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ABSTRACT

A variety of applications in glycobiology exploit affinity chromatography through the
immobilization of glycans to a solid support. Although several strategies are available, in many
cases there is a lack of satisfactory chemical characterization. In this thesis we describe work
towards improved characterization of chemistries with improved efficiencies which may be
essential for work with glycans available only in limited quantity. Several chemical approaches
were compared to divinyl sulfone based on immobilization efficiency, attachment to the solid
support, and binding capacity to a protein receptor. We observed that immobilizations using p-
Toluene sulfonyl hydrazide offered higher immobilization efficiencies and comparable binding
capacities to the DVS method.

We also generated a series of affinity matrices containing individual human milk
oligosaccharides (HMO) species. To test the utility of the affinity matrix for identifying glycan
receptors, we used the lysate from human cells. Proteins which specifically bound to the
affinity matrix were captured, and then identified using LC-MS/MS-based proteomics analysis.
This method has successfully identified a number of HMO-receptors, including members if the

galectin family.
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Chapter 1
The Importance of Carbohydrate — Protein Interactions in

Biology: the specific case of Human Milk Oligosaccharides



1.1 Biological roles of glycans

There are three main types of bioploymers in nature: nucleic acids, proteins, and
carbohydrates. Carbohydrates are the most abundant compounds produced by living
organisms. (/) It has been known for a long time that carbohydrates are an important source of
energy and act as structural components. Carbohydrates are also known to contribute to the
development, growth, and functioning of the organism that synthesizes them. (2-5)
Carbohydrates have also been recognized as serving critical roles in areas such as cell-cell
communication, (6, 7) cell signalling, (8, 9) and host-pathogen interactions. (/0-12) Most of
these processes are mediated by interactions between proteins and glycans.

Proteins that bind to specific glycans are known as glycan binding proteins (GBPs).
There are two types of GBPs: endogenous, which recognize glycans from the same organism
and exogenous, which recognize glycans from a different organism. (/3) Endogenous GBPs
permit interactions between cells of the same type, and they can also recognize glycans within
the same cell. Exogenous GBPs are often toxins, adhesins, and agglutinins present in
pathogenic organisms. These proteins play a crucial role in pathogen — host interactions. (/4) A
graphic representation of this type of interaction is shown in Figure 1.1.

Human milk oligosaccharides (HMO) are a specific group of carbohydrates highly
abundant and unique to human milk. (/5) These molecules have received a lot of attention in
recent years due to the potential health benefits they offer to the breast-fed infant and the
lactating mother. The following sections of this chapter will discuss in more detail the different
roles that carbohydrates are proposed to play in order to understand the importance of studying

the interactions between HMO and GBPs.



Figure 1.1 Biological roles of glycans.
Intrinsic and extrinsic interactions of lectins with glycan structures; either between (A) the same types
of organism or cells or (B) between different types, in this case a cell recognizing a pathogen or a toxin

and the pathogen or toxin recognizing the cell. Modified from (/3).

1.1.1 Structural and modulatory roles of glycans

In cells glycans protect, stabilize, provide organization, and serve as barriers. The best
known example of glycans which fits these diverse roles is the glycocalyx. Luft first visualized
and described the glycocalyx in 1966 by electron microscopy. (/6) The glycocalyx is a
carbohydrate rich layer that covers all eukaryotic cells and the cell envelope of prokaryotic

cells. It serves as a physical barrier between the cell and the external media to limit the flow of
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certain molecules to the inside of the cell based on size exclusion. (/7) The glycocalyx is a
network of membrane-bound proteoglycans and glycoproteins. (13) Proteoglycans are
comprised of a core protein to which one or more glycosaminoglycan chains are linked.
Glycoproteins are proteins that contain oligosaccharide chains. The composition of the
glycocalyx around the cell is not uniform. Its components vary at different areas of the cell
surface as well as among cell types.

In bacteria, the cell envelope is a complex structure with several layers that serve to
protect the organism from the environment. (/8) Briefly, the first layer is the outer membrane,
which is only present in Gram-negative bacteria. The outer membrane is composed mainly of
lipopolysaccharide, (/9) which serves as a barrier, and has also been found to trigger human
immune response upon its entrance in the human body as it is recognized by the immune
system as an endotoxin. (20). The next layer is the peptidoglycan cell wall which serves as a
cytoskeleton, hence, determining cell shape. The peptidoglycan is formed from repeating units
of N-acetyl glucosamine-B1,4-N-muramic acid, crosslinked by pentapeptide side-chains. (217)
The last layer is the inner membrane, which is a phospholipid bilayer where all the membrane-
associated functions are performed including lipid biosynthesis, protein secretion, and energy
production.

The extracellular matrix (ECM) is comprised of a complex network of polysaccharides,
glycoconjugates and proteins secreted by cells. It is a structural element of the cell. The
glycoconjugates of the ECM have different binding sites for various sugar chains that play an
organizational role. (9) Glycosaminoglycans (GAGs) are polysaccharide side chains of
proteoglycans formed by linear disaccharide repeating units. (/) GAGs are found in abundance

in the ECM to maintain surrounding cell hydration. It has been observed that sulfated GAGs,
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such as heparin sulfate, interact with fibronectin, an adhesive glycoprotein and collagen fibrous
glycoproteins; in this way heparin sulfate can bind to protein ligands. The presence of
hyaluronic acid, an anionic non-sulfated glycosaminoglycan, will promote a highly fibrillar and
highly hydrated environment that result in cell rounding and locomotion. (22) GAGs promote
matrix stabilization and participate indirectly in maintaining the morphology and growth rate
of differentiated cells.

Another example of the ability of carbohydrates to modulate certain biological processes
can be found in plants. Several studies have provided evidence on the role of pectic fragments
as regulators of defensive responses, which are generated upon enzymatic digestion of cell wall
by plant pathogens. (23) The introduction of purified pectic fragments in healthy plant
seedlings promoted the activation of a defense mechanisms, the accumulation of oligouronide
fragments and the modification of the cell wall structure in sites adjacent to where pectic
fragments were introduced. (24) These observations support the idea that in plants, the
presence of pectic fragments triggers a series of defense reactions

Galectins are a family of proteins with the ability to recognize B-galactosides. (25) In
mammals, galectins are an example of carbohydrate binding proteins whose interactions are
known to regulate many processes. These GBPs bind to extracellular glycoconjugates at the
cell surface, which typically contain galactose terminated oligosaccharides. As galectins can
bind either bivalently or multivalently, they are able to crosslink glycoconjugates, which can
trigger a cascade of transmembrane signaling events. In this fashion, galectins are able to

modulate processes such as apoptosis, mitosis, and cell-cycle progression. (26)



1.1.2 Glycans as specific ligands for cell-cell interactions

Glycan-containing molecules participate in a wide range of processes at the cellular level
and facilitate, trigger, or inhibit certain interactions among cells. Some examples of the roles
played by carbohydrates in cell-cell interactions include the formation of colonies in bacteria,
the activation of certain immune responses by selectins, and the promotion of metastasis in
cancer mediated by galectins. A brief explanation of these interactions is provided in the
following paragraphs.

The glycocalyx plays a very important role in bacteria as it promotes cell-cell
interactions to form colonies. The formation of colonies allows bacteria to continue growing
while offering protection from antibacterial agents, surfactants, bacteriocins, bacteriophages,
antibodies, antibiotics, and phagocytic cells. (27)

In humans, some growth factors acquire their binding abilities upon glycosylation while
others lose theirs. The B-human chorionic gonadotropin is able to bind its receptor when it is
not glycosylated, but it fails to interact and stimulate adenylate cyclase when the carbohydrate
moiety is missing. (28)

Selectins are another example of carbohydrate-mediated cell-cell interactions. These are
a family of cell-adhesion molecules responsible for initiating the binding of leukocytes to
endothelium and control of lymphocyte homing and leukocyte entry into inflamed tissue. The
receptors for these proteins is a NeuSAc-a2,3-Gal-f1,4(Fuc-al,3)-GIcNAc oligosaccharide,
known as the sialyl-Lewis(x) antigen. (29) Individuals that have leukocyte adhesion deficiency
type II (LAD-II) cannot incorporate fucose effectively within selectin ligands. As a

consequence, leukocytes of LAD-II patients cannot bind selectins which ultimately leads to



recurrent bacterial infections in mucosal membranes and skin, and defects in mental and
psychomotor development. (29, 30)

GBPs such as galectins have been found to play a role in tumour metastasis. Metastasis
is the migration and invasion of tumour cells into surrounding tissues. This event depends on
cell-cell and cell-extracellular matrix interactions. Galectin-3, which binds galactose-
containing glycoproteins disrupts the cell-cell adhesion interactions between tumour cells or
tumour cells to the ECM by binding to the molecules involved in the adhesion. As such, this
allows the detachment of the tumour cell from the primary tumour. The detached tumour cell
can then use its secreted galectin-3 to form new attachments to other cells to form the
secondary tumour. (26) Evidence supports that galectin-3 is clustered at the sites of cell-cell
contacts, providing more evidence that the protein is indeed involved in homotypic tumour cell
adhesion. (317)

As it has been described above, carbohydrates facilitate the interaction between different
molecules. For bacteria the formation of colonies is essential for their survival, while in
humans the ability of B-human chorionic gonadotropin to bind its receptor is influenced by its
glycosidation state. If this process is inhibited, the growth of the fetus may be compromised.
These two examples illustrate the relevance of studying and understanding the roles that

carbohydrates play in cell-cell interactions.

1.1.3 Glycans as specific ligands for cell-microbe interactions
A diverse number of microorganisms recognize glycans as specific binding sites on
host cells. These glycan sites are targets for plant and bacterial toxins. The recognition

specificity that these pathogens have for the sequence of the glycan involved is remarkable.
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(1/4) Some examples of the carbohydrate-pathogen binding specificity are presented in Table
1.1.

Binding to carbohydrates is often the first step of pathogenesis for bacterial pathogens,
viruses, and parasites. This is especially important in areas of the human body with constant
movement, such as the gastrointestinal tract, where surfaces are constantly washed by fluids.
(32) In order to colonize, the pathogen must be able to adhere to the surface. The best
understood mechanism for surface adherence is attachment through lectins. This process is
specific, which is critical as the availability of suitable receptors is often dependent on the
host’s age and the site of the infection. (5, 32) Some well-known pathogens which bind to
carbohydrates on the surface of human cells are Kleibsiella pneumoniae, which has high
affinity to mannosyl glycans present in respiratory tissue and uropathogenic Escherichia coli,
with affinity towards mannose-containing glycans in the urinary tract. (33) For viruses, the
Dengue fever virus is known to bind to heparin sulfate and chondroitin sulfate at early stages
of the disease. (34) Moreover, Norwalk, Snow Mountain and Hawaii viruses, are also known to
bind to carbohydrate moieties found in cells. These viruses bind ABH histo-blood group

antigens as part of their invasion process. (35)
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1.2 Human Milk Oligosaccharides

Human milk oligosaccharides (HMO) are a family of diverse, unconjugated glycans that
are highly abundant in and unique to human milk. The concentration of oligosaccharides in
human milk is considerably higher in comparison to bovine milk (20 g/L versus 0.05 g/L,
respectively). (48) This abundance has led investigators to propose biological, physiological
and protective functions for these molecules. (49, 50) HMO are composed of five monomers:
D-Glucose, D-Galactose, N-acetyl-D-glucosamine, L-fucose, and sialic acid [N-acetyl-D-
neuraminic acid (NeuSAc)]. The structure of HMO tends to include a lactose core at the
reducing end which is elongated by N-acetyllactosamine units. Structural diversity is achieved
by extensive fucosylation and sialylation at the terminal positions. (50, 5/) More than one
hundred different HMO have been identified to date; however, there is variability in the HMO
produced between individuals. (/5)

An interesting fact about HMO is that they are not metabolized by the breast-fed infant.
Once ingested, HMO resist the acidity in the gastrointestinal tract and brush border enzymes.
(52) Several groups have reported that HMO reach the distal small intestine and colon without
being modified, and most of them are excreted in the infant’s feces. (53, 54) However, other
groups have noted that the amount and type of HMO present in feces changes as the child
develops. HMO entirely disappear from the infant feces once they begin to be weaned. (55) It
has also been shown that a small percentage (approximately 1%) of HMO are absorbed in the
infant’s intestine and reach the systemic circulation. This finding was provided by Rudlof et
al., who showed that intact HMO appear in the urine of breast-fed infants. (56, 57) However,

data published this year suggest that neutral HMO might be processed differentially once it is
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absorbed in the gut, and their effects may be exerted beyond the intestine and the infant’s

microbial composition alone. (58)

1.2.1 HMO as prebiotics

A prebiotic is “a selectively fermented ingredient that allows specific changes, both in
the composition and/or activity in the gastrointestinal microflora, that confers benefits upon
host well-being and health.” (59) The ability of HMO for reaching the distal colon without
being modified has allowed researchers to hypothesize that they may play a significant role in
shaping the microbiome of breast-fed infants. It has been observed that babies that are breast-
fed have an unusual abundance of bacteria, generally characterized as Bifidobacterium. (60)
Moreover, other groups have observed that Bifidobacterium longum subspecies infantis can
easily grow when HMO are offered as the sole carbohydrate source. (6/) Other studies have
reported a predominance of B. infantis over other Bifidobacterium species when lactose-N-
neotetraose (LNnT) is present. A different study identified tha B. infantis could inhibit bacteria
from the genera Salmonella, Listeria, Campylobacter, and Shigella. (62) These results may
imply that B. infantis inhibit potentially harmful bacteria by competing for limited nutrient
supply. It has also been observed that B. infantis produces short-chain fatty acids and other
metabolites that create a favourable environment for the growth of commensals while
inhibiting potential pathogens. (63)

The observations described above have led to the introduction of the term “bifidus
factor” to refer to the property of milk that facilitates the growth of this type of bacteria. It is of
considerable interest to understand what components of breast milk lead to the unusual

accumulation and persistence of the protective microbiome of breast-fed infants. (57)
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1.2.2 HMO as antiadhesive antimicrobials

Besides the competitive advantage that HMO provide to non-pathogenic bacteria, there
is evidence that the oligosaccharides and other glycoconjugates present in human milk have an
inhibitory effect on certain virulence-related abilities of pathogenic microorganisms. (50, 64)
As discussed above, many pathogens rely on their ability to adhere to mucosal surfaces to
colonize the host and cause disease. Some HMO prevent intestinal attachment of
microorganisms working as soluble decoy receptors competing with epithelial ligands for
pathogen binding. (36, 65, 66)

One of the best understood pathogens is Campylobacter jejuni, whose infections are
one of the most common causes of bacterial diarrhea and infant mortality. Blocking of the
binding capacity of this pathogen to cultured cells and human mucosa was achieved by adding
soluble al,2-fucolsylated HMO. (36) This blocking capacity has been confirmed in vivo with
mother-infant pairs from Mexico City. Campylobacter jejuni-associated diarrhea occurred
significantly less often in infants whose mother’s milk contained high concentrations of 2’-
fucosyllactose (2°FL). (67)

In a similar way, neutral oligosaccharides present in human milk were able to protect
the intestinal tract of newborns from infection by Vibrio cholerae. (68) In a different research
study, Andersson et al. showed that the adhesion of pneumococci or Haemophilus influenzae,
which usually adhere to specific carbohydrate structures (from the neolactoseries) of
pharyngeal or buccal epithelial cells, was inhibited with human milk. (69) These two studies

highlight the importance of HMO in providing protection all along the gastrointestinal tract.
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The microorganisms discussed above express lectins that bind to glycans on the host
cell. Other microorganisms reverse this arrangement by expressing glycans that bind to lectins
on host cells. A relevant example of this group of microorganisms is the human
immunodeficiency virus (HIV), which binds to the Dendritic Cell-Specific Intercellular
adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) on human dendritic cells. (70) The
envelope glycoprotein gp120 must bind to DC-SIGN in order for HIV to enter through mucosal
barriers during mother-to-child transmission of HIV. (77) DC-SIGN has a high affinity to high-
mannose glycans on gpl120 but it has higher affinity to receptors with either a Gal-B1,3(Fuc-
al,4)-GlcNAc oligosaccharide or a Fuc-al,2-Gal-B1,3(Fuc-al,4)-GIcNAc oligosaccharide,
known as Le blood group antigens (72) that can be found in human milk and will compete with
gp120 for binding to DC-SIGN. (77) This affinity may explain the low occurrence (around
10%) of mother-to-child HIV transmission through breastfeeding, despite the continuous
exposure to the virus for several months.

HMO not only provide protection against bacteria and viruses, but there are also reports
of their antiadhesive antimicrobial action against parasites. One of the parasites that has been
extensively studied is Entamoeba histolytica. This parasite has infected nearly 50 million
people, and causes 100,000 deaths annually. Jantscher-Krenn et al. observed that some HMO
significantly reduce E. histolyica attachment and cytotoxicity in co-cultures with human
intestinal epithelial cell lines. (73) This observation is particularly interesting since E.
histolytica colonization requires the parasite to attach to the host’s colonic mucosa. If the
parasite is not able to attach, it is carried downstream and excreted with the feces without

causing disease. (15)
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There are several other examples where HMO exhibit antiadhesive antimicrobial
effects, but only some examples have been included here. (75, 40) It is important to highlight
that HMO contribute to lower incidence of intestinal, upper respiratory, and urinary tract
infections in breast-fed infants, and not only in the intestine or colon as could be expected.
HMO also exhibit a wide spectrum of protection since they possess antiadhesive antimicrobial
activity against bacteria, viruses, and parasites. (15, 36, 68, 71, 73)

Finally, it has also been observed that some of the HMO present in milk have
antipathogenic effects when they are conjugated to biomolecules. One example is the sialic
acid-containing gangliosides that inhibited the enterotoxin from E. coli and V. cholera. (74, 75)
The milk ganglioside, GM1, was identified as the component responsible for exerting this
effect. (76) Moreover, milk gangliosides can also bind Shiga toxin (77, 78) cholera toxin, (79)

and botulinum neurotoxin type A. (80)

1.2.3 HMO as immunomodulators
Although HMO have not been detected in the blood of breast-fed infants, (87) there is
evidence that a small amount of them is absorbed from the gastrointestinal tract and taken into
the circulatory system since small amounts of HMO have been detected in urine. (56) It
follows that HMO may alter protein-carbohydrate interactions at a systemic level. Recent
studies suggest that HMO interfere with the adhesion of neutrophils to vascular endothelial
cells (82) and platelets. (83) The hypothesis behind this observation is that HMO resemble the
glycoprotein ligands of selectins. (See Section 1.1.2)
Selectins bind to glycans with Le blood group epitopes, which are sialylated and

fucosylated lacto-N-bioses (Gal-B1,3-GlcNAc), or N-acetyllactosamines (Gal-f1,4-GIcNAc),
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very similar to HMO. It is known that HMO contain Le blood group antigens, (8§4) and they
are able to inhibit selectin mediated cell-cell interactions. (83) Sialylated HMO reduce the
formation of platelet-neutrophil complexes (PNC) and inhibit neutrophil activation in an ex-
vivo model with whole human blood. (8§3) PNC are a subpopulation of highly reactive
neutrophils primed for adhesion, phagocytosis, and enhanced production of reactive-oxygen
species. PNC has an anti-inflammatory effect that is inhibited when the binding of selectins to
the surface of endothelial cells and platelets is inhibited. (83)

At the moment, it is unknown which receptors and signaling pathways involved in
lymphocyte cytokine production or macrophage stimulation which are affected by HMO. A
large number of lectins are involved in the immune system, and the glycan binding specificity
of many human lectins may suggest that HMO could interfere with these processes. For
example, siglecs are a family of sialic-acid-binding immunoglobulin-like lectins that are
thought to promote cell—cell interactions and regulate the functions of cells in the innate and
adaptive immune systems through glycan recognition Siglecs have been shown to bind
sialylated HMO. (85) This observation is important since Siglecs are regulators of the immune
system. (86)

Some studies have shown that the incidence of necrotizing enterocolitis (NEC), a
condition that is considered to be an exaggerated immune response caused by increased
mucosal neutrophil infiltration and activation, is 85% lower in breast-fed than formula fed
infants. (87) This finding is consistent with an anti-inflammatory effect of absorbed HMO. (§8)
Studies carried out in a rat model, show that HMO provide protection from NEC. In these
studies, the survival rate and pathology scores significantly improve when HMO were added to

the orally gavaged formula. (89) The HMO responsible for this effect was identified as
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disialyllacto-N-tetraose (DSLNT). A follow up article was recently published where the
authors found that the disialyl component is important for the beneficial effect of DSLNT, after
testing monosialylated and disialilylated analogs of DSLNT. They found disialyllacto-/N-
neotetraose (DSLNnT), and o2,6-linked disialyllacto-N-tetraose (DS’LNT) are also good
candidates for preclinical experiments in treating NEC. It still remains unknown how this
carbohydrate provides protection from NEC and whether the results observed in the animal

model can translate to human neonates. (90)

1.2.4 Other proposed benefits of HMO

It has been observed that breast-fed infants have superior developmental scores at 18
months of age and higher intelligence quotients at the age of 7. (97) There is evidence that
Neu5SAc-containing gangliosides and poly-Neu5Ac containing glycoproteins contribute to
brain development and cognition. (92) Moreover, post-mortem analysis of human neonates
showed that ganglioside and protein-bound Neu5Ac concentration were significantly higher in
the brains of breast-fed infants compared with infants fed with formula that contained lower
amounts of Neu5Ac than human milk. (93)

A lot of effort has been devoted to establishing the potential beneficial effects of HMO to
the neonate. However; there is evidence that the lactating mother may also benefit from
producing the breast milk. Human milk is not sterile and contains bacterial populations that are
specific to each woman. (94) The bacteria present in milk could potentially serve as natural
probiotics to inoculate the infant’s intestinal microbiota, but they may also contribute to the
regulation of the mother’s milk composition or pathogens that cause diseases like mastitis.

Some strains of Staphylococcus, the bacteria responsible for mastitis, have shown affinity
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towards 2°FL in a biosensor based assay. (95) Yet there is no evidence to support that HMO
reduce the likelihood of acquiring mastitis. (95) Additionally, HMO have been found in
pregnant women’s urine shortly before giving birth which indicates retrograde “leakage” to the
circulation, and suggests potential systemic effects for the breast-feeding woman. (96)

There is strong evidence of the potential beneficial effects of HMO for both the neonate
and the lactating mother. However, if we consider the evidence discussed, there is a common
denominator: most of the studies offer no molecular explanation of the mechanisms or the type
of interactions underlying the beneficial effects claimed. Although HMO may mediate
biological effects through protein-glycan interactions, the target of these interactions are not
known. Below we discuss strategies for identifying protein carbohydrate interactions, which

must underpin the mechanisms of HMO-mediated effects.

