutions were concentrated under vacuum
below 40 °C. Reaction progress was monitored by TLC on Silica Gel 60 F2s4 (0.25
mm, E. Merck). Visualization of the TLC spots was done either under UV light or
charring the TLC plates with acidified p-anisaldehyde solution in ethanol or
phosphomolybdic acid stain. Most of the purification methods were done using
column chromatography (Silica Gel 40-60 uM). Optical rotations [a]p
measurement were carried out at 22 °C and and reported in deg-cm? dm™-g!. 'H
NMR spectra were recorded using 500 MHz or 400 MHz instruments, and the data

are reported as if they were first order. 3*C NMR (APT) spectra were recorded at
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125 MHz. Assignments of data were made using 'H-'H COSY and HMQC
experiments. In the experimental section, the assigned protons and carbons of the
first residue will be reported as such (without any primes), where the subsequent
rings were assigned as 1°, 1”’and 1°”” as shown in Figure 3.10. Electrospray mass
spectra were recorded on samples suspended in THF/MeOH mixture with added

NacCl.

HOG O(CH,)gN3

X
0
HOq

X HO OH
o)
HOG

'Xll OH
o) OH
HOq ;
Xlll
Ho,gi‘_?Ho OH
34

HO OH
Figure 3.10: Compound 3.4 as an example for the assignment of protons and

carbons in each residue.

34.1. General procedure for the deprotection of benzoylated

products using Zémplen conditions
The benzoylated compound was dissolved in 3:1 MeOH—CHCl, (20-50 mL). To
that solution NaOMe in MeOH (0.1 M) was added dropwise until the solution
reached pH 12 as determined by using universal pH paper. The reaction mixture
was allowed to stir from 4—8 h at room temperature followed by neutralization using
either glacial acetic acid or prewashed Amberlite-15 (H") cation exchange resin.
After filtration and concentration of the solution, the crude residue was purified

using column chromatography.
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3.4.2. General procedure for the removal of levulinoyl protecting

groups
The levulinoyl protected sugar (1 equivalent) was dissolved in 3:1 CH2Cl,-MeOH
(10 mL) and hydrazine acetate (2 equivalents) was added. The solution was stirred
for 2—4 h and the reaction was monitored by TLC to check the complete removal
of the levulinoyl group. The solvent was concentrated under vacuum, and the
residue was diluted with EtOAc. The organic solution was then washed with a
saturated solution of NaHCO; and brine, and then dried over NaxSO4 anhydrous,
filtered and concentrated. The crude residue was purified using column
chromatography.

3.5. Experimental procedures

EtS._SEt

—OH
HO—
HO—
—OH
—OH

3.23
D-Galactose diethyl dithioacetal (3.23). D-Galactose 3.10 (40.00 g, 0.222 mol)
was dissolved in 70 mL concentrated HCI. Ethanthiol (40 mL) was then added and
the reaction mixture was vigorously shaken releasing the pressure from time to
time. Within 5 min, the reaction temperature had increased and so 20 mL of an
ice/water mixture were added, followed by more ice water to help crystallization of
the product, which was filtered out and washed with ice water. For purification

purposes, recrystallization of the product from absolute ethanol gave a pure
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crystalline product 3.23 (30.47 g, 48%). The 'H NMR and '3C NMR spectra

obtained for 3.23 agreed with those reported previously.!?

HO

0
OCHs
HO

HO  OH
3.24

Methyl o/p-D-galactofuranoside (3.24). Diethyl dithioacetal 3.23 (5.0 g, 17.0
mmol) was dissolved in I, in MeOH (2% w/v, 250 mL) and the mixture was stirred
overnight. To quench the excess I, solid Na>S>03 was added until the brownish red
color of I disappeared. A saturated NaHCOs wash was done to ensure
neutralization of the reaction mixture followed by concentration of the organic layer
to give 3.24 (2.5 g, 75%) as a white solid (B/a mixture 9:1). Pure B-anomer was
obtained by column chromatography using 7:1 CH>Cl>-MeOH as the eluant. The
The 'H NMR and '3C NMR spectra obtained for 3.24 agreed with those reported
previously.'?

BZO,O OCH3
BzO

BzO OBz
3.25
Methyl 2,3,5,6-tetra-O-benzoyl-p-D-galactofuranoside (3.25). Compound 3.24
(2.1 g, 10.3 mmol) was dissolved in pyridine (15 mL) and the solution was cooled

to 0 °C before benzoyl chloride (6.2 mL, 89.7 mmol) was added dropwise. The
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reaction mixture was stirred for 7 h followed by the addition of ice water to quench
excess benzoyl chloride. The reaction mixture was diluted with CH>Cl> (35 mL),
washed with water, 1 M HCl and finally a saturated NaHCOj3 solution. The organic
layer was then dried using anhydrous Na>SOg, filtered and concentrated. The crude
residue was purified by column chromatography (4:1 hexanes—EtOAc) to give
compound 3.25 (5.6 g, 90%) as a white amorphous solid. The '"H NMR and "*C
NMR spectra obtained for 3.25 agreed with those reported previously.'

BZO,O STol
BzO

BzO OBz
3.26
p-Tolyl 2,3,5,6-tetra-O-benzoyl-l-thio-p-D-galactofuranoside (3.26). To a
solution of methyl glycoside 3.25 (15.0 g, 24.5 mmol) in CH2Cl> (150 mL) cooled
to 0 °C, p-thiocresol (3.98 g, 32.2 mmol) was added. The reaction mixture was
stirred for 15 min followed by the slow addition of BF3;-OEt; (20.25 mL, 159.5
mmol). The reaction mixture was then stirred overnight while warming to room
temperature and then was neutralized with EtzN. The organic layer was washed
with a saturated solution of NaHCOj3 followed by water and brine. The organic layer
was then dried over anhydrous Na;SOs, filtered and concentrated. The crude
product was purified using column chromatography (4:1 hexanes—EtOAc) to give
thioglycoside 3.26 (12.36 g, 87%) as a white soild. The '"H NMR and '*C NMR

spectra for 3.26 matched the data reported previously.'?

128



HO,O STol
HO

HO  OH
3.27

p-Tolyl 1-thio-B-D-galactofuranoside (3.27). The perbenzoylated thioglycoside
3.26 (13.5 g, 19.2 mmol) was debenzoylated according to the procedure reported
previously,** where it was dissolved in 3:1 MeOH—CHCl,, followed by the
addition of NaOMe (0.1 M) in MeOH until the solution reacted pH 12 as determined
by universal pH indicator. The reaction mixture was stirred overnight and then
neutralized with glacial acetic acid. The solution was concentrated to give a crude
yellow syrup that was purified by column chromatography (9:1 CH2Cl.-MeOH) to
providing 3.27 (4.84 g, 88%) as a white amorphous powder. The 'H NMR and '*C
NMR spectra for compound 3.27 matched the previously reported data.'>

BZQO O(CH2)8N3
BzO

BzO OBz
3.37
8-Azido-octyl 2,3,5,6-tetra-O-benzoyl-B-D-galactofuranoside 3.37).
Thioglycoside 3.26 (B-anomer) (2.0 g, 2.84 mmol) and alcohol 3.36 (320 mg, 1.89
mmol) were dissolved in dry CH2Cl> (20 mL) in the presence of 300 mg activated,
powdered 4 A molecular sieves and the mixture was cooled to 0 °C. The reaction
mixture was stirred for 15 min followed by the addition of N-iodosuccinimide (NIS,
635 mg, 2.84 mmol), and AgOTf (120 mg, 0.47 mmol). The reaction mixture was

stirred for another 30 min and then Et;N was added. The reaction mixture was

129



diluted with CH2Cl: and filtered through a Celite pad. The filtrate was washed with
a saturated Na»S>0s solution followed by water, brine, and then dried over Na>SO4
anhydrous and filtered. The solvent was evaporated and the residue was purified
using column chromatography (4:1 hexane—EtOAc) to give compound 3.67 (1.13
g, 85%) as a colorless syrup. Ry 0.32 (4:1 hexanes—EtOAc); [a]p —119.7 (c 0.4,
CH2Clz); '"H NMR (500 MHz, CDCl3, 81): 8.20-7.85 (m, 6 H, Ar), 7.63—7.35 (m,
14 H, Ar), 6.14 (app dt, 1 H, J=7.8, 3.4 Hz, H-5), 5.66 (d, 1 H, J= 5.2 Hz, H-3),
549 (d, 1 H,J=1.2Hz, H-2),5.32 (s, 1 H, H-1), 4.84-4.72 (m, 2 H, H-6a,b), 4.66
(dd, 1 H,J=5.3,3.5Hz,H-4),3.78 (td, 1 H, J=9.6, 6.7 Hz, octyl OCHz), 3.56 (td,
1 H,J=9.5,6.3 Hz, octyl OCH>), 3.25 (t, 2 H, J= 6.9 Hz, octyl CH2N3), 1.64—1.60
(m, 4 H, octyl CHz), 1.44-1.29 (m, 8 H, octyl CH,); *C NMR (125 MHz, CDCl;,
dc): 166.1 (C=0), 165.7 (C=0), 165.6 (C=0), 165.5 (C=0), 133.4 (Ar), 133.3 (Ar),
133.2 (Ar), 133.1 (Ar), 129.9 (Ar), 129.9 (Ar), 129.8 (Ar), 129.7 (Ar), 129.6 (Ar),
129.5 (Ar), 129.1(Ar), 129.0 (Ar), 128.4 (Ar), 128.4 (Ar), 128.4 (Ar), 105.6 (C-1),
82.1 (C-2), 81.2 (C-4), 76.8 (C-3), 70.3(C-5), 67.6 (octyl OCH), 63.6 (C-6), 51.5
(octyl CH2N3), 29.5 (octyl CH»), 29.3 (octyl CH»), 29.1 (octyl CH»), 28.8 (octyl
CH>), 26.7 (octyl CH>), 26.1 (octyl CH,). HR ESIMS: m/z [M+Na'] calcd for

C42H43N3NaOjo: 772.2841. Found: 772.2833.
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HOG O(CHo)sNs
HO
HO  OH

3.38

8-Azido-octyl p-D-galactofuranoside (3.38). Compound 3.37 (1.1 g, 1.5 mmol)
was debenzoylated according to the general debenzoylation procedure described
above. Removal of the solvent afforded an oily residue, which was purified by
column chromatography (9:1 CH2Cl>-MeOH) to give compound 3.38 (444 mg,
89%) as a colorless oil. Ry 0.4 (5:1 CH2Cl,-MeOH); [a]p —49.5 (¢ 0.4, CH,Cly); 'H
NMR (500 MHz, CDCl;, éu): 4.98 (s, 1 H, H-1), 4.13-3.97 (m, 4 H, H-2, H-3, H-
4, H-5), 3.82-3.64 (m, 3 H, H-6a,b, octyl CH>), 3.44 (dt, 1 H, J=9.6, 6.7 Hz, octyl
CH>), 3.28 (t,J= 6.9 Hz, 2 H, octyl CH2N3), 1.62—-1.58 (m, 4 H, octyl CH>), 1.36—
1.21 (m, 8 H, octyl CHa); 3C NMR (125 MHz, CDCls, ¢): 107.9 (C-1), 85.6 (C-
4), 79.9 (C-3), 78.2 (C-5), 71.1 (C-2), 68.0 (octyl OCH>), 64.2 (C-6), 51.5 (octyl
CH2N3), 29.5 (octyl CHz), 29.3 (octyl CH»), 29.1 (octyl CHz), 28.8 (octyl CH>),
26.7 (octyl CH»), 25.9 (octyl CH,); HR ESIMS: m/z [M+Na'] calcd for
C14H27N3NaOg: 356.1792. Found: 356.1790.

HQO O(CH,)gN3
HO
TrO OH

3.39
8-Azido-octyl 6-O-trityl-p-D-galactofuranoside (3.39). To a solution of
compound 3.38 (1.2 g, 3.6 mmol) in pyridine (35 mL), trityl chloride (1.5 g, 5.31

mmol) was added. The reaction mixture was stirred at 50 °C for 48 h. After cooling,
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the solvent was evaporated; co-evaporation with toluene removed all traces of
pyridine. The residue was then purified using column chromatography (19:1
CH2Cl>-MeOH) to give 3.39 (1.44 g, 70%) as a colorless oil. Ry 0.49 (19:1 CH>Clo—
MeOH); [a]p —63.6 (c 0.5, CH>Cl,); '"H NMR (500 MHz, CDCl3, 81) 7.49-7.42 (m,
5 H, Ar), 7.37-7.25 (m, 10 H, Ar), 4.96 (s, 1 H, H-1), 4.104.01 (m, 2 H, H-2, H-
3),3.97-3.91 (m, 2 H, H-4, H-5), 3.68 (dt, 1 H, J=9.6, 6.7 Hz, octyl OCH>), 3.45—
3.33 (m, 3 H, octyl CH», H-6a,b), 3.25 (t, 2 H, J = 7.0 Hz, octyl CH>N3), 1.57-1.52
(m, 5 H, octyl CH>), 1.39-1.27 (m, 7 H, octyl CH>); *C NMR (125 MHz, CDCl;,
dc) 143.6 (Ar), 128.6 (Ar), 127.9 (Ar), 127.3 (Ar), 108.3 (C-1), 87.2 (Ph3C) 86.9
(C-4),79.1 (C-2), 78.3 (C-3), 70.8 (C-5), 67.6 (C-6), 64.7 (octyl OCH>), 51.5 (octyl
CH2N3), 29.4 (octyl CHz), 29.2 (octyl CH»), 29.0 (octyl CHz), 28.8 (octyl CH>),
26.6 (octyl CHy), 26.0 (octyl CH,); HR ESIMS: m/z [M+Na'] calcd for
C33H41N3NaOg: 598.2888. Found: 598.2882.

BZQO O(CH2)8N3
BzO

TrO OBz
3.40
8-Azido-octyl 2,3,5-tri-O-benzoyl-6-O-trityl-p-D-galactofuranoside (3.40). A
solution 0f3.39 (1.2 g, 2.08 mmol) in pyridine (50 mL) was cooled to 0 °C. Benzoyl
chloride (1.68 g, 12 mmol) was then added slowly. The reaction mixture was stirred
overnight and was then poured over ice water mixture and extracted with CH>Cl.
The organic layer was washed with brine, dried over anhydrous Na;SOs, filtered
and concentrated to give a crude residue that was purified using column

chromatography (3:1 Hexane—EtOAc) to give 3.40 (1.45g, 82%) as a white solid,
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Ry 0.39 (3:1 Hexane—EtOAc); [o]p —51.2 (¢ 0.5 CH»Cly); 'H NMR (500 MHz,
CDCls, 8) 8.22-8.10 (m, 2 H, Ar), 8.08 (d, 2 H, /= 8.2 Hz, Ar), 7.90 (d, 2 H, J =
8.2 Hz, Ar), 7.67-7.18 (m, 24 H, Ar), 5.89-5.77 (app dt, 1 H, J=10.0, 5.1 Hz, H-
5),5.46 (d, 1 H, J=4.8 Hz, H-3), 5.38 (s, 1 H, H-1), 5.27 (d, 1 H, J=4.9 Hz, H-2),
474 (dd, 1 H, J=5.3, 4.8 Hz, H-4), 3.82-3.71 (m, 2 H, H-6a,b), 3.62 (dd, 1 H, J =
9.7, 6.0 Hz, octyl OCH>), 3.53 (ddt, 1 H, J = 18.5, 9.8, 5.6 Hz, octyl OCH>), 3.23
(t, 3 H, J= 7.0 Hz, octyl CH>N3), 1.71-1.54 (m, 4 H, octyl CH>), 1.37-1.28 (m, 8
H, octyl CHa); *C NMR (125 MHz, CDCl;, 8¢) 165.7 (C=0), 165.5 (C=0), 165.5
(C=0), 143.6 (Ar), 133.4 (Ar), 133.2 (Ar), 133.1 (Ar), 130.0 (Ar), 129.9 (Ar),129.9
(Ar), 129.8 (Ar), 129.3 (Ar), 129.1 (Ar), 128.6 (Ar), 128.4 (Ar), 128.3 (Ar), 127.8
(Ar), 127.0 (Ar), 105.4 (C-1), 86.9 (Ph;C), 82.3 (C-4), 80.9 (C-2), 76.5 (C-3), 72.1
(C-5), 67.4 (C-6), 62.7 (octyl OCH>), 51.4 (octyl CH2N3), 29.5 (octyl CHa), 29.3
(octyl CH>), 29.1 (octyl CH,), 28.8 (octyl CHa), 26.7 (octyl CHa), 26.1 (octyl CHa);

HR ESIMS: m/z [M+Na'] calcd for Cs4sHs3N3NaOo: 910.3814. Found: 910.3815.

BzOn_ O(CH:)gN3 BzOnH_ O(CH2)gN3
BzO HO
HO OBz BzO OBz
341 3.42

8-Azido-octyl 2,3,5-tri-O-benzoyl-p-D-galactofuranoside (3.41) and 8-
azidooctyl 2,3,6-tri-O-benzoyl-p-D-galactofuranoside (3.42). A solution of
compound 3.40 (1.3 g, 1.46 mmol) in CH>Cl> (35 mL) was cooled to 0 °C and 5%
trifluoroacetic acid in CH2Cl, (20 mL) was added dropwise. The reaction mixture

was stirred for 24 h, concentrated, and then co-evaporated with toluene. The residue
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was purified using column chromatography (4:1 Hexane—EtOAc) to give 3.41 (423
mg, 45%) and 3.42 (329 mg, 35%) both as colourless syrup. Rr0.28 (3.41) and Ry
0.35 (3.42) (3:1 Hexane—EtOAc). Data for 3.41: [o]p —20.5 (¢ 0.4, CHoCL); 'H
NMR (400 MHz, CDCl;, 61) 8.11-8.03 (m, 3 H, Ar), 8.02-7.95 (m, 2 H, Ar), 7.64—
7.48 (m, 3 H, Ar), 7.50-7.26 (m, 7 H, Ar), 5.64 (app dt, 1 H, 7.2, J=4.9 Hz, H-5),
5.60 (d, 1 H, J=5.1 Hz, H-3), 5.48 (d, 1 H, J= 1.0 Hz, H-2), 5.31 (s, 1 H, H-1),
4.68—4.60 (m, 1 H, H-4), 4.08 (br's, 2 H, H-6a,b), 3.76-3.74 (m, 1 H, octyl OCH>),
3.58-3.55 (m, 1 H, octyl OCH>), 3.24 (t, 2 H, J= 7.0 Hz, octyl CH>N3), 1.56—1.48
(m, 4 H, octyl CH>), 1.40—1.24 (m, 8 H, octyl CH>); *C NMR (125 MHz, CDCl;,
dc) 166.4 (C=0), 165.8 (C=0), 165.5 (C=0), 133.6 (Ar), 133.5 (Ar), 133.3 (Ar),
130 (Ar), 129.9 (Ar), 129.7 (Ar), 129.6 (Ar), 129.1 (Ar), 129.1 (Ar), 128.6 (Ar),
128.5 (Ar), 128.5 (Ar), 128.4 (Ar), 105.7 (C-1), 82.2 (C-2), 81.9 (C-4), 77.6 (C-5),
73.5 (C-3), 67.6 (octyl OCH»), 62.7 (C-6), 51.0 (octyl CH2N3), 29.5 (octyl CHy),
29.3 (octyl CHz), 29.1 (octyl CH>), 28.8 (octyl CH>), 26.7 (octyl CH»), 26.1 (octyl
CH,); HR ESIMS: m/z [M+Na'] caled for C3sH3oN3NaOy: 668.2579. Found:
668.2575. Data for 3.42 [a]p +2.9 (c 0.4, CH2ClL); 'H NMR (400 MHz, CDCls, 8n)
8.11-8.02 (m, 6 H, Ar), 7.63-7.52 (m, 3 H, Ar), 7.49-7.39 (m, 6 H, Ar), 5.64 (d, 1
H, J=4.8 Hz, H-3), 5.52 (d, 1 H, J= 1.3 Hz, H-2), 5.27 (s, 1 H, H-1), 4.60 (dd, 1
H, J=12.6, 8.0 Hz, H-6a), 4.55-4.44 (m, 2 H, H-5, H-6a), 4.37 (dd, 1 H, J=4.8,
2.2 Hz, H-4),3.72 (dt, 1 H, J=9.5, 6.7 Hz, octyl OCH), 3.51 (dt, 1 H,J=9.5,6.2
Hz, octyl OCH>), 3.21 (t, 2 H, J= 7.0 Hz, octyl CH2N3), 2.40 (s, 1 H, OH), 1.68—
1.43 (m, 4 H, octyl CH>), 1.30-1.19 (m, 8 H, octyl CH,); *C NMR (125 MHz,

CDCl3, 5¢) 166.5 (C=0), 166.0 (C=0), 165.4 (C=0), 133.6 (Ar), 133.1 (Ar), 129.9
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(Ar), 129.9 (Ar), 129.8 (Ar), 129.7 (Ar), 129.2 (A1), 129.1 (A1), 128.6 (A1), 128.5
(Ar), 128.4 (Ar), 105.7 (C-1), 83.1 (C-4), 81.5 (C-2), 78.2 (C-3), 69.1 (C-5), 67.6
(C-6), 66.2 (octyl OCH>), 51.4 (octyl CH2N3), 29.4 (octyl CHz), 29.2 (octyl CH>),
29.1 (octyl CHz), 28.8 (octyl CHz), 26.6 (octyl CH»), 26.0 (octyl CH»); HR ESIMS:
m/z [M+Na'] calcd for C35H30N3NaOo: 668.2579. Found: 668.2563.