1.3 Techniques for studying carbohydrate — protein interactions

The study of carbohydrate-protein interactions is challenging due to the complexity of
the carbohydrates, the amphiphilic character of carbohydrates results in different types of
interactions with surrounding water molecules. The hydrophobic ring forces densely packed
water molecules, whereas the hydroxyl groups force the binding water molecules to arrante in a
configuration that is less favourable. (97) Moreover, the weak affinities of the binding
between these two types of molecules makes the problem more complex. The interactions
between carbohydrates and proteins are usually weaker in comparison to protein — protein
interactions in terms of equilibrium dissociation constants (Kp). The Kp of a lectin binding
with a monosaccharide is usually in the mM range (98, 99) for example: Concanavalin A with

mannopyranosides (Kp ~ 0.1 mM) (/00), MBP to several monosaccharides (Kp from 0.1 to 1
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mM). (100, 10I) These affinities are usually improved when the lectins bind to
oligosaccharides. For example, the K, of Concanavalin A binding to a trimannoside
oligosaccharide (K, = 4.9 x 10° M) is 60 times larger than the mannose monomer (K, = 8.2 x
10° M™). (102) The same is true for MBP, with a K, (6.25 x 10° M) for maltose (Glu-a1,4-
Glu) and it shows no binding to glucose as a monomer. (/03) In order to improve these
affinities, nature uses multivalent interactions — simultaneous interactions between the clusters
of carbohydrates and proteins that have multiple carbohydrate recognition domains. (/04-106)
Multivalency has been reported to increase the strength of the interactions up to a 10,000-fold.
(/07) With the incorporation of high densities of carbohydrates on the cell surface, the
multivalent contact points (hydrogen bonds, van der Waals interactions, and hydrophobic
interactions) between the carbohydrates and proteins can result in the so-called cluster
glycoside effect, which can result in almost logarithmic enhancements of binding potencies.
(101)

The detection of carbohydrate — protein interactions, the determination of their structure,
and the measurement of their thermodynamic and kinetic parameters is fundamental for the
design of carbohydrate-based therapeutics for the treatment of diseases. Several analytical
techniques have been developed for identifying and quantifying carbohydrate — protein
interactions in vitro, each with strengths and weaknesses.

Isothermal titration calorimetry (ITC) is the gold standard for quantifying the
thermodynamic parameters of complex formation, and it is the only method that directly
provides the enthalpy of association. One of the major drawbacks from this technique is that
the conventional instruments require large amounts of pure protein and ligand. Newer

instruments, such as nano ITC, have improved sensitivity and lowered sample requirements.
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(108, 109) Another drawback of this technique is that it only allows the study of one protein
interacting with one carbohydrate at a time, which could be time and labour intensive
considering a system where both the interacting ligand-receptor pair is unknown.

Surface Plasmon Resonance (SPR) can be used to measure the affinity of an immobilized
binding partner to one in solution. (//0) A potential limitation for this approach is that one of
the molecules involved in the binding needs to be immobilized on the sensor chip, which may
affect the binding interaction. There are some examples where ITC and SPR have yielded
divergent binding data for the same protein — ligand complex. (///) SPR has certain
limitations, the surface immobilization method needs to be designed to control the surface
density so it mimics multivalent presentations found in nature. In addition, the immobilization
method should not disrupt the carbohydrate-protein interaction of interest. (/72, 113)

Carbohydrate microarrays have evolved as a popular tool for high-throughput studies of
binding interactions. The arrays consist of oligosaccharides that are attached to a surface via a
covalent linker. (//4) Potential binders are incubated with the array, followed by a washing
step, and the binding complexes are identified using a secondary reporter, usually a
fluorophore. (/15) The need of a secondary reporter increases the cost of this type of assay,
and they can prevent quantitative measurements. A dense presentation of the oligosaccharides
serves to mimic the situation encountered on cell surfaces that allows for multivalent
interactions with low-affinity carbohydrate ligands. (//6) This approach offers the
simultaneous screening of multiple glycans for a single receptor. Arrays also require having
multiple pure oligosaccharides with the corresponding receptor in order to obtain useful data.
Moreover, it is known that glycan arrays may produce false negatives and are sensitive to the

nature of the linker used to immobilize the glycans. (/717, 118) Furthermore, glycan
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microarrays represent a limited number of glycans compared to the naturally occurring
structures. The ability to detect a GBP will depend on the platform used. (//9) Hsu et al. used a
different approach to study glycan-protein interactions with microarrays. They immobilized the
lectins and exposed the resulting lectin array to different sugars and detected the binding
indirectly. This approach, however, is labour intensive since the lectins had to be
recombinantly produced due to the fact that some lectins contain carbohydrate moieties that
may disrupt the binding or enhance it leading to false positives or false negatives. (/20)

The direct ESI-MS assay is gaining popularity for studying carbohydrate-protein
interactions due to its versatility and convenience for quantifying association constants. (/21-
123) The catch-and-release (CaR-ESI-MS) format permits the screening of hundreds of
carbohydrates against target proteins. The method involves incubating the protein with the
ligands, followed by direct ESI-MS analysis to detect the protein binding with the highest
affinity ligands. When the complex mass cannot be determined, the ligand is released as ions,
and its mass determined alone or in combination with fragmentation or ion mobility separation.
(124) The main drawback of this method is the necessity of knowing the protein and ligand
concentrations for calculating the K,.(/25)

Affinity chromatography combined with mass spectrometry provides a very powerful
method for the analysis of mixtures of compounds for specific protein interactions. The method
involves the immobilization of one of the binding partners (e.g. the carbohydrate) to a solid
support while the binding partner is in a mobile phase as part of a complex mixture (e.g. cell
lysate). The capture step is followed by washing, to remove non-specific or weak binders; and
elution, to disrupt the binding and obtain the binding partners in solution again. (/26) The

proteins that were bound can be identified by mass spectrometry by obtaining proteolytic
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peptide fragments followed by its analysis using database search algorithms for identification.
(127) One of the advantages of this method is that it provides a high-throughput screening of
ligands. Moreover, its application in a broad range of biological systems makes it very
convenient for the screening and identification of new potential drug leads. This technique has
the potential to provide the corresponding K, values when frontal affinity chromatography —
mass spectrometry (FAC-MS) method is used. (/28) However, the method traditionally
involves feeding ligands continuously into the column where the receptor has been
immobilized on a solid support. Those ligands with affinity will be retained and they will not
come out of the column until their breakthrough volume is achieved, at this point they are
identified by means of mass spectrometry. (/29)

The immobilization of carbohydrates onto solid supports has been studied in the past,
and several methods are currently available. The immobilization of carbohydrates using divinyl
sulfone, a bi-functional reagent, has been used since the 70’s due to the simplicity of the
method, and the possibility of doing the coupling in aqueous solution. (/30) However, the
method has some drawbacks: the protocol requires a capping step, which increases the
possibility of non-specific interactions; and also the immobilization is not regioselective, it can
occur in any of the hydroxyl groups available which may interfere with the binding. (90) A
more detailed discussion on affinity chromatography and the different methods for the

immobilization of carbohydrates and proteins can be found in Sections 2.1.1 and 2.1.2.

1.4 Hypothesis and project objectives
As discussed above, HMO are thought to be important contributors to the health and

development of the breast-fed infant. The precise molecular mechanisms underlying these
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proposed effects are not well understood, and more data on the molecular interactions of these
ligands with their target receptors is needed.

For example, in 2012 the Bode group showed evidence that disialyllacto-N-tetraose
(DSLNT) can reduce the incidence of necrotizing enterocolitis (NEC) in a neonatal rat model.
The study involved the fractionation of milk based on charge, characterisation, and testing in
the animal model. The fraction with the greatest beneficial effect was further fractionated until
they were able to identify DSLNT as the specific HMO responsible for reducing the incidence
of necrotizing enterocolitis. However, the mechanism of how DSLNT reduces NEC remains to
be elucidated. (§9)

In a different study, the binding antigen of Campylobacter jejuni was identified. The
authors hypothesized that the receptor binding to this bacterium had to be one that recognized
fucose since the presence of the saccharide at high concentrations inhibits the binding of C.
jejuni to epithelial cells. After a series of experiments that involved the production of
neoglycoproteins, the transfection of cells, and several in vivo and ex vivo studies the authors
were able to identify Fuc-al,2-Gal-f1,4-GIcNAc (known as H(O) blood group) as a critical
human intestinal ligand for Campylobacter jejuni. (36)

In the examples described above, we can notice that the identification of a single HMO —
receptor pair is a lengthy, labour-intensive process that also requires having access to
significant amounts of HMO, both as a mixture and in pure form. Bearing this in mind and
taking into consideration the methods currently available for studying interactions between
carbohydrates and proteins, we hypothesized we could develop a high-throughput method
based on affinity chromatography coupled to mass spectrometry. The main difference of our

method would be that the ligand is immobilized in the solid support and the receptors, coming
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from human and bacterial sources, will be flowed through the column. The receptors binding to
the HMO attached in the solid support can be identified after elution from the column, and
analyzed using electrospray-ionization mass spectrometry (ESI-MS). Knowing the identity of
both carbohydrate and protein opens up the possibility of doing more studies, among them:
determining the K,, carrying out inhibition studies or other biological tests to observe the effect
of the interaction in cells, tissues or animal models with the objective of better understanding
the nature of the interactions and their implications in health research.

In Chapter 2 we envisioned that we could develop a method for selectively
immobilizing the HMO to a solid support through the reducing end using p-Toluenesulfonyl
hydrazide activation without requiring any protective groups. (/31, 132). Considering that
HMO diversity arises from extensive fucosylation and sialylation starting from a common
lactose core, (50, 51) we believe that the immobilization from the reducing end would be the
least disruptive to binding between HMO and the corresponding receptor. The method
developed can be used to immobilize HMO in a way that preserves the binding epitope, and
can be used to capture human and bacterial receptors, as it is described in Chapter 3.

To test these hypotheses we decided to compare our approach for carbohydrate
immobilization against two benchmark methods: immobilization using divinyl sulfone (DVS)
and immobilization using cyanuric chloride (CC). We decided to compare the three methods
on the basis of efficiency by measuring the amount of carbohydrate immobilized into the solid
support; binding capacity by determining the amount of protein that 1 mg of resin could
capture; and also compared the stereoselectivity, if any, that each method provided by running
a series of model reactions in solution and comparing their NMR spectra. These studies

revealed that the approach taken for the carbohydrate immobilization was successful since we
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can get comparable binding capacity with our method using almost half the amount of
carbohydrate, which in the case of HMO is very valuable due to their limited availability.

In Chapter 3 we tested our approach for the identification of HMO binding receptors
building a series of affinity chromatography columns using five commercially available HMO,
(Figure 1.2) we then optimized a procedure for liquid chromatography to identify binding
receptors. We tested two approaches for the identification of the proteins binding to the
immobilized HMO. The receptor-ligand pairs that we identified support the idea that our
approach can identify multiple ligands using a simple and straightforward method, opening the
possibility of screening large number of ligands in relatively short periods of time. As we

envisioned, the method allowed us to identify several receptor-ligand pairs.
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Figure 1.2 HMO immobilized in solid support for binding studies in Chapter 3.
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Chapter 2
Protecting Group-free Immobilization of Carbohydrate
Epitopes Using p-Toluenesulfonyl Hydrazide for Affinity

Chromatography'

' The SS-NMR experiments were carried out with the help of Mark Miskolzie, NMR

Laboratory. University of Alberta
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2.1 Introduction
2.1.1 Affinity Chromatography

Affinity chromatography is a method for the purification of biomolecules based on
specific and reversible binding of a receptor and its ligand. We will define the ligand as the
binding partner which is immobilized onto an insoluble support and the target as the binding
partner dissolved in a mobile phase. The principle behind this type of separation is very simple:
when the two components are mixed they will form a reversible bimolecular complex
associated with the solid support. This allows for enrichment of the targets as non-binders will
flow easily through the column, whereas the target will be retained based on its affinity for the
ligand. The target can be eluted by flowing through the column a solution containing
competing target in solution (competitive elution), or by using buffer conditions that may
disrupt the interactions between ligand and target. (/, 2)

This method, developed almost 45 years ago, gained popularity and revolutionized the
entire fields of modern biology, chemistry, molecular biology, and biotechnology. (3) A search
for the topic of affinity chromatography in the Web of Science currently yields 156,455 results;
out of those, 50,716 have been published in the last ten years. The broad scope of the method
has resulted in the development of specialized techniques. Among the most popular methods,
we can find immunoaffinity chromatography, where an antibody is immobilized into the solid
support, and the target antigen is purified upon loading and subsequent elution from the
column. (4, 5) The inclusion of affinity tags is also a popular method for the purification of
recombinant proteins, the two most common systems being avidin-biotin (6) and the His-tag

and nickel. (7, 8) For the purification of lectins, immobilized carbohydrates have been used. (9,
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10) There are several other specialized techniques that have derived from affinity
chromatography; however, they are out of the scope of this thesis.

The selection of the affinity matrix is an important step when developing an affinity
chromatography method. The insoluble matrix used for affinity chromatography should have
minimal non-specific interactions with the target, it should be macroporous to allow entry of
large biomolecules, it should be physically and chemically stable, and should be of uniform
size.(/, 2) Commercially available matrices include agarose, cellulose, silica, polyacrylamide,
polystyrene, and dextrose (2)

Moreover, supports like polystyrene are known to have high non-specific interactions
with proteins due to its hydrophobicity; and silica has the same effect due to the negative
charge present in its surface (2) Sepharose, an agarose (Gal-p1,4-[3,6]-anhydro-L-Gal) support,
is often used for affinity chromatography because it has low non-specific binding, can be used
under a wide range of pH, and tolerates most organic solvents. (/, /1) Sepharose CL is a
crosslinked derivative of Sepharose prepared by reacting agarose with 1,3-dibromo-2-propanol
under strongly alkaline conditions providing a gel with a very low content of ionisable groups.
(12) A partial structure of Sepharose CL is shown in Figure 2.1.

For our studies we chose Sepharose CL because the support complies with most of the
characteristics described above. It is stable under a wide range of pH, which will allow us to
used several binding elution conditions; it allows the attachment of ligands using mild
conditions; retains favourable flow properties during use, and it has minimal interactions with

proteins, our main target. (/)
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Figure 2.1 Chemical structure of Sepharose CL Sepharose is a cross-linked agarose (D-galactose and
3,6-anhydro-L-galactose) polymer where most of the hydroxyl groups are blocked or are used for cross-

linking the repeating units.

2.1.2 Methods for substrate immobilization

The immobilization of peptides, and proteins is usually carried out through the
formation of covalent bonds using the amine groups in the ligand reacting with a functionality
on the resin surface (Scheme 2.1). A commonly employed method is the reaction of a
cyanogen bromide (CNBr) activated surface. The resin is then reacted with a protein, which
can react through a lysine side chain. (2, /3) The main drawback of this method is the toxicity
of the CNBr reagent; however, commercially available resins that are already activated have
reduced the difficulty of this method. The principal advantage of this approach is that it can be
used under aqueous conditions. (/4) The lysine chains of proteins can also react with supports
bearing active esters, such as N-hydroxysuccinimide (NHS). A disadvantage of this method is
the low immobilization yields due to competing hydrolysis from aqueous buffers. (/4) An

alternate method is coupling to a surface with an aldehyde group to obtain an imine linkage
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(15) that can be reduced with sodium cyanoborohydride to form a stable secondary amine
linkage.

It is possible to take advantage of other amino acid side chains present in proteins for
immobilization chemistry. For example, the thiol group of cysteine residues holding can easily
react with o,B-unsturated carbonyls (e.g. maleimides) to form thioether bonds. Thiols can also
react with epoxides and NHS esters; however, these reactions are slower and the resulting
linkage is susceptible to degradation. (/6) Carboxylic acid-bearing residues, such as aspartic
and glutamic acid, can also be used for immobilization. The strategy involves the conversion of
the carbonyl to the corresponding activated ester using a carbodiimide coupling agent (e.g. 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide) while NHS is used to generate the active ester.
This procedure can be carried out in water; however, the carbodiimides and the active ester in
aqueous media are sometimes low yielding. Moreover the active esters formed in the protein

can further react with other protein molecules, through lysine chains, to form polymers. (/6)

48



I
A OﬁOH % O/O\tN Aqgueous buffer O/ \ﬂ/

Aqgueous buffer oH 8.3 NH,

Hydroxyl pH 10 - 11 Cyanate ester
bead Ligand coupling

via isourea bond

." -':':- S

0@ 0 cﬁﬁ"p?ﬁ ,‘-:.‘

N, AL N |

o ° O\\(O\N 2

B ( FOH
Organic O/ 'e) 3 Aqgueous buffer
Hydroxyl solvent pH 7.2 _ .
bead NHS-carbonate Ligand coupling

via carbamate

bl 4y

f"
N
O NH2 o Vi
C O . —
Oxidation M Aqgueous buffer

NaCNBH;
Agueous buffer _ _
Hydroxyl pH7-8 Ligand coupling PH7-8 Ligand coupling
bead via imine via amine

Scheme 2.1 Common ligation methods for the immobilization of proteins to a solid support.
These methods use amine nucleophiles from from the protein. Reaction of the resin with A. CNBr, B.

NHS ester, or C. Aldehydes are shown.

Although affinity chromatography is commonly used for protein-based ligands, there
are some issues specific to the use of carbohydrate-based ligands. Specifically, carbohydrate
ligands do not typically contain free amine groups. Instead, chemistries that can form covalent

linkages between the hydroxyl groups of the solid support and those of the ligand are required.
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Commonly employed strategies to address this problem are described below and summarized

in Scheme 2.2.
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Scheme 2.2 Methods for the immobilization of carbohydrates to a solid support. Some of the

methods currently available include A. Reductive amination, B. Divinyl sulfone, C. Cyanuric Chloride,

and the method that we implemente D. p-toluenesulfonyl hydrazide.

2.1.2.1 Reductive amination

Reductive amination (Scheme 2.2 A) relies in the ability of sodium cyanoborohydride
to selectively reduce the imine formed from the reaction between an aldehyde and an amine
under neutral conditions. (/7) An amine functionalized resin is required along with a reducing
carbohydrate, in equilibrium with its open chain form (/8, 79) The reaction suffers an

important drawback, the coupling times can be sometimes very long. The reaction can be sped
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up by adding excess carbohydrate, but the requirement of large amounts ligand is a potential
limitation. (/9)
2.1.2.2 Divinyl sulfone

Divinyl sulfone (DVS) (Scheme 2.2 B) is an electrophilic homobifuncitional reagent
capable of crosslinking hydroxyl nucleophiles. DVS can be used to activate a hydroxyl-
containing solid support through a Michael-type addition to one of the vinyl groups.
Crosslinking can be minimized if the reaction is carried out under a large excess of DVS
relative to the nucleophile. (20, 21)

A range of functional groups can react with DVS as nucleophiles, including amine and
hydroxyl groups. In the case of hydroxyl nucleophiles, such as carbohydrates, the reaction
must be carried out at a pH greater than 10 to form a covalent ether linkage. DVS-coupled
affinity ligands should not be exposed to conditions exceeding pH 8.5 to avoid potential retro
Michael reaction. (22, 23) DVS activation has been used in several applications including
carbohydrate immobilization onto surfaces (24) and immobilization onto chromatographic
supports for affinity chromatography. (9) Some of the limitations of this method are the need
of a capping step to block unreacted active sites and the need of relatively large amounts of
carbohydrate.
2.1.2.3 Cyanuric Chloride

Cyanuric chloride (CC) (Scheme 2.2 C) is a trifunctional, heterocyclic compound that
can be used for the coupling of dyes to fabric. Because of its high reactivity, it has also been
used in the activation of chromatography resins with hydroxyl groups in the immobilization of
affinity ligands. The reactivity of CC decreases as the chlorines are substituted by other atoms.

(20) The main advantage that CC offers as a coupling reagent is the stability of the bond
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formed at high pH values, which is a problem for the DVS approach. (25) Similar to DVS, CC
has been used for the immobilization of affinity ligands, (20) and was also recently used for
anchoring carbohydrates into surfaces for the preparation of carbohydrate microarrays. (26)
Some flaws of this method are the need of a capping step to block unreacted sites, and the
decrease in reactivity as substitution of the triazine ring increases.

2.1.2.4 Tosyl Hydrazide

Recently, Nitz and coworkers have reported a method for protecting-group free
glycosidation reactions based on the use of a glycosyl hydrazide (Scheme 2.2 D). (27, 28) This
method results in reaction at the anomeric position of the donor exclusively. Additionally, in
the case of 2-acetimido sugars, such as N-acetyl-glucosamine (GIcNAc), the reaction
selectively forms the B-anomer. The conditions for the reaction are mild (37 °C) for the
formation of the activated carbohydrate, and room temperature for the glycosidation reaction.
The mechanism for the glycosidation is believed to occur via oxidation of the glycosyl donors
with NBS to form a glycosyl diazene. The formation of an oxocarbenium ion occurs due to the
elimination of sulfinic acid and nitrogen gas. The oxocarbenium ion is then trapped by the
incoming alcohol wherein the stereochemistry of the attack will be directed by the
neighbouring acetamido group (27).

We considered that this chemistry could be ideal for immobilization of carbohydrates
onto solid supports. In this configuration, the hydroxyl groups of the solid support would act as
the glycosyl acceptor and the glycosyl hydrazide would act as the donor. This method would
have several advantages over standard immobilization chemistries for carbohydrates. First, the
method would not require an activation of the resin and could be performed under very mild

conditions. Moreover, no capping or inactivation step would be required at the end of the
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reaction, which may reduce the likelihood of non-specific interactions. (2) Most importantly,
this strategy would offer the advantage of being regioselective, reacting only at the anomeric
position of the glycoside, in contrast to the chemistries discussed above.

Herein we develop a protocol for the immobilization of carbohydrate ligands to a cross-
linked agarose support (Sepharose CL-6B) using para-toluenesulfonyl hydrazide (p-TsH)
activation. We envisioned that this method could provide similar levels of immobilization to
existing chemistries, but would be complementary due to its region- and stereo-specificity. We
compared our method with two benchmark chemistries: DVS and CC. Each method was
compared based on its immobilization efficiency and carbohydrate binding capacity of the

resulting matrix.

2.2 Results & Discussion
2.2.1 Model reactions in solution

Our goal was to perform crosslinking reactions in a heterogeneous phase; however, to
provide a clear point of comparison for each method we first established a solution phase
protocol using model compounds. The reactions carried out in solution would provide essential
data for establishment of the reaction conditions required for the immobilization strategies. (29,
30)
2.2.2 Functionalization of monosaccharides with DVS in solution

We took as a starting point the method reported by Fornstedt and Porath in 1975 (9) for
the immobilization of D-mannose onto a solid support using DVS as a linker. Initially we
carried out the reaction shown in the Scheme 2.3 using one equivalent of Gal to 2.5

equivalents of DVS. These conditions afforded a mixture of products that included mono, di,

53



tri, and tetra-DV S-functionalized glycosides of Gal (2.1) in 60% yield. By reducing the number
of equivalents of DVS we isolated singly-modified glycosides of GIcNAc (2.2) in 51% yield.
We used GIcNAc in this step in order to have the same substrate that afforded the best site-
selectivity with the p-TsH chemistry (described in Section 2.2.4). The optimal ratio used for
obtaining the mono-functionalized product, attached through the hydroxyl in the sixth position,
was 5 equivalents of monosaccharide per equivalent of DVS. (21) Using '"H NMR and 'H
GCOSY (shown in Appendix A, results summarized in Table 2.1) we determined that the
substitution occurs mainly at position 6 of the monosaccharide; however, the '"H NMR data
shows two sets of vinylic and anomeric peaks whereas the mass only identifies one product.
The "H GCOSY revealed that H-6 shifted downfield from ~3.8 to ~3.9 ppm. This effect is
expected due to the electron-withdrawing character of the sulfone. These data suggest that the
DVS attachment occurred through more than one of the hydroxyls available, providing

evidence of the poor site-selectivity of this method.

GlcNAc 2.2
Proton
Chemical shift (ppm) Chemical shift (ppm)
H-1 (o/P) 5.1/4.6 51/4.4
H-2 3.85-3.76 3.73 -3.60
H-3 3.72-3.66 3.90 -3.80
H-4 3.72-3.66 3.74-3.60
H-5 3.38 3.48 -3.31
H-6 3.85-3.76 3.90 -3.80

Table 2.1 Comparison of chemical shifts for GIcNAc¢ and molecule 2.2
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Scheme 2.3. DVS-functionalization of monosaccharides in solution. Monosaccharides A Gal and B
GlcNAc were reacted with DVS in alkaline conditions to provide a mixture (2.1) and single-modified

derivatives (2.2).

2.2.3 Functionalization of monosaccharides with CC in solution

Cyanuric chloride (CC, 2.12) has been used for immobilization of carbohydrates to
solid support. (26) We followed conditions developed by Finlay et al. (20, 37), shown in
Scheme 2.4. In our hands, these conditions were low yielding and often resulted in hydrolysis

of the cyanuric chloride to afford the corresponding acid.
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Scheme 2.4 CC-functionalization of glycosides. Conditions for CC coupling in solution. (37) The last

step was not tested due to the low yields in the first two steps.

We considered an alternative method, shown in Scheme 2.5, which relied on initial
activation of the triazine to the aniline conjugate, 2.3, followed by reaction with the desired
alcohol. In our case, we chose to use MeOH as a stand-in for the resin acceptor, forming
compound 2.4. (32, 33) This method gave improved yields (81% yield overall, after two steps)
as compared to Scheme 2.4; however, the carbohydrate coupling step was not achieved. The
reaction was tested using NaHCOs; and NaOH as a base and with and without heating for
periods up to 1 week. The product obtained in all cases was the hydrolysis product of
compound 2.4 and no observable traces of the desired product based on NMR and mass

spectrometry analysis.
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Scheme 2.5. CC-functionalization of glycosides — route 2. Method based on the procedures reported
by Kumar et al. and Belyakov et al.(32, 33). The first two steps gave improved yields (80% overall).

However, the glycosidation step was not successful, affording the hydrolysis product of compound 2.4.

To investigate the site of attachment and the efficiency of the immobilization of
carbohydrates using CC, we tested the conditions proposed by Liang and Chen (26) and
described in the Scheme 2.6. The reaction described in Scheme 2.6 afforded a mixture of two
products: the monosubstituted triazine (2.5a) with the chlorine being hydrolyzed and the di-
substituted triazine (2.5b). The products were isolated using preparative TLC as described in
the method section. The '"H NMR spectrum of the compounds isolated shows a very complex
set of peaks between 5.5 and 4.4 ppm indicating substitution at more than one of the hydroxyl
groups on the monosaccharide. These results are in accordance with the reported by Liang and
Chen and indicate a poor immobilization site-selectivity of the method. The presence of
hydrolysis products opens up the possibility of having non-specific interactions if the method

is used in binding studies with proteins.
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Scheme 2.6. CC-functionalization of glycosides — conditions for site attachment analysis. Using
conditions previously reported (26) we were able to determine the site-selectivity of the CC chemistry.
The reaction afforded a mixture of mono- (2.5a) and a di-substituted product (2.5b). The 'H NMR

spectrum suggests substitution at more than one hydroxyl group.

2.2.4 p-Toluenesulfonyl Hydrazide (p-TsH) functionalization of carbohydrates in solution

Previous reports have used p-TsH chemistry as a method for protecting-group free
glycosidations in solution. (27, 28) Using reported conditions, we generated glycosides using
octanol as an acceptor. A typical reaction sequence is presented in Scheme 2.7. We generated
octyl glycosides of Gal, lactose (Lac), and GIcNAc (compounds 2.7, 2.9, and 2.11
respectively) using reported protocols. (27, 28) The glycosidation reactions were carried in
anhydrous conditions and under inert atmosphere to avoid the hydrolysis of the activated
saccharide. The corresponding octyl saccharides were obtained in good purity with yields
ranging from 31 to 70 %, with a slight preference for the formation of the f anomer in the case
of galactose and lactose, and exclusively the f anomer for the GlcNAc. This set of experiments
provides further evidence that the glycosidation only occurs at the anomeric position.
Moreover, we were also able to observe that amino sugars favour the formation of the
anomer whereas non-amino sugars have a tendency to form a mixture of anomers with a very

slight preference for the f-anomer.
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Scheme 2.7. Glycosidation reactions with pTsH-glycosides in solution. Glycosidation of Gal, Lac,

and GlcNAc using p-TsH activation.

The yields and anomeric selectivity obtained in the reactions carried out in solution

provided an indication of their suitability for carrying out the reaction in heterogeneous phase

(solid-liquid). We observed that the main disadvantage of the DVS method was the formation

of polymers or polyfunctionalization of one monosaccharide. In the case of CC, the method

was very low yielding in solution, and was prone to the formation of the corresponding acid via

hydrolysis. The p-TsH method was straightforward and provided moderate yields; its main

disadvantage was the need for anhydrous conditions in order to preserve the glycosyl donor.

Based on these observations we expected the DVS and the p-TsH method to perform best in

reactions carried out in heterogeneous phase.
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2.2.5 Immobilization of carbohydrate epitopes to solid support

As discussed above, our aim in the current study was to compare methods of
carbohydrate immobilization. We chose to use Gal, Lac, and GIcNAc saccharides as the
ligands for our study, and Sepharose CL-6B as the solid support. The immobilization of
carbohydrates using DVS or CC as linkers is well established, and we followed established
protocols for their use. (9, 37) For p-TsH immobilization, we based our protocol around the
solution studies described above. The resin was transferred from a slurry in aqueous solution to
dry DMF by washing with increasing concentrations of DMF in water (25, 50, 75 and 100%).
A final wash with 100% DMF was carried out twice more. While washing the resin, we never
allowed the resin to dry out completely. The resin was re-suspended in DMF and transferred to
a dry round bottom flask under inert atmosphere. The mixture was stirred slowly in an orbital
shaker, and the glycosyl acceptor added as a solution in dry DMF and allowed to mix for five
minutes. Finally NBS dissolved in DMF was added drop-wise to the reaction mixture and
allowed to react for 30 minutes. The resin was transferred to a sintered glass funnel and washed
with DMF followed by decreasing concentrations of DMF in water (75, 50 and 25%), followed
by two washes with distilled water. In all cases we compared similar amounts of the
carbohydrate ligand when testing alternative immobilization strategies. We generated resin
samples for the three saccharides and the three immobilization chemistries as described in
Materials & Methods. In the case of DVS and CC chemistry, we had to use a quenching step to
destroy any unreacted sites on the resin. In order to maintain the stability and structure of the
cross linked agarose we paid special attention to transfer of the support from the aqueous to the
organic phase. We also avoided mechanical agitation of the gel to maintain the structural

integrity of the resin.

60



2.2.6 High-Resolution Magic Angle Spinning Nuclear Magnetic Resonance (HR MAS-
NMR)

Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) is a technique for
obtaining high resolution NMR from solids. (34) Unlike liquid NMR, the molecules forming a
solid are not in constant movement and their orientations do not change rapidly. Thus,
anisotropic interactions are not averaged making the spectra more complex. Interactions such
as the chemical shift and dipolar coupling dominate, producing broad spectral lines. By rapidly
spinning a polycrystalline powder around an axis at the magic angle, 6 = 54.74°, one can
suppress this chemical shift broadening. (34, 35) Recent progress in solid-state NMR (SS
NMR) has allowed for the study of structure and dynamics in many different systems.
Catalysts, glasses, polymers, and proteins are some of the most common applications of SS
NMR. (35) We envisioned that HR MAS-NMR could be used to provide information about the
regio- or stereochemistry of immobilized carbohydrate ligands on the solid support.

We collected "H NMR spectra of resin samples using HR MAS-NMR and compared
them to unmodified or control resin to look for resolved resonances that could be attributed to
the immobilized ligands. One inherent challenge from this approach is that the Sepharose
support itself is a carbohydrate polymer; thus, a considerable portion of the carbohydrate
region in '"H NMR (4-2 ppm) is obscured. We first examined DVS-immobilized carbohydrates
on Sepharose CL-6B (Figure 2.2). The DVS-activated resin samples show the appearance of
vinylic protons of the sulfone with good resolution at 6.8 and 6.3 ppm. We next examined
samples of DVS-activated resin reacted with Gal, and were pleased to observe the appearance
of new peaks (6 = 5.2 and 4.5 ppm) close to the anomeric signals observed for Gal in solution

(0 = 5.3 and 4.6 ppm). Notably, chemical shift and coupling constants (indicated in Figure 2.2)
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of the anomeric (both alpha and beta anomers) and vinylic protons correspond to the data
obtained in solution. Hence, the HR MAS-'H NMR data provided chemical information about
the point of attachment of the immobilized ligand.

A summary of the HR-MAS "H NMR results obtained is presented in Table 2.2. We
present a comparison of the chemical shifts and coupling constants for HI of the
monosaccharides in solution and the corresponding values observed for the immobilized ligand

attached to Sepharose CL-6B. The corresponding NMR spectra are shown in Figure 2.2 and

Figure 2.3.
Sample H1-alpha H1-beta
o (ppm) J (Hz) o (ppm) J (Hz)
Gal 5.40 3.2 4.59 8.0
Sep-DVS-Gal 5.18 3.7 4.51 7.9
Octyl-GIcNAc 4.94* 3.5% 4.39 7.8
Sep-GIcNAc Not observed Not observed 4.40 7.9

Table 2.2 Comparison of chemical shifts and coupling constants for H-1 in solution and attached

to a solid support glycosides. * Expected values taken from literature. (36)
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We also obtained HR MAS-NMR data for GlcNAc-Sepharose conjugates formed using
p-TsH chemistry (Figure 2.3). Peaks observed in the anomeric region were consistent with

exclusive formation of the B anomer on the solid support, as a peak at 4.4 ppm could be

observed with the appropriate scalar coupling for B-D-GIcNAc.
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Figure 2.3 HR MAS-'"H NMR of Sepharose GlcNAc conjugates generated by Tosyl hydrazide
coupling. The anomeric region is shown for samples of A. Sepharose CL-6B, B. Sepharose-GlcNAc,
and C. l-octyl-B-D-GIcNAc in solution (D,0O). Peaks were observed at 6 = 4.4 ppm (Hip J = 7.9 Hz)
for the conjugate, and 6 = 4.4 ppm (H,s J = 7.8 Hz) in solution. Peaks for Hla were not observed in any

of the samples coupled by p-TsH. Spectra A and B were acquired at 2 kHz spinning at room

temperature in D,O.
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Immobilization efficiency
2.2.7 Quantification of carbohydrate bound using the phenol sulfuric acid

There are several methods for the determination of carbohydrate content in aqueous
solutions. Among these, colorimetric methods are most commonly used because of their
versatility, low cost, and simplicity. (37) The reaction between the hydrolyzed carbohydrate
and a colour developing reagent is the basis of these methods. Common colouring reagents
include phenol, (38) alkaline ferricyanide (K4Fe(CN)s), (39) and anthrone. (29)

Initially, we tested the anthrone method for quantification of immobilized carbohydrate
on the solid support. We were able to build a calibration curve, determine a linear range, and
test the method against laboratory prepared solutions. However, analysis of resin samples
consistently gave higher amounts of carbohydrate in blanks than in sample despite
immobilization of carbohydrate. We next examined the phenol-sulfuric acid assay (PSA). The
PSA method relies on the acid hydrolysis of carbohydrates, followed by dehydration to afford
furfural derivatives. (30, 38) The reaction between the furfural and phenol produces a yellow-
orange colour with maximum absorbance at wavelength of 490 nm (38, 40) that can easily be

measured with a spectrophotometer.

65



PSA Difference

Coupling
Sample [nmol Gal mg'1 resin] [nmol Gal mg'1 resin]
technique
Mean + SEM
Support-DVS 1740 + 30 -
Divinyl
Support-DVS-Gal 1820 =40 270
Sulfone
Support-DVS-Lac 1860 + 70 500
(DVS)
Support-DVS-GIcNAc 1600 + 70 -
Support-CC-Aniline 1700 £+ 20 -
Cyanuric
Support-CC-Aniline-Gal 1960 £ 110 330
Chloride
Support-CC-Aniline-Lac 2200 £ 70 480
(CO)
Support-CC-Aniline-GlcNAc 1610 £ 20 -
Support 1990 + 40 -
Support-Gal 2580 £ 100 260
p-TsH
Support-Lac 3030 £ 100 500
Support-GlcNAc 2200 + 130 200

Table 2.3 Carbohydrate coupling efficiency determined using the PSA assay. The results are
presented as Mean = SEM. All resin samples were 5 mg, and were prepared with 1.1 mmol of

carbohydrate mL™ of solid support. Three batches of each conjugate were produced and the

carbohydrate quantification was done in triplicate (N = 9).
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Figure 2.4 Immobilization efficiency of Gal and Lac and GlcNAc determined by PSA. To
determine differences in immobilization for each sample, they were compared against the
corresponding control (DVS Con, CC Con or p-TsH Con, accordingly) using a two-tailed student’s t-
test (* = p < 0.001 with o = 0.05). The control samples for DVS or CC were pre-activated and quenched
using 2-mercaptoethanol. The number on each bar represents the difference between the sample and the
corresponding control. The results are presented as Mean &= SEM. All resin samples were 1 mg, and

were prepared with 1.1 mmol of carbohydrate mL™" of solid support.

67



The results presented in Table 2.3 and Figure 2.4 show that the p-TsH method was the
one with the highest immobilization efficiency for all three sugars tested. In comparison with
the DVS method, p-TsH immobilized five to nine times more carbohydrate per mg of resin,
and approximately double the amount in comparison to the CC method. A possible explanation
for the reduced efficiency of the DVS and CC method is consumption of the reactive sites on
resin due to the aqueous condition. The p-TsH method circumvents this problem by carrying
the reaction under anhydrous conditions, reducing the likelihood of the activated carbohydrate
reacting with water. This increased efficiency could be particularly relevant for samples where
the availability of carbohydrate is limited. Samples where GIcNAc was immobilized gave
significantly lower concentration of total carbohydrate content. This discrepancy is likely due
to the reduced reactivity of amino sugars in colorimetric methods such as the PSA as compared

to neutral sugars. (41, 42)

2.2.8 Determination of FITC-Jacalin binding capacity

After quantifying the amount of carbohydrate immobilized by each method, we
considered that different methods could give different amounts of active carbohydrate epitopes.
For example, if a binding interaction is dependent upon the 6-OH of Gal, there may be fewer
active sites in a DVS-immobilized sample than would be expected based on the mass of the
sugar. Additionally, it may be possible in some methods for multiple sites of attachment to
occur for a single ligand, which could lead to inactivation of the ligand. Thus, we sought to test
the binding of proteins containing carbohydrate recognition domains (CRDs) to test the
availability of the immobilized epitopes. We employed an immuno-precipitation-type assay,

where a small amount of solid support was incubated with a known mass of protein in solution
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followed by elution and measurement of the bound protein. By using a commercially available
fluorescent labeled protein, the amount of bound protein was determined using fluorescence
spectroscopy.

We selected two readily available lectins, Jacalin and the wheat-germ agglutinin
(WGA), for our binding measurements. Jacalin is a lectin obtained from the seeds of
Artocaspus integrifolia, commonly known as the jackfruit. This lectin has a tetrameric
structure with a molecular weight of approximately 66 kDa. Jacalin was selected due to its
specificity towards Gal and GalNAc. (43) It has been reported that Jacalin binds preferentially
to the a-anomer of these carbohydrates. (44) WGA is a member or the cereal lectin family, it is
a mixture of three isolectins, composed of subunits with almost identical amino acid sequences.
(43, 45, 46) The WGA lectin binds specifically to GlcNAc, di-N-acetyl-chitibiose, and p-linked
oligosaccharides of N-acetyl glucosamine, with a preference for longer oligosaccharides. (45,
46) Moreover this lectin has no binding preference for a or f anomers. (45, 47) Thus, we
would expect that Jacalin should show preference for a-anomers of Gal, and WGA should
show no anomeric preference but should selectively bind to GlcNAc over Gal and Lac

samples.
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Jacalin Bound Jacalin Bound

Coupling technique Sample
[ng mg'1 resin| [nmol mg'1 resin|

Support-DVS 2.5+0.7 0.04 £0.01

Divinyl
Support-DVS-Gal 12.9+0.6 0.20 £ 0.01

Sulfone
Support-DVS-Lac 1.9+0.7 0.03 £0.01

(DVS)

Support-DVS-GIcNAc 10.5+0.7 0.16 £ 0.01
' Support-CC-Aniline 3.3+0.8 0.05+0.01

Cyanuric
e 23+£1.2 0.04 £0.02

Chloride Support-CC-Aniline-Gal
. 2.5+0.8 0.04 £0.01
(CO) Support-CC-Aniline-Lac
Support-CC-GleNAc 1.9+0.7 0.03 £ 0.01
Support 0.8+0.8 0.01 £0.01
Support-Gal 5.2+0.9 0.08 £0.01
p-TsH

Support-Lac 0.6+0.8 0.01 £0.01
Support-GlcNAc 0.6 £0.7 0.01 £0.01

Table 2.4 FITC Jacalin binding efficiency to immobilized saccharides. Three batches of each
conjugate were produced and the binding capacity of each batch was measured in triplicate (N = 9). The
initial concentration of the FITC-Jacalin solution was 75 pg mL™ which corresponds to 15 pg per tube,
and was incubated with 1 mg of resin. The results are presented as Mean = SEM. All resin samples

were 1 mg, and were prepared with 1.1 mmol of carbohydrate mL™" of solid support.
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Figure 2.5 FITC-Jacalin binding to immobilized saccharides. Samples were compared against the
corresponding control (DVS Con, CC Con or p-TsH Con, accordingly) using a two-tailed student’s t-
test (* = p < 0.05 with o = 0.05, N =9). The control samples are formed by the solid support, the linker
(DVS or CC), and the remaining reactive sites were deactivated using 2-mercaptoethanol. The results
are presented as Mean + SEM. All resin samples were 1 mg, and were prepared with 1.1 mmol of

carbohydrate mL™" of solid support.

The results obtained from Jacalin binding experiments are shown in Table 2.4 and
Figure 2.5. We found that DVS-immobilized Gal had the greatest binding capacity, while CC

immobilization did not give any significant binding. Interestingly, p-TsH-immobilized Gal
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gave significant binding to Jacalin, but this was lower than that of DVS. We observed no
binding for p-TsH-immobilized GIcNAc, yet the DVS-immobilized GIcNAc showed
substantial binding capacity. These results are in contrast to the total amount of immobilized
carbohydrate determined by PSA. We attribute this discrepancy to the differences in
regiospecificity and stereospecificity of the DVS and p-TsH methods. First, while the DVS
method can react at multiple sites (favoring primary hydroxyl groups), p-TsH immobilization
occurs exclusively at the anomeric position. Additionally, the p-TsH method should favor the
formation of the [B-anomer, while DVS-immobilized sugars likely contain a mixture of
anomers. It has been reported that Jacalin preferentially binds the a-anomer of galactose
conjugates (Gala-pNP K, = 9.3 x 10" Vs. Galp-pNP K, = no interaction), (44, 47) thus the
reduced binding observed for p-TsH-immobilized Gal would be consistent with a higher
proportion of the B-anomer being present despite the increased amount of monosaccharide on
the resin. It has been reported that Jacalin behaves as a ‘polyspecific’ lectin, and its binding to
GIcNAc has been documented (48) offering an explanation to the unexpected binding of this
lectin to the DVS-GIcNAc support, the lack of binding to GIcNAc immbolized with p-TsH

method could be attributed to anomeric specificity.

2.2.9 Determination of FITC-Wheat Germ Agglutinin (WGA) binding capacity

Although Jacalin has a known anomeric preference, we also tested WGA as a lectin that
has little anomeric preference for its targets. We observed that the WGA binding capacity of
the DVS- and p-TsH-conjugates were much more comparable than the corresponding binding
data for Jacalin (Figure 2.5). These data are consistent with a preference for immobilization of

B-anomer using p-TsH chemistry, but are not conclusive that this is the primary factor. It
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should also be noted that the PSA data suggest a substantially larger quantity of immobilized
saccharide in the p-TsH conjugates relative to DVS, but that our lectin binding data suggest

comparable amounts of binding sites are found in both conjugates.