BzO,O STol
LevO

BzO OBz
3.32
p-Tolyl 2,3,6-tri-O-benzoyl-5-0O-levulinoyl-1-thio-f-D-galactofuranoside
(3.32). A mixture of 3.30"* (840 mg, 1.4 mmol), levulinic acid (215 pL, 2.1 mmol),
dicyclohexylcarbodiimide =~ (DCC, 433 mg, 2.1 mmol) and 4-
(dimethylamino)pyridine (DMAP, 86 mg, 0.7 mmol) in CH>Cl> (30 mL) was stirred
for 3 h. The reaction mixture was diluted with CH>Cl,, filtered through Celite and
then the organic layer was washed with a saturated NaHCOs3 solution and brine.
The organic layer was then dried over anhydrous Na;SOs, filtered, and concentrated
to give a residue that was purified using column chromatography (3:1 Hexane—
EtOAc) to give compound 3.32 (847 mg, 87%) as a colourless syrup, Rr0.31 (2:1
Hexane-EtOAc); [a]p —19.8 (¢ 9.0, CH2Cly); 'H NMR (400 MHz, CDCls, 8y) 8.09
(ddd, 4 H, J= 8.3, 6.1, 1.2 Hz, Ar), 8.00 (dd, 2 H, J = 8.3, 1.3 Hz, Ar), 7.63-7.52
(m, 3 H, Ar), 7.50-7.38 (m, 8 H, Ar), 7.12 (d, 2 H, J= 7.9 Hz, Ar), 5.80 (app dt, 1
H,J=17.0,4.3 Hz, H-5),5.74 (d, 1 H, J=1.7 Hz, H-1), 5.69 (app t, 1 H,J= 1.8 Hz,
H-2),5.62 (dd, 1 H, J=4.5, 2.1 Hz, H-3), 4.81 (app t, | H, J=4.6 Hz, H-4), 4.68

(dd, 1 H, J=11.9, 4.3 Hz, H-6a), 4.56 (dd, 1 H, J=11.9, 7.0 Hz, H-6b), 2.71-2.57
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(m, 4 H, Lev-(CH2)2), 2.33 (s, 3 H, Ar-CH3), 2.08 (s, 3 H, Lev-CH3); *C NMR
(125 MHz, CDCl, 8¢) 205.9 (C=0), 172.0 (C=0), 166.0 (C=0), 165.5 (C=0),
165.3 (C=0), 138.3 (Ar), 133.7 (Ar), 133.2 (Ar), 133.1 (Ar), 130.1 (A1), 129.9 (Ar),
129.9 (Ar), 129.8 (Ar), 129.6 (Ar), 129.4 (Ar), 129.0 (Ar), 128.9 (Ar), 128.6 (Ar),
128.6 (Ar), 128.4 (Ar), 91.5 (C-1), 82.0 (C-2), 81.2 (C-4), 77.6 (C-3), 69.9 (C-5),
63.2 (C-6), 37.9 (Lev-CHa), 29.7 (Lev-CHy), 28.1 (Lev-CH3), 21.2 (Ar-CH3); HR
ESIMS: m/z [M+Na'] calcd for C3oH3sNaO10S: 719.1921. Found: 719.1912

BzO’O STol
BzO

LevO OBz
3.33
p-Tolyl 2,3,5-tri-O-benzoyl-6-0O-levulinoyl-1-thio-B-D-galactofuranoside
(3.33). The same synthetic procedure employed to obtain 3.32, was used to
synthesize 3.33, where a mixture of 3.31'* (510 mg, 0.85 mmol), levulinic acid (130
pL, 1.27 mmol), dicyclohexylcarbodiimide (DCC, 262 mg, 1.27 mmol) and 4-
(dimethylamino)pyridine (DMAP, 52 mg, 0.43 mmol) in CH>Cl, (30 mL) was
stirred for 3.5 h and the same work up for 3.32 was applied here to give compound
3.33 (520 mg, 88%) as a colourless syrup, Rr0.28 (2:1 Hexane—EtOAc); [a]p —74.0
(c 1.7, CH2Clz), '"H NMR (400 MHz, CDCls, 61) 8.09 (ddd, 4 H, J=13.0, 8.2, 1.1
Hz, Ar), 7.90 (dd, 2 H, J= 8.3, 1.2 Hz, Ar), 7.64-7.43 (m, 7 H, Ar), 7.33 (dt, 4 H,
J=17.8,79 Hz, Ar), 7.13 (d, 2 H, J = 8.0 Hz, Ar), 5.96 (app dt, 1 H, J=8.1, 4.3
Hz, H-5), 5.78 (s, 1 H, H-1), 5.68-5.59 (m, 2 H, H-2, H-3), 4.93-4.81 (m, 1 H, H-
4),4.58 (dd, 1 H, J=11.8, 4.5 Hz, H-6a), 4.49 (dd, 1 H, J=11.8, 7.3 Hz, H-6b),

2.66 (t,2 H,J = 6.7, Hz, Lev-CHb), 2.54 (t, 2 H, J = 6.5, Hz, Lev-CH), 2.34 (5, 3
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H, Ar-CH3), 2.09 (s, 3 H, Lev-CH3); *C NMR (125 MHz, CDCls, 5¢) 206.2 (C=0),
172.2 (C=0), 165.7 (C=0), 165.5 (C=0), 165.3 (C=0), 138.3 (Ar), 133.6 (Ar),
133.5 (Ar), 133.4 (Ar), 133.2 (Ar), 130.1 (Ar), 130 (Ar), 129.9 (Ar), 129.9 (Ar),
129.5 (Ar), 129.3 (Ar), 128.9 (Ar), 128.8 (Ar), 128.6 (Ar), 128.5 (Ar), 91.6 (C-1),
82.3 (C-2), 81.4 (C-4), 77.9 (C-3), 70.2 (C-5), 63.0 (C-6), 37.8 (Lev-CHa), 29.7
(Lev-CH>), 27.8 (Ar-CH3), 21.2 (Lev-CH3); HR ESIMS: m/z [M+Na'] calcd for
C39H36NaO10S: 719.1921. Found: 719.1912

BZOO O(CH2)8N3

Bz0p O
BzO BzO OBz
BzO OBz
3.43

8-Azido-octyl 2,3,5,6-tetra-O-benzoyl--D-galactofuranosyl)-(1—5)-2,3,6-tri-
O-benzoyl-p-D-galactofuranoside (3.43). Acceptor 3.42 (110 mg, 0.17 mmol),
donor 3.26 (176 mg, 0.26 mmol), and activated powdered 4 A molecular sieves
(425 mg) were added to CH2Cl> (25 mL). The reaction mixture was cooled to 0 °C
and stirred for 15 min before the addition of NIS (55 mg, 0.23 mmol) and AgOTf
(10 mg, 0.042 mmol). After 30 min EtsN was added. The mixture was then diluted
with CH2Cl, and filtered through Celite. The organic layer was washed with a
saturated solution of NazS>03 then brine, dried over Na>SOy, filtered, concentrated
and purified by column chromatography afforded disaccharide 3.43 (182 mg, 88%)
as a colourless oil (2:1 Hexanes—EtOAc). Rr0.31 (2:1 Hexane-EtOAc); [a]p —67.2
(c 1.5, CH,CL); '"H NMR (400 MHz, CDCls, 81 ) 7.99-7.84 (m, 11 H, Ar), 7.83

(d, 4 H, J = 7.8 Hz, Ar), 7.65-7.01 (m, 20 H, Ar), 6.11 (app dt, 1 H, J= 7.0, 3.6
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Hz, H-5"), 5.86 (dd, 1 H, J = 5.1, 1.3 Hz, H-3), 5.82 (s, | H, H-1"), 5.72 (s, 1 H, H-
2%),5.63(dd, 1 H,J =5.1,1.1 Hz, H-3"), 5.51 (s, 1 H, H-2), 5.22 (s, 1 H, H-1), 5.08
(dd, 1 H, J = 5.0, 3.5 Hz, H-4"), 4.75-4.64 (m, 5 H, H-6a, H-6a’, H-5, H-6b, H-
6b°), 4.56-4.42 (dd, 1 H, J = 5.1, 1.0 Hz, H-4), 3.75 (ddd, 1 H, J = 10.0, 6.0, 6.0
Hz, octyl OCH>), 3.51 (ddd, 1 H, J= 10.0, 6.0, 6.0 Hz, octyl OCH>), 3.20 (t, 2 H, J
= 7.0 Hz, octyl CH2N3), 1.57-1.50 (m, 4 H, octyl OCH>), 1.37-1.22 (m, 8 H, octyl
OCH,); *C NMR (125 MHz, CDCl3, 8¢) 166.1 (C=0), 166.0 (C=0), 165.6 (C=0),
165.6 (C=0), 165.5 (C=0), 165.4 (C=0), 165.2 (C=0), 133.4 (Ar), 133.4 (Ar),
133.3 (Ar), 133.2 (Ar), 133.1 (Ar), 133.0 (Ar), 132.9 (Ar), 129.9 (Ar), 129.9 (Ar),
129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.8 (Ar), 129.7 (Ar), 129.6 (Ar), 129.5 (Ar),
129.0 (Ar), 128.9 (Ar), 128.9 (Ar), 128.8 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar),
128.3 (Ar), 128.2 (Ar), 128.1 (Ar), 105.5 (C-1°), 105.2 (C-1), 82.4 (C-2"), 82.1 (C-
2), 82.0 (C-4"), 81.7 (C-4), 77.9 (C-3), 77.5 (C-3"), 77.3 (C-5), 77.1 (C-5"), 70.5
(C-6), 67.5 (octyl OCHb), 64.6 (C-6), 51.4 (octyl CHaN3), 29.4 (octyl CHz), 29.2
(octyl CH2), 29.1 (octyl CHy), 28.8 (octyl CH2), 26.6 (octyl CHy), 26.1(octyl CHy);
HR ESIMS: m/z [M+Na'] caled. for CeoHesN3OisNa: 1246.4155. Found:
1246.4158.

BZQO O(CH2)8N3
BzO
BZO,O (@) OBz
BzO

BzO OBz

3.44
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8-Azido-octyl 2,3,5,6-tetra-O-benzoyl-p-D-galactofuranosyl-(1—6)-2,3,5-tri-O-
benzoyl-p-D-galactofuranoside (3.44). Acceptor 3.41 (100 mg, 0.15 mmol) and
thioglycoside donor 3.26 (160 mg, 0.23 mmol) were dissolved in in CHxCl, (25
mL) and activated powdered 4 A molecular sieves (400 mg) were added. The
reaction mixture was cooled to 0 °C and stirred for 15 min before the addition of
NIS (80 mg, 0.16 mmol) and AgOTf (14.2 mg, 0.06 mmol). After 30 min, EtzN was
added. The mixture was then diluted with CH>Cl; and filtered through Celite. The
organic layer was washed with a saturated solution of Na>S>O3 then brine, dried
over NaxSQOs, filtered, concentrated and purified by column chromatography (2:1
Hexanes—EtOAc) to give 3.44 (150 mg, 89%) as as a colourless oil. Ry 0.29 (2:1
Hexane-EtOAc); [o]p —67.2 (¢ 0.6, CH2Cly); '"H NMR (400 MHz, CDCls, &)
8.09-7.99 (m, 8 H, Ar), 7.98-7.89 (m, 4 H, Ar), 7.80-7.76 (m, 2 H, Ar), 7.54-7.44
(m, 7 H, Ar), 7.39-7.25 (m, 14 H, Ar), 6.07 (app dt, 1 H, J = 5.0, 3.6 Hz, H-5’),
591 (app dt, 1 H, J = 5.0, 3.8 Hz, H-5), 5.62-5.58 (m, 2 H, H-3, H-3"), 5.44 (d,1
H,J=1.1 Hz, H-2"),5.41 (d, 1 H,J = 1.1, H-2), 539 (s, 1 H, H-1"), 5.26 (br s, 1
H, H-1), 4.80-4.72 (m, 3 H, H-4, H-6a’, H-6b), 4.70 (dd, 1 H, J = 4.9, 3.8 Hz, H-
4’),4.20 (dd, 1 H, J = 10.5, 5.8 Hz, H-6a), 4.06 (dd, 1 H, J = 10.5, 5.8 Hz, H-6b),
3.75(ddd, 1 H, J=10.0, 6.0, 6.0 Hz, octyl OCHz), 3.52 (ddd, 1 H, J=10.0, 6.0, 6.0
Hz, octyl OCH>), 3.20 (t, 2 H, J = 7.0 Hz, octyl CH2N3), 1.57-1.51 (m, 4 H, octyl
OCH,), 1.34-1.22 (m, 8 H, octyl OCH>); '*C NMR (125 MHz, CDCls, §¢) 166.1
(C=0), 165.8 (C=0), 165.7 (C=0), 165.6 (C=0), 165.6 (C=0), 165.4 (C=0), 165.2
(C=0), 137.4 (Ar), 133.9 (Ar), 133.4 (Ar), 133.3 (Ar), 133.2 (Ar), 133.2 (Ar), 133.1

(Ar), 132.9 (Ar), 129.9 (Ar), 129.8 (Ar), 129.7 (A1), 129.6 (Ar), 129.4 (Ar), 129.1
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(Ar), 129.0 (Ar), 128.9 (Ar), 128.8 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3
(Ar), 128.3 (Ar), 106.1 (C-17), 105.7 (C-1), 82.2 (C-2’), 81.9 (C-2), 81.8 (C-4’),
81.3 (C-4), 77.5 (C-3), 77.4 (C-3’), 77.30 (C-5), 77.1 (C-57), 71.2 (C-6), 70.2 (C-
6°), 67.7 (octyl OCHz), 51.4 (octyl CH2N3), 29.4 (octyl CHa), 29.2 (octyl CH»),
29.1 (octyl CHz), 28.8 (octyl CH»), 26.6 (octyl CHz), 26.0 (octyl CH>), 21.1 (octyl
CH»); HR ESIMS: m/z [M+Na'] calcd. for CeoHesN3O1sNa: 1246.4155. Found:

1246.4148.

HO5 O(CH;)gN3
HOo_ O
HO HO OH
HO OH

3.1
8-Azido-octyl p-D-galactofuranosyl-(1—5)-p-D-galactofuranoside @3.1).
Applying the general deprotection procedure using Zémplen conditions on
disaccharide 3.43 (100 mg, 0.08 mmol) afforded, after purification, the final target
compound 3.1 (35 mg, 89%) as a colourless syrup. Purification was done using
column chromatography (5:1 CH>,Clb-MeOH) followed by further purification
using C18 silica gel using HO—-MeOH as the eluent. R0.41 (4:1 CH2Cl.-MeOH);
[a]p —124.2 (c 0.5, MeOH); '"H NMR (500 MHz, CDsOD, &) 5.17 (brs, 1 H, H-
1),4.82 (brs, 1 H, H-1),4.15(dd, 1 H, J = 5.9, 3.7 Hz, H-3"), 4.12-3.97 (m, 3 H,
H-2, H-2’, H-3), 3.91-3.87 (m, 1 H, H-4"), 3.81-3.77 (m, 2 H, H-4’, H-5"), 3.75—
3.69 (m, 3 H, H-5, H-6a, H-6b), 3.70-3.61 (m, 3 H, H-6’a, H-6’b, octyl OCH>),

3.40 (td, 1 H, J = 9.6, 6.5 Hz, octyl OCH>), 3.27 (t, 2 H, J = 6.9 Hz, octyl CH2N3),
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1.57-1.48 (m, 4 H, octyl CH>), 1.40—1.32 (m, 8 H, octyl CH>); *C NMR (125 MHz,
CD;0D, 8¢) 109.3 (C-1°), 109.1 (C-1), 84.8 (C-2°), 83.6 (C-2), 83.4 (C-4’), 82.7
(C-4), 78.7 (C-3), 78.6 (C-3"), 77.1 (C-5), 72.2 (C-5"), 68.9 (C-6), 64.2 (octyl
OCH>), 62.8 (C-6"), 52.4 (octyl CH2N3), 30.6 (octyl CH>), 30.3 (octyl CHa), 30.2
(octyl CH2), 29.9 (octyl CHz), 27.7 (octyl CH), 27.1 (octyl CH,); HR ESIMS: m/z

[M+Na'] caled. for C20H37N3NaO11: 518.2320. Found: 518.2317.

HOG O(CHp)gNs
HO
HOG O°  OH
HO
HO OH

3.2
8-Azido-octyl p-D-galactofuranosyl-(1—6)-p-D-galactofuranoside 3.2).
Applying the general deprotection procedure using Zémplen conditions on
disaccharide 3.44 (80 mg, 0.06 mmol) afforded, after purification, the final target
compound 3.2 (27 mg, 91%) as a colourless syrup. Purification was done using
column chromatography (5:1 CH>Clb-MeOH) followed by further purification
using C18 silica gel using H O—MeOH as eluent, R0.43 (4:1 CH2Cl.-MeOH); [a]p
-98.3 (¢ 1.1, MeOH); 'H NMR (500 MHz, CD3OD, 8u) 4.91 (d, 1 H, J = 1.1 Hz,
H-17),4.83 (brs, 1 H, H-1), 4.02-3.99 (m, 1 H, H-3"), 3.99-3.96 (m, 3 H, H-2, H-
2’, H-3),3.92 (dd, 1 H, J = 3.8, 1.86 Hz, H-4"), 3.86-3.80 (m, 2 H, H-4’, H-5"),
3.80(dd, 1 H,J =10.3,4.33 Hz, H-62’), 3.74-3.67 (m, 3 H, H-6’b, H-6a,b), 3.64—

3.59 (m, 1 H, H-5), 3.56-3.51 (m, 1 H, octyl OCHa), 3.41 (td, 1 H, J = 9.6, 6.6 Hz,
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octyl OCH>), 3.27 (t,2 H, J = 6.9 Hz, octyl CH2N3), 1.63—1.54 (m, 4 H, octyl CH>),
1.37-1.25 (m, 8 H, octyl CH>); *C NMR (125 MHz, CD;0D, &¢) 110.0 (C-1°),
109.3 (C-1), 84.9 (C-2°), 84.6 (C-2), 83.5 (C-4’), 82.9 (C-4), 78.8 (C-3), 72.5 (C-
3%), 71.1 (C-5), 70.7 (C-5’), 68.9 (C-6), 64.5 (C-6’), 62.8 (octyl OCH>), 52.5 (octyl
CH>N3), 30.7 (octyl CH»), 30.2 (octyl CH»), 30.3 (octyl CH»), 29.9 (octyl CH»),
27.8 (octyl CH,), 27.2 (octyl CHz); HR ESIMS: m/z [M+Na'] caled. for

C20H37N3NaOq1: 518.2320. Found: 518.2315.

BZO,O O(CH2)8N3
BzO
BzO O OBz
LevO

BzO OBz
3.45
8-Azido-octyl  2,3,6-tri-O-benzoyl-5-O-levulinoyl-p-D-galactofuranosyl-(1—
6)-2,3,5-tri-O-benzoyl-p-D-galactofuranoside (3.45). Acceptor 3.41 (200 mg,
0.31 mmol), donor 3.32 (324 mg, 0.46 mmol), activated powdered 4 A molecular
sieves (425 mg) in CH2Clz (25 mL) were cooled to 0 °C. The reaction mixture was
stirred for 15 min before the addition of NIS (104 mg, 0.46 mmol) and AgOTf (20
mg, 0.078 mmol). After 30 min Et;N was added. The mixture was diluted with
CH>Cl; and filtered through Celite. The organic layer was washed with a saturated
solution of NayS>0Os3 then brine, dried over Na;SOs, filtered, concentrated and
purified by column chromatography (2:1 Hexane—EtOAc) to give 3.45 (317 mg,

87%) as a colorless oil, Ry 0.35 (2:1 Hexane—-EtOAc); [a]p —3.6 (c 0.5, CH.Clb); 'H
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NMR (500 MHz, CDCls, &) 8.11-7.97 (m, 10 H, Ar), 7.97-7.88 (m, 2 H, Ar),
7.61-7.27 (m, 18 H, Ar), 5.94 (app dt, 1 H, J= 5.9, 4.1 Hz, H-5), 5.80 (app dt, 1 H,
J=6.0,3.8 Hz, H-5"), 5.62 (d, | H, J= 5.8 Hz, H-3), 5.51 (d, | H, J=5.9 Hz, H-
3%),5.47(d, 1 H,J= 1.0 Hz, H-2"), 5.45 (d, 1 H, J= 1.2 Hz, H-2), 5.39 (s, | H, H-
1°), 5.30 (s, 1 H, H-1), 4.77-4.64 (m, 3 H, H-4, H-4’, H-6’a), 4.60 (dd, 1 H, J =
12.0, 7.5 Hz, H-6’b), 4.22 (dd, 1 H, J=10.6, 5.5 Hz, H-6a), 4.07 (dd, J= 10.6, 6.7
Hz, H-6b), 3.77 (dt, 1 H, J= 9.6, 6.6 Hz, octyl OCH>), 3.55 (dt, 1 H, J= 9.6, 6.4
Hz, octyl OCH>), 3.22 (t, 2 H, J = 7.0 Hz, octyl CH>N3), 2.72-2.33 (m, 4 H, Lev-
(CHa)2), 2.06 (5, 3 H, Lev-CHs3), 1.69-1.44 (m, 4 H, octyl CHb), 1.44-1.12 (m, 8 H,
octyl CH»); 1*C NMR (125 MHz, CDCl3, &¢) 205.8 (Lev C=0), 171.9 (C=0), 166.0
(C=0), 165.8 (C=0), 165.7 (C=0), 165.5 (C=0), 165.5 (C=0), 165.1 (C=0), 133.5
(Ar), 133.4 (Ar), 133.4 (Ar), 133.4 (A1), 133.1 (A1), 133.1 (Ar), 129.9 (Ar), 129.9
(Ar), 129.9 (Ar), 129.8 (Ar), 129.8 (A1), 129.7 (A1), 129.7 (Ar), 129.2 (Ar), 129.1
(Ar), 129.1 (Ar), 128.9 (Ar), 128.5 (A1), 128.5 (A1), 128.4 (Ar), 128.4 (Ar), 128.4
(Ar), 128.4 (Ar), 106.1 (C-1"), 105.7 (C-1), 82.2 (C-2), 81.7 (C-2"), 81.6 (C-4), 81.4
(C-4),77.6 (C-3),77.5(C-3), 71.3 (C-5), 70.0 (C-5"), 67.7 (octyl OCH2), 66.2 (C-
6), 63.5 (C-6"), 51.4 (octyl CH2N3), 37.9 (Lev-CHz), 29.6 (Lev-CH3), 29.4 (Lev-
CH>), 29.3 (octyl CHz), 29.1 (octyl CHz), 28.8 (octyl CH2), 28.0 (octyl CH>), 26.7
(octyl CH»), 26.1 (octyl CHz); HR ESIMS: m/z [M+Na'] calcd for Cs7He7N3NaOjo:

1240.4261. Found: 1240.4251.
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BZOO O(CH2)8N3
BzO
BzOq 9 OBz
HO

BzO OBz
3.46
8-Azido-octyl 2,3,6-tri-O-benzoyl-B-D-galactofuranosyl-(1—6)-2,3,5-tri-O-
benzoyl-p-D-galactofuranoside (3.46). A solution of 3.45 (250 mg, 0.21 mmol) in
8 mL (3:1 CH2Clb-MeOH) and hydrazine acetate (37 mg, 0.4 mmol) was stirred
for 2.5 h. The solvent was removed and the residue was diluted with EtOAc. The
organic layer was then washed with a saturated solution of NaHCO3, brine, dried
over anhydrous Na,SOg, filtered and concentrated. The crude residue was purified
using column chromatography (2.5:1 Hexane—EtOAc) to give 3.46 (185 mg, 83%)
as a colourless syrup, R;0.42 (2:1 Hexane-EtOAc); [a]p —29.3 (c 0.5, CH,Cl,); 'H
NMR (500 MHz, CDCl3, 6n) 8.13-8.00 (m, 10 H, Ar), 7.59-7.26 (m, 20 H, Ar),
5.95-5.90 (m, 1 H, H-5"), 5.68-5.62 (m, 2 H, H-3, H-3"), 5.61 (d, 1 H, /= 1.6 Hz,
H-2), 5.50-5.43 (br s, 2 H, H-1°, H-2"), 5.39 (d, 1 H, J = 1.3 Hz, H-1), 4.69-4.65
(m, 1 H, H-5),4.62 (ddd, 1 H,J=11.2, 6.9, 2.8 Hz, H-4), 4.56-4.43 (m, 3 H, H-4’,
H-6’a,b), 4.19—4.13 (m, 1 H, H-6a), 4.07-4.01 (m, 1 H, H-6b), 3.76 (ddt, 1 H, J =
10.3, 6.5, 3.3 Hz, octyl OCH>), 3.54 (ddt, 1 H, J=10.1, 6.7, 3.2 Hz, octyl OCH>),
3.22 (t, 1 H, J=7.0 Hz, octyl CH2N3), 2.77 (br s, 1 H, OH), 1.69-1.42 (m, 4 H,
octyl CHa), 1.42-1.12 (m, 8 H, octyl CH>); *C NMR (125 MHz, CDCls, 8¢) 166.5
(C=0), 166.1 (C=0), 165.8 (C=0), 165.7 (C=0), 165.5 (C=0), 165.1 (C=0), 133.5

(Ar), 133.4 (Ar), 133.1 (Ar), 129.9 (A1), 129.9 (A1), 129.8 (Ar), 129.7 (Ar), 129.7
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(Ar), 129.2 (A1), 129.1 (Ar), 129.0 (Ar), 128.9 (Ar), 128.5 (Ar), 128.4 (Ar), 128.3
(Ar), 106.4 (C-1), 105.7 (C-1"), 83.6 (C-2), 82.2 (C-2), 81.5 (C-4), 78.0 (C-4*),
77.6 (C-3*), 71.4 (C-3), 69.2 (C-5), 69.0 (C-5"), 67.7 (octyl OCHa), 66.4 (C-6), 60.4
(C-6"), 51.4 (octyl CHaN3), 29.4 (octyl CHa), 29.3 (octyl CHa), 29.1 (octyl CH),
28.8 (octyl CHa), 26.7 (octyl CHa), 26.1 (octyl CHa); HR ESIMS: m/z [M+Na']
caled for CeaHeN3NaOy7: 1142.3893. Found: 1142.3884.

BZQO O(CH2)8N3
BzO

BzOq o) OBz

BzO’O e} —M

BzO BzO OBz
BzO OBz

3.47

8-Azido-octyl 2,3,5,6-tetra-O-benzoyl-B-D-galactofuranosyl-(1—5)-2,3,6-
tri-O-benzoyl-B-D-galactofuranosyl-(1—6)-2,3,5-tri-O-benzoyl-f-D-

galactofuranoside (3.39). Acceptor 3.46 (180 mg, 0.16 mmol), donor 3.26 (170
mg, 0.24 mmol), and activated powdered 4 A molecular sieves (410 mg) were
added to CH2Cl; (25 mL) and the reaction mixture was cooled to 0 °C. The reaction
mixture was stirred for 15 min before the addition of NIS (85 mg, 0.37 mmol) and
AgOTf (16 mg, 0.062 mmol). After 30 min EtzN was added. The mixture was then
diluted with CH2Cl; and filtered through Celite. The organic layer was washed with
a saturated solution of Na>S»03 then brine, dried over NaxSOa, filtered, and
concentrated. The residue was purified using column chromatography (2:1

Hexane—EtOAc) to give 3.47 (230 mg, 85%) as a colorless syrup, Ry 0.23 (2:1
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Hexane-EtOAc); [a]p —14.1 (¢ 0.5, CH2Cl); '"H NMR (498 MHz, CDCls, &u)
8.07—7.80 (m, 20 H, Ar), 7.53-7.15 (m, 30 H, Ar), 6.06 (app dt, | H, J = 6.2, 3.7
Hz, H-5"), 5.93 (app dt, 1 H, J=6.1, 3.8 Hz, H-5), 5.84 (d, 1 H, J= 6.1 Hz, H-3"),
5.82 (s, 1 H, H-1"), 5.69 (d, | H,J= 1.3 Hz, H-2""), 5.66 (d, 1 H, J= 5.2, H-3""),
5.61(d, 1 H,J=5.0 Hz, H-3), 5.47 (d, 1 H, J= 1.3 Hz, H-2"), 5.44 (d, L H, J=1.2
Hz, H-2), 5.34 (s, 1 H, H-1°), 5.27 (s, 1 H, H-1), 5.06 (dd, 1 H, J=6.1, 5.1 Hz, H-
4°%), 4.81-4.62 (m, 7 H, H-4, H-4’, H-5", H6a’,b’, H6a’*,b’*), 4.19 (dd, 1 H, J =
10.6, 5.6 Hz, H-6a), 4.05 (dd, 1 H, J = 10.6, 6.7 Hz, H-6b), 3.74 (dt, 1 H, J=9.7,
6.6 Hz, octyl OCH>), 3.51 (dt, 1 H, J=9.7, 6.4 Hz, octyl OCH>), 3.18 (t, 2 H, J =
7.0 Hz, octyl CH>N3), 1.63—1.46 (m, 4 H, octyl CH>), 1.39-1.23 (m, 8 H, octyl
CH>); *C NMR (125 MHz, CDCl;, §¢) 166.1 (C=0), 165.9 (C=0), 165.8 (C=0),
165.7 (C=0), 165.7 (C=0), 165.6 (C=0), 165.5 (C=0), 165.5 (C=0), 165.2 (C=0),
165.2 (C=0), 133.3 (Ar), 133.3 (Ar), 133.2 (Ar), 133.1 (Ar), 132.9 (Ar), 132.9 (Ar),
129.9 (Ar), 129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 129.6 (Ar), 129.2 (Ar),
129.1 (Ar), 128.9 (Ar), 128.9 (Ar), 128.8 (Ar), 128.8 (Ar), 128.5 (Ar), 128.3 (Ar),
128.2 (Ar), 128.2 (Ar), 106.1 (C-1), 105.6 (C-1""), 105.4 (C-1°), 83.0 (C-4"), 82.9
(C-47"), 82.1 (C-4), 82.0 (C-2"), 81.8 (C-2""), 81.4 (C-2), 77.8 (C-3"), 77.6 (C-3""),
77.3 (C-3), 72.8 (C-5), 71.2 (C-5°), 70.5 (C-5""), 67.8 (C-6), 66.1 (octyl OCH>),
65.1 (C-6"), 63.8 (C-6"), 51.4 (octyl CH2N3), 29.4 (octyl CHz), 29.3 (octyl CH2),
29.1 (octyl CH>), 28.8 (octyl CHa), 26.6 (octyl CHa), 26.0 (octyl CHa); HR ESIMS:

m/z [M+Na'] calcd for CosHg7N3NaOas: 1720.5470. Found: 1720.5459.
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HOG_O(CHz)eN3

HO
HOn ©  OH
HOo O
HO HO  OH
HO  OH
3.3

8-Azido-octyl pB-D-galactofuranosyl-(1—5)-p-D-galactofuranosyl-(1—6)-p-D-
galactofuranoside (3.3). The trisaccharide 3.47 (200 mg, 0.13 mmol) was
subjected to the general deprotection procedure for debenzoylation. The reaction
mixture was stirred overnight and neutralized by glacial acetic acid. The solvents
were evaporated and the residue was purified using column chromatography (2:1
CH2Cl>-MeOH) to give compound 3.3 (74 mg, 87%) as a colorless oil, R0.24 (3:1
CH2Cl,-MeOH); [a]p —113.1 (¢ 2.5, CH2Cly); '"H NMR (500 MHz, CDsOD, &n)
5.16 (s, 1 H, H-1""), 4.90 (s, 1 H, H-1"), 4.83 (s, 1 H, H-1), 4.12 (app dt, 1 H, J =
5.4,3.1 Hz, H-5""), 4.07 (dd, 1 H, J= 6.2, 3.3 Hz, H-5"), 4.05-3.95 (m, 5 H, H-2,
H-2’,H-2"’,H-4’,H-4""), 3.91-3.84 (m, 4 H, H-3"’, H-3’, H-5, H-4), 3.94-3.82 (m,
7 H, H-3, H6a,b, H-6’a,b, H-6’"a,b), 3.51 (dd, 1 H, J=10.3, 6.9 Hz, octyl OCH>),
3.42-3.38 (m, 1 H, octyl OCH>), 3.27 (t, 2 H, J= 6.9 Hz, octyl CH>N3), 1.58-1.50
(m, 4 H, octyl CH>), 1.35-1.12 (m, 8 H, octyl CH>); 3C NMR (126 MHz, CD;0D
0C) 109.8 (C-17), 109.3 (C-1), 109.1 (C-1""), 84.9 (C-4’), 84.5 (C-4), 84.1 (C-4""),
83.5(C-2"), 83.2 (C-27), 82.7 (C-2), 78.8 (C-3”), 78.7 (C-3*"), 78.6 (C-3), 77.2 (C-
5%), 71.3 (C-5), 71.0 (C-5"), 70.6 (C-6’), 68.9 (octyl OCH>), 64.2 (C-6""), 62.7 (C-

6), 52.4 (octyl CHaN3), 30.6 (octyl CHz), 30.4 (octyl CH,), 30.2 (octyl CHa), 29.9
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(octyl CHb), 27.8 (octyl CHa), 27.1 (octyl CHa); HR ESIMS: m/z [M+Na'] calcd

for C26H47N3NaO16: 680.2849. Found: 680.2845.

BZQO O(C H2)8N3

BzOg5 O
LevO BzO OBz
BzO OBz
3.48

8-Azido-octyl  2,3,6-tri-O-benzoyl-5-O-levulinoyl-p-D-galactofuranosyl-(1—
5)-2,3,6-tri-O-benzoyl-p-D-galactofuranoside (3.48).

Acceptor 3.42 (100 mg, 0.15 mmol), donor 3.32 (160 mg, 0.23 mmol), activated
powdered 4 A molecular sieves (380 mg) were added to CH>Cl» (30 mL) and the
reaction mixture was cooled to 0 °C. The reaction mixture was stirred for 15 min
before the addition of NIS (55 mg, 0.23 mmol) and AgOTf (10 mg, 0.034 mmol).
After 30 min, EtsN was added. The mixture was diluted with CH2Cl, and filtered
through Celite. The organic layer was washed with a saturated solution of NaxS>03
then brine, dried over NaxSOa, filtered, and concentrated. The obtained residue was
purified using column chromatography (2:1 Hexane—EtOAc) to give 3.48 (160 mg,
88%) as a colorless oil Ry 0.28 (2:1 Hexane-EtOAc); [a]p —0.7 (¢ 0.4, CH.CL); 'H
NMR (500 MHz, CDCls, dn) 8.08-7.97 (m, 11 H, Ar), 7.90-7.86 (m, 2 H, Ar),
7.59-7.56 (m, 2 H, Ar), 7.53-7.40 (m, 11 H, Ar), 7.38-7.32 (m, 4 H, Ar), 5.84 (app
dt, 1 H,J=7.1, 3.3 Hz, H-5), 5.81-5.76 (m, 2 H, H-1", H-3), 5.74 (dd, 1 H, J =
1.8, 0.6 Hz, H-2"), 5.56 (dd, 1 H, J = 5.2, 1.6 Hz, H-3"), 5.50 (d, 1 H, J = 1.1 Hz,

H-2),5.24 (s, 1 H, H-1), 491 (dd, 1 H, J = 5.1, 4.2 Hz, H-4’), 4.84-4.74 (m, 1 H,
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H-5), 4.76-4.66 (m, 3 H, H-4, H-6’a,b), 4.58—4.48 (m, 2 H, H-6a,b), 3.74 (td, 1 H,
J =9.5,6.7 Hz, octyl OCH>), 3.51 (td, 1 H, J = 9.6, 6.3 Hz, octyl OCH>), 3.23 (t,
2 H, J = 6.9 Hz, octyl CH>2N3), 2.67-2.55 (m, 1 H, Lev-CH>) 2.52-2.45 (m, 1 H,
Lev-CHa), 2.04 (s, 3 H, Lev-CHs), 1.65—1.54 (m, 4 H, octyl CH>), 1.41-1.26 (m, 8
H, octyl CH>); 3C NMR (125 MHz, CDCls, §¢) 205.9 (Lev C=0), 171.9 (C=0),
166.1 (C=0), 165.9 (C=0), 165.7 (C=0), 165.5 (C=0), 165.4 (C=0), 165.2 (C=0),
133.5 (Ar), 133.3 (Ar), 133.1 (Ar), 129.8 (Ar), 129.1 (Ar), 128.9 (Ar), 128.4 (Ar),
105.5 (C-17), 105.3 (C-1), 82.3 (C-2), 81.8 (C-2"), 77.4 (C-4), 77.1 (C-4"), 76.9 (C-
3),73.2 (C-3),70.1 (C-5), 69.8 (C-5), 67.5 (octyl OCH>), 64.6 (C-6), 63.5 (C-6"),
51.4 (octyl CH2N3), 37.9 (Lev-CHb), 29.6 (Lev-CH3), 29.3 (octyl CHa), 29.1 (octyl
CH>), 28.8 (octyl CH>), 27.9 (octyl CH>), 26.7 (octyl CHa), 26.1 (octyl CH»); HR

ESIMS: m/z [M+Na'] caled for Ce7He7N3NaO19: 1240.4261. Found: 1240.4260.

BZOO O(CH2)8N3

HO BzO OBz
BzO OBz

3.49
8-Azido-octyl 2,3,6-tri-O-benzoyl-B-D-galactofuranosyl-(1—5)-2,3,6-tri-O-
benzoyl-p-D-galactofuranoside (3.49). Disaccharide 3.48 (100 mg, 0.08 mmol)
was subjected to the general procedure for the removal of the levulinoyl protecting
group. After purification by column chromatography (2:1 Hexane—EtOAc)
compound 3.49 (82 mg, 92%) was obtained as a colourless oil. Ry 0.34 (2:1 Hexane—

EtOAc); [a]p —0.5 (c 0.4, CH,CLy); "H NMR (500 MHz, CDCls, 8x) 8.05-7.90 (m,
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10 H, Ar), 7.86 (dd, 2 H, J = 8.1, 1.0 Hz, Ar), 7.60-7.28 (m, 16 H, Ar), 7.22 (t, 2
H, J=7.9 Hz, Ar), 5.81-5.78 (m, 1 H, H-5), 5.75 (s, 1 H, H-17), 5.72 (d, 1 H, J =
1.6 Hz, H-2"), 5.65 (app dt, 1 H, J=7.2, 3.2 Hz, H-5"), 5.45 (d, 1 H, J= 1.3 Hz, H-
2),5.17 (s, 1 H, H-1), 4.78-4.60 (m, 5 H, H-3, H-3’, H-4’, H-6a’,b’), 4.49-4.38 (m,
3 H, H-4, H-6a,b), 4.38 (s, 1 H, OH), 3.67 (dt, 1 H, J = 9.5, 6.6 Hz, octyl OCH>),
3.45 (dt, 1 H,J=9.6, 6.3 Hz, octyl OCH>), 3.20 (t, 2 H, J = 7.0 Hz, octyl CH>N3),
1.55-1.48 (m, 4 H, octyl CH>), 1.39—1.19 (m, 8 H, octyl CH>); *C NMR (125 MHz,
CDCls, 8¢) 166.4 (C=0), 166.1 (C=0), 165.9 (C=0), 165.8 (C=0), 165.5 (C=0),
165.2 (C=0), 133.5 (Ar), 133.5 (Ar), 133.3 (Ar), 133.1 (Ar), 132.9 (Ar), 129.9 (Ar),
129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.1 (Ar), 129 (Ar), 128.9 (Ar), 128.9 (Ar),
128.6 (Ar), 128.5 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 105.6 (C-17), 105.5 (C-
1), 83.6 (C-2"), 81.8 (C-4), 81.7 (C-2), 78.0 (C-4"), 73.4 (C-3), 72.3 (C-5), 70.2 (C-
5%), 69.4 (C-3"), 67.5 (octyl OCH), 66.2 (C-6), 64.6 (C-6"), 51.4 (octyl CH2N3),
29.3 (octyl OCHz), 29.2 (octyl OCH2), 29.0 (octyl OCH>), 28.8 (octyl OCH>), 26.6
(octyl OCH2), 26.0 (octyl OCH:); HR ESIMS: m/z [M+Na'] calcd for

Ce2He1N3NaO17: 1142.3893. Found: 1142.3883.
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BZOO O(CH2)8N3

B200
BzOg 0O BzO OBz
LevO BzO OBz
BzO OBz
3.50

8-Azido-octyl  2,3,6-tri-O-benzoyl-5-O-levulinoyl-p-D-galactofuranosyl-(1—
5)-2,3,6-tri-O-benzoyl-pB-D-galactofuranosyl-(1—5)-2,3,6-tri-O-benzoyl-p-D-

galactofuranoside (3.50). Extension of the chain was achieved when acceptor 3.49
(100 mg, 0.09 mmol) was coupled with donor 3.32 (78 mg, 0.11 mmol) in the
presence of NIS (25 mg, 0.11 mmol) and AgOTf (5 mg, 0.017 mmol) as described
for 3.48. After purification by column chromatography (2:1 Hexane—EtOAc) 3.50
(129 mg, 85%) was obtained as a colorless syrup, Rr0.29; [a]p—3.1 (¢ 1.3, CH2CL);
"H NMR (500 MHz, CDCls, 8i) 8.06-7.86 (m, 14 H, Ar), 7.78-7.71 (m, 4 H, Ar),
7.59-7.11 (m, 27 H, Ar), 5.81-5.76 (m, 1 H, H-3""), 5.74 (s, 1 H, H-1), 5.73 (s, 1
H, H-1"’),5.71 (m, 1 H, H-3"),5.68 (d, 1 H,J=19 Hz, H-2*), 5.67(d, 1 H,J=1.7
Hz, H-2"),5.49 (dd, 1 H,J=7.1, 3.3 Hz, H-5""), 5.46 (d, 1 H, J= 1.2 Hz, H-2),
5.19 (s, 1 H, H-1), 4.89-4.78 (m, 2 H, H-4’, H-4""), 4.77-4.58 (m, 8 H, H-3, H-5,
H-5°, H-6a, H-62a’,b’, H-6a’",b’’), 4.52-4.41 (m, 2 H, H-4, H-6b), 3.68 (dt, 1 H, J
=9.5, 6.7 Hz, octyl OCH>), 3.46 (dt, 1 H, J=9.6, 6.2 Hz, octyl OCH>), 3.19 (t, 2
H, J=7.0 Hz, octyl CH2N3), 2.64-2.28 (m, 4 H, Lev-CH>), 1.98 (s, 3 H, Lev-CH:),
1.55-1.39 (m, 4 H, octyl CH>), 1.38-1.24 (m, 8 H, octyl CH>); *C NMR (125 MHz,
CDCls, 6c¢) 205.5 (Lev-C=0), 171.5 (C=0), 166.2 (C=0), 165.9 (C=0), 165.9

(C=0), 165.7 (C=0), 165.6 (C=0), 165.5 (C=0), 165.4 (C=0), 165.3 (C=0), 165.1
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(C=0), 133.5 (A1), 133.5 (Ar), 133.4 (Ar), 133.4 (Ar), 133.2 (Ar), 132.9 (Ar), 132.9
(A1), 129.9 (Ar), 129.9 (A1), 129.8 (Ar), 129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.6
(A1), 129.1 (Ar), 129.1 (A1), 129.0 (Ar), 128.9 (Ar), 128.8 (Ar), 128.8 (Ar), 128.6
(A1), 128.6 (Ar), 128.5 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 128.1
(Ar), 105.4 (C-1°, C-1°"), 105.3 (C-1), 83.2 (C-4’, C-4°"), 82.6 (C-2"), 81.9 (C-2),
81.8 (C-27"). 81.7 (C-4), 77.2 (C-5), 77.1 (C-5""), 73.2 (C-3), 73.1 (C-3"), 72.9 (C-
3%, 70.1 (C-5), 67.4 (octyl OCHa), 65.0 (C-6), 64.4 (C-6"), 63.7 (C-6""), 51.4
(octyl CH3N3), 37.8 (Lev-CHz), 29.6 (Lev-CHs), 29.4 (Lev-CHa), 29.3 (octyl CHy),
29.1 (octyl CHz), 28.8 (octyl CHa), 27.9 (octyl CHz), 26.7 (octyl CHa), 26.0 (octyl
CHy); HR ESIMS: m/z [M+Na'] calcd for CosHsoN3NaO27: 1714.5576. Found:

1714.5564.