Coupling WGA Bound WGA Bound
Sample
technique [ng mg resin] [nmol mg™ resin|
Support-DVS 0.0+0.2 0.00 £0.01
Divinyl
Support-DVS-Gal 0.0+0.3 0.00 +0.01
Sulfone
Support-DVS-Lac 0.0+0.3 0.00 £0.01
(DVS)
Support-DVS-GIcNAc 11.82 £0.05 0.31 +£0.01
Support-CC-Aniline 0.6+0.3 0.02 +£0.01
Cyanuric
Support-CC-Aniline-Gal 0.0£0.2 0.00 +0.01
Chloride
Support-CC-Aniline-Lac 0.6+0.3 0.02 £0.01
(CC)
Support-CC-Aniline-GlcNAc 0.8+0.3 0.02 +£0.01
Support 0.0+0.7 0.00 +0.02
Support-Gal 0.0+0.1 0.00 £0.01
p-TsH
Support-Lac 0.0+0.3 0.00 +£0.01
Support-GlcNAc 9.8+£0.3 0.26 £ 0.01

Table 2.5 FITC WGA binding efficiency to immobilized saccharides. Three batches of each
conjugate were produced and the binding capacity of each batch was measured in triplicate (N = 9). The

initial concentration of the FITC-WGA solution was 75 pg mL™" which corresponds to 15 pg per tube,
and was incubated with 1 mg of resin. The results are presented as Mean = SEM. All resin samples

were 1 mg, and were prepared with 1.1 mmol of carbohydrate mL™" of solid support.
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Figure 2.6 FITC-WGA binding to immobilized saccharides. Samples were compared against the
corresponding control (DVS Con, CC Con or p-TsH Con, accordingly) using a two-tailed student’s t-
test (* =p < 0.01 with a = 0.05 N = 9). The control samples are formed by the solid support, the linker
(DVS or CC), and the remaining reactive sites were deactivated using 2-mercaptoethanol. The results
are presented as Mean + SEM. All resin samples were 1 mg, and were prepared with 1.1 mmol of

carbohydrate mL™" of solid support.
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We considered that the difference in binding capacity of the DVS and p-TsH conjugates
could be a result of steric crowding from overloading of the resin. To test this hypothesis we
examined samples of p-TsH conjugates prepared with reduced amounts of the carbohydrate
epitope. The samples used above were prepared with 1.1 mmol of carbohydrate per mL of
resin, and we tested additional samples prepared with 1.11 and 0.64 mmol of saccharide mL™
of resin. We obtained PSA and WGA binding data for each of these samples and compared

them to the previous runs (Table 2.6).
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Figure 2.7 Concentration dependence of FITC-WGA binding per mg of resin with GlcNAc
samples. Samples were compared using a two-tailed student’s t-test. The samples produced with the p-
TsH method present no statistically significant difference ( p > 0.05, N =9 for p-TsH 1.1 mmol, and N
= 3 for p-TsH 0.6 mmol) whereas DVS 1.1 mmol and p-TsH 0.6 mmol have a statistically significant
difference (* = p < 0.00,1 N =9 for DVS 1.1 mmol and N = 3 for p-TsH 0.6 mmol). The results are
presented as Mean = SEM. All resin samples were 1 mg, and were prepared with the indicated mmol of

carbohydrate mL™ of solid support.
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The results obtained from this experiment show that by reducing the amount of
carbohydrate coupled to the solid support, it is possible to maintain the binding capacity of the
conjugate. These data do not support our hypothesis that an excess of carbohydrate may reduce
the number of active epitopes due to crowding on the matrix. However, the results highlight
how efficient the p-TsH coupling step is when compared to existing methods. Based on the
amount of carbohydrate required for preparation of 1 mL of settled resin (~60 mg dry weight)
and the amount of protein binding to the support, we determined a ratio of active epitope to the
amount of sugar used for the immobilization (Table 2.7). From this calculation, we concluded
that DVS and p-TsH methods are competitive. However, the p-TsH method provides a more
efficient immobilization chemistry at lower concentrations of carbohydrate, which may be
essential if the ligand is a limiting reagent. The p-TsH method is also regio- and stereospecific,

which provides a more defined affinity matrix.

nwg WGA bound /mg (60 mg) nLg WGA bound

Tl = 2.1)

mmol Carbohydrate used/mL mmol carbohydrate used

For determining the ratio of protein bound mmol" of carbohydrate used, data from
Table 2.5 were analyzed with equation 2.1. The amount of FITC-WGA bound is divided by
the amount of carbohydrate used for coupling. The result is multiplied for an empirical factor
(60 mg mL™) to convert 1 mL of settled solid support to the dry weight mass of solid support.
The results, presented in Table 2.6, support the hypothesis that a ligand overcrowding was

hindering the protein binding. Moreover, the results indicate that a similar or greater binding
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efficiency can be achieved with the p-TsH method using almost half the amount of
carbohydrate. This finding is particularly relevant in the field of glycobiology since most of the

times the carbohydrate samples are available in limited amounts.

Amount of Ratio
WGA Bound
Coupling method carbohydrate [ng WGA mmol™ of
[ng mg resin]
[mmol mL"! resin]j carbohydrate]
DVS 11.82 £0.05 1.11 600 £+ 3.0
CC 0.8+0.3 1.11 40 £ 20
9.8+0.3 1.11 500 £+ 20
p-TsH activation
10.7+0.4 0.64 1000 £ 40

Table 2.7 Relative coupling method efficiencies. The efficiencies are expressed as a ratio of the pg of
WGA bound mmol™ of carbohydrate used at the coupling step, and presented as Mean = SEM. The
ratio was calculated using equation 2.1. The means were compared using a two-tailed student’s t- test
for each of the six possible permutations and found to be significantly different (p < 0.001 o =0.05, N=
9) for all the samples with 1.11 mmol of carbohydrate, and N = 3 for the sample with 0.64 mmol of

carbohydrate.

2.3 Conclusions
We have compared three methods for the immobilization of carbohydrate epitopes to a

solid support. We drew from known methods, such as DVS and CC crosslinking, which are
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well established and have been used for the immobilization of carbohydrates and other
biomolecules. (9, 37) Additionally, we have developed an improved method based on p-TsH
solution-phase protecting-group free glycosidation. (27) Our data provide evidence that the p-
TsH method has significant advantages in its control of the regio- and stereospecificity of the
immobilization, as well as improved efficiency of the method as compared to known strategies.

Using HR-MAS-"HNMR we observed the appearance of NMR signals in the anomeric
region of resin-carbohydrate conjugates consistent with preferential immobilization of the [3-
anomer using p-TsH chemistry. The chemical shift and the scalar coupling constant of these
peaks match the values observed for analogs in solution. We compared the loading of each
resin sample using a phenol-sulfuric acid assay as a benchmark. These data suggest that the p-
TsH chemistry can immobilize twice as much glycan as the CC method, and five-times more
glycan than the DVS method using similar amounts of resin and carbohydrate.

We tested the activity of the immobilized epitopes using a lectin binding assay. These
studies were consistent with the anomeric preference of the p-TsH method, and found
comparable amounts of active epitopes for both DVS and p-TsH methods. However, closer
examination revealed that the p-TsH method has increased efficiency of immobilization at
lower concentrations of glycan. Thus, we conclude that the p-TsH method is an important new
alternative method for the immobilization of glycan epitopes to an affinity matrix. The p-TsH
method provides a regio-specific immobilization that has improved efficiency over existing
methods. We expect that this method will be of interest to glycobiologists that may be working

with limited amounts of glycan, or in situations where the glycan solubility may be limited.
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2.4 Experimental Methods
2.4.1 General methods

All reagents used were purchased from Sigma-Aldrich or Acros Organics, and used
without further purification unless otherwise noted. All reactions were carried out under an
inert atmosphere with argon at room temperature unless otherwise indicated. Reactions were
monitored by analytical TLC on silica gel 60-F»s4 (0.25mm, Silicycle, Quebec, Canada) and
visualized under UV light (254 nm), or stained by charring with ceric ammonium molybdate
(CAM) or potassium permanganate (KMnQ,). Organic solvents were removed under reduced
pressure, and organic products were purified by flash column chromatography on silica gel
(230-400 mesh, Silicycle, Quebec, Canada). 'H NMR spectra were acquired on Varian 400,
500 or 600 MHz instruments at room temperature as noted. °C NMR spectra were recorded at
125 or 150 MHz as noted. Electrospray-ionization mass spectra were recorded on an Agilent

Technologies 6220 TOF instrument.

2.4.2 Synthetic methods

NP S
S =
j n
e
WOH
DVS- Galactose (2.1)
D-galactose (91 mg, 0.5 mmol) was dissolved in 1 mL of carbonate buffer (pH 11) and
stirred until dissolved. In a glass vial, 295 mg (2.5 mmol) of divinyl sulfone was dissolved in

500 pL of carbonate buffer (pH 11) and then added dropwise to the solution of galactose over

5 min. The reaction was monitored by TLC, and after 70 minutes the reaction was complete.
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The mixture was concentrated to a final volume of approximately 0.5 mL and loaded onto a
silica gel column, eluted with 25% MeOH in DCM. The fractions containing the product were
concentrated in vacuo to afford a yellow oil in 60% yield. The product was a mixture of di-, tri-
, and tetra-substituted galactose. '"H NMR (500 MHz, CDCL): & = 6.9-6.76 (m, CH=CH,),
6.52-6.44 (m, CH=CH,), 6.23-6.18 (m, CH=CH>), 5.0 (d, 3.7 Hz, H-1a) 4.45-3.28 (several m,
H-1B, H2, H-3, H-4, H-5, H-6, H-6’, CH,SO,, CH,-0), 1.7 (s, Ac) Masses of the di-substituted
(C14H24010S;:Na M+Na") calcd. 439.0811 found 439.1, tri-substituted (C;3H3,0;3S:Na M+Na")

caled.575.1005 found 575.1 (C22H40016Ss M+Na") caled. 711.1199 found 711.1

N
0=87\_0
© HO&&M
HO OH

6-Deoxy-6-(2-(vinylsulfonyl)ethyl)-2-N-Acetyl-D-glucosamine (2.2)

N-acetyl-D-glucosamine (40 mg, 0.18 mmol) was dissolved in 1 mL of carbonate buffer
(pH 11) and stirred until dissolved. In a glass vial, 4.47 mg (0.036 mmol) of divinyl sulfone
was dissolved in 500 pL of carbonate buffer and then added to the glucosamine solution drop-
wise over 5 min. The reaction was monitored by TLC, and after 70 minutes the reaction was
complete. The mixture was concentrated to a final volume of approximately 0.5 mL and loaded
onto a Sep-Pak C18 Cartridge and eluted with 25% MeOH in H,O. The fractions containing
the product were concentrated in vacuo to afford an off-white solid. Isolated yield: 57% (a:j,
1:1). "H NMR (400 MHz, CD;0D): § = 6.91 (dd, 1H, J = 16.6, 9.9 Hz; CH=CH,), 6.38 (d, 1H;
CH=CH,), 6.23 (d, 1H; CH=CH.), 5.1 (d, 0.44H, J = 3.3 Hz; H-1a), 4.42 (d, 0.46H; J = 8.4

Hz, H-1B), 3.90-3.80 (m, 4H, H-3, H-6, H-6’, CH»S05), 3.74-3.60 (m, 3H, H-2, H-4, CH,S0),
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3.48-3.31 (m, 3H, H-5, CH,-0), 2.0 (s, 3H; Ac). ESI HRMS m/z (C;,H,;NOgSNa M+Na")

calcd. 362.1, found: 362.1.

HN__N__Cl
N
N__N

T

Cl

2-anilino-4,6-dichloro-[1,3,5-triazine] (2.3)

The title compound was prepared as previously reported. (32) Briefly, 1,3,5-trichloro-s-triazine
(502 mg, 2.72 mmol) and K,CO; (0.75 g, 2.98 mmol, 2 eq) were added to 1 mL of dry THF at
0 °C and stirred. Freshly distilled aniline (278 mg, 2.98 mmol, 1.1 eq) was dissolved in 1 mL of
dry DMF and added dropwise over 20 min. The solution was left stirring for 2 h, and a
precipitate was formed and then filtered. The remaining solution was concentrated in vacuo.
The product was purified by flash chromatography using 10% EtOAc in hexanes, and the
fractions pooled and concentrated in vacuo to afford compound 2.3 as a white powder (595.5
mg, 2.47 mmol, 91.5% yield). '"H NMR (500 MHz, CDCLy): § = 7.54 (d, 2H, J = 7.7 Hz; ArH),
7.50 (s, 1H; NH), , 7.41 (t, 2H, J = 7.6 Hz; ArH), 7.23 (t, 1H, 7.3 Hz; ArH) °C NMR (125
MHz, CDCL): & = 171.4, 170.3, 164.1, 135.7, 129.3, 125.9, 121.3 ESI-HRMS calcd. for

C4H30N;3*Cl, 239.9970, found 239.9966.
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2-anilino-6-chloro-4-methoxy-[1,3,5-triazine]| (2.4)

The title compound was prepared as previously reported. (33) Briefly, compound 2.3 (250 mg,
1.04 mmol) was dissolved in 1 mL of MeOH and stirred at 0 °C, two portions of LiH were
added (9.51 mg, 1.19 mmol) and stirred for 2.5 hours. The ice bath was removed and the
reaction mixture was stirred for 14 hours. Then 20 mL of water was added and the precipitate
was filtered and dried to obtain compound 2.4 in 90% yield. '"H NMR (500 MHz, CDCl;): & =,
7.57 (m, 2H; ArH), 7.52 (s, 1H; NH), 7.40 (m, 2H; ArH), 7.21 (m, 1H, ArH), 4.02 (s, 3H,
OCHj3). °C NMR (125 MHz, CDCly): § = 171.6, 170.8, 165.3, 136.8, 129.1, 124.9, 121.0, 55.6

ppm. ESI-HRMS caled. for C1oHyON,>CIO 236.0465, found: 236.0461

o CHs waqo ~OH
vy R
HO)\ N/)\O‘—\;O |"30\0)\ N/)\O‘—\LO
. OH OH

2-galactopyranosyl-6-hydroxy-4-methoxy-[1,3,5-triazine] and 2,4-digalactopyranosyl-
6methoxy-[1,3,5-triazine| (2.5a and 2.5b)

Galactose (80 mg, 0.44 mmol) was dissolved in 6 mL of water and stirred until all the solid
was dissolved, followed by NaOH (26.4 mg, 0.66 mmol) until all the solid was dissolved. 4,6-

dichloro-6-methoxy-[1,3,5-triazine] (80 mg, 0.45 mmol) was added drop wise to the reaction
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mixture dissolved in 1 mL of acetone and left stirring for 8 h. The mixture was purified by
preparative TLC using 12:1:0.4 isopropanol:MeOH:H,O as eluent using 2 elutions. The
product was recovered with MeOH and dried under reduced pressure to afford a mixture of the
mono and di-substituted products. "H NMR (400 MHz, CD;0D): 8 = 6.16-6.10 (m, H-1), 4.60-
4.24 (m, H-1), 4.08-3.42 (m, H-2, H-3, H-4, H-5, H-6, H-6’, OCH3). Masses of the mono-
substituted  (C;oH;sOsN3Na")  caled.  328.0757 found 328.0754,  di-substituted

(C16H25013N3Na+) calcd. 490.1285 found 490.1283

N'-(B-D-galactopyranosyl)-p-toluenesulfono-hydrazide (2.6)

Compound 2.6 (1.95 g, 5.6 mmol) was prepared as previously reported. (27, 28) Isolated yield
was 99%. '"H NMR (500 MHz, CD;0D): § = 7.84 (d, 2H, J = 7.6 Hz, Ar), 7.42 (d, 2H, J = 8.1
Hz, Ar), 3.84 (d, 1H, Js6. = 3.1 Hz, H-6), 3.74-3.68 (m, 3H, H-1, H-3, H-5), 3.52-3.47 (m, 3H,
H-2, H-4, H-6), 2.47 (s, 3H, PhCH3); An impurity starting material was detected at 6 = 7.24,
7.58, and 2.4. °C NMR (125 MHz, CD;OD): 145.4, 137.7, 130.9, 130.3, 129.4, 125.5, 92.6,
78.2, 75.5, 70.9, 69.7, 63.3, 21.8 ppm. ESI-HRMS m/z calcd. for C13H,N»0,SNa” (M+Na")

371.0883, found 371.0878.
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Octyl-D-galactopyranoside (2.7)

Compound 2.6 (35 mg, 0.10 mmol) was dissolved in 1 mL of dry DMF, and octanol (150 uL,
0.124 mmol) was added to the solution. N-Bromosuccinimide (36 mg, 0.2 mmol) was then
added to the solution, and after 25 minutes, Amberlite resin (OH") was added to quench the
reaction and the solution was stirred until the yellow colour disappeared. The resin was filtered
and washed with MeOH and the solvent was removed under reduced pressure. The residue was
purified by flash chromatography (25% MeOH in CH,ClL,) to afford a white solid (18 mg,
0.062 mmol) in 62% isolated yield. (a:p, 1:1.4). '"H NMR (500MHz, CD;0D): & = 4.82 (d,
0.46H, J = 3.3 Hz; H-1a), 4.20 (d, 0.54H, J = 7.5 Hz; H-1pB), 3.9-3.4 (m, 7H), 1.66-1.59 (m,
2H; OCH,), 1.38-1.31 (m, 10H; OCH,CH,(CH,)s), 0.90 (t, 3H, J = 7.0 Hz; CH,CH;). °C
NMR (125 MHz, CD;0D): & = 105.3, 100.6, 76.9, 75.4,72.9,71.9, 71.4, 71.4, 71.1, 70.6, 69.5
63.0, 62.8, 33.3, 31.1, 30.90, 30.89, 30.7, 27.7, 27.4, 24.0, 14.7 ppm. ESI-HRMS m/z calcd. for

C14H,5NaOg (M+Na") 315.1778, found 315.1774.

H-oH H H 0
HO o} o %
OH OH ©

N'-(B-D-lactopyranosyl)-p-toluenesulfono-hydrazide (2.8)

The N'-(B-D-lactopyranosyl)-p-toluenesulfono-hydrazide (2.8) was prepared as
previously reported, (27, 28) and obtained in 97% yield. '"H NMR (500 MHz, CD;0D): § =
7.85 (d, 2H, J = 8.4 Hz; ArH), 7.47 (d, 2H, J = 7.8 Hz; ArH), 4.40 (d, 1H, J = 7.9 Hz, H-1"),
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3.88 (dd, 1H, J = 12.0, 2.4 Hz; H-6a), 3.81-3.70 (m, 6H; H-1, H-6’a, H-4’, H-6’b, H-6b), 3.65-
3.51 (m, 6H; H-2, H-4, H-3, H-2’, H-5, H-3", H-5"), 2.44 (s, 3H; PhCH3). °C NMR (125 MHz,
CD;OD): § = 145.4, 137.7, 130.9, 129.4, 105.4, 91.8, 81.0, 78.0, 77.4, 76.8, 75.1, 72.8, 71.7,
70.6, 62.8, 62.6, 21.8 ppm. ESI-HRMS m/z calcd. for C9H30NaO,,S (M+Na") 533.1412,

found 533.1401.

HO _oH OH "~
OH OH

Octyl-D-lactopyranoside (2.9)

Compound 2.8 (51mg, 0.10 mmol) was dissolved in 1 mL of dry DMF, and octanol (150 pL,
0.124 mmol) was added to the solution. N-Bromosuccinimide (36 mg, 0.2 mmol) was added,
and after 25 minutes Amberlite resin (OH") was added to quench the reaction and the solution
was stirred until the yellow colour disappeared. The resin was filtered and washed with MeOH
and the solvent was removed under reduced pressure. The residue was purified by flash
chromatography (25% MeOH in CH,Cl,) to afford a white solid (14 mg, 0.031 mmol) in 31%
isolated yield. (a:p, 0.06:1). "H NMR (500MHz, CD;OD): § = 4.77 (d, 0.05H, J = 3.6 Hz; H-
la), 4.37 (d, 1H, J = 8.0 Hz; H-1"B), 4.28 (d, 0.95H, J = 8.0 Hz; H-1p), 3.90-3.68 (m, 7H; H-
6a, H-6b, H-6’b, H-6’a, H-4, H-3, H-4’), 3.60-3.38 (m, 7H; H-3, H-3’, H-2’, H-5, H-5’,
OCHa3), 3.24 (under CDs;OD, 1H, J = 9.0 Hz; H-2), 1.66-1.59 (m, 2H; OCH,), 1.41-1.31 (m,

10H; OCH,CH,(CH>)s), 0.90 (t, 3H, J = 6.5 Hz; CH,CH;) ppm. A small impurity at 7.42 and

7.83 ppm was observed corresponding to starting material. >C NMR (125 MHz, CD;0D): § =
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103.9, 98.5, 79.6, 75.7, 73.5, 72.1, 71.8, 71.1, 70.7, 68.9, 67.9, 61.1, 31.6, 29.2, 29.0, 25.9,

22.3, 13.0 ppm. ESI-HRMS m/z calcd. for CooH3sNaO;; (M+Na") 477.2306, found 477.2306.

HgoﬁH Q Q/
HO N‘N”S\b
\Y(NH H

O

N-(2-Acetamido-2-deoxy-B-D-glucopyranosyl)-p-toluenesulfono-hydrazide (2.10)

Compound 2.10 (1.24 g, 2.4 mmol) was prepared as previously reported, (27, 28) with an
isolated yield of 99%. Based on the coupling constant we determined that only the B anomer
was present. "H NMR (500 MHz, CD;0D): 6 =7.73 (d, 2H, J= 8.2 Hz; ArH), 7.35 (d, 2H, J =
8.0 Hz; ArH), 3.92 (d, 1H, J = 9.2 Hz; H-1pB), 3.87 (dd, 1H, J=11.7, 1.5 Hz; H-6a), 3.60 (m,
1H; H-6b), 3.46-3.42 (m, 2H, H-2 and H-3), 3.20-3.18 (m, 2H; H-4, H-5), 2.43 (s, 3H; PhCH3;),
2.01 (s, 3H; Ac). Two impurities (7.42 and 7.55 ppm) were observed, most likely from the
tosyl hydrazide. °C NMR (125 MHz, CD;0D): § = 174.2, 145.4, 137.6, 130.9, 130.8, 129.43,
92.2, 79.2, 76.6, 72.7, 72.3, 63.5, 55.3, 23.0, 21.8 ppm. ESI-HRMS m/z calcd. for

C15sH23N3NaO-S (M+Na") 412.1149, found 412.1147.

HO
Hﬁo&%&o\/\/\/\/
X
Octyl-2-acetamido-2-deoxy-f -D-glucopyranoside (2.11)

Compound 2.10 (30 mg, 0.077 mmol) was dissolved in 1 mL of dry DMF, and octanol (150

pL, 0.124 mmol) was added to the solution. N-Bromosuccinimide (36 mg, 0.2 mmol) was
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added, and after 25 minutes Amberlite resin (OH") was added to quench the reaction and the
solution was stirred until the yellow colour disappeared. The resin was filtered and washed
with MeOH and solvent was removed under reduced pressure. The residue was purified using a
Sep-Pak C18 Cartridge, the product (18 mg 0.054 mmol) was eluted with 25% methanol in
water and freeze-dried to afford a white solid in 70% yield. Only the  anomer was observed.
'H NMR (500 MHz, CD;OD): § = 4.38 (d, 1H, J = 8.4 Hz; H-1pB) 3.89-3.86 (m, 2H; H-6a,
OCHaHbCH>), 3.66 (dd, 1H, J = 11.8, 5.7 Hz; H-6b), 3.62 (dd, 1H, J =10.3, 8.5 Hz; H-2),
3.46-3.42 (m, 2H; H-3, OCHaHbCH), 3.30 (under CDs;OD, 1H; H-4), 3.26 (ddd, 1H, J=9.7,
5.7, 2.2 Hz; H-5), 1.97 (s, 3H; Ac), 1.56-1.53 (m, 2H; OCH,CH;), 1.38-1.30 (m, 10H;
OCH,CH(CH>)s), 0.90 (t, 3H J = 6.8 Hz; CH,CH3) ppm. °C NMR (125 MHz, CD;0D): § =
173.9, 103.0, 78.3, 76.4, 72.5, 70.9, 63.1, 57.8, 33.3, 31.0, 30.8, 27.4, 24.0, 23.3, 14.7 ppm.

ESI-HRMS m/z calcd. for C;¢H3 NOgNa (M+Na") 356.2044, found 356.2044.

2.4.3 Synthetic methods on solid support
2.4.3.1 Divinyl sulfone immobilization to Sepharose CL-6B

Carbohydrate modified sepharose gel was prepared as previously reported. (9) Settled
Sepharose CL-6B (1 mL); (GE Healthcare Life Sciences, Piscataway, N.J.) was thoroughly
washed with water in a sintered funnel and then re-suspended in 0.5 M carbonate buffer (pH
11) with 100 puL of divinyl sulfone. The mixture was agitated for 70 min, after which the resin
was transferred to a sintered funnel and extensively washed with water. The moist cake was
suspended in a 1 mL solution of the indicated carbohydrate (1.11 mmol mL" in 0.5 M
carbonate buffer, pH 10) and left agitating for 18 hours. The resin was washed again with

distilled water over a sintered funnel, and the moist cake re-suspended in carbonate buffer (1
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mL, 0.5 M, pH 8.5) and 2-mercaptoethanol (6 puL). After 2 hours the sample was washed with

distilled water and stored in 20% ethanol solution.
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Scheme 2.8. Immobilization of galactose to Sepharose CL-6B using DVS

2.4.3.2 Cyanuric chloride immobilization to Sepharose CL-6B

The procedure of Finlay et al. was adapted (37). Briefly, 3 mL of settled Sepharose CL-
6B was extensively washed with distilled water in a sintered glass funnel. The resin was
transferred to organic phase by washing with 9 mL of increasing concentrations of acetone in
water (25, 50, 75 and 100%). A final wash with 100% acetone was carried out twice. The resin
was re-suspended in 3 mL of acetone and transferred to a three-necked-round-bottom flask,
with a condenser attached. The mixture was heated to 50 °C and slowly agitated while adding
600 pL of a 2 M N, N-diisopropylethylamine in acetone. After 30 min, a solution of trichloro-S-
triazine in acetone (1 M, 600 uL) was added drop-wise and left mixing for one hour at 50 °C.
The resin was washed thoroughly with acetone in a sintered glass funnel. The resin was re-
suspended in 3 mL of acetone and a solution of anline (2 M, 60 pL) in acetone was added and
left mixing at room temperature. After 30 min, the resin was filtered and washed thoroughly
with acetone and then transferred back to the aqueous phase by washing with decreasing
concentrations of acetone in water (75, 50 and 25%), followed by two washes with distilled

water. The activated resin was re-suspended in a solution containing 20 mg mL™ of the
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indicated carbohydrate in bicarbonate buffer (pH 10) and left mixing for 18 hours. The resin

was extensively washed with distilled water.
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Scheme 2.9. Immobilization of galactose to Sepharose CL-6B using Cyanuric Chloride

2.4.3.3 p-toluenesulfonyl hydrazide immobilization to Sepharose CL-6B

Settled Sepharose CL-6B gel (1 mL) was extensively washed with distilled water in a
sintered glass funnel. The resin was transferred to an organic phase by washing with 5 mL of
increasing concentrations of DMF in water (25, 50, 75 and 100%). A final wash with 100%
DMF was carried out twice. The resin was then re-suspended in 1 mL of DMF and transferred
to a dry round bottom flask under inert atmosphere. The mixture was stirred slowly in an
orbital shaker, and the indicated hydrazide was added (1.11 mmol in 1 mL DMF) and allowed
to mix for five minutes. The flask was then charged with N-bromosuccinimide (2.5 mmol in
ImL DMF), added drop-wise to the reaction mixture. Evolution of N, gas was observed during

the reaction. After 30 minutes the resin was transferred to a sintered glass funnel and washed
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with 5 mL of DMF followed by 5 mL of decreasing concentrations of DMF in water (75, 50

and 25%), followed by two washes of distilled water.
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Scheme 2.10. Immobilization of galactose to Sepharose CL-6B using p-TsH.

All resin samples were re-suspended in water and freeze-dried for storage. To prepare
resin samples for HR-MAS NMR, the resin was subjected to three cycles of freeze-drying from

DO before use in NMR experiments.

2.4.4 HR-MAS '"H NMR

HR-MAS 'H NMR experiments were performed using an Agilent/Varian VNMR three-
channel 600 MHz spectrometer equipped with a Varian gHX nano-NMR probe. Spectra from
40 puL samples were spun at 2 kHz and recorded at 27 °C. The experiments were recorded with
suppression of water signal at 4.75 ppm and a spectral width of 12000 Hz. The spectra were
obtained using 2048 transients with an acquisition time of 3 seconds.

The resin was prepared as described in Sections 2.4.3.1 to 2.4.3.3. The resin was
freeze-dried three times from D,O before using it. Resin (3 mg, dry powder) was re-suspended
in 100 pL of D,O and mixed to form an homogeneous suspension. 40 pL were transferred to a
4 mm sample tube using gel-loading micropipette tips to prevent the sample sticking to the

inner wall of the tube and blocking the space for the plug.
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2.4.5 Phenol Sulfuric Acid Assay

The procedure of Masuko, et al. was adapted by changing the order of addition of the
phenol solution and the sulfuric acid. (25) Briefly, 5 mg of dry resin was weighed in a 10 mL
round bottom flask, 5 mL of 2.5 M H,SO,4 was added to each flask and refluxed at 110 °C for 6
hours. After hydrolysis, samples were allowed to cool for 30 minutes with the condenser still
attached. The flask was mixed vigorously and 1.5 mL of the suspension was transferred to a 2
mL Eppendorf tube. Tubes were centrifuged at 10,000 x g for 10 minutes to precipitate the
resin. Taking care to not disturb the pellet, 100 uL of the supernatant was diluted in 900 pL of
distilled water, in triplicate. The samples were thoroughly mixed, and 200 pL of the solution
was transferred to a fresh Eppendorf tube followed by the addition of 120 pL of 5% phenol
solution in water (freshly prepared), and 600 pL of concentrated H,SOs was added
immediately. Samples were mixed, and then incubated for 5 minutes at 95 °C in a heating-
block. Samples were allowed to cool 5 minutes, then 230 pL of each tube was transferred to
clear-bottomed 96-well polystyrene microplate and the 4499 was measured in triplicates using a
Spectra Max M2 plate reader.

The absorbance data collected were converted into pmol Gal mg™ of resin using a

previously determined calibration curve (Figure 2.8).

y = 0.0268x + 0.0179 2.2)
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Figure 2.8. Calibration curve used for the quantification of galactose concentration by

absorbance in the PSA.

2.4.6 FITC-Jacalin and FITC-WGA binding experiments

A fluorescence based assay was designed to quantify the biological activity of the
immobilized carbohydrate epitopes. Briefly, 1 mg of sample as a dry powder was weighed into
0.5 mL Eppendorf tubes. Binding buffer was added to each tube (50 uL, 10 mM HEPES, 0.15
M NaCl, pH = 7.5, 0.1 mM CaCl,). The samples were mixed for 30 minutes at room
temperature, to allow the resin to swell and equilibrate. A solution of FITC-labeled Jacalin or
FITC-labeled WGA (Vector Labs, Burlington, Ontario; 200 pL of a 75 pg/mL solution) was
added to transfer 15 pg of total protein per tube. Samples were prepared in triplicate. The
samples were incubated at room temperature for 3 hours and left mixing protected from light.
After the incubation period, the samples were centrifuged at 10,000 x g for 10 minutes to
precipitate the resin. The supernatant (40 pL) was transferred to a 384-well black-bottomed
microplate. Fluorescence was measured with Aex = 490 nm, Ay = 518 and a Agyrorr = 515 nm

using a Spectra Max M2 plate reader.
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The fluorescence data were converted to pg of Jacalin or WGA bound per mg of resin
using a calibration curve determined with a solution of FITC-Jacalin (equation. 2.3, Figure
2.9) or FITC-WGA (equation 2.4, Figure 2.10).

v =81.073x — 225.84 2.3)

y =286.17x + 3291.61 (2.4)
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Figure 2.9. Calibration curve used for the quantification of FITC-Jacalin binding to resin

samples.
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Figure 2.10. Calibration curve used for the quantification of FITC-WGA binding to resin

samples.
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Chapter 3
Identification of Human Milk Oligosaccharide-binding

receptors from human cells using affinity chromatography.

1,23

! Cell culture and lysate preparations were made with the help of Chunxia Zou, University of
Alberta. The automated affinity chromatography protocol was performed by Jobette T. Santos,
University of Alberta. ESI-MS was performed by Dr. Rambod Daneshfar, University of
Alberta. Other MSexperiments were performed by the Mass Spectrometry laboratory staff,
Department of Chemistry, University of Alberta

>CTB was a generous gift from Dr. John Klassen, University of Alberta.

3 Recombinant galectin-3 and galectin-9 were provided by Ruixiang (Blake) Zheng, University

of Alberta.
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3.1 Introduction
3.1.1 Galectins

Lectins are carbohydrate binding proteins that have the capacity of recognizing
carbohydrates; each lectin has its own specificity profile. Lectins play different roles that range
from the mediation of cell adhesion, to facilitating cell-cell interactions, to the recognition of
pathogens. (1, 2)

There are several types of lectins, and they are classified by their origin. Animal lectins
are subdivided into several families, one of these is the galectins. Galectins are a family of
proteins with the ability to recognize P-galactosides. (3) All galectins have conserved
carbohydrate recognition domains (CRDs) composed of about 135 amino-acids. (/) Currently,
15 mammalian galectins have been identified, and they are further subdivided in two groups:
those which contain one CRD and those containing two CRDs. (4)

The carbohydrate binding sites of galectins can recognize galactose and other
saccharides. Each galectin may have different specificities for different oligosaccharides since
they have different abilities to accommodate certain saccharides attached to galactose. (5) Most
galectins are bivalent or multivalent with regard to their carbohydrate-binding activities: some
one-CRD galectins exist as dimers; two-CRD galectins have two carbohydrate-binding sites;
and galectin-3 may form oligomers. (/, 6) These properties allow galectins to form ordered
arrays of complexes when they bind to multivalent glycoconjugates. (7) Table 3.1 shows a

schematic representation of the different types of galectins.
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Type Structure Galectin

One CRD ‘ 1,2,5,7,10, 11, 13, 14, 15
Chimera M 3

Two CRDs ”v-‘ 4,6,8,9,12

Table 3.1 Different galectin structures. Galectins are divided into three groups: those containing one
CRD (Galectin 1, 2, 5, 7, 10, 11, 13, 14, 15); those with two CRDs in tandem, connected by a linker of
up to 70 amino-acids (Galectin 4, 6, 8, 9, 12); and Galectin 3 which contains an unusual tandem repeat

proline- and glycine-rich segment fused onto the CRD. (8)

Galectins play very important biological functions in inflammation (cancer can be
considered an extreme case of inflammation), (9) angiogenesis (blood supply, to both healthy
and cancerous cells), immune response (there is evidence they turn off the immune recognition
system), (9) and cancer cell migration (leading to metastasis). (/0) Hence, it is not a surprise

that galectins are an active area of research.

3.1.1.1 Galectins in tumor angiogenesis

As any other cell or tissue in the body, tumors require oxygen, nutrients, and other
biologically important factors to grow. They receive all these supplies through the blood.
Angiogenesis is the process of growing new capillaries from pre-existing blood vessels and
involves the activation of endothelial cells, the disruption of vascular basement membranes,
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and the proliferation of endothelial cells and their migration. In this complex process, galectin-
1, -2, -3, -4, and -8 play important roles in mediating cell-cell and cell-matrix interactions. (//)

There is evidence that galectin-3 is a novel pro-angiogenic molecule and that it
contributes to the plasma membrane retention and pro-angiogenic function of VEGF receptor
2. (12, 13) It has also been noted that galectin-3 is an important regulator of a broad range of
cancer cell activities and may play important roles in cancer cell growth, transformation,
apoptosis, angiogenesis, adhesion, invasion, and metastasis. The influence that galectin-3 has
on cancer cells comes from its ubiquitous localization within the cell where it interacts with a
range of different binding partners. (/4)

Other galectins, such as -1, -3, -4, and -8, seem to play important roles in angiogenesis
as well. These four galectins are upregulated in colorectal cancer development and metastasis.
The upregulation of these galectins has been correlated with cancer cell growth, apoptosis, and
angiogenesis. (/5) A different study showed that galectin-1 is a tumor promoting protein
produced by cancer cells. (/6) In this last study the authors claim to have one of the first cases
demonstrating that low-molecular weight galectin-1 blockers are potential immune system

modulating anti-cancer agents.

3.1.1.2 Galectins in inflammation

Inflammation is a complex process involving vascular dilation with increased
permeability and blood flow, accumulation of plasma proteins, leukocytes, and fluids. The
process can be triggered by pathogens, trauma, or autoimmune activities. (/7) Specifically for
angiogenesis, inflammation can be considered as a side effect or pathology where angiogenesis

is in the wrong place. When this is occurring, inflammatory responses such as the production
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of cytokines (signaling molecules that will activate T cells) and chemokines are activated to
potentially supress tumor growth. (/&) Galectins are expressed by many immune and
inflammatory cells and regulate some of the functions of both these types of cells. As a
consequence, it is logical to believe that galectins can affect the immune and inflammatory
responses of the host against the tumor. To make this scenario more complex, tumors can also
release galectins that can have an impact on the immune and inflammatory responses of the
host. (8)

Some galectins can amplify the inflammatory response, whereas others activate
homeostatic signals that shut off the immune response. (8) It seems that the specific effect of a
galectin depends on the targeted cell, its microenvironment, and the inflammatory stimulus
itself. (/1) Recent data also suggest that some galectins released by the tumor might help the
tumor to evade immune surveillance. (/)

Galectin-3 has been identified as a galectin that promotes inflammatory responses. In a
study with galectin-3-null mice, the authors observed that inflammation was less severe, in
comparison to wild-type mice, when thioglycollate-elicited inflammation was induced in the
peritoneal cavity. (/9) Other studies have concluded that galectin-3 along with the presence of
the allele LGALS3 +292C were responsible for a higher propensity to develop the
inflammatory disease rheumatoid arthritis. (20) Furthermore, Forsman et al. showed that
galectin-3 is present in the inflamed synovium in patients with rheumatoid arthritis, and also
plays a pathogenic role in the development and progression of arthritis. They observed that
galectin-3-null mice presented almost no inflammation nor bone erosion as compared with the

wild type mice; the levels of pro-inflammatory cytokines were also decreased. (27)
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3.1.1.3 Galectins in the immune response

The immune system works with several tools to defend the body from threats (Figure
3.1): one of these are macrophages, that engulf pathogens and other debris. Activated T cells
multiply, attack, and kill threats and/or engage other type of immune cells, including B cells. B
cells are responsible for producing pathogen blocking antibodies. Dendritic cells also serve to
activate T cells, (//) and are able to take up antigen and display it for recognition by
lymphocytes. (22)

T cells are a large family of cells with specialized functions, including: T helper cells,
cytotoxic T cells, memory T cells, regulatory T cells, and natural killer T cells. When a
pathogen is detected, T cells respond by releasing various cytokines, and cytolytic/cell killing

molecules to destroy the threat. (17)
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Pluripotent stem cell

4

Common | Common Granulocyte/ |Megakaryocyte
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progenitor |progenitor progenitor progenitor

B T neutrophil basophil Immature
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Figure 3.1 Cellular components of the immune system. Pluripotent cells divide to produce two types
of specialized stem cells: a common progenitor for T and B cells that will form part of the adaptive
immune system, and a myeloid progenitor that will generate different types of leukocytes (neutrophils,

eusinophils, basophils, monocytes, and dendritic cells), erythrocytes, and megakaryocytes (responsible

for the formation of platelets). Adapted from (22)

Several studies have demonstrated that galectins can disable T cells by inducing

apoptosis. (23, 24) Galectin-1 is the primary galectin responsible for this effect, likely due to
binding to T cell surface glycoproteins, such as CD7, CD43, and CD45. This may be an

explanation of why several types of tumors, including colorectal, breast, melanomas, bladder,
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ovarian, thyroid, gynecological, and other tumors overexpress various galectins. Similar
activities have been observed with galectin-3. (25)

Galectin-3 may initiate signal transduction by forming multivalent complexes with
glycans present on the T-cell. Complex formation should restrict the lateral mobility of the
receptor complex which is crucial for the activation of the T-cells. Furthermore, galectin-3
might also reduce the immune response under certain circumstances by downregulating IL5
production. (26) Galectin-2 and galectin-9 have also been identified as causing T-cell
apoptosis; however, less information is available about the specific pathways they follow to
exert these effects. (27, 28)

Galectin-1, -3, and -9 are emerging as pertinent players in the modulation of acute and
chronic inflammatory diseases, autoimmunity, and cancer due to their immunoregulatory
bioactivities. (9, 29, 30) Thus, they are being recognized as molecular targets for drug
discovery. A better understanding of the role of galectins in cancer and other diseases, and the
interactions involved at cellular level should provide the information required for the design of
galectin inhibitors or galectin therapy as required. The next section of this chapter will briefly

discuss the potential use of HMO for this purpose. (11, 31-33)

3.1.2 Interactions of galectins with HMO

As discussed in Chapter 1, HMO play a key role in the development of the newborn
infant. Among other functions, they contribute to the development of the immune system, and
the intestinal flora. (34) There is evidence that HMO interact directly with immune cells, most
likely via carbohydrate receptors. (35, 36) There are some examples available where HMO

modulate immune response potentially via interactions with galectins. In one of these studies,
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HMO interfered with the Th1/Th2 skewing in cord blood-derived mononuclear cells and to
impact the Th2-type immune response of allergen-specific T cells from peanut allergic
individuals. The exact mechanisms behind these effects are not fully understood. (36)

The affinity of galectins to HMO has been measured in several studies (Table 3.2). The
relative affinities of galectins towards HMO, suggest that HMO are an important pool of
galectin binders; however the exact physiological significance of these results remains to be
explored. A deeper understanding of the molecular interactions of HMO with different
receptors (including galectins), could facilitate the design of drugs to modulate biological
processes like inflammation, cancer, angiogenesis, and immune response. (//) Considering the
vast amount of carbohydrate binding receptors, a method for the high-throughput screening of
these molecules, that also requires a low amount of the carbohydrate epitope would be a

valuable tool for glycobiologists.
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Galectin

-1* -3 -3¢ -4 -7 -8¢

Lactose 1 1 1 1 1 1
N-acetyllactosamine 7.8 11.3 4.1 1 1.1 0.3
Lactulose 1.1 53 - - - -
Lactitol - - <0.01 <1 - <0.1
GOS mucotriose - - - - - -
2’-Fucosyl-lactose 0.3 1.8 2.8 8.3 - 1.3
3-Fucosyl-lactose <0.04 <0.01 <0.1 <1 - <0.1
Lactose-N-tetraose 1.9 9.4 6.7 5 1.3 1.2
Lactose-N-neotetraose - - 10 43 1.7 4.8
Lacto-N-fucopentaose I 1.9 10 12.7 8.3 - 2.5
Lacto-N-fucopentaose 11 - - 10.8 4.3 - 6.5
Sialyl-a(2,3)lactose 0.6 1.2 1.8 <1 0.3 54
Sialyl-a(2,6)lactose <0.03 <0.05 <0.01 <1 <0.1 <0.1

*(37)°(38) (39) (40) *(41)
Table 3.2 Relative binding affinities of lactose-derived saccharides for Galectins. All the values
were normalized within a column to lactose by the authors of each reference cited. The values have no

units.

In this chapter, we describe an approach to identify HMO binding receptors, or
“multiple receptors for one glycan.” We used two different methods to identify HMO

receptors. The first method is an immuno-precipitation assay where an HMO functionalized
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solid support was incubated with cell lysate, washed, the resin heated in SDS-PAGE loading
buffer, followed by SDS-PAGE, and the bands excised and analyzed by mass spectrometry to
identify potential binders. The second approach involved using affinity chromatography,
pooling the elution fractions, digesting the samples for mass spectrometry analysis, followed
by analysis for the identification of binders. This latter approach is referred as “the shotgun

approach.”

A Lysate Resin

& & :

¢ \.Bnd @ 2 Wesh 3. Analyze SD[\SA:QGE
. G

(\: ' <& L spectrometry

B
Q({l( +—— Lysate
i
d 4 Analyze
1. Bind S| 3.Elute Mass
2. Yvash s spectrometry
| -

[ Resin

Figure 3.2 Strategies for identifying HMO receptors with solid support. HMO receptors were
identified using immobilized oligosaccharides and the binding tested using either A. Immuno-
precipitation, which involves the generation of the lysate, addition to the modified solid support,
incubation for 3 hours, washing and centrifugation to precipitate the solid support followed by SDS-

PAGE and digestion. B. The shotgun method uses an automated FPLC system. Lysate was passed

113



through the column, washed and eluted with a high salt and lactose buffer, the fractions concentrated

and digested. Both methods were then analyzed by LC/MS-MS.

3.2 Results & Discussion

The first step for testing our approach was to immobilize HMO to a solid support. As
we described in Chapter 2, DVS immobilization chemistry can be used to generate affinity
resins for carbohydrates. Using this protocol, we proceeded to immobilize five HMO sugars
(shown in Figure 3.3) purchased commercially. We used DVS for the immobilization of the
oligosaccharides since the project presented in Chapter 2 was run in parallel with these

experiments, though p-TsH immobilization may provide improved results, the protocol was not

yet developed.
OH
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Figure 3.3 HMO immobilized to solid support for binding studies.
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3.2.1 Immuno-precipitation assay

To test the immuno-precipitation approach, we decided to run a positive control. We
used a pure protein that was expected to bind to one of the available HMO. We selected 2’FL
and Vibrio cholera toxin subunit B (CTB). We chose this system since our collaborators in the
Klassen group have measured the binding constant for this system, and it is relatively strong.
(El-Hawiet, Kitova and Klassen, manuscript in preparation) The protein solution (1200 uL,
concentration 0.5 pg mL"') was added to the solid support (20 mg as a moist cake) and
incubated for three hours at room temperature. The solid support was washed with PBS (3 x
400 pL), after spinning down the resin (2000 x g for 3 min) we heated it in SDS loading buffer
and loaded the solution (10 pL) in a 20% acrylamide gel. The gel was run at 150 V for
approximately 1 h, and stained using Coomasie Blue stain. In order to assess non-specific
binding to the solid support, we used Sepharose-CL6B as a blank and we did the same
treatment as above. Figure 3.4 shows the SDS-PAGE gel of the CTB-2°FL system. We can
observe that the CTB-2’FL lane has two visible bands (~11 kDa and at ~55 kDa) whereas the

CTB-Sepharose system has no evident bands.
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Figure 3.4 SDS-PAGE of CTB binding to Sepharose with 2°FL. Lane 1 contains Sepharose with
2°FL, and Lane 2 shows the binding with blank Sepharose. The arrows indicate the two bands
identified as CTB. The band at ~11 kDa corresponds to the CTB monomer, the band at ~55 kDa
corresponds to a pentamer of CTB. Lane 3 shows molecular weight markers that were used to estimate
the molecular weights, with protein standards. (10, 15, 20, 25, 37, 50, 75, 100, 150, 250 kDa) The bands

corresponding to CTB monomer and pentamer were visualized using Coomasie brillian blue.