BZQO O(C H2)8N3

Bz00
BzO5 O BzO OBz
HO BzO OBz
BzO OBz
3.51

8-Azido-octyl 2,3,6-tri-O-benzoyl-B-D-galactofuranosyl-(1—5)-2,3,6-tri-O-
benzoyl-B-D-galactofuranosyl-(1—5)-2,3,6-tri-O-benzoyl-f-D-

galactofuranoside (3.51). Trisaccharide acceptor 3.51 was obtained from 3.50 (80
mg, 0.047 mmol) according to the general deprotection procedure for the removal
of the levulinoyl group above. Crude 3.51 was purified using column

chromatography (2:1 Hexane—EtOAc) to give 3.51 (67 mg, 90%) as a colourless
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syrup, Ry 0.29 (2:1 Hexane-EtOAc); [a]p—1.2 (¢ 0.5, CH2Cl,); '"H NMR (500 MHz,
CDCls, 6n) 8.04-7.99 (m, 3 H, Ar), 7.96-7.81 (m, 12 H, Ar), 7.56 (dd, 1 H, J =
14.7,7.1 Hz, Ar), 7.33-7.10 (m, 29 H, Ar), 5.82-5.80 (m, 2 H, H-2, H-2"), 5.73 (d,
2 H,J=28Hz H-3,H-3"),5.72 (s, | H, H-2°,”) 5.67 (s, 1 H, H-1""), 5.64-5.59
(m, 1 H, H-3""),5.47 (s, 1 H, H-1°), 5.20 (s, 1 H, H-1), 4.87 (dd, 1 H, J = 5.0, 3.1
Hz, H-5"’), 4.77-4.60 (m, 7 H, H-4, H-4’, H-6a,b, H-6’a,b, H-6""a), 4.50—4.48 (m,
1 H, H-4""), 4.45 (d, 2 H, J = 5.4 Hz, H-5, H-5"), 4.39-4.32 (m, 2 H, H-6""b, OH),
3.76-3.63 (m, 1 H, octyl OCH>), 3.47 (td, 1 H, J = 9.6, 6.3 Hz, octyl OCH>), 3.19
(t, 2 H, J = 6.9 Hz, octyl CH>2N3), 1.55-1.38 (m, 4 H, octyl CH>), 1.41-1.22 (m, 8
H, octyl CH,); *C NMR (125 MHz, CDCl3, 8¢) 166.3 (C=0), 166.1 (C=0), 165.9
(C=0), 165.8 (C=0), 165.7 (C=0), 165.6 (C=0), 165.4 (C=0), 165.2 (C=0), 165.1
(C=0), 133.7 (Ar), 133.4 (Ar), 133.4 (Ar), 133.4 (Ar), 133.3 (Ar), 133.2 (Ar), 133.2
(Ar), 132.9 (Ar), 132.9 (Ar), 132.8 (Ar), 129.9 (Ar), 129.8 (A1), 129.8 (A1), 129.8
(Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (A1), 129.6 (A1), 129.6 (A1), 129.0 (A1), 129.0
(Ar), 128.9 (Ar), 128.9 (Ar), 128.7 (Ar), 128.6 (Ar), 128.6 (Ar), 128.5 (Ar), 128.4
(Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 128.2 (Ar), 128.1 (Ar), 105.6 (C-17"),
105.4 (C-17), 105.2 (C-1), 83.5 (C-4’), 82.8 (C-4""), 82.5 (C-2’), 81.9 (C-2), 81.0
(C-2), 81.6 (C-4), 77.9 (C-5), 77.1 (C-5"), 73.1 (C-3, C-3”’), 73.0 (C-3”), 69.5
(C-5°), 67.4 (octyl OCH), 66.2 (C-6), 65.0 (C-6), 64.4 (C-6""), 51.4 (octyl
CH2N3), 29.4 (octyl CHz), 29.2 (octyl CH»), 29.0 (octyl CHz), 28.7 (octyl CH>),
26.6 (octyl CH»), 26.0 (octyl CH,); HR ESIMS: m/z [M+Na'] calcd for

CsoHg3N3NaOos: 1616.5208. Found: 1616.5195.
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BZQO O(CH2)8N3

BzOp O
Bz0p_ 0O BzO OBz
BzO5 O BzO OBz
BzO BzO OBz
BzO OBz
3.52

8-Azido-octyl 2,3,5,6-tetra-O-benzoyl-p-D-galactofuranosyl-(1—5)-2,3,6-tri-
0O-benzoyl-p-D-galactofuranosyl-(1—5)-2,3,6-tri-O-benzoyl-f-D-

galactofuranosyl-(1—5)-2,3,6-tri-O-benzoyl p-D-galactofuranoside (3.52).
Tetrasaccharide 3.52 was obtained when trisaccharide acceptor 3.51 (60 mg, 0.038
mmol) was coupled with thioglycoside donor 3.26 (33 mg, 0.047 mmol) in CH>Cl»
(20 mL). The reaction mixture was stirred for 15 min before the addition of NIS (10
mg, 0.038 mmol) and AgOTf (2 mg, 0.006 mmol). After 30 min, EtsN was added.
The mixture was diluted with CH>Cl, and filtered through Celite. The organic layer
was washed with a saturated solution of Na»S>0Os3 then brine, dried over NaxSOs,
filtered, and concentrated. Tetrasaccharide 3.52 was purified using column
chromatography (2:1 Hexane—EtOAc) to give 3.52 (70.5 mg, 84%) as a colorless
syrup. Ry 0.35 (2:1 Hexane-EtOAc); [a]p —8.8 (¢ 0.3, CH2Cl,); "H NMR (500 MHz,
CDCls, 6n) 8.05-7.87 (m, 22 H, Ar), 7.76-7.70 (m, 6 H, Ar), 7.51-7.06 (m, 37 H,
Ar), 6.01 (m, 1 H,J=6.3,3.5 Hz, H-3"’), 5.85 (ddd, 2 H, J = 8.8, 5.0, 1.1 Hz, H-
3,H-3"),5.80(d, 1 H,J=4.9Hz, H-3"""), 5.78 (d, 1 H, J = 3.7 Hz, H-2"), 5.74 (s,
2 H,H-1”,H-1""),5.70 (dd, 2 H, J = 5.1, 1.5 Hz, H-2, H-5°"’), 5.66 (d, 1 H, J =
1.4 Hz, H-2"""), 5.63-5.60 (m, 2 H, H-3, H-5"""), 5.59 (dd, 1 H,J = 5.2, 1.2 Hz, H-
2),545(,1H,J=1.2Hz, H-1"),5.19 (s, 1 H, H-1),5.00 (dd, 1 H, J = 5.1, 3.5
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Hz, H-6a), 4.90—4.83 (m, 4 H, H-5, H-5’, H-5", H-6b), 4.77-4.59 (m, 9 H, H-4, H-
4, H-4",H-6’a,b, H-6"a,b, H-6""’a,b), 4.47 (dd, 1 H,J =4.8,3.6 Hz, H-4""), 3.67
(td, 1 H,J = 9.6, 6.7 Hz, octyl OCH>), 3.45 (td, 1 H, J = 9.6, 6.2 Hz, octyl CH>N3),
3.19 (dd, 2 H, J = 9.2, 4.8 Hz, octyl OCH>), 1.59-1.49 (m, 4 H, octyl CH>), 1.33—
1.23 (m, 8 H, octyl CH>); *C NMR (125 MHz, CDCl;, §c) 166.1 (C=0), 165.9
(C=0), 165.9 (C=0), 165.8 (C=0), 165.6 (C=0), 165.6 (C=0), 165.5 (C=0), 165.4
(C=0), 165.2 (C=0), 165.2 (C=0), 165.1 (C=0), 133.4 (Ar), 133.4 (Ar), 133.3
(Ar), 133.2 (Ar), 133.1 (Ar), 133.0 (Ar), 132.9 (Ar), 132.9 (Ar), 132.8 (Ar), 132.7
(Ar), 129.9 (Ar), 129.8 (Ar), 129.7 (Ar), 129.6 (Ar), 129.6 (Ar), 129.0 (Ar), 128.9
(Ar), 128.9 (Ar), 128.7 (Ar), 128.6 (Ar), 128.6 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2
(Ar), 128.2 (Ar), 128.1 (Ar), 128.0 (Ar), 105.4 (C-1°"", C-1°"), 105.2 (C-17), 105.2
(C-1), 83.5 (C-4"), 83.2 (C-4"""), 82.6 (C-4"), 82.0 (C-2"), 82.0 (C-2"), 81.8 (C-
2), 81.8 (C-2""), 81.6 (C-4), 77.8 (C-5), 77.7 (C-5""), 77.0, (C-5"""), 76.9 (C-5"),
73.1 (C-3), 72.9 (C-37), 72.7 (C-3’), 70.5 (C-3""), 67.3 (octyl OCH>), 65.3 (C-6),
64.9 (C-67""), 64.5 (C-6), 63.9 (C-6""), 51.4 (octyl CH2N3), 29.4 (octyl CH»), 29.2
(octyl CH>), 29.0 (octyl CHa), 28.7 (octyl CHa), 26.6 (octyl CHa), 26.0 (octyl CH»);
HR ESIMS: m/z [M+Na'] caled for Ci23HiooN3NaOss: 2194.6785. Found:

2194.6767.
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HOG O(CHy)eNs

HO

o @)
HQO O_gq_?HO OH
HOo OM on o
HO'gq—? HO  OH
HO  OH
34
8-Azido octyl pB-D-galactofuranosyl-(1—5)-p-D-galactofuranosyl-(1—5)--D
galactofuranosyl-(1—5)-B-D-galactofuranoside (3.4). Tetrasaccharide 3.4 was
produced using the general deprotection procedure under Zémplen conditions on
3.52 (30 mg, 0.013 mmol). Initially, compound 3.4 was purified by column
chromatography (3:1 CH2Cl,-MeOH). The solvent was evaporated and the residue
was dissolved in water and was filtered through C18 silica gel using HO-MeOH
as eluent to give 3.4 (9 mg, 87%) as a colouless syrup, Rr0.42 (3:1 CH2Cl,-MeOH);
[a]p —35.6 (c 0.5, MeOH); "H NMR (500 MHz, CD30OD, 8n) 5.20 (d, 1 H, J = 2.0
Hz, H-1"""), 5.17 (s, 2 H, H-1", H-1""), 4.94 (d, 1 H, J = 2.3 Hz, H-1), 4.15-4.00
(m, 10 H), 3.97-3.88 (m, 4 H), 3.85-3.80 (m, 2 H), 3.80-3.74 (m, 8 H), 3.73-3.63
(m, 1 H, octyl OCH>), 3.55 (d, 1 H, J = 9.9 Hz, octyl OCH>), 3.30 (t,2 H,J = 6.9
Hz, octyl CH>N3), 1.62—1.55 (m, 4 H, octyl CH), 1.35-1.30 (m, 8 H, octyl CH>);
3C NMR (125 MHz, CD30D, &¢) 109.2 (C-1""), 109.0 (C-1), 108.9 (C-1""), 108.7
(C-17"7), 85.1 (C), 84.5 (C), 83.6 (C), 83.5 (C), 83.1 (C), 83.0 (C), 82.7 (C), 78.8
(©), 78.7 (C), 78.6 (C), 78.6 (C), 77.2 (C), 71.0 (C), 70.6 (C), 68.9 (octyl OCH»),

64.2 (C), 63.5 (C), 62.7 (C), 52.4 (octyl CHaN3), 30.6 (octyl CHa), 30.4 (octyl CHy),
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30.2 (octyl CH2), 29.9 (octyl CHz), 27.8 (octyl CHz), 27.1 (octyl CHz); HR ESIMS:
m/z [M+Na'] calcd for C32Hs7N3NaQa;: 842.3377. Found: 842.3374.
TrO
HF?O&&OCH;;
OH
3.64
Methyl 6-O-trityl-p-D-glucopyranoside (3.64). Methyl B-glucopyranoside 3.63 (3
g, 15.5 mmol) was dissolved in pyridine (50 mL) and trityl chloride (6.6 g, 23.3
mmol) was added. The reaction mixture was stirred at 50 °C for 24 h. After coolin
the solvent was evaporated; co-evaporation with toluene was done to ensure
removal of all pyridine. The residue was then purified using column
chromatography (19:1 CH>Cl,-MeOH) to give compound 3.64 (4.8 g, 75%) as a
white powder. The 'H NMR spectrum as well as ESI-MS data for 3.64 agreed with
those reported previously.*
TrO
B oo
OBz
3.65
Methyl 2,3,4-tri-O-benzoyl-6-O-trityl-B-D-glucopyranoside (3.65). A solution of
compound 3.64 (2.1 g, 4.8 mmol) in pyridine (50 mL) was cooled to 0 °C followed
by the addition of benzoyl chloride (4.1 g, 28.8 mmol) dropwise. The reaction
mixture was stirred for 6 h then poured over an ice water mixture and extracted with
CHxCl,. The combined organic layers were washed with brine, dried over
anhydrous Na,SOs, filtered and concentrated to give a crude residue that was

purified using column chromatography (3:1 Hexane—EtOAc) to give 3.65 (3.2 g,
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89%) as a white solid. The 'H NMR spectrum obtained for 3.65 matched those

previously reported.*’

HO
BzO Q
BZO/%/OCH:S

OBz
3.66
Methyl 2,3,4-tri-O-benzoyl-B-D-glucopyranoside (3.66).*¢ 7 A solution of
compound 3.65 (1.5 g, 2.1 mmol) in CH>Cl> (30 mL) was cooled to 0 °C and 5%
HCI in MeOH (10 mL) was added dropwise. The reaction mixture was stirred for 8
h, The residue was purified using column chromatography (4:1 Hexane—EtOAc) to
give 3.66 (0.86 g, 85%) as a white solid. The 'H NMR data obtained for 3.66

matched that previously reported.*

TrO OH
HO Q
HO
OCHj
3.68

Methyl 6-O-trityl-a-D-mannopyranoside (3.68).*® The same tritylation procedure
which was done to obtain compound 3.64, was followed here, where compound
3.67 (450 mg, 2.3 mmol) was tritylated to obtain the mannoside analog 3.68 (730

mg, 76%) as white powder.*® "H NMR data of 3.68 matched the reported data.*®
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Tro— OBz

BzO 0
BzO

OCH,
3.69

Methyl 2,3,4-tri-O-benzoyl-6-O-trityl-o-D-mannopyranoside (3.69). Compound
3.68 (500 mg, 1.1 mmol) was subjected to the same benzoylation reaction as was
done to obtain compound 3.65, where the benzoylated mannoside derivative 3.69
(660 mg, 87%) was produced as a white solid. The 'H NMR data of 3.69 matched

that previously reported.*®

HO OBz
BzO O
BzO
OCH;
3.70

Methyl  2,3,4-tri-O-benzoyl-o-D-mannopyranoside  (3.70).*° The same
detritylation conditions done to obtain compound 3.66 was applied here, starting
with 3.69 (400 mg, 0.56 mmol). Compound 3.70 (223 mg, 83%) was obtained as

a white solid. The 'H NMR data of 3.70 matched that previously reported.*’

BzO~ ©
BzO BzO

OBz
BzO OBz
3.71
Methyl 2,3,5,6-tetra-O-benzoyl-B-D-galactofuranosyl-(1—6)-2,3,4-tri-O-

benzoyl-p-D-glucopyranoside (3.71). Donor 3.26 (1.1 g, 1.56 mmol) and acceptor
3.64 (522 mg, 1.04 mmol), were dissolved in dry CH>Cl» (25 mL) in the presence

of activated, powdered 4 A molecular sieves (250 mg) and the solution was cooled
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to 0 °C. The reaction mixture was stirred for 15 min followed by the addition of
NIS (350 mg, 1.56 mmol) and AgOTf (66 mg, 0.26 mmol). The solution was stirred
for another 30 min and then Et3N was added. The reaction mixture was diluted with
CHCl; and filtered through Celite. The filtrate was washed with saturated Na>S>03
solution followed by water then brine, and then dried over Na>SO4 anhydrous and
filtered. The solvent was then concentrated and the obtained residue was purified
using column chromatography (4:1 hexanes—EtOAc) to give disaccharide 3.71 (990
mg, 88%) as a white semi-solid product, Ry 0.38 (4:1 hexanes—EtOAc); [a]p —0.1
(c 0.5, CH2Cl,); "TH NMR (500 MHz, CDCls, 8y) 8.08-8.04 (m, 4 H, Ar), 7.98-7.96
(m, 4 H, Ar), 7.94-7.92 (m, 2 H, Ar), 7.89-7.85 (m, 2 H, Ar), 7.82-7.78 (m, 2 H,
Ar), 7.52-7.24 (m, 20 H, Ar), 7.56-7.54 (m, 1 H, Ar), 6.03 (app dt, 1 H, J = 7.6,
3.9 Hz, H-5), 5.89 (t, 1l H, J = 9.6 Hz, H-3), 5.66-5.63 (m, 1 H, H-2’), 5.57-5.44
(m, 4 H, H-1°, H-2, H-3’, H-4"), 4.77-4.72 (m, 3 H, H-1, H-6a,b), 4.71-4.68 (m, 1
H, H-4), 4.154.10 (m, 1 H, H-6a’), 4.05-3.90 (m, 1 H, H-5),3.91 (dd, 1 H, J =
11.9, 6.2 Hz, H-6’b), 3.46 (s, 3 H, OCH;); '3C NMR (125 MHz, CDCls, &¢) 166.0
(C=0), 165.8 (C=0), 165.7 (C=0), 165.6 (C=0), 165.2 (C=0), 165.1 (C=0), 165.0
(C=0),133.4 (Ar), 133.3 (Ar), 133.3 (Ar), 133.2 (Ar), 133.1 (Ar), 133.0 (Ar), 129.9
(Ar), 129.9 (Ar), 129.8 (Ar), 129.7 (Ar), 129.7 (A1), 129.5 (A1), 129.4 (A1), 129.3
(Ar), 129.0 (Ar), 128.9 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.3
(Ar), 128.2 (Ar), 106.3 (C-17), 102.0 (C-1), 81.8 (C-2’), 81.5 (C-4), 77.4 (C-3°),
74.0 (C-2), 73.0 (C-4), 71.9 (C-3), 70.3 (C-5), 69.8 (C-5"), 66.4 (C-6), 63.5 (C-6°),
57.0 (OCH3); HR ESIMS: m/z [M+Na'] calcd for Ce2Hs2NaO1s: 1107.3046. Found:

1107.3040.
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BzO BzO
OCH,
BzO OBz
3.72
Methyl 2,3,5,6-tetra-0O-benzoyl-B-D-galactofuranosyl-(1—6)-2,3,4-tri-O-

benzoyl-a-D-mannopyranoside (3.72). Donor 3.26 (1.5 g, 2.13 mmol) and
acceptor 3.70 (714 mg, 1.42 mmol) were dissolved in dry CH>Cl, (25 mL) in the
presence of powdered 4 A molecular sieves (250 mg) and the solution was cooled
to 0°C. The reaction mixture was stirred for 15 min followed by the addition of NIS
(476 mg, 2.13 mmol), and AgOTf (90 mg, 0.35 mmol). The solution was stirred for
another 30 min then Et;N was added. The reaction mixture was diluted with CH2Cl>
and filtered through Celite. The filtrate was washed with saturated Na,S>O3 solution
followed by water then brine, and dried over Na2SO4 anhydrous and filtered. The
solvent was evaporated and the residue was purified using column chromatography
(4:1 hexane—EtOAc) to give disaccharide 3.72 (1.34 g, 87%) as a white powder Ry
0.4 (4:1 hexanes—EtOAc); [a]p —0.2 (¢ 0.4, CH.Cl); '"H NMR (500 MHz, CDCls,
on) 8.09 (d, 3 H, J = 8.3 Hz, Ar), 8.04 (d, 2 H, J = 8.3 Hz, Ar), 8.01-7.93 (m, 6 H,
Ar), 7.89 (d,2 H, J = 8.3 Hz, Ar), 7.82 (d, 2 H, J = 8.4 Hz, Ar), 7.54-7.39 (m, 10
H, Ar), 7.37-7.22 (m, 10 H, Ar), 6.04-5.98 (m, 1 H, H-5"), 5.91-5.87 (m, 2 H, H-
3,H-3),5.68 (s, 1 H,H-2"),5.64 (d, 1 H,J = 5.2 Hz, H-4), 5.58 (s, | H, H-2), 5.48
(s, 1 H,H-1"),4.98 (brs, 1 H, H-1), 4.74-4.65 (m, 3 H, H-4’, H-6’a, H-6’b), 4.36—
4.26 (m, 1 H, H-5),4.01 (dd, 1 H,J=11.7,1.55 Hz, H-6a),3.92 (dd, l H,J=11.6,
6.5 Hz, H-6b), 3.50 (s, 3 H, OCHj); *C NMR (125 MHz, CDCls, §¢) 166.0 (C=0),
165.7 (C=0), 165.6 (C=0), 165.6 (C=0), 165.5 (C=0), 165.4 (C=0), 165.2 (C=0),
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133.5 (Ar), 133.4 (Ar), 133.4 (Ar), 133.3 (A1), 133.2 (A1), 133.1 (Ar), 133.0 (Ar),
129.9 (Ar), 129.8 (Ar), 129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.5 (Ar),
129.4 (Ar), 129.2 (Ar), 129.1 (Ar), 129.0 (Ar), 129.0 (Ar), 129.0 (Ar), 128.6 (Ar),
128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 106.5 (C-
17), 98.5 (C-1), 81.8 (C-2), 81.6 (C-4"), 77.6 (C-3), 70.4 (C-2), 70.3 (C-4), 70.3
(C-3), 70.0 (C-5), 67.4 (C-5), 66.7 (C-6), 63.5 (C-6"), 55.4 (OCH3); HR ESIMS:

m/z [M+Na'] caled for Cs2Hs2NaO1s: 1107.3046. Found: 1107.3048.