This experiment supported the idea that the HMO immobilized to Sepharose via a DVS
linker could bind to HMO receptors. Moreover, the gel also shows that the Sepharose CL-6B
has little non-specific interactions with the CTB since no band was observed in that lane. This
data may suggest that CTB can bind to the immobilized HMO either as a monomer or as a
pentamer since the two bands (~11 kDa and ~55 kDa) were observed. (42, 43) Having this
precedent, we decided to test this approach using lysate from cells and see if the protocol was

robust enough to selectively bind to HMO binding proteins in a complex mixture.
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For testing the approach using a cell lysate we chose two cell lines: HeLa, (an
adenocarcinoma cell line derived from cervical tissue (44)) and Jurkat cells (an immortilized
line of T lymphocyte cells. (45)) These cell lines are both cancer cell lines which are well
known for over-expressing galectins. It is known that Jurkat cells overexpress galectin-3, (46)
and galectin-9. (47) On the other hand, some studies have revealed the presence of galectin-1
widely distributed in HeLa cells. (48) Based on those precedents, we decided to test these
systems as they contain at least these known HMO binders in a pool of proteins. We used the
immuno precipitation protocol described above.

The SDS-PAGE gel for this experiment is shown in Figure 3.5. Again, both cell lysates
were incubated with DVS-immobilized 2’FL-Sepharose and blank Sepharose CL-6B in order
to identify non-specific binders. In the case of the Jurkat cells interacting with 2’FL, we
observed an intense band at ~30 kDa that it is absent in the negative control. In the case of
HeLa cells there was one intense band present at ~35 kDa that was not present in the negative

control, ruling out the possibility of being due to non-specific interactions.
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Figure 3.5 SDS-PAGE gel of Jurkat and HeLa cell lysates incubated with immobilized 2’-
fucosyllactose. An SDS-PAGE gel was loaded with the eluent form the cell lysate on a column of
2’FL-Sepharose or blank Sepharose. Lane 1.Protein standards Lane 2. HeLa cell lysate with 2°FL-
Sepharose. Lane 3. HeLa cell lysate with blank Sepharose Lane 4. Jurkart cell lysate with 2°FL-
Sepharose. Lane 4. Jurkat cell lysate with blank Sepharose. In lane two we observed one strong band
(~30 kDa) that was absent in lane three (negative control). That band was excised, analysed by MS and
identified as galectin 1. In lane four we observed one strong band (~35 kDa) that was absent in lane
four (negative control). That band was excised, analysed by MS and identified as galectin 3. The gel
was a 20% acrylamide gel and all the wells were loaded with 10 pL of the protein solution. To estimate
the molecular weight of the bands, protein standards (Lane 1) were used (10, 15, 20, 25, 37, 50, 75,

100, 150, 250 kDa). The bands in lanes two to five were visualized using Coomasie brilliant blue.

To identify these bands, they were excised and analyzed by MS. We found that the
bands included galectin-1 and galectin-3 in Hela and Jurkat cells, respectively. The

identification of galectins as HMO binders was expected since several papers have reported
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that galectins are usually overexpressed in cancer cells. (/, 49) Moreover, galectin-1 has been
reported to be expressed in HeLa cells; (48) while galectin-3 is known to be overexpressed in
Jurkat cells. (46) Moreover, Table 3.2 shows that 2°’FL has been reported to have a weak
relative binding affinity (0.3 normalized to lactose) for galectin-1, and a relative binding
affinity of approximately 2.3 (normalized to lactose) for galectin-3 The amino acid sequence

coverage found for these two protein samples are shown in Figure 3.6.

A Galectin-1; LEG1_HUMAMN; 22 coverage; score 2858

1 MAFSGSQAPY LSPAVPFSGT IQGGLQDGLY ITVNGTVLSS SGTREAVNEQ
51 TGFSGNDIAF HFNPRFEDGG YVVCHNTRQNG SWGFEERRTH MPFQEGMPED
101 LCFLVQSSDF KVMVNGILEV QYFHRVPFHR VDTIFVNGSV QLSYISFQPP
151 GVWPANPAPI TQTVIHTVOS APGQMFSTFA IPPMMYFHPA YPMPFITTIL
201 GGLYPSKSIL LSGTVLPSAQ RFHINLCSGN HIAFHLMLRF DEMAVVENTQ
251 IDNSWGSEER SLPREMPEVRE GQSFSVWILC GAHCLEVAVD GQHLFEYYHR
301 LRNLPTINRL EVGGDIQLTH VQT

B Galectin-3: LEG3_HUMAMN: 72% coverage: score 685

1 GAPAGPLIVP YNLPLPGGVV PRMLITILGT VKPNANRIAL DEQRGHDVAF
21 HFWNFRFNENN RRVIVCNTEL DNNWGREERQ SVFPFESGKF FKIQVLVEFD
101 HFKVAVNDAH LLQYNHRVEE LNEISKLGIS GDIDLTSASY TMI

Figure 3.6 Amino acid sequence coverage of the proteins identified using 2’FL-Sepharose with
HeLa and Jurkat cell lysate. The protein sequence coverage were obtained from the trypsin digestion
and subsequent LC-MS/MS analysis of the bands excised from the SDS-PAGE gel (Figure 3.5). The
MS results were compared against the NCBInr database using Mascot server. The HeLa lysate

identified A. Galectin-1 (22% coverage; score 288); and the Jurkat lysate identified B. Galectin-3

(72% coverage; score 685).

These experiments again confirmed that our solid support had the ability to selectively
bind HMO receptors in a large pool of binders. We next decided to test the method by packing

the modified solid support in a column and running it as an affinity chromatography
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experiment. For testing this method we prepared a column with lactose immobilized to
Sepharose using DVS. We tested the binding of the column using a recombinant protein in a
crude lysate mixture. We selected galectin-9 (also known as Ecalectin) for the optimization of
our protocol since several studies have reported the interaction between galectin-9 and lactose.
(47, 50)

The affinity chromatography method involved packing the column, equilibrating it with
buffer, passing the solution containing the protein, eluting the binders, and running the SDS-
PAGE gel. For the elution we decided to use a competitive elution with a buffer containing 50
mM Tris-HCI, 1 mM EDTA, 1 mM CaCl,, 50 mM 2-mercaptoethanol, and 100 mM lactose
with a final pH of 7.5. We expected that lactose would be able to compete with the
immobilized HMO for the binding sites of galectin-9. However, the SDS-PAGE gel (Figure
3.7) showed that galectin-9 was not eluted from the column (lane 4), and also showed that the
galectin was still bound to the resin (lane 3). The results were encouraging, since the protein
was binding to the solid support, but we needed to optimize the elution conditions for the

protein to be recovered.
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Figure 3.7 SDS-PAGE Gel of samples from affinity chromatography using a lactose-immobilized
column and raw lysate mixture of recombinant galectin 9. An SDS-PAGE was loaded with samples
of the different steps of the affinity chromatography method to track the binding of the recombinant-
galectin-9. Lane 1. Protein standards. A raw lysate of Lane 2. Recombinant-galectin-9, 6.5 ug of
protein (5 pL of a 1.3 mg mL™" solution) was loaded and fractions from: Lane 3. Solid support from
column after being heated in SDS-buffer, unknown amount of protein (30 mg of resin as moist cake in
6 uL of loading buffer), and Lane 4. Concentrated elution fraction 2.5 ug of protein (50 uL of a 0.05
mg mL"' solution) Lane 5 Protein standards. The gel shows that the elution of the binding protein was
not achieved. On lane 3, we observed that recombinant-galectin-9 stayed bound to the resin whereas in
the elution there is no evidence of galectin-9 being present. To estimate the molecular weight of the
bands, protein standards (Lane 1) were used (10, 15, 20, 25, 37, 50, 75, 100, 150, 250 kDa). The bands
in lanes two to four were visualized using Coomasie brilliant blue. The SDS-PAGE contained 20%
acrylamide gel. The expected molecular weights are 62 kDa for the recombinant-galectin-9 and 26 kDa

for Glutathione S-transferase.
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The next step for the optimization of our protocol comprised finding the appropriate
conditions for eluting galectin-9 from the solid support. A study by Chabot et al. performed a
competitive inhibition assay of galectin-9 and found optimum results using 0.2 M of lactose.

(47) We tested an elution buffer by only changing lactose to 0.25 M. (Figure 3.8)

T5kDa
50kDa

37kDa

25kDa

20kDa

Figure 3.8 SDS-PAGE Gel of the affinity chromatography samples using a lactose column and
lysate of recombinant-galectin-9 with optimized elution conditions. An SDS-PAGE was loaded with
samples of the different steps of the affinity chromatography method to track the binding of the
recombinant-galectin-9. Lane 1. Protein standards Lane 2. Recombinant-galectin-9, 26 pg of protein
(20 uL of a 1.3 mg mL™" solution) Lane 3. Solid support from column after being heated in SDS-buffer,
unknown amount of protein (40 mg of resin as moist cake in 8 pL of loading buffer) Lane 4.
Concentrated elution fraction ~3.0 pg of protein (50 pL of a 0.06 mg mL™" solution) Lane 5. Protein
standards. The gel shows that the elution of the binding protein was successfully achieved. On lane 3,
we can observe that galectin-9 was actually found on the elution fraction whereas in the solid support
there is no evidence of galectin-9 being present. To estimate the molecular weight of the bands, protein

standards (Lane 1) were used (10, 15, 20, 25, 37, 50, 75, 100, 150, 250 kDa). The bands in lanes two to
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four were visualized using Coomasie brilliant blue. The SDS-PAGE contained 15% acrylamide gel.
The expected molecular weights are 62 kDa for the recombinant-galectin-9 and 26 kDa for Glutathione
S-transferase.

The increased concentration of lactose (0.25 M) successfully disrupted the interaction
between the immobilized saccharide and galectin-9. The protein was found in the elution
fraction (lane 3). In order to make sure the elution had been successful, we also heated a
fraction of the solid support in SDS-buffer and loaded it into the gel (lane 4), the gel shows no
band corresponding to galectin-9. This experiment allowed us to conclude that the affinity
chromatography protocol can capture HMO binders, and that it is possible to disrupt the
interaction of galectins using 0.25 M of lactose as a competitive binder due to the common p—
galactose residue. (47)

Having collected evidence that the method works as a way of screening for HMO
binders from a large pool of proteins, we were concerned that not all examples would be so
clear-cut as the galectins. We identified that the SDS-PAGE step could potentially leave
certain binders out due to the limit of detection of the technique. Although detection limits may
be as low as 1500 fM for visualizing certain proteins. (5/) We chose to avoid this problem by

using shotgun proteomics as described below.

3.2.2 Shotgun proteomics method

Shotgun proteomics is a method for the analysis of protein mixtures and their
identification from tandem mass spectra of their proteolytic peptides. (52) The method offers
the advantage of not needing to separate the protein by gel electrophoresis, but only to digest

them enzymatically as a mixture in solution. The peptides obtained are analysed using LC-
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MS/MS. The fragments obtained after MS/MS analysis are then searched against an
appropriate database such as SwissProt, NCBInr, or others with the help of a search engine
such as MASCOT. (53-55) This method offers the advantage that it can detect as little as 10
fmol of protein in solution. (55)

We tested the shotgun approach using a system that we were already familiar with. We
used 2°FL immobilized via DVS to Sepharose and Jurkat cell lysate as we did for testing the
immuno-precipitation protocol (Figure 3.5). We decided to modify the elution conditions by
adding a high concentration of salt. We hoped the elution buffer (3 M NaCl, 0.25 M lactose, 50
mM Tris-HCl, pH 8) would be able to disrupt ionic interactions between the molecules, and
also lactose would disrupt the binding as a competitive binder for HMO.

An example of the chromatogram obtained by observing the Ajsy of the Jurkat lysate
solution passed through the 2’FL column is shown in Figure 3.9. Tracking the absorbance we
could determine the point in time were the lysate has flowed through the column completely
and also when proteins are being eluted off the column and need to be collected. In order to
eliminate possible non-specific binders to the Sepharose we used an in-line blank Sepharose
column before the 2°-FL column. The blank column was removed after all the lysate had been

injected and the washing and elution steps were performed only in the 2’FL column.
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Figure 3.9 Sample FPLC chromatogram for a 2’FL column with Jurkat cell lysate. The
chromatogram can be divided into 3 main sections: A. Injection — the lysate solution (~4.6 mg, 3 mL of
a 1.54 mg mL" lysate solution) was flowed through a blank Sepharose column (1 mL of slurry),
followed by the 2°FL column (1 mL of slurry of 2°’FucLac functionalized Sepharose). At the end of this
step the blank Sepharose column was removed; B. Washing — approximately 20 mL of running buffer
(1 mM CaCl,, 0.5 NaCl, 50 mM Tris-HCI, pH 8) was run in order to remove non-specific binders and
assure the A,gy goes to zero; C. Elution — ~40 mL of elution buffer (3 M NacCl, 0.25 M lactose, 50 mM
Tris-HCI, pH 8) are run through the column to disrupt the binding between the proteins and the HMO.
Fractions of 5 mL were collected during elution. The increase in the A,g, serves as an indication that
proteins are present in the solution, the change in Agis not very big probably to the low concentration
of proteins in the solution. The system was operated at flow rate of 1 mL min" and the pressure was

maintained at ~0.3 MPa.
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The elution fractions (8 of them, 5 mL each) were collected and pooled together, and
dialyzed against running buffer using a membrane of 8000 Da (12h, two buffer changes). The
resulting solution was concentrated using Amicon Ultra spin columns with a cutoff of 10,000
Da until reaching a volume of approximately 0.25 mL. The volume was further reduced to ~50
uL using evaporation with nitrogen gas, and prepared for mass spectrometry analysis using
established protocols. (53) The proteins were extracted and detergents removed with a
MeOH:CHCl;3:H,0O solution (1:1.2:1.8) and then precipitated from the chloroform layer via
centrifugation (12,000 x g for 2 min, rt). The pellet was freeze-dried and re-suspended in urea
solution (6.25 puL, 8 M, 50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 0.005% dodecyl-B-maltoside
in water). The proteins were reduced using dithiotreitol solution (DTT) (0.625 uL ofa 100 mM
solution in water) and incubated (37 °C, 20 min). After incubation, the protein was acetylated
with iodoacetamide (0.625 pL of a 200 mM solution in water) and incubated (20 min, rt,
protected from light). After incubation, the proteins were digested using trypsin solution (5 pL
of a solution containing 50 ngmL'of trypsin, 2.5 mM acetic acid in urea buffer) for 12h at 37
°C. Once the digestion is completed, formic acid (5 pL of a 10% (v/v) solution) was added to
stop the enzymatic reaction. The solution was stored at -20 °C until the MS analysis was
performed. (53) A step-by-step description of the method is available in Section 3.4.3.

A fraction of the concentrated elution fraction was loaded on SDS-PAGE gel for
comparison (Figure 3.10). The gel of the lysate did not show any obvious protein bands, likely

due to the low amount of protein bound to the column
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Figure 3.10 SDS-PAGE gel for the affinity chromatography method using Jurkat cell lysate run
over a 2°FL column. To estimate the molecular weight of any potential bands, protein standards (Lane
1) were used (10, 15, 20, 25, 37, 50, 75, 100, 150, 250 kDa) Lane 2. Concentrated elution fractions (50

pL) The SDS-PAGE gel contained 15% acrylamide.

The shotgun mass spectrometry analysis of the Jurkat lysate run over a 2’FL column
identified galectin-3 (21% coverage; score 334), galectin-9 (31% coverage; score 265), and
galectin-9B (13% coverage; score 235) proteins. These results were encouraging, since the
shoutgun approach had increased the sensitivity of our method for identifying binders to 2’FL.
Moreover, the scores obtained are well above the threshold of 40 that was established, reducing
the probability of the identification to be a random coincidence below 5%. The amino-acid

sequences of the galectins found, the score, and coverage are shown in Figure 3.11.
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Figure 3.11 Amino acid sequence coverage of proteins identified using affinity chromatography
with DVS immobilized 2°FL column and lysate from Jurkat cells, by shotgun proteomics. The
Jurkat cell lysate was run over a Sepharose column containing DVS immobilized 2°’FL run on an FPLC
and detected by shotgun proteomic analysis. Three proteins from the galectin family were identified: A.

Galectin-3 (38% coverage; score 422) B. Galectin-9 (31% coverage; score 423), C. Galectin-9B

Galectin-3;

MADNFSLHDA
PGAYPGQAPP
YPATGPYGAP
RGNDVAFHFN
QVLVEFPDHFEK

Galectin-9;

MAFSGSQAPY
TGFSGNDIAF
LCFLVQSSDF
RTVEVQPAFS
QSAPGQOMFST
AQRFHINLCS
VRGQSFSVWI
THVQT

Galectin-9B;

MAFSGSQAPY
IGEFSGNDIAF
LCEFLVQSSDE
RIVPVQPAES
QSASGOMFSQ
SAQRFHINLC
FVRGQSFSVW
LTHVQT

LEG3_HUMAN ;

LSGSGNPNFQ
GAYPGAPGAY
AGPLIVPYNL
PRFNENNRRYV
VAVNDAHLLQ

LEGY9_HUMAN ;

LSPAVPFSGT
HENPRFEDGG
EVMVNGILEV
TVPFSQPVCE
PAIPPMMYPH
GNHIAFHLNP
LCEAHCLEVA

LEGY9B_HUMAN:;

LSPAVPFSGT
HFNPRFEDGG
KVMVNGSLEV
TVPFSQPVCE
TPAIFPFMMYP
SGSHIAFHMN
ILCEAHCLEV

38% covergage; score 422

GWPGAWGNQP AGAGGYPGAS YPGAYPGQAP
PGAPAPGVYP GPPSGPGAYFP SSGQPSATIGA
PLPGGVVPRM LITILGTVEF NANRIALDFQ
IVCNTELDNN WGREERQSVF PFESGEFPFEKI
YNHRVEFLNE ISKLGISGDI DLTSASYTMI

21% covergage; score 423

IQGGLODGLO
YVVCNTRONG
QYFHRVPFHR
PPRPRGRROK
PAYPMPFITT
RFDENAVVEN
VDGQHLFEYY

IQGGLODGEQ
YVVCNTROEG
QYFHRVPFHR
FPRPRGRROK
HPAYFMPFIT
PRFDENAVVR
AVDGQHVFEY

13% covergage;

ITVNGIVLSS
SWGPEERKTH
VDTISVNGSV
PPGVWPANPA
ILGGLYPSKS
TQIDNSWGSE
HRLRNLPTIN

ITVNGAVLSS
RWGPEEREMH
VDTISVNGSV
PPSVRPANPA
TIPGGLYPSK
NTQINNSWGS
YHRLRNLPTI

SGTRFAVNEQ
MPFQEGHMPED
QLSYISFQNP
PITQTVIHTV
ILLSGTVLEPS
ERSLPREMPF
RLEVGGDIQL

acore 285

SGIRFAVDEQ
MEFQKGMEFD
QLSYISFONP
PITQIVIHIV
SIILSGTVLP
EERSLPREMP
NELEVGGDIQ

(13% coverage; score 285). A complete list of protein hits can be found in Appendix B.

It is important to mention that we obtained several protein hits after the mass spectrometry
analysis. Figures 3.11 and 3.12 only show proteins belonging to the galectin family. We decided to
only focus on this family of proteins because their binding to HMO has been characterized in the past

and we are certain they bind to HMO. (5) The rest of the protein hits need to be analyzed in a case by
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case basis, and the measurement of their binding constant might be needed to confirm them as HMO-

binding receptors. A list of all the protein hits for all the experiments can be found in Appendix B.

The identification of galectin-3 as a binder was not surprising based on the immuno-
precipitation results discussed in Section 3.2.1 for Jurkat cells. (46) Furthermore, we note that
the affinity galectin-3 towards 2°FL is at least 2 to 3 times higher than its affinity for lactose.
(Table 3.2) (38, 39).

The observation of galectin-9 as a binder of 2’-FL is not unexpected as it has been
reported to be overexpressed in immune tissues, including Jurkat cells. (47) Moreover, we
know that galectin-9, as the other members of the galectin family, has binding specificity
towards B-linked galactose, a moiety that is present in 2’-FL. (3) There are reports of galectin-9
binding to glycans with poly-N-acetyllacotsamine (LacNAc) repeats, and sulfated residues of
internal LacNAc repeats. (56) In 2002, Hirabayashi et al. reported a Kp of 150 uM for the C-
terminal CRD of galectin-9 binding to 2’FL; (5) to the extent of our knowledge that is the only
report of 2°-FL — galectin-9 binding constant, and it was not measured for the entire protein,
which contains two CRDs. The higher scores obtained for galectin-3 could be partially
explained by the larger dissociation constant in comparison with the dissociation constant of
galectin-3 and 2’-FL (150 and 36 uM respectively). (5)

To the extent of our knowledge there is not information of galectin-9B binding studies
to any sugars. However, we don’t think this result is unexpected since galectin-9B possess a
conserved domain among the different galectins (cd00070). This domain exclusively binds [-
galactosides. (57)

At this point, we had established that our strategy could identify HMO receptors from
cell lysate using shotgun proteomics. We had tested a single HMO, 2’-FL, so we set out to test
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additional HMO columns to see if a different set of receptors could be identified. For this
experiment we immobilized Lactose-N-tetraose (LNT) using DVS as a linker, and again we
used Jurkat cell lysate.

In this experiment, we identified four binders: galectin-3 (33% coverage; score 493),
galectin-9 (27% coverage; score 565), galectin-9b (15% coverage; score 390), and galectin-8
(9% coverage; score 62). The corresponding amino-acid sequences are shown below (Figure
3.12). The presence of galectin-3 and -9 again is not surprising, considering that both of them
are overexpressed in the Jurkat cells. Galectin-8 is known to play an important role in
inhibition of Jurkat cell adhesion to integrins. (58) Galectin-8 has also been identified as a
potent pro-apoptotic agent in this cell line. (59). The dissociation constants for galectin-3, -8,
and -9 to 2°FL ranges in the uM range (36, 120, and 150 uM, respectively). (5) These data
further support that the binding of these proteins is not random coincidence or due to non-

specific binding.
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Galectin-3; LEG3_HUMAN; 33% coverage; score 403

1 MADNFSLHDA LSGSGNPNPQ GWPGAWGNQF AGAGGYPGAS YPGAYPGOAF
51 PGRAYPGQAPP GAYPGAPGAY PGAPAPGVYF GPFPSGPGAYF S5S5GOPSATGA
101 YPATGPYGAF AGPLIVFYNL FLPGGVVFRM LITILGTVEP NANRIALDFQ
151 RGNDVAFHFN PRFNENNRRV IVCHTHELDNN WGREERQSVFE PFESGEPFEL
201 QVLVEPDHFE VAVNDAHLLY YNHEVEKLNE ISKLGISGDI DLTSASYTMI

Galectin-9; LEGY9_HUMAN; 27% coverage; score 565

MAFSGSQAFY LSPAVPFSGT IQGGLODGLO ITVNGIVLSS SGTRFAVNEQ

51 TGFSGNDIRF HFNPRFEDGG YVVCNTRONG SWGPEERKTH MPFQEGMEPED
101 LCFLVQSSDF EVMVNGILEYV QYFHRVPFHR VDTISVNGSYV QLSYISFQONP
151 RIVPVQPAFS TIVPFSQFVCF PPREPRGRROK PPGVWPANFA FPITQTIVIHIV
201 QSAPGOMFST PAIFPMMYPH PAYPMPFITT ILGGLYPSKS ILLSGTVLES
251 AQRFHINLCS GNHIAFHLNF RFDENAVVEN TQIDNSWGSE ERSLEREMFF
301 VRGQSEFSVWI LCEAHCLEVA VDGQHLFEYY HRLRNLPTIN RLEVGGDIQL
351 THEVQT

[

c Galectin-9B; LEGY9B_HUMAN; 15% coverage; score 390

1 MAFSGSQAPY LSPAVPFSGT IQGGLODGFQ ITVNGAVLSS SGIRFAVDEQ
51 TGFSGHDIAF HFNPRFEDGG YVVCNTROEG RWGFEERFMH MFPFOEGMEFD
101 LCFLVQS5SDF EWVMVNGSLEV QYFHEVPFHR VDTISVNGSV QLSYISFQONP
151 RIVEVQPAFS TVFFSQPVCF FPRPRGRRQ¥ PPSVRPANPA PITQTVIHTV

201 QSASGOMESQ TPAIPPMMYP HEAYPMPFIT TIPGGLYFSKE SIILEGTVLE
251 SAQRFHINLC S5GSHIAFHMN PRFDENAVVR NTQINNSWGS EERSLFREMP
301 FVRGOSFSWVW ILCEAHCLEV AVDGQHVFEY YHRLENLFTI NELEVGGDIQ
351 LTHVQT

D

Galectin-8; LEGS8_HUMAN; 9% coverage; score 62
1 MMLSLNNLQN IIYNPVIFFV GTIPDQLDEG VIRGHVE SDADRFQVDL
51 QNGSSMEPRA DVAFHFNPRF KRAGCIVCNT EKWGREE ITYDTEPFKRE
101 KSFEIVIMVL KDKFQVAVNG KHTLLYGHRI GPEKIDTLGI YGEVNIHSIG
151 FSFSSDLOST QASSLELTEI SRENVEPKSGT POLRLPFEAR LNTPMGEGRT
201 VVVEGEVNAN REKSFNVDLLA GESKDIZLHL NPRLNIKAFV RNSFLOESWG
251 EEERNITSFE FSPGMYFEMI IYCDVREFKV AVNGVHSLEY KHRFKELSSI
301 LLEVRSW

Figure 3.12 Amino acid sequence coverage of proteins identified using affinity chromatography
with DVS immobilized LNT column and lysate from Jurkat cells, by shotgun proteomics. The
Jurkat cell lysate was run over a Sepharose column containing DVS immobilized LNT run on an FPLC
and detected by shotgun proteomic analysis. Four proteins from the galectin family were identified A.
Galectin-3 (33% coverage; score 493) B. Galectin-9 (27% coverage; score 565), C. Galectin-9B (15%
coverage; score 390), D. Galectin-8 (9% coverage; score 62). A complete list of protein hits can be

found in Appendix B.

A summary of the results obtained with the affinity chromatography method followed

by the shotgun proteomics analysis is presented below (Table 3.3)
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Galectin-3 Galectin-9 Galectin-9B Galectin-8

Score Coverage Score Coverage Score Coverage Score Coverage
(%) (%) (%) (%)
2’FL. 422 38 423 31 285 13 - -
LNT 493 33 565 27 390 15 62 9

Table 3.3 Summary of galectin coverage from affinity chromatography of Jurkat cell lysate with
2’FL- and LNT-Sepharose. The proteins were separated using affinity chromatography and identified

by mass spectrometry using the shotgun approach

The scores we obtained could potentially be used as an indicator of the relative affinity
of the galectin towards the HMO. These values are in accordance with results published in
other studies. The first point that can be made is that galectins have the highest affinity towards
saccharides with a Gal-f1,3-GIcNAc structure, which is found in LNT but absent in 2°FL. (5,
60, 61)

Another important point to highlight about these results is the fact that the method was
able to obtain a whole-cell profile of HMO receptors from lysate in a single experiment. The
method provides specificity. For example, we found that galectin-8 does not bind to 2°FL, but
it does to LNT, in accordance with other results in literature. The Kp’s for galectin-3, -8, and -9
to 2°FL are 36, 120 and 150 uM, respectively. (5) On the other hand the same corresponding
Kp’s for these galectins to LNT are 2.6, 43, and 12 uM, respectively. The smaller dissociation

constants of the galectins to LNT show that they bind more strongly to LNT than to 2°FL,
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providing an explanation for why we got higher scores for LNT. It is important to remember
that we are only comparing the binding profile of galectins; however, other proteins were

detected (See Apprendix B) which we are currently investigating.

3.3 Conclusions

HMO are an active area of research due to the potential beneficial effects that they offer
for the newborn infant and the lactating mother. (62) They have become of scientific interest
for the therapeutic activity they could exert for the treatment of diseases like cancer (63),
arthritis, and allergies. (36) Unfortunately, very little is known about the molecular
mechanisms or interactions underlying all these potential beneficial effects.

Several groups are working in developing methods for the quick screening of HMO
binding partners using different techniques. One of the most popular approaches is
microarrays, (64-66) where multiple carbohydrates are immobilized in a small surface and
exposed to a single protein. In this chapter we have presented an approach were one glycan is
exposed to several receptors and those receptors are later identified by mass spectrometry (one
glycan, many receptors).

Through a series of binding experiments we were able to optimize a protocol that can
be automated using FPLC and allows the screening of thousands of receptors in a very short
period of time. We started by gathering evidence that our modified solid support could capture
binders, then we moved on to collecting data that could show that the modified solid support
maintained its binding activity even when the contact time between the carbohydrate and the

receptor is reduced to the contact time inside a column. We also confirmed that the shotgun
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approach can be used for the identification of receptors without requiring previous separation
or large quantities of material.

The results of our affinity strategy showed the potential of the method for identifying
galectins in mammalian cells that bind HMO. Moreover the results obtained, as mass
spectrometry scores, show certain relation with the dissociation constants reported in the
literature. However; for measuring relative affinities, more data needs to be collected and an
in-depth statistical analysis would also be required.

We have established protocols for the high throughput screening of HMO binding
proteins. From a lysate sample of Jurkat cells, we identified galectin-3, galectin-9, and
galectin-9B as binders to 2°’FL. The same three galectins, plus galectin-8, were identified as

binders of LNT when present in a lysate sample from Jurkat cells.
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3.4 Experimental Methods
3.4.1 Lysate preparation

Jurkat cells were obtained as pellets and resuspended in lysis buffer (1 mM CaCl,, 0.5
NaCl, 50 mM Tris-HCI 0.5% Triton X-100, pH 8) and the cells were disrupted using an
ultrasonic cell disruptor. Protease inhibitor cocktail (Roche, Germany) was added to the
solution and left mixing overnight at 4 °C. The solution was centrifuged for 50 minutes at
12,000 x g at 4 °C. The supernatant was collected and diluted using lysis buffer to obtain Ajso
of approximately 2 (1.54 mg mL™ assuming that a 1 mg mL™ solution of protein will have an

absorbance of 1.3 (67)).

3.4.2 Immuno-precipitation method

An aliquot of the modified or unmodified solid support was washed first with 5
volumes of MiliQ water followed by five volumes of phosphate buffered saline (PBS). The
solid was filtered to obtain a moist cake. The moist cake (30 mg) was weighed into an
Eppendorf tube. The protein-containing solution (1.35 mL) was added to each tube and left
mixing for 3 hours at room temperature. Subsequently the tubes were centrifuged at 2,000 x g
for 3 minutes to precipitate the solid support and the supernatant was removed without
disturbing the pellet. PBS (1 mL) was added to each tube and mixed for five minutes to wash
the solid support and remove non-specific binders. The tubes were centrifuged again at 2,000 x
g for 3 minutes, and the washing step was performed twice more for a total of 3 washing
cycles.

The SDS-PAGE gel was prepared and run as per standard protocol. (68) The solid

support samples were re-suspended in 6 pL of loading buffer, and heated at 95 °C for five
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minutes, followed by cooling in an ice-bath and centrifugation. The supernatant was loaded
into the wells of the gel. The gel was run at 150 V for approximately 90 minutes. Finally it was

stained using Coomasie-blue using standard procedure.

3.4.3 Shotgun proteomics method

The solid support (1 mL slurry) with the immobilized HMO was packed in a Tricorn
5/50 column, and attached to an AKTAprime Plus FPLC system (GE Healthcare, Uppsala,
Sweden) with an in-line column filled with unmodified Sepharose CL-6B. The columns were
equilibrated with 10 column volumes of running buffer (1 mM CaCl,, 0.5 NaCl, 50 mM Tris-
HCL, pH 8) at a flow of 1 mL min™. The protein solution (3 mL) was injected. The unmodified
Sepharose CL-6B column was removed and the column with the immobilized HMO was
washed with approximately 10 column volumes of running buffer, followed by elution with
approximately 20 column volumes of elution buffer (3 M NaCl, 0.2 M lactose, 50 mM Tris-
HCI, pH 8). Fractions of 5 mL were collected. The column was then eluted with an equal
volume of Glycine HCI, pH 4.5, collected in 5 mL fractions. The column was washed with an
equal volume of running buffer containing 0.02% (w/v) of NaNj for storage.

The elution fractions collected were pooled together and dialyzed against running
buffer using a membrane of 8000 Da (12 h, two buffer changes). The resulting solution was
concentrated using Amicon Ultra spin columns with a cutoff of 10,000 Da until reaching a
volume of approximately 0.25 mL. The volume was further reduced to ~50 pL using
evaporation with nitrogen gas, and prepared for mass spectrometry analysis using the protocol
developed by Kubota et al. The protein solution (~50 pL) was transferred to a low-binding 500

pL tube and mixed with MeOH (200 pL), chloroform (50 pL) was added and mixed, finally
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MiliQ water (150 pL) was added and the sample was mixed vigorously. The solution was
centrifuged (10,000 x g for 2 min, rt), forming two layers. The top layer was removed and
discarded. MeOH (200 pL) was added to the bottom layer and mixed. The tube was
centrifuged (12,000 x g for 2 min, rt), after centrifugation the supernatant was removed, taking
care of not disturbing the pellet. The pellet was freeze-dried. Once the pellet was dry, an urea
solution was added (6.25 pL, 8 M, 50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 0.005% dodecyl-
B-maltoside in water). Dithiotreitol (DTT) was added to the mixture (0.625 pL of a 100 mM
solution in water). The solution was centrifuged for 5 seconds and incubated (37 °C, 20 min).
After the incubation, the solution was allowed to cool down to room temperature and
iodoacetamide was added (0.625 pL of a 200 mM solution in water). The solution was mixed
and centrifuged for 5 seconds and incubated (20 min, rt, protected from light). After
incubation, dilute urea buffer was added (50 pL, 42.5 puL of urea solution plus 7.5 puL of MiliQ
water), the solution was mixed and centrifuged (2000 x g for 5 seconds). Trypsin (Trypsin
gold, mass spectrometry grade, Promega. Madison, WI) solution was added (5 puL of a solution
containing 50 ng mLof trypsin, 2.5 mM acetic acid in urea buffer) mixed and centrifuged
(2000 x g for 5 seconds). The proteins were digested (12h at 37 °C). Once the digestion was
completed, formic acid (5 pL of a 10% (v/v) solution) was added to stop the enzymatic

reaction. The solution was stored at -20 °C until the MS analysis was performed. (53)

3.4.4 Mass spectrometry analysis.
All experiments were carried out in positive ion mode using a Synapt G2 mass
spectrometer (Waters, Manchester, UK) equipped with a nanoACQUITY UPLC (Waters,

Manchester, UK). Peptide products of trypsin-digested proteins were analyzed by LC-MS/MS
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using a data dependent analysis method. Tryptic peptides, (15 pL injection), were separated on
a BEH130 C18 (1.7 pm), 75 pm x 100 mm analytical RP column (Waters, Manchester, UK).
The flow rate was 0.3 pL min" and the column temperature was maintained at 35 °C. The
mobile phase comprised solvent A (0.1% formic acid in water) and solvent B (0.1% formic
acid in acetonitrile). The eluted peptides were separated with a gradient of 1-50% solvent B
over 45 min, followed by a rinse with solvent B at 95% for 8 min. MS/MS spectra were
acquired for up to six of the most intense precursor ions with charge states of +1, +2, or +3
after each MS survey scan. The data analysis was carried out using MassLynx (Waters;
MassLynx, version 4.1). The search engine Mascot (Matrix Science) was used against

SwissProt database for processing the MS data and exported as a CSV file (See Appendix B).

3.4.5 Cell culture
3.4.5.1 Jurkat cells

Jurkat cells (clone E61) were obtained from ATCC (Mannassas, VA) and cultured in
RPMI 1640 media supplemented with fetal bovine serum (FBS, 10% v/v), penicillin (10 units
mL "), and streptomycin (10 mg mL™") in a humidified incubator (5% CO,) at 37 °C.
3.4.5.2 HeLa cells

HeLa cells (CCL-2) were obtained from ATCC (Mannassas, VA) and cultured in
Eagle’s Minimum Essential Medium supplemented with fetal bovine serum (FBS, 10% v/v),
penicillin (10 units mL™"), and streptomycin (10 mg mL™") in a humidified incubator (5% CO,)

at 37 °C.
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3.4.5.3 HT-29 cells

HT-29 cells were obtained from ATCC (Mannassas, VA) and cultured in McCoy’s 5a
medium supplemented with fetal bovine serum (FBS, 10% v/v), penicillin (10 units mL™"), and
streptomycin (10 mg mL ") in a humidified incubator (5% CO5) at 37 °C.
3.4.5.4 T84 cells

T84 cells were obtained from ATCC (Mannassas, VA) and cultured in a 1:1 mixture of
Ham's F12 medium and Dulbecco's modified Eagle's medium with 2.5 mM L-glutamine, 95%;
supplemented with fetal bovine serum (FBS, 10% v/v), penicillin (10 units mL™"), and

streptomycin (10 mg mL™") in a humidified incubator (5% CO5) at 37 °C.

3.4.6 Column preparation

Carbohydrate modified sepharose gel was prepared as previously reported. (69) One
mL of settled Sepharose CL-6B (GE Healthcare Life Sciences, Piscataway, N.J.) was
thoroughly washed with water in a sintered funnel and then re-suspended in 0.5 M carbonate
buffer (pH 11) with 100 puL of divinyl sulfone (Sigma Aldrich, Milwaukee, WI). The mixture
was agitated for 70 min, after which the resin was transferred to a sintered funnel and
extensively washed with water. The moist cake was suspended in a 1 mL solution of the
indicated carbohydrate (Elicityl, Crolles, France) (1.11 mmol mL™ in 0.5 M carbonate buffer,
pH 10) and left agitating for 18 hours. The resin was washed again with distilled water over a
sintered funnel, and the moist cake re-suspended in carbonate buffer (1 mL, 0.5 M, pH 8.5) and
of 2-mercaptoethanol (6 pL). After 2 hours the sample was washed with distilled water and

stored in 20% ethanol solution.
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4.1 Conclusions

Human milk oligosaccharides are a growing area of research due to the many potential
health benefits they offer. Among the benefits postulated for these molecules, they are thought
to act as prebiotics, antimicrobials, modulators of immune response, nutrients for brain
development, and may provide other health benefits for the lactating mother. (/) Several
studies have been conducted to uncover the beneficial effects that HMO offer; however, very
little is known about the molecular mechanisms underlying these benefits. (2-4)

In this thesis, we have detailed work performed towards developing a method that will
allow the high-throughput screening of potential HMO binders using affinity chromatography
and mass spectrometry. The goal of this is to identify the molecular targets of these
oligosaccharides; which will provide future leads for exploring the molecular mechanisms and
pathways involved in their biological activity. For achieving this objective, we first envisioned
developing a new method for immobilizing carbohydrates into a solid support, which was
specific for the reducing end of the carbohydrate, and preserved the saccharide structure. The
work performed for achieving this is described in Chapter 2. The testing of the affinity
chromatography — mass spectrometry method for the screening of HMO binders with some
preliminary results is presented in Chapter 3. A detailed discussion about the importance of
studying protein-carbohydrate interactions, highlighting the importance of studying HMO,
along with the methods currently available for studying these type of interactions can be found
in Chapter 1.

The p-TsH method that we implemented for the immobilization of carbohydrate
epitopes to an affinity matrix proved to be the most efficient at low concentrations of glycan

when compared to the DVS and CC approaches. We were also able to observe that the p-TsH
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method can immobilize from two to five times more glycan when compared to the CC and
DVS methods. In terms of the binding activity of the immobilized epitopes, we conducted a
lectin-binding assay that showed that p-TsH has comparable amounts of active epitopes as
DVS and it requires at most half the amount of glycan. The method that we have developed
offers the advantage of being regio-selective and highly efficient approach for the
immobilization of glycans to an affinity matrix. This method can potentially be of interest for
testing samples that are available in limited amounts.

The affinity chromatography protocol that we developed for the screening of HMO
binders has been useful for the identification of galectins present in Jurkat cells. We tested the
specificity of different columns by analysing the binders from Jurkat cell lysate and we were
able to observe that different proteins in fact bind to different HMO. This observation further
supports the idea that the binders found are indeed HMO binders and they are not due to non-
specific interactions with the solid support. Analysing our results against dissociation constants
reported in the literature, we were able to observe that the mass spectrometry scores correlate
with the magnitude of the reported binding constants. This approach for the screening of HMO
binders may be of interest when the quantity of HMO is very limited and the amount of
potential binders is very large.

The results obtained in Chapter 2 open up the possibility of greatly improving the
affinity chromatography method developed in Chapter 3. We envision that if we utilise the
columns with p-TsH immobilized HMO, we should be able to identify a larger number of
receptors since, as we discussed, these columns have more carbohydrate receptor available per
mg of resin, and also a higher protein binding capacity. Moreover, the immobilization

occurring at the reducing end decreases the possibility of blocking the moiety of the HMO that
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is recognized by proteins. Furthermore, the utilisation of p-TsH-immobilized HMO could
facilitate the screening of other oligosaccharides whose availability is limited, besides the five
we currently have, since a smaller amount of them would be required.

Overall we have developed a simple method for the stereo- and region-selective
immobilization of carbohydrates into Sepharose CL-6B that requires minimal chemical
transformations. The carbohydrate immobilization method developed, coupled with the affinity
chromatography protocol established, allows the possibility of high throughput screening of
HMO binders and their identification using shotgun proteomics. The results obtained in
Chapter 3 demonstrate the sensitivity and specificity of the method developed, and its
potential to identify binders present even at low concentrations.

In addition to the accomplishments achieved and the progress made towards the
establishment of our protocols, a number of challenges emerged and some areas of opportunity
were identified. The different challenges that appeared present opportunities for future work to

improve the method as discussed below.

4.2 Future directions
4.2.1 Tosyl Hydrazide method development.

For developing the method we took advantage of the nucleophilicity of the hydroxyl
groups present in Sepharose CL-6B. If we observe the structure (Figure 4.1), we will realize

that the most nucleophilic site is the primary hydroxyl group of the D-Galactose residue.
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Figure 4.1 Chemical structure of Sepharose CL Sepharose is a cross-linked agarose (D-galactose and

3,6-anhydro-L-galactose) polymer where most of the hydroxyl groups are blocked or are used for cross-

linking the repeating units.

One of the alternatives that we have envisioned which could improve coupling, was to
use amino functionalised beads in order to get a stronger nucleophile that could potentially
attack the reducing end. Scheme 4.1 presents a general overview of the proposed method. One
potential advantage of this approach is that amino-modified beads have a hydrocarbon chain
that could work as a spacer between the bead surface and the carbohydrate, which could
potentially increase the protein binding capacity of the method since that would reduce the
possibility of steric crowding, as previous studies have reported. (5) The main disadvantage of
this approach is that the length of the spacer has to be carefully optimized otherwise the effect

of the spacer could be detrimental and reduce the binding capacity of the support.

OH_oH O\,H/NHZ OH_oH
on % n O H
HO N-N-S; NBS, DMF HO N
OH H b

OH n

Scheme 4.1. Immobilization of hydrazide-activated galactose to a solid support using an amino-

functionalized solid support.
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One more option that could potentially increase the binding capacity of our
immobilization strategy is to include a polyethylene glycol spacer arm between the Sepharose
and the activated carbohydrate. The spacer would help to reduce the steric crowding. The main
disadvantages of this approach are that one extra step is required to do the coupling, and that

the optimization of the spacer is also required.

H_oH
0
HO o o o
OH .

Figure 4.2 Representation of galactose immobilized to Sepharose using PEG linker.

4.2.2 Affinity chromatography method.

As we mentioned in Chapter 3, the galectins that we identified from Jurkat cells were
isolated using columns where the HMO was immobilized with DVS; the main reason we did
not use carbohydrate immobilized using p-TsH is because both projects were run in parallel.
The first thing that we needed to finish was the screening of Jurkat cells using 3-FucLac,
LNnT, 3’-SialLac, and L-Fuc in order to obtain a broader binding profile for this cell line. The
next logical step would be to compare the binding profile obtained using the DVS-immobilized
carbohydrates with the p-TsH immobilized ones, and look for differences that could potentially
be attributed to the anomeric configurations or which are the result of change to the binding
capacity of the support.

We also have in mind to screen other mammalian cell lines, among them: HeLa cells,
since this is a well-known system of cervix adenocarcinoma; HT29, a colorectal

adenocarcinoma cell line; T84, also a colorectal adenocarcinoma cell line. All these will serve
155



to generate data to further validate the capacity of the method developed to selectively bind to
HMO binders. Moreover, they serve as positive controls, since it is already known that cancer
cell lines will overexpress certain galectins, and we have already demonstrated that galectins
bind to our columns.

We believe that the screening of healthy human epithelial cell lines could open up the
possibility to discovering whether HMO act as soluble decoys or they bind to epithelial cells in
the intestine and block the receptors that certain pathogens as enteropathogenic E. coli
recognize and bind to before colonizing and causing the disease. (6) Possible cell lines could
include FHs 74 and IEC-6, both from the small intestine of healthy individuals. (7) Another
very interesting system and of high medical relevance that could be screened using our method
is necrotizing enterocolitis. It has been reported that DSLNT helps to reduce the incidence of
this disease; (3) however, little is known about how this oligosaccharide works at molecular
level. Screening of intestinal tissue against this HMO could open up the door to a deeper
understanding on the causes behind this disease, and its treatment and prevention.

It is also part of our future plans to screen a series of bacterial samples. Campylobacter
jejuni is one of the pathogens that has been extensively studied due high incidence and
morbidity of the disease, especially in developing countries. (8) Ruiz-Palacios et al. identified
the antigen responsible for the disease in a group of children in Mexico city (9) this system
could help to validate the utility of our method for screening bacterial cells. Moreover, finding
HMO with the ability to bind to this pathogen could open the possibility of developing a
formula component that could prevent the occurrence of enteritis.