OH

HOq @
HO

HO OH
3.7

Methyl B-D-galactofuranosyl-(1—6)-B-D-glucopyranoside (3.7). Disaccharide
3.7 was synthesized from compound 3.71 (20 mg, 0.018 mmol) by applying the
general deprotection procedure using NaOMe in MeOH. The reaction mixture was
stirred for 8 h and neutralized by the addition of glacial acetic acid. The crude
residue obtained after evaporation of the solvent was purified using column
chromatography (9:1 CH2Cl,-MeOH) to give 3.7 (5.7 mg, 89%) as a white powder,
R;0.39 (9:1 CH2Cl-MeOH); [a]p —132.2 (¢ 0.5, MeOH); 'H NMR (500 MHz,
D0, 6n) 5.03 (d, 1 H, J =1.8 Hz, H-1"),4.35 (d, 1 H, J = 8.0 Hz, H-1), 4.09 (app
dt, 1 H,J =4.0, 2.0 Hz, H-5"), 4.06-4.01 (m, 2 H, H-2’, H-3"),3.97 (dd, l H, J =
6.4, 4.2 Hz, H-4"), 3.81-3.79 (m, 1 H, H-4), 3.72-3.67 (m, 2 H, H-6a’,b’), 3.65—
3.61 (m, 1 H, H-3), 3.58-3.54 (m, 1 H, H-2), 3.47-3.43 (m, 1 H, H-5), 3.54 (s, 3 H,

OCHs), 3.40 (dd, 1 H, J = 10.8, 8.1 Hz, H-6a), 3.23 (dd, 1 H, J = 9.3, 8.0 Hz, H-
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6b); *C NMR (125 MHz, D,0, §¢) 108.8 (C-1°), 104.1 (C-1), 83.7 (C-2"), 81.8 (C-
4%), 77.6 (C-3’), 76.5 (C-2), 75.6 (C-4), 73.9 (C-3), 71.6 (C-5), 70.4 (C-5’), 67.6
(C-6), 63.5 (C-6"), 58.1 (OCH3); HR ESIMS: m/z [M+Na'] calcd for C13H24NaOy;:

379.1211. Found: 379.1208.

OCHs

3.8
Methyl B-D-galactofuranosyl-(1—6)-a-D-mannopyranoside (3.8). Disaccharide
3.8 was synthesized from compound 3.72 (20 mg, 0.018 mmol) by applying the
general deprotection procedure using NaOMe in MeOH. The crude residue was
purified using column chromatography (9:1 CH>Cl>-MeOH) to give 3.8 (6 mg,
89%) as a white powder, Rr0.41 (9:1 CH2Cl>-MeOH); [a]p —78.5 (c 0.4, MeOH);
'H NMR (500 MHz, CD:0D, 61)4.97 (d, 1 H,J = 1.5 Hz, H-1°),4.62 (d, 1 H, J =
1.7 Hz, H-1), 4.01-3.97 (m, 3 H, H-2’, H-3’, H-4"), 3.77-3.59 (m, 4 H, H-5, H-5",
6a,b), 3.75-3.67 (m, 2 H, H-6’a,b), 3.67-3.59 (m, 3 H, H-2, H-3, H-4), 3.36 (s, 3
H, OCH;); *C NMR (125 MHz, D;0, 8¢) 109.9 (C-1°), 102.8 (C-1), 85.1 (C-2"),
82.7 (C-4’), 78.9 (C-3°), 74.4 (C-2), 73.2 (C-4), 72.5 (C-3), 71.9 (C-5), 68.8 (C-6),
64.4 (C-6"), 55.3 (OCHs); HR ESIMS: m/z [M+Na'] caled for Ci3H24NaOj;:

379.1211. Found: 379.1212.
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\7L\O OH

3.53
Methyl 5,6-O-isopropylidine-p-D-galactofuranoside (3.53). To a solution of
methyl B-galactofuranoside 3.24 (1.1 g, 5.67 mmol) in acetone (25 mL), 2,2-
dimethoxypropane (8 mL, 61 mmol) and catalytic (15)-(+)-camphorsulfonic acid
(10 mg, 0.04 mmol) were added. The solution was stirred for 4 h and then
neutralized by the addition of EtsN. Concentration of the reaction mixture gave a
crude residue that was dissolved in CH2Cl» and then washed with brine followed
by water. The solution was dried over anhydrous Na>SOs, filtered and then
concentrated. The crude mixture was purified using column chromatography (5:1
hexanes—EtOAc) to give 3.45 (796 mg, 90%) as a white powder. Ry 0.38 (1:1
hexanes—EtOAc). The 'H NMR and *C NMR spectra obtained for compound 3.45

matched those reported previously.*°

o. OCHs
o)
\7L\o ©
3.54

Methyl  2,3-anhydro-5,6-O-isopropylidine-B-D-galactofuranoside  (3.54).
Compound 3.53 (0.5 g, 2.13 mmol) was dissolved in THF followed by the addition
of PPh3 (0.71 g, 2.77 mmol). The solution was cooled to 0 °C and then DIAD (0.5

mL, 2.77 mmol) was added dropwise. The solution was stirred for 30 min while
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warming to room temperature. The resulting reaction mixture was concentrated and

the crude residue was carried to the next reaction.

BnO’O OCH3

0]

7&0 HO

3.55
Methyl 3-0-benzyl-5,6-0O-isopropylidine-B-D-galactofuranoside (3.55).
Following the same procedure for epoxide ring opening reported by Bai et al,*
compound 3.55 was obtained. Lithium metal (18 mg, 6 mmol) was added to a
solution of benzyl alcohol (6 mL) and the solution was stirred at 65 °C until all the
lithium metal was dissolved. The solution was cooled to room temperature. Using
a syringe, the mixture (140 pL, 1.2 mmol) was added to a solution of compound
3.54 (220 mg, 1.1 mmol) in benzyl alcohol (2 mL). The mixture was stirred for 5 h
at 75 °C. The reaction mixture was coold to room temperature and then neutralized
by the addition of glacial acetic acid. After dilution with CH2Cly, the organic layer
was washed with water, dried over anhydrous Na;SOs4 and filtered. The
concentrated crude residue was purified by column chromatography (4:1 hexanes—
EtOAc) to give compound 3.55 (277 mg, 78%) as a colorless syrup. Ry 0.28 (4:1
hexanes—EtOAc); [o]p —105.2 (¢ 0.5, CH2Cly); '"H NMR (500 MHz, CDCl3, &)
7.38-7.30 (m, 4 H, Ar), 7.32-7.27 (m, 1 H, Ar), 491 (s, 1 H, H-1),4.72 (d, 1 H, J
= 12.3 Hz, OCH>Ph), 4.54 (d, 1 H, J = 12.3 Hz, OCH»Ph), 4.11-3.98 (m, 3 H, H-
2, H-4, H-5),3.98 (dt,2 H, J = 12.2, 7.3 Hz, H-6a,b), 3.83 (d, 1 H, J = 2.6 Hz, H-
3), 3.44 (s, 3 H, OCHs), 1.35 (s, 3 H, isopropylidene CH3), 1.41 (s, 3 H,

isopropylidene CHs); '3C NMR (125 MHz, CDCls, &¢) 137.5 (Ar), 128.4 (Ar),
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127.9 (Ar), 110.6 (isopropylidene C), 109.8 (C-1), 85.6 (OCH2Ph), 82.8 (OCH3),
77.0 (C-4), 76.3 (C-5), 72.1 (C-2), 65.6 (C-6), 55.4 (C-3), 25.7 (isopropylidene
CH3), 25.6 (isopropylidene CH3); HR ESIMS: m/z [M+Na'] calcd for C17H24NaOg:
347.1632. Found: 347.1621.
BnO OCHj3
O
740 OBz
3.56

Methyl 2-0-benzoyl-3-O-benzyl-5,6-O-isopropylidine-B-D-galactofuranoside
(3.56). To a solution of compound 3.55 (300 mg, 0.92 mmol) in pyridine cooled to
0 °C, benzoyl chloride (0.2 mL, 1.38 mmol) was added and the reaction mixture
was stirred for 6 h. The solution was then poured into an ice water mixture and the
organic layer was separated, diluted with CH>Cl» and concentrated to dryness. The
crude residue was dissolved in CH»Cl,, washed with a saturated solution of
NaHCOg, brine and then dried over anhydrous Na>SO4 and filtered. Concentration
of the organic layer gave a crude product that was purified using column
chromatography (4:1 hexanes—EtOAc) to give compound 3.56 (354 mg, 90%) as a
colourless syrup. Ry 0.3 (5:1 hexanes—EtOAc); [a]p —124.3 (¢ 0.4, CH:CL); 'H
NMR (500 MHz, CDCls, 6n) 8.19-8.13 (m, 1 H, Ar), 7.35-7.25 (m, 6 H, Ar), 7.70—
7.66 (m, 1 H, Ar), 7.48-7.45 (m, 2 H, Ar), 5.37 (d, 1 H, J = 0.9 Hz, H-1), 5.09 (s,
1 H,H-2),4.81(d, 1 H,J=12.0 Hz, OCH>Ph), 4.61 (d, 1 H,J = 12.2 Hz, OCH,Ph),
4.15-4.10 (m, 1 H, H-3), 3.83-3.79 (m, 1 H, H-4), 3.79-3.74 (m, 3 H, H-5, H-6a,b),
3.46 (s, 3 H, OCHs), 1.34 (s, 3 H, isopropylidene CH3), 1.42 (s, 3 H, isopropylidene
CH3); 1*C NMR (125 MHz, CDCl3, 8¢); 165.4 (C=0), 134.5 (Ar), 133.5 (Ar), 130.6
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(Ar), 129.8 (Ar), 128. 9 (Ar), 128.6 (Ar), 128.1 (Ar), 109.9 (isopropylidene C),
107.2 (C-1), 83.5 (C-4), 81.4 (C-2), 77.3 (C-5), 72.4 (OCH2Ph), 65.4 (C-6), 55.1
(C-3), 26.5 (isopropylidene CH3), 25.4 (isopropylidene CH3); HR ESIMS: m/z
[M+Na"] calcd for C24H2sNaO7: 451.1727. Found: 451.1721.

HO

) OCHs

0]

7&0 OBz

3.57
Methyl 2-0-benzoyl-5,6-isopropylidine-p-D-galactofuranoside 3.57).
Compound 3.56 (220 mg, 0.51 mmol) was dissolved in EtOAc and then 20 wt. %
Pd(OH)>—C (35 mg) was added. The reaction mixture was stirred overnight under
a hydrogen atmosphere. The solution was filtered through Celite and the filtrate
was concentrated to give a crude product that was purified using column
chromatography (3:1 hexanes—EtOAc) to give 3.57 (153 mg, 89%) as a colourless
syrup. Ry 0.28 (3:1 hexanes—EtOAc); [a]p —75.2 (¢ 0.5, CH2Cl); "H NMR (400
MHz, CDCls, én) 8.02 (td, 2 H, J = 8.4, 1.5 Hz, Ar), 7.63-7.55 (m, 1 H, Ar), 7.48—
7.40 (m, 2 H, Ar), 5.16 (s, 1 H, H-1), 5.06 (dd, 1 H, J = 2.4, 0.9 Hz, H-2), 4.28 (app
q, | H, J = 6.6 Hz, H-4), 4.11-4.02 (m, 3 H, H-3, H-5, H-6a), 3.97 (dd, 1 H, J =
8.5, 6.8 Hz, H-6b), 3.46 (s, 3 H, OCH3), 1.46 (s, 3 H, isopropylidene CH3), 1.38 (s,
3 H, isopropylidene CH5); '*C NMR (125 MHz, CDCls, 8¢); 166.7 (C=0), 133.6
(Ar), 129.8 (Ar), 129.0 (Ar), 128.5 (Ar), 109.8 (isopropylidene C), 106.3 (C-1),
83.9 (C-4), 77.5 (C-5), 76.0 (C-2), 65.4 (C-6), 55.1 (C-3), 53.0 (OCH3), 26.4
(isopropylidene CH3), 25.4 (isopropylidene CH3); HR ESIMS: m/z [M+Na'] calcd

for C17H22NaO7: 361.1258. Found: 361.1253.
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3.58
Methyl 2,3,5,6-tetra-O-benzoyl-p-D-galactofuranosyl-(1—2)-3-O-benzyl-5,6-
isopropylidine-B-D-galactofuranoside (3.58). Donor 3.26 (120 mg, 0.17 mmol),
acceptor 3.55 (44 mg, 0.14 mmol) and activated powdered 4 A molecular sieves
(425 mg) were added to CH>Cl» (25 mL) and the solution was cooled to 0 °C. The
solution was stirred for 15 min before the addition of NIS (37 mg, 0.15 mmol), and
AgOTf (6 mg, 0.025 mmol). After 30 min EtsN was added. The mixture was diluted
with CH2Cl, and filtered through Celite. The organic layer was washed with a
saturated solution of Na>S,O3 then brine, dried over Na>SOa, filtered, concentrated
and purified by column chromatography (2:1 hexanes—EtOAc) afforded
disaccharide 3.58 (111 mg, 89%) as a white semi-solid, Ry 0.31 (2:1 hexanes—
EtOAc); [a]p —80.2 (¢ 0.5, CH2Cl,); 'H NMR (500 MHz, CDCls, &y1) 8.13-8.08 (m,
2 H, Ar), 8.07-7.93 (m, 6 H, Ar), 7.62-7.51 (m, 3 H, Ar), 7.46-7.34 (m, 9 H, Ar),
7.31-7.20 (m, 5 H, Ar), 6.08 (app dt, 1 H, J = 6.8, 4.3 Hz, H-5), 5.71 (dd, 1 H, J
=5.1,1.0 Hz, H-3"), 545 (d, 1 H,J = 1.3 Hz, H-1°), 5.30 (d, 1 H, J = 3.7 Hz, H-
2%),5.09 (s, 1 H, H-1), 4.85-4.71 (m, 4 H, H-4’, H-6’a,b, OCH>Ph), 4.58 (d, 1 H, J

= 12.1 Hz, OCH:Ph), 4.28-4.22 (m, 2 H, H-2, H-5),4.08 (dd, 1 H, J = 6.9, 5.9 Hz,
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H-3), 3.92-3.89 (m, 1 H, H-6a), 3.85-3.79 (m, 2 H, H-4, H-6b), 3.39 (s, 3 H,
OCHs), 1.46 (s, 3 H, isopropylidene CHs), 1.38 (s, 3 H, isopropylidene CH3); *C
NMR (125 MHz, CDCls, 6c) 166.1 (C=0), 165.7 (C=0), 165.6 (C=0), 165.5
(C=0), 137.2 (Ar), 133.6 (Ar), 133.6 (Ar), 133.3 (Ar), 133.1 (Ar), 129.9 (Ar), 129.9
(Ar), 129.9 (Ar), 129.8 (Ar), 129.5 (Ar), 129.5 (Ar), 128.9 (Ar), 128.8 (Ar), 128.5
(Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.1 (Ar), 109.8 (isopropylidene C),
107.8 (C-1), 105.9 (C-17), 86.4 (C-2), 83.4 (C-2’), 82.7 (C-3), 82.6 (C-3"), 81.9 (C-
4), 77.2 (C-4°), 76.4 (C-5), 72.5 (OCH2Ph), 70.4 (C-5’), 65.5 (C-6), 63.4 (C-6’),
55.1 (OCH3), 26.6 (isopropylidene CH3), 25.5 (isopropylidene CH3); HR ESIMS:
m/z [M+Na'] calcd for CsiHsoNaOis: 925.3042. Found: 925.3032.

BzO OBz
BzO

ro
BzO QO OCHj

0]

7o

3.59

OBz

Methyl 2,3,5,6-tetra-O-benzoyl-p-D-galactofuranosyl-(1—3)-2-O-benzoyl-5,6-
isopropylidine-B-D-galactofuranoside (3.59). Acceptor 3.57 (246 mg, 0.73 mmol)
and donor 3.26 (0.72 g, 1.09 mmol) were dissolved in dry CH>Cl; at 0 °C in the
presence of activated powdered 4 A molecular sieves (250 mg). The reaction
mixture was stirred for 15 min followed by the addition of NIS (365 mg, 1.63 mmol)
and AgOTTf (69 mg, 0.27 mmol). After 1 h EtsN was added. The solution was
diluted with CH>Cl> and filtered through Celite. The filtrate was washed with a
saturated solution of NaS>O3 then brine, dried over anhydrous Na;SOg, filtered,
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concentrated and purified by column chromatography (2:1 Hexane—EtOAc) to give
3.59 (878 mg, 88%) as a white powder. Ry 0.27 (2:1 Hexanes—EtOAc); [a]p —45.3
(c 0.6, CH2Cl,); "TH NMR (500 MHz, CDCl3, 8) 8.04-7.96 (m, 6 H, Ar), 7.93-7.88
(m, 4 H, Ar), 7.47-7.40 (m, 9 H, Ar), 7.57-7.49 (m, 6 H, Ar), 6.03-5.96 (m, 1 H,
H-5",5.75 (s, 1 H, H-1), 5.65 (d, 1 H, J=5.2 Hz, H-3"), 5.59 (s, 1 H, H-2) 5.38 (s,
1 H, H-2"), 5.12 (s, 1 H, H-1"), 4.77-4.74 (m, 1 H, H-4), 4.72-4.62 (m, 2 H, H-
6a,b), 4.30-4.26 (m, 2 H, H-4’, H-5), 4.17 (app t, 1 H, J = 5.6 Hz, H-3), 3.97 (td, 2
H, J = 12.2, 7.8 Hz, H-6a,b), 3.45 (s, 3 H, OCH3), 1.42 (s, 3 H, isopropylidene
CH3), 1.31 (s, 3 H, isopropylidene CH3); '*C NMR (125 MHz, CDCls, 8¢); 165.9
(C=0), 165.6 (C=0), 165.5 (C=0), 165.4 (C=0), 165.2 (C=0), 133.5 (Ar), 133.4
(Ar), 133.3 (Ar), 133.2 (Ar), 133.0 (Ar), 129.9 (Ar), 129.9 (A1), 129.9 (A1), 129.8
(Ar), 129.6 (Ar), 129.4 (Ar), 129.3 (Ar), 129.3 (Ar), 128.9 (A1), 128.8 (A1), 128.4
(Ar), 128.3 (Ar), 109.9 (isopropylidene C), 107.0 (C-1°), 105.2 (C-1), 82.2 (C-2"),
81.9 (C-2), 81.9 (C-4), 81.2 (C-4’), 77.3 (C-3’), 75.6 (C-5), 70.4 (C-5’), 65.5 (C-
6), 63.3 (C-6°), 54.9 (C-3), 53.2 (OCHs), 26.4 (isopropylidene CHjs), 25.3
(isopropylidene CH3); HR ESIMS: m/z [M+Na'] caled for CsiH4sNaO1s: 939.2835.
Found: 939.2825.