There are also reports of different viruses whose pathogenicity is inhibited when HMO

are present in the environment. One of these viruses is norovirus (/0), the study of the HMO-
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binding receptors present in the viral caspid could also open up the possibility of developing a
drug for preventing the onset of the disease. One virus of high relevance for the medical
community is HIV. There is evidence that HMO can potentially inhibit the pathogenicity of
this microorganism when present in the environment, again the interactions behind these
observations are still to be revealed. (/7-13)

There are studies where they have taken advantage of the specificity of galectin-3
towards 2°FL. For example, Wang et al designed a series of galectin inhibitors, they noted that
when adding a 2’FL moiety to their inhibitors they gained an increase in selectivity towards
galectin-3. (/4) This example shows how having a better understanding of the molecular
interaction of HMO with different binders in the body could address certain illnesses, as the
ones described in Chaper 1 or in the introduction of Chapter 3.

An interesting avenue of research would be to study the strength of the interactions
occurring between HMO and their binders. Our collaborators in the Klassen lab have used ESI-
MS to determine the affinity of HMO-toxin interactions. (/5, /6) Understanding the strength of
these interactions is an important feature to consider when designing drugs that work by
disrupting binding or by competition.

Discovering HMO binders in different cellular systems will uncover the tip of the ice-
berg when it comes to developing more research from the present findings. The possibilities
are vast and will need to be analyzed in a case by case basis. We believe that with these two
projects we can contribute in a significant way to better understand how HMO interact in the

human body, and to further unveil the potential they have to improving human health.
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3C NMR, CD;0D, 125 MHz
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Appendix B

Complete list of protein hits identified using

Mass Spectrometry
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Table B.1 List of proteins identified using 2°’FL immobilized with DVS and lysate from

HeLa cells
. . o Mass Coverage

Entry Accession number Protein description Score (Da) (%)

1 LEG1_HUMAN Galectin 1 OS=Homo sapiens 288 36182 22
GN=LGALSI

2 LEG9B HUMAN  Galectin-9B OS=Homo sapiens 193 39977 13.5
GN=LGALS9B PE=2 SV=3

3 K2C1_HUMAN Keratin, type II cytoskeletal 1 175 66170 5.1
OS=Homo sapiens GN=KRT1 PE=1
SV=6

4 PHB2 HUMAN Prohibitin-2 OS=Homo sapiens 69 33276 4
GN=PHB2 PE=1 SV=2

5 PCNA _HUMAN Proliferating cell nuclear antigen 55 29092 42
OS=Homo sapiens GN=PCNA PE=1
Sv=1

6 VDAC1_HUMAN  Voltage-dependent anion-selective 37 30868 3.9
channel protein 1 OS=Homo sapiens
GN=VDACI1 PE=1 SV=2

7 CC049 HUMAN Putative uncharacterized protein 33 33611 4.5

C3orf49 OS=Homo sapiens
GN=C3o0rf49 PE=2 SV=1

A description of the experiment performed to obtain these data is described in page 117
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Table B.2 List of proteins identified using 2°’FL immobilized with DVS and lysate from

Jurkat cells
. . o Mass Coverage

Entry Accession number Protein description Score (Da) (%)

1 LEG3_HUMAN Galectin-3 OS=Homo sapiens 685 26193 72
GN=LGALS3 PE=1 SV=5

2 K2C1_HUMAN Keratin, type II cytoskeletal 1 132 66170 7.5
OS=Homo sapiens GN=KRT1 PE=1
SV=6

3 1433T HUMAN 14-3-3 protein theta OS=Homo 97 28032 5.7
sapiens GN=YWHAQ PE=1 SV=1

4 RL13 HUMAN 60S ribosomal protein L13 93 24304 11.4
OS=Homo sapiens GN=RPL13
PE=1 SV=4

5 ADT1 HUMAN ADP/ATP translocase 1 OS=Homo 89 33271 7.4
sapiens GN=SLC25A4 PE=1 SV=4

6 ADT2 HUMAN ADP/ATP translocase 2 OS=Homo 87 33059 11.1
sapiens GN=SLC25A5 PE=1 SV=7

7 K1H1 HUMAN Keratin, type I cuticular Hal 74 48633 2.9
OS=Homo sapiens GN=KRT31
PE=2 SV=3

8 K22E HUMAN Keratin, type II cytoskeletal 2 72 65678 3.8
epidermal OS=Homo sapiens
GN=KRT2 PE=1 SV=2

9 KRT81 HUMAN Keratin, type II cuticular Hb1 69 56832 2
OS=Homo sapiens GN=KRT&81
PE=1 SV=3

10 SDHB_HUMAN Succinate dehydrogenase 56 32407 3.6
[ubiquinone] iron-sulfur subunit,
mitochondrial OS=Homo sapiens
GN=SDHB PE=1 SV=3

11 PGRC2_HUMAN Membrane-associated progesterone 52 23861 8.5
receptor component 2 OS=Homo
sapiens GN=PGRMC2 PE=1 SV=1

12 DDX27 HUMAN  Probable ATP-dependent RNA 50 90292 1.6

helicase DDX27 OS=Homo sapiens
GN=DDX27 PE=1 SV=2
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Table B.2 List of proteins identified using 2°’FL immobilized with DVS and lysate from
Jurkat cells (continued)

. . o Mass Coverage

Entry Accession number Protein description Score (Da) (%)

13 RBP2 HUMAN E3 SUMO-protein ligase RanBP2 41 362365 0.4
OS=Homo sapiens GN=RANBP2
PE=1 SV=2

14 RGPD3 HUMAN  RanBP2-like and GRIP domain- 41 198732 1.2
containing protein 3 OS=Homo
sapiens GN=RGPD3 PE=2 SV=2

15 HDAC4 HUMAN  Histone deacetylase 4 OS=Homo 38 119764 8.5
sapiens GN=HDAC4 PE=1 SV=3

16 MADD HUMAN MAP kinase-activating death domain 34 184500 4.5
protein OS=Homo sapiens
GN=MADD PE=1 SV=2

17 BEND6 HUMAN  BEN domain-containing protein 6 33 31431 0.4
OS=Homo sapiens GN=BEND6
PE=2 SV=2

18 ACSF2 HUMAN Acyl-CoA synthetase family member 32 68993 2.6
2, mitochondrial OS=Homo sapiens
GN=ACSF2 PE=1 SV=2

19 ATRX HUMAN Transcriptional regulator ATRX 32 284863 9.7
OS=Homo sapiens GN=ATRX PE=1
SV=5

20 PCLO_HUMAN Protein piccolo OS=Homo sapiens 32 554704 54
GN=PCLO PE=1 SV=4

21 KLHL5 HUMAN  Kelch-like protein 5 OS=Homo 32 85771 0.7
sapiens GN=KLHLS5 PE=2 SV=3

22 ABI2 HUMAN Abl interactor 2 OS=Homo sapiens 32 55686 1
GN=ABI2 PE=1 SV=1

23 IQCH_HUMAN IQ domain-containing protein H 30 118016 1.6
OS=Homo sapiens GN=IQCH PE=2
Sv=2

24 EPHA8 HUMAN  Ephrin type-A receptor 8 OS=Homo 30 112699 1.8
sapiens GN=EPHAS8 PE=1 SV=2

25 KALRN HUMAN  Kalirin OS=Homo sapiens 30 343097 0.4

GN=KALRN PE=1 SV=2
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Table B.2 List of proteins identified using 2°’FL immobilized with DVS and lysate from

Jurkat cells (continued)

. . . Mass Coverage
Entry Accession number Protein description Score (Da) (%)
26 LGMN_HUMAN Legumain OS=Homo sapiens 30 49779 1.2
GN=LGMN PE=1 SV=1
27 NHS HUMAN Nance-Horan syndrome protein 30 180451 0.3
OS=Homo sapiens GN=NHS PE=1
SvV=2
28 SH3R2 HUMAN Putative E3 ubiquitin-protein ligase 30 80068 0.7
SH3RF2 OS=Homo sapiens
GN=SH3RF2 PE=1 SV=3
29 SOX6 HUMAN Transcription factor SOX-6 30 92263 0.6
OS=Homo sapiens GN=SOX6 PE=1
Sv=3
30 CSAD_HUMAN Cysteine sulfinic acid decarboxylase 28 55672 1.8
OS=Homo sapiens GN=CSAD PE=1
Sv=2
31 H4 HUMAN Histone H4 OS=Homo sapiens 26 11360 9.7

GN=HIST1H4A PE=1 SV=2

A description of the experiment performed to obtain these data is described in page 117
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Table B.3 List of proteins identified using 2’FL immobilized with DVS and lysate from Jurkat cells shotgun

approach
Entr Accesion number Protein description Score Mass Coverage
Y P (Da) (%)
1 KI1C10 HUMAN Keratin, type I cytoskeletal 10 909 59020 24
OS=Homo sapiens GN=KRT10
PE=1 SV=6
2 K2C1_HUMAN Keratin, type II cytoskeletal 1 855 66170 28.1
OS=Homo sapiens GN=KRT1 PE=1
SV=6
3 K22E HUMAN Keratin, type II cytoskeletal 2 642 65678 21.1
epidermal OS=Homo sapiens
GN=KRT2 PE=1 SV=2
4 KI1C9 HUMAN Keratin, type I cytoskeletal 9 627 62255 20.4
OS=Homo sapiens GN=KRT9 PE=1
SvV=3
5 LEGY9 HUMAN Galectin-9 OS=Homo sapiens 423 39835 22
GN=LGALS9 PE=1 SV=2
6 LEG3 HUMAN Galectin-3 OS=Homo sapiens 422 26193 38
GN=LGALS3 PE=1 SV=5
7 H4 HUMAN Histone H4 OS=Homo sapiens 303 11360 57.3
GN=HIST1H4A PE=1 SV=2
8 LEGY9B _HUMAN Galectin-9B OS=Homo sapiens 285 39977 13.5
GN=LGALS9B PE=2 SV=3
9 KI1C13_HUMAN Keratin, type I cytoskeletal 13 215 49900 8.7
OS=Homo sapiens GN=KRT13
PE=1 SV=4
10 KI1C14 HUMAN Keratin, type I cytoskeletal 14 195 51872 18
OS=Homo sapiens GN=KRT14
PE=1 SV=4
11 KI1Cl16 HUMAN Keratin, type I cytoskeletal 16 191 51578 13.5
OS=Homo sapiens GN=KRT16
PE=1SV=4
12 KIC15 HUMAN Keratin, type I cytoskeletal 15 135 49409 9.6
OS=Homo sapiens GN=KRT15
PE=1 SV=3
13 K2C6B HUMAN Keratin, type II cytoskeletal 6B 106 60315 34
OS=Homo sapiens GN=KRT6B
PE=1 SV=5
14 H12 HUMAN Histone H1.2 OS=Homo sapiens 98 21352 14.1
GN=HIST1HI1C PE=1 SV=2
15 HI15 HUMAN Histone H1.5 OS=Homo sapiens 96 22566 18.1
GN=HIST1H1B PE=1 SV=3
16 H2B1C HUMAN  Histone H2B type 1-C/E/F/G/I 83 13898 34.9

OS=Homo sapiens
GN=HIST1H2BC PE=1 SV=4
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Table B.3 List of proteins identified using 2’FL immobilized with DVS and lysate from Jurkat cells shotgun

approach (continued)

Entry

Accession number

Protein description

Score

Mass
(Da)

Coverage
(%)

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

K2C5_HUMAN

K2C4 HUMAN

H2A1A_HUMAN

H31T HUMAN

K2C73 _HUMAN

DCD_HUMAN

VOPPI HUMAN

ARISA_HUMAN

XYLB_HUMAN

ASAP2_ HUMAN

NMD3A HUMAN

TICRR_ HUMAN

PARL_HUMAN

RBBP6 HUMAN

CADH9 HUMAN

Keratin, type II cytoskeletal 5
OS=Homo sapiens GN=KRTS5 PE=1
Sv=3

Keratin, type II cytoskeletal 4
OS=Homo sapiens GN=KRT4 PE=1
Sv=4

Histone H2A type 1-A OS=Homo
sapiens GN=HIST1H2AA PE=1
SV=3

Histone H3.1t OS=Homo sapiens
GN=HIST3H3 PE=1 SV=3

Keratin, type II cytoskeletal 73
OS=Homo sapiens GN=KRT73
PE=1 SV=I

Dermcidin OS=Homo sapiens
GN=DCD PE=1 SV=2

Vesicular, overexpressed in cancer,
prosurvival protein 1 OS=Homo
sapiens GN=VOPP1 PE=2 SV=1

AT-rich interactive domain-
containing protein SA OS=Homo
sapiens GN=ARID5SA PE=1 SV=2

Xylulose kinase OS=Homo sapiens
GN=XYLB PE=1 SV=3

Arf-GAP with SH3 domain, ANK
repeat and PH domain-containing

protein 2 OS=Homo sapiens
GN=ASAP2 PE=1 SV=3

Glutamate receptor ionotropic,
NMDA 3A OS=Homo sapiens
GN=GRIN3A PE=1 SV=2

Treslin OS=Homo sapiens
GN=TICRR PE=1 SV=2
Presenilins-associated rhomboid-like

protein, mitochondrial OS=Homo
sapiens GN=PARL PE=1 SV=2

E3 ubiquitin-protein ligase RBBP6
OS=Homo sapiens GN=RBBP6
PE=1 SV=1

Cadherin-9 OS=Homo sapiens
GN=CDH9 PE=2 SV=2

78

72

59

52

51

38

37

35

34

32

29

28

28

28

21

62568

57649

14225

15613

59457

11391

19839

64718

59086

112835

126525

212721

42562

202354

88976

54

3.9

12.2

19.1

3.9

20

2.9

3.4

2.4

0.8

0.6

0.8

1.3

0.3

1.1
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Table B.3 List of proteins identified using 2’FL immobilized with DVS and lysate from Jurkat cells shotgun

approach (continued)

Mass Coverage

Entry  Accesion number Protein description Score (Da) (%)
32 ADA22 HUMAN  Disintegrin and metalloproteinase 18 102991 1.2
domain-containing protein 22
OS=Homo sapiens GN=ADAM22
PE=1 SV=1
33 WNT7A_HUMAN  Protein Wnt-7a OS=Homo sapiens 17 40405 4.3

GN=WNT7A PE=1 SV=2

The data shown in this table was collected using the shotgun method described in pages 123-126
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Table B.4 List of proteins identified using LNT immobilized with DVS and lysate from Jurkat cells shotgun

approach

Mass Coverage
(Da) (%)
1 K2Cl1_HUMAN Keratin, type II cytoskeletal 1 1378 66170 32.5
OS=Homo sapiens GN=KRT1 PE=1
SV=6
2 KI1C10 HUMAN Keratin, type I cytoskeletal 10 1011 59020 27.2
OS=Homo sapiens GN=KRT10
PE=1 SV=6

3 KIC9 HUMAN Keratin, type I cytoskeletal 9 754 62255 31.8
OS=Homo sapiens GN=KRT9 PE=1
Sv=3

4 K22E HUMAN Keratin, type II cytoskeletal 2 642 65678 25.7

epidermal OS=Homo sapiens
GN=KRT2 PE=1 SV=2

5 LEG9 HUMAN Galectin-9 OS=Homo sapiens 565 39835 27.6
GN=LGALS9 PE=1 SV=2

6 LEG3 HUMAN Galectin-3 OS=Homo sapiens 493 26193 33.6
GN=LGALS3 PE=1 SV=5

7 LEG9B_HUMAN Galectin-9B OS=Homo sapiens 390 39977 15.2
GN=LGALS9B PE=2 SV=3

8 KI1C13_HUMAN Keratin, type I cytoskeletal 13 367 49900 17.7
OS=Homo sapiens GN=KRT13
PE=1 SV=4

9 H4 HUMAN Histone H4 OS=Homo sapiens 274 11360 47.6
GN=HIST1H4A PE=1 SV=2

10 KI1C14 HUMAN Keratin, type I cytoskeletal 14 267 51872 14.4
OS=Homo sapiens GN=KRT14
PE=1 SV=4

11 KI1Cl16 HUMAN Keratin, type I cytoskeletal 16 227 51578 13.7
OS=Homo sapiens GN=KRT16
PE=1 SV=4

12 ALBU HUMAN Serum albumin OS=Homo sapiens 222 71317 8.2
GN=ALB PE=1 SV=2
13 KI1C15_HUMAN Keratin, type I cytoskeletal 15 169 49409 14.5

OS=Homo sapiens GN=KRT15
PE=1SV=3

14 SRSF2 HUMAN Serine/arginine-rich splicing factor 2 157 25461 11.3
OS=Homo sapiens GN=SRSF2
PE=1 SV=4

15 K2C6B HUMAN Keratin, type II cytoskeletal 6B 141 60315 14.9
OS=Homo sapiens GN=KRT6B
PE=1 SV=5

16 H15 HUMAN Histone H1.5 OS=Homo sapiens 130 22566 18.1
GN=HIST1H1B PE=1 SV=3

Entry accession number Protein description Score
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Table B.4 List of proteins identified using LNT immobilized with DVS and lysate from Jurkat cells shotgun

approach (continued)

Entry

Accesion number

Protein description

Score

Mass
(Da)

Coverage
(%)

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

H2B1C_HUMAN

H2B1B HUMAN

KI1C17_ HUMAN

H2A1C HUMAN

TRAP1 HUMAN

HS90B_HUMAN

K2C5 HUMAN

K2C4_HUMAN

ACTB_HUMAN

SRSF1_HUMAN

H12_HUMAN

K2C8_HUMAN

LEG8_HUMAN

K2C75_HUMAN

H31 HUMAN

K2C3_HUMAN

Histone H2B type 1-C/E/F/G/1
OS=Homo sapiens

Histone H2B type 1-B OS=Homo
sapiens GN=HIST1H2BB PE=1
Sv=2

Keratin, type I cytoskeletal 17
OS=Homo sapiens GN=KRT17
PE=1 SV=2

Histone H2A type 1-C OS=Homo
sapiens GN=HIST1H2AC PE=1
SV=3

Heat shock protein 75 kDa,
mitochondrial OS=Homo sapiens
GN=TRAP1 PE=1 SV=3

Heat shock protein HSP 90-beta
OS=Homo sapiens GN=HSP90ABI
PE=1 SV=4

Keratin, type II cytoskeletal 5
OS=Homo sapiens GN=KRT5 PE=1
Sv=3

Keratin, type II cytoskeletal 4
OS=Homo sapiens GN=KRT4 PE=1
Sv=4

Actin, cytoplasmic 1 OS=Homo
sapiens GN=ACTB PE=1 SV=1
Serine/arginine-rich splicing factor 1
OS=Homo sapiens GN=SRSF1
PE=1 SV=2

Histone H1.2 OS=Homo sapiens
GN=HIST1HIC PE=1 SV=2

Keratin, type II cytoskeletal 8
OS=Homo sapiens GN=KRT8 PE=1
SV=7

Galectin-8 OS=Homo sapiens
GN=LGALSS PE=1 SV=4

Keratin, type II cytoskeletal 75
OS=Homo sapiens GN=KRT75
PE=1 SV=2

Histone H3.1 OS=Homo sapiens
GN=HIST1H3A PE=1 SV=2

Keratin, type II cytoskeletal 3
OS=Homo sapiens GN=KRT3 PE=1
SvV=3
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118

110

105

89

88

88

81

68

66

65

62

62

62

53

51

13898

13942

48361

14097

80345

83554

62568

57649

42052

27842

21352

53671

35957

59809

15509

64549

524

52.4

9.3

323

3.2

12.4

9.4

18.1

7.7

19.2

8.1

9.1

6.5

27.2
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Table B.4 List of proteins identified using LNT immobilized with DVS and lysate from Jurkat cells shotgun

approach (continued)

Mass Coverage

Entry Accesion number Protein description Score (Da) (%)

33 PEX1 HUMAN Peroxisome biogenesis factor 1 51 143804 0.7
OS=Homo sapiens GN=PEX1 PE=1
Sv=1

34 TRY3 HUMAN Trypsin-3 OS=Homo sapiens 45 33306 43
GN=PRSS3 PE=1 SV=2

35 KRT36 HUMAN Keratin, type I cuticular Ha6 44 53354 4.7
OS=Homo sapiens GN=KRT36
PE=1 SV=1

36 K1H2 HUMAN Keratin, type I cuticular Ha2 44 51793 3.6
OS=Homo sapiens GN=KRT32
PE=1 SV=3

37 CCD87 HUMAN Coiled-coil domain-containing 42 96741 0.8

protein 87 OS=Homo sapiens
GN=CCDC87 PE=2 SV=2

38 YBOX1 HUMAN  Nuclease-sensitive element-binding 41 35903 5.9
protein 1 OS=Homo sapiens
GN=YBX1 PE=1 SV=3

39 TBA1A_HUMAN  Tubulin alpha-1A chain OS=Homo 39 50788 5.1
sapiens GN=TUBA1A PE=1 SV=1
40 ASAP2 HUMAN  Arf-GAP with SH3 domain, ANK 34 112835 0.8

repeat and PH domain-containing
protein 2 OS=Homo sapiens
GN=ASAP2 PE=1 SV=3

41 ZEP2 HUMAN Transcription factor HIVEP2 33 271108 0.2
OS=Homo sapiens GN=HIVEP2
PE=1 SV=2

42 S7A60 HUMAN Probable RNA polymerase II nuclear 33 35235 2.3

localization protein SLC7A60S
OS=Homo sapiens GN=SLC7A60S
PE=1 SV=2

43 WIPF3_HUMAN WAS/WASL-interacting protein 33 49655 1.7
family member 3 OS=Homo sapiens
GN=WIPF3 PE=2 SV=4

44 MBL2 HUMAN Mannose-binding protein C 33 26526 3.6
OS=Homo sapiens GN=MBL2 PE=1
SvV=2

45 S14L2 HUMAN SEC14-like protein 2 OS=Homo 31 46629 4.7
sapiens GN=SEC14L2 PE=1 SV=1

46 ARISA HUMAN AT-rich interactive domain- 30 64718 1.9

containing protein SA OS=Homo
sapiens GN=ARID5A PE=1 SV=2
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Table B.4 List of proteins identified using LNT immobilized with DVS and lysate from Jurkat cells shotgun

approach (continued)

Entry  Accesion number Protein description Score lz/ll)a:)s COZ:;: )a ge

47 NMD3A HUMAN  Glutamate receptor ionotropic, 30 126525 0.6
NMDA 3A OS=Homo sapiens
GN=GRIN3A PE=1 SV=2

48 ANXA6 HUMAN  Annexin A6 OS=Homo sapiens 29 76168 2.8
GN=ANXA6 PE=1 SV=3

49 XYLB HUMAN Xylulose kinase OS=Homo sapiens 28 59086 2.4
GN=XYLB PE=1 SV=3

50 LUC7L_HUMAN Putative RNA-binding protein Luc7- 28 44100 3

like 1 OS=Homo sapiens
GN=LUC7L PE=1 SV=1

The data shown in this table was collected using the shotgun method described in pages 128-130
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