BnO OCH3
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Methyl B-D-galactofuranosyl-(1—2)-3-O-benzyl-p-D-galactofuranoside (3.61).
The general debenzoylation procedure was applied to disaccharide 3.60 (60 mg,
0.069 mmol) to synthesize 3.61, which was purified using column chromatography
(6:1 CH2Cl,-MeOH). Compound 3.61 (28 mg, 91%) was obtained as a colourless
syrup, Ry 0.35 (3:1 CH2Clo-MeOH); [a]p —35.2 (¢ 0.4, CH>Cl); '"H NMR (500
MHz, CD3;0D, 6n) 7.39-7.31 (m, 5 H, Ar), 4.99 (s, 1 H, H-1), 4.98 (s, 1 H, H-1"),
4.09-4.02 (m, 3 H, H-4’, H-6a,b), 4.01-3.93 (m, 3 H, H-2, H-2’, H-3"), 3.71-3.68
(m, 2 H, H-4, H-5), 3.65-3.56 (m, 4 H, H-3, H-5", H-6’a,b), 3.36 (s, 3 H, OCH3);
3C NMR (125 MHz, CD;0D, 3¢) 137.9 (Ar), 128.0 (Ar), 127.9 (Ar), 127.6 (Ar),
127.3 (Ar), 108.1 (C-1), 107.9 (C-1"), 86.9 (C-4), 83.6 (C-3’), 83.1 (C-3), 82.2 (C-
5), 80.7 (OCH2Ph), 77.2 (C-4’), 71.9 (C-5’), 71.1 (C-27), 70.7 (C-2), 63.2 (C-6’),
63.1 (C-6), 53.6 (OCH3); HR ESIMS: m/z [M+Na'] calcd for CzoH3NaOii:

469.1680. Found: 469.1675.
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3.5
Methyl B-D-galactofuranosyl-(1—2)-p-D-galactofuranoside (3.5). Compound
3.61 (50 mg, 0.1 mmol) was dissloved in MeOH (7 mL) and then 20 wt. %
Pd(OH),—C (10 mg) was added. The solution was stirred overnight under a
hydrogen atomsphere and then filtered through Celite. The filtrate was concentrated
and the crude residue obtained was purified using column chromatography (5:1
CH2Cl>-MeOH) to produce compound 3.5 (31 mg, 87%) as a colourless syrup, Ry
0.35 (3:1 CH2Cl-MeOH); [a]p —105.2 (¢ 0.4, MeOH); 'H NMR (500 MHz,
CDsOD, 6n) 5.04 (s, 1 H, H-1"),4.90 (d, 1 H, J = 1.0 Hz, H-1), 4.11 (app dt, 1 H,
J=175,4.1Hz, H-5"),4.01 (app dt, 1 H, J = 6.6, 4.2 Hz, H-5),3.93 (dd, 1 H, J =
6.6, 4.0 Hz, H-4), 3.96-3.90 (m, 2 H, H-2’, H-4"), 3.83-3.80 (m, 1 H, H-3"), 3.73—
3.66 (m, 2 H, H-2, H-3), 3.61-3.57 (m, 4 H, H-6a,b, H-6"a,b), 3.34 (s, 3 H, OCH3);
3C NMR (125 MHz, CD;0D, §¢) 108.2 (C-1), 107.7 (C-1°), 86.8 (C-4), 83.7 (C-
3°), 83.5 (C-3), 82.3 (C-4°), 77.4 (C-5), 71.6 (C-5"), 71.1 (C-2’), 70.9 (C-2), 63.6
(C-6), 63.5 (C-6), 53.8 (OCH3); HR ESIMS: m/z [M+Na'] calcd for Ci13H24NaO11:

379.1211. Found: 379.1214.
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3.6
Methyl pB-D-galactofuranosyl-(1—3)-p-D-galactofuranoside (3.6). Disaccharide
3.62 (45 mg, 0.058 mmol) was subjected to Zémplen debenzoylation conditions to
give disaccharide 3.6 (17 mg, 87%) as a colourless syrup. Ry 0.4 (5:1 CH2Cl—
MeOH); [a]p —42.2 (¢ 0.5, MeOH); '"H NMR (500 MHz, CD;0D, &u) 5.06 (d, 1 H,
J=1.8Hz, H-1°),4.76 (br s, 1 H, H-1), 4.14 (app dt, 1 H, J = 6.4, 3.1 Hz, H-5),
4.06 (d, 1 H, J= 1.5 Hz, H-2), 4.04-3.92 (m, 3 H, H-2’, H-3, H-3"), 3.82 (dt, 1 H,
J=6.1,5.7,3.2 Hz, H-5), 3.70 (ddd, 1 H, J = 6.9, 5.8, 3.1 Hz, H-6’a), 3.64-3.59
(m, 4 H, H-4, H-4’, H-6a,b), 3.35 (s, 3 H, OCHs); '*C NMR (125 MHz, CD;OD,
dc) 109.0 (C-1), 107.7 (C-1"), 86.5 (C-4), 83.5 (C-3°), 83.5 (C-3), 82.5 (C-5), 77.5
(C-4), 71.9 (C-57), 71.8 (C-27), 72.8 (C-2), 63.5 (C-6"), 63.5 (C-6), 53.8 (OCH3);

HR ESIMS: m/z [M+Na"] caled for Ci3H24NaO11: 379.1211. Found: 379.1208.
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3.75
Methyl o-L-arabinofuranoeside (3.75).!> L-Arabinose (5.3 g, 36.6 mmol) was
dissolved in methanol (110 mL) and then treated with a solution of acetyl chloride
(2.7 mL) in methanol (30 mL). The solution was stirred for 3 h and then pyridine
was added dropwise until pH 7 was reached which as determined by pH universal
indicator. The solvent was evaporated and the methyl glycoside 3.75 was produced.
The crude product was taken forward to the next step.

BZOO OCH3

BzO
OBz

3.76
Methyl 2,3,5-tri-O-benzoyl-a-L-arabinofuranoside (3.76).!* The crude methyl
glycoside 3.75 (250 mg, 1.52 mmol) was dissolved in pyridine (50 mL) and the
solution was cooled to 0 °C. Benzoyl chloride (1.1 mL, 7.6 mmol) was added and
the reaction mixture was stirred overnight. The solvent was evaporated and the
crude residue was diluted with CH2Clz. The organic layer was then washed with
water | M HCI (150 mL), saturated NaHCO3 and brine. The organic layer was dried
over anhydrous Na>SO4 then concentrated and the crude mixture was purified using
column chromatography (3:1 hexanes—EtOAc) to give 3.76 (506 mg, 70% from L-
arabinose, o/f ratio 8:1) as a white solid. The 'H NMR and '*C NMR spectra

obtained for 3.76 matched those reported previously.'
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3.77
p-Tolyl 2,3,5-tri-O-benzoyl-1-thio-a-L-arabinofuranoside 3.77).
Arabinofuranoside 3.76 (2.2 g, 4.62 mmol) was dissolved in dry CH>Cl> (50 mL)
and the solution was cooled down to 0 °C followed by the addition of p-thiocresol
(0.75 g, 6.2 mmol). The reaction mixture was stirred for 15 min and then BF3-OEt,
(2.9 mL, 23.1 mmol) was added dropwise. The solution was stirred for 7 h and then
neutrailzed by the addition of EtsN. The same work up procedure used to obtain
3.26 was done here to give the crude thioglycoside 3.77, which was purified using
column chromtagraphy (4:1 hexanes—EtOAc) to give 3.77 (2.3 g, 88%) as a white
solid. The '"H NMR and '*C NMR spectra obtained for obtained for 3.77 matched

those reported previously.'?

HO,
D<COOAII
N

Boc
3.79
N-tert-butoxycarbonyl-trans-4-hydroxy-L-proline allyl ester (3.79).*° N-Boc
protected hydroxy proline 3.79 (1.5 g, 6.52 mmol) was dissolved in dry MeOH (15
mL) followed by the addition of cesium carbonate (1.2 g, 3.56 mmol). The reaction
mixture was stirred for 2 h until a homogenous solution was formed. The solution
was then evaporated and DMF (12 mL) was added to disslove the residue. Allyl

bromide (0.73 mL, 8.4 mmol) was added and the reaction mixture was stirred
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overnight. The reaction mixture was diluted with CH2Cl, followed by washing with
water and brine. The organic layer was then dried over anhydrous Na>SOg, filtered,
concentrated and then purified using column chromatography (1:2 hexanes—
EtOAc) to give compound 3.71 (1.58 g, 88%) as a colouress oil. The 'H NMR and

13C NMR spectra obtained for 3.71 those reported previously.*

BZQO O//,,"
{ M=coon
\

OBz Boc

BzO

3.80
Na-tert-butyloxycarbonyl-trans-4-hydroxy-4-0-[2,3,5-O-benzoyl-a-L-
arabinofuranosyl]-L-proline allyl ester (3.80). Compound 3.79 (300 mg, 1.1
mmol) was dissolved in dry CH2Cl (25 mL) and activated 4 A molecular sieves
(15 mg) were added. The solution was cooled to 0 °C and then 3.77 (0.91 g, 1.65
mmol) was added. The solution was stirred for 15 min before the addition of NIS
(630 mg, 2.48 mmol) and AgOTf (103 mg, 0.4 mmol). The solution was stirred for
1 h while warming to room temperature before being neutralized by the addition of
Et3N. The solution was then filtered, concentrated and the residue was redissolved
in CH>Cl,, washed with a saturated Na,S>O3 solution, and brine. The organic layer
was dried over anhydrous Na>SOs, filtered, concentrated and the obtained residue
was purifed by column chromatography (5:1 Hexanes—EtOAc) to give 3.80 (692
mg, 88%) as a white solid, Ry 0.29 (2:1 hexanes—EtOAc); [a]p —31.2 (¢ 0.5,
CH2Clz); 'H NMR (500 MHz, CDCl3, 81) 8.12-7.92 (m, 6 H, Ar), 7.47-7.44 (m, 9

H, Ar), 5.96-5.85 (m, 1 H, H-4, proline), 5.61-5.56 (m, 1 H, H-4), 5.47 (d, 1 H, J
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= 1.3 Hz, H-2), 5.35 (s, 1 H, H-1), 5.33-5.21 (m, 1 H, allylic =CH), 4.61-4.44 (m,
9 H, H-3a,b-proline, allylic CHa, allylic CH, H-3, H-5a,b), 3.76 (d,2 H, /= 3.8 Hz,
H-2, proline), 2.58-2.35 (m, 1 H, H-5a, proline), 2.22-2.06 (m, 1 H, H-5b, proline),
1.43 (s, 3 H, Boc-CH3), 1.42 (s, 6 H, Boc-CHj3 x 2); *C NMR (125 MHz, CDCls,
dc); 182.9 (C=0, acid), 165.9 (C=0), 165.6 (C=0), 165.5 (C=0), 158.7 (C=0,
amide), 140.1 (C=C), 133.8 (Ar), 131.4 (Ar), 130.9 (Ar), 115 (C=C), 109.0 (C-1),
86.1 (C-3), 84.2 (C-2), 83.8 (C-4 proline), 78.2 (C-4), 63.6 (C-2 proline), 62.9 (C-
3 proline), 62.3 (C-5 proline), 58.4 (allylic CH»), 55.1 (C-5), 38.3 (Boc-C), 30.4
(Boc-CHs x 2), 30.2 (Boc-CH3); HR ESIMS: m/z [M+Na'] caled for

C39H41NNaO12: 738.2657. Found: 738.2654.

HO

HO,O O""’/
[—>—COOH
N

OH Boc
3.82

Na-tert-butyloxycarbonyl-trans-4-hydroxy-4-0O-|a-L-arabinofuranosyl]-L-

proline (3.82). Compound 3.81 (20 mg, 0.03 mmol) was debenzoylated using the
general debenzoylation procedure. The crude compound was purified using column
chromatography (3:1 CH2Cl,-MeOH) to give pure compound 3.82 (18 mg, 90%)
as a colourless syrup (80% over two steps). Ry 0.32 (5:1 CH2Cl.-MeOH); [a]p —
112.2 (¢ 0.5, MeOH); '"H NMR (500 MHz, D>0, 8n) 5.19 (s, 1 H, H-1), 4.50 (s, 1
H, H-2), 4.23-4.19 (m, 1 H, H-4), 4.14 (dd, 1 H, J=2.4, 1.3 Hz, H-3), 4.10 (dt, 1
H, J= 6.4, 6.0, 3.8 Hz, H-4, proline), 4.05-3.90 (m, 2 H, H-3a,b, proline), 3.80—

3.63 (m, 3 H, H-5a,b, H-2, proline); 2.52-2.49 (m, 1 H, H-5b, proline), 2.07-2.02
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(m, 1 H, H-5a, proline), 1.53 (s, 3 H, Boc-CH3), 1.48 (s, 6 H, Boc-CH; x 2); °C
NMR (125 MHz, CDCls, dc); 182.9 (C=0, acid), 158.7 (C=0, amide), 109.0 (C-1),
86.1 (C-5), 84.2 (C-2), 83.8 (C-4 proline), 78.8 (C-3), 78.2 (C-4), 63.8 (C-2
proline), 63.6 (C-5 proline), 62.9 (C-3 proline), 38.6 (Boc-C), 32.3 (Boc-CH3), 30.4
(Boc-CHs x 2); HR ESIMS: m/z [M-H] calcd for CisH24NOo: 362.1457. Found:

362.1454.
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4. Binding Specificity of Intelectins Using Surface Plasmon Resonance
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4.1. Introduction

Carbohydrates and their conjugates (glycoconjugates) are well known for their
importance in  different physiological processes including cellular
communication,' proliferation, adhesion’ and apoptosis.® In particular,
carbohydrate-specific lectins play a very important role in different biological
events.* Lectins are carbohydrate-binding proteins that are found in
microorganisms, plants, and animals.’> A characteristic feature of lectins is their
ability to bind carbohydrates with a notable degree of specificity.> ¢ Lectins
recognize carbohydrate epitopes through different types of interactions including
hydrogen bonds, van der Waals forces, as well as hydrophobic interactions.’
Divalent cations (Ca*, Mg?", and Mn?") are also important partners in many in

lectin—carbohydrate binding events.”®

In general, the measurement of lectin—carbohydrate interactions is not an easy
task. There are various analytical techniques and methods that have been used
extensively to study and measure these interactions. The most common techniques
are isothermal titration calorimetry (ITC),” fluorescence spectroscopy,'® surface
plasmon  resonance  (SPR)  spectroscopy,'!!  high-performance  liquid

13. 14 and microarrays.'> ' SPR

chromatography (HPLC),!? mass spectrometry,
spectroscopy has gained attention in the past two decades and has become one of
the most important techniques for studying biomolecular interactions.!” ' SPR

spectroscopy monitors real time interactions'® between lectins and ligands and

offers many advantages over fluorescence or calorimetric methods.?’ Among the
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advantages of SPR spectroscopy is its ability to characterize different

biomolecular interactions in a label-free manner.?!

The detection method in SPR spectroscopy involves changes in the refractive
index or mass at the biosensor surface upon complex formation between an
immobilized ligand on the SPR surface chip and an analyte (e.g., a protein) in the
running buffer’” 2(Figure 4.1). The changes in the refractive index near the
surface (within 300 nm) are detected and recorded in real time.>* The results are
plotted as response units (RU) versus time as shown in Figure 4.2. One RU

equals approximately the binding of 1 pg protein/mm? of the chip surface.?

Light source Optical detection unit

Polarized light Reflected light

Sensor chip with gold film

Flow channel

Figure 4.1: Schematic diagram illustrating SPR spectroscopy (modified from

BlAcore website).
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Association Dissociation
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Response units (RU)

YYYYY YYYYY

Time (sec.)

Figure 4.2: SPR sensogram showing the association, dissociation and

regeneration phases (modified from BIAcore website).

SPR spectroscopy is a powerful method for studying the thermodynamics and
kinetics of bimolecular interactions.’® There are three main phases in any SPR
experiment— association, dissociation, and regeneration — as illustrated in Figure
4.2. The association phase takes place while the analyte (protein) is being
injected; the period that follows the end of the injection is known as the
dissociation phase. There is simultaneous association and dissociation of the
analyte during the association phase. At a certain point, equilibrium is reached,
where the association rate equals the dissociation rate. During the association
phase, the association rate constant (kon) can be determined while the dissociation
rate constant (kor) is determined during the dissociation phase.!! After the

dissociation of the analyte it is important to elute any noncovalently bound
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analyte without disrupting the immobilized ligand. This last step is known as the

regeneration phase, where the SPR surface is regenerated for future use.

SPR spectroscopy has been used extensively in studying lectin—carbohydrate
interactions.?”?* The most commonly-used SPR spectroscopic instrument today is
the BIAcore system.* BIAcore surface chips are high quality glass plates coated
with a thin (45-50 nm) layer of gold. Some SPR chips (e.g., CM5) are modified
by having a carboxymethyl dextran layer covalently bonded to the gold surface.?*
Either the lectin or the carbohydrate can be immobilized on the biosensor surface.
There are different immobilization strategies that can be used for surface
derivatization. These strategies include carboxylate/amine coupling,*® biotin—
streptavidin interaction,?! and thiol-gold coupling.?> More recently, bioorthogonal
chemistry has been used to provide new techniques for protein or ligand
immobilization.*® Important examples of bioorthogonal coupling processes are
click chemistry reactions.*® Bertozzi and coworkers®* introduced chemoselective
reaction called the Staudinger ligation. A typical Staudinger ligation occurs
between an azide and a phosphine to yield an aza-ylide intermediate that
hydrolyzes in the presence of water to produce an amide linkage and phosphine

oxide.®

In this chapter, I will discuss the binding studies that I did using hIntL-1 and

hIntL-2 as well as other lectins. All of the binding experiments were done using

SPR spectroscopy. In addition to the SPR experiments, the results of a
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fluorescently labelled hintL-1 screening against a bacterial glycan array will be

discussed.

4.2. Results and discussion

4.2.1. Choice of the biosensor chip and surface functionalization method

My main aim in this study was to provide a better understanding about the
binding specificity of intelectins. To obtain this information, I decided to measure
the binding interactions between the lectins and the synthesized carbohydrate
epitopes using SPR spectroscopy.

The first step to reach my goal was to design an effective protocol to immobilize
the carbohydrate epitopes on the biosensor chip. I chose to immobilize the sugars,
not the lectins, to obtain a better signal to noise ratio. Taking this into
consideration, I designed the carbohydrate ligands such that they contained an
octylamine linker at the reducing end, which will facilitate their immobilization
onto the SPR chip. When I first started the immobilization procedure, I used the
CMS5 biosensor chip. The CMS5 chip is the most commonly used chip for SPR
spectroscopic investigations. Its surface is composed of carboxymethylated
dextran (CMD) covalently attached to the gold surface. Initially, CM5 was
functionalized. However, due to the presence of dextran on its surface I could not
avoid a huge background signal that occurred upon lectin binding to the dextran.
Therefore, I decided to use to a C1 biosensor chip, the surface of which is matrix
free. C1 chips do not contain dextran, instead they contain alkyl chains with

terminal carboxymethylated groups.
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4.2.1.1. Amine coupling
Amine coupling was used as my first approach to immobilize the carbohydrate
epitopes of interest (4.1, 4.2, and 4.4, Figure 4.3) on the biosensor chip. The steps
used for the amine coupling are shown in Figure 4.4. First, the carboxylic acid
groups of the C1 chip were activated with N-hydroxysuccinimide (NHS) in the
presence of N-ethyl-N’-(3-diethylaminopropyl)-carbodiimide (EDC). The second
step was reaction of the NHS-activated esters with the amine-containing
carbohydrate ligands 4.1, 4.2, and 4.4. Unfortunately, when using this protocol the
degree of surface functionalization was poor and there was not sufficient
derivatization to detect lectin binding. Failure of the amine coupling was
surprising and forced me to think about an alternative method to immobilize the
desired carbohydrate ligands. The immobilization technique I chose was

Staudinger ligation.

HQO O(CH,)gNH,
HO,O O(CH,)gNH,

HO
0
HOo HOo 9 oH
Ho—gq_? HO  OH Ho—gq_?
HO  OH Ho ~ OH
4.1 4.2
Ho CH OH
HO%&%&&O@HMHZ
OH HO
4.4

Figure 4.3: The structures of amine-containing carbohydrate

epitopes 4.1, 4.2 and 4.4.
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Figure 4.4: Immobilization of the amine carbohydrate epitopes to the CMD

surface using amine coupling.

4.2.2. Staudinger ligation
My strategy for using Staudinger ligation was based on an immobilization
technique developed by Loka and coworkers,*® where they functionalized the
CMD surface with azides followed by reaction with a phosphine-functionalized
carbohydrate ligand.*® I was fortunate that I had the azido carbohydrate precursors
(3.1 and 3.2) in hand, which encouraged me to think about using Staudinger
ligation as the immobilization method. To use this approach, it was necessary to

synthesize the phosphine reagent 4.8, which will be discussed later in this chapter.

As outlined in Figure 4.5, the carboxylic groups on the C1 chip surface were
activated by the addition of NHS/EDC, and then modified by the addition of
ethylenediamine. The amines on the chip surface were then allowed to react with

the phosphine reagent 4.8 under the continuous flow of HEPES buffer.
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Figure 4.5: Biosensor surface modification using Staudinger ligation.

Each SPR chip is composed of four channels known as flow channels (FC). Each
FC was functionalized with different ligands to generate the carbohydrate
surfaces. This was achieved by injecting the corresponding azido sugar over the
FCs. FC-1, 2 and 3 were derivatized with ligands 3.1, 3.2 and 4.3, respectively
(Table 4.1). It was important to derivatize one flow channel, in this case FC-3,
with a carbohydrate epitope that contains Galp (compound 4.3) to compare the
binding affinity of the studied lectins towards galactose in both the furanose and
the pyranose forms. Injection of ethanolamine over FC-4 generated a negative
control surface. In generating the surfaces, it was important to ensure that the
injection of the azido sugars was done immediately after the addition of the
phosphine reagent to minimize any possible oxidation of the reagent and to
maximize the degree of surface functionalization. The change in RU before and

after surface derivatization usually reflects the degree and success of the
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immobilization step. The degree of surface derivatization (average for the four
FC) was in the range of 1250-4194 RU. Thus, the surface was robust, sensitive

and provided reproducible sensograms.

Table 4.1: Structure of the carbohydrate ligands immobilized on the

corresponding flow channels using Staudinger ligation.

Flow Channel (FC) Carbohydrate ligand
HOp_O(CHz)gNs
O
. HOo
HO HO  OH
HO OH
3.1
HOG O(CHa)eN3
HO
5 HO5 O  OH
HO
Ho  OH
3.2
Ho OH OH
0]
3 HO&/%E&&/O(CHZ)SM
OH OH
4.3!
4 Ethanolamine

! Compound 4.3 was synthesized by Dr. Li Xia (Lowary group).
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4.2.3. Synthesis of NHS-activated phosphine reagent 4.8
Phosphine reagent 4.8 was the key compound to enable immobilization of the
target azido sugars using the Staudinger ligation. To achieve the synthesis of the
phosphine reagent 4.8, I followed protocols reported in literature.’”> ¥ As shown
in Scheme 4.1, the synthesis started with the aminoterephthalate derivative 4.5,
which was reacted with sodium nitrite and HCI to form the corresponding
diazonium salt. The diazonium salt was not isolated but instead was, in the same
pot, immediately converted to iodo derivative 4.6 (77% yield) upon treatment
with potassium iodide under reflux in water. Subsequently, iodo derivative 4.6
was reacted with diphenylphosphine in a reaction catalyzed by palladium, which
produced the Staudinger reagent 4.7 in 63% yield. Compound 4.7 must be
handled cautiously during the reaction and workup because it is susceptible to air
oxidation forming the corresponding diphenylphosphine oxide, which is inactive
in the Staudinger reaction. The purity of 4.7 was confirmed using *'P NMR
spectroscopy where it showed only a peak for the phosphine at ~ -3 ppm while
there was no peak at ~ 30 ppm indicating absence of phosphine oxide. To obtain
the final NHS-activated phosphine reagent 4.8, compound 4.7 was reacted with
NHS in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC),

which provided a 64% yield of the desired product.
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4.5 4.6
MeO (0] MeO (0]
HP(Ph)Zv Pd(OAC)Z PPh2 NHS, EDC PPh2
MeOH, Ef3N, reflux DMF
63% 64%
HO™ O N—O" O
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Scheme 4.1: Synthesis of NHS-activated phosphine reagent 4.8.

Compound 4.8 was stored in the freezer under argon and protected from air,
moisture and light to minimize undesired oxidation to the phosphine oxide. With

4.8 in hand, I could run the subsequent SPR biosensor surface modification

mentioned above (Figure 4.5).
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4.2.4. Lectin binding

4.2.4.1. Screening of concanavalin A (ConA), wheat germ agglutinin
(WGA), peanut agglutinin (PNA) and soybean agglutinin (SBA)

There are number of reports in the literature showing that ConA exhibit binding
affinity towards some furanosyl-containing molecules, e.g. carbohydrates with D-
fructofuranosyl and D-arabinfuranosyl residues.’®*** However, ConA is better
known for binding to oligosaccharide containing a-D-Manp residues with high
specificity.*

HOH,C OH
HO O
Ho/&pOH

Figure 4.6: Structure of a-D-Manp. Hydroxyl groups that are essential for

binding to ConA are shown in bold.

Figure 4.6 shows the structural features of a-D-Manp essential for the high
binding affinity to ConA.** The dispostion of the hydroxyl groups (the adjacent
trans hydroxyl groups and the hydroxymethyl group on the carbon adjacent to
that) in case of D-fructofuranosyl residue®® (Figure 4.7a) as well as D-

141

arabinofuranosyl®' (Figure 4.7b) is similar to a-D-Manp.

HOH,C O._ CH,OH HOH,C O
OH

Ho/ OH HO,

HO HO
Figure 4.7: Structural features of furanosyl sugars that interact with ConA.

Hydroxyl groups that are essential for binding to ConA are shown in bold.
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Screening of the lectins listed in Table 4.2 would provide insight into the binding
affinity of these lectins towards Galf~containing oligosaccharides, which has not
been previously investigated. Table 4.2 shows the names, sources and the known
optimal ligands of the lectins used in these SPR experiments. All SPR
experiments were done using BIAcore 3000 system in HEPES running buffer. To
test the binding affinities of these lectins to the carbohydrate-derivatized surfaces,
I injected serial dilutions of ConA, WGA, PNA and SBA (Sigma Aldrich) over

the four flow channels of the biosensor chip at a flow rate 10 pL/min.

Table 4.2: Lectins used in the study of binding specificities towards Galf-

containing oligosaccharides using SPR.

Lectin

Preferred
oligosaccharide Ref.
Name Source g
Concanavalin A (ConA) Jackbean | a-D-Manp and o-D-Glcp | #
Wheat germ agglutinin (WGA) Vgeh;gt GlepNAe, NeupNAc .
. Galp-B-(1—3)-GalpNAc, | 4
Peanut agglutinin (PNA) Peanut Manp and Fucp

- Glucose, galactose/ 47

Soybean agglutinin (SBA) Soybean GalpNAc

BIAevaluation software was used for the analysis of the binding sensograms. It
started with alignment of the sensograms of each lectin (in serial concentrations)
for each flow channel. The responses from the reference channel (FC-4) were

subtracted from the responses obtained from the other flow channels.
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The responses obtained from the sensograms (after reference subtraction) were

used to fit the data into the chosen binding model as will be discussed later.

RU
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S
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Figure 4.8: ConA (serial concentrations) over FC-1.
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Figure 4.9: SPR sensogram of ConA after subtraction RU of FC-1 from the RU
of the reference (FC-4).
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For ConA, Figures 4.8 and 4.9 showed the alignment of the sensograms obtained
for serial concentrations of ConA over FC-1, and the responses after subtraction
from FC-4, respectively. To obtain information about the binding affinity of
ConA towards the ligands which are immobilized on the biosensor chip, I tried to
fit the obtained data from the SPR sensograms into a single site binding model
(Equation 4.1).

B, F
RU= "2 Equation 4.1
Ky+F
Bpax; maximum binding,

Kp: affinity constant,

F lectin concentration

50
°
40
30
20 -
=)
x
10
0 -
Compound 3.1
-10 ©  Compound 3.2
v Compound 4.3
'20 T T T T T
0 20 40 60 80 100

Concentration (ug/mL)
Figure 4.10: Binding isotherm of ConA (0-100 ug/mL) using C1 carbohydrate-

derivatized biosensor chip.
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The concentration range used to fit the data was from 0-100 pg/mL ConA,
(Figure 4.10). From the fitted data (Figure 4.10), I was able to determine the
binding affinities (Kp) of ConA towards ligands 3.1, 3.2 and 4.4 as shown in
Table 4.3. KD values reflected that ConA showed highest binding preference
towards compound 3.2 (1—6 Galf disaccharide), followed by compounds 4.3 and

3.1 (1—5 Galf disaccharide).

Table 4.3: Binding affinities (Kp) of ConA towards compounds 3.1, 3.2, and 4.4.

FC Ligand Kp (uM) 12

1 3.1 110 +£30 0.992
2 3.2 50+ 10 0.992
3 4.3 60+ 10 0.993

The alignment of the different sensograms obtained for WGA (when serial
dilutions were injected over FC-1 which was derivatized with compound 3.1) is

shown in Figure 4.11.

RU
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Response

300
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Figure 4.11: WGA (serial concentrations) over FC-1 (compound 3.1: (1—5)-

linked-Galf disaccharide).
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The subtracted responses are shown in Figure 4.12. WGA sensograms with FC-2
and FC-3 are illustrated in the Appendix (Figure 6.3 and 6.4). Similarly, single
site model (Equation 4.1) was applied to fit the data obtained from the WGA

sensograms which resulted in the binding isotherm shown in Figure 4.13.

RU
300

250 —

200 —

150 +

Response

100 —

50

-50

Figure 4.12: SPR sensogram of WGA after subtraction RU of FC-1 from the

RU of the reference (FC-4).
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The Kp values extracted from Figure 4.13 are summarized in Table 4.4. There
are certain binding preferences of WGA towards the furanosyl ligands 3.1 and
3.2, with the best affinity towards ligand 3.2 (1—5)-linked-Galf" disaccharide,

(Kp, 4 pM).

80

60

=)
o
(e}
o
50 - ® Compound 3.1
R e
O  Compound 3.2
v Compound 4.3
‘40 T T T T
0 20 40 60 80 100

Concentration (ug/mL)

Figure 4.13: Binding isotherm of WGA using CI1 carbohydrate-derivatized

biosensor chip.

Table 4.4: Binding affinities (Kp) of WGA towards compounds 3.1, 3.2, and 4.4.

FC Ligand Kp (uM) 12

1 3.1 40+ 10 0.960
2 3.2 4+1 0.930
3 4.3 15+5 0.947
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Furthermore, Figure 4.14 shows the sensograms obtained for PNA (serial
concentrations) when injected over FC-3, which was derivatized with lactose.
PNA sensograms with FC—1 and 2 are illustrated in the Appendix (Figure 6.9 and
6.10). When I tried to fit the data obtained from the PNA using the single binding
model as done for ConA and WGA, unfortuantly I could not obtain good fitting.
This could attributed to the weak binding of PNA towards the immobilized
ligands 3.1, 3.2 and 4.4.

RU
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Figure 4.14: PNA (serial concentrations) over FC-3 (4.4 lactose).

SBA did not show any binding to the biosensor chip, where no change in RU
upon lectin injection was observed.

As a conclusion, both ConA and WGA exhibited certain binding preferences
towards the (1—5)-linked-Galf disaccharide (3.1) as well as the (1—6)-linked-

Galf disaccharide (3.2). On the other hand, due to the poor fitting of PNA to the
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single site binding model, I could not determine the binding affinities of this lectin
towards the ligands on the chip. Finally, SBA did not show any binding to the

derivatized biosensor chip.

It was an important piece of information, which showed that both ConA and
WGA could bind to Galf~containing oligosaccharides. I intended to determine the
binding affinities of these two lectins before I started running the binding assays

with hintL.

4.2.4.2. Determining the binding specificity of hIntL-1 and hIntL-2
After studying the binding of ConA, WGA, PNA, and SBA to the SPR chip I had
prepared, I moved to investigate the binding of hintL-1 and hintL-2. This work
involved direct binding of the proteins to the chip and some competitive binding

assays.

i) Direct measurement of binding affinity using SPR spectroscopy

A series of dilutions of hintL-1 and hIntL-2 was injected over the biosensor
surface and the response at equilibrium was recorded. In the case of hintL-2, the
SPR sensograms did not show any binding. With hIntL-2, the bulk responses
obtained from the control channel FC-4 were always higher than the responses
obtained from the other carbohydrate-derivatized channels (FC-1-FC-3).

Therefore, I focused the rest of my efforts on hintL-1.

For hintL-1, the RU obtained from the reference channel (FC-4) was subtracted

from the resulting RUnmax (from triplicate runs) from the SPR sensogram (Figure
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6.11, Appendix) to obtain the sensogram showed in Figure 4.15. hintL-1
sensograms with FC-2 and FC-3 are shown in the Appendix (Figure 6.12 and
6.13). The RUmax illustrated in Figure 4.15 were plotted versus the lectin

concentrations to provide the binding isotherm of hIntL-1 (Figure 4.15).
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Figure 4.15: SPR sensogram of hintL-1 after subtraction RU of FC-1 from the
RU of the reference (FC-4), showing maximum response units (RUnax) and

response units at equilibrium (RU cquitibrium).

Figure 4.15 illustrates that upon higher concentrations of hintL-1, equilibration
could not be reached, instead the response units are increasing as shown by the
RUmax. As highlighted above, C1 chip composed of alkyl chains coated on the
gold surface, which could result in certain hydrophobic interactions between the
chip and the protein which increases the probability of non-specific binding to the

surface.
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Figure 4.16: Binding isotherm of hintL-1 using CI chip when single site

binding model was applied (Equation 4.1).

First, I tried to fit the data obtained from hintL-1 sensograms into the single site
binding model (Equation 4.1), but, as shown in Figure 4.16 it resulted in poor
fitting, which encouraged me to try to fit the data using alternative binding model
(Equation 4.2). This is a single site binding model but it also takes in

consideration the non-specific interactions.

B, F
RU- "™ 4+ K

Foo Equation 4.2
Kp+F

Bumax: maximum binding, Kp: affinity constant

K- Non-specific binding constant, F: lectin concentration
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Figure 4.17: Binding isotherm of hintL-1 using C1 chip when equation 4.2 was

applied.

The binding data obtained from applying Equation 4.2 was used to generate the
binding curve shown in Figure 4.17. As illustrated in Figure 4.17, hintL-1 did
not reach to the saturation level using the concentration range (0-7.6 puM).
Furthermore, single site binding model (Equation 4.2) suggested that the
estimated Kp values are highly beyond the used hiIntL-1 concentrations.
Therefore, I could assume that the binding affinities of hlnt-1 towards the

immobilized ligands are higher than 10 uM.
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ii) Indirect binding affinity measurement using competitive binding
experiment

As described in Chapter 3, I was able to produce a panel of Galf-containing
oligosaccharides via chemical synthesis. One challenge I faced was how to
determine the binding affinity of hIntL towards all the compounds. The cost
effectiveness of getting all them immobilized on SPR biosensor chips was not

ideal, which made a competition binding experiment a more viable choice.

There are different ways to perform the competition binding experiment. Both of
the two common techniques for the competitive experiment involve immobilizing
the ligand (with known binding affinity to the analyte protein) on the biosensor
chip. They differ in the manner in which the protein is added with the competing
ligand. One is to choose the competitive binding mode program from the BIAcore
system, where the protein (at fixed concentration) is being mixed with the
competing ligand (at serial dilutions) and injected over the biosensor chip. On the
other hand, a pre-incubation method can be used.*’ In this method, pre-incubation
of the competing ligand together with the analyte takes place before the injection
over the biosensor chip.*’ In my studies, I applied the pre-incubation method
using the C1 sensor chip that was previously modified by carbohydrate epitopes
3.1, 3.2, and 4.3 using the Staudinger ligation. I chose the pre-incubation method,
which allowed me to maximize the mixing time between the protein and the

competing ligand.
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I started the competitive binding experiment with commercially available ligands
i.e., D-ribose and 2-deoxy-D-ribose, and then tried my synthetic oligosaccharides
as potential competitive inhibitors. It is known in literature*® that hintL-1 can be
completely eluted from a galactose—Sepharose column when the elution buffer
contained D-ribose or 2-deoxy-D-ribose. This result showed that hintL-1 exhibited
binding preferences towards these two compounds. Thus, I wanted to quantitate
this affinity in terms of an ICso values through competition experiments using

SPR spectroscopy.

From the ICso curves of both D-ribose and 2-deoxy-D-ribose (Figures 4.18 and
4.19), the ICso values for both of D-ribose and 2-deoxy-D-ribose were calculated
and are shown in Table 4.5. The ICso values were found to be in the low
millimolar range and the binding pattern of hintL-1 with the sugar epitopes on the

chip was similar to what was shown in the direct binding experiment.
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Figure 4.18: ICsg curve of D-ribose (0—12 mM).
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Figure 4.19: ICsg curve of 2-deoxy-D-ribose (0—12 mM).



Table 4.5: I1Cso of D-ribose and 2-deoxy-D-ribose.

Ligand Flow channel (FC) ICs0 (mM)
FC-1 (1-5 Galf Disaccharide) 11£2

D-ribose FC-2 (1—6 Galf Disaccharide) 10.8+0.3
FC-3 (lactose) 12+3
FC-1 (1—-5 Galf Disaccharide) 11.7+0.2

2-deoxy-D-ribose FC-2 (1—6 Galf Disaccharide) 120+1
FC-3 (lactose) 9.6+0.3

Using the same competitive experiment protocol, I decided to test the synthesized
compounds as potential competing ligands. I chose to start with compounds 3.4
and 3.7 (Figure 4.20). Using the same concentration range used for D-ribose (0—
12 mM), I was not able to generate ICso curves for compounds 3.4 and 3.7. Due to
the limited quantities of the synthesized compounds, I could not use higher
concentrations (> 12 mM) of those compounds. Optimization of the competitive
binding experiments using the synthesized compounds will be revisited in the
future. One of the proposed approaches is the immobilization of the synthesized

compounds e.g., compound 3.4 on the chip surface and to run the SPR binding

experiment directly instead of using the competitive binding mode.
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Figure 4.20: Structures of compounds 3.4 and 3.7.

4.2.5. hIntL-1 binding data from Consortium for Functional Glycomics

The results I obtained from the SPR experiments with hintL-1 showed that hIntL-

1 exhibited binding preferences towards the synthesized Galf~containing

This agreed with the data were reported previously’® on the

binding affinity of hintL-1 towards heat-killed Mycobacterium bovis bacillus
Calmette—Guerin. This work inspired me to further investigate the binding affinity

of hintL-1 towards a number of glycans isolated from other bacteria. This work

was done in collaboration with the CFG.

The main aim of this work was to screen a fluorescently-labelled sample of hintL-

1 against a bacterial glycan array. Cyanine (Cy5-NHS dye, Figure 4.21) was

chosen for the fluorescent-labelling of hIntL-1.
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Figure 4.21: Structure of Cy5-NHS dye.

This fluorescently-labelled hintL-1 was sent to the CFG where it was screened
against their “pathogen” glycan array. The printed array contains 48 bacterial
lipopolysaccharide (LPS) antigens.’! The results obtained from scanning the array
showed weak binding of hIntL-1 with LPS from Proteus mirabilis O3a,3c,
Proteus mirabilis O54a, Proteus mirabilis 54b, Providencia alcalifaciens O21,
Providencia rustigianni O14 and Pseudomonas aeruginosa O6a,6¢ (Figure 4.22).
When I examined the structures of the LPS from these bacteria (Table 4.6),
interestingly, I found that none of these glycan structures contain Galf residues, or
any other furanose moieties. However, all the five LPS have at least one N-acetyl

galactosamine (GalpNAc) unit in their structures.

It is worth mentioning here that the proposed affinity of intelectins towards Galf-
containing molecules came from the selective elution of the protein from a
galactose—Sepaharose column.*® The column contains galactose in the pyranose
form (Galp), which means that intelectins must bind Galp with some affinity. The

next step will be studying the structure activity relationship (SAR) among these
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LPS, which requires conducting more binding experiments with these LPS.
Samples of all of these LPS have been obtained for competitive binding

measurements using SPR.

Table 4.6: Names and structures from a 48-member glycan array of bacterial

LPS molecules that exhibited binding with hintL-1.

Name LPS Structure

a-D-GalpA6(L-Lys) *
1
P. mirabilis |

52 4
O3a,3c —3)-B-D-GalpNAc-(1—6)-B-D-GalpNAc-(1—4)-B-D-GlepA-(1—

* N-a-(D-galacturonoyl)-L-lysine

P.mirabilis -6)-0-D-GlepNAc-(1—3)-p-D-Galp-(1—3)-0-D-GalpNAc~(1-
054a,54b>*
P. alca lzfa ciens [—3-0-D-GalpNAc-(1—4)-0-D-GalpNAc-(1—3)-B-D-GalpNAc-(1—3)-0-D-GalpA-(1—
021% 3
1
u-D-Fucp3NFo
P. rustigianni (2S,8S)-cetLys-(2—6)-
014% \
-3)-a-D-GalpA-(1—4)-a-D-GalpNAc-(1—3)-a-D-GlecpNAc-(1-
P. aeruginosa -3)-u-L-Rhap-(1—4)-a-D-GalpNAcA-(1—4)-a-D-GalpNFoA-
06a,6c>°

(1—-3)-0-D-QuipNAc-(1-
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on CFG pathogen array.
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4.2.6. Conclusion
The binding interactions between different lectins and certain carbohydrate
epitopes were studied using SPR spectroscopy. For surface immobilization of the
carbohydrate epitopes on the SPR biosensor chip, Staudinger ligation was more
effective than carbodiimide coupling, as derivatization using amine-containing
carbohydrate epitopes did not enable the detection of binding with hintL. I used a
C1 chip instead of CM5 chip to avoid the presence of high background due to
binding to the dextran layer on the CM5 chip. Among the screened lectins, the
binding results showed that ConA and WGA bound to the Galf disaccharides as
well as lactose. On the other hand, I was not able to quantitate the binding
affinities of PNA due to poor fitting. SBA did not show any binding with the

derivatized chip.

The data obtained by Tsuji and co-workers®, reported the better binding
preferences of hintL towards Galf compared to Galp. Through my binding
experiments using hIntL-1, I could not confirm this hypotheis, as I showed that
hintL-1 exhibited comparable binding preferences towards both Galf and Galp
resdiues.

Using competitive binding experiments I was able to calculate the ICso values of
two potential competing ligands (D-ribose and 2-deoxy-D-ribose), which were in
the low millimolar range. Unfortunately, I was not able to determine the ICso of

compounds 3.4 and 3.7 due to limitation of the available quantities for both.
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A sample of pure hintL-1 was fluorescently-labelled using the Cy5 dye and was
sent to the CFG where it was screened against a small pathogen glycan micrroarry
consisting of a series of 48 bacterial LPS molecules. Five of these structures
showed weak binding with hintL-1 and samples of their LPS will used in future
binding experiments with hlntL-1 using SPR. None of those LPS has Galf in its
structure instead they share at least one GalpNac unit. CFG data suggested that

hIntL-1 could have binding preferences towards galactose in the pyranose form.
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4.3. General Methods

All reagents were purchased from commercial sources and used without further
purification. Oven-dried glassware was used for all reactions. Reaction solvents
were dried by passage through columns of alumina and copper under nitrogen. All
reactions, unless stated otherwise, were carried out at room temperature under
positive pressure of argon. Organic solutions were concentrated under vacuum
below 40 °C. Reaction progress was monitored by TLC on Silica Gel 60 F2s4 (0.25
mm, E. Merck). Visualization of the TLC spots was done either under UV light or
charring the TLC plates with acidified p-anisaldehyde solution in ethanol or
phosphomolybdic acid stain. Most of the purification methods were done using
column chromatography (Silica Gel 40-60 uM). 'H NMR spectra were recorded
using 500 MHz or 400 MHz instruments, and the data are reported as if they were
first order. *C NMR (APT) spectra were recorded at 125 MHz. Assignments of
data were made using '"H-'H COSY and HMQC experiments. Electrospray mass
spectra were recorded on samples suspended in THF/MeOH mixture with added
NaCl.
4.3.1. Synthetic procedures
HO,O O(CHa,)gNH,

0
HOq
HO HO  OH

HO OH

4.1
8-Amino-octyl p-D-galactofuranosyl-(1—5)-p-D-galactofuranoside (4.1).
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Compound 3.1 (8.0 mg, 0.02 mmol) was dissolved in MeOH and then 20 wt. %
Pd(OH)>—C (3 mg) was added. The reaction mixture was stirred overnight under a
hydrogen atmosphere. The solution was filtered through Celite and the filtrate was
concentrated to give a crude product that was purified using column
chromatography (2:1 CH2Cl,—MeOH) followed by further purification using C18
silica gel using HO-MeOH as the eluent, to give disaccharide 4.1 (8.4 mg, 90%)
as a colourless syrup. Ry 0.28 (2:1 CH2Cl,-MeOH); [a]p —102.1 (¢ 0.3, MeOH);
'H NMR (500 MHz, CD3OD, &u) 5.16 (brs, 1 H, H-1°), 4.85 (br s, 1 H, H-1),
4.10 (dd, 1 H, J = 5.9, 3.7 Hz, H-3"), 4.13-3.95 (m, 3 H, H-2, H-2’, H-3), 3.94—
3.85 (m, 1 H, H-4"), 3.85-3.79 (m, 2 H, H-4’, H-5"), 3.75-3.69 (m, 3 H, H-5, H-
6a, H-6b), 3.73-3.63 (m, 3 H, H-6’a, H-6’b, octyl OCH>), 3.40 (td, 1 H, J = 9.6,
6.5 Hz, octyl OCH>), 3.05 (t, 2 H, J = 6.9 Hz, octyl CH.NH>), 1.54—-1.45 (m, 4 H,
octyl CH>), 1.41-1.34 (m, 8 H, octyl CH>); *C NMR (125 MHz, CD;OD, &¢)
109.4 (C-1°), 109.2 (C-1), 84.7 (C-27), 83.5 (C-2), 83.7 (C-4’), 82.7 (C-4), 78.7
(C-3), 78.6 (C-3°), 77.1 (C-5), 72.2 (C-5’), 68.9 (C-6), 64.2 (octyl OCH>), 62.8
(C-6), 56.1 (octyl CH,NH»), 30.6 (octyl CH2), 30.3 (octyl CHz), 30.4 (octyl
CHb»), 29.7 (octyl CHy), 27.9 (octyl CH»), 27.5 (octyl CHz); HR ESIMS: m/z

[M+Na'] calcd. for C2o0H30NNaO1;: 492.2340. Found: 492.2337.
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HOG O(CHa)gNH;
HO
HOG O OH

OH

HO
4.2

8-Amino-octyl B-D-galactofuranosyl-(1—6)-p-D-galactofuranoside (4.2).

Compound 3.2 (6 mg, 0.01 mmol) was subjected to the same hydrogenation and
purification conditions used to obtain 4.1, where compound 4.2 (4.2 mg, 90%)
was obtained as a colourless syrup. Rr0.21 (2:1 CH2Cl,-MeOH); [a]p —62.4 (c 2,
MeOH); '"H NMR (500 MHz, CDsOD, 8u) 4.92 (d, 1 H, J = 1.1 Hz, H-1"), 4.85
(brs, 1 H, H-1), 4.12-3.94 (m, 1 H, H-3"), 3.97-3.98 (m, 3 H, H-2, H-2’, H-3),
3.95(dd, 1 H,J=3.8,1.86 Hz, H-4’), 3.84-3.85 (m, 2 H, H-4’, H-5"), 3.84 (dd, 1
H, J =10.3, 433 Hz, H-62a’), 3.74-3.69 (m, 3 H, H-6’b, H-6a,b), 3.67-3.58 (m, 1
H, H-5), 3.57-3.58 (m, 1 H, octyl OCH>), 3.47 (td, 1 H, J = 9.6, 6.6 Hz, octyl
OCH>), 3.01 (t, 2 H, J = 6.9 Hz, octyl CH2NH>»), 1.53-1.47 (m, 4 H, octyl CH>),
1.35-1.22 (m, 8 H, octyl CH>); *C NMR (125 MHz, CD;OD, &¢) 110.1 (C-1°),
109.5 (C-1), 84.4 (C-2), 84.5 (C-2), 83.5 (C-4’), 82.7 (C-4), 78.4 (C-3), 72.7 (C-
3”), 71.7 (C-5), 70.8 (C-5’), 68.4 (C-6), 64.8 (C-6"), 62.8 (octyl OCH2), 56.5
(octyl CH>2NH>), 30.5 (octyl CH>), 30.7 (octyl CHz), 30.3 (octyl CH>), 29.9 (octyl
CH,), 27.4 (octyl CHy), 27.4 (octyl CHz); HR ESIMS: m/z [M+Na'] calcd. for

C20H39NNaO11: 492.2320. Found: 492.2340.
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MeO.__O

HO™ "O
4.6

2-lodo-terephthalic acid 1-methyl ester (4.6). The synthetic procedure for
compound 4.6 was adapted from the literature.’” 37 In an ice-water bath,
concentrated HCI (10 mL) was cooled for 30 min before the addition of 1-methyl-
2-aminoterephthalate (1.0 g, 5.10 mmol). The mixture was stirred for further 10
min and then a NaNO» (0.35 g, 5.21 mmol) solution in water (2.5 mL) was added
slowly while stirring was continued for 5 min. The reaction mixture was then
allowed to stir at room temperature for 25 min, before it was transferred using a
pipette to a solution of potassium iodide (8.6 g, 51.7 mmol) in water (15 mL). The
colour of the reaction mixture turned dark red with the formation of reddish
brown precipitate. The reaction was stirred for 1 h, diluted with CH>Cl, (50 mL)
and the organic layers was washed with saturated Na>S>O;3 solution (30 mL).
Finally, the organic layer was washed with brine and dried over anhydrous
NaxSOs. The solvent was removed leaving behind a yellow solid precipitate,
which was recrystallized from MeOH to give 4.6 (1.2 g, 77%) as a yellow

amorphous solid. The acquired data for 4.6 were consistent with the literature. >’
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HO™ O

4.7
2-(Diphenylphosphinyl)-terephthalic acid 1-methyl ester (4.7). Compound 4.6
(500 mg, 1.63 mmol), dry CH30H (2.5 mL), palladium acetate (3.6 mg, 0.016
mmol) and triethylamine (244uL, 4.6 mmol) were loaded into a flame-dried flask.
The reaction mixture was degassed in vacuo and allowed to stir under an argon
atmosphere for 30 min. Using a syringe, diphenylphosphine (0.28 mL, 1.67
mmol) was added and the resulting solution was stirred overnight under reflux.
The reaction mixture was then cooled to room temperature and the solvent was
removed. The crude residue was re-dissolved in a 1:1 mixture of CH2Cl,—H>O
(300 mL). The CHClI, layer was then washed with (10 mL) 1 N HCI and then
concentrated. The obtained crude residue was dissolved in CH3OH (4 mL) and
then cold water (5 mL) was added upon which a yellow solid precipitated. The
precipitated solid was dissolved in water and then freeze-dried to give 4.7 (373
mg, 63%) as orange-yellow solid. The data for 4.7 matched that reported

previously in literature.>®

225



MeO O

Fl’h
N
Ph
@)
[EN_O o
@]

4.8
Succinimidyl 3-diphenylphosphino-4-methoxy-carbonylbenzoate (4.8). To a
solution of diphenylphosphine derivative 4.7 (0.989 g, 0.5 mmol) in DMF (7 mL),
EDC (0.622 g, 0.6 mmol) and NHS (0.342 g, 0.55 mmol) were added. The
solution was stirred at room temperature for 5 h and then concentrated. The
obtained residue was poured into CH2Cl,-H>O (50 mL), gently mixed and the
CHCl layer was separated and dried over anhydrous Na>SOs. Removal of the
solvent afforded 4.8 (150 mg, 64%) as yellow amorphous solid. The data for 4.8

matched that reported previously in literature.*

4.3.2. Biosensor surface preparation using amine coupling
SPR binding studies were done a using BIAcore 3000 SPR spectrometer. Both
CMS5 (carboxymethyl dextran) and C1 sensor chips were derivatized using the
following protocol. The biosensor surface derivatization reactions were performed
at a flow rate 5 pL/min to give sufficient contact time between the surface and the
reagents. First, the chip was equilibrated overnight with HEPES running buffer
(10 mM HEPES, 1 mM CacCl, 150 mM NacCl, 0.005% surfactant P20, pH 7.4),
and then was allowed to react with the following solutions as shown in Figure
4.4: 1) 200 pL of 1:1 solution of N-hydroxy-succinimde (NHS) (0.1 M in water)

and N-ethyl-N’-(3-diethylaminopropyl)-carbodiimide (EDC) (0.1 M in water).
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This first step was done for the four flow channels. 2) The surface was then
allowed to react with the amine carbohydrate epitopes 4.1, 4.2 and 4.3 (200 pL,
1.25 mM solution in HEPES buffer, pH 7.6). Compounds 4.1, 4.2 and 4.3 were
injected over flow channels (FC) 1, 2 and 3, respectively. 3) 200 pL ethanolamine

(EA) (1 M in water, pH 8.5) were injected over all the FC, including FC—4.

4.3.3. Biosensor surface preparation using Staudinger ligation
First, C1 chip was equilibrated overnight with HEPES running buffer (10 mM
HEPES, 1 mM CaCly, 150 mM NaCl, 0.005% surfactant P20, pH 7.4) and then
the C1 biosensor chip surface was derivatized as illustrated in Figure 4.5
according to the following steps: 1) 200 pL of 1:1 solution of N-hydroxy-
succinimde (NHS) (0.1 M in water) and N-ethyl-N’-(3-diethylaminopropyl)-
carodiimide (EDC) (0.1 M in water). 2) 325 pL of ethylenediamine (EDA) (1 M
in water, pH 8.5) were injected over the four Fc. 3) 300 pL of the NHS-activated
phosphine reagent 4.8 (50 mM, 6% DMSO in HEPES, pH 8) were injected at
flow rate 8 pL/min over FC 1-3. The chip surface was allowed to react with the
azido carbohydrate epitopes 3.1, 3.2 and 4.4 via Staudinger ligation, where 300
pL of compounds 3.1, 3.2 and 4.4 (1.25 mM in HEPES buffer, pH 7.5) were

injected at flow rate 8 uL/min over FC-1, 2 and 3, respectively.

4.3.4. Detection of lectin binding specificity
SPR binding studies were done a using BIAcore 3000 SPR spectrometer and the
analysis of the data was done using BIAevaluation software supplied by BIAcore.

The binding studies was done using a C1 chip derivativized with ligands 3.1, 3.2
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and 4.4. The same HEPES buffer used in the biosensor surface preparation was
used in the lectin binding experiments. Kinject injection mode was used at a flow
rate of 10 pL/min. Serial dilutions of each lectin in HEPES buffer were prepared
and the exact final concentration of each solution was determined by measuring
Azgo (using UV-spectrophotometer) of the lectin solution. Lectins solutions were
injected over the four FC and data correction was performed by subtracting the
response obtained from the carbohydrate-derivatized surfaces (FC 1-3) from
control lane (FC-4). RUmax from each sensogram was used to fit the following

single site binding mode (Equation 4.1).

4.3.5. Competitive binding experiment with hIntL-1 using SPR
In these experiments the C1 biosensor chip was used. The following
concentrations of the competing ligand (D-ribose, 2-deoxy-D-ribose, 3.4, and 3.7
at 12, 10, 8, 6, 4, 2, 1, 0.5, 0 mM) were prepared in HEPES running buffer (10
mM HEPES, 1 mM CaCl,, 150 mM NacCl, 0.005% surfactant P20, pH 7.4). Serial
dilutions of the ligand were pre-incubated with 300 mg/mL of hIntL-1 for 1 h at
room temperature, then the SPR experiment was started. Kinject injection mode
was used at a flow rate of 10 uL/min and the RUnax from each concentration was
used to create the ICso curves for the competing ligands.

4.3.6. Surface regeneration
Surface regeneration was achieved by injecting 400 uL 10 mM glycine (pH 1.5)
after each lectin concentration. Similar regeneration outcomes were obtained

when 400 pL 10 mM glycine (pH 2) was used.
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4.3.7. Fluorescent labelling of hIntL-1
The protocol for the fluorescent-labelling of hIntL-1 was adapted from the
literature.® A solution of pure hintL-1 (Img/mL) in 0.1 M sodium carbonate (pH
8.4) was prepared. In the experiments a freshly prepared solution of the dye was
prepared by dissolving cyanine dye (Life Technologies, Cy5 in dry
dimethylsulfoxide, DMSO) at a concentration 1mg/mL. Preparation of the dye
solution should be done in a darkened lab and the dye solution should be
protected from light either by using amber vials or wrapping the vial with
aluminum foil. In a darkened lab, the Cy5 dye solution (25 pL) was added slowly
to 1 mL of the hIntL-1 solution. The protein/dye mixture was left in the dark for 7
h. The excess dye was quenched by the addition of 0.1 M aminoethanol at pH 8
followed by dialysis of the protein solution using a spin column (MWCO 10 kDa)
for 2 h. The protein was dialyzed in 10 mM HEPES, 150 mM NaCl and 1 mM
CaCl, buffer. After fluorescent-labelling of the protein, it was necessary to
determine the fluorophore—protein (FP) ratio, which reflects the degree of the
protein labelling. The FP ratio is the number of mol of dye per mol of protein. To
calculate the FP ratio, both Asgo and Amax (Amax 1 the absorbance at 650 nm for
Cy5 dye) were measured using a UV-Vis spectrophotometer. The A2g0 and Asso
values were 0.082 and 0.029 mg/mL, respectively. The following two equations

were used to calculate the FP ratio of hIntL-1:

1.M= A280 -[ (Amax . CF) 8_1 . b-I l

(0.029 x 0.05)
=0.082 -
79,925 M em™? x 1 em
=1.008x 10 °M
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M: molar protein concentration (M), CF: correction factor (dilution factor), &:

hIntL-1 extinction coefficient (M ecm™) calculated using ProtParam tool on
ExPASy”, b: path length (1 cm)

A of the labelled protein
€.b.M

2. FP ratio =

0.029

25000 M em™ x 1 em x 1.008 x 10 M
= 0.1 mol dye/moles protein
&". Cy5 molar extinction coefficient (M™! cm™), b: pathlength (1 cm), M: molar

protein concentration (M)

4.3.8. hIntL-1 screening against pathogen glycan array through CFG

The printed pathogen array consists of the polysaccharides derived from 48
different Gram-negative bacteria. Each polysaccharide was printed in 2 forms:
the native form and the native plus a spacer group (aliphatic amine linker). Each
form was printed at 5 concentrations for a total of 10 polysaccharide spots
corresponding to each bacterial species. Each of the 10 polysaccharides was
printed in replicates of 6.%!

The average relative fluorescent units (RFU) from the replicates, the standard
deviation, the standard error of the mean (used for the error bars) and percentage
coefficient of variation (%CV, %CV=100 X Std. Dev/Mean) were calculated and
the graph shown in Figure 4.19 was plotted. The graph shows bacterial
polysaccharide name vs. average fluorescence (RFU). The highest and lowest

point from each set of six replicates has been removed so that the average RFU is

230



of 4 values rather than 6. This eliminates some of the false hits that contain a
single very high or low point. Thus, points with high %CV should be considered
suspect. The scanner response is linear to a maximum RFU value of about

50,000.
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5.1. Summary

My goal in this project was to study human intelectins (hIntL) and gain more
detailed knowledge about their binding preferences and affinity. This would
provide a better understanding about the possible role of this protein in the host
innate immune system. This project is interdisciplinary; its goals were achieved
using a variety of synthetic chemistry approaches as well as molecular biology

techniques.

I succeeded in gaining access to a panel of oligosaccharides (3.1-3.8) through
synthetic chemistry approaches. Compound 3.9 precursor was obtained
successfully. In the design of the synthesized target oligosaccharides, I took into
consideration naturally occurring molecules found in a variety of microorganisms
including bacteria and fungi. Eight of the synthesized oligosaccharides (3.1-3.8)
contain D-galactofuranose (Galf) in their structures while one, compound 3.9, has

an L-arabinofuranosyl moiety (Figure 5.1).
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Figure 5.1: The structures of the synthesized compounds (3.1-3.9).
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The main building blocks in our synthetic approach were the thioglycoside donor
3.26, 2,3-anhydro Galf derivative 3.54, (Figure 5.2), as well as the azido-octyl

acceptors 3.41 and 3.42, (Figure 5.3).

BzO, STol o. OCHs
BzO O—gg
o
BzO OBz 7&0
3.26 3.54

Figure 5.2: Structures of essential building blocks 3.26 and 3.54.

BZO,O O(CH2)8N3 BZQO O(CH2)8N3
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Figure 5.3: Azido-octyl acceptors 3.41 and 3.42.

The next step in achieving my project goals after having this library in hand was
the recombinant expression of hintL. This was the most challenging part in my
project and took from me the longest time and effort to achieve it. The factors that
contributed to the difficulty in achieving this goal arose from the intrinsic
characteristics of hIntL. The protein was not easy to express and characterize due
to many reasons briefly summarized here. The trimeric glycosylated structure of
hIntL forced me to exclude the use of E. coli as a potential expression system. After
several unsuccessful attempts to clone the desired gene in the pPIC9 vector, I could

not use yeast (Pachia pastoris) as expression system for IntL and hence I decided
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to search for another alternative host. Low yield and problems in protein
purification were the main disadvantages of hIntL expression in HeLa cells.
However, after discussions with our collaborators, I was able to repeat their success
in expressing hintL in H5V cells. Thus, H5V cells are the expression system of

choice for hintL.

Having obtained a good yield of pure and stable hintL-1 and hIntL-2, I explored
the binding preferences of the protein towards our synthesized library. SPR was
the analytical technique I chose to study the binding interactions of hIntL and my
carbohydrate epitopes. Staudinger ligation proved to be an effective immobilization
method of the synthesized azido sugars onto the SPR chip. The C1 biosensor chip
was better than the CMS5 chip as it avoided the background effect caused by the

presence of the dextran layer on the CMS5 chip.

I was able to estimate the binding affinities (Kp) of hIntL-1 towards the
immobilized sugar epitopes (3.1, 3.2 and 4.4) to be higher than 10 pM. Using
competitive binding experiments ICso values of both D-ribose and 2-D-deoxyribose
were calculated. The main limitation I faced when I started the competitive
experiments using the synthesized compounds 3.4 and 3.7 was the limited quantity
of these compounds and thus inability to calculate their ICso values. I was not able
to study the binding activity of hIntL-2 as it did not exhibit any binding preferences

towards the same derivatized chip used with hintL-1.
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Finally, fluorescent-labelling of hIntL-1 using the Cy5 dye enabled its screening
against an array of LPS molecules from 48 different bacteria, in collaboration with
the Consortium for Functional Glycomics (CFG). Five hits (Proteus mirabilis O3a,
3¢, Proteus mirabilis O54a, Proteus mirabilis 54b, Providencia alcalifaciens 021,
Providencia rustigianni O14 and Pseudomonas aeruginosa O6a, 6¢) showed weak

binding with hIntL-1. Interestingly, none of these LPS contain Galfresidues.

5.2. Future directions

5.2.1. Completion of the binding experiments

As discussed in the summary section, I was not able to determine the ICso of the
synthesized oligosaccharides (3.4 and 3.7) due to limited quantities of material.
Looking for an alternative method other than the competitive binding technique
will be necessary. One of the solutions to overcome this limitation is to immobilize
number of the synthesized compounds (3.3, 3.4, and 3.7) on the biosensor chips and
run the binding experiment directly with hintL instead of using the competitive

method.

5.2.2. Studying the binding interactions using other analytical methods
Among the potential analytical methods which could be used to study the binding
affinity of hIntL is isothermal titration calorimetry (ITC). ITC provides information

about the thermodynamics of binding of a carbohydrate to a lectin.!
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Furthermore, mass spectrometry could be another technique for measuring the
thermodynamics of hintL for the synthesized compounds (3.3-3.9). Electron spray
ionization-mass spectrometry (ESI-MS) has emerged as a very useful and sensitive
tool for both identifying and quantifying different carbohydrate—protein
interactions.? The main advantage of this method that it requires very small amounts

of both the protein and the ligand.

5.2.3. Expansion of the carbohydrate library and synthesis of more ligands
To obtain better idea about the binding preferences and specificity of hintL, access
to more ligands will be required. The design of these ligands will be guided by the
results we obtained from the CFG. As discussed in Chapter 4, the screening of
hIntL-1 against a CFG pathogen array showed the binding to five bacterial LPS.
When examining these LPS structures, I found that they share at least one GalpNAc
motif. Therefore, designing ligands analogues to those LPS structures could be a
good start. Figure 5.4 shows the structure of the proposed ligands (5.1-5.6) to be

synthesized in the future.
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Figure 5.4: Structure of the proposed compounds 5.1-5.6.

5.2.4. Study structure-activity relationships (SAR) between ligands with
high affinity and intelectins

Developing the SAR for these ligands could be useful in designing more ligands
with higher binding affinity.> SAR studies would start by choosing the ligands
which showed highest binding affinity to hIntL and then design new ligands based
on structural modification e.g. methylation at selected position. Synthesis of these
designed ligands followed by testing their binding affinities towards hIntL would
provide useful information about the structural features which are essential for

hIntL binding.

247



Another potential way to study the SAR for these ligands is to obtain a crystal
structure of hintL-1 bound to one of the ligands. X-ray crystallography could
provide us with detailed information about the binding site of the protein and the
amino acids which are crucial for binding activity and hence we could then design

more ligands with potential binding affinity.

5.2.5. Conducting in vitro assays with live bacteria

The results we got from screening hintL-1 against a pathogen CFG array (as
discussed in Chapter 4) could be the starting point towards running in vitro assays
with live bacteria. One or more of the strains (Proteus mirabilisO3a,3c, Proteus
mirabilis O54a, Proteus mirabilis 54b, Providencia alcalifaciens O21, Providencia
rustigianni O14 and Pseudomonas aeruginosa O6a,6¢) whose LPS showed binding
with hintL-1 could be obtained and subjected to in vitro assays in the presence of

pure hintL.
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6.1. SPR sensograms for ConA, WGA, PNA and hlntL-1
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Figure 6.1: SPR sensogram of ConA (serial dilutions) injected over FC-2 of C1
carbohydrate-derivatized biosensor chip.
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Figure 6.2: SPR sensogram of ConA after subtraction RU of FC-2 from the RU

of the reference (FC-4).
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Figure 6.3: SPR sensogram of ConA (serial dilutions) injected over FC-3 of C1
carbohydrate-derivatized biosensor chip.
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Figure 6.4: SPR sensogram of ConA after subtraction RU of FC-3 from the RU

of the reference (FC-4).
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Figure 6.7: SPR sensogram of WGA (serial dilutions) injected over FC-3 of C1
carbohydrate-derivatized biosensor chip.
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Figure 6.9: SPR sensogram of PNA (serial dilutions) injected over FC-1 of C1
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Figure 6.10: SPR sensogram of PNA (serial dilutions) injected over FC-2 of C1
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Figure 6.11: SPR sensogram of hintL-1 (serial dilutions) injected over FC-1 of

C1 carbohydrate-derivatized biosensor chip.
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Figure 6.12: SPR sensogram of hlntL-1 (serial dilutions) injected over FC-2 of

C1 carbohydrate-derivatized biosensor chip.
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Figure 6.13: SPR sensogram of hlntL-1 (serial dilutions) injected over FC-3 of

C1 carbohydrate-derivatized biosensor chip.
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